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Abstract 

The androgen receptor (AR) is a master regulator of prostate cancer (PCa) development and 

progression, hence current therapies target the AR signalling pathway to inhibit tumour 

growth. The generation of alternatively spliced AR variants (AR-Vs) is a major resistance 

mechanism observed in patients who progress to the advanced castrate-resistant PCa (CRPC) 

stage of disease. In contrast to full-length AR (FL-AR), AR-Vs are constitutively active and drive 

the growth of PCa without the requirement of activating androgens. Furthermore, AR-Vs are 

refractory to the current repertoire of AR-targeting therapies hence there is a major drive to 

develop treatments that can inhibit these aberrantly functioning receptors. Targeting AR-V 

co-regulatory proteins, that are required for enabling their function, represents a tractable 

means for inactivating AR-Vs in advanced disease. 

DNA-PKcs, a key kinase in the DNA damage response, has been shown to regulate FL-AR 

transcriptional activity and is upregulated in both PCa and CRPC. Given shared co-regulator 

dependencies of FL-AR and AR-Vs, and the observation that AR-Vs regulate DNA damage, we 

hypothesised that DNA-PKcs may influence AR-V activity as a co-regulator. Using proximity 

biotinylation, we show that DNA- PKcs is a prominent AR-V interacting protein in the presence 

and absence of DNA damage and demonstrate that DNA-PKcs regulates AR-V transcriptional 

activity and protein abundance in CRPC cell lines. Furthermore, DNA-PKcs inhibition and 

depletion has anti-proliferative effects in several CRPC cell lines in the absence of DNA 

damage. 

Global transcriptomic analysis revealed a novel role for DNA-PKcs in the regulation of 

alternative splicing that is important in the generation of AR-Vs. Interrogation of the 

regulatory role of splicing associated genes by DNA-PKcs revealed that DNA-PKcs regulates 

expression of the RNA binding protein, RBMX, which was then validated as a key regulator of 

AR-V synthesis. In conclusion, targeting DNA-PKcs or RBMX are potential therapeutic options 

for AR-V positive PCa patients.  
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Chapter 1 Introduction 

1.1 The prostate 

The prostate is a small secretory gland located at the base of the bladder and surrounds the 

urethra. It is part of the male reproductive system, and its primary function is to secrete 

important components of the seminal fluid which is required to protect and maintain 

spermatozoa. The typical glandular architecture of the prostate is made up of proximal luminal 

cells surrounding the glandular lumen which are adjacent to a layer of basal cells interspersed 

with a smaller number of neuroendocrine cells (Figure 1.1A). These epithelial cells are 

surrounded by smooth muscle cells. The human prostate can be divided into three sub-

anatomical zones; the peripheral, central and transition zones (Figure 1.1B). The peripheral 

zone is the largest region of the prostate, accounting for approximately 70% of the glandular 

tissue within the prostate and is the most common site of prostate cancer (PCa). The central 

zone is smaller than the peripheral zone and surrounds the ejaculatory ducts. The smallest 

zone is the transition zone which surrounds the urethra and grows in size with age. The 

transition zone is where benign prostatic hyperplasia (BPH) arises; a common enlargement of 

the prostate in aging men, with over 90% of men over the age of 80 being affected (Laczko et 

al., 2005).  

 

Figure 1.1 Anatomy of the human prostate 

A. Illustration of the human prostate and its location with the three sub-anatomical zones B. Cellular 
organisation within the prostate duct. Adapted from (Shen and Abate-Shen, 2010) 

 

A. B. 
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1.2 Prostate cancer 

PCa is the most common male cancer and the second most common cause of cancer-related 

deaths in males in western countries. In 2017, over 48,000 men were diagnosed with PCa in 

the UK, equating to 130 men per day (CRUK). Over 11,000 men die from PCa per year, 

accounting for 13% of all cancer related deaths, making it a major health concern. The lifetime 

risk of developing PCa in the UK is around 1 in 6 and the incidence has dramatically increased 

over the past 40 years. This is a result of an aging population, improved healthcare and 

increased prostate specific antigen (PSA) screening. A major spike in PCa diagnoses between 

the late 1980s and early 1990s was the result of detection of asymptomatic PCa because of 

the PSA screening (CRUK, Siegel et al., 2016). The majority of PCa originates in the peripheral 

zone of the prostate with around 70-80% of tumours arising here. Around 20% of PCa tumours 

originate in the transition zone and around 5% of PCa tumours originate in the central zone 

and tend to be more aggressive and more likely to metastasise (Cohen et al., 2008).   

 

Figure 1.2 Average number of new cases of prostate cancer per year and age-specific incidence rates 
per 100,000 population, Males, UK, 2013-2015.  

Prostate cancer is the most common male cancer in the UK, with over 48,000 cases each year. Its 
incidence rate increases with age, with a peak age at diagnosis of 65-69 years. Image taken from cancer 
research UK (CRUK). 
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1.2.1 Risk factors  

The main PCa risk factors include age, ethnic origin and family history. PCa incidence is strongly 

associated with age; the majority of cases occur in men over 65 with a peak incidence 

occurring in men aged 75-79 (Figure 1.2). Ethnic background is another major risk factor for 

PCa; several epidemiological studies have shown that black men have a higher lifetime risk of 

developing PCa than white men; The Prostate Cancer in Ethnic Subgroups study also showed 

that in the UK, black men are more likely to be diagnosed on average 5 years younger (Ben-

Shlomo et al., 2008). Finally, the lifetime risk of men with a family history of PCa can increase 

2.3-2.5-fold if they have an affected first-degree relative (father/brother), and 1.2-fold if they 

have a mother or sister affected by breast cancer (Kicinski et al., 2011, Chen et al., 2008b).  

1.2.2 Genomic landscape  

The genomic landscape of PCa is complex with several gene mutations and chromosomal 

rearrangements commonly identified. Many studies have been carried out to define the 

genetic abnormalities that occur in all stages of PCa in order to better characterise the PCa 

genome. A 2015 study identified that around 90% of metastatic castrate-resistance PCa 

(mCRPC) harbour mutations that could be targetable, 62.7% of individuals had mutations in 

the androgen receptor (AR) gene and 65% had aberrations in cancer-related genes that are 

non-AR related (Robinson et al., 2015).  

Gene fusions between the E-twenty-six (ETS) family members: erythroblast transformation-

specific transcription factor (ERG) and ETS variant 1 (ETV1), and the androgen-regulated 

promoter of TMPRSS2 have been detected in up to 79% of PCa samples, first identified by 

Tomlins et al., (Tomlins et al., 2005) and as such is the most common gene fusion of any human 

cancer type. The fusion converts ERG transcription factor genes to become androgen-

regulated which enhances their expression and enables oncogenesis. TMPRSS2-ERG fusions 

are commonly identified in early-stage disease indicative of a role for altered ERG activity in 

facilitating PCa initiation. As expected, other oncogenic mutations are required alongside the 

TMPRSS2:ERG fusion to lead to carcinogenesis, such as p53 and Rb inactivation. Tumour 

suppressors TP53 and RB1 are inactivated by genomic loss in approximately 50% and 20% of 

advanced PCa patients, respectively (Robinson et al., 2015).  PTEN loss, through deletion and 

mutation, occurs in approximately 40% of advanced PCa patients; causing aberrant PI3K/AKT-
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mTOR signalling and is therefore correlated to a poorer prognosis and increased likelihood of 

metastasis (Robinson et al., 2015).  

Alterations in DNA damage repair (DDR) genes are common in PCa with over 20% of high-

grade tumours harbouring DDR germline and/or somatic mutations in genes such as BRCA2, 

BRCA1, ATM or CHEK2 (Lang et al., 2019, Abida et al., 2017). Mutations in this pathway make 

the tumour particularly sensitive to radiotherapy or drugs targeting other components of the 

DDR, and more susceptible to cell death by inducing synthetic lethality. The use of Poly (ADP)-

ribose polymerase (PARP) inhibitors is an example of exploiting such genetic vulnerability in 

cancer patients that harbour germline homologous recombination repair mutations, such as 

BRCA1 and BRCA2. The use of the PARP inhibitor Olaparib in mCRPC patients after progression 

following anti-androgenic drugs and taxane-based chemotherapy was FDA approved in 2020 

(Hussain et al., 2020).  

A small percentage of PCa cases have a genetic predisposition linked to a more aggressive 

disease, such as a mutation in the BRCA2 gene,  which also occurs in 1-2% of sporadic cases 

(Castro and Eeles, 2012). This is because patients with defective BRCA2 display impaired DDR 

leading to genomic instability and increased likelihood of developing cancer. A BRCA2 

germline mutation is the genetic event that causes the highest PCa risk with an ~8.6-fold 

increased risk of developing PCa before the age of 65 (Kote-Jarai et al., 2011). Importantly, 

BRCA2 mutant patients respond well to the PARP inhibitors Olaparib and Rucaparib either as 

a monotherapy or in combination with anti-androgen therapy (Li et al., 2017, Mateo et al., 

2015). 

Given the implications of certain mutations that occur in PCa, genetic testing in PCa patients 

would inform prognosis and facilitate personalised medicine to significantly improve clinical 

management. This is not routinely done, especially in early-stage PCa patients, however in 

later-stage PCa patients, molecular characterisation will be critical to stratify patients onto 

targeted treatments such as PARP inhibitors.  
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1.3. The androgen receptor  

The androgen receptor (AR), a member of the steroid hormone family of nuclear receptors, is 

a 110 kDa protein encoded by the AR gene located on Xq11-12. It is a ligand-dependent 

transcription factor that mediates the action of androgens, such as testosterone, essential for 

male sexual development and differentiation.  

The AR gene contains 8 exons that encode a 919 amino acid protein defined by three main 

functional domains: an N-terminal transactivation domain (NTD), a DNA-binding domain 

(DBD) and the C-terminal ligand binding domain (LBD) which is connected to the DBD by a 

hinge region, shown in Figure 1.3.   

1.3.1 N-terminal transactivation domain  

Exon 1 encodes the entire NTD, which is the largest domain in the AR, making up nearly 60% 

of the AR protein. This is the most flexible, unstructured region, and the least conserved 

domain amongst members of the nuclear receptor family (Claessens et al., 2008). This has 

made defining crystal structures of the NTD difficult and hence our understanding of the 3-

dimensional folding of the domain is limited. One of the two transcriptional activation 

functions (AF) present in the AR is located in the NTD and is termed AF-1. The AF-1 is 

androgen-independent and is required for the transcriptional activity of the AR. Within the 

AF-1 are two transcriptional activation units (TAU), TAU-1 and TAU-5, that are essential for AR 

transcriptional activity (Jenster et al., 1995). Two structurally important motifs are 23FQNLF27, 

contained in TAU1, and 433WHTLF427 in TAU-5, which are essential for the N/C-terminal 

interaction between the AR NTD and LBD that is critical for AR transcriptional competency 

(Steketee et al., 2002).  

1.3.2 DNA binding domain  

Exons 2-3 encode the DBD which is the most highly conserved domain among the steroid 

hormone nuclear receptor family. It consists of two zinc fingers that are required for mediating 

selective DNA binding at promoter and enhancer regions of canonical AR-regulated genes. The 

first zinc finger recognises and binds target cognate sequences, termed androgen receptor 

elements (AREs), contained within cis-regulatory elements of target genes. The sequence of 

three amino acids in the DBD, termed proximal (‘P’) box, also known as the ‘recognition helix’ 
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are highly conserved between other nuclear hormone receptors including the glucocorticoid 

receptor (GR), progesterone receptor (PR), and mineralocorticoid receptor (MR) and as such 

this helix recognises similar DNA response elements. However, selective AREs have been 

identified that allow for the specific activation by the AR over other nuclear hormone 

receptors (Shaffer et al., 2004, Claessens et al., 1996, Verrijdt et al., 1999). The second zinc 

finger interacts with the phosphate backbone to stabilise protein-DNA contacts. The distal 

(‘D’) box is also present in the DNA binding domain which is important for receptor 

dimerization (Shaffer et al., 2004).   

1.3.3 Hinge region  

The 3’ portion of exon 3 and 5’ portion of exon 4 encode the hinge region which links the DBD 

and LBD and is involved in regulating multiple AR activities, including nuclear translocation, 

transcriptional potency and degradation of the receptor. Translocation to the nucleus is 

mediated by a nuclear localisation signal (NLS) which spans parts of the DBD and hinge region 

(Zhou et al., 1994). The hinge region is also involved in N- and C- terminal interaction, DNA 

binding and the recruitment of co-activators (Haelens et al., 2007). It is also a target site for 

post-translational modifications such as methylation, acetylation and ubiquitination (Coffey 

and Robson, 2012). For example, lysine 632 is methylated by histone methyltransferase SET9 

and this increases transcriptional activity of the AR by enhancing chromatin recruitment 

(Gaughan et al., 2011). Located between the hinge and LBD is a nuclear export signal, 

responsible for AR exportation upon ligand withdrawal (Gong et al., 2012).  

1.3.4 Ligand binding domain   

Exons 4-8 encode the carboxy-terminal LBD which is composed of 11 α-helices and 1 β-sheet, 

which is distinct from other nuclear receptors that contain an additional α-helices, helix 2. The 

ligand binding pocket is made up of helices 3, 5, 10 and 11 which, upon ligand (testosterone, 

di-hydrotestosterone) binding, undergoes a conformational change whereby the highly 

flexible helix 12 repositions over the ligand binding pocket to present a hydrophobic co-

activator interacting surface (Heery et al., 1997). It is this region of the LBD that binds short 

amphipathic LXXLL motifs, contained within numerous co-activators, such as the SRC-1 and 

p300, to enable AR co-activation (Heery et al., 1997). The second AF, AF-2, is located in this 

domain and is responsible for interactions between several transcriptional co-regulatory 
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proteins, as well as the AR N-terminus to stabilise bound androgens which is required for full 

transcriptional activity of the AR (Warnmark et al., 2003).   

 
Figure 1.3 The androgen receptor.  

Diagrammatic representation of the AR gene with its location on the X chromosome, and below, the 
AR protein showing its main structural domains. The androgen receptor gene (alternatively known as 
NR3C4) is located on the long arm of the X chromosome (q11-12). It is composed of eight exons and 
encodes the androgen receptor protein that is 919 amino acids. The protein includes an N-terminal 
transactivation domain (NTD), DNA binding domain (DBD), hinge region and ligand binding domain 
(LBD). The NTD contains two transcriptional activation units (TAU-1 and TAU-5) that are critical for AR 
transcriptional activity.   

 

1.4 Androgen receptor signalling 

Prostate growth and development are reliant upon AR signalling which is controlled by the 

hypothalamic-pituitary-gonadal (HPG) axis. The HPG axis is activated by the release of 

gonadotropin releasing hormone (GnRH) from the hypothalamus which stimulates secretion 

of luteinising hormone (LH) from the anterior pituitary gland. LH subsequently stimulates 

synthesis of testosterone in the testes which in turn inhibits the further secretion of GnRH and 

LH via a negative feedback loop (Tilbrook and Clarke, 2001). Testosterone is secreted by Leydig 

cells in the testes and is the major circulating androgen. The testes accounts for the production 

of approximately 90% of circulating testosterone, whilst the other 5-10% is synthesised by the 

adrenal glands. The majority of testosterone is bound to albumin or sex hormone-binding 

globulin (SHBG) in the bloodstream, with unbound testosterone able to diffuse into cells of 

the prostate (Rosner et al., 1991).  The AR signalling axis drives male development and is 
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essential for prostate gland formation and normal function, as well as being fundamental in 

PCa initiation and progression.  

Prior to androgen binding, the AR is maintained in an inactive state in the cytoplasm by binding 

to heat shock proteins (HSPs) (Figure 1.4). Testosterone enters prostate cells and is converted 

to the highly potent 5α-dihydrotestosterone (DHT) by 5α-reductase. Upon DHT binding to the 

AR LBD, HSPs are displaced, driving an intramolecular interaction between the N- and C-

termini of the monomeric AR. This conformational change exposes the NLS which facilitates 

translocation of the AR into the nucleus, where it dimerises, via the DBD, hinge and 

intermolecular N-C-terminal interactions, permitting binding to AREs in promoter and 

enhancer regions of AR-regulated genes, including PSA and TMPRSS2 (Rosner et al., 1991). Co-

recruitment of numerous transcriptional co-regulator proteins to sites of AR binding facilitates 

recruitment of RNA polymerase II and subsequent transcription of proximal genes involved in 

prostate growth, homeostasis and transformation. The production of PSA is an indicator AR 

activity hence it is used as a biomarker in active surveillance of PCa progression.  
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Figure 1.4 The androgen signalling pathway 

Testosterone synthesised in the testes or adrenal gland is transported to target tissues. Upon entering 
prostate cells, testosterone is converted to the more potent metabolite DHT by 5α−reductase and 
binds to the ligand binding domain of the androgen receptor, causing dissociation of HSPs. The AR then 
translocates to the nucleus, dimerises, and binds to androgen response elements at the promoter 
regions of AR target genes such as prostate specific antigen. 

 

1.5 Androgen receptor signalling regulation  

As well as regulation by androgen binding, over 150 co-regulatory molecules have been 

identified to date that have been classified as co-activators or co-repressors of AR 

transcriptional activity. Although varied in function, co-activators typically facilitate: (i) AR-

DNA contacts; (ii) association with the RNA polymerase II machinery; and (iii) subsequent 

transcription of target genes. In contrast, co-repressors work to antagonise AR-mediated 

transcription at numerous levels. A number of co-regulatory proteins are responsible for 

catalysing post-translational modifications of the AR, such as ubiquitination, phosphorylation, 

acetylation, methylation and sumoylation (Coffey and Robson, 2012) that control AR 

transcriptional competency. Importantly, many of these proteins become dysregulated in PCa 
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leading to aberrant AR activity and are therefore important in relation to the development of 

therapies. Phosphorylation accounts for most post-translational modifications of the AR with 

at least 19 phosphorylation sites having been identified; most of which are located in the NTD. 

Proteins such as members of the cyclin-dependent kinase (CDK) family and AKT are examples 

of kinases that phosphorylate the AR to modulate activity, specifically at serine 81 (Gordon et 

al., 2010) (Lin et al., 2001). This promotes AR protein stability and nuclear localisation. It has 

been shown that inhibition of a broad range of CDKs (CDK1, CDK2, CDK5, CDK7and CDK9) with 

roscovitine diminishes AR phosphorylation at serine 81 and potentiates AR degradation, a 

process that can be rescued with the addition of the proteasome inhibitor MG132 (Hsu et al., 

2011). CDK7 is involved in the activation of the multi-subunit Mediator (MED1) complex that 

is critical to the regulation of transcription through mediating RNA polymerase II interactions 

with transcription factors (Allen and Taatjes, 2015). CKD7 was shown to phosphorylate the 

MED1 coactivator complex to promote AR interaction and subsequent transcription of AR-

target genes. As such, inhibition of CDK7 caused loss of both MED1 and AR recruitment to 

chromatin in VCaP and LNCaP cell lines (Rasool et al., 2019).  

Bromodomain (BD) containing 4 (BRD4) is another example of an AR co-regulatory protein 

that is a potential therapeutic target in PCa. Inhibition of BRD4 with JQ1 blocks the 

transcriptional activity of the AR, and microarray analysis in several PCa cell lines showed 

significant reduction in canonical AR target gene expression upon JQ1 treatment (Asangani et 

al., 2014). Furthermore, JQ1 treatment diminished growth of several AR positive CRPC cell 

lines and the VCaP tumour xenograft model in vivo (Asangani et al., 2014).  

 

1.6 Prostate cancer treatment strategies  

Androgens play a vital role in the proliferation, differentiation and metastasis of PCa; hence 

treatment is majorly focussed on inhibiting AR activity. This is achieved, in part, by starving 

the AR of activating ligands, testosterone and DHT, and by inhibiting their synthesis; a process 

known as androgen deprivation therapy (ADT). This has been well established since Charles 

Huggins first reported that depleting androgens by orchiectomy caused a regression in 

metastatic PCa (Huggins and Hodges, 1972). It is common for anti-androgens to be used in 

combination with ADT to achieve complete androgen blockade. Anti-androgens inhibit 
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androgen signalling through directly inhibiting the AR. Despite an initial positive response to 

ADT, this is not curative, and many patients relapse and progress to CRPC within 

approximately 1-2 years, which is largely refractory to current treatments. Due to the vast 

clinical heterogeneity in PCa, response to treatment and survival can vary greatly (Shoag and 

Barbieri, 2016). A representation of PCa progression with the corresponding treatment 

options is summarised in Figure 1.5.  

 

 

Figure 1.5 The progression of prostate cancer with timing of different available treatment options 
for patients at each stage of the disease. 

Prostate cancer has a good prognosis if treated early when the cancer is localised to the prostate. 
Multiple criteria are assessed upon diagnosis, including Gleason score and serum PSA levels that can 
help determine the treatment pathway for the patient. For confined disease, surgery and radiotherapy 
are effective treatment strategies. Active surveillance of PSA levels determines when a patient goes 
on to androgen deprivation therapy. Patients respond well initially, however, over time, tumours 
progress and patients may be offered second-generation anti-androgens such as enzalutamide. 
Tumours invariably become castration resistant and metastatic to which chemotherapy can be used 
as there are currently no effective curative treatments.   
 

Which treatment strategy the patient undergoes depends on their PCa risk group which is 

determined by analysing PSA levels, Gleason score and tumour stage. A Gleason score, 

originating in the 1970s by Dr Gleason (Gleason, 1988), is a combined score from 2-10 

determined from biopsies from two different locations in the prostate. The score increases to 
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reflect how undifferentiated the tumour is and how likely it is to progress and metastasise. 

Low risk patients have a PSA level of less than 10 ng/mL, a Gleason score of less than 6 and a 

tumour stage of T1-2a meaning it is still confined to the prostate. Medium risk patients have 

a PSA level of 10-20 ng/mL, Gleason score 7 and/or T2b/c tumour stage, meaning the tumour 

has grown but has not metastasised. High risk patients have a PSA level of 20 ng/mL, Gleason 

score of >8 and/or stage T3a-4, meaning the tumour has metastasised (Partin et al., 1997, 

D'Amico et al., 1998). 

For low-risk PCa patients, active surveillance can be sufficient, avoiding unnecessary harmful 

treatment and surgery, with a study reporting 78.6% overall survival after a 6.8 year mean 

follow up (Klotz et al., 2010). For men with early-stage PCa, where the tumour is confined to 

the prostate, patients may be offered transurethral resection of the prostate (TURP) or radical 

prostatectomy and/or radiotherapy. For the minority of men that are diagnosed with 

advanced high-risk, aggressive disease, they will require multiple treatments such as surgery, 

radiotherapy in combination with hormonal- and chemo- therapy (Chang et al., 2014). For 

patients with recurrent PCa, systemic or salvage treatments in an attempt to control the 

disease are available, however patients will typically progress to lethal, metastatic PCa 

(Antonarakis et al., 2012).  

1.6.1 Targeting the AR signalling pathway 

Targeting androgen synthesis 

ADT is a first-line treatment for men with advanced PCa and aims to significantly reduce 

testosterone levels. Current ADT includes surgical castration or the use of luteinising 

hormone-releasing hormone (LHRH) agonists or antagonists causing medical castration, used 

alone or in combination with anti-androgens. LHRH agonists initially stimulate the release of 

LH, causing a large increase in testosterone levels. However, through a negative feedback 

loop, this leads to the downregulation of LH secretion, via a decrease in GnRH, ultimately 

lowering circulating testosterone to castrate levels. Examples of LHRH agonists include 

leuprolide, bruserelin and goserelin (Walker et al., 1983, Leuprolide Study, 1984). Importantly, 

LHRH antagonists, such as Degarelix, have been developed more recently that lower 

testosterone levels without the initial increase in testosterone as observed with LHRH agonists 
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and are also faster acting making them the preferred choice for current ADT (Klotz et al., 

2008).  

Abiraterone acetate is a cytochrome P450 enzyme 17R-hydroxylase-17,20-lyase (CYP17) 

inhibitor which inhibits androgen synthesis in the adrenal glands, testes and intra-tumourally 

(Agarwal et al., 2010). Even in castrate conditions, the production of androgens occurs via 

17α-hydroxylation of pregnenolone and progesterone to form the precursors 

hydroxypregnenolone and hydroxyprogesterone which are then converted to the 

testosterone precursors dehydroepiandrosterone and androstenedione by CYP17 (Rehman 

and Rosenberg, 2012). In the COU-AA-003 trial, in CRPC patients previously treated with 

docetaxel, it was reported that abiraterone acetate resulted in significant anti-tumour activity 

with a >50% PSA decline in 51% of patients (Reid et al., 2010).  

Unfortunately, the initial positive effects of ADT are typically short-lived as the cancer 

becomes resistant to therapy and is able to proliferate in the absence or in low-levels of 

androgens. Men usually become resistant to ADT after 2-3 years and progress to CRPC which 

ultimately causes death after just 16-18 months (Karantanos et al., 2013).  

Direct AR targeting 

Rather than blocking androgen production to in-turn block the AR signalling pathway, there 

are drugs that directly target the AR to inhibit its transcription of target genes. First-generation 

AR targeting compounds include bicalutamide and flutamide (Schellhammer et al., 1995). 

However, responsiveness to these therapies is short-lived and resistance develops. For 

example, in response to bicalutamide, a W741L or W741C mutation in the LBD of the AR gene 

causes bicalutamide to act as an agonist and therefore drives AR signalling (Hara et al., 2003).  

As the mechanisms underlying PCa progression and therapy resistance have become better 

understood, second generation anti-androgen agents have been developed to target 

advanced CRPC. Examples of these therapies include enzalutamide and the more recently 

developed apalutamide and darolutamide.  

Enzalutamide specifically binds to the AR LBD and has a higher AR binding affinity than first 

generation anti-androgens, such as bicalutamide (Tran et al., 2009). Enzalutamide inhibits AR 

signalling by reducing its translocation into the nucleus and prevents AR binding to AREs and 

activating transcription (Tran et al., 2009). It was tested in multiple CRPC cell line models, such 
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as LNCaP, in which the AR was overexpressed to mimic AR gene amplification, that occurs in 

approximately 50% of CRPC patients (Chen et al., 2008a, Lapointe et al., 2004). Enzalutamide 

decreased the expression of AR target genes such as PSA in response to synthetic androgen in 

vitro and suppressed proliferation of LNCaP xenografts (Tran et al., 2009). There have been 

multiple clinical trials using enzalutamide which have demonstrated a significant 

improvement in overall survival, metastasis-free survival and PSA progression. In one of the 

first key clinical trials, AFFIRM, enzalutamide improved the median overall survival by 4.8 

months in post-docetaxel treated mCPRC patients (Scher et al., 2012). Later trials in men with 

non-metastatic CRPC, enzalutamide significantly increased the median metastasis-free 

survival to 36.6 months versus 14.7 months in patients in the control arm of the trial (Hussain 

et al., 2018).  

Apalutamide and darolutamide are the most recently developed second-generation 

antiandrogens that also bind to the LBD of the AR preventing AR translocation and DNA 

binding (Clegg et al., 2012). Critically, unlike first-generation anti-androgens, apalutamide 

does not undergo an antagonist to agonist switch in the occurrence of AR overexpression.  

Clinical trials revealed apalutamide significantly improved progression-free survival in 

metastatic castration-sensitive PCa patients and metastasis-free survival in non-metastatic 

CRPC in combination with ADT (Chi et al., 2019, Smith et al., 2018).  

Darolutamide is another AR antagonist with increased potency over enzalutamide and 

apalutamide and importantly remains antagonistic over common mutants of the AR that arise 

in response to other anti-androgens (Moilanen et al., 2015). It was approved for use in non-

metastatic CRPC patients in 2019 after a successful clinical trial with a 21.9-month 

improvement in metastasis-free survival (Fizazi et al., 2019). In 2022 results of a clinical trial 

in metastatic castration-sensitive PCa patients showed the risk of death was 35% lower in the 

darolutamide arm compared to placebo in combination with ADT and docetaxel (Smith et al., 

2022). 

Unfortunately, despite the initial positive response to second-generation anti-androgens, like 

ADT, the majority of men develop resistance to these therapies highlighting the importance 

for development of novel and more effective therapies. For example, enzalutamide resistance 
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mechanisms include the F877L mutation in the AR gene and GR upregulation (Balbas et al., 

2013, Arora et al., 2013). 

1.6.2 Chemotherapy 

Chemotherapy is used in the later stages of PCa, usually when patients have progressed after 

the previously discussed AR-targeted therapies. Chemotherapeutic drugs such as docetaxel, a 

microtubule inhibitor, have been approved for use in mCRPC patients, as it improves 

symptoms and quality of life, although this leads to just a 2.9 month prolongation in OS 

(Berthold et al., 2008).  Cabazitaxel, a second generation taxane which also inhibits 

microtubule function leading to cell death, is another chemotherapeutic option for mCRPC 

patients and is approved for use after docetaxel resistance (de Bono et al., 2010). 

 

Figure 1.6 Androgen receptor signalling pathway targeting treatments in prostate cancer  

Targeting the AR signalling pathway is the main way to treat prostate cancer because of its critical role 
in PCa growth and progression. Abiraterone and LHRH agonists aim to inhibit testosterone synthesis 
from either the adrenal glands or the testes. Anti-androgens directly target the AR LBD to inhibit its 
activity and impact the transcription of target genes.  

 



 

 

 16 

1.7 Mechanisms of castration resistance  

Although androgen ablation is initially effective, many men progress to CRPC and die as a 

result of a lack of durable and effective therapy for this advanced disease stage (Kirby et al., 

2011). The pathways by which CRPC develops have been partly elucidated, providing an 

insight into how PCa cells become resistant to current therapies. A full understanding of these 

pathways will lead to the development of novel therapies for CRPC preventing the death of 

many. Second generation therapies have some effect in prolonging the overall survival of 

patients with advanced disease but are in no means curative (Orme et al., 2022).  

 

Genetic instability within PCa tumour cells is likely an important enabler of acquired 

resistance, which allows selection of cell populations that adapt to therapeutic challenge and 

hence increase the likelihood of survival and further DNA mutations (Feldman and Feldman, 

2001). There are conflicting studies describing the contribution of genetic instability to the 

evolution of tumour cells in PCa; some suggest the tumours harbour mutations de novo to 

survive ADT prior to initial treatment (Cher et al., 1996), whilst others suggest genetic 

aberrations are dependent upon ADT which provides a selective pressure to push the selection 

of resistant cells to repopulate the tumour (Taplin et al., 1995, Taplin et al., 1999).  

AR hypersensitivity to low level androgens as a consequence of AR gene amplification, 

promiscuous ligand binding driven by AR LBD mutations, or activation of the AR independently 

of ligands have been proposed to be common mechanisms of resistance to ADT in PCa. These 

pathways are not mutually exclusive and can arise together to facilitate AR signalling in the 

absence of androgens during ADT (Robinson et al., 2015).   



 

 

 17 

 
Figure 1.7 Mechanisms of resistance in prostate cancer.  

PCa cells have several mechanisms of resistance to several therapies. (a) Amplification of the AR gene 
is common, and this enables AR activation in castrate levels of androgen. (b) Mutations in the AR gene 
enables the AR to become activated to other ligands and some AR targeting drugs. (c) The outlaw 
pathway describes the process by which the AR becomes activated by other signalling pathways such 
as through receptor tyrosine kinase (RTK) activation. (d) Bypass pathways enable activation of AR 
target genes independently of AR signalling. (e) The generation of AR splice variants (AR-Vs), which are 
constitutively active truncated forms of the AR, which do not require ligands to drive transcription of 
canonical target genes. (f) Amplification of AR co-activator or downregulation of AR co-repressor 
regulatory proteins can cause disease progression through increased AR transcriptional activity. Figure 
adapted from (Feldman and Feldman, 2001).  

 

1.7.1 Hypersensitivity  

Hypersensitivity arises when levels of circulating androgens are reduced as a consequence of 

ADT. In this environment, cells develop a hypersensitivity to low testosterone levels through 

AR gene amplification which increases intracellular abundance of AR protein, enabling 

activation of the pathway despite the low levels of androgen. More than 50% of CRPC patients 

have AR amplification; the majority of which have previously undergone hormone therapy 

and whose tumours have metastasised (Taylor et al., 2010). Higher levels of DHT due to a 

substitution mutation (V89L) in the gene encoding 5α-reductase, resulting in increased 
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catalytic activity of the enzyme, also makes the tumour cells hypersensitive to low androgen 

levels. This is due to more testosterone being converted to DHT and therefore, increased 

activation of the AR. This is more common in African-American ethnic groups, putting them 

more at risk of early-onset and more aggressive PCa (Makridakis et al., 2000). Conversely, an 

alternative substitution (A49T) in the gene encoding 5α-reductase results in reduced activity 

of the enzyme, common among Asians, possibly reducing the risk of PCa (Makridakis, 1997).   

These tumours are not androgen independent as they still depend on androgens to form AR-

ligand complexes to drive survival and proliferation, but this occurs just at lower levels of 

androgens.  

1.7.2 Promiscuous ligand binding  

Promiscuous ligand binding occurs in tumours that have acquired gain of function mutations 

at specific positions in the AR gene encoding the LBD. These mutations enhance the 

promiscuity of the AR to allow non-androgen steroid hormones and direct AR antagonists to 

bind and activate the AR pathway (Feldman and Feldman, 2001). This leads to PCa cells being 

able to proliferate when there are low levels of androgens caused by ADT. Point mutations 

such as the T878A missense mutation in the LBD of the AR gene has been identified in 

approximately 25% of tumour samples (Gaddipati et al., 1994). This mutant AR binds to 

various non-androgen hormones, including cortisone, and the AR antagonist flutamide, and 

uses them as agonists to drive AR signalling. There are other AR mutations that cause receptor 

activation in the presence of next generation anti-androgens, including the F877L mutation 

which confers agonism to enzalutamide (Balbas et al., 2013). Identified using a mutagenesis 

screen in LNCaP cells, the presence of the F877L mutation causes enzalutamide to induce AR 

nuclear translocation and recruitment of AR to the enhancer regions of target genes (Balbas 

et al., 2013). There have been compounds generated to target the AR F877L mutant to 

overcome enzalutamide resistance, such as JNJ-63576253 and darolutamide to treat CRPC 

patients (Zhang et al., 2021, Moilanen et al., 2015). Similar to the hypersensitivity pathway, it 

is thought ADT causes a selective pressure for the tumour cells that harbour promiscuous 

ligand binding-causing mutations to proliferate and result in ADT-resistant cell populations 

(Taplin et al., 1999).  
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1.7.3 Outlaw pathway  

Whilst the hypersensitive and promiscuous binding pathways require ligand binding for AR 

activation, the outlaw pathway does not. This is a ligand-independent pathway in which the 

AR is stimulated by activation of receptor tyrosine kinase pathways in response to direct 

phosphorylation by growth factors including insulin-like growth-factor 1 (IGF-1), keratinocyte 

growth factor (KGF) and epidermal growth factor (EGF) (Culig et al., 1994). Furthermore, the 

inflammatory cytokine, interleukin 6 (IL-6) levels in patients were shown to be associated with 

anti-androgen resistance, with significantly lower IL-6 levels in ADT-sensitive patients 

compared to de novo ADT-resistant patients (Pal et al., 2019). This is through its downstream 

activation of IL6/STAT3/AR signalling and inhibition of STAT3 with niclosamide was found to 

downregulate AR signalling. The same study found synergistic effects coupling enzalutamide 

treatment with niclosamide through enhanced AR protein degradation and therefore reduced 

AR driven transcription (Liu et al., 2015). 

1.7.4 The bypass pathway  

Similarly to the outlaw pathway, the bypass pathway does not rely on ligand binding to the 

AR, as this involves bypassing the AR for activation and therefore proliferation and survival. 

Apoptosis is inhibited in the absence of androgens by the anti-apoptotic activity of Bcl-2. The 

Bcl-2 protein is known to be associated with the development of B-Cell lymphoma, and is 

frequently over-expressed in CRPC (Colombel et al., 1993). Other tumour-suppressors and 

oncogenes could be involved in the bypass pathway and a greater understanding of these 

mechanisms could lead to more targeted therapies. 

Nuclear receptor cross talk  

The GR, another member of the nuclear hormone receptor family, has been shown to drive 

transcription of several AR target genes such as PSA, and its expression is increased in 

response to anti-androgens (Arora et al., 2013). The study by Arora et al., demonstrated that 

the GR could bypass AR inhibition and therefore drive resistance to AR targeting therapies. 

Treatment with enzalutamide in LNCaP xenografts significantly upregulated expression of the 

GR gene, NRC31, as well as several GR target genes. The GR and AR have similar cistromes as 

demonstrated by chromatin immunoprecipitation-sequencing and have a significantly 

overlapping gene signature in enzalutamide resistant cells (Arora et al., 2013), supporting the 
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hypothesis that GR can bypass AR and drive transcription of AR target genes.  However, 

because glucocorticoids are given to PCa patients to mitigate side effects of anti-androgens 

such as abiraterone, this could provide a favourable environment for tumour cells, leading to 

PCa progression. 

1.7.5 Aberrant expression of androgen receptor co-regulators 

As previously discussed, the AR has many co-activator and co-repressor proteins that act to 

regulate the transcriptional function of the AR (Lonergan and Tindall, 2011). Many AR co-

regulators can become upregulated in CRPC and lead to aberrant activation of the AR. In 

benign prostate tissue, these regulators assist in the activation or suppression of the AR 

signalling axis, but in CRPC they could promote transcriptional activity and proliferation 

(Debes et al., 2003). Alternatively, downregulation of co-repressor protein expression could 

have a similar effect on proliferation and survival (Li et al., 2001). An integrative genome 

profiling of PCa study reported 20% overexpression of co-activators in primary PCa which 

increased to a 63% overexpression in CRPC (Taylor et al., 2010). Important AR-coregulatory 

proteins that harbour genomic gain of function mutations in CRPC circulating tumour cells are 

FOXA1, NCOA2 and BRD4, whilst GATA2 was an example of a protein with common genomic 

loss in CRPC (Gupta et al., 2017).  

 

1.8 AR splice variants  

More recently, AR splice variants (AR-Vs) have been identified in PCa as an additional 

resistance mechanism to ADT and other AR-targeting treatments. They are constitutively 

nuclear and active, C-terminally truncated forms of the AR that promote androgenic signalling 

in castrate conditions. Recent studies have indicated that they are expressed in response to 

ADT in over 65% of PCa patients and are associated with PCa progression (Watson et al., 2010, 

De Laere et al., 2017, Welti et al., 2016). Therefore, elucidating the mechanisms of AR-V 

generation and regulation is crucial to develop intuitive methods to inhibit AR-V signalling and 

more effectively treat CRPC patients.  

AR-Vs contain the NTD and DBD but lack the LBD of the AR and are therefore refractory to 

current treatments as ADT does not affect their activity, nor do second generation anti-
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androgens such as abiraterone and enzalutamide. Tepper et al., was the first to identify two 

AR species in the CWR22Rv1 cell line, derived from the CWR22 relapsed PCa xenograft 

(Sramkoski et al., 1999, Tepper et al., 2002). They identified a C-terminally truncated AR 

variant 75-80 kDa in size that was primarily located in the nucleus. The cell line showed a lesser 

response to anti-androgen treatment when compared to the LNCaP cell line. Since then, over 

20 species of AR-Vs have been identified in cell lines and patient samples. They are androgen-

independent meaning they can promote growth and survival in low androgen levels (Hu et al., 

2009).  

1.8.1 Origin of AR-Vs 

There have been several mechanisms suggested for the generation of AR-Vs, including AR 

genomic rearrangements, protein cleavage of FL-AR, and alternative mRNA splicing. They are 

thought to be produced when there are low levels of androgen present driving growth in the 

absence of ligand to provide a mechanism of resistance during treatment for PCa.  

Before genomic rearrangements were discovered, Ceraline et al., identified a nonsense 

mutation creating a stop codon in exon 4 generating an AR-V (Ceraline et al., 2003).  Later, 

proteolytic cleavage of the AR gene in the hinge region by calpain 2 leading to generation of 

an 80 kDa AR-V lacking the LBD was identified by Libertini et al. Inhibition of calpains in 

CWR22Rv1 cells reduced expression of the AR-V, but this has not been validated in clinical PCa 

specimens (Libertini et al., 2007, Ware et al., 2014).  

The sequences of the alternate transcripts were obtained from CWR22Rv1 cells using 3’-Rapid 

amplification of cDNA ends (RACE), revealing cryptic exons (CEs) that are integrated into AR-

V mRNA. As shown in Figure 1.8, the majority of AR-V transcripts contain exons 1, 2 and 3 

(with the exception of AR-V3) followed by a CE generating alternative 3’ sequences (Dehm et 

al., 2008). This finding opposed the earlier suggestion that AR-Vs arise by proteolytic cleavage 

by calpains. Shortly after, Hu et al identified 7 AR-Vs (AR-V1-7), using in silico BLAST sequence 

analysis of the AR gene in CWR22Rv1 cells, which incorporated distinct CEs. They identified 6 

in intron 1, 3 in intron 2 and 3 in intron 3; the latter termed CE1, CE2 and CE3 are all located 

downstream from exon 3. CE3 is incorporated into the most extensively studied AR-V, AR-V7 

which is encoded by ARex1/2/3/CE3 (Figure 1.8). The group also reported that AR-V1 and AR-

V7 were the most abundant variants in their hormone-resistant patient samples and reported 
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a 20-fold increase in expression compared to hormone sensitive specimens (Hu et al., 2009). 

AR-V12 or ARV567es is generated through exon skipping in which exons 5, 6 and 7 are excluded. 

Importantly, this AR-V has also been identified in metastatic PCa patient tissue (Sun et al., 

2010).  

Li et al, then discovered intragenic rearrangements associated with the expression of AR-Vs in 

CWR22Rv1 cells. They reported a 35 kb AR segment that several previously described 

alternative AR exons were contained in (Li et al., 2011). The same group also identified 

genomic rearrangements in human xenograft models including deletions and inversions 

located in exons 5, 6 and 7 (Li et al., 2012). To validate these findings in the clinical setting, 

Henzler et al performed DNA-sequencing on patient tissue from early and late stage CRPC and 

therapy-naïve PCa. This revealed a class of AR gene alterations, termed AR-genomic structural 

rearrangements, that were present in a third of CRPC patients (Henzler et al., 2016) However, 

there was no difference in AR-V7 mRNA levels in patients who were positive or negative for 

the rearrangement events. This was likely due to sub-clonality and heterogeneity of tumour 

samples that would confound results.  A more recent study, using whole-genome sequencing 

and structural rearrangement analysis of the AR locus in PCa patients, validated that AR gene 

rearrangements promote AR-V expression. These rearrangements were modelled in cell lines 

which caused high expression of AR-Vs and led to enzalutamide resistance (Li et al., 2020). 

Alternative splicing of FL-AR mRNA involves inclusion or exclusion of exons resulting in 

alternate AR-Vs, thought to be induced by ADT, is another, more prominent mechanism of AR-

V synthesis (Liu et al., 2014a).  

Alternative splicing of pre-messenger RNA (pre-mRNA) is an essential biological process 

responsible for the production of multiple transcripts from single genes. This process involves 

recruitment of splicing factors to 5’ and 3’ splice sites at pre-mRNA transcripts causing 

exclusion of intronic regions and then re-ligation of exons. Alternative splicing is commonly 

dysregulated in cancer, and in PCa it has been shown to be responsible for the synthesis of 

multiple AR-V transcripts (Venables et al., 2009). The cis regulatory RNA elements, termed 

exonic splicing enhancers or intronic splicing enhancers are the regions upon which the trans 

RNA splicing proteins assemble and decide which exons are spliced together (Liu et al., 2014a). 

For example, the synthesis of AR-V7 arises from the use of the alternative 3’ splice site that is 
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located downstream from exon 3 which causes incorporation of CE3 instead of exon 4 and 

therefore a constitutively active truncated protein (Hu et al., 2009). The mechanisms behind 

this have been an important area of research as understanding this biological process will give 

rise to means of therapeutically targeting AR-V production. It is not fully understood what 

splicing factors and/or regulators are required for AR-V splicing. Splicing factors ASF/SF2 are 

reported to be recruited to AR CE3, with knockdown of these reducing expression of AR-Vs 

(Liu et al., 2014a). Other splicing factors that have been reported to have a role in AR-Vs 

splicing include Sam68, SFPQ and JMJD1A. Sam68, an RNA binding protein, when 

overexpressed, was shown to increase the incorporation of CE3 in AR-V7 mRNA in a minigene 

reporter system as well as endogenous levels in the CWR22Rv1 cell line. Sam68 that was also 

shown to interact with AR-V7 protein in the nucleus and drive AR-V7 transcriptional activity 

and expression of the AR-V7 regulated gene UBE2C (Stockley et al., 2015). JMJD1, a histone 

demethylase, was shown to regulate AR-V7 splicing through heterogeneous nuclear 

ribonucleoprotein F (HNRNPF). Both proteins were associated with AR-V7 expression and 

immunoprecipitated at AR-V7 splice sites of mRNA (Fan et al., 2018). Finally, SFPQ, an RNA 

binding protein was shown to control expression of several spliceosome genes, that together, 

co-ordinate to form a splicing complex that is involved in AR alternative splicing (Takayama et 

al., 2017). Together, there have been some advancements in our understanding around AR 

alternative splicing but there is still a lot that is unknown about the mechanism. Given that AR 

and AR-Vs drive PCa progression, identification of other splicing factors involved in AR-V 

generation could reveal tractable therapy targets.  
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Figure 1.8 The AR gene and sequence of exons and cryptic exons in several androgen receptor 
variants arising from alternative splicing. 

A. A diagrammatic representation of the AR gene with exons represented by black vertical bars and 
cryptic exons represented by red vertical bars. B. Representation of AR-V transcripts and their 
alternative names. Image adapted from (Ware et al., 2014).  
 
1.8.2 Regulation of AR-Vs 

AR-Vs have been identified in normal and cancerous prostate tissue, suggesting a role in 

normal functions of AR signalling. However, many reports show an increased expression of 

AR-Vs in CRPC, in comparison to early-grade androgen dependent PCa, suggesting ADT creates 

a selective pressure for the upregulation of AR-Vs (Guo et al., 2009).   
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Like FL-AR, AR-Vs are regulated by a number of co-activators and co-repressors. Work 

conducted in my host laboratory have so far identified FOXA1 (Jones et al., 2015), Aurora 

kinase A (Jones et al., 2017), GATA2 (Chaytor et al., 2019) and PARP1/2 (Kounatidou et al., 

2019) as important co-regulators of AR-V function.  

Transcriptional regulators of AR function, such as p300/CBP, have also been identified to be a 

co-activator of AR-V function (Debes et al., 2003, Welti et al., 2021). Depletion of p300 and 

CBP reduced expression of several AR target genes in AR-V-driven cell lines, including the AR-

V positive LNCaP cell derivative LNCaP95 and CWR22Rv1, while re-activation of p300 and CBP 

lead to restoration of AR signalling (Welti et al., 2021). A selective inhibitor of the p300/CBP 

bromodomain (CCS1477) was used to validate this using transcriptomic analysis of CCS1477-

treated CWR22Rv1 cells which demonstrated down-regulation of the androgen response 

hallmark. Importantly, AR-V protein levels were decreased upon treatment with the inhibitor 

in several AR-V expressing cell lines as well as in a CWR22Rv1 mouse xenograft model. 

Transcriptomic analysis of the xenograft tumours after 28-day treatment showed significant 

de-enrichment of AR and AR-V driven gene signature (Welti et al., 2021). 

Recently, a genome-scale CRISPR/Cas9 screen in CWR22Rv1 cells, using AR/AR-V-GFP 

expression as a readout, identified and validated PRMT1 as a regulator of AR and AR-V7 

expression in CWR22Rv1 and VCaP cells. Differential alternative splicing analysis showed 

PRMT1 depletion causes splicing changes in 728 genes and inhibition of PRMT1 synergises 

with enzalutamide to supress proliferation in AR-V positive cell lines (Tang et al., 2022).  

Furthermore, gene expression analysis from the cell lines LNCaP and the AR-V positive 

LNCaP95 derivative was performed to determine spliceosome-related genes that are 

upregulated and therefore potentially correlated with AR-V7 generation or regulation. This 

revealed a gene-list that was cross-referenced with the same spliceosome-related genes that 

are down-regulated in LNCaP95 in response to BET inhibition, as well as genes from an siRNA 

screen that are associated with a more than 50% reduction in AR-V protein levels. This 

revealed the 2OG-dependent dioxygenase, JMJD6, as the only gene that was in all three of the 

datasets. JMJD6 expression correlated with a worse overall survival and depletion caused a 

reduction in AR-V7 protein levels and significantly impacted PCa cell growth in LNCaP, 

LNCaP95, VCaP and CWR22Rv1 cell lines. JMJD6 regulation of AR-V expression was shown to 
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be regulated through recruitment of the splicing factor U2AF65, as knockdown of JMJD6 

caused a significant reduction in U2AF65 recruitment to three separate regions of AR-V7 

transcripts (Paschalis et al., 2021).  

1.8.3 Biological and Clinical relevance 

When AR-Vs were first being fully characterised, it was important to determine if they could 

exert similar transcriptional effects as FL-AR. To do this, AR-Vs were depleted in steroid-free 

conditions in CWR22Rv1 cells which led to a significant reduction in ligand-independent AR 

target gene expression. This was not observed upon depletion of FL-AR using an exon 7 

targeting siRNA, nor did the addition of androgens cause upregulation of the AR target gene 

PSA, further validating AR/AR-V transcriptional activity in this model was ligand-independent 

(Dehm et al., 2008). The same study also demonstrated that AR-Vs are able to promote 

androgen-independent proliferation in CWR22Rv1 cells, as depletion of AR-Vs in steroid-free 

conditions inhibited growth but selective depletion of only FL-AR did not; demonstrating AR-

Vs can substitute for FL-AR in the absence of androgens (Dehm et al., 2008). Furthermore, it 

has been shown that AR-Vs drive resistance to anti-androgens in CWR22Rv1 cells as depletion 

of AR-Vs, but not FL-AR, restored androgen and anti-androgen responsiveness (Li et al., 2013). 

Although AR-Vs have a considerable overlap of transcriptional targets to FL-AR, it has been 

reported that they have distinct transcriptomes. Recent studies, using LNCaP and VCaP cell 

line models with doxycycline inducible AR-V7 expression, showed in LNCaP-AR-V7 cells, 54% 

and 57% of AR and AR-V regulated genes were unique to each isoform, respectively (Basil et 

al., 2022). This finding that AR and AR-V have individual transcriptomes was also shown in the 

VCaP-AR-V7 cell line with 30% of the AR-V transcriptome being distinct from the FL-AR (Basil 

et al., 2022). This was also shown in a study by Cato et al., that utilised the LNCaP95 cell line, 

that FL-AR and AR-V7 have distinct transcriptional roles as there were significant differences 

between their transcriptomes (Cato et al., 2019). AR-V expression has been linked to 

upregulation of cell cycle genes such as UBE2C, which, importantly was not dependent on FL-

AR and was correlated in clinical samples with AR-V7 levels (Hu et al., 2012). A recent study 

reported that AR-Vs negatively regulate various genes involved in tumour-suppression and 

limiting proliferation, suggesting a mechanism of CRPC growth and progression (Cato et al., 

2019). Moreover, Kounatidou et al., demonstrated a pro-proliferative role of AR-Vs after 

investigation into genes that were downregulated in response to AR-V depletion (Kounatidou 
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et al., 2019). Genes involved in cell cycle regulation and mitosis were also part of the AR-V 

driven gene signature (Schiewer et al., 2012).   

There have been 12 AR-V mRNA species identified in primary PCa and up to 23 in metastatic 

CRPC. The best characterised species that has been the most extensively researched so far is 

AR-V7 which arises from splicing of AR exons 1/2/3/CE3 and ARv567es, arising from skipping of 

exons 5-7 and have been detected in clinical samples. ARV567es, a constitutively active AR-V, 

was shown to contribute to cancer progression in mice PCa xenograft models following 

castration by driving AR target gene expression, increasing the expression of FL-AR and 

enhancing FL-AR activity. The expression of ARv567es in the xenografts correlated with 

castration resistance. Importantly, ARv567es was commonly found in patient tissue of PCa 

metastases (Sun et al., 2010). AR-V7 expression is also clinically relevant and is correlated with 

drug resistance; a study investigating this, using AR-V7 expression in circulating tumour cells 

(CTCs), reported that 75% of patients who tested positive for AR-V7 developed drug resistance 

(Wang et al., 2018).  

As AR-V7 can be detected in clinical samples, and is thought to predict resistance, it has 

potential to be used as a biomarker to determine what treatment a patient receives and to 

predict therapy outcomes. According to a meta-analysis, AR-V7 negative patients are more 

likely to have a better response to ADT in comparison to AR-V7 positive patients (Li et al., 

2018). Another paper reported that AR-V7 positive (defined by immunofluorescence 

detection in circulating tumour cells and nuclear localisation of AR-V7) patients had a worse 

OS rate when treated with ADT, but had a better OS when treated with chemotherapy (Scher 

et al., 2018). A study analysing mRNA levels of FL-AR, AR-V7, ARv567es and AR-V3 in matched 

hormone-sensitive PCa and CRPC patients determined AR-V levels were significantly increased 

in 81.2% CRPC patients, but the authors note that sampling bias cannot be ruled out of the 

results and due to a small sample size of 19 patients, the clinical implications cannot be 

determined (Park et al., 2019). A much larger study was conducted using an 

immunohistochemistry readout to measure AR-V7 expression in 358 primary prostate tissues 

and 293 metastatic biopsies. This revealed that over 75% of patients were AR-V7 positive 

following ADT which increased further in patients who received the antiandrogens 

abiraterone or enzalutamide (Sharp et al., 2019). Furthermore, patients who were negative 

for AR-V7 expression had significantly better overall survival (Sharp et al., 2019). These results 
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support a potential prognostic benefit of using AR-V7 as use as a biomarker to guide 

personalised treatment in advanced PCa.   

 

1.8.4 Therapeutically targeting AR-Vs  

Because of the prevalence of AR-V expression in late stage PCa patients and the correlation 

with diminished treatment response and overall survival, there is a need to develop 

compounds to target them and abrogate AR signalling.  

NTD targeting 

Currently, all hormone therapies for PCa target the LBD of the AR, which is not present in AR-

Vs. Therefore, targeting the N-terminal domain of the AR is logical, due to this region being 

crucial in transcriptional activity of the AR. However, this has proved very difficult due to the 

largely unstructured and flexible nature of this region, making drug design problematic 

(Antonarakis et al., 2016). Despite this, there have been compounds that have made it to 

clinical trials, including the EPI family of compounds which bind to the Tau-5 region of the NTD 

and inhibit AR and AR-V transcriptional activity (Myung et al., 2013). However, due to minor 

PSA changes in patients, the drug’s low potency and a short half-life, the first generation of 

these compounds were unsuccessful with termination of Phase I clinical trials because of 

excessive pill burden (Trials.gov, 2018).  

DBD targeting 

Targeting the DBD is another strategy to either block AR-DNA interactions or disrupt its 

homodimerization and inhibit AR/AR-V activity (Dalal et al., 2014, Radaeva et al., 2021). There 

has been limited progress in the development of DBD targeting compounds, but one such 

compound is VPC-14449, which pre-clinically, has been shown to have some transcriptional 

impact on AR-V7, but more so on FL-AR (Dalal et al., 2014).  More recently, results have been 

published using refined derivative compounds VPC-17160 and VPC-17281 which have 

demonstrated improved inhibition of AR-V7 activity and microsomal stability. These 

compounds inhibit the dimerization of the AR DBD and were shown to inhibit the proliferation 

of LNCaP and CWR22Rv1 PCa cell lines. However, one of the compounds also showed activity 

in the AR-negative PC3 cell line, indicative of off-target activity (Radaeva et al., 2021). 
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Although this compound series still requires optimisation, it provides strong proof of concept 

to further develop compounds that selectively target the AR DBD as a means to diminish FL-

AR and AR-V activity going forward.  

Bromodomain and extraterminal (BET) inhibitors 

 Inhibition of AR-V chromatin binding using bromodomain and extraterminal (BET) inhibitors, 

as exemplified by pre-clinical studies using JQ1, is another potential treatment strategy for 

AR-V positive tumours. BET proteins are epigenetic readers that bind to acetylated histones 

that have been shown to interact with the NTD of the AR and as previously mentioned, 

blockade with JQ1 has been shown to disrupt this interaction (Asangani et al., 2014). JQ1 has 

been shown to diminish AR and AR-V transcriptional activity by reducing AR and AR-V protein 

levels which in turn decreased AR occupancy at AREs on chromatin (Chan et al., 2015). This 

was shown to reduce growth in cell lines as well as xenograft tumours that express ARv567es 

(Chan et al., 2015). BET inhibitors are currently being tested clinically in numerous clinical 

trials. For example, the pan BET inhibitor ZEN-3694, in combination with enzalutamide, 

showed potential efficacy in CRPC patients, with a subset of patients with an aggressive 

phenotype displaying prolonged progression-free survival (Aggarwal et al., 2020). However, 

AR-V positivity data was not captured in this trial, so it was not evaluated if this could influence 

how patients respond to BET inhibition.  

HSP90 inhibitors 

Indirectly targeting AR-V activity through inhibition of the chaperone protein HSP90 has 

shown some potential in PCa cell line models using the next generation HSP90 inhibitor, 

onalsepib. However, there are some conflicting reports on the sensitivity of AR-Vs to HSP90 

inhibition. One investigation using three HSP90 inhibitors showed AR-V7 and ARV567es were 

less sensitive to HSP90 inhibition compared to FL-AR when analysing their transcriptional 

activity using a luciferase transactivation assay (Gillis et al., 2013). Furthermore, they showed 

AR-Vs do not require HSP90 for nuclear translocation and HSP90 inhibition induced the 

expression of AR-V7 transcripts and protein in VCaP cells. However, HSP90 inhibition 

significantly reduced the growth of the AR-V expressing cell lines VCaP and CWR22Rv1 

meaning AR-Vs do not confer resistance (Gillis et al., 2013). Similar findings were reported 

using another HSP90 inhibitor, ganetespib. Cell death was induced in AR-V positive VCaP and 
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CWR22Rv1 cells, but AR-V transcriptional activity or expression were not altered (He et al., 

2013). Conversely, using a second generation HSP90 inhibitor, onalsepib, AR-V protein levels 

were diminished upon HSP90 inhibition in AR-V positive PCa cell lines CWR22Rv1, VCaP and 

LNCaP95 (Ferraldeschi et al., 2016). Unlike the expected mechanism of interrupting the 

chaperone-receptor interaction, it was shown that AR-Vs do not interact with HSP90, and 

HSP90 inhibition disrupts AR-V splicing and therefore AR-V protein levels. This was validated 

by determining onalsepib did not decrease pre-mRNA levels of AR-V7 using intronic-spanning 

primers but did reduce levels of AR-V7 mRNA (Ferraldeschi et al., 2016). This splicing 

impairment could be due to the activation of the heat shock response which reportedly 

represses splicing (Shin et al., 2004). RNA-sequencing followed by global splicing analysis did 

in fact show onalsepib caused splicing changes in 557 genes, including AR-V7 CE3 inclusion 

(Ferraldeschi et al., 2016).  However, because the splicing alterations go beyond AR-V splicing 

this could be problematic when evaluating the clinical use of these compounds and warrants 

further investigation.  

Other possible strategies to target AR-Vs include protein degradation using PROTACs, 

synthesis inhibition and the targeting of AR co-activators such as CDK9 (Richters et al., 2021). 

A greater understanding of the function and regulation of AR-Vs will assist in the development 

of more effective and selective therapies.   

 

1.9 DNA-PKcs  

The DNA dependent protein kinase (DNA-PK) is a serine/threonine protein kinase complex 

that consists of a Ku heterodimer (Ku70/ Ku80) and a catalytic subunit (DNA-PKcs). It is 

essential in the DDR pathway, particularly in the non-homologous end joining (NHEJ) pathway 

of double strand break (DSB) repair (Chan et al., 2002). Because of this, it is an attractive 

cancer target to combine with DNA damaging agents such as radiotherapy. However, it has 

been well established as a multifunctional protein kinase with involvement in a number of 

DNA damage independent cellular processes including cell cycle (Douglas et al., 2014, Lee et 

al., 2011), transcription (Jackson et al., 1990) and telomere maintenance (Espejel et al., 2002, 

Ruis et al., 2008).   
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DNA-PKcs is the largest subunit of the DNA-PK complex and is a 469 kDa protein encoded by 

the PRKDC gene and belongs to the family of phosphatidylinositol 3-kinase-related kinases 

(PI3KKs), which also includes ataxia-telangiectasia mutated (ATM), ATM and RAD3-related 

(ATR), mammalian target of rapamycin (mTOR), suppressor of morphogenesis in genitalia 

(SMG1) and transformation/transcription associated protein (TRAP) (Menolfi and Zha, 2020).  

DNA-PKcs is made up of distinct functional domains (as shown in Figure 1.9); the N-terminal 

domain contains HEAT (Huntingtin, Elongation Factor 3, PP2A and TOR1) repeats and JK, PQR 

and ABCDE regulatory phosphorylation clusters. The C-terminus contains a highly conserved 

PIKK catalytic domain that is surrounded by FAT (nomenclature derived from homologous 

regions in FRAP, ATM, and transcription domain-associated protein TRRAP), and FATC (FAT at 

the C-terminus) domains (Rivera-Calzada et al., 2005). Between the FAT and kinase domain 

sits a FKBP12-rapamycin binding domain and between the kinase and FATC domains there is 

a PIKK-regulatory domain. DNA-PK has several autophosphorylation sites, but sites in the 

ABCDE cluster, such as T2609, and sites in the PQR cluster, such as S2056, have been shown 

to be important in DNA repair. Autophosphorylation at these sites causes a conformational 

change in DNA-PKcs allowing other NHEJ factors to access and process the DNA to ultimately 

complete damage repair (Liu et al., 2022, Ding et al., 2003). 

 

 

Figure 1.9 Structure of DNA-PKcs.  

DNA-PKcs is comprised of 4128 amino acids which make up an N-terminal heat domain that harbour 
HEAT repeat regions and the JK, PQR and ABCDE phosphorylation clusters. It also includes FAT, Kinase 
and FAT-C domains. The C-terminus is responsible for Ku70/Ku80 heterodimer binding.  

 

1.9.1 DNA-PKcs in DNA repair 

DSBs can form as a result of endogenous (e.g. reactive oxygen species) and exogenous 

(ionising radiation) insults and are the most cytotoxic DNA lesions; causing chromosomal 
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rearrangements or cell death if not properly repaired. The two main pathways of DSB DNA 

repair are NHEJ and homologous recombination (HR). NHEJ, shown in Figure 1.10, is the 

primary mechanism of DSB repair as it can occur throughout the cell cycle so can rapidly 

respond to DNA damage. HR is extremely accurate as it requires a DNA template homologous 

to the region being repaired and is most active during S/G2 phases of the cell cycle.  

Upon DSB induction, the Ku70/Ku80 heterodimer, the regulatory subunit of the DNA-PK 

heterotrimeric complex, is responsible for recognition of the damaged DNA (Hartley et al., 

1995). This recognition and binding can occur within seconds of the DNA break happening due 

to its high affinity for DNA ends and is responsible for the subsequent recruitment of DNA-

PKcs. DNA-PKcs binds to the Ku complex, via its C terminal region, which activates the kinase 

activity of DNA-PKcs. As a consequence of phosphorylation-dependent recruitment of other 

core NHEJ factors including Artemis, XRCC4, DNA ligase IV and XLF, which form the NHEJ 

complex, ligation of the DNA DSB and resolution of DNA damage is achieved (Calsou et al., 

1999) (Davis et al., 2014). Once DNA ends have been ligated, the components of the NHEJ 

complex disassemble from the DNA and the DSB is successfully repaired. Although mainly 

dominant during G1 or G0 phases of the cell cycle, NHEJ is operational during the whole cell 

cycle as it does not require a homologous template for repair of the damaged DNA strands 

(Rothkamm et al., 2003).  This lack of a homologous template means NHEJ is a relatively error 

prone mechanism of DNA repair and can lead to the introduction of insertions and deletions 

(indels).  
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Figure 1.10 Overview of non-homologous end joining pathway.  

1. DNA double strand breaks are introduced. 2. Ku70 and Ku80 detect and bind to the DNA break. 3. 
DNA-PKcs is recruited to the site of damage. 4. DNA-PKcs is auto-phosphorylated and the other 
components of the NHEJ complex are recruited including Artemis, XRCC4, Ligase IV, PAXX and XLF. 5. 
DNA ends are ligated and the NHEJ complex disassembles from the DNA. The DNA break is successfully 
repaired. Adapted from: (Blackford and Jackson, 2017). 

 

1.9.2 DNA-PKcs in transcriptional regulation  

Interestingly, before DNA-PK was characterised as a DDR-associated protein, it was shown to 

be required for SP1 transcriptional activity as it was initially isolated with SP1 transcriptional 

complexes (Jackson et al., 1990), and as an RNA polymerase II co-regulator (Dvir et al., 1992).  

Although critical in DNA DSB repair, DNA-PK has been widely investigated outside of the repair 

process and in cancer, and its critical role in transcriptional regulation has been confirmed for 

several transcription factors, including FL-AR (Goodwin et al., 2013, Goodwin and Knudsen, 
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2014). DNA-PK has already been described as a potential therapeutic target in cancers where 

DNA-PK expression is higher, such as in B-cell chronic lymphocytic leukaemia (Willmore et al., 

2008), colorectal cancer (Hosoi et al., 2004), oesophageal cancer (Tonotsuka et al., 2006) and 

non-small cell lung cancer (Xing et al., 2008). Clinical trials of DNA-PKcs inhibitors are 

described in section 4.1.  

There have been many reports indicating interplay between DNA-PK and hormone receptors, 

with reports from over 20 years ago describing phosphorylation of the chicken PR by DNA-PK 

(Weigel et al., 1992) and also the rat GR, ultimately effecting their transcriptional activity. 

Giffin et al., described that co-localisation of DNA-PK with the GR caused the GR to become 

phosphorylated and could affect receptor function (Giffin et al., 1997). DNA-PKcs has also 

been shown to regulate the transcriptional activity of the oestrogen receptor, involved in cell 

cycle progression and proliferation of breast cells (Medunjanin et al., 2010). Importantly, DNA-

PKcs has also been shown to play a role in mediating the activity of the AR (Goodwin et al., 

2013, Goodwin et al., 2015).  

1.9.3 DNA-PKcs and the AR 

Goodwin et al., firstly reported that the AR is activated in response to DNA damage, causing 

transcription of several proteins that are involved in the DDR (Goodwin et al., 2013). Later, 

the same group reported that DNA-PKcs plays a key role in the progression and metastases of 

PCa by regulating transcription (Goodwin et al., 2015). They demonstrated that DNA-PKcs can 

potentiate AR function and described DNA-PKcs as both a transcriptional target of the AR after 

DNA damage and a regulator of its transcriptional activity (Goodwin et al., 2013). Initial 

experiments in vitro show an interaction between the AR and DNA-PKcs and that DNA-PKcs is 

recruited to AR target genes such as PSA and TMPRSS2. The same AR regulated genes were 

downregulated following DNA-PKcs depletion and genetic analysis of all of the downregulated 

genes revealed an enrichment in pathways that are involved in cancer progression. 

Interrogation of DNA-PKcs functions in vivo showed that inhibition of DNA-PKcs using NU7441 

reduced the incidence of metastases in xenograft AR-negative PC3 and AR-positive CWR22Rv1 

mouse models, supporting the suggestion that DNA-PKcs is a key driver of metastasis 

(Goodwin et al., 2015). Furthermore, PCa tissue, derived from patient biopsies, was cultured 

ex vivo and metastatic factors, such as PREX1, ROCK2, ITGB4, and VAV3 were quantified and 
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were all downregulated after administration of the DNA-PKcs inhibitor NU7441 to the culture 

media (Goodwin et al., 2015). Finally, retrospective DNA-PKcs expression analysis was 

performed on a cohort of 232 patients to determine if DNA-PKcs could be used as a predictor 

of recurrence and metastases. Results showed higher DNA-PK expression correlated with a 

significantly worse freedom from metastatic progression and reduced freedom from 

biochemical recurrence (Goodwin et al., 2015). Collectively, these results strongly support the 

hypotheses that DNA-PKcs is essential for AR transcription and promotes metastasis of PCa, 

highlighting it as an important therapeutic target in PCa and are the basis for a Phase I/II 

clinical trial using CC-115; a dual inhibitor of mTOR and DNA-PK. This trial aims to evaluate the 

safety of the drug in CRPC patients with metastases, in combination with enzalutamide 

(Clinicaltrials.gov; NCT02833883). Details of other DNA-PKcs inhibitors utilised in this study 

are provided below. 

1.9.4 DNA-PKcs inhibitors used in this study 

NU7441 

NU7441 (2-N-morpholino-8-dibenzothiophenyl-chromen-4-one) is a potent and specific 

small-molecule inhibitor of DNA-PK with a 100-fold selectivity for DNA-PK compared to other 

members of the PIKK family of enzymes and has an IC50 of 14 nM (Leahy et al., 2004). The 

compound targets the ATP binding-groove of DNA-PKcs. The effects of NU7441 inhibition has 

been investigated in many human cancer models including breast cancer (Ciszewski et al., 

2014), colon cancer (Zhao et al., 2006), liver cancer (Yang et al., 2016) and nasopharyngeal 

carcinoma (Dong et al., 2018), as well as PCa (Goodwin et al., 2015).  In all these studies, 

NU7441 has been used to investigate potentiating radio- and/or chemotherapy through 

inhibiting DNA repair. It has also been used in models interrogating the role of AR-Vs in 

relation to the DDR; supporting a role for AR-Vs in driving a DDR following DNA damage (Yin 

et al., 2017). Although a relatively selective DNA-PKcs inhibitor suitable for laboratory use, this 

small-molecule lacks the specificity required to progress into clinical trials.  

NU5455 

NU5455 (N-(6-(2-(8-oxa-3-azabicyclo [3.2.1]octan3-yl)-4-oxo-4H-chromen-8-

yl)dibenzo[b,d]thiophen-2-yl)-N-methyl-2-morpholinoacetamide) is a newer, more selective 

DNA-PKcs inhibitor. Like NU7441, it competes for the ATP binding grove of DNA-PKcs and 
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inhibits DNA-PKcs autophosphorylation at Serine 2056, which is consistent with the earlier 

generation compound NU7441. This new inhibitor is more specific and has considerably less 

inhibitory effects on PI3K as determined by phospho-AKT Ser473 immunoblotting after 30 

minutes IGF-1 treatment in MCF7 cells (Willoughby et al., 2020). In the same study, activity 

against DNA-PKcs was quantified after 1 µM treatment and DNA-PKcs was inhibited by 98% 

with an IC50 of 8.2 ± 2 nM, which is increased potency over NU7441 (IC50 of 14 nM).  In a kinase 

screen it was shown to have selectivity for DNA-PKcs over Vps34 (8.7-fold), PI3Kδ (33.7-fold), 

and ATM and ATR (>1200-fold). NU7441 was shown to have non-specific inhibitory effects on 

PI3Kα, but NU5455 demonstrated a 228-fold selectivity margin for DNA-PKcs kinase activity.  

AZD7648 

AZD7648 (7-methyl-2-[(7-methyl [1,2,4]triazolo [1,5-a]pyridin-6-yl)amino]-9-(tetrahydro2H-

pyran-4-yl)-7,9-dihydro-8H-purin-8-one) was identified from a compound library screen 

conducted by AstraZeneca to identify potent DNA-PKcs inhibitors with selectivity over PI3Kα. 

The hit compound was then optimised to improve its potency and pharmacokinetics to 

generate AZD7648. This compound has a IC50 of 0.6 nM and in a kinase screen DNA-PK, PI3Kα, 

PI3Kδ and PI3Kγ showed inhibition of >50% at 1 µM. AZD7648 was then shown to have 

selectivity for DNA-PKcs versus PI3Kα and PI3Kδ (>100-fold) and PI3Kγ (>63-fold). The 

compound was shown the potentiate radiation in A549 cells demonstrated by persistent DNA 

damage markers γH2AX and 53BP1 foci and decreased clonogenic survival in combined 

radiation plus AZD7648 experimental arms (Fok et al., 2019). Clinical trials have progressed 

with this compound and is discussed further in section 4.1.  

 

Figure 1.11 Chemical structures of NU7441, NU5455 and AZD7648.  
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1.9.5 The androgen receptor and the DNA damage response 

There have been multiple clinical trials investigating the efficacy of combined radiotherapy 

and ADT versus radiotherapy alone in PCa. A systematic review with meta-analyses of 

randomised control trials of hormone therapy used alone or in combination with radiotherapy 

for PCa reported that the efficacy of the combined therapies was superior to each therapy 

alone, which increased further in advanced, higher risk patients (Schmidt-Hansen et al., 2014). 

Although this report indicates that some results reported could be biased, it supports the 

hypothesis that androgen signalling is involved in DDR following radiation.  

The FL-AR is involved in the DDR through directly up-regulating transcription of DNA repair 

genes that are involved in NHEJ, HR, base excision repair and mismatch repair in response to 

DNA damage (Polkinghorn et al., 2013b). It was reported that PCa cells treated with anti-

androgens downregulated their DNA repair genes, and conversely PCa cells treated with 

androgens upregulated their DNA repair genes, in response to DNA damage caused by ionising 

radiation. Other DDR proteins such as PARP1 have also been identified as AR co-regulators 

(Schiewer et al., 2012).  

There are various therapeutic agents available in the clinic or in clinical development that 

target the DDR, either as single agent treatments to further the genomic instability in cancer 

cells, or in combination with DNA damaging therapies to enhance DNA damage and sensitise 

cells, such as PARP1, ATR and ATM inhibitors (Plummer et al., 2008, Prevo et al., 2012, Hickson 

et al., 2004). Radiotherapy is commonly given to PCa patients with localised disease and after 

radical prostatectomy as salvage therapy. Importantly, as discussed, radiotherapy is 

commonly used in combination with ADT as it has been shown to be more effective than either 

agent alone which is, in part, a consequence of down-regulating AR-driven DDR gene 

expression (Schmidt-Hansen et al., 2014, Polkinghorn et al., 2013a). However, patients often 

develop radio-resistance and the mechanism of action for this is largely unknown. The AR has 

been suggested to be important in this radio-resistance, which could be due to its direct role 

in DDR or the upregulation of a number of key DDR-related genes. Recently, it has been 

reported that AR-Vs drive a DDR gene signature by driving transcription of DDR genes that 

lead to a desensitisation of radiation shown by persistence of γH2AX foci (Kounatidou et al., 
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2019).  Targeting AR-Vs in these patients could potentiate sensitivity to DNA damaging 

therapies and lead to a better outcome. 

1.9.6 DNA-PKcs as a potential regulator of AR-V activity 

Due to the reports of DNA-PKcs as a regulator of FL-AR, DNA-PKcs could also regulate AR-Vs. 

Unpublished rapid immunoprecipitation mass spectrometry of endogenous protein (RIME) 

data obtained in the host laboratory, has indicated that DNA-PKcs is part of the AR-V 

interactome. Another study that used immunoprecipitation-mass spectrometry (IP-MS) 

identified DNA-PKcs as the most abundant interacting protein of ARv567es in R1-D567 cells 

irrespective of if the cells had been exposed to irradiation (Yin et al., 2017). Both of these 

findings strongly suggest DNA-PKcs plays a role outside of DNA repair in the regulation of AR-

Vs, but little is known around the mechanism or its function in transcriptional capability of AR-

Vs.  

Interrogation of an in-house AR-V transcriptome derived from RNA-sequencing of the 

CWR22Rv1 cell line derivative CWR22Rv1-AR-EK, to determine if AR-Vs have a direct role in 

DNA damage repair, showed that AR-Vs positively regulated 41 genes involved in the DDR 

(Kounatidou et al., 2019). These genes are involved in HR and NHEJ pathways.  

The expression of AR-Vs is a major mechanism for resistance to current PCa treatments, and 

our understanding of their regulation is limited. As DNA-PKcs has been identified as a co-

regulator of FL-AR, and that previous data from the host laboratory has demonstrated an 

interaction between DNA-PKcs and AR-Vs, we hypothesise there could potentially be a similar 

co-regulatory relationship to FL-AR between the proteins. Therefore, the co-regulatory 

relationship between DNA-PKcs and AR-Vs will be investigated in this project using both siRNA 

mediated depletion of the DNA-PKcs protein and DNA-PKcs inhibition using various 

compounds that have been developed. 
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Chapter 2 Aims and objectives  

There are several resistance mechanisms that render prostate tumours insensitive to the 

current repertoire of AR-targeting agents including AR amplification (Taylor et al., 2010), AR 

mutation (Balbas et al., 2013) and the emergence of AR splice variants (Dehm et al., 2008). 

Importantly, although classified as castrate-resistant, AR signalling remains active in these 

tumours and drives PCa growth and progression (Chen et al., 2004). The generation of 

alternatively spliced AR-Vs that are constitutively active and drive transcription of target genes 

in the absence of androgens represent a major clinical challenge as there remains no approved 

therapies that compromise their activity. A better understanding of AR-V biology and 

determining how they are generated and regulated will provide new avenues for identifying 

tractable drug targets. Furthermore, resistance to radiotherapy is another major clinical 

problem (Bolla et al., 2010). It has been established that FL-AR can drive transcription of DDR 

genes which in turn can contribute to radio-resistance (Polkinghorn et al., 2013a). Therefore, 

a combination of ADT plus radiotherapy can potentiate sensitivity to DNA damaging therapies 

(Bolla et al., 2010). However, despite some reports of AR-Vs driving transcription of DDR genes 

(Kounatidou et al., 2019), and an indication of AR-Vs interacting with sites of DNA damage (Yin 

et al., 2017), little is known about the mechanisms in which AR-Vs themselves contribute to 

DNA repair. Determining what role DNA-PKcs plays in the regulation of AR-Vs as well as the 

role AR-Vs play in the DDR will provide a rationale and means to target AR-Vs alongside 

radiotherapy in advanced, AR-V positive PCa to improve treatment response. Therefore, the 

objectives of this study are to: 

• Investigate DNA-PKcs as a regulator of AR-V transcriptional activity  

• Investigate wider transcriptional changes in response to DNA-PKcs inhibition and 

depletion using RNA-sequencing 

• Develop an assay to identify the interactome of AR-V7 in the presence and absence of 

DNA damage by ionising radiation using a proximity biotinylation – mass spectrometry 

approach. 
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Chapter 3 Materials and Methods 

3.1 Mammalian cell culture 

CWR22Rv1 (ATCC® CRL-2505), VCaP (ATCC® CRL-2876), PC3 (ATCC® CRL-1435), and 

HEK293T (ATCC® CRL-3216) cell lines were purchased from ATCC (Virginia, US). CWR22Rv1-

AR-EK is a CRISPR-engineered cell line generated from CWR22Rv1 cells in the host laboratory 

(Kounatidou et al., 2019). CWR22Rv1-AR-EK has a premature stop codon knocked into the AR 

gene in exon 5 so the cells express all endogenous AR-Vs but does not express FL-AR.  

3.1.1 Subculturing 

Cell lines (Table 3.1) were cultured at 5% CO2 and 37 °C in RPMI-1640 (R5886, Sigma Aldrich) 

(CWR22Rv1, CWR22Rv1-AR-EK, HEK293T and PC3 cell lines) or DMEM (D5030, Sigma Aldrich) 

(VCaP cell line) supplemented with 10% (v/v) foetal calf serum (FCS) (Sigma Aldrich) and 2 mM 

L-glutamine (Sigma Aldrich) (referred to as full media). Cells seeded down for experiments to 

analyse AR-V activity (CWR22Rv1 parental cell line and VCaP) were seeded in RPMI 1640 or 

DMEM respectively, supplemented with 10% (v/v) dextran-charcoal stripped steroid-depleted 

FCS (Hyclone) and 2mM L-glutamine (referred to as steroid depleted media (SDM)) and 

incubated for 48 hours prior to 24-hour drug treatments or seeded in SDM with relevant 

transfections for 72 hours.  

Cell culture was carried out in a BioMat class II Biosafety hood in sterile conditions. Passaging 

of cells was performed every 2-3 days by discarding old media and washing cells with warm 

phosphate buffered saline (PBS) prior to detaching the cells in 1 x trypsin (Sigma Aldrich) in 

PBS at 37 °C. The cell suspension was centrifuged at 400 x g for 5 minutes, supernatant 

removed, and cells resuspended in media before re-seeding in 175 cm2 flasks (Corning). Cell 

lines were routinely tested for mycoplasma in-house. 
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Table 3.1 Cell lines  

Cell Line  FL-AR/AR-V 
expression in FM 

FL-AR/AR-V 
expression in SDM 

Media cultured in Origin  

CWR22Rv1  +++/++ ++/+++ RPMI 1640  Xenograft tumour 
from primary tumour  

CWR22Rv1-AR-EK -/+++ -/+++ RPMI 1640  CWR22Rv1 CRISPR-
derivative  

VCaP  ++++/+ +++/++ DMEM  Xenograft tumour 
from metastasis 

PC3  -/- -/- RPMI 1640  Bone metastasis 

HEK293T  -/- -/- RPMI 1640  Embryonic kidney 

 

3.1.1 Cell storage  

For freezing and storage of cell lines, 1 x 106 cells were resuspended per mL of freezing media 

(RPMI or DMEM media supplemented with 10% FCS and 10% DMSO) and transferred to 

cryogenic vials (Thermo Scientific) in 1 mL aliquots. Vials were then frozen in a freezing 

container at -80 °C and kept at -80 °C for short-term (1-2 months) or transferred to liquid 

nitrogen for long term (> 2 months) storage. To thaw for subsequent culturing, cells were 

thawed, centrifuged (3 min, 400 x g) and resuspended in full media before seeding into T25 

flasks. Cells were then passaged at least 2 times before use in experiments.  

3.1.2 Compounds 

DNA-PKcs inhibitors 

NU7441 and NU5455 were synthesised at Newcastle University’s chemistry department and 

were resuspended in DMSO at a concentration of 10 mM and 5 mM respectively, and stored 

at -20 °C. See Table 3.2 for the concentrations used in experiments for all compounds.  

AZD7648 (Selleckchem) was resuspended in DMSO at a concentration of 10 mM and stored 

at -80 °C.  

Anti-androgens 
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Enzalutamide (Selleckhem), a second-generation androgen receptor antagonist, was 

purchased as a powder and resuspended in DMSO at a concentration of 30 mM and stored at 

–80 °C 

Darolutamide (Selleckchem), a second-generation androgen receptor antagonist, was 

purchased as a powder and resuspended in DMSO at a concentration of 10 mM and stored at 

-80 °C.  

Synthetic androgens 

Dihydrotestosterone (DHT) (Sigma), an androgen receptor agonist, was purchased as a 

powder and resuspended in 20% ethanol at a concentration of 10 mM and stored at -80 °C. 

R1881 (Perkin Elmer), a synthetic androgen receptor agonist, was purchased as a powder and 

resuspended at 1 mM in DMSO and stored at -80 °C. 

Carfilzomib (Selleckchem), a proteasome inhibitor, was purchased as a powder and 

resuspended in DMSO at a concentration of 5 µM and stored at -20 °C.  

Antibiotics 

Doxycycline (Merck), a broad-spectrum tetracycline-class antibiotic, was purchased as a 

powder and resuspended in DMSO at a concentration of 1 mg/mL and stored at -20 °C.  

Puromycin dihydrochloride (Sigma), a mammalian antibiotic, was purchased as a powder and 

resuspended in DMSO at a concentration of 1 mg/mL and stored at -20 °C.  

Table 3.2 List of compounds used with their respective concentrations 

Compound Concentration(s) used 

NU7441 0.1 – 5 µM 

NU5455 0.1 – 5 µM 

AZD7648 0.1 – 5 µM 

Enzalutamide 10 µM  

Darolutamide 10 µM 

DHT 10 nM 

R1881 1 nM 
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Carfilzomib 200 nM 

Puromycin 1-5 µg/mL 

Doxycycline 1 µg/mL 

 

3.2 siRNA and synthetic guide RNA transfection 

Small interfering RNA (siRNA) and guide RNA (gRNA), purchased from Dharmacon (DNA-PKcs 

smartpool) or Sigma were used for gene knockdown/knockout. gRNA was composed of 

composite crRNA/tracrRNA, called single guide (sgRNA), to enable single molecule 

transfections of the gRNAs. siRNA and sgRNA were purchased in lyophilised form and 

resuspended to 25 µM in sterile RNase/DNase free water and stored at -20 °C. Lipofectamine® 

RNAiMAX transfection reagent (Invitrogen) was used for siRNA and sgRNA delivery to cells. 

Transfection mixes made up of siRNA: RNAiMAX at a 1:2 ratio were incubated in RPMI1640 

without FCS (referred to as basal media) for 30 minutes at room temperature. Mixes were 

then added to appropriate wells before drop-wise addition to cells to give a final 

concentration of 25 nM siRNA and 0.1% RNAiMAX. See Table 3.3 for siRNA and sgRNA 

sequences. Cells were incubated for 72 hours at 37 °C before harvesting.  

Table 3.3 Small interfering RNA and synthetic guide RNA sequences 

Oligonucleotide Sequence (5’ – 3’) 

siScr UUCUCCGAACGUGUCACGU 

DNA-PKcs si1 GGAAGAAGCUCAUUUGAUU 

DNA-PKcs si2 GAGCAUCACUUGCCUUUAA 

DNA-PKcs si3 GCAGGACCGUGCAAGGUUA 

DNA-PKcs si4 AGAUAGAGCUGCUAAAUGU 

siRBMX AUCAAGAGGAUAUAGCGA 

sgScr AACCCCTGATTGTATCCGCA 

sgAR ATTCAGCCAAGCTCAAGGA 

sgRBMX AUCAAGAGGAUAUAGCGA 
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3.3 RNA extraction 

RNA was extracted from cells using TRIzol™ according to the manufacturer’s handbook 

(Invitrogen). Briefly, CWR22Rv1 and CWR22Rv1-AR-EK were seeded at a cell density of 

250,000 cells per well in 6-well plates (Corning) for 48 hours, followed by 24-hour drug 

treatment (CWR22Rv1-AR-EK) or 24-hour co-treatment plus/minus enzalutamide 

(CWR22Rv1). VCaP cells were seeded at a cell density of 300,000 cells per well in 6-well plates 

in SDM for 48 hours, followed by 24-hour drug treatment, in the presence and absence of 

enzalutamide. Cells were then washed twice with PBS prior to addition of 500 µL TRIzol™ 

reagent and incubated for 10 minutes at room temperature with agitation. Lysates were 

transferred into Eppendorf tubes and thoroughly mixed with 100 µL chloroform before 

incubation at room temperature for 2 minutes and centrifuged at 12,000 x g for 15 minutes 

at 4 °C. The RNA-containing aqueous phase was then transferred into a fresh Eppendorf tube, 

and RNA precipitated by addition of 500 µL isopropanol and incubation at room temperature 

for 10 minutes before centrifuging samples at 12,000 x g for 10 minutes at 4 °C. Supernatants 

were removed and the resultant RNA pellet was washed twice in 75% ethanol prior to air-

drying and resuspension in 30 µL molecular grade water. RNA was incubated at 55 °C for 5 

minutes and then quantified, and quality checked using a spectrophotometer (Nanodrop, 

Thermo Scientific) before being stored at -80 °C.  

3.4 Reverse transcription 

1 µg of RNA was incubated at 37 °C for 1 hour with reverse transcription reagents (Table 3.4), 

before termination of the reaction at 100 °C for 10 minutes. The cDNA samples were then 

diluted in 150 µL molecular grade water for analysis by quantitative real-time polymerase 

chain reaction (PCR) (qRT-PCR). Samples were stored at -20 °C.  
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Table 3.4 Components of Reverse transcription reaction with their respective volumes 

Reagent Volume/reaction (µL) 

1 µg RNA 12.7 

M-MLV Reverse Transcription Buffer 
(5x) 

4 

4 mM DNTPs 2 

Oligo (DT)18 Primers (100 ug/ml) 1 

M-MLV Reverse Transcriptase 0.3 

 

3.5 Quantitative RT-PCR 

Analysis of AR and AR-V target gene expression was performed using qRT-PCR incorporating 

SYBR® Green DYE 1 (Life technologies) and custom primers which were purchased from Sigma 

(Table 3.6). 364-well qPCR plates were used with a 10 µL total reaction volume in each well 

containing the reagents shown in Table 3.5 and cDNA from the reverse transcription reaction. 

Each reaction was performed in triplicate alongside a no template control (primer mix 

containing SYBR® only) to determine if there was any contamination in the primer sets. Plates 

were sealed with MicroAmp optical adhesive films and centrifuged in a plate centrifuge at 100 

x g for 20 seconds. Plates were analysed in a QuantStudio 12k Flex Real-Time PCR system 

(Thermo-Fisher). The comparative cycle threshold (Ct) method was used to determine the 

relative gene expression in samples. Ct values were normalised to a RPL13A housekeeping 

gene. The following equation was used to for comparison of gene expression;  

[delta][delta]Ct = [delta]Ct, sample – [delta]Ct, reference 
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Table 3.5 Components used per well for qRT-PCR with their respective volumes. 

Reagent Volume/ well (µL) 

Forward Primer (25 ng/ µL)  0.4 

Reverse Primer (25 ng/ µL) 0.4 

dH2O 2.2 

SYBR® Green qPCR SuperMix (5x) 5 

cDNA  2 

 

Table 3.6 Primer sequences used in qPCR. 

Gene  Forward (5’-3’) Reverse (5’-3’) 

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA 

PSA  GCAGCATTGAACCAGAGGAG AGAACTGGGGAGGCTTGAGT 

KLK2 AGCATCGAACCAGAGGAGTTCT TGGAGGCTCACACACCTGAAGA 

UBE2C TGCCCTGTATGATGTCAGGA GGGACTATCAATGTTGGGT 

CCNA2 GAAGACGAGACGGGTTGCA AGGAGGAACGGTGACATGCT 

TMPRSS2 CTGCTGGATTTCCGGGTG TTCTGAGGTCTTCCCTTTCTCCT 

PRKDC GAGAAGGCGGCTTACCTGAG CGAAGGCCCGCTTTAAGAGA 

AR-V1 AACAGAAGTACCTGTGCGCC TGAGACTCCAAACACCCTCA 

AR-V6 AACAGAAGTACCTGTGCGCC TATGACACTCTGCTGCCTTGC 

AR-V7 AACAGAAGTACCTGTGCGCC TCAGGGTCTGGTCATTTTGA 

AR-V9 AACAGAAGTACCTGTGCGCC GCAAATGTCTCCAAAAAGCAGC 

FL-AR AACAGAAGTACCTGTGCGCC TTCAGATTACCAAGTTTCTTCAG 

RBMX TGGAAGAGGAGGAAGTGGAGG GGTCCCCTGGAAGAACTCAT 
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3.6 Agarose gel electrophoresis 

1% agarose gels were made by mixing agarose (Thermo Scientific) in 1x Tris-acetate-EDTA 

(TAE) buffer with the addition of 10,000x Gel Red nucleic acid stain (Biotium) to a final 

concentration of 1x to separate DNA resulting from plasmid maxi-preparations or restriction 

enzyme digestion. 5 μL of a 100 bp and/or a 10 kb Hyperladder (NEB) were loaded per gel to 

estimate DNA size. DNA samples were mixed with a 6x loading buffer (NEB) prior to loading 

and were ran at 70 Volts for 30-40 minutes. Visualisation of bands was carried out using an 

ultraviolet transilluminator to view cut out bands or ChemiDoc system to image the gel. 

3.7 Chromatin Immunoprecipitation 

Chromatin immunoprecipitation (ChIP) was performed as described in (Jones et al., 2015). 

Cells were cultured in full media in 150 mm dishes at a cell density of 5 x 106 (CWR22Rv1 cells 

incubated in full media were changed to SDM media for 24 hours prior to 24-hour 

enzalutamide treatment), until 70-80% confluent, before 24-hour treatment with 1 µM 

NU7441. Cells were then fixed using 1% formaldehyde, gently mixed and incubated at room 

temperature for 7-10 minutes. Glycine was added to a final concentration of 1.25 mM to stop 

fixation, gently mixed and incubated for a further 5 minutes at room temperature. Cells were 

then washed twice in 12 mL ice cold PBS before adding 2 mL ice cold PBS containing protease 

inhibitors (Roche).  Cells were scraped into the PBS and transferred into cold falcon tubes and 

then centrifuged at 400 x g for 5 minutes before removing the supernatant and snap freezing 

the pellets using liquid nitrogen. The pellets were then stored at -80 °C prior to processing.  

Pellets were thawed on ice and resuspended in 5 mL Lysis Buffer 1 (LB1) (Recipes for all ChIP 

reagents in Table 3.7) and agitated for 10 minutes on ice, then centrifuged at 1500 x g for 5 

minutes at 4 °C. The supernatant was removed, and pellets were resuspended in 5 mL lysis 

buffer 2 (LB2) and agitated on ice for 10 minutes. The sample was centrifuged again at 1500 x 

g for 5 minutes at 4 °C, the supernatant was removed, and the pellet was resuspended in 300 

µL lysis buffer (LB3) and transferred into Eppendorf tubes. Samples were sonicated using a 

Biorupter (Diagenode) for 30-45 minutes (30 seconds on/ 30 seconds off cycles) and then 

centrifuged at 12,000 x g for 10 minutes at 4 °C. The supernatant was transferred into a fresh 

Eppendorf tube and quantified using a spectrophotometer (Nanodrop). 70 µg of chromatin 

was used per ChIP experiment, which was diluted to a total volume of 700 µL using LB3/triton 
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X-100. 70 µL was taken as an input sample for downstream data analysis and stored at -20 °C 

until the protein-DNA crosslink reversal step. The remaining 63 µg of chromatin was incubated 

for 16 hours at 4 °C on rotation with protein-A-conjugated Dynabeads™ (Thermo Scientific) 

attached to 2 µg appropriate antibodies.  

After incubation, Dynabeads™ were washed 5 times with cold RIPA buffer and once with cold 

Tris-buffered saline (TBS) at 4 °C. Samples were then centrifuged at 12,000 x g for 5 minutes 

at 4 °C and supernatants removed before Dynabeads™ and input samples taken the previous 

day were resuspended in 200 µL ChIP elution solution and incubated at 65 °C for 8 hours to 

reverse protein-DNA crosslinks. Supernatants of immunoprecipitation (IP) and input samples 

were then transferred into fresh Eppendorf tubes, diluted in 200 µL TE buffer pH 8 and stored 

at -20 °C overnight. Samples were thawed and incubated with 4 µL of Proteinase K (Life 

Technologies) at 55 °C for 1 hour to degrade proteins. DNA was then purified using 

GeneElute™ genomic mammalian mini-prep kit (Sigma Aldrich) according to the 

manufacturer’s handbook. Purified DNA samples were eluted in 130 µL molecular grade water 

and subject to qRT-PCR (see section 3.5) using primers complementary to cis-regulatory 

elements of AR target genes (Table 3.8) to assess protein enrichment at these loci. Data was 

analysed using % input calculated using the formula: % Input = 100 x 2^((input-3.2)-IP Ct)). The 

values were normalised to the DMSO value to determine relevant enrichment at each AR 

target loci.    

Table 3.7 ChIP solutions and buffers 

Buffer Reagents  

LB1 50 mM HEPES-KOH, pH7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% 
NP-40 and 0.25% Triton X-100 

LB2 10 mM Tris-HCl pH8, 200 mM NaCl, 1 mM EDTA and 0.5 mM EGTA 

LB3 100 mM Tris-HCl, pH8, 100 mM NaCl, 1mM EDTA, 0.5 mM EGTA, 0.1% Na-
deoxycholate and 0.5% N-lauroylsarcosine 

RIPA Buffer 50 mM HEPES pH 7.5, 500 mM LiCl, 1 mM EDTA, 1% NP-40, 0.7% Na-
deoxycholate 

TBS 20 mM Tris pH 7.6, 150 mM NaCl 

ChIP Elution solution 50 mM Tris-HCl pH8, 10 mM EDTA, 1% SDS 
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TE Buffer  10 mM Tris pH 8, 1 mM EDTA 

 

Table 3.8 Primer Sequences for ChIP analysis 

Gene Forward (5’-3’) Reverse (5’-3’) 

PSA AREIII TGGGACAACTTGCAAACCTG CCAGAGTAGGTCTGTTTTCAATCCA 

KLK2 GGTTGAAAGCAGACCTACTCTGG AGATCTAGGTTTGCTTACTGCCTTAG 

UBE2C TGCCTCTGAGTAGGAACAGGTAAGT  TGCTTTTTCCATCATGGCAG 

CCNA2 TTAGTGAGCTGTCCAGTGACTCAAT CCCATGTATTAAAGTAGCTTCTGTAAACA 

TMPRSS2 TGGTCCTGGATGATAAAAAAAGTT GACATACGCCCCACAACAGA 

AR intron 2A CCATCATGTGCATTATGTGC CCAAACAGCACTCCATGTGT 

AR intron 2B CACATGGAGTGCTGTTTGGT GTAAACATCAGTGAGGATGGTG 

AR intron 2C CACCATCCTCACTGATGTTTAC TGAGGGTTCACTTGCATTTC 

RBMX (-0) CAACGAGCTCGGCGATAGG GTAGTGCTAGCGGCTTCGC 

RBMX (-500) TTCAACCCAGAACCACCGAC GGCTTCGTATTCATTGGCGG 

RBMX (-1000) GCAACAGCTGCTTAACATTTGA ACCATCGTTAGGAAGGGTGTG 

RBMX (-4000) ACTGCTACTGCGAACTGGTC ATTTTTGATGCAGATGACGGTG 

 

3.8 RNA Immunoprecipitation 

Cells were cultured in full media in 150 mm dishes at a cell density of 5 x 106 (CWR22Rv1 cells 

seeded in SDM media for 5 days with 10 µg plasmid transfections at day 0 and day 3), until 70-

80% confluent. Cells were then fixed using 0.2% formaldehyde, gently mixed and incubated at 

room temperature for 15 minutes. Glycine was added to a final concentration of 1.25 mM to 

stop fixation, gently mixed and incubated for a further 5 minutes at room temperature. Cells 

were then washed twice in 10 mL ice cold PBS before adding 2 mL ice cold PBS containing 

protease inhibitors (Roche).  Cells were scraped into the PBS and transferred into cold falcon 

tubes and then centrifuged at 400 x g for 5 minutes before removing the supernatant and 
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snap freezing the pellets in their falcon tubes using liquid nitrogen. The pellets were then 

stored at -80 °C prior to processing.  

Pellets were thawed on ice and resuspended in 200 µL RIPA buffer (Table 3.9) supplemented 

with 100U/ mL RNAse OUT (Thermo Scientific), 1 x protease inhibitors (Roche), 400 µM VRC 

and 1 mM DTT (Sigma), and incubated for 20 minutes on ice. Samples were then sonicated 

using a Biorupter (Diagenode) on low for 3 x 30 seconds on/off cycles and then centrifuged at 

15,000 x g for 15 minutes at 4 °C. The supernatant was transferred into a fresh Eppendorf tube 

and a 10% (20 µL) input sample was taken and stored at -80 °C until required.  

DynaBeads (Thermo Scientific) were washed and blocked 2 times with 1 mL 0.5% bovine 

serum albumin (BSA) in PBS and then conjugated with 5 µg appropriate antibody by rotating 

at 4 °C for 8 hours. Antibody conjugated DynaBeads were then washed 4 times in 1 mL NT2 

buffer (Table 3.9), resuspended in 300 µL NT2 and before adding the 200 µL cell lysate 

supplemented with 100U RNAse OUT, 400 µM VRC 1 mM DTT and 15 mM EDTA. The 

bead/lysate solution was then incubated at 4 °C overnight on a rotator to bind the antibody 

to the protein of interest. The following day, beads were washed 7 times with 1 mL NT2 and 

after the final wash, beads were briefly centrifuged to collect beads at the bottom of the tube 

and the supernatant was removed. Beads were then resuspended in 100 µL NT2, 4.8 µl 5M 

NaCl and 10 µL proteinase K. Input samples were thawed and 95 µL NT2 4.8 µL 5M NaCl and 

2 µL proteinase K was added. Input and IP samples were vortexed and incubated at 42 °C for 

1 hour then 55 °C for 1 hour with frequent mixing to resuspend the beads. 1 mL of TRIzol was 

then added to the beads/lysate and the RNA was extracted as above (section 3.2) with 3 µL 

GlycoBlue™ (Invitrogen) added to the isopropanol precipitation step which was extended to 

overnight to improve RNA yield and an additional 75% ethanol wash. RNA pellets were 

resuspended in 15 µL nuclease free water. Up to 1 µg of RNA was reverse transcribed and 

subject to qRT-PCR for analysis of RNA enrichment with proteins of interest.  

Data was analysed using the following equations:  

(1) Inputs -> IgG1 = Ct(Gene Of interest(GOI)) – Ct(Housekeeping gene(HG) 

           GFP1 = Ct(GOI) – Ct(HG) 

(2) IPs -> IgG2 = Ct(GOI) – Ct(HG) 

    GFP2 = Ct(GOI)-Ct(HG) 
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(3) [delta][delta]Ct1 = IgG2 – IgG1 & [delta][delta]Ct2 = GFP2-GFP1 

(4) IgG=2Ct1 GFP = 2Ct2 

(5) Fold Enrichment = GFP/IgG 

 

Table 3.9 RNA immunoprecipitation buffers 

RNA immunoprecipitation buffer Reagents 

RIPA (Ting lab) 50 mM Tris, 150 mM NaCl, 0.1% (w/v) SDS, 0.5% 
(w/v) sodium deoxycholate, 1% (v/v) Triton X-
100 in Nuclease free water, pH 7.5 (HCl) 

NT2 50 mM Tris, 150 mM NaCl, 1 mM MgCl2, 0.05% 
IGEPAL 

 

3.9 Western Blot 

Cells were seeded in 6-well plates at a cell density of 250,000 cells per well for CWR22Rv1 and 

CWR22Rv1-AR-EK and 500,000 cells per well for VCaP cells in full media (CW22Rv1-AR-EK) or 

SDM media (CWR22Rv1 and VCaP cells) for 48 hours. Cells were then treated for 24 hours 

with specific doses of NU7441 only or enzalutamide plus NU7441 before being harvested for 

western blotting. Cell lysates were acquired by adding 130 µL of SDS sample buffer (Table 

3.10) to each well before boiling at 100 °C for 10 minutes in Eppendorf tubes before resolution 

on 10% acrylamide gels by SDS-polyacrylamide-gel electrophoresis (SDS-PAGE) alongside a 

SpectraTM multicolor broad range protein ladder (Thermo Fisher)(Composition of gels in Table 

3.10). Protein gels were routinely run at 140 volts in running buffer (Table 3.10) for 

approximately 60 minutes and then transferred onto a nitro-cellulose membrane (GE 

Healthcare) at 100 volts for 1 hour in transfer buffer (Table 3.10). Membranes were then 

blocked in 5% (w/v) milk powder (Marvel) dissolved in TBS for 1 hour before being washed 

twice in TBST (Table 3.10) and once in TBS before incubation at 4 °C overnight in primary 

antibody solution (1:1000 in 1% (w/v) milk in TBS) with rotation. Membranes were then 

washed twice in TBST and once in TBS before incubation with secondary antibody (1:1000 in 

1% (w/v) milk in TBS) at room temperature for 1 hour with rotation. Antibodies and 

appropriate concentrations used are detailed in Table 3.11. Membranes were then developed 
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using enhanced chemiluminescence western blotting substrates (BioRad) using a ChemiDoc 

imaging system (Life Sciences, BioRad). 

 
Table 3.10 Western blot solutions and reagents  

Solution Reagents 

Buffer A 2X 750 mM Tris-HCl, pH 8.8, 0.2% SDS 

Buffer B 2X 250 mM Tris-HCl, pH 6.8, 0.2% SDS 

Running Gel 10% Acrylamide (30% (w/w))(Sigma Aldrich) (3.33 mL), water (distilled) (1.67 mL), 
2 X Buffer A (5 mL), N,N,N’,N’-tetramethylethane1,2-diamine (TEMED) (20 µL), 
Ammonium persulphate (APS) (10% (w/v)) (100 µL) 

Stacking Gel Acrylamide (30%) (0.84 mL), Water (distilled) (1.67 mL), 2 X Buffer A (2.5 mL), 
TEMED (18 µL), APS (10%) (100 µl) 

Running Buffer 25 mM Tris, 190 mM glycine, 0.1% SDS 

Transfer Buffer 25 mM Tris-HCl, pH8.3, 150 mM glycine, 10% methanol 

SDS Sample Buffer 125 mM Tris-HCl, pH6.8, 5% SDS, 10% glycerol, 10% β-mercaptoethanol and 
0.01% bromophenol blue 

TBS 500 mM NaCl, 200 mM Tris-HCl, pH 7.5 

TBST 500mM NaCl, 200 mM Tris-HCl, pH 7.5, 0.1% Tween-20 

 
Table 3.11 Antibodies  

Antibody Species Supplier Application Dilution Catalogue 
number 

AR Rabbit Cell signaling IF/ChIP 1:400/ 2 µg  5153 

AR  Mouse BD WB 1:1000 554225 

AR-V7 Rabbit Abcam WB 1:500 ab198394 

AR-V7 Rabbit Precision WB 1:500 AG10008 

DNA-PKcs Rabbit Abcam WB/ChIP 1:500 Ab70250 

DNA-PKcs Rabbit BioRad WB 1:500 AHP318 

p-DNA-PKcs Rabbit Abcam WB 1:500 Ab18192 

yH2AX Mouse Millipore IF 1:400 NB100-74435 
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Biotin Mouse Santa Cruz WB 1:1000 Sc-101339 

Streptavidin-HRP N/A Abcam WB 1:2000 Ab7403 

FLAG M2 Mouse Sigma WB/ChIP 1:1000/ 5µg F1804 

Cas9 Mouse Abcam WB 1:1000 ab191468 

RBMX Rabbit Cell signaling WB 1:500 14794 

GFP Rabbit Abcam WB/RIP 1:1000/ 5 µg Ab290 

a-tubulin Mouse Sigma WB 1:4000 T9026 

 
3.10 Immunofluorescence 

Cells were seeded at a cell density of 1 x 105 onto sterile 22 mm x 22 mm glass cover slips 

(Thermo Scientific) in 6-well plates. After appropriate treatments, cells were fixed with 1 mL 

4% (v/v) paraformaldehyde in PBS for 20 minutes at room temperature. Paraformaldehyde 

was removed and cells were washed twice in 1 mL PBS for 5 minutes before permeabilisation 

in 1 mL 0.1% triton X-100 (v/v) (Merck) in PBS for 10 minutes at room temperature. Cells were 

then washed twice in PBS for 5 minutes and blocked in 1 mL 4% (w/v) BSA (Merck) in PBS for 

30 minutes at room temperature to prevent non-specific binding of antibody. Coverslips were 

then placed onto appropriate antibodies (Table 3.11) diluted in 4% BSA in PBS and incubated 

overnight at 4 ˚C. Control cells used for secondary antibody only were placed in 50 µL 4% BSA 

in PBS without primary antibody. The following day, cells were washed three times in PBS for 

5 minutes and incubated with 50 µL of an appropriate AlexaFluor ® (Invitrogen) secondary 

antibody at a 1:400 dilution for 1 hour at room temperature protected from light. Finally, 

following 3 final 1 mL PBS washes, coverslips were mounted onto slides using mounting media 

with DAPI DNA stain (Abcam). Slides were imaged using the Leica DM6 B widefield fluorescent 

microscope (Leica microsystems). 

 

3.11 Cell proliferation assays  

3.11.1 Cell counts 

CWR22Rv1-AR-EK and CWR22Rv1 cells were seeded at a cell density of 100,000 cells per well 

of a 6-well plate for 24 hours before being treated with 0.1, 0.5, 1, 2 and 5 µM NU7441 or 
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DMSO for 96 or 120 hours. CWR22Rv1 cells were also co-treated with 10 µM enzalutamide. 

VCaP cells were seeded at a cell density of 300,000 cells per well for 24 hours before 96 hours 

treatment with NU7441 or DMSO plus or minus 10 µM enzalutamide at the same 

concentrations as CWR22Rv1 cells. Cells were then washed twice with PBS, trypsinised, 

pelleted by centrifugation at 400 x g for 5 minutes and resuspended in full media and then 

counted using a haemocytometer. Experiments were repeated three times and each count 

repeated in quadruplicate.  

3.11.2 Live cell imaging  

CWR22v1-AR-EK and CWR22Rv1 were seeded at a cell density of 10,000 cells per well of a 12-

well plate in full media or SDM respectively. Wells were seeded in triplicate. Appropriate 

compounds were added 24 hours after seeding and the plate was inserted into an Incucyte® 

ZOOM (Essen BioScience) live-cell analysis system. Images were taken every 4 hours for 5 days 

and the confluence normalised to the DMSO (NT) or siScr control. 

3.11.3 Sulforhodamine B (SRB) growth assay 

CWR22Rv1-AR-EK and CWR22Rv1 cells were seeded to a density of 3 x 103 on a 96-well plate 

with the outermost wells filled with PBS to mitigate edge effect. Cells were seeded in triplicate 

wells for each experimental arm and allowed to adhere for 24 hours. Cells were then treated 

with the appropriate compounds suspended in 10 µL of full media (Vf = 100 µL). At the point 

of treatment, time point zero cells were harvested and fixed with ice cold 50% trichloroacetic 

acid (TCA) (w/v) to a final concentration of 10% (v/v) and were stored at 4 °C until processing. 

Cells were grown for 120 hours before being fixed as above and were stored overnight at 4 

°C. Plates were then washed with water and allowed to air dry. To dye the cells, 0.4% (w/v) 

SRB dissolved in 1% glacial acetic acid (v/v) was then added and incubated for 30 minutes at 

room temperature. The plates were then washed in 1% glacial acetic acid (v/v) 5 times and 

were allowed to air dry. Cell bound dye was then resuspended by adding 10 mM Tris-HCl pH 

10.8 for 15 minutes at room temperature. Absorbance was measured at 570 nm excitation 

using a microplate reader (Bio-Rad). GI50 values were determined using the log(inhibitor) vs 

normalised response analyses on Prism 8. 
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3.12 Cell cycle analysis  

Cells were seeded in 6-well plates at a cell density of 2 x 105 and allowed to adhere for 24 

hours before appropriate drug treatments were added. If cells were being transfected with 

siRNA this was performed at the time of cell seeding. Cells were incubated for 24-96 hours 

before harvesting. To harvest cells, media was transferred to falcon tubes, cells were washed 

once in PBS and trypsinised to detach cells from the wells and then added to the appropriate 

falcon tube containing media. Cells were then centrifuged at 400 x g for 5 minutes and then 

washed in PBS before a second round of centrifugation at 400 x g for 5 minutes. Cells pellets 

were then resuspended in 100 µL citrate buffer (250 mM sucrose, 40 mM sodium citrate, 

pH7.6) before adding 400 μL of DNA staining buffer (20 μg/mL propidium iodide (PI), 0.5 mM 

EDTA, 0.5% NP40, 10 μg/μL RNase A) and then incubated at 4 °C for at least 1 hour protected 

from light.  

Samples were briefly mixed and loaded into the Attune™ NxT flow cytometer (Invitrogen) to 

acquire data from at least 10,000 events. Cell debris and aggregates were removed from 

analysis by gating single cell populations. Histogram plots were generated using FCS Express 

(DeNovo Software) and percentage of cells in each cell cycle phase were quantified and 

compared to the control. 

3.13 Plasmids 

The AR-V7-encoding plasmid, lenti-AR-V7, was a kind gift from Scott Dehm, University of 

Minnesota, Minnesota, United States. The streptavidin-tagged Cas9-encoding plasmid 

lentiCRISPR V2-mSA was subcloned from the Cas9-encoding lentiCRISPR V2 (LCV2) plasmid 

(plasmid #52961, purchased from AddGene). The streptavidin-tagged tetracycline-inducible 

Cas9-encoding plasmid tetracycline-lentiCRISPR V2-mSA was subcloned from tetracycline-

inducible Cas9-encoding plasmid tetracycline-lentiCRISPR V2 (TLCV2) (plasmid #87360, 

purchased from AddGene). Minigene AR-V7 reporter plasmid was a kind gift from X. Dong, 

University of Vancouver, Canada. RBMX-GFP-encoding plasmid was a kind gift from Professor 

David Elliot, Newcastle University.  
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3.10.2 Bacterial transformation 

Chemically competent 5α E.coli cells (NEB) were thawed on ice for 10 minutes. 50 µL of the 

competent cell suspension was added to a chilled Eppendorf tube on ice and 50-100 ng of 

plasmid DNA was added. The tube was gently mixed and incubated on ice for 30 minutes. Cells 

were heat shocked at 42 °C on a heat block for 45 seconds and placed back on ice for 2 minutes 

to recover. 500 µL SOC outgrowth medium (NEB) was then added and the cells were incubated 

at 37 °C with shaking at 220 rpm for 1 hour and finally spread onto pre-warmed LB agar plates 

(1.5% (w/v) agar, 1% (w/v) NaCl, 1% (w/v) tryptone, 0.5% (w/v) yeast extract) containing 50 

mg/mL ampicillin and incubated at 37 °C overnight to allow colonies to grow. The following 

day, single colonies were transferred to universals containing 5 mL LB (1% (w/v) NaCl, 1% (w/v) 

tryptone, 0.5% (w/v) yeast extract) that contained the appropriate antibiotic and were 

incubated at 37 °C with shaking at 220 rpm for 6-8 hours (for mini-prep cultures bacteria was 

centrifuged at this step). For maxiprep, cultures were then transferred to conical flasks 

containing 200 mL LB containing the appropriate antibiotic and incubated at 37 °C with 

shaking at 220 rpm overnight. The following day, bacteria were transferred to falcon tubes 

and pelleted by centrifugation at 2000 x g for 5 minutes before plasmid DNA extraction. 

Lentiviral vectors were transformed using One Shot® Stbl3™ chemically competent E. coli cells 

(Invitrogen) using the same protocol as above.   

3.10.3 Plasmid extraction 

Endotoxin-free plasmid DNA was extracted from cultured bacteria using the PureLink™ HiPure 

Plasmid Maxiprep Kit (Thermo Fisher) according to manufacturer’s instructions. Briefly, cell 

pellets were re-suspended in 10 mL chilled R3 buffer supplemented with RNase A and then 

lysed in 10 mL L7 buffer for 5 minutes at room temperature. 10 mL N3 precipitation buffer 

was then added before lysates were loaded onto a HiPure column that had been equilibrated 

by passing through 15 mL EQ1 equilibration buffer. Plasmid DNA captured in the column was 

then washed with 30 mL W8 wash buffer and eluted in 15 mL E4 buffer. Plasmid DNA was 

precipitated by adding 11.5 mL isopropanol and centrifuged at 12,000 x g for 30 minutes at 4 

°C to pellet the DNA. The pellet was washed with 5 mL 70% ethanol and centrifuged at 12,000 

x g for 5 minutes at 4 °C. The supernatant was removed, and the cell pellet was allowed to air 

dry for 10 minutes and re-suspended in 250-500 μL nuclease free water. DNA concentration 
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and purity was measured using Nanodrop. Plasmid miniprep was performed using the 

PureLink™ HiPure Plasmid Miniprep Kit (Thermo Fisher) according to manufacturer’s 

instructions, using a similar protocol as described above. 

3.10.4 Plasmid transfection 

Expression plasmids were transfected into cells using TransitIT®-LT1 transfection reagent 

(Mirus) according to the manufacturer’s instructions. Transfection mixes were made in 100 µL 

basal media per well of a 6-well plate containing LT1 and plasmid at a ratio of 3 µL: 1 µg. 

Transfection mixes were incubated for 30 minutes at room temperature and then added 

dropwise to the well prior to overlaying cells (reverse transfection) or directly to pre-seeded 

cells (forward transfection).  

3.14 Virus production and transductions 

3.14.1 Virus generation 

Lentivirus was generated using a 2nd generation lentiviral system incorporating separate 

packaging plasmids. Firstly, HEK293T cells were seeded at a cell density of 3 x 106 cells in a 90 

mm dish and allowed to adhere for 24 hours. Cells were then transfected with 2.25 μg pMD2.G 

(VSV-G envelope expressing plasmid) (AddGene plasmid #12259), 6.75 μg psPAX2 (viral 

packaging vector) (AddGene plasmid #12260) and 9 μg of the plasmid to package. 24 hours 

later, the culture media was replaced with 6 mL high-serum growth media (DMEM 

supplemented with 30% (v/v) FCS and 2 mM L-glutamate) and cells were incubated for a 

further 24 hours. The culture media was then harvested every 24 hours and replaced with 6 

mL fresh high-serum media for 3 days. The three batches of harvested media were combined, 

centrifuged at 400 x g for 5 minutes and the supernatant was filtered using a sterile 0.45 µm 

syringe filter (Sigma Aldrich). The media was aliquoted into 1 mL cryogenic tubes and stored 

at -80 °C.  

3.14.2 Mammalian cell transduction 

Cells were seeded into appropriate cell culture vessels and allowed to adhere for 24 hours. 

Cells were transduced with virus by adding 500 µL thawed virus-containing media per 2 mL 

media and cells were incubated for 24 hours before the media was replaced. Cells were then 

incubated for at least 72 hours to allow integration of the transgene into the genome. For 
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selection, 1-5 mg/mL puromycin was added to culture medium for ~2-4 weeks to allow clonal 

populations of plasmid integrated cells to grow before picking colonies.  

3.15 Statistical analysis 

Unless otherwise stated, all graphical data represents the mean of three individual 

experiments and error bars indicate ± SEM. For analysis of DNA-PKcs inhibition on AR-

mediated gene expression, ChIP, and cell viability in CWR22Rv1-AR-EK cells, one-way ANOVA 

was conducted, and for cell viability in CWR22Rv1 and VCaP cells a two-way ANOVA was 

conducted using Prism 8 software and *= p <0.05, ** = p <0.01, *** = p <0.001 and **** = p 

<0.0001 were classified as statistically significant.  
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Chapter 4 Assessing DNA-PKcs as an AR-V coregulator 

4.1 Introduction 

There are several approved therapies for early-stage PCa patients, most of which centralise 

around inhibiting the AR signalling axis. ADT plus surgery and/or radiotherapy are commonly 

used treatment options for early-stage disease. ADT inhibits AR signalling as a consequence of 

starving the AR of ligand by inhibiting the production of androgens and is currently the gold 

standard therapy for PCa. However, response to this therapy is relatively short-lived and 

patients go on to relapse, with tumours becoming resistant to castrate levels of circulating 

androgens and progressing to a more aggressive stage of disease termed CRPC. As well as 

chemotherapy, there are newer, second-generation hormonal therapy options available for 

CRPC patients, such as abiraterone, which effectively reduces the generation of adrenal and 

intra-prostate cell androgens to further starve the AR of ligand. Furthermore, enzalutamide is 

a second-generation AR antagonist that directly binds and inhibits the AR via the LBD of the 

full-length receptor. Although the response to AR based therapies is initially good and they 

significantly increase overall survival, inevitably patients become resistant after around 18 

months and their cancer progresses to the more aggressive and lethal CRPC stage (Scher et 

al., 2012). Importantly, this stage of disease is androgen independent but not AR independent 

as the AR remains active, driving survival and progression of the tumour. Therefore, the AR 

remains a critical target. There are several resistance mechanisms that lead to the 

development of CRPC such as AR gene amplification, AR overexpression, gain-of-function AR 

mutations and the generation of alternatively spliced forms of the AR, termed AR-Vs. AR-Vs 

are expressed in up to 70% of patients treated with ADT and are not currently targeted by any 

approved therapies. Inhibitors of AR-Vs are therefore a key unmet clinical need.  

AR-Vs lack the LBD of the AR and are constitutively active in the absence of ligands such as 

DHT (Dehm and Tindall, 2011). AR-Vs retain the transcriptionally active NTD, so they remain 

active in castrate levels of androgens. However, the NTD is largely unstructured and therefore 

difficult to target directly with drugs. AR-Vs also contain the DBD but because this region is 

highly conserved between hormone receptors, selectivity of targeted compounds is a 

challenge.  
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Therefore, developing a better understanding of AR-V biology, in particular with relation to 

how they are controlled by coregulatory proteins, may reveal tractable therapeutic targets for 

CRPC patients who are AR-V positive. Determining the mechanisms involved in how these co-

regulatory proteins regulate AR-Vs will provide key avenues for the development of new 

treatments for CRPC patients. 

 

DNA-PKcs is most well studied for its key role in the DDR, particularly in NHEJ. The DNA-PK 

complex is comprised of three proteins: Ku70, Ku80 and DNA-PKcs. The Ku proteins are 

responsible for sensing DNA DSBs and the recruitment of DNA-PKcs to the damaged DNA 

locus. This DNA-PK complex assembled at the DNA break site is then responsible for ligation 

of the DNA strands, with the help from other DDR proteins (Davis and Chen, 2013). Aside from 

its role in DDR, DNA-PKcs has been shown to have a number of other roles in various cellular 

pathways including cell cycle progression and transcriptional regulation (Goodwin et al., 2015, 

Lee et al., 2011). Interestingly, DNA-PKcs was originally characterised as a key regulator of the 

transcription factor SP1 in 1990. It was shown to phosphorylate SP1 upon its binding to cis-

regulatory elements of target genes (Jackson et al., 1990). Shortly after, it was then shown to 

also regulate and phosphorylate RNA polymerase II during transcription (Dvir et al., 1992). 

Since those initial discoveries, DNA-PKcs has been shown to be involved in the regulation of a 

number of transcription factors including the GR (Giffin et al., 1997) and c-Myc (An et al., 

2008), and importantly, the AR (Goodwin et al., 2015). The Ku proteins of the DNA-PK 

holoenzyme complex were also identified as coregulators of the AR, through direct interaction 

with the LBD of the FL-AR; determined using tandem mass spectrometry (MS) (Mayeur et al., 

2005). DNA-PKcs has been shown to co-activate the AR, as well as reciprocally, AR activity 

increases DNA-PKcs phosphorylation and function (Goodwin et al., 2013).  More recent work 

by Dylgjeri et al, using RNA-sequencing in two models of CRPC, C4-2 and CWR22Rv1 cells, 

confirmed DNA-PK involvement in numerous pathways, including the androgen response, 

DNA repair and cell cycle (Dylgjeri et al., 2019). The group also identified DNA-PKcs 

involvement in additional pathways, such as epithelial–mesenchymal transition and oxidative 

phosphorylation; with the study concluding that the transcriptional events caused by DNA-

PKcs inhibition enriches oncogenic pathways that could be therapeutically exploited.  
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DNA-PKcs expression and its association with long-term clinical outcomes in PCa patient 

samples was investigated by Kothari et al. DNA-PKcs was identified as the most significant 

kinase associated with PCa progression and metastasis and that it associated with a decreased 

overall survival (Kothari et al., 2019). They also reported that Wnt signalling was negatively 

enriched upon DNA-PKcs siRNA depletion in four PCa cell lines and multiple clinical samples, 

as determined using microarray. It was suggested that this phenomenon could potentially 

prevent the development of ADT resistance and PCa progression, as Wnt signalling was found 

to be associated with the more aggressive PCa models.  

DNA-PKcs has also been shown to play a role in other hormone-driven cancers, such as breast 

cancer, through its interaction with the oestrogen receptor, and inhibition of DNA-PKcs lead 

to increased oestrogen receptor ubiquitination and subsequent proteasomal degradation 

(Medunjanin et al., 2010). Furthermore, DNA-PKcs inhibition in three breast cancer cell lines 

increased the sensitivity to irradiation and doxorubicin treatments, including the triple 

negative breast cancer cell line MDA-MB-231 that has fewer treatment options (Ciszewski et 

al., 2014).   

Due to its multifunctional nature and implication in several oncogenic pathways, DNA-PKcs 

blockade represents a tractable therapeutic strategy in cancer patients, both as a single agent 

and in combination with radio- and chemo-therapy.  

There have been numerous DNA-PKcs inhibitors developed including NU7441, NU5455, 

AZD7648 and M3814. (Willoughby et al., 2020, Leahy et al., 2004, Fok et al., 2019, Zenke et 

al., 2020). More recently, some of these inhibitors have made it to clinical trials for 

investigation into their efficacy as anticancer treatments. M3814 is being trialled in 

combination with capecitabine and radiotherapy in patients with rectal cancer 

(NCT03770689); and in combination with radiotherapy in patients with localised pancreatic 

cancer (NCT04172532) and head and neck cancer (NCT04533750). Recently, published phase 

1 clinical trial data indicated M3814 was well-tolerated and demonstrated modest efficacy 

(van Bussel et al., 2021). The compound AZD7648 has also made it to early-stage clinical trials. 

Pre-clinically, it has been used as a combination treatment with either IR or doxorubicin and 

the PARP inhibitor Olaparib where it was shown to sensitise xenograft and patient derived 

xenografts to radio- and chemo-therapy with sustained regressions (Fok et al., 2019). 
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AZD7648 has progressed to phase I clinical trials in advanced malignancies and has been 

administered as a monotherapy or in combination with Pegylated Liposomal Doxorubicin 

(NCT03907969). This trial is ongoing and due to be completed in 2024. There are also ongoing 

trials assessing the efficacy of dual DNA-PKcs/mTOR inhibitors. The dual inhibitor CC-115 has 

been shown in vitro to be more effective than targeting DNA-PKcs alone with NU7441 in 

multiple PCa and CRPC cell lines. CC-115 was also tested in combination with enzalutamide, 

to mitigate an upregulation of androgen response due to mTOR inhibition, both in vitro and 

in vivo. Hormone sensitive and castration-resistant cell line models showed synergistic effects 

between CC-115 and enzalutamide both in vitro and in vivo; with reduced tumour doubling 

time with the combination treatment (Dylgjeri et al., 2019). This compound was well tolerated 

in phase 1 clinical trials (NCT01353625) in patients with advanced solid or hematologic 

malignancies (Munster et al., 2019).  

 

Despite FL-AR-DNA-PKcs interplay being relatively well defined, less is known about the AR-V-

DNA-PKcs relationship. There have been two reports of an interaction between AR-Vs and 

DNA-PKcs. Firstly, an AR co-immunoprecipitation (co-IP) showed an interaction between AR-

V7 and DNA-PKcs in the CWR22Rv1 cell line (Goodwin et al., 2015). More recently, IP-MS 

analysis identified DNA-PKcs as the most abundant binder of the AR-V, ARV567es, in the cell line 

R1-D567, which was validated using co-IP and proximity ligation assays (Yin et al., 2017). This 

interaction was enhanced in the presence of IR-induced DNA damage and could be reduced 

by the DNA-PKcs inhibitor NU7441.  However, there has been no reports describing a specific 

role for DNA-PKcs in AR-V transcriptional regulation. Dr Dominic Jones from the host 

laboratory, using an AR-V7 RIME experiment in CWR22Rv1 cells, identified DNA-PKcs as an 

AR-V7 interacting protein. Briefly, Flag-tagged AR-V7 was overexpressed for 48 hours in 

CWR22Rv1 cells grown in steroid-depleted conditions, prior to formaldehyde crosslinking, 

chromatin preparation and FLAG antibody IP. The resultant AR-V7 interactome was analysed 

by MS, and DNA-PKcs was identified as an AR-V7 interacting protein. Interestingly, DNA-PKcs 

was also identified in a Cas9-directed-RIME (CRIME) experiment carried out by Dr Evangelia 

Kounatidou (previous PhD student in the host laboratory), in the CWR22Rv1-AR-EK cell line, 

as a protein associated with the AR CE3 genomic locus. These studies have therefore validated 

the AR-V-DNA-PKcs interaction and may suggest DNA-PKcs involvement in AR-V biology is 
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multifaceted. Further exploration into the interplay between DNA-PKcs and AR-Vs is necessary 

to help understand if DNA-PKcs is a key transcriptional regulator of AR-Vs, and as such 

represents a suitable target to diminish the activity of these therapy-resistant AR isoforms. As 

DNA-PK is also involved heavily in the DDR, targeting it in PCa could have dual anti-tumour 

effects, both directly targeting AR/AR-V signalling as well as increasing the effect of IR and 

other DNA damaging agents. 

4.1.1 Aims 

In order to develop treatments that can target AR-Vs, we must better understand their 

regulatory mechanisms. DNA-PKcs is a well characterised FL-AR co-regulator; facilitating AR 

transcriptional activity by enabling recruitment of the transcriptional machinery to canonical 

AR-target genes. Moreover, an interaction between DNA-PKcs and AR-Vs has been reported 

(Yin et al., 2017) and validated in-house, but there remains major knowledge gaps in whether 

DNA-PKcs is a key co-regulator of AR-Vs. This project, therefore, is to determine if DNA-PKcs 

is involved in the regulation of AR-Vs.  

 

Using several AR-V expressing PCa cell lines, this will be done by: 

i. Pharmacological DNA-PKcs inhibition, incorporating three DNA-PKcs inhibitors, 

and DNA-PKcs depletion to determine the impact on AR-V transcriptional activity 

ii. Determining if DNA-PKcs is recruited to the cis-regulatory elements of AR-V target 

genes and if this is impacted upon DNA-PKcs inhibition 

iii. Examining the effects of compromised DNA-PKcs activity on AR-V-driven cell 

proliferation using DNA-PKcs inhibitors and depletion 
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4.2 Results 

4.2.1 DNA-PKcs expression is significantly upregulated in PCa and CRPC 

Previous reports have indicated the DNA-PKcs-encoding gene PRKDC is significantly 

upregulated in advanced PCa and expression is correlated with metastatic progression and 

decreased overall survival (Kothari et al., 2019)  To validate this, data from the online 

database, cBioPortal, was analysed to determine the frequency of PRKDC alterations in 

prostate adenocarcinoma (The Cancer Genome Atlas (TCGA) dataset) and metastatic prostate 

adenocarcinoma (Stand-up to cancer/ Prostate Cancer Foundation (SU2C/PCF dataset, PNAS, 

2019). The DNA-PKcs-encoding PRKDC gene is mutated, amplified, or differentially expressed 

at the mRNA level (1.5-fold change (FC) cut-off) in a large portion of PCa patients; both in the 

TCGA and SU2C/PCF datasets. As shown in Figure 4.1A, in the TCGA data set, 18% of patients 

had a genetic aberration in the PRKDC gene or demonstrated differential gene expression, by 

either a missense mutation, amplification, deep deletion (homozygous loss), mRNA high or 

mRNA low, with the largest proportion being ‘mRNA high’. Furthermore, in this cohort of 

patients (altered group), PRKDC alterations were statistically significantly correlated with AR 

mRNA (Figure 4.1B, p = 2.45 x 10-7) using a Wilcoxon test. The altered group of patients with 

one or more genetic alteration in PRKDC also correlated with a higher Gleason category 

(Figure 4.1C, p = 3.155x10-5). Co-expression of PRKDC mRNA and AR mRNA is also positively 

correlated with a Spearman correlation coefficient of 0.67 and is highly statistically significant 

(Figure 4.1D, p = 1.98x10-39). Taken together, this suggests DNA-PKcs could be a driver of PCa 

progression and could be used as a prognostic biomarker.   

In the SU2C dataset that includes patients with metastatic PCa (Figure 4.1E), a greater 

proportion of patients (27%) had a genetic alteration in the PRKDC gene, or ‘high mRNA’, with 

the majority of these patients having high DNA-PKcs mRNA. This could suggest as PCa 

progresses, there is a greater dependency on DNA-PKcs, hence metastatic patients 

demonstrate a higher frequency of PRKDC alterations. This is consistent with what was shown 

in the study by Goodwin et al, where they identified DNA-PKcs as a driver of pro-metastatic 

signalling in vitro and that inhibition of DNA-PKcs kinase activity with the inhibitor NU7441 

delays the development of metastases in vivo (Goodwin et al., 2015). 
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Figure 4.1 PRKDC is altered in a portion of prostate adenocarcinoma and metastatic prostate 
adenocarcinoma patients. 

cBioPortal was used to interrogate the portion of patients that have genetic alterations in the PRKDC 
gene. A-D. Analysis of the TCGA, Cell, 2015 (Cancer Genome Atlas Research, 2015) prostate 
adenocarcinoma dataset showed 18% of patient had alterations in the PRKDC gene and/or differential 
mRNA expression. Clinical attributes that correlated with DNA-PKcs alterations included AR mRNA and 
Reviewed Gleason category. E. Analysis of the SU2C/PCF, PNAS, 2019 (Abida et al., 2019) metastatic 

A. 

B. C. D. 

E.
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prostate adenocarcinoma dataset showed 27% of patients had alterations in the PRKDC gene and/or 
differential mRNA expression. Figures taken from cBioPortal (Gao et al., 2013, Cerami et al., 2012). 
 

 

The TCGA dataset was analysed in house by fellow PhD student Nicholas Brittain, to determine 

if PRKDC expression is significantly differentially expressed in tumour versus normal samples, 

matched from the same patient. As shown in Figure 4.2A, PRKDC is significantly (p = 0.007) 

upregulated by 1.22-fold in tumour samples compared to normal. PRKDC expression was also 

compared between localised and metastatic PCa using the Grasso et al, microarray dataset 

(GSE35988), using Gene Expression Omnibus 2R online tool (Grasso et al., 2012). This showed 

PRKDC expression was significantly (p = 0.002) upregulated by 1.6-fold in metastatic PCa 

versus localised PCa (Figure 4.2B). To investigate if DNA-PKcs is involved in AR-V7 regulation, 

changes in PRKDC expression (log2 counts per million) was determined in AR-V7 negative 

versus positive samples. This showed PRKDC expression is increased by 1.16-fold in AR-V7 

positive samples (p = 0.096) compared to patients with no AR-V7 expression (Figure 4.2C). 

This suggests some correlation between DNA-PKcs expression and AR-V7, although not 

statistically significant.  
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Figure 4.2 PRKDC expression is significantly upregulated in tumour samples compared to normal and 
in metastatic PCa compared to localised.  

A. The TCGA dataset was analysed to compare PRKDC expression in matched normal vs tumour
samples, n=51. (** = p <0.05) B. PRKDC expression was measured in localised (n=49) and metastatic
(n=27) PCa from a publicly available Grasso microarray dataset (** = p <0.05) (Grasso et al., 2012). C.
PRKDC expression was measured in AR-V7 positive (n=83) and AR-V7 negative (n=237) samples using
the TCGA dataset.  Data sets A and C were generated by Nicholas Brittain using TCGA data.

4.2.2 DNA-PKcs inhibition reduces proliferation of CRPC cell lines 

As previously discussed, DNA-PKcs is a co-regulator of FL-AR activity (Goodwin et al., 2015). 

Consistent with these findings, we hypothesised that DNA-PKcs would facilitate the activity of 

AR-Vs. In order to determine if AR-Vs are dependent on DNA-PKcs for transcriptional activity, 

models that express AR-Vs, and therefore represent CRPC, were used. CWR22Rv1 cells express 

A. B. 

C.
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both FL-AR and AR-Vs, but when cultured in castrate, steroid-depleted conditions 

supplemented with enzalutamide, FL-AR activity is largely diminished enabling selective 

interrogation of AR-Vs. However, some FL-AR activity may remain meaning readouts to 

interrogate AR-V activity could be compromised by residual FL-AR activity. Therefore, the host 

laboratory developed a CRISPR engineered cell line termed CWR22Rv1-AR-EK. This cell line 

has a translational stop codon inserted in exon 5 of the AR gene to essentially stop the 

translation of FL-AR whilst maintaining expression of all other endogenously expressed AR-Vs. 

This provides a much cleaner readout for investigation of specifically AR-Vs, without the need 

to overexpress AR-Vs in other cellular backgrounds that are not physiologically relevant. The 

VCaP cell line was also used in this study as FL-AR is highly expressed, due to AR gene 

amplification, and AR-V expression is up-regulated in steroid-depleted conditions. Again, 

enzalutamide can also be used in this model as a way of abrogating FL-AR activity to more 

selectively interrogate AR-V biology. All of the cell lines used in this study expresses a number 

of AR-Vs that are clinically relevant; having been shown to be expressed in PCa patients, 

including AR-V7 that is identified in CTCs and is associated with a worse overall survival (Scher 

et al., 2018, Sharp et al., 2019).  

The compound NU7441 was initially used to study cellular responses to DNA-PKcs kinase 

inhibition in the aforementioned CRPC cell lines because it is a reasonably selective agent that 

has been used to interrogate DNA-PKcs activity in numerous previously published studies, 

including those investigating interplay between FL-AR and DNA-PKcs. This provides data that 

can be cross-referenced to compare the effects in different analyses.  

The phenotypic effects of DNA-PKcs inhibition with NU7441 was investigated in CWR22Rv1-

AR-EK, CWR22Rv1 and VCaP cell lines, as well as in the FL-AR-only expressing LNCaP cell line 

(Figure 4.3). Cell counts were carried out after 96-120 hours treatment with increasing 

concentrations of NU7441 or DMSO vehicle control (NT). A 73% decrease in cell number at 5 

µM and an estimated GI50 between 1 µM and 2 µM was observed in the CWR22Rv1-AR-EK cell 

line (Figure 4.3A). Consistent with this, CWR22Rv1 cells demonstrated a 77% decrease in cell 

proliferation in response to DNA-PKcs inhibitor treatment in both the presence and absence 

of enzalutamide, with a similar GI50 between 1 µM and 2 µM. As expected, there was no 

significant difference between the plus and minus enzalutamide arms in the absence of 
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NU7441 in CWR22Rv1 cells due to AR-V-driven proliferation being refractory to enzalutamide 

(Figure 4.3B).  

In VCaP cells, the presence of enzalutamide alone in the DMSO treatment arm caused a 59% 

reduction in cell proliferation (Figure 4.3C). This was expected due to the greater reliance on 

FL-AR signalling in the VCaP cell line compared to CWR22Rv1 cells and hence have an 

increased sensitivity to anti-androgens after a short period of androgen depletion. Critically, 

there were respective 78.5% and 87% decreases in cell proliferation in the absence and 

presence of enzalutamide in response to 5 µM NU7441 treatment versus control providing 

further evidence that DNA-PKcs potentially impacts AR-V pro-proliferative signalling and 

inhibition could provide synergistic effects with anti-androgen treatment.  

Finally, the proliferative impact of DNA-PKcs inhibition in LNCaP cells was determined in both 

androgenic and castrate conditions to compare to published data (Goodwin et al., 2015, 

Kothari et al., 2019). It was previously reported that in SDM, NU7441 significantly reduced 

LNCaP proliferation after 6 days. Consistent with this data, Figure 4.3D shows NU7441 

significantly reduces proliferation by approximately 40% and 50% in the absence and presence 

of DHT, respectively at 1 µM NU7441; and 80% and 60% minus and plus DHT at 5 µM, 

respectively. These findings are also consistent with DNA-PKcs knockdown data in LNCaP cells 

which showed that DNA-PKcs depletion caused a significant reduction in proliferation (Kothari 

et al., 2019). 
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Figure 4.3 NU7441 significantly effects proliferation of CWR22Rv1-AR-EK, CWR22Rv1, VCaP and 
LNCaP cells. 

A. CWR22Rv1-AR-EK cells were grown in full media and treated with increasing concentrations of 
NU7441 for 96 hours. B. CWR22Rv1 cells were grown in steroid-depleted conditions in the presence 
and absence of 10 µM enzalutamide and NU7441 for 96 hours. Data is normalised to the control arm 
of the -ENZ group. C. VCaP cells were grown in steroid-depleted conditions in the presence and 
absence of 10 µM enzalutamide and treated with NU7441 for 96 hours. D. LNCaP cells were seeded 
and allowed to adhere before the media was replaced with steroid- depleted media for 24 hours, then 
treated with NU7441 ± 10 nM DHT for 5 days. Data is normalised to the control arm of the -ENZ group. 
Data is representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post 
Hoc analysis was used to determine the statistical significance for CWR22Rv1-AR-EK and 2-way ANOVA 
was used for CWR22Rv1, LNCaP and VCaP cells (* = p <0.05, ** = p <0.01, *** = p <0.001). 
 

The cell count data was validated using live cell imaging of CWR22Rv1-AR-EK and CWR22Rv1 

cells, grown in full media and SDM, respectively (Figure 4.4). Cells were seeded down in 12-

well plates 24 hours before the addition of the DNA-PKcs inhibitor NU7441 and 10 µM 

A.  B.  

C.  D.  
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Enzalutamide (CWR22Rv1 only) to culture media. Cell confluency was then determined every 

4 hours over a period of 7 days using an Incucyte® ZOOM live cell imaging system. Data 

represents mean cell confluency of triplicate wells. The results are consistent with what was 

shown in the cell count data, with DNA-PKcs inhibition causing a significant reduction in 

proliferation in at 1 µM (CWR22Rv1-AR-EK and CWR22Rv1) and 5 µM (CWR22Rv1-AR-EK). The 

addition of enzalutamide in CWR22Rv1 cells caused a slight additive anti-proliferative effect 

although this was not significant.  

Figure 4.4 1 µM NU7441 significantly reduces PCa cell proliferation in CWR22Rv1-AR-EK and 
CWR22Rv1 cells. 

CWR22Rv1-AR-EK and CWR22Rv1 confluency over 7 days treatment with NU7441 using live cell 
imaging. Figures are representative of 3 repeats ± SEM and each data point from each inter-
experimental repeat are an average of three intra-experimental repeats. One-way ANOVA using 
Bonferroni Post Hoc analysis was used to determine the statistical significance of CWR22Rv1-AR-EK 
cells and two-way ANOVA was used for CWR22Rv1 cells (* = p <0.05, ** = p <0.01, *** = p <0.001). 

4.2.3 DNA-PKcs inhibition reduces AR target gene expression 

To determine the effect of DNA-PKcs inhibition on AR-/AR-V-mediated transcription, 

CWR22Rv1, CWR22Rv1-AR-EK and VCaP cells were cultured in SDM or full media (CWR22Rv1-

AR-EK only) and then subject to either co-treatment with an increasing dose-range of NU7441 

and 10 µM enzalutamide (CWR22Rv1 and VCaP) or NU7441 alone (CWR22Rv1-AR-EK) for 24 

hours. Resultant cDNA samples were subjected to qRT-PCR to assess the expression of the 

canonical AR-regulated genes, PSA, KLK2 and TMPRSS2 as well as the AR-V only regulated 

genes CCNA2 and UBE2C in response to drug treatment. To reiterate, enzalutamide was added 

to CWR22Rv1 and VCaP cells to inactivate FL-AR which enables more robust analysis of the 

effects of DNA-PKcs inhibition on AR-V transcriptional competency.  
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DNA-PKcs inhibition caused a significant reduction in PSA, KLK2, UBE2C and CCNA2 expression 

at 1-5 µM NU7441 in CWR22Rv1-AR-EK cells (Figure 4.5A). At the 1 µM dose, DNA-PKcs 

inhibition using NU7441 reduced the expression of several key AR-V regulated genes in this 

cell line, suggesting DNA-PKcs activity is an important co-regulator of AR-Vs. As seen in the 

western blot image in Figure 4.5B, AR-V protein expression was not impacted after 24-hour 

treatment arms at the 0.1 – 2 µM treatment arms but is slightly reduced at the 5 µM NU7441 

dose, suggesting that the effect of DNA-PKcs inhibition was largely at the RNA level.   

 

Figure 4.5 DNA-PKcs inhibition reduces AR-V mediated transcription in CWR22RV1-AR-EK cells.  

CWR22Rv1-AR-EK cells were cultured in full media for 48 hours and then treated with increasing 
concentrations of NU7441 for 24 hours. A. Cells were then subject to AR target gene expression 
analysis using qRT-PCR. Data was normalised to the DMSO treatment arm for each target gene. Data 
is representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc 
analysis was used to determine the statistical significance (* = p <0.05, ** = p <0.01) B. In parallel, 
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NU7441-treated cells were also subject to western blot analysis of AR-V protein levels using an N-
terminal AR-binding antibody and α-tubulin as loading control.  

 

To determine if the effects observed in CWR22Rv1-AR-EK cells could be replicated in the 

parental cell line, CWR22Rv1 cells were cultured in steroid-depleted media and then treated 

with NU7441 plus or minus enzalutamide for 24 hours before downstream analysis of the 

aforementioned AR target genes. In the plus enzalutamide arm, which, in principle, should 

allow only AR-V activity to be investigated, PSA, KLK2 and CCNA2 gene expression was 

reduced, although it was not statistically significant at the lower concentration of 1 µM, that 

had been sufficient to robustly reduce AR-V targets in CWR22Rv1-AR-EK cells (Figure 4.6A). 

Although AR-V activity will dominate in these conditions, the effect of DNA-PKcs inhibition on 

AR target gene expression is not as significant as seen in the FL-AR knockout CWR22Rv1-AR-

EK cell line. This may suggest that retention of low levels of FL-AR activity in parental 

CWR22Rv1 cells treated with enzalutamide or differences in AR-V activity between the two 

cell lines may give rise to the subtle difference in response to DNA-PKcs inhibition across the 

two cell line derivatives. The experiment was not conducted in CWR22Rv1-AR-EK cells that 

were co-treated with enzalutamide, which may be a better comparator to the CWR22Rv1 plus 

enzalutamide experiment. In the cells treated without enzalutamide (Figure 4.6B), there was 

also a subtle reduction in AR target gene expression in response to DNA-PKcs inhibition, 

particularly at the higher concentration of 5 µM and the AR-V target gene UBE2C. In this 

treatment arm both FL-AR and AR-V response can be investigated, although there are higher 

levels of AR-Vs in comparison to FL-AR due to the cells being cultured in SDM.  
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Figure 4.6 DNA-PK inhibition reduces transcription of the AR-V target gene UBE2C in CWR22Rv1 cells 
after 24 hours with enzalutamide treatment.  

CWR22Rv1 cells were cultured in steroid-depleted media for 48 hours and then treated with 10 µM 
enzalutamide for 24 hours. Cells were then subject to AR target gene expression analysis using qRT-
PCR. Data was normalised to the NT (DMSO control) arm for each target gene. Data is representative 
of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc analysis was used to 
determine statistical significance (* = p <0.05, ** = p <0.01, *** = p <0.001). B. Cells were also subject 
to western blot analysis of AR-V, FL-AR and α-tubulin protein levels.  

 

Due to a more modest reduction of AR target gene expression in the CWR22Rv1 cell line in 

comparison to CWR22Rv1-AR-EK cells after DNA-PKcs inhibition, the experiment was repeated 

with a 24-hour pre-treatment with 10 µM enzalutamide, to determine if a longer inactivation 

of FL-AR before NU7441 treatment effected the AR-V-mediated transcriptional response. This 

led to a significant reduction of the AR target genes PSA and KLK2 (Figure 4.7), although this 

was not as pronounced as the previous experiment (Figure 4.6). The AR-V specific target genes 

UBE2C and CCNA2 did not show any significant change in expression in response to both 1 µM 

and 5 µM of the compound and the effect on AR target gene expression was still not as robust 

as that was seen in the CWR22Rv1-AR-EK cell line.  
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Figure 4.7 DNA-PKcs inhibition reduces AR mediated transcription post 24-hour pre-enzalutamide 
treatment in CWR22Rv1 cells.  

CWR22Rv1 cells were cultured in steroid-depleted media for 48 hours, then pre-treated with 10 µM 
enzalutamide for 24 hours before 24-hour NU7441 treatment at 1 and 5 µM. Cells were then subject 
to AR target gene expression analysis using qRT-PCR. Data was normalised to the NT (DMSO control) 
arm for each target gene. Data is representative of three independent repeats ± SEM. One-way ANOVA 
using Bonferroni Post Hoc analysis was used to determine statistical significance (* = p <0.05, ** = p 
<0.01, *** = p <0.001). 
 

To further validate the effects of DNA-PKcs inhibition on AR-V transcriptional activity, VCaP 

cells were subject to NU7441 treatments prior to qRT-PCR analysis of AR target gene 

expression. VCaP cells have an amplified AR gene locus which results in high levels of AR which 

is a phenomenon commonly observed in CRPC patients and is important in treatment 

resistance. Considering AR-V expression in VCaP cells is elevated in androgen-depleted 

conditions, cells were cultured in steroid-depleted conditions to maximise AR-V signalling 

prior to treatment with NU7441 plus or minus enzalutamide for 24 hours. This experimental 
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design allowed investigation of the effect of DNA-PKcs inhibition on AR-V-mediated 

transcription in this cell line. As shown in Figure 4.8, PSA and KLK2 expression were 

significantly reduced in response to 5 µM NU7441 plus enzalutamide, and PSA expression was 

significantly downregulated in the 1 µM treatment arm. In contrast, expression of UBE2C, an 

AR-V-regulated gene, increased in the presence of NU7441 and CCNA2, another AR-V 

regulated gene, was not affected by NU7441 treatment in the VCaP cell line. However, as 

shown in Figure 4.9, the AR agonist DHT diminishes CCNA2 and UBE2C expression, suggesting 

FL-AR can repress expression, which suggests increased expression of UBE2C could be due to 

compromised FL-AR activity due to enzalutamide.  

Cells grown in the absence of enzalutamide appeared to be less effected by DNA-PKcs 

inhibition; there was some significance in changes to PSA mRNA levels although not as robust 

an effect as observed in the cells grown in enzalutamide, indicating AR-Vs may be more 

sensitive to DNA-PKcs inhibition (Figure 4.8C). Moreover, the immunoblot in Figure 4.8B 

shows AR and AR-V protein levels after 24 hours DNA-PKcs inhibition with and without 

enzalutamide co-treatment. This showed AR-V levels appear to reduce at 1, 2 and 5 µM doses. 

This is further explored in section 4.2.4 and Chapter 5.  
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Figure 4.8 DNA-PKcs inhibition reduces transcription of some AR-V target genes in VCaP cells.  

A. VCaP cells were cultured in steroid-depleted media for 48 hours and then treated with 10 µM 
enzalutamide and increasing concentrations of NU7441 for 24 hours. B. VCaP cells were cultured in 
steroid-depleted media for 48 hours and then treated with increasing concentrations of NU7441 for 
24 hours plus and minus 10 µM enzalutamide. C. VCaP cells were cultured in steroid-depleted media 
for 48 hours and then treated increasing concentrations of NU7441 for 24 hours. Cells were then 
subject to target gene expression analysis using qRT-PCR and AR and α-tubulin protein analyses using 
western blot. Data was normalised to the NT treatment arm for each target gene. Data is 

A. 

B. 

C. 
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representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc 
analysis was used to determine the statistical significance (* = p <0.05, ** = p <0.01, *** = p<0.001). 
 
4.2.4 DNA-PKcs inhibition in VCaP cells reduces AR-V protein levels 

After 24 hours NU7441 treatment in VCaP cells grown in steroid depleted conditions with or 

without AR stimulation with DHT, cells were harvested for protein and mRNA analysis. Figure 

4.9A shows AR and AR-V protein levels are downregulated in response to DHT. This is  

expected as AR-Vs are only expressed in VCaP cells when they are cultured in steroid-depleted 

conditions due to a repressive element in the AR gene which downregulates AR expression in 

response to AR stimulation (Cai et al., 2011). As expected, DHT treatment increased 

expression of PSA, KLK2 and TMPRSS2 mRNA, but mRNA levels of AR-V specific target genes 

UBE2C and CCNA2 are decreased. The downregulation of AR target genes in response to DNA-

PKcs inhibition is consistent with what has been shown previously in this study. Furthermore, 

in the minus DHT arm, DNA-PKcs inhibition robustly downregulates CCNA2 levels. AR protein 

levels were reduced as seen in Figure 4.9A, after 1 and 5 µM NU7441 in the absence of DHT. 

This suggests DNA-PKcs is involved in the generation or stabilisation of AR-V protein and could 

be the mechanism behind the reduction observed in AR-V target gene expression upon DNA-

PKcs inhibition.  

To assess this mechanism further, VCaP cells were subject to NU7441 treatment in the 

presence and absence of the proteasome inhibitor carfilzomib. If DNA-PKcs inhibition is 

enhancing destabilisation of AR-Vs, it is expected that blocking the proteasome would prevent 

downregulation of AR-V levels. Critically, the reduction of AR-V protein levels initially 

appeared to be blocked with the use carfilzomib without effecting FL-AR protein levels. 

However, as shown in the protein blot in Figure 4.10, the AR-V protein that is detected is 

slightly bigger than the ‘typical’ AR-Vs observed in VCaP cells in the absence of carfilzomib. 

This suggests that carfilzomib may either cause a build-up of mono-ubiquitylated forms of AR-

V that are not detected without proteasome inhibition due to rapid turnover and degradation 

or it stabilises de novo an unstable AR-V that is not usually observed in steady-state. These 

findings could suggest that DNA-PKcs inhibition impacts AR-V metabolism at two levels; 

causing AR-V degradation by the proteasome in VCaP cells, and by compromising AR-V mRNA 

production in response to 1 and 5 µM NU7441. However, because of the robust 

downregulation of AR-V and FL-AR transcript levels in response to carfilzomib alone, this is 
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difficult to interpret in this particular set up. Individual data points have been plotted to show 

the datapoint that appears to be an outlier to demonstrate the degree of AR-V transcript level 

reduction across the other two repeats. Another experiment that could be performed is to 

incorporate cyclohexamide to inhibit protein translation to then analyse AR-V protein 

degradation over time using western blotting to determine if DNA-PKcs inhibition reduces the 

half-life of AR-Vs.  

 

A.  

B.  
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Figure 4.9 DNA-PKcs inhibition reduces AR-V protein levels in VCaP cells.  

VCaP cells were cultured in steroid-depleted media for 48 hours and then treated with or without 10 
nM DHT and increasing concentrations of NU7441 for 24 hours. Cells were then subject to AR protein 
and α-tubulin analyses using western blot (A) and target gene expression analysis using qRT-PCR (B). 
Data was normalised to the DMSO (NT) treatment arm for each target gene. Data is representative of 
three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc analysis was used to 
determine the statistical significance (* = p <0.05, ** = p <0.01, *** = p<0.001). 
 

 

 

Figure 4.10: DNA-PKcs inhibition reduces AR-V protein levels in VCaP cells, that can be partially 
blocked with the addition of a proteasome inhibitor.  

VCaP cells were cultured in steroid-depleted media for 48 hours and then treated with or without 200 
nM carfilzomib (CFZ) and increasing concentrations of NU7441 for 24 hours. Cells were then subject 
to AR and α-tubulin protein level analysis using western blot (A) and target gene expression analysis 
using qRT-PCR (B). Data was normalised to the DMSO (NT) treatment arm for each target gene. Data 

CFZ (200 nM)  
A.  

B.  

Typical AR-Vs (-CFZ)  
Alternate AR-V species (+CFZ) 
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is representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc 
analysis was used to determine the statistical significance (* = p <0.05, ** = p <0.01, *** = p<0.001). 
 

To further interrogate the mechanism by which AR-V protein levels were being reduced upon 

DNA-PKcs inhibition, the VCaP model was used to interrogate if DNA-PKcs was involved in 

controlling the AR negative feedback loop active in this cell line. This feedback loop is a 

mechanism by which the AR controls its own expression. Upon androgenic stimulation, the AR 

binds to downstream repressive elements within AR intron 2 that in turn reduces AR 

expression (Cai et al., 2011). Given the effect of DNA-PKcs blockade on AR-V transcript levels, 

it was hypothesised that DNA-PKcs could be involved in controlling the recruitment of AR to 

these repressive elements. Therefore, ChIP experiments were carried out to determine if 

recruitment of AR at 3 downstream repressive elements in intron 2 of the AR gene was 

impacted by compromising DNA-PKcs activity, which could be causing the reduction of AR-V 

protein levels. DNA-PKcs siRNA mediated knockdown was used in this experiment to fully 

deplete DNA-PKcs activity and expression, which will provide a cleaner readout of AR 

dependency on DNA-PKcs at these specific regions. This revealed robust enrichment of the AR 

at the intronic regulatory regions over the IgG isotype control, however, no change in AR 

recruitment was detected upon DNA-PKcs depletion at each of the regulatory regions, 

suggesting other mechanisms that control AR-V transcript generation are impacted upon 

DNA-PKcs inhibition (Figure 4.11). The mechanism behind AR-V mRNA and protein reduction 

is interrogated further in Chapter 5. 
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Figure 4.11 AR ChIP showed no change in recruitment to regulatory regions in AR introns in VCaP 
cells.  

VCaP cells were grown in steroid-depleted media for 72 hours post siRNA-mediated knockdown of 
DNA-PKcs (siDNA-PKcs) or control scrambled siRNA (siScr) transfection after which AR ChIP was 
performed. ChIP-qPCR readouts show recruitment of AR to repressive elements present in AR intron 2 
over the IgG control. Data shown represents the normalised percentage input to the control and 
represents 3 independent repeats ± SEM.  
 
4.2.5 DNA-PKcs is recruited to AR target genes in CWR22Rv1-AR-EK cells  

Previous data has shown that DNA-PKcs is recruited to the regulatory elements of AR target 

genes PSA and TMPRSS2, in response to DHT stimulation in FL-AR-expressing C4-2 PCa cells 

(Goodwin et al., 2015). To determine if DNA-PKcs was also recruited to AR-V regulatory 

elements in CWR22Rv1-AR-EK cells, ChIP experiments, incorporating anti-DNA-PKcs or isotype 

control (IgG) antibodies, were performed in full media supplemented with and without 1 µM 

NU7441 for 24-hours. As shown in Figure 4.12, significant DNA-PKcs recruitment to cis-

regulatory elements of the AR-V target genes PSA, KLK2, UBE2C and CCNA2 was observed in 

CWR22Rv1-AR-EK cells compared to IgG controls, that is only marginally, but non-significantly 

reduced upon inhibition with NU7441 with the exception of the PSA enhancer. 
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4.2.6 DNA-PKcs inhibition does not affect AR recruitment to target genes 

As DNA-PKcs inhibition reduced PSA, KLK2, UBE2C and CCNA2 mRNA levels in some of the 

tested cell lines, we next sought to determine if the effect of NU7441 on AR target gene 

Figure 4.12: DNA-PKcs is recruited to AR regulatory elements in CWR22Rv1-AR-EK cells, that is largely 
refractory to inhibition with 1 µM NU7441.  

CWR22Rv1-AR-EK cells were seeded out in full media and allowed to adhere to the dish and grow to 70-
80% confluency before 24h treatment with 1 µM NU7441 after which DNA-PKcs ChIP was performed. 
ChIP-qPCR readouts show recruitment of DNA-PKcs to AR target genes over the IgG control. Data shown 
represents the normalised percentage input to the control of 3 independent experiments ± SEM. One-
way ANOVA using Bonferroni Post Hoc analysis was used to determine the statistical significance (* = p 
<0.05, ** = p <0.01) 
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expression was due to reduced recruitment of AR-Vs to cis-regulatory elements of these 

genes. CWR22Rv1 cells were cultured as previously described, with a 24-hour pre-treatment 

with 10 µM enzalutamide and 24-hour treatment with 1 µM NU7441. The cells were then 

subject to ChIP using either anti-AR or IgG control antibodies to investigate if DNA-PKcs 

inhibition affected AR/AR-V recruitment to these target genes. The AR antibody used was an 

N-terminal specific antibody enabling the interrogation of both FL-AR and AR-V recruitment, 

but because FL-AR should be inactivated by enzalutamide, and hence will be cytoplasmic, 

enrichment of AR at target loci will likely reflect AR-V abundance. We investigated the 

recruitment of AR-Vs to the PSA enhancer and enhancer elements of KLK2 and UBE2C. As 

expected, in the control arm, robust enrichment of AR-Vs was detected at all three cis-

regulatory elements. In response to DNA-PKcs inhibition, there was no significant impact on 

AR-V recruitment, with the exception of the KLK2 enhancer which showed a modest increase 

in AR recruitment, suggesting that DNA-PKcs may alter AR-V activity in manner distinct from 

regulating chromatin deposition in the investigated cell lines (Figure 4.13). This experiment 

was repeated in CWR22Rv1-AR-EK cells and VCaP cells. Consistent with what was seen in the 

parental CWR22Rv1 cell line, AR recruitment to key target gene enhancer elements was not 

statistically significantly impacted, again indicating it is not AR chromatin binding that is 

causing a reduction of AR-V transcriptional activity upon DNA-PKcs manipulation. In VCaP 

cells, ChIP was performed after DNA-PKcs knockdown for 72 hours. Consistent with what was 

shown in CWR22Rv1 and CWR22Rv1-AR-EK cells, no significant change in AR recruitment was 

seen upon DNA-PKcs depletion.  

To further interrogate the chromatin biology surrounding DNA-PKcs-AR-V interplay, a DNA-

PKcs ChIP following AR siRNA-mediated depletion was carried out. It has been previously 

shown that FL-AR inactivation by enzalutamide treatment in the CRPC cell line C4-2, 

attenuates DNA-PKcs recruitment to regulatory elements in the AR gene. CWR22Rv1-AR-EK 

cells depleted of AR using an AR exon 1 siRNA (siARex1) were subjected to DNA-PKcs ChIP 

along with a scrambled siRNA (siScr) and IgG control arms. DNA-PKcs was recruited to PSA, 

KLK2 and CCNA2 and this was reduced upon AR depletion, although this was not statistically 

significant (Figure 4.14). This indicates there is not a requirement for AR chromatin binding to 

enable DNA-PKcs recruitment at these regions in this cell line.  
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Figure 4.13 NU7441 does not affect AR recruitment to cis-regulatory elements of some key AR-
regulated genes.  
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CWR22Rv1 cells were cultured in steroid-depleted media for 48 hours before the addition of 10 µM 
Enzalutamide for 24 hours then 1 µM NU7441 for 24 hours before being harvested and subjected to 
ChIP analysis using either AR or IgG control antibodies. CWR22Rv1-AR-EK cells were cultured in full 
media until 70-80% confluent and subject to ChIP analysis. VCaP cells were seeded in steroid-depleted 
media and reverse transfected with DNA-PKcs (siDNA-PKcs) and scrambled (siScr) siRNA and before 
being harvested for ChIP analysis. AR enrichment at PSA, KLK2 and UBE2C cis-regulatory elements over 
an IgG isotype control was determined by qRT-PCR. Data is displayed as fold enrichment normalised 
to the DMSO control. Data is representative of three independent repeats ± SEM. One-way ANOVA 
using Bonferroni Post Hoc analysis was used to determine the statistical significance (* = p <0.05, ** = 
p <0.01, *** = p <0.001). 
 

 

Figure 4.14 DNA-PKcs is not dependent on AR presence at AR target genes in CWR22Rv1-AR-EK. 

CWR22Rv1-AR-EK cells were seeded out in full media and reverse transfected with either scrambled 
control (siScr) or AR exon 1-targeting (siARexon1) siRNAs and incubated for 72 hours after which DNA-
PKcs ChIP was performed. ChIP-qRT-PCR readouts show recruitment of DNA-PKcs to AR target genes 
over the IgG control. Data shown represents the normalised percentage input to the control and 
represents 2 independent repeats. One-way ANOVA was used to determine the statistical significance 
(* = p <0.05, ** = p <0.01) 

 

CWR22Rv1-AR-EK 
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4.2.7 DNA-PKcs inhibition impacts the cell cycle profile of CWR22Rv1 and CWR22Rv1-AR-EK 

cells 

Having determined that DNA-PKcs inhibition has a robust impact on PCa cell line proliferation 

at 1 and 5 µM (Figure 4.3) and established a reduction of AR-V regulated cell cycle genes, such 

as CCNA2, the cell cycle profiles of CWR22Rv1 and CWR22Rv1-AR-EK cells were next 

determined following 96-hours 0.5, 1 and 5 µM NU7441 treatment. CWR22Rv1-AR-EK cells 

were seeded out in full media and CWR22Rv1 in SDM for 24 hours before drug treatments. 

Cells were then harvested 96 hours later and stained with PI and analysed using a Thermo 

Attune flow cytometer. Unexpectedly, as shown in Figure 4.15, 96 hours drug treatment at 

the lower doses of 0.5 and 1 µM NU7441 failed to cause significant changes in any of the cell 

cycle phases across the two cell lines. At 5 µM, there is a significant increase in the percentage 

of cells in the sub-G1 phase in CWR22Rv1 and CWR22Rv1-AR-EKs, suggesting the cells have 

undergone apoptosis. The average values of cells in the sub-G1 phase in CWR22Rv1-AR-EK 

cells were 9%, 9.4%, 12.6% and 20.7% and in CWR22Rv1 cells were 5.4 %, 6%, 6.7% and 25.4% 

for NT, 0.5 µM, 1 µM and 5 µM doses, respectively. Moreover, in CWR22Rv1 cells, 5 µM 

NU7441 caused a significant decrease in the percentage of cells in the G1 phase, likely due to 

the high rate of apoptosis. This suggests cells are passing through the S and G2/M phases of 

the cell cycle but some have major problems, resulting in an apoptotic phenotype. In 

CWR22Rv1-AR-EK cells, there is a drop in the percentage of cells in S and G2/M phases at the 

5 µM NU7441 dose which would account for why the decrease of cells in G1 as seen in 

CWR22Rv1 cells, is not seen in this cell line.  However, due to the robust effects seen on 

proliferation, this was not as predicted. This could potentially be explained by a relatively fast 

cell death and the time points used in this experiment have missed the time point where cell 

cycle arrest could be seen.   
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Figure 4.15 DNA-PKcs inhibition does not significantly affect the cell cycle profile of CWR22Rv1-AR-
EK and CWR22Rv1 cells after 96 hours treatment at 1 µM.  

CWR22Rv1-AR-EK and CWR22Rv1 cells subject to propidium iodide staining showed that 0.5 and 1 µM 
doses of NU7441 did not significantly affect the cell cycle profile, while 5 µM caused elevation of a sub-
G1 population indicative of cell apoptosis. Data was analysed using FCS express 7 and the data 
represents 3 repeats for CWR22Rv1-AR-EK cells and 2 repeats for CWR22Rv1.  
 
4.2.8 Validating DNA-PKcs-mediated regulation of AR-V activity using DNA-PKcs knockdown  

Next, DNA-PKcs depletion using siRNA was investigated to determine if the effects observed 

using the kinase inhibitor NU7441 were replicated with knockdown of the protein. Firstly, an 

siRNA SMARTpool (Dharmacon) was reverse transfected into CWR22Rv1-AR-EK, CWR22Rv1 

and VCaP cells, for 48 and 72 hours, before analysing AR-target genes and PRKDC (DNA-PKcs) 

expression, and DNA-PKcs protein levels to confirm knockdown, using qRT-PCR and western 

blot analysis, respectively.  

Firstly, DNA-PKcs depletion in CWR22Rv1-AR-EK cells did not mirror what was previously seen 

with DNA-PKcs inhibition. The target genes PSA, KLK2, CCNA2 and TMPRSS2 all increased 72 

hours post knockdown. UBE2C showed a slight decrease in expression but this was not as 

pronounced as with DNA-PKcs inhibition and was not statistically significant. AR-V7 transcript 

levels were also examined, and this showed that DNA-PKcs depletion increased AR-V7 

transcript abundance, which could also be seen at the protein level in Figure 4.18. 

In CWR22Rv1 cells grown in SDM and subject to DNA-PKcs knockdown, similarly to CWR2Rv1-

AR-EK cells, PSA, KLK2, CCNA2 and TMPRSS2 expression increased, while UBE2C was 

significantly reduced. AR-V7 and FL-AR mRNA levels also increased but to a lesser extent than 
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what was observed in CWR22Rv1-AR-EK cells (Figure 4.17). Critically, this was not consistent 

with what was seen with DNA-PKcs inhibition (Figure 4.6).  

In VCaP cells grown in SDM, DNA-PKcs depletion caused all of the AR target genes to 

significantly decrease, indicating a dependency of AR-Vs on DNA-PKcs for maximal activity. 

Interestingly, AR-V7 and FL-AR transcript levels also significantly decreased after 48 and 72 

hours, consistent with what was shown with DNA-PKcs inhibition (Figure 4.9), further 

validating that DNA-PKcs may have a role in the generation of AR-Vs in this cell line (Figure 

4.18).  
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siScr 48h 72h  siDNA-PKcs 

Figure 4.16 DNA-PKcs knockdown did not mirror pharmacological inhibition of DNA-PKcs inhibition on 
AR gene expression analysis.  

CWR22Rv1-AR-EK cells were reverse transfected with a DNA-PKcs siRNA pool and cells were harvested 
48 and 72 hours later for qRT-PCR analysis of AR target genes and western blot analysis of DNA-PKcs, AR 
and a-tubulin levels. qRT-PCR data is normalised to the siScr arm. Data is representative of three 
independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc analysis was used to determine 
the statistical significance (**** = p<0.0001) 
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siScr 48h 72h  
siDNA-PKcs 

Figure 4.17 DNA-PKcs knockdown did not mirror pharmacological inhibition of DNA-PKcs inhibition 
on AR gene expression analysis.  

CWR22Rv1 cells were seeded in SDM and reverse transfected with a DNA-PKcs siRNA pool and cells 
were harvested 48 and 72 hours later for qRT-PCR analysis of AR target genes and western blot 
analysis of DNA-PKcs, AR and α-tubulin levels. qRT-PCR data is normalised to the siScr arm. Data is 
representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc 
analysis was used to determine the statistical significance (* = p < 0.05, **** = p<0.0001) 
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Figure 4.18: DNA-PKcs knockdown did not mirror pharmacological inhibition of DNA-PKcs inhibition 
on AR gene expression analysis.  

VCaP cells were seeded in SDM and reverse transfected with a DNA-PKcs siRNA pool and cells were 
harvested 48 and 72 hours later for qRT-PCR analysis of AR target genes and western blot analysis of 
DNA-PKcs, AR and α-tubulin levels. qRT-PCR data is normalised to the siScr arm. Data is representative 

siScr 48h 72h  
siDNA-PKcs 
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of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc analysis was used to 
determine the statistical significance (* = p <0.05, ** = p <0.01, *** = p<0.001, **** = p < 0.0001). 

 

Validating DNA-PKcs-mediated regulation of proliferation in PCa cell lines using DNA-PKcs 

knockdown 

Next, we wanted to determine if DNA-PKcs depletion caused similar effects on proliferation 

as was previously observed with DNA-PKcs inhibition. Proliferation was assessed after DNA-

PKcs depletion using a manual cell count for VCaP cells and Incucyte® live cell imaging for 

CWR22Rv1-AR-EK and CWR22Rv1 cells grown in full and steroid-depleted conditions, 

respectively. VCaP cells were manually counted as the cells can swell when stressed so the 

confluence mask calculated using the Incucyte® does not accurately measure cell number or 

proliferation. As shown in Figure 4.19, DNA-PKcs knockdown caused a significant reduction in 

VCaP cell growth which is consistent with published reports indicating that DNA-PKcs 

depletion significantly diminished proliferation of LNCaP and C4-2 PCa cell lines (Dylgjeri et al., 

2019). In contrast, only a small, insignificant reduction in proliferation of CWR22Rv1-AR-EK 

and CWR22Rv1 cells was observed upon DNA-PKcs depletion which was not predicted given 

the anti-proliferative effects I had shown using DNA-PKcs inhibitors. 
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Figure 4.19 DNA-PKcs knockdown showed varying results across the PCa cell lines CWR22Rv1-AR-EK, 
CWR22Rv1 and VCaP. 

CWR22Rv1-AR-EK and CWR22Rv1 cells were reverse transfected 24 hours before live-cell imaging 
using an Incucyte® ZOOM over 7 days to determine confluency. VCaPs were reverse transfected then 
manually counted 5 days later. Data shows average relative confluence and represent 3 repeats ± SEM 
(** = p < 0.01).  

 

As the DNA-PKcs knockdown data was not reflecting what has been shown with the kinase 

inhibitor, the individual siRNAs from the Dharmacon Smartpool were generated by Sigma; 

termed siDNA-PK1-4 and tested individually. This was to identify if irregularities observed 

between the NU7441 treatments and DNA-PKcs knockdown could be due to aberrant 

activities of an individual oligonucleotide. Cell count data from the deconvoluted library 

showed that each individual siRNA had different effects on proliferation after 96 hours (Figure 

4.20A). This was validated using incucyte live cell imaging, where data showed a similar 

pattern to cell counts in CWR22Rv1-AR-EK cells (Figure 4.20B). siDNA-PK1 showed little effect 
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on cell proliferation, whereas siDNA-PK2-4 displayed varying levels of reduction, with siDNA-

PK3 causing the greatest reduction in proliferation. 

 

 

Figure 4.20 DNA-PKcs knockdown using the deconvoluted Dharmacon SmartPool showed differing 
effects on proliferation of CWR22Rv1-AR-EK, CWR22Rv1 and VCaP cells.  

CWR22Rv1-AR-EK, CWR22Rv1 and VCaP cells were reverse transfected with each individual siRNA 
oligonucleotide targeting DNA-PKcs (siDNA-PK1-4) or a scrambled (siScr) control and incubated for 96 
hours for cell counts (A) or analysed in an IncuCyte for 7 days (B). Cell counts are representative of 3 
repeats and data is normalised to the siScr control and represents mean ± SEM (n=3). Incucyte graph 
represents the mean normalised confluence ± SEM (n=2) (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001). 

 

 

A.  

B.  
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Additionally, DNA-PKcs depletion and AR target gene expression was analysed after 72-hour 

knockdown with each individual siRNA oligonucleotide. Intriguingly, although each 

oligonucleotide depleted DNA-PKcs to comparable levels, their effect on AR target genes was 

not consistent and this phenomenon was common across the three PCa cell lines. CWR22Rv1-

AR-EK, grown in full media (Figure 4.23), and CWR22Rv1, grown in SDM (Figure 4.22), showed 

similar changes in AR target genes with each oligo. siDNA-PK3 and siDNA-PK4 robustly 

downregulates UBE2C and CCNA2 expression in both CWR22v1-AR-EK and CWR22Rv1 cells. 

Furthermore, TMPRSS2 transcript levels are robustly downregulated in response to siDNA-

PK1, 2 and 4 in CWR22Rv1-AR-EK and CWR22Rv1 cells and none of the individual 

oligonucleotides statistically significantly impacted PSA, KLK2 or AR-V7 transcript levels.  

Whereas VCaP cells, grown in SDM, are more sensitive to DNA-PKcs depletion with siDNA-PK1, 

2 and 4 all showing significant reductions in the AR target genes PSA, KLK2, UBE2C, CCNA2 and 

TMPRSS2 as well as significantly reducing AR-V transcript levels (Figure 4.23).  However, 

siDNA-PK3 selectively downregulates UBE2C and CCNA2, consistent with what was shown in 

CWR22Rv1-AR-EK and CWR22Rv1 cells (Figure 4.5 and Figure 4.6). Depletion of both DNA-

PKcs transcript and protein levels were confirmed at 72 hours by each of the four siRNAs. 
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Figure 4.21 DNA-PKcs knockdown using the deconvoluted Dharmacon SmartPool showed differing 
effects on AR target gene expression in CWR22Rv1-AR-EK cells.  

CWR22Rv1-AR-EK cells were seeded into full media and reverse transfected with oligonucleotides 
targeting DNA-PKcs (siDNA-PK1-4) or a scrambled (siScr) control for 72 hours. Cells were then subject 
to AR target gene expression analysis using qRT-PCR and western blot analysis of DNA-PKcs and α-
tubulin levels. Data was normalised to the siScr treatment arm for each target gene. Data is 
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representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc 
analysis was used to determine the statistical significance (* = p < 0.05, ** = p < 0.01 **** = p < 0.0001). 

 

Figure 4.22 DNA-PKcs knockdown using the deconvoluted Dharmacon SmartPool showed differing 
effects on AR target gene expression in CWR22Rv1 cells.  

CWR22Rv1 cells were seeding in steroid-depleted media and reverse transfected with oligonucleotides 
targeting DNA-PKcs (siDNA-PK1-4) or a scrambled (siScr) control for 72 hours. Cells were then subject 
to AR target gene expression analysis using qRT-PCR and western blot analysis of DNA-PKcs and α-
tubulin levels. Data was normalised to the siScr treatment arm for each target gene. Data is 
representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc 
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analysis was used to determine the statistical significance (* = p < 0.05, ** = p < 0.01, *** = p < 0.001, 
**** = p < 0.0001) 

 

Figure 4.23: DNA-PKcs knockdown using the deconvoluted Dharmacon SmartPool showed differing 
effects on AR target gene expression in VCaP cells.  

VCaP cells were seeded in steroid-depleted media and reverse transfected with oligonucleotides 
targeting DNA-PKcs (siDNA-PK1-4) or a scrambled (siScr) control for 72 hours. Cells were then subject 

AR-V7 
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to AR target gene expression analysis using qRT-PCR. Data was normalised to the siScr treatment arm 
for each target gene. Data is representative of three independent repeats ± SEM. One-way ANOVA 
using Bonferroni Post Hoc analysis was used to determine the statistical significance (* = p < 0.05, ** 
= p < 0.01) 
  

As each siRNA was having differing effects on growth and AR-V target gene expression, and 

because a pool of siRNA has advantages over the use of one single oligonucleotide, a pool of 

siDNA-PK2-4 was used in the subsequent experiments based on the consistent anti-

proliferative effects of these reagents. The effect on proliferation and the cell cycle with the 

use of the siDNA-PK2-4 pool is shown in Figure 4.24, and Figure 4.25 shows the effect on AR 

target gene expression. siDNA-PK2-4 transfection caused a statistically significant reduction in 

proliferation and significantly impacted the cell cycle profile by impacting G1 and S phase. 

Importantly, the effect of DNA-PKcs depletion using siDNA-PK2-4 mimics, if not outperforms, 

the anti-proliferative effects of NU7441 treatment. My findings also indicate the potential 

hazard of utilising commercially available siRNA pools without deconvolution analyses. The 

modified oligonucleotide pool also consistently and significantly reduced expression of the 

AR-V-only regulated gene UBE2C, but not PSA, suggesting DNA-PKcs presence is particularly 

important in selective regulation of AR-V target genes. This siRNA pool will be used in an siRNA 

treatment arm for RNA-sequencing (experimental set up shown in Chapter 5).  
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Figure 4.24 DNA-PKcs knockdown using siDNA-PK2-4 caused a significant decrease in proliferation 
of CWR22Rv1-AR-EK and CWR22Rv1 cells.  

A.  CWR22Rv1-AR-EK cells were cultured in full media and CWR22Rv1 cells were cultured in steroid-
depleted conditions after being transfected with siScr or siDNA-PK2-4. Cell counts were performed 
after 5 days. Data is representative of three independent repeats ± SEM. An unpaired t-test was used 
to determine the statistical significance (*=p<0.05, **=p<0.01). B. CWR22Rv1-AR-EK cells were 
cultured in full media for 72 hours post transfection with siScr or siDNA-PK2-4. Cell cycle analysis was 
performed using PI flow cytometry. Data represents mean number of cells in each cell cycle phase ± 
SEM. Two-way ANOVA with Sidak’s correction was used to determine statistical significance 
(**=p<0.01). 
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Figure 4.25 DNA-PKcs knockdown using siDNA-PK2-4 downregulated expression of UBE2C, but not 
PSA, in CWR22Rv1-AR-EK and CWR22Rv1 cell lines.  

CWR22Rv1-AR-EK and CWR22Rv1 cells were reverse transfected with either siScr or siDNA-PK2-4 and 
incubated for 72 hours. AR target gene expression was analysed using qRT-PCR. Data represents the 
mean of three repeats ± SEM. An unpaired t-test was used to determine the statistical significance (*** 
= p <0.0001). 

4.2.9 DNA-PKcs inhibition with a more selective inhibitor showed similar effects on proliferation 

and AR-V target gene expression in CWR22RV1-AR-EK cells 

After demonstrating DNA-PKcs manipulation impacts AR-V transcriptional activity and 

proliferation of several PCa cell lines, it was key to determine if the impact of NU7441 was 

mirrored with the newer, more specific DNA-PKcs inhibitor, NU5455. NU5455 was used to 

exclude the possibility that the effects on cell proliferation and AR-V transcriptional activity of 
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the earlier generation compound were a consequence of off-target effects, as NU5455 has 

less impact on PI3K members than NU7441 (Willoughby et al., 2020).  

The anti-proliferative effects of 1 µM NU5455 on CWR22Rv1-AR-EK cells were comparable to 

same dose NU7441 using a normalised cell count after 5 days. The cell cycle profile was also 

significantly impacted with an increase in the percentage of cells in G1 phase after 48 hours 5 

µM NU5455 (Figure 4.26). This was consistent with what was seen in response to DNA-PKcs 

knockdown (Figure 4.24). However, in response to 5 µM NU7441, there was sub-G1 elevation 

rather than G1 arrest, though this is likely due to the off-target effects of high concentrations 

of NU7441. 

 AR target gene expression analysis showed significant reductions in PSA, KLK2 and UBE2C in 

CWR22Rv1-AR-EK cells and significant reduction in PSA in VCaP cells when grown in SDM 

(Figure 4.27), which together with my findings using NU7441 strongly implicate DNA-PKcs as 

a co-regulator of AR-Vs.  

Figure 4.26 DNA-PKcs inhibition using NU5455 causes a significant reduction in cell count as a 
consequence of G1 arrest. 

A. CWR22Rv1-AR-EK cells were cultured for 5 days in full media containing either DMSO, 1 µM NU7441
or 1 µM NU5455. Cell counts were then performed in quadruplicate. Data is representative of three
independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc analysis was used to
determine the statistical significance (*=p<0.05, **=p<0.01, ***=p<0.001). B. CWR22Rv1-AR-EK cells
were cultured in full media containing either DMSO, 1 µM or 5 µM NU5455 for 48 hours. Cell cycle

A. B. 

Cell cycle phase 
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analysis was performed using PI flow cytometry. Data represents mean number of cells in each cell 
cycle phase ± SEM. Two-way ANOVA with Tukeys correction was used to determine statistical 
significance (** = p < 0.01). 

Figure 4.27 DNA-PKcs inhibition with NU5455 caused a significant reduction in AR-V target genes in 
CWR22RV1-AR-EK cells and VCaP cells.  

A. CWR22Rv1-AR-EK cells were cultured in full media for 48 hours and then treated with 1 µM NU5455
for 24 hours. B. VCaP cells were cultured in steroid-depleted media for 48 hours and then treated with
1 µM NU5455 for 24 hours. Cells were then subject to AR target gene expression analysis using qRT-
PCR. Data was normalised to the DMSO (NT) treatment arm for each target gene. Data is
representative of three independent repeats ± SEM. One-way ANOVA using Bonferroni Post Hoc
analysis was used to determine the statistical significance (* = p < 0.05, ** = p < 0.01).
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4.2.10 DNA-PKcs inhibition with AZD7648 impacts proliferation and AR-V target gene 

expression in CWR22RV1-AR-EK cells 

During the course of the project, an additional DNA-PKcs inhibitor AZD7648, developed by 

AstraZeneca, became commercially available (Fok et al., 2019) and was incorporated into the 

study to further validate the role of DNA-PKcs in AR-V transcriptional regulation and help to 

overcome any batch variation that could have impacted outputs with the NU7441 and 

NU5455 compounds. Critically, AZD7648 had similar anti-proliferative effects to NU7441 and 

NU5455 and showed modest, but significant impact on AR-V target gene expression in 

CWR22Rv1-AR-EK cells.   
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Figure 4.28 DNA-PKcs inhibition with AZD7648 significantly reduces CWR22Rv1-AR-EK proliferation 
and several AR-V target genes.  

A. CWR22Rv1-AR-EK cells were grown in full media with increasing concentrations of AZD7648 for 5
days before a manual cell count. Cell counts were performed in quadruplicate. B. CWR22Rv1-AR-EK
cells were cultured in full media for 48 hours and then treated with 1 µM AZD7648 for 24 hours. Cells
were then subject to AR target gene expression analysis using qRT-PCR. Data was normalised to the
DMSO treatment arm for each target gene. Data is representative of three independent repeats ± SEM.
One-way ANOVA using Bonferroni Post Hoc analysis was used to determine the statistical significance
(* = p < 0.05, ** = p < 0.01, **** = p < 0.0001).

A direct comparison of the three DNA-PKcs targeting compounds was performed using an SRB 

assay. CWR22Rv1-AR-EK cells were seeded in 96-well plates and the following day, treated 

with a wide range of concentrations of NU7441, NU5455 and AZD7648. This confirmed DNA-
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PKcs inhibition with NU7441 and NU5455 showed similar anti-proliferative effects, and 

AZD7648 showed a slightly reduced potency when comparing GI50 values (Figure 4.29). 

AZD7648 had a GI50 of 2.8 µM, NU7441 had a GI50 of 1.8 µM, and NU5455 was the most potent, 

with a GI50 of 1.4 µM.  

 

 

 

Compound AZD7648 NU7441 NU5455 

GI50 (µM) 2.8 1.8 1.4 

 

Figure 4.29 CWR22Rv1-AR-EK cells are sensitive to DNA-PKcs inhibition with three DNA-PKcs 
inhibitors.  

CWR22Rv1-AR-EK cells were treated with increasing concentrations of AZD7648, NU7441 and NU5455 
for 120 hours before harvesting for an SRB assay to determine growth response to DNA-PKcs inhibition. 
Graph represents mean values ± SEM across three independent repeats as well as three technical 
replicates for each experimental arm. GI50 values were determined using GraphPad PRISM software.  

 

4.2.11 DNA-PKcs inhibition did not significantly downregulate PSA or KLK2 expression in steroid 

depleted conditions  

The downregulation of AR-V target gene expression in CWR22Rv1-AR-EK cells grown in steroid 

proficient conditions was not mirrored in CWR22Rv1-AR-EK cells that were grown in steroid-
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depleted conditions. The AR-V target genes PSA and KLK2 were not downregulated by DNA-

PKcs inhibition with NU7441 when grown in steroid-depleted conditions, in contrast to UBE2C 

and CCNA2 which demonstrated significant reduction (Figure 4.30A). DNA-PKcs inhibition still 

significantly reduced cell number after 96-hour treatment, aligning with what was seen in 

steroid-proficient conditions (Figure 4.30B).  It was hypothesised that the GR would be less 

active in these castrate-like conditions and DNA-PKcs inhibition could also be impacting on GR 

activity. Furthermore, similarly to AR-Vs, GR expression is upregulated following AR blockade 

and the GR and AR have been shown to regulate a subset of common target genes (Arora et 

al., 2013). Therefore, in steroid-depleted conditions, diminished DNA-PKcs activity may not 

cause as significant a response as had been observed in steroid-proficient conditions. This led 

to some experiments in which the GR was knocked down using siRNA for 48 hours with a 

subsequent 24-hour DNA-PKcs inhibition using NU7441. However, GR knockdown did not lead 

to a more significant reduction in AR target genes, such as PSA (Figure 4.30C). This work 

requires some further investigation but could be a reason as to why DNA-PKcs inhibition in 

CWR22Rv1-AR-EK cells did not lead to a significant reduction in AR/AR-V target genes but did 

to the AR-V specific genes CCNA2 and UBE2C.  
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Figure 4.30 DNA-PKcs inhibition in CWR22Rv1-AR-EK cells grown in steroid-depleted media 
significantly reduced the expression of AR-V only target genes and proliferation. 

CWR22Rv1-AR-EK cells were grown in SDM for 48 hours prior to increasing concentrations of NU7741 
for 24 hours (A) or grown in SDM for 24 hours prior to 96h treatment with NU7441 (B). CWR22Rv1-
AR-EK cells were treated with GR targeting or non-targeting siRNA for 48 hours prior to 24 hours 1 µM 
NU7441 (C).  Graphs show an average of three repeats ± SEM (* = p < 0.05, ** = p < 0.01, *** = p < 
0.001, **** = p < 0.0001). 
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4.3 Discussion 

Although the gold standard treatment for advanced PCa patients using AR-targeting agents is 

initially successful, resistance is inevitable with the emergence of CRPC for which there 

remains no long-term, durable treatment options for patients. The AR continues to drive PCa 

progression into late-stage disease as a consequence of numerous molecular aberrations, 

including AR gene amplification or mutations that drive heightened AR activity despite 

therapeutic targeting with ADT and anti-androgen drugs. Furthermore, the generation of 

alternatively spliced AR-Vs help retain AR signalling and are a major resistance mechanism 

that is observed in patients undergoing hormone therapy (Sharp et al., 2019). Critically, there 

remains no effective treatment options to block this signalling pathway. Due to the difficulty 

in generating compounds that directly target AR-Vs, indirect targeting of their co-regulators is 

a viable treatment option in CRPC. Therefore, there is a huge drive to better understand AR 

biology at this late stage of disease to facilitate the development of new therapies for patients. 

DNA-PKcs is one of three proteins that compose the DNA-PK trimeric complex, along with 

Ku70 and Ku80. This complex is involved in the NHEJ pathway to repair DNA DSBs, that result 

from endogenous or exogenous insult, to maintain genomic stability.  

Independent of its DDR related roles, DNA-PKcs has been shown to have roles in 

transcriptional regulation and has been identified as a FL-AR coregulatory protein in a number 

of studies (Goodwin et al., 2015, Dylgjeri et al., 2019). RNA sequencing in C4-2 PCa cells 

depleted of DNA-PKcs showed a downregulation in the androgen response, as well as DNA 

repair, cell cycle and pro-tumorigenic pathways. A recent report has also demonstrated a 

novel role for DNA-PKcs in regulating metabolism and how this could link to cancer 

progression (Dylgjeri et al., 2022). Here, the first DNA-PKcs interactome was determined in 

the PCa cell line C4-2 using RIME. This identified several glycolytic enzymes that interacted 

with DNA-PKcs.  Subsequent metabolomic analysis in response to NU7441-mediated DNA-

PKcs blockade revealed numerous alterations to metabolite levels suggesting DNA-PKcs 

modulates cancer metabolism, further expanding its pleiotropic role in supporting CRPC 

progression. 
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In a study by Kothari et al., the effect of DNA-PKcs inhibition in vivo using an LNCaP-AR 

xenograft was assessed. Here, NU7441 treatment caused a 44% reduction in tumour volume 

after 6 weeks, with minimal changes in body weight (Kothari et al., 2019).  

Given the role of DNA-PKcs in the DDR, there is a robust rationale and strong pre-clinical 

evidence to support the application of DNA-PKcs inhibitors in the clinical setting to sensitise 

cancer cells to radio- and chemotherapy. Consistent with this, AZD7648 was tested in vivo to 

investigate if DNA-PKcs blockade radio-sensitised syngeneic mouse models (Nakamura et al., 

2021). Strikingly, 75-100% of animals treated with radiotherapy plus AZD7648 in a MC38 colon 

cancer syngeneic mouse model achieved complete tumour regression and when rechallenged 

with tumour implantation, there was a significant delay in tumour formation. This suggests 

this combination is not only able to inhibit tumour growth but provides long term anti-tumour 

immunologic memory, because immune-compromised mice did not exert this same response. 

This was shown to be dependent on CD8+ T-cells and the type 1 interferon response 

(Nakamura et al., 2021). DNA-PKcs inhibitors have progressed to early phase clinical trials. 

Both AZD7648 and Peposertib (M3814) are in trials to evaluate safety and tolerability which 

are currently ongoing (M3814 - NCT02516813, AZD7648 - NCT03907969).  

Despite the relatively extensive research around DNA-PKcs in PCa pre-clinical models, an AR-

V driven PCa model has not yet been studied to determine if DNA-PKcs is also a co-regulator 

of AR-Vs and is therefore a therapeutic target in AR-V positive CRPC patients. In this project, 

the aim was to investigate the co-regulatory role of DNA-PKcs on AR-Vs in PCa. Several PCa 

cell line models were used that express AR-Vs to model the castrate-resistant stage of the 

disease.  

Analysis of publicly available patient data was performed to give an indication of how common 

PRKDC gene alterations are in PCa and CRPC. This showed that 18% of PCa patients have 

alterations in the PRKDC gene, and the proportion of patients with PRKDC alterations 

increased to 27% when analysing CRPC patient data. Furthermore, DNA-PKcs expression was 

also statistically significantly correlated with Gleason score (Figure 4.1). These findings 

indicate DNA-PKcs is potentially involved in the progression of PCa. Analysis of TCGA data, by 

fellow PhD student Nicholas Brittain, has shown PRKDC expression is significantly upregulated 

in matched tumour versus normal patient samples (Figure 4.2). Analysis of published 
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microarray data also revealed PRKDC expression is significantly upregulated in CRPC patients 

compared to localised PCa patients. Interrogation of patient data that includes AR-V7 status, 

indicated PRKDC expression was not significantly altered between AR-V7 positive versus 

negative patients. One possible reason for this could be that the AR-V7 information is limited 

to whether AR-V7 mRNA is present or not, and does not include any quantification of AR-V7 

levels. Therefore, for future analyses it would be beneficial to retrieve this data to stratify 

patients into high and low AR-V7 expressing patients and then determine PRKDC expression 

changes between those patients.  

The proliferative effects of DNA-PKcs inhibition using NU7441 was determined in several PCa 

cell lines, either grown in steroid-depleted conditions to encourage the emergence of AR-Vs 

(CWR22Rv1 and VCaP cells), or in the CWR22Rv1-AR-EK cell line that expresses only AR-Vs. In 

line with previous findings, DNA-PKcs inhibition caused a significant reduction in cell growth 

after 5 days that was dose-dependent. This was then validated with two newer, more selective 

DNA-PKcs inhibitors, NU5455 and AZD7648. The results with NU5455 and AZD7648 were 

comparable to the results observed with NU7441, suggesting the impact of the first-

generation agent was not due to off-target effects at the dose range used.   

Transcriptional activity of AR-Vs was assessed after DNA-PKcs inhibition using qRT-PCR to 

determine relative levels of AR/AR-V target genes. To study AR-V driven transcription, the cell 

lines CWR22Rv1 and VCaP were grown in steroid-depleted conditions to abrogate FL-AR 

activity. CWR22Rv1-AR-EK cells were also used as they do not express FL-AR protein and their 

canonical AR transcriptome is exclusively driven by AR-Vs so are a valuable model to study AR-

Vs in isolation. Twenty-four hour DNA-PKcs inhibition caused a significant reduction in AR/AR-

V target gene expression in multiple cell lines, which mimicked previous findings focusing on 

FL-AR-DNA-PKcs interplay; that showed AR target genes such as PSA and TMPRSS2 were 

downregulated upon inhibition of DNA-PKcs catalytic activity. Critically, the AR-V driven genes 

UBE2C and CCNA2 were downregulated in response to DNA-PKcs inhibition, indicating DNA-

PKcs regulates AR-Vs as well as FL-AR. These findings suggest DNA-PKcs is a co-regulator of 

AR-V transcriptional activity. However, this was not replicated in CWR22Rv1-AR-EK cells that 

were grown in steroid-depleted conditions; with AR-V target genes PSA and KLK2 not 

downregulated by NU7441, whereas UBE2C and CCNA2 were significantly downregulated 

(Figure 4.30A). Proliferation of CWR22Rv1-AR-EK cells was reduced after 96-hour treatment, 
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aligning with what was seen in steroid-proficient conditions (Figure 4.30B).  The GR may be 

less active in steroid-depleted conditions and DNA-PKcs inhibition could affect GR activity, 

therefore, in steroid-depleted conditions, diminished DNA-PKcs activity may not cause as 

significant of a response as had been observed in steroid-proficient conditions. Preliminary 

experiments to investigate this incorporated GR knockdown for 48 hours with subsequent 24-

hour DNA-PKcs inhibition. However, GR knockdown did not lead to a more significant 

reduction in AR target genes such as PSA in response to DNA-PKcs inhibition (Figure 4.30C). 

Another preliminary study was carried out to investigate if DNA-PKcs inhibition also caused a 

reduction in GR transcriptional activity by profiling some GR target gene expression. DNA-PKcs 

inhibition did not appear to consistently cause a reduction in GR target gene expression. This 

hypothesis could be the reason why DNA-PKcs inhibition in CWR22Rv1-AR-EK cells did not lead 

to a significant reduction to AR/AR-V target genes PSA and KLK2 in steroid-depleted 

conditions, but did downregulate the AR-V specific genes CCNA2 and UBE2C. However, further 

experiments are required to confirm this.  

AR-V protein levels were reduced upon DNA-PKcs inhibition in VCaP cells, indicating DNA-PKcs 

could regulate transcription of AR-Vs. The AR can regulate its own expression via recruitment 

to repressive elements in intron 2 of the AR gene (Cai et al., 2011). To interrogate if DNA-PKcs 

was causing a build-up of AR at these regions and therefore repressing AR-V expression, an 

AR ChIP in VCaP cells grown in SDM was performed. This revealed DNA-PKcs depletion does 

not significantly impact AR-V levels at three separate regions around the downstream 

response elements. However, because this was not using an AR-V specific antibody, and 

although the cells were in steroid depleted conditions, it is not possible to determine if this 

was FL-AR or primarily AR-V enrichment at these loci. An additional study incorporating 

enzalutamide to further block FL-AR chromatin binding would have been useful but was not 

possible due to time constraints. In an effort to further understand the role of DNA-PKcs in 

controlling AR-V abundance in PCa cells, I investigated if DNA-PKcs inhibition was causing 

enhanced turnover of AR-V protein by the proteasome. To do this, VCaP cells were co-treated 

with NU7441 plus the proteasome inhibitor carfilzomib to determine if this would rescue the 

AR-V protein levels. In response to single agent carfilzomib treatment, AR-V protein levels 

were increased, possibly because of a build-up of mono-ubiquitylated forms of the protein 

that are not degraded by the proteasome. In response to NU7441 there was no change the 



 

 

 115 

levels of these AR isoforms. Importantly, because transcription of AR-Vs is decreased in 

response to carfilzomib, as evidenced by decreased AR-V7 transcript levels (Figure 4.10), the 

western data suggests a degree of stabilisation of the higher molecular weight form of AR-V 

proteins at the expense of the unmodified forms. Work conducted by another laboratory 

member has characterised that the decrease in transcription of AR-Vs in response to 

proteasome inhibitor treatment is due to a build-up of AR-Vs at the AR downstream repressive 

element, previously discussed. The mechanism by which AR-V expression is impacted upon 

DNA-PKcs manipulation is interrogated further in Chapter 5.  

The chromatin biology surrounding DNA-PKcs-AR-V interplay showed DNA-PKcs is recruited 

to cis-regulatory elements of AR and AR-V target genes in several PCa cell lines. ChIP 

experiments were used to investigate (i) AR-V recruitment to target genes and if this is 

dependent on DNA-PKcs and (ii) DNA-PKcs recruitment to AR/AR-V target genes to determine 

if DNA-PKcs presence is required for AR activity and if it is dependent upon AR for chromatin 

binding at the cis-regulatory regions of target genes. In the Goodwin et al study, DNA-PKcs 

recruitment to AR target genes in C4-2 cells was shown to be dependent on AR activation with 

DHT, as DNA-PKcs recruitment at PSA and TMPRSS2 enhancers significantly increased 6-24 

hours post DHT treatment (Goodwin et al., 2015). To interrogate this mechanism in relation 

to AR-Vs, CWR22Rv1-AR-EK cells were used for AR and DNA-PKcs ChIP. AR-V recruitment to 

AR target genes was not significantly impacted upon NU7441 treatment at the PSA, KLK2, 

UBE2C and CCNA2 enhancers, indicating DNA-PKcs kinase activity is not critical for AR-V 

recruitment to chromatin to activate transcription. This was reflected in VCaP cells with DNA-

PKcs knockdown. However, because AR chromatin binding is not changed upon DNA-PKcs 

inhibition, that does not necessarily mean AR-Vs are able to actively transcribe genes in the 

absence of DNA-PKcs kinase activity. This could be investigated by interrogating phospho-RNA 

polymerase II ChIP to determine if active transcription is impacted by DNA-PKcs manipulation 

at the regions of interest.  DNA-PKcs was robustly recruited to the enhancers of several AR-V 

target genes, that was modestly dependent on DNA-PKcs kinase activity as inhibition with 

NU7441 caused a statistically significant, but modest reduction in recruitment to the PSA 

enhancer but only a slight reduction in DNA-PKcs recruitment to KLK2, UBE2C and CCNA2. To 

determine if this was dependent on AR-V recruitment, the DNA-PKcs ChIP was repeated with 

AR-V knockdown using an AR exon 1 targeting siRNA. This slightly reduced DNA-PKcs although 
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this was not statistically significant. This indicates DNA-PKcs recruitment to AR-V target genes 

in AR-V driven cell lines is not as dependent as DNA-PKcs is on FL-AR in hormone-proficient 

conditions. To provide a genome wide investigation of DNA-PKcs recruitment to regulatory 

regions of genes, ChIP-sequencing could be performed. Unfortunately, this is under-reported 

in the literature, with only one report of DNA-PKcs ChIP-sequencing evident; using both 

phospho-DNA-PKcs and one DNA-PKcs ChIP-sequencing experiment in MCF7 cells in response 

to oestrogen (Liu et al., 2014b, Bunch et al., 2015). This paucity of information may indicate 

difficulties in achieving reproducible ChIP experiments using the currently available anti-DNA-

PKcs antibodies. If successful though, DNA-PKcs ChIP-sequencing in prostate cells could be 

compared to AR/AR-V ChIP-sequencing to determine the level of overlap between DNA-PKcs 

and AR regulated genes and further support the notion of DNA-PKcs as an AR-V co-regulator.  

To validate the effect of DNA-PKcs inhibition in CRPC cell line models, DNA-PKcs depletion 

using siRNA was performed. Firstly, a DNA-PKcs smartpool consisting of 4 individual siRNA 

sequences was used to determine the effect on AR-V target gene expression and proliferation 

of cell lines. Surprisingly, this did not reflect what was seen in response to DNA-PKcs inhibition, 

with expression of several AR target genes increasing after 48 and 72 hours. In VCaP cells, 

however, AR target gene expression and AR-V7 and FL-AR transcript levels were all 

significantly downregulated after 48- and 72-hour DNA-PKcs depletion. Furthermore, DNA-

PKcs depletion caused a slight decrease in proliferation in CWR22Rv1 and CWR22Rv1-AR-EK 

cells, and a significant decrease in the VCaP cell line. The reason for the disparity between the 

cell lines and increased sensitivity the VCaP cells display in response to DNA-PKcs blockade 

remains largely unknown. However, I speculate that because of the AR gene amplification 

present in VCaP cells, making the cell line more heavily reliant upon AR/AR-V signalling, this 

could make them more sensitive to DNA-PKcs depletion. Alternatively, if there are off-target 

effects which could compromise the effect of DNA-PKcs depletion, CWR22Rv1 and 

CWR22Rv1-AR-EK cells may be more effected by this and that is why they show reduced 

impact of DNA-PKcs depletion. 

To investigate why DNA-PKcs inhibition with the smartpool was causing unexpected results, a 

deconvoluted siRNA screen of the four oligonucleotides was performed to determine the 

individual responses. In all three cell lines tested, each siRNA showed different effects on AR-

V target gene expression and proliferation. For example, siDNA-PK1 showed minimal 
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proliferative impact in CWR22Rv1-AR-EK, CWR22Rv1 and VCaP cells, or on AR-V target gene 

expression in CWR22Rv1-AR-EK and CWR22Rv1 cells. In contrast, individual siDNA-PKs 2-4 all 

caused a reduction in proliferation across the panel of cell lines as well as reductions in AR/AR-

V target gene expression which aligned well to the effects observed using DNA-PKcs inhibitors. 

Because using a pool of siRNA is beneficial due to the reduced chances of off-target effects 

due to the lower concentration used for each of the oligonucleotides, a new siDNA-PKcs pool 

was generated, consisting of siDNA-PKs 2-4 and tested in subsequent experiments to 

interrogate DNA-PKcs depletion in CRPC. This was to decipher kinase-dependent and kinase-

independent roles of DNA-PKcs in the panel of cell lines. The siDNA-PK2-4 pool of siRNAs 

showed significant down regulation of the AR-V target genes UBE2C and CCNA2 and 

demonstrated robust anti-proliferative effects in the CRPC cell lines.  

When the newer more selective DNA-PKcs inhibitors became available, these were compared 

to NU7441. SRB assays using NU5455, AZD7648 and NU7441 were performed to do a direct 

comparison of GI50 values. This showed NU5455 was the most potent compound, followed by 

NU7441 then AZD7648. Also, the proliferative and cell cycle effects upon NU5455 treatment 

was compared to NU7441. This showed at 5 µM, NU7441 significantly increased the 

percentage of cells that are in the sub-G1 phase, suggesting these cells have an apoptotic 

phenotype. Whereas 5 µM NU5455 caused the percentage of cells in the G1 phase to increase 

and the cells in S phase decrease, without a notable induction of sub-G1, which was consistent 

with what was seen upon DNA-PKcs knockdown. This could suggest this is the specific effect 

of DNA-PKs manipulation, whereas the 5 µM dose of NU7441 causing a large proportion of 

cells to be in the sub-G1 phase is likely due to the off-target effects of the compound at high 

doses.  

The two newer compounds also significantly impacted AR/AR-V target gene expression. This 

validated the effects observed with NU7441 was due to DNA-PKcs inhibition and not due to 

off-target effects of this first-generation agent, such as PI3K inhibition which has been 

reported at higher compound doses (Willoughby et al., 2020).  

Due to the promising effects of DNA-PKcs manipulation on AR-V transcriptional activity, a 

more global investigation of the transcriptional effects of DNA-PKcs inhibition and knockdown 

using RNA-sequencing was required. These experiments would comprehensively investigate 
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differential gene expression and identify additional pathways that are altered in PCa cells, in 

response to compromised DNA-PKcs function that could further expand our understanding of 

the pleiotropic roles of DNA-PKcs in advanced PCa.  
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Chapter 5 Investigating global transcriptomic effects of DNA-PKcs 

inhibition and knockdown in CRPC 

5.1 Introduction 

As described in Chapter 4, DNA-PKcs inhibition and knockdown leads to a reduction in AR 

target gene expression, suggesting DNA-PKcs plays a role in the regulation of AR-V 

transcriptional activity. Previously published microarray and RNA-sequencing datasets have 

shown DNA-PKcs regulates several other oncogenic pathways in PCa cell lines providing 

compelling evidence of its importance as a target in PCa. However, a limitation of these studies 

is that they have been conducted exclusively in FL-AR-driven cell lines and not in a specific AR-

V driven cell line. The role of DNA-PKcs in controlling AR-Vs is a key knowledge gap that by 

filling, would help better understand its role in AR-V biology and potentially highlight it as a 

viable therapeutic target in AR-V positive CRPC patients.  

Previous studies exploring the role of DNA-PKcs on global gene expression in the PCa cell line 

model C4-2 have demonstrated several pathways, such as Wnt signalling, MYC and E2F, are 

significantly downregulated upon DNA-PKcs blockade (Kothari et al., 2019, Dylgjeri et al., 

2019). The published AR-V transcriptome from depletion of AR-Vs using an AR exon 1 targeting 

siRNA in the CWR22Rv1-AR-EK cell line was analysed alongside published microarray and RNA-

sequencing data in C4-2 cells that were treated with 1 µM NU7441 for 24 hours (Kounatidou 

et al., 2019, Dylgjeri et al., 2019, Goodwin et al., 2015). The genes that are significantly 

differentially expressed (FC > 1.5 and adjusted p value < 0.05) in response to AR-V knockdown 

in CWR22Rv1-AR-EK cells or NU7441 treatment in C4-2 cells from microarray and RNA-

sequencing were compared. This revealed that out of 500 genes differentially expressed in 

response to DNA-PKcs inhibition, 19% are part of the AR-V transcriptome (Figure 5.1). Given 

that the DNA-PKcs experiments were carried out in C4-2 cells that express AR-Vs at a lower 

level than CWR22Rv1 and CWR22Rv1-AR-EK cells, and that the experiment was carried out in 

hormone-proficient conditions where AR-Vs will not be particularly active, this overlap was 

quite significant. This provided the rationale to carry out RNA-sequencing in the CWR22Rv1-

AR-EK cell line to determine the overlap of AR-V- and DNA-PKcs-regulated genes in an AR-V 

driven cell line model.   
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Figure 5.1 A notable number of genes in response to DNA-PKcs inhibition in C4-2 cells overlap with 
the AR-V transcriptome in CWR22Rv1-AR-EK cells.  

Significantly differentially-expressed genes in response to AR-V knockdown in CWR22v1-AR-EK cells 
and NU7441 treatment in C4-2 cells (Fold change > 1.5 and p value < 0.05). Raw counts were 
downloaded from GEO (Dylgjeri, GSE116765, Goodwin, GSE63480) and analysed for differential gene 
expression using DESeq2 (AREx1 and NU7441 (2019)) for RNA-sequencing and Limma for the 
microarray (NU7441(2015)).  

 

The generation of AR-Vs, such as AR-V7, arise due to alterations in splicing of AR pre-mRNA. 

This leads to the incorporation of CEs that translate to truncated versions of the FL-AR protein 

that lack the LBD while retaining the transcriptionally active NTD. It is not well-understood 

how these CEs are incorporated into mature transcripts. The splicing machinery, or 

spliceosome consists of small nuclear ribonucleoproteins and core proteins, and the inclusion 

or exclusion of exons and exclusion of introns is influenced by various splicing factors.  As 

previously discussed, there has been several splicing factors identified that play a role in the 

generation of alternatively spliced AR-Vs, such as Sam68, SFPQ, U2AF65 and ASF/SF2 (Stockley 

et al., 2015, Takayama et al., 2017, Liu et al., 2014a). Interestingly, there have been indications 

of DNA-PKcs regulating splicing-related genes from the two aforementioned microarray and 

CWR22Rv1-AR-EK (Kounatidou et al., 2019) C4-2 (Goodwin et al., 2015, Dylgjeri et al., 2019) 

19% 
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RNA-sequencing datasets in Figure 5.1. The authors analysed differentially expressed genes 

(DEGs) for pathways that were enriched or de-enriched in response to DNA-PKcs 

manipulation. Interestingly, this revealed that the spliceosome gene list was significantly 

downregulated in both data sets. This would be interesting to interrogate further as this could 

provide information on whether DNA-PKcs controls genes that are critical in regulating 

alternative splicing to enable AR-V generation in PCa.  

 

5.1.1 Aims 

Given what has been shown in the previous chapter, that DNA-PKcs inhibition and knockdown 

leads to down regulation of several AR/AR-V target genes and decreased proliferation of 

several PCa cell lines, it was important to further interrogate the mechanisms behind this 

response. It was also important to determine the global transcriptomic effects of DNA-PKcs 

inhibition as well as knockdown to distinguish between kinase and kinase-independent roles 

of DNA-PKcs in transcriptional regulation.  

To this end, two key studies will be undertaken: 

i. RNA-sequencing analysis will be conducted in CWR22Rv1-AR-EK cells compromised for 

DNA-PKcs function by either siRNA-mediated depletion or inhibition using NU7441, 

NU5455 or AZD7648 to provide a vital DNA-PKcs transcriptome in AR-V-driven PCa 

ii. Provide key mechanistic insight into DNA-PKcs-mediated regulation of AR-V 

abundance in PCa cells by interrogating publicly available datasets and splicing of AR-

Vs 
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5.2 Specific materials and methods 

5.2.1 RNA-sequencing experimental set-up 

Both DNA-PKcs inhibition and siRNA-mediated knockdown experimental arms were included 

in the RNA-sequencing experiment. CWR22Rv1-AR-EK cells were seeded at a density of 5 x 105 

in 6 mm dishes and reverse transfected with either siScr or siDNA-PKcs siRNAs. In the DMSO, 

NU7441, NU5455 and AZD7648 samples, non-targeting scrambled siRNA oligonucleotides 

were transfected into the cells and in the DNA-PKcs knockdown samples, the siDNA-PK2-4 

pool was transfected. 48 hours post siRNA transfection, DMSO or one of the three DNA-PKcs 

compounds were added to the media at a 1 µM dose for 24 hours before subsequent RNA 

isolation using the protocol described in section 3.3. 

 

Figure 5.2 RNA-sequencing experimental set up to determine the global transcriptomic effect on 
CWR22Rv1-AR-EK cells upon DNA-PKcs inhibition with NU7441, NU5455 and AZD7648 and 
knockdown with an siRNA pool of siDNA-PK2-4.  

5.2.2 RNA-sequencing analysis  

RNA-sequencing was carried out at Genewiz using the Illumina NovaSeq, 2x150bp 

configuration, with an estimated data output of ~20M raw paired-end reads per sample. Raw 

sequencing reads were quality checked using FastQC and MultiQC to ensure the data passed 

the necessary QC requirements prior to analysis, such as adapter content (Andrews, 2010). 
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Reads were then aligned to the human genome using STAR (Spliced Transcripts Alignment to 

a Reference) and then gene level counts were generated using featureCounts (Dobin et al., 

2013). Principle component analysis (PCA) was used to show clustering of the biological 

replicates, to ensure all samples could be used in downstream analysis. DESeq2 was then used 

to determine the FC and p values of genes that were altered upon DNA-PKcs inhibition using 

any of the 3 compounds or upon DNA-PKcs depletion using siRNA (Love et al., 2014). Stringent 

cut offs were then applied so final lists of DEGs included genes with an adjusted p value of < 

0.05 and had a log2 fold change (log2FC) of more or less than 0.58 (1.5-fold change), which 

are hereby referred to as significant DEGs (SDEGs).  

5.2.3 Gene set enrichment analysis 

Gene set enrichment analysis (GSEA) was performed using the complete lists of DEGs without 

any filtering for p value or FC (Subramanian et al., 2005).  These lists were ranked based on FC 

and input into the Broad Institute gene set enrichment tool. The lists were run against 

Hallmark and Kyoto Encyclopaedia of Genes and Genome (KEGG) gene sets to determine if 

differentially expressed genes significantly enrich genes involved in certain pathways. The 

resulting pathways were ranked based on their Normalised Enrichment score (NES). 

Interpretation of an enrichment plot is presented in Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

Downregulated genes Upregulated genes 

Enrichment 
score Leading edge genes 

Gene in gene list 

Figure 5.3 Interpretation of an enrichment plot from gene set enrichment analysis 



 

 

 124 

5.2.4 Immunoprecipitation 

Immunoprecipitation (IP) was used to validate specificity of antibodies used for RNA 

immunoprecipitation. CWR22Rv1-AR-EK cells were reverse transfected on the day of seeding 

with 5 µg GFP-RBMX plasmid in 90 mm dishes, and then re-transfected 48 hours later. 24 

hours after the second transfection, cells were trypsinised, pelleted and lysed in 1 mL of RIPA 

lysis buffer (Table 3.9) containing protease inhibitors (Roche) on ice for 30 mins. Samples were 

then sonicated using a Biorupter (Diagenode) on low for 3 x 30 seconds on/off cycles and then 

centrifuged at 15,000 x g for 15 minutes at 4°C. Supernatants were transferred to fresh 

Eppendorf tubes and 50 μL was taken from each sample as an input sample. 20 μL of protein 

G-Sepharose (PGS) beads were washed in RIPA lysis buffer (Table 3.9) and then added to 

remaining supernatants to pre-clear the lysates of non-specific proteins that bind to the beads 

and incubated at 4 °C with rotation for 1 hour. PGS beads were removed by centrifugation at 

500 x g for 5 minutes and transfer of pre-cleared supernatant to fresh Eppendorf tubes, before 

adding 2 μg of anti-GFP (Abcam) or isotype IgG control antibodies. The following day, 20 µL 

PGS beads were added to the antibody-lysate samples to bind antibody-protein complexes 

and incubated for 1-2 hours at 4 °C with rotation. Samples were then centrifuged at 500 x g 

for 5 minutes to pellet the beads and the supernatant was removed. Bead-antibody-protein 

complexes were washed twice with wash buffer A (PBS, 0.2% Triton X-100, and 350 mM NaCl), 

centrifuged at 500 x g for 5 minutes and washed once in wash buffer B (PBS and 0.2% Triton 

X-100). PGS beads were centrifuged at 500 x g for 5 minutes, the supernatant was removed 

then 50 µL SDS sample buffer (Table 3.10) was added to the beads and boiled for 10 minutes 

at 100 °C.  

5.2.5 Minigene-based splicing analysis 

PC3 cells were reverse transfected with 1 µg AR-V7 CMV-driven minigene reporter construct 

made up of exons 3, AR-V7-encoding CE3 and exon 4 separated by short stretches of adjoining 

intronic sequences. 8 hours post plasmid transfection, siRNA oligonucleotides were forward 

transfected into cells to a final concentration of 25 nM, as described in section 3.2, followed 

by a 72-hour incubation at 37 °C. RNA was then extracted as described in section 3.3, reverse 

transcribed (section 3.4) and qRT-PCR analysis was performed (section 3.5) using the primer 

pairs shown in Figure 5.4 and Table 3.6.  
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Figure 5.4 Minigene construct diagram with the resulting mRNA for mini-AR-V7 and mini-FL-AR with 
the primer pair locations for each product.  

 

5.2.6 Differential splicing analysis 

RNA-sequencing data was analysed using SUPPA2 to detect differential splicing events in 

response to DNA-PKcs knockdown (Trincado et al., 2018). This was carried out by Graham 

Smith at the Newcastle University Bioinformatics support unit. The complete lists of 

differential splicing events plus a volcano plot of differential splicing events with the significant 

genes highlighted was returned, and I then quantified the number of splicing events in each 

category (e.g., alternative first exon or skipped exon) and applied a significance cut-off. These 

lists were input into PRISM to generate pie-charts. 

  



 

 

 126 

5.3 Results 

5.3.1 Sample validation  

Considering results with the inhibitors NU7441 and NU5455 varied at different times in the 

project, potentially by batch variation or by poor freeze-thaw stability of the compounds, an 

AstraZeneca commercialised compound, AZD7648 was purchased and included in the RNA-

sequencing experiment. This inhibitor showed similar effects to the two NU compounds with 

a greater than 50% reduction of cell number when treated with 1 µM for 5 days in CWR22Rv1-

AR-EK cells (Figure 5.5A), and as previously shown, impacts AR/AR-V target gene expression 

after 24-hours treatment (Figure 4.28).  

AR and AR-V target gene expression were also analysed in the samples that were being 

sequenced to confirm DNA-PKcs knockdown and to determine if the effects that had been 

seen previously on AR target genes were reproduced in these samples. Although the impact 

on AR target gene expression was not as pronounced as what had been observed earlier in 

the project (Figure 5.5), there was an impact on canonical AR and AR-V-driven gene 

expression. Furthermore, the anti-proliferative effects of DNA-PKcs blockade and depletion 

were consistent with previous observations in Chapter 4, so the samples were submitted for 

RNA-sequencing.  

 

A.  
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Figure 5.5  NU7441, NU5455, AZD7648 and knockdown of DNA-PKcs all show similar effects on 
CWR22Rv1-AR-EK proliferation after 5 days and selectively impact AR/AR-V target gene expression.  

CWR22Rv1-AR-EK cells were reverse transfected with either siScr or siDNA-PK2-4 and incubated for 48 
hours prior to 24 hour 1 µM DNA-PK inhibitor treatment. Cell counts (A) and qRT-PCR analysis of AR 
target genes (B) was performed after 5 days and 24 hours, respectively. Graphs show an average of 
three repeats ± SEM (* = p <0.05, ** = p <0.01, *** = p <0.001, **** = p <0.0001). 
 
5.3.2 Quality control of RNA-sequencing samples 

The quality of the RNA-sequencing data was analysed using the MultiQC and FastQC tools. As 

shown in the summary report in Figure 5.6, the samples passed the necessary requirements 

for downstream analysis. The parameter that appeared as ‘failed’ in the report was sequence 

duplication, which is expected to fail for RNA-sequencing due to the presence of highly 

expressed genes. For all samples, no adapter contamination over 0.1% was detected meaning 

B.  
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no trimming had to be done to the reads. Per sequence quality for all samples passed the 

quality checks, again meaning no trimming had to be carried out. Figure 5.6B shows the 

average lengths of the reads in the sample, confirming that 150 bp sequencing was performed. 

Figure 5.6C shows the per base quality score across the read for one of the control samples 

and Figure 5.6D shows the average per base quality scored across every sample and three 

replicates.  

 

 

A. 
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Figure 5.6 FastQC report generated with MultiQC showed the RNA-sequencing data passed the 
necessary quality controls.  

A. MultiQC summary report for the parameters checked by FastQC. Each sample and replicate is shown 
(for example DJ01_541__R1 is the forward strand for replicate 1 for the NU5455 samples) Individual 

B.  

C.  

D.  
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reports are shown for (B) sequence length distribution, (C) per base quality scored and (D) mean quality 
scored for all samples. 
5.3.3 Principal component analysis  

Using R Studio, PCA was performed to determine how much the inter-experimental repeats 

cluster together which will provide confidence in the data that will subsequently be derived 

from differential gene expression analysis. The PCA plot shows clustering of the individual 

triplicate samples of the 5 experimental arms, control (DMSO), NU7441, NU5455, AZD7648 

and KD (siDNA-PKcs) indicating consistency between inter-experimental repeats (Figure 5.7). 

Furthermore, the data shows separation of the individual DNA-PKcs inhibitors and knockdown 

experimental arms suggesting distinct gene expression signatures were detected across the 

different DNA-PKcs manipulations.  

 

Figure 5.7 Principal component analysis of RNA-sequencing data shows clustering of intra-
experimental repeats of each experimental arm.  

RNA-sequencing data was input into R studio after genome alignment and quantification. The gene 
count matrix was input to a principal component analysis to reveal clustering of each experimental 
arm. A key indicating the different experimental arms is provided to the right of the plot. 

 

5.3.4 Differential gene expression using DESeq2  

Differential gene expression analysis for all experimental arms was performed using the 

DESeq2 package in R Studio. Gene lists were filtered to capture only genes that were up- or 

down-regulated by more than 1.5-FC and were statistically significant (adjusted p value < 

0.05).  These genes are subsequently described as significant differentially expressed genes 
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(SDEG). Table 5.1 shows the numbers of differentially- and significantly DEGs. Importantly, 

DNA-PKcs knockdown was confirmed in the RNA-sequencing data with an average fold change 

of -9.78 (p adjusted = 1.7x10-177). DNA-PKcs inhibition with NU7441, NU5455 and AZD7648 

caused 27, 1195 and 44 SDEGs, respectively, and DNA-PKcs siRNA knockdown caused 3827 

SDEG. Critically, this is the first time that the distinct transcriptomic effects of different DNA-

PKcs inhibitors has been compared head-to-head and the differences in SDEGs between 

experimental arms was not expected. I speculate that this difference in SDEG numbers 

between the treatment arms may reflect different activities of the compounds in the cells, 

such as differences in intracellular concentration of the compounds over time that could 

impact the duration of DNA-PKcs inactivation. Alternatively, differences in DNA-PKcs structure 

when bound to the distinct compounds could cause differences in the DNA-PKcs interactome 

or DNA-binding capacity that could alter biological effects downstream. Because NU5455 and 

DNA-PKcs depletion caused the greatest level of change in the transcriptome, these arms were 

plotted as an MA plot, alongside NU7441 and AZD7648 treatments, to visualise the direction 

and extent of change in all the DEGs (Figure 5.8). This showed that DNA-PKcs depletion not 

only caused a greater number of genes to change, but the fold up- and down-regulation was 

greater as evidenced by the larger spread of points towards the outer edges of the plots.  
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Table 5.1 Lists of differentially expressed and significant differentially expressed genes in response to 
DNA-PKcs inhibition and knockdown in CWR22Rv1-AR-EK cells 

siDNA-PKcs 

n=4629 

n=4581 
NU5455 

n=2652 

n=3502 

Figure 5.8 MA plots show the number of up and down regulated genes in response to DNA-PKcs 
knockdown and inhibition with NU7441, AZD7648 and NU5455.   

N=number of genes either up or down regulated LFC ±0. Blue dots represent any genes that have a 
p value < 0.05, with no fold change cut off applied. 

NU7441 

n=274 

n=417 

n=193 

n=179 

AZD7648 
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The SDEG lists from the three DNA-PKcs inhibitors were compared to determine if there were 

overlapping genes. The largest overlap was seen between NU7441 and NU5455; with 89% of 

SDEGs in response to NU441 also observed in the NU5455-treated SDEG list. Given the low 

number of DEGs in the AZD7648 and NU7441 treated experimental arms, there was just 2 

genes that overlapped between all 3 compounds, TWIST1 and PDK4 (Figure 5.9). Interestingly, 

when determining the direction of change, PDK4 was upregulated across the three data sets 

and TWIST1 was downregulated across the three data sets, providing confidence that these 

are genuine DNA-PKcs-regulated genes, and that the response was consistent, independently 

of which inhibitor was used.  

 

TWIST1 

PDK4 

Figure 5.9 Comparison of overlapping significantly differentially expressed genes in response to 
DNA-PKcs inhibition shows TWIST1 and PDK4 are commonly down- and upregulated, respectively. 
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Given our interest in examining global regulation of AR-V transcriptional activity by DNA-PKcs, 

gene lists were subsequently compared with a previously published in-house AR-V gene-list, 

generated by the host laboratory, in which CWR22Rv1-AR-EK cells were subject to 48-hour 

siRNA-mediated knockdown of AR-Vs prior to RNA-sequencing (Kounatidou et al., 2019). 

Importantly, this RNA sequencing data was re-analysed using the same DESeq2 bioinformatic 

pipeline and filtering that had been applied to analyse the DNA-PKcs datasets.  

Firstly, the effect of DNA-PKcs inhibition using NU7441, NU5455 and AZD7648 was compared 

to the in-house AR-V regulated gene-set (referred to as siAR-V gene-set). Of the 1169 genes 

that are significantly differentially expressed by AR-V depletion, 12% (142/1169) were 

significantly differentially expressed upon DNA-PKcs inhibition and 41% (474/1169) were 

significantly differentially expressed upon DNA-PKcs depletion (Figure 5.10). This level of 

overlap suggests AR-Vs require DNA-PKcs presence more than its catalytic activity for 

transcriptional regulation. Due to the higher percentage overlap of the AR-V transcriptome 

with DNA-PKcs depletion, this suggests DNA-PKcs may play an important scaffolding role in its 

regulation of AR-V activity.  

 

 

 

 

 

 

 

 

 

AR-V/DNA-PKcs inhibition SDEG overlaps      AR-V/DNA-PKcs knockdown SDEG overlaps
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Figure 5.10 Significantly differentially expressed genes comparisons between the AR-V 
transcriptome and genes differentially expressed in response to DNA-PKcs inhibition and depletion 
reveal a significant overlap between AR-V and DNA-PKcs knockdown transcriptomes. 

Differentially expressed genes were determined using DESeq2 and the significantly differentially 
expressed genes (p < 0.05, log2 fold change > ±1.5) were compared using Molbiotools.com. 

 

 

To examine the direction of change in the gene lists, siAR-V downregulated genes and siDNA-

PKcs downregulated genes were compared and conversely, siAR-V upregulated and siDNA-

PKcs upregulated genes were compared to determine the percentage overlaps. This revealed 

that 43% (276/644) of genes significantly downregulated by AR-V depletion were also 

significantly downregulated by DNA-PKcs depletion. Furthermore, 30% (155/525) of genes 

significantly upregulated by AR-V depletion were also significantly upregulated by DNA-PKcs 

depletion (Figure 5.11). This data further supports the hypothesis that DNA-PKcs presence is 

required for AR-V transcriptional activity.  

 

Figure 5.11 Comparisons between common significantly downregulated and upregulated genes 
between siAR-V and siDNA-PKcs show a considerable number of SDEGs shared between the two 
transcriptomes.  

Differentially expressed genes were determined using DESeq2 and the significantly differentially 
expressed genes (p <0.05, fold change > ±1.5) were separated into up-and downregulated lists and 
compared using Molbiotools.com.  
 

For the three DNA-PKcs inhibition arms, the greatest number of SDEGs were as result of the 

NU5455 compound. Therefore, this gene list was taken forward to compare with the DNA-

Significantly downregulated genes   Significantly upregulated genes 
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PKcs knockdown arm. There were 370 commonly SDEGs between the two datasets. To further 

interrogate the difference in roles between DNA-PKcs kinase and non-kinase activity, the 

clustering of genes were determined compared to the control arm (Figure 5.12A). There are 

distinct clusters of genes that show opposite directions of gene expression changes in 

response to DNA-PKcs manipulation. For example, there are clusters of genes that are 

downregulated in response to DNA-PKcs knockdown but upregulated in response to DNA-PKcs 

inhibition. Conversely, there are clusters of genes that are upregulated in response to DNA-

PKcs knockdown but downregulated in response to DNA-PKcs inhibition. Similarly, when 

looking at just the 370 common SDEG lists, the clusters of genes that have opposite directions 

of gene expression changes can again be seen in the heat map (Figure 5.12B).  

 

Figure 5.12 Heat map showing significant differentially expressed genes in response to DNA-PKcs 
inhibtion with NU5455 and DNA-PKcs depletion 

Lists of all significant differentially expressed genes in response to DNA-PKcs inhibition (NU5455) and 
DNA-PKcs depletion (KD) were determined using DESeq2 were plotted as a heat map to determine the 
direction of change of gene expression compared to the control samples.  

 

A. B. All SDEGs 370 common SDEGs 
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5.3.5 Gene set enrichment analysis reveals pathways that are impacted in response to DNA-

PKcs manipulation 

To identify what pathways were altered in response to DNA-PKcs manipulation, GSEA was 

performed using KEGG and Hallmarks gene lists. The complete gene lists without any pre-

filtering for all four-treatment arms from DESeq2 were input into the GSEA tool by the Broad 

Institute (Subramanian et al., 2005, Mootha et al., 2003). 

 

Table 5.2 Number of significantly differentially expressed KEGG pathways in response to DNA-PKcs 
inhibition and depletion of DNA-PKcs 

Treatment Number of downregulated 
pathways (nominal p value <0.05)  

Number of upregulated pathways 
(nominal p value <0.05)  

siDNA-PKcs 34 8 

NU5455 48 1 

NU7441 30 3 

AZD7648 9 7 

 

Focussing on the downregulated pathways upon DNA-PKcs manipulation, the top 10, or in the 

case of AZD7648, the only significant pathways (nominal p value < 0.05 and false discovery 

rate (FDR) < 25%) that were downregulated pathways have been tabulated (Table 5.3) with 

their normalised enrichment score (NES).  Comparison between the DNA-PKcs inhibition 

pathways revealed three were common between all three compounds and are DNA 

replication, p53 signalling pathway and cell cycle.  

Table 5.3 Downregulated KEGG pathways with their normalised enrichment scores in response to 
three DNA-PKcs inhibitors and depletion of DNA-PKcs 

Downregulated gene set (NU5455) NES Nominal p value FDR q value 

Ribosome -2.43 0.000 0.000 

Neuroactive Ligand Receptor Interaction -2.24 0.000 0.000 

Drug Metabolism Cytochrome P450 -2.18 0.000 0.000 

Metabolism of Xenobiotics by Cytochrome P450 -2.17 0.000 0.000 
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Drug Metabolism other Enzymes -1.98 0.000 0.001 

Cytokine Cytokine Receptor Interaction -1.93 0.000 0.004 

Starch and Sucrose Metabolism -1.93 0.000 0.003 

Cardiac Muscle Contraction -1.91 0.000 0.004 

Dilated Cardiomyopathy -1.90 0.000 0.003 

Parkinsons Disease -1.89 0.000 0.004 

 

Downregulated gene set (NU7441) NES Nominal p value FDR q value 

DNA Replication -2.51 0.000 0.000 

Parkinsons Disease -2.44 0.000 0.000 

 Spliceosome -2.30 0.000 0.000 

 Cell Cycle -2.24 0.000 0.000 

 Oxidative Phosphorylation -2.21 0.000 0.000 

 Base Excision Repair -2.05 0.002 0.002 

 Huntingtons Disease -2.05 0.000 0.002 

 Mismatch Repair -2.00 0.000 0.003 

 Cardiac Muscle Contraction -1.94 0.000 0.006 

 Ribosome -1.92 0.000 0.007 

 

Downregulated gene set (AZD7648) NES Nominal p value FDR q value 

Cell Cycle -1.95 0.000 0.016 

Mismatch Repair -1.93 0.002 0.011 

 P53 Signaling Pathway -1.86 0.000 0.024 

 Homologous Recombination -1.85 0.007 0.020 

 DNA Replication -1.81 0.000 0.027 
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Oocyte Meiosis -1.74 0.000 0.051 

Nucleotide Excision Repair -1.62 0.011 0.134 

 Progesterone Mediated Oocyte Maturation -1.61 0.004 0.12 

Table 5.4 Commonly downregulated KEGG pathways between DNA-PKcs inhibition with NU5455 and 
depletion of DNA-PKcs 

DNA Replication P53 Signalling 
Pathway 

Spliceosome Homologous 
Recombination 

Proteasome 

Pyrimidine 
Metabolism 

Parkinson’s Disease Base Excision 
Repair 

N Glycan 
Biosynthesis 

Oxidative 
Phosphorylation 

Huntington’s 
Disease 

Purine Metabolism Cell Cycle 

Downregulated gene set (siDNA-PKcs) NES Nominal p value FDR q value 

Cell Cycle -3.07 0.000 0.000 

DNA Replication -2.60 0.000 0.000 

P53 Signalling Pathway -2.35 0.000 0.000 

Spliceosome -2.34 0.000 0.000 

Mismatch Repair -2.32 0.000 0.000 

Oocyte Meiosis -2.27 0.000 0.000 

Homologous Recombination -2.25 0.000 0.000 

Nucleotide Excision Repair -2.19 0.000 0.000 

Progesterone Mediated Oocyte Maturation -2.06 0.000 0.001 

Proteasome -2.02 0.000 0.001 
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Figure 5.13 DNA-PKcs regulates several KEGG gene-sets. 

DEG lists from NU7441, NU5455, AZD7648 and siDNA-PKcs treatment in CWR22Rv1-AR-EK cells were 
compared to KEGG gene lists using GSEA. Graphs show the top 10 negatively enriched pathways (8 for 
AZD7648) with a p value < 0.05 and FDR < 25% and the only positively enriched pathways with a p 
value < 0.05 and FDR < 25%. NES = normalised enrichment score.  

The hallmarks gene sets from GSEA were also analysed for enrichment post DNA-PKcs 

inhibition using NU5455, as this was the DNA-PKcs inhibitor dataset that caused the most 

genes to be differentially expressed, and DNA-PKcs knockdown. There were 26 hallmark 

pathways downregulated by DNA-PKcs depletion and 31 by DNA-PKcs inhibition. There were 

17 commonly downregulated pathways in both the knockdown and inhibition arms, including 

MYC targets V1 and V2 (Table 5.7). DNA-PKcs has previously been shown to phosphorylate 

MYC and modulate the stability of MYC (An et al., 2008, Iijima et al., 1992). These pathways, 

as well as E2F targets and others, were also shown to be significantly down regulated in 

previous RNA sequencing data in the prostate cancer cell line C4-2 after DNA-PKcs inhibition 

with NU7441 (Dylgjeri et al., 2019)(Figure 5.14).   

Table 5.5 Number of significantly differentially expressed Hallmark pathways in response to DNA-
PKcs inhibition and depletion of DNA-PKcs 

Treatment Number of downregulated 
pathways (nominal p value 
<0.05) 

Number of upregulated 
pathways (nominal p value 
<0.05) 

siDNA-PKcs 26 0 

NU5455 31 1 
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Table 5.6 Common downregulated Hallmark pathways with their normalised enrichment scores in 
response DNA-PKcs inhibition with NU5455 and depletion of DNA-PKcs 

Hallmarks 

Downregulated gene set (siDNA-PKcs) 

NES Nominal p value FDR q value 

E2F Targets -3.44 0.000 0.000 

G2M Checkpoint -3.30 0.000 0.000 

Mitotic Spindle -2.65 0.000 0.000 

MTORC1 Signalling -2.43 0.000 0.000 

MYC Targets V1 -2.40 0.000 0.000 

Spermatogenesis -2.34 0.000 0.000 

UV Response Up -2.34 0.000 0.000 

Oestrogen Response Late -2.13 0.000 0.000 

Unfolded Protein Response -2.02 0.000 0.000 

DNA Repair -1.99 0.000 0.000 

Hallmarks 

Downregulated gene set (NU5455) 

NES Nominal p value FDR q value 

 MYC Targets V2 -2.61 0.000 0.000 

 MYC Targets V1 -2.50 0.000 0.000 

 E2F Targets -2.05 0.000 0.000 

 Oxidative Phosphorylation -2.05 0.000 0.000 

 KRAS Signalling Dn -1.97 0.000 0.000 

 Interferon Gamma Response -1.96 0.000 0.000 

 Interferon Alpha Response -1.93 0.000 0.000 

 Oestrogen Response Early -1.90 0.000 0.000 

 Epithelial Mesenchymal Transition -1.88 0.000 0.001 

Adipogenesis -1.81 0.000 0.002 
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Figure 5.14 DNA-PKcs regulates dysregulation to several hallmark gene sets. 

DEG lists from both NU5455 and siDNA-PKcs treatment in CWR22Rv1-AR-EK cells were compared to 
Hallmark gene lists using GSEA. Graphs show the top 10 negatively enriched pathways with a p value 
< 0.05 and FDR < 25%. NES = normalised enrichment score.  

Table 5.7 Commonly downregulated hallmark pathways between DNA-PKcs inhibition and 
depletion.  

G2M Checkpoint MTORC1 Signalling MYC Targets 
V1 

UV Response UP Oestrogen 
Response Late 

Unfolded Protein 
Response 

DNA Repair Glycolysis MYC Targets V2 Androgen 
Response 

Hypoxia Oxidative 
Phosphorylation 

Oestrogen 
Response Early 

P53 Pathway E2F Targets 
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IL2 STAT5 Signalling Adipogenesis 

5.3.6 DNA-PKcs inhibition and knockdown downregulates the androgen response 

DNA-PKcs knockdown and inhibition using NU5455 both caused a significant downregulation 

in the Hallmark androgen response gene-set. DNA-PKcs inhibition caused a NES of -1.49 (p 

value 0.016) and DNA-PKcs depletion caused a NES of -1.9 (p value <0.001) for the androgen 

response pathway, further supporting the hypothesis that DNA-PKcs is a transcriptional 

regulator of the AR/AR-Vs. Given the level of overlapping SDEGs between the AR 

transcriptome and DNA-PKcs depletion datasets, DNA-PKcs depletion caused a greater, more 

significant reduction on the androgen response. The Hallmark pathway analysis includes an 

androgen response gene list, whereas the KEGG pathway analysis do not, hence this pathway 

was not detected in the KEGG GSEA described previously.  

Interestingly, known regulators of the androgen response such as AURKA, encoding Aurora 

Kinase A, and EZH2, Enhancer of zeste homolog 2, were significantly down-regulated upon 

DNA-PKcs knockdown with a fold change of -4.5, p = 7x10-70 (AURKA) and -2.2, p = 7x10-41 

(EZH2). Aurora Kinase A regulates the cell cycle and is associated with AR expression in PCa. 

Its expression was shown to be induced by DHT stimulation in LNCaP cells as a consequence 

of AR binding to an intronic enhancer region of the AURKA gene (Kivinummi et al., 2017). 

NU5455 siDNA-PKcs 

NES = -1.49 

p = 0.016 

NES = -1.9 

p = <0.001 

Figure 5.15 DNA-PKcs depletion and inhibition causes a significant downregulation of the 
androgen response in CWR22Rv1-AR-EK cells.  

Unfiltered differentially expressed gene lists from both NU5455 and siDNA-PKcs treatment in 
CWR22Rv1-AR-EK cells were analysed for differentially enriched Hallmark gene lists using GSEA. 
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Furthermore, Aurora kinase A has been shown to regulate AR-Vs by modulating splicing; 

depletion of Aurora kinase A reduced AR-V protein levels and therefore AR-V target genes 

such as UBE2C (Jones et al., 2017). EZH2 has also been identified as an AR co-regulator by 

directly binding to the AR, and is involved in PCa progression (Liu et al., 2019, Varambally et 

al., 2002). Interestingly, EZH2 depletion was shown to enhance a double stranded RNA-STING 

pathway leading to increased antigen presentation and interferon response and therefore 

increasing the anti-tumour response of checkpoint inhibition in PCa (Morel et al., 2021). This 

could be important when determining other mechanisms by which DNA-PKcs manipulation 

exerts anti-cancer effects and may provide a rationale for drug combination approaches. 

However, it is not known what role EZH2 plays in AR-V regulation.  

5.3.7 DNA-PKcs inhibition and knockdown downregulates genes involved in the spliceosome 

The emergence of AR-Vs during hormonal therapy (ADT and/or anti-androgens) is due, 

principally, to alternative splicing of full-length AR pre-mRNA transcripts. Interestingly, the 

spliceosome KEGG pathway was significantly downregulated for all but the AZD7648 

treatment arms: DNA-PKcs depletion caused a NES of -2.3 (p value < 0.0001); inhibition with 

NU5455 caused a NES of -1.8 (p value < 0.0001); and NU7441 caused a NES of -2.3 (p value < 

0.0001). All DEGs with their corresponding LFC values in the spliceosome gene list are 

presented in Appendix 8.1, and the DEGs that are ‘core enriched’ and contribute to the 

leading-edge subset of genes that are shared between the NU5455 and siDNA-PKcs treatment 

arms are tabulated (Table 5.8). Given the downregulatory effect of compromising DNA-PKcs 

activity on AR-V7 transcript levels which was particularly evident in VCaP cells (Figure 4.10), it 

was speculated that differentially-expressed genes within this spliceosome gene set may offer 

insight into splicing factors that regulate the synthesis of AR-Vs. In addition, it was necessary 

to determine what the impact of this change in spliceosome-associated genes would be on 

global splicing. To establish this, SUPPA2 was applied to the siDNA-PKcs RNA sequencing data 

to perform differential splicing analysis. SUPPA2 provides a value that represents the 

difference in percentage spliced-in (PSI) abundances between two conditions (ΔPSI). The 

siDNA-PKcs data was used for the splicing analysis as this was the treatment that caused the 

lowest NES and has the largest number of splicing genes that are significantly differentially 

expressed (Figure 5.16). 
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Table 5.8 Overlapping ‘core enriched’ spliceosome genes between NU5455 and siDNA-PKcs. 

ALYREF HNRNPC LSM4 PRPF3 SF3B3 SNRPC SRSF3 
BCAS2 HNRNPK LSM5 PRPF4 SF3B4 SNRPD1 SRSF6 
CHERP HNRNPM LSM6 PUF60 SF3B5 SNRPD2 SRSF7 
CTNNBL1 HSPA1A MAGOH RBM17 SMNDC1 SNRPD3 TCERG1 
DDX46 HSPA1B MAGOHB RBM22 SNRNP40 SNRPE THOC3 
DHX15 HSPA1L NCBP1 RBMX SNRPA SNRPF TRA2A 
EFTUD2 HSPA8 NCBP2 SART1 SNRPA1 SNRPG TXNL4A 
EIF4A3 LSM2 PCBP1 SF3A2 SNRPB SRSF1 U2AF2 
HNRNPA1L2 LSM3 PPIH SF3A3 SNRPB2 SRSF2 XAB2 

A. B. 

C.
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Figure 5.16 Differential splicing analysis reveals genes that are significantly alternatively spliced in 
response to DNA-PKcs knockdown 

CWR22Rv1-AR-EK cells were depleted of DNA-PKcs before RNA-sequencing. Data was analysed for 
differential splicing using SUPPA2. A. Events that passed a ΔPSI ± 0.2 were plotted. B. Events that 
passed a p value cut off of < 0.05 were plotted. C. Volcano plot of differential splicing events with 
events that passed the cut offs of false discovery rate < 0.05 and ΔPSI of 0.6 were annoted with their 
gene ID.  

The differential splicing analysis revealed there were 358 significant (p < 0.05) alternative 

splicing events in response to DNA-PKcs depletion, although the androgen receptor was not 

present in this list. However, in the previous chapter, VCaP cells showed the most noticeable 

change in AR-V transcript levels upon DNA-PKcs manipulation whereas in CWR22Rv1-AR-EK 

and CWR22Rv1 the changes were more subtle (Figure 4.18 and Figure 4.19), so this may not 

be unexpected.  

Focussing on NU5455 and siDNA-PKcs, as these treatment arms had the most DEGs that were 

included in the leading edge ‘core enriched’ spliceosome-associated genes, the gene lists were 

compared with a published RNA-sequencing data set to provide a list of spliceosome genes 

that may be involved in AR-V splicing. The published RNA sequencing dataset is from VCaP 

cells that had been treated with either synthetic androgens (R1881) or R1881 plus the anti-

androgen darolutamide (Baumgart et al., 2020). Treatment with anti-androgens in the VCaP 

cell line has been shown to upregulate the production of AR-Vs in response to FL-AR inhibition. 

This was confirmed in house, where 24-hour darolutamide treatment caused an increase in 

AR-V7 protein levels (Figure 5.17A). Therefore, genes from the spliceosome gene list that are 

upregulated in response to darolutamide, and show concurrent downregulation in response 

to DNA-PKcs inhibition/knockdown, may be responsible for or contribute to alternative 

splicing required to produce AR-Vs. This comparative exercise could support validation studies 

of splicing factors deemed important for AR-V synthesis.  

GSEA of the most downregulated spliceosome-associated genes by DNA-PKcs inhibition and 

depletion showed a positive and statistically significant enrichment in the VCaP-Darolutamide 

data set. The downregulated spliceosome genes in response to DNA-PKcs inhibition showed a 

NES of 1.8, p < 0.001 and DNA-PKcs depletion showed a NES of 1.4, p = 0.04 when aligned to 

the splicing-associated genes up-regulated in response to darolutamide treatment in VCaP 
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cells. The overlapping upregulated genes from both lists were then plotted in a heatmap 

(Figure 5.17B) with the splicing-associated genes shown to the right. To reiterate, the genes 

up-regulated in the heat-map (shown in red) are those that show: (i) elevated expression in 

response to darolutamide (AR-V synthesis is activated) and (ii) down-regulated expression 

when DNA-PKcs activity is compromised (AR-V levels are decreased).  

To visualise the level of upregulation in response to darolutamide in VCaP cells, the genes 

were plotted in a volcano plot (Figure 5.18A). Then, to narrow down the list of splicing factors 

that could be investigated further, using the tumour vs normal dataset from TCGA that was 

previously analysed (Chapter 4), it was determined if each of the 34 splicing genes were 

upregulated in tumour samples. The genes with a 10% increase in expression in tumour 

samples (log2 fold change over 0.13) are plotted in Figure 5.18B. From this list, RBMX was 

taken forward for validation as a regulator of AR-V splicing.  

Reassuringly, when DNA-PKcs counts were extracted from the RNA-sequencing data, this 

showed DNA-PKcs is also significantly upregulated in response to darolutamide, correlating 

with expression of the splicing factor, RBMX, as well as the AR-V regulated gene CCNA2. This 

further backed-up the hypothesis that DNA-PKcs regulation of RBMX expression leads to AR-

V generation (Figure 5.17C). 
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B. 

Figure 5.17 DNA-PKcs regulated genes involved in the spliceosome, which are upregulated in 
response to darolutamide in VCaP cells 

Lists of differentially expressed genes in response to DNA-PKcs manipulation were input into GSEA. 
The most downregulated genes were compared to a published RNA-sequencing dataset. 
Overlapping genes were plotted in a heat map. Log2 counts and p values from DESeq2 of RBMX, 
PRKDC and CCNA2 were extracted and plotted using Prism 

C. 

A. 

1 nM R1881 
+ 2 µM Darolutamide

1 nM R1881 

* 

34 ‘core enriched’ genes from 
VCaP darolutamide data sets  

NU5455 spliceosome ‘core 
enriched’ genes 

NES = 1.4 
p value = 0.04 

VCaP, R1881 + 2 µM Darolutamide vs R1881 alone (Baumgart et al, 2020) 
siDNA-PKcs spliceosome ‘core 

enriched’ genes 

NES = 1.8 
p value = <0.001 
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Figure 5.18 RBMX was significantly upregulated in response to darolutamide in VCaP cells and in 
tumour vs normal samples.  

A. The 34 spliceosome genes that are downregulated in response to DNA-PKcs inhibition and depletion 
and upregulated in response to darolutamide are presented in a volcano plot and highlighting RBMX.
B. The genes that are upregulated by 10% in matched tumour vs normal samples from the list of 34
genes are presented, highlighting RBMX with an Asterix.

5.3.8 Splicing regulation involving DNA-PKcs and RBMX controls androgen receptor variant 

synthesis 

To validate that DNA-PKcs impacted AR-V mRNA levels, the VCaP cell line, that selectively 

expresses AR-Vs under certain conditions, was used. This allows interrogation of AR-V 

generation as they are largely upregulated in response to being cultured in steroid-depleted 

conditions, rather than CWR22Rv1-AR-EK cells that constitutively express AR-Vs irrespective 

of growth conditions. VCaP cells were incubated in steroid-depleted conditions for 48 hours 

prior to treatment with 1 µM of the DNA-PKcs inhibitor NU5455 for 24 hours. DNA-PKcs 

inhibition using NU5455 significantly downregulated the expression of several AR-Vs, AR-V1, 

AR-V6, AR-V7 and AR-V9 (Figure 5.19). Downregulation of AR-V mRNA following DNA-PKcs 

knockdown was shown in Chapter 4 and is validated further in Section 5.3.9.  

A. B. 
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Figure 5.19 DNA-PKcs inhibition and depletion decreases expression of several AR-V transcripts. 

VCaP cells seeded and grown in steroid-depleted conditions for 48 hours then 24 hours treatment with 
1 µM NU5455 before being subject to RT-qPCR analysis of AR-V1, AR-V6, AR-V7 and AR-V9 levels Data 
represents the mean of three repeats ± SEM. An unpaired t test was used to determine the statistical 
significance (** = p < 0.01, *** = p < 0.001, **** = p < 0.0001). 

To confirm expression of RBMX is impacted by DNA-PKcs inhibition and depletion, and 

correlated with AR-V synthesis, CWR22Rv1-AR-EK cells were subject to DNA-PKcs inhibitor 

treatment and DNA-PKcs depletion for 24 hours and 72 hours, respectively. Consistent with 

the in silico predictions made from the RNA-sequencing data, RBMX transcript levels were 

significantly reduced in response to selective DNA-PKcs inhibition with NU5455 and DNA-PKcs 

knockdown (Figure 5.20A). NU7441 and AZD7648 did not significantly impact RBMX levels, 

which was also consistent with in silico predictions made from the RNA-sequencing data.   

Interestingly, RBMX expression changed in the TCGA tumour vs normal dataset; RBMX 

expression is significantly upregulated (p = 0.005) in tumour samples with a 10% increase in 

expression compared to normal prostate tissue (Figure 5.20B). RBMX expression was also 

analysed across PCa Gleason grades; a scoring system applied to indicate how advanced the 

tumour is with highest score of 10 representing the most advanced stage of disease. This 

showed RBMX expression significantly correlates with increased Gleason score (Figure 5.20C), 

suggesting that RBMX could be associated with tumour progression in PCa.  
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Figure 5.20 Validation that RBMX identified from RNA-sequencing experiment are downregulated 
by DNA-PKcs inhibition and knockdown in separate independent experiments in CWR22Rv1-AR-EK 
cells.  

CWR22Rv1-AR-EK cells were either reverse transfected with siScr or siDNA-PK2-4 for 72 hours or 
seeded, incubated for 48 hours, then treated for 24 hours with 1 µM NU7441, NU5455 or AZD7648. A. 
RBMX expression was analysed using qRT-PCR. B. RBMX counts extracted from TCGA was plotted 
against matched normal vs tumour samples or C. Gleason score, using transcript per million average 
values from ULACAN (* = p < 0.05, ** = p < 0.01). 

The investigate the relationship between DNA-PKcs and RBMX, the correlation between RBMX 

and PRKDC mRNA expression was assessed in silico using the cBioPortal database by 

interrogating the Stand-up to cancer/ PCF (SU2C), Memorial Sloan Kettering Cancer Centre 

(MSKCC) (Taylor et al., 2010) and TCGA datasets. RBMX mRNA expression was positively 

A. 

B. C.
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correlated with PRKDC mRNA expression with a spearman correlation coefficient of 0.35 in 

the SU2C dataset, 0.65 in the MSKCC dataset and 0.22 in the TCGA dataset. Taken together 

with the previous data that shows RBMX expression is downregulated upon DNA-PKcs 

inhibition and depletion, this could suggest the RBMX gene is regulated by DNA-PKcs.  

Figure 5.21 DNA-PKcs mRNA expression is correlated with RBMX mRNA expression. 

cBioPortal was utilised to interrogate if RBMX and the DNA-PKcs encoding gene PRKDC mRNA were 
correlated in three independent datasets. These included SU2C, MSKCC and TCGA (Abida et al., 2017, 
Cancer Genome Atlas Research, 2015, Taylor et al., 2010) .  

5.3.9 RBMX is a key regulator of AR-V synthesis 

Given that RBMX: (i) was down regulated by both DNA-PKcs inhibition and depletion in the 

RNA sequencing data set; (ii) was confirmed as significantly down-regulated in validation qRT-

PCR experiments with DNA-PKcs inhibition and knockdown; (iii) is significantly increased in 

TCGA patient data in primary tumours compared to normal; and (iv) it was positively 

correlated with DNA-PKcs expression and Gleason score, it was taken forward for further 

interrogation.  

RBMX (RNA Binding Motif protein, X-linked) is an RNA binding protein belonging to the group 

of heterogenous nuclear ribonuclear proteins (hnRNPs) (Geuens et al., 2016). RBMX is thought 

to play a role in splicing as it has been shown to interact with several splicing regulators, such 

as Tra2-beta in a yeast 2-hybrid screen and was identified as part of the supraspliceosome 

(Heinrich et al., 2009).  
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To establish a potential role for RBMX in regulation of AR-V levels, and by proxy AR-V target 

gene expression, RBMX was depleted for 72 hours in CWR22Rv1-AR-EK and CWR22Rv1 cells, 

respectively, prior to qRT-PCR (Figure 5.22). RBMX knockdown in both cell lines was confirmed 

at the mRNA and protein level. In CWR22Rv1-AR-EK cells grown in full media, RBMX depletion 

significantly decreased AR-V7 mRNA levels and the AR-V target gene UBE2C. AR-V7 transcript 

levels were able to be interrogated as the reverse primer is located in the AR-V7 specific 

cryptic exon, CE3, meaning other AR/AR-V mRNA species will not be detected. Intriguingly, 

PSA was significantly increased, which is at odds with reduced AR-V protein levels observed 

by western analysis. The reason for this up-regulation of PSA mRNA is currently unknown, but 

we speculate that possible alterations to splicing and/or post-splicing mRNA metabolism of 

the PSA transcript, as a consequence of RBMX knockdown, may give rise to the observed 

effect.  

Consistent with downregulation at the transcript level, AR-V protein was also decreased in 

response to RBMX depletion in CWR22Rv1-AR-EK cells (Figure 5.22C). This reduction to AR-V 

levels translated to a significant 30% reduction in CWR22Rv1-AR-EK cell growth after 5 days 

post-RBMX depletion (Figure 5.22D). CWR22Rv1 cells grown in steroid-depleted conditions, 

to induce the production of AR-Vs, and depleted of RBMX showed similar results to 

CWR22Rv1-AR-EK cells in which there was an increase in PSA expression, significant decrease 

in the AR-V target UBE2C, and a reduction in AR-V7 mRNA levels, although this was not 

statistically significant. The western blot in Figure 5.22C (right) showed reductions in both AR-

V and FL-AR protein levels. 
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Figure 5.22 RBMX depletion significantly reduces AR-V and AR-V target gene expression and impacts 
PCa cells proliferation.  

CWR22Rv1-AR-EK (A) and CWR22Rv1 (B) were grown in full and steroid-depleted media, respectively, 
after siScr, siRBMX or siDNAPK2-4 reverse transfection, for 72 hours. AR target gene expression was 
analysed using qRT-PCR. Data represents the mean of three repeats ± SEM. An unpaired t-test was 
used to determine the statistical significance (* = p <0.05, ** = p <0.01, *** = p <0.001). C. CWR22Rv1-
AR-EK and CWR22Rv1 treated as above and AR, AR-V7, DNA-PKcs and RBMX protein levels were 
analysed using western blot. D. CWR22Rv1-AR-EK cells were cultured for 5 days in full media after 
transfection of siScr or siRBMX and cell counts were performed. Data is representative of two 

D.  CWR22Rv1-AR-EK 
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independent repeats ± SEM. An unpaired t-test was used to determine the statistical significance (** 
= p <0.01). 

VCaP cells were then depleted of DNA-PKcs or RBMX to ensure the previous results were not 

cell line specific. VCaP cells were seeded in steroid-depleted conditions and transfected with 

either siScr, siDNA-PK2-4 or siRBMX. AR and AR-V protein levels and AR isoform mRNA levels 

were then analysed. This validated that RBMX depletion significantly reduces FL-AR and 

several AR-V transcript levels which is also reflected at the protein level (Figure 5.23).  

Figure 5.23 RBMX depletion significantly reduces AR and AR-V protein and transcript levels. 

VCaP cells were grown in steroid-depleted media and transfected with siScr, siDNAPK2-4 or siRBMX 
for 72 hours. (A) AR, DNA-PKcs and RBMX protein levels were analysed using western blot and (B) AR 
target gene expression was analysed using qRT-PCR. Data represents the mean of three repeats ± SEM. 
An unpaired t-test was used to determine the statistical significance (* = p <0.05, ** = p <0.01, *** = 
p <0.001). 

RBMX overexpression was also investigated to determine if it would lead to an increase in AR-

V7 mRNA and protein levels. After 72 hours transfection with a GFP-RBMX-expressing plasmid, 

both AR/AR-V target genes PSA and UBE2C, and AR-V7 transcript, were increased but not 

statistically significantly. RBMX over-expression was confirmed at the mRNA and protein level 

and GFP expression was confirmed using microscopy (Figure 5.24B). Due to low transfection 

efficiency of CWR22Rv1-AR-EK cells, the data shown does not reflect a full population of RBMX 

FL-AR 

AR-V 
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over-expressing cells. Although time constraints prevented this work continuing, the 

experiment could be improved by GFP-based cell sorting to select only those which were 

successfully transfected and repeating the qRT-PCR experiments in that sub population. This 

will give a better reflection of the effects of RBMX overexpression in this cell line.  

Figure 5.24. RBMX overexpression marginally increases AR-V mRNA and AR-V target gene 
expression.  

A. CWR22Rv1-AR-EK cells were transfected with a GFP-RBMX expression plasmid for 72 hours. Cells
were then subject to qRT-PCR analysis of AR target genes PSA and UBE2C, as well as AR-V7 and RBMX
expression. B. CWR22Rv1-AR-EK cells were transfected as in (A) and imaged using a NikonTE2000 to
both demonstrate successful GFP-RBMX expression (using GFP as a surrogate for RBMX) and to capture 
brightfield and fluorescent images (10x magnification).

To further assess the role of RBMX in controlling AR-V generation, CRISPR-based RBMX 

knockouts were performed using a CWR22Rv1-AR-EK cell derivative that expresses Cas9 in 

response to doxycycline (made in-house by PhD student Laura Walker; called CWR22Rv1-AR-

EK-iCas9). Utilising this cell-line, which has been used to successfully knock out targets by 

A. 

B.
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combining induction of Cas9 expression with transfection of a suitable synthetic guide RNA 

(sgRNA), the impact of RBMX knockout on AR-V levels was also interrogated, using Sigma pre-

designed MISSIONTM sgRNA. RBMX and AR-V7 levels were analysed using qRT-PCR 72 hours 

after transfection with either an RBMX-targeting (sgRBMX) or scrambled control (sgScr) 

sgRNA. As shown in Figure 5.25A, a 40% reduction in RBMX mRNA was observed in the RBMX 

sgRNA experimental arm compared to sgScr control, but this did not impact on AR-V7 mRNA 

levels. AR-V protein levels were also assessed 5- and 7-days post-transfection but, consistent 

with the transcript analysis data, AR-V abundance remained at the same level as sgScr control 

(Figure 5.25B). In light of these findings, the efficiency of the RBMX-targeting sgRNA was 

determined using TIDE analysis of genomic DNA at the RBMX-targeting sgRNA locus, that was 

amplified using PCR following genomic DNA extraction 72 hours post sgRNA transfection using 

the primers in Table 5.9. Critically, CRISPR-induced indel efficiency, using the RBMX-targeting 

sgRNA, was only 21.5% indicating the chosen RBMX sgRNA is not efficient at enabling CRISPR 

targeting of the RBMX gene (Figure 5.25C).  This experiment, therefore, was unable to 

effectively determine the biological effects of RBMX knockout on AR-V generation. Although 

time constraints meant these experiments could not be repeated, it would be important to 

improve these studies by using multiple optimised sgRNAs to generate more successful 

knockouts prior to examining the effects on AR-V generation and splicing.  

Table 5.9 Primer sequences for amplification of genomic DNA for TIDE analysis 

Gene Forward (5’-3’) Reverse (5’-3’) 

RBMX GCTCCTGTATCACGTGGAAG ACCTCCACTTGGATGATCTGAAT 
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Figure 5.25 RBMX CRISPR knockout was not achieved in CWR22Rv1-AR-EK-Cas9i cells. 

A. CWR22Rv1-AR-EK cells were treated with 1 µM doxycycline, to induce Cas9 expression, for 24 hours
before seeding and transfection with sgRNAs sgScr and sgRBMX for 72 hours. Cells were then subject
to qRT-PCR analysis of RBMX and AR-V7 mRNA expression. B. CWR22Rv1-AR-EK cells were doxycycline-
induced for 24 hours before seeding and transfection with sgScr and sgRBMX for 5 and 7 days. Cells
were then lysed and subject to western blot analysis of AR-V protein levels. C. CWR22Rv1-AR-EK cells
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treated as in (A) prior to genomic DNA extraction and PCR to amplify the sgRBMX-targeting locus. 
Amplicons were purified, sequenced and subject to TIDE analysis to determine indel efficiency.  

As previously shown, DNA-PKcs inhibition and depletion led to the downregulation of RBMX 

levels in both RNA-sequencing data and subsequent independent validation experiments 

suggesting DNA-PKcs is a transcriptional regulator of the RBMX gene. To examine this further, 

we next assessed if DNA-PKcs was directly involved in the regulation of RBMX transcription by 

determining if it is recruited to cis-regulatory elements upstream of the RBMX gene. To this 

end, ChIP experiments were performed with a DNA-PKcs antibody and regions -0 bp, -500 bp, 

-1000 bp and -4000 bp upstream from the RBMX transcriptional start site were analysed for

DNA-PKcs enrichment. This showed that DNA-PKcs enrichment was around 3-4-fold over the

IgG control at proximal promoter sites of the RBMX gene which decreased as the primer pairs

ventured further upstream (Figure 5.26).

Figure 5.26 DNA-PKcs is recruited to regions upstream of the RBMX transcriptional start site. 

CWR22Rv1-AR-EK cells were seeded in full media and allowed to grow to 70-80% confluency and used 
for a DNA-PKcs ChIP. ChIP-qPCR readouts show recruitment of DNA-PKcs to the RBMX transcriptional 
start site, -500, -1000 and -4000 bp upstream compared to the IgG control. Data shown represents the 
normalised percentage input to the DNA-PKcs ChIP at the -0 bp site and represents 2 independent 
repeats ± SEM. Two-way ANOVA using Šídák's multiple comparisons test was used to determine the 
statistical significance (* = p <0.05, ** = p <0.01, *** = p < 0.001). Table shows the average fold change 
of the % inputs over the IgG control and represents 2 independent repeats.  



161 

Given that RBMX has pleiotropic cellular roles, including regulation of splicing and 

transcription, it was important to determine if the effect of manipulating RBMX levels on AR-

V transcript levels was a consequence of altered splicing of the AR transcript or transcription 

of the AR gene. Therefore, RNA immunoprecipitation (RIP) experiments were performed to 

determine if there was an interaction between RBMX and AR-V transcripts. RIP was initially 

attempted on endogenous levels of RBMX incorporating an RBMX antibody in CWR22Rv1-AR-

EK cells. However, the RBMX antibody was not suitably concentrated to perform the 

immunoprecipitation. To address this, ectopic expression of GFP-tagged RBMX was utilised 

for RIP using a GFP antibody. CWR22Rv1-AR-EK cells were seeded in full media, transfected 

with GFP-RBMX expressing constructs on the day of transfection, then 48 hours later cross-

linked using formaldehyde and harvested for RIP. The GFP antibody was tested using 

conventional co-immunoprecipitation to confirm GFP was being pulled out specifically in the 

over-expressing cells (Figure 5.27A), and the transfection efficiency after two rounds of 

transfection was determined to confirm a large population of the cells were taking in and 

expressing the fusion protein (Figure 5.27B). The GFP RIP showed a significant enrichment of 

the GFP-RBMX protein at the FL-AR mRNA transcripts, but no enrichment at the AR-V7 

transcript. (Figure 5.27C). This was not expected due to the downregulation in AR-V7 mRNA 

and protein seen in response to RBMX depletion. The reason for this could be that RBMX is 

acting upon pre-mRNA and is involved in early splicing events. This can be interrogated using 

some different primer sets that will only bind to pre-mRNA transcripts.  
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Figure 5.27 RNA Immunoprecipitation shows RBMX enrichment at FL-AR mRNA transcripts. 

A. CWR22Rv1-AR-EK cells were reverse transfected with 5 µg GFP-RBMX plasmid on the day of seeding
and 48 hours later before being harvested for GFP IP (n=2). B. Brightfield and GFP images were taken
using a Nikon2000 microscope 24 hours after the second transfection (10x magnification). C.
CWR22Rv1-AR-EK cells were reverse transfected with 10 µg GFP-RBMX plasmid on the day of seeding
and 48 hours later before being harvested for RNA immunoprecipitation.

To further interrogate if RBMX is involved in splicing, a minigene reporter system was used. 

This is a construct that includes exons 3, CE3 and 4 of the AR gene with intronic sequences 

between them meaning splicing should occur to generate the products exon 3-CE3, 

representing mature AR-V7 transcript, or exon3-exon4, representing mature FL-AR mRNA. 

The construct was transfected into the AR-negative cell line PC3, because this cell line should 

not have detectable AR mRNA transcripts, meaning only the minigene transcripts can be 

analysed. 8 hours post plasmid transfection, siScrambled or siRBMX siRNAs were transfected 

into cells and incubated for 72 hours. qRT-PCR confirmed RBMX knockdown, and AR-V7 

(exon3-CE3) and FL-AR (exon3-exon4) readouts showed RBMX depletion significantly 

impacted the splicing of FL-AR transcripts but not AR-V7. Consistent with the RIP experiments, 

this was not expected due to the decrease in AR-V7 mRNA in response to RBMX knockdown. 
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This again could be due to RBMX being involved in earlier splicing events and the intronic 

sequences of the minigene not containing the RNA consensus sequences to which RBMX 

binds.  

Figure 5.28 RBMX depletion significantly impacts splicing of FL-AR minigene. 

PC3 cells were transfected with 1 µg AR-V7 minigene plasmid at the time of seeding prior to siScr or 
siRBMX transfection 8 hours later. Cells were incubated for 72 hours and harvested for qRT-PCR 
analysis of AR-V7, FL-AR and RBMX expression. Data represents the mean of four repeats ± SEM. An 
unpaired t-test was used to determine the statistical significance (**** = p <0.0001).  

To determine if RBMX depletion was causing a transcriptional effect on AR, qRT-PCR was 

performed using pre-mRNA primers located in intron 3 and CE3. This will provide a read out 

of the impact on the whole AR transcript, which if RBMX is acting co- or post-transcriptionally, 

the relative mRNA expression level should not change. CWR22Rv1 cells were seeded in 

steroid-depleted conditions to stimulate the production of AR-Vs and transfected with 

siScrambled or siRBMX for 72 hours. RNA was extracted using DNA-free columns to ensure 

DNA would not contaminate the qRT-PCR readouts so pre-mRNA could be analysed. This 

showed AR pre-mRNA levels do not change in response to RBMX depletion so it can be 

assumed RBMX does not impact transcription. 
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Figure 5.29 RBMX depletion does not impact transcription of AR pre-mRNA. 

CWR22Rv1 cells were reverse transfected with siScr or siRBMX and seeded in steroid-depleted 
conditions for 72 hours. Cells were then subject to (A) qRT-PCR analysis of AR pre-mRNA levels or (B) 
western blot analysis of RBMX protein levels. Data is representative of three replicates ± SEM and 
statistical significance was determined using an unpaired t-test.  

A B 



165 

5.4 Discussion 

Alternative splicing of AR transcripts leads to the generation of AR-Vs. AR-Vs are constitutively 

active and drive resistance to the current repertoire of AR-targeting agents that target the LBD 

of FL-AR, such as enzalutamide. DNA-PKcs has been established as a FL-AR co-regulator and a 

driver of progression and metastasis of PCa (Goodwin et al., 2015). What has not been 

reported in the literature is if DNA-PKcs acts as a co-regulator of AR-Vs, and if this can be 

attenuated through pharmacological intervention to inhibit AR-V activity. In Chapter 4, we 

show that DNA-PKcs manipulation has significant anti-proliferative affects and downregulates 

a panel of key AR/AR-V target genes in several AR-V expressing CRPC cell lines. We also show 

DNA-PKcs is recruited to cis-regulatory regions of AR/AR-V target genes so could act as an AR-

V co-regulator during transcription.  Here, using global transcriptomic analysis of RNA-

sequencing data, we show DNA-PKcs inhibition and depletion significantly downregulates the 

androgen response hallmark, confirming DNA-PKcs regulation of AR-V transcriptional activity. 

Furthermore, the spliceosome gene list was also significantly downregulated in response to 

DNA-PKcs inhibition and knockdown. This was interesting due to previously identifying DNA-

PKcs manipulation depletes AR-V protein levels in VCaP cells in Chapter 4. It was hypothesised 

that the genes from the spliceosome gene list could be involved in splicing AR pre-mRNA 

leading to the incorporation of CEs in mRNA that is translated into AR-Vs.  

Splicing is an essential process and is required for the expression of most genes. There are 

several splicing patterns for the same gene which enhances the diversity of the proteome 

meaning there are many more proteins than there are genes in the genome. Pre-mRNA is 

transcribed from genes and contains coding regions (exons) and non-coding regions (introns). 

Coupled with transcription, the highly selective exclusion of introns and splicing of exons is 

necessary to enable generation of mature mRNA transcripts and subsequent translation of 

the protein (Bentley, 1999). The splicing process is co-ordinated by a large ribonucleoprotein 

complex called the spliceosome, which assembles on pre-RNA during transcription. Four 

spliceosome complexes, called the supraspliceosome, coordinate simultaneous exclusion of 

four introns as well as mRNA processing such as 3’ polyadenylation, 5’ capping and m6A 

methylation. Each spliceosomal complex is made up of five small nuclear ribonucleoproteins 

(snRNPs) U1, 2, 4, 5 and 6, RNA-dependent ATPases/helicases and several splicing factors 
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(Butcher and Brow, 2005). U1 snRNP recognition of 5’ splice sites (SS) at exon-intron 

boundaries is required to initiate splicing (Du and Rosbash, 2002). 3’ SS are recognised by U2 

snRNP, splicing factor 1 and U2AFs (Wu and Manley, 1989). There are also cis-acting elements 

termed intronic splicing enhancers (ISEs), intronic splicing silencers (ISSs), exonic splicing 

enhancers (ESEs) and exonic splicing silencers (ESSs) that further dictate the splice site 

strength and usage (Sheth et al., 2006). Trans-acting splicing regulators include 

heterogeneous nuclear ribonuclear proteins (hnRNPs) and serine-rich and/or arginine-rich 

(SR) proteins that interact with the core spliceosome complex which promote or repress 

splicing, depending on the cis-acting element they interact with (Tacke and Manley, 1999, 

Paschalis et al., 2018). A complex multi-step process then cuts intronic regions from pre-mRNA 

and ligates exons together.   

Deregulation of splicing can occur in disease and is commonly associated with cancer and 

therapy resistance. Alternatively spliced mRNAs lead to the generation of protein variants. 

This can be caused by alternative 3’ or 5’ splice site selection, mutually exclusive exons, 

alternative first and last exons, retained introns or exon skipping. As well as alternative splicing 

of the AR, there are other known splicing alterations that are implicated in cancer and therapy 

evasion. In melanoma, a splice variant of the BRAF variant V600E that lacks exons 4 through 8 

is associated with resistance to vemurafenib due to loss of RAS signalling (Poulikakos et al., 

2011). In PCa, the inclusion of CEs into AR mRNA transcripts leads to premature stop codons 

being incorporated into transcripts and translation of truncated AR-Vs. AR-Vs lack the LBD, 

meaning directly targeting them is challenging. Therefore, targeting the splicing machinery 

that is involved in their generation is an attractive in-direct therapeutic strategy. Research into 

SS utilising an AR minigene reporter construct identified that intron three encompasses a 5’ 

ISE sequence and CE3 encompasses an ESE sequence at the 3’ SS that are required for splicing 

of exon 3 to CE3 in VCaP and LNCaP cell lines (Liu et al., 2014a). The core splicing protein 

U2AF65 bound to the ISE and SRSF1 bound to the ESE and their depletion reduced expression 

of AR-V7 protein.  

There are published studies that have identified genes that are altered in response to DNA-

PKcs inhibition and depletion using microarray and RNA-sequencing in PCa cell lines. As 

previously indicated, the differentially-expressed genes in these datasets were compared to 

the AR-V transcriptome in CWR22RV1-AR-EK cells. This revealed that 19% of genes altered in 
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response to NU7441 were part of the AR-V transcriptome. There are no published whole 

transcriptome RNA-sequencing datasets analysing the effects of DNA-PKcs inhibition and 

knockdown in an AR-V driven PCa cell line. Therefore, we performed RNA-sequencing analysis 

of CWR22Rv1-AR-EK cells using the routinely used DNA-PKcs inhibitor NU7441, the newer, 

more selective compounds NU5455 and AZD7648 and DNA-PKcs depletion using siRNA. DNA-

PKcs inhibition caused significant differential expression (FC > 1.5 or < -1.5, p < 0.05) of 27 

genes with NU7441, 1195 genes with NU5455, 44 genes with AZD7648, and DNA-PKcs siRNA 

knockdown caused differential expression of 3827 genes. RNA-sequencing data in C4-2 cells 

in response to NU7441, when analysed using the same bioinformatic pipeline applied to my 

data, caused significant differential expression of just 66 genes (Dylgjeri et al., 2019). This 

supports our RNA-sequencing data, as NU7441 did not cause a vast number of gene 

expression changes, so this is most likely a genuine effect of NU7441 and not due to reduced 

potency of the compound. The reason for the higher number of DEG observed in response to 

NU5455 is not currently known. We suspect it is due to the greater selectivity of this 

compound causing a greater level of DNA-PKcs inhibition and therefore the enhanced 

transcriptional impact. It could also be due to NU5455 having a higher intracellular 

concentration if it is able to remain in the cells for longer and avoid metabolism. This could be 

investigated using MS analysis of cell lysates after different lengths of exposure to each of the 

DNA-PKcs inhibitors.  

Comparison of genes that are differentially expressed in response to DNA-PKcs inhibition with 

NU7441, NU5455 and AZD7648 showed that 2 genes were common in all three experimental 

arms (Figure 5.9). TWIST1 was commonly downregulated and PKD4 was commonly 

upregulated in response to the three inhibitors. TWIST1 (Twist Family BHLH (basic helix-loop-

helix) Transcription Factor 1) is a transcription factor essential for embryonic development 

and has been implicated in cancer. It has been shown to influence many stages of cancer 

including initiation, primary tumour growth and metastasis (Morel et al., 2012, Kang and 

Massague, 2004). Numerous studies have reported over-expression of TWIST1 in many 

cancers and is related to a poorer prognosis and metastasis and may be used as a prognostic 

biomarker (Martin et al., 2005, Yu et al., 2010, Shibata et al., 2008). TWIST1 has also been 

investigated in PCa. One study reported that 90% of PCa tissues had high expression of TWIST1 

in contrast to just 6.7% of benign prostate hyperplasia. Expression was also positively 
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correlated with Gleason scores and metastasis through promotion of epithelial-to-

mesenchymal transition (Kwok et al., 2005). Epithelial-to-mesenchymal transition has been 

shown to be promoted in TWIST1-overexpressing cells by reducing the expression of adherens 

junction proteins, such as E-cadherin and N-cadherin, and inducing the expression of 

fibroblast markers (Yang et al., 2004). A more recent study has shown TWIST1 is an androgen-

regulated gene as mRNA and protein levels increase in response to the synthetic androgen 

R1881, and siRNA-mediated depletion of AR caused downregulation of TWIST1 mRNA in 

LNCaP cells (Eide et al., 2013). Furthermore, the same authors showed that NKX3-1 mediated 

this androgen-regulation of TWIST1 as NKX3-1 binds to the TWIST1 promoter to repress 

expression. DNA-PKcs expression has previously been linked to TWIST1 in cervical cancer. 

They showed Twist1 enhanced DNA damage repair as Twist1 knockdown cells showed 

persistent DNA damage after radiation that was proposed to be due to reduced nuclear levels 

of DNA-PKcs (Xiong et al., 2017).  

The PDK4 (Pyruvate dehydrogenase kinase 4) gene encodes a mitochondrial protein that 

regulates glucose and fatty acid metabolism. As described by Warburg et al., tumours can 

switch from oxidative phosphorylation to glycolysis pathways, termed “the Warburg effect” 

(Warburg, 1956), and PDKs, through inhibition of pyruvate dehydrogenase activity, promote 

this switch to cytoplasmic glycolysis (Bonnet et al., 2007). PDK4 expression is increased in 

colorectal patients, along with decreased methylation of CpG dinucleotides in its 5’region in 

the normal colon of colorectal cancer patients compared to controls. Moreover, inhibition of 

PDK4 reduces features such as migration, invasion and apoptosis in vitro (Leclerc et al., 2017).   

Upregulation of PDK4 has also been observed in high-grade bladder cancer when compared 

to low-grade disease, and again, inhibition and knockdown of PDK4 inhibited bladder cancer 

cell proliferation in vitro. Additionally, combination treatment of PDK4 inhibition and cisplatin 

resulted in a significant reduction in viable tumour burden in vivo (Woolbright et al., 2018). 

Conversely, in a study looking at STAT3 (signal transducer and activator of transcription 3) 

expression and markers associated with earlier biochemical recurrence, it was identified that 

low PDK4 expression was significantly associated with a higher risk of biochemical recurrence 

and could be a prognostic marker in prostate cancer (Oberhuber et al., 2020). PDKs are 

associated with therapy resistance as therapy-resistant cell lines have been either re-

sensitised following knockdown or expression has been shown to be elevated in resistant cell 
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lines (Atas et al., 2020). In contrast to TWIST1, downregulation of PDK4 drives EMT in EGFR 

mutant lung cancer cells (Sun et al., 2014).  

Differentially-expressed gene lists were then input into a gene set enrichment analysis to 

identify alterations in pathways using KEGG and Hallmark gene sets.  KEGG pathway analysis 

revealed pathways such as DNA replication, p53 signalling pathway, homologous 

recombination, oxidative phosphorylation and cell cycle were commonly de-enriched in 

response to both NU5455 and siDNA-PKcs (Figure 5.13). Hallmark pathway analysis showed 

G2M checkpoint, mTORC1 signalling, MYC and E2F targets, oestrogen response early and late, 

DNA repair and hypoxia. Importantly, the androgen response hallmark was significantly 

downregulated in response to NU5455 and DNA-PKcs depletion (Figure 5.14). As several AR 

and AR-V target genes are shared, this strengthened the hypothesis that DNA-PKcs is a 

regulator of AR-V transcriptional activity. To determine how DNA-PKcs co-regulates AR-V 

transcriptional activity specifically, the AR-V differentially expressed genes in response to siAR 

Exon1 in CWR22Rv1-AR-EK cells were compared to differentially expressed genes in response 

to DNA-PKcs inhibition and depletion. This showed DNA-PKcs kinase activity is involved in the 

expression of 11% of AR-V regulated genes and DNA-PKcs kinase-independent activity 

determined by siRNA-mediated depletion is involved in 41% of the AR-V transcriptome (Figure 

5.10). DNA-PKcs depletion causes a greater level of AR-V transcriptional repression over 

inhibition as suggested by the overlapping SDEG (41% vs 11%) and the greater downregulation 

of the androgen response hallmark (NES -1.9 vs -1.49) (Figure 5.15). This suggests that DNA-

PKcs kinase-independent activity or simply DNA-PKcs presence at cis-regulatory elements of 

AR-V target genes may have a scaffolding role that enables maximal AR-V activity. Further 

investigation into what enables/supports this scaffolding role could reveal targets that could 

enhance DNA-PKcs targeting. A comparison of AR-V and DNA-PKcs ChIP sequencing using both 

total DNA-PKcs and phospho-DNA-PKcs antibodies could reveal genome-wide binding sites 

and the overlap between cistromes would be valuable for future studies. 

The spliceosome KEGG gene list was significantly downregulated in response to NU7441, 

NU5455 and siDNA-PKcs (Figure 5.17). This was also significantly down regulated in the DNA-

PKcs RNA-sequencing data in C4-2 cells (Dylgjeri et al., 2019), increasing confidence that this 

was a genuine DNA-PKcs-regulated gene set. This was further investigated as I hypothesised 

that splicing regulators that are downregulated by DNA-PKcs could be involved in the splicing 
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of AR-Vs. The global differential splicing effects in response to DNA-PKcs depletion was 

interrogated using SUPPA2. This experimental arm was taken forward to be analysed using 

SUPPA2 because DNA-PKcs depletion caused the greatest downregulation of the spliceosome 

hallmark. SUPPA2 is a bioinformatic programme that can detect changes in splicing events 

between two conditions. This showed that there were 358 statistically significant splicing 

events that occur in response to DNA-PKcs depletion. The greatest proportion of differential 

splicing events were alternative first exon and exon skipping (Figure 5.16).  

VCaP cells do not express a high level of AR-Vs in hormone-proficient conditions, however in 

steroid-depleted conditions, or in response to anti-androgens, AR-Vs are upregulated. A 

recent publication carried out RNA-sequencing in response to the anti-androgen, 

darolutamide (Baumgart et al., 2020). Darolutamide is a new second-generation anti-

androgen that has recently been approved for use in CRPC (Fizazi et al., 2019). In response to 

darolutamide treatment of VCaP cells, AR-V production is upregulated (Figure 5.17). The 

rationale for using this VCaP-Darolutamide dataset to compare with the DNA-PKcs regulated 

genes was based on the simple presumption that if AR-Vs are upregulated in response to 

darolutamide, the splicing-associated genes that also demonstrate elevated expression in 

response to darolutamide, could be involved in the generation and splicing of AR-Vs. 

Therefore, the genes that are the most downregulated in response to both DNA-PKcs 

inhibition and knockdown, were input as a custom gene list into the gene set enrichment tool 

to determine if these genes were also significantly positively-enriched differentially-expressed 

genes in response to darolutamide.  

The ‘core enriched’ spliceosome genes in response to NU5455 and siDNA-PKcs treatments 

were enriched by 1.4 and 1.8 respectively in response to darolutamide in VCaP cells; with 34 

genes commonly upregulated which were investigated further (Figure 5.17). To further refine 

this list of 34 genes, I determined if the genes were upregulated in tumour versus normal 

samples from the TCGA dataset. The top 10 genes that were upregulated by >10% were 

plotted in Figure 5.18. RBMX was one of the genes in this refined list and was taken forward 

for further validation.  

RBMX, also known as hnRNPG (heterogeneous nuclear ribonucleoprotein G), is an RNA 

binding protein that has roles in modulating alternative splicing, genome stability and 
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chromatin cohesion. RBMX is 43 kDa protein located on the X chromosome and contains an 

N-terminal RNA recognition motif and C-terminal RNA binding domain. N6-methyladenosine

(m6A) is the most abundant mRNA modification and is deposited on mRNA by a

methyltransferases ‘writer’ complex that includes methyltransferase-like 3 (METTL3) and

METTL14. RBMX has been reported as an m6A ‘reader’ protein. It binds purine-rich sequences

that m6A modifications expose when the structure of RNA is altered, leading to modulation

of alternative splicing (Liu et al., 2017). Another group showed RBMX bound m6A sites near

splice sites of exons associated with increased RNA polymerase II occupancy and exon

inclusion (Zhou et al., 2019). Additionally, RBMX interacts with the phosphorylated C-terminal

domain of RNA polymerase to co-transcriptionally regulate splicing (Zhou et al., 2019)(Figure

5.30). Taken together, these findings provide a mechanism by which RBMX reads and interacts

with m6A sites in mRNA to modulate RNA polymerase II occupancy and alternative splicing.

Figure 5.30 RBMX is involved in co-transcriptional splicing of pre-mRNA 

RBMX interacts with the c-terminal of RNA polymerase II and recognises m6A modifications on pre-
mRNA to regulate splicing (Zhou et al., 2019). Image adapted from Zhou et al., 2019. 

Here, we validate that RBMX is involved in the generation of AR-Vs and FL-AR. Using siRNA-

mediated depletion of RBMX, we have shown this reduces FL-AR and AR-V mRNA and protein 

levels in CWR22Rv1-AR-EK, CWR22Rv1 and VCaP cells (Figure 5.22 and Figure 5.23). We have 

also shown RBMX depletion causes an anti-proliferative effect in CWR22Rv1-AR-EK cells.  

To investigate if overexpression of RBMX led to the opposite effect on AR/AR-V protein and 

mRNA level, an RBMX-GFP construct was transfected into CWR22Rv1-AR-EK cells. However, 

because CWR22Rv1 cells are a difficult to transfect cell line, results were variable and did not 

cause a significant impact on AR-V transcripts. This experiment could be improved by selecting 

cells for GFP positivity to compare cells that have been successfully transfected with RBMX-
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GFP to cells that express endogenous RBMX levels to determine if this causes an upregulation 

in AR/AR-V transcript and protein levels.  

RBMX knockout using the clustered regularly interspaced short palindromic repeats (CRISPR)/ 

CRISPR-associated protein 9 (Cas9) system was also attempted to help validate observations 

made with siRBMX. However, the RBMX gene knockout efficiency using a sgRNA was around 

20% meaning a sufficient knockout of RBMX was not achieved so could not provide a reliable 

read out of AR-V generation. This could be optimised by testing different sgRNAs to achieve a 

greater level of knockout.  

To confirm that the RBMX gene is transcriptionally regulated by DNA-PKcs and is not a 

secondary or tertiary transcriptional effect when DNA-PKcs is depleted or inhibited, a DNA-

PKcs ChIP was performed in CWR22Rv1-AR-EK cells.  Primer sets were designed adjacent and 

upstream from the RBMX transcriptional start site to interrogate enrichment of DNA-PKcs at 

cis-regulatory elements of the RBMX gene. This showed DNA-PKcs is enriched near the 

proximal promoter regions of RBMX, and the level of enrichment diminished as the primer 

sets moved further upstream, demonstrated by the variability of percentage enrichment 

values at the -4kb region. The greatest level of enrichment was seen at the -500 bp and -1000 

bp site, with a normalised fold enrichment over the IgG isotype control of 5.  

To determine if RBMX is directly involved in the splicing of AR transcripts, RNA 

immunoprecipitation of ectopically expressed GFP-RBMX was performed. Unexpectedly, this 

showed enrichment of GFP-RBMX at FL-AR mRNA transcripts but not at AR-V7 mRNA. This 

should be repeated to determine if RBMX is enriched at AR-V7 pre-mRNA and if splicing of AR-

V7 by RBMX is an earlier splicing event to explain why there was no enrichment over the IgG 

isotype control at mature AR-V7 transcripts. This would reflect what has been reported in the 

literature where it has been shown RBMX regulates co-transcriptional splicing (Zhou et al., 

2019). An RBMX ChIP would also confirm if the splicing events are coupled with transcription 

in our cell line models of CRPC.  

It was key to determine if the downregulation of AR/AR-V mRNA transcripts was due to 

splicing alterations and not a transcriptional effect on AR pre-mRNA transcripts. To do this, 

pre-mRNA primers were designed in intron 3 and CE3 so pre-spliced but post-transcription 
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transcripts could be measured. No change in pre-mRNA transcripts was observed, so it can be 

assumed RBMX is acting either co- or post-transcriptionally to splice AR/AR-V transcripts. A 

FL-AR/AR-V7 minigene reporter system was then utilised to validate that AR isoform splicing 

is controlled by RBMX. This system is a CMV driven ‘mini’ AR gene that contains exon 3, CE3 

and exon 4 with ~800 bp intronic sequences incorporated between exons meaning splicing 

occurs to ligate exon 3 to CE3 (representative of AR-V7) and exon 3 to exon 4 (representative 

of FL-AR). The results from this experiment was contradictory to what was anticipated as AR-

V7 minigene transcripts were not altered in response to RBMX depletion. A potential reason 

for this is that this is an artificial reporter system in PC3 cells that do not typically express 

AR/AR-Vs. Furthermore, the intronic sequences do not contain the entire endogenous introns 

of the AR gene. The consensus sequences to which RBMX typically binds could therefore be 

missing from the introns so alterations of splicing may not occur for this reason. 

The next steps to validate RBMX as a splicing regulator would be to perform a rescue 

experiment to determine if in cells that have been depleted of endogenous RBMX, ectopic re-

expression rescues the AR/AR-V protein levels. This could be achieved using GFP-RBMX as 

successfully transfected cells that have been depleted of endogenous RBMX could be 

compared with non-transfected cells by using the GFP tag and the levels of AR-V7 or all AR-Vs 

could be compared. If the AR/AR-V protein levels are higher in the GFP positive cells it could 

be assumed that RBMX has rescued their expression. Both immunofluorescence and flow 

cytometry approaches could be utilised for this experiment.  

Encouragingly, a collaborator, Adam Sharp, from the Institute for Cancer Research, has 

performed an siRNA library screen of splicing regulators, and RBMX was one of the hits 

that impacted AR-V and FL-AR protein levels in CWR22Rv1 cells (Figure 5.31). This 

increases confidence that our results are robust as the results are consistent with what we 

have shown. 
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Figure 5.31 RBMX depletion decreases FL-AR/AR-V and AR-V7 protein levels in CWR22Rv1 cells 

CWR22Rv1 cells were depleted of RBMX or one of several other splicing genes as part of an siRNA 
screen. RBMX was one of the targets that decreased expression of all AR isoforms by analysed using 
an N-terminal antibody and AR-V7 analysed using an AR-V7 specific antibody. This work was carried 
out by Adam Sharp, Institute of cancer research.  

Taken together, this project has provided key mechanistic information on how DNA-PKcs 

inhibition and depletion causes a downregulation of AR/AR-V transcript and protein levels. 

AR/AR-Vs expression is altered in response to expression changes in key splicing regulators 

caused by DNA-PKcs manipulation. Specifically, siRNA mediated depletion of DNA-PKcs using 

a pool of three siRNA oligonucleotides or inhibition with NU5455 caused a downregulation of 

DNA-PKcs-regulated transcription of RBMX. RBMX is involved in AR/AR-V splicing, so this 

causes a decrease in AR/AR-V mRNA and protein expression. AR and AR-Vs are key drivers in 

the CRPC cell lines used so this is detrimental to the growth and survival of the cells. 

This proposed mechanism is presented in Figure 5.32. 
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Figure 5.32 Proposed mechanism of DNA-PKcs modulated AR/AR-V splicing. 

A. In normal conditions, DNA-PKcs is involved in the transcription of the RNA binding protein RBMX, 
which is directly involved in splicing FL-AR and AR-V mRNA transcripts. B. In DNA-PKcs deficient 
conditions or when DNA-PKcs is pharmacologically inhibited, RBMX levels are downregulated which 
hinders splicing of FL-AR and AR-V mRNA causing their mRNA and protein levels to decrease.

A. 

B.
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Chapter 6 Determining AR-V involvement in DNA damage repair 

6.1 Introduction 

Radiotherapy is a commonly used treatment option for PCa patients who primarily present 

with locally-confined disease, but more recently is also being applied to advanced metastatic 

lesions (Warde et al., 2011). The Systemic Therapy for Advanced or Metastatic Prostate 

cancer: Evaluation of Drug Efficacy (STAMPEDE) clinical trial, found that radiotherapy 

improves overall survival from 73% to 81% at three years in selected patients that have a low 

metastatic burden (Parker et al., 2018). However, patients can be de novo radio-resistant as a 

consequence of PCa cells acquiring a higher tolerability of DNA damage and/or of DNA being 

successfully repaired; preventing the catastrophic effects of pro-longed DNA damage on cell 

cycle checkpoint and apoptotic signalling typically observed in sensitive patients. Consistent 

with the theme of this thesis, it has been shown that the AR signalling pathway regulates the 

expression of several DDR genes, including PARP1, ATR and CHEK1. Polkinghorn et al., 

identified 32 DDR-associated genes that are directly regulated by the AR in the LNCaP PCa cell 

line; and were down-regulated upon ADT or AR antagonist treatment (Polkinghorn et al., 

2013a). Pre-clinical studies demonstrated greater efficacy of ADT plus radiotherapy over single 

agent treatments, therefore, they suggested that patients could be stratified for ADT plus 

radiotherapy, rather than radiotherapy alone to improve response. Critically, this mechanistic 

insight into interplay between AR signalling and the DDR using pre-clinical models of PCa was 

driven by observations made in a number of earlier clinical trials assessing the synergistic 

effects of ADT and radiotherapy. Such trials have demonstrated that combining ADT plus 

radiotherapy improves a number of oncological outcomes in PCa patients, such as overall 

survival, metastasis-free survival, biochemical progression–free survival, and local failure, as 

reported in a meta-analysis of seven trials (Bria et al., 2009). A specific example includes the 

phase III GETUG-AFU 16 clinical trial (NCT00423475; enrolment from 2006 – 2010) where 

patients were randomised to receive either short-term ADT (goserelin on the first day of 

irradiation and then again after 3 months) plus radiotherapy or radiotherapy alone. The 120-

month progression-free survival was 64% for ADT plus radiotherapy patients and 49% for 

radiotherapy only patients (Carrie et al., 2019). Therefore, it is evident from pre-clinical studies 

that the AR is important for facilitating DDR and as such, provides the mechanistic rationale 



177 

for why inhibition of the AR using ADT enhances the effect of IR. Crucially, it also indicates AR 

may be central to acquired resistance to IR and other DNA damaging therapies in PCa patients. 

Consistent with the FL-AR, identification of the AR-V transcriptome using CWR22Rv1-AR-EK 

cells has shown AR-Vs also control expression of numerous DDR genes involved in HR, base-

excision, and mismatch repair pathways (Kounatidou et al., 2019). In this study, they also 

compared the DDR-associated genes to an independent and in-house AR-V transcriptome by 

Jones et al. and He et al (Jones et al., 2015, He et al., 2018). The overlaps between DDR 

associated genes were 59% and 95% respectively, validating that these genes are driven by 

AR-Vs.  The FL-AR driven DDR gene signatures in VCaP cells were also compared to the Jones 

et al., AR-V transcriptome to determine which DDR genes are regulated by both FL-AR and AR-

Vs. This showed 27 out of 47 (57%) DDR genes driven by AR-Vs are also regulated by FL-AR. 

This data indicates that AR-V positive patients could show less favourable responses to IR plus 

ADT due to ADT not targeting AR-Vs. Therefore, it is important to better understand how AR-

Vs control DDR and if they have a direct or indirect role in facilitating the repair of DNA breaks. 

Furthermore, given that ADT induces expression of AR-Vs (Yu et al., 2014), longer durations of 

adjuvant ADT treatment prior to radiotherapy may diminish efficacy of radiotherapy if AR-Vs 

are contributing to resolving DNA damage in response to radiotherapy.  

AR-Vs have been shown to interact with key DDR-associated proteins, including DNA-PKcs and 

γH2AX, post-treatment with DNA damaging agents, such as IR (Yin et al., 2017). This 

aforementioned study used an IP-MS approach to define the interactome of ARV567es in the 

presence and absence of IR, using the cell line R1-D567 which expresses only the single AR-V, 

ARV567es and no FL-AR. This revealed DNA-PKcs was the most abundant interactor of ARV567es 

in both steady-state and in response to DNA damage, and was validated using co-IP which 

demonstrated an enhanced interaction between ARV567es and DNA-PKcs in response to IR. 

Intriguingly, it was shown using proximity ligation assays (PLA) that ARV567es directly interacted 

with γH2AX upon IR treatment and this was diminished upon DNA-PKcs inhibition suggesting 

AR-Vs interact with sites of DNA damage and this is dependent upon the kinase activity of 

DNA-PKcs. Current literature supports the concept that AR-Vs can enhance DNA damage 

repair by (i) up-regulating expression of DDR-associated genes (Kounatidou et al., 2019); and, 

although less defined, (ii) interacting with sites of damage to support repair of DNA lesions 

directly (Yin et al., 2017).   
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As such, there remains a major knowledge gap in our understanding of the role of AR-Vs in 

DNA damage repair, particularly if they play a specific role at the damaged DNA locus. To this 

end, by conducting an unbiased AR-V interactome study using a novel proximity-biotinylation 

labelling approach in the presence and absence of IR, I aim to provide key insight into the role 

of AR-Vs in direct DNA repair outside of their characterised role as transcriptional regulators 

of DDR-associated genes.  

Proximity labelling has several advantages over antibody-based IP-MS-based approaches for 

identification of candidate protein interactomes. These include reduced likelihood of weaker 

or transient interactions being missed and non-specific proteins being immunoprecipitated. 

In recent years, proximity-based labelling techniques have been developed to chemically tag 

proteins in proximity of a bait protein to determine its interactome in live cells. This novel 

method was first developed incorporating a BioID biotin protein ligase tagging protocol that 

directly labels proteins in close proximity (~10-15 nm) to the bait protein with biotin (Kim et 

al., 2014). This novel approach enables the detection of weak and transient bait-interacting 

protein interactions that could be missed using conventional antibody-based IP methods 

(Roux et al., 2012). The strong affinity of streptavidin for biotin is then utilised to pull-down 

biotinylated proteins that can then be identified using MS-based techniques. More recently, 

a technique using ascorbate peroxidase (APEX2) was developed for the proteomic mapping of 

mitochondria, and of mitochondrial DNA in living cells (Rhee et al., 2013, Han et al., 2017). 

APEX2 has advantages over BioID as it is considerably quicker to label interacting proteins, 

occurring in minutes instead of hours; and APEX2 is smaller in size (28 kDa versus 35 kDa of 

the BioID ligase) which reduces impact on cellular activity of the tagged/bait protein. APEX2, 

with the addition of the co-substrate hydrogen peroxide (H2O2) and biotin-tyramide, catalyses 

the oxidation of biotin-phenol to a short-lived biotin-phenoxyl radical, resulting in 

biotinylation of neighbouring proteins within 20 nm by reaction with electron-rich amino 

acids, primarily tyrosine (Hung et al., 2016).  

So far, unbiased IP-based approaches have been used to define the AR and AR-V interactomes, 

using both IP-MS and RIME. A recent AR and ARv567es interactome defined by RIME was 

performed in R1-AD1 and R1-D567 PCa cells, and GRHL2 was identified as a novel AR and AR-

V binding partner; which was further validated using co-IP (Paltoglou et al., 2017). 

Furthermore, a biotinylation approach has been utilised to define the interactome of 
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overexpressed FL-AR in response to DHT treatment using BioID in HEK293 cells which 

identified 32 DHT-dependent AR-proximity interactions (Lempiainen et al., 2017). This was 

also employed in the androgen dependent cell line LAPC4 that stably express the transgene 

BirA-AR to define the AR interactome in an androgen responsive cell line. This approach 

identified a novel AR binding partner, Krüppel-like factor 4, KLF4 (Velot et al., 2021). Although 

these novel approaches have provided key protein-protein interactions of the FL-AR, there are 

no published AR-V interactomes that use the proximity biotin-labelling methodology. In the 

host laboratory, RIME approaches have been used to begin to define the AR-V7 interactome, 

however, like previously mentioned, there are technical limitations to this approach meaning 

functionally important proteins could be missed using this method. Furthermore, the AR-V7 

interactome in both the presence or absence of IR is yet to be determined using a proximal 

biotinylation approach which could help better understand AR-V function during the DDR.  

6.1.1 CRISPR/Cas9 genome editing 

The ability to precisely edit the genome has been one of the most important advancements 

in science and research over the past couple of decades. It allows the introduction of genomic 

alterations in the form of insertions and/or deletions (indels) or base substitutions. There are 

several techniques that have been developed, including zinc finger nucleases, transcriptional 

activator like effector nucleases (TALENs) and the CRISPR/Cas9 system. The CRISPR/Cas9 

system is the most recently discovered technique to edit genomes and has many advantages 

over the older gene editing systems, including being less labour intensive, less expensive and 

less time consuming. The CRISPR/Cas9 system originates from the bacterial adaptive immune 

system that utilises a number of specific DNA endonucleases to degrade bacteriophage 

genomic DNA to prevent re-infection of the host cell. Critically, this system was harnessed for 

use in genomic editing by determining that the Cas9 nuclease can be guided to specific regions 

of the genome (Jinek et al., 2012). CRIPSR pioneers Emmanuelle Charpentier, Jennifer Doudna 

and Feng Zhang discovered that the system can be adapted for human genome editing (Cong 

et al., 2013, Jinek et al., 2013). 

Cas9 is an RNA guided DNA endonuclease and has the DNA cleavage domains RuvC and His-

Asn-His (HNH), which cuts the dsDNA site located 3 base pairs upstream of protospacer 
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adjacent motif (PAM) sequences (NGG) in the target DNA (Mojica et al., 2009, Westra et al., 

2013). To cleave the DNA efficiently and specifically at the correct site, the Cas9 protein forms 

a ribonucleoprotein complex with CRISPR RNA (crRNA) complementary to the target locus and 

transactivating RNA (tracrRNA) that binds to the crRNA and Cas9. Once the DNA has been 

cleaved, it will be repaired by one of two endogenous DNA repair pathways: (i) the error prone 

NHEJ pathway; or (ii) the homology-directed repair (HDR) pathway. By exploiting the cells own 

DNA repair pathways, application of CRISPR/Cas9 has enabled targeted gene knockout and 

precise knock-in approaches to be successfully undertaken in mammalian cell lines.  To 

knockout a specific gene of interest, Cas9 is targeted to a desired locus, using gRNA, to cleave 

the DNA, which will primarily be repaired by NHEJ given most cells will be in interphase. 

Because NHEJ is error prone, this leads to introduction of indels into the target locus, 

disrupting the reading frame of the gene and causing incorporation of premature stop codons 

and ultimately knockout of the protein of interest.  

For targeted gene knock-in, Cas9 is directed to a specific locus and cleaves the DNA. Then, by 

providing cells with a repair template that encompasses regions that are homologous to the 

region of interest, the sequence can be inserted (knocked-in) into the genome by cells that 

undergo the HDR pathway (Figure 6.1). This approach has allowed generation of endogenous 

reporter proteins, and introduction of clinically relevant mutations to better study functions 

of proteins.  An example of this knock-in approach in the host laboratory is the generation of 

the CWR22Rv1-AR-EK cell line, whereby a donor template was introduced into CWR22Rv1 

cells that knocked-in a sequence to introduce a stop codon in exon 5 of the AR gene to 

maintain expression of all endogenous AR-Vs without expression of FL-AR (Kounatidou et al., 

2019). 

In recent years there have been several adaptations to the CRISPR/Cas9 system including 

CRISPR activation and CRISPR inhibition, termed CRISPR interference (CRISPRi), by using a 

catalytically dead version of Cas9 (dCas9) that lacks nuclease activity so does not cleave DNA 

(Qi et al., 2013). This allows specific upregulation or downregulation of a gene of interest. 

There are also epigenome Cas9 editors where dCas9 is fused to epigenetic regulators such as 

a methyltransferase or demethylase enzymes and directed to a specific locus to alter gene 

expression (Liu et al., 2016). 
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Figure 6.1 Mechanism of CRIPSR genome editing 

A sgRNA guides Cas9 to a region of interest in the genome. Cas9 then cleaves the DNA three base pairs 
upstream from the PAM site, causing a double stranded DNA break. This leads to initiation of the DNA 
damage response. In the absence of a homologous repair template, the error prone non-homologous 
end joining pathway causes nucleotide deletions or insertions causing disruption of the gene. This gives 
rise to successful gene knockouts. In the presence of a homologous repair template, homologous 
recombination accurately repairs the DNA which can introduce specific gene edits or insertions of 
sequences at precise loci. This enable precise CRISPR-directed gene knock-in editing. Template taken 
from Biorender.com  

Introduction of premature stop codon  gene knock out Insertion of specific sequence  gene knock in 
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6.1.2 Aims 

This project aims to provide for the first time an AR-V interactome in the presence and 

absence of DNA-damaging IR treatment using proximity biotinylation labelling. This objective 

has the capacity to increase our understanding of the role of AR-Vs in steady-state 

transcriptional regulation and during the DDR. 

This will be done by: 

i. Attempted generation of an APEX2-AR-V knock-in CWR22Rv1-AR-EK cell line derivative

using CRISPR/Cas9 genome editing techniques to provide interactomes of endogenous

AR-Vs.

ii. As a contingency to the above objective, generation and application of an ectopically-

expressed APEX2-AR-V7 fusion in CWR22Rv1-AR-EK cells treated with and without IR

will provide proximity biotinylation-based interactomes of AR-V7 in steady-state and

upon DNA damage.
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6.2 Specific materials and methods 

6.2.1 Biotin labelling protocol 

4x106 CWR22Rv1-AR-EK cells were transfected with 10 µg APEX2-AR-V7 plasmid (details of 

cloning in section 6.3.3) using LT1 transfection reagent in 15 cm dishes and incubated for 48 

hours before a second transfection of another 10 µg of plasmid (protocol detailed in section 

3.10.4). Cells were incubated for a further 24 hours before being irradiated with 4 Gy 

radiation. Immediately after irradiation, biotin-phenol (Iris Biotech LS-3500) was added to the 

media to a final concentration of 500 µM and incubated at 37 °C for 2 hours. H202 (Sigma, 30%) 

was then added directly to the media to a final concentration of 1 mM, except for the control, 

and incubated for 2 minutes whilst continuously rotating the dishes to induce the labelling 

reaction (Figure 6.2). The reaction was then quenched by replacing the media with a 

quenching buffer containing 100 mM sodium ascorbate, 10 mM TROLOX and 10 mM sodium 

azide in PBS. This buffer was replaced 4 times and then cells were washed a further 4 times in 

PBS before being trypsinised, neutralised with media and then transferred to 15 mL falcon 

tubes before being centrifuged at 500 x g for 10 minutes. The supernatant was then aspirated, 

and cell pellets were subject to cytoplasmic nuclear extraction (Figure 6.3).  
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Figure 6.2 Diagrammatic representation of proximity labelling reaction. 

APEX2 is fused to a protein of interest (AR-V7) and expressed in cells. Subsequent biotin-labelling 
occurs following the addition of biotin-phenol and hydrogen-peroxide (H2O2) to culture media to 
catalyse the conversion of biotin-phenol to its reactive radical that can biotinylate proximal proteins 
in a labelling radius of 20 nm.  

6.2.2 Cytoplasmic nuclear extraction 

Immediately after harvesting cell pellets post-biotin labelling protocol, the cytoplasmic and 

nuclear cellular fractions were isolated. This was achieved using the NE-PER™ Nuclear and 

Cytoplasmic Extraction Kit, as per manufacturer’s instructions (Thermo Scientific). For cells 

grown on 15 cm dishes, the reagent amounts for a packed cell volume of 50 µL was applied. 

The fractionated samples were then stored at – 80 oC until further processing.  

6.2.3 Pierce 660nm to determine concentration 

Post-labelling and harvesting, either whole cell or cytoplasmic and nuclear lysates were 

subject to protein quantification using the Pierce™ 660nm Protein Assay (Thermo Scientific), 

as per the manufacturer’s instructions, using a 96-well plate assay format. Whole cell lysates 

were diluted 1:10 and cytoplasmic and nuclear extracts where quantified without diluting. 

Absorbance was measured at 660 nm excitation using a microplate reader (Bio-Rad) and the 

concentrations were extrapolated using a standard curve.  
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Figure 6.3 Flow chart of proximity labelling and identification protocol. 

Cells are transfected with the APEX2-AR-V7 fusion construct, incubated to allow expression of the 
fusion protein for 72 hours before induction of DNA damage using ionising radiation. Cells are then 
incubated for 2 hours with the addition of biotin phenol to allow DNA repair to begin and biotin phenol 
to enter the nucleus. Cells are then harvested before nuclear isolation and enrichment of biotinylated 
proteins using streptavidin beads.  

6.2.4 Streptavidin enrichment and initial analysis of biotinylation by western blot 

For initial experiments in HEK293T cells, 360 µg of whole cell lysate was added to 30 µL 

streptavidin beads (Life Sciences) that had been pre-washed with RIPA buffer (Table 3.9). A 10 

µL input was also taken from the initial lysates to confirm the labelling reaction had taken 

place. The beads and lysates were then incubated overnight at 4 oC on a rotating wheel, before 

removing the supernatant using magnetic separation, but retaining a small amount as a 

‘flowthrough’ sample. The beads were then washed 7 times with RIPA buffer and then boiled 

at 100 oC in SDS-sample buffer containing 2 mM biotin and 20 mM DTT for 15 minutes to elute 

the proteins (Table 3.10).  

For samples subject to cytoplasmic and nuclear fractionation, 100-150 µg of nuclear extract 

was incubated with 30 µL streptavidin beads plus NE-PER™ nuclear extraction reagent to a 
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final volume of 500 µL and incubated overnight at 4 oC on a rotating wheel. The cytoplasmic, 

nuclear and insoluble fractions were retained for downstream western blot analysis of 

enriched proteins.  

6.2.5 Preparation of samples for mass spectrometry and mass spectrometry data analysis 

For samples being sent for MS analysis, beads were washed 7 times with RIPA buffer then 7 

times in PBS in a laminar flow hood using filter tips to minimise keratin contamination to 

samples before being resuspended in 1 mL PBS. Samples were then delivered to the Glasgow 

MS facility (Polyomics) on dry ice. The samples were then subject to on-bead tryptic digestion 

followed by acidification with CF3COOH and dried down in a vacuum centrifuge ready for MS. 

Dry peptides residues were solubilized in 20 µL 5% acetonitrile with 0.5% formic acid using the 

auto-sampler of a nanoflow uHPLC system (Thermo Scientific RSLCnano). Online detection of 

peptide ions was by electrospray ionisation MS/MS with an Orbitrap Elite MS (Thermo 

Scientific). An injection volume of 5 µL of the reconstituted protein digest were desalted and 

concentrated for 10 min on trap column (0.3 × 5 mm) using a flow rate of 25 µL / min with 1% 

acetonitrile with 0.1% formic acid. Peptide separation was performed on a Pepmap C18 

reversed phase column (50 cm × 75 µm, particle size 3 µm, pore size 100 Å, Thermo Scientific) 

using a solvent gradient at a fixed solvent flow rate of 0.3 µl / min for the analytical column. 

The solvent composition was A) 0.1 % formic acid in water B) 0.08 % formic acid in 80% 

acetonitrile 20% water.  The solvent gradient was 4% B for 12 min, 4 to 60% for 90 min, 60 to 

99% for 14 min and held at 99% for 5 min. A further 9 minutes at initial conditions for column 

re-equilibration was used before the next injection. 

Protein identifications were assigned using the Mascot search engine (v2.6.2, Matrix Science) 

to interrogate protein sequences in the Swissprot database using Homo sapiens taxonomy. A 

mass tolerance of 10 ppm was allowed for the precursor and 0.3 Da for MS/MS matching. Lists 

were compared between replicates and compared to control samples. Alternative data 

processing was performed by inputting raw files to MaxQuant to identify and map peptides 

to proteins and provide intensity based absolute quantification (iBAQ) values. The iBAQ 

quantification method sums all the peptides intensities and divides by the number of 

detectable peptides of a protein. An inhouse R Script was then used to filter resulting lists to 

eliminate contaminants and proteins that were identified with <2 unique peptides. Peptide 
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intensity values from control samples were subtracted from plus IR and minus IR lists. Relative 

iBAQ (riBAQ) values were then calculated to provide final lists of proteins. The difference 

between the mean riBAQ value of the three plus IR samples and mean riBAQ value of the three 

minus IR samples was calculated to give the FC between the two conditions. Statistical 

significance was determined using individual paired t-tests using PRISM.  

6.2.6 Stable cell line generation 

mSA insertion to TLCV2 plasmid 

Streptavidin-fused Cas9 protein has been shown to increase efficiency of CRISPR/Cas9 knock-

in by utilising biotinylated donor templates that will have a high affinity for Cas9-streptavidin 

(Gu et al., 2018). Therefore, the monomeric streptavidin (mSA) sequence was inserted into 

the pTLCV2-Cas9 plasmid downstream and in-frame with Cas9-Flag cDNA (Addgene #87360). 

An mSA fragment was digested from the plasmid pSpCas9-mSA-2A-Puro using a Bam H1 

restriction enzyme (Invitrogen) according to manufacturer’s instructions and was gel 

extracted using a NEB gel purification kit. The pTLCV2-Cas9 plasmid was also digested using 

Bam HI and gel extracted. The donor pTLCV2-Cas9 plasmid and mSA insert were ligated using 

NEB T4 ligase according to manufacturer’s instructions (NEB). The resulting ligation reactions 

were transformed into Stbl3 cells and plated onto ampicillin-containing LB agar plates to select 

positive recombinants. After overnight incubation, resulting colonies were screened using 

colony PCR using Cas9 forward and mSA reverse primers; amplification will only take place if 

the insert has been successfully ligated into the donor plasmid. A positive clone was sent for 

Sanger sequencing (GeneWiz) to confirm insertion of the mSA fragment downstream from the 

Cas9-Flag cDNA. Once confirmed, the plasmid was transfected into CWR22Rv1-AR-EK cells to 

determine if the Cas9-mSA protein was expressed using western blotting incorporating a Cas9 

antibody. The parent pTLCV2-Cas9 plasmid was used as a control to enable comparison of the 

unmodified Cas9 with the newly generated streptavidin-tagged Cas9 fusion.   

Inducible Cas9-mSA cell line generation 

To generate and inducible CWR22Rv1-AR-EK-Cas-9-mSA cell line, 4 x 106 CWR22Rv1-AR-EK 

cells were seeded into 10 cm dishes and transduced with 1 mL unconcentrated TLCV2-mSA 

lentivirus 24 hours later (Lentiviral generation and transduction protocol detailed in section 

3.14). The cells were then incubated for 7 days to allow integration of the transgene and 
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resistance marker. 1 µg/mL puromycin was then added to the media to select for cells that 

have stably integrated the Cas9-mSA/puromycin-resistance cassette. Colonies were allowed 

to grow and were picked and bulked up to screen for Cas9 expression by western blotting. 

6.2.7 dsODN generation  

Amplification of Puro-T2A-APEX2-GS linker gBlock 

A gBlock™ gene fragment (Integrated DNA Technologies) encoding a puromycin resistance 

cassette, T2A linker and APEX2 sequence was PCR amplified using biotinylated primers (Sigma) 

that contain 50 bp sequences complementary to the AR sequence adjacent to the Cas9/gRNA 

cut-site using Phusion PCR Master Mix 2x (NewEngland Biolabs). The following thermal profile 

was performed on a GeneAMP 2700 thermal cycler (ABI): initial denaturation at 98°C for 30 

seconds, 35 cycles of 98°C for 10 seconds, 72°C for 30 seconds , 72°C for 1 min 30 seconds, 

followed by a final extensions at 72°C for 7 minutes. The PCR amplicons from four 50 µL PCR 

reactions were combined and purified using a QIAquick PCR clean up kit (Qiagen) and 

quantified using a nanodrop spectrophotometer.  

Amplification of RFP-T2A-APEX2-GS linker gBlock 

A gBlock™ gene fragment (Integrated DNA Technologies) encoding a Turbo RFP cassette, T2A 

linker and APEX2 sequence was PCR amplified using biotinylated primers (Sigma) that contain 

50 bp sequences complementary to the AR sequence adjacent to the Cas9/gRNA cut-site using 

Phusion PCR Master Mix 2x (NewEngland Biolabs). The following thermal profile was 

performed on a GeneAMP 2700 thermal cycler (ABI): initial denaturation at 98 °C for 30 

seconds, 20 cycles of 98 °C for 10 seconds, 55 °C for 30 seconds , 72 °C for 1 min 30 seconds, 

followed by a final extensions at 72 °C for 7 minutes. The PCR amplicons from four 50 µL PCR 

reactions were combined and purified using a QIAquick PCR clean up kit (Qiagen) and 

quantified using a nanodrop spectrophotometer.  



 

 

 189 

 
Table 6.1 Primer Sequences to generate the dsODN template for the APEX2 knock in. 

Forward (5’ – 3’): 

 Homology arm-Puro-APEX gBlock 

[Btn]GGAGGCGGGGTAAGGGAAGTAGGTGGAAGATTCAGCCA
AGCTCAAGGATGACAGAATATAAACCAACAGT 

Reverse (5’ – 3’): 

 Homology arm- Puro-APEX gBlock 

GTCTTGGACGGCGGCCGAGGGTAGACCCTTCCCAGCCCTAACT
GCACTTCTCCTGAACCTGAACCAGATC 

Forward (5’ – 3’): 

 Homology arm-RFP-APEX gBlock 

[Btn]GGAGGCGGGGTAAGGGAAGTAGGTGGAAGATTCAGCCA
AGCTCAAGGATGAGCGAGCTGATCAAGGAGAA 

Reverse (5’ – 3’): 

 Homology arm-RFP-APEX gBlock 

GTCTTGGACGGCGGCCGAGGGTAGACCCTTCCCAGCCCTAACT
GCACTTCTCCTGAACCTGAACCAGATC 

 

6.3 Results 

To determine the interactome of AR-Vs in steady state and post-IR, introduction of the APEX2 

sequence upstream of the AR gene in CWR22Rv1-AR-EK cells using CRISPR/Cas9 was 

attempted (Figure 6.4). Using endogenous AR-V levels to label their interactome is 

advantageous due to it being in a physiological background. This will also mean 100% of the 

cells express APEX2-AR-Vs so the quantity of biotinylated proteins that are enriched will be 

sufficiently robust to enable detection of proteins that have a lower abundance by MS. This 

novel cell line derivative can also be used to further validate previous AR-V interactome data 

sets that have been identified using exogenous over-expression of FL-AR or AR-Vs using either 

antibody-based or RIME detection techniques. Three different approaches for APEX2 gene 

knock-in were attempted over the course of approximately 16 months, but due to the low 

knock-in efficiency, possibly as a consequence of the size of the HDR donor template needing 

to be introduced, this was not successful. Each approach is described below.  
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Figure 6.4 AR gene for insertion of APEX2 at the start codon of AR exon 1. 

The cut site for insertion of the RFP/PuroR-T2A-APEX2 sequence at the start codon of AR exon 1 with 
the sgRNA used, highlighting the PAM site. Subsequent translated AR-V protein will incorporate APEX2-
Linker-NTD-DBD-Cryptic exons (Ces).  

6.3.1 Validating sgRNAs 

To validate the efficiency of an AR targeting sgRNA (Sigma), both constitutive and inducible 

Cas9 cell lines generated in house by Laura Walker (fellow PhD student) were used. Briefly, 

the cell lines were generated using lentiviral transduction of the doxycycline-inducible-LCV2 

(TLCV2) and LCV2 constructs into CWR22Rv1-AR-EK cells which were then puromycin selected, 

and an individual clonal population was validated for Cas9 expression. The inducible cell line 

was treated with doxycycline for 24 hours then both cell lines were reverse transfected with 

25 nM sgRNA and incubated for 72 hours. Cell pellets were then harvested, genomic DNA was 

isolated and the region encompassing the AR start codon adjacent to the target site of the 

sgRNA was amplified by PCR using the primers in Table 6.2 and resulting amplicons were then 

gel extracted and sent for Sanger sequencing. The chromatograms from both the Cas9 only 

control and the Cas9 plus AR sgRNA were compared to identify the percentage indel efficiency 

by Cas9 at the specified region. Synthego ICE analysis calculated the indel efficiency and the 

nature of the introduced indels (for example -1, +1, +2 (base pairs)), which ultimately indicates 
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if the indels are in-frame or if they disrupt the reading frame. Importantly, ICE analysis of the 

amplified AR exon 1 locus post editing showed the editing efficiency for the constitutive and 

inducible cell lines was 65% and 82%, respectively which was further supported by 

demonstrating a robust reduction of AR expression (Figure 6.5) in cells transfected with the 

AR-targeting sgRNA. These validated sgRNAs were then incorporated into the knock-in 

pipeline to generate the APEX2-AR-V CWR22Rv1-AR-EK cell derivative.   

Table 6.2 Primer sequences used to amplify region around sgRNA mediated cut side of AR gene for 
TIDE analysis 

Gene Forward (5’-3’) Reverse (5’-3’) 

AR GAGACAGACTGTGAGCCTA GCTCTGGAACAGATTCTGGAA 
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Figure 6.5 Editing efficiency in CWR22Rv1-AR-EK-Cas9 and CWR22Rv1-AR-EK-iCas9 cell lines using 
AR Exon 1 targeting sgRNA.  

Cells were seeded in 6-well plates and transfected with 25 nM single guide (sg) scrambled (sgScr) or 
AR-targeting (sgAR) RNAs. The CWR22Rv1-AR-EK-iCas9 cell line is treated with doxycycline for 24 hours 
prior to seeding and transfection with sgRNAs. Cells were then harvested, the genomic DNA was 
isolated and a DNA amplicon incorporating the cut site was amplified using PCR and sequenced for 
indel analysis using ICE (Synthego). Cells were harvested for western blot analysis 5 days post sgRNA 
transfection incorporating anti-AR and -α-tubulin antibodies.  

Cut site AR Exon 1 

α-tubulin 
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Due to the low transfection efficiency of the CWR22Rv1-AR-EK cells, which would reduce the 

take up of Cas9-expressing plasmids hence compromising the overall knock-in efficiency of 

the puromycin/RFP-APEX2 cassette, a stable CWR22Rv1-AR-EK-iCas9-mSA derivative cell line 

was sought that expresses Flag- and streptavidin (mSA)-tagged Cas9 in response to 

doxycycline. This was generated by firstly inserting the mSA sequence into the pTLCV2-Cas9 

vector downstream of the Cas9-Flag cDNA (Figure 6.6) then generation of lentivirus for 

transduction of CWR22Rv1-AR-EK cells. The cells were then puromycin selected and GFP-

positive clone 6 (C6) was validated for mSA-tagged Cas9 expression by inducing the cells with 

doxycycline then using western blot analysis, incorporating a Flag antibody to detect the Flag-

tagged mSA-Cas9 protein (Figure 6.7A), and immunofluorescence to detect GFP which is a 

surrogate marker of mSA-Cas9 expression (Figure 6.7B)(GFP cDNA is located downstream 

from the Cas9 cDNA and a T2A sequence; enabling transcription and translation of Cas9 and 

GFP as a composite which then splits by intracellular cleavage of the T2A peptide). A successful 

doxycycline-inducible mSA-Cas9 expressing clone was then taken forward. Transfection with 

the on-target AR-targeting sgRNA was used to validate the functionality of the mSA-Cas9 

enzyme and ensure mSA attachment to the Cas9 C-terminus did not impact its editing 

capability. Using Synthego ICE analysis, this showed the editing efficiency was between 44-

53% across two replicates (Figure 6.7C). This suggests mSA slightly impacts the nuclease 

activity of the Cas9 enzyme, however the efficiency is still sufficient to lead to a significant 

knockout of AR, as can be seen by assessing AR protein levels post sgRNA-mediated AR 

knockout using western blot analysis(Figure 6.7A).  
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Figure 6.6 TLCV2 sequence showing location of mSA insertion and sequencing showing successful 
incorporation of mSA sequence.  

BamHI-linker-mSA-BamH1 
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Figure 6.7 Validation of a CWR22Rv1-AR-EK-iCas9-mSA inducible cell line 

CWR22Rv1-AR-EK-iCas9-mSA cells were treated with doxycycline for 24 hours to induce Cas9-mSA 
expression. 25 nM sgRNA was then transfected for 96 hours before western analyses (A) to assess AR 
protein levels. B. Microscopy images shows GFP (a surrogate for Cas9-mSA) expression 24 hours after 
doxycycline induction (10x magnification). C. 72 hours post sgRNA transfection, cells were harvested 
for genomic DNA extraction and the region encompassing the sgAR target site was amplified using 
PCR. Indel Synthego ICE analysis shows the editing efficiency of 2 replicates.  

CWR22Rv1-AR-EK-Cas9-mSA Clone 6, 24 h dox induction 
A. B. 

C.
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6.3.2 Knock in cell line attempts 

Initial attempts of the APEX2-AR-V knock-in utilised transient expression of Cas9-mSA, whilst 

waiting for expansion and validation of clonal populations of the CWR22Rv1-AR-EK-iCas9-mSA 

inducible cell line. To create the donor template to enable knock-in of the APEX cDNA 

sequence adjacent to the translational start site of the AR gene, a puromycin-T2A-APEX2 

gBlock™ (Integrated DNA Technologies) was amplified using PCR with primers that contained 

50 bp AR gene homology arms that were biotin modified to ensure PCR amplicons were 

biotinylated and would have an affinity for the streptavidin-tagged Cas9 (Figure 6.8). This 

generated a Puro-T2A-APEX2 double-stranded donor template (dsODN) that could be 

incorporated into the downstream knock-in pipeline.  

1 µg pTLCV2-Cas9-mSA was transiently transfected into 5x105 CWR22Rv1-AR-EK cells 

alongside 2.5 µg Puro-T2A-APEX2 dsODN and 25 nM on-target sgAR. A second transfection 

was performed 48 hours later to maximise plasmid take-up and protein expression. Cells were 

transferred into 10 cm dishes upon reaching 80-90% confluency before treatment with 1 

µg/mL puromycin after 10 days to allow time for expression of Cas9-mSA, and puromycin 

Figure 6.8 Diagrammatic representation of APEX2 knock-in pipeline 

An APEX2-puromycin cassette gBlock is amplified with 5’ biotinylated primers containing 
complementary sequences (homology arms) to the AR gene to generate a donor template. This 
biotinylated donor interacts with the streptavidin moiety of a Cas9-mSA fusion protein to facilitate 
APEX2 cDNA knock-in adjacent to the ATG of the AR gene.  
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resistance from the plasmid to diminish. Plates were then left to incubate until colonies of 

cells were large enough to be picked and placed into single wells, to enable screening of single 

clonal populations of cells. Clones were then screened using western blot to determine if there 

was a size change in the AR protein (expected +27 kDa). No successful knock-in clones were 

detected. It is likely that puromycin resistance has arisen via stable integration of the pTLCV2-

Cas9 plasmid, that itself encodes puromycin resistance, rather than successful knock-in of the 

puromycin cassette from the donor template. This was shown using western blot of Cas9 in 

the surviving colonies (Figure 6.9) where a faint band representing Cas9 was detected in all 

clones.  

Figure 6.9 Screening of CWR22Rv1-AR-EK cells after puromycin selection 

CWR22Rv1-AR-EK cells were double transfected with 1 µg pTLCV2-mSA-Cas9, 2.5 µg dsODN template 
and 25 nM sgAR and puromycin selected after 12 days. Surviving clones were screened using western 
blot analysis of AR protein compared to a parental CWR22Rv1-AR-EK cell lysate. 

To mitigate the problem of cells surviving due to stable integration of the pTLCV2-mSA-Cas9 

plasmid, and not because of knock-in of the puromycin HDR template, the puromycin 

sequence was digested out of the pTLCV2-mSA-Cas9 plasmid using restriction enzymes Stu I 

and Bsi WI (New England Biolabs) for 4 hours followed by T4 polymerase (New England 

Biolabs) treatment to fill in the overhang from the Bsi WI digest. The plasmid, now termed 

pTLCV2-XP-mSA-Cas9, was then ligated with T4 ligase (New England Biolabs) for 2 hours at 

room temperature then overnight at 4 °C before transformation into Stbl3 cells on ampicillin-

containing plates. Colony PCR was used to screen colonies and a successful colony was 

miniprepped and sent for Sanger sequencing (Figure 6.10A). pTLCV2-XP-mSA-Cas9 was 

transfected into CWR22Rv1-AR-EK cells and Cas9 expression was detected using western blot 

to confirm removal of the puromycin sequence did not interfere with Cas9 protein expression 
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(Figure 6.10B). Cells transfected with either pTLCV2-mSA-Cas9 or pTLCV2-XP-mSA-Cas9 were 

treated with puromycin to validate that LCV2-XP does not provide any resistance to 

puromycin.  Cells were visualised under a microscope after two weeks selection, and this 

showed the cells transfected with the parental pTLCV2-mSA-Cas9 plasmid enabled cells to 

survive under selection with puromycin. In contrast, cells transfected pTLCV2-XP-mSA-Cas9 

did not survive, so it was concluded that this plasmid will not confer resistance to puromycin, 

and that any cells that survive after transfection with the Puro-T2A-APEX2 dsODN and 

puromycin selection, survive because of a successful knock-in event and not stable integration 

of the pTLCV2-mSA-Cas9 plasmid (Figure 6.10C).  

Figure 6.10 Removal or puromycin resistance cassette from LCV2 plasmid. 

A. Colony PCR of colonies after transformation to detect size decrease in amplicon using primers up
and downstream of the puromycin-resistance gene. B. CWR22Rv1-AR-EK cells were reverse
transfected with pTLCV2-XP-mSA-Cas9 plasmid to confirm Cas9 expression was not altered in response 
to removal of the puromycin-resistance gene. C. CWR22Rv1-AR-EK cells transfected with either
pTLCV2-mSA-Cas9 or pTLCV2-XP-mSA-Cas9 were treated with puromycin for two weeks to validate
removing the puromycin-resistance gene from the pTLCV2-mSA-Cas9 plasmid sensitises cells to

A. 
B. 

C.
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puromycin selection. Images taken using an Olympus CK40 with a Viviscam 5.0 camera (10x 
magnification).  

Having established the newly modified pTLCV2-XP-mSA-Cas9 plasmid does not confer 

puromycin resistance, CWR22Rv1-AR-EK cells were seeded at a density of 5x105 in a well of a 

6-well plate and were transfected with 1 µg pTLCV2-XP-mSA-Cas9, 2.5 µg dsODN template

and 25 nM sgAR. Cells were then transfected 48 hours later with the same reagents after

which they were transferred to a 10 cm dishes upon reaching 80-90% confluency. Puromycin

was added 24 hours later to begin selection of the potential knock-in clones. Importantly, the

control population that were transfected with the pTLCV2-XP-mSA-Cas9 plasmid alone

without the donor template all died in response to puromycin. Puromycin-resistant cells from

the pTLCV2-XP-mSA-Cas9/dsODN-transfected population were then allowed to form colonies

that were later picked, bulked up and screened for APEX2-AR-V expression using western

blotting. Unfortunately, none of the clones that successfully grew in the presence of

puromycin had the 27 kDa size increase in the AR-V protein band (Figure 6.11A). Clone 13

appeared to have a slight upshift in AR-Vs, so was tested by using the biotinylation protocol

and lysates were then ran on a western blot to assess biotin-labelling ability. However, there

was no biotinylation seen in the streptavidin enriched or input samples. Consequently, this

attempt at APEX2 knock-in was unsuccessful (Figure 6.11B).

 
A. B. 
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A. CWR22Rv1-AR-EK cells were double transfected with 1 µg pTLCV2-XP-mSA-Cas9, 2.5 µg dsODN
template and 25 nM sgAR and puromycin selected. Surviving clones were screened using western blot
analysis of AR to detect successful APEX2 integration by band supershift. B. Clone 13 was seeded and
treated with biotin-phenol then H2O2 to induce the biotinylation reaction. Input lysates and
streptavidin bead-enriched lysates were analysed using western blot to detect biotinylated proteins
using a biotin antibody.

As unsuccessful APEX2 knock-in clones were surviving puromycin selection, an RFP selection 

approach was next attempted. This would allow for cell sorting of RFP positive cells, and the 

cells that are RFP positive should undoubtedly be expressing RFP and thus by proxy, the APEX2 

AR-V fusion. A new dsODN gBlock™ was designed to encode RFP-T2A-APEX2 in place of the 

puromycin-resistance gene and this was PCR amplified in-house to add 50 bp homology arms 

that are biotinylated at the 5’ end to enhance efficiency of knock-in. CWR22Rv1-AR-EK cells 

were seeded into 60 mm dishes at a cell density of 1 x106 and were reverse transfected with 

2 µg pTLCV2-mSA-Cas9, 2 µg RFP-T2A-APEX2 and 25 nM sgAR. A control population were 

transfected with no guide RNA so when selected, cells can be gated to not include this 

background of cells. Cells were re-transfected with 2 µg pTLCV2-mSA-Cas9, 2 µg RFP-T2A-

APEX2 and 25 nM sgAR 48 hours later. Doxycycline was added post transfection to induce 

Cas9-mSA expression. When cells were 80-90% confluent they were moved up into a 10 cm 

dish then 3 x T175 culture flasks prior to sorting. Prior to cell sorting, cells were assessed for 

RFP using a Nikon2000 microscope. However, no RFP could be detected. This could be because 

if RFP-APEX2 has been inserted into the endogenous AR gene, the expression level may not 

be high enough for detection. For cell sorting, cells were washed with PBS, trypsinised and 

counted. ~30 million cells were resuspended in 2 mL FACS buffer (PBS, 1% v/v FBS, 6 mM 

EDTA) and filtered to remove cell clumps. 13.5 million control cells were used to set the gates 

for the positive RFP cell population. Around 1000 cells (Q2 in flow cytometry plot in Figure 

6.12A) were selected using the FACS Aria cell sorter, which were then seeded into a well of a 

6-well plate. It is worth noting there was not a distinct ‘RFP-positive’ cell population detected

by the cell sorter and cells that were being sorted could be debris or auto-fluorescing cells.

Figure 6.11 APEX2-AR-V knock-in screening of puromycin-selected clones and biotinylation test of 
single clone 
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The sorted cells were then cultured until they formed colonies that could be picked and bulked 

up. Clones were then screened using western blot to detect the 27 kDa increase in the AR-V 

protein (Figure 6.12B). However, no APEX2-AR-V knock-in clones were detected so it was 

concluded that this approach was not successful. CWR22Rv1-AR-EK-iCas9-mSA cells were also 

used to attempt the knock-in using the same approach as above. Instead of cell sorting, the 

FACS Attune machine was used to screen a sub-population of cells to determine if any RFP 

could be detected in the cells. However, there was no detectable difference between the 

control cell population and the ‘knock-in’ cell population, so it was concluded this approach 

was also unsuccessful.  
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Figure 6.12 Cell sorting of RFP positive clones and western blot screening of sorted clones 

A. 30 million CWR22Rv1-AR-EK cells transfected with pTLCV2-mSA-Cas9, RFP-T2A-APEX2 dsODN and
sgAR were harvested into FACS sorting buffer and sorted for RFP positivity using Aria cell sorter, using
the control CWR22Rv1-AR-EK cells as a control population to set gates. B. Clones were picked and
bulked up for western blot screening of AR protein size change.

Because the CRISPR/Cas9 knock-in technique to generate a stable endogenously-tagged 

APEX2-AR-V expressing cell line was unsuccessful, and because of time restraints, ectopic 

expression of APEX2-AR-V7 was used to determine the AR-V7 interactome in steady-state and 

post-irradiated cells. Although not as physiologically-relevant as an endogenous gene-tagging 

A. 

B.
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approach, I felt that this contingency would still offer an exciting insight into AR-V7 function 

in steady-state and in response to DNA damage. Furthermore, there are published FL-AR and 

AR-V interactomes that have used ectopically expressed FL-AR and AR-Vs, so this technique is 

fitting with what is published and will enable comparison between datasets. 

 

6.3.3 Generation of an APEX2-V7 plasmid 

To determine the interactome of AR-V7 an N-terminal APEX2 fusion was generated using a 

pLV-AR-V7 plasmid. The donor pLV-AR-V7 plasmid was digested adjacent to the ATG start 

codon of AR-V7 using Eco RV (NewEngland Biolabs) according to the manufacturer’s 

instructions for a minimum of 4 hours at 37 °C and then treated with calf intestinal 

phosphatase (Invitrogen) to prevent re-ligation of the plasmid. This product was then run on 

a 1% agarose gel to confirm digestion. This was then gel extracted and column purified using 

a gel extraction kit (NewEngland Biolabs). The APEX2 insert was amplified from an pEJS578_DD-

dSpyCas9-mCherry-APEX2 plasmid (Addgene #108570) using the primers in Table 6.3. The FLAG 

sequence was included in the forward primer to generate a Flag-tagged APEX2-V7 fusion. The 

addition of ATC at the start of the APEX2 forward primer retains the Eco RV restriction site to 

enable successful ligation and to ensure the APEX2 sequence was inserted in the correct 

orientation.  

  

Table 6.3: Primers used for the amplification of the APEX2 sequence to be inserted into the AR-V7 
donor plasmid  

 

The PCR fragment was then gel extracted and polynucleotide kinase treated for 30 minutes at 

37 °C. The insert and digested plasmid were then ligated, using the suggested ratios of plasmid 

Forward (5’-3’): 

EcoRV-FLAG-APEX2 

ATCATGGACTACAAGGATGACGACGATAAGGGAAAGTCTTACCCAACTGTG 

Reverse (5’-3’): GCATCAGCAAACCCAAGCTCG 

AR-V7 Reverse (5’-3’): GCTCTGGAACAGATTCTGGAA 
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and insert, as predicted by the NEB calculator (1:5 and 1:3), using T4 ligase overnight at 16 °C. 

Ligation reactions were then transformed into DH5α competent cells and resultant colonies 

screened using colony PCR to identify successful recombinant vectors. Resultant PCR products 

were subject to electrophoresis to analyse amplicon size (Figure 6.13A). Successful plasmids 

were then further validated by diagnostic digest incorporating Eco RV which cleaves the 

plasmid twice (once at the restriction site maintained at the 5’ end of APEX2 and one in the 

middle of the APEX2 sequence) to release a 492 bp fragment (Figure 6.13B). 5 successful 

colonies that released the 492 bp fragment were sent for Sanger sequencing by GeneWiz using 

an AR reverse primer (Table 6.3) to confirm insertion of the APEX2 fragment (Figure 6.13C).  

 

Figure 6.13 An APEX2-AR-V7 encoding plasmid was successfully cloned. 

A. Bacterial cell colonies post-transformation were subject to PCR using an APEX2 forward and AR-V7
reverse primer set to confirm the insertion of the APEX2 sequence. The presence of a band at 1 kb
indicates successful cloning into the pLV-AR-V7 plasmid with the APEX2 sequence in the correct
orientation. B. Diagnostic digest of AR-V7 and APEX2-V7 mini-prepped plasmid with EcoRV. Sequencing
results confirmed insertion of the FLAG-APEX2 sequence into the pLV-AR-V7 plasmid.

Expected 
amplicon size 

Ladders    Colonies 

10kb 1kb 

A.  

APEX-V7 plasmid 

492bp fragment 

Plasmids digested 

V7        APEX2-V7 
B. 

C.
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The resultant pLV-FLAG-APEX2-AR-V7 construct or the original pLV-AR-V7 plasmid, was 

transfected into HEK293 cells for 72 hours prior to western analysis incorporating anti-AR and 

FLAG antibodies. As shown in Figure 6.14, the expected size increase (+27 kDa) of the FLAG-

APEX2-AR-V7 fusion protein was detected in cells transfected with pLV-FLAG-APEX2-AR-V7, 

but not in control cells transfected with the unmodified pLV-AR-V7 construct.  

Figure 6.14 Successful expression of APEX2-AR-V7 fusion protein in HEK293 cells after transfection 
with APEX2-AR-V7 plasmid.  

HEK293 cells were reverse transfected with either pLV-AR-V7 plasmid, or varying amounts of the pLV-
FLAG-APEX2-AR-V7 plasmid for 72 hours. Cells were then harvested and subject to western blot to 
assess expression of AR-V7 or APEX2-AR-V7 with an AR antibody, and APEX2-AR-V7 expression with a 
Flag antibody. 

6.3.4 The APEX2-V7 fusion protein is functional and is recruited to androgen response elements 

on chromatin 

A suitable transfection efficiency of the APEX2-AR-V7 plasmid was essential for the proximity 

labelling technique to enable labelling and enrichment of low abundant proteins for 

subsequent MS analysis. Furthermore, because it is unknown how much biotinylated protein 

is being enriched using streptavidin beads, a high transfection efficiency needs to be achieved 

to increase the chances of detecting and identifying proteins. As the CWR22Rv1-AR-EK cell 

line is a difficult to transfect cell-line, this required optimisation. Several methods of 

transfection of the APEX2-AR-V7 plasmid were attempted, including transient transfection 

using 2 different lipofectamine reagents, LT1 and FuGene® (Promega); as well as nucleofection 

and lentiviral-based transduction. APEX2-AR-V7 lentivirus was generated and validated for 

APEX2-AR-V7 fusion 

Unmodified AR-V7 
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APEX2-AR-V7 expression by transduction in HEK293 cells (Figure 6.15A). Viral transduction of 

the APEX2-V7 plasmid was attempted in CWR22Rv1-AR-EK cells as the levels of APEX2-AR-V7 

protein may be closer to endogenous levels of AR-V7 protein. However due to the lack of a 

selection marker in the plasmid, APEX2-AR-V7 expression was not particularly robust in this 

cell line (Figure 6.15B). As FuGene® transfection reagent is optimised for difficult to transfect 

cells, FuGene was utilised for transfection. In addition, our conventional transfection reagent 

LT-1 was used, and efficiency of the procedures were assessed using immunofluorescence, 

incorporating an anti-FLAG antibody, to detect ectopically-expressed FLAG-tagged APEX2-AR-

V7 fusions. As shown in Figure 6.15B, a double transfection of APEX2-AR-V7, in which cells are 

reverse transfected on the day of seeding then again 48-72 hours later, yielded a greater 

transfection efficiency using LT-1 when compared against CWR22Rv1-AR-EK cells that had 

been transfected once with FuGene. Therefore this ‘double transfection’ using LT1 was taken 

forward to test and optimise the labelling and enrichment protocol.  
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Figure 6.15 Optimising the transfection efficiency of the APEX2-AR-V7 plasmid 

A. HEK293 cells were transduced with increasing volumes of APEX2-AR-V7 lentivirus to confirm APEX2-
AR-V7 expression after 72 hours. B. CWR22Rv1-AR-EK cells were transfected with LT1 transfection
reagent (unless stated with FUGene) or subject to nucleofection with APEX2-AR-V7 plasmid or
transduced with APEX2-AR-V7 lentivirus and incubated for 72 or 120 hours (as indicated) and then
subject to immunofluorescence analysis using a FLAG antibody to assess transfection/transduction
efficiency (20x magnification).

B. 

A.
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Before the proximity biotinylation pipeline could commence, the APEX2-AR-V7 fusion was 

tested for functionality as there was a possibility that the addition of the APEX2 enzyme would 

impact the distribution and chromatin binding capacity of the AR-V7 protein. ChIP 

experiments using either anti-FLAG or isotype control antibodies were performed in 

CWR22Rv1-AR-EK cells transfected with the AR-V7- or FLAG-APEX2-AR-V7-encoding plasmids, 

or mock-transfected cells (C/O). As shown in Figure 6.16, the FLAG-APEX2-AR-V7 fusion 

protein is enriched at cis-regulatory elements of canonical AR-V target genes PSA, KLK2 and 

CCNA2 so it was assumed that the APEX2 moiety of the fusion does not impact AR-V7 

functionality. In hindsight, a more appropriate control for this experiment would have been 

to directly compare FLAG-tagged AR-V7 chromatin enrichment to that of the FLAG-APEX2-AR-

V7, but due to time-constraints, we were unable to generate the FLAG-AR-V7 construct in time 

to complete these experiments. Critically, the enrichment of the ectopic AR-V7 fusion protein 

is consistent with the percentage inputs observed for endogenous AR-Vs in CWR22Rv1 and 

CWR22Rv1-AR-EK cells (Kounatidou et al., 2019). 

Figure 6.16 FLAG antibody-based ChIP shows APEX2-AR-V7 fusion protein is recruited to androgen 
response elements on chromatin 

CWR22Rv1-AR-EK cells were seeded, and transfected with 5 µg pLV-AR-V7 or pLV-FLAG-APEX2-AR-V7 
plasmid for 72 hours, or mock for control (C/O), before ChIP incorporating anti-FLAG or isotype control 
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antibodies. Data shows normalised percentage input to the C/O control sample of FLAG-AR-V7 
enrichment at enhancers of PSA (ARE III), KLK2 and CCNA and is n=1. 

6.3.5 Optimisation of the labelling protocol in HEK293 and CWR22Rv1-AR-EK cells 

Now that the APEX2-AR-V7 fusion had been successfully generated, it was critical that the 

optimisation of the biotin labelling and enrichment protocol was performed. HEK293 cells 

were chosen for this due to their relative ease of transfection. Cells were transfected with 5 

µg pLV-FLAG-APEX2-AR-V7 in 10 cm dishes for 72 hours prior to treatment with 500 µM biotin-

phenol for 1 hour and then 1 mM H2O2 for 30 seconds (refer to Figure 6.2). Cells were then 

washed twice with quenching solution to stop the labelling reaction and then scraped into PBS 

and pelleted. Cells were then lysed in RIPA buffer, cleared by centrifugation and then 30 µg 

streptavidin coated DynaBeads was added to the whole cell lysates and incubated at 4 °C 

overnight. Protein bound streptavidin beads were then subjected to multiple washing steps 

using RIPA buffer and eluted at 100 °C in SDS supplemented with 20 mM DTT and 2 mM biotin. 

Inputs were taken from whole cell lysates prior to enrichment. Input and enriched lysates 

were then subject to western blotting to assess the level of biotinylation using a biotin 

antibody (Figure 6.17A). Importantly, the western blot showed that proximal protein 

biotinylation only occurs in the presence of both the APEX2-AR-V7 fusion and the labelling 

reagents as indicated by a smear of biotinylated proteins in the arm containing the APEX2-AR-

V7 fusion and biotin. In contrast, cells expressing APEX2-AR-V7, but not incubated with biotin-

phenol or H2O2, did not demonstrate the smear of biotinylated proteins. Further validation of 

biotinylation selectivity was conducted by transfecting HEK293 cells with the original pLV-AR-

V7 plasmid, lacking the APEX2 fusion, and inducing labelling. As expected, no protein 

biotinylation was detected which confirmed that biotinylation will only occur in the presence 

of APEX2-AR-V7 and the labelling reagents (Figure 6.17A).   

Intriguingly, a recent paper using proximity-based labelling with APEX2-fusion proteins to 

identify interactomes of DDR-associated proteins, indicated that irradiating cells reduced the 

number of proteins that were being biotinylated by APEX2 (Gupta et al., 2018). Therefore, it 

was vital to determine if irradiating cells 2 hours pre-labelling impacted the abundance and 

magnitude of APEX2-mediated protein biotinylation. Importantly, In the Gupta et al. study, a 
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dose of 10 Gy irradiation was applied to cells. This is considerably higher than 2 Gy irradiation 

which was the chosen dose for our experiments as it had been previously demonstrated to be 

sufficient for inducing significant levels of DNA damage in CWR22Rv1 and CWR22Rv1-AR-EK 

cells as indicated by yH2AX foci (Kounatidou et al., 2019). Consequently, 2 and 4 Gy irradiation 

doses were tested to see if this reduced the number of biotinylated proteins detected by 

western blot. As shown in Figure 6.17B and C, neither dose of IR impacted the labelling 

efficiency as evidenced by comparable biotinylation smears in control, 2 and 4 Gy 

experimental arms. Therefore, the 4 Gy dose was taken forward for subsequent experiments 

to ensure adequate DNA damage occurs to induce a DDR. Also, as proteins of interest will be 

located in the nucleus, and as per the protocol in the publication investigating DDR proteins 

interactomes (Gupta et al., 2018), longer biotin-phenol and H2O2 incubations were adopted, 

using 2 hours instead of 1 hour pre-incubation with biotin-phenol to allow sufficient time for 

it to reach the nucleus. Similarly, a 2-minute H2O2 incubation was used for the same reason, 

as this was also used in the publication by Gupta et al. This modified approach was tested in 

HEK293 and CWR22Rv1-AR-EK to determine if this adaption to the protocol impacted labelling 

efficiency; as assessed via western blot. These experiments indicated that the amount of 

biotinylated proteins in both the input and enriched arms was similar between plus and minus 

4 Gy irradiation, and a longer incubation with biotin-phenol and H2O2 did not decrease the 

labelling efficiency of APEX2-AR-V7 (Figure 6.17D-E).  
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Figure 6.17 Optimisation of the proximity biotinylation protocol in HEK293 and CWR22Rv1-AR-EK 
cells.  

A-D. HEK293 cells were reverse transfected with 5 µg AR-V7 or APEX2-AR-V7 encoding plasmids for 72
hours. Cells were then irradiated with 2 or 4 Gy (as stated) with the addition of biotin-phenol for 2
hours. H2O2 was then added to culture media to induce the biotinylation reaction. Cells were then
scraped into PBS, pelleted, lysed, enriched with streptavidin beads and biotinylated protein was eluted 
with SDS sample buffer supplemented with biotin. Lysates were then subject to western blot to analyse 
biotinylated protein using a biotin antibody. E. CWR22Rv1-AR-EK cells were reverse transfected with

A. 

B. C. 

D. E. 
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5 µg APEX2-AR-V7 plasmid. Cells were then scraped into PBS, pelleted, lysed, and quantified. 360 or 
550 µg lysate was then enriched with streptavidin beads and biotinylated protein was eluted with SDS 
supplemented with biotin. Lysates were then subject to western blot to analyse biotinylated protein.  

The DNA repair kinetics in CWR22Rv1-AR-EK and CWR22Rv1 cell were also investigated to 

determine a time point in which the labelling will be induced post-irradiation. This was done 

by quantifying γH2AX foci using immunofluorescence, in cells that were fixed immediately 

after irradiation, then one, two, four, eight and twenty-four hours post 2 Gy irradiation. Upon 

DNA double stranded breaks, histone H2AX is rapidly phosphorylated (γH2AX) by ATM and/or 

DNA-PKcs, and is a common marker used to assess levels or DNA damage and the rate and 

efficiency of DNA repair (Rogakou et al., 1999). This revealed that after two hours, γH2AX foci 

per cell were decreased, meaning the foci have started to resolve as a consequence of 

successful DNA repair (Figure 6.18). Therefore, the two-hour time point was chosen for the 

labelling experiment as one of the aims of the experiment is to determine AR-V7 involvement 

in the DDR.  

CWR22Rv1 and CWR22Rv1-AR-EK cells were seeded onto glass coverslips for 24 hours. Cells were then 
irradiated with 2 Gy ionising radiation and harvested for immunofluorescence analysis of γH2AX foci 
immediately after irradiation (0h) then 1, 2, 4, 8 and 24 hours post irradiation. γH2AX foci 
quantification was performed using ImageJ software. Data represents three independent experiments 
and the mean ±SEM is presented.  

Figure 6.18 Analysis of γH2AX foci at several time points post 2 Gy irradiation 
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As shown in Figure 6.15, the APEX2-AR-V7 fusion is expressed in both the cytoplasm and the 

nucleus. Therefore, to eliminate any background labelling in the cytoplasm, and to maximise 

detection of nuclear proteins involved in AR-V7-mediated transcription and the DDR, a 

cytoplasmic nuclear extraction was performed immediately after the labelling protocol so the 

nuclear fraction could be isolated and further processed by streptavidin-based enrichment. 

The separation of the cytoplasmic and nuclear compartments also meant that the highly 

expressed endogenous biotinylated proteins observed in the cytoplasmic fraction (red box; 

Figure 6.19A), were absent in the nuclear sample and hence unable to interfere with or occupy 

streptavidin binding sites during enrichment that would ultimately impact protein 

identification by MS. Importantly, it was also shown in CWR22Rv1-AR-EK cells that the nuclear 

fractionated biotinylated protein was not affected by irradiation (Figure 6.19B).  

Figure 6.19 Cytoplasmic nuclear fractionation of CWR22Rv1-AR-EK cells enriches for nuclear 
biotinylated proteins and removes highly expressed endogenously biotinylated protein from 
eluates.  

A. CWR22Rv1-AR-EK cells were double transfected with pLV-FLAG-APEX2-AR-V7 for 72 hours before
induction of the biotin labelling reaction. Post-labelling, cells were subject to cytoplasmic and nuclear
fractionation. Resultant input, streptavidin-enriched and flowthrough samples were subject to
western blot to analyse biotinylated proteins as well as FLAG, tubulin and PARP levels to assess

A. 

B.
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efficiency of cellular fractionation. B. CWR22Rv1-AR-EK cells treated as in (A) with the addition of 4 Gy 
ionising radiation treatment prior to activation of the biotin labelling reaction before sample analysis 
to detect efficiency of protein labelling.  

Now that it has been established that (i) the CWR22Rv1-AR-EK transfection efficiency was 

sufficient to induce labelling of a detectable ‘fingerprint’ of biotinylated proteins when 

analysed by western blot; (ii) the APEX2-AR-V7 fusion is functional and is recruited to 

chromatin; (iii) IR does not impact labelling efficiency of APEX2-AR-V7; (iv) two hour biotin-

phenol and two minutes H2O2 incubation are appropriate timings to label nuclear proteins; 

and (v) cytoplasmic/nuclear fractionation eliminates highly abundant endogenously 

biotinylated proteins, the next step was to test if there was sufficient material for MS 

identification of labelled proteins. A schematic of the optimised protocol is presented in Figure 

6.20.  

Figure 6.20 Optimised expression/ labelling protocol of AR-V7 interactome experiment.  

Cytoplasmic 
nuclear 

fractionation
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6.3.6 The androgen receptor was identified as the most abundant biotinylated protein in 

CWR22Rv1-AR-EK cells by mass spectrometry  

As it was still unknown whether the streptavidin-enriched protein samples were concentrated 

enough for identification, preliminary MS experiments were performed. CWR22Rv1-AR-EK 

cells were seeded into 10 cm dishes and transfected with 5 µg pLV-FLAG-APEX2-AR-V7 plasmid 

for 48 hours prior to a second transfection for a further 24 hours before conducting the 

labelling protocol. On the day of labelling, cells were irradiated with 4 Gy irradiation and 

concurrently incubated with biotin-phenol for 2 hours. H2O2 was added to the plus and minus 

IR arms but not to the control arm. Subsequently, cytoplasmic and nuclear fractions were 

isolated, and 60 µg of the nuclear fraction was incubated overnight at 4 °C with 30 µL 

streptavidin beads. Beads were then washed 7 times with RIPA buffer then 7 times with PBS, 

to remove residual detergent, before being resuspended in 1 mL PBS and sent to the 

Newcastle University MS facility for on-bead protein digestion and analysis. This initial 

experiment was to determine if sufficient material was being enriched by the IP step to permit 

identification of proteins by MS. Table 6.4 shows that the AR is in the top two abundant 

proteins in the samples in which the labelling was enabled. This was expected due to APEX2 

being fused directly to AR-V7, and therefore the most proximal protein to APEX2 is AR-V7 

making it the most readily biotinylated during the reaction. The log(e) value indicates the 

expectation of finding the protein stochastically. Therefore, proteins that have a value of 

higher than -2 are removed from the final list. The number of proteins that were identified in 

each treatment arm were 21 in the control, 37 in the minus IR sample, and 38 in the plus IR 

sample. 

Table 6.4 Top two proteins identified from first CWR22Rv1-AR-EK labelling experiment in each 
experimental arm.  

Identifier log(I) rI log(e) pI Mr Description 

Control 

ENSP00000344848 3.77 2 -10.2 5.6 515.9 plectin 

ENSP00000354486 4.36 2 -9.7 5.3 261 golgin A4 

minus IR 

ENSP00000216181 4.47 16 -127 5.5 226.4 myosin heavy chain 9 
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ENSP00000363822 4.6 9 -67.8 6 99.1 androgen receptor 

plus IR 

ENSP00000216181 4.9 26 -157 5.5 226.4 myosin heavy chain 9 

ENSP00000363822 4.86 17 -91.4 6 99.1 androgen receptor 

Due to the relatively small number of identified proteins compared to previous work 

performed in the host laboratory that identified 271 proteins interacting with AR-V7 by RIME 

utilising FLAG antibody IP, the experiment was scaled up from 10 cm dishes to 15 cm dishes 

and the amount of nuclear extract added to the streptavidin beads was doubled to ~120 µg. 

The scaled-up experiment validated that the APEX2-AR-V7 fusion was still able to label 

neighbouring proteins that can be identified using western blot (see Figure 6.21).   

For the subsequent experiments, Glasgow Polyomics was used to acquire MS data due to 

issues with the facility at Newcastle University. Similar to the first experiment, the labelling 

reaction was performed, the nuclear extract was isolated and quantified, and an input sample 

was taken for western blot analysis to confirm successful labelling. To validate there is 

genuinely higher levels of biotinylated proteins in the experimental arms treated with H2O2 

than the control arms, lysates were quantified using a Pierce 660nm kit and 10 µg of lysate 

was run on a western blot and the membrane was stained with Ponceau S solution (Figure 

6.21). This confirmed equal amounts of protein was loaded between samples. To validate that 

biotinylation occurred, either a biotin or streptavidin antibody was used. Figure 6.21 showed 

the level of biotinylation in the nuclear lysates for the minus and plus IR arms is similar, and 

there are considerably less biotinylated proteins detected in the control arm. The western blot 
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also showed the presence of the endogenously biotinylated proteins are mainly in the 

cytoplasmic fraction.  

Figure 6.21 Biotinylation of proteins was validated in samples that were subsequently analysed by 
mass spectrometry 

CWR22Rv1-AR-EK cells were transfected with 10 µg pLV-FLAG-APEX2-AR-V7 on the day of seeding and 
again 48 hours later prior to treatment with biotin-phenol and +/- IR (4 Gy) and the cells were 
incubated for 2 hours. In the minus and plus IR arms, H2O2 was added to cells to induce the labelling 
reaction. Cells were then quenched, harvested and the cytoplasmic and nuclear fractions were isolated 
and quantified. 10 µg of the lysate analysed via western blot which was subject to Ponceau Stain then 
streptavidin-HRP.  

30 µg streptavidin beads were added to the remaining ~120 µg nuclear lysate, this was then 

incubated overnight at 4 °C. The following day, the beads were washed 7 times with RIPA 

buffer and 7 times with PBS to minimise contamination of non-labelled proteins and remove 

detergents. The protein-bound streptavidin beads were then sent to Polyomics where an on-

bead trypsin digest and clean-up was performed before injecting the samples into an Orbitrap 

mass spectrometer. 

The first replicate had a high level of keratin contamination. This is problematic because a high 

concentration of keratins and other contaminants can interfere with MS analysis as they cause 
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reduced signal and limits protein identification. Therefore, for subsequent experiments, wash 

steps were performed in a laminar flow hood and filter tips were used so introduction of 

contaminants into samples was minimised. Subsequent runs identified substantially higher 

numbers of proteins. The Thermo RAW files were analysed using MaxQuant to carry out label-

free identification to provide an iBAQ value that represents protein abundance. The protein 

lists were then processed to omit common contaminants and to filter for proteins that were 

identified by >2 unique peptides. Table 6.5 shows there are a higher number of proteins 

identified in replicates n=2-4 when compared to n=1 where there was a high level of keratin. 

 Table 6.5 Number of proteins identified by mass spectrometry for each proximity labelling replicate 

Due to keratin contamination causing a lower number of identified proteins, replicate 1 was 

omitted from subsequent analyses of replicates 2-4, where precautions had been taken to 

minimise keratin levels. The clustering of each experimental arm was investigated using a heat 

map and principal component analysis. Expectedly, this showed that the control samples 

cluster away from the minus and plus IR arms. As seen in the heat map, the control samples 

cluster to the right, as does the minus IR_n2, likely due to the smaller number of proteins 
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present in this experimental arm (Figure 6.22). There was no distinct clustering between the 

samples that had been irradiated or the samples that had not. This is likely due to the APEX2-

AR-V7 fusion not necessarily labelling exclusively at the sites of DNA damage and because 

there will be endogenous DNA damage occurring in steady state conditions. The PCA plots 

also show subtle differences between the minus and plus IR arms. This is most prominent in 

replicate 2, but again this is likely due to the lower number of proteins being identified in the 

minus IR arm (Figure 6.23). 

Figure 6.22 Heat map of identified proteins in each experimental arm across three replicates 
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Figure 6.23 Principal component analysis of proteomics data of each of three replicates. 

The identified proteins that had >2 unique peptides and were identified in ≥2 replicates were 

plotted using their mean riBAQ values (Figure 6.24). The proteins with the highest abundance 

(riBAQ) are closer to 0 and the least abundant proteins are closer to -20. Reassuringly, AR was 

the fourth most abundant protein in both the minus- and plus-IR arms and known AR-

interacting proteins were identified including PARP1 and FUS (Kounatidou et al., 2019, Haile 

et al., 2011). Interestingly, DNA-PKcs was identified as an AR-V7 interacting protein both in 

steady-state and post-irradiation. This confirms what has been shown in Chapter 4 and 5 in 

which DNA-PKcs was characterised as an AR-V coregulator and supports previous published 

findings (Yin et al., 2017).  
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Figure 6.24 APEX2-AR-V7 interacting proteins identified by mass spectrometry in the presence and 
absence of ionising radiation.  

Mean riBAQ scores of all APEX2-AR-V7 interacting proteins identified by mass spectrometry were 
plotted using PRISM. AR and DNA-PKcs are highlighted in orange and two known AR interactors, PARP1 
and FUS are highlighted in green.  

The FC of proteins between the two conditions was next determined to assess the interactome 

changes that occurs upon DNA damage. The riBAQ values were input into PRISM, the mean 

riBAQ for each protein was determined and the difference between the plus and minus IR 

arms was calculated. A t-test was also performed to determine if the changes in abundance 

are statistically significant. The resulting volcano plot is presented in Figure 6.25. Proteins that 

have a FC of >1.5 are present towards the right of the plot and the proteins that have a FC of 

<-1.5 are present towards the left of the plot.  There are 73 proteins whose abundance 

increase by 1.5-fold in response to ionising radiation and 62 proteins whose abundance 

decreased in response to ionising radiation (Appendix 8.1). Out of these proteins, there are 
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17 proteins that are significantly increased or decreased in response to DNA damage (Table 

6.6). 

Figure 6.25 APEX2-AR-V7 interacting proteins 

riBAQ scores for all interacting proteins for both plus and minus experimental arms were analysed 
using multiple paired t-tests and the differences between the two conditions were plotted against the 
-log10 p value.

Table 6.6 Proteins that abundances are statistically significantly altered in response to irradiation. 
Proteins in blue are those that have riBAQ scores that are significantly decreased in response to 
irradiation.  

Protein p value Protein p value 

TNRC18 0.006336 SEC61A1 0.029899 

PABPN1 0.006971 SLTM 0.035009 

RBM4 0.007679 PRCC 0.036644 

PLEC 0.008211 IK 0.036819 

RPS8 0.011480 CDC5L 0.037821 

MED17 0.013217 FTSJ3 0.039354 
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DDX1 0.017675 RUVBL1 0.044374 

HSPA9 0.019045 ATP5C1 0.045894 

NCOR1 0.022783 

The proteins whose abundance increased by >1.5 fold in response to irradiation are presented 

in a heat map to visualise the level of change between the two conditions (Figure 6.26).  These 

proteins are also presented in Figure 6.27. The list of proteins was subsequently input into 

Gene Ontology analysis which indicated that proteins that are more abundant in the plus IR 

arm, are involved in biological processes such as splicing and mRNA processing, rather than 

processes related to the DDR.  

Interestingly, RBMX and its paralogue RBMXL1 were both identified as members of the AR-V7 

interactome. Furthermore, they were both increased by >1.5 fold in response to irradiation. 

RBMX was identified as an AR-V splicing regulator in Chapter 5. RBMX has also been identified 

as a regulator of DNA repair. It was reported that RBMX accumulates at DNA lesions in a PARP1 

dependent manner which promotes HR (Adamson et al., 2012). 
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Figure 6.26 Proteins with a riBAQ value >1.5-fold higher in response to irradiation. 

APEX2-AR-V7 interacting proteins that have a riBAQ score >1.5-fold higher in response to irradiation. 
Data points represent the mean of 2-3 replicates (depending on if the protein is identified in two or 
three replicates). 
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Table 6.7 Top 10 biological processes that are enriched in the list of proteins that are more abundant 
AR-V7 interactors in response to irradiation. 

GO biological process complete  Fold 
Enrichment 

False discovery 
rate 

positive regulation of mRNA splicing, via spliceosome 52.79 4.12E-05 

negative regulation of mRNA splicing, via spliceosome 52.29 7.49E-04 

mRNA cis splicing, via spliceosome 47.74 9.39E-04 

positive regulation of mRNA processing 47.06 3.96E-06 

negative regulation of RNA splicing 42.23 1.33E-03 

positive regulation of RNA splicing 41.18 7.87E-06 

protein refolding 37.43 1.98E-02 

negative regulation of mRNA processing 36.6 2.10E-03 

ribosomal large subunit assembly 30.5 3.20E-02 

positive regulation of transcription by RNA polymerase I 26.57 4.46E-02 
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APEX2-AR-V7 interacting proteins that have a riBAQ score >1.5 fold in response to irradiation. Ku80 
(XRCC5) is highlighted in a red box. Data points represent the mean of 2-3 replicates (depending on if 
the protein is identified in two or three replicates) ± SEM. 

The other components of the DNA-PK holoenzyme were identified in the MS data. The Ku 

heterodimer proteins, Ku70 (XRCC6) and Ku80 (XRCC5) were identified in all three of the 

samples that had been treated with 4 Gy irradiation, and they were both identified in two out 

of the three minus IR arms. This is consistent with what has been reported previously, where 

tandem MS identified the three members of the DNA-PK trimeric complex as AR associated 

proteins (Mayeur et al., 2005). Interestingly, this study mapped the Ku70/80/AR interaction 

to the AR LBD(Mayeur et al., 2005) which is absent in AR-Vs meaning the AR-V-DNA-PKcs 

holoenzyme interaction is not depended on presence of the LBD. A more recent study using 

transient transfection of AR-V7 and DNA-PKcs in PC3 cells mapped the WHTLF domain in the 

NTD of AR-Vs as being critical for DNA-PKcs interaction. Mutant WHTLF AR-V expression 

vectors displayed reduced interactions as measured using proximity ligation assays (Yin et al., 

2017). 

Because Ku70 and Ku80 were not identified in one of the minus IR replicates, to plot these 

proteins to visualise the changes in abundance between the two conditions, the smallest value 

across all identified proteins was substituted as the value for the replicate where Ku70 and 

Figure 6.27 Proteins with a riBAQ >1.5 fold higher in response to irradiation. 
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Ku80 were not identified. This showed that in response to irradiation, the abundance of each 

of the components of the DNA-PK holoenzyme is increased in all three replicates. This could 

suggest that AR-V7 is being recruited to sites of DNA damage in response to irradiation, which 

would support what has been shown in the literature whereby AR-V567es was shown to interact 

with γH2AX and DNA-PKcs in response to DNA damage. It is worth noting that the abundance 

of immunoprecipitated DNA-PKcs between the minus- and plus-IR experimental arms does 

not significantly change in response to irradiation. This is likely due to DNA-PKcs being a 

prominent interactor of AR-Vs in steady-state conditions, primarily acting as a transcriptional 

co-regulator, so it was not expected that the interaction would be greatly enhanced in the 

irradiated samples.   

Figure 6.28 The components of the DNA-PK holoenzyme were identified as interactors of AR-V7 

The riBAQ scores of each of the three replicates for the members of the DNA-PK complex, DNA-PKcs, 
Ku70 and Ku80 were individually plotted for -IR (blue circles) and +IR (yellow circles). In the replicates 
that did not identify Ku70 and Ku80 as interacting proteins, the riBAQ value was substituted for the 
lowest riBAQ identified in the whole dataset (the dotted line represents the replicate whereby Ku70 
and Ku80 was not detected in the -IR arm). 
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The lists of interacting proteins were compared to the previous AR-V7 and FL-AR interactomes 

generated by the host laboratory using RIME (unpublished) (Figure 6.29). 41% of proteins 

detected in the AR-V7 RIME interactome were identified as APEX2-AR-V7 interacting proteins. 

This is a reasonable overlap considering the variable nature of pull-down experiments, the 

potential non-specific interactors identified by antibody IP approaches and the difference is 

data acquisition and downstream analysis. 39% of proteins that were identified as a FL-AR 

interactor by RIME have been identified as APEX2-AR-V7 interacting protein. The RIME 

experiments were performed in CWR22Rv1 cells, whereas the current experiment was 

performed in CWR22Rv1-AR-EK. Therefore, there could be differences in the AR-V7 

interactome due to the distinct cellular backgrounds. 

Figure 6.29 Comparisons of the APEX2-AR-V7 interactome identified using proximity labelling and 
AR-V7 and FL-AR interactomes identified by RIME.  

The APEX2-AR-V7 interacting proteins were compared to the unpublished AR-V7 and FL-AR RIME 
interactome generated by the host laboratory (n=1).  

The APEX2-AR-V7 interactome was also compared to the published AR-V567es interactome 

identified by RIME (Paltoglou et al., 2017). The list of interacting proteins in the presence and 

absence of DHT was combined for comparison. This showed that just 9 proteins were shared 

between the AR-V7 and AR-V567es interactomes (Figure 6.30). This could be because the two 
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different variants have distinct interactomes or because of the different cell lines used to 

perform the experiments.  

The APEX2-AR-V7 interacting proteins were compared to the AR-V576es RIME interactome that was 
generated using R1-D567 cells (Paltoglou et al., 2017). Final lists of AR-V567es interacting proteins were 
generated by only including proteins that were identified in 3 out of 3 replicates and only if they were 
not present in 2 or more IgG control samples. The list used to compare with the APEX2-AR-V7 list was 
the combined proteins identified in either minus or plus DHT experimental arms.  

The AR-V567es interactome was also identified using IP-MS in R1-D567 cells (Yin et al., 2017). 

The top 10 interactors in steady-state and in response to 10 Gy irradiation were published, 

which were compared to the APEX2-AR-V7 interactome. This showed in the steady-state AR-

V567es interactome, PRKDC, AR, SNRP200 and LMNA were also present in our AR-V7 

interactome. In response to irradiation, PRKDC, AR, SF3A1, LMNA and DHX9 were the common 

interacting proteins of AR-V567es and our AR-V7 interactome.  

Recently, the DNA-PKcs interactome has been defined for the first time (Dylgjeri et al., 2022) 

using RIME in the AR-V negative C4-2 PCa cells. AR was not identified in the DNA-PKcs 

interactome. This could be due to the way the list was filtered; any protein that was identified 

in the IgG protein list was omitted from the DNA-PKcs interactome. However, because AR is 

ARID2 PHF10 

CHERP PAF1 

MBD2 TLE3 

MTA1 SP1 

NCOR1 

Figure 6.30 Comparisons of the APEX2-AR-V7 interactome identified using proximity labelling and the 
published AR-V567es interactomes identified by RIME. 
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an abundant protein in C4-2 cells, AR could have been immunoprecipitated by the IgG isotype 

control by chance, and therefore could have been filtered out of the final DNA-PKcs 

interactome list. Because of our interest in DNA-PKcs and AR-Vs, the overlap between our AR-

V7 interactome and the DNA-PKcs RIME interactome was identified (Figure 6.31). This showed 

there are 52 shared interacting protein, representing 37% of the DNA-PKcs interactome. 

Several of these proteins are ribosomal proteins that could be identified due to their high 

abundances in cells, especially in the APEX2-AR-V7 interactome that was subject to a 

cytoplasmic nuclear extraction.  If these proteins were excluded from the overlapping 

interactome, there are 38 remaining shared proteins. A large proportion of these are RNA 

binding/splicing proteins.   

ADAR HNRNPK NCL RPL11 RPL34 SNRPF 

CBX3 HNRNPM NONO RPL13 RPS2 SRSF3 

CFL1 HNRNPU NPM1 RPL18 RPS3 SRSF7 

DDX5 HSP90AB1 PARP1 RPL21 RPS6 TRIM28 

FASN HSPA8 PPIA RPL23 RPS8 VDAC2 

GAPDH HSPB1 PRDX1 RPL24 RPS9 XRCC5 

HNRNPA2B1 ILF2 PRKDC RPL29 SFPQ XRCC6 

HNRNPA3 ILF3 PRMT1 RPL3 SNRPD3 YWHAZ 

HNRNPC KHSRP HNRNPD HNRNPH1 

Figure 6.31 Several proteins were identified as part of the AR-V7 and DNA-PKcs interactome 
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The APEX2-AR-V7 interacting proteins were compared to the DNA-PKcs RIME interactome that was 
generated using C4-2 PCa cells (Dylgjeri et al., 2022).  



233 

6.4 Discussion 

The DNA damage response is mediated by both FL-AR and AR-V signalling through regulation 

of several DDR associated genes (Polkinghorn et al., 2013a, Kounatidou et al., 2019). 

Consequently, attenuating FL-AR with anti-androgens such as enzalutamide provides a 

synergistic benefit to patients receiving radiotherapy (Warde et al., 2011). It has been 

reported that AR-Vs may also play a direct role at the sites of DNA damage as the AR-V, AR-

V567es interacts with γH2AX in response to IR (Yin et al., 2017). This may provide an additional 

mechanism of radio-resistance in AR-V positive PCa patients. Therefore, patients that express 

AR-Vs may not benefit from combined radiotherapy and ADT. Furthermore, because ADT can 

induce AR-V expression, the timings and ordering of treatment regimens could be critical to 

patient outcomes (Welti et al., 2016). There are limited reports on how AR-Vs 

mediate/regulate the DDR. A recent study reported AR-Vs, specifically, AR-V7, mRNA and 

protein expression, are increased in CWR22Rv1 cell line and xenograft models 12-48 hours 

post 4 Gy irradiation. Furthermore, knockdown of AR-V7 in radioresistant C4-2 cells was able 

to significantly radio-sensitise cells while over expression of AR-V7 made parental C4-2 cells 

more radio-resistant. The study identified a potential mechanism for AR-V7-mediated radio-

resistance, whereby AR-V7 promotes expression of the DNA repair protein and DNA-PKcs 

complex member, Ku80. (Chen et al., 2022). Again, however, this study does not address the 

direct role of AR-Vs in DNA repair. Another recent study showed AR-V7 is involved in 

promoting the NHEJ DNA repair pathway by interacting with and potentially activating DNA-

PKcs activity as overexpressed AR-V7 led to a greater phospho-DNA-PKcs/DNA-PKcs ratio (Luo 

et al., 2022). They show knockdown of AR-V7 leads to prolonged γH2AX foci and increased 

levels of DNA damage and conversely, over expression of AR-V7 led to a more rapid decline of 

γH2AX foci and DNA damage in CWR22Rv1 and C4-2 cell line models (Luo et al., 2022).  

Treatments that aim to radio-sensitise PCa patients is an attractive therapeutic strategy, 

therefore, a better understanding of the role AR-Vs play in response to DNA damaging agents 

is essential. To investigate this further, an unbiased proteomics-based technique was applied 

in this project to define the AR-V7 interactome in steady-state and post-irradiated conditions. 

This was achieved using proximity biotinylation in live cells using the modified APEX2 fused to 

the most clinically relevant AR-V, AR-V7.  
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To perform this technique in the most physiologically relevant background, an endogenously 

tagged AR-V cell line utilising CRIPSR/Cas9 technology was attempted to knock-in the APEX2-

encoding cDNA immediately upstream of the AR gene in the CWR22Rv1-AR-EK cell line; a cell 

line that expresses several AR-Vs. However, even though multiple attempts using different 

approaches was performed, this was not successful over the course of the project. Over the 

past number of years, several knock-in cell lines have been successfully generated in several 

studies. In the host laboratory, a short sequence was knocked into the AR gene in the 

CWR22Rv1 cell line that causes a premature stop codon to be incorporated into exon 5. This 

leads to only AR-Vs being expressed at the protein level and no FL-AR. Furthermore, a recent 

study successfully knocked in the APEX2 sequence into the 53BP1, BRCA2 and MDC1 loci to 

define their interactomes (Gupta et al., 2018). Despite several adaptations to the CRISPR 

pipeline, there was no successful APEX2-AR-V fusion cell lines generated. Firstly, a stably 

expressing doxycycline-inducible Cas9 cell line was generated because CWR22Rv1-AR-EK cells 

display low transfection efficiencies of plasmids. This would mitigate a low percentage of cells 

expressing Cas9 when delivering the CRIPSR reagents to cells. This was achieved using 

lentiviral based transduction of the doxycycline-inducible Cas9-mSA transgene and selection 

of successful clones. A streptavidin-tagged Cas9 was used as it has been shown that utilisation 

of the strong affinity of streptavidin for biotin can increase the efficiency of knock-ins of large 

5’ biotinylated donor templates (Pineault et al., 2019). Alongside waiting for selection and 

validation of the Cas9-mSA expressing cell line, transient Cas9-mSA expression was used with 

transfection of a biotinylated double-stranded donor template. The dsODN design included a 

puromycin cassette to allow selection of successful clones. This template was transfected into 

cells alongside transient expression of Cas9-mSA. Because the Cas9-mSA plasmid contains a 

puromycin selection cassette, the selection process was delayed until 12 days after Cas9-mSA 

transfection to hopefully diminish expression of the plasmid and therefore puromycin 

resistance would be due to successful knock-in of the donor template. However, the selected 

clones did not contain any APEX2-AR-V fusion protein but had the Cas9 transgene stably 

integrated and this was conferring the cells puromycin resistance. To improve this pipeline, 

the puromycin cassette was removed from the plasmid using a double restriction enzyme 

digest. However, when testing surviving clones, there were no populations of cells that 

contained the APEX2-AR-V fusion protein. Therefore, the selection marker in the dsODN was 



235 

changed to RFP, meaning cell sorting of RFP positive cells could be performed post-delivery of 

the CRISPR reagents and concurrent bulking up of the cells. However, when selecting the cells, 

there was a very small number passing the threshold set using a control population, and there 

did not appear to be a distinct population of RFP positive cells. This could be because RFP 

levels will be similar to endogenous AR-V levels, which may be too low to detect using the cell 

sorter. After screening selected clones, however, there were no successful APEX2-AR-V7 

expressing clones indicating that the lack of RFP was due to failure to successfully knock-in the 

RFP-APEX2 cassette into the AR gene.  

The next steps that will be undertaken to successfully generate a cell line that has endogenous 

APEX2-tagged AR-Vs is to generate a donor plasmid that will include 500 bp homology arms. 

As RFP-T2A-APEX2 is a relatively large sequence (~1500 bp) to be knocked into the genome, 

the presence of longer homology arms could improve the efficiency and chances of the 

sequence being inserted into the genome by HR. The reason shorter homology arms were 

used in the aforementioned attempts was because there have been publications that have 

successfully used donor template with homology arms as short as 35 bp (Paix et al., 2017, Yu 

et al., 2020). Another approach that could be attempted is utilising Integrated DNA 

Technologies CRISPR HDR donors that are modified to increase the efficiency of the knock-in. 

A study by Yu et al compared several different modified HDR templates and showed the knock-

in efficiency can significantly increase when chemically modified (Yu et al., 2020).  

Due to the time constraints of the project, ectopic expression of a FLAG-tagged-APEX2-AR-V7 

fusion protein was utilised to identify the AR-V7 interactome. This involved generating an 

APEX2-AR-V7-encoding construct by cloning APEX2 from the pEJS578_DD-dSpyCas9-mCherry-

APEX2 (Addgene #108570) plasmid and inserting it into the pLV-AR-V7 plasmid. This construct 

was verified by Sanger sequencing to ensure the sequence had been inserted and was in-

frame. The expression of APEX2-AR-V7 with a 28 kDa super shift compared to AR-V7 was 

validated in cell lines to confirm expression of the APEX2 fusion protein. It was then validated 

that the presence of APEX2 at the N-terminal of AR-V7 did not impact its functionality. This 

was achieved by confirming APEX2-AR-V7 was recruited to canonical AR target genes by ChIP 

utilising a FLAG antibody. The transfection efficiency of the plasmid was then optimised to 

ensure enough cells expressed the APEX2-AR-V7 fusion that enabled identification of proteins 

downstream using MS. Several methods of transfection were attempted including using LT1 
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and FuGene transfection reagents, double LT1 transfection, nucleofection and lentiviral 

transduction. The transfection method that achieved the highest efficiency was LT1 

transfection, this was performed on the day of seeding the cells and then 48 hours later. This 

led to a detectable smear of biotinylated proteins via western blot analysis of streptavidin 

enriched protein lysates after induction of the biotinylation reaction. CWR22Rv1-AR-EK cells 

were chosen for the labelling pipeline as these cells express high levels of AR-V7 endogenously 

so it was thought this would be the most physiologically relevant model. The biotinylation 

protocol was optimised in HEK293 cells initially, to validate that APEX2-AR-V7 plus biotin 

phenol and hydrogen peroxide could biotinylate proteins and that the labelling only took place 

when all three of these reagents were present in the cells. It was also validated that inducing 

DNA damage via IR did not decrease the labelling efficiency of APEX2. Two doses of irradiation 

were tested by comparing the biotinylation smear in the presence and absence of 2 and 4 Gy 

radiation. It was not apparent that irradiation impacted the labelling efficiency, therefore the 

4 Gy radiation dose was taken forward in subsequent experiments in CWR22Rv1-AR-EK cells. 

A previous report did indicate that irradiation impacted the activity of APEX2 endogenously 

tagged DNA repair proteins, however, this was using a 10 Gy dose of irradiation which was 

2.5-5 times higher than the doses used in this project (Gupta et al., 2018). Additionally, we 

and others have shown that IR doses as low as 2 Gy leads to a significant DNA damage 

response in CWR22Rv1-AR-EK cells (Kounatidou et al., 2019). Furthermore, the incubation 

times with biotin phenol and hydrogen peroxide was prolonged to 2 hours and 2 minutes, 

respectively. This was in keeping with was used in the study by Gupta, et al. The reason for 

this was because as AR-V7 is typically present in the nucleus, and because the DNA damage 

response is of interest, to ensure the reagents reach the nucleus, the incubation periods were 

increased. In addition, a nuclear extraction was performed after harvesting the cells to 

concentrate the lysate, so it only contains the organelle of interest. Also, the cell line had 

abundant endogenously biotinylated proteins that were present in the cytoplasm in the 

absence of the labelling reagents. Hence, a nuclear extraction was incorporated into the 

protocol to remove these from the sample that was run on the mass spectrometer to improve 

identification of AR-V7 interacting proteins. Consequently, the experimental set-up was as 

follows; a double transfection of the APEX2-AR-V7 construct into CWR22Rv1-AR-EK cells, 

irradiate the cells with 4 Gy irradiation and incubate the cells for 2 hours before initiating the 
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labelling reaction, and to incubate the cells for 2 hours with biotin phenol and 2 minutes with 

H2O2.  

The limitations of this approach are that MS can identify non-specific interactions and false 

positives. Therefore, stringent washes of streptavidin beads were performed, and three 

replicates were sent for MS. Then, as part of the MS data analysis, proteins were only included 

in the final lists if they were identified by more than 2 unique peptides, and if there were 

identified in 2 or 3 of the replicates. However, there could still be false positives in the final 

lists of proteins, therefore, to validate if a specific protein interacts with AR-V7, this will need 

to be experimentally validated using co-IP. Also, because ectopically expressing APEX2-AR-V7 

produces AR-V7 protein levels that are greater than endogenous AR-V7 levels, this could also 

mean non-specific proteins are labelled. However, we provide for the first time, an unbiased 

AR-V7 interactome in steady-state and post-irradiation, identified using a proximity 

biotinylation approach. This includes known AR-V interactors such as PARP1 and DNA-PKcs 

(Luo et al., 2022) and a considerable overlap of 39% with the unpublished AR-V7 RIME dataset 

acquired in the host laboratory. 

When comparing our list of AR-V7 interactors with published AR-V interactomes, it was firstly 

apparent that our list has a considerably higher number of proteins. For example, the AR-V567es 

identified 75 proteins in the presence and absence of DHT, which included 9 common proteins 

to our AR-V7 interactome. We identified 422 proteins, potentially due to the capabilities of 

APEX2 to biotinylate weak and transient interactors, that RIME approaches would fail to 

detect. Another interesting observation is that some transcription-associated proteins were 

less abundant in response to irradiation, including SP1, TOP1, SMARCC1, SMARCB1 and 

FOXA1. This could suggest a shift from AR-V7s transcriptional function to another function 

that supports DNA repair. Additional comparisons were made between the AR-V7 

interactome and the DNA-PKcs interactome identified using RIME. This revealed a 

considerable percentage of the DNA-PKcs interactome is also part of our AR-V7 interactome. 

Interestingly, a lot of these proteins were splicing-associated proteins. This relates to what I 

have shown in the previous chapter, whereby DNA-PKcs inhibition and depletion significantly 

downregulates the spliceosome gene list. It is not known if the DNA-PKcs-splicing factor 

interaction is because of transcription-coupled splicing or if this is a separate role of DNA-PKcs 

and AR-V7.  
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Taken together, these results suggest AR-V7 could be involved in the DDR, although it is still 

not known if it is directly involved in DNA repair. This requires identification of AR-V7 

specifically at DNA lesions, which this study cannot distinguish. This could be achieved using 

another proximity labelling approach using the biotin ligase protein, TurboID which can be 

split and fused to two separate proteins of interest and only when they interact does the 

biotinylation reaction get activated (Cho et al., 2020). For example, AR-V7 could be fused to 

the N-terminus of TurboID and a DNA repair protein, such as Ku70 or Ku80, could be fused to 

the C-terminus of TurboID. This means biotinylation of neighbouring proteins will only occur 

if AR-V7 and Ku70 or Ku80 interact in response to irradiation and the two inactive fragments 

of TurboID reconstitute to from an active biotin ligase. This approach is currently underway in 

the host laboratory and will greatly enhance the data we have already acquired as part of this 

project.  

In summary, this APEX2 proximity-labelling approach has provided a comprehensive list of 

potential AR-V7 interacting proteins in steady-state and post-irradiated conditions. This 

provides a base list of proteins to investigate to better understand AR-V7 biology in relation 

to DNA repair. Also, it could provide novel interacting partners of AR-V7 that may be critical 

for its regulation and therefore could be targetable to diminish AR-V7 activity. 
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Chapter 7 Conclusions and future work 

PCa is the second leading cause of cancer related deaths in the UK. Despite advancements in 

our understanding of the disease, there remains critical gaps in our understanding of 

advanced disease. Hence, over 11,000 men every year in the UK die from PCa (CRUK). Like 

most cancers, the earlier stages of disease are relatively well treated with a good survival rate 

if the disease is diagnosed early. In 1941, pioneering work by Huggins and Hodges discovered 

PCa was hormone-driven, therefore PCa treatment is centralised around depleting androgens 

using ADT or castration (Huggins and Hodges, 1972). The AR was identified as the receptor to 

which androgens bind and was then recognised as a key driver of PCa both in the early stages 

of disease as well as driving progression to CRPC (Anderson and Liao, 1968, van der Kwast et 

al., 1991). Anti-androgens that either directly bind and inhibit the AR or that indirectly inhibit 

the AR by targeting androgen biosynthesis are widely used PCa treatments. Direct inhibitors 

of the AR include second-generation anti-androgens enzalutamide and are initially successful 

in treating later-stage PCa (Tran et al., 2009). Unfortunately, patients will become resistant to 

ADT and anti-androgens as AR signalling becomes androgen-independent and the disease 

progresses to CRPC (Chen et al., 2004). To date, there are no effective curative treatments 

available for these patients, so there is a huge unmet clinical need to develop therapies to 

treat these patients. This will be possible when we better understand the resistance 

mechanisms of late-stage tumours. We do know that mechanisms, such as AR mutations, 

allow an antagonist to agonist switch to anti-androgens and AR gene amplification allows AR 

to remain active in castrate levels of androgen (Taylor et al., 2010). There is also the 

emergence of AR-Vs that are truncated variants of the FL-AR that lack the LBD so are resistant 

to all current treatments (Dehm and Tindall, 2011). AR-Vs are constitutively active and do not 

require a ligand to become active. AR-Vs drive transcription of several canonical FL-AR target 

genes as well as some unique target genes such as UBE2C and CCNA2. This highlights AR-Vs 

distinct transcriptional programme and potentially unique regulatory mechanisms. AR-Vs are 

generated by alterative splicing of AR pre-mRNA transcripts that incorporate CEs and lead to 

the translation of truncated AR-V protein.  

The aims of this thesis were to (i) investigate if DNA-PKcs is a co-regulator of AR-V 

transcriptional activity and investigate the mechanism of this regulatory relationship using 
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RNA-sequencing and (ii) interrogate AR-V7 involvement in the DDR to determine if AR-Vs are 

directly involved in DNA repair aside from their role of regulating transcription of DNA repair-

associated genes. I believe the work presented in this thesis has shown DNA-PKcs is a key 

regulator of AR-V transcription as well as a regulator of transcription of the splicing factor 

RBMX, which is likely involved in AR-V synthesis, potentially through splicing.  Furthermore, 

the proteomics data generated by biotin labelling the AR-V7 interactome has provided limited 

evidence of a shift in AR-V7 function in response to DNA damage, although further 

optimisation of the technique is required to better define this shift.  

DNA-PKcs has been recognised as a therapeutic target in many cancer types because of its 

role in the DDR, particularly in NHEJ. Inhibition of DNA-PKcs improves the response to 

radiotherapy and other DNA damaging agents in vitro and in vivo (Zhao et al., 2006, Willmore 

et al., 2008, Ciszewski et al., 2014, Dong et al., 2018). Consequently, newer generation DNA-

PKcs inhibitors have entered clinical trials, including the compounds M3814 (NCT02516813) 

and AZD7648 (NCT03907969). Aside from its function in DNA damage repair, it has been 

implicated in several other biological processes such as in cell cycle (Lee et al., 2011), telomere 

maintenance (Espejel et al., 2002) and transcriptional regulation (Goodwin et al., 2015).  

DNA-PKcs is a transcriptional regulator of FL-AR and has been shown to promote metastasis 

in PCa (Goodwin et al., 2015). Importantly, in this study, I have shown DNA-PKcs is an 

important regulator of AR-V transcriptional activity, as well as regulating expression of several 

splicing-associated genes that are involved in the generation of AR-Vs. We firstly investigated 

the transcriptional effects of DNA-PKcs manipulation on AR-V target gene expression and 

AR/DNA-PKcs recruitment to cis-regulatory elements on chromatin. Here I show AR/AR-V 

transcriptional competency is significantly impacted when the catalytic activity of DNA-PKcs 

is inhibited or if DNA-PKcs is depleted. We showed DNA-PKcs is recruited to cis-regulatory 

elements upstream of AR and AR-V target genes, suggesting DNA-PKcs is directly involved in 

AR/AR-V transcriptional regulation. RNA-sequencing was performed to assess the global 

transcriptional impact upon DNA-PKcs inhibition and knockdown. Interestingly, this revealed 

the spliceosome gene-list was significantly downregulated in response to DNA-PKcs inhibition 

with NU7441 and NU5455, and depletion. This was particularly interesting as inhibiting 
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splicing regulators of AR-Vs could be potential therapeutic avenues for CRPC patients. Further 

interrogation and cross-referencing with a publicly available dataset using VCaP cells treated 

with the anti-androgen darolutamide provided a list of splicing factors that may be involved 

in AR-V generation. One of which, RBMX, was investigated as a potential splicing regulator of 

AR-Vs. This was achieved by using siRNA-mediated depletion of RBMX in several AR-V 

expressing cell lines followed by determination of AR-V protein and transcript levels. This 

revealed a significant depletion of several AR-V transcripts levels and AR-V7 protein levels. 

RNA immunoprecipitation revealed a significant enrichment of RBMX at FL-AR mRNA 

transcripts and preliminary work suggests enrichment at AR-V7 pre-mRNA transcripts. This 

suggests AR-V7 splicing regulation by RBMX could be coupled with transcription, aligning with 

what has been reported in which RBMX has been shown to directly interact with the m6A RNA 

modification that occurs co-transcriptionally (Zhou et al., 2019).  Future work to complete this 

aspect of the project should include rescue experiments, in which RBMX will be depleted and 

then re-introduced into cells to determine if this rescues AR-V7 levels, which will help to 

validate RBMX involvement in AR-V splicing. Also, RIP-sequencing would provide information 

on what other proteins are regulated by RBMX-associated splicing. Furthermore, DNA-PKcs 

ChIP sequencing will allow further interrogation of its involvement in AR-V transcriptional 

regulation by determining the level of overlap between AR-V binding sites on chromatin and 

DNA-PKcs binding sites. Given the impact of DNA-PKcs blockade on AR-V transcriptional 

activity, DNA-PKcs inhibition plus enzalutamide or darolutamide could be investigated to 

determine if DNA-PKcs inhibition can re-sensitise CWR22Rv1, or enzalutamide-resistant VCaP 

cell lines. Finally, to validate the impact of RBMX-regulated expression of AR-Vs being 

responsible for the anti-proliferative effects in PCa cell lines, AR-Vs could be reintroduced post 

RBMX manipulation to determine if this would rescue cells.  

In the clinic, DNA-PKcs inhibitors are being investigated in early-stage trials to assess safety 

and efficacy in several tumour types, including prostate cancer (van Bussel et al., 2021, Dylgjeri 

et al., 2019). However, it is not yet known if certain patient cohorts may be more responsive 

to DNA-PKcs blockade. For example, approximately 10-15% of patients have a mutation in the 

SPOP gene that impacts function of the SPOP protein (Barbieri et al., 2012). Because SPOP is 

involved in the regulation of DNA repair genes that are associated with the HR pathway, SPOP 

mutant patients may have a defective HR pathway and therefore will rely more heavily on the 
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NHEJ pathway, rendering them more sensitive the DNA-PKcs inhibitors (Boysen et al., 2015). 

A better understanding of patient groups that will respond better to DNA-PKcs blockade could 

greatly increase their chances of success in the clinic. Furthermore, it has been reported that 

DNA-PKcs inhibition can modulate immune response, in combination with IR (Nakamura et 

al., 2021). Given that IR-induced DNA damage is likely to induce an adaptive immune response 

via the cGAS/STING pathway, and that DNA-PKcs has been shown to inhibit this pathway, we 

hypothesise DNA-PKcs blockade will enhance anti-tumour immunity in PCa (Carr et al., 2022). 

In addition, we have shown DNA-PKcs significantly alters alternative splicing, suggesting that 

blockade of DNA-PKcs in PCa may facilitate generation of neoantigens to enhance adaptive 

immune cell-tumour engagement (Lu et al., 2021). This raises the exciting prospect of utilising 

DNA-PKcs inhibitors in combination with immunomodulatory drugs to effectively cause 

tumour regression in advanced PCa. 

The second part of the project was to determine the AR-V7 interactome using a novel 

technique called proximity labelling. This involved optimisation of a CRIPSR pipeline to 

endogenously tag AR-Vs with APEX2 at the N-terminal, adjacent to the start codon in exon 1 

of the AR gene. This was attempted using numerous pipelines including generation of a 

doxycycline-inducible Cas9-mSA expressing CWR22Rv1-AR-EK cell line, then attempting to 

knock in APEX2 by incorporating a puromycin or RPF selection cassette into the donor 

template. However, due to the time constraints of the project, this was not achieved. 

Therefore, an APEX2-AR-V7 construct was generated that was used to ectopically express the 

fusion protein. Development of an APEX2 knock-in cell line will be beneficial in the future, not 

only to validate what we have shown with the APEX2-AR-V7 construct but to optimise the 

CRIPSR knock-in pipeline to endogenously tag AR or other proteins with APEX2, GFP or other 

tags to facilitate studying their biology. Future work could involve generation of this cell line 

to improve the APEX2 proximity labelling pipeline described in this thesis. Using ectopic 

expression of APEX2-AR-V7 has allowed optimisation of the proximity labelling pipeline and 

has ultimately provided a comprehensive list of AR-V7 interacting proteins in steady-state and 

post-irradiated conditions. What remains unknown is what the AR-V7 interactome is 

specifically at DNA lesions, as this project captured the general AR-V7 interactome in response 

to DNA damage. Although the labelling reaction was initiated post-irradiation, even if AR-V7 
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is directly involved in the repair process, APEX2-AR-V7 will not necessarily exclusively be 

located at sites of DNA damage.  

The next steps to progress this project could be to validate some potential AR-V7 interacting 

proteins identified from the proteomics data. To narrow down current lists, the following 

comparisons and analyses could be performed, (i) determine which of the identified proteins 

are upregulated in tumour versus normal samples (ii) identify proteins that are upregulated 

in metastatic CRPC patients that have a high likely hood of AR-V7 expression, (iii) identify 

proteins that are upregulated in AR-V7 positive patients and rank them based on which ones 

are the most significantly upregulated and (iv) compare lists of proteins to potential hits that 

have been identified by other members of the host laboratory by alternative techniques. This 

could result in a smaller list of proteins that could be validated as potential AR-V7 interactors 

and provide evidence for therapeutically targeting them. A potential protein that could be 

validated is tripartite motif containing 28 (TRIM28). TRIM28 is a member of the TRIM family 

of proteins and is a transcriptional regulator. It has been reported to interact with the full 

length AR in PCa and was identified at AR sites on chromatin that was independent of 

androgen stimulation (Stelloo et al., 2018). TRIM28 is upregulated in CRPC samples and was 

identified in both the APEX2-AR-V7 interactome and the AR-V7 RIME interactome 

(unpublished, generated by a member of the host laboratory) and would warrant further 

investigation.  

Taken together, the findings of the work presented provide a rationale for applying DNA-PKcs 

inhibitors in AR-V positive PCa patients as it has been shown that they partially inhibit AR-V 

signalling and decrease AR-V synthesis which ultimately leads to a reduction of PCa cell 

growth. Moreover, the kinase-independent and potential scaffolding role of DNA-PKcs 

appears to be highly important in AR-V regulation as well as the transcriptional regulation of 

splicing factors that are correlated with an upregulation of AR-V production. This could be 

investigated further by generating kinase-dead and knockout cell lines and characterising 

them to determine what their distinct responses are.  

Although a clear positioning of DNA-PKcs inhibitors in the clinical setting has not yet been 

established, there are current early-stage trials ongoing that aim to sensitise patients to DNA 

damaging agents. Data from these trials could be utilised to determine which subgroups of 
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patients respond better to treatment and if there are CRPC patients included, their AR-V status 

could be determined to see if this aligns with what we predict.  

In terms of what this work has provided to the overall field of AR-V biology, I have 

comprehensively studied DNA-PKcs role in AR-V driven PCa cell lines and provided some key 

pathways that are significantly altered upon DNA-PKcs inhibition and knockdown. One of 

which, splicing, has been interrogated in greater detail and I have shown DNA-PKcs regulates 

transcription of several splicing factors that could contribute to anti-proliferative effects seen 

in PCa cell line when DNA-PKcs activity is compromised. There are several other avenues 

worthy of further exploration as a result of the work that will be published from this project, 

including DNA-PKcs potential involvement in the immune response as we speculate the 

splicing changes in response to DNA-PKcs blockade may enhance neoantigen presentation to 

elicit adaptive anti-tumour immune modulation. I have also provided a comprehensive list of 

possible AR-V7 interacting proteins in steady-state and post DNA damage, which is a valuable 

contribution that will hopefully be of use to the wider scientific community.  
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Chapter 8 Appendix 

8.1 Splicing genes differentially expressed in response to DNA-PKcs manipulation 

NU5455 NES = -1.83 siDNA-PKcs NES = -2.34 NU7441 NES = -2.3 
Gene Log2FC Gene Log2FC Gene Log2FC 
THOC1 0.203 PRPF40B 0.723 HNRNPA3 0.139 
HNRNPA3 0.192 DDX42 0.433 THOC2 0.097 
THOC2 0.177 ISY1 0.343 DDX39B 0.076 
CDC40 0.158 PHF5A 0.234 LSM8 0.069 
SNRNP27 0.154 PRPF31 0.216 CRNKL1 0.068 
PRPF18 0.14 ACIN1 0.213 SRSF5 0.05 
CRNKL1 0.136 DDX5 0.18 DDX42 0.043 
DHX16 0.125 SRSF8 0.178 PRPF18 0.042 
SF3A1 0.122 HSPA6 0.154 CDC40 0.028 
PRPF8 0.121 PLRG1 0.137 THOC1 0.027 
SRSF5 0.116 LSM7 0.097 SLU7 0.021 
U2AF1 0.1 USP39 0.088 PRPF40B 0.017 
DHX8 0.099 SNRNP70 0.071 PRPF38A 0.016 
DDX42 0.098 HNRNPA1 0.014 SNRNP27 0.015 
ACIN1 0.082 THOC1 -0.008 U2SURP 0.011 
PLRG1 0.078 PPIL1 -0.027 ACIN1 0.011 
DDX39B 0.078 SNU13 -0.037 PRPF38B 0.008 
SF3B1 0.076 PPIE -0.043 PRPF40A 0.008 
SNRNP70 0.052 THOC2 -0.043 DHX8 0.006 
SF3B2 0.048 SRSF5 -0.045 U2AF1 0.004 
SLU7 0.046 CWC15 -0.045 SF3B1 0.003 
HNRNPU 0.044 PRPF19 -0.066 PRPF8 0.001 
SRSF4 0.022 LSM8 -0.074 ZMAT2 0 
CDC5L 0.004 SYF2 -0.083 NCBP2 -0.015
PRPF38A 0 PRPF38B -0.086 SF3A1 -0.016
DDX5 -0.007 ZMAT2 -0.094 DHX16 -0.016
AQR -0.007 PQBP1 -0.105 SF3B2 -0.016
PRPF38B -0.01 HSPA2 -0.111 SNRPA -0.017
SNRNP200 -0.022 SNW1 -0.118 AQR -0.017
SRSF10 -0.024 SLU7 -0.126 TRA2B -0.018
PRPF40A -0.028 SF3B6 -0.129 SNRNP70 -0.019
ZMAT2 -0.033 RBM25 -0.145 HNRNPU -0.021
CCDC12 -0.04 DHX16 -0.156 PLRG1 -0.025
BUD31 -0.052 SRSF9 -0.157 RBM17 -0.025
PRPF31 -0.053 DDX23 -0.159 DDX5 -0.025
SNW1 -0.061 WBP11 -0.164 HNRNPA1L

2 
-0.026

RBM8A -0.066 SF3A3 -0.182 SRSF6 -0.026
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TRA2B -0.073 TXNL4A -0.183 SNRNP200 -0.029
U2SURP -0.075 CRNKL1 -0.183 PRPF19 -0.029
DHX38 -0.076 SF3A1 -0.186 PRPF31 -0.03
PRPF40B -0.079 CDC40 -0.192 TCERG1 -0.031
PPIE -0.08 SF3B5 -0.193 SYF2 -0.033
PRPF6 -0.084 SNRPD2 -0.199 CCDC12 -0.033
CTNNBL1 -0.088 SART1 -0.209 HNRNPK -0.033
NCBP2 -0.089 HSPA8 -0.209 PPIE -0.035
NCBP1 -0.089 LSM6 -0.212 RBM8A -0.038
LSM8 -0.096 SF3B1 -0.215 SRSF10 -0.038
RBM25 -0.097 CTNNBL1 -0.221 PHF5A -0.039
TRA2A -0.101 U2AF1 -0.223 HSPA2 -0.04
RBM17 -0.105 DHX8 -0.236 NCBP1 -0.044
EFTUD2 -0.107 PRPF38A -0.237 CDC5L -0.045
SF3B3 -0.108 HNRNPA3 -0.238 EFTUD2 -0.046
DDX23 -0.114 RBM17 -0.246 CHERP -0.047
HSPA8 -0.116 CHERP -0.247 PQBP1 -0.048
PUF60 -0.117 SF3A2 -0.252 SF3B3 -0.048
USP39 -0.122 AQR -0.256 RBM22 -0.049
CHERP -0.124 PRPF18 -0.257 RBM25 -0.049
SRSF6 -0.125 DHX38 -0.26 HSPA8 -0.05
SYF2 -0.126 BCAS2 -0.271 PRPF6 -0.055
CWC15 -0.127 U2SURP -0.272 BUD31 -0.056
SNRPG -0.127 SNRNP27 -0.274 SRSF4 -0.058
WBP11 -0.132 SF3B2 -0.277 DHX38 -0.061
U2AF2 -0.135 MAGOH -0.28 LSM4 -0.061
PRPF4 -0.135 EFTUD2 -0.282 PUF60 -0.063
XAB2 -0.143 HNRNPU -0.289 SNRPD3 -0.065
SF3B4 -0.143 SRSF4 -0.29 SRSF8 -0.065
HSPA1B -0.146 PRPF6 -0.296 TXNL4A -0.067
PCBP1 -0.147 LSM5 -0.298 CWC15 -0.07
SRSF9 -0.148 HSPA1L -0.306 SF3A2 -0.07
SF3A2 -0.152 PRPF40A -0.309 HNRNPC -0.071
HNRNPC -0.155 TCERG1 -0.316 PCBP1 -0.072
HNRNPK -0.158 TRA2B -0.321 BCAS2 -0.072
ISY1 -0.16 SRSF6 -0.321 USP39 -0.075
SART1 -0.163 SNRPF -0.344 SNRPD2 -0.076
HSPA2 -0.164 HNRNPC -0.346 SMNDC1 -0.078
SNRPA -0.171 RBMX -0.35 LSM5 -0.078
PRPF3 -0.173 HSPA1B -0.357 SNRPF -0.078
HNRNPA1L
2 

-0.174 SNRNP40 -0.364 HSPA1A -0.081

TCERG1 -0.174 CCDC12 -0.373 HNRNPM -0.081
THOC3 -0.175 SNRPA -0.38 SNU13 -0.083
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BCAS2 -0.176 SNRPE -0.38 LSM7 -0.083 
PQBP1 -0.184 NCBP1 -0.381 XAB2 -0.084 
HSPA1L -0.186 RBM8A -0.385 HNRNPA1 -0.085 
LSM5 -0.186 DDX39B -0.385 SF3B5 -0.086 
RBM22 -0.189 HNRNPM -0.401 LSM6 -0.087 
TXNL4A -0.19 XAB2 -0.401 DDX46 -0.088 
PRPF19 -0.198 PUF60 -0.402 SNW1 -0.088 
SMNDC1 -0.203 HNRNPA1L

2 
-0.415 DHX15 -0.091 

LSM6 -0.207 SNRNP200 -0.421 SRSF9 -0.091 
SRSF2 -0.211 RBM22 -0.437 SF3B4 -0.092 
HNRNPM -0.213 BUD31 -0.437 SF3B6 -0.092 
SF3A3 -0.213 SNRPC -0.447 MAGOH -0.093 
SNRPD2 -0.215 PRPF3 -0.465 WBP11 -0.093 
DDX46 -0.215 SRSF2 -0.469 U2AF2 -0.093 
EIF4A3 -0.225 SNRPD3 -0.478 TRA2A -0.096 
SNRPD3 -0.241 TRA2A -0.486 SF3A3 -0.096 
SF3B6 -0.242 EIF4A3 -0.491 SART1 -0.098 
PHF5A -0.243 SMNDC1 -0.524 PRPF4 -0.103 
DHX15 -0.261 HNRNPK -0.525 SRSF2 -0.104 
LSM3 -0.269 PRPF4 -0.527 EIF4A3 -0.104 
SNRNP40 -0.277 THOC3 -0.532 ISY1 -0.108 
LSM4 -0.278 PRPF8 -0.547 SRSF7 -0.114 
SNRPC -0.284 SNRPD1 -0.557 CTNNBL1 -0.115 
SRSF3 -0.297 SNRPB2 -0.561 DDX23 -0.115 
RBMX -0.3 SRSF7 -0.583 SRSF1 -0.118 
SNRPB2 -0.317 LSM3 -0.586 PRPF3 -0.122 
MAGOH -0.318 LSM4 -0.602 SNRPG -0.125 
HSPA1A -0.327 SRSF10 -0.603 PPIH -0.126 
SNRPA1 -0.329 PPIH -0.613 SNRNP40 -0.128 
SRSF7 -0.335 LSM2 -0.62 RBMX -0.129 
SF3B5 -0.341 U2AF2 -0.628 THOC3 -0.131 
SNRPB -0.345 HSPA1A -0.632 HSPA1B -0.137 
LSM7 -0.348 CDC5L -0.635 SRSF3 -0.139 
PPIH -0.36 SF3B3 -0.677 SNRPB2 -0.14 
SNRPF -0.364 SRSF3 -0.686 SNRPB -0.141 
SNU13 -0.375 PCBP1 -0.706 SNRPC -0.145 
HNRNPA1 -0.388 NCBP2 -0.734 LSM2 -0.145 
SRSF1 -0.41 ALYREF -0.752 SNRPD1 -0.147 
LSM2 -0.416 DHX15 -0.815 PPIL1 -0.149 
HSPA6 -0.432 MAGOHB -0.827 LSM3 -0.164 
MAGOHB -0.463 SF3B4 -0.842 MAGOHB -0.172 
ALYREF -0.492 SNRPG -0.843 SNRPA1 -0.233 
SNRPD1 -0.496 DDX46 -0.882 ALYREF -0.25 
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SRSF8 -0.513 SRSF1 -0.919 SNRPE -0.274
PPIL1 -0.574 SNRPB -0.965
SNRPE -0.637 SNRPA1 -1.117

8.2 dsODN sequences 

RFP-T2A-APEX2-linker 

AGCGAGCTGATCAAGGAGAACATGCACATGAAGCTGTACATGGAGGGCACCGTGAACAACCACCACTTCAAG
TGCACCAGCGAGGGCGAGGGCAAGCCCTACGAGGGCACCCAGACCATGAAGATCAAGGTGGTGGAGGGCG
GCCCCCTGCCCTTCGCCTTCGACATCCTGGCCACCAGCTTCATGTACGGCAGCAAGGCCTTCATCAACCACACC
CAGGGCATCCCCGACTTCTTCAAGCAGAGCTTCCCCGAGGGCTTCACCTGGGAGAGGATCACCACCTACGAGG
ACGGCGGCGTGCTGACCGCCACCCAGGACACCAGCTTCCAGAACGGCTGCATCATCTACAACGTGAAGATCAA
CGGCGTGAACTTCCCCAGCAACGGCCCCGTGATGCAGAAGAAGACCAGGGGCTGGGAGGCCAACACCGAGA
TGCTGTACCCCGCCGACGGCGGCCTGAGGGGCCACAGCCAGATGGCCCTGAAGCTGGTGGGCGGCGGCTACC
TGCACTGCAGCTTCAAGACCACCTACAGGAGCAAGAAGCCCGCCAAGAACCTGAAGATGCCCGGCTTCCACTT
CGTGGACCACAGGCTGGAGAGGATCAAGGAGGCCGACAAGGAGACCTACGTGGAGCAGCACGAGATGGCC
GTGGCCAAGTACTGCGACCTGCCCAGCAAGCTGGGCCACAGGGAGGGCAGAGGAAGTCTGCTAACATGCGG
TGACGTCGAGGAGAATCCTGGCCCAGGAAAGTCTTACCCAACTGTGAGTGCTGATTACCAGGACGCCGTTGAG
AAGGCGAAGAAGAAGCTCAGAGGCTTCATCGCTGAGAAGAGATGCGCTCCTCTAATGCTCCGTTTGGCATTCC
ACTCTGCTGGAACCTTTGACAAGGGCACGAAGACCGGTGGACCCTTCGGAACCATCAAGCACCCTGCCGAACT
GGCTCACAGCGCTAACAACGGTCTTGACATCGCTGTTAGGCTTTTGGAGCCACTCAAGGCGGAGTTCCCTATTT
TGAGCTACGCCGATTTCTACCAGTTGGCTGGCGTTGTTGCCGTTGAGGTCACGGGTGGACCTAAGGTTCCATTC
CACCCTGGAAGAGAGGACAAGCCTGAGCCACCACCAGAGGGTCGCTTGCCCGATCCCACTAAGGGTTCTGAC
CATTTGAGAGATGTGTTTGGCAAAGCTATGGGGCTTACTGACCAAGATATCGTTGCTCTATCTGGGGGTCACA
CTATTGGAGCTGCACACAAGGAGCGTTCTGGATTTGAGGGTCCCTGGACCTCTAATCCTCTTATTTTCGACAAC
TCATACTTCACGGAGTTGTTGAGTGGTGAGAAGGAAGGTCTCCTTCAGCTACCTTCTGACAAGGCTCTTTTGTC
TGACCCTGTATTCCGCCCTCTCGTTGACAAATATGCAGCGGACGAAGATGCCTTCTTTGCTGATTACGCTGAGG
CTCACCAAAAGCTTTCCGAGCTTGGGTTTGCTGATGCCGGATCTGGTTCAGGTTCAGGA 

Red – Turbo RFP https://www.fpbase.org/protein/turborfp/ 

Green – T2A  

Blue – APEX2 

Yellow – linker  

Puro-T2A-APEX2-linker 

ACAGAATATAAACCAACAGTACGGCTAGCTACACGCGACGACGTCCCCAGGGCCGTACGCACCCTCG
CCGCCGCGTTCGCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCGGGT
CACCGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGTAAAGTATGGGTTGCAGAT
GATGGTGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGGCGGTGTTCGCCGA
GATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGCGCAGCAACAGATGGAAGGCCT
CCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCCTGGCAACAGTAGGAGTATCGCCAGATCA
TCAAGGTAAAGGTCTAGGTAGTGCTGTTGTACTTCCTGGAGTGGAGGCGGCCGAGCGCGCCGGGGT
GCCCGCCTTCCTGGAGACCTCCGCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCA
CCGCCGACGTCGAGGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCGAGG
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GCAGAGGAAGTCTGCTAACATGCGGTGACGTCGAGGAGAATCCTGGCCCAGGAAAGTCTTACCCAA
CTGTGAGTGCTGATTACCAGGACGCCGTTGAGAAGGCGAAGAAGAAGCTCAGAGGCTTCATCGCTG
AGAAGAGATGCGCTCCTCTAATGCTCCGTTTGGCATTCCACTCTGCTGGAACCTTTGACAAGGGCAC
GAAGACCGGTGGACCCTTCGGAACCATCAAGCACCCTGCCGAACTGGCTCACAGCGCTAACAACGG
TCTTGACATCGCTGTTAGGCTTTTGGAGCCACTCAAGGCGGAGTTCCCTATTTTGAGCTACGCCGATT
TCTACCAGTTGGCTGGCGTTGTTGCCGTTGAGGTCACGGGTGGACCTAAGGTTCCATTCCACCCTGG
AAGAGAGGACAAGCCTGAGCCACCACCAGAGGGTCGCTTGCCCGATCCCACTAAGGGTTCTGACCA
TTTGAGAGATGTGTTTGGCAAAGCTATGGGGCTTACTGACCAAGATATCGTTGCTCTATCTGGGGGT
CACACTATTGGAGCTGCACACAAGGAGCGTTCTGGATTTGAGGGTCCCTGGACCTCTAATCCTCTTAT
TTTCGACAACTCATACTTCACGGAGTTGTTGAGTGGTGAGAAGGAAGGTCTCCTTCAGCTACCTTCTG
ACAAGGCTCTTTTGTCTGACCCTGTATTCCGCCCTCTCGTTGACAAATATGCAGCGGACGAAGATGCC
TTCTTTGCTGATTACGCTGAGGCTCACCAAAAGCTTTCCGAGCTTGGGTTTGCTGATGCCGGATCTGG
TTCAGGTTCAGGA 

Purple –Puromycin  

Green – T2A  

Blue – APEX2 

Yellow – linker  

8.3 Proteins that are increased and decreased in response to ionising radiation 

Gene name 
Mean difference 
(mean riBAQ (IR) – 
mean riBAQ (+IR)) 

Gene name 
Mean difference 
(mean riBAQ (IR) – 
mean riBAQ (+IR)) 

HNRNPA3 2.386315578 XRN2 -0.587225057716326

RBMXL1 2.069686665 HNRNPF -0.591503615210041

TAF15 1.936051608 LYAR -0.599986789309114

RPS9 1.725722793 NCOR1 -0.600981442031969

RBMX 1.667921337 SMARCB1 -0.601263745121731

PATZ1 1.659192323 WDR18 -0.616770679

HSPA1B.HSPA1A 1.633119588 KHDRBS1 -0.617710591154719

RPL24 1.516638658 MYO1D -0.623371510681075

DYNC1H1 1.507086282 H3F3B.H3F3A.HIST2H3
A.HIST3H3 -0.630251076388146

PABPC1 1.469423109 SMARCC1 -0.634557335791117

WHSC1L1 1.439068665 GPATCH4 -0.656766336078592

CLTC 1.422075093 SRSF3 -0.672151434475913

HSPB1 1.407225137 LBR -0.673958396108462

RPL10 1.305802741 RPS27L -0.692133594223247

THRAP3 1.300629505 AKAP8 -0.693273422020004

SAFB 1.281479201 RFX1 -0.701007537812655
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HIST1H2BL 1.275806854 RPS15A -0.704390156833519

PRPF40A 1.268014597 RNF40 -0.706314111

DDX21 1.263066162 ZNF592 -0.729725754440068

ACACA 1.208054907 SNRNP70 -0.730377947043705

RPL13A 1.202160945 RPS3 -0.744258963544826

PRPF8 1.191884801 SMC3 -0.753285073935833

DSG2 1.181773544 ZNF638 -0.758350651237599

XRCC5 1.177583221 RAC2.RAC1.RAC3 -0.802883388

BCAS2 1.165274519 POP1 -0.808511693581368

NCL 1.145071995 GATAD2B -0.809169934803274

RPL17 1.130978678 FBL -0.818927389498311

JUP 1.093874066 DDX54 -0.838350235018844

PC 1.068685647 EWSR1 -0.843280647388339

MDN1 1.061921972 RPL19 -0.853070250488789

PAF1 1.061867199 RBM14 -0.856507481905043

SART1 1.043393793 GTF3C4 -0.857339347190745

PPIA 1.017788858 RUVBL2 -0.88240215

EPM2AIP1 0.999394624248778 RRP12 -0.883839489663945

RPL28 0.971790408172794 ZFR -0.894756980730774

GTF3C1 0.960402353259415 RBM12B -0.958073215945001

SRSF10 0.916979019413215 ZC3H14 -0.961529681937312

NOP56 0.905197107297823 SLC25A5 -0.962858121724992

GTF3C3 0.902217650494993 TRIP12 -0.986010866493469

EP400 0.898549786214016 KIF4A.KIF4B -0.986247087561388

SNRNP200 0.886667607108224 DMAP1 -0.998133311224828

EEF1A1P5.EEF1A2 0.871628596020519 MTA1 -1.053641791

PRCC 0.869451314252997 PHC3 -1.05557302

CPSF7 0.857990458524567 ZNF326 -1.064538008

CAPZA1 0.855125803535316 BUB3 -1.113970783

RPL7 0.828448724189565 RBM4.RBM4B -1.177187841

PLEC 0.815470858849842 PPP1CC -1.184232126

MEF2D 0.801414203906946 RAVER1 -1.230379046

RPL21 0.799382256263073 ZNF687 -1.235588699
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MCCC2 0.767503523784345 BRD8 -1.254858617

SF3B3 0.700505898694058 SRRT -1.280717472

SF3A3 0.697901313565387 NOC3L -1.307547739

MBD2 0.689727438451104 SP1 -1.393600039

PRDX1 0.688327432935035 WAPAL -1.395462977

SRSF7 0.682478348851637 TOP1 -1.427256652

CFL1 0.673203798261834 FOXA1.FOXA3 -1.432542138

RPL13 0.668090740542978 GTPBP4 -1.462239869

PSMD2 0.662901229943257 SMC1A -1.478976391

DPF2 0.656670282366441 EIF4A3 -1.577810551

SNW1 0.651066471 SEC61A1.SEC61A2 -1.600823911

SF3B2 0.647355688186712 ARID2 -1.931666764

TNRC18 0.647169513314157 NUP205 -2.662041783

NFIX 0.644419934125882 

SMARCA5 0.643620774471124 

AHNAK 0.636910771798274 
TUBA1B.TUBA1A.TUB
A1C.TUBA4A 0.629036646 

PABPN1 0.619762079305312 

HSPA9 0.616737532152447 

WTAP 0.611684903380663 

TEX10 0.597576411302883 

RBM17 0.596598074434089 

TMPO 0.592480021656263 
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Abstract 

Session 3 - Resistance to Therapy 

The role of DNA-PKcs in androgen receptor variant regulation 

Beth Adamson1, Luke Gaughan1, Stuart McCracken1, Elaine Willmore1, Ian Hickson1 

1 Translational and Clinical Research Institute/ Newcastle University Centre for Cancer 

 

The androgen receptor (AR) is a master regulator of prostate cancer (PC) development and 

progression, hence current therapies target the AR signalling pathway to inhibit tumour 

growth. The generation of alternatively spliced AR variants (AR-Vs) are a major resistance 

mechanism observed in patients who progress to the advanced castrate-resistant PC (CRPC) 

stage of disease. AR-Vs are constitutively active and drive the growth of PC in the absence of 

ligands. Furthermore, AR-Vs are refractory to the current repertoire of AR-targeting therapies 

hence there is a major drive to develop treatments that can inhibit these aberrantly 

functioning receptors. Targeting AR-V co-regulatory proteins that are required for enabling 

their function represents a tractable means for inactivating AR-Vs in advanced disease.  

DNA-PKcs, a key kinase in the DNA damage response, has been shown to regulate full-length 

AR transcriptional activity and is upregulated in both PC and CRPC. Due to AR-Vs being 

previously shown to regulate DNA damage also, we hypothesised that DNA-PKcs may 

influence AR-V activity as a co-regulator. Here, by proximity biotinylation we show that 

DNAPKcs is a prominent AR-V interacting protein in the presence and absence of DNA damage 

and we have shown DNA-PKcs regulates AR-V transcriptional activity in CRPC cell lines. 

Furthermore, DNA-PKcs inhibition and depletion has anti-proliferative effects in several CRPC 

cell lines in the absence of DNA damage. Transcriptomic analysis of RNA-Sequencing data has 

revealed a potential role for DNA-PKcs in the regulation of splicing and could be important in 

the generation of AR-Vs. Additionally, scaffolding roles of DNA-PKcs may play a more 

influential role than kinase function in modulating key cis- regulatory elements of AR target 

genes. Inhibition of these roles could improve patient outcome as combining this with 

hormone therapy may have synergistic effects.  
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