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Summary

Prostate cancer (PCa) is the second most common invasive cancer in men worldwide. In
Ireland, PCa is the third leading cause of male cancer related mortality. Every year, over
3000 Irish males are diagnosed with the condition, with over 500 dying as a result. AR
directed therapies have remained the primary therapeutic strategy for individuals with PCa
as this disease is principally driven by androgens acting through the AR. Recent advances
in anti-androgen therapy have resulted in the introduction of novel powerful AR inhibitors
like enzalutamide, which have shown superior efficacy than first generation anti-androgen
therapies. Despite its initial effectiveness, primary or acquired resistance remains a
significant clinical issue. It is essential to develop useful biomarkers that can enhance the
provision of precision medicine for people with PCa. The mechanisms by which resistance
occurs remains a dynamic area of investigation. Ongoing translational methods are being
employed to further understand the molecular mechanisms of enzalutamide resistance
PCa.

circRNA dysregulation in human cancer has raised the question of whether circRNA
may be used to build a molecular signature of aggressive PCa or as a biomarker to inform
treatment resistance. In this study, circRNAs were initially investigated across a panel of
prostate cell lines to identify potential circRNA signatures reflective of the continuum of
prostate pathology. The circRNA microarray profiles revealed that the normal group had
the most up-regulated circRNAs, followed by the malignant cell groupings. RT-qPCR was
used to verify five of the circRNAs that were consistently expressed in both groups of
prostate cell lines. Of particular interest, hsa_circ_0066631 expression decreased during
early malignant events, where PCa cells were still AR dependent, but increased as the
disease progressed to the AR independent stage based on the cell line models of disease.
Additionally, hsa_circ_00066631 expression differed considerably across the normal and
malignant groupings, suggesting that it might be a potential therapeutic target in PCa
progression.

circRNA microarray data was also investigated in an enzalutamide resistant cell
model, and the results were validated using RT-qPCR. hsa_circ_0001275 was
overexpressed in Clone 1 (drug resistant) vs. Control (drug sensitive). The stable

overexpression of hsa_circ_0001275 in the Control cell line, resulted in increased



resistance to enzalutamide, based on cellular proliferative capacity (p < 0.05). Based on the
in vitro results, hsa_circ_0001275 was explored as a possible biomarker to inform
enzalutamide resistance in plasma samples from 44 participants with PCa undergoing
enzalutamide treatment in a clinical study (CTRIAL-IE 13-21, NCT02225704). The plasma
hsa_circ_0001275 RT-ddPCR findings revealed a trend that corresponded to the activity of
the disease as defined by PSA level, however, this did not reach statistical significance.
hsa_circ_0001275 was not abundantly expressed in plasma, which restricts its potential
application as a liquid-based predictive biomarker of enzalutamide response.

The transcriptomic landscape of enzalutamide resistant PCa in vitro was
investigated through RNA-Seq to elucidate other potential mechanisms associated with the
development of enzalutamide resistance. The RNA-Seq data revealed a substantial number
of differentially expressed genes (DEGs) between Clone 1 vs. Control, but a smaller number
of DEGs between Clone 9 (weakly drug resistant) vs. Control, indicating that the highly
resistant clone was phenotypically distinct from the other two cell lines. The RNA-Seq
analysis discovered a number of pathways that provide greater insight into the possible
molecular mechanisms of enzalutamide resistance in PCa. The EMT pathway is of
importance as it has been demonstrated to be a hallmark of metastatic cancer spread and
recent in vitro studies have linked EMT to the development of PCa resistance to ADT and
chemotherapy. In this study, the EMT pathway was significantly enriched in the Hallmark
pathway of Clone 1 vs. Control. RT-gPCR validation of the common EMT markers confirmed
that the highly and weakly enzalutamide resistant cell lines displayed EMT expression
patterns. Western blot was also used to confirm the expression of EMT markers.

Besides EMT, NEPCa differentiation is also an emerging mechanism of resistance to
AR targeted therapy that involves epithelial plasticity. In Clone 1 vs. Control, 10 DEGs were
consistent within the two NEPCa data sets, thus creating a signature gene set, which may
inform development of NEPCa. RT-gPCR validation of common NEPCa markers confirmed
that the strongly enzalutamide resistant cells displayed NEPCa characteristics.

Although molecular profiling is not, yet the clinical standard of care in PCa,
increasing evidence is emerging to support its utility in guiding therapeutic decisions. This
project included a retrospective study to evaluate the landscape of actionable gene
mutations. This was undertaken using targeted NGS in 164 Irish patients with mCRPC, who

progressed on a second generation hormonotherapy. There was a high rate of potentially



actionable gene mutations within the tumour samples tested (between 47% and 60%),
which could have therapeutic implications in the future. Notably, between 13% and 25% of
participants in this research had somatic mutations in the DNA damage response and repair
(DDR) gene, which can be targeted with a PARP Inhibitor (PARPi). While tissue-based NGS
remains the gold standard, this study demonstrated that blood-based targeted NGS might
be as beneficial for PCa molecular characterisation. Furthermore, the frequency of the DDR
gene mutation in Irish patients with mCRPC was similar with earlier NGS investigations in
the literature.

The data produced in this project characterised circRNA profiles in PCa and
demonstrated for the first time that overexpression of certain circRNA enhanced resistance
to enzalutamide in vitro. This study examined a variety of methodologies to assess circRNA
expression in PCa, and has laid the groundwork for future research in this novel area. This
study also used RNA-Seq to identify a number of pathways that may provide more insight
into the molecular mechanisms of enzalutamide resistance in PCa.

Thus, this body of work lays the groundwork for the identification of unique

mechanisms of enzalutamide resistance in PCa, as well as novel targets for therapy.
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Chapter 1 - Introduction



1.0 Introduction

1.1  Prostate anatomy and function

The prostate gland is located at the base of the bladder encasing the upper section of
urethra. The organ begins to develop in the male foetus at the end of the first trimester (1).
It contains both glandular and fibromuscular tissue, which plays important roles in the
normal function of the prostate. The prostate contains three glandular zones, known as the
central, peripheral, and transition zones with one non-glandular region of the anterior
prostate that provides structural support consisting of fibromuscular stroma (2, 3). The
fibromuscular tissue helps in the segregation of bodily fluids during micturition and
ejaculation. The fibromuscular tissue contracts during micturition or ejaculation to prevent
urine from entering prostatic ducts or back-flow of semen into the bladder, respectively.
The glandular tissue plays a key role in reproductive function by secreting seminal fluid,
containingions such as zinc and citrate and proteins such as prostate-specific antigen (PSA),
prostatic acid phosphatase, and B-microseminoprotein (4, 5). PSA is a glycoprotein
produced by both normal and malignant prostate epithelial tissue. An increase in PSA levels
in people with prostate cancer (PCa) is due to increased production by neoplastic cells and
disruption of the tissue between the prostate and capillaries, hence allowing extravasation
of PSA into the serum (6). Although not without controversy, pre-neoplastic disorders such
as proliferative inflammatory atrophy (PIA) and prostatic intraepithelial neoplasia (PIN) are
relatively common in the prostate, which may undergo a step-wise carcinogenesis process,

which eventually leads to tumour development (7) (Figure 1.1).
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Figure 1.1. Phenotypic, micro-environmental and molecular changes incurred through the
pre-malignant states of PCa.

Image taken from Packer et al. (8)

1.1.1 Androgen action in prostatic development

Androgens are mainly formed in the testes, which is controlled by the hypothalamic
pituitary feedback system and accounts for more than 95% of total circulating testosterone.
The adrenal glands produce the rest of the circulating androgens (Figure 1.2) (9). The
prostate is entirely reliant on testicular androgens for both its growth and the preservation
of its functional and structural integrity (10). The prostate is small weighing approximately
2 g during childhood but undergoes a period of rapid growth to approximately 20 g during
puberty due to a rise in serum testosterone. This growth subsequently halts regardless of
the sustained levels of androgen. This switch from rapid prostatic growth to a stable stage
is maintained by an equilibrium of cell proliferation and death, which is controlled by
androgen receptor (AR) signalling (10). Testosterone or its more potent metabolite,
Dihydrotestosterone (DHT) is the main intracellular mediator of AR signalling, where on
binding to the receptor, the AR dimerises, translocates to the nucleus, and AR-dependent
gene transcription takes place (Figure 1.3) (11). Androgens are crucial for the development
of the prostate gland and other reproductive organs in males in utero and there is early

expression of AR in prostatic development (12).
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Figure 1.2. Androgen production in males.

Androgen production in males is regulated through the hypothalamic pituitary feedback
system. Testosterone production is regulated by luteinizing hormone (LH) and luteinising
hormone releasing hormone (LHRH). The hypothalamus releases LHRH, which stimulates
the release of LH from the pituitary gland. LH acts on specific cells in the testes to produce
the majority of testosterone in the body. Most of the remaining androgens are produced
by the adrenal glands. Androgens are taken up by prostate cells, where they either bind to
the AR directly or are converted to DHT, which has a greater binding affinity for the AR than
testosterone.

Image taken from NCI (13).
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Figure 1.3. Mechanisms of androgen action and AR signalling in prostate cells.
Testosterone secreted from adrenal glands and leydig cells are converted to DHT
intracellularly and binds to the AR resulting in AR dimerization, nuclear translocation, and
AR-dependent gene transcription.

T, testosterone; HSP, heat-shock protein; ARE, androgen-responsive element; LH,
luteinizing hormone; PSA, prostate-specific antigen.

Image taken from Saraon et al. (14)

1.1.2 AR structure and function in prostate cells

The AR is part of the steroid-thyroid-retinoid nuclear receptor superfamily found on the X
chromosome (Xq11-12) spanning 180 kb of DNA with 8 exons (15). The AR consists of an
amino-terminal activating domain (NTD), DNA binding domain (DBD) in the mid-region,
hinge region and a carboxy-terminal ligand domain (LBD) (Figure 1.4). The NTD has an
activation function (AF)-1 region that promotes transcriptional activity of the AR. The DBD
comprises two zinc-finger domains, which recognise androgen-response elements (AREs),
thus allowing for DNA-binding and transcriptional activation (16). The hinge region contains
a nuclear localization signal that is exposed upon ligand binding to AR (17). The LBD
contains an AF-2 region, which facilitates the binding of the AR ligand (testosterone or DHT)
to the AR receptor and triggers down-stream androgen-signalling (18). Inactive AR is
located in the cytoplasm, where it is complexed with chaperone proteins such as the heat

shock protein (HSP) 70 and HSP40 to form a mature aporeceptor complex (19, 20). The LBD



of inactive AR undergoes a conformational change upon DHT ligand binding, resulting in
the release of the chaperone complex, with phosphorylation, and dimerization of AR (20).
The binding of HSP27 with the AR homodimer, prompts translocation to the nucleus and
enables transcriptional activity of the AR (21). In the nucleus, AR can bind and promote
transcription of specific genes by identifying sequence-specific regions of DNA, AREs. AR
has also been shown to associate with other transcription factors via nuclear factor 1B
(NFIB) (22-24). AR transcriptional activity has been shown to substantially influence gene
regulation within PCa cells. One study demonstrated that AR regulates the transcription of
1.5%-4.3% of all gene transcripts within LNCaP cells, which is a cell line that is
representative of androgen-responsive PCa (25). The discovery of alternative splicing of the
full-length AR mRNA transcript, which results in the production of AR variants (ARVs) more
than two decades ago, has further increased the complexity of androgenic signalling (26).
Many ARVs maintain the NTD and DBD, but are missing or contain variable LBD portions
(Figure 1.4) (27, 28). It has been shown that ARVs can dimerize even without the presence
of ligand by either homodimerising with one another or heterodimerising with full-length

AR, thus resulting in the activation of AR target genes (29).

Full-length AR:
AF-1 NLS AF-2
N-terminus NTD DBD H LBD C-terminus
1 537 625 669 RES 920
AR-V7:
N-terminus NTD DBD Qg®=} Unique C-terminus

1 537 625 644

Figure 1.4. General protein structures of full length AR and AR-V7.

Full-length AR contains functional domains: NTD, N terminal domain; DBD, DNA-binding
domain; H, hinge region; LBD, ligand-binding domain. General locations of the nuclear
localisation signal (NLS) and nuclear export signal (NES) are indicated, along with regions of
transcriptional activation function (AF)-1 and AF-2 binding sites. AR-V7 contains the NTD
and DBD, but alternative splicing of the gene truncates the protein leaving only cryptic exon
3 (CE3) at the C-terminus. Numbers flanking domains indicate the approximate amino acid
at that location.

Image taken from Vickman et al. (30).



1.2 Prostate Cancer

1.2.1 Epidemiology

PCa is the second most common invasive cancer in men worldwide (31). However, there is
a high discrepancy in the incidence of PCa between countries (32). Oceania has the highest
incidence of the disease, with an age-standardised rate (ASR) of 79.1 per 100,000 people
followed by North America at 73.7 per 100,000 and finally Europe with 62.1 per 100,000
(32). This is in contrast to other nations such as Africa and Asia, where the incidence rate is
lower (26.6 per 100,000 and 11.5 per 100,000, respectively) (32).The reasons behind this
are complex and not fully understood, however, this may in part be attributed to variations
in PSA testing (33). PCa is the fifth leading cause of male cancer-associated mortality
globally (31). Central America has the highest mortality rates with 10.7 per 100,000,
followed by Australia and New Zealand with 10.2 per 100,000 and Western Europe with
10.1 per 100,000, whereas countries in Asia have the lowest reported mortality (South-
Central: 3.3 per 100,000; Eastern: 4.7 per 100,000 and South-Eastern: 5.4 per 100,000) (31).
The PCa death rate increases with age and nearly 55% of all deaths occur after 65 years of
age (31). In the USA, PCa is the second leading cause of cancer mortality among males (34)
while in Ireland, PCa is the third leading cause of male cancer mortality with over 500 dying
from it each year, which accounts for 11% of all cancer related deaths (35). Approximately
3,000 Irish men are diagnosed with the disease annually, however, most PCa cases are
detected at an early stage in Ireland. Approximately 1 in 3 men (32%) are diagnosed at late
stage (stage IlI/IV), and about 1 in 7 men (14%) are diagnosed at stage IV. The overall 5-
year survival rate for Irish men diagnosed with PCa is around 97% (35). PCa survival in
Europe has improved over time with the highest improvement witnessed in Eastern

European countries (36).

1.2.2 Aetiology

Ageing is the most significant risk factor for the development of PCa, as autopsy studies
performed in multiple countries has revealed widespread occult PCa in older men and a
substantial increase in occult disease with age (37). For instance in an autopsy study of 249
cases, occult PCa was encountered in 2%, 29%, 32%, 55%, and 64% of men in the 3rd, 4th,

5th, 6th and 7th decades, respectively (38). PCa epidemiologic studies have revealed that



African Americans have a higher risk of PCa compared with other ethnic groups, and the
disease also occurs at a younger age in this population (39, 40). The reasons for this are
unknown and likely attributed to a combination of both genetic and environmental factors
(37). Additionally, lower socioeconomic status or issues with healthcare access have been
suggested as factors that contribute to the lower survival rate in African Americans with
PCa (41). Genetic determinants are another important risk factor for PCa predisposition,
particularly germline mutations in DNA repair genes such as BRCA2, which are also
associated with more aggressive disease (42). Other factors, such as obesity, lifestyle and
dietary factors appear to have limited roles in PCa predisposition (43-45). Hereditary PCa
encompasses approximately 5% to 6% of all PCa cases and typically occurs 10 years earlier
than sporadic cases (46). It is termed hereditary PCa when PCa is diagnosed in a family,
which satisfies one or more of the following three criteria: (i) two relatives affected with
PCa at 55 years of age or younger, (ii) three or more relatives affected with PCa or (iii)
presence of PCa in each of three successive generations (46). Molecular studies have shown
that PCa is genetically heterogeneous, with numerous genes having different penetrance
and frequencies (47, 48). The first susceptibility locus for PCa on chromosome 1g23-25,
known as Human Prostate Cancer 1 (HPC1) was discovered in 1996, this was followed by
the detection of other candidate genes in this region, for instance mutations in RNASEL,
appears to play a role in hereditary PCa carcinogenesis (47, 48). Other potential risk factors
include vasectomy, sexual behaviour such as early intercourse or venereal disease and
smoking history, however, the evidence remains inconclusive for these lifestyle factors (49-

51).

1.2.3 Clinical manifestation and staging

Individuals may present with urinary retention, urinary frequency, urinary hesitancy,
impotence, nocturia, and haematuria. However, most PCa cases are diagnosed at an early
stage when people are asymptomatic (52), with abnormal prostate findings on digital rectal
examination which is suggestive of PCa (52). The National Comprehensive Cancer Network
(NCCN) guidelines recommended abdomen/pelvic computed tomography (CT) or magnetic
resonance imaging (MRI) and conventional bone scan as part of initial staging workup and
detection of metastases for those with newly diagnosed PCa (53). The American Joint
Committee on Cancer (AJCC) TNM staging system is used to determine the stage of PCa
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(54). The AJCC TNM system incorporates five pieces of vital information to stage the
disease, where the T category evaluates the extent of primary tumour; the N category
evaluates the lymph node status; the M category evaluates the extent of cancer metastasis
to secondary sites; PSA level at diagnosis and grade group based on Gleason score. The
disease is divided into four stages (I-IV) where stage |-l are considered as localised, stage
[l as locally advanced and stage IV as metastatic. Approximately 78% of people with PCa
are diagnosed at a localized stage, 12% with regional lymph node involvement and 6% with
distant metastasis based on the Surveillance, Epidemiology and End Results Program (SEER)
data (55). Men with newly diagnosed PCa are classified into prognostic stage groups
according to their risk of recurrence derived from the combined information of AJCC stage,
serum PSA level and the histologic grade group based on the Gleason score (54). There is
great variability in the clinical course of PCa whereby it can be an indolent, latent disease
that will not result in clinical symptoms during a man’s life time, however, it can also take
an aggressive course, spreading into the bladder, seminal vesicles and metastasizing to

lymph nodes, bones, lungs and other organs (56).

1.2.4 Current Diagnostic Strategies

PSA testing has transformed PCa diagnostics since its introduction as a serum tumour
marker in 1987 (57). This is still the only universally utilized biomarker to identify men in
whom a prostate biopsy would be appropriate. It also aids in monitoring the response to
therapy in addition to its most contentious role, screening for the disease itself (58-60).
Regarding its use in screening, it may lead to overtreatment of clinically indolent disease
resulting in poor quality of life (61, 62). This is due to the scarcity of a useful screening tool
to distinguish between indolent and aggressive disease (63). PSA is not an ideal biomarker
due to poor tumor specificity and its level can be affected by many factors, such as
prostatitis, trauma, age, and concomitant medication (64-66). Furthermore, there is no
absolute PSA value below which there is a zero risk of disease (67). Thompson et al.
demonstrated that approximately 15% of men with a PSA below the traditional cut-off of
4 ng/mL were still at risk for PCa and 15% of these men were diagnosed with high-grade
disease (68). In one study, only 25%-30% of participants with PSA levels above 4 ng/mL
were positive for the presence of cancer on tissue biopsy (69). When the cut-off value of 4

ng/mL is used, the specificity of PSA alone is only 12.8%, leading to a high false positive rate
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and thus subjecting people to a high number of unwarranted successive biopsies (70). An
ideal PSA cut-off point with both high sensitivity and specificity for a PCa diagnosis does not
exist; however, many endeavours have been made to increase its diagnostic value. The
Prostate Health Index (PHI), which combines PSA sub-forms [total PSA (tPSA), ratio
between tPSA and free PSA (fPSA), isoform of proenzyme PSA (p2PSA)] into a diagnostic
score has been appraised in a multicenter setting (71). Stephan et al. reported that PHI
showed superior performance in detecting PCa compared to conventional PSA test alone
(71). The group also found a significant association between high PHI score and higher
Gleason score (71). PHI is one potential diagnostic marker test that has been endorsed by
European Association of Urology (EAU); however, the level of evidence is still weak and this

is not used in a clinical setting (72).

1.2.5 Current Prognostic Strategies

Risk stratification is crucial in providing the optimal treatment of PCa. Prognostic
biomarkers are useful as part of risk stratification, where an individual’s overall outcome
can be evaluated such as the likelihood of cancer recurrence after standard curative
treatment, which may dictate the need for adjuvant therapy (73). On the other hand,
predictive markers seek to evaluate the probability of benefit from a specific therapy (73).
Risk group stratification, which incorporates stage, grade and PSA has been extensively
validated and provides better information for treatment recommendation compared to
staging alone (74). The AJCC TNM system is used to determine the clinical stage at
diagnosis, which is associated with survival (75). The Gleason grade delineates the
histological features of the prostate carcinoma, which correlates with clinical behaviour
(76). The International Society of Urological Pathology (ISUP) introduced a new PCa grading
system in 2014 that assigns Gleason grade group from 1 to 5 (very low, low, intermediate,
high and very high), which predicts the risk of recurrence after primary treatment, and has
been validated in a several studies (77-79). This Gleason grade group system is superior to
the Gleason score in terms of informing actual risk level and may prevent unnecessary
treatment (77). Apart from using an individual’s prognostic variables, a nomogram, which
is a tool that combines the relevant prognostic parameters to generate more accurate
results, can be used. A widely used nomogram, the Partin Tables, were the first used by
urologists to counsel men with clinically localized PCa for the past few decades (80-82).
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Other nomograms have also been developed according to the needs of a specific clinical
settings such as assessing the risk of biochemical progression post curative therapy or

suitability for active surveillance, however none has perfect prognostic precision (83, 84).

1.2.6 Current Predictive Strategies

The role of predictive markers in providing information on the likelihood of a positive or
negative response to therapy is crucial for stratification, as the field of oncology enters the
epoch of personalized medicine (85, 86). Tumour volume has significant value in selecting
men with metastatic castrate sensitive disease for either upfront second generation anti-
androgen therapy or chemotherapy in conjunction with traditional androgen deprivation
therapy (ADT) (87, 88). ADT remains as the standard of care for the first-line treatment of
metastatic PCa; however, eventually the disease will progress to castrate resistant PCa
(CRPC), which is defined as progression of disease despite maximal ADT (89). Thus, it may
be beneficial to identify markers to stratify people with CRPC to the plethora of second-line
agents available. Recently, Antonorakis et al. have shown that those which are AR-V7
(which is an AR splice variant) positive had shorter progression-free survival (PFS), inferior
PSA response rates and overall survival (OS) when treated with second generation
antiandrogen therapy compared those who were AR-V7 negative (90). Individuals who
were AR-V7 positive had a higher volume of disease, which may suggest that they have the
overall poorer outcome (90). Another study has also indicated that AR-V7 positive PCa may
benefit more from chemotherapy than hormonal therapy (91). However, in contrast,
Bernemann et al. found that a subgroup of AR-V7 could still benefit from second generation
antiandrogen treatment (92). Thus, AR-V7 might represent a marker of advanced disease
and further prospective evaluation is required to determine its true predictive value.
Additionally, the improvement in genetic analysis has led to increased recognition of
mutations in genes that regulate DNA repair pathways especially homologous
recombination (HR) and mismatch repair (MMR) in PCa (93). Approximately 15-25% of
people with CRPC harbour somatic DNA repair gene mutations involving BRCA1 or BRCA2
and ATM (94). These cohorts have been shown to benefit from Olaparib, which is a type of
PARP inhibitor (PARPi) (95) and platinum-containing chemotherapy (96). The flaws in the
current diagnostic, prognostic and predictive strategies reflect the importance of molecular

biomarkers in tailoring treatment in PCa.
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1.2.7 Current treatments

Treatment choices such as radical prostatectomy, external beam radiotherapy (EBRT) or
brachytherapy are principally recommended for localized curative PCa (97). Approximately
35% of men will experience a PSA relapse (98), and a higher relapse rate of 40—60% has
been witnessed after EBRT or brachytherapy despite initial curative effort by radical
prostatectomy for localized disease (99, 100). It is clinically challenging to deliver effective
therapy to individuals with metastatic disease, however newer generations of
antiandrogens are providing hope. The paramount rationale for treatment of metastatic
PCa (mPCa) is to block the effect of androgens by either decreasing their circulating levels
in the body or by impeding AR signalling, which can be accomplished through the
exploitation of ADT such as LHRH agonists (e.g. leuprorelin acetate) or antiandrogens (e.g.
bicalutamide), respectively (101). Treatment with ADT is the standard management for
metastatic disease (89), providing an initial response of 18 months. However, resistance
inexorably develops resulting in CRPC, which is currently incurable (101). CRPC is clinically
defined as progression of disease despite androgen depletion with a serum testosterone
level of < 50 ng/dL (PCa Working Group 3) (102). Progression of disease can be defined by
either one or both of the following criteria (Table 1.1) (103, 104).

Table 1.1. Types of disease progression in PCa.

Types of | Definitions

progression

Biochemical Three consecutive rises in PSA 1 week apart, resulting in two

progression 50% increases over the nadir, and PSA >2 ng/mlL.

Radiologic The appearance of new lesions: either two or more new bone

progression lesions on bone scan or a soft tissue lesion using the Response
Evaluation Criteria in Solid Tumours (RECIST).

The treatment landscape of PCa has evolved rapidly in the last decade due to the greater
availability and accessibility of therapeutic agents. In 2004, Docetaxel chemotherapy was
first approved for the treatment of CRPC after being the earliest agent that successfully
showed OS benefits (105). However, there was a scarcity of therapies that prolonged
survival for those with CRPC until 2010. Since then, nine new treatments for CRPC that
improve OS have been added to the inventory, comprising of chemotherapy (Cabazitaxel),

novel second generation antiandrogens (Abiraterone, Enzalutamide, Apalutamide and
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Darolutamide), immunotherapy (Sipuleucel-T), radionuclide therapy (alpha-radium 223

and Lutetium-177) and PARPi (Olaparib) (Table 1.2).

Table 1.2. CRPC treatments with an OS benefit.

Treatment Trial OS Benefit (Months) Year (Reference)
Docetaxel + Prednisolone TAX 327 2.4 2004 (105)
Sipuleucel-T IMPACT 41 2010 (106)
Cabazitaxel + Prednisolone TROPIC 2.4 2010 (107)
Enzalutamide AFFIRM 4.8 2012 (108)
Abiraterone Acetate + Prednisolone COU-AA-301 4.6 2012 (109)
Alpha-Radium 223 ALSYMPCA 3.6 2013 (110)
Apalutamide SPARTAN 14 2018 (111)
Darolutamide ARAMIS 6 2019 (112)
Olaparib PROFOUND 3.4 2020 (113)
Lutetium-177 LUPSMA 4 2021 (114)

1.3  Enzalutamide

Enzalutamide competitively binds to the LBD of AR (108), thus hindering AR translocation,
AR cofactor recruitment, and AR binding to DNA. Enzalutamide has been shown in previous
phase 3 studies to prolong OS and PFS in participants who were chemotherapy naive (115)
and in the cohort who had chemotherapy (108). However, between 20 to 40% of people
present with intrinsic resistance, as measured by increasing PSA levels, and all will
ultimately acquire secondary resistance resulting in disease progression (90). Although the
precise mechanisms of enzalutamide resistance are yet to be completely understood, AR
gene amplification arises during ADT and enables tumour growth in low androgen
concentrations (116). Additionally, ARVs have also been implicated as a mechanism of
resistance; AR-V7, may play a role in the development of resistance, as it is devoid of the
LBD which is the target for enzalutamide (91, 117-119). Increasingly, there is a necessity to
find clinically useful biomarkers to select people for enzalutamide therapy. An RNA

biomarker would be of particular interest given they are easy to detect and quantify even
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at very low abundance (120). Furthermore, RNA biomarkers possess the advantage in
providing dynamic insights into cellular states and regulatory processes compared to DNA
biomarkers and can be superior in terms of sensitivity and specificity compared to protein
biomarkers (121, 122). Equally, refining our understanding of enzalutamide resistance will

help to identify new biomarkers for therapy.

1.3.1 Enzalutamide Function at the Molecular Level

In 2006, 4-(3-(4-Cyano-3-(trifluoromethyl)phenyl)-5,5-dimethyl-4-oxo-2-
thioxoimidazolidin-1-yl)-2-fluoro-N-methylbenzamide or MDV3100 or enzalutamide was
synthesized, using RU-59063, which is a nonsteroidal agonist chemical scaffold (123).
Enzalutamide has an eight-fold higher affinity to bind to AR compared to first-generation
antiandrogens such as bicalutamide (123). Additionally, when enzalutamide binds to LBD,
it also prevents N—C interaction, thus stopping nuclear translocation of the AR. On the
other hand, first-generation antiandrogens do not prevent the N-C interactions when they
bind to LBD, therefore allowing AR translocation to the nucleus, thus remaining as partial
agonist (124). Partial agonism has been attributed to aberrant recruitment of coactivators
to transcription complexes and consequent gene activation. Lastly, enzalutamide also
prevents DNA binding and coactivator recruitment and consequently blocks AR signalling
(125). Enzalutamide has a half-life of 5.8 days, which allows once-daily oral administration,
and the molecule attains a steady state by day 28 (126). Enzalutamide is removed primarily

by hepatic metabolism and some insignificant renal excretion (126).

1.3.2 Mechanism of Enzalutamide Resistance

1.3.2.1 AR amplification

The relative concentration of receptor to agonists and antagonists in a cell plays an
important role in dictating the efficacy of antagonists in inhibiting their target during
receptor-ligand interaction. AR protein overexpression was shown to be present in up to
80% of CRPC cases and approximately 30% of these had AR gene amplification (127). AR
gene amplification, leading to AR overexpression, allows progression to CRPC even with the
presence of very low circulating androgens levels (128). In vitro studies demonstrated

higher levels of AR and AR splice variants in enzalutamide-resistant LNCaP compared to
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enzalutamide-naive LNCaP cells (129). A recent study discovered that up to 50% of
enzalutamide or orteronal (CYP17A1 inhibitor) pre-treated individuals were positive for AR
amplification and had poorer response to treatment (130). Another study, the PREMIERE
trial (n = 100), showed that participants with AR amplification had shorter PSA PFS (HR =
4.33; 95% Cl, 1.94-9.68; p < 0.001), and inferior OS (HR = 11.08; 95% Cl, 2.16-56.95; p <
0.004) (131). Numerous studies using liquid biopsies have similarly shown that AR
amplification in circulating tumour DNA is associated with resistance to enzalutamide (132,

133).

1.3.2.2 AR Mutations

AR gene mutations are rare in primary PCa, however, it is estimated that up to 30% of CRPC
cases could harbour the mutation in the re-biopsied tumour (134). In the setting of
hydroxyflutamide and bicalutamide treatment, specific mutations at positions T877A and
W741C in the LBD respectively, resulting in antagonist-to-agonist switch have been found
in metastatic CRPC samples from people on these first generation antiandrogens (135,
136). Korpal et al. reported that F876L (substitution of phenylalanine for leucine at the 876
position) point mutation in the LBD alters the response to enzalutamide leading to
enzalutamide resistance in vitro (137). The F876L mutation has also been shown in
xenograft models treated with enzalutamide (138). Importantly, the F876L mutation was
reported in the circulating tumour DNA of people on ARN-509 treatment, which is a drug
compound with high chemical similarity to enzalutamide (139). The treatment withdrawal
effects in terms of PSA improvement is witnessed in approximately 30% of those on
hydroxyflutamide or bicalutamide upon stopping treatment. This reflects the paradox of
antagonist-to-agonist switch, whereby the tumour regresses after drug discontinuation as
AR mutations convert AR antagonists to agonists, thus facilitating tumour proliferation in
the first place (140). At present, the frequency and clinical relevance of F876L mutation is
uncertain in enzalutamide resistant disease. Enzalutamide withdrawal effects have been
reported in an xenograft model, however, it is unclear if these events are also observed in
the clinical setting (138, 141). There are pre-clinical data suggesting that enzalutamide and
ARN-509 are at best weak agonists in the presence of the F876L mutation in contrast to
hydroxyflutamide and bicalutamide, which has high agonist potency in the presence of

T877A and W741C, respectively (138, 142).
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1.3.2.3 AR Truncations

ARVs resulting in the absence of the LBD caused by somatic mutations in the AR gene were
first described in advanced PCa in 2009 (29, 143, 144). Truncated ARs can arise through
somatic mutations that introduce stop codons, which lead to intragenic deletions or
alternative splicing of the primary transcript that result in a highly active, ligand-
independent receptor variant (144). Since these truncated ARVs lack the LBD, they are
unaffected by AR agonists or antagonists which target the LBD, thus they have an important
roles in enzalutamide resistance (143, 145). ARVs can bind to canonical AREs on the
chromatin, and drive transcription from AREs or heterodimerize with AR-FL and hence, are
able to independently drive DNA repair and cell proliferation in CRPC (145-148). However,
ARVs are very often observed in the presence of up-regulated AR-FL thus, its activity may
be reliant on AR-FL (145, 148). There are numerous ARVs and they mainly appear in
castration resistant settings especially after enzalutamide or abiraterone treatment (29,
143, 145, 148, 149). AR-V7 (AR3) is the most common ARV, which arises from aberrant
MRNA splicing of AR exons 1-3, loss of exons 4-8 and inclusion of cryptic exon 3b (143, 150,
151). AR-V7 protein expression increases as people develop CRPC and resistance to
enzalutamide (152-154). ARVs particularly AR-V7 in CRPC correlate with progression, poor

survival, and treatment resistance (90, 150-154).

1.3.2.4 AR By-pass

The glucocorticoid receptor (GR) is a steroid hormone nuclear receptor, which has a very
similar structure to the AR and can activate anti-inflammatory genes and suppress pro-
inflammatory genes in cells (155-159). Overexpression of GR was reported in enzalutamide
CRPC and is thought to mediate drug resistance through the bypass of AR signalling (160),
as AR signalling normally inhibits GR expression. Enzalutamide causes enhanced GR
expression through a de-repression mechanism by blocking AR signalling (160). From
chromatin immunoprecipitation-sequencing (ChlP-seq) studies in enzalutamide-resistant
cells, GR has been identified to bind over 50% of AR binding sites on the chromatin, and
also regulate AR-regulated genes thus, it may serve as a functional substitute to AR (160).
In addition, GR can promote PCa cell growth, for example by activating mutated ARVs, up-

regulating the expression of HSPs or through effects on IL-6 signalling (160-162).
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1.3.3 Novel Treatments

Novel small-molecule inhibitors targeting AR mutants are in development for example,
darolutamide (ODM-201), which is an AR antagonist with the potential to inhibit three AR
mutants (F877L, F877L/T878A, and H875Y/T878A). It has been shown to inhibit the growth
of enzalutamide-resistant PCa in vitro and in vivo (163). Besides AR inhibitors, AR
degradation enhancers are also under development such as ASC-J9 [5-hydroxy-1,7-bis(3,4-
dimethoxyphenyl)-1,4,6-heptatrien-3-one], which has the potential to supress
enzalutamide resistant PCa by degrading wild-type AR, AR-mutant and ARVs (164-172). In
addition, BET [bromodomain (BRD) and extraterminal] inhibitors target the amino-
terminus of BRD proteins, BRD4, and inhibit proliferation in CRPC. BET inhibitors such as
JQ1 have been shown to inhibit the expression of AR-FL and AR-V, thus overcoming
enzalutamide resistance; however, recent studies have shown acquired resistance to BET

inhibitors in CRPC cells (173-175).

1.3.4 EMT in Enzalutamide Resistance

1.34.1 EMT

Epithelial mesenchymal transition (EMT) is a phenomenon when epithelial cells go through
morphological alterations giving rise to a mesenchymal phenotype, which contributes to
metastatic progression and treatment resistance (176, 177). Recently, numerous studies
have established the presence of EMT-like states in PCa, suggesting its involvement in PCa
development and metastasis (178, 179). Metastasis formation requires sequential steps
such as dissemination, invasion and colonisation under a dynamic tumour
microenvironment, which results in increased invasiveness and migratory ability of primary
tumour cells (180-182). The loss of cellular properties of epithelial cells such as cell polarity
and cell-cell adhesion accounts for its metastatic potential as well as contribution to
therapeutic resistance (180-182). Additionally, several studies have shown that the EMT
phenomenon can be induced by enzalutamide treatment through a number of
mechanisms, such as Snail induction, up-regulation of TGF-81 and activation of STAT3 (183-
185). EMT also functionally protects tumour cells from immune surveillance, apoptosis and
is capable of inducing tumour heterogeneity by conferring tumour cells with stem cell-like

properties (186, 187). Further knowledge of the mechanisms contributing to EMT initiation
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in PCa resistance could provide new therapeutic strategies to combat enzalutamide

resistance.

1.3.4.2 Markers of EMT

Synchronized loss of epithelial (E-cadherin, B-catenin) and gain of mesenchymal (N-
cadherin, SNAI1, vimentin, fibronectin, and a-smooth muscle actin) markers, signify the
hallmarks of EMT where the tumour garners enhanced production of extracellular matrix
elements, apoptosis resistance and metastatic invasive abilities (188, 189).

SNAI1 is capable of repressing the expression of the adhesion protein E-cadherin
hence promoting EMT in epithelial tumours (190, 191).

E-cadherin is encoded by CDH1, which resides on chromosome 16q, is crucial in the
preservation of epithelial phenotype however; 16q is a site of frequent allelic loss in PCa
(192). E-cadherin plays an important role in facilitating intercellular adhesion by acting as
a calcium dependent adhesion protein, forming networks between actin microfilaments
(via a- and B-catenin) and immunoglobulin domains (189). Suppression of E-cadherin alone
is enough to induce EMT (193), and trigger numerous transcriptional pathways that
contribute to metastasis (194). Aberrant promoter methylation resulting in epigenetic
changes is commonly attributed to the loss of E-cadherin expression (195).
Metalloprotease-mediated cleavage of the E-cadherin protein resulting in the severance of
E-cadherin from the cadherin/catenin complex leads to cell invasion in PCa (196). In high-
grade prostate adenocarcinomas, the loss of E-cadherin is a common feature and is
prognostic for survival (197, 198). A functional change from E-cadherin to cadherin-11,
which is an osteoblast calcium dependent adhesion molecule during EMT, has been
implicated in prostate metastases to bone (199).

TWIST1 and ZEB1 are two families of transcription factors that can directly regulate
EMT. TWIST1 is able to induce metastasis (200) as well as EMT. TWIST1 plays an important
role in Epithelial Growth Factor (EGF) induced EMT, whereby EGF causes tumour
progression through coordinated Reactive Oxygen Species (ROS) production, the
phosphorylation of STAT3 and subsequently triggers of ROS/STAT3/HIF-1a/TWIST1/N-
cadherin signalling pathway (201). ZEB1 may be an important mediator of EMT in PCa as

the expression increases following castration and is associated with chemotherapy
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resistance (202, 203). ZEB1 has been shown to mediate androgen deprivation—induced
EMT via a bidirectional, negative feedback loop with AR (202).

N-cadherin is part of the type | Cadherin family that mediates cell-to-cell adhesion
however, it confers increased motility and aggressiveness as shown by studies where it is
capable of promoting tumour invasion regardless of presence of E-cadherin, reflecting that
its effects predominate the suppressive roles of E-cadherin (204). Studies evaluating N-
cadherin silencing, showed that it suppresses PCa growth and metastases, suggesting its
potential therapeutic value (205). N-cadherin is also a prognostic marker of clinical
recurrence after radical prostatectomy and emergence of CRPC (206).

Other phenotypic EMT markers play physiologic roles in cell-to-cell dynamics such
as the catenins, which form complexes that stabilizes cell-to-cell adhesion through the actin
cytoskeleton connections. Expression levels of a- and B-catenins are down-regulated in PCa
with high clinical tumour grade and stage (207). Vimentin is a type lll filament protein
expressed in mesenchymal cells, which can act as a dynamic tether that maintains cell
integrity. Vimentin overexpression is observed in aggressive, castrate resistant PCa cells
(208) It is known to amplify the invasive phenotype, however does not confer migratory

potential in vitro on its own (209).

1.3.4.3 Androgen signalling in EMT

Androgens can influence the process of EMT directly, by suppressing E-cadherin expression
in prostate epithelial cells and trigger the expression of mesenchymal markers (210).
Treatment with DHT has been shown to increase SNAI1 expression, independent of TGF-f
signalling (211). TWIST1 can regulate AR expression in PCa cells during oxidative stress,
reflecting its possible contribution to drug resistance in CRPC through an AR-dependent
mechanism (212). However, the role of androgens in the control of EMT are controversial
as some in vivo and in vitro PCa studies have demonstrated that EMT induction is due to
androgen deprivation (202, 213) or low AR environment (214). These studies have shown
a link between increased N-cadherin, androgen deprivation and metastasis formation (203,
205, 213, 214). For instance, androgen deprivation increases the expression of both N-
cadherin and ZEB1 and is associated with chemotherapy resistance (202, 203). ZEB1 is a
transcription factor with AR transcriptional suppressor potential where the expression of

ZEB1 is greatly increased after chemical or physical castration in LuCaP35 normal prostate
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xenograft model and LNCaP cell line (202). In contrast, ZEB2 expression is positively
regulated by androgens in LNCaP cells (215). Excitingly, studies have shown that miRNAs
are involved in the post-transcriptional modulation of ZEB2 expression mediated by AR

(216). For instance, miR200 targets ZEB proteins responsible for the control of EMT (217).

1.4  Potential RNA biomarkers in PCa

A large proportion of the human genome (70-90%) is transcribed into RNA, however most
RNA transcripts are non-coding and only 2% of the genome encodes for protein (218). Non-
coding RNAs are starting to gain recognition as one of the key mediators in gene regulation
(219-221). These vital players can generally be categorised into either small ncRNAs (<200
nucleotides long) which include micro RNA (miRNA), small nucleolar (snoRNA), piwi-
interacting RNA (piRNA) or long non coding RNA (IncRNA) (>200 nucleotides long) and
circular RNA (circRNA) (219-221) (Figure 1.5). The advent of Next Generation Sequencing
(NGS) has furthered the understanding of the genomic and transcriptomic architecture of
prostate and other cancers (94, 222), which has resulted in molecular biomarkers and new
therapeutic strategies. Recently there has been a resurgence of interest in the role of non-
coding RNA (ncRNA) in PCa biology where both miRNA and IncRNA, have been studied
widely (223). Another recently discovered type of ncRNA, circRNA, appears to have
important roles in cancer initiation, progression and treatment resistance and thus may

potentially be an ideal biomarker (224-227).
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Figure 1.5. Schematic representation of candidate RNAs as potential biomarkers for PCa.

Image taken from Lim et al. (228)

1.4.1 miRNA as a biomarker in PCa

miRNAs are approximately 22 nucleotides in length with the ability to regulate genes post-
transcriptionally (229). miRNA originates from the primary transcript (pri-miRNA), which is
initially processed into approximately 70 nucleotides long hair pin precursor miRNA (pre-
miRNA) by cellular RNase Ill (Drosha) and double stranded RNA-binding domain protein
(DGCR8) (230). Another RNase Il (Dicer), then cleaves the pre-mRNA to form duplex
strands termed miRNA-5p and miRNA-3p, whereby the ‘5p” and ‘3p’ are named according
to the 5'- or 3’ arm of original transcript (230). miRNAs can exhibit affinity to bind to 3’
untranslated region (UTR) of mRNA or to 5" UTR of mRNA leading to direct mRNA cleavage
and translational repression (231). Besides gene repression, miRNA can directly or
indirectly activate gene expression (232). Through these regulatory functions, miRNA is
involved in cellular differentiation, proliferation, migration and apoptosis (233). miRNA can
be considered as either an Onco-miR, if it inhibits tumour suppressor genes; or a tumour
suppressor-miR if it inhibits proto-oncogenes (234). These critical functions have led to
extensive investigations into the capacity of miRNAs to act as clinically relevant biomarkers

in PCa for the past decade (Table 1.3) (235).
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In 2006, Volina et al. (236) first observed a general trend of up-regulated miRNA expression
in PCa, which was later supported by Ambs et al. in 2008 (237). Song et al. further validated
this general up-regulated trend using NGS in 2015 (238). In contrast, several studies
observed a general down-regulation of miRNA expression in PCa compared to the normal
prostate (239, 240). This discrepancy in expression between studies may be linked to small
sample size or variation in technical protocols. In 2012, Martens-Uzunova et al. utilized NGS
and miRNA microarray, with results of both platforms cross validated by RT-gPCR, to
analyse miRNA expression in 102 fresh frozen samples from those whose PCa had
progressed (241). The group constructed a miR predictor consisting of 25 miRNAs, which
could identify good prognosis and poor prognosis subgroups, comprising 13 miRNA that
were down-regulated and 12 that were up-regulated (241). The same group examined an
additional set of 49 PCa tissues and 25 normal controls for the presence of these 13
preselected miRNAs. Four miRNAs (miR-96-5p, miR-183-5p, miR-145- 5p, miR-221-5p)
were selected to construct a miR index quote (miQ) based on the best diagnostic
discrimination whereby two were up-regulated (miR-96-5p and miR-183-5p) and two were
down-regulated (miR-145-5p and miR-221-5p). The group reported that the miQ score had
good capability for diagnosing PCa with high accuracy (AUC: 0.931) and predicting tumour
aggressiveness (AUC: 0.895), metastatic status (AUC: 0.827) and OS (p = 0.0013, Wilcoxon
test HR = 6.5, median survival 2 vs. 5 years) (242). miR-96 can mediate cell proliferation and
cell growth through FOXO1 inhibition in PCa (243). miR-183 can regulate PTEN, which is a
known tumour suppressor in PCa (244). Overexpression of miR-145 in PC3 PCa cells has
been reported to cause cycle arrest and apoptosis as a result of up-regulating the pro-
apoptotic gene, TNFSF10 (245). miR-145 was also found to inhibit EMT, suggesting that a
reduction of miR-145 may trigger some form of the metastatic cascade (246). Spahn et al.
reported that down-regulation of miR-221 is correlated with up-regulation of c-Kit (247)
and two other studies have shown the potential of c-Kit involvement in PCa bone
metastasis progression (248, 249). Zheng et al. in 2014 further showed that low miR-221
(part of the miQ score) levels are associated with a higher biochemical recurrence rate after
radical prostatectomy (250), in addition to its association with a PCa diagnosis (241, 242).
However, the data is conflicting. Yaman et al. reported significantly higher expression of
miR-221 in blood plasma of people with metastatic PCa compared to those with localized

disease (251). miR-221 is associated with metastasis formation, thus in conjunction with
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miR-141 could potentially be used to detect men with bone metastasis from those with

localized disease (AUC: 0.755) (251). Furthermore, Sun et al. found significant expression

of miR-221 in CRPC cell lines and tissue (252, 253). The study showed that up-regulation of

miR-221 decreases HECTD2 or RAB1A, which promotes androgen independent PCa cell

growth (254).

Table 1.3. miRNA expression in PCa and associated clinical outcomes.

miRNA Expression Samples Associated Clinical Outcomes Reference
miR-96 1 Tissue Increase biochemical recurrence. (255)
Decreased recurrence-free survival.
P I ival
miR-96 1 Tissue | oo overasuvival (243)
Increase tumor aggressiveness.
Distinguish PCa f I l.
(miR-96-5p, miR-183- Inlz:enagsl;liumiar arOTe:s(,)i\r/Z:escsontro
5p) ¥, (MiR-145-5p, Tissue gere ' (242)
. N Increase metastatic risk. Poor overall
miR-221-5p) ¢ .
survival.
miR-221 | Tissue Increase biochemical recurrence. (250)
Distinguish PCa f I l.
(MiR-21, miR-22, miR- !st!ngu!s Ca from norma con.tro
Plasma Distinguished between metastatic and (251)
141) . .
localized disease.
(MiR-141, miR-375) 4 Sc.srum, Associated with high rl.sk PCa (Gleason (256)
Tissue score and lymph node involvement).
(miR-20a, miR-21, Plasma Associated with high risk PCa (CAPRA and (257)
miR-145, miR-221) ™ D’Amico score).
iR-107, miR-574-3
(/:“ » P) Urine  Distinguish PCa from normal control. (258)
(miR-200b, miR-200c) Associated with high risk PCa (Gleason
plasma i (259)
™ score, PSA, metastasis).

J = decrease, 1= increase, * part of miQ score

1.4.2 IncRNA as a biomarker in PCa

IncRNA is a group of non-coding RNA > 200 nucleotides in length. So far, 105,255 IncRNAs

have been identified in the human genome (260). IncRNAs play a role in the regulation of

gene expression affecting transcription and translation through chromatin complex
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modulations (261, 262). In cancer, IncRNA may promote cell proliferation, invasion and
progression, angiogenesis and facilitate resistance to apoptosis (263). Many IncRNA exhibit
specific cell type expression patterns and have both nuclear and cytoplasmic localisation
(262, 264). Given that IncRNA are present in bodily fluids such as urine, blood and serum
and express specifically at different stages of PCa (265, 266), they may be a good candidate
biomarker. For example PCA3 (PCa Antigen 3) was discovered in 1999 and has been the
primary focus as a prostate biomarker (267, 268). The PCA3 level was increased
approximately 100-fold in PCa tissue compared to paired normal prostate tissues (267).
Furthermore, PCA3 knockdown led to an up-regulation of E-cadherin, claudin-3 and CK18
and down-regulation of vimentin, which suggests its involvement in EMT (269). Besides, it
may also inhibit AR signalling, cell growth and viability (269). Additionally, PCA3 regulates
the expression of genes associated with angiogenesis, signal transduction and apoptosis
(269). PCA3 can also regulate miR-1261 by acting as a miRNA sponge when the transcription
factor SNA1L binds to its promoter region. This in turn, reduces miR-1261, resulting in
increased expression of PRKD3 (270). The high PRKD3 expression can promote invasion and
metastatic progression of PCa (270). Another study showed that knockdown of PCA3
sensitized PCa cells to Enzalutamide (271), thus PCA3 may act as both a potential diagnostic
and therapeutic biomarker. Urinary PCA3 diagnostic performance has been validated in a
multicentre study of 534 men showing a sensitivity of 65% and specificity of 66% compared
to serum PSA, which has the same sensitivity (65%) but lower specificity (47%) (272).
Urinary PCA3 assay (Progensa) was approved by the FDA in 2012 for men above 50 years
of age for whom a subsequent biopsy is otherwise warranted after previous negative
biopsies (273). Urine from post digital rectal examination is used for Progensa assay and a
PCA3 score is obtained from the ratio of PCA3 RNA to PSA RNA detected. PCA scores of <25
are considered low risk of PCa whereas PCA3 scores of 225 are considered high risk with
more than 25% chance of a positive biopsy result (274). The sensitivity and specificity
depend on the cut off value of the PCA3 score. For instance, Leyton et al. showed that a
PCA3 score of 25 would provide a sensitivity of 82% and specificity of 50.8%, however with
a PCA3 score of 35 the sensitivity would decrease to 68.4% but specificity would increase
to 58.3% (265). Recently, a meta-analysis of 46 clinical trials consisting of a total of 12,295
participants who used urinary PCA3 for diagnosing PCa reported that the pooled sensitivity
was 0.65 (95% confidence interval [Cl]: 0.63—0.66) and specificity was 0.73 (95% Cl: 0.72—
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0.74) (275). Although PCA3 has improved specificity, it is not sensitive enough as a
standalone diagnostic biopsy decision tool.

Metastasis associated lung adenocarcinoma transcript 1 (MALAT 1), a IncRNA initially
investigated in lung cancer, is also expressed in PCa tissues and cell lines, with the
expression level associated with high Gleason score, PSA score, and tumour size reflective
of a poor risk subgroup (276). Furthermore, the level of MALAT 1 increases during the
transition from castration-sensitive to castration-resistant as reported by Ren et al. (276).
The group also found that MALAT 1 suppression in cell lines led to a reduction in cell growth
and invasion as well as inducing cell cycle arrest and promoting apoptosis (276). When
suppressed in PCa xenografts, in castrated nude mice, it reduced tumour growth and
metastatic progression thus demonstrating its capability of acting as a potential
therapeutic target (276). The same group examined MALAT 1 derived from plasma (MD-
miniRNA) as a means to detect PCa. The levels were significantly raised in 196 people with
PCa and had a sensitivity of 58.6% and specificity of 84.8% in distinguishing a person with
PCa from a healthy control making it a potential non-invasive diagnostic biomarker (266).
The diagnostic accuracy to distinguish people with PCa compared to healthy cohort was
further demonstrated by Xue et al. showing AUC 0.86 (95% Cl: 0.80-0.93) and 0.79 (95%
Cl: 0.70-0.88), respectively (277). MALAT 1 also has the potential of being a predictive
biomarker. Wang et al. determined that enzalutamide resistant PCa cell lines have
increased levels of MALAT 1 and SF2 activity, whereas MALAT 1 may enhance AR-V7 splicing
by forming a MALAT 1-SF2 complex leading to enzalutamide resistance (169). In addition,
Sebastian et al. reported that MALAT 1 might promote PCa bone metastasis through down-
regulation of Sost pathway (278). The diagnostic capability of urinary MALAT 1 was
evaluated in a retrospective-prospective study of 434 men (279). Wang et al. showed that
by using the MALAT 1 model, unnecessary biopsy could be safely avoided in up to 46.5% of

diagnostic grey zone cohorts where their PSA lies between 4—-10 ng/mL (279).

1.4.3 circRNA as a biomarker in PCa

circRNA is a class of endogenous RNA that is produced from backsplicing of exons, introns,
or both to form exonic or intronic circRNAs, which were first discovered in the early 1990’s
(220). However, they were initially thought to represent by-products of splicing error until
recently (220, 280-282), when the appeal of circRNA research was resurrected by Salzman
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et al. (283). In 2012, during an effort to find genomic rearrangements in RNA-seq samples
of paediatric acute lymphoblastic leukaemia, the group found an excessive number of RNA
transcripts in which the exons were arranged non-canonically (283). These excessive RNA
transcripts were then validated as circRNA by quantitative PCR (RT-gqPCR). This substantial
amount of circRNAs in RNA sequenced samples suggested that they may be more abundant
and of significant importance than previously perceived (283). Two other groups further
developed the methods of circRNA detection by locating specific backsplice junction de
novo from RNA-seq libraries using bioinformatics analyses, which strengthen the
foundation of circRNA detection (220, 284). Since then, numerous biochemical devices
have been added to the armamentarium with the addition of bioinformatics analyses,
which enhances the ability to detect and quantify the expression of new circRNAs. circRNA
has been proven to represent a distinct class of ncRNAs, with the 3" and 5’ ends connected
together resulting in the formation of covalently closed continuous loop, which makes it
resistant to degradation by RNA exonucleases (220, 285). Thus, circRNA is present
abundantly in the cytoplasm owing to its stability and cellular levels may be regulated by
either removal by exosomes or endonucleic activity (286). This triad of stability, abundance
and evolutionary preservation between species indicates that circRNA may have significant
regulatory function (287). In addition, circRNA is expressed in pathological conditions
coupled with tissue specificity, which further begs the question of their role in malignancy

and other human diseases (288).

1.4.3.1 Biogenesis and general functions of circRNA

circRNA, are generated by low efficient backsplicing, which disregard the canonical 5’ to 3’
polarity (289, 290) in contrast to linear RNA transcripts with a 5’ to 3’ polarity that is formed
by high efficiency canonical pre-mRNA splicing, whereby the introns are removed leading
to the joining of exons catalysed by the spliceosomal system (289). This low efficient
backsplicing can be catalysed by either the spliceosomal machinery or by group 1 and 2
ribozymes (289, 290). A covalently closed circRNA accompanied by a spliced linear RNA
with a skipped exon is formed when backsplicing ligates the downstream splice donor site
reversely with an upstream splice acceptor site (289). The unique features that distinguish
circRNA from linear RNA is the absence of a terminal structure such as a 5 cap or

polyadenylated A (poly A) tail as a result of covalently closed loop (284). Backsplicing
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usually works in tandem with canonical splicing, leading to production of circRNAs that
contain multiple exons derived from internal exons of pre-mRNAs (291). The role of
spliceosome in circRNA biogenesis can be proven where inhibition of canonical
spliceosome by utilising isoginkgetin, a pre-mRNA splicing inhibitor decreases circRNA
levels as well as linear RNA (292). There are three different types of circRNA depending on
whether they arise from exons or introns; exonic, intronic and exon-intronic circRNA
(Figure 1.6). Exonic circRNA arises when 3’ splice donor joins to 5’ splice acceptor during
pre-mRNA splicing. Exon-intronic circRNA arises when the intron between exons is
retained. Intronic circRNAs arise from intron lariats, which are unaffected by debranching
enzymes and it is different from exonic circRNA due to expression of 2’ to 5’ linkage (220,
285). Both cis-elements and trans-factor are needed to direct the downstream donor and
upstream acceptor sites to close proximity in order to facilitate spliceosome assembly

during backsplicing thus improving the catalytic efficacy of spliceosomal system (289).
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together. The introns are then removed to form a circRNA. (c) Reverse complementary
sequences (purple arrows) in Intron1 and Intron3 can pair and bring the 5’ ss of Exon3 close
to 3’ ss of Exon2, promote circularization of Exon2 and Exon3 with a retained intron, and
form an exon—intron circRNA (EIciRNA). In addition, backsplicing in combination with
canonical splicing may lead to the formation of circRNA with Exon2 and Exon3 only. (d) The
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blue dotted lines indicate linear and head-to-tail backsplicing, respectively.

Image taken from Panda et al. (293)
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RNA binding proteins (RBPs) are another important component in circRNA formation where
they may serve as regulatory activators or inhibitors (294). For instance, muscle-blind (MBL)
protein, which is a type of RBP found in fruit fly can bind to pre-mRNA and induce
backsplicing resulting in the promotion of circRNA production (295, 296). Additionally,
Quaking (QKI) protein is another RBP known to regulate circRNA by affecting pre-mRNA,
MRNA turnover and translation, which has been associated with cancer and other diseases
(294, 297). Interestingly, even though circRNAs have been categorised as non-coding RNA,
a recent report suggested that eukaryotic ribosomes have the ability to initiate translation
on circRNA that contains internal ribosomal entry sites (IRES) through a rolling circular
amplification mechanism (281, 298). On the other hand, circRNA can also be translated into
protein even without an IRES sequence or poly A, indicating the possibility of other
translational mechanisms (299, 300). The classically described role of miRNA sponging to
regulate mRNA stability and translation is but just one of the many other potential
functions of circRNAs (Table 1.4) (287). Many studies have shown that circRNAs play a
crucial regulatory role as miRNA sponges with ciRS-7 being one of the best examples (226,
287). ciRS-7 contains more than 70 miR-7 targets sites that can inhibit the activity of this
specific miRNA leading to an increased level of miR-7 target genes (287). Apart from acting
as molecular sponges, circRNA have also been shown to stabilize miRNAs (301). For
instance, circCSNK1G3 interaction with miR-181b/d does not inhibit the activity of the
specific miRNA, however, a reduction in the level of the circRNA expression prevents miR-
181b/d from inhibiting its target genes (CBX7, CDK1, and CDC25A) (301). circRNAs can
regulate transcript splicing and parental gene transcription by binding to RBPs (295). For
instance, circMbl could sponge MBL protein when the protein is in excess and decreases
the production of its own mRNA by promoting more circMbl production through negative
feedback regulation (295). Another study showed that circEF3J and circPAIP2, which are
confined primarily in the nucleus, interact with the U1 small nuclear ribonucleoprotein (U1
snRNP) and RNA Pol Il to increase the transcription of their parental genes and knockout of
the circRNAs reduced the transcript levels (302). circRNAs can also bind to RBPs to regulate
translation where a study has shown that circMYBL2 recruits RBP PTBP1 to regulate the
mRNA translation of the oncogene FMS-like tyrosine kinase-3 (FLT3) resulting in the
development of white blood cells harbouring FLT3-internal tandem duplication mutations

(303). Additionally, circRNA may act as a protein scaffold by binding to multiple RBPs, which
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enables stable interactions (304). For instance, circAmotl1 can bind to 3-phosphoinositide-
dependent protein kinase 1 (PDK1) and protein kinase B (AKT1) to promote PDK1-
dependent AKT1 phosphorylation (304). Furthermore, circRNA containing AUG sites and
open reading frame (ORF) could be driven by the IRES and translated into the functional
protein (298). circRNA may be involved in the tumor autophagy affecting occurrence and
progression of human cancer where reduced expression of circHIPK3 was shown to act as
an autophagy regulator in STK11 mutant lung cancer cells through regulating the miR124-
3p/signal transducer and activator of transcription 3 (STAT3)/protein kinase AMP-activated
catalytic subunit alpha 2 (PRKAA)/AMP-activated protein kinase (AMPKa) signaling

regulatory pathways (305).

Table 1.4. General functions of circRNA.

Function Reference

Act as miRNA sponges (287)

Regulate gene splicing, transcription and translation (295, 298, 302, 303)
Interact with RBPs and act as protein scaffolds (304)

Act as autophagy regulator (305)

1.4.3.2 Methods of detection and sensitivity

14321 Biochemical Methods

A RNA exonuclease enrichment procedure can be performed as part of circRNA enrichment
and to assess whether RNA is indeed circular where the 5’ and 3’ ends are linked covalently
with the absence of poly-A tail. Ribonuclease R (RNAse R), an exoribonuclease that digests
all linear RNAs from its 3’ to 5’ end but does not degrade circRNAs due to lack of free ends
is a helpful tool, however, it may introduce technical artefacts from circle degradation in
some instances and some linear RNA are resistant to degradation (306, 307). XRN1 is an
alternative 5’ to 3’ exoribonuclease similar to RNAse R that can be used (308). RNAse H,
which is an endoribonuclease can also be used to assess for circularity (309). Tabak et al.
showed that 2D polyacrylamide gel electrophoresis can differentiate circRNA from linear
RNA whereby circRNA travels in an arc on the gel compared to linear RNA, which travels
diagonally (310). Other methods for circRNA enrichment in sequencing libraries other than

exoribonuclease and 2D gel strategy includes the use of ribosomal RNA (rRNA) and poly-A
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depletion, however none can provide full certainty that the enriched RNA are purely
circular (311).

Reverse Transcription-PCR (RT-PCR) is the primary tool that can be used for circRNA
identification. circRNA, which is converted to cDNA through reverse transcription harbour
a unique diagnostic exon-exon junctional sequence that differs from canonically spliced
MRNA enabling specific primer creation. These specific primers used to detect diagnostic
junction are also known as outward-facing primers due to the fact that their 3’ end face
away from each other thus averting amplification of transcript without diagnostic junction
such as linear mRNA. circRNA can then be quantified using RT-gPCR. The phenomena of
template switching may occur during reverse transcription step giving rise to false template
leading to production of false PCR product despite using outward-facing primer would be
a drawback of RT-PCR (312, 313).

Northern Blotting is another method that can be used to identify circRNA whereby
the diagnostic junctional sequence can be detected using a specially designed probe (309).

The advancement in NGS has enabled the identification of large numbers of
circRNAs (314). For instance cANRIL (antisense non-coding RNA in the INK4 locus) was one
of the first circRNA identified through genome-wide RNA assessment for circRNA in cell
lines, where it is associated with INK4a/ARF locus, leading to increased risk of
atherosclerosis (220, 315). Recently, Bahn et al. reported and validated more than 400
circRNAs in human extracellular body fluid using high-throughput RNA sequencing (RNA-
Seq) for the first time (316). However, the RNA-Seq data sets remain inconsistent due to
non-standardization of circRNA enrichment strategy in data generation on top of the

relatively low quantity of circRNA compared to linear RNA (311).

14.3.2.2 Bioinformatics approaches

Generally, chimeric reads (5’sequence in the read is downstream of 3’ sequence) are
searched for in order to identify circRNAs in RNA-seq data. In addition, numerous
bioinformatic algorithms have been developed to predict or identify the expression of
circRNA (283, 288). Salzman et al. first developed the method of RNA circle identification
using the alignment of reads in reference to a customized database of annotated exon
boundaries which was further refined by incorporating a false discovery rate (FDR)-

controlled filtration (283, 288). Following on from this, a variety of algorithms have been
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developed such as Burrows-Wheeler Aligner (BWA-MEM) and Segemehl software, Circle
Seq, CircRNA Identifier (CIRI) and Mapsplice (317-320). However, studies comparing the
performance of some of these published algorithms found striking differences between
sensitivity and specificity whereby choice of algorithm used, greatly affects the false
positive and false negative rates of circRNA detection (321). Currently, there is no ‘gold
standard’ method to validate the algorithm’s performance in circRNA identification (311,
321). Online circRNA databases are available for investigators use such as CircBase,

Circ2Traits and CircInteractome (314, 322, 323).

1.4.3.3 circRNAs as a biomarker for PCa
circRNAs could potentially be an ideal biomarker owing to their universal expression
patterns accompanied by unique characteristics such as tissue specificity, stability and
evolutionary conservation (288, 324, 325). This is also reflected by the findings of circRNAs
dysregulation across different types of malignancy (326). Thus, circRNA may be an ideal
diagnostic biomarker as they demonstrate a high degree of tissue and disease specificity.
The presence of circRNA in human bodily fluid such as saliva, blood and gastric fluid further
supports its possibility as disease biomarker (316, 327, 328). Bahn et al. has shown that
salivary circRNAs are associated with inflammatory response and intercellular signalling
(316). Memczak et al. found that circRNA can be easily detected in blood and the results
are reproducible, apart from its relatively higher level compared to linear counterpart
highlighting the fact that blood circRNA may be a better biomarker candidate than linear
RNA (327). Furthermore, Yan Li et al. demonstrated that circRNA is enriched by at least two
fold and stable in exosomes making it a promising biomarker (329) whereas Shao et al.
confirmed the stability of circRNA in gastric fluid despite freeze-thaw and incubation
processes (328). With all these elements combined, circRNA could be an ideal tumour
biomarker candidate.

circRNA has been recently discovered to exhibit a functional role in regulating
cancer development and progression (330). The role of miRNA in cancer pathogenesis on
the other hand, is well established (331). The interest in circRNA as a biomarker was further
amplified when circRNA was discovered to act as miRNA sponges thereby regulating
specific miRNA target genes responsible for cancer initiation or progression (287). Many

studies have described the importance of the circRNA-miRNA-mRNA network in the
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pathogenesis of cancer (Table 1.5). Other alternative routes that circRNA may regulate
gene expression is by acting as a protein sponge or decoy (332).

A number of circRNA biomarkers have been investigated in PCa, however, there are
few studies in the literature describing the role of circRNA in enzalutamide resistance and
as a biomarker to inform drug resistance. Kong et al. have identified the up-regulation of
circSRAMRCAS (hsa_circ_0001445) across four PCa cell lines (LNCAP, 22RV1, DU145 and
PC-3) compared to a normal prostate cell line (WPMY-1) and in 21 paired PCa tissue
samples compared with corresponding normal prostate tissue (227). Interestingly, this
study also found that circSMARCAS expression level could be affected by androgens, as
circSMARCAS level increases according to DHT level in a dose dependent manner. Other
work demonstrated the possibility of circSMARCAS to act as a potential pro-oncogenic
circRNA in vitro affecting cell cycle and apoptosis (227). Recently, Dai et al. found circRNA-
MYLK (hsa_circ_0141940) was significantly up-regulated in both PCa cell lines (LNCAP,
DU145, PC-3 and PC-3MIE8) and 17 paired PCa tissues in comparison to normal prostate
cell lines (WPMY-1) and corresponding normal prostate tissues, respectively. The group has
shown that the up-regulation of circRNA-MYLK could promote PCa cell proliferation, colony
formation, invasion and migration and inhibit tumour apoptosis as a result of miR29a
inhibition whereby circRNA-MYLK acted as a miRNA sponge in down-regulating miR29a
(333). Greene et al. found more circRNAs were down-regulated than up-regulated using
microarray screening in enzalutamide-resistant PCa cells (334). One of the down-regulated
circRNA, has_circ_0004870 was validated and hypothesised to promote the expression of
AR-V7 via U2AF65 leading to enzalutamide resistance (334). Wu et al. demonstrated that
circRNA17/miR-181c-5p/AR-V7 signalling axis alters enzalutamide resistance (335). AR-V7
level is increased by circRNA17 suppression. circRNA17 up-regulates miR-181c-5p by
maintaining its stability instead of acting as a sponge and the miRNA can bind the 3'-UTR
of AR-V7 to decrease its expression (335). Xiang et al. found circUCK2 to be down-regulated
in enzalutamide-resistant PCa cells and showed that the circRNA can sponge miR-767-5p
to up-regulate TET1, which inhibits proliferation and invasion (336). On the other hand, Cao
et al. identified 13 AR related circRNAs through analysis of exome-capture RNA-seq from
47 mCRPC samples, patient derived xenograft (PDXs) and cell models (337). The group

found that these 13 circRNAs were overexpressed during progression of PCa to CRPC and
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were detectable in serum samples from people with CRPC, suggestive of their potential
roles as biomarkers (337).

These studies further strengthen the potential role of circRNA, not only as a
diagnostic biomarker but also as a therapeutic biomarker for PCa. Even though there is
paucity of literature describing the role of circRNA in PCa and drug resistance, it may be
important in this disease given that there is abundant evidence demonstrating a role for

circRNA in other malignancies (Table 1.5).
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Table 1.5. circRNA-miRNA pathway in cancer.

Regulatory . .
Tumour Associated Target miRNA Hypothesized Role of ::Cf?sgon :i‘:zeertlt:‘ | Ref
circRNA & miRNA Function circRNA on . P .
. in Tumour Biomarker
miRNA
Bladder . miR-103a- Tumour supressor- .
carcinoma circTCF25 3p/miR-107  miR Negative ™ na (338)
Bladder . miR-17/miR- . . .
carcinoma cir-ITCH 294 Onco-miR Negative NE prognostic  (339)
Blad.der circRNA-Cdrlas  miR-135a Onco-miR Negative NJ na (340)
carcinoma
Breast circ-ABCB10 miR-1271  1UMOUT SUPTESSOr-y o tive N na (341)
carcinoma miR
Breast . . . . .
. CircRNA-000911 miR-449a Onco-miR Negative N; prognostic  (342)
carcinoma
Colorectal -\ - Circ 000984 miR-106b  Onco-miR Positive N na (343)
carcinoma
I | T -
co qrecta hsa_circ_001569 miR-145 u!mour suppressor Negative ™ na (344)
carcinoma miR
Colqrectal circHIPK3 miR-7 Tl,!mour Sl"ppressor_Negative ™ prognostic  (345)
carcinoma miR
Oesophageal . miR-7/miR- . .
carcinoma cir-ITCH 17/miR-214 Onco-miR Negative Np na (346)
Gastric . miR-125 Tumour suppressor- . .
carcinoma circPVT1 family miR Negative ™ prognostic  (347)
Hepétocellular circMTO1 miR-9 Onco-miR Negative N prognostic  (348)
carcinoma
Hepétocellular circRNA-Cdrlas  miR-7 Tu'mour suppressor- Negative ™ na (349)
carcinoma miR
L T _
U8  hsa_circ_0013958 miR-134 UMOUr SUPPFesSOr™ \ acative A diagnostic  (350)
carcinoma miR
Lung cir-ITCH miR-7/miR- Onco-miR Negative NE na (351)
carcinoma 214
Osteosarcoma circUBAP2 miR-143 Int,:arour Sl"ppressor_Negative ™ prognostic  (352)
Pros.tate cireMYLK miR-29a Tu.mour suppressor-Negative N dlagnostlc/ (333)
carcinoma miR therapeutic
miR-195-
Renal . 5p/miR-29a- Tumour suppressor- .. .
carcinoma circHIAT1 3p/miR-29c-  miR Positive N therapeutic (353)
3p

na = not available, all samples used were tissues except

Jd =decrease, P =increase, Ref = reference

* = tissues and plasma,
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1.5 Aims and Objectives

The aim of this project was to identify novel molecular mechanisms associated with

enzalutamide resistance PCa. The data generated will identify predictive biomarkers to

therapy and potential therapeutic targets for patients with PCa. The hypothesis is that

circRNAs play an important role in the development of enzalutamide resistance in PCa.

The objectives of this project were:

1.

36

To examine the expression of circRNAs across a panel of prostate cell lines
consisting of ‘normal’ (n = 2) and malignant cells (n = 5)

To validate the overlapping circRNAs, which are consistently expressed between
the normal vs. malignant group and androgen dependent vs. androgen
independent group, allowing for potential identification of circRNA signature
reflective of the continuum model of prostate cancer progression

To validate the highest up-regulated circRNAs in the enzalutamide resistance
clones from the LNCaP model of enzalutamide resistance (n=3) and examine
their role in the development of enzalutamide resistance by evaluating
predicted corresponding miRNAs and mRNA network

To evaluate the potential of circRNAs investigated in the enzalutamide resistant
clones as a disease biomarker in clinical samples from the Phase Il trial of
radium-223 in combination with enzalutamide (CTRIAL-IE 13-21, NCT02225704)
(354)

To examine the transcriptomic landscape of enzalutamide resistant PCa in vitro
through NGS analysis of enzalutamide resistant panel and evaluate the potential
mechanism associated with the development of enzalutamide resistance

To examine the landscape of actionable gene mutations in Irish people with

MCRPC through targeted NGS



Chapter 2 - Methods and Materials
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2.0 Materials and Methods

2.1  Preparation and handling of materials

Reagents and chemicals used in the laboratory were of analytical grade and stored in
accordance with manufacturers’ instructions. All chemicals and waste were disposed of
according to local guidelines. Chemicals were purchased from Merck KGaA (Darmstadt,

Germany) or Sigma-Aldrich (MO, USA) unless stated otherwise.

2.2 Cell culture

Cell culture was performed aseptically in accordance with good laboratory practice in an
ABS optimal 18 laminar air flow unit (Aulnay Sous Bois, France). The LAF was exposed to
UV light for approximately 30 min, and subsequently sanitised using 70% industrial
methylated spirits (IMS) pre and post use. Cell culture reagents were warmed to 37°C prior
to use, unless stated otherwise. All cells were cultured in vented tissue culture treated

flasks (Corning®, NY, USA) and maintained at 37°C with 5% CO; in a humidified atmosphere.

2.2.1 Cell Culture reagents

All supplemental cell culture reagents, including fetal bovine serum (FBS), L-glutamine (200
mM) and antibiotic antimycotic solution (100X) (10,000 U penicillin, 10 mg/mL
streptomycin and 25 pug/mL amphotericin b) were purchased from Sigma-Aldrich. RPMI-
1640, Minimum Essential Medium Eagle (MEM) and Dulbecco’s Modified Eagle’s Medium
(DMEM) were also obtained from Sigma-Aldrich. F-12K Nut Mix media was obtained from
Life Technologies Corporation (WA, USA). Keratinocyte serum free media (KSFM) and
associated supplements (2.5 ug EGF, 25 mg bovine pituitary extract) were obtained from
Invitrogen (GIBCO) (Biosciences, Dublin, Ireland). All media were supplemented with 10%
FBS, 1% penicillin-streptomycin-amphotericin unless stated otherwise (Table 2.1). MEM
was additionally supplemented with 1% L-glutamine and 0.01 mg/mL human recombinant

insulin.

2.2.2 Celllines
Ten prostate cell lines were used in this project; five malignant prostate cell lines, two non-

malignant prostate cell lines (Table 2.1) and three isogenic LNCaP clones (Table 2.2). Four
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additional cell lines were used for control purposes in various experiments (Table 2.3). All
cell lines were obtained from American Tissue Culture Collection (ATCC) (VA, USA) except
the three LNCaP clones, which were gifted from Novartis (Dublin, Ireland). These age
matched isogenic LNCaP clones were generated from mixed clones as described by Korpal
et al. (138). This model consisted of three aged-matched cell lines; the Control (drug

sensitive), Clone 1 (highly drug resistant) and Clone 9 (weakly drug resistant) (Figure 2.1).

Table 2.1. Prostate cancer cell lines with AR status, site of origin and culture medium used.

Cell line AR status Site of origin Media used
LNCaP clone FGC Positive Lymph node Complete RPMI-
(ATCC® CRL-1740™) metastasis 1640
22Rv1 (ATCC® CRL- Positive Androgen Complete RPMI-
2505™ dependent CWR22 1640

xenograft
VCAP (ATCC® CRL- Positive Vertebral bone Completed
2876™) metastasis DMEM
DU145 (ATCC® HTB- Negative Brain metastasis Complete MEM
81™) without insulin
PC-3 (ATCC® CRL- Negative Brain metastasis Complete F-12K
1435™)
RWPE-1 (ATCC®CRL- Positive Peripheral zone of KSFM without
11609™) normal prostate 10% FBS

transfected with a

single copy of

human papilloma

virus 18 (HPV-18)
PWR-1E (ATCC ® CRL- | Positive Normal prostate KSFM without
11611™) with mild 10% FBS

hyperplasia

immortalised with

an adenovirus 12-

SV40
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Table 2.2. Isogenic model of enzalutamide resistance and culture medium used.

Isogenic LNCaP clones | Enzalutamide Media used
resistance

Control Sensitive Complete RPMI-1640

Clone 1 Highly resistant Complete RPMI-1640

Clone 9 Weakly resistant Complete RPMI-1640

Table 2.3. Non-prostate cell lines.

40

Cell line

Site of origin

Media used

Hela (ATCC®
CCL-2™)

Cervical
adenocarcinoma

Complete MEM without insulin

HEK-293 (ATCC®
CRL-1573™)

Embryonic kidney

Complete MEM without insulin

MCF7 (ATCC®
HTB-22™)

Breast
adenocarcinoma
derived from
metastatic site:
pleural effusion

Complete MEM

NCI-H460 (ATCC®
HTB-177™)

Lung large cell
carcinoma derived
from metastatic
pleural effusion

Complete RPMI-1641




()
Figure 2.1: Bright-phase microscopy of cell lines. Morphology of (A) LNCaP Control cells (B)

LNCaP Clone 9 cells (C) LNCaP Clone 1 cells. Morphological changes in Clone 1 cells
compared to Control cells and Clone 9 cells such as loss of spread-out spindle like

morphology with scattered growth.
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2.2.3 Propagation of cell lines
Cells were removed from long term storage and thawed rapidly at 37°C for 2 min. Once
thawed, the cells were mixed gently and added to 5 mL pre-warmed complete media in a

T25 cm?3 tissue culture flask.

2.2.4 Cell subculture

Cells were visualised daily using an inverted phase-contrast microscope (Nikon Corp.,
Tokyo, Japan). Sub-culturing was performed when cell cultures reached approximately 80%
confluency. Cell culture medium was decanted, and the cells were washed with 5 mL 1X
PBS (HyClone™, MA, USA) to remove residual FBS. Two mL trypsin ethylene-diamine tetra-
acetic acid (EDTA) (Sigma-Aldrich) was added to the flasks. Flasks were incubated at 37°C
for approximately 3 min to allow the trypsin to detach the cells from the flask surface. Five
mL complete medium was added to the flasks to inactivate the trypsin, cells were dislodged
from the surface of the flask, transferred to a sterile 15 mL tube and pelleted by
centrifugation at 1300 rpm for 3 min in an Eppendorf™ 5804 centrifuge (Eppendorf). The
supernatant was discarded, and the cell pellet re-suspended in 10 mL complete medium.

This suspension was used to seed fresh T75 cm? flasks at several different densities.

2.2.5 Cryopreservation
Cells were trypsinised (as per section 2.2.4). Resulting pellets were re-suspended in
Cellbanker® cryopreservation media (AMS Biotechnology, Abingdon, UK) at a

concentration of 1-1.5x10° cells/mL. Aliquots were stored at -80°C.

2.2.6 Mycoplasma testing

Cells were tested for mycoplasma infection every 12 weeks. At approximately 80%
confluence, the supernatant was removed from T75 cm? flasks. The supernatant was
centrifuged at 300 y g to remove cellular debris and a PCR based reaction, adapted from
Young et al. (355) was used to determine the presence or absence of mycoplasma. The
primers were designed to encompass common mycoplasma species (Appendix - Table 1).
The PCR reaction consisted of the following: 12.5 puL Green 2X GoTaq (Promega, WI, USA),
0.5 pL FWD primer (10 uM), 0.5 pL REV primer (10 uM) and 10.5 uL DNase free H,0 (Sigma-
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Aldrich). Total reaction volume was 25 pL, which included 1 uL cell culture supernatant.

The PCR cycling conditions are given in Table 2.4.

Table 2.4. PCR conditions for mycoplasma testing.

Temperature Time

95°C Smin

94°C 30sec

55°C 30sec 40 cycles
72°C 1min

72°C 10 min

The resulting PCR products were electrophoresed on a 2% agarose gel (as per section 2.3.4).
A PCR negative control and a known mycoplasma positive control were included. A band at

270 bp was indicative of a positive result.

2.2.7 STR Profiling
The genomic DNA was extracted (as per section 2.3.1) and prepared according to Source
BioScience STR profiling specifications: > 20 ng/uL in total volume of > 20 uL. The ATCC STR

database algorithm (https://www.atcc.org/search-str-database) was used for STR analysis

of the cell lines. The matching criterion was based on an algorithm that compares the
number of shared alleles between two cell line samples, expressed as a percentage. Cell
lines with 280% match are considered to be related; derived from a common ancestry. Cell
lines with between a 55% to 80% match require further analysis for authentication of
relatedness. STR profile (Appendix - Table 2) was queried using the following STR criteria:
(AMEL) + the following loci: D5S818, D13S317, D7S820, D16S539, vWA, THO1, TPOX,
CSF1PO. The results for identity using the ATCC algorithm were as follows: LNCAP Control:
94% (Pass), LNCaP C1: 94% (Pass), LNCaP C9: 94% (Pass), 22RV1: 100% (Pass), PC-3: 100%
(Pass), DU145: 94% (Pass), RWPE-1: 94% (Pass), PWR-1E: 83% (Pass).

2.2.8 Cell counting
Cells were seeded at specific densities depending on the experimental set up. A bright line
haemocytometer (Hausser Scientific, PA, USA) was used in conjunction with Trypan Blue

(GIBCO) (0.4% v/v) for cell counting and viability. Cells were pelleted as above (as per
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section 2.2.3) and re-suspended in a specific volume of media until a single cell suspension
was obtained. A 20 uL aliquot of suspension was added to 180 pL Trypan Blue and mixed
gently. The haemocytometer was cleaned using 70% EtOH and a glass cover slip was placed
over the chamber. The edge of the cover slip was touched gently by a pipette tip and the
chamber filled by capillary action. Viable cell number per mL was calculated using the
following equation:
Average no. of cells counted per large square x 10,000 x 10 = no. of cells/mL

Where, 10,000 accounts for the pL volume under the cover slip and 10 equals the dilution

factor.

2.2.9 Drug treatment

Enzalutamide (MDV3100) was purchased from Selleckchem (Stratech Scientific Ltd, Suffolk,
UK), dissolved in DMSO at a concentration of 10 mM and stored at -20°C. Cells were treated
with a range of enzalutamide concentrations (0 — 60 uM) for a period of 7 days. DMSO was

used as the vehicle control.

2.2.10 BrdU proliferation assay

Cell proliferation was measured using a Cell Proliferation ELISA, BrdU (Roche Diagnostics
Ltd., Sussex, UK). This is a colorimetric method to quantify cell proliferation based on the
measurement of BrdU (5-bromo-2’-deoxyuridine- a pyrimidine analogue) incorporation
(instead of thymidine) during DNA synthesis in proliferating cells. Cells were seeded at 1 x
103/well in a final volume of 100 pL/well in a 96-well plate. Cells were treated with
appropriate drug for a specified period (as per section 2.2.9). Following culture, 10 uL/well
of a 1:1000 dilution of BrdU labelling solution (final concentration — 10 uM) was added into
each well and incubated for 4 h at 37°C. Following BrdU labelling, the media was removed,
and cells fixed and denatured with 200 pL fixative solution for 30 min at room temperature
(RT). One hundred pL anti-BrdU-POD (mouse monoclonal antibody, peroxidase-
conjugated) working solution was added to each well and incubated for 90 min at RT. Cells
were washed 3 times with wash buffer and 100 uL substrate solution was added for 5-10
min (or until colour change was sufficient for photometric detection). Twenty five uL 1 mM
H,SO, was added to each well to stop the reaction. Absorbance was measured on a

Vesamax tunable microplate reader (Molecular Devices, CA, US) at 450 nm with reference
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wavelength set to 690 nm. Untreated controls were set to 100% and treatments compared

to the untreated controls.

2.3 Nucleic Acid isolation

2.3.1 Genomic DNA isolation from cell lines

Media was decanted from the tissue culture flask and 1 mL lysis buffer (10 mM Tris pH 8.0,
100 mM NacCl, 10 mM EDTA pH 8.0 and 0.5% SDS) and 5 pL (20 mg/ml stock) Proteinase K
(ThermoFisher scientific, Massachusetts, USA) added. Flasks were agitated then incubated
at room temperature (RT), for 3 h, after which time cells were scraped into a microfuge
tube using a cell scraper (Fisherbrand™, Loughborough, UK). One mL isopropanol was
added and the samples were mixed and incubated at RT for 10 min. The samples were
centrifuged at 13500 y g at RT for 10 min and supernatant discarded. The DNA pellets were
air dried for 5 min and re-suspended in 500 uL molecular grade H,0 (Accugene, Cambrex
Bioscience, IA, USA) and incubated at 37°C for 1 h. Genomic DNA was stored at -20°C until

use.

2.3.2 RNAisolation from cell lines

2.3.2.1 RNA isolation using miRNeasy Mini Kit

The miRNeasy Mini Kit (Qiagen, Sussex, UK) was used to isolate RNA for circRNA and miRNA
experiments. The cell culture supernatant was discarded, and cells were directly lysed by
the addition of 2 mL QlAzol lysis reagent (Qiagen) to the flask surface. Cells were dislodged
with a cell scraper and the cell lysate mixed several times using a pipette tip. For phase
separation, 140 uL chloroform (Sigma-Aldrich) was added to the cell lysate, and the sample
was shaken vigorously for 15 sec and incubated at RT for 3 min. The samples were
centrifuged at 12,000 y g for 15 min at 4°C. The upper aqueous phase was transferred into
a fresh tube without disturbing the interphase. The RNA was precipitated from the aqueous
phase using 525 uL 100% EtOH (Sigma-Aldrich), which was added to the sample and mixed
thoroughly. Seven-hundred pL mix was pipetted onto the centre of a RNeasy mini spin
column and centrifuged for 15 sec at 8000 y g at RT. The flow through was discarded.
Genomic DNA contamination was eliminated as follows: 350 uL RW1 buffer was added to

the miRNeasy mini spin column and centrifuged at 8000 y g with flow through discarded.

45



Next, 10 uL DNase 1 solution was added to 70 uL buffer RDD and mixed by gentle inversion.
The DNase 1 mix was added directly to the RNeasy spin mini column membrane and
incubated at RT for 15 min. Following incubation, 350 uL RWT buffer was added to the spin
column and centrifuged for 15 sec at 8000 y g. Next 500 uL RPE buffer was added to the
spin column and centrifuged for 15 sec at 8000 y g to wash the column. The flow through
was discarded. An additional wash with 500 pL RPE buffer was added to the spin column
and centrifuged for 2 min at 8000 y g. The spin column was then placed into a fresh 2 mL
collection tube and centrifuged for 1 min at full speed to avoid any carry-over of RPE buffer.
The spin column was placed in a new 1.5 mL collection tube and 30-50 pL RNase-free H,O
was added directly onto the column membrane. The assembly was centrifuged for 1 min at

8000 y g to elute the RNA. RNA was stored at -80°C until use.

2.3.2.2 RNA isolation using TRI reagent®

Media was decanted from the tissue culture flask and 1 mL TRI reagent® (Molecular
Research Center, OH, USA) added. Flasks were incubated, with agitation, for 5 min, after
which time cells were scraped into a microfuge tube using a cell scraper. RNA was isolated
as follows: 100 pL 1-bromo-chloro-propane (BCP), was added to each sample, with samples
inverted for 15 sec and incubated at RT for 10 min. The samples were centrifuged at 13500
y g at 4°C for 15 min. Following centrifugation, the upper aqueous phase (containing RNA)
was removed to a fresh 1.5 mL microfuge tube. Five hundred pL isopropanol was added,
and the samples were mixed and incubated at RT for 10 min. Following centrifugation at
13500 y g at 4°C for 8 min, the supernatant was discarded, and the pellet washed with 70%
EtOH for 5 min. The samples were centrifuged again at 13500 ¢ g at 4°C for 5 min and the
EtOH wash discarded. The RNA pellet was air dried for 5 min and re-suspended in 50 pL

molecular grade H,0 (Accugene, Cambrex Bioscience). RNA was stored at -80°C until use.

2.3.2.3 RNA quantification using Nano drop

RNA was quantified using the NanoDrop 1000 spectrophotometer (ThermoFisher
scientific). The instrument was first initialised and then blanked with 1 pL molecular grade
H,0. One plL each sample was loaded individually onto the NanoDrop. The instrument was
cleaned between each sample. The NanoDrop returned the nucleic acid concentration in

ng/ulL and also the 260:280 and 260:230 purity ratios. A 260:280 of approximately 1.8 is
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generally considered as pure for DNA and a ratio of approximately 2.0 is generally

considered as pure for RNA.

2.3.2.4 RNA quality assessment
Each RNA sample was electrophoresed on a 2% agarose gel (section 2.3.2.5) to determine
RNA quality. Bands for the 18S and 28S ribosomal subunits were an indication of good

indication of RNA integrity.

2.3.2.5 Agarose gel electrophoresis

A 2% agarose gel (Sigma-Aldrich) was prepared in 100 mL 1X Tris-acetate EDTA (TAE) buffer
(Sigma-Aldrich). The agarose was dissolved by heating in a microwave for 2-3 min. Five L
SYBR Safe DNA gel stain (Invitrogen, CA, USA) was added to the solution and the mixture
was poured into a gel tray with well forming combs and allowed to set. Once set, the comb
was removed, and the gel was covered with 1X TAE buffer. Six uL appropriate ladder (Fisher
Scientific) was added to the first well and 15 yL sample was added to subsequent wells. If
required, samples were mixed with 2 uL 6X loading dye (Fisher Scientific) before loading on
to the gel. Gels were electrophoresed at 120V for 60 min. Gels were visualised using a Bio-

Rad (CA, USA) gel imaging system.

2.3.3 RNAisolation from plasma

The miRNeasy Plasma/Serum Kit (Qiagen) was used to isolate RNA from plasma samples
for the determination of circRNA expression. Plasma was thawed at RT and 200 pL was
directly lysed by the addition of 1 mL QlAzol lysis reagent (Qiagen) to the sample and
mixture vortexed briefly. The homogenate was incubated for 5 min at RT and 200 pL
chloroform (equal volume to the starting sample) was added to the homogenate followed
by 15 sec of vigorous shaking. The sample was incubated at RT for 3 min and centrifuged at
12,000 y g at 4°C for 15 min. Next, 600 pL upper aqueous phase was transferred to a new
collection tube followed by addition of 900 pL (1.5 volumes to aqueous phase) 100% EtOH
and thoroughly mixed by pipetting. Up to 700 puL sample was pipetted into an RNeasy
MinElute spin column in a 2 mL collection tube and centrifuged at 8000 y g for 15 sec at RT
then the flow-through discarded. This step was repeated for the remainder of the sample.

Then, 700 uL RWT buffer was added to the RNeasy MinElute spin column and centrifuged
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at 8000 y g for 15 sec with the flow-through discarded. Next, 500 uL RPE buffer was added
onto the RNeasy MinElute spin column and centrifuged at 8000 y g for 15 sec with flow-
through discarded. Five hundred pL 80% EtOH was added to the RNeasy MinElute spin
column and centrifuged at 8000 y g for 2 min with the flow-through and collection tube
discarded. The RNeasy MinElute spin column was placed in a new 2 mL collection tube and
centrifuged at full speed for 5 min with the lid of the spin column open to dry the
membrane. The flow-through and collection tube were discarded. The RNeasy MinElute
spin column was placed in a new 1.5 mL collection tube. Finally, 14 uL RNase-free H,O was
added directly to the centre of the spin column membrane and centrifuged at full speed
for 1 min to elute the RNA. RNA was quantified using the NanoDrop spectrophotometer

(section 2.3.2.3). RNA was stored at -80°C until use.

2.4  Real-time gPCR

2.4.1. cDNA synthesis for gene and circRNA expression analysis

cDNA was synthesized using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, CA, USA). The following components were pipetted into a sterile, nuclease-
free tube on ice; 1 pg (cell lines) or 0.1 pg (plasma) total RNA, 2 uL 10X RT buffer, 0.8 uL
25X dNTP Mix, 2.0 uL RT Random Primers, 1.0 uL MultiScribe™ Reverse Transcriptase and
1.0 puL RNase inhibitor. The reaction volume was made up to a final volume of 20 pL using
molecular grade H,0. The thermal cycling conditions are given in Table 2.5. cDNA was

stored at -20°C until use.

Table 2.5. cDNA PCR conditions.

Temperature (°C) | Time (min)
25 10

37 120

85 5

4 5

2.4.2 SYBR Green-based gene expression analysis

Each PCR reaction was in a final volume of 20 uL: 10 uL 2X SYBR Green Master Mix, 1 plL
FWD primer (10 mM), 1 uL REV primer (10 mM) (Appendix - Table 1), 7 uL molecular grade
H,0 and 1 uL cDNA. PCR was performed over 40 cycles using the 7500 Fast Real-Time PCR
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System (Applied Biosystems) with the cycling conditions as shown in Table 2.6, with
technical triplicates for each sample. Data were normalised to GAPDH and fold change (FC)

calculated using the AA Ct method.

Table 2.6. SYBR Green cycling conditions.

Cycling step Temperature, °C | Time Number of cycles
Initial denaturation | 95 10 min |1
Denaturation 95 15 sec 40
Annealing 60 1 min
95 15 sec
Melting curve 60 1 min 1
95 30 sec

2.4.3 SYBR Green-based circRNA expression analysis

The expression of target circRNA was determined using a SYBR Green PCR Master Mix and
circRNA specific primers (Appendix - Table 3). Each PCR reaction was in a final volume of 20
pL containing 10 pL 2X SYBR Green Master Mix, 1 pL custom made FWD primer (10 mM), 1
pL custom made REV primer (10 mM) (Appendix - Table 3), 7 uL molecular grade H,0 and
1 uL cDNA. PCR amplification was performed over 40 cycles using conditions shown in Table

2.7. Data were normalised to GAPDH and FC calculated using the AA Ct method.

Table 2.7. SYBR Green reaction conditions for circRNA.

Cycling step Temperature, °C | Time Number of cycles
Initial denaturation | 95 10 min |1
Denaturation 95 15 sec 40
Annealing 60 30 sec
95 15 sec
Melting curve 60 1 min 1
95 30 sec

2.4.4 miRNA expression using TagMan®

2.4.4.1 cDNA synthesis

cDNA synthesis was performed over four steps starting with (i) poly A tail reaction, followed
by (ii) adaptor ligation, (iii) RT and (iv) miR-Amp as the final step. Two pL RNA (total 10 ng)

was used per reaction. For poly A tail reaction, the following components were added in a
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reaction tube; 2 uL RNA, 0.5 pL 10X poly (A) buffer, 0.5 uL ATP, 0.3 pL poly (A) enzyme, 1.7
uL molecular grade H,O to a final volume of 5 plL per reaction, and vortexed briefly. The
reaction tubes were then centrifuged briefly to eliminate air bubbles and incubated in a
thermal cycler using the following conditions: polyadenylation at 37°C for 45 min, reaction
was stopped at 65°C for 10 min and cooled to 4°C. Next, for the adaptor ligation reaction,
the following components were added; 5 pL sample from poly A tail reaction, 3 uL 5X DNA
ligase buffer, 4.5 uL 50% PEG 8000, 0.6 pL 25X ligation adaptor, 1.5 uL RNA ligase, 0.4 uL
molecular grade H,0 to a total volume of 15 pL per reaction. The reaction tube was then
vortexed, and centrifuged briefly followed by incubation in a thermal cycler using the
following conditions: ligation at 16°C for 60 min then cooled to 4°C. Next, for the RT
reaction, the following components were added to the reaction tube; 15 puL sample post
adaptor ligation, 6 uL 5X RT buffer, 1.2 pL dNTP mix (25 mM), 1.5 uL 20X universal RT
primer, 3 uL 10X RT enzyme mix and 3.3 pL molecular grade H,O0 to a final volume of 30 pL
per reaction, and vortexed briefly. The reaction was centrifuged briefly and incubated in a
thermal cycler using the following conditions: RT at 42°C for 15 min, reaction was stopped
at 85°C for 5 min. Finally for miR-Amp reaction, the following components were added; 5
uL sample from previous RT reaction, 25 puL 2X miR-Amp master mix, 2.5 pL 20x miR-Amp
primer mix and 17.5 uL molecular grade H,0 to a final volume of 50 uL per reaction. The
reaction tube was vortexed, centrifuged briefly and incubated in a thermal cycler using the

conditions outlined in Table 2.8.

Table 2.8. PCR conditions for miR-Amp reaction.

Step Temperature Time Cycles
Enzyme activation 95°C 5 min 1
Denature 95°C 3 sec
Anneal/extend 60°C 30sec |14
Stop reaction 99°C 10 min |1

2.4.4.2 TagMan® miRNA expression analysis

Total miRNA was extracted from cultured cells using the miRNeasy mini kit (section 2.3.2.1).
The expression level of miRNA of interest were determined using TagMan® Advanced
miRNA assays (ThermoFisher scientific). The cDNA template (section 2.4.4.1) was diluted

1:10 in 0.1X TE buffer. For the PCR reaction, the following components were added to each
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reaction; 5 uL diluted cDNA template, 10 uL TagMan® fast advanced master mix (2X), 1 uL
TagMan® advanced miRNA assay (20x) (Assay information provided in Appendix - Table 4)
and 4 puL molecular grade H,0 to a final volume of 20 uL per reaction. The plates were
sealed with an adhesive cover, vortexed and centrifuged briefly. PCR amplification was
performed using the 7500 Fast Systems PCR machine (Applied Biosystems) using the
conditions outlined in Table 2.9. miR-1228-3p served as an endogenous control. Data were

normalised to miR-1228-3p and FC calculated using the AACt method.

Table 2.9. Real-time PCR conditions for TagMan® miRNA expression.

Step Temperature Time Cycles
Enzyme activation 95°C 20sec |1
Denature 95°C 3 sec
Anneal/extend 60°C 30sec |40

2.4.5 Standard curve method

gBlocks® gene fragments (Integrated DNA Technologies, CA, US) were designed for
hsa_circ_0001275 and hsa_circ_0001721 (Appendix - Table 5). A standard dilution curve
was prepared using known quantities of custom designed gBlocks® gene fragments of
respective circRNA through serial dilution which allows for calculation of absolute
transcript copy numbers. Threshold cycle numbers in quantitative PCR reactions were
determined for cDNA specific to gene copy number at 6 dilutions (1 x 107 copies, 1 x 10°
copies, 1 x 10° copies, 1 x 10* copies, 1 x 10® copies, and 1 x 10% copies) containing the
indicated number of copies of each transcript. Formulas were derived to quantify the

absolute copy numbers on the basis of Ct values.

2.5  Molecular Cloning

All media and reagents were obtained from Invivogen (CA, USA) and restriction enzymes
and buffers were purchased from either Roche Diagnostics Ltd. or New England Biolabs
(MA, USA) unless stated otherwise. Vectors were purchased from Geneseed Biotech
(Guangzhou, China) and Invitrogen. pCD25-ciR is a circRNA overexpression vector which
carries optimized flanking loop frameworks containing modified Alu elements, Quaking

(QKI) and other RNA binding protein (RBP) binding sites with circularization mediation
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sequence to ensure accurate and efficient circularization of the inserted circRNA (Appendix
- Figure 1). It also contains copGFP sequence which encodes the copGFP fluorescent
protein. The cloning site contains EcoRI and BamHI restriction sites. The PCD25-ciR vector
(Geneseed Biotech) (Appendix - Figure 1) and pCR™2.1-TOPO® vector (Invitrogen)
(Appendix - Figure 2) were kanamycin resistant. pCR™2.1-TOPO® Vector is covalently
bound with topoisomerase | for fast cloning and recombinants. pCR™2.1-TOPO® Vectors
include a 3’-T overhangs for direct ligation of Tag-amplified PCR products and T7 promoters
for in vitro RNA transcription and sequencing. pCR™2.1-TOPO® Vectors also contains M13

forward and reverse primer sites for sequencing.

2.5.1 Sanger sequencing

Fifteen pL post-PCR reaction product was mixed with 6 pL ExoSAPIT™ reagent (Applied
Biosystems). The mixture was incubated at 37°C for 15 min to degrade remaining primers
and nucleotides, followed by incubation at 80°C for 15 min to inactivate ExoSAP-IT™
reagent. The PCR products were prepared according to Source BioScience purified PCR
product specifications: 10 ng/pL in a total volume of 5 pL. Primers were used at 3.2 pmol/uL

in a total volume of 5ul per reaction.

2.5.2 Preparation of broth and agar plates

E.coli Fast-Media® Kan Agar (Invivogen) was dissolved in 200 mL sterile H,O and
microwaved for 3 min with periodic mixing. The solution was cooled, poured into petri
dishes using aseptic technique and allowed to solidify. The plates were dried at 37°C, sealed
and stored at 4°C. The LB Fast-Media® Kan broth (Invivogen) was prepared in the same
manner as the agar plates and was aseptically aliquot into sterile 50 mL tubes which were

sealed and stored at 4°C.

2.5.3 Restriction Digests

2.5.3.1 pCD25-ciR vector

Preparation of pCD25-ciR for ligation with circRNA was carried out as follows:

One pg pCD25-ciR underwent double digestion with 0.5 pL (10U) EcoRl, 0.5 pL (10U) BamHI
(Roche Diagnostics Ltd.), 5 uL SURE/Cut™ Buffer B (Roche Diagnostics Ltd.) and made up to

50 pL with molecular grade H,0. The sample was digested at 37°C overnight. The digest
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was then heat inactivated at 65°C for 15 min. The sample was purified using Wizard® SV
Gel and PCR Clean-Up System Promega (Madison, USA). Briefly, an equal volume of
membrane binding solution was added to the sample, vortexed, and transferred into an SV
minicolumn collection tube assembly and incubated for 1 min at RT. The assembly tube
was centrifuged at 14000 rpm for 1 min, with the flow-through discarded. Seven hundred
puL membrane wash solution was added to the SV minicolumn and centrifuged for 1 min,
with flow-through discarded. Five hundred uL membrane washing solution was added into
the column and centrifuged for 5 min. The collection tube was emptied, and the SV
minicolumn assembly was centrifuged for 1 min to allow evaporation of any residual EtOH.
The SV minicolumn was transferred to a clean 1.5 mL Eppendorf tube and 50 puL molecular
grade H,O was added into the SV minicolumn. The assembly was centrifuged for 1 min. The

purified digested pCD25-ciR vector was stored at -20°C until further use.

2.5.3.2 Preparation of circRNA insert

The purified circRNA (1260 ng) underwent two serial digestions. Initially, it was digested
overnight as follows: 0.5 pL EcoRl, 5 pL SuRE/Cut™ Buffer B and made up to 50 pL with
molecular grade H,O. The digest was precipitated as follows: 2 pL Polyacryl Carrier
(Molecular Research Center), 1 volume 5 M ammonium acetate (50 pL), 3 volumes absolute
EtOH (150 pL) was added to the digest, vortexed briefly and incubated at -80°C for 20 min.
The tube was centrifuged at 14000 rpm at 4°C for 10 min. The supernatant was discarded,
and pellet was washed with 70% EtOH by vortexing briefly, and centrifuged at 14000 rpm
for 10 min. The supernatant was discarded and the pellet re-suspended in 30 uL molecular
grade H,0. A second overnight digest was performed as follows: 0.5 pL BamHI, 5 pL
SURE/Cut™ Buffer B and made up to 50 pL with molecular grade H,0. When the digest was

completed, the enzyme was heat inactivated at 65°C for 15 min.

2.5.3.3 DNA isolation and purification

The digested products (section 2.5.3.2) were electrophoresed on a 2% agarose gel and
visualised under UV light. The appropriate band was identified and cut out using a sterile
scalpel. The isolated band was placed in a separate Eppendorf and weighed (weight
conversion to volume was based on 100 mg = 100 pL). The Qiaquick® Gel Extraction Kit

(Qiagen) was utilised to purify the band. Briefly, three volumes buffer QG to 1 volume gel
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was added to the gel fragment and heated to 50°C for 10 min until the gel dissolved fully.
One volume isopropanol was added to the sample and mixed. The mixture was transferred
into QiaQuick spin column and centrifuged at 13000 rpm for 1 min. The flow-through was
discarded and 500 pL buffer QG was added to the column and centrifuged for 1 min. The
column was washed as follows: 750 uL buffer PE was added, and incubated for 5 min at RT.
The column was centrifuged for 1 min, the flow-through discarded, and the column was
placed into a new collection tube and centrifuged for a further 1 min to remove residual
wash buffer. The DNA was eluted using 50 pL buffer EB and incubated for 4 min at RT to
increase DNA vyield prior to centrifugation. The column was centrifuged for 1 min. All
centrifugation steps were undertaken at 13000 rpm. The purified digested DNA product

was stored at -20°C until further use.

2.5.3.4 Ligation of circRNA insert into pCD25-ciR

Once the insert was isolated and purified (section 2.5.3.3), ligations were performed to
clone the insert into the pCD25-ciR vector. The ligation reaction was prepared as follows:
for each ligation a molar ratio of 5:1 insert:vector were added to 2 pL 10 X ligation buffer
(Takara Bio, CA, USA), 1 puL pCD25-ciR vector (50 ng/ pL), 1 uL T4 DNA ligase (Takara Bio)
and molecular grade H,0 to a final volume of 20 uL. The ligation reaction was incubated at
RT for 2 h then heat inactivated at 60°C for 10 min. The sample was stored at -20°C until

further use.

2.6  Transfection of mammalian cells
2.6.1 Transient transfection
A number of transfection reagents were evaluated to determine which reagent would

provide the optimal transfection efficiency while maintaining cell viability.

2.6.1.1 TurboFect™ Transfection reagent

TurboFect™ (Pierce Biotechnology, IL, US) consists of cationic polymers which form
compact, stable, positively charged complexes with DNA, protecting the DNA from
degradation and facilitating gene delivery into mammalian cells. Cells were seeded at 2 x
10>/ well in a 6 well plate in 4 mL complete media and incubated between 24 h to 48 h until

70% confluency was reached. Four pg plasmid DNA was diluted in 400 plL serum-
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free/antibiotic-free RPMI-1640. Transfection reagent was added to the diluted plasmid
DNA (Table 2.10) and briefly vortexed. The mixture was incubated 20 min at RT. Following
incubation, 400 uL transfection reagent/plasmid DNA mixture was transferred in a drop-
wise manner to each well. The plate was rocked gently to achieve even distribution of the
complexes immediately after adding the transfection reagent. The cells were incubated for
48 h and examined under EVOS™ Digital Colour Fluorescence Microscope (Life
Technologies Corporation), which excites the green fluorescent protein (GFP). The

transfection efficiency was subsequently estimated by eye.

Table 2.10. TurboFect™ Transfection reactions.

Tube RPMI-1640 (pl) | TurboFect™ (ul) | Plasmid DNA (pg)

1 400 6 4
2 400 7 4
3 400 8 4

2.6.1.2 Lipofectamine® 3000 reagent

Lipofectamine® 3000 (Life Technologies Corporation), is a cationic-lipid transfection
reagent that forms a complex with DNA and then transports it into mammalian cells. Cells
were seeded as in section 2.6.1.1 and allowed to reach 70% confluency. Plasmid DNA and
Lipofectamine® 3000 reagent were diluted separately in serum-free/antibiotic-free RPMI-
1640 (Table 2.11), and mixed well. P3000™ reagent (2 puL/pug DNA) was added to the diluted
plasmid DNA and vortexed briefly. The diluted plasmid DNA mixture was added to each
tube of diluted Lipofectamine® 3000 Reagent in a 1:1 ratio and incubated for 5 min at RT.
The plasmid DNA-lipid complex was added to cells in a drop-wise manner and the 6 well
plates rocked to ensure even distribution. The cells were incubated for 48 h and examined

as before (section 2.6.1.1).

Table 2.11. Lipofectamine® 3000 reactions.

Tube RPMI-1640 (pl) | Lipofectamine® 3000 (pl) | -

1 125 3.75 -
2 125 7.5 -
Tube RPMI-1640 (ul) | P3000™ (ul) Plasmid DNA (ug)
1 250 10 5
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2.6.2 Stable Transfection

2.6.2.1 Geneticin killing curves

The pCD25-ciR vector is under the control of the neo gene, which infers Neomycin antibiotic
resistance. G418 (Invivogen) also known as geneticin is a broad-spectrum antibiotic that
will select mammalian cells expressing neomycin. Kill curves were set-up using LNCaP cells
with a range of G418 concentrations (0 - 700 ug) to establish the optimum concentration
of the antibiotic required to kill the cells within 7 days. Cells were seeded at 2 x 10°/well in
a 6 well plate in 5 mL complete media and incubated between 24 h to 48 h until 70%
confluency was reached. The cells were then treated with G418 at a range of
concentrations (0-700 pg/mL). G418 was added directly to the culture medium and the
antibiotic was replaced every 4 days. The lowest concentration (450 pug/mL defined as the
optimal dose from a G418 killing curve) of antibiotic that resulted in near complete cell
death at the end of the 7 days of culture was recorded and used for future transfection

experiments (Appendix - Figure 3).

2.6.2.2 Transfection

Transfection was undertaken according to the Lipofectamine® 3000 protocol (section
2.6.1.2). After 48 h, the cells were examined under the microscope to gauge transfection
efficiency. Lipofectamine® 3000 Reagent at the transfection-reagent/DNA ratio of 7.5 pl:5
ug gave superior transfection efficiency while protecting cellular health. The cells were
trypsinised with 1 mL trypsin (section 2.2.4) and seeded into T25 cm? tissue culture flasks.
The cells were supplemented with fresh media containing 400 pug G418 every 4 days. After
approximately 2 weeks, colonies were visible and sub-cultured to obtain a mixed
population of clones. Subsequently, cells expressing GFP were further selected using the
BD FACSMelody™ (BD Biosciences, CA, US) as per section 2.6.2.2. Cells were trypsinised
with 1 mL trypsin and the pellet collected as described in section 2.2.4. The cell pellet was
re-suspended in 3 mL complete RPMI-1640 without FBS at approximately 1 x 10° cells/mL
and then transferred into 5 mL sterile Falcon collection tube (Becton Dickinson Labware,
NJ, USA) and assistance was provided by the flow cytometry core (TTMI, Trinity College
Dublin). The total GFP positive cells yielded were between 1 x 10° to 1.2 x 10° cells. The
sorted GFP positive cells were cultured in T25 cm?3 tissue culture flasks with fresh media

containing G418.
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2.7  Western Blotting

2.7.1 Isolation of proteins by TRI reagent®

Media was decanted and cells were homogenised with 1 mL TRI reagent® (section 2.3.2.2).
The samples were centrifuged at 13500 y g at 4°C for 15 min. Following centrifugation, the
upper aqueous phase (containing RNA) was removed to a fresh 1.5 mL microfuge tube for
RNA extraction (section 2.3.2.2). After removal of the aqueous phase, 0.3 mL 100% EtOH
per 1 mL Tri reagent used for initial homogenisation was added to the interphase and
organic phase to precipitate DNA prior to protein precipitation. The sample was mixed by
inversion and incubated for 3 min at RT followed by 5 min centrifugation at 2000 y g at 4°C
to precipitate DNA. Protein was isolated from the phenol-ethanol supernatant after the
precipitation of DNA. Firstly, to precipitate proteins from the phenol-ethanol supernatant,
3 volumes acetone to 1 volume supernatant was added to 0.5 mL sample, and mixed by
inversion for 15 sec then incubated for 10 min at RT. The mixture was centrifuged at 12000
¥ g for 10 min at 4°C and the phenol-ethanol supernatant decanted. Secondly, the protein
pellet was dispersed and washed in 0.5 mL Protein wash | (0.3 M guanidine hydrochloride,
95% EtOH and 2.5% glycerol) using a pipette tip followed by the addition of another 0.5 mL
Protein wash | and incubated for 10 min at RT. The protein was centrifuged at 2000 y g for
3 min and the wash solution decanted followed by 2 more washes in 1 mL Protein wash |
to remove residual phenol. The final wash was performed in 1 mL Protein wash 1l (95%
EtOH and 2.5% glycerol) and centrifuged at 3000 y g at 4°C. The protein wash was decanted,
and the tube was inverted to dry the pellet for 10 min at RT. Lastly, for protein
solubilisation, 500 pL protein solvent (1% Sodium dodecyl sulphate (SDS), 10 uL sodium
orthovanadair (NA3SO4), 100 puL Protein inhibitory cocktail (PIC)) was added to the pellet
and gently dispersed by pipetting. Solubilised proteins were stored at -80°C until further

use.

2.7.2 lIsolation of proteins by RIPA
Media was decanted and cells were washed with 10 mL cold PBS. The PBS wash was
discarded. Cells were scraped into a fresh aliquot of cold PBS, transferred into a 2 mL

Eppendorf tube. Samples were centrifuged at 1300 rpm at 4°C for 3 min and the
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supernatant discarded. The resulting pellet was stored on ice and re-suspended in 100 pL
cold 1X RIPA lysis buffer (Cell Signalling Technology, MA, USA) supplemented with 1 uL 100
mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich) and 2 uL PIC (2 mM AEBSF, 1
mM EDTA, 130 uM Bestatin, 14 uM E-64, 1 uM Leupepin, 0.3 uM Aprotinin). Samples were
then incubated on ice for 30 min to aid lysis. The protein lysate was vortexed, briefly
centrifuged at 7500 rpm at 4°C for 5 min. The supernatant containing soluble protein was

transferred to a new 1.5 mL Eppendorf tube and stored at -80°C.

2.7.2 Protein Quantification

2.7.2.1 Preparation of diluted albumin (BSA) standards

Protein concentrations were determined using the bicinhoninic acid assay (BCA) (Pierce, IL,
US). This assay utilises the principle that Cu?* is oxidised to Cu* in the presence of protein
in an alkaline medium. The BCA reagent reacts with the Cu*, yielding a coloured product. A
stock solution of BSA was diluted in PBS to prepare a range of standards. BSA standards (0
to 2000 pg/mL) were prepared (Appendix - Table 6). A working solution of the BCA reagent
was prepared by mixing 50 parts BCA reagent A with 1 part of BCA reagent B (50:1 ratio of
alkaline bicarbonate solution to copper sulphate solution, respectively). Each unknown
protein sample was diluted 1:10, and 10 pL was then pipetted in duplicate onto a 96 well
plate. Ten pL each BSA standards were pipetted onto the same 96 well plate in duplicate.
Two hundred pL working solution was added to each well and incubated at 37°C for 30 min.
Following incubation, the absorbance was measured at 595 nm on a Vesamax tuneable
microplate reader (Molecular Devices, CA, US). Protein concentrations were determined by
interpolation from a standard curve of known concentrations of BSA, ranging from 0 to

2000 pg/mL (Appendix - Figure 4).

2.7.3 SDS PAGE

Glass plates (Atto Corp., Tokyo, Japan) were cleaned with 70% EtOH and assembled in an
upright position with rubber seal in place. A 12% (v/v), resolving gel was made using 9.2 mL
30% acrylamide:bisacrylamide, 4.5 mL 1.875 M Tris HCL-pH 8.8, 8.3 mL SDW, 176 uL 10%
(w/v) SDS, 120 pL 10% (w/v), fresh ammonium persulfate (APS) and 10 puL N,N,N’,N’-
tetramethylethylenediamine (TEMED). The solution was mixed gently to avoid bubble

formation and pipetted into the upright glass plates. Once set, a 5% (w/v) stacking gel was
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prepared containing 1.7 mL 30% (w/v) acrylamide:bisacrylamide, 2 mL 0.6 M Tris HCL-pH
6.8, 6 mL SDW, 100 pL 10% (w/v) SDS, 150 pL 10% (w/v) APS and 10 uL TEMED. A 12 well
comb was inserted into the stacking gel and the gel left to set. A total of 30 ug protein were
diluted (1:1) with 2X LaemLi buffer (Bio-Rad) and denatured by incubating at 95°C for 10
min. Ten uL trichrome pre-stained protein marker (Pierce) was also loaded onto each gel.
Samples were separated by electrophoresis at 25 mA per gel in electrode buffer (50 mM
Trizma base, 384 mM Glycine, 0.1% (w/v) SDS) for 90 min or until the dye front reached the

end of the gel.

2.7.4 Protein transfer

Separated proteins were transferred onto a 0.45 puM polyvinylidene fluoride (PVDF)
membrane (ThermoFisher scientific) using a wet Mini Trans Blot Cell (Bio-Rad). A pre-
activated (1 min in 100% MeOH) PVDF membrane and Whatman filter paper (Whatman
Laboratory Division, Kent UK) were soaked in cold transfer buffer (0.15 M glycine, 20 mM
Trizma base, 0.1% (w/v) SDS, 20% (v/v) MeOH), prior to use. The layers in the transfer
cassette are outlined in Figure 2.2. The cassette was then placed in a cooled electrode tank

and topped up with cold buffer and run at 100 V and 400 mA for 1 h.

Casette

|

|

Sponge
<+— Filter paper
<+<—— Membrane
Gel

|

e e e

Casette

|

Figure 2.2. Wet transfer layout. Current ran from the anode to the cathode.

2.7.5 Antibody probing of membranes

Following the transfer of proteins, membranes were blocked for 1 h with 5% (w/v) non-fat
dried milk (Marvel), which was reconstituted in 1X TBST (20 mM Trizma base, 150 mM NacCl,
0.1% (w/v) Tween® 20 detergent). The membrane was incubated with appropriate primary

antibody (Table 2.12) in 5% non-fat milk TBST on a shaker. Membranes were washed six
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times for 5 min each in TBST before incubation in the appropriate species-specific
horseradish peroxidase (HRP) conjugated secondary antibody (1:2000 dilution in 5% non-
fat milk TBST) (Cell Signalling Technology) for 1 h. The membranes were washed with 1X
TBST for six 5 min washes. The Supersignal West Pico Chemiluminescent substrate kit
(ThermoFisher scientific) was used to detect bound antibody complexes. Working reagent
was prepared just prior to use and was applied to the membrane for 5 min. Membranes
were then exposed to fluorescence imaging using the Odyssey® Fc Imaging System (Li-Cor,
Nebraska, USA). Exposure time ranged from 10 sec to 30 min depending on the signal

intensity.

Table 2.12. Antibodies used for western blotting.

Antibody Supplier Type Isotype Primary
Cell Signaling
E-Cadherin | Technology monoclonal | rabbit IgG 1:1000 o/n at 4°C
Cell Signaling
N-Cadherin | Technology monoclonal | rabbit IgG 1:1000 o/n at 4°C
1: 20,000 for 1 h at
B-Actin Merck Biosciences monoclonal | mouse IgG | RT

2.8.6 Membrane stripping

In order for the membrane to be re-probed with a different antibody, the membranes were
incubated in 10 mL Restore™ western blot stripping buffer (ThermoFisher scientific) at RT
on a shaker for 20 min. The membranes were washed for 10 min in TBST and stored at 4°C

until use. Stripped membranes were re-probed as appropriate.

2.9 Droplet Digital PCR (ddPCR)

2.9.1 EvaGreen-based circRNA expression analysis

Total RNA was isolated from plasma using the miRNeasy Serum/Plasma Kit (Qiagen)
(section 2.3.2.1), and cDNA was synthesised using total RNA extracted from cell lines or
patients plasma samples (CTRIAL-IE 13-21, NCT02225704) as per section 2.4.1. ddPCR was
performed using the QX200™ Droplet Digital PCR System (Bio-Rad) (Appendix - Figure 5).
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2.9.1.1 ddPCR reaction preparation

Each PCR reaction was prepared in a 96 well twin-tec PCR plate (Eppendorf, Hamburg,
Germany). Each PCR reaction was in a final volume of 20 uL containing 10 uL 2X EvaGreen
Supermix, 1 uL custom made FWD primer (200 nM) (Appendix - Table 3), 1 uL custom made
REV primer (200 nM) (Appendix - Table 3) and 7 uL molecular grade H,O and 1 uL cDNA.
Reactions were performed in triplicate and copy number used for analysis was the average

of the three replicates.

2.9.1.2 ddPCR droplet generation

The DG8 cartridge (Bio-Rad) (Figure 2.3) was inserted into the holder and 20 pL PCR
reactions from the 96 well plate was transferred to the middle row of DG8 cartridge
carefully to avoid introduction of air bubbles as this results in the formation of fewer
droplets and reduces data quality. Next, 70 uL Droplet Generation Oil for EvaGreen (Bio-
Rad) was added to each bottom well of the cartridge and a DG8 gasket was securely hooked
over the cartridge holder to ensure sufficient pressure for droplet generation. Droplet
generation was initiated by placing the cartridge assembly into the QX200™ Droplet
Generator (Bio-Rad). Following completion of droplet generation, 40 plL droplets from the
top well were transferred using a pipet into a clean 96 well plate. The step was repeated
for each cartridge and filled each column across the 96 well plate. The PCR plate was sealed
with Pierceable Foil Heat Seal (Bio-Rad) using a PX1™ PCR Plate Sealer (Bio-Rad) and the

PCR reaction commenced immediately.

Opl DG od §

ca e

Figure 2.3. Image of DG8 cartridge (Bio-Rad) in the holder.

Image taken from product insert.
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2.9.1.3 ddPCR thermal cycling

The sealed PCR plate was placed into the T100™ Thermal Cycler (Bio-Rad) and incubated as
shown in Table 2.13. A ramp rate of 2°C/sec was used to avoid droplet instability during
rapid temperature alterations and to ensure each individual droplet attained uniform

temperature during cycling.

Table 2.13. Cycling conditions for ddPCR.

Number of
Cycling step Temperature, °C | Time Ramp rate
cycles
Enzyme activation 95 5 min 1
Denaturation 95 30 sec 40
Annealing/extension | 60 1 min 40
n ing/ex ion | 2°C/sec
Signal stabilization 4 > min L
& 90 5 min 1
Hold 4 Infinite 1

2.9.1.4 ddPCR droplet analysis

The 96-well PCR plate was placed into the QX200 Droplet Reader (Bio-Rad) following
completion of the cycling step and the fluorescence intensity of individual droplets was
measured. QuantaSoft™ Analysis Pro software (Bio-Rad) was used to analyse the data. The
software used Poisson statistics to identify the quantity of starting material present for

each amplicon in copies per pL and draw thresholds between droplet populations.

2.10 RNA sequencing of enzalutamide resistance cell lines panel

2.10.1 RNA-Seq Library preparation

Total RNA was isolated from the three isogenic LNCaP clones using the miRNeasy Mini Kit
(section 2.3.2.1). The RNA was normalised to 50 ng/uL in 5 uL for quality control (QC) and
sequencing. RNA integrity was measured using an Agilent 2100 Bioanalyzer (Agilent, Santa
Clara, USA) (Appendix - Figure 6). Samples with a RNA integrity number (RIN) score >7.0
were used for library generation. RNA-Seq libraries were prepared using the TruSeq
Stranded mRNA Library Prep Kit (lllumina, San Diego, USA) according to manufacturer’s
instructions Sequencing was performed on NovaSeq 6000 (lllumina) using paired-end

sequencing (75 base pair paired-end reads) with 30 million reads produced per sample.
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RNA sequencing was performed in collaboration with Trinseq, Trinity Genomic Sequencing
Laboratory and analysis with the School of Mathematics, Statistics & Applied Mathematics,

National University of Ireland Galway.

2.11 Statistical analysis

Graphpad PRISM 9 (Graphpad, CA, USA) was used for the statistical analysis. Data is
graphed as mean * SEM or mean * SD. Significance was determined via one-way or two-
way analysis of variance (ANOVA), where the number of groups in the experiment was
three or more. A post hoc test was required after ANOVA to determine which groups were
significantly different to each other. Significance was determined via Mann-Whitney test
or Wilcoxon signed rank test where the number of groups did not exceed two. A probability
of p < 0.05 was considered to signify a significant difference between groups. Spearman
correlation coefficient Fisher’s exact test was used to determine association between two
variables. A probability of p < 0.05 was considered to signify a significant association

between the variables.
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Chapter 3 - Profiling of circRNA as PCa disease biomarkers
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3.0 Introduction

There has been a revival of interest in the role of ncRNA, which consists of several different
classes including sncRNA and IncRNA (Figure 3.0), both of which have been studied widely
in PCa (223). A newly discovered type of ncRNA, termed circRNA, appears to have
important roles in cancer initiation, development and progression (224, 226). circRNAs are
RNA molecules with covalently joined 3'- and 5'- ends formed by back-splice events, thus
presenting as closed continuous loops, which makes them highly stable (283, 284). Recent
research suggests they can act as miRNA sponges, bind RBPs and translate peptides (270).
miRNAs have been previously shown to have a wide array of biological functions and have
an important role in regulating gene expression in cancer (356). For instance, several
miRNAs have been identified as direct regulators of AR expression or AR activity such as
miR-488 (357) and miR-31 (358). It has been proposed that circRNAs can impair miRNA
activity through sequestration, thereby altering the expression of target mRNAs (356).
Thus, the discovery of widespread circRNA dysregulation in human malignancy has raised
the question of whether circRNA may be utilised to construct a molecular signature of
aggressive PCa or serve as a biomarker to inform drug resistance. The well-documented
stability of circRNA supports their application as minimally invasive robust biomarkers (283,

284).
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Figure 3.0: Types of RNAs and their associated function.

Image adapted from Lim et al. (228).
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This study builds on previous work from Green et al. (334, 359), which focussed on profiling
circRNA in prostate cell lines using microarray technology. Greene’s study identified
dysregulated circRNAs in PCa cell lines and demonstrated that they were more often down-
regulated in enzalutamide resistant cell lines compared with the enzalutamide sensitive
cell line.

This chapter will focus on further in-depth study of the differentially expressed
circRNAs in a panel of ‘normal’ prostate cell lines (n=2), PCa cell lines (n=5) and an isogenic
cell line of enzalutamide resistance (n=3). The circRNA dataset was generated using
microarray technology previously (334, 359). Differentially expressed circRNAs, which were
highly up-regulated were selected for further examination to evaluate their potential as
disease biomarkers, and determine their role in the development of enzalutamide
resistance. The data generated will identify predictive biomarkers to therapy and potential

novel therapeutic targets for CRPC.

The aims of this chapter were to:
1. Validate the circRNAs across a panel of prostate cell lines (normal and malignant)
2. Validate the circRNAs across a panel of enzalutamide resistant cell lines
3. Determine the role of circRNA in the development of enzalutamide resistance

4. Examine the circRNA-miRNA-mRNA network in enzalutamide resistant PCa
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3.1 Results

3.1.1 Mpycoplasma testing

All cell lines used in this project were screened for mycoplasma infection every 3 months.
A PCR negative control and a known mycoplasma positive control were included in every
testing run. A band at 270 bp was indicative of a positive result. A representative image is
outlined in Figure 3.1. No mycoplasma was detected in any of the cell lines used in this

project.

Figure 3.1. Mycoplasma testing of cell lines.

Lane 1: 100 bp DNA ladder, lane 2: negative control, lane 3: positive control (band at 270
bp), lane 4: LNCaP, lane 5: VCaP, lane 6: 22Rv1, lane 7: DU145, lane 9: PC-3, lane 9: Control
cell line (CTL), lane 10: Clone 1 cell line (C1), lane 11: Clone 9 cell line (C9), lane 12: BPH-1,
lane 13: PWR-1E, lane 14: RWPE-1.
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3.1.2 RNA guality assessment
Each RNA sample was electrophoresed on a 2% agarose gel to determine RNA quality.
Distinct bands for the 18S and 28S ribosomal subunits were observed in all samples, which

indicated good RNA integrity (Figure 3.2).

285 —
185 —

Figure 3.2. Assessment of RNA integrity. Bands at 185 and 28S indicated good RNA integrity.
Lane 1: Control 1 n=1, lane 2: Clone 1 n=1, lane 3: Clone9 n=1, lane 4: Control n=2, lane 5:
Clone 1 n=2, lane 6: Clone 9 n=2, lane 7: Control n=3, lane 8: Clone 1 n=3, lane 9: Clone 9

n=3.

3.1.3 circRNA profiling of PCa cell lines

A circRNA microarray (Arraystar) was performed across a panel of eight cell lines (22Rv1,
VCaP, LNCaP, PC-3, DU 145, BPH-1, PWR-1E and RWPE-1) in triplicate by Greene et al.
previously (359). The human circRNA microarray version 2.0 covers 13,617 previously
discovered human circRNAs. The circRNAs were enriched by treatment with Ribonuclease

R (RNase R), which degrades linear RNAs but not circRNAs. Quantile normalization of raw
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data and subsequent data processing were performed using R software package (360). In
total 9,757 circRNAs were present across the panel of cell lines (359). Differentially
expressed circRNAs were examined by computing the fold change (FC) (i.e. the ratio of the
group averages) for each circRNA between: normal vs. malignant and androgen dependent
vs. androgen independent cell lines. A student’s paired t test was then used to identify
significantly altered circRNAs between groups. The false discovery rate (FDR) was applied
to determine the threshold of p value. An FDR < 0.05 was used. circRNAs with a FC > 1.5

and p < 0.05 were considered to be significantly differentially expressed between groups.

3.1.4 circRNAs are differentially expressed in PCa

An overall grouped analysis based on malignancy status was performed between cell line
groups. circRNAs expression levels between normal prostate cell lines (PWR-1E and RWPE-
1) were compared to malignant prostate cell lines (22RV1, LNCaP, PC-3, DU 145 and VCaP).

circRNAs were differentially expressed between these groups according to FC and p value.

3.1.4.1 circRNAs are differentially expressed between normal vs. malignant prostate cell lines
There were 373 circRNAs up-regulated and 186 circRNAs that were down-regulated (p <
0.05, normal vs. malignant) (Figure 3.3, 3.4A and 3.4B).
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Figure 3.3. Hierarchical clustering of differentially expressed circRNA, normal and
malignant prostate cell lines. The clustering heatmap of microarray data showing
distinguishable circRNA expression profiling between normal and malignant prostate cell
lines. circRNAs were more likely to be up-regulated in normal compared to malignant cell
lines. Unsupervised clustering (Euclidean distance measure and the “average”
agglomeration method) was used for analysis (n = 3).

Image created by Arraystar.
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Figure 3.4. Analysis of differentially expressed circRNAs, normal and malignant prostate cell
lines. (A) Volcano plot of differentially expressed circRNA. The microarray volcano plot
showed the up or down-regulated circRNA between normal and malignant prostate cell
lines. The green vertical lines correspond to 1.5-fold up and down, respectively, and the
green horizontal line represents a p-value of 0.05 with points above the line having p < 0.05
and points below the line having p > 0.05. The red point in the plot represents the
differentially expressed circRNAs with statistical significance. The grey point in the plot
represents the differentially expressed circRNAs without statistical significance. X axis
represents FC and Y axis represents -logl0 of p value. (B) Scatter plot of differentially
expressed circRNA. The scatter plot showed differential expression of circRNA between
normal and malignant prostate cell lines. The values of X and Y axes in the Scatter-Plot are
the normalized signal values of the samples (log2 scaled) or the averaged normalized signal
values of groups of samples (log2 scaled). The green lines are FC Lines. The circRNAs above
the top green line and below the bottom green line indicated more than 1.5 fold change of
circRNAs between the two compared samples.

Image created by Arraystar.
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3.1.4.2 circRNAs are differentially expressed between androgen dependent vs. androgen independent

prostate cell lines

There were 333 circRNAs up-regulated and 474 circRNAs that were down-regulated (p <

0.05, androgen dependent vs. androgen independent) (Figure 3.5, 3.6A and 3.6B).
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Figure 3.5. Hierarchical clustering of differentially expressed circRNA, androgen dependent
and androgen independent prostate cell lines. The clustering heatmap of microarray data
showing distinguishable circRNA expression profiling between androgen dependent and
androgen independent prostate cell lines. circRNAs were more likely to be down-regulated
in androgen dependent compared to androgen independent cell lines. Unsupervised
clustering (Euclidean distance measure and the “average” agglomeration method) was
used for analysis (n = 3).

Image created by Arraystar.
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Figure 3.6. Analysis of differentially expressed circRNAs, androgen dependent and
androgen independent prostate cell lines. (A) Volcano plot of differentially expressed
circRNA. The microarray volcano plot showed the up or down-regulated circRNA between
androgen dependent and androgen independent prostate cell lines. The green vertical lines
correspond to 1.5-fold up and down, respectively, and the green horizontal line represents
a p-value of 0.05 with points above the line having p < 0.05 and points below the line having
p > 0.05. The red point in the plot represents the differentially expressed circRNAs with
statistical significance. The grey point in the plot represents the differentially expressed
circRNAs without statistical significance. X axis represents FC and Y axis represents -log10
of p value. (B) Scatter plot of differentially expressed circRNA. The scatter plot showed
differential expression of circRNA between androgen dependent and androgen
independent prostate cell lines. The values of X and Y axes in the Scatter-Plot are the
normalized signal values of the samples (log2 scaled) or the averaged normalized signal
values of groups of samples (log2 scaled). The green lines are FC Lines. The circRNAs above
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the top green line and below the bottom green line indicated more than 1.5 fold change of
circRNAs between the two compared samples.

Image created by Arraystar.

3.1.4.3 Identification of overlapping circRNAs in the panel of prostate cell lines.

The differentially expressed and overlapping circRNAs between the two groups (normal vs.
malignant and androgen dependent vs. androgen independent) are represented by a Venn
diagram (Figure 3.7). Venn intersection analysis determined 116 overlapping circRNA in

normal vs. malignant cell lines and androgen dependent vs. androgen independent cell

lines.

Normal vs. Malignant AR dependentvs. AR independent

443

Figure 3.7. Venn diagram displaying differentially expressed and overlapping circRNAs

between the cell line groupings.

3.1.5 RT-gPCR validation of selected circRNAs with their associated parental genes

Five out of 116 overlapping circRNAs listed in section 3.1.4.3 were selected for validation
(Table 3.1) as they were consistently expressed across the two groups (normal vs.
malignant and androgen dependent vs. androgen independent) thus allowing for potential

identification of a circRNA signature reflective of pathological progression from normal to
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malignant androgen dependent and malignant androgen independent status. Custom

designed outward facing primers were used for validation via RT-gPCR (Appendix -Table 3).

Table 3.1. Five circRNAs that were consistently expressed across the groups of prostate cell

lines.
circRNA Normal vs. | Androgen Parental | Parental Gene function
malignant dependent vs. | Gene
FC/(p value) | independent
FC/(p value)
hsa_circ_0066631 | 1.66 -2.01 DCBLD2 | EGFR phosphorylation
(p = 0.008) (p <0.0001) of DCBLD2 recruits
TRAF6 and stimulates
AKT-promoted
tumorigenesis in
glioblastomas (361).
hsa_circ_0007058 | 2.35 -2.51 TEAD1 Novel prostate basal
(p = 0.005) (p =0.002) cell marker that
correlate with poor
clinical outcome in PCa
(362).
hsa_circ_0007365 | 1.58 -1.53 RPRD1B | Promotes tumour
(p = 0.008) (p=0.01) growth by accelerating
the cell cycle in
endometrial cancer
(363).
hsa_circ_0005087 | 2.68 -1.74 NUDC Inhibition of prostate
(p<0.0001) | (p=0.007) tumour growth by
overexpression of
NUDC, a microtubule
motor-associated
protein (364).
hsa_circ_0005320 | 1.53 -2.17 SEPT9 Repression of Septin9
(p =0.04) (p <0.0001) suppresses tumour
growth of human
glioblastoma cells
(365).

3.1.5.1 hsa circ 0066631

hsa_circ_0066631 was significantly down-regulated in LNCaP vs. RWPE-1 (FC 0.007 + SEM
0.001, p = 0.001), VCaP vs. RWPE-1 (FC 0.19 + SEM 0.01, p = 0.004) and 22RV1 vs. RWPE-1
(FC 0.06 + SEM 0.002, p = 0.001) however was significantly up-regulated in DU145 vs.
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RWPE-1 (FC 1.64 + SEM 0.29, p = 0.028) (Figure 3.8A). The other AR independent PCa cell
lines, PC-3 had higher hsa_circ_0066631 expression compared to RWPE-1 but this was not
significant (FC 1.48 £t SEM 0.11, p=0.11) (Figure 3.8A). Its associated parental gene, DCBLD2
was significantly down-regulated in AR dependent PCa cell lines compared to RWPE-1
(LNCaP vs. RWPE-1 (FC 0.013 + SEM 0.003, p = 0.0004), VCaP vs. RWPE-1 (FC 0.074 + SEM
0.001, p = 0.0008) and 22RV1 vs. RWPE-1 (FC 0.07 = SEM 0.003, p = 0.0007)) however was
significantly up-regulated in PC-3 vs. RWPE-1 (FC 2.09 + SEM 0.24, p = 0.028) (Figure 3.8B).
In DU145, DCBLD2 was up-regulated compared to RWPE-1 but not statistically significant
(FC 1.37 + SEM 0.17, p = 0.19) (Figure 3.8B).
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Figure 3.8. Validation of hsa_circ_0066631 and associated parental gene, DCBLD2 in the
panel of normal and malignant cell lines. (A) hsa_circ_0066631 and (B) DCBLD2 in RWPE-1,
LNCaP, VCaP, 22RV1, PC-3 and DU145. Data graphed as mean + SEM (n=3). Data analysed
using an ordinary one-way ANOVA followed by a Dunnett’s post hoc test. (*p < 0.05, **p <
0.01, ***p <0.001).

3.1.5.2 hsa_circ_0007058

hsa_circ_0007058 was significantly up-regulated in DU145 vs. RWPE-1 (FC5.75 + SEM 1.44,
p = 0.0007) (Figure 3.9A). The three AR dependent PCa cell lines (LNCaP, VCaP and 22RV1)
had relatively lower hsa_circ_0007058 expression compared to RWPE-1, however, this was
not statistically significant (FC 0.41 + SEM 0.11, p = 0.9), (FC 0.69 + SEM 0.06, p = 0.9) and
(FC0.22 £+SEM 0.02, p =0.8) respectively (Figure 3.9A). The expression of hsa_circ_0007058
in PC-3 was similar to RWPE-1 (FC 1.1 + SEM 0.08, p > 0.9) (Figure 3.9A). There was no
statistical significant difference in the expression of its associated parental gene TEADI1
between the malignant (LNCaP, VCaP, 22RV1, PC-3 and DU145) and normal cell lines (FC
0.95 £ SEM 0.29, p = 0.9), (FC 0.41 £ SEM 0.44, p = 0.2), (FC 0.41 £ SEM 0.19, p = 0.9), (FC
0.69 + SEM 0.06, p =0.9) and (FC 0.22 + SEM 0.27, p = 0.9) respectively (Figure 3.9B).
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Figure 3.9. Validation of hsa_circ_0007058 and associated parental gene, TEAD1 in the
panel of normal and malignant cell lines. (A) hsa_circ_0007058 and (B) TEAD1 in RWPE-1,
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LNCaP, VCaP, 22RV1, PC-3 and DU145. Data graphed as mean + SEM (n=3). Data analysed

using an ordinary one-way ANOVA followed by a Dunnett’s post hoc test. (***p < 0.001).

3.1.5.3 hsa_circ_0007365

hsa_circ_0007365 was significantly up-regulated in VCaP vs. RWPE-1 (FC 6.93 + SEM 0.79,
p < 0.0001) (Figure 3.10A). The expression of hsa_circ_0007365 was not statistically
significant in other AR dependent (LNCaP and 22RV1) or AR independent (PC-3 and DU145)
PCa cell lines compared to RWPE-1 (FC 0.87 + SEM 0.04, p = 0.9), (FC 2.5 + SEM 0.28, p =
0.1), (FC2.3+SEM0.19,p=0.2) and (FC 2.2 £ SEM 0.53, p = 0.2) respectively (Figure 3.10A).
There was no statistical significant difference in the expression of its associated parental
gene RPRD1B between the malignant (LNCaP, VCaP, 22RV1, PC-3 and DU145) and normal
cell lines (FC 1.2 + SEM 0.22, p=0.7), (FC 1.54 £+ SEM 0.12, p = 0.08), (FC 1.11 + SEM 0.06, p
=0.9), (FC0.92 + SEM 0.13, p =0.9) and (FC 0.85 + SEM 0.22, p = 0.9) respectively (Figure

3.108B).
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Figure 3.10. Validation of hsa_circ_0007365 and associated parental gene, RPRD1B in the
panel of normal and malignant cell lines. (A) hsa_circ_0007365 and (B) RPRD1B in RWPE-1,
LNCaP, VCaP, 22RV1, PC-3 and DU145. Data graphed as mean * SEM (n=3). Data analysed

using an ordinary one-way ANOVA followed by a Dunnett’s post hoc test. (****p <0.0001).

3.1.5.4 hsa_circ 0005087

hsa_circ_0005087 was significantly up-regulated in VCaP vs. RWPE-1 (FC 2.37 + SEM 0.58,
p =0.02) and PC-3 vs. RWPE-1 (FC 2.91 + SEM 0.19, p = 0.001) (Figure 3.11A). There was no
statistical significant difference between other malignant cell lines (LNCaP, 22RV1 and
DU145) compared to RWPE-1 (FC 2.05 + SEM 0.16, p = 0.07), (FC 1.06 + SEM 0.12, p = 0.9)
and (FC 0.86 + SEM 0.2, p = 0.9) respectively (Figure 3.11A). Its associated parental gene
NUDC was down-regulated in all AR dependent cell lines (LNCaP, VCaP and 22RV1) vs.
RWPE-1 (FC 0.73 + SEM 0.06, p = 0.02), (FC 0.4 +£ SEM 0.02, p < 0.0001) and (FC 0.5 + SEM
0.01, p = 0.0003) respectively (Figure 3.11B). NUDC was also down-regulated in DU145
compared to RWPE-1 (FC 0.4 + SEM 0.02, p < 0.0001) with similar expression in PC-3 vs.
RWPE-1 (FC 0.89 £+ SEM 0.1, p = 0.52) (Figure 3.11B).
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Figure 3.11. Validation of hsa_circ_0005087 and associated parental gene, NUDC in the
panel of normal and malignant cell lines. (A) hsa_circ_0005087 and (B) NUDC in RWPE-1,
LNCaP, VCaP, 22RV1, PC-3 and DU145. Data graphed as mean * SEM (n=3). Data analysed
using an ordinary one-way ANOVA followed by a Dunnett’s post hoc test. (*p < 0.05, **p <
0.01, ***p <0.001, ****p < 0.0001).

3.1.5.5 hsa circ 0005320

hsa_circ_0005320 was significantly up-regulated in DU145 vs. RWPE-1 (FC 2.11 + SEM 0.55,
p =0.04) (Figure 3.12A). The expression of hsa_circ_0005320 was not statistically significant
in all AR dependent (LNCaP, VCaP and 22RV1) and AR independent (PC-3) PCa cell lines
compared to RWPE-1 (FC 1.28 + SEM 0.07, p = 0.9), (FC 1.9 + SEM 0.23, p = 0.09), (FC 0.42
+ SEM 0.001, p = 0.3) and (FC 1.3 £ SEM 0.13, p = 0.9) respectively (Figure 3.12A). Its
associated parental gene SEPT9 was down-regulated in both LNCaP and 22RV1 vs. RWPE-1
(FC 0.48 + SEM 0.037, p = 0.0001) and (FC 0.36 + SEM 0.04, p < 0.0001) respectively with
similar expression in VCaP vs. RWPE-1 (FC 0.97 + SEM 0.01, p = 0.9) (Figure 3.12B). SEPT9
was significantly up-regulated in PC-3 vs. RWPE-1 (FC 1.53 + SEM 0.05, p = 0.0001) but
significantly down-regulated in DU145 vs. RWPE-1 (FC 0.51 + SEM 0.02, p = 0.0002) (Figure
3.12B).
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Figure 3.12. Validation of hsa_circ_0005320 and associated parental gene, SEPT9 in the
panel of normal and malignant cell lines. (A) hsa_circ_0005320 and (B) SEPT9 in RWPE-1,
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LNCaP, VCaP, 22RV1, PC-3 and DU145. Data graphed as mean + SEM (n=3). Data analysed
using an ordinary one-way ANOVA followed by a Dunnett’s post hoc test. (*p < 0.05, ***p
<£0.001, ****p < 0.0001).

3.1.6 circRNAs in enzalutamide resistance PCa cell lines

3.1.6.1 circRNA profiling of isogenic model of enzalutamide resistance cell lines

circRNA microarray analysis was performed across a panel, which consisted of a Control
cell line, Clone 1 cell line and Clone 9 cell line (366). Differentially expressed circRNAs were
identified within the isogenic model. circRNA with a FC > 1.5 and p < 0.05 were considered
significantly differentially expressed. There were 230 circRNAs up-regulated in Clone 1 vs.
Control (p < 0.05) and 465 circRNAs that were down-regulated in Clone 1 vs. Control (p <
0.05). There were 60 circRNAs up-regulated in Clone 9 vs. Control (p < 0.05) and 175
circRNAs that were down-regulated in Clone 9 vs. Control (p < 0.05) (366). The top 5 up-

regulated circRNAs in Clone 1 vs. Control ranked by FC are shown in Table 3.2.

Table 3.2. Top five up-regulated circRNAs with its associated parental gene in Clone 1 vs.

Control based on FC.

FC/(p value) [Parental
circRNA Parental Gene Function
Gene

hsa circ 0001275 pLCL2 Part of a .23-gene signature, which predicted
-~ 5.8 (p = 0.047) metastatic lethal PCa outcomes (367).

5.7 (p = 0.026) Target receptor overexpressed in breast

hsa_circ_0026462 cancer cells (368).

KRT1

hsa_circ_00331441/5.2 (p=0.012)|BCL11B Methylation occurs in PCa (369).

4.2 (p =0.038) Associated with an aggressive phenotype
hsa_circ_0000673 RSL1D1 and a poor prognosis in patients with PCa
(370).
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3.9 (p =0.039) May have role in regulating haematopoietic

VPS72
3 stem cell activity (371).

hsa_circ_0000129

3.1.6.2 RT-qPCR validation of top five up-regulated circRNAs with their associated parental genes in
the isogenic model of enzalutamide resistance cell lines
Custom designed outward facing primers were used for validation via RT-qPCR for selected
top five up-regulated circRNAs (Table 3.2). Out of the five circRNAs, two (hsa_circ_0001275
and hsa_circ_0000129) were in line with the microarray data.

hsa_circ_0001275 was significantly up-regulated in Clone 1 vs. Control (FC 5.02 +
SEM 0.74, p = 0.006) (Figure 3.13A). This circRNA was also up-regulated in Clone 9 vs.
Control but was not statistically significant (FC 2.86 + SEM 0.4, p = 0.14) (Figure 3.13A). The
associated parental gene PLCL2 was significantly up-regulated in Clone 1 vs. Control and
Clone 9 vs. Control (FC 7.17 + SEM 0.03, p = 0.0026 and FC 8.33 + SEM 1.19, p = 0.001,
respectively) (Figure 3.13B). The second validated circRNA, hsa_circ_0000129 was up-
regulated in Clone 1 vs. Control (FC 2.71 + SEM 0.2, p = 0.023), however, the associated
parental gene, VPS72, showed no difference between both cell lines (FC 0.81 + SEM 0.009,
p = 0.36) (Figure 3.13C and 3.13D, respectively).

hsa_circ_0000673 was significantly down-regulated in Clone 1 vs. Control (FC 0.31
+ SEM 0.05, p = 0.023) (Figure 3.13E), which was in contrast to the microarray result. The
associated parental gene RSL1D1 was not significantly different in Clone 1 vs. Control (FC
0.49 + SEM 0.003, p = 0.096) (Figure 3.13F). There was no significant difference in the
expression of hsa_circ_0033144 in Clone 1 vs. Control (FC 1.15 £ SEM 0.05, p = 0.75) (Figure
3.13G). The expression of the associated parental gene BCL11B was also not significant in
Clone 1 vs. Control (FC 0.38 + SEM 0.13, p = 0.32) (Figure 3.13H). However, this circRNA
expression and its associated parental gene was significantly up-regulated in Clone 9 vs.
Control (FC5.0+ SEM 0.2, p<0.0001 and FC 3.6 + SEM 0.29, p = 0.008, respectively) (Figure
3.13G and 3.13H respectively).

The expression of hsa_circ_0026462 and associated parental gene KRT1 was not
significantly different in Clone 1 vs. Control or Clone 9 vs. Control (FC 0.81 + SEM 0.05, p =
0.60 and FC 1.57 + SEM 0.14, p = 0.77, respectively) (Figure 3.131 and 3.13J, respectively).
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Figure 3.13. Validation of circRNAs and associated parental gene in the enzalutamide panel.
(A) hsa_circ_0001275, (B) PLCL2 parental gene, (C) hsa_circ_0000129, (D) VPS72 parental
gene, (E) hsa_circ_0000673, (F) RSL1D1 parental gene, (G) hsa_circ_0033144, (H) BCL11B
parental gene, (1) hsa_circ_0026462, (J) KRT1 parental gene. Data graphed as mean + SEM
(n=3). Data analysed using an ordinary one-way ANOVA followed by a Tukey’s post hoc test.
(*p £0.05, **p <0.01, ***p <0.001, ****p <0.0001).

3.1.6.2.1 RT-gPCR validation of hsa_circ_0001721 associated parental genes, CDK14 in the isogenic
model of enzalutamide resistance cell lines

Our group has previously shown that the hsa_circ_0001721 was up-regulated in the highly
resistant clone compared to Control using RT-qPCR (334) (Figure 3.14A). Its parental gene,
CDK14 was also up-regulated in Clone 1 vs. Control (FC 3.51 + SEM 0.64, p = 0.009) (Figure
3.14B).
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Figure 3.14. hsa circ_0001721 and CDK14 in the enzalutamide resistant panel. (A)
hsa_circ_0001721 RT-qPCR validation (image adapted from Greene et al.) (334), (B) CDK14
parental gene RT-gPCR validation. Data graphed as mean + SEM (n=3). Data analysed using

an ordinary one-way ANOVA followed by a Tukey’s post hoc test. (*p < 0.05, **p <0.01).

3.1.6.3 Additional methods for validation of the hsa_circ_0001275 and hsa_circ_0001721

Both hsa_circ_0001275 and hsa_circ_0001721 were selected for further studies on the
basis that their parental gene were also up-regulated in the strongly resistant clone
compared to Control. To verify the characteristics of stability, circRNAs were treated with
RNase R. RNAse R was used to degrade linear RNAs and thus enrich for circRNAs. RNAse R
was used as a proof of concept to confirm circRNA expression during RT-gPCR validation.
As expected, the circRNAs were resistant to RNase R treatment in contrast to linear control
(Figure 3.15). The RT-qPCR products of circRNAs were electrophoresed on an agarose gel
for sequencing purposes (Figure 3.16). The identity of hsa_circ_ 0001275 and
hsa_circ_0001721 were confirmed by Sanger sequencing (Figure 3.17).
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Figure 3.15. hsa circ_0001275 enrichment using RNase R treatment. RT-gPCR data
showing the resistance of circRNA to RNase R treatment as reflected by the levels of
circRNA and linear RNAs in RNase R (orange) treated sample compared with control (blue)
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Figure 3.16. Agarose gel electrophoresis results of RT-qPCR amplified products from
circRNA validation. Lane 1: 50 bp DNA ladder, lane 2: hsa_circ_0001275 product (122bp),
lane 3: hsa_circ_0001721 product (130bp).
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Figure 3.17. Confirmation of circRNA by Sanger sequencing. (A) hsa_circ_0001275 and (B)
hsa_circ_0001721 by Sanger sequencing. Both RT-qPCR product sequence aligned to

respective backspliced junction sequence obtained from circinteractome database.
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3.1.6.4 miRNA associated with circRNA

miRNA response elements (MREs) are miRNA binding sites on circRNAs that were predicted
using TargetScan (372) and miRanda (373) bioinformatic platforms based on the circRNA-
miRNA-mRNA network. hsa_circ_0001275 was chosen for further studies following
validation steps. All five of the predicted miRNAs for hsa_circ_0001275 using Arraystar’s
miRNA prediction software (Figure 3.18) were selected for validation studies (Table 3.3).
The expression of three out of the five selected miRNA were significantly different between
the isogenic cell lines. miR-361-5p was significantly up-regulated in both Clone 1 vs. Control
(p<0.0001) and in Clone 9 vs. Control (p <0.0001) (Figure 3.19Ai). miR-422a and miR-378a-
3p was significantly up-regulated only in Clone 1 vs. Control (p = 0.046 and p = 0.0087
respectively) (Figure 3.19Bi and 3.19Ci, respectively). There was no significant difference in
expression of miR-370-3p and miR-506-3p between the cell lines (Figure 3.19D and 3.19E
respectively). The hypothesized associated target genes of the target miRNA as listed on
Table 3.3 were validated using RT-qPCR. Target genes of miR-370-3p and miR-506-3p were
not investigated further as there were no significant differences in expression of these
miRNA within the cell line panel. The expression of STAT6 was significantly up-regulated in
Clone 1 vs. Control and Clone 9 vs. Control (FC 68.4 £+ SEM 2.33, p = 0.0226 and FC 153 +
SEM 21.9, p = 0.0004, respectively) (Figure 3.19Aii). Whereas KLK4 was significantly down-
regulated only in Clone 9 vs. Control (FC 0.1735 + SEM 0.0438, p = 0.0007) (Figure 3.19Bii).

There was no significant difference in expression of PDK2 between the cell lines (Figure

3.19Cii).
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Figure 3.18. Detailed annotation for predicting circRNA-miRNA interaction. This was
performed for hsa_circ_0001275 using Arraystar’s integrated TargetScan and miRanda
bioinformatic platforms (372, 373). The top five hsa_circ_0001275 target miRNAs were
predicted as follows: (A) miR-361-5p, (B) miR-422a, (C) miR-378a-3p, (D) miR-370-3p and
(E) miR-506-3p.

Image created by Arraystar.
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Table 3.3. Top five target miRNAs predicted for hsa_circ_0001275 with its hypothesised

function and associated target gene.

normal cells.

and angiogenesis.
Pro-apoptosis.

Predicted target Hypothesized
Hypothesized miRNA Hypothesized gene
miRNAs for associated Reference
function function
hsa_circ_0001275 target gene
Oncogene.
Tumour suppressor- Expression higher
miR. Suppress cell in PCa vs normal
. growth and tissue. Prognostic
R-361- TAT 74
miR-361-5p proliferation. STAT6 factor in CRPC. (374)
Expression lower in Regulates BCL-XL
CRPC vs. CSPC tissues. at transcriptional
level in CRPC.
Tumour suppressor-
miR. Expression Oncogene
reduced in PCa vs. Promites.
miR-422a normal cell lines. PDK2 . . (375)
proliferation and
Suppress Warburg
. Warburg effect.
effect by targeting
PDK2
T -
U!mour suppressor Oncogene.
miR. Expression Increase
miR-378a-3p reduced in PCa vs. BPH|KLK4 ) . (376)
. . tumorigenesis and
tissues. Prognostic .
metastasis.
marker for relapse.
Oncogene.
Tumour suppressor- Interacts with
miR. Suppress cell multiple
. growth, proliferation, [ITGB1, ITGB3 |extracellular
R-506-3 377
m! P and invasion. Induced |and ITGA3  |matrix protein and (377)
cell cycle arrest and mediate survival
apoptosis. signalling in
cancer.
Tumour
Onco-miR. Expression suppressor.
miR-370-3p increase in PCa vs. FOX01 Supress cell growth| (378)
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Figure 3.19. Expression of miRNAs associated with hsa_circ_0001275 in enzalutamide
resistant cell lines and its associated target mRNA. (Ai) miR-361-5p, (Aii) STAT6; (Bi) miR-
422a, (Bii) KLK4; (Ci) miR-378a-3p, (Cii) PDK2; (D) miR-370-3p; and (E) miR-506-3p. Data
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graphed as mean + SEM (n=3). Data analysed using an ordinary one-way ANOVA followed

by a Tukey’s post hoc test. (*p < 0.05, **p <0.01, ***p <0.001, ****p <0.0001).

3.1.7 Functional assessment of circRNA

3.1.7.1 Stable over expression of circRNA in Control cell line

3.1.7.11 Overexpression of hsa_circ_0001275 and hsa_circ_0001721

A geneticin kill curve was first performed (section 2.6.2.1).The Control cell line was
transfected using Lipofectamine 3000 (section 2.6.2.2). After 2 weeks, several clones were
evident and further subjected to flow cytometry for GFP positive cell selection (Figure
3.20). The clones were classified as stable over expression clones for (i) EVC, (ii)

hsa_circ_1275 and (iii) hsa_circ_1721 in Control cell line.

(A) (B)

(€) (D)
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Figure 3.20. Representative images of Control cell line transfected with
hsa_circ_0001275. Images generate using (A) bright field and (B) fluorescence microscopy
and hsa_circ_0001721 using (C) bright field and (D) fluorescence microscopy. All scale

bars are 400 um. All images are X10 magnification.

3.1.7.1.2 Validation of stable clones

A mixed population of stable clones were selected for the remainder of the experiments in
this project. To verify that the stable clones contained the inserts of interest RNA was
isolated from each of the over expression cell lines (EVC, pCD25-ciRhsa_circ_0001275 and
pCD25-ciRhsa_circ_0001721) (n=3) and circRNA expression was determined using RT-
gPCR. hsa_circ_0001275 was significantly up-regulated in Control cell lines, which were
stably transfected with pCD25-ciR hsa_circ_0001275 (1275 Stable) vs. Control and 1275
Stable vs. EVC (FC21.7+ SEM 5.32, p=0.0074 and FC 33.4+ SEM 8.2, p = 0.0069 respectively)
(Figure 3.21A). Whereas, hsa_circ_000721 was significantly up-regulated in Control cell
lines stably transfected with pCD25-ciR hsa_circ_0001721 (1721 Stable) vs. Control and
1721 Stable vs. EVC (FC 18.82+ SEM 2.75, p = 0.0005 and FC 17.0+ SEM 2.49, p = 0.0006
respectively) (Figure 3.21B).
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Figure 3.21. RT-qPCR expression of circRNA in the stably transfected cell lines. (A)
hsa_circ_0001275 and (B) hsa_circ_0001721. Data graphed as mean * SEM (n=3). Data
analysed using an ordinary one-way ANOVA followed by a Tukey’s post hoc test. (**p <

0.01, ***p < 0.001).

3.1.7.2 Expression of parental gene associated to circRNA in Stable clones

Clone 1 had high expression of both hsa_circ_0001275 and hsa_circ_0001721 including
their associated parental genes compared to Control. RT-qPCR validation of circRNA
parental genes in both 1275 Stable and 1721 Stable showed no significant up-regulation of
their respective circRNA parental genes, suggesting that alteration of circRNA expression

does not affect the expression of the parental gene in this instance (Figure 3.22A and

3.22B).
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Figure 3.22. RT-qPCR expression of PLCL2 and CDK14 in stably transfected cell lines. (A)
PLCL2 in the hsa_circ_0001275 stably transfected cell line and (B) CDK14 in the
hsa_circ_0001721 stably transfected cell line. Data graphed as mean + SEM (n=3). Data

analysed using an ordinary one-way ANOVA followed by a Tukey’s post hoc test.
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3.1.7.3 hsa _circ_0001275 overexpression contributed to enzalutamide resistance

Cells were seeded at 1 x 10%*/well in a 96 well plate and treated with various doses of
enzalutamide. The treated cell lines were incubated for 1 week and proliferation quantified
using a BrdU ELISA. The proliferative capacity of 1275 Stable and 1721 Stable in comparison
to Control and EVC in the absence of drug were evaluated. The untreated control was set
to 100%. There were no significant differences between 1275 Stable vs. Control (107% vs.
100%) (p < 0.05) and EVC vs. Control (99% vs. 100%) (p < 0.05) in the absence of
enzalutamide treatment (untreated) (Figure 3.23A). Additionally, there were no significant
differences in the proliferative capacity between 1721 Stable vs. Control (110% vs. 100%)
(p < 0.05) and EVC vs. Control (102% vs. 100%) (p < 0.05) in the absence of enzalutamide

treatment (untreated) (Figure 3.23B).
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Figure 3.23. The proliferative rate of Control, EVC and stable cell lines. Proliferative capacity
of (A) hsa_circ_0001275 (1275 Stable) and (B) hsa_circ_0001721 (1721 Stable) in the
absence of enzalutamide. Proliferation was measured using BrdU ELISA. Data graphed as

mean + SEM (n=3). Data analysed using an ordinary one-way ANOVA followed by a Tukey’s

post hoc test.
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The DMSO vehicle control served as untreated and was set to 100%. The 1275 Stable cell
line showed a significant increase in resistance to enzalutamide at every concentration
tested (p < 0.05) except for 80 uM compared to EVC (Figure 3.24A), as judged by the
proliferative capacity of the cell lines. The 1275 Stable cell line showed significant increased
resistance to enzalutamide at every concentration tested (p < 0.05) except for 2 uM and 80
UM compared to Control cell line (Figure 3.24B), when comparing the proliferative capacity
of the cell lines. There was no significant difference in 1721 Stable compared to EVC at
every enzalutamide concentration tested (Figure 3.24C), however, there was significant
resistance to enzalutamide at 2, 5, 15 and 20 uM concentration range (p < 0.05) compared

to Control cell line (Figure 3.24D), based on cellular proliferation capacity.
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Figure 3.24. The effect of enzalutamide on the proliferative rate of cell lines. EVC and cell
line overexpressing (A) hsa_circ_0001275 (1275 Stable) and (C) hsa_circ_0001721 (1721
Stable). The effect of enzalutamide on the proliferative rate of Control and cell line
overexpressing (B) hsa_circ_0001275 (1275 Stable) and (D) hsa_circ_0001721 (1721
Stable). Proliferation was measured using BrdU ELISA. Data graphed as mean = SEM (n=3).
Analysis was performed using a Two-way ANOVA followed by a Siddk's post hoc test. (*p <

0.05, **p < 0.01, ***p < 0.001). Dimethyl Sulfoxide (DMSO).
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3.2 Discussion

Although circRNAs were discovered three decades ago, they have remained a novel RNA
since they were originally thought to be part of the by-products of splicing error (220). It
was only in the last decade when Salzman et al. identified circRNAs in RNA-seq data from
samples of paediatric acute lymphoblastic leukaemia, that suggested that they may have
more significant importance than formerly perceived (283). Recently, circRNAs have been
identified in numerous malignancies including PCa. Their role in cancer remains to be fully
elucidated but appears to have importance in cancer initiation, development and
progression (226, 335) through mechanisms such as acting as miRNA sponges (287), RBPs
and peptide translation (294, 299). Previously, Green et al. discovered a number of
circRNAs, which were differentially expressed in a model of enzalutamide resistance,
further supporting the notion that circRNAs play a role in development of resistance and
may be used to monitor for the emergence of enzalutamide resistance and disease
progression (334).

Firstly, this study aimed to examine the expression of circRNAs across a panel of
prostate cell lines consisting of normal and malignant cells thus, allowing for potential
identification of a circRNA signature reflective of the continuum model of PCa progression
from normal prostate cells to androgen dependent PCa cells and androgen independent
PCa cells. The circRNA microarray profiles in the panel of prostate cell lines were validated
using RT-gPCR. The prostate cell lines panel were separated into two groups (normal and
malignant) and analysed according to malignancy status and androgen dependency status.
The circRNAs were differentially expressed between these groups. Universally, the normal
group had the highest number of up-regulated circRNAs compared to the malignant group.
Numerous studies have shown that circRNAs are generally reduced in highly proliferative
cells across various cancer subtypes due to rapid cell division, thus diluting the circRNA
concentration (224, 379, 380), which was consistent with the findings of circRNA expression
in the malignant group in this study. The concept of this circRNA dilution effect, however,
was in contrast to the findings of Rong et al. where the group found high expression of
circDcbld1l in vessels intimal hyperplasia and demonstrated a reduction in intimal
hyperplasia when the circRNA was silenced suggesting a potential therapeutic approach for

the disease (381).
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Venn intersection analysis was performed to determine overlapping differentially
expressed circRNAs between normal vs. malignant compares and androgen dependent vs.
androgen independent compares. Hundred and sixteen circRNAs were found to be
consistently expressed in these two compares. Five of the circRNAs were validated to
confirm their expression in the prostate cell line panel. The expression of one out of five
validated circRNAs, hsa_circ_0066631 was of particular interest. While the expression of
hsa_circ_0066631 was significantly up-regulated in DU145 (androgen independent) vs.
RWPE-1 (normal) (FC 1.64 + SEM 0.29, p = 0.028), its expression was significantly down-
regulated in each androgen dependent cell line (LNCaP, VCaP and 22RV1) vs. RWPE-1
(normal) (FC 0.007 + SEM 0.001, p = 0.001), (FC 0.19 + SEM 0.01, p = 0.004) and (FC 0.06 +
SEM 0.002, p = 0.001) respectively. Though not statistically significant, the other androgen
independent PCa cell lines, PC-3 had higher hsa_circ_0066631 expression compared to
RWPE-1 (FC 1.48 + SEM 0.11, p = 0.11). Its associated parental gene, DCBLD2 was also
significantly down-regulated in all three androgen dependent PCa cell lines (LNCaP, VCaP
and 22RV1) compared to RWPE-1 (p < 0.05) (FC 0.013 + SEM 0.003, p = 0.0004), (FC 0.074
+ SEM 0.001, p = 0.0008) and (FC 0.07 + SEM 0.003, p = 0.0007) respectively but was up-
regulated in PC-3 (FC 2.09 + SEM 0.24, p = 0.028) and DU145 (FC1.37 + SEM 0.17, p = 0.19)
compared to RWPE-1 though not did not reach statistical significance in DU145.

RT-qPCR validation of this consistently expressed circRNA demonstrated a notable
configuration of differential expression across the prostate disease spectrum. The
expression of hsa_circ_0066631 decreased during early malignancy, where PCa cells were
still AR dependent, but increased as the disease progressed to the AR independent stage
based on the cell line models of disease. A recent study has shown that hsa_circ_0066631
was highly up-regulated in colorectal cancer spherical cells, which harbour features of
cancer stem cells, hence it may be involved in the recurrence and metastasis of colorectal
cancer (382). This circRNA was believed to play vital role in the stemness network by acting
as an miRNA sponge in down-regulating miR-140-3p, miR-224, miR-382, miR-548c-3p and
miR-579 (382). These miRNAs regulate stemness associated pathways such as TGF-B/SMAD
and Wnt/B-catenin through mRNA that encode proteins such as ACVR1C/ALK7, FZD3,
IL6ST/GP130, SKIL/ SNON, SMAD2, and WNT5 (382). Additionally, in colorectal cancer,
DCBLD2 overexpression has been linked with tumour progression and poor prognosis (361,

383). Another study in glioblastoma showed that EGFR phosphorylation of DCBLD2 recruits
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TRAF6 and stimulates AKT-promoted tumorigenesis (361). DCBLD2 was down-regulated in
AR dependent PCa cell lines but up-regulated in AR independent PCa cell lines in parallel
with the expression of hsa_circ_0066631, suggesting possibility that the mechanism of
malignant progression or PCa resistance requires the synergistic effect of circRNA and its
parental gene. It is also worth noting that hsa_circ_00066631 expression was significantly
different between the normal and malignant cell lines, hence it may potentially be an
excellent biomarker candidate in complementing PSA to discriminate between normal
prostate and PCa, as PSA alone is not adequately specific to discriminate between both
disease states especially at intermediate values (384).

Numerous studies in the literature have shown that circRNAs are differentially
expressed in a number of human diseases (283, 334). Despite this, there is a scarcity of
studies that have examined circRNAs' molecular function (227), and even less have
investigated the role of circRNA in drug resistance (335). This study also aimed to
investigate circRNAs in the enzalutamide resistant PCa setting. The top 5 circRNAs from the
initial array results, ranked by highest FC in the strongly resistant cell line (p < 0.05, Clone
1 vs. Control) were examined and validated along with their associated parental genes via
RT-qPCR. Consistent with the array results, both hsa_circ_0001275 and its parental gene,
PLCL2 were confirmed as up-regulated in the strongly resistant cell line compared to
Control (p < 0.05). PLCL2 was part of a 23-gene expression panel that predicts poor
prognosis in people with localised PCa in previous studies (367). Thus, further reinforces
the possible association of this circRNA with PCa. hsa_circ_0001275 and hsa_circ_0001721
were separately overexpressed in the Control cell line (sensitive to enzalutamide) in order
to study the effects of circRNA on enzalutamide resistance. Both hsa_circ_0001275 and
hsa_circ_0001721 were selected for overexpression as these circRNAs and their associated
parental genes were highly up-regulated in the strongly resistant clone (p < 0.05, Clone 1
vs. Control) and also associated with invasion and metastasis (a known hallmark in cancer)
(367, 385). Cells stably overexpressed with hsa_circ_0001275 were shown to be associated
with increased resistance to enzalutamide (p < 0.05), based on cellular proliferation.
However, cells overexpressing hsa_circ_ 0001721 did not demonstrate the same
proliferative effect, suggesting that increased hsa_circ_ 0001721 does not contribute to
enzalutamide resistance. This infers that only certain up-regulated circRNAs may contribute

to resistance by acting as a key regulator through possibly the ceRNAs network. This was
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evident from previous studies that have shown a historical role of miRNA “sponging” in
circRNA-miRNA-mRNA networks, thus playing important roles in both gene regulation and
carcinogenesis (226). For example, in an effort to discover new treatments for
osteoporosis, Xu et al. recently showed that dexamethasone-induced osteoblast growth
inhibition can be reversed by down-regulating hsa_circ_0001275, which mediates the miR-
377/CDKN1B axis (386).

miRNA is categorized as sncRNA, comprising approximately 22 nucleotides with the
capability to regulate genes post-transcriptionally (229). miRNA can be designated as either
an Onco-miR or a tumour suppressor-miR if it inhibits proto-oncogenes (234). The top five
most likely miRNA binding sites for hsa_circ_0001275 were predicted using Arraystar’s
miRNA prediction software and subsequently validated. Out of the five miRNAs, three (miR-
361-5p, miR-422a and miR-378a-3p) were significantly up-regulated and two (miR-370-3p
and miR-506-3p) showed no significant difference in the highly resistant cell line. These
findings were in contrast to the early concept of miRNA sponging, whereby these miRNAs
should be down-regulated when circRNA was up-regulated. However, studies that are
more recent have shown that rather than acting as a sponge, circRNA may serve as a
sanctuary for miRNA stabilisation. For instance, circRNA17 increased the expression of miR-
181c-5p by maintaining its stability and in turn, the miRNA decreased the expression of AR-
V7 in PCa cells (335). Since circRNAs and miRNAs interact in the ceRNAs network, it is
possible that despite the increased expression of miRNA witnessed in our study, these
miRNAs might not be able to act on their target mRNA since they are bound to circRNAs.
Even though all three up-regulated miRNAs have been described as tumour suppressor-
miRs in the literature, they were also described as onco-miR depending on the cancer
subtypes (374-376, 387). For instance, Liu et al. found that the expression of miR-361-5p
was lower in CRPC compared to CSPC tissues by performing miRNA microarray analysis,
with an miR-361-5p mimic acting as a tumour suppressor by reducing DU145 proliferation
and triggering apoptosis by targeting STAT6 (374). On the other hand, Wu et al. reported
that miR-361-5p promotes cervical cancer progression by acting as an onco-miR to enhance
cell proliferation and promote cell invasion through the mediation of EMT (387). Thus,
hsa_circ_0001275 may contribute to development of enzalutamide resistance through
these ceRNAs network. However, further investigations are required to fully delineate the

circRNA-miRNA-mRNA network.
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This study showed that expression of hsa_circ_0001275 was increased along with
its parental gene PLCL2 in Clone 1 (vs. Control) and previous literature described PLCL2 as
associated with aggressive PCa (367). This begs the question of what the parental gene’s
contribution to the development of enzalutamide resistance is. In the hsa_circ_0001275
(1275 Stable) overexpressed cell line, which was more resistant to enzalutamide, there was
no difference in the expression of PLCL2 compared to Control. Therefore, PLCL2 alone does
not contribute to the increase in resistance, based on proliferative capacity. The variability
of circRNA expression is not reliant on its parental gene expression as shown by Vo et al.
(379). In this circRNA overexpression study, the level of circRNA parental gene was not
significantly altered when its circRNA was up-regulated. Numerous studies have
demonstrated that circRNAs are globally down-regulated in proliferative cells across
different cancer subtypes, which may be a result of circRNA concentration dilution upon
fast cell division as suggested by Bachmayr-Heyda et al. (224) and further supported by
findings from Gruner et al. (380) displaying accumulation of circRNAs in non-proliferative
cells such as ageing nervous tissue. Additionally, Vo et al. showed that the universal
abundance of circRNAs in LNCaP increased because of decreased cell growth due to a
reduction in cellular proliferation from potent kinase inhibition (379). As such, from this
supporting literature, the enzalutamide resistance demonstrated in this study was not due
to increased malignancy/proliferation in general, however, the precise role of this circRNA
on an enzalutamide mechanism of action would require further investigation.

In conclusion, this study demonstrated that hsa_circ_0001275 was highly expressed
in enzalutamide resistant cell lines with data suggesting a protective role against
enzalutamide in vitro. While this current research suggests that hsa_circ_0001275 plays a
part in resistance to enzalutamide, the exact functional mechanisms underpinning this
have yet to be elucidated. This study provides a valuable foundation for further exploration

of circRNAs as therapeutic targets for drug resistant PCa.
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Chapter 4 - circRNAs in plasma of patients with enzalutamide

resistance PCa
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4.0 Introduction

circRNAs are believed to be a novel stable plasma biomarker due to their resistance to
degradation by RNA exonucleases (220, 285), presence in cytoplasm and can be partitioned
into exosomes (286, 329). A number of circRNA biomarkers have been studied in PCa (388),
however, there are few studies in the literature describing the role of circRNA in
enzalutamide resistance (334, 335). Furthermore, the molecular function of circRNAs in
drug resistant PCa and their potential as biomarkers to inform treatment strategies remain

elusive.

The aims of this chapter were to:
1. Examine the accuracy between RT-ddPCR and RT-qPCR for detection of circRNA in
plasma samples
2. Examine different methods of RT-ddPCR for detection of circRNA in plasma samples
3. Determine the levels of candidate circRNAs in clinical samples from the Radium-
223/Enzalutamide clinical trial (ClinicalTrials.gov Identifier: NCT02225704) (354)

and correlate with clinico-pathological data
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4.1  RT-gPCR validation of hsa_circ_0001275 and hsa_circ_0001721 in plasma of
people with PCa treated with enzalutamide

hsa_circ_0001275 and hsa_circ_0001721 were further investigated in clinical samples
using RT-qPCR as the in vitro data demonstrated a potential biomarker of enzalutamide
resistance. For the pilot study, hsa_circ_0001275 and hsa_circ_0001721 expression were
guantified in the plasma of 5 participants with metastatic CRPC (mCRPC). These samples
were part of a Phase Il trial examining radium-223 in combination with enzalutamide in
metastatic castration-resistant PCa (CTRIAL-IE 13-21, NCT02225704). Participants received
6 cycles of radium-223 in combination with enzalutamide followed by enzalutamide alone
until disease progression or treatment intolerance (Figure 4.0) (354). The plasma from
three different time points were selected according to PSA level. This consisted of baseline
(prior to treatment, TP1), PSA nadir (absolute lowest PSA level on treatment, TP2), first PSA
progression (an increase of > 25% and absolute increase of > 2 ng/ mL of PSA level from the
nadir, TP3). The circRNA quantification was performed using a standard curve method.
Serial dilutions of a custom designed gBlock was used in order to determine circRNA copy
number within the samples (Figure 4.1A and 4.1B). The expression of hsa_circ_0001275
(Figure 4.2A) and hsa_circ_0001721 (Figure 4.2B) in plasma samples showed a similar trend
to PSA level (Figure 4.2C) according to the three time points, however, this was not
statistically significant. The mean average copies/ 20 uL of hsa_circ_0001275 at TP2 (9.93
copies/ 20 ulL) (plasma at time of PSA nadir) were lower than baseline TP1 (24.8 copies/ 20
uL) (prior to enzalutamide treatment) (Figure 4.2A). TP2 was the time point where the
disease responded to enzalutamide treatment (Figure 4.2C) as shown by the mean PSA
level, which was significantly lower at TP2 (1.68 pg/L) compared to TP1 (33.54 pg/L) (p <
0.01) (Figure 4.2C). The mean average copies/ 20 pL of hsa_circ_0001275 at TP3 (13.04
copies/ 20 ulL) (plasma at time of first PSA progression) were higher than TP2 (9.93 copies/
20 pL) (Figure 4.2A) and mean PSA level at TP3 (5.94 pg/L) was also higher than TP2
however was not statistically significant (p > 0.05) (Figure 4.2C). The mean average copies/
20 pL of hsa_circ_0001721 at PSA nadir, TP2 (11.76 copies/ 20 pL) was lower compared to
TP1 (18.87 copies/ 20 pL) and TP3 (23.29 copies/ 20 pL) however this was not statistically
significantly (p > 0.05) (Figure 4.2B).
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Figure 4.0. Study schema for CTRIAL-IE (ICORG) 13-21 trial. All enrolled patients received

six cycles of radium-223 and continuous daily enzalutamide until study discontinuation.

*Blood samples were taken at the beginning of Cycle 1, every 4 weeks for the first 6 months

and then every 6 weeks during the remainder of study treatment.
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Figure 4.1. Standard curve method for assessment of circRNA copies. (A) hsa_circ_0001275
and (B) hsa_circ_0001721. Standard dilution curve using gBlock for circRNAs are shown.
Threshold cycle numbers (Y axis) in RT-qPCR reactions were determined from gBlock at 6
dilutions containing the indicated number of copies of each transcript (X axis). Formula as

shown in both figure was derived to quantify the absolute copy numbers/ 20 uL according

to CT values.
hsa_circ_0001275 expression hsa_circ_0001721 expression
80 60
L}
60
= = 40 e
8§ 8 ]
3 T 2
[=% 'E_ [
8 40 2 )
& [}
s -4
@ 3 I —
- _ Z 20 1 1
20 L
- - E ——
—_— " ald
- — —_—
-
0 L] 1 1 o T L} L]
TP1 TP2 TP3 TP1 TP2 TP3
Time points Time points
(A) (B)

112



PSA level

100 ¥
1

80

60

40

gL

20

-20

L] L] 1
TP1 TP2 TP3
Time points

(€)

Figure 4.2. Scatter plots of circRNAs in plasma samples. Scatter plot of (A)
hsa_circ_0001275 and (B) hsa_circ_0001721 level in plasma samples and (C) PSA level in
all 5 participants. Data graphed as mean + SD (n=5) and analysed using one-way ANOVA
with Friedman post hoc test. (**p < 0.01). Plasma at TP1 was selected as baseline prior to
enzalutamide treatment, plasma at TP2 was selected during PSA nadir, and plasma at TP3
was selected when PSA first progressed as defined by Prostate Cancer Working Group 2

(PCWG2).

4.2  Validation of circRNAs in the isogenic cell lines and plasma samples using
different methods of RT-ddPCR.

4.2.1 Probe-based multiplex RT-ddPCR

As circRNA was lowly expressed, RT-ddPCR was then employed. Assay optimisation was
achieved using optimized primers/probe concentration and a custom designed gBlock
(Appendix -Table 5) as a positive control under a range of temperatures (Figure 4.3A). This
step demonstrated that multiplexing using probe-based absolute quantification can
accurately detect the expression of both hsa_circ_0001721 and hsa_circ_0001275 as
shown by clear separation of positive droplets from the negative droplet background
(Figure 4.3B and 4.3C, respectively). The optimal temperature at 60 °C was selected for

further experiments.
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Figure 4.3. Probe-based RT-ddPCR detection of circRNA. (A) RT-ddPCR assay optimisation
of hsa_circ_0001721 and hsa_circ_0001275 using optimised primers/probe and gBlock as
positive control under a range of different temperatures (52 °C to 62 °C). Precise detection
of (B) hsa_circ_0001721 and (C) hsa_circ_0001275 levels by RT-ddPCR multiplex with probe

using gBlock positive control.

The expression of hsa_circ_0001721 and hsa_circ_0001275 were firstly examined in the
isogenic LNCaP clones. The expression of hsa_circ_0001721 were detected in the isogenic
clones (Control, 87.33 average copies/ 20 pL; Clone 1, 76.67 average copies/ 20 uL and
Clone 9, 11.87 average copies/ 20 uL), however, the expression levels were not significantly
different (p > 0.05) (Figure 4.4A) in contrast to previous RT-qPCR results for this specific
circRNA. The expression of hsa_circ_0001275 was significantly up-regulated in the strongly
enzalutamide resistant clone (1445.33 average copies/ 20 uL) compared to Control (154.42
average copies/ 20 pL) (p = 0.039), further confirming initial RT-gPCR results for this specific
circRNA (Figure 4.4B).
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Figure 4.4. Probe based absolute quantification of circRNAs. (A) hsa_circ_0001721 and (B)
hsa_circ_0001275 in enzalutamide resistant panel. Data graphed as mean + SEM (n=3).

Ordinary one-way ANOVA followed by a Tukey’s post hoc test. (*p < 0.05).

4.2.2 Dye-based RT-ddPCR

Assay optimisation was achieved using optimised primer concentration and a custom
designed gBlock (Appendix - Table 5) as a positive control under a range of temperatures
(Figure 4.5A). This step demonstrated that dye-based (EvaGreen) absolute quantification
can accurately detect the expression of hsa_circ_0001275 as shown by clear separation of
positive droplets from the negative droplet background (Figure 4.5B). An optimal

temperature at 60 °C was selected for further experiments.
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Figure 4.5. EvaGreen RT-ddPCR detection of circRNA. (A) RT-ddPCR assay optimisation of
hsa_circ_0001275 using optimised primers and gBlock as positive control under a range of
different temperatures (52 °Cto 62 °C). (B) Precise detection of hsa_circ_0001275 levels by

RT-ddPCR with EvaGreen dye using gBlock positive control.

Reverse transcription methods using gene specific priming (GSP) and random priming (RP)
were evaluated to ensure no significant discrepancy in circRNA quantification. The mean
average copies/ 20 pL of hsa_circ_0001275 using GSP (13.5 copies/ 20 pL) were higher than
RP (10.04 copies/ 20 pL) but not statistically significant (p > 0.05) (Figure 4.6). As there was
no significant difference between the two reverse transcription methods, RP was chosen

for subsequent experiments as RT-qPCR had been used previously.
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Figure 4.6. Comparison of hsa_circ_0001275 level in plasma samples using GSP and RP
methods. Data graphed as mean + SD (n=6) and analysed using the Wilcoxon signed rank

test.

The expression of hsa_circ_0001721 and hsa_circ_0001275 in the isogenic LNCaP clones
were examined. hsa_circ_0001721 was highly expressed in Clone 1 (2373.33 average
copies/ 20 pL) compared to Control (710.67 average copies/ 20 uL) (p < 0.0001) (Figure
4.7A). hsa_circ_0001275 was also significantly up-regulated in the strongly enzalutamide
resistant clone (200.67 average copies/ 20 uL) compared to Control (37.33 average copies/

20 L) (p = 0.019) (Figure 4.7B) further confirming initial RT-qPCR results.
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Figure 4.7. EvaGreen absolute quantification of circRNAs. Quantification of (A)
hsa_circ_0001721 and (B) hsa_circ_0001275 in enzalutamide resistant panel. Data graphed
as mean + SEM (n=3). Ordinary one-way ANOVA followed by a Tukey’s post hoc test. (*p <
0.05, **** p <0.0001).

4.2.3 Comparison of of probe based RT-ddPCR, EvaGreen RT-ddPCR and RT-qPCR
validation of circRNAs

4.2.3.1 Probe-based RT-ddPCR vs. dye-based RT-ddPCR

Both probe-based and EvaGreen methods were evaluated for the detection of circRNA
expression in cell lines and plasma samples. A probe-based approach in cell line samples
yielded a significantly higher number of hsa_circ_0001275 transcripts (623.11 copies/ 20
uL) compared to the EvaGreen approach (104.44 copies/ 20 pL) (p = 0.038) (Figure 4.8A)
however, were not statistically significant when tested in plasma samples (p > 0.05) (Figure
4.8B). The hsa_circ_0001275 expression in cell lines from both methods significantly
correlated with each other (r = 0.845, p = 0.0062) (Figure 4.9A). Likewise, in plasma
samples, a correlation was evident in the hsa_circ_0001275 expression from both methods

(r=0.748, p = 0.0019) (Figure 3.35B).
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Figure 4.8. Scatter plot of hsa_circ_0001275 level in cell lines and plasma samples detected
using probe-based and EvaGreen RT-ddPCR. (A) Comparison of hsa_circ_0001275 level in
enzalutamide resistant panel. Data graphed as mean * SD (n=9) and analysed using the
Mann-Whitney test. (B) Comparison of hsa_circ_0001275 level in plasma samples of 5
partcipants, with each having three time points. Data graphed as mean * SD (n=15) and

analysed using the Wilcoxon signed rank test.
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Figure 4.9. XY scatter plot showing positive correlation of hsa_circ_0001275 level detected
using probe-based vs. EvaGreen RT-ddPCR. (A) cell lines (Spearman correlation coefficient
r = 0.845, p (two-tailed) < 0.01) and (B) plasma samples (Spearman correlation coefficient

r=0.748, p (two-tailed) < 0.01).

4.2.3.2 Comparison of probe-based RT-ddPCR and dye-based RT-ddPCR vs. RT-qPCR (gBlock standard

curve method)

To estimate the accuracy between RT-ddPCR and RT-gPCR, the average copies/ 20 pL of
hsa_circ_0001275 in plasma samples of 5 partcipants (each had three time points) were
guantified and compared using the two methodologies. Probe-based RT-ddPCR yielded the
highest copies of hsa_circ_0001275 followed by RT-qPCR (gBlock) and EvaGreen RT-ddPCR
(18.97, 15.92 and 10.56 mean average copies/ 20 puL, respectively). The difference in the
detection rate of circRNA between the two methodologies were not statistically significant
(p > 0.05) (Figure 4.10A and 4.10B). hsa_circ_0001275 expression in plasma from both
methods did not correlates with each other (p > 0.05) (Figure 4.11A and 4.11B).
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Figure 4.10. Scatter plot of hsa_circ_0001275 level in plasma samples using different
methodologies. The 5 each had three time points, with circRNA detected using probe-based
RT-ddPCR, EvaGreen RT-ddPCR and RT-gPCR (standard curve method-gBlock). (A)
Comparison of hsa_circ_0001275 level between probe-based RT-ddPCR and RT-qPCR. (B)
Comparison of hsa_circ_0001275 level between EvaGreen RT-ddPCR and RT-qPCR. Data

graphed as mean = SD (n=15) and analysed using the Wilcoxon signed rank test.
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Figure 4.11. XY plot showing no correlation of plasma hsa_circ_0001275 level detected
using RT-ddPCR and RT-gPCR. (A) Probe-based RT-ddPCR vs. RT-gPCR (gBlock) (Spearman
correlation coefficient r = -0.163, p (two-tailed) > 0.05) and (B) Evagreen RT-ddPCR vs. RT-

gPCR (gBlock) (Spearman correlation coefficient r = -0.132, p (two-tailed) > 0.05).

4.2.4 RT-ddPCR validation of circRNAs in plasma of patients with PCa treated with
enzalutamide

4.2.4.1 EvaGreen RT-ddPCR of hsa_circ_0001275

Following the pilot study of circRNA in plasma samples of participants using RT-gPCR, which
showed encouraging results, these circRNAs were further evaluated as a biomarker of
enzalutamide resistance clinically via RT-ddPCR detection. hsa_circ_0001275 was selected
as the candidate for further investigations as both probe based and EvaGreen based
absolute quantification in the enzalutamide resistant panel demonstrated consistent
results and confirmed initial RT-gPCR results. hsa_circ_0001275 expression was quantified
in the plasma of all 44 participants with mCRPC on the phase Il trial (CTRIAL-IE 13-21,
NCT02225704). The plasma from four different time points were selected according to PSA
level where the first 3 time points were defined previously (section 3.2.1). The fourth time

point was defined as second PSA progression (PSA level higher than first PSA progression,
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TP4). Plasma were available for both TP1 and TP2 time points for all 44 cases. Not all cases
had PSA progression at the time of this study and thus only 21 had plasma for all 4 time
points. The expression of hsa_circ_0001275 in plasma samples showed a trend that
mirrored the activity of the disease status according to PSA level, however, this was not
statistically significant (Figure 4.12A-D). All 44 had the first two time points available and
their mean average copies/ 20 uL of hsa_circ_0001275 at TP2 (4 copies/ 20 uL) (plasma at
time of PSA nadir) were lower than baseline TP1 (6 copies/ 20 L) (prior to enzalutamide
treatment) (Figure 4.12A). TP2 was the time point where the disease responded to
enzalutamide treatment (Figure 4.12A) as shown by the mean PSA level, which was
significantly lower at TP2 (75 pg/L) compared to TP1 (10 pg/L) (p < 0.05) (Figure 4.12B). A
subgroup analysis of 21 cases who had four available time points available showed a similar
trend. The mean average copies/ 20 L of hsa_circ_0001275 was high at TP1 (9 copies/ 20
uL) then reduced at TP2 (6 copies/ 20 pL) but remained unchanged at TP3 (6 copies/ 20 pL)
and increased again upon further PSA progression at TP4 (12 copies/ 20 uL) (Figure 4.12C).
The mean PSA at nadir, TP2 (20 pg/L) was significantly lower compared to TP1 (94 pg/L)
and TP4 (186 pg/L) (p < 0.05). However, compared to TP3 (90 pg/L) it was significantly less
(Figure 4.12D). This indicated that the disease at TP3 was biochemically less resistant to

enzalutamide compared to TP4.

124



hsa_circ_0001275 expression PSA level

60 o e e e
1000 —

40

500

20

Average copies/20pL

4

-20 T T -500 T T
TP1 TP2 TP1 TP2

Time points Time points
hsa_circ_0001275 expression PSA level
150 3000 ke sk ok sk
sk e ke ke *
11
* -
100 2000
-
=%
o
o~
@
2 a
(3 =
g so - > 1000
= L -

S
o - -1
2
= .

-
% N -
o WEEEm .. = o - R X

-50

T T T T -1000 T T T T
TP1 TP2 T3 TP4 TP1 TP2 TP3 TP4
Time points Time points

(€) (D)

Figure 4.12. Scatter plot of hsa_circ_0001275 level in plasma samples and PSA level. (A)
hsa_circ_0001275 level in plasma samples and (B) PSA level of all 44 cases with first 2
available time points. Data graphed as mean + SD (n=44) and analysed using the Wilcoxon
signed rank test. (C) hsa_circ_0001275 level in plasma samples and (D) PSA level of 21 cases
with all 4 time points available. Data graphed as mean + SD (n=21) and analysed using one-
way ANOVA with Friedman post hoc test. (***p < 0.001, ****p < 0.0001). Plasma at TP1

was selected as baseline prior to enzalutamide treatment, plasma at TP2 was selected
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during PSA nadir, plasma at TP3 was selected when PSA first progressed and plasma at TP4

was selected on second PSA progression.

4.2.4.2 Probe-based RT-ddPCR of hsa_circ_0001275 and hsa_circ_0001721

Probe-based duplexing was performed for hsa_circ_0001275 and hsa_circ_0001721 in
plasma of all 44 participants with mCRPC on the phase Il trial (CTRIAL-IE 13-21,
NCT02225704). All 44 cases had the first two time points available and their mean average
copies/ 20 pL of both hsa_circ_0001275 and hsa_circ_0001721 at TP2 (11.82 and 15.68
copies/ 20 pL respectively) (plasma at time of PSA nadir) were lower than baseline TP1
(22.39 and 13.16 copies/ 20 L, respectively) (prior to enzalutamide treatment). These
were not statistically significant (p > 0.05) (Figure 4.13A and 4.13C). A subgroup analysis of
21 cases, who had four available time points available showed a trend similar to PSA. The
mean average copies/ 20 pL of hsa_circ_0001275 was high at TP1 (22.77 copies/ 20 L)
then reduced at TP2 (16.44 copies/ 20 pL) and at TP3 (9.92 copies/ 20 pL) but increased
again upon further PSA progression at TP4 (58.71 copies/ 20 L) (Figure 4.13C). In contrast,
there was no similar trend to PSA observed for hsa_circ_0001721 in the subgroup analysis
of 21 cases (TP1: 26.61 copies/ 20 uL, TP2: 21.41 copies/ 20 pL, TP3 10.46 copies/ 20 uL,
and TP4 7.85 copies/ 20 pL) (Figure 4.13D).
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Figure 4.13. Scatter plot of hsa_circ_0001275 and hsa_circ_0001721 level in plasma
samples. (A) hsa_circ_0001275 and (C) hsa_circ_0001721 level in plasma samples all 44
cases with the first 2 available time points. Data graphed as mean £ SD (n=44) and analysed
using the Wilcoxon signed rank test. (B) hsa_circ_0001275 and (D) hsa_circ_0001721 level
in plasma samples of 21 cases with all 4 time points available. Data graphed as mean + SD
(n=21) and analysed using one-way ANOVA with Friedman post hoc test. Plasma at TP1 was
selected as baseline prior to enzalutamide treatment, plasma at TP2 was selected during
PSA nadir, plasma at TP3 was selected when PSA first progressed and plasma at TP4 was

selected on second PSA progression.
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4.3  Discussion

circRNA has recently been the centre of attention owing to their known dysregulation
across different tumour subtypes (326), as well as the ability to detect them in human
bodily fluids such as saliva, and blood (316, 327, 328). The level of hsa_circ_0001275 and
hsa_circ_0001721 were examined in the plasma samples from a clinical trial (CTRIAL-IE 13-
21, NCT02225704) (354). The aim was to further investigate the value of circRNA as a
candidate biomarker to inform drug resistance. The expression of both circRNAs were
initially quantified using RT-gqPCR through a standard curve method in a pilot study of 5
samples, following which RT-ddPCR was employed to examine the circRNA expression in
plasma samples of all 44 cases.

In the pilot study using RT-qPCR, the expression of both hsa_circ_0001275 and
hsa_circ_0001721 showed a similar trend to PSA level according to disease activity,
however, this was not statistically significant (p > 0.05). This study also attempted to
examine levels between RT-ddPCR and RT-gPCR. The average copies/ 20 pL of
hsa_circ_0001275 in plasma samples of 5 cases were quantified and compared using the
different methodologies. Probe-based RT-ddPCR vyielded the highest copies of
hsa_circ_0001275 followed by RT-gPCR (standard curve method) and EvaGreen RT-ddPCR
(18.97, 15.92 and 10.56 mean average copies/ 20 uL, respectively). However, the difference
in the detection rate of circRNA between the three methodologies were not statistically
significant (p > 0.05). There was a correlation between plasma hsa_circ_0001275
expression, probe-based and EvaGreen RT-ddPCR (p < 0.05), however, no correlation was
found when both RT-ddPCR methods were compared to RT-gPCR (p > 0.05) suggesting that
RT-gPCR may not be a sensitive enough method for low circRNA transcript detection.
Furthermore, it has been reported by Chen et al. that RT-gPCR may overestimate the actual
abundance of circRNA due to multiple PCR products of circRNA caused by rolling cDNA
during reverse transcription (389). The main advantages of probe-based RT-ddPCR
compared to EvaGreen RT-ddPCR was the ability to multiplex and detect a higher transcript
yield, which was attributed to the Hot-start Reverse Transcriptase which enabled RNA to
be reverse transcribed and amplified in the same reaction tube. Additionally, a high
temperature reverse transcription reaction at 55°C further improved the specificity and

efficiency of primer mediated cDNA synthesis.
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Both probe-based and EvaGreen RT-ddPCR results of hsa_circ_0001275 suggested
a trend that corresponded to the activity of the disease as defined by the PSA level of
participants on enzalutamide treatment, however, it did not reach statistical significance.
This is likely due to small cohorts and/or copy numbers were close to the limit of detection
for RT-ddPCR. Previous studies have described that circRNAs are tissue specific (325) and
therefore may explain the low abundance of hsa_circ_0001275 in plasma particularly if it
is not actively secreted by tumour tissue. This study demonstrated that hsa_circ_0001275
was not expressed abundantly in plasma, which presently limits its potential use as a liquid-
based predictive biomarker of enzalutamide resistance. In future, a panel of circRNAs may
be used to increase its sensitivity.

There are several limitations in this study. The study used a single isogenic cell line
model of enzalutamide resistance developed by Korpal et al. (138). It would be valuable to
explore the overexpression of hsa_circ_0001275 in addition enzalutamide sensitive PCa cell
lines to further explore its association with drug resistance. Another limitation was the
relatively small cohort of cases in this study. Initial statistical analysis revealed that circRNA
data was positively skewed and thus further analysis was performed using the Wilcoxon
signed rank test for those with two time points, and the Friedman test for those with four
time points. It has been debated that a sample size of more than five in each group is
sufficient, nonetheless, the hsa_circ_0001275 value difference across groups was also
important. It is difficult to ascertain the statistical significance in particular to confidence
interval and p-values due to small sample size used in this study. Additionally, even with
RT-ddPCR, only low copy numbers of hsa_circ_0001275 were present in plasma samples.
This could have contributed to a large variation across groups. A pre-amplification step
described by Karousi et al. (390), may have helped in the detection of circRNAs but this
approach can cause problems such as multiple PCR products caused by rolling cDNA during
reverse transcription (389). Going forward, it may be essential to first evaluate the circRNAs
expression using an explant or organoid based protocol to establish whether the circRNAs
of interest can be detected within the conditioned media, which may offer a more robust
foundation for circRNA testing in plasma samples. Second, PSA was the only surrogate
marker used to select plasma samples for time-point analysis. It is known that PSA level is
not the only surrogate maker to inform disease progression, however, rising PSA is often

the initial signal of tumour regrowth, which is then succeeded by disease progression on
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imaging and eventually symptomatic clinical presentations (391). Consequently, the time
points selected may not be a concrete reflection of disease status and tumour burden.
Third, this study encompassed a combination of six cycles of alpha-radium and
enzalutamide followed by enzalutamide maintenance until disease progression. Ideally, the
results obtained in this study should be investigated in a larger cohort with participants on
enzalutamide alone. Fourth, tissue sample circRNA expression was not examined because
they were not available, as tissue biopsy upon disease progression was not performed
routinely as part of the trial.

In conclusion, the clinical data in this study showed that hsa_circ_0001275 was not
expressed abundantly in this cohort of plasma samples. Though the trend of expression
mirrored disease activity according to PSA level, it does suggest an association with
enzalutamide resistance. However, further studies are warranted. The therapeutic
landscape of PCa has advanced rapidly in the last decade due to better availability and
accessibility of therapeutics. Despite this growing battery of therapeutic options, most
people eventually progress due to drug resistance, which poses a clinically challenging
conundrum. This study provides a valuable foundation for further exploration of circRNAs

as biomarkers in PCa.
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Chapter 5 - Evaluating the transcriptomic landscape of enzalutamide

resistant PCa
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5.0 Introduction

NGS is the blanket term used to describe several different sequencing technologies. NGS is
a promising molecular diagnostic technique for informing clinical practice due to its ability
to detect genomic and transcriptomic alterations (392, 393). NGS can be applied in the form
of large-scale sequencing to detect genetic alterations such as gene mutation and
amplification by sequencing the whole genome, exome or transcriptome. On the other
hand, NGS can also be applied in the form of targeted sequencing to detect genome
alterations related to cancer genes by performing deep sequencing on genomic regions of
interest (394, 395).

PCa is the second major cause of cancer-related deaths among males (396). Several
recent large-scale sequencing efforts have contributed to the better understanding of the
diverse genomic landscapes of primary PCa and CRPC (397-400). Alterations common in
CRPC includes adaptive AR amplifications and mutations, as well as increased incidence of
germline or somatic changes in DNA repair pathway genes (397-400). Comprehensive RNA
sequencing of advanced PCa has built upon previous expression profiling studies of CRPC
(400, 401).

PCa morbidity remains high despite recent breakthroughs in treatment. While
enzalutamide has been shown to increase survival, the use of this drug is complicated by
the development of resistance. Several mechanisms of enzalutamide resistance in PCa have
been identified such as AR splice variants and F876L mutations that may switch the
antagonistic effect of enzalutamide to an agonistic effect (138, 142). Approximately 20% of
those with mCRPC who progressed on enzalutamide were reported to harbour F876L or
other enzalutamide resistance-associated mutations (132, 133). However, these are non-
targetable with current drugs. The molecular mechanism of enzalutamide resistance is still
largely unknown. Thus, a greater understanding of the transcriptomic basis of

enzalutamide resistance may provide better molecular stratification for PCa treatment.

5.1 Experimental aims
The aim of this chapter was to evaluate the transcriptomic alterations that may underpin

enzalutamide resistant PCa. Paired-end, RNA sequencing was performed on the

enzalutamide resistance panel in this study.
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5.2 Results

5.2.1 High throughput sequencing of enzalutamide resistance panel
Global gene expression was analysed in Control, Clone 1 and Clone 9 (n=3) on the Illumina®

NovaSeq™ 6000 Sequencing System (TrinSeq, TTMI, Trinity College Dublin).

5.2.1.1 Quality control

The quality of RNA from the enzalutamide cell line panel was examined using a bioanalyser,
with all samples achieving a RIN score of more than eight except for Clone 1 (N2) and Clone
9 (N3). However, thel8S and 28S bands appeared intact on electrophoresis (Appendix -
Figure 7A and 7B). The RNA samples were sequenced to a depth of at least 30 million
reads/sample. Illumina® RNA-Seq Alignment (version: 1.1.1) software was used to align the
reads. The summary is shown in Table 5.0, Figure 5.0 and Figure 5.1. The reads were
mapped to the reference genome (Homo sapiens NCBI GRCh58Decoy) using the STAR
aligner and sequences were annotated based on their overlap with publicly available mRNA
transcripts. More than 80 % of the reads generated from each sample matched the genome
(Table 5.0, Figure 5.0). The mean insert length of the cell lines ranged between 150 bp to
250 bp (Figure 5.1), which was acceptable as the NovaSeq flow cell works optimally with
libraries containing an insert size that ranges between 50 and 700 bp. The transcript
coverage plot of each cell line formed a Poisson-like distribution suggestive of good
sequencing coverage (Figure 5.2). The number of reads that mapped to loci of known
transcripts were used to calculate abundances, and therefore infer the expression levels of
those transcripts within a given sample. Read counts were calculated across all transcripts
using Salmon and were subsequently used to determine differential expression patterns

between samples through DESeq?2 software (402).
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Table 5.0. Summary of RNA-Seq alignment.

Sample ID Read Number of % Total % % MedianCV | %
Length | Reads Aligned Abundant | Unaligned | Coverage Stranded
Uniformity

LNCaP_Clone_1_ | 76/76 29,035,681 88.96% 7.04% 11.04% 0.51 98.62%
N1

LNCaP_Clone_1_ | 76/76 29,466,982 88.33% 5.74% 11.67% 0.52 97.99%
N2

LNCaP_Clone_1_ | 76/76 28,367,106 87.95% 6.43% 12.05% 0.51 99.00%
N3

LNCaP_Clone_9_ 76/76 13,246,401 87.54% 10.16% 12.46% 0.52 99.11%
N1

LNCaP_Clone_9_ 76/76 3,475,115 85.06% 7.27% 14.94% 0.58 98.83%
N2

LNCaP_Clone_9_ | 76/76 16,571,868 89.84% 8.17% 10.16% 0.51 98.81%
N3

LNCaP_cntrl_N1 76/76 30,954,840 87.32% 9.96% 12.68% 0.5 97.99%
LNCaP_cntrl_N2 | 76/76 | 26,805,037 | 83.93% | 8.80% 16.07% 0.51 98.91%
LNCaP_cntrl_N3 76/76 32,119,273 90.40% 7.28% 9.60% 0.51 99.14%

Coding . UTR I intron Jl Intergenic
% Bases Aligned to Region
0% 25% 50% 75%

LNCaP_Clone_1_N1
LNCaP_Clone_1_N2
LNCaP_Clone_1_N3
LNCaP_Clone_9 N1
LNCaP_Clone_9 N2
LNCaP_Clone_9 N3

LNCaP_cntrl_N1
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LNCaP_cntrl_N3

100%
J

Figure 5.0. Alignment distribution of the enzalutamide resistance panel. The distribution

showed more than 75 % of the data generated aligned to transcripts (coding and UTRs) in

each cell line.
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Figure 5.1. Insert length distribution in the enzalutamide resistance panel. The mean insert

length of the cell lines ranged between 150 bp to 250 bp.

ONTOOONTORONTONONTOOONTOOONTOOONTOW
ONTOWrrrrrONNNNNMOOMMOOT S D NN NN QWO OO MMM

LNCaP_Clone_1_NT _mm NN
LNCaP_Clone_T_NZ. TR e
LNCaP_Clone_T_N3 _ ummn NN e
LNCaP_Clone_9 N1 R
LNCaP_Clone 9 N2 NN NN NN e
LNCaP_Clone N3 m R e
LNCaP_entr NT NN NN .
LNCaP _entr N2 NN e
LNCaP_entr NS NN RN

o
ONTOOONTOOO
[eledeeledelololololo by

Figure 5.2. Transcript coverage in the enzalutamide resistance panel. The plot of each cell
line formed a Poisson-like distribution suggestive of a good sequencing coverage

histogram.
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5.2.1.2 Gene expression exploratory analysis

Gene expression counts were normalised using DESeg2 median of ratios method and
transformed using log2 for visualisation. Samples were clustered by appropriate replicate.
The generated heatmap showed that there were no outliers in the dataset and Clone 1 had
the largest distance in latent space (Figure 5.3). The scree plot showed approximately 70%
variation in principal component 1 (PC1) analysis (Figure 5.4) suggesting that PC1 was
responsible for most variation in the data set. Principal component analysis (PCA) was
performed on the log2 transformed counts using the PCA tools package BiocSingular (Lun
2019). PCA bi-plot demonstrated clustering of samples and confirmed the quality of the
experimental design, where each replicate clustered according to their resistance to
enzalutamide (Figure 5.5). Furthermore, it was determined that the variation observed in
PC1 in the scree plot was accounted for by Clone 1, as it clustered further from Clone 9 and
Controlin PC1 (69.14%). Separation of Clone 9 and Control samples was evident in principal
component 2 (PC2) (11.99% variation). Due to the small variation present in Clone 9 and
Control replicates in the PCA bi-plot, the coefficient “replicates” were accounted for when
fitting the generalised linear model in DESeq2 to remove technical variation from the

differential gene analysis.
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Figure 5.3. Heatmap of sample to sample distances. Samples were clustered by replicate
according to their degree of enzalutamide resistance. The heatmap shows there were no
outliers in the dataset and Clone 1 had the largest distance in latent space. The heatmap
was built using the heatmap.2 package using log2 transformed gene expression data.

Image created by Barry Digby.
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Scree plot of LNCaP Dataset
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Figure 5.4. Scree plot of enzalutamide resistant panel. The plot showed that principal

component 1 (PC1) explained ~70% of the variation present in the dataset.

Image created by Barry Digby.
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Figure 5.5. PCA bi-plot of enzalutamide resistance panel. This plot demonstrated clustering

of samples and confirmed the quality of the experiment design.

Image created by Barry Digby.

5.2.2 Differential gene expression analysis

Differential gene tests were conducted using the DESeq2 package. DESeq?2 fits negative
binomial generalised linear models for each gene and uses the Wald test for significance
testing, returning a table of differentially expressed genes. Multiple testing correction was
performed using the independent hypothesis weighting (IHW) package, with the
significance threshold for genes set at P-value < 0.05. Genes were annotated using the
BiomaRt package. Initial results showed a subset of genes with extremely high/low Log2 FC
in the order of +/- 20. This was due to the high variability witnessed within these gene
counts. When the read counts were low or highly variable, the maximum likelihood
estimates for the Log2 FC had high variance, leading to large estimates not representative
of true differences. Lowly expressed genes were filtered out using the rowSums function,
where the threshold was set to 20. Inevitably, highly variable genes exceeded this filtering
threshold and introduced outliers in the results. Thus, heavy-tailed Cauchy prior
distribution for effect sizes was used as part of DESeq2 analysis. The method, approximate
posterior estimation for GLM (apeglm), has lower bias than shrinkage estimators, while still
reducing variance for those genes with little information for statistical inference. The
rowSums function to filter lowly expressed genes was used in conjunction with the apegim
function to shrink the effect size of genes with high variance, returning a robust set of gene.
Results of the differentially expressed genes were filtered according to an adjusted P-value

of < 0.05 and a log2 FC > 1/ < -1, returning statistically significant genes.

5.2.2.1 Differential gene expression in Clone 1 vs. Control

There were 2,584 up-regulated genes and 1,825 down-regulated genes in Clone 1 vs.
Control (Figure 5.6 and 5.7). The top 10 highly up-regulated genes ranked by FC for Clone
1 vs. Control were CNTN1, VSTM2A, RTBDN, SKIDA1, PCDH10, TLX2, MIA2, SRMS, ENPEP
and PCDH19 with their associated functions in relation to malignancy are listed in Table 5.1.

Two of the highly expressed genes, CNTN1 and PCDH10 were previously described in PCa
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studies. CNTN1 was reported to promote cell invasion through AKT activation and down-
regulates E-cadherin expression (403), while PCDH10 methylation was frequently observed

in people with high risk localised PCa or advanced clinical stage (404).

The top 10 highly down-regulated genes as ranked by FC for Clone 1 vs. Control were
DNASE2B, CYP4F11, GRK1, LRRTM3, ZNF204P, SV2C, GRIK1, JAKMIP1, ADAM7 and TRPMS8
with their associated functions in relation to malignancy are listed in Table 5.2. Two of the
highly down-regulated genes LRRTM3 and TRPMS8 were previously described in PCa
studies. LRRTM3 was demonstrated to be suppressed in LNCaP cells treated with androgen
therapy (405), while TRPM8 has been reported to play an important role in calcium

homeostasis regulated by androgen signalling (406).

Clone1 vs Control DESeq2 Results
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Figure 5.6. The RNA-Seq scatter plot of Clone 1 vs. Control. The plot showed the up-
regulated (right side) or down-regulated (left side) genes between Clone 1 vs. Control. The
horizontal line indicated the significance threshold (p < 0.05), and the vertical lines
indicated the FC threshold (> 1/ < -1). Non-differentially expressed genes were indicated

with blue dots and differentially expressed genes were indicated with red dots.

Image created by Barry Digby.
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Figure 5.7. The RNA-Seq heatmap of Clone 1 vs. Control. The heatmap showed differentially
expressed genes in Clone 1 vs. Control. Red indicated high expression, blue indicated low

expression and white indicated no significant difference between Clone 1 vs. Control.

Image created by Barry Digby.
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Table 5.1. Top 10 up-regulated genes in Clone 1 vs. Control.

Gene Chromosome Description Log2 FC Adj P-value | Functions

CNTN1 12 contactin 1 9.89435 4.16E-12 Up-regulation of  contactin-1
expression promotes PCa
progression (403, 407).

VSTM2A | 7 V-set and | 9.382442 6.96E-11 VSTMZ2A overexpression is a
transmembrane sensitive and specific biomarker for
domain mucinous tubular and spindle cell
containing 2A carcinoma of the kidney (408).

RTBDN 19 retbindin 9.115892 4.91E-10 Lowly expressed in PCa according
to TCGA (397).

SKIDA1 10 SKI/DACH domain | 9.025758 4.55E-10 Lowly expressed in PCa according

containing 1 to TCGA (397).

PCDH10 | 4 protocadherin 10 | 8.819282 3.27E-09 Promoter methylation-mediated
inactivation of PCDH10 in acute
lymphoblastic leukaemia
contributes to  chemotherapy
resistance (409). Frequently
observed in patients with high risk
localised PCa or advanced clinical
stage (404).

TLX2 2 T cell leukaemia | 8.742505 2.94E-09 Lowly expressed in PCa according

homeobox 2 to TCGA (397).

MIA2 14 MIA SH3 domain | 8.734867 0.0002258 | Expression was strongly correlated

ER export factor 2 with tumour progression and nodal
metastasis in oral squamous cell
carcinoma (410).

SRMS 20 src-related kinase | 8.703573 2.92E-09 Low cancer specificity according to
lacking C- TCGA (397).
terminal
regulatory
tyrosine and N-
terminal
myristylation
sites

ENPEP 4 glutamyl 8.660357 1.33E-08 Over expressed in CRC tissues and
aminopeptidase cells (411).

PCDH19 | X protocadherin 19 | 8.648951 1.29E-09 Methylation of PCDH19 predicts

poor prognosis of hepatocellular
carcinoma (412).
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Table 5.2. Top 10 down-regulated genes in Clone 1 vs. Control.

Gene Chromosome | Description Log2 FC Adj P- Functions
value
DNASE2B | 1 deoxyribonucleas | -10.6333 1.17E-13 DNASEZ2B silencing suppresses
e 2 beta proliferation and induces cell
cycle arrest in non-small cell
lung cancer cells (413).
CYP4F11 19 cytochrome P450 | -10.324 6.40E-13 NF-kB signalling pathways
family 4 subfamily negatively regulate the
F member 11 CYP4F11 gene (414).
GRK1 13 G protein-coupled | -10.1882 1.81E-12 Hyperactivation of G protein-
receptor kinase 1 coupled receptors (GPCRs)
may result in loss of normal
cell physiological properties.
GRK-mediated
phosphorylation terminates
GPCR hyperactivation (415).
LRRTM3 10 leucine rich -9.77373 3.00E-15 Supressed in LNCaP cells
repeat treated with androgen
transmembrane therapy (405).
neuronal 3
ZNF204P 6 zinc finger protein | -9.44674 7.41E-10 Part of a 5-gene signature
204 that is closely related to
tumour immune
microenvironment and
predicts the prognosis of
patients with non-small cell
lung cancer (416).
svac 5 synaptic vesicle -9.24417 4.09E-09 Dysregulation of SV2 can
glycoprotein 2C regulate transporter and
transmembrane transporter
activity and provide the
necessary nutrients for
tumour cell proliferation
(417).
GRIK1 21 glutamate -8.97094 3.55E-08 Involved in post-
ionotropic transcriptional deleterious
receptor kainate substitutions in cancer (418).
type subunit 1
JAKMIP1 4 janus kinase and -8.75733 1.75E-09 Overexpression of JAKMIP1
microtubule associates with Wnt/B-
interacting catenin pathway activation
protein 1 and promotes cancer cell
proliferation in vitro (419).
ADAM7 8 ADAM -8.61862 1.07E-07 Part of a 7 gene signature
metallopeptidase prognostic biomarker panel
domain 7 in high-risk PCa patients (400).
TRPMS8 2 transient receptor | -8.586 8.23E-16 Plays a key role in processes
potential cation such as the proliferation,
channel subfamily viability and cell migration of
M member 8 PCa cells. TRPMS8 have a
protective anti-invasive effect
(406).
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5.2.2.2 Differential gene expression in Clone 9 vs. Control

There were 395 up-regulated genes and 329 down-regulated genes in Clone 9 vs. Control
(Figure 5.8 and 5.9). The top 10 highly up-regulated genes for Clone 9 vs. Control were
PRSS12, FGG, CNTNAP4, ENPP2, PCDH19, SMOC2, UNC5A, ASZ1, CRLF1 and CBLN2 (Table
5.3). Whereas the top 10 highly down-regulated genes for Clone 9 vs. Control were
MAGEC2, EFS, SLC22A3, LRRTM3, LPAR3, ADGRG6, ARHGAP6, DDX53, ETV1 and ZNF135

(Table 5.4).
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Figure 5.8. The RNA-Seq scatter plot of Clone 9 vs. Control. The plot showed the up or
down-regulated genes between Clone 9 vs. Control. The horizontal line indicated the
significance threshold (p < 0.05), and the vertical lines indicated the FC threshold (> 1/ < -
1). Non-differentially expressed genes were indicated with blue dots and differentially

expressed genes were indicated with red dots.

Image created by Barry Digby.
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Figure 5.9. The RNA-Seq heatmap of Clone 9 vs. Control. The heatmap showed differentially

expressed genes in Clone 9 vs. Control. Red indicated high expression, blue indicated low

expression and white indicated no significant difference between Clone 9 vs. Control.

Image created by Barry Digby.

Table 5.3. Top 10 up-regulated genes in Clone 9 vs. Control.

Gene Chromosome | Description Log2FC Adj P-value

PRSS12 4 serine protease 12 6.991097 0.000338529

FGG 4 fibrinogen gamma chain 6.577454 0.001118071

CNTNAP4 16 contactin associated protein family member | 6.116741 0.000369852
4

ENPP2 8 ectonucleotide 6.017777 0.014043428
pyrophosphatase/phosphodiesterase 2

PCDH19 X protocadherin 19 5.830747 0.001109461

SMOoC2 6 SPARC related modular calcium binding 2 5.728052 8.67E-21

UNC5A 5 unc-5 netrin receptor A 5.384148 4.74E-11

ASZ1 7 ankyrin repeat, SAM and basic leucine zipper | 5.376614 7.91591E-05
domain containing 1

CRLF1 19 cytokine receptor like factor 1 5.210595 2.65E-13

CBLN2 18 cerebellin 2 precursor 5.101316 2.57E-20
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Table 5.4. Top 10 down-regulated genes in Clone 9 vs. Control.

Gene Chromosome | Description Log2FC Adj P-value
MAGEC2 X MAGE family member C2 -7.63042 1.19412E-05
EFS 14 embryonal Fyn-associated substrate -7.31353 5.79E-11
SLC22A3 6 solute carrier family 22 member 3 -6.99765 1.91E-11
LRRTM3 10 leucine rich repeat transmembrane neuronal | -6.66016 5.31E-16

3
LPAR3 1 lysophosphatidic acid receptor 3 -6.54286 4.76E-28
ADGRG6 6 adhesion G protein-coupled receptor G6 -6.43033 1.85E-149
ARHGAP6 X Rho GTPase activating protein 6 -6.40686 2.15E-29
DDX53 X DEAD-box helicase 53 -6.25997 0.001803226
ETV1 7 ETS variant transcription factor 1 -6.05531 8.37E-55
ZNF135 19 zinc finger protein 135 -6.03775 0.000369852

5.2.2.3 Differential gene expression in Clone 1 vs. Clone 9

There were 2,429 up-regulated genes and 2,076 down-regulated genes in Clone 1 vs. Clone

9 (Figure 5.10 and 5.11). The top 10 highly up-regulated genes for Clone 1 vs. Clone 9 were

AVPR1A, PCDHA13, GABRB2, CAND2, GRMS8, GUCY2D, PAK6, TPTE, PHYHIPL and SYTL5

(Table 5.5). Whereas the top 10 highly down-regulated genes for Clone 1 vs. Clone 9 were

DNASE2B, JAKMIP1, KRT6C, CYP4F11, TFF3, KNDC1, TMPRSS6, AGT, SMOC2 and CAPN13

(Table 5.6).
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Figure 5.10. The RNA-Seq scatter plot of Clone 1 vs. Clone 9. The plot showed the up or
down-regulated genes between Clone 1 vs. Clone 9. The horizontal line indicated the
significance threshold (p < 0.05), and the vertical lines indicated the FC threshold (> 1/ < -
1). Non-differentially expressed genes were indicated with blue dots and differentially

expressed genes were indicated with red dots.

Image created by Barry Digby.

Differentially Expressed Genes
Clone1 vs Clone9

Figure 5.11. The RNA-Seq heatmap of Clone 1 vs. Clone 9. The heat map showed
differentially expressed genes in Clone 1 vs. Clone 9. Red indicated high expression, blue
indicated low expression and white indicated no significant difference between Clone 9 vs.
Control.

Image created by Barry Digby.
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Table 5.5. Top 10 up-regulated gene in Clone 1 vs. Clone 9.

Gene Chromosome | Description Log2FC Adj P-value
AVPR1A 12 arginine vasopressin receptor 1A 11.14307 1.66E-15
PCDHA13 protocadherin alpha 13 9.696594 1.28E-11
GABRB2 gamma-aminobutyric acid type A receptor 9.207707 2.56E-10
subunit beta2
CAND2 3 cullin associated and neddylation dissociated 8.924685 2.40E-09
2 (putative)
GRMS8 7 glutamate metabotropic receptor 8 8.870741 1.34E-09
GUCY2D 17 guanylate cyclase 2D, retinal 8.863316 1.58E-09
PAK6 15 BUB1B-PAK6 readthrough 8.821866 3.16E-13
TPTE 21 transmembrane phosphatase with tensin 8.767224 1.11E-12
homology
PHYHIPL 10 phytanoyl-CoA 2-hydroxylase interacting 8.755069 3.83E-09
protein like
SYTL5 X synaptotagmin like 5 8.710789 5.44E-09
Table 5.6. Top 10 down-regulated gene in Clone 1 vs. Clone 9.
Gene Chromosome Description Log2FC Adj P-value
DNASE2B 1 deoxyribonuclease 2 beta -10.1262 1.55E-12
JAKMIP1 4 janus kinase and microtubule interacting -9.76368 2.19E-11
protein 1
KRT6C 12 keratin 6C -9.5223 9.41339E-06
CYP4F11 19 cytochrome P450 family 4 subfamily F -9.52121 3.24E-11
member 11
TFF3 21 trefoil factor 3 -9.5026 6.99E-10
KNDC1 10 kinase non-catalytic C-lobe domain containing | -9.22146 9.01E-10
1
TMPRSS6 22 transmembrane serine protease 6 -9.06823 2.30E-08
AGT 1 angiotensinogen -9.00205 2.97E-09
SMoc2 6 SPARC related modular calcium binding 2 -8.95718 9.83E-14
CAPN13 2 calpain 13 -8.91034 3.70E-13
5.2.3 Gene set enrichment analysis

Gene set enrichment analysis (GSEA) was performed using GSEA software (420). The

dataset was normalised using DESeq2 median of ratios method and parsed to .gct format

using custom bash scripts as input to GSEA. Parameters that deviate from the default

settings are described below:
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1. Permutation Type: Gene Set was chosen for this parameter as the number of
samples per phenotype was below 7, thus phenotype shuffling was not feasible for
this option.

2. Metric for Ranking Genes: T-test uses the difference of means scaled by the
standard deviation and number of samples, as opposed to the default signal-to-
noise metric that uses the difference of means scaled by the standard deviation,

without taking into account the number of samples.

5.2.3.1 Hallmark gene enrichment

Molecular Signatures Database (MSigDB) has comprehensive databases for gene sets and
is widely used for GSEA (421). The hallmark gene sets were generated by computational
methodology based on identifying overlaps between gene sets in other MSigDB collections
and retaining genes that display coordinated expression. These gene sets summarise and
represent specific well-defined biological states or processes and display coherent
expression. The hallmarks efficiently condense most of the related information from the
original founder sets by decreasing both variation and redundancy hence, deliver more

refined and concise inputs for GSEA.

5.2.3.11 Hallmark gene enrichment in Clone 1 vs. Control

GSEA of Clone 1 vs. Control revealed positive enrichments of hallmark gene sets for Clone
1in ‘terms’ of proliferation and cell cycle (e.g. E2F_TARGETS, G2M_CHECKPOINT), wound
healing, fibrosis and metastasis (e.g. EPITHELIAL_MESENCHYMAL_TRANSITION,
APICAL_JUNCTION, TGF_BETA_SIGNALING), cell signalling (e.g. HEDGEHOG_SIGNALING,
KRAS_SIGNALING_DN) and DNA repair (e.g. SPERMATOGENESIS) (Table 5.7, Figure 5.12).
Whereas the enriched hallmark pathway for the Control cell line was associated with
canonical AR functions and Iuminal differentiation (e.g. ANDROGEN_RESPONSE,
FATTY_ACID_METABOLISM, P53_PATHWAY) (Table 5.8, Figure 5.12).
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Table 5.7. Clone 1 vs. Control hallmark gene sets enrichment pathway for Clone 1.

Name Normalised NOM.p.val
Enrichment Score
(NES)
HALLMARK_E2F TARGETS 1.7182336 0
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION | 1.647743 0
HALLMARK_HEDGEHOG_SIGNALING 1.6068962 0.010835913
HALLMARK_SPERMATOGENESIS 1.596519 0.0027894
HALLMARK_KRAS_SIGNALING_DN 1.533521 0.004
HALLMARK_G2M_CHECKPOINT 1.5132686 0.001283697
HALLMARK_APICAL_JUNCTION 1.4458987 0.006451613
HALLMARK_TGF_BETA_SIGNALING 1.4371105 0.041853514

E2F_TARGETS
EPITHELIAL_MESENCHYMAL_TRANSITION
HEDGEHOG_SIGNALING
SPERMATOGENESIS
KRAS_SIGNALING DN
G2M_CHECKPOINT

APICAL_JUNCTION
TGF_BETA_SIGNALING

P53_PATHWAY
XENOBIOTIC_METABOLISM
BILE_ACID_METABOLISM
OXIDATIVE_PHOSPHORYLATION
INTERFERON_GAMMA_RESPONSE
FATTY_ACID METABOLISM
MTORC1_SIGNALING
ANDROGEN_RESPONSE
REACTIVE_OXYGEN_SPECIES_PATHWAY
INTERFERON_ALPHA_RESPONSE

Pathway

Hallmark pathways NES from GSEA
Clone1 vs Control

-1 1
Normalized Enrichment Score

n
o

Enrichment

Clone1

. Control

Figure 5.12. Enriched Hallmark pathways plot for both Clone 1 and Control according to

normalised enrichment score (NES).

Image created by Barry Digby.
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Table 5.8. Clone 1 vs. Control hallmark gene sets enrichment pathway for Control.

Name Normalised Enrichment Score NOM.p.val
(NES)
HALLMARK_INTERFERON_ALPHA_RESPONSE -2.198988
HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWA | -2.0053463
Y
HALLMARK_ANDROGEN_RESPONSE -1.7316155 0
HALLMARK_MTORC1_SIGNALING -1.6639274 0
HALLMARK_FATTY_ACID_METABOLISM -1.6512092 0
HALLMARK_INTERFERON_GAMMA_RESPONSE -1.5193813 0.004405286
HALLMARK_OXIDATIVE_PHOSPHORYLATION -1.44698 0
HALLMARK_BILE_ACID_METABOLISM -1.4120221 0.039007094
HALLMARK_XENOBIOTIC_METABOLISM -1.4071633 0.004385965
HALLMARK_P53_PATHWAY -1.2958128 0.020618556

5.23.1.2

Hallmark gene enrichment in Clone 9 vs. Control

GSEA of Clone 9 vs. Control revealed positive enrichments of hallmark gene sets for Clone

9 in ‘terms’ of  wound healing,  fibrosis  and metastasis (e.g.
EPITHELIAL_MESENCHYMAL_TRANSITION), and cell signalling (e.g. NOTCH_SIGNALING,
KRAS_SIGNALING) (Table 5.9, Figure 5.13). Whereas the enriched hallmark pathway for

Control was associated with canonical AR functions (e.g. ANDROGEN_RESPONSE) (Table

5.10, Figure 5.13).

Table 5.9. Clone 9 vs. Control hallmark gene sets enrichment pathway for Clone 9.

Name Normalised Enrichment Score | NOM.p.val
(NES)

HALLMARK_NOTCH_SIGNALING 1.8992859

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITIO | 1.8033924

N

HALLMARK_INTERFERON_GAMMA_RESPONSE 1.7285744 0

HALLMARK_MYOGENESIS 1.7199115 0

HALLMARK_COAGULATION 1.5855019 0.001972387

HALLMARK_ALLOGRAFT_REJECTION 1.5018028 0.013888889

HALLMARK_KRAS_SIGNALING_DN 1.3872683 0.02636535

HALLMARK_KRAS_SIGNALING_UP 1.3534801 0.03219697

HALLMARK_ESTROGEN_RESPONSE_LATE 1.3402249 0.022132797

HALLMARK_ESTROGEN_RESPONSE_EARLY 1.3242459 0.03137255
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Figure 5.13. Enriched Hallmark pathways plot for both Clone 9 and Control according to
NES.

Image created by Barry Digby.

Table 5.10. Clone 9 vs. Control hallmark gene sets enrichment pathway for Control.

Name Normalised Enrichment Score (NES) NOM.p.val
HALLMARK_ANDROGEN_RESPONSE -2.2623067 0
HALLMARK_PROTEIN_SECRETION -1.8531822 0
HALLMARK_MTORC1_SIGNALING -1.720772 0
HALLMARK_UNFOLDED_PROTEIN_RESPONS | -1.3650557 0.038854804
E

5.2.3.1.3 Hallmark gene enrichment in Clone 1 vs. Clone 9

GSEA of Clone 1 vs. Clone 9 revealed positive enrichments of Hallmark gene sets for Clone
1 in ‘terms’ of proliferation and cell cycle (e.g. E2F_TARGETS, G2M_CHECKPOINT), wound
healing, fibrosis and metastasis (e.g. APICAL JUNCTION, TGF_BETA_SIGNALING), cell
signalling (e.g. HEDGEHOG_SIGNALING, KRAS_SIGNALING_DN) and DNA repair (e.g.
SPERMATOGENESIS) (Table 5.11, Figure 5.14). Whereas the enriched hallmark pathway for
Clone 9 was associated with luminal differentiation (e.g. FATTY_ACID_METABOLISM,
P53_PATHWAY) (Table 5.12, Figure 5.14).
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Table 5.11. Clone 1 vs. Clone 9 hallmark gene sets enrichment pathway for Clone 1.

Name Normalised Enrichment Score NOM.p.val
(NES)
HALLMARK_E2F_TARGETS 1.7742442 0
HALLMARK_HEDGEHOG_SIGNALING 1.6965327 0.013062409
HALLMARK_TGF_BETA_SIGNALING 1.5920576 0.011204482
HALLMARK_G2M_CHECKPOINT 1.5769154 0.001182033
HALLMARK_SPERMATOGENESIS 1.5304968 0.012
HALLMARK_KRAS_SIGNALING_DN 1.477232 0.01010101
HALLMARK_APICAL_JUNCTION 1.3764853 0.024271844
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Figure 5.14. Enriched Hallmark pathways plot for both Clone 1 and Clone 9 according to
NES.
Image created by Barry Digby.

Table 5.12. Clone 1 vs. Clone 9 gene sets enrichment pathway for Clone 9.

Name Normalised Enrichment Score NOM.p.val
(NES)

HALLMARK_INTERFERON_ALPHA_RESPONSE -2.4399471

HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWA | -2.0002444

Y

HALLMARK_INTERFERON_GAMMA_RESPONSE -1.9965045 0
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HALLMARK_BILE_ACID_METABOLISM -1.660734 0
HALLMARK_FATTY_ACID_METABOLISM -1.6281723 0
HALLMARK_XENOBIOTIC_METABOLISM -1.5123318 0
HALLMARK_OXIDATIVE_PHOSPHORYLATION -1.434762 0
HALLMARK_GLYCOLYSIS -1.433255 0
HALLMARK_P53_PATHWAY -1.4146837 0.006896552
HALLMARK_PEROXISOME -1.3843288 0.038961038

5.2.3.2 Integrative Analysis of Kyoto Encyclopaedia of Genes and Genomes (KEEG)

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) database is a resource for
understanding high-level functions and utilities of the biological system, such as the cell,
the organism and the ecosystem, from molecular-level information, especially large-scale
molecular datasets generated by genome sequencing and other high-throughput

experimental technologies (422).

523.21 KEGG in Clone 1 vs. Control

Analysis of Clone 1 vs. Control identified 16 pathways that were significantly enriched for
Clone 1 (Table 5.13 and Figure 5.15) and 23 pathways for Control (Table 5.14, Figure 5.15).
The majority of Clone 1 KEEG pathways were associated with calcium homeostasis and
signalling such as KEGG_ HCM, KEGG_ARVC, KEGG_LONG_TERM_DEPRESSION,
KEGG_DILATED_CARDIOMYOPATHY, KEGG_TASTE_TRANSDUCTION and
KEGG_CALCIUM_SIGNALIN.  Other cancer signal transduction pathways such as
KEGG_TGF_BETA_SIGNALING, KEGG_MAPK_SIGNALING and lastly cell coordination such as
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION, KEGG_AXON_GUIDANCE,
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION and
KEGG_REGULATION_OF ACTIN_CYTOSKELETON were also identified.

Table 5.13. KEGG pathways associated with Clone 1.

Name Normalised NOM.p.val
Enrichment
Score (NES)

KEGG_HYPERTROPHIC_CARDIOMYOPATHY_HCM 2.1290123 0
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION 2.0008655 0
KEGG_TGF_BETA_SIGNALING_PATHWAY 1.8861989 0
KEGG_ARRHYTHMOGENIC_RIGHT_VENTRICULAR_CARDIOMYOPAT | 1.8771864 0

HY_ARVC
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KEGG_LONG_TERM_DEPRESSION 1.7600564 0.001494768
KEGG_DILATED_CARDIOMYOPATHY 1.6765262 0.004580153
KEGG_AXON_GUIDANCE 1.6168513 0
KEGG_CELL_CYCLE 1.6020046 0
KEGG_MELANOGENESIS 1.5440861 0.01010101
KEGG_BASAL_CELL_CARCINOMA 1.5192964 0.010752688
KEGG_MATURITY_ONSET_DIABETES_OF_THE_YOUNG 1.519197 0.045075126
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 1.4974877 0.010781671
KEGG_TASTE_TRANSDUCTION 1.472757 0.045813587
KEGG_REGULATION_OF_ACTIN_CYTOSKELETON 1.4368652 0.011627907
KEGG_CALCIUM_SIGNALING_PATHWAY 1.4330951 0.010738255
1.3138214 0.03566879
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Figure 5.15. Enriched KEGG pathways plot for both Clone 1 and Control according to NES.

Image created by Barry Digby.
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Table 5.14. KEGG pathways associated with Control.

Name Normalised NOM.p.val

Enrichment Score

(NES)
KEGG_RIBOSOME -2.8774042 0
KEGG_PROTEASOME -2.174453 0
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM -2.1290758 0
KEGG_PENTOSE_PHOSPHATE_PATHWAY -1.9183646 0.005
KEGG_ALLOGRAFT_REJECTION -1.9174867 0
KEGG_AUTOIMMUNE_THYROID_DISEASE -1.8542013 0
KEGG_TYROSINE_METABOLISM -1.814152 0.005540166
KEGG_PROPANOATE_METABOLISM -1.8096485 0.007633588
KEGG_PEROXISOME -1.8008882 0
KEGG_PHENYLALANINE_METABOLISM -1.7866994 0.002450981
KEGG_VALINE_LEUCINE_AND_ISOLEUCINE_DEGRADATION -1.7844507 0.006097561
KEGG_APOPTOSIS -1.7819197 0
KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM -1.7470502 0.00802139
KEGG_DRUG_METABOLISM_CYTOCHROME_P450 -1.7302134 0
KEGG_PENTOSE_AND_GLUCURONATE_INTERCONVERSIONS | -1.6697093 0.015
KEGG_GLYCEROLIPID_METABOLISM -1.6066929 0.016666668
KEGG_BETA_ALANINE_METABOLISM -1.5704874 0.033333335
KEGG_GRAFT_VERSUS_HOST_DISEASE -1.5459976 0.043956045
KEGG_RETINOL_METABOLISM -1.5437679 0.00867052
KEGG_ARGININE_AND_PROLINE_METABOLISM -1.541852 0.02616279
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_ -1.4721928 0.031847134
P450
KEGG_BUTANOATE_METABOLISM -1.4597449 0.048991356
KEGG_RIG_|_LIKE_RECEPTOR_SIGNALING_PATHWAY -1.3949547 0.04178273

52322 KEGG in Clone 9 vs. Control

KEGG analysis of Clone 9 vs. Control identified 12 pathways that were significantly enriched
for Clone 9 (Table 5.15, Figure 5.16) and 9 pathways for Control (Table 5.16, Figure 5.16).
coordination (i.e.,

The KEEG pathways in Clone 9 were associated with cell

KEGG_AXON_GUIDANCE, KEGG_CAMS, KEGG_ECM_RECEPTOR_INTERACTION and
KEGG_FOCAL_ADHESION) and cancer signal transduction pathways (i.e.,
KEGG_BASAL_CELL_CARCINOMA, KEGG_MELANOGENESIS and

KEGG_HEDGEHOG_SIGNALING).
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Table 5.15. KEGG pathways associated with Clone 9.

Name Normalised NOM.p.val

Enrichment

Score (NES)
KEGG_COMPLEMENT_AND_COAGULATION_CASCADES 1.8473225 0
KEGG_BASAL_CELL_CARCINOMA 1.7862694 0
KEGG_MELANOGENESIS 1.7393768 0
KEGG_AXON_GUIDANCE 1.6028252 0.001988072
KEGG_GLYCOSAMINOGLYCAN_DEGRADATION 1.5991979 0.018416205
KEGG_SYSTEMIC_LUPUS_ERYTHEMATOSUS 1.5635294 0.025540275
KEGG_HEDGEHOG_SIGNALING_PATHWAY 1.4705548 0.046153847
KEGG_CELL_ADHESION_MOLECULES_CAMS 1.4610238 0.0295858
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 1.4229332 0.015841585
KEGG_CALCIUM_SIGNALING_PATHWAY 1.4203799 0.0227704
KEGG_ECM_RECEPTOR_INTERACTION 1.3992882 0.044025157
KEGG_FOCAL_ADHESION 1.3040253 0.03508772
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Figure 5.16. Enriched KEGG pathways plot for both Clone 9 and Control according to NES.

Image created by Barry Digby.
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Table 5.16. KEGG pathways associated with Control.

Name Normalised NOM.p.val

Enrichment

Score (NES)
KEGG_UBIQUITIN_MEDIATED_PROTEOLYSIS -1.7308584 0
KEGG_REGULATION_OF_AUTOPHAGY -1.6981469 0.01629328
KEGG_NITROGEN_METABOLISM -1.6069914 0.027896997
KEGG_PROTEIN_EXPORT -1.6056662 0.01268499
KEGG_BIOSYNTHESIS_OF_UNSATURATED_FATTY_ACIDS -1.5876603 0.027559055
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM -1.5757413 0.03448276
KEGG_ALPHA_LINOLENIC_ACID_METABOLISM -1.5206926 0.04742268
KEGG_NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY -1.4949745 0.021611001
KEGG_RNA_DEGRADATION -1.426167 0.047058824

52323 KEGG in Clone 1 vs. Clone 9

KEGG analysis of Clone 1 vs. Clone 9 identified 12 pathways that were significantly enriched
for Clone 1 (Table 5.17, Figure 5.17) and 29 pathways for Clone 9 (Table 5.18, Figure 5.17).
The majority of Clone 1 KEGG pathways were associated with calcium homeostasis and
signalling (i.e., KEGG_ HCM, KEGG_TASTE_TRANSDUCTION,
KEGG_DILATED_CARDIOMYOPATHY, KEGG_LONG_TERM_POTENTIATION,
KEGG_LONG_TERM_DEPRESSION and KEGG_CALCIUM_SIGNALING) as well as other cancer
signal transduction pathways (i.e., KEGG_TGF_BETA_SIGNALING,
KEGG_MAPK_SIGNALING) and cell coordination (i.e.,
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION and KEGG_AXON_GUIDANCE).
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Table 5.17. KEGG pathways associated with Clone 1.

Name Normalised NOM.p.val
Enrichment Score
(NES)
KEGG_NEUROACTIVE_LIGAND_RECEPTOR_INTERACTION 2.044234 0
KEGG_HYPERTROPHIC_CARDIOMYOPATHY_HCM 1.8545351 0.00140056
KEGG_TGF_BETA_SIGNALING_PATHWAY 1.6945947 0.002688172
KEGG_CELL_CYCLE 1.6161737 0
KEGG_MATURITY_ONSET_DIABETES_OF_THE_YOUNG 1.5446388 0.034653466
KEGG_TASTE_TRANSDUCTION 1.5256346 0.03851852
KEGG_DILATED_CARDIOMYOPATHY 1.5037297 0.013642564
KEGG_DNA_REPLICATION 1.4748116 0.03003003
KEGG_LONG_TERM_POTENTIATION 1.4591323 0.034188036
KEGG_LONG_TERM_DEPRESSION 1.4501323 0.039017342
KEGG_CALCIUM_SIGNALING_PATHWAY 1.434515 0.02457956
KEGG_AXON_GUIDANCE 1.3973556 0.019132653
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Figure 5.17. Enriched KEGG pathways plot for both Clone 1 and Clone 9 according to NES.

Image created by Barry Digby.
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Table 5.18. KEGG pathways associated with Clone 9.

Name Normalised NOM.p.val

Enrichment Score

(NES)
KEGG_RIBOSOME -2.8810968 0
KEGG_PORPHYRIN_AND_CHLOROPHYLL_METABOLISM -2.1584315 0
KEGG_PENTOSE_PHOSPHATE_PATHWAY -2.047728 0
KEGG_PENTOSE_AND_GLUCURONATE_INTERCONVERSIONS -1.9856925 0.002617801
KEGG_ALLOGRAFT_REJECTION -1.9493806 0
KEGG_PEROXISOME -1.9168677 0
KEGG_AUTOIMMUNE_THYROID_DISEASE -1.8886505 0.002702703
KEGG_DRUG_METABOLISM_CYTOCHROME_P450 -1.8680905 0
KEGG_PROTEASOME -1.8533373 0.00310559
KEGG_APOPTOSIS -1.8143264 0
KEGG_PHENYLALANINE_METABOLISM -1.7966727 0.007751938
KEGG_TYROSINE_METABOLISM -1.7862295 0.002762431
KEGG_ANTIGEN_PROCESSING_AND_PRESENTATION -1.7557894 0.003401361
KEGG_GLYCINE_SERINE_AND_THREONINE_METABOLISM -1.7289603 0.008426966
KEGG_FRUCTOSE_AND_MANNOSE_METABOLISM -1.6880517 0.00308642
KEGG_STARCH_AND_SUCROSE_METABOLISM -1.6788396 0.005970149
KEGG_TYPE_|_DIABETES_MELLITUS -1.6626157 0.016620498
KEGG_GRAFT_VERSUS_HOST_DISEASE -1.6516978 0.022959184
KEGG_PROPANOATE_METABOLISM -1.6364313 0.008474576
KEGG_DRUG_METABOLISM_OTHER_ENZYMES -1.6349679 0.017964073
KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS_HEPARAN_SULF | -1.6167312 0.024523161
ATE
KEGG_RETINOL_METABOLISM -1.5591038 0.023809524
KEGG_METABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P4 | -1.5555222 0
50
KEGG_GLYCOSAMINOGLYCAN_DEGRADATION -1.5145516 0.046961326
KEGG_AMINO_SUGAR_AND_NUCLEOTIDE_SUGAR_METABOLI | -1.5034186 0.02507837
SM
KEGG_LINOLEIC_ACID_METABOLISM -1.4976913 0.042713568
KEGG_LYSOSOME -1.459626 0.004694836
KEGG_GLYCOLYSIS_GLUCONEOGENESIS -1.4295211 0.044217687
KEGG_VIRAL_MYOCARDITIS -1.3562151 0.045454547
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5.2.3.3 Integrative Analysis of Gene Networks by Gene Ontology (GO) classifications
In order to identify enriched biological themes within the dataset, the computationally
derived lists of genes dysregulated in the isogenic cell lines were examined by Gene

Ontology (GO) classifications.

5.2.3.3.1 GO biological process in Clone 1 vs. Control

GO Biological Process describe larger processes, or ‘biological programs’ accomplished by
multiple molecular activities. Examples of broad biological process terms are DNA repair or
signal transduction.

GO Biological Process enrichment of Clone 1 vs. Control identified 621 ‘terms’ that
were significantly enriched for Clone 1 and 228 terms for Control. The biological process
enriched for Clone 1 were broadly associated with signal transduction. The top 10 GO
biological process associated with Clone 1 are listed in Table 5.19. Whereas the biological
process enriched for Control were broadly associated with metabolic processes. The top 10

GO biological process associated with Control are listed in Table 5.20.

Table 5.19. Top 10 GO biological process associated with Clone 1.

Name Normalised NOM.p.va
Enrichment |
Score (NES)
GO_NEUROTRANSMITTER_SECRETION 2.2613125 0
GO_REGULATION_OF_POSTSYNAPTIC_MEMBRANE_POTENTIAL 2.2597485 0
GO_GLUTAMATE_RECEPTOR_SIGNALING_PATHWAY 2.2373962 0
GO_SYNAPTIC_TRANSMISSION_GLUTAMATERGIC 2.2147057 0
GO_STARTLE_RESPONSE 2.1895418 0
GO_NEUROMUSCULAR_SYNAPTIC_TRANSMISSION 2.1643927 0
GO_VESICLE_MEDIATED_TRANSPORT_IN_SYNAPSE 2.1391413 0
GO_CELLULAR_RESPONSE_TO_CALCIUM_ION 2.1267343 0
GO_SYNAPTIC_VESICLE_LOCALIZATION 2.1205022 0
GO_REGULATION_OF_SYNAPSE_ASSEMBLY 2.1004996 0
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Table 5.20. Top 10 GO biological process associated with Control.

Name Normalised NOM.p.
Enrichment val
Score (NES)

GO_COTRANSLATIONAL_PROTEIN_TARGETING_TO_MEMBRANE -2.5626125 0

GO_CYTOPLASMIC_TRANSLATION -2.459897

GO_ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO_ENDOPLASMIC_R | -2.4532323
ETICULUM

GO_TRANSLATIONAL_INITIATION -2.4304352
GO_SERINE_FAMILY_AMINO_ACID_METABOLIC_PROCESS -2.4229891
GO_NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PROCESS_NONSENSE_ | -2.2042985 0
MEDIATED_DECAY

GO_SERINE_FAMILY_AMINO_ACID_BIOSYNTHETIC_PROCESS -2.203702 0
GO_L_SERINE_METABOLIC_PROCESS -2.1370127 0
GO_PROTEIN_LOCALIZATION_TO_ENDOPLASMIC_RETICULUM -2.1281812 0
GO_CYTOPLASMIC_TRANSLATIONAL_INITIATION -2.0454428 0

5.2.3.3.2 GO biological process in Clone 9 vs. Control

GO Biological Process enrichment of Clone 9 vs. Control identified 417 ‘terms’ that were
significantly enriched for Clone 9 and 102 ‘terms’ for Control. Top 10 GO biological process
associated with Clone 9 broadly related to signal transduction, and Control were broadly

related with metabolic processes as listed on Table 5.21 and Table 5.22, respectively.

Table 5.21. Top 10 GO biological process associated with Clone 9.

Name Normalised NOM.p.v
Enrichment al
Score (NES)
GO_ENTEROENDOCRINE_CELL_DIFFERENTIATION 2.162511 0.001897
533
GO_GLANDULAR_EPITHELIAL_CELL_DIFFERENTIATION 2.0826008 0
GO_SYNAPTIC_TRANSMISSION_GABAERGIC 2.072216 0
GO_TYPE_B_PANCREATIC_CELL_DEVELOPMENT 2.0456526 0
GO_METANEPHRIC_NEPHRON_DEVELOPMENT 2.0446446 0
GO_GLANDULAR_EPITHELIAL_CELL_DEVELOPMENT 1.9377226 0.001930
502
GO_CIRCADIAN_SLEEP_WAKE_CYCLE 1.926538 0
GO_REGULATION_OF_SYNAPTIC_TRANSMISSION_GABAERGIC 1.9151865 0
GO_SYNAPTIC_VESICLE_CLUSTERING 1.9041928 0
GO_REGULATION_OF_CELLULAR_RESPONSE_TO_VASCULAR_ENDOTHELIAL_ | 1.9036803 0
GROWTH_FACTOR_STIMULUS
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Table 5.22. Top 10 GO biological process associated with Control.

Name Normalised NOM
Enrichment .p.val
Score (NES)
GO_CELLULAR_RESPONSE_TO_STARVATION -1.9652334 0
GO_POSITIVE_REGULATION_OF_TRANSCRIPTION_FROM_RNA_POLYMERASE_II_ | -1.9472595 0.002
PROMOTER_INVOLVED_IN_CELLULAR_RESPONSE_TO_CHEMICAL_STIMULUS 016
GO_ALPHA_LINOLENIC_ACID_METABOLIC_PROCESS -1.8182136 | 0.001
964
GO_MATING_BEHAVIOR -1.8139457 0.008
368
GO_MRNA_METHYLATION -1.8082647 0.007
797
GO_RESPONSE_TO_STARVATION -1.8022239 0
GO_BRANCHED_CHAIN_AMINO_ACID_METABOLIC_PROCESS -1.7934711 0.005
928
GO_ENDOSOME_TO_PLASMA_MEMBRANE_PROTEIN_TRANSPORT -1.7865623 0.005
893
GO_CYTOPLASMIC_TRANSLATIONAL_INITIATION -1.7763095 0.004
081
GO_CARDIAC_LEFT_VENTRICLE_MORPHOGENESIS -1.7726148 0.004
065

5.2.3.33 GO biological process in Clone 1 vs. Clone 9

GO Biological Process enrichment of Clone 1 vs. Clone 9 identified 460 ‘terms’ that were

significantly enriched for Clone 1 and 258 terms for Clone 9. Top 10 GO biological process

associated with Clone 1 were largely related with signal transduction and Clone 9 were

largely related with protein translation as listed in Table 5.23 and Table 5.24, respectively.
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Table 5.23. Top 10 GO biological process associated with Clone 1.

Name Normalised NOM.p.v
Enrichment al
Score (NES)
GO_NEUROMUSCULAR_SYNAPTIC_TRANSMISSION 2.3338258 0
GO_REGULATION_OF_POSTSYNAPTIC_MEMBRANE_POTENTIAL 2.280913 0
GO_SYNAPTIC_TRANSMISSION_GLUTAMATERGIC 2.1426601 0
GO_NEUROTRANSMITTER_SECRETION 2.1417553 0
GO_GLUTAMATE_RECEPTOR_SIGNALING_PATHWAY 2.1211474 0
GO_STARTLE_RESPONSE 2.0995364 0
GO_CHEMICAL_SYNAPTIC_TRANSMISSION_POSTSYNAPTIC 2.0944338 0
GO_NEUROTRANSMITTER_TRANSPORT 2.064192 0
GO_HOMOPHILIC_CELL_ADHESION_VIA_PLASMA_MEMBRANE_ADHESION | 2.0190928 0
_MOLECULES
GO_IONOTROPIC_GLUTAMATE_RECEPTOR_SIGNALING_PATHWAY 2.0156271 0

Table 5.24. Top 10 GO biological process associated with Clone 9.

Name Normalised NOM.p.
Enrichment val
Score (NES)

GO_COTRANSLATIONAL_PROTEIN_TARGETING_TO_MEMBRANE -2.686811

GO_ESTABLISHMENT_OF_PROTEIN_LOCALIZATION_TO_ENDOPLASMIC_RET | -2.4537783
ICULUM
GO_TRANSLATIONAL_INITIATION -2.2959065
GO_URONIC_ACID_METABOLIC_PROCESS -2.1917844

GO_ANTIGEN_PROCESSING_AND_PRESENTATION_OF_ENDOGENOUS_ANTI | -2.1823068
GEN
GO_CYTOPLASMIC_TRANSLATION -2.169783

GO_MITOCHONDRIAL_TRANSLATIONAL_TERMINATION -2.1679337

GO_NUCLEAR_TRANSCRIBED_MRNA_CATABOLIC_PROCESS_NONSENSE_M | -2.1236372
EDIATED_DECAY

GO_PROTEIN_LOCALIZATION_TO_ENDOPLASMIC_RETICULUM -2.1138113 0
GO_TRANSLATIONAL_TERMINATION -2.110328
52334 GO molecular function in Clone 1 vs. Control

Molecular-level activities are performed by gene products. Molecular function ‘terms’
describe activities that occur at the molecular level, such as “catalysis” or “transport”. GO
molecular function terms represent activities rather than the entities (molecules or
complexes) that perform the actions, and do not specify where, when, or in what context
the action takes place. Molecular functions generally correspond to activities that can be

performed by individual gene products (i.e. a protein or RNA), but some activities are
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performed by molecular complexes composed of multiple gene products. GO molecular

function enrichment of Clone 1 vs. Control identified 108 ‘terms’ that were significantly

enriched for Clone 1 and 45 ‘terms’ for Control. The top 10 GO molecular function

associated with Clone 1 were broadly related with signal transduction, and in Control were

broadly related with metabolic processes as listed on Table 5.25 and Table 5.26,

respectively.

Table 5.25. Top 10 GO molecular function associated with Clone 1.

Name Normalised NOM.
Enrichment p.val
Score (NES)
GO_POSTSYNAPTIC_NEUROTRANSMITTER_RECEPTOR_ACTIVITY 2.4377992 0
GO_TRANSMITTER_GATED_CHANNEL_ACTIVITY 2.3398015 0
GO_EXTRACELLULAR_LIGAND_GATED_ION_CHANNEL_ACTIVITY 2.3324316 0
GO_NEUROTRANSMITTER_RECEPTOR_ACTIVITY 2.3128905 0
GO_GLUTAMATE_RECEPTOR_ACTIVITY 2.3025975 0
GO_NEUROTRANSMITTER_RECEPTOR_ACTIVITY_INVOLVED_IN_REGULATION_ | 2.2969942 0
OF_POSTSYNAPTIC_MEMBRANE_POTENTIAL
GO_VOLTAGE_GATED_CATION_CHANNEL_ACTIVITY 2.2263775 0
GO_GATED_CHANNEL_ACTIVITY 2.1813748 0
GO_VOLTAGE_GATED_POTASSIUM_CHANNEL_ACTIVITY 2.1794386 0
GO_VOLTAGE_GATED_ION_CHANNEL_ACTIVITY 2.1438212 0
Table 5.26. Top 10 GO molecular function associated with Control.
Name Normalised NOM.p.v
Enrichment al
Score (NES)
GO_STRUCTURAL_CONSTITUENT_OF_RIBOSOME -2.6302006 | O
GO_COENZYME_BINDING -1.8721524 0
GO_ACTININ_BINDING -1.8334183 0.005434
783
GO_TRANSLATION_FACTOR_ACTIVITY_RNA_BINDING -1.8205868 | 0
GO_OXIDOREDUCTASE_ACTIVITY_ACTING_ON_A_SULFUR_GROUP_OF_DON | -1.8103175 0.012562
ORS_NAD_P_AS_ACCEPTOR 814
GO_SUGAR_TRANSMEMBRANE_TRANSPORTER_ACTIVITY -1.8001765 0.007281
554
GO_TRANSLATION_INITIATION_FACTOR_ACTIVITY -1.7657048 0
GO_DEAMINASE_ACTIVITY -1.7564671 0.009546
54
GO_LIGASE_ACTIVITY_FORMING_CARBON_NITROGEN_BONDS -1.7246658 0.006329
114
GO_CARBOXYLIC_ESTER_HYDROLASE_ACTIVITY -1.713199 0
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5.2.3.35 GO molecular function in Clone 9 vs. Control

GO molecular function enrichment of Clone 9 vs. Control identified 61 ‘terms’ that were
significantly enriched for Clone 9 and 24 ‘terms’ for Control. The top 10 GO molecular
function associated with Clone 9 were broadly related to molecular transport and protein

translation, and in Control, these were broadly similar to Clone 9, as listed in Table 5.27 and

Table 5.28, respectively.

Table 5.27. Top 10 GO molecular function associated with Clone 9.

Name Normalised NOM.p.val

Enrichment

Score (NES)
GO_SULFOTRANSFERASE_ACTIVITY 1.9960977 0
GO_G_PROTEIN_BETA_GAMMA_SUBUNIT_COMPLEX_BINDING 1.8512435 0
GO_CARGO_RECEPTOR_ACTIVITY 1.8335103 0.001988072
GO_AMYLOID_BETA_BINDING 1.7631936 0.001964637
GO_SCAVENGER_RECEPTOR_ACTIVITY 1.7446837 0.005905512
GO_CYCLASE_ACTIVITY 1.7409111 0.00952381
GO_EXTRACELLULAR_MATRIX_STRUCTURAL_CONSTITUENT 1.72654 0.001945525
GO_ALDO_KETO_REDUCTASE_NADP_ACTIVITY 1.7254549 0.009363296
GO_NEUROTRANSMITTER_SODIUM_SYMPORTER_ACTIVITY 1.7162696 0.005586592
GO_PEPTIDE_RECEPTOR_ACTIVITY 1.7093205 0.003929273

Table 5.28. Top 10 GO molecular function associated with Control.

Name Normalised NOM.p.val

Enrichment

Score (NES)
GO_PHOSPHATIDYLINOSITOL_MONOPHOSPHATE_PHOSPHATASE_ACT | -1.8449166 0.002053388
IVITY
GO_OLIGOSACCHARYL_TRANSFERASE_ACTIVITY -1.8135864 0.00407332
GO_RIBOSOME_BINDING -1.7788503 0.001980198
GO_DYNEIN_HEAVY_CHAIN_BINDING -1.7067794 0.006302521
GO_PRE_MRNA_INTRONIC_BINDING -1.7007383 0.01171875
GO_L_AMINO_ACID_TRANSMEMBRANE_TRANSPORTER_ACTIVITY -1.6994603 0.001992032
GO_METHYLATED_HISTONE_BINDING -1.6539514 0.00210084
GO_RAN_GTPASE_BINDING -1.6453956 0.007984032
GO_UBIQUITIN_LIKE_PROTEIN_CONJUGATING_ENZYME_BINDING -1.6181333 0.001988072
GO_NEUTRAL_AMINO_ACID_TRANSMEMBRANE_TRANSPORTER_ACTI | -1.5978385 0.018518519
VITY
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5.2.3.3.6 GO molecular function in Clone 1 vs. Clone 9

GO molecular function enrichment of Clone 1 vs. Clone 9 identified 61 ‘terms’ that were

significantly enriched for Clone 1 and 24 ‘terms’ for Clone 9. The top 10 GO molecular

function associated with Clone 1 were broadly related with signal transduction, and in

Clone 9 were broadly related with molecular transport and protein translation, as listed in

Table 5.29 and Table 5.30, respectively.

Table 5.29. Top 10 GO molecular function associated with Clone 1.

Name Normalise | NOM.

d p.val

Enrichmen

t Score

(NES)
GO_TRANSMITTER_GATED_CHANNEL_ACTIVITY 2.4510996
GO_NEUROTRANSMITTER_RECEPTOR_ACTIVITY_INVOLVED_IN_REGULATION_O | 2.4056387 | O
F_POSTSYNAPTIC_MEMBRANE_POTENTIAL
GO_POSTSYNAPTIC_NEUROTRANSMITTER_RECEPTOR_ACTIVITY 2.398918 0
GO_EXTRACELLULAR_LIGAND_GATED_ION_CHANNEL_ACTIVITY 2.3577325 0
GO_NEUROTRANSMITTER_RECEPTOR_ACTIVITY 2.332242 0
GO_EXCITATORY_EXTRACELLULAR_LIGAND_GATED_ION_CHANNEL_ACTIVITY 2.1747954 | 0O
GO_GLUTAMATE_RECEPTOR_ACTIVITY 2.1449094 0
GO_LIGAND_GATED_ION_CHANNEL_ACTIVITY 2.114721 0
GO_GATED_CHANNEL_ACTIVITY 2.0973275 0
GO_ACETYLCHOLINE_RECEPTOR_ACTIVITY 2.091744 0

Table 5.30. Top 10 GO molecular function associated with Clone 9.
Name Normalised NOM.p.val
Enrichment
Score (NES)

GO_STRUCTURAL_CONSTITUENT_OF_RIBOSOME -2.687951
GO_ANTIOXIDANT_ACTIVITY -2.15491
GO_OXIDOREDUCTASE_ACTIVITY_ACTING_ON_PEROXIDE_AS_ACCE -2.073979
PTOR
GO_FAD_BINDING -2.0352685 0
GO_COENZYME_BINDING -2.0183895 0
GO_SUGAR_TRANSMEMBRANE_TRANSPORTER_ACTIVITY -1.9402193 0.00255102
GO_CARBOXYLIC_ESTER_HYDROLASE_ACTIVITY -1.9340633 0
GO_COFACTOR_BINDING -1.9140542 0
GO_MOLECULAR_CARRIER_ACTIVITY -1.910678 0.005154639
GO_VITAMIN_B6_BINDING -1.8962508 0
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5.3  Discussion

Enzalutamide has been proven to clinically benefit men with PCa (115). However, the
response can be temporary and improvement in OS modest, suggestive of rapid
development of treatment resistance in some men (90). Although previous studies have
identified a number of mechanisms that may be involved in the development of
enzalutamide resistance, the exact mechanisms are still poorly understood (423). The
advent of NGS has not only broadened the understanding of genomic and transcriptomic
architecture of PCa but allowed further means to evaluate the underlying mechanism of
drug resistance and disease progression (222). Thus, providing opportunities for novel
biomarker and therapeutic discovery. This study aimed to examine the transcriptomic
landscape of enzalutamide resistant PCa in vitro in order to understand the disease biology
in concert with the effort of elucidating the mechanisms involved in the development of
enzalutamide resistance.

This study evaluated RNA-Seq data generated from an enzalutamide resistant cell
line panel. A large number of DEGs were identified between Clone 1 vs. Control (2,584 up-
regulated genes and 1,825 down-regulated genes), while less were observed between
Clone 9 vs. Control (395 up-regulated genes and 329 down-regulated genes). This
suggested that Clone 1, the highly resistant clone, was phenotypically very different
compared to the Control cell line and the dysregulated genes may be investigated further
to identify a clinical signature that could be used as biomarker to inform drug resistance or
as a potential for therapeutic targets. A literature search was undertaken to examine the
top 10 highest up-regulated and down-regulated genes according to FC in Clone 1 vs.
Control to evaluate their association with PCa. Two of the highly expressed genes, CNTN1
and PCDH10 were previously described in PCa studies. Yan et al. demonstrated that CNTN1
was overexpressed in both androgen independent cell lines, DU145 and PC-3 cell-derived
PCa stem-like cells, where it enhanced cell invasion through AKT activation and E-cadherin
down-regulation (403), which is part of the key features of EMT. Apart from loss of E-
cadherin, increased cell adhesion molecules (CAM) principally immunoglobulins-like CAMs
(contactins, neural CAM (NCAM), L1CAMs, CAM L1-like (CHL1), neuronal CAM (NrCAM),
and neurofascin (NFASC)) plays a vital role in EMT related cancer progression and
metastasis (424, 425). In this present study, Contactins, LLCAMS, CHL1, NrCAM and NFASC

were up-regulated in Clone 1 vs. Control, thus further supporting the role of EMT in
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enzalutamide resistance. CNTN1 is a neural cell adhesion protein that plays an essential
role in the development of the central nervous system, lineage differentiation, axonal
elongation and formation of neuromuscular junction (426-429). PCDH10, the other highly
expressed gene in Clone 1 vs. Control was previously reported to be frequently
hypermethylated in the serum of people with PCa and was significantly associated with
aggressive disease such as higher Gleason score, lymph node metastasis and advanced
clinical stage (404). Elevated PCDH10 expression in the strongly enzalutamide resistant
clone compared to drug sensitive cells (used in this study) was in contrast to the traditional
view where DNA methylation is accompanied by suppression of gene expression (430, 431).
This may be explained by a recent study that showed a strong association between DNA
hypermethylation and concurrent gene overexpression in PCa (430).

Two of the highly down-regulated genes in Clone 1 vs. Control, Transient Receptor
Potential Cation Channel Subfamily M member 8 (TRPMS8) and Leucine Rich Repeat
Transmembrane Neuronal 3 (LRRTM3) were previously described in PCa studies (397, 406).
Numerous studies in the literature have implicated that alterations in Ca2+ homeostasis
are involved in PCa development and metastasis (432, 433). Transient Receptor Potential
(TRP) ion channel superfamily are involved in all the hallmarks of cancer, while their
expression levels are associated with the development and progression of many epithelial
cancers (434, 435). The alteration of TRP expression affects intracellular Ca2+
concentrations and, consequently, processes involved in carcinogenesis, such as
proliferation, migration and apoptosis (436). TRPMS8 is a non-selective calcium permeable
ion channel that is involved in calcium homeostasis directly (406) and can be regulated by
androgens or the AR (437). Studies have demonstrated that TRPMS8 has a dual role in PCa
depending on the androgen sensitivity status (406). Overexpression of TRPMS8 has an anti-
proliferative effect in androgen independent PCa cells (PC3 and DU-145), but a pro-
proliferative effect in androgen dependent PCa cells (LNCaP) (406). Furthermore, studies
have also shown that TRPMS8 loss of expression was positively correlated with aggressive
androgen-independent PCa and the use of TRPMS8 blocker exerted anti-proliferative, anti-
migratory and anti-apoptotic effects in PCa cells (406). Multiple mechanisms of
enzalutamide resistance have been defined, however, studies in the literature on the
involvement of calcium homeostasis in enzalutamide resistance are scarce (438). Another

highly down-regulated gene in Clone 1, LRRTM3 was supressed in LNCaP cells treated with
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androgen therapy, however, LRRTM3 depletion was shown to have no effect on Androgen
independent growth (405).

The hallmarks GSEA condense information across multiple gene sets by highlighting
genes that display coordinate expression and denote well-defined biological processes,
hence decreasing discrepancy and redundancy resulting in a superior defined biological
space for GSEA analysis. Hallmarks enrichment analysis of DEGs in Clone 1 vs. Control
revealed eight distinct pathways. Interestingly, EMT was one of the hallmark pathways
enriched along with other two pathways, which was reported to be closely related to EMT,
known as TGF-B signalling and apical junctions. The EMTome serves as a platform and
resource to interrogate EMT-signatures across tumour sub-types (439). The EMTome
study, identified 314 genes with significant frequency in the literature as being correlated
with EMT and performed cancer hallmark enrichment analysis showing that these genes
were enriched in ‘terms’ related to EMT, angiogenesis, TGF-f signalling pathway and apical
junctions (439). Furthermore, DEG analysis for KEGG showed that the DEGs in Clone 1 vs.
Control were enriched for ‘terms’ broadly related to morphological changes since alteration
in cell adhesion, cell to cell contact and mobility was involved. This was represented by
‘terms’ such as neuroactive ligand receptor interaction, cytokine receptor interaction, axon
guidance and regulation of actin cytoskeleton. Additionally, several signalling pathways
were identified such as TGF-f pathway and MAP Kinase pathway, which has been described
to regulate and mediate EMT previously (440). Additionally, a number of enriched KEGG
‘terms’ were broadly related to calcium homeostasis and signalling such as hypertrophic
cardiomyopathy, dilated cardiomyopathy, calcium signalling, long term depression and
taste transduction. A recent study by O’Reilly and colleagues demonstrated that increased
in store-operated calcium entry through voltage gated calcium channels CaV1.3 promoted
resistance to bicalutamide in PCa (441). Thus, calcium homeostasis and signalling may be
involved in the development of enzalutamide resistant PCa.

The top 10 GO biological process for Clone 1 vs. Control were broadly related to
cellular processes involving cell communication (neurotransmitter secretion, glutamate
receptor signalling, synaptic transmission glutamatergic and neuromuscular synaptic
transmission), cellular component organisation, localisation and response to stimulus
(regulation of synapse assembly, synaptic vesicle localisation and cellular response to

calcium ion) supporting the role of EMT in enzalutamide resistance. Moreover, the top 10
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GO molecular process for Clone 1 vs. Control were largely related to molecular transducer
activity (neurotransmitter receptor activity, postsynaptic neurotransmitter receptor
activity, neurotransmitter receptor activity involved in regulation of postsynaptic
membrane potential and glutamate receptor activity) and transporter activity (gated
channel activity, transmitter gated channel activity, extracellular ligand gated ion channel
activity, voltage gated cation channel activity, voltage gated potassium channel activity and
voltage gated ion channel activity). The GO molecular transducer activity further suggested
that EMT plays a role in the development of enzalutamide resistance in PCa. It is worth
noting that the enrichment in transporter activity raised the notion of the possible
importance of membrane transporters in enzalutamide resistance. Overexpression of the
ATP binding cassette (ABC) transporter superfamily has been well recognised as a reason
of multi drug resistance in cancer cells, whereby the chemotherapeutics can be exported
out of the cell (442). However, the down-regulation of ABC transporters has also been
shown to influence cellular phenotypes associated with differentiation, migration and
invasion across tumour subtypes (443, 444). In this study, ABCC11, ABCC2, ABCA10, ABCA5
and ABCA3 were up-regulated in Clone 1 vs. control while ABCC4, ABCA12, ABCA4, ABCCl,
ABCD1 and ABCA17P were down-regulated.

In summary, GO enrichment analysis showed that the DEGs in Clone 1 vs. Control
were enriched in the regulation of cell communication as well as transducer activity, and
KEGG pathway analysis found that the DEGs were closely associated with cell adhesion, cell
to cell contact and mobility. This suggests that EMT has an important role in development
of enzalutamide resistance. This was further supported by hallmark gene set enrichment,
which revealed EMT as one of the major pathways enriched. In addition, GO and KEGG
enrichment analysis also showed that the DEGs in Clone 1 vs. Control were enriched in
transporter activity and calcium signalling, respectively. Overall, this RNA-Seq study of the
enzalutamide resistant panel highlighted several pathways that may provide more insight
into the molecular mechanism of enzalutamide resistance PCa such as EMT, membrane
transporter and Calcium homeostasis. Overall, this study represents an essential first step
in understanding the dynamic changes to the transcriptomic nature of enzalutamide

resistance PCa in vitro.
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Chapter 6 - EMT and neuroendocrine differentiation in enzalutamide

resistant PCa
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6.0 Introduction
The role of the AR signalling axis has served as the foundation for the current understanding
of the molecular mechanisms behind the progression of PCa. The progression of PCa to
CRPC and subsequent drug resistance may involve the cross talk of the AR with other
important signalling pathways (445). The EMT pathway is of particular interest in such cross
talk as it has been shown to be a hallmark of metastatic cancer spread and there is evidence
demonstrating the involvement of AR signalling pathways in the regulation of EMT (211).
Furthermore, recent in vitro studies have implicated EMT in inducing PCa resistance to ADT
and chemotherapy (446, 447). For instance, gene expression profiling of cabazitaxel
resistant PCa cells showed alterations in the expression of EMT marker profiles specifically,
the increased expression of mesenchymal markers and decreased expression of the
epithelial markers compared to parental controls (446). In addition, Shiota et al. reported
that Twist is up-regulated during ADT and enzalutamide treatment of PCa cell lines (447).
Moreover, there is growing clinical evidence implicating EMT as a cellular mechanism
conferring drug resistance and progression of metastases. For instance, Puhr et al. have
shown that a docetaxel resistant PCa cell line acquired EMT, which was facilitated by
reduced expression of miR-200c and miR-205 (448). Apart from the association of EMT with
the AR signalling pathway, numerous circRNAs have also been implicated in the regulation
of EMT in cancer, however, the mechanisms remain unclear (449). Studies have shown that
circRNAs can regulate EMT by affecting EMT-related signalling pathways such as TGF-f and
Wnt and certain circRNAs may directly control the expression of cell adhesion molecules
and cytoskeletal proteins (449). Such deregulated circRNAs can act as either tumour
suppressors or oncogenes to control cell proliferation, migration and metastasis (449).
Besides EMT, neuroendocrine prostate carcinoma (NEPCa) differentiation is an
increasingly recognised mechanism of resistance to AR targeted therapy involving epithelial
plasticity. These PCa cells show low to absent AR expression accompanied by expression of
neuroendocrine features, which arise from divergent clonal evolution of CRPC
adenocarcinoma cells because of selective pressure from ADT (450). NEPCa is histologically
different from PCa, which is featured by the presence of small round blue neuroendocrine
cells that do not secrete PSA, however, they may express neuroendocrine markers such as
chromogranin A, synaptophysin, and neuron specific enolase (NSE) (451). Indeed the
frequency of NEPCa has been rising steadily due to increased utilisation of more potent
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ADTs, with one study showing at least 25% of PCa autopsies with signs of NEPCa (452). The
mechanism and molecular transformation to this disease remain incompletely understood
(450).

There are however limited studies evaluating the full spectrum of genomic
alterations in enzalutamide resistant PCa cell lines and the relationship between EMT,
NEPCa and drug resistance. Thus, identifying key signatures in EMT and/or NEPCa-
activating signalling pathways in enzalutamide resistant PCa is vital to understanding the

functional contribution of EMT and/or NEPCa to the development of enzalutamide failure.

6.1  Experimental aims
To this end, the hypothesis of this work was that unique EMT or NEPCa signatures might
play an important role in enzalutamide resistant PCa. Thus, RNA-Seq analysis of the
enzalutamide resistant isogenic cell lines to evaluate the transcriptomic landscape changes
was performed as part of the effort to identify possible EMT and NEPCa signatures.
This study had the following aims:
1. Determine EMT expression in enzalutamide resistant PCa through the interrogation
of RNA-Seq data
2. Validate the changes in gene expression for common EMT regulators
3. Assess the changes in common EMT regulators at the protein level
4. Determine a molecular signature of neuroendocrine expression in enzalutamide
resistant PCa through the interrogation of RNA-Seq data

5. Validate the changes in gene expression for common neuroendocrine regulators
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6.2. EMT gene expression profile from RNA-Seq of enzalutamide resistance panel
The EMT pathway was investigated further as it was significantly enriched in the Hallmark
pathway and is associated with drug resistance. All 1184 EMT genes provided by dbEMT

(http://www.dbemt.bioinfo-minzhao.org/download.cgi) (453) were downloaded. Next,

differentially expressed genes in Clone 1 vs. Control, Clone 9 vs. Control and Clone 1 vs.
Clone 9 that were present in the dbEMT list were selected. This returned a statistically

significant set of genes involved in the EMT pathway (adjusted p-value < 0.05).

6.2.1 EMT gene expression profile in Clone 1 vs. Control

Of the 1184 EMT genes, there were 177 up-regulated and 118 down-regulated in Clone 1
vs. Control (Figure 6.0) and the top 10 up-regulated and down-regulated genes are listed in
Table 6.0 and Table 6.1, respectively. A literature search was performed to evaluate the
association of the top 10 up-regulated and down-regulated genes in relation to cancer as
described in Table 6.0 and Table 6.1. All the top 10 up-regulated genes associated with
EMT, were described in the literature as having a role as oncogenes in facilitating tumour
migration and aggressiveness. Four out of the top 10 down-regulated genes associated with
EMT were described as tumour suppressors, whereas the rest of the six genes were

described as oncogenes in the literature.
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http://www.dbemt.bioinfo-minzhao.org/download.cgi

Figure 6.0. The heatmap of RNA-Seq in Clone 1 vs. Control. The heatmap shows the
upregulation and down-regulation of genes related to EMT in Clone 1 vs. Control. Red
indicated high expression, blue indicated low expression and white indicated no significant
difference between Clone 1 vs. Control.

Image created by Barry Digby.

Table 6.0. Top 10 up-regulated EMT associated genes in Clone 1 vs. Control.

Gene

Description

Log2 FC

P-value

Functions

CNTN1

contactin 1

9.894

4.16E-12

Promotes tumour cell invasion,
migration, and metastasis by
inducing EMT through PIK3CA/AKT
pathway as well as reducing e-
cadherin, increasing n-cadherin and
vimentin in PCa (403, 407).

HGF

hepatocyte growth factor

7.452

1.53E-37

The HGF/c-MET signalling pathway
plays an important role to epithelial-
stromal interactions in PCa, which is
essential for invasive growth,
metastasis and drug resistance (454).

BMP2

bone morphogenetic protein
2

7.295

4.97E-39

BMP2 increased CD44 expression,
facilitated the development of
tumour spheroids and amplified the
population of CD44+/CD24- cells in
MCF-7 breast cancer cells (455).

LGR5

leucine rich repeat containing
G protein-coupled receptor 5

7.145

9.92E-09

LGR5 overexpression promoted
cancer cell mobility and EMT in
breast cancer cells through WNT/B-
catenin signalling pathway (456).
WNT pathway upregulation will
increase B-catenin in the nucleus
leading to increased expression of
numerous genes, in particular Cyclin
D1 (CCND1) which influences the G1
phase of the cell division cycle (457).

MGAT3

beta-1,4-mannosyl-
glycoprotein 4-beta-N-
acetylglucosaminyltransferase

7.006

1.39E-08

MGAT3 suppression resulted in
inhibition of the metastatic
properties of lung cancer cell lines
likely from regulation of EMT process
(458).

PEG10

paternally expressed 10

6.821

6.43E-
200

TGF-B1 up-regulates PEG10 in
hepatocellular carcinoma cells
(HepG2) and promotes cell
migration, invasion and EMT (459).

SOX5

SRY-box transcription factor 5

6.594

2.75E-07

SOX5 expression increased
concordantly with TGF-B-induced
EMT in PCa cells (460). Knockdown
of SOX5 expression mitigated the
EMT process induced by TGF-B
signalling and reduced cell migration
ability in PCa cells (460). Additionally,
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SOX5 could bind to TWIST1 promoter
and increase TWIST1 expression
(460).

GRIN1

glutamate ionotropic receptor
NMDA type subunit 1

6.511

2.44E-36

GRIN1 is part of the ionotropic
glutamate receptors N-methyl-D-
aspartate receptors (NMDARs).
NMDARs consist of multiple protein
subunit complexes that form plasma
membrane ion channels allowing for
transports of cations such as calcium,
which is vital for synaptic
communications, cellular migration
and survival. It was shown that loss
of complex formation between
GRIN1 and GRIN2A mutants
augmented anchorage-independent
growth and increased migration of
melanoma cells (461).

SCUBE2

signal peptide, CUB domain
and EGF like domain
containing 2

6.365

2.25E-21

SCUBE2 overexpression induced EMT
and promoted triple negative breast

cancer aggressiveness through notch
signalling (462).

HPGD

15-hydroxyprostaglandin
dehydrogenase

6.269

1.76E-79

HPGD was highly expressed in
metastatic breast cancer cells and
repression of the gene expression
resulted in a decrease in TGF-
signalling mitigating EMT as well as
in cell migration (463).

Table 6.1. Top 10 down-regulated EMT associated genes in Clone 1 vs. Control.

Gene

Description

Log2 FC

P-value

Functions

TRPMS8

transient receptor potential
cation channel subfamily M
member 8

-8.586

4.83E-17

TRPMS8 has been shown to play a vital
role in the regulation of cell migration
where the activation suppressed PCa
cell migration (464, 465). The loss of
TRPM8 expression was also positively
correlated with the transition to the
androgen-independent aggressive
stage of PCa (464).

CYP3A5

cytochrome P450 family 3
subfamily A member 5

-8.282

4.77E-08

CYP3AGS expression have important
role in AR signalling as it facilitates AR
nuclear translocation and downstream
signalling inducing tumour growth
however more importantly, its
expression variation in tumour cells
can be attributed to gene
polymorphism which can produce
truncated non-functional protein
(466).

LCN2

lipocalin 2

-7.413

8.9E-06

LCN2 down-regulation in PC3 and
DU145 cells reduced cell proliferation,
colony formation, migration, and
invasion (467). Additionally, tumour
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growth was decreased in the LCN2-
knockdown mice (467).

FGFR2

fibroblast growth factor
receptor 2

-6.990

2.94E-06

FGFR2 was identified as a tumour
suppressor (468). FGFR2 could
regulate HIF transcriptional activity
through inhibition of p300 recruitment
by HIF-1/2a hence resulted in a
decrease of HIF transcriptional activity
leading to a reduction in HIF-induced
migration and invasion of PCa cells
(469)

PPARG

peroxisome proliferator
activated receptor gamma

-6.546

8.24E-08

PPARG has tumour suppressive role
and PPARG agonists have shown anti-
proliferative and pro-apoptotic effect
in numerous cancers including PCa and
have entered colorectal cancers
clinical trials (470-473). PPARG
agonists decreased AR levels and
inhibited PCa cell growth (472).

JAG1

jagged canonical Notch ligand 1

-5.507

1.56E-28

JAG1 overexpression correlated with
PCa metastasis and recurrence (474).
JAG1-mediated Notch activation
promoted tumour cell motility by
inducing EMT in breast cancer cells
(475).

CAMK1D

calcium/calmodulin dependent
protein kinase ID

-5.387

1.68E-06

CAMK1D overexpression in non-
tumorigenic breast epithelial cells
promoted molecular and phenotypic
alterations suggestive of EMT featuring
loss of cell-cell adhesions and
increased cell migration and invasion
(476).

SNAI2

snail family transcriptional
repressor 2

-5.085

0.001078

SNAI2 overexpression was related to
poor prognosis in numerous tumour
sub-types (477). SNAI2 up-regulation
has been shown to enhance
proliferation, migration and
invasiveness via EMT in PCa cells (478).

MSX2

msh homeobox 2

-5.051

1.92E-11

MSX2 down-regulation was associated
with poor prognosis in patients with
oral squamous cell cancer and the
expression level was inversely
correlated with the SOX2 in oral cancer
cell lines (479). MSX2 has a tumour
suppression effect on the cancer stem
cell phenotypes of oral squamous cell
carcinoma likely via MSX2-SOX2
signalling pathway (479).

LRG1

leucine rich alpha-2-
glycoprotein 1

-4.874

1.61E-18

LRG1 was upregulated in aggressive
colorectal cancer tissue where it can
promote EMT process through HIF-1a
activation hence increasing cell
migration as well as invasion ability
(480).
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6.2.2 EMT gene expression profile in Clone 9 vs. Control

There were 29 up-regulated and 21 down-regulated EMT related genes in Clone 9 vs.

Control (Figure 6.1) and the top 10 up-regulated and down-regulated genes are listed in

Table 6.2 and Table 6.3, respectively.
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Figure 6.1. The heatmap of RNA-seq in Clone 9 vs. Control. The heatmap shows the

upregulation and down-regulation of genes related to EMT in Clone 9 vs. Control. Red

indicated high expression, blue indicated low expression and white indicated no significant

difference between Clone 9 vs. Control.

Image created by Barry Digby.

Table 6.2. Top 10 up-regulated EMT associated genes in Clone 9 vs. Control.

Gene Description Log2FC P-value

EPB41L3 erythrocyte membrane protein band 4.1 3.276041 0.000165
like 3

CAMK1D calcium/calmodulin dependent protein 2.498816 3.28E-08
kinase ID

HES1 hes family bHLH transcription factor 1 1.953345 2.75E-08

EHD2 EH domain containing 2 1.951967 0.001018

SPOCK1 SPARC (osteonectin), cwcv and kazal like 1.916381 1.69E-10
domains proteoglycan 1

APBB1 amyloid beta precursor protein binding 1.916095 6.42E-12
family B member 1

TNS1 tensin 1 1.913382 1.05E-08

CRYAB crystallin alpha B 1.877286 3.58E-06
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PDE4A

phosphodiesterase 4A

1.841744

9.46E-06

uce2

uncoupling protein 2

1.834781

0.001592

Table 6.3. Top 10 down-regulated EMT associated genes in Clone 9 vs. Control.

Gene Description Log2FC P-value
MAGEC2 MAGE family member C2 -7.63042 1.05E-07
ETV1 ETS variant transcription factor 1 -6.05531 4.65E-58
TRPMS8 transient receptor potential cation channel | -3.01498 2.11E-15
subfamily M member 8
AQP3 aquaporin 3 (Gill blood group) -2.96177 3.38E-16
LRG1 leucine rich alpha-2-glycoprotein 1 -2.13766 7.95E-07
TNFSF15 TNF superfamily member 15 -1.7091 7.93E-08
NRP1 neuropilin 1 -1.53489 5.46E-09
MALAT1 metastasis associated lung adenocarcinoma | -1.45801 2.57E-15
transcript 1
GLS2 glutaminase 2 -1.44155 4.49E-06
SMAD9 SMAD family member 9 -1.36362 6.10E-09

6.2.3 EMT gene expression profile in Clone 1 vs. Clone 9

There were 142 up-regulated and 127 down-regulated EMT related genes in Clone 1 vs.
Clone 9 (Figure 6.2) and the top 10 up-regulated and down-regulated genes are listed in

Table 6.4 and Table 6.5 respectively.
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Figure 6.2. The heatmap of RNA-seq data from Clone 1 vs. Clone 9. The heatmap shows the

upregulation and down-regulation of genes related to EMT in Clone 1 vs. Clone 9. Red

indicated high expression, blue indicated low expression and white indicated no significant

difference between Clone 1 vs. Clone 9.

Image created by Barry Digby.

Table 6.4. Top 10 up-regulated EMT associated genes in Clone 1 vs. Clone 9.

Gene Description Log2FC P-value
HGF hepatocyte growth factor 8.123113 1.32E-16
BMP2 bone morphogenetic protein 2 7.78549 3.16E-19
LGR5 leucine rich repeat containing G protein-coupled 7.704036 1.19€-07
receptor 5
FOXP2 forkhead box P2 7.40889 7.51E-07
SOX5 SRY-box transcription factor 5 7.143269 2.02E-06
HPGD 15-hydroxyprostaglandin dehydrogenase 6.707749 2.08E-53
CNTN1 contactin 1 6.58521 6.72E-08
HOXA13 homeobox A13 6.531738 2.07E-05
SATB1 SATB homeobox 1 6.349207 1.39E-07
SCUBE2 signal peptide, CUB domain and EGF like domain 6.330354 7.27E-13
containing 2
Table 6.5. Top 10 down-regulated EMT associated genes in Clone 1 vs. Clone 9.
Gene Description Log2FC P-value
CAMKI1D calcium/calmodulin dependent protein kinase ID -8.26692 1.96E-12
FGFR2 fibroblast growth factor receptor 2 -7.28842 1.63E-06
LCN2 lipocalin 2 -6.70479 7.45E-05
PPARG peroxisome proliferator activated receptor gamma | -6.37747 1.91E-07
ROR2 receptor tyrosine kinase like orphan receptor 2 -6.27086 8.63E-05
MSX2 msh homeobox 2 -5.90304 9.54E-15
CYP3A5 cytochrome P450 family 3 subfamily A member 5 -5.71217 0.00012
TRPM8 transient receptor potential cation channel -5.33117 1.08E-07
subfamily M member 8
PEBP4 phosphatidylethanolamine binding protein 4 -5.26151 3.08E-10
CRYAB crystallin alpha B -5.19318 5.75E-17

6.2.4 Validation of EMT markers in enzalutamide resistant cell lines at the mRNA level

Custom designed primers (Appendix - Table 1) were used for validation via RT-qPCR for 9

common EMT markers (CDH1/ECAD, CDH2/NCAD, TWIST1, ZEB1, ZEB2, VIM, SNAI2/SLUG,

SNAI1/SNAIL and EPCAM) (439). The epithelial junction markers consisted of ECAD and
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EPCAM whereas the mesenchymal junction markers consisted of NCAD and VIM. The other
five markers are core transcription factors related to EMT (TWIST1, ZEB1, ZEB2, SNAIL and
SLUG) (481). TGF-B signalling markers (TGFB1 and TGFB2) (481), which are associated with
EMT signalling were also included.

ECAD was significantly down-regulated in Clone 1 vs. Control and Clone 9 vs. Control
(FC 0.56 + SEM 0.05, p = 0.023 and FC 0.49 + SEM 0.003, p = 0.096, respectively) (Figure
6.3A). The expression of EPCAM was reduced in Clone 1 vs. Control (FC 0.84 + SEM 0.12, p
= 0.32), however, it was not statistically significant. Even though the expression of EPCAM
was higher in Clone 9 vs. Control (FC 1.7 + SEM 0.05, p = 0.60), the difference was not
significant (Figure 6.3B).

NCAD was significantly up-regulated in Clone 1 vs. Control (FC 126 £+ SEM 0.03, p =
0.0026) but there was no difference between Clone 9 vs. Control (P > 0.05) (Figure 6.4A).
VIM was increased in Clone 9 vs. Control (FC 18 + SEM 0.29, p = 0.008) but no difference
was observed between Clone 1 vs. Control (p > 0.05) (Figure 6.4B).

TWIST and ZEB2 were significantly up-regulated in Clone 1 vs. Control (FC 42 + SEM
1.19, p = 0.001 and FC 2.9 + SEM 0.2, p= 0.023, respectively) but no difference was
identified between Clone 9 vs. Control (p > 0.05) (Figure 6.5A and 6.5B). ZEB1 was highly
up-regulated in Clone 9 vs. Control (FC 498 + SEM 0.2, p < 0.0001) but no difference was
identified between Clone 1 vs. Control (p > 0.05) (Figure 6.5C). SNAIL and SLUG was
significantly down-regulated in Clone 1 vs. Control (FC 0.36 + SEM 0.14, p = 0.04 and FC
0.81 + SEM 0.05, p = 0.002, respectively) but there was no difference between Clone 9 vs.
Control (P > 0.05) (Figure 6.5D and 6.5E).

TGFB1 and TGFB2 were significantly up-regulated in Clone 9 vs. Control (FC 886.9 +
SEM 135.6, p = 0.0005 and FC 109.9 + SEM 31.2, p = 0.0123, respectively) but there was no

difference in Clone 1 vs. Control for both markers (p > 0.05).
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Figure 6.3. mRNA level of epithelial junction marker. (A) CDH1 (ECAD) and (B) EPCAM in
enzalutamide resistant panel. Data graphed as mean + SEM (n=3). Data analysed using an

ordinary one-way ANOVA followed by Tukey’s post hoc test (*p < 0.05).

183



NCAD VIM

Ekk

LEL] k¥

150 | ! | 251 |
Kk
I
20+
1004
154
0 0
L L
104
50-
5-
0 | o 0 * T
Control Clone1  Clone9 Control  Clone1  Cloned
Cell lines Cell lines
(A) (B)

Figure 6.4. mRNA level of mesenchymal junction markers. (A) CDH2 (NCAD), (B) VIM in the
enzalutamide resistant panel. Data graphed as mean + SEM (n=3). Data analysed using an

ordinary one-way ANOVA followed by Tukey’s post hoc test (***p <0.001, ****p <0.0001).
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Figure 6.5. mRNA level of mesenchymal transcription factors. (A) TWIST, (B) ZEB2, (C) ZEB1,
(D) SNAI1 (SNAIL) and (E) SNAI2 (SLUG) in enzalutamide resistant panel. Data graphed as
mean = SEM (n=3). Data analysed using an ordinary one-way ANOVA followed by Tukey’s
post hoc test (*p <0.05, ***p <0.001, ****p < 0.0001).
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Figure 6.6. mRNA level of TGF-B. (A) TGFB1 and (B) TGFB2 in the enzalutamide resistant
panel. Data graphed as mean + SEM (n=3). Data analysed using an ordinary one-way

ANOVA followed by Tukey’s post hoc test (*p < 0.05, ***p < 0.001).

6.2.5 Western blot analysis of EMT proteins in enzalutamide resistant cell lines

Western blot analysis was performed to detect the differences in the expression of the EMT
associated proteins, e-cadherin, n-cadherin and vimentin between the isogenic cell lines.
The expression levels of ECAD in Clone 1 and Clone 9 were lower than Control (FC 0.651 +
SD 0.21, p > 0.05 and FC 0.691 + SD 0.23, p > 0.05) (Figure 6.7A and 6.7B). The trend for
ECAD protein expression was, however, consistent with mRNA expression, which was also
down-regulated in Clone 1 vs. Control and Clone 9 vs. Control (Figure 6.3A). The expression
levels of NCAD in Clone 1 was significantly higher than Control (FC 26.3 +SD 1.5, p =0.0002)

(Figure 6.7C and 6.7D). This was consistent with mRNA expression (Figure 6.4A).
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Figure 6.7. Western blot analysis and quantification of EMT related protein expression in
the enzalutamide resistant panel. (A) ECAD, (B) quantification of ECAD band intensity, (C)
NCAD, and (D) quantification of NCAD band intensity. Data graphed as mean + SD (n=3).
Data analysed using an ordinary one-way ANOVA followed by Tukey’s post hoc test (***p
<0.001). aB-Tubulin was used as a loading control, with protein expression normalised to
loading control. Lane 1-3: Control (n=3); lane 4-6: Clone 1 (n=3); lane 7-9: Clone 9 (n=3);
lane 10: positive control (A = MCF7, C = MCF7).
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6.3  NEPCa gene expression profile from RNA-Seq of enzalutamide resistance panel
The data set for analysing the concordance of differentially expressed genes in LNCaP
Clonel vs. Control samples and NEPCa gene signature sets were derived from Cheng et al.
(482) and Beltran et al. (450). Cheng et al. derived a 12 signature gene set from a literature
review of genes involved in NEPCa progression and a 304 gene signature set derived from
overlapping differentially expressed genes from 3 microarray studies analysing NEPCa vs.
prostate adenocarcinoma (482). The two gene sets were merged, resulting in a 310-gene
signature set. Beltran et al. provided an integrated 70-gene signature NEPCa classifier
developed by using expression data of genes that were prioritised by genomic,

transcriptomic or epigenomic status (450).

6.3.1 NEPCa gene expression profile in Clone 1 vs. Control

The number of differentially expressed genes in Clonel vs. Control that overlapped with
the two NEPCa gene lists provided by Cheng et al. and Beltran et al. were assessed. In total
174 differentially expressed genes in Clone 1 vs. Control overlapped with either, one of two
NEPCa data sets (Figure 6.8 and 6.9). In total, 10 differentially expressed genes in Clone 1
vs. Control were found to be consistently overlapped in both NEPCa data sets (Figure 6.8
and 6.10). The functions of the 10 NEPCa genes in relation to malignant or non-malignant

diseases were evaluated through a review of the literature (Table 6.6).

188



Intersection of DE genes (LNCaP Clone 1 vs. Control)
vs. NEPCa gene signatures

Clone 1 vs. Control Cheng et al.

Beltran et al.

Figure 6.8. Venn diagram of NEPCa gene signature. The diagram showed DEGs in Clone 1

vs. Control data set overlapping with Cheng et al. and Beltran et al. NEPCa data set.

Image created by Barry Digby.
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Figure 6.9. The heatmap of 174 NEPCa gene signature. The heatmap showed the 174
differentially expressed genes in Clone 1 vs. Control that overlapped with Cheng et al. and
Beltran et al. NEPCa data set. Red indicated high expression, blue indicated low expression

and white indicated no significant difference between Clone 1 vs. Control.

Image created by Barry Digby.
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Figure 6.10. The heatmap of 10 NEPCa gene signature. The heatmap showed the 10
differentially expressed genes in Clone 1 vs. Control that overlapped with Cheng et al. and
Beltran et al. NEPCa data set. Red indicated high expression, blue indicated low expression

and white indicated no significant difference between Clone 1 vs. Control.

Image created by Barry Digby.
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Table 6.6. The 10 NEPCa gene signature in Clone 1 vs. Control.

Gene Description Log2FC | P-value Function
NRSN1 neurensin 1 7 64 2 176-6 Important in.neuronal orgfanelle transport
and conduction of nerve signals (483).
janus kinase Part of 4 genes panel that with
and overexpression predicts worse overall
JAKMIP2 | microtubule 7.48 6.51e-10 | survival in PCa and important in vesicle
interacting related function which may aid metastasis
protein 2 (484).
Control synaptic plasticity and dendrite
SEZ6 seizure related 6.87 2 606-5 morphology with overexpression linked to .
6 homolog increased cancer growth and poor prognosis
in multiple malignancies (485).
Increased expression causes cell
tripartite motif proliferation, and impedes cell apoptosis
TRIM9 L 6.48 2.34e-7 through NF-kB signalling pathway in uterine
containing 9 .
leiomyoma and part of the 4 novel
biomarkers for NEPC identified (486).
ETS variant Increased aggressiveness, infiltrative pattern
ETV5 transcription 3.56 1.95e-15 | and migration of PCa cells (487).
factor 5
) Expression correlated with lymph node
SYT11 Slylnaptotagmm 2.35 1.29e-2 metastasis in colon cancer (488).
enhancer of Induced development of CRPC and facilitate
zeste 2 transition of CRPC into a lineage infidelity
eznz | POlvcomb 143 | 150e15 | Stte(489).
repressive
complex 2
subunit
RAB27B, Often repressed in advanced PCa and
RAB27B member RAS 123 5 170.8 i(r;\;%r)sely correlated with PCa outcomes
oncogene .
family
regulator of 2nd ovaian cancer cell development.
RGS10 protein -2.13 1.93e-16 e .
signalling 10 through |nh'|b|t|or1 of G-protein coupled
receptors signalling pathways (491).
tandem C2 Inhibits PI3K-AKT signalling by preventing
TC2N domains, -1.59 1.78e-14 | phosphorylation of p55y and AKT in breast
nuclear cancer (492).

6.3.2 RT-gPCR validation of NEPCa markers in enzalutamide resistance panel

Custom designed primers (Appendix - Table 1) were used for validation via RT-gPCR for four

classical neuroendocrine markers (POU3F2 (BRN2), CHGA (Chromogranin A), ENO2 (NSE)

and SOX2) (493). All three neuroendocrine markers, BRN2, CHGA and NSE were significantly
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up-regulated in Clone 1 vs. Control (FC 21.1 + SEM 5.94, p =0.0014; FC 113.2 + SEM 54.77,
p = 0.046; FC 10.25 + SEM 2.29, p = 0.0061, respectively) (Figure 6.11A, 6.11B and 6.11C).
While there was no difference in expression of SOX2 in Clone 1 vs. Control, the expression
in Clone 9 vs. Control was up-regulated however it did not achieve statistical significance

(Figure 6.11D).
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Figure 6.11. RT-gPCR expression level of neuroendocrine markers. (A) BRN2, (B) CHGA, (C)
NSE, and (D) SOX2 in isogenic cell lines. Data graphed as mean + SEM (n=3). Data analysed
using an ordinary one-way ANOVA followed by Tukey’s post hoc test (*p <0.05, **p <0.01).

6.4  Small molecular compound prediction on the enzalutamide resistance panel
The differentially expressed genes from the NGS data generated from the isogenic cell lines
were used as input to query Connectivity Map (CMap) (494). This was done in order to
elucidate the differences and similarities between drug-induced expression profiles and
disease expression. This was performed as an effort to discover potential small molecular
compounds, which may be used to prevent enzalutamide resistance.

As there were a large number of differentially expressed genes in the enzalutamide
resistance panel returned by DESeq2, filtering strategies were devised for optimal number
of genes selection along with an iterative process to assess the highest connectivity score
returned by each iteration. The differentially expressed genes with a Log2 FCof £ 2 and p
< 0.05 were selected. This was followed by calculation of their quartile range of mean
expression value. The genes with mean expression values below Q2 were excluded from

the analysis. The remaining selected genes were ranked according to their statistical
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significance for input into the PharmacoGx platform (495). The match between these genes
and small molecular compounds from CMap were assessed via connectivity score ranging
between -1 to 1. A positive connectivity score signified agonist properties of the compound
on the query gene signature, while a negative connectivity score indicated antagonistic
properties of the compound on the query gene signature. Connectivity scores below 0.9
and -0.9 represented weak connections.

The analysis returned weak associations with perturbagens for gene signature in
Clone 1 vs. Control (Table 6.7). The top five drugs with negative connectivity scores showed
potential reversal effects of enzalutamide resistant gene expression were Isotretinoin,
5182598, Tretinoin, H-7 dihydrochloride and Lomustine (Table 6.7). Interestingly,
Isotretinoin was previously investigated in a phase Il trial in combination with complete
androgen blockade in people with advanced hormone-naive PCa, which suggests early
addition of lIsotretinoin to first generation antiandrogen treatment enhanced PSA
responses and sustained longer PSA free progression (496). The top 5 drugs with positive
connectivity score, which were identified to mimic enzalutamide effects, were AH-6809,

Cantharidin, Lycorine, Prestwick-864 and Emetine (Table 6.7).

Table 6.7. Potential small molecular compounds. Compounds acting as antagonist
(negative connectivity score) or agonist (positive connectivity score) in enzalutamide

resistance based on dysregulated gene signature in Clone 1 vs. Control.

Perturbagen Connectivity | p value Type of drug Mode of action in general
score drug class
Isotretinoin -0.393115 0.00019855 | Vitamin-A Induces apoptosis in PCa via
derivative FOXO regulation and inhibits
Wnt pathway (497).
5182598 -0.383835 0.00207381 | Benzylisoquinoline Repair the damaged
alkaloids metabolic pathways in

metastatic PCa, and are good
potential therapeutic drugs
for the treatment of
metastatic PCa (498).

Tretinoin -0.380225 0.00024713 | Retinoic acid Inhibit pathways
(synthetic vitamin responsible for EMT possibly
A) through down-regulation of

Wnt pathway (499) and
inhibition of AR splice variant
(500).
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H-7 -0.37404 0.01008903 | Protein kinase Induced a apoptosis in LNCaP
dihydrochloride inhibitor via activation of caspase 3/7
(501).
Lomustine -0.36775 0.02966594 | Alkylating agent Regained of hormonal
sensitivity post Lomustine
and Chlorambucil (502).
AH-6809 0.767275 0.01359326 | Prostaglandin DP- Non-selective EP receptor
receptor blocker antagonist applied to explore
the roles of PGE2/EP2
signalling (503).
Cantharidin 0.366015 0.01613633 Protein Induce cell cycle arrest and
phosphatase 2 apoptosis in the cancer cells
(PP2A) inhibition (504).
Lycorine 0.343545 0.01133656 | Toxic crystalline Reduce proliferation of PCa
alkaloid cell lines, induce apoptosis
and cell death (505).
Prestwick-864 0.32994 0.00226873 | Methylhydantoin-5- | Unknown.
(D) (Imidazolines)
Emetine 0.329915 0.01739822 | Block protein Cytotoxicity in PCa cell lines
synthesis (506).

6.5 Discussion

Recently, numerous studies undertaking comprehensive DNA and RNA sequencing of fresh
frozen tissue samples have facilitated the characterisation of the genomic and
transcriptomic landscape of primary PCa, CRPC, and NEPCa (94, 397, 399, 450). These
studies revealed a heterogeneous set of somatic changes in CRPC and/or NEPCa compared
to primary disease (94, 450). This included alterations such as AR in the form of adaptive
amplification and mutations resulting in resistance of ADT therapies, RB1 mutation and
TP53 deletion in the setting of NEPCa and the identification of alteration in DNA repair
pathways genes, which could be targetable with PARPi, which is of particular relevance to
the clinical setting (94, 399, 450). Besides these, the evolution of PCa to CRPC and
subsequent evolvement of drug resistance may involve the cross talk of AR with other
important signalling pathways such as EMT, given its role in metastatic cancer spread and
implications in development of PCa resistance to ADT and chemotherapy in a number of
recent in-vitro studies (211, 445-447).

The EMT pathway was evaluated further as it was significantly enriched in the
Hallmark pathway of Clone 1 vs. Control. Bioinformatic analysis identified 177 up-regulated
and 118 down-regulated EMT related genes in Clone 1 vs. Control. This suggested a possible

association of EMT in the development of enzalutamide resistance. This may help to
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identify a clinical signature to inform drug resistance during treatment as well as druggable
targets to combat resistance. The functions of the top 10 up-regulated and down-regulated
EMT related genes in relation to cancer were evaluated through a review of the literature.
Interestingly all of the top 10 up-regulated genes were described as oncogenes in the
literature, thus further suggesting that their overexpression could contribute to tumour
growth, invasion and perhaps drug resistance. Indeed, these up-regulated EMT related
genes have been described to induced EMT via signalling pathways such as Wnt, PIK3CA,
TGF-B, cMET, and NOTCH signalling, which are known to play a vital role in tumourigenesis
as well as drug resistance across tumour subtypes (403, 454, 456, 462, 507).

Recently, Wnt pathway activation has been reported as a frequent event in PCa that
enhanced tumour progression and treatment resistance, hence targeting the pathway may
be an effective treatment option (508). The interaction of the Wnt and AR pathways have
been widely studied and shown to regulate AR signalling through numerous mechanisms
either via canonical or non-canonical Wnt signalling (509-511). For instance, it has been
shown that B-catenin and TCF4 interactions increased during androgen deprivation as well
as the up-regulation of Wnt target genes such as LEF1, which promoted the androgen
independent growth of PCa cells (509, 511). Indeed TCF4 and LEF1 were up-regulated in
Clone 1 vs. Control in this study (Log2 FC 1.36, p = 0.000064; and Log2 FC 2.34, p = 2.225e-
20, respectively), which further strengthens the association of EMT in promoting
enzalutamide resistance.

The Wnt signalling pathway offers an attractive option for therapeutic intervention
given that this oncogenic signalling is frequently observed in PCa (508). Currently, several
therapeutic targets have been developed and investigated pre-clinically to treat PCa such
as B-Catenin inhibitors (512, 513). The canonical Wnt signalling requires translocation of B-
catenin from the cell cytoplasm into the nucleus and binds to TCF/LEF transcriptional factor
family and transcription coactivator CBP to activate Wnt target gene transcription (512).
Thus, B-Catenin inhibitors are good therapeutic candidates to inhibit downstream
canonical Wnt signalling. A pre-clinical study investigating B-Catenin inhibitor (CWP232291)
in androgen independent PCa cell lines has shown that the Wnt signalling was reduced by
inhibiting B-catenin activity resulting in repression of Wnt target genes (512). When
CWP232291 treatment was tested in androgen dependent cell lines, the AR and AR splice

variant expression were significantly reduced and additionally, anti-tumour activity was
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observed in primary cells derived from four CRPC patient samples including one with
enzalutamide resistance (512). Many other signalling pathways related to EMT such as
PIK3CA and NOTCH have also been shown to facilitate CRPC via interaction with the AR
pathway (508). This highlights that the development of enzalutamide resistance
encompasses a diverse molecular mechanism under the broad umbrella term of EMT.
Four of the top 10 down-regulated EMT related genes are described as tumour
suppressors from studies in the literature. The other six EMT related genes were described
as oncogenes in the literature but could be explained by the fact that numerous studies
have reported the existence of paradoxical genes where they exhibit both oncogenic and
tumour suppressor functions across different tumour subtypes (514-516). For instance,
NOTCH signalling was reported to play an oncogenic role in acute lymphoblastic leukaemia
while having a tumour suppressor role in squamous epithelial cells, thus suggesting that a
gene may have dual functions in oncogenesis under diverse cellular settings (516, 517).
Changes in gene expression during EMT as a result of direct or indirect actions of
EMT related transcription factors often play a fundamental role in driving EMT leading to
the morphological and functional alteration observed in cancer cells (481). Most EMT
processes are linked to the activation of one or several core EMT related transcription
factors (481). To further evaluate the association of EMT with enzalutamide resistance,
nine common EMT markers from studies in the literature were selected for RT-qPCR
validation in the enzalutamide resistant panel. In Clone 1 vs. Control, ECAD (FC 0.56, p <
0.05) was significantly down-regulated while, NCAD (FC 126, p < 0.05), ZEB2 (FC 2.9, p <
0.05) and TWIST1 (FC 42, p < 0.05) was significantly increased. This was further confirmed
using western blot, where ECAD protein was decreased but NCAD protein was significantly
increased in Clone 1 vs. Control. Epithelial cells have highly polarised morphology, which
are closely interconnected by cell-cell junctions. However, in EMT, the loss of these
intercellular networks confers a critical step, which allows for the detachment of tumour
cells from their primary site (481). The CDH1 gene encodes ECAD, which is a calcium-
dependent cell adhesion molecule that helps with the formation and preservation of
epithelial cell morphology (424). Thus, the loss of ECAD in Clone 1 was suggestive of a loss
in epithelial junction proteins, which is one of the main characteristics of EMT. Over
expression of mesenchymal markers, NCAD and both transcription factors, TWIST1 and

ZEB2 in Clone 1 was consistent with reports in literature suggestive of EMT process. A study
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in gliomas showed that ZEB2 and TWIST facilitated cutaneous metastasis (518) and another
in oral squamous cell carcinoma showed that the co-expression of both EMT markers
confers poor survival (519).

In Clone 9 vs. Control, ECAD was also significantly down-regulated (FC 0.49, p < 0.05)
while the mesenchymal marker, VIM (FC 18, p < 0.05) and transcription factor ZEB1 (FC
498, p < 0.05) was significantly increased. This is suggestive of an EMT process, whereby
the weakly enzalutamide resistant clone lost the epithelial markers and gained the
mesenchymal marker. A study in hepatocellular cancer has shown that ZEB1 and VIM levels
were higher in tumour tissues compared to adjacent normal tissues and confer poor
prognosis (520). The silencing of ZEB1 resulted in reduction of hepatocellular cancer cell
proliferation, migration and invasion. Additionally, the group has shown that ZEB1 has a
binding site in the VIM promoter and could regulate the transcriptional activity of VIM
(520). Since both Clone 1 and Clone 9 overexpressed different EMT related transcription
factors, this further indicated that different mechanisms were involved in the EMT process
leading to different enzalutamide sensitivity within the cell lines.

It was interesting to note that the expression of these classic EMT markers from
both strongly and weakly enzalutamide resistant clones were different which suggested
the possibility of EMT expression reprogramming during progression of enzalutamide
resistance. Perhaps during the early stage of enzalutamide resistance development, ZEB1
was up-regulated, which induced up-regulation of VIM and down-regulation of ECAD. Upon
further increase of resistance, ZEB2 and TWIST were activated resulting in up-regulation of
NCAD and down-regulation of ECAD, however, ZEB1/VIM as well as the SNAIL/SLUG
pathway were somewhat “switched off”. This explanation was within the context of EMT
transcription factors switch theory observed in the progression of malignant melanoma
described by Caramel and colleagues (521). The group demonstrated mutual repression of
ZEB1 and ZEB2 in melanoma with reciprocal regulations of ZEB proteins facilitating dynamic
EMT transcription factors, which switches in the course of disease progression (521). EMT
transcription factors play a role in the proliferative and invasive capabilities of carcinoma
cells and are essential in other EMT-related processes such as cell state transition, cancer
stem cell formation, therapy resistance, as well as tumour micro-environment
reprogramming (522). ZEB-related EMT processes are regulated by similar micro-

environmental signals, such as TGF-, Wnt and Notch pathways (523).
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Numerous studies have shown that terminally differentiated cells can gain
pluripotent stem cell characteristics, by regulating related transcription factors towards
transdifferentiation, EMT and mesenchymal—epithelial transition (MET) (524, 525). The
cellular process of transdifferentiation is controlled by the close relationships between the
neuroendocrine and EMT phenotype (526). Neuroendocrine phenotype characteristics in
PCa have been increasingly recognised as a driver of disease progression (525, 527). Studies
have reported that NEPCa tends to arise under the strong selective pressure of potent ADT,
and may encompass up to 25% of drug-resistant CRPC (452). NEPCa is increasingly
recognised as a variant of CRPC that is greatly resistant to androgen pathway inhibitors
(528, 529). It is commonly differentiated from prostatic adenocarcinoma by reduced AR
expression accompanied by distinctive small-cell morphology and positive staining for
neuroendocrine markers (530). In this study, there were 174 differentially expressed genes
in Clone 1 vs. Control that overlapped with either NEPCa gene lists provided by Beltran et
al. or Cheng et al. and 10 were found to be consistently overlapped in both NEPCa data sets
creating a signature gene set which may inform development of NEPCa leading to
enzalutamide resistance. Validation via RT-gPCR of the common neuroendocrine markers
BRN2, CHGA and NSE showed significant up-regulation in Clone 1 vs. Control suggesting
that the strongly enzalutamide resistant cells acquired neuronal characteristic and
transitioned towards a neuroendocrine state. Bishop et al. showed that the neural
transcription factor, BRN2 served as the key driver of NEPCa differentiation and facilitated
aggressive growth of enzalutamide CRPC in vitro as well as overexpressed in both people
with NEPCa and people with mCRPC that expressed low PSA level (531). Additionally, CHGA
and NSE expression was also shown to be overexpressed in neuroendocrine-like
enzalutamide resistant cells and in human NEPCa by the same group (531).

In this study, the differentially expressed genes in Clone 1 vs. Control were queried
using CMap to evaluate small molecular compounds, which may potentially be utilised to
combat enzalutamide resistance. It is worth noting that Isotretinoin was found to be one
of the top five small molecules, which had the potential to reverse enzalutamide resistance.
Ferrari et al. demonstrated that by addition of Isotretinoin to androgen blockade in people
with advanced hormone naive PCa enhanced PSA response (496). The group found that
participants attained an undetectable PSA level faster and more attained undetectable

PSA, which was sustained for a longer period compared to controls (496). Furthermore
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Melnik et al. showed that Isotretinoin induces apoptosis in PCa via FOXO regulation and
inhibits Wnt pathway (497). Thus, addition of Isotretinoin may be a good therapeutic
candidate to prevent enzalutamide resistance. It is readily accessible as well as having
minimal side effects in combination with first generation hormonal agents as reported in
the previous phase Il trial by Ferrari and colleagues (496). No study to date has evaluated
the combination of Isotretinoin with second generation hormonal therapy in PCa.

In conclusion, this study has identified that both EMT and NEPCa pathways were
altered in enzalutamide resistant cell lines. Additionally, data suggests that EMT expression
reprogramming during the transition to enzalutamide resistance, may utilise different
signalling pathways. Besides the EMT process, the enzalutamide resistant cell lines also gain
features of NEPCa. In this study, a 10 NEPCa gene signature was identified, that may inform
NEPCa transformation leading to enzalutamide resistance. Through CMap perturbagen
evaluation, Isotretinoin was discovered to have the potential to reverse enzalutamide
resistant associated gene expression. Thus, it may be utilised as a combination therapy with

enzalutamide to delay resistance development. However, more research is warranted.
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Chapter 7 - High throughput sequencing of blood and tissue samples
in patients with mCRPC
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7.0 Introduction
A number of sequencing efforts, such as the Stand Up to Cancer-PCF (SU2C-PCF) MCRPC
project and the TCGA primary localised PCa study, have identified distinctive molecular
subgroups of PCa and potentially targetable somatic or germline alterations (399, 532,
533). Though molecular profiling is not the clinical benchmark of care for in PCa currently,
more evidence is emerging to support its use in paving the way for therapeutic selection.
This treatment strategy may improve response to therapy and provide more therapeutic
options such as the use of PARPi and platinum-based therapy in people with PCa who
harbour genomic alterations in DNA damage repair (DDR) genes (534-536). A number of
studies have demonstrated that targeted DNA and RNA profiling of clinically relevant
somatic alterations may be an achievable strategy in advanced PCa (537, 538). Largely,
these sequencing initiatives have assisted in outlining the practicality and efficacy of
molecular profiling in people with CRPC, however, technical challenges persist in clinical
settings.

This retrospective analysis of targeted NGS in people with PCa was performed to
identify the actionable gene mutational landscape of an Irish cohort with mCRPC using both
blood based and tissue based targeted NGS. Additionally, it was conducted to appraise the

utility and barriers of targeted NGS in a clinical setting.

7.1 Experimental aims
The aim was to evaluate the use of targeted NGS to determine the presence of actionable

gene mutations in tissue and blood from people with mCRPC.

7.2 Participants

A retrospective analysis of targeted NGS in participants with mCRPC from two different
academic sites between July 2017 and October 2020 (Tallaght University Hospital and St
Vincent’s University Hospital) was undertaken. A comprehensive search was performed to
collect baseline demographics and clinical characteristics. Data were collected in
compliance with Good Clinical Practice guidelines and participants provided written
informed consent before participation in the NGS screening study. The targeted NGS study

was offered to those with mCRPC from the two academic sites as part of the screening for
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enrolment into TRITON 2 (An international, open-label, phase Il study evaluating rucaparib
in people with mCRPC associated with DNA damage repair (DDR) deficiency) (536) or
TRITON 3 (An international, randomised, open-label, phase Ill study of the rucaparib vs.
physician’s choice of therapy mCRPC associated with DDR deficiency) (539) if DDR
deficiency were present.

Blood and tissue specimens from 164 participants with mCRPC who progressed on
a second generation hormonal therapy (enzalutamide or abiraterone) were included
(Figure 7.0). Seventy-one had blood based NGS only, 13 had tissue based NGS only and 80
had both. Participants were categorised into two groups; blood based NGS (n=151) and
tissue based NGS (n=93) with 80 overlapping between both groups (Figure 7.0). Out of the
93 participants with tissue based NGS, 52.7% (n=49) of the participant’s tissue sample was
obtained in CSPC setting, 39.8% (n=37) of the participant’s tissue sample was obtained in

MCRPC setting and 7.5% (n=7) of the participant’s tissue sample timing was indeterminate.

Biomarker result Biomarker result
not available due to { - not available due to
sample failure (n=5) sample failure (n=18)

Figure 7.0. Participant flow chart.
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A total of 121 tumour tissues and 167 blood samples were analysed by Foundation
Medicine® (Cambridge, MA). A number of repeat samples per participant was also
included. The targeted NGS FoundationOne® CDX assay uses DNA isolated from formalin-
fixed, paraffin-embedded (FFPE) tumours to sequence exons from 324 genes and select
gene rearrangements, as well as genomic signatures including microsatellite instability
(MSI) (392). The FoundationOne® Liquid CDx assay uses circulating cell-free DNA (cfDNA)
isolated from plasma derived from anti-coagulated peripheral whole blood to sequence
exons from 311 genes, including rearrangements and copy number losses only in BRCA1
and BRCA2 (392, 540).

Actionable gene mutations were identified using OncokB (Memorial Sloan Kettering
Cancer Centre), where the clinical actionability to individual gene mutational events were
assigned according to targeted treatment available that was classified by the levels of
evidence system (ranging from standard of care to investigational or hypothetical
treatments) (541). Actionable gene mutations were further categorised according to
tumour subtypes based on OncoKB. Additionally, ClinVar (National Centre for
Biotechnology Information) was used to complement the identification of variant gene
mutation status in terms of its pathogenicity (542). Variants of gene mutations that were
annotated as ‘likely pathogenic’ or ‘pathogenic’ were considered as actionable and variant
gene mutations that were annotated as ‘likely benign’ or ‘benign” were excluded. Sample
failure was defined as an event where either blood or tissue submitted for sequencing
yielded no biomarker status due to unsuccessful sequencing because of failed sample
guality control (QC). Sample success was defined as an event when either blood or tissue
submitted for sequencing successfully passed QC and was sequenced yielding a biomarker
status. Objectives of this retrospective analysis encompassed clinical learnings in NGS
testing in mCRPC and description of the presence of actionable gene mutations in this

cohort.

7.3  Statistical Analysis
The cut-off date for analysis was October 2020. Descriptive statistics were used to present
participant and treatment characteristics. Outcome data were analysed using Fisher’s exact

test, using GraphPad Prism 9 software.
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7.4  Participant characteristics
A total of 164 participants with mCRPC, median age of 73 (43—-90) and median PSA at time

of initial NGS was 21.2 ng/mL (0.03-5000), were identified. Additional baseline clinical

characteristics are provided in Table 7.0.

Table 7.0. Participant characteristics.

Age at time of NGS:

median 73

(range) (43-90 years)
Race:

Caucasian, n (%) 157 (99%)
Black, n (%) 2 (1%)

PSA at time of NGS:

median 21.2
(range) 0.03-5000
Chemotherapy status at time of NGS:

Pre-Docetaxel, n (%) 107 (66%)

Post-Docetaxel, n (%) 55 (34%)

For tissue-based NGS, a total of 121 tumour tissue samples from 93 participants were
submitted for sequencing. Tissue samples that failed in the first round were re-submitted
for sequencing. Of the 121 tumour tissue samples, 84 (69%) passed QC and were
successfully sequenced (Figure 7.1). QC failure included failure to meet minimum QC
metrics for laboratory processing (n=12; 32%) and computational analysis (n=5; 14%),
insufficient tumour nuclei content (n=11; 30%) and insufficient DNA extracted (n=9; 24%)
(Figure 7.2). Laboratory processing failures were due to either sample failed in hybrid
capture or in library construction. The majority of the 121 tissue samples were from the
prostate gland (64%) followed by the lymph node (20%), bone (8%), liver (4%), adrenal (2%),
bladder (1%), lung (1%), and soft tissue (1%) (Figure 7.3). Most samples were from archived

tissue (> 3 years) (n=80; 66%) and the remaining were from newly collected tissue biopsy
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(< 3 years) (n=41; 34%). The contemporaneous tissue had significantly lower sample failure
rate compared to archived tissue (15% vs. 39%, respectively; p=0.0002, OR 0.28 (0.14 to
0.54)) (Figure 7.4). QC failure in the newly biopsied tissue was mainly due to insufficient
tumour nuclei (n=5; 83%) followed by failure to meet minimum QC metrics for
computational analysis (n=1; 17%). The median turnaround time for tissue-based NGS was

13 days (4-33).

Tissue sample
80;

69

Fail Success

Sample QC

Figure 7.1. Tissue sample QC. Percentage of tissue samples which failed or passed QC.

Failed sample (n=37) and passed sample (n=84).
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Types of QC failure
100

50

%

Tissue Blood
Types of sample

Bl Failed laboratory processing requirement

I Failed computational analysis

B Insufficient tumor nuclei content
Insufficient DNA extracted

Figure 7.2. Types of QC failure. Distribution of reason for failing QC in tissue and blood

samples. Tissue samples (n=121) and blood samples (n=167).

n=1 (1%)

n=1 (1%)

n=2 (2%)

n=10 (8%)

M Prostate

® Lymph node
m Bone

= Liver

n=24 (20%) H Adrenal

® Bladder
n=77 (64%) Hlung

M Soft tissue

Figure 7.3. Distribution of tissue subtypes submitted for NGS. (n=121)
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Archived sample failure rate
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I Success

h i

Archived Fresh
Types of tissue sample

Figure 7.4. Comparison of archived tissue vs. contemporaneous (fresh) tissue sample QC
failure or success rate. Archived tissue (n=80) and fresh tissue (n=41). Data analysed using
Fisher’s exact test followed by a Baptista-Pike method to compute confidence Interval (Cl),
(***p < 0.001).

For blood-based NGS, 167 blood samples from 151 participants were submitted for
sequencing. Of 167 blood samples, 154 (92%) passed QC and were successfully sequenced
(Figure 7.5). The 13 (8%) samples that failed QC were due to failure to meet minimum QC
metrics for computational analysis (n=7; 54%) or laboratory processing (n=2; 15%) or
insufficient DNA extracted (n=4; 31%) (Figure 7.2). Blood samples had a significantly higher
sample success rate compared with tissue samples (92% vs. 69%, respectively; p<0.0001,
OR5.17 (Cl 2.20 to 11.18)) (Figure 7.6). The median turnaround time for blood-based NGS
was 16 days (6-34).
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Figure 7.5. Percentage of blood samples failed or passed QC. Failed sample (n=13) and

passed sample (n=154).

Sample success/failure rate
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Figure 7.6. Sample success or failure rate. Comparison of blood vs. tissue sample QC failure
or success rate. Blood sample (n=167) and tissue sample (n=121). Data analysed using
Fisher’s exact test followed by a Baptista-Pike method to compute confidence Interval (Cl),

(****p < 0.0001).
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7.5  Genomic analysis of blood based NGS

The median number of cancer related gene mutations detected was two (range: 1-13).
TP53 (52%) was most commonly mutated followed by AR (27%), genes associated with DDR
(25%), Wnt signalling (20%), P13K-Akt signalling (10%), MAPK signalling (9%), PTEN (9%),
TGF-Beta signalling (8%) and others (3%) (Figure 7.7). Microsatellite instability (MSI) status
was evaluated, which revealed 2 out of 146 participants (1%) were MSI high and both also

harboured DDR gene mutations (Figure 7.7).
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Cell Signalling Pathway
DNAdamage /DNAdouble-strand break repair pathway

Regulation of Wnt-mediated beta catenin signalingand target gene transcription
PI3K-Akt signaling pathway

l MAPK signaling pathway
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Type of mutation
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Figure 7.7. Blood based genomic alterations detected in the study cohort. Gene mutations
were clustered to specific signaling pathways. Each column represents a cancer related
gene mutation and each row represents an individual participant who had available blood

biomarker results.

In the blood sample cohort, 47% (n=68/146) harboured at least one actionable gene
mutation relevant to any tumour subtypes (Figure 7.8). However, when the actionable gene
mutation was narrowed down to mutations clinically relevant to PCa, only 25% (n=36/146)
of the cohort demonstrated these mutations (Figure 7.8). These consisted of 14 (ATM), 4
(BRCA1),5 (BRCA2), 6 (CDK12), 12 (CHEK2), and 1 (PALB2) (Figure 7.9); with one actionable
mutation relevant to PCa detected in 30 participants, and two concurrent actionable
mutations relevant to PCa in 6 p (n=1; BRCA1 and BRCA2 mutation, n=1; CHEK2 and CDK12,
n=1; ATM and CHEK2, n=1; ATM and BRCA2, n=1; CHEK2 and PALB2, n=1; ATM and BRCA1).

n=146

n=68 (47%) f n=32 (47%)
S =y

f atleast one actionable
relevant to any tumor

actionable

Figure 7.8. Distribution of participants with and without presence of any actionable

mutations in blood based NGS. Those with actionable mutations are indicted by red and
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those without are indicated by black. The right panel shows distribution actionable
mutations clinically relevant to PCa (green segment) and other (orange segment) tumour

subtypes.
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Figure 7.9. Frequency of actionable mutations relevant to PCa and other tumour subtypes

in blood based NGS.

7.6 Genomic Analysis of tissue based NGS

The median number of cancer related gene mutations detected was three (range: 1-11).
TP53 (47%) was most commonly mutated followed by PTEN (37%), TMPRSS fusion (36%),
genes associated with Wnt signalling (28%), PI3K-Akt signaling (24%), AR (19%), Cystic
adenocarcinoma (19%), DDR (17%), TGF-Beta pathway (17%), Kit signalling (16%), Cell cycle
(15%), Chromatin organisation (4%) and Others (25%) (Figure 7.10). One out of 75 (1%) had
MSI high and harboured a DDR gene mutation (Figure 7.10).
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Figure 7.10. Tissue based genomic alterations detected in the study cohort. Gene
mutations were clustered to specific signaling pathways. Each column represents an
individual particpant who had available tissue biomarker results and each row represents

a cancer related gene mutation.
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In the tissue cohort, 60% (n=45/75) harboured at least one actionable gene mutation
relevant to any tumour subtypes (Figure 7.11). However, when the actionable gene
mutation was narrowed down to mutations clinically relevant to PCa, only 13% (n=10/75)
of the cohort demonstrated these mutations (Figure 7.11). These included - 3 (ATM), 1
(BRCA1), 3 (BRCA2), 2 (BRIP1), 2 (CDK12) and 1 (CHEK2) (Figure 7.12); with one actionable
mutation relevant to PCa detected in 9, and three concurrent actionable mutations

relevant to PCain 1 (BRCA2, BRIP1 and CHEK?2).

n=10 (22%)

n=30 (40%)

) n=35 (78%)

B Actionable mutations clinically
relevant to PCa

m Actionable mutations clinically
relevant to other tumor subtypes

B Presence of atleast one actionable
mutations relevant to any tumor

subtypes
B Absence of any actionable

mutations

Figure 7.11. Distribution of participants with and without presence of any actionable
mutations in tissue based NGS. Those with actionable mutations are indicted by red and
those without are indicated by black.The right panel shows distribution of patients with
actionable mutations clinically relevant to PCa (green segment) and other tumour subtypes

(orange segment).
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Frequency of actionable mutations relevant to
any tumor subtypes in tissue based NGS (n=75)
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Figure 7.12. Frequency of actionable mutations clinically relevant to PCa and other tumour

subtypes in tissue based NGS.

7.7  Discussion
Though AR directed treatments and chemotherapy have resulted in improvement in
outcomes in mCRPC, eventually the majority will experience disease progression with
limited treatment options (543). This underlines the necessity for additional effective
treatments. PARPi have been shown to induce cytotoxicity through synthetic lethality in
DDR deficient tumour cells (95, 544). Previous NGS studies have shown that approximately
25-30% of people with advanced PCa, including mCRPC harboured DNA repair defects (95,
398, 545). Largely, these sequencing initiatives have assisted in outlining the practicality
and efficacy of molecular profiling in CRPC. However, technical challenges persist in the
clinical setting. This study sought to determine whether routine targeted genomic profiling
in clinical practice was practicable for people with mCRPC, as well as to describe the
frequency of potential actionable mutations in this cohort of Irish men.

FFPE tissue samples are frequently used for many tumour sequencing studies, given
that it is most convenient and readily available tissue resource for testing (537, 538).
However, FFPE can be challenging due to low RNA or DNA yield (546, 547). In this study,
most samples were from archived tissue (66%) and the remaining samples were collected
contemporaneously (34%). Only 69% of total tumour tissue samples submitted passed QC

and were successfully sequenced. QC failure included failure during hybrid capture, library
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construction or computational analysis (46%), insufficient tumour nuclei content (30%) and
insufficient DNA extracted (24%). The newly collected tissue samples had significantly
lower sample failure rate compared to archived tissue (15% vs. 39%, respectively;
p=0.0002). The median turnaround time for tissue-based NGS was 13 days (range: 4-33
days). Given that contemporaneous tissue had significantly less sample failure rates
compared to archived tissue, routine re-biopsy to collect new tissue for molecular profiling
upon disease progression should be considered. Furthermore, the median turnaround time
for results was approximately two weeks but in some instance took up to a month. This
would add an extra layer of clinical complexity if the anticipated results from sequencing
delayed treatment decisions, as well as the possible loss of the period for therapeutic
intervention. Thus, consideration to acquire a new tissue biopsy in such a setting can be
discussed on an individual basis, with the understanding that technical benefit was
observed with contemporaneous biopsies. Additionally, routine re-biopsy sampling of
metastases in those with disease progression would help to improve the understanding of
drug resistance and further propel the development of precision medicine approach in
CRPC (548).

In this tissue-based molecular profiling study in mCRPC, TP53 (47%) was found to
be most commonly mutated followed by PTEN (37%), TMPRSS fusion (36%), genes
associated with Wnt signalling (28%), PI3K-Akt signalling (24%), AR (19%), Cystic
adenocarcinoma (19%), DDR (17%), TGF-Beta pathway (17%), Kit signalling (16%), Cell cycle
(15%), Chromatin organisation (4%) and MSI high (1%). In this cohort, 60% (n=45/75)
harboured at least one actionable gene mutation relevant to any tumour subtypes.
However, when the actionable gene mutation was narrowed down to mutations clinically
relevant to PCa, only 13% (n=10/75) of the cohort had the mutations.

Taking into account the early success in tissue-based targeted sequencing of CRPC,
strategies for monitoring disease through re-biopsy of lesions with NGS profiling were
proposed (549). However, this approach necessitates repeat invasive procedures and thus
limits the practicality for widespread clinical implementation. For this reason, non-invasive
NGS-based approaches to identify clinically relevant molecular alterations in CRPC has been
widely studied (132, 133). These studies demonstrated that somatic point mutations, copy-
number alterations and insertions/deletions could be detected across a broad spectrum of

tumour-derived cell-free DNA (cfDNA) fractions using targeted sequencing of cfDNA. From
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this study, 167 blood samples were submitted for sequencing with 92% passing QC and
sequenced successfully. The 13 (8%) samples that failed QC were due to failure to meet
minimum QC metrics for computational analysis (54%) or laboratory processing (15%) and
insufficient DNA extracted (31%). Blood samples had a significantly higher sample success
rate compared with tissue samples (92% vs. 69%, respectively; p<0.0001) and the median
turnaround time for blood-based NGS was 16 days (range: 6-34). In this blood-based
molecular profiling of people with mCRPC, TP53 (52%) was the most commonly mutated
followed by AR (27%), genes associated with DDR (25%), Wnt signalling (20%), PI3K-Akt
signalling (10%), MAPK signalling (9%), PTEN (9%), TGF-Beta signalling (8%) and MSI high
(1%). In this cohort, 47% (n=68/146) harboured at least one actionable gene mutation
relevant to any tumour subtypes. However, when the actionable gene mutation was
narrowed down to mutation clinically relevant to PCa, only 25% (n=36/146) of the cohort
had the mutations, which was consistent with the mutational rate reported in literatures
(545).

This study showed that people with mCRPC harboured a high rate of potential
actionable gene mutations within their tumour (47% to 60%) as a whole, which may have
therapeutic implications in due course. When narrowed down to current targeted therapy
approved in PCa, 13% to 25% harboured somatic alterations in the DDR gene, which is
targetable with PARPi (95) and 1% had high MSI, which is targetable with anti-PD-1 (550).
These results have an important therapeutic bearing, given the recently reported effective
response to PARPi (95) and immune checkpoint blockade in these tumours (550). These
strategies offer additional therapeutic options for people with mCRPC who are already
heavily pre-treated. The gene alterations detected in this study have involved in a number
of important molecular pathways associated with resistance mechanisms that may have
developed over the course of anti-androgen treatment (including both AR point mutations
and amplifications).

Conceivably, this study has demonstrated that blood-based targeted NGS is
clinically feasible, whereby most samples submitted passed QC and were successfully
sequenced compared to FFPE tissue-based NGS. Furthermore, the molecular profile results
of blood-based targeted NGS were comparable to tissue-based results. While tissue-based
NGS is still considered gold-standard (551), this study demonstrated that blood-based

targeted NGS could potentially be the benchmark for molecular profiling in PCa instead.
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Tissue-based NGS can be used when either blood-based NGS are unsuccessful or results
from blood-based NGS are contradictory. Additionally, due to the less invasive nature of
blood-based NGS, serial blood-based NGS maybe a possibility in the future to evaluate the
dynamic temporal alterations of tumour DNA fractions in cfDNA, which represent different
tumour subclone expansion during the course of treatment in response to selective
therapeutic pressure (552). For this reason, numerous non-invasive NGS-based approaches
have been undertaken to recognise and monitor clinically relevant somatic alterations over
time in CRPC (132, 133, 552). Overall, this retrospective study evaluated molecular profiling
in the clinical setting and identified technical hurdles that must be overcome to enable
widespread clinical use of NGS to monitor molecular alterations in Irish patients with

mCRPC.
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Chapter 8 — Discussion, future directions and conclusion
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8.0  Overall discussion

PCa progression is principally driven by androgens acting through the AR, which enhances cellular
proliferation and invasion (553, 554). Thus, AR directed therapies have remained the main
treatment modality for people with PCa since 1941, where Huggins et al. showed the impressive
benefit of ADT through surgical castration (554, 555). Modern advances in anti-androgen therapy
have led to the introduction of novel potent AR inhibitors such as enzalutamide, apalutamide and
darolutamide (111, 112, 115). These second generation anti-androgens have demonstrated
superior efficacy compared to first generation anti-androgen therapy (111, 112, 115). Despite the
success of these treatments, primary or acquired resistance remains a substantial clinical dilemma
(556).

The mechanisms by which resistance occurs remains a dynamic area of investigation. AR
splice variants are one of the best known mechanisms of resistance, however, this has yet to be
translated to clinical practice (90, 149). Several other mechanisms of enzalutamide resistance have
been identified such as AR mutation (138), loss of AR (557) and activation of AR-independent bypass
mechanisms (557). However, the mechanism is not yet fully understood. There is a necessity to
develop effective biomarkers that could assist in the improvement of the provision of precision
medicine to people with PCa. Ongoing translational approaches have been used to further identify
the molecular drivers in the disease as well as mechanisms driving intrinsic and acquired drug
resistance.

This study initally investigated circRNAs across a panel of prostate cell lines. This allowed
for the potential identification of circRNA signatures reflective of the continuum of prostate
pathology, from normal to androgen dependent PCa and ultimately androgen independent PCa.
Thus, helping to assess their value as disease biomarkers. Additionally, given the clinical relevance
of enzalutamide resistance, circRNAs were also examined in terms of drug resistance.

Universally, the normal group had the highest number of up-regulated circRNAs and the
malignant group having the least. Many studies have shown that circRNAs are generally reduced in
highly proliferative cells across various cancer subtypes due to rapid cell division diluting the
circRNA concentration (224, 379, 380). Five of the circRNAs that were consistently expressed
between normal vs. malignant group and androgen dependent vs. androgen independent group
were validated via RT-qPCR. Of particular interest, hsa_circ_ 0066631 demonstrated notable
differential expression across the PCa disease spectrum. Using cell line models, the expression of
hsa_circ_0066631 decreased early, where PCa cells were still AR dependent, but increased as the
disease progressed to the AR independent stage. A recent study has shown that hsa_circ_0066631

was highly up-regulated in colorectal cancer spherical cells, which harbour features of cancer stem
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cells, hence may be involved in the recurrence and metastasis of colorectal cancer (382).
Additionally, in colorectal cancer, DCBLD2 overexpression has been linked with tumour progression
and poor prognosis (361, 383). DCBLD2 was down-regulated in AR dependent PCa cell lines but up-
regulated in AR independent PCa cell lines in parallel with the expression of hsa_circ_0066631. This
suggests that the mechanism of malignant progression requires the synergistic effect of both the
circRNA and its parental gene. Therefore it may hold potential as a therapeutic candidate in
preventing the progression of PCa.

Next circRNAs were investigated in drug resistance, as there are a limited number of studies
that have investigated their role in PCa drug resistance (335). The top 5 highly up-regulated
circRNAs in Clone 1 vs. Control were validated via RT-gPCR. hsa_circ_0001275 overexpression
increased resistance to enzalutamide (p < 0.05) based on proliferation assays. Further, previous
studies in the literature have demonstrated the importance of circRNA in cancer initiation,
development and progression (226, 335) through mechanisms such as acting as miRNA sponges
(287). The top five most likely miRNA binding sites for hsa_circ_0001275 were validated via RT-
gPCR. Three out of the five miRNA, were significantly up-regulated. The findings were in contrast
to the early concept of miRNA sponging, whereby these miRNAs should be down-regulated when
circRNA was up-regulated. However, more recent studies have shown that rather than acting as a
sponge, circRNA may serve as a sanctuary for miRNA stabilisation. For instance, circRNA17
increased the expression of miR-181c-5p by maintaining its stability and in turn, the miRNA
decreased the expression of AR-V7 in PCa cells (335). As circRNAs and miRNAs interact in the
ceRNAs network, it is possible that despite the increased expression of miRNA witnessed in this
study, these miRNAs might not be able to act on their target mRNA since they are bound to
circRNAs. Thus, hsa_circ_0001275 may contribute to the development of enzalutamide resistance
through these ceRNAs networks. However, further investigations are required to fully delineate the
circRNA-miRNA-mRNA network.

circRNA has recently been the center of interest owing to their ability to be detected in
human bodily fluids such as saliva, blood and gastric fluid (316, 327, 328). Following from in vitro
experiments, hsa_circ_0001275 was investigated as a candidate biomarker to inform enzalutamide
resistance in plasma samples. Additionally, a number of methodologies for detecting circRNA were
assessed as studies in the literature have reported that RT-qPCR may overestimate the actual
abundance of circRNA due to multiple PCR products of circRNA caused by rolling cDNA during
reverse transcription (389). The level of circRNAs in plasma samples of 44 clinical trial participants
(CTRIAL-IE 13-21, NCT02225704) (354) with PCa on enzalutamide treatment was examined. Both

probe-based and EvaGreen RT-ddPCR results of hsa_circ_0001275 suggested a trend that
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corresponded to the activity of the disease defined by PSA level, however, it did not reach statistical
significance. This may be due to small participant numbers and/or copy numbers were close to the
limit of detection for RT-ddPCR. Previous literature has described that circRNAs are tissue specific
(325) and therefore this may explain the low abundance of hsa_circ_0001275 in plasma, particularly
if it is not actively secreted by tumour tissue. In this study cohort, hsa_circ 0001275 was not
expressed abundantly in plasma and this presently limits its potential use as a liquid-based
predictive biomarker of enzalutamide resistance.

The transcriptomic landscape of enzalutamide resistant PCa was investigated in vitro to
elucidate potential mechanisms associated with the development of enzalutamide resistance.
Though studies in the literature have identified a number of mechanisms that may be involved in
the development of enzalutamide resistance, the exact mechanisms are still poorly understood
(423). RNA-Seq data generated from the enzalutamide resistant cell line panel demonstrated a large
number of DEGs between Clone 1 vs. Control with a reduced number of DEGs between Clone 9 vs.
Control. This highlighted that Clone 1, was phenotypically very different compared to the Control
cell line. Thus, the dysregulated genes in Clone 1 vs. Control may be investigated further to identify
a clinical signature that could be used as biomarker to inform drug resistance or as a potential for
therapeutic targets. The Hallmarks GSEA of DEGs in Clone 1 vs. Control showed eight distinct
pathways involved in ‘terms’ of proliferation, cell cycle, wound healing, fibrosis, metastasis, cell
signalling and DNA repair. EMT was one such hallmark pathway enriched along with other two
pathways, which were reported to be closely related to EMT, known as TGF-B signalling and apical
junctions. Correspondingly, KEGG GSEA of DEGs in Clone 1 vs. Control were enriched for ‘terms’
broadly related to morphological changes further supporting the role of EMT in the development
of enzalutamide resistance. Also, several signalling pathways were identified in KEGG enrichment
such as TGF-B pathway and MAP Kinase pathway, which have been described to regulate and
mediate EMT previously (440). Similarly, both GO biological and molecular process GSEA of DEGs
for Clone 1 vs. Control supported roles of EMT in the development of enzalutamide resistance in
PCa. Besides association with EMT, a number of enriched KEGG ‘terms’ were broadly related to
calcium homeostasis and signalling. A recent study in the literature demonstrated that increased in
store-operated calcium entry through voltage gated calcium channels CaV1.3 promoted resistance
to bicalutamide in PCa (441). Thus, calcium homeostasis and signalling may be involved in the
development of enzalutamide resistant PCa. GO enrichment of DEGs in Clone 1 vs. Control also
revealed the possible importance of membrane transporters in enzalutamide resistance.
Overexpression of the ABC transporter superfamily has been well recognised as a reason for multi

drug resistance in cancer cells (442). RNA-Seq data identified several pathways that may provide
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more insight into the molecular mechanism of enzalutamide resistance in PCa. This serves as an
essential first step in understanding the dynamic changes to the transcriptome in enzalutamide
resistant PCa in vitro.

The prospect of EMT and NEPCa development contributing to enzalutamide resistance in
PCa was further examined via RNA-Seq data generated from the enzalutamide resistance panel to
identify a potential EMT and/or NEPCa signature. Also, DEGs from RNA-Seq were interogated to
evaluate potential small molecular compounds, which may be used to prevent the development of
enzalutamide resistance or indeed resensitise to the drug. The EMT pathway is of importance
because it has been demonstrated to be a hallmark of metastatic cancer spread (211). Furthermore,
recent in vitro studies have linked EMT to the development of PCa resistance to ADT and
chemotherapy (446, 447). In addition to EMT, NEPCa differentiation is also an emerging mechanism
of resistance to AR targeted therapy that involves epithelial plasticity (450). The EMT pathway was
significantly enriched in the Hallmark pathway of Clone 1 vs. Control. There were 177 up-regulated
and 118 down-regulated EMT related genes identified in Clone 1 vs. Control. Common EMT markers
from studies in the literature were chosen for RT-qPCR validation. ECAD was significantly down-
regulated while NCAD, ZEB2 and TWIST1 was significantly increased in Clone 1 vs. Control. Thus,
suggesting that the strongly enzalutamide resistant clone expressed features of EMT. In Clone 9 vs.
Control, ECAD was significantly down-regulated while VIM and ZEB1 were significantly increased,
suggesting that the weakly enzalutamide resistant clone also expressed features of EMT. The
expression of ECAD and NCAD was further confirmed using western blot. The loss of the
intercellular networks in epithelial cells due to the alterations of EMT transcription factors
represents a crucial step that permits tumour cells to detach from their primary location (481). Both
Clone 1 vs. Control and Clone 9 vs. Control expressed different EMT-related transcription factors,
suggesting that separate pathways were involved in the EMT process, possibly resulting in differing
enzalutamide resistance status in the cell lines.

In terms of NEPCa, 10 DEGs in Clone 1 vs. Control were found to be consistently expressed
in two NEPCa data sets. Thus, creating a signature gene set which may inform development of
NEPCa. The common neuroendocrine markers BRN2, CHGA and NSE were significantly up-regulated
in Clone 1 vs. Control. This suggested that strongly enzalutamide resistant clones acquired neural
characteristics and transitioned towards a neuroendocrine state. A study have shown that BRN2
served as the key driver of NEPCa differentiation and facilitated aggressive growth of enzalutamide
CRPC in vitro. Both CHGA and NSE expression were identified as overexpressed in neuroendocrine-
like enzalutamide resistance cells previously (531). NEPCa is widely recognised as a CRPC subtype

that is resistant to androgen pathway inhibitors (528, 529). DEGs in Clone 1 vs. Control were also
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queried using CMap and lIsotretinoin was one of the top five small molecules, which had the
potential to reverse enzalutamide resistance. Research found that combining Isotretinoin with ADT
improved PSA response in people with advanced hormone naive PCa with minimal side effects
(496). To present, no study has investigated the use of Isotretinoin in combination with second-
generation hormonal treatment in PCa.

The landscape of actionable gene mutations in 164 Irish men with mCRPC who progressed
on a second generation hormonotherapy (enzalutamide or abiraterone) were evaluated with
targeted NGS. Blood and tissue specimens were included. Although molecular profiling is not
currently the clinical standard of care for PCa, more evidence is emerging to support its use in
guiding therapeutic decisions (534-536). Several studies have shown that molecular profiling of
clinically relevant somatic alterations is a feasible strategy in advanced PCa (537, 538). These
sequencing initiatives have largely contributed to defining the feasibility and efficacy of molecular
profiling in CRPC, but technical challenges persist in the clinical setting. Only 69% of all tumour
tissue samples submitted passed QC and were sequenced successfully. Tumour tissue samples QC
failures included failures during hybrid capture, library construction, or computational analysis
(46%) as well as insufficient tumour nuclei content (30%) and insufficient DNA extracted (24%). This
is not unexpected since previous studies have reported low RNA and DNA vyield from archival FFPE
tissue samples (546, 547). As high as 92% of blood samples submitted passed QC and were
sequenced successfully. Blood sample QC failure included failure to meet minimum QC metrics for
computational analysis (54%) or laboratory processing (15%) and insufficient DNA extracted (31%).
In this study a high rate of potentially actionable gene mutations within their tumour (between 47%
and 60%), which could have therapeutic implications in the future, were identified. Importantly,
between 13% and 25% of cases had somatic alterations in the DDR gene, which is targetable with
PARPi (95). Given the recently reported effective response to PARPi (95) and immune checkpoint
blockade in these tumours (550), these findings have significant therapeutic implications in those
with mCRPC who are already heavily pre-treated. Blood-based targeted NGS was clinically
practicable, with the majority of samples submitted passing QC and being successfully sequenced
when compared to FFPE tissue-based NGS. While tissue-based NGS remains the gold standard
(551), this study demonstrated that blood-based targeted NGS could equally be useful for
molecular profiling in PCa. Additionally, the frequency of DDR gene mutation in this Irish cohort
with mCRPC was consistent with previous NGS studies which had shown approximately 25-30% of

people with advanced PCa, including mCRPC, harboured DNA repair defects (95, 398, 545).
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8.1 Future Work

This study is the first to show that the overexpression of certain circRNAs are invovled in
enzalutamide resistance in PCa. It also established a solid approach from discovery to validation of
circRNA that could be involved in cancer-related pathways. Though current research reveals that
hsa_circ_0001275 has a role in enzalutamide resistance, the particular functional mechanisms
underlying this remain unknown. The regulatory role of the circRNA-miRNA-mRNA network (such
as hsa_circ_0001275/miR-361-5p/STAT6) was preliminarily investigated. According to the early
theory of miRNA sponging (287), these miRNA would be expected to be down-regulated when
circRNA is up-regulated but the results were contrary to this assumption. This is in keeping with
more recent research, which suggests that circRNA can act as a refuge for miRNA stabilisation rather
than just operating as a sponge (335). Further experiments such as a pull-down assay utilising
biotinylated oligos to evaluate the interaction of circRNA with its target miRNA, circRNA silencing
experiment to evaluate the stability of miRNA, miRNA mimics or antimiRs experiments to evaluate
this network are all necessary to delineate the ceRNA network. The study used a single isogenic cell
line model of enzalutamide resistance developed by Korpal et al. (138) and it would be valuable to
explore the overexpression of hsa_circ_0001275 in additional enzalutamide sensitive PCa cell lines
to further explore its association with drug resistance. Also, an in vivo investigation to evaluate the
functional importance of hsa_circ_0001275 in modifying enzalutamide sensitivity is required. This
may pave the way for more diagnostic, therapeutic, and functional studies into circRNAs and their
role in enzalutamide resistant PCa.

Clinically, hsa_circ_0001275 was not expressed abundantly in plasma. Though the RT-
ddPCR results for plasma derived hsa_circ_0001275 showed a trend that corresponded to the
activity of the disease as defined by the PSA level of participants on enzalutamide treatment, it did
not reach statistical significance. In the future, it may be necessary to first examine circRNA
expression using an explant or organoid-based model to evaluate whether the circRNA of interest
can be detected within conditioned medium, which will provide a basis for circRNA testing in plasma
samples. Additionally, it would be ideal to investigate tissue circRNA expression by obtaining tissue
biopsy upon disease progression. Also, the sample size of this study was relatively small and thus
should be investigated in a larger cohort of people receiving enzalutamide alone.

RNA-Seq study of the enzalutamide resistant panel identified several pathways that may
provide more insight into the molecular mechanisms of enzalutamide resistance in PCa. These key
pathways included EMT, membrane transporter and calcium homeostasis. Going forward, the
future work should validate the top dysregulated genes according to FC involved in each pathway

respectively, followed by functional experiments in vitro and in vivo. This will allow for the
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identification of potential therapeutic targets to combat the development of enzalutamide
resistance in PCa. This work also discovered ten NEPCa gene signature marker in enzalutamide
resistant cell lines, which suggests the possibility of NEPCa transformation contributing to
enzalutamide resistance. Further validation via RT-qPCR is required followed by functional
experiments in vitro as well as clinical validation of the gene signature in clinical samples.

From the interogation of small compounds via CMap, Isotretinoin may potentially be used
in combination therapy with enzalutamide to stop or delay the development of enzalutamide

resistance. More research is warranted in this space.

8.2  Conclusion

This study demonstrated that hsa_circ_0001275 was highly expressed in enzalutamide resistant cell
lines and provided the first ever data to suggest that the overexpression of certain circRNAs
provides a protective role against enzalutamide in vitro. Furthermore, data from this study suggests
that circRNAs may serve as a sanctuary for miRNA stabilisation. These novel circRNAs are potential
mechanisms of drug resistance. This work also provides a large database to examine circRNA-
mMiRNA-mRNA network in PCa. The clinical data regarding hsa_circ_0001275 plasma expression
mirrored disease activity according to PSA level, and suggests an association with enzalutamide
resistance.

In the RNA-Seq study, a large number of DEGs were identified between Clone 1 compared
to Control. This suggests that Clone 1, was phenotypically very different compared to the Control
cell line. KEGG pathway analysis and Hallmark gene enrichment identified EMT as a major pathway.
The expression of EMT markers from both strongly and weakly enzalutamide resistant clones were
differentially expressed which suggested the possibility of EMT expression reprogramming during
progression of enzalutamide resistance. This study also identified numerous other pathways via
RNA-Seq data that may provide a greater insight into the molecular mechanisms of enzalutamide
resistance in PCa. This serves as an essential first step in understanding the dynamic changes to the
transcriptome in enzalutamide resistant PCa in vitro.

Additionally, the retrospective analysis of the targeted NGS investigation revealed that the
incidence of DDR gene mutations in the Irish population with mCRPC was comparable to earlier
NGS studies in the literature.

In conclusion, the findings in this study provides beneficial groundwork for further
exploration of circRNAs potential as biomarkers and therapeutic targets for drug-resistant PCa, and
this collection of work sets the foundation for identifying new biomarkers and targets for therapy

in PCa, which could utimately improve outcomes for people impacted by this disease.
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Appendices

Table 1. Custom designed Primer sequence for mRNA.

Gene Custom Designed Primers
Mycoplasma F: 5-GGGAGCAAACAGGATTAGATACCCT -3’

R: 5’-TGCACCATCTGTCACTCTGTTAACCTC -3’
GAPDH F: 5'- CGACCTGACCTGCCGTCTAGAA -3'

R:5'- GGTGTCGCTGGTGAAGTCCAGAG -3'
ZEB1 F: 5'- TGACTCTGATTCTACACCGCC -3'

R: 5'- CAGATTCCACACTCATGAGGTC -3'
ZEB2 F:5'- GCAGTTCCCTTCTGCGACATA -3'

R: 5'- ACACTGATAGGGCTTCTCGCC -3'
ECAD F: 5'- CCAATCCCGATGAAATTGGA -3'

R: 5'- TCGGAACCGCTTCCTTCATA -3'
NCAD F: 5'- CCCTGGAGACATTGGGGACT -3'

R: 5'- CTCAAGGACCCAGCAGTGGA -3'
FN1 F: 5'- GGAGATTCATGGGAGAAGTATGTG -3'

R: 5'- AAATACTTCGACAGGACCACTTGAG -3'
TWIST F: 5'- GCCTTCTCGGTCTGGAGGAT -3'

R:5'- CTGTCCATTTTCTCCTTCTCTGGA -3'
SNAI1 F: 5'- GCTGCTACAAGGCCATGTCC -3'

R:5'- ACTCTTGGTGCTTGTGGAGCA -3'
SLUG F: 5'- TCGGACCCACACATTACCTTGT -3'

R: 5'- CTGCAAATGCTCTGTTGCAGTG -3'
VIM F: 5'- AACCTGGCCGAGGACATCAT -3'

R: 5'- GTGCCAGAGACGCATTGTCA -3'
EPCAM F: 5'- CAACTGGATCTGGATCCTGGTC -3'

R: 5'- TGAGTTCCCTATGCATCTCACCC -3'
SMAD?2 F: 5'- TCAGGGTTTTGAAGCCGTCT -3'

R: 5'- CACTGAAGGGGATCCCATCT -3'
PDK3 F: 5'- TGCCAATTTCCCGTCTGTATG -3'

R: 5'- TCAGGCGTGGTCTTGTAATGG -3'
KLK4 F: 5'- TATGACCCGCTGTACCACCC -3'

R:5'- CCTGGACGGTTTTCTCTATCCAC -3'
KLK2 F: 5'- GACCAGATGAAGACTCCAGCCA -3'

R: 5'- CTGAGGCGTAGCAGGTGGTC -3'
STAT6 F: 5'- GCCTCTCCCCAGAAGAATCAG -3'

R: 5'- GACACAGCATGCTCCTGAGG -3'
PDK2 F: 5'- CCAGAGCCTCCTGGACATCA -3'

R: 5'- TCCTTGTACTCAAGCACGCCTT -3'
PDK1 F: 5'- TCCCTAGAGGGTTACGGGACAG -3'

R: 5'- CCAGTCATCAGCCTCGTGGT -3'
TGFB2 F: 5'- CGTTTGCAGAACCCAAAAGC -3'

R:5'- CGCCTTCTGCTCTTGTTTTCA -3'
TGFB1 F: 5'- CCCTGGACACCAACTATTGCTTC -3'

R: 5'- CCAGGCTCCAAATGTAGGGG -3'
SMAD4 F: 5'- AGGTGCCTTAGTGACCACGC -3'

R

:5'- CTGCTGCTGCATCTGTCGAT -3'
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Table 2. STR Profile of Cell lines.

Loci Cell Lines
Control | Clone | Clone | LNCaP | 22RV | PC-3 | DU145 | BPH-1 | RWPE- | PWR-
1 9 1 1 1E
AMEL X, Y X, Y X, Y X, X X, Y X, X X, Y X, Y X, X X, X
D5S818 10,11, | 11, 11,12 | 10,11 | 11,13 | 13, 10,13 | 11,12 | 12,15 | 13,13
12 12,13 13
D13S317 | 10,12 |9,10, | 10,12 |12,12 | 9,12 |11, 12,14 | 11,12 | 8,14 | 12,12
12 11
D75820 9.1, 9.1, 9.1, NA, 9,10 [8,11 |7,10 |10,11 | 10,11 |9, 11
10.3 10, 10.3 NA
10.3
D16S539 | 11,11 | 11,12 | 11,11 |11,11 | 12,12 |11, 11,13 | 9,9 9,11 | 12,13
11
VWA 16,17, | 15, 16,17, | 16,18 | 15,21 | 17, 17,18 | 17,17 | 14,18 | 14,16
18,19 | 16, 18 17
17,
18,
19,
20,21
THO1 9,9 6,9, 9,9 9,9 6,93 | 6,7 7,7 7,7 8,93 |8,93
9.3
TPOX 8,9 8,9 8,9 NA, 8,8 8,9 11,11 | 8,12 8,11 8,11
NA
CSF1PO 10,11 | 10,11 | 10,11 | NA, 10,11 | 11, 10,11 | 10,12 | 13,13 | 10,10
NA 11
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Table 3. Custom designed primer sequence for circRNAs and its associated parental gene.

circRNA

Custom Designed Divergent Primers

Parental
Gene

Custom Designed Convergent
Primers

F: 5'-CCATCCCAGTCCAGTTCCTA-3'

F: 5'-GCACCAAGGAAGGTTTGAAGG-3'

R: 5'-GACGCCATGAATCTCCAAGT-3’

hsa_circ_0001275 |0 o1 AAGGGCCCTAGCTCAAGAAG-3! PLCL2 . 5 TCAGTCCACATGAAACAGCAGC-3'
s circ 002646a |F¢ 5 -CCCATTTCCTTGTTTTGCTG-3 (k71 |F: 5-CCTGGATCTGGAGATTGCCA-3
are_ R: 5'-TCCAGAGCCACCTCTGTAGC-3' R: 5'-TGCCACCTCCACTGATGGT-3'

. F: 5'-GACGAAGATGACCACCTGCT-3' F: 5'-TGATCACTTCACCTCTGCGT-3'
hsa_circ_0033144 o o\ A GGCCACTTGGCTCCTCTAT-3' BCLL1B . 5 CAAATGTAGCTGGAAGGCTCA-3'
nsa_circ 0000673 |+ 5 TCCAGTATCTGTAAACCTTCTGTCC3' [\ o [F: 5 CGAAATCCCACAGCTGGTACC 3

R: 5'-GGAGCTTGGCTTCATAGGATT-3' R: 5-GGGTCTCAGATGCTGGCAAA-3'
F: 5'-AGAGGGAAATCCCAGCAGAG-3' F: 5 -TTCTGGGCTTTTGGAGGCAG-3'
hsa_circ 0000128 5'-AGAGGGAAATCCCAGCAGAG-3 ps72 5-TTCTGGGCTTTTGGAGGCAG-3'
R: 5'-GCATGAGGAGTCAATGCAGA-3 R: 5'-GGCCTTGGTGACTACTCGGC-3
s e 0001721 |F:5-TCCTCCACTGGCAAAGAGTC3 cokia |F:5-CTEGCCTCCAAGCTCCTACA 3
are_ R: 5'-CAGGAATTGTGTCCAGGGGTT-3’ R: 5'-CCAGCTTCTGGTTGCAATCTC-3'
nsa_circ_0007058 |+ 5 GOAGGCCCTGGCTATCTATC.S | F: 5'-GAACTGTTTGGAAAGGGCCC-3
R: 5'-TTCCACTTGAATGTGCAATGA-3 R: 5'-CACCATAAAAAGCCCCAGCA-3'
F: 5'-CCTGTGGCTGAGGCTACAC-3' F: 5'-CACCCTGGAGGAGAGGGTCC-3'
hsa_circ 0005320 5-CCTGTGGCTGAGGCTACAC- <EpTo 5'-CACCCTGGAGGAGAGGGTCC3
R: 5'-ACAGTGGCTCGGAGTAGGG-3 R: 5'-CCGGTCCTCCGAGTCCTCAT-3
nsa_circ_000s087 |+ & TTGATGGGGAGCTCTACAATG-3 NUpC |5 TGAAGGTGGAGGAGAGCTCG-3'
R: 5'-TGGGCTTCAGTTTTCCTTTG-3 R: 5'-GATCTCAGGGTCACTGGACACC-3
, F: 5'-GCTCGGATGTTGGTGGAGTA-3' F: 5'-CGGATGTTGGTGGAGTATACCC-3'
hsa_circ_0007365 , , RPRD1B
R: 5-CCTCCTCCTGAATTTGCTGA-3 R: 5'-CTTGCGGACCTGGGTTACTC-3'
F: 5'-CGGATTTTTGGCCTCATACT-3’ F: 5'-GAGGAAACCCCAGTTCGCTA-3'
hsa_circ_ 0066631 5-C66 GGCCTCATACT-3' pcBLD2 |75 GAGGARACCCCAGTTCGCTA-3
R: 5'-TCCCATTCACAAACAGTGCT-3 R: 5'-CCTCCTACCAGTGGCTGAGC-3
F: 5-ACATCTGGCCACTTCAGGAG-3’ F: 5'-TGTCAGGGATGCATTTGTGG-3'
hsa_circ 0074555 5'-ACATCTGGCCACTTCAGGAG3 anxag |75 TOTCAGGGATGCATTTGTGG 3
R: 5'-CGGCCAAAGTGAGACTTGA-3 R: 5'-GGGATACCATGATCCTGGTCAG-3
, F: 5’ - TCCCAGATAGCCATGTCACC-3’ F: 5'-CGTTTGTCGCCGTCTAGATT-3'
hsa_circ_0077109 IRAK1BP1
R: 5-GTGGGCTGATGACAACAGAG-3’ R: 5'-GGGCTGATGACAACAGAGCT-3'
nsa_circ_004d226 |+ TOBACAARGCATTAGCTTGTTT-3 | [F: 5-CTTGCAGAAATGCATITCCAAS'
R: 5-TTGGTTGTGGAGCTGTCACT-3 R: 5'-GGGTATCCAAAGCCTTCTCTGA-3
nsa_circ 0003738 |+ 3 TOAGGTGCTGGCTCACATAG-3 cagmiLL |F: 5-CTEGCAGAGATGAAAGCCAA-3

R: 5'-CCTCCATCCGACCGTTCTAC-3'

Table 4. TagMan® Advanced miRNA assays.
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miRNAs Assay ID

hsa-miR-1228-3p 478643 _mir
hsa-miR-361-5p 478056_mir
hsa-miR-422a 478481 _mir
hsa-miR-378a-3p 478349 mir
hsa-miR-370-3p 478326_mir
hsa-miR-506-3p 478958 mir
hsa-miR-149-3p 478720_mir
hsa-miR-301a-5p 478796_mir
hsa-miR-371a-3p 478070_mir
hsa-miR-29b-1-5p 478794 _mir
hsa-miR-221-5p 478778_mir
hsa-miR-372-3p 478071 _mir
hsa-miR-122-3p 477874 _mir

Table 5. Custom design gBlock as positive control

hsa_circ_000721.

for

hsa_circ_0001275 and

RNA

circ | Custom Designed gBlock

hsa | 5'-

c O
001
721

_cir | GAGTCCTCCACTGGCAAAGAGTCACCTAAAGTTAGGCGGCACTCCAGCCCCAGCTCGATATGTG

c_0 | TCACAAAGATGTCTACACGGAACTGCCAGGGAATGGACTCAGTGATCAAACCCCTGGACACAAT

001 | TCCTGCCAGAGGAGGAGCAGCTTTACACTGATGAAGTGTTAGACATCGAGATCAATGAACCTTT

275 | AGATGAATTTACAAATCAGTCGGATTTGTCAGATGAAGAGCTAAATGATGATCTTTTGCAGAGT

and | GATAATGAAGATGAAGAAAATTTCAGTTCTCAGGGTGTTACAACCATCCCAGTCCAGTTCCTACT

hsa | AAAACTCCCTTAATCTGCCTAGTCTAAGGAGGTGTGTGAATTTCTCTTCTTCTCCACTCCTGAATG
cir | GCTCTGATACCTGTCTTCTTGAGCTAGGGCCCTTACGC-3’
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pCD25-ciR

Figure 1. circRNA expressing vector pCD25-ciR (Cat no. GS0106). The sequences of the

primers are as below:
Primer-F: 5'-CGGAATTCTAATACTTTCAG + Original primer sequence-3',
Primer-R: 5'-CGGGATCCAGTTGTTCTTAC + Original primer sequence-3'.

The sequence of the PCR product of linear circRNA is as follow:

GAATTC TAATACTTTC. AAGAACAACT GGATCC
CTTAAG ATTATGAAAG TTCTTGTTGA CCTAGG
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bcZa ATG

M13 R . 1 nnla- Kalnl S.c'l].?ﬂl Siul
CAG GAA ACA GCT ATIG AQCATG ATT ACG CCA AGC TTG GTA CCG AGC TCG GAT CCA CTA
GIC CTT TGT CGA TAC TGGTAC TAA TGC GGT TCG AAC CAT GGC TCG AGC CTA GGT GAT

mlal zc?xl oo 1
|
GTA ACG GOC GCC AGT GTG CTG GMA TTC GG 1T PCR Product GCC GAA TTC TGC
CAT TGC CGG CGG TCA CAC GAC CTT AAG CCG BT T CGG CTT AAG ACG
Al
PaeR7 1
82X | Not | xno | No 1 X2 Aoe )

1 L) 1
COG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG

1
CGG
GOC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC

M13 Forward (-20) Primer

8l

AGT TOG TAT TACAAT TCA JCTG GCC GTC GIT TTA GJAA CGT CGT GAC TGG GAA AAC
TCA CTC AGC ATA AT|GTTA AGT |[GAC OGG CAG CAA AAT GTT GCA GCA CTG ACC CTT TTG
Comments for pCR®2.1

3929 nucleotides

LacZa gene: bases 1-545

M13 Reverse priming site: bases 205-221

T7 promoter: bases 362-381

M13 (-20) Forward priming site: bases 389-404
1 origin: bases 546-983

Kanamycin resistance ORF: bases 1317-2111
Ampicillin resistance ORF: bases 2129-2989

pUC origin: bases 3134-3807

Figure 2. pCR™2.1-TOPQO® vector (Cat no. K203001). The sequences of the primers are as

above.
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Figure 3. Representative images of LNCaP cells treated with a range of G418 concentration
at the end of 7 days using bright field microscopy. G418 concentration: A=untreated, B=300

ug/ mL, C=400 pg/ mL, D=500 pg/ mL, E=600 ug/ mL, F=700 pg/ mL. All images are X10

magnification.

Table 6. Preparation of BSA standards.

Vial Volume of H,0 Volume and source of BSA Final BSA concentration
(1L) (i) (ng/mL)

A 0 300 of stock solution 2000

B 125 375 of stock solution 1500

C 325 325 of stock solution 1000

D 175 175 from vial B 750

E 325 325 from vial C 500

F 325 325 from vial E 250

G 325 325 from vial F 125

H 400 100 from vial G 25

I 400 0 0
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BSA standards
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Figure 4. Standard curve of known concentrations of BSA ranging from 0 to 2000 pg/mL.

ddPCR Workflow
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Figure 5. Image of QX200™ Droplet Digital PCR System and work flow.
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Figure 6. Image of Agilent 2100 Bioanalyzer.
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