Identification of critical epigenetic modifiers

in prostate cancer

by

Bengiil GOKBAYRAK

A Dissertation Submitted to the
Graduate School of Sciences and Engineering in

Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy
in

Molecular Biology and Genetics

2,

c<a
AUN
KOC UNIVERSITESI

January 21, 2022



Identification of critical epigenetic modifiers in prostate cancer

Koc University
Graduate School of Science and Engineering

This is to certify that I have examined this copy of a doctoral dissertation by
Bengiil GOKBAYRAK
and have found that is complete and satisfactory in all respects, and

that any and all revisions required by the final

examining committee have been made.

Committee Members:

Associate Professor Nathan A. Lack (Advisor)

Associate Professor Tugba Bagc1-Onder

Associate Professor N.C. Tolga Emre

Associate Professor Ceyda Acilan-Ayhan

Assistant Professor Ahmet Acar

Date: January 21, 2022



I dedicate my thesis
to my parents, Fatma and Halim Cetin,
to my sister, Nilgiin,
to my husband, Onur,
who supported me endlessly and encouraged me in every step of the way.

1 couldn’t have done this without you.

il



ABSTRACT

Identification of critical epigenetic modifiers in prostate cancer
Bengiil GOKBAYRAK
Doctor of Philosophy in Molecular Biology and Genetics
January 21, 2022

Prostate cancer (PCa) is the second leading cause of cancer-related death in men. The
introduction of potent second-generation antiandrogens such as enzalutamide (ENZA)
has improved overall survival for patients with recurrent or metastatic PCa. Yet, while
patients initially respond to treatment, the vast majority eventually develop resistance.
ENZA-resistant PCa is almost invariably lethal, and few treatment options are available.
Clinical and basic studies have demonstrated that epigenetic events play a critical role in
the development of ENZA resistance by changing the genome accessibility through DNA
methylation, histone modifications, and chromatin remodeling. Considering their critical
function and druggability, epigenetic modifiers offer a promising pharmacological target
to treat ENZA-resistant PCa.

This study aims to identify critical epigenetic modifiers in late-stage ENZA-resistant PCa.
Due to the availability of lysine demethylase (KDM) inhibitors, we tested the essentiality
of all KDM enzymes to provide preclinical evidence that would support further drug
development. We performed an arrayed screen using a KDM-focused shRNA library in
multiple PCa cell lines. Despite previous literature, we observed that the knockdown of
KDM enzymes largely had little effect on PCa proliferation, potentially due to genetic
redundancies. To expand the focus of the project and screen all epigenetic modifiers, we,
therefore, generated an epigenetic-focused CRISPR library and performed unbiased
CRISPR-Cas9 dropout screens in multiple PCa and ENZA -resistant cell lines. Although
shRNA screen results were inconclusive, our epigenome-wide CRISPR-Cas9 screens
(EPIKOL) identified both known and novel epigenetic targets in ENZA-resistant PCa.
From this, we focused on SMARCC2, a core subunit of the SWI/SNF complex as a
potential candidate for ENZA-resistant prostate cancer. We confirmed SMARCC2-
dependency on multiple ENZA-resistant models with orthogonal proliferation assays. We
found that the SMARCC?2 cistrome was significantly expanded in ENZA-resistant cells
with marked differences in transcription factor occupancy. These gained binding sites
correlated with increased chromatin structures in PDX and clinical CRPC samples.
Collectively, these findings suggest that the SMARCC2-dependent SWI/SNF complex
gains an essential role in ENZA resistance by expanding its chromatin regulation. This
dependency could be exploited for the treatment of ENZA-resistant CRPC by SWI/SNF
inhibitors.

v



OZETCE

Prostat kanserinde onemli olan epigenetik diizenleyicilerin saptanmasi
Bengiil GOKBAYRAK
Molekiiler Biyoloji ve Genetik, Doktora
21 Ocak 2022

Prostat kanseri (PK), erkeklerde kansere bagli 6liimlerin ikinci dnde gelen nedenidir.
Enzalutamid (ENZA) gibi gii¢lii ikinci nesil antiandrojenlerin piyasaya siiriilmesi,
tekrarlayan veya metastatik PK’l1 hastalar i¢cin genel sagkalimi iyilestirmistir. Hastalar
baslangigta tedaviye yanit vermesine ragmen, biiylik ¢cogunlugu sonunda direng gelistirir.
ENZA'ya direngli PK neredeyse her zaman oOliimciildiir ve ¢ok az tedavi segenegi
mevcuttur. Klinik ve temel ¢aligmalar, epigenetik olaylarin, DNA metilasyonu, histon
modifikasyonlar1 ve kromatin sekillenmesi yoluyla genom erisilebilirligini degistirerek
ENZA direncinin gelismesinde kritik bir rol oynadigin1 gostermistir. Kritik islevleri ve
ilag gelistirilebilecek yapilar1 géz 6niine alindiginda, epigenetik diizenleyiciler, ENZA'ya
direncli PK'y1 tedavi etmek i¢in umut verici bir farmakolojik hedef sunar.

Bu c¢aligma, ge¢ evre ENZA'ya direngli PK'daki kritik epigenetik diizenleyicileri
belirlemeyi amaglamaktadir. Lizin demetilaz (KDM) inhibitdrlerinin gelistirilmis olmasi
nedeniyle, ilag gelistirmeyi daha fazla destekleyecek klinik dncesi kanitlar saglamak i¢in
tim KDM enzimlerinin gerekliligini test ettik. Birden fazla PK hiicre hattinda KDM
odakl1 bir shRNA kitaplig1 kullanarak dizili bir tarama gerceklestirdik. Onceki literatiire
ragmen, KDM enzimlerinin susturulmasinin, potansiyel olarak genetik benzerlikler
nedeniyle PK proliferasyonu iizerinde genel olarak ¢ok az etkisi oldugunu goézlemledik.
Projenin odagini genisletmek ve tiim epigenetik diizenleyicileri taramak icin, epigenetik
odakli bir CRISPR kitaplig1 olusturduk ve birden fazla PK ve ENZA'ya direngli hiicre
hattinda tarafsiz CRISPR-Cas9 taramalar1 gerceklestirdik. shRNA tarama sonuglari
yetersiz olmasina ragmen, epigenom ¢apindaki CRISPR-Cas9 taramalarimiz (EPIKOL),
ENZA'ya direngli PK'da hem bilinen hem de yeni epigenetik hedefleri tanimladi. Bundan
yola cikarak, ENZA'ya direngli prostat kanseri i¢in potansiyel bir aday olarak SWI/SNF
kompleksinin bir ¢ekirdek alt birimi olan SMARCC2'ye odaklandik. Ortogonal
proliferasyon deneyleri ile birden fazla ENZA direngli modelde SMARCC2 bagimliligini
dogruladik. SMARCC2 kromatin baglanma bdlgelerinin ENZA'ya direncli hiicrelerde
onemli dl¢lide genisledigini ve bu yerlere bagl transkripsiyon faktorii profilinde belirgin
farkliliklar oldugunu bulduk. Kazanilan baglanma bdlgeleri, PDX ve klinik CRPC
numunelerinde artan kromatin erisilebilirligi ile iliskilendirilebilir. Ozet olarak, bu
bulgular SMARCC2'ye baglhi SWI/SNF kompleksinin kromatin diizenlemesini
genisleterek ENZA direncinde 6nemli bir rol kazandigini gostermektedir. Bu bagimlilik,
ENZA'ya direngli kastrasyon diren¢li PK'nin SWI/SNF inhibitorleri tarafindan tedavisi
icin kullanilabilir.
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Chapter 1: Introduction 10

Chapter 1 INTRODUCTION

1.1 Prostate Gland

The prostate gland is a walnut-sized, endoderm-derived secretory gland in the male
reproductive system. It produces and secretes prostatic fluid during ejaculation, which
contributes to male fertility by semen liquefaction, sperm motility, and sperm capacitation
[1-3]. Prostatic fluid contains prostate-specific antigen (PSA) which digests semen-

coagulating proteins, thereby promotes semen liquefaction and sperm motility [1-3].

1.1.1 Anatomy and Structure of Prostate Gland

The human prostate is a unilobular gland anatomically divided into the central,
transitional, and peripheral zones (Figure 1.1a) [1,3,4]. The zones are covered anteriorly
by fibromuscular zone and exteriorly by fibrous capsule [1]. The central zone makes up
20-25% of the prostate gland [1]. It surrounds the ejaculatory duct and extends to the
bladder base. The transitional zone surrounds the urethra and constitutes approximately
5-10% of the gland [1]. The peripheral zone is the largest zone making up 70-75% of the
gland and it spans the prostate’s apical, posterior and lateral sides. This zone is commonly
affected by chronic prostatitis [1]. Benign prostatic hyperplasia (BPH), a non-malignant
tissue enlargement, is typically observed in transitional zone [5]. Prostate cancer (PCa)
primarily occurs in the peripheral zone (70%) though it is also observed in the central

zone (1-5%) and transitional zone (20%) [1].

Intermediate Luminal Neuroendocrine Basal
cell cell cell cell

Basement
membrane

Epithelium

Stroma

Fibroblast ~ Endothelial Neuron
cell

Figure 1.1 (a) The anatomy and (b) cellular structure of prostate tissue. Figures taken
from [2,3].
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The adult prostate is composed of ducts layered with epithelial cells that sit on a basement
membrane supported by stromal cells (Figure 1.1b) [1-3]. The prostate epithelium
consists of different cell types including luminal, neuroendocrine, basal and intermediate
cells. Luminal cells are the most abundant terminally-differentiated cell type in the
prostate epithelium [1,2]. They express luminal markers cytokeratin 8 and 18, PSA,
prostatic acid phosphatase, and androgen receptor (AR) [2,3]. The connection between
luminal cells is mediated through cell-cell adhesion molecules concentrated in
desmosomes and tight junctions. These luminal cells are also connected to the basement
membrane through integrins, which help the integrity of the epithelium. Neuroendocrine
cells are rare, terminally-differentiated cells with a low proliferation index [1,2]. They
reside among secretory luminal cells and contribute to epithelial growth and
differentiation. Neuroendocrine cells release peptide hormones or prohormones that are
important for the paracrine and autocrine activity of the prostate gland [1,2]. They have
no or undetectable levels of AR and PSA. Basal cells are small, pyramid-shaped,
undifferentiated cells that reside on the basement membrane and have a low proliferative
index. They express high levels of basal markers cytokeratin 5 and 14, and no expression
of AR, PSA, or prostatic acid phosphatase [1,2]. Intermediate cells express both basal and
luminal cell markers. They are highly proliferative, and their proliferation is androgen-
dependent [1,2]. A stromal compartment flanks the prostatic duct, supports and maintains
the local microenvironment. It consists of both extracellular matrix and stromal cells such
as fibroblasts, capillaries, lymphatic endothelial cells, smooth muscle cells,
neuroendocrine cells, and axons [2,3]. The communication between the stromal and
epithelial compartments regulates cell adhesion, proliferation, differentiation, growth,

and migration [2,3].

1.1.2 Endocrinology of Testosterone

The male reproductive system is tightly controlled by testosterone [1,6]. In men,
testosterone production is regulated by the hypothalamic-pituitary-gonadal axis (HPG
axis). This complex process is initiated by hypothalamus stimulation, which causes the
secretion of luteinizing hormone-releasing hormone (LHRH), also known as
gonadotropin-releasing hormone (GnRH). In the anterior pituitary gland, LHRH then
induces gonadotrophs to secrete decapeptide hormones, luteinizing hormone (LH) and

follicle-stimulating hormone (FSH) [6,7]. Finally, LH stimulates Leydig cells in the testes
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to produce testosterone. This site synthesizes 95% of all testosterone produced in the male
body. Adrenal glands synthesize the other 5% under the control of adrenocorticotropic
hormone [1,6]. Testosterone production has both annual and daily pulses that peak in
springs and in the mornings [8]. Testosterone production pulses are disrupted by aging
[1]. Due to its hydrophobicity, the vast majority of secreted testosterone is protein bound
in the bloodstream with 67% loosely bound to albumin or other serum proteins, 30%
tightly bound to sex hormone-binding globulin (SHBG), and only 0.5-3% circulating
unbound [1]. Testosterone that is free/unbound or albumin-bound is considered
bioavailable. Therefore, the ratio of SHBG to albumin determines the relative
bioavailable testosterone levels in blood [1]. Bioavailable testosterone can freely pass
through the cellular membrane because of its lipophilic structure. Once inside the prostate
cell, it is irreversibly converted to the more active androgen, dihydrotestosterone (DHT),

by Sa-reductase type I (SRD5A2) [1,6].

1.1.3 Androgen Receptor

Testosterone and its potent form DHT bind to AR and induce its conformational change,
which leads to AR translocation into the nucleus and transcription of AR-target genes [9].
The prostate gland depends on androgen receptor (AR) activity for organ development
and maintenance. Androgen receptor (NR3C4) is a member of steroid hormone receptors
which is part of the nuclear receptor superfamily [9]. Other steroid hormone receptors
include the glucocorticoid receptor (GR/NR3C1), mineralocorticoid receptor
(MR/NR3C2), progesterone receptor (PR/NR3C3) and oestrogen receptor o and
(ERa/NR3A1 and ERP/NR3A2). These steroid hormone receptors share both an
evolutionarily conserved structure and a similar mechanism of action [10,11]. The AR
gene is located at the X chromosome at Xql1-12. As there is only a single gene copy of
the AR gene in males, it is more susceptible to mutations that can alter AR activity. AR
gene is a 90 kb DNA segment and contains eight exons that code for 10.6 kb mRNA that
makes up the 2757 base pair open reading frame (Figure 1.2). The gene encodes for a

110 kDa protein with 919 amino acids [9].
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Androgen Receptor Structure

Similar to all steroid receptors the AR protein has distinct domains: N-terminal domain
(NTD), DNA-binding domain (DBD), hinge-domain and ligand-binding domain (LBD)
(Figure 1.2)[9,10,12].
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Figure 1.2 Androgen receptor genomic location and structure. AR is located at Xql1.2,
encompasses 90kb DNA segment containing 8 exons which encodes 110kDa protein. It has
NTD, DBD, hinge and LBD, similar to other nuclear receptors. AF-1 and AF-2 regions are
important for N/C interaction and cofactor binding. Most AR-Vs have cryptic LBD, thereby
become activated independent of ligand presence. Figure taken from [12].

N-Terminal Domain: The NTD (residues 1-555) transcribed from exon 1, is the largest
and the least conserved domain (Figure 1.2). Thought to be intrinsically disordered, the
NTD contains the activation function 1 (AF1) region that is necessary and sufficient for

AR transactivation [13,14]. Unusual for other steroid receptors, LBD-truncated AR is
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constitutively active [15,16]. Within the AF1, the Tau-1 and Tau-5 region are crucial for
both N-terminus and C-terminus interaction of AR (N/C interaction) and coregulator
interactions [14]. Further the NTD has a 20-22 glutamine repeats region starting from
residue 57 [17]. The repeat length affects NTD folding, in turn, the transcriptional activity
of AR [18].

DNA-binding domain: The DBD (residues 556-623) is the most conserved region among
steroid receptors. DBD is a 70 amino acid cysteine-rich domain that is transcribed from
exon 2 and 3 (Figure 1.2). It binds as a dimer to androgen response elements (ARE) that
occur in the genome [11]. The canonical ARE has palindromic hexameric half-sites
separated by three nucleotides (5’-AGAACAnnnTGTTCT-3)[11,19]. As nuclear
receptors have very closely related DBD structures and DNA-binding motifs, it is unclear

how each receptor has distinct binding sites throughout the genome [20-22].

Hinge region: The hinge region (residues 624-665) is the flexible region between DBD
and LBD (Figure 1.2). It contains a bipartite nuclear localization signal (NLS), carboxy-
terminal extension (CTE) and PEST sequence. The NLS sequence is located at the
junction of the DBD and hinge region and only becomes accessible when ligand-bound

AR undergoes conformational changes [23,24].

Ligand-binding domain: The LBD (residues 666-919) is well-structured domain with
numerous crystal structures (e.g. PDB 1E3G[25], 5JJM[26], 2AMA[27]) (Figure 1.2).
LBD binds androgens such as testosterone or DHT at the ligand binding site [28-30].
Given this critical function, most AR antagonists or antiandrogen drugs have been
designed to target the ligand binding site and prevent androgen binding [31-34]. Like
other steroid receptors, the ligand-binding pocket is capped by an alpha-helix, which upon
ligand binding forms a hydrophobic cleft known as activation function 2 (AF2) region
[25]. AF2 is a docking site for coactivators and the N/C interaction via a FxxLF motif

[35-37].
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1.2 Prostate Cancer

1.2.1 Epidemiology of Prostate Cancer

Prostate cancer (PCa) is the second most common cause of cancer-related death in men
in developed countries [38]. Fortunately, the majority of cases are localized primary PCa
(Figure 1.3c) that can often be successfully treated with surgery or radiotherapy.
However, advanced or metastatic PCa is very difficult to treat and has a high rate of
mortality [39]. The incidence rate of the disease is influenced by age, ethnicity, and family
history. Both incidence and death rates are highest for African-American men and the
lowest for Asian and Native American men (Figure 1.3a)[40]. For all ethnicities, the
incidence rate dramatically increases with age and men >65 have a significantly higher
chance of being diagnosed with PCa (Figure 1.3b)[40]. The genetic background of the
patient also influences the prevalence of the disease. Men with a family history of PCa
have a nearly two-fold higher chance of being diagnosed than men with no family history
[41]. Genome-wide association studies showed that specific genetic loci are associated

with PCa susceptibility [42,43]. New guidelines include BRCA2 mutation as a risk factor
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Figure 1.3 The incident rates of prostate cancer based on (a) ethnicity, (b) age and (c) disease
stages. Incidence rates between 2014-2018 based on (a) ethnicity, (b) age, and (c) disease stage
during diagnosis. Mortality rates between 2015-2019 based on (a) age. The data retrieved from
SEER database. (https://seer.cancer.gov/statfacts/html/prost.html) and it refers to age-adjusted

rates per 100,000 cases.
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for PCa development in men above 40 years of age [44]. Dietary habits, physical activity,

and smoking also impact the incident rate and the progression of the disease [39].

1.2.2 Diagnosis and Treatment of Prostate Cancer

PCa is suspected when a patient has high PSA levels and a palpable prostate in a digital
rectal examination (DRE). For these patients, biopsy samples are collected from different
prostate regions and graded by the Gleason grading system [45,46]. This grading system
is from 1 to 5, based on the level of differentiation in cancerous tissue, and consists of the
sum of the most prevalent pattern and second most prevalent pattern in biopsy samples
[44,47]. Patients are categorized into different risk groups based on their Gleason Score,
PSA level, stage in diagnosis and Tumor-Node-Metastasis (TNM) evaluation listed in
Table 1.1 [45,46]. The classification helps to determine the method of cancer
management, which is typically discussed with a multidisciplinary group including

urologists, radiologists, oncologists and pathologists [45,46].

Table 1.1 Risk groups for biochemical recurrence of localized and locally advanced PCa
Low Risk Intermediate Risk High Risk

PSA level (ng/mL) <10 10-20 >20 Any PSA
Gleason Score <7 7 >7 Any GS

Stage in diagnosis Localized Localized Localized Locally advanced
Clinical Tumor Node

Metastasis cT1-T2a cT2b cT2c c¢T3-T4 or cN+
classification

T values are based on DRE only.

T1: Tumor is not palpable

T2: Tumor is palpable and confined in prostate (a: one half of lobe or less, b; more than one half of one
lobe but not both lobes, c: both lobes)

T3: Tumor extends through the prostatic capsule (a: extracapsular extension (unilateral or bilateral), b:
tumor invades seminal vesicle(s))

T4: Tumor is fixed or invades adjacent structures other than seminal vesicles: external sphincter, rectum,
levator muscles and/or pelvic wall

N: regional (pelvic) lymph nodes (NO: no regional LN metastasis, N1: regional LN metastasis)

M: distant metastasis (MO: no distant metastasis, M1: distal metastasis)

Localized or Locally Advanced PCa Therapy Options

The most common therapy for localized PCa includes watchful waiting, active
surveillance, radical prostatectomy, radiotherapy and brachytherapy (Figure 1.4b)
[44,45]. The selection of the specific therapy depends on the risk group summarized in

Table 1.1. Active surveillance is offered to low-risk patients to prevent overtreatment,
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while watchful waiting is offered for the patients with a life expectancy of less than ten
years [44]. For patients with mid-grade PCa radical prostatectomy and radiotherapy are
the most common treatments [44]. Following prostatectomy, patients undergo regular
PSA monitoring to determine biochemical recurrence which is the state where increased
PSA levels have been observed in two consecutive tests (>0.2ng/ml) [44,45,48]. Patients
with biochemical recurrence are more likely to develop distant metastasis and resistance

to first-line therapies and have a decreased overall survival [44,49,50].

Those patients with recurrent, high-risk or metastatic PCa are typically given androgen
deprivation therapy (ADT) [44]. Most commonly, this is performed by chemical
castration through LHRH agonists/antagonists. LHRH agonist overstimulates the anterior
pituitary gland and causes a temporary increase in testosterone levels in serum known as
“testosterone flare” [51]. Eventually, continuous stimulation triggers the negative
feedback mechanism, which lowers the levels of LHRH receptors and desensitizes
gonadotrophs, thereby lowering testosterone levels [52,53]. In contrast, LHRH antagonist
directly blocks the activity of LHRH receptors in the anterior pituitary gland resulting in
a decrease in LH release that prevents testosterone secretion from Leydig cells [52,53].
While primarily given as a monotherapy, there is increasing evidence that in metastatic
hormone-sensitive PCa, combining ADT with AR targeting therapeutics like
enzalutamide (ENZA) and abiraterone or docetaxel, a cytotoxic chemotherapeutic, can

improve progression-free survival and overall survival [44,54-56].

Castration Resistant PCa and Therapy Options

Even though most patients respond to ADT, the tumor almost always adapts to castration
conditions and progresses into a castration-resistant state (Figure 1.4a). This castration-
resistant prostate cancer (CRPC) has a poor prognosis with a median survival of less than
three years [57,58]. The management of CRPC is still evolving with the recent approval
of several new treatment options (Figure 1.4b) [59-61]. Common treatment for CRPC
includes second-generation androgen receptor signaling inhibitors such as abiraterone or
ENZA, or docetaxel chemotherapy [59]. Abiraterone acetate inhibits androgen
biosynthesis by targeting CYP17A1, an enzyme essential in androgen biosynthesis [62].
In chemo-naive metastatic CRPC patients, abiraterone acetate treatment improves overall

survival and delays chemotherapy or bone lesion formation [63,64]. Antiandrogens
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directly block AR activity by primarily competing with DHT for AR binding. The limited
potency and agonistic-like activity of first-generation antiandrogens [65—67] led to the
development of second-generation antiandrogens apalutamide [68], darolutamide [69], or
ENZA [70]. These are preferred for CRPC treatment [59] due to their improved effect in
progression-free survival [71-73]. ENZA has been shown to delay the disease
metastatic CRPC

progression, and increases the overall survival in docetaxel-naive,

patients [74]. However, in almost all patients, the disease develops resistance and current

therapies have limited effect on overall survival and progression-free survival in CRPC.

There is, therefore, a need for new therapeutics to treat late-stage PCa.
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Figure 1.4 (a) Prostate cancer (a) progression and (b) available therapy options. (a)
General disease progression presented by hypothetical disease burden measured as PSA level.
(b) Some therapy options available at different disease stage. Figure taken from [66].

1.2.3 Mechanisms of Castration Resistance

It is crucial to understand the mechanisms of treatment resistance in order to develop

better therapeutic options. There is extensive clinical evidence that the majority of CRPC
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tumors remain dependent on AR, and loss of activity causes a significant decrease in cell
proliferation of both primary PCa [75] and CRPC [76,77] models. Tumor cells adapt or
become hypersensitized to castrate conditions through multiple resistance mechanisms
that re-activates the AR signaling axis. This can include AR amplification, AR mutations,
AR splice variants, intratumoral de novo steroidogenesis, alternative ligand binding,

activation of alternate pathways, genetic and epigenetic alterations [78—82].

AR amplification: Amplification of the AR gene or enhancer increases expression of AR
that sensitizes the nuclear receptor to castrate androgen levels [83—85]. This increases

proliferation in cell line models and decreases sensitivity to antiandrogens [86].

AR mutations: Point mutations in the AR hinge region or LBD allow a large spectrum of
ligands to interact with AR and alter transactivation [87,88]. Mutated AR has been shown
to be responsive to adrenal androgens [89], other steroids [90], certain growth factors
such as IGF-1 and EGF [91]. Further, mutations to the AR can cause antiandrogens to act

as agonists and actually increase proliferation [29,30,92-94].

AR splice variants: Androgen receptor splice variants (AR-Vs) are lowly expressed in
primary PCa and then increase in CRPC [95,96]. Most AR variants lack an LBD and are
constitutively active in the absence of a ligand. Given that they do not need androgen to
be activated, AR-Vs are intrinsically resistant to ADT and antiandrogens [97-100] and
correlate with clinical antiandrogen resistance [101-103]. AR-V7 is the most commonly
observed splice variant detected by both mRNA and protein levels in neoplastic prostatic
tissues [95,96,104]. AR-V7 forms homodimers or heterodimers with full-length AR
[99,105,106]. Although the DNA occupancy of AR-V7 and AR mostly overlaps
[107,108], they induce the transcription of different gene sets [99,107,109], suggesting
that the co-regulators for AR-Vs might play a role in differential gene expression

contributing to CRPC.

Intratumoral de novo steroidogenesis: Despite androgen blockade, CRPC patients have
higher intratumoral androgen levels than primary PCa patients [110]. It has been
demonstrated that the PCa tumour itself can produce androgens de novo. In this, enzymes

involved in the steroidogenesis pathway such as CYP17A1 and AKRIC3 are
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overexpressed leading to a so-called “backdoor” synthetic route [110,111]. Removal of
adrenal glands reduces the testosterone levels in castrated mice; however, recurrence is

observed in AR-positive cells that express de novo steroidogenesis enzymes [89].

Alternative pathways of AR activation: Alternate pathways also contribute to treatment
resistance. Commonly observed mutations in clinical CRPC samples are clustered in
major pathways including PI3K pathway, WNT pathway and DNA repair in addition to
AR pathway [112-114].

Epigenetic modifications: In addition to frequent mutations in epigenetic modifiers,
multiple studies on CRPC epigenome and AR co-regulators revealed an important role
for epigenetic modifiers in disease progression through epigenetic reprogramming and
cistrome alterations [22,115-117]. DNA methylation, histone modification and
chromatin accessibility strongly correlate with clinical outcome. Multiple epigenetic
modifiers have been shown to be essential for androgen-dependent transcription or DNA
recruitment [118,119]. Additionally epigenetic vulnerabilities are observed in preclinical
studies which can be exploited for cancer therapy [120,121]. Due to their druggable
structure, epigenetic modifiers emerge as potential drug targets to re-sensitize tumor cells

for readily available therapies.

1.3 Epigenetics and Epigenetic Modifications

Epigenetics are heritable changes that induce a phenotype without altering the DNA
sequence. These can affect multiple biological processes including DNA repair,
pluripotency, differentiation, genomic imprinting, transcriptional regulation, splicing,

spreading of heterochromatic state and X chromosome inactivation [122—-125].

Epigenetic information is commonly stored as either DNA chemical modifications or
histone post-translational modifications. DNA in eukaryotic genomes is wrapped around
a histone octamer that is composed of one H3-H4 tetramer and two dimers of H2A-H2B
[124]. Histone proteins are rich in positively charged amino acids lysine and arginine,
which neutralize negatively charged sugar phosphate backbone of DNA [124]. This
nucleosome core contains 147 hydrogen bonds between the backbones of DNA and

histone [124]. Linker histone H1 is mostly responsible for further compaction into multi-
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nucleosomal structures [124]. The relative compaction of these nucleosomes strongly
influences the accessibility of transcription factors and other proteins to chromatin. Thus,
the crosstalk between epigenetic modifications on DNA and histones functionally
regulates transcriptional machinery and gene expression. Given this critical role,
epigenetic dysregulation has been associated with complex human disorders, metabolism

changes, cancer and drug resistance [126—128].

1.3.1 DNA Methylation

In eukaryotes DNA methylation is an epigenetic event where a methyl group is transferred
to the 5th carbon in the pyrimidine ring of cytosine nucleotides to form 5-methylcytosine.
The major function of DNA methylation is to induce heterochromatin formation and
transcriptional repression to regulate genomic imprinting, X chromosome inactivation,
repression of mobile genetic elements and tissue-specific gene expression [129]. DNA
methylation is controlled by the activity of DNA-methyltransferases (DNMT) and Ten-
eleven translocation (TET) family proteins. In humans, methylated cytosines are
primarily found on cytosine nucleotides followed by guanine nucleotides (CpG), and less
frequently in other cytosine-containing sites [129]. Aberrant DNA methylation is

observed in many different cancers [130].

DNA methylation: DNA methylation patterns are maintained during cell division as
epigenetic memory or generated de novo. During DNA replication, DNMT]1 interacts
with UHRF1 E3-ubiquitin ligase that is bound to hemimethylated CpG nucleotides in the
replication fork that is di-/tri-methylated at H3K9. UHRF1 ubiquitinates H3 tails and
activates DNMT1 which, in turn, methylates the daughter strand and helps maintaining
DNA methylation [129]. De novo DNA methylation is mediated by DNA
methyltransferases DNMT3A and DNMT3B. These writer proteins contain a highly
conserved DNA methyltransferase domain (DNMT) and two reader domains namely
ATRX-DNMT3-DNMT3L (ADD) and PWWP [129]. ADD domain interacts with
unmethylated H3K4, thereby triggering the DNA-methyltransferase activity [129].
Transcriptionally active promoter sites are methylated at H3K4 which repels ADD from

that region and prevents DNA methylation [129].



Chapter 1: Introduction 22

DNA demethylation: TET proteins (TET1, TET2, TET3) are Fe (II) and a-ketoglutarate
dependent dioxygenases. They oxidize 5’-methylcytosine to an intermediate form that
can be removed during replication or excised and repaired by base excision repair
machinery [129,131]. TET1 and TET3 proteins have CXXC domains that tend to bind
CpG-rich regions, whereas TET2 has different preferences due to the lack of this domain
[131]. Additionally, 5-methylcytosine can be converted to thymidine either passively or
actively by deamination leading to the depletion of CpG with time [150,154].

Readers of methylated DNA: Multiple protein domains can “read” DNA methylation
including methyl-binding domain (MBD), C2H2 or zinc finger-containing proteins and
p53 [132]. Also basic-helix-loop-helix (bHLH) transcription factors such as MYC and
MAX are responsive to TET-modified CpGs [132]. Basic leucine-zipper and

homeodomain transcription factor families can also recognize methylated DNA [132].

1.3.2 Histone Modifications

The N-terminus of histones commonly undergo posttranslational modifications by
epigenetic modifying enzymes. These modifications are heritable, reversible and dynamic
[133]. The “writer” enzymes covalently attach posttranslational modifications to histone
residues, while “eraser” enzymes remove these modifications. “Readers” are the proteins
that recognize the epigenetic marks and interpret them. The epigenetic state and
transcription are regulated in cooperation with either writers or erasers that are in complex
with readers, other chromatin remodelers or transcription factors [125,133]. Study of
posttranslational modifications in histone tails have focused on methylation, acetylation,
phosphorylation, ubiquitination and sumoylation [125,133]. Histone lysine methylation

will be discussed in Section 1.3.3.

Histone arginine methylation: Arginine methylation is observed in both histone and non-
histone proteins, and contributes to multiple cellular processes including transcriptional
regulation, alternative splicing and DNA damage response [134,135]. Methylation is
catalyzed by protein arginine methyltransferases (PRMTs) using S-adenosyl-L-
Methionine (SAM or AdoMet) as the methyl source. Arginine residues can be
monomethylated, asymmetrically or symmetrically di-methylated [134,136]. PRMTs are
classified into three groups based on their activity. Type I PRMTs include PRMT]1 to
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PRMT4, PRMT6 and PRMTS8, which generate monomethyl-arginine and asymmetric
dimethylarginine [135]. PRMTS5 and PRMT9 are Type II PRMTs, which transfer the
methyl groups to unmethylated arginine or mono-methylated arginine resulting in
symmetric dimethylarginine [135]. PRMT7 is the only member of Type III PRMT, and
generates mono-methylated arginine residues on histones [135,137]. PRMT1 and PRMTS5
are responsible for the majority of methyl-arginines. In addition, JMJD6 and certain
JmjC-domain containing lysine demethylases (KDM3A, KDMA4E, KDM5C and
KDM6B) have been reported to catalyze the removal of methyl-groups from arginine
[138].

Histone acetylation: Histone acetylation is a highly dynamic and redundant PTM. It
occurs in the g-amino group of lysine residues with acetyl CoA providing the acetyl
source [139]. Lysine acetyltransferases (KATs) and histone deacetylases (HDACsS) are
responsible for the balance of acetylation. Being negatively charged, acetyl group
neutralizes the positive charge in lysine residue on histone, and weakens the interaction
between histone and DNA [139]. Type-B KATs are mostly cytoplasmic where they
modify newly synthesized histone H4 at lysine 5 and lysine 12 which will be removed
after the nucleosome incorporation [139]. Type-A KATs are mostly nuclear and are
classified into three groups based on their sequence homology including GNAT, MYST
and CBP/p300 families. They are often found in large protein complexes and can modify
multiple lysine residues in histone N-terminus [140]. GCNS5 and PCAF are members of
the GNAT family that acetylate H3K9 residues. MYST family includes Tip60, MOZ,
MORF, HBO1 and MOF [141]. Tip60 is part of NuA4 acetyltransferase complex and has
multiple roles including acting as a co-activator of nuclear receptors, B-catenin, c-MYC,
E2F and p53 [142]. CBP and p300 can acetylate all histone subtypes [143]. Other KATs
include steroid receptor coactivators (SRC1-4) [139].

Histone deacetylation: Removal of acetylation from lysine histone residues are mediated
by histone deacetylases (HDACs) which cause chromatin compaction and transcriptional
repression. There are four HDAC classes. Class [ (HDACI, -2, -3, -8), Class II (HDAC4
to HDAC7 , HDAC9 and HDAC10), Class III (Sirtuins, SIRT1 to SIRT7) and Class IV
(HDACI11)[144]. HDAC1, HDAC2 and HDAC3 also participate in co-repressor
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complexes including NuRD, Sin3, CoREST, NCoR and SMRT [145,146]. HDAC

inhibitors are clinically tested for cancer treatments [144].

Readers of acetylated histones: Bromodomain, YEATS domain and double PHD finger
(DPF) domain can recognize acetylated lysine residues [147—150]. Bromodomain and
external domain (BET) family includes BRD2, BRD3, BRD4 and BRDT. BRD4 actively
participates in transcription and enhancer activity [151]. Inhibitors and proteolysis
targeting chimera are designed against BET proteins and tested in preclinical and clinical

settings [149,152].

Other common epigenetic modifications: Other histone post-translational modifications
include -but not limited to phosphorylation, ubiquitination, sumoylation. Histone tails are
phosphorylated at serine, tyrosine and threonine residues by kinases and
dephosphorylated by phosphatases. Phosphorylation is a dynamic event and the details
are not well characterized. Histone ubiquitination occurs in lysine residues and requires
sequential reactions mediated by ubiquitin ligases [153]. Transcriptional regulation by
histone ubiquitination is location-dependent. H2AK119 ubiquitination by BMI and
RING1A/B works together with H3K27me3 for gene silencing [154], whereas H2BK 120
ubiquitination by RNF20/40 is associated with active transcription [155,156]. H2A
ubiquitination by RNF8 and RNF168 marks damaged DNA regions for repair [157].
Histone ubiquitination is reversed by deubiquitinating enzymes (DUB) such as USP22,
USP16, BAP1-ASXL1/2 complexes [158,159]. Sumoylation is similar to ubiquitination
and requires E1, E2, E3 ligases to covalently attach small ubiquitin-like modifiers

(SUMO) [160] and is generally associated with gene silencing [161].

1.3.3 Histone Lysine Methylation

Lysine residues on histones are reversibly methylated using SAM as the methyl source
[162]. As this modification does not change the overall electric charge of the amino acid
chain, the effect of the methylation on the chromatin accessibility strongly depends on
the residue position (Figure 1.5). Overall, the methylation of H3K4, H3K36 and H3K79
is associated with transcriptionally active regions [133], while the methylation of H3K9,

H3K27 and H4K20 is associated with transcriptionally repressed regions [133]. Bivalent
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methylation marks on H3K4 and H3K27 co-exist to facilitate the shift of gene expression

from poised state to transcriptionally active state [163].
Histone lysine methyltransferases: Histone lysine methyltransferases (KMTs) are

categorized based on the SET domain presence. SET-domain containing KMTs include

KMT1 to KMTS and introduce mono-/di-/tri-methyl groups into lysine residues [162].
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Figure 1.5 The distribution of histone lysine methylation and its effect on gene
expression. Green: euchromatin regions. Red: heterochromatin regions. BV: Bivalent. E:
Exon. I: Intron. the methylation of H3K4, H3K36 and H3K79 is associated with
transcriptionally active regions, while the methylation of H3K9, H3K27 and H4K20 is
associated with transcriptionally repressed regions. Bivalent methylation marks on H3K4 and
H3K27 co-exist to facilitate the shift of gene expression from poised state to transcriptionally
active state. Figure taken from [157].

SET-domain containing KMTs can be further divided into SUV39, EZH, SET2, PRDM,
SMYD and SET1 families. SUV39 family methylates H3K9, which is observed in
constitutive or facultative heterochromatin regions such as promoters, pericentromeric
regions and long terminal repeats [162]. EZH family joins Polycomb group protein
complexes and introduce H3K27mel in gene bodies and H3K27me?2/3 in transcription

start sites [162,164]. SET2 family methylates H3K9, H3K27 and H4K20 [162]. PRDM
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family is thought to methylate H3K9 [162]. Unlike other KMTs, SET1 proteins are
associated with transcriptional activation and methylate H3K4 residues in promoter and
enhancer regions [165,166]. DOTIL is the only non-SET domain containing KMT and it
methylates H3K79, which has conflicting roles in transcription [167].

Readers of methylated histones: Lysine methylation is recognized by diverse reader
domains including PHD, chromo, TUDOR, PWWP, WD40, BAH, ADD, ankyrin repeats,
MBT and zn-CW domains [162].

Histone Lysine Demethylases

Histone lysine demethylases (KDMs) are divided into two groups based on their cofactor
requirement for demethylase activity (Figure 1.6a,b). Besides their demethylase activity,
most KDMs have reader domains and join large protein complexes that contribute to the

tight regulation of histone-modifications [168].

FAD-dependent lysine demethylases: KDM1A (also known as LSD1) and KDMI1B are
amine oxidases which require flavin adenine dinucleotide (FAD) for their activity
[169,170] (Figure 1.6a,c,d). KDMI1A was the first KDM discovered and also
demonstrated the reversible nature of histone methylation [169]. KDM1A demethylates
mono- and di-methyl H3K4 [169]. Although in vitro studies suggests that it cannot work
on H3K9me?2 peptides [169], H3K9me2 demethylase activity has been observed when
interacting with AR [171]. Amine oxidases are incapable of using trimethylated lysine
residues as substrates [172]. Specific KDMI1A inhibitors are clinically in development

due to their in vitro efficacy against certain cancer types including PCa [173].

JmjC-domain containing lysine demethylases: The lysine demethylases KDM?2 to KDMS§
all contain a JmjC domain and require both Fe(Il) and 2-ketoglutarate to oxygenate
methyllysine to hydroxymethyl-lysine (Figure 1.6b,c,d) [170]. H3K9 demethylation is
mediated by KDM3, KDM4 and KDM7 families which can thereby act as transcriptional
activators. KDM3/JHDM2 family can demethylate H3K9mel and H3K9me2 [174].
KDM4/JHDM3 family demethylates H3K9me2/me3 and H3K27me2/me3 [175,176].
KDM7 family, structurally related to KDM2 family, can act on H3K9mel, H3K9me2 and
also on H3K27me2 [177,178], KDM7B, also known as PHF8, recognizes H3K4me3
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Figure 1.6 Histone lysine demethylases, their cofactor requirement and substrate
specificity. The representative demethylase reaction of (a) FAD-dependent and (b) Fe(II) and
2-ketoglutarate-dependent KDMs. (c) Phylogenetic tree of KDMs and (d) their methyl-histone
substrates. Figures taken from [162,168].

regions and removes mono- and di-methyl groups from nearby H3K9 thereby
contributing to the exclusive distribution of H3K4 and H3K9 methylation [178]. KDM6
family (UTX, UTY and JMJD3) demethylate H3K27me2 and H3K27me3 [179]. Other
KDM families act on transcriptionally active marks and contribute to transcriptional gene
silencing. KDMS5/JARID1 family demethylates H3K4me2 and H3K4me3 found in
promoter regions [180,181]. KDM2 and KDM4 families removes methyl groups from
transcriptionally active H3K36 marks [162,176]. MINAS3 and NO66 have been
suggested to remove H3K4 methylation, however this has not been validated with peptide
substrates [176]. There is accumulated evidence for the role of KDMs in different cancer
types [127,174,182,183]. This has led to the development of numerous KDM inhibitors.
Initial studies focused on amine-oxidase inhibitors and 2-ketoglutarate analogs that
targeted a broad range of KDMs [184,185]. However, recent studies have led to the
development of inhibitors with increased specificity [186,187].
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1.3.4 Chromatin remodeling

ATP-dependent chromatin remodelers are highly conserved among species, and are
involved in nucleosome editing, chromatin accessibility, nucleosome assembly and
organization [188]. They belong to the SF2 superfamily of DEAD/H-box helicases and
contain ATPase domains DEXX and HELIC. They are grouped into four subcategories
based on their ATPase activity and subunit compositions: imitation switch (ISWI),
chromodomain helicase DNA-binding (CHD), switch/sucrose non-fermentable

(SWI/SNF) and INOSO (Figure 1.7)[189].

ISWI family has an ATPase domain with two RecA-like lobes separated by a short
sequence and a C-terminal HAND-SANT-SLIDE (HSS) domain that binds to unmodified
H3 tail and linker DNA [188]. It organizes the nucleosome assembly and the spacing
between nucleosomes [188]. The CHD family has N-terminal tandem chromodomains,
C-terminal DBD and the ATPase domain similar to that of ISWI [188]. It functions in
nucleosome assembly, chromatin accessibility, and nucleosome editing [188]. INO8O
family has two RecA-like lobes separated by a large insertion and an N-terminal HSA
[188]. It regulates nucleosome editing by removing and inserting new histones

independent of DNA replication [188].
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Figure 1.7 ATPase-dependent chromatin remodelers and their role on chromatin
regulation. ISWI and CHD remodellers regulate nucleosome spacing, SWI/SNF changes
chromatin accessibility, and INO80 involves in nucleosome editing. Figure taken from [181].
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SWI/SNF complex

The SWI/SNF complex is primarily involved in altering chromatin accessibility and
associated with both transcriptional activation and repression[166,188]. SWI/SNF family
members have two RecA-like lobes separated by a small insertion, an N-terminal
helicase/SANT-associated (HSA) domain that interacts with actin-related proteins, post-
HSA domain, AT-hooks and a C-terminal bromodomain [188]. There are more than 25
genes that transcribe SWI/SNF complex subunits [190]. These subunits form different
complexes composed of at least 15 proteins. There are three well-defined SWI/SNF
complexes: canonical BAF complex (cBAF), polybromo-associated BAF complex
(PBAF), and non-canonical BAF complex (ncBAF) (Figure 1.8)[190—192]. The distinct
composition of SWI/SNF complex also affects its affinity toward histone modifications
highlighting their functional differences [193]. It is still unclear how their distinct
composition is regulated or whether modules have independent activities. However, as
the SWI/SNF complex doesn’t have any DNA sequence requirement, it is primarily
recruited to the regions by other transcription factors [188]. Proteins in the complex can
recognize acetylated histone regions through bromodomains or double PHD-finger
domains [193]. Each SWI/SNF complex requires the ATPase domain for chromatin
remodeling activity [194,195]. The distinct SWI/SNF complex compositions have

specific roles in neuronal differentiation [196,197] and self-renewal [198]. Inhibitors and
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Figure 1.8 The subunits of SWI/SNF complex and functionally important domains of
subunits. SWI/SNF complexes are mainly categorized into three groups based on the protein
composition, namely canonical BAF, PBAF and ncBAF. Shared subunits are colored in
grey. Orange-pink color represents the subunits that do not exist in ncBAF. Green subunits
are specific to PBAF and blue subunits are specific to ncBAF. Figure taken from [192].
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synthetic lethal interactions of SWI/SNF subunits have become interesting targets for

cancer therapy [199].

These SWI/SNF complexes are composed of modules, including the BAF core module,
ARID/BAF core intermediate and ATPase-module, that have specialized roles in the
complex (Figure 1.8) [190,194,200]. The BAF core module is formed by homo- or
hetero- dimerization of either SMARCCI1 and SMARCC?2 proteins that in turn interacts
with SMARCD1/2/3 [194]. The core interacts with either SMARCBI1 and SMARCEI to
form the BAF core [201], or GLTSCR1/1L to form ncBAF core [194]. The ARID/BAF
core intermediate contains either ARIDIA/B for cBAF complex, ARID2 for PBAF
complex, or no AT-rich protein for ncBAF complex [194]. The subcomplex then interacts
with other proteins, before recruiting the ATPase module. Certain subunits are unique to
particular SWI/SNF complexes such as ARIDIA/B and DPF2 to ¢cBAF, PBRM1 and
ARID2 to PBAF, GLTRSCL and GLTRSCLI to ncBAF (Figure 1.8) (Table 1.2)
[190,196]. Proteins occupying the same space in the complex structure are mutually

exclusively but can compensate the loss of one protein [202].

Table 1.2 Defining subunits of SWI/SNF complex and their functional domains. esBAF:
pluripotent stem cell BAF, npBAF: neuronal progenitor BAF, nBAF:postmitotic neuron BAF

[190,203]
Module Specificity Gene Alias Important Domains
ﬁlgslsee cBAF/ncBAF SS18LI CREST
ﬁlgslsj cBAF/ncBAF SS18 SYT
ATPase . Bromodomain/BAH/
module PBAF-specific PBRM1 BAF180 HMG
Forms homodimer in Chromodomain/
BAF core esBAF SMARCCI1 BAF155 SWIRM/SANT
cBAF/PBAF-specific, Chromodomain/
BAF core 22]‘[3 t;;)gnd in esBAF and | SMARCC2 BAF170 SWIRM/SANT
BAF core | Not found in ncBAF SMARCBI1 BAF47 Winged helix DBD
BAF core | Not found in ncBAF SMARCEI1 BAF57 HMG box
BAF core | Found in npBAF SMARCDI1 BAF60a SWIB
BAF core | Defining subunit in SMARCD2 | BAF60b | SWIB
hematopoetic stem cells
Defining subunit in
BAF cardiac progenitors BAF
core complex and SMARCD3 BAF60c SWIB
hematopoetic stem cells
ARID/ . ARID (AT-rich
BAF cBAF-specific ARID1A/B BAF250a/b interactive domain)
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1.3.5 [Epigenetics in Prostate Cancer

Prostate cancer is a disease with a long tail of mutations that is dominated by AR gene
alterations and the loss of known tumor suppressors 7P53, RB, and PTEN genes
[112,113,204]. Both genetic and epigenetic alterations contribute to the disease
progression [205-207]. As in the case of most cancer types, aberrations in DNA
methylation and histone marks are observed in prostate cancer [83,208-212].
Additionally, endogenous AR interactome profiling has revealed multiple epigenetic
modifiers as AR interactors [213-215], some of which have been validated by other
studies or tested in the context of cancer cell fitness [205-207,216].

Overall DNA methylation level decreases by the disease progression; clinical samples of
CRPC are hypomethylated compared to the samples of primary cancer and benign
prostate [210]. Hypomethylated regions mostly contain regulatory regions and are more
prone to somatic mutations causing dysregulations [210]. Locus-specific DNA
hypermethylation is observed especially in the genes associated with cell cycle, DNA
repair, apoptosis, and hormone response promoting cancer growth [217-220]. The loss
of DNA demethylase TET2 promotes cell proliferation and migration observed with an
increase in AR-targeted gene expression [221]. The overexpression of miR-29 family
which targets TET?2 for its depletion is correlated with poor prognosis in CRPC patients
[222]. Global changes in histone modifications are observed in the disease progression

and have a diagnostic and prognostic value in PCa [223,224]. EZH2-related H3K27
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methylation signature with poor outcome and CRPC-specific enrichment in H3K27ac in

metastatic AR-binding sites have been reported [225,226].

EZH2 is overexpressed in advanced PCa along with other PRC2 components BMI1 and
RINGI1 [227] and these expression levels are predictive of biochemical recurrence [228].
BMI1 increases the stability of AR by preventing its ubiquitination through protein
interaction [229]. EZH?2 loss reduces cell fitness in both AR-positive and AR-negative
cell lines [230-232]. N-MYC promotes the DNA binding of EZH2 in AR-null cells [233],
while AR transcription depends on EZH2 activity in AR-positive cells [234], showing
cell line-specific roles of EZH2. CHDI loss is frequently observed in clinical samples
[112,113,204], which redistributes AR binding in cell culture to a cistrome similar to that
of clinical samples [116]. Additionally, in vivo shRNA screen on frequently altered genes
in PCa revealed that CHDI1 loss contributes ENZA resistance [235]. CHDI1 loss induces
changes in chromatin accessibility and transcription, resulting an heterogenous
population dictated by different transcription factors activating lineage differentiation in
ENZA resistance [235]. Acetyltransferases MLL, MLL2 and CBP/p300 interact with AR
for androgen-mediated transcription, and contribute to cell proliferation and tumor
growth [236-239]. Arginine methyltransferase PRMTS is selectively essential in prostate
cancer cell lines with TMPRSS2-ERG fusion [240]. ERG competes with AR, requires
PRMTS to bind AR-target genes and negatively regulates AR-targeted gene expression
[240].

BRD4 belongs to BET family which recognizes acetylated histones and positively
regulates transcription. Its activity can be disrupted by BET inhibitors (BETi) such as
JQI1. BRD4 inhibition decreases cell proliferation and invasion in vitro and in vivo
experiments in different PCa models accompanied by cell cycle arrest and apoptosis
[120,241]. BET proteins promote ¢c-MYC expression, however the decrease in cell
proliferation by BETi can be partially rescued by c-MYC overexpression [241]. BRD4
interacts and co-localizes with AR, which is abrogated by BETi treatment [120]. JQ1
treatment also abrogates BRD4 and AR-Vs interaction and represses the androgen-
independent cell growth [242]. JQ1 inhibits AR recruitment to target genes, thereby AR-

mediated transcription [120]. Acquired BETi resistance is observed in the cells with
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restored MYC expression and hyperactive AR, which can be overcome by antiandrogen

treatment and PARP inhibition [243].

Histone Lysine Demethylases in Prostate Cancer

Lysine demethylases have been and shown to be important for cell viability and AR
transcriptional activity in CRPC. Given the importance of KDMs in PCa based on the
literature, KDM inhibitors hold great potential to treat advanced PCa.

KDM1 family: KDMI1A demethylates H3K4mel and H3K4me2, and forms repressor
complex with CoREST and HDACs [244,245]. Interestingly, it also demethylates
repressive H3K9mel and H3K9me2 marks when interacting with AR, and functions as a
transcriptional coactivator in AR-targeted genes [171,244,246]. The dual activity of
KDMI1A is regulated by H3 phosphorylation which causes a switch from H3K4 to H3K9
[247,248]. Another layer of regulation comes from KDMI1A methylation itself at lysine
144 by G9a, which is recognized by CHD1 [249]. Methylated KDM1A colocalizes with
CHDI1 in AR-bound regions, and differentially regulates gene expression [249]. Loss of
KDMIA has minimal effect on androgen-induced AR recruitment to the target genes, but
partially affects AR-dependent transcription of a gene subset [244,250]. KDMI1A loss or
inhibition decreases cell viability in multiple different PCa cell lines, including the AR-
null cells [171,251,252]. KDM1A regulates the expression of cell-cycle related genes in
CRPC cell line [253]. While poorly understood, demethylase-independent roles for
KDMIA have been shown to be essential for cell viability [251]. KDM1A inhibitors offer
promising results in preclinical testing for advanced PCa treatment and other cancers

[173].

KDM3 family: KDM3 family catalyze demethylation of H3K9mel and H3K9me2.
KDM3A has an LxxLL motif and interacts with AR in a ligand-dependent manner [254].
KDM3A knockdown reduces H3K9me?2 in some AR-targeted regions without impacting
AR binding [118,254]. It affects HK9 trimethylation and acetylation around these regions
suggesting its requirement for the recruitment of other epigenetic modifiers [254].
KDM3A maintains its activity in hypoxic conditions, interacts with p300, HP1a and AR
for transcriptional activity [255]. Loss of KDM3A [118,256] and KDM3B [257] reduces

cell fitness in vitro and in vivo. KDM3A can recruit splicing factors to promote AR variant
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expression [258]. In line with this observation, the depletion of ubiquitin ligase targeting
KDM3A yields an increase in ARv7 expression [238]. KDM3A increases oncogenic c-
MYC levels by promoting AR-dependent transcription and protein stability [256].
Interestingly, KDM3A is ubiquitinated at non-canonical sites by HUWE]1, which increase
its transcriptional activity in DNA repair genes with c-MYC and p300 [259]. Mutations
in KDM3A ubiquitination sites sensitize the cancer cells for radiotherapy and PARP
inhibitor [238].

KDM4 family: KDM4C colocalizes with AR and works with KDMIA to remove
repressive H3K9 methylation marks [246]. KDM4C loss impairs cell proliferation and
reduces the expression of genes in both AKT signaling and the MYC pathway [260].
Other trimethyl-H3K9 demethylases KDM4A and KMD4D have been shown to interact
with AR [261]. KDM4A overexpression is correlated with a high Gleason score and
promotes abnormal prostate growth in mice [262]. KDM4A is recruited to the promoter
of oncogenic YAP1 by the ETS transcription factors ERG and ETV1, and promotes
YAP1 expression in different cell line models [262,263]. KDM4A depletion reduces the
viability of tumor cells, which can be rescued by YAP1 expression [262,263]. KDM4A
and KDM4B knockdown induce cell-cycle arrest in the G1/S phase in AR-dependent and
AR-null cells, which is also observed with KDM4 inhibitors [264]. PLK1 expression is
differentially regulated by KDM4 inhibitor treatment, and reporter assay with PLK1
promoter validated the requirement of KDM4B demethylase activity [264]. Independent
of its demethylase activity, KDM4B is suggested to increase AR stability by preventing
AR ubiquitination through protein-protein interaction [265]. KDM4B knockdown

reduces cell proliferation in AR-positive cell lines [265].

KDMS5 family: KDMS5 family removes H3K4 methylation and silences gene expression.
Although it doesn’t affect cell proliferation or migration, KDMS5D represses cell invasion
by silencing invasion-related genes in PCa cell line [266]. Low KDM5D expression
levels are associated with poor prognosis [266] and docetaxel resistance in CRPC [267].
In contrast, KDM5B and KDM5C are upregulated in advanced PCa [268,269]. Reporter
assays show enhanced AR transcriptional activity by enzymatically active KDMS5B [268].
KDMS5B expression is induced under low oxygen conditions and it can remain active up

to extreme hypoxic conditions [255].
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KDM6 family: The KDM6 family demethylates di-/tri-methylated H3K27 thereby
reversing the effect of EZH2[176]. KDM6A/B inhibitor is shown to decrease proliferation
in multiple PCa cell lines [270-272]. The role of KDM6B in PCa is controversial. It is
upregulated in PCa [179,272] while other work suggests that it may have a tumor
suppressor role [273]. KDM6B expression is proposed to be regulated by NKX3.1 and
G9a during prostate differentiation [274].

KDM7 family: PHFS, a member of the KDM7 family, demethylates H3K9me2/me3,
H3K27me2 and H4K20mel. High PHFS8 expression are associated with disease
progression and poor prognosis in PCa [275-277]. Hypoxia induces the expression of
PHF8 which remains active in these conditions [277]. PHF8 interacts with AR and
mediates AR-mediated transcriptional activation unless demethylation activity is
suppressed [277]. KDM7A is overexpressed in ENZA-resistant cells, and its inhibition
induces cell death [278].

Other KDMs: KDM2B has been shown to be important for spermatogenesis [279] and it
has anti-apoptotic roles in prostate cancer [280]. KDMS8 removes H3K36 dimethylation.
It is overexpressed in clinical samples which correlates with high Gleason score [281]. It
decreases proliferation in CRPC and ENZA-resistant cell lines, and regulates metabolic
activities through PKM2 and HIFla interaction [281]. NO66 is also upregulated in
advanced PCa, loss of which reduces cell proliferation and increases docetaxel sensitivity

in AR-null cells [282].

Most of the studies revealed the differential expression of KDMs in a moderate number
of clinical samples. The KDM4 family and KDMIA are the most studied KDMs;
however, the comprehensive role of KDMs is still yet to be understood. Their direct role
in transcription and their druggable nature hold great potential to be exploited for cancer
treatment. The development of KDM inhibitors have been successful with increased
specificity. Validated KDM dependency in late-stage PCa could further initiate a small

molecule development program for the treatment of CRPC.
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SWI/SNF Complex in Prostate Cancer

The SWI/SNF complex accounts for 20% of overall mutations in many cancer types
including ovarian clear-cell carcinoma, clear-cell renal cell carcinoma, hepatocellular
carcinoma, gastric cancer and synovial sarcoma [190,203,283]. However, the frequency
of SWI/SNF mutations is very low for PCa [113,284,285]. BRG1, ATPase subunit of
SWI/SNF complex, is overexpressed in CRPC with a moderate correlation to Gleason
score [284,286,287]. Enzymatically active BRG1 promotes cell invasion [286] and it is
essential for cell proliferation in multiple cell lines validated by siRNA, sgRNA and
inhibitor treatments in different studies [119,213,287-289]. BRG1 and PTEN have
synthetic lethal interaction in cell line, organoid and mice models; and BRG1 depletion
induces apoptosis and growth arrest in PTEN-null cells [288]. It was proposed that PTEN
loss results in AKT activation which phosphorylates GSK3[ [288]. This phosphorylated
GSK3p cannot phosphorylate BRG1 which is necessary for its proteasomal degradation,
thereby increasing BRG1 stability [288]. Another study shows that BRG1 and HMGB1
promotes AKT phosphorylation and thereby promotes oncogenic activity including cell
migration, cell invasion and cell proliferation [290]. Interestingly, BRG1 loss is suggested
to impair antiandrogen-induced transcriptional repression [291]. BRG1 depletion also
results in decreased proliferation in PCa cell lines with the loss of 7P53, RBI or both
genes [284]. Dual degradation of SMARCA4 and SMARCA2 results in chromatin
compaction on the regions where PCa-associated transcription factors bound, and leading

to tumor growth inhibition and increased response to ENZA treatment [121].

Three independent studies demonstrated that BRG1, ARID1A and multiple SWI/SNF
subunits are endogenous AR interactors [213-215]. Although BRG1 chromatin binding
sites overlap with AR and FOXA1 [119,213], BRG1 has been shown to interact with AR
but not FOXA1 [119]. Upon BRGI loss, the chromatin accessibility changes in AR-
binding sites including both androgen-dependent and androgen-independent locations
[213]. The comparison between AR-regulated and BRGI-regulated differentially
expressed genes shows a small overlap upon androgen treatment, further supporting its
regulatory role outside of androgen-regulated genes [213]. However, the BRG1-mediated
decrease in cell proliferation is accentuated upon androgen treatment [213]. Multiple
SWI/SNF complex subunits including BRG1, SMARCCI, SMARCC2 and ARIDI1A
interact with ERG in a DNA-independent manner [289]. Interestingly, PBAF-specific
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subunits are less enriched in proteomic analysis for ERG interactome [289]. In addition
to ERG, other ETS factors ETV1 and ETV5 also interact with BRG1 and SMARCC1/2
[289]. Chromatin binding profiles of ERG and SMARCCI show an enrichment of the
ERG motif in overlapping regions, whereas regions only occupied by SMARCCI enrich
for an AR motif [289]. Ectopic expression of ERG or ETV1 has been shown to affect the
SMARCCI binding [289]. Although SWI/SNF cistrome is not altered by DNA-binding
mutant ERG, ERG-mediated gene expression is impaired in regions co-occupied by
SWI/SNF and mutant ERG [289]. Both ERG and SMARCCI1 occupancy are lost upon
ARIDI1A depletion [289]. ERG-mediated transcriptional activity is highly dependent on
enzymatically active BRG1 [289]. BRM is the other ATPase subunit which is present in
the SWI/SNF complex mutually exclusively to BRG1 [202]. BRM is heterogeneously
expressed in clinical samples [286]. Its loss induces abnormal growth of the prostate in
mice and increased proliferation in in vitro assays [292], suggesting a tumor-suppressor
role for BRM. No effect on androgen-regulated genes is observed upon BRM loss [292].
BRGI1 is generally found bound to active or bivalent promoters and active/poised
enhancer sites, whereas BRM is located in facultative or constitutively repressed

promoter and bivalent promoter sites [293].

SMARCCI is upregulated in clinical samples and partially correlates with Gleason score
[294]. Controversially, another study reported prolonged survival in localized PCa in
patients with high expression of SMARCCI1 [295]. PBRM1, PBAF-specific subunit,
regulates the expression of epithelial-to-mesenchymal transition-related genes EpCAM,
TGF-B and N-cadherin [296]. SMARCDI is identified as an androgen-dependent AR
interactor from in silico screens based on the FxxLF motif [297]. SMARCDI1 loss reduces
the expression of androgen-regulated target genes, whereas structurally related
SMARCD2 and SMARCD3 have a moderate effect on AR-response gene expression
[297].

A recent study compared the expression levels of SWI/SNF subunits in different PCa
clinical cohorts and demonstrated that there neuroendocrine prostate cancer has a distinct
SWI/SNF complex composition [284]. Non-canonical BAF complex component BRD9
interacts with AR and it is required for cell viability and tumor growth [298]. BRD9

chromatin binding shows overlaps with BET proteins and regulates AR-driven gene
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expression [298]. Overall, this work suggests an essential role for the SWI/SNF complex

in PCa progression which could be targeted by ATPase or bromodomain inhibitors.

1.4 Functional screens using genetic perturbations

1.4.1 RNA interference and large-scale shRNA screens

RNA interference (RNAIi) is a sequence-specific gene silencing mechanism driven by
double-stranded RNA at transcriptional level. RNAi protects against foreign RNA and
also regulates gene expression by transcript degradation or translation blockade [299].
This system induces gene silencing by small interfering RNAs (siRNAs) and microRNAs
(miRNAs) through sequence-specific cleavage of complementary or partially
complementary mRNAs. Primary miRNAs are transcribed by RNA polymerase I or 111,
and cleaved by Drosha and DCGR8 into smaller precursors namely pre-miRNAs at the
base of hairpin structure which leaves 2-3 nucleotide 3’overhangs [300]. In the cytoplasm
both pre-miRNAs and long double-stranded RNA (dsRNAs) are further processed by
Dicer, PACT and TRBP into miRNA and siRNA duplexes respectively. The duplex binds
to Argonaute protein within the RNAi-induced silencing complex (RISC) and one of the
duplex strands is removed [301-304]. The remained guide strand in the RISC directs the
complex to complementary mRNA for post-transcriptional gene regulation [301-304].
Loaded RISC complex can repeat the mRNA cleavage multiple times mediating a strong
post-transcriptional gene regulation [303]. Artificial siRNAs that mimic Dicer-digested
siRNAs can effectively knockdown the gene expression [302]. Short hairpin RNAs
(shRNAs) are structurally more related to the miRNA, and their processing is similar to
the described miRNA processing [302]. Vector-based RNAi uses self-contained RNA
polymerase III promoters such as U6 promoter for effective sShRNA processing [302].
Stable shRNA expression systems have enabled large scale pooled screens to investigate
the role of coding regions in different biological concepts [305-307], however non-
coding regions cannot be investigated by RNAi method. In addition, a single copy
integration in pooled shRNA screen may not be sufficient to induce significant
knockdown levels resulting in false negative results [308]. Multiple copy insertions could
oversaturate the proteins in RNAi processing [309], and could induce interferon response

[310].
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1.4.2 CRISPR-Cas9 system and CRISPR-Cas9 screens

Genome editing technologies are powerful tools to explore the function of individual
genes or non-coding regions. Multiple methods are available for targeted genome editing
such as transcription-activator like effector nucleases (TALENS), zinc finger nucleases
(ZFNs) and meganucleases [311,312]. However, due to the difficulty in designing and
cloning these genome editors, these have largely been supplement by Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)[313,314]. This system is easier to
design, suitable for high-throughput assays and can be multiplexed in different cell types.

CRISPR is a part of prokaryotic adaptive immunity which provides sequence-specific
protection against foreign bacteriophages [315-317]. CRISPR array in bacteria includes
short direct repeats interspaced by non-repetitive spacers derived from foreign DNAs
(protospacers)[315]. Spacer incorporation works as an immunological memory for
invading pathogens and can provide immune adaptation [315-318]. Each CRISPR array
is transcribed as a long precursor pre-CRISPR RNA (pre-crRNA) that is processed into
smaller crRNAs by RNase III [315,316,318]. Trans-acting crRNA helps crRNA loading
to Cas protein by forming double stranded RNA duplex with crRNA [315,316]. The Cas
endonuclease is then guided by crRNA to a target region which has a specific protospacer
adjacent motif (PAM) downstream of target sequence [315-317]. When this complex
hybridizes, the Cas protein introduces double stranded DNA breaks into the target region
[315,316]. The PAM sequence is important to distinguish self-genetic material from non-
self-genetic material, and is determined by PAM-interacting (PI) domain that is specific
to each Cas protein [319,320]. Multiple Cas family proteins have been identified in
prokaryotes [317]. Of these, Type II CRISPR-Cas9 is the simplest and relies on a single
multidomain Cas9 protein [314]. Currently, codon optimized Streptococcus pyogenes
Cas9 protein with nuclear localization signal is a common tool for mammalian gene
editing. Although eukaryotic systems don’t require bacterial RNase III to process crRNA,
the system is even more simplified by the substitution of crRNA-tracrRNA duplex with
a chimeric RNA (sgRNA) which includes 20nt guide RNA (gRNA) sequence that can be
designed based on the specific target sequence [321,322].

Once the double stranded DNA breaks is made by Cas9, the cell will repair them by either
homology directed repair (HDR) or non-homologous end joining (NHEJ) [313]. NHEJ
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predominantly repairs double stranded DNA breaks, generates insertions or deletions
(indels) in the region and frequently causes loss-of-function mutations [313]. HDR occurs
less frequently but with high fidelity when the repair template is present [313]. HDR is
exploited for introducing specific mutations in specific loci in cell culture and in animal

models [323-327].

While robust and easy to work with, the limitation of the S. pyogenes CRISPR-Cas9
system is the availability of the Cas9 specific 5’-NGG-3’ PAM sequence. Recent studies
have developed mutant Cas9 proteins that have broader PAM sequence recognition with
less off-targets compared to wildtype S. pyogenes Cas9 [328]. Cas9 can tolerate
mismatches outside of its seed sequence, and target regions with alternative PAM
sequence (5’-NAG-3’), which causes the off-target activity [329]. There is currently
extensive work ongoing to develop safer CRISPR-Cas systems with more precision for

clinical work [330].

Overall, CRISPR-Cas9 genome engineering has been established as a powerful tool for
genetic manipulations of both coding and non-coding regions. Its power resides in its ease
to design, execute, validate and multiplex. Given this strength, highly multiplexed and
pooled genetic screens have been developed to systematically test the function of genomic
regions to identify essential genes, synthetic lethal genes or cancer co-dependencies [331—

343].
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Chapter 2 AIM OF THE STUDY

Despite the approval of several life-prolonging drugs in advanced PCa, resistance
invariably emerges. There is an unmet clinical need for new therapeutics to control CRPC.
There is accumulated evidence that epigenetic events play a critical role in disease
progression by altering the genome accessibility through DNA methylation, histone
modifications and chromatin remodeling. In addition to their important role in PCa and
other cancers, epigenetic modifiers have recently been shown to be “druggable” with

several compounds in late-stage clinical development.

This study aims to identify critical epigenetic modifiers in late-stage PCa by two different

methods summarized below, and investigate the mechanism of “hits”.

Aiml: Investigation of essential lysine demethylases in PCa by performing an arrayed

screen using KDM-focused shRNA library (Chapter 4)

Aim2: Epigenome-wide CRISPR-Cas9 drop-out screen in PCa which systematically tests
all epigenetic modifiers to identify epigenetic dependencies in different stages of PCa

with a focus in ENZA-resistance (Chapter 5).
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Chapter 3 MATERIALS AND METHODS

3.1 Cell Culture

3.1.1 Cell Lines

Cell lines used in this thesis are listed in Table 3.1. Cells were maintained in humidified
incubators at 37°C with 5% COs.. Cells are regularly tested for mycoplasma. MR49F cells
were a kind gift from Dr. Amina Zoubeidi and Dr. Martin Gleave from Vancouver
Prostate Centre. LNCaP-enzaR, 22Rv1-DoceR, 22Rv1-CabaR cell lines are a kind gift
from Dr. Ceyda A¢ilan-Ayhan from KUTTAM. All cell lines except DU145 and RWPE-
1 express AR. RWPE-1 cell line represent non-neoplastic epithelial prostate cells, and
were used as normal-like prostate control in screening experiments. LNCaP represents
advanced prostate adenocarcinoma. Other cell lines are models of castration resistance.
MR49F and LNCaP-enzaR are enzalutamide-resistant CRPC cell lines. 22Rv1-DoceR
cells are docetaxel-resistant, 22Rv1-CabaR cells are cabazitaxel-resistant. Culturing

media, origin, androgen sensitivity and doubling time are summarized in Table 3.1.

Table 3.1 List of cell lines with their origin, culturing conditions and certain characteristics
Cell line Culture Media

Origin Androgen

sensitivity

Doubling
time

LNCaP

Human PCa cells derived
from lymph node
metastasis [345]

RPMI 1640 suppl. with 10% fetal
bovine serum (FBS) and 1%
Penicillin/Streptomycin

Sensitive

34 hrs

LNCaP-
abl

LNCaP cells propagated in
androgen free media for 10
months in cell culture [346]

RPMI 1640 suppl. with 10%
charcoal-stripped serum (CSS)
and 1% Penicillin/Streptomycin

Insensitive

34 hrs

LNAI

LNCaP cells propagated in
castrated mice for several
months

RPMI 1640 suppl. with 10% CSS
and 1% Penicillin/Streptomycin

Insensitive

34 hrs

MRA49F

LNCaP cells propagated in
castrated mice and then
reinjected into castrated
and ENZA-treated mice
[347]

RPMI 1640 suppl. with 10% FBS
and 1% Penicillin/Streptomycin
and 10 uM MDV-3100

Sensitive

34 hrs

LNCaP-
enzaR

LNCaP cells propagated in
ENZA-containing media
for several months in cell
culture

RPMI 1640 suppl. with 10% FBS
and 1% Penicillin/Streptomycin
and 10 uM MDV-3100

Sensitive

42 hrs

22Rv1

CWR22
propagated in
mice [348]

xenograft
castrated

RPMI 1640 suppl. with 10% FBS
and 1% Penicillin/Streptomycin

Sensitive

40 hrs
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22Rvl-
DoceR

22Rvl cells propagated in
docetaxel-containing
media for several months
in cell culture

RPMI 1640 suppl. with 10% FBS
and 1% Penicillin/Streptomycin
and 25 nM docetaxel

47 hrs

22Rv1-
CabaR

22Rvl cells propagated in
cabazitaxel-containing
media for several months
in cell culture

RPMI 1640 suppl. with 10% FBS
and 1% Penicillin/Streptomycin
and 10 nM cabazitaxel

46 hrs

DU145

Human PCa cells derived
from brain metastatic site
[349]

RPMI 1640 suppl. with 10% FBS
and 1% Penicillin/Streptomycin

Insensitive

36 hrs

RWPE-1

Immortalized human
prostate epithelial cells by
human papilloma virus 18
(HPV-18) transfection
[350]

Keratinocyte Serum Free Medium
(K-SFM) suppl. with 0.05 mg/ml
BPE and 5 ng/ml EGF

Sensitive

58 hrs

3.1.2 Antibiotic selection

Each cell line has different tolerance levels for different antibiotics. Therefore, the

optimal conditions for each antibiotic were determined for each cell line. Cells were

seeded onto either 6 or 12 multiwell plates and treated with varying concentrations of

antibiotics. Cells are grown in selective media for three days for puromycin selection, and

for five days for blasticidin S HCI selection. After the selection, the concentration that

kills more than 90% of the cell population was selected as the working antibiotic

concentration for that cell line. The concentrations are indicated in Table 3.2 for each cell

line.

Table 3.2 Optimal antibiotic concentrations of different cell lines

Cell Line Puromycin concentration | Blasticidin S HCI concentration
LNCaP 2 pg/mL 8 ug/mL
LNCaP-abl 1 pg/mL 10 pg/mL
LNAI 2 pg/mL Not needed
MR49F 4 pg/mL 30 pg/mL
LNCaP-enzaR 16 pg/mL 10 pg/mL
DU-145 1.5 pg/mL 8 ug/mL
22Rv1 1.5 pg/mL 10 pg/mL
22Rv1-DoceR 8 ug/mL 8 ng/mL
22Rv1-CabaR 32 pg/mL 8 ug/mL
RWPE-1 1 pg/mL 10 pg/mL
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3.2 KDM-focused arrayed shRNA screen

3.2.1 KDM-focused shRNA Library

Our KDM-focused shRNA library contains 62 shRNA targeting 23 KDMs (2-3 shRNA
per gene). AR targeting shRNA (shAR) was used as positive control, and shRNA
targeting Firefly Luciferase (shFF) was included as negative control. We subgrouped 37
shRNAs targeting 14 KDMs from a broader library which was a kind gift from Dr. Tamer
Onder. To cover all known KDMs, we searched the literature for KDMs and identified 9
KDMs that are not targeted in our library. 26 shRNAs targeting 9 KDMs were designed
and cloned individually into pMSCV- pm [305] retroviral backbone. shRNA sequences
are listed in Table 3.3.

Table 3.3 The content and the sequences of lysine demethylase-focused shRNA library
Targeted

Oligo # | Hairpin sequence
Gene

TGCTGTTGACAGTGAGCGCCCTCTCAGAAGATGAGTATTATAGTGAAGCCACAGATGTATAATACTC
ATCTTCTGAGAGGTTGCCTACTGCCTCGGA

KDMI1A 101

TGCTGTTGACAGTGAGCGAGCTCCACGAGTCAAACCTTTATAGTGAAGCCACAGATGTATAAAGGTT
TGACTCGTGGAGCGTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGGCCTAGACATTAAACTGAATTAGTGAAGCCACAGATGTAATTCAGTT
TAATGTCTAGGCCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGGAGTCAACCTGGATTATGATTAGTGAAGCCACAGATGTAATCATAAT
CCAGGTTGACTCCATGCCTACTGCCTCGGA

KDMI1A 102

KDMI1A 103

KDM2A 104

TGCTGTTGACAGTGAGCGAGCAGAGAACTTTGTGAATGTATAGTGAAGCCACAGATGTATACATTCA
CAAAGTTCTCTGCGTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGCCCTCACTGGAGTTCCTATATAGTGAAGCCACAGATGTATATAGGAA
CTCCAGTGAGGGCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAACCCTGGATGCCTTAAGATTATAGTGAAGCCACAGATGTATAATCTTA
AGGCATCCAGGGTGTGCCTACTGCCTCGGA

KDM2A 105

KDM2A 106

KDM2B 107

TGCTGTTGACAGTGAGCGCCCTGAACCACTGCAAGTCTATTAGTGAAGCCACAGATGTAATAGACTT
GCAGTGGTTCAGGTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCTCAACCTGTCTGACTGCAATATAGTGAAGCCACAGATGTATATTGCAG
TCAGACAGGTTGATTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGCACAGTCCTCCATACGTTTATAGTGAAGCCACAGATGTATAAACGTA
TGGAGGACTGTGCTTGCCTACTGCCTCGGA

KDM2B 108

KDM2B 109

KDM3A 110

TGCTGTTGACAGTGAGCGACCCTAATAACTGTTCAGGAAATAGTGAAGCCACAGATGTATTTCCTGA
ACAGTTATTAGGGCTGCCTACTGCCTCGGA

KDM3A 112

TGCTGTTGACAGTGAGCGCGGTTTCGAGATCATATGCAAATAGTGAAGCCACAGATGTATTTGCATA
TGATCTCGAAACCATGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACCAATGGTGCTCAAACTCAAATAGTGAAGCCACAGATGTATTTGAGTT
TGAGCACCATTGGCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGCTGTTAATGTGATGGTGTATTAGTGAAGCCACAGATGTAATACACCA
TCACATTAACAGCATGCCTACTGCCTCGGA

KDM3B 113

KDM3B 114

KDM3B 115

TGCTGTTGACAGTGAGCGCGGACTGCTGTTTATGCTCATTTAGTGAAGCCACAGATGTAAATGAGCA
TAAACAGCAGTCCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGGCCTCCCACCCTATCCAAATTAGTGAAGCCACAGATGTAATTTGGAT
AGGGTGGGAGGCCATGCCTACTGCCTCGGA

KDMA4A 116

KDMA4A 118
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TGCTGTTGACAGTGAGCGAGCGCTGACACTGTATTCTTATTAGTGAAGCCACAGATGTAATAAGAAT
ACAGTGTCAGCGCCTGCCTACTGCCTCGGA

KDM4B 119

TGCTGTTGACAGTGAGCGACGCCCACCTTTGCAGAATAAATAGTGAAGCCACAGATGTATTTATTCT
GCAAAGGTGGGCGCTGCCTACTGCCTCGGA

KDM4B 120

TGCTGTTGACAGTGAGCGCGGTGAAGATTTCAATGGATATTAGTGAAGCCACAGATGTAATATCCAT
TGAAATCTTCACCATGCCTACTGCCTCGGA

KDM4C 122

TGCTGTTGACAGTGAGCGACCAGATAGCAGCAATGAAGAATAGTGAAGCCACAGATGTATTCTTCAT
TGCTGCTATCTGGCTGCCTACTGCCTCGGA

KDM4C 124

TGCTGTTGACAGTGAGCGCGGTCAGTAGAGTTCCAGAATATAGTGAAGCCACAGATGTATATTCTGG
AACTCTACTGACCTTGCCTACTGCCTCGGA

KDM4D 125

TGCTGTTGACAGTGAGCGCGGTCTTGTTGAGGTTAGCGTATAGTGAAGCCACAGATGTATACGCTAA
CCTCAACAAGACCTTGCCTACTGCCTCGGA

KDM4D 127

TGCTGTTGACAGTGAGCGACCTGATCTTCTGCATCAGTTATAGTGAAGCCACAGATGTATAACTGAT
GCAGAAGATCAGGCTGCCTACTGCCTCGGA

KDMS5A 128

TGCTGTTGACAGTGAGCGCGGACCGCATAGAAGAAGTAAATAGTGAAGCCACAGATGTATTTACTTC
TTCTATGCGGTCCATGCCTACTGCCTCGGA

KDMSA 129

TGCTGTTGACAGTGAGCGACGGACGTTTCTTAAGAAGAATTAGTGAAGCCACAGATGTAATTCTTCT
TAAGAAACGTCCGCTGCCTACTGCCTCGGA

KDMS5A 130

TGCTGTTGACAGTGAGCGCGCAGAGGCCATGAATATTAAATAGTGAAGCCACAGATGTATTTAATAT
TCATGGCCTCTGCTTGCCTACTGCCTCGGA

KDM5B 131

TGCTGTTGACAGTGAGCGCGGTTTCAGTGGCTGGAATTAATAGTGAAGCCACAGATGTATTAATTCC
AGCCACTGAAACCATGCCTACTGCCTCGGA

KDM5B 132

TGCTGTTGACAGTGAGCGCCGGTGCTATTTCTATTCCTTATAGTGAAGCCACAGATGTATAAGGAAT
AGAAATAGCACCGTTGCCTACTGCCTCGGA

KDM5B 133

TGCTGTTGACAGTGAGCGCGCCCAGTTTATTGAGTCATATTAGTGAAGCCACAGATGTAATATGACT
CAATAAACTGGGCATGCCTACTGCCTCGGA

KDMS5C 134

TGCTGTTGACAGTGAGCGAGGCCTTTCTGGACCAGATGAATAGTGAAGCCACAGATGTATTCATCTG
GTCCAGAAAGGCCCTGCCTACTGCCTCGGA

KDMS5C 135

TGCTGTTGACAGTGAGCGAGCATTGTTTATCCCTATGAAATAGTGAAGCCACAGATGTATTTCATAG
GGATAAACAATGCGTGCCTACTGCCTCGGA

KDMS5C 136

TGCTGTTGACAGTGAGCGACGCGCAAATAGAAATAATTTATAGTGAAGCCACAGATGTATAAATTAT
TTCTATTTGCGCGGTGCCTACTGCCTCGGA

KDM6A 137

TGCTGTTGACAGTGAGCGCCGGAAGGTGCTATTCAAGTATTAGTGAAGCCACAGATGTAATACTTGA
ATAGCACCTTCCGATGCCTACTGCCTCGGA

KDM6A 138

TGCTGTTGACAGTGAGCGCCCACCTACACCTAGTATTTATTAGTGAAGCCACAGATGTAATAAATAC
TAGGTGTAGGTGGATGCCTACTGCCTCGGA

KDM6A 139

TGCTGTTGACAGTGAGCGAGGAGACCTCGTGTGGATTAATTAGTGAAGCCACAGATGTAATTAATCC
ACACGAGGTCTCCGTGCCTACTGCCTCGGA

KDM6B 140

TGCTGTTGACAGTGAGCGCCGCGGCTCGTGTATGTACATATAGTGAAGCCACAGATGTATATGTACA
TACACGAGCCGCGTTGCCTACTGCCTCGGA

KDM6B 141

TGCTGTTGACAGTGAGCGCCCTGTTCGTGACAAGTGAGAATAGTGAAGCCACAGATGTATTCTCACT
TGTCACGAACAGGATGCCTACTGCCTCGGA

KDM6B 142

TGCTGTTGACAGTGAGCGCCCTGTGACAAAGTGAATAATATAGTGAAGCCACAGATGTATATTATTC
ACTTTGTCACAGGTTGCCTACTGCCTCGGA

UTY 155

TGCTGTTGACAGTGAGCGAGCCTTGCTGGAGCTCTTAAATTAGTGAAGCCACAGATGTAATTTAAGA
GCTCCAGCAAGGCCTGCCTACTGCCTCGGA

UTY 156

TGCTGTTGACAGTGAGCGCCGATGCGGTATGAAACCAAATTAGTGAAGCCACAGATGTAATTTGGTT
TCATACCGCATCGATGCCTACTGCCTCGGA

KDMI1B 157

TGCTGTTGACAGTGAGCGAGCCGAGTCTGGGATGATAAATTAGTGAAGCCACAGATGTAATTTATCA
TCCCAGACTCGGCCTGCCTACTGCCTCGGA

KDMI1B 158

TGCTGTTGACAGTGAGCGCCCAGTGCAGTGTATTGATTATTAGTGAAGCCACAGATGTAATAATCAA
TACACTGCACTGGATGCCTACTGCCTCGGA

KDMI1B 159

TGCTGTTGACAGTGAGCGCGGATACAGAGTGAGAGTATATTAGTGAAGCCACAGATGTAATATACTC
TCACTCTGTATCCATGCCTACTGCCTCGGA

KDM3C 160

TGCTGTTGACAGTGAGCGCCCACAGTTTCTGATCATAATTTAGTGAAGCCACAGATGTAAATTATGA
TCAGAAACTGTGGATGCCTACTGCCTCGGA

KDM3C 161
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TGCTGTTGACAGTGAGCGCGCCCATCACCTGAAGTTGTTATAGTGAAGCCACAGATGTATAACAACT

KDM3C 162
TCAGGTGATGGGCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACCAGTTTATTGACTCATATATTAGTGAAGCCACAGATGTAATATATGA
KDM5D 163 GTCAATAAACTGGGTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGGAGCTGATATTCATTCCAAATAGTGAAGCCACAGATGTATTTGGAAT
KDM5D 164 GAATATCAGCTCCATGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGCCATAATTCGTGAGACAGAATAGTGAAGCCACAGATGTATTCTGTCT
KDM5D 165 CACGAATTATGGCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAGGAGAAAGTCCTCAATGTCATTAGTGAAGCCACAGATGTAATGACATT
PHF8 169 GAGGACTTTCTCCCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGCAGCTCAAAGCCTATGAGATTAGTGAAGCCACAGATGTAATCTCATA
PHF8 170 GGCTTTGAGCTGCATGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCCGAGAGATTGGGAAAGGAGAATAGTGAAGCCACAGATGTATTCTCCTT
PHF8 171 TCCCAATCTCTCGTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAGCGATGAGTATGAGTACGTATTAGTGAAGCCACAGATGTAATACGTAC
PHF2 172 TCATACTCATCGCGTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAGGAAACTACTCCTTTAAGATTTAGTGAAGCCACAGATGTAAATCTTAA
PHE2 173 AGGAGTAGTTTCCCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAAAGATGAATCTTCAACTTTAATAGTGAAGCCACAGATGTATTAAAGTT
PR ' GAAGATTCATCTTCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACCAGGCTCTATGCTTTCTGTATAGTGAAGCCACAGATGTATACAGAAA
KDM8 175 GCATAGAGCCTGGCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGGCTCTATGCTTTCTGTAATTTAGTGAAGCCACAGATGTAAATTACAG
KDM8 % AAAGCATAGAGCCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAGGCCCAGCATTCAGATTCTAATAGTGAAGCCACAGATGTATTAGAATC
NO66 177 TGAATGCTGGGCCCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGACGTGTGTATCATCTGGAAGAATAGTGAAGCCACAGATGTATTCTTCCA
NO66 o GATGATACACACGGTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGGCAACCACGTTGTATGATAATAGTGAAGCCACAGATGTATTATCATA
NO66 179 CAACGTGGTTGCCATGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGCGCACCTACCAGAACAATTCATTAGTGAAGCCACAGATGTAATGAATTG
MINAS3 180 TTCTGGTAGGTGCTTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAGGCTTGTATTTGATACTGCAATAGTGAAGCCACAGATGTATTGCAGTA
MINAS3 181 TCAAATACAAGCCCTGCCTACTGCCTCGGA
TGCTGTTGACAGTGAGCGAGCACGCAACACTATGGACAAATAGTGAAGCCACAGATGTATTTGTCCA
MINAS3 182 TAGTGTTGCGTGCCTGCCTACTGCCTCGGA
hFF 1 TGCTGTTGACAGTGAGCGCCCGCCTGAAGTCTCTGATTAATAGTGAAGCCACAGATGTATTAATCAG
S contro AGACTTCAGGCGGTTGCCTACTGCCTCGGA
ShAR control TGCTGTTGACAGTGAGCGACCAGCAGAAATGATTGCACTATAGTGAAGCCACAGATGTATAGTGCA

ATCATTTCTGCTGGCTGCCTACTGCCTCGGA

3.2.2 shRNA cloning

For shRNA cloning, 4 pg of shFF plasmid in pMSCV-puro backbone (Addgene #24828)
was cleaved by 10 units of EcoRI (NEB, Cat.No. R3101S) and 10 units of Xhol (NEB,
Cat.No. R0146S) for two hours in 37°C to remove Firefly Luciferase-targeting shRNA

sequence. Digestion was confirmed by agarose gel electrophoresis. Digested backbone

was extracted from 2% agarose gel prepared in TAE (Tris-Acetate-EDTA) buffer using

NucleoSpin gel and PCR clean-up kit (Macherey-Nagel), and dephosphorylated by
Antarctic phosphatase (NEB, Cat.No. M0289S). Oligos for shRNA were PCR-amplified
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to generate compatible ends with EcoRI/Xhol digestion. For PCR reaction, 100 pM
shRNA oligos were mixed with 10 puL of 5X Phusion buffer, 10 pL of 5M betaine, 2.5
uL of 100% DMSO, 1 pL of 2.5 mM dNTP mixture, 0.5 uL of 250 uM of PCR primers
and 0.5 pL of Phusion polymerase. Volume was adjusted to 50 pL with sterile nuclease
free water. PCR reactions were performed in the following conditions: initial denaturation
at 94°C for 5 mins, denaturing at 94°C for 30 sec, annealing at 49°C for 30 sec, extension
at 72°C for 30 sec. Final extension was performed at 72°C for 2 mins. The cycle was
repeated 30 times. The forward primer sequence was
GATGGCTGCTCGAGAAGGTATATTGCTGTTGACAGTGAGCG, and the reverse
primer was GTCTAGAGGAATTCCGAGGCAGTAGGC. The reaction was cleaned up
by using NucleoSpin gel and PCR clean-up kit (Macherey-Nagel) following the
manufacturer’s instructions. Digested backbone and amplified shRNA sequence were
mixed in 3:1 ratio and ligated by T4 DNA ligase (NEB, Cat. No. M0202S) at room
temperature for an hour or at 16°C overnight. Ligation mixture was transformed into Stbl3
E.coli strain and spread onto 100pug/mL ampicillin containing agar plates. Agar plates
were incubated overnight in a bacterial incubator at 37 °C. Next day, surviving colonies
were picked for validation, incubated overnight in SmL of Luria broth supplemented with
100 pg/mL ampicillin, followed by plasmid extraction by NucleoSpin Plasmid

(Macherey-Nagel). The inserted sequence was validated by Sanger sequencing.

3.2.3 shRNA library packaging

For viral packaging with any plasmid with lentiviral or retroviral backbone, early passage
HEK293T cells were used. HEK293T cells were cultured in DMEM media supplemented
with 10% FBS and 1% Penicillin/Streptomycin in a humidified incubator at 37°C and
5%CO0O;. The day before transfection, cells were seeded in complete media (10% FBS
with 1% Penicillin/Streptomycin) onto 10 cm dishes as 2.5x10° cells/dish. Packaging
plasmid pUMVC (Addgene #8449) and envelop plasmid pCMV-VSV-G (Addgene
#8454) were used for retroviral packaging. Plasmids were mixed well in 10:9:1 ratio
(plasmid of interest: packaging plasmid: envelope plasmid) for a total of 5 ng DNA in
200 pL of Opti-MEM (Gibco, Cat.No. 31985062). Fugene 6 (Promega, Cat.No. E2692)
was diluted in Opti-MEM (Gibco, Cat.No. 31985062) at a 1:10 ratio in 200 pL total
volume. Plasmid mixture was added to Fugene 6 dilution, mixed well, and incubated for

20-30 minutes at room temperature. After incubation, HEK293T cells were transfected
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by adding the mixture in a dropwise manner. About 16 hours after transfection, Fugene
6-containing media was replaced with fresh complete media. Viral supernatant was
collected at 48 hours and 72 hours after transfection. Combined viral supernatants were
filtered through 0.45um syringe filters. Viral particles were precipitated with a final
concentration of 10% (w/v) PEG-6000 (Sigma; Cat.No. P4338) for at least 16 hrs at 4°C.
Following overnight incubation, the mixture was centrifuged at 2500 rpm for 25 mins and
then 1250 rpm for 5 mins. Supernatant was carefully decontaminated after each
centrifugation. White precipitate containing viral particles was resuspended in 500 pL

ice-cold PBS. Viral suspension was aliquoted and kept at -80°C until usage.

3.2.4 shRNA screen

Before screening, a viral titration was determined for each cell line after every packaging
using knockdown efficiency as the readout. Based on this, the relative amount of viral
volume was determined for > 60% knockdown in the screen. Cells were seeded onto 6
multiwell plates at 0.15-0.2x10° cells/well 24 hours prior to the transduction. At the day
of transduction, the media was replaced with fresh media supplemented with 8ug/mL
protamine sulfate (Sigma, Cat. No. P4020). Each well was transduced by an shRNA viral
suspension. After 48 hours, media is replaced with puromycin-containing media.
Transduced cells are selected with puromycin for 72 hours with the concentrations
provided in Table 3.2. At the end of puromycin selection, cells were counted with trypan
blue and 100,000-150,000 cells were seeded onto 6 multiwell plates in duplicate for each
shRNA condition for crystal violet staining. Remaining cells were collected or maintained
until the end of the experiment for RT-qPCR to confirm knockdown efficiency. Cells
were cultivated for 8 days and then stained with crystal violet. Each screening process

was repeated at least three times.

3.2.5 Crystal violet staining and analysis

For crystal violet staining, 0.5% (w/v) crystal violet solution was prepared with 25%
methanol solution. The media on the cells was aspirated and washed with PBS gently.
Sufficient crystal violet solution was added to cover the surface area of each well. Cells
were incubated with the stain at room temperature for 15-20 mins in an orbital shaker.
The stain was collected and the cells were thoroughly washed with running tap water until

the dye stopped to come off. The plates were then left to dry overnight in an aerated area.
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Images of plates were taken and the confluency was analyzed by ImageJ using manual

threshold. Each data point was normalized to their shFF control.

3.2.6 RNA extraction and RT-qPCR

Cell pellets were preserved in -80°C until RNA extraction. RNA extraction was
performed using the NucleoSpin RNA extraction kit (Macherey-Nagel, Cat no: 740955)
following manufacturer’s instructions. The concentrations of total RNA were determined
by NanoDrop measurements. Either 500-1000 ng of total RNA was converted to cDNA
by M-MLV reverse transcriptase (Thermo Fisher, cat no: 28025013) following
manufacturer’s instructions. Final volume was adjusted to a final concentration of 10
ng/pL of total RNA. For RT-qPCR reactions, a 10 pL of reaction volume was prepared
in sterile nuclease free water with 10 ng of cDNA mixture, 0.25 pL of each 10 uM forward
and reverse primers and 5 pL of 2X SYBR Green I master mixture (Roche, Cat no:

04707516001). RT-qPCR primers for KDMs are listed in Table 3.4.

Table 3.4 RT-qPCR primers for lysine demethylases and androgen receptor

Target Forward primer Reverse primer
AR CCTGGCTTCCGCAACTTACAC GGACTTGTGCATTGCGGTACTCA
KDMIA | ACACCCCGCAAGAAAGAGC GACCCAGGCACGACAGTAG

KDMIB | TGTGTGAACAAGTATCTGCTCGCT | GCCATCTGTAGTGGTAACCTGC

KDM2A | GGGGTGGCTTGAGAGATCCT TCCCCACACACATTTTGACATC

KDM2B | CAACGACGAGCTTCCAAACTG CTTGTAGGCTTTCCCGGTCTT

KDM3A | TTAGCTGAACGAAAGTCACCTG ATCTCCCAGAAAGCGAACAGA

KDM3B | AGATAAACCGCAACATTCGCT CTGCACCACCAGAGTCCTG

KDM3C | CCAAAATTGCCTGGAAAAGA ACATCACTCTCTGGGCTGCT

KDM4A | ATCCCAGTGCTAGGATAATGACC TCTTTTGGAGGAACAACCTTGG

KDM4B | GAGGAGCTAGAGGCCAAGC CTTCCAGGTCGGACCCTTC
KDM4C | AGCCTCTGACATGCGATTTGA GGGTCGGCCACATATTCATTC
KDM4D | CTGCAACCTGAACGCTATGAC TGCTCTCCTGGGTAACTGGAC
KDMS5SA | CCGTCTTTGAGCCGAGTTG GGACTCTTGGAGTGAAACGAAA
KDMS5B | CCATAGCCGAGCAGACTGG GGATACGTGGCGTAAAATGAAGT

KDMS5C | GTGGACAACTTGAGGTTTACCC CGCCGTTCTACATTGGGAATCT

KDM5D | AGCAGAGCATTTGGAGGAGG TCCCCTGCACACTGGTTTGT
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KDM6A | TTCCTCGGAAGGTGCTATTCA GAGGCTGGTTGCAGGATTCA
KDM6B | CTACCCCCTTCACATGGCAG CTCTGACTCGTACAGTTGCCC
UTY TTAGCCTGACAGTCGAGGAAA GTAGGGTCTTCGTTCTGGCG
PHF2 GCAAACGACTGCTGAAGAGG ACTCCAGTGAGGGGTAAACG
PHF8 GCCTTCTCCACTGAGGAGCAGGTA | CTCCTCATCCTGCCTTCCAGCTCT
KDMS8 CTGTCCCAGTGGAAGTTGGT GTAGTCGGGGATGCTGATGT
MINAS53 | CCCATTATGATGATGTCGA TGTTCTGGTAGGTGCTGAT

NO66 CTGGAAACAAGGCAGTAGTGATT | GTACACTGAAGCCTGAAGGTGAT
B-ACTIN | CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

3.2.7 MTS assay

For MTS assays, 2000 transduced cells were seeded onto flat-bottom clear 96 multiwell
plates in 6 replicates. At the time of reading, 20 pL of MTS solution (prepared from
Promega CellTiter 96® AQueous MTS Reagent Powder following manufacturer’s
instruction) was added to cells and incubated for 2-4 hrs in a dark, humidified incubator

at 37°C and 5% COa,. The plate was briefly shaken and read on plate reader at 490 nm.

3.3 EPIKOL library and CRISPR-Cas9 screens

3.3.1 EPIKOL library

The EPIgenetic Knock-Out Library (EPIKOL) was designed and generated in a
collaborative effort of three KUTTAM labs supervised by Dr. Nathan Lack, Dr. Tugba
Bagci-Onder and Dr. Tamer Onder. This library contains 7870 sgRNAs that target 719
epigenetic modifiers, 60 positive control genes in addition to 80 non-targeting control
sgRNAs. To generate an epigenetic focused library, a curated list for epigenetic modifiers
was first obtained from the EpiFactors database [351]. The positive control genes include
both context-specific (n=25) and core-essential (n=35) genes. Context-specific genes
include nuclear receptors, ABC transporters, apoptosis-related and metastasis-related
genes. Core-essential genes were mostly associated with core transcription and translation
machinery and had been essential in the dropout screens of 62 different cell lines
described in the Genome CRISPR database [352]. Each gene in the library is targeted by
10 unique sgRNAs that were chosen from previous genome-wide CRISPR libraries
[329,333]. In the case of overlapping sgRNA sequences, new sgRNAs were designed
using online CRISPR designing tools CCTop [353] and E-CRISP [354]. The sgRNA
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coverage of the cloned library is confirmed by high-throughput sequencing. The gRNA
oligonucleotide library was cloned by Dr. Alisan Kayabdlen into both the lentiCRISPRv2
(Addgene #52961) and LentiGuide-puro (Addgene #52963) backbones.

3.3.2 Viral Packaging

All viral packaging was done with early passage HEK293T cells cultured in DMEM
media supplemented with 10% FBS and 1% Penicillin/Streptomycin in a humidified
incubator at 37°C and 5% CO,. Cells (5x10° cells/10cm dish) were seeded in complete
media (10%FBS, no antibiotics) 24 hours prior to the transfection. On the day of
transfection, the media was replaced with DMEM media supplemented with 2% FBS (no
antibiotics), 2-4 hours prior to the transfection. Packaging plasmid pCMV-d8.2-dVPR
(Addgene #8455) and envelop plasmid pCMV-VSV-G (Addgene #8454) were used for
lentiviral packaging. Plasmids were mixed in 10:9:1 ratio (EPIKOL library: packaging
plasmid: envelope plasmid) and 12pg was diluted in 800 pL of 150mM NaCl solution.
Transporter 5 (Polyscience Inc., Cat. No. 26008) was added in 1:3 (DNA:Reagent) ratio.
The mixture was briefly vortexed and incubated for 20-30 mins before adding drop-wise
onto cells. Media was changed 8 hrs after transfection. Viral supernatant was collected at
48 hrs and 72 hrs post-transfection. Viral supernatant was filtered through a 0.45pum
syringe filter or SteriFlips (Millipore; Cat. No. SEIM003MO00) and then precipitated with
a final concentration of sterile 10% (w/v) PEG-6000 (Sigma; Cat. No. P4338) for at least
16 hrs in a 4°C fridge. White precipitate was cold-centrifuged twice at 2500 rpm and 1250
rpm. Pellet was resuspended in sterile PBS solution and aliquoted on ice for single usage.

All concentrated lentiviral aliquots were kept in an -80°C freezer.

3.3.3 Viral titration and MOI calculation

To calculate the viral titre, cells were seeded in either 6 multiwell or 12 multiwell plates
at 0.2x10° cells/well or 0.1x10° cells/well, respectively. Next day, each well was
transduced with a different amount of virus. Two wells were left non-transduced to serve
as viability control and antibiotic selection control. Cells were selected with antibiotics
as previously described in Section 3.1.2. At the end of selection, cells in each well were
counted by trypan blue exclusion. Multiplicity of infection (MOI) was calculated from

the Poisson equation [355] using the following formula:
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mtxe ™

P(n) = n!

Forn>0; Pn>0)=1—-P(n=0)
Pn>0)=1- %zl—e‘m
m = —In(1 —-P(n > 0))
n= particle of virus
m= MOI

P(n > 0) = The transduced population as decimal number, calculated experimentally.

3.3.4 Cas9-expressing stable cell line generation

LentiCas9-blast (Addgene #52962) lentiviruses were packaged as described in Section
3.3.2 and titrated as described in Section 3.3.3. Cells were seeded onto 6 multiwell plates
at 2x10° cells/well and then transduced at a MOI=5. Cells were selected with Blasticidin
S HCI two days after transduction as previously described (Section3.1.2). Surviving cells
were propagated for at least three passages in blasticidin-containing media. This process

was repeated for all cell lines used in the EPIKOL screen.

3.3.5 CRISPR screens and high-throughput sequencing

For the screen, we used EPIKOL library in lentiGuide-puro (Addgene #52963) backbone
as it gave higher viral titre. Cas9-expressing stable PCa cell lines were seeded onto three
15 c¢m plates as 4.5x10° cells per plate. Cells were transduced with the EPIKOL library
at MOI=0.3 with 500x coverage. Two days after transduction, cells were selected with
puromycin for three days. At the end of selection 4x10° cells were collected for
sequencing (T=0) and 13.5x10° cells were maintained further for up to 15 doubling time.
Cells were trypsinized and seeded at a 1500x library representation every 2-3 cell
division. At the 15" doubling time, 4x10° cells were collected for sequencing. Cells were
kept in selective media at half of the concentration that is used for antibiotic selection to
eliminate any possible growth of cells which don’t carry desired plasmids. Collected cell
pellets were kept in -80°C until genomic DNA isolation. Genomic DNA was isolated by
PureLink Genomic DNA mini kit (Invitrogen, Cat. No. K1820) following the
manufacturer’s instructions. Genomic DNA concentrations were measured by NanoDrop.

Each dropout screen was repeated three times.
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Library preparation was done with a two-stage amplification to attach Illumina adapters
and indexes to the first PCR products. For library preparation, 4 pg of genomic DNA was
amplified by using Kapa HiFi HotStart ReadyMix (Roche, Cat.No. KK2602). For
external PCR step, 8 reactions were prepared using 0.5 pg of genomic DNA with 12.5 pL
of Kapa HiFi HotStart ReadyMix, 2.5 pL of external forward primer (10uM), 2.5 pL of
external reverse primer (10uM) listed in Table 3.5 and nuclease free water up to 25 uL.
External PCR products for each sample were pooled to be used in internal PCR. For
internal PCR, 2 reactions were prepared in 50 pL reaction volumes with 0.5 uL of pooled
external PCR product, 25 pL of Kapa HiFi HotStart ReadyMix, 2.5 pL of mixed forward
staggered primer pool (10uM), 2.5 pL of indexed reverse primer (10uM) listed in Table
3.5 and 19.5 pL of nuclease free water. PCR reactions were performed in the following
conditions: initial denaturation at 95°C for 3 mins, denaturing at 95°C for 25 sec,
annealing at 65°C for 20 sec, extension at 72°C for 15 sec. Final extension was performed
at 72°C for 3 mins. The number of PCR cycles were 25x for external PCR and 15x for
internal PCR. Separate to genomic DNA amplification, 1ng of plasmid was used in every
library preparation to serve as positive control. After second amplification, all PCR
products were run on the 1.5% TBE (Tris-borate-EDTA) gel for 70 mins at 100 volts.
The expected bands were gel-isolated. Sample concentrations were measured by Qubit
and run on 4200 TapeStation High Sensitivity D1000 for DNA to confirm their size and
purity. Following QC validation, samples were sent to the Genewiz sequencing facility
in the USA to be sequenced in HiSeq4000 platform with 2x150 base pair sequencing

mode with single index.

Table 3.5 List of LentiGuide backbone compatible primers used in library preparation for
sequencing

Primer Name Sequence Index
EpiV2External
AATGGACTATCATATGCTTACCGTAACTTGAAAGTATTTCG
Forward
EpiV2External
R CTTTAGTTTGTATGTCTGTTGCTATTATGTCTACTATTCTTTCC
everse

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG

Forward stagl
- CTCTTCCGATCTATCTTGTGGAAAGGACGAAACACCG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG

Forward stag2
- CTCTTCCGATCTCTTCTTGTGGAAAGGACGAAACACCG

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG

Forward stag3
CTCTTCCGATCTGACTCTTGTGGAAAGGACGAAACACCG
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AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
Forward stag4
- CTCTTCCGATCTTCGATCTTGTGGAAAGGACGAAACACCG
F d staes AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
orward_sta,
A8 CTCTTCCGATCTATCGCTCTTGTGGAAAGGACGAAACACCG
F d stact AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
orward_sta,
A8 CTCTTCCGATCTGTCAGATCTTGTGGAAAGGACGAAACACCG
F 4 stag] AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
orward_sta,
A8 CTCTTCCGATCTTGCATCGTCTTGTGGAAAGGACGAAACACCG
F d stac8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
orward_sta,
A8 CTCTTCCGATCTCTACGTGATCTTGTGGAAAGGACGAAACACCG
F d stagO AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACG
orward_sta,
A8 CTCTTCCGATCTACTCGTGATTCTTGTGGAAAGGACGAAACACCG
. CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAG
rev indexl CGTGAT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAG
rev index2 ACATCG
_ ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAG
rev index3 GCCTAA
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAG
rev index4 TGGTCA
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAG
rev index5 CACTGT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAG
rev index6 ATTGGC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAG
rev index7 GATCTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAG
rev index$8 TCAAGT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAG
rev index9 CTGATC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAG
rev index10 AAGCTA
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAG
rev indexl11 GTAGCC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAG
rev index12 TACAAG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTTGACTGTGACTGGAGTTCAG
rev index13 TTGACT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGGAACTGTGACTGGAGTTCAG
rev index14 GGAACT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTGACATGTGACTGGAGTTCAG
rev_index15 TGACAT

ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
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. CAAGCAGAAGACGGCATACGAGATGGACGGGTGACTGGAGTTCAG
rev index16 GGACGG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCTCTACGTGACTGGAGTTCAG
rev index17 CTCTAC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGCGGACGTGACTGGAGTTCAG
rev index18 GCGGAC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTTTCACGTGACTGGAGTTCAG
rev index19 TTTCAC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGGCCACGTGACTGGAGTTCAG
rev index20 GGCCAC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCGAAACGTGACTGGAGTTCAG
rev index21 CGAAAC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCGTACGGTGACTGGAGTTCAG
rev index22 CGTACG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCCACTCGTGACTGGAGTTCAG
rev index23 CCACTC
_ ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGCTACCGTGACTGGAGTTCAG
rev index24 GCTACC
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATATCAGTGTGACTGGAGTTCAG
rev index25 ATCAGT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGCTCATGTGACTGGAGTTCAG
rev index26 GCTCAT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATAGGAATGTGACTGGAGTTCAG
rev index27 AGGAAT
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCTTTTGGTGACTGGAGTTCAG
rev index28 CTTTTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTAGTTGGTGACTGGAGTTCAG
rev index29 TAGTTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCCGGTGGTGACTGGAGTTCAG
rev index30 CCGGTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATATCGTGGTGACTGGAGTTCAG
rev index31 ATCGTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTGAGTGGTGACTGGAGTTCAG
rev index32 TGAGTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATCGCCTGGTGACTGGAGTTCAG
rev index33 CGCCTG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATGCCATGGTGACTGGAGTTCAG
rev index34 GCCATG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATAAAATGGTGACTGGAGTTCAG
rev index35 AAAATG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
. CAAGCAGAAGACGGCATACGAGATTGTTGGGTGACTGGAGTTCAG
rev_index36 TGTTGG

ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT
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) CAAGCAGAAGACGGCATACGAGATATTCCGGTGACTGGAGTTCAG
rev index37 ATTCCG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT

) CAAGCAGAAGACGGCATACGAGATAGCTAGGTGACTGGAGTTCAG
rev index38 AGCTAG
- ACGTGTGCTCTTCCGATCTTCTACTATTCTTTCCCCTGCACTGT

3.3.6 MAGeCK analysis

MAGeCK algorithm [356] (version 0.5.9.2) was used through all steps of the analysis
including sgRNA count quantification and identification of significantly depleted genes.
For each sample, R1 fastq files were processed by MAGeCK's count function to provide
sgRNA level counts. Biological replicates were presented as individual input files during
sgRNA counting. All samples were combined and median normalised by "—norm-method
“median”” argument of MAGeCK’s count. Identification of essential genes was
calculated by MAGeCK’s test function. For each comparison, replicates were pooled as
“-t Arepl,Arep2,Arep3” and “-c Brepl,Brep2,Brep3” for conditionA and conditionB
respectively. In addition, negative control sgRNA were supplied with “--control-sgrna”
function. Median normalised combined tables were used for visualisation. R (version
2021.09.0) and ggplot2 package (version 3.3.5) were used for boxplot and density plots.
Data analysis with MAGeCK was done by Tung Morova.

3.3.7 sgRNA and shRNA cloning

A minimum of 2 sgRNAs showing a strong phenotype for selected “hit” genes were
cloned into pLentiCRISPR2.v2 (Addgene #52961) and pLKOS5 (Addgene #57822)
plasmids. For this process, forward oligo flanking with 5’-CACCG and reverse oligo
flanking with CAAA-3’ were ordered as listed in Table 3.6. These oligos were annealed
and phosphorylated by using 1 pL of each oligos (100 uM stock concentration), 1 puL of
10X T4 ligase buffer (NEB), and 0.5 pL of T4 PNK (NEB M0201S) diluted in sterile
nuclease free water brought up to 20 uL reaction volume. Thermocycler conditions were
set to 37°C for 30 mins, 95°C for 5 mins ramping down to 25°C at 5°C/min. Annealed

oligos were diluted at 1:200 in sterile nuclease free water for ligation step.

5 pg of plasmid DNA were digested by BsmBI enzyme (NEB R0580S) for 3 hours at
37°C in 20 pL reaction volume. The digested backbone was run on a 1% TBE agarose

gel at 100V for 1 hour. The digested band was cut and extracted from the gel using
Monarch DNA Gel Extraction kit (NEB T1020S). 50 ng of digested plasmid was mixed
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with 1 pL of diluted oligo duplex, 2 uL 10X T4 ligase Buffer (NEB) and 1 pL T4 DNA

ligase (NEB M0202S) adjusted to 11 pL reaction volume with sterile water. The mixture

was incubated at room temperature for 1 hour and transformed into Stbl3 E.coli strain.

The cloning was confirmed with Sanger sequencing.

Table 3.6 Oligo sequences for sgRNA cloning.

Type # Target Gene | Forward Oligo Reverse Oligo

NonTargeting | caccGTACCATACCGCGTACCCTT 2aacAAGGGTACGCGGTATGGTAC
sgRNA1 | RPSI1 caccGGGCTTCAAGACACCCAAGG 2aacCCTTGGGTGTCTTGAAGCCC
sgRNA2 | RPS11 caccgTGTAGTGCAGATAGTCTCGG aaacCCGAGACTATCTGCACTACAc
sgRNA1 | BAP1 caccgCACGGACGTATCATCCACCA 2aacTGGTGGATGATACGTCCGTGc
sgRNA2 | BAP1 caccGAACCGTCAGACAGTACTAG 2aacCTAGTACTGTCTGACGGTTC
sgRNA3 | BAP1 caccGTCCATCAAGACTAGCAGCG 2aacCGCTGCTAGTCTTGATGGAC
sgRNA1 | MRGBP caccgCAGCGCCTGCATGTCGTACA 2aacTGTACGACATGCAGGCGCTGc
sgRNA2 | MRGBP caccGGCGCTCACCGACGGGCTTG 2aacCAAGCCCGTCGGTGAGCGCC
sgRNA3 | MRGBP caccgTGTCCCGAATACAAATCATG aaacCATGATTTGTATTCGGGACAc
sgRNA1 | NIPBL caccGCTTGTCCATAGCCTCAACC 2aacGGTTGAGGCTATGGACAAGC
sgRNA2 | NIPBL caccgTACGCCCCACAAAGCCCTGC 2aacGCAGGGCTTTGTGGGGCGTAc
sgRNA3 | NIPBL caccgTTAGCCTGTGCACCATGTGT aaacACACATGGTGCACAGGCTAAc
sgRNA1 | CSNK2A1 caccgAGACATTGTAAAAGACCCTG aaacCAGGGTCTTTTACAATGTCTc
sgRNA2 | CSNK2A1 caccgCTAGTTGGTGAGGATAGCCA 2aacTGGCTATCCTCACCAACTAGc
sgRNA3 | CSNK2A1 caccGATTGATCATGAGCACAGAA 2aacTTCTGTGCTCATGATCAATC
sgRNA1 | PAXIP1 caccGTGATTCTGTCCGTTCAGTG aaacCACTGAACGGACAGAATCACc
sgRNA2 | PAXIP1 caccgTCTTCATAAATAATCAGACG aaacCGTCTGATTATTTATGAAGAc
sgRNA3 | PAXIP1 caccgTTACTACTGACCTTTACAAC aaacGTTGTAAAGGTCAGTAGTAAc
sgRNA1 | PCGF2 caccgAACGGCTCCAATGAGGACCG 2aacCGGTCCTCATTGGAGCCGTTc
sgRNA2 | PCGF2 caccGGACCTGCACGTCACACATG 2aacCATGTGTGACGTGCAGGTCC
sgRNA1 | SETDBI1 caccgAAGGAAAGAGTCTACTGTCG aaacCGACAGTAGACTCTTTCCTTc
sgRNA2 | SETDBI1 caccgAGATGTGAGTGGATCTATCG aaacCGATAGATCCACTCACATCTc
sgRNA3 | SETDBI1 caccGTTATCTATAAGACACCTTG 2aacCAAGGTGTCTTATAGATAAC
sgRNA1 | SIN3B caccGTACTTCCCCACTGCAGCGA 2aacTCGCTGCAGTGGGGAAGTAC
sgRNA2 | SIN3B caccgTCTTCTAGCATCGATACTCC aaacGGAGTATCGATGCTAGAAGAc
sgRNA1 | SIRT6 caccgCACTTGCCCTTGTCCGCGTA 2aacTACGCGGACAAGGGCAAGTGc
sgRNA2 | SIRT6 caccgCTTCCACAAACATGTTCCCG 2aacCGGGAACATGTTTGTGGAAGc
sgRNA3 | SIRT6 caccGTACGTCCGAGACACAGTCG 2aacCGACTGTGTCTCGGACGTAC
sgRNA1 | SMARCC2 caccgATTGTAGCAACTGTACAACC aaacGGTTGTACAGTTGCTACAATc
sgRNA2 | SMARCC2 caccgTATGCCTATTACCTGCACCA aaacTGGTGCAGGTAATAGGCATAc
sgRNA1 | DPF2 caccgAGAGGCGAGCATTGTAATTG 2aacCAATTACAATGCTCGCCTCTc
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‘ sgRNA2 ‘ DPF2 caccGAAGATACTCCCAAGCGTCG 2aacCGACGCTTGGGAGTATCTTC

Genetic Perturbation Platform web portal provided by Broad Institute was utilized to

design shRNAs (https://portals.broadinstitute.org/gpp/public/). shRNA oligos were

ordered, annealed and phosphorylated as described above (Sequences are provided in
Table 3.7). 10 pg of pLKOI-puro (Addgene #8453) was digested by EcoRI-HF (NEB
R3101S) and Agel-HF (NEB R3552S) at 37°C for 2 hours. The digested backbone was
run on a 0.8% TBE agarose gel and gel extracted using Monarch DNA Gel Extraction kit
(NEB T1020S). 50 ng of digested plasmid was mixed with 1 pL of diluted oligo duplex,
2 uL 10X T4 ligase Buffer (NEB) and 1 pL T4 DNA ligase (NEB M0202S) adjusted to
11 pL reaction volume with sterile water. The mixture was incubated at room temperature
for 1 hour and transformed into Stbl3 E.coli strain. The cloning was confirmed with

Sanger sequencing.

Table 3.7 Oligo sequences for shRNA cloning

shRNA# | Target Forward oligo Reverse oligo
gene
CCGGACAACAGCCACAACGTCTAT | AATTCAAAAAACAACAGCCACAACG
shGFP ACTCGAGTATAGACGTTGTGGCTG | TCTATACTCGAGTATAGACGTTGTGG
TTGTTTTTTG CTGTTGT

CCGGGCCTGTCTCGACCTAACATT | AATTCAAAAAGCCTGTCTCGACCTAA
shRNA1 | SMARCC2 | TCTCGAGAAATGTTAGGTCGAGAC | CATTTCTCGAGAAATGTTAGGTCGAG
AGGCTTTTTG ACAGGC

CCGGTCACTAAACTGCCGATCAAA | AATTCAAAAATCACTAAACTGCCGAT
shRNA2 | SMARCC2 | TCTCGAGATTTGATCGGCAGTTTA CAAATCTCGAGATTTGATCGGCAGTT

GTGATTTTTG TAGTGA
CCGGCGACTTTCCTTCCCATCTATT | AATTCAAAAACGACTTTCCTTCCCAT
shRNA1 DPF2 CTCGAGAATAGATGGGAAGGAAA CTATTCTCGAGAATAGATGGGAAGG
GTCGTTTTTG AAAGTCG
CCGGCGAGTGCAAATGTTGCAATA | AATTCAAAAACGAGTGCAAATGTTG
shRNA2 | DPF2 TCTCGAGATATTGCAACATTTGCA CAATATCTCGAGATATTGCAACATTT
CTCGTTTTTG GCACTCG

3.3.8 eGFP competition assay

A minimum of 2 sgRNAs per gene candidate were cloned into the GFP expressing
pLKOS5 plasmid (Addgene #57822). Plasmids were packaged and infected into Cas9-
expressing stable cell lines in MOI= 0.5. Initial eGFP expression was determined by flow
cytometry using BD FACSCanto II and every 3-4 days following the previous
measurement. Data is normalized to eGFP percentage of initial day of corresponding
construct and non-targeting control. RPS11 (ribosomal gene) was used as positive control
for the experiment. Each experiment repeated at least three times. sgRNA sequences are

provided in Table 3.6.
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3.3.9 Validation assays

For SMARCC?2 and DFP2 genes, two sgRNAs per gene were cloned into LentiCRISPRv2
(Addgene #52961) and two shRNAs per gene were cloned into pLKO1-puro (Addgene
#8453) (Sequences are provided in Table 3.6 and Table 3.7 ). Cells were transduced with
packaged lentiviruses containing these constructs and selected with puromycin for three
days. Selected cells were counted and seeded onto either 6 multiwell or 96 multiwell
plates. Cell viability was measured with CellTiter Glo assay in 96 multiwell plates for 10
days in a gRNA/Cas9 knockout experiments and for seven days for shsRNA knockdown
experiments. The readings were normalized to non-targeting controls. Viability was also

quantified by crystal violet staining as previously described in Section 3.2.5.

3.3.10 Western Blotting

5x10° cells collected for western blot. Cell pellets were washed with PBS before freezing
and stored in -80°C till lysis. 500 pL of ice-cold RIPA lysis buffer supplemented with 1X
protease inhibitor cocktail added on cell pellets and mixed gently. The mixture was kept
on ice for 30 mins, centrifuged at maximum speed for 30 mins at 4°C in benchtop
centrifuge. The supernatant was transferred to new Eppendorf tube and kept at 4°C. The
protein concentration was determined using BCA Protein Assay (Pierce, Cat.No. 23227).
The samples were cooked with 6X loading dye at 95°C for 15mins, loaded on 8% SDS-
PAGE gel and run until the dye reached to the edges. Proteins were transferred to PVDF
membrane by Bio-Rad semi-dry transfer system in high molecular weight settings. The
membrane was blocked with 5% milk diluted in 1X TBS-T for 1 hour. After washed with
1X TBS-T, membrane was incubated with primary antibodies diluted in 5% (w/v) BSA
in 1X TBS-T overnight in cold room. Next day, primary antibodies were collected and
the membrane was washed with 1X TBS-T twice. Secondary antibodies diluted in
blocking solution was incubated for 1 hour in room temperature. Membrane was washed
three times with 1X TBS-T in 5 mins intervals. For signal development, membrane is
incubated with ECL Western Blotting substrate (Pierce, Cat.N0.32109) for 1 min and
imaged in LI-COR Odyssey imaging system. GAPDH (Santa Cruz, sc-25778),
SMARCC?2 (Cell Signaling, Cat.No.12760S) and AR (Santa Cruz, sc-7305) antibodies
were used as primary antibodies. Goat anti-mouse IgG-HRP (Santa Cruz, sc-2055) and
goat anti-rabbit IgG-HRP (Santa Cruz, sc-2054) were used as secondary antibodies.
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3.3.11 RNA-sequencing

MRA49F cells were transduced with sgRNAs in LentiCRISPRv2 plasmid and selected with
puromycin for 3 days. Cells were harvested for RNA isolation at day 11 after
transduction. Three biological replicates were prepared. Total RNA was extracted using
NucleoSpin RNA kit (Macherey-Nagel, REF 740984) following manufacturer’s
instructions. Library preparation, quality check and sequencing were done in BGI
facilities in Hong Kong. Samples were sequenced in DNBseq platform for
transcriptomics analysis with 20M paired-end reads per sample. FASTQ files were
checked for the quality by FastQC (v0.11.9). Paired-end reads were aligned to hg38
human RefSeq reference set of transcripts using STAR aligner (PMID: 23104886) with
following options (--outSAMtype BAM SortedByCoordinate --outSAMunmapped
Within --outSAMattributes Standard). Differentially expressed genes were called by
DESeq?2 [357] using a cut-off at +/-1 for log fold change (LFC) with false discovery rate
(FDR) < 0.05. To find enriched pathways, Gene Set Enrichement Analysis (GSEA)[358]
was performed by using publicly available hallmark and curated (c2) gene sets. The data

was processed and plotted by Umut Berkay Altintas.

3.3.12 Chromatin immunoprecipitation and sequencing

BRGI1 and SMARCC2 ChIP-seq was done using a double cross-linking strategy to
stabilize the SWI/SNF complex. The cells were first fixed at room temperature with 2mM
DSG (Thermo Scientific, Cat# 20593) for 45 min prior to 1% formaldehyde fixation for
10 min. The cells sequentially lysed with LB1 (50 mM HEPES-KOH (pH 7.6), 140 mM
NaCl, 1 mM EDTA, 10% (vol/vol) glycerol, 0.5% (vol/vol) NP-40/Igepal CA-630 and
0.25% (vol/vol) Triton X-100), LB2 (10 mM Tris-HCI (pH 8.0), 200 mM NaCl, 1 mM
EDTA and 0.5 mM EGTA) to enrich for nucleus. The nucleus was further lysed in LB3
and sonicated for 10 mins (30 sec ‘On’ and 30 sec ‘Off’ cycles) using Bioruptor
(Diagenode). The IP was performed overnight at 4°C with 4 pg of BRG1 (Abcam,
ab110641) or SMARCC?2 (Bethyl Lab A301-039A) conjugated protein G magnetic beads
(Thermo Scientific). The DNA was then purified using the Monarch DNA cleanup kit
(NEB) after overnight de-crosslinking at 65°C. The library for high throughput
sequencing was prepared using the Ultra II DNA library kit (NEB) according to the

manufacturer's instructions. The ChIP library was further sequenced on a Illumina



Chapter 3: Material and Methods 61

NovoSeq platform with a minimum of 30M paired-end reads per sample. ChIP-seq was

performed by Dr. Shreyas Lingadahalli.

FASTQ files were checked with FASTq (v0.11.9) for the quality. Paired-end reads were
concatenated and aligned to hg38 human genome using BWA[359]. Unique paired-end
reads with MAPQ > 30 are collected by samtools (-F3076 -f2). Peaks were called by
MACS3[360] with default options (-g hs -q 0.01) and peaks with -logFDR > 5 are
considered for further analysis. Bigwig signals over the genome were generated by
genomecov function in BEDtools [361]. For GIGGLE analysis, Toolkit for Cistrome data
browser (http://dbtoolkit.cistrome.org) was used [362,363]. Gene annotation analysis was
performed using annotatePeaks.pl script of HOMER (v4.11) on hg38 [364]. Peaks were
called from reference genome hg38 and scanned for known motifs using Hocomoco
Human v11 with fimo utility of MEME suite [365]. The motif rank was calculated based
on the differences of logl0 transformed g-values for each transcription factor. These

analyses were performed and plotted by Umut Berkay Altintas.
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Chapter 4 Investigation of essential lysine demethylases in PCa

4.1 Aim of the study

Previous studies by our lab [257] and others [118,171,251,260,263,265,267,275,278]
have demonstrated that lysine demethylases are involved in CRPC progression. This has
been proposed to be due to either regulation of AR transcriptional activity and protein
stability [118,171,254,265] or  other oncogenic pathways that promote CRPC
[260,263,366]. In particular, KDM1A (LSD1) is extremely well validated and has been
shown to be critical to cell growth of both PCa and CRPC cells [367]. Given this promise,
several clinical trials have started for the KDMIA inhibitors in late-stage PCa
(ClinicalTrials.gov Identifier: NCT03895684, NCT04628988). Yet, while there has been
considerable success developing KDM inhibitors it is unclear how reproducible much of
this work is due to their pleotropic activity. Therefore, before initiating a small molecule

development program, I wanted to validate the role of KDMs in late-stage prostate cancer.

4.2 Results

4.2.1 [Initial optimizations

To conduct a focused KDM screen, I chose to use a shRNA library due to both the
availability of many of these reagents in our lab and relatively rapid screening protocol.
However, rather than using a pooled screen, this work was done in an arrayed format as
it would eliminate the need for low MOI requirement which might reduce the knockdown
efficiency. Our shRNA library (n= 64) contained either 2 shRNAs (n= 6 genes) or 3
shRNAs (n= 17 genes) that targeted 23 KDM family members with one positive control
(AR-targeting shRNA, shAR) and one non-targeting control (Firefly Luciferase-targeting
shRNA, shFF)(Table 3.3). Of these, 37 shRNAs targeting 14 distinct KDMs were taken
as a subset from a larger epigenetic sShRNA library generously provided by Dr. Tamer
Onder. Literature review identified 9 additional KDMs that were not present in our initial
library. Therefore, to complete the KDM library, I ordered oligos for additional validated
shRNA sequences (n=27 shRNAs) from the Genetic Perturbation Platform

(https://portals.broadinstitute.org/gpp/public/) and cloned them into MSCV-pm backbone

by restriction enzyme cloning. The sequence of cloned plasmids was validated by Sanger
sequencing. The knockdown efficiency of each shRNA was then tested in LNCaP cells
after antibiotic selection selection (Figure 4.1a). shRNAs targeting KDMS8 and KDM5D
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induced >80% knockdown efficiency, whereas shRNAs targeting PHF8, PHF2, NOG66,
KDMIB, MINAS53 (except sh3) and KDM3C showed 60-80% knockdown efficiency.
UTY-targeting shRNAs yield only 40% decrease in mRNA level.

With the completed library, I then optimized the screening protocol to characterize how
each KDM gene impacted proliferation. Unfortunately, my experiments using the
colorimetric metabolic assay MTS (3-(4,5-dimethylthiazol-2-yl1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) as a proliferation readout
gave inconsistent results especially in the growth curve of non-targeting and untreated
control. Therefore, I compared different viability assays to find both a robust and
practical method that would give consistent and reproducible results. Focusing on using
only shRNA targeting either KDMIA, a well validated essential KDM, or AR, we
transduced LNCaP cells with an optimized retroviral amount giving >80% knockdown
(Figure 4.1b,d). After antibiotic selection, cells were seeded for different viability assays:
colorimetric metabolic assay (MTS), electrical impedance assay (Xcelligence) or cell
enumeration assays including crystal violet staining and trypan blue exclusion. Crystal
violet, trypan blue exclusion and Xcelligence measurements gave similar results whereas
inconsistencies were observed in MTS assay (Figure 4.1e,f,g,h). While trypan blue was
reproducible, the low-throughput limited its utility for our focused screen. Considering
its low cost, ease of use and reproducibility, I decided to use crystal violet staining to
quantify cell proliferation in our KDM assay. With this protocol, I then determined both
the optimal time point and cell density to make the proliferation measurements (Figure
4.1h). We were looking for a condition where the cells would not become overconfluent
by the end of experiment in the non-targeting control group (shFF). During optimization,
I also observed that the shRNA-target mRNA level increased towards the end of the
growth curve (Figure 4.1c), potentially due to impartial antibiotic selection or
overpopulation of the cells with less-robust knockdown. To maintain the selective
pressure, the cells were therefore maintained in antibiotic containing media throughout

the experiment.
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Figure 4.1 Condition optimizations for shRNA screen in LNCaP cells. (a) Knockdown
efficiency of newly cloned KDMs. (b)Determining optimal viral volume by testing different
volumes of viral suspension for non-toxic efficient knockdown (c) Comparison in knockdown
efficiencies between day 0 and day 7 after puromycin selection. (d) Relative mRNA
expression for optimization experiments. (e-f-g-h) Comparison of viability assays. (¢) MTS

assay (f) Trypan blue exclusion (g) Xcelligence (h) Crystal violet staining,
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To generate viruses with relatively similar multiplicity of infection, all retrovirus
expressing shRNAs were packaged at the same time. Importantly, the resulting
retroviruses were precipitated with PEG and then resuspended in PBS to concentrate the
viruses and avoid any non-specific activity caused by the different culture media. From
this, the knockdown efficiency of several shRNAs were tested with different viral

amounts to determine an optimal retroviral volume for each cell line (Figure 4.2).
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Figure 4.2 RT-qPCR results for viral volume optimization in each cell line.

4.2.2 Screen results

With the optimized screening conditions, I conducted the KDM-focused shRNA screen
on five different cell lines that represent different stages of PCa progression: androgen-
dependent LNCaP, androgen-independent LNCaP-abl and LNAI cells, AR-null DU145,
and immortalized non-neoplastic prostate epithelial cell line RWPE-1 (Table 4.1). In this
experimental protocol, the cells were transduced in an arrayed format and selected by
antibiotic selection for 72 hrs. Cells were then counted and seeded onto 6 multiwell plates
in duplicates. After 8 days growth, cells were stained with crystal violet solution and

proliferation was quantified with ImageJ. The entire screen was repeated with three
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biological replicas for each cell line. The relative proliferation was calculated by

normalizing to the negative control (shFF).

Table 4.1 Cell line used in ShRNA screen and certain characteristics

Cell line Origin Androgen sensitivity | Initial cell density

LNCaP Human PCa cells derived from lymph | Sensitive 0.1x108
node metastasis [345]

LNCaP-abl | LNCaP cells propagated in androgen free | Insensitive 0.1x10°
media for 10 months in cell culture [346]

LNAI LNCaP cells propagated in castrated mice | Insensitive 0.1x10°
for several months

DU145 Human PCa cells derived from brain | Insensitive 0.05x10°
metastatic site [349]

RWPE-1 Immortalized human prostate epithelial | Sensitive 0.05x10°
cells by human papilloma virus 18 (HPV-
18) transfection [350]
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Figure 4.3 Gene based results of KDM-focused shRNA screen in multiple cell lines. The
ImagelJ-estimated confluency from crystal violet staining is normalized to their shFF control.
The mean of normalized confluency is calculated for each sample and plotted with the standard

error of the mean.
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As expected, we observed marked decrease in proliferation following AR knockdown in
AR-expressing cell lines LNCaP, LNCaP-abl and LNAI while there was no change in
growth of the AR-null/low cells DU145 and RWPE1 (Figure 4.3). Similar to the
published work [171,246,251], LSD1 knockdown severely reduced the cell proliferation
of LNCaP and LNCaP-abl cells (Figure 4.3).

We observed marked differences in KDM sensitivity in each cell line. DU145 cells were
largely insensitive to KDM knockdown, whereas LNCaP-abl cells were highly sensitive
to loss of KDM expression (Figure 4.3). Yet broadly, knockdown of these KDM enzymes
had a very moderate effect on PCa proliferation. Except for AR and KDM1A, knockdown
of any KDM gene did not yield a proliferation decrease >50% in any cell lines (Figure
4.3). We observed a mild decrease (>25%) in confluency following the knockdown of
PHF2 (LNCaP); MINA and KDM2A (LNAI); KDM4A, KDM5D and PHF8 (RWPE-1)
(Figure 4.4a). LNCaP-abl were more broadly affected than other cells by shRNA
treatment following the knockdown of KDM2A, KDM2B, KDM3A, KDM3C, KDM4A,
KDM4B, KDM5D, UTY, PHF2, PHFS, MINA and KDMS. Next, we examined the

a b

= AR 120
1 Cl4orf169
L

KDM2A MINA PHF2 uTyYy

150

JMJD1C 100 | - 7 Tl
|| KDM1A 100 gy --i ii ==
* B KDM1B 80 50 . v B — 8

== KDM2A -

KDM2B 60 ; -
~ KDM3A 00 -.i '-- : *§
S KDM3B 40 501 L m

|KDM4A 2.0 =
" KDM4B &
| KDM4C 20 100 * =TT il -,
- [ KDM4D S 50ty I s
==- KDMS5A R
KDM5B 150
B KDMmsC 1000 gy W C I =k | ©
- |KDM5D 50 :
U KDMBA )
KDM6B 150
B B kDovs oo ™M Bk = EE|3
S MINA 5 l 7 f
. PHF2 o

PHF8 ‘ U

ShFF SEL SEL SE° £ 5

uTY

deONT

|ge—dedNT
IVNT
svina
I-3dMd

Figure 4.4 Confluency comparison across the cell lines. (a) Heatmap of gene-based
confluency for all cell lines tested. (b) Boxplot of individual shRNA results for promising
KDMs identified from the screen.
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individual performance of shRNAs for promising KDM groups (Figure 4.4b). However,
we observed high variability within each gene. Based on these findings we decided not

to characterize any specific KDM gene.

4.3 Discussion

Lysine demethylases have been suggested to be important for PCa development and
progression. Multiple studies have demonstrated that different KDMs interact with AR
and are required for transcriptional activity [118,171,244,254,260,263,265,275,276].
Several of these have been shown to be crucial for cell viability [171,254,260] or highly
overexpressed in prostate cancer patients [269,275,278]. To expand on this published
work, we tested the effect of all known KDM on viability in different models of PCa
progression. Before initiating this large study, we optimized viral amount, duration of the
experiment, proliferation assay and seeding density. The cells were maintained in
selective media supplemented with antibiotics to prevent any possible overpopulation of
cells without shRNA expression. The screens were performed as three biological
replicates across five distinct cell lines. We observed robust, consistent staining with
marked decrease in positive control (shAR) and normal growth in non-targeting shFF
samples. However, despite the good signal to noise with our controls and strong
reproducibility, our screen did not provide strong evidence to pursue a KDM for further
drug optimization. Excluding KDM1A, knockdown of any KDM gene had limited impact
on PCa proliferation in any model. These results were markedly different than published
work. One possibility could be due to the sensitivity of the proliferation assay. Crystal
violet staining can capture a dramatic change in confluency and is very robust against
false positives. However, assays based on metabolic activity may be more sensitive to
smaller changes in proliferation. It is also possible that androgen treatment or hypoxic
conditions may reveal proliferation differences when coupled with KDM targeting, a
condition that we did not test. Yet, as we’ll discuss in the following chapter, our CRISPR-
Cas9 screen largely supported these shRNA results suggesting a broader biological
phenotype rather than an experimental error. While speculative, there may be
compensation mechanisms between different KDM proteins as they recognize and
demethylate similar targets. As a consequence, eliminating one of the members may not
be enough to observe a phenotype. We considered pooling shRNAs targeting a certain
KDM family; however, the variability in knockdown levels for each shRNA complicated
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the experimental design. Using a pool of sgRNAs targeting several genes in a KDM
family could characterize this potential compensation mechanism however this would
have limited utility in pharmacological development. Finally, we also need to consider
that the expression level in clinical samples or being an AR-interactor may not necessarily
be translated into an essential role for cell survival. When each gene was tested, there
may be a positive selection bias that could encourage the authors to select for those RNAi
with off-target effects on proliferation. Such reproducibility problems have been

extensively demonstrated in oncology research [368—370].
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Chapter 5 Epigenome-wide CRISPR-Cas9 screen in PCa
5.1 Aim of the study

ENZA improves progression-free and overall survival in both CRPC and hormone-
sensitive PCa [54,70,74,344]. Yet while initially effective, resistance to ENZA eventually
develops in almost all patients. This can occur through several different mechanisms
(Section 1.2.3) including epigenetic modifications that support lineage plasticity and
transdifferentiation during disease progression [235,284,371]. Understanding how
ENZA-resistance occurs is essential to treating lethal late-stage PCa. While several
epigenetic modifying enzymes have demonstrated an important role in ENZA-resistance,
only a handful of these genes have been tested. Therefore, in this chapter we
systematically screened all epigenetic modifiers in multiple ENZA-resistant models to

identify potential therapeutic targets.

In this chapter Tunc Morova did the initial mapping and quantification of CRISPR NGS,

Shreyas Lingadahalli performed ChIP-seq, Berkay Altintas analyzed ChlP-seq, clinical
ATACseq and RNA-seq, and Betul Ersoy helped with RT-qPCR experiments.

5.2 Results

5.2.1 Epigenetic knockout library design

To test the essentiality of epigenetic modifiers in PCa we, in collaboration with the Onder
and Bagci-Onder laboratory, generated a custom Epigenetic Knock-Out Library
(EPIKOL). The first version of the library (EPIKOL.v1) contained manually selected
epigenetic modifiers (n=251) with each sgRNAs targeting the protein domains (n=1780
sgRNAs, 5 sgRNAs/domain). Targeting protein domains instead of 5” exons of genes was
proposed to induce more loss-of-function mutations caused by indels, thereby increases
the effectiveness of negative selection [372]. Individual gRNA were designed using
CCTop online tool [353]. This library was tested on LNCaP cells in a time dependent
experiment. Unexpectedly the preliminary analysis showed a bimodal distribution of
gRNA read counts without a normal distribution in all time points. This distribution
suggests that bias was introduced in the screening process, either during cell culture or
PCR amplification step. Further, the library lacked many internal controls limiting our

ability to speculate if the problem occurred in viral packaging, transduction, or cell
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maintenance steps. Finally, since the initial publication, there have been conflicting
evidence of the importance of targeting the functional domain of a protein [340]. To
overcome these limitations, we redesigned our EPIKOL library (EPIKOL.v2) with an
increasing number of epigenetic modifiers, more sgRNAs specific to each gene and a
large number of positive controls to better interpret our screens. For the second version
of the library (Figure 5.1a), a list of all chromatin-related proteins (n=719) was obtained
from the EpiFactor database [351]. Positive controls were selected from core essential
genes (n=35) identified from publicly available drop-out screen results from 62 different
cell lines [352]. The majority of these essential genes were required for transcription and
translation. We also included context-specific control genes (n=25) such as nuclear

receptors, ABC transporters, apoptosis-related and metastasis-related genes. Each gene
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Figure 5.1 EPIKOL library and PCR optimizations. (a) The distribution of histone
modifiers in the library. (b) The validation of library cloning by high-throughput sequencing
and (c) its correlation in two different lentiviral backbones. (d-e) PCR cycle optimizations
using EPIKOL in LentiGuide backbone. (d) Read count distribution of sgRNAs. (e) Principal
component analysis of PCR samples. Sample 1-9 were isolated from transduced LNCaP cells
without Cas9 expression. Sample 1-3: External PCR 20x cycles, internal PCR 10,15, 20x
cycles respectively. Sample 4-6: External PCR 25x cycles, internal PCR 10,15, 20x cycles
respectively. Sample 7-9: External PCR 30x cycles, internal PCR 10,15, 20x cycles
respectively. Sample 10: plasmid control. Figure (a,b,c) taken from [341].
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was targeted by 10 sgRNAs previously designed from validated genome-wide libraries
[329,333]. For those sgRNAs that were either duplicated in these libraries or were
missing, additional sgRNAs were designed using online CRISPR designing tools CCTop
[353] and E-CRISP [354]. Nontargeting sgRNAs (n=80 sgRNAs) were included to act as
negative controls. The final version of the EPIKOL v2 contained 7870 sgRNAs in total
[343]. These sgRNAs were synthesized as a pooled oligonucleotides and cloned into
lentiCRISPRvV2 (Addgene #52961) and lentiGuide-Puro (Addgene #52963) lentiviral
backbones by Dr. Alisan Kayabolen. The sgRNA coverage and the diversity of the library
was confirmed by NGS (Figure 5.1b, ¢).

5.2.2 Optimization of PCR amplification from genomic DNA

Given our preliminary optimization, we next tested the efficiency and potential bias of
PCR amplification from genomic DNA. For this, wild-type LNCaP cells were transduced
at MOI= 0.3 with a 250x coverage of the EPIKOL v2 library in LentiGuide backbone. As
these cells do not contain Cas9 protein, no genome editing will occur. As a result, all
sgRNAs in the library should be fully represented in the transduced population. Cell
pellets were collected after antibiotic selection and genomic DNA was isolated. To
optimize the PCR conditions, we first performed quantitative PCR using varying amounts
of genomic DNA. We observed that the signal intensified after 30 cycles and greater
amplification is observed with 250 ng genomic DNA in 25 pL total reaction volume with
1 uM final primer concentration. In the internal PCR for adapter ligation, we PCR-
amplified genomic DNAs and used it as the template for the second PCR step at a 1:100
dilution. The signal intensified after the 5th cycle, reaching a plateau after 25 cycles. To
avoid under- or over- amplification, we therefore decided to test 20, 25, 30 cycles for
external PCR; and 10, 15, 20 cycles for internal PCR using 250 ng genomic DNA per 25
pL reaction volume as the template. Untransduced library plasmid was used as our
diversity control. The PCR products were run on 1.5% TBE agarose gel, gel-extracted
and sent for sequencing with a minimum of 14x10° reads per library. Our sequencing
results showed a normal distribution for all conditions tested with the samples clustering
based on their external PCR cycle number in a principal component analysis (PCA)
(Figure 5.1d, e). Overall, we did not observe any bias introduced in the transduction,
PCR amplification or high-throughput sequencing. From these results we chose to use

25x external and 15x internal PCR cycles.
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5.2.3 Screen performance assessment

After PCR optimization, we performed an unbiased CRISPR-Cas9 proliferation screen in

nine different PCa cell lines: androgen-sensitive LNCaP, androgen-insensitive LNCaP-
abl, two ENZA-resistant cell lines MR49F and LNCaP-enzaR, AR-variant expressing
22Rv1, docetaxel-resistant 22Rv1-DoceR, cabazitaxel-resistant 22Rv1-CabaR, AR-null

DU145, and immortalized non-neoplastic prostate epithelial cell line RWPE-1 (Table

5.1). The MR49F cell line was generated by serial propagation of LNCaP cells in

castrated mice and isolated from a tumor grown in ENZA-treated mice. LNCaP-enzaR,

22Rv1-DoceR, 22RvI1-CabaR were generated and shared by Dr. Ceyda Acilan-Ayhan.

LNCaP-enzaR cell line was generated by chronically treating LNCaP cells with
increasing doses of ENZA. 22Rv1-DoceR and 22Rv1-CabaR cell lines were generated

by chronically treating 22Rv1 cells with increasing doses of docetaxel and cabazitaxel.

Table 5.1 Cell lines tested in epigenome-wide CRISPR screen

Cell line | Origin Characteristics Doubling
time

LNCaP | Human PCa cells derived from lymph node Advanced PCa model | 34 hrs
metastasis [345]

LNCaP- | LNCaP cells propagated in androgen free media for | CRPC model, 34 hrs

abl 10 months in cell culture [346] androgen insensitive

MR49F | LNCaP cells propagated in castrated mice and then ENZA-resistant 34 hrs
reinjected into castrated and ENZA-treated mice
[347]

LNCaP- | LNCaP cells propagated in ENZA-containing media | ENZA-resistant 42 hrs

enzaR for several months in cell culture

22Rv1 CWR22 xenograft propagated in castrated mice AR variant expression | 40 hrs
[348]

22Rvl- 22Rvl1 cells propagated in docetaxel-containing Docetaxel-resistant 47 hrs

DoceR media for several months in cell culture

22Rvl- 22Rv1 cells propagated in cabazitaxel-containing Cabazitaxel-resistant | 46 hrs

CabaR media for several months in cell culture

DU145 Human PCa cells derived from brain metastatic site | No AR expression 36 hrs
[349]

RWPE-1 | Immortalized human prostate epithelial cells by Normal-like prostate 58 hrs
human papilloma virus 18 (HPV-18) transfection epithelial cells, low
[350] AR expression
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The EPIKOLV2 sgRNA library in the LentiGuide backbone was transduced into stable
Cas9-expressing PCa cell lines at low multiplicity of infection (MOI=0.3) with a median
coverage of 500x cells per sgRNA (Figure 5.2a). Following puromycin selection, cells
were harvested at fixed doubling times (0, 5x, 10x and 15x for LNCaP, LNCaP-abl,
22Rv1, DU145 and RWPE-1; 0 and 15x for others) to minimize differences in growth
rates between cell populations. Genomic DNA was isolated from these cells, and
integrated sgRNA barcodes were then PCR-amplified from genomic DNA. All
experiments were done in three biological replicas. Following deep sequencing of these
samples, we conducted an initial quality check to understand the overall performance of
the screen. First, we looked into the distribution of read counts. Except some samples in
22Rv1-CabaR and LNCaP-enzaR, we observed a normal distribution of sgRNA
abundance at the initial time point with a slight shift in both arms at later time points as
expected (Figure 5.2b). Principal component analysis revealed the initial collection
samples from all cell lines clustered the with plasmid control and then separated in a time
dependent manner (Figure 5.2¢). Both sgRNA distribution and PCA analysis revealed a
separation from other samples for the first biological replicate of LNCaP-enzaR, and the
first and third biological replicates of 22Rv1-CabaR. Due to this variability these samples
were excluded from further analysis. Next, we checked the performance of internal
control groups at initial and latest collection points. Core-essential genes were depleted
in all cell lines, whereas non-targeting controls remained unchanged compared to initial
levels (Figure 5.2d). Further supporting these screening results, we observed that AR is
selectively essential for the proliferation of AR-dependent cell lines (LNCaP, LNCaP-
abl, MR49F, LNCaP-enzaR, 22Rv1, 22Rv1-DoceR, 22Rv1-CabaR) and does not affect
AR-independent cell lines (RWPE-1 and DU145) (Figure 5.2e). These results suggest

that our CRISPR dropout screens were successful.
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Figure 5.2 Screen design and performance assessment. (a) Schematic of screen design.
Cells were transduced with low MOI (0.3) and 500x coverage. Selected cells were collected
at 0 and 15x doubling time. Samples were PCR-amplified and sent to NGS (b) The
distribution of normalized read counts of sgRNAs grouped by their collection time. NGS
results were mapped to the sgRNA sequences and MAGeCK provided median-based
normalized read counts per sgRNA. (c) PCA analysis of screen results based on read counts.
Samples were clustered based on their cell identity and collection time. Initial collections
were located closed to untransduced library control. (d) The cumulative distribution of read
counts at initial and latest collection point for positive control, epi-targeting sgRNAs, and
nontargeting controls. (¢) The read counts of AR per cell line at initial and latest collections.
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5.2.4 Screen Results

To understand the statistical deviation from the initial population, we performed
MAGeCK [356] analysis which normalizes the count data and calculates log2 fold change
for every sgRNA. The performance of each sgRNA is compared with the overall library
population and each sgRNA performance is aggregated to a gene-based analysis which
provides statistical power in the form of Robust-Rank aggregation (RRA) score. From
this, we set two criteria to determine candidate “hit” genes from the screen: (1) the RRA
score should be less than 0.05 (significantly decreased proliferation), (2) at least 5
independent sgRNAs should be depleted targeting a specific gene. Based on these criteria,
we identified 403 genes significantly depleted in any screened cell line (Figure 5.3a).
From this, 128 genes were depleted in all four wildtype cell lines (LNCaP, 22Rvl,
DU145, RWPE-1) suggesting a lineage-specific role. 149 epigenetic modifiers were
found to be essential in at least one of CRPC cell line screened. AR and FOXA1 were
significantly depleted only in AR-expressing cell lines supporting its critical role in AR-
dependent PCa, whereas BRD4 was depleted in all cancer cell lines including AR-null
DU145. The comparison between LNCaP (AR-expressing) and DU145 (AR-null)
revealed LNCaP-specific dependencies in 29 genes which include known AR-interactors
such as NCOA1, EP300, LSD1 and FOXA1 (Figure 5.3b). Further, 30 epigenetic
modifiers selectively depleted in 22Rv1 cells (ARv7 expressing) compared to LNCaP (no
ARvV7 expression) including ARID1B, BRD9 and CDK7 (Figure 5.3b). We identified 32
genes depleted in either 22Rv1 derivatives (22Rv1, 22Rv1-DoceR and 22Rv1-CabaR)
including FOXA1, AR and BRCA2, and 12 taxane-resistance specific depletions such as
ABCB1 and SMARCDI1 (Figure 5.3b). The comparison between LNCaP and its

derivatives will be discussed in the next section.

For initial validation of the CRISPR screen, we chose NIPBL, MRGBP, BAP1, SIRT6,
PAXIP1, SETDB1 and CSNK2A1 and FOXA1 as they significantly decreased
proliferation in multiple PCa cell lines. We transduced LNCaP-abl cells with sgRNAs co-
expressed with GFP at low MOI and characterized the change in GFP-positive population
by flow cytometry for 20 days. RPS11 was used as positive control due to its role in
protein coding. Cell proliferation decreased in knockout cells compared to wildtype cells

for common PCa-essential MRGBP, NIPBL, BAP1 and FOXAI1, and also for LNCaP-
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derived CRPC-essential SIRT6, PAXIP1, SETDB1 and CSNK2A1 (Figure 5.3¢),

emphasizing the credibility of our screen results.
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Figure 5.3 CRISPR screen results and validation of few genes. (a) Heatmap of screen
results in nine cell lines. ‘Hit’ genes were identified for each cell line with RRA< 0.05 and
efficient sgRNA>4, and the pool of these genes was plotted by their -logRRA scores. For
further comparisons, any gene affecting normal like control (RWPE-1) is removed from the
analysis. (b) Log2 Fold Change of individual genes in CRISPR screen identified by pairwise
comparison between LNCaP (AR+/ARv7-) and either DU145 (AR-) or 22Rv1 (AR+/ARvV7+),
and between 22Rvl and its taxane-resistant derivatives. The mean of log2FoldChange is
plotted with standard error of the mean. (c) Validation by eGFP competition assay in LNCaP-
abl cells for 20 days. eGFP signal is traced by flow cytometry in every 4-5days. The mean of
normalized eGFP percentage is plotted with standard error of the mean. Non-targeting control
and RPS11-targeting sgRNAs serve as negative control and positive control.
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Given our previous study with KDM genes, we investigated the role of these genes in
PCa proliferation. CRISPR screen identified KDM1A, KDM2A, KDM4B and KDMS in
LNCaP and KDM1A, KDM2A and KDMS8 in RWPE-1 as essential (Figure 5.4). KDMS
was essential in almost all cell lines except LNCaP-abl, LNCaP-enzaR and 22Rvl1-
CabaR. Except KDM1A, shRNA screen failed to capture other KDMs identified as
essential by CRISPR-Cas9 screen. Although CRISPR screen identified more essential
KDMs than shRNA screen, the identified ones such as KDM2A and KDMS also affected
normal-like prostate epithelial cells, suggesting a lineage-dependent role. Eliminating the
ones affecting normal-like control (RWPE-1), CRISPR screen identifies KDM4B in
LNCaP, and KDM3B in LNCaP-abl. In addition, similar to our shRNA screen results,
KDMI1A (also known as LSD1) knockouts significantly depleted from the population in
LNCaP and LNCaP-abl. KDM1A inhibitors have been already tested in clinical trials,
and KDM3B was previously identified as essential in LNCaP-abl [257]. No KDM-
dependency was found in DU145 consistent with shRNA screen results. The results from

the CRISPR screen supported our observations in the ShRNA screen.
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Figure 5.4 Lysine demethylase scores in CRISPR screen in multiple cell lines. KDMs
with RRA<0.05 and with at least 5 effective sgRNA were plotted in red color and labeled.
The dashed line shows RRA = 0.05 threshold.
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5.3 Investigation of epigenetic modifiers involved in ENZA resistance

To identify epigenetic drivers of ENZA resistance in CRPC, we compared the MAGeCK
results of LNCaP-abl, MR49F, LNCaP-enzaR, the parental cell line LNCaP and the
normal-like control cell line RWPE-1 cells. We chose to study PCa cell lines derived from
the same parental LNCaP model to provide a relatively homogenous genetic background
that would allow us to focus on those epigenetic dependencies in different stages of PCa.
With this scoring threshold, we identified numerous AR co-regulators including LSD1,
EZH2, BRD4, and MLL that have been shown to impair the proliferation of LNCaP
derivatives (Figure 5.5a-c) [120,171,236,373]. As previously demonstrated [76,77], AR
was required for LNCaP, LNCaP-abl, LNCaP-enzaR, and MR49F but not for RWPE-1
(AR-low/null cell line) (Figure 5.2¢). To focus on PCa-associated epigenetic
dependencies, we excluded those genes that were essential to either the non-neoplastic
prostate epithelial cell line RWPE-1 or those that broadly affect cell growth and are

defined as “common essential” in DepMap (https://depmap.org/portal/). From this, we

found 76 epigenetic modifiers that were essential in at least one cell line (Figure 5.5¢).
Given the common genetic background we observed a marked overlap in epigenetic
dependencies, with many of these genes being essential in both LNCaP and at least one

of the CRPC cell lines (29/76) (Figure 5.5¢).



Chapter 5: Epigenome-wide CRISPR-Cas9 screen in prostate cancer 80

eAq  efze @A
® ASHZL @ KDI1A @ EPwe

®AN e EZHZ @ BAM SM.
® ASCL 8 KDWIA @ P

18-08
—

e
[erzo
9 DO=T0

Te-6 1e-07

RRA score
1e-0
-

18400

1
>
'UQ'U

RRA score
1001 1202
D

i

L9,
4O

e ~———— S

T T T 1 T T
0 200 400 B0 300 ° 20 Ap0 §00 800

=
25

Genes Genes KDM
LNCaP-abl LNCaP-enzaR

LNCaP-related

AR SEH & BAM A
® ASUL & KDAA @ EF300

®A7 SF7 @ AADG &
® ASHZL @ KDMIA @ PP ‘

e 04
—_—
N
2
I

RRA score

16400 1e-02 18-04 1e-05 1e-0B
A

RRA score
0 Te-02 3
&

>

=0 Z
O gom
Al \ng
= 5_.'_

a 200 400 620 ata [ 200 i G0 aon g

>
MOV1
Genes Genes sm AR%

LNCaP MR49F RN
: 28

192}
D

0!
N

XD
o=

Log2FC

(%2}
=0
56
LD —=MDZW

-1 / : ' /"{ ‘:w:. |

f' v \ e SuUV4a20H
ASH2L 15 R MY SFMBT

2L A : RaK
0 200 400 600 80C 0 200 400 600 800 » CSNK2ZA1
Rank Rank

{o2}
Q.
O

T,
I,
)
gy

CRPC-related

LNCaP-abl LNCaP-enzaR

y P

‘ - PHE21
s MARGD

A Iy » SMARGC

EZH ‘ KDM

=31 ¥

Log2FC

Log2FC

\F =21 /¢

LNCaP
MR49F

o % ‘ 4

0 200 400 600 80C 0 200 400 600 BOO
Rank Rank

LNCaP-abl
LNCaP-enzaR

Figure 5.5 Identification of epigenetic dependencies in ENZA resistance. (a) MAGeCK
analysis of read counts plotted as RRA score vs Gene rank for dropout screen. Genes known
to be important for PCa are labeled. (b) Log2 Fold chance and gene ranking of PCa-associated
genes based on MAGeCK results. Dropped out genes are in green color and positively
selected genes are in orange color. (¢) Heatmap of -logRRA scores of the candidate genes in
negative selection. Genes having a broad effect on other cell lines in DepMap and RWPE-1
are removed from the list. Top panel shows LNCaP-related epigenetic dependencies, bottom
panel shows CRPC-related epigenetic dependencies. Arrowheads indicate the candidates for
validation. Color scale represents -logRRA score, white color shows RRA= 0.05 threshold.
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5.3.1 Identified candidates are validated as essential only for ENZA-resistant cells
To better understand the role of epigenetic modifying enzymes in ENZA-resistance, we
focused on those genes that were specifically essential in CRPC cell lines. From this, we
identified several epigenetic modifying enzymes (SMARCC2, PAXIP1, SIN3B,
CSNK2A1, SETDBI, and SIRT6) that showed a greater impact on the proliferation of
either LNCaP-abl, MR49F, or LNCaP-enzaR cells than the parental LNCaP cells (Figure
5.5¢). To validate the results from our CRISPR screen, we tested the effect of each gene
on cell proliferation using an eGFP competition assay (Figure 5.6a). In this, we
transduced both Cas9-expressing LNCaP and MR49F cells with sgRNA-eGFP constructs
targeting the hit genes at a MOI=0.5. We then quantified the relative proliferation rate of
wildtype (non-fluorescent) and knockout cells (eGFP+) by flow cytometry. Consistent
with our pooled CRISPR screen, MR49F cells treated with sgRNAs showed a significant
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Figure 5.6 eGFP competition assay for “hit” validation in LNCaP and MR49F cells.
(a)Schematic of eGFP competition assay. Cas9 expressing cells were transduced with MOI
0.5 and eGFP signal is monitored by flow cytometry for 20 days. The expected outcomes and
their indications are listed in the figure. (b,c,d) eGFP competition assays in (b) LNCaP and
MRA49F cells in regular growth media, and in (c) MR49F cells and (d) LNCaP cells treated
with either only sgRNA or sgRNA and ENZA. The eGFP percentage is normalized to non-
targeting control for each day, and to the initial reading of each sgRNA. The experiments were
performed in three biological replicates and the mean of normalized eGFP percentage is
plotted with the standard error of the mean.
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decrease in proliferation while LNCaP cells showed no significant change upon gene
knockout (Figure 5.6b). Next, we asked whether gene knockouts could drive epigenetic-
mediated resensitization. To test this, we repeated the eGFP competition assay for all
genes both with and without ENZA in MR49F cells. For all genes, ENZA treatment did
not impact the proliferation of resistant cells (Figure 5.6¢) suggesting that these
epigenetic modifying enzymes do not re-sensitize cells to ENZA but instead provide a
gained indispensable function during the development of resistance. We also tested
LNCaP cells for a possible synergistic effect of ENZA when combined with any gene
knockouts. However, ENZA growth inhibitory effect remained the same regardless of
gene knockouts in LNCaP cells (Figure 5.6d), further supporting that the epigenetic

dependency in ENZA resistance is acquired during the disease progression.

5.3.2 The loss of cBAF components SMARCC2 and DPF2 decreases proliferation
in ENZA-resistant cells.
From the validated genes, we observed the greatest difference in proliferation following
the knockout of SMARCC?2 which reduced eGFP population by 40% in MR49F cells and
had no significant effect on LNCaP cell proliferation. To confirm these results, we
performed additional validation with orthogonal assays. First, we knocked out
SMARCC?2 in both ENZA-sensitive and -resistant cell lines with multiple sgRNAs in
different backbone than that of eGFP competition assay and performed crystal violet
staining (Figure 5.7a). Similar to our initial validation, we observed a significant
decrease in MR49F and LNCaP-enzaR growth while ENZA-sensitive LNCaP cells
remained unaffected (Figure 5.7b). These results were supported with an orthogonal
proliferation measurement using CellTiter-Glo assays (Figure 5.7¢). In addition, we
demonstrated that SMARCC2 knockdown by two independent shRNA confirmed the
decreased proliferation in MR49F cells while having a minimal effect on LNCaP cell
growth (Figure 5.7d). SMARCC?2 is a core component of the ATP-dependent SWI/SNF
chromatin remodeling complex. This multiprotein chromatin remodeling complex
regulates chromatin accessibility has been found to have an increasingly important role
in PCa (Section 1.3.5). Depending on the subunit composition, the SWI/SNF complex
can form canonical (cBAF), polybromo-associated (PBAF), or non-canonical (ncBAF)
complexes with distinct functional activities. To determine if there were distinct BAF

dependencies, we re-examined our CRISPR screen data (Figure 5.7e¢). While many
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Figure 5.7 SMARCC?2 and cBAF-specific DPF2 validations. (a) Western blot showing
SMARCC?2 depletion in protein level. (b-c) SMARCC2 validation by (b) Crytal violet
staining and (c) CellTiter Glo in knockout cells. (d) SMARCC2 validation using shRNA.
(e) CRISPR screen performance of other SWI/SNF components in LNCaP vs MR49F. (f-g)
DPF2 validation using CellTiter Glo upon (f) sgRNA and (g) shRNA treatments. Data in (c-
d-f-g) is the mean of three biological replicates plotted with standard error of the mean.
Student’s t-test, p-value < 0.05 *, <0.01 ** <0.001 ***  <0.0001 ****,

common subunits were essential in both LNCaP and MR49F cells, we observed that
DPF2 was depleted exclusively in MR49F cells. Although SMARCC?2 is shared in both
cBAF and PBAF complexes, DPF2 is only found in cBAF complex [196]. When we
tested the essentiality in both MR49F and LNCaP cells, we observed that DPF2 loss
selectively reduced the viability of only MR49F cells following either shRNA
knockdown or CRISPR knockout (Figure 5.7f-g). Overall, these results suggest that the
ENZA-resistant PCa have cBAF-specific dependencies.

5.3.3 SMARCC?2 and BRG1 expand their binding sites in enzalutamide resistance.
As loss of SMARCC?2 did not cause re-sensitization to ENZA, we proposed that the cBAF

complex promoted significant remodeling of chromatin accessibility during progression
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to ENZA resistance. To explore this, we conducted chromatin immunoprecipitation
sequencing (ChIP-seq) of both SMARCC?2 and the ATPase subunit BRG1 (also known
as SMARCA4) in MR49F and LNCaP cells. Strikingly, we noted a marked expansion of
SMARCC2 binding sites in MR49F (n=40191) as compared to LNCaP (n=18557)
(Figure 5.8a). While the majority of LNCaP-binding sites were also found in MR49F
cells, over 25,000 SMARCC?2 binding sites were unique to only ENZA-resistant MR49F
cells (Figure 5.8a). A similar trend was observed for BRG1 binding sites (Figure 5.8a).
SMARCC?2 cistrome showed approximately 75% overlap with BRG1 cistrome in both
cell lines (Figure 5.8a) suggesting the recruitment of the whole SWI/SNF complex (BAF

sites).

To better understand the role of SMARCC?2, we categorized SMARCC2 binding regions
in MR49F as retained BAF sites (n=10757), gained BAF sites (n=19028) and gained
SMARCC?2 sites (n=8682) (Figure 5.8b, c¢). Retained BAF (rBAF) sites refers to the
binding regions that are co-occupied by SMARCC2 and BRG1 in both LNCaP and
MRA49F, whereas gained BAF (gBAF) sites are only found in MR49F, ENZA -specific.
Gained SMARCC2 (gSMA) sites refers to the sites lacking BRG1 binding and only
captured in MR49F cells. Overall, SMARCC?2 binding sites are mostly located in intronic
and intergenic regions, especially gSMA sites (Figure 5.8d). There are only slight
differences in genomic annotations between rBAF and gBAF; intronic regions are slightly
more occupied by rBAF while intergenic regions are slightly more occupied by gBAF.
We noticed a difference for the promoter binding in gSMA versus rBAF and gBAF sites;
promoter regions consist of only 4.8% of gSMA sites while it is about 10% of both gBAF
and rBAF sites (Figure 5.8d).

Using GIGGLE [374], we identified different set of transcription factors binding sites
sharing similarities with rBAF, gBAF and gSMA sites (Figure 5.8e). We observed low
GIGGLE scores in gSMA binding sites, implying that those regions are less likely to be
occupied by transcription factors with available ChIP-seq data. In contrast, rBAF sites
tend to be bound by AR and its cofactors FOXA1, PIAS1, GATA2, GRLH2 and
HOXBI13. Additionally, SWI/SNF components BRG1 and ARIDIA, and nuclear
receptors GR and ESR1 frequently overlap with these rBAF sites. gBAF sites tend to be
occupied by transcription regulatory proteins including NELFA and NELFE, PAF1, TBP,
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SRSF3, CDK7, CDK9, TTTF2 and XRN2. Interestingly, we observed three ETS
transcription factors FLI1, ERG and SPI1 preferably enriched in gBAF regions which is
also supported by motif analysis, in addition to growth-promoting transcription factors

MYC and MAPKI (Figure 5.8e.f).

Next, we compared the accessibility of these rBAF, gBAF and gSMA regions in clinical
primary PCa samples (n=23) [375] and patient-derived CRPC xenograft models
(n=6)[376]. We observed that gSMA sites has low accessibility (Figure 5.8g) implying
transcriptionally silenced regions. Both rBAF and gBAF sites are accessible in primary
PCa cases and remain accessible in CRPC samples (Figure 5.8g), which might be

functionally necessary in both stages of PCa.
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Figure 5.8 SMARCC?2 and BRG1 chromatin binding in ENZA resistance. (a) Correlation
matrix showing SMARCC2 and BRG1 binding in LNCaP and MR49F. (b) Categories of
SMARCC?2 binding in MR49F cells. BAF regions refers to the regions co-occupied by
SMARCC2 and BRGI. Retained BAF (rBAF) represents BAF regions captured both in
LNCaP and MR49F cells. MR49F BAF sites contain rBAF and gained BAF (gBAF). gBAF
are only found in MR49F cells (ENZA-specific).
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Figure 5.8 Figure caption continued. MR49F SMARCC?2 binding sites consist of rBAF,
gBAF and gained SMARCC2 (gSMA). gSMA represents the regions with no BRG1 binding
and only found in MR49F cells. (c) Heatmap of SMARCC?2 binding categories in LNCaP and
MRA49F for SMARCC2 and BRG1 binding. (d) Genomic annotations of BAF, gBAF, gSMA
regions. (¢) GIGGLE analysis in rBAF, gBAF and gSMA. (f) Transcription factor motif
analysis comparison in tBAF vs gBAF. (g) Chromatin accessibility for rBAF, gBAF and
gSMA in clinical primary PCa samples and patient-derived CRPC xenograft models.

5.3.4 SMARCC?2 differentially regulates gene expression in ENZA-resistant cells
We next explored the role of SMARCC2 on transcriptional regulation in ENZA
resistance. We performed RNA-seq of MR49F cells that were treated with two different
SMARCC2-targeting sgRNAs (Figure 5.7a). We observed strong correlation across both
biological replicas (n=3) and individual sgRNAs (Figure 5.9¢). However, given the
impact on proliferation the changes to the transcriptome were very subtle. SMARCC2
loss downregulated only 49 genes and upregulated 91 genes in both sgRNAs (LFC +/- 1,
p-adj<0.01) (Figure 5.9b,c). Gene set enrichment analysis (GSEA)[52] on hallmark
pathways revealed differential expression in major pathways including E2F targets, G2/M
checkpoint, IL6-JAK-STAT3 pathway and glycolysis (Figure 5.9f). Gene based analysis
showed that multiple proteins in transmembrane transport of anions and small molecules
were downregulated. We also noted downregulation of certain pro-survival genes
including EGF and CAMKI1D. Interestingly, several canonical androgen response genes
KLK2, KLK3, TMPRSS2 and NKX3.1 were found to be upregulated upon SMARCC?2
loss (Figure 5.9f). Next, we compared the transcriptional profile of ENZA resistant cell
in AR knockout condition (LFC +/- 1, p-adj<0.01) (Figure 5.9b). Most of SMARCC2
signature genes (66/130) are also differentially expressed by AR (Figure 5.9d, e).
SMARCC?2 loss mildly affects AR and AR-targeted gene expression suggesting that it
might positively regulate AR-dependent transcription but not essential for it (Figure
5.9¢). The expression levels of other SWI/SNF components were not affected by
SMARCC2 loss except BCL11B which is downregulated (Figure 5.9g). Upon AR
depletion, specifying units SMARCD3 and DPF3 are upregulated (Figure 5.9g).
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Figure 5.9 Differential gene expression upon SMARCC?2 and AR depletion in MR49F
cells. (a) Western blot of AR knockout in MR49F cells. (b) Volcano plot of differential gene
expression upon SMARCC?2 and AR loss. (¢) The comparison of the effect of two different
SMARCC2-targeting sgRNA on differentially regulated genes. (d) The comparison between
AR-regulated and SMARCC2-regulated genes. () Heatmap of transcript counts per sgRNA
treatment. Three biological replicates were collected for RNA-seq experiments. Differentially
regulated genes are defined as p-adj<0.05 and |[LFC| >1. (f) GSEA analysis on hallmark
genesets for SMARCC?2 regulated genes. (g) Examples of SMARCC2 regulated genes and
the expression of SWI/SNF subunits in different sgRNA treatments.
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Next, we compared SMARCC2 binding sites to differentially regulated genes to
understand whether the transcriptomic changes are a direct outcome of chromatin
binding. We found 74 upregulated and 36 downregulated genes near SMARCC?2 binding
sites (+/- 100kb)(Figure 5.10). Interestingly, we observed that the majority of these
differentially expressed genes has at least one gBAF binding site. However, none of the
differentially regulated genes had only rBAF or gSMA sites; rBAF and gSMA tend to be
present in gBAF-bound regions. These observations suggest a three-dimensional

regulatory role for BRG1-dependent SMARCC?2 binding in ENZA resistance.
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Figure 5.10 The distribution of rBAF, gBAF and gSMA regions in proximity of
differentially regulated genes. Color scale indicates the number of binding events within +/-
100kb to the gene transcription start site. Blue: downregulated genes identified in RNA-seq
experiments. Red: upregulated genes identified in RNA-seq experiments.

5.4 Discussion

Epigenetic factors have emerged as a promising drug target for the treatment late stage
PCa. Multiple studies revealed an essential role of epigenetic factors as AR coregulator
or lineage differentiation to a neuroendocrine stage [205,207]. However, there are only a
few epigenetic factors that show promising preclinical evidence for CRPC treatment. This
is partially due to the lack of systematic testing of all epigenetic modifiers. For this reason,
we aimed to generate an epigenetic focused CRISPR library to systematically test every

epigenetic modifier for viability.

In this focused CRISPR screen, we demonstrated that SMARCC2, a core component of
the SWI/SNF complex, is selectively essential in ENZA-resistant cell lines. The ATP-

dependent SWI/SNF chromatin remodeling complex is a large evolutionarily conserved
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multiprotein complex that can have distinct protein combinations which impacts the
biological role [190]. Functional studies have revealed three main categories of
mammalian SWI/SNF complexes: cBAF, PBAF, and ncBAF. Starting from the initial
SMARCCI or SMARCC2 nucleation dimer, every module in the complex has at least
one specific subunit that determines its category [194]. SMARCC?2 acts as a core subunit
for the initial steps of SWI/SNF core assembly in cBAF and PBAF, but not found in
ncBAF [194]. Our EPIKOL screen data revealed no PBAF-specific or ncBAF-specific
components that were essential in ENZA-resistant models, while the cBAF-specific
component DPF2 was only essential for ENZA-resistant cells. Overall, these findings
demonstrate that cBAF is strongly selective in ENZA-resistant models suggesting that

this may be a common adaptation mechanism.

Recent studies have revealed that eliminating a single subunit is typically insufficient to
disrupt the complex formation [194,202] due to their modular structures and
combinatorial compositions. Certain subunits compete for incorporation, and this
behavior correlates to their synthetic lethal relationship as shown with SMARCCI1-
SMARCC2 and SMARCA4-SMARCA? pairs [202]. In PCa, BRGI has been shown to
be synthetic lethal in both cell lines with TMRPSS2-ERG fusion [289] and PTEN-loss
[288] which is consistent with our CRISPR data. Several other SWI/SNF complex
subunits have been identified as AR interactors [213-215] and were shown to be broadly
essential in both previous work [284,377,378] and our CRISPR screen. Recent studies
showed that SMARCC2 depletion does not prevent either the formation or the activity of
the BAF complex suggesting that normal cells may contain a compensatory mechanism
[202]. Considering that its structurally-related counterpart SMARCC1 was not negatively
selected in our EPIKOL screen and the mRNA level did not change by SMARCC2
knockout, our data suggests that SMARCC2 cannot be compensated by SMARCCI in

these models.

We observed that the SWI/SNF complex binding sites were considerably expanded in the
ENZA-resistant model. The majority of BAF sites in ENZA-sensitive LNCaP were also
conserved in ENZA-resistant MR49F; we referred to them as retained BAF sites. These
sites are found to be accessible in both primary and CRPC clinical samples and more

likely to be co-occupied by AR and its cofactors. However, our data suggests that their
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binding is not sufficient to alter the gene expression in ENZA-resistant model, possibly
related to the collection time point as observed by other work [119]. Differentially
expressed genes are commonly found within +/-100 kb of at least one gBAF binding site
which may or may not be accompanied by rBAF or gSMA sites, suggesting an essential
role for ENZA-specific SMARCC2 and BRG] co-binding. Interestingly, gBAF sites are
enriched for oncogenic transcription factors MYC, GR, and MAPK1, ETS transcription
factors ERG, FLI1 and SPI1, and multiple proteins in the regulation of the transcriptional
elongation and termination. Although we were not able to see an overall difference in the
accessibility of gBAF binding sites in primary versus CRPC patients, the genes that are
bound by gBAF and differentially regulated were inaccessible in primary PCa samples
and become accessible in CRPC samples in individual cases. These observations suggest
a three-dimensional regulatory role rather than a simple direct regulation for SMARCC2

in ENZA resistance.
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Figure 5.11 Illustration of potential three-dimensional regulatory role of SMARCC2-
dependent SWI/SNF complex. Our data suggests that SMARCC?2 gained an indispensable role
in ENZA resistance. SMARCC2-dependent SWI/SNF complex binds new regions in ENZA-
resistant model, which showed similarity with oncogenic transcription factors such as MYC and
ERG as well as transcription-associated factors. These ENZA-specific binding sites were found
in close proximity to SMARCC2-regulated genes. SWI/SNF subunits are colored in red (ENZA-
dependent), green (common-dependent), gray (other subunits).
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Chapter 6 SUMMARY AND CONCLUSION

Despite advances in the field, PCa remains one of the most common cancer-related cause
of death. Although most primary PCa cases are successfully treated, recurrent or
metastatic disease is typically lethal. Androgen deprivation therapy is the mainstream
treatment for these aggressive cancers. Either by adaptive mechanisms or simply by
overgrowth of a subclone, the tumor eventually becomes androgen-independent in
castrated conditions, and further transforms to drug resistant under selective pressure with
increased disease aggressiveness. During this transition the cancer gains distinct
epigenetic alterations including DNA methylation pattern, chromatin accessibility and
histone mark alterations. These epigenetic alterations are believed to play a critical role
in disease progression. We therefore hypothesized that specific epigenetic modifiers have
an essential role in CRPC cell proliferation and survival. To identify critical epigenetic
vulnerabilities in CRPC, I conducted an arrayed KDM-focused shRNA screen and an
epigenome-wide CRISPR screen in multiple different PCa cell lines representing

different stages of the disease.

While the KDM-focused shRNA screen was able to recapitulate the published results for
KDMIA, we did not find additional KDM-dependent vulnerability in any of the cell lines
tested nor could we repeat several published studies. This is unlikely due to a technical
or experimental error as these results were supported by the subsequent CRISPR screen
results. As discussed previously, due their structural similarities and similar substrates on
histones, KDMs might compensate for the loss of a single KDM. Targeting a KDM
subfamily could potentially induce greater phenotype due to their possible synthetic lethal

dependencies.

To explore the role of epigenetic modifying enzymes in PCa progression, we therefore
designed an epigenetic-focused CRISPR library. With this we focused on the epigenetic
vulnerabilities in ENZA-resistant PCa. Despite our two ENZA-resistant cell lines being
derived by different methods, in different labs and at different times, they both required
SMARCC?2 for cell proliferation. Interestingly, based on our screen results, SMARCC2
is also essential in the 22Rv1 cell line that is AR-dependent and intrinsically ENZA-
resistant, but not in the DU145 cell line that is AR-null and intrinsically ENZA-resistant.
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We showed that SMARCC?2 is selectively essential in ENZA-resistant models but not in
the parental cell line by orthogonal validation assays. From the CRISPR screen we did
not observe any PBAF or non-canonical BAF dependency. In contrast, DPF2, a canonical
BAF-specific subunit, was essential in MR49F and validated to be selectively essential
in ENZA-resistant cells. Interestingly, during the transition to ENZA-resistance
SMARCC2 and BRGI expanded their binding site by almost two-fold. This led to the
potential binding of alternative transcription factors such as MYC, GR and ETS factors.

Chapter 7 FUTURE EXPERIMENTS
Overall, our data suggests that SMARCC2 expands its regulatory role in ENZA-

resistance which is partially overlapping with AR function. Although we haven’t
validated the epigenetic dependency of other SWI/SNF subunits, DPF2 dependency
suggests an important role for cBAF in ENZA resistance. We need to explore more about
the SMARCC2-dependent DNA binding, protein interaction and composition of
SWI/SNF complex to understand the mechanism behind its ENZA-specific dependency.
BRG1 chromatin binding profile with and without SMARCC2 would distinguish
SMARCC2-dependent binding sites and uncover whether SMARCC2 depletion
abrogates complex formation in ENZA-resistant model as SMARCCI1 cannot compensate
SMARCC?2 depletion. It would be also interesting to see the topological regulation with
and without ENZA presence. For the composition, the published works on SWI/SNF
complex composition utilize density sedimentation for SWI/SNF complex. It would be
interesting to test the fractionation of the complex upon SMARCC2 depletion.
Alternatively, identifying endogenous BRGI1 interactors based on the SMARCC2
presence would give more information on SMARCC2-dependent complex composition

and SMARCC2-dependent interactors.

In addition to SWI/SNF composition, post-translational modifications in SMARCC2
might be differentially regulated in ENZA resistance. After the confirmation of different
interactors in ENZA-sensitive versus ENZA-resistant stage, potential PTM sites could be
mutated and its effect on cell survival or on interaction with a known protein could be

tested.
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Although we could observe the commonality on epigenetic dependencies in 4 different
cells (LNCaP, LNCaP-abl, LNCaP-enzaR, MR49F), it would be interesting to perform
the CRISPR screen in vivo in male mice injected with EPIKOL-transduced LNCaP cells.
When tumor is formed, the mice would be castrated after getting samples for reference
point. After certain time, samples should be collected to identify epigenetic dependencies
in castrate condition and the mice should be treated with ENZA. The ENZA-resistant
tumor should be collected as a final point. The results would be more powerful as the
samples originated from the same source, and in vivo experiments can recapitulate the
tumor environment better than cell culture. Epigenetic modifiers both with tumor-
suppressor and oncogenic role could be identified, providing an evolutionary track in each
step. The limitations would be the number of mice, the tumor size restricted by ethical
rules, and the propagation of the tumor. Not to burden the animals with large tumor size,
the tumor can be transferred into already castrated/ENZA treated mice. Also, it would
require large number of cells initially injected into the mice, a successful engraftment and
a good number of control arms (untreated mice). Further expansion of this type of
experiment is to switch to a CROP-seq vector, which would allow us to analyze
transcriptomic changes and observe heterogenous populations based on gene

perturbations in single cell resolution.

Chapter 8 APPENDIX
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Figure 8.1 RT-qPCR results of SMARCC2 and DPF2-targeting shRNA treatment.
Supporting information for Figure 5.7. MR49F and LNCaP cells were treated with two
different shRNAs targeting either (a)SMARCC2 and (b)DPF2. Cells were collected after
puromycin treatment.
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