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ABSTRACT

Androgen Receptor-dependent Enhancers in Prostate Cancer
Dogancan Ozturan
Doctor of Philosophy in Biomedical Sciences and Engineering
December 2021

Prostate cancer is one of the leading causes of cancer-related death in European men.
In almost all patients, Androgen Receptor (AR)-mediated transcription is critical
for the development and proliferation of cancer. Upon activation, the AR binds to
DNA and induces the expression of genes essential for cellular differentiation and
tumor growth. AR-mediated transcription is driven by distal regulatory enhancer
elements that control gene expression by looping to gene promoters. However, there
are exponentially more AR binding sites than differentially expressed genes. It is
unknown how these regions work to induce transcription. Delineating the regulatory
logic of AR-mediated transcription is critical to understanding how this transcription
factor drives prostate cancer growth and progression. To identify these specific AR
enhancers, we functionally tested all clinical AR binding sites with a massively multi-
parallel enhancer assay to create the first “map” of AR transcriptional activity. From
this, we found that only a subset of ARBS had functional enhancer activity AR.
Those AR-regulated enhancers act as a regulatory hub that frequently cooperates
with other ARBS to drive transcription. Yet intriguingly, we observed that many
of the minimal enhancer activity sites are often required for gene transcription,
suggesting that ARBS have different functions that are independent of only enhancer
activity. To explore this, we systematically characterized the KLK gene locus and
found that AR occupancy is dependent on other AR binding sites in the same
transcriptional network. Overall, this work provides fundamental insights into AR

functions to drive gene activation.
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OZETCE

Prostat kanserinde androjen reseptoriine bagimli enhancer bolgeleri
Dogancan Ozturan
Biyomedikal Bilimler ve Miihendislik, Doktora
Aralik 2021

Prostat kanseri, avrupali erkeklerde kansere bagh oOliimlerin onde gelen
nedenlerinden biridir. Hemen hemen tiim hastalarda, Androjen Reseptorii (AR)
aracili transkripsiyon, kanserin gelisimi ve proliferasyonu i¢in kritik oneme sahiptir.
Aktivasyon sonrast AR, DNA’ya baglanir ve hiicresel farklilasma ve tiimor
biiyimesi icin gerekli olan genlerin ekspresyonunu indiikler. AR aracihi
transkripsiyon, gen promotorleri ile etkilesime girerek gen ekspresyonunu kontrol
eden distal enhancer elementleri tarafindan yonlendirilir. Genomda AR kontroli
ile eksprese edilen genlerden ¢ok daha fazla AR baglanma bolgesi (ARBB) vardir.
Bu bolgelerin transkripsiyonu indiiklemek i¢in nasil galigtigi bilinmemektedir. AR
aracili transkripsiyonun mantiginin tanimlanmasi, bu transkripsiyon faktortiniin
prostat kanseri biiyiimesini ve ilerlemesini nasil yonlendirdigini anlamak i¢in kritik
oneme sahiptir. Bu spesifik AR enhancer’larini tanimlamak icin ve AR
transkripsiyonel aktivitesinin ilk haritasini” olugturmak ig¢in tiim klinik AR
baglanma bolgelerini paralel enhancer deneyi ile islevsel olarak test ettik. Bundan,
ARBB’nin yalnizca bir alt kiimesinin, iglevsel olarak enhancer aktivitesine sahip
oldugunu bulduk. Bununla birlikte, AR tarafindan diizenlenen enhancer’lar,
transkripsiyonu yiiriitmek igin siklikla diger ARBB ile isbirligi yapan diizenleyici
bir merkez gorevi gordiigiinii kesfettik. Ilging bir sekilde, minimal aktiviteye sahip
enhancer bolgelerinin gen transkripsiyonu icin gerekli oldugunu gozlemledik, ve
AR’in sadece enhancer aktivitesinden bagimsiz farkl fonksiyonlara sahip oldugunu
one siirdiikk. Bunu aragtirmak icin, KLK gen lokusunu sistematik olarak karakterize
ettik ve AR’in baglanma iglevinin ayni transkripsiyonel agdaki diger ARBB’lere
bagl oldugunu saptadik. Genel olarak bu ¢alisma, ARBB’lerinin AR giidiimlii gen

aktivasyonunu yonlendirme islevlerine iligkin temel bilgiler saglamisgtir.
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Chapter 1

INTRODUCTION

1.1 Fundamentals of the genome

Nuclear DNA is often pictured as a static, passive, and stagnant chemical that
simply acts as a template. However, the genome is a dynamic entity that involves
numerous complexes from structural proteins that shape the DNA to a particular
conformation, nuclear lamins that direct genome organization, and transcription
factors (TF) that dictate cell identity. These complex events work in tandem to

drive gene transcription in a highly controlled process.

1.1.1 3D genome organization

Chromatin contains histone proteins and genomic DNA compacted hundreds of
times to fit into the nucleus. It is organized such that almost 2 meters of DNA is
packed into approximately 10pum nuclear space [1-5] (Figure 1.1). Walther
Flemming coined the term “chromatin” as it is readily stained by aniline dyes [6].
Early studies with nuclease digestion and electron microscopy showed that the
nucleosome complex, the basic unit of the chromatin, consists of core histone
proteins (H2A, H2B, H3, and H4) wrapped around a 146bp stretch of DNA [7].
These nucleosomes can form long-distance loops (>Mb) that allow interactions
with cis-regulatory DNA elements (CRE). These interactions are mostly restricted
to sub-megabase topologically associated domains (TADs). Contact frequency
inside TADs is much greater relative to interactions outside of the TAD. As such,
TAD boundaries are defined by the frequency of contacts within and outside of a

given region [8].
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Figure 1.1: Hierarchy of the genomic organization. Nuclear DNA is structured
in chromosome territories, compartments, topologically associated domains, and subTAD
chromatin loops. Taken from [9]

Although the subTAD interactions can vary across tissues [10, 11], TADs are
mostly evolutionarily conserved across different species [8, 12, 13]. TADs are
associated with several features, including insulator protein CCCTC-Binding
Factor (CTCF) and cohesin which reside on the borders of the TADs [14, 15].
These two proteins work together to form the loop domains via a “loop extrusion”
model where cohesin recognizes a CTCF motif and extends the DNA until it
reaches a reverse-oriented CTCF binding site [16]. These TADs (or loop domains)
are dependent on this interaction and are lost when cohesin is removed [17]. The
functional importance of TADs is still controversial as loss of these features does
not affect transcription or “compartmentalization”. Recent work has suggested
that this may be due to the relatively short time these TADS are present [18]

The genome is compartmentalized into two spatial elements: active (Compartment

A) and inactive (Compartment B) regions [19]. Active or compartment A regions
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are associated with a high number of genes, active transcription, early replication,
more accessible  DNA, and histone trimethylation in lysine residue 36
(H3K36me3) [20]. Inactive or compartment B regions are associated with
lamina-associated domains (LADs) located at the nuclear perimeter that are
separated by CTCF binding sites [21]. Compartment B regions generally have
decreased transcriptional activity and are associated with late replication [22-24].
As these different compartments are megabases away from each other [25] active
regions more frequently contact other active regions [26]. As these different
compartments have very different transcriptional activity, there are two main
hypotheses about the relationship between gene activation and active/inactive
region genomic organization. One theory states that when a gene is activated, its
physical location moves towards compartment A [27].  Another claims that
translocation happens before the gene is activated, leaving it in a “poised”
state [28,29]. The nucleus is also organized into chromosome territories that
contain regions preferentially occupied by particular chromosomes. First
conceptualized by Carl Rabl in 1885 [30] and then coined by Theodor Boveri in
1909 [31], this fundamental concept states that each chromosome occurs in a
non-random location in the subcellular nuclear space [32]. Although chromosomes
were thought to be static and not change their structure or position, there is
increasing evidence from single-cell studies that compartmentalization and TAD

borders can vary within the same cell lines [33-36].

1.1.2 FEnhancers

From early studies in the simian virus 40 (SV40) genome in the late 1970s [37,38],
enhancers have been shown to mediate gene transcription. In essence, enhancers
are transcriptional control units required for spatiotemporal gene activation. They
are present in mammalians [39], plants [40,41], yeasts [42], and even in the closest
pre-metazoan species, Capsaspora owczarzaki [43]. They are found extensively
throughout the human genome [44] and are involved in nearly every cellular

function from temporal control of differentiation [45]. Human enhancers are
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remarkably cell type-specific [46] to ensure that only specific genes are activated to
do specific cellular tasks [47].  Although transcription starts at promoters,
enhancers govern gene activation.

Transcription factor (TF) binding to enhancers provides the temporal control that
drives a particular phenotype. For example, in Drosophila melanogaster, specific
TFs bind to the same enhancer elements at different stages of development [48]. In
bacteria, most TFs are present to prevent random RNA polymerase activity since
most bacterial promoters are accessible to RNA polymerase. One bacterial TFs
with sequence-specific properties is lac Repressor (LacR). It binds nonspecifically
to random sequences and then slides via facilitated diffusion through DNA (on
average 45bp) until it finds the target. LacR has only 3 binding sites and spends
90% of its time bound to nonspecific regions [49-51].

Enhancer activity generally correlates with several distinct features, including
increased chromatin accessibility [52, 53] binding by several protein classes,
including  transcription  factors  [54-58] general coactivators such as
CEBP/p300 [59], structural proteins [60], and RNA polymerase II (RNAPII) [61].
An extensive list can be found in Table 1.1.

The histone code hypothesis proposes that post-translational modification (PTM)
of histone tails will recruit effector proteins that drive function [84,85]. Therefore,
CRE, including enhancers, are often defined based on their specific histone PTM.
In support of this, there is extensive evidence that enhancers broadly correlate
with mono-methylation of lysine four on the histone protein 3 (H3K4mel) and
acetylation of lysine 27 on histone protein 3 (H3K27ac) [68]. RNA is also
transcribed from genomic enhancer elements. In 1959, Harris et al. showed that
most synthesized RNA doesn’t leave the nucleus and originates from noncoding
regions [86]. enhancer RNAs (eRNAs) are first discovered in the beta-globin
dominant control region, which directs the activation of the beta-globin gene [87].
These transcripts can either be polyadenylated or non-polyadenylated, and

transcription from these loci can be directional or bidirectional [88,89].
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Table 1.1: The proteome of enhancer elements

Category Examples
TFs Sequence-specific TFs [62-65]

General Transcription Factors [66—68]

Structural Proteins | Modified chromatin histones [69]
Cohesin [63], Condensin [70], CTCF [71], YY1 [72]

Coregulators Mediator complex [73,74] and Integrator complex [75]

Chromatin remodeling complexes [76]

and chromatin modifiers [77]

Steroid receptor and other TF’s coactivators [78-80]

Effector proteins Histone “readers” [81]
Catalytic Enzymes | RNAPII [68]
Others (PARP1, Topoisomerase-1, TET2, etc.) [82-84]

1.1.2.1 Enhancer-promoter interactions

Enhancers are not limited to specific chromosomal locations and can act far away
from their target genes [90]. As they are orientation-independent, they are
commonly located in distal intergenic regions of their target genes or intronic
regions of entirely different genes [91]. They mainly function via
enhancer-promoter looping, whereby the enhancer comes in close physical
proximity to the promoter via chromatin looping [92]. However, although rare,
there are non-interacting enhancers such as distal elements of the sonic hedgehog
(Shh) gene in the mouse brain [93]. In the chromatin looping model, loops can be
formed from scratch or pre-existing. While existing links are suitable for rapid
transcriptional activation [94], de mnovo loops are formed by transcription
factor-mediated gene regulation [65]. Previous work demonstrated that H3K27Ac
and Assay for Transposase-Accessible Chromatin using sequencing (ATAC-seq) or
DNase I hypersensitive sites sequencing (DNase-seq) (along with the “generic”

HiC) could predict enhancer-promoter pairing, surpassing the “proximity” as a
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surrogate of connectivity [95]. However, recent work using a CRISPR-Cas9
mediated system to create systematic deletions of the POUSF1 locus (2Mb),
demonstrated that many experimentally validated enhancer regions frequently

don’t overlap with H3K27Ac (22%) [96].

1.1.2.2 FEnhancer evolution

Enhancer biogenesis originates in different ways including exonic artifacts from
duplication events [97, 98], accumulation of local point mutations [99], gene
loss [100], and transposable element proliferation [101]. Epromoters, a specific
subset of gene promoters that show enhancer activities have also been shown to
regulate gene expression [102]. Further, duplicated promoters are also reported to
show strong enhancer activity [103]. A study on the evolution of enhancers and
promoters using H3k27ac and H3K4me3 profiles in 20 mammalian liver tissues
demonstrated generally fast enhancer and slow promoter evolution, resulting in
little conservation among mammalian species [39]. Enhancers therefore provide a

rapid mechanism to adapt to environmental stress.

| — =

Figure 1.2: Descriptive signatures of enhancer elements. Transcription factor
binding in open, H3K27ac, and H3K4mel marked chromatin is associated with enhancers.
Taken from [104]

Intensity of signal

ChlP-seq signa
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1.1.2.3 Identification of enhancers

Enhancers are commonly identified by their overlap with several factors such as
histone marks (H3K27ac, H3K4mel), open chromatin, or general coactivator
binding (Figure 1.2). However, there are many active enhancers in the genome
without these features [105]. A recent report demonstrated that H3K27ac loss does
not affect chromatin accessibility and gene expression [106].  Further these
correlative features are only descriptive and don’t provide any information about
enhancer strength. There is no evidence that, for example, increased openness or
certain marks correlates with increased enhancer activity or vice versa. Numerous
experimental methods have therefore been developed to both identify and validate
enhancer activity. Enhancer traps have been used to detect endogenous regulatory
regions. In this, reporter cassettes are randomly integrated into the genome to
detect tissue-specific enhancer activity ab extra [107,108]. Apart from random
insertions, integrated reported assays can provide locus-specific enhancer
activity [109]. Both enhancer traps and integrated reporter assays quantify
enhancer activity but are limited by their low throughput. CRISPRi is an
alternative method to test the impact of an enhancer on gene
transcription [59,110]. In this, specific gRNA is used to guide enzymatically dead
Cas9 (dCas9) fused to Kriippel associated box (KRAB) to a gene locus where the
KRAB effector domain creates heterochromatin upon dCas9 binding to DNA.
With this endogenous enhancers can be inhibited to interrogate their impact on
gene transcription in an increasingly high-throughput and temporal manner. To
improve the repression, alternative repressor domains such as methyl CpG binding
protein 2 (MeCP2) [111] and Zinc Finger Imprinted 3 (ZIM3) [112] have also been
fused with dCas9. Besides transient epigenetic perturbations, CRISPR/Cas9-based
systems can also create permanent mutations or deletions of enhancers [113]. This
approach is also scalable, and enhancer-null cells can be generated for further
experiments. However, because of the uncertainty in Cas9-mediated
non-homologous end joining, extensive validation to characterize the variable

genomic scar.
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Plasmid-based reporter assays have also been extensively used to functionally test
DNA-binding proteins for their transcriptional activity [114]. These assays
commonly use the enzyme luciferase and it’s naturally occurring bioluminescence
substrate luciferin an [115]. In this episomal vector assay, the potential enhancer
region is cloned upstream or downstream of a minimal promoter and the luciferase
gene. Depending on the enhancer strength, the luciferase gene is transcribed which
can be quantified with an enzymatic assay. Although this is a sensitive and
inexpensive method, it has very low throughput. Considering the vast amount of

putative enhancers in the genome, it can not be applied to test every region.

Low transcription

Low enhancer [—
acﬁw'V
P— —
GFP A sit
L Enhancer Iﬁl
\ High transcription
High enhancer
activity —
—
—
—

Figure 1.3: Schematics of STARRseq assay. Multiple genomic regions can be cloned
into an episomal vector to test the enhancer activity via next-generation sequencing.

To overcome these limitations, massively parallel reporter assays (MPRA) were
developed to test thousands of genomic regions for enhancer activity in a single
experiment [116, 117].  One commonly used MPRA is Cis-regulatory elements
analysis by sequencing (CRE-seq) [118]. This method uses barcoded plasmids and
reporter fluorescence proteins to analyze enhancers with fluorescence and RNAseq
simultaneously. However, the enhancer-barcode linkage can be lost because of the
barcode switching. Another common MPRA is self-transcribing active regulatory
region sequencing (STARRseq) [119]. This uses a luciferase assay-like vector

containing a minimal promoter, and the regions of interest are cloned downstream
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of the promoter. If there is enhancer activity, the region will then drive
self-transcription, which can be quantified by next-generation mRNA sequencing.
Thus transcript counts from the region of interest act as a reporter for enhancer
activity (Figure 1.3). Potential enhancer libraries have been generated by DNA
synthesis, which is currently limited to only 150-350bp [120]. Separately, randomly
sheared genomic DNA is commonly used to ensure a large insert size
(>500bp) [119]. This can either be used directly for genome-wide libraries or
enriched by DNA capture [121], ChIP [64], or ATAC [122]. Since STARRseq is an
episomal vector-based approach, any orientation can be cloned as it has been
reported that enhancers work in a sequence orientation-independent fashion [123].
Most of the initial MPRA (including STARRseq [119]) use pGL3/4 vectors, which
have a bacterial origin of replication (ORI), and it has been shown to initiate
non-specific transcription rather than the engineered minimal promoter [124]. A
second-generation STARRseq plasmid was designed to solve this problem by
simply utilizing the ORI as the core promoter [124]. Using this, any human
promoter sequence can be integrated into the vectors to test enhancer-promoter

specificity [125].

1.1.2.4 Chromosome conformation capture

Enhancers work by dynamically coming in close proximity to promoters through
chromatin looping with the help of DNA-binding proteins such as transcription
factors [126]. The ENCODE project reported that the average distance of
enhancer-promoter (E-P) interactions is approximately 120 kb and that there are
nearly four enhancers for each particular active gene [127]. Previously, these
specific E-P interactions could only be shown by low-throughput techniques such
as fluorescence in situ hybridization (FISH) [128,129]. However, the introduction
of chromosome conformation capture (3C) and related approaches has provided a
robust methodology for quantifying physical interaction at different genetic
loci [130]. After crosslinking the nuclei, the initial 3C method utilized restriction

enzyme digestion and proximity ligation, resulting in a chimeric DNA library.



Chapter 1: Introduction 10

From this, the strength of all DNA-DNA “interactions” can be interrogated using
specific PCR primers. Subsequent approaches were developed to be performed
with region-specific PCR using 4C [131-133] or 5C [134] or with oligo pull-down
(Capture-C) [135,136]. The introduction of HiC, a 3C-based method incorporating
a streptavidin pull-down followed by massively parallel sequencing, can identify
genome-wide interactions to be identified [20]. With this approach, chromosome
territories, compartments, and TADs are observed. For example, on a HiC map,
compartments A and B show themselves as a Checkerboard pattern [20]. One
limitation of all 3C-based methods is that they rely on proximity ligation as a
correlate for DNA-DNA interactions. Therefore, if two regions in the genome
interact but are not close enough to be crosslinked, that interaction will not be
captured during proximity ligation. This is particularly problematic for
interactions in specific nuclear bodies. Subsequent methods such as genome
architecture mapping (GAM) attempts to solve this limitation by using sections of
individual nuclei and detecting the distance between two regions in the genome by
sequencing [137]. By doing this to thousands of cryosections, GAM infers the
genome-wide chromatin contacts. Split-Pool Recognition of Interactions by Tag
Extension (SPRITE) [138] is an approach that also uses crosslinking. However,
after that, it applies rounds of tag extension (using 96-well plates) to the ends of
the DNA, assuming that regions that are crosslinked together would have the same
extended tag [138]. SPRITE reported many contacts at much closer close distances
than HiC.

Another limitation of the HiC is the use of restriction enzymes that digests the
crosslinked DNA before chimeric DNA ligation. Even with frequent cutters such as
Dpnl or Msel that recognize and cut every 4 bp, interactions at a resolution
window <1-4 kb can not be detected by HiC. The use of micrococcal nuclease to
digest naked DNA overcomes this limitation and can map contacts at the single
nucleosome level.  Termed Micro-C, this method can achieve nearly 200bp
resolution [10,11,139].

Enhancer-promoter connections are driven mainly by DNA-binding transcription
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Table 1.2: Chromosome conformation capture assays

Assay Description

30 Fundamental assay to test whether two regions
in the genome are nearby

4C Assay to test a given region DNA interactome
Assay to test a given region DNA interactome

Capture-C
using the pull-down

5C Assay to test multiple regions DNA interactome

HiC, GAM, SPRITE | Assay to uncover the whole DNA interactome
ChIA-PET, HiChIP, | Assay to uncover the DNA interactions

PLACseq genome-wide centered around a protein of interest

factors (TF). There are numerous methods to capture TF-specific interactions.
Chromatin interaction analysis by paired-end tag sequencing (ChIA-PET) [140]
uses immunoprecipitation followed by ligation of the linker tags to the ends of the
DNA to differentiate chimeric reads. HiC can be combined with chromatin
immunoprecipitation to make a transcription factor-specific interaction map either
in HiChIP [141] or PLACseq [142]). Further, cis-regulatory DNA interactions can
be identified from single-cell chromatin accessibility data [143]. Since active
regions reside in the open chromatin, co-accessibility profiles for genomic regions
strongly correlate with chromatin interactions. = The most commonly used

chromosome conformation capture assays methods are listed in (Table 1.2).

1.2 Prostate cancer

Prostate cancer (PCa) is one of the most common cancer types in North America
and Europe. An estimated one in every nine men will develop prostate cancer in
their lifetime [144]. Despite improved detection methods, better therapeutics, and
advancements in clinical management, PCa still remains one of the leading causes

of cancer death in European men after lung and colorectal cancer. Risk factors
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include age, ethnicity, country, and family background [145-148]. The human
prostate is a part of the male reproductive system. It is located inferior to
symphysis of the pubis, superior to the urogenital diaphragm, and anterior to the
rectum and encircles the urethra. The Greek physician Herophlius and Venetian
anatomist Niccolo Massa (b.1485, d.1569) first described the prostate [149].
Andreas Vesalius, an anatomist from modern-day Belgium (b.1514, d.1564),
created the first detailed drawings of the gland [150]. In modern times the clinical
pathologist John E. McNeal reevaluated the structures of the prostate based on
histologic characteristics, ductile landscape, and the relationship to the urethra
and ejaculatory ducts [151]. From this, he proposed that the prostate organ is
comprised of four anatomic regions: a peripheral zone (PZ), central zone (CZ),
transition zone (TZ), and anterior fibromuscular zone (stroma). The prostate
epithelium is primarily luminal and basal cells with rare neuroendocrine
cells [152,153].  Androgen receptor (AR) signaling is critical in developing and
maintaining male sexual organs, including the prostate. Demonstrating the crucial
role, AR inactivity results in complete androgen insensitivity syndrome (AIS) in
males, which in addition to a female phenotype, prevents prostate

development [153].

1.2.1 Prostate Cancer Diagnosis, Progress, and Treatment

Prostate cancer is detected by screening tests, including digital rectal exam (DRE)
and prostate-specific antigen (PSA) blood tests. This is then supported by
ultrasound, magnetic resonance imaging (MRI), and eventually, a prostate biopsy
sample. The prostate cancer stage is characterized by the summation of different
parameters: Gleason patterns from the biopsy, prostate-specific antigen (PSA)
level, and clinical stage. The Gleason score describes the pathology of the
cancerous state by grading the biopsy based on the microscopic appearance and
cellularity. After combining these results, a stage (T1-4) of cancer is determined.
The stages can be summarized as follows: T1: The tumor isn’t detectable with a

digital rectal exam (DRE) or imaging but is with tissue biopsy; T2: The tumor is
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detectable with a DRE or imaging but is confined to the prostate; T3: Cancer has
grown outside the prostate and into the seminal vesicles; T4: Cancer has
metastasized into other nearby tissues. If there are suspicions of metastases after
the initial diagnosis, imaging tests such as bone scan, computerized tomography
(CT), or positron emission tomography (PET) can be used. According to the
National Comprehensive Cancer Network (NCCN), risk classification of the
prostate cancer stages is as follows [154]: Low risk: T1-T2, Gleason score <=6,
and PSA <10 ng/ml; Intermediate risk: T2 or Gleason score 7 or PSA 10-20
ng/ml; High risk: T3 or Gleason score 8-10 or PSA >20 ng/ml. Very high risk for
locally advanced prostate cancer: T3-T4 or primary Gleason pattern 5 or >5 cores
with Gleason score 8-10; Metastatic risk: N1 (tumor has grown into nearby lymph

nodes.) or M1 (tumor has grown into distant areas.) with any T stage.

1.2.2 Castration-Resistant Prostate Cancer

Active surveillance of the rate of increased PSA level in men with less-aggressive
types of prostate cancer is associated with a low risk of progression [155-157]. The
first line of treatment strategies for PCa includes prostatectomy and radiotherapy.
Patients with recurrent or metastatic forms of the disease would be treated with
androgen deprivation therapy (ADT). While initially effective, approximately
20-50% of the PCa patients develop resistance to ADT and progress to a more
aggressive form of the disease termed castration-resistant prostate cancer
(CRPC) [158, 159]. Intriguingly, despite the castrate conditions, AR remains
highly active in CRPC [160]. Multiple mechanisms of resistance contribute to
CRPC, most commonly involving AR mutations [161], amplifications of either AR
gene or enhancer [162-164], and constitutionally variants [163, 164].

1.2.3 Androgen Receptor

The growth of almost all prostate cancers is dependent on AR [165]. First
discovered in the cytoplasm of the rat prostate [166], the AR belongs to the steroid

hormone group of nuclear receptors that includes estrogen receptor (ER),
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glucocorticoid receptor (GR), progesterone receptor (PR), and mineralocorticoid
receptor (MR). This receptor family is distinguished from other nuclear receptors
such as vitamin D3 and thyroid hormone receptors, as a specific ligand triggers
activation. AR is activated by androgens that commonly include testosterone and
the more active metabolite dihydrotestosterone (DHT) [46]. Testosterone is
produced from Leydig cells within the testes and converted to DHT by 5-alpha
reductases once it enters prostate cells [167,168]. The AR gene resides on the X
chromosome 11-12 and comprises eight exons (2750 bp in total). The gene covers
90kb with 10.6kb mRNA and 1.1 kb and 6.9kb 5 and 3’ untranslated regions,
respectively [169]. When translated, the AR is 919 amino acid long (110 kDa) and
consists of four regions: an NH2 transactivation domain (NTD) resides in exon 1, a
DNA-binding domain (DBD) that resides in exon 2 and 3, a hinge region that
resides in exon 4, and a ligand-binding domain (LBD) that resides in exon 5-8.

Figure 1.4).

T @D
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Figure 1.4: Structure of AR. The exonic regions and their corresponding locations
are shown in the protein.

The AR-NTD is encoded entirely by exon 1 and comprises more than half of the
protein.  The NTD structure is yet to be determined as it is intrinsically
disordered [170]. Previous work demonstrated that the AR is dependent on NTD
for its transcriptional activation via the activation function 1 (AF-1) domain [171].
The NTD interacts with LBD through an N-C intramolecular interaction that is
proposed to stabilize the protein and prevent misactivation [172]. The AR-DBD
binds to DNA through its three zinc-finger helices [173]. It is highly conserved
among steroid hormone receptors [174]. The AR hinge region contains the nuclear
localization sequence (NLS), which is exposed upon androgen binding. The

AR-LBD is highly conserved among different species but is distinct from other
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steroid hormone receptors [175,176]. Androgens are bound by the AR-LBD at the
ligand-binding pocket. Therefore, the deletion of LBD makes AR unresponsive to
androgen activation [177]. Structurally, it consists of four -sheets and eleven
-helices. The AF2 domain resides in this ligand-binding pocket formed by H12
(Helix 12). The BF3 (binding function 3) surface resides in the domain reported
regulating AF2 co-activator interactions [178]. Several drugs (both steroidal and

non-steroidal) have been developed to target this site to inhibit AR activity.

1.2.3.1 Post-translational modifications of AR

AR undergoes extensive PTMs such as phosphorylation, acetylation,
SUMOylation, and ubiquitination that can influence its binding partners,
transcriptional activation and spatiotemporal properties in the cell.  Various
phosphorylation PTMs have been reported at serine/threonine and tyrosine
residues [179, 180].  Specifically, phosphorylation at serine 515 causes AR to
degrade by proteasome upon ubiquitination [181]. On the other hand,
phosphorylation at serines 16, 81, 256, 308, 424, and 650 g can also increase the
transcriptional activity of the nuclear receptor [182]. Acetylations of lysine (630,
632, and 633) residues in the AR hinge region cause decreased translocation of AR
upon ligand binding and therefore decreased transcriptional activity.  Small
ubiquitin-related modifiers (SUMOs) covalently attach to the AR to modify
transcription [183] and repression [184]. AR NTD SUMOylation is controlled by
SUMO-1 at two lysine residues (386 and 520) and results in transcriptional
repression of specific genes [185]. Inhibition of ligand-free AR in the cytosol by
histone deacetylases (HDAC) is mediated by SUMOylation [186].  Finally,
modifications by SUMO-2/3 cause AR to disengage from the genomic DNA and
result in the down-regulation of AR-regulated genes [187]. Interestingly, one of the
members of the PIAS family, PIASy, which shows SUMOylation activity [188],
represses AR activity independent from this modification [189]. Separately, SENP1
(SUMO Specific Peptidase 1) acts as a co-regulator of AR [190] and positively
affects AR-mediated gene regulation through desumoylation of HDAC1 [191].
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1.2.3.2 AR co-regulators

Co-regulatory interactions strongly influence AR activity. Forkhead box (FOX)
protein FOXAT1 is a pioneer factor in AR-mediated transcription that can increase
local chromatin accessibility at heterochromatin [192,193]. Histone variants H3.3
and H2A.Z determine the nucleosome stability [194]. Upon DHT binding, FOXA1
displaces the unstable structure and binds there with AR [195]. FOXAI1 is
commonly mutated in various cancers including prostate [196], breast [174,197],
bladder [198]. Its 3" untranslated region (UTR) [199] and Wing2 domain and R219
residue mutated in prostate cancer resulting in alteration of its pioneer
activity [200]. In addition to FOXA1 gene mutations, its DNA binding sites are
also commonly mutated in primary prostate tumors [201]. In a large PCa patient
cohort, the different FOXA1 aberrations were categorized into three categories
based on cancer progression [202]. Homeobox protein HOXB13 is a well-studied
AR co-regulator that is upregulated in prostate cancer [203]. It belongs to a family
of 39 HOX family members that have a role in the spatial organization of
vertebrate development [204]. It has two MEIS1 (Meis Homeobox 1) interaction
domains. MEIS1 requires HOXB13 for strong DNA binding [205]. Exogenous
expression of FOXA1 and HOXB13 causes a transformation of the AR cistrome in
benign prostatic epithelial cells to a more tumor-specific cistrome [206]. TIF2 and
SRC1 are hyper-active in the castration state (compared to benign prostate
hyperplasia) in prostate cancers, and together they activate AR and promote
growth [160]. Intriguingly, the AR both activates and inactivates a similar number
of genes. While poorly characterized, gene repression has been proposed to occur
via co-repressors, including NCoR (nuclear receptor corepressor 1) and SMRT
(silencing mediator of retinoid and thyroid receptors) [207,208]. These recruit
histone deacetylases at androgen receptor binding sites (ARBS) to induce
transcriptional repression by deacetylation and chromatin compaction [186]. NCoR
is originally a regulator of muscle production in humans and other species such as
Caenorhabditis elegans [209]. In PCa, it works by binding to AR to suppress the
AR-driven gene expression [207]. Antagonist-bound AR recruits NCoR and SMRT
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to the promoter of PSA/KLKS3, which is a canonical AR-regulated gene [210].
Some studies suggest that bicalutamide-bound AR has increased corepressor

recruitment [211].

1.2.3.3 AR binding sites

The unactivated AR is located in the cytosol, where it is maintained in an
apo-confirmation by chaperone proteins including HSP27 [212], HSP90 [213],
HSP70 [214], and HSP40 [215]. Once activated by androgens, the AR translocates
to the nucleus, binds to tens of thousands of ARBS found throughout the
genome [216]. ARBS primarily act as cis enhancers of AR-regulated genes. These
play crucial roles in the survival and proliferation of normal prostate development,
benign prostatic hypertrophy, and tumorigenesis [217]. These cis-acting elements’
role in gene activation was first described for the enhancers of the rat probasin
gene [218]. AR commonly recognizes the 5-AGAACA-3’-like motifs [219] and
binds as a symmetrical dimer. However, only 25% of the AR binding sites have a
full AR motif, while >70% have a half-site motif sequence [220]. These sequences
have been shown to initiate transcription with long terminal repeats (LTR) of
mouse mammary tumor virus (MMTV) in reporter plasmids [219,221]. The AR
binding sites across genomes correlate with prostate cancer outcomes [222]. AR
binding sites have a higher mutational burden exclusively in PCa [223]. In CRPC,
there is a dramatic change in the AR cistrome with more than >17,000 new
binding sites [224]. Although these new regions are proposed to play a role in the
transcriptional activity of genes involved in CPRC, the mechanism of these gained

sites is yet to be determined.

1.2.3.4 AR-mediated transcription

Upon activation, AR recruits basal transcriptional machinery to induce gene
activation [225].  This complex consists of transcription factors IIs (TFII),
including TFITA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH, and bound to core
promoters (including TATA box). CBP/p300 [226] and p160 [227] have also been
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directly involved in AR gene activation through histone acetylase activity. Indeed,
these complexes are recruited to AR-regulated gene enhancers to induce gene

transcription [210] (Figure 1.5).

(€3

Figure 1.5: The proteome of AR-mediated transcription Coactivators and basal
transcriptional machinery are recruited through enhancer-promoter chromatin looping
mediated by AR to drive gene activation. The figure is taken from [210].

Although the mechanism of AR-mediated enhancer-promoter interactions is poorly
understood, this is believed to occur through MED1 (Mediator Complex Subunit
1) [228]. MEDL1 is part of the multiprotein Mediator complex, which recruits
transcriptional proteins such as RNA Pol II and preinitiation complex upon
transcription factor binding. Mediator interacts with the C-terminal of the RNA
Pol II at the gene promoters. Upon phosphorylation by CDK?7, a component of
TFIIH, this interaction disrupts, and RNA Pol II starts to elongate. MED1 binds
to the NTD of AR (residues 505 and 537), stabilized by CDK7-mediated
phosphorylation of MED1 [229,230]. MED1 is critical to AR-regulated gene
expression [231]. Upon androgen induction, MED1 participates in PSA/KLKS3
gene activation by interacting with both noncoding PSA/KLKS3 enhancer
(AREIIT) RNA [228] and with AR at PSA/KLK3 promoter [231]. MEDL1 is also
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reported to be enriched in super-enhancers [232] with BRD4, an interactor of
AR [233]. While poorly understood, AR is believed to form liquid-liquid phase
separation (LLPS) through AR-MEDI1 interaction [234]. Separately, AR is also
found in LLPS to be tagged for proteasomal degradation via CRL3 (cullin3-RING
ubiquitin ligase) regulated by SPOP (speckle-type POZ protein) [235].

1.2.3.5 KLK locus

The Kallikrein (KLK) family of genes has diverse expression profiles throughout
human tissue, and they are broadly expressed except in nerve cells. The name
“Kallikrein” was given as the initial KLK1 protein was discovered in pancreatic
(Greek kallikreas) tissue [236]. Located in chromosome 19q13.3, there are 15 KLK
genes found in the KLK locus (Figure 1.6) [237]. Almost all KLK genes consist of
5 exons with variable intronic regions. KLK1 has kininogenase activity and breaks
down kininogen, a precursor protein that plays a role in blood coagulation. Unlike
KLK1, none of the other genes in the locus have kininogenase activity [238]. These
genes are therefore classified as kallikrein-related serine proteases [239]. Other than

genes expressed in glands, a plasma kallikrein gene, KLKB1, is also reported [240].

KLK1 KLK15 KLK3 KLKZ2 KLK4 KLKE KLKE KLK7 KLKB KLKS KLK10 KLK11 KLK12 KLK13  KLK14

Figure 1.6: KLK gene locus. It consists of 15 evolutionary conserved genes related
and expressed in diverse tissues in the human body.

Different hormones regulate KLK genes, including androgens, estrogens, and
glucocorticoids [241]. PSA/KLKS3 is a canonical AR-activated gene that has been
used as a standard model to understand AR-targeted transcriptional
action [242-244]. Further, PSA/KLKS3 is a common biomarker used to detect
prostate cancer [245]. It encodes a 240 amino acid long glycoprotein with a
molecular mass of 33 kDa that degrades proteins involved in the inhibition of
semen coagulation [244]. Like most AR-targeted genes, the expression is regulated

by a promoter region that works with one or more enhancers [246,247|. The
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proximal promoter regions AREI (-156bp) and AREII (-400bp) are essential for
PSA/KLK3 transcription.  The known enhancer region of the PSA/KLKS3
(AREIII) is located approximately 4.5Kb upstream from the transcription start
site (T'SS) of the gene found in a DNasel hypersensitive site that is marked with
H3K27ac in androgen-treated AR-positive LNCaP cells [248]. In addition to
PSA/KLK3 and KLK2, AR expression correlates with KLK, KLK4, and KLK15
expression, suggesting an AR-regulated activation mechanism. In AR-negative cell
lines such as DU-145, PC-3, RWPE1, and RWPE2, there is no activation of those
genes, but interestingly one gene, KLK1/, is expressed in a hormone-independent
mechanism [244]. Recent work demonstrated that a CTCF binding site between
KLK1,2,3,4,15 and KLK5-1} caused reactivation of inactive genes when
disrupted [249].

1.3 Main questions addressed

While we can readily identify ARBS, it is unclear how they contribute to gene
transcription. This is further complicated by the vast difference in the number of
AR-regulated genes (hundreds) and binding sites (tens of thousands). Delineating
this complex mechanism of action is critical to understanding the role of AR in
prostate cancer. However, only a fraction of AR binding sites have been

characterized. Therefore, this work includes:

1. Identification of AR enhancers by using a massively parallel reporter assay and

characterize their role in gene transcription (Chapter 3).

2. Systematic characterization of the role of each ARBS in transcription in KLK

locus (Chapter 4).
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Chapter 2

MATERIALS AND METHODS

2.1 DMaterials

2.1.1 Chemicals and Reagents

All of the material that has been used in this thesis are purchased as follows (unless

otherwise stated):

Table 2.1: Material brands

Material Brand

Restriction Endonucleases New England Biolabs, Thermo Fisher
SYBR™ Green PCR Master Mix | Thermo Fisher

Protein A/G Magnetic Beads Thermo Fisher

Genomic DNA, Plasmid and New England Biolabs, Invitrogen,
RNA Isolation & Gel and MACHEREY-NAGEL, Qiagen,

PCR cleanup kits Zymo Research

Western Blot Reagents Biorad

Transfection Agents Mirus Bio

Other Chemicals Sigma, Merck

2.1.2 Bacterial strains and growth media

Escherichia coli (E.coli) competent cells and growth media that have been used in

this thesis are listed in Table 2.2 and Table 2.3.
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Table 2.2: Competent cells and their genotypes

Strain Name | Genotype

F=merBmrrhsdS20(rgz, mg)recAl3supE44ara — 14gal K2lacY'1
proA2 rpsL20(StrR) xyl-5 A — leumtl — 1

Stbl3

FendAlginV44thi — 1recAlrel Algyr A96deo RnupGpur B20
®80dlacZ AM15A(lacZY A — argF)U169, hsd R17(remt.), A

DHb5«

Table 2.3: Bacterial broth and agar

Media Name Components

BD Difco™ Dehydrated Culture Media: | Tryptone 10g/L, Yeast extract 5g/L,
LB Agar, Miller (Luria-Bertani) Sodium Chloride 10g/L, Agar 15g/L
BD Difco™ Dehydrated Culture Media: | Tryptone 10g/L, Yeast extract 5g/L,
LB Broth, Miller (Luria-Bertani) Sodium Chloride 10g/L

2.1.3 Human cell lines

The human cell line stocks used were originally validated via short-tandem repeats
(STR) profiling in 2015. All cultures were screened weekly for mycoplasma

contamination.

Table 2.4: Human cell lines used in this thesis

Cell Line | ATCC
LNCaP CRL-1740
HEK 293T | CRL-3216
RWPE1 CRL-11609
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2.1.4 Plasmads

2.1.4.1 Viral packaging

Packaging vector pCMV-dR8.2dvpr (Addgene plasmid #8455) and pCMV-VSV-
G envelope vector (Addgene #8854) were used for packaging retroviruses along
with the viral vector of interest. eGFP expressing plenti-CMV-GFP-puro (Addgene

plasmid #17448) vectors were used as a positive control.

2.1.4.2 STARRseq, CRISPR/Cas9 and dCas9-KRAB

hSTARR-seq_ORI vector (Addgene plasmid #99296) is used to clone AR binding
site inserts with gibson assembly. lentiCRISPRv2 (Addgene plasmid #52961) and
lentiguide-puro (Addgene plasmid #52963) plasmid are used in CRISPR/Cas9
mediated knockout and CRISPR/dCas9-KRAB mediated repression, respectively.

2.1.5 gRNA sequences

Table 2.5: CRISPRi gRNAs

Name
KLK3_inducible
KLK3_promoter

Sequence
TGAAAACAGACCTACTCTGG
TCCTCACCCTGTCCGTGACG

KLK3_cons

GGCAGATGCTGCGCACACAG

FKBP5 _promoter

TAAGATGCCCAGTCGGGACT

FKBPS5 _inducible

CACGAGGTTCTGCACCATCT

FKBP5 _cons

ATCCAGGCGCCACCCAAGCC

FKBPS5 inactive

AACTCTTTCTCTCCCGCGCT

STEAP/ promoter

GATAAGGGACGGGAGCCTTG

STEAP/ cons

GGTTGGTTTTGACTTCCAAA

STEAP/ inducible

TCTCAACATGGCTTATCAGC

STEAP/ inactive

GATACCCCCATTTCTGTGAT

DBI _promoter

AAGCACAGGGCAGGACGTCG

DBI _inducible

AGAAAAGAACACCGTGACCC

Table 2.6: Non-targeting gRNAs

Name

Sequence

Non-targeting_1

TCATGCTTGCTTGGGCAAAA

Non-targeting_2

CTGAAGGTGTCTGGCAGAGC




Chapter 2: Materials and methods

24

Table 2.7: Sequences for the creation of KLK3/eGFP cell line

Name

Sequence

KLK3_exon4_1

AGGGGGCAAAAGCACCTGCT

KLK3_exon4_2

CCCTACTCCCAAGATCTTGA

KLK3_exon4_3

TCCCAAGATCTTGAGGGGAA

Table 2.8: KLK CRISPRIi screen gRNA targets

Name Sequence Name Sequence

KLK_ARBS1.1 | AATAAATAAATCATTATGGA KLK_ARBS9_1 ACTTTATGACTCTAAATTGT
KLK_ARBS1_2 | TAATGATTTATTTATTGGCT KLK_ARBS9_2 AAGTGGCTCAAAGACAGGAA
KLK_-ARBS1.3 | ACATGTCCTTCCGGGGCAGG | KLK_-ARBS9.3 GTCGCCAATGCAAAGTTAGA
KLK_ARBS1.4 | AGATATTATCTTTGTTATGT KLK_ARBS9_4 CTTTGAAATGGACCCAACAT
KLK_ARBS2_1 | GATTGAAAACAGACCTACTC KLK_ARBS10-1 | TGTGTTACAGGCTGAGAAAA

KLK_ARBS2.2

TGAAAACAGACCTACTCTGG

KLK_ARBS10-2

CCAACTCAGTTTACCACTCG

KLK_ARBS2.3

TCTAGGACAGTAAGCAAGCC

KLK_ARBS10.3

ACTGCATCTGCCACCAGAAA

KLK_ARBS2.4 | GAGAGAGATATCATCTTGCA KLK_ARBS104 | GCCACCAGAAAAGGTGCTGA
KLK_ARBS3.1 | GGAGATATTATCTTTATAAT KLK_ARBS11.1 | GATTGAGATAAGGTGTAGGA
KLK_ARBS32 | GGTTGAAAGCAGACCTACTC | KLK_ARBS11.2 | AGCAATTACAGATTGAGATA
KLK_ARBS3.3 | TGAAAGCAGACCTACTCTGG | KLK_ARBS11.3 | ACCAGCAATAATAATAAACA
KLK_ARBS3.4 | GACGTTAACTTTATTATCTA KLK_ARBS114 | TCTATGGTGTTTATTACTGT
KLK_ARBS4.1 | TCAGTCTGGAGGCATTCCCA | KLK_ARBS12_1 | TTATTTCTCACGTTACAAGC

KLK_ARBS4.2

CACATACTAGATCAGTCTGG

KLK_ARBS122

CATGTGCCACGCCATCCTTG

KLK_ARBS4.3

GAGGGCCTTGGTCAGCATCT

KLK_ARBS12_3

CGCCCCTTGTGCCAGGACCT

KLK_ARBS4.4

TGGCACCTAGATGCTGACCA

KLK_ARBS12.4

TCCCAGGACCTTACTATTCA

KLK_ARBS5-1

GTTAGCCTGCCACAGTTTTA

KLK_ARBS13_1

CTGAGTGTATCTTACACATT

KLK_ARBS5.2

TGCCAGTATCCATAAAACTG

KLK_ARBS13_2

TGCATGCTGTCCTGTGTGAT

KLK_ARBS5.3

GGATTCTGGATCAAAGGCAA

KLK_ARBS13.3

ATAGGATCTGAGGCCCAGGC

KLK_ARBS5.4

TGATCATTCCTGTGGGACTT

KLK_ARBS13.4

CAGCGCCGGCCGACCCCGCC

KLK_ARBS6-1

CATGATGCAAACCCAAGCAT

KLK_ARBS14_1

ATAGTTTTATAGTCAGGAAA

KLK_ARBS6_2

TGATGCAAACCCAAGCATAG

KLK_ARBS14.2

GGATGGTAGCAGCTGCAATG

KLK_ARBS6.3

ACAAACGAATCCCCTATGCT

KLK_ARBS14.3

TGGAACAACCAAGTTGAAGG

KLK_ARBS6_4

TAAACATCTCAGCAACACTT

KLK_ARBS14.4

GTTCCATAAGTCACTTTTCA

KLK_ARBS7-1

AGAGCCCTCTGTGGGTGGCC

KLK_ARBS15.1

GGACAGTAAGGAAACAGGGC

KLK_-ARBS7.2

TGTTGTTCAAGAGCCCTCTG

KLK_-ARBS15.2

GGACTATGTCCCACTGTGTT

KLK_ARBS7.3

CTGGCCTGTCTCGTAGAGTC

KLK_ARBS15.3

GGTCAGCAGCGAGCAGGGGA

KLK_ARBS7_4

AATGGATCACGAGCATTAAA

KLK_ARBS15.4

ATGACTTTTTGTTCTACTGA

KLK_ARBS8_1

AAAATATGCTCACACTCATT

KLK_ARBS16_1

AGTTCAGGAGCAAGGGTGGA

KLK_ARBS8_2

AAAATAAGAATAATGAGCAA

KLK_ARBS16-2

AGGCGCAGGGGGCCATGGCT

KLK_ARBS8.3

CAGTACTTCCTTGCATATTT

KLK_ARBS16.3

ACCTGTCCCTGCCGTCATCT

KLK_ARBS8_4

CATATTGACCCAAATATGCA

KLK_ARBS16.4

CTTTCTTGTTTCTCGCTGCC
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2.1.6 Antibodies

Table 2.9: Antibodies used in this thesis

Antibody Company Catalog No
Cas9 - Mouse mAB Cell Signaling Technology | 14697
GAPDH - Rabbit pAB Santa Cruz 25778

PSA - Rabbit pAB Abcam abb3774
GFP - Chicken pAB Abcam ab13970
a-tubulin - Rabbit mAB Cell Signalling Technology | 21144
Androgen Receptor - Rabbit mAB | Cell Signalling Technology | 3202

2.2 DMethods

2.2.1 Bacterial growth
2.2.1.1 Competent cell production

(1) Single colony was picked from the previously streaked plate into 2 ml LB broth
for overnight culture. (2) 0.5ml LB broth diluted in 100ml new culture and cultured
for 3 hours (3) Sample was taken from the culture and optical density (OD)600
value was read using a spectrophotometer (between 0.4 and 0.6). (4) Culture was
incubated on ice for 15 minutes and centrifuged for 15 minutes at 3000 rpm. (5)
Supernatant was removed and the cell pellet was resuspended in 33ml RF1 buffer
(100mM RbCl, 50mM MnCly-3H,0, 30mM K Acetate, 10mM CaCly, 15% Glycerol,
pH adjusted to 5.8) and incubated for 15 minutes on ice. (6) Supernatant was
removed and the cell pellet was resuspended in 8ml RF2 buffer (10mM MOPS,
10mM RbCl, 75mM CaCly, 15% Glycerol, pH adjusted to 6.8). (7) Mixture was
aliquoted and flash froze using liquid nitrogen. (8) Competent cells are stored at

80°C.
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2.2.1.2 Bacterial culture conditions

Bacterial cultures have been prepared using LB broth, and appropriate antibiotics
(Table 2.10) were added. Cultures were incubated at 37°C at 225 rpm. For each
cloned vector, a replica plate has been prepared and glycerol stock has been prepared

1 1
(5 50% glycerol + 5 LB culture).

Table 2.10: Antibiotics and their working concentrations

Antibiotics Stock concentration | Working concentration
Ampicillin 100mg/ml 100pg/ml

Carbenicillin 100mg/ml 100pg/ml

Kanamycin 100mg/ml 50pug/ml

Chloramphenicol | 50mg/ml 50pg/ml

2.2.2 Molecular biology

ApE (jorgensen.biology.utah.edu/wayned/ape), Snapgene (snapgene.com), and
Serial Cloner (serialbasics.free.fr/Serial Cloner.html) were used for in silico cloning

and DNA /protein analysis.

2.2.2.1 Isolation of DNA and RNA

Plasmid DNA, Genomic DNA, and total RNA extraction from the bacterial
cultures/human cell lines were performed using the commercial kits of New
England Biolabs (Monarch@® Plasmid Miniprep - T1010, Monarch® Genomic
DNA Purification Kit - T3010, Monarch® Total RNA Miniprep Kit - T2010),
Invitrogen  (PureLink™  Genomic =~ DNA  Mini  Kit  LSK182001),
MACHEREY-NAGEL (NucleoSpin Plasmid Mini - 740588, NucleoBond Xtra Midi
- 740410, NucleoBond Xtra Maxi - 740414, NucleoSpin Tissue Mini - 740952,
NucleoSpin RNA Mini - 740955), Qiagen (QIAamp DNA Mini - 51304, QIAGEN
DNA Midi - 12145, RNeasy Mini Kit - 74104), Zymo Research (Quick-RNA
Miniprep - R1054, Zyppy Plasmid Miniprep - D4036, ZR Plasmid Miniprep -
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D4015, ZymoPURE II Plasmid Midiprep - D4200).  Other than kit-based
purification, for the total RNA isolation, TRIzol™ Reagent (Invitrogen 15596026)
was used. DNA recovery cleanups from a reaction mixture (e.g. ChIP or 3C), a
PCR or an agarose gel were performed using the commercial kits of New England
Biolabs (Monarch® DNA Gel Extraction - T1020, Monarch® PCR DNA
Cleanup - T1030), MACHEREY-NAGEL (NucleoSpin Gel and PCR Clean-up
Mini - 740609), Qiagen (MinElute PCR Purification - 28004, MinElute Reaction
Cleanup - 28206).

2.2.2.2 Genomic DNA isolation from 96-well plates

(1) Media was dumped by inverting the plate and excess liquid was removed by
blotting on paper towels. (2) Cells are washed with 1X PBS. 150u1 PBS was added
to each well and then PBS was removed. (3) 50 ul of Bradley Lysis Buffer (10mM
Tris-HCl pH 7.5, 10mM EDTA pH 8, 0.5% SDS, 10mM NaCl, H20) containing
Proteinase K (1mg/ml) was added to each well. (4) Lid was replaced and the plate
was sealed with parafilm. Plate was put into a humidified chamber overnight at
60°C. (5) Next day, when plate was cooled to room temperature and 100yl ice-
cold EtOH/NaCl (394ml 100% EtOH, 6ml 5M NaCl) added and mixe to precipitate
DNA. (6) Plate was incubated at room temperature for 30 min. (7) Plate was placed
in a 96-well plate holder centrifuged at 3000 rpm for 20 minutes. (8) Liquid was
decant by inverting. Plate was blotted on paper towels to remove excess liquid. (9)
150 pl cold 70% EtOH was added and spun for 10 minutes at 3000 rpm to rinse
the pellet. Supernatant was decanted onto paper towels. (10) Washing step was
repeated and the DNA pellet was air dried. (11) 30 ul of warmed TE pH 8.0 or
elution buffer was added. (12) Plate was covered with wax cover and incubated at

56°C for approximately 10 min. DNA was quantified.

2.2.2.3 Isolation of nucle:

5x106 cells pellet resuspended in 4.5ml cold permeabilization buffer (10mM TRIS,
10mM NaCl, 0.5% NP-40) + protease inhibitor (PI) cocktail (500l per 5 ml) and
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incubated 30 minutes at 4°C while mixing it gently every 5-10 min or rotate at 4°C.

2.2.2.4 cDNA synthesis

Appropriate amounts of RNA (preferably 1000ng) and water mixture are prepared
in 13pl in total. and Mastermix 1 (2.5ul 10mM dNTP (Invitrogen 18427013) and
1ul 50uM random hexamer (Invitrogen N8080127) per reaction) and Mastermix 2
(5ul 5X M-MLV reverse transcriptase buffer (Invitrogen 28025013), 24l 0.1M DTT
(Invitrogen 28025013), 0.5ul RNasin® Ribonuclease Inhibitor (Promega N2111)
per reaction) are prepared according to the reaction size. RNA-water mixture and
appropriate amount from Mastermix 1 are mixed and they are incubated at 65°C
for 5 minutes. An appropriate amount from Mastermix 2 was added to the mixture
and it was incubated at room temperature for 10 minutes. 1ul M-MLV Reverse
Transcriptase (Invitrogen 28025013) was added to the mixture and it was incubated

at 37°C for 1 hour. The mixture then heat-inactivated at 90°C for 10 minutes.

2.2.2.5 Polymerase chain reaction (PCR)

The amplification of DNA from genomic/plasmid DNA was conducted using either a
human cell line genomic DNA or plasmid DNA. PCR components are 200 uM dNTP
(Invitrogen, 18427013), 0.2 uM forward and reverse primers, (1-100ng) template
DNA, 1X GC buffer (NEB, B0519), 1 U Phusion High-Fidelity DNA Polymerase
(NEB, M0530), and if the region is GC-rich 1M added to the mixture. For each
different primer pair, the annealing temperature would be optimized (55°C, 60°C,

65°C). PCR cycle performed in Veriti™ 96-Well Thermal Cycler is in Figure 2.1.

2.2.2.6 Quantitative polymerase chain reaction (qPCR)

The reaction would be prepared as follows: 2ul cDNA, 10ul 2X SYBR™ Green
PCR Master Mix (Thermo Fisher, 4309155), 1ul forward and reverse (0.5ul each),
7ul H20. gqPCR reaction performed using Roche LightCycler® 480 or
LightCycler® 96 system. Quantification cycle (Cq) values are calculated using
Roche LightCycler®) software. Data was analyzed using ACq (for 1 replicate) and
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Figure 2.1: Optimization of PCR

AACq (for >2 biological replicates) methods. qPCR primers are listed in Table
2.11 and Table 2.12.

Table 2.11: qPCR primers

Name Sequence Name Sequence
KLK1_F GACACCTGGAAGGTGGCAAAGA | KLKI10.F GAGTTGGGTGCTGACGGC
KLK1. R | CATAAGACAGCACTCTGACGGC KLK10-R AAGAAGCAGCAGGTGGTCATC

KLK2 F | AGCCTGCCAAGATCACAGAT KLK11.F TCTGGTGCTCAATGATGGTGA
KLK2 R | GCAAGAACTCCTCTGGTTCG KLK11_-R GGCAGCACGTCCAGC

KLK3.F | GATGCTGTGAAGGTCATGGA KLK12_F GCTGTGAGTTACGCCCACACT
KLK3.-R | TGGAGGTCCACACACTGAAG KLK12_R CATCTTTTTGCTCCTGTGTGTTCTT

KLK4.F | GGCACTGGTCATGGAAAACGA KLK13_F GAGACGATGCCATACAGTGTTCTG
KLK4.R | TCAAGACTGTGCAGGCCCAGCC | KLK13_R GAGACGATGCCATACAGTGTTCTG
KLK5.F | AGATGACACCATGTTCTGCGC KLK14_F AGTGTCAGGCTGGGGAACTA

KLK5.R | CACAGGCCCCCCAGAATC KLK14_R CCCAGAGTCACCCTGACAAG
KLK6.F | TGGTGCTGAGTCTGATTGCT KLK15 F TAACTGTGGCGCTTCCCTCATC
KLK6.R | CGCCATGCACCAACTTATT KLK15_ R AGACGTGGTCCGTAGTTGCTCT
KLK7.F | CATCCCCGACTCCAAGAAAA FKBP5_F TCCCTCGAATGCAACTCTCT
KLK7-R | GCAGGGTACCTCTGCACACC FKBP5_R GCCACATCTCTGCAGTCAAA
KLK8.F | AAGAGCAGGAACATCCACGTCT STEAP4F | GCAAAGCATCCAGTGGTCAA
KLK8.R | GAATCAGTAGGTGACCCCGC STEAP4 R | ATGACAGCAAAGCCAAGCAA
KLK9.F | AGTCACCCTGGCAGGAACCT DBIF CAGGCGGAGTTTGAGAAAGCT

KLK9_-R | AGTCACCCTGGCAGGAACCT DBI R TCGCTTGTTTGTAGTGGCTGTAG
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Table 2.12: ARBS eRNA qPCR primers

Name Sequence

ARBS1_eRNAF | GGGAAGCATCGAGAGCATGA
ARBS1_eRNA_R | TGCTTGACTTTGAAACTCGGA
ARBS2_eRNA_F | AGTCTAGGTGGATGCTGTGC
ARBS2_eRNA_R | TCTCCATGGTTCTGTCACGT
ARBS3_eRNA_F | GGGTTTGTGGCAAAGGTGAG
ARBS3_eRNA_R | GGAAGGCTCTGGGTGAACA
ARBS4_eRNAF | GTTGCTGTTCATCCTGAGCC
ARBS4_eRNA_R | ACAAGGCGATGGAGAGAACC
ARBS5_eRNA_F | CCTTGGTCCCTCTTCTGTCA
ARBS5_eRNA_R | CTGTGGGTCAAAGCATCGTG

2.2.2.7 Agarose gel electrophoresis

Agarose gels are prepared using Invitrogen UltraPure™ Agarose (16500100) and
IX TAE (40mM Tris, 20mM Acetate, 1mM EDTA, pH 8.6) with 0.5 pug/ml
Ethidium UltraPure™ Ethidium Bromide (15585011, 10 mg/mL). For casting 1%
agarose gel, 100ml 1X TAE, and 1g agarose were used. An appropriate amount of
6X DNA Gel Loading Dye (R0611) or 6X Purple Gel Loading Dye (B7024S) was
mixed with the DNA mixture and loaded into the gel well and electrophoresis was
performed using BioRad’s horizontal electrophoresis system
(https:/ /www.bio-rad.com/en-ca/category /horizontal-electrophoresis-systems).

One of the following DNA ladder was used: 1 kb Plus DNA Ladder (Thermo
Scientific, 10787018), 1 kb DNA Ladder (NEB, N3232), 50 bp DNA Ladder
(Thermo Scientific, 10416014), 100 bp DNA Ladder (Thermo Scientific, 15628019)
to identify the DNA size.

2.2.2.8 T7 Endonuclease Assay

Genomic DNA isolated from wild type and transduced /mutated samples were used
to amplify the region of interest. The reaction was PCR cleaned and gel extracted.
Re-hybridize the product by increasing the temperature to 95°C and decreasing
to 4°C with a ramp rate of 0.3°C/s. Knockout efficiency was determined with an

agarose gel.
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2.2.2.9 Single and paired gRNA cloning

gRNA cloning into plentiCRISPRv2 (Addgene 52961) or plentiGUIDE-puro
(Addgene 52963) vectors has been performed as follows: (1) Plasmid was digested
bug with 3ul BsmBI (10U/ul) for 3-5 hours at 55°C (2) Product was
heat-inactivated at 80°C for 20 minutes, 1ul Antarctic phosphatase (5U/ul) was
added (3) Digested plasmid gel purified (4) Each pair of oligos were
phosphorylated and annealed: 37°C 30 min and 95°C 5 min and then ramped
down to 25°C at 5°C/min. (5) Oligos from Step 4 diluted at a 1:200 dilution into
ddH20. (6) Ligation reaction using Quick Ligase was set up, and it is incubated at
room temperature for >1-3 hours (7) Transformation to carbenicillin+ LB agar
plates. (8) Validate the positive clones with BsmBI and Sanger sequencing with
hu6_f (GGCAAGTTTGTGGAATTGGT).

Paired guide RNA cloning protocol adapted from [250]. Donor plasmids are
pDonor_ sU6 (Addgene 69351), pDonor.mU6 (Addgene 69350), pDonor -hU6
(Addgene 69312). Two step-paired guide gRNA oligos are listed in Table 2.13: (1)

Table 2.13: Oligos for the paired-gRNA cloning

Name Sequence
CTTGTGGAAAGGACGAAACACCG-[gRNA1-20bp]-
Oligo_-hU6 GTTTGGGTCTTCGAGAAGACCTCACCG-[gRNA2-20bp]-
GTTTTAGAGCTAGAAATAGC
CATGCGAGAAAAGCCTTGTTTGG-[gRNA1-20bp]-
Oligo_s/mU6 | GTTTGGGTCTTCGAGAAGACCTCACCG-[gRNA2-20bp]-
GTTTTAGAGCTAGAAATAGC

For each oligo (paired gRNA), PCR amplified it using Oligo_mu6. (2)
pDonor_ mU6 is digested with Bbsl, loaded to 2% agarose gel, and extracted from
the 415bp band. (3) Gibson reaction set up with the PCR amplicon and digested
donor and PCR cleanup the reaction. (4) plentiCRISPRv2 digested with BsmBI
and Gibson product ligated with digested vector. (5) Transformed using Stbl3 and
validated the colonies with Notl/Xhol digestion and Sanger sequencing using

hU6_f (GGCAAGTTTGTGGAATTGGT).
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2.2.2.10 Restriction digestion cloning

Insert is obtained either from PCR amplification of the target using genomic DNA, a
plasmid DNA, and ¢cDNA, or it is from any plasmid target digested with restriction
enzymes. Backbone of choice is digested with appropriate enzyme(s). Different
insert /backbone ligation ratios are tested and “only backbone” and “only backbone

+ ligase” control reactions are prepared.

2.2.3 Flow cytometry and cell sorting

Cell line samples are lifted by trypsinization and centrifuged. Cell pellets are
resuspended using 5%FBS/PBS solution. In case of cell sorting %1
penicillin-streptomycin added. Control samples are used to gate the right cell
population using forward and side scatter height. For each gated sample at least
10,000 cells recorded for further analysis. eGFP is detected at 488 nm and

mCherry signal is detected at 550 nm.

2.2.4 Protein methods
2.2.4.1 Protein lysate preparation

Cells collected from a 15cm plate and washed with 1X PBS. 1 protease inhibitor was
dissolved in a 5ml Radioimmunoprecipitation assay buffer (RIPA) Lysis buffer (150
mM NaCl, 1% Nonidet P-40, 0.5 % DOC, 0.1% SDS, 50 mM Tris pH 7.4). Cells
resuspended in 200ul RIPA Lysis Buffer (protease inhibitor included) and incubate
on ice for 30 minutes. Mixture was centrifuged for 20 minutes @4°C 12.000 rpm.
Supernatant was transferred to a new tube. Lysates can be stored at -20°C for short

term and at -80°C for long term storage.

2.2.4.2 Protein concentration determination

Pierce™ Coomassie Plus (Bradford) Assay Reagent was mixed (23238) by inverting
the bottle and equilibrating the necessary volume to room temperature in aluminum
covered 50 ml Falcon tube as the Commasie Reagent is light sensitive. 9 different

dilutions of Bovine Serum Albumin with 1X PBS were prepared (0, 25,125, 250,
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500, 750, 1000, 1500, 2000 pg/ml). 5 pl of the standard solutions and the samples
in triplicate was added to each well of a 96 well-plate. 250 ul of Commasie Reagent
was added to each well. Plate was shaken for 30 seconds and incubated at room
temperature for 10 minutes. Absorbance was read at 595 nm in MicroPlate Reader
(Use the Bradford protocol). Analysis: Standard curve was plotted as the average
reads of the standards on the y-axis and concentrations on the x-axis. Protein

concentration of the lysate determined using the formula of the linear plot (y=ax+b).

2.2.4.3 SDS-PAGE and Western blot

10% separating (0.75mm) Sodium Dodecyl Sulfate Polyacrylamide gel
electrophoresis (SDS-PAGE) gel was prepared using following reagents (per gel):
1.9ml distilled H20, 1.3ml 1.5 M Tris pH 8.8, 1.7ml 30% acrylamide, 50ul 10%
SDS, 50ul 10% ammonium persulfate (APS), 2ul tetramethylethylenediamine
(TEMED). 5% stacking gel was prepared using following reagents (per gel): 1.4ml
distilled H20, 250u1 1M Tris pH 6.8, 330ul 30% acrylamide, 20ul 10% SDS, 20ul
10% APS, 2ul TEMED (added last). Buffers: 10X Tris Buffered Saline pH 7.4
(200mM Tris Base, 1.5M NaCl), Running Buffer ( BioRad, 1X TRIS/Glycine/SDS
Buffer), Wash Buffer (TBS-T; 1X TBS, 0.1% Tween-20), Blocking Buffer (1X
TBS, 0.1% Tween-20 with 5 % w/v nonfat dry milk), Transfer Buffer (25 mM Tris
Base, 192 mM glycine, 10% methanol). 2X loading dye is prepared with 5%
-mercaptoethanol in the Laemmli sample buffer. 10-30ug cellular lysate mixed
with 2x loading buffer and incubated at 95°C for 10 minutes. Sample was run in
SDS-PAGE gel at constant 25mAmp until it nearly reached the end of the gel.
Transfer stacks were rinsed in the transfer buffer and put into the cassettes.
Polyvinylidene fluoride (PVDF) membranes rinsed in the methanol and transfer
buffer placed on top of stacks and SDS-PAGE gel was placed on top of the
membrane.  Whole stock was closed with transfer stacks and proteins were
transferred to the membrane with semi-dry blotting (BioRad TransBlot Turbo
System). After transfer, the blotted membrane was washed with 1X TBS and

blocked with the blocking buffer at room temperature for 2 hours on the shaker.
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Appropriate amount of primary antibody is diluted in the blocking buffer (1,/3000
for AR, 1/2000 for GAPDH antibody). Membrane was incubated with primary
antibody overnight at 4°C on a shaker. Next day, it was washed with TBS-T at
least 5-6 times for 5 minutes each on a shaker. At room temperature, the
membrane was incubated with the secondary antibody (diluted 1/4000 in blocking
buffer) for 1 hour. Membrane was washed with TBS-T at least 5-6 times for 5
minutes each on a shaker. After applying Pierce™ ECL Western Blotting
Substrate onto the membrane it was imaged with Odyssey® Fc¢ (LI-COR

Biosciences).

2.2.5 Cell culture

LNCaP and all of the LNCaP stable cell lines are cultured in RPMI-1640 (Gibco
12633012) supplemented with 10% fetal bovine serum (Gibco 16140071) and 1%
penicillin-streptomycin  (Gibco 15140148). HEK293T cells are cultured in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented with 10%
fetal bovine serum (Gibco 16140071) and 1% penicillin-streptomycin (Gibco
15140148). All cell lines were grown in 37 C humidified incubator with 5% CO2.
They were passaged by trypsinization (0.05% Trypsin, Thermo Fisher, cat no:
25300054). Frozen stocks are prepared by mixing the culture media with minimum
1x106 cells with 10% fetal bovine serum and 10% DMSO. The mixture was
transferred to cryovial tubes, and they were placed in Mr. Frosty Freezing
Container (Nalgene) at -80°C overnight. They were transferred to the liquid

nitrogen tank for long-term storage.

2.2.5.1 Cell culture conditions
2.2.5.2 Viral packaging and PEG precipitation

10cm /6-well plate: 4.4x10°/3x10° 293T cells per well in 6-well plate is seeded. On
Day 1, two tubes of a mixture (Fugene mixture: 20ul/4ul Fugene, 180ul/36ul
DMEM, DNA mixture: 225ng/50ng VSVG, 2250ng/450ng gag/pol, 2500ng/500ng
vector, and DMEM up to 40 pul) was prepared. Two mixes were added together,
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and after 30 minutes of incubation at room temperature, it was added to the wells
dropwise. On Day 2 (in the morning): Fugene was washed off with PBS. Media
was aspirated from each plate and replaced with fresh 8ml/2ml DMEM. On Day 3
(after about 48 hours post-transfection): Supernatant was collected into the
appropriate size centrifuge tube. After removing the media, it was replaced with
8ml/2ml DMEM. On Day 4, collection steps were repeated and combined with
supernatants from day 3, then they were filtered (0.45um filters), aliquoted, and
made frozen stocks. Packaged viral particles are stored at -80°C. PEG
precipitation: 50% PEG solution was added to the 50ml conical tube containing
the filtered virus (final concentration: 10%) and mixed by inversion. The mixture
was stored overnight at 4°C in the dark. The next day, Precipitated viral particles
should be visible in the tube. Tubes spun at 2500 rpm for 20 minutes. The
supernatant was removed, and the tube spun again for 5 minutes at 1200 rpm.
After removing the excess liquid, 100 ulL of PBS was added to the pellet and
resuspended the pellet by pipetting. After collecting all the viruses ( 100 uL), they
are aliquoted and stored at —80°C.

2.2.5.3 Varal titration

2x10° HEK293T cells seeded in 5 wells of 6 well-plate.  Three wells were
transduced with different volumes of the virus. (Unconcentrated 10, 100, 1000 l,
Concentrated with PEG 0.1, 1, 10 wl). The media changed the next day.
Antibiotic was added according to the infection’s antibiotic resistance gene to 4
wells, including one non-transduced well. When antibiotic kills all the cells in non
transduced well, the 3 transduced + selected wells and 1 non transduced + not
selected well were trypsinized. Cells were counted by hemocytometer. The volume

of virus’ infection MOI was estimated by using the below formula and table:

transduced and selected cell count
100 —
nontransduced and not selected cell count

xlOO) = virus titer
Starting cell population multiplied with each well’s MOI:

MOI x 200.000 = total virus amount
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Infected total virus amount and the average volume of virus used was averaged,

and the formula was used to estimate virus titer:
average(total virus amount)

. 21000 = virus titer
average(volume of virus)

Table 2.14: MOI calculation.

MOI | %selected cells | MOI | %selected cells
0.1 90.5 0.9 40.6

0.2 81.9 1 36.8

0.3 74.1 2 13.5

0.4 67.0 3 5.0

0.5 60.6 4 1.8

0.6 54.9 5 0.7

0.7 49.6 10 0.0

0.8 45.0

2.2.5.4 Stable transduction

The day before the experiment, cells are plated in a 6-well plate. Media was warmed
upfront, and media was changed before the transduction. 2 ul of protamine sulfate
(Stock concentration: 8 ug/ml) was added (which serves as a crosslinker for viral
transduction). Once the virus is thawed completely, added dropwise. After 24 hours,
the media was changed. If the selection was performed, it started 48 hours after the

transduction.

2.2.5.5 Transfection

An appropriate amount of plate and number of cells are plated and incubated
overnight. Optimem, Mirus XT2, and growth media warmed upfront.
DNA /optimem/Mirus XT2 mixed, respectively. Incubated at room temperature
for 30 minutes and added dropwise. eGFP expressing plasmid (Addgene 17448)

has been used for the transfection control.
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Table 2.15: Parameters for the transfection

Plate | Cell DNA | Mirus XT2 | Optimem
12-well | 0.1x10%/well | 1ug 3ul 10041
6-well | 0.2x10°/well | 2.5ug | 7.5ul 250ul
10 cm | 2x10° 15pg | 4bul 1.5ml
15 cm | 6x10° 19ug | 57ul 1.9ml

2.2.5.6 Single-cell dilution

100 pl PBS to the edges of 96-well plate added (AH! row and 1°¢12"¢ column). 100
pl medium to the remaining wells except 2"¢ column added. 10,000 cell/ml counted.
200 pl of the cell suspension to the 2"¢ column added. 100 pl of cell suspension
was taken from (n)” column and added to the (n+1)" column; cell suspension was
homogenized by doing up-down. (0<n<10). 100 ul of cell suspension taken from the
11*" column so that at the end, there was 100 ul of cell suspension in all wells. 100
ul of media was added to all of the wells containing cell suspension. Plate incubated

for 2 weeks until the colonies appear and reach enough cell density.

2.2.5.7 Generation of CRISPR/Cas9 eGFP knock-in cell lines

Knock-in cell lines are generated with non-homologous end joining [251]. Donor
(Addgene plasmid 83575) plasmid consists of IRES-eGFP cassette flunked by two
sequences that can be targeted with a separate sgA plasmid. LNCaP cell lines are
transfected with donor, sgA, target gRNA, sgA, and Cas9 expressing plasmid, total
amount is 1.6ug (donor 0.6ug + sgA 0.2ug + target gRNA 0.2ug 4+ Cas9 0.6ug) for
12-well plate. After antibiotic selection, cells are collected and plated in a 96-well
plate with single-cell dilution protocol. Single cell clones that express eGFP upon
DHT treatment (10nM for 6 hours) were selected under the fluorescent microscope.
After propagating the single cell clones into 6-well plates, they were separated into
three (1) ongoing passaging (2) gDNA extraction (3) flow cytometry. Knock-in was
validated with PCR and flow cytometry. Single cell clones are shown in Figure A.2.
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2.2.5.8 Generation of CRISPR/Cas9 stable knock-out cell lines

At least 3 gRNAs per perturbation target are used. If the aim was to achieve
deletion, 2 gRNAs far apart enough (>100-150bp) were used. Either Cas9/gRNA
expressing plasmids or individual Cas9 and gRNA plasmid combinations were used.
Cas9/gRNA ratio was >=1. gRNAs either manually designed or CHOPCHOP
[252], CRISPR-SURF [253] have been used. Cas-OFFinder [254] has been used to
eliminate designed gRNAs with prominent off-target sites. gRNA efficiency was
determined with T7 Endonuclease assay. Cells were seeded at 2x10° cells per well in
six-well plates. Cells were transfected with 1ug of Cas9/gRNA expressing plasmid
using Mirus (1:4 ratio). Approximately 48 h after transfection, cells were treated
with appropriate antibiotics. After selection, cells were trypsinized and counted.
Starting from the second column of a 96-well plate, cells were seeded at a density
of 1000 cells per well and 1:1 diluted in subsequent wells. To prevent evaporation
of the medium, perimeter wells of the plate were loaded with 2001 PBS. After 2-4
weeks, individual colonies were isolated and seeded into wells in 48-well plates. As
they reached 50-70% confluency, cells were lifted and seeded to 24, 12, and 6-well
plates subsequently. In the 6-well state, cells were divided into three (1 for backup,
1 for gDNA extraction, and 1 for continuing the passage). After gDNA extraction,
(see the relevant materials and methods section), it was used to amplify the region of
interest (gRNA target site). If the aim is to achieve a specific deletion (>100-150bp),
after amplification, a comparison with a wild-type cell line was performed to assess
the existence of the perturbation. However, Sanger or low-pass amplicon sequencing
(50K-100K reads) gave the absolute result for the perturbation validation. Low-pass
sequencing analysis has been done using CRISPResso [255]. Preferably, in the 6-
well state, a phenotypic assessment can be performed on single-cell clones before
genotypic confirmation. PCR oligos used to amplify KLK ARBS are listed in Table
2.16.
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Table 2.16: Oligos to PCR amplify KLK ARBS for sequencing.

Name Sequence

ARBS1.F | GTAGGGAAGCATCGAGAGCA

ARBS1.R | ACACAGTGGTTTGCGTCAAT

ARBS2_.F | TTGTGCCACTGGTGAGAAAC

ARBS2.R | TGAGCAAAGACAGCAACACC

ARBS5.F | CTACCTCCCACCCTTCCATC

ARBS5.R | AGAATGTGTCTCCCTCTCGG

2.2.5.9 Generation of paired gRINA reporter efficiency cell lines

plentiCMV-eGFP (Addgene #17448) vector was digested with BamHI (NEB R0136)

and using an adapter sequence two g RNA (sgA and sgA2) target sites are ligated

along with Pacl and Xmal restriction diesgtion sites. loxP-3xPolyA-loxP cassette

was PCR amplified from pCAG-loxPSTOPloxP-ZsGreen vector (Addgene #51269)

and digested with Pacl (NEB R0547) and Xmal (NEB R0180). CMV-sgA-sgA2-

eGFP and loxP-3xPolyA-loxP were ligated and the correct colony was validated

with Sanger sequencing. Oligos used are listed in Table 2.17. Experiment results

are shown in Figure A.5). Transduced the cells with different gRNAs and one paired-

guide RNA to create double-stranded break (DSB) in order to delete regions when

both of the regions are targeted. Analysis performed with flow cytometry.

Table 2.17: Primers

used in paired guide RNA efficiency reporter

Name

Sequence

cutsite_adaptor_F

GATCaaaTTGCGAGTGTTATACGCAC
CGTTAGGaaaTTAATTAAaaaaaaCCCG
GGaaaTTGCAACGGGTTCTCCCGGCTACAGGaaa

cutsite_adaptor_R

GATCtttCCTGTAGCCGGGAGAACCC
GTTGCAAtttCCCGGGtttttt TTAATTAA
ttt CCTAACGGTGCGTATAACACTCGCAA¢tt

sgA

CGAGTGTTATACGCACCGTT

sgA2

CAACGGGTTCTCCCGGCTAC

loxP-3xPolyA-loxP_F

TCCTTAATTAATAATACGACTCACTATAGGG

loxP-3xPolyA-loxP_R

tttCCCGGGtttGCCGGCCGAATTCGATCT
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2.2.6 ChIP

Unless otherwise is stated, all of the steps have been performed on ice. One
confluent 15 cm plate is used per cell sample. Required buffers are prepared listed
in Table 2.18. (1) Protein A or Protein G beads are prepared one day before
preparing the cell samples.  100ul per immunoprecipitation (IP) sample is
transferred to 2mL round bottom (Eppendorf LoBind) tubes. With the magnetic
rack, beads are separated from their home solution (30 seconds waiting time). The
supernatant was removed, and beads were washed with the blocking buffer three
times (in The supernatant step, beads were correctly resuspended). Beads were
resuspended in 500ul blocking buffer, and 10ug of antibody was added to the
mixture. Tubes are incubated at 4°C (cold room) at 10 rpm overnight. (2) Cells
are washed with PBS, and 1% formaldehyde is added (10ml in total) to the plate.
Plates are incubated at room temperature for 10 minutes. Crosslinking reaction
was quenched with 1M glycine (pH 7.5). Formaldehyde was removed from the
plate, and the sample was washed with ice-cold PBS with protease inhibitors.
After the washing, 500ul ice-cold PBS with protease inhibitors was added, and
cells were scraped off the plate and transferred to 1.5ml tubes. Samples were
centrifuged at 2000g for 3 minutes at 4°C. The washing step was done twice. (3)
1ml LB1 with protease inhibitors added to the cell pellet and rotated at 4°C for 10
minutes. After centrifuging at 2000g for 5 minutes at 4°C, 1ml LB2 with protease
inhibitors was added to the pellet and spun at 4°C for 5 minutes. After
centrifuging at 2000g for 5 minutes, the pellet was resuspended in 300ul LB3 with
protease inhibitors. (4) Samples were sonicated on high power for 15 minutes (30
seconds on, 30 seconds off). A 10ul aliquot sonicated sample was loaded onto an
agarose gel after decrosslinking to validate the fragmentation (Most of the
fragments should be below 500bp). 30ul 10% Triton X-100 was added to the
sample and centrifuged at 20000g for 10 minutes at 4°C. Antibody-bead mixture
washed three times with blocking buffer and finally resuspended in 100ul blocking
buffer. 1ml LB3 (with protease inhibitors) added to sonicated and validated lysate.

50u] of this mixture has been set aside for input control. Antibody-bead mixture
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was added to the cell lysate. The mixture was rotated at 4°C overnight. (5)
Sample was placed on a magnetic rack to collect antibody-DNA bound beads.
They are washed with RIPA buffer six times. Finally, they are washed with TE
buffer. 200ul elution buffer was added and vortexed. 150ul elution buffer was also
added to the input sample. Both ChIP and input samples are incubated at 65°C.
(6) Sample was placed on a magnetic rack, and the supernatant was transferred to
a new 1.5bml tube. 200ul TE buffer was added to the mixture. 8ul RNase A was
added and incubated at 37°C for 10 minutes. Subsequently, 4ul Proteinase K was
added and incubated at 55°C for 2 hours. (7) DNA was isolated from the samples

using a column-based isolation kit (Qiagen MinElute Reaction Cleanup Kit).

2.2.7 scATACseq

LNCaP cells were androgen deprived for 72 hours and then treated with 100% EtOH
or 10 nM DHT for 4 hours. Nuclei from 1x10° cells were isolated according to the
10x Genomics protocol (Nuclei Isolation for Single Cell ATAC Sequencing CG000169
Rev D). scATACseq libraries were prepared using 10x Genomics Chromium Next
GEM Single Cell ATAC Library Gel Bead Kit v1.1. Libraries were sequenced on
a NextSeq500 Ilumina sequencer (23,428 unique PE reads/cell DHT and 27,077
unique PE reads/cell EtOH)

2.2.8 CRISPR:

LNCaP dCas9-KRAB cells are generated by transducing LNCaP cells with Lenti-
dCas9-KRAB (Addgene 89567) plasmid, and the expression is validated by western
blot (antibodies: Cas9 and GAPDH). LNCaP-dCas9-KRAB cells are seeded into
6-well plates (250,000 cells per well). Controls are (1) No Transfection (EtOH) (2)
No Transfection (DHT) (3) eGFP (transfection) (4) No Transfection (puromycin)
(5) non-targeting gRNA (EtOH) (6) non-targeting gRNA (DHT). (7) 3 gRNAs per
condition have been used. gRNAs transfected using Mirus Transit X-T2 (total 1ug
DNA). After 48 hours, puromycin was added for the selection. After the selection,
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cells were androgen deprived for 24 hours, and after that, InM DHT was added for
24 hours. (8) Cells are collected. RNA is extracted and ¢cDNA synthesized using

random hexamers.

Table 2.18: Buffers used in ChIP experiments

Buffer Name Components

50 mM HEPES-KOH, pH 7.5, 140 mM NaCl,

Lysis Buffer 1 (LB1) | 1 mM EDTA, 10 % glycerol, 0.5 % Igepal CA-630,
0.25 % Triton X-10

10 mM Tris—HCI, pH 8.0, 200 mM NaCl,

1 mM EDTA, 0.5 mM EGT

10 mM Tris-HCI, pH 8.0, 100 mM Na(Cl,

Lysis Buffer 3 (LB3) | 1 mM EDTA, 0.5 mM EGTA, 0.1 % Na-deoxycholate,

Lysis Buffer 2 (LB2)

0.5 % N-lauroylsarcosine

Blocking Buffer PBS, 0.5 % bovine serum albumin (BSA)(w/v)
50 mM HEPES-KOH, pH 7.5, 500 mM LiCl,
RIPA 1 mMEDTA, 1 % NP-40 or Igepal CA-630,
0.7 % Na-deoxycholate
TE 10 mM Tris-HCI, pH 8.0, 1 mM EDT
Elution 50 mM Tris-HCI, pH 8.0, 10 mM EDTA, 1% SDS

Table 2.19: qPCR primers used in AR ChIP

Name Sequence

KLK2 promoter qPCR_F | AGCCAGACCCTCTCTCTACA
KLK2 promoter qPCR_R | CCTGTAGCCTTGAACTCCCA
KLK_-ARBS1_qPCR.F ATACAACATGTCCTTCCGGG
KLK_-ARBS1_qPCR-R TGCTTGACTTTGAAACTCGGA
KLK_ARBS2_qPCR.F TGGATTGAAAACAGACCTACTCT
KLK_ARBS2_qPCR-R AGGCTTGCTTACTGTCCTAGA
KLK_ARBS3_qPCR_F GGTTGAAAGCAGACCTACTCT
KLK_ARBS3_qPCR_R GCCTTGCAAGATGGTATCGC
KLK_ARBS4_qPCR_F CTCCCCTTCCACAGCTCTG
KLK_ARBS4_qPCR_R AGCCTTCATTCTCCAGGACC
KLK_-ARBS5_qPCR_F CACATCAGTTCGCCTTGACC
KLK_-ARBS5_qPCR-R CTGTGGGTCAAAGCATCGTG
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2.2.9 Chromosome conformation capture

5x108 cells per 15ml falcon tube are prepared. Cell pellets are crosslinked with 1%
formaldehyde at room temperature for 10 minutes and reaction was quenched with
0.125M glycine. After wash with ice-cold 1X PBS, centrifuged (5 min, 600 g at 4°C)
pellet was resuspended in ice-cold permeabilization buffer (10mM TRIS pH 8, 10mM
NaCl, 0.5% NP-40, 1 complete protease inhibitor Roche 11245200) and incubated on
ice for 30 minutes. Centrifuged pellets (5 min, 600 g at 4°C) resuspended in DpnlI
(NEB R0543) restriction buffer and 10% SDS and 20% TritonX-100 added. 600U
DpnlI was added and the reaction was incubated overnight at 37°C while shaking at
900 rpm. Digestion efficiency was determined by agarose gel electrophoresis. Sample
was transferred to 50mL Falcon tube and BSA (20mg/ml) and ligase buffer and
10,000U T4 DNA Ligase (NEB M0202S) was added and the reaction was incubated
overnight at 16°C. Ligation efficiency was determined by agarose gel electrophoresis.
Reaction was reverse crosslinked with Proteinase K (10 mg/ml) and RNase A (10
mg/ml) treatment. DNA was recovered either with phenol-chloroform extraction

or isolation kit (Qiagen MinElute Reaction Cleanup Kit). Primers can be found in

Table 2.20.

2.2.10 Computational analyses

Unless stated otherwise, all data cleaning and reorganizing performed using tidyverse

R packages [256] and all plots were prepared using the ggplot2 R package [257].

2.2.10.1 STARRseq

Short Illumina paired-end reads (75-150 bp) were mapped to the human reference
genome (hgl9) using BWA [258]. After MAPQ<60 filtration of the mapped reads,
coverage was counted with BamCoverage in deepTools [259] and with DESeq2 [260].
Different enhancer classes were classified using this criteria: Inducible enhancers
are log2 fold change (LFC) (DHT/EtOH) > 1, inactive enhancers LFC < 1 and
constitutively active enhancers have 1 > LFC > 1 in both of the plasmid-normalized

samples.
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Table 2.20: 3C-qPCR primers

Name Sequence Coordinates (hgl9)

Anchor AREIT | TCGATTGTCCTTGACAGTAAACA | chr19:51354109-51354131
KLK3_1 TTATCCCTCGTTCCTAGCAC chr19:51359093-51359112
KLK3_2 CCCTGTTTCTGTTTCATCCT chr19:51357896-51357915
KLK3.3 CACGTGAGGCTTTGTATGAA chr19:51357855-51357874
KLK3.4 TCCTGAGTGCTGGTGTCTTA ¢hr19:51357800-51357819
KLK3.5 GCAATGTATCTGTGGAGCTG chr19:51357653-51357672
KLK3.6 GATCTGTGGACCACAA chr19:51357616-51357631
KLK3_7 GCACAGATACAGTGCACAGG chr19:51357490-51357509
KLK2_A GGCTCCACAGGACCATGATT chr19:51372228-51372247
KLK2 B CGGTACCAGCAAACTTCGTCCAG chr19:51372792-51372812
KLK2_C GACCTCATGTAGCTGCGACT chr19:51373843-51373862
KLK2.D ACCCTTGACCTCCTGGACTT ¢hr19:51375305-51375324
KLK2 E TGCCCATTGCCTAAAGAAGT chr19:51378119-51378138
KLK2_F AGATAAGGCCGTGAGCAGAA chr19:51382312-51382331
KLK2_ G CCCCTCGTGGTTAACATCAC chr19:51385342-51385361
KLK2 H TGGTTCCCACTACATCCACA chr19:51386600-51386619
KLK21 GCTCGAGGTGAGTTCTTTGG chr19:51387189-51387208

2.2.10.2 scATACseq

Raw .fastq files were obtained from 10X genomics platform. Cell barcodes and
counts are calculated using 10X Cell Ranger software. Deviation/z-score was
chromVAR [261] and UMAP was in ArchR
(v0.9.3) [262]. ATACseq peaks were called using MACS (v2.2.6) [263]. Random
scATACseq
co-accessibility scores (Figure 2.2) in EtOH- and DHT-treated LNCaP scores were

calculated with calculated

genomic regions were generated using bedtools (v2.29.2) [264].

calculated using Cicero (v1.4.0) [143] with 10X Genomics input. Co-accessible sites
overlapping with STARRseq annotated AR enhancers and LNCaP ARBS
(GEO:GSM2219854) were calculated with bedtools(v2.29.2) [264] and counted
with R (v3.6.1).

2.2.10.3 HiC and ChIA-PET

Publicly available HiC datasets are analyzed with HiC-Pro [ [265] .bedpe files are
further analyzed and plotted with Sushi [266] and HiTC [267]. VCaP AR
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ChIA-PET [268] and LNCaP H3K27ac HiChIP [269] datasets obtained from
authors as .bedpe files. Genomic overlaps were calculated either with

bedtools [264] or GenomicInteractions R package [270].

2.2.10.4 ChIPseq

Short Illumina paired-end reads (75-150 bp) were mapped to the human reference
genome (hg19) using BWA [258]. deepTools [259] was used for reads per kilobase of
transcript (RPKM) normalization and for the generation of the .BigWig files.

2.2.10.5 RNAseq

Short Illumina paired-end reads (75-150 bp) were mapped to the human reference
genome (hgl9) using BWA [258]. Gene count tables were constructed using
featureCounts [271]. AR-regulated genes were identified from publicly available
RNAseq data of LNCaP cells treated with 100 nM DHT for 6 h (GSE64529) with
DESeq2 (v1.26.0) [260]. The distance between androgen-upregulated genes and
ARBS was calculated with HOMER (v4.10) [272]. The resulting data was merged
in 100-bp bins and the cumulative distribution function was determined with
Ecdf() in R (v3.6.1). Specific ARBS-promoter interactions were identified from the
published AR ChIA-PET performed in the VCaP cell line (GSE54946) by
overlapping the loop end of either ARBS or gene’s TSS (+/- 5Kb) with
Genomiclnteractions R package (v1.20.3) [270].
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Chapter 3

ANDROGEN RECEPTOR-BOUND ENHANCERS

3.1 Introduction

Androgen receptor (AR) is the critical transcription factor in PCa growth and
proliferation. Upon testosterone binding, AR translocates into the nucleus, where
it binds to CREs that regulate the expression of target genes. However, while the
mechanism of AR activation is well characterized, how these ARBS alter gene
expression is poorly understood. While the AR drives transcription through
enhancer CREs, this is complicated by the sheer number of ARBS and the vast
difference in the number of binding sites (tens of thousands) and AR-regulated
genes (hundreds). It is unclear if or how multiple ARBS enhancer elements work
together to drive transcription. Understanding this complex process has been
limited due to the poor annotation of ARBS enhancer activity. Active enhancers
generally correlate with histone marks such as H3K27ac and H4K4mel. They also
are found in open chromatin and transcribe enhancer RNA (eRNA). However,
these descriptive features are only broadly correlative with active enhancers, and
numerous enhancers do not have any of these characteristics. Finally, these
correlative features are not quantitative. Functional characterization is critical to
identify and understand AR-mediated enhancer activity. Classifying the AR-bound
enhancers that directly affect the AR-mediated gene transcription and their action
in gene expression is key to revealing the initiation and progression of this disease.
Therefore, in this chapter, we aimed to test all of the clinically found ARBS for
their enhancer activity with an MPRA. We characterized these different AR
enhancers for their impact on gene activation with these annotations. Finally, we

demonstrated that inducible AR enhancers act as a regulatory hub that frequently
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interacts with other CREs.

3.2 Results

The STARRseq experiment and the analysis were performed by Flora Huang and
Tun¢ Morova in the Vancouver Prostate Centre, University of British Columbia.
LNCaP transduction with dCas9-KRAB was done by Bengil Gékbayrak in Kog
Unwersity.  scATACseq libraries were prepared by Funda Sar in Vancouver

Prostate Centre, University of British Columbia.

3.2.1 Quantification of ARBS in proximity of AR-regulated genes

While looping can occur between vast genomic distances to bring enhancers near
promoters, a recent report demonstrated that the closest gene is a significant
predictor of a given enhancer’s target [95]. Earlier studies showed that 28% of AR
binding sites and 7% of ER binding sites reside in 5kb proximity to a
TSS [273,274]. To quantify this in AR-mediated transcription, upon androgen
activation, we determine how many ARBS reside near AR-regulated genes in
LNCaP cells using publicly available RNAseq (GSE64529) and AR ChIPseq
(GSE83860) datasets.  From this, we found that more than 40% of the
AR-regulated genes have more than two ARBS within 100kb proximity and more
than 60% of the AR-regulated genes have more than two ARBS reside in 200kb
proximity (Figure 3.1). This is similar to estrogen receptor (ER), where almost
50% of ER-upregulated genes have two or more ERBS within 100kb
proximity [275]. Down-regulated and non-regulated genes less frequently have
proximal ARBS. ARBSs which reside near non-regulated genes could simply be
enhancer elements for other genes, or some of the ARBS were merely inactive.
Moreover, it is noted that there are AR-regulated genes with no ARBS nearby,

potentially due to long-distance chromatin looping.
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Figure 3.1: ARBSs reside in close proximity to AR-regulated genes in LNCaP cells.
AR-activated publicly available RNAseq (GSE64529) and AR ChIPseq (GSE83860)
demonstrated the ARBS in proximal AR-regulated genes.

3.2.2 FEwvaluation of AR-bound enhancers

To better demonstrate the enhancer activity in prostate cancer, we conducted a
massively multi-parallel enhancer assay [119] in LNCaP cells to test the activity of
clinical ARBS (Figure 3.2). These binding sites were selected from normal prostate
(N=7) or prostate cancer tissue samples (N=13) [206]. High confidence AR
ChIPseq peaks found in the majority of patients (>90%) were selected, including
those from only normal prostate (n=262), those found only in PCa (n=3225), and
those found in both (n=652). Known LNCaP enhancers were included as positive
controls (n=>500). Many regions in the genome contain a canonical ARE motif but
do not have AR binding. Due to their similarity in nucleotide composition, we
included those regions as a negative control (n=2783). To enrich our target sites,
we generated a custom Agilent DNA capture of biotinylated oligonucleotides,
which span 700bp per capture region. Using this, we captured these regions from
fragmented human male genomic DNA (500-700bp) and cloned them into a second
generation STARRseq vector [124]. Next, cloned constructs were electroporated
into LNCaP cells (3 biological replicates), and after 72 hours of androgen
deprivation, cells were treated either with EtOH or 10nM DHT for 4 hours. Total
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Figure 3.2: Overall scheme of AR STARRseq experiment. Overall scheme of AR
STARRseq experiment. Fragmented genomic DNA was captured by oligo beads specific
to the clinical ARBS, known LNCaP enhancers, and regions with ARE motif but no
AR binding. After cloning those regions to a STARR-seq plasmid which consists of a
minimal promoter that drives the expression of the putative enhancer region itself, they
are transfected to LNCaP cells. After EtOH/DHT treatment, RNA is isolated and sent
for sequencing.

RNA was isolated from these cells and used for library preparation with
cassette-specific primers. Samples were sequenced by the Illumina HiSeq4000
(150bp PE-end reads). Comparing the DNA input normalized DHT fold-change
over EtOH samples, we observed clear AR-dependent enhancer activity at the

known PSA/KLKS3 enhancer AREIII (Figure 3.3).
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Figure 3.3: KLK3 enhancer AREIII showed AR-inducible STARRseq signal.
Genomic track showing the STARRseq signal at the canonical AR enhancer upon DHT
treatment.

Intriguingly, we identified three categories of ARBS enhancer elements from this

reporter screen (Figure 3.4):

e Inducible enhancers: Elements that show increased activity when the AR

is present.

e Constitutively active enhancers: FElements that are always active

regardless of AR binding.

e Inactive enhancers: Elements that show no or minimal activity in the

presence or absence of AR.

From 4139 clinical ARBS tested, inducible enhancers (n=265) made up only 7% of
the regions tested ARBS. Inactive sites (n=3388) with minimal or no enhancer
activity made up the bulk of all the tested regions (81%). Finally, constitutively
active enhancers (n=465) showed enhancer activity independent from AR at 12%
of the ARBS tested. When we compared the RNA Polymerase II binding in those
regions, we noticed that inducible enhancers are enriched in RNA Polll binding in
the presence of AR. The constitutively active regions are always bound by RNA

Polll. Transcriptional activation is a good predictor of active enhancers. Therefore
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we compared the bidirectional enhancer RNA transcription from the three
enhancers classes (GROseq, GSE83860/GSE84432) and demonstrated that
STARRseq signals are correlated with eRNA production. Due to the high
frequency of H3K27ac throughout the genome, this histone mark is poorly
associated with our STARRseq results. >80% of enhancers called by H3K27ac
alone would be false positives. Altogether, these results provided higher resolution

characteristics than existing genomic signatures.

EtOH
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Figure 3.4: AR enhancer classes. STARRseq revealed three distinct classes of
enhancer cis-regulatory elements.

3.2.3 Inducible ARBSs

To better understand how AR-mediated enhancer activity impacts gene
transcription, we first concentrated on the inducible enhancers which are activated
upon androgen treatment. By calculating the distance between an ARBS to its
nearest AR-regulated gene and combining these distances into a cumulative
distribution function (CDF), we found that inducible ARBS are closer to an AR
upregulated gene than the inactive or constitutively active ARBS (Figure 3.5).

Subsequently, using the AR-mediated chromatin looping dataset from AR
ChIA-PET performed in VCaP, we characterized looping frequency from each
ARBS enhancer class to a gene promoter. We observed that more than 15% of the
inducible ARBS directly interact with an AR-upregulated gene which is
significantly higher than the other two ARBS (Student’s t-test, p-value <0.001,

Figure 3.6A). No significant enrichment was observed in down-regulated genes
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Figure 3.5: Inducible ARBS are more close to an AR upregulated gene.
Cumulative distribution function (CDF) shows that inducible enhancer elements tend to
be closer to the upregulated genes than the constitutively active or not active enhancers.

(Figure 3.6C). When we expanded looping targets to any genomic loci, we
observed that the number of loops from inducible ARBS is significantly greater
than inactive ARBS or constitutive enhancers (Student’s t-test, p-value <0.001,
Figure 3.6B). Breakdown of these AR-regulated chromatin loops showed that all
enhancer types have interactions with other genes and other ARBSs (Figure 3.7).

3.2.4 All three enhancer types are required for transcription

After annotating the different ARBS from STARRseq, we then functionally
characterize the effect of each ARBS enhancers class on gene transcription. In this,
we inactivated each region with a CRISPR-based transcriptional inhibition assay
(CRISPRi). This approach fuses an enzymatically inactive dCas9 with The
Kriippel associated box (KRAB) domain, a repressor effector protein that induces
heterochromatin formation. The dCas9-KRAB can be targeted to a specific
enhancer with gRNA, where it would bind DNA and form heterochromatin and
inactivate the target non-coding region. We created stably expressing
dCas9-KRAB LNCaP cell lines by lentiviral transduction. Cells were selected with

blasticidin, and dCas9 expression was validated by western blot (Figure 3.8).
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PET loops within their region compared to constitutive and inactive enhancers. (C) The
number of ARBS interacting with a downregulated gene upon AR activation is no more
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Figure 3.7: AR enhancers chromatin loop landscape. VCaP AR ChIA-PET
connections are overlapped with STARRseq annotated ARBS. All of the enhancer classes
have similar types of AR-mediated chromatin looping. They interact with other ARBS,
genes, and other targets in the genome.
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Figure 3.8: Western blot showing the LNCaP-dCas9-KRAB cell line
expressing the cassette.
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Figure 3.9: Timeline and material schematics of the CRISPRi experiments.
lug pooled gRNA were transfected into LNCaP cells and incubated for 2 days. After
antibiotic (puromycin) selection for 3 days, cells were treated with either EtOH or 1nM
DHT for 24 hours before they were collected for RNA extraction.

Following validation, we then optimized the CRISPRi system with a standardized
experimental timeline (Figure 3.9). Focusing on AR-mediated transcription, we
first designed gRNAs against the KLKSZ promoter and its enhancer, AREIIL.
gRNA  targeting  these regions  (100-250bp)  were  designed  with
CRISPR-SURF [253]. Changes in TMPRSS2 expression, an AR-regulated gene
found on a different chromosome, were assayed to determine non-specific activity.
With this, we observed a significant decrease in androgen-regulated KLKS3
expression when CRISPRi was targeted to either the KLK3 promoter or AREIII
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compared to the non-targeting control (p-value < 0.0001). All gRNAs tested did
not significantly impact TMPRSS2 expression. Further, we found no significant
change in CRISPRI activity with increasing plasmid DNA amounts (Figure 3.10).
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Figure 3.10: Optimization of the CRISPRIi experiments. Dose-independent
inhibition demonstrated only in target KLK3 but not in TMPRSS2. (3 biological
replicates, Two-way ANOVA, ns: p > 0.05, ****: p <= 0.0001)

Having established the CRISPRi methodology in LNCaP cells, we identified
several genes that possess different ARBS enhancer types (Figure 3.11). The
simplest of these was DBI, with only one inducible enhancer looped to its
promoter. Next, the canonical KLKS3 enhancer was found to have a strong
inducible enhancer (AREIII) and an upstream constitutive enhancer that loops
KLK3 and KLK?2 genes. Finallyy, FKBP5 and STEAPj contain a complex
mixture of inactive, constitutive, and induced AR enhancers. Of particular note,
the induced AR enhancer of STEAP/ is >2Mb from the TSS of the gene. To
determine if any of these targeted genes were essential for cell growth, we
compared these results to published genome-wide screens in LNCaP [276] and
detected that DBI is required for cell proliferation (Figure A.1).

We then systematically inhibited all annotated ARBS using CRISPRi to better
understand how the different AR enhancer classes drive transcription. Initially

focusing on KLK3, we used multiple gRNA (n=3) to inhibit either the upstream
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Figure 3.11: Genes selected for CRISPRI screen. 4 AR-regulated genes are selected
for various genomic properties.
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constitutive enhancer, the inducible AREIII enhancer, and also the gene promoter
(positive control). Similar to our optimization, inhibition of AREIII showed a
reduction in KLK3 gene expression.  Surprisingly, the constitutive ARBS
inhibition also resulted in KLKS3 expression reduction. This indicates a
co-operative action of two different enhancers for one gene (Figure 3.12A). Further,
we investigated an essential AR-regulated gene. DBI has a proximal ARBS where
only one inducible enhancer is thought to be responsible for its expression. When
targeted, gene expression is significantly reduced (Figure 3.12B).

Next, we targeted those ARBS that loop to the STEAP/ promoter. This includes
an intronic constitutive, inactive and inducible AR-enhancer located a considerable
distance from the STEAPJ gene at the primary sequence (inactive=1.4Mb,
inducible ARBS=2.0Mb) through chromosomal loop are brought in proximity with
the gene promoter. All ARBS enhancer classes, including the inducible, impaired
the STEAP/ gene expression (Figure 3.12C).

Finally, for FKBP5, we targeted 3 ARBS, including an intronic constitutively
active and inducible AR enhancer and an inactive ARBS near the TSS. (Figure
3.12D). FKBP5 gene expression is significantly reduced when both the inducible
and inactive were targeted. Although constitutive enhancer results are not
significant, there is evidence of co-operative enhancer action of inducible and
inactive enhancers. Overall these CRISPRI results suggest that all three enhancer
classes are required for gene expression.

To test this potential role of ARBSs, we analyzed the inducible enhancers and
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Figure 3.12: CRISPR-mediated enhancer activity inhibition. Showing that all
three enhancer types are required for gene expression. (3 biological replicates +/— SD;
Student’s t-test, ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 0.001)

their interaction partners and how they are working together to gene expression.
To do that, we compared the expression profile (upon AR activation) of two
subsets of AR-regulated genes: (1) genes that interact only with inducible
enhancers (inducible only), and (2) genes that are in contact with both inducible
enhancer and a constitutively active and/or inactive enhancer. We found that
inducible enhancers that are in contact with other types of ARBS enhancers result

in more transcriptional output than inducible enhancers alone (Figure 3.13).

3.2.5 ARBS chromatin accessibility associated with A R-activated cells

Having shown that AR enhancers work together to drive gene expression, we then
investigated how each AR enhancer class contributes to the chromatin profile
networks. Given that there is extensive evidence demonstrating that the AR

binding to DNA induces increased chromatin accessibility, we, therefore, performed
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Figure 3.13: Expressions of different ARBS-interacting genes. AR-regulated
genes that are in contact with only inducible enhancers which are in contact with other
ARBS (n=58) have more androgen-induced gene expression than genes regulated by only
inducible enhancers (n=102). (Student’s t-test, **: p <= 0.01)

single-cell ATACseq (scATACseq) using LNCaP cells in either AR-inactivated
(EtOH) or AR-activated (DHT) cell populations (Figure 3.14).

{ Number of | Total number of | Read pairs per cell | Read pairs mapped

Sampl . . > ;e Estimated duplicat

PR cells  readpairs " confidentlytogenome “=TM5C THPTERER
LNCaPDHT2000 | 6978 | 241,839,790 ~34,657 89.4% 32.3%
LNCaP EtOH 2000 8335 | 251,730,862 = ~30,201 89.3% 37.7%

Figure 3.14: scATACseq descriptive statistics. More than 7000 cells were processed
for ATACseq library preparation, and mapping efficiency was more than 89%.

With this scATACseq data, we created co-accessibility profiles for each PCa cell
using Cicero [143]. This analysis involves using accessibility information of all pairs
of open chromatin regions (Figure 3.15). By calculating the frequency of pair
accessibility, we can define co-accessible regions upon AR activation. Importantly,
these co-accessibility networks have been shown to strongly correlate with

chromatin looping [143].
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When comparing these two treatment arms, we observed a clear difference
between the AR-inactive and AR-active single cell populations in a Uniform

Manifold Approximation and Projection (UMAP) (Figure 3.16A).
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Figure 3.15: Co-accessibility analysis. The profile is calculated with the frequency
of pairs of open chromatin regions in each single cell.

Using these projections, we compared the chromatin accessibility profiles of all
ARBS classes. To calculate the enrichment of each peak set per single cell, we
calculated the deviation scores by chromVAR [261]. This analysis calculates a
z-score based on the difference between individual single cells and the average
expected bulk chromatin accessibility for a given sample. By calculating these
scores in projected cell populations, we showed that all three enhancer types’
chromatin accessibility profiles are associated with AR-activated cells (Figure
3.16B). Supporting these results, we observed that ARBS had increased
accessibility when bound by AR [277]. Using a pseudobulk ATACseq generated
from the aggregated single cell populations, we showed that all three enhancer

types had increased accessibility upon AR activation (Figure 3.17).
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Figure 3.16: Single cell projections of AR-active and AR-inactive samples.
(A) UMAP of the EtOH and DHT treated cells. (B) Deviation scores of ARBS enhancers
and random regions in the genome. This score calculates the likelihood of convergence of
the chromatin profiles of given regions to projected cell populations.
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Figure 3.17: All three types of enhancers are opening upon AR activation. The

different ARBS peak height of the aggregated ATACseq shows the AR-dependent opening
of the chromatin. (Student’s t-test, ns: p > 0.05, ***: p <= 0.001)
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3.2.6 All enhancer types are co-accessible with other ARBS upon AR

activation

With this scATACseq data, we then calculated the co-accessible ARBS with
annotated and non-tested ARBSs. In this, we found that all annotated ARBS had

increased co-accessibility with other ARBS upon AR activation (Figure 3.18).

EtOH DHT

Inactive

Inducible

Constitutive

5.0 25 0 25 50
# co-accessible ARBS per CRE

Figure 3.18: All three types of enhancers are co-accessible with other ARBS
Co-accessibility profiles of all 3 types of enhancers with other ARBSs.

Ehkk

Q
|
2.
0_
Inducible . I ’
Inactive °
Constitutive ® I °

Figure 3.19: Chromatin accessibility profiles of connected ARBSs. Co-accessible
ARBS enhancers that are connected via chromatin looping are calculated. (Student’s t-
test, ns: p > 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001)
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Combining pseudobulk chromatin accessibility profile with AR-mediated
chromatin looping data, we observed that AR-inducible regions frequently interact
and open together. These open regions interact with themselves higher than other
types of enhancers. Interestingly, the second-most interacting regions are the
inducible-inactive pair. These results suggest that inducible regions may act as a
regulatory hub of AR-mediated transcription while other types of enhancers are

also required for gene transcription (Figure 3.19).

3.3 Discussion

Upon activation by androgens, AR translocates into the nucleus and binds to
DNA, where it induces genes that are essential for PCa differentiation and growth.
Most of these genes are in proximity (+/- 100kb) with multiple ARBS. Although
these binding sites are reported in the genome mainly using ChIP assays, how
these regions act as enhancers and activate the gene expression is poorly
understood.

In this chapter, we systematically tested high-confidence clinical ARBS for their
enhancer activity using STARRseq. We identified three different classes of
enhancers (inducible, constitutive, inactive). When overlaying our enhancer
annotation with chromosomal looping data, we found that up-regulated genes are
significantly more likely to contact an induced than an inactive or constitutively
active AR enhancer. We did not observe any enrichment with downregulated genes
suggesting that the AR-mediated gene repression occurs through an indirect
mechanism. These findings are similar to what is observed with ER suggesting this
may be a common mechanism for nuclear receptor-mediated transcription [275].
However, while inducible enhancers may be critical to AR-mediated transcription,
this is not to say that inactive or constitutively enhancers have no role. When we
systematically inactivated different AR enhancer classes with CRISPRi, we
observed that inactive and constitutively active enhancers could be critical for
transcription.  Indeed, all three enhancer types were evolutionary conserved,

suggesting functional importance [57]. These results demonstrate an additional
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function at ARBS that is not directly related to canonical AR enhancer activity
but is still required for transcription. How this occurs is poorly understood.
Recent work using CRISPR paired gRNA deletions demonstrated that the
multiple binding sites of the ER can form both hierarchical and synergistic models
to induce enhancer-activated gene expression [278]. In brief, the hierarchical model
suggests a need for a primary TF motif-contained enhancer for stable gene
expression. If there is a secondary weak motif enhancer, this site will only activate
when the primary enhancer is active. In contrast, the synergistic model of ER
activity suggests a cooperative action of those multiple sites. Our AR enhancer
data cannot separate between these models but indicates that the ARBS enhancer
strength is an important feature that should be considered more than motif
strength. For example, the results with KLKS3 showed a co-operative regulation
with different classes of enhancers where an AR-independent enhancer loops to an
AR-inducible enhancer. Both enhancers are required for KLK3 gene expression,
although AR activates only one. In addition, the FKBP5 enhancers showed other
characteristics where an inactive enhancer contributed to gene expression as
significantly as an AR-inducible enhancer. This suggests a co-operative enhancer
mechanism where the non-inducible ARBS can play a crucial role in directing the
gene expression. These results indicate that inactive and constitutive enhancers
may be bound by additional but essential TF’s that are independent of AR. These
only contribute to transcription when AR binds DNA, and inducible enhancers act
as regulatory hubs. The minimally active ARBS are still vital since there is a
significant reduction in the gene expression without AR binding.

Overall our data suggest that multiple enhancer sites are required for stable gene

expression but surprisingly, not all those regions have to be inducible ARBS.
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Chapter 4

KLK LOCUS ENHANCERS

4.1 Introduction

One unexpected finding from our functional characterization of several AR-regulated
genes (Chapter 3) was the critical role of both inactive and constitutively active
ARBS in gene transcription. As AR binding does not impact the enhancer activity
in an in vitro enhancer assay, this suggests that different types of ARBS must work

in concert to drive gene transcription.
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Figure 4.1: The KLK locus. It consists of 15 KLK genes with 16 ARBS within the
AR-mediated chromatin loop domain.



Chapter 4: KLK locus enhancers 65

To further explore the complex transcription control of AR-mediated gene
expression, we focused on a single locus with multiple AR binding sites. We
selected the KLK locus as a model as there are 16 ARBS and 15 KLK genes
(Figure 4.1). This includes the well-characterized PSA/KLK3 enhancer AREIII,
which we termed ARBS2. Importantly, none of these were essential for LNCaP
growth in published DepMap data (Figure 4.2). Therefore any disruption to KLK

gene function will have no impact on LNCaP proliferation.
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Figure 4.2: LNCaP essentiality of KLK genes. In genome-wide CRISPR screens,
AR, RPL18 ribosomal protein (positive control), inducing, and AR-coregulator GRHL2
are essential for LNCaP proliferation. No KLK genes were required for growth. Produced
from DepMap 21Q4 Public [279]

4.2 Results

To better understand the genomic characteristics of how ARBS enhancers impact
KLK expression and, we integrated co-accessibility (scATACseq), AR-mediated
chromatin looping (ChIA-PET), and H3K27ac HiChIP to characterize the
chromatin looping between ARBS and the KLK genes (Figure 4.4). From this, we

observed two distinct groups of genes that are affected by chromatin openness,
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histone acetylation, and AR-mediated chromatin looping: KLK1, KLK2,
PSA/KLKS3, KLK}, KLK15 (subset 1: S1), and KLK5-1/ (subset 2: S2) gene sets

are separated by genomic locus. S1 regions of genes are also segregated from the

rest of the KLK gene locus (S2) with a CTCF binding site [249].
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Figure 4.3: Time course gene expression results of the entire KLK locus.
200.000 (seeded in 6-well plate) LNCaP cells are androgen deprived for 72 hours and
treated either with EtOH or 10nM DHT for 6 hours (3 biological replicates). KLK1-/
and KLK15 (S1) and KLK5-14 (S2) show distinct differential expression profiles upon AR
activation.

Although co-accessibility profiles of those two subsets are similar, S1 genes were
more frequently co-accessible with ARBS1, ARBS2/AREIII, and ARBS5, which is
higher than other ARBSs. Further, AR-mediated looping shows the enrichment in
the same S1 genes and ARBSs. Finally, H3K27ac marked chromatin looping
demonstrates that, broadly, only S1 genes are participating in this looping event.
This is supported by transcriptional data as only S1 genes are also upregulated by
their androgen treatment (Figure 4.3). Supporting these groupings, S1 genes have
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progressive androgen-dependent gene expression while S2 genes are not transcribed

in LNCaP cells.
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Figure 4.4: Genomic landscape of the KLK locus and ARBS. (A) Co-accessibility
profiles of KLK genes and ARBS. Number of ARBS, promoter, and other genomic sites
found in open chromatin with KLK ARBS. Distal regions are the regions other than
promoters or ARBS. (B) AR-mediated chromatin loops in KLK genes and ARBS. Number
of ARBS, promoter, and other genomic sites connected with KLK ARBS through AR-
mediated chromatin loops. (C) H3K27ac chromatin loops in KLK genes and ARBS.
Number of ARBS, promoter and other genomic sites connected with KLK ARBS through
AR-mediated chromatin loops.
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4.2.1 Locus-wide ARBS perturbation with CRISPR:

To further investigate ARBS enhancers, we applied CRISPRi to each ARBS
(n=16) in the KLK locus and quantified how they impacted gene expression

(n=15) across numerous biological replicas (n=6) (Figure 4.5).
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Figure 4.5: Heatmap showing the CRISPRIi for the KLK locus. 6 biological
replicates were targeting each ARBS in KLK locus with dCas9-KRAB in LNCaP cells.
(normalized to non-targeting gRNA). Top: KLK gene expression in LNCaP cells upon
10nM DHT treatment for 4 hours.

CRISPRI inhibition of each ARBS revealed a significant cluster of genes affected
by a group of ARBSs that interact via chromatin loops and reside in close
proximity (Figure 4.6). This cluster consists of ARBS1 to ARBS5 (ARBS4 is the
KLK?2 promoter — not included), and the genes affected by it are KLK, KLK2,
PSA/KLK3, KLK15. To note, KLK4 was not affected by any individual ARBS.

From this, we observed that inducible enhancer ARBS2/AREIIl had a more
significant impact on PSA/KLK3 and KLK2 gene expressions than either
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constitutive (ARBS1) or inactive enhancers (ARBS3).  Nevertheless, when
inhibited, the inactive enhancer ARBS3 also affected the gene expression of KLK,
KLK2, PSA/KLKS3, and KLK15. The decrease in PSA/KLK3 and KLK2 gene
expression, in the absence of ARBS2/AREIII and ARBS3 (KLK2 AREI), was

previously published using mouse models [280].
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Figure 4.6: CRISPRI targeting ARBS and selected KLK gene expression. KLK,
KLK15, PSA/KLKS3, and KLK2 gene expression decreased significantly after proximal
ARBS perturbation. NT: non-targeting gRNA (3 biological replicates, Student’s t-test, *:

p < 0.05, **: p <= 0.01).

4.2.2 CTCF loss and KLK gene expression

The S1 region in the genome comprises 70kb and is protected by two flanking
CTCF binding sites. Given their role in both E-P and TAD looping, we, therefore,
interrogated whether these CTCF binding sites affect the expression of genes that
are either inside (PSA/KLK3 and KLKZ2) or outside (KLK and KLK15) of these
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two CTCF binding sites. After targeting gRNAs (n=3) to the upstream (5’) and
downstream (3’) CTCF binding sites, we found no significant impact of these on
the gene expression (Figure 4.7). Several studies demonstrated CTCF-loss has
mixed effects on gene expression [281,282]. A recent report revealed that the S2
genes are activated when the CTCF binding site between S1 and S2 KLK gene
locus is disrupted [249]. This may suggest that CTCF binding site functionality is
specific to transcriptional networks. Further investigation of the AR occupancy
upon the CTCF boundary mentioned above and the effect of the other CTCF
binding sites are required to delineate the CTCF and AR binding with KLK gene

activation.
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Figure 4.7: CRISPRI targeting CTCF binding sites in KLK locus. NT: non-
targeting gRNA, 5: upstream CTCF binding site, 3: downstream CTCF binding site,
5+3: both sites are targeted with CRISPRi. (3 biological replicates +/— SD; Student’s
t-test, ns: p > 0.05)
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4.2.3 AR-mediated chromatin looping in PSA/KLK3 and KLK2

As ARBS2/AREIII was found to control the gene expression of both PSA/KLKS3
and KLK2, we quantified the interactions with this enhancer and gene promoters
with 3C. To do this, we conducted a 3C assay from ARBS2/AREIII to PSA/KLK3
and KLK2 gene promoters (Figure 4.8). Similar to previous work, we observed that
the ARBS2-KLK2 chromatin loop had increased frequency when treated with AR
[228]. Similarly, PSA/KLKS3 gene promoters have an increased interaction frequency
upon AR activation, demonstrating the AREIII-KLK3 chromatin looping.
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Figure 4.8: ARBS loops to KLK genes in LNCaP cells. LNCaP cells are
androgen-deprived for 3(A) AREIII-KLK3 and (B) AREIII-KLKZ2 interactions. 3C-qPCR.
Reproduced from [228].

4.2.4 S1 gene locus and ARBS

In the previous chapter, we reported that inducible enhancers are significantly

more connected to any genomic target than other enhancer classes. Supporting
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this, in the KLK locus, the inducible enhancers ARBS2/AREIIl and ARBS5 had
more AR-mediated chromatin loops to cis-regulatory elements, including and gene

promoters, than ARBS1, ARBS3, and ARBS4 (Figure 4.9).
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Figure 4.9: AR-mediated chromatin loops of selected KLK ARBS. All ARBS
are connected to other ARBS and other KLK genes via AR-mediated chromatin looping.
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Figure 4.10: ARBSs express eRNA. LNCaP cells are androgen starved for 72 hours,
and upon 10nM DHT treatment for different time points, eRNA was quantified with
qPCR.

Almost  all enhancer elements transcribe either polyadenylated or
non-polyadenylated eRNA. We, therefore, quantified the eRNA expression from
ARBSI1-5 by gPCR. Other than ARBS3 (inactive), all ARBS were found to
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produce RNA following AR binding (Figure 4.10).

Using our selected ARBS, we demonstrated that, although there is a similarity in
AR binding site motifs at promoters of PSA/KLK3 and KLK2 genes, there were
no apparent differences between enhancer types (Figure 4.11). This supports both
previous reports and our general observation that more than >50% of ARBS do

not contain ARE motif [283].

Canonical ARE motif ~ AGAACAnNnn TGTTCT
ARBS2 (AREII) GGAACAtat TGTATC
KLK3 promoter (AREI) AGAACA gca AGTGCT

KLK2 promoter (ARBS4) GGAACA gca AGTGCT

Figure 4.11: PSA/KLK3 and KLK2 gene promoters, enhancers, and core
motif sequences. Although two enhancers (ARBS2/AREIII and ARBS3) are bound
by AR and motifs are similar, they are of different enhancers (inducible and inactive,
respectively).
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Figure 4.12: Co-accessibility profile of KLK ARBS1-5. scATACseq revealed that
S1 KLK ARBS are opening upon AR activation.

Active enhancers reside in open chromatin regions. To show the collective
activation of the ARBS1-5, we used scATACseq co-accessibility profiles. Indeed,
except, ARBS3 and ARBS4, all other ARBS became co-accessible upon activation
(Figure 4.12).
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4.2.5 Enhancer rewiring

Previous work has demonstrated that ARBS2/AREIIl has two gene targets:
PSA/KLK3 and KLK2 [228]. This targeting is through enhancer-promoter
chromatin looping potentially mediated by eRNA transcription. Supporting these
results, we observed that when ARBS2/AREIII was inactivated with CRISPRIi,
both PSA/KLK3 and KLK2 showed a significant decrease in AR-mediated
transcription (Figure 4.10). Interestingly, when we targeted the PSA/KLKS3
promoter with CRISPRi, we observed a significant decrease of PSA/KLKS3 and an
unexpected increase in KLK?2 transcription. This may be enhancer rewiring, a
recently described phenomenon that occurs when a target promoter is disrupted,
leading the enhancer to have increased activity with a different promoter [284]

(Figure 4.13).
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Figure 4.13: Enhancer rewiring in KLK locus. KLK?2 and PSA/KLK3 gene
expression upon the inhibition of their enhancers. (3 biological replicates, Student’s t-
test, *: p < 0.05, **: p <= 0.01, ***: p <= 0.001)



Chapter 4: KLK locus enhancers 75

4.2.6 Enhancer-null cells phenocopied the decrease in enhancer-linked

gene eazpression

In our previous work, we transiently transfected gRNAs into LNCaP-dCas9

expressing cells to capture the effect of the ARBS. To ensure this was not an
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Figure 4.14: Indel validation of the ARBS-null cells. (A) ARBSI indel in
LNCaP KO cells. TIDE algorithm [285] was used to analyze Sanger sequencing data. It
revealed the 40bp indel in ARBS1. (B) ARBS2/AREIII indel in LNCaP KO cells. Sanger
sequencing revealed that single-cell clone 3 has 14bp deletion around the AR motif. (C)
ARBS5 indel in LNCaP KO cells. CHOPCHOP [252] was used to analyze PCR amplicon
sequencing data. It revealed the 60bp homozygous indel in ARBS5.

assay-specific artifact and allow detailed characterization, we created single-cell

knock-out (KO) clones for ARBS1, ARBS2/AREIIl, and ARBS5 with
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CRISPR/Cas9. We chose these ARBSs because they contain both inducible and
constitutive enhancers and profoundly impact KLK gene expression (Figure 4.6).
After gRNA and Cas9 transfection to LNCaP cells, we grew single-cell clones from
the antibiotic selected population using limiting dilution. As CRISPR-mediated
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Figure 4.15: ARBS-null cells showing the decreased gene expression. (A)
ARBSI1-null cells KLK gene expression compared to the WT LNCaP (B) ARBS2-null
single-cell clones cells KLK gene expression compared to the WT LNCaP (C) ARBS5-
null cells KLK gene expression compared to the WT LNCaP. (3 biological replicates +/—
SD; Student’s t-test, ns: p > 0.05, **: p <= 0.01, ***: p <= 0.001)

indel formation is dependent on gRNA design, gene target, and cell karyotype, we
tested an average of 20 single-cell clones per genomic to ensure the cells contained
a homozygous deletion. These clones were then validated by Sanger and/or

high-throughput sequencing to confirm the presence of an indel at the target
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ARBS (Figure 4.14). From this, we generated homozygous deletions of all targeted
ARBS in LNCaP. Using gRNAs targeting ARBS1 (n=3), we generated
ARBS1-null cells, which contain a 40bp deletion within the target site (Figure
4.13A). We next generated ARBS2/AREIII-null cells by targeting the AR-motif
multiple gRNAs (n=2). Out of four isolated ARBS2/AREIII-null cells, single-cell
clone 3 (SCC3) was selected after Sanger sequencing revealed a 4bp indel around
those two target sites (Figure 4.13B). ARBS5-null cell line were validated with
high-throughput PCR amplicon sequencing and found to contain a 60bp
homozygous indel (Figure 4.13C).

In concordance with the dCas9-KRAB inhibition, ARBS1 disruption decreased
KLK1, KLK2, PSA/KLK3 gene expression while KLK15 remained unaffected
(Figure 4.15A). ARBS2/AREIII-null LNCaP cells showed decreased PSA/KLKS3
gene expression (Figure 4.15B). ARBS5-null cell KLK gene expression profile
aligns with the KLK locus-wide CRISPRI screen where KLK1 and KLK15 are less

expressed while other remains not significantly changed (Figure 4.15C).

4.2.7 Loss of ARBS affects AR binding in both target genes and
nearby ARBS

Based on our earlier findings, we hypothesized that KLK1, KLK15, PSA/KLKS,
and KLK2 transcriptional regulation is tightly connected via chromatin looping of
common enhancers. To determine how AR binding in this locus is impacted
following ARBS disruption, we conducted AR ChIP-qPCR in each ARBS-null cell
line. Using constitutive ARBS1-null and inducible ARBS2-null cells, we compared
the AR binding upon DHT treatment with wild-type (WT) LNCaP cells at both
ARBS2/AREIII and the KLK2 promoter.

Disruption of the ARBS1 and ARBS2/AREIII resulted in a significant decrease in
AR occupancy in the KLK2 promoter. Surprisingly, we observed that AR binding
around the ARBS1 region was also reduced upon ARBS2/AREIII disruption
(Figure 4.16A). To investigate this phenomenon, we tested ARBS5-null cells to
characterize the AR binding throughout the selected locus. Indeed, ARBSH
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disruption resulted in a significant decrease in AR binding in all other ARBS
(Figure 4.16B). Although there is a significant decrease in AR binding through
ARBS1-5, only KLK1 and KLK15 gene expressions are affected. This suggests
that this closed (S1) transcriptional network may have a compensation mechanism
where ARBSs are interchangeable throughout the S1 genes. More insights on the

3D conformation of this S1 locus are required to explain the complex

enhancer-promoter arrangements.
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Figure 4.16: AR binding depends on other ARBS. (A) ARBS and KLK2 gene
promoter AR occupancy upon ARBS1 disruption (AREIII=ARBS2). (B) ARBS AR
occupancy upon ARBS5 disruption. (3 biological replicates SD; (A) ANOVA and (B)
Student’s t-test, *: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****: p <= 0.0001)

Overall, this phenotype suggests that different enhancers cooperatively work
together to drive gene expression, and enhancer-binding requires mutual AR

occupancy in the same transcriptional network.

4.3 Discussion

In this chapter, we systematically inhibited all ARBS in the KLK locus using
CRISPRi. From this, we focused on a subset of AR-activated 5 KLK genes
(KLK1-3 and KLK15) within the S1 cluster. Since the KLK locus most likely
arose through gene duplications, it is plausible that the expression of each KLK

gene is regulated separately by conserved regulatory elements. However, because of
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the very same reason, they might have shared regulatory elements that form a
unique transcriptional complex. The close proximity of the KLK1-/ and KLK15
supports this hypothesis that duplications occur exclusively on the gene side, and
enhancers rapidly evolve to control those duplicated genes. We showed that
PSA/KLKS3 and KLK2 share the same ARBS1 and ARBS2/AREIII enhancers via
chromatin looping. Upon inactivation of PSA/KLKS3, we observed enhancer
rewiring that directs ARBS2/AREIIl from PSA/KLKS3 promoter to KLK2,
increasing the KLK2 transcriptional output. Using ARBS-null stable cell lines, we
measured the AR occupancy in other KLK ARBS. ARBSI1 perturbation causes a
significant decrease in nearby ARBS2/AREIII AR occupancy. As a side note, like
ARBS2, the effect of transcribed ARBS enhancer RNAs on KLK gene expression
remains to be interrogated. Similarly, ARBS5 inhibition resulted in a decrease in
AR occupancy in all ARBS found in the same transcriptional complex. However,
gene expression of 5 KLK genes upon ARBS5 knockout is more complex. Both
KLK1 and KLK15 gene expression levels strongly correlate with the initial
CRISPRI screen. However, although we see a decrease in AR binding in ARBS4
(which is the promoter of KLK2) and ARBS1, ARBS2/AREIII (enhancers that
control the expression PSA/KLK3 and KLK2), we did not see a significant
decrease in their gene expression.  This result suggests that a secondary
compensation mechanism can sustain the gene expression of these specific genes.
There is a possibility that upon disruption of the ARBSs, this transcriptional
complex that consists of 4 genes and 5 ARBSs could be disrupted, and other KLK
ARBS can re-target themselves to recover the activation of the genes. Combining
CRISPRi and CRISPR/Cas9 mediated perturbations, we report the KLK genes
that are regulated by proximal and looped ARBSs (Table 4.1).

A recent study demonstrated that S1 KLK genes (KLKI1-4 and KLK15) are
expressed upon AR activation while S2 (KLK5-14) genes are inactive in LNCaP
cells [249]. When the boundary CTCF is deleted, S2 genes become active while the
whole KLK locus is inactive upon AR activation. We used the same reasoning and

targeted the CTCF sites that cover the ARBS1-5 and checked the gene expression
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Table 4.1: ARBS and their KLK S1 gene targets.

ARBS1 | ARBS2 | ARBS3 | ARBS4 | ARBS5
KLK1 + + + - -
KLK15 + + - -
PSA/KLK3 | + + — - -
KLK2 + + + + -

of the genes located inside (PSA/KLK3, KLK2) and outside (KLK1, KLK15) of
the two CTCF binding sites and. There was no significant expression change of the
S1 genes, suggesting that not all CTCF sites are functional throughout the locus.
This chapter demonstrates that using the KLK locus as a model, genes share
ARBS enhancer elements, and AR binding is dependent on other proximal or
interacting ARBS. The observed enhancer re-targeting, AR-mediated chromatin
loops, multiple AR enhancers for each gene overall suggest a co-operative action of

AR-mediated gene transcription.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 Conclusions

In this thesis, we interrogated how AR drives gene expression through enhancer
activity at ARBS. Previous work demonstrated that AR-mediated transcription is
induced by distal regulatory enhancer elements that loop to gene promoters to
control gene expression by [286,287]. Given that the majority of AR up-regulated
genes are in close proximity with multiple ARBS, it is unclear how each binding
site contributes to transcription.

To characterize the activity of each ARBS we functionally tested all clinical AR
binding sites with a massively multi-parallel enhancer assay to create the first map
of AR transcriptional activity. From this we identified three different classes of AR
enhancers: inducible AR-driven enhancers, constitutive enhancers that are not
impacted by AR binding, and inactive minimally active enhancers sites.
AR-inducible enhancers were commonly found near AR-regulated genes and
frequently interacted with gene promoters via AR-mediated chromatin looping.
We observed that upon DHT treatment, inducible enhancers increase looping to
other CREs significantly more than other ARBS. From these results we
hypothesized that AR-inducible enhancers act as a regulatory hub that cooperates
with other ARBS and CREs to drive transcription.

Yet despite the critical role of inducible AR enhancers, further characterization
revealed that all classes of ARBS were required for gene transcription. While the
exact role of inactive and constitutive enhancers is an active area of research, our
results provide insights into potential mechanisms. Conceivably, these ARBS may

simply regulate the expression of alternative gene targets [288]. However, this



Chapter 5: Conclusions and future directions 82

seems unlikely as we demonstrated that both constitutively and inactive ARBS are
required for AR-driven gene expression. This suggests a secondary role of these
enhancers. In transcriptional networks, the DNA binding of a given transcription
factor might depend on a second transcription factor to stabilize the interaction.
For instance, multiple transcription factors could be bound to a constitutive
enhancer in the absence of AR but only selectively activate AR-mediated gene
transcription upon binding through induced looping.  Alternatively, inactive
ARBSs identified by ChIPseq could be shadow peaks. To identify TF binding,
ChIP relies on proximal crosslinking [289]. If an ARBS is in physical contact
through chromatin looping with a non-AR bound CRE it could potentially
crosslink the AR to both the true-positive (ARBS) and false-positive (CRE)
binding site. Alternatively, given that STARRseq is an episomal reporter assay
that only tests a single region, AR potentially may not bind to these plasmids
because of the absence of a chromosomal looping or the local concentration of a
specific transcription factor Supporting this, we observed in the KLK locus that
AR binding at inactive enhancers was dependent on looped AR inducible
enhancers.  Further studies are needed to delineate the role of inactive or
constitutively active AR enhancers in PCa.

Having identified these different AR enhancer classes, we focused on the KLK gene
locus to better understand how AR binding impacts transcription. We
systematically inhibited all ARBS and found that most binding sites do not
impact KLK gene transcription. However, we identified several ARBS, including 2
inducible, 1 inactive, and 1 constitutive enhancer, that specifically impact the gene
expression of the S1 cluster of KLK genes. In these, ARBS2/AREIII regulates
KLK3 and KLK2 expression by chromatin looping. We showed that in the absence
of the target KLK3 promoter, the ARBS2/AREIII enhancer rewires to increase
KLK2 transcriptional output. Further when we inactivated the inducible
enhancers ARBS5 there was a significant decrease in AR binding at sites within
the regulatory network. Shared regulatory control is a commonly observed

phenomenon in genetics, as many genes are activated in such a way [290]. Selective
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pressure may lead to diverging control mechanisms where there are multiple
regulatory regions that establish stable gene activation. In support of this, we
show that AR binding can depend on other ARBS in the same transcriptional
network to either stabilize or initiate the DNA interaction. Our data suggests that
KLK genes must share ARBS enhancers to synergistically induce transcription.

Altogether, this work provides a comprehensive enhancer annotation of all clinical
ARBS and provides fundamental insights of how AR-mediated enhancers drive

transcription.

5.2 Future directions

This work has raised numerous questions for further studies. Our CRISPRi
experiments demonstrated that all three types of enhancers are required for gene
transcription. However, as this has only been studied on a handful of genomic
regions, it is unclear if this is unique to the specific genetic loci or a universal
feature of nuclear receptor signaling. Large-scale data is needed to understand this
critical signaling pathway. Recently, single cell technologies have grown from its
infancy and become a much more reliable set of technologies. To be able to
interrogate a certain modality in a single cell while doing the perturbation and
maintaining the information, it is possible to understand AR and its action of gene
activation using different cell line models. Unlike the low-throughput methods
such as individual CRISPR inhibition of the specific genes and ARBS, high
throughput CRISPR/dCas9-KRAB assays combined with single-cell RNA-seq
could be used to identify key ARBSs that affect the most important AR-regulated
genes. Furthermore, a novel method can be implemented which involves using
STARRseq in single-cell resolution.  Coupling with CRISPR perturbations,
enhancer activation can be inhibited and the whole transcriptome can be measured
upon that change. By doing that for selected AR binding sites in the genome, it is
possible to assess enhancer-promoter connectivity and direct effect of an enhancer
to a particular gene expression. Furthermore, chromatin accessibility difference can

be measured in the genome upon a particular enhancer being inhibited.
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H3K27ac histone mark and chromatin looping are considered important markers of
enhancers. Other than functional testing, using KO cell lines, 4C-seq to provide
the landscape of the looping and H3K27ac ChIP-seq of all ARBS investigated in
KLK locus could be performed. With this, it is possible to test whether enhancer
action requires certain histone marks or chromatin looping. using a recently
reported CTCF binding site that affects the expression of S2 genes [248] and
combining this with our STARRseq annotated enhancers, using a CTCF binding
site-null LNCaP cell line, AR occupancy alterations could be determined. With
that, S2 gene reactivation via AR binding could be investigated. Finally, to
expand the KLK gene locus example, other AR-regulated genes (such as STEAP/)

could be used to investigate enhancer rewiring and change in the AR occupancy.
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Figure A.2: eGFP knock-in PCR validation. PCRs showing the successful eGFP
integration in exon 4 of the PSA/KLKS3 gene. B5, D11, E4 and F5 are the single clones
that selected for validation.
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Figure A.3: eGFP signal upon DHT treatment. D11, B5 and F5 single clones are
androgen starved for 72 hours and induced with 10nM DHT for 6 hours and then processed
for imaging and flow cytometry.
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Figure A.4: eGFP protein expression upon DHT treatment. D11, B5 and F5

single clones are androgen starved for 72 hours and induced with 10nM DHT for 6 hours
and then processed for GFP and PSA/KLK3 western blot.
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Figure A.6: Paired gRNA efficiency reporter assay. 293T cells are transfected
with single gRNAs (sgA, sgA2), paired gRNA (pgA) targeting the same location of the
paired-reported cassette. Cre was used as a positive control in both Zsgreen plasmid and
paired-guide reporter plasmids which has LoxP-stop-LoxP cassette.
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Figure A.7: Flow cytometry results for paired gRINA efficiency stable cell line
LNCaP cells were transduced with eGFP reporter cassette in low MOI and selected with
puromycin. (a) Flow cytometry of eGFP reporter cassette upon targeting with both single
or paired gRNA. Cre was used for positive control. (b) Quantification of eGFP from flow
cytometry in different time points upon transfection with shown plasmids.
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Figure A.8: Increasing deletion efficiency with DNA-repair inhibitors. DNA
inhibitors are used to inhibit rapid DNA repair to increase the chance of simultaneous

double-stranded break.

Table A.1: DNA-repair pathway inhibitors

Pathway | Compound | Target
NHEJ SCR7 Ligase IV

Ku-0060648 | DNA-PK & PI3K

L189 DNA ligases I, I, and IV
HDR YU238259 HDR

AZD 7762 CHK1 & CHK2

RI-2 RAD51
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