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ABSTRACT 

 

Analysis of Enhancer Activity Changes in Late-Stage Prostate Cancer 

Sıla Akdoğan 

Master of Science in Molecular Biology and Genetics 

July 7, 2025 

 

Prostate cancer is one of the most common cancer types in Turkish men. At nearly all stages 
of the disease, the androgen receptor (AR) is the main driver of initiation and growth. When 
activated, the AR binds to enhancer cis-regulatory elements and induces gene expression 
through chromatin loops that connect enhancers with target promoters. Given its critical 
function, targeting AR activity is the standard of care to treat metastatic or recurrent prostate 
cancer. While treatment is initially effective, resistance inevitably occurs. Yet even in these 
resistant tumors, AR remains the critical driver of proliferation in the vast majority of 
patients. There is increasing evidence that alterations to enhancer regulatory elements, either 
through cistrome reprogramming or somatic mutations, can act as acquired drivers of 
resistance. While both chromatin looping and AR’s transcription factor function play an 
important role in enhancer activity, the extent of their contribution is not fully understood. In 
this work, we hypothesize that resistance in late-stage prostate cancer is driven by alterations 
in enhancer activity. Enhancer activity can be influenced by both changes in transcription 
factor activity and alterations in enhancer-promoter interactions. To investigate the changes 
in transcription factor activity, we functionally characterized the enhancer activity of a 
constitutively active AR splice variant using a massively parallel reporter assay. 
Unexpectedly we found that ARv7, a variant linked with resistance in clinical disease, 
repressed enhancer activity of AR.  Next, we integrated the chromatin looping data from 
models of distinct stages of prostate cancer and identified significant changes in enhancer-
promoter interactions in later stages of the disease. We detected new enhancer-promoter 
interactions in the late-stage model that are absent in the early-stage counterpart. This 
suggests that new chromatin interactions can change enhancer activity and may potentially 
contribute to resistance in late-stage prostate cancer. These results highlight the complex 
interplay between AR and chromatin organization, shedding light on novel mechanisms 
driving late-stage prostate cancer. 
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ÖZETÇE 

 

İleri Evre Prostat Kanserinde Hızlandırıcı Aktivitesi Değişimlerinin Analizi 

Sıla Akdoğan 

Moleküler Biyoloji ve Genetik, Yüksek Lisans 

7 Temmuz 2025 

 

Prostat kanseri, Türkiye’de erkeklerde görülen en yaygın kanser türüdür. Hastalığın her 
evresinde, androjen reseptörü (AR), hastalık başlangıcı ve ilerlemesinde öncü etkendir. AR, 
aktif halinde, cis-düzenleyici elemanlara bağlanarak, hızlandırıcı-promotörler arasındaki 3 
boyutlu kromatin interaksiyonları aracılığıyla gen ifadesine etkide bulunur. Bu kritik işlevi 
göz önüne alındığında, metastatik ve tekrarlayan prostat kanseri karşısında AR’ı hedef alan 
tedaviler yaygın bir şekilde uygulanır. Bu tedaviler başlangıçta etkili olsa da, hastalar 
genellikle tedaviye karşı direnç geliştirir. Direnç geliştiği durumlarda bile, hastaların 
çoğunda AR kritik işlevini ve tümör büyümesindeki etkisini korur. Sistrom yeniden 
programlanması ve/veya somatik mutasyonlar sonucu hızlandırıcı düzenleyici 
elementlerdeki değişimler, bu direncin oluşumuna katkıda bulunur. Kromatin 
interaksiyonları ve AR’ın transkripsiyon faktörü işlevleri, hızlandırıcı aktivitesinde büyük 
rol oynar. Ancak, bu faktörlerin katkısı henüz tam olarak anlaşılabilmiş değildir. Bu tezde 
hipotezimiz, ileri evre prostat kanserinde oluşan direncin, hızlandırıcı aktivitesindeki 
değişimlere bağlı olduğudur. Hızlandırıcı aktivitesi, transkripsiyon faktörü aktivitesi ve 
hızlandırıcı-promotör interaksiyonları tarafından etkilenebilir. Transkripsiyon 
faktörlerindeki değişimin etkisini anlamak amacıyla, bir AR varyantı olan ARv7’nın sebep 
olduğu hızlandırıcı aktivitesini analiz ettik. Beklenmedik bir şekilde, daha önce hastalarda 
tedavi direnciyle işilkili olduğu gösterilmiş ARv7’nın, normal AR aktivitesini baskıladığını 
gördük. Bir sonraki adımda, prostat kanserinin erken ve ileri evrelerini temsil eden iki farklı 
hücre hattından elde edilmiş kromatin interaksiyon verisini analiz ettik. Analiz sonucunda 
erken ve ileri evreler arasında büyük interaksiyon farkları tespit ettik. İleri evrede, erken evre 
hücre hattında bulunmayan yeni hızlandırıcı-promotör interaksiyonları keşfettik. Ulaştığımız 
bu sonuçlar, yeni kromatin interaksiyonlarının hızlandırıcı aktivitesine olan etkisini ve bu 
etkinin tedaviye direnç gelişimine olası katkısını destekler niteliktedir. Hep birlikte ele 
alındığında sonuçlarımız, AR ve kromatin organizasyonu arasındaki karmaşık ve hassas 
dengeyi açığa çıkararak, ileri evre prostat kanserinin arkasındaki olası özgün mekanizmalara 
ışık tutmaktadır. 
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Chapter 1 

INTRODUCTION 

 

 

1.1 Prostate Cancer Progression 

 

Prostate cancer (PCa) is the most common cancer type in Turkish men and is one of the 

leading causes of cancer-associated deaths [1]. The age of diagnosis depends on accessibility 

of healthcare services [2]. A 2009 study done in Türkiye explains that PCa was the fifth most 

common cancer type in Izmir between the years 1993 and 1997 [3]. In a broader and more 

recent study from Türkiye, median diagnosis age of PCa is reported as 68 [4]. 

PCa has distinct stages (Figure 1.1) with a disease burden that can be classified as local or 

metastatic. In parallel, the hormone sensitivity of PCa changes as it progresses. PCa 

progression is dependent on androgen signaling at early stages whereas in most cases, 

hormone insensitivity develops [5]. Hormone sensitivity status of PCa is a key determinant 

in treatment decisions for patients [1]. It is very important for researchers to understand the 

mechanisms behind hormone insensitivity i.e., castration resistance in order to develop 

potential novel therapies. 
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Figure 1.1: General course of prostate cancer progression with androgen dependence, 
disease burden and symptoms (Source: [6]). 
 

1.1.1 Early-Stage Prostate Cancer and Hormone Sensitivity 

In early-stage PCa, the tumor is generally localized within the prostate gland and dependent 

on hormone signaling via androgen receptor (AR). If the tumor is not metastasized, local 

therapies such as surgery or radiotherapy can be curative [7]. However, if the disease is 

metastasized, other therapies are applied. Since tumor growth and PCa progression are 

androgen dependent, androgen deprivation therapy (ADT) is preferred for patients with 

recurrent and metastatic PCa [8]. While tumor size and growth rate decrease with ADT, this 

response is temporary, and the disease will eventually advance into castration-resistant 

prostate cancer (CRPC) where androgen deprivation is no longer able to regress PCa 

progression [5]. 

 

1.1.2 Late-Stage Prostate Cancer and Castration Resistance 

Even following the progression to CRPC, tumor growth and disease progression is dependent 

on AR signaling for most patients. However, these tumors are resistant to androgen 

deprivation therapies and continue to grow even with castrate levels of androgens. 

Unfortunately, there are no fully curative therapies for CRPC yet [5]. Several mechanisms 

related to AR signaling in CRPC have been proposed including AR overexpression, elevated 

AR co-regulator expression and intratumoural hormone production [5]. One major factor 
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contributing to progression into CRPC is the presence of androgen receptor splice variants 

[9]. 

 

1.2  Role of Androgen Receptor in Prostate Cancer 

 

Androgen receptor is a ligand-activated nuclear receptor that is activated following ligand 

binding [10]. The AR gene is composed of 8 exons and is located on chromosome X. The AR 

protein has three main functional domains including the N-terminal domain (NTD), DNA-

binding domain (DBD), and ligand-binding domain (LBD) [10]. The DBD is responsible for 

direct DNA binding of AR [10]. LBD is where ligand binding occurs by the androgens, such 

as testosterone and 5α-dihydrotestosterone (DHT) [10, 11].  

 

1.2.1 Androgen Receptor’s Transcription Factor Role 

AR is a transcription factor (TF) and is involved in transcriptional regulation of target genes 

[10]. In healthy prostate tissue, activation of AR allows development of reproductive and 

secondary sexual characteristics, and differentiation in males. However, AR-mediated 

transcription dramatically changes in PCa and causes tumor growth and proliferation Hence, 

AR’s TF activity is heavily studied in the context of PCa progression [12].  

Androgen receptor in its inactive form resides in cell cytoplasm. When testosterone uptake 

occurs in the cell, it is reduced to DHT and binds to the LBD of AR to activate it. Upon 

activation, AR translocates into the nucleus, dimerizes and binds to AR-binding sites (ARBS) 

on DNA. Following DNA binding, AR recruits other TFs, RNA polymerase II, co-activators, 

and chromatin modifier proteins to the ARBS [13, 14]. This current model can also be seen 

in Figure 1.2. AR-binding sites correspond to non-coding regulatory enhancer regions on 

DNA [14]. Enhancers interact with AR target gene promoters via chromatin looping [14]. 

Through this process, AR performs its transcription factor role, leading to transcriptional 

regulation of its target genes. 
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Figure 1.2: Androgen receptor’s transcription factor activity, current model (Source: [13]). 
 

1.2.2 Androgen Receptor Splice Variant 7 

Alternative splicing events result in expression of androgen receptor splice variants that lack 

an LBD. These truncated AR variants are ligand-independent and constitutively active even 

under castration conditions [15]. Presence of AR splice variants strongly correlates with 

progression to CRPC. Among these, androgen receptor splice variant 7 (ARv7) is the most 

common AR splice variant found in CRPC cases [5].  

ARv7 protein has the NTD and DBD in common with the full-length AR (flAR). But it lacks 

the hinge region (H) and the ligand-binding domain [15]. Instead, ARv7 utilizes a cryptic 

exon (CE3) right after the DBD that includes a nuclear localization signal (Figure 1.3). ARv7 

is still able to bind to DNA since the DBD is conserved. Consequently, ARv7 is proposed to 

induce transcription independent of androgen activation. Therefore, target gene expression 

can potentially be carried out even in the presence of ADT by ARv7 (Figure 1.4) [5]. 

Research has been and is being done on the details about ARv7 and whether its function is 

independent of flAR or whether its binding sites differ vastly from known ARBS [15]. 

Clinical studies show that there is an association between the presence of ARv7 in circulating 

tumor cells and resistance to AR signaling pathway inhibitor therapies which are employed 

in patients with metastatic PCa [16]. Also, ARv7 expression is higher in CRPC cases, 

compared to primary PCa [17]. Lastly, presence of ARv7 is correlated with poor prognosis 

and lower survival rates in CRPC patients [16].  
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Figure 1.3: AR exon composition with protein domains of full-length androgen receptor and 
androgen receptor variant 7 (Source: [15]). 
 

 

 

 

 

Figure 1.4: Full length AR and AR splice variant 7: (A) Comparison of exon composition 
(B) Representation of ligand-dependent and independent transcription factor activity of the 
full-length protein and the variant, respectively. ARE: Androgen response element (Source: 
[5]). 
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1.3 Cis-Regulatory Elements 

 

Transcriptional regulation is central in genetics and epigenetics cancer research. Research on 

regulation of gene expression is crucial since it directly affects protein levels that are involved 

in disease related pathways. Cis-regulatory regions in the genome play a huge role in 

transcriptional regulation and there are changes observed in their level of activity comparing 

healthy tissue to cancerous tissue as well as potentially early-stage disease to late-stage 

counterparts [18,19]. 

Cis-regulatory regions are composed of non-coding DNA sequences that have gene 

expression regulatory roles called cis-regulatory elements (CREs). Transcription factors and 

other regulatory proteins bind to those elements and affect the levels of transcription of their 

target genes [20]. CREs also interact with each other via changes in 3D chromatin 

conformation [21]. Most widely studied CREs are enhancers and promoters [20]. 

 

1.3.1 Promoters 

Promoters are a class of cis-regulatory regions that define where gene transcription starts. 

Eukaryotic genes have promoter sequences that are needed for transcription to start. Most 

genes have a single canonical promoter at a specific site close to their transcription start site 

[22,23]. It is also known for some genes that multiple promoter sequences are involved in 

initiation and regulation of transcription. Accuracy and efficiency of transcription initiation 

and regulation are dependent on promoter sequences [23]. Promoters also interact with other 

CREs such as enhancers. In fact, promoters alone can only cause basal levels of gene 

transcription [22]. Enhancers are needed in contact with them to fully regulate and increase 

the transcriptional activity to needed levels [22]. 

 

1.3.2 Enhancers 

Enhancers are cis-regulatory elements that increase transcription efficiency of their target 

genes [24,25]. An enhancer is defined as a DNA sequence that activates and/or increases 

transcription of its target gene [25,26]. Importantly, an enhancer’s activity is not dependent 

on its orientation or distance to its target promoter [24,25,26]. Transcription factors bind to 

enhancers and trigger their activity. TF bound enhancers recruit other coregulator proteins 
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that are involved in chromatin remodeling and transcription initiation [27]. Gene regulation 

by enhancers is a complicated process as different TFs can bind to a single enhancer and 

multiple enhancers contribute to the regulation of a single gene. This combinatorial TF 

binding forms an intricate mechanism that introduces another level of complexity when it 

comes to characterization of disease-related enhancers [28]. Enhancers contribute to 

transcriptional regulation by interacting with promoters. Since multiple enhancers can 

interact, they are able to possess combinatorial effects on their target promoters [28].  
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1.3.3 Enhancer-Promoter Interactions 

Chromatin is organized into 3D topologically associated domains (TAD) in the nucleus 

(Figure 1.5) [29]. These are important for transcription regulation since chromatin interaction 

frequencies are higher within TADs. Nevertheless, it is possible to observe chromatin loops 

outside TAD boundaries and they allow longer-range interactions between different regions 

of chromatin [30]. This enables long-range enhancer-promoter interactions to occur (Figure 

1.6). Changes in the looping landscape allow CREs to come in close physical contact with 

each other. 

 

Figure 1.5: Structural organization of chromatin. (A) Representation of chromosomal 
territories within nucleus (B) Active and inactive topologically associated domains (TAD) 
(C) Interactions between regulatory elements and genes within the TAD boundary (Source: 
[29]). 
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Figure 1.6: Summary of cis-regulatory element function: (A) Overview of 3D chromatin 
organization with histone octamers (B) Enhancer-promoter interactions via chromatin 
looping, TF and regulatory protein recruitment (C) Two-dimensional representation of the 
model in (B) (D) Experimental methods giving insights about transcriptional regulation 
(H3K4me3, H3K27ac, TF ChIP-seq), gene expression and enhancer activity (CAGE), 
chromatin accessibility (DNase I hypersensitivity), and chromatin conformation (RNA Pol 
II ChIA-PET). Green bars correspond to reads mapped to the positive strand and purple bars 
correspond to reads mapped to the negative strand (Source: [20]). 
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1.4 Functional Genomics  

 

Functional genomics is a molecular biology discipline focusing on understanding the role of 

the genome in biological systems. Disease phenotypes can be investigated from a functional 

genomics perspective. Thanks to improvements in next-generation sequencing (NGS) 

technologies and bioinformatic analysis, functional genomics data can be used in uncovering 

underlying genomic mechanisms in human cancers [1]. These powerful tools can improve 

our understanding of cancer diagnosis, prognosis and treatment.  

For the analyses performed in this thesis, data from multiple experimental functional 

genomics approaches are used. Namely, these are approaches to characterize enhancer 

activity, transcription factor binding and enhancer-promoter interactions.  

 

1.4.1 Enhancer Activity 

Enhancer activity can be measured by massively parallel reporter assays (MPRAs). MPRAs 

focus on an enhancer’s capacity to activate a reporter gene’s expression (Figure 1.7) [26]. 

MPRAs can be used to assess enhancer activities across the whole genome or a library of 

DNA fragments (capture libraries) containing regions of interest which are possible enhancer 

candidates [26]. One MPRA method to assess enhancer activity is self-transcribing active 

regulatory region sequencing (STARR-Seq) [26,31]. The design of STARR-Seq plasmids 

allows enhancers to induce their own transcription (Figure 1.7). This enables measuring 

enhancer activity directly from enhancer RNA sequencing (RNA-seq), in a quantitative 

manner [26,31]. Sequencing data coming from STARR-Seq is then analyzed using 

appropriate bioinformatics tools to map and quantify enhancer activities of the regions 

assessed. 
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Figure 1.7: STARR-Seq experimental overview (A) Design of STARR-Seq plasmids 
allows enhancers to induce their own transcription resulting in mRNA coming from 
enhancers. This way, enhancer activity can be quantified via RNA-seq (B) Plasmids are 
transferred to a population of cells followed by RNA extraction and NGS. NGS data is then 
analyzed, and intrinsic enhancer activities of library regions are quantified (Source: [26]). 
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1.4.2 Transcription Factor Binding  

In addition to MPRAs that directly aim to quantifying enhancer activity, there are other 

chromatin features that support the presence of enhancer activity. Chromatin accessibility, 

specific histone modifications such as histone H3 Lys4 monomethylation (H3K4me1) and 

H3K27 acetylation (H3K27ac), and the presence of TF binding are good indicators of 

enhancer activity [32]. TF binding and histone modifications are commonly identified with 

a method called chromatin immunoprecipitation sequencing (ChIP-seq) [32,33,34]. ChIP-

seq combines chromatin immunoprecipitation and massively parallel sequencing to detect 

protein binding sites on DNA [34].  

First step in ChIP-seq is the crosslinking of DNA and proteins (Figure 1.8). Next, samples 

containing crosslinked DNA-TF pairs are fragmented and sonication is performed, or 

exonucleases are added. By sonication or exonucleases, the unbound DNA pieces are cleaved 

from the DNA-TF complexes. Next, immunoprecipitation of DNA-protein complexes is 

performed by antibodies specific to TFs used in the procedure. Lastly, DNA extraction is 

performed and extracted DNA is sequenced. This sequencing data is then analyzed using 

bioinformatics tools to reveal TF binding sites [32,33,34].  
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Figure 1.8: Overview of ChIP-seq steps: (A) Summary of experimental steps in ChIP-seq. 
Chromatin immunoprecipitation followed by sequencing (B) Typical computational analysis 
steps of ChIP-seq data: mapping, normalization, peak calling, motif analysis, chromatin state 
annotation, chromatin state clustering and gene ontology (GO) analysis (Source: [35]). 
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1.4.3 Enhancer-Promoter Interactions 

Several methods have been developed to detect 3D chromatin interactions. First method is 

called chromosome conformation capture (3C) which is published in 2002 [36]. Basic 

principle of 3C starts with crosslinking interacting chromatin loci. This is followed by cell 

lysis and restriction digestion resulting in fragments of cross-linked chromatin loci. 

Following the dilution of samples, ligation is performed in a way that is preferential for cross-

linked DNA to ligate, over noninteracting loci. Lastly, crosslinking is reversed, and 

quantitative polymerase chain reaction (qPCR) is performed to understand interaction 

frequencies between anchor loci [36]. Since qPCR requires primers specific to known loci, 

3C is a suitable method to detect interactions between regions of interest. So, it is a validation 

method rather than being fully exploratory. This is why it is usually classified as a “one-vs-

one” method focusing on singular interacting anchors. Inspired by 3C, several other methods 

are published such as chromosome conformation capture-on-chip (4C) [37] and chromosome 

conformation capture carbon copy (5C) [38] in 2006. 

In 2009, an “all-vs-all” method is published that allows a genome-wide interaction screening. 

This method is composed of chromosome conformation capture followed by high-throughput 

sequencing (Hi-C) [39]. Hi-C combines 3C with NGS and is the first method that can perform 

an unbiased chromatin interaction search across the whole genome (Figure 1.9). First steps 

of Hi-C are similar with 3C which are chromatin crosslinking and digestion. Different from 

3C, resulting 5′-overhangs are filled with biotinylated nucleotides and then blunt ends are 

ligated after diluting samples. Ligation again favors cross-linked DNA fragments over others. 

At this point, samples contain ligated DNA fragments that were close in 3D space in the 

nucleus, and the junction points are marked with biotin tags [39]. Next, these fragments are 

pulled down leading to purification and shearing to prepare a Hi-C library. Finally, the 

resulting library is sequenced [39]. 

Most recently, a 2016 study introduces a new technique to discover chromatin interactions 

[40]. This method, HiChIP, adopts a protein-centered approach to discover DNA contacts 

(Figure 1.10). It combines approaches from previous chromatin contact methods like Hi-C 

with chromatin immunoprecipitation (ChIP) [40]. Crosslinking, biotinylation, and ligation 

are performed inside the nucleus before lysing the cells. This minimizes false positives and 

increases the efficiency of this method compared to previous approaches. DNA contact 
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capture efficiency of HiChIP is also high because of the ChIP step -a protein of interest guides 

the process. After reverse crosslinking, DNA extraction and biotin pull down are performed, 

captured DNA interactions are also associated with the protein of interest. Lastly, paired-end 

sequencing is performed. Finally, the sequencing data is analyzed by appropriate 

bioinformatics tools and packages [40].  

 

 

 

 

Figure 1.9: Hi-C Overview: (A) Steps of Hi-C: Crosslinking, restriction digestion, 
biotinylation, ligation, library preparation and sequencing (B) A contact matrix generated 
using Hi-C data. Intrachromosomal interactions from chromosome 14 are shown (C) Contact 
matrix coming from Hi-C data, biological repeat of (B) (D) Contact matrix showing 
interactions within chromosome 14, a different restriction enzyme is used (Ncol) (Source: 
[39]). 
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Figure 1.10: Experimental overview of HiChIP. Steps here explain procedures performed 
up until sequencing. Crosslinking, biotinylation and ligation performed inside the nucleus. 
Cell lysis, sonication and protein isolation (ChIP) is then carried out. Reverse crosslinking 
and library preparation is followed by sequencing. Time needed for each step is also 
provided. O/N: Overnight (Source: [40]). 
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1.5 Dysregulation of Enhancers as A Driver of Castration-Resistant Prostate Cancer 

 

There are several mechanisms behind the changes in cis-regulatory element activity. 

Mutations in CRE sequences, changes in chromatin accessibility and in 3D chromatin 

conformation are the most pronounced ones [22]. 3D conformational changes allow new 

enhancer-promoter pairs to come in contact or cause loss of preexisting ones, resulting in a 

change in transcriptional regulation.  

Latest studies highlight the importance of CREs in evolutionary, developmental and disease 

contexts [22]. They have a massive effect in progression of many diseases by contributing to 

transcriptional regulation. A 2025 study analyzes the CRE landscape of known oncogenes 

across many human cancers including PCa [41]. They report that targeting specific CREs 

leads to a change up to 60% in oncogene expression and an effect up to 50% in cell growth 

[41].  

In the context of prostate cancer, AR binds to enhancer CREs and mediate transcriptional 

regulation [42]. It is shown, in one of our laboratory’s previous works, that AR binding sites 

(ARBS) have an essential role in enhancing interactions with other ARBS and gene 

promoters [42]. Enhancers play a clear role in numerous diseases including prostate cancer 

[43]. In CRPC, presence of AR variants, including ARv7, allows a constitutive enhancer 

activity even in the absence of androgens. In summary, enhancers are a crucial part of AR 

focused PCa research. For these reasons, it is important to characterize CRE activity in PCa 

and elucidate their interactions in 3D space to better understand the disease progression.  

Also, dysregulation of chromatin loops can dramatically alter gene transcription. Changes in 

TAD boundaries or loss of TADs as a whole are reported in human diseases [44]. An example 

comes from an autosomal dominant adult-onset leukodystrophy (ADLD) patient [44]. A 660 

kilobase (kb) deletion results in the loss of a TAD which then allows an enhancer to regulate 

the lamin B1 gene. Adoption of the enhancer which normally does not regulate this gene, 

causes changes in its expression which finally leads to ADLD [44].  

TAD disruptions are also observed in cancers. Altered TADs act as oncogene drivers by 

introducing new enhancer-promoter interactions leading to oncogene upregulation or tumor 

suppressor downregulation [45]. TAD alterations can occur via different mechanisms. In 

addition to changes in TAD boundaries, another prominent mechanism is structural 
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variations within individual TADs. Structural genomic rearrangements allow new enhancer-

promoter interactions within TADs via breakpoints, breakage, and fusions [45].  

A 2016 comparative study analyzes differences in 3D chromatin organization between 

healthy and prostate cancer cells [46,47]. They report the overall chromatin organization and 

TAD positions are similar in two groups, but TADs appear smaller in PCa cells [47]. Also, 

they detect new interactions that are PCa-specific and are absent in healthy prostate cells 

[47]. In a more recent study, 3D chromatin landscapes are analyzed in multiple PCa cell lines 

that represent different disease stages including CRPC [46,48]. They report changes in TAD 

organization and transcriptional activity of some genes as the disease progresses into later 

stages [48]. Overall, such examples are increasing in number in the literature. Relevance of 

enhancer-promoter interactions to cancer phenotypes appears noteworthy. 

 

As mentioned above, changes in enhancer activity are associated with disease phenotypes 

including cancer [43]. In castration-resistant prostate cancer, AR chromatin binding and AR-

mediated enhancer activity are altered [49]. It is shown that AR has different binding 

preferences in CRPC compared to early-stage PCa [50,51]. This suggests the differences in 

AR-bound enhancers are possible drivers or CRPC.  

To summarize, dysregulation of enhancers can occur via multiple mechanisms including 

changes in TF binding, chromatin accessibility and enhancer-promoter interactions in 3D 

space. Enhancer activity can also be altered by the presence of specific genomic structural 

variants. Since enhancers are regulatory regions that have a direct effect on transcription, 

formation of new regulatory networks has a non-negligible importance in prostate cancer 

research.  
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1.5.1 Extrachromosomal DNA and Enhancer Hijacking 

Somatic structural variants (SVs) are common in cancer cells. Studies show that they act as 

drivers in many cancer types [52]. Traditionally, somatic point mutations are investigated 

such as single-nucleotide variants (SNVs) and insertions and deletions (indels) in cancer [52]. 

However, recent pan-cancer studies show that SVs probably contribute more to cancer 

initiation and progression, compared to somatic point mutations [53]. SVs appear as 

deletions, insertions, duplications, copy number variations (CNV), inversions and 

translocations that affect a region usually larger than 1 megabases (Mb) on a chromosome 

[54]. In that sense, their scale is larger than somatic point mutations and typically smaller 

than chromosomal abnormalities [54]. 

One interesting translocation event causes extrachromosomal DNA (ecDNA) formation in 

cancer cells. ecDNAs are circular, double-stranded DNA fragments that are found in cancer 

cell nuclei [55]. They are shown to facilitate rapid evolution of cancer cells and resistance to 

therapies [55]. When first discovered, the importance of ecDNAs was not well understood 

and they were thought to be rare occurrences. Latest advancements allowed researchers to 

show that ecDNAs are more common than previously thought in human cancers. They serve 

different functions for cancer cells which correlate with bad patient prognosis (Figure 1.11) 

[55]. Out of these mechanisms, enhancer hijacking is particularly striking in the scope of this 

thesis. Enhancer hijacking allows usage of enhancers by oncogene promoters that are not 

capable of using them normally. This leads oncogenes to “hijack” enhancers to upregulate 

their expression. ecDNA formation mediates enhancer hijacking since it gives a physical 

proximity to enhancer-promoter pairs that do not have access to each other on chromosomal 

DNA [56]. This leads to upregulation of some oncogenes in cancer [55,56].  

Overall, presence of ecDNAs leads to a worsened prognosis. ecDNA formation and enhancer 

hijacking events are newly emerging hallmarks of advanced stage disease including prostate 

cancer. 
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Figure 1.11: ecDNA in cancer: ecDNAs promote tumorigenesis and tumor 
heterogeneity by distinct mechanisms including: (A) Increase in oncogene copy number 
(B) Higher oncogene accessibility (C) Enhancer hijacking by bringing distant enhancers and 
gene promoters together (D) Forming ecDNA hubs composed of multiple interacting 
ecDNAs (E) Trans-acting ecDNA, interacting with chromosomal genes (F) Increased cellular 
and tumoral heterogeneity caused by ecDNAs (G) Mutations on ecDNAs (H) Uneven 
chromosome segregation during cell division (Source: [55]) 
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1.6 Aim of This Work 

The cis-regulatory landscape has a significant contribution to transcriptional regulation in all 

stages of PCa. This thesis focuses on changes in enhancer activity and enhancer-promoter 

interactions, in early and late-stage PCa. In this work, we hypothesize that resistance in late-

stage prostate cancer is partly driven by alterations in enhancer activity. We aim to investigate 

the changes in enhancer activity in late-stage prostate cancer compared to its early-stage 

counterpart. The analysis is performed by focusing on two factors affecting enhancer activity: 

transcription factor binding and enhancer-promoter interactions. To analyze the effect of 

different transcription factors, we examine enhancer activity caused by flAR and ARv7, 

supported by TF binding data. To compare changes in enhancer-promoter interactions, we 

analyze 3D genome features for two cell lines that are representative of early and late-stage 

disease, separately. Lastly, we support our findings by detecting structural variants from 

those cell lines. 
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Chapter 2 

METHODS 

 

2.1 Enhancer Activity 

  

To observe the enhancer activity caused by AR and ARv7, STARR-Seq is performed using 

a prostate cancer cell model, LNCaP95 (LN95), which expresses both flAR and ARv7. 

 

2.1.1 LN95 STARR-Seq Experimental Overview and Preliminary Data Analysis 

LN95 STARR-Seq experiments are performed by Lack Laboratory member Dr. Chia-Chi 

Flora Huang. An overview of different constructs, proteins expressed, and treatments can be 

found in Figure 2.1. Initial STARR-Seq data analysis and peak calling are performed by Lack 

Laboratory alumni Dr. Tunc Morova. We collaborated with Lack Laboratory member Ivan 

Yu on how to proceed with rest of the data analysis. STARR-Seq is performed on a capture 

library composed of 7371 regions which contain 4138 ARBS, positive and negative control 

regions [42]. 
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Figure 2.1: Experimental overview of LN95 STARR-Seq. In the shAR sample, flAR is 
knocked down, only ARv7 protein is present. In the shARv7 sample, only flAR is present. 
In the shBoth sample, both AR proteins are knocked down. In the shGFP sample, both 
proteins are present. Experiments are performed by Dr. Chia-Chi Flora Huang. Figure created 
in  https://BioRender.com 
 

2.1.2 LN95 ChIP-seq Data  

Published LN95 ChIP-seq data was provided by Dr. Myles Brown’s group (GEO: 

GSE106559). Data analysis and data analysis was performed by Dr. Tunc Morova. 

 

2.1.3 Classifying Androgen Receptor Binding Sites based on STARR-Seq Signals 

Androgen binding sites from the STARR-Seq capture library are classified into three 

categories: flAR regulated regions, ARv7 regulated regions, and heterodimer (HD) regulated 

regions. This classification is performed based on fold changes of STARR-Seq signal scores 

between different treatments and p-values. For all classes, the log2 fold change (FC) 

threshold is 1 for upregulated regions and -1 for downregulated regions. Called STARR-Seq 

are also filtered to have an adjusted p-value (padj) threshold of 0.05. At the end, all classified 

regions have a padj value smaller than 0.05. 

To identify flAR regulated regions, STARR-Seq signal scores from shARv7 DHT and EtOH 

treatments were compared. The log2FC value for each ARBS was calculated using the 

following formula: 

https://biorender.com/
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𝑙𝑜𝑔2𝐹𝐶 = log!
𝑠ℎ𝐴𝑅𝑣7~𝐷𝐻𝑇

𝑠ℎ𝐴𝑅𝑣7~𝐸𝑡𝑂𝐻
 

 

ARBS with a log2FC value smaller than -1 are defined as flAR-downregulated regions 

whereas greater than 1 are defined as flAR-upregulated regions.  

To define ARv7 regulated regions, signal scores from shAR and shBoth -both EtOH tretaed- 

are used. Similarly, regions with a log2FC value smaller than -1 are defined as ARv7-

downregulated regions whereas greater than 1 are defined as ARv7-upregulated regions. For 

this class, the log2FC values are calculated using the formula below: 

 

𝑙𝑜𝑔2𝐹𝐶 = log!
𝑠ℎ𝐴𝑅~𝐸𝑡𝑂𝐻

𝑠ℎ𝐵𝑜𝑡ℎ~𝐸𝑡𝑂𝐻
 

 

Lastly, shGFP and shBoth -both EtOH treated- are compared to identify HD regulated 

regions. Regions with a log2FC value smaller than -1 are defined as HD-downregulated 

regions whereas greater than 1 are defined as HD-upregulated regions. Below formula is used 

for each region to obtain log2FC values for this class: 

 

𝑙𝑜𝑔2𝐹𝐶 = log!
𝑠ℎ𝐺𝐹𝑃~𝐸𝑡𝑂𝐻

𝑠ℎ𝐵𝑜𝑡ℎ~𝐸𝑡𝑂𝐻
 

 

Regions of each class are shown on separate volcano plots.  

Filtering based on padj and log2FC calculations are performed using the R base functions 

and sqldf R package functions [57, 58]. Volcano plots of regions are generated using the 

package ggplot2 [59].  

 

 

 

 

 

(2.1.1) 

(2.1.2) 

(2.1.3) 
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2.1.4 Androgen Receptor Variant 7 Specific Upregulated Regions 

The overlaps between ARv7 upregulated regions, flAR upregulated regions and previously 

known 286 enhancers from the LNCaP cell line [42] were detected and plotted as Venn 

diagrams using functions from the R package eulerr [60]. 

 

2.1.5 Visualizing STARR-Seq Activity and Androgen Receptor Binding 

Different classes of regions identified in chapter 2.1.3 are separately visualized to see 

enhancer activity and flAR and ARv7 protein binding. 

flAR upregulated regions (n=138) were retrieved from the bed file containing all ARBS, 

using commands from bedtools [9] and basic Linux commands like “awk” and are saved in 

a new bed file. Matrices for the STARR-Seq and ChIP-seq heatmaps are calculated over 

respective bigWig files using the “computeMatrix” application from deepTools2 [62]. 

Regions are centered and a +/- 1500 base pair (bp) window around the center is included for 

calculations. Heatmaps are plotted by from the output matrix files using the “plotHeatmap” 

application from deepTools2 [62]. Regions are sorted in descending order based on the mean 

STARR-seq signal across the 3000 bp window, in the first heatmap. The following two 

heatmaps are plotted using the same region order, with the mean flAR and ARv7 ChIP-seq 

signal score across regions this time.  

For ARv7 regulated regions, ARv7 upregulated and downregulated regions are retrieved 

from the ARBS bed file using bedtools commands and basic Linux commands [61] and are 

saved in new separate files. Matrices for the STARR-Seq heatmaps with all genotypes and 

treatments are calculated using respective bigWig files using the “computeMatrix” 

application from deepTools2 [62]. Again, these regions are centered and and a +/- 1500 base 

pair (bp) window around the center is used for calculations are visualizations. These two sets 

of regions are sorted separately in descending mean STARR-Seq signal across the 3000 bp 

window.  

Lastly for HD regulated regions, upregulated and downregulated region lists are extracted 

from the ARBS bed file using the same commands as above [61]. These two sets of regions 

are first used to calculate matrix values for the STARR-Seq heatmaps with all genotypes and 

treatments as explained above [62]. Similarly, the regions are centered a 3000 bp window is 
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visualized. The two region sets are sorted separately in descending mean STARR-Seq signal 

across the windows on the final heatmaps.  

 

2.1.6 Correlation Analyses 

To understand the relationship between enhancer activity and flAR binding, a correlation 

analysis is performed. Also, a similar analysis is done to see the correlation between flAR 

and ARv7 binding. 

To understand the correlation between enhancer activity and flAR in the 138 flAR 

upregulated regions compared to rest of the ARBS, the bed file containing all 4138 ARBS is 

divided into two separate bed files. 138 flAR upregulated regions are retrieved from the bed 

file containing all ARBS, using commands from bedtools [61] and basic Linux commands 

like “awk” and are saved in a new bed file. Remaining 4000 ARBS are saved in a different 

bed file.  

The shGFP-DHT STARR-Seq bigWig file is used to compute mean scores across these sets 

of regions separately. Mean scores over bed files are calculated by using the 

bigWigAverageOverBed program [61]. The output bed file with the mean score column 

appended is used for the downstream correlation analysis. The flAR ChIP-seq bigWig is 

retrieved from the corresponding narrowPeak file, using bedtools and bedGraphToBigWig 

[61, 63]. Similarly, the output bigWig file is used to calculate the mean scores across regions 

by the bigWigAverageOverBed program [63]. Again, the output bed file is used for 

downstream analysis. Correlation coefficients and p-values for the correlation between 

STARR-Seq and flAR ChIP-seq scores are calculated using the Spearman correlation method 

that is available via ggpubr in R [64]. Results are plotted separately for the two sets of regions 

using the ggplot2 package [59]. 

Similar to the flAR ChIP-seq, ARv7 ChIP-seq narrowPeak file is converted to bigWig, using 

bedtools and bedGraphToBigWig [61, 63]. Then the output bigWig file is used to calculate 

the mean scores across regions by the bigWigAverageOverBed [63]. This time, the 

correlation between flAR and ARv7 ChIP-seq scores is analyzed. Correlation coefficients 

and p-values are calculated in the same way above [64] and the results are plotted via ggplot2 

[59].  
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2.2 Enhancer-Promoter Interactions and Structural Variants 

 

LNCaP ChIP-seq whole genome input library is prepared, LNCaP and LuCaP H3K27ac 

HiChIP experiments are performed by Dr. Ji-Heui Seo from Dr. Matthew L. Freedman’s 

group at Dana-Farber Cancer Institute. LuCaP ChIP-seq whole genome input library is 

provided by Emma Minnee from Dr. Wilbert Zwart’s group at Netherlands Cancer Institute. 

Additional higher coverage LNCaP ChIP-seq whole genome input library for benchmarking 

is taken from Seim et al (2017), with SRA accession ‘SRX2541290’ [65]. We collaborated 

with Umut Berkay Altıntaş from Lack Laboratory on how to perform the data analysis. 

Figures showing copy number ratios (CNR) are generated by Lack Laboratory member Lynn 

Masri. An overview of the analysis pipeline and main steps are summarized in Figure 2.2. 

 

Figure 2.2: HiChIP data analysis pipeline. Quality control and adapter trimming are followed 
by two separate lines of pipelines: contact matrix generation and loop calling. Figure created 
in  https://BioRender.com 
 

2.2.1 LNCaP and LuCaP H3K27Ac HiChIP Data Preprocessing 

Read quality control is performed for LNCaP and LuCaP paired end H3K27Ac HiChIP reads, 

using the FastQC software [66]. Adapter trimming for both datasets is done by using the Trim 

Galore tool default settings [67]. After trimming, a second round of quality control is done 

by running FastQC within Trim Galore. 

https://biorender.com/
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2.2.2 Alignment and Intermediate Steps 

Mapping to reference genome is performed using the Burrows-Wheeler Alignment tool [68]. 

The Homo sapiens genome assembly GRCh38 (hg38) is used as the reference genome for all 

alignments in this part. 

Next, the following intermediate steps are performed separately for data from both cell lines. 

Output sam files are parsed using the parse tool from the command-line framework Pairtools 

[69]. Resulting parsed pairsam files are processed with the sorting tool from Pairtools [69]. 

PCR duplicates are removed using the Pairtools dedup tool [69]. Mapped pairs and unsorted 

reads are split by the Pairsam split tool [69]. Lastly, the final bam files are generated and 

indexed using SAMtools commands [70].  

 

2.2.3 Contact Matrix Generation 

For both cell lines, mapped.pairs files from the Pairtools split step are used as input and they 

are preprocessed using bgzip and pairix tools before matrix generation [70, 71]. Low 

resolution contact matrices showing all chromosomes together are generated using the Cooler 

tools [72]. Higher resolution, region-specific contact matrices are generated by the Juicer tool 

and visualized using the Juicebox desktop software [73, 74].  

 

2.2.4 Valid Pair Generation 

For valid pair generation to be used in loop calling, the HiC-Pro software is used [75]. Raw 

H3K27ac HiChIP sequencing data is provided as input from both cell lines separately. Input 

data file format is FASTQC, compressed by SAMtools bgzip [70]. HiC-Pro configuration 

file is edited to include the reference genome (hg38), genome size, Bowtie2 index and 

genome files. Bowtie2 is run for alignment within HiC-Pro [76].  

 

2.2.5 Loop Calling 

Loop calling is performed using the software FitHiChIP, separately for both cell line data 

[77]. HiC-Pro output valid pairs file is provided as input. In total, 8 different loop callings 

are performed, 4 for each cell line with the following varying parameters of bin size and false 

discovery rate (FDR) thresholds:  
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Bin size = 16 kb and FDR = 0.05 

Bin size = 2 kb and FDR = 0.05 

Bin size = 16 kb and FDR = 0.01 

Bin size = 2 kb and FDR = 0.01 

 

FitHiChIP configuration file is edited to include these parameters along with hg38 

chromosome sizes and cell line ChIP-seq narrowPeak file paths. Peak-to-all loop calling is 

performed. Lower and upper loop distance thresholds are set to 5 kb and 7 Mb, respectively. 

Coverage bias regression is applied. 

 

2.2.6 Amplicon Detection 

For amplicon detection, the AmpliconSuite-pipeline software is used [78]. LNCaP and 

LuCaP ChIP-seq input libraries are used as input. Reads are aligned using BWA-MEM to 

the human reference genome hg38, run within the pipeline [79]. CNVkit is used to detect 

candidate amplicon regions with copy number variations (CNV) [80]. Amplicons are called 

from regions of interest by AmpliconArchitect [81]. Called amplicons are classified into 

different groups by AmpliconClassifier [78]. Main analysis steps before amplicon 

classification are shown in Figure 2.3. 

 

 

Figure 2.3: AmpliconSuite-pipeline. Whole genome sequencing data is aligned to reference 
genome. CNV calling is performed by CNVkit and amplicons are detected by 
AmpliconArchitect. Figure retrieved from AmpliconSuite-pipeline documentation 
https://github.com/AmpliconSuite/AmpliconSuite-pipeline/ 
 

Same pipeline with same steps is also run for the additional higher coverage LNCaP whole 

genome ChIP-seq input library. Four runs are concatenated to obtain a even higher coverage, 

and the concatenated data is provided as input to the pipeline. Coverages of each input library, 

i.e., low coverage LNCaP, low coverage LuCaP and high coverage LNCaP, are calculated 

using the following formula:  

https://github.com/AmpliconSuite/AmpliconSuite-pipeline/
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𝐼𝑛𝑝𝑢𝑡	𝑙𝑖𝑏𝑟𝑎𝑟𝑦	𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 	
(2 ∗ (𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑎𝑑𝑠) ∗ (𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝑟𝑒𝑎𝑑𝑠))

(𝑙𝑒𝑛𝑔𝑡ℎ	𝑜𝑓	𝑡ℎ𝑒	𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒	𝑔𝑒𝑛𝑜𝑚𝑒	(ℎ𝑔38))
 

 

 

Lastly, CycleViz is used to visualize the called ecDNA with a circular representation [82]. 

Cycles and graph output files from the AmpliconSuite-pipeline are used as input for 

CycleViz. Cycle ID and reference genome (hg38) are also provided as input. Other than 

these, no arguments are changed and default plotting program is run (CycleViz.py) [82]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(2.2.1) 
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Chapter 3 

RESULTS 

 

3.1  Changes in Enhancer Activity in Late-Stage Prostate Cancer 

 

In this chapter, the effect of flAR and ARv7 on enhancer activity will be analyzed 

individually and together. Detecting enhancer activity caused by AR proteins separately has 

an importance since it reflects the enhancer activity changes between primary PCa and 

CRPC. Activity caused by flAR represents primary PCa, whereas ARv7 regulated enhancer 

activity reflects CRPC.  

It is seen that our protein knockdown system works as expected for all genotypes in the 

Western blot provided in Figure 3.1.A, which are later used in STARR-Seq experiments. In 

the shAR sample, flAR is knocked down when protein overexpression is induced by 

Doxycycline treatment, and ARv7 is clearly expressed in both conditions. In the shV7 

sample, ARv7 is knocked down and flAR is expressed. In the shBoth sample, under 

Doxycycline treatment, it is seen that both AR proteins are knocked down. Lastly in the 

shGFP sample, both proteins are present. In addition, samples group together according to 

their genotypes and DHT treatments, based on STARR-Seq signal scores of library regions 

which represent enhancer activity (Figure 3.1.B). In this section, results from identification 

of different classes of ARBS, investigation of enhancer activity regulation by flAR and 

ARv7, analysis of flAR upregulated enhancer activity and its relationship with ARv7, 

correlation between flAR and ARv7 binding are shared. In the last part, enhancer activity 

changes in flAR upregulated regions are investigated along with flAR and ARv7 binding. 
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Figure 3.1: Western blot and principal component analysis (PCA) of samples (A) 
Western blot bands of flAR and ARv7 under each silencing RNA treatment. Western blot 
was performed by Dr. Chia-Chi Flora Huang (B) PCA plot of samples with different 
genotypes and treatments. Each genotype and treatment pair has 2 replicates. Genotype-
treatment groups cluster together. PCA is done based on signal scores from each sample. 
(AR-FL: flAR, ARV7: ARv7). 
 

3.1.1 Different Classes of Regions based on Enhancer Activity 

To understand enhancer activity of our library regions caused by different AR proteins, we 

identified different classes of regions. Since we have STARR-Seq data from different 

samples in which flAR and/or ARv7 are knocked down, this allowed us to see the effect of 

these proteins individually and together on enhancer activity. Classifications are done based 

on fold changes in STARR-Seq signals of regions in samples with different genotypes and 

treatments. 

Three different classes of regions are identified based on their enhancer activities, by 

comparing fold changes of STARR-Seq signals as explained in the Methods (Chapter 2.1.3). 

By comparing the shARv7-DHT sample to its EtOH treated counterpart, flAR regulated 

regions are identified. In the shARv7 treatment, only flAR is present in cells (Figure 2.1). In 

DHT treated samples, the observed enhancer activity is expected to be caused by flAR, in 

comparison to the EtOH treated sample. Out of 4138 ARBS, 138 regions show upregulated 

enhancer activity by flAR. Similar to published work, there are no flAR downregulated 

regions [42]. Rest of the regions (4000) remain neither downregulated nor upregulated 

(Figure 3.2.A). Next, to understand the regulation mediated by ARv7, shflAR-EtOH and 

B A 
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shBoth-EtOH samples are compared. EtOH treated samples are preferred since ARv7 is not 

activated by DHT binding due to its lack of LBD. In the shflAR sample there is only ARv7 

and in shBoth there is no AR protein (Figure 2.1). There are 11 regions that show upregulated 

enhancer activity caused by ARv7 and 68 regions are ARv7 downregulated while the 

remaining 4059 regions fall into neither of these categories (Figure 3.2.B). Lastly, to identify 

HD regulated regions, shGFP-EtOH and shBoth-EtOH samples are compared, where the first 

one contains both flAR and ARv7, and the latter one has no AR protein (Figure 2.1). 

Consequently, 12 HD upregulated, and 98 HD downregulated regions are detected where rest 

of the regions (4028) appear unaffected (Figure 3.2.C).  

 

 

 

Figure 3.2: Identification of different classes of ARBS based on enhancer activity (A) 
flAR regulated regions: Identified from the comparison between shARv7 DHT and shARv7 
EtOH samples (B) ARv7 regulated regions: Identified from the comparison between shflAR 
EtOH and shBoth EtOH samples (C) HD regulated regions: Identified from the comparison 
between shGFP EtOH and shBoth EtOH samples. 
 

 

 

 

 

 

A B C 
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3.1.2 Enhancer Activity Caused by Androgen Receptor Variant 7  

In the classification above, 11 ARv7 upregulated and 68 ARv7 downregulated ARBS are 

identified. To understand the enhancer activity of these regions separately under different 

treatments, we checked the mean STARR-Seq signal across them (Figure 3.3). The 11 ARv7 

upregulated regions show a slight increase in activity in the shGFP-DHT sample compared 

to its EtOH treated counterpart, where both flAR and ARv7 are present (Figure 3.3.A). On 

the other hand, the 68 downregulated regions show a slightly decreased activity in the DHT 

treated sample.  In the shARv7 sample, ARv7 downregulated regions show a higher enhancer 

activity both under EtOH and DHT treatments, as expected. Upregulated regions show an 

increased activity in the DHT treated sample, compared to the shARv7-EtOH sample (Figure 

3.3.B). Both ARv7 upregulated and downregulated regions show a similar levels of enhancer 

activity in both EtOH and DHT treated shflAR samples, where upregulated regions have a 

higher activity (Figure 3.3.C). In the shBoth samples ARv7 downregulated regions show a 

much higher activity (Figure 3.3.D). Identification of ARv7 regulated regions is done 

comparing the shflAR and shBoth samples. Firstly, these results show us there is no 

difference in enhancer activity of these regions between EtOH and DHT treatments for these 

samples. This supports our approach to use EtOH samples for identification since ARv7 lacks 

the LBD. Next, supporting our definition of these regions, it is seen that ARv7 upregulated 

regions have a much higher enhancer activity in the shflAR sample where only ARv7 is 

present, compared to the shBoth sample where both AR proteins are absent. However, it is 

also seen that they have comparable levels of activity in shARv7 and shGFP samples, which 

brings us to investigate the specificity of the observed activity’s dependence on ARv7. 
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Figure 3.3: Enhancer activity of ARv7 regulated regions. (A) Enhancer activity of ARv7 
upregulated and downregulated regions in shGFP EtOH and DHT samples (B) Enhancer 
activity of ARv7 upregulated and downregulated regions in shARv7 EtOH and DHT samples 
(C) Enhancer activity of ARv7 upregulated and downregulated regions in shflAR EtOH and 
DHT samples (D) Enhancer activity of ARv7 upregulated and downregulated regions in 
shBoth EtOH and DHT samples. 
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To understand if the upregulation observed in the 11 ARv7 upregulated ARBS is specifically 

due to ARv7, we checked the overlap between those regions, 286 previously known LNCaP 

enhancers [42] and 138 flAR upregulated regions. This analysis revealed that 5 of those 

ARBS overlap with LNCaP enhancers, 3 regions overlap with flAR upregulated ARBS and 

3 of them overlap with both groups (Figure 3.4). Therefore, even though we observe an 

upregulation in enhancer activity of these 11 regions in the presence of only ARv7, these 

overlaps suggest that this upregulation is not specifically caused by ARv7. So, there are no 

ARv7-specific upregulated ARBS detected in this analysis. Also given the significantly 

greater number of ARv7-downregulated CREs we identified, our findings suggest that ARv7, 

unlike flAR, is not a strong transcriptional activator. 

 

 

Figure 3.4: ARv7-specific upregulation. The 11 ARv7 upregulated ARBS either overlap 
with 286 LNCaP enhancers or 138 flAR upregulated ARBS. There are no ARv7-specific 
upregulated ARBS.  
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3.1.3 Heterodimer Regulated Enhancer Activity  

In the classification of ARBS, 12 HD upregulated and 98 HD downregulated regions are 

identified. HD regulation expresses the regulation of enhancer activity by both flAR and 

ARv7 simultaneously. To see the enhancer activity of these regions separately under different 

treatments, we checked the mean STARR-Seq signal across them (Figure 3.5). The 12 HD 

upregulated regions and 98 downregulated regions all show a similar level of enhancer 

activity in the shGFP sample under both EtOH and DHT treatments (Figure 3.5.A). In the 

shGFP sample, both flAR and ARv7 are present. In shARv7 and shflAR samples, we see an 

increased activity of HD downregulated regions (Figure 3.5.B and Figure 3.5.C), compared 

to upregulated regions. This can possibly be explained by the loss of ARv7 and flAR in those 

samples, respectively. Loss of them causes a decrease in enhancer activity of HD upregulated 

regions since these regions are upregulated by flAR and ARv7 together. In the shARv7 DHT 

sample, we see a slight increase in HD upregulated region activity compared to its EtOH 

treated counterpart. This again demonstrates the dependance of flAR on DHT. Since in the 

shARv7 sample only flAR is expressed, it is able to recover some amount of the enhancer 

activity in presence of DHT (Figure 3.5.B). We do not observe this increase in the shflAR 

sample. Both upregulated and downregulated samples show a comparable activity under 

EtOH and DHT treatments (Figure 3.5.C). Lastly, in the shBoth sample, HD downregulated 

regions have much higher enhancer activity compared to upregulated regions, regardless of 

DHT treatment.  

These regions are defined comparing EtOH treated shGFP and shBoth samples. The mean 

signal profiles in Figure 3.5 supports our definition. HD upregulated regions have a higher 

activity in the shGFP sample compared to the shBoth sample. In contrast, HD downregulated 

regions have a higher activity in the shBoth sample. However, it is also seen that in the shGFP 

sample, where both flAR and ARv7 are expressed, both HD upregulated and downregulated 

regions show similar levels of enhancer activity. This suggests that our HD upregulated and 

downregulated definitions are valid between shGFP and shBoth samples but not within the 

shGFP sample. 
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Figure 3.5: Enhancer activity of HD regulated regions. (A) Enhancer activity of HD 
upregulated and downregulated regions in shGFP EtOH and DHT samples (B) Enhancer 
activity of HD upregulated and downregulated regions in shARv7 EtOH and DHT samples 
(C) Enhancer activity of HD upregulated and downregulated regions in shflAR EtOH and 
DHT samples (D) Enhancer activity of HD upregulated and downregulated regions in shBoth 
EtOH and DHT samples. 
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3.1.4 Full Length Androgen Receptor Upregulated Enhancer Activity 

In the ARBS classification in Chapter 3.1.1, 138 flAR upregulated regions are identified. No 

flAR downregulated regions are detected similar to previous work [42]. 

To see he enhancer activity of these regions under different treatments, we checked the mean 

STARR-Seq signal across them (Figure 3.6.A). And since we did not detect any ARv7-

specific upregulated regions, we decided to proceed with investigating ARv7’s effect on 

flAR upregulated regions. To do this, enhancer activity and AR binding (STARR-Seq and 

ChIP-seq signals) of 138 flAR upregulated regions are visualized. Visualization is performed 

for shGFP, shARv7 and shflAR samples for both EtOH and DHT treatments (Figure 3.6). 

Enhancer activity of flAR upregulated regions is slightly higher in the DHT treated shGFP 

sample, compared to the EtOH treated one (Figure 3.6.A). Higher enhancer activity is 

observed in shARv7-DHT sample, compared to its EtOH treated counterpart (Figure 3.6.A). 

As expected, in the shflAR samples, there are low levels of activity for these regions and no 

difference is observed between EtOH and DHT treatments (Figure 3.6.A). When flAR 

binding is investigated, it is observed to be higher in the DHT treated shGFP sample 

compared to EtOH treatment (Figure 3.6.B).  There is a similar difference in flAR binding in 

the shARv7 samples. Lastly, ARv7 binding is higher in the shGFP DHT sample than in the 

EtOH treated shGFP sample (Figure 3.6.C). ARv7 binding levels are comparable in shflAR 

DHT and EtOH samples.  

These regions are defined by comparing the shARv7 DHT sample to its EtOH counterpart. 

The fold change in enhancer activity between these samples are apparent in Figure 3.6.A. In 

addition, when the shGFP-DHT sample is analyzed, although enhancer activity is slightly 

higher than the EtOH treated counterpart, it is much lower than the shARv7-DHT sample. 

Also, interestingly, enhancer activity of these regions in the shGFP-DHT sample is close to 

shflAR-DHT.  This suggests that ARv7 may have a repressive effect on flAR since these 

regions show higher enhancer activity in the absence of ARv7. This is further supported by 

the binding signals (Figure 3.6.B and Figure 3.6.C).  In the shGFP-DHT sample, both flAR 

and ARv7 are present and binding signal of flAR is higher compared to flAR binding in the 

shARv7-DHT sample. Also, high ARv7 binding is observed in this sample. 

To investigate these results more in detail, we checked the correlation between enhancer 

activity and flAR binding, and flAR and ARv7 binding. 
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Figure 3.6: STARR-Seq and ChIP-seq signals of flAR upregulated regions in different 
samples (n=138). (A) Enhancer activity in shGFP, shARv7 and shflAR samples (B) flAR 
binding in shGFP and shARv7 samples (C) ARv7 binding in shGFP and shflAR samples. 
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3.1.5 Enhancer Activity and Androgen Receptor Binding 

To understand the correlation between enhancer activity of 138 flAR upregulated regions 

and flAR binding, we divided the full set of ARBS into two sets: 138 flAR upregulated 

regions and 4000 remaining ARBS. Then, the correlation between enhancer activity of these 

regions and flAR binding is checked separately. By separating these regions, we aim to create 

a background set composed of remaining ARBS, as a comparison to flAR upregulated 

regions. These regions are analyzed separately to see the difference between abovementioned 

correlation in flAR upregulated regions compared to remaining ARBS. 

It is seen that in the DHT treated shGFP sample, there is a statistically significant (p-

value<0.05) correlation between enhancer activity and flAR binding for both sets of regions 

(Figure 3.7). However, for the 138 flAR upregulated regions, we observe a stronger 

correlation, compared to remaining 4000 ARBS. Although the correlation coefficient is 0.24 

for the flAR upregulated regions (Figure 3.7.A), it still appears stronger compared to 

remaining ARBS which has a correlation coefficient of 0.036 (Figure 3.7.B). This is an 

expected result since the set of remaining ARBS contains regions that are ARv7, HD 

regulated or regions that are not found to be regulated by any AR proteins in this analysis.  

 

 

 

Figure 3.7: Correlation between enhancer activity and flAR binding. (A) Correlation in 
138 flAR upregulated regions in shGFP DHT treatment (B) Correlation in remaining 4000 
ARBS in shGFP DHT. 
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To further understand whether flAR and ARv7 act on these regions together, we checked the 

correlation between binding scores of these proteins. Again, the 138 flAR upregulated 

regions and 4000 remaining ARBS are analyzed separately, and it is seen that there is a 

statistically significant correlation between flAR and ARv7 binding for both sets of regions 

(Figure 3.8). This correlation is stronger for flAR upregulated regions with a correlation 

coefficient of 0.76 (Figure 3.8.A), compared to remaining ARBS which has a correlation 

coefficient of 0.45 (Figure 3.8.B). 

 

 

Figure 3.8: Correlation between flAR and ARv7 binding. (A) Correlation in 138 flAR 
upregulated regions in shGFP DHT treatment (B) Correlation in remaining 4000 ARBS in 
shGFP DHT. 
 

These results together demonstrate that for flAR upregulated regions, enhancer activity and 

flAR binding correlate. More importantly, the strong correlation between flAR and ARv7 

binding in these regions further supports that ARv7 may have a repressive effect on flAR’s 

upregulatory role on these regions, combined with results from the previous section (Figure 

3.6). Since these analyses are done in the shGFP-DHT sample, both AR proteins are 

expressed, and these regions have a higher enhancer activity in the shARv7-DHT sample 

where only flAR is expressed (Figure 3.6). 
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3.2 Changes in Enhancer-Promoter Interactions and Structural Variants in Late-

Stage Prostate Cancer 

 

In this chapter, 3D chromatin interactions in LNCaP and LuCaP are analyzed, and major 

differences are investigated. Interaction differences between these cell lines have importance 

since they demonstrate different stages of PCa. LNCaP represents primary PCa, whereas the 

LuCaP cell line reflects CRPC. Understanding differences in interaction profiles has a 

potential to shed light on possible mechanisms behind the transition from primary PCa to 

CRPC. 

 

3.2.1 Overview: Genome-Wide Contact Matrices 

As a result of H3K27ac HiChIP data analysis, genome-wide differences are observed in 

LNCaP and LuCaP cell lines (Figure 3.9). In the genome-wide view, big interchromosomal 

interactions are visible. In LuCaP, chromosome 8 has both intra- and interchromosomal 

interactions that are absent in LNCaP (Figure 3.9.B). Also, chromosome X shows novel 

interchromosomal interactions in LuCaP, compared to LNCaP (Figure 3.9.B). A more 

informative and detailed view of these chromosomes and some regions of interest are shared 

in the next subchapter. 
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Figure 3.9: Overview of genome-wide 3D interactions (A) Interactions across all 
chromosomes in LNCaP (B) Interactions across all chromosomes in LuCaP. Both contact 
matrix resolutions are 640 kb. 
 

3.2.2 Closer Look: Interactions of Regions of Interest 

In this part, closer analyses of some regions are shared to understand major interaction 

differences between LNCaP and LuCaP cell lines. From the general view, chromosome X 

and the area around AR seems to bear differential interactions between the two cell lines. 

Another differentially interacting locus is the proto-oncogene MYC on chromosome 8, which 

is a candidate to harbor big SVs. Lastly, a closer look of the area around Kallikrein-related 

peptidase 3 (KLK3) on chromosome 19 is provided as a neutral example that has comparable 

interaction profiles for the two cell lines. 

First, interactions on chromosome X, around AR are investigated closely. When the two cell 

lines are compared, it is seen that AR has enriched interactions in LuCaP that are not observed 

in LNCaP (Figure 3.10). Enriched interaction intensity also increases in areas closer to AR 

compared to its surroundings in LuCaP. These results suggest that AR has interactions with 

other chromosome X loci in LuCaP that are absent in LNCaP. CNR plots across the 

investigated window are also aligned with contact matrices and an amplification is seen in 

the area that has enriched interactions in LuCaP (Figure 3.10). In contrast, the whole 

investigated window shows mild deletion in the LNCaP cell line.  
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Figure 3.10: LNCaP and LuCaP interactions and aligned CNR around AR on chromosome 
X. Upper right triangle of the matrix is from LNCaP and lower left triangle is from LuCaP. 
Contact matrix resolution is 8 Kb. Visualized window is chromosome X: 64 Mb-69 Mb. AR 

is highligted with a green dot. Reference genome hg38 is used. AR’s hg38 coordinates: 
chrX:67,544,021-67,730,619. 
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Next, the area around a known proto-oncogene MYC on chromsome 8 is investigated closely. 

It is seen that in LuCaP, there are big deleted regions around MYC, that are not present in 

LuCaP (Figure 3.11). These deletions in LuCaP are also clearly seen in CNR graphs, 

consistent with the contact matrix. In addition to deletions, MYC shows enriched interactions 

with the area between 125 – 125.5 Mb in LuCaP, which is absent in LNCaP (Figure 3.11). 

Also, the close area around MYC, between two big deletions, seems to be amplified. 

 

Figure 3.11: LNCaP and LuCaP interactions and aligned CNR around MYC on chromosome 
8. Upper right triangle of the matrix is from LNCaP and lower left triangle is from LuCaP. 
Contact matrix resolution is 16 Kb. Visualized window is chromosome 8: 122 Mb-130 Mb. 
MYC is highligted with a green dot. Reference genome hg38 is used. MYC’s hg38 
coordinates: chr8:127,735,434-127,742,951. 
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Lastly, the interactions of KLK3 on chromosome 19 are investigated. KLK3 is also known as 

prostate-specific antigen (PSA) [83]. Compared to AR and MYC, the area around KLK3 

shows a comparable interaction profile in both cell lines (Figure 3.12). There are 2 deleted 

common regions in both cell lines around 48 Mb and 50 Mb, which are also supported by 

CNR graphs (Figure 3.12).  

 

 

Figure 3.12: LNCaP and LuCaP interactions and aligned CNR around KLK3 on 
chromosome 19. Upper right triangle of the matrix is from LNCaP and lower left triangle is 
from LuCaP. Contact matrix resolution is 8 Kb. Visualized window is chromosome 19: 47.5 
Mb-52.5 Mb. KLK3 is highligted with a green dot. Reference genome hg38 is used. KLK3’s 
hg38 coordinates: chr19:50,854,915-50,860,764. 
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3.2.3 Called Loops 

Differential enriched interactions observed in contact matrices in LuCaP are also supported 

by called loops from the same HiChIP data.  

Interaction differences between the two cell lines are especially striking in chromosome 8 

around the MYC loci, with big deletions and intense enriched interactions (Figure 3.11). 

Therefore, interactions between MYC and the area between 125-125.5 Mb on chromosome 8 

are closely investigated also in the loop calling. Consequently, and consistently with the 

findings from contact matrices, in LuCaP, there is enriched looping between MYC and the 

above-mentioned area (Figure 3.13). These loops are absent in LNCaP. 

 

  

Figure 3.13: Differential looping of MYC in LuCaP, compared to LNCaP. Loop calling is 
performed with FitHiChIP. Bin size is 16 Kb. Lower loop distance threshold is 5 kb. Upper 
loop distance threshold is 7 Mb. FDR threshold is 0.01. Differential loops between MYC and 
chromosome 8: 125-125.5 Mb are observed in LuCaP, compared to LNCaP, consistent with 
contact matrices.  
 

 

 

 

 

MYC ~125-125.5 Mb 

LNCaP 

LuCaP 
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3.2.4 Benchmarking between Input Libraries with Different Coverages 

To understand the effect of input library coverages on amplicon detection by the 

AmpliconSuite-pipeline, a benchmarking is performed comparing low and high coverage 

LNCaP ChIP-seq input libraries. Four runs are concatenated from the LNCaP data received 

from Seim et al (2017) [65]. LNCaP input library coverage is calculated to be ~76x for the 

concatenated data, using the formula (2.2.1) given in the Methods part. Coverage for the low 

coverage LNCaP input library is calculated as ~2.9x, using the same formula. Lastly, the 

LuCaP ChIP-seq input library coverage is calculated to be ~3.1x by the same formula. 

Amplicon detection results are compared between high (76x) and low (2.9x) LNCaP input 

libraries and it is seen that neither of them has any amplicons detected. 

 

3.2.5 Detected Amplicons and Extrachromosomal DNA 

Lastly, since there are many differential interactions in LuCaP that potentially harbor SVs 

and other genomic rearrangements, we proceeded with analyzing the amplicon content in the 

two cell lines. The aim is to systematically detect amplicons including linear amplicons and 

ecDNAs in both cell lines. Especially ecDNAs have an importance since they mediate new 

enhancer-promoter interactions and allow enhancer hijacking [55].  

The AmpliconSuite-pipeline is run with input ChIP-seq library data from both cell lines. The 

pipeline detected 16 amplicons in LuCaP (Table 3.1), and no amplicons are detected in 

LNCaP. Out of detected LuCaP amplicons, 4 are later classified as invalid by the pipeline. 

Out of 12 remaining amplicons, 11 are classified as linear. One of the amplicons, 

“Amplicon3” is classified as harboring a cyclic amplicon and that is found to be an ecDNA 

(Table 3.1).  
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Table 3.1: LuCaP amplicon classification profiles. Full list of amplicons detected in LuCaP 
ChIP-seq input library. Initially, 16 amplicons are detected. 4 of them are later classified as 
invalid. Out of 12 remaining, 11 of them are linear amplicons. Amplicon3 harbors a cyclic 
amplicon and is marked positive for ecDNA presence.  
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Amplicon3’s composition can be seen in Figure 3.14. It has 4 amplified oncogenes: PTK2B, 

TRIB1, PVT1, MYC (Figure 3.14). This is consistent with the results from HiChIP data 

analysis, where we observed differential 3D interactions around MYC on chromosome 8 in 

LuCaP. The gained interaction in LuCaP between MYC and 125-125.5 Mb is also visible in 

Amplicon3 as an interaction between MYC and TRIB1. Also consistent with previous 

results, a deletion is detected in the area between  MYC and TRIB1 by the AmpliconSuite-

pipeline (Figure 3.14). 

 

 

 

 

Figure 3.14: LuCaP Amplicon3, chromosome 8, AmpliconSuite-pipeline output. Amplified 
oncogenes: PTK2B, TRIB1, PVT1, MYC. Average amplified copy count = 7.92. Gray 
vertical histogram bars represent coverage. Black horizontal lines represent binning of the 
intervals based on coverage and copy numbers. Y-axis position of lines represent the copy 
numbers. Colored arcs represent read pair clusters, colors change based on orientation of the 
read. Thickness of the arcs qualitatively represent the amount of paired-end read support. 
Vertical colored lines correspond to connections to source vertex. Amplified oncogenes are 
annotated.  
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The circular structure of the detected Amplicon3 ecDNA can be found in Figure 3.15. It hosts 

the genes CASC11, MYC and PVT1, which are all from chromosome 8.  

 

Figure 3.15: Detected ecDNA in Amplicon 3. It hosts the genes CASC11, MYC and PVT1, 
all from chromosome 8. Copy count of this detected ecDNA is reported as 7.89. 
 

Results from this part collectively support that there are SVs in the LuCaP cell line which are 

not present in LNCaP. This demonstrates that there are genomic rearrangements in CRPC 

that are absent in primary PCa. Presence of an ecDNA which harbors oncogenes in LuCaP 

is noteworthy. These are important findings since these rearrangements -especially the 

detected ecDNA- may play a role in underlying mechanisms employed in progression from 

primary PCa to CRPC, like enhancer hijacking. These spots can be used as therapy targets 

after careful downstream analyses. 
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Chapter 4 

DISCUSSION 

 

It is shown in the literature that CREs play an important role in cancer initiation and 

progression [22,43,49,50,51]. Enhancer activity is very important in gene expression 

regulation, and it differs in cancers compared to healthy counterparts. It is previously shown 

by many studies that presence of AR variants is associated with resistance to AR signaling 

pathway inhibitor therapies in PCa. Expression of ARv7 correlates with this resistance in 

CRPC. Also, TAD composition and enhancer-promoter interactions are altered in cancers, 

including PCa. Presence of other SVs such as ecDNAs that allow enhancer hijacking events 

are shown to increase oncogenic activity of involved genes. These events are associated with 

late-stage disease and poorer prognosis. So, in this work we hypothesize that resistance in 

CRPC is partly driven by alterations in enhancer activity. Enhancer activity changes in CRPC 

are investigated via analyzing enhancer activity caused by flAR and ARv7, and differential 

3D interactions in cell lines that represent primary PCa and CRPC. 

In chapter 3.1, we analyzed STARR-Seq data from the LN95 cell line with a conditional 

isoform knockdown of flAR and Arv7. We detected 138 flAR upregulated, 11 ARv7 

upregulated and 12 HD upregulated ARBS. Also, 68 ARv7 downregulated, and 98 HD 

downregulated ARBS are found. For the 138 flAR upregulated regions, ARv7 seems to exert 

a repressive effect accompanied by both flAR and ARv7 binding. The 11 ARv7 upregulated 

regions overlap with either flAR upregulated regions or previously known LNCaP enhancers. 

So, we did not detect any ARv7 specific upregulation. It is important to note that LN95 

STARR-Seq is performed on a capture library composed of composed of 7371 regions which 
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contain previously known 4138 ARBS, positive and negative control regions [42]. These 

ARBS are defined in one of our laboratory’s previous works in the LNCaP cell line [42]. We 

identified different classes of regions that are mentioned above from these ARBS. Since 

LNCaP does not express ARv7, it is expected that these regions are more prone to regulation 

by flAR, rather than ARv7. So, using this library might be introducing a bias and be the main 

reason why there is no ARv7 specific upregulation in LN95. Another effect of this bias is the 

small number of ARv7 and HD upregulated regions. It is hard to interpret or do further 

statistical analyses due to small sample sizes with these regions. 

In summary, these results suggest that ARv7 has a repressive effect on enhancer activity of 

flAR’s target regions (138 ARBS). This suggests that ARv7 could potentially suppresses 

enhancer activity in primary PCa and activates other enhancer regions in the genome in 

CRPC. But since we do not have those potential regions in our library, we were not able to 

detect them. This is a potential mechanism behind the transition from primary PCa to CRPC.  

In chapter 3.2, results from H3K27ac HiChIP data analysis are shared from two cell lines: 

LNCaP and LuCaP, which represent primary PCa and CRPC, respectively. From the 

overview, we observed several interactions that are present in LuCaP which are absent in 

LNCaP. In closer analysis of these interactions, we verified the presence of gained 

interactions in LuCaP. On chromosome X, AR and the area around it have gained interactions 

in LuCaP that are absent in LNCaP. Importantly, on chromosome 8, MYC has very strong 

gained interactions in LuCaP. These are also supported by copy number analyses. There is a 

big deletion around MYC in LuCaP that is not present LNCaP, which introduces the 

possibility of SVs in the LuCaP cell line. 

For SV detection, an amplicon detection pipeline is run with input ChIP-seq libraries from 

both cell lines. To understand the effect of library coverages on amplicon detection, a 

benchmarking is performed with a very high coverage LNCaP whole genome sequencing 

data and the results are compared with our LNCaP library’s results. In both high coverage 

and low coverage libraries, no amplicons are detected in the LNCaP cell line. While this 

reassures us to some extent, having negative results does not fully eliminate the possibility 

of low coverage libraries’ effect on amplicon detection. We detected 12 amplicons in the 

LuCaP cell line. One of them harbors an ecDNA. This is an important finding since the 

presence of ecDNAs is associated with worse prognosis and is an indicator of advanced stage 
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disease. The detected ecDNA is composed of CASC11, MYC and PVT1. CASC11 (Cancer 

Susceptibility 11), is associated with cancers such as hepatocellular carcinoma [84]. It 

functions in chromatin looping and enhancer-promoter loop anchoring. MYC is a well known 

proto-oncogene [85]. It is employed in cell cycle progression, apoptosis and cellular 

transformation. Lastly, PVT1 is a candidate oncogene [86]. Its amplification and 

overexpression are associated with many cancer types including breast and ovarian cancers, 

acute myeloid leukemia and Hodgkin lymphoma [86]. PVT1’s transcription is regulated by 

the tumor suppressor p53. Also, it is reported before that PVT1 is involved in MYC’s 

regulation to boost tumorigenesis. Presence of these genes on an ecDNA together may be 

leading to an amplified oncogenic activity, with possible enhancer hijacking events. So, this 

ecDNA may be employed in transition from primary PCa to CRPC.  

These results together suggest that there is differential enhancer-promoter looping and SVs 

in CRPC that are not observed in primary PCa. These can be possible drivers of disease 

progression from primary PCa to CRPC. After careful downstream analyses, these events 

may appear as possible therapy targets for CRPC patients.  

Results from this thesis collectively show the importance of enhancer activity in PCa 

progression. In this work, possible mechanisms behind enhancer activity changes in late-

stage PCa compared to primary PCa were investigated. With future in-depth and other lines 

of research, these results can contribute to identification of new therapy targets for CRPC.  
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Chapter 5 

FUTURE DIRECTIONS 

 

In the first part of our results (Chapter 3.1), we observed that ARv7 has a repressive effect 

on flAR, rather than having an independent upregulating activity in the LN95 cell line. As 

explained in the discussion part (Chapter 4), this could be the case since our STARR-Seq 

library is mostly composed of previously known ARBS. Performing a whole genome 

STARR-Seq in the LN95 cell line may allow us to achieve more unbiased results in that 

sense. Results from a whole genome STARR-Seq in the same cell line can be interpreted in 

an integrative manner with our current results. This would potentially lead to detection of 

ARv7 regulated specific enhancer activity in LN95 cells.  

In the second part (Chapter 3.2), we detected differential 3D interactions between LuCaP and 

LNCaP cell lines. Also, in LuCaP, we detected 12 amplicons, 1 of which harbors an ecDNA 

composed of oncogenes. A method that is able to detect differential looping systematically 

can be developed. In our pipeline, CNVkit is run within the AmpliconSuite-pipeline to detect 

candidate regions for amplicon detection. However, AmpliconSuite-pipeline has another 

mode where it accepts an input bed file of regions of interest. These regions of interest can 

be detected by the differential interaction script that is mentioned above. This input of regions 

can potentially change the AmpliconSuite-pipeline results. Another point is the coverage 

issue of the input ChIP-seq libraries used for amplicon detection, for reasons explained in the 

discussion part (Chapter 4). Although the AmpliconSuite-pipeline documentation states that 

a coverage as low as 0.5x is sufficient for amplicon detection [78], using higher coverage 

libraries than the ones we used (2.9x for LNCaP and 3.1x for LuCaP) would yield more 

reliable results.  
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Separately, these HiChIP data offer much more. A script to classify highly interactive regions 

within sample along with interchromosomal looping can be very useful for downstream 

analyses. The relationship between genomic distance between interacting anchors, and 

interaction intensities can be analyzed. Also, the correlation between a locus’ number of 

interactions and interaction intensities can be investigated. Some loci may have many 3D 

interactions, but the supporting read numbers may be low. These results would give us a 

better understanding of the relative importance of genomic distance, interaction frequency 

and interaction intensity. At the end, highly interactive interaction hubs can be detected. With 

the integration of clinical and gene expression data, essentiality scores can be generated for 

different loci. These scripts written to analyze interaction frequencies, interchromosomal 

interactions and differential looping can be developed into separate tools and published.  

Lastly, STARR-Seq and RNA-seq data from LNCaP and LuCaP can be analyzed to see if 

increased enhancer activity indicates increased gene expression. These results can be 

interpreted in parallel with HiChIP analysis results. After all necessary downstream analyses 

and experimental validation, as an end goal, if oncogenes on detected ecDNAs show 

increased enhancer activity and upregulated gene expression, they can be therapy targets in 

CRPC.  
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