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ABSTRACT 

Prostate cancer is the second most common cancer among men worldwide and a leading 

cause of cancer-related mortality. Chromatin integrity and accessibility for transcriptional 

regulation are central features altered in prostate cancer progression. The proto-oncogene c-MYC 

(MYC) is a key driver of human prostate cancer tumorigenesis and progression involved in 

transcriptional reprogramming. MYC-overexpression is found in 8% of primary prostate tumors 

and 37% of metastatic tumors and is associated with poor overall survival. Critically, MYC 

overexpression in normal luminal cells of murine prostate is sufficient to initiate prostate cancer, 

indicating the key role of MYC in driving prostate cancer initiation. A hallmark of MYC-

overexpression is the induction of global metabolic reprograming events which support cancer cell 

survival and growth. While MYC is known as a master regulator of cellular metabolism, the role 

of epigenetic modifications which rely on metabolites as substrates or cofactors to alter chromatin 

structure and DNA accessibility in MYC-driven prostate cancer growth remains elusive. We 

hypothesize that in the context of MYC-overexpression, prostate cancer cells are dependent on the 

expression of key epigenetic regulators for survival and growth. 

To decipher the role of epigenetic regulators in the context of MYC-overexpression in 

prostate cancer, we performed pooled in vitro CRISPR/Cas9 knockout (KO) screens using a MYC-

driven murine prostate cancer cell line (MyC-CaP). Briefly, we designed and amplified two custom 

CRISPR/Cas9 sgRNA libraries that are created to target 1,343 genes, mostly focused on epigenetic 

processes, with distinct sets of 5 sgRNAs per targeted gene. Our in vitro CRISPR/Cas9 KO screens 

revealed around 100 genes that were significantly depleted or enriched (P-value ≤ 0.05) in both 

screens, 30 of which are non-commonly essential across human cancer cell lines. Namely, our in 

vitro CRIPSR/Cas9 KO screens identified the pioneer transcription factor Foxa1, the ligand-
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inducible transcription factor Ar, and the methyltransferases Mettl1 and Setd8, to function as 

critical players in MYC-driven prostate cancer. Further, our in vitro CRISPR/Cas9 KO screens 

revealed that the disruption of the transcriptional corepressor Rb1, the histone demethylase Kdm3b 

and the histone chaperone Hira confers a selective growth advantage in MYC-overexpressing 

prostate cancer. Overall, our results revealed the specific patterns of epigenetic expression that 

must be maintained for prostate cancer cells to survive or proliferate in a MYC-driven context. We 

expect that our findings will contribute to unraveling the role of epigenetic remodeling in MYC-

driven prostate cancer growth and enable the identification of novel therapeutically targetable 

chromatin-related mechanisms, which could ultimately be used to treat patients with MYC-

overexpressing prostate cancer tumors.  
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RÉSUMÉ 

Le cancer de la prostate est le deuxième cancer le plus fréquent chez les hommes dans le monde 

et l'une des principales causes de mortalité liée au cancer. L'intégrité et l'accessibilité de la 

chromatine pour la régulation transcriptionnelle sont des caractéristiques centrales altérées dans la 

progression du cancer de la prostate. Le proto-oncogène c-MYC (MYC) est un facteur clé de la 

tumorigenèse et de la progression du cancer de la prostate étant impliqué dans la reprogrammation 

transcriptionnelle. La surexpression de MYC est présente dans 8 % des tumeurs localisées et 37 % 

des tumeurs métastatiques du cancer de la prostate et est associée à un faible taux de survie globale. 

La surexpression de MYC dans les cellules luminales normales de la prostate murine est suffisante 

pour initier le cancer de la prostate, indiquant un rôle clé de MYC dans l'initiation du cancer de la 

prostate. L’une des caractéristiques de la surexpression de MYC est l'induction d'évènements de 

reprogrammation métabolique globaux qui favorisent la survie et la croissance des cellules 

cancéreuses. Alors que MYC est connu comme un régulateur principal du métabolisme cellulaire, 

le rôle des modifications épigénétiques, qui reposent sur des métabolites en tant que substrats ou 

cofacteurs pour modifier la structure de la chromatine et l'accessibilité de l'ADN, dans la croissance 

du cancer de la prostate induite par MYC reste inconnu. Notre hypothèse est donc que dans le 

contexte de la surexpression de MYC, les cellules cancéreuses de la prostate dépendent de 

l'expression de régulateurs épigénétiques clés pour leurs survies et leurs croissances. 

Pour déchiffrer le rôle des régulateurs épigénétiques dans le contexte de la surexpression de 

MYC dans le cancer de la prostate, nous avons effectué des cribles CRISPR/Cas9 knockout (KO) 

in vitro à l'aide d'une lignée cellulaire de cancer de la prostate murine qui surexprime MYC (MyC-

CaP). En bref, nous avons conçu et amplifié deux bibliothèques d'ARN guides synthétiques 

(ARNgs) CRISPR/Cas9 personnalisées qui sont créées pour cibler 1 343 gènes, principalement 
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axés sur les processus épigénétiques, avec des ensembles distincts de 5 ARNgs par gène ciblé. Nos 

cribles CRISPR/Cas9 KO in vitro ont révélé environ 100 gènes significativement réduits ou 

enrichis (valeur P ≤ 0,05) dans les deux cribles, dont 30 ne sont généralement pas essentiels dans 

les lignées cellulaires cancéreuses humaines. À savoir, nos cribles CRIPSR/Cas9 in vitro ont 

identifié le facteur de transcription pionnier Foxa1, le facteur de transcription Ar et les 

méthyltransférases Mettl1 et Setd8, comme étant des gènes essentiels dans le cancer de la prostate 

induit par MYC. De plus, nos cribles CRISPR/Cas9 in vitro ont révélé que la perturbation du 

corépresseur transcriptionnel Rb1, de l'histone déméthylase Kdm3b et du chaperon d’histones Hira 

confère un avantage de croissance sélectif dans le cancer de la prostate surexprimant MYC. Dans 

l'ensemble, nos résultats ont révélé l’archétype spécifique d'expression épigénétique qui doit être 

maintenu pour que les cellules cancéreuses de la prostate survivent ou prolifèrent dans un contexte 

axé sur la surexpression de MYC. Nous nous attendons à ce que nos découvertes contribuent à 

éclaircirent le rôle du remodelage épigénétique dans la croissance du cancer de la prostate induite 

par MYC et permettent l'identification de nouveaux mécanismes liés à la chromatine pouvant être 

thérapeutiquement ciblées, et qui pourraient être utilisé pour traiter les patients atteints avec le 

cancer de la prostate surexprimant MYC.  
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Chapter 1. Literature Review 
1.1. Prostate Cancer 

1.1.1. Prostate anatomy and function 

The prostate is an organ of the male reproductive and urinary systems located beneath the 

urinary bladder and in front of the rectum. The prostate surrounds the urethra, which carries urine 

and semen out of the body through the penis [1]. The normal prostate is about the size of a walnut 

and weighs 15 to 20 grams. Over time, the prostate can grow larger in a process called benign 

hyperplastic hyperplasia (BPH), or prostate gland enlargement [1]. During this process, benign 

overgrowth of the glands surrounding the prostatic urethra leads to compression of the urethra, 

producing uncomfortable urinary symptoms such as bladder obstruction [1, 2]. As part of the 

reproductive system, the prostate functions as an accessory sex gland that contributes to 70% of 

the seminal volume [2]. In aid of reproduction, the prostatic smooth muscles contract to expel the 

sperm from the body via the prostatic urethra, while secreting seminal fluids that protect and 

energize the sperm cells as they travel to the female egg. 

The prostate is a gland with different histological zones, namely the peripheral zone, the 

transition zone and the central zone (Figure 1-1) [3, 4]. The peripheral zone, which is wrapped 

around the outer portion of the prostate, constitute about 70% of tissue in the normal prostate, and 

is the most common site of origin of prostate cancers (60-70%) [3, 4]. The transition zone is located 

near the prostatic urethra and constitute about 5% of normal prostate tissue in young men [3, 4]. 

In older men, the transition zone often becomes considerably enlarged through the process of BPH. 

About 10-20% of cancers arise from the transition zone, which are clinically and biologically 

different than peripheral zone cancers. Notably, although transition zone cancers are often 

diagnosed at larger tumor volume, they show better clinical outcome than peripheral zone cancers 
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with regards to biochemical recurrence, local, and distant metastasis [5]. Transition zone cancers 

also demonstrated reduced rates of lymphovascular invasion, lymph node involvement and 

extracapsular invasion [5]. The central zone represents the wider portion of the base of the prostate, 

surrounding the ejaculatory ducts, and accounts for 25% of prostatic tissue [3, 4]. The small portion 

of prostate cancers (5-10%) that arises from the central zone are more aggressive than cancers 

from the peripheral and transition zones. 

Figure 1-1. Zones of the human prostate.  

The human prostate consists of the 3 histological zones: the peripheral zone, the transition zone 
and the central zone. Most cancer arises from the peripheral zone. Adapted from Ittmann M. 
(2018). Anatomy and Histology of the Human and Murine Prostate. Cold Spring Harbor 
perspectives in medicine, 8(5), a030346. https://doi.org/10.1101/cshperspect.a030346. Permission 
received from Copyright © 2022 by Cold Spring Harbor Laboratory Press 
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The prostate glandular epithelium is composed of acini and ducts which are lined by three 

types of cells: luminal epithelial cells, basal epithelial cells, and neuroendocrine cells. Luminal 

cells are located on the luminal side of the glands and are specialized cells that synthesize and 

secrete prostate-specific antigen (PSA), which contribute to the formation of the luminal fluid [1, 

6]. Luminal cells are terminally differentiated cells that express differentiation markers such as the 

androgen receptor (AR) and PSA. In contrast, basal cells are proliferating cells adjacent to the 

basement membrane that do not express AR and PSA, and are believed to play a critical role in 

maintaining ductal integrity and proper differentiation of luminal cells [7, 8]. Although evidence 

pinpointing to both basal cells [9] and luminal cells [10] as the cells of origin for prostate cancer 

has been discovered, the question of the origin of prostate cancer remains under debate. While 

basal and luminal cells constitute the vast majority of the epithelium in human prostate, 

neuroendocrine cells represent about 1% of the total epithelial population [7]. The neuroendocrine 

cells are scattered amongst the more abundant other two cell types, and can be identified using 

antibodies against markers of neuroendocrine differentiation such as neuron-specific enolase 

(NSE), chromogranin A (CgA) and synaptophysin (SYN). While the contribution of 

neuroendocrine cells in prostate cancer initiation is believed to be very minimal and their function 

in benign prostate remains largely unknown [7, 11], neuroendocrine cells are involved in the 

development of advanced prostate cancer [12, 13]. Indeed, tumors receiving androgen-deprivation 

therapy (ADT) eventually progress to an androgen resistant state known as castration resistant 

prostate cancer (CRPC). Neuroendocrine differentiation may arise in patients with CRPC, leading 

to a more lethal neuroendocrine prostate cancer (NEPC) [12, 13]. NEPC is an aggressive variant 

of prostate cancer and patients with this form of the disease are more likely to develop distant 
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metastases [12, 13]. NEPC still lacks effective diagnostic and therapeutic interventions, and 

patients diagnosed with NEPC generally survive less than year following diagnosis [13, 14]. 

1.1.2. Prostate cancer epidemiology 

Prostate cancer is the second most common solid tumor in men worldwide and the fifth 

cause of cancer-related mortality [15]. In the year 2020, there was an estimated 1,41 million new 

cases of prostate cancer, which just a small 20,000 cases short from the most commonly diagnosed 

cancer (lung cancer), and an estimated 375 304 deaths worldwide due to prostate cancer [15]. More 

specifically, recent analyses from the Canadian Cancer Society suggest that 1 in 7 Canadian men 

will be diagnosed with prostate cancer in their lifetime, and 1 in 29 will die from the disease [16]. 

In the past few decades, there has been some fluctuations in prostate cancer incidence in Canada, 

starting with a dramatic increase in the early 1990s followed by several waves of increasing and 

decreasing incidence until 2015 [17]. More precisely, between the year of 1992 to 2011, the 

incidence rate of prostate cancer in Canada gradually increased, peaking at 19,325 cases in 2011, 

and then falling back down to 15,510 cases in 2015 [16]. The incidence rate of the disease has 

been relatively stable since 2015 and are expected to remain constant in 2022. Furthermore, 

mortality rates related to prostate cancer have been consistently declining in Canada since the year 

1992, and are also expected to remain within the same trend in 2022 [17]. 

The unusual pattern in prostate cancer incidence can be mainly accredited to the changes 

in population-based testing practices. For instance, PSA testing became available in Canada in 

1986 and was widely used by the early 1990s, which is believed to have played a major role in the 

peak of prostate cancer incidence through the 1990s and early 2000s [16, 18]. Of note, PSA-based 

screening has been associated with a high risk of overdiagnosis. There is currently an ongoing 

debated surrounding the cost versus the benefits of PSA screening. On one side, it is believed that 
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PSA screening should be reduced due to the fact that a large number of men with nonaggressive 

forms of the disease have been over-diagnosed [17]. Over-diagnosis may lead patients to seek 

treatment, which they do not actually require, and may hinder their quality of life (i.e., castration). 

On the flip side, it is argued that reducing PSA-screening will lead to an increase in diagnosis of 

aggressive prostate cancers because of a reduction in early detection of the disease [17, 19]. 

On the other hand, the decrease in mortality rates related to prostate cancer over the past 

few decades can be attributed to the improvement in treatment modalities and earlier diagnosis. 

Altogether, the increasingly effective diagnostic tools for prostate cancer combined with the 

improvement of patient monitoring and disease surveillance and treatment has contributed to an 

elevated number of diagnoses while also decreasing the number of prostate cancer-related deaths. 

It is important to note that in most cases, prostate cancer follows a slow, indolent progress and can 

be effectively managed following an early diagnosis. However, in some cases the disease can 

become very aggressive and lethal, highlighting the need for a better understanding of disease 

progression at the molecular level [16-18]. 

1.1.3. Prostate cancer risk factors 

As is the case with most other cancers, establishing the exact cause for prostate cancer 

initiation in men has been highly challenging. Certain predispositions, behaviours, conditions, or 

substances can affect a man’s risk of developing prostate cancer. Epidemiological studies have 

pinpointed several different factors that increase a man’s chance of getting prostate cancer, the 

most established ones being family history, genetic factors, age, ethnicity and diet and lifestyle 

factors. 
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1.1.3.1. Family history 

Family history has been a focus in epidemiological studies relating to prostate cancer 

incidence since as early as the 1960s [20], and is now considered one of the most established risk 

factors for the disease. Prostate cancer is one of the most heritable cancers. Indeed, men with a 

close relative such as a father or a brother that has been diagnosed with prostate cancer have a two- 

to four-fold greater risk of developing the disease themselves [21]. Importantly, the relative risk 

increases according to the number of affected family members, their degree of relatedness, and the 

age at which they were affected [22, 23]. For example, men with a father diagnosed with prostate 

cancer before the age of 60 have a 20% chance of developing prostate cancer while men with a 

brother diagnosed before the age of 60 have a 25% chance of developing the disease, compared to 

an 8% chance for men with no family history of the disease [24, 25]. Furthermore, men with 3 or 

more affected male relatives have a 35-45% chance of developing prostate cancer [25]. 

Interestingly, studies have reported an increased prostate cancer risk in men with first-degree 

female relatives who had breast cancer. For instance, Ren et al. reported that men with a first-

degree family history of breast cancer have a 28% chance of developing prostate cancer [26], 

reinforcing the importance of family of breast cancer in prostate cancer risk. 

1.1.3.2. Genetic factors 

There are three different phenotypes in which prostate cancer can be classified: sporadic, 

which refers to prostate cancer occurring in a man with no family history of the disease, familial, 

which is defined as a cancer in men with a first-degree relative or more affected by the disease, or 

hereditary, which represents a subset of familial prostate cancer that show a pattern of Mendelian 

inheritance of a susceptibility gene [20]. Genome-wide association studies (GWAS) have 

identified around 170 susceptibility loci for prostate cancer [27] and more than 180 independent 
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single nucleotide polymorphisms (SNPs) associated with prostate cancer risk [21]. Moreover, 

GWAS have uncovered several prostate cancer-related genes, with the vast majority showing a 

dominant autosomal inheritance pattern [28]. Indeed, inherited gene mutations are often found in 

DNA damage repair genes (DDR) such as BRCA1, BRCA2, CHEK2, ATM, and PALB2 as well as 

in DNA mismatch repair genes (MMR) such as MLH1, MSH2, MSH6, and PMS2, and are involved 

in prostate cancer initiation and development [29, 30]. Interestingly, there is strong evidence that 

men with CRPC with germline mutations in DDR genes respond more positively to DNA-

damaging therapies such as PARP inhibitors [31, 32] and platinum-based chemotherapy [32, 33]. 

Nonetheless, the clinical significance of mutations in many prostate cancer genes remains unclear. 

1.1.3.3. Age 

Prostate cancer is generally considered a disease of the elderly, with a median age of 

presentation of 66 years [34]. Indeed, the incidence rate of prostate cancer increases with age, and 

about 60% of cases are diagnoses in men over the age of 65. Interestingly, only 1 in 350 men 

worldwide under the age of 50 will be diagnosed with prostate cancer, while 1 in 52 men will be 

diagnosed with the disease between the ages of 50 to 59 years [34], highlighting the significant 

role of age in the incidence of the prostate cancer. On some rare occasion, prostate cancer is 

diagnosed in men well below the age of 50 years. For instance, Gupta et al. reported one of the 

youngest cases of prostate cancer at the age only 28 years [35]. Early onset prostate cancer is 

considered to be clinically different from prostate cancer diagnosed at an old age, with significantly 

less differentiation of the disease, but higher risk of lethality [35]. All things considered; age 

represents one of the most significant risk factors for prostate cancer. 
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1.1.3.4. Ethnicity 

The incidence of prostate cancer has a significantly disproportionate distribution across 

different racial groups. Namely, in the United States, the incidence of prostate cancer in African-

American men in is twice as high as Caucasian men and four times higher than Asian-American 

men [36]. Moreover, men of African ancestry are more likely to have an aggressive form of the 

disease than Caucasian men, and they tend to present with a more advanced or metastatic stage of 

the disease at the time of diagnosis [37]. The reason behind the disparities in the diagnosis and 

survival between these ethnic groups remain unclear, but are likely multifactorial, including a 

combination of different genetic susceptibility [38], socioeconomic factors and access to 

healthcare [39], and environmental factors (e.g., dietary intake) [40]. 

1.1.3.5. Diet and lifestyle factors 

Globally, a wide variation of prostate cancer incidence exists between different populations 

and regions. Indeed, higher incidence rate of prostate cancer is found in Northern America, Europe, 

and Oceania, while lower incidence rates are found in Africa and Asia [34]. Interestingly, an 

epidemiological study of Japanese immigrants in the United States found that incidence rate of 

prostate cancer is 4-fold higher in US-born Japanese than in Japanese living in their homeland, 

suggesting an important role of environmental factors in the etiology of the disease [41]. A variety 

of diet and lifestyle factors such as obesity, smoking, exercising, and diet have been studied with 

respect to prostate cancer risk. For example, several epidemiological studies suggest that obesity 

is an independent predictor of prostate cancer and is associated with the progression of the disease 

to an advanced stage [42]. Furthermore, smoking tobacco has been identified as a significant risk 

factor for cancer-related mortality and recurrence [43], while exercising has been found to reduce 

prostate cancer risks [44]. 
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Numerous studies repeatedly show that dietary fat intake is associated with prostate cancer 

risk and induces more rapid prostate cancer growth. For example, Labbé et al. demonstrated that 

a high saturated fat consumption increases disease progression in a prostate cancer mouse model 

overexpressing the c-MYC transgene [45]. 

Conversely, certain types of food have been found to have beneficial effects with regards 

to prostate cancer risk. Vegetables such as broccoli, cauliflower, cabbage, kale, brussels sprouts, 

mustard greens and chard greens are believed to reduce cancer cell proliferation and promote 

apoptosis due to detoxification of carcinogenic compounds with metabolites such as 

isothiocyanates and indoles [46]. Several studies have also shown that consumption of tomato 

products reduces the risk of developing prostate cancer due to the antioxidant lycopene which is 

believed to inhibit prostate cancer growth and metastasis [47, 48]. 

Although the role of diet in prostate cancer development and progression to an aggressive 

disease has been extensively studied in clinical studies and preclinical studies, the underlying 

metabolic mechanisms responsible for the impact of dietary fat on prostate cancer remain unclear. 

Considering that out of the above-mentioned risk factors diet is the only modifiable one, a better 

understanding of the link between diet and disease progression is of great relevance for prevention 

and potential treatment of prostate cancer. 

1.1.4. Prostate cancer screening and diagnosis 

There are two commonly used methods for prostate cancer screening: the digital rectal 

examen (DRE) and the PSA blood test. A DRE is a test performed by a physician during which he 

inserts a lubricated finger into the rectum and feels the surface of the prostate for any irregularities. 

During a DRE, the physician assesses the posterior aspect of the peripheral zone. Although the 

majority of carcinomas arise from the peripheral zone, they may also develop in the transition or 
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central zones, which might go unnoticed by the physician. Given the fact that a DRE is not highly 

precise and that not every doctor has the expertise to perform the exam, it does not often detect 

prostate cancer at early stages [49]. PSA is a protein released by prostate tissue that is found in the 

blood. Levels of PSA can be raised if there is abnormal activity in the prostate such as prostate 

cancer, BPH, and prostatitis [50]. Although PSA testing is useful for detecting prostate cancer at 

early stages of the disease, controversy surrounding the use of this method for screening in people 

without symptoms exists based on the fact that it may identify very slow-growing prostate cancer 

that would not pose a threat to someone’s life. Subsequently, this may lead to overdiagnosis and 

overtreatment, and cause side effects affecting the patient’s quality of life [50]. Importantly, if a 

DRE or PSA test identifies an abnormality, further testing such as a magnetic resonance imaging 

(MRI) and a biopsy will be used to make a definitive diagnosis of prostate adenocarcinoma [51]. 

1.1.5. Staging and grading of prostate cancer 

Tumor staging and grading are used to describe the growth and spread as well as the 

histology and cellular changes of cancers, which serves as the starting point for patient care in 

clinical oncology. Prostate cancer stages, which refers to the extent of the disease spread, are most 

commonly established using the tumor-node-metastasis (TNM) system developed by the 

American Joint Committee on Cancer (AJCC). Using this system, cancers are categorized based 

on tumor size and local growth (T), extend of lymph node metastases (N), and occurrence of 

distance metastases (M) [52]. The results of the TNM assessment are combined to determine the 

stage of the disease, which can be anywhere from stage I, referring to a cancer confined to the 

prostate, to stage IV where there is evidence of distant metastasis beyond prostate tissue [53]. 

Cancer grading is used by physicians to describe the histology and pathology of cancer compared 

to normal tissue in order to assess the aggressiveness of the disease and institute a line of treatment. 
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Grading for prostate cancer is established using the Gleason scoring system, which classifies 

tumors based on glandular architecture and cellular cytomorphology of the prostate tissue as seen 

under a microscope [52]. Pathologists report both a primary and secondary grades, with the 

primary grade being the most common histological grade and the second one representing the 

second most common grade of the specimen. The primary and secondary grades are assigned based 

on the degree of differentiation of the cells and the pattern of cell growth. 

Specifically, if the cancer cells are well differentiated, they are less likely to grow and 

spread quickly, and will be given a low grade (1 to 3), whereas if the cancer cells are poorly 

differentiated and are more likely to spread quickly, a high grade will be assigned (4 or 5) [54]. In 

other words, the more the cancer cells look, behave, and arrange like normal cells the lower the 

grade number that will be assigned. The primary and secondary grade are subsequently added to 

come up with an overall score between 6 to 10 [54]. 

1.1.6. Current prostate cancer treatments 

Several prostate cancer treatments have been developed to offer the best management option 

for patients based on the stage and aggressiveness of their disease as well as the patients’ 

preferences and overall health, including the following: 

1.1.6.1. Active surveillance 

Since it was first described in 2002 [55], active surveillance was shown to be both safe and 

effective by many cohort studies [56-58] and has now become a standard of care for patients with 

low-risk prostate cancer. Active surveillance is primarily used in order to delay cancer treatment 

and offers the benefits of preservation of quality of life for the patient, while assuring that effective 

therapy will be used if required. Normally, active surveillance involves long-term follow-up with 
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evaluation of PSA levels, imaging, and biopsy, allowing for appropriate risk reclassification and 

subsequent selection of future intervention methods if necessary [59]. 

1.1.6.2. Surgery 

The surgical line of treatment for prostate cancer involves the removal of the prostate and some 

surrounding lymph nodes during an operation. Many different types of surgeries have been 

developed for management of prostate cancer depending on the stage of the disease: 1) Radical 

(open) prostatectomy involves the removal of the entire prostate and the seminal vesicles as well 

as some surroundings lymph nodes, and is it used for treatment of localized prostate cancer. This 

type of surgery may include the risk of affecting sexual function and cause urinary incontinence 

[60]. 2) Robotic (laparoscopic) prostatectomy is a less invasive surgery than the radical 

prostatectomy involving the removal of the prostate gland, and it is also used to treat local prostate 

cancer. In general, this operation causes less pain and may shorten the recovery period, however, 

the side effects on sexual and urinary functions are similar to that of the radical prostatectomy [60]. 

3) Bilateral orchiectomy, also called total orchiectomy, involves the removal of both testicles and 

is used to treat metastatic prostate cancer. The goal of this operation is to remove the main source 

of testosterone production, which was reported by Huggins & Hodges to increase metastatic 

prostate cancer over 80 years ago [61] and is now known as a main source for driving prostate 

cancer growth. The removal of the testicles may cause some negative psychological effects on men 

such as the phantom syndrome as well as uncomfortable feelings such burning or electric-shock-

like sensations [62]. The use of bilateral orchiectomy has been on the decline since the 1990’s and 

early 2000’s treatment [63, 64], mainly due to the introduction of chemical castration, which is 

now more commonly used as a line of treatment [65]. Interestingly, it has recently been shown that 

orchiectomy may carry certain advantages over chemical castration, including lower rates of some 
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adverse side effects and reduced costs over long-term follow up [66, 67], suggesting that 

orchiectomy might be an underutilized, cost-effective treatment for prostate cancer patients. 

1.1.6.3. Radiation therapy 

Radiation therapy usually consist of a regimen of a specific number of treatments given 

over a set period of time during which high-energy rays are used to destroy cancer cells. The most 

common type of radiation treatment is the external-bean radiation therapy (EBRT), during which 

a machine located outside the body is used to focus a beam of x-rays on the area where the cancer 

is located. According to the American Society for Radiation Oncology, EBRT may be used for 

people with early-stage low-risk to intermediate-risk prostate cancer [68]. Intensity-modulated 

radiation therapy (IMRT) is a type of external-beam radiation therapy that uses CT scans to gather 

information about the size, shape, and location of the prostate cancer before administrating x-rays. 

With this technique, how much radiation is required to destroy the cancer cells can be determined 

ahead of time and directed directly at the disease area without damaging nearby organs. Another 

type of radiation treatment is brachytherapy, or internal radiation therapy, which involves the 

insertion of radioactive sources (seeds) directly into the prostate that will give off radiation just 

around the areas where they are inserted. Treatment may be given as low-dose-rate seeds, which 

may be left in the prostate permanently or as high-dose-rate seeds, which are usually left into the 

body for less than 30 min, and it is usually used for early-stage prostate cancer [69]. 

Recently, new radioactive substances have been approved for radiation therapy in advanced 

stages of prostate cancer including radium-223 dichloride (223Ra) and lutetium Lu 177 vipivotide 

tetraxetan (177Lu-PSMA-617). 223Ra is an alpha-emitting radionucleotide that mimics calcium to 

form complexes with hydroxyapatite, resulting in its distribution to locations within the skeleton 

that metabolize calcium during bone creation, consequently targeting bone metastases [70], and it 



 14 

is the first alpha-emitting radiopharmaceutical approved for treatment of CRPC with bone 

metastases and absence of visceral concerns [71]. Notably, 223Ra was shown to have a favorable 

safety profile with minimal toxicity in phase 1 and 2 clinical studies involving patients with bone 

metastases [72, 73], while a phase 3 clinical study demonstrated a beneficial effect of the 

radionucleotide on overall survival rate, with a 30% reduction in the risk of death in patients with 

CRPC and bone metastases compared to placebo [74]. 177Lu-PSMA-617 is a radioligand 

therapeutic agent that has been developed to target a specific molecule called prostate-specific 

membrane antigen (PSMA) that is highly expressed in cancer cells, and therefore delivers radiation 

directly to the PSMA-positive cancer cells [75]. The radioligand has now been approved by the 

FDA in June 2021 for the treatment of metastatic CRPC (mCRPC). 

1.1.6.4. Hormonal therapy 

Prostate cancer growth is known to be driven by male sex hormones called androgens, the most 

common one being testosterone. Hormonal therapy, also called androgen-deprivation therapy 

(ADT), is used to lower testosterone levels in the body and ultimately slow down prostate cancer 

growth. Luteinizing hormone-releasing hormone (LHRH) agonist and antagonist, also called 

gonadotropin-releasing hormone (GnRH) agonist and antagonist, have revolutionized the 

treatment of advanced prostate cancer by giving an alternative to surgical castration. LHRH 

agonist work by downregulating the GnRH receptors in the pituitary gland, herby decreasing the 

release of luteinizing hormone and testosterone, while LHRH antagonist work by directly 

inhibiting the AR receptor in the pituitary gland [76]. Although ADT has become commonly used 

as a therapeutic option for advanced prostate cancer, it is important to note that is comes with its 

lot of potential side effects, including hot flashes, fatigue, metabolic dysfunction, testosterone 

surges, and increased risk of cardiovascular disease [76]. Moreover, insufficiency of ADT over 
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time often leads to patients falling into relapse and developing mCRPC due to several mechanisms 

converging mostly on the AR axis. When this is the case, second-generation AR-targeted therapies 

may be used to overcome resistance and block androgen biosynthesis in CRPC, mCRPC, and 

metastatic castration-sensitive prostate cancer (mCSPC). These include the AR-inhibitors 

apalutamide (CRPC and mCSPC), darolutamide (CRPC), and enzalutamide (CRPC, mCRPC, 

mCSPC). Furthermore, abiraterone acetate, an androgen synthesis inhibitor which targets the 

enzyme CYP17A1, may also be used to stop adrenal glands and prostate cancer cells from 

producing testosterone in patients with mCRPC [77]. 

1.1.6.5. Chemotherapy 

Chemotherapy refers to the use of drugs to destroy cancers cells by keeping them from growing 

and dividing, and it is usually the form of treatment used when patients develop resistance to ADT 

and second-generation AR-targeted therapies. Thus, chemotherapy is used to treat patients with 

advanced CRPC and CSPC. There are several standard drugs used for prostate cancer, and the 

most common one is docetaxel, which is a taxane that binds tubulin and stabilizes microtubules, 

inhibiting cell mitosis and leading to cancer cell apoptosis [78]. Cabazitaxel, which is microtubule 

inhibitor, is often used in patients who have been previously treated for mCRPC with docetaxel 

and have developed resistance to that drug [79]. The side effects of chemotherapy vary largely 

depending on the individual and the type of chemotherapy received, but oftentimes include fatigue, 

soreness, pain, nausea, vomiting, appetite loss, and hair loss.  

1.1.6.6. Immunotherapy 

Immunotherapy is a form of treatment designed to boost the body’s natural defenses to fight 

the cancer by improving or restoring immune function. There are currently only two FDA-

approved prostate cancer immunotherapies: sipuleucel-T (Provenge) and Pembrolizumab. For 
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people with mCRPC, vaccine therapy with sipuleucel-T may be an option. When this treatment is 

used, blood is first removed from the patient in a process called leukapheresis, autologous 

peripheral-blood mononuclear cells are separated from the blood sample and activated with a 

recombinant fusion protein (PA2024), and the cells are then put back into the patient where they 

may now actively recognize and destroy prostate cancer cells [80]. Given the fact that sipuleucel-

T does not lead to lower PSA levels nor shrinking of the tumor, it may be hard to assess the 

effectiveness of the treatment. However, results from clinical trials have demonstrated that the use 

of sipuleucel-T prolonged overall survival by 4 months among men with mCRPC [80]. 

Immune check point inhibitors targeting T-cell molecules such as T-lymphocyte-associated 

protein 4 (CTL-4), programmed cell death protein 1 (PD-1), and programmed cell death protein 

ligand 1 (PDL-1) have recently emerged as therapies with durable responses across solid tumors 

[81-83]. However, this type of treatment has proven difficult for prostate cancer due to low T-cell 

infiltration, making it particularly resistant to immune directed therapies. Recent studies have 

demonstrated that a subset of pre-treated mCRPC patients respond to anti-PD-1/PDL-1 therapy, 

although this subset of patient represents the minority of patients (4%-20%) [84-86]. Nonetheless, 

Pembrolizumab, an immune checkpoint inhibitor targeting PD-1, is used after all other treatment 

options are exhausted. Common side effects of immunotherapy include skin reactions, diarrhea, 

flu-like symptoms, and weight changes. 

1.1.6.7. PARP inhibitors 

Poly-ADP ribose polymerase (PARP) inhibitors exploit what is known as synthetic 

lethality, in which two defects combined become lethal to a cell. PARP inhibitors target PARP 

enzymes, which are a family of enzymes that catalyze the transfer of ADP-ribose to target proteins. 

PARP enzymes play key roles in various cellular processes including transcription, replication, 
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and DNA repair [87]. As of May 2020, the FDA approved the PARP inhibitors olaparib (Lynparza) 

and rucaparib (Rubraca) for the treatment of prostate cancer patients. Specifically, olaparib has 

been approved for the treatment of mCRPC patients with homologous recombination repair gene 

mutations who have progressed following treatment with enzalutamide or abiraterone [87]. 

Rucaparib has been approved for the treatment of mCRPC patients with BRCA1 or BRCA2 

mutations who have already been treated with ADT and chemotherapy [87]. Although not yet FDA 

approved, the PARP inhibitors niraparib has recently showed promising potential in men with 

mCRPC with DNA repair anomalies. Interim results from an ongoing clinical trial have shown 

that niraparib achieved a composite response rate of 65% in patients with BRCA mutations [88], 

suggesting that PARP inhibition through niraparib may soon play an important role in treatment 

of mCRPC patients with DNA repair mutations. Side effects of PARP inhibitors may include side 

effects such as fatigue, headaches and dizziness, and indigestion. 

1.1.7. Clinical challenges and limitations to prostate cancer care 

Despite the major progress in prostate cancer treatment modalities and survival rates in the 

past decades, some limitations to prostate cancer care still exist and contribute to the disease being 

projected as one of the leading cause of cancer-related mortality in Canadian men in 2022 [17]. 

One of the main clinical challenges to prostate cancer care is the acquired resistance seen manly 

in patients treated with ADT and AR-targeted therapy. Indeed, in many cases, deprivation of 

androgens initially reduces progression of prostate cancer, however, acquired resistance will 

develop over time and lead to mCRPC, a much more lethal form of the disease. A better 

understanding of the underlying mechanism driving prostate cancer to an aggressive, lethal stage 

could potentially leads to the development of new therapeutic strategies. Another major limitation 

to prostate cancer care is the lack of tools for disease stratification (indolent vs. aggressive), which 
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has a negative impact on accurate diagnostic determination and often leads to mismanagement of 

prostate cancer patients (i.e., overtreatment of indolent tumors). Consequently, the development 

of new biomarkers for different stages of prostate cancer would increase our ability to distinguish 

between the indolent and aggressive forms of the disease, improving prostate cancer management. 

1.2. Heterogeneity of prostate cancer and the role of MYC 

1.2.1. Molecular subtypes of prostate cancer 

Prostate cancer is driven by multiple genomic alterations, with distinct patterns and clinical 

implications. There is substantial heterogeneity among primary prostate cancers, which is evident 

in the spectrum of molecular alterations and their variable clinical course. Over time, an increase 

in the number and the severity of genomic alterations adds molecular complexity and is associated 

with progression of prostate cancer to a metastatic disease. Using molecular and genetic profiles 

to define biologically relevant categories of prostate cancer allows molecular subtyping of the 

disease [89, 90]. Thus, molecular subtypes of prostate cancer classify tumors based on their 

underlying genomic alterations and gene expression signature which over the course of the 

progression of the disease. 

 Prostate cancer can be classified into (1) clinically localized, treatment naïve prostate 

cancer, (2) aggressive metastatic but, hormone sensitive prostate cancer, and (3) lethal, ADT 

insensitive, CRPC (Figure 1-2) [89]. Clinically localized prostate cancer is defined by specific 

genomic alterations that occur in the early stage of the disease and may be classified in subclasses. 

These subclasses include the ETS positive subtypes defined by TMPRSS2-ERG fusion (40–50% 

of cases) [91, 92], TMPRSS-ETV1 fusion (5–10% of cases) [92, 93] and TMPRSS-ETV4 and -

ETV5 (1-5% of cases) [94, 95] as well as the ETS-negative subtypes defined by SPOP mutations 

(6–15% of cases) [96] and FOXA1 mutations (4% of cases) [90]. Of note, FOXA1 has been found 
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to be much more frequently mutated in a cohort of Chinese primary prostate cancer patients (41%) 

compared to the TCGA cohort (4%), which suggests that there may be ethnicity-specific patterns 

with regards to mutation frequency of FOXA1 [97]. 

Acquisition of additional molecular alterations leads to aggressive, metastatic prostate 

cancer. Some of the most common genomic alterations in advanced, metastatic prostate cancer 

include loss of function of the tumor suppressor PTEN (40–60% of cases), loss of function of the 

tumor suppressor TP53 (40–60% of cases), loss of function of the tumor suppressor RB1 (28% of 

cases), and amplification of MYC (37% of cases), all of which are predisposed to ETS-fusion 

positive subclasses [90]. Of note, MYC amplification is also found in 10% of localized prostate 

cancer [90]. Common molecular alterations that are restricted to the ETS-negative subclasses 

include deletion of CDH1 (5-10% of cases) [90, 98], and SPINK1 overexpression (5–10% of 

cases) [90]. After the initiation of ADT for localized or metastatic disease, some patients invariably 

progress towards CRPC, which can be divided in distinct subtypes. Genomic alterations to the AR 

are the most significant alterations observed in CRPC (60% of cases) and may include AR 

amplification, AR mutations, AR splice variants, or other alterations resulting in ligand-

independent AR activation [99, 100]. CRPC also shows a high prevalence of alterations in DDR 

genes including BRCA1 (2% of cases), BRCA2 (10% of cases), ATM (11% of cases), CDK12 

(11% of cases), and MSH2 (3% of cases) [90, 101]. Although alterations of these genes also occur 

in primary prostate cancer, enrichment of these mutations in CRPC implicates them as drivers of 
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the CRPC phenotype [90, 101]. AR-indifferent CRPC subtypes have also been established, 

including NEPC (10-20% of cases) [102]. 

Figure 1-2. Classification of prostate cancer according to defined molecular subtypes. 

Adapted from Arora & Barbieri (2018) [65]. Used with permission from Springer Nature with 
RightsLinkâ. License number 5351170754613 

1.2.2. MYC in prostate cancer 

The proto-oncogene c-MYC (MYC) has been implicated in many different types of cancer. 

MYC functions has a transcription factor that coordinates many biological processes such as 

energy metabolism and cellular proliferation [103]. In prostate cancer, MYC-overexpression is 

found in 10% of primary tumors and 37% of metastatic tumors and is associated with poor overall 

survival [104-107]. Gain of chromosome 8q and focal amplification of 8q24.21 are frequent events 

in primary prostate cancer linked to MYC-amplification [108]. Overexpression of MYC in prostate 

cancer has a significant impact on cell metabolism due to the fact that it induces a global metabolic 

reprograming, which in turn supports the survival and growth of cancer cells [109, 110]. 

Importantly, lifestyle factors such as diet may amplify the MYC transcriptional program. Indeed, 

Labbé et al. demonstrated that a diet rich in saturated fat promotes MYC-driven transcriptional 
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programs, even in a premalignant condition such a prostatic intraepithelial neoplasia (PIN), which 

highlights the importance of MYC even in the absence of genomic alterations [45]. Further, MYC 

overexpression in normal luminal cells of murine prostate is sufficient to initiate prostate cancer, 

indicating the key role of MYC in driving prostate cancer initiation [111]. Moreover, MYC 

overexpression has been shown to diminish the canonical AR transcriptional program and alter the 

AR cistrome [45]. Critically, Qiu and Boufaied et al. showed MYC overexpression results in the 

establishment of a corrupted AR transcriptional program in a murine model of prostate cancer [45]. 

They further showed that patients with mCRPC characterized by MYC-overexpression and low 

AR activity are more likely to fail to first-line next-generation AR inhibitors (i.e., enzalutamide or 

abiraterone acetate) [45], highlighting the profound impact of MYC overexpression in prostate 

cancer progression and treatment resistance. 

1.2.3. An in vivo model of MYC-driven prostate cancer 

A transgenic model that overexpressed human MYC in the prostate was designed by 

Ellwood and colleagues [111]. Specifically, they designed Lo-MYC transgenic mice and Hi-MYC 

transgenic mice. Lo-MYC mice express human MYC under the control of the probasin promoter. 

Critically, lo-MYC mice express low levels of MYC expression at 1-2 weeks of age, and MYC 

gene expression increases along with androgen levels as the mice mature from 4-8 weeks of age 

[111]. On the other hand, Hi-MYC mice express human MYC under the control of the 

ARR2/probasin promoter which contains two additional androgen response elements (AREs), thus 

enhancing the level of MYC expression overall [111]. Importantly, Ellwood and colleagues 

demonstrated that MYC-overexpression results in the development of PIN in mouse as early as 2 

weeks of age in Hi-MYC mice. This was largely seen in the dorsolateral and ventral lobes and 

eventually progressed to locally invasive adenocarcinoma at essentially 100% penetrance [111]. 
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Since its introduction in 2003, the transgenic mouse model of MYC-driven prostate cancer has 

been used to study the role of MYC in a variety of processes, notably in cancer immunity, 

therapeutic response, fatty acid metabolism, and epigenetic regulation [112-115]. 

1.2.4. An in vitro model of MYC-driven prostate cancer 

The MyC-CaP cell line was isolated from 16-month Hi-MYC transgenic mice [116]. 

Specifically, primary prostate cells were isolated from a prostate carcinoma and the MyC-CaP cell 

line was established from a single-cell derived clone [116]. Critically, the MyC-CaP cell line 

retains the expression of the human MYC transgene [116]. Moreover, the MyC-CaP cell line has 

no history of ADT or hormonal therapy and demonstrated androgen-dependent growth in soft agar 

in vitro and when engrafted in vivo in mice [116]. Importantly, the MyC-CaP cell line can easily 

be transfected and infected [116]. This makes the MyC-CaP cell line amenable to genome editing 

strategies. 

1.3. Epigenetics regulation in prostate cancer initiation and 

development  

1.3.1. Epigenetic dysregulation in prostate cancer: General introduction 

In addition to genomic alterations, epigenetics dysregulation has been associated with prostate 

cancer progression [117, 118]. The term, “epigenetics,” was first introduced in 1942 by Conrad 

Waddington to refer dynamic interactions between the genome and the environment that are 

involved in cell differentiation and development [119]. He defined epigenetics as heritable 

alterations in gene expression that are not due to changes to the nucleotide sequence [119]. More 

precisely, epigenetic modifications are reversible changes in gene expression that result from 

modifications of the chromatin structure and DNA accessibility without alteration of the cell’s 

DNA sequence [120]. Epigenetic modifications can regulate gene expression patterns via different 
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mechanisms which alter the chromatin state such as DNA methylation, histone methylation, 

histone acetylation, and histone phosphorylation [121]. 

While normal cells regulate some of their functions through alteration of their epigenomes, 

environmental factors such as infection and inflammation may cause epigenetic dysregulation to 

arise and accumulate, and ultimately drive tumorigenesis [122]. For example, histone 

modifications, aberrant DNA methylation, and non-coding RNAs contribute to the initiation and 

progression of prostate cancer [122, 123]. Targeting epigenetic pathways is an emerging 

therapeutic strategy in prostate cancer, and identification of unique epigenetic patterns in prostate 

cancer cells such as specific DNA hypo- or hyper-methylation or expression of key epigenetic 

regulators could lead to the discovery of new diagnostic and prognostic biomarkers as well as 

targets for treatment of the disease [123]. 

1.3.2. DNA methylation 

DNA methylation is catalyzed by DNA methyltransferases (DNMTS) enzymes, which 

transfer a methyl group from S-adenosylmethionine (SAM) to the fifth carbon position of cytosine 

residues in CpG dinucleotides. The covalent modification of DNA sites by methylation is a process 

which alters chromatin accessibility and defines regions of transcriptional activity, and it is 

involved in the regulation of diverse biological processes [124]. While regulation of DNA 

methylation is essential for mammalian development and differentiation for the control of gene 

expression and gene silencing, aberrant DNA hypermethylation in promoter regions of tumor 

suppressor genes or global DNA hypomethylation, contribute to the initiation and progression of 

a variety of cancers by leading to gene silencing or genomic instability, respectively [125, 126]. 

In prostate cancer, DNA hypermethylation within promoter regions of tumor-suppressor 

genes is the most characterized epigenetic modification, and is associated with genes related to 
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DNA repair, cell cycle, apoptosis, and cell adhesion [123, 127]. For example, hypermethylation of 

the tumor-suppressor GSTP1 has been found in prostate cancer as well as in prostatic 

intraepithelial neoplasia and could be utilized as a biomarker for diagnosis given the fact that it is 

not present in normal prostatic tissue [128, 129]. Indeed Wu et al. demonstrated that GSTP1 

hypermethylation in plasma, serum, and urine DNA has a higher specificity for prostate cancer 

diagnosis than serum PSA [130]. The tumor suppressor gene CDKN2A is an inhibitor of cyclin-

dependent kinase and an important player in cell cycle processes. CDKN2A is frequently 

inactivated by promoter hypermethylation in many cancers including prostate cancer [131]. 

Moreover, suppression of CDH1, which plays an essential role in maintaining normal 

epithelial integrity, has been shown to correlate with the incidence of cancer [132]. Loss of CHD1 

in prostate cancer has been shown to results from hypermethylation of the CDH1 promoter region, 

and its hypermethylation status is associated with tumor progression and poor overall survival 

[133, 134]. On the other hand, DNA hypomethylation, which refers to the demethylation of 

normally methylated CpG sites, is frequently observed in late stages of prostate cancer [135, 136]. 

For instance, PLAU and its receptor play important roles in tumor metastasis through degradation 

of extracellular matrix and several studies have shown a correlation between PLAU expression and 

cancer [137, 138]. The expression of PLAU is normally repressed by DNA methylation. In prostate 

cancer, the expression of PLAU is much higher than in benign prostatic tissue due to 

hypomethylation of the promoter region of the gene, leading to oncogenic effects [139]. 

1.3.3. Histone modifications 

Histones are responsible for chromatin organization by folding DNA into the nucleus. 

There are four core histones (H2A, H2B, H3, H4) which all possess highly conserved c-terminal, 

and flexible N-terminal trails that can be modified through post-translation modifications. Histone 
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post-translation modifications serve to change chromatin structure, and aberrant histone 

modifications are correlated with dysregulation of the expression of a variety of important genes 

[140]. In cancer, aberrant histone modifications including histone methylation, histone acetylation, 

and histone phosphorylation can cause the inactivation of tumor suppressor genes or the activation 

of oncogenes, contributing to tumorigenesis [141]. 

1.3.3.1. Histone Acetylation 

Histone acetylation is achieved by the introduction of an acetyl group to lysine residues in 

the N-terminal domain of core histones. Histone acetyltransferases (HATS) catalyze histone 

acetylation by the addition of an acetyl group from acetyl-CoA to the e-amino group of a histone 

lysine residue, which neutralizes the positive charge of lysine and disrupts the interaction between 

the DNA and the histone tail, thereby activating transcription [142]. Histone deacetylases  

(HDACs) carry out deacetylation by removal an acetyl group from the N-terminal lysine residue 

of histone tails, which results in a change in chromatin conformational state from active to inactive 

and subsequently deactivate transcription [143]. Elevated levels of Histone H3 acetylation at 

specific regions of prostate cancer tumor samples was first stated by Cang et al. and have since 

been found to be elevated at AR binding regions, impacting androgen target genes expression 

[144]. Recently, super-enhancers, which are defined as clusters of enhancers with high H3K27 

acetylation, have been identified to play key roles as oncogenic drivers in various cancers. In 

prostate cancer, overexpression of ERG, a key driver of metastasis, leads to the formation of super-

enhancers and facilitates the transcriptional activity of genes associated with disease progression 

[145, 146]. 
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1.3.3.2. Histone methylation 

Histone methylation is achieved by the addition of one, two or three methyl groups from 

SAM to certain lysine or arginine residues in the N-terminal domains of core histones, and can 

associated with either open or closed chromatin [147]. Changes in DNA methylation status of 

histones have been reported to contribute to prostate cancer progression. For example, high levels 

of H3K4me2 are found to correlate with prostate cancer recurrence, while levels of H3K4me1, 

H3K9me2 and H3K9me3 are found to be decreased in prostate tumors compared to non-malignant 

tissues [148]. Moreover, H3K27me3 marks have been found to be enriched at promoter regions of 

tumor suppressor genes in metastatic prostate cancer [149]. The increased genomic distribution of 

H3K27m3 is due to the overexpression of EZH2, a histone methyltransferase frequently observed 

in prostate cancer. EZH2 inhibitors have been shown to have antiproliferative effects in prostate 

cancer and multiple clinical trials are currently ongoing [150, 151]. Recently, histone H4K20 

hypomethylation at the promoter regions of MYC regulated genes has been shown to be increased 

following MYC-overexpression, a feature that was exacerbated by saturated fat intake, and 

contribute to prostate cancer lethality [45]. Furthermore, the overexpression of histone 

demethylases such as of jumonji AT-rich interactive domain 1B (JARID1B)/KDM5B, 

JARID1C/KDM5C and jumonji D2 (JMJD2)/JHDM3/KDM4 are frequently observed in prostate 

cancer and are involved in disease progression [152, 153]. 

1.3.3.3. Histone phosphorylation 

Histone phosphorylation is catalyzed by protein kinases and is achieved by the addition of 

phosphate groups to serine, threonine or tyrosine residues in histone tails. In prostate cancer, H3T6 

phosphorylation by the protein kinase PKCβ is key in inhibiting demethylation of H3K4me2 by 

LSD1 during AR-dependent gene activation [147]. Furthermore, increased levels of H3T6 as well 
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as H3T11 phosphorylation are positively correlated with high Gleason scores [154, 155]. 

Importantly, inhibition of PKN1, which is responsible for H3T11 phosphorylation, was shown to 

decrease prostate cancer cell proliferation [156]. 

1.3.4. Chromatin remodeling 

Chromatin writers, erasers, readers and remodelers play crucial roles in governing 

chromatin structure through post-translational modifications (PTMs) [157]. Chromatin writers 

(i.e., HATS) add PTMs to histones while chromatin erasers (i.e., HDACs) remove specific PTMs 

from histones. Chromatin-remodeling proteins modulate DNA-histone interaction, they change 

chromatin conformation, and they increase or decrease the binding of functional DNA-regulating 

protein complexes. Chromatin readers (i.e., switch/sucrose-nonfermentable; SWI/SNF)) recognize 

either specific PTMs or a combination of PTMs and histone variants and direct a particular 

transcriptional outcome. The specific recognition of PTMs such as methylation, acetylation, and 

phosphorylation by readers recruits various components of the nuclear signaling network to 

chromatin, mediating fundamental biological processes such as gene transcription, DNA 

replication, DNA-damaged response and chromatin remodeling [158]. Critically, readers of 

methylation marks bind to this PTM through an aromatic cage, typically formed by two to four 

aromatic residues [158]. In many complexes, the aromatic rings are positioned perpendicular to 

each other, surrounding the fully extended side chain of the methylated lysine or arginine, and the 

mono-, di- or trimethylated state is selected by the exact composition and size of the pocket [158]. 

For example, a small pocket size can preclude interaction with a higher methylation state owing 

to steric hindrance, whereas a larger pocket selects for a higher methylation state as the necessary 

contacts are possible only with the bulkier methylammonium group [158]. In a similar manner as 

readers of methylation marks, readers of phosphorylation and acetylation marks recognize specific 
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phosphorylation or acetylation states based on the composition and size of their binding pocket, 

which is driven by complex bonding activity [158]. Since the chromatin state largely dictates 

whether a transcription factor or other chromatin-associated proteins can access the DNA, 

chromatin readers, writers, eraser, and remodelers play crucial roles in regulating gene expression. 

Several chromatin-modulating proteins have been found to be involved in prostate cancer 

progression. For instance, the bromodomain protein 4 (BRD4) is a chromatin reader which 

regulates gene transcription by recognizing and binding to active H3K27ac [159]. BRD4 has been 

reported to be involved in androgen receptor signaling and progression of prostate cancer [160, 

161]. Indeed, BRD4 can promote the transcriptional activities of oncogenic factors in prostate 

cancer by physically interacting with the N-terminal domain of androgen receptor (AR), which is 

a crucial element of the AR signaling pathway [160, 161]. The SWI/SNF chromatin remodeler 

complex has also been shown to play a role in prostate cancer. Namely, the SWI/SNF complex is 

a cofactor of the AR and contributes to AR-driven prostate cancer progression [162-165]. 

Furthermore, the SWI/SNF complex maintains core enhancer circuitry in prostate cancer cells, and 

targeting the SWI/SNF complex for proteasomal degradation has been shown to reduce tumour 

growth in a mouse model of CRPC [166]. Moreover, chromatin remodeling factor CHD1 is 

recurrently deleted in primary prostate tumours. Loss of CDH1 results in a plastic epigenetic state 

that permits reprogramming of the AR cistrome, ultimately contributing to prostate cancer 

progression [167, 168].  

1.3.5. Epigenetic regulation in prostate cancer: clinical implications 

Targeting epigenetic regulators has been shown to be an effective way to suppress prostate 

cancer growth. Namely, the transcription factor AR is the most established therapeutic target for 

prostate cancer. Targeting androgen signaling via ADT is the first line of treatment for prostate 
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cancer. When resistance to ADT arises, second-generation anti-androgen drugs such as 

enzalutamide, abiraterone, apalutamide, and darolutamide are used to inhibit AR signaling [169-

172]. However, while these treatments are initially effective, resistance ultimately occurs. New 

strategies blocking continued AR signaling are currently being investigated [173, 174]. Inhibition 

of the enhancer of zeste homolog 2 (EZH2) has also shown to suppress prostate cancer cell 

proliferation and invasion in vivo as well as in vitro [150, 175-177]. EZH2 is a critical component 

of the polycomb repressive complex 2 (PRC2), which is an essential chromatin modifier that 

represses the transcription of target genes through trimethylation of lysine 27 on histone 3 

(H3K27me3) [178, 179], and has been shown to play critical roles in prostate cancer metastasis 

[180-182]. Different types of EZH2 inhibitors have been developed, and there are a number of 

clinical trials for drugs targeting EZH2 in different types of cancer that are currently ongoing. 

Namely, the embryonic ectoderm development protein (EED) is another component of PCR2 and 

is essential for the histone methyltransferase activity of PCR2 because it directly binds to 

H3K27me3. The EED inhibitor MAK683/EED226 is currently being evaluated in a phase 1/2 

clinical trial for advanced malignancies including prostate cancer [183]. Critically, 

MAK683/EED226 selectively binds to the domain of EED that interacts with H3K27me3, leading 

to a conformational change in the EED binding pocket and preventing interactions between EED 

and EZH2 [183]. Another EZH2 inhibitor is CPI-1205, which is a potent, selective, and cofactor-

competitive inhibitor of wild type and mutant EZH2 catalytic activity. CPI-1205 has demonstrated 

anti-proliferative effects in prostate cancer and is currently being evaluated in a phase 1/2 clinical 

trial for castration-resistant prostate cancer [184, 185]. The selective inhibitor PF-06821497, which 

inhibits the histone lysine methyltransferase (HMT) of EZH2 is also currently under evaluation in 
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a phase 1 clinical trial in patients with CRPC [185, 186]. These data suggest that inhibition of 

histone methyltransferases may be a promising approach to target prostate cancer progression. 

Proteins of the BET bromodomain family are epigenetic readers that bind to acetylated 

histones through their bromodomains to affect gene transcription, and they localize at sites of 

enhancers of various oncogenes to promote prostate cancer tumorigenesis and progression [187]. 

BET proteins regulate transcription by recognizing and binding to acetylated lysine residues via 

their two bromodomains, BD1 and BD2 [188], and they have been linked to AR signaling 

activation by promoting AR-mediated chromatin accessibility [189, 190]. Numerous BET 

inhibitors have been developed over the past decade, many of which have demonstrated antitumor 

effects in prostate cancer preclinical models [191-194]. A phase 1 clinical trial investigating the 

BET inhibitor GSK525762 in combination with abiraterone or enzalutamide in CRPC is currently 

ongoing [195]. Recently, a phase 1b/2a clinical trial investigating the combination of the BET 

inhibitor PLX2853 with abiraterone as well as a phase 2 clinical trial combining enzalutamide with 

the BET inhibitor ZEN003694 have been launched, both in men with CRPC [195]. Importantly, 

this suggests that chromatin remodeling-related genes may be targeted to suppress prostate cancer 

metastasis. 

 Moreover, the histone acetyltransferases p300 and CBP, which are highly homologous, are 

known to regulate key genes in prostate cancer including AR target genes [196]. Several groups 

have developed inhibitors to target one or both of those histone acetyltransferases because of their 

role in prostate cancer. For example, Lasko et al. demonstrated that treatment with the catalytic 

inhibitor A-485 blocked AR signaling and growth of AR-dependent CRPC xenografts in vivo 

[196]. Further, Liu et al. demonstrated that inhibition of p300/CBP by A-485 in combination with 

anti-PD-L1 antibodies increased T-cell infiltration in tumors and augmented the tumor immune 
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response in a syngeneic model of prostate cancer [197]. Clinical trials on p300/CBP histone 

acetyltransferase inhibitors in prostate cancer have recently begun. Namely, a phase 1/2 clinical 

trial of the p300/CBP inhibitor CCS1477 in combination with abiraterone or enzalutamide as well 

as a phase 1 clinical trial with the p300/CBP inhibitor FT-7051 are currently ongoing, both in 

mCRPC patients [195]. Together, these data suggest that combining histone acetyltransferase 

inhibitors with immunotherapy may be a promising approach to enhance the activity of 

immunotherapy in prostate cancer. 

 Epigenetic mechanisms play a key in prostate cancer progression and targeting epigenetic-

related genes has been shown to reduce prostate cancer progression and improve prostate cancer 

therapies. A better understanding of the specific epigenetic expression patterns that allow prostate 

cancer to thrive may enable the identification of potentially targetable key epigenetic regulators 

which support prostate cancer progression. 

1.4. The development of CRISPR/Cas9 screening and its use in cancer 

research 

1.4.1. The CRISPR system: RNA-guided defense in bacteria 

The Clusters of Regulatory Interspaced Short Palindromic Repeats (CRISPRs) and their 

CRISPR-associated (Cas) protein are currently in the spotlight of fundamental research. The first 

CIRSPRs were first reported over 30 years ago [198] in Escherichia coli in the course of an 

experiment analysing the gene responsible for isozyme conversion of alkaline phosphatase. At the 

time, researchers lacked the tools to predict the biological function of these repetitive sequences, 

hence, it was not until the mid 2000s, when three independent research groups discovered sequence 

similarity between the spacer regions of CRISPRs and sequences of bacteriophages and plasmids 

[199-201], that the function of these CRISPRs as an adaptive immune system came to light. In 
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parallel, several genes typically located nearby the CRISPR arrays in the bacterial chromosome, 

which are referred to as CRISPR-associated (Cas) genes, were identified as being strictly 

associated with the repetitive sequences and work together to constitute an acquired immunity 

[202]. The immunization process of the CRISPR/Cas bacterial system begins when a bacterium is 

invaded with genetic elements from a phage or a plasmid. Following exposure to the foreign 

genetic material, short fragments of the foreign DNA are integrated into the CRIPSR spacer arrays, 

thereby providing a record of previous infection that enables the host to recognize and prevent 

future invasion [203, 204]. Subsequently, the CRISPR locus is transcribed into precursor-CRISPR 

transcripts which are then enzymically processed into mature CRISPR RNAs (crRNAs) that 

include a copy of the integrated bits of viral DNA together with a piece of the CRISPR array repeat 

sequence. These individual mature crRNA units then associate with a Cas protein to form a 

crRNA-effector complexes, which will be able to interrogate the cell looking for DNA targets that 

have the same sequence. Importantly, a short conserved sequence (2-5bp) known as protospacer 

adjacent motif (PAM) located in close proximity to the crRNA target is essential for the crRNA-

Cas complex to bind to the target sequence and generate a double-strand break, resulting in the 

degradation of the viral DNA [205]. To summarize, the CRISPR/Cas system works as a defense 

mechanism allowing bacteria and archaea to respond quickly and effectively to foreign material, 

resembling the RNA-interference (RNAi) mechanism which serves to destroy viral RNA 

molecules in eukaryotes [206]. 

A number of CRISPR-Cas systems have been discovered since it was first identified as an 

immune mechanism in bacteria and they are grouped into two classes (I & II), which are subdivide 

into distinct types (I-VI) and 33 subtypes [207] according to the classification of CRISPR-Cas loci 

(Figure 1-3). The classification of the CRISPR-Cas system is based on Cas protein and effector 
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module composition. The class 1 CRISPR-Cas9 systems, which include types I, III, IV and 18 

subtypes, are composed of effector modules with multiple Cas proteins that form the crRNA-Cas 

complex and work together in the binding and cleaving of the target sequence. More precisely, the 

different class 1 CRISPR-Cas9 systems can be distinguished into different types and subtypes 

based on differential clustering of the effector proteins Cas3 (sometimes fused to Cas2), Cas5, 

Cas6, Cas7, Cas8, Cas10 and Cas11 [207, 208]. On the other hand, the class II CRISPR-Cas 

systems which include type II, V, VI, and 17 subtypes, have a single, multi-domain Cas protein 

(Cas9, Cas12, or Cas13) that form the crRNA complex and combine all activities required for 

interference, analogous to the multi-Cas complex of class I systems. The different types and 

subtypes of class 2 CRISPR-Cas systems can be differentiated based on the mechanisms of pre-

crRNA processing. For example, in type VI and subtype V-A, the effector protein encompasses 

the pre-crRNA processing RNase activity, whereas in type II and in many type V subtypes, the 

processing activity is performed by RNase III rather than a Cas enzyme [209, 210]. The 

classification of the many CRISPR-Cas systems encompasses the most abundant types and 

subtypes that are currently known; however, it is likely that the continued investigation of bacterial 

and archaeal CRISPR-Cas defense mechanisms will shine a light on new functionally and 

evolutionary interesting variants.  
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Figure 1-3. Classes of CRISPR/Cas systems and their modular organization. 

Class 1 CRISPR-Cas systems have effector modules composed of multiple Cas proteins that form 
a crRNA-binding complex and include types I, III, and IV. Class 2 CRISPR-Cas systems have a 
single, multidomain crRNA-binding protein that is functionally analogous to the entire class 1 
effector complex, and include types II, V, and VI. Adapted from Makarova et al. (2020) [124]. 
Used with permission from Springer Nature with RightsLinkâ. License number 5337220199481 

1.4.2. The CRISPR/Cas9 technology: A revolution in genome editing 

The field of genome engineering was revolutionized in 2012 when Jennifer Doudna and 

Emmanuelle Charpentier discovered that they could harness the function of the Cas9 endonuclease 

from the type II bacterial CRISPR system as a genetic editing tool [211]. Indeed, their work 

demonstrated that the Cas9 protein constitute of family of enzymes that can be programmed with 

guide RNA engineered as a single transcript to introduce site-specific double-stranded breaks in 

target DNA sequences. More precisely, the dual trans-activating crRNA (tracrRNA):crRNA 

complex was engineered as a single guide RNA (sgRNA) with the 20-nucleotide sequence at the 
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5’ end determining the DNA target site and the double-stranded structure at the 3’ end of the guide 

sequence capable of binding Cas9, creating a simple two-component system capable of targeting 

and cleaving any target DNA sequence adjacent to a PAM sequence. Further, by designing five 

different chimeric guide RNAs targeting a portion of the gene encoding the green-fluorescent 

protein (GFP), which all efficiently programmed Cas9 to cleave the plasmid at the correct target 

site, Doudna and Charpentier established that the design of chimeric guide RNAs is universally 

applicable [211], thereby raising the exciting possibility of developing a simple, versatile RNA-

guided genome editing technology which can be used to easily delete, insert, or modify the 

expression of genes. Shortly after the discovery of the CRISPR/Cas9 system as a potential tool for 

genome engineering, three studies published in 2013 demonstrated that the new technology could 

be efficiently used to edit the genome of human cells including human embryonic kidney cells, 

chronic myelogenous leukemia cells and induced pluripotent stem cells, as well as in mouse cells 

[212-214]. In the following years, the CRISPR/Cas9 technology was increasingly taken advantage 

of in the field of genome engineering in many different areas of research. Namely, the 

CRISPR/Cas9 system has been shown to be potentially useful to prevent and combat antibiotic-

resistant bacteria [215], for the treatment of viral infections such as HIV [216], and in preventing 

genetic conditions such as Duchenne Muscular Dystrophy [217]. Further, genome-wide CRISPR 

libraries have been constructed and used for the systematic investigation of genes associated with 

specific phenotypes [218] as well as for drug screening [219]. The use of CRISPR/Cas9 has also 

been widely explored for cancer therapy [220] and clinical trials have been initiated for genome 

editing in humans [221, 222]. Altogether, the numerous and continuously increasing clinical and 

next-generation research applications of the CRISPR/Cas9 technology indicates the robustness of 

the technology as a tool for correcting genetic diseases and improving cell therapies. 
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1.4.3. Different CRISPR/Cas 9 screening formats and designs 

Over the years of exploring the different possibilities of screening offered by the 

CRISPR/Cas9 technology, many different screening formats and strategies have been developed 

and optimized. The two most widely used CRISPR screening formats are the arrayed and pooled 

formats. In an arrayed screen, a different sgRNA together with the other CRISPR reagents, which 

include an envelope plasmid and a packaging plasmid, are added to each well of a multi-well plate 

separately [223]. In this type of screen, the target of the sgRNA in each separate well is already 

known, allowing for easy correlation between phenotype to genotype. On the other hand, in the 

pooled screening format, a sgRNA library is synthesized and transfected into a pool of cells, 

introducing various genetic perturbations [224, 225]. Depending on the genetic perturbation 

occurring following the transfection, the cells will either be positively selected (e.g., increased 

proliferation rate) or negatively selected (e.g., decreased proliferation rate or cell death). If the 

cells are positively selected, it means that the genetic manipulation works in favor or the cell and 

allows it to survive and proliferate at a faster rate. On the other hand, if the cells are negatively 

selected, it means that the cells are depleted from the pool following the genetic perturbation, 

hinting that the targeted genomic regions are essential for cell survival and proliferation [226]. 

While arrayed screening allows for a clear phenotype-to-genotype correlation, pooled screening 

offers the advantage of being less expensive and laborious and can be used for in vivo studies 

[224]. 

Moreover, there are several different CRISPR/Cas9 screening strategies that can be 

harnessed depending on the goal of the experiment, including CRISPR knockout (CRISPR KO), 

CRISPR interference (CRISPRi) and CRISPR activation (CRISPRa) (Figure 1-4). Using the 

CRISPR KO strategy, an active Cas9 is used along with sgRNAs to target a site near a PAM 



 37 

sequence and generate a double-stranded break in the DNA. The double-strand break will trigger 

the non-homologous end-joining repair (NHEJ) DNA repair mechanism to be activated. The NHEJ 

mechanism is a quick, error-prone process that links two DNA ends and often leads to insertions 

or deletions into the target site, ultimately causing frameshift mutations [227]. The CRISPR KO 

screens generate the complete knockout of the target genes and are thereby useful for the 

investigation of gene essentiality in specific cell types and for the identification of new drug targets 

[228]. In contrast, the CRISPRi and CRISPRa screening strategies are based on the use of a 

catalytically dead Cas9 (dCas9), which lacks cleaving activity but retains its ability to bind to a 

DNA target sequence. CRISPRi uses a dCas9 to recruit repressor domains (e.g., KRAB) and 

targets the promoter or protein-coding region of the target gene to repress transcription, while 

CRISPRa uses dCas9 to recruit enhancer domains (e.g., VP64 or VPR) to target promoter regions 

and upregulate transcription [229]. CRISPRi and CRISPRa can increase or decrease levels of gene 

expression respectively, and can be used to define relationships between the extent of phenotypic 

effects and the levels of a gene product [230].  
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Figure 1-4. Different CRISPR/Cas9 screening strategies. 

The CRISPR/Cas9 KO system (depicted CRISPR) generates double-stranded breaks in the DNA 
sequence and ultimately knocks out the expression of the target gene. Double-stranded breaks 
formed by CRISPR/Cas system can be repaired by the error prone NHEJ repair pathway, resulting 
in the formation of randomly sized deletions, or by the HDR repair pathway, resulting in gene 
deletion or replacement via homologous template. CRISPRi and CRISPRa utilize a dCas9 to 
recruit repressors or activators and generate knockdown or activation of the target genes, 
respectively. Adapted from Cho et al. (2018) under the terms of the Creative Commons 
Attribution-NonCommercial 4.0 International License as described at 
http://creativecommons.org/licenses/by-nc/4.0/ 

1.4.4. CRISPR/Cas9 screening in prostate cancer research 

CRISPR/Cas9 screening has been widely applied to many areas of cancer research and has 

allowed the identification of various key oncogenes and new druggable targets. CRISPR/Cas9 

screening have also been used in cancer to investigate synthetic lethalities and mechanisms of drug 

resistance and drug susceptibility. For example, Lei et al. identified CDK12 as being 

conservatively required for prostate cancer cells using an in vitro CRISPR/Cas9 KO screen which 

included sgRNAs targeting protein kinases (i.e., kinome-scale CRISPR/Cas9 KO screen) [231]. 

They further showed that suppression of CDK12 by the covalent inhibitor THZ531 led to 

antiproliferative effects, highlighting the validity CDK12 as a druggable target for prostate cancer. 

Similarly, using an in vitro CRISPR/Cas9 KO screen which included sgRNAs targeting the coding 
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regions of the genome (i.e., genome-wide CRISPR/Cas9 KO screen), Palit et al. demonstrated that 

the loss of the co-repressor TLE3 confers resistance to the AR antagonists apalutamide and 

enzalutamide [232]. Along the same lines, Das et al. performed genome-scale CRISPRi screens in 

metastatic prostate cancer models to identify genes required for cellular proliferation or survival 

[233]. They demonstrated that KIF4 and WDR62 promote aggressive prostate cancer phenotype 

both in vitro and in vivo. Using an opposite technique, Chen et al. performed a genome-wide in 

vitro CRISPRa screen to identify vulnerabilities of metformin-resistant prostate cancer [234]. They 

discovered that the activation of many genes, including ECE1, ABCA12, BPY2, EEF1A1, 

RAD9A, and NIPSNAP1 contributed to in vitro resistance to metformin in prostate cancer cells. 

One of the advantages of CRISPR/Cas9 screening is that it can readily be used for in vivo 

experiments. Thus, new potential drug targets and novel genes with oncogenic or tumor-

suppressive functions can be identified in a model which more closely recapitulates tumor 

microenvironment. Ye et al., applied the genome-wide CRISPR/Cas9 KO screening strategy to 

investigate the effect of editing GPRC6A, a G-protein coupled receptor that is a master regulator 

of energy metabolism, on prostate cancer growth and progression in vivo [235]. Their study 

demonstrated that GPRC6A deficiency in a PC-3 xenograft mouse model of prostate cancer leads 

to significant impaired tumor growth [235], indicating a key role of GPRC6A in prostate cancer 

progression. Moreover, Riedel et al. utilized a genome-wide in vivo CRISPR/Cas9 KO screening 

strategy to investigate the role of FOS in prostate cancer [236]. They demonstrated that FOS 

deficiency in PTEN-deficient prostate cancer drives the progression of the disease.  

To summarize, the CRISPR/Cas9 system has been widely used in prostate cancer research 

for the identification of oncogenes, tumor-suppressor genes and synthetic lethalities both in vitro 

and in vivo. Thus, the CRISPR/Cas9 system is a highly efficient and relatively simple tool that 
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may be used to identify new essential and potentially therapeutically targetable mechanisms in 

cancer. 

1.4.5. Limitations of the CRISPR/Cas9 genome editing technology 

Despite the overwhelming excitement surrounding the CRISPR/Cas9 system as a tool for 

genome editing, there are limitations associated with the use of this technology. The most 

important limitation of the system is the off-target effects resulting in non-specific cuts in the 

DNA, leading to unwanted gain-of-function or loss-of-function mutations, and ultimately creating 

false positive or false negative results, respectively [222]. Some researchers have attempted to 

alleviate the off-target effects by modifying the length of the sgRNAs, either by using truncated 

sgRNAs [237] or by adding two guanines at the 5’ end [238], by delivering a purified Cas9 protein 

[239], or by decreasing the concentration of the Cas9 endonuclease [240]. Although these 

approaches have been shown to decrease off-target effects, they come with the disadvantage of 

reducing on target effects. Other limitations of the CRISPR/Cas9 technology include the size of 

the catalytic window, which is about 4-5 nucleotides, resulting in low specificity and efficiency, 

and the requirement of the PAM sequence for DNA cleavage, limiting the potential target 

sequences [241, 242]. Furthermore, as the cells are dividing during genome editing, genetic 

mosaicism may become a potential limitation due to the fact that daughter cells could potetially 

not carry the CRISPR-induced modifications [243]. Moreover, the recent significant advances in 

the CRISPR/Cas9 field of research introduced concerns regarding the safe and ethical use of the 

technology, and there is currently an ongoing debate in the scientific community on how to use 

this genome editing technology responsibly without hindering the benefits of potential novel 

discoveries [244]. Of note, despite the limitations of the CRIPSR/Cas9 system, this method of 

screening has been shown to outperform other existing genome-editing platforms such as Zinc-
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finger nucleases (ZFNs) [245], transcription activator-like effector nucleases (TALENs) [245] and 

RNA interference (RNAi) [246], by providing higher screening sensitivity, higher data 

reproducibility, lower noise, and less off-target effects. 

1.5. Research objectives 

1.5.1. Rationale 

Chromatin integrity and accessibility for transcriptional regulation are central features 

altered in prostate cancer progression. Epigenetic modifications alter chromatin structure and DNA 

accessibility. The proto-oncogene MYC is a well-known epigenetic and transcriptional regulator 

which controls 10-15% of the human genome [103]. Thereby, when deregulated, MYC is known 

to drive hallmarks of cancer. Notably, MYC-overexpression induces global metabolic 

reprograming events which support cancer cell survival and growth [247, 248]. Furthermore, MYC 

plays a central role in prostate cancer transcriptional reprogramming and is a key driver of prostate 

cancer tumorigenesis and progression. It has been shown that MYC interacts with epigenetic 

modifying factors such as histone acetyltransferases, histone methyltransferases, and chromatin-

modifying complexes, to remodel chromatin structure and modify DNA accessibility [249]. While 

MYC is known to interact with epigenetic co-factors to alter chromatin accessibility, the role of 

epigenetic regulators in MYC-driven transcriptional reprograming which drives prostate cancer 

progression remains elusive. 

1.5.2. Hypothesis 

We hypothesize that in the context of MYC-overexpression, prostate cancer cells are 

dependent on the expression of key epigenetic regulators for survival and growth. 

1.5.3. Objectives 

1) Design and amplify custom CRISPR/Cas9 sgRNA libraries targeting epigenetic regulators; 
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2) Identify epigenetic dependencies in a MYC-driven prostate cancer model in vitro; 

3) Define the molecular basis of epigenetic dependencies in MYC-driven prostate cancer. 

1.5.4. Research design and methods 

Our experimental design is articulated around the use of two custom CRISPR/Cas9 sgRNA 

KO libraries that are specifically designed to target 1,343 genes, mostly epigenetic-related and  

highly expressed in cancer settings, in addition to 500 positive control genes and 500 negative 

control genes. A murine model of MYC-driven prostate cancer referred to as the MyC-CaP cell 

line was used to carry out in vitro CRISPR/Cas9 KO screen using our two libraries. These tools 

allowed us to investigate the role of epigenetic modifications in the context of MYC-driven 

prostate cancer. 

1.5.5. Contribution to the advancement of knowledge 

We hope that by unrevealing the molecular basis of MYC-driven prostate cancer we can 

identify novel therapeutically targetable epigenetic-related mechanisms that can be exploited to 

treat prostate cancer patients with MYC-overexpressing tumors. We hope that our basic findings 

can be translated into personalized medicine treatments, ultimately improving prostate cancer 

patients care and treatment plans and potentially reducing the overall burden of prostate cancer in 

the population.
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Chapter 2. Methods 

2.1. Synthesis of custom CRISPR/Cas9 KO libraries 

Custom CRSIPR/Cas9 KO libraries targeting 1,343 murine genes were created. Of note, 

both the murine c-Myc gene and the human c-MYC transgene are included as target genes in our 

custom CIRISPR/Cas9 KO libraries. The targeted genes include epigenetic factors such as 

chromatin readers, writers, erasers, remodelers, and transcription factors that are known to be 

highly expressed in cancer settings. In total, each gene is targeted by 10 independent sgRNAs, 

separated into two libraries (5 sgRNAs - library A; 5 sgRNAs - library B). Each library contains 

negative control genes including PPP1R12C (187 sgRNAs), GT(ROSA)26SOR (39 sgRNAs), and 

COL1A1 (274 sgRNAs), and positive control genes including 50 different RPS and RPL genes (10 

sgRNAs per positive control gene), for a total of 500 negative control sgRNAs and 500 positive 

control sgRNAs. In total, each library contains 7,715 sgRNAs. The sgRNAs were designed by the 

laboratory of Dr. X. Shirley Liu (Harvard University). The sgRNA flanked by complementary 

sequence to the site of insertion into LentiGuide-Puro vector (52963, Addgene) were synthesized 

as oligonucleotides (GTGGAAAGGACGAAACACCG-NNNNNNNNNNNNNNNNNNN-

GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG) through the DNA synthesis platform 

CustomArray Inc. (Bothell, WA, USA). 

2.2. Cloning of sgRNA libraries 

The sgRNA pools were PCR amplified (T100 Thermal Cycler; 621BR08810, Bio-Rad) 

using a high-fidelity DNA polymerase (Q5 High-Fidelity DNA Polymerase; M0491L, New 

England BioLabs) and the Array_F and Array_R primers (Invitrogen, Purity: Desalted). Settings 
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and primers are listed in Table 1 and Table 2 respectively. PCR reaction products were column 

purified using the Monarch PCR and DNA Cleanup Kit (T1030S, New England BioLabs) 

according to manufacturer’s instruction. To confirm correct oligo size (~150 bp), the PCR purified 

oligo libraries were run onto a 2% (wt/vol) agarose gel and DNA quality was verified using 

BioDrop µLITE (80-3006-51, Montreal Biothech Inc.). The LentiGuide-Puro vector was digested 

with BsmBI-V2 (R0580, New England BioLabs) overnight at 55°C, followed by 

dephosphorylation using Antarctic Phosphatase (M0289S, New England BioLabs) for 1 h at 37°C. 

The digested and dephosphorylated vector was gel purified on a 1% (wt/vol) agarose gel using 

Monarch DNA Gel Extraction Kit (T1020S, New England BioLabs) according to manufacturer’s 

instruction. The gel extracted DNA was further purified using the Beckman Coulter AMPURE XP 

kit (NC9959336, ThermoFisher Scientific) following manufacturer’s instructions and DNA 

quality was verified using BioDrop µLITE (80-3006-51, Montreal Biothech Inc.). Gibson 

assembly reaction was performed to clone oligo libraries into the digested vector backbone at a 

ratio of 1:5 (backbone vs oligo), using the 2X Gibson Assembly Master Mix (E2611S, New 

England BioLabs) at 50°C for 1 h. The products were purified using Beckman Coulter AMPURE 

XP kit (NC9959336, ThermoFisher Scientific), following manufacturer’s instructions, and DNA 

quality was checked using BioDrop µLITE (80-3006-51, Montreal Biothech Inc.). To verify that 

the oligo libraries were successfully inserted into the backbone, we performed PCR reactions 

(T100 Thermal Cycler; 621BR08810, Bio-Rad) using hU6 as a forward primer with different 

sgRNAs as reverse primers. Primers and settings are listed in Table 2 and Table 3, respectively. 

The PCR amplified Gibson products were run onto a 2% (wt/vol) agarose gel to verify that the 

intended sgRNA sequences were amplified, and thus, present in the Gibson product. The Gibson 

assembly products from each library were transformed into electrocompetent cells (Endura™ 
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ElectroCompetent Cells; 60242-2, Lucigen Corporation) using Gene Pulser Xcell (617BR1-

05531, Bio-Rad) and the optimal electroporation settings (10 uF, 600 ohms, 1800 volts) suggested 

for Endura™ ElectroCompetent Cells. Following electroporation, bacteria were recovered by 

incubation at 37°C for 1 h in Recovery Medium (provided with Endura™ ElectroCompetent Cells) 

before being platted on a pre-warm 245 mm LB agar plate containing 100 µg/mL of carbenicillin 

(20871-10, Cerdarlane Labatories) and incubated at 37°C overnight. Bacteria were scrapped off 

the plates the following day and DNA was extracted using the PureLink™ Expi Endotoxin-Free 

Maxi Plasmid Purification Kit (A31231, ThermoFisher Scientific). For quality control purposes, 

our amplified sgRNA libraries were sequenced using the MiSeq Reagent Micro Kit v2 (300-cycles; 

MS-103-1002, Illumina). 

Table 1. sgRNA PCR amplification settings. 

Cycle Number Denature Anneal Extend 

1 98°C, 30s   

10 98°C, 30s 70°C, 30s 72°C, 30s 

11   72°C, 2min 

 
Table 2. List of primers. 

Primer Name  Purpose  Sequence  

Array_F PCR amplification 

of sgRNA libraries 

TAACTTGAAAGTATTTCGATTTCTTGGCTTT

ATATATCTTGTGGAAAGGACGAAACACCG 

Array_R PCR amplification 

of sgRNA libraries 

ACTTTTTCAAGTTGATAACGGACTAGCCTTA

TTTTAACTTGCTA TTTCTA GCTCTAAAAC 
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hU6 PCR amplification 

of Gibson product 

GAGGGCCTATTTCCCATGATT 

Smad2 PCR amplification 

of Gibson product  

TAGTAGGAGACAGTTCAGC 

Runx1 PCR amplification 

of Gibson product 

AGGAGTACCTTGAAAGCGA 

Ctcf PCR amplification 

of Gibson product 

CCATATTTACAACCTGCAA 

Erg1 PCR amplification 

of Gibson product 

TCGCCTTCTCATTATTCAG 

 
Table 3. Gibson product PCR amplification settings. 

Cycle Number Denature Anneal Extend 

1 95°C, 3min   

34 95°C, 30s 45°C, 30s 72°C, 1min 

35   72°C, 5min 

 

2.3. Cell culture 

MyC-CaP (CRL-3255™, ATCC) and HEK293-FT (Kindly provided by Dr. Michel L. 

Tremblay, McGill University) cells were cultured in a humidified incubator at 37˚C with 5% CO2. 

MyC-CaP cells were maintained in Rosewell Park Memorial Institute Medium (RPMI; 350-015-

CL, Wisent) while HEK293-FT cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM; 319-015-CL, Wisent), and both media were supplemented with 10% fetal bovine serum 
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(FBS; 12483020, Life Technologies) and 1% HyCloneTM penicillin/streptomycin (SV30010, 

Fisher Scientific). 

2.4. Generation of MyC-CaP Cas9 stable cell line and clones 

The MyC-CaP Cas9 stable cell line was generated by transducing MyC-CaP cells using 

the LentiCas9-Blast construct (52962, Addgene), followed by antibiotic selection using 

blasticidine (ANT-BL-1, Cerdarlane Labatories). Resistant single cells were then individually 

plated in 96-well plates to select monoclonal lines. Monoclonal lines were characterized using 

Western blots, Cas9 activity assays, and proliferation assays. 

2.5. Protein extraction 

Cells were collected, washed with Dulbecco’s phosphate-buffered saline (D-PBS; 311-

425-CL, Wisent), and pelleted by centrifugation. Cells were lysed on ice with homemade 

radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 

0.1% w/v SDS, 1% w/v sodium deoxycholate, and 1% v/v Triton X-100) containing fresh protease 

inhibitor (A32955, ThermoFisher Scientific) for 30 min, followed by centrifugation at 16 000 x g 

at 4˚C for 30 min. Following centrifugation, protein lysates were collected and quantified with the 

Pierce BCA protein assay (A53225, ThermoFisher Scientific). 

2.6. Western blotting 

Equal amounts of protein were mixed with 4x Laemmli buffer (1610747, Bio-Rad) and 

boiled at 95℃ for 5 min. The samples were loaded on a 10% Tris-glycine SDS-polyacrylamide gel 

and transferred to nitrocellulose blotting membranes (1704271, Bio-Rad) using the Trans-Blot® 
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Turbo™ Transfer System (1704150EDU, Bio-Rad) following manufacturer’s instructions. To 

validate that the transfer was successful, the membrane was stained with Ponceau Red (BP103-10, 

ThermoFisher Scientific). The membrane was blocked using 5% milk TBS-T (Tris-buffer saline 

solution with 0.1% Tween 20) for 1 h at room temperature. The membrane was then incubated 

overnight at 4˚C with primary antibodies for CAS9 (65832S, Cell Signaling Technology) diluted 

at 1:1,000 and GAPDH (2118S, Cell Signaling Technology) diluted at 1:5,000 in 5% bovine serum 

albumin (BSA) solution. The following day, the membranes were washed with TBS-T, incubated 

for 1 h at room temperature with secondary goat anti-rabbit antibodies diluted at 1:5,000 in 5% 

milk, and washed again with TBS-T. Clarity Western ECL substrate (1705061, Bio-Rad) was 

prepared according to the manufacturer’s instruction and added to the membranes, and images 

were taken using the ChemiDoc™ Imaging System (12003153, Bio-Rad). 

2.7. Cas9 activity assay 

To assess the functionality of Cas9, the MyC-CaP Cas9 clones (2,000,000 cells/well) were 

transfected on 12-well plates with the vector pKLV2-U6gRNA5(gBFP)-PGKGFP2ABFP-W 

(67984, Addgene), which contains both GFP and blue fluorescent protein (BFP), as well as a 

sgRNA targeting BFP using Lipofectamine™ 2000 Transfection Reagent (11668019, 

ThermoFisher Scentific) following the manufacturer’s recommended protocol. The MyC-CaP 

wild-type (WT) cell line was used as a positive control. Fluorescent imaging of the transfected 

cells was performed using a Motorized Inverted Research Microscope IX81 (3B02967, Olympus). 

Images were collected using a 10X/0.3 objective and analyzed using the ImageJ software. 
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2.8. Proliferation assay 

The MyC-CaP Cas9 clones as well as the MyC-CaP WT cell line were seeded in a 96-well 

plate (1000 cells/well) using standard cell culture medium and placed in the IncuCyte® S3 live-

cell analysis system (Sartorius, Essen Bioscience). Images of the whole well were taken using 4x 

phase contrast lens, every 6 h for 4 days and each condition was run in 6 replicates. Images were 

analyzed with the Basic Analyzer software (Version v2018B) provided with the IncuCyte®. 

Confluency of the cells at different time points were normalized to the initial confluency time 

point. An unpaired t-test was performed to compare the means of two unmatched groups using the 

GraphPad Prism 8 software (version 8.0.2). 

2.9. Lentiviral library production and MOI determination 

Lentiviruses were produced using HEK293-FT cells. Cells were seeded (3,000,000 

cells/dish) in 10 cm Petri dishes using standard cell culture media and incubated overnight at 37℃, 

such that they would be at a confluence of about 80% at the time of transfection. For each 10 cm 

petri dish, the packaging plasmid psPAX2 (12260, Addgene), the envelop plasmid pMD2.G 

(12259, Addgene), and the sgRNA plasmid were co-transfected at a ~1:1:1 ratio in HEK293-FT 

cells using X-tremeGENE™ HP DNA Transfection Reagent (6366546001, Roche) following the 

manufacturer’s recommended protocol. Twenty-four hours after transfection, the cell culture 

media was removed and replaced with DMEM supplemented with 10% FBS, 1% HyCloneTM 

penicillin/ streptomycin, and 1% BSA. Cells were incubated for another 24 h, lentiviruses were 

then harvested and concentrated using the Lenti-X™ Concentrator (631232, Cerdarlane 

Labatories) according to the manufacturer’s instructions. The lentiviruses were resuspended in 

standard cell culture media and stored as aliquots at -80℃. 
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To determine the multiplicity of infection (MOI) of the lentiviruses, reverse transductions 

using different dilutions of the lentiviruses were performed on the MyC-CaP cell line. Precisely, 

500 µl or 1 mL of lentivirus was combined with 6,000,000 cells and 8 µg/mL of EMD Millipore™ 

Polybrene Infection/Transfection Reagent (TR1003G, ThermoFisher Scientific) and plated onto 

15 cm Petri dishes in duplicates. The following day, cell culture media was removed and replaced 

with either RPMI containing 10% FBS, 1% HyCloneTM penicillin/streptomycin, and 25 µg/mL 

of puromycin (450-162-XL, Wisent), or standard cell culture media. After 48 h, time after which 

all uninfected cells should be dead, cells were harvested and counted using the Hausser Scientific 

Bright-Line™ Phase Hemacytometer (02-671-6, ThermoFisher Scientific). The percentage of 

infected cells was determined by dividing the number of cells that were infected (plate with 

puromycin) by the total number of cells (plate without puromycin) and multiplying by 100 (i.e., 

(infected cells/total cells) x 100). The volume of each lentivirus required to achieve an MOI of 0.3 

was determined using the percentage of infected cells from each dilution series (i.e., percentage of 

infected cells/30% x volume of lentivirus used). 

2.10. Puromycin kill curve of MyC-CaP cells (48 h) 

MyC-CaP cells were seeded (30,000 cells/well) in a 96-well plate and incubated overnight 

at 37℃. Increasing concentration of puromycin ranging from 0 µg/mL to 100 µg/mL were added 

to the cells and phase images were collected every 4 h for 48 h using the IncuCyte® S3 live-cell 

analysis system. The Basic Analyzer software (Version v2018B) provided with the IncuCyte® 

was used to determine the concentration of puromycin required to kill all cells within 48 h 

following selection. The concentration of puromycin required to kill all uninfected cells within 48 
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h was further validate using MyC-CaP cells (6,000,000 cells/dish) in a 15 cm Petri dish, which is 

the format used for antibiotic selection during the in vitro CRISPR/Cas9 KO screens. 

2.11. Library transduction and selection 

MyC-CaP Cas9 cells were reverse transduced (6,000,000 cells/dish) in 15 cm Petri dishes 

using 8 µg/mL of EMD Millipore™ Polybrene Infection/Transfection Reagent and the lentiviral 

sgRNA library at an MOI of 0.3. The number of plates was determined to ensure a 500x coverage 

of our sgRNA library according to a MOI of 0.3. Twenty-four hours following the reverse 

transduction, optimal puromycin concentration (25 µg/mL) for selection was added to fresh cell 

culture media. Forty-eight hours following puromycin selection, the cells were collected, and 

aliquots were frozen at -80℃. The aliquots of cells collected 48 h following puromycin selection 

represent the control samples at day 0 (T0). The cells were re-seeded (2,000,000 cells/dish) in two 

separate 15 cm Petri dishes, they were collected again every time they were about 80%-90% 

confluent, and aliquots of cells were frozen at each harvest. The number of cell doublings was 

calculated at each harvest by dividing the natural logarithm of 2 (ln (2)) by the growth rate (gr) of 

the cells (ln (number of cells at time of harvest/number of cells seeded)/number of days). Selection 

in an in vitro CRISPR/Cas9 KO screen should be performed over a period of time which allows 

for the Kos to develop in all the alleles of each sgRNA’s target gene and for the cells to exhibit a 

subsequent phenotype (depletion or enrichment), while avoiding over-selection so as not to induce 

biases in sgRNA representation. The selection in our in vitro CRISPR/Cas9 KO screens went on 

for 18 days (T18), time at which the cells had reached 19 doubling cycles. The day 0 (T0) samples 

were used as the control sample and the day 11 (T11) samples, time at which the cells had reached 
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12 doubling cycles [250, 251], were used as the experimental timepoint for the analysis of the 

results. 

2.12. Genomic DNA (gDNA) extraction 

The gDNA extraction was performed as described by Chen and colleagues [224]. Cell 

pellets (4x106 cells) were lysed using a homemade lysis buffer (50 mM Tris, 50 mM EDTA, 1% 

SDS, pH 8) and 25 µg/ml Proteinase K (P6556-10MG, Sigma-Aldrich) at 55℃ overnight. The 

lysate was then treated with 10 mg/mL RnaseA (From Monarch Genomic DNA Purification kit; 

T3010S, New England BioLabs) at 37℃ for 30 min. Samples were cooled on ice before adding 

pre-chilled 7.5M ammonium acetate (A2706-100ML, Sigma-Aldrich) and centrifuged at 4,000 x 

g for 10 min. The supernatant was transferred to new tubes and DNA was precipitated with 500 µl 

of isopropanol and centrifuged a second time at 4,000 x g for 10 min. gDNA pellets were washed 

with 70% ethanol, air-dried for 10 to 30 min, and resuspended into 40 µl of 1X TE buffer (From 

Monarch Genomic DNA Purification kit). To fully resuspend the DNA, samples were incubated 

at 65℃ for 1 h and at room temperature overnight. Genomic DNA concentration was measured 

using BioDrop µLITE (80-3006-51, Montreal Biothech Inc.). Library amplification in preparation 

for Next-Generation Sequencing (NGS) was performed by using a two-step PCR method. The first 

round of PCR was performed for purification purposes. Settings and primers are listed in Table 4 

and Table 5, respectively. Indices and sequencing adapters were added in the second round of 

PCR. PCR settings and primers and indices are listed in Table 6 and Table 7, respectively. The 

libraires were sequenced using the NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles) (20024904, 

Illumina). 
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Table 4. Library amplification PCR settings (First round). 

Cycle Number Denature Anneal Extend 

1 98°C, 30s   

25 98°C, 10s 66°C, 30s 72°C, 27s 

26   72°C, 2min 

 
Table 5. Library amplification primers (First round). 

Primer Name Sequence 

V2.1-F1 GAGGGCCTATTTCCCATGATTC 

V2.1-R1 GTTGCGAAAAAGAACGTTCACGG 

 

Table 6. Library amplification PCR settings (Second round). 

Cycle Number Denature Anneal Extend 

1 98°C, 30s   

10 98°C, 10s 55°C, 30s 66°C, 17s 

11   66°C, 5min 

 

Table 7. Library amplification primers and indexes (Second round). 

Library Sample Forward Primer i5 index Reverse primer i7 index 

Library A T0-1 D501-F pool TATAGCCT D701-R CGAGTAAT 

Library A T0-2 D501-F pool TATAGCCT D702-R TCTCCGGA 

Library A T0-3 D501-F pool TATAGCCT D703-R AATGAGCG 

Library A T0-4 D501-F pool TATAGCCT D704-R GGAATCTC 
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Library A T11-1 D501-F pool TATAGCCT D705-R TTCTGAAT 

Library A T11-1 D501-F pool TATAGCCT D706-R ACGAATTC 

Library A T11-2 D501-F pool TATAGCCT D707-R AGCTTCAG 

Library A T11-3 D501-F pool TATAGCCT D708-R GCGCATTA 

Library A T11-4 D501-F pool TATAGCCT D709-R CATAGCCG 

Library B T0-1 D501-F pool TATAGCCT D710-R TTCGCGGA 

Library B T0-2 D501-F pool TATAGCCT D711-R GCGCGAGA 

Library B T0-3 D501-F pool TATAGCCT D712-R CTATCGCT 

Library B T0-4 D501-F pool TATAGCCT D713-R-TKOv3 GATTATTC 

Library B T11-1 D501-F pool TATAGCCT D714-R-TKOv3 AGCCGCAT 

Library B T11-2 D501-F pool TATAGCCT D715-R-TKOv3 CTGATTAA 

Library B T11-3 D501-F pool TATAGCCT D701-R CGAGTAAT 

 

2.13. Bioinformatics 

Reads from Illumina sequencing was trim at both ends with the software Cutadapt to 

extract the 19 bases sgRNA sequences. Samples from both library A and B was analyzed separately 

using MAGeCK (version v0.5.9.2) to count and normalize for sequencing depth. Gene essentiality 

was tested with MAGeCK Robust Rank Analysis (RRA) algorithm with a list of negative controls. 

We also combine MAGeCK sgRNA fold change from both set to calculate a Z-score using the 
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mean (m) and standard deviation (s) of the negative controls “z <- (x-m)/s”. Then, for each gene, 

a Kolmogorov-Smirnov (KS) test was performed by comparing the z-scores of sgRNAs targeting 

a gene with the z-scores of negative controls. Finally, P-value from KS test was adjusted for false 

discovery rate (FDR) using Benjamini-Hochberg (BH) method. Significant genes were finally 

compared to the DepMap Public 22Q1 common essential gene list. MAGeCKFlute (version 

1.12.0) was used for downstream analysis (e.g., overrepresentation analysis (ORA) and Gene Set 

Enrichment Analysis (GSEA)). Volcano plots was generated using EnhancedVolcano R package 

(version 1.10.0) and Venn diagrams using VennDiagram R package (version 1.7.1).  
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Chapter 3. Results 

3.1. Cloning of custom sgRNA CRISPR/Cas9 KO libraries 

The custom sgRNA CRISPR/Cas9 KO libraries were amplified using PCR. The success of 

the reaction was confirmed by running the PCR-amplified libraries on agarose gel (Figure 3-1A). 

Restriction digestion using the enzyme BSM1 was performed on the lentiviral vector LentiGuide-

Puro to cut in two specific sites on the plasmid (Supplementary Figure 4-1). Following 

dephosphorylation and purification, the success of the digestion was confirmed by agarose gel 

(Figure 3-1B). The PCR amplified libraries were inserted into the digested and purified vector 

using a Gibson Assembly reaction. Since there is a possibility that the PCR amplified libraries did 

not get properly inserted into the vector, we verified the success of the reaction by performing a 

PCR reaction of the Gibson Assembly using hU6 as a forward primer combined with some of the 

sgRNAs from the sgRNA libraries as reverse primers (Ctcf, Erg1, Smad2, Runx1). The PCR 

results showed amplification for each of the sgRNA used as primers in both Gibson products 

(Figure 3-1C), confirming the presence of sgRNAs into the vector. Next, the Gibson Assembly 

products were amplified using electroporation and DNA was extracted from the bacteria and sent 

for Next-Generation-Sequencing (NGS) for quality control. Our amplified libraries have a mean 

sequencing coverage of 249 per sgRNA, meaning that each sgRNA has a representation of 

approximately 250x in our final amplified libraries, while the ideal coverage is anywhere between 

100x-1000x (Figure 3-2A) [252]. Furthermore, the distribution of sequencing reads per sgRNAs 

(Figure 3-2B-D) of our amplified libraries demonstrated the evenness of the representation of each 

sgRNA in our libraries. Importantly, an even distribution of the sgRNAs means that each target 

gene in our libraries will be targeted by approximately the same number of sgRNAs, avoiding 
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potential biases in gene depletion or enrichment related to differential representation of sgRNAs. 

Overall, these results demonstrate a high and even coverage of the sgRNAs and genes in our 

amplified libraries, confirming the high quality of our amplified libraries to be used in our 

CRIPSR/Cas9 screening experiments. 
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Figure 3-1. Library A and library B PCR amplification and Gibson Assembly. 

A. Agarose gel electrophoresis of custom sgRNA CRISPR/Cas9 KO library A and library B 
following PCR amplification. The oligos are ~150 bp in size. B. Agarose gel electrophoresis of 
vector LentiGuide puro following digestion with enzyme BSMB1. The non-digested plasmid is 
~10,100 bp, and the BSMB1 cutting sites span ~1,900 bp, therefore the digested plasmid should 
be ~8,200 bp. C. Agarose gel electrophoresis of Gibson library A (left panel) using sgRNA Ctcf 
and Erg1 as primers and Gibson library B (right panel) using sgRNA Smad2 and Runx1 as primers. 
The expected size for each of the sgRNA amplification is ~250 bp. The multiple bands are due to 
amplification arising from non-specific binding of the primers to the DNA sequence.  

C 

A B 
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Figure 3-2. NGS of amplified sgRNA CRIPSR/Cas9 KO libraries. 

A. The amplified sgRNA libraries were sequenced on a MiSeq using 75 cycles of a Micro kit V2 
in single read mode. Sequencing results gave 2,429,474 reads for library A (setA) and 2,319,748 
reads for library B (setB). The mean sequencing coverage is 249 per sgRNA. B. Lorenz curve 
showing the distribution of sequencing reads of sgRNAs over the gene library. This curve ranks 
sgRNA by abundance. Ideally, each sgRNA is represented at the same frequency, so the fraction 
of sequencing reads represented would increase at a constant rate and produce a diagonal line with 
an Area Under the Curve (AUC) of 0.5. An AUC of 0.64 is close to perfect uniformity, meaning 
that the amplification was successful. C. Histogram representing the frequency of read counts per 
sgRNA. D. Histogram representing the frequency of read counts per gene represented in the 
libraries.  
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3.2. Cas9-expressing clone generation and characterization 

We selected the MyC-CaP cell line for our in vitro model of MYC-driven prostate cancer. 

The MyC-CaP cell line was originally isolated from 16-month-old Hi-MYC transgenic mice and 

it retains the expression of the human MYC transgene [253]. Importantly, the MyC-CaP cell line 

has no history of ADT or hormonal therapy prior to its isolation, expresses AR uniformly, and 

demonstrates hormone-dependent growth in soft agar in vitro [253]. In order to conduct the in vitro 

CRISPR/Cas9 KO screens, a MyC-CaP Cas9-expressing cell line was generated. The MyC-CaP 

Cas9 cell line was created by transducing the cells with the pLentiCas9-Blast construct, followed 

by antibiotic selection to eliminate all the cells that were not transduce and thus do not express 

Cas9. To ensure homogeneous expression of Cas9 in our cell line, Cas9-expressing monoclonal 

cell lines were generated from the MyC-CaP Cas9 pool. Subsequently, the monoclonal cell lines 

that were generated were characterized to select which one was going to be used for the 

CRIPSR/Cas9 screen. A Western Blot of the MyC-CaP Cas9 clones was performed to validate the 

expression of Cas9 (Figure 3-3A). The MyC-CaP Cas9 clones all had different levels of Cas9 

protein expression, with the clone MyC-CaP Cas9 E2 having the highest level of Cas9 protein 

expression (Figure 3-3A). Further, an antibody against MYC was also used to validate its 

expression in the MyC-CaP Cas9 clones. All the MyC-CaP Cas9 clones expressed MYC at the 

same level (Figure 3-3A). Next, a proliferation assay was performed on the MyC-CaP Cas9 clones 

to verify the proliferation rates compared to the MyC-CaP WT cell line (Figure 3-3B). The 

proliferation rate of the clone MyC-CaP Cas9 E2 clone was the most similar to the MyC-CaP WT 

cell line (Figure 3-3B, supplementary Figure 4-2). To ensure that Cas9 is active in the MyC-

CaP Cas9 clones and maintains its ability to cut at a target site, a Cas9 activity assay was 

performed. A vector expressing GFP and BFP, as well as a sgRNA targeting BFP was used to 
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transfect the MyC-CaP Cas9 clones and the MyC-CaP WT cell line (Figure 3-3C). Upon 

transfection, the infected cells should all express GPF, and if Cas9 is functional, in the MyC-CaP 

Cas9 clones, they should not express BFP, as there is an integrated sgRNA targeting that sequence 

in the vector. The MyC-CaP WT cell line expressed both GFP and BFP, confirming the success 

of the transfection (Figure 3-3C). Of the MyC-CaP Cas9 clones, B1, B8, and E2 did not express 

BFP, while F12 showed expression of BFP (Figure 3-3C). The expression of BFP in the MyC-

CaP Cas9 F12 suggest that Cas9 is not functional, which might be due to mutations [254]. Based 

on the results from the Western Blot, the proliferation assay, and the Cas9 activity assay, the MyC-

CaP Cas9 E2 clone was selected for the in vitro CRISPR/Cas9 KO screen. 

Prior to starting the in vitro CRISPR/Cas9 KO screen, a fresh MyC-CaP Cas9 E2 clone 

was thawed and subjected to re-characterization. The freshly thawed MyC-CaP Cas9 E2 clone still 

expressed Cas9 at a high level (Supplementary Figure 4-3A), proliferated similarly to the MyC-

CaP WT cell line (Supplementary Figure 4-3B), and had a functionally active Cas9 

(Supplementary Figure 4-3C). Thus, we successfully generated a monoclonal MyC-CaP cell line 

which expressed a functionally active Cas9 and proliferates similarly to its parental counterpart 

that is suitable for an in vitro CRISPR/Cas9 KO screen.  
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Figure 3-3. MyC-CaP Cas9 clones characterization. 

A. Western Blotting was performed on MyC-CaP Cas9 clones to validate the expression of MYC 
and Cas9. MYC was evenly expressed across the different clones while Cas9 was only highly 
expressed in the clone E2. B. Proliferation assay of the MyC-CaP Cas9 clones and MyC-CaP WT 

D 

C 

B A 
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cell line. The clone E2 proliferated the most similarly to the WT cell line. Data represents mean ± 
SD. C. Schematic representing the vector used for the Cas9 activity assay (pKLV2-V6g-
RNA5(gBFP)-PG-KGFP2ABFP-W). The vector contains both GFP and BFP, and a sgRNA 
targeting BFP. Upon transfection, MyC-CaP Cas9 clones should not express BFP is Cas9 is active 
in the cells. D. Cas9 activity results of the MyC-CaP Cas9 clones. The MyC-CaP WT cell line was 
used as a positive control for the expression of GFP and BFP. The clones B1, B8, and E2 showed 
no expression of BFP. The clone F12 showed signs of BFP expression, suggesting the non-
functionality of Cas9.  
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3.3. In vitro MyC-CaP CRISPR/Ca9 KO screen result: Quality control 

In order to perform the in vitro CRISRP/Cas9 KO screen, we first produced lentiviruses 

with our amplified CRISPR/Cas9 sgRNA libraries using HEK293-FT cells. The MyC-CaP Cas9 

E2 monoclonal cell line was then transduced with our lentivirus library A and lentivirus library B 

in two independent experiments. The infected cells were subjected to a 48 h puromycin selection. 

Following the antibiotic selection, the cells were harvested, and aliquots were kept as the day 0 

(T0) control samples before re-seeding the cells. The cells were harvested and re-seeded again 

each time they were confluent, and aliquots of the cells were kept at each harvest. Importantly, the 

number of ell doubling was calculated at each harvest. The in vitro CRISPR/Cas9 KO screen went 

on for 18 days, time at which the cells had reached a total of 19 doublings. For the analysis of the 

in vitro CRISPR/Cas9 KO screen, we used the day 0 (T0) samples as the control samples and the 

day 11 (T11) samples as the experimental samples, time at which the cells had reached 12 

doublings. The genomic DNA was extracted from the cells of each sample from both time points 

(library A T0, n=4, library A T11, n=4, library B T0, n=3, library T11, n=3) and was sent for NGS. 

Using NGS, we can assess the sgRNA composition of each of the samples. The sgRNA 

composition of the experimental samples (T11) were compared to the sgRNA composition of the 

control samples (T0), allowing us assess depletion or enrichment of the sgRNAs following the KO 

of their target gene. 

The in vitro CRISPR/Cas9 KO screen results were analyzed using the MAGeCK-VISPR 

algorithm. The sequencing quality control analysis revealed a sequencing depth of 200x and 

mapping ratio between 83% to 89% for each of the samples sequenced in from both libraries 

(Figure 3-4A), confirming the quality of the sequencing. In all of the control (T0) and 

experimental (T11) samples from both libraries, all of the sgRNAs originally included in our 
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libraries were sequenced at least once, except for 1 or 2 sgRNAs from library A and 1 sgRNA 

from library B (Figure 3-4B), meaning that the entirety of our libraries was present in the screen, 

with the exception of a couple sgRNAs. Furthermore, the Gini index was used to assess the 

evenness of sgRNA read counts within our samples. The low Gini index scores for all of our 

samples revealed a homogeneous distribution of the sgRNA read counts across the target genes in 

each sample for both library A and library B (Figure 3-4C). Next, a Principal Component Analysis 

(PCA) was used to observe trends and clusters amongst the samples of from the control time point 

(T0) and the experimental time point (T11). If our screens were experimentally successful, the T0 

samples replicates should cluster together, while the T11 samples replicates should form a separate 

cluster. Indeed, the experimental samples (T11) should have a different representation of sgRNAs 

than the control samples (T0) due to depletion or enrichment of certain sgRNAs following 

selection. As expected, the PCA generated two distinct clusters between the control time point 

samples (T0) and the experimental time point samples (T11) of both libraries (Figure 3-4D), 

demonstrating a highly different distribution of sgRNAs and confirming the quality of our screens. 

Further, the dropout of our positive and negative control genes was assessed using sgRNA read 

counts. The positive control genes were all depleted from our experimental samples while the 

negative control genes were not depleted (Figure 3-4E). Altogether, the sequencing control 

analysis results indicate that the in vitro MyC-CaP CRISPR/Cas9 KO screens were experimentally 

successful and validate the robustness of the results obtained.  
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Figure 3-4. Sequencing Control of in vitro MyC-CaP CRISPR/Cas9 KO screens with library 
A and library B. 
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The library A and Library B samples represent the original libraries prior to the screen, the T0 
samples represent the control time point and the T11 samples represent the experimental time 
point. A. Sequencing depth and mapping ratio of all samples in library A (left panel) and library 
B (right panel). A sequencing dept of 200x and mapping ratio of 83-89% was obtained. B. Bar 
graph representing the number of missed sgRNAs per sample in library A (left panel) and library 
B (right panel). C. Gini index representing distribution of sgRNAs across samples in library A 
(left panel) and library B (right panel). D. Sample-to-sample variance visualized using a PCA in 
library A (left panel) and library B (right panel). E. Box plot representing the dropout of our 
control genes according to Log Fold Change (LFC) between the experimental endpoint samples 
(T11) vs the control samples (T0). 
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3.4. In vitro CRISPR/Ca9 KO screen identifies epigenetic dependencies 

in MYC-driven prostate cancer 

The in vitro MyC-CaP CRISPR/Cas9 KO screen results were analyzed in terms of sgRNA 

depletion or enrichment using the MAGeCK Robust-Rank Analysis (RRA) algorithm comparing 

our experimental endpoint samples (T11) to our initial time point samples (T0). Genes are depleted 

in a pool CRISPR/Cas9 KO screen if upon their knockout, cells either cannot survive, or will 

proliferate at a lower rate. Thus, genes that are significantly depleted confer a growth advantage. 

On the other hand, genes are enriched in a CRIPSR/Cas9 KO screen if upon their knockout, cells 

proliferate at a greater rate. Therefore, genes that are significantly enriched have tumor-

suppressive functions. The RRA of our in vitro MyC-CaP CRISPR/Cas9 KO screens revealed a 

number of genes that are significantly depleted or enriched (P-value ≤ 0.05) in both libraries. For 

library A, 182 genes were significantly depleted, and 80 genes were significantly enriched (Figure 

3-5A). For library B, 193 genes were significantly depleted, and 111 genes were significantly 

enriched (Figure 3-5A). To look further into which kind of biological pathways the hits from the 

screens are associated with, we performed ORA and GSEAs of the genes significantly depleted of 

enriched in library A and in library B (Figure 3-5B-C). The ORAs and GSEAs revealed 

vulnerabilities associated with a diverse set of epigenetic-related pathways, including histone 

acetylation, histone H4 acetylation, histone binding, histone H3K9 methylation, histone 

methyltransferase, and chromatin remodeling complex (Figure 3-5B-C). This suggest that a large 

number of genes that were significantly depleted or enriched in our screens are associated with 

histone acetylation, histone  methylation, and chromatin remodeling. 

Next, we compared the hits from library A and library B, and we found 100 genes that were 

significantly depleted or enriched in both libraries (Figure 3-6A). Based on the fact that our two 



 69 

libraries target the same set of genes with different combinations of sgRNAs, we conclude that the 

genes that were significant in both libraries are the most robust hits from our experiments. 

Interestingly, the depleted genes that are common to both libraries include some well-known 

transcription factors that play central roles in prostate cancer initiation, development, and 

progression such as the human transgene MYC, Ar, and Foxa1 [106, 247, 255-257] (Figure 3-6B-

C). Of note, the discovery that MYC was depleted in our screens suggest that the MyC-CaP cell 

line relies on the continuous overexpression of MYC for proliferation and survival. Moreover, our 

results validate the role of Ar and Foxa1 as key players in MYC-overexpressing prostate cancer 

cellular proliferation and survival. Other transcription factors which have been previously 

demonstrated to have an impact on prostate cancer progression including Gata3 [258] and Fosl1 

[259-261] were also found to confer a growth advantage in our MyC-CaP prostate cancer cell line 

(Figure 3-6B-C). Moreover, The Methyltransferases Mettl1 and Setd8 were both significantly 

depleted in our screens (Figure 3-6B-C). Mettl1 acts as a methyltransferase for a subset of internal 

N(7)-methylguanosine sites (m7G) in mRNA [262], while Setd8 is found as the only known lysine 

mono-methyltransferase in mammalian cells to produce H4K20me1, which plays a critical role in 

in chromatin compaction, gene regulation and cell-cycle progression [263]. The chromatin 

remodeling factor Rbbp7, which chaperones chromatin remodeling proteins to their nuclear 

histone substrates including HATS and HDACs [264], was also found to be depleted in our screen 

(Figure 3-6B-C) and thus, is essential for MYC-driven prostate cancer cells proliferation or 

survival. 

Moreover, the well-known tumor-suppressor Pten and Rb1 were significantly enriched in 

both libraries (Figure 3-6B-C). Loss of PTEN is highly frequent in primary and metastatic prostate 

tumors while the loss of RB1 is associated with high number of CRPC [265, 266]. Our screen 
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revealed that the loss of Pten and Rb1 in MYC-driven prostate cancer cells allows them to thrive 

and proliferate, validating their role as key tumor-suppressors in a MYC-overexpressing context. 

The histone chaperone Hira and the lysine-specific demethylase Kdm3b were also both 

significantly enriched in our screens (Figure 3-6B-C). The HIRA complex deposits H3.3 at 

euchromatin regions such as promoters, enhancers, and gene regulatory regions, and is involved 

in cellular senescence [267]. KDM3B catalyzes demethylation of H3K9me1 and H3K9me2, 

resulting mostly in the activation of gene transcription [268]. The result from our screen suggests 

that the epigenetic-related genes Hira and Kdm3b have tumor-suppressive functions in MYC-

driven prostate cancer cells. 

To summarize, our results validate the role of well-established prostate cancer oncogenes 

and tumor-suppressor genes our MYC-driven prostate cancer model. Moreover, our results 

pinpoint towards different epigenetic regulators as being key players in prostate cancer cells 

survival or proliferation in a MYC-overexpressing context, confirming that MYC-driven prostate 

cancer is dependent upon epigenetic-related mechanism to thrive and grow. 
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Figure 3-5. MyC-CaP in vitro CRISPR/Cas9 KO screen significantly enriched and depleted 
genes in library A and B. 

A. Number of genes that were significantly enriched or depleted (P-value ≤ 0.05) in library A (left 
panel) and library B (right panel). B. ORA of genes that are significantly depleted (blue dots) or 
enriched (red dots; P-value ≤ 0.05) in library A and library B using GO (left panel) and KEGG 
(right panel). C. GSEA of genes that are significantly depleted (blue dots) or enriched (red dots) 
(P-value ≤ 0.05) in both library A and B using GO (left panel) of MSigDB (right panel).  
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Figure 3-6. Significantly depleted or enriched genes from the MyC-CaP in vitro 
CRISPR/Cas9 KO screen common in both library A and B. 

A. Number of genes that were significantly depleted or enriched (P-value ≤ 0.05) common in both 
library A and library B. B. sgRNA rank view of example genes significantly depleted (blue lines) 
or enriched (red lines) from both library A and B. C. Volcano plots depicting the significantly 
depleted (blue dots) or significantly enriched genes according to the log2 fold change (FC > 1) and 
P-value (< 0.05) in library A (left panel) and library B (right panel) obtained using MAGeCK 
RRA. The highest possible Log10 P-value based on our experimental design is 4.2.  

C  

Hmyc

Ar

Foxa1

Pten

Rb1

Kdm3b

Hira

Setd8

Gata3

Fosl1

Mettl1

Rbbp7

−2 −1 0 1
Log2(Fold change)

Ar

Fosl1

Foxa1

Gata3

Hira

Hmyc

Kdm3b

Mettl1

Pten
Rb1

Rbbp7

Setd8

0

1

2

3

4

5

−2 −1 0 1
 Log2 fold change

 −
Lo

g 1
0 
P

Ar
Fosl1

Foxa1

Gata3

Hira

Hmyc

Kdm3b

Mettl1

Pten
Rb1

Rbbp7

Setd8

0

1

2

3

4

5

−2 −1 0 1
 Log2 fold change

 −
Lo

g 1
0 
P

Library B Library A 

Library A & B A  B  Library A & B 



 74 

3.5. Identification of epigenetic dependencies specific to MYC-driven 

prostate cancer 

To assess the specificity of the genes that confer a growth advantage in our MYC-driven 

model of prostate cancer cells, we compared our significant genes from both libraries to the 

DepMap public 22Q1 common essential gene lists. We identified 30 genes that were not 

commonly essential across human cancer cell lines, including MYC, Ar, Foxa1, Gata3, Fosl1, and 

Rbbp7 (Figure 3-7A and Supplementary Figure 4-4A). Next, we compared our significant hits 

from both libraries to the DepMap public 22Q1 essential gene lists of different prostate cancer cell 

lines (22Rv1, LNCaP, DU-145, VCaP, BPH1, P4E6). We identified 8 genes as not commonly 

essential across prostate cancer cell lines, including MYC, Sp110, H2ax, Terf2, Uhrf1, Polr2a, 

Dcaf1, and Kmt5a (Figure 3-7B-C and Supplementary Figure 4-4B. We next overlapped the 

DepMap common essential gene lists of human cancer cell lines with the DepMap common 

essential gene lists of the prostate cancer cell lines to identify genes that were not commonly 

essential in either category. We identified 6 genes as being non-commonly essential across human 

cancer cell lines and human prostate cancer cell lines, including MYC, Sp110, Terf2, Uhrf1, 

Polr2a, and Dcaf1 (Figure 3-7A). Again, Uhrf1, which plays a role in maintaining DNA 

methylation and is involved in chromatin remodeling [269], and Dcaf1, which is a component of 

E3 ubiquitin-protein ligase complexes and is involved in H2A phosphorylation [270], were 

identified as being not commonly essential across cancer cell lines. 

To summarize, analysis of our results revealed that a number of genes which were 

identified as conferring a growth advantage our MYC-driven prostate cancer model are not 

commonly essential across human cancer cell lines, indicating the specificity of their oncogenic 

functions to prostate cancer. Furthermore, we identified genes that were essential in the MyC-CaP 
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cell line, while they were not found to be essential in other prostate cancer cell lines, thus 

suggesting that they are essential specifically in the MyC-CaP prostate cancer cell line. 

Importantly, we identified epigenetic-related genes as being specifically essential to MyC-CaP 

prostate cancer cells proliferation and survival, indicating epigenetic dependencies in MYC-driven 

prostate cancer growth.  
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Figure 3-7. Overlap of significant hits from in vitro MyC-CaP CRIPSR/Cas9 KO screen with 
different human cancer cell lines. 

A. Venn diagram showing the overlap of significantly depleted genes in our screen with essential 
genes identified in other human cancer cell lines and other human prostate cancer cell lines. B. 
Upset plot showing the number of identified genes in the in vitro MyC-CaP CRISPR/Cas9 KO 
screen that overlap with common essential genes of each prostate cancer cell lines (P4E6, BPH1, 
DU145, LNCaP, VCaP) found using DepMaP. C. Upset plot showing the number of identified 
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genes in the in vitro MyC-CaP CRISPR/Cas9 KO screen that overlap with common essential genes 
of each prostate cancer cell lines with a focus on the DU145, LNCaP, and VCaP cell lines.  
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Chapter 4. Discussion 

4.1. Summary of results 

We hypothesized that prostate cancer cells are dependent on the expression of key 

epigenetic regulators for survival and growth in the context of MYC-overexpression. To test this 

hypothesis, we performed in vitro CRISPR/Cas9 KO screens in a MYC-overexpressing prostate 

cancer cell line. First, we designed and amplified two custom CRISPR/Cas9 sgRNA libraries 

which targets genes mostly focused on epigenetic processes. Importantly, our CRISPR/Cas9 

sgRNA libraries were successfully amplified and there was a homogenous representation of the 

sgRNAs in the amplified product (Figures 3-1 & 3-2). We performed in vitro CRISPR/Cas9 KO 

screening in the MyC-CaP cell line using the amplified library products targeting epigenetic-

related genes in two independent experiments. The lentiviral libraries were transduced into the 

cells at a low MOI (0.3), ensuring that each cell only receive one CRISPR targeting sequence 

(sgRNA). Therefore, if the target gene is essential for the survival or proliferation of the cell, there 

will be a significant depletion of that sgRNA in the pool of cell overtime as Cas9 cuts the target 

sequence. On the other hand, a significant increase in the representation of a sgRNA indicates that 

the target gene has anti-proliferative functions. Our in vitro CRISPR/Cas9 KO screens identified 

many genes that were significantly depleted or enriched in library A and in library B (Figure 3-5 

& 3-6). The genes that were significantly depleted in both library A and library B were genes that 

are essential for the proliferation or survival of prostate cancer cells, while the ones which are 

significantly enriched in both libraries have anti-proliferative effects on prostate cancer cells in the 

context of MYC-driven prostate cancer specifically. Notably, a number of genes that were 

significantly depleted or enriched were associated with histone modification and chromatin 
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remodeling (Figure 3-5). The genes that were significantly depleted or enriched in both libraries 

included some well-known oncogenes (MYC, Ar, Fooxa1) and tumor suppressor genes (Pten, 

Rb1), as well epigenetic-related genes (Gata3, Fosl1, Mettl1, Setd8, Rbbp7, Hira, Kdm3b) (Figure 

3-6). Furthermore, by comparing our data to the DepMap common essential gene lists of human 

cancer cell lines and to the DepMap common essential gene lists of the prostate cancer cell lines, 

we identified epigenetic related genes that were non-essential across human cancer cell lines 

(MYC, Ar, Foxa1, Gata3, Fosl1, and Rbbp7), epigenetic-related genes that were non-essential 

across prostate cancer cell lines (MYC, H2ax, Uhrf1, Dcaf1, and Kmt5a), as well as epigenetic-

related genes that were non-essential in either category (MYC, Uhrf1, and Dcaf1) (Figure 3-7). 

Because these hits were significantly depleted in both libraries in our in vitro CRISPR/Cas9 KO 

screen and are non-commonly essential across human cancer cell lines and human prostate cancer 

cell lines, our results suggest that these genes are essential in MYC-driven prostate cancer cellular 

proliferation. Further investigation is required to confirm their specificity to a MYC-

overexpressing context of prostate cancer. 

 To summarize, the results of our in vitro CRISPR /Cas9 KO screens support our hypothesis 

that MYC-driven prostate cancer is dependent upon specific epigenetic-related genes for cellular 

proliferation. Indeed, the KO of specific epigenetic regulators in our MYC-overexpressing prostate 

cancer cell line resulted in the slower proliferation rates or death of the cells. Moreover, a number 

of genes that are essential for cellular proliferation appear to be specific to the MYC-

overexpressing context of prostate cancer. Altogether, our results reveal potential epigenetic 

dependencies of MYC-driven prostate cancer cellular proliferation. Additional experiments and 

analysis are required to validate the epigenetic dependencies, and to identify their role in MYC-

induced transcriptional and metabolic reprogramming. 
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4.2. Generation of custom CRISPR/Cas9 sgRNA libraries and MyC-

CaP Cas9 clones 

To study the role of epigenetic regulators in MYC-overexpressing prostate cancer growth, 

we designed custom CRISPR/Cas9 sgRNA libraries that specifically target epigenetic-related 

genes such as transcription factors, and chromatin readers/writers/eraser/remodelers. We opted for 

the MyC-CaP cell line for our CRISPR/Cas9 KO screens, which is a murine model of MYC-driven 

prostate cancer. The MyC-CaP cell line is unchallenging to maintain in culture and is compliant 

to gene editing strategies (see section 1.2.3). 

 In order to conduct our CRISPR/Cas9 KO experiments, we generated a MyC-CaP Cas9 

stable cell line. Cas9 expression is required for the target sequence to be cleaved during 

CRISPR/Cas9 screening. To ensure uniform expression of Cas9 and avoid cleaving biases, we 

generated MyC-CaP Cas9-expressing clones from our MyC-CaP Cas9 stable cell line. To account 

for possible differential transfection efficiency amongst the stable pool and to select the MyC-CaP 

Cas9 clone that was going to be used for our experiments and, we characterized the clones based 

on the expression of Cas9, functionality of Cas9, and proliferation rates. We did observe some 

differential expression of Cas9 in our MyC-CaP Cas9 clones. While the MyC-CaP Cas9 E2 clone 

expresses Cas9 at high levels, the MyC-CaP Cas9 F12 clone expresses Cas9 at very low levels 

(Figure 3-3A). Further, Cas9 functionality also differed amongst the MyC-CaP Cas9 clones. 

Namely the MyC-CaP Cas9 F12 clone showed lower efficacy of Cas9 cleaving (Figure 3-3D), 

although this may be allotted to a lower expression of the Cas9 protein. Nonetheless, ensuring that 

Cas9 is functional in Cas9-expressing cell lines is critical to ensure proper experimental 

completion of a CRISPR/Cas9 KO screen. The Cas9 transfection also seemed to affect the 

proliferation behavior of the cells. For example, the MyC-CaP Cas9 B1 clone, the MyC-CaP Cas9 
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B8 clone, and the MyC-CaP Cas9 F12 clone proliferate at higher rates than the MyC-CaP parental 

cell line (Figure 3-3B & Supplementary Figure 4-2A-D). By generating and characterizing 

single-cell derived MyC-CaP Cas9 clones from our MyC-CaP Cas9 stable cell line, we ensured 

that the clone selected for our in vitro CRISPR/Cas9 KO screen had uniform expression of an 

enzymatically functional Cas9 protein while also proliferating similarly to its unedited parental 

counterpart. 

4.3. Validation of the role of key oncogenes and tumor-suppressor 

genes in MYC-driven prostate cancer 

Our results revealed epigenetic regulators which are essential for prostate cancer cell 

proliferation and survival in a MYC-overexpressing context. Some of the hits from our screens 

including MYC, Ar, Foxa1, Pten and Rb1 are genes that have already been established as playing 

key role in prostate cancer progression [106, 247, 255-257, 265, 266]. While MYC overexpression 

has been shown to be sufficient to initiate prostate cancer [111], the results from our screen indicate 

that continued overexpression of MYC is required for the proliferation or survival of the MyC-

CaP cell line. The ligand-inducible transcription factor AR is a critical player in the development 

and maintenance of normal prostatic tissue, and a driver of CRPC [255]. Although the AR and 

MYC are both central players in prostate cancer, the interplay between the two transcription factors 

remains widely unexplored. Interestingly, Qiu et al. recently demonstrated that MYC-

overexpression contributes to tumor initiation and progression by disrupting the AR transcriptional 

program [271]. The results from our screen demonstrate that AR expression confers a growth 

advantage in MYC-driven prostate cancer, further indicating a crucial link between the AR and 

MYC-overexpression. The pioneer transcription factor FOXA1 is well-characterized in prostate 
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cancer and is known to play a key role in disease progression [256, 257]. FOXA1 is recruited to 

sites with H3K4me1 or H3K4me2 marks and is required to decondense the chromatin at these 

sites, making them accessible to other transcription factors, such as the AR [257]. The FOXA1 

gene is recurrently mutated in The Cancer Genome Atlas (TCGA)’s characterization of 333 

primary prostate cancers, and FOXA1 mutations define a molecular subtype of the disease [272]. 

Indeed, FOXA1 plays a key role in AR-dependent prostate cancer progression mainly due to its 

ability to modulate the AR cistrome. Pomerantz et al., demonstrated that there is an extensive 

overlap in FOXA1 and AR binding at tumor-associated AR binding sites [273]. They further 

showed that transduction of FOXA1 in an immortalize prostate cell line reprogrammed the AR 

cistrome to resemble that of a of prostate tumor sites [273], linking FOXA1 to AR reprogramming 

and demonstrating its capacity as a pioneer transcription factor during tumorigenesis. Moreover, 

Qiu et al. demonstrated a link between FOXA1, the AR and MYC [271]. Indeed, they showed that 

MYC-overexpression results in a significant increase of AR binding sites, and that these binding 

sites are predominantly associated with FOXA1. Critically, FOXA1 occupancy was increased at 

AR-gained binding sites in MYC-transformed prostate tissues compared to wild-type tissues [271]. 

Thus, the results from our in vitro CRISPR/Cas9 KO screens are in line with what is known about 

the role of these transcription factors in prostate cancer and further indicates a link between the 

AR and MYC, as well as between FOXA1 and MYC. 

Moreover, our results also indicate a key role of the well-known tumor suppressors Pten 

and Rb1 in MYC-driven prostate cancer. Loss of PTEN is found in approximately 30% of primary 

tumors and up to 70% of metastatic cancers [100, 265], while loss of RB1 is found in up to 45% 

of CRPC [100, 274]. Our screen revealed that the loss Pten and Rb1 in MYC-driven prostate cancer 

cells allow them to thrive and proliferate, validating their role as key tumor-suppressors in a MYC-
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overexpressing context of prostate cancer. Altogether, our results are in agreement with previous 

studies and validate the role of these epigenetic regulators in the context of MYC-overexpressing 

prostate cancer. 

4.4. Epigenetic dependencies of MYC-driven prostate cancer cellular 

proliferation and survival 

Furthermore, the results from our screen identified new key epigenetic regulators that are 

essential in the context of MYC-driven prostate cancer. For example, the transcription factor Gata3 

was significantly depleted in our screens. Gata3 inactivation in Pten-deficient tissue has been 

previously shown to accelerate tumor progression [258]. However, the KO of Gata3 in the MyC-

CaP cell line resulted in slower proliferation rates or cell death, indicating a differential role of 

Gata3 in different molecular contexts of prostate cancer. The transcription factor Fosl1 was 

another one of the significantly depleted genes in our screens. Previous studies have demonstrated 

that FOSL1 promotes prostate cancer progression [259-261]. For instance, Luo and colleagues 

demonstrated that FOSL1 can promote the occurrence and progression of prostate cancer by 

altering the epithelial-mesenchymal transition process of the cells [259]. Specifically, transwell 

experiments demonstrated that FOSL1 could enhance prostate cancer metastasis while in vivo 

experiments demonstrated that FOSL1 promotes an accelerated progression of prostate cancer 

[259]. In line with previous reports, our results demonstrate that Fosl1 plays an oncogenic role in 

MYC-driven prostate cancer. The Methyltransferases Mettl1 and Setd8 were both significantly 

depleted in our screens. METTL1 is responsible for mediating the formation of N(7)-

methylguanine (m7G) and regulating RNA translation , and upregulation of METTL1 expression 

has been shown to promote oncogenic activity [275-277].For example, overexpression of METTL1 
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has been shown to promote tumor proliferation in in hepatocellular carcinoma, liver cancer and 

colon cancer [275-277]. Along the same lines, our screen indicates that Mettl1 confers a growth 

advantage in MYC-overexpressing prostate cancer cells. Similarly, SETD8 has been shown to be 

involved in different types of cancers [278-280]. SETD8 is found as the only known lysine mono-

methyltransferase in mammalian cells to produce H4K20me1, which plays a critical role in in 

chromatin compaction, gene regulation and cell-cycle progression [263]. Interestingly, SETD8 was 

recently suggested to play a role in mediating MYC-driven medulloblastoma tumorigenesis [280]. 

Moreover, global chromatin profiling of tumors from mice overexpressing the c-MYC transgene 

in the prostate epithelium revealed that the H4K20 mark was significantly affected compared to 

WT mice [45]. In line with previous studies, our results indicate a key role of Setd8 in MYC-

overexpressing prostate cancer proliferation, which further suggest a specific role of Setd8 in 

MYC-induced prostate cancer growth. The chromatin remodeling factor RBBP7 chaperones 

chromatin remodeling proteins to their nuclear histone substrates including HATS and HDACs 

and plays conflicting roles in tumor progression in different types of cancer [264, 281]. RBBP7 

has demonstrated co-suppressive functions in prostate cancer cell lines when the tumor suppressor 

HNF1B is present [177]. Our results suggest that Rbbp7 confers a growth advantage in MYC-

overexpressing prostate cancer cells, thus indicating a potential context-dependent role of Rbbp7 

in prostate cancer. UHRF1 and DCAF1 are protein-coding genes which are involved in epigenetic 

remodeling. UHRF1 encodes a member of a subfamily of RING-finger type E3 ubiquitin ligases 

(Ubiquitin-Like-Containing PHD And RING Finger Domains Protein 1) which acts as a key 

epigenetic regulator by bridging DNA methylation and chromatin modification [282]. Specifically, 

it binds hemi-methylated DNA at replication forks and recruits DNMT1 methyltransferase to 

ensure faithful propagation of the DNA methylation patterns through DNA replication [282]. In 
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addition, it recognizes and binds H3K9me3 and H3R2me0 respectively, and recruits chromatin 

proteins [282]. Babbio et al. reported that UHRF1 is frequently overexpressed in human prostate 

tumours and has an important role in prostate cancer pathogenesis and progression [283]. They 

also reported that UHRF1 expression was negatively correlated with several tumour suppressor 

genes. Similarly, to of UHRF1, DCAF1 encodes for a component of E3 ubiquitin-protein ligase 

complexes (VPRBP) which is involved in various biological processes including histone 

modification [284]. DCAF1 has been shown to phosphorylate histone H2A at T120 and to be 

associated with elevated levels of H2AT120 in prostate cancer tissues [285]. Interestingly, DCAF1 

has also been implicated in controlling the transcriptional activity of the tumor suppressor p53 

[286]. For example, Kim et al. demonstrated that DCAF1 interacts with p53 and is recruited to the 

promoters of p53 target genes, functioning to block transcriptional activation via acetylation of 

histone-H3 tails [286]. In line with these studies, our data shows that knockdown of Uhrf1 and 

Dcaf1 leads to a decrease in cellular proliferation in MYC-driven prostate cancer, which may be 

due, in part, to the reactivation of tumor-suppressor genes. 

Moreover, the histone chaperone Hira and the lysine-specific demethylase Kdm3b were 

both significantly enriched in our screens. The HIRA complex deposits H3.3 at euchromatin 

regions such as promoters, enhancers, and gene regulatory regions, and is involved in cellular 

senescence and carcinogenesis [267, 287]. Cellular senescence is a tumor suppressive mechanism, 

and our result demonstrate that Hira has tumor suppressive functions in MYC-induce cellular 

proliferation, indicating a potential link between HIRA and cancer cells cellular senescence in a 

MYC context. KDM3B catalyzes demethylation of H3K9me1 and H3K9me2, resulting mostly in 

the activation of gene transcription [268]. KDM3B has recently been shown to act as an important 

player for proliferation of AR-expressing androgen-independent CRPC cells (LNCaP-abl and 
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LNAI) [288]. However, the results from our screens demonstrate that Kdm3b maintains tumor-

suppressive functions in our androgen-dependent MYC-driven prostate cancer cells (MyC-CaP), 

suggesting that the role of Kdm3b in prostate cancer growth may by context-dependent. 

 Altogether, the results from our in vitro CRISPR/Cas9 KO screen demonstrates that 

epigenetic regulators are key in maintaining prostate cancer cellular proliferation in a MYC-

overexpressing context. MYC-overexpression has been shown to give rise to global metabolic 

reprograming events which support cancer cell proliferation and growth [247, 248]. Epigenetic 

remodeling relies on metabolites as substrates and cofactors, therefore, MYC dysregulation may 

result in dependency to epigenetic regulators due to global metabolic reprograming. Further 

experiments are required to validate and characterize epigenetic dependencies in MYC-induced 

prostate cancer growth. 

4.5. Clinical implications of epigenetic dependencies in MYC-driven 

prostate cancer  

Studies have demonstrated that targeting epigenetic regulators is an effective way to supress 

prostate cancer growth. For example, targeting the methyltransferase METTL1, leading to impaired 

expression of m7G transfer RNAs (tRNAs), has been shown to suppress tumor growth in various 

xenograft models including glioblastoma multiforme, liposarcoma, melanoma, and acute myeloid 

leukemia [262, 289]. Moreover, knockdown of UHRF1 has been shown to  reduce proliferation of 

prostate cancer cells and result in the reactivation of several tumour suppressor genes [283]. 

Recently, Poulose et al. showed that the protein encoded by DCAF1, VPRBP, is co-regulated by 

the AR at the transcript level and by O-GlcNAc transferase at the protein level, and that VPRBP 
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knockdown in prostate cancer cells let to a significant decrease in cell proliferation and increased 

p53 recruitment to the chromatin [290]. 

Moreover, drugs have targeting epigenetic regulators have been developed for the treatment 

of several types of cancer. For instance, AR is the most established therapeutic target for prostate 

cancer and targeting the AR signaling axis via ADT is currently the first line of treatment for 

patients with the disease. However, resistance to ADT usually arises, after which patients are 

usually treated with second-generation anti-androgen drugs. Although second-generation AR-

targeting drugs are initially effective, resistance ultimately occurs, highlighting the need for new 

therapeutic strategies blocking continued AR-signaling. Other epigenetic-targeting drugs such 

EZH2 inhibitors [183, 184], BET inhibitors [195], and p300/CPB inhibitors [195] are currently 

undergoing clinical trials for the treatment of prostate cancer and have shown promising 

therapeutic effects. Notwithstanding, these epigenetic-targeting drugs are not sufficient on their 

own to supress prostate cancer growth, but rather, they are combined with other drugs (e.g., 

abiraterone, enzalutamide) in order to achieve optimal therapeutic benefits. Keeping that into 

considering, it is unlikely that any of the epigenetic targets identified in our in vitro CRISPR/Cas9 

KO screens will work as single-agent therapy but instead could be coupled with other therapeutic 

strategies to treat patients with MYC-driven prostate cancers. For instance, it has been shown that 

a diet rich in saturated fat enhances MYC-driven prostate cancer growth through amplification of 

a MYC transcriptional signature [45]. Notably, a fundamental feature of epigenetic modifications 

is its reliance on substrates or cofactors obtained from the diet. Therefore, epigenetic-targeted 

therapy could be combined with precision nutrition strategies to treat prostate cancer patients. 

Altogether, a better understanding of the role of epigenetic regulators in prostate cancer 
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progression, could lead to the development of new therapeutic strategies and improve prostate 

cancer treatment. 

4.6. Limitations of the study and potential future experiments 

While the experiment completed to date points to several interesting key epigenetic 

regulators in MYC-driven prostate cancer, much work still needs to be done to validate and 

characterize epigenetic dependencies. The most significant limitation associated with our 

experiment is possible false positive and false negative hits resulting from off-target effects from 

non-specific cuts in the DNA. To address this issue, validation of the candidate genes will be 

necessary. Validation can be done by performing arrayed in vitro CRISPR/Cas9 KO screens for 

each of the selected candidate genes. For instance, performing arrayed in vitro CRISPR/Cas9 KO 

screens using separate sets of sgRNAs targeting some promising candidates such Gata3, Fosl1, 

Mettl1, Setd8, Rbbp7, Uhrf1, and Dcaf1 will enable a direct assessment of genotype-phenotype 

effects and validate the role of these candidate genes as essential in MYC-driven prostate cancer 

cellular proliferation. Another limitation of our study is that biases may arise throughout a 

CRISPR/Cas9 KO screen due to differential sgRNA cutting efficiency. To overcome this issue, 

combinations of sgRNAs that are different from the original screen may be used for subsequent 

screening, which will also further validate our candidate genes. 

Moreover, once the hits from our screens have been validated, further experiments can be 

performed to characterize the candidate genes. In order to do so, we could begin by generating 

candidate genes-KO MyC-CaP stable cell lines. Validation of the genome edit can be done by PCR 

and Western Blot (if an antibody is available). Next, several in vitro experiments can be performed 

to determine the role of the candidate genes in different biological processes. For example, if the 
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candidate gene that we select is found to be involved cell cycle regulation and cellular metabolism, 

cell cycle analysis and mitochondrial stress tests comparing the MyC-CaP WT cell line to the 

candidate gene-KO MyC-CaP stable cell line could be performed to assess the role of the candidate 

gene in these pathways. Next, to further characterize the candidate genes and the effects of their 

KO on the MYC-induced transcriptional reprograming, we could perform ATAC-seq on the 

candidate gene-KO MyC-CaP stable cell line as well as the MyC-CaP WT cell line to identify 

regions with high chromatin plasticity specific to the candidate gene-KO and their underlying 

DNA binding motifs. DNA binding motif analyses of highly plastic chromatin region will enable 

the identification of transcription factors likely to contribute to the preservation of a defined 

transcriptional program. In this line, we could also carry out RNA-seq on the candidate gene-KO 

MyC-CaP stable cell line as well as the MyC-CaP WT cell line followed by GSEA analyses to 

determine the cellular transcriptional program characteristic to the candidate genes KO. 

Additionally, based on the known role of the candidate genes or their impact on the epigenetic 

landscape, we could perform ChIP-seq for relevant histone marks specific to the candidate gene 

KO using again the candidate gene-KO MyC-CaP stable cell line as well as the MyC-CaP WT cell 

line. This would allow us to establish the landscape of in vitro epigenetic dependencies in MYC-

driven prostate cancer. 

 According to our results, the epigenetic-related genes Uhrf1 and Dcaf1 seem to be essential 

specifically in the MyC-CaP prostate cancer cell line. Experiments that would allow the 

comparison between MYC-overexpressing and MYC-null contexts could be performed to assess 

the specificity of these epigenetic regulators to a MYC-overexpressing context of prostate cancer. 

For example, generation of stable MYC KO prostate cancer cell lines and subsequent in vitro 
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CRISPR/Cas9 KO screening would enable the investigation of the candidate gene in both contexts 

and the assessment of their specificity to MYC-induced prostate cancer cellular proliferation. 

 While in vitro CRISPR screening in cancer cells is useful to identify genes essential to 

cellular proliferation, it fails to recapitulate the physiological environment of cancer. In order to 

identify unique epigenetic dependencies that may be left uncovered by in vitro screening and to 

better recapitulate complex cellular interactions, we could perform an in vivo CRISPR/Cas9 KO 

screen. Taking advantage of the small-scale of our custom CRISPR/Cas9 sgRNA libraries, we 

could transduce MyC-CaP cells with our libraries, harvest the cells following antibiotic selection 

and inject them into mice. Importantly, this would allow to explore the effect of knocking-out 

specific epigenetic regulators on tumor growth and identify in vivo epigenetic dependencies in a 

MYC-overexpressing context. 

 The epigenetic landscape is intimately linked to metabolite availability and dietary intake 

of specific nutrients may enhance certain epigenetic signature. Interestingly, Labbé et al. 

demonstrated that MYC-driven transformation of the murine prostate results in hypomethylation 

of H4K20, which was further enhanced by a high-fat diet [45]. They further demonstrated that the 

MYC-transcriptional signature was amplified in high-fat diet-fed Hi-MYC mice, providing a 

potential link between diet, epigenetic modifications, and the regulation of oncogenic programs. 

Given that fundamental feature of epigenetic remodeling is its reliance on substrates or cofactors 

obtained from the diet and along with the evidence that a high-fat diet amplifies the MYC-

transcriptional signature, it would be interesting to investigate the effect of a diet rich in saturated 

fat on epigenetic dependencies in a MYC-overexpressing context. In this line of thought, we could 

perform in vivo CRISPR/Cas9 KO screens where infected MyC-CaP cells will be injected into 

mice fed either a diet rich in saturated fat or a control diet. This could allow us to investigate the 
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effect of a diet rich in saturated fat on MYC-driven prostate cancer and potentially identify diet-

dependent epigenetic-dependencies. 

4.7. Conclusions and future perspectives 

The results presented in this study are favorable regarding the role of epigenetic regulators 

in MYC-driven prostate cancer growth. In addition to reinforcing the role of already-established 

oncogenes and tumor-suppressor genes, our results revealed new potential epigenetic 

dependencies of MYC-overexpressing prostate cancer cellular proliferation. Future studies will 

focus on validating and characterizing the role of epigenetic regulators in MYC-driven prostate 

cancer. We hope that by elucidating the epigenetic expression patterns necessary for MYC-driven 

prostate cancer to thrive, we can identify novel therapeutically targetable epigenetic mechanisms.  
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APPENDIX 

Supplementary figures for chapter 3 

Figure 4-1. Map of LentiGuide-Puro. 

BSMB1 cutting sites are depicted by the two black arrows. Plasmid designed using Benchling.  
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Figure 4-2. Proliferation rate of MyC-CaP Cas9 clones and MyC-CaP WT. 

Proliferation rates of MyC-CaP Cas9 clones and MyC-CaP WT at 24h (A), 48h (B), 72h (C) and 
96h (D). Mean ± SEM. Unpaired t-test. ns £ 0.05.  
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Figure 4-3. MyC-CaP Cas9 E2 clone re-characterization. 

Re-characterization of MyC-CaP Cas9 E2 clone using Western Blot (A), proliferation assay (B), 
and Cas9 activity Assay (C).  
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Figure 4-4. Overlap of in vitro MyC-CaP CRISPR/Cas9 KO screen hits and common 
essential genes in cancer cell lines. 

Venn diagrams showing the overlap of significantly depleted genes in our screen with essential 
genes identified in other human cancer cell lines (A) and other human prostate cancer cell lines 
(22Rv1, LNCaP, DU-145, VCaP, BPH1, P4E6) (B). 
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