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and Ali Gülhan. At the time they were part of the lab, I had the best memories and

got the most scientific and non-scientific help from these four amazing humans. Their

friendship and help through the years have helped me learn to laugh in the darkest

days. I would also like to extend my sincere thanks to many previous lab members,

Asya Evcil, Sedef Sarac, Erdem Yilmaz, Cansu Yerinde, Nalan Yildiz Ayhan, Ipek
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ABSTRACT

IRF4-DRIVEN EPIGENETIC CHANGES IN MELANOMA

CELLS: UNDERSTANDING DOWNSTREAM EFFECTS

FOR TARGETED THERAPY

Despite recent advances in melanoma treatment, mortality rates for metastatic

melanoma remain high, which indicates the need to identify new melanoma-critical

genes and novel targeted therapies. Melanoma, like other cancers, is driven by driver

mutations and the deregulation of epigenome and signaling pathways. Transcription

factor IRF4 has been identified as a pivotal player in the development and maintenance

of different cells, such as immune cells and melanocytes. Studies showed that IRF4

is an essential component of the survival and maintenance of hematopoietic cancers

such as multiple myeloma. Different GWAS studies indicate a strong link between a

variation in the IRF4 intronic region with pigmentation in melanocytes and predispo-

sition to melanoma. In this thesis, analysis of patient data from The Cancer Genome

Atlas and the integration of RNA-seq and ChIP-seq approaches have led to the iden-

tification of IRF4-regulated genes and pathways. Our data demonstrate that IRF4 is

a modulator of epigenetic silencing in melanoma. Furthermore, we report that IRF4

is a key modulator of DNA methylation machinery and polycomb repressive complex,

which subsequently results in global changes in the epigenetic suppressive marks in the

cells. Also, we identify a subset of tumor suppressor genes (TSG) silenced through

IRF4-mediated changes of these epigenetic marks. These TSGs are regulators of the

cell cycle, PI3K-AKT pathway, and ciliogenesis in melanoma. Moreover, with CRISPR

knockout screening, we set out to discover IRF4 synthetic lethal partners. Consistent

with our findings, the screening results suggest a critical role for IRF4 as a regulator

of the cell cycle and homeostasis pathways in melanoma cells.
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ÖZET

MELANOM HÜCRELERİNDE IRF4’ÜN YÖNETTİĞİ

EPİGENETİK DEĞİŞİKLİKLER: YENİ HEDEFLİ

TEDAVİLER İÇİN ALT YOLAKLARIN İNCELENMESİ

Melanom tedavisindeki son gelişmelere rağmen, metastatik melanom için ölüm

oranları hala yüksektir. Bu nedenle, yeni hedefli tedavilerle , melanom açısından kritik

genlerin tanımlanmasına ihtiyaç vardır. Melanom, diğer kanserler gibi, sürücü muta-

syonlar, epigenom ve sinyal yolaklarının bozulması tarafından yönlendirilir. IRF4’ün,

bağışıklık hücreleri, ve melanositler gibi farklı hücrelerin gelişimi ve sürerliliği açısından

çok önemli bir rolü vardır. Çalışmalar, IRF4’ün multipl miyelom gibi hematopoi-

etik kanserlerin sağkalımı ve sürdürülmesi için temel bir bileşen olduğunu göstermiştir.

Çeşitli GWAS çalışmaları, IRF4’ün intronik bölgesindeki bir varyasyonun, melanositler-

deki pigmentasyon ve melanom yatkınlığı arasında güçlü bir bağlantı olduğunu gösteri-

yor. Bu çalışmada, Kanser Genom Atlası’ndan alınan hasta verilerinin analizi ve RNA-

seq ve ChIP-seq yaklaşımların entegrasyonu, IRF4 kontröllu genlerin ve yolakların

tanımlanmasına yol açmıştır. Verilerimiz, IRF4’ün melanomda epigenetik susturma

modülatörü olduğunu gösteriyor. IRF4’ün, melanom hücrelerinde epigenetik susturma

imlerde genom çapında değişiklikleri yöneten, DNA metilasyon makinesinin ve poly-

comb kompleksinin önemli üyelerini düzenlediğini göste-rmekteyiz. IRF4 yoluyla bu

epigenetik imlerin değişimi sonucunda bir kaç susturulmuş tümör baskılayıcı genlerini

(TSG) tanımladık. Bu TSG’ler, hücre döngüsü, PI3K-AKT yolağı ve siliyogenez

düzenleyicileridir. Ayrıca, CRISPR Knockout tarama yöntemiyle, melanomdaki IRF4

sentetik ölümcül ortaklarının keşifi gerçekleştirilmiştir. Tarama sonuçları, bulgularımız-

la uyumlu olarak IRF4’ün melanom da hücre döngüsünün ve homeostazi yolların

regülasyonunda kritik bir rol önermektedır.
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1. INTRODUCTION

1.1. Melanoma

The Greek physician Hippocrates first described melanoma in the fifth century

B.C. Although there is little archaeological evidence of cancer, however, tumors can

be diagnosed from the skeletons with osteolytic bone metastases. The oldest physical

evidence of melanoma is from a 2400-year-old pre-Columbian mummy with diffuse

melanotic metastases found in Peru (Urteaga et al., 1966).

Melanoma, the malignant neoplasm arising from melanocytes, is currently rec-

ognized as the most lethal form of skin cancer. Melanoma is also known as the most

aggressive form of skin cancer due to its ability to metastasize early in the tumorige-

nesis process. Melanoma comprises 5.6% of US and 4% of Europe cancer diagnoses,

according to 2020 data from European Cancer Information System (ECIS) and The

Surveillance, Epidemiology, and End Results (SEER) (Cronin et al., 2022). One in

every 74 and 66 women and men, respectively, have a lifetime risk of getting skin can-

cer (ECIS, 2021). In the US, the current 5-year survival if diagnosed at stages I-II

is 99.4%, and at stage IV, 29.8% (Cronin et al., 2022). Mortality rates have been

in decline since the emergence of targeted therapy and immunotherapy drugs in 2011

(Saginala et al., 2021). The number of naevi, skin color, and environmental factors

such as UV exposure are key host factors that affect the susceptibility to cutaneous

melanoma (Gandi et al., 2005; Mitra et al., 2012). Among environmental risk factors,

due to an ongoing increase in the popularity of sunbathing and indoor sun-tanning

beds, the peak in the number of melanoma incidences is yet to happen. The peak in

melanoma cases is estimated to happen in the US until 2026 and in Europe until 2031

(Whiteman et al., 2016; Saginala et al., 2021). Considering the continuous increase

in global diagnosis, melanoma has become a burden for public health due to its high

mortality at advanced stages and cost of care.
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Additionally, despite the development and approval of novel drugs targeting sig-

naling pathways and immune checkpoints, the complexity of melanoma tumors and

the rise of therapeutic resistance in recurring tumors have become a major concern.

Therefore, expanding the prognostic, diagnostic, and therapeutic toolkits will facilitate

the management of melanoma both at the patient level and as a public health burden.

Research endeavors are still needed to determine the prognosis at earlier stages, to

decrease the chance of re-occurrence, and develop breakthrough therapeutic strategies

to get around therapy resistance. For many researchers in the field of cancer research,

some of the fascinating targets to study are members of transcriptional regulatory ma-

chinery. Particularly transcription factors with potential roles in phenotype plasticity

and tumorigenesis (Rambow et al., 2019) and chromatin modifiers, which reshape the

chromatin landscape during tumorigenesis (Emran et al., 2019; Zob et al., 2023).

1.1.1. Genetic Landscape in Melanoma

Genome-wide association studies (GWAS) have revealed more than 50 melanoma-

predisposition loci, which can influence these host risk factors and other biological

processes to affect the likelihood of melanomagenesis (Landi et al., 2020). Several

studies have reported that more than 80% of melanoma tumors carry BRAF or NRAS

mutations together with highly active mitogen-activated protein kinase (MAPK) and

phosphoinositide-3-kinase (PI3-AKT) pathways (Chin et al., 1998; Davies et al., 2002;

Tsao et al., 2012). However, one of the most in-depth comprehensive studies on un-

derstanding genetic risk factors was published in 2015 by The Cancer Genome Atlas

Consortium (TCGA). The TCGA study categorized cutaneous melanoma into four sub-

types based on mutational profile: BRAFmt (mutant), NRASmt, NF1mt, and triple

WT (Wild type) (Akbani et al., 2015). In 2017, ten other genes, apart from BRAF,

NRAS, and NF1, were also validated as significantly mutated genes (SMG) by whole

genome sequencing (WGS). These genes include CDKN2A, encoding p16 and p14 cell

cycle checkpoint kinase inhibitors; TP53, the most frequently mutated gene in cancers

and known as the guardian of the genome; ARID2, a subunit of the SWI/SNF com-

plex, functions in nucleosome rearrangement and transcriptional activation; PTEN, the
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negative regulator of PI3K-AKT pathway; and RB, the retinoblastoma protein and a

known tumor suppressor with a key role in regulation of cell cycle (Hayward et al.,

2017). The outcome of mutations in each of these SMGs has an impact on the activity

of the pathway it is related to, which consequently contributes to the phenotype and

behavior of the tumor. The role of many of these genetic risk factors in prognosis and

melanoma biology still needs to be better understood.

1.1.2. Overview of Signaling Pathways in Melanoma

As mentioned previously, approximately 60% of the cutaneous melanoma tu-

mors harbor a mutation in BRAF kinase (Ribas et al., 2011; Akbani et al., 2015).

The V600E substitution mutation is an activating mutation in BRAF. Constitutively

active BRAFV600E, the upstream activator of MAPK, contributes to many key fea-

tures of melanomagenesis. Besides survival and an increase in cell proliferation rate,

BRAFV600E also contributes to the migration and invasive behaviors of melanoma

cells (Ribas et al., 2011). Due to the activating role of this mutation, BRAF inhibitors

(BRAFi) became the first choice of treatment in tumors with BRAFV600E. After some

time, cells become resistant to BRAFi. Then the BRAFi-resistant cells switch to ERK

to reactivate MAPK ( Trunzer et al., 2013; Shi et al., 2014). Therefore, therapy con-

tinues with mitogen-activated extracellular signal-regulated kinase kinase inhibitors

(MEKi) (Ribas et al., 2014). Melanoma cells acquire cross-resistance toward BRAF

and MEK inhibitors (Penna et al., 2015).

After MAPK, the second critical signaling pathway in melanoma is the PI3K-

AKT pathway. The activation of the pathway is primarily due to loss-of-function

mutations and copy number variation in upstream regulators of the pathways, such as

PTEN, a negative regulator (Paraiso et al., 2011; Kwong et al., 2013). PTEN downreg-

ulation is observed in up to 30% of cutaneous melanoma tumors. In PTEN wild-type

tumors, its expression is suppressed by hypermethylation of the promoter (Wu et al.,

2003; Akbani et al., 2015). Furthermore, resistance to BRAFi, MEKi, and immune

checkpoint inhibitors will enhance PI3K-AKT activity (Shi et al., 2014; Van Allen et
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al., 2014; Trujillo et al., 2019). AKT kinase regulates multiple biological processes

through its downstream effectors. AKT is at the nexus of various biological processes

such as protein synthesis, survival, migration, proliferation, and glucose metabolism.

Its function as a kinase can activate or inactivate its target proteins. For example,

phosphorylation of FOXO1, a pro-apoptotic protein, leads to its inactivation and pro-

teasomal degradation. Phosphorylation of mTORC1 by AKT leads to phosphorylation

of p70S6K, another kinase. The final product of this phosphorylation cascade is the ac-

tivation of the S6 ribosomal protein, which regulates global protein synthesis (Carnero

et al., 2008; Hers et al., 2011).

Deregulation of canonical WNT- βCatenin pathway is frequent across cancers

(Cui et al., 2018; Dzobo et al., 2019). From the Initial state of melanomagenesis to

the invasive transformation of the tumor, the canonical WNT pathway has a crit-

ical role (Delmas et al., 2007). The canonical WNT pathway, through regulation of

Microphthalmia-associated transcription factor (MITF), is one of the pivotal players in

phenotype switching from proliferative to invasive or vice versa (Webster et al., 2015).

In summary, the interplay between these oncogenic pathways and the transcriptional

regulatory network drives melanomagenesis. However, there are still unknown players

and members of this organization that are yet to be characterized.

1.1.3. Epigenetic Landscape of Melanoma

Epigenome modifications are at the center of the initiation and development

of tumors and their progression to metastasis. In malignancies, alterations in the

epigenome have become targets for novel targeted therapies. Epigenetic modification

can be a representative marker for the diagnosis and prognosis of cancer (Hatzimichael

et al., 2014).

Cancers primarily repress tumor suppressor genes through deletions, loss of func-

tion mutations, or increasing epigenetic silencing marks such as DNA methylation,

H3K27me3, and H3K9me3 at the promoter regions. DNA methyltransferase enzymes
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DNMT1, DNMT3A, and DNMT3B are responsible for maintenance and de novo methy-

lation in the genome. Apart from DNMTs, UHRF1 is another crucial player in this

process. UHRF1 facilitates the recruitment of DNMT1 to the newly synthesized DNA

regions during replication (Figure 1.1) (Vaughan et al., 2018).

Figure 1.1. DNA methylation machinery and their partners based on sequence

specificity (Based on Hervouet et al., 2018).

In BRAF/PTEN null melanoma mouse models, loss of DNMT3B leads to a signif-

icant decrease in tumor formation (Micevic et al., 2016). Also, patients with BRAFmt

melanoma exhibit extensive DNA methylation by upregulation of DNMTs (Hou et

al., 2012). In melanoma, hypermethylated genes include MGMT (a DNA repair en-

zyme), PTEN, RASSF1A (function in microtubule stability and regulation of growth),

CDKN2A (p16INK4a and p14ARF), and CDKN2B (p15, cell cycle checkpoint kinase

inhibitor). All these genes play critical roles in the regulation of various biological

processes such as cell cycle, DNA repair, proliferation, cellular homeostasis, and sur-

vival (Fu et al., 2017; Güvenç et al., 2021). The TCGA study categorized cutaneous

melanoma patients into four methylation groups: hypermethylated, hypomethylated,

normal-like, and CpG island methylated. The CpG island methylated group is simi-

lar to the hypermethylated signature but with a more targeted focus on selected re-

gions (Akbani et al., 2015). In stage III melanoma, hypomethylation is a prognostic
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biomarker that predicts improved overall survival (Sigalotti et al., 2012). As one of the

therapeutic agents in cancer treatment, the DNMT inhibitors 5-Azacytidine (5-Aza,

azacitidine) and 5-aza-2’-deoxycytidine (Decitabine) have only been approved for the

treatment of acute myeloid leukemia (AML). For several cancers, there are ongoing

clinical trials (Stresemann et al., 2008; Stomper et al., 2021). Depending on cancer

cell lines, 5-Aza can have higher cytotoxic activity than Decitabine. This can be due

to the integration 5-Aza, a ribose cytosine analogue, into RNA and the inhibition of

RNA transcription and its downstream processes (Shaefer et al., 2009; Diesch et al.,

2016).

Histone modifications and their regulators are responsible for shaping the chro-

matin landscape in cells. The most common histone modification is lysine methylation

which occurs when histone methyltransferases (writers) add one to three methyl groups

to their target lysine. Depending on the lysine, the addition of methylation can con-

tribute to silencing or activating signatures. H3K9me3 and H3K27me3 are the major

contributors to establishing and maintaining silencing signatures in the genome. The

writer for H3K27me3 is EZH2, which is the catalytic part of the polycomb repressive

complex 2 (PRC2). During the last decade, many studies have shown increased EZH2

activity either through mutations or elevated expression levels in various cancer types

(Gan et al., 2018). In melanoma, 3% of the tumors harbor mutations in EZH2 (Tiffen

et al., 2014). In melanoma tumors, wild-type EZH2 activity can be modulated by dif-

ferent mechanisms. The BRAFV600E tumors increase EZH2 expression through the

MAPK pathway (Hou et al., 2012). The in vivo experiments have further elucidated

the crucial role of EZH2 in metastasis. In EZH2-conditional knockout mice, compared

to control mice, there was a significant decrease in the number of metastatic tumors

in lymph nodes and lungs (Zingg et al., 2015). The same group has shown that EZH2

activity regulates cell proliferation and tumor growth by silencing tumor-suppressing

genes (Zingg et al., 2015). Additionally, one of the implications of high EZH2 ex-

pression in melanoma is increased WNT/β-Catenin activity through suppression of

cilia-related genes and diminishing ciliogenesis (Zingg et al., 2018). Melanoma patients

with increased EZH2 expression also exhibit a lower survival rate (Tiffen et al., 2015).
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Studies indicate a major role for EZH2 as a mediator of immune response in tumors.

Zingg et al. showed that EZH2 contributes to acquired resistance to anti-CTLA-4 and

IL-2 immunotherapies (Figure 1.2) (Zingg et al., 2017). Due to the prominent role of

EZH2 in tumor progression, several EZH2 inhibitors have been designed and used in

studies in the last 15 years. The first FDA-approved EZH2 inhibitor was EPZ-6438.

This drug is being actively used for the treatment of rhabdoid tumors and lymphomas

(Knutson et al., 2012; Straining et al., 2022).

Figure 1.2. EZH2 in melanoma (Based on Tiffen et al., 2016).

To sum up, previous studies suggest that due to the alterations of two key compo-

nents of epigenetic silencing, the DNA methylation machinery and the EZH2 activity,

a subset of melanoma tumors possibly have sensitivity to either DNMT or EZH2 in-

hibitors.

1.1.4. Cell Plasticity in Melanoma

Melanoma initiation happens with increased proliferation of melanocytes and for-

mation of a benign nevus in the basal layer of the skin, followed by dysplastic nevi with
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irregular borders due to unusual growth. Malignant melanoma progresses through ra-

dial and vertical growth phases, with cells proliferating horizontally within the epider-

mal layer and potentially in the superficial dermal layer. At the vertical growth phase,

melanoma cells, through phenotype switching, transform from proliferative phenotype

to invasive phenotype. Therefore, they can metastasize first to regional lymph nodes

and then to the brain, liver, and lungs (Laga et al., 2010; Mobley et al., 2012; Rambow

et al., 2019).

Phenotype switching in melanoma is an indicator of cell plasticity and one of

the fundamental reasons for cell heterogeneity in melanoma tumors. Initially, the

phenotype switching in melanoma was defined by changing between two distinct tran-

scriptional programs. The proliferative phenotype is orchestrated by high MITF and

low AXL expression-guided transcriptional program. MITF as the master regulator

in melanocyte development drives the proliferative melanocytic transcriptional land-

scape in cells (Falletta et al., 2017). Therefore, apart from MITF, the signature genes

of the proliferative phenotype are from melanocytic lineages, such as premelanosome

protein (PMEL), Tyrosinase (TYR), and melan-A (MLANA) (Rambow et al., 2015).

In contrast, the invasive phenotype is driven by low MITF and high AXL expression.

Invasive phenotype is governed by a less-differentiated more neural-crest-cell-like tran-

scriptional program. The significant genes of the invasive phenotype are zinc finger

E-box binding homeobox 1 (ZEB1), BRN2, and SOX9 (Goodall et al., 2008; Fane et

al., 2019; Comandante-Lou et al., 2022).

However, more recent studies have shown that the switch between these two

significant phenotypes is more gradual. Therefore, the model was revised to 4 different

phenotypes based on the interplay between the driving transcriptional program and

response to therapy in melanoma cells: melanocytic, transitory, undifferentiated, and

neural crest-like (Tsoi et al., 2018). This new terminology for observed phenotypes in

melanoma cells provides an improved explanation and understanding of many features

of melanomagenesis and its response to therapy (Rambow et al., 2018; Tsio et al.,

2018).
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Overall, several players of cell plasticity in melanoma have been identified and

studied. Nevertheless, due to the complexity of each phenotype, the identification of

novel regulators and players is still important and needs to be done.

1.2. Interferon Regulatory Factor 4 (IRF4)

1.2.1. IRF4 in Hematopoietic Cells and Their Malignancies

The transcription factor IRF4 (also known as MUM1, Pip, LSIRF, ICSAT) is a

member of the Interferon regulatory factor (IRF) family. IRF4 was first studied in B

cells as a transcriptional modulator in immunoglobulin production and B-cell develop-

ment. It was discovered that unlike most of its family members, the expression of IRF4

is mainly induced by mitogenic stimuli in immune cells. These stimuli activate the NF-

κB pathway, leading to the binding of NF-κB heterodimers to the IRF4 promoter in

B-Cells (Mittrucker et al., 1996; Gupta et al., 1999). Later, IRF4 expression was de-

tected in other hematopoietic cells, such as macrophages and dendritic cells (Marecki

et al., 1999; Gauzzi et al., 2005). Interestingly, cofactors and functions of IRF4 vary

in each of these cell types. Studies have shown that IRF4 is pivotal for the differenti-

ation, maintenance, and activity of cells from the myeloid and lymphoid lineage (Da

Silva et al., 2012; Man et al., 2013; Fuji et al., 2020). Considering the crucial role of

IRF4 in immune cells, dysregulated IRF4 levels can result in hematopoietic cancers.

Depending on the cancer type, IRF4 can act as an oncogene or a tumor suppressor.

HTLV-1-derived adult T cell leukemia/lymphoma (ATLL) has a constitutive expres-

sion of IRF4. In ATLL, activation of IRF4 leads to repression of a set of genes from

distinct cellular pathways such as cell cycle, proliferation, DNA repair, and immune

recognition (Tsuboi et al., 2000; Kataoka et al., 2015; Nakagawa et al., 2018; Wong et

al., 2020). Similarly, multiple myeloma (MM) patients display elevated levels of IRF4

expression. MM patients with high IRF4 have a poorer prognosis and lower survival

rate (Heintel et al., 2008). For their proliferation and survival, multiple myeloma cells

are highly dependent on IRF4 (Shaffer et al., 2008; Huang et al., 2012; Lamy et al.,

2013). Another type of hematopoietic cancer dependent on IRF4 for proliferation and
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survival is the activated B-cell subtype of diffuse large B cell lymphoma (ABC-DLBCL)

(Yang et al., 2012; Wang et al., 2014). Compared to germinal center B (GC-B) DL-

BCL patients with low IRF4 expression, ABCL-DLBCL patients with high IRF4 levels

have a lower overall survival rate (Muris et al., 2006). In ABC-DLBCL cells, upon

lenalidomide treatment, IRF4 is downregulated; following a decline in NF-κB activity,

the drug treatment leads to cancer cell death.

For the most part, mature lymphoid cell malignancies such as multiple myeloma,

ABC-DLBCL, Hodgkin’s lymphoma, and anaplastic large cell lymphoma demonstrate

IRF4 upregulation and dependency. Therefore, high IRF4 in these cancers is also an

indicator of poor prognosis (Aldinucci et al., 2011; Xerri et al., 2014; Weilemann et

al., 2015; Boddicker et al., 2015; Bandini et al., 2018). In contrast, in hematopoietic

cancers originating from early lymphoid progenitors, IRF4 has a tumor suppressor role

such as BCR/ABL-induced and pre-B-cell acute lymphoblastic leukemia (ALL) (Jo

et al., 2012; Pathak et al., 2011; Pang et al., 2016). Additionally, in myeloid-origin

cancers, IRF4 can suppress tumorigenesis, such as acute and chronic myeloid leukemias

(Schmidt et al., 2000; Jo et al., 2010; Mangiavacchi et al., 2016). Hence, increased IRF4

expression indicates a good prognosis in these cancers.

1.2.2. IRF4 in cells of non-hematopoietic origin

Several studies have detected IRF4 expression in cells from the non-hematopoietic

lineage, such as adipocytes, cardiac muscle cells, neurons, and melanocytes (Grossman

et al., 1996; Eguchi et al., 2008; Jiang et al., 2013; Guo et al., 2014). Furthermore,

in non-hematopoietic cancers, there are studies regarding the alteration in IRF4 ex-

pression with potential value as a prognostic biomarker, such as non-small cell lung

cancer, gastrointestinal malignancies, and breast cancers (Pirini et al., 2017; Heimas

et al., 2017; Qian et al., 2017; Zhang et al., 2018; ).

For example, in melanocytes, a single nucleotide polymorphism (SNP, rs12203592)

at the 4th intron of IRF4 demonstrates a strong association with various pigment-
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related traits. This SNP creates a melanocyte-specific enhancer regulating the IRF4

expression. The occurrence of the C allele at the SNP generates a TFAP2A binding

site which leads to TFAP2A and MITF, together with some other transcriptional ac-

tivators, form a new chromatin loop leading to the activation of IRF4 (Praetorius et

al., 2013; Visser et al., 2015). In response, IRF4 and MITF cooperatively upregulate

melanin-pathway-related genes such as tyrosinase (Praetorius et al., 2013).

Regarding the significance of the presence of C or T nucleotide at rs12293592

SNP locus, different GWAS studies have reported various features. The T-allele is

associated with fair skin color, blue eyes, more freckles, and high photosensitivity (Han

et al., 2008; Praetorius et al., 2013; Norton et al., 2016; Hernando et al., 2018). In an

age-dependent context, the presence of C or T-allele affects the nevus count differently.

In adults, C-allele is linked to a higher nevus count, mainly localized in the torso, while

the T-allele is connected to an increased nevus count during adolescence (Duffy et al.,

2010; Orlow et al., 2015; Duffy et al., 2018). Furthermore, individuals with T-allele

are predisposed to melanoma in regions of the skin that are frequently exposed to UV,

such as the head and neck, while the same allele has a protective role in the torso with

less UV exposure. On the other hand, C-allele is associated with the development of

melanoma in the torso region (Duffy et al., 2010; Kvaskoff et al., 2011; Pena-Chilet et

al., 2013). This disparity is related to the development of melanoma from two different

paths. The first one, induced by intermittent exposure to UV, is more common in

people with light skin. The second path is related to the nevus count. Regardless of

the UV exposure factor, the risk of melanoma is higher in people with a high nevus

count (Duffy et al., 2010; Kvaskoff et al., 2011).

Immunohistochemical studies in melanoma patients have reported elevated levels

of IRF4 protein in tumor tissue (Natkunam et al., 2001; Sundram et al., 2003). A

recent study has identified SOX10 as a transcriptional regulator of IRF4 with the

role of a modulator of immunogenicity in melanoma. Furthermore, they report that

SOX10-IRF4 negatively regulates IRF1 and PD-L1, therefore decreasing the efficacy

of anti-PD-1 treatment (Yokoyama et al., 2021). Another recent study has reported
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elevated IRF4 expression in 3% of melanoma samples due to copy number variance.

They suggest that in these cells, the amplification of IRF4 copy numbers leads to an

increase in IRF4 expression (Birkeälv et al., 2023). However, our knowledge of the

potential role of IRF4 in non-hematopoietic cells and cancers is still limited.

1.3. CRISPR/Cas9 Pooled Library Genetic Screening

To study genome-wide scaled gene perturbations, pooled screens have been a

popular technique to evaluate gene function in bacteria, yeast, and mammalian cells.

Pooled screens are also among scalable methods which can be performed either for

all genes or more targeted gene sets either in cell lines or in vivo animal models such

as mice. For large-scale evaluation of gene perturbations, RNA interference-based

pooled screens and, more recently, CRISPR/Cas9-based genetic screens have been

vastly used in research. CRISPR/Cas9 pooled screens have broadly diversified the

pooled-screening experiments. Unlike RNAi interference, which is used through gene

suppression, CRISPR toolkit enables us to perform various screens, gene knockout,

inhibition, and activation (Gilbert et al., 2014; Konermann et al., 2015; Sanson et al.,

2018).

1.3.1. Brief Overview of CRISPR/Cas9 Screens

CRISPR/Cas9 screening methods are part of forward genetic screens, which

means the phenotype is already known and selected, but the contributing genes are

unknown and need to be identified (Carpenter et al., 2004; Boehm et al., 2011). In

CRISPR/Cas9-based inhibition and activation pooled screening methods, modified ver-

sions of Cas9 are used. The nuclease-dead Cas9 (dCas9) is bound with either a tran-

scriptional repressor, such as KRAB (CRISPRi), or a transcriptional activator, such

as VPR64 (CRISPRa), to modify the expression of target genes (Gilbert et al., 2014;

Konermann et al., 2015). CRISPRi screening is employed to study gene dosage ef-

fects, and it is more similar to RNAi pooled screens. CRISPRa advantage over using

ORF (open reading frame) libraries is the modulation of endogenous expression, which
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is more comparable to gene expression changes in biological conditions (Konermann

et al., 2015; Zlatan et al., 2015). Similar to other CRISPR/Cas9 pooled screening

techniques, CRISPR/Cas9 loss-of-function pooled screening starts with implementing

genetic perturbations into a cell population through lentiviral transduction in a manner

so each cell would have a single integrated gRNA. Library elements integrated subpop-

ulations of cells are selected either using a fluorescence marker or antibiotic-selection

protocols.

At the end of the screening, depending on the phenotype of interest, the next-

generation sequencing libraries for samples from different time points are prepared and

then sequenced. The results will uncover which genes have been positively selected

(favored) or negatively selected in the phenotype of interest (McDade et al., 2016;

Joung et al., 2017).

Currently, the CRISPR-based screening toolbox is still expanding. Among the

more recently established and optimized methods, the most noteworthy techniques

are CRISPR/Cas9-based screening coupled with single-cell sequencings methods such

as CROP-seq, PERTURB-seq, and CRISP-seq which enable to obtain readouts from

perturbation-modulated transcriptome changes (Jaitin et al, 2016; Dixit et al., 2016;

Adamson et al., 2016). These methods provide a unique opportunity for CRISPR/Cas9

pooled screens in vivo.

1.3.2. CRISPR/Cas9 Screening in Cancer

In pursuit of novel therapeutic targets, CRISPR/Cas9-based screens have be-

come a robust functional genomics tool. With CRISPR/Cas9 screen, we can discover

vulnerabilities in a genotype-specific manner. Furthermore, we can discover the es-

sential genes, which means their ablation results in diminishing cell viability. Also,

the essential genes are potent drug targets. To characterize essential genes across can-

cers, large-scale genome-wide CRISPR/Cas9 screens have been carried out in numerous

cancer cell lines (Hart et al., 2015; Aquirre et al., 2016; Munoz et al., 2016). The es-
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sentiality of a gene can be defined either as core essentiality, which means that the

gene is necessary for most of the cell lines, or context-dependent essentiality, which can

be defined as the gene is essential based on the cancer type or only with the specific

genetic background of the cell lines (Cowley et al., 2014; Meyers et al., 2017). The

identification of context-dependent essential genes can guide us toward finding better

targets for specific cancer. A recent study aimed at the discovery of genetic dependen-

cies specific to melanoma and not present in other cancer types. They report a list

of 33 genes whose depletion only affects the viability of melanoma cells. Some were

previously identified genes, such as BRAF, MITF, and SOX10. They also identified

several genes which were either regulating or components of MAPK signaling, such as

MAPK1 and DUSP4 (Christodoulou et al., 2020).

1.4. Identification of Gene-Gene Synthetic Lethality in Cancer

Context-dependent essentiality at the gene-specific level depicts that a gene’s

importance depends on the presence of other genes. In cancer, this can be seen in the

case of oncogene addiction and synthetic lethality. For example, in oncogene addiction,

cells with an altered oncogene would lose their fitness if the oncogene was depleted.

Whereas cells with wild-type oncogene can compensate for the loss of that oncogene.

For example, inhibition of BRAF in BRAFmt or KRAS in KRASmt melanoma cells.

On the other hand, in synthetic lethality, the loss of gene X or gene Y separately would

not affect cell viability because the cells, in the event of perturbation in one, would

compensate with the other one. However, simultaneous perturbations and alterations

of both genes would kill the cells. In the context of cancer, this can be described as

due to oncogene activation or tumor suppressor loss, a non-essential gene can transform

into an essential status (Zhan et al., 2015; Huang et al., 2020). In a study, data indicate

that in cells that harbor ARID1 loss-of-function mutation, treatment with GSK126,

an EZH2 inhibitor, led to a significant reduction in the proliferation and growth of the

cells. Whereas the same treatment in ARID1A wildtype cell lines did not cause any

notable effect. Therefore, they have reported a synthetic lethal relationship between

ARID1A and EZH2 in cancer cells (Bitler et al., 2015).
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By implementing the CRISPR/Cas9 genetic screen alone or in the presence of a

drug, we can unveil and widen the genetic interaction networks in different cancers.

Large-scale CRISPR/Cas9 loss-of-function screenings across various genetic and epige-

netic contexts are utilized to expand our knowledge of synthetic lethal pairs in human

cancer cells. One of the first CRISPR/Cas9 screening studies was carried out to iden-

tify genes contributing to the BRAF inhibitor, Vemurafenib resistance in melanoma

cells. Results showed that loss of NF1 would activate NRAS, which is vital for the

vemurafenib-resistant cells (Nissan et al., 2014; Shalem et al., 2014). This type of

screening, which is based on drug resistance, can also refer to genes and pathways with

a possible synthetic lethal relationship (Huang et al., 2019; Zhang et al., 2021).

1.5. Brief Synopsis of previous studies in the group

Related to the topic of this thesis, here is a brief overview of the results from

some of the previous studies from our group. With GFP competition assay, we have

shown IRF4 knockdown reduces cell fitness in IRF4-expressing melanoma cells (Figure

1.3) (Ayhan M., 2014; Yildiz-Ayhan, 2023).

(a) (b)

Figure 1.3. GFP competition assay in IRF4-depleted melanoma cell lines with shLuc

and shRPS13 as negative non-targeting and the positive controls, respectively (n=3).
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Furthermore, GFP competition assay for CRISPR/Cas9-based IRF4 knockout

studies also demonstrated IRF4-dependency in melanoma cells (Yerinde, 2016). The

colony formation data also indicated impaired growth in SKMEL28 and G361 cancer

cell lines upon IRF4 depletion, whereas IRF4 knockdown in MELST (with no detected

IRF4 expression) does not affect colony formation (Figure 1.4) (Yildiz-Ayhan, 2023).

Figure 1.4. Colony formation assay in IRF4-depleted melanoma cell lines with

MELST, IRF4 negative immortalized melanocyte cell line as negative control.

In the transcriptomics study of IRF4 depletion in melanoma cells, differentially

expressed genes were defined by comparing shIRF4 transduced with shLuc, the non-

targeting control transduced cells. The RNA-seq data have identified IRF4-regulated

genes in SKMEL28 and SKMEL5 melanoma cell lines. In the RNA-seq study, the

primary focus was the characterization of key transcription factors and critical survival

pathways modulated by IRF4. Additionally, this study also demonstrated that IRF4

expression contributes to proliferative phenotype in melanoma cells (Yilmaz, 2014). To

characterize IRF4 transcriptional target genes, for my master thesis work, we performed

ChIP-seq in melanoma cells. Combined results from RNA-seq and ChIP-seq have led

to the identification of IRF4 target genes such as MITF, TYR, and EZH2. Gene

Ontology (GO) analysis of the intersection of RNA-seq and ChIP-seq data showed
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that IRF4 transcriptional regulator genes are enriched for chromatin-associated factors,

pigmentation, and regulation of proliferation (Figure 1.5) (Sobhiafshar, 2015).

Figure 1.5. The Heatmap of IRF4 knockdown RNA-seq results, showing expression

changes in chromatin-associated factors. The gene list from the REACTOME

database (R-HSA-212165, except genes encoding histones). ”*” genes whose

expression significantly altered (q < 0.001) in both cell lines.
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2. PURPOSE

IRF4 protein has been shown to play an important role in certain hematopoietic

cancers. Recent studies have established IRF4’s role in pigmentation in melanocytes.

Studies from our group have found that IRF4 depletion in melanoma cell lines has

negative implications on the proliferation and fitness of the cells.

In this thesis, we aim to explore the impact of IRF4 on epigenetic machinery in

melanoma cells through a variety of molecular and cellular approaches. In this study,

we set out to investigate global and target-gene-specific changes mediated by IRF4

through candidate chromatin-modifying enzymes in melanoma cells. The outcome will

lead to gaining a better understanding of the phenotypic implications of the interplay

between IRF4 and epigenetic machinery in melanoma. In the second part of this study,

I aim to identify synthetic lethality partners of IRF4 in melanoma using CRISPR/Cas9

loss-of-function screening. With this study, we can provide a basis for the discovery

of potential new drug combinations that have higher therapeutic efficacy in IRF4-

expressing melanoma tumors.
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3. MATERIALS

3.1. Equipment and Disposable Labwares

Here are the lists of equipment, disposable and non-disposable labware.

Table 3.1 Equipment and non-disposable labware.

Equipment Model and Supplier

Beakers, 100 and 600 ml VWR

Erlenmeyers, 250 and 500 ml VWR

Bottles, 100, 300, 500, 1000 and 2000 ml VWR

Forceps, Isolab

Scalpel, Isolab

Magnetic Stirrer DragonLab

Magnetic Stirring Bar VMS-C7, VWR

Cryobox Mr. Frosty, VWR

Autoclave Indicator Tape VWR

Measuring Cylinders, 100, 250, 500 and 1000 ml VWR

pH Meter Hanna Instruments

Microtube Racks VWR

Electronic Balance Sartorius

Microcentrifuge VWR, USA CT15RE

Horizontal Electrophoresis Cleaver

Micropipettes Axygen

Multichannel pipette Axygen

Heat Block VWR,

Pipettor Greiner

Vortex VWR
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Table 3.1 Equipment and non-disposable labware. (cont.).

Equipment Model and Supplier

Centrifuges Allegra X-22 Beckman

Cell culture hood
Safe Fast Classic,

FASTER S.r.l.

Cell Culture Incubator C-150, Binder

Documentation System
Gel Doc XR System, Bio-Doc

Syngene

Ovens KD200 and FN055, NÜVE

+4 Refrigerator Arçelik

-20 Freezer Ugur, UFR 370 SD

-80 Freezer
ULT deep freezer

Thermo

-150 Freezer MDF-1156, Sanyo

Confocal microscope system DMi8, Leica

Inverted Microscope Nikon Eclipse TS100

Fluorescence Microscope
Z1 Axio Observer

Zeiss

Thermal Cycler Bio-Rad

Power Supply VWR

Real-time PCR Machine PikoReal Thermo Scientific

NanoDrop Thermo Scientific

Microplate reader VersaMax™, Molecular Devices

Rotator Isolab

Shaker VWR

Carbon dioxide Tank Genç Karbon

Ice Maker Brema

Autoclave UK ASB260T, Astell

Dishwasher Mielie
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Table 3.1 Equipment and non-disposable labware. (cont.).

Equipment Model and Supplier

Heat block VWR

Sonicators, bath and probe Q800R, QSonica

Water bath Memmerty

Automated cell counter Countess™ , Invitrogen

Hemocytometer Isolab

Accuri™ C6 flow cytometer BD Biosciences

Western blot equipment Bio-Rad

UV transilluminator Bio-Rad

Magnetic stand MERK millipore

Programmable mixer-rotator Grant Instruments

Table 3.2 Disposable labwares.

Labware Supplier

Protein LoBind 2.0ml Tubes Eppendorf

Parafilm VWR

Centrifuge Tubes, 15 ml VWR

Centrifuge Tubes, 50 ml VWR

Serological pipette, 5ml Tpp

Serological pipette, 10ml Tpp

Serological pipette, 25ml Tpp

Pipette Tips, filtered Biopointe

Pipette Tips, bulk Biopointe

Microcentrifuge tubes Axygen

PCR Tubes, 0.2 ml Axygen

Round bottom tubes BD Biosciences

Medical Gloves VWR
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Table 3.2. Disposable labware (cont.).

Labware Supplier

Syringes, 1 and 10 ml SET Medikal

Syringe Filters Sartorius

Cryovial TPP

Cell Culture Plates 6, 10 and 15 cm TPP

Cell Culture Plates 6-, 12- and 24- well Sarstedt

Cell Culture Flasks, 25 and 75cm2 TPP, Sarstedt

96 well Piko PCR plates Thermo Scientific

Petri Dishes Fıratmed

PVDF membrane Merck Millipore

Whatman paper Thermo Scientific

Kimwipes Kimberly-Clark Professional

Coverslips, 12mm and 18mm Marienfeld

3.2. Chemical Consumables

All the kits, enzymes, reagents, chemicals, and buffers are listed here.

Table 3.3 Kits, enzymes and reagents.

Name Supplier

DMEM Gibco, ThermoScientific

DMEM Hyclone, Cytiva

Phenol-free DMEM Gibco, ThermoScientific

FBS Gibco, ThermoScientific

FBS Hyclone, Cytiva

Non Essential Amino Acids Hyclone, Cytiva

Penicillin / Streptomycin Hyclone, Cytiva
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Table 3.3. Kits, enzymes and reagents (cont.).

Name Supplier

Trypan Blue Gibco, ThermoScientific

Trypsin-EDTA (0.05%) Gibco, ThermoScientific

HEPES-buffered saline, pH 7.0 Alfa Aesar

Proteinase K Invitrogen,ThermoScientific

RNase A Sigma-Aldrich

Dynabeads Protein G ThermoScientific

Plasmid Miniprep Purification Kit GeneMark

ZymoPURE Plasmid Midiprep Kit ZymoResearch

ZymoPURE Plasmid Midiprep Kit ZymoResearch

XbaI New England Biolabs (NEB)

XmaI New England Biolabs (NEB)

BsmBI New England Biolabs (NEB)

T4 DNA Ligase New England Biolabs (NEB)

T4 PNK New England Biolabs (NEB)

AciI New England Biolabs (NEB)

HpaII New England Biolabs (NEB)

HinP1I New England Biolabs (NEB)

HpyCH4IV New England Biolabs (NEB)

FastAP Thermo

MyTaq DNA polymerase Bioline

GatewayTM LR Clonase II kit Thermo Scientific

10X NEB 3.1 buffer New England Biolabs (NEB)

10X T4 DNA ligase buffer New England Biolabs (NEB)

10X CutSmart buffer New England Biolabs (NEB)

5X MyTaq reaction buffer Bioline

DNA ladders New England Biolabs (NEB)

6X DNA Gel Loading Dye New England Biolabs (NEB)
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Table 3.3. Kits, enzymes and reagents (cont.).

Name Supplier

Protease Inhibitor Cocktail Tablets Roche

PierceTM BCA Protein Assay Kit ThermoScientific

NucleoSpin Gel and PCR Clean-up kit Macherey-Nagel

WesternBright ECL Advansta

Western Sirius Advansta

PageRuler Prestained Protein Ladder Thermo Scientific, Biolegend

NucleoZOL MACHEREY-NAGEL

MaxiPrep Plasmid kit Qiagen

Q5 New England Biolabs (NEB)

Phusion HF New England Biolabs (NEB)

dNTP Reagent Thermo Scientific

phosphatase inhibitor PhosSTOP Roche

iScriptTM cDNA synthesis kit BioRad

RealQ plus master mix SYBR green Ampliqon

XTT Assay Kit Roche

Table 3.4 Chemicals.

Chemical Supplier

Ethidium Bromide Merck

EDTA Merck

Hydrochloric Acid Merck

Sodium Chloride Merck

Potassium Chloride Merck

Calcium Chloride Merck

Formaldehyde Sigma-Aldrich

Sodium hypochlorite solution (15%) Sigma-Aldrich
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Table 3.4. Chemicals (cont.).

Chemical Supplier

Tween 20 Merck

Triton x-100 Merck

Glycine Sigma-Aldrich

DMSO Merck

Nonidet NP40 substitute Sigma-Aldrich

Sodium Dodecyl Sulfate (SDS) AppliChem

Sodium Deoxycholate Sigma-Aldrich

Acrylamide xtra solution (40%) BioFroxx

DEPC-treated water Fisher Scientifi

Agarose Sigma-Aldrich

Tris-Cl Merck

Tris-Base Sigma-Aldrich

HEPES Gibco Invitrogen

Bromophenol Blue Merck

Calcium chloride dehydrate Merck

Chloroquine Merck

DAPI AppliChem

LB Broth Caisson Laboratories

Glycerol Merck

Ethanol Merck

Methanol Merck

Isopropanol Merck

Phenol-chloroform-Isoamyl Sigma-Aldrich

β-mercaptoethanol Merck

Sodium Acetate Sigma-Aldrich

Tazmetostat SelleckChem

Decitabine SelleckChem
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Table 3.4. Chemicals (cont.).

Chemical Supplier

Azacitidine SelleckChem

DTT Sigma-Aldrich

Bovine serum albumin (BSA) Bioshop

Tween 20 BioFroxx

PIPES Merck

Glycine AppliChem

Di-Sodium Hydrogen Phosphate Merck

BS3 cross-linker Thermo Scientific

TEMED Bioshop

Ammonium Persulfate (APS) AppliChem

Agar Bacteriology Grade AppliChem

Polybrene (hexadimethrine bromide) Sigma-Aldrich

doxycycline, hyclate Merck

Carbenicillin NeoFroxx

Ampicillin Sodium Salt AppliChem

Puromycin dihydrochloride Santa Cruz

Neomycin (Genticin sulfate, G418) Chem Cruz

Paraformaldehyde (PFA) Sigma-Aldrich

Table 3.5 Buffers and other solutions.

Solution/Buffer Composition

PBS buffer

1 mM Tris pH8, 0.1 mM EDTA pH8

8 mM Na2PO4, 150 mM NaCl

2 mM KH2PO4, 3mM KCl

PBS-T buffer 0.01% Tween 20 in PBS

10X Tris buffered saline (TBS) 500 mM Tris-HCl pH7.4, 1.5 M NaCl
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Table 3.5. Buffers and Other Solutions (cont.).

Solution/Buffer Composition

1X TBS with Tween-20

(TBS-T)

50 mM TrisHCl pH 7.4

150 mM NaCl, %0.05 Tween-20

TE buffer 10 mM Tris pH8, 1 mM EDTA pH8

50X TAE buffer
2 M Tris, 50 mM EDTA pH8,

1 M acetic acid

Cytoplasmic extraction

buffer (ChIP)

85 mM KCl, 0.5% NP40

5 mM PIPES pH 8

Nuclear extraction buffer (ChIP) 50 mM Tris pH8, 10 mM EDTA pH8, 1% SDS

IP buffer (ChIP)

16.7 mM Tris pH 8, 1.2 mM EDTA pH8,

167 mM NaCl

0.01% SDS, 1.1% Triton X100

High salt buffer
50mM HEPES, 500mM NaCl, 1% TritonX 100

0.1% Na-deoxycholate, 1mM EDTA

RIPA buffer

150 mM NaCl, 1% NP40

0.5% Sodiumdeoxycolate

0.1% SDS, 50 mM Tris pH 7.4

5X Protein loading dye

(Laemmli)

300mM Tris-HCl pH 6.8, 10% SDS

50% Glycerol, 25% β-mercaptoethanol,

0.05% Bromophenol Blue

10% Resolving gel

375 mM Tris-HCl pH 8.8, 0.1% SDS

10% Acrylamide

0.1% APS, 0.1% TEMED

15% Resolving gel

375 mM Tris-HCl pH 8.8, 0.1% SDS

15% Acrylamide

0.1% APS, 0.1% TEMED

6% Stacking gel

125 mM Tris-HCl pH 6.8, 0.1% SDS

6 %Acrylamide

0.1% APS, 0.1% TEMED
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Table 3.5. Buffers and Other Solutions (cont.).

Solution/Buffer Composition

10X SDS running buffer 1% SDS, 1%Tris Base, 14.4% Glycine

Semidry transfer buffer
48 mM Tris-base, 39 mM Glycine,

20% methanol

Western blot

blocking solution
5% BSA in TBS-T

Agarose gels x%Agarose in TAE

Ethidium bromide solution 0.00005% ethidium bromide

4% PFA solution 4%PFA in PBS pH 7.4

Permeabilization solution 0.5% Triton X-100 in PBS

1%BSA

IF blocking solution
1% BSA, 0.05% Triton X-100 in PBS

Mounting medium 20 mM Tris-HCl pH 8, 80% Glycerol

3.3. Biological Materials

3.3.1. Cell Lines.

The cell lines used in this study are SKMEL28 (gift from Dr. Eiŕıkur Ste-

ingŕımsson, University of Iceland), G361, A375 (gift from Tolga Sütlü, Acibadem

University), UACC62, MALME3M and MELST (gift from Maŕıa S. Soengas, CNIO).

HEK293FT cell line was used for lentiviral production ( gift from Ferruh Özcan, Gebze

Technical University).
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3.3.2. Plasmids and Oligos.

Here are the lists of all the plasmids and oligos used in this thesis.

Table 3.6 Plasmids.

Name ID/Catalog

psPAX2 Addgene N 12260

pCMV-VSV-G Addgene N 8454

pKH1 Kindly provided by Maria Soengas

pInducer20 Addgene N 44012

pDONR221-IRF4 HsCD00040446 DNASU

pLKO5.sgRNA.EFS.GFP Addgene N 57822

pCW-Cas9-Blast Addgene N 83481

TOPFLASH (3X TCF/LEF ) Kindly provided by Necla Birgül

pRL-SV40-Renilla Kindly provided by Necla Birgül

Table 3.7 Oligos.

Oligo ID Sequence (5’ to 3’) App.

DNMT1-IRF4-F TAGCCACCAGGGAGCTACGG ChIP

DNMT1-IRF4-R ATGTCCGCAGGCGGTAGGTA ChIP

DNMT3B-IRF4-F TGCTTTGCCCCATCGAGACA ChIP

DNMT3B-IRF4-R TGGTTCCAGCGCCCAATAGC ChIP

EZH2-IRF4-F CAGCTGGGTGTGAAGTTGGC ChIP

EZH2-IRF4-R CAGGCACTGTCTATGCACCG ChIP

ChIP-pTyr-F GTGGGATACGAGCCAATTCGAAAGA ChIP

ChIP-pTyr-R CCCACCTCCAGCATCAAACACTTTT ChIP

ChIP-neg-F AATATGTACATCAGGCAATCGGCTCTTC ChIP

ChIP-neg-R CAACTGGAATCAGATCCACTTCATGGAAA ChIP
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Table 3.7. Oligos (cont.).

Oligo ID Sequence (5’ to 3’) App.

WDR19-K27me3-F CTCCTCCCTTCTACCCCAGA ChIP

WDR19-K27me3-R GGAGGCAGGATGGGCTAAAT ChIP

Bactin-K27me3-F CTGGGTCATCTTCTCGCGGT ChIP

Bactin-K27me3-R TCCTTTCCTTCCCAGGGCGTG ChIP

IRF4-exp-F GAGAACGAGGAGAAGAGCATC Exprs.

IRF4-exp-R CTTTCCTTTAAACAGTGCCCAAG Exprs.

DNMT1-exp-F CAAACCCCTTTCCAAACCTC Exprs.

DNMT1-exp-R GCCTGGTGCTTTTCCTTGTA Exprs.

DNMT3B-exp-F AGGGAGGTGTCCAGTCTGCT Exprs.

DNMT3B-exp-R CTGTGTCGTCTGTGAGGTCG Exprs.

UHRF1-exp-F GCCATACCCTCTTCGACTACG Exprs.

UHRF1-exp-R GCCCCAATTCCGTCTCATCC Exprs.

EZH2-exp-F CCCTGACCTCTGTCTTACTTGTGGA Exprs.

EZH2-exp-R ACGTCAGATGGTGCCAGCAATA Exprs.

p21-exp-F TGTCCGTCAGAACCCATGC Exprs.

p21-exp-R AAAGTCGAAGTTCCATCGCTC Exprs.

p27-exp-F AACGTGCGAGTGTCTAACGG Exprs.

p27-exp-R CCCTCTAGGGGTTTGTGATTCT Exprs.

PTEN-exp-F TGGATTCGACTTAGACTTGACCT Exprs.

PTEN-exp-R GGTGGGTTATGGTCTTCAAAAGG Exprs.

WDR19-exp-F TGATGAGGCCTGAATACCGC Exprs.

WDR19-exp-R AATGGACATGGAGTCGTGGC Exprs.

AXIN2-exp-F AGCCAAAGCGATCTACAAAAGG Exprs.

AXIN2-exp-R AAGTCAAAAACATCTGGTAGGCA Exprs.

MET-exp-F AGCAATGGGGAGTGTAAAGAGG Exprs.

MET-exp-R CCCAGTCTTGTACTCAGCAAC Exprs.

RPS28-exp-F GACACGAGCCGATCCATCATC Exprs.
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Table 3.7. Oligos (cont.).

Oligo ID Sequence (5’ to 3’) App.

RPS28-exp-R TGACTCCAAAAGGGTGAGCAC Exprs.

PTENp-met-F GTCCCTGCATTTCCCTCTACACT MSRE

PTENp-met-R GGGGTGGAGGACTGATGATGAAA MSRE

p21p-met-F CTCACTCGTCAAATCCTCCCCTT MSRE

p21p-met-R CACCCTACACTCACCTGAACAGA MSRE

p27p-met-1F AATACATCGCGGTCCCTCTCACTA MSRE

p27p-met-1R GGGGATGAAAAACCCACTACCTCC MSRE

p27p-met-2F CCAGAGCAGCTACTTGTAACCCAG MSRE

p27p-met-2R CCTAGTTCTTGTTCGGATGGGCAA MSRE

3.3.3. Antibodies.

The antibodies which have been used for western blot, ChIP and immunofluores-

cence staining are listed here.

Table 3.8 Antibodies.

Antibody Catalog Supplier Dilutions

IRF4 4964 Cell Signaling IF: 1:1000

IRF4 * Proteogenix
ChIP: 5ug/IP ,

WB: 1:1000

IRF4(M-17) sc-6059 Santa Cruz ChIP: 5ug/IP

GAPDH sc-25778 Santa Cruz WB: 1:1000

H3 4499S Cell Signaling WB:1:2000
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Table 3.8 continued from previous page

Antibody Catalog Supplier Dilutions

H3K27me3 9733S Cell Signaling
WB: 1:1000

ChIP: 1:100

H3K4me1 5326P Cell Signaling WB: 1:1000

DNMT1 5032S Cell Signaling WB: 1:1000

DNMT3B 57868S Cell Signaling WB: 1:1000

UHRF1 sc-373750 Santa Cruz WB: 1:750

B-tubulin 2146S Cell Signaling WB: 1:1000

EZH2 5246S Cell Signaling WB: 1:1000

B-actin sc-47778 Santa Cruz WB: 1:1000

Normal Goat IgG sc-2028 Santa Cruz ChIP: 5µgr/IP

Normal Rabbit IgG 2729 Cell Signaling ChIP: 3 µgr/IP

p27 2552p Cell Signaling WB: 1:1000

p21 2946p Cell signaling WB: 1:1000

PTEN sc-7974 Santa Cruz WB: 1:1000

WDR19 13647-1-AP Proteintech WB: 1:1000

AF488 goat anti-mouse ab150113 Abcam IF: 1:1000

AF647 goat anti-Rabbit A-21244 Invitrogen IF:1:1000

AKT 9272S Cell Signaling WB: 1:1000

pSer473 AKT 9271S Cell Signaling WB: 1:1000

S6 2217 Cell Signaling WB: 1:1000

pS6 4858 Cell Signaling WB: 1:1000

FOXO1 2880 Cell Signaling WB: 1:1000

pSer265 FOXO1 9461 Cell Signaling WB: 1:1000

ARL13b 17711-1-AP Proteintech IF: 1:500

AcTub T6793 Sigma-Aldrich IF: 1:10000
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4. METHODS

4.1. Cell Culture

4.1.1. Cell Maintenance and Storage

All cell lines were grown in high-glucose (4500 mg/L) DMEM supplemented

with 10% FBS, 1% Penicillin-Streptomycin, and 1% Nonessential amino acids solu-

tion (Complete medium). Cells were maintained in T75 flasks and passaged every 3-4

days as they reached 80-90% confluency. The medium was aspirated for passaging,

and cells were washed with PBS. After aspirating the PBS, 2 ml of 0.05% trypsin was

added to the cells and incubated for 3 min inside the cell culture incubator. After

checking that the cells were fully detached under the microscope, 3ml of the medium

was added to stop trypsin activity. Cells were diluted in a 1:5-1:10 manner, and finally,

the cells were resuspended in 10-12 ml of medium. Until the next passage, cells were

kept at 37°C and 5% CO2 incubator.

To prepare for long-term stock of the cells at -150°C, during the passaging process,

they were transferred to 15ml tubes and centrifuged at 700 g for 2 minutes. The medium

was discarded, and the cell pellet was resuspended in the freezing medium (DMEM,

20% FBS, 10% DMSO). The cell suspension was aliquoted as 3 x 106 per ml in each

cryovial. Cryotubes are first kept in MrFrosty at -80°C and then stored at -150°C for

long-term storage.

To thaw the cells, the cryovials were defrosted at a 37°C water bath for 1 min.

Immediately the defrosted cells were mixed with 3 ml of complete medium and cen-

trifuged at 700 g for 2 min. After discarding the medium, the cells were resuspended

in the complete medium again and seeded in T75 or T25 flasks.
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4.1.2. Cell Count with Trypan Blue

For counting cells, the homogenous cell suspension was made in a 15 ml tube.

40 µl of cell suspension were mixed with an equal amount of trypan blue in a 0.2 ml

PCR tube. After mixing well, 10 µl of the mixture was pipetted into each chamber of

the hemacytometer. The number of live and dead cells was counted and recorded with

Countess II automated cell counter.

4.1.3. Lentivirus Production

4.1.3.1. Transfection with calcium phosphate method. 6x106 HEK293FT cells were

seeded in a 10 cm plate supplemented with a 10 ml complete medium for lentivirus

production. The next day, the medium was refreshed and complemented with 25 µl of

10 mM chloroquine (25µM final concentration). 4 µg of the envelope plasmid pCMV-

VSV-G, 7.5 µg of packaging plasmid psPAX2, and 10 µg of the lentiviral vector of

interest were mixed in a total volume of 437.5µl. Then, 62.5 µl of 2 M of CaCl2 was

added and mixed well. 500µl of cold, sterile HEPES buffer Saline (HBS) was added to

the tube slowly dropwise. The solution was mixed by passing the tube on a tube rack

for several seconds until the mixture was full of bubbles. After 5-7 minutes of rest at

RT, the mixture was added to the plate drop by drop and with a circular motion to

cover the surface of the plates. After 6 hours, the medium was changed.

4.1.3.2. Virus Collection. The media were collected 48 hours post-transfection and

filtered through a 0.45 µm filter. The virus-containing media were aliquoted and stored

at -80°C freezer.

4.1.4. Lentivirus Transduction

Cells were seeded at 20-25% confluency. The following day, room-temperature

lentivirus-containing medium was added to the complete medium supplemented with

8 µg/ml polybrene. After 8 hours of incubation, the medium was changed.
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4.1.5. Virus Titration and Analysis of Transduction Efficiency by Flow Cy-

tometry

Different dilutions of GFP-Lentivirus-containing media were titrated via trans-

duction on each cell type. 72 hours post-transduction, the cells were analyzed with

the BD AccuriTM C6 flow cytometer to measure the percentage of GFP+ cells and the

mean fluorescence intensity (MFI) value for each sample.

4.1.6. Generation of IRF4, and EZH2 Overexpressing Stable Cell Lines

For the generation of overexpression cell lines, 48 hours post-transduction, cells

were passaged and seeded at 30% confluency. On day 3 after transduction, G418

(Neomycin) was added to transduced cells and untransduced cells as control at a 1

mg/ml concentration. G418 was renewed every 2-3 days until all the untransduced

cells died. Then cells were expanded while still being treated with G418. When almost

confluent, they were frozen and added to long-term cell stock.

4.1.7. Generation of CRISPR/Cas9 and IRF4 Knockout Cell Lines

To generate IRF4 knockout cells, as of the first step, cells were transduced with

pCW-Cas9-puro or pCW-Cas9-blast. The generation of stable cell lines is similar to

4.1.6, except that 2 µg/ml of puromycin or 5 µg/ml of blasticidin was used during the

selection process. After selection and expansion of the stable cells, daily doxycycline

(dox) treatment of cells started at 750 ng/µl concentration for 2 days.

With no-dox as the control, Cas9 expression was verified with Cas9 and Flag-

tag antibodies in western blot. Then, Cas9-stable cells, which were not treated with

dox previously, were seeded for transduction with sgRNA lentiviruses of interest. Day

3 post-transduction, daily dox treatment of Cas9-sgRNA expressing stable cells was

started and continued until the collection time point.
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4.1.8. Drug Treatments

For certain assays, cells were treated with Azacytidine (5-Aza), Decitabine (Dac),

and Tazmetostat (EPZ-6438). Treatments were started the day after seeding the cells

unless it has been stated otherwise in the results chapter. All three drugs are dissolved

in DMSO. In all experiments, the stock solution was 750x-1000x of the final concen-

tration needed in the assay. Cells were treated daily with 5-Aza and Dac for 3-5 days

in the 0.062-1 µM concentration range. EPZ-6438 treatment was applied every other

day for 6-8 days in the 0.5-8 µM range.

4.2. Bacterial Cell Culture

4.2.1. Bacterial Culture Growth

E. coli cells were cultured in LB supplied with required antibiotics and incubated

at 30°C or 37°C, depending on the addgene-advised growth condition, while shaking

at 220 RPM. To select a single colony, cells were spread on Petri dishes containing the

necessary antibiotics with a spreader and incubated overnight at 37°C without shaking.

For long-term storage of bacteria, overnight-grown single colonies in liquid culture were

diluted 1:1 with glycerol at a final concentration of 10% w/v and preserved in cryotubes

at -80°C.

4.2.2. Preparation of Competent Bacteria

E. coli competent cells from the stbl3 strain from the previous batch were incu-

bated with 50 ml antibiotic-free LB in a 250 ml flask overnight for 16 hours at 37°C

with shaking at 220 RPM. The next day, 4ml of the overnight grown culture was added

to 200ml of antibiotic-free LB in a 1 L flask, incubated at 37°C, and shaken at 220

RPM until the OD at 590 nm was 0.375. After aliquoting the culture in four 50-ml

tubes and 5-10 minutes of incubation on ice, cells were centrifuged at 1600 g for 10

minutes at 4°C. The supernatant was discarded, and each aliquoted pellet was resus-
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pended in 10 ml of ice-cold CaCl2 solution. After another 30-minute incubation on ice,

all aliquots were combined in one tube, divided into 200 µl aliquots, and flash-frozen

in liquid nitrogen and ready for storage at -80°C.

4.2.3. Competent Bacteria Transformation

4.2.3.1. Transformation with Heat Shock. For every transformation, an aliquot of the

competent E. coli, the stbl3 strain, was thawed on ice for 10-20 min. Plasmid DNA of

interest was added to competent cells (not more than 200 ng) and incubated together

for 20-30 minutes. Heat shock of the cells was carried out in a heat block at 42°C for

45 seconds. Then cells were immediately transferred on ice for 3-5 minutes, 800 µl of

antibiotic-free LB was added, and the competent cells were incubated at 37°C shaking

for 1 hour. After one-hour incubation, cells were centrifuged at 10,000 g for 1 min,

and the supernatant was discarded afterward. Pellet was resuspended in 100 µl of LB

and added to ampicillin-LB agar plates. Using a sterile glass spreader to distribute

the bacterial cell suspension equally on the surface of the plate. Plates were incubated

overnight at 37°C.

4.2.3.2. Transformation with Electroporation for the Pooled Library. For this trans-

formation method, the Lucigen Endura electrocompetent cells were thawed on ice for

15 minutes. Also, 0.1 cm electroporation cuvettes were pre-chilled on ice. 50 µl of

Lucigen cells were mixed with 1 µl (25ng) of pooled DNA. After flicking to mix, it was

incubated for another 30 minutes on ice. The mixture was transferred to a pre-chilled

cuvette while avoiding generating any bubbles. Electroporation was carried out using

Bio-Rad Gene Pulser Xcell at 1.8kV, 600 Ω, 10 µF in the 0.1 cm cuvette. Then im-

mediately, 2 ml (1 ml at a time) Lucigen recovery media was added to electroporated

cells. The suspension was transferred into a 14ml round bottom culture tube, which

was incubated for 2 hours at 37°C shaking at 225 rpm. After the two-hour incubation,

3-4 dilutions (5000X, 10,000X, 50,000X, and 100,000X) of the bacterial suspension

were prepared and spread on 15 cm LB-Carbenicillin agar plates to check transfor-

mation efficiency and used the rest of the recovery suspension was added to 0.5 L of
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LB-carbenicillin media in a 2 L flask. Cultures were incubated for 16 hours at 37°C,

shaking at 225 rpm for the liquid culture. The following day, colonies were counted to

estimate the transformation efficiency. Maxi Prep can be carried out if coverage is at

least 30x (the optimal being 100x). Coverage is calculated by multiplying the number

of colonies by the dilution factor and dividing by the number of elements in pooled

screening. For example, a library of 10,000 elements must have at least 6 colonies in a

50,000X dilution plate. Although sometimes 100+ colonies can be counted in 50,000X

dilution plates. After centrifugation at 6084 g for 20 min at 4°C, maxiprep was carried

out using Qiagen HiSpeed Plasmid Maxi Kit.

4.2.4. Plasmid DNA Isolation

Plasmid to be used for transfection or sequencing was extracted using the mini-

prep or midi-prep kit by ZymoResearch, and for the Maxi-prep kit, Qiagen HiSpeed

Maxi kit. All the procedure was carried out according to the manufacturer’s instruction

and later measured by NanoDrop and stored at -20°C.

4.3. Western Blotting

4.3.1. Lysate Preparation

Protein lysates were prepared either before or after trypsinization. In both in-

stances, after aspirating the medium, the cells were washed with PBS twice. To prepare

whole cell lysates, RIPA buffer supplemented with protease inhibitor and phosphatase

inhibitor cocktails was added to the trypsinized samples or directly on the plates. The

lysed cells were collected from plates after at least 1 hour of incubation at -20°C with a

scraper and then transferred into a 1.5 ml tube. After 30-minute incubation on ice, with

a brief vortex in between, the samples were sonicated with the water-bath sonicator

at 40% power with a 15s ON/ 45s OFF pulse for 3 minutes. After sonication, samples

were centrifuged at 14,000 g for 10 min at 4°C. The supernatant was transferred to a

new tube and either used immediately or stored at -20°C.
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4.3.2. BCA Assay: Quantification of Protein in Lysates

Total protein concentration in the lysates was determined with Pierce BCA assay

according to the manufacturer’s protocol with minor modifications. First, a 1:2 dilution

of each unknown sample was prepared. Then, 7.5 µl of each unknown sample or

standard solution was mixed with 150 µl of master mix (1:20 ratio). The 150 µl master

mix consists of a 50:1 ratio of solution A and solution B respectively (150 µl of Solution

A with 3 µl of solution B). After determining the concentration of each sample based

on the standard curve, the value was multiplied by the dilution factor to obtain protein

concentration in each lysate.

4.3.3. SDS Gel Preparation & PAGE

According to BCA-measured concentrations, the volume of 20-30 µgr total protein

per well was calculated. Then, depending on how many gels will be used, multiply the

volume per well for each sample. Next, the final volume for each sample was transferred

into one tube in which 5X loading dye (Laemmle buffer) and RIPA (to equalize the

final volume among different samples) were added. Each mixture was boiled at 95°C

for 10 minutes and cooled on ice. SDS polyacrylamide gels were prepared according

to the recipe in table 3.5, 6% for stacking, and based on the interested protein sizes,

8%, 10%, 12%, or 15% resolving gels were prepared. All the gels were prepared in a

1.5 mm cast. Based on the experiment, a 10 or 15-well comb was used in each gel.

The gels can be prepared beforehand and stored at 4°C for several days. For 10-well

gels, up to 60 µl and for 15-well gels, up to 30 µl were used. The samples were first

run at 80 V until the samples passed stacking gel and protein ladder bands started

separating. Then, the voltage could be raised to 120 V. The run was completed when

the dye reached the end of the gel.
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4.3.4. Transfer and Blotting

Approximately 10-15 min before completion of the run, PVDF membrane and

thick Whatman filter papers were cut into 5.8 x 8.4 cm sizes. Next, the PVDF mem-

brane was activated with 20-sec incubation in methanol on a shaker. Then, after

30-sec was in distilled water, it was transferred into the transfer buffer. Depending

on the transfer method, the buffer composition changes. For semi-dry transfer with

turbo trans-blot, Bjerrum Schafer-Nielsen buffer and for wet transfer, Towbin buffer

was used. And For semi-dry turbo trans-blot transfer, the setting was 25V for 30 min,

and wet transfer at 100 V for 3 hours.

After completion of the transfer, the membrane was incubated with blocking

buffer, and 5% skim milk in TBS-T for 1 hour at RT or overnight at 4°C.

4.3.5. Primary and Secondary Antibody Incubations

After blocking, membranes were washed with TBS-T twice for 3 minutes. Fol-

lowing the brief wash, the membrane was cut across the width, separating different

ladder sizes. Each part of the membrane was incubated overnight with a 5ml solution

containing the primary antibody on interest at 4°C inside a 50 ml tube on a roller. The

following day, membranes were washed 3 times (5 minutes each) with TBS-T and after-

ward incubated with the corresponding secondary antibody for 1 hour at RT in a 50 ml

tube on a roller. Post-secondary antibody incubation, membranes were washed with

TBS-T 4 times (5 minutes each). After completion of the wash steps, the membranes

were kept in TBS until visualization with SynGene.

A noteworthy point, NaN3, at a final concentration of 0.025%, was added to

primary antibody solutions for long-term storage at -20°C since they can be reused

several times. Secondary antibodies can be kept at 4°C for up to a week.



41

Moreover, primary antibodies were mainly prepared in 5% BSA in TBS-T. How-

ever, secondary antibodies, if they were to be used to detect the phosphorylated form

of a protein, they should be prepared in 5% BSA-TBST, whereas for the rest, 5% skim

milk in TBS-T was used.

4.3.6. Visualization

Based on the antibody efficiency and signal strength, WesternBright ECL or

Sirius were used for visualizations. In each kit, after mixing equal volumes of peroxide

chemiluminescent detection reagent and luminol enhancer solution, the mix was added

on top of the membranes. With some orbital movements, the mixture was distributed

across the membrane surface. Then, the membranes were visualized in the SynGene

system using Genesys software. Further image analysis was carried out using Image J.

4.4. Investigation of RNA Expression

4.4.1. RNA Isolation and cDNA Synthesis

Total RNA isolation was performed using Nucleozol and per the manufacturer’s

protocol. After elution of RNA samples in nuclease-free water, they were vortexed

briefly and kept at -80°C.

RNA sample concentrations were assessed with the NanoDrop machine. Comple-

mentary DNA (cDNA) was synthesized with iScript™ cDNA synthesis kit according to

the manufacturer’s protocol. For cDNA synthesis, 500-750 ng of RNA samples were

used, and the final products were stored at -20°C.

4.4.2. RT-qPCR & Analysis

For qPCR, each forward and reverse primer was diluted as 2.2µl from the stock

with 62.5 µl of nuclease-free water. Also, each cDNA sample was diluted 1:25 with
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nuclease-free water. 2.5µl of each sample was added to each well. For the oligo-enzyme

master mix, per each well, 0.25 µl of each primer together with 5 µl of Enzyme master

mix and 2 µl of nuclease-free were calculated and based on the number of wells for each

primer set plus one well for possible pipetting errors, the oligo-enzyme master mix was

prepared. 7.5 µl of the final master mix was added to each well. During this process,

the plate and samples were kept on ice. Then Piko PCR plate was sealed with the

adhesive sheet, vortexed briefly, and centrifuged at 2000 rpm for 2 min. The qPCR

program used is 15 min at 95°C (this can differ based on the brand of SYBR enzyme

mix used) for hot-start activation of the enzyme and followed by 40 cycles of 30 sec

at 95°C, 1 min at 63°C and completion after melting curve analysis between 60-95°C.

After setting up the qRT-PCR program and putting the plate in the PikoReal machine,

the run was started.

For analysis of technical triplicates in each plate, after confirming no amplification

at no-template-control samples. Relative expression values were calculated using the

∆∆Ct method (Bustin et al., 2009) and normalized to corresponding signals from a

housekeeping gene (RPS28 or PGK1).

4.5. Chromatin Immunoprecipitation coupled with qPCR

4.5.1. Preparation of Lysate for Immunoprecipitation

Adherent melanoma cells were grown in 10 cm or 15 cm petri-dish plates. At

least 2 plates were seeded, one for counting and the other for the ChIP procedure.

Cells were grown up to 80-90% confluency, then after calculating the number of cells

per plate, crosslinking of protein-DNAs was carried out with formaldehyde at a final

concentration of 1% for 10 min at RT with shaking at 200 RPM and then quenching

of the reaction with glycine at a final concentration of 0.125 M incubated at RT for

5 minutes while shaking. Immediately after, the plates were put on ice until scraping

started. Scraped and collected cells were transferred into a 50-ml tube, washed with ice-

cold PBS twice, and kept on ice the entire time. At each step after collection, samples
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were centrifuged at 2000 rpm for 2 min at 4°C. The supernatant was discarded, and

the cell pellet was resuspended in cellular lysis buffer (CLB) supplied with a protease

inhibitor cocktail. For every 10 million cells, 1 ml of CLB buffer was used. After

5 min incubation on ice, samples were centrifuged at 1200 g for 2 min at 4°C. The

supernatant containing cytoplasmic material was discarded, and the nuclei pellet was

resuspended in protease-inhibitor-cocktail added nuclear lysis buffer (NLB). 300µl of

NLB was added per 10 million cells, and if the volume was more than 300 µl, the

samples were aliquoted into 300µl sonication tubes. The water-bath sonication was

done with the following setting: 70% power, 15 sec: 45 sec ON/OFF cycle, and timer

of total sonication set at 15 min. Post-sonication, samples were centrifuged at 14000

rpm for 10 min at 4°C. The supernatant was transferred into a 1.5 ml tube and either

used immediately or was snap-frozen with liquid nitrogen and kept at -80°C. Before

starting immunoprecipitation (IP), a small amount (30 µl) of samples were boiled at

95°C for 10 min and then run on 2% agarose gel to verify that the majority of DNA

fragments were at 200-700 bp size.

4.5.2. Immunoprecipitation of Chromatin

Following washing and equilibrating protein G and A magnetic beads with PBS-

T, the beads were suspended in 150 µl of PBS-T per IP reaction. For histones, 2 µg, and

transcription factors, 5 µ of antibody per IP was combined with resuspended beads

and incubated for 40-60 min at RT on an orbital shaker/rotator. While incubating

beads with antibodies, 60-150 µl of sonicated nuclear lysate per IP was mixed with

540-1350 µl of IP buffer supplemented with the protease inhibitor cocktail in a 2 ml

protein low-bind Eppendorf tubes. Upon antibody and magnetic beads conjugation,

the mix was washed with 500 µl of PBS-T followed by 500 µl of IP buffer. Washed

antibody-conjugated beads resuspended in IP buffer (25 µl per IP). The antibody-

conjugated beads were combined with diluted nuclear lysates and incubated for 1 hour

at RT or overnight at 4°C. After the beads-chromatin complex incubation, samples were

washed once with 1ml of each of the following buffers - IP buffer, High salt Buffer, LiCl

buffer, and TE buffer for 5 minutes on the orbital shaker. Post-wash step, samples are
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resuspended in 100 µl of TE buffer and boiled for 10 min, followed by a brief cool-down

on ice. Then, proteinase K was added to each tube, incubated for 30 min at 55°C, and

boiled for 10 min to inactivate the enzyme. As of the final step, beads were discarded,

and DNA was cleaned with a ZymoResearch ChIP DNA clean-up kit according to the

manufacturer’s protocol.

The preparation of the input DNA was carried out using 50 µl of sonicated lysate,

combined with 50 µl of TE buffer and 1 µl of RNase A, and incubation at 38°C for

45 min. After RNase A treatment, similar to ChIP DNA, the input sample was gone

through the cycle of boiling-proteinase K treatment -boiling. After cooling down on

the ice, a cleanup with an MN PCR cleanup kit was carried out for input DNA.

4.5.3. qPCR

ChIP and input samples were diluted for qPCR at 1:15 and 1:50, respectively.

The volumes of each reaction and the amplification program are as mentioned in 4.4.2,

with the only difference being the annealing time of 45 sec instead of 1 min at 63°C.

4.6. Immunofluorescence Staining (IF)

Cells were seeded on 12mm coverslips in 24-well plates. At the time point of

interest, cells were washed with 1ml of PBS twice and fixed with 500 µl of methanol,

which was added in a dropwise manner and incubated at -20°C for 10 min. Following

the incubation with methanol, fixed cells were washed gently with 1 ml of ice-cold

PBS three times. Coverslips were blocked using 3% BSA containing 0.1% Triton-X

for 1 hour at RT, followed by incubation with primary antibody for 1 hour at RT or

overnight at 4°C. Before secondary antibody incubation, coverslips were washed with

PBS-T twice. Then samples were incubated with the fluorescence-tagged secondary

antibodies of interest and 1µg/ml of DAPI for 1 hour at RT.
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Following three times wash with PBS, coverslips were mounted on the glass slide

using 5µl per coverslip of VectaShield and sealed with nail polish. The coverslip of cells

was imaged in Leica SP8 with LAS X software with 40X water-enhanced objective.

Further image processing was carried out LAS X and Image J.

4.6.1. Immunofluorescence Staining (IF) of Cilia

Cells were seeded on 12mm coverslip in 24-well plates at 40% confluency. The

following day, cells were washed with PBS twice, and the starvation protocol was

started by adding DMEM supplied with 0.2% FBS and Pen-strep. The starvation

continued for 48 hours. After 48 hours, IF staining was performed, as mentioned

in the previous section. Coverslips were stained with AcTub and Arl13b primary

antibodies, followed by incubation with Alexa fluor 488 anti-mouse and Alexa fluor

647 anti-rabbit secondary antibodies, respectively. Quantitative analysis of cilia was

performed on cells first by counting DAPI-stained nuclei representing the number of

cells, followed by counting cilia structures based on the partially overlapping signal

from AcTub and Arl13b from 4 different regions of each coverslip using identical gain

and exposure settings in between samples. All data acquisition was carried out with a

blinded approach.

4.7. gDNA Isolation

gDNA isolation was carried out using the ZymoResearch gDNA purification kit

according to the manufacturer’s protocol. gDNA samples were eluted in 50-100µl of

TE buffer and stored at -20°C for later.

4.8. 5-mC ELISA

Genome-wide 5-mC levels were performed as described in the manufacturer’s

ZymoResearch 5-mC ELISA kit protocol. For this assay, 100 ng of denatured gDNA

was prepared and coated the wells in a 96-well plate in duplicates. ELISA assay results
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were read with the plate reader at 430nm, at three different time points of 15, 35, and

55 min. The values with the best standard curve were used for further analysis in MS

Excel. Graphs were generated with GraphPad 8.

4.9. Methylation Sensitive Restriction Enzyme Digestion coupled with

qPCR (MSRE-qPCR)

To measure locus-specific DNA methylation levels at promoters of genes of inter-

est, MSRE-qPCR was carried out according to Beikircher et al. protocol (Beikircher

et al., 2018). In summary, 500 ng of DNA was incubated with a combination of 4

different methylation-restriction enzymes – AciI, HpaII, HinP1I, and HpyCH4IV. Af-

ter heat-inactivation of enzymes, digested DNA and control DNA is diluted 1:10–1:20.

Similar to the conditions described in Section 4.4.2, qPCR was conducted with a change

in annealing temperature from 63 to 60°C (Figure 4.1.).

The primer design for MSRE-qPCR was based on two criteria: 1. Reverse cor-

relation between CpG methylation and gene expression from the TCGA and CCLE

databases for the promoter of each target gene 2. A minimum of 3 out of 4 restriction

enzyme sites are present in the candidate regions.

4.10. Luciferase Reporter Assay for β-Catenin Targets

4.10.1. Preparation of Conditioned Medium

L929 cells were seeded in 6-wells at 30% confluency, and the next day, they were

transfected with an LNCX-wnt3a vector or pIRES-GFP vector as control using a K2

transfection reagent as described by the manufacturer. 48 hours and 72 hours after

transfection, conditioned medium (CM) was collected and filtered through a 0.45 µm

filter. The conditioned media from two collection times were mixed, aliquoted, and

kept at -20°C.
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Figure 4.1. How MSRE-qPCR works. Prepared in BioRender

4.10.2. Canonical WNT β-Catenin Pathway Activation

To activate the canonical WNT pathway, cells were treated either with 10 mM

of LiCl or 1:1 mixed WNT3a-CM or Ctrl-CM with Complete DMEM for 24 hours.

4.10.3. Luciferase Reporter Assay

Melanoma cells were co-transfected with TOPFLASH plasmid and pGL3-SV40-

Renilla in a 12-well plate with K2 transfection reagent according to the manufacturer’s

instructions. At the time of collection, cells are trypsinized, transferred to a tube, and

washed with PBS twice. The lysis and subsequent luciferase assay were performed

with Luc-Pair™ duo-luciferase assay kit according to the manufacturer’s protocol. For

analysis, firefly luciferase readings were normalized to Renilla luciferase readings. Plots

are generated with GraphPad.
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4.11. TCGA RNA-Seq Analysis

IRF4 mRNA expression and survival data in SKCM TCGA patients were down-

loaded from the Xena browser (Goldman et al., 2020). Data for pan-cancer expression

of the IRF4 gene was acquired from FireBowse (Deng et al., 2017). The data from

FireBrowse were replotted using GraphPad 8.

For Kaplan-Meier overall survival analysis, SKCM patients were ranked based

on IRF4 mRNA levels from high to low. The top and bottom quartiles of patients

were selected based on IRF4 levels, and overall survival analysis was performed with

GraphPad 8. The Log-Rank Mantel-Cox test was used to calculate the p-value for the

Kaplan-Meier survival analysis.

To analyze the relation between IRF4 expression DNA methylation signature, the

IRF4 expression data for the 333 patients for the 2015 article from the TCGA network

was downloaded from Xena Browser. Anti-log IRF4 expression was calculated, and

patients were grouped based on DNA-methylation signatures. For statistical analysis

between each of the two groups, Mann-Whitney statistical test was applied.

4.12. Phenotypic Assays

4.12.1. XTT Assay

In a 96-well plate, 5000-7500 cells per well were seeded in triplicates. The next

day, treatment with 5-Aza or decitabine was started. For the XTT assay of EPZ-6438,

in the first 48 hours, cells were treated in a 24-well plate and transferred to a 96-well

for the rest of the treatment. On the day of the XTT assay, to avoid color interference

and false OD read, the medium was changed to 100 µl phenol-red-free DMEM. The

XTT reagents were prepared according to the manufacturer’s instructions. 50 µl of

XTT reagent mix was added to each well. Then, 1.5-2 hours of incubation in the dark

at 37°C, and 5% CO2, wrapped in an aluminium foil. At the end of the incubation,
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the absorbance (OD) was measured at 492 and 650 nm, which was used to calculate

the final OD values as described by the manufacturer’s protocol in MS Excel.

4.13. Measuring Cell Death with Trypan Blue Exclusion Assay

In parallel with the XTT assay, cells were seeded in 12-wells in technical dupli-

cates. At the end of treatments and on the day of assay, the medium of each well and

the PBS used for subsequent wash were collected in a tube. Post-trypsinization cells

were also added to the corresponding tubes. The collected suspension was mixed well

with pipetting, and 50 µl was transferred into a PCR tube, where it was mixed with

50 µl Trypan blue. The remaining steps of the protocol are similar to the 4.1.2 section.

Finally, Countess II was used to determine live/dead cell percentages.

4.14. Cell Cycle Analysis

For cell cycle assay, approximately 1x106 cells are needed. Since the cells also

need to be in the sub-confluent state, for this assay, the cells were seeded in 6-cm

plates. On the day of the assay, medium and trypsinized cells were all collected into

a tube. After counting the cells with the Countess cell counter, 1-1.5 million cells per

sample were collected into round-bottom tubes. After initial 2-min centrifugation at

2000 rpm, cells were washed with ice-cold PBS twice. After the final centrifugation,

the supernatant was discarded. While slowly vortexing the sample tubes, 750 µl freshly

prepared ice-cold 70% Ethanol was added to samples dropwise. At this step, cells are

fixed after 30 min incubation on ice, and they can either be processed immediately or

stored in 70% Ethanol solution at -20°C for several weeks.

On the day of flow cytometry analysis, fixed samples were briefly thawed on ice

and then centrifuged at 600 g for 5 min at 4°C. Ethanol was carefully removed with

micropipettes and washed with ice-cold PBS twice. After the final wash-centrifuge

cycle, pellets were resuspended in 500 µl of filtered PBS with freshly added propidium

iodide (PI) and RNase A at final concentrations of 50 µg/ml and 100 µg/ml, respec-
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tively. Samples were incubated for 1.5-2.5 hours at 37°C in the dark, depending on the

cell type. SKMEL28 and MALME3M were incubated for 2.5 hours, whereas A375 and

UACC62 cells were stained only with 1.5 hours of incubation.

Immediately before analysis with FACS Calibur, 500 µl extra PBS was added to

each sample to decrease the risk of blockage by PI while passing through the FACS

machine. Notable details while running the samples in FACS Calibur, vortex well

immediately before positioning the tube in the FACS machine to avoid cell clump-

ing. Inadequate RNase A digestion can cause broaden the peak distribution (high CV

value). While setting up the FACS Calibur software, always view the values associated

with the PI channel (FL-2) on a linear scale. Finally, to gate single-cell population

gate the cells either FL-2 area vs. width or FL-2 area vs height. For analysis of the

cell cycle phases, FLOWJO 10.8 was used.

4.14.1. Real-time Cell Analysis and XCELLigence

For real-time impedance-based cell analysis with XCELLigence, 5000-10,000 cells

were seeded in RTCA 16-well E-plates. Software and plates were set up as recom-

mended by the XCELLigence manufacturer. Real-time proliferation and growth were

detected based on the impedance measurements of the adherent cells every 30 min,

which continued for 80-90 hours until cells became confluent, and the growth curve

reached the plateau.

4.15. CRISPR/Cas9 loss-of-function Screening Assay

For CRISPR knockout screening assay, two pooled lentiviral sgRNA plasmid

libraries, one targeting genes related to gene expression machinery (GEEX) and the

other one targeting genes with crucial roles in apoptosis and cancer (ACOC), were

acquired from Addgene and Bassik group from Stanford university (a gift from Michael

Bassik, Addgene 101926, & 101928).
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4.15.1. Efficiency of Transformation and Estimation of Diversity of sgRNA

Elements

4.15.1.1. Counting Colonies. The plasmid libraries were transformed into electrocom-

petent E. coli as described in section 4.2.4.2. After the estimation and verification of

efficiency by counting the number of colonies in the dilution plating assay, transfor-

mation efficiency (coverage) was calculated by multiplying the counted colonies with a

dilution factor and then dividing by the number of elements in the library. After con-

firmation of optimal transformation efficiency and preserved diversity in the libraries,

maxiprep was carried out for liquid cultures of libraries.

4.15.1.2. Analysis of sgRNA Representation and Diversity with NGS. Apart from the

presence of abundant colonies in dilution plating assay, in order to determine the

sgRNA distribution and representation quantitatively, 5 µg from GEEX and ACOC

pooled libraries were used in a two-step PCR to connect adaptors and generate NGS

libraries to be sequenced in Illumina NovaSeq machine at Company of Gen-Era.

The oligos for each PCR step were modified and ordered based on the require-

ments of the NGS lab at Gen-Era. The first PCR was carried out with forward and

reverse oligos partially annealed to U6 elements and BlpI-XhoI cut sites amplifying the

gRNA cassette in the plasmid. The non-annealed part of these oligos is the sequence

used in the tagmentation process, which is adapted from 2nd generation of NGS library

preparation, Nextera protocol which fragmentation and tagging are done in a single

step. In the first PCR reaction, 5 µg from the maxiprep product of each library was

mixed with 1 µl of 100 µM stock of U6 and BlpI-XhoI primers, 20 µl of 5x Q5 buffer, 20

µl of High GC enhancer, 1 µl of 10mM dNTPs, 2 µl of Q5 enzyme. And nuclease-free

water to adjust the final volume to 100µl. The conditions for PCR reactions are 2 min

at 98°C, 18 cycles of 30 sec at 98°C, 30 sec at 59.1°C, 45 sec at 72°C] followed by 3 min

at 72°C. 5 µl of the first PCR was run on 2% agarose gel to verify the efficient am-

plification of targets. The second PCR was carried out with Illumina adaptor primers

i7 and i5, which annealed to the tagmentation sequence from the first PCR product
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for amplification. For the second PCR reaction, 5 µl from the first PCR reaction was

combined with 0.8 µl of i7 and i5 Illumina adaptors, 20 µl of 5X Q5 buffer, 20 µl of 5X

CG enhancer, 2 µl of 10mM stock from dNTP, 2 µl of Q5 polymerase were mixed with

49.4 µl of nuclease-free water. PCR conditions were the same as the first one, with the

minor change of 20 cycles instead of 18, which was the case at first PCR.

Analysis of the NGS results was done with Galaxy Online (The Galaxy Com-

munity, 2022). After trimming the adapters with the Trimmomatic package, reads

were aligned and counted to sgRNA sequences in the pooled libraries using MAGeCK

counts. The output was manipulated with Excel, where the read counts of individual

gRNA in each library were normalized by the total number of read counts assigned to

the respective library.

Since the dispersion of read counts is equal to the coefficient of variation (CV),

then, for the assessment of the homogeneousness and gRNA representation of each

library, data were analyzed with the Lorenz curve. In the Lorenz curve, gRNAs are

ranked by abundance, which is scaled to 1 and exhibit the ratio of total sequencing

reads, which are exemplified by the sum of gRNA read counts. If the area under the

curve (AUC) in the Lorenz curve was between 0.5-0.7. it was confidently interpreted as

a high-quality amplification with good dispersion among gRNAs in the library (Figure

4.2).

4.15.2. Virus Production and Titration

14x106 HEK293FT cells were seeded with complete DMEM in 15-cm plates. The

following day cells were transfected with 20 µg of a pooled library, 15 µg psPAX2,

and 7 µg of pCMV-VSV-G. The rest of the transfection process is described in section

4.1.3.
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Figure 4.2. CRISPR/Cas9 loss-of-function steps until virus production (Based on

McDade et al., 2016).
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4.15.3. Generation of Single-Clones of SKMEL28-Cas9 for Screening

SKMEL28 was transduced with the pCW-Cas9-Blast lentiviral vector. Following

antibiotic selection with blasticidin, cells were expanded for a few days. On the day of

passage, cells were counted and diluted in the medium to achieve a final concentration

of 1000 cells per ml. Subsequently, the cell suspension was serially diluted in a 10x

manner and seeded into multiple 96-well plates. The next day, wells containing a single

cell were marked and monitored for several days until they reached 80% confluency.

Single-cell clones from each well were then transferred to a 24-well plate and further

seeded into 25 cm2 flasks upon reaching 80% confluence.

To assess dox-related leakage, single-clone cells were treated with doxycycline

(dox) or left untreated. After 12 hours of dox treatment, protein lysates were prepared,

and a western blot with Cas9 and Flag antibodies was performed to identify and

separate single clones with no dox leakage.

4.15.4. Transduction of Pooled Libraries

The protocol is as mentioned in 4.1.4 and 4.1.5, with slight modifications. The

multiplicity of infection (MOI) for pooled screening should be set between 0.2 and 0.3

(Joung et al., 2017). After determining the virus titration using flow cytometry, the

number of cells to be transduced was calculated to achieve 500X coverage.

On the day of transduction, cells were seeded into several 75 cm2 flasks based

on the size of the pooled library and transduced with the appropriate amount of virus

mixed with a complete medium. Eight hours after transduction, the medium was

changed. After 48 hours of transduction, cells were transferred to 175 cm2 flasks,

and puromycin selection was initiated. Upon completion of antibiotic selection, the

viability of transduced cells was assessed using the trypan blue exclusion assay, aiming

for a live/death ratio of approximately 30%.
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The screening process was launched via dox treatment after the cell number

reached 15 x 106, and throughout the screening, at each passage, cells were counted

and seeded in the same quantity.

4.15.5. Sample Collection and NGS Library Preparation

The screen was completed on day 21 of dox-induction. The same number of

cells were collected, and gDNA extraction was carried out with the phenol-chloroform

method (Sambrook J et al., 2001) and later concentrated and desalted using the Zy-

moResearch gDNA concentrator kit according to the manufacturer’s protocol. To

prepare NGS libraries, The first PCR need to scale up since all the isolated gDNA

would be amplified. Both PCR conditions are the same as 4.13.1.2. For each sample,

all the reactions from the first PCR were mixed in a single tube, and for the second

PCR with illumine index primer, which will generate NGS-ready libraries, 5 µl from

the first PCR was used as the template (Figure 4.3).

4.15.6. Analysis of NGS Results

For preliminary analysis of NGS results, using Galaxy. Sequencing quality control

was done with FASTQC 0.12.1 (Andrews S., 2010). Then with Cutadapt 4.4 (Mar-

tin M., 2011), 3’and 5’adaptors were trimmed for each sample using default values

of Cutadapt. After trimming, with packages in MAGeCK suite 0.5.9.2, the analysis

continued. With MAGeCK count, sgRNAs were aligned and each sgRNA count was

determined for each sample pair. Then MAGeCK test calculated and generated a

ranked gene list, based on fold-change and significance. Further gene ontology and

pathway enrichment analysis using the ranked gene list were done in EnrichR (Xie et

al., 2021; Kuleshov et al., 2016 ).



56

Figure 4.3. CRISPR/Cas9 Loss-of-function: From virus production to

next-generation sequencing. Adapted from (McDade et al., 2016)
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5. RESULTS

5.1. Investigation of IRF4 Expression in Melanoma Cells and Tumors

5.1.1. IRF4 Expression and Dependency in Cancer Cell Lines

In the last decade, public databases related to the characteristics of cancer cell

lines and cancer patients have been rapidly developing. The Cancer Genome Atlas

(TCGA) has the most comprehensive multi-omics patient data in various cancers. and

the Dependency Map (DepMap) portal for cell lines have become two of the most com-

prehensive and pivotal databases in cancer studies (Grossman et al., 2016; Tsherniak

et al., 2017).

Figure 5.1. IRF4 levels in RNA-seq data from Cancer Cell Line Encyclopaedia

(CCLE). Blue: Lymphoid cancers, Red: Melanoma cell lines.



58

As a part of this thesis, in parallel with IRF4-related experiments in the labo-

ratory, the IRF4 expression and its potential implications have been investigated in

TCGA and DepMap samples. IRF4 expression and dependency were analyzed in data

from the DepMap portal. Besides several hematopoietic malignancies, melanoma cells

have the highest IRF4 expression (Figure 5.1). Consistent with the mRNA data from

DepMap, IRF4 expression was verified in a subset of melanoma cell lines, particularly

MALME3M, G361, SKMEL28, and SKMEL5 (Appendix Figure D.1).

Furthermore, the data from the CRISPR studies indicate an IRF4-dependency

in a subset of melanoma cells with elevated IRF4 levels (Figure 5.2). Analyzed data

from the DepMap suggests IRF4-dependency in a subset of melanoma cells.

Figure 5.2. Correlation between IRF4 expression levels vs dependency across

melanoma cells (blue triangles).

5.1.2. Assessing IRF4 Expression Correlation With Prognostic Markers in

TCGA

A 2015 study based on the TCGA data in cutaneous melanoma patients (SKCM)

has described a genomic classification based on the mutational landscape of tumor

samples and various prognostic features in these patients (Akbani et al., 2015). IRF4

expression and survival data of SKCM patients in TCGA were obtained from Xena

Browser (Goldman et al., 2020) and used to assess IRF4 expression and its potential
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impact on melanoma patient survival. According to TCGA pan-cancer data, uveal

melanoma (UVM) and cutaneous melanoma (SKCM) have higher IRF4 expressions

than most cancers (Figure 5.3). The survival analysis was performed for the top and

bottom quartiles of patients ranked based on IRF4 expression levels. Kaplan-Meier sur-

vival analysis showed that patients with the higher IRF4 expression (top quartile) have

a lower survival rate than patients with the lower IRF4 expression (bottom quartile)

(Figure 5.4).

Figure 5.3. IRF4 mRNA expression from TCGA pan-cancer data. Red: melanoma

cancers, Blue: Lymphoma cancer

Further assessment of TCGA data with regard to IRF4 expression in cutaneous

melanoma and its correlation with prognosis and diagnosis markers were carried out.

The results from TCGA melanoma patients demonstrate elevated IRF4 expression is

more prominent in primary tumor samples than metastatic samples (Figure 5.5a). Fur-

ther analysis of the genome-wide methylation signature in SKCM patients concerning

IRF4 expression signifies that patients with higher IRF4 expression levels are predom-

inantly in the hypermethylated group (Figure 5.5b).
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Figure 5.4. Kaplan-Meier overall survival analysis based on IRF4 expression for

SKCM patients in TCGA.

The TCGA results suggest IRF4 expression has a prognostic effect in melanoma

patients. Furthermore, the correlation between methylation signature and IRF4 ex-

pression data implies a possible link between IRF4 and DNA methylation machinery

in melanomagenesis.

5.2. IRF4 is Essential for Growth and Survival of Melanoma Cells

To investigate the role of IRF4 in melanoma cells, IRF4 expression was inter-

fered with either by constitutively expressed shRNAs (Figure 5.6a) or via inducible

CRISPR/Cas9 system targeting genomic IRF4 loci (Figure 5.6c). IRF4 was overex-

pressed via an inducible system in melanoma cells (Figure 5.6b).

To elucidate the phenotypic consequences of loss of IRF4 expression, shIRF4 and

shLuc transduced SKMEL28 and MALME3M cells were seeded in the XCELLigence

plates 48 hr. post-transduction. Real-time cell analyses were carried out for ∼ 4
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days, during which impedance-based measurements were recorded every 30 min by

the XCELLigence machine. Results indicated that IRF4 depletion in melanoma cells

impairs cell growth significantly (Figure 5.7).

(a) (b)

Figure 5.5. In TCGA cutaneous melanoma data. (a) IRF4 expression in primary vs

metastasis p < 0.0001. (b) Correlation of IRF4 levels and patient methylation

signature. **p < 0.01, *p < 0.05 (Mann-Whitney test). Hyper: hypermethylated,

Hypo: hypomethylated.

On the other hand, IRF4 overexpression in A375, UACC62, and SKMEL28

showed decreased proliferation rate (Figure 5.8, Appendix Figure E.1). In addition,

XTT assay exhibited that while IRF4 knockdown and knockout cells have lower via-

bility than the controls (Figure 5.9), IRF4 overexpression had no significant effect on

cell viability (Appendix Figure E.2).

Consistent with previous results from our group, IRF4 expression is shown to be

crucial for the proliferation and maintenance of the subset of melanoma cells with high

endogenous IRF4 levels. Interestingly IRF4 overexpression in melanoma cells has no

implications on cell viability, although the XCELLigence data suggests the proliferation

process is deregulated in the IRF4-overexpressing cells. Taken together, it seems IRF4

levels in a subset of melanoma cells have a vital role in maintaining the proliferation

and growth in melanomagenesis.
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(a) (b)

(c)

Figure 5.6. Depletion of IRF4 protein with (a) constitutively expressed shRNA or (b)

dox-inducible IRF4 overexpression in UACC62 and A375 and (c) dox-inducible

CRISPR/Cas9 coupled with gRNAs targeting IRF4 exon1 (n=3).

(a) (b)

Figure 5.7. Real-time cell analysis with XCELLigence in IRF4 knocked down (a)

SKMEL28 and (b) MALME3M (n=3).
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(a) (b)

Figure 5.8. Real-time cell analysis with XCELLigence in IRF4 overexpressing (OE)

cells a) A375 and b) UACC62 (n=2).

Figure 5.9. XTT results in IRF4 depleted a) shRNA transduced SKMEL28 and

MALME3M b) dox-induced IRF4 knockout SKMEL28-Cas9. n=2

5.3. IRF4 Regulates Key Components of Epigenetic Silencing Machinery.

An in-depth analysis of previous RNA-seq data from our group suggests IRF4 as

a potential regulator of chromatin-modifying enzyme (Yilmaz, 2014). Among differen-

tially expressed chromatin modifier genes, in this thesis, we focused on key elements

of transcriptional silencing, DNA methylation enzymes, and EZH2 from polycomb re-

pressive complex 2 (PRC2). The genes related to DNA methylation machinery were
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DNMT1, DNMT3B, and UHRF1. DNMT1, DNA methyltransferase 1, is mainly re-

sponsible for the maintenance of DNA methylation, and one of its key partners in this

process is UHRF1 (Liu et al., 2013). On the other hand, DNMT3B controls de novo

methylation in the genome (Okano et al., 1999).

Another key player in marking the genes for silencing is the polycomb repressive

complex (PRC) family. EZH2 methyltransferase enzyme is the essential member of

PRC2 and the writer of the H3K27me3 mark (Cao et al., 2004). Increased EZH2

and deregulation of H3K27me3 have already been implicated in several cancers, such

as melanoma and lymphoma (Kim et al., 2016). According to RNA-seq data, IRF4

depletion in SKMEL28 and SKMEL5 cells led to an almost 2-fold decrease in EZH2

mRNA levels (Yilmaz, 2014).

Thus RNA-seq results suggested that IRF4 manipulation on DNA methylation

machinery and PRC2-related gene silencing possibly have follow-up impacts on the

chromatin landscape and cell phenotype.

5.3.1. IRF4 regulates DNMT1, DNMT3B and UHRF1 expression

Consistent with RNA-seq data, the qRT-PCR and western blot data indicate

that depletion of IRF4 in melanoma cell lines is followed by a decrease in DNMT1,

DNMT3B, and UHRF1 levels (Figure 5.10, Figure 5.11a, and Appendix Figure F.1).

Similar results are achieved upon knocking out IRF4 with CRISPR/Cas9 system (Ap-

pendix Figure F.2). Furthermore, due to IRF4 overexpression in melanoma cell lines,

mRNA levels of DNMT1, DNMT3B, and UHRF1 genes are increased which is followed

by an increase in the protein levels (Figure 5.10, Figure 5.11b and c). Hence, the qPCR

and immunoblot results confirm the RNA-seq results.
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Figure 5.10. qRT-PCR results for DNMT1/3B and UHRF1. Top: IRF4 knockdown;

Bottom:IRF4 overexpression. First, mRNA expression was normalized to RPS28, the

housekeeping gene, and then it was normalized to the control in each set.

The changes in the expression of these three genes at early time points (e.g., 12–18

hours after dox-induction for IRF4 overexpression and day 3 after transduction with

shIRF4) imply IRF4 as the transcriptional regulator for components of DNA methy-

lation machinery. Therefore, the locus for each candidate gene was investigated in the
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UCSC genome browser. To identify potential IRF4 binding regions, ENCODE DNase-

seq tracks from several IRF4-expressing melanoma cell lines (SKMEL-5, COLO829,

and MEL-2183) together with transcription factor ChIP-seq cluster from ENCODE 3

were loaded in the UCSC genome browser. At DNMT1 and DNMT3B loci, potential

IRF4-binding regions were identified (Appendix Figure G.1). Chromatin immunopre-

cipitation combined with qPCR (ChIP-qPCR) using IRF4 antibody was carried out

for these two candidate regions. The ChIP-qPCR results indicate IRF4 is binding to

DNMT1 and DNMT3B genes and consequently transcriptionally regulating them in

SKMEL28 and MALME3M cell lines (Figure 5.10, Figure 5.12).

(a) (b)

(c)

Figure 5.11. Western blot of (a) IRF4 downregulation by shRNA system (b-c) IRF4

overexpressing MELST, A375 and SKMEL28 on day 3 of dox-induction (n=3).
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Taken together, the alteration of DNA methylation machinery has been an impor-

tant prognostic feature in many cancers. Changes in the expression of both de novo and

maintenance of DNA methylation enzymes suggest the possibility of IRF4-mediated

progression in a subset of melanoma tumors.

(a) (b)

Figure 5.12. ChIP-qPCR with IRF4 antibody and control IgG in DNMT3B and

DNMT1 regions in (a) MALME3M and (b) SKMEL28 cells (n=3).

5.3.2. IRF4 Manipulation Affects Global DNA Methylation Levels

The results from 5.3.1 and correlative data from TCGA SKCM patients suggest

the possible effect of IRF4 manipulation on global DNA methylation levels. To investi-

gate whether the modulation of DNMT1, DNMT3B, and UHRF1 genes by IRF4 have

any implications on global DNA methylation, an indirect ELISA assay was carried out

with the 5-mC antibody. The results from 5-mC ELISA demonstrate a decline over

time in genome-wide DNA methylation levels upon knocking out IRF4 in SKMEL28

cells (Figure 5.13a). In comparison, overexpression of IRF4 increases global DNA

methylation levels in melanoma cells (Figure 5.13b). Finally, our results demonstrated

that IRF4 regulates key DNA methylation enzymes and global DNA methylation lev-

els in melanoma cells. Taken together, the IRF4-DNA methylation axis potentially

regulates the silencing of some key tumor suppressor genes and, moreover, vast parts

of the non-coding genome, where transposons are hypermethylated and silenced.



68

(a) (b)

Figure 5.13. 5-mC ELISA in (a) CRISPR/Cas-9 IRF4 knockout in SKMEL28 and

(b) IRF4 overexpressing SKMEL28, A375, MELST cells (n=3).

5.3.3. In Melanoma Cells IRF4 Regulates EZH2, Key Component of PRC2

To validate the RNA-seq data regarding changes in EZH2 expression (Appendix

Figure R.1), IRF4 was depleted using the shRNA system in SKMEL28 and MALME3M

cell lines. IRF4 deficiency in these cells resulted in a significant decrease in EZH2

expression both at mRNA and protein levels (Figure 5.14 top, Figure 5.15a and b). In

contrast, IRF4 overexpression in 3 different cell lines exhibited slight elevation in EZH2

expression at the protein level only in 2 cell lines, MELST and SKMEL28 (Figure 5.14

bottom, Figure 5.15c and d).

Moreover, previous ChIP-seq data coupled with ENCODE DNase-seq data iden-

tified a few possible IRF4 binding sites at the EZH2 locus. The IRF4 binding for

one of the EZH2 candidate regions in different melanoma cell lines was verified with

ChIP-qPCR (Figure 5.16). The results indicate that IRF4 transcriptionally regulates

EZH2.
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Figure 5.14. qRT-PCR results for EZH2 Top: IRF4 knockdown; Bottom:IRF4

overexpression. First, mRNA expression was normalized to RPS28, the housekeeping

gene, and then it was normalized to the control in each set.

5.3.4. IRF4 Regulates Global H3K27me3 Levels in Melanoma Cells.

Diminishing IRF4 expression, either with CRISPR/Cas9 or shRNA method, de-

creases EZH2 expression, which results in a significant reduction in H3K27me3 levels

genome-wide (Figure 5.17). However, IRF4 depletion did not lead to any change in an

unrelated histone marker, H3K4me1 (Appendix Figure H.1).
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(a) (b)

(c) (d)

Figure 5.15. Immunoblot for EZH2 in (a) IRF4 knockdown MALME3M and

SKMEL28 (b) CRISPR/Cas-9 IRF4 knockout in SKMEL28 (c) IRF4 overexpressing

MELST, A375 and (d) SKMEL28 (n=3).

(a) (b)

Figure 5.16. ChIP-qPCR with IRF4 antibody and control IgG in EZH2 locus in (a)

MALME3M and (b) SKMEL28 cells. PC: positive control, tyrosine promoter. NC:

negative control from the intergenic desert (n=3).
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Figure 5.17. Immunoblot shows H3K27me3 levels in IRF4 depleted cell lines with

shRNA or CRISPR/Cas9 systems (n=2).

Overall, results indicate a potentially pivotal role for IRF4 as a regulator of two

main epigenetic suppressive mechanisms that affect vast parts of the genome and par-

ticularly tumor-suppressive genes. The activation of certain tumor suppressive genes

can threaten melanoma progression.

5.4. IRF4-Mediated Epigenetic Silencing of Key Cell Cycle and

Growth-Related Genes in Melanoma.

In the pan-cancer view, tumor suppressor genes (TSG) are either mutated, deleted

or suppressed through an accumulation of silencing marks such as DNA methylation

and H3K27me3 (Zob et al., 2022). To identify downstream targets of IRF4-mediated

epigenetic silencing in melanoma cells, first, we selected TSGs that did not have any

known IRF4 binding sites at their regulatory regions. The second filter for TSG selec-

tion was finding the genes with no/little change in expression at earlier time points.

Yet, significant changes would be observed later, such as day 6-8 of IRF4 knockdown

or Day 3-5 in IRF4 overexpressing cells. Following the strategies above, ten tumor

suppressor genes implicated in melanoma as silenced genes were selected (Figure 5.18).
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(a) (b)

(c)

Figure 5.18. Screening of candidate TSGs with qRT-PCR. Day 7 of IRF4 KD with

shRNA in (a) SKMEL28 (b) G361 (c) Day 3 of IRF4 OE in A375 (n=2).

Figure 5.19. qRT-PCR for 3 TSGs in SKMEL28 on Day 3 of Decitabine treatment.
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5.4.1. IRF4-DNMT Mediated Regulation of Cell Cycle Genes by Altering

Promoter Methylation Levels

In melanoma, one of the mechanisms by which CDKN1A/p21, CDKN1B/p27,

and PTEN genes are suppressed is through hypermethylation of their promoters (Al-

cazar et al., 2012). Therefore, we selected CDKN1A/p21 and CDKN1B/p27, the cell

cycle regulators, and PTEN, the negative regulator of the PI3K-AKT pathway, for

further study.

(a) (b)

Figure 5.20. qRT-PCR for 3 selected tumor suppressor genes on day 7

post-transduction with shRNA in a) MALME3M and b) SKMEL28 (n=3).

SKMEL28 cells were treated with Decitabine, a DNMT inhibitor, for three days to

see whether the 3 candidate genes were activated, which is also an indirect indicator of

DNA-methylation-mediated expression for these 3 genes. The qRT-PCR of Decitabine-

treated SKMEL28 samples demonstrates elevated expression of the three tumor sup-

pressor genes, CDKN1A/p21, CDKN1B/p27, and PTEN (Figure 5.19). Therefore,

qRT-PCR results indicate DNA-methylation controlled expression of these three genes

in melanoma cells.
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(a) (b)

Figure 5.21. Immunoblot shows IRF4 depletion leads upregulation of (a) p21, p27

and (b) PTEN (n=3).

(a) (b)

Figure 5.22. qRT-PCR for 3 selected tumor suppressor genes on day 5 of

dox-inducible expression of IRF4 in a) A375 and b) MELST cell lines (n=3).

Downregulation of IRF4 with shRNA increased PTEN, p21, and p27 expression

in melanoma cell lines, both mRNA (Figure 5.20) and protein levels (Figure 5.21, Ap-

pendix Figure I.1). Furthermore, overexpression of IRF4 led to the downregulation

of p21, p27, and PTEN at mRNA (Figure 5.22) and protein level (Figure 5.23, Ap-

pendix Figure I.2). The western blot results for PTEN exhibit no significant change in
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SKMEL28, which can be explained due to the presence of the heterozygous mutation

in the PTEN gene. Due to the heterozygous nature of the mutation, the PTEN mRNA

is transcribed from the wildtype allele in the SKMEL28 cell line (DepMap, 2022). A

similar effect for p21 in SKMEL28 was observed. One of the key activators of p21

expression is p53 (Fan et al., 2011). The p53 null status of SKMEL28 suggests the

non-significant change of p21 protein in the western blot (Figure 5.21a).

Figure 5.23. Immunoblot shows a, b) IRF4 overexpression leads decrease in PTEN,

p21 and p27 levels (n=3).

To determine if these genes are suppressed through the IRF4-DNMT axis and

whether IRF4 expression modulates the methylation of their promoters, methylation-

sensitive restriction enzyme digestion followed by qPCR (MSRE-qPCR) was performed.

In the MSRE-qPCR method, while MSRE digests the unmethylated region, the methy-

lated region stays almost intact. During qPCR, the amplification of the unmethylated

region will start in later cycles compared to the methylated region. The MSRE-qPCR

results suggest IRF4 expression modulates methylation of p27, p21, and PTEN pro-

moters in melanoma cell lines (Figure 5.24, Appendix Figure J.1 and J.2).

Hence, our results indicate IRF4-modulated alteration of p27, p21, and PTEN

expression. The changes in expression of these 3 genes are due to IRF4-mediated

changes in DNA methylation levels at their promoters.
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(a) (b)

(c)

Figure 5.24. MSRE-qPCR results for PTEN, CDKN1A/p21 and CDKN1B/p27

promoter upon (a-b) IRF4 knockdown (c) IRF4 overexpression.

5.4.2. IRF4-DNMT Modulation of p21 And p27 Expression Affects Cell

Cycle

To elucidate the phenotypic aspect of alteration in p21 and p27 expression lev-

els, we performed the cell cycle assay via propidium iodide staining. IRF4 depletion

resulted in an increase in the G1 cell population, leading to cell cycle arrest (Figure

5.25). On the other hand, IRF4 overexpression results in an increase in the S phase

population (Figure 5.26). The increase in the S-phase population suggests the deregu-

lation of cell cycle phases. Overall, data suggest that IRF4-mediated cell cycle changes

are potentially affecting proliferation and growth.
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(a) (b)

Figure 5.25. Cell cycle assay in IRF4 depleted (a) MALME3M and (b) SKMEL28.

(a) (b)

Figure 5.26. Cell cycle assay in IRF4 overexpressing (a) A375 and (b) SKMEL28.

5.4.3. IRF4-Related Changes in PTEN And the PI3K-AKT Pathway

One of the highly active oncogenic pathways in melanoma that can be modulated

through suppressive marks is the PI3K-AKT pathway (Kwong et al., 2013). In Figure
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5.24, we have shown alterations in DNA-methylation levels at the PTEN promoter and,

consequently, the changes in its expression (Figure 5.21b, Figure 5.23, and Appendix

Figure K.1). To investigate the downstream of PTEN expression as a negative regulator

of the AKT pathway, pSer473AKT (pAKT) levels were checked as the indicator of

AKT activity. The results demonstrate depletion of pAKT, the key modification for

AKT activation, upon increased PTEN expression following IRF4 knockdown. The

decrease in pAKT level is followed by a reduction in pSer235/236-S6 (pS6) in melanoma

cells (Figure 5.27, Appendix Figure K.2), which suggests the potential deregulation of

global mRNA translation and growth. Another AKT target is FOXO1, a pro-apoptotic

protein negatively regulated by AKT. Phosphorylation of FOXO1 at Ser256 negatively

affects protein stability. As expected, the IRF4-mediated decrease of pAKT leads

to a reduction in pFOXO1 levels and, consequently, stabilization of FOXO1 levels in

cells (Fig, 5.27b). Likewise, overexpression of IRF4 in MELST and A375 cells led to

decreased PTEN and activation of the AKT pathway, which increased its downstream

targets, such as S6 and pS6 ribosomal protein (Figure 5.28). The outcome of IRF4-

dependent changes in the AKT pathway impacts proliferation and cell growth. At the

phenotypic level, as shown with the real-time cell analysis assay with XCELLigence,

IRF4 knockdown diminishes cell growth and proliferation in melanoma cells at later

time points (Figure 5.7).

Interestingly, IRF4 overexpressing cells have a lower proliferation rate (Fig 5.8);

whether this is because melanoma cells have switched to an invasive-like phenotype or

the result of another event in the cells needs to be investigated. Therefore, our data

indicates that IRF4 modulates proliferation and growth through various approaches,

such as PI3K-AKT-promoted growth and p21/p27-mediated cell cycle control in IRF4-

expressing melanoma cells.
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(a) (b)

Figure 5.27. Western blot for the impact of IRF4 depletion on (a) PI3K-AKT

pathway and (b) its downstream targets such as pS6 and pFOXO1.

(a) (b)

Figure 5.28. Western blot for effects of IRF4 overexpression on PI3K-AKT pathway

and one of its downstream targets pS6 in (a) MELST and (b) A375.
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5.4.4. IRF4-EZH2 Axis Controls WDR19 Levels And Cilia Formation

WDR19/IFT144, an essential gene for transport and maintenance in cilia and

similar to several other ciliary genes, is regulated by EZH2 (Zingg et al., 2017). To

understand whether IRF4 is the upstream regulator of the EZH2-WDR19 relationship,

qRT-PCR, and Western blot were carried out in IRF4 overexpressing stable cell lines,

A375 and UACC62. Upon IRF4 overexpression, WDR19 expression is diminished in

both melanoma cell lines (Figure 5.29). Whereas results from experiments with IRF4-

depleted cell lines show WDR19 expression is upregulated in both cell lines to varying

degrees (Figure 5.30). To validate the IRF4-EZH2-WDR19 axis further, chromatin

immunoprecipitation with H3K27me3 antibody at WDR19 promoter was performed

in SKMEL28 and MALME3M. Results from this experiment confirm H3K27me3 en-

richment at the WDR19 promoter (Figure 5.31a) (Zingg et al., 2015). Moreover, to

determine that H3K27me3 occupancy at the WDR19 promoter is mediated by IRF4,

H3K27me3 ChIP-qPCR was executed in IRF4-depleted samples. The H3K27me3 sig-

nal at the WDR19 promoter is diminished in both IRF4 knockdown and knockout cells

(Figure 5.31b).

(a) (b)

Figure 5.29. Western Blot and qRT-pCR for WDR19 in IRF4 overexpressing

melanoma cells (n=3).
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(a) (b)

Figure 5.30. Western Blot and qRT-PCR for WDR19 in IRF4 knockdown melanoma

cells (n=3).

To corroborate whether the changes in H3K27me3 occupancy andWDR19 expres-

sion affect cilia formation in the cells, Immunofluorescence (IF) staining with acetylated

Tubulin and Arl13b, two cilia markers was performed in dox-inducible IRF4 overexpres-

sion A375 and UACC62 cells. IF results revealed that IRF4 overexpression significantly

reduces ciliated cells in both cell lines (Figure 5.32).

To further elucidate whether the loss of cilia is the direct effect of IRF4-regulated

EZH2 activity, we decided to investigate if depletion of H3K27me3 levels via treatment

with EZHi (EZH2 inhibitor, EPZ-6438) will evoke ciliogenesis again. As it is shown in

Figure 5.33, while IRF4-overexpression in DMSO-treated samples once again led to the

loss of the ciliated cell population when treated with EZHi, the ciliogenesis is partially

rescued in A375 cells (Figure 5.33).

A recent study has reported that ciliogenesis and cilia are present in melanocytes

and lost during melanoma progression (Snedecor et al., 2015). Taken together, our

data suggest suppression of cilia genes and ciliogenesis by the IRF4-EZH2 axis may

contribute to melanoma progression toward a more invasive phenotype.
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(a) (b)

(c) (d)

Figure 5.31. H3K27me3 occupancy at WDR19 shown by ChIP-qPCR. (a) in

SKMEL28 and (b) MALME3M IRF4 depletion with (c) sgIRF4 in SKMEL28 and (d)

shIRF4 in MALME3M.

5.4.5. IRF4-Mediated Ciliogenesis Is Regulating Canonical WNT Pathway

The activation of EZH2 in melanoma cells leads to the deregulation of multiple

pathways, which promotes tumor growth (Emran et al., 2019; Zingg et al., 2018).

One of the pathways that is deregulated by EZH2 activation is the canonical WNT
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β-catenin pathway. One of the ways that EZH2 promotes the activation of the WNT

pathway is by disrupting the structure and function of cilia (Zingg et al. 2018).

To investigate whether overexpression of IRF4 in melanoma cells after evoking

cilia loss activates the WNT pathway, we performed a luciferase assay with TOPFLASH

plasmid (3x wt TCF4 binding sites) and PGL3-empty plasmid as a positive control in

A375 cell line. To enhance the WNT-pathway signal, in this assay, all samples were

treated with WNT3a-conditioned medium (CM, L929 cells transfected with WNT3a),

control CM (L929 cells were transfected with pIRES-EGFP as a control), or 20 mM of

LiCl (GSK3β inhibitor) for 24 hours after transfection, and then Luciferase reporter

assay was carried out with the samples. The results indicate that TOPFLASH lu-

ciferase activity is higher in IRF4 overexpressing samples, which can be interpreted as

activation of β-Catenin and its downstream transcriptional targets (Figure 5.34).

(a) (b)

Figure 5.32. IF staining of cilia in A375 and UACC62; (a) Representative confocal

microscopy images of 48-hour serum-starved cells. Percentage of ciliated cells defined

by staining for Arl13b (red), acetylated tubulin (AcTub; green), and DAPI. Scale bar:

5 µM. (b) Quantification from at least 2 biological replicates.
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(a) (b)

Figure 5.33. IF staining of cilia in A375 cell line treated with EPZ-6438 in both

dox-treated (IRF4 overexpressing) and dox-untreated. Staining with Arl13b (red)

and AcTub (green), treatment with EPZ-6438 for 6 days.

Figure 5.34. Luciferase reporter assay for measuring TCF/LEF transcriptional

activity in A375 cell line. pGL3: positive control CtrlCM: L929 transfected with

pIRES-GFP-conditioned medium (n=3).
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(a)

(b)

Figure 5.35. qRT-PCR for β-Catenin targets upon IRF4 overexpression and inducing

the WNT pathway in IRF4 overexpressing (a) A375 and (b) UACC62 cell lines (n=2).

AXIN2 and MET are two well-known targets of βCatenin in melanoma and colon

cancer (Chien et al., 2009). We validated the activation of β-Catenin with RT-qPCR

for AXIN2 and MET genes (Figure 5.35). As the findings have shown, IRF4 plays a

role in the regulation and activation of β-Catenin and its downstream targets, which

play a critical role in melanoma progression.
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5.5. IRF4 Regulates Melanoma Cell Response to Certain Epigenetic Drugs

Previous studies have shown that various chromatin-regulating factors are dereg-

ulated in different cancers, which causes the cancer epigenome landscape to differ from

normal and creates a unique opportunity to explore novel inhibitors and therapeutic

strategies. This section aims to zoom into a few selected inhibitors and their impli-

cations on IRF4-high melanoma cells. The selection of these drugs is based on the

experimental data and correlative data about IRF4 expression vs. targeted drugs in

melanoma in public databases.

(a) (b)

Figure 5.36. IRF4 expression and DNMT inhibitors. (a) NCI-60 data for IRF4

expression correlation with IRF4 in melanoma (b) 5-mC ELISA for A375 and

SKMEL28 after 3 days treatment with decitabine.

5.5.1. IRF4 Expression Versus Cytostatic Activity of Epigenetic Inhibitors

NCI-60 database contains screening results for thousands of drugs and small

molecules in 60 cancer cell lines (Luna et al., 2021). The database includes drug activity

data for each cell line and molecular features such as transcriptomics, proteomics, and

miRNA-seq data for all 60 cell lines. 10 melanoma cell lines are present among the 60

cancer cell lines. We investigated the most significant correlations between IRF4 and
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the cytostatic activity index of all NCI-60 drugs. Reviewing the results, 5-Azacytidine

is represented as the most promising epigenetic inhibitory molecule to investigate. 5-

Azacytidine (5-Aza), a cytosine analogue, is the first discovered DNA methylation

inhibitor and has a significant inverse correlation with IRF4 expression measured by

RNA-seq. NCI-60 data suggest resistance to 5-Aza cytostatic activity in melanoma cell

lines with high IRF4 expression (Figure 5.36a). Additionally, there is also comparable

data on IRF4 versus Decitabine, the deoxyribose form of 5-Aza. It should be mentioned

that the correlation is melanoma-specific, and there is no significant correlation between

IRF4 and 5-Aza activity in data from all 60 cell lines (Appendix Figure L.1).

5.5.2. IRF4 Expression Modulates Cytotoxic Response to DNMT Inhibitors

in Melanoma Cells

As the NCI-60 consists of promising yet only correlative data, we investigated the

IRF4-DNMTs/UHRF1 axis’s potential impact on melanoma cells when treated with

5-Aza or Decitabine. First, the drug’s effect on DNA methylation was studied using a

5-mC ELISA kit. Treating SKMEL28 and A375 with 2 different doses of decitabine for

3 days resulted in lower global methylation levels in these cells (Figure 5.36b). IRF4-

modified cells were treated with 5-Azacytidine, or Decitabine (5-Aza-2’-Deoxycytidine)

for 5 days. The results from SKMEL28-Cas9 cells suggest that both KO1 gRNA and

KO3 gRNA, which are IRF4 knocked-out samples, are more sensitive to 5-Aza than

control samples (Figure 5.37a). In contrast, overexpression of IRF4 in SKMEL28 and

A375 can rescue the cells from the cytotoxic effects of 5-Aza to some extent (Figure

5.37b and c). Since 5-Aza is the ribose analog of cytosine, it can interfere with tran-

scription, and at high doses, it can cause DNA-methylation-independent cytotoxicity.

Therefore, we also performed XTT assays with Decitabine, the deoxyribose form of

5-Aza, to validate the phenotypic results. Treatment of MALME3M and SKMEL28

with 0.5 µM decitabine coupled with shRNA-based IRF4 depletion also resulted in

sensitization for IRF4-depleted cells compared to non-targeting shLuc controls (Figure

5.38a). Whereas in IRF4 overexpressing cells, the cells are partially rescued from the

effects of Decitabine (Figure 5.38b and c, Appendix Figure L.2).
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(a)

(b)
(c)

Figure 5.37. XTT assay for 5-Aza treatment in (a) SKMEL28-Cas9 IRF4 knockout

cells (b-c) IRF4 overexpression in SKMEL28 and A375 respectively (n=3).

The outcome of phenotypic data for 5-Aza and decitabine treatment denotes

a functional IRF4-DNA methylation link, where IRF4 modulates Aza and Decitabine

activity. To sum up, this link between IRF4 and DNAmethylation inhibitors sheds light

on the possibility of lower drug response to 5-Aza and decitabine in IRF4-expressing

melanoma tumors, which needs to be tested in vivo.
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(a) (b)

(c) (d)

Figure 5.38. XTT assay for Decitabine treatment in (a)IRF4 knockdown cells (b-c)

IRF4 overexpression in A375 and MELST (n=2).

5.5.3. IRF4 Modulates Cytotoxic Activity of EZH2 Inhibitor, EPZ-6438, in

Melanoma Cells

Although the EZH2 inhibitor was not part of the NCI-60 hit list, the experimental

data from previous parts of this thesis suggests a potential link between IRF4 expression

and the EZH2i cytotoxic activity. Phenotypic studies reveal the most consistent and

significant link between IRF4 and EPZ-6438 in IRF4 overexpressing cells. 5 different



90

cell lines on day 3 of IRF4 overexpression, were treated with EPZ-6438 for 6 days. At

the end of treatment, with XTT assay, we checked for viability of the cells. Results

show partial yet significant rescue of the cells from EPZ-6438 cytotoxicity (Figure 5.39,

Figure 5.40).

(a) (b)

Figure 5.39. XTT assay with multiple doses after 6 days of treatment with EPZ-6438

in IRF4 overexpressing cells (a) A375 (b) MELST.

(a) (b) (c)

Figure 5.40. XTT assay single-dose after 6 days of treatment with EPZ-6438 in IRF4

overexpressing cells (a) UACC62 (b) SKMEL28 (c) G361.
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5.6. In Pursuit of Synthetic Lethal Partners of IRF4 in Melanoma Cells

via Focused Pooled CRISPR-Cas9 Loss-of-Function Screen

For years, loss-of-function genetic screens have shed light on gene dependencies

in cancers and other diseases. Initially, RNAi screens and then CRISPR-Cas9 screens

have been used to identify vulnerabilities in cancers (Zhan et al., 2015; Huang et

al., 2020; Zhang et al., 2021). As part of this thesis, we used CRISPR-Cas9 pooled

screen to identify IRF4 accomplices in melanoma cells. For this purpose, we used

SKMEL28, one of our IRF4-expressing cell lines, to carry out the CRISPR-Cas9 screen.

Furthermore, we sought targeted libraries focusing on transcription and gene expression

machinery and critical genes and pathways in cancer. We obtained the “Apoptosis

and Cancer” (ACOC) and “Gene Expression” gRNA libraries (GEEX) from Michael

Bassik (Stanford University) (Morgens et al., 2017). In the last section of the results,

the process of setting up the screen and analyzing preliminary data is described.

5.6.1. Analysis of gRNA Representation Post-Transformation

To check the efficiency of transformation and an estimation of the diversity of

gRNA vectors, in parallel with overnight liquid culture, a dilution plating assay was

carried out (Appendix Figure M.1). To determine gRNA distribution, we prepared

next-generation sequencing (NGS) libraries from plasmids extracted from liquid culture

and submitted them for sequencing. Upon receiving the NGS results, the Lorenz curve

method was used to analyze gRNA distribution. For this analysis, we extracted gRNA

data from the raw data files, aligned them, and counted them for every gRNA library.

Then, we calculated the area under the curve (AUC) for each library by plotting the

Lorenz curve. For example, AUC value of 0.5 means the same frequency for each

gRNA, which results in the steady increase in the fraction of sequenced and aligned

gRNAs. At this step, an AUC value of 0.5–0.7 is considered acceptable for gRNA

library distribution (Addgene Blog, 2016). According to the Lorenz curve, the AUC

values for the GEEX and ACOC libraries were 0.66 and 0.63, respectively (Figure

5.41). We concluded that the gRNA distributions in both libraries were acceptable,
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and we proceeded with lentiviral production. Since the gRNA vectors contain both

mCherry and Puromycin, we have based our flow-cytometry-based titration protocol

on the mCherry signal (Appendix Figure N.1, and N.2).

(a) (b)

Figure 5.41. gRNA distribution analysis for evaluation of transformation efficiency of

(a) GEEX library AUC=0.66 and (b) ACOC Library AUC=0.63.

5.6.2. Preliminary Analysis of CRISPR/Cas9 Library Screening

The purpose of the screening was the identification of negatively selected genes

with the context-essentiality factor of being an essential gene only in IRF4-depleted

cells and not in the control empty vector cells. For this study, each gene was targeted

with 10 gRNAs. Knocking out these genes would result in cell death. Therefore,

the population of cells carrying these targeting gRNAs would be in decline at day 21

(the end timepoint). NGS results were analyzed with MAGeCK (Appendix Table O.1,

O.2). In the algorithm used in MAGeCK, essential genes are detected by finding genes

whose sgRNAs are consistently ranked higher than other sgRNAs, using a method

called robust rank aggregation (RRA). This method considers the significance of the

rankings so that genes that are ranked higher because of chance are not identified as

essential (Li et al., 2014). The preliminary analysis results will be discussed for each

gRNA library separately.
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(a) (b)

Figure 5.42. CRISPR/Cas9 screening for ACOC library in SKMEL28-Cas9 EV cells.

(a) RRA score and (b) p-value of the top 10 negatively selected genes. For full details

of the top 5 genes (Appendix Table P.1)

(a) (b)

Figure 5.43. Top 2 common genes, gRNA counts in CRISPR screening in EV-ACOC

samples. T0: Start of dox-inducible Cas9 expression, T21: Endpoint.
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(a) (b)

Figure 5.44. CRISPR/Cas9 screening for ACOC library in SKMEL28-Cas9 sgIRF4

KO cells. (a) RRA score and (b) p-value of the top 10 negatively selected genes. For

full details of the top 5 genes (Appendix Table P.2).

(a) (b)

Figure 5.45. CRISPR/Cas9 screening for ACOC library in SKMEL28-Cas9 sgIRF4

KO cells. (a) RRA score and (b) p-value of the top 10 negatively selected genes. For

full details of the top 5 genes (Appendix Table P.2).
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5.6.2.1. Apoptosis and Cancer Library (ACOC). The analysis results for the ACOC

library show that the highest rank among negatively selected genes would be for genes

that have core essentiality. The core-essential genes are key genes in the most critical

biological processes, such as RNA polymerases and transcription initiation complexes,

the proteasome degradation complex, and glycolysis pathway genes. For example, In

ACOC results for both EV and sgIRF4 KO, the common genes negatively selected and

ranked in the top three genes are POLR2L, an RNA polymerase subunit, and PSMA3,

part of the proteasome degradation complex (Figure 5.42, Figure 5.44, and Appendix

Table P.1). Zooming in on the gRNAs targeting POLR2L (Figure 5.43a, Figure 5.45a)

and PSMA3 (Figure 5.43b, Figure 5.45b) reveals that almost the majority of gRNAs

targeting these genes have been depleted or decreased in endpoint samples. The pre-

liminary analysis of the ACOC library indicates that screening has been successful,

and samples can be analyzed with the purpose of identifying IRF4 synthetic-lethal

partners.

5.6.2.2. Gene Expression (GEEX) Library. In GEEX samples, similar to ACOC, pre-

liminary analysis was performed with MAGeCK. However, among the top three highest-

ranked genes in the negatively selected ranked gene list, there is only one common gene

between EV and sgIRF4 KO samples. RPL21, a component of 60s ribosomal subunit,

has ranked first in both EV and sgIRF4 KO datasets (Figure 5.46, Figure 5.47, and

Appendix Table P.2). Taking a closer look at sgRNA changes for RPL21 gene in each

dataset, out of 10 RPL21-targetting gRNA, more gRNAs were depleted in the EV

dataset than in the sgIRF4 KO dataset (Figure 5.46c, Figure 5.47c). Overall, the gene

scores and the fold-change values are higher in ACOC than in GEEX screening.

5.6.3. Pathway Enrichment and Gene Ontology (GO) Analyses

For each of the pooled libraries, based on the MAGeCK-generated ranked gene list

for negatively selected genes, genes with a q-value of less than 0.1 and a p-value of less

than 0.01 were picked. The common genes in between EV and sgIRF4 sets were filtered

out. The final list of genes consisted of all the genes which are negatively selected only
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in sgIRF4 KO samples, which means they are only essential genes in IRF4-knockout

cells (Appendix Figure Q.1). For gene set enrichment analysis, EnrichR was used, and

REACTOME, WikiPathways, and GO Biological Process were chosen to demonstrate

IRF4-dependent pathways (Kuleshov et al. 2016, Xie et al. 2021).

(a) (b)

(c)

Figure 5.46. Results of CRISPR/Cas9 screening for GEEX library in SKMEL28-Cas9

EV cells. (a) RRA score and (b) p-value of the top 10 negatively selected genes. (c)

gRNA counts for RPL21 genes in EV. T0: Start of dox-inducible Cas9 expression,

T21: Endpoint (Appendix Table P.3).
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(a) (b)

(c)

Figure 5.47. Results of CRISPR/Cas9 screening for GEEX library in SKMEL28-Cas9

sgIRF4 KO cells. a) RRA score and p-value of the top 10 negatively selected genes.

b) gRNA counts for RPL21 genes in SKMEL28-Cas9 sgIRF4 KO. T0: Start of

dox-inducible Cas9 expression, T21: Endpoint of the assay (Appendix Table P.4).

5.6.3.1. Apoptosis and Cancer (ACOC) Library. The most enriched pathway across

REACTOME, WikiPathways, and Gene Ontology analysis is the cell cycle and its

regulation (Figure 5.48). This is an interesting finding, as the role of IRF4 in the

deregulation of the cell cycle has been discussed previously (Figure 5.25, Figure 5.26).

The data indicate a further major role for IRF4 in the regulation of cell cycle and

proliferative signaling than what we have seen until now. Another noteworthy finding

is the significance of the G1/S transition process in REACTOME and WikiPathways
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(Figure 5.48a and b). As shown previously, IRF4 downregulation resulted in an increase

in the G1 population (Figure 5.25). Finally, the most recurrent non-cell-cycle term in

this analysis was related to proteasome degradation and ubiquitin-related processes

(Figure 5.48b and c). Overall, the results of screening with ACOC further confirm

previous results and give insight into a potential link between IRF4 and the process of

protein degradation by proteosomes and ubiquitination.

5.6.3.2. Gene Expression (GEEX) Library. Preliminary analysis of screening with the

GEEX library revealed that the most repeated term across all 3 databases was related

to Transcription and RNA processes (Figure 5.49, Appendix Figure Q.2). This is to

be expected, as the GEEX library is specifically designed to identify genes involved in

gene expression. The enrichment analysis was carried out based on genes that were

depleted in sgIRF4 KO samples; Even with different genes being depleted in EV sam-

ples, the same terms can be encountered. Therefore, it would be better to focus on

more specific terms. The other most noteworthy process is the regulation of lipid

metabolism and the PPARα-mediated process, which was a hit both in REACTOME

and WikiPathways, (Figure 5.49a and b). PPARα is a major transcriptional regula-

tor of lipid metabolism. Studies have shown that IRF4 is a major regulator of lipid

metabolism in brown adipocytes (Egouchi et al., 2011). In melanoma, the link between

IRF4 and lipid metabolism and how it affects tumorigenesis is poorly understood.
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(a)

(b)

(c)

Figure 5.48. GSEA of ACOC results of essential genes in IRF4-KO.
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(a)

(b)

(c)

Figure 5.49. GSEA of GEEX results of essential genes in IRF4-KO.
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6. DISCUSSION

Research for novel targeted therapies, including those that target cancer cells or

modulate the immune system, as well as the repurposing of some renowned therapeutic

agents, is at the forefront of cancer therapeutic studies. In parallel, pursuing novel po-

tential prognostic markers, specially in cancers with high metastasis potency, is crucial.

The rise in annual melanoma incidences demands better prognostic markers and ther-

apeutic strategies. Although many targeted therapies such as BRAF inhibitors, MEK

inhibitors, and checkpoint inhibitors have been effective for melanoma patients, after

some time, develop resistance. It has been well-established that the distribution of

oncogenes, tumor suppressors, and immune profiles within and across melanoma sub-

types can influence tumor behavior and clinical outcomes (Emran et al., 2019; Wagstaff

et al., 2022). In addition to the significantly mutated genes and other genomic aberra-

tions in melanomas, the phenotype switching and cell plasticity impact the mechanisms

of resistance to both targeted and immune checkpoint blockade (ICB) therapies (Ram-

bow et al., 2019). Taken together, finding new prognostic markers which can also

give insight into the most effective combinatory therapeutic protocols is critical for

improving the long-term expectancy and the quality of life in melanoma patients.

The role of IRF4 in some lymphoid-origin cancers, such as multiple myeloma,

ABC-DLBCL, and ALCL, has been extensively characterized (Shaffer et al., 2008; Yang

et al., 2012; Weilemann et al., 2015). Furthermore, the IRF4-dependency and IRF4-

mediated drug sensitivities in these cancers are also well-studied. In these cancers,

by targeting upstream regulators, IRF4 expression is diminished, and cells become

sensitized toward a complementary treatment or die. In multiple myeloma and other

mature lymphoid malignancies, treatment with immunomodulatory drugs (IMiD) such

as lenalidomide has been shown to decrease IRF4 levels in the cells (Lopez-Girona et

al., 2011; Zhang et al., 2013). A more recent study in multiple myeloma reported

depletion of IRF4 via targeting with IRF4 antisense oligonucleotides led to cell cycle

arrest and impairment in cell growth (Mondala et al., 2021).
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Melanoma tumors express the highest levels of IRF4 among all non-hematopoietic

malignancies (Figure 5.1, Figure 5.3). DEPMAP CRISPR screening data show IRF4

dependency in IRF4-expressing melanoma cell lines (Figure 5.2). Furthermore, in

cutaneous melanoma TCGA patient data, higher IRF4 expression indicates poorer

prognosis compared to IRF4 low patients (Figure 5.4). Therefore, IRF4 expression can

be used as a prognosis marker in melanoma.

Depletion of IRF4 led to impaired growth and proliferation in melanoma cells

(Figure 5.7). To elucidate the IRF4 downstream mechanisms, we went back to the pre-

vious RNA-seq data from our group (Yilmaz, 2014). According to RNA-seq data, IRF4

is a potential regulator of a subset of chromatin modifiers responsible for establishing

and maintaining epigenetic silencing marks: DNMT1, DNMT3B, and UHRF1 mem-

bers of DNA methylation machinery, and EZH2 of the polycomb repressive complex

2 (PRC2). RNA-seq data were confirmed with qRT-PCR (Figure 5.10, Figure 5.14)

and western blot (Figure 5.11, Figure 5.15). Additionally, analysis of ENCODE data

in melanoma suggested potential IRF4 binding regions in DNMT1 and DNMT3B, and

EZH2, which was then verified with ChIP-qPCR (Figure 5.12, Figure 5.16). As a re-

sult, IRF4 transcriptionally regulates DNMT1, DNMT3B, and EZH2. All these genes

are methyltransferase enzymes, DNMT1/DNMT3B responsible for maintenance and de

novo DNA methylation, respectively, and EZH2 is the writer enzyme for H3K27me3, a

histone modification for gene silencing. As the outcome of IRF4-modulated alterations

in the expression of DNMT1, DNMT3B, and UHRF1, the global DNA methylation

levels were significantly changed. Similarly, IRF4 depletion led to the downregulation

of EZH2 levels, which caused the loss of H3K27me3 in the melanoma cells (Figure

5.17). As a result of IRF4 loss in melanoma cells, global DNA methylation levels were

reduced in SKMEL28 cells. Whereas overexpression of IRF4 leads to augmentation of

methylation genome-wide (Figure 5.13). However, the overexpression of IRF4 resulted

in no significant change in global H3k27me3 levels in A375 cells (Appendix Figure

H.2). Overall, we established that in a subset of melanoma cells, there is IRF4-driven

epigenetic silencing program, which is diminished upon IRF4 depletion.
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Encouraged by the genome-wide results, we focused on a detailed study of some

candidate genes downstream of the reshaping of epigenetic silencing in melanoma cells.

In melanoma, like many other cancers, the target of epigenetic silencing mechanisms

are tumor suppressors and any other gene whose expression would decrease the fit-

ness of the cancer cells. As the outcome of qRT-PCR screening of tumor suppressor

genes, which were known to be hypermethylated in melanoma tumors, we focused on

three genes with pivotal roles in the regulation of cell cycle, proliferation, and home-

ostasis of melanoma cells. The two key cell cycle-related genes, CDKN1A/p21 and

CDKN1B/p27, are inhibitors of CDK and function as cell cycle checkpoint regula-

tors, and the third gene is PTEN, the negative regulator of the PI3K-AKT pathway.

All these three genes are activated upon IRF4 depletion (Figure 5.20, Figure 5.21),

whereas an increase in IRF4 levels led to their suppression in melanoma cells (Figure

5.22, Figure 5.23). Furthermore, all these three genes are known to be hypermethy-

lated in melanoma cells (Carnero et al., 2008; Alcazar et al., 2011; Grigore et al., 2020;

Zob et al., 2023). Therefore, we checked their methylation levels with the MSRE-qPCR

method, and the results demonstrated that IRF4 loss is followed by loss of DNA methy-

lation levels at the promoters of these genes. On the other hand, IRF4 overexpression

resulted in the establishment of hypermethylated promoters for p21, p27, and PTEN

(Figure 5.24). The phenotypic consequence of these changes was cell cycle arrest at

G1 in IRF4-depleted melanoma cells (Figure 5.25). IRF4-mediated PTEN loss led to

a decrease in pSer473 AKT (pAKT), the key modification for AKT activity. Conse-

quently, the loss of pAKT levels is followed by the loss of pS6 and pFOXO1 levels.

The outcome of pS6 and pFOXO1 loss is dysregulation of translation and stabiliza-

tion of FOXO1 protein, respectively (Figure 5.27). Furthermore, FOXO1 escapes from

degradation, which will activate apoptosis and cell death (Xing et al., 2018; Orea-

Soufi et al., 2022). Taken as a whole with other phenotypic data discussed in this

thesis, there is an IRF4-linked cell cycle and proliferation program in melanoma cells,

and when IRF4 expression is diminished, the melanoma cells cannot proliferate, and

subsequently, prolonged loss of IRF4 triggers cell death.
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On the other hand, IRF4 overexpression leads to a decrease in p21, p27, and

PTEN levels. Also, PTEN depletion leads to replenishment of pAKT and subsequently

elevated pS6 levels. Yet, it seems the abundancy of IRF4 in A375 and SKMEL28 cells

has implications for the deregulation of the cell cycle, shown as an increase in the

percentage of the population at the S phase and slower proliferation in A375 and

SKMEL28 cells (Figure 5.8, Figure 5.26). This can be interpreted as two different

possible scenarios, first impairment in DNA replication and maybe the accumulation

of DNA damage, which leads to an increase in the cell population at S-phase; the

second scenario is related to cell plasticity and phenotype switching, but whether it

is towards an invasive phenotype or towards a differentiated phenotype is yet to be

studied.

As a target of the IRF4-EZH2 axis, we focussed on WDR19, which has already

been implicated as the target of EZH2 in melanoma (Zingg et al., 2018). WDR19,

known as IFT144, is part of the ciliary transport system and has a function in the

maintenance of cilia structure. In this study, we have demonstrated that IRF4 manipu-

lation affects WDR19 expression inversely (Figure 5.29, Figure 5.30). Furthermore, the

ChIP-qPCR data indicates that upon IRF4 loss, H3K27me3 levels decrease at WDR19

promoter (Figure 5.31). Overexpression of IRF4 results in depletion of WDR19, leading

to loss of cilia in A375 and UACC6. Moreover, the combination of IRF4 overexpression

and treatment with EZH2 inhibitor resulted in partial rescue of ciliogenesis in A375

cells (Figure 5.32, Figure 5.33). Zingg et al. reported that the implications of EZH2-

mediated cilia deconstruction are exhibited on the canonical WNT-βcatenin pathway

(Zingg et al., 2018). In accordance with their data, our results indicate activation of the

canonical WNT-βcatenin pathway and upregulation of βcatenin target genes, AXIN2

and MET. Hence, we suggest that through suppression of ciliogenesis genes, and loss

of cilia, the IRF4-EZH2 axis through the WNT-βcatenin pathway possibly contributes

to melanoma progression.

As the final piece of IRF4-mediated epigenetic silencing, we investigated the rela-

tionship between IRF4 and two different epigenetic inhibitors: The DNMT inhibitors
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(5-Aza and Decitabine) and the EZH2 inhibitor (Tazmetostat). The XTT results from

combining IRF4 manipulation and treatment with DNMT inhibitors have shown that

IRF4 contributes to resistance of the melanoma cells toward the effect of these drugs.

As IRF4 expression and response to DNMT inhibitor are inversely linked. However,

depletion of IRF4 will lead to sensitization of cells to 5-Aza and Decitabine. Further-

more, XTT results from IRF4 overexpression and EZH2 inhibitor treatment indicate

aberrant IRF4 levels in the cells have a negative contribution to EPZ-6438 cytotoxic

response in melanoma cells. Overall, the XTT assays for both drugs suggest that

treatment with these drugs in patients with high IRF4 expression may have lower effi-

cacy at milder doses compared to patients with no IRF4 expression. As the last part

of this study, to expand our knowledge on IRF4 partners in melanoma, we carried

out CRISPR/Cas9 loss-of-function screening to find IRF4 synthetic lethal partners

in SKMEL28 cell lines with two targeted libraries, Apoptosis and Cancer (ACOC)

and Gene Expression (GEEX). Due to budget restrictions, we could only process one

replicate for each sample. Therefore, the reported results are preliminary.

The results of screening with ACOC showed that in IRF4 knockout samples,

gRNA-targeting genes involved in cell cycle regulation and proteasomal degradation

were negatively selected. This means that the loss of IRF4 combined with the loss of

these genes led to cell death and the depletion of cells carrying the gRNAs related to

these pathways. These data further confirm and even expand the role of IRF4 in reg-

ulating the cell cycle and, subsequently, proliferation in melanoma cells. Furthermore,

it was surprising to see genes related to the proteasomal degradation pathway. One

of the possible future directions for this work could be the investigation of the link

between IRF4 expression and pathways that lead to proteasomal degradation, such as

ubiquitination.

The outcome of screening with the GEEX library generated a smaller number

of significantly negatively selected genes. Therefore, the significance of the gene set

enrichment analysis results was also lower than that of ACOC. However, the most

interesting result was from genes related to lipid metabolism and PPARα-mediated
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processing. Previous work from RNA-seq data reported a possible link between IRF4

and lipid metabolism (Yilmaz, 2014). Additionally, studies have shown IRF4 to be

a key modulator of lipogenesis and the metabolism of lipids in adipocytes of brown

fat tissue (Eguchi et al., 2011; Kong et al., 2014). However, the implication of IRF4

expression on lipid metabolism in melanoma cells still needs to be studied.

In conclusion, there are studies that have shown that through modulation of

epigenetic silencing, we can modulate drug efficacy in melanoma patients, in particular

the response to immune checkpoint inhibitor (ICB) treatments such as anti-PD-L1

and anti-CTLA-4 (Emran et al., 2019). Also, a recent study has shown that IRF4

expression negatively regulates PDL1 expression through suppression of IRF4 and that

IRF4 depletion via downregulation of SOX10, its upstream regulator, could improve

response to ICB (Yokoyama et al., 2021). Hence, the link between IRF4 levels and

immune response in cancer cells is another promising path to further illuminate if IRF4

expression contributes to poorer prognosis through modulation of immune response in

melanoma cells.

Figure 6.1. The proposed model for role of IRF4 in melanoma
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Another noteworthy point regarding epigenetic silencing machinery in cells that

we didn’t discuss here is H3k9me3 and its multiple writer enzymes. Studies have shown

the key writer enzyme for H3K9me3 in melanoma tumors is SETDB1, and its amplified

expression is critical for melanoma development (Ceol et al., 2011; Orouji et al., 2019).

According to RNA-seq data, we are aware that the only H3K9me3 writer regulated

by IRF4 is SETDB1 (Yilmaz, 2014). Although we have acquired preliminary data

regarding IRF4’s impact on SETDB1 expression and H3K9me3 levels, due to lack of

time, we haven’t followed up.

Taken together, the experiments in the first part of this thesis and preliminary

results from CRISPR/Cas9 screening suggest IRF4’s involvement in cell cycle regula-

tion is broader than what we have seen. Moreover, the result of this study implies

a potential role for IRF4 in pathways leading to proteasomal degradation and lipid

metabolism, which is yet to be studied. Based on the results of this study, we indicate

that the impacts of IRF4 expression are broader than what we had foreseen. Also, we

propose that one of the ways IRF4 expression regulates cell cycle, proliferation, and cell

homeostasis is through modulation of epigenetic silencing marks and subsequently reg-

ulating the expression of downstream targets such as p21 and p27 and the PI3K-AKT

pathway through PTEN (Figure 6.1).

Finally, our study indicates that in cutaneous melanoma cells, distorted DNA

methylation machinery and epigenetic silencing mechanisms can alter the efficacy of

specific therapies. Additionally, the determination of IRF4 expression could potentially

have implications for diagnosis and choosing a method of treatment in melanoma. Fur-

thermore, regarding the role of IRF4 in cell plasticity and phenotype switching in IRF4-

expressing tumors, we need to investigate and characterize whether the downregulation

of IRF4 in certain phenotypes could also be an indicator or efficacy of drug response in

these patients. As the next step, these results need to be further investigated in vivo

as xenograft studies or using conditional IRF4 knockout mouse melanoma models.
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APPENDIX A: KH1 PLASMID

Figure A.1. KH1 plasmid map. The region where shLuc, shIRF4-1, or shIRF4-2

inserts were cloned is indicated in yellow (Yildiz-Ayhan, 2023).
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APPENDIX B: pINDUCER20 VECTOR

Figure B.1. pInducer20 map. With Gateway cloning, IRF4 cDNA was cloned in

between attR elements replacing the ccdB resistance element (Yildiz-Ayhan, 2023).
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APPENDIX C: CRISPR/CAS9 VECTORS

Figure C.1. pCW-Cas9 (Addgene: 50661) plasmid used in generation of Cas9 stable

melanoma cell lines (from Wang et al., 2014).
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Figure C.2. pLKO5.sgRNA.EFS.GFP plasmid (Addgene 57822) used to express

sgRNAs in stable melanoma cell lines (Heckl et al., 2015; Yerinde, 2016).
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APPENDIX D: IRF4 EXPRESSION IN MELANOMA

CELL LINES

Figure D.1. Western blot for IRF4 expression across melanoma cell lines with

non-melanoma cells as controls (MCF7, MDA-MB231, HEK293FT).
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APPENDIX E: IRF4 OVEREXPRESSION-PHENOTYPIC

ASSAY

Figure E.1. Real-time cell analysis with XCELLigence in IRF4 overexpressing in

SKMEL28 cells.

Figure E.2. XTT assay for 3 IRF4-overexpressing cell lines. n=3
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APPENDIX F: WESTERN BLOT FOR DNMTS IN

OTHER CELL LINES

Figure F.1. Western blot for DNMT1, and DNMT3B in IRF4-depleted G361.

MEWO, with IRF4 expression, is used as a negative control.

(a) (b)

Figure F.2. Western blot in IRF4 KO cells for DNMT1, DNMT3B, UHRF1.
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APPENDIX G: IRF4-BINDING SITES AT DNMT1 AND

DNMT3B LOCI

Figure G.1. UCSC genome browser shot. IRF4-binding site for DNMT1 promoter

and intronic site at DNMT3B loci. The open chromatin region is from DNaseI assay

in SKMEL-5, COLO829, MEL2183, and MELANO cell lines.
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APPENDIX H: WESTERN BLOT FOR HISTONE

MODIFICATIONS

Figure H.1. Western blot for EZH2 and H3K4me1. Related to Figure 5.17

Figure H.2. Western blot for H3K27me3 IRF4 overexpressing A375 cell line.
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APPENDIX I: IMMUNO BLOTS OF P21, P27, PTEN

Figure I.1. PTEN, p21 and p27 expression upon IRF4 knockdown.

Figure I.2. Western blot for PTEN, p21 and p27 expression in SKMEL28 cell line

overexpressing IRF4.
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APPENDIX J: MSRE-QPCR- THE UNDIGESTED

CONTROLS

Figure J.1. qPCR for undigested controls in IRF4 knockdown melanoma cells.

Figure J.2. qPCR for undigested controls in IRF4 overexpressing cells.
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APPENDIX K: IMMUNOBLOT OF PI3K-AKT PATHWAY

Figure K.1. Immunoblot for PI3K-AKT pathways and its downstream targets upon

IRF4 depletion.

Figure K.2. Immunoblot for PI3K-AKT pathways and its downstream targets in

IRF4 overexpressing A375 cell line at multiple timepoints.
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APPENDIX L: 5-AZA AND DECITABINE

Figure L.1. Correlation analysis for all NCI-60 cell lines panel and 5-Aza cytostatic

activity versus IRF4 expression. R = -0.04, linear regression p = 0.76.

Figure L.2. XTT assay results of Decitabine treatment in IRF4 overexpressing

melanoma cell lines.
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APPENDIX M: DILUTION PLATING ASSAY FOR

QUALITY CONTROL

Figure M.1. Representative presentation of dilution plating assay for ACOC library.



153

APPENDIX N: VIRUS TITRATION OF ACOC AND

GEEX LIBRARIES

Figure N.1. mCherry-based titration for viruses produced for GEEX libraries

screening in SKMEL28-Cas9 cells.

Figure N.2. mCherry-based titration for viruses produced for ACOC libraries

screening in SKMEL28-Cas9 cells.
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APPENDIX O: MAPPING STATISTICS FOR

CRISPR/CAS9 SCREENING

Table O.1 Mapping statistics for NGS results of screening with ACOC library

Label Percentage Total sgRNAs Zero counts Gini Index

ACOC-EV-1 0.65 31324 610 0.126

ACOC-EV-2 0.75 31324 1049 0.1589

ACOC-KO3-2 0.75 31324 1049 0.1606

ACOC-KO3-1 0.78 31324 851 0.1027

Table O.2 Mapping statistics for NGS results of screening with GEEX library

Label Percentage Total sgRNAs Zero counts Gini Index

GEEX-EV-1 0.62 24449 520 0.09623

GEEX-EV-2 0.59 24449 2786 0.2084

GEEX-KO3-1 0.61 24449 451 0.0945

GEEX-KO3-2 0.49 24449 1639 0.227
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APPENDIX P: TOP 5 GENES IN ACOC AND GEEX

LIBRARIES

Table P.1. Statistics of top 5 ranked genes for ACOC libraries in SKMEL28-Cas9 EV

samples.

id num neg—score neg—p-value neg—fdr neg—rank neg—lfc

PRPF19 10 1,03E-05 1,65E-03 0.00165 1 -44.434

POLR2L 10 3,83E-05 1,65E-03 0.00165 2 -44.308

PSMA3 9 9,90E-04 1,65E-03 0.00165 3 -44.661

GTPBP4 10 2,02E-03 4,94E-02 0.003713 4 -2.557

RRM2 10 3,23E-02 2,47E-02 0.014851 5 -30.506

Table P.2. Statistics of top 5 ranked genes for ACOC libraries in SKMEL28-Cas9

sgIRF4 KO samples.

id num neg—score neg—p-value neg—fdr neg—rank neg—lfc

PSMA3 10 1,57E-06 1,65E-03 0.000707 1 -48.568

POLR2L 10 1,65E-07 1,65E-03 0.000707 2 -55.981

SRSF3 10 7,19E-06 1,65E-03 0.000707 3 -65.889

RRM2 10 1,10E-06 1,65E-03 0.000707 4 -51.881

ALDOA 10 7,52E-05 1,65E-03 0.000707 5 -33.287
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Table P.3. Statistics of top 5 ranked genes for GEEX libraries in SKMEL28-Cas9 EV

samples.

id num neg—score neg—p-value neg—fdr neg—rank neg—lfc

RPL21 10 1,32E-02 2,12E-02 0.00495 1 -48.568

SNRPF 10 2,24E-02 1,48E-01 0.017327 2 -55.981

RBM8A 10 8,03E-02 6,57E-01 0.048515 3 -65.889

SF3B3 9 1,04E-01 0.00010389 0.048515 4 -51.881

UBTF 10 1,17E-01 9,12E-01 0.048515 5 -33.287

Table P.4. Statistics of top 5 ranked genes for GEEX libraries in SKMEL28-Cas9

sgIRF4 KO samples.

id num neg—score neg—p-value neg—fdr neg—rank neg—lfc

RPL21 10 8,51E-03 6,57E-01 0.0105817 1 -48.568

SF1 10 2,60E-01 0.00022685 0.0105817 2 -55.981

YTHDC1 10 2,74E-01 0.00023109 0.0105817 3 -65.889

ORC6 10 3,03E-01 0.00026078 0.0105817 4 -51.881

DGCR14 10 3,11E-02 0.0002735 0.0105817 5 -33.287
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APPENDIX Q: VENN DIAGRAM RELATED TO CRISPR

SCREENING

Figure Q.1. Venn diagram for filtering out common genes between EV and sgIRF4

KO in ACOC libraries. 92 genes only present in sgIRF4 KO samples used for further

analysis.

Figure Q.2. Venn diagram for filtering out common genes between EV and sgIRF4

KO in GEEX libraries. 43 genes only present in sgIRF4 KO samples used for further

analysis.




