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ABSTRACT 

CHARACTERIZATION OF IRF4 IN MELANOMA CELL LINES 

Interferon Regulatory Factor 4 (IRF4, also known as MUM1, LSIRF, NFEM5, 

and ICSAT) is a transcription factor with important regulatory roles on B-cell matura-

tion and differentiation. Although the first identification of IRF4 is as lymphocyte spe-

cific IRF family member, its expression was later shown in melanocytes, with unknown 

functional roles, until its recently identified functions in pigmentation. Alongside its key 

functional roles in lymphocytes, IRF4 expression is shown to be associated with many 

lymphoid cancers. For example, multiple myeloma (MM) and activated B-cell like dif-

fuse large B-cell lymphoma (ABC-DLBCL) cancer cells have high IRF4 expression lev-

els and have non-oncogene addiction to IRF4, so that these cells die if IRF4 expression 

is knocked-down. Surprisingly, immunohistochemistry studies show remarkable IRF4 

expression in melanoma samples compared to non-lymphoid cancer types. In addition, 

several genome wide association studies (GWAS) have also linked IRF4 polymorphisms 

to melanoma. In the light of these studies, we set out to identify the function of IRF4 in 

melanoma cell lines. First, by using publicly available gene expression databases we 

confirmed that IRF4 is highly expressed in melanomas, compared to the non-lymphoid 

cancers. We also validated that many melanoma cell lines we tested have remarkable 

endogenous IRF4 expression, while non-lymphoid cancer cell lines have no detectable 

expression. We then knocked-down IRF4 levels in melanoma cells by introducing short 

hairpin RNA (shRNA) using a lentiviral infection system and observed reduced com-

petitive fitness upon IRF4 knock-down. Our results suggest that melanoma cells have 

non-oncogene addiction to IRF4 in vitro, similar to the observations in MM and ABC-

DLBCL cells. 



 v 

ÖZET 

MELANOMA HÜCRE HATLARINDA IRF4 BAĞIMLILIĞININ 

KARAKTERİZASYONU 

İnterferon düzenleyici faktör 4 (IRF4, aynı zamanda MUM1, LSIRF, NFEM5 ve 

ICSAT olarak da bilinir) B-hücrelerinin olgunlaşmasında ve farklılaşmasında önemli 

etkileri olan bir transkripsiyon faktörüdür. IRF4’un ilk olarak ‘lenfositlere özgü IRF 

ailesi üyesi’ ismiyle tanımlamasına karşın, melanositlerde de IRF4 anlatımı olduğu 

sonraki çalışmalarda gösterilmiştir. Yakın zamanda IRF4’un melanosit 

pigmentasyonunda rol aldığı tanımlanana kadar melanositlerdeki fonksiyonu 

bilinmemekteydi. Lenfositlerdeki önemli fonksiyonel işlevlerinin yanı sıra, IRF4 

anlatımı birçok lenfoid kanseri ile ilişkili bulunmuştur. Örneğin, multipl mylelom (MM) 

ve aktifleşmiş B-hücre benzeri difuz büyük B-hücreli lenfoma (ABC-DLBCL) kanseri 

hücreleri yüksek miktarda IRF4 anlatımına sahiptir ve IRF4’a bağımlılıkları vardır, bu 

da eğer IRF4 susturulursa bu hücrelerin öleceği anlamına gelir. Şaşırtıcı şekilde, 

immünohistokimyasal çalışmalar ile melanoma örneklerinde lenfoid-olmayan kanser 

türlerine kıyasla dikkat çekici miktarda IRF4 seviyesine rastlanmıştır. Ek olarak, bazı 

genom ölçeğinde ilişkilendirme çalışmaları (GWAS) da IRF4 polimorfizmlerini 

melanoma ile ilişkilendirmiştir. Bu çalışmalar ışığında IRF4’un melanoma hücre 

hatlarındaki fonksiyonunu belirlemek için yola çıktık. İlk olarak halka açık gen anlatımı 

veritabanlarını kullanarak, lenfoid-olmayan kanserlere kıyasla, melanomalarda yüksek 

miktarda IRF4 anlatımı olduğunu doğruladık. Ayrıca in vitro deneyler ile; denediğimiz 

birçok melanoma hücre hattında dikkat çekici miktarda endojen IRF4 anlatımı olduğunu, 

diğer lenfoid-olmayan kanser hücre hatlarında da belirlenebilir seviyede bir anlatımı 

olmadığını teyit ettik. Daha sonra melanoma hücrelerinde, lentiviral enfeksiyon ve RNA 

interferaz sistemi kullanarak IRF4’u susturduk, ve hücrelerin rekabete dayanan sağlık 

durumlarında düşüş gözlemledik. Sonuçlarımız melanoma hücrelerinin, tıpkı MM ve 

ABC-DLBCL hücrelerinde gözlemlendiği gibi, IRF4’a karşı in vitro bağımlılığının 

olduğunu gösteriyor. 
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1.  INTRODUCTION 

1.1.  Molecular Biology of Cancer 

Cancer is a neoplastic disease caused by genetic alterations in the genome. The 

disease is basically defined as uncontrolled growth and spread of abnormal cells and this 

uncontrolled cell spread is lethal due to vital organ failure if it can not be treated. Nor-

mal cells have strict control mechanisms preventing them from forming a tumor. These 

cells need to obtain several functional capabilities in order to proliferate, escape the cell 

death and activate metastasis. There are a number of traits that provide metastatic and 

growth capabilities to the tumor (Hanahan and Weinberg, 2000). These hallmarks of 

cancer are schematized in Figure ‎1.1. 

 

Figure ‎1.1.  The hallmarks of cancer. Illustration of acquired functional capabilities of 

cancer during their development (Hanahan and Weinberg, 2000). 
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Proliferation capacity of the tumors plays the most fundamental role in oncogen-

esis. Normal cells control the growth signal production and release, thus controls the cell 

cycle and division. These signals are deregulated by cancer cells, making them able to 

re-write their destiny (Lemmon and Schlessinger, 2010). Cancer cells must activate 

promoting signals (Witsch et al., 2010) and bypass negative regulatory signals (Burkhart 

and Sage, 2008). 

Programmed cell death is a natural barrier preventing the cancer development. 

During tumorigenesis, cancer cells encounter physiological stresses that activate the 

apoptotic pathway in these cells. Foretold stresses are caused by signaling imbalances in 

elevated oncogene levels, and DNA damage (Adams and Cory, 2007). Tumor cells de-

velop escape mechanisms to get over apoptosis. The most commonly exploited strategy 

is the loss of TP53 tumor suppressor, which means the shutdown of an important dam-

age sensor in the apoptosis induction. There are also other mechanisms used by cancers, 

involving the alteration of anti-apoptotic regulators (Bcl-2, Bcl-xL) or pro-apoptotic fac-

tors (Bax, Bim, Puma) (Willis and Adams, 2005). 

High proliferation rate in turn requires high nutrients and oxygen, and the dis-

posal of metabolic waste. Normal cells are supplied with these needs by already existing 

blood vessels, which develops at the embryogenesis step of the organism. However, the 

vasculogenesis (formation of vascular tubes) and angiogenesis (sprouting of new tubes 

from established ones) are at a quiescent state after the morphogenesis and need to be 

turned on during carcinogenesis (Hanahan and Folkman, 1996). Vascular endothelial 

growth factor (VEGF) up-regulation by tumor cells accomplishes the purpose of angio-

genesis activation (Ferrara, 2009) while fibroblast growth factor (FGF) up-regulation 

sustains the activated angiogenesis (Baeriswyl and Christofori, 2009). 

Cancer cells undergo a series of biological changes before reaching the malig-

nant status. First step is spreading over the local tissue, then the intravasation of cancer 

cells through the basal membrane reaching blood and lymphatic vessels. Cancer cells 

enter these vessel and transit until the extravasation step in which the cells exit the capil-

laries and enter distant tissues. This step is the metastasis of the cancer cells and pro-
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ceeds into the growth of these cells in the distant tissues, termed colonization, which is 

the last step (Talmadge and Fidler, 2010).  

Tumor cells need to obtain some capabilities in order to perform metastatic fea-

tures. These capabilities are mostly alterations of their cell to cell, and cell to extracellu-

lar matrix (ECM) attachments. E-cadherin is the master cell to cell adhesion molecule, 

therefore its down-regulation helps cancer cells to increase their mobility (Berx and van 

Roy, 2009). N-cadherin is another adhesion molecule, normally expressed in migrating 

mesenchymal cells and neurons, which is observed to be up-regulated in many invasive 

tumor cells (Cavallaro and Christofori, 2004). 

Oncogenes and tumor suppressors are genes which contribute to the conversion 

of a normal cell into a cancer cell by affecting the mechanisms mentioned above. Pro-

teins encoded by oncogenes are involved in cell proliferation, apoptosis, or both. If an 

oncogene’s activation is increased by a mutation, amplification or a translocation, it 

leads to the cancer formation (Bueno et al., 2008). Discovery of oncogenes resulted in 

an anti-oncogene theory that suggested the existence of a gene group with the opposite 

effects of oncogenes; blocking tumor development. Earliest studies identified these as 

tumor suppressor genes (Harris et al., 1969), with regulatory roles in cell cycle check-

point, detection and repair of DNA damage and mitogenic signaling (Sherr, 2004). 

Oncogene and tumor suppressor gene products are mainly transcription factors. 

These protein products, by regulating the expression of target genes, controls signaling 

pathways that are important in cancer. Aberrant transcription factor activity may be 

caused by an alteration in its expression, change in its stability or a modification at its 

protein interaction. This aberrant activity leads to deregulation of genes which are in-

volved in tumor cell survival, proliferation, angiogenesis and metastasis (reviewed in 

Libermann et al., 2006). 
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1.2.  Skin Cancer and Melanoma Biology 

Two main types of skin cancer are present; non-melanoma and melanoma skin 

cancers. Non-melanoma skin cancer (NMSC) can arise from transformed keratinocytes, 

have a higher incidence rate compared to melanoma, but are less aggressive. Although 

NMSC is much more common than melanoma, melanoma is the major cause of death 

among all skin cancers, accounting up to 80 per cent of mortality from skin cancers. 

There are some important warning signs of melanoma, which can be used to de-

tect malignancy of a nevus (growth of melanocytes, forming a mole). These signs are 

described by a mnemonic rule: ABCDE of melanoma. A is for the asymmetry of the ne-

vus; B is for borders irregularity; C is for the color (uniform and variegated pigmenta-

tion; D is for the diameter (greater than 6mm); E is for evolving over time (Abbasi et al., 

2004). 

Melanoma has a complex etiology. Environmental factors are effective in its 

genesis. Ultraviolet (UV) radiation exposure is determined as the primary environmental 

cause. Other risk factors are phenotypical characteristics such as green or blue eyes, red 

or blond hair, freckles score and melanocytic nevi count (100 or more). The last risk fac-

tor is a personal or family history of melanoma). Familial background constitutes up to 

10% of melanoma cases. Relatives of patients who suffer from melanoma have an in-

creased risk of melanoma development (Badenas et al., 2012). Also second primary 

melanoma risk of an individual increases eight-fold after the first melanoma diagnosis 

(Bradford et al., 2010). 

Since most of the non-melanoma skin cancer (NMSC) cases are highly curable, 

dividing the skin cancer topic into two subgroups of melanoma and NMSC is statistical-

ly more accurate. Even though melanoma is also highly curable at the early stages if 

treated properly, it is more likely to metastasize compared to NMSC types. 
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In the United States, melanoma diagnosis is expected to be at a number about 

76,690 in 2013 (Figure 1.2). Although this number is less than the 5% of all skin cancer 

cases, it is the majority of deaths caused by skin cancer. The incidence rates of melano-

ma have been increasing for more than 30 years. Skin cancer related 12,650 deaths are 

estimated for 2013. Out of this estimation, 3,170 of the deaths are from NMSC while 

9,480 of the deaths are of melanoma origin. 

 

Figure ‎1.2.  Estimations of American Cancer Society for 2013. (American Cancer Socie-

ty. Cancer Facts & Figures 2013. Atlanta: American Cancer Society; 2013) 

1.3.  Melanoma Molecular Biology  

There are a number of penetrant genes included in melanoma susceptibility. Two 

of these genes, which are high penetrant, are cyclin-dependent kinase 4 (CDK4) and cy-

clin-dependent kinase inhibitor 2A (CDKN2A). Both genes play a role in the cell cycle. 

CDKN2A is a tumor suppressor gene with two different transcripts, α and β, which en-

codes p16 and p14ARF protein, respectively. Protein p16 regulates G1-phase exit while 

p14ARF is involved in p53 pathway and induces apoptosis or cell cycle arrest 
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(Pomerantz et al., 1998, Serrano et al., 1993). CDK4, on the other hand, is an oncogene 

with a protein product which is one of the binding partners of p16 (Zuo et al., 1996). 

There are also other genes linked with melanoma susceptibility. Two of them are 

medium penetrant genes, microthalmia-associated transcription factor (MITF) and mela-

nocortin-1 receptor (MC1R). MITF have important regulatory roles on melanocyte de-

velopment and differentiation. It has been implicated in melanoma susceptibility after 

recent studies, underlying its importance also in melanoma development and differentia-

tion (Bertolotto et al., 2011, Levy et al., 2006). MC1R takes part in pigmentation pro-

cess by encoding melanocyte-stimulating hormone. Some MC1R variants are associated 

with melanoma risk (Suzuki et al., 1996, Williams et al., 2011). 

A number of key molecular pathways are implicated in melanoma tumorigenesis; 

mitogen activated protein kinase (MAPK), phosphoinositide-3-OH kinase (PI3K), reti-

noblastoma (RB) and p53. MAPK pathway is activated by the binding of growth factors 

to receptor tyrosine kinase (RTK). This binding activates Ras GTPase, which recruits 

Raf and leads to the phosphorylation of downstream elements. MAPK pathway is re-

sponsible for the control of cell growth, survival and invasion. Therefore its aberrant ac-

tivation is an essential feature of many cancers, including melanoma (Panka et al., 

2006). Activation of MAPK pathway in melanoma is generally through B-raf or N-ras 

activation. B-raf activating mutations are the most commonly found mutations in mela-

noma, covering 66% of all cases. A single base pair substitution at codon 600 constitutes 

up to 90% of all B-raf mutations that causes glutamate to valine change (V600E) and 

constitutive activation of B-raf (Davies et al., 2002). N-ras mutations are roughly seen at 

15% of all melanomas. It is mutated mostly in codon 61 (Q61R and Q61K), making it 

constitutively active (Ball et al., 1994, Malumbres and Barbacid, 2003). 

PI3K pathway is responsible for the regulation of cell survival, proliferation and 

motility. It resides in the downstream of Ras, and like B-raf, it is activated in the pres-

ence of oncogenic N-ras (Cully et al., 2006). Genetic alterations in this pathway are ob-

served in low frequency in melanoma. However, phosphate and tensin homologue 

(PTEN) is a tumor suppressor gene that inhibits PI3K pathway and loss of its expression 



 7 

is seen in 5-20% of primary melanomas. This expression loss can be caused by a dele-

tion, mutation or promoter methylation (Wu et al., 2003). 

p53 is a transcription factor that controls the stability of the genome (therefore 

named as the guardian of the genome) by blocking cell cycle, initiating DNA repair 

mechanisms or leading abnormal cells to apoptosis. The p53 pathway is disrupted in 

many malignancies by directly targeting p53 itself. However, regulators of p53 pathway 

are mainly found to be mutated in melanomas instead of the p53 itself (Albino et al., 

1994). Two important regulators of this pathway are mouse double minute 2 homologue 

(MDM2) and p14ARF. MDM2 negatively regulates the p53 activity and promotes p53 

degradation, while p14ARF negatively regulates MDM2 and helps the stabilization of 

p53 (Lowe and Sherr, 2003). 

In order to proliferate and/or migrate, melanocytes need to obtain mutations to 

bypass the regulatory function of keratinocytes, which tightly controls them. By cadher-

ins (a group of intercellular adhesion junctions), melanocytes are retained in epidermis. 

E-cadherin is expressed at all epidermal cells, while N-cadherin is expressed only in 

dermal fibroblasts and vascular endothelial cells. Loss of E-cadherin and gain of N-

cadherin at a melanocyte provides increased motility to the cell, aiding its invasion po-

tential. 

After the invasion of epidermis, transformed melanocytes can form a benign ne-

vus. Following the formation of a nevus, the tumor can become aggressive and go into a 

radial growth phase by invading nearby epidermal tissue. The next stage is the vertical 

growth phase where the melanoma becomes malignant and invades through the dermis, 

reaching to the lymphatic and the vascular system (Figure 1.3). 
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Figure ‎1.3.  Melanoma Progression Chart. Adapted from (Vultur and Herlyn, 2013) 

1.4.  IRF4 and Its Connection to Cancer 

1.4.1.  Initial Characterization of IRF4 

There are nine members of IRF family transcription factors in humans and mice. 

They are named with a number from one to nine: IRF1, IRF2, IRF3, IRF4 (MUM-1, 

LSIRF, ICSAT, and NFEM5), IRF5, IRF6, IRF7, IRF8 (ICSBP) and IRF9. Initial dis-

covery of IRFs were describing them as downstream regulators at the interferon signal-

ing pathway, emphasizing crucial roles of them in both adaptive and innate immune re-

sponses, and correlating them to tumorigenesis (Shaffer et al., 2009, Tamura et al., 

2008). IRF4’s first identification was as lymphocyte-specific nuclear factor (NFEM5), 

provided by the evidence of it binding to EM5 motif contiguous to PU.1 binding site in 

the κE3’ enhancer sequence (Pongubala et al., 1992). The characterization of IRF4 pro-

ceed as lymphocyte-specific IRF (LSIRF) and interferon consensus sequence-binding 

protein (ICSAT) after IRF4 was cloned from mouse spleen (Matsuyama et al., 1995) and 

adult T-cell leukemia (Yamagata et al., 1996) respectively. 
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1.4.2.  Structural Features of IRF4 

IRF4 protein comprises three major parts that compose a single polypeptide 

chain. One of these three parts is N-terminal DNA binding domain (DBD) (Matsuyama 

et al., 1995), the other part includes intermediary linker domain which is important for 

the conformational changes of IRF4 protein, and the last part is responsible for regulat-

ing the function of protein and contains two transactivation domains (TAD) along with 

auto inhibition and ternary complex formation regions. These three domains have been 

highly studied, therefore their functional elements are identified (Figure 1.4). Compared 

by the structural features, IRF4 is most closely related to IRF8 among all other IRFs. 

Given in numbers, IRF4 and IRF8 have 83% similarity in their N-terminus, 51% in their 

C-terminus and considerable homology at their DBDs. 

 

Figure ‎1.4.  Schematic Representation of the IRF4 Protein. AMD, activation masking 

domain; DBD, DNA binding domain; IAD, IRF association domain; ID, inhibitory do-

main; TAD, transactivation domain; W, tryptophan; α, α-helix. Adapted from Silva et 

al., 2012. 

With the assistance of its cofactors, IRF4 can play a role in the activation or re-

pression of a gene transcription. These cofactors are cell type and stage specific, which 

results in a lineage and stage restricted activation of IRF4 and modulation of gene ex-

pression. Without the cofactors for IRF4 to interact, its IRF4 association domain (IAD) 

masks the DNA binding domain (DBD) thus makes the IRF4 protein incapable of both 

binding to DNA and forming a ternary complex (Yamagata et al., 1996). 
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1.4.3.  Hematological Findings and Functions of IRF4 

IRF4 is an important regulator in hematopoietic cells; it has critical roles in lym-

phocyte development (Shaffer et al., 2009). Therefore it is deeply studied; the interac-

tion partners of IRF4 and the major pathways that involve IRF4 are identified in immune 

cells to a considerable extent (Figure 1.5). 

 

Figure ‎1.5.  IRF4 Activity in Immune Cells. IRF4 can activate or repress various tran-

scriptional targets in different immune cells. IBP, IRF4 binding protein; LC, light chain. 

Adapted from Silva et al., 2012. 

Studies with Irf4 
-/- 

mice showed that IRF4 is dispensable in early B-cell differen-

tiation but essential for late B-cell differentiation. In the absence of IRF4, Irf4 
-/- 

mice 

lacked germinal centers (GCs) and plasma cells, along with decreased serum immuno-
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globulin (Ig) levels that lead to failure in antibody responses (Mittrucker et al., 1997). 

IRF4 is found out to be required for plasma cell development with functional in vivo 

studies on Irf4 
-/- 

B-cells. These studies also revealed that IRF4 has a critical role on im-

munoglobulin class switch recombination (CSR), which is a process that takes place be-

fore the plasma cell development (Sciammas et al., 2006). Follow-up studies shown that 

nuclear factor-κB (NF-κB) activation up-regulates IRF4, which represses the key regula-

tor of GC B-cells, B-cell lymphoma 6 (BCL-6) (Klein and Dalla-Favera, 2008). In 

summary, IRF4 has important roles in, abolishing GC B-cell program, driving CSR pro-

cess and programming centrocytes into plasma cell differentiation (De Silva et al., 

2012). 

In addition to the roles of IRF4 in B-cell lineage, it is an important regulator in 

T-cell and myeloid-cell differentiation. IRF4 controls cytokine expression and apoptosis, 

leading the differentiation progress in T-helper 2 (Th2) and Th17 cells (Zheng et al., 

2009). In macrophages, IRF4 is required for toll-like receptor (TLR) signaling (Honma 

et al., 2005). In dentritic cells, it is required for the expression of surface major histo-

compatibility complex class II (MHCII) and antigen presentation of these cells (Suzuki 

et al., 2004). Overall, IRF4 is a critical regulator in immune cells, with developmental 

functions, determining the fate of the cells. (De Silva et al., 2012). 

Apart from all the functions of IRF4 in hematopoietic cell lineages, recent stud-

ies emphasize its roles in non-hematopoietic cell types. In adipocytes, IRF4 determines 

the transcriptional response to nutrient availability and its reduction increases lipid syn-

thesis (Eguchi et al., 2011). 

1.4.4.  IRF4 in Melanocytes 

There was no identified functional role for IRF4 in melanocytes until recently. 

First implication of IRF4 in pigmentation is through some GWAS studies that found an 

IRF4 SNP (rs12203592-T) associated with increased freckles score, sensitivity of the 
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skin to sun exposure, blue eyes and brown hair color (Han et al., 2008, Sulem et al., 

2007).  

A recent study identified the mechanism of IRF4 in melanocytes along with the 

function of the SNP that was found to be associated with pigmentation through the 

GWAS studies. They investigated the SNP (rs12203592-T) which is in intron 4 of IRF4 

and found out that it lies within an enhancer of IRF4 transcription. They showed that 

microphthalmia-associated transcription factor (MITF) and activating enhancer binding 

Protein 2 alpha (TFAP2A) cooperatively activates IRF4 expression, by interacting with 

the intron 4 that the SNP (rs12203592-T) is observed in. This SNP is shown to be de-

creasing the binding efficiency of TFAP2A to the enhancer, resulting in decreased IRF4 

expression. They also showed that MITF and IRF4 cooperatively activate the transcrip-

tion of tyrosinase (TYR), which encodes a protein that is involved in melanin synthesis. 

The functional change in pigmentation caused by IRF4 SNP (rs12203592-T) is therefore 

explained by the alteration of IRF4 expression, also emphasizing the role of IRF4 in in-

creasing melanin synthesis (Praetorius et al., 2013). 

1.4.5.  Non-oncogene Addiction to IRF4 

With all the important developmental functions of IRF4 in lymphocytes, it is not 

surprising that the deregulation of IRF4 can stimulate a tumorigenic effect. Recent stud-

ies uncovered many IRF4-dependent malignancies including multiple myeloma (MM), 

activated B-cell like diffuse large B-cell lymphoma (ABC-DLBCL), adult T-cell leuke-

mia (ATL) and chronic lymphocytic leukemia (CLL) (Shaffer et al., 2009). 

Human T-lymphotropic virus 1 (HTLV-I) and Epstein-Barr virus (EBV) are re-

lated to lymphoma progression due to their effect of NF-κB pathway activation and in 

turn IRF4 expression elevation (Sharma et al., 2000). Cytokine IL-15 is a growth factor 

in some adult T-cell leukemia (ATL) cases and IRF4 transactivates IL-15 receptor α 

chain, suggesting that IRF4 can possibly promote growth in ATL cases (Kukita et al., 

2002, Mariner et al., 2002). EBV infection causes mature B-cells to transform into lym-
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phoblastic cells, but when IRF4 is knocked-down in these lymphoblastic cells, cell divi-

sion decreases and apoptosis increases (Xu et al., 2008). 

Chronic lymphocytic leukemia (CLL) susceptibility is found to be strongly asso-

ciated with a single nucleotide polymorphism (SNP) in the 3’UTR region of IRF4. The 

association is the result of a genome wide association study (GWAS) and is observed in 

several patient cohorts. Although the function of this SNP is unknown, it is associated 

more strongly with a CLL subtype that is of post-GC memory B-cell origin. Emphasiz-

ing the role of IRF4 in late B-cell differentiation, this SNP might be interrupting the 

plasma cell differentiation process of memory B-cells (Di Bernardo et al., 2008). 

Multiple myeloma (MM) is a malignancy of plasma cells that possess extensive 

range of genetic anomalies such as c-myc, N-ras, K-ras and p53 (Bergsagel and Kuehl, 

2005). The role of IRF4 in supporting carcinogenesis is most clearly shown in MM. In 

MM, direct targets of IRF4 are identified and it points out IRF4 as a master regulator; 

affecting metabolic control, membrane biogenesis, cell cycle progression, cell death, 

transcriptional regulation and plasmacytic differentiation. MYC is also identified as a 

direct target of IRF4 and it also transactivates IRF4 itself, creating an auto-regulatory 

loop. Knock-down of IRF4 by using short hairpin RNA (shRNA) is found to be toxic to 

myeloma cell lines, regardless of the combination of foretold genetic anomalies. In rare 

MM cases, a translocation juxtaposes IRF4 gene with immunoglobulin heavy chain lo-

cus, displaying the fact that IRF4 can act as an oncogene (Lidar et al., 1997). But in 

most of the cases, IRF4 is not genetically altered, suggesting a ‘non-oncogene addiction’ 

of myeloma cells to the aberrant function of normal IRF4 protein (Shaffer et al., 2008). 

Diffuse large B-cell lymphoma (DLBCL) subtypes have different gene expres-

sion characterizations based on the stages of B-cell differentiation. In activated B-cell 

like (ABC) subtype of DLBCL, high expression of IRF4 is a distinctive characteristic 

(Staudt and Dave, 2005). This high IRF4 expression is largely mediated by constitutive 

NF-κB activity in ABC-DLBCL, and it is lowly expressed in GC B-cell like (GCB) sub-

type of DLBCL where NF-κB activity is also low (Davis et al., 2001, Lam et al., 2005). 

Similar to the ‘non-oncogene addiction’ observed in the MM samples, ABC-DLBCL 
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samples are addicted to IRF4, and cell death is induced when IRF4 is knocked-down by 

shRNA (Yang et al., 2012). 

1.4.6.  Therapeutic Features of IRF4 

IRF4 directed therapy is a new approach in the field, with a benefit of not effect-

ing most normal cells because of IRF4’s tissue restricted expression. Lenalidomide, an 

immunomodulatory compound, is being used in MM and ABC-DLBCL malignancies 

recently, and the mechanism of action is identified in recent studies for both malignan-

cies. 

MM patients treated with lenalidomide have significantly longer overall survival. 

The prognostic significance is underlined when two patient groups with low and high 

IRF4 expression is compared. Normally, median survival of high IRF4 level patients is 

19 months, while the median survival is 83 months for low IRF4 level patients. Howev-

er, lenalidomide treatment abolished this significant difference between differently IRF4 

expressing groups. As shown above, lenalidomide had an effect on MM treatment if the 

IRF4 level is high in the patient, this shows that lenalidomide targets IRF4 and functions 

through its regulation. An in vitro study with MM cell lines showed that lenalidomide 

rapidly down-regulates IRF4 levels within 8 hours after the exposure. This down-

regulation is found to be associated with a decrease in MYC levels, cell cycle arrest at 

G1 checkpoint, decreased cell proliferation and cell death (Lopez-Girona et al., 2011). 

Early phase clinical trials of lenalidomide showed preferential activity against 

ABC-DLBCL, but its mechanism of actions was unknown (Hernandez-Ilizaliturri et al., 

2011). A recent study identified the mechanism of lenalidomide in ABC-DLBCL cells 

by analyzing gene expression profile changes upon the lenalidomide treatment. This 

study showed that lenalidomide treated cells have increased interferon β (IFNβ) levels 

and blocked NF-κB. Transcription factors IRF4 and SPIB have functions of suppressing 

IFNβ and enhancing NF-κB. These transcription factors are found to be down-regulated 

by lenalidomide explaining the changes in IFNβ and NF-κB levels (Yang et al., 2012). 
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1.5.  IRF4: A New Factor in Melanoma? 

Melanoma is associated with various types of oncogenes, commonly found to be 

mutated in patients. Such oncogenes are B-Raf, N-Ras, TP53, PTEN, p16INK4a and 

p14ARF (Hodis et al., 2012). There is yet no scientific evidence showing the tumorigen-

esis effect of IRF4 over melanocytes, even though high level IRF4 expression in many 

melanoma cell lines has been shown in different studies as described below. 

First discovery of IRF4 in melanoma is in G-361 cell line, along with its discov-

ery in normal melanocytes of mice foreskin (Grossman et al., 1996). This finding is im-

portant for bringing out the argument that IRF4 should not be defined as a lymphocyte 

specific transcription factor. A comprehensive tissue micro array (TMA) study, includ-

ing 1209 human malignancies and normal tissues showed that, IRF4 expression is re-

markable in melanoma samples together with lymphomas. 5 out of all 22 melanoma 

samples tested stained positive for IRF4 protein in TMA, while rest of the non-lymphoid 

normal and tumor tissues were negative (Natkunam et al., 2001). Immunohistochemistry 

stainings of melanoma samples confirmed the TMA results, and indicate that IRF4 could 

be used as a specific and sensitive melanoma marker alongside the current panel of 

markers; S100, HMB45 and MelanA (Sundram et al., 2003). 

Some genome wide association studies (GWAS) linked single nucleotide poly-

morphisms (SNP) in IRF4 to nevi counts, tanning tendency and color variations in skin, 

eye and hair (Nan et al., 2009) Sulem et al., 2008; Han et al., 2009). These skin pheno-

types are known risk factor modulators of melanoma, pointing out the association be-

tween IRF4 and melanoma progression. As expected from these findings, later GWAS 

studies showed the link between an IRF4 SNP (rs12203592*T) and melanoma risk 

(Duffy et al., 2010; Han et al., 2011). This SNP was previously found to be increasing 

the IRF4 expression, supporting the role of IRF4 in melanoma (Do et al., 2010). 

Bringing all together, IRF4 is an important transcription factor, not only in lym-

phocytes but also in melanocytes. With functions yet to be found out, it is evident that 
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IRF4 de-regulation increases melanoma predisposition. Unlike in any other non-

lymphoid cancers, IRF4 expression is high in many melanoma samples, which also 

states it as a specific melanoma marker. 
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2.  PURPOSE 

The purpose of this thesis project is to identify the cellular mechanisms that IRF4 

is involved in melanoma cell lines. For this purpose, we decided to investigate the possi-

ble phenotypic effects upon IRF4 manipulation in melanoma cell lines. This investiga-

tion is composed of three steps. First step is to verify the high expression levels of IRF4, 

which were shown in previous studies in many melanoma cell lines. These expression 

levels provide a background for the importance of IRF4 in melanoma cell lines, address-

ing a possible dependency for melanoma cell lines over IRF4. Second step is to down-

regulate IRF4 with RNAi in the cell lines. The last step is to finally investigate the phe-

notype changes in cell lines upon IRF4 knock-down. There are a number of cancer hall-

marks, such as escape from cell cycle checkpoints, resisting apoptosis, anchorage inde-

pendency, migration and invasion potential, which are aimed to be investigated through 

different analysis methods in this study. 
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3.  MATERIALS 

3.1.  General Kits, Enzymes and Reagents 

Table ‎3.1.  List of kits, enzymes and reagents. 

BCA Protein Assay Kit  23227, Thermo Scientific, USA 

Plasmid Midiprep Kit  12143, Qiagen, Germany 

EndoFree Plasmid Maxi Kit 12362, Qiagen, Germany 

 

740426.10, Macherey Nagel, Germany 

First Strand cDNA Synthesis Kit E6550S, New England Biolabs (AMV), USA 

 

K1622, Thermo Scientific (RevertAid), USA 

RNA Isolation Kits 11828665001, Roche (High Pure), Switzerland 

 

740955.50, Macherey Nagel, Germany 

Protein Molecular Weight Marker 

P7709V, New England Biolabs (P7709 V), 

USA 

Protease Inhibitor Coctail Tablets Roche, Switzerland 

Taqman Mastermix Roche, Switzerland 

 

Life Technologies, USA 

Chemiluminescent HRP Substrate 34080, Thermo Scientific, USA 

DNA Ladder N3232S, Fermentas, USA 

DNA Loading Dye B7021S, Fermentas, USA 

 

3.2.  Biological Materials 

3.2.1.  Bacterial Strains 

Transformations were done by using Escherichia coli STBL3 strain as competent 

cells. Recombination frequency of this strain is relatively lower for lentiviral vectors and 

it has been always used for this purpose. The genotype of Escherichia Coli STBL3 strain 
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is F– mcrB mrr hsdS20 (rB–, mB–) recA13 supE44 ara-14 galK2 lacY1 proA2 rpsL20 

(StrR ) xyl-5 λ– leu mtl-1. 

3.2.2.  Cell Lines 

Table ‎3.2.  List of cell lines. 

Cell Line Provider 

SKMEL-5 
Kindly provided by Prof. David M. Sabatini 

and Yetiş Gültekin 

SKMEL-28 Kindly provided by Nesrin Özören 

A2058 
Kindly provided by David M. Sabatini and 

Yetiş Gültekin 

G-361 Kindly provided by Prof. Maria Soengas 

Malme-3M Kindly provided by Maria Soengas 

MeWo Kindly provided by Nesrin Özören 

MEL-9 Kindly provided by Nesrin Özören 

MEL-10 Kindly provided by Nesrin Özören 

MCF-7 Kindly provided by Nesrin Özören 

MDA-MB-231 Kindly provided by Kuyaş Buğra 

HEK293FT Kindly provided by Nesrin Özören 
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3.2.3.  Plasmids 

Lentiviral RNAi vector KH1 (kindly provided by Dr. Maria Soengas) and pack-

aging plasmids pRSV-rev, pHCMV-G, pMDLg-pRRE (kindly provided by Dr. Maria 

Soengas) were used. 

3.2.4.  Primers 

Table ‎3.3.  Primers used in this study. 

Primer ID Sequence Application 

KH1-seq 
5’- TGTCGCTATGTGTTCTGGGA -3’ 

Sequencing 

KH1-rev-seq 
5’- TATCGTTTCAGACCCACCTC -3’ 

Sequencing 

pLenti For-

ward 

5’- GACTGTCGACATGAACCTGGAGGG -

3’ 
PCR 

pLenti Re-

verse 

5’- GACTCTCGAGCAATTCTTGAA-

TAGAGG -3’ 
PCR 

3.3.  Oligonucleotides 

Table ‎3.4.  List of oligonucleotides used in shRNA cloning 

Oligonu-

cleotide 
Sequence 

shIRF4b-

sense 

5’- CCGGGGTGCCATTTCTCAGGGAAGTATCCACAC-

CATACTTCCCTGAGAAATGGCACTTTTTT -3’ 
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Table 3.4.  List of oligonucleotides used in shRNA cloning (cont.). 

shIRF4b-

antisense 

5’- CTGAAAAAAGTGCCATTTCTCAGGGAAGTAGGT 

GTGGTACTTCCCTGAGAAATGGCACC -3’ 

shIRF4a1-

sense 

5’- CCGGGCCGCCATTCCTCTATTCAAGACCACACCT 

CTTGAATAGAGGAATGGCGGTTTTTT -3’ 

shIRF4a1-

antisense 

5’- CTAGAAAAAACCGCCATTCCTCTATTCAAGAGGT 

GTGGTCTTGAATAGAGGAATGGCGGC -3’ 

shLuc-sense 

5’- CCGGGGTGGATTTCGAGTCGTCTTAATCCACACC 

ATTAAGACGACTCGAAATCCACTTTTTT -3’ 

shLuc-

antisense 

5’- CTAGAAAAAAGTGGATTTCGAG-

TCGTCTTAATGGTGTGGATTAAGACGACTCGAAATCCACC-3’ 

shRPS13-

sense 

5’- CTAGAAAAAACCGCCATTCCTCTATTCAA-

GAGGTGTGGTCTTGAATAGAGGAATGGCGGC -3’ 

shRPS13-

antisense 

5’- CTAGAAAAAAGGTGTAATCCTGAGAGAT-

TCATGGTGTGGATGAATCTCTCAGGATTACACCC -3’ 

3.4.  Chemicals, Plastic and Glassware 

Chemicals were purchased from either Applichem (Germany), Merck (Germany) 

or Sigma-Aldrich (USA); cell culture plasticware from TPP (Switzerland); micropipette 

tips from BioPointe Scientific (Mexico); 2ml and smaller tubes from Axygen (USA), 

5ml tubes from BD Biosciences (USA), 15ml and 50ml tubes from VWR (USA). 

Glassware was also purchased from VWR (USA). For sterilization, all tips and tubes 

were autoclaved at 121
 o

C for 20 minutes. 
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3.5.  Buffers and Solutions 

Table ‎3.5.  Buffers and solutions used in this study. 

10X SDS Running Buffer 250 mM Tris-Base (pH: 8.3) 

  1.90 M Glycine 

  1% SDS 

10X Transfer Buffer 1.90 M Glycine 

  250 mM Tris-Base 

10X TBS 200 mM Tris-Cl (pH: 7.6) 

  1.5 M NaCl 

1X TBST 1X TBS 

0.1% Tween-20 

12% SDS-PAGE Gel (20ml) 8.6 ml ddH2O 

6 ml 40% Acrylamide mix 

5ml Tris (1.5 M, pH: 8.8) 

200 µl 10% SDS 

200 µl 10% APS 

20 µl TEMED 

5% Blocking Buffer 5% BSA (w/v) in TBST 

4X Protein Loading Dye (Laemmli) 250 mM Tris-Cl (pH: 6.8) 

  8% SDS 

  40% Glycerol 

  20% β-mercaptoethanol 

  0.008% Bromophenol Blue 

Cell Lysis Buffer (RIPA) 150 mM NaCl 

  50 mM Tris (pH: 8.0) 

  0.1% SDS 

  1.0% NP-40 

  0.5% Sodium deoxycholate 

Paraformaldehyde (4%) 1 g Paraformaldehyde 

 25 ml ddH2O 

Propidium Iodide Staining Solution 20 µg/ml Propidium Iodide 

0.1% Triton X-100 

200 µg/ml RNAse 

10X PBS 1,37 M NaCl 

270 mM KCl 

80 mM NaH2PO4 

20 mM KH2PO4 

Dulbecco’s Modified Eagle Medium 

(DMEM) 

41966-029, Gibco Invitro-

gen, USA 
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Table 3.5.  Buffers and solutions used in this study (cont.). 

Freezing Medium 1X DMEM 

20% FBS 

1X Pen/Strep 

100 µM MEM-NEAA 

7.5% DMSO 

0.05% Trypsin-EDTA 25300-054, Gibco Invitro-

gen, USA 

Fetal Bovine Serum (FBS) 10270-106, Gibco Invitro-

gen, USA 

Minimum Essential Medium Non-

essentail Amino Acid (MEM-NEAA) 

11140-035, Gibco Invitro-

gen, USA 

100X Penicillin/Streptomycin (5000 

u Penicillin + 5000 µg Streptomycin 

per ml) 

15140-122, Gibco Invitro-

gen, USA 

400X Choloroquin 10 mM Choloroquin 

1000X Polybrene 4 mg/ml Polybrene 

HEPES Gibco Invitrogen, USA 

2X HBS 50 mM HEPES (pH: 7.0) 

280 mM NaCl 

1.5 mM NaH2PO4 

50X Tris acetic acid (TAE) 2 M Tris-acetate 

50 mM EDTA (pH: 8.5) 

LB Medium 10 g/L Tryptone 

5 g/L NaCl 

5 g/L Yeast Extract 

LB Agar 10 g/L Tryptone 

5 g/L NaCl 

5 g/L Yeast Extract 

15g/L Agar 

1000X Ampicillin 100 mg/ml in ddH2O 

1000X Kanamycin 50 mg/ml in ddH2O 
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3.6.  Antibodies 

Table ‎3.6.  Antibodies used in this study. 

Name  Species Dilution Source 

Anti-IRF4 (M-17) Goat 1:5000 Sc-6059, Santa Cruz 

Anti-Goat, HRP Rabbit 1:2500 Sc-2768, Santa Cruz 

Anti-Actin Rabbit 1:2500 4967S, Cell Signaling 

Anti-Mouse, HRP Goat 1:2500 7074S, Cell Signaling 

3.7.  Equipments 

Table ‎3.7.  List of equipment used in this study. 

Agarose Gel Electrophoresis MSMINIDUO, Cleaver Scientific, UK 

Agarose Imaging Gel Doc XR System, Bio Rad, USA 

Autoclaves Model MAC-601, Eyela, Japan 

Model ASB260T, Astell, UK 

Balances AY123, Satorius, Germany 

Centrifuges Allegra X-22, Beckman, USA 

J2-MC Centrifuge, Beckman, USA 

J2-21 Centrifuge, Beckman, USA 

Chemiluminescence Imaging System Stella 2000, Raytest, Germany 

CO2 Incubator MCO-18AC, Sanyo, Japan 

CO2 Tank Genç Karbon, TR 

Deep Freezers (-20°C) MZAA1, Hotpoint Ariston, Italy 

Deep Freezers (-80°C) Sanyo Ultra Low, UK,Thermo Scientific, USA 

Dish Washer Mielabor G7783, Miele, Germany 

Flow Cytometer FACSCalibur, Beckman Dickinson, USA 

Ice Machine Scotsman Inc. AF20, ITALY 

Inverted Microscope Z1 Axio Observer, Zeiss, USA 

Laminar Flow Cabinet Class II B, Tezsan, TR 

Magnetic Stirrer MS-H-S, Dragonlab, China 
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Table 3.7.  List of equipment used in this study (cont.). 

Micro-centrifuge Himac CT15RE, Hitaci Koki, Japan 

Microplate Reader 680, Bio Rad, USA 

Micro-Spin Galaxy Ministar, VWR, USA 

Oven Gallenkamp 300, UK 

pH Meter Hanna, USA 

Pipettes Pipetman, Gilson, USA 

Pipettor Labopet 204, Greiner, Germany 

Power Supply VWR, USA 

Refrigerator (4°C) MFAA1, Hotpoint Ariston, Italy 

Rotors Beckman JS-7.5, USA 

Beckman JA-14, USA 

Beckman JA-20, USA 

SDS-PAGE Transfer System Cleaver Scientific, UK 

Spectrophometer NanoDrop1000, Thermo Scientific, USA 

Vertical Electrophoresis System Omni-Page Mini, Cleaver Scientific, UK 

Vortex VWR, USA 

Water Bath Memmert, Germany 
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4.  METHODS 

4.1.  Molecular Cloning 

4.1.1.  Plasmid Preparation 

Plasmid DNA was isolated according to the manufacturer’s instructions of the 

plasmid isolation kits. For mini scale isolation, 5 ml LB medium was seeded with plas-

mid containing bacteria, and in the last step 50 µl elution buffer was added on the col-

umn. This scale of isolation was used for preparing the samples for sequencing. For 

maxi scale isolation 200 ml LB medium was seeded with plasmid containing bacteria, 

and 500 µl elution buffer was used for the re-suspension of the plasmid DNA. This iso-

lation step involves the use of endo-free kit, which is important for the isolation of plas-

mids in transfection grade purity. 

4.1.2.  Restriction Enzyme Digestion of Plasmids 

To insert the gene of interest into the plasmid, 8 µg of lentiviral vector KH1 was 

double digested with 8 U of XmaI and 8 U of XbaI restriction enzymes for 2 hours at 

37
o
C. The digestion took place in 50 µl reaction volume. NEBuffer 4 was used for the 

reaction at 1X final concentration. After the digestion was completed, enzymes in the 

solution were heat inactivated by incubating it at 65
o
C for 20 minutes. 

Similar to the KH1 digestion, for the double digestion of pLenti CMV Blast vec-

tor, 8 µg of plasmid was digested for 2 hours at 37
o
C with 8 U of XhoI and 8 U of XbaI 

restriction enzymes in 1X NEBuffer 4. After the completion of digestion, reaction was 

heat inactivated by 65
o
C incubation for 20 minutes. 
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4.1.3.  PCR amplification of IRF4 with cloning primers 

IRF4 open reading frame (ORF) containing pDONR221 vector was ordered from 

PlasmID database, Harvard (Clone ID: HsCD00040446) and used as a template in clon-

ing experiments. To clone IRF4 ORF into another vector, primers with desired re-

striction sites at the primer terminals were designed (Table ‎3.3). By the use of these 

cloning primers, IRF4 ORF was PCR amplified. Phusion DNA polymerase was used in 

the PCR reactions and the PCR master mix for one sample was as follows: 10 μl 5X 

phusion buffer; 2 μl MgCl2 (2,5 mM final concentration); 1 μl dNTP (200 μM final con-

centration); 5 μl forward primer (1 μM final concentration); 5 μl reverse primer (1 μM 

final concentration); 1 μl Taq DNA polymerase and 26 μl dH2O. The PCR reaction was 

as: initial denaturation at 98
o
C for 1 minute; 35 cycles of denaturation, annealing and 

elongation at 98
o
C for 10 seconds, 60

o
C for 30 seconds and 72

o
C for 30 seconds respec-

tively; final elongation at 72
o
C for 10 minutes. 

4.1.4.  Agarose Gel Electrophoresis 

Double digested vectors and PCR amplifications were run on 1% agarose gel, in 

horizontal electrophoresis tank filled with 1X TAE (Table ‎3.5), along with undigested 

and single digested vectors to check if the enzymes worked. Undigested vector is in cir-

cular shape and has a number of super coil forms which is easy to identify in an agarose 

gel due to altered mobility, while digested vectors are linear and travel through the gel 

according to its molecular size. 

4.1.5.  Agarose Gel Extraction and PCR Purification 

In order to isolate the double digested vector from the digestion solution, entire 

digested vector (8 µg) was run in agarose gel and was gel extracted. Gel was cut from 

the borders of digested vector with a scalpel under UV light, cutting it as small as possi-

ble. Then QIAquick gel extraction kit was used according to manufacturer’s instructions.  
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4.1.6.  Oligo-Annealing 

Short hairpin RNA’s (shRNA’s) targeting IRF4, ribosomal subunit 13 (RPS13) 

and Luciferase are described in and sequences are shown in Table ‎3.4. They were or-

dered HPLC purified to avoid incomplete synthesis products. shRNA’s were designed as 

two complementary single strands (sense and antisense) with a hairpin loop in the mid-

dle, target sequences flanking the loop, terminator at the 5’ end and a restriction site at 

the 3’ start. These complementary strands need to be annealed in order to form a double 

strand DNA helix that can be used in a ligation reaction. To achieve this, 1 µl of each 

sense and antisense oligonucleotide strands were mixed in 48 µl annealing buffer. They 

were heated in order to break their secondary structures and then were cooled down 

slowly to allow the double strand formation. Heating and cooling procedure was as in 

following order: incubation at 90
o
C for 4 minutes, at 70

o
C for 10 minutes, at 37

o
C for 10 

minutes, at 10
o
C for 10 minutes and then they were cooled down to and were kept at 

4
o
C. 

4.1.7.  Ligation of Inserts and Plasmids 

100 ng of double digested, gel extracted vector was ligated with calculated 

amount of annealed shRNA oligonucleotides for 2 hours at room temperature, using 1 U 

T4 polymerase. The insert calculation was done by applying 1:3 molar vector to insert 

ratio and reaction was performed in 20 µl with a final concentration of 1X T4 ligation 

buffer (Table ‎3.5). T4 ligation buffer aliquots were prepared for single use since the 

ATP in the buffer is sensitive to freeze thaw cycles. 

4.1.8.  Transformation of Ligation Products to Competent Bacteria 

Escherichia coli Stbl3 competent strain was used for transformations. Competent 

cells were taken from -80
o
C freezer and thawed on ice for 10 minutes. 5 μl of ligated 

plasmids were added on competent cells and were incubated for 10 minutes before heat 

shock at 42
o
C for 1 minute. Samples were then cooled on ice for 2 minutes, 500 μl LB 
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was added on tubes and they were incubated in shaker at 37
o
C for 1 hour to give them 

enough time to express the antibiotic resistance gene. 250 μl of the samples were spread 

at ampicillin containing LB agar plates and incubated overnight. Single colonies were 

taken into 5 ml ampicillin containing LB medium by micropipette tip and were incubat-

ed over-night for plasmid isolation. 

4.1.9.  Colony PCR 

Colony PCR is a validation step that can be used to detect the insert that ligated 

into the vector. Transformed bacteria were used as a PCR template in this experiment. 

Bacterial DNA was PCR amplified by using the same primers which were used in the 

PCR amplification of the IRF4 ORF (Table ‎3.3). A number of single colonies were se-

lected for colony PCR validation, and labeled by a number on the transformation plate. 

PCR ingredients were calculated based on the reaction information as follows: 3 μl 10X 

KCl buffer; 1,2 μl MgCl2 (2,5 mM final concentration); 1,6 μl dNTP (200 nM final con-

centration); 1,5 μl forward primer (1 μM final concentration); 1,5 μl reverse primer (1 

μM final concentration); 3 μl Taq DNA polymerase and 19,2 μl dH2O. Distilled water 

was added on PCR tubes and then the colonies were taken into these PCR tubes by using 

the tip of a micropipette tip and labelled accordingly. Tips were mixed well with the wa-

ter in tubes, making all the bacteria transfer into it. A backup plate was created by pipet-

ting 1 μl from the PCR tubes to a fresh ampicillin containing LB agar plate. Backup 

plate was incubated overnight at 37
o
C, then was put in 4

o
C for later use. To continue 

with the colony PCR amplification, bacteria were lysed by an incubation step at 95
o
C for 

15 minutes. After the lysis step, PCR master mix was equally distributed to the all PCR 

tubes and the reaction was started. It involves 5 steps as: initial denaturation at 95
o
C for 

5 minutes; 35 cycles of denaturation, annealing and elongation at 95
o
C for 30 seconds, 

58
o
C for 45 seconds and 72

o
C for 6 seconds, respectively; final extension at 72

o
C for 10 

minutes. PCR products were loaded on 1% agarose gel stained with EtBr and analyzed 

at gel documentation system. 
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4.1.10.  Sequencing of Constructed Plasmids  

Sequencing of the plasmids was done by Macrogen – (S.Korea) sanger sequenc-

ing services. 

4.2.  Cell Culture 

4.2.1.  Maintenance of the Cell Lines 

All the cell lines were incubated at 37
o
C and 5% CO2 environment, provided by 

the CO2 incubator, and were cultured in complete high glucose DMEM: 10% FBS, 

100U/ml penicillin & 100μg/ml streptomycin and 1X MEM non-essential amino acids 

(Table ‎3.5). Passaging was done by first detaching the adherent cells from the flask us-

ing 0.05% trypsin-EDTA solution and incubating the flask at 37
o
C for 3 minutes. Then 

the trypsin activity was inhibited by adding complete DMEM at the equal amount of the 

trypsin added on the cells. In order to keep the cells healthy, they were sub-cultivated at 

a ratio of 1:6, and the process was repeated every 3 to 4 days. 

4.2.2.  Transfection of HEK293FT Cells 

HEK293FT cell line is widely used for lentivirus production purposes. These 

cells stably express the SV40 large T antigen that allows them to express the proteins of 

SV40 origin containing vectors in high levels. Calcium phosphate transfection, which 

works highly efficient on HEK293FT cells, is a method that produces insoluble precipi-

tates of DNA and calcium phosphate. These precipitates are then engulfed by 

HEK293FT cells. To transfect HEK293FT cells, they were seeded into 10 cm plates at 

70% confluency 1 day before transfection. On the day of transfection, choloroquine was 

added to the medium at a final concentration of 25μM. Plasmid solution was prepared in 

a 2ml tube by adding 6ug of lentiviral plasmid KH1, along with 6ug of each packaging 

plasmids pRSV rev, pHCMV-G and pMDL/pRRE (Dull et al., 1998); CaCl2 at a final 

concentration of 125 mM; then the solution was completed to 500μl with dH2O. Plasmid 
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solution was then rigorously mixed with 500μl 2X HBS by pipetting the mixture up and 

down harshly. The mixture was incubated for 5 minutes and then was added to the me-

dium of previously seeded HEK293FT cells. The medium was replaced with fresh me-

dium 6 hours after the transfection. Successful transfections were determined by invert-

ed fluorescence microscope (Figure J.1). 

4.2.3.  Harvesting Lentiviruses after the Transfection 

Lentiviruses produced by transfected HEK293FT cells were harvested by passing 

these cells’ medium, which contains the lentiviruses, through a 0.45μm filter 2 days after 

the transfection. This filtration step separates the lentiviruses from the HEK293FT cells 

completely, preventing cellular contamination. Lentivirus containing supernatants (10 

ml) were then split into 10 equal aliquots and were frozen at -80
o
C for later use. 

4.2.4.  Lentiviral Transduction 

Cells to be transduced with lentiviruses were seeded into 6-well plates 1 day be-

fore the transduction. On the day of transduction, lentivirus aliquots were thawed from -

80
o
C, and polybrene was added to a final concentration of 4µg/ml. After the virus was 

mixed with polybrene, medium on the cells were replaced with 1 ml of virus containing 

medium, then filled up to 2ml with fresh medium. Mediums on transduced cells were 

replaced with fresh medium 10 hours after the transduction. Transduced cells were incu-

bated in CO2 incubator for at least 2 days before any measurement to give them enough 

time to synthesize the desired products. 

4.3.  GFP Competition Assay 

Cells were detached by using trypsin, 2 days after transduction. ¼ of the de-

tached cells were put back into the well to continue the experiment and wells were filled 

up to 2ml with fresh medium. The remaining ¾ of the cells were taken into 5 ml tubes, 

centrifuged and re-suspended in 1 ml PBS. Tubes with samples were then analyzed at 
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FACSCalibur flow cytometer device. To begin with the analysis, self-fluorescence in-

tensity of the cells was determined by using untransduced cells in CellQuestPro soft-

ware. At the next step, percentage of the cells with GFP intensity that crosses self-

fluorescence threshold was calculated by dividing it to all population (Figure C.1 and 

Figure C.2). First detections were performed 2 or 3 days after the transduction process, 

and then the same procedure was repeated after 2 or 3 days following the previous detec-

tion, for about 3 weeks. 

4.4.  Cell Cycle Profiling with PI Staining 

Cells to be stained (1x10
6
) with PI were taken into 5ml tubes and centrifuged. 

Supernatant was discarded and the cell pellet was washed with 2 ml PBS then centri-

fuged again. Supernatant was discarded again and cells were fixed by adding 1ml of 

70% ice cold EtOH slowly on the pellet while vortexing to avoid cell clumping. Cells 

were incubated on ice for 30 minutes then were centrifuged to get rid of the EtOH. Cell 

pellet was washed with PBS and centrifuged. Supernatant was discarded and cell pellet 

was re-suspended in 1ml of PI staining solution. Cells were incubated at 37
o
C for 40 

minutes in PI staining solution, then was centrifuged again to remove the staining solu-

tion. Cell pellet was washed with PBS and centrifuged. Supernatant was discarded and 

the cell pellet was re-suspended in 500μl PBS then analyzed at FACSCalibur flow cy-

tometer. All the centrifugations were carried out at 200 x g for 5 minutes. Analysis was 

done with the CellQuestPro software as explained in Figure H.1. 

4.5.  Western Blotting 

4.5.1.  Sample Preparation 

Cell lysates were collected first by removing the medium over the cell monolayer 

in 6-well plates and the cells were detached using a cell scraper after adding 1ml PBS. 

Cell suspension was taken into 1.5ml tube and centrifuged at 3000 rpm for 5 minutes. 

Supernatant was discarded and cell pellet re-suspended in 1ml of cold RIPA buffer 
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(Table ‎3.5) with freshly added protease inhibitors. The tube was incubated on ice, vor-

texed every 10 minutes, and centrifuged at 14,000 x g for 15 minutes at 4
o
C after 30 

minutes of incubation. The total protein lysate, which was in the supernatant, was trans-

ferred into a new 1.5 ml tube and stored at -80
o
C freezer. 

4.5.2.  SDS-PAGE Gel Preparation 

10ml SDS-PAGE gel (Table ‎3.5) was prepared in a beaker and poured between 

the glasses which were placed in the gel casting system. Comb was inserted on the gel 

and shaken if necessary to get rid of any bubbles that could have been stuck between the 

gel and the comb. After the polymerization of the gel (approximately 30 minutes), comb 

was removed and the gel was moisten with dH2O and stored in 4°C for later use or was 

put in the vertical electrophoresis system which was filled with 1X running buffer (Table 

‎3.5). 

4.5.3.  Protein Gel Electrophoresis 

Proteins were taken from freezer and then necessary volume of thawed protein 

equivalent to 15 µg of protein was mixed with 4X laemmli buffer (Table ‎3.5). Protein 

samples were then incubated at 95°C for 5 minutes. After the incubation samples were 

taken into an ice tray until they were loaded in the gel. Prepared gel was placed in the 

vertical electrophoresis system which was filled with 1X running buffer, then the protein 

ladder and the samples were loaded using a 10 µl micropipette. Gel was run at 150 V 

until the loading dyes reach the end of the gel (approximately 2 hours). 

4.5.4.  Transfer of Proteins to PVDF Membrane 

Proteins that run in the gel were transferred into a PVDF membrane by wet trans-

fer method as follows: The run gel was put into 1X transfer buffer (Table ‎3.5) for 5 

minutes. In the meantime, PVDF membrane was cut at the size of the gel then it was 

first incubated in 100% methanol for 10 seconds, then in dH2O for 1 minute, then in 
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transfer buffer for 5 minutes. Preparation of the gel and the membrane to the transfer 

was as follows; one pressure pad, one filter paper, membrane, gel, one filter paper and 

one pressure pad was put on each other respectively and the system cassette was closed. 

Any bubbles left between the sandwich layers were removed by rolling a 15 ml tube 

over the layers. Then with correct orientation (proteins run towards the positive pole), 

the sandwich was put in the transfer tank which was filled with 1X transfer buffer and 

was run at 250 mA for 1 hour and 45 minutes. 

4.5.5.  Antibody Incubation 

After the transfer, membrane was taken into a case filled with 1X TBST, then 

was incubated in fresh 5% blocking solution (Table ‎3.5) for 1 hour at room temperature. 

The primary antibody was diluted in 5% blocking solution as recommended in its 

datasheet and the membrane was incubated with it over-night at 4
o
C. The membrane was 

washed three times with TBST and was then incubated in horseradish peroxidase (HRP) 

conjugated secondary antibody (diluted in TBST as recommended in it datasheet) for 1 

hour at room temperature. 

4.5.6.  Chemiluminescence Imaging of the Membrane 

By the end of the secondary antibody incubation, the membrane was washed 

three times with TBST. In the meantime, enhanced chemiluminescent solution (ECL) 

was prepared by mixing 1 volume of peroxide and 1 volume of substrate solutions at a 

final volume depending on the size of the membrane (approximately 1ml for a standard 

membrane). Membrane was placed under the imaging system and then ECL was poured 

on the membrane in a drop wise manner, while paying attention to cover it completely. 

By using the Xstella software, the membrane was then exposed and observed with Stella 

chemiluminescence imaging system. 
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4.6.  RT-qPCR 

4.6.1.  RNA Isolation from Cell Lines 

1x10
6
 cells were collected from 6-well plates by detaching them using trypsin. 

Cells were centrifuged, supernatant was discarded and the pellet was re-suspended in 

200 µl 1X PBS (Table ‎3.5).To lyse the cells and isolate total RNA from them, Nucleo-

Spin RNA kit was used and the manufacturer’s instructions were followed. Freshly iso-

lated RNA’s were stored at -80°C freezer. 

4.6.2.  cDNA Synthesis (reverse transcription) from RNA Samples 

Total RNA samples, isolated from the cells, were used as a template for cDNA 

synthesis. RevertAid First Strand cDNA Synthesis kit was used and the manufacturer’s 

instructions were followed. 1 µg of RNA and oligo d(T) primer was used at the begin-

ning of the reaction. Oligo d(T) binds to the poly(A) tails of the mRNA’s and starts their 

reverse transcription in the presence of reverse transcriptase, resulting in the production 

of the total cDNA. After the cDNA synthesis was complete, 20 µl reaction volume was 

increased to 200 µl by adding nuclease free dH2O, it was then further diluted 1:50 in 

dH2O. 

4.6.3.  Real Time PCR (qPCR) Procedure 

In order to compare the gene expression level differences between the cell lines, 

mRNA levels of IRF4 was measured by real time PCR. TaqMan Gene Expression Mas-

ter Mix was used according to the manufacturer’s instructions. One typical reaction in-

cludes 5 µl 2X master mix, 0.5 µl primer/probe mix, 2 µl cDNA (1:50 diluted) and 2.5 

µl dH2O. Reaction was run using PikoReal 96 real time PCR system. Steps of PCR reac-

tion was as follows: initial denaturation step first at 50°C for 2 minutes then at 95°C for 

10 minutes, then 40 identical cycles of denaturation at 95°C for 15 seconds followed by 

annealing and elongation step at 60°C for 1 minute. After every cycle, fluorescence data 



 36 

was acquired by real time PCR system. Analysis of the raw data was done by ∆∆ct 

method, by basicly calculating the median of the replicates (for both IRF4 mRNA and 

GAPDH mRNA), then exponentiation was done by taking number 2 as base and using 

the calculated median as exponent. This calculation for IRF4 mRNA was then divided to 

the GAPDH mRNA calculation.  

4.7.  Analysis of Gene Expression Databases 

4.7.1.  Oncomine Database 

http://www.oncomine.com website (Rhodes et al., 2004) offers free online access 

to the database to the ones that have non-profit interest. We signed up using the Bogazici 

University provided e-mail domain and logged in to the system. From the search bar at 

the top left of the screen, we set the search parameter as IRF4. This parameter brought 

us disease summary for IRF4 (Figure ‎5.1). From the filters we added cancer vs. cancer 

analysis and selected individual studies for the analysis from the datasets that includes 

melanoma data in them (Figure B.1). 

4.7.2.  Cancer Cell Line Encyclopedia 

http://www.broadinstitute.org/ccle/home website (Barretina et al., 2012) pro-

vides open access to everyone with internet connection. From the search bar at the top 

right of the screen, we set IRF4 as search parameter. In the next page we selected IRF4 

which is shown under gene symbol title. That link provided us the gene summary view 

of IRF4 with nearly one thousand cell lines used in (Figure ‎5.2). 
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5.  RESULTS 

5.1.  Determination of IRF4 Levels for Melanoma Cell Lines through Publicly 

Available Gene Expression Databases 

There are several online databases where mRNA expression profiles for can-

cer cell lines are available to public. We have signed up to these databases to inves-

tigate the IRF4 expression level in cancer types.  

 

Figure ‎5.1.  IRF4 mRNA levels in oncomine database. Disease summary for IRF4 is 

shown in the figure. Numbers indicate significant analysis counts and colors indicate 

gene rank percentile. Multiple-cancer title refer to the comparative analysis of gene ex-

pression data of multiple cancer types. Red box highlight melanoma. 
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We evaluated the available data in two of these databases: oncomine (Rhodes et 

al., 2004) and Broad institute cancer cell line encyclopedia (CCLE) (Barretina et al., 

2012). In Figure ‎5.1, IRF4 gene expression rank was in top 5% for 9 melanoma samples, 

with high significance. By analyzing CCLE database and individual studies in on-

comine, we found that IRF4 expression is slightly lower than B-cell origin cancer cell 

lines but remarkably higher than any other cancer cell lines, which is consistent with 

previous studies (Figure ‎5.2, Figure B.1). 

 

Figure ‎5.2.  IRF4 mRNA levels in cancer cell line encyclopedia. Box plot of nearly one 

thousand cancer types were arranged from the highest IRF4 expression to the lowest. 

Numbers in brackets indicate sample numbers. Red box highlight melanoma. RMA 

mean robust multi-array average. 

5.2.  Determination of IRF4 Expression in Melanoma Cells in vitro 

Database analysis and previous studies show that most melanoma cell lines ex-

press high levels of IRF4 mRNA. To replicate the results in vitro, we obtained various 

melanoma cell lines for experiments and breast cancer cell lines for use as negative con-
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trols. We collected whole cell protein lysates and total RNA extracts from the cell lines 

we obtained. IRF4 levels both in mRNA and protein level were analyzed using these 

samples. 

5.2.1.  qPCR Analysis of Melanoma and Breast Cancer Cell Lines 

To determine the IRF4 mRNA levels of the cell lines, we first collected total 

RNA extracts from them, then synthesized cDNA’s and analyzed them using qPCR with 

an IRF4 primer/probe mix. Melanoma cell lines A-2058, SKMEL-5, SKMEL-28 and G-

361 and Malme-3M had amplification while melanoma cell lines MeWo, MEL-9 and 

MEL-10 and, breast cancer cell line MCF-7 had no detectable amplification. (Figure 

‎5.3). 

 

Figure ‎5.3.  IRF4 mRNA levels of indicated cell lines. Each group of column represent 

an individual qPCR result. GAPDH normalized expression values were normalized to 

the first cell line in the group. Error bars represent the SEM of replicates. 
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5.2.2.  Western Blot Analysis of Melanoma and Breast Cancer Cell Lines 

For the determination of IRF4 protein levels in the cell lines, we collected whole 

cell lysates from them. Western blot analysis of this collected lysates showed that en-

dogenous IRF4 protein levels were high in melanoma cell lines G-361, A-2058, 

SKMEL-5, SKMEL-28 and Malme-3M, while melanoma cell lines MeWo, MEL-9 and 

MEL-10, and breast cancer cell lines MCF-7 and MDA-MB-231 had no detectable IRF4 

protein (Figure ‎5.4). These results are similar with the qPCR (Figure ‎5.3) and database 

results (Figure ‎5.1 and Figure ‎5.2), and previous studies. 

 

Figure ‎5.4.  Western blot analysis of indicated cell lines. 

5.3.  Knock-down of IRF4 in Melanoma Cells Using Short Hairpin RNA (shRNA) 

It is evident that IRF4 levels are remarkably high in many melanoma cell lines. 

To investigate the importance of its expression, we decided to knock-down IRF4 in mel-

anoma cell lines by using a short hairpin RNA (shRNA). For this purpose, we construct-

ed lentiviral vectors containing shRNA which targets IRF4 mRNA (shIRF4). Each cell 

line subject to the test were infected with lentiviruses and had shIRF4 integrated into 

their genomes in the result of this process. We then checked IRF4 mRNA and protein 

levels of these cell lines to confirm the decrease in IRF4 levels. 
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5.3.1.  Construction of shRNA Expressing Lentiviral Vector KH1 

KH1 is a 3
rd

 generation lentiviral vector that contains GFP as a marker and H1 

promoter for the recruitment of RNA polymerase II, which is responsible for the synthe-

sis of short RNA’s. From previous studies in our department (Sumer, 2009) we know 

that KH1 originated lentiviruses have high transduction efficiency on melanoma cell 

lines. Cloning strategy and insert sequences are described in Section ‎4.1.  Restriction 

enzyme digested vector photographs, before and after the gel extraction, are shown in 

Figure ‎5.5. 

 

Figure ‎5.5.  Agarose gel photographs of digested KH1 vector. A) Before the gel extrac-

tion. B) After the gel extraction of the digested vector. 

We confirmed the successful cloning results by sequencing (Figure ‎5.6). All the 

sequencing reactions were performed by Macrogen – S.Korea sanger sequencing ser-

vices. 
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Figure ‎5.6.  Sequencing result of shIRF4b cloning. This result is used as a representa-

tive, all the cloning results were clear and correct. Red box indicates the cloned se-

quence, shIRF4b. 

5.3.2.  qPCR Analysis of shIRF4 Transduced Cells 

shRNA’s find their target mRNA by making nucleotide match in the cells and 

perfect match leads to mRNA degradation. Thus, introducing shIRF4 in IRF4 positive 

cell lines should result in a decrease in IRF4 mRNA levels. To determine this decrease, 

we first introduced stably shRNA-expressing constructs to the cell lines by using lentivi-

ral transduction method. One of these constructs target IRF4 mRNA and the other one 

targets firefly luciferase gene (shLuc), which was used as a negative control. We then 

collected total RNA extracts from transduced cells and synthesized cDNA from them. 

Finally, we analyzed these cDNA’s using qPCR. We had IRF4 knockdown efficiency 

ranging from 40% to 80% (Figure ‎5.7). 
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Figure ‎5.7.  Detection of the decrease in IRF4 mRNA levels by qPCR. Cell lysates were 

collected 5 days after the transduction. Error bars represent SEM of replicates. 

5.3.3.  Western Blot Analysis of shIRF4 Transduced Cells 

To investigate the viability effects of IRF4 on melanoma cell lines, we need to 

knock-down IRF4 protein. So far we have showed that the knock-down system which 

we are using decreases IRF4 mRNA levels in vitro (Figure ‎5.7). This mRNA decrease 

should also lead to the decrease of IRF4 protein levels in these cells. To determine this 

decrease we collected whole protein lysates from separate empty vector, shIRF4, shLuc 

introduced and untransduced cell lines. By western blot analysis of these lysates, we 

showed that IRF4 protein level decreases with the introduction of shIRF4 to the cells. 
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Figure ‎5.8.  Determination of IRF4 knock-down on protein level by western blot analy-

sis. SKMEL-28 cell lines was used. Unt. represent untransduced, emp. represent empty 

vector transduction. 

5.4.  Detection of the Viability Effects of IRF4 Knock-down in Melanoma Cell Lines 

After the knock-down of IRF4 in melanoma cell lines, we wanted to investigate 

the changes in their viability. From previous studies (Shaffer et al., 2008; Yang et al., 

2012) we know that even a 50% decrease in IRF4 mRNA level is sufficient to kill ABC-

DLBCL and MM cell lines. Although it is effective, this partial knock-down of IRF4 

causes the viability change in cells to be observed in 2 to 3 weeks time. In this regard, 

we decided to use an assay termed ‘GFP competition assay’, which was also used in the 

previous studies, where the transduced and un-transduced cells share the same tissue cul-

ture plate. 

To perform the GFP competition assay, we infected the cell lines with shRNA 

containing lentiviruses with an estimated efficiency of 50% which means the infection 

of the half of the population in a tissue culture plate. With half of the population infect-

ed, only half of the cells will be able to produce shRNA along with the GFP marker. We 

observed the change in GFP percentage in the population over time and used it as a 

marker for shRNA’s effect on cells’ competitive fitness (Figure C.2). 
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We first separately infected the cell lines with a positive control shRNA and a 

negative control empty vector. shRPS13, which targets an essential ribosomal subunit, 

was used as a positive control for the experiments and achieved its goal by diminishing 

the GFP positive population, which means shRPS13 expressing cells rather died or had 

cell cycle arrest. As expected, negative control empty vector transductions were un-

effective in the cells’ competitive fitness (Figure E.‎01). These results suggest that GFP 

competition assay is a reliable tool in terms of determining viability changes. 

 

Figure ‎5.9.  GFP percentage change in time of shIRF4 introduced cells analyzed by flow 

cytometer. SKMEL-5 cell line is used as a representative, similar observations were 

made with other melanoma cell lines. Results of day 3, 10 and 18 are shown In quadrant 

statistics; red boxes highlight GFP percentage of the population. UL represent upper left, 

UR upper right. 
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Figure ‎5.10.  GFP percentage change in time for shLuc introduced cells analyzed by 

flow cytometer. SKMEL-5 cell line is used as a representative, similar observations 

were made with other melanoma cell lines. Results of day 3, 10 and 18 are shown. In 

quadrant statistics; red boxes highlights GFP percentage of the population. UL represent 

upper left, UR upper right. 

In order to investigate the effect of IRF4 knock-down on cells’ viability, we sep-

arately introduced shIRF4 and shLuc to cell lines and analyzed them with GFP competi-

tion assay (Figure D.1). Here we showed that IRF4 positive cell lines had a decrease in 

the GFP percentage when we introduced shIRF4 to them (Figure ‎5.9), but not when we 

introduced shLuc (Figure ‎5.10). Furthermore, IRF4 negative control cell lines had no 

change in the GFP percentage with either of the shRNA’s. Flow cytometer results of the 

all cell lines and time points are shown in Figure ‎5.11 in a line graph, and the signifi-

cance of the final results are shown in Figure F.1. 
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Figure ‎5.11.  Determination of reduced competitive fitness in shIRF4 introduced cell 

lines. All time points were normalized to day 3 and shLuc transduction results. Numbers 

in brackets indicate the number of independent infection replicates. Error bars represent 

SEM of replicates. 

5.5.  Over-expression of IRF4 in Cell Lines 

Knock-down of IRF4 in melanoma cell lines showed that these cell lines are ad-

dicted to its expression. However, shIRF4b that we introduce into the cells might have 

effects on mRNA’s other than IRF4 mRNA, which is defined as off-target effect. We 

used the same shIRF4 sequence which was used in previous B-cell studies with known 

no off-target effects (Shaffer et al., 2008), but we still need to show it in melanoma cell 

lines. 

In order to eliminate the possibility of off-target effect related results in melano-

mas, we designed rescue experiment. This experiment is based on the integration of 

IRF4 open reading frame (ORF) into the cell lines, creating a stably IRF4 ORF express-

ing cells, and transducing them again with KH1-shIRF4b originated lentiviruses. 

shIRF4b targets 3’UTR of the IRF4 mRNA, thus it can not target the mRNA transcribed 
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from the IRF4 ORF. If the cells with reduced competitive fitness upon IRF4 down-

regulation become unaffected with IRF4 ORF integration in them, this means IRF4 is 

the only factor responsible for the changes in cells’ fitness. 

5.5.1.  Cloning of IRF4 ORF into Lentiviral Vector pLenti CMV Blast 

pLenti CMV Blast is a 3
rd

 generation lentiviral vector with a CMV promoter be-

fore the multiple cloning site, and a blasticidin (mammalian selection) antibiotic re-

sistance gene. We cloned IRF4 open reading frame (ORF) into the multiple cloning site 

of this vector. Cloning strategy is described in ‎4.1.  We run the PCR amplification of 

IRF4 insert with molecular cloning primers (Table ‎3.3) and double digested pLenti 

CMV Blast vector in 1% agarose gel and extracted them separately (Figure ‎5.12). 

 

Figure ‎5.12.  Gel extraction of PCR product and digested vector. 

Before sequence verification, we did colony PCR analysis on bacterial colonies 

which were transformed with cloned vector. Colony PCR results showed that we created 

IRF4 ORF containing vector (Figure ‎5.13). For further validation, we sent colonies from 
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1 to 4 for sequencing to Macrogen – S.Korea sanger sequencing services and confirmed 

the successful cloning of IRF4 ORF into pLenti CMV Blast vector. 

 

Figure ‎5.13.  Colony PCR results of 4 different colonies along with positive and nega-

tive controls. 

5.5.2.  Antibiotic Selection of pLenti CMV Blast Transduced Cells 

Blasticidin is an antibiotic with translational inhibition function in eukaryotic 

cells. It causes rapid cell death even at low antibiotic concentrations. pLenti CMV Blast 

lentiviral vector include bsd gene which grants blasticidin resistance to the integrated 

cells, and we used it for selection. We treated the transduced and untransduced cells with 

blasticidin antibiotic at a final concentration of 10 µg/ml for 2 weeks. By this treatment 

process with blasticidin antibiotic, we successfully selected resistant colonies in the tis-

sue culture plates. All the untransduced cells died with the treatment (Figure ‎5.14A), 

while pLenti transduced cells had resistant colonies (Figure ‎5.14B). We had the same 
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result for SKMEL-28, G-361, A-2058, SKMEL-5, MeWo and MDA-MB-231 cell lines 

for two different pLenti transductions: one with the empty vector and one with the IRF4 

ORF cloned vector. 

 

Figure ‎5.14.  Antibiotic selection of pLenti transduced cells. SKMEL-28 cell line photo-

graphs are used as a representative, similar results are observed in all cell lines. A) Un-

transduced cells. B) pLenti transduced cells. 

5.5.3.  Verification of IRF4 Over-expression 

After the selection of transduced cells with blasticidin antibiotic, we grew them 

in tissue culture plates until their number increased to a level enough to both maintain a 

healthy culture and extract lysates from them. We extracted total RNA lysates from cell 

lines transduced with (IRF4 ORF cloned pLenti CMV Blast vector originated) lentivi-

ruses and analyzed them by RT-qPCR. We observed a remarkable increase in IRF4 

mRNA levels of all transduced cell lines except G-361 cell line, which has a slight in-

crease (Figure ‎5.15). 
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Figure ‎5.15.  Determination of IRF4 mRNA in IRF4 ORF integrated cell lines. Over-

expression results in cell lines: A) with endogenous IRF4 expression, B) with no detect-

able endogenous IRF4 expression. Unt. refer to untransduced, pL Emp. refer to pLenti 

empty vector transductions; pL IRF4 refer to IRF4 ORF cloned pLenti vector transduc-

tions. Error bars represent SEM of replicates. 



 52 

6.  DISCUSSION 

IRF4 is highly expressed in lymphocytes and plays a key role in lymphocyte de-

velopment. Alongside its normal functional roles, it is associated with specific hemato-

poietic cancer cases and has potential oncogene-like functions (Shaffer et al., 2008; 

Yang et al., 2012). Regarding the remarkable IRF4 expression in melanomas (Grossman 

et al., 1996; Sundram et al., 2003), IRF4 might be contributing to the melanoma pro-

gression. Supporting this suggestion, some SNP’s in IRF4 locus were found to be asso-

ciated with melanoma predisposition through GWAS studies (Duffy et al., 2010; Han et 

al., 2011). Although association of IRF4 with melanoma is somewhat identified, its 

functions are yet to be elucidated. 

As a preliminary study, we first evaluated the IRF4 expression of cancer samples 

on online databases (oncomine.org: Rhodes et al., 2010 and Broad-Novartis cancer cell 

line encyclopedia: Barretina et al., 2012) and successfully came up with the data which 

correlates with the previous studies, showing high level IR4 expression in melanoma and 

lymphoid cancers compared to the other cancer types (Figure ‎5.1, Figure ‎5.2). 

We obtained melanoma cell lines to conduct in vitro studies. Before going on 

with the experiments, we wanted to validate the IRF4 expression profiles of the mela-

noma cell lines in hand. Determination of IRF4 expression both in mRNA and protein 

level for the melanoma cell lines were performed by reverse transcriptase quantitative 

PCR (RT-qPCR) and western blotting, respectively. All the expression results were posi-

tively correlated with the current databases and previous studies; we showed that many 

melanoma cell lines that we tested have high IRF4 expression, while breast cancer cell 

lines, which were used as negative controls, had no detectable expression (Figure ‎5.3, 

Figure ‎5.4). 

To investigate the role of IRF4 in melanoma cell lines, we wanted to decrease the 

intracellular level of IRF4 in melanoma cell lines and observe the changes in these cells 
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phenotype. To achieve this decrease, we decided to use a genetic tool that efficiently 

works on melanoma cell lines, which is lentiviral transduction, since the transfection 

method is not very efficient on melanoma cell lines along with its limitations in the use 

of long term experiments. For this purpose, we constructed lentiviral vectors, capable of 

integrating an shRNA into the cells genome and knocking-down the targeted gene. 

Transductions were tracked with a GFP marker which is present in the vector and inte-

grated into the genome along with the shRNA (Table ‎3.4). 

We successfully manipulated the melanoma cell lines and the negative control 

breast cancer cell lines with the shIRF4-introducing lentiviral system. As a control, we 

also included a non-targeting shRNA against the firefly luciferase gene, and a no shRNA 

containing transduction groups for all the tests. These controls are to assess the possibil-

ity that the observed phenotype is whether caused by the artificial shRNA production 

and/or transduction procedure or not. IRF4 knock-down efficiency was determined by 

both RT-qPCR and western blotting. We observed 40% to 80% decrease in IRF4 mRNA 

levels (Figure ‎5.7) and a similar effect in protein levels (Figure ‎5.8) after the knock-

down process, while the control transductions did not have an effect on IRF4 levels 

which is similar to the previous studies (Shaffer et al., 2008; Yang et al., 2012). 

Finally, we wanted to test the effects of IRF4 knock-down on the viability of the 

melanoma cell lines. From previous B-cell origin cancer studies, we know that MM and 

ABC-DLBCL cell lines are addicted to IRF4 expression and even a 50% decrease in the 

IRF4 mRNA level leads to the death of the cells (Shaffer et al., 2008; Yang et al., 2012). 

However, this cell death is not a rapid cell death. It is a prolonged effect that takes weeks 

to observe in cell culture. In this respect, an assay termed “GFP competition assay” is 

well suited for the monitoring of the competitive fitness. 

GFP competition assay makes use of the transduction heterogeneity of the cell 

population in a single tissue culture plate. This heterogeneity was accomplished by aim-

ing 50% transduction efficiency. Flow cytometer analysis of the population gave us the 

exact percentage of GFP (shRNA) expressing cells in them. After two weeks of analysis 

of the shIRF4 introduced cell lines, we observed a gradual and significant decrease in 
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the GFP percentage of the IRF4 positive melanoma cell line populations (Figure ‎5.11, 

Figure F.1). When control results are also taken into account, which did not have a sig-

nificant change in the GFP percentage, it is safe to say that the reduction in the competi-

tive fitness is triggered by IRF4 knock-down. In the light of previous association and 

expression studies combined with our results, we suggest that melanoma cell lines have 

non-oncogene addiction to IRF4, and reduced competitive fitness effect is similar to the 

observations in MM and ABC-DLBCL cell lines. 

Although we are using the same shIRF4 sequence which was used in previous B-cell 

studies with known no off-target effects (Shaffer et al., 2008), we have to demonstrate 

that it also does not have off target effects in melanoma. To eliminate this possibility 

that can be the cause of the reduced competitive fitness, we are working on rescue ex-

periments. In this direction, we constructed another lentiviral vector that integrates IRF4 

open reading frame (ORF) into the target cell genome. IRF4 ORF is not targetable by 

the shIRF4 that we are using, which means melanoma cells do not get IRF4 knock-down 

after the lentiviral shRNA transduction. We successfully created IRF4 over-expressing 

melanoma cell lines using this vector. Although the increase in protein levels are yet to 

be determined, we showed elevated IRF4 mRNA levels (Figure ‎5.15). In the future ex-

periments, we will repeat the GFP competition assay including these cells in the experi-

ment groups. 

There is still much unknown about IRF4’s contribution to melanoma. First ques-

tion to be answered is the mechanism of reduced fitness, whether the cells are dying or 

subject to an arrest at a cell cycle checkpoint. Type of cell death is also another question 

to be answered if it is the issue. If the cells are dying, defining the cell death mechanism 

will give some insight about the pathways that IRF4 may be important in melanoma 

cells. Even if reduced competitive fitness is a finding that leads us to study viability re-

lated effects, there are many other hallmarks of cancer that IRF4 may be playing role in. 

Changes in anchorage independency and metastasis and invasion potential are in the 

scope of this project and some preliminary studies regarding the investigation of some of 

these hallmarks have already been done, as described below. 
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An assay named ‘wound healing assay’ measures the migration potential of cell 

lines cultured in vitro. By scratching a confluent tissue culture plate with a micropipette 

tip we created an artificial wound in cell monolayer. If the cells have migration capacity, 

they migrate through the wound and resemble a healing effect. We observed their migra-

tion potential by measuring the percentage of the healed wound by taking the pictures of 

the wound after 4 and 8 hours, posterior to wounding. We did not detect a difference be-

tween the shIRF4 introduced and control samples, but the experiment needs to be repli-

cated to ensure the results are significant (Figure G.3). 

Another assay we performed as a preliminary study involves the detection of the 

cell cycle profile of the cell lines, using propidium iodide (PI) staining. We treated 

shIRF4 introduced and control transduction cells with PI staining and checked their cell 

cycle profiles. A2058 and SKMEL-28 cell lines had an increase in the G2/M phase when 

shIRF4 was introduced, while neither the control transductions nor the negative control 

cell line MeWo had a cell cycle profile change (Figure H.2, Figure H.3). Although this 

analysis looks promising, it needs to be replicated to provide its significance. 

Finally, we also worked on the improvement of the knock-down system, trying 

to increase the knock-down efficiency. In this respect, we designed and ordered 4 differ-

ent shRNA’s that target different sequences on IRF4 mRNA. As we did before with the 

present shIRF4, we also cloned these 4 new shRNA’s into the KH1 plasmid and used it 

to produce lentiviruses. By using these lentiviruses we successfully introduced the 

shRNA’s into the target cells’ genome and knocked IRF4 down. RT-qPCR analysis of 

these cell lines showed that we could not achieve higher knock-down efficiency with 

this method (Figure I.1). Right now, we are working on the cloning of the current 

shIRF4 to a miR30 backbone, which is described as a more efficient way of delivering 

shRNA’s (Stegmeier et al., 2005). 

To sum up, we suggest that IRF4 positive melanoma cells have non-oncogene 

addiction to IRF4 and their competitive fitness decreases if IRF4 is knock-down in vitro 

in melanoma cell lines (Figure ‎5.11). The reason behind this reduced competitive fitness 

might be due to a cell cycle arrest at G2/M checkpoint (Figure H.3), but this suggestion 
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requires verification through more experiments. Along with all the possible viability 

controlling mechanisms of IRF4 over melanomas, there are also other hallmarks of can-

cer that may be affected by IRF4 regulation, such as anchorage independency, migration 

and invasion potential. We checked the migration potential of IRF4 knocked-down cell 

lines but did not find a difference between the samples (Figure G.3), suggesting that 

IRF4 is not involved in the migration pathway in melanomas, but this suggestion also 

requires some more experiments to be conclusively shown. The very next step of this 

study is to complete the rescue experiments and replicate the preliminary results.  
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APPENDIX A: VECTORS 

 

Figure A.1.  Vector map of KH1. 
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Figure A.2.  Vector map of pLenti CMV Blast 
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APPENDIX B: STUDY BASED RESULTS OF ONCOMINE 

DATABASE 

 

Figure B.1.  An example study in oncomine database. Dark blue box highlights mela-

noma cells. Brackets indicate sample numbers. A fold change of nearly 3.5 with P-value 

of 2.37x10
9
 and a gene rank number of 523 in 14500 genes (makes up to top 5 percen-

tile) demonstrates the significance of IRF4 in melanoma cells. 



 60 

APPENDIX C: GFP COMPETITION PROCEDURE 

 

Figure C.1.  Gating and self-fluorescence determination of untransduced cells. SKMEL-

5 cell line is used as a representative, all applications are similar in other cell lines. A) 

Gating of the cells in a scatter plot. B) Threshold determination by a dot plot. In quad-

rant statistics; UL represent upper-left, UR upper right. 
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Figure C.2.  GFP competition procedure. Detached cells were analyzed by flow cytome-

ter. FSC and SSC values were adjusted specifically for each cell line and cell population 

was gated. No GFP containing cells were used for the determination of the self fluores-

cence threshold, resembling the image above. 
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APPENDIX D: GFP COMPETITION WITHOUT shLUC 

NORMALIZATION 

 

Figure D.1.  GFP competition time points without shLuc normalization. All the time 

points were normalized to only the untransduced cells’ data. Error bars represent SEM 

of replicates.  
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Figure D.1.  GFP competition time points without shLuc normalization (cont.). All the 

time points were normalized to only the untransduced cells’ data. Error bars represent 

SEM of replicates. 
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APPENDIX E: GFP COMPETITION CONTROLS 

 

Figure E.1.  Control experiments for the GFP competition assay. KH1-Emp. rep-

resents empty KH1 vector transductions. All the time points were normalized to un-

transduced cells’ data. Error bars represent SEM of replicates. 
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Figure E.‎01.  Control experiments for the GFP competition assay (cont.). KH1-Emp. 

represents empty KH1 vector transductions. All the time points were normalized to un-

transduced cells’ data. Error bars represent SEM of replicates. 
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APPENDIX F: GFP COMPETITION ASSAYS’ SIGNIFICANCE 

 

Figure F.1.  Significance of GFP competition assays. Day 18 data were normalized to 

Day 3. (*) indicate p-value lower than 0.05, ns refers to not significant. Error bars repre-

sent SEM values of replicates. 
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APPENDIX G: WOUND HEALING ASSAY 

 

Figure G.1.  Photographs of wounded SKMEL-28 cells, untransduced or empty vector 

introduced. Two photos were taken; one right after the wounding and one after 8 hours. 

Wound width was measured with plastic ruler for 10 different spots which are in the 

same place of the culture plate for both time points. 2 different parts of the plate, similar 

to the photos, was also calculated and the values were averaged. 
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Figure G.2.  Photographs of wounded SKMEL-28 cells, transduced by shLuc or shIRF4. 

Two photos were taken; one right after the wounding and one after 8 hours. Wound 

width was measured with plastic ruler for 10 different spots which are in the same place 

of the culture plate for both time points. 2 different parts of the plate, similar to the pho-

tos, was also calculated and the values were averaged. 
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Figure G.3.  Wound Healing Assay of SKMEL-28 Cell Line with different transduction 

conditions. 4 hours and 8 hours’ data were normalized to 0 hour. Error bars represent 

SEM of replicates. 
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APPENDIX H: CELL CYCLE PROFILING  

 

Figure H.1.  Gating of PI staining samples in flow cytometer. MeWo cell lines is used as 

a representative, all applications are similar in other cell lines. A) Basic gating proce-

dure, described in GFP competition assay. B) Gating of single cells using FL2-Width 

and FL2-Area parameters. 
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Figure H.2.  Determination of cell cycle profile by PI staining. MeWo cell lines is used 

as a representative, similar results were observed in other cell lines. Untransduced, Emp-

ty vector transduced, shLuc introduced and shIRF4b introduced cells’ cycle profiles are 

shown respectively. M1 represents G1 phase, M2 S phase, M3 G2/M phase and M4 sub-

G1. Red box indicates the percentages of the phases in the population. 



 72 

 

Figure H.3.  Cell cycle changes in cell lines, after shIRF4 induction and control trans-

ductions using PI staining. 
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APPENDIX I: KNOCK-DOWN EFFICIENCY OF DIFFERENT 

shRNA’S  

 

Figure I.1.  Knock-down efficiency of different shRNA’s on A2058 cell line. mRNA 

levels of IRF4 were determined by RT-qPCR. Error bars represent SEM of replicates. 
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APPENDIX J: GFP MARKER IN TRANSFECTED HEK293FT 

CELLS 

 

Figure J.1.  Photographs of HEK293FT cells transfected with shIRF4b cloned KH1 vec-

tor along with the packaging plasmids. Photos were taken 2 days after the transfection. 

A) Bright field photo of HEK293FT cells. B) Fluorescence photo of A. 
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