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ABSTRACT 


Melanoma is the deadliest form of skin cancer when discovered in advanced stages. Early 
 detection with surgical tumor removal is still the most effective treatment option. Novel treatment 
 options such as small molecular inhibitors (e.g. Vemurafenib) and immunotherapy (CTLA-4 and 
 PD-1 inhibitors) have prolonged patient survival of individuals with metastatic disease. However, 
 drug resistance and subsequent relapse, together with non-responders are still barriers that need to 
 be overcome. Understanding the signaling pathways leading to melanoma development and 
 progression is important to improve therapeutic options.


Tumor suppressors are a group of genes whose function when absent may lead to tumor 
 formation. The CDKN2A gene encodes two distinct tumor suppressors (p16INK4A and p14ARF) that 
 regulates the cell cycle and is involved in vital processes such as aging, cellular senescence, and 
 apoptosis. The CDKN2A gene is frequently lost or deregulated in human cancers, especially in 
 melanoma, emphasizing the importance of CDKN2A within melanoma development. Another 
 high susceptibility gene within melanoma is MITF-M (microphthalmia-associated transcription 
 factor).  MITF-M is the master regulator of melanocyte development, function and survival. 


Interestingly, MITF-M  has been reported to regulate  cell-cycle progression through the up-
 regulation of genes such as p16INK4A and p21Cip1. In this study, we aimed to investigate the role of 
 MITF-M in the regulation of the CDKN2A transcripts p16INK4A/p14ARF  in immortalized 
 melanocytes and melanoma cell lines spanning different disease stages and genetic backgrounds. 


Further, we investigated the implications of modulating p16INK4A  expression in different 
 melanoma backgrounds. Our data suggest that depletion of MITF-M results in a  minor up-
 regulation of both p16INK4A  and p14ARF  expression in the majority of the cell lines tested. 


However, one exception was found  showing a decrease in p16INK4A  and p14ARF  expression after 
MITF-M depletion. When modulating p16INK4A  in various melanoma  cell lines by using p16 
mRNA or p16 siRNA molecules we observed no significant change in cell viability or cell growth 
rates compared to negative controls. Together, our results suggest that the regulation of p16INK4A
and p14ARF  expression by MITF-M is cell line specific, and that further studies are required to 
fully elucidate the role of MITF-M upon the regulation of CDKN2A in melanocytes and 
melanoma.  
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1  INTRODUCTION 


1.1  Cancer 


Cancer is characterized by abnormal cell proliferation accompanied by multiple 
 genetic and genomic alterations as well as tumor formation. This group of diseases 
 has the ability to locally invade surrounding tissue and eventually spread to healthy 
 and distant organs in a process called metastasis [1]. The complexity of this possesses 
 makes this disease immensely hard to treat, and one of the leading causes of human 
 deaths in the world. Worldwide, approximately 14.1 million new cases were reported 
 in 2012, where the most frequent types of cancer were lung, breast, bowel, and 
 prostate cancer [2]. In Norway, the incidence of cancer cases were 32 592 in 2015, 
 with a distribution of 53.7% men and 46.3% women [3]. The hallmarks of cancer are 
 illustrated in figure 1. 


Figure 1: The Hallmarks of cancer. The figure list ten properties that contribute to malignant 
transformation and the arrows show examples of therapeutic targets employed to counteract them. A 
selection of a few of these properties is enough to initiate tumorigenesis, but commonly all are 
observed at the metastatic stage. The picture is adapted from Hanahan, D. and R. A. Weinberg. 
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 An important hallmark of cancer is the capacity of sustained cell proliferation. As a 
 consequence, frequently observed alterations in cancer cells involve up-regulation of 
 growth signals, overexpression of receptors, or constitutively activating mutations in 
 growth promoting pathways. This disarrangement commonly starts with mutations 
 and genomic instability, which might be inherited or caused by carcinogen afflictions 
 that damage DNA (such as UV-radiation) [1, 4]. There are groups of genes considered 
 essential for cancer development, such as oncogenes and tumor suppressors. Proto-
 oncogenes encode proteins that promote cell  division, and when mutated their 
 oncogenic activity contributes to abnormal cell growth. Tumor suppressors oppose the 
 effects of oncogenes, as many of them suppress cell division and some have the 
 ability to initiate apoptosis (programmed cell death). Tumor suppressors are often 
 deleted or mutated in cancer cells, leading to loss of function [5].  


The apoptotic  machinery can be initiated by extrinsic (extracellular) and/or 
 intrinsic (intracellular) pathways, eventually triggering activation of caspase proteases 
 and other effectors that degrade cellular components and dismantle the cell [6]. 


Cancer cells have the  ability to impair apoptotic signaling pathways at different 
 stages. This includes down-regulation of death receptors, caspase inactivation, up-
 regulation of anti-apoptotic proteins and caspase inhibitors [7]. Moreover, cancer cells 
 would not be able to grow endlessly without extending the telomeric DNA. Telomeric 
 DNA protects chromosome ends, which are shortened after every DNA replication. 


Telomerase is an enzyme that help counteract this process, and in cancer cells an up-
regulation of telomerase can result in replicative immortality [8]. Other traits observed 
in cancer cells; cancer related inflammation, constitutively activated angiogenesis that 
supplies the increased demand for nutrition and oxygen, modification of metabolic 
signaling, and escape from the immune system [9-12]. It is important to recognize that 
benign and malignant tumors share many of the same characteristics. Nevertheless, all 
the previous mentioned features collectively promote development of metastasis, 
leaving  the ability to metastasize and invade healthy tissue as the distinct feature of 
cancer cells [13]. Development of cancer is connected to the cell cycle, and it is 
shown that deregulation in interphase (G1, S and G2 phase) promotes human cancers 
[14]. 
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 1.1.1  Cell cycle and cancer 


The cell cycle involves a series of arranged events leading to cell division, forming 
 two “identical” daughter cells. The highly regulated mitotic cell cycle can be divided 
 into four phases as illustrated in figure 2: G1, S, G2, and M phase. The two gap phases 
 (G1 and G2) occur between nuclear division M phase and DNA synthesis in S phase. 


During interphase the cell grows and prepares for mitosis in M phase. M phase has 
 two major events, mitosis and cytokinesis. During mitosis duplicated chromosomes 
 are separated between the two daughter cells, while the cells cytoplasm physically 
 divides into two identical cells under cytokinesis [15]. 


Figure 2: The cell cycle is divided into four phases: G1 (gap 1), S-phase (DNA synthesis), G2 (gap 2) 
 and M-phase (mitosis). The binding of cyclins and cyclin-dependent kinases (CDKs) are essential for 
 cell progression. The five well characterized types of CDKs: CDK2, CDK4, CDK6, and CDK1 
 complexes with four classes of cyclins: A, B, D, and E-type. CDKs and their corresponding cyclins act 
 at different stages during the cell cycle as indicated with a gradient. The figure is based on illustrations 
 from: V. D. Heuvel S: Cell-cycle regulation. Wormbook (2005), pp. 1151-1807.  


The  activity of cyclins and cyclin-dependent kinases (CDKs) is  necessary for cell 
cycle progression. CDKs are a family of serine/threonine protein kinases that bind to 
corresponding cyclins. This binding activates their kinase activity, a mechanism 
where serine and threonine residues are phosphorylated [15]. This activation is highly 
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 regulated and can be inhibited by different modulators such as the INK4-tumor 
 suppressor p16INK4A encoded by the CDKN2A gene [16]. Inhibition of the cell cycle 
 is required when replicative conditions are not fulfilled. Normal cells regulate the cell 
 cycle thoroughly at several checkpoints and there are three significant checkpoints: 


The G1  checkpoint at G1/S transition, G2  checkpoint  at G2/M transition, and the 
 spindle checkpoint transition from M phase to anaphase. The latter serves to check 
 chromosome attachment at the metaphase plate. In the G1  checkpoint, cell size, 
 nutrients, growth factors, and DNA damage are factors that are assessed. An example 
 of G1 cell cycle arrest is the response from tumor suppressor p53 triggered by DNA 
 damage  [17]. The p53 gene is a major regulator of apoptosis and can activate cell 
 cycle inhibitors (such as the CDK-inhibitor p21) that blocks cell cycle progression 
 into S transition, followed by G1  cell-cycle arrest. The function of p53 is stabilized 
 and promoted by p14ARF. p53 can also activate DNA repair enzymes that are able to 
 fix the damage, and if this fails the tumor suppressor will trigger apoptosis 
 (programmed cell death) [18]. This self-destruction mechanism takes place in both G1
 and G2 checkpoints, if the detected errors cannot be repaired. Another example of cell 
 cycle control is the increased expression of CDK-inhibitor p16INK4A  upon cellular 
 stress. p16INK4A  can prevent formation of CDK4/6-cyclin  D complex halting further 
 progression of the cell cycle, and the cells may enter G0  phase (resting state) or  a 
 senescent state [19, 20]. Senescence is a type of cell cycle arrest, where proliferation 
 is paused  but the cells are still metabolically active [21]. When the cell is let trough 
 the G1  checkpoint it is irreversibly bound for division. In the G2  checkpoint DNA 
 damage is assessed again in addition to DNA replication [22]. Depending on the cell 
 type, additional factors can affect cell cycle progression. In summary, checkpoints 
 provide a dynamic way to check DNA synthesis, chromosome segregation, and 
 induce cell cycle arrest if necessary [23].  


When a normal mammalian cell has gone through about 40-70 cell divisions, 
the cell will eventually grow old and die. Cancer cells can avoid this aging, enabling 
them to divide endlessly. In cancer cells, one of the most commonly deregulated 
genes is p53 [24]. Mutations accumulate, as they are inherited by continued cell 
divisions in cells with unrepaired  DNA. Other frequently altered genes in cancer 
encode proteins regulating the G1  checkpoint, including amplification of cyclin D1, 
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 CDK4, and loss of CDK4/6 inhibitor p16INK4A [25-27]. Together, this underlines the 
 importance of the G1  checkpoint in cancer development. Interestingly, mutations of 
 p53 are less common in melanoma compared to other cancer types (approximately 
 50% in other cancer types versus 10-20% in melanoma) [28, 29].  


1.2  Melanoma  


Melanoma is the most aggressive and lethal type of skin cancer (accounts for ~75% of 
 all skin cancer related deaths) [30]. Melanoma originates from pigment producing 
 melanocytes undergoing malignant transformation. Melanocytes are located in 
 different  areas of the body, but are primarily found in the epidermis and more than 
 90% of melanomas are cutaneous [31].  The second most affected organ is the eye 
 (uveal melanoma) [32]. The focus of this thesis will  be on cutaneous melanoma.  In 
 2012, the incidence of new melanoma cases worldwide was 232 000, an increase of 
 57% since 1995 [2, 33].  In Norway, an eight-fold increase has been observed over the 
 last 60 years [3, 34]. Table 1 lists registered melanoma cases in Norway (2015) [3].  


Table 1: Melanoma statistics in Norway, 2015 


Parameter  Total  Men  Female 


Incidence  2003  1018  983 


Incidence rate in Norway  -  41,2  36,5 


Incidence rate in the World  -  23  23,3 


5 year survival  -  81,60 %  89,40 % 


Prevalence  23393  -  - 


Prevalence 10-year  10744  -  - 


Mortality  322  178  144 


Table 1 lists registered melanoma cases in Norway (2015) [3]. All statistics are retrieved from the 
 Cancer registry of Norway. 


Many environmental and genetic risk factors contributing to melanoma development 
are extensively documented; exposure to UV radiation, phenotypic factors 
(pigmentation, freckling and nevi frequency), genetic factors such as germline 
mutations (melanoma family history), alterations in melanoma predisposition genes 
(CDKN2A, CDK4), and somatic mutations. The individuals with highest risk of 
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 developing melanoma are the fair-skinned population, which are more susceptible for 
 UV radiation [35]. Increased use of sunbeds, ozone layer thinning, and migration of 
 Caucasian population around equator are all factors that may explain the increase in 
 melanoma incidents. Especially from an early age,  the risk increases greatly when 
 exposed to UV radiation and frequent sunburns [36]. Evidence based on sequencing 
 technologies has suggested UV-like “signature” mutations in melanoma (C>T 
 transversions). These findings support the idea that melanoma development is driven 
 by multiple genetic and epigenetic alterations, as well as environmental stimuli  [29, 
 37, 38]. 


The increasing incident rate of melanoma worldwide calls for improved 
 diagnostic and therapeutic options. Most patients with advanced stage melanoma have 
 a poor survival rate and limited treatment options. Further, the development of 
 resistance in already established therapies is adding to the problem [39-45]. 


Conventional chemotherapy (with dacarbazine, cytokines, interleukin-2, and 
 interferon-a2b) has a 5-20% response in patients with advanced stage melanoma. 


They are also short-lived and highly toxic with no improvement of overall survival 
 [46-49].  Traditional chemotherapy is no longer the first-line therapy choice for 
 melanoma, but is still recommended as adjuvant therapy in some cases [50]. Today, 
 the most successful treatment depends on early detection and surgical removal of 
 primary tumor lesions. Although, novel treatment options such as small molecular 
 inhibitors (e.g. vemurafenib)  and immunotherapy (CTLA-4 and PD-1 inhibitors) 
 show great promise and prolong survival, there are limitations for most melanoma 
 patients [51-53]. These novel drug developments together with public awareness have 
 increased the five-year overall survival  rates for melanoma [54, 55].  A better 
 understanding of the signaling pathways and discovery of new biomarkers in 
 melanoma has lead to new FDA-approved drugs. These successful drug developments 
 have consequently driven melanoma research to focus on combination drug therapy 
 (highly targeted therapeutic strategies) with the aim to overcome drug resistance. 


Table 2 shows an overview over a selection of current melanoma drugs and their 
targets. 
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Table 2: Malignant melanoma treatments.  


Drug  Inhibitor target  Pathway  Clinical stage  Response  Therapy  Ref. 


Vemurafenib  


BRAF 


(V600E/K)  MAPK  FDA   50 % 


Target drug 


therapy  [56] 


Dabrafenib  


BRAF 


(V600E/K)  MAPK  FDA   50-60% 


Target drug 


therapy  [57] 


Sorafenib  BRAF/c-KIT  MAPK  Phase 3  5-10% 


Target drug 


therapy  [58] 


Sunitinib  c-KIT  MAPK  Phase 2  7-10% 


Target drug 


therapy  [59] 


Dasatinib  c-KIT  MAPK  Phase 2  5-13% 


Target drug 


therapy  [60] 


Imatinib  c-KIT  MAPK  Phase 2  5-16% 


Target drug 


therapy  [61] 


Trametinib   MEK1/2 


RAS-RAF-MEK-


ERK  FDA  10 % 


Target drug 


therapy  [62] 


Selumetinib   MEK1/2 


RAS-RAF-MEK-


ERK  Phase 2  11 % 


Target drug 


therapy  [63] 


Rapamycin  mTOR  PI3/AKT/mTOR  Phase 2  - 


Target drug 


therapy  [64] 


SCH772984  ERK1, ERK2 


ATP competative 


inhibitor  Phase 1  - 


Adjuvent 


therapy  [65] 


Nivolumab  PD-1  PD-1 receptor  FDA   24 % 


Immuno-
 therapy 


[66, 
 67] 


Ipilimumab  CTLA-4   CTLA-4 receptor  FDA   10-20% 


Immuno-
 therapy 


[52, 
 67] 


Interleucin-2  IL-2 receptor   Cytotoxic activity  FDA   10-16% 


Immuno-


therapy  [68] 


Dacarbazine  DNA/Guanine 


Guanine 


methylation  FDA   10-15%  Chemotherapy   [69] 


Interferon-a2b 


IFNAR-2 


reseptor  JAK-STAT  FDA   5-20% 


Adjuvent 


therapy  [47] 


LY2835219  CDK4/6 


p16-cyclinD-


CDK4/6-RB  Preclinical  - 


Adjuvent 
 therapy 


[70, 
 71] 


Dinaciclib  CDK4/6 


p16-cyclinD-


CDK4/6-RB  Phase 2  - 


Adjuvent 


therapy  NCT 


The response rates are gathered from the references provided in the ref-column. The FDA approval is set for 
 different stages of melanoma, mainly advanced disease. The NCT: NCT00937937 is an ongoing clinical trial. 


All other abbreviations are listed on page V-VIII. 
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 1.2.1  Development of melanoma 


Melanocytes develop during a process called embryogenesis and are produced from 
 the neural crest into bi-potential glial-melanocyte progenitors that again develop into 
 melanoblasts. The melanoblasts migrate from the neural crest to the epidermis and 
 hair follicles [72]. As mature melanocytes, they synthesize and transfer melanin 
 pigment to keratinocytes, contributing to skin-protection against UV radiation. They 
 also regularly form non-proliferative melanocyte lesions (benign nevus), where they 
 are present in a higher concentration. Here, genetic alterations and environmental 
 conditions can allow them to escape normal cell cycle control.  


In general, melanoma progression can be divided into five stages, as illustrated 
 in figure 3. Normal melanocytes with controlled proliferation can form a (I) benign 
 nevus. Unfavorable conditions and a set of genetic alterations can allow melanocytes 
 to grow abnormally in the nevus, forming a (II) dysplastic nevus. This is a type of 
 mole that typically has cellular atypia and widens, but is still within the basal 
 membrane. At this stage, melanocytes undergo malignant transformation with the 
 ability to grow horizontally, leading to increased proliferation and (III) radial-growth. 


The radial growth phase shows an expanding thin lesion in or close to the epidermis. 


By (IV) vertical growth phase, they are penetrating into the dermis and reticular 
 dermis, where the malignant cells establish contact with blood and lymph vessels. 


Without treatment, the (V) malignant cells can migrate and invade other tissues and 
 organs including lymph nodes, lung, liver and brain, and establish secondary tumors 
 (distant metastasis) [73]. Early detection is therefore vital with an 80-90% survival 
 rate when uncovered in stage I, and drops drastically for patients in the later stages 
 [46].   


Approximately 25-50% of the benign nevus develop into cutaneous melanoma 
[74]. This is not incidental as melanomas and nevus share many of the same somatic 
mutations (e.g. mutations in NRAS, BRAF)[75].  In the initiation of melanocytic 
neoplasia, oncogene-activating BRAF or NRAS mutations are observed. The most 
common are amino acid substitutions V600E in BRAF and Q61R in NRAS. About 
80% of the benign nevus is reported to harbour the BRAFV600E mutation, subsequently 
showing cell cycle arrest and oncogene-induced senescence (OIS). Importantly, the 
V600E mutation in BRAF can be detected in 50-60% of all melanomas, along with 
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 OIS escape [76-78]. Figure 3 illustrates melanocyte transformation with associated 
 genetic alterations allowing OIS escape. 


Figure 3. The development of melanoma is commonly divided into five stages. Within a benign nevus 
 active BRAF or NRAS mutations is usually detected, and may lead to constitutively activation of the 
 MAPK pathway and oncogene-induced senescence (OIS). In subgroups of melanoma (acral and 
 mucosal melanomas), the KIT gene is thought to  activate the same pathway.  To bypass OIS, an 
 additional set of genetic alterations is required  (loss of p53, pRB, p16INK4A  and c-MYC activation). 


When OIS is bypassed, malignant transformation takes place and lead to radial tumor growth. The 
 progression into vertical growth phase is associated with PTEN loss and AKT3 amplification. 


Eventually the metastatic melanoma disease is able to produce secondary tumors invading distant 
 tissues and organs. The picture is adapted from: A. Slipicevic & M. Herlyn: Narrowing the knowledge 
 gaps for melanoma 2012, and and Fitzpatrick’s Dermatology in General Medicine, 7e.  Chapter 124. 


JAMA 2004 Dec 8;292(22):2771-6. 


It has been suggested that melanocytic nevus is the result of OIS, as they too express 
senescence markers  [79]. OIS can thereby be an efficient mechanism to stop tumor 
progression, considering most tumors lack the ability to undergo senescence and keep 
dividing without the proper checkpoint controls [21]. Improved understanding of how 
cells escape the OIS program may lead to novel therapeutic advances [80].  
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 1.2.2  Signaling pathways and genes involved in melanoma development 


Therapy choices and drug development depend on knowledge of the underlying 
 mechanisms in melanomagenesis. Aberrations  in several genes and signaling 
 pathways are associated with melanoma development and progression (some are 
 outlined in figure 4). In the more advanced stages, also apoptotic pathways and 
 regulators are impaired.  


Figure 4. Signaling pathways linked to melanoma development: The mitogen-activated protein kinase 
 (MAPK) pathway is constitutively activated either by NRAS or BRAF mutations. Active GTP-bound 
 RAS binds, phosphorylates and activates membrane bound RAF proteins. Activated RAF induces 
 downstream signaling through further phosphorylation of MEK and subsequently ERK. ERK 
 translocate to the nucleus and controls expression of genes (such as MITF) associated with survival, 
 cell cycle progression and differentiation [81]. Another pathway, which is often hyperactivated, is the 
 PI3K/AKT pathway. RAS binds to PI3K that in turn catalyze the phosphorylation of PI to PIP3. PIP3 
 recruits PDK1 and trigger AKT activation.This pathway further promotes cell survival. The picture is 
 adapted from: Harris, TJR & MCCormic, F (2010). The molecular pathology of cancer Nat. Rev. Clin. 


Oncol. 
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 A key proliferative signaling pathway in melanoma development is the mitogen-
 activated protein kinase (MAPK) pathway. When constitutively activated, it has been 
 shown to regulate proliferation, melanoma cell survival, and resistance to apoptosis 
 [77]. The drivers promoting this pathway originate  from mutations in the RAF and 
 RAS proto-oncogenes (BRAFV600E, NRASQ61R). RAS mutations and BRAF mutations 
 activate the MAPK pathway in different ways, BRAF activates by direct 
 phosphorylation of MEK and RAS by switching from  BRAF to CRAF signaling, 
 followed by downstream activation of MEK [81]. However, it appears that oncogenic 
 RAS or BRAF alone is not enough to induce melanoma transformation  [82, 83]. 


Several studies have shown that introducing oncogenic RAS or BRAF into normal 
 melanocytes results in a senescence phenotype [80, 82].  


Another prominent signaling pathway in melanoma progression is the 
 PI3K/AKT pathway (see figure 4). An activated PI3K/AKT pathway can contribute to 
 sustained cell survival, OIS escape, cross talk with the MAPK pathway, and drug 
 resistance (i.e. against BRAFV600E  inhibitor vemurafenib) [40]. The PI3K/AKT 
 pathway is regulated by receptor tyrosine kinases (RTKs), followed by activation of 
 PI3K kinase leading to downstream activation of AKT. AKT is a serine/threonine 
 kinase and when activated it phosphorylates substrates that inhibit apoptosis and 
 promote cell survival [84]. An important regulator of the PI3K/AKT pathway is 
 PTEN, which encodes a phosphatase that inactivates products of PI3K, thereby 
 favoring apoptosis. PTEN loss of function is observed as a late event in melanoma 
 development with a frequency of approximately 20%, leading to increased activation 
 of the PI3K/AKT pathway [85, 86].  


The Wnt/β-catenin pathway is another frequently hyperactivated pathway in 
melanoma. The Wnt/β-catenin pathway is implicated in aiding proliferation of 
melanocyte stem cells and regulation of genes important in melanoma progression 
[87, 88]. β-catenin is a multifunctional protein, where accumulation is thought to be a 
positive prognostic marker, while nuclear β-catenin loss is associated with metastatic 
progression in melanoma patients [89]. Interestingly, β-catenin has been reported to 
be necessary for Vemurafenib induced apoptosis in melanoma cells [90, 91]. The 
Wnt/β-catenin  pathway may further contribute to formation of malignant melanoma 
by inducing MITF (microphthalmia-associated transcription factor) expression, a 
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 melanocytic lineage-specific transcription factor with both tumor suppressor and 
 oncogenic properties in melanoma [92]. In summary, several pathways and genes are 
 believed to be important for the development of melanoma and an overview are 
 presented in table 3 and 4. 


Table 3: Signaling pathways linked to melanoma development 


Pathway  Modulator mutated/activated  Alteration function 


RAS/RAF/MEK/ERK  NRAS  Mutation 


BRAF  Mutation 


   MEK1  Mutation 


RAS/PI3K/PTEN/AKT  PTEN  Deletion/Mutation 


AKT1, AKT2  Rare mutation 


   AKT3  Amplification 


WNT/B-catenin  CTNNB1  Mutation 


Receptor tyrosine kinases  KIT  Mutation/Amplification 


EGFP  Activation 


   ERBB4  Mutation 


NF1 (PI3K + MAPK)  NF1  Mutation 


CDK  CDK4  Mutation/Amplification 


P53  p14ARF (CDKN2A)  Mutation/Deletion 


MDM4  Amplification 


RB1  p16INK4A (CDKN2A)  Mutation/Deletion 


MITF Transcriptional 


programme  MITF  Amplification 


MYC Transcriptional 


programme  MYC  Amplification/Overexpression 


TERT  Promoter region of catalytic 


subunit  Mutation 


Table 3 show a list of signaling pathways that are associated with melanoma progression. The 
information can be found in references [29, 73, 84, 93]. All abbreviations are listed on pages V-VIII. 
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Table 4: Altered genes in melanoma.   


Component  Pathway  Alteraation  Phase   Frequency 


BRAF  MAPK 


Point mutation  Primary, intermediate, 


NRAS WT  50-60% 


Gene fusion (rare) 


NRAS  MAPK, PI3K  Missense mutation  Primary, intermediate, 


BRAF WT  20-25% 


KIT  MAPK, PI3K 


Point mutation  


NRAS, BRAF WT 


1% overall 


Amplification  10% mucosal 


MITF  Transcriptional, 


lineage, cell cycle  Amplification  All types  20 % 


NF1 


MAPK, PI3K, 
 negative regulator of 
 RAS 


Mutations, loss of 
 expression 


Intermediate, 
 BRAF, NRAS WT 


4% overall 
 25% BRAF,  
 NRAS WT 
 TERT  Telomerase  Mutations in promoter of 


catalytic subunit  Intermediate  70-80% overall 
 85% metastatic 
 CDKN2A 


p14ARF
 p16INK4A


Negative regulator of 
 TP53 and RB 


Point mutation  Invasive, BRAF and 
 NRAS mutated, KIT 
 amplified 


30-40% 


Deletion  
 CDK4  Cell cycle (cyclin 


dependent kinase)  Amplification  BRAF, NRAS WT  3 % 
 PTEN  PI3K  Point mutation or deletion  Invasive, 


BRAF, NRAS WT  40-60% 


MYC  Transcription  Amplification  All types  20-40% 


TP53  Cell cycle, apoptosis  Pont mutation  All types  10-20% 


ERBB4  PI3K, MAPK  Point mutation  All types  15-20% 


AKT3  PI3K  Amplification  All types  25 % 


MDM4  Negative regulator of 


p53  Overexpression  All types  65 % 


Table 4 gives an overview over genes that have been linked to melanoma progression. All abbreviations are listed on 
pages V-VIII. Information presented here can be found in references [29, 73, 84, 93]. 
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 1.2.3  MITF-M, the master regulator of melanoma 


MITF  is a basic helix-loop-helix leucine zipper (b-HLH-Zip) transcription factor 
 belonging to the MYC supergene family, and a master regulator of melanocyte 
 differentiation  [94]. MITF binds to  E-box promoter sequences CACATG and 
 CACGTG, either as a homodimer or a heterodimer together with  TFEB, TFEC, and 
 TFE3 (collectively termed the MiT family). There are several isoforms of MITF 
 assigned; A, B, C, D, E, H, M and Mc. Besides alternative promoters and first exons 
 they differ in the N-terminal region. The shortest, the MITF-M (419 residues) isoform 
 is selectively involved in melanocyte specific expression, and will be the isoform 
 highlighted in this thesis [95-97].  


The role of MITF-M is essential in various processes such as cell cycle 
 progression, differentiation, survival, and mobility (see table 5, representing MITF-M 
 target genes) [98, 99]. MITF-M regulates a variety of genes (including itself), and has 
 been suggested to have antagonistic roles in melanoma. Depending on the biological 
 process, MITF-M has been found to be both a driver of melanoma development (in a 
 subset of melanomas), and a suppressor of invasion and metastasis [100].  


Table 5: MITF-M target genes       


Cellular processes  Genes  Properties  Ref 


Cell-cycle progression  CDK2  pro-proliferation  [99] 


p16INK4A Cell cycle inhibitor  [99] 


p21Cip1 Cell cycle inhibitor  [99] 


   TBX2  Suppress senescence  [99] 


Differentiation  TYR  Pigmentation enzyme  [99] 


TYRP1  Pigmentation enzyme  [99] 


DCT  Pigmentation enzyme  [99] 


MART1  Melanoma antigen  [100] 


AIM-1  Absent in melanoma-1  [100] 


   PMEL17  Melanosomal structural protein  [100] 


Apoptosis  BCL2  Anti-apoptotic factor, survival  [99] 


   HIF1a  Hypoxia response, survival  [99] 


Mobility  C-MET  Proto-oncogene  [99] 


Table 5. show a list over common MITF-M target genes and their properties. Abbreviations are listed on 
pages V-VIII. 
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 MITF mutation frequency is relatively low and usually related to genomic 
 amplification (copy gains). Genomic MITF amplifications occur in approximately 
 10% of the primary melanomas and in about 20% of the metastatic melanomas, it has 
 been suggested as a late event in melanoma progression [101]. Amplification of 
 MITF-M  has also been connected to therapy resistance, and thus considered to be a 
 marker for poor prognosis [102]. MITF-M expression varies among tumors, amplified 
 in some and lost in others. The amount of MITF protein in a tumor has been linked to 
 a certain set of tumor phenotypes; high levels promote terminal differentiation and 
 cell cycle exit, intermediate levels induce proliferation, and low levels correlates with 
 invasive cells. In melanocytes, MITF depletion has been associated with a senescent 
 phenotype [100, 103].  


MITF activity and expression is highly regulated with upstream activators and 
 suppressors, including epigenetic and microenvironmental signals. Figure 6 illustrates 
 the MITF promoter and some of the known associated regulators. Many of the 
 pathways involving MITF are frequently deregulated in melanoma (see figure 7). The 
 many examples in tumor promoting and tumor inhibiting properties of MITF 
 emphasize the complexity. The complexity is due to various cofactors, the 
 microenvironment, chromatin remodeling events (SWI/SNF) and post-translational 
 modifications such as; phosphorylation, ubiquitination, acetylation and SUMOlation, 
 leading to altered target gene specificity and activity [104, 105].  


Figure 6. The MITF 
 promoter, with positive 
 (white) and negative 
 (black) regulation at the 
 transcriptional and the 
 post-transcriptional 
 level. The picture 
 source: Hartman ML. 


MITF in melanoma: 


mechanisms behind its 
 expression and activity. 


Cellular and Molecular 
 Life Sciences. 


2015;72(7):1249-1260.  
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Figure 7. MITF-related 
 pathways and regulators. MITF 
 regulates a variety of genes that 
 are associated with cell cycle 
 progression, cell differentiation 
 and survival. MITF target 
 genes are indicated with pink 
 arrows. The signaling pathways 
 associated with MITF are 
 indicated with black arrows. 


The picture is adapted from 
 Levy, Carmit et al. MITF: 


master regulator of melanocyte 
 development and melanoma 
 oncogene. Trends in Molecular 
 Medicine, Volume 12, Issue 9, 
 406 – 414. 


1.2.4  MITF-induced regulation of the cell cycle  


One of the more interesting roles of MITF-M is the ability to regulate cell-cycle 
 progression. MITF-M regulates genes such as CDKN1A (p21Cip1), CDKN2A 
 (p16INK4A),  CDK2 (cyclin-dependent kinase 2)  and CDK4 (cyclin-dependent kinase 
 4). CDK2 and CDK4 are positive regulators, while p21Cip1 and p16INK4A are negative 
 regulators of the cell cycle [106-109]. This can partly explain the antagonistic 
 functions of MITF-M within cell cycle  control, the ability to induce either 
 differentiation or cell proliferation. As described in the above chapter, this is likely to 
 depend on the level of MITF expression and post-translational modifications.  


There is a strong association between MITF-M and CDK2 expression in 
melanoma cell lines. CDK2 is a cyclin-dependent kinase that regulates the cell cycle 
during G1/S transition  [106].  CDK4 is another cyclin-dependent kinase  which have 
been associated with MITF-M. Studies have shown that MITF depletion in melanoma 
cells significantly reduce CDK2 and CDK4 expression [109]. Thus, MITF-M ability 
to induce proliferation and survival is suggested to happen through CDK2 and CDK4 
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 regulation.  In contrast, MITF-M is also reported to promote an anti-proliferative 
 effect by activating CDKN1A (p21Cip1) and CDKN2A (p16INK4A) expression. p21Cip1
 controls cell cycle progression at G1 and S-phase by inhibiting cyclin-CDK2, cyclin-
 CDK1, and  CDK4/6 complexes,  leading to G1  cell-cycle arrest [107]. Like p21Cip1, 
 p16INK4A  work in a similar manner, inhibiting CDK4/6 and further progression 
 through the cell cycle [108]. Both p21Cip1  and p16INK4A  protein is known to have 
 tumor suppressor properties by the ability to induce senescence [110]. However, the 
 role of MITF-M in controlling the senescence program in melanoma cells is still 
 poorly understood [103]. 


1.2.5  The CDKN2A gene in melanoma 


The CDKN2A gene is located at the 9p21 locus and encodes several spliced transcript 
variants, two of them are effectors important to cellular proliferation: tumor 
suppressor proteins p16INK4A  and p14ARF.  p16INK4A  is an inhibitor of the cyclin-
dependent kinases CDK4/6, while p14ARF  inhibits MDM2 (ubiqutinin ligase murine 
double minute 2) and is a positive regulator of p53 [111, 112]. Figure 8 illustrates the 
CDKN2A gene with p16INK4A  and p14ARF  transcript variants. At  the CDKN2A 
promoter,  p16INK4A  is transcribed from exon 1α, 2 and 3.  The p14ARF  uses an 
alternative exon 1 (1β) and is spliced with exon 2 by using an alternative reading 
frame (ARF). The two proteins have no homology at the amino acid level, as they are 
translated by different reading frames [113].  
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Figure 8 shows an overview of the CDKN2A gene. The p16INK4A gene is transcribed from exon 1α, 2 
 and 3, while p14ARF  uses an alternative exon 1β  spliced to exon  2 in an alternative reading frame 
 (ARF). Both gene products affect  cellular proliferation, however through different mechanisms: the 
 p14ARF protein functions by inhibiting MDM2 degradation of p53. Thus, stabilizing p53, leading to cell 
 cycle arrest in G1/G2  phase.  p16INK4A  functions via the pRB/E2F pathway, and inhibits CDK4/6 by 
 blocking their association to cyclinD1. This will in turn prevent phosphorylation of the Rb protein, 
 resulting in cell cycle arrest in G1  phase.  The picture is adapted from Ruas M  and Peters G: The 
 p16INK4a/CDKN2A tumor suppressor and its relatives. Biochim Biophys Acta. 1378:F115–F177.  


The CDKN2A gene is involved in cell cycle arrest, cellular senescence, ageing, and 
cancer progression [114]. It is highlighted as the most significant familial melanoma 
susceptibility gene and is consequently the most extensively characterized. Germline 
and somatic mutations in this gene or associated signaling pathways are regularly 
found in melanomas. Germline mutations are observed in 20-40% of all melanoma-
prone family cases (familial cases represent 10% of all melanomas), and can affect the 
two distinct proteins (p16INK4A  and p14ARF) encoded by the gene [93, 115-117].  The 
CDKN2A gene is often inactivated either by mutations, promoter hypermethylation, 
or deletions. 50% of sporadic melanomas have CDKN2A loss of expression, making 
it one of the most frequently silenced or lost genomic regions in human cancer. 
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 Promoter methylation and homozygous deletions are reported to be the most common 
 [114, 118].  


Loss of p16INK4A expression is strongly associated with melanoma progression 
 [27, 119]. So far the mutations identified in the CDKN2A gene are commonly found 
 to affect p16INK4A  expression and function. While inactivation though methylation 
 generally leads  to loss of expression, many mutations are shown to give rise to 
 dysfunctional proteins  affecting the p16INK4A  ability to inhibit CDK4/6 complexes 
 [117, 120]. Mutations known to disrupt p14ARF are less frequent. Nevertheless, studies 
 show germeline deletions and mutations in exon 1β, hence occurring independent of 
 p16INK4A  inactivation  [121-123]. While the p14ARF  role in the apoptosis program 
 mediated through p53 is well characterized (see figure 8), recent evidence suggest a 
 p53-independent mechanism involving p14ARF protein interactions. These interactions 
 may induce transcriptional activation,  SUMOlation  or protein turnover of target 
 proteins that promote tumor suppression and senescence [124]. Thus, questioning the 
 importance of p14ARF  loss of function in melanoma.  Regardless, extensive evidence 
 suggests that p16INK4A is the major tumor suppressor of the CDKN2A gene effecting 
 melanomagenesis. Studies have shown that  oncogenic RAS together with loss of 
 p16INK4A  function can initiate the development of melanoma [125].  Senescence 
 markers and decreased cell growth have been detected in experiments where 
 functional copies of p16INK4A  were reintroduced into melanoma cells [126]. 


Furthermore, the association between p16INK4A expression and melanoma prognosis is 
 well established through several studies [127, 128], making it a candidate as 
 diagnostic biomarker [27, 119]. 


1.2.6  Regulation of the CDKN2A gene 


Regulation  of the CDKN2A gene is complex and mediated through diverse 
mechanisms and pathways. The fact that the two distinct proteins (p16INK4A  and 
p14ARF) are transcribed from different promoters while using the same exons is very 
rare and makes this gene extraordinary. This coupled with the diverse interplay 
between regulators and the different ways they affect each other makes the regulation 
of CDKN2A difficult to study [129]. Transcriptional regulation of the CDKN2A gene 
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 is well characterized (see table 6). The distinct reading frames of p16INK4A and p14ARF
 explain the independent regulation. However, a model for coordinated regulation of 
 all variants transcribed from the CDKN2A gene has also been suggested. The finding 
 of a transcriptional regulatory domain (RDINK4/ARF) upstream of the INK4B gene 
 supports  the idea of coordinated regulation [130].  The  INK4B encodes another 
 candidate tumor suppressor p15INKB, located upstream the CDKN2A gene. All 
 variants transcribed from the INK4A/ARF/INK4B locus may influence each other, 
 resulting in a hierarchy of tumor suppressors [129].  


Less is known about p16INK4A and p14ARF regulation at the post-transcriptional 
 (table 7), and post-translational (table 8-9) level. Nevertheless, some examples of 
 post-translational modifications include phosphorylation and ubiqutination. 


Phosphorylation at specific serine residues (Ser7, Ser8, Ser140, and Ser152)  of 
 p16INK4A  has been observed to increase  and stabilize the binding to CDK4. 


Interestingly, the same serine residues are regularly mutated in familial and sporadic 
melanomas [131]. However, the p16INK4A phosphorylation mechanism as well as the 
function of the phosphorylation is yet to be determined [132]. Moreover, evidence of 
degradation through lysine-independent ubiqutination has been observed for both 
p16INK4A and p14ARF proteins[124, 133]. Degradation of p16INK4A protein is linked to 
the binding of REGγ. While three ubiquitin E3 ligases have been discovered to 
ubiqutinate p14ARF (see table 9), thus marking the protein for proteasomal degradation 
and subsequently activating cell proliferation [124]. The mechanism of lysine-
independent ubiqutination is still poorly understood. A better understanding of 
CDKN2A regulation in general is needed, and may uncover p16INK4A  and p14ARF
tumor suppressor abilities that extend beyond the well-documented  pathways 
described in figure 8. 
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Table 6.  Regulators of CDKN2A transcription       


Regulation  Binding site  Regulator  Transcriptional effect  Ref. 


Specific 
 regulation 


Ets binding 


Ras/Raf/Mek* 


Promoting p16 


and p14 (DMP-1)  [134, 135] 


Ets 1  Promoting p16  [135] 


Ets 2  Promoting p16  [135] 


Id1  Inhibition p16  [135] 


E box 


MITF*  Promoting p16  [108] 


Myc  Promoting p16 and 14  [129, 136] 


Id1  Inhibition p16  [135] 


HBP1 binding  HBP1  Promoting p16  [137] 


Ras/Raf/Mek*  Promoting p16  [137] 


Sp1 binding 


p300/CBP  Promoting p16  [138] 


p21*  Promoting p16  [138] 


E2F1, E2F2, E2F3  Promoting p14  [139] 


ISTE  B-MyB  Inhibition p16  [140] 


Ap1 binding 


JunB  Promoting p16  [129] 


JunD  Inhibition p14  [129, 136] 


c-Jun 


Inhibition p16 


Promoting p14  [129, 136] 


Coordinated 
 regulation 


RD  CDK6 and CDK4*  Promoting p16  [129] 


Cdc6  Inhibit p16 and p14  [141] 


Chromatin 
 remodelling 


Polycomb 


(Bmi1,Tbx2/3, Cbx7) Inhibition p16 and p14  [129, 136] 


Chromatin 


remodelling  SWI/SNF  Promoting p16 and p14  [136] 


This table gives an overview of transcriptional regulators of the two CDKN2A transcripts (p16 and 
p14). Abbreviations are listed on page V-VIII. Genes associated with melanoma development are 
marked by asterisk (*). 
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Table 7-9 lists suggested post-transcriptional and post-translational regulators of p16INK4A and p14ARF. 
 All abbreviations are listed on pages V-VIII. 


Table 7. Suggested post-transcriptional regulators of p16INK4A and p14ARF
 Regulator  Characteristic  Effect on mRNA 


stability  Ref. 


AUF1  RNA binding protein  Negative, p16 mRNA decay  [142] 


hnRNP A1  RNA binding protein  Positive, p16 and p14 mRNA stability  [143] 


hnRNP A2  RNA binding protein  Positive, p16 and p14 mRNA stability  [143] 


miR-24-2  miRNA  Negative, p16 and p14 mRNA decay  [144, 145] 


Table 8. Suggested post-translational regulation and modifications of p16INK4A   


Regulation  Category  Effect  Ref. 


Modifications 


Phosphorylation  Increased binding affinity with CDK4/6  [131] 


Ubiqutination  Degradation  [146] 


REGγ  Ubiqutin-independent degradation  [133] 


Protein/protein 
 interactions 


Cyclin Ds 


overexpression  Decrease the CDK4-p16 complex  [131] 


INK4A proteins  Hierarchy of tumor suppressors  [147] 


KIP inhibitor binding of 


CDK4/6  Displacement and degradation of p16   [148] 


GRIM-19  Enhanced p16 and CDK4 binding  [149] 


NF-κB Competes for binding of CDK4  [150] 


Gankyrin 


overexpression  Negative regulator of p16 pathway  [151] 


SEI-1/TRIP-Br1  May antagonize p16 function  [152] 


Tax  Counteract inhibition of CDK4/6  [153] 


Table 9. Suggested post-translational regulation and modifications of p14ARF   


Regulation  Category  Regulator  Effect  Ref. 


Modifications  Ubiqutination 


ULF  Proteasomal 


degradation   [154] 


MKRN1  Proteasomal 


degradation   [155] 


Siva1  Proteasomal 


degradation   [156] 


Protein/protein 


interactions  INK4b/ARF/INK4A 


Hierarchy of 
 tumor 


suppressors  [130] 
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 1.3  Aims of the study 


Both MITF (the microphthalmia-associated transcription factor) and the CDKN2A 
 gene are extensively linked to melanomagenesis and therefore their functions are 
 important to characterize. The main purpose of this thesis was to investigate the role 
 of MITF-M in the regulation of CDKN2A in melanoma cell lines spanning different 
 disease stages and genetic backgrounds. Second, we aimed to explore the function of 
 p16INK4A  by modulating the expression levels through mRNA and siRNA delivery. 


For this purpose the following questions were asked:  


Is there an association between  mRNA expression patterns of  MITF-M, 
 p16IKN4A, and p14ARF in melanoma and melanocyte cell lines? 


To answer this question, the basal mRNA expression levels of CDKN2A gene 
 products (p16INK4A  and p14ARF) and MITF-M were determined by qPCR in an 
 extended melanoma cell panel consisting of 19 cell lines, including two immortalized 
 melanocyte cell lines.  


Are the  two distinct CDKN2A  transcripts regulated by MITF-M in melanoma 
 and melanocyte cell lines?  


To address this question, MITF-M depletion experiments were conducted by using 
 MITF-M siRNA molecules in various cell lines (melanocytes and melanoma). The 
 p16INK4A  and p14ARF mRNA expressions were analyzed and compared against cells 
 transfected with scrambled negative control (NC) siRNA sequence and non-
 transfected control samples.  


What effect do p16INK4A have upon cell viability and proliferation in melanoma? 


To answer this question, modulation of p16INK4A expression was performed by using 
both mRNA and siRNA molecules in various melanoma cell lines. Potential effects in 
cell viability, proliferation, and cell cycle progression were analyzed after treatment, 
and compared with untreated and negative control samples. 
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