
Genetic dependencies in hereditary and sporadic melanoma
Christodoulou, E.

Citation
Christodoulou, E. (2020, August 26). Genetic dependencies in hereditary and sporadic
melanoma. Retrieved from https://hdl.handle.net/1887/136021
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/136021
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/136021


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/136021 holds various files of this Leiden University 
dissertation.  
 
Author: Christodoulou, E. 
Title: Genetic dependencies in hereditary and sporadic melanoma 
Issue date: 2020-08-26 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/136021
https://openaccess.leidenuniv.nl/handle/1887/1�


General Introduction

Chapter 1



10

CUTANEOUS MALIGNANT MELANOMA PREFACE

The word ‘melanoma’, according to Hippocrates back in the fifth century BC, 
originates from the ancient Greek adjective ‘μέλᾱς’, meaning ‘black’ and the suffix 
‘ώμᾱ’ referring to a tumor; although it was first described as a disease entity by 
René Theophile Hyacinthe Laënnec in 1812 [8].

Cutaneous Melanoma (CM) develops from malignant transformation of melanocytes, 
the pigment producing cells residing in our skin. CM is one of the deadliest types 
of skin cancer due to its high metastatic propensity. Although considerable efforts 
have been employed to effectively eliminate the disease, incidence rates of CM are 
increasing considerably worldwide. Approximately 232,100 CM cases are diagnosed 
and about 55,500 deaths are reported annually [9]. The incidence and mortality 
rates of CM vary per geographic location although the highest incidence rates are 
reported for Caucasian populations due to fair skin color [10].

Specifically in the Netherlands, melanoma of the skin is the 5th most common 
cancer type with 6,189 cases reported in 2017 as well as 796 deaths according to 
the Dutch Cancer Registry [11, 12]. Most melanoma cases are diagnosed early, at a 
localized stage and are reported with a two-year survival rate of 96% [11]. Survival 
of metastatic melanoma however, remains poor in spite of introduction of novel 
immune and targeted therapies [13]. 
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ENVIRONMENTAL RISK FACTORS AND CLASSIFICATION

To better understand CM development we may consider melanoma as a multi-factorial 
disease arising from an interplay of genetic and environmental risk factors. An 
important environmental risk factor for melanoma development is strong intermittent 
exposure to ultraviolet (UV) radiation and sunburn at a young age [14]. Artificial 
exposure to UV radiation through tanning bed sessions for cosmetic purposes may also 
be associated with an increased risk for CM development [15, 16]. UV radiation mainly 
causes genetic alterations in the skin through direct DNA damage, mainly formation 
of pyrimidine dimers, resulting in mutations that may drive malignant transformation 
of expanding keratinocytes and melanocytes [17]. At the molecular level, UV increases 
skin pigmentation through stimulation of the melanocortin 1 receptor (MC1R) on 
the surface of melanocytes by its ligand α-melanocyte-stimulating (α-MSH). This 
mediates production of melanin, the main defense mechanism against UV radiation-
induced damage [18, 19]. Germline variants in the MC1R gene are associated with fair 
skin and these individuals have a lower capacity of activating MC1R, associated with 
increased susceptibility to melanoma [20, 21].

CM may be classified into two types depending on UV-exposure duration and 
genetic signatures; The chronically affected sun-damaged areas such as head and 
neck and non-chronically affected sun damaged areas such as the trunk, legs and 
arms (CSD and non-CSD respectively) [3, 22, 23]. The most common non-CSD 
subtypes are superficial spreading melanoma (SSM) and nodular melanoma (NM) 
whereas lentigo maligna melanoma (LMM) is a common CSD subtype [24, 25]. An 
un-common sub-type of melanoma in Caucasian populations is Acral Lentiginous 
Melanoma (ALM), with only 5% reported cases. ALM is a frequent subtype of 
melanoma in Asian, African and Hispanic populations [26].
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MUTATIONAL SIGNATURE OF CM

Melanocytes are neural crest-derived cells which not only migrate to the skin 
but also different parts of the body such as the eyes and mucosal areas during 
development. [27, 28]. These melanocytes can give rise to different types of 
melanoma, including mucosal and uveal in addition to cutaneous melanoma.

Primary CMs are not only found de novo but can develop from precursor lesions 
such as a common melanocytic nevus, an atypical melanocytic nevus or a lentigo 
maligna (Figure 1). Approximately 30% of CMs are derived from a common 
melanocytic nevus, although the percentage in high-risk individuals is higher, 
reaching 50% [29, 30].

Figure 1 Genetic evolution of cutaneous melanoma. Simplistic model of genetic evolution of cutaneous 
melanoma (CM) and the underlying common genetic alterations describing precursor lesions (common 
nevus), intermediate lesions (dysplastic nevus), primary and invasive melanoma. Source data were 
adapted from the following resources: [1-4].
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A complex network of events contributes to CM development and considerable 
efforts have been employed to enhance our understanding of the different molecular 
pathways involved. The most frequently hyperactivated signaling pathway in 
melanoma development is the mitogen-activated protein kinase (MAPK) pathway 
that mediates transcription of proliferative genes and cell growth. Several oncogenes 
and tumor suppressor genes are involved in melanoma pathogenesis. The three most 
common MAPK-activating mutations in two oncogenes are BRAFV600E and NRASQ61K/R 
known to exist in a mutually exclusive pattern. Following these two oncogenes, NF1, 
seems to be the third most commonly mutated tumor suppressor gene and negative 
regulator of the MAPK-pathway according to whole exome sequencing (WES) 
analysis and functional validations (Figure 1) [31]. Also, KIT is a driver oncogene 
activating MAPK signaling in a small percentage of melanomas [32, 33]. 

Collectively, based on the significantly mutated oncogenic driver genes in melanoma, 
genomic classification reveals four sub-types and these include the BRAF subtype 
(presence of BRAF hotspot mutations), RAS Subtype (presence of RAS hotspot 
mutations), NF1 subtype (presence of NF1 loss-of-function mutations) and a triple 
wild-type (WT) subtype that lacks hot-spot BRAF, NRAS or NF1 mutations [34]. 

Starting from the common melanocytic nevus phase, recent studies provide evidence 
for clonality of BRAFV600E mutation (Figure 1) [2]. A distinct feature that distinguishes 
benign nevi from melanomas is that nevi eventually stabilize and undergo cellular 
senescence. Activation of senescence pathways in benign nevi prevents further 
cell growth. The G1/S checkpoint pathway appears to be the main mediator of 
senescence in nevi [35]. The concept of oncogene activation in nevus cells that does 
not result in tumor formation, is known as Oncogene-Induced Senescence. Benign 
nevi in the current instance enter a permanent cell-cycle arrest following the first 
BRAF mutation [36]. Several lines of evidence show that the immune system plays 
a role in regulating the apoptotic potential of benign nevi [37, 38]. A clinical study 
demonstrated a three-fold increased risk of malignant melanoma development in 
immunosuppressed transplant recipients compared to matched controls, suggesting 
a role of the immune system in preventing progression into a melanoma [39]. 

The atypical or dysplastic nevus is a genetically intermediate melanocytic lesion 
that may be difficult to distinguish from a malignant melanoma [40]. In contrast to 
benign nevi, those melanocytic lesions not only have a single activating mutation 
in BRAF but multiple driver mutations such as NRAS, TERT promoter (pTERT) 
mutations and also heterozygous alterations for tumor suppressor genes such 
as CDKN2A (Figure 1) [2]. Collectively, these data suggest that dysplastic nevi are 
indeed a distinct entity from benign nevi and melanomas based on their genetic 
make-up. It is worth noting that individuals with increased numbers of dysplastic 
nevi are also at increased risk of developing melanoma [41]. 
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Regulation of telomerase activity and telomere length has been a contributing 
factor not only for underlying features of intermediate and primary melanoma 
lesions but also in determining melanoma risk. The telomerase reverse 
transcriptase (TERT) gene encodes for a ribonucleoprotein that regulates telomere 
length and cell integrity [42-45]. The wild-type pTERT contains binding sites for 
c-Myc (E-Box), SP1, and ETS transcription factors [46]. Genetic and transcriptomic 
data suggest that increased telomere length is associated with higher melanoma 
risk and is correlated with disturbed homeostasis of telomere regulation [47]. The 
majority of pTERT mutations are found at two hotspots, in a mutually exclusive 
pattern, at –124 bp (c.1-124C>T) and -146bp (c.1-146C>T) upstream from the ATG 
start site. These mutations create ETS/TCF transcription factor binding motifs 
causing increased TERT expression [48]. Upregulation of TERT is correlated with 
presence of mutations in the promoter region and is mainly observed in primary 
and invasive stages of melanoma but not in the benign nevus phase [4]. 

The primary stage of melanoma requires additional genetic alterations and 
these are mainly centered around the impairment of G1/S checkpoint pathway 
resulting in senescence escape of melanocytic cells [4]. Specifically, loss of 
CDKN2A mainly by deletions, is a significant contributing factor leading to loss 
of p16INK4A expression in melanomas [22]. Some novel driver genes identified for 
CM by application of WGS include DDX3X, RASA2, PPP6C, RAC1 or RB1 all found to 
be specific for CM but not acral or mucosal melanomas [49]. Loss of Phosphatase 
and tensin homolog (PTEN), a key tumor suppressor gene regulating cell growth, is 
critical in facilitating melanoma development through deregulation of the PI3K/
AKT/mTOR pathway, reduction of apoptosis and promotion of cell survival [50]. 
In addition, deregulation of p53-dependent apoptotic pathways and mutations 
within tumor protein 53 (TP53) are correlated to a more advanced progressed state 
and metastatic melanoma behavior (Figure 1) [4].

Collectively, improved knowledge on the molecular pathways enhanced the 
identification of novel biomarkers to improve CM diagnosis and treatment, 
although there is still more to be uncovered. 
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PATHWAYS TO CM TREATMENT

BRAF, is a protein kinase and key regulator of the MAPK signaling pathway that is 
mutated in about 50% of CMs but also in other types of cancer including colorectal, 
leukemia and thyroid [51]. About 90% of mutations within BRAF are specific to position 
V600E, a gain of function mutation leading to a constitutively active state of BRAF and 
hyperphosphorylation of MEK thereby stimulating cancer cell growth [52].

Vemurafenib, dabrafenib and encorafenib are FDA-approved BRAF inhibitors that 
initially presented promising results in melanoma targeted therapy through inhibition 
of hyperactivation of MAPK signaling and suppression of tumor growth [53-55]. 
Nevertheless, combinatory treatment using a MEK inhibitor, trametinib, cobimetinib 
and binimetinib, against downstream components of MAPK pathway, showed delay 
in the onset of resistance and improved overall survival (OS) in phase 3 clinical trials 
[56-59]. Even though tumor reduction was observed in more than 50% of BRAFV600E 
mutated patients, in the majority of cases there was development of tumor resistance 
within 4-9 months after treatment through re-activation of MAPK pathway [60-63]. 
Still, there is little clinical evidence about guidance for the best targeted treatment of 
metastatic melanoma with limited toxic events and no relapse development [64]. 

Since targeted therapy through BRAF inhibition can only be applied in about 50% of 
patients, immunotherapies can provide effective treatment with long-term responses 
independent of the mutational status of patients [65]. This has been successful through 
the development of antibodies against immune checkpoints such as ipilimumab, 
a monoclonal antibody against cytotoxic T-lymphocyte antigen 4 (CTLA-4) which 
downregulates immune responses [66]. In addition, nivolumab and pembrolizumab 
target the programmed cell death protein 1 (PD-1), a T cell inflammatory activity 
suppressor, and showed improved OS in patients with progressed melanoma. The 
combination of CTLA-4 and PD-1 inhibitors have been proven superior to monotherapy 
in patients with PD-L1 negative tumors [67-69]. Even though there has been success 
in targeting the immune system, still future studies are required to determine the 
optimal conditions and combinations but also possibly new targets to further improve 
the outcome of patients with metastatic melanoma [70]. 
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INSIGHT INTO GENETIC SUSCEPTIBILITY- WHAT IS 
KNOWN SO FAR

A family history of melanoma has a significant role in determining an individual’s 
risk of developing the disease. About 10-12% of reported CM cases occur in familial 
kindreds (Figure 2), therefore, familial (or hereditary) melanoma is arbitrarily defined 
by the clustering of at least two or more melanomas in first degree relatives [71]. 
High-penetrance genes have low population frequency and a higher impact on cancer 
development while, low-penetrance genes have high population frequencies but with 
a reduced effect size [72]. Several methods have been employed to identify high-
penetrance genes that may predispose to familial melanoma. 

Starting with genetic linkage analysis back in 1992 using DNA markers, scientists 
uncovered the first hint of chromosome 9p21 to be critically important in familial 
predisposition to melanoma [73]. Follow-up studies aiming to zoom into the 
chromosomal area of interest, uncovered cyclin-dependent kinase Inhibitor 2A 
(CDKN2A) as the first melanoma predisposition gene [74, 75]. A year later, a specific 
founder mutation was identified in Dutch-kindreds, a 19bp deletion in exon 2, 
known as the p16INK4A-Leiden mutation (c.225_243del, p.(A76Cfs*64)) [76]. CDKN2A 
is the most common high-penetrance melanoma susceptibility gene known today, 
not only in The Netherlands (70%) but also world-wide (40%) (Figure 2) [77].

Figure 2 Summary of currently identified candidate high-penetrance melanoma susceptibility genes. The 
first pie chart on the left represents two settings of CM where 90% of cases are found in the general population 
(sporadic) and 10% report a family history of melanoma (familial). Zooming into the familial setting, several 
high-penetrance melanoma susceptibility genes have been identified thus far with CDKN2A accounting for 
most families (40%) and several other candidate genes, each responsible for about <1% of families. There is also 
a proportion of polygenic risk factors, effect of medium and low penetrance genes (20%) but also environmental 
risk factors. There is still a proportion of unknown genetic variability in the occurrence of hereditary melanoma.
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Carriers of germline mutations in melanoma predisposition genes, such as CDKN2A, 
that may also present with increased number of atypical moles (known as dysplastic 
nevi) could be designated as Familial Atypical Multiple Melanoma Syndrome (FAMMM 
syndrome) patients [78]. FAMMM syndrome patients with germline CDKN2A 
mutations have a 70% risk of developing melanoma with the first sign of disease 
appearing at a relatively young age (mean <45 years) [79, 80]. Germline CDKN2A 
mutation carriers have an additional life-time risk of 15-20% to develop pancreatic 
ductal adenocarcinoma (pancreatic cancer; PC) [81-83]. Interestingly, clinical studies 
suggest variability in occurrence of melanoma and PC within families indicating that 
modifying factors may contribute to the risk of developing these two tumor types 
in patients with/without germline CDKN2A mutations [81, 84]. An example is the 
genetic variation in the MC1R gene, found to modify the risk of developing melanoma 
in CDKN2A-mutated families [85, 86]. Determination of genetic risk factors that 
modulate the risk of PC and melanoma in CDKN2A-mutated families, would therefore 
allow for a better identification of patients at increased risk that might benefit from 
personalized clinical management. 

CDKN2A is located on chromosome 9p21.3 and encodes for two distinct proteins 
that are translated in alternate reading frames (ARFs) from alternatively spliced 
transcripts, therefore consist of different amino acid sequences (Figure 3). The α 
transcript encodes for p16INK4A, a tumor suppressor protein that mediates G1 arrest 
by inhibiting the phosphorylation of Cyclin-D1-CDK4/6 complex [87, 88]. The 
alternative β transcript encodes for p14ARF which is also a tumor suppressor protein 
that inhibits MDM2-mediated ubiquitination thereby promoting p53-dependent 
apoptotic pathways (Figure 3) [89-92]. The p16INK4A-Leiden mutation specifically 
causes a reading frameshift resulting in truncated p16INK4A protein which loses its 
capacity to bind to CDK4/CDK6 complex and a p14ARF fusion protein that seems to 
retain functionality (Figure 3) [7]. 

The implementation of mouse models to generate knock-out (KO) mice for both 
p16INK4A and p14ARF via conventional gene-targeting approaches has also been 
successful in providing evidence for cancer development including fibrosarcoma 
and lymphoma [93, 94]. 

Combination of mutant HRAS and CDKN2A KO led to CM development in mice that 
also showed loss-of-heterozygosity (LOH) for the remaining WT allele [94, 95]. In 
addition, simultaneous inactivation of CDKN2A and Stk11 (Lkb1) loss in BRAFV600E mutant 
melanocytes induced mTORC1 and mTORC2/AKT activation leading to rapid melanoma 
formation in mice [96]. More recently, application of Clustered Regularly Interspaced 
Short Palindromic Repeats (CRISPR) technology to induce genomic modifications, 
provided evidence that loss of p16INK4A protein mediates invasive behavior of melanoma 
cells in-vivo due to deregulation of the BRN2 transcription factor [97].
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Interestingly, CDKN2A function is lost in hereditary melanoma, but also in sporadic 
melanoma, commonly through deletion [22]. p16INK4A expression was significantly 
reduced in melanomas when compared to nevi according to transcriptomic data, 
suggesting that p16INK4A is the predominant tumor suppressor protein acting at the 
transition stage to invasive melanoma [4]. Bi-allelic inactivation of CDKN2A is mainly 
observed in progressed stages of the disease but about 40% of sporadic melanoma 
cases already carry a somatic mutation, chromosomal deletion and promoter 
hypermethylation in CDKN2A [34, 49]. Collectively, these data suggest a significant 
effect of both germline and somatic mutations of CDKN2A in melanoma development. 

Following CDKN2A, Cyclin-dependent kinase 4 (CDK4) is the second high penetrance 
melanoma susceptibility gene identified through a candidate gene sequencing 
approach [98]. CDK4 is less frequently mutated than CDKN2A, since it has only 
been reported in a total of 18 melanoma families up to date according to follow-up 
studies [99-102]. Besides human studies, in-vivo experiments with mice carrying 
the germline CDK4 mutation, p.R24C, revealed susceptibility to melanoma 
development after exposure to carcinogen treatment [103]. 

Figure 3 Schematic representation of CDKN2A exons and coding proteins. CDKN2A is located on 
chromosome 9p21 and encodes for two distinct tumor suppressor proteins. The 19-bp deletion of p16INK4A-
Leiden mutation is located in exon 2. The α transcript encodes p16INK4A that regulates G1/S cell cycle arrest 
by inhibiting the CDK4/6 complex. The β transcript encodes p14ARF which is involved in p53-related 
apoptotic pathways by inhibiting MDM2. The resulting p16INK4A-Leiden truncated protein disrupts G1/S 
cell cycle arrest by losing the binding capacity to CDK4/CDK6 complex. The resulting p14ARF-Leiden 
fusion protein seems to remain functional. Source data were adapted from the following resources [5-7]. 
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Due to the limitation of genetic linkage and candidate gene screening to discover 
additional novel high penetrance melanoma susceptibility genes, it was not 
until 2011, that the development of new genomic sequencing technologies were 
implemented to discover novel genes. Germline mutations in the tumor suppressor 
gene, BRCA1-associated protein 1 (BAP1), were identified in two families with atypical 
melanocytic tumors by application of sequencing technology [104, 105]. Somatic 
loss of the WT allele was detected in the tumors of patients. In addition, BAP1 loss 
increased the predisposition for other tumor types including mesothelioma, renal 
cell carcinoma and basal cell carcinoma [106-109]. Overall, germline mutations in 
BAP1 account for a small percentage of melanoma families.

Moreover, the microphthalmia-associated transcription factor gene (MITF) is the most 
well-known medium penetrance melanoma susceptibility gene. MITF regulates 
melanocyte development and differentiation, and was the first gene to be identified 
by next-generation sequencing (NGS) technology in melanoma susceptibility [110, 
111]. The MITF p.E318K germline mutation alters MITF transcriptional activity 
through abrogation of a sumoylation motif. Germline mutation carriers have also 
been associated with increased risk for renal cell carcinoma and PC [112].

The application of more advanced methods such as WES analysis had a significant 
effect on identifying high penetrance genes for melanoma. The initial variants 
identified were members of the telomerase and shelterin complex including genes 
that protect chromosomal ends. In 2013 a variant was found within the promoter of 
telomerase reverse transcriptase gene (TERT). The mutation, -57bp from the translation-
start site, segregated with disease in a 14-case melanoma family and functionally 
created a binding motif for ETS/TCF transcription factor leading to increased TERT 
expression [48]. In concordance, the pTERT mutation that was detected in a single 
melanoma-prone family, (G>A) at –246 bp upstream from the ATG start site, was 
previously associated with low telomerase activity in patients with non–small cell 
lung cancer [113]. Two-carriers with germline mutations in TERT developed several 
types of cancer, including ovarian cancer (at 27 years), melanoma (at 20 years), renal 
cell carcinoma, bladder cancer, breast cancer and finally lung cancer [48]. Collectively 
these data suggest that TERT constitutes an additional high penetrance gene for 
familial melanoma that is also mutated in sporadic cases. 

Moreover, application of whole-genome sequencing (WGS), WES and targeted 
sequencing identified loss-of-function mutations in the protection of telomeres 1 
(POT1) gene in melanoma families from the UK and Australia [114]. Six families 
were found positive for novel adrenocortical dysplasia homologue (ACD) mutations 
and four families were positive for telomeric repeat binding factor 2 interacting protein 
(TER2IP) variants including segregating nonsense mutations for both genes 
by screening 510 melanoma families [115]. Collectively these data suggest that 
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dysregulation of telomeres is an important contributing-pathway in a proportion 
of high-risk families CM families.

The most recent application of WES identified additional rare variants within the 
golgi membrane protein 1 (GOLM1) gene, EBF Transcription Factor 3 (EBF3) gene, DNA 
Polymerase Epsilon (POLE) gene and Tumor Protein P53 Regulated Apoptosis Inducing 
Protein (TP53AIP1) gene, although the effect size and functional significance of 
these variants still requires clarification by future studies [116-119]. 

To summarize, with CDKN2A mutations accounting for about 40% of variation in 
familial clustering of CM world-wide, and rare mutations in CDK4, MITF, BAP1, 
TERT, POT1, ACD, TERF2IP, GOLM1, EBF3, POLE and TP53AIP1 responsible for up to 
10% of variation, there is still about 50% unexplained remaining germline variation 
(Figure 2). The intensive clinical follow-up data in families with proven germline 
mutations may reduce the number of melanoma cases. Nevertheless, the possibility 
for an effect of polygenic risk factors such as multiple medium and low-penetrance 
genes, including MITF, MC1R, SLC45A2, ARNT and others cannot be excluded for 
these families. The shared environmental exposures of affected family members 
could also be a contributor to melanoma development (Figure 2) [120].

Combined, other rare high-penetrance genes are very likely to exist and application 
of WES and WGS analysis provide the best resource in clarifying the unknown 
genes. The identification of alterations within the regulatory region of TERT 
suggests that WGS analysis is a promising tool in uncovering variation within the 
non-coding and regulatory region of our genome. Collectively, the identification 
of novel high penetrance melanoma susceptibility genes is still essential in order 
to improve genetic testing and counselling in hereditary melanoma patients.
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IDENTIFICATION OF CANCER DEPENDENCIES AS NEW 
THERAPEUTIC TARGETS

In addition to predisposition genes and driver genes, a third class of genes is 
relevant for the biology and treatment of cancer and these are dependence/fitness/
essential genes [121]. 

Application of large-scale pharmacogenomic screens across different panels of 
cancer cell lines provides a possible solution in un-revealing novel fitness genes 
as possible biomarkers for therapy [122]. Moreover, the recent advancement of 
CRISPR-Cas9 screening technology may provide a precise method in determining 
novel biomarkers with high precision and less false-positive targets when compared 
to previously used screens through short-hairpin RNAs (shRNAs) [123, 124]. The 
CRISPR-Cas9 technique consists of using a single-guide RNA (sgRNA) molecule 
to bind to complementary DNA sequences, which simultaneously recruits the 
endonuclease Cas9 to introduce double-stranded breaks in the target DNA. The 
resulting double-stranded break is then repaired, allowing modification or removal 
of specific DNA bases. The mechanism of repair usually involves non-homologous 
end joining, an error prone pathway that results in generation of indels within the 
gene [125, 126].

Cancer in vitro systems are now being investigated using pooled CRISPR-Cas9 
screens that employ genome-scale libraries consisting of thousands of sgRNAs. 
Data from these systems can be used to identify and prioritize new cancer 
therapeutic targets firstly by infecting tumor cell lines of interest and secondly by 
measuring the endpoint sgRNA abundance to identify depleted or enriched genes 
from the screen (usually 14-21 days after infection) (Figure 4) [127-129]. 

A recent study aiming to identify targets which when knocked-out confer resistance 
to melanoma immunotherapy, showed that Apelin Receptor (APLNR) was a modulator 
of interferon-γ responses in tumors by application of CRISPR-Cas9 positive selection 
screening [130]. On a similar note, negative selection screens have a general goal in 
identifying genes which when lost have an effect on cell proliferation and therefore 
are essential for cell fitness [127].

Genes may influence the fitness of melanoma cells either because they encode 
proteins involved in essential cellular processes, or they are required for viability 
specifically of cells of the melanocytic lineage. Still, the identification of context-
specific fitness genes to therapeutically target for maximal clinical benefit of 
melanoma patients remains a challenge [129]. Collectively, these data suggest that 
application of CRISPR-Cas9 screening technology may provide a precise method 
in determining novel vulnerabilities for melanoma targeted therapy. 
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Figure 4 Schematic overview of a CRISPR-Cas9 knockout screen. The cell-lines of interest (different 
cancer lineage) are infected by the human library of sgRNAs knocking out all known genes (Genome 
Scale CRISPR Knock-Out library). The sgRNA abundance is read using Next Generation Sequencing 
technology at days 0 and 14 (or 21) after infection. Those sgRNAs that are depleted compared to the 
initial sgRNA abundance depict genes essential for cell growth whereas sgRNAs that are enriched 
indicate genes that may serve as possible tumor suppressors.
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OBJECTIVES 

This thesis sought to investigate different aspects of CM biology, mostly linked to 
genetic dependencies in hereditary and sporadic melanoma. Specifically, herein 
we have employed state of the art technologies such as WES, digital PCR (dPCR) 
and CRISPR-Cas9 genetic engineering to unravel the complexity of genetic events 
in hereditary and sporadic melanoma. Specific objectives include: 

a) Identification and validation of novel high penetrance melanoma 
susceptibility genes. 

b) Identification of genetic modifiers predicting the risk of melanoma and 
PC in p16INK4A-Leiden mutation carriers.

c) Timing of CDKN2A loss-of-heterozygosity in melanocytic tumors of 
p16INK4A-Leiden mutation carriers.

d) Determination of genetic dependencies in melanoma by analyzing and 
processing CRISPR-Cas9 screening technology data.

To elucidate the genetic basis of familial melanoma and discover novel high 
penetrance melanoma susceptibility genes, in chapter 2, we applied WES in 
a Dutch melanoma family. The results of WES analysis were also validated in 
available patient’s tissues and functionally verified in-vitro using cancer cell lines. 
This work is absolutely essential to improve genetic testing and counselling of 
familial melanoma kindreds since about 50% of genetic variation underlying 
genetic variability remains unknown. 

Identification of genetic risk factors, other than a germline CDKN2A mutation, 
responsible for PC and melanoma risk in CDKN2A-mutated families has been a 
challenge. In chapter 3, we sought to investigate a variable genomic region (SNP) 
within TERT/CLPTM1L high-cancer risk locus as a modifying genetic risk factor for 
PC and melanoma in p16INK4A-Leiden mutation carriers.

Even though scientific studies provide evidence for CDKN2A bi-allelic loss to be 
an important event in the transition to invasive melanoma in sporadic cases, there 
is little or no evidence known about inactivation of this tumor suppressor gene in 
the progression stages of hereditary melanoma. Therefore, in chapter 4, we sought 
to investigate CDKN2A inactivation through LOH by applying dPCR in FAMMM 
syndrome patients, carrying a germline CDKN2A mutation. Utilization of dPCR 
assays allows for numerous applications such as quantitative detection of mutant 
cell fraction in a population of ad-mixed cells, LOH and quantification of T-cells 
in tumors (Figure 5) [131-133]. In cases where quantification of the actual mutation 
of interest is challenging, dPCR technology may be applied to target a common 
polymorphic region (SNP) that is linked to the specific mutation site. This could 



24

be depicted by the high probability that the SNP-allele linked to the mutation, will 
end up in the same droplet as the mutant-allele (Figure 5). Application of SNP-
based dPCR technology in melanocytic neoplasms of FAMMM syndrome patients 
allowed for absolute quantification of allelic imbalance within CDKN2A, indicative 
of LOH. We also attempted to deduce the order of genetic events via quantifying 
cells with BRAFV600E mutation, pTERT mutations and chromosome 9q LOH. 

Figure 5 Diagram of SNP-based digital PCR (dPCR) analysis. The sample of interest is partitioned into 
20,000 droplets which are then detected for the specific target of interest. The homozygous genotype for 
a wild-type (WT) sequence is depicted by a droplet positive for the green target only. The heterozygous 
genotype is depicted by positivity for the WT-allele (green), the mutant (MT) allele (blue) and the SNP-
allele (purple) that is linked to the mutation. The homozygous genotype for the mutation is depicted 
by positivity for the MT allele (blue) and the SNP-allele (purple). In cases where the mutation is not the 
direct target of amplification, targeting of the SNP allele linked to the mutant allele allows for direct 
quantification of the mutation allele frequency (AF) and therefore loss-of-heterozygosity (LOH). In the 
example shown, mutation AF was calculated by dividing the SNP-allele counts (10) over the total allele-
counts (19). The mutation AF was 53% depicting LOH in this example (>50%).

Finally, resistance to BRAF inhibitors warrants screening for identification of novel 
pathways to melanoma treatment. The application of CRISPR-Cas9 screening 
technology is nowadays the leading tool in revealing novel genetic vulnerabilities 
in cancer. Therefore, in chapter 5 we performed comparative analysis using 
bioinformatic tools to study CRISPR knockout (KO) screening data and identify 
novel fitness genes in melanoma. 

Collectively, through application of novel genomic techniques in this thesis, we hope to 
have explored in detail the genetic dependencies in familial and sporadic melanoma.



25

1Chapter 1 | General Introduction

REFERENCES
1. Chin, L., The genetics of malignant melanoma: lessons from mouse and man. Nature Reviews 

Cancer, 2003. 3(8): p. 559-570.
2. Shain, A.H., I. Yeh, I. Kovalyshyn, A. Sriharan, E. Talevich, A. Gagnon, et al., The Genetic Evolution 

of Melanoma from Precursor Lesions. New England Journal of Medicine, 2015. 373(20): p. 1926-1936.
3. Shain, A.H. and B.C. Bastian, From melanocytes to melanomas. Nature Reviews Cancer, 2016. 16(6): 

p. 345-58.
4. Shain, A.H., N.M. Joseph, R. Yu, J. Benhamida, S. Liu, T. Prow, et al., Genomic and Transcriptomic 

Analysis Reveals Incremental Disruption of Key Signaling Pathways during Melanoma Evolution. 
Cancer Cell, 2018. 34(1): p. 45-55.e4.

5. Gruis, N.A., P.A. van der Velden, W. Bergman, and R.R. Frants, Familial melanoma; CDKN2A and 
beyond. The journal of investigative dermatology Symposium proceedings, 1999. 4(1): p. 50-4.

6. Aoude, L.G., K.A. Wadt, A.L. Pritchard, and N.K. Hayward, Genetics of familial melanoma: 20 
years after CDKN2A. Pigment Cell and Melanoma Research, 2015. 28(2): p. 148-60.

7. Brookes, S., J. Rowe, M. Ruas, S. Llanos, P.A. Clark, M. Lomax, et al., INK4a-deficient human 
diploid fibroblasts are resistant to RAS-induced senescence. The EMBO journal, 2002. 21(12): p. 
2936-45.

8. Roguin, A., Rene Theophile Hyacinthe Laënnec (1781-1826): the man behind the stethoscope. 
Clinical medicine & research, 2006. 4(3): p. 230-235.

9. Schadendorf, D., A.C.J. van Akkooi, C. Berking, K.G. Griewank, R. Gutzmer, A. Hauschild, et al., 
Melanoma. The Lancet, 2018. 392(10151): p. 971-984.

10. WHO, I.A.f.R.o.C. International Agency for Research on Cancer, WHO. CI5: cancer incidence in 
five continents. 2019 [cited 2020 14-07-20]; Available from: http://gco.iarc.fr.

11. Nederland, K.i.k. Cancer incidences and mortality. 2009 [cited 2019 14-07-20]; Available from: 
https://www.iknl.nl/.

12. Bray, F., J. Ferlay, I. Soerjomataram, R.L. Siegel, L.A. Torre, and A. Jemal, Global cancer statistics 
2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. 
Cancer Journal for Clinicians, 2018. 68(6): p. 394-424.

13. van Zeijl, M.C.T., A.J.M. van den Eertwegh, M. Wouters, A. Jochems, M.G. Schouwenburg, J. 
Haanen, et al., [Recent treatment results for metastatic melanoma: data from the Dutch Melanoma 
Treatment Registry]. Ned Tijdschr Geneeskd, 2018. 162.

14. Gandini, S., F. Sera, M.S. Cattaruzza, P. Pasquini, O. Picconi, P. Boyle, et al., Meta-analysis of risk 
factors for cutaneous melanoma: II. Sun exposure. European Journal of Cancer, 2005. 41(1): p. 45-60.

15. The association of use of sunbeds with cutaneous malignant melanoma and other skin cancers: A 
systematic review. International Journal of Cancer, 2007. 120(5): p. 1116-22.

16. Suppa, M. and S. Gandini, Sunbeds and melanoma risk: time to close the debate. Current Opinion 
in Oncology, 2019. 31(2): p. 65-71.

17. Hodis, E., Ian R. Watson, Gregory V. Kryukov, Stefan T. Arold, M. Imielinski, J.-P. Theurillat, et al., 
A Landscape of Driver Mutations in Melanoma. Cell, 2012. 150(2): p. 251-263.

18. Sturm, R.A., N.F. Box, and M. Ramsay, Human pigmentation genetics: the difference is only skin 
deep. Bioessays, 1998. 20(9): p. 712-21.

19. Rees, J.L., The melanocortin 1 receptor (MC1R): more than just red hair. Pigment Cell Research, 2000. 
13(3): p. 135-40.

20. Valverde, P., E. Healy, S. Sikkink, F. Haldane, A.J. Thody, A. Carothers, et al., The Asp84Glu variant 
of the melanocortin 1 receptor (MC1R) is associated with melanoma. Human Molecular Genetics, 
1996. 5(10): p. 1663-6.

21. Valverde, P., E. Healy, I. Jackson, J.L. Rees, and A.J. Thody, Variants of the melanocyte-stimulating 
hormone receptor gene are associated with red hair and fair skin in humans. Nature Genetics, 1995. 
11(3): p. 328-30.



26

22. Curtin, J.A., J. Fridlyand, T. Kageshita, H.N. Patel, K.J. Busam, H. Kutzner, et al., Distinct Sets of 
Genetic Alterations in Melanoma. New England Journal of Medicine, 2005. 353(20): p. 2135-2147.

23. Viros, A., J. Fridlyand, J. Bauer, K. Lasithiotakis, C. Garbe, D. Pinkel, et al., Improving melanoma 
classification by integrating genetic and morphologic features. PLoS Medicine, 2008. 5(6): p. e120.

24. Clark, W.H., Jr., L. From, E.A. Bernardino, and M.C. Mihm, The histogenesis and biologic behavior 
of primary human malignant melanomas of the skin. Cancer Research, 1969. 29(3): p. 705-27.

25. McGovern, V.J., M.C. Mihm, Jr., C. Bailly, J.C. Booth, W.H. Clark, Jr., A.J. Cochran, et al., The 
classification of malignant melanoma and its histologic reporting. Cancer, 1973. 32(6): p. 1446-57.

26. Bradford, P.T., A.M. Goldstein, M.L. McMaster, and M.A. Tucker, Acral Lentiginous Melanoma: 
Incidence and Survival Patterns in the United States, 1986-2005. Archives of Dermatology, 2009. 
145(4): p. 427-434.

27. Bastian, B.C., The molecular pathology of melanoma: an integrated taxonomy of melanocytic 
neoplasia. Annual Reviews of Pathology, 2014. 9: p. 239-71.

28. Tsatmali, M., J. Ancans, and A.J. Thody, Melanocyte function and its control by melanocortin 
peptides. The Journal of Histochemistry and Cytochemistry, 2002. 50(2): p. 125-33.

29. Lin, W.M., S. Luo, A. Muzikansky, A.Z. Lobo, K.K. Tanabe, A.J. Sober, et al., Outcome of patients 
with de novo versus nevus-associated melanoma. Journal of the American Academy of Dermatology, 
2015. 72(1): p. 54-8.

30. Haenssle, H.A., N. Mograby, A. Ngassa, T. Buhl, S. Emmert, M.P. Schon, et al., Association of 
Patient Risk Factors and Frequency of Nevus-Associated Cutaneous Melanomas. JAMA Dermatology, 
2016. 152(3): p. 291-8.

31. Krauthammer, M., Y. Kong, A. Bacchiocchi, P. Evans, N. Pornputtapong, C. Wu, et al., Exome 
sequencing identifies recurrent mutations in NF1 and RASopathy genes in sun-exposed 
melanomas. Nature Genetics, 2015. 47(9): p. 996-1002.

32. Curtin, J.A., K. Busam, D. Pinkel, and B.C. Bastian, Somatic activation of KIT in distinct subtypes 
of melanoma. Journal of Clinical Oncology, 2006. 24(26): p. 4340-6.

33. Beadling, C., E. Jacobson-Dunlop, F.S. Hodi, C. Le, A. Warrick, J. Patterson, et al., KIT gene 
mutations and copy number in melanoma subtypes. Clinical Cancer Research, 2008. 14(21): p. 6821-8.

34. Cancer Genome Atlas, N., Genomic Classification of Cutaneous Melanoma. Cell, 2015. 161(7): p. 
1681-1696.

35. Gray-Schopfer, V.C., S.C. Cheong, H. Chong, J. Chow, T. Moss, Z.A. Abdel-Malek, et al., Cellular 
senescence in naevi and immortalisation in melanoma: a role for p16? British Journal of Cancer, 
2006. 95(4): p. 496-505.

36. Michaloglou, C., L.C. Vredeveld, M.S. Soengas, C. Denoyelle, T. Kuilman, C.M. van der Horst, et 
al., BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature, 2005. 436(7051): 
p. 720-4.

37. Tokura, Y., K. Yamanaka, H. Wakita, S. Kurokawa, D. Horiguchi, A. Usui, et al., Halo congenital nevus 
undergoing spontaneous regression. Involvement of T-cell immunity in involution and presence of 
circulating anti-nevus cell IgM antibodies. Archives of Dermatology, 1994. 130(8): p. 1036-41.

38. Akasu, R., L. From, and H.J. Kahn, Characterization of the mononuclear infiltrate involved in 
regression of halo nevi. Journal of Cutaneous Pathology, 1994. 21(4): p. 302-311.

39. Jensen, P., S. Hansen, B. Moller, T. Leivestad, P. Pfeffer, O. Geiran, et al., Skin cancer in kidney and 
heart transplant recipients and different long-term immunosuppressive therapy regimens. Journal 
of the American Academy of Dermatology, 1999. 40(2 Pt 1): p. 177-86.

40. Duffy, K. and D. Grossman, The dysplastic nevus: from historical perspective to management in 
the modern era: part I. Historical, histologic, and clinical aspects. Journal of the American Academy of 
Dermatology, 2012. 67(1): p. 1.e1-16; quiz 17-8.

41. Halpern, A.C., D.t. Guerry, D.E. Elder, W.H. Clark, Jr., M. Synnestvedt, S. Norman, et al., 
Dysplastic nevi as risk markers of sporadic (nonfamilial) melanoma. A case-control study. Archives 
of Dermatology, 1991. 127(7): p. 995-9.



27

1Chapter 1 | General Introduction

42. Blasco, M.A., H.W. Lee, M.P. Hande, E. Samper, P.M. Lansdorp, R.A. DePinho, et al., Telomere 
shortening and tumor formation by mouse cells lacking telomerase RNA. Cell, 1997. 91(1): p. 25-34.

43. Lee, H.W., M.A. Blasco, G.J. Gottlieb, J.W. Horner, 2nd, C.W. Greider, and R.A. DePinho, Essential 
role of mouse telomerase in highly proliferative organs. Nature, 1998. 392(6676): p. 569-74.

44. Liu, Y., B.E. Snow, M.P. Hande, D. Yeung, N.J. Erdmann, A. Wakeham, et al., The telomerase 
reverse transcriptase is limiting and necessary for telomerase function in vivo. Current Biology, 
2000. 10(22): p. 1459-62.

45. Greider, C.W. and E.H. Blackburn, Identification of a specific telomere terminal transferase 
activity in tetrahymena extracts. Cell, 1985. 43(2, Part 1): p. 405-413.

46. Xu, D., J. Dwyer, H. Li, W. Duan, and J.P. Liu, Ets2 maintains hTERT gene expression and breast 
cancer cell proliferation by interacting with c-Myc. The Journal of Biological Chemistry, 2008. 283(35): 
p. 23567-80.

47. Rachakonda, S., H. Kong, N. Srinivas, Z. Garcia-Casado, C. Requena, M. Fallah, et al., Telomere 
length, telomerase reverse transcriptase promoter mutations, and melanoma risk. Genes 
Chromosomes Cancer, 2018. 57(11): p. 564-572.

48. Horn, S., A. Figl, P.S. Rachakonda, C. Fischer, A. Sucker, A. Gast, et al., TERT promoter mutations 
in familial and sporadic melanoma. Science, 2013. 339(6122): p. 959-61.

49. Hayward, N.K., J.S. Wilmott, N. Waddell, P.A. Johansson, M.A. Field, K. Nones, et al., Whole-
genome landscapes of major melanoma subtypes. Nature, 2017. 545(7653): p. 175-180.

50. Stahl, J.M., M. Cheung, A. Sharma, N.R. Trivedi, S. Shanmugam, and G.P. Robertson, Loss of PTEN 
promotes tumor development in malignant melanoma. Cancer Research, 2003. 63(11): p. 2881-90.

51. Davies, H., G.R. Bignell, C. Cox, P. Stephens, S. Edkins, S. Clegg, et al., Mutations of the BRAF 
gene in human cancer. Nature, 2002. 417(6892): p. 949-954.

52. Wan, P.T.C., M.J. Garnett, S.M. Roe, S. Lee, D. Niculescu-Duvaz, V.M. Good, et al., Mechanism of 
Activation of the RAF-ERK Signaling Pathway by Oncogenic Mutations of B-RAF. Cell, 2004. 116(6): 
p. 855-867.

53. Tsai, J., J.T. Lee, W. Wang, J. Zhang, H. Cho, S. Mamo, et al., Discovery of a selective inhibitor of 
oncogenic B-Raf kinase with potent antimelanoma activity. Proceedings of the National Academy of 
Sciences of the United States of America, 2008. 105(8): p. 3041-6.

54. Bollag, G., P. Hirth, J. Tsai, J. Zhang, P.N. Ibrahim, H. Cho, et al., Clinical efficacy of a RAF inhibitor 
needs broad target blockade in BRAF-mutant melanoma. Nature, 2010. 467(7315): p. 596-9.

55. Flaherty, K.T., I. Puzanov, K.B. Kim, A. Ribas, G.A. McArthur, J.A. Sosman, et al., Inhibition of 
mutated, activated BRAF in metastatic melanoma. The New England Journal of Medicine, 2010. 363(9): 
p. 809-19.

56. Long, G.V., K.T. Flaherty, D. Stroyakovskiy, H. Gogas, E. Levchenko, F. de Braud, et al., Dabrafenib 
plus trametinib versus dabrafenib monotherapy in patients with metastatic BRAF V600E/K-
mutant melanoma: long-term survival and safety analysis of a phase 3 study. Annals of Oncology, 
2017. 28(7): p. 1631-1639.

57. Robert, C., B. Karaszewska, J. Schachter, P. Rutkowski, A. Mackiewicz, D. Stroiakovski, et al., 
Improved Overall Survival in Melanoma with Combined Dabrafenib and Trametinib. The New 
England Journal of Medicine, 2014. 372(1): p. 30-39.

58. Ascierto, P.A., G.A. McArthur, B. Dreno, V. Atkinson, G. Liszkay, A.M. Di Giacomo, et al., 
Cobimetinib combined with vemurafenib in advanced BRAF(V600)-mutant melanoma (coBRIM): 
updated efficacy results from a randomised, double-blind, phase 3 trial. The Lancet Oncology, 2016. 
17(9): p. 1248-60.

59. Dummer, R., P.A. Ascierto, H.J. Gogas, A. Arance, M. Mandala, G. Liszkay, et al., Encorafenib 
plus binimetinib versus vemurafenib or encorafenib in patients with BRAF-mutant melanoma 
(COLUMBUS): a multicentre, open-label, randomised phase 3 trial. Lancet Oncology, 2018. 19(5): 
p. 603-615.



28

60. Sosman, J.A., K.B. Kim, L. Schuchter, R. Gonzalez, A.C. Pavlick, J.S. Weber, et al., Survival in BRAF 
V600–Mutant Advanced Melanoma Treated with Vemurafenib. The New England Journal of Medicine, 
2012. 366(8): p. 707-714.

61. Richmond, C.S., Y. Vallatharasu, J.A. Deviley, C.R. Vos, B.M. Parsons, and P.A. Kenny, Sequential 
treatment failures in response to BRAF/MEK and immune checkpoint inhibitors mediated by 
MAP2K2 and B2M mutations in melanoma. Experimental and Molecular Pathology, 2019. 110: p. 104260.

62. McArthur, G.A., P.B. Chapman, C. Robert, J. Larkin, J.B. Haanen, R. Dummer, et al., Safety and 
efficacy of vemurafenib in BRAFV600E and BRAFV600K mutation-positive melanoma (BRIM-3): 
extended follow-up of a phase 3, randomised, open-label study. The Lancet Oncology, 2014. 15(3): p. 
323-332.

63. Shi, H., W. Hugo, X. Kong, A. Hong, R.C. Koya, G. Moriceau, et al., Acquired Resistance and Clonal 
Evolution in Melanoma during BRAF Inhibitor Therapy. Cancer Discovery, 2014. 4(1): p. 80-93.

64. Sun, J., M.J. Carr, and N.I. Khushalani, Principles of Targeted Therapy for Melanoma. The Surgical 
Clinics of North America, 2020. 100(1): p. 175-188.

65. Colombino, M., M. Capone, A. Lissia, A. Cossu, C. Rubino, V. De Giorgi, et al., BRAF/NRAS 
Mutation Frequencies Among Primary Tumors and Metastases in Patients With Melanoma. 
Journal of Clinical Oncology, 2012. 30(20): p. 2522-2529.

66. Weber, J., Overcoming immunologic tolerance to melanoma: targeting CTLA-4 with ipilimumab 
(MDX-010). Oncologist, 2008. 13 Suppl 4: p. 16-25.

67. Larkin, J., V. Chiarion-Sileni, R. Gonzalez, J.J. Grob, C.L. Cowey, C.D. Lao, et al., Combined 
Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. The New England Journal of 
Medicine, 2015. 373(1): p. 23-34.

68. Eggermont, A.M., V. Chiarion-Sileni, J.J. Grob, R. Dummer, J.D. Wolchok, H. Schmidt, et al., 
Prolonged Survival in Stage III Melanoma with Ipilimumab Adjuvant Therapy. The New England 
Journal of Medicine, 2016. 375(19): p. 1845-1855.

69. Wolchok, J.D., V. Chiarion-Sileni, R. Gonzalez, P. Rutkowski, J.J. Grob, C.L. Cowey, et al., Overall 
Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. The New England 
Journal of Medicine, 2017. 377(14): p. 1345-1356.

70. Franklin, C., E. Livingstone, A. Roesch, B. Schilling, and D. Schadendorf, Immunotherapy in 
melanoma: Recent advances and future directions. European Journal of Surgical Oncology (EJSO), 
2017. 43(3): p. 604-611.

71. Leachman, S.A., J. Carucci, W. Kohlmann, K.C. Banks, M.M. Asgari, W. Bergman, et al., Selection 
criteria for genetic assessment of patients with familial melanoma. Journal of the American Academy 
of Dermatology, 2009. 61(4): p. 677.e1-14.

72. Manolio, T.A., F.S. Collins, N.J. Cox, D.B. Goldstein, L.A. Hindorff, D.J. Hunter, et al., Finding the 
missing heritability of complex diseases. Nature, 2009. 461(7265): p. 747-753.

73. Cannon-Albright, L.A., D.E. Goldgar, L.J. Meyer, C.M. Lewis, D.E. Anderson, J.W. Fountain, et 
al., Assignment of a locus for familial melanoma, MLM, to chromosome 9p13-p22. Science, 1992. 
258(5085): p. 1148-52.

74. Kamb, A., D. Shattuck-Eidens, R. Eeles, Q. Liu, N.A. Gruis, W. Ding, et al., Analysis of the p16 gene 
(CDKN2) as a candidate for the chromosome 9p melanoma susceptibility locus. Nat Genet, 1994. 
8(1): p. 23-6.

75. Hussussian, C.J., J.P. Struewing, A.M. Goldstein, P.A.T. Higgins, D.S. Ally, M.D. Sheahan, et al., 
Germline p16 mutations in familial melanoma. Nature Genetics, 1994. 8: p. 15.

76. Gruis, N.A., P.A. van der Velden, L.A. Sandkuijl, D.E. Prins, J. Weaver-Feldhaus, A. Kamb, et al., 
Homozygotes for CDKN2 (p16) germline mutation in Dutch familial melanoma kindreds. Nature 
Genetics, 1995. 10: p. 351.

77. Goldstein, A.M., M. Chan, M. Harland, N.K. Hayward, F. Demenais, D.T. Bishop, et al., Features 
associated with germline CDKN2A mutations: a GenoMEL study of melanoma-prone families 
from three continents. Journal of Medical Genetics, 2007. 44(2): p. 99-106.



29

1Chapter 1 | General Introduction

78. Lynch, H.T. and A.J. Krush, Heredity and malignant melanoma: implications for early cancer 
detection. Canadian Medical Association journal, 1968. 99(1): p. 17-21.

79. Bishop, D.T., F. Demenais, A.M. Goldstein, W. Bergman, J.N. Bishop, B. Bressac-de Paillerets, et 
al., Geographical variation in the penetrance of CDKN2A mutations for melanoma. Journal of the 
National Cancer Institute, 2002. 94(12): p. 894-903.

80. Goldstein, A.M., J.P. Struewing, A. Chidambaram, M.C. Fraser, and M.A. Tucker, Genotype-
phenotype relationships in U.S. melanoma-prone families with CDKN2A and CDK4 mutations. 
Journal of the National Cancer Institute, 2000. 92(12): p. 1006-10.

81. Vasen, H.F., N.A. Gruis, R.R. Frants, P.A. van Der Velden, E.T. Hille, and W. Bergman, Risk of 
developing pancreatic cancer in families with familial atypical multiple mole melanoma associated 
with a specific 19 deletion of p16 (p16-Leiden). International Journal of Cancer, 2000. 87(6): p. 809-11.

82. de Snoo, F.A., D.T. Bishop, W. Bergman, I. van Leeuwen, C. van der Drift, F.A. van Nieuwpoort, 
et al., Increased risk of cancer other than melanoma in CDKN2A founder mutation (p16-Leiden)-
positive melanoma families. Clinical Cancer Research, 2008. 14(21): p. 7151-7.

83. Potjer, T.P., H.E. Kranenburg, W. Bergman, W.H. de Vos tot Nederveen Cappel, H.S. van Monsjou, 
D.Q. Barge-Schaapveld, et al., Prospective risk of cancer and the influence of tobacco use in 
carriers of the p16-Leiden germline variant. European Journal of Human Genetics, 2015. 23(5): p. 711-4.

84. Yang, X.R., M. Rotunno, Y. Xiao, C. Ingvar, H. Helgadottir, L. Pastorino, et al., Multiple rare 
variants in high-risk pancreatic cancer-related genes may increase risk for pancreatic cancer in 
a subset of patients with and without germline CDKN2A mutations. Human Genetics, 2016. 135(11): 
p. 1241-1249.

85. van  der  Velden, P.A., L.A. Sandkuijl, W. Bergman, S. Pavel, L. van  Mourik, R.R. Frants, et 
al., Melanocortin-1 Receptor Variant R151C Modifies Melanoma Risk in Dutch Families with 
Melanoma. American Journal of Human Genetics, 2001. 69(4): p. 774-779.

86. Demenais, F., H. Mohamdi, V. Chaudru, A.M. Goldstein, J.A. Newton Bishop, D.T. Bishop, et al., 
Association of MC1R variants and host phenotypes with melanoma risk in CDKN2A mutation 
carriers: a GenoMEL study. Journal of the National Cancer Institute, 2010. 102(20): p. 1568-83.

87. Serrano, M., G.J. Hannon, and D. Beach, A new regulatory motif in cell-cycle control causing 
specific inhibition of cyclin D/CDK4. Nature, 1993. 366(6456): p. 704-7.

88. Sherr, C.J., The INK4a/ARF network in tumour suppression. Nature Reviews Molecular Cell biology, 
2001. 2(10): p. 731-7.

89. Kamijo, T., J.D. Weber, G. Zambetti, F. Zindy, M.F. Roussel, and C.J. Sherr, Functional and physical 
interactions of the ARF tumor suppressor with p53 and Mdm2. Proceedings of the National Academy of 
Sciences of the United States of America, 1998. 95(14): p. 8292-8297.

90. Pomerantz, J., N. Schreiber-Agus, N.J. Liegeois, A. Silverman, L. Alland, L. Chin, et al., The Ink4a 
tumor suppressor gene product, p19Arf, interacts with MDM2 and neutralizes MDM2’s inhibition 
of p53. Cell, 1998. 92(6): p. 713-23.

91. Stott, F.J., S. Bates, M.C. James, B.B. McConnell, M. Starborg, S. Brookes, et al., The alternative 
product from the human CDKN2A locus, p14(ARF), participates in a regulatory feedback loop with 
p53 and MDM2. The EMBO journal, 1998. 17(17): p. 5001-14.

92. Zhang, Y., Y. Xiong, and W.G. Yarbrough, ARF promotes MDM2 degradation and stabilizes p53: 
ARF-INK4a locus deletion impairs both the Rb and p53 tumor suppression pathways. Cell, 1998. 
92(6): p. 725-34.

93. Serrano, M., H. Lee, L. Chin, C. Cordon-Cardo, D. Beach, and R.A. DePinho, Role of the INK4a 
locus in tumor suppression and cell mortality. Cell, 1996. 85(1): p. 27-37.

94. Chin, L., J. Pomerantz, D. Polsky, M. Jacobson, C. Cohen, C. Cordon-Cardo, et al., Cooperative effects 
of INK4a and ras in melanoma susceptibility in vivo. Genes & development, 1997. 11(21): p. 2822-34.

95. Kwong, L.N., J.C. Costello, H. Liu, S. Jiang, T.L. Helms, A.E. Langsdorf, et al., Oncogenic NRAS 
signaling differentially regulates survival and proliferation in melanoma. Nature Methods, 2012. 
18(10): p. 1503-10.



30

96. Damsky, W., G. Micevic, K. Meeth, V. Muthusamy, D.P. Curley, M. Santhanakrishnan, et al., 
mTORC1 activation blocks Braf V600E-induced growth arrest but is insufficient for melanoma 
formation. Cancer Cell, 2015. 27(1): p. 41-56.

97. Zeng, H., A. Jorapur, A.H. Shain, U.E. Lang, R. Torres, Y. Zhang, et al., Bi-allelic Loss of CDKN2A 
Initiates Melanoma Invasion via BRN2 Activation. Cancer cell, 2018. 34(1): p. 56-68.e9.

98. Zuo, L., J. Weger, Q. Yang, A.M. Goldstein, M.A. Tucker, G.J. Walker, et al., Germline mutations in 
the p16INK4a binding domain of CDK4 in familial melanoma. Nature Genetics, 1996. 12(1): p. 97-99.

99. Nikolaou, V., X. Kang, A. Stratigos, H. Gogas, M.C. Latorre, M. Gabree, et al., Comprehensive 
mutational analysis of CDKN2A and CDK4 in Greek patients with cutaneous melanoma. The British 
Journal of Dermatology, 2011. 165(6): p. 1219-1222.

100. Veinalde, R., A. Ozola, K. Azarjana, A. Molven, L.A. Akslen, S. Donina, et al., Analysis of Latvian 
familial melanoma patients shows novel variants in the noncoding regions of CDKN2A and that 
the CDK4 mutation R24H is a founder mutation. Melanoma Research, 2013. 23(3): p. 221-226.

101. Wadt, K.A., L.G. Aoude, L. Krogh, L. Sunde, A. Bojesen, K. Gronskov, et al., Molecular 
characterization of melanoma cases in Denmark suspected of genetic predisposition. PLoS One, 
2015. 10(3): p. e0122662.

102. Soufir, N., M.F. Avril, A. Chompret, F. Demenais, J. Bombled, A. Spatz, et al., Prevalence of p16 
and CDK4 germline mutations in 48 melanoma-prone families in France. The French Familial 
Melanoma Study Group. Human Molecular Genetics, 1998. 7(2): p. 209-16.

103. Sotillo, R., J.F. García, S. Ortega, J. Martin, P. Dubus, M. Barbacid, et al., Invasive melanoma in 
Cdk4-targeted mice. Proceedings of the National Academy of Sciences of the United States of America, 2001. 
98(23): p. 13312-13317.

104. Wiesner, T., A.C. Obenauf, R. Murali, I. Fried, K.G. Griewank, P. Ulz, et al., Germline mutations in 
BAP1 predispose to melanocytic tumors. Nature Genetics, 2011. 43(10): p. 1018-1021.

105. Wiesner, T., I. Fried, P. Ulz, E. Stacher, H. Popper, R. Murali, et al., Toward an Improved Definition 
of the Tumor Spectrum Associated With BAP1 Germline Mutations. Journal of Clinical Oncology, 
2012. 30(32): p. e337-e340.

106. Cheung, M., J. Talarchek, K. Schindeler, E. Saraiva, L.S. Penney, M. Ludman, et al., Further 
evidence for germline BAP1 mutations predisposing to melanoma and malignant mesothelioma. 
Cancer genetics, 2013. 206(5): p. 206-10.

107. de la Fouchardiere, A., O. Cabaret, L. Savin, P. Combemale, H. Schvartz, C. Penet, et al., Germline 
BAP1 mutations predispose also to multiple basal cell carcinomas. Clinical Genetics, 2015. 88(3): p. 273-7.

108. Farley, M.N., L.S. Schmidt, J.L. Mester, S. Pena-Llopis, A. Pavia-Jimenez, A. Christie, et al., A novel 
germline mutation in BAP1 predisposes to familial clear-cell renal cell carcinoma. Molecular cancer 
research : MCR, 2013. 11(9): p. 1061-1071.

109. Aoude, L.G., C.M. Vajdic, A. Kricker, B. Armstrong, and N.K. Hayward, Prevalence of germline 
BAP1 mutation in a population-based sample of uveal melanoma cases. Pigment Cell and Melanoma 
Research, 2013. 26(2): p. 278-9.

110. Yokoyama, S., S.L. Woods, G.M. Boyle, L.G. Aoude, S. MacGregor, V. Zismann, et al., A novel recurrent 
mutation in MITF predisposes to familial and sporadic melanoma. Nature, 2011. 480(7375): p. 99-103.

111. Levy, C., M. Khaled, and D.E. Fisher, MITF: master regulator of melanocyte development and 
melanoma oncogene. Trends in Molecular Medicine, 2006. 12(9): p. 406-14.

112. Bertolotto, C., F. Lesueur, S. Giuliano, T. Strub, M. de Lichy, K. Bille, et al., A SUMOylation-
defective MITF germline mutation predisposes to melanoma and renal carcinoma. Nature, 2011. 
480(7375): p. 94-8.

113. Hsu, C.P., L.W. Lee, S.C. Tang, I.L. Hsin, Y.W. Lin, and J.L. Ko, Epidermal growth factor activates 
telomerase activity by direct binding of Ets-2 to hTERT promoter in lung cancer cells. Tumour 
Biology, 2015. 36(7): p. 5389-98.

114. Robles-Espinoza, C.D., M. Harland, A.J. Ramsay, L.G. Aoude, V. Quesada, Z. Ding, et al., POT1 
loss-of-function variants predispose to familial melanoma. Nature Genetics, 2014. 46: p. 478.



31

1Chapter 1 | General Introduction

115. Aoude, L.G., A.L. Pritchard, C.D. Robles-Espinoza, K. Wadt, M. Harland, J. Choi, et al., Nonsense 
Mutations in the Shelterin Complex Genes ACD and TERF2IP in Familial Melanoma. Journal of the 
National Cancer Institute, 2015. 107(2): p. dju408-dju408.

116. Teerlink, C.C., C. Huff, J. Stevens, Y. Yu, S.L. Holmen, M.R. Silvis, et al., A Nonsynonymous Variant 
in the GOLM1 Gene in Cutaneous Malignant Melanoma. Journal of the National Cancer Institute, 2018. 
110(12): p. 1380-1385.

117. Artomov, M., A.J. Stratigos, I. Kim, R. Kumar, M. Lauss, B.Y. Reddy, et al., Rare Variant, Gene-
Based Association Study of Hereditary Melanoma Using Whole-Exome Sequencing. Journal of the 
National Cancer Institute, 2017. 109(12).

118. Aoude, L.G., E. Heitzer, P. Johansson, M. Gartside, K. Wadt, A.L. Pritchard, et al., POLE mutations 
in families predisposed to cutaneous melanoma. Familial Cancer, 2015. 14(4): p. 621-8.

119. Benfodda, M., S. Gazal, V. Descamps, N. Basset-Seguin, L. Deschamps, L. Thomas, et al., 
Truncating mutations of TP53AIP1 gene predispose to cutaneous melanoma. Genes Chromosomes 
Cancer, 2018. 57(6): p. 294-303.

120. Briollais, L., A. Chompret, M. Guilloud-Bataille, B. Bressac-de Paillerets, M.-F. Avril, and F. Demenais, 
Patterns of familial aggregation of three melanoma risk factors: great number of naevi, light phototype 
and high degree of sun exposure. International Journal of Epidemiology, 2000. 29(3): p. 408-415.

121. Dempster, J.M., C. Pacini, S. Pantel, F.M. Behan, T. Green, J. Krill-Burger, et al., Agreement 
between two large pan-cancer CRISPR-Cas9 gene dependency data sets. Nature Communications, 
2019. 10(1): p. 5817.

122. Barretina, J., G. Caponigro, N. Stransky, K. Venkatesan, A.A. Margolin, S. Kim, et al., The Cancer 
Cell Line Encyclopedia enables predictive modelling of anticancer drug sensitivity. Nature, 2012. 
483(7391): p. 603-7.

123. Evers, B., K. Jastrzebski, J.P. Heijmans, W. Grernrum, R.L. Beijersbergen, and R. Bernards, 
CRISPR knockout screening outperforms shRNA and CRISPRi in identifying essential genes. 
Nature biotechnology, 2016. 34(6): p. 631-3.

124. Morgens, D.W., R.M. Deans, A. Li, and M.C. Bassik, Systematic comparison of CRISPR/Cas9 and 
RNAi screens for essential genes. Nat Biotechnol, 2016. 34(6): p. 634-6.

125. Jinek, M., K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, and E. Charpentier, A programmable dual-
RNA-guided DNA endonuclease in adaptive bacterial immunity. Science, 2012. 337(6096): p. 816-21.

126. Wiedenheft, B., S.H. Sternberg, and J.A. Doudna, RNA-guided genetic silencing systems in 
bacteria and archaea. Nature, 2012. 482(7385): p. 331-338.

127. Shalem, O., N.E. Sanjana, E. Hartenian, X. Shi, D.A. Scott, T.S. Mikkelsen, et al., Genome-Scale 
CRISPR-Cas9 Knockout Screening in Human Cells. Science, 2014. 343(6166): p. 84-87.

128. Tzelepis, K., H. Koike-Yusa, E. De Braekeleer, Y. Li, E. Metzakopian, O.M. Dovey, et al., A CRISPR 
Dropout Screen Identifies Genetic Vulnerabilities and Therapeutic Targets in Acute Myeloid 
Leukemia. Cell reports, 2016. 17(4): p. 1193-1205.

129. Behan, F.M., F. Iorio, G. Picco, E. Gonçalves, C.M. Beaver, G. Migliardi, et al., Prioritization of 
cancer therapeutic targets using CRISPR–Cas9 screens. Nature, 2019. 568(7753): p. 511-516.

130. Patel, S.J., N.E. Sanjana, R.J. Kishton, A. Eidizadeh, S.K. Vodnala, M. Cam, et al., Identification of 
essential genes for cancer immunotherapy. Nature, 2017. 548(7669): p. 537-542.

131. Versluis, M., M.J. de Lange, S.I. van Pelt, C.A. Ruivenkamp, W.G. Kroes, J. Cao, et al., Digital PCR 
validates 8q dosage as prognostic tool in uveal melanoma. PLoS One, 2015. 10(3): p. e0116371.

132. Christodoulou, E., R. van Doorn, M. Visser, A. Teunisse, M. Versluis, P. van der Velden, et al., NEK11 
as a candidate high-penetrance melanoma susceptibility gene. Journal of Medical Genetics, 2019.

133. de Lange, M.J., R.J. Nell, R.N. Lalai, M. Versluis, E.S. Jordanova, G.P.M. Luyten, et al., Digital PCR-
Based T-cell Quantification–Assisted Deconvolution of the Microenvironment Reveals that Activated 
Macrophages Drive Tumor Inflammation in Uveal Melanoma. Molecular Cancer Research, 2018.




