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Summary

There are many links between cell senescence and the genetics of melanoma, meaning both
familial susceptibility and somatic-genetic changes in sporadic melanoma. For example
CDKN2A, the best-known melanoma susceptibility gene, encodes two effectors of cell
senescence, while other familial melanoma genes are related to telomeres and their
maintenance. This article aims to analyze our current knowledge of the genetic or
epigenetic driver changes necessary to generate a cutaneous metastatic melanoma, the
commonest order in which these occur and the relation of these changes to the biology and
pathology of melanoma progression. Emphasis is laid on the role of cell senescence and the

escape from senescence leading to cellular immortality, the ability to divide indefinitely.
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Introduction

Cell senescence is defined as a permanent cell-cycle arrest brought about by either extensive cell
proliferation or certain cellular stresses such as oncogene overexpression, radiation or reactive
oxygen species (Chandler and Peters, 2013; Mufioz-Espin and Serrano, 2014; Salama et al., 2014).
The first signs of the now extensive connection between cell senescence and melanoma genetics
arose from discoveries about CDKN2A in the 1990s (Hussussian et al., 1994). CDKN2A is the
commonest known high-penetrance human familial melanoma locus (Aoude et al., 2014; Cust et al.,
2011; Goldstein et al., 2006), also very commonly disrupted in sporadic melanoma (Bastian, 2014;
Bennett, 2008). Its two main protein products, p16 (INK4A, CDKN2A) and ARF (p14, p19), are both
important effectors of cell senescence, although with some interspecies variation. In melanocytes
and other cells, ARF appears more important for senescence in mice, but p16 in humans (Chandler
and Peters, 2013; Ha et al., 2008; Herbig and Sedivy, 2006; Sviderskaya et al., 2003). Since 1994, a
remarkable number of other genes connected with senescence have also been found to be altered
in familial and sporadic melanoma (Aoude et al., 2015; lles et al., 2014). In this review | will discuss
reasons for this connection, in the broader context of current knowledge about the genetic and/or
epigenetic steps required to generate a metastatic cutaneous melanoma. There is much new
information since a related review on this topic (Bennett, 2008), emerging especially from the
application of deep sequencing to melanomas. The present focus will largely be on sporadic
(human) melanoma, because of the escalating amount of literature; an excellent review on familial
melanoma appeared recently (Aoude et al., 2014). However the two fields overlap, and evasion of
cell senescence is a major theme in both cases. Another focus here will be on metastatic melanoma,
since that is the form that kills and that we most urgently need to understand to inform advances in
diagnosis and therapy.

It is illuminating to consider at which stage in melanoma progression a given genetic change
tends to occur. This discussion will be based on the four increasingly progressed types of cutaneous
pigmented lesion described by W. Clark et al. (Clark, 1994). In summary these are: (1) the benign (or
banal) nevus or mole: usually small, symmetrical and static; (2) the dysplastic nevus: larger with
some cellular atypia by histopathology; (3) radial growth-phase or RGP melanoma, an expanding but
thin lesion growing only in or close to the epidermis, and (4) vertical growth-phase or VGP
melanoma, which has larger nests of cells dividing in the dermis and invading into the deep, reticular
dermis (Clark, 1994; Mooi and Krausz, 2007). VGP melanoma is thought to be already competent for
lymphatic invasion and metastasis. Another common system of classification includes superficial
spreading melanoma (SSM), composed of RGP only or RGP plus VGP melanoma; and nodular

melanoma (NM), a raised nodule of VGP with no RGP detected. This system also includes acral



lentiginous melanoma, lentigo maligna melanoma and mucosal melanoma (Mooi and Krausz, 2007).
These last three subtypes are less common than SSM and NM in Caucasian populations, and their
genetic aberrations seem to follow different patterns (Bastian, 2014; Curtin et al., 2005); they are
mostly not discussed here for reasons of space. Likewise primary melanomas of other organs are
not discussed here; the commonest is ocular melanoma, which again shows different patterns of

genetic change from cutaneous melanoma (Bastian, 2014; Dono et al., 2014).

The commonest genetic and epigenetic driver changes in melanoma
High-throughput sequencing has now revealed many genes to be commonly mutated in melanomas.
For example Hodis et al. (2012) found 515 genes that were each mutated in at least 10% of
melanomas. However, not all of these mutations prove to be relevant for malignancy. Melanomas
have a median of 13-17 mutations per Mbp of DNA, the highest frequency among 21 cancer types
analyzed (The Cancer Genome Atlas Network, 2015; Hodis et al., 2012; Lawrence et al., 2014), even
without considering rearrangements, copy-number alterations and epigenetic changes. These
mutations predominantly carry the signature of ultraviolet light mutagenesis (Hodis et al., 2012).
Every melanoma specimen has a different set of genetic and epigenetic changes. Many of these
appear to be random or “passenger” events, while fewer comprise the key “drivers” (Stratton et al.,
2009), the primary events selected for in the clonal evolution of the developing lesion. At 13
mutations per Mbp, around 2% of copies of a middle-sized coding sequence of 1,500 bases would
contain a mutation by chance. [13 per 10° bp = 1 per 76,923 bp, = 1 per (51.3 x 1,500 bp). 1in51.3
copies = 2%.] Moreover genes poorly expressed or not vital in a given cell type can accumulate
many more harmful mutations than others. It is therefore necessary to use careful statistical and
functional screening to identify real driver mutations, though the screening criteria vary somewhat
between studies and the identified gene set varies in part (Hodis et al., 2012; The Cancer Genome
Atlas Network, 2015; Krauthammer et al., 2015). Overall, even the validated drivers are quite
numerous. However we can make some sense of this morass of molecular malfunction, since many
of the common drivers affect the same cellular signalling pathways. Genetic manipulation of cells or
animals then adds powerful tools to distinguish the important from the accidental.

Based on such criteria, Table 1 presents the 20 commonest driver changes currently known, with
both similarities and differences from those previously listed in a similar table (Bennett, 2008).
Since 2008 the numbers of samples tested have increased greatly, and uncultured lesions rather
than cell lines are coming to predominate, giving more accurate estimates of mutation frequencies

in clinical melanoma as opposed to cell culture (which can select for properties such as cell



immortality and thus distort the picture). There are various interesting new arrivals in the table, like
TERT, PREX2 and ARID2, to be discussed. Note: HGNC-approved symbols will be used throughout.

The table aims to combine the different ways a gene is reported to be altered, where known.
Thus CDKN2A is often homozygously deleted, but also sometimes mutated or epigenetically silenced
by methylation. If we assume that usually only one of these defects would arise in a given
melanoma, we can add the frequencies to estimate the total frequency of disruption. Two genes in
the table, ARID2 and PPP6C, do not yet have clear biological functions in melanoma apart from
predicted tumour suppression (since loss of function mutations are seen), but their biochemical
functions are known. ARID2 is an epigenetic regulator, part of the SWI/SNF chromatin remodeling
complex. Rarer mutations in other members of this complex were also identified (Hodis et al., 2012;
Krauthammer et al., 2015). PPP6C encodes the catalytic subunit of protein phosphatase 6 (PP6),
which can negatively regulate both cyclin D1 (CCND1, discussed under Step 2 below), and the mitotic
kinase Aurora kinase A (AURKA) (Hodis et al., 2012).

A genetic model was proposed for the minimal biological changes required to make a melanoma
in relation to progression (Bennett, 2003) and this, with an update (Soo et al., 2011), seems to help
make sense of most currently known changes. Figure 1 shows the current four-step model. In a
technical tour de force, Khavari’s group (Chudnovsky et al., 2005) showed that a combination of
overexpressed genes adding the same four changes to diploid human melanocytes — mitogenic
driver (NRAS®*?"), senescence evasion (CDK4?%¢), antiapoptotic (p537**®W) and TERT expression —
were indeed sufficient to produce invasive melanoma-like lesions in human skin xenografts. This
model (Figure 1) will therefore be used as a framework to discuss the genetic changes in melanoma.
A key point to appreciate is that the “mutations that make cancer cells divide” fall into two very
different classes: transforming or mitogenic mutations (Step 1), and immortalizing mutations (Steps

2 and 4). Mutations to suppress apoptosis make Step 3.

Step 1. Mitogenic driver mutations and nevus growth

A mitogenic or transforming mutation is one that stimulates cell proliferation, by mimicking growth-
factor (mitogen) signalling. Natural mitogenic mutations in cancers most frequently affect the RAS-
RAF and PI3K pathways, which normally signal the activation of tyrosine kinase growth-factor
receptors (RTKs) by their ligands, and also activation of certain G-protein-coupled and other types of
receptors (Figure 2). A genomic classification of melanomas according to the mitogenic driver has

recently been proposed (Cancer Genome Atlas Network, 2015).



RAS and RAF mutations

The commonest mitogenic mutations in nevi are shared with melanomas. These include oncogenic
mutations of BRAF and NRAS (Table 1), which cause these intermediates to signal autonomously,
without their upstream activators. Asin melanoma, these mutations usually seem to be mutually
exclusive at the cell level; cases have been detected of both BRAF and NRAS mutations, or different
BRAF mutations, within apparently the same nevus or melanoma but in different subclones (Lin et
al., 2009; Shitara et al., 2015). Induced co-expression of both was reported to lead to senescence of
melanoma cells (Petti et al., 2006). Activating BRAF mutations are reported in nearly half of all
human cutaneous melanomas (Table 1) (Forbes et al., 2015), and one now-famous mutation
accounts for the great majority of activating BRAF mutations in both nevi and melanomas: T to A at
nucleotide 1799, producing a valine to glutamic acid substitution (V600E) in the protein, and
providing a major therapeutic target for metastatic melanoma (e.g. Robert et al., 2015).

Interestingly the prevalence of BRAF69%

mutations was recently reported to vary between different
populations, at 43% of 60 melanoma cases in Denmark, similar to global levels, but only 24% of 689
cases in Ireland (van den Hurk et al., 2015).

A mitogenic driver mutation is thought usually to be the first step in any neoplasia, since it could
stimulate an otherwise normal cell to proliferate into a clonal mass. While this greatly increases the
probability of further driver mutations, the clone usually arrests as a benign growth, a nevus in the
case of a melanocyte clone (Figure 1). Both mice and zebrafish with oncogenic BRAF expression
targeted to melanocytes develop skin nevi (Dhomen et al., 2009; Patton et al., 2005). Actually, since
the skin in these strains with all melanocytes expressing oncogenic BRAF does not become one big
nevus, this hints at the need for a further unknown event to form a nevus. Also reported in nevi
(but uncommon in melanoma) are activating mutations of KRAS (13%), and HRAS (3%) (Forbes et al.,
2015). With BRAF activation in 63% and NRAS in 8% of nevi (Table 1), the remaining 13% of naevi
presumably have other mitogenic mutations.

We do not know what proportion of melanomas arise from a nevus; only a minority are
associated with detectable nevus tissue (Bevona et al., 2003), but a precursor nevus might become
obscured by melanoma. Figure 1 does not imply that all melanomas arise from nevi, but rather that
melanomas have additional mutations not found in nevi. Melanomas also have a somewhat
different distribution of mitogenic driver mutations from those in nevi. They have many fewer KRAS
(1%), more NRAS (18%) and somewhat fewer BRAF (47%) mutations than nevi (Forbes et al., 2015).
Perhaps some oncogenic mutations are better than others at inducing malignant as opposed to

benign melanocytic growth. Where melanomas do have a detectable contiguous nevus, the majority



of tested cases (though not all) show the same RAF or RAS mutation in both the nevus and the

melanoma (Shitara et al., 2015; Vredeveld et al., 2012), implying origin from the nevus.

PTKs and PTPs

Various other mitogenic drivers can be found in melanomas. To start at the top of the pathway
(Figure 2), some of these are activating mutations of protein tyrosine kinases (PTKs). PTKs include
both receptors (RTKs) like KIT and nonreceptor PTKs like SRC, FAK and PTK2 — both of which classes
function upstream of the RAS and RAF protein families. Also reported in melanoma are disabling
mutations of at least one of the protein tyrosine phosphatases, opponents of PTKs (PTPs) (Table 1;
Figure 2). We reviewed PTKs and PTPs previously in relation to melanoma (Easty et al., 2011), so
here the focus will be on updates and common alterations. RTK ERBB4 may be the most commonly
activated PTK in cutaneous melanoma (Table 1), with evidence for frequent expression and a
functional role (Easty et al., 2011; Prickett et al., 2009), although notably none of the recent
sequencing studies confirmed its mutation rate to be significant, so physiological rather than genetic
upregulation may be involved. ERBB4 is a receptor for neuregulins (NRGs, heregulin). It is involved
in neural development and can promote melanoma cell proliferation (Prickett et al., 2009), while
again NRG1 can stimulate glial cell (Sviderskaya et al., 2009) and melanoma cell proliferation (Zhang
et al, 2012).

A long “tail” of less common PTK gene mutations has been reported in melanomas (Forbes et al.,
2015; Hodis et al., 2012; Prickett et al., 2009; Ruhe et al., 2007); however these are large genes and
the mutation rate did not reach significance for any PTK, except that KIT showed amplifications
(Hodis et al., 2012; Krauthammer et al., 2015; The Cancer Genome Atlas, 2015). KIT, the PTK
receptor for stem cell factor (KIT ligand, a melanocyte growth factor) is a special case. While it is
amplified rarely in cutaneous melanoma, and its expression is often downregulated instead (Easty et
al., 2011), the mutation rate for KIT is much higher for mucosal, acral and non-sun-exposed
melanoma subtypes, with copy-number increases also (Curtin et al., 2006; Garrido and Bastian,
2010). KIT has thus become a valuable drug target in those subtypes (Carvajal, 2013). Apart from
genetic change, expression levels of both EPHs and EFNs (among other PTKs and ligands) are
commonly upregulated in melanoma (Easty et al., 2011). The EPH family are receptors for the
ephrins (EFNs) and are involved in development, cell migration and cell-cell interactions, especially
of the nervous system (Poliakov et al., 2004).

PTPs attenuate PTK signalling by removing phosphate from tyrosine in proteins, so PTP-
inactivating mutations can be mitogenic drivers in cancer. PTPRD, encoding a receptor PTP, may be
the PTP gene most commonly defective in melanoma, with both mutations and deletions reported

(Table 1) (Ding et al., 2014, Forbes et al., 2015). Others are frequently mutated but mostly at rates



attributable to chance, again being large genes, with the possible exception of PTPRK (Krauthammer
et al.,, 2012). The total rate for PTPRD (band 9p23) includes 9% deletions. This might be a side-effect
of somatic selection for deletion of CDKN2A at nearby band 9p21 (more in next section), but a study
of 9p in lung cancer found that 9p21 and 9p23 deletions were not contiguous nor correlated (Sato et

al., 2005). See Easty et al. (2011) for further discussion of PTPs and PTKs in melanoma.

Glutamate receptors

Following the striking finding that overexpression of the metabotropic glutamate receptor GRM1 (a
G-protein-coupled receptor) could strongly promote melanoma development in mice (Pollock et al.,
2003), the related GRM3 was reported to show activating mutations in melanoma at a significant
frequency (Krauthammer et al., 2012) (Table 1). There is evidence for both MAPK and AKT signalling
from GRM1 (Wen et al., 2014) (see GPCR in Figure 2). However GRM3 is equivocal as a driver at
present, as its mutation rate did not reach significance in other studies (Hodis et al., 2012;

Krauthammer et al., 2015; The Cancer Genome Atlas Network, 2015).

Downstream mitogenic signalling intermediates

Another recently identified locus for somatic melanoma driver mutations is NF1 (Hodis et al.,
2012; Xia et al., 2014), the gene responsible for familial neurofibromatosis (Schwann cell tumors)
(Table 1). NF1 opposes RAS activity (Figure 2) by acting as a GTPase-activating protein (GAP), so it
can function as a tumor suppressor and its inactivation can drive melanoma. Cells with oncogenic
RAS or RAF would be insensitive to this, explaining why NF1 inactivation is found mostly in
melanomas without NRAS or BRAF mutations (Hodis et al., 2012). Two other elements in the MAPK
signalling pathway (Figure 2), RAC1 and MAP2K1 (MEK) also showed significant although rarer
activating mutations in all three large sequencing studies. (MAP2K1 with around 4% mutations is
not in Table 1.)

Further down the pathway is the transcription factor and core cell-cycle activator MYC,
commonly activated in cancers by gene amplification. While it was not detected in some earlier
studies, several reports now seem to agree that MYC amplification is also widespread in cutaneous
melanoma, at over 30% (Table 1). This is the figure for specific local amplification, as opposed to
extra whole chromosomes 8, which are very common in melanoma (Treszl et al., 2004).

Overall, it is interesting to notice a recurrent neural theme among the driver molecules signalling
nevus or melanoma proliferation; perhaps not surprising since melanocytes develop from the neural
crest. NRAS is neuroblastoma RAS, NF1 is a neurofibroma gene, many EPHs/ephrins regulate

neurons, and others of the above-mentioned receptors (ERBB4, GRMs) have neural roles.



One might wonder whether the known mitogenic driver classes can now account fully for the set
of melanomas that do not have BRAF, NRAS or NF1 mutations. Hodis et al. (2012) showed in their
Figure 6 that they do seem to cover the great majority of cutaneous melanomas (97% of their

samples), even without including MYC.

Consequent to step 1: cell senescence in nevi

Cell senescence is now understood as a major mechanism of tumor suppression (Kuilman et al.,
2010; Mufioz-Espin and Serrano, 2014; Salama et al., 2014), whereby mitogenic driver mutations
initially generate a small benign tumor such as a nevus, cyst or polyp, but these become arrested
through senescence. Cutaneous acquired nevi are viewed as a classic case of this process. These
are thousands of times more common than melanomas, an indicator of how many potential
melanomas are suppressed through cell senescence. More recently cell senescence has also
become strongly implicated in ageing, a topic beyond the present scope but well reviewed by others
(Campisi et al., 2011; Chandler and Peters, 2013; Mufioz-Espin and Serrano, 2014). Before going

further, a brief molecular explanation of cell senescence may be helpful.

Cell senescence and its effector pathways
Our knowledge of cell senescence pathways is still incomplete, as reviewed in more detail elsewhere
(Chandler and Peters, 2013; Herbig and Sedivy, 2006; Salama et al., 2014). Mechanisms of cell
senescence vary widely between different animal species; the emphasis here will be on humans.
Two major pathways are well established as signalling arrest in human cell senescence: the p16
pathway and the p53 pathway, with their relative importance varying between cell types (Salama et
al., 2014). A simplified version of these and some of their cross-talk is shown in Figure 3. The
sequences (TP53 and CDKN2A) encoding p53 and p16 are the two genes overall most commonly
defective in human cancer (Ben-Porath and Weinberg, 2005). This underlines the importance of
senescence in tumor suppression, especially since CDKN2A encodes (in different reading frames) two
proteins that function as effectors of cell senescence, and one (p16) has no other established
function. These two are called p16 (or INK4A, CDKN2A or other names) and ARF (Alternative reading
frame), also called p142*F in human and p19”% in mouse, reflecting different protein sizes (14 and 19
kDa) (Ha et al., 2007; Ruas and Peters, 1998). Remarkably, families with germline CDKN2A defects
have a greatly increased risk of melanoma but little change for other cancer types, except some
increase for pancreatic cancer (p16 defects) or nervous-system tumors (one family with ARF defects)
(Aoude et al., 2014; Cust et al., 2011), or increases in several types including smoking-related cancers

with two specific exon 2 defects (de Snoo et al., 2008; Helgadottir et al., 2014). This seems



10

surprising since somatic defects in p16 are common in many cancer types (Ben-Porath and
Weinberg, 2005; Forbes et al., 2015; Ruas and Peters, 1998).

Various different triggers can activate cell senescence (Chandler and Peters, 2013; Salama et al.,
2014) (Figure 3). One is extensive cell division, leading in normal somatic cells to “replicative”
senescence, the first type discovered (Hayflick and Moorhead, 1961). This involves the fact that
human somatic cells express little or none of the enzyme telomerase. In the germline this reverse
transcriptase maintains the length of telomeres (chromosome ends); but without telomerase the
telomeres shorten at every division (Martinez and Blasco, 2011; Salama et al., 2014; Shay and
Wright, 2011). Telomeres have a protective protein cap, the shelterin complex (Martinez and
Blasco, 2011), but when a telomere reaches a critically short length, its cap is destabilized and the
DNA end becomes exposed, leading to mis-recognition of this end as a DNA double-strand break
(Bartkova et al., 2006; Rossiello et al., 2014; Von Zglinicki et al., 2005). This leads to a telomere-
induced focus (TIF) of DNA damage signalling, thence activation of p53 through ATM and CHEK2
kinases, and proliferative arrest (Figure 3). This signalling becomes permanent, since such one-
ended “breaks” cannot be repaired; a small number of these TIFs is sufficient to establish cell
senescence (Rossiello et al., 2014; Von Zglinicki et al., 2005). As shown, p16 is also usually
upregulated in replicative senescence, in correlation with TIFs (Herbig et al., 2006). p16 can be
activated by induced telomere dysfunction (Jacobs and de Lange, 2005), and given also the genetic
correlations of both p16 variants and telomere-related variants with ageing (Jeck et al., 2012) (and
with melanoma, as discussed later), it seems increasingly likely that p16-mediated replicative
senescence also depends on short telomeres. There is sporadic evidence for a route for p16
upregulation upon DNA damage (as indicated tentatively in Figure 3) (Al-Khalaf et al., 2011; Pavey et
al., 2013); but there is no accepted mechanism for this.

Oncogene overexpression (where an experimenter adds an oncogene to a cell such that it is
highly expressed from a strong promoter) can also upregulate both p16 and p53, leading to
“oncogene-induced” senescence (OIS). Again the pathway to p16 is unclear, whereas p53 is
activated through DNA damage signalling, which can be induced by oncogene overexpression
(Chandler and Peters, 2013; Rossiello et al., 2014; Salama et al., 2014). In mouse cells, p53 can also
be upregulated in OIS through ARF, the alternative product of CDKN2A, which inhibits MDM2-
mediated p53 degradation, and can also help mediate replicative senescence, including in
melanocytes (Ha et al., 2007), but direct evidence is lacking for such a role for human ARF (Chandler
and Peters, 2013). Activated RAS or RAF oncoproteins are reported to generate DNA damage foci
through (i) premature reinitiation of DNA synthesis and replication fork stalling; and (ii) promoting

mitochondrial generation of reactive oxygen species (ROS) (Passos et al., 2010; Rossiello et al.,
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2014). Most or all of the other cellular stresses that trigger senescence are known to cause DNA
damage too: for example radiation, oxidative stress and sublethal levels of cytotoxic drugs.
Accordingly the components of DNA-damage signalling foci, like 53BP1, YH2AX and phospho-CHEK?2,
are becoming accepted as general markers of cell senescence (Cairney et al., 2012; Herbig et al.,
2006; Salama et al., 2014).

p53 can mediate arrest and senescence through various routes (Salama et al., 2014), but a major
transcriptional target is the CDK (cyclin-dependent kinase) inhibitor p21 (CDKN1A) (Figure 3), which
can inhibit CDKs including CDK1, -2, -4 and -6, and so can inhibit both S-phase and mitosis (Xiong et
al., 1993; Chandler and Peters, 2013) (contrary to some descriptions of p21 as acting only through
CDK4/6 and RB at the G1/S boundary). p21 can alternatively act as a positive assembly factor for
CDK4 and -6 with cyclins D (Chandler and Peters, 2013), possibly depending on stoichiometry. pl6
acts more specifically by inhibiting CDK4 and -6. Until recently the only downstream pathway from
CDK4 inhibition was thought to be activation of the RB family leading to inactivation of E2F, the
family of master transcription factors for S-phase (Chandler and Peters, 2013; Salama et al., 2014).
However another major target of CDK4 is now known: CDK4 is also required to phosphorylate and
activate the master G2/M transcription factor FOXM1 (Anders et al., 2011) (Figure 3), so that
inhibition of CDK4 is also expected to arrest cells in G2, or in a G1-like tetraploid state following a
failed mitosis. This may help to explain the occurrence of cells with giant or multiple nuclei, mitotic
defects and/or 4N DNA content in senescent cell populations (Gray-Schopfer et al., 2006; Johmura et
al., 2014; Laoukili et al., 2007). A FOXM1 transcriptional signature was reported as specifically lost in
fibroblast senescence (“growth arrest”) as compared to growth or quiescence (Rovillain et al., 2011).
Moreover FOXM1 can actively suppress senescence in various cells, at least in part by upregulation
of SKP2, a component of a ubiquitin ligase that can mediate degradation of p21 (Figure 3) and
another common CDK inhibitor p27 (Anders et al., 2011; Laoukili et al., 2007; Lin et al., 2010;
Rovillain et al., 2011).

There are also potential senescence pathways from PTEN, mentioned since a role for PTEN
(interactive with p53) in senescence has been reported (Chen et al., 2005) and because of a
proposed role in nevi (next section). One through the FOXO family is shown in Figure 3. PTEN is an
antagonist of phosphoinositide 3-kinase (P13K) and hence of AKT activation (Figure 2). FOXO
proteins are AKT substrates; they have long been reported as important in ageing, and more recently
as antagonists of FOXM1 (Lam et al., 2013; Laoukili et al., 2007). Secondly the AKT family can inhibit
GSK3B and thus activate B-catenin (CTNNB) (Figure 2); B-catenin can repress p16 and promote

immortalization in mouse melanocytes (Delmas et al., 2007). Moreover, a recent paper reports that
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PTEN loss can act through a separate PI3K-independent and caveolin-dependent pathway, to

upregulate nuclear B-catenin and impair p16 expression and senescence (Conde-Perez et al., 2015).

Cell senescence in nevi, and relation to melanoma susceptibility genes

Cutaneous benign nevi do not grow (except when initially forming), and express numerous
senescence markers including p16, 3-galactosidase, DNA damage markers 53BP1 and yH2AX, H2AFY
(macroH2A), PML, H3K9Me, lack of MKI67 (Ki67), prominent nucleoli, large cell and nuclear size and
multinucleacy (Alonso et al., 2004; Gray-Schopfer et al., 2006; Johmura et al., 2014; MacKenzie Ross
et al., 2013; Michaloglou et al., 2005; Suram et al., 2012; Tran et al., 2012). Upon explantation, only
a small fraction of melanocytes from a nevus proliferate (Soo et al., 2011). Thus benign nevi seem to
be composed very largely of senescent melanocytes. As senescence markers are also commonly
expressed heterogeneously in primary melanomas, Tran et al noted that no single senescence
marker could reliably distinguish nevi from melanomas (Tran et al., 2012) in line with the consensus
that senescence is best identified using more than one marker. Neither benign nevi nor replicatively
senescent normal human neonatal melanocytes in culture express appreciable levels of p53 or p21,
suggesting a high dependence on the p16 pathway for melanocyte senescence in vitro and in vivo
(Bandyopadhyay et al., 2001; Gray-Schopfer et al., 2006; MacKenzie Ross et al., 2013; Stefanaki et
al., 2008). This is strongly supported by the greatly extended culture lifespans (impaired
senescence) of human melanocytes either homozygously defective in p16 yet ARF-competent
(Sviderskaya et al., 2003), or with p16 silenced by shRNA (Fung et al., 2013). Moreover Cdkn2a-null
mouse melanocytes do not senesce at all (Sviderskaya et al., 2002), nor do p16-null, ARF-competent
mouse melanocytes, although these require extra growth factors (Ha et al., 2007).

However, not all cells in typical nevi express immunoreactive p16 (Gray-Schopfer et al., 2006;
Michaloglou et al., 2005). This may reflect an admixture of some non-senescent but quiescent
melanocytes, or of cells with senescence maintained by stable gene silencing (Bandyopadhyay et al.,
2007; Narita et al., 2003), or there may be (an)other effector(s) able to mediate senescence without
pl6. Peeper’s group have proposed AKT inhibition by PTEN for a maintenance role in nevus
senescence (Vredeveld et al., 2012), as discussed under Step 2 below. They did not propose a
pathway for this, but there are theoretical proliferative arrest pathways from PTEN both through
FOXO and through AKT, B-catenin and p16 (Figures 2, 3), although the latter would become
irrelevant if p16 were already lost. One more candidate for helping to effect arrest in nevus cells is
p15INK4B/CDKN2B, a paralogue of p16 that maps close to CDKN2A and is reported to be
upregulated by BRAFY6%¢ overexpression (Vredeveld et al., 2012).

While we do not yet understand the inactivity of p53 in melanocyte senescence, this does help

to explain why CDKN2A is a major susceptibility locus for melanoma yet not for other cancer types;
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and why CDK4 is also a familial melanoma locus, although rarer, with susceptibility mutations that
impair p16 binding (Aoude et al., 2014; Tsao et al., 2012). If cell senescence arrests benign
proliferative lesions, then a subclone must escape from senescence for further proliferation into
cancer to occur. If p16 is the main effector, then loss of one copy will substantially increase the
probability of such escape; and indeed loss of the p16 pathway is a major genetic feature of sporadic
melanoma (Table 1 and “Step 2” below). Moreover, in mouse melanocytes, loss of only one copy of
Cdkn2a is sufficient to impair replicative senescence (Sviderskaya et al., 2002). If this is also true in
humans, such a heterozygous germline loss would lead to melanocytes dividing more times before
senescing, and nevi growing larger than normal. Multiple large nevi are indeed seen in some
families carrying heterozygous CDKN2A defects, although not all (Gruis et al., 1995; Tsao et al.,
2012); it is known that other genetic factors also affect nevus size (Bataille et al., 2007; Newton-

Bishop et al., 2010).

OIS versus telomeres in nevus senescence

Since nevi express activated oncogenes, their arrest is often referred to as oncogene-induced
senescence (OIS). However their arrest is very different from OIS as studied in vitro. When a strong
RAS or RAF oncogene is transduced and overexpressed in cultured cells, including melanocytes, the
cells tend to stop dividing almost immediately (e.g. Gray-Schopfer et al., 2006; Michaloglou et al.,
2005; Serrano et al., 1997). This is now attributed to activation of DNA damage pathways as
discussed above. However the RAS-MAPK pathway is of course mitogenic: its physiological
stimulation by growth factors does not induce DNA damage or senescence, but proliferation. The
author knows of no evidence that natural oncogenic mutation of one endogenous BRAF or NRAS
gene copy expressed from its own weak promoter would produce high enough levels of activation to
generate immediate senescence, and the observed lesions suggest otherwise. Typical acquired
benign nevi can often contain 10° cells or more, as judged by area and depth, requiring 20 or more
cell doublings to produce them. This suggests that in nevi the oncogene (generally one copy,
expressed from its own promoter) initially stimulates proliferation, not immediate arrest. It might
alternatively be argued that for every nevus there are many other melanocytes that acquire an
oncogene by mutation and these do senesce immediately, nevi then only arising when one such cell
has/gets another mutation such as a single p16 defect, partially impairing senescence. However this
does not seem compatible with the genetic data. This hypothesis would require senescence-related
defects such as p16 mutations in all benign nevi, whereas p16 mutations are not detected in benign

nevi (Table 1). Moreover we would then expect many small groups of melanocytes with senescence
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markers in skin from young people (in whom nevi arise), whereas these are not seen in
immunostained sections; only single p16-positive cells in aged epidermis (Ressler et al., 2006).

A person’s age when a nevus is initiated has some relation to the number of divisions it
undergoes; congenital nevi can be enormous while nevi appearing at later ages are progressively
smaller (reviews: Bastian, 2003; Bennett, 2003). This in turn suggests that telomere shortening plays
a part in mole size, and there is further evidence that it does: people with long telomeres tend to
have more large moles than average (Bataille et al., 2007). The probability of acquisition of further
mutations leading to melanoma is presumably proportional to the total number of nevus cells
(among other things), and thus to the number and size of moles. Nevus number is a strong risk
factor for melanoma (Newton-Bishop et al., 2010; Zhu et al., 1999) and this is one likely reason.

In line with this, several recently reported melanoma susceptibility genes are connected with
telomeres (Aoude et al., 2014, 2015). One melanoma-susceptible family had a germline activating
promoter mutation of TERT, encoding telomerase reverse transcriptase, the catalytic subunit of
telomerase (Horn et al., 2013). Multiple nevi were also found in this family. This mutation creates a
binding site for ETS-family and TCF-family transcription factors, and can upregulate expression of
TERT, predicted to restore telomerase activity (Horn et al., 2013). Another melanoma family with
the same mutation has also been identified (J.A. Newton-Bishop, personal communication). Other
such families had mutations in one of several shelterin (telomeric cap) components: POT1, ACD and
TERF2IP (Aoude et al., 2015; Robles-Espinoza et al., 2014; Shi et al., 2014). Moreover, a study of
melanoma risk in relation to single-nucleotide polymorphisms affecting telomere length found a
strong positive correlation between predicted telomere length and melanoma risk (lles et al., 2014);
and actual telomere length is also reported as a positive risk factor for melanoma. This contrasts
with the finding that longer telomeres are associated with lower risk for various other cancers (Nan
et al., 2011); however Rode et al. report that genetic tendency for longer telomeres does predict
increased risk of cancer in general, suggesting that the positive association between risk of some
cancers and observed short telomeres may be due to common causes of both, such as smoking
(Rode et al., 2015).

So do oncogenes in vivo in nevi (not overexpressed) contribute at all to triggering senescence
before replicative senescence would normally set in? Despite the evidence from nevus size, genetics
and age, it was reported that telomeres in nevus cells are not detectably shorter than those of
neighboring stromal cells (Michaloglou et al., 2005). This suggested a role for OIS, although it might
also be attributable to stromal cells proliferating reactively during the growth of a nevus, thus also
undergoing telomere shortening. More specifically, the great majority of nevus cells were found to

exhibit DNA-damage foci associated with telomeres (TIFs), indicating senescence induced by
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telomere dysfunction; but interestingly those telomeres with TIFs did not appear noticeably shorter
than other telomeres in the same cells (Suram et al., 2012). These findings were potentially
reconciled by evidence that DNA damage within telomeric DNA repeats is poorly repaired, so that
such damage can generate subterminal DNA-damage signalling foci that are stable, like those at the
termini of very short telomeres (Hewitt et al., 2012; Suram et al., 2012). These subterminal TIFs
could be mediators of OIS, since oncogene activation can increase reactive oxygen species
production and DNA damage (Passos et al., 2010; Rossiello et al., 2014). So the answer to “OIS or
short telomeres?” may be both: OIS involving DNA damage or other pathways may add to telomere
shortening to determine nevus size at arrest. One last factor to consider is WNT pathway activation.
Evidence was reported for WNT signalling in human nevi, especially in or near the epidermis; and
that such signalling can delay OIS in cells and mouse models. This suggested that WNT signalling may
contribute to the expansion of nevi (Pawlikowski et al., 2013), irrespective of the lower expression
level of oncogenes. The pathway was previously shown to repress p16 expression in mice (Delmas

et al., 2007) (Figure 3).

Do nevi have a SASP?

An important property of senescent cells is the SASP or Senescence-Associated Secretory Phenotype,
in which many kinds of senescent cells (such as fibroblasts, prostatic epithelial cells and drug-treated
cancer cells) secrete a large repertoire of cytokines and other inflammation-related factors, such as
IL6 and IL1[3; also including proteases such as MMP2, angiogenic factors like VEGFs, and other
growth factors (Coppé et al., 2008; Kuilman et al., 2008). There is evidence that this process
depends on NFkB RELA (p65) activity and on MAPK14 (p38) (Figure 3), and can function to attract
immune effector cells and promote clearance of senescent cells from the body (Chien et al., 2011;
Freund et al., 2011; Ohanna et al., 2011). There seems to be little or no evidence yet on whether
SASP factors are produced by melanocytic nevi in vivo. Benign nevi are not usually cleared but can
persist on the skin for decades. A lymphocytic response is more associated with regression of
longstanding nevi or with progression to dysplasia (Mooi and Krausz, 2007). This is interesting in the
light of findings that a SASP was not detected when cells were induced to senesce with p16
overexpression alone (or p21 alone); it was interpreted that p53 signalling was required (Coppé et
al.,, 2011). As mentioned, p53 activation appears to be absent from nevi, except sporadically in
dysplastic nevi, with some impression that lymphocytes and melanophages (macrophages
containing melanin, usually as fragments of dead melanocytes) may co-localize with p53 expression
(Gray-Schopfer et al., 2006; MacKenzie Ross et al., 2013). However these points are circumstantial

and evidence is needed on the presence or absence of SASP factors in nevi.
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Step 2: Escaping primary senescence, and radial growth

Genetic requirements for immortality of human melanocytes

Cell immortality, the ability to divide indefinitely, has been described as a hallmark of cancer
(Hanahan and Weinberg, 2011) — although actually not all early cancers appear to be immortal
(Artandi and DePinho, 2010; Reddel, 2010), as will be discussed. Human cultured melanocytes seem
to require two co-operating genetic changes for immortality: disruption of the p16 pathway, and
expression of TERT (implying telomere length maintenance) (Gray-Schopfer et al., 2006; Sviderskaya
et al., 2003).

Both of these changes are very common in advanced melanomas, but somatic p16 loss or
reduced expression is also found early in progression, in dysplastic nevi and RGP (Gray-Schopfer et
al., 2006; MacKenzie Ross et al., 2013 and literature cited). p16 pathway disruption may be the only
additional change needed to generate a dysplastic rather than benign nevus (Figure 1). Actually full
disruption of the p16 pathway will itself often comprise two events: defects in both p16 alleles or
else one defective allele and then loss of heterozygosity, or CDK4 mutation etc; it is speculated that
the difference between dysplasia and RGP may be the difference between partial and full ablation of
the p16 pathway. p16/CDKN2A itself is either homozygously deleted, mutated, or silenced by
methylation in a total of around 88% of tested melanomas (Table 1), a frequency that agrees well
with the fraction of advanced (VGP) melanomas that fail to express nuclear p16 (MacKenzie Ross et
al., 2013). [Mutant, inactive p16 can be cytoplasmic (Gray-Schopfer et al., 2006), so that only
nuclear or nuclear plus cytoplasmic p16 can reliably be counted as active.] The p16 pathway overall
may be defective in all melanomas, since various other pathway defects are also found, including
CDK4 and RB-family mutations, and cyclin D1 (CCND1) and CDK4 amplifications (Bastian, 2014;
Forbes et al., 2015; Hodis et al., 2012). PPP6C inactivation could speculatively be added to these
since PPP6C can negatively regulate CCND1 as mentioned previously. CDK4 is a melanoma
susceptibility gene (Aoude et al., 2014), and CCND1 is tightly linked to a melanoma susceptibility
locus (Barrett et al., 2015). The CDKN2A neighboring paralogue CDKN2B, encoding p15/INK4B which
is reported to be another CDK4 inhibitor, is also commonly deleted in melanoma (Table 1), although
the lack of familial or sporadic point mutations in p15 suggests that its importance in melanocyte
senescence and nevi is lesser, and that CDKN2B deletion may sometimes be a side-effect of CDKN2A
deletion.

It is important to note that disruption of p16 itself is not a mitogenic driver and has no known
biological effect on normal melanocytes in vivo. Most of the skin of CDKN2A mutation carriers, even
homozygotes, appears normal (Gruis et al., 1995). This is because normal cells, including epidermal

melanocytes, do not express p16, except sometimes upon ageing (Gray-Schopfer et al., 2006; Herbig
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et al., 2006; Ressler et al., 2006). For the same reason, it is rather misleading to describe p16 as a
cell-cycle regulator (suggesting a reversible action in normal cycling cells). It is more a stress-
response mediator like p53. Thus p16 loss becomes a driver only once p16 is expressed and
mediating senescence. Conversely, CDK4 and CCND1 do regulate the normal cell cycle (Figure 2).
CCND1 amplification is seen in some melanomas with no RAS, RAF, NF1 or KIT mutations (Hodis et
al., 2012), so this may double as both a mitogenic driver and a senescence defect.

Vredeveld et al (2012) reported that when melanomas are observably contiguous with a nevus,
the melanoma showed reduced PTEN and/or increased AKT3 expression compared to the nevus in
over half the cases (12/21), and that phospho-AKT (activated) was upregulated in the melanoma in
15/17 cases. They proposed that overactivation of the AKT pathway could independently contribute
to escape from senescence by melanoma cells, on the basis that PTEN depletion could abrogate
senescence induced by BRAF'®%E gverexpression in human fibroblasts and in p16-depleted human
melanocytes. On the other hand this OIS appeared not to be induced by a rising PTEN level, since
the PTEN level did not increase (Vredeveld et al., 2012). The situation is complex since complete
loss (as opposed to a rise) of PTEN can apparently also induce senescence (Alimonti et al., 2010). A
recent study of 355 melanomas and 37 nevi found no significant difference in prevalence of PTEN
expression between nevi and primary melanomas, suggesting that this is not a major route for
senescence evasion (Lade-Keller et al., 2014). One might wonder if instead PTEN mutation is a major
route for this, but this does not seem possible since, from COSMIC, only about 10% of all melanomas
have a PTEN mutation (n>1500; Table 1). Lade-Keller et al. (2014) did however note a correlation
among melanomas of low PTEN level with stage, thickness, prognosis, and also with p16 loss, i.e.
they associated low PTEN with more advanced melanoma. Perhaps PTEN deficiency is more
connected with “Step 3”, discussed below.

Another common genetic change in Table 1 probably relevant to evasion of senescence is the
amplification of TBX2 (Jonsson et al., 2007). Actually a broad area around TBX2 becomes amplified,
so that this gene is only speculatively identified as the key player, but there is other evidence for
driver status. TBX2 has been described as an “anti-senescence” transcription factor, is able to
repress both ARF and p21 transcription, and is frequently overexpressed in melanoma (Jacobs et al.,
2000; Wansleben et al., 2014). p21 is not widely upregulated at any point in melanoma progression,
even when p53 is expressed (MacKenzie Ross et al., 2013), but it is unclear why. There is evidence
that TBX2 overexpression can contribute to that lack of p21 (Wansleben et al., 2014), as can MDM4
overexpression as discussed later. As mentioned, no clear role has been found for ARF in human cell
senescence, although it is very important in mouse cell senescence (Ha et al., 2007). Nonetheless, a

role for ARF in melanoma suppression would provide an attractive explanation for why its joint locus
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with p16 is more commonly deleted or silenced than mutated in melanoma. A recently reported
new function for ARF may explain this puzzle. Human melanocyte cultures were found to express
ARF protein at all times, with a slight rise at high passage level. Surprisingly, ARF was located
entirely in the cytoplasm, not the nucleus (ARF is normally viewed as mainly a nuclear protein), and
moved increasingly to mitochondria with passage level, where it functioned to repress ROS
production, in interaction with BCL2L2 (BCL-xL) (Christensen et al., 2014). A conserved hexapeptide
within ARF was required for this function; interestingly this sequence is often targeted by familial
melanoma mutations in CDKN2A, suggesting that loss of this ARF function may increase melanoma

risk by mutagenicity of ROS (Christensen et al., 2014).

Apoptosis in p16-deficient melanocytes without TERT: relation to DN and RGP

A surprising property of human p16-deficient melanocytes may provide insight into RGP melanoma
biology. This property, observed in cell culture, was a high rate of apoptosis, in a basic culture
medium in which normal melanocytes could grow without significant apoptosis. The death of the
pl6-deficient cells could be suppressed by the presence of keratinocytes or two growth factors that
keratinocytes secrete: stem cell factor (SCF or KITL) and endothelin 1 (EDN1) (Sviderskaya et al.,
2003). There was evidence that this apoptosis was partly p53-dependent (Sviderskaya et al., 2003).
In short, the p16-deficient melanocytes were more dependent on keratinocytes than were normal
melanocytes. While still unexplained as to mechanism, this finding is striking because it provides a
potential explanation for why dysplastic nevi and RGP melanomas are thin: that cells in these early
lesions have p16 pathway defects but no other compensating (antiapoptotic) mutations. They
would therefore be abnormally dependent on factors from epidermal keratinocytes, and could not
survive in the deeper dermis (Figure 1).

This hypothesis was well supported by evidence that explanted RGP cells did indeed similarly
show poor growth and high rates of apoptosis in monoculture, and the apoptosis was indeed
suppressed by either added keratinocytes or SCF and EDN1 (Soo et al., 2011). There was also some
evidence that expression of nuclear p16 in DN and RGP lesions is lower than in benign nevi (Gray-
Schopfer et al., 2006; MacKenzie Ross et al., 2013). Again, there is a tendency for patients with
germline CDKN2A mutations to develop initially-thin (SSM) melanomas (Sargen et al., 2015; van der
Rhee et al., 2011). This idea also explains the apparent paradox that benign nevi (expressing p16)
often grow in the deeper dermis and become quite thick, whereas the more progressed RGP
melanomas do not. ltis as if, even when the efficient antitumor barrier of p16 is disrupted, a second

barrier appears immediately, that the cells now die if they migrate too far from the epidermis.
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Step 3: Overcoming apoptosis, and vertical growth

Benign nevi may “invade” into the dermis and become very thick, as mentioned above. They can
even apparently “metastasize” to form small, static deposits elsewhere: a percentage of lymph
nodes biopsied for melanoma contain an area of benign melanocytic nevus (Mooi and Krausz, 2007;
Topping et al., 2004). However, most RGP cells (p16-deficient) apparently die in the deeper dermis.
There will then be selection pressure on surviving cells for genetic and epigenetic change(s) that
reduce or suppress apoptosis, permitting invasion of the deeper dermis to form a VGP melanoma
(Figure 1). This nicely explains why a wide range of antiapoptotic changes are seen in advanced,
thick melanomas.

The first of these in Table 1 is loss or silencing of APAF1, an apoptotic effector and a
transcriptional target of E2F factors (Figure 2) — activated downstream of RB-family inactivation,
giving one potential pathway for the apoptosis in p16-deficient cells (Figure 3). Of note, groups
assessing homozygous deletion of genes in melanoma did not detect APAF1 as affected (Jonsson et
al., 2007; Stark and Hayward, 2007), whereas the locus did feature frequently when hemizygous
deletion was studied (Fujimoto et al., 2004; Moore et al., 2008), suggesting this is more common.
The locus can also be methylated (Soengas et al., 2001) (Table 1). These findings are puzzling: if
APAF1 deletion promotes cell survival, why would homozygous deletion of it be rare? Itis also
puzzling that the sequencing studies rarely detected inactivating mutation or partial deletions of
APAF1.

More interpretable is the common loss of PTEN, deleted (often homozygously) or mutated in
around a quarter of melanomas (Table 1). PTEN is an inhibitor of the powerful cell survival mediator
and protein kinase AKT, so PTEN loss upregulates activity of AKT and several consequent anti-
apoptotic pathways, as well as growth (protein synthesis) through MTOR, and indirectly proliferation
(Figure 2). PTEN can also maintain cell senescence under some conditions (Vredeveld et al., 2012)
(previous section). Given these several potential antitumor effects, it is not surprising that Pten
deletion within melanocytes in mice greatly accelerates the development of melanomas induced by
activated Braf and (human) NRAS transgenes (Dankort et al., 2009; Nogueira et al., 2010). Since
NRAS is expected to activate the AKT pathway (Figure 2), the oncogenic effect of Pten ablation
additional to activated NRAS suggests that either there is room for further AKT activation, or that
PTEN may have additional cellular targets. A related player is PREX2, an inhibitor of PTEN (Figure 2;
Table 1), recently reported to become a melanoma driver by common activating mutations (16% of
melanomas) (Berger et al., 2012); thus PREX2 activation would be broadly equivalent to PTEN loss.

Since AKT is also activated by RAS but not RAF signalling (Figure 2), RAS-driven lesions may have

a lesser requirement for a separate antiapoptotic change for invasion and would thus be less likely
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than BRAF-driven ones to have an RGP stage. This is consistent with data that among nodular
melanomas (no visible RGP), only 33% have BRAF activation compared to 47% of all melanomas,
while 30% have NRAS and 4% have KRAS mutations compared to 18% and 1% of all melanomas
(Forbes et al., 2015; Table 1). With BRAF-mutated melanomas this further change may occasionally
be a RAS activation or mutation, but various other mutations in Table 1 are also capable of
upregulating RAS and thus AKT signalling: PTK activation (ERBB4); PTP defects (PTPRD), and NF1
defects.

Last in this category are TP53 (p53) pathway mutations. Since 87% of melanomas do not have
mutant p53 (Forbes et al., 2015) (Table 1), unlike many other kinds of cancer, this mutation is clearly
not required in melanocytes for escape from senescence. However, this is not to say that p53
impairment is unimportant: it can reduce the apoptosis in p16-deficient human melanocytes
(Sviderskaya et al., 2003), and likewise restoration of ARF [activator of p53] to Cdkn2a-deleted
mouse melanocytes induced apoptosis rather than arrest, whereas restoration of p16 induced arrest
(Sviderskaya et al., 2002). Accordingly p53 pathway defects may rate here more as anti-apoptotic
than anti-senescence changes; although if ARF is largely mitochondrial in senescent melanocytes as
discussed earlier (Christensen et al., 2014), then it may not be available anyway to inhibit MDM2 and
activate p53 in these cells. MDMZ2 can be amplified in cancers, though rarely (3.5%) in melanoma
(Cancer Genome Atlas Network, 2015). However we also note one very common anti-apoptotic
change that is not known to be genetic, namely the upregulation (apparently post-translational) of
expression of the p53 antagonist MDM4 (MDMX) (Gembarska et al., 2012). This upregulation is
found in about 65% of uncultured melanomas, primary and metastatic, though not in nevi. This
seems attractive as an answer to the longstanding puzzle of why many melanomas seem to express
high levels of wild-type p53 (Albino et al., 1994), even p53 activated by phosphorylation, yet without
associated senescence, apoptosis or expression of p21 (MacKenzie Ross et al., 2013). Unlike MDM2,

MDM4 inactivates p53 by simply binding to it rather than by inducing its degradation.

Metamortality and telomeric crisis: evasion of senescence without telomere maintenance

Since TERT is apparently not yet upregulated in the majority of primary and thin melanomas
(Griewank et al., 2014; Horn et al., 2013) (see also next section), then many of these melanomas will
be in a state where they have evaded primary senescence and are growing, but are not yet fully
immortal. Their telomeres will continue to shorten. A name for this intermediate state seems
helpful, so in Figure 1 these RGP and VGP tumors are termed “metamortal” (meta = beyond).
Markers of metamortality would include little or no p16 combined with short to absent telomeres,
DNA damage signalling foci, phospho-p53 (MacKenzie Ross et al., 2013), proliferative markers such

as Ki67 (MKI67), and eventually markers of telomeric crisis including anaphase bridges, abnormal
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mitoses and multinucleate cells (Soo et al., 2011). This term telomeric crisis also requires
explanation.

Crisis occurs in normal-cell-derived cultures when cell-senescence effector pathways are
disrupted without expressing TERT, for example in fibroblasts with the p16 and p53 pathways
abrogated (Bond et al., 1999), or in human melanocytes lacking functional p16 (Sviderskaya et al.,
2003). Normal senescence is bypassed and cells now proliferate for many extra divisions, but their
telomeres continue to shorten. Eventually a second state of net growth-arrest is reached, called
telomeric crisis (Artandi and DePinho, 2010; DePinho and Polyak, 2004; Shay and Wright, 2011).
Crisis also used to be called M2 or “mortality stage 2”, where M1 is cell senescence (Bond et al.,
1999; Shay and Wright, 2011) (see Figure 1 of Bennett and Medrano, 2002). In crisis, some
telomeres become lost altogether and the chromosome ends become susceptible to being joined to
one another by DNA repair, yielding dicentric chromosomes. These are unstable, generating
telomeric bridge-break cycles, abnormal or aborted mitoses, frequent cell death, multiple
chromosomal translocations and polyploidy, as commonly seen in developing cancers (Artandi and
DePinho, 2010; DePinho and Polyak, 2004; Gisselsson and Hoglund, 2005). Cell populations in crisis
are typically proliferating but also dying (Bond et al., 1999). We described such crisis markers,
including frequent anaphase bridges, in primary melanomas (Soo et al., 2011). Most explants from
primary melanomas were not immortal: these would grow for a period but later arrest, while the
few explants that did grow indefinitely were expressing TERT (Soo et al., 2011). Combining these
findings with the TERT data (Step 4 below), it seems likely that many primary melanomas are
metamortal rather than immortal: they are approaching or in crisis.

At this point there is strong selection pressure for any change that can repair the telomeres and
allow escape from crisis and resumed growth. Only two such mechanisms are known: either re-
expression of TERT or another pathway called ALT, for Alternative Lengthening of Telomeres
(Artandi and DePinho, 2010; Londono-Vallejo et al., 2004). ALT is observed rarely in melanomas (7%;

Heaphy et al., 2011), but TERT upregulation has emerged as common.

Step 4: Immortality, TERT and metastasis

Escape from crisis; immortality

In principle a melanoma could metastasize as soon as it generates cells able to survive away
from the epidermis (Figure 1 step 3; VGP), and “metastasis” by benign nevi has already been
mentioned. However to form a metastatic colony that will grow to produce clinical symptoms, a cell
very likely needs to be immortal, or to become so within a metastasis (Figure 1 step 4). Telomerase

activity has been known for some time to rise with melanoma progression (Carvalho et al., 2006;
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Glaessl et al., 1999), and this has now been explained by the finding of common TERT promoter
mutations in sporadic melanoma (like the familial mutation already mentioned but further 5’ of the
start site), all of which mutations generate a new binding site for ETS and TCF-family transcription
factors, and can upregulate TERT expression (Horn et al., 2013; Huang et al., 2013). The
upregulation was assessed only in cell culture; but given such a mutation, TERT expression should be
expected in cells or tissues expressing ETS and/or TCF factors. ETS activity is upregulated by the
MAPK pathway (Figure 2), and hence by mutant BRAF and the other mitogenic drivers discussed
under Step 1. On the other hand, an atypical ETS family member, GABP, was recently reported to be
preferentially recruited to this mutant site in various cells — similar mutations having also now been
found in a range of different cancer types (Bell et al., 2015). These TERT mutations are reported in
70% of unspecified melanomas (Huang et al., 2013), but only 33% of primary melanomas, and none
were found yet in nevi or RGP melanomas (Griewank et al., 2014; Horn et al., 2013) (Table 1). They
were also reported in a striking 85% of melanoma metastases (Horn et al., 2013), although these
lesions were possibly preselected for immortality, being the sources for existing cell lines. As they
can upregulate TERT, it seems highly likely (although not yet proven) that these common mutations
can confer immortality to lesions with p16 pathway defects. In line with this, they were found in
74% of immortal melanoma lines (Horn et al., 2013). Such promoter mutations would then be the
commonest pathway to restore telomere maintenance in melanoma, though rare cases of ALT have
been found, as mentioned (Heaphy et al., 2011). Occasional TERT gene amplifications have also
been seen (Hodis et al., 2012), though it is uncertain whether these could restore sufficient TERT
expression alone or would combine with a promoter mutation to increase its effect. TERT
reactivation by translocation has also been reported, in leukemias (Nagel et al., 2010). Overall, TERT
promoter mutation is expected to be the main route to immortalization. This has already been

reported as an unfavorable prognostic marker in melanoma (Griewank et al., 2014).

Phenotype switching versus genetics in progression

Evidence has been accumulating for “phenotype switching” also playing a part in metastasis. This
means an ability of melanoma cells to switch epigenetically — no mutation involved — between two
fairly well-defined gene expression programs discovered through microarray analysis and called
“proliferative” and “invasive” (Hoek and Goding, 2010; Widmer et al., 2012), with distinct cell
behaviors as the names suggest. Proliferative cells divide more, express the master melanocytic
transcription factor MITF, and have other gene expression related to pigmentary differentiation.
Invasive cells express POU3F2 (also called BRN2), as well as WNT5A and AXL (Wellbrock and
Arozarena, 2015), proliferate less, have more tendency to migrate and potentially metastasize, but

later they can switch back to being proliferative. Their gene expression may somewhat resemble
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that of melanoblasts, the migratory precursors of melanocytes. This model has been well reviewed
elsewhere (Hoek and Goding, 2010; Widmer et al., 2012; Wellbrock and Arozarena, 2015) and will
not be detailed here, except to mention that it is entirely compatible with the genetic progression
model in Figure 1, and that there is evidence for a role of miR-211 in the switch (Boyle et al., 2011).
These switching events might occur at almost any stage in genetic progression, and the invasive
epigenetic phenotype might substitute for antiapoptotic mutations via expression of different
growth-factor receptors. However, extensive proliferation after metastasis would still likely depend
on genetic immortalization. Also certain genetic lesions are likely to influence the switching; for
example around 4% of melanomas have focal amplification of MITF (Hodis et al., 2012), with broader
amplification in further cases (Wellbrock and Arozarena, 2015); the 11.8% figure in Table 1 is from
Stark and Hayward (2007). This amplification could predispose towards the proliferative phenotype.
See Wellbrock and Arozarena (2015) for discussion of the role of MITF in melanoma, and its

interactions with BRAFY°%F and other melanoma-associated mutations.

Genetic steps in a different order

The genetic changes in metastatic melanoma have been described in a specific order (Figure 1),
because the changing selection pressures make this likely to be the commonest sequence. However
the changes could also occasionally occur by chance in a different order, helping to explain some
alternative types of lesion. Heterozygous CDKN2A defects can occur in the germline, and then a
mitogenic driver will be the second event, tending to yield large nevi with an abnormally high risk of
further progression, through weakened senescence.

Melanoma genesis with no observed previous nevus may suggest that here senescence defects
develop fully in a melanocyte before any mitogenic driver, or develop in a small growing nevus
before it senesces. Antiapoptotic changes may occur before evasion of senescence, or
simultaneously (for example with a 9p deletion that includes PTPRD as well as CDKN2A); and then
the lesion could be invasive immediately — a nodular melanoma. Perhaps PTPRD loss is also a
mitogenic driver, and/or there are other combined mitogenic and antiapoptotic driver(s) that quite
often arise before senescence evasion, since in real life most nodular melanomas are reported to

lack any visible associated nevus (Bevona et al., 2003).

Perspectives
This article began with the puzzle of why so many melanoma genes are connected with cell
senescence defects. The whole answer is probably not yet known, but part of it seems to be that

senescence evasion is relevant to two of the four key clonal steps needed to generate a metastatic
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melanoma (Figure 1); and that the p16 pathway is especially important for melanoma because p53
does not noticeably contribute to melanocyte senescence (rather to apoptosis), unlike the case with
other cell types. Nonetheless there is surely much still to learn about the repertoire of ways to
achieve these biological changes. The model in Figure 1 may evolve on the basis of new data.
Reports continue to emerge of further driver mutations and copy-number changes found in
melanomas. Whole new fields of research may enter the picture: for example information is now
emerging steadily about the roles of miRNAs and other noncoding RNAs in melanoma or in
senescence, including p16-mediated senescence (Overhoff et al., 2014), miRNAs being another field
omitted here for reasons of space. Then there are important recurrent changes in gene and protein
expression in the disease for which no cell-heritable mechanism is yet known. We have the
stunning example of the TERT promoter mutation — so common and such an obvious mechanism
with hindsight — yet nobody sequenced the promoter before. This example will surely inspire many
studies of promoters of other genes that are dysregulated in melanoma (and cancers generally) in
mysterious ways, such as MDM4 and various PTKs. An integrated understanding of the pathology,
biology and genetics of melanoma, including the role of senescence, promises to be a powerful tool-

set in the quest for more effective single and combined therapies.
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Table 1: The 20 loci with commonest known genetic/epigenetic “driver” changes in advanced human
cutaneous melanoma

Gene Locat- |Type of change® % melanomas® |Data source |Also earlier in
ion |(T,{ =inferred (no. of samples  |(cultured or |progression?
effect on activity) tested) not)
CDKN2A 9p21 | Total 88°¢ both Known only for mutations:
(p16, ARF) Deletion 50 (119) 0% (31) in benign nevi,
Methylation 19 (59) 10% (31) in dysplastic nevi
Mutation 19 (2263)
TERT 5p15 |1 Promoter mutation |71¢ (70) uncultured 71% in unspecified stages,
33% (77) in primary,
0% (12) in RGP, nevi
BRAF 7934 |1 Mutation 47 (14519) both 63% (1315) of benign nevi
TBX2 17923 | Amplification 43 (46) cultured ?
Mutation 1 (747) both
APAF1 12923 | Deletion (21 copy) 37 (98) mets uncultured 19% (54) in primary
Methylation 42 (24) uncultured
CDKN2B (p15) 9p21 | Deletion 36 (74) cultured ?
myYC 8924 | Amplification 34 (127) uncultured Said to be rare in nevi.
PTEN 10923 || Total 23 PTEN abundant in nevi.
Mutation 10 (1529) both
Deletion 13 (119) cultured
PTPRD 9p23 || Total 23 ?
Mutation 14 (114) both
Deletion 9 (76) cultured
NRAS 1p13 | Mutation 18 (7500) both 8% (382) of benign nevi.
PREX2 8g13 | Mutation 16 (843) both ?
APC 5qg21-22 |J, Methylation 16 (94) both ?
+1 mutation
TP53 (p53) 17p13 | Mutation 12.5(1299) both ?
GRM3 7921 | Mutation 12.1 (791) both ?
ERBB4 2934 | Mutation 12.1 (796) both ?
MITF 3p14-12 | Amplification 11.8 (76) both ?
NF1 17q11 | Mutation 11.2 (768) both ?
ARID2 1212 | Mutation 10.0 (747) both ?
PPP6C 9g33.3 | Mutation 7.1 (747) both ?
RAC1 7p22 | Mutation 5.8 (1158) both ?

2Data for copy number changes are from Stark and Hayward (2007) and Jonsson et al. (2007), or from Kraehn
et al. (2001); Moore et al. (2008); Ogbah et al. (2012) and Treszl et al. (2004) for MYC and Curtin et al. (2006)
for KIT. Deletions in these reports are generally homozygous deletions. “Amplification” here indicates definite
copy-number increase relative to the parent chromosome; varying criteria are used however in different
studies. Methylation data are from (Straume et al., 2000) for CDKN2A, (Soengas et al., 2001) for APAF1 and
(Worm et al., 2004) for APC. Deletion of at least 1 copy of APAF1 was reported (Fujimoto et al., 2004); since
single-copy deletion may coexist with methylation this fraction (37%) was not added to the fraction for

methylated.

bFrequencies and rankings given here are indicative only, as different frequencies are reported in different
studies. Mutation data except for TERT/melanoma are from COSMIC (the Catalogue of Somatic Mutations in
Cancer database) (Forbes et al., 2015), combining all cutaneous melanoma types (not mucosal) or all benign
naevi except congenital (which had 59% NRAS mutations). Where mutations in separate splice variants were

listed, only longest sequence represented here.

‘Mutation, methylation and homozygous deletion are assumed to be mutually exclusive, so their frequencies

are added. Mutation data from both cultured and uncultured samples are included here for CDKN2A, as most
samples are now uncultured, and for comparability with other loci shown.
4TERT data by stage are from Horn et al. (2013) and Griewank et al. (2014), and “unspecified” from Huang et al.

(2013).
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Figure Legends

Figure 1. Genetic model for melanoma progression. The four steps are suggested to represent the
commonest sequence in generation of a metastatic melanoma, where each step adds a further
genetic or epigenetic change to those at the previous step. However not all melanomas will have
the changes in this order or pass through each of these lesion types. Black spots at step 2 represent
a host reaction (lymphocytes and macrophages). The dotted line indicates that some VGP

melanomas have telomere maintenance, although most do not. See text for other details.

Figure 2. Proliferative and anti-apoptotic pathways involving genes commonly altered in
melanoma. Partly adapted from a figure in Easty et al. (2011). T-bars: inhibition. Dark red and
blue: components altered by known driver mutations, changes in copy number or methylation,
which activate oncoproteins (red) or cause defects in tumor suppressors (blue). Light red and blue:
components/processes that are pro- and anti-tumorigenic respectively, commonly upregulated or
downregulated respectively in melanoma, but secondarily rather than by mutation (to our
knowledge). Grey: components not thought to influence malignancy. Rectangles: transcriptional
regulators or coregulators. Some symbols represent protein families (e.g. RAS, ETS, JUN). GPCR: G-
protein-coupled receptors. A few alternative names for proteins are shown where the HGNC term
may be less familiar. (TPA): 12-O-tetradecanoyl phorbol 13-acetate, a phorbol ester and protein
kinase C agonist commonly used as a mitogen for cultured melanocytes and included for
information. Dashed line indicates an uncertain mechanism. Outline of pathways only; many steps

are omitted. See text for other details.

Figure 3. Cell senescence pathways involving genes commonly altered in melanoma. Some related
apoptotic pathways also shown. Most details as in figure 2. Also, dotted line indicates a pathway
used by other cell types, but p21 not usually upregulated in melanocytes or their lesions. Blue T-
bars show core inhibitory processes for senescence. Factors upstream of PTEN are poorly
understood, but activation of PTEN by MC1R (as shown) in response to ultraviolet light was reported
(Cao et al., 2013). This gives potential relevance to the finding that MC1R can be upregulated
downstream of MAPK14/p38 signalling via USF1 (Corre et al., 2004). Other signalling pathways (e.g.
Notch, Hedgehog) can interact with those shown in Figures 2 and 3 but are omitted to avoid further

complexity.
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