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SIGNIFICANCE
Melanoma continues to increase in incidence and there-
fore recognizing individuals at increased risk is especially 
important. This review discusses the associations between 
inherited genes which increase risk, and how the presence 
of those genes is manifest in family history or skin type. 
Environmental exposures, namely sun exposure leading to 
sunburn is aetiological in the genetically predisposed.

The incidence of cutaneous melanoma continues to 
increase in pale skinned peoples in Europe and el-
sewhere. Epidemiological studies identified genetically 
determined phenotypes such as pale skin, freckles and 
red hair, and sunburn as risk factors for this cancer. 
The development of many melanocytic naevi is also 
genetically determined and a strong melanoma risk 
phenotype. Not surprisingly then, genome wide asso-
ciation studies have identified pigmentation genes as 
common risk genes, and to a lesser extent, genes as-
sociated with melanocytic naevi. More unexpectedly, 
genes associated with telomere length have also been 
identified as risk genes. Higher risk susceptibility ge-
nes have been identified, particularly CDKN2A as the 
most common cause, and very rarely genes such as 
CDK4, POT1, TERT and other genes in coding for prote-
ins in the shelterin complex are found to be mutated. 
Familial melanoma genes are associated with an in-
creased number of melanocytic naevi but not invari­
ably and the atypical naevus phenotype is therefore 
an imperfect marker of gene carrier status. At a soma-
tic level, the most common driver mutation is BRAF, 
second most common NRAS, third NF1 and increasing 
numbers of additional rarer mutations are being iden-
tified such as in TP53. It is of note that the BRAF and 
NRAS mutations are not C>T accepted as characteris-
tic of ultraviolet light induced mutations.
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Melanoma continues to increase in incidence in Eu-
rope; figures from the period 1995–2012 recently 

published showed increases in both in situ and invasive 
melanoma (1). IARC figures generated from data recorded 
up until 2012 were used to construct Fig. 1. It can be seen 
that the greater proportional rise in incidence in older men 
in the UK is mirrored in Australia albeit at a considerably 
higher incidence rate. Australia, however, appears to have 
achieved a decrease over time in incidence rates in the 
very young, probably related to the very active and long-
standing public health activities in that country. 

The common melanoma subtypes, superficial spreading 
melanomas (SSM), nodular melanomas (NM) and lentigo 

maligna melanomas (LMM) are essentially diseases of 
pale skinned individuals, and this observation along with 
the identification of reported sunburns as a significant 
risk factor led to the recognition that melanoma is cau-
sed by sun exposure. The comparison between rates in 
England and in Australia is useful as the sub-population 
of Australians who develop melanoma commonly claim 
UK ethnicity and previous genome-wide association 
studies confirmed inherited similarities (2): that is that 
this comparison in incidence therefore reflects the strong 
effect of sun exposure (in genetically similar people) on 
melanoma development. 

Fig. 2 shows a principal component analysis (PCA) 
from a genome-wide association study reported by the 
GenoMEL consortium (2). PCA analyses of inherited 
genetic variation effectively examines genome-wide 
genetic variation across the populations determining the 
underlying patterns. The first two components explain 
much of the overall pattern of variation; in this figure, each 
participant’s genome is represented by a “dot” reflecting 
on a 2 dimension plot the value of that person’s first two 
principal components – each of the principal components 
consists of many thousands of genetic variants across the 
genome. The dots in brown, orange, sky blue and dark 
green represent the genotype of blood samples from the 
UK, the Netherlands, Sydney and Brisbane respectively. 
The PCA did not consider the location of residence of the 
person or the laboratory that recruited them but when the 
two dimension graph is overlaid on the map of Europe, it 
is apparent that people recruited from the same location 
are together on the map and that the pattern of the geo-
graphical locations is also retained with the exception of 
the Australian populations which are superimposed on the 
map of Western Europe reflecting their ancestry. The map 
confirms that gene frequencies vary slowly and systemati-
cally across Europe reflecting the fact that local migration 
is the biggest determinant of change. For instance, one of 
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Fig. 1. Incidence rates for melanoma in men in two genetically similar populations in England and in Australia. The figures were generated 
on line using the Globocan tool (gco.iarc.fr).

Fig. 2. Principal components analysis (PCA) from a 
genome­wide association study reported by the GenoMEL 
consortium (2). The coloured dots represent a measure of the 
genetic inheritance of participants in a genetic study of melanoma. 
The superimposed blue, green and terracotta dots over the UK 
suggests that the participants from two sites in Australia (Sydney 
and Brisbane) were very similar genetically to those living in the 
UK. This was expected as many Australian melanoma patients 
report ethnicity as the UK. Comparing incidence in melanoma 
then between the UK and Australia is to some degree comparing 
incidence in two populations similar genetically but with very 
different sun exposure histories. Figure kindly prepared by Dr 
Mark Iles of the University of Leeds.



A
ct

aD
V

A
ct

aD
V

A
d
v
a
n

c
e
s 

in
 d

e
rm

a
to

lo
g
y
 a

n
d
 v

e
n

e
re

o
lo

g
y

A
c
ta

 D
e
rm

a
to

-V
e
n

e
re

o
lo

g
ic

a

J. A. Newton-Bishop et al.268

Theme issue: Skin malignancies

the genes contributing to this pattern is the variation in the 
lactase gene reflecting the pattern of lactose intolerance 
across Europe. Thus the melanoma incidence curves in Fig. 
1 reflect UK and Australian melanoma patients and this 
PCA suggests that these are more similar than populations 
sampled elsewhere in Europe.

INHERITED (GERMLINE) GENOMIC VARIATION 
AND MELANOMA RISK

Skin colour genes
Although the markedly different incidence rates for gene-
tically similar populations in the UK and Australia reflects 
the effects of very different patterns of sun exposure, 
cutaneous melanoma is a strongly genetically determined 
disease. Melanoma incidence is very strongly related to 
skin colour being predominantly a cancer of pale skinned 
individuals. Table I indicates that the most common me-
lanoma subtypes, SSM, NM and the less common LMM 
and desmoplastic melanoma, are very much more com-
mon in fair skin, whereas the acral lentiginous melanoma 
(ALM) variety has approximately the same incidence in 
most ethnic groups. Table I reports incidence for different 
melanoma subtypes, SSM, NM, LMM and ALM. The 
ethnicity terms used are those used in North America: Non-
Hispanic white (NHW), Hispanic white (HW), Asian and 
Black. The data show that the incidence of SSM, NM and 
LMM is highest in those with ethnicity associated with the 
palest skins, indeed there is some evidence for a gradation 
in incidence from typically palest to darkest skins. The data 
also show that the incidence of ALM does not differ with 
ethnicity and therefore inherited pigment genes.

Melanocytic naevi genes
The second risk phenotype is the presence of greater 
numbers of melanocytic naevi (4), both of the “common” 
or banal type and the presence of larger naevi described 
clinically as atypical naevi and histologically as dysplastic 
naevi. Twin studies have reported evidence for high here-
ditability for this phenotype in the order of around 65% (5, 
6). Thus the two phenotypes most predictive of melanoma 
risk (pale skin and the presence of many naevi) are shown 
to be predominantly genetically determined.

New low-medium penetrance loci
Genome wide association studies have increased steadily 
in power to identify larger numbers of inherited genetic 

variation associated with increased risk of the common 
subtypes of melanoma (7, 8) and indeed with the risk 
phenotypes as a result of collaboration between multiple 
research groups. The role of inherited pigmentation genes 
in melanoma susceptibility is clear but there are also a 
number of genetic loci associated with increased numbers 
of melanocytic naevi and with telomere length. Telomeres 
are nucleotide repeat sequences which protect the ends of 
chromosomes, from excessive shortening and becoming 
tangled during cell division. Genes such as that coding 
for telomerase and additional genes coding for proteins 
in the so-called shelterin complex play an important role 
in maintaining telomeres. A number of inherited genetic 
variants are reported to determine telomere length and a 
genetic score predicting longer telomeres has been shown 
to strongly predict melanoma risk (9). In short, common 
genes associated with paler skin and in particular skin 
which tends to burn in the sun (predominantly the gene 
coding for the melanocortin receptor 1, MC1R); others 
which are associated with having more naevi; and genes 
associated with longer telomeres are melanoma risk genes, 
and to a large degree explain variation in melanoma inci-
dence in different populations worldwide. Further genes 
associated with risk will certainly be found and other 
pathways may therefore be identified: a recent genome 
wide association study of naevi reported some evidence 
of pathways not previously supposed to be associated with 
naevus pathogenesis (8). 

The low to medium penetrance (risk) genes identified 
in genome wide association studies each increase risk a 
little and melanoma occurs essentially in individuals who 
have inherited several risk alleles and who like the sun, 
in particular intermittent sun exposure. The likelihood is 
that risk of melanoma increases progressively with higher 
numbers of the risk alleles.

RARE INHERITED MUTATIONS

Rarer inherited mutations are associated with a high risk 
of melanoma (high penetrance) so that clustering of cases 
occurs in families. The definition usually used to define 
a melanoma family is at least 3 cases in close relatives. 
The commonest high penetrance susceptibility gene is 
CDKN2A which notably codes for two quite distinct pro-
teins: p16INK4a and p14ARF. P16INK4a is a cyclin-dependent 
kinase inhibitor in the RB1 cell cycle control pathway, and 
p14ARF binds the p53-stabilizing protein MDM2 in the p53 
signalling pathway. The CDKN2A gene is therefore invol-
ved in the regulation of two critical cell cycle regulatory 

Table I. Incidence rates reported by the North American SEER registry by ethnicity. Modified from Wang et al. (3)

Non-Hispanic white Hispanic white Asian Black Total

Superficial spreading melanoma 9.05 (8.96–9.13) 1.12 (1.05–1.19) 0.31 (0.27–0.35) 0.15 (0.12–0.18) 6.18 (6.13–6.24)
Nodular melanoma 1.80 (1.76–1.84) 0.49 (0.44–0.54) 0.14 (0.12–0.17) 0.06 (0.04–0.08) 1.30 (1.28–1.33)
Lentigo maligna melanoma 1.87 (1.83–1.90) 0.23 (0.19–0.27) 0.06 (0.05–0.08) 0.02 (0.01–0.04) 1.37 (1.35–1.40)
Acral lentiginous melanoma 0.21 (0.20–0.22) 0.24 (0.21–0.28) 0.17 (0.14–0.20) 0.19 (0.16–0.23) 0.20 (0.19–0.22)

Age-adjusted incidence rates per 100,000 person-years.
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pathways. A very small number of melanoma families have 
causal mutations in the gene which codes for CDK4 to 
which p16 binds and these families appear to have a very 
similar phenotype to those with CDKN2A mutations (10). 

Mutation carriers are more likely to have multiple 
primaries than those without such mutations (11), a little 
earlier age of onset and pancreatic cancer occurs in some 
CDKN2A families reported from mainland Europe and 
the USA. Studies in specific founder CDKN2A mutation 
families from Sweden (12) and the Netherlands have re-
ported increased rates of cancers associated with smoking 
(13) but the risks of cancers other than melanoma and 
pancreatic cancer are not yet sufficiently well established 
to infer screening requirements, see https://www.ncbi.
nlm.nih.gov/books/NBK7030/. That risks remain unclear 
to some extent reflects bias of ascertainment: in order to 
identify new high risk inherited cancer genes, researchers 
typically tested families who had multiple cases of the 
same cancer. Work is ongoing currently within GenoMEL 
(www.genomel.org) to address this deficiency.

Familial melanoma has been recognised for many years 
and between 1994 (14) and 2013, only CDKN2A and 
CDK4 mutations were recognised as familial melanoma 
genes. These mutations were identified not least because 
the majority of affected families are at increased risk of 
only melanoma, sometimes also with some pancreatic 
cancer and families were ascertained for investigation on 
the basis essentially of multiple melanoma cases. There 
was, in essence, a deliberate bias, in that families with 
multiple cases of melanoma were selected for invitation 
to participate in research. This was the usual method for 
the identification of highly penetrant genes using genetic 
linkage studies where co-segregation of genetic variants 
with the cancer was required. Now that whole exomic 
or genomic sequencing and “panels” of cancer genes 
are used to identify high risk genes in families, genes 
are being identified with association with melanoma and 
an increased number of various other cancer types. As a 
result, rarer mutations in additional melanoma suscepti-
bility genes have been identified. These have been seen 
in less than 2% of UK families with 3 or more melanoma 
cases. They are predominantly genes which are involved 
in telomere function/maintenance, first the gene named 
Protection of Telomeres I (POT1) which was described 
simultaneously in two groups in melanoma families (15, 
16). Additional mutations were described in other genes in 
the shelterin telomere protection complex of which POT1 
is a subunit (17), and in TERT (18, 19). Telomere function 
is therefore clearly important in melanoma pathogenesis. 
Finally inherited mutations in the BAP1 gene, which 
were originally reported as an inherited cause of uveal 
melanoma but were quickly then associated additionally 
with a risk of lung cancer and meningiona (20) are now re-
cognised also to increase the risk of cutaneous melanoma 
(21). Subsequently the mutations were recognised as also 
associated with renal cancer and mesotheliomas. Unusual 

but generally benign “spitzoid” melanocytic lesions of the 
skin were reported to be part of the syndrome in 2011 (21).

The role of gene testing and screening is therefore in 
the process of change. As the penetrance of these genes 
which increase the risk of melanoma and other cancers, 
becomes clearer then appropriate screening should be 
possible and gene testing/counselling likely to be increa-
singly performed.

Families with inherited melanoma susceptibility to 
melanoma often also have more melanocytic naevi than is 
usual in that population. This phenotype, called the atypi-
cal mole syndrome or the dysplastic naevus syndrome was 
originally thought to be a key component of the Familial 
Melanoma “Syndrome” (22). Indeed, there is certainly 
an association: mutations are more likely to have larger 
numbers of naevi (23). However, it is recognised now that 
some families with the same mutation may or may not 
have many naevi, so that family members with normal 
naevi may yet be found to carry the susceptibility gene. 
It has been postulated that the rather variable association 
between inherited high risk melanoma genes and naevi 
may be complicated by the variable co-inheritance of 
common lower risk melanoma susceptibility genes (23). 
In the dermatology or melanoma clinic, then the factors 
which should alert the medical team to the possibility 
of inherited high-risk melanoma susceptibility are, the 
atypical naevus syndrome, multiple primaries, relatively 
early onset and the co-occurrence of pancreatic cancer 
in some populations at least. The single most important 
factor, however, is family history of cancer. So, only 2% 
of apparently sporadic melanomas even with 2 primaries 
have inherited CDKN2A mutations (24), but in our own 
studies > 50% of families with 4 or more melanoma cases 
have such mutations. In the dermatology or melanoma 
clinic then, the presence of many naevi or more than 
one primary should alert the team to the possibility of a 
higher risk but family history is the strongest evidence 
for highly penetrant melanoma susceptibility genes. A 
review published by Sancy Leachman and GenoMEL 
(25) made recommendations for genetic counselling, but 
the identification of genes such as POT1 and TERT which 
increase the risk of cancers other than melanoma means 
that these recommendations will be revised as more data 
become available.

Melanoma is an uncommon second malignancy in 
inherited retinoblastoma (26) and there are reports of a 
possible small increase of risk in carriers of BRCA2 mu-
tations (27) and possibly Lynch syndrome susceptibility 
genes although the evidence for the latter is not at this 
time convincing.

SOMATIC MELANOCYTIC NAEVUS GENOMICS

Melanocytic naevi are both markers of melanoma risk and 
precursors of melanoma. They are benign proliferations 
which arise progressively starting in the first year of life, 
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but which stop appearing at the age of 40 years or so. The 
proliferation of melanocytes sufficient to produce detect-
able naevi results from the development of mutations 
in genes predominantly in the RAS/RAF/MEK/ERK 
pathway. The most common mutation is BRAFV600E but 
NRAS, and less commonly KRAS mutations occur. The 
prevalence of such mutations differs between naevi of dif-
ferent types, recently reviewed by Roh et al. (28). Roh et 
al. estimated that BRAF mutations drive 78% of common 
acquired naevi, 60% of dysplastic naevi, 7% of blue and 
6% of Spitz naevi. Similarly, they estimated that NRAS 
mutations drive 95% of giant pigmented congenital naevi, 
70% of small/medium naevi and 2% blue and Spitz naevi. 
GNAQ mutations occur in 84% of blue naevi. 

Neither BRAF nor NRAS mutations have the classical 
genetic signature of mutagenesis as a result of ultraviolet 
(UV) light exposure: C>T mutations (29), but as descri-
bed above, there is clear epidemiological evidence of a 
relationship between naevus number and sun exposure. 
The precise pathogenesis of such mutations remains as 
yet unclear but these observations suggest a complex 
relationship between intermittent sun exposure and nae-
vogenesis. It has been queried whether BRAF mutations 
might actually result from DNA damage consequent upon 
exposure to UVA (30).

Whatever the route, the activation of the RAS/RAF/
MEK/ERK pathway appears to drive the proliferation of 
naevi but the mutations eg in BRAF also induce senescence 
and therefore in the majority of naevus proliferation even-
tually ceases, resulting in growth cessation and ultimately 
clinical involution. Where this senescence is overcome 
as a result of additional mutations, then dysplastic naevi 
may develop and evolve into superficial spreading me-
lanomas. As reported by Shain et al. (31), as melanoma 
evolves from benign naevi through to invasive tumours, 
then the proportion of lesions with loss of the CDKN2A 
gene, increased expression of TERT, increased numbers 
of additional mutations and copy number changes steadily 
increases resulting in more aggressive tumours. An on-line 
data source https://www.mycancergenome.org/content/
disease/melanoma/ estimates the frequency of the driver 
mutations in melanoma as BRAF in 37–50%, CTNNB1 
(2–4%), GNA11 (1%), GNAQ (1%), KIT (2–8%), MEK1 
(6–7%), NF1 (12%) and NRAS (13–25%). The proportion 
of each in different melanoma subtypes differs, so the 
same data source reported that in melanomas arising on 
for example the trunk 50% have BRAF, 20% RAS com-
pared with melanomas arising in skin with sun damage, 
whereas BRAF is reported to be much lower at 10%, with 
10% NRAS and 2% KIT. Acral melanomas, 15% BRAF, 
15% NRAS and 15% KIT. Individual studies have reported 
additional mutations. As technologies designed to detect 
mutations and copy number changes become more and 
more accessible even in formalin fixed tissues, then the 
knowledge of less common genomic somatic changes in 
melanoma increases. Hodis et al. (32) for example repor-
ted the discovery of 6 novel melanoma genes (PPP6C, 

RAC1, SNX31, TACC1, STK19 and ARID2), 3 of which: 
RAC1, PPP6C and STK19 were recurrent. Hayward et al. 
(33) reported in addition significant mutation of TP 53 in 
cutaneous melanoma and that the significant mutations 
were BRAF, NRAS and NF1 in acral melanoma and SF 
3B1 in mucosal melanoma.

Large mutation burden in melanomas
Although, the classic driver mutations of naevi do not have 
C>T mutations, melanomas were shown by the Sanger 
Institute to have the greatest number of mutations of 
any cancer and that these mutations were predominantly 
C>T (29). Mutations are not surprisingly more frequent 
in tumours which arose on chronically sun exposed skin 
(31) and the probability is that these mutations are pre-
dominantly passenger mutations: that is that they don’t 
play a key role in tumour progression. However, overall 
mutation rates were reported to be highest in lung cancer 
and melanoma (29), both of which have good responses 
to checkpoint blockade and the supposition is that this 
is at least in part attributable to mutation derived neoan-
tigens capable of stimulation immune responses to the 
melanoma cells.

Copy number changes
Copy number changes have been elucidated to some 
extent. Hodis et al. (32) described a low prevalence of 
amplifications in melanoma overall: 11% CCND1, 6% 
KIT, 3% CDK4, 13% TERT, and 4% MITF. The deletions 
were dominated by those in CDKN2A (38%) and PTEN 
(25%). Overall the data support the view that copy number 
changes are more common in acral lentiginous melanomas 
than in those in sun-exposed sites. In Table II we have 
summarised some of the recent reports of copy number 
variation in acral lentiginous melanomas, and by compa-
rison with the proportions reported by Hodis et al. (32) it 
can be seen that with this albeit limited data, copy number 
changes are more frequent in acral lentiginous melanoma 
than in melanomas arising in sun-exposed sites.

In conlusion, cutaneous melanoma is a good example 
of gene environment interaction, in that it is largely (but 

Table II. The recently reported data looking at copy number changes 
in acral lentiginous melanoma

Copy number alteration Reference n (%)

Amplification AURKA Yan et al. 2018 (34) 472 (25)
Amplification GAB2/PAK1 Chernoff et al. 2009 (35)

Yeh et al. 2019 (36)
122 (22)

Amplification CCND1 Sauter et al. 2002 (37)
Yeh et al. 2019 (36)

122 (21)

Amplification CDK4 Curtin et al. 2005 (38)
Yeh et al. 2019 (36)

122 (22)

Deletion NF1

Inactivation NF1 cooperating factor 
SPRED1

Liang et al. 2017 (39)
Yeh et al. 2019 (36)
Yeh et al. 2019 (36)

  34 (12)
122 (15)
122 (7)

Deletion CDKN2A Liang et al. 2017 (39)   34 (35)
Amplification or point mutation 

TERT promoter
Liang et al. 2017 (39)   34 (35)
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not exclusively) a cancer of genetically determined pale 
skinned peoples, when they experience sun burn or sun 
damage. The identification of genes associated with 
risk from low to high risk has led to the identification 
of biological processes involved in tumourigenesis. The 
genetic changes occuring in the tumours adds more to 
what is known about tumourigenesis but also has lead to 
the evolution of treatment options for advanced disease.
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