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The genetics of melanoma

Melanoma is an increasingly common cancer and in order to direct preventative advice at those af risk, an
understanding of susceptibility is crucial. This review summarizes what is known about common low-risk genes

(such as those controlling red hair) and rare high-risk genes.

he primary genetic determinant of melanoma sus-
Tceptibility is the genetic control of skin colour

because the majority of melanomas occur in white-
skinned peoples. The genes which control the normal
variation in skin colour remain surprisingly poorly
understood. Most is known about the role of the
melanocortin receptor 1 gene (MCIR). Allelic variants
of this gene have a major role in determining freckling,
red hair and risk of skin cancer, and variants in this gene
are therefore the best-established low-risk melanoma
susceptibility genes. A number of other possible candi-
date genes have been explored as low-risk susceptibility
genes but none have yet been firmly established.

The presence of numerous moles (known as the
atypical mole syndrome phenotype) is the most potent
phenotypic risk factor for melanoma, and moles are
genetically determined. Mole genes are postulated to be
low to medium penetrance susceptibility genes and
individuals with this phenotype are at risk of melanoma
and should be targeted for both primary and secondary
prevention.

Rare families exist in which there are multiple cases
of melanoma and these families are postulated to have
inherited high-risk susceptibility genes. The genetic
basis of a proportion of these families is known and
much of the progress made has been as a result of work
carried out by members of GenoMEL, the Melanoma
Genetics Consortium, at www.genomel.org. Germline
mutations at the CDKN2A locus on chromosome 9
impacting on the two alternative splice products at the
locus (p16 and p14ARF) have been shown to be causal
for melanoma as have the much rarer mutations in the
gene coding for CDK4 which impact on the p16 bind-
ing site.

Variation in the proportion of families with these
mutations is seen with number of cases of melanoma and
latitude. The CDKN2A gene penetrance has been estab-
lished, albeit in a biased set of families ascertained for
large numbers of cases, so that improved penetrance

status therefore all family members require supervision.
Gene testing for mutations at the CDKN2A locus is
available in some areas of the world for families with
clustering of melanoma in the family, but is held by
GenoMEL to be premature. It is hoped that crucial data
will shortly inform this process.

The descriptive epidemiology of melanoma
The age-standardized incidence rate of melanoma in the
UK in men is around 5 per 100 000 per annum and 7
per 100 000 per annum for women (Quinn et al, 2004).
For comparison, the rate in Australia is around 30 in
men, and in the USA around 12 per 100 000 per annum
(Quinn et al, 2004). The incidence has increased in
Europe, the USA and Australia progressively since the
1970s. The incidence is higher in those with higher
socioeconomic status, but survival is poorer in those with
lower socioeconomic status (Quinn et al, 2004).

In the UK and internationally, the majority of melano-
mas occur in white-skinned peoples and therefore the
major genetic determinants of risk are the genes deter-
mining skin colour. In hot countries such as Hawaii,
the incidence of melanoma is much higher in residents
of European origin than those of Polynesian origin
(Chuang et al, 1999). Within Europe, the interplay
between skin colour and the effect of the major envi-
ronmental determinant of melanoma (sun exposure) is
evident, so that the incidence is highest in white Swedish
and Swiss peoples (Parkin et al, 1997) and lower in
Mediterranean countries, even though these countries
are at lower latitudes.

Family history is an important risk factor for melano-
ma. Familial melanoma was reported in the 19th cen-
tury in the UK (Norris, 1820), and a strong family
history of melanoma is the most potent risk factor for
melanoma (Kefford et al, 1999). Any family history of
melanoma is associated with a doubling of risk for close
relatives. A study from the Utah population database

estimates derived from less biased families are required.
In some areas of the world (North America and some
parts of Europe) carriers of CDKN2A mutations are also
at increased risk of pancreatic cancer, although this has
not been seen to date in the UK. The determinants of
risk of pancreatic cancer are not established. The major-
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Figure 1. The two splice products at the CDKN2A locus: p14ARF (exon 13) and p16 (exon

lo).

estimates risk to first-degree relatives of melanoma
cases to be 2.1 (95% confidence interval (CI) = 1.4—
2.9). A similar study from the Swedish Cancer Registry
estimated the standardized incidence ratio for melano-
ma to be 2.40 (95% CI = 2.10-2.72) for offspring if
one parent had a melanoma, 2.98 (95% CI = 2.54—
3.47) for an affected sibling and 8.92 (95% CI =
4.25-15.31) if a parent and a sibling were both affect-
ed. The highest ratio was 61.78 (95% CI = 5.82—

Table 1. Family cancer syndromes in which melanoma occurs

Family cancer syndromes

Familial melanoma

Hereditary retinoblastoma

BRCA2

Li—Fraumeni syndrome

Cancers seen

Melanoma predominantly
Pancreatic cancer in some pedigrees
Retinoblastoma

Cancers of the bone

Soft tissues

Nasal cavity

Eye and orbit
Pineoblastoma

Melanoma

Brain and CNS

Buccal cavity

Uterus (Kleinerman et al, 2005)
Breast cancer

Prostate

Stomach

Melanoma

Pancreas (Liede et al, 2004)
Breast cancer

Sarcoma

Brain tumours

Melanoma

227.19) for offspring when a parent had multiple
melanomas (Hemminki et al, 2003). Such patterns of
risk are indicative of a significant hereditary compo-
nent, which is most probably inherited as an autosomal
dominant trait with incomplete penetrance. The most
potent susceptibility gene is identified (CDKN2A)
which is discussed below (Figure I).

Rarely, melanoma occurs as part of family cancer syn-
dromes which are well characterized and in which
melanoma forms a small proportion of the cancers seen.
Survivors of hereditary retinoblastoma, for example, are
at increased risk of melanoma, especially in the radiation
field (Kleinerman et al, 2005). In this study in which the
cancer incidence was reported in a cohort of 1601 survi-
vors of retinoblastoma, the standardized incidence ratio
for melanoma in hereditary retinoblastoma patients
treated with radiotherapy was 30 (95% CI = 20-45)
(Kleinerman et al, 2005). Melanoma has also been
reported to occur at increased levels in male carriers of
BRCA2 mutations (Liede et al, 2004) and in the Li—
Fraumeni syndrome (Potzsch et al, 2002; Cohen et al,
2005) (Table 1).

First, however, this article will discuss lower penetrance
genes.

Pigmentation genes and

susceptibility to melanoma

The genetic determination of skin colour is complex and
controlled by many genes. In terms of risk of skin cancer
most is known about a gene which codes for the MC1R
receptor (Rees, 2003). This receptor is present on the
surface of melanocytes and is reported to be expressed by
other cells including those involved in inflammation
(Rouzaud et al, 2005). MCIR plays a fundamental role
both in quantitative aspects of melanin production but
also qualitative, as allelic variants govern the ratio of
types of melanin produced (the more protective brown/
black pigment eumelanin to the red pigment phacomela-
nin) (Naysmith et al, 2004).

Stimulation of the MCIR receptor by melanocyte-
stimulating hormone (MSH) (Suzuki et al, 1996) results
in increased eumelanin production and the agouti pro-
tein is the antagonist. Further variation in melanin pro-
duction occurs because when MSH binds to some
MCIR variants common in populations living at high
latitudes, less eumelanin and more pheomelanin is pro-
duced (Sturm et al, 2001). The role of MCIR was
reviewed by Rouzaud et al (2005). While the role of
variation in the MCIR in determining skin type and
melanoma risk (see below) is becoming clarified, much
still remains to be understood about the biological basis
of sun sensitivity and cancer risk in people with such
variants. A small study from Scotland, for example,
measured eumelanin and phenomelanin levels in irradi-
ated Asian and white skin and confusingly showed that
the Asian skin contained higher levels of pheomelanin
than the white skin and furthermore that the eumelanin/
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pheomelanin ratios were the same in both skin types
(Hennessy et al, 2005).

A simplistic view is therefore that there are skin can-
cer susceptibility genes which mediate their effects by
governing the effectiveness of the protection afforded
to melanocytes by melanin, which absorbs both ultra-
violet and visible light, the quantity present and how it
is organized in the skin. Phenotypically this is manifest
as how pale the skin, eyes and hair are, so that these
factors are risk factors for melanoma. Additional varia-
tion in risk results from the inheritance of MCIR
which impacts on the ratio of pheomelanin to eumela-
nin produced. The phenotypic markers for this are red
hair and freckles.

Gandini et al (2005) reviewed these in a meta-analysis
of a large number of published case-control studies.
They found that blue eyes (compared with dark eyes)
are associated with a relative risk (RR) of 1.5 (95% CI
= 1.3-1.7), (P<0.001). Within the white population,
Gandini et al’s meta-analysis showed that white skin
compared with dark skin is associated with a RR of 2.1
(95% CI = 1.7-2.5) (P<0.001). There is some progress
in understanding the genetic basis of this in that a poly-
morphism in the oculo-cutaneous albinism gene OCA2
has been shown to determine eye colour (Duffy et al,
2004) and also to be a risk factor for melanoma (Jannot
et al, 2005). The presence of many freckles compared
with few is associated with a RR of melanoma of 2.1
(95% CI = 1.8-2.5) (P<0.001), and red hair compared
with dark a RR of melanoma of 3.6 (95% CI = 2.6-5.4)
(P<0.001) (Gandini et al, 2005). There are data to sup-
port the view that the major determinant of this pheno-
type (red hair and freckles) is inheritance of allelic vari-
ants of MCIR (Valverde et al, 1995). Not surprisingly
then, MCIR variants are identified as genetic risk fac-
tors for melanoma (Valverde et al, 1996); significantly
also when they are found in dark-haired individuals
(Palmer et al, 2000).

It is thought that natural selection of individuals with
genetic variation in genes controlling skin colour occurred
to favour the survival and therefore the reproduction of
fair-skinned peoples in less sunny climates. There are
some who feel that this was at least in part sexual selec-
tion (Aoki, 2002). There remains, however, a dominant
but still somewhat controversial view that the drive to
natural selection of fair skin in the north was the need for
man to increase synthesis of vitamin D as a result of sun
exposure where few foods contain much vitamin D.
Most humans rely upon sun exposure to obtain sufficient
for health and at high latitudes this may be impaired for
long periods of the year (Ovesen et al, 2003). This is
again of interest as the view has emerged that many
European populations may have lower than optimal
vitamin D levels (Ovesen et al, 2003).

Deficiency of vitamin D has great significance for
bone health but possibly also for the prevention of
auto-immune disease and cancer reviewed by Holick

(2004). Natural selection in favour of individuals living
in cold climates in previous centuries is therefore
hypothesized to have been beneficial to them in terms
of avoidance of clinical vitamin D deficiency. However,
in times where sun exposure is hugely increased (and
possibly to be increased still further as a result of cheap
air fares and global warming), these people are at
increased risk of skin cancer. It is the challenge to
health educationalists now to assess the balance of risks
to European populations of mixed skin type and then
to convey those risks to the population in a way which
can be understood.

Other putative low penetrance genes

There have been a number of studies reported in which
groups have taken a candidate gene approach to identi-
fying melanoma susceptibility genes, which have been
reviewed (Newton Bishop and Bishop, 2005). They
have looked at the inheritance of polymorphisms in
genes they postulate may impact on the gene function
sufficient to increase susceptibility to melanoma, by
comparing the frequency of that polymorphism in
melanoma patients with controls. There are limitations
to many of these studies including limited sample size,
weak choice of controls, and over-interpretation of
results of marginal statistical significance (implying
positive results are by chance). Ideally such studies
should involve minimally 250 cases and controls; cases
should be population-based meaning that they reflect
the set of incident cases in a defined geographical
region and in a defined time period. Controls should
come from the same population (i.e. the same genetic
‘pool’ as the cases) minimizing concerns about bias of
ascertainment of cases and controls (Goode et al,
2002). Convenience controls may or may not lead to
spurious findings but always raise concerns about inter-
pretability of findings.

There have been several studies looking at genes
involved in DNA repair (Guptu Bertram et al, 2004;
Han et al, 2005) which seems sensible given that sun
exposure is causal and a mutagen, and that children with
xeroderma pigmentosum (in which DNA repair is
impaired) are prone to melanoma. The data currently
remain unclear as they are for other cancers (Goode et al,
2002).

Other groups have looked at genes coding for detoxi-
fying enzymes, with as yet no clear verdict (Strange et al,
1999; Kanetsky et al, 2001), and others at genes having
effects on the immune system (Howell et al, 2001;
Debniak et al, 2005b). There has been some interest in
polymorphisms in genes concerned with vitamin D
metabolism (Hutchinson et al, 2000) and p53 (Shen et
al, 2003) but generally a history of an initial positive but
often small study (Shahbazi et al, 2002; Meyer et al,
2003) is followed by a number of negative ones
(McCarron et al, 2003; Bertram et al, 2004; Randerson-
Moor et al, 2004). CDKN2A is identified as a potent
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Figure 2. Mutations at the CDKN2A locus detected in UK melanoma families.

rare high penetrance gene which is discussed below.
Polymorphisms in this gene have been studied as poten-
tial low penetrance susceptibility genes with as yet incon-
clusive results.

There is some evidence for inheritance of a polymor-
phism known as Nt500G in some populations (Kumar
et al, 1998; Aitken et al, 1999) as a risk factor but not in
others (Debniak et al, 2005a). There is similarly conflict-
ing evidence for a similar role for A148T (Bertram et al,
2002; Debniak et al, 2005a). In summary then, pigment
genes such as MCIR are low penetrance susceptibility
genes but there are other low to medium penetrance
melanoma susceptibility genes yet to be established.
While there may be some clues identified as above, there
are few data as yet.

Melanoma in families: high-risk genes

Melanoma patients may report a family history of
melanoma. In a cohort of over 700 melanoma patients
investigated by the authors’ group, 7% reported that at
least one other family member had had melanoma. Rare
families, however, have multiple cases and where there
are four or more cases in the family (in the UK) the

Table 2. The proportion of UK families in which germline

mutations at the CDKN2A locus have been detected by the Genetic
Epidemiology Division of the CR-UK Clinical Centre at Leeds

Number of
melanoma cases

7-10

N W &~ U o~

Total

Number of UK
pedigrees screened  Number of pedigrees

by the Leeds group  with mutations Percentage
3 3 100

5 3 60

14 10 7

26 17 65

45 10 25

99 14 14

192 57 30

majority have inherited mutations in a gene called
CDKN2A (Figure I). The CDKN2A locus on chromo-
some 9 is unusual in that it codes for two different
proteins, both of which appear to predispose to melano-
ma. pl6 is a cell cycle protein (Kamb et al, 1994) which
also has a role in the induction of cell senescence
(Bennett, 2003). The additional product p14ARF is
part of the p53 pathway where it acts by blocking
MDM2 binding of p53 (Chin et al, 1998). This gene
therefore has functions impacting on the two major
pathways RB and p53. Mutations at the locus may
impact on the p16 product alone, p14ARF alone (Figure
2) (Randerson-Moor et al, 2001; Rizos et al, 2001;
Hewitt et al, 2002; Harland et al, 2005) or both pro-
teins. Curiously all seem to predispose the family mem-
bers predominantly to melanoma alone.

Mutations at the locus can be found in the majority
of melanoma families with many cases in the UK (7zble
2) but not all. For some cancers hereditary deletions
removing one or more exons have been reported to
‘explain’ missing mutations but evidence supports the
view that germline deletions are uncommon in melano-
ma families (Figure 2) (Mistry et al, 2005). There are
therefore other susceptibility genes as yet to be identi-
fied. There is evidence for such a gene at 1p22
(Gillanders et al, 2003) but no gene has been identified
there as yet. A new gene predisposing to ocular and skin
melanoma has been mapped to chromosome 9q21.32 in
families from Denmark (Jonsson et al, 2005). The gene
has not yet been identified and as families with both
ocular and cutaneous melanoma are extremely infre-
quent and so this gene may well reflect a rare syndrome.
In families with fewer cases (less than four cutaneous
lesions), the minority have identifiable mutations,
which implies that in these families predisposition is
related to the inheritance of other as yet unidentified
genes. High and low penetrance susceptibility genes
therefore remain to be identified.

These data imply that where there are four or more
cases of melanoma in the family, the likelihood is that
there is a high penetrance gene. In the majority of cases
this is likely to be at the CDKN2A locus. A commercial
test is available for germline mutations at this locus. It is
the view of GenoMEL, the Melanoma Genetics
Consortium (chaired by an author JNB), however, that
it is premature to offer gene testing (Kefford and Mann,
2003) because of lack of information of great relevance
to families and because currently a test result would not
change management for the patient or the family. The
data which currently remain lacking are accurate pene-
trance data and the risk of cancers other than melanoma.
It is the intent of GenoMEL to remedy deficiencies in
available data (www.genomel.org) so that fully informed
genetic testing can be made available to those who wish
it, as soon as possible.

The penetrance of a cancer susceptibility gene is the
probability that a gene carrier will develop the cancer in
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their lifetime. GenoMEL has published the initial estima-
tion of penetrance (Bishop et al, 2002) of CDKN2A and
shown that there is geographical variation in penetrance
(as expected) by latitude of residence (Figure 3). By the
age of 50 years CDKN2A mutation penetrance reached
0.13 in Europe, 0.50 in the United States, and 0.32 in
Australia; by the age of 80 years it was 0.58 in Europe,
0.76 in the United States, and 0.91 in Australia. These
published data will be strengthened by continued data
collection across GenoMEL groups in Europe, Australia
and North America, in projects funded both by the
National Institutes of Health and the European
Commission. The data are collected from families select-
ed on the basis of having large numbers of cases of
melanoma and are therefore applicable to families ascer-
tained for the presence of multiple cases.

The Genetic Epidemiology of Melanoma (GEM)
study group have published an estimate of penetrance
which is lower (as expected but not statistically different
from that obtained from multiple case families) as it is
computed from CDKN2A mutations carriers ascertained
in population-based studies (Begg et al, 2005). Overall
the risk to carriers was 0.14 by the age of 50 years (95%
CI = 0.08-0.22). While it might be expected that fami-
lies with multiple cases of melanoma might have more
risk factors than people without such a family history, it
remains to be investigated whether the difference between
the estimates is other than chance. GenoMEL will short-
ly report another estimate of gene penetrance based upon
population-based ascertained cases.

Of great relevance to melanoma families is also the
lack of clarity about the risk of cancers other than
melanoma to mutation carriers. There is no doubt that
in some centres families with germline CDKN2A muta-
tions have an increased risk of pancreatic cancer. This is
particularly obvious in those families in the Netherlands
with the p16-Leiden mutation (Bergman et al, 1990) in
which the mean age at diagnosis of pancreatic cancer
was reported to be 58 years (range 38-77 years). The
estimated cumulative risk of developing pancreatic can-
cer in putative mutation carriers by the age of 75 years
was 17% (Vasen et al, 2000). An increased risk of pan-
creatic cancer is seen in the USA (Goldstein et al, 2004)
and in Italy (Ghiorzo et al, 1999), but confusingly, not
elsewhere, for example in the UK. Although there are
theories to explain the difference between risks in differ-
ent populations, the biological basis of this is not yet
understood. GenoMEL is currently addressing this
important issue. BJHM
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KEY POINTS

B Genes which determine skin colour and how the skin reacis to the sun ‘explain’ the
greatest proportion of cases of melanoma.

B In families with multiple cases of melanoma in the UK, the majority with four or
more cases have inherited mutations at the CDKN2A locus, and the greater the
number of cases, then the higher the probability of finding a mutation.

B In the UK, families with mutations at the CDKN2A locus appear to be susceptible to
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to pancreatic cancer.

B Other high and low risk melanoma susceptibility genes remain to be identified.
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