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Melanoma – role of the environment and genetics

Anne E. Cust,a,b Kriti Mishrac and Marianne Berwick *d

Melanoma rates have increased in populations that are mainly European. The main etiologic factor is

ultraviolet radiation, from the sun as well as artificial tanning devices. Host factors such as skin color,

number of nevi, hair and eye color and tanning ability are critical factors in modifying an individual’s

response to the sun. Genetic factors interact with host factors and environmental factors to increase risk.

This review summarizes our current knowledge of environment and genetics on melanoma risk and on

gene–environment interaction.

Introduction

Melanoma incidence rates have been increasing at more than
3% annually in mainly European-origin populations, with few
exceptions.1 The majority of the estimated 272 000 new cases of
cutaneous melanoma diagnosed worldwide in 2013 were from
North America, Europe, Australia and New Zealand.2,3 The main
etiological factor for melanoma is exposure to ultraviolet radi-
ation (UVR),4 both from the sun as well as artificial tanning
devices. However, host factors, such as skin color, number of
nevi, hair and eye color, and tanning ability are important
factors that modify risk. Genetic factors also have an important
role in the development of melanoma. New genes have been
discovered from evaluating the genetics of families as well as
large numbers of melanoma cases. This review summarises our
current knowledge on the role of environment and genetics on
melanoma risk, and on gene–environment interaction.

Environmental associations
Ultraviolet radiation – UVR

The entire ultraviolet radiation (UVR) spectrum is classified as
carcinogenic to humans.5,6 Since most of UVB (280–315 nm) is
removed by stratospheric ozone, about 95% of the midday
solar UVR reaching the Earth’s surface is UVA (315–400 nm)
and 5% UVB. Because individuals are exposed simultaneously
to UVA and UVB when outdoors, it is difficult to distinguish
between the effects of UVA and UVB in human studies. Both

UVA and UVB are established risk factors for sunburn7–9 and
both UVB and UVA may cause melanoma.4

UVA and UVB cause DNA damage, and may lead to
inadequate DNA repair with subsequent mutagenesis. UVA
and UVB lead to both similar and different DNA damage
responses, with some controversy over the precise role of
UVA.10,11 However, Moan et al. (1999) used epidemiologic data
to show that there is a latitude gradient for the three major
skin cancers, basal cell carcinoma (BCC), squamous cell carci-
noma (SCC) and melanoma, demonstrating that the latitude
gradient of UVA for melanoma is similar to that for BCC and
SCC, and thus UVA may also play a significant role in inducing
melanoma in humans.12 Wood et al. (2006) support this sug-
gestion showing that melanin-sensitized oxidant production is
a major cause of melanoma.13 UVR is a complete carcinogen
as it not only causes DNA damage but also modifies the body’s
immune response to carcinogens.14

Epidemiologic studies of UVR and melanoma

Measurements of individual sun exposure vary between
studies but are commonly classified as intermittent (short,
intense sun exposure through activities such as sunbathing,
outdoor recreations and holidays in sunny climates), chronic
(more continuous, primarily occupational exposure) and total
sun exposure (the sum of intermittent and chronic exposure).
Many case-control and cohort studies have investigated the
association between individual sun exposure and melanoma
risk and the results have been summarized in several meta-
analyses which showed general agreement in effect size regard-
less of when published.4,15–19 Overall, there is strong evidence
that an intermittent pattern of sun exposure increases mela-
noma risk.17 Sunburn is a biological response to intermittent
sun exposure in poorly adapted skin20 and in multiple analyses
a stronger predictor than intermittent exposure itself.17

Total lifetime sun exposure is positively associated with
melanoma risk, but the relationship is weaker than that for
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intermittent sun exposure. Paradoxically, measures of more
continuous (mainly occupational) sun exposure show no
association or a weak inverse association with melanoma risk.

The summary relative risks (RR) and 95% confidence inter-
vals (95% CI) for highest versus lowest category of exposure in
meta-analyses of more than 50 studies were RR 2.0 (95% CI
1.7–2.4) for sunburn, RR 1.6 (95% CI 1.3–2.0) for intermittent,
RR 1.0 (95% CI 0.9–1.0) for chronic and RR 1.3 (95% CI
1.0–1.8) for total sun exposure.17 Moreover, significantly
higher risk was found for intermittent than chronic exposure
among studies that published results for both exposure pat-
terns, RR 1.5 (95% CI 1.2–1.8) and RR 1.1 (95% CI 0.9–1.4),
respectively.

Possibly this is due to the lower melanin content, sunburn,
and lower DNA repair capacity of intermittently exposed skin
compared to habitually exposed skin. Sunburn can lead to cell
proliferation in replacing apoptotic cells, and habitually
exposed skin may have a somewhat thicker stratum corneum,
and thus modest protection from tanning, and some upregula-
tion of DNA repair pathways exemplified by fewer thymine
dimers after repeated low exposures.20–23

Childhood sun exposure in relation to melanoma is
difficult to evaluate but is likely to be the most deleterious
time of life for sun exposure and subsequent development of
melanoma. Migrant studies show that children who migrate to
a sunnier country from a less sunny country before the age of
10 adopt the incidence rates of the new country.24,25 Berwick
et al. (2014) found that higher UVB dose in early life (age 10)
was associated with poorer survival from melanoma.26 Kricker
et al. (2007) showed that children at age 10 in the highest
tertile of sunburns were at highest risk for melanoma.27

Early work by Vincent McGovern and Fears and colleagues
led to the development of the intermittent exposure hypothesis
of UVR causation of cutaneous melanoma,28,29 in which mela-
nomas are mainly produced by intermittent exposure to sun-
light and are less common when sun exposure is received
more or less continuously.30 Holman et al. also proposed two
distinct biological pathways by which cutaneous melanoma
might develop, one by way of intermittent sun exposure acting
primarily as a promoter of melanoma arising in pigmented
nevi and mainly of the superficial spreading type and the
other by way of a more continuous pattern of sun exposure
leading principally to lentigo maligna melanoma.30 Whiteman
et al. also advanced a dual or divergent pathway hypothesis for
cutaneous melanoma in which “cutaneous melanomas may
arise through two pathways, one associated with melanocyte
proliferation [or nevus development] and the other with
chronic exposure to sunlight”; both pathways include early
initiation by sun exposure, but later proliferation is driven in
one pathway by host factors in nevus prone people and in the
other pathway by accumulation of sun exposure in non-nevus
prone people.31

Further evidence for the crucial role of UVR in cutaneous
melanoma development along these two biological pathways
also comes from somatic mutations in the tumour cells.
Primary melanomas are characterized by mutations in BRAF,

NRAS and TERT, and about 80% of melanomas carry UVR sig-
nature mutations (C–T or CC–TT).32,33 Most of these are con-
sidered “passenger” mutations and not “driver” mutations;
however, this high prevalence is clearly indicative of a role for
UVR in melanomogenesis as is noted also by presence of
somatic mutations in normal skin.34 BRAF mutations, which
are present in about 40% of cutaneous melanomas in people
of European origin, are associated with characteristics of the
nevus-associated pathway: younger age at diagnosis, occur-
rence on the trunk, superficial spreading type melanoma and
absence of chronic sun damage in the skin.35 NRAS mutations
appear not to be associated with nevus count or tumours that
show evidence of neval remnants36 and were associated with
chronic sun damage, or solar elastosis, in the skin. In an ana-
lysis of 912 patients with first primary cutaneous melanoma,
the population-based international Genes, Environment and
Melanoma (GEM) study found that 13% of melanomas had an
NRAS exon 2 or 3 mutation, 30% had a BRAF exon 15 mutation
(associated with UVR exposure), and 57% were wildtype
(neither NRAS nor BRAF mutation).37 TERT promoter
mutations (associated with UVR exposure) are present in about
43% of cutaneous melanomas, occur more frequently at sun-
exposed sites than non-exposed sites, and tend to co-occur
with BRAF alterations.38

Indoor tanning

Exposure to indoor tanning (also referred to as sunbeds or
solariums) is common in western countries, especially among
adolescents and young adults,39 and there is convincing evi-
dence that using indoor tanning devices is associated with an
increased risk of melanoma and keratinocyte skin cancers.40

The association between indoor tanning and melanoma risk is
stronger for younger people and for people exposed to indoor
tanning at a younger age.41–43 A meta-analysis of 27 studies
found that, compared to never-users, melanoma risk increased
by 20% (95% CI 8–34%) for indoor tanning on at least one
occasion, and the risk was higher (59% increase, 95% CI
36–85%) with first use at <35 years of age.41 There was also a
dose–response relationship with number of indoor tanning
sessions per year associated with increasing melanoma risk
(estimated as 1.8%, 95% CI 0–3.8% per extra session).41 The
strength of the scientific evidence on the risk of indoor
tanning and the fact that the impact on melanoma risk is
weighted more heavily towards young people helped lead to
banning of commercial indoor tanning in Brazil and
Australia,44 and regulatory changes in other countries.

Additional risk factors

Nevi. The association of sun exposure with melanoma risk
may be influenced by other factors such as phenotype. For
example, nevus-prone people may require only modest sun
exposure to initiate melanoma.42,45 Although the presence of
multiple nevi is the strongest risk factor for melanoma, it is
under genetic control46 and there is an interaction between
sun exposure and nevi that has been observed in this and
other investigations.47 A study of Australian children found
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that increased sun exposure in childhood was significantly
associated with an increased number of nevi.48 A separate
study of more than 11 000 European children found that sun-
burns and holidays in the south were significantly associated
with high nevus counts and the occurrence of atypical nevi.49

Thus, sun exposure also induces nevus development, which
subsequently affects risk of melanoma. While nevus number is
an important risk factor for melanoma insofar as those with
many nevi are at very high risk,50,51 many individuals with
melanoma do not have high numbers of nevi, but exhibit
other types of risk factors, such as a fair complexion, or
genetic factors that are only now being discovered.

Host phenotype. Pigmentation characteristics, such as skin
color, eye color and hair color, are well-established host risk
factors for melanoma. An inverse relationship has been con-
sistently demonstrated between melanoma risk and degree of
skin pigmentation.47,50,52,53 Fair-skinned individuals have a
much higher risk for developing melanoma than dark-skinned
individuals, such that risk estimates in individuals of non-
European descent, who are typically darker-skinned, are up to
10–20 fold less than in individuals of European descent, who
are typically lighter-skinned.54,55

As with many factors affecting melanoma risk, the relation-
ship with pigmentation characteristics is complicated and still
not clearly understood.56 Further complexities lie in the
genetic variants associated with pigmentation.

Genetic associations

About 10% of people with melanoma report having a first- or
second-degree relative with the disease,57 which might be due
to relatives sharing genetic risk factors or environmental risk
factors, or both. The relative risk of melanoma in individuals
with one or more affected first-degree relatives was estimated
to be 2.06 (95% CI 1.72–2.45) from a meta-analysis of 22
studies, and they estimated that less than 7% of melanoma
cases are attributable to familial risk.58 Similar estimates of
familial risk were obtained from a data linkage study of three
million families and 30 000 melanomas in Sweden.59 The stan-
dardized melanoma incidence ratio was 2.4 (95% CI 2.1–2.7)
for offspring, 3.0 (2.5–3.5) for siblings; 9.0 (4.3–15.3) for sib-
lings when both a parent and a sibling were affected, and 61.8
(5.8–227.2) for offspring whose parent had multiple melano-
mas.59 Based on these estimates, they estimated the popu-
lation attributable risk was less than 3%, accounting for a
small proportion of the public health burden of melanoma in
Sweden. Higher familial relative risks have been observed in
North America than in Australia.60

High penetrance gene mutations. CDKN2A, a tumor suppres-
sor gene involved in cell cycle control, tumor suppression and
melanocyte senescence, was identified in 1994 as the first
high-penetrance melanoma susceptibility gene.61 Only about
2% of all melanoma cases in the population carry a germline
CDKN2A mutation, but the probability is much higher when a
strong family history of melanoma or multiple primary tumors
are present.62 Carriers of a CDKN2A mutation have a substan-
tial lifetime risk of developing cutaneous malignant mela-

noma. Population-based estimates indicate that around
30–50% of mutation carriers will develop melanoma by age
80 years.63 Lifetime risk estimates derived from clinic-based
sampling of families with multiple cases of melanoma range
from 58–90% penetrance by age 80 years.64

Mutations in the CDK4 gene are also associated with very
high risk of melanoma, however, are very rare and are only
found in a handful of melanoma families worldwide.65 There
is also evidence for rare, high penetrance germline mutations
in the BRCA-1 associated protein-1 (BAP1) gene,65,66

Rb1 gene,67 POT1 gene involved in telomere maintenance,68,69

and the telomerase reverse transcriptase (TERT ) gene
promoter.70

Low to medium-penetrance gene variants. Melanoma-risk
gene variants have been identified in nevus development, sun
sensitivity, telomere maintenance and other, poorly-character-
ized, pathways. The melanocortin-1 receptor (MC1R) gene,
which encodes the melanocyte-stimulating hormone receptor,
was identified as the first low-medium penetrance gene associ-
ated with melanoma risk.71 It is one of the major genes that
determine skin and hair color, although there is evidence that
it acts via pigmentary and non-pigmentary pathways to influ-
ence melanoma development.72,73 There are many common
variants of MC1R; an international population-based study of
3301 people with melanoma observed 85 different variants, 10
of which occurred at a frequency >1%.74 The prevalence of
MC1R variants in populations of European origin is about 70%
among the general population.72,73 The variants D84E, R151C,
R160W, D294H, R142H and I155T, are usually referred to as
‘red hair color (RHC) phenotype’ or ‘R’ variants (associated
with red hair, fair skin, freckling and high sun sensitivity) and
predict a greater than 2-fold increased risk of melanoma.72,75

The other MC1R variants (usually referred to as ‘r’ or ‘non-
RHC’) generally have a relatively weak association with red-hair
color phenotype and have a weaker association with melanoma
risk.72,75 The summary odds ratios from a meta-analysis of 20
studies was 2.44 (95% CI 1.72–3.45) for RHC variants and 1.29
(1.10–1.51) for non-RHC variants.75 Some people carry more
than one variant, leading to a larger combined effect.72 It is
estimated that 21% of the familial aggregation of melanoma is
explained by MC1R variants.72

Through whole genome sequencing of melanoma-prone
families76 and through a candidate-gene approach, MITF, the
microphthalmia-associated transcription factor, has also been
identified as a medium-penetrance melanoma susceptibility
gene. MITF regulates several other genes whose functions in
melanocytes range from development, differentiation, survival,
cell-cycle regulation and pigment production.76 The MITF
E318K variant allele is relatively uncommon in the population
(about 1% prevalence) and is associated with a 2–3 fold
increased risk of melanoma, and higher for those with mul-
tiple primary melanomas or a family history of melanoma.76

The E318K variant allele is associated with a higher nevus
count and non-blue eye color.

International genome-wide association studies (GWAS)
have led to the discovery of at least 20 common susceptibility
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loci that have been reproducibly associated with cutaneous
melanoma.77 These include common variants in or near pig-
mentation genes, such as MC1R, TYR, ASIP, SLC45A2, OCA2,
and PLA2G6; in loci associated with number of nevi, includ-
ing ATM, CDKN2A-MTAP, PLA2G6, CCND1 and TERT; and in
genes acting through other biologic pathways such as telo-
mere maintenance (TERT, PARP1, OBFC1 and ATM) and DNA
repair (PARP1, ATM). Variants found in the gene regions
ARNT-SETDB1, CASP8, RMDN2, CDKAL1, AGR3, RAD23B and
MX2 are associated with melanoma but the functional
mechanisms are uncertain.77 An association has also been
identified with a variant in the FTO gene, which appears to
have a broader function than its obesity-related effects.78

Several common gene variants for melanoma also overlap
with other skin cancers, particularly pigmentation character-
istics.79 Highly exposed skin, such as that on the face and
hands,34 carries high levels of UVR mutations, so it should be
noted that there is a great deal more to understanding mela-
nomagenesis than simply mutational status. Additionally, the
heritability of melanoma (i.e., the proportion of variance in
melanoma risk attributable genetic variance) has been esti-
mated at 0.19–0.30.80

Translational studies. Knowledge of melanoma suscepti-
bility genes can be translated into new possible targets for
future therapies, and into more accurate melanoma risk pre-
diction tools to support melanoma prevention and early detec-
tion strategies. Studies have demonstrated that common
genetic factors improve discrimination, and may contribute as
much, or more, to melanoma risk prediction as classical risk
factors.81–83 Continuing advances in genomic technologies
have made it possible and feasible for genomic information to
be available to the public for making health-related decisions
about screening and prevention behaviors. Evaluating inter-
ventions that communicate personal genomic risk of mela-
noma to the public with the aim of motivating prevention or
screening behaviors is a novel strategy that is being evaluated
in some studies in Australia84,85 and the US;86,87 these studies
are also considering the ethical, social, psychological, socio-
demographic and economic impacts of these genomic-based
approaches.

More broadly, precision medicine approaches could play a
major role in melanoma prevention and screening and are an
area of active research. For example, advances in genomics
and risk prediction modelling allow a more personalized risk-
stratified screening approach that is potentially more effective
and efficient than screening based on age alone.88–90 By strati-
fying the population into different risk groups using risk pre-
diction models, screening could be tailored to each risk group,
for example, with different start and end ages, screening inter-
vals and modalities.91 More precise melanoma risk assess-
ment, coupled with personalization of screening regimens
based on risk, may also derive maximal benefit of screening
for subsets of the population at higher melanoma risk, while
resulting in less screening and thus potential harm due to mis-
diagnosis or, in some countries, financial burden for those at
lower risk.

Interactions between genes, phenotype and the environ-
ment. There are complex interactions between host character-
istics, environmental exposures, and genomic factors in
causing melanoma.92 Among people carrying a CDKN2A
mutation, carriage of MC1R variants was associated with mela-
noma diagnosis at a younger age and with development of
multiple melanomas compared with CDKN2A mutation car-
riers with no MC1R variants.93,94 Some studies have shown
that sunburns, high levels of sun exposure and presence of
nevi further add to melanoma risk for people with a CDKN2A
mutation64,92 while others have suggested no further increased
risk associated with sun exposure.63,95

Sun exposure, as noted, is an important risk factor for mel-
anoma. How sun exposure interacts with other genetic factors
is important. Orlow et al. (2018) found that among those with
certain variants of vitamin D receptor (VDR) genotypes low sun
exposure increased the risk for dying from melanoma.96

Kricker et al. (2010) found that variants in MC1R modified the
effects of sun exposure to increase melanomas on the head
and neck (P for interaction = 0.01).97 Further, early life sun
exposure modified the effects of MC1R on the later develop-
ment of melanoma on the head and neck (P for interaction =
0.01).97

DNA repair is important for melanoma.98 Han et al. 2005
reported several interactions of the repair variant XPD 751Gln
and lifetime severe sunburns (P for interaction 0.03), cumulat-
ive sun exposure in a bathing suit (P for interaction 0.04), and
a constitutional susceptibility score (P for interaction 0.02).99

Other forms of ultraviolet radiation interact with DNA repair
variants also. In one study FBRSL1 rs4883557 and ERCC6
rs10745261 interacted with indoor tanning (P for interaction =
0.0006) to increase risk for melanoma.100

In other analyses, it has been shown that variation in
several genes, such as MC1R and MITF, is more strongly associ-
ated with melanoma in people with darker complexions com-
pared to those with fairer complexions.72,73,101 For example,
risk for melanoma among MITF carriers with ‘low risk’ sun
sensitivity and nevus phenotypes was as great or greater than
among those with ‘high risk’ phenotypes with few excep-
tions.101 This finding suggests that these genetic variants may
assist in predicting risk of melanoma in people without classi-
cal risk factors.101

Further epidemiological studies are required to evaluate
gene–gene and gene–environment interactions to better ident-
ify high risk groups and stratify prevention advice according to
underlying risk. Additionally, there are many possibilities for
interaction analyses that could either inform the biology of
melanoma or support previous biological findings.

Conclusion

In summary, there is clear evidence that a fair phenotype
(light eyes, light hair and skin that doesn’t tan easily) and
high levels of sun exposure are important risk factors for
melanoma. New genetic studies are beginning to shed light
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on important genetic factors that are independent or interact
with sun exposure to increase risk for melanoma and also
that combine together to increase risk. However, attention to
basic measurement issues of UVR exposure and skin sensi-
tivity continue to be necessary to evaluate genetic factors
precisely.
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