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ABSTRACT

Background: Although a role for ultraviolet radiation (UVR) in cutaneous malignant melanoma (CMM) development is ac-
cepted, there is debate over the magnitude and mechanisms given its association with intermittent but not chronic exposure.
Objectives: To assess new ideas and data on the subject, review some debated topics, bringing a molecular view to epidemiolog-
ical observations.

Methods: We reviewed some recent advances in the field of epidemiology and genetics, including phenome-wide association
studies, evolutionary genetics related to skin cancer, and mechanisms of UVR-induced DNA adduct formation.

Results: High rates of CMM are strongly correlated with light colored skin across the globe. CMM shares risk factors associated
with UVR sensitivity with keratinocyte cancer (KC). CMM risk is dominated by MCIR, a gene regulating the proportions of black
and red melanin produced. An emerging mutagenic mechanism involves reactive melanin, particularly red pheomelanin, that
can itself induce DNA adducts.

Conclusion: Demographically, epidemiologically, and mechanistically, pigmentation status is central to CMM risk and a shared
genetic susceptibility, comprising several pigmentation genes, between CMM and KCs. In the general population, CMM risk
is associated with pale skin and poor tanning ability, mechanistically due to a relative lack of protection against UVR adduct
formation, or perhaps via an alternate manner in individuals with abundant pheomelanin. Overall, evidence suggests that UVR
exposure impacts CMM risk.

1 | Introduction to the Question Being Addressed we found it helpful to compare innate and environmental risk
factors for the three skin cancers.
We attempted to put in perspective some recent advancesin UVR

carcinogenesis in cutaneous melanoma (CMM), including some

perhaps not often discussed conundrums. Put simply, there has
been debate over the strength of the association between sun ex-
posure and CMM. In many ways, it does not behave like a UVR-
induced cancer as does squamous cell carcinoma (SCC) and, to
a lesser extent, basal cell carcinoma (BCC). In assessing this,

2 | Strength of Association Between UVR
Exposure and Melanoma

The relative risk (RR) for CMM development conferred by
chronic sun exposure is small, ~1.3, but higher for a history of

Abbreviations: BCC, basal cell carcinoma; CMM, cutaneous malignant melanoma; CPD, cyclobutene pyrimidine dimer; KC, keratinocyte cancer; LMM, lentigo
malignant melanoma; Mb, megabase; PheWAS, phenome-wide association study; PRS, polygenic risk score; SCC, squamous cell carcinoma; TF, transcription factor;
TFBS, TF binding site
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sunburns (RR=~2) [1]. RRs vary between studies. Table 1 sum-
marizes the skin cancer risk factors associated with UVR expo-
sure across a large cohort [2]. Higher than average daily hours
of bright sunlight increased the risk of all skin cancers, ranging
from a RR of 1.45 for BCC to 1.92 for CMM and 5.2 for SCC.
SCC was much more associated with chronic UVR indicators
like actinic keratoses than CMM. Pale skin was a risk factor for
all three cancers. Importantly, the strongest risk factor for CMM
overall is the presence of many naevi; for those carrying > 100
naevi, the RR is ~6.9, and for multiple atypical naevi, ~10.5 [3].

CMM can be viewed as developing via two generalized path-
ways. The first tends to involve naevi, truncal location, somatic
Ve0OEBRAF mutation, and intermittent sun exposure, and the
second pathway lesions on sun-exposed anatomical sites but
without naevi [4]. It is odd that outdoor work does not increase
CMM risk. At least in part, outdoor work may select for those
who tan and do not burn, hence are at relatively lower risk for
CMM anyway. But CMM subtype is important to consider. In
meta-analysis, CMM risk depended upon whether lentigo ma-
ligna melanoma (LMM) was included [5]. The RR for any CMM
(excluding eye, acral, and mucosal) associated with lifetime
UVR exposure was ~1.45, but with LMM excluded, it dropped
to 1.16. LMM is strongly associated with chronic sun exposure
[6]. Perhaps there is a form of skin adaptation to chronic UVR
exposure that mitigates against the development of some forms
of CMM, for instance, BRAF-mutant lesions.

3 | Age of UVR Exposure and CMM Risk

Childhood sunburns are thought to increase CMM risk. While
this may be so, meta-analyses of case-control studies do not
provide a consistent significant correlation [1, 7]. Whiteman
and colleagues [7] suggest that this is mainly due to differ-
ences in reporting and ways of measuring past exposures.
More convincing evidence comes from ecological studies as-
sessing age at migration to a country with different UVR lev-
els. These studies almost invariably show that CMM risk for

TABLE 1 | Estimated relative risk for the development of all three
major skin cancers along with various risk factors.

CMM BCC ScC
Naevi 2.7 1 0.8
Freckles 1.5 1.8 1.6
Fair skin 3.1 1.5 2.3
Outdoor worker 0.86 1.19 1.64
Intermittent UVR exposure 1.71 1.38 091
History of sunburn 1.91 1.4 1.23
Childhood (<9) in low UVR 0.89 1.05 0.66
country
Unable to tan 3.5 3.7 6.9
Actinic keratoses 1.9 39 15.4

Note: Adapted from Armstrong and Kricker [2]. RR <1 denotes a protective
effect, RR close to zero little or no risk, and increasingly > 1 indicates the highest
risk.

white-skinned individuals is influenced by where they spend
their childhood, in both low-to-high UVR and high-to-low
UVR migration studies (decreased CMM risk in the former
case compared to the destination population and increased
risk in the latter) [7]. Childhood sunburns similarly increase
SCC and BCC risk [8, 9]. In the 23andMe cohort, sun exposure
before the age of 30 was more associated with KC risk than
CMM risk [10].

Although all skin cancer risk is dramatically higher in old
age, CMM can occur at a younger age than KCs, especially
SCC. In Australia, 7.9% of CMMs were in individuals under
40 [11]. In contrast, < 5% of BCCs and <0.3% of SCCs were in
persons under 40 [11], perhaps fitting with the idea that cuta-
neous SCC, especially, is a UVR-driven cancer, needing many
years of cumulative exposure to develop, not always the case
for CMM.

4 | Genetic Susceptibility to CMM

Familial CMM is associated with rare high-penetrance genes such
as CDKN2A, CDK4, BAP1,and POT1 [12]. Outside the familial con-
text, decades of CMM genome-wide association studies (GWAS)
have uncovered common risk variants (Figure 1). Naevus risk is
dominated by the IRF4 variant rs12203592 and variants at MTAP/
CDKN2A.IRF4is surprisingly not generally associated with CMM,
although it is reported to be linked to CMMs associated with solar
keratoses in some datasets [21]. Instead, CMM risk is dominated
by MCIR. 1t is difficult to explain why IRF4-rs12203592, strongly
linked to light-colored skin and poor tanning ability, would not in-
crease CMM risk. One might suspect that naevus risk might some-
what mask the effect of UVR in exacerbating CMM in general, but
the IRF4 effect on naevus count but not CMM argues against this.
There are some other complexities with respect to IRF4. Naevus
GWAS interpretations are complicated since naevus count reduces
with age and rs12203592 is linked mostly in younger people [22],
and IRF4 is experimentally linked to both pigment production [23]
and immune function, controlling macrophage polarization [24].
Notwithstanding these conundrums, ostensibly the same pigmen-
tation genes confer susceptibility to all major skin cancers, actinic
keratoses (AK), poor tanning ability, sensitive skin, and acceler-
ated aging (Figure 1).

5 | CMM Phenome-Wide Association Study
(PheWAS)

GWAS techniques have now been extended to polygenic risk
score (PRS) analysis, which begins with a specific trait and
considers many SNPs in order to improve genetic risk predic-
tion. A PheWAS tests a SNP (or SNPs) across multiple phe-
notypes to identify associations with a range of traits. After
constructing the PRS, a PheWAS is performed to see how the
PRS SNPs associate with multiple phenotypes. Large data-
sets like the UK Biobank contain genetic information and
phenotype data for thousands of diseases, traits, clinical lab
values, and lifestyle factors. PheWAS analyses across the UK
biobank show that CMM associates most strongly with other
KCs, AK, and skin dermatoses (presumably sun-associated)
than any other phenotype (Figure 2), [25]. SCC diagnosis

20f13

Photodermatology, Photoimmunology & Photomedicine, 2025



3 P o o>
s &“" Re o S g Ne
o & & 5 ¥ > & P e
S ° & & e &
& & B & & & & R
Q Q & RS @ NN & <
| Naevi CMM BCC AK SCC Tanning Sensitive skin  Skin ageing |
IRF4 (67) MCIR (92) IRF4 (128) IRF4 (155) IRF4 (221) IRF4 (157) IRF4 (26) IRF4 (327)
MTAP/ CDKN2A (37) MTAP/CDKN2A (31) MCIR (48) SLC45A2 (71) MCIR (87) MCIR (132) MCIR (25) GSDMC (55)
PLA2G6 (18) TYR (26) TGM3 (26) MCIR (56) ASIP (40) ASIP (99) SLC45A2 (9) DOCKS (58)
KITLG (9) ASIP (25) SLC45A2 (26) CPNE7 (44) TYR (38) TYR (75) ASIP(7) CHCHDE6 (51)
DOCKSE (8) TERT (17) ASIP (22) PIGU (27) SLC45A2 (31) OCA2 (48) TYR (7) ZEB2 (28)
MX2 (15) RCC2 (21) E2F1(23) BNC2 (17) SLC45A2 (36) 0CA2 (7) BCN2 (26)
TTC78 (14) GATA3 (20) EIF6 (23) TP63 (15) BNC2 (29) DCT (7) EFEMP1 (27)
PARP1 (13) TYR (19) BNC2 (19) OCA2 (14) TYRP1 (11) NUPS0 (7) PAX1 (20)
PLA2G6 (12) TERT (17) TYR (17) ZNF143/WEE1 (12) TRPS1 (9) AKAP12 (20)
SLC45A2 (12) CASP8 (14) HLA-DQA1 (10) SEC16A (11) PPARGC1B (8) LOXL1 (19)
ATM (12) RHOU (14) MITF (10) CADM1 (9) TPCN2 (8) PAX3 (19)
SETDB1 (12) MITF (14) AGR3/AHR (9) CELF1 (18)
TPCN2 (10) OCA2 (13) SETDB1 (9) 2ZBTB20 (17)
0CA2 (9) RGS22 (13) FOXP1 (9) MCIR (15)
FTO (9) BNC2 (14) KRT5 (9) ASIP (13)
CASP8 (9) ZFHX4 (12) CASP8 (9) SLC45A2 (13)
AGR3/AHR (9) LPP(11) BACH2 (9) SYNE2 (13)
CDKAL1 (8) HLA-DQB1 (11) TRPS1 (9) TWIST2 (13)
CDKN2B (10) TYRP1 (8) BRD1 (13)
KRTS (10) CEP112 (13)
cux1 (10 MFAP4 (13)
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MX2 (9) ARL15 (12)
ATP11A (9) FAM138C (11)
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FIGURE1 | Summary of GWAS genes for skin cancer and related phenotypes. —Log, P (LOD) scores are shown in italics (values > 8 are shown
but LOD > 7 listed for skin sensitivity). Genes in red are skin pigmentation-related, those in black are not. Genes were defined as pigmentation-related
by a LOD score > 8 for association with skin color across the UK Biobank (https://geneatlas.roslin.ed.ac.uk/) and/or listed in Ju and Mathieson [13].
AKX, actinic keratosis; BCC, basal cell carcinoma; CMM, cutaneous malignant melanoma; SCC, squamous cell carcinoma. References in brackets are;
Dulffy et al. [14], Chahal et al. [15], Kim et al. [16], Sarin et al. [17], Visconti et al. [18], Farage et al. [19], Roberts et al. [20].

(Figure 2b) most strongly associates with actinic keratosis,
BCC, and CMM.

This may reflect a shared environmental risk, i.e., UVR expo-
sure, between KCs and CMM.

Others have shown that KC is the most common second cancer
after a CMM diagnosis [27, 28].

But putting the PheWAS results in perspective, 82.3% of indi-
viduals with CMM reported CMM alone, 10.6% reported CMM
and BCC, only 3.4% reported CMM and SCC, and 3.7% reported
all three skin cancers [26]. The PheWAS secondary phenotype
associations could be biased since the detection of a first skin
cancer leads to subsequent intensified screening. One can mit-
igate this by performing an “exclusion PheWAS” [25], essen-
tially a PheWAS with the skin cancer cases excluded (Figure 2).
Because of the PRS construction, secondary phenotypes with
shared genetic PRS risk with the primary phenotype will re-
main associated, but those dependent upon the primary diag-
nosis may not. For CMM, after exclusion, only dermatoses, AK,
and benign skin neoplasms remain significant, suggesting that
these have shared genetics with CMM. Many of the remaining
secondary phenotype associations (e.g., KCs) may be explained

by intensified screening or other bias. However, CMM, SCC, and
BCC do apparently share an overlapping risk SNP set: MCIR,
IRF4, OCA2, ASIP, TYR, SLC45A2 [25], genes strongly associ-
ated with skin color and tanning. Overall, PheWAS analysis sug-
gests the co-occurrence of UVR-sensitive phenotypes and CMM.

To gain a better picture of the function of the genes conferring
skin cancer risk, we interrogated the UK Biobank (Figure 3). For
each significant skin cancer GWAS gene, we tested its associa-
tion with solar keratoses, tanning, and skin color to assess the
influence of these phenotypes. Clearly, such genes are very im-
portant in skin cancer risk. For CMM, the pigmentation-related
genes conferring risk are MCIR, TYR, ASIP, SLC45A2, SETDBI,
TPCN2, OCA2, and AGR3/AHR. Yet other genes are unrelated
to solar keratoses, tanning, and skin color (MTAP, TERT, MX2,
TTC7B, PARP1, ATM, FTO, CASP8). Hence, pigmentation genes
are important but do not explain all CMM (or BCC and SCC) risk.

Most of the above genetic analyses are based on European pop-
ulations. Other lighter-skinned populations like East Asians do
not carry IRF4-rs12203592 SNP or MCIR red hair variants; other
pigmentation gene variants confer lighter skin color. An East
Asian-specific OCA2 paler skin variant evolved separately from
the European migratory wave out of Africa [29]. Such variants
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FIGURE2 | PRS-PheWAS scores for (a), CMM and (b), SCC, across the UKBiobank. y axis shows Log, ,P values for phenotypes on the x axis. The
dotted red horizontal line indicates phenome-wide significance. Blue bars from PRS-PheWAS and orange bars from exclusion PRS-PheWAS. Graphs
are constructed from data taken from Fritsche et al. [25, 26]. Analysis based upon 417,321 individuals of European ancestry which includes 4496 with
CMM and 18,285 with KC. Presumably dermatoses are sun exposure related.

are associated with lower tanning ability and increased skin
cancer risk (albeit relatively low) in Asians [30].

6 | CMM Risk and Geography

Further highlighting the importance of skin pigmentation
are geographical trends across the world. The Global Cancer
Observatory (https://gco.iarc.fr) summarizes skin cancer inci-
dence in 185 countries (Figure 4) [31]. Studies have shown that
globally CMM is negatively correlated with average ambient

UVR dose per country (r=-0.52), but positively correlated
with the proportion of light-skinned individuals in a popula-
tion (r=0.61, p<0.001) [32, 33] (Figure 5). As discussed previ-
ously [7] this is skewed because high ambient UVR countries
harbor “resistant” dark-skinned populations, whereas suscepti-
ble light-skinned populations are in both high-UVR countries
(e.g., Australasia) and lower-UVR countries (e.g., Scandinavia,
Netherlands, UK). CMM incidence is positively correlated with
KC incidence across the globe; the latter is also negatively cor-
related with UVR proxies (Figure 5). This is a critical point
and suggests that the negative correlation with UVR is due to
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FIGURE3 | Phenotypic action of skin cancer GWAS genes. To the left of each panel we list skin cancer gene with LOD score (—Log, ,p) in brackets.
For each of these GWAS genes we used the GeneATLAS browser (https://geneatlas.roslin.ed.ac.uk/) to assess whether they are statistically associ-
ated with scores for solar keratosis, tanning ability, and skin color. Numbers listed are the maximum LOD for each phenotype. *In terms of “solar
keratoses”, we substituted this for the phenotype UK Biobank grouping “skin changes associated with chronic exposure to non-ionizing radiation”,
since 92% of these cases were actinic keratoses. The remainder were overwhelmingly “radiodermatitis” (7.2%), it is not clear if these were radiation
treatment associated.
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pale-skinned populations in low UVR settings rather than a lack (Figure 6). CMM risk, as expected, follows closely the presence
of a role for UVR in these skin cancers, unless one argues that of these MCIR variants across the selected countries, but is dis-

SCC is not UVR-induced. sociated from average UVR levels (Figure 6). Perhaps the unex-
pectedly high incidence of CMM in some Northern European
Given the importance of MCIR in CMM risk, we collected pop- countries is partially due to the high frequencies of red-haired

ulation frequencies of “R” (red hair) variants where available MCI1R variants?
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FIGURE 5

| Numbers denote Spearman's correlation coefficient, r, for the various worldwide measures, calculated using GraphPad PRISM.

Columns denote Incidence of CMM (ASR = age standardized rate), Incidence of keratinocyte cancer (KC), Mortality from CMM, Mortality from KC,
UVR =average daily ambient UVR level (in J/m?) for the years 1997-2003 (https://apps.who.int/gho/data/view.main.35300), calculated from satellite
data or a proxy such as latitude. p-values for each calculation are shown below the figure.

A limitation of these analyses is the inadequacies of UVR expo-
sure proxies per country [38]. In Australia, for instance, there is
a gradient of CMM risk, higher in the high-UVR northern parts
than in the lower-UVR south [39]. There can be group skin color
diversity within countries also. But global comparisons are help-
ful, not least for underlining the effects of modern migration and
childhood UVR exposure [7].

7 | Ambient UVR, Population Skin Cancer
Incidence and Mortality

Another possibly confounding factor in assessing UVR causality
in CMM is overdiagnosis in some settings, i.e., a rise in incidence
due to increased screening but little change in mortality [40]. CMM
incidence across US counties correlates with measures of diagnos-
tic scrutiny, but not proxies for UVR exposure [41]. One might
better assess UVR causality using global mortality (Figures 4 and
5). CMM mortality positively correlates with CMM incidence and
KC incidence, but negatively with UVR proxy. Notably, across the
Cancer Observatory dataset, 84.6% of CMM cases and 58.2% of
CMM deaths worldwide are from Europe, North America, and
Australasia (together comprising only 14.8% of the world's pop-
ulation) [31], suggesting that the concentration of CMM in these
countries is not due to overdiagnosis alone, but perhaps also due to
risk factors like pale skin and UVR exposure.

Unlike CMM mortality, KC mortality is positively correlated
with higher UVR levels. Papua New Guinea (PNG), Namibia,

Mozambique, and Tanzania have the highest KC mortality. This is
difficult to explain. First, these countries may have limited cancer
registries and relatively underdeveloped medical systems. KC mor-
tality is negatively correlated with regional GDP in Spain (Whereas
CMM is positively correlated) [42]. Secondly, the above African
countries have among the highest incidence of albinism worldwide
[43]. Such individuals frequently develop aggressive KCs. The inci-
dence of albinism in PNG is not documented, but individuals with
albino-like skin and KC susceptibility have been described [44].
Thirdly, SCC developing in chronic ulcers occurs in tropical PNG
and might explain the relatively high SCC mortality, rather than
UVR carcinogenesis. Chronic skin ulceration with subsequent
scarring (including from UVR-induced damage to the lesion) and
localized depigmentation is characteristic of such SCCs [45].

8 | Historical Migrations, Evolutionary Selection
for Lighter Skin, and CMM Variants?

Paler skin following the gradient from Africa to northern Europe
resulted from selective pressure against dark skin in low ambi-
ent UVR environments, hypothesized due to selection against
low vitamin D levels affecting bone health [46, 47]. Only a few
genes (SLC45A2, TYR, OCA2, and SLC24A5) explain most of
the selective sweep of light-skin alleles out of Africa into Europe
[13]. For example, the SLC45A2-rs35395 light-skin allele exhibits
a very strong selective sweep (i.e., increases in light-skin vari-
ants with ancestry effects corrected for) in Europe, increasing
in frequency from nearly zero 13,000 years ago to virtually 100%
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FIGURE 6 | Horizontal axis shows countries in order of increasing
CMM incidence. (Red line is age standardized rate per 100,000) from
the Global Cancer Observatory. Green line is estimated ambient UVR
exposure (see legend to Figure 5). Yellow line is population frequency
of at least one “R” red hair MCIR variant [obtained from Savage et al.
[34], Gerstenblith et al. [35], and the Allele Frequency database (https://
alfred.med.yale.edu)]. These R variants confer considerable risk for
CMM, the odds ratio (OR) with one “R” variant is ~2, but with two cop-
ies is 3.43 (for CMM), 6.0 (LMM), and ~2.5 (KC) [36, 37]. (Values were
adjusted for the shared y axis).

2000years ago and today [48]. There seems to be less selection
for the strong skin cancer variants (IRF4 and MCIR) recently
within Europe [13, 49]. MCIR red hair variants Argl51Cys
(rs1805007) and Argl60Trp (rs1805008) are projected to be
~80,000years old [50], perhaps arising early in the out-of-Africa
migration. Similarly, ITRF4-s12203592 exhibited strong inter-
ancestry frequency differences >40,000years ago but has been
under weaker selection since (high frequency in early hunter-
gatherers but much lower frequency in modern Europeans) [13].
Another light-skin IRF4 SNP, rs3778607, only weakly associated
with skin cancer, exhibits greater evidence for recent selection
than IRF4-rs12203592.

It would be intriguing to understand the reasons for the ap-
pearance of MCIR red hair and IRF4-rs12203592 SNPs. Why do
they exhibit a larger effect on skin cancer than, say, SLC45A2,
and why does MCIR but not IRF4 strongly increase CMM risk?
Are they associated with other phenotypes? PheWAS analyses
across the UKBiobank for MCIR-rs18050087, MC1R-rs1805008,
and IRF4-rs12203592 showed some effects on reticulocyte biol-
ogy, standing height, and lymphocyte biology, but the associa-
tions are dwarfed by their effect sizes on skin color. PheWAS
analysis of SLC45A2, OCA2, SLC24A5, and TYR revealed sim-
ilar findings. Hence, evidence is not strong for skin cancer risk
variants evolving for any reason other than lighter pigmenta-
tion. Why did red melanin develop? McIr is strongly selected for
in animal species due to adaptation to environmental pressures
[51]. The various mechanisms include sexual selection, selection
for camouflage, or other reasons for specific coloration, possi-
bly immunity and metal homeostasis. In an evolutionary sense,

eumelanin is hypothesized to be the ancestral form, appearing
first as a reactive oxygen species scavenger, later co-opted for
photoprotection [52]. But the reasons for the selection of phe-
omelanin in humans are still unclear given the trade-offs of free
radical production and the fact that it can be degraded by UVR.

9 | The Mutational Consequences of UVR
Exposure

Somewhat contradictory findings regarding the causal factors of
UVR in CMM do not apply to KC, particularly SCC, which ap-
pears driven by cumulative UVR-induced DNA damage. Could
there be differences in UVR-induced mutation formation?
Carcinogens leave tell-tale signatures in DNA. For instance,
lung cancers are dominated by C>A and C>T single-nucleotide
variants (SN'Vs). The same signature is seen in cells treated with
benzopyrene, a component of tobacco smoke [53], confirming
benzopyrene's carcinogenicity.

Of 33 tumor types in the Catalogue of Somatic Mutations in
Cancer (COSMIC) database (https://cancer.sanger.ac.uk), the
highest average SNV counts per tumor are in BCC (47.3 SNVs/
Mb), SCC (45.2 SNVs/Mb), and CMM (14.4 SNVs/Mb). These
SNVs are overwhelmingly at C>Ts, ensuing from misrepaired
UVR-induced cyclobutane pyrimidine dimers (CPDs). Even
sun-exposed normal human epidermis carries 2-6 SNVs/Mb
[54], with over 50 SNVs/Mb in Australian forearm skin samples
[55]. Such C>T burden is higher with age and light-skin color
[56]. Melanocyte DNA in normal back skin carries up to 30
SNVs/Mb [57]. Mouse CMM models tell us that a few or even
perhaps a single intense UVB exposure can leave significant
mutational imprints in CMMs [58]. Tumors from murine CMMs
induced by a single UVB exposure contain ~12 SNVs/Mb in the
exome, spontaneous tumors ~2-8 SN'Vs/Mb [58, 59].

While C>T and tandem CC>TT mutations are accepted markers
of UVR damage, Drobetsky et al. [60] showed that UVR adduct
formation was “context-dependent”, limited by the nucleotides
adjacent to the mutated cytosine. The strongest UVR signature
is defined in the COSMIC catalogue [61], (SBS7a), is represented
by C>Ts at the triplet motifs TCC (mutated base underlined), or
TCA. In CMMs, the SBS7a SNV pattern represents ~10 muta-
tions/Mb. A second UVR signature, SBS7b, comprises C>Ts at
TCC or CCC (10 mutations/Mb). Minor UVR signatures SBS7c
(T>A) and SBS7d (T>C) represent less than one SNV/Mb.
The SBS signatures of CMMs, SCCs, BCCs, and normal UVR-
exposed skin cells are virtually identical; CMM cannot be sepa-
rated in this respect. Predictably, SBS7 is much less prominent
in acral and mucosal melanoma (Table 2). Here, the dominant
mutation signature is SBS1 (C>Ts at NCG, N=any nucleotide),
due to spontaneous deamination of methylated cytosines that
are mutated (SBS1 is observed in all TCGA tumor types) [64].

If one stratifies CMMs in terms of high and low chronic sun
damage (severe solar elasticity vs. very little) [65], the former
carries many more C>Ts, although both groups exhibit a dom-
inant SBS7 signature [66]. Hence, SBS7 seems a sensitive indi-
cator of previous UVR exposure, whereas mutation load better
indicates chronicity of exposures (Table 2) [55]. Perhaps the
differences in the epidemiology of CMM and KC (associated
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TABLE 2 | Summary of UVR exposure association and mutation landscape of major melanoma subtype.

Frequency in

of subtype in Contribution Average Proportion
Subtype Anatomical site Australia of UVR Mutation load  SBS7 signature
Cutaneous MM (SSM/ Tend to be truncal 65%-75% Intermittent ~36 per Mb >90%
NM) but also other sites
Lentigo Maligna MM Head, neck, arms 10%-15% Chronic > 100 per Mb >90%
Desmoplastic MM Head, Neck 1%-5% Chronic >100 per Mb >90%
Acral MM Fingers, Toes 1%-2% Little or None ~2.1 per Mb ~60%
Mucosal MM Internal mucosal 1%-2% None ~2.3 per Mb ~48%

surfaces

Note: Mutation statistics estimated from Newell et al. [62], and the frequency of subtypes in Australia from the Cancer Council of Australia [63].

with intermittent versus chronic exposure respectively) are
explained by the efficiency of removal of CPDs. In mice, after
a single intense UVR exposure, CPDs are removed ostensibly
completely after a few days. But when the same dose is frac-
tionated into very small doses, “chronic” irradiation over a
much longer period, CPDs persist for weeks, particularly in
clonal deposits [67, 68].

10 | UVA Mutation Signature

Attempts at defining a UVA signature mostly involve irradi-
ated cultured cells. UVA can induce 8-oxo-guanine adducts
formed by reactive oxygen species, resulting in G>T (C>A)
changes [69], while others suggest that UVA mainly induces
CPDs [70]. Jin et al. [70] outline the problems in defining a
UVA signature, including that similar adducts can be formed
by both UVA and UVB, and that the mutagenic effects of UVA
in melanocytes are largely unknown. The C>A dominated
mutation signatures in non-melanocytic cells treated with
UVA [69] are SBS18 (damage due to reactive oxygen species)
and SBS36 (defective DNA base excision repair). The former
is not significantly enriched in skin cancers, while SBS36 is
enriched in CMM but not in SCC or BCC. Perhaps this could
represent a melanocyte-specific mode of mutation formation
by UVA, although this is unresolved.

11 | Non-Canonical UVR-Induced SNVs and BRAF
Mutations

Mutations upregulating oncogenic BRAF and NRAS in CMM
are thought not to have been UVR-induced since they do not
occur at canonical C>Ts. BRAFV-600E, the most common
BRAF mutation, results from a T>A (in the GTG context)
mutation at nucleotide 1799 and is present in ~26% of CMMs.
Recent experimental work with yeast suggests that T>A can
be induced by UVR at GTG [71], and so can AC>TT changes
producing less common BRAF-V600R and BRAF-V600K mu-
tations. Similarly, recurrent NRAS mutations (Q61R and
Q61L) can result from T>C and T>A changes induced by
UVR in yeast [71], matching signatures SBS7c (T>A and T>C
at TTT), SBS7d (T>A at ATT, and T>C at GTT), predicted
UVR signatures based upon co-occurrence with SBS7a/b.

In experimental mouse CMM models also, T>A and T>C,
with adjacent pyrimidines, are significantly increased in
UVR-induced compared to spontaneous melanomas [58, 72].
Although rare non-canonical changes have been somewhat
ignored because of the preponderance of C>Ts in CMM, they
may form oncogenic mutations. There is still, however, the
anomaly that the BRAF-V600E variant is observed in many
internal cancer types [73, 74].

12 | Canonical UVR-Like Mutation Signatures in
Some Internal Cancers

The two major UVR signatures (SBS7a and SBS7b) are detected
at low rates in breast cancer, pancreatic adenocarcinoma, lung
and parotid gland SCCs (Sanger COSMIC database), and renal
cell carcinomas [75]. Conceivably, such CPDs may have occurred
via a non-UVR-related “chemical” induction (“dark CPDs”).
Some reactive chemicals can induce CPDs on contact with DNA
without any need for UVR exposure. One of these is dioxetane, a
strained heterocyclic organic compound generated by particular
metabolic processes [76]. Signature SBS7a, including CC-TTs,
has been observed in pediatric B cell acute lymphoblastic leu-
kemia [77], and in normal lymphocytes (memory B-cells) [78].
Possibly, such lymphocytes have been exposed to UVR during
skin residency. In sum, it should be noted that the SBS7 signa-
ture occurs in apparently non-UVR contexts; hence, its presence
does not necessarily signal UVR causality in cancer.

13 | Mechanisms of UVR-Induced Adduct
Formation

The most common UVR-induced DNA adducts are CPDs. UVR
also induces 6-4 pyrimidone photoproducts (6-4PPs) and oxi-
dative adducts to a lesser extent. CPDs form between adjacent
pyrimidines that become covalently linked. There are two basic
mechanisms: one via direct interaction of UVR photons (par-
ticularly UVC and UVB) with DNA, and the second indirect
method whereby other molecules absorb UVR photon energy
and themselves interact with pyrimidines.

Photon energy directly interacting with DNA leads to excited
electron states within pyrimidine bonds, which then undergo
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a photochemical reaction within milliseconds to form CPDs
and/or 6-4PPs. Depending upon the energy of the excited elec-
tron states within the pyrimidine bonds, CPDs form directly,
whereas 6-4PP formation depends more upon an intermedi-
ate reactive oxetane species, permitting covalent bond forma-
tion [79].

The second indirect mechanism requires photosensitizers,
one of which is melanin. Adducts formed as such are termed
“dark” CPDs, formed maximally at about an hour post-UVR.
They may account for 30%-50% of all CPDs produced [80].
The process is not simple, with UVR exposure inducing super-
oxides and nitric oxide, causing a large increase in peroxyni-
trite that can degrade melanin into reactive fragments [81],
which can enter the cell nucleus where DNA interaction oc-
curs. Dark eumelanin is less likely to degrade and/or become
photoactivated than the reddish pheomelanin [82]. Dark CPDs
are also induced by other photosensitizers in the skin, par-
ticularly those with tricyclic, heterocyclic, or porphyrin ring
structures with conjugated double bonds (pi-electron system).
They include acetone, acetophenone, and para-aminobenzoic
acid [83]. These act via slightly different mechanisms and mo-
lecular intermediates than melanin but similarly ultimately
induce CPDs [83]. Notably, dark CPDs are produced not only
in melanocytes, but also in keratinocytes and even fibroblasts,
which contain no melanin [81]. Since DNA is not the chromo-
phore, the UVR action spectrum for dark CPD formation will
be different than the currently defined spectrum for “ultra-
fast” dimer formation, which peaks at UVB. But both UVB
and UVA induce dark CPDs in human skin [84]. There is con-
siderable interest in mitigating the formation of dark CPDs.
In vitro work suggests that post-UVA application of antioxi-
dants can reduce their development [80].

14 | Further to the Role of Melanin and Possibly
UVA in CMM Carcinogenesis

The most parsimonious explanation for the strong correlation
between skin pigmentation and CMM incidence is the protec-
tion afforded by melanin against UVR-induced damage [85].
The level of protection against CPD formation is up to 59-fold
higher in the basal epidermis (where melanocytes reside) in
African compared to Caucasian skin [86]. This must be a fac-
tor in the preponderance of skin cancers in white compared
to black-skinned individuals. But while dark melanin (eumel-
anin) is UVR-protective, the red/yellow melanin (pheomel-
anin) is less so, tends to degrade/disperse in inflamed skin,
is more prone to forming DNA-damaging reactive intermedi-
ates, and is less able to scavenge reactive oxygen species [87].
In cell culture, pheomelanin was 3-5 times more effective at
inducing dark CPDs than eumelanin [87]. These may be im-
portant factors explaining increased CMM risk in carriers of
MCIR R variants, since the cardinal function of MC1R is pig-
ment switching between black eumelanin and red pheomela-
nin synthesis.

Despite the recent discovery that melanin can induce CPDs
[81], the existence of reactive melanin and its possible muta-
genic activity has been known for almost 50 years [88]. Wood
et al. [89] showed in the Xiphophorus fish melanoma model that

the action spectrum for tumor induction overlapped with that
of photosensitized melanin production by UVA. Subsequent
work [90] suggested a pyrimidine dimer rather than a melanin
radical-based mechanism in UVA-based melanoma induction
in Xiphophorus. Noonan et al. [91] used pigmented and albino
Mt-Hgf transgenic mice to show that UVA-accelerated CMM
development required the presence of melanin. More oxida-
tive damage was detected in UVA-treated mice than in UVB-
treated mice, but only in the presence of pigment. Very few
CPDs were induced in the pigmented mouse skin, but as the
tissue was fixed immediately post-UVR, “dark” CPDs would
not have been detected. As adults and neonates, these mice
have extrafollicular melanocytes that do not transmit melanin
to adjacent keratinocytes (possibly analogous to naevi). The
irradiation of such melanin deposits perhaps leads to melanin-
induced UVA mutagenesis. The pigmented Mt-Hgf mice also
have a far higher incidence of spontaneous CMM than other-
wise identical albino transgenics, further suggesting a role for
activated melanin [84, 92].

UVA does not exacerbate CMM in all mouse models. This may
be due to the substantially higher levels of melanin in the Mt-Hgf
model than in other published models [59, 93], while perhaps
some differences in UVA lamps may also explain the disparities.
Phenotypic differences between engineered mouse models can
be due to both the identity of engineered transgene/mutation
and how it was engineered. These can influence both temporal
and spatial expressions of the transgene, particularly in neona-
tal mice [92], and phenotypic outcomes including tumor initia-
tion [94].

15 | Lack of CMM in Albinism

Another argument for the role of melanin is the rarity of CMM
in Africans with albinism, although they frequently develop ag-
gressive SCCs in their 20s [95]. They can succumb to invasive
KC at a young age, although where sun protection is practiced,
mortality is similar to that of non-albino Africans [95]. This
form of albinism is due to OCA2 gene mutation, but presum-
ably all other pigmentation genes, including MCIR and IRF4
are functional. A systematic review of skin cancers in Africans
with albinism showed that only 1.7% (12/715) were CMMs [96].
Given that 1/3 of these were acral melanoma, which we disre-
garded because it is not UVR-associated [97], only ~1% of all
skin cancers were CMM. To gain some context for this, we asked
what might be an estimated proportion of skin cancer types de-
tected in a high-UVR population like Australia? The Australia
Institute for Health and Welfare Report [11] catalogued new
CMDMs in 2021. As a proxy for KC incidence, we used the num-
ber of paid Medicare treatments for their removal in 2014 [98].
Based on these data ~1.3% of all skin cancers reported annu-
ally in Australia are CMM. Although such estimates for both
African albinos and the general Australian population are prob-
ably subject to bias (low numbers in the case of albinism, and
possibly many unaccounted-for KCs in Australia), it is still un-
clear whether the proportion of CMM in African albinos is lower
than that of the general African population. Ravichandran et al.
[99] reviewed all cases of CMM worldwide in individuals with
albinism and came to similar conclusions. But clearly, even
enormous levels of UVR-induced damage, such as that incurred
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in Africa, are insufficient to induce CMM with any great fre-
quency in albinism.

16 | Vitiligo and CMM Risk

Vitiligo provides perhaps another “natural experiment” that
might provide clues to CMM development. Autoimmune vitiligo
is a condition of depigmentation, usually in patches, due to the
local death of melanocytes. Such individuals are not at increased
CMM risk because of the lack of pigment; instead, they have a
substantially lower-than-normal risk, in fact, for all the major
skin cancers [100]. In the context of CMM growth and spread,
a tendency for immune-related death of melanocytes may be a
good thing [100]. Vitiligo GWASs have identified many genes,
the strongest being the HLA-DRBI and DQA1I immune loci, and
TYR, OCA2, ASIP, MCIR, and IRF4. For the pigmentation loci,
the specific SNPs conferring increased skin cancer risk con-
ferred decreased vitiligo risk [101, 102]. Thus, vitiligo patients
tend to have the same skin/pigmentation phenotype as relatively
skin cancer-protected darker-skinned individuals who tan and
do not burn (Figure 1). Even the immune gene SNPs show an
inverse relationship: increased vitiligo risk but decreased skin
cancer risk [102]. Despite caveats such as individuals with very
fair skin might not report vitiligo, or that easily burnable vit-
iliginous skin may favor enhanced sun protection behavior,
vitiligo is protective for CMM. Is this due to the immune effect
or the pigmentation effect? A pilot study of DNA from lesional
and non-lesional skin in vitiligo suggested that lesional skin
may carry fewer mutations, a non-SBS7 mutation signature, and
potential upregulation of DNA repair activity [103]. One could
speculate that in vitiligo, there may be a “genetic” protective ef-
fect against UVR overriding the pigmentation defect.

17 | Conclusion

In assessing the influence of UVR on CMM, it is helpful to com-
pare innate and environmental risk factors for all skin cancers.
First, CMM, BCC, and SCC have in common light-skin color,
poor tanning phenotype, correlated worldwide incidence, over-
whelming preponderance of SBS7 somatic mutations, and in-
creased risk from childhood sun exposure, consistent with a
role for UVR in exacerbating them all. Important differences
are that CMM is associated with naevi, intermittent vs. chronic
exposure, is extremely rare in African albinism, and is some-
times of earlier onset than SCC, which almost invariably occurs
in over 40s. These differences possibly argue for less of a role, or
perhaps a somewhat different role for UVR in CMM. The lack
of association of IRF4 variants with CMM in GWASs, while it is
the largest-effect risk gene for KC, is an anomaly, curiously dif-
ferentiating naevus and CMM risk. Strikingly, across large scale
GWASs, IRF4 is the strongest risk gene for naevus count, BCC,
SCC, AK, tanning ability, sensitive skin, and skin aging.

Genome-wide sequencing has collated millions of somatic mu-
tations in skin cancer. But SN'V signatures per se do not discrim-
inate CMM and KCs apart from a marginally higher SNV load
in KCs (differences in specific somatic mutations are not cov-
ered here). The preponderance of C>Ts in CMM seems due to
the initial transformed cell or lesion at some time encountering

UVR. The discovery of “dark” CPD formation in which melanin
can act as a photosensitizer suggests a possible role for chemi-
excitation in UVR carcinogenesis in CMM, especially in indi-
viduals producing pheomelanin. Evolutionarily, depigmentation
has resulted from adaptive evolution over time in differing UVR
contexts, but the trade-off has been skin cancer risk, particu-
larly in the case of MCIR red hair variants and IRF4-rs12203592.
Natural experiments related to pigmentation come from African
albinism and vitiligo. Both conditions potentially confer lower-
than-normal risks of CMM. Notwithstanding the notion that
melanin can be pro-mutagenic, one could speculate a “genetic”
protective effect in both conditions since, despite the specific
pigmentation defect, such individuals carry “good” SNPs in
MCIR, IRF4, and other CMM risk genes.
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