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ABSTRACT: Melanoma is a lethal type of skin tumor that has been
linked with sunlight exposure chiefly in fair-skinned human

C

populations. Wavelengths from the sun that can reach the earth’s Skin

surface include UVA radiation (320—400 nm) and UVB radiation  — Melanoma
(280—320 nm). UVB effectively induces the formation of dimeric g < o —P[CPDS, Mutations
DNA photoproducts, preferentially the cyclobutane pyrimidine g 3~ 3 *\&0x0Cs

dimers (CPDs). The characteristic UVB signature mutations in the -

form of C to T mutations at dipyrimidine sequences are prevalent in Pheomelanin —» ROS

melanoma tumor genomes and have been ascribed to deamination of =~ Melanocytes [ Eumelani i

cytosines within CPDs before DNA polymerase bypass. However,
evidence from epidemiological, animal, and other experimental :
studies also suggest that UVA radiation may participate in melanoma 11| E——
formation. The DNA damage relevant for UVA includes specific

types of CPDs at TT sequences and perhaps oxidative DNA damage to guanine, both induced by direct or indirect,
photosensitization-mediated chemical and biophysical processes. We summarize the evidence for a potential role of UVA in
melanoma and discuss some of the mechanistic pathways of how UVA may induce mutagenesis in melanocytes.

Mutation Signatures

Dermis

1. EPIDEMIOLOGY OF MELANOMA children aged 0—9, while rates in adolescent (age, 10—19) and
young adults (age, 20—29) reached a peak incidence around
2004—2005 and began to decrease thereafter.” The downward
trend in melanoma incidence for individuals aged 30 and
below is likely due to screening efforts and public education
that has been ongoing for the past 20 years. Limited exposure
to ultraviolet (UV) radiation is expected to play a role in
children, as UV radiation has a robust association with
melanoma.”

Data obtained from population-based cancer registries in the
US, UK, Norway, Sweden, Denmark, Australia, and New
Zealand found that women consistently had higher rates of

Cancer is a major public health concern in the United States,
accounting for over 600,000 deaths in 2020. Skin cancer is
believed to be the most frequent cancer in fair-skinned
populations, with an increasing incidence rate worldwide. The
main forms include melanoma originating from skin
pigmenting melanocytes and basal cell carcinoma and
squamous cell carcinoma arising from keratinocytes or their
precursors. The incidence of keratinocyte skin cancer is poorly
documented due to its low mortality rate. However, estimates
suggest more than 1,000,000 cases per year in the US.'
Incidence and mortality of melanoma have been well
quantified. The most recent approximation places incidence
of melanoma at around 96,000 cases per year and an annual
percent change (APC) of 1.8% in males and 3.7% in females.”

Data collected from the National Program of Cancer
Registries and the Surveillance, Epidemiology, and End Results
(SEER) combined database suggest an overall increase in
incidence from 200.1 to 229.1 cases per million person-years
over the past decade for which data are available (2006—
2015). Increases in annual percent change were also consistent
in both localized disease (APC, 1.9%) and distant metastatic

melanoma than men in early life until the approximate age of
50 years when higher rates prevail in men. The same study
found significant differences in specific anatomic sites between
sexes, with women demonstrating higher rates of lower limb
melanoma and higher rates of head and neck melanoma in
men.” Sex differences in melanoma incidence among anatomic
location has been credited to behavioral differences such as
differences in attire and time outdoors. Recent studies
demonstrate that high naevus count on lower limbs for

disease (APC, 4.8%).” The same data suggested that an Received: July 13, 2022
increased incidence of melanoma is largely associated with Accepted:  August 30, 2022
adults aged 40 and above. Published: September 8, 2022

In comparison, incidence of melanoma in children,
adolescents, and young adults is trending downward. Notably,
incidence rates have remained low and consistent among
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women is in part under genetic control. This finding suggests
that specific genetic influences on naevus count at different
sites may explain differences in site-specific melanoma
incidence.®

Investigators have speculated that the increased incidence of
melanoma can be attributed to an increase in diagnostic
scrutiny. Analysis on data from SEER demonstrated the 2.5-
fold increase in biopsy rate to be significantly contributing to
the increased 2.4-fold incidence of melanoma, while mortality
remained stable, suggesting potential overdiagnosis.” Increased
diagnoses during the study period were of early stage
melanoma and not contributing to mortality, leading
investigators to conclude that increased scrutiny of lesions
may lead in some cases to potentially unnecessary biopsies.
While many have suggested an increased incidence of
melanoma to be related to a rise in screening, others have
hypothesized that there is a true increase in melanoma
incidence. Investigators using data from SEER concluded that
individuals of low socioeconomic status (SES), believed to
have limited access to screening, demonstrated the highest
increases of melanoma compared to their high SES counter-
parts.8

Data compiled by the Centers for Disease Control and
Prevention demonstrate melanoma mortality rates have
remained constant from 1982 to 2011. In 2011, the overall
age-adjusted melanoma death rate was 2.7 per 100,000.” More
recently, mortality rates for melanoma have declined by 2% per
year in adults aged 50 and older and 4% per year in individuals
under SO (Cancer Facts and Figures, 2019. https://www.
cancer.org/research/cancer-facts-statistics/all-cancer-facts-
figures/ cancer—facts—ﬁgures-ZO19.html). Five-year survival rates
for metastatic melanoma have drastically improved from 15%
to 30% over the last 20 years, secondary to successful
developments in targeted therapy and immunotherapy.'’

2. RISK FACTORS FOR MELANOMA

Clinical and epidemiological evidence supporting a relation-
ship between solar UV radiation and melanoma is over-
whelming. Incidence of melanoma is higher in fair-skinned
people, especially those who sunburn easily, when compared to
people with darker complexions. Higher melanoma occurrence
rates in fair-skinned individuals support the notion that greater
penetration of UV radiation into skin increases the possibility
of malignancy. In black populations, incidence of melanoma is
only 1/10 of that among whites, often occurring in areas not
under heavy UV exposure such as the foot and nailbed,
supporting the idea that dark skinned individuals are at risk for
atypical forms of melanoma, but are otherwise well
protected."!

It has been estimated that at least 60—70% of malignant
melanomas are caused by UV radiation exposure.'” Association
between UV radiation exposure and melanoma occurs at a
dose—response rate with greater exposure related to greater
occurrence of disease. Population-based cohort studies
demonstrate a greater association for melanoma on the trunk
and lower limbs compared to upper limbs and head and neck
melanoma at higher exposure rates.”” The same studies have
demonstrated inconsistency in association between the
number of nevi and site of melanoma, contradicting the
divergent pathway hypothesis which suggests people with an
inherently high propensity for melanocytic proliferation
require moderate UV exposure to initiate melanoma on body
sites with many nevi such as the legs in women.'”'* This

finding may reflect the complexity of association between
melanoma, UV radiation, sun exposure, number of nevi, and
age.

Epidemiological studies have demonstrated a strong
association between UV radiation and melanoma risk. UV
light is a type of electromagnetic radiation emitted by the sun.
The UV spectrum is conventionally subdivided into UVA
radiation (320—400 nm), UVB radiation (280—320 nm), and
UVC radiation (100—280 nm), although slightly different
definitions also exist (i.e,, 280—315 nm for the UVB range and
315—400 nm for UVA). Only UVA radiation and a portion of
the UVB spectrum (above approximately 300 nm) can reach
the surface of the earth. Both UVA and UVB may contribute to
melanoma.

Of particular importance is the correlation between heavy
sunbed use and melanoma occurrence.'>'® The majority of
commercially available, canopy style tanning beds primarily
emit UVA radiation with energy 10—15 times higher than from
sunlight. Recent estimates attribute 50—80% of sunbed
associated erythema and inflammation to UVA radiation,
which is a 3-fold increase compared to solar UVA radiation."”
Deleterious exposure to UVA radiation in sunbed use has been
linked to increased incidence of melanoma. Between 1990 and
2006, there was a significant increase in truncal melanoma
occurrence in Icelandic women which was tied to rising sunbed
use.'” Various studies have confirmed the correlation between
sunbed use and heightened melanoma risk."® Of additional
concern, the application of UVB sun blockers that do not
shield the skin effectively from UVA rays increases the
exposure of a person to much higher doses of UVA radiation
because they can spend more time in the sun without
experiencing painful UVB-induced sunburns.

3. ANIMAL MODELS OF UVA CARCINOGENESIS

In animal models, UVB radiation has long been known to
effectively induce squamous cell carcinomas of the exposed
skin. This has been demonstrated convincingly in hairless
mouse models.'”*° Using similar mouse models, estimations
suggested that the UVA fraction of sunlight may be about 4—
10-times less effective than the UVB component in inducing
nonmelanoma skin tumors after exposure with a simulated
sunlight irradiation source.”’ In early experiments with
pigmented hairless mice, the authors found that UVA induces
squamous cell carcinomas effectively, but they did not observe
melanomas.”*~**

Melanoma mouse models are more difficult to implement
with standard hairless mice because most melanocytes in
mouse skin are localized in the hair shafts. Therefore, other
vertebrate animal models have served as useful tools in
melanoma research. In different animal models, however, when
investigators tested the role of pure UVA wavelengths with
little or no UVB contribution, a quite complicated and
sometimes controversial picture has emerged. Earlier studies
using the Xiphophorus (platyfish or swordtails) fish model has
shown that UVA radiation can induce melanoma-like lesions.*®
However, a later study came to the conclusion that there was
no significant difference in melanoma frequencies between
UVA-irradiated and untreated fish.’® Another study used
Monodelphis domestica (opossums) for irradiation with UVB or
UVA. After 81 weeks of exposure, the authors found that UVA
was only weakly effective in producing nonmelanoma skin
tumors, but almost as equally potent as UVB in producing
melanocytic hyperplasia, a presumed precursor lesion of
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melanoma.”” Later, the use of a hepatocyte growth factor/
scatter factor-transgenic mouse melanoma model produced a
different result. The hepatocyte growth factor mice have
extrafollicular melanocytes in the dermal to epidermal
junctions and in the epidermis of the trunk of the animals,
which more closely resembles human skin. In this model, UVA
(320—400 nm) was ineffective in inducing cutaneous
melanoma.”® Yet, in the same model, but using pigmented
mice, it was later shown that UVA can induce melanoma in a
melanin-initiated, pigment-dependent pathway, but not in
albino mice.”” These mice also have the HGF signaling
pathways constitutively activated in melanocytes, which is
probably different from normal human melanocytes but
predisposes these mice to melanoma.

Other useful mouse models for melanoma consist of BRAF
or NRAS mutant transgenic mice in which the mutant alleles
are expressed in their melanocytes.’”’ Using these models,
which also carried a conditional CDKN2A knockout allele,
investigators tested the potency of UVB and UVA irradiation
for promoting melanoma formation. While a single dose of 4.5
kJ/ m? UVB dramatically accelerated melanoma onset, UVA at
the chosen dose of 70 kJ/m* produced only a modest, yet
significant reduction in tumor latency as compared with
control mice that were not irradiated.”’ While the authors
readily identified C to T UV signature mutations in the UVB-
induced melanomas, they were not able to identify a specific
signature for UVA-induced tumors. In these very sensitive
mouse models, a substantial fraction of the mice developed
melanomas even in the absence of radiation, making it more
difficult to identify specific UV radiation-induced changes.

4. DNA DAMAGE INDUCED BY UVA RADIATION

The stability of DNA is a most critical requirement for its
function in cells. UV radiation induces various types of DNA
damage in irradiated cells directly or indirectly. The photo-
reactivity of DNA allows direct absorption of UV photons onto
pyrimidine bases and causes dimerization of two adjacent
pyrimidines as the major type of direct DNA damage in skin
cells. UV photons, especially the high energy ones of the UVB
and UVC spectrum, can alter the structure of the DNA bases,
predominantly of thymines at dipyrimidine sequences through
the formation of electronic excited states.”> These UV-induced
photolesions are a replication-blocking type of DNA damage.
The most frequent dipyrimidine photoproduct induced by the
higher-energy wavelength UVB range (280—320 nm) is the cis-
syn cyclobutene pyrimidine dimer (CPD) formed by
connecting CS and C6 of two adjacent pyrimidines through
singlet/triplet excitation (Figure 1A). The pyrimidine (6—4)
photoproduct [(6—4)PP] is the next most frequent DNA
lesion created by stable bonding between positions C6 and C4
of two neighboring pyrimidines in double-stranded DNA. This
lesion is less frequent than the CPD and is repaired
preferentially by nucleotide excision repair.”*** Some of (6—
4)PPs can be converted to a photoisomerization product, the
Dewar valence isomer, by subsequent absorption of photons
around the 320 nm wavelength to form a third type of relevant
DNA photoproduct initiated in the UVB range.*?’5 However,
current data show that the levels of the (6—4) photoproducts
are extremely low in the UVA range compared to the higher
levels induced by UVB or by nonphysiological UVC
radiation.**™*

CPDs are responsible for up to 80% of the UVB-induced
mutations in a mammalian cell model in which either CPDs or
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Figure 1. Major types of DNA damage induced by UVA radiation.
(A) Cyclobutane pyrimidine dimer (CPD) at 5'TT sequences. (B) 8-
Oxoguanine (8-0x0G).

(6—4)PPs are removed selectively by photolyase activities
prior to mutation scoring.”” The formation of UVB-induced
CPDs in genomic DNA occurs mainly at 5'TT and S'TC
sequences followed by 5'CC and 5'CT dinucleotide sequences
at genome-wide levels of about 53%, 34%, 8%, and 5%,
respectively.40 However, UV radiation-induced skin cancers
predominantly accumulate C > T mutation at 5'TC and 5'CC
dipyrimidine sequences, and these mutations rarely occur at
S'TT sites."" The prevalent model for the origin of UVB-
specific C > T mutations involves deamination of cytosines (or
S-methylcytosines) within CPDs.*"** The deamination event,
which occurs within a few hours after UVB irradiation,
produces uracil bases (or thymines) within the CPDs.*>**
Such dimers are copied by incorporation of adenines opposite
the deaminated bases by DNA polymerase eta (POLH),
eventually leading to a C > T mutation at the deaminated CPD
of dipyrimidines. Using our newly developed method of circle-
damage-sequencing (CD-seq) to map DNA damage genome-
wide and at single base resolution, we recently showed that
melanoma mutational signatures are indeed highly correlated
with the preferred sequence positions of UVB-induced,
cytosine-deaminated CPDs.*

UVA can also induce CPDs, either directly or indirectly. The
direct CPD formation through absorbance of UVA photons
was confirmed by showing the formation of CPDs in purified
DNA after UVA irradiation.”*® However, it also has been
shown that UVA can promote the indirect formation of CPDs
as a result of transfer of triplet energy from an excited
photosensitizer molecule to dipyrimidines.’”*’~* UVA-
induced CPDs are formed at a lower frequency than after
UVB exposure, but they predominantly occur at TT
dipyrimidine sequences (TT-CPDs).””*® Since UVA-induced
TT-CPDs may arise by a unique photochemistry involving
endogenous photosensitizers, the possibility exists that the
distribution of these UVA CPDs along the genome differs from
that of UVB-induced TT-CPDs.

In addition to CPD photoproducts, the formation of 8-oxo-
guanine (8-0x0G) (Figure 1B) by UVA exposure has been
studied extensively. It was shown that UVA indirectly induces
reactive oxygen species (ROS) by the excitation of various
cellular chromophores, photosensitizers, like for example
flavins, melanin, riboflavin, porphyrins, and 6-formylindolo-
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Figure 2. Eumelanin and pheomelanin. (A) Eumelanin. (B) Pheomelanin. Shown are subunits (monomers) of the two types of melanin. Adapted
with permission from ref 65. Copyright 2008 Wiley. The stars indicate the sites of the molecules where conjugation of additional subunits
(polymerization) can occur. The positions with carboxyl groups in brackets may contain either H or COOH. Those positions may also form
attachment to other monomers. The benzothiazine units in pheomelanin may participate in photosensitization reactions.

[3,2-b]carbazole.”* > ROS can generate single-strand DNA
breaks, oxidized pyrimidines and oxidized purines, the most
frequently oxidized base being 8-0x0G, in mammalian cells.>’

5. MECHANISMS OF DNA DAMAGE FORMATION IN
MELANOCYTES

UVA penetrates dermal stroma, whereas UVB is mostly
absorbed by the epidermis,”* and UVA photon energy can be
delivered at a 100-fold higher level than UVB photon energy
into the lower epidermis and upper dermis regions near
melanocytes.”” Furthermore, the UVA photolesions are mainly
mediated by the chemical properties and cellular location of
endogenous photosensitizers in layers of skin cells.”> When
comparing UV-induced DNA damage in primary cultures of
keratinocytes and melanocytes, Mouret et al. observed no
difference in the frequency of CPDs in both UVB and UVA
ranges, but the level of 8-0xoG was higher in the melanocytes
by as much as 2.2-fold compared to UVA irradiation of
keratinocytes.”® UVA-dependent melanoma formation may be
exacerbated by the presence of melanin in melanocytes acting
as an endogenous photosensitizer and leaving a characteristic
DNA damage footprint.”’

It has been known that endogenous melanin plays a role
chiefly as a photoprotective agent because melanin can absorb
UV photons and scavenge ROS*® but may also be involved as a
carcinogenic photosensitizer producing CPDs and/or oxidative
DNA damage as a downstream result of ROS generation.’”*’
This controversy about the photoprotective versus the
photosensitization effects of melanin can potentially be
explained by the two types of melanin, eumelanin and
pheomelanin, which coexist at a defined ratio in the same
melanocytes,’’ " which determines the color of hair and skin.
The two types of melanin differ in their chemical structure,
most notably by the addition of cysteine molecules to DOPA-
quinone, a process which selectively leads to the formation of
pheomelanin (Figure 2). Both melanin derivatives are derived
from cyclization of the initial modified tyrosine, partial
polymerization, and formation of a complex with proteins.
Eumelanin is a good radical scavenger.”* However, pheome-
lanin is not. Instead, the benzothiazole units of pheomelanin®®
can act as photosensitizers leading to the formation of
ROS, %6667

32939

The activity of melanocortin 1 receptor (MCIR) is involved
in setting up the ratio of these two melanin synthesis pathways
in melanocytes. Upregulated MCI1R induced by alpha-
melanocyte stimulating hormone (alpha-MSH) secreted from
UV-irradiated keratinocytes stimulates the production of
brown eumelanin by inducing tyrosinase activity. Eumelanin
accumulation leads to the transfer of melanin granules
(melanosomes) to keratinocytes and acts as a natural
sunscreen against UVB and UVA, due to its strong UV
absorbing, UV-scattering and ROS scavenging properties.

On the other hand, downregulation of MCIR function with
agouti signaling protein, an inverse agonist opposing alpha-
MSH, induces the synthesis of red/yellow pheomelanin in the
skin.’*®® The incidence of melanoma is increased in fair-
skinned, and particularly in red-haired individuals, who have
loss-of-function variants in the MCIR gene, compared to black-
and brown-haired individuals.*”’ In a study from Queensland,
individuals with red hair and more than 20 naevi had a
melanoma odds ratio of 10 compared with individuals with
dark brown hair and 0—4 naevi.’ This risk is likely due to
decreased production of eumelanin, or a shift in the
pheomelanin to eumelanin ratio, and perhaps also due to
reduced a-MSH mediated repair of DNA damage.”'

The lower energy of UVA radiation relative to UVB has led
to the proposal that the formation of DNA damage by UVA
involves endogenous photosensitizers, although direct excita-
tion without photosensitizers may produce CPDs at very high
doses of UVA as well."” However, it has remained unclear what
the nature of these endogenous photosensitizers might be and
how effective they are in forming either TT-CPDs and/or
oxidized guanines. Besides direct absorption of photons, CPDs
can form by photosensitization via the so-called triplet—triplet
energy transfer pathway. The photosensitizer, for example, the
synthetic chemical acetophenone, is excited by the absorption
of UV photons and converted into its triplet state via
intersystem crossing. If the energy is high enough and the
photosensitizer molecule is close to a DNA dipyrimidine, it
may transfer its triplet energy to the DNA to generate a CPD.

As a DNA-damaging photosensitizer, pheomelanin is not
only involved in the production of ROS and may lead to the
formation of 8-0x0G, but it also has been suggested that
pheomelanin can produce a chemiexcitation reaction that
mediates CPD formation. This unusual pathway leads to the
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formation of so-called “dark CPDs” within a few hours of
incubation of the cells in the dark after initial UVA
irradiation.”””> This dark CPD generating process is more
prominent in the pheomelanin containing melanocytes and is
mediated by the formation of the oxidant peroxynitrite
produced by reaction of nitric oxide (*NO) and superoxide
anion (02°7), which leads to electron-excited melanin
Peroxynitrite in the nucleus can react with
melanin monomers to form high-energy melanin dioxetane and
carbonyl compounds which may have photosensitizing proper-
ties.”* An excited triplet carbonyl, when close to DNA, can
transfer its energy to DNA forming a CPD. Based on this
recently accumulating data, the levels of DNA damage ascribed
to UVA may be more substantial than previously assumed.

72
monomers.

6. REPAIR OF UVA-INDUCED DNA DAMAGE

The dimeric DNA photoproducts, the CPDs and the (6—
4)PPs, are repaired by the nucleotide excision repair (NER)
pathway. This pathway is defective in the cancer-prone human
syndrome xeroderma pigmentosum (XP).”* The incidence of
melanoma is greatly (>1000-fold) increased in XP patients
relative to the normal population, directly proving that
photodamage repaired by NER is mechanistically linked to
melanoma.”®”” Several gene products participating in NER,
including DNA damage recognition proteins, helicases, and
excision nucleases, are mutated in XP, and the classification of
their specific mutations has led to the establishment of
different subcategories or complementation groups of the
disease (XP-A to XP-G). The detailed mechanisms of NER
have been summarized, and the reader is referred to other
review articles on this topic.”*”’

One class of XP carries mutations in DNA polymerase eta
(XP-variant cases), a polymerase that participates in error-free
bypass of CPDs.*”*' At a genome-scale level, CPDs are
removed with much slower kinetics than (6—4)PPs because
the (6—4) lesion is more helix distorting and more easily
recognized by the NER pathway. However, one specific
subpathway of NER, transcription-coupled repair removes
CPDs effectively from transcribed sequences of the genome
with a preference for repair of the transcribed DNA strand®”
and also with a preference for repair of sequences near
transcription start sites.”® This selective repair leads to a strand
bias of C to T mutations at dipyrimidines in melanoma
genomes with more of these mutations found on the
nontranscribed DNA strand (Catalogue of Somatic Mutations
in Cancer (COSMIC) database). It is not known, however, if
UVA-induced and UVB-induced CPDs are repaired by
different kinetics, perhaps because of the different sequence
contexts at which the damage is formed.

ROS-induced single base lesions, including 8-0xoG, are
repaired primarily by the base excision repair pathway. This
repair process is initiated by a DNA glycosylase recognizing a
damaged base, which removes the modified base by cleaving
the N-glycosylic bond. The resulting abasic site is then
processed by AP endonucleases and by AP lyase enzymes
which remove the deoxyribose residues so that gap filling by a
DNA polymerase can restore the original sequence. For the 8-
0x0G lesion, the initial repair DNA glycosylase enzyme is
OGG]1, but this base may also be recognized by a few other
DNA glycosylases as potential backup systems.

7. MUTATIONS INDUCED BY UVA AND UVB

The mutational patterns of some cancer types reflect the
footprint of mutagen exposures throughout the genome.**
Cutaneous melanoma is at the top of the list with the highest
mutation burden of any cancer type.”> Most melanoma
genomes carry UV-specific mutation patterns, described as
UV signature mutations.*' In early research on UV-specific
mutations, the involvement of UV mutagenesis in skin cancer
genomes was characterized by comparison of the relevant
mutation patterns at specific gene loci, for example, in the
TPS3 tumor suppressor gene. Comparison between skin
cancers and internal malignancies showed UV-related TPS3
point mutations in 58% of the tested squamous cell carcinomas
of the skin.*® TPS3 is not frequently mutated in melanomas. In
addition, gene-specific mutation data are generally not rich
enough to see a broad mutational landscape of melanoma
genomes.

With the application of new genome-wide analytical tools
and high-throughput sequencing, melanoma whole genome or
exome sequencing studies have shown unambiguously that
melanomas carry very well-characterized genomic variants in
the form of specific C > T and CC > TT UV signature
mutations.”” Exome sequencing of 147 melanomas also clearly
showed the UV-related C > T mutational signature being
associated with melanomas from sun-exposed body sites but
not from sun-shielded sites.*® A study from The Cancer
Genome Atlas (TCGA) consortium of whole-exome sequenc-
ing of 318 primary and metastatic melanomas showed that
more than 75% of melanomas carried the typical UV mutation
signature, representing over 60% of C > T transitions at
dipyrimidine sites and about 3% of CC > TT transitions.*””’
In vitro studies using UVB-irradiated cells as a model system
also consistently show the typical UV signature. For example,
from mutation reporter gene analysis with CPDs induced by
UVB irradiation, most mutations were C > T transitions at
dipyrimidine sites (65%) and about 9.3% of mutations were
CC > TT tandem events.”' Broadly, these data and data from
many other studies of UVB-exposed cells, support a major role
of DNA damage by UV light in melanomagenesis. The C > T
signature mutations at dipyrimidine sites, which show a
preference for the 3’ bases of 5'TC and 5'CC sequences, are
a hallmark of UVB-induced mutagenic effects and considered
as a defining general UV signature.”"®’

In 2013, Alexandrov et al. analyzed many cancer genomes
and derived over 30 single-base substitution (SBS) signatures
as listed in the COSMIC database (version 2).”> The SBS7
reflects the UV (UVB) signature with predominant C > T
mutations at 5'TC and 5'CC sequences and with fewer T > N
mutations at dipyrimidine sequences in skin cancer.” In 2019,
the classical signature SBS7 has been subdivided into four
subsignatures (SBS7a, SBS7b, SBS7c, and SBS7d) to reflect
the presence of multiple submutational processes induced by
UV light (Figure 3).

SBS7a and SBS7b reflect the C > T mutation in the TCN
trinucleotides context (the mutated base is underlined) and C
> T mutation at CCN in melanoma genomes, respectively
(Figure 3A,B). The doublet-base substitution (DBS1) in
COSMIC v. 3 reflects CC > TT tandem mutations and
associates well with SBS7a and SBS7b,** suggesting that these
three signatures are closely linked to UVB exposure. We
recently showed that these two newly classified signatures,
SBS7a and SBS7b, which show typical C > T mutations at
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Figure 4. Mutational signatures of melanoma genomes from the PCAWG study. Top graph: The contribution of five mutational signatures to the
collection of genome mutations in 98 individual melanoma tumors is shown. The signatures SBS7a—d and SBS38 are indicated by the color code.
The data have been obtained by whole genome sequencing. In some melanomas with low mutation load, no signature could be identified. These
are not displayed here. Bottom graph: The load of mutations in 98 individual melanoma tumors is shown. Data are sorted from left to right
according to the frequency of signature SBS7a. The same samples from the top and bottom panels are matching and shown stacked vertically. The
distributions of mutational signatures of skin melanomas from PCAWG and TCGA were obtained from the International Cancer Genome
Consortium data portal link: https://dcc.icgc.org/releases/PCAWG/mutational _signatures/Signatures_in_Samples/SP_Signatures_in_Samples.
The frequencies of signatures SBS7a—d and SBS38 from skin melanoma genomes (PCAWG: n = 107 and TCGA: n = 412) were extracted from the
downloaded data sets and were generated with the SigProfiler framework.”® The samples with a minimal score of >3 in any signature were displayed

in the graphs of Figures 4 and S.

dipyrimidine sequences, are likely caused by UVB-induced
CPDs that have undergone hydrolytic deamination before
DNA replication.*

SBS7c shows predominantly T > A mutations at NTT (58%
of mutations) with half of them in the TTT trinucleotide
context (Figure 3C). SBS7d shows mainly T > C mutations at
NTT (55.7% of total mutations), and 32% of these mutations
are at GTT trinucleotides (Figure 3D). SBS7c and SBS7d have
been predicted as the result of the misincorporation of T or G
opposite to UV photoproducts, which are most enriched at TT
dipyrimidine sequences,85 but the detailed mechanism is
unknown. The distribution of the signatures in cutaneous
melanomas was dominant from around 100% to 40% of the
mutation factions for SBS7a, followed by SBS7b and SBS7¢™*
(Figures 4 and S). In addition, from COSMIC v. 3, the
signature SBS38 shows elevated levels of C > A (G > T)
mutations at CCN (68% of total mutations) with 38% at CCA
and 18% at CCT from the total mutations in that category
(Figure 3E). This signature was only found in melanomas and
not in other tumors.

Given its sequence specificity and mutation types, it may be
hypothesized that SBS38 is derived from UV-induced oxidative
DNA damage to guanines. The SBS38 signature is present in a
limited number of melanoma genomes (Figures 4 and $).
Curiously, in the Pan-Cancer Analysis of Whole Genomes
(PCAWG) data set derived from whole genome sequencing,
the SBS38 mutations are most prevalent in those tumors with a
very low mutation load and rarely coincide with SBS7a—d
mutations (Figure 4, see right side of the figure panels).
However, in the TCGA data obtained by exome sequencing,
SBS38 mutations also occur in a set of tumors with higher

mutation load (Figure S, see right side of the figure panels). In
this set of cases, as well, SBS38 mutations do not co-occur with
mutations from signature SBS7a—d. Although these data are
intriguing, the origin of the melanoma-specific mutation
signature SBS38 remains unknown and awaits to be proven
experimentally. There are also a few cases of PCAWG
melanoma genomes which lack the UV signatures SBS7a—d
and lack SBS38, but show SBS2 and SBS13, which are likely
caused by APOBEC-induced cytosine deamination.
Regarding the potential role of UVA in cutaneous
melanoma, however, the overall interpretation of the
melanoma signatures mainly reflects UVB signatures. Yet, it
is thought that theoretically, C > T mutations may also be
caused by UVA-induced CPDs through either a direct
absorption of UVA photons or via indirect photosensitization
reactions.*™*”’>? A defined UVA-specific mutational signa-
ture is not clearly characterized yet, for several reasons: (1)
There is a limited availability of UVA-induced mutation data
experimentally obtained in human melanocyte cell culture
models. Mutation patterns in UVA-irradiated melanocytes
should more closely reflect the correct cellular environment of
melanomagenesis. (2) There is obscure understanding of
mutagenic processes initiated by UVA damage. UVA-induced
mutagenic pathways are much more complicated than UVB-
induced mutagenesis, which directly induces large numbers of
DNA photoproducts and causes mutations by a well-defined
mechanism.”” UVA- and UVB-induced mutations may
originate from the same types of DNA photoproducts, CPDs
and/or 8-0x0Gs, as premutagenic lesions.”® To obtain a correct
etiology of UV signatures in melanoma genomes, one should
be able to distinguish between UVA- and UVB-induced
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Figure 5. Mutational signatures of melanoma genomes from TCGA study. Top graph: The contribution of five mutational signatures to the
mutations in 346 individual melanoma tumors is shown. The signatures SBS7a—d and SBS38 are indicated by the color code. These data are from
exome sequencing. In some melanomas with low mutation load, no signature could be identified. These are not displayed here. Bottom graph: The
load of mutations in 346 individual melanoma tumors is shown. Data are sorted from left to right according to the frequency of SBS7a. The same
samples from the top and bottom panels are matching and shown stacked vertically.

mutations through the definition of divergent mutagenic
processes initiated by the two types of UV exposure. (3)
There is a lack of technically advanced methods to detect
UVA-induced photoproducts at single-base resolution and
genome-wide with high accuracy and of methodologies to
reliably map the presumably rare UVA-induced mutations.
DNA photoproducts are major premutagenic lesions, and
mapping of the photoproduct lesions genome-wide is essential
to understand cellular mutational mechanisms of cancer and to
define etiology of melanoma by comparing with melanoma
mutational spectra.*””” (4) Furthermore, the level of DNA
damage and mutations induced by UVA is expected to be
lower than that of UVB-induced lesions, giving another layer of
challenge to obtain UVA signatures.

Despite of the relatively low levels of CPD formation by
UVA exposure, several UVA damage studies have revealed that
UVA-induced CPDs are most enriched at TT dipyrimidine
sequences (TT-CPD) with around 90% of all pyrimidine
dimers forming at that sequence, while UVB induces only
around 50% of all CPDs as TT-CPDs.””***"*** TT-CPDs
may be recruited as a fingerprint for a UVA mutational
signature which is distinguished from UVB signatures. In
addition, while it has been considered that the CPD is a
dominant photoproduct induced by UVA exposure, and the
frequency of CPDs may be similar in both keratinocytes and
melanocytes,*”** UVA can more efficiently produce the
oxidative DNA damage product 8-oxoG mediated by
melanin-derived photosensitizers in melanocytes rather than
in keratinocytes and other cell types.”***>'%" Thus, as one of
the possible UVA signatures, the observation of G > T
mutations in the melanoma-specific signature SBS38 suggests

that the signature may be derived from the 8-0x0G
photolesions in UVA irradiated melanocytes, and this knowl-
edge can be used to define and characterize UVA mutational
signatures.

UVA mutagenesis experiments have used different model
systems including cell culture and mice with transgenic
mutation reporter genes. These studies have produced various
results ran§ing from a preponderance of G > T mutations in
fibroblasts ' to a dominance of C > T mutations at
methylated CpG dinucleotides (mCG) in mouse skin.'*>'%’
It is possible that UVA may selectively induce CPDs at
S'TmCG sequences similar as it does at S'TT. As a step
toward recreating a UVA mutation signature, a recent study of
UVA-irradiated XP variant fibroblast cells shows mutation data
similar to SBS7a, SBS7b, and SBS7c¢ and also similarity to
SBS18 and SBS36, as possibly derived from oxidative damage
to guanine.'”* However, to our knowledge, no study has used
melanocytes to unravel the mutational potential and specificity
of UVA.

8. MELANOMA-PROMOTING EFFECTS OF UVA
RADIATION INDEPENDENT OF DIRECT DNA
DAMAGE OR MUTATIONS

It has been believed that melanoma-promoting effects of UVA
are dependent primarily on DNA damage and DNA mutations.
Melanocytes are inherently more defective than keratinocytes
in the repair of UV photoproducts and of 8-0x0G.'”® UVA-
induced oxidative stress may also be indirectly linked to
mutations in melanoma through its ability to impair DNA
repair activities.”"'%°
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UV radiation induces the upre%ulation of many genes in a
pathway termed the UV response.’”” However, upon cessation
of radiation, most of these gene expression changes will return
to baseline. For these reasons, it has been of interest to see if
UVA radiation may mediate more permanent changes in the
epigenome with potentially longer-lasting effects on gene
expression patterns. Like most other types of cancer,
melanomas are characterized by extensive genome-wide
DNA hypermethylation events affecting hundreds or even
thousands of CpG islands and genes.'”® The biological origin
of these DNA methylation changes is undefined. In vitro and
in vivo studies have demonstrated UVA’s ability to modify
transcription of oncogenic genes via epigenetic DNA and
histone alterations.'”” These studies have demonstrated that
UVA may induce hypermethylation of the promoter of the
pl6(CDKN2A) gene, a tumor suppressor. The same hyper-
methylation signature has been found in melanomas,''*'"!
indicating a possible association between UVA-induced
epigenetic changes and skin cancer. Similar events have been
identified in dermal fibroblasts treated with repeat UVA
exposure. UVA-treated fibroblasts developed hypermethylation
in genes associated with cell defense and aging, including
FOXO1 and RPTOR.""” Of note, methylation differences in
UVA treated fibroblasts largely returned to control levels after
7 days, indicating that reversal of these epigenetic changes is
possible after UVA exposure.

Epigenetic changes induced by UVB have also been
documented. In vivo UVB radiation of mouse skin epidermis
demonstrated an increase in CpG methylation in specific
genes.''> The same study also found demethylation in
prooncogenic genes such as cyclin-dependent kinase 4
(CDK4) which resulted in higher RNA expression. However,
an earlier study, using genome-wide DNA methylation analysis
did not find any substantial changes in DNA methylation in
UVB-exposed human keratinocyte cells.'"'* Variations of
histone methylation have been associated with expression
differences in several genes in malignant melanoma.'"
Therefore, it is possible that UVA-induced epigenetic changes
may also result in varying degrees of expression in genes that
are relevant for the progression of melanoma.

Additionally, UVA has been found to induce genomic
instability via single-strand and double-strand DNA breaks in
addition to DNA damage-induced base substitution mutations.
Genomic instability induced by DNA breaks results in
chromosomal breakage and repair. Changes induced by the
breakage and subsequent repair have been observed in various
forms of skin cancer such as squamous cell carcinoma.''®
Similar studies using UVA radiation found tumorgenicity to be
strongly correlated with gain of specific chromosomal
markers.''” Studies performed by Wischermann et al. and
Boukamp et al. suggest a pathway by which UVA radiation
contributes to skin cancer progression by inducing large
chromosomal changes.''®'"” Melanoma genomes show
frequent occurrence of chromothripsis, a chromosome
shattering event of unclear etiology in which tens or hundreds
of DNA breaks occur simultaneously at the same genomic
regions and are then repaired by reassembly to result in
localized genome rearrangements or deletions.”"""®

UVA radiation, like UVB, has immunosuppressive effects in
human and animal skin."'”'*° The mechanism by which this
occurs is likely through a variety of molecular changes
including DNA damage and direct activation of inflammatory
mediators. A prominent theory in UVA-induced immunosup-

pression is that it involves the formation of ROS by UV
radiation.'”"'** Protection from ROS via the reducing agent
alpha-tocopherol prevented significant immunosuppression in
mice.'”* Additional studies inhibiting the formation of ROS
with a superoxide dismutase mimic have produced similar
results, protecting mice from immunosuppression.121 On the
other hand, UVA radiation has been observed unexpectedly to
induce resistance to UVB-induced immunosuppression in
mice.'** For these reasons, it may be difficult to isolate the
specific effects of UVA on the immune system with solar
radiation exposure. The contribution of UV-induced immune
suppression to melanoma progression remains less well-

defined.
9. CONCLUSIONS

From cancer genome sequencing data, it has become clear that
70% or more of cutaneous melanoma tumors carry a clear
signature of UVB-induced mutations linked to dimerized
pyrimidines containing cytosines. Although UVA radiation
comprises 90% of the energy in terrestrial solar radiation, its
contribution to DNA damage, mutagenesis, and melanoma
initiation and progression has been controversial and unclear.
However, UVA radiation does produce specific types of DNA
damage in the form of CPDs at TT sequences and of 8-
oxoguanine. We are still lacking a complete mechanistic
understanding of how UVA exposure engages photosensitizing
molecules and what exact chemical or biophysical pathways are
involved in the formation of these DNA lesions. Using
advanced sequencing and bioinformatics approaches, the
spectrum of DNA damage and the consequences of the
UVA-induced DNA damage for melanoma genome mutations
is now beginning to emerge and eventually may become more
quantifiable.
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