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Oxidative Stress and Genotoxicity in Melanoma Induction: Impact on Repair Rather Than Formation of DNA Damage?

Solar UV induces both pyrimidine dimers and oxidatively generated DNA lesions. The latter do not contribute to mutagenesis in melanoma in spite of the photosensitizing properties of melanin present in melanocytes. However, the intense oxidative stress mediated by melanin may hamper DNA repair and explain the contribution of UVA to the induction of melanoma.

INTRODUCTION

Skin cancers represent approximately one third of the overall burden of cancers. This large number is mostly explained by the occurrence of basal cell and squamous cell carcinomas.

Melanomas are less frequent and represent less than 10% of all skin cancers. However, melanomas raise a major concern for public health since they constitute the most severe types of skin cancer with frequent metastases and a much higher death rate than carcinomas. Because of this severe health impact, melanoma is extensively studied and large amounts of information as well as open issues have been accumulated over the years, as summarized in a series of excellent recent reviews [START_REF] Sample | Mechanisms and prevention of UV-induced melanoma[END_REF][START_REF] Khan | Roles of UVA radiation and DNA damage responses in melanoma pathogenesis[END_REF][START_REF] Emri | Ultraviolet radiation-mediated development of cutaneous melanoma: An update[END_REF][START_REF] Craig | Ultraviolet light and melanoma[END_REF][START_REF] Arisi | Sun Exposure and Melanoma, Certainties and Weaknesses of the Present Knowledge[END_REF][START_REF] Shain | From melanocytes to melanomas[END_REF]. Although located in the same tissue, melanomas and carcinomas exhibit strong differences. Melanoma arise from transformation of melanocytes and demonstrate BRAF and NRAS as the two most frequently mutated genes. In contrast, carcinomas, which derive from keratinocytes, most frequently show mutated P53 and PTCH1 genes. Differences have also been found in the basic photochemical events taking place in melanocytes and keratinocytes exposed to UV radiation. In particular, emphasis has been placed on the sensitivity of melanocytes to photo-oxidative stress and a possible role of oxidatively generated DNA damage in mutagenesis. The purpose of the present review is to first summarize current knowledge on the specificity of the nature and the yield of DNA damage in melanocytes. The respective involvement of pyrimidine dimers and oxidatively generated lesions in the induction of melanomas will then be discussed on the basis of recent mutational data obtained by next generation sequencing techniques. The final part of this survey will focus on the negative impact of photo-oxidative stress on DNA repair and the role it may play in melanomagenesis.

WAVELENGTH-DEPENDENCE OF MELANOMA INDUCTION

A first clue to the specific genotoxic events leading to melanoma can be found in the wavelength specificity. While skin carcinomas have been unambiguously linked to UVB, a debate is still open concerning the portion of the solar spectrum at the origin of melanomas.

Early experiments on fish led to the conclusion that UVA around 365 nm was almost equally efficient to UVB for inducing melanomas [START_REF] Setlow | Wavelengths effective in induction of malignant melanoma[END_REF]. Later works on Monodelphis domestica (gray short-tailed opossum), also showed that UVA could be at the origin of this type of tumors, although its efficiency compared to UVB was lower than in fish [START_REF] Ley | Dose response for ultraviolet radiation A-induced focal melanocytic hyperplasia and nonmelanoma skin tumors in Monodelphis domestica[END_REF]. It should be stressed that these two animal models express photolyases repair enzymes, in contrast to humans and most other mammals. The contribution of UVB-induced DNA damage may have thus been underestimated. These indications of a significant contribution of UVA to melanomagenesis were challenged by other data in fish [START_REF] Mitchell | Ultraviolet A does not induce melanomas in a Xiphophorus hybrid fish model[END_REF][START_REF] Patton | Genetic and environmental melanoma models in fish[END_REF]. The absence of induction of melanoma upon exposure to UVA was also reported in albino mice genetically engineered to mimic human melanoma [START_REF] De Fabo | Ultraviolet B but not ultraviolet A radiation initiates melanoma[END_REF]. In this work, melanomas could be induced in approximately 25% of the animals with various UVB-containing sources, after single dose as well as repeated exposure.

In contrast, less than 5% of the animals developed a tumor with pure UVA. In addition, metastases were observed in the UVB-exposed groups but not after UVA exposure.

Interestingly, using mice with the same genetic background, the same group reported that UVA could be at the origin of melanoma in pigmented mice [START_REF] Noonan | Melanoma induction by ultraviolet A but not ultraviolet B radiation requires melanin pigment[END_REF]. While no melanoma-related death was observed within 400 days in albino mice exposed to UVA, 50% of the pigmented mice were dead or sacrificed after 200 days because of induction of melanomas. With UVB, both strains had a similar median of melanoma-free survival at 150 days. A conclusion based on these animal data is that there may be two independent pathways leading to melanoma. One could be triggered by exposure to UVB while the other could involve exposure to UVA in the presence of melanin. The latter result is counter-intuitive because melanin is unambiguously associated with a decreased cancer rate in humans. This trend was observed not only for skin carcinomas but also for melanomas, which originate from melanocytes, the melanin producing cells in skin. The most solid data in that respect come from studies carried out in countries such as New Zealand [START_REF] Hore | Malignant Melanoma Amongst Maori and New Zealand Europeans, 2000-2004[END_REF] or South Africa [START_REF] Norval | The incidence and body site of skin cancers in the population groups of South Africa[END_REF] with inhabitants with either fair (phototype II) or dark (phototype VI) skin. It may be roughly considered that the solar exposure is similar for both fair-and dark-skinned people living in each of these countries. However, the ratios between occurrences of skin cancer in skin phototype II compared to phototype VI was 1 to 69, 20 and 20 for basal cell carcinoma, squamous cell carcinoma and melanoma, respectively. One has thus to reconcile the protection afforded by melanin with its putative deleterious properties when exposed to UVA [START_REF] Solano | Photoprotection versus photodamage: updating an old but still unsolved controversy about melanin[END_REF][START_REF] Emri | Ultraviolet radiation-mediated development of cutaneous melanoma: An update[END_REF][START_REF] Arisi | Sun Exposure and Melanoma, Certainties and Weaknesses of the Present Knowledge[END_REF]. One popular explanation to these unexpected observations is the induction of a photo-oxidative stress in melanocytes, mostly mediated by pheomelanin. As a matter of fact, melanin is not a single compound but a mixture of polymers of derivatives of dopaquinone (DOPA-Q), a metabolite of tyrosine (Fig. 1), which is subject to a series of biochemical transformations [START_REF] Micillo | Fifty Shades" of Black and Red or How Carboxyl Groups Fine Tune Eumelanin and Pheomelanin Properties[END_REF][START_REF] Simon | Current challenges in understanding melanogenesis: bridging chemistry, biological control, morphology, and function[END_REF]. In the presence of cysteine, DOPA-Q is converted into cysteinyl-DOPA that polymerizes into pheomelanin, the "red melanin". Another pathway converts DOPA-Q into indole derivatives such as 5,6-dihydroxyindole 2-carboxylic acid, that are polymerized into eumelanin, the "black melanin". Both types of melanin efficiently absorb UV radiation but they exhibit drastically different photochemical properties [START_REF] Simon | The Red and the Black[END_REF][START_REF] Meredith | The physical and chemical properties of eumelanin[END_REF]. Eumelanin efficiently converts UV energy into heat and is a good radical scavenger. In contrast, the chemical structure of pheomelanin does not permit energy dissipation nor inhibition of reactive oxygen species [START_REF] Meredith | The physical and chemical properties of eumelanin[END_REF]. On the contrary, the benzothiazoles units of pheomelanin makes it a good photosensitizer [START_REF] Panzella | Red human hair pheomelanin is a potent pro-oxidant mediating UVindependent contributory mechanisms of melanomagenesis[END_REF][START_REF] Wenczl | UVA-induced oxidative DNA damage in human melanocytes is related to their (pheo)melanin content[END_REF][START_REF] Wenczl | Pheo)melanin photosensitizes UVA-induced DNA damage in cultured human melanocytes[END_REF]. The production of both singlet oxygen [START_REF] Chiarelli-Neto | Melanin photosensitization and the effect of visible light on epithelial cells[END_REF][START_REF] Szewczyk | Aerobic photoreactivity of synthetic eumelanins and pheomelanins: generation of singlet oxygen and superoxide anion[END_REF] and superoxide anion [START_REF] Chedekel | Photochemistry of pheomelanin -Action spectrum for superoxide production[END_REF][START_REF] Szewczyk | Aerobic photoreactivity of synthetic eumelanins and pheomelanins: generation of singlet oxygen and superoxide anion[END_REF] has been documented. Consequently, the sensitivity of melanocytes towards photooxidizing stress depends on the intracellular ratio between pheo-and eumelanin. The respective amounts of pheo-and eumelanin depend on the efficiency of the dark melanin pathway. In that respect, the Melanocortin-1 Receptor (MC1R) plays a major role since its activation triggers the biochemical activities at the origin of protecting eumelanin [START_REF] Bastiaens | Melanocortin-1 receptor gene variants determine the risk of nonmelanoma skin cancer independently of fair skin and red hair[END_REF][START_REF] Swope | MC1R: Front and Center in the Bright Side of Dark Eumelanin and DNA Repair[END_REF][START_REF] Nguyen | MITF and UV responses in skin: From pigmentation to addiction[END_REF]. In variants of this receptor protein leading to a slow biosynthesis of eumelanin, most DOPA-Q is used for the production of cysteinyl-DOPA. The resulting accumulation of pheomelanin is one parameter accounting for the photosensitivity of the skin of red-haired people who lack the protective eumelanin [START_REF] Nasti | MC1R, Eumelanin and Pheomelanin: Their Role in Determining the Susceptibility to Skin Cancer[END_REF]. 

UV-INDUCED DNA DAMAGE IN MELANOCYTES

Formation of mutagenic DNA damage is a major event in the initiation step leading to the development of skin cancer. The chemical structures and the relative yields of UV-induced DNA damage is well understood and is known to be wavelength dependent [START_REF] Cadet | Formation of UV-induced DNA damage contributing to skin cancer development[END_REF]. In the UVB range, damage is induced by the direct absorption of photons by DNA bases. The resulting excited states evolve through different pathways, including non-radiative deactivation, intersystem crossing and photoreactivity [START_REF] Markovitsi | UV-induced DNA damage: The role of electronic excited states[END_REF]. DNA photoproducts arising from dimerization reactions between the C5-C6 double bonds of adjacent pyrimidine bases (thymine, T, and cytosine ,C) are overwhelming in cells exposed to UVB [START_REF] Douki | Bipyrimidine photoproducts rather than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of solar UVA radiation[END_REF][START_REF] Kielbassa | Wavelength dependence of oxidative DNA damage induced by UV and visible light[END_REF][START_REF] Kuluncsics | Wavelength dependence of ultraviolet-induced DNA damage distribution: involvement of direct or indirect mechanisms and possible artefacts[END_REF][START_REF] Perdiz | Distribution and repair of bipyrimidine photoproducts in solar UV-irradiated mammalian cells. Possible role of Dewar photoproducts in solar mutagenesis[END_REF]. The most frequent photoproducts are cyclobutane pyrimidine dimers (CPD, Fig. 2). They are produced in a sequence dependent manner with the following decreasing yield TT > TC > CT > CC [START_REF] Courdavault | Unrepaired cyclobutane pyrimidine dimers do not prevent proliferation of UVB-irradiated cultured human fibroblasts[END_REF][START_REF] Mouret | Cyclobutane pyrimidine dimers are predominant DNA lesions in whole human skin exposed to UVA radiation[END_REF][START_REF] Pfeifer | Detection of DNA adducts at the DNA sequence level by ligation-mediated PCR[END_REF][START_REF] Bastien | Cytosine containing dipyrimidine sites can be hotspots of cyclobutane pyrimidine dimer formation after UVB exposure[END_REF][START_REF] Mao | Chromosomal landscape of UV damage formation and repair at single-nucleotide resolution[END_REF].

The other types of UVB-induced DNA damage are pyrimidine (6-4) pyrimidone photoproducts (64PP) [START_REF] Douki | Bipyrimidine photoproducts rather than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of solar UVA radiation[END_REF][START_REF] Mitchell | Immunoprecipitation of pyrimidine(6-4)pyrimidone photoproducts and cyclobutane pyrimidine dimers in UV-irradiated DNA[END_REF][START_REF] Perdiz | Distribution and repair of bipyrimidine photoproducts in solar UV-irradiated mammalian cells. Possible role of Dewar photoproducts in solar mutagenesis[END_REF], which arise from the initial addition of the C5-C6 double bond of the 5'end pyrimidine to the C4 position of the 3'-end base. 64PP can be photo-converted into their Dewar valence isomers upon further absorption of UVB or UVA photons [START_REF] Douki | Dewar valence isomers, the third type of environmentally relevant DNA photoproducts induced by solar radiation[END_REF][START_REF] Taylor | DNA, light, and Dewar pyrimidones: the structure and biological significance of TpT3[END_REF]. The formation of CPD and 64PP was observed in all cutaneous cell types. Their yield of formation is similar in melanocytes and keratinocytes exposed to UVB [START_REF] Chadwick | The detection of cyclobutane thymine dimers, (6-4) photolesions and the Dewar valence photoisomers in sections of UV-irradiated human skin using specific antibodies, and the demonstration of depth penetration effects[END_REF][START_REF] Young | Human melanocytes and keratinocytes exposed to UVB or UVA in vivo show comparable levels of thymine dimers[END_REF]. An interesting feature is that melanocytes are located in the basal layer of skin and are protected by the natural pigments present in the tissue, especially in dark skin [START_REF] Del Bino | Variations in skin colour and the biological consequences of ultraviolet radiation exposure[END_REF][START_REF] Del Bino | Assessment of ultraviolet-radiation-induced DNA damage within melanocytes in skin of different constitutive pigmentation[END_REF][START_REF] Fajuyigbe | Melanin distribution in human epidermis affords localized protection against DNA photodamage and concurs with skin cancer incidence difference in extreme phototypes[END_REF]. The extent of this natural photoprotection is similar to that observed in the surrounding keratinocytes [START_REF] Fajuyigbe | Melanin distribution in human epidermis affords localized protection against DNA photodamage and concurs with skin cancer incidence difference in extreme phototypes[END_REF][START_REF] Shih | Fractional Sunburn Threshold UVR Doses Generate Equivalent Vitamin D and DNA Damage in Skin Types I-VI but with Epidermal DNA Damage Gradient Correlated to Skin Darkness[END_REF].

Figure 2. Formation of thymine-thymine cyclobutane pyrimidine dimer (TT-CPD) by cycloaddition of the two C5-C6 double. Only the cis,-syn diastereoisomer is formed in doublestranded DNA. The structure of the corresponding TC, CT and CC CPD is also shown.

The nature of DNA damage is more diverse upon exposure to UVA. It should first be stressed that the overall amount of damage produced in this wavelength range at a given dose is approximately two orders of magnitude lower than with UVB [START_REF] Kielbassa | Wavelength dependence of oxidative DNA damage induced by UV and visible light[END_REF][START_REF] Douki | Bipyrimidine photoproducts rather than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of solar UVA radiation[END_REF][START_REF] Mouret | Cyclobutane pyrimidine dimers are predominant DNA lesions in whole human skin exposed to UVA radiation[END_REF][START_REF] Perdiz | Distribution and repair of bipyrimidine photoproducts in solar UV-irradiated mammalian cells. Possible role of Dewar photoproducts in solar mutagenesis[END_REF]. Considering that the fluence of UVA is 20 times larger than that of UVB in sunlight, it may be estimated to be at the origin of a few percent of the overall load of DNA damage. It has been unambiguously shown by different assays that CPD, but not 64PP or Dewar, were efficiently produced by UVA in human cells and skin [START_REF] Mouret | Cyclobutane pyrimidine dimers are predominant DNA lesions in whole human skin exposed to UVA radiation[END_REF][START_REF] Mouret | Differential repair of UVB-induced cyclobutane pyrimidine dimers in cultured human skin cells and whole human skin[END_REF][START_REF] Bacqueville | A new hair follicle-derived human epidermal model for the evaluation of sunscreen genoprotection[END_REF][START_REF] Josse | The use of suction blisters to measure sunscreen protection against UVR-induced DNA damage[END_REF]. CPD is even is now known to be the most frequent photodamage in the UVA range [START_REF] Courdavault | Larger yield of cyclobutane dimers than 8 oxo-7,8-dihydroguanine in the DNA of UVA-irradiated human skin cells[END_REF][START_REF] Douki | Bipyrimidine photoproducts rather than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of solar UVA radiation[END_REF][START_REF] Mouret | Cyclobutane pyrimidine dimers are predominant DNA lesions in whole human skin exposed to UVA radiation[END_REF][START_REF] Rochette | UVA-induced cyclobutane pyrimidine dimers form predominantly at thymine-thymine dipyrimidines and correlate with the mutation spectrum in rodent cells[END_REF]. However, oxidatively generated lesions are also produced in significant amounts in this wavelength range [START_REF] Kielbassa | Wavelength dependence of oxidative DNA damage induced by UV and visible light[END_REF][START_REF] Cortat | The relative roles of DNA damage induced by UVA irradiation in human cells[END_REF][START_REF] Pouget | DNA damage induced in cells by gamma and UVA radiations as measured by HPLC/GC-MS, HPLC-EC and comet assay[END_REF]. Oxidation reactions result from photosensitization processes mediated by endogenous chromophores, including porphyrins, flavins, pterins and NAD(P)H, present in most cell types [START_REF] Wondrak | Endogenous UVAphotosensitizers: mediators of skin photodamage and novel targets for skin photoprotection[END_REF]. Pure DNA was also found, in cell free systems, to induce oxidative processes [START_REF] Mohammad | Evidence for the photosensitized formation of singlet oxygen by UVB irradiation of 2'-deoxyguanosine 5'-monophosphate[END_REF][START_REF] Yagura | Direct participation of DNA in the formation of singlet oxygen and base damage under UVA irradiation[END_REF][START_REF] Gomez-Mendoza | Direct oxidative damage of naked DNA generated upon absorption of UV radiation by nucleobases[END_REF][START_REF] Banyasz | Absorption of low-energy uv radiation by human telomere Gquadruplexes generates long-lived guanine radical cations[END_REF], Different types of damage (Fig. 3) are produced by the different reactive oxygen species produced in cells [START_REF] Cadet | Oxidatively generated damage to cellular DNA by UVB and UVA radiation[END_REF][START_REF] Cadet | Formation of UV-induced DNA damage contributing to skin cancer development[END_REF]. Singlet oxygen specifically reacts in DNA by addition to guanine [START_REF] Cadet | Formation of UV-induced DNA damage contributing to skin cancer development[END_REF][START_REF] Cadet | Solar UV radiation-induced DNA bipyrimidine photoproducts: Formation and mechanistic insights[END_REF][START_REF] Di Mascio | Singlet Molecular Oxygen Reactions with Nucleic Acids, Lipids, and Proteins[END_REF], which leads to the formation of a C8 hydroperoxide. The latter species is readily reduced into 8-hydroguanine, which evolves into its more stable 8-oxo-7,8-dihydroguanine (8-oxoGua) tautomer. No other products are produced in significant amounts by reaction of singlet oxygen with DNA. Strand breaks were observed at high dose in cell free systems but these breaks actually result from the formation of unstable secondary oxidation products of 8-oxoGua (65) such as guanidinohydantoin and spiroiminodihydantoin derivatives [START_REF] Di Mascio | Singlet Molecular Oxygen Reactions with Nucleic Acids, Lipids, and Proteins[END_REF].

Guanine is also the main target of those type I photosensitization processes that involve electron abstraction from DNA [START_REF] Cadet | Formation of UV-induced DNA damage contributing to skin cancer development[END_REF][START_REF] Cadet | Solar UV radiation-induced DNA bipyrimidine photoproducts: Formation and mechanistic insights[END_REF][START_REF] Cadet | Oxidatively generated damage to the guanine moiety of DNA: Mechanistic aspects and formation in cells[END_REF]. Again, 8-oxoGua is the major product together with the ring open 2,6-diamino-4-hydroxy-5-formamidopyrimidine derivative (FapyGua). This process is yet a minor one in UVA-irradiated cells [START_REF] Di Mascio | Singlet Molecular Oxygen Reactions with Nucleic Acids, Lipids, and Proteins[END_REF]. Another oxidative damaging pathway involves the release of superoxide anions upon UVA irradiation. This species is the least reactive ROS and can diffuse in the cell. It may dismutate into hydrogen peroxide that is also moderately reactive with DNA. In contrast, metal-catalyzed Haber-Weiss chemistry produces hydroxyl radicals ( • OH) from H2O2 and these are highly reactive. It should be stressed that UVA was shown to induce release of iron ions within cells [START_REF] Aroun | Iron, oxidative stress and the example of solar ultraviolet A radiation[END_REF][START_REF] Pourzand | Ultraviolet A radiation induces immediate release of iron in human primary skin fibroblasts: The role of ferritin[END_REF], thereby facilitating this conversion of O2 •-into • OH. The • OH radical reacts with all four bases [START_REF] Cadet | Formation of UV-induced DNA damage contributing to skin cancer development[END_REF][START_REF] Cadet | Solar UV radiation-induced DNA bipyrimidine photoproducts: Formation and mechanistic insights[END_REF][START_REF] Cadet | Oxidatively generated base damage to cellular DNA[END_REF][START_REF] Wagner | Oxidation reactions of cytosine DNA components by hydroxyl radical and one-electron oxidants in aerated aqueous solutions[END_REF]. For example, it adds to the C8 position of purines, leading to the formation of 8-oxoGua, 8-oxo-7,8-hydroadenine (8-oxoAde), FapyGua and 4,6-diamino-5-formamidopyrimidine (FapyAde).

• OH also adds to the C5-C6 double bond of pyrimidines, leading thus to lesions such as thymine glycols (ThyGly) and 5-hydroxycytosine (5-OHCyt). • OH abstracts hydrogen atoms from the methyl group of thymine yielding 5-hydroxymethyl-and 5-formyluracil. Lastly, • OH is the only ROS that can damage deoxyribose moieties [START_REF] Dedon | The chemical toxicology of 2-deoxyribose oxidation in DNA[END_REF][START_REF] Von Sonntag | Free-radical-induced DNA damage and its repair[END_REF]. Hydrogen abstraction triggers degradation of the sugar units of DNA backbone and induces single strand breaks and abasic sites. Biochemical assays using purified glycosylases as probes have shown that oxidized purines, mostly 8-oxoGua, or other purine oxidation products are the most frequent oxidatively generated lesions in UVA-irradiated cells. The ratio between the yield of Fpg-sensitive sites and strand breaks was reported to be 7.2 in AS52 cells (33), 2.2 in CHO cells (32) and 2.1 in THP1 monocytes [START_REF] Pouget | DNA damage induced in cells by gamma and UVA radiations as measured by HPLC/GC-MS, HPLC-EC and comet assay[END_REF]. The respective values for the ratios between the yields of Fpg-EndoIIIsensitive sites, which are mostly oxidized pyrimidines, were 4.8, 2.5, 6.3. In primary culture of normal human melanocytes, the ratio between Fpg-sensitive sites and strand breaks was found to be 1.7 [START_REF] Mouret | The specificity of UVA-induced DNA damage in human melanocytes[END_REF]. Ionizing radiations induce SSB in much larger yield than Fpg-and EndoIIIsensitive sites. Comparison of the distribution of oxidatively generated DNA lesions in cells exposed to either -radiation or UVA led to the conclusion of a major contribution of singlet oxygen to UVA-mediated oxidation of DNA, with a minor additional effect (20 %) of hydroxyl radicals produced from superoxide anions by Fenton chemistry [START_REF] Pouget | DNA damage induced in cells by gamma and UVA radiations as measured by HPLC/GC-MS, HPLC-EC and comet assay[END_REF]. Using these pieces of information, it could be calculated that pyrimidine dimers, 8-oxoGua and single strand breaks are produced in a 100/0.23/0.08 ratio upon exposure to sunlight with 5% UVB and 95% UVA [START_REF] Douki | Sunlight-induced DNA damage: molecular mechanisms and photoprotection strategies[END_REF]. These data on oxidatively generated lesions, collected in isolated DNA and in various cell types, make it possible to understand the results reported in UVA-irradiated melanocytes (Fig. 3). First, the presence of melanin explains the larger yield of oxidatively generated lesions in UVA-irradiated melanocytes when compared to fibroblasts [START_REF] Wang | Melanocytes are deficient in repair of oxidative DNA damage and UV-induced photoproducts[END_REF] and keratinocytes [START_REF] Mouret | The specificity of UVA-induced DNA damage in human melanocytes[END_REF]. It should be stressed, though, that the yield of CPD remained larger than that of 8-oxoGua in UVA-irradiated melanocytes like in keratinocytes [START_REF] Mouret | The specificity of UVA-induced DNA damage in human melanocytes[END_REF]. As already mentioned, both singlet oxygen and superoxide anion are produced upon UVA irradiation of pheomelanin [START_REF] Chedekel | Photochemistry of pheomelanin -Action spectrum for superoxide production[END_REF][START_REF] Chiarelli-Neto | Melanin photosensitization and the effect of visible light on epithelial cells[END_REF][START_REF] Szewczyk | Aerobic photoreactivity of synthetic eumelanins and pheomelanins: generation of singlet oxygen and superoxide anion[END_REF]. This observation accounts for some results reported in melanocytes exposed to UVA.

Formation of 8-oxoGua, which can be produced by these two types of ROS, was found to increase when the concentration of melanin increased in melanocytes [START_REF] Kvam | The role of melanin in the induction of oxidative DNA base damage by ultraviolet A irradiation of DNA or melanoma cells[END_REF]. The same study showed a positive correlation between the ratio between pheomelanin and eumelanin contents, and the yield in 8-oxoGua. Free radicals produced from O2 •-, and in particular • OH, were also shown to be involved in the photo-oxidative stress induced by melanin in melanocytes. The formation of single strand breaks, like that of 8-oxoGua, was found to increase when the melanin concentration increased and when the ratio between the content in pheomelanin and eumelanin increased [START_REF] Wenczl | UVA-induced oxidative DNA damage in human melanocytes is related to their (pheo)melanin content[END_REF][START_REF] Wenczl | Pheo)melanin photosensitizes UVA-induced DNA damage in cultured human melanocytes[END_REF]. It may be added that the basal level of oxidatively generated lesions in unexposed cells was also found to be higher in melanocytes than in keratinocytes, with 2.6 times more strand breaks and 2.5 times more Fpg-sensitive sites [START_REF] Mouret | The specificity of UVA-induced DNA damage in human melanocytes[END_REF]. This observation is in line with evidence of the induction of a significant oxidative stress associated with melanogenesis and tyrosinase activity [START_REF] Denat | Melanocytes as Instigators and Victims of Oxidative Stress[END_REF][START_REF] Maresca | Correlation between melanogenic and catalase activity in in vitro human melanocytes: a synergic strategy against oxidative stress[END_REF][START_REF] Smit | Increased melanogenesis is a risk factor for oxidative DNA damage -Study on cultured melanocytes and atypical nevus cells[END_REF]. Another mechanism of UVA-induced DNA damage is related to CPD produced after the end of the irradiation and commonly referred to as "dark CPD". This unexpected phenomenon was first observed in cultured melanocytes, as well as in epidermal keratinocytes and melanocytes in pigmented mouse skin [START_REF] Premi | Chemiexcitation of melanin derivatives induces DNA photoproducts long after UV exposure[END_REF]. Intriguingly, the process does take place neither in melanocytes from albino mice nor in murine fibroblasts. The relevance of this process to humans is suggested by the recent observation of a significant formation of these dark CPDs in the skin of volunteers exposed to low energy UVA1 at 385 nm [START_REF] Lawrence | The UV/visible radiation boundary region (385 -405 nm) damages skin cells and induces "dark" cyclobutane pyrimidine dimers in human skin in vivo[END_REF]. The underlying mechanism is associated with oxidative stress as shown by the inhibition of the formation of dark CPDs upon addition of antioxidant [START_REF] Premi | Chemiexcitation of melanin derivatives induces DNA photoproducts long after UV exposure[END_REF][START_REF] Delinasios | Vitamin E inhibits the UVAI induction of "light" and "dark" cyclobutane pyrimidine dimers, and oxidatively generated DNA damage, in keratinocytes[END_REF]. Although formation of dark CPD has been reported for cultured keratinocytes [START_REF] Delinasios | Vitamin E inhibits the UVAI induction of "light" and "dark" cyclobutane pyrimidine dimers, and oxidatively generated DNA damage, in keratinocytes[END_REF], the major role of melanin in the formation of dark CPD in melanocytes was shown by their different yields in melanocytes from pigmented and albino mice [START_REF] Premi | Chemiexcitation of melanin derivatives induces DNA photoproducts long after UV exposure[END_REF]. A tentative explanation is that UV-induced reactive oxygen and nitrogen species lead to the formation of some endoperoxides of melanin or melanin precursors, which may then decompose into excited carbonyls and induce CPDs by triplet-triplet energy transfer [START_REF] Premi | Chemiexcitation of melanin derivatives induces DNA photoproducts long after UV exposure[END_REF].

It is likely that additional mechanisms are involved. They could explain the formation of dark CPD in cultured keratinocytes that do not contain melanin [START_REF] Delinasios | Vitamin E inhibits the UVAI induction of "light" and "dark" cyclobutane pyrimidine dimers, and oxidatively generated DNA damage, in keratinocytes[END_REF]. It should be stressed that the presence of these dark CPDs is transient. Available data in cultured cells and skin shows that the peak of dark CPD is only observed during 4 or 5 hours at the most [START_REF] Premi | Chemiexcitation of melanin derivatives induces DNA photoproducts long after UV exposure[END_REF][START_REF] Delinasios | Vitamin E inhibits the UVAI induction of "light" and "dark" cyclobutane pyrimidine dimers, and oxidatively generated DNA damage, in keratinocytes[END_REF]. They are thus unlikely to contribute significantly to mutagenesis that requires DNA replication, and thus a longer persistence in the genome.

MUTAGENIC SIGNATURE IN MELANOMA

This short review on UV-induced DNA damage leads to the conclusion that no persistent difference is expected in the formation of pyrimidine dimers between melanocytes and other cell types. However, the presence of melanin, and in particular of pheomelanin, is unambiguously associated with the larger yield of oxidatively generated lesions in melanocytes. It may thus be proposed that the latter class of damage is involved in the initiation phase of the development of melanoma. The observation that production of free radicals in the skin of fish exposed to UVA exhibits the same wavelength-dependence as melanoma (83) made this hypothesis very attractive. A major role played by oxidatively generated DNA lesions in the onset of melanoma should be reflected by the mutational signature. The mutational properties of pyrimidine dimers are well known. It was shown, using cells and animals transfected with damage-specific photolyases, that most mutations are induced by CPD [START_REF] Jans | Powerful skin cancer protection by a CPD-photolyase transgene[END_REF][START_REF] You | Cyclobutane pyrimidine dimers are responsible for the vast majority of mutations induced by UVB irradiation in mammalian cells[END_REF]. 64PP were actually found to be more mutagenic than CPD in in vitro assays because they induce a larger distortion of the DNA structure [START_REF] Horsfall | Accuracy of replication past the T-C (6-4) adduct[END_REF][START_REF] Leclerc | The thymine-thymine pyrimidinepyrimidone (6-4) ultraviolet light photoproduct is highly mutagenic and specifically induces 3' thymine-to-cytosine transitions in Escherichia coli[END_REF][START_REF] Smith | Mutation spectra of M13 vectors containing site-specific cis-syn, trans-syn-I, (6-4), and dewar pyrimidone photoproducts of thymidylyl-(3'->5')-thymidine in Escherichia coli under SOS conditions[END_REF]. However, the latter property makes them more easily detected by DNA repair proteins [START_REF] Courdavault | Unrepaired cyclobutane pyrimidine dimers do not prevent proliferation of UVB-irradiated cultured human fibroblasts[END_REF][START_REF] Mitchell | 6-4) Photoproducts are removed from the DNA of UV-irradiated mammalian cells more efficiently than cyclobutane pyrimidine dimers[END_REF][START_REF] Young | The in situ repair kinetics of epidermal thymine dimers and 6-4 photoproducts in human skin types I and II[END_REF], thereby limiting their contribution to mutagenesis. The hallmark of CPD in terms of mutation are TC to TT transitions. This mutational event results most likely from the deamination of cytosine residues into uracil in TC CPD [START_REF] Barak | Deamination of cytosine containing photodimers in UV-irradiated DNA[END_REF][START_REF] Horsfall | Mutagenic properties of the T-C cyclobutane dimer[END_REF][START_REF] Jiang | In vivo evidence that UV-induced C->T mutations at dipyrimidine sites could result from the replicative bypass of cis-syn cyclobutane dimers or their deamination products[END_REF][START_REF] Tessman | Unusual kinetics of uracil formation in single and double -stranded DNA by deamination of cytosine in cyclobutane pyrimidine dimers[END_REF]. U in TU CPD codes like T and leads upon replication to the incorporation of A and mutation of the initial C:G into a T:A base pair. A similar molecular mechanism is at the origin of the induction of CC to TT tandem mutations [START_REF] Gibbs | U-U and T-T cyclobutane dimers have different mutational properties[END_REF]. An additional mechanism, but not exclusive of deamination, could involve translesion polymerases. Cells possess a series of such DNA-polymerases that can bypass damage in an error-free manner. In vitro experiments, using mostly for TT photoproducts, have shown that pol is responsible for this tolerance mechanism towards pyrimidine dimers, [START_REF] Yoon | Highly error-free role of DNA polymerase eta in the replicative bypass of UV-induced pyrimidine dimers in mouse and human cells[END_REF][START_REF] Yu | Requirement of DNA polymerase eta for error-free bypass of UV-induced CC and TC photoproducts[END_REF]. When this enzyme is lacking like in XP-variant cells patients [START_REF] Masutani | The XPV (xeroderma pigmentosum variant) gene encodes human DNA polymerase eta[END_REF], other polymerases such as pol are used but are error-prone when replicating CPD and induce mutations. Information is also available on the mutagenic properties of oxidatively generated lesions. It was reported that oxidation of guanine at the C8 position induces a rotation of the base along the N-glycosidic bond [START_REF] Kouchakdjian | NMR structural studies of the ionizing-radiation adduct 7-hydro-8-oxodeoxyguanosine (8-oxo-7h-dG) opposite deoxyadenosine in a DNA duplex -8oxo-7h-dG(syn).dA(anti) alignment at lesion site[END_REF]100). Consequently, the coding properties are modified and adenine rather than cytosine is incorporated opposite 8-oxoGua. The mutational signature of this damage is thus a GT transversion (101). FapyGua exhibits similar mutational properties (102). As far as pyrimidine oxidation products are concerned, thymine glycols were reported to be poorly mutagenic (103) while cytosine derivatives often induce CT transitions, mostly as the result of deamination (104).

The major role played by CPD in the mutational events leading to skin tumors was well documented for skin carcinomas (105). It was shown that most of the mutational hotspots in specific genes sequenced in tumors from patients exhibited the UV signature with CT transitions at TC sites and CCTT tandem mutations (106, 107, 105, 108, 109). This trend was found to be increased in xeroderma pigmentosum patients who lack proper repair of pyrimidine dimers (110,111). The development of next generation sequencing techniques has made possible a much broader characterization of the mutational landscape in human cancers, and in particular of melanoma. A first observation, based on the complete sequencing of thousands of mutations, is that melanoma are among the human cancers with the largest number of mutations per tumor, in the range of 100 per Mbp (112). Other types of cancers like leukemia or pediatric cancers exhibit a 10-time lower load of mutations (113,114,[START_REF] Di Mascio | Singlet Molecular Oxygen Reactions with Nucleic Acids, Lipids, and Proteins[END_REF]. This could be partly explained by the fact that sun exposed skin is constantly exposed to mutagenic UV and accumulates mutations. The same modern sequencing technologies made possible a more precise definition of mutational signatures. Sequencing of thousands of tumors corresponding to most types of cancers allowed the identification of 80 million somatic mutations (114,115,113). Statistical analysis led to the definitions of more than 50 specific signatures based on single base substitutions within all the possible triplets (available at https://cancer.sanger.ac.uk/cosmic/signatures/). The same consortium applied a similar approach to tandem mutations and small insertion and deletions. In addition to a few percent of signatures common to most cancers or of unknown origin, the most frequently detected signature in skin melanoma is signature 7 that corresponds to CT transition at bipyrimidine sites. CCTT tandem mutations are also unambiguously associated with melanomas by this approach. This signature is significantly detected in 85% of melanoma. The same mutational signature is also present in all the skin carcinomas present in the database. These observations are a sign that the formation of pyrimidine dimers upon UVB absorption by DNA is a main cause of mutation in melanoma. The role of solar light in skin melanoma is confirmed by this type of approach since UV signature was found in cutaneous melanoma but not in acral and mucosal melanomas (116, 117). In that respect, mutations observed in skin melanoma are much more similar to those found in skin carcinomas (108, 109) than in acral melanomas (Fig. 4). The relevance of the UV signature to the melanoma disease was further suggested by the recent report that UVR-induced mutations in a set of ten genes can predict patient survival and melanomagenesis in mice (118). Another evidence that the UV-induced mutations are key to the onset of melanoma is that it is not only associated with passenger but also with driver mutations (117).

Figure 4. Comparison of the proportion of CT and CCTT mutation in the induction of substitution in different types of skin cancer (SCC: squamous cell carcinoma, BCC: basal cell carcinoma, S-mel: skin melanoma, A-mel: acral melanoma). Data were obtained from whole-

exome or whole-genome sequencing using next generation sequencing techniques. Dara were taken from references (109), ( 108), ( 117) and ( 116), respectively.

The bulk of these data unambiguously show that pyrimidine dimers are the most deleterious form of DNA damage in terms of mutational consequences in the induction of melanoma. However, this overwhelming involvement of the UV mutation in melanoma is not enough to rule out a possible role for oxidatively generated lesions. The COSMIC database actually harbors signature 18 that is believed to be specific to oxidative stress (https://cancer.sanger.ac.uk/cosmic/signatures/). This signature is in particular dominated by GT transversions associated with 8-oxoGua. It is thus interesting as a probe of the genotoxicity induced by ROS since, as discussed above, 8-oxoGua is the most frequent oxidatively generated DNA damage in UVA-irradiated cells. None of the reported mutational analyses based on the use of next generation sequencing approach was able to detect a significant association of skin melanoma with this signature 18 (114, 116). Oxidative mutagenesis is thus not significantly associated with melanoma. However, it should be kept in mind that the mutational events in the latter type of skin cancer are yet not limited to pyrimidine dimers. In contrast to skin carcinomas, melanomas also often harbor mutations in the BRAF gene. The most frequent one is the BRAF V600E mutation, which correspond to an AT transversion [START_REF] Shain | From melanocytes to melanomas[END_REF]. This mutation does not take place at a bipyrimidine site and does not correspond to known oxidatively generated lesions. Other less frequent point mutations were identified in BRAF and their origin remain to be identified (119). The BRAF mutation, in particular BRAF V600E , is actually quite common in internal cancers (120, 121). It seems thus likely that the frequent point mutations observed in BRAF in melanoma do not result from a photo-induced process. However, determining the nature of a mutagen on the basis of mutation analysis is always challenging since event rare mutational events in very important genes like oncogenes may have drastic effects on tumor development (105). Interestingly, BRAF mutations are found in benign melanocytic nevi. It was thus proposed that BRAF mutation is necessary but not sufficient to induce melanoma and that UV-induced mutations actually trigger the tumorigenesis process [START_REF] Shain | From melanocytes to melanomas[END_REF].

DNA REPAIR AS A TARGET OF UVA-INDUCED OXIDATIVE STRESS IN MELANOCYTES?

We have so far seen that the presence of melanin makes the melanocytes more sensitive to photo-oxidative stress, especially in the UVA range. As a result, formation of oxidatively generated DNA damage is more efficient than in other skin cell types like keratinocytes. Yet, the presence of oxidatively generated lesions does not explain the mutations encountered in the tumors. In fact, the most frequently encountered mutational signature in melanoma is associated with UVB-induced pyrimidine dimers, like in skin carcinomas. Several explanations can be provided. First, the difference in the yield of UVA-induced oxidatively generated lesions between melanocytes and keratinocytes was only a factor of five [START_REF] Mouret | The specificity of UVA-induced DNA damage in human melanocytes[END_REF]. Exposure of melanocytes to actual sunlight, which contains UVB and UVA, would therefore lead to the same predominance of pyrimidine dimers observed in other cell types [START_REF] Douki | Bipyrimidine photoproducts rather than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of solar UVA radiation[END_REF][START_REF] Kielbassa | Wavelength dependence of oxidative DNA damage induced by UV and visible light[END_REF]. Further explanations of the predominance of the classical UV signature in melanoma are related to DNA repair. Oxidized bases like 8-oxoGua have a half-lifetime of a few hours (122) and single-strand breaks are repaired even faster (123). These features are quite different from the rate of removal of CPD. More than 24 h are necessary to repair 50% of CPD in cultured cells [START_REF] Mitchell | 6-4) Photoproducts are removed from the DNA of UV-irradiated mammalian cells more efficiently than cyclobutane pyrimidine dimers[END_REF][START_REF] Young | The in situ repair kinetics of epidermal thymine dimers and 6-4 photoproducts in human skin types I and II[END_REF]. The repair-time is even longer in skin [START_REF] Mouret | Differential repair of UVB-induced cyclobutane pyrimidine dimers in cultured human skin cells and whole human skin[END_REF]. Another feature of DNA repair that could be related to the overwhelming contribution of pyrimidine dimers to the mutagenesis in melanocytes is a lower basal nucleotide excision repair activity than in keratinocytes, as inferred from a host cell reactivation assay [START_REF] Wang | Melanocytes are deficient in repair of oxidative DNA damage and UV-induced photoproducts[END_REF]. As discussed below, these results could be explained by a degradation of repair protein by the oxidizing species produced during melanogenesis [START_REF] Denat | Melanocytes as Instigators and Victims of Oxidative Stress[END_REF][START_REF] Maresca | Correlation between melanogenic and catalase activity in in vitro human melanocytes: a synergic strategy against oxidative stress[END_REF][START_REF] Mouret | The specificity of UVA-induced DNA damage in human melanocytes[END_REF][START_REF] Smit | Increased melanogenesis is a risk factor for oxidative DNA damage -Study on cultured melanocytes and atypical nevus cells[END_REF].

In addition to these specific features, increased photo-oxidative stress in melanocytes could link DNA repair, mutagenesis and melanoma. Indeed, growing evidence has been obtained for a decrease in repair capacities as the result of UVA-induced oxidative stress. It was first observed that the repair rate was significantly slower in primary cultures of human keratinocytes exposed UVA than UVB at respective doses leading to similar amounts of CDP (124). Similar observations were then reported for human skin explants [START_REF] Mouret | Cyclobutane pyrimidine dimers are predominant DNA lesions in whole human skin exposed to UVA radiation[END_REF]. In addition, keratinocytes exposed to UVA prior to being irradiated with UVB removed pyrimidine dimers more slowly than cells exposed only to UVB (124). The same observation was recently made with cultured melanocytes (125). A possible explanation can be found in the fact that proteins, like DNA, are targets of oxidative stress. Proteins were found to be highly reactive with singlet oxygen (126, 127). Aromatic amino acids like tryptophan, tyrosine and histidine undergo by ring opening and rearrangement reactions. Cysteine and methionine are converted into sulfoxide derivatives. Similar oxidation reactions also take place with other reactive oxygen species like hydrogen peroxide and hydroxyl radical (128). Induction of oxidatively generated damage in protein results in fragmentation, cross-links, precipitation and enzymatic inactivation. This efficient photochemistry explains why DNA repair proteins were shown to be the target of these photodegradation phenomena. For example, RPA (129, 130) or PCNA (131) are degraded by the ROS produced upon photo-oxidative stress, as observed in cultured cells exposed to UVA in the presence or the absence of added sensitizer. It should be mentioned that one study actually reported a faster repair after exposure to UVA than UVB (132). One explanation to the discrepancies with other works is that the level of CPD induced with UVB much larger than with UVA. This may hamper a quantitative comparison since the rate of repair was shown to depend on the initial level of CPD (133). The major impact of photo-oxidative stress on the DNA repair capacities (134) may be highly relevant to melanoma induction. Other proteins involved in NER were reported to be targets of other types of oxidative conditions (135-139). As already pointed out in a recent review (2), the presence of melanin would make the DNA repair machinery more sensitive to UVA-induced ROS in melanocytes than in other cell types and increase the lifetime of pyrimidine dimers in DNA, thereby increasing their risk of giving rise to mutations.

CONCLUSION

Melanocytes are more prone than other cutaneous cells to oxidative stress upon exposure to sunlight, in particular to the UVA portion of the spectrum. However, although the yield of oxidatively generated DNA damage is larger than in other cell types, the contribution of these lesions is not seen at the mutation level. It may yet be proposed that UVA indirectly increases the number of mutations induced by pyrimidine dimers by decreasing their repair rate. The scheme where UVB induces damage, and UVA-induces ROS that hampers their repair could partly explain the role of UVA in the initiation step of the onset of melanoma (Fig. 5). Other important physiological responses, not related to genotoxicity, are obviously also involved in the UV-induction of melanoma [START_REF] Sample | Mechanisms and prevention of UV-induced melanoma[END_REF][START_REF] Khan | Roles of UVA radiation and DNA damage responses in melanoma pathogenesis[END_REF][START_REF] Emri | Ultraviolet radiation-mediated development of cutaneous melanoma: An update[END_REF][START_REF] Craig | Ultraviolet light and melanoma[END_REF][START_REF] Arisi | Sun Exposure and Melanoma, Certainties and Weaknesses of the Present Knowledge[END_REF][START_REF] Shain | From melanocytes to melanomas[END_REF]. In particular, it has been proposed that UVA was involved in the promotion rather than in the initiation phase of melanoma (140). Furthermore, it should be reminded that oxidative stress could play other roles in the progression of cancer (141). For instance, its ability to promote cell survival through pathways like PTEN activation or to increase proliferation by the ERK pathway are major processes in the promotion step.

UVA-induced oxidative stress could also be involved in the metastases of melanoma through the induction of metabolic changes (142). Altogether, it appears too restrictive to limit the role of oxidative stress in melanoma to the induction of DNA lesions that could be at the origin of mutations appears therefore highly restrictive. This conclusion is not limited to melanoma but is also true for various pathological conditions and exposure to carcinogens leading to oxidative stress. 
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 1 Figure 1. Biosynthesis of pheo-and eumelanin. A first common step converts tyrosine into dopaquinone (DOPA-Q). In a fast biotransformation, DOPA-Q is converted into Cysteinyl-DOPA in the presence of cysteine. The latter compound is at the origin of pheomelanin. Conversion of DOPA-Q into indole derivatives like dopachrome leads to the monomeric precursors that polymerize into eumelanin.

Figure 3 .

 3 Figure 3. Oxidatively generated DNA lesions that may be produced by melaninphotosensitization. Singlet oxygen (1O2) leads to the specific formation of 8-oxoGua. Superoxide anion are precursors of hydroxyl radicals that may damage all four DNA bases (2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyGua), 5-hydroxycytosine (5-OHCyt), thymine glycols (ThyGly), etc.) and induce strand breaks by degradation of the 2-deoxyribose moieties.
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 5 Figure 5: Role of formation and repair of DNA damage in melanoma. Like in other skin cells, pyrimidine dimers are the overwhelming DNA damage in melanocytes exposed to solar UV. UVA-induced reactive oxygen species induce oxidatively generated lesions in larger yield than in other cell types because of the oxidative stress mediated by pheomelanin. The mutations involved in the development of the tumor are due to pyrimidine dimers rather than oxidatively generated lesions. However, ROS may play an indirect role in melanoma-associated genotoxicity by decreasing the repair capacities of cells. In addition, oxidative stress play significant roles in the promotion and progression steps of cancer.