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ABSTRACT

Uveal melanoma is the most frequent intraocular cancer and the second most common
form of melanoma. It metastasizes in half of the patients and the prognostic is poor.
Although ultraviolet (UV) radiation is a proven risk factor for skin melanoma, the role of UV
light in the etiology of uveal melanoma is still contradictory. We have compared
epidemiological and genetic evidence of the potential role of UV radiation in uveal
melanoma with data on cutaneous melanoma. Even though frequently mutated genes in
skin melanomas (e.g. BRAF) differ from those found in uveal melanoma (i.e. GNAQ, GNA11),
their mutation pattern bears strong similarities. Furthermore, we provide new results
showing that RAC1, a gene recently found harboring UV-hallmark mutation in skin
melanoma, is also mutated in uveal melanoma. This article aims to review the work done in
the last decades in order to understand the etiology of uveal melanoma and discuss new

avenues, which shed some light on the potential role of UV exposure in uveal melanoma.

With 5.1 cases per million in the US population, uveal melanoma is the second most
common form of melanoma (after the skin) and is the most common ocular cancer (1, 2).
Approximately 3% of all melanomas are from uveal origin (2-4) and are predominately
located in the choroid (90%, 7% and 3% in the choroid, the ciliary body and the iris,
respectively) (2, 5). In 50% of the patients, uveal melanoma metastasizes, mainly to the
liver where it is fatal within 1 year (6-8). The etiology of uveal melanoma is not well
understood, but accumulation of solar UV exposure is one of the suspected risk factors.
This review aims to present evidences related to the possible role of UV exposure in this

neoplasia.
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Genotoxic effects of ultraviolet light

Exposure to the sunlight's ultraviolet (UV) radiations is the preeminent risk factor in skin
cancer development (9-11). The sun emits the whole UV spectrum (i.e, UVC, UVB and
UVA). However, wavelengths under 290 nm (UVC and short UVB) are completely absorbed
by the stratospheric ozone layer. Therefore, UVA and long UVB are the only UV
wavelengths reaching the earth surface. UV light induces different types of DNA damage
including cyclobutane pyrimidine dimers (CPD), (6-4) pyrimidine-pyrimidone
photoproducts (6-4PP) and oxidatively generated DNA damage. Although 6-4PP were
found mutagenic in E. coli (12), CPD are considered as the main promutagenic DNA adducts
induced by UV wavelengths (13). They are the most abundant UV-induced DNA damage (up
to 85% of all photodamage), and they are repaired in a relatively slow manner by
nucleotide excision repair (NER) in humans. It is also well established that cytosine
deamination is drastically accelerated within a CPD (14, 15) and that some translesional
DNA polymerases (e.g. pol zeta and kappa) misincorporate an adenine when polymerizing
over a cytosine in a CPD (16-18). Consequently, cytosine-containing CPD are highly
mutagenic, leading to C:G>T:C transition mutations and CpC:GpG—=>TpT:ApA tandem

transitions (19). Those mutations are the signature of UV exposure (20, 21).

UV light and skin melanoma
The role of UV light from natural sunlight and from UV-emitting tanning devices in the
occurrence of non-melanoma skin cancer is well established (11, 21, 22). More recently, the

International Agency for Research on Cancer (IARC) concluded that there is also a
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causative relationship between UV light from both the sun and tanning devices and skin

melanoma (9, 10).

Epidemiological evidences have determined that a cumulative strong exposure to sunlight
and sunburn episodes at a relatively young age (pre-adult) catalyze the formation of skin
melanoma (23, 24). Moreover, the UV portion of sunlight has been epidemiologically
associated with the development of skin melanoma (25-27). More precisely, UVA

wavelengths rather than UVB are preferentially linked to skin melanoma (28-37).

Many genes are found mutated in skin melanoma. Among them, BRAF is the most
frequently mutated gene with 70% of human skin melanoma harboring mutations in this
gene. Up to 90% of BRAF mutations are localized in or around the codon 600 of the exon 15
(38). Mutations reported in this codon are not the classical UV signature mutations (i.e.
C:G>T:C at dipyrimidinic sites), but rather predominantly A:T->T:A transversion
mutations (38). Moreover, 29% of these mutations are found as tandem mutations (39-41).
Although they are not the classical UV signature mutations, a model has been proposed to
explain their induction by UV light (39, 42). It has been hypothesized that an error prone
translesional DNA polymerase crossing a dipyrimidinic site at or close to the codon 600 of
BRAF gene would result in nucleotide base misincorporation at codon 600. On the other
hand, TP53 and CDKNZ, other genes found mutated in skin melanoma, harbor
predominately C:G—=>T:C mutations in the sporadic form, consolidating a potential role of

UV light in the etiology of this cancer (43-45).
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Recently, Krauthammer et al. (46) have sequenced the exome of 147 primary or metastatic
skin melanomas. In addition to the already known mutated genes (e.g. BRAF, TP53 and
CDKNZ2), this study led to the identification of mutations in RACI and PPP6C genes. In the
RAC1 gene, the predominant mutation is a C:G=>T:C transition mutation in a pyrimidine run
(5'TTTCCT), strongly suggesting a role of UV-light in the induction of this mutant. This
study reported a predominance of C:G—>T:C mutations at dipyrimidinic sites in mutated
genes of skin melanomas, confirming the role of UV light in the etiology of this cancer (46).
Previous studies have also determined that skin melanoma harbors predominantly UV-
signature mutations (47, 48). Altogether, the epidemiological and genetic evidences

presented confirm the role of UV light in the etiology of skin melanoma.

UV light and uveal melanoma

Epidemiology

The occurrence of uveal melanoma is 200 times higher in Caucasians compared to the black
population (2, 49). Moreover, light-colored irides, blond hair and fair skin color are risk
factors (50-57). As for cutaneous melanoma, this uveal melanoma ethnic predisposition
may appear as an evidence of the oncogenic effect of sunlight on the etiology of this cancer.
However, epidemiological studies have failed so far to validate the role of sunlight in the
occurrence of uveal melanoma. More precisely, case studies have determined either a weak
positive (54, 58) or no statistically significant (59, 60) correlation between UVB-light
exposure during life and the risk of uveal melanoma. Moreover, a very weak to not
significant correlation between time spent outdoors and sunbathing and the risk of uveal

melanoma is reported (54, 55). In fact, epidemiological studies on the influence of
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occupational sunlight exposure seem to indicate that sunlight has a protective effect
against uveal melanoma. Indeed, case-control studies reported that indoor workers have a
significant increased risk to develop uveal melanoma whereas outdoor workers such as
farming workers do not have a significant increased risk (59, 61-66). On the other hand,
several studies provide evidence of a causative relationship between the use of UV-emitting
tanning devices and uveal melanoma (9, 54, 55, 67). In summary, the epidemiological
studies published so far about a possible implication of UV-light exposure in the occurrence

of uveal melanoma are contradictory and the subject is still under debate.

Using epidemiological analyses to establish solar UV exposure as a risk factor for uveal
melanoma is hazardous for some reasons. First, epidemiological studies do not distinguish
between UVA and UVB exposure. Also, solar exposure of an individual during its lifetime
cannot be precisely measured using the available tools. The measurement of UV across
populations is challenging especially because multiple components contribute to an
individual’s exposure at any given time, including wearing prescription glasses, sunglasses
or contact lenses; extent of shade coverage; length of forelock hairs; protrusion of the
brow; eyelid anatomy; posture; activity, leisure and occupation; day of the year, latitude,
elevation; environmental condition (air quality, cloud cover) (68). It is virtually impossible
to precisely gather all this information with an activity diary and/or a survey. However, the
first thing to consider is the penetration of UV light in the eye. Beyond the UV dose to which
an individual is exposed during its lifetime, one important consideration is whether UV
light reaches the posterior segment of the human eye where the choroidal melanocytes are

located.
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UV light penetration in the ocular media

UV light transmittance of the human eye is documented. The human cornea is the first
ocular layer in contact with the sun’s UV rays and it absorbs wavelengths below 295 nm.
Some of the long UVB, UVA and wavelengths above pass through the cornea and reach the
iris and the lens (69-71). The iris is opaque to the UV rays and the adult lens absorbs all
wavelengths below 370 nm, letting through less than 2% of UVA between 370 and 400 nm
(69, 70). In the lens of younger humans (<8 years old) the formation of 3-hydroxy
kynurenine and its glucoside that absorb 300 to 400 nm UV wavelengths is not completed
(72-74). Consequently, a portion of these wavelengths is transmitted through the lens of
those children (69, 70) and their retina is exposed to UVA and UVB light. This means that
exposure to the sun at an early age may lead to the formation of genotoxic DNA damage in
structures from both the anterior and the posterior segment of the eye. Therefore, juvenile
solar overexposure may be a risk factor to develop uveal melanoma, as it is for skin
melanoma (23, 24). However, this would be challenging to assess and to our knowledge, it

has not been epidemiologically documented.

Genetics

Unlike skin melanoma, uveal melanoma does not harbor mutations in BRAF and NRAS
genes. Mutations are rather concentrated in GNAQ and GNA11 genes, both coding for the q
class of heterotrimeric G-protein a subunit (Gaq and Gall, respectively) sharing 91% of

amino acid homology.
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Van Raamsdonk et al. reported that the codon 209 of both GNAQ and GNA11 genes is
mutated in 45% and 32% of all uveal melanomas and in 22% and 57% of all uveal
melanoma metastases, respectively (75, 76). Mutations found in the codon 209 (CAG) of
GNA11 are mainly A:T->T:A transversions (95%) and less often A:T->C:qG,
ApG:CpT>TpA:TpA and ApG:CpT>TpT:ApA. In GNAQ, the mutations found in the codon
209 (CAA) occur on the second A. They are mainly A:T->T:A, A:T->C:G and, less often,
A:T->G:C. They are "gain of function" mutations converting GNAQ into a dominant acting
oncogene (76). It can be speculated that GNA11 mutations have the same impact on protein
function but it has not been demonstrated. Although there are potential UV-targets (i.e. CC,
CT or TC) in or near codon 209 of both GNAQ and GNA11, none of the mutations found are
UV-signature mutations. This could be explained by the fact that a C:G>T:A transition in
the codon 209 of both GNAQ and GNA11 would prevent phenotypic expression of the
mutated genes, as this mutation would result in either a stop codon or a silent mutation. As
can be seen for the BRAF gene in skin melanoma, all mutations found in codon 209 of GNAQ
and GNA11 implicates a CpA:TpG dinucleotide and tandem mutations are seen at this
dinucleotide. As hypothesized by Besaratinia and Pfeifer, there may be an unidentified
dimeric photoproduct in this sequence related to melanin or tyrosine photochemistry in

skin and uveal melanocytes (77).

In addition to the codon 209, the codon 183 of GNAQ (CGA) and GNA11 (CGC) has been
found mutated in around 2.5% of uveal melanomas and 5.9% of metastases from uveal
origins (75). All mutations found at this codon are C:G—>T:A transitions at dipyrimidine

sites, the signature of UV-light induced genotoxicity. In addition, a tandem mutant has been
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reported carrying the CpC:GpG—>TpT:ApA UV-signature mutation in codons 182/183 of

GNA11 (75, 76).

Mutational spectrum of GNAQ and GNA11 in uveal melanoma brings some indications of a
role of UV-light in the occurrence of this cancer. First, mutations found in codon 209 of
GNAQ and GNA11, although they are not UV-specific mutations, have strong similarities
with BRAF mutations reported in skin melanomas in which the implication of UV is well
accepted. Mutations occur at a CpA dinucleotide in either the codon 600 of BRAF gene in
skin melanoma and the codon 209 of GNAQ and GNA11 genes in uveal melanoma. Also, the
tandem mutations, an extremely rare type of mutation, are reported in the CpA
dinucleotide in codon 209 of GNAQ and GNA11 genes of uveal melanoma as well as in codon
600 of BRAF gene of skin melanomas. Moreover, mutations found in codon 183 of GNAQ

and GNA11 are exclusively UV-related mutations (C:G>T:A).

In light of the C:G—>T:A transition mutation obtained in RACI gene of skin melanoma by
Krauthammer et al. (46), we have investigated the occurrence of the same mutation in 15
uveal melanoma cell lines. We have determined that 3 of the cell lines (20%) harbor the
aforementioned C:G—>T:A transition. This is the first genetic alteration similitude shared
between skin and uveal melanoma. However, this result has been obtained using cell lines
derived from the tumors (78). Therefore, it has to be taken with caution and should be

confirmed with primary tumors.
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DNA repair

In human, UV-photoproducts (CPD and 6-4PP) are repaired by nucleotide excision repair in
which the XP protein family (XPA-F and XPV) is the core of the repair system (79, 80).
Xeroderma pigmentosum patients harbor defect in one or more XP proteins and are
therefore deficient in UV-induced DNA photoproducts repair. Those patients have a 600- to
800-fold increased risk to develop a skin melanoma (81, 82). There are reported cases of
ocular melanoma in xeroderma pigmentosum patients but they are rather of surface
squamous origin (conjunctival melanoma) than uveal origin (83-85). Nevertheless, there
are reported cases of uveal melanoma of the iris (86) and the choroid (87) and an overall
58-fold increased risk of developing uveal melanoma in xeroderma pigmentosum patients
has been estimated (54). Thus, xeroderma pigmentosum disease is a significant risk factor
for developing uveal melanoma even if that risk is less important than the one to develop

skin melanoma.

Discussion

Epidemiological and genetic data, as well as the optical properties of the ocular media, lead
to controversial conclusions concerning the involvement of solar UV radiation as a risk
factor for uveal melanoma. On one hand, UV light reaches the posterior structures of the
eye (e.g. retina and choroid) only within the first decade of life. On the other hand, the adult
cornea, aqueous humour, lens and vitreous chamber absorb all UV wavelengths, thus
protecting the posterior segment of the eye. However, as sunburns at younger age have
been established as a risk factor for skin melanoma, it can be hypothesized that

overexposure to sunlight at a young age, when UV wavelengths are able to reach the
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posterior segment of the eye, could be a risk factor for uveal melanoma. Nevertheless, this

hypothesis has not been assessed and needs more investigation.

Epidemiological analyses have failed to clearly demonstrate that UV light is a risk factor for
uveal melanoma. On the contrary, some case studies found a negative correlation between
occupational exposure and uveal melanoma. Nonetheless, genetic analyses seem to validate
the influence of UV light as a carcinogen responsible for the development of uveal
melanomas. UV-hallmark mutations (CpG—=>TpA) are found in the codon 183 of GNAQ and
GNA11 and in the RAC1 gene. On another hand, mutations found in codon 209 of GNAQ and
GNA11 seem not related to UV exposure. Those mutations however share homology with
skin melanoma mutations reported in the codon 600 of BRAF gene. Since the role of UV
light is accepted as a risk factor for skin melanoma, this mutational homology can be
interpreted as a clue as to the implication of UV light in the etiology of uveal melanoma.
Furthermore, a defective UV photoproduct repair in xeroderma pigmentosum patients is a

moderate but significant risk for uveal melanoma.

With these information in hands, is it possible to conciliate contradictory epidemiological
studies and genetic data on the uveal melanoma? It is well documented that vitamin D3 has
a protective effect against several cancers, including skin melanoma (88-94) and that
exposition of the skin to UVB wavelengths is essential for the conversion of 7-
dehydrocholesterol into vitamin D3 (95). It has also been shown that skin melanoma cells
can convert vitamin D3 to calcitriol, which causes growth inhibition and apoptotic cell

death (94). To our knowledge, the protective effect of vitamin D3 on uveal melanoma
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development has not been assessed so far. However, a strong protective effect of vitamin
D3 would explain some of the data presented on uveal melanoma. It can be hypothesized
that there is a balance between the protective effect of UVB via the formation of vitamin D3
and the genotoxic effect of UV light via the formation of mutagenic DNA photodamage. This
premise could explain the fact that epidemiological studies have failed to establish a
possible role for UV-light as a risk factor for uveal melanoma. In support to this hypothesis,
we have highlighted a contradiction between epidemiological evidences showing that, as
opposed to sunlight exposure, the use of sun-tanning devices is a risk factor for uveal
melanoma. Lamps used for sun-tanning emit mainly short UVA wavelengths. Thus, artificial
tanning is not a useful way to increase systemic level of vitamin D3 (96-98). Consequently,
sun-tanning devices have the genotoxic effect of sunlight UV without the protective effect of
UVB-induced vitamin D3. The fact that indoor occupation is a risk factor for uveal
melanoma supports this hypothesis. In fact, it has been demonstrated that indoor solar

UVA exposure (UVB being blocked by windows) depletes vitamin D3 (96).

In conclusion, there has been a tremendous amount of work done in the last decades to
understand the etiology of uveal melanoma. However, it is still hazardous to establish UV
exposure as a risk factor for uveal melanoma. There has been recent progress, especially in
the determination of mutations that provide new insights on the implication of UV in uveal
melanoma. New advances with the high throughput sequencing will undoubtedly bring
some light in this controversy. Also, the influence of systemic levels of vitamin D3 may

bring new avenues to understand the occurrence of uveal melanoma.
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