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Abstract: Uveal melanoma (UM) is a global disease which especially occurs in elderly people. Its
incidence varies widely between populations, with the highest incidence among Caucasians, and a
South-to-North increase in Europe. As northern Europeans often have blond hair and light eyes, we
wondered whether iris colour may be a predisposing factor for UM and if so, why. We compared
the distribution of iris colour between Dutch UM patients and healthy Dutch controls, using data
from the Rotterdam Study (RS), and reviewed the literature regarding iris colour. We describe
molecular mechanisms that might explain the observed associations. When comparing a group of
Dutch UM patients with controls, we observed that individuals from Caucasian ancestry with a
green/hazel iris colour (Odds Ratio (OR) = 3.64, 95% Confidence Interval (CI) 2.57-5.14) and
individuals with a blue/grey iris colour (OR = 1.38, 95% CI 1.04-1.82) had a significantly higher
crude risk of UM than those with brown eyes. According to the literature, this may be due to a
difference in the function of pheomelanin (associated with a light iris colour) and eumelanin
(associated with a brown iris colour). The combination of light-induced stress and aging may affect
pheomelanin-carrying melanocytes in a different way than eumelanin-carrying melanocytes,
increasing the risk of developing a malignancy.
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1. Introduction

The most common primary malignant tumour in the eye in adults is uveal melanoma (UM),
which is derived from mutated ocular melanocytes [1]. UM can be divided into posterior and anterior
tumours, with the posterior ones located in the choroid and the ciliary body, the anterior ones in the
iris [2]. Together, these areas are known as the uvea or uveal tract [3]. The majority of UM (90%)
incidences develop in the choroid. Melanomas originating in the ciliary body are less common (6%),
and development in the iris is the least common (4%) [4]. The disease occurs more frequently in
countries with a population of Caucasian descent and is especially common in northern European
countries [5].

Many patients visit the doctor rather late because of a lack of symptoms. When patients do have
symptoms, they mostly present with blurred vision, photopsia (seeing flashes of light), visual field
loss or a visible tumour. Older patients are more likely to report no symptoms [6]. Most tumours can
be treated by irradiation (radioactive plaque, proton beam), while large tumours may necessitate
enucleation of the eye [7]. UM is associated with a 50% risk of metastases, predominantly to the liver
[8,9]. Risk factors for a poor prognosis of UM are large tumour size, ciliary body location and an
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epithelioid cell type [4,10,11]. Currently, treatment of metastases is often not curative, but liver
perfusion or surgical resection of metastases may prolong life. In iris melanoma, patients may
mention a change in iris colour or in the shape of the pupil [12,13].

Understanding the biological basis of UM may help to identify treatment targets. We determined
whether eye colour differed between Dutch UM patients and Dutch population controls. We
confirmed that a light iris colour is a predisposing factor for the development of UM in a population
of Caucasian ancestry. As melanin is the pigment that determines iris colour, we investigated the
relationship between the different types of melanin and UM. This may help to gain more insight into
the pathological role of melanin in the development of UM.

2. Iris Colour Distribution in The Netherlands

In The Netherlands, the majority of the population is Caucasian. While many Dutch have blue
eyes, we wondered whether Dutch UM patients would display the same distribution in eye colour in
comparison to the general Dutch population. We compared the distribution of iris colour between
UM patients and the normal Dutch population, asking the question whether a lighter iris colour in
the Dutch population is associated with a greater risk of UM.

In 2010, a study took place regarding the distribution of iris colour in Rotterdam, The
Netherlands. Rotterdam and Leiden are both cities in Zuid-Holland, the most populated Dutch
province, where people originating from all the provinces of The Netherlands move to because it is
the economic centre. Therefore, it is assumed that the sample from Rotterdam is a representative
sample of iris colour for the Dutch population. The Rotterdam Study (RS) consists of three different
population cohorts, RS1 started in 1990, RS2 started in 1999 and RS3 in 2006. Eventually, the iris
colour of 5591 Dutch Europeans was determined from high-resolution digital full-eye photographs,
using a Sony HAD 3CCD colour video camera with a resolution of 800 x 600 pixels (Sony Electronics
Inc, New York, NY, USA), identifying three different types of iris colour: blue, green-
hazel/intermediate and brown. Two independent researchers reviewed the iris colours of the 5591
participants, of whom both genotypic information and eye photos were available. In this study, 69.5%
of the participants had blue eyes, 7.7% an intermediate phenotype and 22.8% had brown eyes [14].

3. Research Design and Methods

3.1. Study Approval

This research was approved by the Biobank of the LUMC (Leiden University Medical Center)
(number: Uveamelanoomlab-2019-8 METC B20.024). This research adhered to Dutch law and the
tenets of the Declaration of Helsinki (World Medical Association of Declaration 1964; ethical
principles for medical research involving human subjects).

3.2. Study Population

Leiden Cohort

Using a database consisting of 1216 UM patients who underwent enucleation for UM at the
LUMC, Leiden, The Netherlands, a total of 412 UM patients was selected of whom we had data on
iris colour. The iris colour was obtained from patient's medical charts as well as from clinical
photographs. Iris colours were divided in three different groups: blue/grey, intermediate and brown.
The intermediate iris colour consisted of eyes with green and hazel colours.

4. Results

In Table 1, the baseline characteristics of the study population of the Rotterdam Study (R5123)
(n = 5951) and the Leiden UM cohort (n = 412) are shown. The male-to-female ratio of both
populations was significantly different (p < 0.001), which is probably due to the fact that more men
than women with UM had their eye colour described in the database. The mean ages of the two
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groups were comparable, with a mean age of 63.0 in the Leiden Cohort and 66.4 in RS123. There was
a significant difference in the distribution of iris colour between the two groups (p < 0.001). In both
populations, blue or grey eyes were the most frequent: 70% of the RS123 cohort had blue/grey eyes
compared with 65% of the UM patients. Brown iris colour was more frequent in the R5123 cohort
(23%) than in the Leiden UM patient population (16%). The odds ratio for getting UM in people with
a blue/grey iris colour was 1.38 (95% CI 1.04-1.82) in comparison to brown eyes. In the UM patient
group, an especially large part of the population had a green or hazel iris colour (19%) in comparison
to the RS123 cohort (8%). Individuals with green/hazel eyes were found to have a significantly higher
crude risk of UM than those with brown eyes (OR = 3.64, 95% CI 2.57-5.14).

Table 1. Baseline characteristics of the study population of the Rotterdam Study (R5123) population
(n=5951) and the Leiden Uveal Melanoma cohort (n = 412).

Leiden Cohort (n=412) RS123 (n=5951) p-Value OddsRatio 95% CI
n % * n % *
Gender <0.001 *
Male 239 58% 2558 43%
Female 173 42% 3393 57%
Age
Mean (SD) 63.0 (13.7) 66.4
RS1 74.0 (8.2)
RS2 67.7 (7.4)
RS3 56.2 (5.8)
Iris Colour <0.001 #
Brown 64 16% 1356 23% 1.0
Green/hazel 79 19% 460 8% 3.64 2.57-5.14
Blue/grey 269 65% 4135 70% 1.38 1.04-1.82

* Percentages are rounded and may not total 100; * Pearson Chi Square Test; ¥ Fisher’s Exact Test.

We compared our findings with other studies that have published a cohort of UM patients with
known iris colours in Tables 2 and 3. Some studies used the same iris colour categories as we used in
our study (brown, blue/grey and green/hazel), while other studies provided each iris colour as a
separate category (brown, blue, grey, green and hazel), allowing us to place them into the three
categories. Two studies originated from Canada, two from Australia, two from Germany and one
from France. Three of these studies investigated the iris colour distribution of UM patients, three of
“ocular melanoma” and one of “choroidal plus ciliary melanoma”. All studies, except for Rootman
et al. [15], had age- and sex-matched controls. The size of our control group (n = 5,951) was much
larger than in any of the other studies, and the number of UM patients in our study was also relatively
large. The odds ratios from the other studies are all crude odds ratios, so they are not adjusted for
age, gender, region or other host factors.

Table 2. Iris colour distribution of Uveal Melanoma cases and controls from other studies.

Study Iris Colour Cases* Iris Colour Controls*
Blue/Grey Green/Hazel Brown n Blue/Grey Green/Hazel Brown n
R°°tm‘“[‘ 19;1 al, 1984 72% 16% 12% 85 47% 28% 26% 687
Ganaghe[rlzlt al. 1985 66% 18% 15% 65 43% 26% 31% 65
Pane et al., 2000 [17] 42% 37% 21% 125 46% 29% 25% 373
Guénel et al., 2001 [18] 56% 22% 22% 50 34% 28% 39% 476
Vajdic et al., 2001 [19] 50% 37% 13% 246 45% 33% 22% 893
Stang et al., 2003 [20] 75% 14% 10% 118 64% 11% 24% 475
Schmidt-Pokrzywniak o o o o o o
et al., 2009 [21] 67% 20% 14% 459 61% 17% 23% 827
Total 703 (61%) 283 (25%) 162 (14%) 1148 1889 (50%) 930 (25%) 973 (26%) 3796

* Percentages are rounded and may not total 100.

If we compare our findings with the other studies in Table 2, the distribution of iris colour among
the cases seems comparable. The data from the study of Stang et al. [20] are most similar to our
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population, with 64% of their control population having a blue/grey iris colour, 11% a green/hazel
iris colour and 24% a brown iris. The controls in this study came from Essen, which is close to the
Dutch border. In all studies, a remarkably low percentage of patients have brown eyes.

Table 3. Odds ratio to develop Uveal Melanoma in iris colour categories in other studies.

0Odds 1(2):;2 Odds
Location Type of Tumour Ratio 95% CI Ratio 95% CI
Green/Haz
Brown ol Blue/Grey
R°°tma’[‘ 1?] al, 1984 - ada Uveal Melanoma 1 13 0.6-3.0 34 1.7-6.8
Ganaghe[;g]t al, 1985 Canada  Ocular Melanoma 1 14 0.5-4.1 31 13-75
Pane et al., 2000 [17] Australia Ocular Melanoma 1 15 0.9-2.6 1.1 0.7-1.9
G“e“"’l[:;]al" 2001 France  Ocular Melanoma 1 14 0.6-34 2.9 14-6.1
Vajdicetal, 2001[19]  Australia Choroidal and 1 2.0 13-3.1 19 13-3.0
Ciliary Melanoma
Stang et al., 2003 [20] Germany Uveal Melanoma 1 3.1 1.4-7.0 2.8 1.5-5.3
Schmidt-
Pokrzywniak et al., Germany Uveal Melanoma 1 2.0 1.4-3.0 1.8 1.3-2.5
2009 [21]

In all the studies, the odds ratios for blue/grey and the odds ratio for green/hazel compared to
brown were higher than 1, although not all of them were significantly higher, as shown in Table 3.
The odds ratio for green/hazel from our study was relatively high and the odds ratio for blue/grey
was relatively low in comparison to the other studies.

5. Incidence

Most people who get a UM are between 50 and 70 years old, but this tumour occasionally
develops in younger people [22]. Males have a slightly higher incidence of UM than females [23]. The
reported 5-year survival rate ranges from 66% to 82% [24-27].

UM is a rare disease: it occurs in approximately two to eight cases per million people per year
in the United States of America and Europe [23,24,28,29]. Asian or African ancestry is uncommon,
with an incidence rate of 0.42 per million per year in South Korea [30-32]; UM in Asians has a slightly
different clinical presentation, as patients from Asia present with UM at a younger age, with an
average of 42.9 years in South East Asia versus an average of 60.4 years in Western countries [33,34].
Patients with an African ancestry are more likely to show secondary glaucoma [35]. Because of the
relation with Europe, an association has been described with light hair, a light skin colour and light
iris colours [16,18,36,37]. In 2007, the EUROCARE (European Cancer Registry) workgroup
investigated the distribution of 6673 UM patients diagnosed between 1983 and 1994 in 16 European
countries with different latitudes [24]. In Spain and in southern Italy, the incidence rate of UM was
less than two cases per million, whereas in Norway and Denmark the incidence rate was more than
eight cases per million [24]. Per 10° increase of latitude, the increase in the incidence rate ratio was
1.40 (95% confidence interval (CI) 1.09-1.80) [24]. Incidence rates remained stable during the study
period. The Netherlands was also involved in this study: according to the Eindhoven Cancer Registry,
with 49 cases of UM, the incidence rate was 4.8 per million (95% CI 3.5-6.2) [24]. Remarkably, in 2019,
an observational study was published about the incidence of UM in Ireland. Ireland had not been
included in the study by the EUROCARE workgroup, and the mean age-adjusted incidence of UM
in Ireland was 9.5 per million, which is higher than in any of the countries involved in the
EUROCARE study [38]. An explanation could be that risk factors of UM such as light skin colour,
light hair colour and light eye colour are stereotypical traits of the native Irish population
[16,18,36,37].

In the USA, the incidence rate is 5.2 per million, which has remained almost stable between 1973
and 2013, with only a 0.5% annual increase among white patients. In the same time period, no change
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occurred in the 5-year relative survival rate of 81%, despite changes in the primary treatment of UM
[26]. Northern European ancestry was observed to be a risk factor for UM in a study in the USA [5,28].

6. Origin

Both UM and cutaneous melanoma originate from melanocytes [36]. Between 2008 and 2012, for
cutaneous melanoma, a 5-year relative survival of 89% was found in all age groups in The
Netherlands. Between 1989 and 2008, the average population size of The Netherlands was 15.7
million. During this 20-year period, 19,393 males and 26,526 females were diagnosed with cutaneous
melanoma, and 5840 males and 4,769 females died because of this malignancy. While the incidence
rate of cutaneous melanoma increased by 4.1% annually, so did the 10-year survival rate: for males,
the 10-year relative survival improved significantly from 70% in 1989-1993 to 77% in 2004-2008 (p <
0.001) and for females from 85% to 88% (p < 0.01). An earlier diagnosis was associated with a better
prognosis [39]. Neither this increase in incidence nor an improvement in survival has been observed
in UM [40].

Although UM and cutaneous melanoma both originate from melanocytes, their biological
behaviour is different, as well as the driver mutations. UMs most often have a GNAQ or GNA11
mutation, while cutaneous melanomas usually have a BRAF, NRAS, KIT or NF1 mutation [41].
However, the same BRAF mutation as in cutaneous melanoma has been found in some iris
melanomas and in a fraction of cells of some posterior UMs [42-44]. UM metastasizes mostly via the
blood to the liver, whereas cutaneous melanoma spreads to the lungs, liver, brain and bones via the
lymphatic system. Immunotherapy such as anti-PD1 (programmed cell death protein 1) anti-PD-L1
(programmed cell death protein—ligand 1) or CTLA-4 (cytotoxic T-lymphocyte-associated protein 4)
therapy is often applied successfully in cutaneous melanoma, but has limited success in UM [45].
Rare UM with specific germline MBD4 mutations has been described to respond to anti-PD-1 therapy,
probably because MBD4 mutations are associated with a high tumour mutation burden [46,47].

7. Risk Factors

Some people have a greater risk of developing UM than others, and knowledge of the
pathophysiology behind this may aid in explaining UM and finding a cure. Some of the risk factors
include a light iris colour, northern European heritage, age (the older, the greater the risk), gender
(UM is slightly more common in men than in women), a high numbers of freckles, a lack in the ability
to tan, a high number of moles and a previous history of cutaneous melanoma [5,18,23,37,48,49].
Cutaneous melanoma, which also develops from mutated melanocytes, is highly correlated with sun
exposure, although the relationship between ultraviolet radiation (UV) and cutaneous melanoma is
not yet fully understood [50,51]. However, the situation is more complicated for UM: different factors
like lifestyle, living in urban or rural areas, geographic location and cumulative life exposure to
intense sunlight do play a role, but sunlight is thought to be less important than in cutaneous
melanoma [5]. It is noteworthy that while, through time, an increase in the incidence of cutaneous
melanoma has occurred in parallel with more sun exposure, no such increase has been observed in
UM [1,5,23,52]. A meta-analysis from Nayman et al., looked at the role of time spent on outdoor
leisure activities, occupational sunlight exposure and the latitude at birth in relation to developing
UM [37]. None of these parameters were found to be significant risk factors. However, welders were
found to have a significantly higher risk of getting a UM (odds ratio of 7.3 with a 95% CI between 2.6
and 20.1 for men). In this case, exposure to UV light could be a causal agent, but the higher risk could
also be explained by other factors associated with welding [18,37]. Use of sunlamps has also been
significantly correlated with UM [5]. No significant relationship between mobile phone use and UM
has been found [53].

A genetic risk factor is the presence of a germline mutation in the BAP1 gene, which is associated
with the BAPI-tumor predisposition syndrome. Patients with a mutation in this gene have an
increased chance of developing UM, melanocytic cutaneous tumours, mesothelioma and renal cell
carcinoma [54-56]. The presence of a Naevus of Ota, or congenital ocular melanocytosis, constitutes
a pigment disorder which carries an increased risk of developing UM [57,58].
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Multiple studies in Canada, the USA, Germany, France and Australia have shown that UM has
a higher incidence among people with a light iris colour [5,16-18,20,59]. Other studies argue more
towards an association with skin type [5], but it is hard to separate the two. Furthermore, an
association between the risk of metastatic death from UM and blue or grey irises has been found [60].
No statistical difference in metastasis or death from UM based on ethnic background has been
reported [61].

Some researchers suggest that the reason that a dark iris colour leads to a lower chance of
developing UM than a light iris colour is because there is more protection from UV radiation due to
the higher percentage of melanin in dark eyes [29,62]. However, UV hardly penetrates to the back of
the eye. It does however reach the most frontal part of the uvea, the iris. The correlation between iris
colour and iris melanoma is more pronounced than for posterior UM. In a cohort studied by Rootman
and Gallagher, 21 out of the 23 patients with iris melanoma had blue or grey eyes, and none of them
had brown eyes. The colour distribution was significantly different from the control group and the
population with posterior UM [15].

8. Tumour Development

It is known that posterior UMs carry specific mutations: in 94% of all tumours, a mutation in
either the GNAQ or GNA11 gene has been found [63]. These mutations are also found in choroidal
nevi [64]. GNAQ and GNAI11 occur in a mutually-exclusive fashion, in about equal numbers
[28,41,65]. The posterior choroid is the ocular region that is most exposed to focused visible light and
it is plausible that damaging visible light is involved in the development of UM in this area. From the
whole visible light spectrum, short-wave blue light with high energy is probably the most harmful
for the eye and most likely to cause UM [66]. As the cornea, lens and vitreous filter out most UV,
almost no UV light reaches the retina, but as in welding, non-UV wavelengths may play a role in
oncogenesis [50,67]. Tumours located in the transition zone between the ciliary body and choroid
receive no visible light. Among all UM, these are most associated with light-coloured eyes and they
often have an A > T mutation in GNAQ Q209L or GNA11 Q209L. This is not the typical C > T mutation
signature associated with UV light. This suggests that the risk of developing a UM in light eyes is
independent of light exposure [63].

Other common genetic aberrations in posterior UM are chromosomal changes, such as a loss of
chromosome 3, loss of chromosome 8 p and a gain of chromosome 8 g, which are associated with a
higher risk of developing metastases [68-70]. Whereas GNAQ and GNA11 mutations occur early in
tumour formation and are not associated with prognosis, EIF1AX, SF3B1 and BAP1 mutations occur
later in the development of the tumour and are related to prognosis. A mutation in EIFIAX is present
in 17% of primary UM, a mutation in SF3B1 in 25% and a mutation in BAP1 in about 45% of primary
UM [71]. These three mutations are almost always mutually exclusive [41,72]. EIF1IAX mutations are
associated with a good prognostic outcome; tumours with an SF3B1 mutation lead to an intermediate
prognosis, in contrast to UMs with a BAPT mutation. BAP1-mutated tumours are strongly associated
with metastases and have a high melanoma-specific mortality [72-74]. The EIF1IAX mutation is
responsible for unsuccessful protein translation, and the SF3B1 mutation affects gene splicing [71].
The lack of the BAPI protein interferes with a wide range of normal cell processes such as DNA
damage repair; 40% of UM metastases have a BAP1 mutation [75].

Iris melanomas show a different mutation pattern. GNAQ and GNA11 mutations are detected in
77% to 84% of the iris tumours, which are not as frequent as in UM [63,76,77]. GNAQ and GNA11 are
mutually exclusive in iris melanomas, and the mutation status of GNAQ and GNA11 does, similar to
UM, not correlate with patient survival [76-78]. More iris melanomas have a GNAQ mutation (47%)
than a GNA11 mutation (30%) [76]. As in UM, mutations in BAP1, EIFIAX and SF3B1 are frequently
seen in iris tumours [76]. The frequency of BAP1 mutations seems comparable with UM. However,
in iris tumours, the BAP1 mutation status has no correlation with patient survival [76]. Although not
much data about these mutations are available, EIF1AX mutations seem to occur more often than in
posterior UM [76,77]. As EIFIAX mutations are correlated with a good prognosis in UM, this could
be one of the explanations for the relatively good survival of patients with an iris tumour in



Int. ]. Mol. Sci. 2020, 21, 7172 7 of 17

comparison to more posteriorly located UM [79]. SF3B1 mutations are less common in iris tumours
[77]. In a study by Van Poppelen et al., 10 out of 30 iris tumours had mutations in NRAS, BRAF, PTEN,
¢-KIT and/or TP53 [76]. These mutations are not detected in UM. Another study on 19 cases showed
a BRAF mutation in 47% of the iris tumours [43]. As previously mentioned, mutations in BRAF and
NRAS are common in cutaneous melanoma [41]. Seventy-one percent of iris tumours have a complete
or partial loss of chromosome 3, and some tumours have a chromosome 9 loss [80,81]. Iris melanomas
have a relatively high mutation burden compared to other UMs, which is driven by UV radiation
[82]. Immunotherapy, which is helpful in UMs with a MBD4 mutation and a high mutation burden,
is therefore probably also useful for iris melanomas, but luckily, these tumours do not often give rise
to metastases.

9. Iris Colour

In order to reach the choroid, light has to penetrate multiple tissues and humours: the cornea,
the aqueous humour, the lens, the vitreous (humour) and the retina. The retina involves the retinal
pigment epithelium (RPE) and de neural retina [83]. UV light can be divided into three categories:
ultraviolet radiation (UV) A with a wavelength between 320 and 400 nm, UVB with a wavelength
between 280 and 320 nm and UVC with a wavelength between 100 and 280 nm [84]. The pigment
epithelium and the melanocytes in the iris block and absorb both visible light and UV radiation
[67,85], and light can therefore only enter through the pupil. However, as the cornea absorbs UVC
and most UVB, and the lens and vitreous absorb almost all energy of wavelengths of nearly 400 nm,
only visible light reaches the RPE [67,85]. Because UVA irradiation causes oxidation of pre-existing
melanin and UVB causes direct DNA damage, both types of irradiation can be harmful and
carcinogenic [86]. Recent data however indicate a contribution of UV radiation to DNA damage in
UM. UV radiation may damage DNA in different ways, such as by creating the main promutagenic
DNA adduct cyclobutene pyrimide dimer or through the formation of reactive oxygen species (ROS)
[87,88]. In a recent study, the C > T substitute in DNA (associated with UV light) was even higher in
UM than in cutaneous melanoma [44]. Because the iris is directly exposed to UV light, UV light may
especially play an important role in the development of iris melanoma. Iris melanomas are mostly
seen in the inferior part of the iris, where the exposure to sunlight is the most explicit. The choroid
and the ciliary body are not directly exposed to sunlight. Exposure of the skin to sunlight is essentially
positive, since it stimulates the synthesis of vitamin D [89]. As people in northern countries get less
exposure to sunlight, this may affect vitamin D synthesis, which can be another explanation why
there is a South-to-North increase of the incidence of UM [24].

One can identify two types of pigment cells in the eye: the retinal, iris and ciliary pigment
epithelium, all of which originate from the neural ectoderm, and the uveal melanocytes, which
originate from the neural crest, similar to skin and hair melanocytes [83,90]. Both uveal melanocytes
and pigment epithelial cells can be isolated and cultured [91]. Uveal melanocytes maintain their
production of melanin at a constant level whereas adult pigment epithelial cells do not produce
melanin [91]. The amount of melanin in the RPE decreases over time, and the production of new
melanosomes stops at the age of two [92,93]. Uveal melanin, especially in the ciliary body and
choroid, can protect melanocytes by deactivating ROS, thereby reducing the chance of malignant
transformation of uveal melanocytes [94].

The number of melanocytes in the iris does not differ per iris colour group (light, intermediate
or dark iris colour) [95,96]. Asians have significantly fewer melanocytes [97]. As there is no difference
in the number of melanocytes, the difference in iris colour is determined by the melanosome
composition and structure of the melanocytes in the stroma [98].

There are two different types of melanin: eumelanin and pheomelanin [90]. The pigment
epithelium mainly contains eumelanin. The main determinants of iris colour are the amount of
eumelanin and the ratio of eumelanin to pheomelanin [99]. Uveal melanocytes can produce both
eumelanin and pheomelanin in melanosomes [100]. An important regulator of the
eumelanin/pheomelanin ratio is melanocyte-stimulating hormone (MSH), which binds to its receptor
(MCI1R) on melanocytes. This receptor is only present on melanocytes, the brain, active monocytes,
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macrophages and dendritic cells [101]. The activation of MCIR on melanocytes leads to an increase
of the intracellular levels of cAMP [102]. Mutations of MC1R have been identified, of which the
Argl51Cys, Argl60Trp and Asp294 variants have been reported to be over-represented in
individuals with fair hair and skin, but they have not been associated with specific eye colours (see
below) [103,104]. Li et al., studied the role of MC1IR and MSH in uveal melanocytes [105]: human
uveal melanocytes were derived from the choroid and the iris of deceased donors and then cultured
[105] and exposed to different dosages of MSH. In human epidermal melanocytes, MSH leads to
proliferation of the melanocytes, but proliferation was not observed in any of the uveal melanocyte
cell lines, which was consistent with an earlier study [105,106]. The addition of MSH did not lead to
higher levels of tyrosinase hydroxylase and tyrosinase on uveal melanocytes [105]. MSH did also not
provide a higher level of Dihydroxyphenylalanine (DOPA) oxidase, in contrast to an earlier study
conducted with human uveal melanocytes [105,107]. Uveal melanocytes do not express MCI1R or
MSH [105]. Therefore, MSH does not seem to play an important role in ocular pigmentation [105].
Furthermore, no difference in MCIR gene variant distribution has been observed between UM
patients and controls [108]. This suggests that specific MCIR gene variants do not play a major role
in the susceptibility to develop UM. However, as 95% of the primary UMs and 94% of the UM
metastases express the MC1R receptor, it may be helpful as a target for new therapies [109,110].

The pathways leading to the production of eumelanin and pheomelanin have been studied
extensively. An increase in intracellular cAMP leads to activation of tyrosinase, which leads to the
oxidation of tyrosine into DOPA quinone [111], the precursor for eumelanin and pheomelanin. In the
synthesis pathway of eumelanin, the addition of an amino group to DOPA quinone results in the
formation of leucadopachrome [111]. Via a redox exchange, leucadopachrome is converted to
dopachrome [95,111]. Dopachrome is a precursor for both 5,6-dihydroxindole [84], and carboxylated
5,6-dihydroxyindole-2-carboxylic acid (DHICA). The presence of Zn2+ and Cu2+ ions leads to
relatively higher conversion into DHICA than into DHI [112]. The ratio between DHI and DHICA
has a large impact on the properties of the pigments because DHICA absorbs less visible light than
DHI and the antioxidant properties of DHICA are much higher [113]. In vivo, most dopachrome is
converted to DHICA [111]. DHI and DHICA are converted to eumelanin. Eumelanin is a highly
compact pigment, packed in eumelanosomes with a highly ordered glycoprotein matrix [114].
Eumelanin absorbs almost the full light spectrum and is perceived as a dark brown to black colour.
People with brown eyes have relatively more eumelanin in comparison to pheomelanin.

When the MCIR gene is mutated, less cAMP is produced and less tyrosinase is activated.
Without the presence of cAMP and tyrosinase, cysteine is incorporated, and the eumelanin pathway
switches to the pheomelanin pathway [115]. The incorporation of cysteine results in the formation of
5-S-cysteinyldopa (5-SCD) and 2-S-cysteinyldopa (5-SCD) in a ratio of 5:1 [116]. 5-SCD and 2-SCD are
rearranged in both 2H-1,4-benzothiazine (BTZ) and its 3-carbocyl acid (BTCZA). BTCZA is the
carboxylated variant of BTZ and the presence of Zn2+ ions favours the conversion of BTCZA [117].
BTZCA absorbs visible light and UVA more efficiently, which results in the light-dependent
synthesis of ROS [113]. BTZ is a stronger pro-oxidant and induces ROS production by reduction-
oxidation (redox) cycling in the dark. There are multiple explanations for the feature of carboxylated
molecules: they have a lower number of reactive sites, a lower oxidation potential and a negative
charge, which affects the structure of the molecule and the susceptibility to post-synthetic
modifications [113]. Both BTZ and BTZCA can be converted to pheomelanin. Pheomelanin is packed
in smaller pheomelanosomes that consist of a loosely aggregated and disordered glycoprotein matrix
[114]. This type of melanin reflects a much broader light spectrum than does eumelanin, which is
perceived as a yellow to red colour. People with a lighter eye colour have relatively more
pheomelanin than eumelanin [99,114].

Both types of melanin can absorb free radicals and inhibit UV-mediated damage [118,119].
However, pheomelanin is more phototoxic than eumelanin, because pheomelanin generates more
ROS than eumelanin when exposed to light [120,121]. Pheomelanin has a lower ionization potential
with a photoionization threshold of 326 nm, which falls in the UVA region. The photoionization
threshold for eumelanin is 282 nm, which lies in the UVB region [122]. Exposure of pheomelanin to
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UVA not only leads to more production of ROS, but also to the oxidation of glutathione (GSH) and
other oxidants [123,124]. The decrease in antioxidants can indirectly damage the DNA. As most UVB
radiation is already absorbed and radiation in the UV A region is not, and the ionization potential of
pheomelanin is lower; this may explain why a light iris colour is a risk factor for the development of
a UM.

However, pheomelanin probably also has a UV-independent carcinogenic contribution. In a
study on the development of cutaneous melanoma, a BRAF mutation was introduced in three
different types of mice: red mice with an abundance of pheomelanin, albino mice with no melanin
and black mice with an abundance of eumelanin [36]. When raised in the dark, around 50% of the
red mice developed a cutaneous melanoma, while the development of cutaneous melanoma in the
albino and black mice was sporadic. The damage to DNA and lipids was significantly higher in red
mice in comparison to the albino mice.

Albinos lack pigmentation in their eyes, both in the iris as well as in the RPE, leading to foveal
hypoplasia and decreased visual acuity, as well as in the iris, which leads to iris translucency. The
iris contains some blood vessels, which are only visible when there is (almost) no melanin in the iris
pigment epithelium [99].

UM itself can be non-pigmented, lightly or strongly pigmented, and it can be a combination of
various degrees of pigmentation, e.g., a combination of both a non- and strongly-pigmented tumour
segment. Whereas the melanosomes in melanotic melanoma produce both eumelanin and
pheomelanin, amelanotic melanoma only produces pheomelanin [125,126]. The tyrosinase from
melanosomes of amelanotic melanomas is less active [127].

10. Genes and Iris Colour

The two main genes that determine iris colour are ocular albinism II (OCA2) and HECT domain
and RCC1-like domain 2 (HERC2), both of which are located on chromosome 15 [128,129]. People
with blue eyes often have specific single nucleotide polymorphisms (SNPs) in HERC2 and OCA?2.
OCA2 encodes the P protein, which affects the amount and type of melanin in melanocytes. The
specific SNP in the OCA2 gene, which is associated with blue eyes, causes a reduction in OCA2
transcription of that allele compared to the normal other allele. This causes an accumulation of
tyrosinase, which leads to a defective eumelanin synthesis but no change in the synthesis of
pheomelanin [126,130]. HERC2 regulates OCA2 expression. Therefore, people with the blue-eye SNP
in both genes have blue eyes. This proves that blue eyes must be mostly recessive. When someone
has inherited the ”blue version” of OCA2 from one parent, this gene makes less of the precursor of
melanin. However, when someone gets the “’brown version” of OCA2 from the other parent, this
OCA2 polymorphism is turned on and will make melanin, so the child will have brown eyes [131].
OCA2 and HERC?2 are probably the most important, but not the only genes that determine the amount
of melanin and the eumelanin/pheomelanin ratio [132]. In 2009, scientists of the Erasmus University
in Rotterdam, The Netherlands, developed an algorithm to predict iris colour, using DNA markers
(The IrisPlex System). They found six SNPs that functioned as major genetic predictors of eye colour
on six different genes: in addition to the already mentioned HERC2 rs12913832 and OCA2 rs1800407,
these were SLC24A4 1512896399, SLC45A2 rs16891982, TYR rs1393350 and IRF4 rs12203592. Using
these six genetic predictors of iris colour, the area under the curve (AUC) was 0.93 for brown, 0.91 for
blue and 0.72 for intermediate coloured eyes, from which one may conclude that these six genes
predominantly determine iris colour in humans [133]. Interestingly, MCIR is not one of the genes
used in the IrisPlex algorithm, while it is used to predict hair colour.

In another study, several pigment genes that have previously been associated with cutaneous
melanoma were identified as risk factors to develop UM [134]. Of the 28 SNPs that had already been
identified as risk factors for cutaneous melanoma, three had already been linked to iris colour: SNPs
rs12913832, rs1129038 and rs916977, located on the pigmentation genes HERC2, OCA2 and IRF4,
respectively. This study showed that specific alleles of these genes were associated with UM risk. No
association between these pigmentation genes and UM tumour characteristics has as yet been
described.
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11. History of the Distribution of Eye Colour and Skin Colour in the World

A light eye colour is especially present in northern Europe and countries with immigrants from
northern Europe. Initially, humans had brown eyes, and the genes for a certain type of eye colour
could only increase when a group of people split off from its parent population. According to Frost,
sexual selection is the reason for the wide-scale spreading of the blue eye colour [135]: men selected
the women who stood out from the crowd and had the rarest eye colour. This phenomenon has also
been described for animals [136]. A fair eye colour was the rarest colour at that moment. In this way,
fair eye colours in Europe, western Asia and the Middle East could multiply.

Another theory for the spread of fair-skinned people with a light eye colour to northern Europe
has to do with vitamin D. Primates have fair skin under their hairy fur. Similar to a dark skin, this
kind of fur protects the skin from sunlight. About 65,000 years ago when a group of people moved
from Africa to Asia and Europe, some developed a fair skin, like the primates used to have. Sun
exposure is necessary for vitamin D, and, while pheomelanin allows more UV radiation to penetrate
the skin, eumelanin absorbs UV radiation. People with more pheomelanin compared to eumelanin
have more efficient vitamin D synthesis. A lack of vitamin D may lead to diseases such as rickets,
osteomalacia and osteoporosis [137,138]. Furthermore, vitamin D is important for the immune
system. Both the cells of the innate and the adaptive immune system have vitamin D receptors
[139,140]. Therefore, in northern Europe, people with a fair skin would be in a better condition to live
to an adult age and have children.

12. Conclusions

The determining factor of iris colour is the amount and type of melanin present in the iris
melanocytes. The importance of vitamin D, perhaps in conjunction with the appeal of a distinctive
eye colour, may have led to the selection of people with a light skin together with light eye colour,
leading to a relatively high percentage of people with lighter eyes in northern Europe. Over time, this
led to 78% of the Dutch population having light eyes.

All of the described data show that the risk of getting UM is higher when a person has lighter
eyes (blue/grey or green/hazel): the frequency of UM is higher in light-eyed people than in dark-eyed
people, and this is even noticeable among a group of people of mainly Caucasian ancestry. In
particular, people with green/hazel iris colour seem to be at higher risk for developing UM. The cause
of this greater risk is probably related to the type and ratio of melanin. Light-eyed people do not have
a lot of eumelanin in their melanocytes but carry more pheomelanin. The harmful wavelength is
probably not UV light, as these waves do not reach the part of the eye where most UM develops, i.e.,
the choroid and ciliary body. Most UV rays are absorbed by the cornea, the lens and the vitreous.
However, other wavelengths such as visible light do penetrate the back of the eye and can be
responsible for the production of toxic ROS, especially by pheomelanin. Pheomelanin by itself may
also increase genotoxic damage, accumulated over time. We hypothesize that damage from
environmental factors or age-related factors create more DNA damage in melanocytes that contain
mainly pheomelanin than in melanocytes with mainly eumelanin. The degree of pigmentation of the
iris reflects the type of melanocyte in the whole uvea. The present findings lead to a follow-up
question: do UM in eyes with a light iris differ in behaviour from UM in eyes with a dark iris? The
difference in the type of melanin may not only affect the chance of developing a UM, but also the
tumour’s behaviour.

Author Contributions: Conceptualization, L.E.H., A, AM.R., M.].].; methodology, L.E.H., AP.AW.; formal
analysis, L.E.H., AP.A.W; investigation, L.E.H.,, A AMR., AP.AW, resources, M.].]., G.P.M.L.; data curation,
A.P.AW.; writing—original draft preparation, L.E.H., AL AMR,; writing—review and editing, AP.AW.,
G.P.M.L,, M.].J,; supervision, M.].].; project administration, A.P.A.W.; funding acquisition, M.].J. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by a grant from de Landelijke Stichting voor Blinden en Slechtzienden
and by Horizon 2020 grant nr: 667787, UM CURE 2020.

Conflicts of Interest: The authors declare no conflict of interest.



Int. J. Mol. Sci. 2020, 21, 7172 11 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Strickland, D.; Lee, J.A. Melanomas of eye: Stability of rates. Am. ]. Epidemiol. 1981, 113, 700-702,
doi:10.1093/oxfordjournals.aje.a113150.

Shields, J.A.; Shields, C.L. Management of posterior uveal melanoma: Past, present, and future: The 2014
Charles L. Schepens lecture. Ophthalmology 2015, 122, 414428, doi:10.1016/j.ophtha.2014.08.046.

Egan, KM.,; Seddon, J.M.; Glynn, R]J.; Gragoudas, E.S.; Albert, D.M. Epidemiologic aspects of uveal
melanoma. Surv. Ophthalmol. 1988, 32, 239-251, doi:10.1016/0039-6257(88)90173-7.

Shields, C.L.; Furuta, M.; Thangappan, A.; Nagori, S.; Mashayekhi, A ; Lally, D.R.; Kelly, C.C.; Rudich, D.S.;
Nagori, A.V.; Wakade, O.A.; et al. Metastasis of uveal melanoma millimeter-by-millimeter in 8033
consecutive eyes. Arch. Ophthalmol. 2009, 127, 989-998, doi:10.1001/archophthalmol.2009.208.

Seddon, J.M.; Gragoudas, E.S.; Glynn, RJ.; Egan, KM.; Albert, D.M.; Blitzer, P.H. Host factors, UV
radiation, and risk of uveal melanoma. A case-control study. Arch. Ophthalmol. 1990, 108, 1274-1280,
doi:10.1001/archopht.1990.01070110090031.

Damato, E.M.; Damato, B.E. Detection and time to treatment of uveal melanoma in the United Kingdom:
An evaluation of 2,384 patients. Ophthalmology 2012, 119, 1582-1589, d0i:10.1016/j.0phtha.2012.01.048.
Dogrusoz, M.; Jager, M.].; Damato, B. Uveal Melanoma Treatment and Prognostication. Asia Pac. ].
Ophthalmol. 2017, 6, 186-196, d0i:10.22608/apo.201734.

Rietschel, P.; Panageas, K.S.; Hanlon, C.; Patel, A.; Abramson, D.H.; Chapman, P.B. Variates of survival in
metastatic uveal melanoma. J. Clin. Oncol. 2005, 23, 8076-8080, d0i:10.1200/jc0.2005.02.6534.

Diener-West, M.; Reynolds, S.M.; Agugliaro, D.J.; Caldwell, R.; Cumming, K.; Earle, ].D.; Hawkins, B.S.;
Hayman, J.A.; Jaiyesimi, I.; Jampol, L.M.; et al. Development of metastatic disease after enrollment in the
COMS trials for treatment of choroidal melanoma: Collaborative Ocular Melanoma Study Group Report
No. 26. Arch. Ophthalmol. 2005, 123, 1639-1643, d0i:10.1001/archopht.123.12.1639.

Kaliki, S.; Shields, C.L.; Shields, J.A. Uveal melanoma: Estimating prognosis. Indian J. Ophthalmol. 2015, 63,
93-102, doi:10.4103/0301-4738.154367.

Schmidt-Pokrzywniak, A.; Kalbitz, S.; Kuss, O.; Jockel, K.H.; Bornfeld, N.; Stang, A. Assessment of the effect
of iris colour and having children on 5-year risk of death after diagnosis of uveal melanoma: A follow-up
study. BMC Ophthalmol. 2014, 14, 42, doi:10.1186/1471-2415-14-42.

Shields, J.A.; Sanborn, G.E.; Augsburger, J.J. The differential diagnosis of malignant melanoma of the iris.
A clinical study of 200 patients. Ophthalmology 1983, 90, 716-720, d0i:10.1016/s0161-6420(83)34500-0.
Shields, C.L.; Shields, J.A.; Materin, M.; Gershenbaum, E.; Singh, A.D.; Smith, A. Iris melanoma: Risk factors
for metastasis in 169 consecutive patients. Ophthalmology 2001, 108, 172-178, doi:10.1016/s0161-
6420(00)00449-8.

Liu, F.; Wollstein, A.; Hysi, P.G.; Ankra-Badu, G.A.; Spector, T.D.; Park, D.; Zhu, G.; Larsson, M.; Duffy,
D.L.; Montgomery, G.W.; et al. Digital quantification of human eye color highlights genetic association of
three new loci. PLoS Genet. 2010, 6, €1000934, doi:10.1371/journal.pgen.1000934.

Rootman, J.; Gallagher, R.P. Color as a risk factor in iris melanoma. Am. J. Ophthalmol. 1984, 98, 558-561,
doi:10.1016/0002-9394(84)90240-x.

Gallagher, R.P.; Elwood, ].M.; Rootman, J.; Spinelli, J.J.; Hill, G.B.; Threlfall, W.J.; Birdsell, ].M. Risk factors
for ocular melanoma: Western Canada Melanoma Study. ]. Natl. Cancer Inst. 1985, 74, 775-778.

Pane, A.R.; Hirst, L.W. Ultraviolet light exposure as a risk factor for ocular melanoma in Queensland,
Australia. Ophthalmic Epidemiol. 2000, 7, 159-167.

Guénel, P,; Laforest, L.; Cyr, D.; Févotte, J.; Sabroe, S.; Dufour, C.; Lutz, ].M.; Lynge, E. Occupational risk
factors, ultraviolet radiation, and ocular melanoma: A case-control study in France. Cancer Causes Control
2001, 12, 451-459, doi:10.1023/a:1011271420974.

Vajdic, C.M.; Kricker, A.; Giblin, M.; McKenzie, ].; Aitken, J.; Giles, G.G.; Armstrong, B.K. Eye color and
cutaneous nevi predict risk of ocular melanoma in Australia. Int. ]. Cancer 2001, 92, 906-912,
doi:10.1002/ijc.1281.

Stang, A.; Ahrens, W.; Anastassiou, G.; Jockel, K.H. Phenotypical characteristics, lifestyle, social class and
uveal melanoma. Ophthalmic Epidemiol. 2003, 10, 293-302, d0i:10.1076/opep.10.5.293.17319.
Schmidt-Pokrzywniak, A.; Jockel, K.H.; Bornfeld, N.; Sauerwein, W.; Stang, A. Positive interaction between
light iris color and ultraviolet radiation in relation to the risk of uveal melanoma: A case-control study.
Ophthalmology 2009, 116, 340-348, doi:10.1016/j.ophtha.2008.09.040.



Int. J. Mol. Sci. 2020, 21, 7172 12 of 17

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Al-Jamal, R.T.; Cassoux, N.; Desjardins, L.; Damato, B.; Konstantinidis, L.; Coupland, S.E.; Heimann, H.;
Petrovic, A.; Zografos, L.; Schalenbourg, A.; et al. The Pediatric Choroidal and Ciliary Body Melanoma
Study: A Survey by the European Ophthalmic Oncology Group. Ophthalmology 2016, 123, 898-907,
doi:10.1016/j.ophtha.2015.12.024.

Singh, A.D.; Turell, M.E.; Topham, A K. Uveal melanoma: Trends in incidence, treatment, and survival.
Ophthalmology 2011, 118, 1881-1885, doi:10.1016/j.ophtha.2011.01.040.

Virgili, G.; Gatta, G.; Ciccolallo, L.; Capocaccia, R.; Biggeri, A.; Crocetti, E.; Lutz, ].M.; Paci, E. Incidence of
uveal melanoma in Europe. Ophthalmology 2007, 114, 2309-2315, doi:10.1016/j.ophtha.2007.01.032.

Fry, M.V.; Augsburger, ].J.; Hall, J.; Corréa, Z.M. Posterior uveal melanoma in adolescents and children:
Current perspectives. Clin. Ophthalmol. 2018, 12, 2205-2212, doi:10.2147/opth.5142984.

Aronow, M.E; Topham, A.K; Singh, A.D. Uveal Melanoma: 5-Year Update on Incidence, Treatment, and
Survival (SEER 1973-2013). Ocul. Oncol. Pathol. 2018, 4, 145-151, d0i:10.1159/000480640.

Binkley, E.; Triozzi, P.L.; Rybicki, L.; Achberger, S.; Aldrich, W.; Singh, A. A prospective trial of adjuvant
therapy for high-risk uveal melanoma: Assessing 5-year survival outcomes. Br. |. Ophthalmol. 2020, 104,
524-528, doi:10.1136/bjophthalmol-2019-314461.

Van Raamsdonk, C.D.; Griewank, K.G.; Crosby, M.B.; Garrido, M.C; Vemula, S.; Wiesner, T.; Obenauf,
A.C.; Wackernagel, W.; Green, G.; Bouvier, N.; et al. Mutations in GNAI11 in uveal melanoma. N. Engl. J.
Med. 2010, 363, 2191-2199, doi:10.1056/NEJMoa1000584.

Kaliki, S.; Shields, C.L. Uveal melanoma: Relatively rare but deadly cancer. Eye 2017, 31, 241-257,
doi:10.1038/eye.2016.275.

Park, S.J.; Oh, C.M.; Kim, B.W.; W*0o0, S.].; Cho, H.; Park, K.H. Nationwide Incidence of Ocular Melanoma
in South Korea by Using the National Cancer Registry Database (1999-2011). Invest. Ophthalmol. Vis. Sci.
2015, 56, 4719-4724, d0i:10.1167/iovs.15-16532.

Miller, B.; Abrahams, C.; Cole, G.C.; Proctor, N.S. Ocular malignant melanoma in South African blacks. Br.
J. Ophthalmol. 1981, 65, 720-722, d0i:10.1136/bjo.65.10.720.

Iscovich, J.; Ackerman, C.; Andreev, H.; Pe’er, J.; Steinitz, R. An epidemiological study of posterior uveal
melanoma in Israel, 1961-1989. Int. . Cancer 1995, 61, 291-295, doi:10.1002/ijc.2910610302.

Wong, W.; Sundar, G.; Chee, C.; Zhao, P.S.; Rajagopalan, R.; Gopal, L. Clinical spectrum, treatment and
outcomes of uveal melanoma in a tertiary centre. Singapore Med. . 2019, 60, 474-478,
doi:10.11622/smedj.2019054.

Singh, A.D.; Topham, A. Incidence of uveal melanoma in the United States: 1973-1997. Ophthalmology 2003,
110, 956-961, doi:10.1016/s0161-6420(03)00078-2.

Margo, C.E.; McLean, L. W. Malignant melanoma of the choroid and ciliary body in black patients. Arch.
Ophthalmol. 1984, 102, 77-79, d0i:10.1001/archopht.1984.01040030061035.

Mitra, D.; Luo, X.,; Morgan, A.; Wang, J.; Hoang, M.P.; Lo, J.; Guerrero, C.R; Lennerz, ].K,; Mihm, M.C,;
Wargo, J.A; et al. An ultraviolet-radiation-independent pathway to melanoma carcinogenesis in the red
hair/fair skin background. Nature 2012, 491, 449-453, doi:10.1038/nature11624.

Nayman, T.; Bostan, C.; Logan, P.; Burnier, M.N., Jr. Uveal Melanoma Risk Factors: A Systematic Review
of Meta-Analyses. Curr. Eye Res. 2017, 42, 1085-1093, doi:10.1080/02713683.2017.1297997.

Baily, C.; O’Neill, V.; Dunne, M.; Cunningham, M.; Gullo, G.; Kennedy, S.; Walsh, P.M.; Deady, S.; Horgan,
N. Uveal Melanoma in Ireland. Ocul. Oncol. Pathol. 2019, 5, 195-204, d0i:10.1159/000492391.

Hollestein, L.M.; van den Akker, S.A.; Nijsten, T.; Karim-Kos, H.E.; Coebergh, ] W.; de Vries, E. Trends of
cutaneous melanoma in The Netherlands: Increasing incidence rates among all Breslow thickness
categories and rising mortality rates since 1989. Ann. Oncol. 2012, 23, 524-530, doi:10.1093/annonc/mdr128.
Roelofsen, C.D.M.W., A.P.A.; Van Duinen, S.; Verdijk, R.M.; Bleeker, ].C.; Marinkovic, M.; Luyten, G.P.M.;
Jager, M.]. Five decades of enucleations for uveal melanoma in one center: More tumors with high risk
factors, no improvement in survival over time. Ocul. Oncol. Pathol. 2020, submitted for publication.
Robertson, A.G.; Shih, J.; Yau, C.; Gibb, E.A.; Oba, J.; Mungall, K.L.; Hess, ].M.; Uzunangelov, V.; Walter,
V.; Danilova, L.; et al. Integrative Analysis Identifies Four Molecular and Clinical Subsets in Uveal
Melanoma. Cancer Cell 2017, 32, 204-220.e215, d0i:10.1016/j.ccell.2017.07.003.

Janssen, C.S,; Sibbett, R.; Henriquez, F.L.; McKay, I.C.; Kemp, E.G.; Roberts, F. The T1799A point mutation
is present in posterior uveal melanoma. Br. . Cancer 2008, 99, 1673-1677, d0i:10.1038/sj.bjc.6604731.
Henriquez, F.; Janssen, C.; Kemp, E.G.; Roberts, F. The T1799A BRAF mutation is present in iris melanoma.
Invest. Ophthalmol. Vis. Sci. 2007, 48, 4897-4900, doi:10.1167/iovs.07-0440.



Int. J. Mol. Sci. 2020, 21, 7172 13 of 17

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Goh, A.Y.; Ramlogan-Steel, C.A.; Jenkins, K.S,; Steel, ].C.; Layton, C.J. Presence and prevalence of UV
related genetic mutations in uveal melanoma: Similarities with cutaneous melanoma. Neoplasma 2020,
doi:10.4149/neo_2020_190815N768.

Pandiani, C.; Béranger, G.E.; Leclerc, J.; Ballotti, R.; Bertolotto, C. Focus on cutaneous and uveal melanoma
specificities. Genes Dev. 2017, 31, 724-743, doi:10.1101/gad.296962.117.

Rodrigues, M.; Mobuchon, L.; Houy, A.; Fiévet, A.; Gardrat, S.; Barnhill, R.L.; Popova, T.; Servois, V.;
Rampanou, A.; Mouton, A; et al. Outlier response to anti-PD1 in uveal melanoma reveals germline MBD4
mutations in hypermutated tumors. Nat. Commun. 2018, 9, 1866, doi:10.1038/s41467-018-04322-5.
Wierenga, A.P.A.; Cao, J.; Luyten, G.P.M.; Jager, M.]. Immune Checkpoint Inhibitors in Uveal and
Conjunctival Melanoma. Int. Ophthalmol. Clin. 2019, 59, 5363, d0i:10.1097/ii0.0000000000000263.

Weis, E.; Shah, C.P.; Lajous, M.; Shields, J.A.; Shields, C.L. The association between host susceptibility
factors and wuveal melanoma: A meta-analysis. Arch. Ophthalmol. 2006, 124, 54-60,
doi:10.1001/archopht.124.1.54.

Regan, S.; Judge, H.E.; Gragoudas, E.S.; Egan, K.M. Iris color as a prognostic factor in ocular melanoma.
Arch. Ophthalmol. 1999, 117, 811-814, doi:10.1001/archopht.117.6.811.

Vidal, J.L.; Bacin, F.; Albuisson, E.; Rozan, R.; Desjardins, L.; D’'Hermies, F.; Grange, ].D.; Chauvel, P.;
Caujolle, ].P.; Sahel, J. “Melanoma 92”. Epidemiological study of uveal melanoma in France. J. Fr. Ophtalmol.
1995, 18, 520-528.

Arisi, M.; Zane, C.; Caravello, S.; Rovati, C.; Zanca, A.; Venturini, M.; Calzavara-Pinton, P. Sun Exposure
and Melanoma, Certainties and Weaknesses of the Present Knowledge. Front. Med. 2018, 5, 235,
doi:10.3389/fmed.2018.00235.

Magnus, K. Habits of sun exposure and risk of malignant melanoma: An analysis of incidence rates in
Norway 1955-1977 by cohort, sex, age, and primary tumor site. Cancer 1981, 48, 2329-2335,
d0i:10.1002/1097-0142(19811115)48:10<2329::aid-cncr2820481032>3.0.c0;2-0.

Stang, A.; Schmidt-Pokrzywniak, A.; Lash, T.L.; Lommatzsch, P.K.; Taubert, G.; Bornfeld, N.; Jockel, K.H.
Mobile phone use and risk of uveal melanoma: Results of the risk factors for uveal melanoma case-control
study. J. Natl. Cancer Inst. 2009, 101, 120-123, doi:10.1093/jnci/djn441.

Rai, K,; Pilarski, R.; Boru, G.; Rehman, M.; Saqr, A.H.; Massengill, ].B.; Singh, A.; Marino, M.].; Davidorf,
F.H.; Cebulla, C.M.; et al. Germline BAP1 alterations in familial uveal melanoma. Genes Chromosomes Cancer
2017, 56, 168-174, doi:10.1002/gcc.22424.

Walpole, S.; Pritchard, A.L.; Cebulla, C.M.; Pilarski, R.; Stautberg, M.; Davidorf, F.H.; de la Fouchardiére,
A.; Cabaret, O.; Golmard, L.; Stoppa-Lyonnet, D.; et al. Comprehensive Study of the Clinical Phenotype of
Germline BAP1 Variant-Carrying Families Worldwide. ]. Natl. Cancer Inst. 2018, 110, 1328-1341,
doi:10.1093/jnci/djy171.

Chau, C.; van Doorn, R.; van Poppelen, N.M.; van der Stoep, N.; Mensenkamp, A.R.; Sijmons, R.H.; van
Paassen, B.W.; van den Ouweland, A.M.W.; Naus, N.C.; van der Hout, A.H.; et al. Families with BAP1-
Tumor Predisposition Syndrome in The Netherlands: Path to Identification and a Proposal for Genetic
Screening Guidelines. Cancers 2019, 11, doi:10.3390/cancers11081114.

Shields, C.L.; Kaliki, S.; Livesey, M.; Walker, B.; Garoon, R.; Bucci, M.; Feinstein, E.; Pesch, A.; Gonzalez, C.;
Lally, S.E.; et al. Association of ocular and oculodermal melanocytosis with the rate of uveal melanoma
metastasis: Analysis of 7872 consecutive eyes. JAMA Ophthalmol. 2013, 131, 993-1003,
doi:10.1001/jamaophthalmol.2013.129.

Konstantinov, N.K,; Berry, T.M.; Elwood, H.R.; Zlotoff, B.J. Nevus of Ota associated with a primary uveal
melanoma and intracranial melanoma metastasis. Cutis 2018, 102, E2-E4.

Holly, E.A.; Aston, D.A.; Char, D.H.; Kristiansen, ].J.; Ahn, D.K. Uveal melanoma in relation to ultraviolet
light exposure and host factors. Cancer Res. 1990, 50, 5773-5777.

Li, W,; Judge, H.; Gragoudas, E.S.; Seddon, J.M.; Egan, K.M. Patterns of tumor initiation in choroidal
melanoma. Cancer Res. 2000, 60, 3757-3760.

Shields, C.L.; Kaliki, S.; Cohen, M.N.; Shields, P.W.; Furuta, M.; Shields, ]J.A. Prognosis of uveal melanoma
based on race in 8100 patients: The 2015 Doyne Lecture. Eye 2015, 29, 1027-1035, doi:10.1038/eye.2015.51.
Tucker, M.A; Shields, ]J.A.; Hartge, P.; Augsburger, J.; Hoover, R.N.; Fraumeni, J.F., Jr. Sunlight exposure
as risk factor for intraocular malignant melanoma. N. Engl. ]. Med. 1985, 313, 789-792,
doi:10.1056/nejm198509263131305.



Int. ]. Mol. Sci. 2020, 21, 7172 14 of 17

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

De Lange, M.J.; Razzagq, L.; Versluis, M.; Verlinde, S.; Dogrusoz, M.; Bohringer, S.; Marinkovic, M.; Luyten,
G.P.; de Keizer, R.].; de Gruijl, F.R;; et al. Distribution of GNAQ and GNA11 Mutation Signatures in Uveal
Melanoma Points to a Light Dependent Mutation Mechanism. PLoS ONE 2015, 10, e0138002,
doi:10.1371/journal.pone.0138002.

Vader, M.].C.; Madigan, M.C,; Versluis, M.; Suleiman, H.M.; Gezgin, G.; Gruis, N.A.; Out-Luiting, J.J.;
Bergman, W.; Verdijk, RM.; Jager, M.J.; et al. GNAQ and GNA1l mutations and downstream YAP
activation in choroidal nevi. Br. ]. Cancer 2017, 117, 884-887, doi:10.1038/bjc.2017.259.

Van Raamsdonk, C.D.; Bezrookove, V.; Green, G.; Bauer, J.; Gaugler, L.; O’Brien, ] M.; Simpson, E.M.; Barsh,
G.S.; Bastian, B.C. Frequent somatic mutations of GNAQ in uveal melanoma and blue naevi. Nature 2009,
457, 599-602, doi:10.1038/nature07586.

Logan, P.; Bernabeu, M.; Ferreira, A.; Burnier, M.N., Jr. Evidence for the Role of Blue Light in the
Development of Uveal Melanoma. . Ophthalmol. 2015, 2015, 386986, d0i:10.1155/2015/386986.

Sliney, D.H. How light reaches the eye and its components. Int. |. Toxicol. 2002, 21, 501-509,
doi:10.1080/10915810290169927.

Onken, M.D.; Worley, L.A.; Harbour, ].W. A metastasis modifier locus on human chromosome 8p in uveal
melanoma identified by integrative genomic analysis. Clin. Cancer Res. 2008, 14, 3737-3745,
d0i:10.1158/1078-0432.Ccr-07-5144.

Prescher, G.; Bornfeld, N.; Hirche, H.; Horsthemke, B.; Jockel, K.H.; Becher, R. Prognostic implications of
monosomy 3 in uveal melanoma. Lancet 1996, 347, 1222-1225, d0i:10.1016/s0140-6736(96)90736-9.

Aalto, Y.; Eriksson, L.; Seregard, S.; Larsson, O.; Knuutila, S. Concomitant loss of chromosome 3 and whole
arm losses and gains of chromosome 1, 6, or 8 in metastasizing primary uveal melanoma. Invest. Ophthalmol.
Vis. Sci. 2001, 42, 313-317.

Smit, K.N.; Jager, M.].; de Klein, A ; Kilig, E. Uveal melanoma: Towards a molecular understanding. Prog.
Retin. Eye Res. 2020, 75, 100800, doi:10.1016/j.preteyeres.2019.100800.

Decatur, C.L.; Ong, E.; Garg, N.; Anbunathan, H.; Bowcock, A.M.; Field, M.G.; Harbour, J.W. Driver
Mutations in Uveal Melanoma: Associations with Gene Expression Profile and Patient Outcomes. JAMA
Ophthalmol. 2016, 134, 728-733, d0i:10.1001/jamaophthalmol.2016.0903.

Sharma, A.; Stei, M.M.; Frohlich, H.; Holz, F.G.; Loeffler, K.U.; Herwig-Carl, M.C. Genetic and epigenetic
insights into uveal melanoma. Clin. Genet. 2018, 93, 952-961, doi:10.1111/cge.13136.

Harbour, J.W.; Onken, M.D.; Roberson, E.D.; Duan, S.; Cao, L.; Worley, L.A.; Council, M.L.; Matatall, K.A.;
Helms, C.; Bowcock, A.M. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science 2010, 330,
1410-1413, doi:10.1126/science.1194472.

Stalhammar, G.; See, T.R.O.; Phillips, S.S.; Grossniklaus, H.E. Density of PAS positive patterns in uveal
melanoma: Correlation with vasculogenic mimicry, gene expression class, BAP-1 expression, macrophage
infiltration, and risk for metastasis. Mol. Vis. 2019, 25, 502-516.

Van Poppelen, N.M.; Vaarwater, J.; Mudhar, H.S;; Sisley, K.; Rennie, I.G.; Rundle, P.; Brands, T.; van den
Bosch, Q.C.C.; Mensink, HW.; de Klein, A, et al. Genetic Background of Iris Melanomas and Iris
Melanocytic Tumors of Uncertain Malignant Potential. Ophthalmology 2018, 125, 904-912,
doi:10.1016/j.ophtha.2017.12.022.

Scholz, S.L.; Méller, I; Reis, H.; Siilkind, D.; van de Nes, J.A.P.; Leonardelli, S.; Schilling, B.; Livingstone,
E.; Schimming, T.; Paschen, A,; et al. Frequent GNAQ, GNAT11, and EIF1AX Mutations in Iris Melanoma.
Invest. Ophthalmol. Vis. Sci. 2017, 58, 3464-3470, doi:10.1167/iovs.17-21838.

Koopmans, A.E.; Vaarwater, J.; Paridaens, D.; Naus, N.C; Kilic, E.; de Klein, A. Patient survival in uveal
melanoma is not affected by oncogenic mutations in GNAQ and GNA11. Br. ]. Cancer 2013, 109, 493-496,
doi:10.1038/bjc.2013.299.

Krohn, J.; Dahl, O. Incidence of iris melanoma in western Norway. Acta Ophthalmol. 2008, 86, 116-117,
doi:10.1111/j.1600-0420.2007.01011.x.

Shields, C.L.; Ramasubramanian, A.; Ganguly, A.; Mohan, D.; Shields, J.A. Cytogenetic testing of iris
melanoma using fine needle aspiration biopsy in 17 patients. Retina 2011, 31, 574-580,
doi:10.1097/IAE.0b013e3181£57e62.

Mensink, HW.; Vaarwater, J.; de Keizer, R.].; de Wolff-Rouendaal, D.; Mooy, C.M.; de Klein, A.; Paridaens,
D. Chromosomal aberrations in iris melanomas. Br. ]. Ophthalmol. 2011, 95, 424-428,
do0i:10.1136/bjo.2010.181289.



Int. ]. Mol. Sci. 2020, 21, 7172 15 of 17

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Johansson, P.A.; Brooks, K.; Newell, F.; Palmer, J.M.; Wilmott, J.S.; Pritchard, A.L.; Broit, N.; Wood, S.;
Carlino, M.S.; Leonard, C.; et al. Whole genome landscapes of uveal melanoma show an ultraviolet
radiation signature in iris tumours. Nat. Commun. 2020, 11, 2408, doi:10.1038/s41467-020-16276-8.
Bumsted, K.M.; Barnstable, C.J. Dorsal retinal pigment epithelium differentiates as neural retina in the
microphthalmia (mi/mi) mouse. Invest. Ophthalmol. Vis. Sci. 2000, 41, 903-908.

Sarkar, S.; Gaddameedhi, S. Solar ultraviolet-induced DNA damage response: Melanocytes story in
transformation to environmental melanomagenesis. Environ. Mol. Mutagen. 2020, doi:10.1002/em.22370.
Sliney, D.H. Exposure geometry and spectral environment determine photobiological effects on the human
eye. Photochem. Photobiol. 2005, 81, 483-489, d0i:10.1562/2005-02-14-ra-439.

Wolber, R.; Schlenz, K.; Wakamatsu, K.; Smuda, C.; Nakanishi, Y.; Hearing, V.J.; Ito, S. Pigmentation effects
of solar-simulated radiation as compared with UVA and UVB radiation. Pigment Cell Melanoma Res. 2008,
21, 487-491, doi:10.1111/j.1755-148X.2008.00470.x.

Mallet, ].D.; Gendron, S.P.; Drigeard Desgarnier, M.C.; Rochette, P.J. Implication of ultraviolet light in the
etiology of uveal melanoma: A review. Photochem. Photobiol. 2014, 90, 15-21, doi:10.1111/php.12161.
Pfeifer, G.P.; Besaratinia, A. UV wavelength-dependent DNA damage and human non-melanoma and
melanoma skin cancer. Photochem. Photobiol. Sci. 2012, 11, 90-97, d0i:10.1039/c1pp05144;j.

Wranicz, J.; Szostak-Wegierek, D. Health outcomes of vitamin D. Part I. characteristics and classic role.
Roczniki Panistwowego Zaktadu Higieny 2014, 65, 179-184.

Hu, D.N,; Simon, ].D.; Sarna, T. Role of ocular melanin in ophthalmic physiology and pathology. Photochem.
Photobiol. 2008, 84, 639644, doi:10.1111/j.1751-1097.2008.00316.x.

Hu, D.N.; McCormick, S.A.; Orlow, S.J.; Rosemblat, S.; Lin, A.Y.; Wo, K. Melanogenesis by human uveal
melanocytes In Vitro. Invest. Ophthalmol. Vis. Sci. 1995, 36, 931-938.

Sarna, T.; Burke, ].M.; Korytowski, W.; Rézanowska, M.; Skumatz, C.M.; Zareba, A.; Zareba, M. Loss of
melanin from human RPE with aging: Possible role of melanin photooxidation. Exp. Eye Res. 2003, 76, 89—
98, d0i:10.1016/s0014-4835(02)00247-6.

Boulton, M.; Dayhaw-Barker, P. The role of the retinal pigment epithelium: Topographical variation and
ageing changes. Eye 2001, 15, 384-389, doi:10.1038/eye.2001.141.

Hu, D.N.; Savage, H.E.; Roberts, ]J.E. Uveal melanocytes, ocular pigment epithelium, and Miiller cells in
culture: In Vitro toxicology. Int. J. Toxicol. 2002, 21, 465-472, d0i:10.1080/10915810290169891.

Ramsden, C.A; Riley, P.A. Tyrosinase: The four oxidation states of the active site and their relevance to
enzymatic activation, oxidation and inactivation. Bioorg. Med. Chem. 2014, 22, 2388-2395,
doi:10.1016/j.bmc.2014.02.048.

Wilkerson, C.L.; Syed, N.A.; Fisher, M.R.; Robinson, N.L.; Wallow, L.H.; Albert, D.M. Melanocytes and iris
color. Light microscopic findings. Arch. Ophthalmol. 1996, 114, 437-442,
doi:10.1001/archopht.1996.01100130433014.

Albert, D.M.; Green, W.R.; Zimbric, M.L.; Lo, C.; Gangnon, R.E.; Hope, K.L.; Gleiser, J. Iris melanocyte
numbers in Asian, African American, and Caucasian irides. Trans. Am. Ophthalmol. Soc. 2003, 101, 217-221.
Imesch, P.D.; Bindley, C.D.; Khademian, Z.; Ladd, B.; Gangnon, R.; Albert, D.M.; Wallow, I.H. Melanocytes
and iris color. Electron microscopic findings. Arch. Ophthalmol. 1996, 114, 443-447,
doi:10.1001/archopht.1996.01100130439015.

Wakamatsu, K.; Hu, D.N.; McCormick, S.A.; Ito, S. Characterization of melanin in human iridal and
choroidal melanocytes from eyes with various colored irides. Pigment Cell Melanoma Res. 2008, 21, 97-105,
doi:10.1111/j.1755-148X.2007.00415 x.

Inazu, M.; Mishima, Y. Detection of eumelanogenic and pheomelanogenic melanosomes in the same
normal human melanocyte. |. Invest. Dermatol. 1993, 100, 1725-175S.

Hearle, N.; Humphreys, J.; Damato, B.E.; Wort, R.; Talaban, R.; Wixey, ].; Green, H.; Easton, D.F.; Houlston,
R.S. Role of MCIR variants in uveal melanoma. Br. J. Cancer 2003, 89, 1961-1965, d0i:10.1038/sj.bjc.6601358.
Le Pape, E.; Wakamatsu, K.; Ito, S.; Wolber, R.; Hearing, V.J. Regulation of eumelanin/pheomelanin
synthesis and visible pigmentation in melanocytes by ligands of the melanocortin 1 receptor. Pigment Cell
Melanoma Res. 2008, 21, 477-486, d0i:10.1111/j.1755-148X.2008.00479.x.

Palmer, ].S.; Duffy, D.L.; Box, N.F.; Aitken, J.F.; O’Gorman, L.E.; Green, A.C.; Hayward, N.K.; Martin, N.G.;
Sturm, R.A. Melanocortin-1 receptor polymorphisms and risk of melanoma: Is the association explained
solely by pigmentation phenotype? Am. ]. Hum. Genet. 2000, 66, 176-186, d0i:10.1086/302711.



Int. J. Mol. Sci. 2020, 21, 7172 16 of 17

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Smith, R.; Healy, E.; Siddiqui, S.; Flanagan, N.; Steijlen, P.M.; Rosdahl, L; Jacques, J.P.; Rogers, S.; Turner,
R.; Jackson, L].; et al. Melanocortin 1 receptor variants in an Irish population. . Invest. Dermatol. 1998, 111,
119-122, doi:10.1046/j.1523-1747.1998.00252.x.

Li, L.; Hu, D.N.; Zhao, H.; McCormick, S.A.; Nordlund, ]J.J.; Boissy, R.E. Uveal melanocytes do not respond
to or express receptors for alpha-melanocyte-stimulating hormone. Invest. Ophthalmol. Vis. Sci. 2006, 47,
4507-4512, d0i:10.1167/iovs.06-0391.

Hu, D.N. Regulation of growth and melanogenesis of uveal melanocytes. Pigment Cell Res. 2000, 13 (Suppl.
S8), 81-86, doi:10.1034/j.1600-0749.13.58.15.x.

Smith-Thomas, L.C.; Moustafa, M.; Dawson, R.A.; Wagner, M.; Balafa, C.; Haycock, ] W.; Krauss, A.H.;
Woodward, D.F.; MacNeil, S. Cellular and hormonal regulation of pigmentation in human ocular
melanocytes. Pigment Cell Res. 2001, 14, 298-309, d0i:10.1034/j.1600-0749.2001.140411 x.

Metzelaar-Blok, J.A.; ter Huurne, J.A.; Hurks, HM.; Keunen, J.E.; Jager, M.].; Gruis, N.A. Characterization
of melanocortin-1 receptor gene variants in uveal melanoma patients. Invest. Ophthalmol. Vis. Sci. 2001, 42,
1951-1954.

Lopez, M.N,; Pereda, C.; Ramirez, M.; Mendoza-Naranjo, A.; Serrano, A.; Ferreira, A.; Poblete, R.; Kalergis,
A.M,; Kiessling, R.; Salazar-Onfray, F. Melanocortin 1 receptor is expressed by uveal malignant melanoma
and can be considered a new target for diagnosis and immunotherapy. Invest. Ophthalmol. Vis. Sci. 2007, 48,
1219-1227, d0i:10.1167/i0vs.06-0090.

Tafreshi, N.K.; Tichacek, C.J.; Pandya, D.N.; Doligalski, M.L.; Budzevich, M.M.; Kil, H.; Bhatt, N.B.; Kock,
N.D.; Messina, J.L.; Ruiz, E.E.; et al. Melanocortin 1 Receptor-Targeted a-Particle Therapy for Metastatic
Uveal Melanoma. J. Nucl. Med. 2019, 60, 1124-1133, d0i:10.2967/jnumed.118.217240.

Ito, S. The IFPCS presidential lecture: A chemist’s view of melanogenesis. Pigment Cell Res. 2003, 16, 230—
236, doi:10.1034/j.1600-0749.2003.00037 ..

Palumbo, A.; d’Ischia, M.; Misuraca, G.; Prota, G.; Schultz, T.M. Structural modifications in biosynthetic
melanins induced by metal ions. Biochim. Biophys. Acta 1988, 964, 193-199, doi:10.1016/0304-4165(88)90166-
3.

Micillo, R.; Panzella, L.; Koike, K.; Monfrecola, G.; Napolitano, A.; d’Ischia, M. “Fifty Shades” of Black and
Red or How Carboxyl Groups Fine Tune Eumelanin and Pheomelanin Properties. Int. J. Mol. Sci. 2016, 17,
d0i:10.3390/ijms17050746.

Sturm, R.A.; Teasdale, R.D.; Box, N.F. Human pigmentation genes: Identification, structure and
consequences of polymorphic variation. Gene 2001, 277, 49-62, doi:10.1016/s0378-1119(01)00694-1.

Simon, ].D.; Peles, D.; Wakamatsu, K.; Ito, S. Current challenges in understanding melanogenesis: Bridging
chemistry, biological control, morphology, and function. Pigment Cell Melanoma Res. 2009, 22, 563-579,
doi:10.1111/§.1755-148X.2009.00610.x.

Napolitano, A.; Panzella, L.; Leone, L.; d'Ischia, M. Red hair benzothiazines and benzothiazoles: Mutation-
inspired chemistry in the quest for functionality. Acc. Chem. Res. 2013, 46, 519-528, d0i:10.1021/ar300219u.
Napolitano, A.; De Lucia, M.; Panzella, L.; d’Ischia, M. The “benzothiazine” chromophore of pheomelanins:
A reassessment. Photochem. Photobiol. 2008, 84, 593-599, doi:10.1111/j.1751-1097.2007.00232.x.

Krol, E.S.; Liebler, D.C. Photoprotective actions of natural and synthetic melanins. Chem. Res. Toxicol. 1998,
11, 14341440, doi:10.1021/tx980114c.

Chedekel, M.R.; Agin, P.P.; Sayre, R. M. Photochemistry of Pheomelanin: Action Spectrum for Superoxide
Production. Photochem. Photobiol. 1980, 31, 553-555, doi:10.1111/j.1751-1097.1980.tb03745..x.

De Leeuw, S.M.; Smit, N.P.; Van Veldhoven, M.; Pennings, E.M.; Pavel, S.; Simons, J.W.; Schothorst, A.A.
Melanin content of cultured human melanocytes and UV-induced cytotoxicity. J. Photochem. Photobiol. B
2001, 61, 106-113, doi:10.1016/s1011-1344(01)00168-3.

Meredith, P.; Sarna, T. The physical and chemical properties of eumelanin. Pigment Cell Res. 2006, 19, 572—
594, doi:10.1111/j.1600-0749.2006.00345.x.

Ye, T; Hong, L.; Garguilo, J.; Pawlak, A.; Edwards, G.S.; Nemanich, R.J.; Sarna, T.; Simon, ].D.
Photoionization thresholds of melanins obtained from free electron laser-photoelectron emission
microscopy, femtosecond transient absorption spectroscopy and electron paramagnetic resonance
measurements of oxygen photoconsumption. Photochem. Photobiol. 2006, 82, 733-737, doi:10.1562/2006-01-
02-ra-762.



Int. ]. Mol. Sci. 2020, 21, 7172 17 of 17

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Tanaka, H.; Yamashita, Y.; Umezawa, K.; Hirobe, T.; Ito, S.; Wakamatsu, K. The Pro-Oxidant Activity of
Pheomelanin is Significantly Enhanced by UVA Irradiation: Benzothiazole Moieties Are More Reactive
than Benzothiazine Moieties. Int. ]. Mol. Sci. 2018, 19, d0i:10.3390/ijms19102889.

Morgan, A.M.; Lo, J.; Fisher, D.E. How does pheomelanin synthesis contribute to melanomagenesis? Two
distinct mechanisms could explain the carcinogenicity of pheomelanin synthesis. Bioessays 2013, 35, 672—
676, doi:10.1002/bies.201300020.

Fuller, B.B.; Iman, D.S.; Lunsford, J.B. Comparison of tyrosinase levels in amelanotic and melanotic
melanoma cell cultures by a competitive enzyme-linked immunoadsorbent assay and by immunotitration
analysis. . Cell. Physiol. 1988, 134, 149-154, doi:10.1002/jcp.1041340119.

Jager, ML].; Shields, C.L.; Cebulla, C.M.; Abdel-Rahman, M.H.; Grossniklaus, H.E.; Stern, M.H.; Carvajal,
R.D.; Belfort, R.N.; Jia, R.; Shields, J.A.; et al. Uveal melanoma. Nat. Rev. Dis. Primers 2020, 6, 24,
doi:10.1038/s41572-020-0158-0.

Lee, Y.5.; Gunduz, E.; Tamamura, R.; Takagi, S.; Kawahara, K.; Rui, K.; Bingzhen, H.; Gul San Ara, S.;
Mahmoud Hashem Al Sheikh, A.; Nagaoka, N.; et al. Characteristics of Melanosomes in Melanotic and
Amelanotic Melanomas. J. Hard Tissue Biol. 2004, 13, 87-90, doi:10.2485/jhtb.13.87.

Frudakis, T.; Terravainen, T.; Thomas, M. Multilocus OCA2 genotypes specify human iris colors. Hum.
Genet. 2007, 122, 311-326, doi:10.1007/s00439-007-0401-8.

White, D.; Rabago-Smith, M. Genotype-phenotype associations and human eye color. J. Hum. Genet. 2011,
56, 5-7, doi:10.1038/jhg.2010.126.

Hirobe, T.; Ito, S.; Wakamatsu, K. The mouse pink-eyed dilution allele of the P-gene greatly inhibits
eumelanin but not pheomelanin synthesis. Pigment Cell Melanoma Res. 2011, 24, 241-246, doi:10.1111/j.1755-
148X.2010.00783.x.

Eiberg, H.; Troelsen, J.; Nielsen, M.; Mikkelsen, A.; Mengel-From, J.; Kjaer, KW.; Hansen, L. Blue eye color
in humans may be caused by a perfectly associated founder mutation in a regulatory element located
within the HERC2 gene inhibiting OCA2 expression. Hum. Genet. 2008, 123, 177-187, doi:10.1007/s00439-
007-0460-x.

Frudakis, T.; Thomas, M.; Gaskin, Z.; Venkateswarlu, K.; Chandra, K.S.; Ginjupalli, S.; Gunturi, S.; Natrajan,
S.; Ponnuswamy, V.K.; Ponnuswamy, K.N. Sequences associated with human iris pigmentation. Genetics
2003, 165, 2071-2083.

Liu, F.; van Duijn, K,; Vingerling, J.R.; Hofman, A.; Uitterlinden, A.G.; Janssens, A.C.; Kayser, M. Eye color
and the prediction of complex phenotypes from genotypes. Curr. Biol. 2009, 19, R192-R193,
doi:10.1016/j.cub.2009.01.027.

Ferguson, R.; Vogelsang, M.; Ucisik-Akkaya, E.; Rai, K.; Pilarski, R.; Martinez, C.N.; Rendleman, J.; Kazlow,
E.; Nagdimov, K.; Osman, I; et al. Genetic markers of pigmentation are novel risk loci for uveal melanoma.
Sci. Rep. 2016, 6, 31191, d0i:10.1038/srep31191.

Frost, P. European hair and eye color: A case of frequency-dependent sexual selection? Evol. Hum. Behav.
2006, 27, 85-103, doi:10.1016/j.evolhumbehav.2005.07.002.

Simchuk, A.P. Frequency-dependent sexual selection in a natural population of oak leaf-roller moth (Tortrix
viridana L.). TSitologiia i genetika 2001, 35, 25-29.

Fogelman, Y.; Rakover, Y.; Luboshitzky, R. High prevalence of vitamin D deficiency among Ethiopian
women immigrants to Israel: Exacerbation during pregnancy and lactation. Isr. ]. Med. Sci. 1995, 31, 221-
224,

Wauters, I.M.; van Soesbergen, R.M. Disease caused by lack of sunlight: Rickets and osteomalacia.
Nederlands tijdschrift voor geneeskunde 1999, 143, 593-597.

Arnson, Y.; Amital, H.; Shoenfeld, Y. Vitamin D and autoimmunity: New aetiological and therapeutic
considerations. Ann. Rheum. Dis. 2007, 66, 1137-1142, d0i:10.1136/ard.2007.069831.

Bhalla, A K.; Amento, E.P.; Clemens, T.L.; Holick, M.F.; Krane, S.M. Specific high-affinity receptors for 1,25-
dihydroxyvitamin D3 in human peripheral blood mononuclear cells: Presence in monocytes and induction
in T lymphocytes following activation. |. Clin. Endocrinol. Metab. 1983, 57, 1308-1310, doi:10.1210/jcem-57-
6-1308.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ ® article distributed under the terms and conditions of the Creative Commons Attribution

(CCBY) license (http://creativecommons.org/licenses/by/4.0/).



