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Ultraviolet (UV) radiation is an accepted etiological factor in cutaneous melanoma (CM), however its role in uveal
melanoma (UM) is controversial. Partly as a consequence, CM and UM are often considered to be separate conditions, and
advances in the treatment of CM have not led to joint clinical trials or parallel improvements in survival of UM. This study
hypothesized that a subset of UM tumors displays evidence of genetic changes consistent with UV-related damage similar to
that shown in CM. Analysis of the Broad Institute’s Firebrowse depository of 80 UM samples and 343 CM samples, together
with the Sanger Institute’s Catalogue of Somatic Mutations in Cancer depository of 995 UM and 12,447 CM samples was
undertaken to identify the most frequently mutated genes, mutation types, and specific nucleotide variants (SN'Vs) in each
condition. Somatic mutation data were cross-correlated and shared mutations assessed against known effects of UV radia-
tion. The proportion of samples with C>T substitutions (a classic genetic marker of UV-related damage) was higher in UM
than CM on both DNA strands (17.0% vs 13.1%, p=0.038). The most frequently encountered cross-correlated mutated genes
between UM and CM were, in order, BRAF, NRAS, TP53, CDKN2A, TERT, PTEN, ARID2, and KMT2C, with multiple
common BRAF point mutations. Each cross-correlated mutation, and each common point mutation in BRAF, was associ-
ated with UV-related mechanistic changes. These findings support the hypothesis that the etiology of a substantial minority

of UMs may be more UV dependent than previously recognized.
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Cutaneous melanoma (CM) is the most common type
of melanoma, accounting for more than 90% of melanomas
worldwide. In comparison, the uveal tract gives rise to only
5% of melanomas, despite being the second most common
site of origin. As a considerably more prevalent and studied
disease, CM has largely guided, and continues to inform, the
biological understanding and treatment principles of uveal
melanoma (UM) [1].

Cutaneous and uveal melanocytes are derived from the
common origin of neural crest melanoblasts. Clinically, the
mainstay of treatment for both primary CM and UM is local
excision, and the most important clinical prognostic factor is
the size of the tumor, namely Breslow thickness and largest
basal diameter, respectively. Both have high progression
rates to metastatic melanoma, which once detected has an
extremely poor prognosis and essentially resistant to standard
chemotherapy [2]. As such, there is a significant demand for
effective systemic therapies for both these malignancies,
with numerous clinical trials currently underway, however

many of these trials exclude UM as it is considered to have
too many biological differences to CM [1, 3]. Arguably, one
of the most significant of these differences is the etiological
involvement of ultraviolet (UV) light.

The primary source of natural UV light is the sun, which
emits UVA, UVB, and UVC - the latter of which does not
penetrate the atmosphere. It is widely agreed that the UVB
component of solar radiation is more carcinogenic than UVA,
although UVA is more abundant than UVB, and like other
genotoxic carcinogens, UV radiation causes DNA damage,
which in turn, forms characteristic mutations in oncogenes
and/or tumor suppressor genes, including a high frequency
of cytosine to thymine (C>T) substitutions [4-6].

There are multiple photochemical mechanisms by which
these mutations are formed, one of which involves the
common UVB-induced formation of cyclobutane pyrimi-
dines (CPDs) and 6,4 photoproducts. These photoproducts
inhibit the DNA polymerase enzyme, arrest replication and
if they remain unrepaired or are incorrectly repaired by DNA
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repair enzymes, they can induce mutagenesis through deami-
nation and translesion DNA synthesis processes [7]. UVA,
initially thought to be benign, is now increasingly implicated
in skin cancer development, and exerts several biological
effects. Through the formation of singlet oxygen, type I
photosensitization and/or type II photo-oxidation reactions,
UVA triggers oxidative changes to nucleotide bases. Guanine
is particularly vulnerable due to its low ionization potential,
transforming into 8-Oxo-7,8-dihydroguanine (8-oxo-G)
and Fapy adducts that can ultimately lead to G>T or G>A
mutations [4-6, 8, 9].

There is a widely accepted association between CM
incidence and UV exposure, particularly if intermittent
and high-intensity (e.g. sunburns) or in childhood [4, 10].
However, the mechanisms by which UV radiation triggers
CM have not been fully elucidated, and are less understood
than in non-melanoma skin cancers [8]. Complexities in
the UV-CM relationship include tumor development in
sites with little (e.g. acral) or virtually no sun exposure (e.g.
mucosal), the lack of the typical UV signature in common
CM driver genes (e.g. BRAF), the impact of different patterns
of UV exposure, and the influence of genetic, immunologic,
and other factors (e.g. melanin types) [8, 11]. The effects of
UV radiation on CM seem to vary according to the body site,
the intensity of exposure, and additional factors that remain
to be identified [8].

Nevertheless, UV radiation is the most well-established
environmental factor in CM development. In contrast, there
is controversy in the literature regarding its role in the patho-
genesis of UM. Like CM, UM is associated with light iris
color, fair complexion, dysplastic naevus syndrome (DNS),
inherited differences such as the predominant melanin type
formed in the individual and Caucasian race [12-15]. UM is
also associated with the presence of atypical ocular naevi and
other melanocytic disorders such as ocular and oculodermal
melanocytosis [1, 16, 17]. These risk factors support the
notion of a shared group of susceptible individuals between
these two melanoma types.

From an anatomical perspective, uveal melanocytes are
situated between the retinal pigment epithelium (RPE)
and sclera, and are therefore not directly exposed to all
wavelengths of incident light [13]. The most superficial
layer through which UV light passes is the cornea, which
absorbs wavelengths less than 295 nm, but allows transmis-
sion of visible light, UVA, and most of the UVB spectrum
[18, 19]. The amount of UV light that reaches the uvea
is dependent on multiple factors, including the angle of
incidence of light, the absorption spectrum of different
ocular media, and age of the patient, with more UV light
reaching the posterior eye in childhood [20-22]. A positive
correlation has been found between the distribution of UM
tumors within the uveal tract and a solar radiation dosim-
etry map of the retinal sphere, which may suggest UM has
a predilection for areas with the highest UV exposure (i.e.
macula) [23].

There remains a significant controversy in the literature
regarding the relationship between UV radiation and UM.
However, the markedly higher incidence of UM in the Cauca-
sian population together with epidemiological, geographical,
and anatomical arguments raises suspicion in support of the
hypothesis that ultraviolet (UV) radiation is a pathogenetic
factor in its development. This study sought to characterize
the mutation profile of CM and UM including their most
frequent genetic alterations, mutation types, frequencies, and
single nucleotide variants (SNVs) from very large groups of
fully sequenced patient samples in order to elucidate whether
the etiology of UM is similar to CM. It was hypothesized that
CM and UM mutational signatures are comparable in terms
of damage from UV light.

Materials and methods

COSMIC. All mutation data in the Sanger Institute’s
Catalogue of Somatic Mutations in Cancer (COSMIC)
database  (http://cancer.sanger.ac.uk/cosmic) [24] were
manually sourced from peer-reviewed publications that
reported large-scale genome screening data by COSMIC
expert curators (Expert Curation Data), or imported from
large-scale genome screening publications or other databases
(e.g. ICGC) (Genome-wide Screen Data). The mutation
screening methods employed and their sensitivities differ
between each laboratory.

995 UM patient samples were obtained using the COSMIC
Cancer Browser (http://cancer.sanger.ac.uk/cosmic/browse/
tissue), the following filters were applied to locate samples:
‘Eye’ under Tissue Selection > ‘Uveal tract’ under Subtissue
selection > ‘Malignant melanoma’ under Histology selec-
tion > ‘Include all’ under subHistology selection. 12,447
CM patient samples were obtained with the following filters:
‘Skin’ under Tissue Selection > ‘Include all’ under Subtissue
selection > ‘Malignant melanoma’ under Histology section
> ‘Include all' under subHistology selection. Samples
were analyzed to identify frequently mutated genes in UM
and CM. Other somatic mutation data (e.g. frequency of
mutations, mutation types (e.g. substitution, deletion, inser-
tion) and specific SNVs were then collected for both types of
melanoma.

GDAC Firebrowse. 80 UM and 343 CM patient samples
with mutation data available were obtained from the uveal
melanoma (UVM) and skin cutaneous melanoma (SKCM)
cohorts in the Broad Institute GDAC Firebrowse database
(http://firebrowse.org/). A MutSig v2.0 analysis was
performed to determine the distribution of mutation types
and mutational signature of the patient samples of both
UM and CM cohorts [25, 26]. A MutSig2CV v3.1 analysis
was also performed to further characterize and compare the
commonly mutated genes, their corresponding mutation
rates and specific SNVs present between cohorts [27,28]. Note
that the nomenclature for SNVs (e.g. C>T) in the COSMIC
analyses (e.g. C:G>T:A) differs from that of the GDAC
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Insertion frameshift 17 14
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Figure 2. Distribution of mutation types in the COSMIC UM and CM samples. An analysis of the types of mutations present in 995 UM and 12,401 CM
samples from the COSMIC database is illustrated in the pie chart. Mutation types were color-coded as per the key. Substitution missense mutations
were the most frequent type of mutation in both UM and CM samples, accounting for 82.7% and 80.0%, respectively.

UM CM

UM (%) CM (%)

4.0 1.1
5.8 6.8
17.0 13.1
48.0 50.2
5.3 12.4
19.9 6.4

Figure 3. Mutational signature of single nucleotide variants (SNVs) in the COSMIC UM and CM samples. A breakdown of the specific SNVs present on
both DNA strands in 577 UM and 7,155 CM samples from the COSMIC database is illustrated in the pie chart. The variants were color-coded as per the
key. The T:A>A:T substitution was the most frequent SNV in both UM and CM, accounting for 48.0% and 50.2%, respectively. C:G>T:A substitutions
were present in 17.0% and 13.1% of UM and CM samples, respectively.

UM (%) CM (%)
UM CM - Substitution nonsense 35 36

Substitution missense 64.3 59.1
Silent mutation 23.6 34.0
Insertion inframe 3.9 0.4
Insertion frameshift 0.9 0.1
Deletion inframe 0.9 0.1
Deletion frameshift 0.1 0.0
Splice site 2.7 25
- Start codon SNP 0.1 0.1
Nonstop mutation - 0.0

De novo start out of frame - 0.0

De novo start inframe - 0.0
Figure 4. Distribution of mutation types in the GDAC Firebrowse UM and CM samples. 80 UM and 343 CM patient samples available from GDAC
Firebrowse database were analyzed using MutSig v2.0 according to the types of mutations present. A breakdown of the mutation types in each cohort

is illustrated in the pie chart, with color-coded mutation types as per the key. Substitution missense mutations were the most frequent type of mutation
in both UM and CM samples, accounting for 64.3% and 59.1%, respectively.
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UM had a significantly higher proportion of samples exhib-
iting C:G>T:A substitutions (17.0%) compared to CM
(13.1%) in both strands (p=0.038). It was noted that 316 UM
samples and 4,985 CM samples exhibited SNV, however, the
specific substitution was unknown (Figure 3).

Distribution of mutation types and single nucleotide
variants in GDAC Firebrowse. In the GDAC Firebrowse
database, the distribution of mutation types including substi-
tution nonsense, substitution missense, substitution synon-
ymous, insertion inframe, insertion frameshift, deletion
inframe, deletion frameshift, splice site, start codon single
nucleotide polymorphism (SNP), nonstop mutation, de novo
start out of frame and de novo start inframe were analyzed
in UM (n=80) and CM (n=343) samples. The patterns of
distribution in mutation types were similar, with substitu-
tion missense as the most frequent mutation type (64.3%
and 59.1%, respectively), followed by silent mutation (23.6%
and 34.0%, respectively, Figure 4). Despite the small number
of patient samples in GDAC Firebrowse compared with the
COSMIC database, similar trends in mutation types and
frequencies were observed. All samples were found to have
SNVs present. UM samples were analyzed for the following
SNV categories - CpG>T, Cp(A/C/T)>T, A>G, transverse,
indel+null, and double null. CM samples with SNVs were
analyzed according to the following SNV categories — (C/T)
pC>T, (A/G)pC>T, A>G, transverse, indel+null and double
null. The most frequent SNV category in UM was CpG>T,
while in CM it was (C/T)pC>T) (Figure 5). The frequency
and pattern of SNVs were unable to be directly compared
between UM and CM due to the disparity in their SNV
categorization systems, as per the GDAC Firebrowse
database. Thus the hypothesis was unable to be tested using
statistical significance. However, the MutSig2CV 3.1 analysis
revealed that C>T was the most frequent SNV in both UM

UM

) A

Figure 5. Mutational signature of single nucleotide variants (SNVs) in the GDAC Firebrowse UM and CM samples. 80 UM patient samples were ana-
lyzed using MutSig v2.0 according to the following SNV categories - CpG>T, Cp(A/C/T)>T, A>G, transverse, indel+null and double null. 343 CM

samples were analyzed using MutSig v2.0 according to the following SNV categories —

CM

and CM. The most common three-base contexts in which
C>T occurred in UM was C_G and A_G (non-dipyrimidine
sites), and C_G and T_G (dipyrimidine sites), with approxi-
mately equivalent rates in each. In CM, the most common
three-base context was T_G, followed by T_C,C_Cand T_A,
with a preponderance featuring dipyrimidine sites (Figure 6).

Molecular signature of UV-induced damage in UM and
CM samples. To gain a more in-depth understanding of the
link between UV radiation and UM, we next identified genes
in UM that were most commonly mutated in CM. From the
twenty (20) most frequently mutated genes in the COSMIC
UM (n=995) and CM (n=12,401) cohorts, the following
eight (8) genes were common to both - BRAE NRAS, TP53,
TERT, CDKN2A, PTEN, ARID2, and KMT2C (Figure 7).
Many of the genes from this list have been previously linked
to UV-induced damage in CM in the literature. The mutated
forms of these genes were present in a much higher propor-
tion of CM compared to UM samples (Figure 7C). Across
both UM and CM samples, three (3) identical point mutations
were observed in BRAE NRAS, and TP53. The shared
mutation in BRAF is characterized by a valine to glutamic
acid change at the 600" amino acid (V600E), and resulted
from a T>A substitution at the 1799 base (1799T>A). This
mutation accounted for the most BRAF variants in the UM
(36 of 39) and CM samples (4,720 of 9,441). NRAS was
mutated in both cancers at codon 61, with Q61R (182A>G)
being the only known common substitution. There were
two point mutations in TP53 shared between UM and CM
- R273C (817C>T) and R248Q (743G>A). Both these TP53
changes co-occurred in one UM sample, however, were
mutually exclusive in the CM samples. Based on the GDAC
Firebrowse data, 7 significantly mutated genes were identi-
fied in UM, as well as 117 genes in CM - however, no shared
genes were observed (Table 1).

UM (%) CM (%)

*CpG>T 37.8 -

*Cp(A/CIT>T 427 -

(CMp*C>T - 68.5
(AG)p*C>T - 7.8
A>G 9.3 3.8
transver 24.6 9.6
indel+null 15.4 9.9
double_null 0.3 04

(C/T)pC>T, (A/G)pC>T, A>G, transverse, indel+null and double

null. SNVs were color-coded as per the key. The most frequent SNV category in UM was CpG>T, while in CM it was (C/T)pC>T. Mutation types were

color- and pattern-coded as per the key.
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Table 1. Mutated genes in the GDAC Firebrowse UM and CM samples. A mutational analysis of the UM (n = 80) and CM (n = 343) patient samples
determined 7 genes significantly mutated in UM compared to 117 genes significantly mutated in CM. No shared mutated genes were found between

the two cohorts.

UM CM
GNAQ BRAF ALPK2 MPP7 CD2 BCMO1 NTN4 SAG S100A8 CCK
GNAII XIRP2 AN04 MLL4 AMPD3 KYNU ORIIHI2 RUFY4 0XAIL KRAS
BAPI THSD7B  SLCYAII GLRB RACI CTNNBI HSD11BI KRTAP5-10  ZNF595 FAM55C
SF3B1 USH2A RPTN PKDRE] PPP6C CIQINF9  STK19 ZNF780B AcCo1 LUZP1
EIFIAX NRAS CDKN2A OR51S1 DDX3X PPFIAI MMP1 SLC27A5 DDX17 NUDT4
CYSLTR2  PTPRT MLL C20RF16 CIO0RF72 ZNF490 CYP3A5 POLR2B CIOORF28 MED17
SFRS2 SI NF1 POTEG MAP3K5 IL5RA ACSBG1 MCART2 EMGI IFNGR2
TPTE ARID2 TRERF1 CI50RF23 ADAM33 MMP27 CD300E MYPOP CSN3
DSP C70RF58 NBPF1 PARM1 ZFX APCS RQCD1 PDK4 C30RF71
COL3A1  KEL PTEN LILRB5 MAP2K1 CD209 NGF EPS8 UBE2V2
TP63 THEMIS NAPIL2 GPX5 IDH1 RICTOR CASP8 CIOORF118  BOLAI
TP53 SLC38A4 PRKAA2 USP9X MANIAI GML NUDTI11 FAMS58A ZNF589
DSG3 SELP USP17L2 MUC7 BTK DMCI CDK4 ATP5F1 2773
Discussion overall; however, it was noted that a key difference between

These results, based on large cohorts of sequenced cancers,
present substantial evidence in support of the hypothesis that
the mutational signatures of UM and CM are broadly compa-
rable in terms of UV light damage, and that the pathogenesis
of UM may be more dependent on UV light than previously
recognized.

UM and CM were found to have a similar distribution
of mutation types. The most frequent type, accounting for
the majority of mutations, was substitution missense. The
pattern of cytosine to thymine (C>T or C:G>T:A) SNVs has
often been used as a marker of UV-related damage [29, 30],
and was investigated in this study for CM and UM cohorts
from both COSMIC and GDAC Firebrowse databases. Based
on the collective findings of both patient cohorts, neither
the genetic profiles of CM nor UM displayed the classic
UV signature [29], defined as > 60% of mutations being
C>T transitions at a pyrimidine site, with at least 5% being
CC>TT tandem substitutions. This is despite the widespread
understanding that CM is etiologically linked to UV radia-
tion. Unfortunately, neither cohort allowed CC>TT tandem
substitutions to be assessed. Our results showed that in the
COSMIC cohort, C:G>T:A changes accounted for a signifi-
cantly higher proportion of SNVs in UM compared to CM.
This result is inconsistent with a recent study that reported
a significantly higher percentage of SNVs were C>T in
CM when compared to UM (approximately 85% vs 35%
of SNVs, respectively) [31], as well as other whole-genome
sequencing studies [32]. Our results from the far smaller
Firebrowse cohort were more consistent with these previous
reports, however, the majority of SNVs were C>T in both the
Firebrowse UM and CM cohorts. This is in line with multiple
whole genome sequencing studies in CM [32-34]. It has also
been reported that melanomas in sun-protected areas (acral,
mucosal, uveal) featured C>T as the most common SNV

sun-exposed and sun-protected melanomas was an excess of
C>T transitions at dipyrimidine, rather than non-dipyrim-
idine sites (a more specific indicator of UV-induced DNA
damage) [32]. When considering the three-base context in
which C>T transitions occurred, the vast majority of C>T
transitions in CM were at dipyrimidine sites, consistent
with UV-related mutagenesis. In UM, C>T transitions were
approximately equivalent at dipyrimidine (CTG, TCG) and
non-dipyrimidine (ACG, GCG). This finding may reflect a
distinction between UM and CM in their relationship to UV
radiation, but at the very least, does not exclude the role of
UV radiation in either cancer. The genome-wide dipyrimi-
dine status of C:G>T:A transition sites was unable to be
determined in the COSMIC group of patients.

Of note, the sample sizes of both our Firebrowse UM
cohort and the study by Royer-Bertrand and colleagues
were considerably smaller and based in different geograph-
ical areas than the COSMIC cohort [31]. Considering the
COSMIC findings are based on a much more substantial
cohort size, these results warrant further investigation into
the relationship between UV radiation and UM, which may
be more similar to CM than previously thought. It is also
possible that the significance of UV radiation in the develop-
ment of UM varies according to geographical location and
the associated demographics, genetics, and intensity of UV
exposure found in that area.

Of note, C:G>T:A transitions did not feature as the most
common SNV in either the COSMIC UM or CM cohorts.
Instead, T:A>A:T accounted for approximately half of the
SNVs in both melanoma types. This is inconsistent with
studies on the genomic landscape of CM [32-34]. However,
there are several possible explanations for this finding. In
both UM and CM, the mutation hotspots in some of their
most frequently mutated genes feature a T:A>A:T substitu-
tion. For example, GNAQ and GNAII are well-established
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n=1932
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Figure 6. Lego plot of mutation rates of SNVs in GDAC Firebrowse UM and CM samples. Lego plots were generated using a MutSig2CV 3.1 analysis on
80 UM and 343 CM samples. The total number of substitutions detected in UM and CM were 1,932 and 237,020, respectively. Each bin is normalized by
base coverage for that bin. The height of each bin is representative of the mutation rate per million bases (Mb). Different SNV types are represented in
colors indicated in the key on the upper right of each figure. The 4x4 legend on the lower right indicates the three-base context for each mutation. The
pie chart on the upper left illustrates the breakdown of specific SNV types. The most frequent SNV type in both UM and CM was C>T substitutions.

driver genes in UM that are mutated in the majority of codon 209 mutations are said to be analogous to the hotspot
primary (85%) and metastatic UM (96%) [35, 36]. These =~ BRAF mutation (V600E; 1799T>A), which is present in up to
genes are highly homologous and both are most commonly  70% of CM [37, 38]. This was reflected in our findings when
modified by an A>T transition at codon 209. GNAQ/11  considering SNVs on the coding strand alone — A>T was the
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Figure 7. Most frequently mutated genes in COSMIC UM and CM samples. Histograms describing the top 20 genes mutated in 995 UM (A) and 12,447
CM (B) patient samples available from the Sanger Institute’s COSMIC database. The bars show the sample counts for the specified gene - the total
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the corresponding gene. Cross-correlation of the 20 most mutated genes in each tumor found that eight (8) frequently mutated genes were shared be-
tween UM and CM - BRAF, NRAS, TP53, CDKN2A, TERT, PTEN, ARID2, and KMT2C (C). All 8 genes were mutated at higher rates in CM than UM.
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most common SNV for UM, while for CM it was T>A (Suppl
Figure S1). Other than in BRAF, T:A>A:T transversions have
been rarely observed in CM [39]. Thus, it is possible that
the high proportion of UM and CM samples with GNAQ/11
and BRAF mutations respectively may contribute to why
T:A>A:T was the most frequent SNV in both cancers.

As A and T are complementary bases, it has been
suggested that a similar, potentially UV-related mechanism
may underlie GNAQ/11 and BRAF mutations [4, 37, 40, 41],
despite the fact that T:A>A:T transversions are not strictly
UV signature mutations. Interestingly, single C>T and
tandem CC>T'T substitutions are in fact present in GNA11
codons 182-183, both in the literature and in this study
(Suppl Figure S2), strongly supporting a role for UV radiation
in UM pathogenesis [36]. It is proposed that these hallmark
UVB-related mutations do not manifest in codon 209 since
a C>T change in its sequence would simply translate into a
stop codon or silent mutation. Thus, T:A>A:T substitutions
in codon 209 of GNAQ/11 and in BRAF V600E may repre-
sent analogous, UV-related yet selection-driven mutations
[37]. Although the underlying mechanism is not fully under-
stood, similarities between these sites, such as the presence
of a CpA nucleotide, have been suspected to contribute to
photoproduct formation [37].

Another explanation for the unexpectedly higher
frequency of T:A>A:T substitutions include a dilutional
effect from non-specific mutations arising from UV-induced
oxidative damage, which occur in addition to the typical C>T
changes that result from DNA photoproducts (e.g. CPDs) [42].

Commonly mutated genes in UM and CM. Eight genes
were found to be commonly mutated in both UM and CM
- BRAE NRAS, TP53, CDKN2A, TERT, PTEN, ARID2, and
KMT2C. In general, a higher proportion of CM exhibited
mutations in these shared genes than UM.

a) Shared UV-associated point mutations. Mutations in the
BRAF gene have been described in a wide variety of human
cancers, with the highest frequency in primary CM [38].
BRAF mutations are generally thought of as rare occurrences
in UM. In recent years, the most common and well-known
BRAF mutation in CM, V600E, has become targetable with
systemic therapies (e.g. vemurafenib). Although this success-
fully improved survival outcomes for metastatic CM driven
by mutated BRAF-dependent MAPK upregulation, it failed
to translate into similar positive outcomes for metastatic UM
patients, with metastatic UM excluded from many clinical
trials partly due to reports of a lack of BRAF mutations in
UM (36, 38, 43, 44]. This analysis confirms that while BRAF
mutations are more common in CM, a significant minority of
UM also displaying BRAF mutations and that the mutation
of BRAF is the most frequently occurring mutated in both
UM and CM. These findings are consistent with previous
laboratory and clinical results demonstrating BRAF V600E
mutation in UM cell lines [45, 46], iris tumor specimens [47],
ciliary body uveal melanoma [48], and choroidal melanomas
[48, 49]. BRAF V600E does not arise from single or tandem

C>T substitutions and was initially thought to be unrelated
to UV radiation and hence, the role of UV radiation in
BRAF mutagenesis was questioned [38]. More recently, it
has become increasingly recognized that BRAF mutagen-
esis results from UV-related mechanisms, including UVA
photoreactions or error-prone translesion DNA synthesis
following non-specific mutations from UV-induced oxida-
tive stress [41].

In CM, BRAF V600E conveys aggressiveness and increased
metastatic risk, and is more often found in patients who are
younger (< 50 y.0.), have high naevi counts, and a positive
family history of CM [50, 51]. BRAF mutations in CM are
most likely in sites with intermittent high-intensity sun
exposure (e.g. history of sunburns) [11, 52], and are gener-
ally more prevalent in melanomas from sun-exposed skin
sites [11, 53, 54]. A similar trend has been observed in UM;
melanomas of the iris, the part of the uveal tract that receives
the most UV radiation, exhibit a higher frequency (48%)
of BRAF V600E mutations [47], compared with the ciliary
body (20%) and choroidal melanomas (40%) [48]. This
could be interpreted as an association between the amount
of UV exposure at a particular site and the proportion of its
tumors with mutant BRAF, and this is consistent with our
finding that the proportion of CM with BRAF mutations was
10-fold higher than in UM. Alternative reasons for the lower
frequency of BRAF mutations in UM include the known
heterogeneous distribution of cells, and therefore BRAF-
positive cells, in UM tumors, insufficient tumor sampling,
a small proportion of UM located in sun exposed areas of
the eye, and the redundancy of BRAF mutations due to prior
MAPK pathway upregulation by GNAQ/11 mutations, which
occur early in UM tumorigenesis [48, 55].

BRAF mutations were not present in the Firebrowse UM
cohort. It is possible that BRAF mutations may be associated
with only a subset of UM, such as patients from a particular
geographic area, as hypothesized by Malaponte et al. [49].
It may also be that UM in European patients, such as the
Mediterranean BRAF-positive case in Malaponte et al. [49]
and the United Kingdom (UK)-based COSMIC cohort, have
a predisposition to develop BRAF mutations compared to
those in the United States of America (USA)-based Firebrowse
cohort, although further research is warranted regarding the
geographical variation in mutant BRAF frequency [49].

In addition to BRAF 1799T>A, three other identical point
mutations, NRAS (Q61R (182A>G)) and TP53 (R273C
(817C>T), R248Q (743G>A)) were shared between UM and
CM. NRAS is the most frequently mutated RAS oncogene
in CM. Although it is closely related to BRAF in the MAPK
pathway, NRAS mutations have not been as successfully
targeted with systemic therapies [50, 56]. Mutations in NRAS
are present in around 15% of all non-uveal melanomas, and
occur at hotspots in codons 12, 13 and 61. 90% of NRAS
mutations in CM are in codon 61; these tend to be mutually
exclusive with BRAF V600 variants, although they both
convey constitutive activity of the same downstream effectors
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(e.g. MAPK pathway), and have been linked to UV radiation
[57-59]. NRAS mutations mainly occur in CM arising from
sun-exposed areas, particularly if the exposure is chronic
[60]. This is in contrast to BRAF mutations, which are more
common in intermittently UV-exposed skin. Mutant NRAS
is also more common in populations subject to a higher (e.g.
Australia) rather than lower (e.g. Northern Europe) UV
radiation intensity. On a molecular level, the NRAS codon 61
is a UV-sensitive site, where its sequence context and struc-
ture render it vulnerable to CPD formation [52, 61].

Both BRAF codon 600 and NRAS codon 61 variants can
be found in all stages of melanoma evolution, from benign
melanocytic naevi to CM metastases. A recent study found
that BRAF V600E was the only mutation present in the very
early stages of melanomagenesis (e.g. benign naevi), while
NRAS and other BRAF variants emerged later, such as in
intermediate lesions or melanomas in situ that had already
acquired other oncogenic alterations [62]. In addition,
Demunter et al. proposed that exon 2 mutations, such as
Q61R, occur during the later stages of tumorigenesis and
therefore are more likely associated with UV-induced
melanoma progression rather than initiation [61]. As such,
the presence of NRAS mutations, particularly Q61R, may
imply that UM or at least a subgroup of UM has UV-depen-
dent tumor progression, assuming UM responds to UV
radiation in a similar manner to CM.

TP53 is the most commonly mutated gene in human
cancer, with alterations in approximately 50% of cancers
leading to inactivation of its pathway [63, 64]. It is also widely
appreciated that TP53 is a UV target gene. This was origi-
nally and best exemplified in non-melanoma skin cancers, in
which C>T and CC>TT tandem substitutions at dipyrimidine
sites in TP53 are early, frequent events [65]. The mutation
spectrum of TP53 has since been used as a tool to predict
the significance of UV radiation, as well as other carcino-
gens, in the etiology of different human cancers [63, 66, 67].
In UM, the inhibition of the tumor suppressor eftects of TP53
usually occurs downstream of p53 and thus actual TP53 gene
mutations are rare — a contributor to the argument that UV is
not a prominent etiological factor in UM [68-70]. However,
two TP53 point mutations, R273C and R248Q, were found to
be shared between the COSMIC UM and CM cohorts. These
mutations are both documented TP53 mutants [71], and
derived from C:G>T:A substitutions that are suggestive of
UV-related mutagenesis [29]. These findings are congruent
with previous reports that the majority of TP53 mutations are
C:G>T:A, and although CC>TT transitions have also been
observed [72], they were not detected in the current study.
In addition, R273C (R270C in mice) corresponds to one of
the five mutations induced in the BRAF V600E-positive CM
mouse model following UV exposure [73, 74]. In CM, TP53
mutations appear to be non-essential for tumorigenesis [72],
yet are shown to promote BRAF V600E-driven melanoma-
genesis [73]. It is not known whether a similar phenomenon
occurs in UM.

b) Shared mutated genes. Although mutations in the
coding region of the TERT gene are uncommon, the TERT
promoter region is considered a target of UV damage,
and UV signature mutations have been observed here in a
wide range of cancers including CM, non-melanoma skin
cancers, and conjunctival melanoma [75]. In our study, two
TERT promoter mutations were identified in the COSMIC
UM cohort at the established hotspot positions of -124 and
-146 bases upstream from the start codon. These changes
are known to increase promoter activity in CM and are
present in up to 70% CM [75-77]. Our findings are consis-
tent with previous case reports of TERT promoter mutations
in UM, at a similar frequency of 1-2% samples [78, 79].
This is markedly lower than the mutation frequencies
observed in CM and conjunctival melanoma (32%) [80].
Considering the link between UV and TERT mutations, it
has been suggested that this difference represents a genetic,
and possibly etiologic, distinction between CM and UM,
particularly with regards to UV radiation [80]. Although
our finding of C>T changes in a known UV target gene in
UM is not definitive of a causal relationship, it implies the
possibility of UV radiation as a factor in UM development
in a subset of patients cannot be excluded.

The CDKN2A gene is classically associated with CM
and similar to BRAE NRAS, and TP53 is a known driver
of melanomagenesis [50, 81, 82], with inactivation of the
CDKN2A gene a major predisposing factor to the develop-
ment of CM. Germline CDKN2A mutations are strongly
linked to familial melanoma and have been even suggested to
convey susceptibility to UM [83, 84]. There is also evidence
for an association between the CDKN2A mutation and UV
radiation. It has been suggested that the most significant
UV target mutations in CM occur in tumor suppressor
genes, CDKN2A and TP53 due to their downstream effects
on the Rb and p53 pathways, respectively [85, 86], and CM
and cutaneous squamous cell carcinomas harbor a higher
number of UVB signature mutations in CDKN2A compared
to non-skin cancer types [39]. However, C:G>T:A transi-
tions in CDKN2A were not observed in the current study,
where all modifications detected in both COSMIC UM and
CM cohorts were deletions, rather than more commonly
documented mechanisms of CDKN2A inactivation of point
mutations (predominantly C:G>T:A) or promoter hyper-
methylation [87, 88]. Deletions in CDKNZ2A have been seen
in other investigations [39]. However, their significance with
regards to the etiological role of UV in UM is unclear.

In the current study, PTEN mutations were predominantly
C:G>T:A transitions in both CM and UM. This is consistent
with the literature, as UV radiation has already been impli-
cated in the induction of mutant PTEN [8]. PTEN itself is
a well-known tumor suppressor gene that often co-occurs
with BRAF V600E in CM and has been observed to act as
a gatekeeper against UV-induced DNA damage repair [89,
90]. As such, PTEN mutations in both UM and CM may
be consistent with a shared UV-related etiology between
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the two melanoma types and may result from, yet facilitate,
UV-induced melanomagenesis.

The remaining shared genes, ARID2 and KMT2C,
although present in only a small fraction of UM, may warrant
further investigations to determine their significance. Both
are known to undergo inactivation in melanocytic lesions
[81, 91]. ARID2 encodes for part of a chromatin remodeling
complex and is significantly mutated in CM with a high
fraction of C>T transitions, characteristic of a UVB-induced
mutation [85]. KMT2C encodes a histone methyltransferase
to regulate genomic instability and epigenetic changes [91],
however, it has not been explicitly associated with UV radia-
tion to date.

Therefore, neither of the CM nor UM cohorts were
found to display a classic UV signature, despite the accepted
influence of UV radiation in the pathogenesis of CM.
However, our results show there are more genetic similari-
ties between UM and CM than previously thought, with at
least a subset of UM tumors harboring mutations in several
known cancer genes classically associated with CM and/or
UV light exposure - BRAE, NRAS, CDKN2A, PTEN, TP53,
TERT, ARID2, and KMT2C. In addition, this study showed a
large cohort of UM patient samples exhibited a significantly
higher frequency of C:G>T:A changes, often used a surrogate
measure of UV-related DNA mutagenesis, than CM patients.
Together with the identification of well-established UV-target
genes in UM, such as TP53 and TERT promoter mutations,
these results suggest that on the basis of mutational signature
analysis, an etiological relationship between UV radiations
and UM cannot be excluded.

Supplementary information is available in the online version
of the paper.
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