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OBJECTIVE: The aim of this research is to identify germline genetic variants that predispose to uveal melanoma (UM) using data
from nine studies involving 5839 individuals with UM (3853 novel) and 349,863 healthy controls.

METHODS: Five novel UM genome-wide association studies (GWAS) were performed and included for meta-analysis with four
previously published UM GWAS. A fixed-effects inverse-variance weighted (IVW) meta-analysis was performed by combining data
from these nine UM case-control cohorts. A follow-up transcriptome-wide association study (TWAS) was conducted to identify
candidate target genes at UM risk loci. Genetic correlations with melanoma-related phenotypes were measured to elucidate UM's
genetic architecture.

RESULTS: We identify nine linkage disequilibrium (LD)-independent loci (three novel) with an IVW P value of less than 5x 1075,
TWAS analysis indicates five potential target genes, including MOB3B, RBAK, and MTSS1, which have established links to multiple
cancer types. We note a significant genetic correlation (rg = 0.31, P = 0.01) between UM and cutaneous melanoma (CM), and a non-
significant but consistent correlation with naevus count (rg = 0.25, P = 0.08).

CONCLUSIONS: This meta-analysis offers new insights into the genetic architecture of UM, highlights potential therapeutic targets,

and explores the genetic relationship with CM and skin pigmentation.
British Journal of Cancer (2026) 135:983-991; https://doi.org/10.1038/541416-026-03499-7

BACKGROUND

Uveal melanoma (UM) is an eye cancer that presents most often in
the choroid (~90% of all cases) and more rarely in the ciliary body
(~6%) or iris (~4%) [1]. UM affects 10 people per million per year in
Northern Europe, six per million per year in countries with a large
proportion of Northern European ancestry (including Australia and
the USA), and one case per million per year in Asia [2]. While

Australia’s high rates of cutaneous melanoma (CM) are due to
ultraviolet (UV) light exposure, the somatic genetic mutations in
most UM lack a UV-associated mutation signature. While this
suggests sun exposure is not a major risk factor for UM, recent
research shows that UV exposure may be implicated in iris UM
specifically [3-6]. Although rare, UM is still the most common
primary intraocular malignancy in adults, and despite effective
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local tumour control through radiological, surgical, and laser
therapies [7, 8], approximately half of all UM cases metastasize
within 10 years of the initial diagnosis. Metastatic spread is most
often to the liver [9], with an extremely poor prognosis and a one-
year survival of only ~15% [10]. Advancements in CM treatments
have not translated to meaningful improvement in UM therapies,
and currently, clinical trial participation is the only treatment
option for non-HLA-A*02:01 positive patients with unresectable
metastatic UM [11-16].

Current knowledge of genetic risk factors for UM centres
around rare, highly penetrant mutations in genes including BAP1
[17-19], CDKN2A [20], MBD4 [21-23], BRCA2 [24, 25], and others
(PALB2, MLH1, MSH6, CHEK2, SMARCE1, ATM, BRCA1, and CTNNAT)
identified by whole exome sequencing (WES) of UM patients
with high risk of hereditary cancer [26]. While less is understood
about the role of common, low-penetrance germline variants in
UM, several loci (OCA2, IRF4, CLPTMI1L/TERT, TDP1, RP11-536l6.1,
RREB1, XPO4, and IP6K1) have been identified through candidate
gene studies [27] and genome-wide association studies (GWAS)
[28-31].

As only a limited number of genetic risk loci have been found
for UM, and identifying genes responsible for UM development
may provide targets for future treatments, we sought to further
characterise the germline genetic architecture of UM. To this end,
we genotyped large novel sample sets from Australia, Germany,
Denmark, the USA and the UK, and combined this with data from
French, UK Biobank and FinnGen cohorts. Our meta-analysis
doubles the case number of the most recent GWAS by Mies et al.
in 2025 [31]. Following this, we used transcriptome-wide
association study (TWAS) data from skin and melanocytes to
identify target genes, and we explored the overlap between UM
and potentially related traits to better understand the genetic
architecture of the disease.

METHODS

Study populations

A full description of all cohorts is provided in the supplementary methods.
For the UKBB and FinnGen cohorts, cases were drawn from cancer registry,
hospital or death record data based on ICD10 codes C69.3 (malignant
neoplasm: choroid) and C69.4 (malignant neoplasm: ciliary body). For all
other cohorts, clinical diagnoses were made by trained ocular oncologists
and based on established international diagnostic standards [1]. For newly
genotyped samples, germline DNA was extracted using standard methods
from whole blood or saliva provided by UM patients from two Australian
centres including Queensland Ocular Oncology Service, Terrace Eye Centre
(N=1799) and the Edith Cowan University (N=97); from Germany the
Institut fur Humangenetik, Universitatsklinikum Essen (N = 1536); from the
USA the Ohio State University Comprehensive Cancer Center (N =565),
two UK centres including the Liverpool Ocular Oncology Research Group
(N = 480) and the University of the Highlands and Island, Scotland (N = 34);
and from Denmark, the Rigshospitalet Copenhagen (N = 346) (Table 1). All
samples were collected with written informed consent following relevant
local institutional review board approval. These DNA samples were
genotyped on the Infinium Global Screening Array-24 (GSA) v2.0 BeadChip
(Illumina, San Diego, USA).

In addition to these newly genotyped samples, published individual-
level genotype data were contributed by the Institut Curie, France (279
genotyped on the lllumina HumanOmni5 platform, 946 genotyped on the
Infinium GSA 24 v1.0, see Table 1) [28-30].

Controls were drawn from individuals with North-West European
ancestry from the CARTaGENE biobank (Canada), the QSkin study
(Australia), and the Pegasus study (USA) (Table 1). Controls from QSkin
and Pegasus were matched with cases using principal components
analysis (PCA), which was also used to exclude ancestry outliers. As
CARTaGENE samples include a diverse collection of ancestries, individuals
with North-West European ancestry were first identified using a random
forest model trained on UK Biobank (UKBB)-derived principal components
and self-reported ethnic backgrounds [32]. After this selection step, PCA
was applied to the CARTaGENE controls and UM cases as done for other
sets. The CARTaGENE controls were divided into four separate and

independent control sets to provide sufficient matches for several case
cohorts while still maintaining adequate statistical power.

A GWAS for UM was also performed in the UKBB using Regenie (see
supplementary methods) [33, 34]. Finally, published or publicly available
summary statistics from GWAS involving populations drawn from FinnGen
(release 9, endpoint CD2_UVEAMELANOMA_EXALLC) [35], the Liverpool
Ocular Oncology Research Group [29], and the UK Wellcome Trust Case
Control Consortium [36] were also used for meta-analysis (Table 1).

Quality control for genotype data
Quality control (QC) measures for genotype data for individuals included a
maximum genotype missingness rate of 0.03, nominated vs genotype-
estimated sex mismatches and ambiguous sex calls, genotype hetero-
zygosity >0.05 from the mean, and a maximum interrelatedness of 0.1875
calculated through identity by descent (IBD). Ancestry outliers from each
cohort were identified via PCA and were excluded from the analysis.
Single-nucleotide polymorphism (SNP) level QC measures included a
minimum call rate of 0.97, a minor allele frequency (MAF) threshold of 0.01,
and a Hardy-Weinberg equilibrium (HWE) exact test P value threshold of
5e-10. Case and control sets were cleaned separately before merging and
undergoing repeated QC. SNP missingness was also tested between
sample groups to reduce the chance of any resultant SNP associations
being caused by subtle differences between sets. SNP alignment and
annotation were harmonised using the 1000 Genomes Project
reference panel.

Imputation and GWAS analysis

The cleaned genotype data for the Australian, English, Scottish, French,
USA, Danish and German datasets (Table 1) were imputed through
TOPMed Imputation Server Minimac v4.1.6 using TOPMed reference panel
version r3. The uploaded unphased hg19 genotype was converted via
liftover to hg38 and phased by Eagle (v2.4). SNP association P values and
odds ratios (OR) were calculated with logistic-Firth hybrid regression
analysis via PLINK 1.9 [37], using sex and the first 10 principal components
as covariates to reduce confounding. A dummy variable was also used as a
covariate in the Australian dataset to control for possible batch effects
between genotyping centres.

Following standard QC recommended for the UKBB, imputed genotype
data for 211 UM cases and 12,000 controls were analysed via logistic
regression with Firth correction using Regenie (supplementary methods)
[33]. Sex, age and principal components 1-10 were included as covariates.

Methods for estimating genomic inflation, heritability, genetic correla-
tion and functional mapping are detailed in the supplementary methods.

Meta-analysis

SNPs passing an MAF threshold of 0.01 and an imputation R-squared (R
threshold of 0.3 from the nine GWAS datasets were used to perform a
fixed- and random-effects inverse-variance weighted meta-analysis with
PLINK v1.90b6.8 [38]. Conditional analysis was conducted to detect any
secondary hits conditioning on the lead SNP in each locus using Genome-
wide Complex Trait Analysis (GCTA, --cojo-slct option) with default options
(P value threshold of 5e-08 and collinearity threshold of 0.9 [39].

TWAS

The TWAS analysis was performed to identify the potential causal genes
underlying the GWAS signals. Five eQTL datasets were used, including four
from four different tissues from European samples from the 8th version of
the GTEx cohort (i.e., Cells_Cultured_fibroblasts, Skin_Not_Sun_Exposed_-
Suprapubic, Skin_Sun_Exposed_Lower_leg, and Whole_Blood) [40], and
one eQTL dataset from human melanocytes [41]. The TWAS software
FUSION was used (FUSION.assoc_test.R), which integrated a COLOC
analysis (--coloc_P option) [42]. With a Bonferroni method-corrected P
value threshold of 1.2e-06 (0.05/41567, where 41567 is the total number of
genes tested across five eQTL datasets) and a COLOC PP4>0.75 (the
posterior probability of the hypothesis that only one shared SNP is
associated with both gene expression and trait), we identified potential
causal genes for five GWAS loci (Table 2 and Fig. s1). The locus plots were
generated by FUSION software (FUSION.post_process.R).

Ethical approval and consent to participate
This study was performed in accordance with the Declaration of Helsinki.
All samples were collected with informed consent at each institute and
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Table 2. TWAS Fusion results for uveal melanoma loci

Tissue Gene
GTExv8.EUR.Skin_Not_Sun_Exposed_Suprapubic CLPTMIL 5
GTExv8.EUR.Skin_Sun_Exposed_Lower_leg CLPTMI1L 5
GTExv8.EUR.Whole_Blood IRF4 6
SKIN.Melanocyte RBAK 7
SKIN.Melanocyte MTSS1 8
SKIN.Melanocyte MOB3B 9

SNP TWAS Z-score TWAS P COLOC PP4
rs452384 —7.64 2.22e-14 0.991
rs452384 —7.61 2.84e-14 0.993
rs12203592 12.36 4.58e-35 1

rs6463231 —6.63 3.25e-11 0.997
rs12541595 —7.10 1.23e-12 0.999
rs1888379 5.31 1.10e-07 0.962

Results are displayed for SNP-gene pairs where the TWAS P is < 1.2e-06 and the colocalisation (COLOC) prior probability for model 4, colocalised (PP4), is = 0.75
(see “Methods”). TWAS Z-score indicates the UM risk (positive Z-score) or protection (negative Z-score) inferred from over-expression of the candidate gene.
The skin and whole blood tissues are from GTEx v8 European samples [40]. Skin melanocyte samples are from Zhang et al. [41].

shared as de-identified DNAs with QIMR Berghofer. Overall ethical approval
was obtained from the ethics committee of QIMR Berghofer (P452). For
details of specific cohorts’ approvals, see Supplementary Methods.

RESULTS

By combining 5839 UM cases with almost 350,000 controls
(Methods; Table 1), we identify nine linkage disequilibrium (LD)-
independent risk loci with SNPs achieving a fixed-effects genome-
wide significance threshold of 5e-08 (Table 3, Figs. 1 and 2 and
Supplementary Fig. s2). Three are novel to previous UM GWAS
[28-31]. There is some evidence of residual inflation (LD score
intercept 1.077; ratio with genomic inflation 0.74; Supplementary
Table s1), so we have adjusted the test statistics and P values
based on the LDSC intercept (Table 3). Conditional and joint
analysis in GCTA-COJO does not identify any secondary signals at
these loci. To elucidate the likely functional genes at each locus,
we employed TWAS analysis using five expression quantitative
trait loci (eQTL) datasets from the Genotype-Tissue Expression
(GTEx) project [40], and one eQTL dataset from human
melanocytes [41]. Based on a TWAS P value of 1.2e-06 and a
COLOC PP4 > 0.75, we identify potential target genes for five out
of these nine loci (Table 2). SNP-based heritability on the liability
scale is 2.4% (SE 0.009), indicating our meta-analysis captures a
significant (albeit modest) proportion of UM’s heritability.

Previously reported UM risk loci

We identify nine UM risk loci (Table 3 and Supplementary
Fig. s3a-i), confirming six previously reported loci. These include
three loci first reported by Mobuchon et al. [30] and replicated by
Mies et al. [31] (TERT/CLPTMIL, Fig. s3b; IRF4, Fig. s3¢c; and OCA2,
Fig. s3i), and three loci first reported by Mies et al. (RP171-53616.1—
our SLC6A6 signal—Fig. s3a; RREBT, Fig. s3d; and XPO4, Fig. s3h).
Most notably, the pigmentation genes IRF4 and OCA2 are
replicated, further supporting the link between blue eye colour
and UM risk (rs12913832 is the main determinant of blue/brown
eye colour in Europeans) [27, 43, 44]. Effect sizes for these six loci
are comparable to previous GWAS, and effect directions are
consistent (Table s2). TDPI1, reported as the top hit but not
genome-wide significant in Thomsen et al. [30], and [P6K1
(reported in Mies et al) both fail to reach genome-wide
significance in our meta-analysis. A more detailed comparison
between studies is in the supplementary results section.

TWAS does not nominate target genes at any previously
reported loci apart from IRF4 and TERT/CLPTMIL (Table 2). For the
remaining loci, we investigate publicly available eQTL datasets
and nearby genes. rs687467 on chromosome 6 is within an intron
of RREB1, which is implicated in multiple cancer types [45]. This
SNP is also an eQTL for SSR7 in blood [46]. rs9509406 on
chromosome 13 is an eQTL for a range of genes across multiple
tissues in GTEX, including IL17D, IFT88, XPO4, and SLC35E1PI,
making nominating a specific candidate gene difficult [46]. Finally,

in the absence of other functional data, the nearest gene to
rs12163646 on chromosome 3 is SLC6A6. Notably, many of these
genes have established links to oncogenic processes and/or
metastasis suppression.

Novel risk loci for UM

TWAS analysis supports RBAK (chromosome 7, lead SNP
rs28584451, Fig. s3e), MTSST (chromosome 8, lead SNP
rs7003871, Fig. s3f), and MOB3B (chromosome 9, lead SNP
rs1888379, Fig. s3g) as functional targets for three novel risk loci
(Methods; Table 2). RBAK is involved in several crucial oncological
functions, including DNA repair, cell-cell adhesion, and regulation
of the Wnt and Hippo signalling pathways [47]. MTSST encodes a
metastasis suppressor protein, the reduced expression of which is
observed in multiple cancer types [48]. MOB3B is part of the
monopolar spindle-one-binder protein family, a group of genes
that seemingly influence certain cancers via interactions with
NDR/LATS kinase genes and subsequent regulation of the Hippo
signalling pathway [49].

Genetic correlation with melanoma-related traits

Genetic correlation analyses investigate the degree of genome-
wide similarity and inferred risk between separate traits. There is
an established phenotypic association between UM and CM, skin
colour, eye colour, and naevus count, and there is evidence that
the association is genetic; CM and UM share the same lead risk
SNPs at TERT/CLPTMIL, IRF4, and OCA2. We therefore selected
these traits for genetic correlation analyses. UM is significantly
genetically correlated with CM (rg = 0.31, P=0.01, Supplementary
Table s3). UM shows no genetic overlap with skin colour
(rg=—0.06, P=0.37), and eye colour GWAS that are available
to us do not attain sufficient statistical power. While not formally
significant (P =0.08), the point estimate of correlation between
UM and cutaneous naevus count is similar to that observed with
CM (rg = 0.25; Cls span the CM correlation estimate). Collectively,
these results suggest that the genetic overlap between CM and
UM may lie more in processes involved in melanocytic growth/
senescence than other risk factors for melanoma, such as
susceptibility to UV damage.

DISCUSSION

UM is the second-most common type of melanoma after CM,
accounting for 4-5% of all melanomas. Somatic aberrations in UM
are distinct from those observed in CM, relying more on activation
of the G-protein-coupled signalling pathway rather than the MAPK
pathway. However, regarding genetic predisposition, there
appears to be more in common between these two histological
subtypes, with high-penetrance germline variants in CDKN2A,
BAP1 and POTI contributing to both UM and CM susceptibility
[20, 50, 51]. To further elucidate loci underlying UM predisposition,
we carried out the largest GWAS meta-analysis of UM to date. Our

British Journal of Cancer (2026) 135:983 - 991



M. D'Mellow et al.

987

L1-9159

01-9C¢’S

60-9€0°C

CL-9€€’9

L1-9€8'C

71-96€'8

ceoLLL

91-999°L

L1-990°L

d pa1a.u0d)

g'LE

'S8

000

414

S'ce

000

7’89

08¢

o

S91°0

0280

0S0°0

8510

9190

L000

8/S5°0

SLL'O

(o]

(98'0 03
L£0) 840
(€€L 01
96°0) €L°L
(6T°L 03
L) LTL
(Lg'L o3
60'L) 0T'L
(6£°0 03
09°0) 69°0
(¢80 03
L£0) 940
(271 01
6C'1) 0S°L
(Ge'L 03
LZ'1) 8T'L
(zs'L 01
LZ'1) S€°L
(]

%S6) (4)40

(¥8°0 0}
€£°0) 8£°0
(LT'1 01
vl'L) oz'L
(6T°L 03
L'l LeL
(LE'L 01
ol'L) €T°L
(940 03
79°0) 69'0
(z8'0 0¥
L£°0) 920
(£9°L 03
St'l) SS'L
(S€°L 03
Lz'L) 8T'L
(St'L 03
€TL) €€°L
(o)

%S56) 4O

610°0

€800

LEOO

9170’0

¢/00

S€0'0

£L0°0

8200

8500

(¥) 3s

‘(1-egs *614 A1eyusws|ddng ul pajussaidal ase sndoj yoes Joy s1ojd uonerdosse jeuolbay *£/0°L Jo 1dadisul DSQT dY) Uo
paseq 10113 piepuUelS S1D9443-PAXY SY} O} UOIIIDLI0D J9}R 3N[eA 4 B S| d P31231I0)) "195e1ep 3DUR43431 DYH Ue woly parewisd Aousnbaly sa||e 10343 ay3 st bay"y3 ‘papirocid die | pue O sainseaw Aysusboisiay
‘Aljeuld "s|opow (Y) S109449 Wopues pue S12949 Paxy oyl Joj pariodas ale (YO)BO| 9yl Jo (IS) 0D piepuels pue (D 9%G6) |eAIDIUI SDUSPYUOD %SG6 ‘(YO) Onel sppO ‘pariodal aJe sanjeA 4 siskjeue-elaw
[(4)d] S1291)@ WopuURI PUE (4) S1091)9 PaxI4 '3I3||e 109442-Uou 3y} SI YN ‘[3|e 19342 Y3 SI Y3 'SNd0| UIAIB e 10} NS Ped] @Y 40} dIsd @Y SI NS 'PIINg 616Y ‘uonisod Jjed-aseq pue swosowoyd aie 4g pue yHd

LEOO

6¢0°0

LEOO

6200

SS0°0

GE€00

9€0'0

82700

Lv¥0°0

as

£0-9S1°S

LOVL0

0l-9¢6y

S0-99%'6

L09LEC

SL-9/¥'6

£0-950°L

L1-9L1°L

£0-9¢t'C

(4)d

LL-9¢C’L

0L-29L°L

oL-9¢6'v

€1-976'6

Cl-9/6Y

SL-9/V'6

GE-98S9Y

L1-9L1°L

= e/l

d

GEE0
L/¥0

1340
6C€°0
€0L°0
89C°0
LEL'O
8¥77'0
60L°0

baiy v3

5

ViN

v 450] EBEL6CLSI 819'69€'8T Sl
v YOdX 90¥7605654 961'017v’'LT €l
5 geqon 6.£888154 665'€SE'LT 6
D) LSSIW L/8€00/S4 oLs'Ls8'szlL 8
1 Avay LS7858CS4 995'650'S L
v 1344 L9V/895) 9/0'8T1'L 9
1 vd44l 65€0¢CC LS L2E'96€ 9
TLNLATD
5 /1431 877€0L€S) 6LT'LEE"L S
v 9v91S 99€91LcLs) OL'S8EYL €
v3i ausn dNS dg dHD

N 10§ P3YRUIPI 10] s JuapUSASPUI 10§ SANS PeaT *€ d|qel

British Journal of Cancer (2026) 135:983 -991



M. D’'Mellow et al.

988

40 —
IRF4
30
s
o
8‘; 20 —
2 TERT/CLPTM1L
SLC6A ' <RREB1
6A6
s RBAK MTSSH1 OCA2
. H 0 XPO4
10 i I fyjoB3B 3 :
'y s | . °

Fig. 1
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Manhattan plot for the fixed-effects inverse variance weighted meta-analysis of GWAS. The X-axis is the position along

chromosomes, and the Y-axis is the negative log,, transformation of meta-analysis P values after correction based on the LDSC intercept. Each
point represents a single SNP. A quantile-quantile (Q-Q) plot of corrected GWAS P values is also available in the supplement (Fig. s2).

meta-analysis includes more than twice the number of UM cases
as the most recent GWAS conducted by Mies et al [31], which
included four cohorts: the Wills Eye Hospital cohort (401 new
cases and 762 controls), Thomsen et al. [29], Mobuchon et al. [30],
and FinnGen [35]. We included the latter three cohorts (referred to
in our study as “English”, “French (GSA)”, “French (Omni5)”, and
“FinnGen”, respectively), but not the Wills Eye Hospital cohort. In
addition to replicating previously established risk loci in TERT/
CLPTMI1L, IRF4, OCA2, RP11-53616.1 (SLC6A6), RREBT and XPO4, we
describe three novel risk loci and identify potential target genes
involved in tumour suppression, metastasis, or cell cycle control.

TWAS suggests that RBAK expression in skin melanocytes is
associated with rs28584451 (Table 2). RBAK encodes the retino-
blastoma (RB)-associated KRAB zinc finger protein, a transcrip-
tional repressor that partners with the RB tumour suppressor and
acts as a key regulator of cell cycle control [52, 53]. TWAS also
supports MTSS1 as the candidate gene for the chromosome 8/
rs7003871 locus. This gene is involved in regulating the actin
cytoskeleton and is involved in the development and metastasis
of multiple cancer types, including CM [54-56]. For lead SNP
rs1888379 on chromosome 9, the candidate gene as defined by
TWAS is MOB3B—a gene implicated in tumour suppression via
regulation of the Hippo signalling pathway, and a noted risk locus
for ocular melanosis (OM) in dogs [57, 58]. OM is one of the
strongest phenotypic risk factors for UM development and
metastasis in humans [59].

For those loci without TWAS support, publicly available eQTL data
and genes proximal to the lead SNPs reveal several candidates with
potential roles in UM development. For chromosome 3 lead SNP
rs12163646, the nearest gene is SLC6A6. This gene encodes a solute
carrier responsible for taurine transport across the cell membrane,
and it has been linked to poor prognosis in a number of cancer
types [60]. rs9509406 on chromosome 13 is an eQTL for multiple
genes, including IFT88, XPO4, IL17D, and EEFTAKMT1, in a range of
tissues. Of particular interest is XPO4, a tumour-suppressor gene
responsible for nuclear export of EIF5A2 and SMAD3 [61]. EIF5A2
upregulation has been associated with cancer development and
metastasis, while SMAD3 has shown a complex interplay with the
MAPK pathway wherein MAPK mediates SMAD3 activity, which
subsequently mediates TGF-betal signalling, affecting cell prolif-
eration and differentiation [62-64].

For other loci, the link to UM development is less clear. rs687467
highlights an intriguing candidate gene in the zinc finger
transcription factor RREB1, which influences a number of different
oncogenic processes, including DNA damage repair, transcrip-
tional regulation, and cell growth, proliferation and differentiation.
This has led to observed direct links to multiple cancer types and
provides clues to its possible role in UM [45].

Two loci, rs12202592 on chromosome 6 (/IRF4) and rs9509406 on
chromosome 13 (XPO4), show significant heterogeneity of effect
sizes across the individual GWAS (Table 3). While the T allele of
rs12202592 is associated with UM risk across cohorts (except
FinnGen, where the allele is protective with wide confidence
intervals), there is significant variation in the specific odds ratio
(Fig. 2). This same allele has been shown to have an age-specific
effect on naevus count [65]. While we lack the individual-level
data to formally test for age-stratified effects in the meta-analysis,
it is possible that a similar process is impacting its association with
UM. The rs9509406 locus on chromosome 13 is primarily driven by
a single UK-derived dataset (Fig. 2). Larger meta-analyses would
be required to more accurately determine this SNP’s effect size
for UM.

Our work has a number of strengths. This meta-analysis
represents the largest study of genetic risk factors for UM to
date. Internationally observed standards for diagnosis and
treatment of UM are implemented in ophthalmic oncology clinics
worldwide, and with the engagement of leading global ocular
oncology clinics in addition to cancer registry data, we are assured
of the accuracy of UM diagnoses in our study. We have respected
this with stringent genotyping and analytical quality control.
Through TWAS, we report multiple potential biological targets
with previously demonstrated roles in tumorigenesis and/
or metastatic suppression. We also assess heritability and
provide UM genetic correlation estimates for CM, skin colour
and naevus count based on the largest sample yet for UM genetic
research.

We also acknowledge limitations in our study. There is notably
some evidence of inflation within our data, presumably from
residual stratification either between or within individual datasets,
so we applied LDSC intercept-based correction to the test
statistics. The heterogeneity in the IRF4 and XPO4 effect size
estimates also warrants further examination, but they do appear
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Fig.2 Forest plots for lead SNPs from loci associated with uveal melanoma. Odds ratios (OR) are plotted with the whiskers representing the
95% confidence interval. Study cohorts are named as in Table 1. Meta is the fixed effects meta-analysis estimate.

to be genuine risk loci. The direction of effect for IRF4 is consistent
across studies, but the association for XPO4 is largely driven by a
single dataset and requires larger GWAS to better determine its
true effect size for UM. As is the case with all GWAS, some loci do
not have TWAS or eQTL support for candidate genes, and our
highlighted nearby genes of interest should be treated more
cautiously. Finally, due to its rarity in other populations, our meta-
analysis only includes European ancestry samples, so it is unclear
how the results would translate to non-European populations.

In conclusion, through the analysis of 5839 UM cases and
349,863 controls, we report nine risk loci for UM and a SNP-based
heritability estimate of 2.4%. These loci highlight genes involved
in tumour suppression, metastasis, or cell cycle control. Further
in vitro studies of these novel loci are required to further
characterise the mechanism of their influence on UM risk. We also
report a significant genetic correlation of rg = 0.31 with CM using
a prior CM GWAS including 30,134 cases and 81,415 controls [66].
While not formally significant, the point estimate of genetic
correlation between UM and naevus count is similar to that seen
for CM, suggesting that the common risk pathway for these two
cancers is abnormal clonal expansion of melanocytes. Additionally,
while only suggestive, this correlation is (from a biological
perspective) consistent with a presumed 10-20% of UM arising
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from a pre-existing naevus [67], and approximately 30% of CM
likewise arising from a pre-existing cutaneous naevus [68].

DATA AVAILABILITY

This study did not generate any novel or custom code - all analyses were performed
with the published software packages as outlined in the Methods and Supplemen-
tary Methods, using specific filters and settings as described. Summary statistics of
the uveal melanoma meta-analysis are available online (https://doi.org/10.5281/
zen0do.20046892). The melanoma GWAS data used for the genetic correlation
analysis are available on the database of Genotypes and Phenotypes (dbGAP, https://
www.ncbi.nlm.nih.gov/gap), accession number phs001868.v1.p1. UK Biobank data
(used to perform the skin colour GWAS) is available via application at https://
www.ukbiobank.ac.uk/enable-your-research/register. The naevus count GWAS is
available at https://doi.org/10.5281/zenodo.18537530. eQTL data from human
melanocytes are available via dbGAP, accession number phs001500.v1.p1. GTEx v8
data is available via the GTEx data portal (https://www.gtexportal.org/home/
downloads/adult-gtex/qtl). The CARTaGENE data is available for access requests on
the study website https://cartagene.qc.ca/.
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