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Genome-wide association meta-analyses combining multiple risk phenotypes providesinsights
into the genetic architecture of cutaneous melanoma susceptibility
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Abstract

Most genetic susceptibility to cutaneous melanoma (CMaimsto be discovered. Meta-analysis
genome-wide association study (GWAS) of 36,760 melanones ¢6%% newly-genotyped) and
375,188 controls identified 54 significant loci with 68 indepen@Ps. Analysis of risk estimates
across geographical regions and host factors suggestsr#ienelanoma subtype is uniquely
unrelated to pigmentation. Combining this meta-analysis matlus count and hair colour GWAS,
and transcriptome association approaches, uncovered 3ligdateabndary loci, for a total of 85
CM susceptibility loci. These findings provide substantialghts into CM genetic architecture,
reinforcing the importance of nevogenesis, pigmentatiod,telomere maintenance together with
identifying potential new pathways for CM pathogenesis.



Cutaneous melanoma (CM) is a deadly malignancy with asang incidence and burden in fair-
skinned populations worldwidelncreased risk for CM is caused by high exposure to ultetviol
radiatiort, as well as host factors including family histttypigmentary phenotypgsnumber of
melanocytic nevi’, longer telomerés, and immunosuppressith

Identified melanoma genetic risk variants include raghlfiipenetrant mutations in genes such as
CDKN2A!12and POT#14 as well as more common variants (e.g., lower-penetramgants in
MC1R)!>16, Genome-wide association studies (GWAS) of CM susceipyibil populations of
European ancestry have identified 21 genetic loci reachimgnge-wide significance (P<8078)!"

24 Additional approaches, including family-based analysedwi@’, combining CM and nevus
count GWAS’ and transcriptome-wide association studies (TWWASJve identified further loci
that, despite not containing SNPs reaching>A€5 in a CM-only GWAS, most likely influence
melanoma risk.

This meta-analysis of CM susceptibility is more thandhmmes the effective sample size of
previous CM GWAS, providing unprecedented power to identify CM gptikildy variants and
enhanced distinction of independent variants in known CM ptibdiy regions. We report here
68 independent CM associated variants across 54 lo@dhétm the importance of key functional
pathways and highlight previously unknown CM etiologic ro(feables 1-2). Stratified analyses
revealed a lack of involvement of the pigmentation payhfwaacral melanoma, in line with
observational dat& The combined analysis of CM, nevus and hair colour GWAS, dad use of
expression data through TWAS, revealed 31 secondary, pbteatia

Results

Study overview

We performed a GWAS meta-analysis of CM susceptibilith 80,134 clinically-confirmed CM
cases©Qnline M ethods), 6,626 self-reported CM cases and 375,188 CM-free contootstfie

United Kingdom, United States, Australia, Northern and Westerae as well as the
Mediterranean- a highly sun exposed population often under-represented ist@hks
(Supplementary Table 1). Of these, 24,756 cases (67%) and 358,734 controls (96%) had mot bee
included in any previous melanoma GWAS.

Separately, we performed total (clinically confirmed casesf+rgported cases from 23andMe, Inc.
and a subset of UK Biobank cases with only self-reportddstatus) and confirmed-only CM
meta-analyses to determine the power gained by including settedf®M cases. Risk loci were
deemed genome-wide significant when variants had fixedtsffeeta-analysis P-values<xg®
(Pmet9; Where variants exhibited notable heterogenefty31%)° random effects P-valuesi & )
were also required to be x50 (Online M ethods). Q-Q plots Supplementary Figure 1) and LD
score regressidh(LDSC; Online M ethods) intercepts showed minimal inflation for individual
studies (mostly <1.0&8upplementary Table 1), indicating adequate controf population
stratification

Before including the self-report GWAS data, we used LE¥$&verify thér genetic correlation
(Rg) with the confirmed-only GWAS meta-analysseifplementary Note; Supplementary Table
2). Based on the high Rg and similarity thestimates for $ereport and clinically confirmed CM
cases $upplementary Note; Supplementary Table 2), we performed an overall total CM meta-
analysis (Rota= 0.05, 95% CI=0.038:069). The lambda and LDSC intercept for the total CM
meta-analysis indicated that thajority of inflation is due to polygenic signal (A=1.165,



intercept=1.054, ratio=0.1Bupplementary Table 2). A h?owl Of 12% was estimated using genetic
effect-size distribution inference from summary ledaia (GENESISOnline M ethods)®2.

Conditional and joint analysis of the total CM metatgsia summary statistics using GCT¥A
identified a total of 54 loci meeting our requirements faragee-wide significancednline
Methods; Figure 1, Extended Data Figures 1-2). Results for loci previously reported by CM
GWAS reaching significance in the total meta-analysis asgnted iT able 1. Results for loci not
previously reported by a CM GWAS are summarisetlahle 2. In addition to the 54 lead variants,
14 independent variants with linkage disequilibrium (LE&),#<0.05 with lead variants at or near 6
loci (TERT, AGR3, CDKN2A, OCA2, MC1R, and TP53) were identifie@pplementary Table 3).
Individual regional association plots for the assimmsignals have been provided as a
Supplementary Dataset 1. Conditional and joint analysis of summary data idesatia further 9
variants at or near SLC45AIRF4, AGR3, CCND1, GPRC5A, FTO, and MC1R; however, these
additional variants were not carried forward, having eifhg=>5x10% in the single variant
analysis or excess heterogeneifp81%) and Reta_<5%10° (Supplementary Table 4). In

addition, we used GENESI®fline M ethods), which enables a reformulation of the variance
explained by associated SNPs to estimate a theoretical bptaaunder the curve (AUC), rather
than formally testing this using a training and predictiof?$etestimate the potential AUC. The
estimated AUC was 66.8%, compared to ~64% in the 2015 CM metasiaffalhis estimate does
not include any host factors and would require benchmarkingiospective study for validation.

Previous CM GWAS have identified 21 genome-wide significaeit 1?4, Family-based methods or
the combination of CM with nevus count have identifiddréher 12 loci including IRFAMITF,
HDAC4, and GPRC5%&?’. The lead SNPs from many of these loci are associatad wit
pigmentation, tanning response, nevus count, and telamargenanceSupplementary Table 5).
Other SNPs are proximal to DNA repair genes. Some lo@sseciated with more than one trait
(Tables 1-2). Our analysis confirms 19 of the 21 loci previously reachin@genwide significance
(Table 1; Supplementary Note). The total CM meta-analysis also confirms the preWoreported
IRF4 and MITF associatiofis?’3435 as well as 6 regions previously identified only by combining
nevus count and CM GWAS daf{Table 2; Supplementary Note). These results demonstrate the
ability of cross-trait GWAS to identify disease loci. Tieenaining 27 loci have not previously been
reported as CM susceptibility loci éble 2; Supplementary Table 3). The results for the
pathologically confirmed-only CM cases (N=30,1%dpplementary Table 1, Extended Data
Figure 2-3) are reported in thBupplementary Note. Our full meta-analysis identified 11 loci not
found in the confirmed-only GWAS meta-analysis, demotistydahe advantage of including the
6,626 self-reported CM cases and over 290,000 conBofgp(ementary Table 1). Results for
SNPs with a fixed or random P<5x4,(rom the total meta-analysis are reported in
Supplementary Table 7.

M elanoma associations by sex, age at diagnosis and subtype

We performed separate GAS by sex, age at CM diagnosis (<40, 40-60, >60 years) and major CM
subtypes (superficial spreading (SS), lentigo maligna (lddiular melanoma (NM), and acral
lentiginous (AL)) to identify variants associated withest subgroupsSupplementary Table 8).
Our analysis identified no additional variants after adjest for multiple testing (5x189),
suggesting that if such variants exist they are undetectblar current sample size.

We also performed polygenic risk score (PRS) analysesl loaisthe lead independent genome-
wide significant SNPs for nevus count (10 varia@ieline M ethods) and hair colour (276 variants;
Online M ethods) to explore further whether either trait’s association with CM differs across
phenotypic subtypes (significance threshold=0.0528jne M ethods). We observed no

significant differences in the distribution of the tedBRISs by sex or age at CM diagnosis. We did,
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however, detect differences in the distribution oftiae colour PRS for the acral lentiginous
subtype compared to all non-acral subtypes (P<42rd). Our analyses indicated that genetically-
predicted pigmentation in AL cases was no different tarots (P=0.65Extended Data Figure 4)
and darker than in SS, LM and NM cases (P=508, 0.01, 4.810%, respectively). These findings
provide strong genetic evidence that the pigmentation patlsday less important for risk of AL
melanoma than for other subtypes of CM. No significanedsffices were observed by subtype for
the nevus count PRS.

Variant annotation using CM risk phenotypes

To investigate possible biological pathways underlying CMadggrvariants independently
associated with CM in the total meta-analysis wereuavatl in GWAS of telomere length, tanning
response, pigmentation and nevus co@mtline M ethods, Table 1 and2, Supplementary Tables
5,7-8). Using a Bonferroni-corrected threshold of phenotypelieva0.00074 (0.05/68
independent SNPs), 18 of the 35 novel loci are associatbdamiting response or pigmentation
(Table 2, Supplementary Table 5), further indicating the importance of pigmentatiothpays in
CM susceptibility. Several new loci, including rs12473635 near DaiNBrs78378222 near TP53,
are associated with nevus count, reinforcing the rofeweifin CM susceptibility. Furthermore, four
novel loci have previously been associated with telonesrgth (rs3950296/TERC
rs4731207/POT1, rs2967383/MPHOSPH6, and rs143190905/RYETLable 2, Supplementary
Table 5) providing additional support for the raté telomere maintenance in CM susceptibility
following earlier findings that genetic determinantsesddimere length are generally associated with
melanoma risk*437 Other newly-discovered lead variants are not assawith these
phenotypessuggesting novel pathways.

Utilising additional approachesto identify CM risk loci

To identify further loci influencing CM risk and provide a mamuanced annotation of discovered
CM risk loci, we used a range of secondary approacheswitbction for multiple testingQdnline
Methods). To explore the overlap between CM loci and estaldisis factor phenotypes, we
combined our total CM GWAS meta-analysis with a nevus cGWAS meta-analysis (N=65,777;
Online M ethods) and separately with a UKBB hair colour GWAS (N=352,808|ine M ethods).

For the total CM GWAS meta-analysis and nevus count this B.57 (SE=0.11, P-
value=2.39x10), and for hair colour scored from light hair to da@n(ine M ethods) the Rg is

0.290 (SE=0.096, P-value=0.0025). Pairwise GWAS (GWAS3PWAs used to determine whether
loci were associated with only one trait or pleiotrapith both CM and either nevus count or hair
colour Online M ethods). Loci previously-reported through the combination of CM aavus
GWAS?*" are now confirmed by our larger CM GWAS meta-analyBable 2). Together these
analyses identified secondary potential loci not asstiat genome-wide significance levels in the
total CM GWAS meta-analysis. At the Bonferroni-corrediereshold of 1.26108 (Online

M ethods), they included 8 loci jointly significant for CM and nesvcount, 17 for CM and hair
colour, and 4 with CM, nevus count and hair coldialie 3, Supplementary Table 9,
Supplementary Table 10).

In parallel, we examined data from a recently-establishiédlype specific melanocyte cis-eQTL
datase®® as well as tissue-based cis-eQTL datasets available th@&Lgk*° to identify additional
susceptibility loci using a transcriptome prediction mappirateg)y (or transcriptome-wide
association study; TWAS)*L TWAS utilising these expression datasets enabled gend-base
testing for significant cis genetic correlations betwiegouted gene expression and CM risk, aiding
identification of additional susceptibility locDfpline M ethods). While identification of significant
genes by TWAS does not establish causation, it can tedidausible gene candidates to be utilized



in pathway analyses and investigated in future functionaiestudhis analysis built on a previous
melanocyte TWAS that analyzed data from a prior CM GWASsaranalysi€ and identified
significant novel associations between CM and imputed ggression of five genes at four loci.
Importantly, the CBWD1 locus on chromosome 9 was laentified as a genome-wide significant
CM-+nevus count pleiotropic loct/S(Table 3, Supplementary Table 9), and the other three loci
(ZFP90 on chromosome 16, HEBP1 on chromosome 12, and MSCGAS3HIL3.1 on chromosome
8) are now at genome-wide significance with CM in targér GWAS meta-analysi$ ¢ble 2).

This confirmation supports the TWAS approach for both iflengy new loci and nominating
potentially functional genes at GWAS-discovered ldalfes 1-2).

To empirically identify the target tissues for CM riskigats, we used partitioned LD score
regressiof? to determine the proportion of total CM GWAS meta-analysiitability that could be
captured by genes expressed in melanocytes and in 50 GTExttipes. We found that partitioned
CM heritability was most enriched in genes specifically e)g@@sn melanocytes (2.76-fold,
P=3.110° for top 4,000 geneExtended Data Figure5), followed by three other skin-related
tissues (GTEXx sun-exposed and non-sun-exposed skin, traesfgkin fibroblasts). This
enrichment was much stronger than the one based gnewieusly published melanoma GW&S
We then focused on these four tissues for discovergwfloci, applying Bonferroni correction for
multiple comparisons based on the number of genes tested @ach tissue seDfiline

Methods). TWAS using the melanocyte datasatplementary Table 11, Supplementary Table
3) identified a total of 40 significant genes. Combining genes withvb of each other into
discrete loci, 32 genes were located within 13 formally gerawde significant CM GWAS loci,
and eight genes were identified within six novel locin§ldering the other skin-related tissues
collectively Supplementary Table 12, Supplementary Table 3), TWAS identified a single
significant gene at one additional novel locus, as wejleaes within 15 GWAS-significant loci
The TWAS using all GTEX tissues is reportedsupplementary Table 13.

In aggregate, these complementary approaches identifitdl @f 85 discrete lociKigure 2;
Supplementary Table 14): 54 formally significant at P<5x10in the total CM meta-analysis
(Table 1, Table 2, Supplementary Table 3), and the remainder supported by one or more of the
secondary analyse$dble 3-5, Supplementary Tables 7-10,14) and likely representing additional
CM risk loci, but requiring a larger sample size to regehome-wide significance. In order to
annotate CM GWAS loci for candidate susceptibility genepdédhway analyses as well as future
functional studies, we turned to eQTL colocalization analy$bese approaches identified multiple
pathways that may play a role in developing melanoma andesscribed in th8upplementary

Note.

Discussion

We report the largest CM GWAS meta-analysis to date aviehn three times the effective sample
size of prior analysess(pplementary Table 1). We identified 68 independe@M-associated
variants across 54 loci. TWAS analysis, eQTL colocttinaand multi-marker genomic
annotations, identified promising gene candidates at mitimgse risk loci. Joint pairwise GWAS
with the CM-related traits of nevus count and hair coland TWAS identified a further 31
independent loci that, while not formally reaching genome-wigtgfecance for CM alone,
represent potential additional risk loci. Our CM meta-gialalso confirmed several loci
previously identified only by TWAZ, supporting the value of TWAS in identifying additional
genes associated with CNldble 4). In total, our integrative analysis of CM susceptibility
identified 85 loci associated with CM susceptibilifyaples 1-4, Figure 2), constitutinga
substantial increase from the 21 loci previously identifie@blysusceptibility GWAS alone



(Table 1), in addition to those found by family-based approach&s @ymbination with nevus
GWAS data Table 2).

Our analyses showed strong genetic correlation betweerepelfted and clinically-confirmed
cases $upplementary Table 2; Supplementary Note), and inclusion of self-reported cases
enabled the identification of 11 additional CM susceptibitici (Supplementary Tables 3,6;
Supplementary Note), indicating that self-reported CM cases are a valuafdereliable resource
for genomic CM studies. Furthermore, we assessed CMigensteptibility across several
geographic regions, including the often-underrepresented &ediean population. Interestingly,
we found little evidence for difference in CM locus effectimsttes by contributing GWAS
(Supplementary Figure 2) or differences in effect size and allele frequency lmggaphic regions
(Supplementary Figure 3), beyond minor variation in pigmentation genes (es$059655 near
ASIP and rs1805007 near MCLR he stratified analysis based on CM histological subtypes
identified acral lentiginous melanomas as being uniquely onaged with pigmentation locin
line with observational datd In contrast, the stratified analyses based on age at disgnud
gender found no evidence for differences in the distribudfarevus-related or pigmentation-
related loci.

The discovery of new loci and genes augments our undéenstpof CM risk and provides many
new insights into CM etiology. Many of the loci previouaksociated with nevus cogéhor
pigmentatioR’ are also associated with CNlgble 2) confirming the close relationship between
these traits. Specifically, of 10 loci previously signifidgr@ssociated in a joint analysis of CM and
Nevus, but not associated with CM aléhé are now associated with CM alofiable 2),
demonstrating the benefits of conducting joint analyEks.remaining 4 loci reach P<5x4.(h the
joint CM+Nevus analysisSupplementary Table 9); 3 of which are significant at the Bonferroni
corrected threshold of 1.25x§@Table 3). In turn, we conduetd further pleiotropic analyses and
identified secondary loci associated with a combinatiolboth these traits and CM, but not
significantly associated with CM alon&dble 3). Loci found in such joint analyses are of value as
they would likely be associated with CM alone in a sigdfidy large CM GWAS meta-analysis.
These joint analyses provide a direct biological intigiron that several GWAS risk loci may act
through nevus development, in line with clinical evidemetarestingly, following these expanded
pleiotropic analyses, many loci were associated witth@enevus count or hair colour, indicating
that many risk variants act outside of these classiaiSiMphenotypesTables 1-2).

The discovery of many new loci, when added to the exis@atglog of melanoma risk loci,
augments our understanding of the genetic architectur®pf€ discussed in tHupplementary
Note. It is important to note that confirmatiaf the genes we have identified are causal for CM,
and the biological understanding of how variaatthese loci influence CM, remains to be
functionally established. For example, melanocyte eQILTANVAS analyses indicated PARP1
expressiowas associated with CM risk SNPs at 1682 While PARP1 is an established DNA
repair gene, extensive functional characterizatioh®f@M risk locus over PARP1 demonstrated
that its role in CM appears to be through regulation onumdyte proliferation, senescence, and
transcriptional regulation of the key melanoma oncodéi& °8. Despite the need for follow-up
functional studies, a preliminary, complex model of patfsyaotentially important for the
development of melanoma is emerging through the camdgates suggested by this and prior
work, including pathways mediating protection against UV-induced bamage and DNA repair,
telomere maintenance, immunity, melanocyte differéotiaand cell adhesion.

For example, we identified an association between mellifmlependent variants at the TP53 locus,
rs78378222 and rs1641548, and CM further reinforcing the potential impe&DNA repair and
genome integrity for CM susceptibility (s&applementary Note). Rare germline mutations in
TP53 lead to Li-Fraumeni syndrofievhich is associated with early onset of cancer, inofud
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CM®0, Notably, one of the common sequence variants we foube &ssociated with CM has
previously been shown to alter TP53 mRNA levels by disrugforP53 polyadenylation. TP53
responds to cellular stresses to regulate target gene eapressulting in DNA repair, cell cycle
arrest, apoptosis, and cellular senesc®éevariation resulting in loss of normal TP53 function
could result in clonal expansion of cells that caoguemulated mutations, which may explain the
association with both CM and nevus count.

This study also adds to a growing body of evidence supporting @leefpr telomere maintenance
in CM susceptibilit§*131437:5163 'with CM risk loci associated with telomere lengtharated near
prominent telomere maintenance genes or loci, includinglPTERC RTEL1, MPHOSPHS6, and
OBFCL1. Additional previously-identified GWAS loci are loed near CCND1 (rs4354713), ATM
(rs1801516), and PARP1 (rs2695237), all genes with establishedroddsmere maintenance,
DNA repair, and regulation of senesceftiée

The well-established role of immunity in melanoma biolbgg fueled a search for an association
between variation within the HLA region and melanomk®fi&. While several studies have
investigated associations between HLA alleles and CMe thieslies have largely been conducted
on small, underpowered datasets and have not been cotigistplicated®’®. Here, we report
identification of a genome-wide significant associabetweerCM susceptibility and rs28986343
at the HLA locus (se8upplementary Note). This additional evidence for a role for immunity adds
to previoug® and current TWAS and colocalization analyses suggestsugiasion between
rs408825 and expression of the innate immunity gene MX2. iaddity, many risk alleles for the
autoimmune melanocyte-related disorder vitifftf3 are protective for CM with the lead SNPs
either identical (rs1126809/TYR; rs6059655/ASIP), or in strongnith CM lead SNPs (rs251464
near PPARGCI1B for vitiligo, rs32578 for melanoma, PBu&=0.73; rs72928038 near BACH2 for
vitiligo, rs6908626 for melanomaeur=0.95; rs1129038 near OCA2 for vitiligo, rs12913832 for
melanoma, %ur=0.99). While the vitiligo and CM associations share mamjiai loci, suggesting
a role for immunity, we cannot rule out their action vl sk being through pigmentation or
protection against UV damage. Taken as a whole, these datatsfugtiesr investigation into these
potentially immune-related associations, and more brdahdlyole of immunity in melanoma risk.

New loci emerging from these analyses suggest a role ebgemetworks regulating the
development and differentiation of the melanocytiedige. The CM meta-analysis identified a
locus near FOXD3, while the pleiotropic CM+Nevus analysisTAMAS locus identified a novel
locus significantly associated with allelic expressiolNGTCH2 in melanocytesSipplementary
Note). FOXD3 participates as a part of a larger gene regulatory netyomerning the development
of melanocytes from the neural crest, at least intpastigh transcriptional repression of one of the
earliest markers of melanoblast development (and melamoedisposition gene), MITE2

NOTCH2, as well as NOTCH1, appear to play roles in both deredat of the melanocyte lineage
as well as maintenance of melanocyte stem%éé&isand NOTCH signaling has been shown to lead
to de-differentiation of melanocytes to multipotent nearast stem-like ceffé. These two new
candidate susceptibility genes join previously-identified |tsn &darboring genes involved in
melanocyte fate. Whole-genome and targeted sequencingstfdnelanoma-prone families led to
the identification of a functional intermediate-pgaace missense mutation of MITF associated
with both melanoma and nevus count (MITF p.E3£8K) a variant that was rediscovered by this
population-based meta-analysis (rs149617956, P=5.12?xMR=0.38). Additionally, a previously-
identified melanoma and nevus risk lIo®s located ~200kb from SOX10, another key regulator of
melanocyte development and differentiation and direcistriptional activator of MITF. These
genes, and others in this gene regulatory network, haveis&dween variously implicated in the
progression of melanorffe®.
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The identification of a CM risk locus for which risk geyyee strongly correlates with higher
melanocyte-specific expression of CDH1, encoding E-cadhsuggests a potential role for cell-
cell adhesion in melanoma risk (sagpplementary Note). E-cadherin plays a crucial role in cell-
cell adhesion, epithelial-mesenchymal transition (EMAJ carcinoma progression. Germline
mutations in this gene are associated with a varietyroérs including gastri¢, breast?, and
potentially colorectal cancé&r In human skin, E-cadherin is typically expressedhencell surface
of both melanocytes and keratinocytes and is consideeemdjor adhesion molecule between
these two cell typ&4°° During melanoma progression, expression of E-cadhetypiisally lost,
with a concurrent switch to expression of N-cadhednilitating preferential association with
fibroblasts and vascular endothelial c&li$n contrast to loss of E-cadherin expression with
melanoma progression, we find the CM risk allele atlduas to be associated with higher
expression of CDHL1. Interestingly, melanocytes in nesimeteal skin of vitiligo patients have been
found to have loss of or discontinuously distributed E-cadl@xpression. This loss of E-cadherin
induces reduced adhesiveness to the basal layer under oxidatire=ahanical stress, leading
melanocytes to migrate passively to the exterior ofkie, and die by apoptogfs Thus, germline
variation leading to higher melanocyte CDH1 could act agt@giive mechanism, allowing cells
damaged by oxidative stress to remain in the skin and surviteutdying. A similar mechanism
has been recently identified in breast cancer metastelsere E-cadherin acts as a survival factor
by limiting reactive oxygen-mediated apoptdsis

In summary, our large, international genetic metdyamashowcases the utility of including self-
reported CM cases, complementary analytical approacheslaaa from multiple sources to expand
our understanding of CM risk. While the biological mechasisimderlying many of the existing
and novel CM risk loci remain to be confirmed or disceddny post-GWAS functional studies and
even larger GWAS, these data suggest potential pathwaystaguelanoma susceptibility, and
highlight nevus formation, pigmentation and telomerénteaance, the three pathways that appear
to dominate the landscape of melanoma susceptibility.
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Figure Legends

Figurel.

Title: Manhattan plot for the total CM meta-analysis.

Legend: -logo of two-sided P-values for SNPs derived from a fixed-effentsrse variance
weighted meta-analysis of logistic regression GWAS X¥6)aplotted against SNP chromosome
positions for the total meta-analysis (36,760 melanoma cade37&,188 controls; for full details
of analysis and covariates included seeQhéine M ethods). The y-axis is limited telogio(1x10
29) to truncate strong signals at loci such as MC1R and ASie full plot is displayed iExtended
Data Figure 2. To account for multiple testing, SNPs with a P-vaéss than §10° are deemed
significant.

Figure 2.

Title: Overlap of loci identified by primary and secondary analyses

Legend: Loci identified in theotal CM meta-analysis (CM, gree8upplementary Table 3), the
pleiotropic analysis with nevus count (CMnev, bl8epplementary Table 9) and hair colour
(CMpig, red,Supplementary Table 10), melanocyte TWAS (TWASmel, yellovdupplementary
Table 10), and TWAS using the expression of three skin tissU#AS3skin, orange,
Supplementary Table 12).
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Table 1. Loci previously identified in CM susceptibility GWASHR, BP: hg19 positional
information.rsiD: dbSNP142 rs numbePublications. We also summariSeipplementary Table

3; Gene prioritises the functional target if known, followed bglanocyte or skin tissue TWAS
data, or finally the closest protein coding gemultiple’ indicates three or more genes. GWS: We
indicate with yes (Y) or no (N) whether this locus is geaemide significant (P<%10%) in the

total meta-analysis. The effect alleleX) and non-effect alleleNEA) are listed, as are the effect
allele Frequency in the HRC reference paiéltotal fixed-effects inverse-variance weighted meta-
analysis of logistic regression two-sided P-vale«%) and Odds RatiodR) are from an additive
model and are reported per-allele with respect to theRefsorted results are for the total meta-
analysis (36,760 melanoma cases and 375,188 controls; forthilsde analysis and covariates
included se®©nline M ethods). We also indicate whether this locus is associatéu ether traits:
Nevi: Pleiotropically associated with CM and nevus contl{ne M ethods; Supplementary

Table 9); Hair: Pleiotropically associated with CM and hair colo@n{ine M ethods,
Supplementary Table 10). Tanning responsd én) and Telomere lengtiTélo) indicates the lead
SNP is associated with these traits when correctetddtiple testing Online M ethods.
Supplementary Table 5). @Variant meta-analysis results are heterogenedus31%) and random
effects estimates are presentdtthile this locus overlaps the previously reported IRF4 or AGR3
locus, the lead variants are independent.

EA/

CHR:BP rsiD Pub Gene NEA Freq Pmeta OR Nevi Hair Tan Telo
1:150,938,571 rs8444 108 Multiple  G/A 0.6453.89x 104 1.08 - - Y -
1:226,603,63¢ rs2695237 27198109 pARP1  T/C 0.6281.53x 108 1.10 Y - - -
2:38,298,139 rs1800440 2% CYP1B1 T/C 0.8246.97x10% 1.10 Y - Y -
2:202,143,92¢ rs10931936 20 CASP8 T/C 0.2812.17x10%® 1.08 - - - -

5:1,323,212 rs131788686 20110111 TERT CIT 0.5542.59x10%® 0.87 - Y - Y
5:33,951,693 rs16891982 203411l g C45A2 C/G 0.1221.96x 102 0.51 - Y Y -
6:21,163,919 rs6914598 23 CDKAL1 T/C 0.6831.18x10'® 0.91 - - Y -
7:17,134,708 rs117132860D 2357 AGR3 G/A 0.9813.83x10%' 0.71 Y - Y -
MTAP,
9:21,803,880 rs871024 1827 CDKN2A C/A 0.4772.72x10% 1.18 Y Y - -
9:109,054,417 rs10739220 2327 TMEM38B C/T 0.2601.34x 108 1.10 Y Y -
10:105,694,30 rs7902587 2327 OBFC1 C/T 0.9042.68x10%® 0.86 Y - - Y
11:69,380,89¢ rs4354713 2023 CCND1 A/G 0.3568.50x10%' 1.10 - Y - -
11:89,017,961 rs1126809 18 TYR G/A 0.7574.78x10% 0.83 - Y Y -
11:108,175,46 rs1801516 20 ATM G/A 0.8562.22x10%' 1.14 Y - - -
15:28,365,61¢ rs12913832 1923 OCA2 A/G 0.3354.85x10'? 0.88 - Y Y -
16:89,986,117 rs1805007 18 MC1R C/IT 0.9375.86x10% 0.57 Y Y Y -
20:32,665,74¢ rs6059655 1718 ASIP A/G 0.0612.52x10% 1.45 - Y Y -
21:42,743,49¢ rs408825 20 MX2 C/IT 0.4131.03x10% 0.89 - - Y -
22:38,545,94: rs132941 182735 MAFF T/C 0.5498.80x 102 1.10 Y - Y -
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Table 2. Novel loci not previously identified in CM GWAKHR, BP: hg19 positionrsl D:
dbSNP142 rs numbeGene prioritises the functional target if known, followed bglanocyte or
skin tissue TWAS data, or finally the closest proteiniegdene; multiple indicates three or more
genes Supplementary Table 3). The effect alleleEA) and non-effect alleldNEA) are listed, as
are the effect allelérequency in the HRC reference paliéltotal fixed-effects inverse-variance
weighted meta-analysis of logistic regression two-sidedlies and Odds Rati®R) are with
respect to the EA. Reported results are for the totad-aedlysis (36,760 melanoma cases and
375,188 controls; for full details of analysis and covariatelsided seénline M ethods). Nevi:
Associated with CM+nevus cour®line M ethods; Supplementary Table 9); Hair: Associated
with CM+hair colour Online M ethods; Supplementary Table 10). Tanning responsé én) and
Telomere lengthTelo) indicate lead SNP is associated with these traits wbeected for multiple
testing Online M ethods, Supplementary Table 5). 2Associated with CM by non-GWAS based
approaches - MITE25 IRF4 273435 bpreviously associated pleiotropically with CM and nevus
count’. “Variant meta-analysis results are heterogenedu8i%) and random effects estimates are
presented. For rs12523094/GPR98 while the lead SNP selected incc@iditapping is
heterogenous, other SNPs in LD pass this requirementr&lg173258,%ur = 0.9, Reta=
1.09<10, 12 = 29.6).%Previously associated with tanning resp8hs$doint CM+hair colour P-
value is greater than multiple testing corrected tluieshf 1.25¢10® (Supplementary Table 10).

CHR:BP rsiD Gene hIIEQA Freq Pmeta OR Nevi Hair Tan Telo
1:63,727,542 rs670318 FOXD3 T/IC 0.047 1.21x10% 0.86 - - Y -
1:154,994,978 rs76798800 ZBTB?%;EAME’ G/T 0.753 3.86x10%° 092 Y - Y -
1:205,181,062 rs2369633 DSTYK T/IC 0.083 1.24x1¢ 1.10 - S 4 -
2:25,778,637 rs12473635 DTNB T/IC 0.776 517x1® 093 Y - - -
3:70,014,091 rs14961795¢€ MITF G/A 0.998 9.00x 10* 0.39 - Y Y -
3:169,493,283 rs3950296 TERC C/IG 0.747 4.47x10 1.08 Y - - Y
5:90,262,612 rs1252309%4 GPR98 T/IC 0.567 1.74x16°¢ 1.07 - Y Y -
5:149,211,868 rs32578¢ PPARGC1B G/A 0.658 6.58x 107 1.09 Y - Y -
6:1,145,265 rs12215602 IRF4 G/A 0721 7.91x10° 094 Y - Y -
6:22,719,379 rs72834823 HDGFL1 T/A 0.819 1.04x10? 110 Y - Y -
6:32,748,953 rs28986343 HLA-DQB2 C/T 0952 1.61x1¢ 1.15 - - - -
6:91,005,743 rs6908626 BACH2 G/IT 0.844 3.92x1¢ 1.09 - - - -
7:22,115,454 rs12539524 RAPGEF5 C/T 0.846 1.65x1¢ 0.93 - - - -
7:124,396,645 rs4731207 POT1 G/A 0540 2.22x10% 093 Y - - Y
7:130,738,666 rs7778378 MKLN1 C/T 0.248 8.93x1® 0.93 Y Y - -
8:21,951,009 rs6994183 FAM160B2 AT 0.866 4.84x10¢ 0.92 - - - -
8:72,864,240 rs13263376 RP11';|388§H13.1, G/A 0.364 2.28x10° 0.93 Y - Y -
9:12,587,153 rs10960710 TYRP1 G/T 0.393 3.08 x 10" 0.93 - Y Y -
9:110,711,586 rs1339759 KLF4 C/G 0.666 5.61x10%° 1.10 Y - - -
9:134,457,580 rs3780269 RAPGEF1 G/A 0691 1.92x1F 094 Y - - -
11:16,041,305 rs7941496 SOX6 G/T 0516 1.40x16¢ 1.06 Y - Y -
11:120,195,70: rs12290699 TMEM136 T/IC 0.745 2.20x1¢ 094 - - - -
12:13,070,752 rs1056927¢ Multiple AIG 0.561 2.74x10°° 0.93 Y - - -
12:17,275,460 rs4237963 LMO3 T/A 0.207 1.27x1@ 0.93 - - - -

) HAL, RP11- o
12:96,378,807 rs10859996 256L6.3 C/T 0.635 2.09 x 16°° 1.07 - - - -
12:116,580,29: rs11346938" MED13L G/A 0.907 8.76 x 16°° 0.91 - Y Y -
13:113,535,94¢ rs1278768 MCF2L G/C 0.488 6.33x10 094 - - Y -
15:33,277,710rs11764890% FNM1 C/T 0.983 7.29x10'? 0.80 Y - - -
16:68,822,971 rs4420522 Multiple, CDH1 A/G 0.690 8.34 x 10 093 Y Y - -
16:82,217,153 rs2967383 MPHOSPH6 GIT 0.267 2.24x16 1.06 - - - Y
17:7,571,752 rs78378222 TP53 T/G 0.989 3.33x10° 0.76 Y - - -

22



19:3,540,539 rs12984834
20:62,291,767 rs14319090¢

22:45,622,684 rs5766565
22:50,722,408 rs79966207

MFSD12
RETL1

KIAA0930
PLXNB2

G/C
GIT

AIG
T/IC

0.984 3.86x 10'° 0.65
0.907 6.54 x 10 1.15

0.647 1.44x1@ 1.06
0.849 8.68x 1@ 0.92

< <

< <
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Table 3. Novel pleiotropic associations with CM and nevus coutfitaar colour. Reported CM P-
values are from the total fixed-effects inverse-variamemghted meta-analysis of logistic
regression two-sided P-values from GWAS representing aao8&l, 760 melanoma cases and
375,188 controls@nline M ethods). Results for the lead variants from pleiotropic locafleSNP
reaching P<5x1® following a Stouffers sample size weighted meta-analysg\P-values and
either Nevus GWAS meta-analysis (N=65,Y@7Hair Color GWAS (N=352,6§2andGWAS-PW
Model 3 prior probability of association (PPA) > 0(nline M ethods) distinct to those in the total
CM meta-analysisT(able 1, Table 2). CHR, BP: hg19 positional information.slD: dbSNP142 rs
number.Gene prioritises genes that the variant is an eQTL for in &3Kn datasets or otherwise is
the closest protein coding gene; multiple indicates tbreeore genes. We report the total CM
meta-analysis PFQM P), and theCM +nevus or CM +hair colour Stouffer’s meta-analysis fixed
effect P-value. Full results can be foundsupplementary Tables 7 and10. ®Locus previously
reported as pleiotropically associated with CM and nevustcbunnot significant for CM alone
here.PLead SNP for Pigment (rs10434895) and nevus (rs10434895) are fads3r1.0.°Lead

SNP for Pigment (rs520015) and nevus (rs593179) are irfdJ@ ¥ 0.63%Same lead SNPLead
SNP for Pigment (rs62034121) and nevus (rs62034139) are ifeL@=0.88.

CHR:BP rsiD Gene CMP CM + NevusP CM +Hair P
124787947 15105720 NIPALS 7.97% 10° - 2.24% 1002
178450517 rs34517439  DNAJB4 2.23x 10 ] 2.17x 102
1:214673271 rs7533482  PTPN14 2.79% 10° - 2.45x 103
2135430709 rs6745983  TMEMIL63 1.69x 10° - 7.00x 103
2:214065880 rs16849932  IKZF2 1.46x 10° ] 1.18x 101
2:240065356 rs11677464  HDACA 4.00% 10° 1.10% 10° i
4:37470753  rs11730662  KIAAL239 1.82x 10° 1.19x 108 i
5:56011357  rs7714232  MAP3K1 6.99x 10 ; 3.32x 1022

6:7189567  rs75818295  RREB1 1.87x 10° ; 8.27x 1010
6:11637483  rs548304 ADTRP 2.67x 105 ; 1.46x 101
6:15503696 rs10949304  DTNBP1 1.7x 10° 4.96% 10° i
6:50790642 152857482  TFAP2B 3.50% 10° 3.44x 1010 i
6:151577739, rs10434895, 8.17x 10°, o ,
6:151577830 rs10434g9s  AKAP12 7.88x 10° 7.71x10 2.07x 10°
8:131138979 rs111595456  ASAP1 3.86x 10* 2.83x 1010 :

9:211762, rs520015, 8.95x 107,

9:235201  rs593176° CBWD1 3.78x 10° 413x10%  1.10x10%
10:5767177  rs76154345 GDI2 4.43% 10° 7.80x 101 :

10:11188977¢ rs11104997  MXI1 3.45x 10° - 2.70x 101
117543519  rs11041426  PPFIBP2 2.73x 10° - 1.66x 10%
11:62203865 rs10897275  AHNAK 6.47x 10° - 2.47x 10%
11:91616691 rs12225068  FAT3 3.80x 10° - 6.48x 1010
1376351286  rs474240 LMO7 2.53x 10° - 9.28x 10°

13:114744546 rs75414584  RASA3 6.31x 10° ) 4.62x 1072
14:64390030 rs1087317%  SYNE2 6.29x 10° 505x10%  6.47x 107
14:69226931 rs1162506%  ZFP36L1 3.33x 10° 2.00x10%°  1.83x 10%
14:92795012 rsA904871  SLC24A4 2.06x 10° - 2.15x 1027

14:103923475 rs2273699  MARK3 5.27x 10° ) 1.21x 10%
15.48400199 rs2675345  SLC24A5 4.92x 10° ) 1.09x 10°
16:54118132, rs62034121, 1.16x 10°, y
16:54131939 rs6203413% FTO 4.56x 10° p e -
16:55322732 rs12930459 IRX6 1.82x 105 4.89% 10° i

24



Table 4. Genes identified by TWAS outside of regions identifiethmtotal CM GWAS meta-
analysisFor eachgene with a Bonferroni-corrected P-value cutoff in melanesytRwas<3.22x10

6), or skin-related tissue typesr(fAs<5.28x10’) that does not overlap with an existing CM region
we report the local peak CM variant from the total confamphkis self-report GWAS meta-analysis
and TWASZ score. Full results for all genes with ayRs<1.48x10° can be found in
Supplementary Tables 10,12. CBWD1 and C9orf66 are within 1 Mb of each other and are rderge
into a single locus. * RP11-676J12.7 was identified usimgexposed skin expression data from
GTEXx (Supplementary Table 12), while all other genes were identified using melanocyte ge
expression.

TWAS L ocus Peak CM Variant

Gene Z P rsiD CHR:BP CM P
NIPAL3 4.84 1.28 x 16 rs2294524 1:24,770,594 2.74x 107
RCAN3 4.83 1.33 x 16 rs2294524 1:24,770,594 2.74x 107
NOTCH2 4.81 1.50 x 16 rs2793830 1:120,466,108 3.80x% 107
PTPN14 -4.84 1.30 x 16 rs6693492 1:214,685,978 2.68x 10°
CBWD1 -4.81 1.51 x 16 rs478882 9:205,964 1.64x 10°
C9orf66 5.05 448 x 10 rs478882 9:205,964 1.64x% 10°
SYNE2 5.19 2.06 x 10 rs12881652 14:64,400,120 2.12x 107
IRX6 -4.80 1.62 x 16 rs12919110 16:55,319,789 1.27x 10°
RP11-676J12.7* -5.55 279 x 16 rs1703824 17:813,324 1.59x% 10°
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Online M ethods

Quality control metrics, imputation and association analysis

Data cleaning was performed using lllumina GenomeStudio/BeadSt@i4\san Diego, CA,
USA) and PLINK (v1.90b5.43%°". Full details of the sample collections and genotyirrays

used for each GWAS are reported in Bupplementary M ethods. Prior to imputation any SNP
with either minor allele frequency (MAF) < 0.01, Hardy-Weerg Equilibrium (HWE) P-value < 5
x 10* in controls or < 5 x 1% in cases was removed. Similarly, any individual was remoxrex
was missing > 3% of variants, had heterozygosity valibsrer 0.05 or < -0.05 or 3 sd from the
mean, whose genetically-predicted sex did not matchrhearded sex, or who was determined to
be non-European based on principal component analysis (RC&ddition, one of any pair of
individuals estimated to be related with identity by desc&m)Ipihat > 0.15 was removed.

The Harvard, BNMS, and 23andMe GWAS were imputed to 1000 Genowjestihhase 1 v3; for
all other setsQupplementary Table 1) imputation was conducted using the Michigan Imputation
Server with the Haplotype Reference Consortium paneQM&sion 1) and run using Minimac3
% Following imputation, any imputed variant with imputation qyaditore ¥ < 0.5 or MAF <
0.0001 was rejected. As rare SNPs where one allele is misdimg ¢gase or control group can lead
to very large (or infinite) OR estimates, variants withGR < 1 x 1@ (the minimum reported by
PLINK) or > 1 x 16 were also filtered. To handle variants with the saam@e (e.qg., triplicate
SNPs), variant IDs were converted to the format CHR:BP:A1AZ fwimeta-analysis.

Logistic regression under an additive model with ORs tatled on a per-allele basis was then
conducted using PLINK (v1.90b5.29°" with either geographic region (in GenoMEL Phase 1 and 2
data) or principal components as covariates to accoupbfential population stratification.

Individual studies were checked for evidence of inflatioptmducing QQ plotsSupplementary
Figure 1) and calculating the correspondiindlation factor A and LDSC intercept (Supplementary
Tablel).

Where individual studies have deviated from this protocol, Ideiee included in the study
description in thé&supplementary Material. All reported tests are two-sided.

M eta-analysis and conditional-and-j cint-analysis to identify independent loci

Meta-analyses of the GWAS were conducted in one stage udingnberse-variance weighted
fixed effects and random effects meta-anal%sas implemented in PLINK v1.90b5°3°" Meta-
analyses were conducted for confirmed only cases, and iattieset including self-report sets
(23andMe, Inc. and a portion of UK Biobank).

Conditional and joint analysis of summary GWAS maeatakgsis data was performed using
Genome-wide Complex Trait Analysis (GCTA, v1.26.0) to idgntidependently associated
variants®. To ensure we were only detecting completely independent B Rsllinearity
threshold {-cojo-collinear) was set to’® 0.05. The threshold for genome-wide significanee 5
10® and fixed effect meta-analysis p-values and log(OR) efizes were analysed.

Linkage-disequilibrium (LD) between SNPs for the condaicand joint analysis of summary data
in GCTA (v1.26.0) reported in the manuscript was calculatewyusireference population of 5,000
individuals selected randomly from the portion of the UKl&ink population determined to be
European by PCA (LEur). Variants were converted to best guess genotype (threshal@es3)
guess data were cleaned for missingness > 3%, HWE R X0%, MAF < 0.001
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To limit the chance of false positive claims of novel Sbigt/ we further filtered the list of 77
conditionally independent variantSupplementary Table 4) to those (i) genome-wide significant
(P < 5% 10%) in single SNP and joint conditional analysis, anda@yecommendétwhere there

was evidence of heterogeneity between studfes 8l1%) the random effect P-value also needed to
be < 5x 108, Passing variants were further checked to ensure that MAdreffect sizes were
consistent across studies and that the result was mendyy a single studyS(gpplementary

Figures 8-9). The 68 retained variants were combined into 54 loci useaneatenating 1 Mb
window (Supplementary Table 3). Regional association plots for all 54 loci were riatéively

plotted by LDasso¢h(tps://Idlink.nci.nih.goW!% and included aSupplementary Materials.

Multiple testing corrections

The primary aim of our study was to perform a GWAS meta-aisabf CM risk. For this primary
analysis our significance threshold was set at p < 5% HAd@llowing this primary analysis, we
conducted two classes of secondary analyses: 1) joint anafysielanoma with a risk phenotype
(Nevus or Pigmentation) and 2) TWAS.

To ensure robust adjustment for multiple testing, withejbint CM-nevus and CM-pigmentation

GWAS analyses we Bonferroni-corrected for each of theriskafactor phenotypes (pigmentation
and nevus count), as well as accounting for the two classesondary analysis (joint GWAS and
TWAS). The resulting significance threshold was (5 ®)4@ x 2) = 1.25 x 18. Loci reaching this

corrected threshold are indicated in boldupplementary Tables 7 and10.

TWAS was performed on expression data from melanocghesthen separately on the three skin
tissues within GTEX (sun-exposed, not-sun-exposed, and fistepks these were the most
enriched tissues in terms of enrichment for CM heritgtalter melanocytesHxtended Data
Figure5A) and are likely to be involved in CM development.

For the melanocyte TWAS analysis, we Bonferroni caeckthe significance threshold by the
number of tested genes in melanocytes multiplied by tHas®es of secondary tests and further for
the 2 tissue sets; 0.05/(3878 genes x 2 classes x 2 tissue 3QR)<=1F.

For the GTEx skin TWAS analysis we Bonferroni corredtedhe total number of tested genes
across the tissues multiplied by two classes of secomelsts/and further for the 2 tissue sets; 0.05/(
(8879 + 7458 + 7353 genes) x 2 classes x 2 tissue sets = 5.28 x 10

The accuracy of p-value calculation for rare SNPswhere case/control numbersare
imbalanced

The non-normality of the test statistics may causersdy inflated P-values due to violation of
asymptotic approximations, particularly for imbalanced casgrabratios. While we addressed this
for extreme cases by filtering very rare SNBsl{ne M ethods), we also investigated whether this
could be inflating the P-value of rare SNPs included in tearanalysis by performing 5 x8.0
simulations. For each simulation, we first generated typeadata for 21 studies with the same
sample size as in our meta-analySisgplementary Table 1) assuming Hardy Weinberg
equilibrium for variants with MAF = 0.01.

We then performed association testing for each studyalculated the test statistics to derive an
empirical P-value of 6.4 x when using an asymptotic P-value of 5 3 B3 the threshold.

While imbalanced case-control ratios had minimal impachercéalculation of asymptotic p-values
for SNPs with MAF = 0.01, as the empirical P-value was slidatber than genome-wide
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significance we further explored the results of our naetalysis. Three of our 68 reported variants
have a MAF less than 0.01: rs149617956 with MAF = 0.002, rs79356439 with MATO& @nd
rs3212371 with MAF = 0.003. All three variants had asymptotic pegak 5 x 182 We

performed 5 x 1®simulations for each of the variants using their MAfg found no simulations
had a nominal P-value < 5 x 13 These simulations indicate that the actual p-valoethése three
SNPs are less than 1/(5 x®16 2 x10°, and have reached genome-wide significance.

Joint analyses of CM and nevus count and pigmentation

Nevus GWAS meta-analysis

Using beta meta-analysis weighted by SE as implementediiK 1.90b5.4, we combined the
recently published nevus meta-analysis (N = 52,506hich excluded samples with melanoma but
may include a small portion of overlap with the controlsou®r some melanoma GWAS datasets;
participants of the QSkin study with nevus count that areaverlapping and unrelated (IBD pihat
< 0.15) to the QSkin melanoma case control set (N = 12,980harfinal set of participants not
previously included from the Brisbane Twin Nevus Morpholdggg (N = 341)?". The total

sample size was 65,777.

Pigmentation GWAS

A GWAS for hair colour was performed on 352,662 UK Biobank dasnpot included in the
melanoma GWAS who self-reported having either blonde, bghwn, dark brown or black hair
(coded as 1, 2, 3 and 4). Hair colour was then treated@tiaumus variable and regressed on
imputed genotype adjusting for principal comments using tme sgoproach as for the melanoma
GWAS.

Joint analyses

The melanoma results were then jointly analysed fir$t matvus count and then with hair colour.
Two approaches were taken. Firstly the total confirmedgalfsreport CM GWAS meta-analysis
results were combined with the separate nevus and pigmentation GWAS data using Stouffer’s

method (P-value weighted by per SNP sample N) as implemenkd8TAL (version 2011-03-
25)!%% LD calculations were performed in PLINK using a refeeepanel of 10,000 white British
UK Biobank individuals as implemented in the FUMA plaifo(v1.3.5$°2 was used to identify
independent SNPs with P <5108; independent SNPs within 1 Mb were considered to be single
loci. Secondly, the melanoma and pigmentation/nevu\G\Wsults were analysed using GWAS-
PW (v0.21¥8, which estimates the posterior probability of four fimiesmodels for each genetic
region: (i) association with CM only, (ii) associatiwith the second trait only, (iii) association with
both traits (pleiotropic), (iv) association with bdthits, but co-located and independent (v) no
association with either trait. Given that nevus caunat pigmentation are believed to act directly on
melanoma risk, model (iv) seemed unrealistic so we omigidered models (i), (i), (iii) and (v).

For nevus count, SNPs were assigned to blocks using the recdeurtsrundaries for GWAS-PW
(https://bitbucket.org/nygcresearch/Idetect-jiaar CM and hair colour, 50 SNP windows were
used for blocks as the default LD blocks contained maliipdependent hair colour loci. Following
the approach taken By any locus with a lead SNP reaching P < x2®?2 for the combined CM
and nevus/hair colour analysis and with a posterior pratyabiD.5 that the locus is associated
with both traits (model 3) to ensure that the associasiot driven by a single trait was declared
to be pleiotropically associated with both traits.
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Analysis of pigmentation and nevi polygenic risk score across melanoma subtypes

For each subject in our study, we calculated two polygenies¢PRS), using 276 genetic variants
associated with pigmentation and 10 genetic varianesc@$ed with nevus count. Nevus count
SNPs were derived from the same nevus GWAS meta-anagesfor the pleiotropic analysis (N

= 65,597), with independent lead SNPs with P><1®? identified using LD calculations

performed in PLINK using a reference panel of 10,000 whitedBrltiK Biobank individuals as
implemented in the FUMA platform (v1.3283, with the LD ¥ cut off for independence < 0.05.
Pigmentation PRS SNPs were selected from the hair cGIAS used for the pleiotropic analysis
(N=352,662), with independent lead SNPs with P < 5%difd LD calculations performed in
PLINK using a reference panel of 10,000 white British UK Bidoimdividuals as implemented in
the FUMA platform, with the LD cut off for independence < 0.025. PRS were calculateddafoin
subject by applying the regression coefficient (from the G/MApigmentation or nevus count) to
the genotype dosages. We then tested whether PRS distmidiffered between males and
females, across age groups, and histology subtypes. Intetperformed 27 comparisons and thus
any comparison with p-value less than 0.05/27 (=0.00186) was dkakstatistically significant.

GENESI S estimation of heritability and polygenic risk

We used GENESI$(ips://github.com/yandorazhana/GENEJSPEVersion 2019-06-01) to
estimate the genetic architecture (number of causal SNREeainéffect size distribution) using the
summary level statistics from the GWAS meta-analy@isgantile-quantile plot comparing the p-
values generated from this fitted distribution against teeoved p-values suggested a three
component Gaussian mixture model for the effect sizellision. Based on this estimated genetic
architecture, we calculated the heritability at the olz@mwal scale and the number of SNPs
reaching genome-wide significance for a given GWAS witbvkm sample size. Similarly,
GENESIS calculated the AUC for an additive polygenic risk iptissh model built based on a
discovery GWAS of known sample size.

UK Biobank melanomarisk phenotype GWAS

Four pigmentary GWAS were performed on UK Biobank particgant included in the melanoma
GWAS (1) Ease of tanning with 367,229 UK Biobank samples whaegdfrted their ability to tan
as either ‘Get very tanned’, ‘Get moderately tanned’, ‘Get mildly or occasionally tanned’ or ‘Never
tan, only burn’ (coded as 1, 2, 3 and 4). Ease of tanning was treated as a continuous variable and
regressed on imputed genotypes adjusting for principal commonging the same approach as for
the melanoma GWAS of UK Biobank data. (2) Skin colouh\8if0,260 UK Biobank samples who
selfreported having either ‘Very fair’, ‘Fair’, ‘Light olive’, ‘Dark olive’, ‘Brown’, or ‘Black’ skin
colour (coded as 1, 2, 3 and 4). Skin colour was treatadcastinuous variable and regressed on
imputed genotype adjusting for principal components usingaime sipproach as for the melanoma
GWAS of UK Biobank data. (3) Number of childhood sunburns with 320,.84Biobank samples
who self-reported their sunburn incidents pre-sixteensyeld. The data were dichotomised into
none and at least one pre-sixteen sunburn incident categooded as 1, 2). Number of childhood
sunburns was treated as a binary variable and regressed usjigtia imodel on imputed genotype
adjusting for principal comments using the same appraafdr she melanoma GWAS of UK
Biobank data. (4) Red hair with 120,925 UK Biobank samples wliaeported having either ‘red
hair’ or other (coded as 1 or 2). Red hair was treated as a binary variable and regressed using a
logistic model on imputed genotype adjusting for principahments using the same approach as
for the melanoma GWAS of UK Biobank data.
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Linkage disequilibrium (L D) score regression

As LD score regression (LDSC) is sensitive to the qualitpmit SNPs, GWAS or meta-analysis
variants were filtered to the list of high quality HapMap SNRwided 3. Using LD Score
regression v1.0.0 genomic inflation (Lambda), intercept and-is\iRability () were estimated.
h? estimates were converted to the liability scale using the 2Qddigien prevalence for CM in
Australia (0.00234f4

LD scoreregression of tissue-specific genes

CM heritability enrichment for SNPs around tissue-specifitegavas assessed by stratified LD
score regression as described previogfstyand implemented in the LDSC program0.0
(https://github.com/bulik/Idsc). Briefly, RNA-seq data fors GTEX (v7) tissue types and
primary melanocyte were quantified as RPKM using RNA-SeQC18)1% and quantile
normalized to reduce batch effect. Tissue-specific genes defined by calculating the t-statistic
of each gene for a given tissue, excluding all samplestiieraame tissue category. Tissue
category assignment for GTEXx tissue types was basdteqrévious publicatiord$:1%6 and
melanocytes were defined as “skin” category together with two types of skin and transformed skin
fibroblasts from the GTEx. We selected the top 1,000, 2#&@D4,000 tissue-specific genes from
the t-statistic analysis, and added 100 Kb each to the tratiserstart site and transcription end
site to define tissue-specific genes annotation. Stratifizddore regression was then applied on a
joint SNP annotation to estimate the heritability enrichragginst the total CM GWAS data from
the current study.

Colocalization of CM GWASand eQTLs

We performed colocalization analyses of CM GWAS sigimath eQTL signals from our
melanocyte and 48 GTEXx (v7) tissue eQTL datasets (not@ tissue types that were included for
LDSC using expression data were not included here as well 88A%Tanalyses due to lack of
eQTL data from GTEX), using eQTL and GWAS CAusal Variadéntification in Associated
Regions (eCAVIAR, v2.0http://genetics.cs.ucla.edu/cav|gitps://github.com/fhormoz/cavig?.
Consistent with the previous study, we used 50 SNPs upsam@disiownstream of each CM
GWAS lead SNP to extract both GWAS and eQTL summary statistibe used as the input for
eCAVIAR analysis. The LD matrix was calculated using thehased 1000 Genomes reference set.
For the CLPP score calculation, we allowed a maximumbeunrof two causal SNPs in each locus.
For a given CM GWAS locus, an eGene with a CLPP sdmrveeal% (0.01) was considered to
display a positive co-localization. To avoid reporting gnus effects, we applied a conservative
criterion and only reported variants displaying 12>>10.9 with the CM GWAS lead SNP and
eQTL P-value below a Bonferroni-corrected cutoff of edataset (0.05/number of eGenes tested
for each tissue dataset).

TWAS

We performed transcriptome-wide association studies (TW&She CM GWAS meta-analysis
data using TWAS/FUSIONh(tp://gusevlab.org/projects/fusigras previously describé&tf*

TWAS was performed in three separate groups, using eQTL dafasetl) melanocytes, 2) three
skin tissues (sun-exposed, not-sun-exposed, and fibroblasis) GTEx (V7), and 3) the rest of
GTEX tissue types (a total of 45) by imputing the gene expmregsienotypes for the total CM
GWAS meta-analysis data. The analysis parameters wetiee a&tw for multiple prediction
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models, independent reference LD, additional featuristitatand cross-validation resdksThe
total CM GWAS meta-analysis summary statistics wereided with no significance thresholding.
For GTEx data, we downloaded the precomputed expression exmeights for GTEX gene
expression (v7) RNA-seq across 48 tissue types from thaSIFAUSION website
(http://gusevlab.org/projects/fusigniVe computed functional weights from the primary
melanocyte RNA-seq d&ftone gene at a time. Genes that failed quality controhghie
heritability check (using minimum heritability P-value 0.01) wexeluded from further analyses.
We restricted the cis-locus to 500 Kb on either sidé®fene boundary.

Data Availability

Genome-wide summary statistics for the confirmed metdysis have been made publicly
available at dbGaP (phs001868.v1.p1). Results for SNPs with a fixaddom P < 5 x 1Q from
the total meta-analysis are reporte®upplementary Table 7.
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