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Combining multiple populations and risk phenotypes greatly expands our knowledge of the
genetic architecture of melanoma
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Summary

Genetic susceptibility to cutaneous melanoma is poorly characterized. Leveraging multiple
cutaneous melanoma genome-wide association studies we identified 56 significant loci which show
enrichment for melanocytic enhancer sites. We explore risk estimates across geographical regions
and varying host factors. The acral lentiginous subtype was uniquely unrelated to pigmentation.
Combining this meta-analysis with large nevus and pigmentation genome-wide association studies,
and leveraging gene and transcriptome wide association approaches identified a further 53 loci, for
a total of 109 new genetic loci. These findings describe in unprecedented scale the genetic
architecture of cutaneous melanoma, highlighting the role of nevus, pigmentation, immune, and
telomere pathways.

Introduction

Cutaneous melanoma (CM) is a deadly malignancy with increasing incidence in fair-skinned
populations worldwide !. Increased risk for CM is associated with ultraviolet light exposure 2, as
well as host factors including family history 3, certain pigmentary phenotypes (notably fair skin,
blue or green eyes, blonde or red hair, and sun sensitivity or inability to tan) 47, number of
melanocytic nevi 3%, longer telomeres '%!!, and immunosuppression 2.

Identified melanoma genetic risk variants include rare, highly penetrant mutations in genes such as
CDKN2A4 3% and POTI '>!¢, as well more common variation e.g. low-penetrance variants in
MCIR 718, Population-based genome-wide association studies (GWAS) of CM susceptibility in
populations of European ancestry have identified 21 genetic loci reaching genome-wide
significance (P <5 x 10%) 126 (Table 1). Additional approaches, including family-based analyses
of CM 2?7, combining CM and nevus count GWASs 2® and TWAS ?° have identified further loci that
despite not reaching P < 5 x 10" in a CM-only GWAS, very likely influence melanoma risk (Table

1).

This meta-analysis of CM susceptibility is more than three times the effective sample size of
previous CM GWAS, providing unprecedented power to identify CM susceptibility variants as well
as improved ability to map independent variants in known CM susceptibility regions. We report
here 68 independent CM associated variants across 56 loci that confirm the importance of key
functional pathways and highlight previously unknown CM etiologic routes (Table 1, Table 2).
Stratified analyses revealed differences in the relative importance of melanoma risk pathways by
subtype, particularly lack of involvement of the pigmentation pathway for acral melanoma.
Combined analysis of CM, nevus and pigmentation GWAS data, and leveraging expression data
through transcriptome wide association studies (TWAS) uncovered an additional 53 loci; of note a
number of loci were pleiotropically associated with multiple traits.

Results
Study overview

We performed an international GWAS meta-analysis of CM susceptibility with 30,134 cases where
CM status was clinically confirmed (Online Methods), 6,626 self-reported CM cases and 375,188
CM-free controls from the United Kingdom, United States, Australia, Northern and Western
Europe as well as the Mediterranean, a highly sun exposed population often under-represented in
CM studies (Supplementary Table 1). Following quality controls and sample exclusions (Online
Methods), we imputed the previously and newly genotyped samples and ran the association and
meta-analysis.



236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289

We performed separate total (clinically confirmed cases + self-reported cases from the UK Biobank
and 23andMe, Inc.) and confirmed CM meta-analyses as sensitivity analyses to explore the utility
of, and power gain from, including self-reported CM cases. Risk loci were deemed genome-wide
significant when variants had fixed effects meta-analysis P-values < 5 x 107 (Pmeta); where variants
exhibited notable heterogeneity (I> > 31%) random effects P-values (Pmeta r) needed to be < 5 x 1078
as well (Online Methods). Q-Q plots (Supplementary Figure 1) and LD Score Regression
(LDSC; Online Methods) intercepts for contributing data showed little to no inflation for
individual studies (majority of studies intercept < 1.04; Supplementary Table 1), indicating our
large study that included a diverse set of CM case populations adequately controlled for case
differences by ancestry.

Before combining the two self-report sets and the clinically confirmed GWAS data, we used LDSC
30 to investigate the genetic correlation (Rg) between self-reported CM cases and the confirmed
cases only meta-analysis GWAS data (Supplementary Table 2). Correlations with clinically
confirmed CM GWAS results were high, with the self-report 23andMe, Inc. and UK BioBank
(UKBB) GWAS having Rg of 0.99 (SE = 0.13) and 0.70 (SE = 0.15), respectively (Supplementary
Table 2). The Rg for the UKBB self-reported cases was expected to be lower since all UKBB self-
reported cases that could be confirmed by cancer registries were moved into the UKBB confirmed
set (Online Methods, Supplementary Table 1). Similarly, LDSC SNP-heritability (h?) were
comparable between confirmed CM cases (h’confirmed = 0.13, 95% CI = 0.09-0.17) and self-reported
CM cases (h?23aname = 0.10, 95% CI = 0.03-0.16; h’vkss sk = 0.18, 95% CI = 0.04-0.31)
(Supplementary Table 2). Based on the high Rg and similarity in h? estimates for self-report and
clinically confirmed CM cases, we merged both sets into an overall total CM meta-analysis (h?ww=
0.11, 95% CI = 0.08-0.15). The lambda and LDSC intercept for the total CM meta-analysis
indicated the majority of apparent inflation is due to polygenic signal (A = 1.165, Intercept 1.051,
ratio 0.16; Supplementary Table 2). A similar h%ow (12%) was estimated using genetic effect-size
distribution inference from summary level data (GENESIS; Online methods) 3.

Conditional joint analysis of the total CM meta-analysis using GCTA 32 identified a total of 56 loci
that met our requirements for genome-wide significance (Online Methods; Table 1, Figure 1,
Supplementary Figure 2). In addition to the 56 sentinel variants, an additional 12 independent
variants with linkage disequilibrium (LD) r’eur < 0.05 with sentinel variants at or near 5 loci
(TERT, CDKN2A4, OCA2, MCIR, and TP53) were identified (Supplementary Table 3). Individual
regional association plots for the association signals have been provided as a Supplementary File.
Conditional analysis identified a further 6 variants at or near SLC4542, IRF4, CCND1, GPRC54,
and MCIR); however, these 6 variants were not carried forward due to either Pmeta > 5 X108 in the
single variant analysis or notable heterogeneity (I> > 31%) and not genome-wide significant under
the random effects model (Supplementary Table 4). This significant expansion of discovered CM
risk loci highlights the utility of a large, international sample of CM cases and demonstrates the
increases in power from including a series of self-reported CM cases. In addition, we used
GENESIS (Online methods), which enables a reformulation of the variance explained by
associated SNPs to estimate a theoretical optimal area under the curve, rather than formally testing
this via a training and prediction set 3! to estimate the potential AUC derived from the lead SNPs
from the 56 identified loci. The estimated AUC was 68%; for comparison the 2015 CM meta-
analysis 2° estimate was ~63%. This estimate does not include any host factors, and would require
benchmarking in a prospective study for validation.

Previous CM GWAS have identified 21 genome-wide significant loci 1°-26, while family-based
methods or the combination of CM with nevus count have identified a further 10 loci including
IRF4, MITF, HDAC4, and GPRC5A 7333 (Table 1). Many of these SNPs are involved in
pigmentation, tanning response, or nevus count. Others are in or near genes associated with DNA
repair, telomere length or regulation of senescence **; some are associated with more than one trait
(Table 1). Our analysis directly replicates nearly all of these previously reported loci. Of note, the
peak variant near /RF'4 is rs12215602 and not the previously reported rs12203592, for which
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substantial heterogeneity was observed (I = 81%, Pmeta R = 0.1, Pmeta = 1.9 x 10713). The previously
reported peak variant for the locus in intron 8 of F70 rs16953002 did not formally replicate (Pmeta r
=1.2x 1075, I? = 35%, Pumeta = 3.8 x107%) nor did any SNPs in LD, with the m6ost strongly
associated SNP at this region being rs62034121 (Table 1). rs16953002 and rs62034121 are in LD
(r’sur = 0.96), and these variants are genome-wide significant in the confirmed cases only meta-
analysis, and the combined CM plus nevus analysis (see below and Online Methods). A recent
melanoma GWAS 26 reported rs187843643 near BASPI as a melanoma locus; while we include the
contributing GWAS this locus does not reach genome-wide significance (I = 35%, Pmeta r = 0.3,
Preta = 0.00071; Table 1). In addition, previously reported CM susceptibility variants centromeric to
AGR3 (rs1636744, rs819368 and rs2389832) do not exhibit association Pmeta< 5 % 107%; instead a
different independent variant (rs117132860, r’gur < 0.03 with previously reported variants) located
between rs819368 and rs2389832 is observed at genome-wide significance (Pmewa= 3.8 % 1072!). This
region exhibits a complex LD structure and more focused investigations are needed to disentangle
the CM association signal in this region.
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Figure 1. Manhattan plot for the total CM meta-analysis.

Figure 1 Legend: Logio of -log10(Pmet) is displayed to truncate strong signals at loci such as
MCIR and ASIP.

Table 1. Loci previously associated with CM susceptibility.

CHR:BP rsID Pub Gene 1\];:3/4 Freq P OR Nevi Hair Tan Tel
1:150,938,571 rs8444 35 Multiple G/A 0.645 389x10-4 1.08 - - Y -
1:226,603,635 182695237 283536 PARPI T/C 0.628 2.12x10'® 1.10 Y - - -
2:38,298,139  rs1800440 252 CYPIBI T/C 0.824 4.84x10" 1.10 Y - Y -
2:202,122,995 153769823 2 CASPS A/G 0.305 590x10!' 1.08 - - - -
2:240,081,540 153791512 = HDAC4 C/G 0.814 2.09x10% 1.08 Y - - -
3:70,014,091 15149617956 27 MITF G/A 0.998 1.74x10! 038 - Y Y -
3:169,493,283  1s3950296 = TERC C/G 0.747 8.51x10'" 1.08 Y - - Y

5:1,323,212  rs13178866 22377 TERT C/T 0.554 122x10'® 087 - Y - Y
5:17,454,083 15187843643 BASPI C/T 0.995 0.26¢ 090 - - - -
5:33,951,693 1s16891982 22387  SLC4542 C/G 0.122 1.96x102% 051 - Y Y -
5:149,211,868 rs32578 339 PPARGCIB G/A 0.658 691 x10% 1.09 Y - Y -
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6:1,145265 rs12215602b 2838402 RFY G/A 0721 1.78x10% 094 Y - Y -
6:21,163,919  rs6914598 25 CDKALI T/C 0683 1.18x10'8 091 - - Y -
7:17,134,708 rs117132860b 2541 AHR G/A 0981 383x102 071 Y - Y -
9:21,803,880  rs871024 2028 C]gg\& C/A 0477 658x10% 118 Y Y - -
9:109,054,417 1510739220 25 TMEM38B  C/T 0260 440x10"% 110 Y Y - -
9:110,711,586  rs1339759 28 KLF4 C/G 0666 187x107 109 Y - - -
10:105,694,301  rs7902587 2%  OBFCI C/T 0904 138x102 08 Y - - Y
11:69,380,898  rs4354713 225 CCNDI A/G 0356 260x102 110 - Y - -
11:89,017,961  rs1126809 20 TYR G/A 0757 463x10% 082 - Y Y -
11:108,175,462 131801516 2 ATM G/A 0856 233x102 114 Y - - -
12:13,070,752  1s1056927 2 Multiple A/G 0561 333x10° 093 Y - - -
14:64,390,030 rs10873172 % SYNE2 G/C 0290 1.18x10% 106 Y Y - -
15:28,365,618 rs12913832 215 0CA2 A/G 0335 1.54x10" 088 - Y Y -
15:33,277,710 rs117648907 2 FNMI C/T 0983 1.77x10"2 080 Y - - -
16:54,118,132  rs62034121 2 FTO C/A 0822 487x10™ 091 Y - - -
16:89,986,117  rs1805007 20 MCIR C/T 0937 3.15x10% 057 Y Y Y -
19:3,540,539  rs12984831 % MFSDI2 G/IC 0984 386x10 065 Y - Y -
20:32,665,748  1s6059655 1920 ASIP A/G 0061 512x104 145 - Y Y -
21:42,743,496  rs408825 2 MX2 C/T 0413 410x10% 089 - - Y -
22:38,602,140 rs11914181 202840 Multiple T/C 0457 138x102 091 Y - Y -

Table 1 footnote: CHR, BP: hgl9 positional information. rsID: dbSNP142 rs number.
Publications: 7 (PMID: 21693730). We also summarise Supplementary Table 3; Gene prioritises
the functional target if known, followed by melanocyte or all tissue TWAS data, or finally the
closest protein coding gene; multiple indicates three or more genes. The effect allele (EA) and non
effect allele (NEA) are listed, as are the effect allele frequency in the HRC reference panel #*; total
meta-analysis P-value and Odds Ratio (OR) are with respect to the EA. We also indicate if this
locus is associated with other traits: Nevi: Pleiotropically associated with CM and nevus count
(Online methods; Supplementary Table 7); Hair: Pleiotropically associated with CM and hair
colour (Online methods; Supplementary Table 8). Tanning response (Tan) and Telomere length
(Telo) indicates the lead SNP is associated with these traits when corrected for multiple testing
(Online methods. Supplementary Table 5). “Associated with CM by non-GWAS based approaches.
bWhile this locus overlaps the previously reported IRF4 or AGR3 locus, the lead variants are
independent. Variant meta-analysis results are heterogenous (P > 31%) and random effects
estimates are presented.

The total CM meta-analysis also confirmed 8 regions previously identified by combining nevus
count and CM GWAS data 2% (Table 1). While the peak variant for the 8" region, rs12984831, near
MFSDI2 and FZR1, is independent from the previously reported peak rs34466956 (r’cur = 0.001),
134466956 is also significantly associated in the combined analysis (PcMinevus = 2.5 X 107,
Supplementary Table 7). These results highlight the ability of combined trait GWAS (e.g., CM
and nevus count) to identify loci associated with CM; a method we implement below for the
expanded CM meta-analysis. The remaining 27 loci have not previously been reported as CM
susceptibility loci (Table 2; full results in Supplementary Table 3).

The meta-analysis for only pathologically confirmed CM cases (N = 30,134; Supplementary
Table 1) identified a total of 47 loci associated with CM susceptibility (Supplementary Table 6,
Supplementary Figures 3-4). Only two loci were significant in the confirmed-only CM and not the
total CM analysis. The first, on chromosome 4, 1s2301293 (confirmed Pmew = 3.2 X 10, OR = 0.89,
I? = 0%) while not significant in the total CM meta-analysis, showed negligible difference in its
estimate (Pmeta = 5.8 X 108, 12 =10% OR = 0.91) . The second locus is the previously reported locus
on chromosome 16 containing F70 with SNP rs16953002 meeting our significance requirements
(Pmeta = 3.6 x 107, 12 =27.2).



349  Thus the total meta-analysis, which included 6,626 self-reported CM cases and over 290,000
350  controls (Supplementary Table 1) allowed identification of 11 loci beyond those found in the
351  confirmed GWAS meta-analysis alone, demonstrating the advantage of including self-reported CM
352 cases. Results for SNPs with a fixed or random P < 5 x 10”7, as appropriate, from the total meta-
353  analysis are reported in Supplementary Table 15.
354
355
356  Table 2: Novel loci associated with CM.
357
CHR:BP rsID Gene 1\];:34 FREQ P OR Nevi Hair Tan Telo
1:63,727,542 rs670318 ATG4C T/C 0.047 1.21x10® 0.865 - - Y -
1:154,994,978 1576798800 ADDi€\§§5 G/T 0.753 3.86 %101 0917 Y - Y -
1:205,181,062 152369633 RBBP5 T/C 0.083 8.13x10° 1.098 - Y Y -
2:25,778,637 rs12473635 DTNB T/C 0.776 2.86x10° 0931 Y - - -
5:90,262,612 1512523094 GPR9S T/C 0.567 5.85x10"3 1.074 - Y Y -
6:22,719,379 rs72834823 HDGFLI T/A 0.819 1.04x101'2 1.097 Y - Y -
6:32,748,953 1s28986343 SKIV2L C/T 0952 1.61x10®% 1.153 - - - -
6:91,005,743 rs6908626 BACH? G/T 0.844 392x10° 1.086 - - - -
7:22,115,454 rs12539524 RAPGEF5 C/T 0.846 1.93x10% 0926 - - - -
7:124,396,645 rs4731207 POTI G/A 0.540 199 x105 0926 Y - - Y
7:130,742,066 rs7803075 MKLNI A/G 0317 1.08x10% 0937 Y Y - -
8:21,951,009 rs6994183 DMTN, HR A/T 0.866 1.29x10° 0918 - - - -
RPII-
8:72,864,240 rs13263376 383HI13.1, G/A 0364 485x10% 0929 Y - Y -
MSC
9:12,600,284 rs10809803 LURAPIL, G/C 0367 2.11x101' 0930 - Y Y -
9:134,457,580 rs3780269 POMTI G/A 0.691 443 x10% 0945 Y - - -
11:16,041,305 1s7941496 SOX6 G/T 0516 1.75x10° 1.061 Y - Y -
11:120,195,702 1512290699 TMEMI136 T/C 0.745 4.17 x10®% 0938 - - - -
12:17,275,460 154237963 LMO3 T/A 0207 1.99 x101° 0.923 - - - -
12:96,378,807 1510859996 2I§}6)£é_3 C/T 0.635 9.35x10'° 1.065 - - - -
12:116,580,291  rs113469387 MEDI3L G/A 0907 7.05x<10° 0915 - Y Y -
13:113,533,594  rs1278763 ATPI1IA G/C 0466 431 <1012 0934 - - Y -
16:68,822,971  rs4420522 Mgg}g}e’ A/G 0690 425x101* 0924 Y Y - -
16:82,188,801 rs2911423 MPHOSPH6 C/T 0.217 4.75x10° 1.070 - - - Y
17:7,571,752 rs78378222 TP53 T/G 0989 3.33x101 0.757 Y - - -
20:62,291,767  rs143190905 RTELI G/T 0907 6.54x1013 1.145 - - - Y
22:45,622,684 1s5766565 KIA40930 A/G 0.647 593 x101° 1.066 Y Y Y -
22:50,722,408 1579966207 PLXNB?2 T/C 0849 9.56x10° 0.923 - Y - -
358
359  Table 2 footnote: CHR, BP: hgl9 positional information. rsID: dbSNP142 rs number. We also
360  summarise Supplementary Table 3; Gene prioritises the functional target if known, followed by
361  melanocyte or all tissue TWAS data, or finally the closest protein coding gene; multiple indicates
362  three or more genes. The effect allele (EA) and non effect allele (NEA) are listed, as are the effect
363  allele frequency in the HRC reference panel #; total meta-analysis P-value and Odds Ratio (OR)
364  are with respect to the EA. We also indicate is this locus is associated with other traits: Nevi:
365  Pleiotropically associated with CM and nevus count (Online methods; Supplementary Table 7);
366  Hair: Pleiotropically associated with CM and hair colour (Online methods,; Supplementary Table
367  8). Tanning response (Tan) and Telomere length (Telo) indicates the lead SNP is associated with
368  these traits when corrected for multiple testing (Online methods, Supplementary Table 5)
369
370
371  Melanoma associations by sex, age at diagnosis and subtype
372



373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426

We performed separate GWAS by sex, age at CM diagnosis (<40, between 40 and 60, >60) and
major CM subtypes (superficial spreading (SS), lentigo maligna (LM), nodular melanoma (NM),
and acral lentiginous (AL)) to identify variants associated with select subgroups (Supplementary
Table 16). Our analysis did not identify any additional variants reaching statistical significance
after adjustment for multiple testing (5 x 10 / 13), suggesting that if variants are associated with
only one analytic subgroup they are undetectable at our current sample size and may require other
methods for uncovering associations.

We also performed polygenic risk score (PRS) analyses defined based on lead independent
genome-wide SNPs for nevi count (10 variants; Online methods) and pigmentation (276 variants;
Online methods) to further explore if either traits’ association with CM is different across the sub
phenotypes (significance threshold = 0.05/28; Online methods). We observed no significant
differences in the distribution of the tested PRSs for the sex and age at CM diagnosis subgroups.
We did, however, detect differences in the distribution of pigmentation PRS for acral lentiginous
subtype compared to all non-acral subtypes (P = 2.1 x 10%). Our analyses indicated darker
genetically-inferred pigmentation levels in AL cases compared to SS, LM and NM cases (P = 5.3%
1075, 0.01, 4.8 x 104, respectively) as well as no differences in genetically-inferred pigmentation
between AL cases and controls (P = 0.65, Supplementary Figure 5). These findings provide strong
genetic evidence that the pigmentation pathway is less important for risk of AL melanoma than for
other subtypes of CM and suggests that public health preventative measures for AL melanoma may
be unique from other CM subtypes. No significant differences were observed by subtype for the
nevi count PRS.

Annotation and discovery by utilising risk phenotypes for CM

To determine their possible mode of influencing risk of CM, variants independently associated with
CM in the total meta-analysis were looked up in GWAS of telomere length, tanning response,
pigmentation and nevus count (Online Methods, Table 1 and 2, Supplementary Table 5, 7, 8).
Using a Bonferroni corrected threshold of phenotype P-value < 0.000735 (0.05/68 independent
SNPs), 14 of the 27 novel loci are associated with tanning response or pigmentation (Table 2,
Supplementary Table 5), further indicating the importance of pigmentation pathways in CM
susceptibility. A number of the novel loci including rs12473635 near DTNB and rs78378222 near
TP53 are associated with nevus count, reinforcing the role of nevi in CM susceptibility.
Furthermore, three novel loci have been previously associated with telomere length
(rs4731207/POT1, rs2911423/MPHOSPHG, and rs143190905/RTEL1 #* (Supplementary Table 5)
providing additional support for telomere involvement in CM susceptibility. The remainder of the
newly discovered sentinel variants are not associated with these phenotypes and suggest novel
pathways unrelated to these phenotypes may be important for CM susceptibility.

Leveraging additional phenotypes to identify and annotate CM risk loci

To identify further loci influencing CM risk, and provide a more nuanced annotation of discovered
CM risk loci, we utilised a range of approaches. To explore the overlap between CM loci and risk
phenotypes, we combined our total CM GWAS meta-analysis with a nevus count GWAS meta-
analysis (N = 65,777; Online Methods) and separately with a UKBB hair colour GWAS (N =
352,662; Online Methods). Pairwise GWAS (GWAS-PW) # was used to determine whether loci
identified were associated with only one trait or pleiotropically associated with both CM and either
nevus count or pigmentation (Online Methods). As noted above, a previous reported combination
of a CM and nevus GWAS 2 identified loci that were subsequently confirmed in this larger CM
GWAS meta-analysis (Table 1), providing support for this approach. Together these analyses
identified an additional 13 loci pleiotropically associated with CM and nevus count, 17 loci
pleiotropically associated with CM and pigmentation, and 3 loci pleiotropically associated with
CM, nevus count and pigmentation that were not identified in the total CM GWAS meta-analysis
(Table 3, Supplementary Table 7, Supplementary Table 8). To test for enrichment of multiple
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independent genetic variants associated with CM around specific genes, we used Multi-marker
Analysis of GenoMic Annotation (MAGMA) % to perform a gene-based association test in the total
CM meta-analysis data (Methods; Supplementary Table 14). The MAGMA analysis identified 11
loci not identified in the per-SNP analysis.

In parallel we examined data from a recently established cell-type specific melanocyte eQTL
dataset 2° as well as tissue-based datasets available through GTEx % to identify candidate
susceptibility genes from all independent CM SNPs. Colocalization analyses and integrative
transcriptome-wide association studies (TWAS) utilising these expression datasets enabled formal
testing for significant cis genetic correlations between gene expression and CM risk, allowing both
characterisation of genes at loci detected in the total CM meta-analysis, and the identification of
additional loci (Online Methods). This analysis builds on previous melanocyte TWAS which
analyzed data from a prior CM GWAS meta-analysis ?° which identified imputed gene expression
of five genes at four loci associated with CM. Importantly, the CBWDI locus on Chr9 was later
identified as a genome-wide significant CM+nevus count pleiotropic locus ?* and confirmed again
here (Table 1, Supplementary Table 7), and the other three loci (ZFP90 on Chr16, HEBPI on
Chr12, and MSC and RP11-383H13.1 on Chr8) are now genome-wide significantly associated with
CM in this larger GWAS meta-analysis (Table 2). This confirmation of previous TWAS loci
supports the TWAS approach for both identifying new loci and pinpointing the likely functional
genes at GWAS discovered loci (Table 1, 2).

To empirically identify the target tissues for CM risk variants, we used partitioned LD score
regression 47 to determine the proportion of total CM GWAS meta-analysis heritability captured by
gene expressed in melanocytes and in 50 GTEx tissue types. This demonstrated that partitioned CM
heritability was significantly enriched in genes specifically expressed in melanocytes (2.76-fold, P
=3.12 x 107 for top 4,000 genes; Supplementary Figure 6). Importantly, melanocyte-specific
genes displayed the most significant enrichment P-value with the largest enrichment fraction, when
compared with 50 GTEXx tissue types, while three skin derived tissues ranked near the top. Given
tissues other than melanocytes were also significantly enriched for partitioned CM heritability we
performed additional discovery and annotation of CM risk variants using expression data from
melanocytes, GTEx skin tissues, and from all tissues types

Conducting a TWAS of all tissue types and using the total CM GWAS meta-analysis, we identified
the expression of 170 genes associated with CM risk (Prwas < 1.48 x 10°; Supplementary Table
10). When restricted to skin tissue (Online Methods), 80 genes were significant, and when further
restricting results to melanocytes alone, 41 genes demonstrated evidence for an association
(Supplementary Table 9). Of the melanocyte-specific gene associations, 33 overlapped with loci
identified in the total CM GWAS meta-analysis, providing functional evidence as to which genes
may underlie the association at these region (Supplementary Table 3, Supplementary Table 9).
Combining genes within 1 Mb of each other into discrete loci, TWAS analysis identified an
additional 25 regions not identified in the total CM GWAS meta-analysis (Table 4, Table 5).

In aggregate these complementary approaches identified a total of 109 discrete loci (Figure 2); 56
formally significant at P < 5x 10 in the total CM meta-analysis (Table 1, Table 2,
Supplementary Table 3), and the remainder supported by one or more of the additional analyses
(Table 3-5, Supplementary Tables 7-10,14) and likely represent additional risk loci for CM, albeit
ones requiring a larger CM GWAS meta-analysis to formally confirm.
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Figure 2. Overlap of loci identified by complementary approaches

Figure 2 legend: Loci identified in the total CM meta-analysis (Supplementary Table 3), the
pleiotropic analysis with nevus count (CM + nevus, black, Supplementary Table 7) and hair colour
(CM + pigmentation, green, Supplementary Table 8), and the MAGMA gene-based test (Red,
Supplementary Table 14) are plotted together with a merged count of loci identified by TWAS
using melanocyte or all tissue expression (TWAS merge, purple, Supplementary Table 9,
Supplementary Table 10).

Table 3. Novel loci pleiotropically associated with CM and nevus count or hair colour.

EA/

CHR:BP rsID Gene NEA FREQ CMP CM +nevus P CM + Hair P
1:24,787,947 rs195720 STPG1 A/G  0.389 2.26 x 107 - 4.78 x 1012
1:78,450,517  1s34517439 FUBPI C/A 0.900 3.71 x 10 - 3.36 x 10712
1:120,528,932  rs2453042 NOTCH?2 G/A  0.151 1.17 x 10¢ 2.07 x 108 -

RPI11-532L16.3,
1:200,265,151 rs183661447 ZNF281 A/G  0.008 2.79 x 107 3.25 %108 -
1:214,673,271 157533482 PTPN14 T/C  0.788 2.27 x 107 - 2.09 x 10-13
2:135,430,709  rs6745983 TMEM163 G/A 0.49 2.42 x 103 - 4.85x 1013
2:214,065,880 rs16849932 IKZF?2 G/A 0918 3.30 x 1073 - 2.49 x 1010
4:37,470,753  rs11730662 C4orfl9 C/T  0.297 2.44 x 103 1.77 x 108 -
RN7SL89P,

4:106,260,427 1s17321108 PPA2 C/T  0.040 1.05 x 107 1.41 x 108 -
5:56,011,357  rs7714232 MAP3KI A/T  0.821 6.81 x 10 - 3.21 x 1022
6:7,189,567  rs75818295 RREBI C/T 0955 1.87 x 103 - 8.27 x 1010
6:11,637,483 rs548304 ADTRP G/A 0.803 2.67 x 107 - 1.46 x 10710
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6:15,503,696 rs10949304 DTNBPI G/C 0451 0.00155 4.2 %107 -
6:50,790,642 152857482 TFAP2B c/T  0.107 4.60 x 107 4.59 x 1010 -
6:151,577,739 1s10434896* AKAPI2 A/T  0.524 2.13 x 107 1.77 x 10 6.36 x 1042
8:13,113,8979 rs111595456 ASAPI C/T  0.033 7.88 x 10 7.35 x 10710 -
9:235201 rs593179* CBWDI1 A/G  0.550 1.97 x 10 6.16 x 1012 3.03 x 1043
10:111,889,779 rs11194997 MIX] G/A 0.808 3.45x10° - 2.70 x 10!
11:419,994  rs12418575 ANO9, SIGIRR C/A  0.809 8.75 x 10 471 x 108 -
11:7,543,519 1s11041426 CTD-2516F10.2 G/A  0.397 1.56 x 10 - 3.72 x 10733
11:62,206,288  rs9645690 AHNAK C/T  0.664 2.04 x 107 2.55 %108 9.44 x 1034
11:91,616,691 1512225068 FAT3 A/G 0917 3.80 x 1073 - 6.48 x 10710
13:76,351,286  rs474240 LMO7 A/G 0354 1.42 x 10+ - 6.18 x 10
13:114,744,546 1575414584 RASA3 C/T  0.900 6.31 x 1073 - 4.62 x 1012
14:69,226,931 1511625064 ZFP36L1 T/C  0.634 6.27 x 10 4.05 x 10-10 3.21 x10°P
14:92,795,912  rs4904871 SLC2444 A/G 0436 7.78 x 104 - 7.31 x 10276
14:103,852,725 rs3825566 Multiple C/T  0.366 1.51 x 10+ - 1.42 x 10716
15:26,106,257 1512906552 ATP10A4 T/G  0.250 1.01 x 10 - 2.02 x 108
15:48,426,484  rs1426654 SLC2445 A/G 0946 3.17 x 1073 - 1.43 x 10

Table 3 Footnote: Results for the lead variants from pleiotropic loci (lead SNP reaching P < 5 X
108 and GWAS-PW Model 3 PPA > (.5, Online methods) distinct to those in the total CM meta-
analysis (Table 1, Table 2). CHR, BP: hgl9 positional information. rsID: dbSNP142 rs number.
Gene prioritises genes that the variant is an eQTL for in GTEXx skin datasets or otherwise is the
closest protein coding gene; multiple indicates three or more genes. We report the total CM meta-
analysis P (CM P), and the CM+nevus or CM+hair colour Stouffer’s meta-analysis P-value. Full
results can be found in Supplementary Tables 7 and 8. “Peak SNPs are in LD, rs10434896
(CM+nevus) and rs10434895 LD r’gur = 0.99; 15593179 (CM+nevus) and rs520015 r’gur = 0.63.
bLocus previously reported as pleiotropically associated with CM and nevus count, but not
significant for CM alone.

Table 4. Genes identified by melanocyte TWAS outside of regions identified in the CM GWAS
meta-analysis.

Locus Peak CM Variant TWAS

Gene TWASP rsID CHR:BP CMP Z P Heritability
NIPAL3 6.39 x 10°  1rs2294524 1:24,770,594 9.58 x 107 4.51 6.39 x 10° 0.674
NOTCH? 1.39 x 10°  rs2793830 1:120,466,108 3.77 x 107 4.83 1.39 x 10¢ 0.265
PTPNI14 1.35 x 10°  1rs7533482 1:214,673,271 2.24 x 1073 -4.83 1.35 x 10° 0.374
CBWDI1 3.85x10°  1s478882 9:205,964  3.84 x 10° -4.62 3.85 x 10° 0.673
C9orf66 1.32 x10°  1s478882 9:205,964  3.84 x 10° 4.84 1.32 x 10° 0.339

RIN3 1.32 x10°  1s8010344 14:93,086,918 4.88 x 10 -4.36 1.32 x 1073 0.753

IRX6 1.10 x 10°  1s12919110 16:55,319,789 2.14 x 10 -4.87 1.10 x 10° 0.242
P2RY11 1.20 x 10°  rs3826785 19:10,227,149 8.15 x 1073 -4.38 1.20 x 1073 0.353

Table 4 Footnotes: For each gene with a Prwas < 1.48 % 107 that does not overlap an existing CM
region we report the local peak CM variant from the total confirmed plus self report GWAS meta-
analysis, and TWAS Z score and P-value, as well as TWAS heritability result. Full results for all
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genes with a Prwas < 1.48 x 10 and FDR < 0.05 can be found in Supplementary Table 9. CBWDI

and C9orf66 are within 1 Mb of each other are are merged into a single locus.

Table 5. Genes identified by all tissue TWAS outside of regions identified in the CM GWAS meta-

analysis.
Max. TWAS P- Min. TWAS P-

Gene CHR Start End value value Locus
NIPAL3 1 24.742,284 24,799,466 6.39E-06 6.39E-06 1
RPI11-109P14.10 1 38,326,369 38,327,252 2.75E-05 1.49E-05 2
PTPN22 1 114,356,433 114,414,381 2.05E-05 2.05E-05 3
AP4BI1-AS1 1 114,399,257 114,443,859 5.12E-06 5.12E-06 3
AP4B1 1 114,437,370 114,447,823 1.58E-05 8.03E-06 3
NOTCH?2 1 120,454,176 120,612,240 1.39E-06 1.39E-06 4
PTPNI14 1 214,522,039 214,725,792 1.35E-06 1.35E-06 5
WDPCP 2 63,348,518 64,054,977 1.97E-05 1.65E-06 6
ST3GAL6 3 98,451,080 98,540,045 1.47E-05 3.34E-06 7
FGFR3 4 1,795,034 1,810,599 1.79E-06 1.79E-06 8
SLC2245 5 131,705,444 131,731,306 1.18E-05 1.18E-05 9
AC000120.7 7 91,829,328 91,836,171 2.62E-06 2.62E-06 10
SRPK?2 7 104,751,151 105,039,755 3.64E-06 2.86E-06 11
ASAHI 8 17,913,934 17,942,494 3.36E-05 3.36E-05 12
CBWDI 9 121,041 188,979 1.74E-05 2.90E-06 13
C9orf66 9 213,108 215,893 1.32E-06 1.32E-06 13
SMC2 9 106,856,541 106,903,698 7.10E-05 9.24E-06 14
PIP5KLI 9 130,683,158 130,693,076 9.59E-06 9.59E-06 15
DPM?2 9 130,697,378 130,700,763 4.03E-05 4.03E-05 15
RPI11-339B21.10 9 131,193,877 131,194,285 7.60E-06 3.83E-06 15
ODF?2 9 131,217,465 131,263,571 4.35E-06 4.35E-06 15
GDI2 10 5,807,186 5,884,095 2.47E-05 2.22E-06 16
ADD3 10 111,756,126 111,895,323 1.92E-05 7.39E-06 17
NRIH3 11 47,269,851 47,290,396 2.13E-05 2.13E-05 18
GCNILI 12 120,565,007 120,632,513 4.00E-05 4.00E-05 19
RIN3 14 92,980,118 93,155,339 1.47E-05 1.32E-05 20
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IRX6 16 55,357,672 55,364,672 1.10E-06 1.10E-06 21

ARLI7B 17 44,352,150 44,439,130 2.49E-05 7.34E-06 22
MAR2 19 8,478,154 8,503,901 4.58E-05 4.58E-05 23
C19orf66 19 10,196,798 10,203,928 2.08E-05 2.08E-05 24
P2RYI11 19 10,222,214 10,226,048 1.20E-05 1.20E-05 25
ALDHI6A1 19 49,956,426 49,974,305 3.38E-05 3.38E-05 25

Table 5 Footnotes: For each gene with a Prwas < 5.0 % 107 that does not overlap an existing CM
region we report the gene name and position, as well as the minimum and maximum TWAS P-
value. Full results for all genes can be found in Supplementary Table 10. Genes within 1 Mb of
each other are merged into a single locus.

Colocalization analyses using a previously described method, eCAVIAR *8, and melanocyte eQTLs
nominated 8 genes from 7 CM loci at a colocalization posterior probability (CLPP) cutoff of 1%
(Supplementary Table 11). eQTLs from two types of skin tissue also added colocalization for 4
additional CM loci. While this conservative method provided additional support for our TWAS
results by nominating the same genes for some of the novel CM GWAS loci (e.g. MSC on Chr8,
and MPHOSPHG6 on Chrl6), it also provided additional information such as identifying MED13L as
the putative target gene at the chromosome 12 locus tagged by rs113469387. Combining the
candidate susceptibility gene list from TWAS and colocalization analyses, we performed pathway
enrichment analysis using the Ingenuity Pathway Analysis (IPA) tool. Among significantly
enriched canonical pathways were those relevant to melanoma and cancer-related signaling
including cell cycle regulation and apoptosis, melanocyte-specific metabolism, telomerase
signaling, as well as immune response pathways (Supplementary Table 12). Notably, the
melanocyte master regulator, MITF, was identified as the top upstream regulator of the candidate
susceptibility genes (P = 1.7 x 10-; Supplementary Table 13), further supporting the role of
melanocyte-specific regulation underlying melanoma susceptibility.

New loci for CM shed light on the role of the immune system and DNA repair

The rs28986343 variant (OR = 1.15, Pmewa= 1.6 x 107®) in the HLA region supports the role of
immunity in the etiology of CM. Interestingly, two variants in this HLA region, rs9275642 and
1rs1050529, have been associated with basal cell carcinoma (BCC) #°; the CM variant rs28986343 is
independent to both of these BCC variants (r’sur < 0.03). Our TWAS analyses from 4 tissue types
identified SKI/V2L as a likely susceptibility gene in this locus (Supplementary Table 10). SK/V2L
encodes an RNA helicase, which is a signature component of cytosolic 3’-to 5> RNA exosome.
SKIV2L RNA exosome was shown to have roles in innate immunity by limiting the activation of a
viral RNA sensing mechanism and potentially suppressing autoimmune response >°. In addition, the
1$6908626 variant on chromosome 9 (Table 2) is in LD r’gur 0.97 with SNPs (e.g. rs72928038)
associated with autoimmune disorders including vitiligo *!, and rs6908626 is near BACH?2, a gene
that plays a critical role in immune regulation 2,

A region on chromosome 17, with peak SNP rs78378222 (Table 2), is pleiotropically associated
with nevus count (Supplementary Table 7) and spans the 3' UTR of 7P53. This gene further
highlights the importance of DNA repair for CM susceptibility. 7P53 responds to cellular stresses
to regulate target gene expression resulting in DNA repair, cell cycle arrest, apoptosis, and cellular
senescence, which may explain the association with both CM and nevus count. Rare germline
mutations in 7P53 lead to Li-Fraumeni syndrome >3 which is associated with early onset of cancer,
including CM 4. The rs78378222 TP53 variant has few other variants in LD. Evidence suggests
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rs78378222 disrupts the polyadenylation signal sequence from AATAAA to AATACA which
impairs proper 3' termination and polyadenylation of the 7P53 transcript resulting in reduced RNA
expression levels >, Associations with rs78378222 are similarly observed for BCC %% and glioma
3657 'We also identify an independant additional CM associated variant at the 7P53 locus,
rs1641548 (Supplementary Table 3; OR = 1.15, Pmeta = 4.1 x 1071%), which has not been reported
in association with other traits.

TWAS analysis using melanocyte-specific expression (Supplementary Table 9) of the the
chromosome 16 locus tagged by 1s4420522 (Table 2, OR = 1.08, Pueia= 4.25%10°1%) indicates the
likely target genes are CDHI, ZFP90, FTLP14, and TANGOG6. Among these, CDH1 has been best
characterized for its roles in melanoma and other cancer types. CDH1 is a calcium-dependent
protein that regulates cell adhesion and motility, and may contribute to carcinogenesis by increasing
cellular proliferation, invasion, and metastasis. Germline mutations in this gene are associated with
a variety of tumors including gastric %3, breast *°, and potentially colorectal cancer ¢°. HaploReg ®!
indicates the tagging rs4420522 variant is located in a large LD block with many putatively
functional variants, and is itself an enhancer in a range of cell types including melanocytes and
keratinocytes. The peak CM SNP rs4420522 is in LD r’gur = 0.93 with rs9929218, which is a
GWAS hit for colorectal cancer 2.

A variant near TERC (rs3950296) was also newly associated with CM risk alone (OR = 1.08, Ppeta
= 8.5 x 107", having previously been reported as a pleiotropic locus for nevus count and CM 28,
TERC is a non-coding RNA that binds to 7ERT and serves as a TTAGGG template for telomere
length repeat expansion. In addition, new and known CM loci are associated with telomere length
including rs7705526/TERT, rs4731207/POT1, rs2911423/MPHOSPHG, rs7902587/OBFCI, and
rs143190905/RTELI (Table 1-2, Supplementary Table 5). Among these, expression of POT1,
MPHOSPHG6, and OBFC1 were shown to be associated with CM risk by our TWAS data
(Supplementary Table 9, 10). This provides further support for the role of telomere length in CM
susceptibility. Longer telomeres delay cellular senescence and are associated with increased CM
susceptibility 19364, Telomere length has been associated with nevus count '°. This relationship
may allow for more time for melanocytes to acquire damaging mutations. Our report, as well as
prior CM GWAS identified variants near CCND1 (rs4354713), ATM (rs1801516), and PARP1
(rs2695237), all genes with roles in telomere maintenance, DNA repair, and regulation of
senescence 349,

When considering the additional loci associated with CM (Figure 2, Supplementary Table 7-
10,14) some interesting highlights stand out. For example, across known loci and those reported
here for the first time there are 12 loci that are pleiotropic for CM, pigmentation and nevus count
(Figure 2, Tables 1-2, Supplementary Table 7-8). Of these, the chromosome 6 locus with peak
SNP rs2857482 spans the TFAP2B gene, which is involved in the proliferation and differentiation
of melanocytes from neural crest cells 6. Some loci receive support from multiple approaches, with
variants near NOTCH?2 that may play a role in the maintenance and differentiation of melanocytes
%7 reaching genome-wide significance in the combined CM and nevus analysis and the MAGMA
gene-based test (Supplementary Tables 7, 13). TWAS identifies the expression of NOTCH?2 as
significantly associated with CM, and the peak eQTL for NOTCH?2 in melanocytes, 1s2641316, is in
LD r’gur = 0.99 with the peak CM+nevus variant rs2453042. IRX6 overlaps a CM and nevus locus
previously reported 2on chromosome 16, with the lead GWAS variant rs12930459 in LD r’gur =
0.75 with the local TWAS peak rs12919110 (Table 3, Supplementary Table 7, 9). Among the loci
found only in the MAGMA gene-based analysis (Supplementary Table 14), LPP is noteworthy for
its association with vitiligo. The peak SNP for vitiligo, rs13076312 5! is modestly associated with
CM (Pieta = 2.0 x 1076, I2 = 4.1%). As expected given it was detected via a gene based analysis,
there are additional associations in this region, the strongest at rs73887368 (Pmeta = 1.8 X 107, OR =
1.10, I? = 3.1%), which is independent to the vitiligo association (LD r?gur < 0.01).
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Discussion

Our GWAS of CM is the largest to date with over three times the effective sample size of prior CM
GWAS analyses (Supplementary Table 1). By harnessing self-reported CM cases in the total
GWAS meta-analysis we identified a total of 56 CM susceptibility loci with 68 independent
variants across these loci. In parallel our CM meta-analysis also confirms several loci previously
identified by TWAS 2, supporting our use of TWAS in this analysis to identify additional genes
associated with CM (Table 4, Table 5). The same TWAS analysis, as well as eQTL colocalization
and multimarker genomic annotations identified promising gene candidates at these risk loci.
Pairwise GWAS with CM-related nevi count and pigmentation traits, TWAS, and gene-based
approaches identified a further 53 independent loci, that while not formally reaching genome-wide
significance for CM alone, likely represent additional risk loci. In total, our integrative analysis of
CM susceptibility identified over 100 genomic loci and genes important for CM susceptibility
(Tables 1-4, Figure 2), constituting a substantial leap in progress in terms of understanding CM
genetic architecture beyond the previously identified 21 CM GWAS susceptibility loci (Table 1).

With the inclusion of a large series of self-reported CM cases, our analyses showed high genetic
correlation between self-reported and clinically confirmed cases (Supplementary Table 2),
indicating self-reported CM cases are a valuable resource for genomic CM studies. Gains in power
from the inclusion of self-reported CM cases allowed for the identification of 11 additional CM
susceptibility loci than the analysis restricted to confirmed CM cases only (Supplementary Table
3, 6). Furthermore, by incorporating cases from a variety of geographic areas, including the highly
sun-exposed with generally darker pigmentation and often underrepresented Mediterranean CM
cases, allowed for assessment of CM genetic susceptibility across geographic regions. Interestingly,
we find no evidence for differences in CM locus effect estimates by contributing GWAS
(Supplementary Figure 8) or differences in effect size and allele frequency by geographic regions
(Supplementary Figure 9) suggesting the genetic architecture of identified CM loci remains
similar across geographic region despite differences in environmental UV light exposure. However,
the stratified analysis based on CM histological subtypes, identified acral lentiginous melanomas,
which were more frequent in Mediterranean cases, as uniquely unrelated to pigmentation loci. This
suggests that acral lentiginous melanoma may not benefit from the same public health preventative
measures as other CM subtypes. In contrast, the stratified analyses based on age at diagnosis and
gender found no evidence for differences in distribution of nevi or pigmentation-related loci.

The expansion of new loci and genes discovered in our analysis augments past understanding of
CM risk. Our results confirm the highly-interrelated relationship of CM with nevus count and
pigmentation traits by showing that loci previously identified via nevus count?® or pigmentation #!
can be directly associated with CM (Table 1). In turn we build on this relationship by performing
expanded pleiotropic analyses, identifying additional loci associated with both these traits and CM,
but not yet significantly associated with CM alone (Table 3). Interestingly, following these
expanded pleiotropic analyses, many loci were shown not to be associated with either nevus count
or pigmentation, indicating that we are also identifying risk variants that act outside of these classic
CM risk phenotypes (Table 1, Table 2). Insights as to which pathways these additional loci may act
through can be derived by TWAS, which identified genes that emphasize the roles of immunity
(CDH1, SKIV2L), as well as DNA repair and telomere length (7P53, POT1I). For other loci (e.g.
1512539524 on chromosome 7, Table 2) we are unable to yet assign a putative function, suggesting
additional biological mechanisms important for CM etiology remain to be discovered.

Our large, international genetic meta-analysis showcases the utility of including self-reported CM
cases, complementary analytical approaches, and data from multiple sources to improve
understanding of CM susceptibility and provide strong support for the role of nevi formation,
pigmentation, telomere length and immunity in the etiology of CM.
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Online Methods
Quality Control, Imputation and Association Analysis

Data cleaning was performed using [llumina GenomeStudio/BeadStudio (San Diego, CA, USA)
and PLINK (v1.90b5.4) %%, Prior to imputation any SNP with either minor allele frequency
(MAF) < 0.01, Hardy-Weinberg Equilibrium (HWE) P-value 5 < 10 in controls or 5 < 10°1% in
cases was removed. Similarly, any individual was removed who was missing > 0.03 of variants, had
heterozygosity values either > 0.05 or <-0.05 or 3 sd from the mean, whose genetically-predicted
sex did not match their recorded sex, or who was determined to be non-European based on principal
component analysis (PCA) was removed. In addition one of any pair of individuals estimated to be
related with identity by descent (IBD) pihat > 0.15 was removed.

Imputation was conducted using the Michigan Imputation Server with the Haplotype Reference
Consortium panel (HRC version 1) and run using Minimac3 7°. Following imputation, any imputed
variant with imputation quality score r? < 0.5 or MAF < 0.0001 was rejected. To handle variants
with the same name (e.g. triplicate SNPs), variant IDs were converted to the format CHR:BP:A1A2
prior to meta-analysis.

Logistic regression was then conducted using PLINK (v1.90b5.4) 68 with either geographic region
(in GenoMEL Phase 1 and 2 data) or principal components as covariates to account for potential
population stratification. Individual studies were checked for evidence of inflation by producing
QQ plots (Supplementary Figure 1) and calculating the corresponding inflation factor A and
LDSC intercept (Supplementary Table 1).

Where individual studies have deviated from this protocol, details are included in the study
description in the Supplementary Material.

Meta-Analysis, conditional analysis and loci selection

Meta-analysis of the GWAS were conducted using both inverse-variance weighted fixed effects and
random effects meta-analysis 7! as implemented in PLINK v1.90b5.4 35 Meta-analyses were
conducted for confirmed only cases, and in the total set including self report sets (23andMe, Inc.
and a portion of UK Biobank).

Genome-wide Complex Trait Analysis (GCTA, v1.26.0) was used to identify independently
associated variants 32, To ensure we were only detecting completely independent SNPs the
collinearity threshold (--cojo-collinear) was set to r> = 0.05. The threshold for genome-wide
significance 5 x 10 and fixed effect meta-analysis p-values and log(OR) effect sizes were
analysed.

Linkage-disequilibrium between SNPs for conditional mapping, and where reported in the
manuscript, was calculated using a reference population of 5,000 individuals selected randomly
from the portion of the UK Biobank population determined to be European by PCA (LDgur).
Variants were converted to best guess genotype (threshold 0.3). Best guess data were cleaned for
missingness > 0.03, HWE P < 1 x 10, MAF < 0.001

To limit the chance of false positive claims of novel SNP/loci, we further filtered the list of 75
conditionally independent variants (Supplementary Table 4) to those (i) genome-wide significant
(P <5 x 10®) in single SNP and joint conditional analysis, and (ii) as recommended 7> where there
was evidence of heterogeneity between studies (I > 31%) the random effect P-value also needed to
be <5 x 10°%. Passing variant were further checked to ensure that MAFs and effect sizes were
consistent across studies and that the result was not driven by a single study (Supplementary
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Figures 8-9). The 68 retained variants were combined into 56 loci using a concatenating 1mb
window (Supplementary Table 3). Regional association plots for all 56 loci were interactively
plotted by LDassoc (https:/Idlink.nci.nih.gov/) 7 and included as Supplementary Materials.

Joint analyses of CM and nevus count and pigmentation
Nevus GWAS meta-analysis

Using beta meta-analysis weighted by SE as implemented in PLINK 1.90b5.4 we combined the
recently published nevus meta-analysis (N = 52,506) 2® which excluded samples with melanoma but
may include a small portion of overlap with the controls used for some melanoma GWAS datasets;
participants of the QSKIN study with nevus count that are are non overlapping and unrelated (IBD
pihat < 0.15) to the Q-SKIN melanoma case control set (N = 12,930) and new nevus GWAS using
Q-TWIN participants (N = 341). Total sample size was 65,597.

Pigmentation GWAS

A GWAS for hair colour was performed on 352,662 UK Biobank samples not included in the
melanoma GWAS who self-reported having either blonde, light brown, dark brown or black hair
(coded as 1,2,3,4). Hair colour was then treated as a continuous variable and regressed on imputed
genotype adjusting for principal comments using the same approach as for the melanoma GWAS.

Joint analyses

The melanoma results were then jointly analysed first with nevus count and then with hair colour.
Two approaches were to this were taken. Firstly the total confirmed plus self report 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 implemented in METAL 74 FUMA
75 was used to identify independent SNPs with P < 5 x 10%; independent SNPs within 1Mb were
considered to be single loci. Secondly the melanoma and pigmentation/nevus GWAS results were
analysed using GWAS-PW #, which estimates the posterior probability of four possible models for
each genetic region: (i) Association with CM only, (ii) association with the second trait only, (iii)
association with both traits (pleiotropic), (iv) association with both traits, but co-located and
independent (v) No association with either trait. Given that nevus count and pigmentation are
believed to act directly on melanoma risk, model (iv) seemed unrealistic so we only considered
models (i), (i1), (ii1) and (v). For nevus count, SNPs were assigned to blocks using the
recommended boundaries for GWAS-PW (https://bitbucket.org/nygcresearch/Idetect-data). For hair
CM and hair colour, 50 SNP windows were used for blocks as the default LD blocks contained
multiple independent hair colour loci. Following the approach taken by 2%, any locus with a top SNP
reaching P < x 10°® for the combined CM and nevus/hair colour analysis and with a posterior
probability > 0.5 that the locus is associated with both traits (model 3) to ensure that the association
is not driven by a single trait was declared to be pleiotropically associated with both traits.

MAGMA gene-based analysis

Multi-marker Analysis of GenoMic Annotation (MAGMA) as implemented in FUMA to analyse
summary GWAS data > is a gene-based approach that accounts for linkage disequilibrium between
SNPs and genes by fitting a multiple regression model *°. This was applied to the total (confirmed
melanoma plus self report melanoma) GWAS meta-analysis, and gene-based P-values were deemed
significant at a bonferroni corrected threshold adjusting for 18,732 genes (P < 2.67 x 10°9).
Significant genes were assigned to a single locus where applicable using an expanding 1 Mb
window as done for single SNP associations. Loci were deemed novel if they did not overlap with a
loci identified in the single-SNP analysis. Where loci overlapped with genes/regions identified by
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TWAS or combination with risk phenotypes (e.g. nevus count) this is noted in Supplementary
Table 14.

Analysis of pigmentation and nevi polygenic risk score across melanoma subtypes

For each subject in our study, we calculated two polygenic scores (PRS), using 276 genetic variants
associated with pigmentation and 10 genetic variants associated with nevi count. Nevi count SNPs
were derived from the same Nevus GWAS meta-analysis used for the pleiotropic analysis (N =
65,597), with independant lead SNPs with P <5 x 10 identified using FUMA 7>, with the LD r?
cut off for independence < 0.05. Pigmentation PRS SNPs were selected by XXXXX. PRS were
calculated for each subject using the regression coefficient from the GWAS of pigmentation or
nevi count and the genotypic value of the SNP for the subject. We then tested if PRS distribution
differed between males and females, across age groups, and histology subtypes. In total, we
performed 27 comparisons and thus any comparison with p-value less than 0.05/27 was declared as
statistically significant.

GENESIS estimation of heritability and polygenic risk

We used GENESIS 3! to estimate the genetic architecture (number of causal SNPs and their effect
size distribution) using the summary level statistics from the GWAS meta-analysis. Quantile-
quantile plot comparing the p-values generated from this fitted distribution against the observed p-
values suggested a three component Gaussian mixture model for the effect size distribution. Based
on this estimated genetic architecture, we calculated the heritability at the observational scale and
the number of SNP reaching genome-wide significance for a given GWAS with known sample size.
Similarly, GENESIS calculated the AUC for an additive polygenic risk prediction model built
based on a discovery GWAS of known sample size.

UK Biobank melanoma risk phenotype GWAS

Methods for the UK BB GWAS data included in sup table 5 e.g. ease of tanning etc.

Linkage Disequilibrium Score Regression

As LD score regression (LDSC) is sensitive to the quality of input SNPs, GWAS or meta-analysis
variants were filtered to the list of high quality HapMap SNPs provided 7°. Using LD Score
regression v1.0.0 genomic inflation (Lamdba), Intercept and SNP-heritability (h?) was estimated. h?
estimates were converted to the liability scale using the lifetime population prevalence for CM in
Australia (0.0588) 7.

LD score regression of tissue-specific genes

Melanoma heritability enrichment for SNPs around tissue-specific genes was assessed using LD
score regression as described previously (Finucane et al. 2018; Zhang et al. 2018). We used
stratified LD score regression implemented in LDSC program (https://github.com/bulik/ldsc). First,
to reduce batch effects, RNA-seq data for both GTEx tissues and primary melanocyte was
quantified as RPKM using RNA-SeQC (v1.18) 78 followed by quantile normalization. To define the
tissue-specific genes, we calculated the t-statistic of each gene for a given tissue, excluding all
samples from the same tissue category (we treated the tissue category for melanocytes as “Skin”
together with two types of skin and transformed skin fibroblasts). Tissue category assignment was
based on the previous publications 2*7°, We selected the top 1,000, 2,000, and 4,000 tissue-specific
genes by t-statistic, added a 100-kb window around their transcribed regions to define tissue-
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specific genome annotation, and applied stratified LD score regression on a joint SNP annotation to
estimate the heritability enrichment against the total CM GWAS data from the current study.

Colocalization of melanoma GWAS and eQTLs

For colocalization of melanoma GWAS signal and eQTLs from melanocytes and GTEx tissues, we
used CAusal Variants Identification in Associated Regions (¢CAVIAR,
http://genetics.cs.ucla.edu/caviar/index.html) 48, For each locus, both GWAS and eQTL summary
statistics of 50 SNPs upstream and downstream of the GWAS lead SNP were extracted as the input
for ecCAVIAR. We computed the CLPP score with maximum number of two causal SNPs in each
locus, and applied CLPP >1% (0.01) cutoff for positive co-localization. Thus, for a given GWAS
variant, an eGene with a CLPP score above the colocalization cutoff is considered a target gene. To
avoid reporting spurious effect, we applied a conservative criteria and only reported variants
displaying LD r? < 0.9 with the CM GWAS lead SNP and genome-wide significant eQTL P-value.

TWAS

We performed 45 transcriptome-wide association studies (TWAS) by predicting the gene
expression phenotypes using the total CM GWAS meta-analysis and both GTEx and melanocyte
RNA-seq expression data. TWAS/FUSION (http://gusevlab.org/projects/fusion/) was used to
perform the TWAS analysis, allowing for multiple prediction models, independent reference LD,
additional feature statistics and cross-validation results 8. The total CM GWAS meta-analysis
summary statistics were included with no significance thresholding. The precomputed expression
reference weights for GTEx gene expression (V6) RNA-seq across 44 tissue types were
downloaded from TWAS/FUSION website (http://gusevlab.org/projects/fusion/). We computed
functional weights from the primary melanocyte RNA-seq data 2° one gene at a time. Genes that
failed quality control during the heritability check (using minimum heritability P-value 0.01) were
excluded from the further analyses. We restricted the cis-locus to 500kb on either side of the gene
boundary. A genome-wide significance cutoff (TWAS P-value < 0.05/number of genes tested) as
well as FDR < 0.05 was applied to the final TWAS result.

URLSs and Software versions
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