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Genome-wide association meta-analyses 
combining multiple risk phenotypes provide 
insights into the genetic architecture of cutaneous 
melanoma susceptibility
Most genetic susceptibility to cutaneous melanoma remains to be discovered. Meta-analysis genome-wide association study 
(GWAS) of 36,760 cases of melanoma (67% newly genotyped) and 375,188 controls identified 54 significant (P < 5 × 10−8) 
loci with 68 independent single nucleotide polymorphisms. Analysis of risk estimates across geographical regions and host 
factors suggests the acral melanoma subtype is uniquely unrelated to pigmentation. Combining this meta-analysis with 
GWAS of nevus count and hair color, and transcriptome association approaches, uncovered 31 potential secondary loci for 
a total of 85 cutaneous melanoma susceptibility loci. These findings provide insights into cutaneous melanoma genetic 
architecture, reinforcing the importance of nevogenesis, pigmentation and telomere maintenance, together with identifying 
potential new pathways for cutaneous melanoma pathogenesis.

Cutaneous melanoma is a deadly malignancy with increasing 
incidence and burden in fair-skinned populations world-
wide1. Increased risk for cutaneous melanoma is caused 

by high exposure to ultraviolet radiation2 as well as host factors, 
including family history3,4, pigmentary phenotypes5, number of 
melanocytic nevi6,7, longer telomeres8,9 and immunosuppression10.

Identified melanoma genetic risk variants include rare, highly pen-
etrant mutations in genes such as CDKN2A11,12 and POT1 (refs. 13,14), 
as well as more common variants (for example, lower-penetrance 
variants in MC1R)15,16. GWAS of cutaneous melanoma susceptibil-
ity in populations of European ancestry have identified 21 genetic 
loci reaching genome-wide significance (P < 5 × 10−8) (refs. 17–24). 
Additional approaches, including family-based analyses of cutane-
ous melanoma25,26, combining cutaneous melanoma and nevus count 
GWAS27 and transcriptome-wide association studies (TWAS)28 have 
identified further loci that, despite not containing single nucleo-
tide polymorphisms (SNPs) reaching P < 5 × 10−8 in a cutaneous 
melanoma-only GWAS, most likely influence melanoma risk.

This meta-analysis of cutaneous melanoma susceptibility is pow-
ered to identify cutaneous melanoma susceptibility variants, and it 
provides enhanced distinction of independent variants in known 
cutaneous melanoma susceptibility regions. We report here 68 inde-
pendent cutaneous melanoma-associated variants across 54 loci that 
confirm the importance of key functional pathways and highlight 
previously unknown cutaneous melanoma etiologic routes (Tables 
1 and 2). Stratified analyses showed a lack of involvement of the pig-
mentation pathway for acral melanoma, in line with observational 
data29. The combined analysis of cutaneous melanoma, nevus and 
hair color GWAS data, and use of expression data through TWAS, 
identified 31 secondary, potential loci.

Results
Study overview. We performed a GWAS meta-analysis of cutane-
ous melanoma susceptibility with 30,134 clinically confirmed cases 
of cutaneous melanoma (Methods), 6,626 cases of self-reported 
cutaneous melanoma and 375,188 cutaneous melanoma-free con-
trols from the United Kingdom, the United States, Australia and 

Northern and Western Europe, as well as the Mediterranean—a 
highly sun-exposed population often under-represented in cutane-
ous melanoma studies (Supplementary Table 1). Of these, 24,756 
cases (67%) and 358,734 controls (96%) had not been included in 
any previous melanoma GWAS.

Separately, we performed total (clinically confirmed 
cases + self-reported cases from 23andMe and a subset of UK 
Biobank cases with only self-reported cutaneous melanoma sta-
tus) and confirmed-only cutaneous melanoma meta-analyses to 
determine the power gained by including cases of self-reported 
cutaneous melanoma. Risk loci were deemed genome-wide sig-
nificant when variants had fixed-effects meta-analysis P < 5 × 10−8 
(Pmeta); where variants exhibited notable heterogeneity (I2 > 31%)30 
random-effects P values (Pmeta_r) were also required to be <5 × 10−8 
(Methods). Quantile–quantile (Q–Q) plots (Supplementary Fig. 1) 
and linkage disequilibrium score regression31 (LDSC) (Methods) 
intercepts showed minimal inflation for individual studies (mostly 
<1.04; Supplementary Table 1), indicating adequate control of pop-
ulation stratification.

Before including the self-report GWAS data, we used LDSC31 to 
verify their genetic correlation (Rg) with the confirmed-only GWAS 
meta-analysis (Supplementary Note and Supplementary Table 2). 
Based on the high Rg and similarity in SNP heritability (h2) esti-
mates for self-reported and clinically confirmed cases of cutaneous 
melanoma (Supplementary Note), we performed an overall total 
cutaneous melanoma meta-analysis (h2

total = 0.085, 95% confidence 
interval (CI) = 0.05–0.12). The genomic inflation (λ) and LDSC 
intercept for the total cutaneous melanoma meta-analysis indi-
cated that most inflation is due to polygenic signal (λ = 1.165, inter-
cept = 1.054, ratio = 0.17; Supplementary Table 2). A similar h2

total 
(12%) was estimated using genetic effect-size distribution inference 
from summary-level data (GENESIS) (Methods)32.

Conditional- and joint-analyses of the total cutaneous mela-
noma meta-analysis summary statistics using GCTA33 identi-
fied a total of 54 loci meeting our requirements for genome-wide 
significance (Methods; Fig. 1 and Extended Data Figs. 1 and 2).  
Results for loci previously reported by cutaneous melanoma GWAS 
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reaching significance in the total meta-analysis are presented in Table 
1. Results for loci not previously reported by a cutaneous melanoma 
GWAS are summarized in Table 2. In addition to the 54 lead variants, 
14 independent variants with linkage disequilibrium (LD) r2

EUR < 0.05 
with lead variants at or near six loci (TERT, AGR3, CDKN2A, OCA2, 
MC1R and TP53) were identified (Supplementary Table 3). Individual 
regional association plots for the association signals have been pro-
vided in Supplementary Data 1. Conditional- and joint-analyses of 
summary data identified a further nine variants at or near SLC45A2, 
IRF4, AGR3, CCND1, GPRC5A, FTO and MC1R; however, these 
additional variants were not carried forward, having Pmeta > 5 × 10−8 
in the single variant analysis or excess heterogeneity (I2 > 31%) and 
Pmeta_r < 5 × 10−8 (Supplementary Table 4). In addition, we used 
GENESIS (Methods), which enables a reformulation of the variance 
explained by associated SNPs to estimate a theoretical optimal area 
under the curve (AUC), rather than formally testing this using a train-
ing and prediction set32 to estimate the potential AUC. The estimated 
AUC was 66.8%, compared to ~64% in the 2015 cutaneous melanoma 
meta-analysis23. This estimate does not include any host factors and 
would require benchmarking in a prospective study for validation.

Previous cutaneous melanoma GWAS have identified 21 
genome-wide-significant loci17–24. Family-based methods or the 
combination of cutaneous melanoma with nevus count have identified 
a further 12 loci including IRF4, MITF, HDAC4 and GPRC5A25–27. The 
lead SNPs from many of these loci are associated with pigmentation, 
tanning response, nevus count and telomere maintenance 
(Supplementary Table 5). Other SNPs are proximal to DNA repair 
genes. Some loci are associated with more than one trait (Tables 1 

and 2). Our analysis confirms 19 of the 21 loci previously reaching 
genome-wide significance (Table 1 and Supplementary Note). The 
total cutaneous melanoma meta-analysis also confirms the previously 
reported IRF4 and MITF associations25–27,34,35, as well as six regions 
previously identified only by combining nevus count and cutaneous 
melanoma GWAS data27 (Table 2 and Supplementary Note). These 
results demonstrate the ability of cross-trait GWAS to identify disease 
loci. The remaining 27 loci have not previously been reported as 
cutaneous melanoma susceptibility loci (Table 2 and Supplementary 
Table 3). The results for the pathologically confirmed-only cases 
of cutaneous melanoma (n = 30,134; Supplementary Table 1) are 
reported in the Supplementary Note, Extended Data Figs. 2 and 3 and 
Supplementary Table 6. Our full meta-analysis identified 11 loci not 
found in the confirmed-only GWAS meta-analysis, demonstrating 
the advantage of including the 6,626 self-reported cases of cutaneous 
melanoma and over 290,000 controls (Supplementary Table 1). 
Results for SNPs with a fixed or random P < 5 × 10−7, from the total 
meta-analysis are reported in Supplementary Table 7.

Melanoma associations by sex, age at diagnosis and subtype. We 
performed separate GWAS by sex, age at cutaneous melanoma diag-
nosis (≤40, 40–60 and ≥60 yr) and major cutaneous melanoma sub-
types (superficial spreading, lentigo maligna, nodular melanoma 
and acral lentiginous) to identify variants associated with select 
subgroups (Supplementary Table 8). Our analysis identified no 
additional variants after adjustment for multiple testing (5 × 10−8/9 
tests), suggesting that if such variants exist they are undetectable at 
our current sample size.

Table 1 | Loci previously identified in cutaneous melanoma susceptibility GWAS

CHR:BP rsID Refs. Genes EA/
NEA

Freq Pmeta OR Nevi Hair Tan Telo

1:150,938,571 rs8444 21 Multiple G/A 0.645 3.89 × 10−14 1.08 – – Y –

1:226,603,635 rs2695237 21, 27, 88 PARP1 T/C 0.628 1.53 × 10−18 1.10 Y – – –

2:38,298,139 rs1800440 23, 27 CYP1B1 T/C 0.824 6.97 × 10−15 1.10 Y – Y –

2:202,143,928 rs10931936a 20 CASP8 T/C 0.281 2.17 × 10−8 1.08 – – – –

5:1,323,212 rs13178866a 20, 89, 90 TERT C/T 0.554 2.59 × 10−18 0.87 – Y – Y

5:33,951,693 rs16891982a 20, 34, 90 SLC45A2 C/G 0.122 1.96 × 10−28 0.51 – Y Y –

6:21,163,919 rs6914598 23 CDKAL1 T/C 0.683 1.18 × 10−18 0.91 – – Y –

7:17,134,708 rs117132860b 23, 43 AGR3 G/A 0.981 3.83 × 10−21 0.71 Y – Y –

9:21,803,880 rs871024a 18, 27 MTAP, CDKN2A C/A 0.477 2.72 × 10−23 1.18 Y Y – –

9:109,054,417 rs10739220 23, 27 TMEM38B C/T 0.260 1.34 × 10−18 1.10 Y Y – –

10:105,694,301 rs7902587 23, 27 OBFC1 C/T 0.904 2.68 × 10−23 0.86 Y – – Y

11:69,380,898 rs4354713 20, 23 CCND1 A/G 0.356 8.50 × 10−21 1.10 – Y – –

11:89,017,961 rs1126809a 18 TYR G/A 0.757 4.78 × 10−37 0.83 – Y Y –

11:108,175,462 rs1801516 20 ATM G/A 0.856 2.22 × 10−21 1.14 Y – – –

15:28,365,618 rs12913832a 19, 23 OCA2 A/G 0.335 4.85 × 10−12 0.88 – Y Y –

16:89,986,117 rs1805007a 18 MC1R C/T 0.937 5.86 × 10−52 0.57 Y Y Y –

20:32,665,748 rs6059655a 17, 18 ASIP A/G 0.061 2.52 × 10−42 1.45 – Y Y –

21:42,743,496 rs408825 20 MX2 C/T 0.413 1.03 × 10−32 0.89 – – Y –

22:38,545,942 rs132941 18, 27, 35 MAFF T/C 0.549 8.80 × 10−23 1.10 Y – Y –

CHR:BP, hg19 positional information. rsID, dbSNP142 rs number. Refs., related publications. Genes, prioritizing the functional target if known, followed by melanocyte or skin tissue TWAS data, or finally 
the closest protein coding gene; ‘multiple’ indicates three or more genes (Supplementary Table 3). The effect allele (EA) and noneffect allele (NEA) are listed, as are the effect allele frequencies (Freq) 
in the HRC reference panel91. Total fixed-effects inverse-variance weighted meta-analysis of logistic regression two-sided P value (Pmeta) and odds ratio (OR) are from an additive model and are reported 
per-allele with respect to the EA. Reported results are for the total meta-analysis (36,760 cases of melanoma and 375,188 controls; for full details of analysis and covariates included see Methods). We also 
indicate (yes, Y; no, –) whether this locus is associated with other traits: Nevi, pleiotropically associated with cutaneous melanoma and nevus count (Methods; Supplementary Table 9). Hair, pleiotropically 
associated with cutaneous melanoma and hair color (Methods; Supplementary Table 10). Tanning response (Tan) and Telomere length (Telo) indicate that the lead SNP is associated with these traits when 
corrected for multiple testing (Methods; Supplementary Table 5). aVariant meta-analysis results are heterogeneous (I2 > 31%) and random-effects estimates are presented. bWhile this locus overlaps the 
previously reported IRF4 or AGR3 locus, the lead variants are independent.
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We also performed polygenic risk score (PRS) analyses based on 
the lead independent genome-wide-significant SNPs for nevus count 
(ten variants; Methods) and hair color (276 variants; Methods) to 
explore further whether the association of either of these traits with 
cutaneous melanoma differs across phenotypic subtypes (signifi-
cance threshold = 0.05/28; Methods). We observed no significant 
differences in the distribution of the tested PRSs by sex or age at 
cutaneous melanoma diagnosis. We did, however, detect differences 
in the distribution of the hair color PRS for the acral lentiginous 
subtype compared to all nonacral subtypes (P = 2.1 × 10−4). Our 
analyses indicated that genetically predicted pigmentation in cases 
of acral lentiginous subtype was no different from that in controls 

(P = 0.65; Extended Data Fig. 4) and darker than that in cases of the 
subtypes superficial spreading, lentigo maligna and nodular mela-
noma (P = 5.3 × 10−5, 0.01 and 4.8 × 10−4, respectively). These find-
ings provide strong genetic evidence that the pigmentation pathway 
is far less important for risk of acral lentiginous melanoma than for 
other subtypes of cutaneous melanoma. No significant differences 
were observed by subtype for the nevus count PRS.

Variant annotation with cutaneous melanoma risk phenotypes. 
To investigate possible biological pathways underlying cutaneous 
melanoma signals, variants independently associated with cutane-
ous melanoma in the total meta-analysis were evaluated in GWAS 

Table 2 | New loci not previously identified in cutaneous melanoma GWAS

CHR:BP rsID Genes EA/NEA Freq Pmeta OR Nevi Hair Tan Telo

1:63,727,542 rs670318 FOXD3 T/C 0.047 1.21 × 10−8 0.86 – – Y –

1:154,994,978 rs76798800 ZBTB7B, ADAM15, GBA G/T 0.753 3.86 × 10−15 0.92 Y – Y –

1:205,181,062 rs2369633 DSTYK T/C 0.083 1.24 × 10−8 1.10 – e Y –

2:25,778,637 rs12473635 DTNB T/C 0.776 5.17 × 10−9 0.93 Y – – –

3:70,014,091 rs149617956a MITF G/A 0.998 9.00 × 10−14 0.39 – Y Y –

3:169,493,283 rs3950296b TERC C/G 0.747 4.47 × 10−11 1.08 Y – – Y

5:90,262,612 rs12523094c GPR98 T/C 0.567 1.74 × 10−6 c 1.07 – Y Y –

5:149,211,868 rs32578b,d PPARGC1B G/A 0.658 6.58 × 10−17 1.09 Y – Y –

6:1,145,265 rs12215602a IRF4 G/A 0.721 7.91 × 10−9 0.94 Y – Y –

6:22,719,379 rs72834823 HDGFL1 T/A 0.819 1.04 × 10−12 1.10 Y – Y –

6:32,748,953 rs28986343 HLA-DQB2 C/T 0.952 1.61 × 10−8 1.15 – – – –

6:91,005,743 rs6908626 BACH2 G/T 0.844 3.92 × 10−9 1.09 – – – –

7:22,115,454 rs12539524 RAPGEF5 C/T 0.846 1.65 × 10−8 0.93 – – – –

7:124,396,645 rs4731207 POT1 G/A 0.540 2.22 × 10−15 0.93 Y – – Y

7:130,738,666 rs7778378 MKLN1 C/T 0.248 8.93 × 10−9 0.93 Y Y – –

8:21,951,009 rs6994183 FAM160B2 A/T 0.866 4.84 × 10−9 0.92 – – – –

8:72,864,240 rs13263376c RP11-383H13.1, MSC G/A 0.364 2.28 × 10−8 c 0.93 Y – Y –

9:12,587,153 rs10960710 TYRP1 G/T 0.393 3.08 × 10−12 0.93 – Y Y –

9:110,711,586 rs1339759b KLF4 C/G 0.666 5.61 × 10−19 1.10 Y - – –

9:134,457,580 rs3780269 RAPGEF1 G/A 0.691 1.92 × 10−8 0.94 Y – – –

11:16,041,305 rs7941496 SOX6 G/T 0.516 1.40 × 10−9 1.06 Y – Y –

11:120,195,702 rs12290699 TMEM136 T/C 0.745 2.20 × 10−8 0.94 – – – –

12:13,070,752 rs1056927b,c Multiple A/G 0.561 2.74 × 10−9 b 0.93 Y – – –

12:17,275,460 rs4237963 LMO3 T/A 0.207 1.27 × 10−9 0.93 - – – –

12:96,378,807 rs10859996 HAL, RP11-256L6.3 C/T 0.635 2.09 × 10−10 1.07 – – – –

12:116,580,291 rs113469387 MED13L G/A 0.907 8.76 × 10−10 0.91 – Y Y –

13:113,535,949 rs1278768 MCF2L G/C 0.488 6.33 × 10−12 0.94 – – Y –

15:33,277,710 rs117648907b FNM1 C/T 0.983 7.29 × 10−12 0.80 Y – – –

16:68,822,971 rs4420522 Multiple, CDH1 A/G 0.690 8.34 × 10−14 0.93 Y Y – –

16:82,217,153 rs2967383 MPHOSPH6 G/T 0.267 2.24 × 10−9 1.06 – – – Y

17:7,571,752 rs78378222 TP53 T/G 0.989 3.33 × 10−10 0.76 Y – – –

19:3,540,539 rs12984831b MFSD12 G/C 0.984 3.86 × 10−10 0.65 Y – Y –

20:62,291,767 rs143190905 RETL1 G/T 0.907 6.54 × 10−13 1.15 – – – Y

22:45,622,684 rs5766565 KIAA0930 A/G 0.647 1.44 × 10−9 1.06 Y Y Y –

22:50,722,408 rs79966207 PLXNB2 T/C 0.849 8.68 × 10−9 0.92 – Y – –

Abbreviations and explanations as for Table 1. aAssociated with cutaneous melanoma by non-GWAS-based approaches—MITF25,26 and IRF4 (refs. 27,34,35). bPreviously associated pleiotropically with 
cutaneous melanoma and nevus count27. cVariant meta-analysis results are heterogeneous (I2 > 31%) and random-effects estimates are presented. For rs12523094/GPR98 while the lead SNP selected 
in conditional mapping is heterogenous, other SNPs in LD pass this requirement (for example, rs12173258, r2

EUR = 0.9, Pmeta = 1.09 × 10−11, I2 = 29.6). dPreviously associated with tanning response43. eJoint 
cutaneous melanoma + hair color P value is greater than multiple-testing corrected threshold of 1.25 × 10−8 (Supplementary Table 10).
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of telomere length, tanning response, pigmentation and nevus count 
(Methods; Tables 1 and 2 and Supplementary Tables 5, 7 and 8). 
Using a Bonferroni-corrected threshold of phenotype P < 0.00074 
(0.05/68 independent SNPs), 18 of the 35 new loci are associated 
with tanning response or pigmentation (Table 2 and Supplementary 
Table 5), further indicating the importance of pigmentation path-
ways in cutaneous melanoma susceptibility. Several new loci, 
including rs12473635 near DTNB and rs78378222 near TP53, are 
associated with nevus count, reinforcing the role of nevi in cuta-
neous melanoma susceptibility. Furthermore, four new loci have 
previously been associated with telomere length (rs3950296/TERC, 
rs4731207/POT1, rs2967383/MPHOSPH6 and rs143190905/RTEL1, 
ref. 36) (Table 2 and Supplementary Table 5) providing additional 
support for the role of telomere maintenance in cutaneous mela-
noma susceptibility following earlier findings that genetic determi-
nants of telomere length are generally associated with melanoma 
risk13,14,37. Other newly discovered lead variants are not associated 
with these phenotypes, suggesting new pathways.

Additional approaches to identify melanoma risk loci. To iden-
tify further loci influencing cutaneous melanoma risk and provide 
a more nuanced annotation of discovered cutaneous melanoma risk 
loci, we used a range of secondary approaches with correction for 
multiple testing (Methods). To explore the overlap between cuta-
neous melanoma loci and established risk factor phenotypes, we 
combined our total cutaneous melanoma GWAS meta-analysis 
with a nevus count GWAS meta-analysis (n = 65,777; Methods) 
and separately with a UK Biobank hair color GWAS (n = 352,662; 
Methods). For the total cutaneous melanoma GWAS meta-analysis 
and nevus count the Rg is 0.57 (s.e.m. = 0.11, P = 2.39 × 10−7) and 
for hair color scored from light hair to dark (Methods) the Rg is 
0.290 (s.e.m. = 0.096, P = 0.0025). Pairwise GWAS (GWAS-PW)38 
was used to determine whether loci were associated with only one 
trait or pleiotropic with both cutaneous melanoma and either nevus 
count or hair color (Methods). Loci previously reported through the 

combination of cutaneous melanoma and nevus GWAS27 are now 
confirmed by our larger cutaneous melanoma GWAS meta-analysis 
(Table 2). Together these analyses identified secondary potential loci 
not associated at genome-wide significance levels in the total cuta-
neous melanoma GWAS meta-analysis. At the Bonferroni-corrected 
threshold of 1.25 × 10−8 (Methods), they included eight loci jointly 
significant for cutaneous melanoma and nevus count, 17 for  
cutaneous melanoma and hair color, and four with cutaneous mela-
noma, nevus count and hair color (Table 3 and Supplementary 
Tables 9 and 10).

In parallel, we examined data from a recently established 
cell-type-specific melanocyte cis-expression quantitative trait loci 
(eQTL) dataset28 as well as tissue-based cis-eQTL datasets available 
through genotype-tissue expression (GTEx)39 resource to identify 
additional susceptibility loci using a transcriptome prediction map-
ping strategy (or TWAS)40,41. TWAS using these expression datasets 
enabled gene-based testing for significant cis genetic correlations 
between imputed gene expression and cutaneous melanoma risk, aid-
ing identification of additional susceptibility loci (Methods). While 
identification of significant genes by TWAS does not establish causa-
tion, it can indicate plausible gene candidates to be used in pathway 
analyses and investigated in future functional studies. This analysis 
built on a previous melanocyte TWAS that analysed data from a prior 
cutaneous melanoma GWAS meta-analysis28 and identified significant 
new associations between cutaneous melanoma and imputed gene 
expression of five genes at four loci. Importantly, the CBWD1 locus 
on chromosome 9 was later identified as a genome-wide-significant 
cutaneous melanoma + nevus count pleiotropic locus27 (Table 3 and 
Supplementary Table 9) and the other three loci (ZFP90 on chromo-
some 16, HEBP1 on chromosome 12 and MSC/RP11-383H13.1 on 
chromosome 8) are now at genome-wide significance with cutaneous 
melanoma in this larger GWAS meta-analysis (Table 2). This confir-
mation supports the TWAS approach for both identifying new loci 
and nominating potentially functional genes at GWAS-discovered 
loci (Tables 1 and 2).
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Fig. 1 | Manhattan plot for the total cutaneous melanoma meta-analysis. The −log10 of two-sided P values for SNPs derived from a fixed-effects 
inverse-variance weighted meta-analysis of logistic regression GWAS (y axis) plotted against SNP chromosome positions for the total meta-analysis 
(36,760 cases of melanoma and 375,188 controls; for full details of analysis and covariates included see Methods). The y axis is limited to –log10(1 × 10−25) 
to truncate strong signals at loci such as MC1R and ASIP. The full plot is displayed in Extended Data Fig. 2. To account for multiple testing, SNPs with 
P < 5 × 10−8 are deemed significant.
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To empirically identify the target tissues for cutaneous melanoma 
risk variants, we used partitioned LD score regression42 to determine 
the proportion of total cutaneous melanoma GWAS meta-analysis 
heritability that could be captured by genes expressed in melano-
cytes and in 50 GTEx tissue types. We found that partitioned cuta-
neous melanoma heritability was most enriched in genes specifically 
expressed in melanocytes (2.76-fold, P = 3.12 × 10−6 for top 4,000 
genes; Extended Data Fig. 5), followed by three other skin-related 
tissues (GTEx sun-exposed and not sun-exposed skin and trans-
formed skin fibroblasts). This enrichment was much stronger than 
the one based on the previously published melanoma GWAS23. We 
then focused on these four tissues for discovery of new loci, apply-
ing Bonferroni correction for multiple comparisons based on the 

number of genes tested within each tissue set (Methods). TWAS 
using the melanocyte dataset (Supplementary Table 11) identified 
a total of 40 significant genes. Combining genes within 1 megabase 
(Mb) of each other into discrete loci, 32 genes were located within 
13 formally genome-wide-significant cutaneous melanoma GWAS 
loci, and eight genes were identified within six new loci. Considering 
the other skin-related tissues collectively (Supplementary Table 12), 
TWAS identified a single significant gene at one additional new 
locus, as well as genes within 15 GWAS-significant loci. The TWAS 
using all GTEx tissues is reported in Supplementary Table 13.

In aggregate, these complementary approaches identified a 
total of 85 discrete loci (Fig. 2 and Supplementary Table 14): 54 
formally significant at P < 5 × 10−8 in the total cutaneous melanoma 

Table 3 | New pleiotropic associations with cutaneous melanoma and nevus count or hair color

CHR:BP rsID Genes CM P CM + Nevus P CM + Hair P

1:24,787,947 rs195720 NIPAL3 7.97 × 10−6 – 2.24 × 10−12

1:78,450,517 rs34517439 DNAJB4 2.23 × 10−4 – 2.17 × 10−12

1:214,673,271 rs7533482 PTPN14 2.79 × 10−5 – 2.45 × 10−13

2:135,430,709 rs6745983 TMEM163 1.69 × 10−3 – 7.00 × 10−13

2:214,065,880 rs16849932 IKZF2 1.46 × 10−3 – 1.18 × 10−10

2:240,065,356 rs11677464a HDAC4 4.00 × 10−5 1.10 × 10−9 –

4:37,470,753 rs11730662 KIAA1239 1.82 × 10−3 1.19 × 10−8 –

5:56,011,357 rs7714232 MAP3K1 6.99 × 10−4 – 3.32 × 10−22

6:7,189,567 rs75818295 RREB1 1.87 × 10−3 – 8.27 × 10−10

6:11,637,483 rs548304 ADTRP 2.67 × 10−5 – 1.46 × 10−10

6:15,503,696 rs10949304 DTNBP1 1.7 × 10−3 4.96 × 10−9 –

6:50,790,642 rs2857482 TFAP2B 3.59 × 10−5 3.44 × 10−10 –

6:151,577,739 rs10434895 AKAP12 8.17 × 10−8 – 2.07 × 10−42

6:151,577,830 rs10434896b  AKAP12 7.88 × 10−8  7.71 × 10−10  –

8:131,138,979 rs111595456 ASAP1 3.86 × 10−4 2.83 × 10−10 –

9:211,762 rs520015 CBWD1 8.95 × 10−7 – 1.10 × 10−43

9:235,201 rs593179a,c  CBWD1 3.78 × 10−6  4.13 × 10−12  –

10:5,767,177 rs76154345a GDI2 4.43 × 10−6 7.80 × 10−11 –

10:111,889,779 rs11194997 MXI1 3.45 × 10−6 – 2.70 × 10−11

11:7,543,519 rs11041426 PPFIBP2 2.73 × 10−4 – 1.66 × 10−33

11:62,203,865 rs10897275 AHNAK 6.47 × 10−5 – 2.47 × 10−33

11:91,616,691 rs12225068 FAT3 3.80 × 10−5 – 6.48 × 10−10

13:76,351,286 rs474240 LMO7 2.53 × 10−4 – 9.28 × 10−9

13:114,744,546 rs75414584 RASA3 6.31 × 10−3 – 4.62 × 10−12

14:64,390,030 rs10873172a,d SYNE2 6.29 × 10−8 5.95 × 10−13 6.47 × 10−27

14:69,226,931 rs11625064d ZFP36L1 3.33 × 10−6 2.09 × 10−10 1.83 × 10−19

14:92,795,912 rs4904871 SLC24A4 2.06 × 10−4 – 2.15 × 10−278

14:103,923,475 rs2273699 MARK3 5.27 × 10−5 – 1.21 × 10−16

15:48,400,199 rs2675345 SLC24A5 4.92 × 10−3 – 1.09 × 10−9

16:54,118,132 rs62034121 FTO 1.16 × 10−9 – 2.56 × 10–8

16:54,131,939 rs62034139a,e  FTO 4.56 × 10−9  4.69 × 10−14  –

16:55,322,732 rs12930459a IRX6 1.82 × 10−5 4.89 × 10−9 –

Reported cutaneous melanoma P values are from the total fixed-effects inverse-variance weighted meta-analysis of logistic regression two-sided P values from GWAS representing a total of 36,760 cases 
of melanoma and 375,188 controls (Methods). Results for the lead variants from pleiotropic loci (lead SNP reaching P < 5 × 10−8 following a Stouffer’s sample size weighted meta-analysis of cutaneous 
melanoma P values and either nevus GWAS meta-analysis (n = 65,777) or hair color GWAS (n = 352,662) and GWAS-PW model 3 prior probability of association >0.5, Methods) distinct from those in the 
total cutaneous melanoma meta-analysis (Tables 1 and 2). CHR:BP, hg19 positional information. rsID, dbSNP142 rs number. Genes, prioritizing genes that the variant is an eQTL for in GTEx skin datasets 
or otherwise is the closest protein coding gene. We report the total cutaneous melanoma meta-analysis P (CM P) and the CM + nevus or CM + hair color Stouffer’s meta-analysis fixed-effect P value. Full 
results can be found in Supplementary Tables 7 and 10. aLocus previously reported as pleiotropically associated with cutaneous melanoma and nevus count but not significant for cutaneous melanoma 
alone here. bLead SNP for pigment (rs10434895) and nevus (rs10434896) are in LD r2

EUR = 1.0. cLead SNP for pigment (rs520015) and nevus (rs593179) are in LD r2
EUR = 0.63. dSame lead SNP. eLead SNP for 

pigment (rs62034121) and nevus (rs62034139) are in LD r2
EUR = 0.88.
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meta-analysis (Tables 1 and 2 and Supplementary Table 3), and the 
remainder supported by one or more of the secondary analyses 
(Tables 3 and 4 and Supplementary Tables 9–12) and likely 
representing additional cutaneous melanoma risk loci but requiring 
a larger sample size to reach genome-wide significance. To annotate 
cutaneous melanoma GWAS loci for candidate susceptibility genes 
for pathway analyses as well as future functional studies, we turned 
to eQTL colocalization analyses. These approaches identified 
multiple pathways that may play a role in developing melanoma and 
are described in the Supplementary Note.

Discussion
This meta-analysis of cutaneous melanoma susceptibility has 
mor than three times the effective sample size in prior analyses, 
providing power to identify cutaneous melanoma susceptibility 
variants and enhanced distinction of independent variants in pre-
viously reported cutaneous melanoma susceptibility regions17–24 
(Supplementary Table 1). We identified 68 independent cutaneous 
melanoma-associated variants across 54 loci. TWAS analysis, eQTL 
colocalization and multimarker genomic annotations identified 
promising gene candidates at many of these risk loci. Joint pairwise 
GWAS with the cutaneous melanoma-related traits of nevus count 
and hair color, and TWAS, identified a further 31 independent 
loci that, while not formally reaching genome-wide significance 
for cutaneous melanoma alone, represent potential additional risk 
loci. Our cutaneous melanoma meta-analysis also confirmed sev-
eral loci previously identified only by TWAS28, supporting the value 
of TWAS in identifying additional genes associated with cutaneous 

melanoma (Table 4). In total, our integrative analysis identified 85 
loci associated with cutaneous melanoma susceptibility (Tables 1–4 
and Fig. 2), constituting a substantial increase from the 21 loci previ-
ously identified by cutaneous melanoma susceptibility GWAS alone 
(Table 1), in addition to those found by family-based approaches or 
in combination with nevus GWAS data (Table 2).

Our analyses showed strong genetic correlation between 
self-reported and clinically confirmed cases (Supplementary Table 
2, Extended Data Fig. 6 and Supplementary Note), and inclusion 
of self-reported cases enabled the identification of 11 additional 
cutaneous melanoma susceptibility loci (Supplementary Tables 
3 and 6 and Supplementary Note), indicating that self-reported 
cases of cutaneous melanoma are a valuable and reliable resource 
for genomic cutaneous melanoma studies. Furthermore, we 
assessed cutaneous melanoma genetic susceptibility across sev-
eral geographic regions, including the often under-represented 
Mediterranean population. Interestingly, we found little evidence 
for difference in cutaneous melanoma locus effect estimates by 
contributing GWAS (Supplementary Fig. 2) or differences in effect 
size and allele frequency by geographic regions (Supplementary  
Fig. 3), beyond minor variation in pigmentation genes (for example, 
rs6059655 near ASIP and rs1805007 in MC1R). The stratified analy-
sis based on cutaneous melanoma histological subtypes identified 
acral lentiginous melanomas as being uniquely unassociated with 
pigmentation loci, in line with observational data29. In contrast, 
the stratified analyses based on age at diagnosis and gender found 
no evidence for differences in the distribution of nevus-related or 
pigmentation-related loci.

The discovery of new loci and genes augments our understand-
ing of cutaneous melanoma risk and provides many new insights 
into cutaneous melanoma etiology. Many of the loci previously asso-
ciated with nevus count27 or pigmentation43 are also associated with 
cutaneous melanoma (Table 2) confirming the close relationship 
between these traits. Specifically, of ten loci previously significantly 
associated in a joint analysis of cutaneous melanoma and nevus, but 
not associated with cutaneous melanoma alone27, six are now asso-
ciated with cutaneous melanoma alone (Table 2), demonstrating 
the benefits of conducting joint analyses. The remaining four loci 
reach P < 5 × 10−8 in the joint cutaneous melanoma + nevus analy-
sis (Supplementary Table 9); three of which are significant at the 
Bonferroni-corrected threshold of 1.25 × × 10−8 (Table 3). In turn, 
we conducted further pleiotropic analyses and identified second-
ary loci associated with a combination of both these traits and cuta-
neous melanoma but not significantly associated with cutaneous 
melanoma alone (Table 3). Loci found in such joint analyses are of 
value as they would likely be associated with cutaneous melanoma 
alone in a sufficiently large GWAS meta-analysis. These joint analy-
ses provide a direct biological interpretation that several GWAS risk 
loci may act through nevus development, in line with clinical evi-
dence. Interestingly, following these expanded pleiotropic analyses, 
many loci were associated with neither nevus count nor hair color, 
indicating that many risk variants act outside these classic cutane-
ous melanoma risk phenotypes (Tables 1 and 2).

The discovery of many new loci, when added to the existing 
catalog of melanoma risk loci, augments our understanding of the 
genetic architecture of cutaneous melanoma, as discussed in the 
Supplementary Note. It is important to note that confirmation that 
the genes we have identified are causal for cutaneous melanoma, and 
the biological understanding of how variants at these loci influence 
cutaneous melanoma remains to be functionally established. For 
example, melanocyte eQTL and TWAS analyses indicated PARP1 
expression was associated with cutaneous melanoma risk SNPs at 
1q42 (refs. 28,44). While PARP1 is an established DNA repair gene, 
extensive functional characterization of the cutaneous melanoma 
risk locus over PARP1 demonstrated that its role in cutaneous mela-
noma appears to be through regulation of melanocyte proliferation, 
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senescence and transcriptional regulation of the key melanoma 
oncogene MITF44. Despite the need for follow-up functional studies, 
a preliminary, complex model of pathways potentially important for 
the development of melanoma is emerging through the candidate 
genes suggested by this and prior work, including pathways mediat-
ing protection against ultraviolet-induced DNA damage and DNA 
repair, telomere maintenance, immunity, melanocyte differentia-
tion and cell adhesion.

For example, we identified an association between multiple inde-
pendent variants at the TP53 locus, rs78378222 and rs1641548, and 
cutaneous melanoma, further reinforcing the potential importance 
of DNA repair and genome integrity for cutaneous melanoma sus-
ceptibility (Supplementary Note). Rare germline mutations in TP53 
lead to Li–Fraumeni syndrome45 which is associated with early onset 
of cancer, including cutaneous melanoma46. Notably, one of the 
common sequence variants we found to be associated with cutane-
ous melanoma has previously been shown to alter TP53 messenger 
RNA levels by disruption of TP53 polyadenylation. TP53 responds 
to cellular stresses to regulate target gene expression resulting in 
DNA repair, cell cycle arrest, apoptosis and cellular senescence47,48; 
variation resulting in loss of normal TP53 function could result in 
clonal expansion of cells that carry accumulated mutations, which 
may explain the association with both cutaneous melanoma and 
nevus count.

This study also adds to a growing body of evidence supporting 
a key role for telomere maintenance in cutaneous melanoma sus-
ceptibility8,9,13,14,37,49–51, with cutaneous melanoma risk loci associated 
with telomere length or located near prominent telomere mainte-
nance genes or loci, including POT1, TERC, RTEL1, MPHOSPH6 
and OBFC1. Additional previously identified GWAS loci are 
located near CCND1 (rs4354713), ATM (rs1801516) and PARP1 
(rs2695237), all genes with established roles in telomere mainte-
nance, DNA repair and regulation of senescence44,52.

The well-established role of immunity in melanoma biology has 
fueled a search for an association between variation within the HLA 
region and melanoma risk53–55. While several studies have investi-
gated associations between HLA alleles and cutaneous melanoma, 
these studies have largely been conducted on small, underpow-
ered datasets and have not been consistently replicated56–66. Here, 
we report identification of a genome-wide-significant association 
between cutaneous melanoma susceptibility and rs28986343 at the 
HLA locus (Supplementary Note). This additional evidence for a 
role for immunity adds to previous28 and current TWAS and colo-
calization analyses suggesting association between rs408825 and 

expression of the innate immunity gene MX2. Additionally, many 
risk alleles for the autoimmune melanocyte-related disorder vitil-
igo67,68 are protective for cutaneous melanoma with the lead SNPs 
either identical (rs1126809/TYR; rs6059655/ASIP), or in strong LD 
with cutaneous melanoma lead SNPs (rs251464 near PPARGC1B 
for vitiligo; rs32578 for melanoma, LD r2

EUR = 0.73; rs72928038 
near BACH2 for vitiligo; rs6908626 for melanoma, r2

EUR = 0.95; 
rs1129038 near OCA2 for vitiligo; rs12913832 for melanoma, 
r2

EUR = 0.99). While the vitiligo and cutaneous melanoma associa-
tions share many similar loci, suggesting a role for immunity, we 
cannot rule out their action on cutaneous melanoma risk being 
through pigmentation or protection against ultraviolet damage. 
Taken as a whole, these data suggest further investigation into these 
potentially immune-related associations, and more broadly the role 
of immunity in melanoma risk.

New loci emerging from these analyses suggest a role of genes 
or networks regulating the development and differentiation of 
the melanocytic lineage. The cutaneous melanoma meta-analysis 
identified a locus near FOXD3, while the pleiotropic cutaneous 
melanoma + nevus analysis and TWAS locus identified a new locus 
significantly associated with allelic expression of NOTCH2 in mela-
nocytes (Supplementary Note). FOXD3 participates as a part of a 
larger gene regulatory network governing the development of mela-
nocytes from the neural crest, at least in part through transcriptional 
repression of one of the earliest markers of melanoblast development 
(and melanoma predisposition gene), MITF69,70. NOTCH2, as well 
as NOTCH1, appear to play roles in both development of the mela-
nocyte lineage as well as maintenance of melanocyte stem cells71,72  
and NOTCH signaling has been shown to lead to de-differentiation 
of melanocytes to multipotent neural crest stem-like cells73.  
These two new candidate susceptibility genes join previ-
ously identified loci also harboring genes involved in melano-
cyte fate. Whole-genome and targeted sequencing studies of 
melanoma-prone families led to the identification of a functional 
intermediate-penetrance missense mutation of MITF associated 
with both melanoma and nevus count (MITF pGlu318Lys)25,26, a 
variant that was rediscovered by this population-based meta-analysis 
(rs149617956, P = 5.17 × 10−25, OR = 0.38). Additionally, a pre-
viously identified melanoma and nevus risk locus74 is located 
~200 kilobases (kb) from SOX10, another key regulator of mela-
nocyte development and differentiation and direct transcriptional 
activator of MITF. These genes, and others in this gene regulatory 
network, have likewise been variously implicated in the progression 
of melanoma75–79.

Table 4 | Genes identified by TWAS outside of regions identified in the total cutaneous melanoma GWAS meta-analysis

TWAS Locus peak CM variant

Genes Z P rsID CHR:BP CM P

NIPAL3 4.84 1.28 × 10−6 rs2294524 1:24,770,594 2.74 × 10−7

RCAN3 4.83 1.33 × 10−6 rs2294524 1:24,770,594 2.74 × 10−7

NOTCH2 4.81 1.50 × 10−6 rs2793830 1:120,466,108 3.80 × 10−7

PTPN14 −4.84 1.30 × 10−6 rs6693492 1:214,685,978 2.68 × 10−5

CBWD1 −4.81 1.51 × 10−6 rs478882 9:205,964 1.64 × 10−6

C9orf66 5.05 4.48 × 10−7 rs478882 9:205,964 1.64 × 10−6

SYNE2 5.19 2.06 × 10−7 rs12881652 14:64,400,120 2.12 × 10−7

IRX6 −4.80 1.62 × 10−6 rs12919110 16:55,319,789 1.27 × 10−6

RP11-676J12.7a −5.55 2.79 × 10−8 rs1703824 17:813,324 1.59 × 10−5

For each gene with a Bonferroni-corrected P value cutoff in melanocytes (PTWAS < 3.22 × 10−6) or skin-related tissue types (PTWAS < 5.28 × 10−7) that does not overlap with an existing cutaneous melanoma 
region we report the local peak cutaneous melanoma variant from the total confirmed plus self-reported GWAS meta-analysis and TWAS Z score. Full results for all genes with a PTWAS < 1.48 × 10−5 can be 
found in Supplementary Tables 10 and 12. CBWD1 and C9orf66 are within 1 Mb of each other and are merged into a single locus. aRP11-676J12.7 was identified using sun-exposed skin expression data from 
GTEx (Supplementary Table 12), while all other genes were identified using melanocyte gene expression.
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The identification of a cutaneous melanoma risk locus for which 
risk genotype strongly correlates with higher melanocyte-specific 
expression of CDH1, encoding E-cadherin, suggests a potential 
role for cell–cell adhesion in melanoma risk (Supplementary Note). 
E-cadherin plays a crucial role in cell–cell adhesion, epithelial–mes-
enchymal transition and carcinoma progression. Germline mutations 
in this gene are associated with a variety of tumors, including gastric80, 
breast81 and potentially colorectal cancer82. In human skin, E-cadherin 
is typically expressed on the cell surface of both melanocytes and kera-
tinocytes and is considered the major adhesion molecule between 
these two cell types83–85. During melanoma progression, expression of 
E-cadherin is typically lost, with a concurrent switch to expression 
of N-cadherin, facilitating preferential association with fibroblasts 
and vascular endothelial cells84. In contrast to loss of E-cadherin 
expression with melanoma progression, we find the cutaneous mela-
noma risk allele at this locus to be associated with higher expression 
of CDH1. Interestingly, melanocytes in nonlesional skin of vitiligo 
patients have been found to have loss of, or discontinuously distrib-
uted, E-cadherin expression. This loss of E-cadherin induces reduced 
adhesiveness to the basal layer under oxidative and mechanical stress, 
leading melanocytes to migrate passively to the exterior of the skin, 
and to die by apoptosis86. Thus, germline variation leading to higher 
melanocyte CDH1 could act as a protective mechanism, allowing cells 
damaged by oxidative stress to remain in the skin and survive with-
out dying. A similar mechanism has been recently identified in breast 
cancer metastasis, where E-cadherin acts as a survival factor by limit-
ing reactive oxygen-mediated apoptosis87.

In summary, our large, international genetic meta-analysis 
showcases the utility of including self-reported cases of cutaneous 
melanoma, complementary analytical approaches, and data from 
multiple sources to expand our understanding of cutaneous mela-
noma risk. While the biological mechanisms underlying many of 
the existing and new cutaneous melanoma risk loci remain to be 
confirmed or discovered by post-GWAS functional studies and 
even larger GWAS, these data suggest potential pathways new to 
melanoma susceptibility, and highlight nevus formation, pigmenta-
tion and telomere maintenance, the three pathways that appear to 
dominate the landscape of melanoma susceptibility.
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Methods
Quality control metrics, imputation and association analysis. Data cleaning 
was performed using Illumina GenomeStudio/BeadStudio (v.2.0.4) and PLINK 
(v.1.90b5.4)92,93. Full details of the sample collections and genotyping arrays used 
for each GWAS are reported in the Supplementary Note. Before imputation, any 
SNP with minor allele frequency (MAF) < 0.01, Hardy–Weinberg equilibrium 
(HWE) P < 5 × 10−4 in controls or P < 5 × 10−10 in cases was removed. Similarly, 
any individual was removed who was missing >3% of variants, had heterozygosity 
values either >0.05 or <−0.05 or 3 s.d. 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). In addition, one of any pair of 
individuals estimated to be related with identity by descent (IBD) pihat > 0.15  
was removed.

The Harvard, Brisbane Nevus Morphology Study and 23andMe GWAS were 
imputed to 1000 Genomes Project phase 1 v.3; for all other sets (Supplementary 
Table 1) imputation was conducted using the Michigan Imputation Server with 
the Haplotype Reference Consortium panel (HRC v.1) and run using Minimac3 
(ref. 94). Following imputation, any imputed variant with imputation quality score 
r2 < 0.5 or MAF < 0.0001 was rejected. As rare SNPs where one allele is missing in 
the case or control group can lead to very large (or infinite) OR estimates, variants 
with an OR < 1 × 10−4 (the minimum reported by PLINK) or OR >1 × 106 were 
also filtered. To handle variants with the same name (for example, triplicate SNPs), 
variant IDs were converted to the format CHR:BP:A1A2 before meta-analysis.

Logistic regression under an additive model with ORs calculated on a 
per-allele basis was then conducted using PLINK (v.1.90b5.4)92,93 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 Q–Q plots (Supplementary 
Fig. 1) and calculating the corresponding inflation factor λ and LDSC intercept 
(Supplementary Table 1).

Where individual studies have deviated from this protocol, details are included 
in the study description in the Supplementary Note. All reported tests are two-sided.

Meta-analysis and conditional- and joint-analysis to identify independent 
loci. Meta-analyses of the GWAS were conducted in one stage using both 
inverse-variance weighted fixed-effects and random-effects meta-analysis95 as 
implemented in PLINK v.1.90b5.4 (ref. 92,93). Meta-analyses were conducted for 
confirmed-only cases and in the total set including self-report sets (23andMe and a 
portion of UK Biobank).

Conditional- and joint-analyses of summary GWAS meta-analysis data were 
performed using genome-wide complex trait analysis (GCTA, v.1.26.0) to identify 
independently associated variants33. To ensure we were only detecting completely 
independent SNPs, the collinearity threshold (--cojo-collinear) was set to R2 = 0.05. 
The threshold for genome-wide significance 5 × 10−8 and fixed-effect meta-analysis 
P values and log(OR) effect sizes were analysed.

Linkage disequilibrium (LD) between SNPs for the conditional- and 
joint-analyses of summary data in GCTA (v.1.26.0) 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 (LDEUR). Variants were converted to best-guess genotype (threshold 
0.3). Best-guess data were cleaned for missingness >3%, HWE P < 1 × 10−6 and 
MAF < 0.001.

To limit the chance of false-positive claims of new SNP/loci, we further filtered 
the list of 77 conditionally independent variants (Supplementary Table 4) to 
those (1) genome-wide-significant (P < 5 × 10−8) in single SNP and conditional- 
and joint-analysis, and (2) as recommended30 where there was evidence of 
heterogeneity between studies (I2 > 31%) the random-effect P value also needed to 
be <5 × 10−8. Passing variants 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 Figs. 2 and 3). The 68 retained variants were combined into 
54 loci using a concatenating 1 Mb window (Supplementary Table 3). Regional 
association plots for all 54 loci were interactively plotted by LDassoc (https://ldlink.
nci.nih.gov/)96 and are included in Supplementary Data 1.

Multiple-testing corrections. The primary aim of our study was to perform a 
GWAS meta-analysis of cutaneous melanoma risk. For this primary analysis our 
significance threshold was set at P < 5 × 10−8. Following this primary analysis, we 
conducted two classes of secondary analyses: (1) joint analysis of melanoma with a 
risk phenotype (nevus or pigmentation) and (2) TWAS.

To ensure robust adjustment for multiple testing, within the joint cutaneous 
melanoma–nevus and cutaneous melanoma–pigmentation GWAS analyses we 
Bonferroni-corrected for each of the two risk factor phenotypes (pigmentation 
and nevus count), as well as accounting for the two classes of secondary analysis 
(joint GWAS and TWAS). The resulting significance threshold was (5 × 10−8)/
(2 × 2) = 1.25 × 10−8. Loci reaching this corrected threshold are indicated in bold in 
Supplementary Tables 7 and 10.

TWAS was performed on expression data from melanocytes and then 
separately on the three skin tissues within GTEx (sun-exposed, not sun-exposed 
and fibroblasts) as these were the most enriched tissues in terms of enrichment for 

cutaneous melanoma heritability after melanocytes (Extended Data Fig. 5) and are 
likely to be involved in cutaneous melanoma development.

For the melanocyte TWAS analysis, we Bonferroni-corrected the significance 
threshold by the number of tested genes in melanocytes multiplied by the two 
classes of secondary tests and further for the two tissue sets; 0.05/(3878 genes × two 
classes × two tissue sets) = 3.22 × 10−6.

For the GTEx skin TWAS analysis we Bonferroni-corrected for the total 
number of tested genes across the tissues multiplied by two classes of secondary 
tests and further for the two tissue sets; 0.05/((8879 + 7458 + 7353 genes) × two 
classes × two tissue sets) = 5.28 × 10−7.

The accuracy of P value calculation for rare SNPs where case/control numbers 
are imbalanced. The non-normality of the test statistics may cause severely 
inflated P values due to violation of asymptotic approximations, particularly for 
imbalanced case–control ratios. While we addressed this for extreme cases by 
filtering very rare SNPs (Methods), we also investigated whether this could be 
inflating the P value of rare SNPs included in the meta-analysis by performing 
5 × 108 simulations. For each simulation, we first generated genotype data for 21 
studies with the same sample size as in our meta-analysis (Supplementary Table 1) 
assuming Hardy–Weinberg equilibrium for variants with MAF = 0.01.

We then performed association testing for each study and calculated the test 
statistics to derive an empirical P value of 6.4 × 10−8 when using an asymptotic 
P value of 5 × 10−8 as the threshold. While imbalanced case–control ratios 
had minimal impact on the calculation of asymptotic P values for SNPs with 
MAF = 0.01, as the empirical P value was slightly larger than genome-wide 
significance we further explored the results of our meta-analysis. Three of our 
68 reported variants have a MAF less than 0.01: rs149617956 with MAF = 0.002, 
rs79356439 with MAF = 0.008 and rs3212371 with MAF = 0.003. All three variants 
had asymptotic P < 5 × 10−12. We performed 5 × 108 simulations for each of the 
variants using their MAF and found no simulations had a nominal P < 5 × 10−12. 
These simulations indicate that the actual P values for these three SNPs are less 
than 1/(5 × 108) = 2 × 10−9 and have reached genome-wide significance.

Joint analyses of cutaneous melanoma and nevus count and pigmentation. 
Nevus GWAS meta-analysis. Using beta meta-analysis weighted by s.e.m. as 
implemented in PLINK v.1.90b5.4, we combined the recently published nevus 
meta-analysis (n = 52,506) (ref. 27) 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 
nonoverlapping and unrelated (IBD pihat < 0.15) to the QSkin melanoma case–
control set (n = 12,930) and the final set of participants not previously included 
from the Brisbane Twin Nevus Morphology study (n = 341) (ref. 27). The total 
sample size was 65,777.

Pigmentation GWAS. A GWAS for hair color was performed on 352,662 UK 
Biobank samples not included in the melanoma GWAS individuals who 
self-reported having blonde, light brown, dark brown or black hair (coded as 1, 
2, 3 and 4). Hair color was then treated as a continuous variable and regressed on 
imputed genotype adjusting for principal components 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 color. Two approaches were taken. First, the total 
confirmed plus self-reported cutaneous melanoma 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 v.2011-03-25 (ref. 97). The FUMA platform v.1.3.5 (ref. 98) was used to 
identify independent SNPs with P < 5 × 10−8 on the basis of LD calculations using 
a reference panel of 10,000 white British UK Biobank individuals; independent 
SNPs within 1 Mb were considered to be single loci. Secondly, the melanoma and 
pigmentation/nevus GWAS results were analysed using GWAS-PW v.0.21 (ref. 38), 
which estimates the posterior probability of four possible models for each genetic 
region: (1) association with cutaneous melanoma only, (2) association with the 
second trait only, (3) association with both traits (pleiotropic), (4) association with 
both traits but colocated and independent and (5) no association with either trait. 
Given that nevus count and pigmentation are believed to act directly on melanoma 
risk, model 4 seemed unrealistic so we only considered models 1, 2, 3 and 5. For 
nevus count, SNPs were assigned to blocks using the recommended boundaries 
for GWAS-PW (https://bitbucket.org/nygcresearch/ldetect-data). For cutaneous 
melanoma and hair color, 50 SNP windows were used for blocks as the default LD 
blocks contained multiple independent hair color loci. Following the approach 
described in ref. 27, any locus with a lead SNP reaching P < 1.25 × 10−8 for the 
combined cutaneous melanoma and nevus/hair color 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.

Analysis of pigmentation and nevi PRS across melanoma subtypes. For 
each subject in our study, we calculated two PRSs, using 276 genetic variants 
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associated with pigmentation and ten genetic variants associated with nevus 
count. Nevus count SNPs were derived from the same nevus GWAS meta-analysis 
used for the pleiotropic analysis (n = 65,597), with independent lead SNPs with 
P < 5 × 10−8 identified using LD calculations performed in PLINK using a reference 
panel of 10,000 white British UK Biobank individuals as implemented in the 
FUMA platform v.1.3.5 (ref. 98), with the LD r2 cutoff for independence <0.05. 
Pigmentation PRS SNPs were selected from the hair color GWAS used for the 
pleiotropic analysis (n = 352,662), with independent lead SNPs with P < 5 × 10−8 
and LD calculations performed in PLINK using a reference panel of 10,000 white 
British UK Biobank individuals as implemented in the FUMA platform, with the 
LD r2 cutoff for independence <0.025. PRS were calculated for each subject by 
applying the regression coefficient (from the GWAS of pigmentation or nevus 
count) to the genotype dosages. We then tested whether 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 <0.05/27 
(= 0.00186) was declared as statistically significant.

GENESIS estimation of heritability and polygenic risk. We used GENESIS 
(https://github.com/yandorazhang/GENESIS; v.2019-06-01; ref. 32) to estimate 
the genetic architecture (number of causal SNPs and their effect-size distribution) 
using the summary-level statistics from the GWAS meta-analysis. Q–Q 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 SNPs 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. Four pigmentary GWAS were 
performed on UK Biobank participants not included in the melanoma GWAS. 
(1) Ease of tanning with 367,229 UK Biobank samples who self-reported their 
ability to tan as ‘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 components using the same approach as for the melanoma GWAS of UK 
Biobank data. (2) Skin color with 370,260 UK Biobank samples who self-reported 
having ‘very fair’, ‘fair’, ‘light olive’, ‘dark olive’, ‘brown’ or ‘black’ skin color (coded as 
1, 2, 3, 4, 5 and 6); skin color was treated as a continuous variable and regressed on 
imputed genotype adjusting for principal components using the same approach as 
for the melanoma GWAS of UK Biobank data. (3) Number of childhood sunburns 
with 320,345 UK Biobank samples who self-reported their sunburn incidents 
pre-16-years-old. The data were dichotomized into none and at least one pre-
16-years-old sunburn incident categories (coded as 1 and 2). Number of childhood 
sunburns was treated as a binary variable and regressed using a logistic model on 
imputed genotype adjusting for principal components using the same approach 
as for the melanoma GWAS of UK Biobank data. (4) Red hair with 120,925 UK 
Biobank samples who self-reported 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 principal components using the same approach as 
for the melanoma GWAS of UK Biobank data.

LD score regression. As LDSC is sensitive to the quality of input SNPs, GWAS 
or meta-analysis variants were filtered to the list of high-quality HapMap SNPs 
provided99. Using LDSC program v.1.0.0 (https://github.com/bulik/ldsc), genomic 
inflation (λ), intercept and SNP heritability (h2) were estimated. The LDSC h2 
estimates were converted to the liability scale by using the proportion of cutaneous 
melanoma cases in the UK Biobank (3,499 confirmed CM cases and 1,802 
self-reported cases divided by 361,194 European ancestry samples = 0.0147).

LDSC of tissue-specific genes. Cutaneous melanoma heritability enrichment for 
SNPs around tissue-specific genes was assessed by stratified LD score regression 
as described previously28,42 and implemented in the LDSC program v.1.0.0. Briefly, 
RNA-seq data for all 50 GTEx (v.7) tissue types and primary melanocyte were 
quantified as reads per kilobase of transcript, per million mapped reads (RPKM) 
by using RNA-SeQC v.1.18 (ref. 100) and quantile normalized to reduce batch effect. 
Tissue-specific genes were defined by calculating the t-statistic of each gene for a 
given tissue, excluding all samples from the same tissue category. Tissue category 
assignment for GTEx tissue types was based on the previous publications28,101 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, 2,000 
and 4,000 tissue-specific genes from the t-statistic analysis and added 100 kb each 
to the transcription start site and transcription end site to define tissue-specific 
genes annotation. Stratified LDSC was then applied on a joint SNP annotation to 
estimate the heritability enrichment against the total cutaneous melanoma GWAS 
data from the current study.

Colocalization of cutaneous melanoma GWAS and eQTLs. We performed 
colocalization analyses of cutaneous melanoma GWAS signals with eQTL signals 

from our melanocyte and 48 GTEx (v.7) tissue eQTL datasets (note that two tissue 
types that were included for LDSC using expression data were not included here 
as well as in TWAS analyses due to lack of eQTL data from GTEx), using eQTL 
and GWAS CAusal Variants Identification in Associated Regions (eCAVIAR, v.2.0, 
http://genetics.cs.ucla.edu/caviar/ and https://github.com/fhormoz/caviar)102. 
Consistent with the previous study, we used 50 SNPs upstream and downstream 
of each cutaneous melanoma GWAS lead SNP to extract both GWAS and eQTL 
summary statistics to be used as the input for eCAVIAR analysis. The LD matrix was 
calculated using the unphased 1000 Genomes reference set. For the colocalization 
posterior probability score calculation, we allowed a maximum number of two 
causal SNPs in each locus. For a given cutaneous melanoma GWAS locus, an 
eGene with a CLPP score above 1% (0.01) was considered to display a positive 
colocalization. To avoid reporting spurious effects, we applied a conservative 
criterion and only reported variants displaying LD r2 > 0.9 with the cutaneous 
melanoma GWAS lead SNP and eQTL P value below a Bonferroni-corrected cutoff 
of each dataset (0.05/number of eGenes tested for each tissue dataset)67,103–108.

TWAS. We performed TWAS for the cutaneous melanoma GWAS meta-analysis 
data using TWAS/FUSION (http://gusevlab.org/projects/fusion/) as previously 
described28,41. TWAS was performed in three separate groups, using eQTL datasets 
from (1) melanocytes, (2) three skin tissues (sun-exposed, not sun-exposed and 
fibroblasts) within GTEx v.7 and (3) the rest of GTEx tissue types (a total of 45) 
by imputing the gene expression phenotypes for the total cutaneous melanoma 
GWAS meta-analysis data. The analysis parameters were set to allow for multiple 
prediction models, independent reference LD, additional feature statistics and 
cross-validation results41. The total cutaneous melanoma GWAS meta-analysis 
summary statistics were included with no significance thresholding. For GTEx 
data, we downloaded the precomputed expression reference weights for GTEx gene 
expression v.7 RNA-seq across 48 tissue types from the TWAS/FUSION website 
(http://gusevlab.org/projects/fusion/). We computed functional weights from the 
primary melanocyte RNA-seq data28 one gene at a time. Genes that failed quality 
control during the heritability check (using minimum heritability P value 0.01) 
were excluded from further analyses. We restricted the cis-locus to 500 kb on either 
side of the gene boundary.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Genome-wide summary statistics for the confirmed meta-analysis have been made 
publicly available at dbGaP (phs001868.v1.p1), with the exclusion of self-reported 
data from 23andMe and UK Biobank. Results for SNPs with a fixed or random 
P < 5 × 10−7 from the total meta-analysis are reported in Supplementary Table 7. 
The total meta-analysis includes self-reported cutaneous melanoma GWAS data 
from the UK Biobank and 23andMe. The raw genetic and phenotypic UK Biobank 
data used in this study, which were used under license, are available from: http://
www.ukbiobank.ac.uk/. The genome-wide summary statistics from 23andMe 
data were obtained under a data transfer agreement. Further information about 
obtaining access to the 23andMe summary statistics is available from https://
research.23andme.com/collaborate/. Source data for Fig. 2, Extended Data Figs. 
4–6 and Supplementary Figs. 2 and 3 are available with the paper.
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Extended Data Fig. 1 | Quantile-Quantile plot of total CM meta-analysis. Quantile-quantile plots of negative log10 two-sided P value derived from a 
fixed-effects inverse-variance weighted meta-analysis of log(OR) effect-sizes derived from the logistic regression GWAS listed in Supplementary Table 1. 
All confirmed and self-report cases are included, with a total sample size of 36,760 melanoma cases and 375,188 controls.
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Extended Data Fig. 2 | Manhattan plots of melanoma risk loci from total and confirmed-only GWAS meta-analyses. Negative log10 two-sided P value 
derived from a fixed-effects inverse-variance weighted meta-analysis of log(OR) effect-sizes derived from the logistic regression GWAS (y-axis) are 
plotted by their chromosome position. The confirmed-only analysis included 30,134 cases with histopathologically confirmed CM, and 81,415 controls. The 
total CM meta-analysis includes all confirmed and self-report cases, with a total sample size of 36,760 CM cases and 375,188 controls. Multiple-testing 
corrected genome-wide significance threshold was P<5×10−8. We display in order the total CM meta-analysis without limiting the y-axis; the 
pathologically confirmed CM cases only meta-analysis with the y-axis limited to 1×10−25 and without a limit to more clearly display loci other than MC1R.
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Extended Data Fig. 3 | Quantile-Quantile plot of confirmed-only CM meta-analysis. Quantile-quantile plots of negative log10 two-sided P value derived 
from a fixed-effects inverse-variance weighted meta-analysis of log(OR) effect-sizes derived from the logistic regression GWAS listed in Supplementary 
Table 1. Only cases with histopathologically confirmed CM are included, with a total sample size of 30,134 melanoma cases and 81,415 controls.
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Extended Data Fig. 4 | Distribution of pigmentation polygenic risk scores across melanoma histological subtypes. The figure shows whether PRS defined 
based on SNPs associated with hair color differ across CM histological types (Methods; SSM: superficial spreading melanoma; NM: nodular melanoma; 
LM: lentigo melanoma; Acral: acral lentiginous melanoma). The higher the PRS the lighter the hair color. When comparing subtype 1 vs. subtype 2, we 
report the effect size for the linear regression of PRS on subtype 1, including study and principal components as covariates to control for population 
stratification. The regression coefficient, 95% confidence interval, and statistical significance are shown. The positive beta indicates the PRS is higher 
in subtype 2 (for example, nonacral melanomas). This analysis included 9828 SSM, 2137 NM, 900 LM, 353 acral melanoma cases and 44676 controls. 
Two-sided t-statistic was used for testing significance. P values reported were not adjusted for multiple comparison.
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Extended Data Fig. 5 | LD score regression plots. LD score regression was performed for the top 4000 (A) 2000 (B) and 1000 (C) tissue-specific 
genes from melanocyte and GTEx tissue types (v7 datasets), to assess the enrichment of melanoma heritability in these genomic regions using summary 
statistics from Total CM GWAS meta-analysis. The level of enrichment and P values are shown, with an FDR = 0.05 cutoff marked as a dashed horizontal 
line (See Methods for statistical test). Tissue categories are color-coded, and a subset of top individual tissue types are shown on the plot. Tissue types 
from “Skin” category including melanocytes are highlighted in magenta.
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Extended Data Fig. 6 | Effect sizes for confirmed-only meta-analysis versus UKBB self-report set. For each independent genome-wide significant 
(P<5×10−8) lead SNP from the confirmed-only meta-analysis (30,134 melanoma cases and 81,415 controls), we plot on the Y-axis UK Biobank self-report 
GWAS (UKBB SR) log(OR) and standard error from a logistic regression GWAS (1,802 self-report CM cases and 7,208 controls) and on the X-axis we plot 
the log(OR) and standard error from a fixed-effects inverse-variance weighted meta-analysis of log(OR) effect-sizes derived from the logistic regression 
GWAS for confirmed melanoma cases listed in Supplementary Table 1. We also report the r2 correlation from the linear regression of UKBB SR log(OR) on 
the confirmed met-analysis estimates, weighted by their standard error.
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in reporting. For further information on Nature Research policies, see Authors & Referees and the Editorial Policy Checklist.

Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data were generated at many sites using standard genotype calling settings in lllumina GenomeStudio/BeadStudio (v2.0.4); see Online 
Methods for full description. RNA-seq data for all the GTEx (v7) tissue types and primary melanocyte were quantified as RPKM using RNA-
SeQC (v1.18) 

Data analysis Imputation was performed using the Michigan Imputation Server and Minimac3. GWAS analyses were performed in PLINK (v1.90b5.4). 
Specific QC and any additional software used for analyses, including version numbers include: GCTA (v1.26.0); GENESIS (v 2019-06-01, 
https://github.com/yandorazhang/GENESIS); eQTL and GWAS CAusal Variants Identification in Associated Regions (eCAVIAR, http://
genetics.cs.ucla.edu/caviar/, https://github.com/fhormoz/caviar); TWAS/FUSION (http://gusevlab.org/projects/fusion/); Ingenuity 
Pathway Analysis; Illumina GenomeStudio/BeadStudio (v2.0.4); Minimac3; METAL (version 2011-03-25); FUMA (v1.3.5); GWAS-PW 
(v0.21); LD boundaries for GWAS-PW (https://bitbucket.org/nygcresearch/ldetect-data); LD score regression (LDSC, v1.0.0 https://
github.com/bulik/ldsc); RNA-SeQC (v1.18).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers. 
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Genome-wide summary statistics for the confirmed meta-analysis have been made publicly available at dbGaP (phs001868.v1.p1). Results for SNPs with a fixed or 
random P < 5 × 10-7, from the total meta-analysis are reported in Supplementary Table 15. The total meta-analysis includes self-report cutaneous melanoma GWAS 
data from the UK Biobank and 23andMe. The raw genetic and phenotypic UK Biobank data used in this study, which were used under license, are available from: 
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http://www.ukbiobank.ac.uk/. The genome-wide summary statistics from 23andMe, Inc. data were obtained under a data transfer agreement. Further information 
about obtaining access to the 23and Me, Inc. summary statistics are available from: https://research.23andme.com/collaborate/.
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Life sciences study design
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Sample size The previous largest GWAS meta-analysis of melanoma included GWAS data 12,874 cases and 23,203 controls plus a replication set of ~ 3,116 
CMM cases and 3,206 controls. This identified 20 risk loci. As loci discovery scales proportionally to sample size (Visscher AJHG 2012 PMID 
22243964), and we assembled all avaliable melanoma GWAS datasets (total sample size 36,760 melanoma cases and 375,188 controls) we 
determined our sample size was sufficient to identify additional new loci for melanoma.

Data exclusions As genotype imputation, and genome-wide association studies, are sensitive to data quality both per SNP and per individual, as well as 
population stratification and unaccounted for relationships, we used pre-established criteria to filter both SNPs and sample. These criteria  
included but were not limited to high missingness, high heterozygosity, first degree relationship with another sample, or being an ancestry 
outliers.

Replication This meta-analysis utilises a combined melanoma GWAS dataset far larger than any other in existence. Therefore any attempted replication 
would be grossly underpowered. However all associated SNPs were explored for consistency across contributing GWAS (Supplementary 
Figure 7).

Randomization GWAS were analysed by contributing cohort. Principal components or country of original covariates (See Methods) were included to control 
for ancestry.

Blinding GWAS data were derived from population based case-control observational studies and all available post-QC/cleaning samples were used; 
there is no meaningful blinding strategy that could be applied, nor required as this was not a randomised control trial. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Human research participants
Policy information about studies involving human research participants

Population characteristics 21 genome-wide association studies of histopatholically confirmed cutaneous melanoma were included, with the total numbers 
and country of original included in Supplementary Table 1. 2 further self-reported melanoma datasests were included; these are 
also detailed in Supplementary Table 1. The only covariates included were country of origin variables, or principal components 
derived from PCA with the 1000 Genomes Project samples, to control for population structure. See Online Methods for details. 
GWAS were performed using a range of genotyping arrays; these are reported in Supplementary Table 1 and the Online 
Methods.

Recruitment Included samples were recruited using different approaches in each of the contributing GWAS, and included both samples 
collected from the general population, as well as samples recruited from hospitals and treatment clinics. In addition to the 
description of each cohorts collection in the Online Methods, full recruitment details for each study can be found in the 
following papers: 
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GenoMEL Phase 1 and 2 - Barrett et al. PMID 21983787 and Law et al. 26237428 
MDACC - Amos et al. PMID 21926416 
AMFS - Cust et al. PMID 19887461 
Q-MEGA - Baxter et al. PMID 18361720 
GSEdinCIDRulcer  - see references 2,34-38 of the Supplementary Note. 
WAMHS - Ward et al. PMID 21474410 
Essen-Heidelberg - Law et al. PMID 26237428 
MELARISK - Barrett et al. PMID 21983787; Law et al. PMID 26237428; Newton-Bishop et al. PMID 20647408 
Harvard - Song et al. PMID 22230721 
NCI_CPSII+PLCO+Rose - Goldstein et al. PMID 29036293 
UK Biobank confirmed - Bycroft et al. PMID 30305743 
MIA_PAH - reported here for the first time, details in the Supplementary Note. 
EPIGENE - Kvaskoff et al. PMID 24083994 
QSKIN - Olsen et al. PMID 22933644 
Greek - Kypreou et al. PMID 27015455; Pectasides et al. PMID 19139440 
Italy - Ghiorzo et al. PMID 16893909; Ghiorzo et al. PMID 23167872; Bruno et al. PMID 26775776; Fargnoli et al. PMID 
15057047; Fargnoli et al. PMID 16567973; Fargnoli et al. PMID 18368129; Pellegrini et al. PMID 28146043; Menin et al. PMID 
21672182; Fitzpatrick et al. PMID 3377516; Schlafly et al. PMID 31730655; Gu et al. PMID 30060076; Shi et al. PMID 24686846; 
Landi et al. PMID 16809487; Landi et al. PMID 15998953. 
Spain - Puig et al. PMID 15860862; Potrony et al. PMID 28103633; Nagore et al. PMID 26875008. 
Michigan - Fritsche et al. PMID 29779563 
BNMS - reported here for the first time, details in the Supplementary Note. 
UK Biobank Self-report - Bycroft et al. PMID 30305743 
23andMe - Ransohoff et al. PMID 28212542

Ethics oversight All contributing GWAS were overseen by their contributing human research ethics committee; see Supplementary Notes for 
specifics (Human Research Ethics Committee of QIMR Berghofer Medical Research Institute, Brisbane, Australia; National Cancer 
Institute, National Institutes of Health; Each participating center in MelaNostrum; and Leeds University).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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