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Supplementary Methods
Exclusion of genetic variants associated with pigmentation and naevus pathway loci
Pigmentation and naevus count loci are major biological pathways for CM-susceptibility (Duffy et al. 2018; Landi et al. 2020). We further explored whether any PRS_susceptibility and MSS association was driven by genetic variation associated with pigmentation and/or naevi pathways. Using the previously published CM GWAS (Landi 2020), we identified both pigmentation and naevus count loci and removed SNPs from the PRS_susceptibility within +/- 0.50 megabase (mb) for each lead SNP for pigmentation (Supplementary Table 3) and naevi (Supplementary Table 4). In addition, for loci in regions with long-range LD we excluded wider windows including MC1R on chromosome 16 (87-90.3 megabases), ASIP on chromosome 20 (30-36 megabases), and CDKN2A on chromosome 9 (1 megabase either side of rs871024).

Using this information, we generated two additional PRS_susceptibility models; one excluding the SNPs in the pigmentation pathway (PRSCMexP) and another excluding the loci in the naevus pathway (PRSCMexN). First, we assessed whether new PRS models were still associated with melanoma risk using QSkin data and adjusting for covariates as before (i.e.  CM risk ~ PRSCMexP or PRSCMexN + age + sex +10 PCs) (Supplementary Figure 3). Second, we explored if PRSCMexP and (PRSCMexN were associated with MSS in both MIA and UKB (Results). Third, as previously (in the Methods) the resulting HRs were combined by meta-analysis (Results; Figure 2).

[bookmark: _rm2xgb12ztku]Impact of melanoma survival prognostic factors in the MIA Cohort
Since the MIA cohort had information on other important prognostic factors including the American Joint Committee on Cancer (AJCC) 2010 stage at diagnosis (I through IV), primary tumour thickness (mm), we performed more sensitivity analyses in this dataset. First out of the 5,762 participants we excluded those with AJCC 2010 Stage O (N=90), unknown stage (N=119), and missing data (N=2) to restrict the analysis to participants with invasive melanoma (total N=5,551, melanoma deaths=771). Second, we computed Cox proportional-hazard models for MSS (MSS ~ PRS_susceptibility + 10 PCs + age + sex) (Results).

Next we restricted the analyses to participants with invasive melanoma and complete data on both tumour stage and primary tumour thickness (N = 5,282, melanoma deaths = 669), to compute Cox proportional-hazard models for MSS adjusting (in addition to the above) for AJCC 2010 tumour stage (stage III/IV vs stage I/II) and primary tumour thickness (thick (>1mm) vs thin (<=1mm) (MSS ~ PRS_susceptibility + 10 PCs + age + sex + tumour stage + primary tumour thickness) (Results, Figure 3).

To rule out survival bias due to leading time bias, we also excluded the first two years of follow up (leaving N = 4,018, and melanoma deaths = 574) and computed the Cox proportional-hazard models for MSS (MSS ~ PRS_susceptibility + 10 PCs + age + sex + tumour stage + primary tumour thickness) (Results)

We further examined whether there was an interaction between the PRSCM and strong MSS prognostic factors; by fitting interaction terms between the PRS and them and computing the Cox proportional-hazard models for MSS (MSS ~ PRS_susceptibility * tumour stage + 10 PCs + age + sex + primary tumour thickness, MSS ~ PRS_susceptibility * primary tumour thickness + 10 PCs + age + sex + tumour stage, and MSS ~ PRS_susceptibility * primary tumour thickness * tumour stage + 10 PCs + age + sex) (Results; Table 3).

In a similar way, we explored whether the MSS ~ PRSCM association differed by tumour stage (stage III/IV vs stage I/II) or primary tumour thickness (thick vs thin) by computing the Cox proportional-hazard models for MSS in each stratum (e.g. in stage III/IV; MSS ~ PRS_susceptibility + 10 PCs + age + sex, or in thin melanoma; MSS ~ PRS_susceptibility + 10 PCs + age + sex). In order to rule whether the PRSCM - MSS association was not mediated through tumour or tumour thickness, we tested whether the PRSCM was associated with advanced tumour stage (I/II- no, and III/IV- yes) (advanced tumour stage ~ PRS_susceptibility + 10 PCs + age + sex), and primary tumour thickness (thin -no, and thick -yes) (thick tumour ~ PRS_susceptibility + 10 PCs + age + sex) (Results; Figure 3)

We also assessed whether the association between PRSCM and MSS varied across the PRS strata (quartiles) by comparing the odds of dying from melanoma for participants in the Q4, Q3, Q2 with their counterparts in Q1, adjusting for age, sex and 10 PCs using the MIA cohort (Supplementary Figure 4).

[bookmark: _3y4c0b4w7sy2]Development of the standalone skin colour polygenic risk score
We used the skin colour phenotype (data field 1717) in the UKB and coded in the order brown, dark olive, light olive, fair and very fair. Using R we applied a rank inverse normal transformation (rankit transformation) such that it could be analysed as an approximately normally distributed quantitative phenotype. We conducted a GWAS using linear mixed models using BOLT-LMM (Loh et al. 2015), adjusting for sex, age and the first ten PCs. We excluded participants with melanoma (who were included in the MSS analysis), of non-European ancestry and those who withdrew their participation in the UKB research. Following these filters, 427,893 participants were included in the analysis. 
Next, we selected non-ambiguous, autosomal, bi-allelic SNPs with a minor allele frequency (MAF) > 1% and imputation quality score of 0.3 that were present in the validation (QSkin) and target (MIA and UKB) cohorts as well as the linkage disequilibrium (LD) reference panel, resulting in 6,360,404 SNPs.
Next, as for the PRS_susceptibility  (Methods) we used LDpred  (Vilhjálmsson et al. 2015) to derive PRS models at 2 mb and 5 mb of LD radii with different fractions of causal SNPs i.e. 1 (F0), 0.1 (F1), 0.01 (F2), 0.001 (F3), 0.0001 (F4) and 0.00002 (F5). We used the QSkin Cohort (1,285 melanoma cases and 15,423 controls) to validate the derived PRS models and select the best performing one. First, we used the LDpred-adjusted effect sizes (log ORs) and the imputed allelic dosages to compute PRS for each individual using PLINK 1.9 (Chang et al. 2015). Then we calculated and used Nagelkerke’s R2 (Nagelkerke 1991) to select the optimally performing PRS model by comparing the model fit for CM risk ~ Pigmentation PRS +age + sex +10 PCs, and a null model (CM risk ~ age + sex +10 PCs). Model performances are presented in Supplementary Figure 2. The best performing PRS model was subsequently used to explore the association between the skin colour PRS and melanoma risk in the QSkin cohort, and melanoma specific survival in UKB and MIA cohorts. The F1 2 mb LD radius model was the best performing model with Nagelkerke’s R2 of 3.1% (Supplementary Figure 2). It was thus used in all our subsequent analyses. 
[image: ]
Supplementary Figure 2: Skin colour polygenic risk score model performance in the validation cohort (QSkin). The x-axis represents the different melanoma polygenic risk score (PRS) models of varying fractions of causal SNPs (i.e. 1 (F0), 0.1 (F1), 0.01 (F2),0.001(F3),0.0001 (F4) and 0.00002 (F5)) at the different radii of the linkage disequilibrium (LD) (i.e. 2 megabase (mb) and 5 mb). The y-axis represents Nagelkerke’s R2 (%) for each of the 12 PRS models. The horizontal dashed black line highlights the optimal model (F1-2mb) (i.e. with the highest Nagelkerke’s R2). 





[bookmark: _oyczwdnv7uez]Generation of the standalone naevus count pathway polygenic risk score
We used naevus count PRS (Supplementary Table 5) of genome wide significant (5x10-8) SNPs from a previously published GWAS of naevus count (Duffy et al. 2018). In brief, the GWAS included 52,506 participants of European ancestry without melanoma, non-overlapping with the QSkin, MIA or UKB cohorts, from 11 cohorts from Europe, Australia, and USA. Details of the included cohorts and other quality control metrics have been published elsewhere (Duffy et al. 2018). Individual scores were generated in QSkin, MIA and UKB by using the SNP effect sizes (betas) as the weights and the imputed allelic dosages using PLINK 1.9 and analysed as done for the pigmentation PRS above. 

[bookmark: _3j93jv1703vl]Development and assessment of the standalone telomere length polygenic risk score.
Using data from the UKB we conducted a GWAS on telomere length (data field 22192; Z-adjusted T/S log) using linear mixed models using BOLT-LMM v2.3  (Loh et al. 2015), adjusting for sex, age and the first ten PCs. For the telomere length phenotype, adjusted leukocyte telomere length (Field 22191) was both loge-transformed to obtain a normal distribution and then Z-standardised (https://biobank.ndph.ox.ac.uk/ukb/field.cgi?id=22192). After excluding all participants who were included in the MSS analysis, of non-European ancestry and those who withdrew their participation in the UKB research, 433,431 individuals were available for the analysis. After the conducting the GWAS, we retained non-ambiguous, autosomal, bi-allelic SNPs with a minor allele frequency (MAF) > 1% and imputation quality score of 0.3 which overlapped in the validation (QSkin) and target (MIA and UKB) cohorts.
After performing LD clumping (r2 = 0.5%, and 5000 kb, and P < 1) to select independent SNPs, we generated 8 PRS models based on P-value thresholds less than; 5 x 10-8, 10-7, 10-6, 10-5, 10-4, 10-3, 10-2, and 10-1 and validated them in the QSkin Cohort (as described for skin colour PRS) to select the optimal telomere length PRS (PRSTL). PLINK/1.90b6.8 (Chang et al. 2015) was used for LD clumping. The PRS at P < 5 x 10-8 was selected as the best performing one (Nagelkerke’s R2 of 2.6%). First, we tested if PRSTL was associated with CM risk in the QSkin cohort (Supplementary Figure 3), then with MSS in the MIA cohort (Results). 

[bookmark: _74acz0bwiv0k]Testing the association between skin colour, naevus count and telomere length genetics and melanoma specific survival 
In addition, we assessed if independent polygenic risk scores for pigmentation (PRSP), naevus count (PRSN) and telomere length (PRSTL) were associated with MSS. First, we generated PRSP, PRSN, and PRSTL using data independent of the QSkin (validation cohort) and selected the best models as described previously. After validating that these PRS were associated with CM risk in QSkin (Supplementary Figure 3), we tested if they were associated with MSS in UKB and MIA, as above; MIA and UKB estimates were combined by fixed effects meta-analysis (Supplementary Figure 5 (PRSP & PRSN) and Results (PRSTL).









[bookmark: _4rs5o2j6l2g6]Supplementary Results
[bookmark: _7nmxlg2hi7x]Supplementary Figure 1:
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Supplementary Figure 1: Manhattan plot for the MSS GWAS meta-analysis between MIA and UKB cohorts. 






[bookmark: _45u5a6lc85e2]Association of the cutaneous melanoma polygenic risk score with melanoma risk. 
After adjusting for age at diagnosis, sex and the first ten PCs, a one SD increase in the PRSCM was positively associated with CM risk (OR = 1.80, 95% CI = 1.69—1.92, P = 8.7 × 10-71) in the validation cohort (Supplementary Figure 3). The association was largely contributed, but not entirely driven by the pigmentation and naevus pathways. The PRSCM models without the naevus and pigmentation genomic regions were still associated with increased risk of CM (PRSCMexN ; OR = 1.53, 95% CI = 1.43—1.64, P = 3.99 × 10-37 and PRSCMexP; OR = 1.35, 1.27—1.43, P = 2.46 × 10-24). The naevus count, skin colour (pigmentation) and telomere length PRSs were also associated with increased risk melanoma (PRSN; OR = 1.16, 95% CI = 1.09—1.22, P = 6.32 × 10-7, PRSP; OR = 1.22, 95% CI = 1.15—1.30, P = 7.58 × 10-11, and PRSTL; OR = 1.38, 95% CI= 1.05—1.82, P = 0.0230).
[image: ]
Supplementary Figure 3: The association between polygenic risk scores and the risk of melanoma in QSkin. 
The x-axis represents the different polygenic risk score (PRS) models represented in red (Full melanoma model), dark green (melanoma model after excluding the naevus count loci), green (melanoma model after excluding the pigmentation loci), cyan (an independent naevus count PRS model), blue (an independent skin colour PRS) and pink (an independent telomere PRS). Skin colour phenotype was rank normalised in the order brown, dark olive, light olive, fair and very fair. The y-axis represents the odds ratio for melanoma risk per standard deviation (SD) increase in the respective PRSs. Error bars are the 95% confidence interval for each PRS model. All models were adjusted for age, sex and the first ten principal components. 


[bookmark: _e161bikilxb0]Melanoma prognostic factors, PRS and survival
 The PRS_susceptibility was also not a predictor of advanced tumour stage (I/II- no, and III/IV- yes) (OR =1.02 95%CI= 0.94- 1.10, P= 0.64357) and primary tumour thickness (thin -no, and thick -yes,) (OR = 1.003, 95%CI= 0.95-1.06, P= 0.89580). Yet advanced tumour stage and primary tumour thickness (as expected) were strong predictive factors for MSS (advanced stage; HR =3.12, 95%CI= 2.63 - 3.70, P = 5.97 x10-40; adjusted for age, sex, tumour thickness and 10 PCs, and tumour thickness (thick vs thin); HR = 2.00, 95%CI=1.63- 2.47, P= 6.93 x 10-11). 

[bookmark: _wcqdf0sj9uo9]Variation of MSS across PRS quartile in the MIA cohort
Compared to the bottom quartile (Q1), participants in the top quartile (Q4) with the highest genetic risk for CM were 38% less likely to die due to melanoma (HR = 0.62, 95% CI = 0.51-0.76, P = 2.34 × 10-6) (Supplementary Figure 4).
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Supplementary Figure 4: The association by quartile of polygenic risk for melanoma susceptibility and melanoma specific survival in the MIA cohort 
This analysis of the MIA cohort includes 5,762 patients, of which 800 died from melanoma. The x-axis represents the different quartiles for the CM polygenic risk score (PRS) from Q1 to Q4. The y-axis represents the hazard ratio (HR) and the 95% confidence interval (CI) computed using Cox proportional-hazards models for each quartile adjusting for age at diagnosis, sex, 10 PCs and genotype batch effects.





Supplementary Figure 5: Association of standalone skin colour and naevus PRSs and melanoma specific survival in MIA and UKB. 
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