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 55 

UK Biobank 56 

Study samples 57 

This research has been conducted using data from UK Biobank, a major biomedical database 58 

(www.ukbiobank.ac.uk). A full description of the UK Biobank data has been reported 59 

previously.1 60 

 61 

Participant characteristics 62 

Self-reported ease of tanning was determined from the question “What would happen to 63 

your skin if it was repeatedly exposed to bright sunlight without any protection?”, with 64 

response options “Never tan, only burn”, “Get mildly or occasionally tanned”, “Get 65 

moderately tanned”, “Get very tanned”, “Do not know”, “Prefer not to answer” or missing 66 

value (data field 1727). We grouped “Do not know”, “Prefer not to answer”, and missing 67 

values into one category, referred to as “Not stated” (in the final dataset after quality 68 

control: n=7390 (1.9%), 219 (<0.1%), and 361 (<0.1%), respectively). 69 

Self-reported ethnicity was provided by UK Biobank as determined from an amalgam of 70 

sequential branching questions (data field 21000). 71 

The Townsend deprivation index was provided by UK Biobank (data field 189), based on 72 

participants’ postcodes immediately prior to participant joining UK Biobank. Higher scores 73 

signify higher deprivation.  74 

 75 

Cancer incidence data and death records 76 

Participants gave permission for their health records to be accessed and for linkage to 77 

national cancer registries which record pathologically and clinically diagnosed cancers; for 78 

melanoma, essentially all diagnoses have pathological verification. Invasive melanoma 79 

incidence (International Classification of Diseases (ICD) code C43 for ICD10 and 172 for 80 

ICD9) was determined through linkage to cancer registry records (provided by NHS Digital 81 
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for England and Wales, and National Records of Scotland, NHS Central Register for 82 

Scotland).  83 

Death records were provided by NHS Digital (for England and Wales) and the NHS Central 84 

Register (for Scotland).   85 

The main outcome of interest in this study was the first incidence of invasive melanoma, so 86 

we censored participants at the first event of i) date of first diagnosis of invasive melanoma, 87 

ii) date of death, or iii) end of the follow-up period (31 March 2016 for England and Wales, 88 

and 31 October 2015 for Scotland).  89 

 90 

Genotyping, imputation, and quality control 91 

UK Biobank participants were genotyped using the UK BiLEVE Axiom Array (n~50,000) or the 92 

UKB Axiom Array (n~450,000). The UK Biobank dataset and the quality control and 93 

imputation approaches applied have been described elsewhere in detail.1  94 

Within UK Biobank, biological samples were available for genetic analysis from 488,000 95 

participants. The majority of participants were genotyped using a purpose designed UK 96 

Biobank Applied Biosystems Axiom array assessing 826,000 SNPs and indels. The quality 97 

control and imputation approaches applied have been described previously.1  98 

 99 

UK Biobank provides lists of participants whose genetic results should be excluded on the 100 

basis of poor performance or close relatedness; these persons were excluded in our 101 

analysis. Non-European outliers were identified based on self-reported ethnicity and genetic 102 

principal components using an approach based on the UK Biobank definition of “Caucasian”, 103 

but with one slight modification. We considered all participants who specified their ethnicity 104 

as white (whereas UK Biobank typically automatically exclude “Irish” and “any other white 105 

background”), then applied the ‘aberrant’ routine in R2 to PCs 1&2, 3&4 and 5&6; the 106 

lambda parameter used was 100. This retained 397,430 individuals. We further excluded 76 107 

participants due to revoked consent and 1707 participants with prevalent melanoma at 108 

baseline, yielding 395,647 participants with data available for analysis. 109 

 110 

We used the --hardy 'midp' function in Plink v2 to calculate Hardy-Weinberg Equilibrium p-111 

values for PRS SNPs based on imputed data. We note that the very large sample size yields 112 

small p-values with even small differences between the observed and expected number of 113 

heterozygote individuals (smallest observed p=2.36x10-45 for rs7412746, observed het 114 

48.0%, expected 49.2%). Thus, upon inspection, we did not exclude any variants based on 115 

small p-values. We confirmed all variants had minor allele count >100 in the dataset. 116 

 117 

Finally, we obtained the imputation INFO score for all variants from UK Biobank resource 118 

197 (https://biobank.ctsu.ox.ac.uk/crystal/refer.cgi?id=1967, accessed 29/10/2021). All 119 

variants included in the PRS had INFO scores >0.78, with very high average score for each 120 

PRS indicating excellent quality of imputation (0.98 for PRS68 and PRS50 and 0.99 for 121 

PRS45). 122 

 123 

Melbourne Collaborative Cohort Study 124 

All MCCS participants provided informed consent and the Cancer Council Victoria Human 125 

Research Ethics Committee approved the study.3 126 

 127 
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Participant characteristics 128 

Self-reported ease of tanning was determined from the question “What best describes what 129 

happens to your skin when, or if, you are exposed to strong sunshine?” with response 130 

options “I usually burn and rarely tan”, “I burn first, then tan”, “I usually tan and rarely 131 

burn”. Self-reported ethnicity was determined from the question “Ethnic group(s)”, with 132 

options “Australian”, “New Zealander”, “Greek”, “Italian”, “Maltese”, “English”, “Scottish”, 133 

“Welsh”, “Irish”. We grouped these into categories as 1) Australian and New Zealander; 2) 134 

Greek, Italian, Maltese (abbreviated as “Greek/Italian”); 3) English, Welsh, Scottish, Irish 135 

(abbreviated as “British/Irish”). 136 

 137 

Cancer incidence data and death records 138 

Incident melanomas (ICD10 code C43) were identified via linkage to the population-wide 139 

Victorian Cancer Registry and the Australian Cancer Database. Deaths were ascertained 140 

through record linkage to the Victorian Registry of Births, Deaths and Marriages, and the 141 

National Death Index at the Australian Institute of Health and Welfare.  142 

The main outcome of interest was first incidence of invasive melanoma, so we censored 143 

participants at the first event of i) date of first diagnosis of invasive melanoma, ii) date of 144 

death, or iii) end of the follow-up period (31 June 2016 or 10 years after the second follow-145 

up visit). 146 

 147 

Genotyping, imputation, and quality control 148 

Subcohort participants and additional participants with invasive melanoma were genotyped 149 

using the Illumina Infinium OncoArray-500k. Genotype imputation was done using the 150 

Michigan Imputation Server with the 1000 Genomes phase 3 data as reference panel.4 151 

After imputation, we retained SNPs with imputation r2≥0.3. 152 

Prior to quality control, data for 4,953 participants were available, of whom 4,710 were in 153 

the subcohort. 154 

We excluded 24 participants who were ancestry outliers as identified using the FastPop 155 

method.5  156 

To identify related individuals, we used the original post-QC genotype data, excluded SNPs 157 

with MAF<1% or Hardy-Weinberg Equilibrium (p<0.0001), pruned SNPs with LD r2>0.2, and 158 

then calculated pairwise identity-by-descent between all pairs of individuals using Plink 159 

v1.9. This yielded 55 pairs of individuals estimated to be second- or first-degree relatives 160 

(PI_HAT>0.2; 110 unique individuals), and we excluded one individual from each pair at 161 

random. 162 

We excluded 82 participants due to melanoma history prior to the baseline for this study 163 

(MCCS second follow-up visit). We also excluded 2 participants who were lost to follow-up 164 

due to migration <6 years after baseline, and 6 participants who were neither included in 165 

the subcohort nor had incident invasive melanoma in the 10-year follow-up period. We 166 

further excluded 19 participants with outlier values for genotype PCs 1-15 and 17-20 (>6 167 

standard deviations difference to the mean). The variation along PC 16 was continuous and 168 

no clear outliers were identified; however, we carried out the exclusion as a sensitivity 169 

analysis, with similar results to the main analysis throughout (see below). 170 

 171 

We used the --hardy 'midp' function in Plink v2 to calculate Hardy-Weinberg Equilibrium p-172 

values for SNPs included in the PRS based on imputed data, restricting the analysis to n= 173 

4528 individuals in the subcohort only. 174 
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We determined minor allele counts from dosage data. 175 

 176 

We also compared the allele frequencies of minor alleles in the MCCS subcohort to the 177 

frequencies of the same alleles in UKB data, calculating the Pearson correlation separately 178 

for the variants included in PRS68, PRS50, and PRS45 (see Supplementary Results section 179 

below). 180 

 181 

Finally, we checked that the average imputation r2 for the variants included in the PRS was 182 

very high (0.92 for PRS68, 0.93 for PRS50 and 0.87 for PRS45). 183 

 184 

Genome-wide association study meta-analysis 185 

Analysis of the individual, contributing GWAS was unchanged from Landi et al.6 The fixed-186 

effect inverse variance weighted meta-analysis of log(OR) effect-sizes analysis was 187 

performed excluding both the confirmed melanoma and the self-report melanoma GWAS 188 

derived from UK Biobank. Resultant N following the GWAS of 20 confirmed melanoma 189 

GWAS and the 23andMe self-report GWAS was 31,459 cases and 353,984 controls. 190 

 191 

In the full GWAS meta-analysis reported in Landi et al.,6 68 independent lead SNPs (P < 5 192 

x10-8) were identified in 54 loci. In the GWAS meta-analysis excluding UK Biobank 193 

participants, 50 of the 68 variants retained p<5x10-8 in the fixed effects meta-analysis 194 

(additionally requiring p<5x10-5 in the random-effects meta-analysis where I2>31% as per 195 

Landi et al.;6 Table S1). 196 

 197 

23andMe GWAS summary statistics 198 

Participants provided informed consent and participated in the research online, under a 199 

protocol approved by the external AAHRPP-accredited IRB, Ethical & Independent Review 200 

Services (E&I Review). Participants were included in the analysis on the basis of consent 201 

status as checked at the time data analyses were initiated. 202 

The full GWAS summary statistics for the 23andMe discovery data set will be made available 203 

through 23andMe to qualified researchers under an agreement with 23andMe that protects 204 

the privacy of the 23andMe participants. Please visit 205 

https://research.23andme.com/collaborate/#dataset-access/ for more information and to 206 

apply to access the data. 207 

 208 

Data sources for calculation of population-average absolute 10-year 209 

melanoma risk 210 

Victoria 211 

Age (5-year groups) and sex-specific population incidence and mortality rates were obtained 212 

from the Victorian Cancer Registry for the period 2009-2013. 213 

Scotland 214 

We obtained melanoma incidence and mortality data from Public Health Scotland 215 

(https://www.isdscotland.org/Health-Topics/Cancer/Cancer-Statistics/Skin/, accessed 2 216 

September 2020), all-cause mortality data from the National Records of Scotland 217 

(https://www.nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-theme/vital-218 

events/deaths, accessed 2 September 2020), and mid-year population estimates from the 219 

UK Office for National Statistics 220 



 

 6 

(https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/popula221 

tionestimates/datasets/populationestimatesforukenglandandwalesscotlandandnorthernirel222 

and, accessed 2 September 2020). 223 

 224 

England/Wales 225 

We obtained melanoma incidence data for England from the UK Office for National 226 

Statistics 227 

(https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditions228 

anddiseases/datasets/cancerregistrationstatisticscancerregistrationstatisticsengland, 229 

accessed 2 September 2020), and for Wales from the Welsh Cancer Incidence and 230 

Surveillance Unit (http://www.wcisu.wales.nhs.uk/cancer-incidence-in-wales, accessed 2 231 

September 2020). 232 

For both England and Wales, we obtained melanoma and all-cause mortality data from the 233 

UK Office for National Statistics 234 

(https://www.ons.gov.uk/peoplepopulationandcommunity/birthsdeathsandmarriages/deat235 

hs/datasets/deathsregisteredinenglandandwalesseriesdrreferencetables, accessed 2 236 

September 2020), and mid-year population estimates from the UK Office for National 237 

Statistics 238 

(https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/popula239 

tionestimates/datasets/populationestimatesforukenglandandwalesscotlandandnorthernirel240 

and, accessed 2 September 2020). 241 

 242 

Polygenic risk scores (PRS) 243 

PRS45 had been previously evaluated in population-based case-control studies7 and 244 

included 45 independent variants in 21 loci, of which 44 were genome-wide significant in 245 

genome-wide association studies8 and one variant (MITF rs149617956) with robust 246 

association from whole-genome sequencing9.  247 

PRS68 included 68 independent genome-wide significant variants in 54 loci from the 2020 248 

meta-analysis.6 As this meta-analysis included UK Biobank samples, we also repeated the 249 

meta-analysis without UK Biobank samples. We then based PRS50 on the 50 of 68 variants 250 

that retained genome-wide significance, also taking forward the odds ratios from the meta-251 

analysis without UK Biobank. 252 

 253 

Calculation of genotype-specific relative risk scores 254 

For all variants, we used pooled ORs from a fixed effects model meta-analysis, or a random 255 

effects model meta-analysis where there was evidence of heterogeneity (I2 ≥ 31%). 256 

We then followed a previously published approach10 to determine genotype-specific relative 257 

risk scores for each variant as follows.  258 

For a rare disease with log-additive risk model, a SNP with genotypes AA, AB, and BB and 259 

odds ratio ORSNP for allele B vs allele A has genotype-specific relative risks of 1, ORSNP, and 260 

ORSNP
2. If allele B has frequency pSNP in the population, then the genotypes AA, AB, and AB 261 

have frequencies (1-pSNP)2, 2pSNP(1-pSNP), and pSNP
2 under Hardy–Weinberg equilibrium. 262 

Thus, the expected population average relative risk is μSNP = (1 − pSNP)2 + 2pSNP(1 − pSNP)ORSNP 263 

+ pSNP
2ORSNP

2. We then normalised the genotype-specific relative risks for each SNP by μ so 264 

that the expected average relative risk in the population would be 1, i.e. used the scaled 265 

relative risks 1/μSNP, ORSNP/μSNP, and ORSNP
2/μSNP for AA, AB, and BB genotypes, respectively.  266 
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For a participant with gene dosages dAA, dAB and dBB for a given SNP, we obtained their SNP-267 

specific relative risk as dAA/μSNP + dABORSNP/μSNP + dBBORSNP
2/μSNP. Relative risks across SNPs 268 

were combined using a log-additive model to obtain a PRS-specific relative risk for each 269 

participant and each PRS. The normalisation approach also ensures the different PRS are on 270 

similar scales and comparisons between PRS are meaningful. 271 

 272 

For variants in PRS45, the expected allele frequencies were obtained from controls in the 273 

original GWAS meta-analysis. For variants in PRS68, the expected allele frequencies were 274 

based on the HRC reference panel, as calculated in the recent meta-analysis (Supplementary 275 

Table 3 of the 2020 GWAS meta-analysis paper6). We also carried out a sensitivity analysis 276 

based on allele frequencies from gnomAD, which yielded highly similar normalisation factors 277 

(see below). 278 

 279 

PRS normalisation factors using allele frequencies from gnomAD 280 

To check the sensitivity of the genotype-weights with respect to allele frequencies in the 281 

reference population, we obtained allele frequencies for all PRS45 and PRS68 SNPs from 282 

gnomAD11 v2.1.1, restricting the analysis to individuals who were not ascertained for having 283 

cancer in a cancer study (n=134,187), and with North-western European ancestry (n~4,250 284 

for non-exonic and n~23,500 for exonic variants). Due to the small number of Southern 285 

European individuals (n~50 for non-exonic variants), we did not carry out a separate analysis 286 

based on allele frequencies in these individuals. 287 

 288 

Population-average and PRS-adjusted absolute melanoma risks 289 

As participants completed the baseline at different time points, the potential maximum 290 

follow-up time for participants was different. To account for this, we obtained the final 291 

absolute melanoma risk for each participant by linearly scaling the absolute 10-year risk 292 

(multiplying the risk by the number of years between the participant’s recruitment and the 293 

end of the cancer incidence follow-up period and dividing by 10). 294 

We obtained PRS-adjusted absolute melanoma risks for each participant and each PRS by 295 

multiplying the corresponding sex-and-age-specific final absolute risk (adjusted for the 296 

maximum possible follow-up time for the participant) by the participants’ PRS-specific 297 

relative risk.  298 

 299 

 300 

Association between PRS and melanoma incidence 301 

The main fully-adjusted model included age, sex, self-reported ethnicity and ease of 302 

tanning, as well as the first 20 genetic principal components as covariates. We compared 303 

these results to unadjusted results from univariable models, as well as to results from 304 

partially-adjusted multivariable models that only included 1) age and sex; 2) age, sex, and 305 

self-reported ethnicity; 3) age, sex, self-reported ethnicity and ease of tanning.  306 

For UKB, all analyses including self-reported ethnicity excluded 2 participants with missing 307 

values, and we carried out an additional analysis by extending the main model to include 308 

additional covariates: 1) skin colour and hair colour; 2) education and Townsend deprivation 309 

index; 3) skin colour, hair colour, education and Townsend deprivation index. 310 

Moreover, we calculated association for PRS relative risk quintiles and separately, deciles, 311 

both using the 40-60th percentile as the reference category.  312 
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For UKB, PRS standard deviations (sd) were determined based on PRS values from all 313 

participants. For the MCCS, PRS standard deviations and the thresholds for PRS quintiles and 314 

deciles were determined based on the subcohort only. 315 

In all analyses, we obtained 95% confidence intervals for subhazard ratio (SHR) estimates. 316 

For MCCS, we further verified the results using weighted Cox regression (Prentice model, R 317 

function “cch” in package “survival”) which is designed for case-cohort studies, weighting 318 

data from subcohort participants by a factor of 1/0.22028 (where 0.22028 is the number of 319 

subcohort participants with final data included in the analysis (n=4,528) divided by the 320 

number of all participants who attended the second follow-up visit and did not have a prior 321 

diagnosis of invasive melanoma (n=20,556)). 322 

 323 

Calibration 324 

We evaluated calibration of unadjusted and PRS-adjusted absolute 10-year risks by 325 

comparing the expected (“E”) and observed (“O”) numbers of melanoma cases for each risk 326 

quintile (“E/O” ratio). For MCCS, we scaled up data from subcohort participants by a factor 327 

of 1/0.22028, and calculated robust standard errors for E/O to obtain 95% confidence 328 

intervals.12 For UKB, we calculated 95% confidence intervals for E/O by assuming a Poisson 329 

distribution for O, as 𝐸/𝑂 ∗ exp⁡(±1.96/√𝑂).13 As a potential limitation, we note that the 330 

scaling factor would be different based on data before or after quality control, as 331 

participants of non-European ancestry were more likely to be excluded during quality 332 

control, and could have different melanoma risk. 333 

For calibration by Townsend index in UKB, we categorised the Townsend deprivation index 334 

as quartiles based on the 395,647 participants after quality control and excluding 475 335 

participants with missing Townsend deprivation index values. We then assessed calibration 336 

for each quartile of the Townsend deprivation index. 337 

 338 

Discrimination 339 

We calculated the AUC for the PRS relative risk, as well as the unadjusted and PRS-adjusted 340 

absolute risks using the R function “roc”, with confidence intervals obtained using the 341 

function “ci” (both package “pROC”). The AUC ranges from 0 to 1, with 0.5 representing a 342 

completely random ranking and 1.0 perfect discrimination.  343 

 344 

R2 on the liability scale 345 

We used the method described by Lee et al.14 to convert the AUC values for the PRS relative 346 

risk, as well as the unadjusted and PRS-adjusted absolute risks, to the explained variance (R2 347 

on the liability scale). In particular, for a given AUC value, R2 on the liability scale can be 348 

calculated as  349 

R2 = 2*Q2/[(m2-m)2+ Q2^2*m*(m-t)+ m2*(m2-t)] 350 

where Q is the inverse of the cumulative density function of the normal distribution up to 351 

values of AUC, m is the mean liability for cases, m2 is the mean liability for controls, and t is 352 

the threshold on the normal distribution that truncates the proportion of disease 353 

prevalence K.  354 

Moreover, for a given disease prevalence K, m can be calculated as m=z/K, where z is the 355 

height of a normal density curve at the point according to K.  356 

Finally, m2 can be calculated as m2=-m*K/(1-K). 357 
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Therefore, the R2 on the liability scale can be obtained directly from the AUC and the 358 

population prevalence K of a disease, which was assumed to be 1.5% as in Landi et al.6 to 359 

allow for comparisons with previous work. 360 

 361 

Estimated 10-year absolute risks by PRS quintile and age 362 

We used the following approach to calculate estimates of 10-year absolute risks by PRS50 363 

quintile and age. We selected PRS50 for this illustration as the underlying GWAS data were 364 

independent of both UKB and MCCS, and it had better performance than PRS45. 365 

For males and females in England/Wales with European-ancestry and PRS50 in the top 20% 366 

of the distribution, the absolute risks for each age were approximated as 367 𝐴𝑅(𝑠𝑒𝑥, 𝑎𝑔𝑒) ∗ 𝑆𝐻𝑅(𝑡𝑜𝑝⁡𝑃𝑅𝑆⁡𝑞𝑢𝑖𝑛𝑡𝑖𝑙𝑒) 368 

where 𝐴𝑅(𝑠𝑒𝑥, 𝑎𝑔𝑒) is the unadjusted absolute risk for the respective sex and age group 369 

based on population-wide data for England/Wales, 𝑆𝐻𝑅(𝑡𝑜𝑝⁡𝑃𝑅𝑆⁡𝑞𝑢𝑖𝑛𝑡𝑖𝑙𝑒) is the SHR for 370 

the top PRS50 quintile in UKB relative to the reference middle quintile (see Table S4). The 371 

absolute risks for males and females in Scotland were estimated analogously based on 372 

population-wide data for Scotland and association results in UKB. For males and females in 373 

Victoria, the absolute risks were estimated analogously based on population-wide data for 374 

Victoria and association results in MCCS. We followed the same approach to estimate 375 

absolute risks for other PRS50 quintiles. 376 

We then calculated at which age males or females in the top or bottom 20% PRS50 would 377 

reach the same absolute risks as the population-average 50-year old of the same sex. 378 

 379 

Sensitivity analyses 380 

For UK Biobank, we carried out sensitivity analyses restricting to participants 1) with UK 381 

Biobank “Caucasian” flag and no "poor heterozygosity/missingness” flag (n=373,899); 2) 382 

recruited in England/Wales (n=365,449); 3) recruited in Scotland (n=30,198). 383 

For the MCCS, we carried out sensitivity analyses restricting to 1) participants with 10 years 384 

of follow-up data (n=4,314); 2) participants within 6 standard deviations of the mean on 385 

genetic principal component 16 (n=4,699); 3) participants with self-reported Australian/New 386 

Zealand ethnicity (n=3,613). Characteristics of these participants subgroups are summarised 387 

in Table S8. 388 

 389 

Appendix 1: Supplementary Results 390 

Comparison of allele frequencies in UKB and the MCCS  391 

For each of PRS68, PRS50 and PRS45, we found that the included variants had similar 392 

frequencies in the MCCS subcohort and UKB cohort data (Pearson r2 of 0.97-0.98 based on 393 

the minor allele in the MCCS subcohort, see Supplementary Methods and individual allele 394 

frequencies listed in Table S1). 395 

 396 

Associations of melanoma PRS with participant characteristics including 397 

traditional melanoma risk factors  398 

While participants’ self-reported ethnicity was not significantly associated with the PRS in 399 

multivariable analyses, we found significant associations in univariable analyses (p<0.0006; 400 

Table S3): MCCS participants with south-European ethnicity had 0.6-0.7-fold lower mean 401 
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PRS compared to those with Australian/New Zealand ethnicity; UKB participants with Irish 402 

ethnicity had 1.1-fold higher mean PRS than those with British ethnicity, and those with 403 

White/Other white ethnicity had 0.96-fold lower mean PRS. Participants with non-European 404 

ancestry were excluded, so those who self-reported Australian/New Zealand ethnicity in 405 

MCCS includes individuals descended from European migrants.  406 

 407 

Association of the melanoma PRS with melanoma incidence 408 

In UKB, the subhazard ratio (SHR) per 1 standard deviation of PRS was generally higher for 409 

PRS68 than for PRS50, but with overlapping confidence intervals, e.g. fully-adjusted: PRS68 410 

SHR=1.80 (95% confidence interval (CI) 1.71-1.88), PRS50 SHR=1.73 (95% CI 1.65-1.81). By 411 

contrast, the estimates for PRS68 and PRS50 were almost identical in the MCCS. 412 

We also considered the association of PRS quintiles and deciles with melanoma incidence 413 

(Figure S2; Table S4). 414 

With covariates as in the full model above, SHR estimates for the highest PRS decile 415 

compared to the 40-60% PRS percentiles were about 2.5-3.1 in UKB, and 1.5-2.5 in the 416 

MCCS (higher estimates for PRS68 and lower estimates for PRS45; Table S4).  417 

 418 

Calibration of absolute melanoma risks 419 

Analysing population-wide data from different calendar periods in the UK, we found that 420 

absolute melanoma risks by sex and 5-year age group have risen sharply in England/Wales, 421 

with some increases also observed in Scotland (Figure S3). For example, the estimated 10-422 

year risk of melanoma incidence for 65-69 year old males in England/Wales was 0.31% (95% 423 

CI 0.30-0.32%) based on 2001-2005 data, but 0.62% (0.61-0.63%) based on 2011-2015 data 424 

(2-fold increase). Moreover, the risk increase in England/Wales was generally stronger for 425 

older age groups, with a 1.75-fold increase for males aged 60-64 and about 1.5-fold 426 

increases for males aged 45-49, 50-55 and 55-59 over the same period. 427 

Thus, the calibration of absolute melanoma risk predicted for UKB depends on the calendar 428 

periods used to estimate sex-and-age specific risks from population-wide data. As described 429 

in the main text, the 2011-2015 period corresponds to the last five years of follow-up of UK 430 

Biobank participants, so the absolute risks from this period were used for further analysis. 431 

 432 

Given the overall under-prediction of melanoma incidence in the cohort based on age and 433 

sex data alone, we also considered a linear re-calibration of absolute risks so that the 434 

number of expected cases would equal the number of observed cases, in order to assess 435 

any relative under- or over-estimation by absolute risk quintile when incorporating the PRS 436 

(Figure 2). Except for the PRS45, where we found a trend towards over-prediction of risks 437 

for the lowest quintile of PRS45-adjusted absolute risks in the MCCS, and a slight under-438 

prediction of risks for the highest quintile of PRS45-adjusted absolute risks in UKB (Figure 2), 439 

95% confidence intervals for all other PRS45, PRS50 and PRS68 quintile estimates included 440 

unity. 441 

 442 

 443 

Discriminative ability of absolute melanoma risks with and without PRS 444 

At a threshold of the top predicted risk decile, the PRS68- and PRS50-adjusted absolute risks 445 

had same specificity (90%) but higher sensitivity for predicting melanoma incidence in UKB 446 

compared to unadjusted risks based only on age and sex (sensitivity 26% vs 15% 447 
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respectively, Table S6). At equivalent thresholds in the MCCS, the PRS68- and PRS50-448 

adjusted absolute risks had slightly higher specificity but lower sensitivity compared to 449 

unadjusted risks (91% versus 85% and ~24% versus 31%, respectively), resulting in higher 450 

positive and negative likelihood ratios (Table S6). 451 

 452 

Explained variation on the liability scale 453 

Assuming a population-wide melanoma prevalence of 1.5% for individuals aged 50-74,6 454 

PRS68 explains 5.3% (95%CI 4.4-6.2%) variation on the liability scale in UKB and 4.6% (2.9-455 

6.7%) in the MCCS, with similar estimates for PRS50 (4.7% (4.0-5.6%) and 4.3% (2.6-6.4%), 456 

respectively), and a slight decrease for PRS45 (3.7% (3.0-4.4%) and 2.1% (1.0-3.6%), 457 

respectively, see Table S7). For comparison, the total heritability captured by all variants 458 

included in the 2020 meta-analysis was ~8.5% (5-12%).6 459 

For the 10-year absolute risks, as per the discrimination analysis, the PRS-adjusted absolute 460 

risks explained significantly more variation than the unadjusted risks (e.g. PRS50-adjusted 461 

absolute risks: 6.2% (5.3-7.2%) in UKB and 7.0% (4.8-9.6%) in the MCCS; unadjusted risks: 462 

1.4% (1.0-2.0%) in UKB and 3.0% (1.6-4.9%) in the MCCS, see Table S7). 463 

 464 

 465 

Sensitivity analyses 466 

PRS normalisation factors using allele frequencies from gnomAD 467 

When substituting allele frequencies from North-western European individuals included in 468 

gnomAD into the genotype weights for PRS calculation, the resulting normalisation factors 469 

had very high correlations with the normalisation factors in the main analysis (Pearson 470 

r2>0.995).  471 

 472 

Association between PRS and participant characteristics 473 

In UK Biobank, the associations between PRS and participants’ characteristics were very 474 

similar when restricting the analysis to i) participants with UK Biobank “Caucasian” flag and 475 

no "poor heterozygosity/missingness” flag; or ii) those recruited in England/Wales only. 476 

When restricting the analysis to participants recruited in Scotland, the results were also very 477 

similar, with slightly attenuated association between genetic principal components and PRS. 478 

 479 

In the MCCS, the associations between PRS and participants’ characteristics were also very 480 

similar in all sensitivity analyses.  481 

 482 

Association between PRS and melanoma incidence 483 

The SHR estimates for the association between PRS and melanoma incidence were slightly 484 

attenuated when restricting the analysis to UK Biobank recruited in Scotland only, but with 485 

wider 95% confidence intervals that overlapped the estimates from the main analysis. The 486 

results of all other sensitivity analyses in UK Biobank and the MCCS were very similar to the 487 

main analyses. This included the weighted Cox cause-specific analysis of the MCCS data. 488 

 489 

Calibration of absolute melanoma risks 490 

The under-prediction of melanoma incidence in UK Biobank was attenuated when 491 

restricting the calibration analysis to participants recruited in Scotland only, with 95% 492 

confidence intervals for E/O including unity, e.g. PRS50-adjusted absolute risk: E/O=0.96 493 
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[95% CI 0.80-1.14] for participants recruited in Scotland only, compared to O/E=0.91 [95% CI 494 

0.87-0.95] in the main analysis). In the MCCS, the under-prediction was stronger when 495 

restricting analysis to participants with self-reported Australian/New Zealand ethnicity only, 496 

with E/O estimates outside the 95% confidence intervals for E/O estimates from the main 497 

analysis. For example, for the PRS50-adjusted absolute risks, we estimated E/O=0.57 (95% CI 498 

0.50-0.66) in this sensitivity analysis and O/E=0.67 (95% CI 0.59-0.77) in the main analysis. 499 

The results of all other sensitivity analyses were very similar to the main analysis. 500 

 501 

Discrimination analysis 502 

The results of all sensitivity analyses for the discrimination analyses were generally very 503 

similar to the results of the main analyses, with AUC estimates within the 95% confidence 504 

intervals from the main analysis. In UK Biobank, the AUC estimates for PRS relative risks and 505 

PRS-adjusted absolute risks were slightly lower in the analysis based on participants 506 

recruited in Scotland only, but with wide confidence intervals (e.g. PRS50-adjusted absolute 507 

risk AUC 0.66 (95% CI 0.62-0.71) for participants recruited in Scotland only, compared to 508 

AUC 0.68 (95% CI 0.67-0.69) in the main analysis based on the full UKB cohort). 509 

 510 

Comparison of discrimination to previous externally validated melanoma risk 511 

models  512 

A recent systematic review of melanoma risk prediction models identified 40 publications 513 

with 46 different models, of which only 6 publications included an external validation15 (and 514 

only 5 included AUC estimates based on independent validation data). 515 

Fortes et al. 2010 developed a model based on common nevi, skin and hair color, freckles, 516 

and sunburns in childhood; they found an AUC of 0.79 (95%CI 0.75-0.82) in the 517 

development data and 0.79 (95%CI 0.70-0.86) in an independent dataset,16 although a later 518 

study in another dataset estimated a lower AUC of 0.68 (95%CI 0.64-0.73).17 519 

Fang et al. 2013 constructed a PRS based on 11 genetic variants, with an AUC of 0.62 (95%CI 520 

0.60-0.65), compared to an AUC of 0.64 (95%CI 0.61-0.66) for a model based on age, sex, 521 

pigmentation, and an AUC of 0.69 (95%CI 0.64-0.69) for a model incorporating the 11 522 

genetic variants, age, sex and pigmentation.18 However, no external validation of AUC was 523 

provided. 524 

Davies et al. 2015 developed a model based on hair colour, skin type, freckling, family 525 

history of melanoma, total body nevus count, number of large (≥5mm) nevi on body, and 526 

history of sunburn.19 This model had an AUC of 0.75 (95%CI 0.73-0.78) in an independent 527 

validation dataset. A later study found a similar AUC in another independent dataset (0.72, 528 

95%CI 0.68-0.76).17 529 

Vuong et al. 2016 developed a risk model based on hair colour, nevus density, first-degree 530 

family history of melanoma, previous non-melanoma skin cancer and lifetime sunbed use.20 531 

This model achieved an AUC of 0.70 (95%CI 0.67-0.73) in the development data, with lower 532 

AUCs in four independent validation datasets: 0.66 (95%CI 0.63-0.69), 0.67 (95%CI 0.65-533 

0.70), 0.64 (95%CI 0.62-0.66), and 0.63 (95%CI 0.60-0.67). 534 

Cust et al. 2018 developed a risk model based on hair color, skin color, eye color, freckling 535 

as an adult, skin photosensitivity, self-reported nevi, sunbed use, keratinocyte cancer 536 

personal history, first degree family history of melanoma, vacation sun exposure, and 537 

blistering sunburns as a child, age, sex, also fitting the city of recruitment for the study 538 

populations and European ancestry as variables; this model had an AUC of 0.72 (95%CI 0.69-539 

0.75) in an Australian and 0.65 (95%CI 0.62-0.68) in a UK case-control study.7 Adding a PRS 540 
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based on 45 genetic variants (PRS45 included in the current study) increased the AUC to 541 

0.74 (95% 0.71-0.77; +0.023, p=0.003) and 0.68 (95%CI 0.65-0.71; +0.028, p=0.002), 542 

providing evidence that adding genomic risk information to traditional risk factors improves 543 

risk prediction. 544 

Vuong et al. 2020 developed a model based on clinically assessed number of naevi ≥2mm in 545 

diameter on the whole body and solar lentigines on the upper back (a 6-level scale), as well 546 

as self-reported hair colour at age 18 years and personal history of keratinocyte cancer.21 547 

This model had an AUC of 0.79 (95%CI 0.76-0.83) in the development data and 0.73 (95%CI 548 

0.70-0.75) in a validation dataset. 549 

Finally, a recent study (not included in the systematic review) evaluated the AUC of six 550 

previously proposed models (including two of the above) in an independent dataset, and 551 

generally found lower AUCs than those reported in the original studies.17 Except for one 552 

model with lower estimates, the 95%CIs for the weighted AUC on external validation for all 553 

models examined also overlapped the 0.68-0.69 AUC estimate for the PRS50-adjusted 554 

absolute risks reported in this study.  555 
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Supplementary Figures 571 

 572 
Figure S1. Distribution of melanoma PRS in (a) UKB and (b) MCCS participants, with 573 

statistics for the MCCS based on the subcohort only.  574 
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 575 
Figure S2. Association between melanoma PRS quintiles or deciles and melanoma 576 

incidence in (a) UKB and (b) the MCCS, with death as competing risk and adjustment for 577 

age, sex, self-reported ethnicity, ease of tanning and the top 20 genetic principal 578 

components. Estimates and p-values see Table S4. 579 

SHR: subhazard ratio. Bars show 95% confidence intervals. 580 

  581 
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 582 
Figure S3. Relative increase in 10-year absolute melanoma risks calculated from cancer 583 

registry and population data for England/Wales and Scotland. 584 

 585 

  586 
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 587 
Figure S4. Calibration of absolute melanoma risks (by risk quintile) for male participants of 588 

(a) UKB and (b) the MCCS. 589 

Bars show 95% confidence intervals.   590 
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 591 
Figure S5. Calibration of absolute melanoma risks (by risk quintile) for female participants 592 

of (a) UKB and (b) the MCCS. 593 

Bars show 95% confidence intervals.  594 
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 595 
Figure S6. Calibration of absolute melanoma risks by risk quintile and Townsend 596 

deprivation index quartile in UKB. 597 

Bars show 95% confidence intervals.   598 
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Supplementary Tables 599 

 600 

Table S1. Variants included in the PRS, with odds ratios and allele frequencies. 601 

 602 

Table S2. Associations between melanoma PRS and participants’ characteristics including 603 

traditional melanoma risk factors: estimates for association with PRS relative risk (fold-604 

difference on multiplicative scale) and their significance. 605 

 606 

Table S3. Associations between melanoma PRS and participants’ characteristics: results of 607 

multivariable and univariable sensitivity analyses.  608 

 609 

Table S4. Subhazard ratios (SHR) and 95% confidence intervals (CI) for association 610 

between PRS quintiles or deciles and melanoma incidence in UK Biobank and the MCCS 611 

(reference category: 40%-60% PRS percentile), with death as competing risk and adjusting 612 

for age, sex, self-reported ethnicity and ease of tanning, and the top 20 genetic principal 613 

components. 614 

 615 

Table S5. Calibration of age-and-sex-specific 10-year melanoma risks based on population-616 

wide data from different periods. 617 

 618 

Table S6. Sensitivity, specificity, positive likelihood ratio, and negative likelihood ratio 619 

based on PRS-adjusted absolute risk thresholds. 620 

 621 

Table S7. Variance (R2) on the liability scale explained by the PRS relative risk, as well as 622 

the unadjusted and PRS-adjusted absolute risks. 623 

 624 

Table S8. Characteristics of UK Biobank and MCCS participants included in sensitivity 625 

analyses (three sets each). 626 

 627 

  628 



 

 22 

References 629 

1 Bycroft C, Freeman C, Petkova D et al. The UK Biobank resource with deep 630 

phenotyping and genomic data. Nature 2018; 562: 203-9. 631 

2 Bellenguez C, Strange A, Freeman C et al. A robust clustering algorithm for 632 

identifying problematic samples in genome-wide association studies. Bioinformatics 633 

2012; 28: 134-5. 634 

3 Milne RL, Fletcher AS, MacInnis RJ et al. Cohort Profile: The Melbourne Collaborative 635 

Cohort Study (Health 2020). Int J Epidemiol 2017; 46: 1757-i. 636 

4 Das S, Forer L, Schonherr S et al. Next-generation genotype imputation service and 637 

methods. Nat Genet 2016; 48: 1284-7. 638 

5 Li Y, Byun J, Cai G et al. FastPop: a rapid principal component derived method to 639 

infer intercontinental ancestry using genetic data. BMC Bioinformatics 2016; 17: 122. 640 

6 Landi MT, Bishop DT, MacGregor S et al. Genome-wide association meta-analyses 641 

combining multiple risk phenotypes provide insights into the genetic architecture of 642 

cutaneous melanoma susceptibility. Nat Genet 2020; 52: 494-504. 643 

7 Cust AE, Drummond M, Kanetsky PA et al. Assessing the Incremental Contribution of 644 

Common Genomic Variants to Melanoma Risk Prediction in Two Population-Based 645 

Studies. J Invest Dermatol 2018; 138: 2617-24. 646 

8 Law MH, Bishop DT, Lee JE et al. Genome-wide meta-analysis identifies five new 647 

susceptibility loci for cutaneous malignant melanoma. Nat Genet 2015; 47: 987-95. 648 

9 Yokoyama S, Woods SL, Boyle GM et al. A novel recurrent mutation in MITF 649 

predisposes to familial and sporadic melanoma. Nature 2011; 480: 99-103. 650 

10 Mealiffe ME, Stokowski RP, Rhees BK et al. Assessment of clinical validity of a breast 651 

cancer risk model combining genetic and clinical information. J Natl Cancer Inst 652 

2010; 102: 1618-27. 653 

11 Karczewski KJ, Francioli LC, Tiao G et al. The mutational constraint spectrum 654 

quantified from variation in 141,456 humans. Nature 2020; 581: 434-43. 655 

12 Li SX, Milne RL, Nguyen-Dumont T et al. Prospective Evaluation of the Addition of 656 

Polygenic Risk Scores to Breast Cancer Risk Models. JNCI Cancer Spectrum 2021. 657 

13 Terry MB, Liao Y, Whittemore AS et al. 10-year performance of four models of breast 658 

cancer risk: a validation study. Lancet Oncol 2019; 20: 504-17. 659 

14 Lee SH, Goddard ME, Wray NR et al. A Better Coefficient of Determination for 660 

Genetic Profile Analysis. Genetic Epidemiology 2012; 36: 214-24. 661 

15 Kaiser I, Pfahlberg AB, Uter W et al. Risk Prediction Models for Melanoma: A 662 

Systematic Review on the Heterogeneity in Model Development and Validation. 663 

International Journal of Environmental Research and Public Health 2020; 17. 664 

16 Fortes C, Mastroeni S, Bakos L et al. Identifying individuals at high risk of melanoma: 665 

a simple tool. Eur J Cancer Prev 2010; 19: 393-400. 666 

17 Vuong K, Armstrong BK, Espinoza D et al. An independent external validation of 667 

melanoma risk prediction models using the Australian Melanoma Family Study. Br J 668 

Dermatol 2021; 184: 957-60. 669 

18 Fang S, Han J, Zhang M et al. Joint effect of multiple common SNPs predicts 670 

melanoma susceptibility. PLoS One 2013; 8: e85642. 671 

19 Davies JR, Chang YM, Bishop DT et al. Development and validation of a melanoma 672 

risk score based on pooled data from 16 case-control studies. Cancer Epidemiol 673 

Biomarkers Prev 2015; 24: 817-24. 674 



 

 23 

20 Vuong K, Armstrong BK, Weiderpass E et al. Development and External Validation of 675 

a Melanoma Risk Prediction Model Based on Self-assessed Risk Factors. JAMA 676 

Dermatology 2016; 152: 889-96. 677 

21 Vuong K, Armstrong BK, Drummond M et al. Development and external validation 678 

study of a melanoma risk prediction model incorporating clinically assessed naevi 679 

and solar lentigines. Br J Dermatol 2020; 182: 1262-8. 680 

 681 


