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ABSTRACT

Melanoma heritability is among the highest for cancer and single nucleotide
polymorphisms (SNPs) contribute to it. To date, only SNPs that reached statistical significance
in genome-wide association studies or few candidate SNPs have been included in melanoma risk
prediction models. We compared four approaches for building polygenic risk scores (PRS) using
12,874 melanoma cases and 23,203 controls from Melanoma Meta-Analysis Consortium as a
training set, and newly genotyped 3,102 cases and 2,301 controls from the MelaNostrum
consortium for validation. We estimated adjusted odds ratios (ORs) for melanoma risk using
traditional melanoma risk factors and the PRS with the largest area under the Receiver Operator
Characteristics curve (AUC). We estimated absolute risks combining the PRS and other risk
factors, with age- and sex-specific melanoma incidence and competing mortality rates from Italy
as an example. The best PRS, including 204 SNPs (AUC= 64.4%; 95% CI=63-65.8%),
developed using winner’s curse estimate corrections, had a per-quintile OR=1.35 (95% CI=1.30-
1.41), corresponding to a 3.33-fold increase comparing the 5Sth to the 1st PRS quintile. The AUC
improvement by adding the PRS was up to 7%, depending on adjusted factors and country. The
20-year absolute risk estimates based on the PRS, nevus count and pigmentation characteristics
for a 60-year old Italian man ranged from 0.5% to 11.8% (RR=26.34), indicating good

separation.
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INTRODUCTION

The incidence of cutaneous melanoma is increasing in western countries (1-3), with about
132,000 new cases worldwide each year. Melanoma is highly curable when detected in its
earliest stages, with a 5-year survival rate of 98%. However, notwithstanding improved
treatments in recent years (4-6), survival rates decline to 62% and 18% for regional and distant
stage disease, respectively (2, 7). Identifying subjects at high risk for melanoma is critical to
provide targeted screening and early detection, and numerous melanoma risk prediction models
have been built to facilitate this aim (8-20). Previous models mainly included environmental or
host risk factors, such as age, family history, sun exposure, sunburns, number of melanocytic
nevi, and/or pigmentation characteristics. Several of these risk factors have a strong genetic
component and genetic factors are strongly implicated in the etiology of melanoma. Heritability
for melanoma has been estimated to be 58%, among the highest for cancer (21). Rare high-risk
variants in a few genes, such as CDKN2A(22), CDK4(23), BAPI (24), TERT (25), POTI (26,
27), ACD (28) and PARK? (29) and variants with intermediate allele frequency (~1-5%),
including variants in MITF (30), explain ~40% of familial melanoma, but account for a very

small proportion of melanoma in the general population.

A large proportion of missing heritability is due to common genetic variants(31), which,
when combined, may confer substantial risk. Genome-wide association studies (GWAS) of
cutaneous melanoma have identified 20 genetic loci associated with melanoma risk to date (32),
some of which are near genes related to pigmentation (ASIP, SLC45A2, HERC2/OCA2, MCIR,
and TYR) (33, 34) and/or are associated with nevus count (TERT, PLA2G6, CDKN2A-MTAP,

IRF4)(32, 35, 36). Building on these findings, a few previous reports of melanoma risk
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prediction models have combined 11 to 19 SNPs that reached genome-wide significance(37-39)

or a few candidate SNPs with biological relevance (38).

A considerable proportion of phenotypic variation can be explained by the combination
of genetic loci not achieving GWAS significance (40). In this study, we thoroughly explored
models that included SNPs selected based on different criteria to build polygenic risk scores that
could capture the underlying genetic risk for melanoma. We used the largest meta-analysis of
melanoma GWAS data to date from the Melanoma Meta-Analysis Consortium (MMAC) (32) as
a training set and validated the performance of the PRS in newly genotyped subjects from
Southern Europe, a population typically under-represented in melanoma studies, from the
MelaNostrum Consortium. We assessed the association of the PRS with melanoma risk, also
adjusting for host/environmental melanoma risk factors. Finally, we built an absolute risk model
for melanoma risk by combining relative risks for the PRS and other risk factors using the age-
and gender- specific melanoma incidence rates and competing mortality rates from Italy as
example. We identified a PRS including 204 SNPs that reached an AUC of 64.4%. The
combination of this PRS and the traditional risk factors for melanoma (light hair color, light eye
color, high sun sensitivity, large number of nevi as well as older age and male sex) strongly

stratified subjects based on melanoma risk.

RESULTS

Comparison of four models to estimate polygenic risk scores (PRS) using MMAC as a

training dataset and MelaNostrum as the testing dataset
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The characteristics of the MMAC training dataset are reported in Law et al. (32). The
genotyping testing set from the MelaNostrum Consortium included 5,599 subjects (3,124 cases
and 2,475 controls) from Greece, Cyprus, Italy and Spain. Of this set, all the 194 subjects from
Cyprus and two additional subjects had no phenotypic covariates and thus were excluded from
the analyses including traditional melanoma risk factors. Thus, the MelaNostrum population
(Table 1) included 775 melanoma cases and 752 controls from Greece; 1,266 cases and 361
controls from Italy; 1,061 cases and 1,188 controls from Spain. Cases included more women
than controls, were older, had lighter eye color and hair color, lower skin photo-type, and more
nevi. Subjects’ characteristics by country and study site are presented in Supplementary Tables

la and 1b.

The PRS in Model 1, with 17 genome-wide significant SNPs in MMAC (32) plus
rs4778138 as proxy for rs7164220, achieved AUC=62.8% (95% CI=61.4%-64.3%) in the testing
dataset. In model 2, the best AUC=63.9% (62.5%-65.4%) was achieved with the p-value
threshold=5x10" and r? = 0.01 for clumping. This model included 23 SNPs, comprising the 18
SNPs included in Model 1 plus five additional SNPs: four on chr.16 in the MCIR region, and
one on chr.9 in the CDKN2A/MTAP region. While keeping the LD clumping criteria at 7*=0.01
and changing p-value thresholds from 5x10® up to 10 (Model 2), the corresponding AUC
decreased steadily down to 55.6% (95%CI=54.1-57.1%) for p-value=10? (Fig 1). Using LDPred
(Model 3), the best AUC was 63.3% (95%ClI= 60.8-65.4%). Model 4, correcting for the
winner’s curse bias and using LD clumping ?=0.01, provided the PRS with the best performance
at p-value threshold 10, It included 204 SNPs, and had AUC= 64.4% (95% CI=63.0-65.8%)

(Figure 1). In the country-specific validation, the AUCs corresponding to the p-value 10, were



140  61.3%, 60.9%, and 63.7% (95% CI=61.4-66.0%) for the Greek, Italian and Spanish samples,
141  respectively (Supplementary Table 2). As a sensitivity analysis, we reran the validation

142 excluding all 196 subjects with missing phenotypic covariates to match the population used for
143 the overall analyses and obtained the same 204 SNPs. The 204 SNPs in the PRS with p-

144 value<10* are listed in Supplementary Table 3 and the corresponding genotyping data can be

145  found on github at this link: https://github.com/xtmgah/Melanoma PRS.

146
147  Association between PRS and melanoma risk in the testing dataset considering well

148  established melanoma risk factors

149 Melanoma traditional risk factors were associated with melanoma risk in MelaNostrum
150  data (Supplementary Table 4). The PRS with 204 SNPs was weakly, but significantly, correlated
151  with nevus count and pigmentation variables in MelaNostrum controls overall and in country-
152  specific analyses (Table 2). No correlation was observed with age, sex, and sun exposure. The
153  PRS was significantly associated with melanoma risk in the overall population and in each

154  country separately (Table 3). The OR per PRS quintile was 1.35 (95% CI=1.30-1.41) in the

155  overall population, which corresponds to a 3.3-fold increased melanoma risk comparing the
156  highest vs. the lowest PRS quintile. The ORs per PRS quintile were 1.31 (95%CI: 1.22-1.42) in
157  Greece, 1.32 (95%CI: 1.21-1.43) in Italy, and 1.40 (95%CI: 1.31-1.48) in Spain, corresponding
158  to a2.98, 3.04 and 3.79-fold risk increase in the highest vs. lowest PRS quintile, respectively.
159  Adjusting for demographic factors did not substantially change the ORs, while adjusting for
160  pigmentation factors and nevus count decreased the per quintile OR of PRS to 1.23 (95%

161  CI=1.13-1.35) in the overall population, and 1.29, 1.23, and 1.26 in Greece, Italy and Spain,

162  respectively. Additionally adjusting for sun exposure-related variables for the Italian and Spanish


https://github.com/xtmgah/Melanoma_PRS

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

samples did not affect the results (Table 3). There were no major differences in PRS-melanoma
associations by categories of age, sex, nevus count, pigmentation, or tumor characteristics (data

not shown).

The AUC differences from models without and with PRS varied by country (Table 4).
Adding the PRS improved the AUC by 7.3% in Italy and 2.0% in Spain (model with
demographic factors); this reflects the age distribution: cases and controls had similar age in the

Italian study, while controls were younger than cases in the Spanish study.

Absolute risk of developing melanoma in the Italian population

Absolute melanoma risk considering competing mortality risk showed substantial risk
separation by different risk profiles in the Italian population aged 50, 60 and 70 years; risks
ranged from 0.15% [0.16%] to 7.20% [3.66%] at 10 years and from 0.35% [0.29%] to 11.85%
[7.10%] at 20 years in men [women] across different combinations of PRS and phenotype risk
factors (Figure 2a and 2b and Supplementary Table 5). For example, a 60-year old Italian man in
the highest risk category (light eye color, red hair, I-1I skin photo-type, 50+ nevi, 5" PRS
quintile) had estimated 10-year and 20-year absolute melanoma risks of 5.38% and 11.76%,
respectively, compared to 0.21% and 0.48% for a man of the same age in the lowest risk
category (dark eye color, brown hair, IT1I-VI skin photo-type, <50 nevi, 1* PRS quintile). Similar
patterns were observed for women. The attributable risk of the PRS based on the relative risk

estimates from the cases was 0.26 in the Italian population.

DISCUSSION
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We report on a polygenic risk score for melanoma risk that combines 204 common SNPs
and had an AUC of 64.4%. This PRS was obtained using a model that corrected for the winner’s
curse bias in SNP effect size estimates. Based on the PRS, subjects in the highest quintile had
~2.5-fold risk of melanoma compared to those in the lowest quintile, after adjusting for other
major melanoma risk factors. Although not directly comparable, a 2.5 to 3-fold increased risk of
melanoma is equivalent or even stronger than the risk of very severe solar damage (10), family
history, gender, and many pigmentation and UV-related risk factors (10, 41). This PRS, in
combination with pigmentation characteristics and number of nevi, strongly differentiated
melanoma risk in the Italian population and thus could be useful towards identifying high-risk

subjects who could potentially benefit from increased surveillance.

Optimal p-value threshold to select SNPs for disease risk prediction depends on the
number of causal SNPs and their effect size distribution, and the sample size of the training data
set (40, 42). Accordingly, we thoroughly explored models that included SNPs based on different
selection criteria, to build polygenic risk scores that could capture the underlying genetic risk for
melanoma. We used a very large training data, to maximize the accuracy of the PRS. The AUC
(64.4%) of the best PRS is larger than the PRS-based AUCs for other cancers using the largest
GWAS summary data, such as the AUC for lung (56.4%), colorectal (57.4%), pancreatic
(58.7%) (43) or breast (61.5%) (44) cancers. It is only slightly smaller than the AUC (65.4%) for
prostate cancer (43), which was obtained using a training dataset three-times larger than the one
for melanoma. These results are consistent with the heritability estimates across cancers, which
are highest for melanoma (58%, 95% CI=43%-73%) and prostate cancer (57%, 95% CI=51%-
63%) (21). Absolute risk estimates for melanoma combining PRS and the other melanoma risk

factors stratified Italian subjects very well into high and low risk groups, suggesting potential
10
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application of PRS in melanoma precision prevention. We used the Italian population because
we could obtain age- and sex-specific incidence and mortality rates from cancer registries
(AIRTUM) (53, 54), which were not available for Spain and Greece, and we had data on the
traditional risk factors for this study population. Moreover, we wanted to investigate the range of
estimated absolute risks in a country without routine melanoma screening, where people are not
perceived to be at high risk for the disease, and so this model could constitute an important tool
for melanoma prevention. Similar calculation can be conducted for other countries using their
own age- and gender-specific melanoma incidence and mortality rates. Since the absolute disease
risk for short prediction intervals (e.g. 5 years) is proportional to the relative risk multiplied by
the age-specific baseline incidence, the PRS effect on absolute risk estimates could be
substantially stronger in populations with higher melanoma incidence rates, including Australia

and Northern European countries.

Several melanoma risk factors have a genetic component, and the PRS, including SNPs at
pigmentation- (e.g., SLC45A2 or MCIR) or nevus-associated (e.g., MTAP) loci, was weakly
correlated with both pigmentation characteristics and nevus count. Overall, the AUC
improvement provided by the PRS over traditional risk factors ranged from 0.8% to 1.7%
depending on the variables in the models, with some variability also due to the different study
designs across the countries. When only age and sex were included in the models, adding the
PRS improved the AUC, particularly in the Italian population where cases and controls were
matched on age. However, when pigmentation and nevi variables were added, the improvement
was reduced overall and for all countries. The impact of the PRS on absolute risk was more
noticeable, leading to a doubling of absolute risk for each profile when changing the PRS

quintile from the lowest to the highest. This was particularly meaningful for older men, who had
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the highest melanoma incidence rate in the Italian population. We could not test the effect of
PRS in subjects with or without family history of melanoma since few studies collected this
information. To avoid oversampling for family history that could bias the PRS effect estimates,

we specifically excluded studies that were sampled based on family history.

Since the training data mostly included subjects from Northern Europe, Australia and the
US and the validation set included subjects from Southern European countries (MelaNostrum),
we evaluated whether the PRS could be useful across different populations. The model
performance could be affected by the effect size (i.e., the odds ratio) of the SNPs in the PRS and
the variant allele frequency of the genes included in the PRS. We checked whether the effect
sizes of each of the 204 SNPs in the best PRS differed between the training set and MelaNostrum
subjects (Supplementary Table 6). The large majority of the SNPs had a similar effect size across
populations; only three SNPs (rs75286671 at chr.4, rs187989493 at chr.7, and rs139791480 at
chr.6) reached a statistically significant difference (p<2.45x10™). However, as expected, some
SNPs in pigmentation-associated loci, such as rs7164220 around HERC2, rs250417 around
SCLC45A2, and rs1805008 around MCIR, had different minor allele frequencies between the
training set and MelaNostrum (minor allele frequency=0.119 vs. 0.246; 0.03 vs. 0.09; 0.08 vs.
0.02, respectively). Thus, the PRS effect estimates can be transferred to other countries of
European ancestry, but the ability to discriminate subjects at high or low risk for the disease

could vary across different populations.

This study has many strengths. For building the PRS, we used the largest melanoma
GWAS data to date as a training set, a major determinant of the accuracy of PRS prediction (40).

We thoroughly explored different SNP selection criteria and statistical approaches, and chose

12
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one with the largest AUC to build the PRS. We genotyped for the first time many subjects from
Mediterranean populations, typically under-represented in melanoma studies, for independent
validation. We also studied the impact of PRS with and without traditional risk factors for
melanoma using various models. Finally, we estimated the absolute risk of melanoma for Italian

subjects with different risk profiles and combinations of PRS.

Some limitations should also be noted: we lack prospective cohort data for model
calibration, which would be ideal for the direct application of the risk prediction model to the
public health or clinical setting. However, when we tested the fit of the relative risk model that
was the basis of the absolute risk predictions using different approaches as proposed by Song et
al., (45) none of the tests indicated lack of fit of the model (p-values ranging from 0.08 to 0.78,
using 10,000 simulations). Thus, we conclude the relative risk model has adequate fit to the
Italian case-control data. An additional limitation is that there was an upward bias for AUC
estimate in Models 2, 3 and 4 with a single tuning parameter, because the validation dataset was
used for both selecting the tuning parameter and calculating AUC. Such bias is minimal
(typically less than 0.15%), as we have shown on simulation studies (43). Moreover, while we
conducted imputation for missing data in pigmentation and nevi variables (about 10% and 20%
of overall subjects), we had to exclude some traditional risk factors (e.g., family history) from
the models because of larger missing data from some studies. Finally, there was heterogeneity
among the contributing studies in study design and data collection, e.g., controls in some Spanish
and Greek studies were younger than cases, while cases and controls from the Italian studies
were matched on age. This discrepancy can explain the differences in the performance of the risk
prediction model when including only the demographic variables with the PRS (Table 4).

However, we saw no evidence of heterogeneity in SNPs’ odds ratios among studies, suggesting
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that SNP and PRS estimates should be broadly applicable. Moreover, the absolute risk model is

not affected by this issue because we only used the Italian studies which were age-matched.

Our study suggests that PRS, in combination with traditional melanoma risk factors, may
help identify subjects who could benefit from heightened skin examination and sun-avoidance.
Prospective analyses of the PRS together with other melanoma risk factors are needed to validate
the overall accuracy of risk prediction in Mediterranean and other countries. We expect that risk
models combining genetic and non-genetic risk factors will be further improved when larger

genetic studies become available in the future.

MATERIALS AND METHODS

Study population and genotyping

Our PRS was constructed using summary level data from a GWAS meta-analysis from
the Melanoma Meta-Analysis Consortium (MMAC) (32), including 11 GWAS from Europe,
Australia, and the U.S., totaling 12,874 melanoma cases and 23,203 controls. The details of the

study population, genotyping and quality control information are published previously (32).

We validated our PRS using independent GWAS data from the MelaNostrum
consortium, formed by clinicians and researchers from institutions dedicated to melanoma
management in Mediterranean countries. MelaNostrum included cases with histologically-
confirmed primary cutaneous melanoma and participants who were melanoma-free at study entry
from Italy, Spain, Greece, and Cyprus. Details of the design, data collection, and genotyping
methods are presented in the Online Data Supplement. All participants signed an informed

consent and the study was reviewed by Institutional Review Boards of the local hospitals and the

14
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National Cancer Institute. After quality control, 5,599 subjects (3,124 cases and 2,475 controls)
and 707,169 SNPs were used as a validation set for the PRS. Of the 5,599 subjects, 194 subjects
from Cyprus and two additional subjects had no phenotypic covariates and thus were excluded
from the additional analyses including traditional melanoma risk factors. Thus, the total number
of subjects for the overall analyses included 5,403 subjects (3,102 cases, 2,301 controls) from
Italy, Spain and Greece. Characteristics of the study population are summarized in Table 1 and

Supplementary Tables 1a and 1b.

Statistical analyses

Polvygenic risk score (PRS) computation

We built PRS using four methods based on odds ratios (OR;) or equivalently f, =
log(éPt), and p-values p, from logistic regression analysis fit to each SNP individually in
MMAC (32) (the training data).

The first PRS (Model 1) included only K=18 SNPs achieving genome-wide significance
in MMAC. Note that, for each locus, only the most significant SNPs were selected into the PRS.

For each subject i in the validation dataset, the PRS was then calculated as
K
PRS; = ) e g
t=1

where g;; 1s the genotypic value for SNP t for subject i.
The second PRS (Model 2) used different p-value thresholds for SNP inclusion (46).
Briefly, we first performed linkage disequilibrium (LD) clumping with PLINK(47) using

correlation 72 = 0.01 and window size 5 Mb, guided by the SNP p-values in the training data.
15
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Sensitivity analysis was performed using 72 = 0.1, 0.2 and 0.3. Assuming there are M SNPs after

LD clumping, the PRS for subject i with p-value threshold p is

M
PRS;(p) = Z Br 9:1(P: < ),
t=1

where I=1 if P, < p and I=0 otherwise, and the p-value threshold was chosen as 5x107, 107,
10,10, 10*, 102 and 102, The optimal p-value threshold was the one that maximized the
prediction performance in the validation sample.

The third PRS (Model 3) was constructed using LDPred (48). LDPred includes all
analyzed SNPs while re-estimating the effect size f; as the posterior mean by conditioning on
the marginal effect size estimates for all SNPs and LD information in a local region. Compared
to the other models that require LD clumping, LDPred may have better performance when
multiple SNPs in a local region are independently associated with the phenotype.

Finally, the fourth method (Model 4) is similar to Model 2 but corrects the effect size
estimation for winner’s curse, i.e. the fact that effect estimates for SNP selected based on having
small p-values are upwardly biased. We recently demonstrated that correcting for this bias can
improve the predictive performance of PRS (43). Following this approach, we bias-corrected the

SNP specific estimates 3, to obtain
Brec(p) = sign(B.) |18 — Aw)| 1 (18] > 1)),
where A(p) depends on the p-value threshold p: A(p) = &1 (1 - g) ;. Here, ®() is the

probability distribution function for a standard normal distribution.

16
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The rs4778138 SNP was reported as significant in MMAC but was not imputed well in
MelaNostrum; thus, we included rs7164220 (LD R?=0.6 with rs4778138) in all models even if it
did not achieve the required significance level.

We evaluated the prediction performance of the four PRS scores in the MelaNostrum
GWAS (the testing data) by calculating the area under the Receiving Operator Characteristics

(ROC) curve (AUC) using the R package “pROC” (49) with bootstrap confidence intervals.

Contribution of PRS on melanoma risk prediction

We assessed the association of the PRS with the best predictive performance (coded in
quintiles) with melanoma risk, alone and with additional risk factors, and evaluated its
performance in risk prediction in the MelaNostrum data.

We imputed traditional risk factors, allowing for interactions with case-status. The
variables were assumed to be categorical and included: age at diagnosis for cases or at study
enrollment for controls, eye color (dark, medium, light), hair color (black, dark
brown/light/reddish brown, blond, red), intermittent sun exposure (none/some, high), sunlamp
use (yes, no), actinic keratosis (yes, no), chronic sun exposure (yes, no), skin type (I-1I, III-VI),
sunscreen use (yes, no). We did not impute missing family history and did not use this
information in the model. The imputation was conducted using IVEware (50), and we analyzed
the M=5 imputed datasets, accounting for the random imputation in the variance computation
using PROC MIANALYZE (Inc. SI. SAS 9.3. Cary, NC2011) (51). The largest amount of

missingness was seen for sunscreen use (57.76%, excluded from the model); eye and hair color
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had <15% missing data. We observed no substantial differences in our findings when we
excluded individuals with missing values in a sensitivity analysis (data not shown).

ORs and 95% confidence intervals (Cls) for association were calculated using logistic
regression models (PROC Logistic, SAS 9.3). PRS quintiles were coded as an ordinal variable.
We used data harmonized across the different studies and countries to adjust the PRS models.
Specifically, models were: 1) not adjusted; 2) adjusted for demographic factors only (age, sex,
country of residence: Greece, Italy, Spain); 3) adjusted for demographic factors, pigmentation
variables (eye color, hair color, skin phototype) and nevus count. Models adjusted for linear
combinations of pigmentation characteristics obtained using factor analysis (52) yielded similar
estimates and are thus not shown. We included an agexstudy site interaction term in the models
to accommodate different age distributions across studies. We computed two-sided p-values
using Wald tests; p<0.05 was considered statistically significant.

We also stratified all analyses by country of residence. We further adjusted Italian models
for chronic sun exposure, intermittent sun exposure and history of sunburns, and Spanish models
for chronic sun exposure, chronic sun damage, acute sun damage and history of sunburns.

Contributions of PRS to prediction performance were evaluated by the difference of AUC
between models with and without PRS, computed based on cross-validation, overall and by

country.

Projecting probabilities (absolute risk) of developing melanoma in Italian subjects

The absolute risk r*(a,b) of melanoma in the age interval (a,b) is the probability of
developing melanoma during that interval, given that one is alive and free of previous melanoma

at age a,
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r*(a,b) = jg/lm (X exp(={[ A (u,2)+ Ay (, )yl (1)

The melanoma hazard rate Am was modeled as Am(a,x)= (1-AR(X)) exp(px) A*(a) as the
product of one minus the age- and sex-specific attributable risk for all the risk factors in the

model, the relative risk, exp(x), that includes covariates x , and age and sex specific incidence

rates from ITACAN, http://itacan.ispo.toscana.it, pooling data from 38 Italian cancer registries in
2009. For details see Pfeiffer and Gail (53), Chapter 5. The competing deaths hazard Ap was
estimated by subtracting 5-year age and sex-specific mortality rates for melanoma from 5 year-

age and sex specific all-cause mortality rates from ITACAN.

The attributable risk of the PRS was estimated using the Bruzzi formula (54).
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FIGURE LEGENDS

Figure 1. Area under the curve (AUC) and 95% confidence intervals (CI) for three different
models. Model 2 (see Methods section for details) used LD clumping r2=0.01, and different p-
value thresholds for SNP inclusion. Model 3 was constructed using LDPred (47). Model 4 is
similar to Model 2 but corrects the effect size estimation for winner’s curse (43). Model 1 is not

represented in the Figure; it has AUC=62.8%.

Figure 2. 10- and 20-year absolute risk of melanoma for Italian men (Fig. 2a) and women (Fig.
2b), by age and risk profile. The absolute risk was estimated in a model that includes the PRS
and other established risk factors, using age- and sex- specific incidence rates of melanoma as
well as death rates of other causes from the Italian population. Corresponding risks are also

shown in Supplementary Table 5.

SUPPLEMENTARY MATERIAL

Supplementary Figure 1. Quantile-quantile plot for the genome wide association study of
melanoma in the MelaNostrum consortium

Supplementary Table 1a. Characteristics of 5403 subjects in the MelaNostrum Consortium
(validation set), by country. Supplementary Table 1b. Characteristics of subjects in the
MelaNostrum Consortium (validation set), by Italian sites

Supplementary Table 2. Performance of risk prediction model (area under the curve) based on
continuous polygenic risk score by p-value thresholds and study site

Supplementary Table 3. 204 SNPs in the polygenic risk score using the Winner’s Curse

Correction mode
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Supplementary Table 4. Association between traditional risk factors and melanoma risk in the
Mediterranean population using imputed data

Supplementary Table 5. 10- and 20-year absolute risk of melanoma for Italian men and women,
by age and risk profile.

Supplementary Table 6. Comparing the effect size and minor allele frequency of the 204 SNPs
in the PRS between the Melanoma Meta-Analysis Consortium and MelaNostrum Consortium
data

ONLINE DATA SUPPLEMENTS: Study populations in MelaNostrum consortium and

supplementary methods
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Table 1. Characteristics of the MelaNostrum study population (n=5403)

Case Control
N=3102 % N=2301 %
Study site Greece 775 25.0 752 32.7
Italy 1266 40.8 361 15.7
Spain 1061 34.2 1188 51.6
Sex* Male 1453 46.8 1241 53.9
Female 1649 53.2 1060 46.1
Age® <29 241 7.8 544 23.6
30-39 494 15.9 576 25.0
40-49 652 21.0 528 22.9
50-59 636 20.5 319 13.9
60-77 870 28.0 242 10.5
>78 143 4.6 26 1.1
Missing 66 2.1 66 2.9
Family history of No 1919 61.9 853 37.1
melanoma Yes 227 7.3 159 6.9
Missing 956 30.8 1289 56.0
Eye color? Dark 1198 38.6 1262 54.8
Medium 1065 34.3 644 28.0
Light 575 18.5 241 10.5
Missing 264 8.5 154 6.7
Hair color? Black 323 10.4 342 14.9
Dark brown/light/reddish
brown 1874 60.4 1607 69.8
Blond 486 15.7 147 6.4
Red 126 4.1 37 1.6
Missing 293 9.4 168 7.3
Skin phototype® III-VI 1521 49.0 1250 54.3
I-1I 1349 43.5 779 33.9
Missing 232 7.5 272 11.8
Nevi? <50 816 26.3 1143 49.7
>50 1702 54.9 631 27.4
Missing 584 18.8 527 22.9
Acute sun damage®  No 465 43.8 782 65.8
Yes 521 49.1 334 28.1
Missing 75 7.1 72 6.1
Chronic sun No 822 77.5 1089 91.7
damage® Yes 180 17.0 44 3.7
Missing 59 5.6 55 4.6
Sunburns® No 604 26.0 238 10.2
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Yes 1458 62.7 1123 48.2
Missing 265 11.4 188 8.1
Intermittent sun No/some 740 58.5 248 68.7
exposure® High 429 33.9 83 23.0
Missing 97 7.7 30 8.3
Chronic sun No 1288 55.4 1108 71.5
exposure® Yes 483 20.8 298 19.2
Missing 556 23.9 143 9.2
Melanoma body site  Head/neck 347 11.2
Trunk 1254 40.4
Upper limbs 383 12.3
Lower limbs 703 22.7
Hands/feet 154 5.0
Unknown 212 6.8
Missing 49 1.6
Melanoma type SSM 1733 55.9
NM 365 11.8
LM 162 5.2
Acral 88 2.8
Mucosal 2 0.1
Undetermined 298 9.6
Missing 454 14.6
Multiple melanoma No 2564 82.7
Yes 342 11.0
Missing 196 6.3
<1.00 1060 34.2
1.01-2.00 440 14.2
Thickness according  2.01-4.00 335 10.8
to Breslow (mm) >4.00 215 6.9
Undetermined 176 5.7
Missing 876 28.2

*Variables included in all analyses

®Age at diagnosis for cases and age at study enrollment for controls

‘Due to high missing rates in some studies, these variables were only evaluated, and therefore

presented here, in subgroups of studies: acute and chronic sun damage are included in the

Spanish study; intermittent sun exposure is included in the Italian study; sunburn and chronic sun
exposure are included in both the Spanish and Italian studies.
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Table 2. Correlation of polygenic risk score® and phenotypes in the MelaNostrum control

population, overall and by country of residence

Phenotype Corr P N
Overall

Sex: O0=male 1=female -0.01 0.55 2301
Age® 0.04 0.07 2235
Nevus count: 1=<50; 2= >50 0.13 <0.0001 1774
Eye color: O=dark, 1=medium, 2=light 0.09 <0.0001 2147
Hair color: 1=black,2=dark brown/light/reddish brown,

3=blond,4=red 0.14 <0.0001 2144
Skin phototype: 0=II1-VI; 1=I-1I 0.15 <0.0001 2029
Greece

Sex: O0=male 1=female -0.05 0.14 752
Age® 0.003 0.94 692
Nevus count: 1= <50; 2= >50 0.16 0.006 313
Eye color: O=dark, 1=medium, 2=light 0.1 0.02 634
Hair color: 1=black,2=dark brown/light/reddish brown,

3=blond,4=red 0.18 <0.0001 636
Skin phototype: O=I11-VI; 1=I-11 0.17 <0.0001 623
Italy

Sex: O=male 1=female -0.02 0.74 361
Age® -0.04 0.41 358
Nevus count: 1=<50; 2= >50 0.07 0.22 304
Eye color: O=dark, 1=medium, 2=light 0.09 0.10 354
Hair color: 1=black,2=dark brown/light/reddish brown,

3=blond,4=red 0.14 0.008 345
Skin phototype: O=III-1V; 1=I-11 0.23 <0.0001 355
Sunburns: 0=no; 1=yes 0.04 0.53 249
Intermittent sun exposure: O=none/some; 1=high -0.04 0.53 331
Chronic sun exposure: 0=no; 1=yes -0.04 0.50 249
Spain

Sex: O=male 1=female 0.01 0.83 1188
Age® 0.02 0.50 1185
Nevus count: 1=<50; 2= >50 0.07 0.02 1157
Eye color: O=dark, 1=medium, 2=light 0.03 0.26 1159
Hair color: 1=black,2=dark brown/light/reddish brown,

3=blond,4=red 0.11 0.0001 1152
Skin phototype: O=III-VI; 1=I-1I 0.11 0.0002 1095
Acute sun damage: 0=no; 1=yes -0.01 0.81 1116
Chronic sun damage (actinic keratoses): O=no; 1=yes 0.05 0.06 1133
Sunburns: O=no; 1=yes -0.007 0.81 1112
Chronic sun exposure: 0=no; 1=yes -0.001 0.95 1157
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632

Continuous score based on the best winner’s curse model
®Age at diagnosis for cases and age at study enrollment for controls
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633  Table 3. Odds Ratios (OR) between PRS and melanoma risk, adjusting for different

634 melanoma risk factors

635
ORper 195 U95 p ORSseh vs.15t
quintile quintile
Overall
PRS 1.35 1.30 1.41 <0.0001 3.33
PRS+Demographics® 1.35 1.29 1.41 <0.0001 3.30
PRS+Demographics + pigmentation® + nevi 1.23 1.13 1.35 <0.0001 2.32
Greece
PRS 1.31 122 1.42 <0.0001  2.98
PRS+Demographics? 1.33 1.23 1.44 <0.0001 3.11
PRS+Demographics + pigmentation® + nevi 1.29 1.19 1.40 <0.0001 2.76
Italy
PRS 1.32 1.21 143 <0.0001 3.04
PRS+Demographics® 1.32 1.21 1.44 <0.0001 3.02
PRS+Demographics + pigmentation® + nevi 1.23 1.13  1.35 0.0003 2.32
PRS+Fully adjusted® 1.23 1.12 1.35 <0.0001 2.29
Spain
PRS 1.40 1.31 1.48 <0.0001 3.79
PRS+Demographics® 1.38 1.29 1.48 <0.0001 3.63
PRS+Demographics + pigmentation® + nevi 1.26 1.16 1.37 <0.0001 2.55
PRS+Fully adjusted 1.27 1.17 1.38 <0.0001 2.62

636  PRS: Polygenic risk score

637  *Demographic includes age, sex, and country (for overall population)
638  °Pigmentation includes eye color, hair color and skin phototype
639  ©Full model in the Italian population additionally adjusted for chronic sun exposure, intermittent

640  sun exposure, and history of sunburns

641 4 Full model in the Spanish population additionally adjusted for chronic sun exposure, chronic

642  sun damage, acute sun damage and history of sunburns
643
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644  Table 4. Performance of risk prediction model with and without polygenic risk score

645
Area Under the Curve (95% CI) P-
Traditional covariates in models Model without PRS  Model with PRS AUC difference difference
Overall
Demoeraphic? 76.5% 78.2% 1.7%
grap (75.2%-77.8%) (77.0%-79.4%) (1.1%-2.2%) <0.0001
Demographic+pigmentation®+nevi 80.1% 81.0% 0.8%
(78.9%-81.3%) (79.8%-82.2%) (0.5%-1.2%) <0.0001
Greece
Demoeraphic® 67.9% 70.7% 2.7%
grap (65.2%-70.7%) (68.0%-73.4%) (1.3%-4.1%) 0.0002
Demographic + pigmentation® + nevi 69.8% 71.7% 1.9%
(67.1%-72.5%) (69.1%-74.4%) (0.7%-3.1%) 0.003
Italy
Demoeraphic? 53.9% 61.2% 7.3%
grap (50.6%-57.2%) (57.8%-64.5%) (3.4%-11.2%) 0.0001
Demographic + pigmentation® + nevi 64.8% 66.6% 1.7%
(61.6%-68.1%) (63.4%-69.8%) (0.6%-3.0%) 0.04
Fully adiusted® 67.0% 68.5% 1.4%
yadl (63.7%-70.3%) (65.4%-71.7%) (-0.1%-2.9%) 0.07
Spain
Demoeraphic® 78.6% 80.6% 2.0%
grap (76.7%-80.5%) (78.8%-82.4%) (1.2%-2.8%) <0.0001
Demographic + pigmentation® + nevi 87.7% 88.3% 0.5%
(86.3%-89.3%) (86.8%-89.7%) (0.1%-0.8%) 0.005
Fully adiusted? 88.7% 89.1% 0.4%
yadl (87.3%-90.1%) (87.6%-90.5%) (0.1%-0.7%) 0.005

646  PRS: Polygenic risk score

647  *Demographic includes age, sex, and country (for overall population)
648  "Pigmentation includes eye color, hair color and skin phototype
649  ° Full model in the Italian population additionally adjusted for chronic sun exposure, intermittent sun

650  exposure, and history of sunburns

651 ¢ Full model in the Spanish population additionally adjusted for chronic sun exposure, chronic sun
652  damage, acute sun damage and history of sunburns

653
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ABBREVIATIONS

SNPs: single nucleotide polymorphisms

PRS: polygenic risk scores

OR: odds ratio

CI: confidence intervals

AUC: Operator Characteristics curve

GWAS: Genome-wide association study

LD: linkage disequilibrium
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