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Methods 

Statistical analysis 

Mediation analysis 

To estimate the independent contribution of MC1R variants on CM development, we performed a 

mediation analysis.1,2 Thus, we decomposed the overall risk estimate for CM associated with 

MC1R into a direct effect due to the non-pigmentary pathway and an indirect effect due to the 

pigmentary pathway. We estimated the direct effect of MC1R (any variant and the nine single 

common variants vs wild-type (WT)) on CM in the presence and in the absence of the Red-Hair-

Color (RHC) phenotype (controlled direct effect: CDE). The nine most common MC1R variants 

were V60L, D84E, V92M, R142H, R151C, I155T, R160W, R163Q and D294H and were tested 

with the dominant model, which was found in our previous study3 as the one with the lowest 

Akaike's Information Criterion for almost all the studies and variants. Following our previous 

publication,4 RHC phenotype was primarily defined as the presence of at least one of the following 

phenotypic characteristics: red hair, freckles, skin types I and II. We also estimated the natural 

direct effect (NDE) that, essentially, averages CDE over the population, and finally the indirect 

effect of MC1R mediated by RHC phenotype (natural indirect effect: NIE). The formulas used to 

calculate each effect were previously described in1,2 and are as follows. Let Y be the binary 

outcome, M the intermediate variable, A the exposure and C a set of multiple confounders. The 

outcome Y can be modelled using logistic regression as:  

logit{P(Y = 1|a, m, c)}=θ0 + θ1a + θ2m + θ3am + θ4’c 

where c is considered a vector and may contain multiple confounders.  

A dichotomous mediator M can as well be modelled via a logistic regression as: 



logit{P(M =1|a, c)}= β0 + β1a + β2’c 

Provided that the outcome is relatively rare and assumption previously described2 hold, we can 

derive CDE, NDE and NIE on the Odds Ratio scale as: 

log{ORCDE} = (θ1 + θ3m)(a-a*) 

where, for a binary exposure, the two exposure levels being compared would be a*=0 and a=1. 

Thus, the CDE expresses how much the outcome would change on average if the mediator were 

kept at level m uniformly in the population, but the exposure were changed from level a*=0 to 

level a=1.  

log{ORNDE} = {θ1 + θ3(β0 + β1a* + β2’c + θ2σ
2)} (a-a*) + 0.5θ3

2σ2(a-a*)  

where σ2 is the variance of the error term in the regression for the mediator M. Thus, the NDE 

expresses how much the outcome would change if the exposure were set at level a=1 versus level 

a*=0 but for each individual the mediator were kept at the level it would have taken in the 

absence of the exposure.  

log{ORNIE} = (θ2β1 + θ3β1a)(a-a*) 

Thus, the NIE expresses how much the outcome would change on average if the exposure were 

controlled at level a=1, but the mediator were changed from the level it would take if a*=0 to the 

level it would take if a=1. As it can be seen, when the interaction term θ3 equals zero, then the 

natural direct and the controlled direct effects coincide. By following5, it is useful to report both 

of them and when the exposure interacts with the mediator to cause the outcome, the estimation 

of the CDE depends on the value of the mediator itself, whereas the NDE provides a single 

summary of the direct effect in the study population. 

Sensitivity analyses were performed by using different definitions of RHC phenotype, calculated 

as 1) a score obtained by Multiple Correspondence Analysis,4 and 2) extreme categories of RHC 



phenotype: RHC subjects were defined as subjects with skin type I and at least one characteristics 

between red hair and freckles (N=265); non-RHC subjects were defined as subjects with skin type 

IV and brown/black hair and no freckles (N=317). The results of the sensitivity analyses basically 

agreed with those obtained with the primary definition of RHC phenotype and we therefore present 

only the results using the primary definition, which is simpler to interpret and replicate and is more 

powerful than extreme RHC definition. Mediation analysis was separately applied to each of the 

seven studies and Odds Ratios (OR) with 95% Confidence Intervals (CI) were obtained for Total 

Effect (TE), NDE, NIE, and CDE using unconditional logistic regression models including the 

following covariates, when available: age, sex, intermittent and chronic sun exposure, lifetime and 

childhood sunburns, family history of melanoma, common naevi count and presence of atypical 

naevi.  

Following the two-stage analysis approach, we pooled study-specific ORs with a random-effects 

model. Intra-study correlation between the study-specific estimates was taken into account with 

the multivariate approach previously described.6 We calculated the I-Square to assess the 

percentage of total variation across studies that is attributable to heterogeneity rather than to 

chance. Sensitivity analysis and meta-regression were performed to investigate possible 

between-study heterogeneity. Publication bias was graphically represented through the funnel 

plot and assessed both by Egger’s test and Macaskill’s method.7  

 

Model comparison 

We tested the prediction ability to identify CM participants by adding MC1R variants to a clinical 

base prediction model. Variables included in the base model had been included in most of the CM 

risk prediction models previously reviewed8: age, sex, sunburn, number of common naevi, and 



RHC phenotype. These covariates were available in a subset of 4,390 (68%) participants from six 

of the seven studies. Common naevi were dichotomized basing on their median in M-SKIP 

controls. Family history was not included because all cases in M-SKIP are sporadic. Information 

on atypical naevi was not included in the main analysis because it was available only in four 

studies; however it was included in sensitivity analyses. We used unconditional logistic regression 

to estimate the risk of CM according to the base clinical risk model and to the model including 

MC1R gene, defined as (1) the presence of any MC1R variants versus WT, (2) the presence of only 

r variants and presence of at least one R variant versus WT, and (3) the presence of each of the 

nine most common MC1R variants or rarer variants.. R and r alleles were defined based on their 

association with the RHC phenotype for the most common variants4,9-12 and on likely 

pathogenicity using the algorithm previously proposed by Davies et al.13 for the less common 

variants.  

We compared the predictive ability of the model with MC1R over the base clinical model by using 

receiver operating characteristic (ROC) curves, Net Reclassification Improvement (NRI) and 

Decision Curve Analysis (DCA). First, we calculated leave-one-out cross-validated predicted 

probabilities; the correspondent area under the ROC curve (AUC) with 95% CI were estimated for 

the two models and compared with the De Long test.14 Looking at the predictive probabilities of 

MC1R compared to the base clinical model, the category-free NRI15 essentially quantified overall 

improvement in model sensitivity and specificity. Finally, DCA was useful to graphically evaluate 

the net benefit for the models with and without inclusion of MC1R variants: the net benefit was 

defined as the difference between the proportion of patients who are true positive and the 

proportion of patients who are false positive, the latter weighted by the relative harm of a false–

positive and a false–negative result.16-18 Stratified analysis by RHC phenotype were performed.  



Two-sided tests p-values <0.05 were considered statistically significant. The analysis was carried 

out by using the software SAS (version 9.2) and Stata (version 11.2). 
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Table S1. Natural Direct Effect (NDE), Natural Indirect Effect (NIE), Total Effect (TE) and Control Direct Effect (CDE) of 

the nine most common MC1R variants on melanoma risk according to Red Hair Colour (RHC*) phenotype. 

 

MC1R 

variant 

(R/r) 

Allele 

frequency in 

controls (%) 

N studies NDE 

SOR (95%CI) 

NIE 

SOR (95%CI) 

TE 

SOR (95%CI) 

CDE  

non-RHC 

phenotype 

SOR (95%CI) 

CDE  

RHC phenotype 

SOR (95%CI) 

V60L (r) 12.7 6 1.30 (0.96-1.77) 1.05 (0.97-1.13) 1.32 (0.97-1.80) 1.70 (1.07-2.70) 1.27 (0.80-2.00) 

D84E (R) 1.1 5 2.63 (0.70-9.82) 1.51 (0.43-5.28) 4.52 (1.19-17.11) 1.77 (0.33-9.40) 2.55 (0.72-9.11) 

V92M (r) 8.1 7 1.32 (0.92-1.91) 1.03 (0.89-1.18) 1.38 (0.97-1.96) 2.16 (1.06-4.44) 1.04 (0.68-1.61) 

R142H (R) 0.8 4 3.55 (1.21-10.47) 1.15 (0.59-2.24) 3.77 (1.19-11.93) 2.50 (0.42-14.81) 3.14 (0.64-15.45) 

R151C (R) 6.4 5 2.52 (1.57-4.07) 1.18 (1.00-1.39) 2.65 (1.84-3.83) 3.24 (1.24-8.42) 2.30 (1.56-3.39) 

I155T (R) 0.6 4 1.68 (0.55-5.16) 1.14 (0.56-2.32) 1.97 (0.67-5.80) 1.13 (0.21-6.11) 1.96 (0.45-8.53) 

R160W (R) 7.0 6 2.22 (1.33-3.71) 0.94 (0.67-1.31) 2.06 (1.39-3.05) 4.35 (1.69-11.23) 1.42 (0.88-2.29) 

R163Q (r) 4.6 6 1.26 (0.78-2.06) 1.10 (0.92-1.32) 1.44 (0.88-2.35) 1.87 (0.68-5.12) 1.28 (0.69-2.34) 

D294H (R) 1.5 5 3.45 (1.26-9.45) 0.81 (0.34-1.95) 2.94 (1.44-5.98) 3.75 (0.98-14.32) 1.85 (0.75-4.52) 

Notes: Control Direct Effect (CDE) estimates the direct effect of MC1R on melanoma in the presence and in the absence of the Red-Hair-Color (RHC) 

phenotype; Natural Direct Effect (NDE) essentially averages CDE over the population; Natural Indirect Effect (NIE) estimates the indirect effect of MC1R 

mediated by RHC phenotype; Total Effect (TE) is the overall melanoma risk estimate for MC1R variant carriers and in each study it is the product of NDE and 

NIE.   

“R” and “r” alleles were respectively defined basing on their stronger or weaker association with the RHC phenotype for the most common variants4,9-11,19 and 

on likely pathogenicity using the algorithm previously proposed by Davies et al.13 for the less common variants. 

Significant results are in bold. 

Abbreviations: CI=Confidence Intervals; SOR=Summary Odds Ratio 

* Defined as the presence of red hair, freckles or skin type I/II. 

 

 

 

 

 



Table S2. Odds Ratios with 95% Confidence Intervals for melanoma risk according to a base clinical model and the same model 

with inclusion of MC1R variants 

 

Notes: ORs with 95%CI above unit are in bold. All models are adjusted for variables included in the table + study center.  
a per 5 years increase.  

Abbreviations: RHC, Red Hair Color.  

 

 ALL PARTICIPANTS (N=4390) RHC PARTICIPANTS (N=2654) NON-RHC PARTICIPANTS (N=1736) 

Base model Base model+MC1R Base model Base model+MC1R Base model Base model+MC1R 
Agea 0.97 (0.94-1.00) 0.97 (0.94-0.99) 0.96 (0.92-0.99) 0.95 (0.92-0.99) 0.99 (0.94-1.04) 0.99 (0.94-1.04) 
Sex       

Male 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
Female 1.01 (0.89-1.16) 1.05 (0.91-1.20) 0.92 (0.77-1.09) 0.92 (0.77-1.10) 1.18 (0.96-1.45) 1.25 (1.02-1.55) 

Sunburn       
None 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
Any 1.15 (0.98-1.35) 1.08 (0.92-1.27) 1.16 (0.94-1.43) 1.09 (0.88-1.35) 1.13 (0.88-1.47) 1.07 (0.82-1.39) 

Common naevi       
≤30 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
>30 3.37 (2.90-3.92) 3.43 (2.94-4.00) 3.46 (2.86-4.18) 3.60 (2.96-4.38) 3.25 (2.53-4.16) 3.24 (2.52-4.16) 

Phenotype        
Non-RHC 1.00 (reference) 1.00 (reference) - - - - 

RHC 1.64 (1.43-1.88) 1.33 (1.16-1.54) - - - - 
MC1R       

None - 1.00 (reference) - 1.00 (reference) - 1.00 (reference) 
V60L - 1.24 (1.06-1.46) - 1.14 (0.93-1.40) - 1.45 (1.11-1.89) 
D84E - 1.35 (0.90-2.03) - 1.28 (0.82-2.00) - 1.79 (0.67-4.77) 

V92M - 1.16 (0.97-1.40) - 1.01 (0.79-1.27) - 1.43 (1.07-1.92) 
R142H - 1.90 (1.12-3.21) - 1.65 (0.90-3.01) - 2.89 (0.99-8.42) 
R151C - 2.09 (1.75-2.51) - 2.11 (1.70-2.62) - 2.09 (1.48-2.94) 
I155T - 2.11 (1.22-3.64) - 2.79 (1.40-5.55) - 1.11 (0.42-2.95) 

R160W - 1.63 (1.35-1.97) - 1.44 (1.15-1.80) - 2.10 (1.42-2.94) 
R163Q - 1.13 (0.90-1.42) - 1.12 (0.83-1.52) - 1.13 (0.79-1.64) 
D294H - 2.20 (1.56-3.10) - 1.91 (1.28-2.86) - 3.13 (1.60-6.13) 

Other rare variants - 2.71 (1.89-3.87) - 3.41 (2.22-5.24) - 1.35 (0.65-2.78) 



Table S3. Statistical measures to evaluate the incremental value of MC1R to a base clinical risk model 

Risk model AUC (95%CI) Change in AUC from 

base model (%) 

p-value (change 

AUC) 

NRI (95%CI) (%) 

 

ALL SUBJECTS (N=4390) 

 
Basea 0.706 (0.691-0.721) - - - 

Base + MC1R (any variant) 0.713 (0.698-0.728) 0.7 0.002 24 (20-30) 

Base + MC1R (r or R variants) 0.721 (0.707-0.736) 1.5 <0.0001 37 (32-43) 

Base+ MC1R (single variants) 0.726 (0.711-0.740) 1.9 <0.0001 34 (28-39) 

 

RHC SUBJECTS (N=2654) 

 

Baseb 0.695 (0.675-0.715) - - - 

Base + MC1R (any variant) 0.700 (0.680-0.720) 0.5 0.03 15 (9-22) 

Base + MC1R (r or R variants) 0.710 (0.690-0.729) 1.5 0.0005 33 (25-40) 

Base+ MC1R (single variants) 0.720 (0.700-0.739) 2.5  <0.0001 33 (26-40) 

 

NON-RHC SUBJECTS (N=1736) 

 

Baseb 0.678 (0.653-0.703) - - - 

Base + MC1R (any variant) 0.696 (0.672-0.721) 1.8 0.0008 28 (19-37) 

Base + MC1R (r or R variants) 0.704 (0.680-0.729) 2.6 <0.0001 12 (3-22) 

Base+ MC1R (single variants) 0.704 (0.679-0.728) 2.6 <0.0001 24 (14-33) 

Notes: “R” and “r” alleles were respectively defined basing on their stronger or weaker association with the RHC phenotype for the most common variants4,9-

11,19 and on likely pathogenicity using the algorithm previously proposed by Davies et al.13 for the less common variants.  
a Included the following variables: study center, age, sex, sunburn (none/any), common naevi (≤30/30+), phenotype (non-RHC/RHC) 
b Included the following variables: study center, age, sex, sunburn (none/any), common naevi (≤30/30+) 

 

 

 

 



Figure S1. Decision curve analysis of the effect of prediction models for cutaneous melanoma for non-RHC subjects. Model with 

MC1R variants is plotted against model without MC1R variants and treat all. MC1R was defined in model represented in a) as 

presence or absence of any MC1R variant and in model represented in b) as no MC1R variant, only “r” variants, and ≥ 1”R” 

variants. Average increase in net benefit for the model with MC1R compared to the base model is reported.  

(a)                                                                                                          (b) 

      
Notes: “R” and “r” alleles were respectively defined basing on their stronger or weaker association with the RHC phenotype for the most common variants4,9-

11,19 and on likely pathogenicity using the algorithm previously proposed by Davies et al.13 for the less common variants. 
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