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Summary
The presence of a high nevus number is the strongest phenotypic predictor of melanoma risk. Here, we
describe the results of a three-stage study directed at identifying risk variants for the high nevus phenotype.
At the first stage, 263 melanoma cases from Barcelona were genotyped for 223 single nucleotide
polymorphisms (SNPs) in 39 candidate genes. Seven SNPs in the PAX3 gene were found to be significantly
associated with nevus number under the additive model. Next, the associations for seven PAX3 variants
were evaluated in 1,217 melanoma cases and 475 controls from Leeds; and in 3,054 healthy twins from
TwinsUK. Associations with high nevus number were detected for rs6754024 (P values < 0.01) in the
Barcelona and Leeds datasets and for rs2855268 (P values < 0.01) in the Barcelona and the TwinsUK sets.
Associations (P values < 0.001) in the opposite direction were detected for rs7600206 and rs12995399 in
the Barcelona and TwinsUK sets. This study suggests that SNPs in PAX3 are associated with nevus number,
providing support for PAX3 as a candidate nevus gene. Further studies are needed to examine the role of
PAX3 in melanoma susceptibility.

Significance
Common acquired nevi are melanocytes in proliferation and high nevus number represents the most
important phenotypic melanoma risk factor. Therefore, understanding the genetic bases of nevi is crucial to
better understand the etiology of melanoma and to develop better predictions of melanoma risk. Genomewide association studies on nevus number have identified a number of loci that explain only a small
proportion of the risk, suggesting that additional loci remain to be identified. Through a candidate gene
study, using cohorts from Spain and UK, our results suggest that genetic variants at the PAX3 locus are
associated with nevus number.
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Introduction
Cutaneous melanoma is a potentially fatal type of skin cancer with increasing incidence worldwide (Leiter
and Garbe, 2008). The strongest phenotypic risk factor for melanoma development is the presence of high
nevus number (Bataille et al., 1996; Briollais et al., 2000; Gandini et al., 2005; Chang et al., 2009).
Common acquired nevi are benign melanocytic proliferations that usually appear in early childhood
followed by a decline in number after middle adulthood. Both genetic and environmental factors are
involved in either nevus-genesis or melanoma-genesis. Nevertheless, the association between sunlight
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exposure, melanoma and nevus development is relatively complex. Twin studies have provided strong
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evidence that nevus number is predominantly genetically determined (Easton et al., 1991; Zhu G.et al.,
1999; Bataille et al., 2000; Wachsmuth et al., 2001) with a smaller effect of sun exposure (Wachsmuth et
al., 2005). Familial aggregation of nevus number and melanoma has also been described (Bahuau et al.,
1997; Briollais et al., 2000; Florell et al., 2004). However, mutations in known melanoma susceptibility
genes do not always co-segregate with nevus number (Puig et al., 1997; Bishop et al., 2000) suggesting that
the mode of inheritance of nevus number is complex (Bataille et al., 2000). Linkage studies in healthy twins
identified MTAP, at a locus associated with nevus near CDKN2A in addition to other loci, showing that
nevus number is likely to be a complex trait with many genes involved (Falchi et al., 2006, Zhu et al.,
2007). Genome-wide association studies (GWASs) have identified variants in MTAP on 9p21, PLA2G6 on
22q13.1 (Falchi et al., 2009), NID1on 1q34 (Nan et al., 2010) and IRF4 on 6p25 (Duffy et al., 2011) in
association with nevus number.

Whilst variants involved in nevus are unlikely to fully explain melanoma risk and vice versa, more
knowledge on the genetic basis of nevus development is needed, as it constitutes the strongest risk predictor
for sporadic melanoma (Bataille et al., 1996; Briollais et al., 2000; Gandini et al, 2005; Chang et al, 2009).
Here, we approach this question through a candidate gene study with replication in two different
populations.

Results
Association study between nevus number and genetic variants

Barcelona melanoma cases
Of the 223 SNPs selected from the 39 candidate genes, 13 showed a call rate < 90% and, therefore, were
excluded from subsequent analysis. Duplicate concordance rate was >90%. Next, under the additive model,
21 SNPs showed significant associations with nevus number at a false discovery rate (FDR) < 5%
(Supplementary Table 1.2). Seven of these SNPs were located at the PAX3 locus (Supplementary Figure 1).

. Given these results and the known role of PAX3 in promoting melanoma progression (Scholl et al., 2001;
Plummer et al., 2008), subsequent studies were focused on this locus. Of the seven PAX3 genetic variants,
rs6754024 (OR 2.00; 95% CI (1.20-3.34); Padditive=0.0066), rs10180903 (OR 2.54; 95% CI (1.51-4.29);

Padditive=0.0003) and rs1013262 (OR 2.02; 95% CI (1.39-2.93); Padditive= 0.0001) were associated with high
nevus number, while rs7600206 (OR 0.38; 95% CI (0.22-0.66); Padditive=0.0002), rs12995399 (OR 0.46;

95% CI (0.29-0.74); Padditive=0.0008), rs2855268 (OR 0.46; 95% CI (0.26-0.84); Padditive=0.008) and

rs1978859 (OR 0.47; 95% CI (0.30-0.75); Padditive=0.0009) were associated with low nevus number (Table
1).
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Leeds case-control study
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To replicate the results from the Barcelona study, 1,217 melanoma cases and 475 controls, collected from
the Leeds case control study (Randerson-Moor et al., 2009), were genotyped for the seven PAX3 SNPs
described above. The SNP rs1978859 failed to genotype and rs7600206 did not show HWE in controls. The
concordance rate between duplicates was 100%.

Association between SNPs and nevus number were determined for cases and controls combined and then
separately. In a combined analysis, an association was found with high nevus number for rs6754024 under a
recessive model, adjusting for age, gender and melanoma status (OR 3.43; 95% CI (1.55-7.62);
Precessive=0.0037). When the analysis was stratified by cases and controls, the positive association with high

nevus number came only from the melanoma cases (OR 3.57; 95% CI (1.50-8.52); Precessive=0.0053) (Table

1), as in the BCN study, whereas among Leeds controls, no association was observed (OR 2.84; 95% CI
(0.33-24.58); Precessive=0.399 (Supplementary Table 2.1). For SNP rs6754024, GT heterozygote cases with
less than 50 nevi are more frequent (27%) in Leeds than in BCN (20%) while GT heterozygote cases with
>100 nevi are more frequent in BCN (29%) than in Leeds (23.1%) (Tables 1 and 2). In the Leeds dataset,
the low number of heterozygotes in cases with >100 nevi results in decreasing OR for heterozygotes (0.83)
and increasing OR for rare homozygotes (3.39). Due to this, the T allele for SNP rs6754024 showed a
significant recessive effect on nevus number among Leeds cases (Tables 1 and 2). HWE for SNP rs6754024
was tested among Leeds controls (P=0.545) and cases (P=0.395). The difference in heterozygote numbers
among cases could probably result from the difference in design between BCN and Leeds studies, rather
than from genotyping quality. The BCN cohort differs from Leeds in that it is not population based and is
enriched for high risk patients with >100 nevi and multiple melanomas.

To exclude that the rs6754024 association with nevus number in Leeds was due to different phenotypes, the
analyses were repeated including only Leeds cases with 50-100 nevi and considering nevus number as a
continuous variable. These analyses confirmed that rs6754024 was the only SNP associated with high nevus
number among Leeds cases and that only rs6754024 TT cases (Precessive=0.006) showed an increased risk of

high nevus number when compared with GG and GT cases (Supplementary Table 2.2).

A joint analysis of the BCN and Leeds cases after adjustment for age, sex and centres confirmed the
association between rs6754024 and risk of high nevus number under a recessive model (Table 2). The
stronger association of rs6754024 with nevus number in the joint analysis was primarily driven by the
Leeds cases where rs6754024 seems to act in a recessive manner (Table 2). In BCN and Leeds cases, the
rs6754024 minor allele T was associated with high nevus number (BCN P=0.0066; Leeds P=0.0053) with
similar frequencies (BCN= 0.15; Leeds=0.16). Genotype frequency comparison showed no heterogeneity
between cases from BCN and Leeds (P= 0.8).
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Association between the SNP rs6754024 and potential confounding factors, such as skin type and multiple
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primary melanomas, was assessed for BCN cases and Leeds cases. No associations were observed between
rs6754024 and skin type (BCN, OR 0.77; 95% CI (0.45-1.31); Padditive=0.329; Leeds, OR 1.15; 95% CI

(0.57-2.32); Precessive=0.703) or number of primary melanomas (BCN, OR 1.16; 95% CI (0.71-1.91);
Padditive=0.554; Leeds, OR 1.96; 95% CI (0.58-6.62); Precessive=0.316).

TwinsUK study
We then attempted to replicate the association with nevus number for the seven PAX3 SNPs, found in BCN,

in a healthy twin cohort from TwinsUK. Since only two SNPs within PAX3 (rs1013262 and rs12995399)
were directly genotyped, imputed SNPs were used to evaluate associations.

Four out of seven SNPs were found associated with nevus number. Using either total nevus number or log
nevus number (Table3a), the strongest associations were for rs7600206 (Padditive=0.0001; or Padditive=0.0005),
rs12995399 (Padditive=0.0005; or Padditive=0.0032) and rs2855268 (Padditive=0.0503; or Padditive=0.0038). The
association for rs1013262 was also significant for total nevus number (Padditive=0.0179) but after log nevus

number analysis, it was no longer significant (Padditive=0.347) (Table3a).
The SNP rs2855268 was associated with decreased risk of high nevus number, as in the BCN study,
whereas rs7600206 and rs12995399 were associated with increased risk of high nevus number, the opposite
to that observed in the BCN study.

After taking family structure into account for the twin relatedness, log nevus number analysis still showed
significant associations for SNPs rs7600206 (Padditive=0.0020), rs12995399 (Padditive=0.0163) and rs2855268

(Padditive=0.0057) (Table3a).
In the proxy analysis, an association with nevus number was found for rs10932952 (Padditive=0.0013) and

rs7588554 (Padditive=0.0276) (Table 3b), which are in complete LD (r2=1) with candidate SNPs rs12995399
and rs1013262, respectively (Table 3c). Singletons (half twin population) analysis confirmed the
association between SNPs rs7600206 (Padditive=0.0028) and rs12995399 (Padditive=0.0197) and nevus number

(Supplementary Table 2.3).

Association between PAX3 SNPs and skin type, as a potential confounding factor, was not significant

(rs7600206 Padditive=0.296; rs12995399 Padditive=0.236; rs2855268 Padditive=0.405).

TwinsUK includes only females, therefore, to complete the study, we examined whether PAX3 SNPs were

associated with gender in BCN and Leeds cases. No gender-specific association was found in stratified
analysis (data not shown).
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The potential functional relevance of the four PAX3 SNPs associated with nevus number in at least two of
the three studies (rs6754024, rs7600206, rs12995399, and rs2855268) was evaluated, examining data from
expression quantitative loci (eQTL) (GenVAR http://www.sanger.ac.uk). The expression data is from
normal skin biopsies from a large subset of the twins in the TwinsUK cohort from the Muther Consortium
(www.muther.ac.uk). In this analysis, HapMap SNPs in linkage disequilibrium (r2>0.5 in European

population) with the four associated variants were also examined. While rs2855268 was not present in the
eQTL dataset, lower PAX3 expression was observed for skin samples with the rs6754024 AA genotype (P=
0.002 adjusted by permutation test) (Supplementary Figure 2A). Other SNPs in LD were found associated
with PAX3 expression differences in skin samples: rs6436309 (in LD with rs6754024, r2=0.53), and

rs1549773 and rs13410020 (in LD with rs2855268, r2=1 and r2=0.68, respectively). These revealed
associations with lower expression for the minor genotypes (rs6436309 P=0.002; rs1549773 P=0.006;
rs13410020 P=0.009, adjusted by permutation test) (Supplementary Figure 2B, 2C and 2D). No
associations were found when other tissue types, as fat tissue or lymphoblastoid cell lines, were considered,
which suggests a specific effect in for the causal variant influencing nevus biology.

Further functional analyses of the associated SNPs predicted that rs6754024 alters PAX3 transcription factor
binding activity (NIEHS http://egp.gs.washington.edu) whereas rs2855268 may have a splicing silencer
activity (ACESCAN2 http://genes.mit.edu/acescan2/index.html; ESRsearch http://esrsearch.tau.ac.il).
Together, these observations provide a mechanistic hypothesis for the risk of high nevus number associated
with altered PAX3 function.

Discussion
Low-penetrance genes are involved in nevogenesis and, in turn, in melanoma susceptibility. Our study
evaluated the association of PAX3 polymorphisms with nevus number. This gene encodes for a transcription
factor that plays a central role in melanocyte development and malignant melanoma (Lang et al., 2005).
PAX3 is expressed in nevi and melanoma (Scholl et al., 2001, Plummer et al., 2008) and is also considered
as a marker of melanoma staging and circulating melanoma cells (Koyanagi et al., 2005, Takeuchi et al.,
2004). Moreover, MITF, a direct downstream target of PAX3, confers a predisposition to melanoma by the
identification of a germline missense variant in familial and sporadic melanoma, (Yokoyama et al., 2011).

A total of seven PAX3 variants were found to be associated with high nevus number after adjusting for
multiple tests in an enriched case-only population comprising 263 cases from BCN. To validate these
results, the variants were evaluated in two independent replication sets from the UK. The SNP rs6754024
was associated with risk of high nevus number in the melanoma cases from BCN and Leeds. The rs6754024
seems to act in a log-additive manner in the BCN cases and in a recessive manner in the Leeds cases. In
both case groups, the rs6754024 minor allele T was associated with high nevus number with similar
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frequency. We observed that the difference in the models for rs6754024 between the two cohorts is due to
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the low number of heterozygotes in Leeds cases. Probably, this is due to the different study design of the
two populations, the BCN set being enriched for the presence of high risk cases with more than 100 nevi
and multiple primary melanomas whereas the Leeds cohort was population based.

The SNP rs6754024 was found associated with nevus number in melanoma cases from BCN and Leeds
suggesting a possible involvement of PAX3 in melanoma susceptibility. The association with nevus number

for SNP rs6754024 was independent of potential confounding factors such as skin type, number of primary
melanomas and gender status in both cohorts. The rs6754024 was not associated with nevus number in
controls from Leeds nor among TwinsUK, a cohort that included a larger number of healthy individuals.
This could be related to the fact that, in Leeds, nevus number was higher among melanoma cases compared
to controls. The positive association of SNP rs6754024 only among melanoma cases suggests that PAX3 is
involved in melanoma susceptibility.

By using public web tools and eQTL data sets from the Muther dataset derived from the same twin cohort
from TwinsUK, a functional effect of SNP rs6754024 was predicted. In fact, a decreased PAX3 expression

in skin from TwinsUK was correlated with the presence of the minor allele of SNP rs6754024. Since this
SNP was associated with high nevus number among melanoma cases, it can be hypothesized that the risk of
having high nevus number and/or melanoma is correlated with increased PAX3 expression, as shown by
previous reports in nevi and melanoma tumours (Scholl et al., 2001, Plummer et al., 2008).

In the healthy TwinsUK cohort, the association with nevus number was confirmed for three out of seven
PAX3 SNPs: rs2855268, rs7600206 and rs12995399. These associations were confirmed to be independent
of skin type, which is a confounding factor for nevi. The relationship with nevus number in the BCN cases
and in the healthy twins suggests a potential involvement of PAX3 function in nevus susceptibility.

In TwinsUK, rs2855268 was associated with decreased risk of high nevus number as found in the BCN
study. The rs2855268 variant is located 19 bp upstream of exon 8 and was predicted to have splicing
silencer activity. PAX3 produces up to nine different isoforms in man, which result from alternative splicing
(Medic and Ziman, 2009). In mice myoblasts, alternative splicing of Pax3, including exons 7, 8 and 9,
produces an alternatively spliced transcriptionally inactive form, which is able to inhibit the transcriptional
activity of the PAX3 protein (Pritchard et al., 2002). In melanoma, the same region has shown to be
involved in the generation of abundant PAX3 transcripts in human melanocytes (School et al., 2001).
Moreover two SNPs, rs1549773 and rs13410020, in LD with rs2855268 have been shown to be associated
with low PAX3 expression level in skin samples from TwinsUK. It could therefore be speculated that
rs2855268 might be involved in PAX3 expression regulation.
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In TwinsUK, rs12995399 and rs7600206 were found to be associated with increased risk of high nevus
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number, the opposite direction of effect found in the BCN cases where they protect from high nevus
number. The opposite effect of the SNPs observed in these two cohorts is not entirely biologically
inconceivable as it may be related to population differences. In addition, the opposite direction could be
determined by the presence of different haplotypes with one or more causal variants, which might be
implicated in biological process with different effects in melanoma cases and healthy controls. Different
functions have been described for PAX3 in melanocytes and melanoma (Medic and Ziman, 2010). PAX3 is

a recognized key regulator of melanocytes development during embryogenesis (Blake and Ziman, 2005,
Kubic et al., 2008) but in adult melanocytes the exact role of PAX3 is still unclear (Medic et al., 2011).

PAX3 re-expression in adult melanocytes has not been shown to promote melanoma progression as
previously stated (Medic and Ziman , 2009) as recent reports have shown that PAX3 expression is observed
in melanocytes in normal skin as well as in benign nevi (He et al., 2010, Medic and Ziman, 2010). PAX3
expression, specifically its up-regulation, in melanocytes in normal skin, has been shown to be the result of
UV-induced loss of TGF-beta signalling from keratinocytes, suggesting a key role for PAX3 in UVpigmentation response (Yang G et al., 2008). PAX3 regulates the proliferation and survival in both
melanoma cells and melanocytes from normal skin whereas it seems to regulate migration in melanocytes
from nevi and melanoma but not in melanocytes from normal skin (Medic and Ziman, 2010). In melanoma,
PAX3 has been shown to promote melanoma invasiveness downstream from PI3K signaling, by its novel
capacity to bind to the Brn-2 promoter and to activate Brn-2 expression (Bonvin et al. 2012). Interestingly,
it has been suggested that PAX3 in melanocytes from normal skin might regulate malignant transformation
of a sub-population of melanocytes expressing PAX3 and displaying a malignant phenotype, characterized
by lack of apoptosis, non-differentiation and proliferation (Medic and Ziman, 2010).
Searching for causal variant candidates, only rs6754024 was found completely in LD (r2=1) with a non
intronic variant, rs12623857 (p.Gly43), a synonymous SNP, previously associated with phenotypic features
related to melanoma risk, such as dark skin color and light hair color, in a Spanish case-control study
(Fernandez et al., 2007). Although a synonymous SNP in a coding region is considered to be a coding SNP
that does not change the protein sequence, studies have demonstrated that synonymous polymorphisms can
affect messenger RNA splicing, stability, and structure as well as the rate of protein folding (Sauna and
Kimchi-Sarfaty, 2011). The PAX3 gene contains two domains to bind cognate DNA sequences of target
genes, a paired domain and a homeodomain (Chalepakis et al., 1994). Mutations in paired domain in
melanocytes affect PAX3 transcription activity (Corry and Underhill, 2005). The paired domain is encoded
by exons 1-4 and, therefore, SNPs lying within this genomic region, such as rs6754024 and rs12623857,
located in intron 1 and exon 2 respectively, could be of functional importance.

Nevus number is a risk factor tightly linked to melanoma. The strength of this study is that we showed a
relationship between PAX3 and nevus number in three independent populations, confirming the value of
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studying nevi genetics in the search for new melanoma genes. Our study was limited by the different study
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designs for the three populations which made the interpretation of the results difficult: the association
analyses were principally strictly evaluated by trend models in the BCN enriched cases and TwinsUK. In
the Leeds cases, analyses were evaluated for multiple genetic models because prior studies have not
specifically implicated one inheritance model over another. SNP function predictions are interesting but
show some flaws: first, it is not clear why in GeneVar analysis all significant results were found in Twins
group 2 and not in group 1, Twins being separated from the same pair. Secondly, PAX3 presence or
absence in normal melanocytes is still under discussion (He et al., 2010, Medic and Ziman, 2010).
Replication of our findings in additional populations is therefore essential to corroborate the results shown
here in nevus.

To our knowledge this is the first report of an association between PAX3 and nevus number, the strongest
phenotypic risk factor for melanoma.

From seven PAX3 SNPs associated with nevus number in the BCN cases, four SNPs were replicated in two
cohorts from the UK. In the first instance, the association between rs6754024 and nevus number among
melanoma cases and not controls from Leeds suggested that PAX3 is also involved in melanoma

susceptibility. To confirm that the association seen in melanoma cases in Leeds is driven by high nevus
number, these results were revalidated in a third cohort, TwinsUK, including a large number of healthy
individuals. In this set, 3 SNPs, rs2855268, rs7600206 and rs12995399, were associated with high nevus
number, suggesting that PAX3 is involved in nevogenesis. Functional analyses predict that SNPs rs6754024

and rs2855268 could have functional relevance, directly or indirectly, by affecting PAX3 expression and/or
function. Clearly, all these findings suggest a complex role of PAX3 in nevogenesis and melanoma
susceptibility.

In conclusion, our findings suggest that PAX3 genetic variants are associated with nevus number. Further

studies are warranted to support PAX3 as a nevus/melanoma predisposing gene and to improve our
understanding of the role of PAX3 in melanoma susceptibility.

Methods
Barcelona melanoma cases
Stage 1 included 263 melanoma patients recruited between 2004-2007 from the Melanoma Unit at the
Hospital Clinic of Barcelona, which is a tertiary referral center for melanoma in Catalonia, Spain. Cases
were selected according to the total nevus number and classified into two groups: 150 cases with a low
nevus number (< 50 nevi) and 113 cases with a high nevus number (> 100 nevi). We selected two groups of
patients where there would be no possible overlap between them, as <50 nevi was closer to the median
nevus number in our population (Aguilera et al., 2009) and >100 nevi being a well-documented risk factor
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for melanoma (Gandini et al., 2005). Both single and multiple primary melanoma were included in the
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study. Cases with >100 nevi were more likely to have multiple primaries than cases with < 50 nevi (55%
versus 20%).The mean age at diagnosis of melanoma was 46 years old (range 14-80), but cases with
multiple nevi had younger age of onset (41.5 years old) compared to cases with fewer nevi (49 years old) (P
< 0.001). Total body nevus number was examined by a dermatologist and trained nurses. Nevi ≥2 mm in
diameter were counted.

Data on gender, age at diagnosis of melanoma, nevus number, skin type according to Fitzpatrick
classification, eye and hair color were collected through a nurse or doctor administered questionnaire. The
clinical characteristics of the BCN sample set are described in Supplementary Table 2.4.

All participants gave written informed consent and the study was approved by the institutional ethics
committee.

Leeds case-control
To replicate stage 1, a case-control cohort from Leeds (UK) was studied, which included 1,254 cases of
melanoma and 483 controls from a geographically defined area of Yorkshire and recruited between 2000
and 2005 at the Genetics Epidemiology Division of St James’s University Hospital. The Leeds case-control
population was described in a previous study (Randerson-Moor et al., 2009). The mean age at diagnosis of
melanoma was 53 years old (range 18-86). Controls (mean age at interview 60 years old; range 22-89) were
identified by the cases’ family general practitioners as not having any type of cancer and no family history
of melanoma.

To apply the same criteria used in the BCN set, the nevus count was categorized into three groups: <50,
>100 and between 50 and 100 (50-100) nevi. Among controls, 88% (n = 425) individuals had < 50 nevi, 9%
(n = 45) 50-100 nevi, and 2% (n = 11) > 100 nevi. Among cases, 58% (n = 562) had < 50, 22% (n = 211)
50-100 nevi, and 20% (n = 191) had > 100 nevi⎯therefore, consistent with previous reports, nevus number
was a strong predictor of melanoma risk (P<0.0001) in this population. A trained nurse interviewed all
cases and controls and performed a standardized examination of skin nevi. Nevi were examined by body
sector; nevi greater than 2 mm in diameter were counted. Clinical characteristics of patients such as gender,
nevus number, age at diagnosis of melanoma, skin type according to Fitzpatrick criteria, eye and hair color
were collected as shown in Supplementary Table 2.5. Skin type was strongly associated with melanoma risk
(P<0.0001). All participants gave informed consent and regional ethical committee approval was obtained.
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TwinsUK
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A third population was included to confirm the results found in the BCN study. The St Thomas' United
Kingdom (UK) adult twin registry (hereafter TwinsUK) cohort was unselected for any disease and is
representative of the general UK population.

The TwinsUK nevus data come from 3054 subjects, of which 1494 are singletons. The median age was 47
(range 18.4- 79.5). The median number of nevi was 33 (range 1- 299). The twins were interviewed at St
Thomas Hospital in London. All participants provided written informed consent, and the study was
approved by the local ethics committee. Examination was performed by trained research nurses following a
standardized and reproducible nevus number protocol (Bataille V, 2000). The total body nevus number
(excluding the genital area, breasts, and posterior scalp) was defined as the sum of all nevi > 2 mm in
diameter. The nevus number protocol in the TwinsUK study was identical to that of the Leeds study.

Genes and polymorphisms selection
A total of 223 SNPs (170 haplotype tagging (htSNPs) and 53 predicted to be functionally relevant) were
selected for 39 candidate genes that included known oncogenes for melanoma carcinogenesis as well as
genes involved in DNA repair, cell cycle regulation, pigmentation, and melanocyte biology (Supplementary
Table 1.1). All SNPs were selected as having minor allele frequencies (MAF) ≥ 0.05 in HapMap
(www.hapmap.org) European individuals. The htSNPs were selected using data from the HapMap project
and the Tagger tool (de Bakker et al, 2005) with linkage disequilibrium r2 > 0.5. Potential functionally

relevant SNPs were selected using the PupaSNPs tool (Conde et al. 2004).

By Genevar (http://www.sanger.ac.uk) (Yang et al., 2010) SNPs influencing expression levels of the
correspondent gene were analyzed. For this we used expression quantitative trait loci (eQTL) data generated
from the Muther Consortium including healthy female Twins from the UK (Nica et al., 2011). Twin pairs
where separated into two unrelated groups, thereby performing two independent eQTL analyses. The eQTL
analysis was performed in lymphoblastoid cell lines (n=166), skin biopsies (n=160) and fat tissue (n=160).
Genevar provides Spearman's rank correlation coefficient (rho) estimates for the strength of relationships
between alleles and gene expression intensities for each study group. Furthermore, to test the significance of
the relationship, adjusted non-parametric permutation P-values are also provided. The NIEHS
(http://egp.gs.washington.edu), ACESCAN2 (http://genes.mit.edu/acescan2/index.html) and ESRsearch
(http://esrsearch.tau.ac.il) web tools were used for SNP function prediction.

Genotyping
Genomic DNA was isolated from peripheral blood samples using the salting out procedure. For Barcelona
samples, genotyping was carried out using SNPstream Genotyping System (Beckman & Coulter Inc.
Fullerton, CA), according to the manufacturer’s protocols. The genotyping assay was performed at the
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Leeds Institute Molecular Medicine (LIMM) genotyping facilities (Leeds, UK). For the Leeds samples,
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SNPs were genotyped using the Illumina's VeraCode technology (Illumina, Inc., San Diego, CA, USA). In
addition to controls provided by the company, 21 samples corresponding to seven HapMap reference trios
were used as internal controls of the genotyping process and for the clustering process. For the Barcelona
samples, the genotyping assay was performed at the CeGen genotyping facilities, in the Barcelona Node
(Centro Nacional de Genotipado, Genoma España). The total number of duplicates genotyped, intra and
inter-assays, were 35/263 for BCN samples and 264/1737 for Leeds samples. For genotyping assays,
samples and SNPs with call rates below 90% were excluded from the analysis and failed genotypes were
not repeated.
The TwinsUK sample was genotyped with the use of the Infinium 610K assay (Illumina). Population
substructure was detected and removed as described previously (Richards JB 2008). Genotypes were

cleaned before analysis by removing individuals or SNPs not satisfying the quality control criteria. For
samples, exclusion criteria were: (i) sample call rate at least <98%, (ii) heterozygosity across all SNPs ≥2
s.d. from the sample mean; (iii) evidence of non‐European ancestry as assessed by PCA comparison with
HapMap3 populations; (iv) observed pairwise IBD probabilities suggestive of sample identity errors; (v)
concordance at duplicate samples <1%. At the SNP level, exclusion criteria were (i) Hardy‐Weinberg
p‐value<10−6, assessed in a set of unrelated samples; (ii) MAF<1%, assessed in a set of unrelated samples;

(iii) SNP call rate <97% (SNPs with MAF≥5%) or < 99% (for 1% ≤MAF < 5%). Finally, intensity cluster

plots of significant SNPs were visually inspected for over‐dispersion biased no calling, and/or erroneous
genotype assignment. SNPs exhibiting any of these characteristics were discarded.
Imputation For SNPs not directly genotyped, imputed data and proxy SNPs were used. Imputation was
performed using the IMPUTE software package (v2) 5 using two reference panels, P0 (HapMap2, rel 22,
combined CEU+YRI+ASN panels) and P1 (610k+, including the combined HumanHap610k and 1M
reduced to 610k SNP content). Imputed SNPs were excluded if MAF<1%, Hardy‐Weinberg p‐value<10−6
and imputation quality score was <0.5. For proxy SNPs, genotype data was taken from the 1,000 Genomes
Project database (http://www.1000genomes.org).

Statistical analysis
All statistical analyses were performed using the SNPassoc R package (version 2.10.0) (Gonzalez JR,
2007). Departure from Hardy–Weinberg equilibrium (HWE) was assessed in controls using the χ2 test (1-

degree of freedom, 1-df). Unconditional and conditional logistic regression analyses were used to assess
associations. The primary association test assumed a log-additive genotypic effect, while the secondary
analysis evaluated the co-dominant, dominant, and recessive effects following the Akaike criteria for the
best genetic model. All the reported ORs and 95% CI were adjusted for age and gender. Bonferroni and
false discovery rate (FDR) approaches were used to correct for multiple testing (Benjamini Y et al., 2001).
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In the Leeds study, nevus number was treated as a dichotomous variable excluding individuals with 50-100
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nevi and as a continuous variable, including all the individuals so as to apply the same criteria used in the
BCN and TwinsUK sets, respectively. For the cases from Barcelona and Leeds, statistical heterogeneity was
tested by two-sided Fisher’s exact test.

In the TwinsUK cohort, statistical analysis for SNPs directly genotyped, imputed and proxies were
performed using PLINK (http://pngu.mgh.harvard.edu/~purcell/plink/).

Imputation was performed using the IMPUTE software package (v2) 5 using two reference panels, P0
(HapMap2, rel 22, combined CEU+YRI+ASN panels) and P1 (610k+, including the combined
HumanHap610k and 1M reduced to 610k SNP content).

The analysis of association between SNP and nevus number, continuous trait, was assessed in 3,054
individuals by regressing absolute nevus number and logarithm (log) nevus number on genotype under
trend model. For SNPs directly genotyped and SNPs imputed, significant associations were considered
when P≤ 0.05 in both statistical analyses, whereas for proxy SNPs only P≤ 0.05 for log nevus number
analysis was considered. Log nevus number analysis was repeated accounting for family structure via the
Ime4 function in R (http://www.r-project.org). Age was included in all models but not gender information
as all TwinsUK individuals were females.

To test independent association of SNP with nevus number, association between polymorphisms and
confounding variables (gender, skin type and number melanoma) was assessed.
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Supplementary Figure Legends

Figure 1
Schematic illustration of genomic structure of PAX3 and location of genotyped SNPs.

Figure 2
A rs6754024
B rs6436309
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C rs1549773
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D rs13410020

A, B C and D plots were generated using the Genvar web tool (SNP-gene association analysis) and
published expression data from Nica, et al., 2011. The results reported are from eQTL data of Twins dataset
of MuTHER study. The Twins pairs were separated in two unrelated groups. The individuals are plotted on
stripcharts. The four panels showed the results of the correlation between PAX3 SNP and PAX3 transcript
levels in three different tissues, examined using Spearman. The observed and permutation P values are
shown for each analysis. The four PAX3 SNPs minor alleles were correlated with decreased PAX3 gene
expression. The SNP rs6754024, the only genotyped, has been associated with high nevus number in
melanoma cases from BCN and Leeds. The SNP rs6436309 is in linkage (r2=0.53) with rs6754024. The
SNPs rs1549773 (r2=1) and rs13410020 (r2=0.68) are in LD with rs2855268; this SNP has been found to
protect from high nevus number in BCN melanoma cases and Twins UK.
Abbreviations: A= Adipose tissue biopsy (n 160). L= Lymphoblastoid cell lines (n 166). S= skin tissue
biopsy (n 160). eQTL= expression quantitative trait loci. Twin1 = unrelated twin group 1. Twin2 =unrelated
twin group 2. rho = Spearman's rank correlation coefficient between genotype and transcript levels. P = pvalue for correlation. Pemp = adjusted p-value by permutation test.

Table 1. ASSOCIATION BETWEEN PAX3 SNPs AND NEVUS NUMBER IN MELANOMA CASES FROM
BCN AND LEEDS

PAX3 SNP

Population

BCN

Genotype

Cases <50(%)

Cases >100(%)

OR (95%CI)

G/G
G/T
T/T

112 (78.3)
29 (20.3)
2 (1.4)

70 (65.4)
32 (29.9)
5 (4.7)

1.00
1.92 (1.05- 3.53)
4.71 (0.87- 25.53)
2.00 (1.20- 3.34)

T

PAdditive*

0.0066

rs6754024
LEEDS

G/G
G/T
T/T

383 (70.1)
151 (27.7)
12 (2.2)

129 (70.9)
42 (23.1)
11 (6.0)

1.16 (0.84- 1.60)
3.57 (1.50- 8.52)

T
T/T

BCN

T/T
C/T
C/C

74 (54.0)
57 (41.6)
6 (4.4)

77 (75.5)
23 (22.5)
2 (2.0)

LEEDS

T/T
C/T
C/C

373 (68.2)
155 (28.3)
19 (3.5)

116 (63.7)
60 (33.0)
6 (3.3)

BCN

T/T
C/T
C/C

48 (35.8)
74 (55.2)
12 (9.0)

58 (56.9)
40 (39.2)
4 (3.9)

C

This article is protected by copyright. All rights reserved.

0.0002

1.00
1.24 (0.85- 1.80)
0.91 (0.35- 2.40)
1.12 (0.83- 1.53)

C

0.366
0.0053 Precessive

1.00
0.33 (0.18- 0.61)
0.32 (0.06- 1.72)
0.38 (0.22-0.66)

C

rs7600206

1.00
0.83 (0.55- 1.24)
3.39 (1.41- 8.15)

0.649

1.00
0.43 (0.25- 0.76)
0.25 (0.07- 0.86)
0.46 (0.29- 0.74)

0.0008
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rs12995399
LEEDS

T/T
C/T
C/C

336 (61.5)
184 (33.7)
26 (4.8)

1.00
1.28 (0.89- 1.83)
1.12 (0.50- 2.53)

99 (54.4)
74 (40.7)
9 (4.9)

1.17 (0.88- 1.57)

C

BCN

T/T
C/T
C/C

103 (73.0)
37 (26.2)
1 (0.7)

1.00
2.41 (1.36- 4.28)
10.04 (1.01- 9.90)

53 (52.5)
44 (43.6)
4 (4.0)

2.54 (1.51- 4.29)

C

rs10180903

LEEDS

T/T
C/T
C/C

357 (65.3)
167 (30.5)
23 (4.2)

A/A
A/C
C/C

1.10 (0.82- 1.49)
56 (38.1)
66 (44.9)
25 (17.0)

LEEDS

A/A
A/C
C/C

2.02 (1.39- 2.93)
185 (33.8)
263 (48.1)
99 (18.1)

G/G
C/G
C/C

1.03 (0.80- 1.32)
103 (70.5)
39 (26.7)
4 (2.7)

LEEDS

G/G
C/G
C/C

0.46 (0.26- 0.84)
403 (73.7)
137 (25.0)
7 (1.3)

BCN

C/C
C/T
T/T

1.00 (0.69- 1.43)
51 (37.5)
66 (48.5)
19 (14.0)

0.008

1.00
0.88 (0.59- 1.32)
2.28 (0.60- 8.62)

135 (74.2)
43 (23.6)
4 (2.2)

C

rs1978859**

0.837

1.00
0.44 (0.23- 0.87)
0.29 (0.03- 2.71)

92 (85.2)
15 (13.9)
1 (0.9)

C

rs2855268

0.0001

1.00
1.22 (0.83- 1.81)
0.98 (0.58- 1.67)

56 (30.8)
97 (53.3)
29 (15.9)

C

BCN

0.521

1.00
2.22 (1.18- 4.20)
4.06 (1.93- 8.55)

20 (18.5)
54 (50.0)
34 (31.5)

C

rs1013262

0.0003

1.00
1.05 (0.72- 1.53)
1.39 (0.60- 3.21)

113 (62.4)
59 (32.6)
9 (5.0)

C

BCN

0.280

0.984

1.00
0.65 (0.37- 1.12)
0.06 (0.01- 0.45)

54 (54.0)
45 (45.0)
1 (1.0)

0.47 (0.30- 0.75)

T

0.0009

Cases <50= cases with less than 50 nevi; Cases >100= case with greater than 100 nevi. *Adjusted for age and gender **SNP rs1978859 failed genotypyng in Leeds
samples.

Table 2. PAX3 SNP rs6754024 ASSOCIATION WITH NEVUS NUMBER IN MELANOMA CASES FROM
BCN AND LEEDS

PAX3
rs6754024

BCN cases

LEEDS cases
BCN +
LEEDS**
cases

MAF
T allele

Genotype

Cases <50(%)

Cases >100(%)

ORAdditive(95%CI)

ORRecessive(95%CI)

PAdditive*

PRecessive*

0.15

G/G
G/T
T/T

112 (78.3)
29 (20.3)
2 (1.4)

70 (65.4)
32 (29.9)
5 (4.7)

2.00 (1.20- 3.34)

4.71 (0.87- 25.53)

0.0066

0.089

0.16

G/G
G/T
T/T

383 (70.1)
151 (27.7)
12 (2.2)

129 (70.9)
42 (23.1)
11 (6.0)

1.16 (0.84- 1.60)

3.57 (1.50- 8.52)

0.366

0.0053

0.16

G/G
G/T
T/T

495 (71.8)
180 (26.2)
14 (2.0)

199 (68.8)
74 (25.7)
16 (5.6)

1.39 (1.06- 1.82)

3.96 (1.78- 8.78)

0.0135

0.0009

Significant results are in bold. MAF= minor allele frequency; Cases <50= cases with less than 50 nevi; Cases >100= case with greater than 100 nevi.
*Adjusted for age, gender and **center
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Table 3. ASSOCIATIONS BETWEEN PAX3 SNPs AND NEVUS NUMBER IN HEALTHY TWINSUK

a) Association between PAX3 SNPs and nevus number

TOTAL NEVUS NUMBER
SNP

BP

1

rs7600206

2

LOG NEVUS NUMBER

LOG NEVUS NUMBER 1

A1

BETA

P

N

BETA

P

N

BETA

P

N

222864831

C

5.303

0.0001

2725

0.15

0.0005

2725

0.13423

0.0020

2704

rs12995399

222845245

C

4.16

0.0005

3012

0.1108

0.0032

3012

0.09044

0.0163

2991

3

rs2855268

222775163

G*

-2.78

0.0503

3006

-0.1283

0.0038

3006

-0.1263

0.0057

2985

4

rs1013262

222799023

G*

-2.438

0.0179

2901

-0.03069

0.347

2901

-0.02523

0.448

2880

5

rs10180903

222823973

C

-2.143

0.156

2648

-0.00603

0.899

2648

-0.01923

0.686

2628

6

rs1978859

222790575

T

-0.8186

0.439

3054

-0.04473

0.175

3054

-0.0353

0.293

3033

7

rs6754024

222870268

T

-0.2347

0.863

3054

-0.01569

0.712

3054

-0.03055

0.476

3033

b) Association between proxy PAX3 SNPS and nevus number

SNP

BP

A1

BETA

P

N

1

rs10932952

222853916

C

3.819

0.0013

3053

2

rs7588554

222782895

G

-2.255

0.0276

3054

3

rs13385121

222710949

G

-2.81

0.059

3054

4

rs1549773

222804212

T

-2.446

0.076

3054

c)

LD analysis

SNP

Proxy

Distance

r2

D’

Coordinate_HG18

1

rs12995399

rs10932952

8671

0.945

1

222853916

2

rs1013262

rs7588554

16128

0.966

1

222782895

Significant results are in bold.
a) Results of total nevus number and logarithm (log) nevus number analysis, both age –adjusted, for the 7 PAX3 SNPs found previously
associated with nevus number in Barcelona study.
1
Log nevus number analysis results, accounting for family structure and age –adjusted.
*Minor allele for SNPs rs1013262 (G) and rs2855268 (G) differs from that presented in Table 1 for BCN and Leeds studies as in TwinsUK the
opposite strand was studied for both SNPs.
b) Log nevus number analysis results for proxy PAX3 SNPs.
c) LD analysis showed association degree between PAX3 SNPs rs12995399 and rs1013262 and proxy SNPs rs10932952 and rs7588554,
respectively.
Abbreviations
BP= genomic position in base-pair; P=P values are from trend model; A1= minor allele. BETA= Effect size (beta) is expressed for nevus number
and log scale nevus number. N= number of individuals genotyped. r2=r-squared. D’= DPrime. LD=linkage disequilibrium
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Table 4. GENERAL INFORMATION OF THE PAX3 SNPs ANALYZED IN BCN, LEEDS AND TWINSUK COHORTS

GENOTYPE

MINOR
ALELE

MAF
BCN
MM cases

MAF
LEEDS
MM cases

MAF
TWINSUK
Healthy individuals

INTRON 1

G/T

T

0.15

0.16

0.15

222864831

INTRON 4

C/T

C

0.20

0.17

0.17

rs12995399

222845245

INTRON 4

C/T

C

0.31

0.22

0.22

rs10180903

222823973

INTRON 4

C/T

C

0.19

0.20

0.15

rs1013262

222799023

INTRON 6

A/C

C*

0.46

0.42

0.40

rs1978859

222790575

INTRON 7

C/T

C

0.32

-**

0.36

rs2855268

222775163

INTRON 7

C/G

C*

0.13

0.15

0.15

SNP

GENOMIC
POSITION

FUNCTION

rs6754024

222870268

rs7600206

*In TwinsUK, the minor allele for SNPs rs1013262 and rs2855268 was (G) as the opposite strand was studied. **SNP rs1978859 failed genotyping
in Leeds samples. MAF= minor allele frequency, MM cases= melanoma cases.
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