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Two-stage genome-wide association study identifies a novel
susceptibility locus associated with melanoma
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Supplementary Figure 1: QQ plot of observed versus expected quintiles for the melanoma GWAS stage 1 p values,
plotted on a log scale (top) and for stage 2 (bottom). The null hypothesis states that the expected distribution of p values is uniform.
Here, the observed p values follow the null distribution for large p values (P > 0.01) but then diverge for small p values. The solid red line
has a slope of one and the dashed red lines represent a 95% confidence interval, assuming the test results are independent. The test statistics
in the plot have already been adjusted for genomic control.
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Supplementary Figure 2: Forest plots for each of the nine SNPs reaching genome-wide significance for melanoma. Each
plot displays odds ratios from stage 1, stage 2, and overall meta-analysis. For all plots, x-axis displays odds ratio (OR) values and solid
vertical lines represent an odds ratio (OR) of 1. The diamond represents the 95% CI for this estimate. Black dots indicate OR from each
population and horizontal black lines represent 95% CI.
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Supplementary Figure 3: Regional association plots for the nine melanoma loci significant at the genome-wide level in
stage 1. Each plot is labeled with the rsID for the index SNP corresponding to that locus. Left to right, beginning from top left: 16q24.3
(rs1805007, in between TCF25-[]-TUBB3), 5p13.2 (rs35407, SLC4542), 20q11.21 (rs6059655, RALY-ASIP), 9p21.3 (rs201131773,
MTAP), 6p25.3 (rs62389423, in between IRF4 and EXOC2), 5p15.33 (rs139996880, TERT), 11q14.3 (rs1393350, TYR), 21q22.3 (rs45430,
MX2), 5p15.1 (rs187843643, BASP/Noncoding RNA). Eight out of nine of these are previously known melanoma-associated loci. Each
plot displays -log (P value) versus genomic position based on stage 1 association testing. The color scale indicates strength of linkage
disequilibrium (1*) for nearby SNPs, with respect to the index SNP. To preserve detail, results with P < 101 are set to 101%. The “0” and
“+” symbols represent genotyped and imputed SNPs, respectively. Recombination rates, in cM/Mb, are also plotted (navy blue lines). These
plots were generated via LocusZoom, using LD data from the March 2012 release of 1000 Genomes data.



Stage 1 genotyping and quality control

Samples were genotyped on one of four genotyping
platforms. The V1 and V2 platforms were variants of the
[llumina HumanHap550+ BeadChip, including about
25,000 custom SNPs selected by 23andMe, with a total
of about 560,000 SNPs. The V3 platform was based on
the Illumina OmniExpress+ BeadChip, with custom
content to improve the overlap with our V2 array, with a
total of about 950,000 SNPs. The V4 platform in current
use is a fully custom array, including a lower redundancy
subset of V2 and V3 SNPs with additional coverage of
lower-frequency coding variation, and about 570,000
SNPs. Samples that failed to reach 98.5% call rate were
re-analyzed. Individuals whose analyses failed repeatedly
were re-contacted by 23andMe customer service to
provide additional samples, as is done for all 23andMe
customers.

Individuals were only included if they had > 97%
European ancestry, as determined through an analysis
of local ancestry (1). Briefly, this analysis first partitions
phased genomic data into short windows of about 100
SNPs. Within each window, a support vector machine
(SVM) is used to classify individual haplotypes into one
of 31 reference populations. The SVM classifications
are then fed into a hidden Markov model (HMM) that
accounts for switch errors and incorrect assignments, and
gives probabilities for each reference population in each
window. Finally, simulated admixed individuals are used
to recalibrate the HMM probabilities so that the reported
assignments are consistent with the simulated admixture
proportions. The reference population data is derived from
public datasets (the Human Genome Diversity Project,
HapMap, and 1000 Genomes), as well as 23andMe research
participants who have reported having four grandparents
from the same country.

A maximal set of unrelated individuals was chosen
for each analysis using a segmental identity-by-descent
(IBD) estimation algorithm (2). Individuals were defined
as related if they shared more than 700 cM IBD, including
regions where the two individuals share either one or
both genomic segments identical-by-descent. This level
of relatedness (roughly 20% of the genome) corresponds
approximately to the minimal expected sharing between
first cousins in an outbred population.

Research participant genotype data were imputed
against the March 2012 “v3” release of 1000 Genomes
reference haplotypes (3). Data for each genotyping
platform were phased and imputed separately. First,
Beagle (4) (version 3.3.1) was used to phase batches of
8,000,000 individuals across chromosomal segments
of no more than 10,000 genotyped SNPs, with overlaps
of 200 SNPs. SNPs with Hardy-Weinberg equilibrium
P <1020, call rate < 95%, or with large allele frequency
discrepancies compared to European 1000 Genomes
reference data were excluded. Frequency discrepancies
were identified by computing a 2 x 2 table of allele
counts for European 1000 Genomes samples and 2,000
randomly sampled 23andMe research participants with

European ancestry, and identifying SNPs with a chi
squared P < 10—15. Each phased segment was imputed
against all-ethnicity 1000 Genomes haplotypes (excluding
monomorphic and singleton sites) using Minimac2 (5),
using 5 rounds and 200 states for parameter estimation.

For the non-pseudoautosomal region of the X
chromosome, males and females were phased together
in segments, treating the males as already phased; the
pseudoautosomal regions were phased separately. Males
and females were then imputed together using minimac,
as with the autosomes, treating males as homozygous
pseudo-diploids for the non-pseudoautosomal region.

For quality control of genotyped GWAS results,
SNPs that were only genotyped on the “V1” platform were
flagged due to small sample size, and mitochondrial SNPs
or SNPs on the Y chromosome were flagged because many
of these are not currently called reliably. Using trio data,
SNPs that failed a test for parent-offspring transmission
were also flagged; specifically, the child’s allele count
was regressed against the mean parental allele count, and
SNPs with fitted B < 0.6 and P < 10—20 for a test of § <
1 were flagged. SNPs with a Hardy-Weinberg P < 10-20
in Europeans, or a call rate of < 90%, were also flagged.
Genotyped SNPs were also tested for genotype date
effects, and SNPs with P < 10—50 by ANOVA of SNP
genotypes against a factor dividing genotyping date into
20 roughly equal-sized buckets were flagged.

For imputed GWAS results, SNPs with average
r-squared < 0.5 or minimum r-squared < 0.3 in any
imputation batch were flagged, as well as SNPs that had
strong evidence of an imputation batch effect. The batch
effect test was an F test from an ANOVA of the SNP
dosages against a factor representing imputation batch;
results with P < 10—50 were flagged. Prior to GWAS,
the largest subset of the data passing these criteria was
identified for each SNP, based on their original genotyping
platform — either v2+v3+v4, v3+v4, v3, or v4 only —
and association test results were computed for whatever
was the largest passing set. As a result, there were no
imputed results for SNPs that failed these filters.

When choosing between imputed and genotyped
GWAS results, if either the imputed test passed quality
control, or a genotyped test was unavailable, the imputed
result was reported; otherwise, the genotyped result was
reported. For tests using imputed data, imputed dosages
were used rather than best-guess genotypes.

Across all results, logistic regression results that
did not converge due to complete separation, identified
by absolute(effect) > 10 or standard error > 10 on the log
odds scale, were flagged. Linear regression results for
SNPs with MAF < 0.1% were also flagged, since tests of
low frequency variants can be sensitive to violations of the
regression assumption of normally distributed residuals. This
methodology has been applied in prior GWAS studies (6-8).

Stage 1 phenotype categorization

23andMe identified melanoma cases by using
research participants’ self-reported answers to online



questionnaires. Subjects who answered “Yes” and/or
selected melanoma from a dropdown menu in response
to at least one of the following questions were defined as
cases: “Have you ever been diagnosed by a doctor with
melanoma?” “What type of skin cancer did you have?
Please check all that apply.” “What type of skin cancer
or cancers have you been diagnosed with? Please check
all that apply.” “Have you ever been diagnosed with
melanoma?” “Have you ever been diagnosed or treated
for any of the following conditions?” Controls were
defined as subjects who answered “No” and did not
select melanoma from any relevant dropdown menus. In
addition, subjects who answered “No” to at least one of
the following questions (and “Yes” to none) were defined
as controls: “Have you ever been diagnosed with cancer,
including skin cancer or cancerous moles?” “Has a doctor
ever told you that you have a type of cancer?” “Have you
ever been diagnosed or treated with any of the following
conditions?” Among the samples with imputed genotypes,
23andMe had 4,843 melanoma cases and 286,565 controls.

Stage 2 genotyping and quality control

Tissue samples were collected as whole blood,
with various DNA extraction methods (including Gentra,
Qiagen, and phenol/chloroform). DNA samples for the
first-stage genome-wide association study were genotyped
using the Illumina Omnil-Quad array and were called
using the BeadStudio algorithm, at the John Hopkins
University Center for Inherited Disease Research (CIDR).

Mean call rate for all samples was 99.86%. Only
41 failed genotyping with > 10% missing rate across all
SNPs, and 11 samples had identity problems that could
not be resolved. For this study, the IBD coefficients were
estimated using 116,002 autosomal SNPs in PLINK
(Purcell et al., 2007). In total, 126 duplicated, related
(IBD), or outliers identified by PCA were excluded from
the study. Following these exclusions there were 1,952
cases and 1,026 controls. Among 2,978 total cases and
controls passing quality control, 138 in situ cases were
subsequently removed from the study for indeterminate
phenotype. Ten atypical melanocytic proliferation (AMPs)
patients were also excluded as not having invasive
cancers. Finally, we analyzed data from 1,804 cases
and 1,026 controls available for the association study of
melanoma susceptibility (Amos et al., 2011). Genome-
wide imputation had been applied to case and control
samples using MACH program based on 1000 Genome
phase I V2 CEU data (2010-11 data freeze, 2012021
haplotypes) as a reference panel.
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Supplementary Table 1: Sensitivity and specificity of self-report data with respect to MM diagnosis

n=186 Disease (+) Disease (—)
Self-report (+) 15 2
Self-report (—) 0 169

Sensitivity = 100%.
Specificity = 98.8%.

Within table, from left to right, are counts for true positives, false positives, false negatives, and true negatives. Data from 186
randomly selected.

Supplementary Table 2: Replication of 21 previously reported significant MM-associated loci

Stage 1 Stage 2 Meta-analysis Prior Studies
SNP Ch. Gene Min MAF r2 P OR P OR P OR P OR Ref
157412746 1 ARNT T 0.47 0.99 2.46 x 10 1.08 1.92 x 10° 1.19 6.10 x 10 1.09 9.00 x 10! 1.15 )
rs13016963 2 CASP8 A 0.38 1.00 6.93 x 107 0.94 3.51 x 10?2 1.13 1.08 x 10? 1.07 9.00 x 10-1° 1.14 (10), (11)
186750047 2 RMDN2 (CYP1BI) A 0.28 0.99 248 x 107 1.02 8.89 x 10? 1.10 9.22 x 102 1.03 7.00 x 10 1.10 (12)
rs16891982 5 SLC45A2 C 0.04 1.00 9.02 x 10" 0.48 5.33x10° 0.58 1.08 x 10 0.50 1.47 x 10 0.42 (11)
1s6914598 6 CDKALLI C 0.31 0.96 222 x10? 1.05 2.52 % 10" 1.07 1.10 x 10 1.06 3.50 x 10 1.10 (12)
181636744 7 AGR3 T 0.41 1.00 5.59 x 10? 1.04 4.99 x 102 1.12 1.31 x 102 1.05 7.10 x 10° 1.10 (12)
rs10739221 9 TMEM38B (RAD23B, TAL2) T 0.24 0.96 7.39 x 10° 1.10 2.02x 107 1.22 1.46 x 10 1.12 7.10 x 10" 1.13 (12)
1rs7023329 9 MTAP (CDKN2A) G 0.50 1.00 2.29 x 10 0.86 1.49 x 10° 0.79 538 x 107 0.85 7.00 x 10° 0.86 (10)
182995264 10 OBFC1 G 0.10 0.96 2.75 % 10° 1.16 2.59 x 102 1.23 1.80 x 10® 1.17 220 x 10° 1.17 (12)
1$1393350 11 TYR A 0.27 1.00 1.90 x 10" 1.17 8.47 x 10 1.18 3.65x 101 1.17 2.00 x 101 1.29 (13),(10)
rs498136 11 CCND1 A 0.36 0.99 8.98E x 10~ 1.09 1.45 x 10" 1.09 2.77 % 10° 1.09 1.50 x 102 1.12 (12)
131801516 11 ATM A 0.14 1.00 7.42 x 107 0.95 7.57 x 103 0.81 9.45 x 103 0.93 3.00 x 10 0.88 (10)
rs4778138 15 OCA2 G 0.15 1.00 5.68 x 10 0.90 6.52 x 10+ 0.75 1.12 x 10° 0.88 2.20 x 10" 0.84 (12)
1s258322 16 MCIR A 0.09 1.00 3.87 x 107¢ 1.31 532 x10°¢ 1.52 448 x 102 1.33 3.00 x 107 1.67 (13), (10)
184785763 16 AFG3L1P A 0.33 1.00 3.47 x 10 1.21 1.64 x 10 1.32 521 x10% 1.22 6.00 x 10 1.32 (13) (11)
rs16953002 16 FTO A 0.17 1.00 7.54 x 10" 1.01 5.61 x 102 1.15 3.41 % 10" 1.03 3.60 x 102 1.16 (11,14)
1s258322 16 CDK10 A 0.09 1.00 3.87 x 1071¢ 1.31 532 x10°¢ 1.52 448 x 102 1.33 2.00 x 10 1.67 (13), (15)
131885120 20 MYH7B C 0.07 0.98 4.02 x 10°'° 1.34 1.77 x 10 1.43 3.71 x 102 1.35 1.60 x 10°"* 1.55 (11)
15910873 20 PIGU A 0.08 1.00 2.61 x 107 1.35 1.66 x 10 1.43 1.85x 10 1.36 9.90 x 101 1.75 (16)
rs45430 21 MX2 0.40 1.00 8.80 x 10°* 0.89 1.08 x 10! 091 2.89 x 10 0.90 3.00 x 10” 0.88 (10)
182284063 22 PLA2G6 G 0.36 0.99 1.21 x 102 0.95 3.83 x 10° 0.84 8.15 x 10+ 0.93 2.00 x 10 0.83 (13)

21 loci previously confirmed as associated with MM via prior GWAS (P <5 x 10°*) are listed, all of which independently reached nominal significance (P < 0.05) in this study. Additionally, we report chromosome, nearest
genes, minor allele, minor allele frequency (MAF) as calculated from stage 1 controls, average imputation r* (a measure of imputation quality) for stage 1, and odds ratio (OR) with P value for each stage, calculated
with respect to the minor allele. The right-most 3 columns list P value and OR from prior publications for each locus, relative to minor allele, along with corresponding reference. Statistics for effect heterogeneity (P,
and %) are included in Supplementary Table 4.

MAF = minor allele frequency in stage 1 controls.



Supplementary Table 3: Imputation and effect heterogeneity statistics for 9 genome-wide significant

SNPs
Stage 1 Stage 2 Meta-analysis

SNP Gene Maj/Min MAF avg r’ min r? MAF imputation r? Genotyped P, r
rs1805007 MCIR C/T 0.07 1.00 1.00 0.07 0.74 Imputed 0.14 542
1535407 SLC4542 G/A 0.04 0.98 0.88 0.02 _ Genotyped 0.37 0
156059655 RALY (ASIP) G/A 0.07 0.99 0.98 0.09 0.98 Imputed 0.58 0
rs201131773 MTAP /D 0.48 0.99 0.98 - - - 1.00 0
162389423 IRF4-[]--EXOC2 G/A 0.14 0.78 0.76 0.14 0.81 Imputed 0.28 12.7
rs139996880 TERT G/A 0.16 0.65 0.55 0.12 0.30 Imputed 1.00 0
151393350 TYR G/A 0.26 1.00 1.00 0.28 _ Genotyped 0.90 0
1545430 MX2 T/C 0.40 1.00 0.99 0.39 _ Genotyped 0.68 0
rs187843643 BASPI---[]** C/T 0.01 0.74 0.61 0.00 0.41 Imputed 0.86 0

SNPs that met genome-wide significance (P <5 x 10-8) in stage 1 and/or overall meta-analysis are listed. Additionally, we report genetic context, minor alleles, stage 1 minor allele

frequency (MAF), stage 1 average imputation r* (avg r?), stage 1 minimum imputation r2, stage 2 MAF, stage 2 average imputation r* and overall, and P value (P
heterogeneity pertaining to meta-analysis of combined stage 1-stage 2 data.

) and I? for effect

Supplementary Table 4: Imputation and effect heterogeneity statistics for previously reported SNPs.
See Supplementary Table 4



