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            Abstract
Deleterious germline variants in CDKN2A account for around 40% of familial melanoma cases1, and rare variants in CDK4, BRCA2, BAP1 and the promoter of TERT have also been linked to the disease2,3,4,5. Here we set out to identify new high-penetrance susceptibility genes by sequencing 184 melanoma cases from 105 pedigrees recruited in the UK, The Netherlands and Australia that were negative for variants in known predisposition genes. We identified families where melanoma cosegregates with loss-of-function variants in the protection of telomeres 1 gene (POT1), with a proportion of family members presenting with an early age of onset and multiple primary tumors. We show that these variants either affect POT1 mRNA splicing or alter key residues in the highly conserved oligonucleotide/oligosaccharide-binding (OB) domains of POT1, disrupting protein-telomere binding and leading to increased telomere length. These findings suggest that POT1 variants predispose to melanoma formation via a direct effect on telomeres.
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                    Figure 1: Rare variants in POT1 found in familial melanoma pedigrees.[image: ]


Figure 2: Missense variants in POT1 disrupt the interaction between POT1 and single-stranded DNA and lead to elongated telomeres.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Capillary sequencing of POT1 variants detected by next-generation sequencing.
One sample per variant is shown; variants are indicated with an arrow. (a) Sequencing showing the presence of the variant in an additional member of pedigree UF20 who was not exome sequenced (individual III-2; Fig. 1a). (b) Sequencing of an affected individual of pedigree AF1; note that, in this case, the complementary strand is shown. (c) Sequencing of the POT1 product in a control with wild-type POT1 (top) and a carrier of the splice-acceptor variant (pedigree AF1, individual IV-1; Fig. 1a) (bottom). The boundary between exons 17 and 18 is marked with a dotted red line. The wild-type sequence, in nucleotides and in amino acids, is indicated in black, and the sequence the variant results in is indicated in red. The mutant sequence leads to the introduction of a premature stop codon 11 amino acids downstream of the exon 17–exon 18 boundary. (d) Sequencing of an affected member of pedigree UF31. (e) Sequencing of the carrier member of pedigree UF23.


Supplementary Figure 2 MaxEntScan scores for the splice-acceptor variant detected in a familial melanoma pedigree (AF1).
The location of the scores for the wild-type (black) and mutated (red) sequences are shown against score distributions for real splice donors, real splice acceptors and random genomic sequences.


Supplementary Figure 3 Pedigrees with additional POT1 variants.
(a) Pedigree of family UF31 carrying the p.Gln94Glu change. (b) Pedigree of family UF23 carrying the p.Arg273Leu variant. Types of cancer are indicated under each symbol, and ages of onset are indicated in parentheses. Genotypes for all samples available for testing are shown in blue. All cancers were confirmed by histological analysis with the exception of one case (indicated by an asterisk). CMM, cutaneous malignant melanoma. Circles represent females; squares represent males; diamonds represent individuals of undisclosed sex. Half-filled symbols represent other cancers. The individuals that were sequenced have a red outline.


Supplementary Figure 4 Principal-component analysis showing that the melanoma cases and UK10K controls are ancestry matched.
Plot showing the first and second principal components (PC1 and PC2, respectively). Ancestry was estimated using the 1000 Genomes Project individuals1 and then projected onto the melanoma (gray) and UK10K control (orange) cohorts. Note that controls lying greater than 2 s.d. from the mean PC1 or PC2 scores, calculated using only European individuals in the 1000 Genomes Project data set, are not shown in this plot and were not considered in subsequent analyses. We did not depict three individuals from the QFMP cohort for whom we could not determine the zygosity of the called genotypes.


Supplementary Figure 5 35S gel showing the in vitro translation products of wild-type POT1 and OB domain mutants.
This gel confirms that each in vitro translation reaction successfully produced protein for the electrophoretic mobility shift assay shown in Figure 2b. The p.Tyr89Cys, p.Gln94Glu and p.Arg273Leu POT1 variants were identified by exome sequencing familial melanoma cases. The p.Tyr223Cys variant was somatically acquired in CLL and has previously been shown to be unable to bind to telomeric DNA2. The DNA-protein complexes shown in Figure 2b were visualized by 32P labeling of (TTAGGG)3 single-stranded DNA (Online Methods).


Supplementary Figure 6 Linear model used to adjust bioinformatically calculated telomere lengths for age at blood draw and sex.
Residuals were used as the adjusted relative telomere lengths. Dark circles represent male samples, and light circles represent females. The sex variable is coded as 0 = female, 1 = male. Note that only two dimensions (relative telomere length and age) are shown.


Supplementary Figure 7 Linear model used to adjust PCR mean ΔCt values for age at blood draw and sex.
Residuals were used as the adjusted mean ΔCt values. Dark circles represent male samples, and light circles represent females. The sex variable is coded as 0 = female, 1 = male. Note that only two dimensions (mean ΔCt value and age) are shown.


Supplementary Figure 8 PCR-based estimate of telomere length showing the carrier of a POT1 intronic splice-donor variant.
The carrier of the intronic splice-donor variant is shown in the fourth row in green. The rest of the figure is identical to Figure 2d.
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Supplementary Table 3
Genes with cosegregating variants from the 28 pedigrees for which we had sequence data for 3 or more members and their GO terms. (XLS 159 kb)
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