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Supplementary Νote 1 45 

Illumina TruSight cancer panel sequencing 46 

For initial screening of patients, the Illumina TruSight Cancer Panel was used to capture 47 

DNA regions of interest, following the manufacturer’s instructions (Illumina, San Diego, 48 

USA). Indexed libraries were sequenced on an Illumina MiSeq platform using the 49 

Standard V2 kit (150 bp paired-end reads), while FASTQ, BAM and VCF files were 50 

generated through the Illumina MiSeq Reporter (Illumina, San Diego, USA). Genes and 51 

genomic regions targeted by the above panel can be found at: 52 

http://www.illumina.com/documents/products/gene_lists/gene_list_trusight_cancer.xlsx53 

 54 

Supplementary Νote 2 55 

DNA exome capture and sequencing 56 

gDNA from patients who were negative for known breast cancer (BC) risk variants, or 57 

from informative relatives, was extracted from peripheral blood mononuclear cells 58 

(PBMCs) following standard salt extraction (Miller et al., 1988). Exome capture was 59 

performed on 1μg of gDNA per sample using the Ion Targetseq™ exome enrichment kit 60 

(50Mb target region) following the manufacturer’s instructions (Thermo Fisher Scientific 61 

Inc., West Palm Beach, FL, USA). Enriched DNA from each individual was loaded on 62 

the Ion PI™ chip (v3) and sequenced on an Ion Proton (IP) platform (Thermo Fisher 63 

Scientific Inc., West Palm Beach, FL, USA). Seven samples (F12S01; F12S02; F12S03; 64 

F11S01; F11S02; F11S03; F11S04) were also sequenced on an Illumina platform for the 65 

purpose of comparison. For these samples, exome capture was performed on 3μg of 66 

gDNA using the SureSelect XT2 Human All Exon V5 kit (50Mb target region, Agilent 67 

Technologies, Inc., Santa Clara, CA, USA) followed by 100-bp paired-end sequencing 68 

on a HiSeq 2000 platform (Illumina, Inc., San Diego, CA, USA). Standard protocols by 69 

Agilent and Illumina were applied.  70 

 71 

Variant calling and QC 72 

Germline variants (single nucleotide variants (SNVs) and indels) were called from IP raw 73 

sequence data using two software packages: the IP platform built-in Torrent Variant 74 

Caller (TVC v5.0) and the Genome Analyzer Toolkit (DePristo et al., 2011) (GATK). 75 

TVC-detected variants were called using the IP plug-in for TVC with default parameters. 76 

For GATK-called variants, prior to variant calling, raw data were trimmed using 77 

trimmomatic (v0.36) (Bolger et al., 2014). Trimmed reads were aligned against Ensembl 78 

GRCh37 using BWA-mem (v0.7.7-r441) (Li and Durbin, 2010) with default options. 79 

Duplicate reads were marked using the Picard toolkit (v1.109(1716) 80 

https://broadinstitute.github.io/picard/). GATK (v3.3-0-g37228af) best practices 81 

recommendations (Van der Auwera et al., 2013) were followed to call (HaplotypeCaller) 82 

and filter (VQSR, tranche 99.5) variants. GATK was also used to call variants for the 83 

seven samples that were also sequenced on an Illumina platform. Variants with a depth 84 

of less than six reads or with GQ<20 were excluded from further analysis. We also 85 

excluded all GATK-called indels from the IP data, as these were found to have high false 86 

positive rates, in line with similar work (Zhang et al., 2015). TVC-called indels from IP 87 

data were retained. SNVs and indels passing QC filtering criteria were annotated 88 

functionally using Annovar (Wang et al., 2010). Given that CNV calling from exome data 89 

is noisy (Samarakoon et al., 2014), we retained for further analysis CNVs that were 90 

present in at least two relatives and were absent in all examined unrelated individuals. 91 

Due to differences in raw data manipulation, mapping and variant calling between the 92 
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two strategies employed (TVC and GATK), we sought to quantify the overlap between 93 

SNVs determined by each method. Additionally, for the seven samples sequenced on both 94 

the IP and Illumina platforms, we compared the overlap of SNVs and indels detected 95 

through the two different sequencing technologies. 96 

 97 

Supplementary Note 3 98 

Gene-based prioritization of HBOC candidate loci 99 

For the gene-based shortlisting approach we focused on genes that harbored LoF variants 100 

(stop-gain, essential splice site, and frameshift), given their higher functional prior 101 

(McClellan and King, 2010). We identified genes that contained the same LoF variant in 102 

at least two GRBC patients from a single family, or a LoF variant in a single patient when 103 

no additional affected family members were available. We limited our search to variants 104 

with minor allele frequency MAF≤ 0.1% in both ALL 1000 Genomes and gnomAD. We 105 

then explored the presence, in FBRCAX patients, of rare LoF variants mapping in the 106 

genes prioritized as described above. We retained genes that harbored identical or 107 

different rare LoF variants in at least one FBRCAX patient and restricted our analysis to 108 

variants mapping on the same transcript. Genes were excluded from further analysis if 109 

LoF variants mapped to the last exon, as these are less likely to have a detrimental impact 110 

on gene function (Richards et al., 2015). We shortlisted as possible candidates for HBOC 111 

susceptibility genes that harbored at least one rare LoF variant in both GRBC and 112 

FBRCAX. We explored the presence of the FBRCAX-detected variants in an independent 113 

group of French-Canadian BC patients (CHUM-BC) and in control individuals 114 

(CARTaGENE). 115 

 116 

Supplementary Note 4 117 

Experimental validation of prioritized variants 118 

To experimentally validate GRBC variants shortlisted through gene and variant-based 119 

strategies, we re-sequenced a subset of 148 variants, using AmpliSeq (Thermo Fisher 120 

Scientific Inc., West Palm Beach, FL, USA). Briefly, the AmpliSeq web designer 121 

(www.ampliseq.com/browse.action) was employed to design a primer pool targeting 148 122 

variants. Selected regions were amplified from 10ng of DNA using the Ion AmpliSeq 123 

library kit (Thermo Fisher Scientific Inc., West Palm Beach, FL, USA) and amplicons 124 

were sequenced on an IP platform. Seventeen of the 148 variants were shortlisted by both 125 

gene and variant-based prioritization approaches, and 131 variants were shortlisted 126 

through variant-based prioritization. The vast majority of variants chosen for validation 127 

have not been reported in public databases to date, or have MAF<0.01% (gnomAD). In 128 

FBRCAX candidate variants were genotyped through Sanger sequencing. 129 

 130 

Supplementary Note 5 131 

Genotyping of FBRCAX-detected variants in CHUM-BC and CARTaGENE 132 

Genotyping on the Sequenom iPLEX MassARRAY (Sequenom, Inc., San Diego, CA, 133 

USA) was performed to validate FBRCAX-detected variants in the two groups of French-134 

Canadian individuals. We genotyped 512 female patients (CHUM-BC) and 1,940 cancer-135 

free individuals (CARTaGENE, 970 female and 970 male). For CARTaGENE 136 

individuals, after excluding instances where genotyping failed, we obtained genotype 137 

information for 1,924 individuals (961 female and 963 male), and 1,919 individuals (958 138 

female, 961 male) for the MDM1 and NBEAL1 variants respectively. 139 

 140 
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Supplementary Note 6 141 

Variant allele frequencies in TCGA, ExAC and UKB 142 

TCGA contains whole exome sequence (WES) data from ~10,000 cancer patients, 143 

including 1,000 BC cases, the majority of whom are of Caucasian ancestry (Lu et al., 144 

2015). We approximated allele frequencies of TCGA germline variants using information 145 

from ExAC (Lek et al., 2016). ExAC is a WES database of genetic variation from 60,706 146 

unrelated individuals, of whom 33,370 are of non-Finnish European (NFE) ancestry, from 147 

various disease and population studies. This database also includes WES data from 7,601 148 

TCGA cancer patients, with 6,197 patients being of NFE ancestry (NFE-TCGA). The 149 

ExAC-nonTCGA dataset is a subset of ExAC in which TCGA patients have been 150 

excluded. Individuals included in the ExAC-nonTCGA dataset are from studies on 151 

phenotypes other than cancer and were thus considered to be “cancer-free” individuals. 152 

We derived NFE-TCGA genotypes by subtracting NFE-ExAC-nonTCGA from NFE-153 

ExAC variant counts, using vcftools. Only variants with the filter status “PASS” (derived 154 

from ExAC vcf info) were selected. Also, to ensure equal representation of data from 155 

NFE-TCGA and NFE-ExAC-nonTCGA, we restricted our analysis to loci that had 156 

genotype information available for over 80% of NFE individuals in ExAC. UKB contains 157 

genotype data for 337,218 unrelated individuals of European ancestry (EUR-UKB), 158 

including 57,398 cancer patients, of whom 10,982 were diagnosed with BC (Sudlow et 159 

al., 2015). We approximated allele frequencies for EUR-UKB cancer-free individuals by 160 

subtracting variant counts for 57,398 cancer patients from the total of 337,218 UKB 161 

individuals. We also approximated allele frequencies for EUR-UKB female cancer-free 162 

individuals by subtracting allele frequencies for 10,918 BC female patients from the total 163 

of 143,844 female individuals. 164 

 165 

Supplementary Note 7 166 

Variant-based prioritization of HBOC candidate loci 167 

For the variant-based shortlisting approach, we expanded the range of variant types 168 

examined in the gene-based approach to include in-frame indels, missense and stop-loss 169 

variants. For the Cancer Gene Variants (CGV) and Shared Variants/Genes in Unrelated 170 

(SVGU) strategies, we shortlisted variants with MAF<1%. Furthermore, missense 171 

variants were shortlisted if their effect was predicted to be damaging by at least one of 172 

seven prediction tools (SIFT; PolyPhen-HDIV; PolyPhen2-HVAR; LRT; 173 

MutationTaster; MutationAssessor; CADD). For the Family Specific Variants (FSV) 174 

strategy, we shortlisted variants with MAF<0.01% and damaging effects (for missense 175 

variants) as predicted by at least four of seven tools. Global population allele frequencies 176 

in 1000 Genomes and gnomAD, as well as pathogenicity prediction scores from the seven 177 

in silico tools, were assigned through Annovar. For CADD,  a damaging effect was 178 

recorded for Phred scores >20. For the other tools, predictions were assigned by the 179 

software (SIFT, deleterious; PolyPhen-HDIV, probably damaging;  PolyPhen2-HVAR, 180 

probably damaging;  LRT, deleterious; MutationTaster, disease causing; 181 

MutationAssessor, high). For all strategies, only variants that were shared between 182 

affected relatives were considered. For SVGU we also required variants to be present in 183 

at least one unrelated patient.  184 

 185 

Supplementary Note 8 186 

Genes involved in cancer susceptibility and pathogenesis or in DNA repair 187 
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A list of 1,580 genes with a known role in cancer susceptibility and pathogenesis or with 188 

a role in DNA repair was compiled using information from: a) the Cancer Gene Census 189 

(http://www.sanger.ac.uk/science/data/cancer-gene-census), b) a review article focused 190 

on cancer predisposing genes (CPGs) (Rahman, 2014), c) the KEGG pathway database 191 

(http://www.genome.jp/kegg/pathway.html), d) the Human Phenotype Ontology 192 

database (human-phenotype-ontology.github.io), e) the Gene Ontology database 193 

(www.geneontology.org), and f) three sequencing diagnostic panels for cancer 194 

predisposition (BROCA panel, http://tests.labmed.washington.edu/BROCA; TruSight 195 

cancer, www.illumina.com; Qiagen cancer, www.qiagen.com). Gene names are in 196 

Supplementary Table 2. 197 

 198 

Supplementary Note 9 199 

Enrichment of GRBC prioritized variants in NFE-TCGA and EUR-UKB cancer patients 200 

To explore whether variant-based prioritization candidates are enriched in cancer patients 201 

from TCGA and UKB, we compared allele frequencies between 6,197 NFE-TCGA 202 

cancer patients vs. 27,173 NFE-ExAC-nonTCGA cancer-free individuals for a total of 203 

1,844 shortlisted variants. For EUR-UKB, given the availability of genotype data from 204 

the Axiom Array (820,967 markers), we were able to query 791 out of 1,844 shortlisted 205 

variants (42.9%).  206 

 207 

Supplementary Note 10 208 

Overlap of variants detected on IP vs. Illumina platforms 209 

For seven individuals (F12S01; F12S02; F12S03; F11S01; F11S02; F11S03; F11S04), 210 

sequenced on both IP and Illumina platforms, on average 85.7% of SNVs were detected 211 

by both sequencing technologies, whereas 5.5% and 8.8% of SNVs were detected only 212 

by the Illumina and the IP platform respectively. Note that for the IP platform we 213 

considered the union of TVC and GATK-called SNVs. Indel overlap, between IP (TVC-214 

called) and Illumina (GATK-called) variants, was at 48.8%, in line with similar studies 215 

(Boland et al., 2013) (Supplementary Tables 7 and 8). 216 

217 

Supplementary Figure 1. Variant-based prioritization workflow.  218 

 219 

Supplementary Figure 2. Somatic mutation and copy number ateration (CNA) spectrum 220 

of candidate genes MDM1 and NBEAL1, and of known risk genes BRCA1, BRCA2 and 221 

TP53 in 816 TCGA patients. Figure adapted from cBioPortal analysis (Cerami et al., 222 

2012; Gao et al., 2013). 223 
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