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Supplementary Methods

Studies

We included samples of female breast cancer (BC) patients (cases) and unaffected controls from 44
studies participating in the BCAC (http://bcac.ccge.medschl.cam.ac.uk/; Tables S1, S2). All studies
were approved by the relevant ethical review boards and used appropriate consent procedures. Of
these, 30 were population-based or hospital-based studies that included cases and controls
independent of family history. A further 14 studies oversampled cases with a family history of BC

(e.g. selecting cases attending cancer genetics clinics), while one study oversampled controls with a
family history of cancer. Some studies, by design, included more than one woman from the same
family, but for the analyses presented here, only data on the index cases were included. All women
included were aged >18 years. In total, samples from 59,299 controls and 67,269 BC patients were
included; after all quality control steps (see below), 53,461 controls and 60,466 cases with an
invasive (54,624; 90.3%) or in situ (4,187; 6.9 %) tumor or tumor of unknown invasiveness (1,655;
2.7%) were included in the analyses.

Library preparation and sequencing

We defined a panel of 35 genes (Table S4; Supplementary File 5). We included 32 genes provided on
commercial genetic testing panels at the time of design (in early 2016), for which breast cancer was
an indication. We also included 3 other genes (RINT1, BRE, RECQL) suggested as susceptibility genes
in the literature?. The analyses presented include the results of 34 genes, excluding PPM1D.
Previous studies have shown an association between PTVs in PPM1D and breast and ovarian cancer
risk, but for variants seen at low allelic fractions (“somatic mosaicism”). These variants are not
inherited, are potentially due to treatment, and hence not relevant to the analysis of germline
susceptibility variants presented here 3. 365 carriers of the PTV ¢.1100delC in CHEK2 (~1/3 of the
total) overlapped with previous BCAC studies genotyping this variant.® Specific variants in PALB2 (6),
ATM (1) and CHEK?2 (6) were previously genotyped using the iCOGS array.’

Library preparation was conducted using the Fluidigm Juno 192.24 system in three laboratories
(Human Cancer Genetics Programme, Human Genotyping Unit- Cegen. Spanish National Cancer
Research Centre (CNIO), Madrid, Spain; Department of Clinical Sciences Lund, Lund University, Lund,
Sweden; Centre for Cancer Genetic Epidemiology, University of Cambridge, Cambridge, UK). For all
samples except those of SEARCH (Table S1), we used a sequencing panel of 1,349 fragments,
designed to cover the coding sequence, intron/exon boundaries and UTRs of the 35 genes
(Supplementary File 5). We attempted to cover alternative transcripts, but classified variants
according to a canonical transcript (Table S4). We also included additional regulatory sequences for
BRCA1 and BRCAZ2, and 224 fragments that included known common breast cancer susceptibility
variants (Supplementary File 5). For SEARCH, we used the same technology but designed an
augmented panel that included 18 additional genes (not reported here).

Amplified products were combined into barcoded libraries of 768 samples, which were run on a
single lane of an lllumina Hiseq4000. Samples were demultiplexed and then aligned to the reference
genome (hg19) using BWA-MEMS. Each sample was sequenced to an average depth of 349 reads, in
the target region. Depth, along with base quality, was used as part of the secondary quality control
filtering.
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Variant calling and quality control

Variant calling was performed using VarDict®; comparison with other callers indicated that this had
much better specificity for this type of targeted sequencing®®. We applied the following filters at the
VCF level: phred scaled sequencing quality assessment of the bases contributing to the variant
(QUAL) <30, allele fraction (AF) <0.2 and mean mapping quality (MQMEAN) <60, mean number of
mismatches per read (NM) >2.0, AFxBase Depth < 7.5. Variants failing any of these filters were
removed. We also removed any variants exhibiting amplicon bias (i.e. not present on all the
amplicons covering the variant).

We next derived a callability matrix which indicated whether each position in the target region was
callable in each sample, and eliminated positions and samples with low callable fraction. A callable
position was defined as one with at least 15x coverage with base quality at least 20. We successively
increased the callable fraction threshold from 0.01 to 0.95 in 0.01 increments, so in the final dataset
all samples were callable in at least 95% of positions and all positions were callable in at least 95% of
samples. The final callable sequenced region was 130.5kb, representing 91.1% of the target
sequence. 107kb/114kb (93.8%) of the coding sequence was callable (Table S5).

As a final check, Integrative Genomics Viewer!! was used to inspect read alignments for all 2,905
variants predicted to result in a truncated protein, including indels, nonsense substitutions, and
canonical splice altering variants. Variant nomenclature errors were corrected (n=160) and likely
miscalls were removed (n=623).

We excluded known or identified duplicates and close relatives identified through comparison of
array genotypes from the iCOGs and OncoArray projects, and known close relatives based on
pedigree data. We also excluded samples for which the genotypes were not consistent with the
array genotyping, suggestive of sample swapping. We also excluded individuals who were from a
minority ancestry for that study (that is, non-east Asian individuals from the 4 Asian studies and non-
European individuals from the European studies). Ethnicity was defined genetically using principal
components analysis from the array genotype data where this was available!?, otherwise by self-
report. For Malaysia and Singapore (see below) we excluded admixed individuals, defined as not
reaching a 50% threshold for a single ancestry (Chinese, Malay or Indian) based on genotyping.

PTVs were defined as frameshifting insertions/deletions, stop/gain or canonical splice variants as
classified by the Emsembl Variant Effect Predictor (VEP)®3, with the exception of variants in the last
exon of each gene, which were excluded from the primary analysis. We also exclude splice variants
affecting the penultimate exon as these may lead to exon skipping and not result in nonsense
mediated decay, with exception of 6 genes for which there is evidence that the truncating protein
would still be pathogenic, irrespective of exon skipping (summarised in Table S6).We further
excluded 7 canonical splice variants in BRCA1 which are of uncertain significance according to
ENIGMA guidelines: (c.594-2A>C*, ¢.4096+1G>A, c.4096+2T>C, c.4096+1G>A and three variants
within tandem acceptor sites: ¢.4186-2A>G, c.4358-1G>C, c.4358-2del). In-frame
deletions/insertions, non-canonical splice variants, variants in UTRs and other intronic variants were
not considered.

Missense variants were classified by protein domain location, principally as defined by UniProt
(https://www.uniprot.org/), and, for BRCA1, BRCA2 and TP53, by whether they were likely to be
considered pathogenic according to commonly accepted guidelines. For BRCA1 and BRCA2, subset
analyses were conducted for variants considered pathogenic or likely pathogenic by either Clinvar
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(https://www.ncbi.nlm.nih.gov/clinvar/) or ENIGMA BRCA1/2 expert panel guidelines
(https://enigmaconsortium.org/). For TP53, we also considered a definition of (likely) pathogenic,
based on American College of Medical Genetics (ACMG) guidelines?®, augmented by variants
classified as (likely) pathogenic based on a published quantitative model for TP53 missense variant
classification that utilizes a combination of bioinformatic prediction and reported germline:somatic
ratio for a given variant.

Summary counts for PTVs and rare missense variants in population-based studies and all studies
combined are provided as Supplementary Files.

Variant detection sensitivity and positive predictive value

Sensitivity was assessed by two approaches. First, we compared SNV calls for 75,059 samples
previously genotyped using arrays (iCOGS and OncoArray)'>', based on samples and positions that
passed quality control filters. Sensitivity was 89.7% (7,893/8,803 called variants) for variants with
MAF<0.1%, and 94.8% (48,866/51,538) for variants with a frequency 0.1-1%. For common variants,
genotype concordance was 97.3%. Second, we evaluated 130 samples that had previously been
subject to sequencing in a clinical testing laboratory in Sweden, in which putative deleterious
variants had been confirmed by Sanger validation, and 65 samples from carriers of deleterious
BRCA1/2 variants recruited into the EMBRACE study in the UK'®. These samples were subject to the
same library preparation and sequencing pipeline as the study samples. Of 207 confirmed variants
within the filtered sequence, 198 (95.7%) were identified (77 SNVs, 92.8% and 121 indels, 98.4%).

Confirmatory Sanger sequencing was carried out on 160 PTVs and 145 missense variants that were
called by VarDict and passed all QC filters above. The Positive Predictive Value (PPV) was 99.4%
(159/160) and 93.1% (135/145), respectively.

Statistical analysis

The primary analyses were burden analyses in which the odds ratios (OR, with 95% confidence
intervals) for carrying any variant in a given category were estimated using logistic regression. The
primary analyses included covariates to adjust for country, except for Malaysia and Singapore, in
which the three distinct ethnic groups (Chinese, Indian, Malay) were treated as different strata, and
the UK, which was treated as three strata (SEARCH, from East Anglia, GENSCOT from Scotland and
PROCAS and FHRISK from north-west England). We conducted separate analyses including only
studies or substudies in which cases and controls were not selected for family history (“population-
based studies”), and only studies in which the cases were oversampled for family history (“family-
based studies”). One study (KOHBRA), in which controls were enriched for family history, was
excluded from both these analyses. The odds ratios should provide consistent estimates of the
incidence rate ratio (hazard ratio), but may overestimate the relative risk (ratio of the cumulative
risk in carriers to non-carriers).

Heterozygous and homozygous carriers of variants in a gene were not distinguished as it was not
always possible to do so with certainty, and the number of homozygotes was too small for separate
analysis. “PTV carriers” and “missense variant carriers” therefore refer to either monoallelic
(heterozygote) or bilallelic carriers throughout. Rare missense variants were defined as having a
population frequency of less than 0.001, based on a weighted average of the frequencies in gnomAD
non-Finnish Europeans (89%) and East Asian individuals (11%). If the variant could not be called in
gnomAD, the weighted average allele frequency in the current dataset was used. Carriers of PTVs in
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BRCA1 were excluded from the analysis of BRCA2, and vice-versa, and carriers of PTVs in BRCA1 or
BRCA2 were excluded from the analysis of all other genes. Carriers of PTVs in other genes were
excluded from the analysis of missense variants in that gene.

We conducted analyses for overall (invasive or in-situ) BC, BC by estrogen receptor (ER) - subtype
and, among ER-negative cases, triple negative and non-triple-negative disease. Case-only analyses
were used to evaluate the evidence for differences in OR by subtype and by age (assuming a linear
trend in the log(OR) with age). Tests of the difference in effect size between population-based and
familial enriched studies were performed by fitting multinomial logistic regression models with three
outcomes (control, population-based case, familial case) and constructing likelihood ratio tests
relative to the null model in which the effect sizes for population-based and familial studies were
constrained to be equal.

To evaluate differences in the OR by ethnicity for those genes with a significant trend in OR by age,
we computed age-specific ORs for each ethnicity, assuming the same linear trend in the log(OR) by
age (as for the cumulative risk analyses below).

Bayesian False Discovery Probabilities

To determine Bayesian False Discovery Probabilities (BFDPs),'® we assumed a prior probability of
association of 0.99 for BRCA1, BRCA2 and CHEK2, 0.8 for PALB2 and TP53, and 0.5 for ATM. These
probabilities were chosen to reflect the strong prior evidence for these genes (though the results for
these genes were quite insensitive to the assumed prior and would have achieved a BFDP<5% for
any plausible prior). We chose priors of 0.3 for RAD51C and RAD51D, reflecting their known
associations with ovarian cancer, 0.2 for all remaining genes listed as probably disease associated in
the overview by Easton et al.?%, and 0.1 for the remaining genes. We assumed a log-normally
distributed prior effect size as described by Wakefield, except that we only considered positive
associations as the prior evidence for all genes was in favour of PTVs being positively associated with
risks. The variance of the prior log(OR) was determined by assuming a 95% probability that the OR
was less than some bound K, where K=20 for BRCA1 and BRCA2, K=6 for PALB2 and K=3 for the other
genes. (The results were insensitive to this latter assumption).

Absolute risk estimation

Cumulative risks, in the absence of other events, were calculated by combining age-specific relative
risk estimates with the population incidence rates for the UK (2016) as a baseline, as previously
described®. The age-specific relative risks were derived by assuming a linear trend in the log(relative
risk) with age, estimated from the case-only analysis®. The age-specific ORs were all consistent with a
log-linear decline in the OR with age. These relative risk estimates were derived from the
population-based, European ancestry studies only. Revised calculations would be necessary for
populations with different incidences (assuming the same relative risks). Cumulative risks were not
computed for TP53, given the wide confidence interval on the relative risk estimate and the
substantial childhood cancer risk.

Variant prevalences and familial relative risks

Adjusted population prevalences for the associated genes were computed from the observed
prevalences in population controls, adjusted by the estimated sensitivity of the testing, using the
formula 2p’ = 2p/(cs(1 — v)), where 2p is the observed prevalence, c is the proportion of the
coding sequence that was determined to be callable, s is the sensitivity of the testing for callable
variants, as estimated by the comparison with known sequence variants and v is the proportion of
deleterious variants that are assumed to be copy number variants (and hence not detectable). c was



estimated on a per gene basis (Table S5) while s was estimated across all genes as 0.957 (see above).
v was assumed to be 0.15 for BRCA1%L. For other genes, v was estimated from the proportion of
unique variants annotated as pathogenic or likely pathogenic in ClinVar that were 50bp or larger: the
assumed proportions were: ATM: 0.06, BARD1: 0.11, BRCA2: 0.02, CHEK2: 0.16, RAD51C: 0.22,
RAD51D: 0.14, PALB2: 0.08. For CHEK2 the adjustment was made only for the set of variants
excluding c.1100delC.

The familial relative risk of breast cancer attributable to each gene was estimated using the formula :

=P+ A=pD@; +1-p)?
g Cpjj +1—2p;)?

Where p; is the (combined) allele frequency of deleterious variants in gene j and y; is the
corresponding odds ratio. The combined effect of all genes was then derived as

ln(1+zjfj—1)/l -
n

That is, assuming an additive effect of the genes, and an overall familial relative risk to first degree
relatives of 2.0.



Table S1. Description of studies included in the analyses.

Institute (Central region), The Prince
Songkla University Research Centre
(South region), The HRH Princess
Maha Chakri Sirindhorn Medical Centre
(MSMC)-Srinakarinviroj University
(Eastern region), Khon-Kaen University
Cancer Centre (North-eastern region).
1. Women who underwent biopsy and
have been pathologically diagnosed as
having breast cancer.

2. Aged less than 71 years of age.

(Central region), The Prince Songkla University
Research Centre (South region), The HRH
Princess Maha Chakri Sirindhorn Medical
Centre (MSMC)-Srinakarinviroj University
(Eastern region), Khon-Kaen University Cancer
Centre (North-eastern region).

1. Women aged less than 71 years of age
without cancer history of any kinds

2. Women who attend the out-patient clinic
under the minor injuries such as cuts, broken
bones.

3. Women who are institutionalised at the
hospital with diseases not related to cancer or
metabolic syndromes such as diabetes, heart

Study Abbrevia | Country Study design Case definition Control definition Selected Design References
tion familial category
cases
Amsterdam ABCS Netherlands | Hospital-based iCOGS/OncoArray/BRIDGES: iCOGS/OncoArray/BRIDGES: Population-based No Mixed 17,22
Breast Cancer consecutive cases; Breast cancer patients diagnosed cohort of women recruited through the
Study population-based before age 50 in 1995-2011 at the Sanquin blood bank, all ages.
controls (for Netherlands Cancer Institute - Antoni
iCOGS/OncoArray/B | van Leeuwenhoek hospital (NKI-AVL).
RIDGES from blood
bank).
Amsterdam ABCS-F Netherlands | Clinical Genetic iCOGS/OncoArray/BRIDGES: No controls. [Use controls of ABCS] Yes Case-only; 6
Breast Cancer Center-based cases | All non-BRCA1/2 breast cancer cases clinical genetic
Study - Familial from the family cancer clinic of the NKI- center-based
AVL tested in the period 1995-2009; all
ages and diagnosed with breast cancer
in 1972-2010.
Asia Cancer ACP Thailand Hospital-based Cases recruited 1999-2000 and 2008- Controls recruited 1999-2000 and 2008- No Mixed None
Program case-control study present at The National Cancer present at The National Cancer Institute




diseases or conditions related to gynaecology
and are well enough to give information to
researchers.
Bavarian Breast | BBCC Germany Hospital-based Consecutive, unselected cases with Healthy women with no diagnosis of cancer No Mixed 23,24
Cancer Cases cases; population invasive breast cancer recruited at the | aged 55 or older. Invited by a newspaper
and Controls based controls University Breast Centre, Franconia in advertisement in Northern Bavaria, and
Northern Bavaria during 1999-2013. recruited during 1999-2013.
Breast Cancerin | BIGGS Ireland Hospital-based Unselected cases recruited from West | Women > 60 years with no personal history of | No Mixed 25-27
Galway Genetic cases; population of Ireland since 2001. Cases were any cancer and no family History of breast or
Study based controls recruited from University College ovarian cancer were identified from retirement
Hospital Galway and surrounding groups in the West of Ireland (same catchment
hospitals area as cases) during the period 2001-2008.
Breast Oncology | BREOGA | Spain Population-based A population-based study conducted Controls were frequency-matched to cases No Population- 27-31
Galicia Network | N case-control since 1997 in two cities in Galicia, Spain | according to 5-year age group, inclusion in the based
(Vigo and Santiago) covering universal Galician Public Health Service
approximately 700,000 inhabitants. (SERGAS) registry database, and place of
The study currently includes over 1600 | residence. They were healthy, unrelated
incident breast cancer cases diagnosed | female individuals from the same base
from 1997-2014 in two Galician population as cases randomly selected from
hospitals with blood, tumor tissue and SERGAS’ primary healthcare centers in the
risk factor questionnaire. health areas of Santiago and Vigo. Recruitment
began in 1997.
Breast Cancer BSUCH Germany Hospital-based Cases diagnosed with breast Healthy, unrelated, ethnically matched female No Mixed 32
Study of the cases;healthy blood | cancer/breast cancer metastasis in blood donors recruited in 2007, 2009 & 2012
University of donator controls 2008-2011 at the University Women's by German Red Cross Blood Service of Baden-
Heidelberg Clinic Heidelberg. Wirttemberg-Hessen, Institute of Transfusion
Medicine & Immunology, Mannheim.
Crete Cancer CCGP Greece Hospital-based Incident breast cancer cases treated Healthy, unrelated, ethnically matched female No Mixed Unpublished
Genetics case-control study between 2004 and 2013 at the blood donors recruited in 2014 by the
Program University Hospital of Heraklion on laboratory of Hemostasis at the General
Crete; all enrolled within 6 months of Hospital of Heraklion "Venizelio".
diagnosis.
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CECILE Breast CECILE France Population-based All incident cases of breast cancer General population control women residing in No Population- 33
Cancer Study case-control study diagnosed in 2005-2007 among women | the same geographic areas frequency-matched based

<75 years of age and residing in llle-et- | to the cases by 5-year age groups. Controls

Vilaine or Cote d'Or. Cases were were recruited in 2005-2007 by phone using a

recruited from the main cancer random digit dialing procedure and predefined

treatment center (Centre Eugéne- numbers by socioeconomic status to control

Marquis in Rennes and Centre for possible selection bias.

Georges-Frangois-Leclerc in Dijon) and

from private or public hospitals in each

area.
Copenhagen CGPS Denmark Population-based Consecutive, incident cases from 1 Community controls residing in the same No Mixed 34
General case-control study hospital with centralized care for a region as cases and with no history of breast
Population population of 400,000 women from cancer were identified from the Copenhagen
Study 2001 to the present. General Population Study recruited 2003-2007.

All controls were known to still be breast
cancer-free at the end of 2007.

Spanish CNIO- Spain Case-control study Two groups of cases:1) 574 consecutive | Women attending the Menopause Research Subset Mixed 35
National Cancer | BCS breast cancer patients, unselected for | Centre between 2000 and 2004 and female (N=291)
Centre Breast family history, from 3 public hospitals, members of the College of Lawyers attending a
Cancer Study 2 in Madrid and one in Oviedo, from free, targeted medical check-up in 2005, all

2000 to 2005. 2) 291 cases with at least | free of breast cancer and all in Madrid

one first degree relative also affected

with breast cancer, recruited through

the CNIO family cancer clinic in Madrid

from 2000 to 2004.
Colombian COLBCCC | Colombia Case-control study 1,022 unselected women diagnosed 1,023 healthy women attending the country- No Mixed Unpublished

Breast Cancer
Case-Control
Study

with breast cancer after January 1,
2004; enrolled between 2007 and
2012.

wide National Pap-Smear Screening Program in
Colombia; enrolled between 2007 and 2012.
Controls were matched to cases by +/- 2 years.
Controls were women participating in the
Colombian National Pap-Smear Screening
Program (participation rate in 2005 was 77%)
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Family History FHRISK UK Clinic-based cohort | Women diagnosed with breast cancer Women attending the same Family History Yes Cohort and 36,37
Risk Study study with a nested | and attending the Family History Clinic | Clinic as the cases but without a breast cancer case-control
case-control study in Manchester for increased risk of diagnosis. Recruitment period is the same as

breast cancer. Recruitment period for the cases.

2009-2012.
German GC-HBOC | Germany Clinic-based case Women diagnosed with breast cancer Healthy, unrelated, ethnically and age- Yes Mixed 38-41
Consortium for study and in one of the GC-HBOC centres matched female control individuals (LIFE study,
Hereditary prospective cohort (Cologne, Munich, Kiel, Heidelberg, Leipzig, Germany).
Breast & study Disseldorf, Ulm, Wirzburg, Miinster
Ovarian Cancer and Hannover). Recruitment period

1996-present.
Gene GENICA Germany Population-based Incident breast cancer cases enrolled Selected from population registries from 31 No Population- 42,43
Environment case-control study between 2000 and 2004 from the communities in the greater Bonn area; based
Interaction and Greater Bonn area (by of the hospitals matched to cases in 5-year age classes
Breast Cancer in within the study region); all enrolled between 2001 and 2004.

within 6 months of diagnosis.
Germany
Generation GENSCO Scotland Prospective family- Incident and prevalent cases of Two groups of controls: (1) 2:1 unrelated No Prospective 44
Scotland T based cohort study; | histologically-confirmed breast cancer individuals matched to cases on age in five- cohort

nested case-control | at the time of latest updated cancer years at baseline and recruitment centre; (2)

registry linkage (currently 2013). first-degree female relatives with no breast

Recruitment though the General cancer diagnosis at the time of selection.

Practitioners in the areas of Glasgow,

Tayside, Ayrshire, Arran and Northeast

Scotland.
Genetic GESBC Germany Population-based All incident cases diagnosed <50 years Selected from random lists of residents of the No Population- 45
Epidemiology study of women of age in 1992-5 in two regions: Rhein- | study regions supplied by population registries; based
Study of Breast <50 years Neckar-Odenwald and Freiburg, by two controls were selected for each case,
Cancer by Age surveying the 38 clinics serving these matched by age and study region. Recruitment
50 regions was carried out 1992-1998.
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Hannover HABCS Germany Hospital-based Cases who received radiotherapy for Anonymous female blood bank donors at No Mixed 46
Breast Cancer case-control study breast cancer at Hannover Medical Hannover Medical School, collected from
Study School between 1996-2003 (HaBCS I), 8/2005-12/2005, with known age and ethnic
or were diagnosed with breast cancer background.
at a certified Breast Cancer Clinics in
the Hannover region between 2012-
2016 (HaBCS II), unselected for age or
family history.
Helsinki Breast HEBCS Finland Hospital-based (1) Consecutive cases (883) from the Healthy females from the same geographical Subset Mixed 47-49
Cancer Study case-control study, | Department of Oncology, Helsinki region in Southern Finland in 2003. (N=609)
plus additional University Central Hospital 1997-8 and
familial cases 2000, (2) Consecutive cases (986) from
the Department of Surgery, Helsinki
University Central Hospital 2001 —
2004, (3) Familial breast cancer
patients (536) from the Helsinki
University Central Hospital,
Departments of Oncology and Clinical
Genetics (1995-)
Hereditair HEBON Netherlands | Clinical genetic Breast (or sometimes ovarian) cancer No controls. [Use of controls (bloodbank Yes (All Case-only; Unpublished
Borst-en center-based patients who were tested for donors) from ORIGO, ABCS or RBCS]. participants | clinical genetic
eierstokkanker recruitment of mutations in BRCA1 and BRCA2 in one are familial center-based
Onderzoek familial breast or of the clinical genetic centers in the cases)
Nederland ovarian cancer Netherlands between 1996 and 2016.
patients (cases) All counselees received an invitation to
participate in the HEBON study.
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Hannover- HMBCS Belarus Hospital-based Ascertainment at the Byelorussian Controls from the same population aged 18-72 | No Mixed 50
Minsk Breast cases; population Institute for Oncology and Medical years. Healthy (without personally history of
Cancer Study based controls Radiology Aleksandrov N.N. in Minsk or | cancer) female probunds recruited from the
at one of 5 regional oncology centers in | same geographical regions as cases during the
Gomel, Mogilev, Grodno, Brest or years 2002-2008. About 75% of controls were
Vitebsk through the years 2002-2008. women invited for general medical
examination at five regional gynecology clinics
(in Gomel, Mogilev, Grodno, Brest or Vitebsk)
and cancer-free volunteers ascertained at the
Institute for Inherited Diseases in Minsk; 20%
were cancer-free female blood bank donors
recruited at Republic Blood Bank, Minsk,
Belarus; finally 5% of controls were healthy
cancer-free relatives of some breast cancer
patients.
Hannover-Ufa HUBCS Russia Hospital-based Consecutive Russian breast cancer Population controls aged 18-84 years recruited | No Mixed 50
Breast Cancer cases; population patients aged 24-86 years ascertained from a population study of different
Study based controls at one of the two participating populations of Russia. Healthy volunteers
oncological centers in Bashkorstostan (without any malignancy) were selected from
and Siberia through the years 2000- the same geographical regions during the years
2008. 2002-2008.
Karolinska KARBAC | Sweden Population and 1. Familial cases from Department of Blood donors of mixed gender from same Subset Mixed 51,52
Breast Cancer hospital-based Clinical Genetics, Karolinska University | geographical region. Excess material was (N=568)
Study cases; Hospital, Stockholm. 2. Consecutive received from all blood donors over a 3 month
geographically cases from Department of Oncology, period in 2004 (approximately 3000) and DNA
matched controls Huddinge & Soder Hospital, Stockholm | was extracted from a random sample of 1500
1998-2000
Karolinska KARMA Sweden Cohort study Inclusion of 70,877 women Oct 2010 - Non - BC cases in the Karma Cohort no Prospective Submitted
Mammography March 2013. 3000 women had BC at cohort

Project for Risk
Prediction of
Breast Cancer -
Cohort Study

cohort entry. In all, 800 women have
been diagnosed with breast cancer
since study entry (Oct 2015).
Approximately 250 women are
diagnosed with BC annually
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Kuopio Breast KBCP Finland Population-based 1. Women seen at Kuopio University Age and long-term area-of-residence matched No Population- 53,54
Cancer Project prospective clinical | Hospital between 1990 and 1995 controls selected from the National Population based
cohort because of breast lump, Register and interviewed in parallel with the

mammographic abnormality, or other cases

breast symptom who were found to

have breast cancer. 2. Consecutive

malignant breast cancer cases

diagnosed at KUH from 2011 onwards.
Kathleen kConFab | Australia Clinic-based Cases were from multiple-case breast Female controls were ascertained by the Yes Mixed 55,56
Cuningham /AOCS and New recruitment of and breast-ovarian families recruited Australian Ovarian Cancer Study identified
Foundation Zealand familial breast though family cancer clinics from from the electoral rolls from all over Australia
Consortium for cancer patients across Australia and New Zealand from | from 2002-2006.

. (cases); 1998 to the present. Cases were

resef':\.rch into population-based selected for inclusion in BCAC studies if
Familial Breast case-control study (i) family was negative for mutations in
Cancer/Australi of ovarian cancer BRCA1 and BRCA2 (ii) case was the
an Ovarian (controls only) index for the family, defined as
Cancer Study youngest breast cancer affected family

member.
Korean KOHBRA Korea Population-based Breast cancer patients at high risk were | Health examinee controls from communities Subset Mixed 57
Hereditary case-control study recruited from nationwide University were enrolled and individual matched to the (N=1192)

Breast Cancer
Study

Hospitals from May 2007 to May 2012.
High-risk status mean 1) familial breast
cancer, 2) early onset breast cancer
(age <40), 3) breast and past/current
ovarian cancer patients 4) cases with
past/current double primary cancers,
5) bilateral breast cancer, 6) male
breast cancer cases. All cases
participated in the BCAC project were
BRCA non-carriers and male breast
cancers were not included.

cases on specific age. A part of the controls
were recruited from unaffected family
members of BRCA mutation carriers.
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Mammary MARIE Germany Population-based Incident cases diagnosed from 2001- 2 controls per case were randomly drawn from | No Population- 58
Carcinoma Risk case-control study 2005 in the study region Hamburg in population registries and frequency matched based
Factor Northern Germany, and from 2002- by birth year and study region to the case.
Investigation 2005 in the study region Rhein-Neckar- | Controls were recruited from 2002 to 2006.
Karlsruhe in Southern Germany.
Cyprus Breast MASTOS | Cyprus Population-based Women between 40-70 years of age Cypriot women from the general population, No Population- 59
Cancer Case case-control study who had a histologically confirmed who were invited to participate in the National based
Control Study diagnosis of primary breast cancer programme for breast cancer screening with
between January 1999 and December the use of mammography and received a
of 2005. The majority of cases were negative result. Volunteers were enrolled in
ascertained from the Bank of Cyprus the study during the same calendar period as
Oncology Centre, which operates as a the cases, from the 5-district mammography
referral centre and offers treatment screening centers that operate in Cyprus.
and follow-up for up to 90% of all
breast cancer cases diagnosed in
Cyprus. The rest of the patients, were
recruited at the Oncology Departments
of the Nicosia, Limassol, Larnaca and
Paphos district hospitals.
Milan Breast MBCSG Italy Clinic-based Familial and/or early onset breast Healthy blood donors aged 18-71 years, Yes (ca. Mixed 60,61
Cancer Study recruitment of cancer patients (aged 22-87) negative recruited at two blood centres in Milan from 90%)
Group familial/early onset | for mutations in BRCA genes, 2004 (centre 1) and 2007 (centre 2) to date
breast cancer ascertained in two large cancer centres
patients (cases); in Milan from 2000 to date.
population-based
controls
Melbourne MCCS Australia Prospective cohort Incident cases diagnosed between For each case a control was randomly selected No Prospective 62
Collaborative study: nested case- | baseline (1990-1994) and last follow-up | from women from the cohort who did not cohort
Cohort Study control study (2012) among the 24469 women develop breast cancer before the age at
participating in the cohort. diagnosis of the case and matched the case on
year of birth and country of birth.
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Malaysian MYBRCA | Malaysia Hospital-based Breast cancer cases identified at the Controls are cancer-free individuals (37-74 Yes (subset) | Mixed 63,64
Breast Cancer case-control study Breast Cancer Clinic in University years) selected from women attending
Genetic Study Malaya Medical Centre Jan 2003-July mammographic screening at the same
2014 and Subang Jaya Medical Centre hospitals.
Sep 2012-Sept 2014; cases are a
mixture of prevalent and incident
cases. Includes hospital-based and
familial series.
Norwegian NBCS Norway Hospital-based Incidence cases from three different Control subjects were healthy women, age 55- | No Mixed 65-68

Breast Cancer
Study

case-control study

hospitals: 1) Cases (114) mean age 64
(28-92) at Ulleval Univ. Hospital 1990-
94, 2) cases (182) mean age 59 (26-75)
referred to Norwegian Radium Hospital
1975-1986, 3) cases (124), mean age
56 (29-82) with stage | or Il disease, in
the Oslo micro-metastases study at
Norwegian Radium Hospital between
1995-1998, 4) Breast cancer cases
referred to the Norwegian hospitals
Akershus University Hospital in
Lgrenskog, Ullevaal university hospital
in Oslo and Rikshospitalet-
Radiumhospitalet in Oslo from 2007-
2010. Mean age is 63 years.
Consecutive series. 5) Breast cancer
cases referred to the Norwegian
Radium Hospital hospitalet 2010-2013.
Neoadjuvantly treated with Avastin
(Bevacizumab). 6) Consecutive series of
Breast cancer incidents referred to
Akershus university hospital 2004-
2014.

71, residing in Tromsg (440), and Bergen (109)
attending the Norwegian Breast Cancer
Screening Program. Healthy tissue from
mammoplastic reduction surgery at a private
clinic in Oslo.
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Ontario Familial | OFBCR Canada Population-based Cases diagnosed between 1 Jan 1996- Unrelated, unaffected population controls Subset Mixed 69
Breast Cancer familial case-control | 31 Dec 1998 were identified from the were recruited by the Ontario Familial Breast (N=628)
Registry study Ontario Cancer Registry which registers | and Colon Cancer Registries by calling

>97% of all cases residing in the randomly selected residential telephone

province at the time of diagnosis. All numbers throughout the same geographical

women with invasive breast cancer region. Eligible controls were women with no

aged 20-54 years who met the OFBCR history of breast cancer and were frequency-

definition for high genetic risk (family matched by 5-year age group to the expected

history of specific cancers particularly age distribution of cases.

breast and ovarian, early onset disease,

Ashkenazi ethnicity or a diagnosis of

multiple breast cancer) were asked to

participate by completing risk factor

questionnaires and providing a blood

sample. A 25% random sample of

individuals in this age category who did

not meet the OFBCR definition, 35% of

those aged 55—69 at high risk and

8.75% aged 55—69 at low risk were also

asked to participate. Individuals

diagnosed in 2001 and 2002 were also

included if they met high-risk criteria.
Leiden ORIGO Netherlands | Hospital-based Consecutive cases diagnosed 1996- Three groups of controls: (1) Blood bank No Mixed 70,71
University prospective cohort | 2006 in 2 hospitals of South-West healthy donors from Southwest Netherlands

Medical Centre
Breast Cancer
Study

study

Netherlands (Leiden & Rotterdam). No
selection for family history; Rotterdam
cases selected for diagnosis aged <70.
Cases with in situ carcinomas eligible.

recruited in 1996, 2000 or 2007; (2) People
who married a person who was part of a family
with high breast cancer risk (BRCA1/2/x). From
the Southwest of the Netherlands, recruited
1990-1996; (3) Females tested at the local
clinical genetics department for familial
diseases, excluding familial cancer syndromes
(no mutation found in gene(s) related to the
disease being tested), recruited 1995-2007.
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NCI Polish PBCS Poland Population-based Incident cases from 2000-2003 Randomly selected from population lists of all No Population- 72
Breast Cancer case-control study identified through a rapid identification | residents of Poland, stratified and frequency based
Study system in participating hospitals matched to cases by case city and age in 5 year
covering ~ 90% of all eligible cases, and | categories. Recruited 2000-2003.
cancer registries in Warsaw and +odz
covering 100% of all eligible cases.
The PLCO USA Prospective cohort Incident cases arising in the sub-cohort | Controls were women in this sub-cohort who No Prospective 73
Prostate,Lung,C study: nested case- | of 78,232 women who gave a blood were not diagnosed with breast cancer. cohort
olorectal and control specimen in 1993-2001 are included if Controls were matched to cases on age at
Ovarian (PLCO) they were diagnosed with breast randomization (4 categories) and fiscal year of
Cancer cancer. Recruitment via multiple randomization (2 categories).
. . screening centers across the US.
Screening Trial
Predicting the PROCAS UK Population based Women diagnosed with breast cancer Women attending routine NHS breast No Population- 36
Risk Of Cancer study since joining the study of women screening in Greater Manchester without a based
At Screening attending the Breast Screening breast cancer diagnosis. Recruited during the
Study Programme (NHSBSP) in Greater same period as for the cases.
Manchester. Recruitment period Oct
2009-May 2014.
Rotterdam RBCS Netherlands | Hospital-based Familial breast cancer patients selected | Spouses or mutation-negative siblings of Yes Mixed 74
Breast Cancer case-control study, | from the Clinical Genetics Center at heterozygous Cystic Fibrosis mutation carriers
Study Rotterdam area Erasmus MC Cancer Institute; recruited | selected from the Clinical Genetics Center at
1994 - 2005 (RBCS1) and 1995 - 2009 Erasmus MC Cancer Institute; recruited 1996 -
(RBCS2; for OncoArray). 2006 (RBCS1) and 2005 - 2009 (RBCS2).
Singapore and SASBAC Sweden Population-based Incident cases from October 1993 to Controls were randomly selected from the No Population- 75
gap p
Sweden Breast case-control study March 1995 identified via the 6 total population registry in 5-year age groups based

Cancer Study

regional cancer registries in Sweden, to
which reporting is mandatory.

to match the expected age-frequency
distribution among cases. Patients and controls
were recruited from Oct 1993 through April
1995.
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Study of SEARCH UK Population-based 2 groups of cases identified through Two groups of controls: (1) selected from the No Mixed 76
Epidemiology case-control study East Anglian Cancer Registry; 1) EPIC-Norfolk cohort study of 25,000 individuals
and Risk factors prevalent cases diagnosed 1991-1996 age 45-74 recruited between 1992 and1994,
in Cancer under 55 years of age at diagnosis, based in the same geographic region as cases;
Heredity recruited 1996-2002; 2) incident cases (2) selected from GP practices from March
diagnosed since 1996 under 70 years of | 2003 to present, frequency matched to cases
age at diagnosis, recruited 1996- by age and geographic region
present.
Singapore SGBCC Singapore Hospital-based Living breast cancer patients diagnosed | All community-dwelling individuals who are No Hospital- No refs.
Breast Cancer breast cancer with primary in situ or invasive breast Singaporeans or Singaporean Permanent based
Cohort cohort and cancer at 7 restructured hospitals in Residents, 21 years and older. Participants
population-based Singapore between 1980-2016. Cases were recruited between 2006 and 2010
controls are a mixture of prevalent and incident | through word-of-mouth and personal
cases. recommendations. In some cases, recruiters
also sought participants through "cold-calling"
or through door-to-door invitations.
Exclusion criteria were a medical history of
cancer, acute myocardial infarction or stroke,
or major psychiatric morbidity including
schizophrenia, psychotic depression, and
advanced Alzheimer's Disease.
Stadtisches SKKDKFZ | Germany Hospital-based Women diagnosed with primary in situ | No controls. No Patient cohort | 77
Klinikum S breast cancer or invasive breast cancer at the
Karlsruhe cohort Stadtisches Klinikum Karlsruhe from
Deutsches March 1993 to July 2005.
Krebsforschungs

zentrum Study
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IHCC-Szczecin SZBCS Poland Hospital-based Prospectively ascertained cases of Unaffected, matched to cases for year of birth, | No Mixed 1,78-80
Breast Cancer case-control study invasive breast cancer patients sex and region; from families with negative
Study diagnosed at the Regional Oncology cancer family history; controls were part of a
Hospital (Szczecin) in the years 2002, population-based study of the 1.3 million
2003, 2006 and 2007 or the University inhabitants of West Pomerania performed in
Hospital from 2002 to 2007 in Szczecin, | 2003 and 2004 designed to identify familial
West-Pomerania, Poland. Patients with | aggregations of cancer by our centre
pure intraductal or intralobular cancer
were excluded (DCIS or LCIS) but
patients with DCIS with micro-invasion
were included.
Utah Breast UBCS USA Mixed. (1) Cases recruited from late 1970s to Controls also recruited from late 1970s to Some Mixed 81,82

Cancer Study

Pedigrees including
multiple sampled
breast cancer cases
within 2
generations, also
may include
sampled,
unaffected
relatives; (2)
hospital-based
cases (from
Huntsman Cancer
Institute [HCI] or
Intermountain
Healthcare [IH]),
and breast
reduction controls;
and (3) Population-
based cases (from
the Utah Cancer
Registry [UCR]) and
controls (from the
Utah Drivers

present (on-going). Ascertainment
from: (1) UCR-confirmed breast cancer
cases in high-risk pedigrees; (2)
invasive breast cancer cases treated or
surgery performed at HCl or IH clinics;
(3) prevalent, population-based UCR-
confirmed breast cancer cases.

present (on-going) from: (1) relatives in high-
risk pedigrees; (2) hospital-based cancer-free
women undergoing breast reductions; (3)
Population-based controls selected from the
UDLR to frequency match cases by sex and
birth cohort.
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License Registry
[UDLR])
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Table S2. Numbers of cases and controls, and age distributions, by study, after QC.

Study Country Cases Controls Cases in Controls Case age at diagnosis | Control age at interview

sequenced | sequenced | BRIDGES | in

in BRIDGES | in BRIDGES | after QC | BRIDGES | Mean Range Mean Range

after QC

ABCS Netherlands | 1075 1824 1007 1660 42.1 18-49 47.1 18-69
ABCS-F Netherlands 313 0 208 0 45.2 22-86 - -
ACP Thailand 960 829 933 789 48.4 19-78 41.6 15-73
BBCC Germany 357 234 244 159 61.2 27-90 57.5 22-84
BIGGS Ireland 384 384 369 366 56.3 27-87 66.7 46-91
BREOGAN | Spain 973 570 598 398 56.0 30-88 55.1 30-86
BSUCH Germany 263 697 241 549 56.8 32-88 57.8 30-69
CCGP Greece 697 294 475 275 55.8 26-85 61.4 17-94
CECILE France 988 979 941 943 54.3 25-74 54.6 25-74
CGPS Denmark 3735 5202 3387 5076 61.5 26-98 56.3 20-94
CNIO-BCS | Spain 856 647 687 569 54.3 28-88 50.0 24-73
COLBCCC | Colombia 517 731 484 621 49.5 23-83 50.0 24-73
FHRISK UK 311 1028 276 923 49.6 29-78 40.5 19-73
GC-HBOC | Germany 2742 1597 2566 1561 45.2 17-87 61.8 47-79
GENICA Germany 1009 1005 848 894 58.2 23-80 58.4 24-80
GENSCOT | Scotland 478 1345 427 766 54.7 28-89 58.4 20-93
GESBC Germany 635 1090 552 982 42.5 24-51 42.7 24-52
HABCS Germany 1078 900 971 838 58.1 23-91 33.2 17-68
HEBCS Finland 2154 1254 1905 1090 56.7 23-95 40.9 18-66
HEBON Netherlands | 2107 0 1953 0 47.2 22-91 - -
HMBCS Belarus 387 381 334 268 47.4 17-80 46.6 20-87
HUBCS Russia 404 363 239 192 52.4 25-82 45.1 16-78
KARBAC Sweden 421 539 376 471 59.1 27-88 - -
KARMA Sweden 3665 6221 3329 5633 55.5 23-94 60.2 29-82
KBCP Finland 579 75 560 70 58.7 23-92 51.0 30-75
kConFab/ | Australiaand | 1787 8 1463 7 52.9 20-94 51.9 41-77
AOCS New Zealand
KOHBRA | Korea 2019 2010 1956 1835 40.6 19-83 47.8 19-87
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MARIE Germany 2526 1981 2300 1768 62.1 49-75 61.8 49-75
MASTOS | Cyprus 1127 1177 990 1094 51.5 26-74 55.7 28-71
MBCSG Italy 982 776 935 735 42.7 18-80 44.1 18-71
MCCS Australia 1185 1139 1042 1029 63.6 31-88 63.3 39-88
MYBRCA | Malaysia 1168 1212 1076 1093 51.8 24-83 56.0 38-77
NBCS Norway 623 614 565 600 60.3 24-96 61.4 55-71
OFBCR Canada 562 494 505 416 58.8 24-83 55.1 25-81
ORIGO Netherlands | O 960 0 919 - - - -
PBCS Poland 1899 1941 1757 1849 55.9 28-75- 55.6 24-75
PLCO USA 2322 2574 2060 2221 68.4 55-87 62.3 54-74
PROCAS UK 656 1653 518 1434 58.6 29-76 59.4 46-73
RBCS Netherlands 1314 975 1043 899 44.4 22-99 - -
SASBAC Sweden 1152 1344 1131 1321 63.1 50-75 63.3 49-76
SEARCH UK 13835 7251 12817 6486 54.5 23-87 53.3 16-87
SGBCC Singapore 4588 4383 4271 4165 53.3 18-91 50.1 21-75
SKKDKFZS | Germany 1229 0 966 0 60.6 23-93

SZBCS Poland 372 204 357 191 59.2 26-91 56.7 25-85
UBCS USA 1006 337 804 306 56.3 28-92 57.0 18-94
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Table S3. Summary of other phenotypes established to be associated with deleterious germline variants in each gene on the BRIDGES panel

Gene Other associated cancers Other associated phenotypes Syndrome
ABRAXAS1 | -
AKT1
Ataxia-telangiectasia
ATM Leukemia, lymphoma (homozygotes) (homozygotes)
BABAM2 | -
BARD1
BRCA1 Ovary
Ovary, prostate, pancreas, male breast, leukemia
(homozygotes), brain tumors (homozygotes), Wilms’
BRCA2 tumor (homozygotes) Fanconi anaemia (homozygotes)
BRIP1 Ovary Fanconi anaemia (homozygotes)
CDH1 Diffuse gastric, endometrial
CHEK2
diarrhea-5 with congenital Lynch syndrome, Constitutional
tufting enteropathy (DIARS) Mismatch Repair Syndrome
EPCAM Colorectal, endometrial, gastric, ovary (CMMRS)
FANCC - Fanconi anaemia (homozygotes)
FANCM -
GEN1 -
Neuroendocrine tumors,
pituitary adenomas,
insulinomas, parathyroid
MEN1 - adenomas, prolactinomas Multiple endocrine neoplasia type |
Lynch syndrome, Constitutional
Mismatch Repair Syndrome
MLH1 Colorectal, endometrial, gastric, ovary (CMMRS)

25



Ataxia-telangiectasia-like disorder

MRE11 - (homozygotes)
Lynch syndrome, Constitutional
Mismatch Repair Syndrome
MSH?2 Colorectal, endometrial, gastric, ovary (CMMRS)
Lynch syndrome, Constitutional
Mismatch Repair Syndrome
MSH6 Colorectal, endometrial, gastric, ovary (CMMRS)
Multiple colorectal
adenomatous polyps
MUTYH Colorectal MUTYH associated polyposis
Nijmegen breakage syndrome
NBN - Aplastic anaemia (homozygotes) | (homozygotes)
Café-au-lait spots,
neurofibromas,
phaechromocytomas,
NF1 Neurofibrosarcomas, CNS tumors paragangliomas Neurofibromatosis Type |
PALB2 Pancreas Fanconi anaemia (homozygotes)
PIK3CA -
Lynch syndrome, Constitutional
Mismatch Repair Syndrome
PMS2 Colorectal, endometrial, gastric, ovary (CMMRS)
Cowden's syndrome, PTEN tumor
hamartoma syndrome, Bannayan-
Riley-Ruvalcaba syndrome,
PTEN Thyroid, colorectal, melanoma, endometrial, renal Multiple hamartomas macrocephaly-autism syndrome
Nijmegen breakage syndrome-like
RAD50 - disorder (homozygotes)
RAD51C Ovary
RAD51D Ovary
RECQL -
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Infantile liver failure syndrome 3

RINT1 - (homozygotes)
Hamartomatous polyps,
STK11 Colorectal, lung, pancreatic, thyroid, sertoli tumors hyperpigmented spots Peutz-Jeghers syndrome
sarcoma, leukemia, brain, adrenocortical, choroid
TP53 plexus carcinoma Li-Fraumeni syndrome
poor growth, microcephaly,
XRCC2 - radial defects (homozygotes) Fanconi anemia (homozygotes)
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Table S4. Genes included on the BRIDGES panel, with canonical transcripts used in the analyses.

Number of exons

Gene Ensembl transcript NCBI transcript | (Coding exons) Comments

ABRAXAS1 | ENST00000321945.7 NM 139076 9(9) Canonical, Havana gold flag, selected by HGMD.

AKT1 ENST00000555528.1 NM 005163 14 (13) Non canonical (but joint largest protein), Havana gold flag, selected by HGMD.
ATM ENST00000278616.4 NM 000051 63 (62) Canonical, selected by HGMD.

BABAM?2 ENST00000344773.2 NM 004899 13 (11) Canonical, Havana gold flag.

BARD1 ENST00000260947.4 NM 000465 11 (11) Canonical, Havana gold flag, selected by HGMD.

BRCA1 ENST00000357654.3 NM 007294 23 (22) Non canonical (but largest protein), Havana gold flag, selected by HGMD.
BRCA2 ENST00000544455.1 NM 000059 28 (26) Canonical, selected by HGMD.

BRIP1 ENST00000259008.2 NM 032043 20 (19) Canonical, Havana gold flag, selected by HGMD.

CDH1 ENST00000261769.5 NM 004360 16 (16) Canonical, Havana gold flag, selected by HGMD.

CHEK2 ENST00000328354.6 NM 007194 15 (14) Non canonical, Havana gold flag, selected by HGMD.

EPCAM ENST00000263735.4 NM 002354 9(9) Canonical, selected by HGMD.

FANCC ENST00000289081.3 NM 000136 15 (14) Canonical, Havana gold flag, selected by HGMD.

FANCM ENST00000267430.5 NM 020937 23 (23) Canonical, Havana gold flag, selected by HGMD.

GEN1 ENST00000317402.7 NM 182625 14 (13) Non canonical (but same protein length), Havana gold flag, selected by HGMD.
MEN1 ENST00000312049.6 NM 130799 10 (9) Non canonical, Havana gold flag, selected by HGMD.

MLH1 ENST00000231790.2 NM 000249 19 (19) Canonical, Havana gold flag, selected by HGMD.

MRE11 ENST00000323929.3 NM 005591 20 (19) Canonical, Havana gold flag.

MSH?2 ENST00000233146.2 NM 000251 16 (16) Non canonical (but longest protein), Havana gold flag, selected by HGMD.
MSH6 ENST00000234420.5 NM 000179 10 (10) Canonical, Havana gold flag, selected by HGMD.

MUTYH ENST00000450313.1 NM 001128425 | 16 (16) Canonical, selected by HGMD.

NBN ENST00000265433.3 NM 002485 16 (16) Non canonical (but joint largest protein), Havana gold flag, selected by HGMD.
NF1 ENST00000356175.3 NM 000267 57 (57) Non canonical, Havana gold flag, selected by HGMD.

PALB2 ENST00000261584.4 NM 024675 13 (13) Canonical, Havana gold flag, selected by HGMD.

PIK3CA ENST00000263967.3 NM 006218 21 (20) Canonical, Havana gold flag, selected by HGMD.

PMS2 ENST00000265849.7 NM 000535 15 (15) Canonical, Havana gold flag, selected by HGMD.

PPM1D ENST00000305921.3 NM 003620 6 (6) Non canonical (but largest protein), Havana gold flag, selected by HGMD.
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http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000163322;r=4:84382092-84444501;t=ENST00000321945
http://www.ncbi.nlm.nih.gov/nuccore/NM_139076
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000142208;r=14:105235686-105262088;t=ENST00000555528
http://www.ncbi.nlm.nih.gov/nuccore/NM_005163
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000149311;r=11:108093211-108239829;t=ENST00000278616
http://www.ncbi.nlm.nih.gov/nuccore/NM_000051
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000158019;r=2:28112808-28561768;t=ENST00000344773
http://www.ncbi.nlm.nih.gov/nuccore/NM_004899
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000138376;r=2:215590370-215674428;t=ENST00000260947
http://www.ncbi.nlm.nih.gov/nuccore/NM_000465
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000012048;r=17:41196312-41277500;t=ENST00000357654
http://www.ncbi.nlm.nih.gov/nuccore/NM_007294
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000139618;r=13:32889611-32973805;t=ENST00000544455
http://www.ncbi.nlm.nih.gov/nuccore/NM_000059
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000136492;r=17:59758627-59940882;t=ENST00000259008
http://www.ncbi.nlm.nih.gov/nuccore/NM_032043
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000039068;r=16:68771128-68869451;t=ENST00000261769
http://www.ncbi.nlm.nih.gov/nuccore/NM_004360
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000183765;r=22:29083731-29138410;t=ENST00000328354
http://www.ncbi.nlm.nih.gov/nuccore/NM_007194
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000119888;r=2:47572297-47614740;t=ENST00000263735
http://www.ncbi.nlm.nih.gov/nuccore/NM_002354
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000158169;r=9:97861336-98079991;t=ENST00000289081
http://www.ncbi.nlm.nih.gov/nuccore/NM_000136
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000187790;r=14:45605143-45670093;t=ENST00000267430
http://www.ncbi.nlm.nih.gov/nuccore/NM_020937
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000178295;r=2:17935125-17966632;t=ENST00000317402
http://www.ncbi.nlm.nih.gov/nuccore/NM_182625
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000133895;r=11:64570982-64578766;t=ENST00000312049
http://www.ncbi.nlm.nih.gov/nuccore/NM_130799
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000076242;r=3:37034823-37107380;t=ENST00000231790
http://www.ncbi.nlm.nih.gov/nuccore/NM_000249
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000020922;r=11:94152895-94227074;t=ENST00000323929
http://www.ncbi.nlm.nih.gov/nuccore/NM_005591
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000095002;r=2:47630108-47789450;t=ENST00000233146
http://www.ncbi.nlm.nih.gov/nuccore/NM_000251
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000116062;r=2:47922669-48037240;t=ENST00000234420
http://www.ncbi.nlm.nih.gov/nuccore/NM_000179
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000132781;r=1:45794835-45806142;t=ENST00000450313
http://www.ncbi.nlm.nih.gov/nuccore/NM_001128425
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000104320;r=8:90945564-91015456;t=ENST00000265433
http://www.ncbi.nlm.nih.gov/nuccore/NM_002485
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000196712;r=17:29421945-29709134;t=ENST00000356175
http://www.ncbi.nlm.nih.gov/nuccore/NM_000267
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000083093;r=16:23614488-23652631;t=ENST00000261584
http://www.ncbi.nlm.nih.gov/nuccore/NM_024675
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000121879;r=3:178865902-178957881;t=ENST00000263967
http://www.ncbi.nlm.nih.gov/nuccore/NM_006218
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000122512;r=7:6012870-6048756;t=ENST00000265849
http://www.ncbi.nlm.nih.gov/nuccore/NM_000535
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000170836;r=17:58677544-58741849;t=ENST00000305921
http://www.ncbi.nlm.nih.gov/nuccore/NM_003620

PTEN ENST00000371953.3 NM 000314 9(9) Canonical, Havana gold flag, selected by HGMD.
RAD50 ENST00000378823.3 NM 005732 25 (22) Canonical, selected by HGMD.
RAD51C ENST00000337432.4 NM 058216 9(9) Non canonical (but largest protein), Havana gold flag, selected by HGMD.
RAD51D ENST00000345365.6 NM 002878 10 (10) Canonical, Havana gold flag, selected by HGMD.
RECQL ENST00000444129.2 NM 002907 15 (14) Canonical, Havana gold flag.
RINT1 ENST00000257700.2 NM 021930 15 (15) Canonical, Havana gold flag.
STK11 ENST00000326873.7 NM 000455 10 (9) Non canonical (but largest protein), Havana gold flag, selected by HGMD.
TP53 ENST00000269305.4 NM 000546 11 (10) Non canonical (but largest protein), Havana gold flag, selected by HGMD.

Non canonical (but only one producing protein), Havana gold flag, selected by
XRCC2 ENST00000359321.1 NM 005431 3(3) HGMD.
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http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000171862;r=10:89622870-89731687;t=ENST00000371953
http://www.ncbi.nlm.nih.gov/nuccore/NM_000314
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000113522;r=5:131891711-131980313;t=ENST00000378823
http://www.ncbi.nlm.nih.gov/nuccore/NM_005732
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000108384;r=17:56769934-56811703;t=ENST00000337432
http://www.ncbi.nlm.nih.gov/nuccore/NM_058216
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000185379;r=17:33426811-33448541;t=ENST00000345365
http://www.ncbi.nlm.nih.gov/nuccore/NM_002878
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000004700;r=12:21621845-21654603;t=ENST00000444129
http://www.ncbi.nlm.nih.gov/nuccore/NM_002907
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000135249;r=7:105172532-105208124;t=ENST00000257700
http://www.ncbi.nlm.nih.gov/nuccore/NM_021930
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000118046;r=19:1189406-1228428;t=ENST00000326873
http://www.ncbi.nlm.nih.gov/nuccore/NM_000455
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000141510;r=17:7565097-7590856;t=ENST00000269305
http://www.ncbi.nlm.nih.gov/nuccore/NM_000546
http://grch37.ensembl.org/Homo_sapiens/Transcript/Summary?db=core;g=ENSG00000196584;r=7:152341864-152373250;t=ENST00000359321
http://www.ncbi.nlm.nih.gov/nuccore/NM_005431

Table S5. Coverage statistics by gene: bases targeted, callability and coverage for all targets, excluding samples failing QC (see Supplementary Methods).

Gene Bases Targeted Bases Callable Callable Fraction Mean coverage over
targeted bases
ABRAXAS1 1,410 1,304 0.92 367
AKT1 1,703 1,640 0.96 348
ATM 10,411 10,102 0.97 411
BABAM?2 1,468 1,468 1.00 335
BARD1 2,554 2,217 0.87 359
BRCA1 6,032 5,714 0.95 382
BRCA2 10,777 10,426 0.97 351
BRIP1 4,130 4,128 1.00 437
COH1 2,969 2,902 0.98 450
CHEK2 1,912 1,912 1.00 415
EPCAM 1,125 1,029 0.91 340
FANCC 1,957 1,957 1.00 435
FANCM 6,607 6,601 1.00 415
GEN1 2,987 2,951 0.99 455
MEN1 2,013 1,440 0.72 222
MLH1 2,651 2,285 0.86 300
MRE11 2,507 2,392 0.95 384
MSH2 3,125 3,063 0.98 411
MSH6 4,283 4,001 0.93 439
MUTYH 1,970 1,941 0.99 394
NBN 2,285 2,283 1.00 420
NF1 9,597 9,250 0.96 419
PALB2 3,821 3,692 0.97 444
PIK3CA 3,607 3,307 0.92 410

PMS2 2,889 2,460 0.85 390



PPM1D
PTEN
RAD50
RAD51C
RAD51D
RECQL
RINT1
STK11
TP53
XRCC2

1,938
1,392
4,439
1,311
1,187
2,230
2,679
1,482
1,382
903

1,447
1,242
4,334
1,103
891
2,213
2,670
767
1,382
845

0.75
0.89
0.98
0.84
0.75
0.99
1.00
0.52
1.00
0.94

434
293
451
382
269
508
499
170
504
384
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Table S6 Summary of considerations for inclusion/exclusion of canonical splice variants affected the penultimate exon.

exon skipping
HGVS penultimate predicted in-frame predlcte(.i .
gene . . . pathogenic, rationale reference
c.DNA exon skipping protein alteration . .
irrespective of
NMD?
C-terminal residues 2957 to 2998 (PRD), and
r.8851_8987del 3023 to 3056 (FATC) are critical to ATM
C.8851'1,‘2 . . . . ST 83
ATM .8987+1 +2 (FS-alternative yes structure/function. Exon skipping will introduce
' ’ STOP) a FS alteration not preserving Val2951 to
Val3056, and is therefore predicted LoF
The C-terminal BRCT domain p.(Ser616_Ser777)
r.1904_2001del is critical for BARD1 function. Exon skipping will
€.1904-1,-2 . . . . 84
BARD1 (FS-alternative yes introduce a FS alteration not preserving
c.2001+1,+2 . .
STOP) residues Trp635 to Ser777, and is therefore
predicted LoF
The C-terminal BRCT domain
r.5407_5467del p.(Leul764_Pro1859) is critical for BRCA1 8 ENIGMA
c.5407-1,-2 . . . . .
BRCA1 506741 42 (FS-alternative yes function. Exon skipping will introduce a FS classification
) ! STOP) alteration not preserving residues Gly1803 to rules
Pro1859, and is therefore predicted LoF.
The DBD p.(2481-3186) is critical for BRCA2
9502-1-2 | r.9502_9648del function, but the clinical or fur?ct!ona'l relevance EN.IQMA
BRCA2 unknown of p.(Asn3168_Leu3216del), eliminating only the classification
9648+1,+2 (no-FS) p.(Asn3168_Leu3216del) .
C-terminal 18aa of the DBD as unknown rules
(ENIGMA classification rules)
p.Ser 990 is critical for BRCA1 binding but, as far
€.2576-1,-2 | r.2576_2905del as we know, there is no functional/clinical data
BRIP1 €.2905+1,+2 (no-FS) p-(Gly859_Lys967del) unknown demonstrating a critical role for the
p.(Gly859 Lys967) region
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The kinase domains expands residues 220_486.

CHEK2 €-1462-1,-2 | 1.1462_1542del p.(Pro488_GIn514del) unknown The functional relevance of C-terminal residues 8
c.1542+1,+2 (no-FS) .
488 514 is unknown
Exon skipping will not preserve the C-terminal
r.966_1026del end of the protein p.(Leu323_Leu373), including
c.966-1,-2 . . : 87
RAD51C (FS-alternative yes C-terminal B-strands 7, 8 and 9, considered
c.1026+1,+2 . .
STOP) structurally relevant , and is therefore predicted
LoF
Exon skipping will eliminate residues Val247 to
GIn301. These residues include RAD51D C-
. -1,-2 . I
RAD51D ¢.739-1, r-739_303de p.(Val247_GIn301del) yes terminal domain B-stands 5,6, 7, considered 87
c.903+1,+2 (no-FS) . .
structurally relevant, and is therefore predicted
LoF
The C-terminal WD40 domain is critical for
PALB2 function. Exon skipping is a frameshift
patgz | 320213 | r.3202_3350del es axf\fﬁfﬁg ell‘len;ilg 3:: Er\iﬁ?aél‘?cobrl?DiisBi'-%RaCn:; 8
¢.3350+1,+2 | (FS-alternative y &

STOP)

interaction, and residues critical for toroidal
structure ‘sealed’ in the seventh blade), and
therefore predicted LoF
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Table S7. Associations of protein truncating germline variants and overall breast cancer risk, separately for women of European and Asian descent, for
genes showing overall evidence of association. Ethnicity defined by study and genotype (see Supplementary Methods).

European studies

Asian studies

Asian vs. European

Carriers Carriers Unadjusted Age adjusted*
Gene Cases Controls OR (95% Cl) p.value Cases Controls OR (95% Cl) p-value OR (95%Cl) p-diff OR (95%Cl)
ATM 266 138 2.07 (1.68-2.57) 2.0E-11 26 11 2.34 (1.15-4.76) 0.019 1.13 (0.54-2.37) 0.75
BARD1 51 28 2.02 (1.26-3.24) 0.0038 11 4 2.54 (0.81-8.00) 0.11 1.26 (0.36-4.36) 0.72
BRCA1 425 55 9.33 (7.00-12.43) 1.75E-52 65 3 22.07 (6.91-70.48) 1.8E-07 2.37 (0.72-7.82) 0.16 2.01 (0.60-6.67)
BRCA2 607 118 5.38 (4.38-6.59) 7.63E-59 136 17 8.16 (4.90-13.57) 6.2E-16 1.52 (0.88-2.63) 0.14 1.51 (0.85-2.69)
CHEK2 693 307 2.57 (2.23-2.95) 2.51E-39 11 8 1.51 (0.60-3.82) 0.39 0.59 (0.23-1.50) 0.27 0.53 (0.21-1.37)
MSH6 34 23 1.66 (0.96-2.86)  6.760E-02 0 0.00 (0-Inf) 0.91 0.92
NF1 23 16 1.36 (0.71-2.62) 0.36 8 1 7.84 (0.98-62.74) 0.052 5.76 (0.65-50.9) 0.12
PALB2 235 48 4.99 (3.62-6.86) 5.71E-23 35 7 4.52 (2.00-10.22) 2.9E-04 0.91 (0.38-2.18) 0.83 0.87 (0.36-2.08)
PTEN 11 5 2.14 (0.72-6.34) 0.17 3 1 2.81 (0.29-27.37) 0.38 1.31 (0.11-16.4) 0.83
RAD51C 39 19 1.89 (1.08-3.31) 0.027 15 7 2.04 (0.83-5.02) 0.12 1.08 (0.37-3.13) 0.89
RAD51D 37 19 1.65 (0.94-2.91) 0.082 14 6 2.27 (0.87-5.92) 0.09 1.38 (0.45-4.19) 0.58
TP53 7 2 3.06 (0.63-14.92) 0.17 0 0

*Assuming the same linear trend in the log(OR) in both populations.

34




Table S8. Association analysis for PTVs in 34 genes by subtype of breast cancer, in population-based studies.

ER-positive (30,466 cases)!

ER-negative (7,766 cases)!

Triple negative (2,841 cases)!

ER-, not triple negative (2,556 cases)!

Case p- Case Case Case

Gene carriers OR 95% ClI value carriers OR 95% Cl p-value p-diff carriers OR 95% ClI p-value carriers OR 95% Cl p-value p-diff
ABRAXAS1 8 0.78 (0.33-1.82) 0.56 2 0.81 (0.18-3.55) 0.78 0.96 1 0.98 (0.13-7.45) 0.98 0 0 (0 - Inf) 0.99 0.95
AKT1 3 081 (0.19-3.54) 0.78 0 0.00 (0-Inf) 0.99 0.90 0 0.00 (O-Inf) 1.00 0 0.00 (O - Inf) 1.00

ATM 196 2.33 (1.87-2.91) 9'41E4 22 1.01 (0.64-1.59) 0.97 0.00055 7 0.91 (0.42-1.95) 0.81 9 1.25 (0.63 - 2.47) 0.53 0.50
BABAM?2 5 0.71 (0.23-2.20) 0.55 0 0.00 (0-Inf) 0.99 0.91 0 0.00 (0-Inf) 0.99 0 0.00 (0- Inf) 0.99

BARD1 24 1.40 (0.81-2.42) 0.23 27 5.99 (3.51-10.21) 5.3E-11 4.8E-07 12 9.29 (4.58-18.85) 6.6E-10 2.44 (0.72 - 8.24) 0.15 0.044

3.2E- 3.2E- (41.18- 6.5E-

BRCA1 120 3.92 (2.82-5.43) 16 269 35.32 (26.21-47.60) 121 2.5E-80 165 56.80 78.34) 134 30 11.18 (6.96—17.95) 1.7E-23 | 9.6E-17
BRCA2 446 5.69 (4.65-6.96) 3.35E7 149 7.53 (5.89-9.62) 1.2E-58 0.012 74 11.19 (8.27-15.16) 6.8E-55 29 4.85 (3.18-7.41) 2.4E-13 | 7.8E-05
BRIP1 49 1.00 (0.69-1.45) 0.99 14 1.16 (0.65-2.07) 0.63 0.84 5 1.18 (0.47-2.95) 0.72 0.66 (0.21 - 2.13) 0.49 0.49
CDH1 8 1.05 (0.42-2.63) 0.93 2 1.11 (0.24-5.10) 0.89 0.99 1 1.44 (0.18-11.28) 0.73 0 0.00 (0 - Inf) 0.99 0.95
CHEK2 481 2.67 (2.30-3.11) 1'93E7 67 1.64 (1.25-2.16) 0.00039 3.6E-05 16 1.06 (0.63-1.76) 0.83 33 2.53 (1.75 - 3.67) 9.3E-07 0.0047
EPCAM 10 0.83 (0.38-1.81) 0.64 2 0.67 (0.15-2.91) 0.59 0.68 0 0.00 (O-Inf) 0.99 0 0 (0 - Inf) 0.99

FANCC 38 1.05 (0.69-1.60) 0.83 14 1.68 (0.93-3.04) 0.088 0.098 10 3.13 (1.58-6.18) 0.0011 2 0.73 (0.18 - 2.99) 0.66 0.046
FANCM 171 0.93 (0.76-1.13) 0.45 57 1.39 (1.04-1.86) 0.028 0.0094 23 1.64 (1.07-2.53) 0.025 11 0.90 (0.49 - 1.65) 0.73 0.057
GEN1 17 0.60 (0.34-1.07) 0.082 6 0.90 (0.38-2.15) 0.82 0.34 0 0.00 (0-Inf) 0.99 4 2.00 (0.70- 5.70) 0.19 0.94
MEN1 1 0.28 (0.032-2.48) 0.25 0 0.00 (0-Inf) 0.99 0.91 0 0.00 (0-Inf) 1.00 0 0 (0 - Inf) 1.00

MLH1 2 031 (0.067-1.48) 0.14 2 1.46 (0.31-6.87) 0.63 0.16 2 4.47 (0.93-21.53) 0.062 0 0 (0 - Inf) 0.99 0.93
MRE11 29 0.80 (0.50-1.26) 0.33 9 1.06 (0.52-2.18) 0.87 0.63 2  0.63 (0.15-2.60) 0.52 5 1.69 (0.67 - 4.30) 0.27 0.20
MSH2 7 1.08 (0.40-2.91) 0.88 4 2.54 (0.77-8.38) 0.13 0.18 2 3.37 (0.72-15.87) 0.12 1 1.60 (0.20 - 13.14) 0.66 0.63
MSH6 25 195 (1.09-3.51) 0.025 9 3.26 (1.47-7.21) 0.0036 0.32 3 3.36 (0.98-11.53) 0.054 2 2.41 (0.55 - 10.54) 0.24 0.78
MUTYH 145 1.02 (0.82-1.26) 0.85 52 1.09 (0.80-1.48) 0.60 0.68 18 1.17 (0.71-1.91) 0.55 22 1.03 (0.65 - 1.61) 0.91 0.72
NBN 65 1.02 (0.74-1.41) 0.89 14 0.74 (0.42-1.30) 0.29 0.40 5 0.73 (0.30-1.80) 0.50 6 093 (0.40- 2.13) 0.86 0.71
NF1 15 1.25 (0.61-2.55) 0.54 7 2.46 (1.01-6.02) 0.048 0.22 2 2.02 (0.46-8.82) 0.35 2 2.10 (0.48 - 9.25) 0.33 0.80
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PALB2
PIK3CA
PMS2
PTEN
RAD50
RAD51C
RAD51D
RECQL
RINT1
STK11

TP53
XRCC2

152
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71
24
26
54
20

3
9

4.45
0.22
1.47
2.42
0.97
1.31
1.52
0.71
0.72
1.56

1.95
1.03

(3.23-6.14)
(0.047-1.00)
(0.883-2.46)
(0.84-6.97)
(0.71-1.31)
(0.74-2.30)
(0.87-2.65)
(0.51-0.99)
(0.42-1.23)
(0.35-7.03)

(0.32-11.82)
(0.45-2.35)

6.5E-
20

0.049
0.14
0.10
0.83
0.36
0.15

0.041
0.23
0.56

0.47
0.95

56

17
20
13
24

2
5

6.72
0.00
0.92
0.00
0.95
3.99
2.92
1.05
0.76
0.00

5.42
1.72

(4.54-9.95)
(0-Inf)

(0.36-2.38)
(0-Inf)

(0.57-1.60)
(2.20-7.26)
(1.47-5.78)
(0.67-1.64)
(0.32-1.79)
(0-Inf)

(0.75-39.24)
(0.62-4.77)

1.6E-21
0.98
0.86
0.99
0.85
5.7E-06
0.0021
0.83
0.53
0.99

0.094
0.30

0.020
0.91
0.32
0.88
0.87

0.00028

0.036

0.077
0.87
0.89

0.22
0.34

29

10

11

0
1

10.36
0.00
0.52
0.00
1.00
5.71
6.01
1.50
0.74
0.00

0.00
0.96

(6.42-16.71)
(0-Inf)
(0.07-3.81)
(0-Inf)
(0.44-2.30)
(2.69-12.13)
(2.73-13.24)
(0.80-2.81)
(0.18-3.06)
(0-Inf)

(0-Inf)
(0.13-7.35)

9.0E-22
0.99
0.52
1.00
1.00
6.1E-06
8.4E-06
0.21
0.67
1.00

1.00
0.97

N
O W oo N M A O » O O

[

3

7.35
0.00
0.50
0.00
0.70
2.17
1.38
0.87
0.93

0

9.67
3.05

(4.25- 12.72)
(0 - Inf)
(0.067 - 3.69)
(0 - Inf)
(0.25- 1.91)
(0.75 - 6.30)
(0.32 - 5.95)
(0.42 - 1.80)
(0.28 - 3.05)

(0 - Inf)
(0.84 -
111.60)

(0.86 - 10.83)

9.

8E-13
0.99
0.50
1.00
0.48
0.16
0.67
0.71
0.91
1.00

0.069
0.084

0.15

0.84

0.56
0.098
0.050

0.18

0.80

0.95
0.30

Total sample sizes after quality control. The analyses for genes other than BRCA1 and BRCA2 excluded PTVs in those genes and were hence slightly lower
(ER-positive: 29,873 cases; ER-negative cases: 7,345; triple negative: 2,602 cases; ER-negative, non-triple-negative: 2,497 cases; 50,475 controls).
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Table S9. Association analysis for PTVs in 34 genes by subtype of breast cancer, in all studies combined.

ER-positive ER-negative Triple negative ER-, not triple negative
Case Case Case Case

Gene carriers OR  95%Cl p-value carriers OR 95% CI p-value carriers OR 95% CI p-value carriers OR 95% CI p-value
ABRAXAS1 10 0.85 (0.39-1.87) 0.69 2 0.65 (0.15-2.83) 0.56 1 0.80 (0.11-6.11) 0.83 0.00 (0-Inf) 0.99
AKT1 3 0.62 (0.15-2.52) 0.51 0 0.00 (0-Inf) 0.98 0 0.00 (0-Inf) 0.99 0.00 (0-Inf) 0.99
ATM 255 2.56 (2.09-3.14) 1.6E-19 30 1.08 (0.72-1.60) 0.71 7 0.76 (0.35-1.62) 0.48 16 1.57 (0.93-2.67) 0.095
BABAM2 5 0.67 (0.22-2.02) 0.47 0 0.00 (0-Inf) 0.98 0 0.00 (0-Inf) 0.99 0 0.00 (0-Inf) 0.99
BARD1 30 1.53 (0.92-2.54) 0.10 31 5.82 (3.50-9.69) 1.3E-11 12 8.15 (4.04-16.45) 4.7E-09 4 2.35 (0.79-6.96) 0.12
BRCA1 139 1.80 (1.41-2.28) 1.9E-06 350 16.36  (13.21-20.25) 5.8E-145 219 40.23  (31.31-51.70) 2.6E-183 51 4.17 (2.90-5.99) 1.5E-14
BRCA2 558 3.26 (2.81-3.79) 1.2E-54 184 3.72 (3.05-4.53) 1.3E-38 92 8.47 (6.51-11.02) 4.3E-57 43 1.40 (0.99-1.98) 0.06
BRIP1 61 1.00 (0.71-1.40) 0.99 17 1.06 (0.62-1.79) 0.84 1.61 (0.77-3.36) 0.20 0.45 (0.14-1.44) 0.18
CDH1 11 1.38 (0.59-3.21) 0.46 2 1.08 (0.24-4.95) 0.92 1.40 (0.18-10.96) 0.75 0.00 (0-Inf) 0.99
CHEK2 660 3.05 (2.66-3.50) 1.3E-56 98 1.90 (1.51-2.41) 7.3E-08 26 1.40 (0.93-2.11) 0.11 45 2.80 (2.03-3.87) 4.5E-10
EPCAM 11 0.70 (0.33-1.45) 0.33 2 0.47 (0.11-2.04) 0.32 0 0.00 (0-Inf) 0.99 0 0.00 (0-Inf) 0.99
FANCC 46 1.03 (0.70-1.51) 0.89 17 1.55 (0.90-2.68) 0.12 11 2.78 (1.45-5.32) 0.0021 2 0.53 (0.13-2.19) 0.38
FANCM 210 0.97 (0.81-1.16) 0.72 73 1.46 (1.12-1.90) 0.0050 27 1.60 (1.07-2.39) 0.023 16 1.00 (0.60-1.67) 1.00
GEN1 22 0.73 (0.43-1.23) 0.24 0.90 (0.40-2.03) 0.81 0 0.00 (0-Inf) 0.98 5 1.85 (0.71-4.82) 0.21
MEN1 0.92 (0.21-3.98) 0.91 0.00 (0-Inf) 0.98 0 0.00 (0-Inf) 0.99 0 0.00 (0-Inf) 0.99
MLH1 0.47 (0.13-1.78) 0.27 1.35 (0.29-6.37) 0.71 2 4.06 (0.84-19.66) 0.082 0 0.00 (0-Inf) 0.99
MRE11 35 0.81 (0.53-1.23) 0.32 11 0.98 (0.51-1.88) 0.94 2 0.52 (0.13-2.14) 0.37 7 1.55 (0.69-3.46) 0.29

0.17-
MSH2 8 1.03 (0.40-2.63) 0.96 4 2.12 (0.65-6.91) 0.21 2 2.85 (0.61-13.30) 0.18 1.37 1(1.05) 0.77
MSH6 26 1.79 (1.02-3.17) 0.044 9 2.75 (1.24-6.07) 0.013 3 2.81 (0.82-9.61) 0.10 1.94 (0.44-8.49) 0.38
MUTYH 178 0.98 (0.81-1.19) 0.86 76 1.16 (0.90-1.51) 0.26 22 1.28 (0.82-2.00) 0.28 42 1.14 (0.81-1.60) 0.45
NBN 76 1.06 (0.78-1.43) 0.72 18 0.86 (0.52-1.42) 0.55 7 0.92 (0.43-2.00) 0.84 1.09 (0.53-2.27) 0.81
NF1 19 1.53 (0.78-2.97) 0.22 8 2.55 (1.09-5.98) 0.032 1.82 (0.42-7.96) 0.43 1.87 (0.43-8.26) 0.41

4.58-
PALB2 195 4.46 (3.33-5.98) 1.5E-23 80 7.16 (5.04-10.16) 3.1E-28 36 9.84 (6.35-15.25) 1.5E-24 30 7.37 1(1.87) 2.1E-16
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PIK3CA
PMS2
PTEN
RAD50
RAD51C
RAD51D
RECQL
RINT1
STK11

TP53
XRCC2

38
12
87
31
31
76
26

0.44
1.62
2.89
1.01
1.61
1.62
0.86
0.81
1.51

2.46
0.90

(0.14-1.39)
(1.01-2.58)
(1.08-7.73)
(0.76-1.34)
(0.95-2.74)
(0.97-2.73)
(0.65-1.15)
(0.50-1.31)
(

0.33-6.81)
(0.44-
13.64)

(0.40-2.03)

0.16
0.045
0.035

0.97
0.078
0.066

0.30

0.39

0.60

0.30
0.80

22
25
18
35

6

0.49
0.77
1.94
1.02
481
3.26
1.23
0.75
0.00

12.95
1.82

(0.062-3.82)
(0.30-1.98)
(0.39-9.75)
(0.64-1.62)
(2.75-8.44)
(1.78-5.99)
(0.84-1.79)
(0.34-1.67)

(0-Inf)

(2.58-65.05)
(0.71-4.68)

0.49
0.58
0.42
0.94
4.1E-08
0.00014
0.29
0.48
0.98

0.0019
0.21

N O - O

13

13

0.00
0.44
0.00
1.00
7.35
5.25
1.58
0.64
0.00

6.68
1.71

(0-Inf)
(0.06-3.24)
(0-Inf)
(0.46-2.15)
(3.69-14.65)
(2.06-10.51)
(0.88-2.82)
(0.16-2.66)
(0-Inf)

(0.59-75.68)
(0.39-7.55)

0.99
0.42
0.99
0.99
1.5E-08
0.00003
0.12
0.54
0.99

0.13
0.48

a b O O -

17

D

4

1.58
0.42
0.00
0.80
2.09
2.54
1.24
1.01
0.00

18.59
2.67

(0.20-
12.48)

(0.06-3.10)

(0-Inf)
(0.35-1.85)
(0.72-6.07)
(1.00-6.46)
(0.73-2.08)
(0.36-2.86)

(0-Inf)
(2.94-
117.7)

(0.76-9.37)

0.66
0.40
0.99
0.60
0.18
0.051
0.43
0.98
0.99

0.0019
0.12
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Table $10. Association analysis of protein truncating germline variants in 10 breast cancer associated genes, separately for invasive and in-situ breast

cancer.
DCIS Invasive

Case-only

Gene Case carriers OR 95.Cl p.value Case carriers OR 95.Cl p.value p.value
ATM 20 2.82 (1.72-4.609) 3.9E-05 268 2.06 (1.675-2.536) 8.2E-12 0.41
BARD1 1 0.56 (0.075-4.185) 0.57 58 2.19 (1.406-3.413) 0.00053 0.19
BRCA1 10 3.63 (1.774-7.427) 0.00042 486 10.82 (8.2-14.281) 1.5E-63 0.00053
BRCA2 28 3.47 (2.242-5.368) 2.3E-08 709 6.15 (5.088-7.438) 1.6E-78 0.0015
CHEK2 33 2.20 (1.51-3.211) 4.1E-05 664 2.52 (2.193-2.905) 4.3E-38 0.72
PALB2 9 2.53 (1.194-5.368) 0.015 255 5.02 (3.724-6.773) 3.9E-26 0.056
RAD51C 3 1.46 (0.426-5.001) 0.55 49 191 (1.176-3.113) 0.0089 0.57
RAD51D 2 1.21 (0.276-5.276) 0.80 49 1.90 (1.164-3.114) 0.010 0.34
TP53 2 13.65 (1.653-112.81) 0.015 5 2.40 (0.456-12.586) 0.3 0.026
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Table S11. Associations of protein truncating germline variants in 34 genes and age at diagnosis in

years, in population-based studies. OR is the interaction OR per year, derived from a case-only

analysis. The baseline log(OR) is the estimated effect size at age 0 in the model used to generate the

cumulative risks (see Supplementary Methods).

All samples European only
Case Baseline s.e. Baseline s.e
Gene carriers OR 95.Cl p.value log(OR)  (logOR) | log(OR) (logOR)
ABRAXAS1 16 0.954 (0.91-1.00) 0.06
AKT1 3  1.003 (0.92-1.12) 0.96
ATM 294 0.99 (0.98-1.00) 0.094
BABAM?2 7 1.007 (0.93-1.09) 0.87
BARD1 61 0.978 (0.95-1.00) 0.073
BRCA1 508 0.941 (0.94-0.95) 3.5E-65 5.260 0.144 5.057 0.15
BRCA2 744 0.968 (0.96-0.97) 4.2E-29 3.510 0.098 3.434 0.105
BRIP1 85 0.991 (0.97-1.01) 0.39
CDH1 11 0.975 (0.92-1.03) 0.40
CHEK2 701 0.986 (0.98-0.99) 1.9E-04 1.706 0.073 1.774 0.074
EPCAM 14 1.048 (1.00-1.10) 0.072
FANCC 71 1.001 (0.98-1.03) 0.90
FANCM 300 0.995 (0.98-1.01) 0.34
GEN1 31 0.993 (0.96-1.03) 0.69
MEN1 2 1.043 (0.91-1.19) 0.53
MLH1 4 0.964 (0.88-1.06) 0.43
MRE11 47 1.011 (0.98-1.04) 0.44
MSH?2 13 1.03 (0.97-1.09) 0.31
MSH6 39 1.011 (0.98-1.04) 0.50
MUTYH 225 0.993 (0.98-1.01) 0.31
NBN 90 0.995 (0.98-1.02) 0.65
NF1 31 0.993 (0.96-1.03) 0.68
PALB2 271 0.984 (0.97-1.00) 0.0054 2.488 0.152 2.596 0.163
PIK3CA 3 1.005 (0.91-1.11) 0.92
PMS2 39 1.007 (0.98-1.04) 0.67
PTEN 14 0.915 (0.87-0.96) 5.4E-04
RAD50 120 0.994 (0.98-1.01) 0.49
RAD51C 54 1.021 (0.99-1.05) 0.14
RAD51D 50 0.988 (0.96-1.02) 0.40
RECQL 100 0.996 (0.98-1.02) 0.68
RINT1 32 1.004 (0.97-1.04) 0.83
STK11 4 0.887 (0.80-0.98) 0.021
TP53 7 0.78 (0.70-0.87) 3.3E-06
XRCC2 15 0.951 (0.91-1.00) 0.041
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Table S$12. Association analysis of protein truncating germline variants in 9 breast cancer associated genes, by age at diagnosis.

Gene age <40 years age 40-49 years age 50-59 years age 60+ years
OR OR OR
Cases Controls (95%Cl)* (95%Cl)* Cases Controls OR (95%Cl)* OR (95%Cl)* | Cases Controls OR(95%CI)* (95%Cl)* Cases Controls  OR (95%Cl)* OR (95%Cl)*
ATM 21 17 1.77 2.27 82 35 2.11 2.63 93 41 2.24 2.18 98 44 2.33 1.94
(0.87-3.59)  (1.40-3.68) (1.39-3.21) (2.00-3.51) (1.53-3.28)  (1.65-2.87) (1.61-3.38)  (1.48-2.53)
BARD1 6 3 4.30 3.44 17 8 1.91 2.68 22 8 2.73 2.65 16 8 1.84 1.58
(1.05-17.7)  (1.36-8.72) (0.91-4.48) (1.42-5.04) (1.20-6.22)  (1.49-4.72) (0.76-4.48)  (0.84-2.97)
BRCA1 175 10 32.8 46.3 176 14 12.4 14.2 109 20 5.63 6.52 48 12 3.98 2.33
(16.9-63.4)  (33.4-64.1) (7.16-21.5) (10.4-19.5) (3.43-9.25)  (4.66-9.14) (2.08-7.59)  (1.57-3.48)
BRCA2 156 20 11.9 18.7 229 28 7.94 7.85 214 39 5.39 5.14 145 42 3.05 2.81
(7.33-19.4)  (14.4-24.1) (5.27-12.0) (6.23-9.88) (3.80-7.65)  (4.09-6.47) (2.14-4.35)  (2.20-3.60)
CHEK2 77 28 4.54 4.23 171 64 2.25 2.63 228 94 241 2.64 225 96 2.22 2.06
(2.87-7.17)  (3.23-5.54) (1.66-3.05) (2.15-3.21) (1.88-3.11)  (2.19-3.17) (1.72-2.86) (1.72-2.48)
PALB2 26 8 5.36 6.16 75 10 6.68 5.54 92 16 6.42 5.63 78 20 3.58 4.12
(2.26-12.7)  (3.69-10.3) (3.38-13.2) (3.81-8.05) (3.55-11.60)  (3.91-8.10) (2.11-6.06)  (2.84-5.97)
RAD51C 4 1 4.83 1.89 8 7 1.02 1.04 22 7 2.97 2.33 20 11 1.50 1.99
(0.52-45.2)  (0.65-5.51) (0.36-2.85) (0.47-2.34) (1.25-7.05)  (1.30-4.17) (0.70-3.23) (1.10-3.60)
RAD51D 4 3 1.76 1.73 11 5 1.91 1.69 22 11 1.71 2.51 13 16 1.96 1.45
(0.38-8.17)  (0.72-6.29) (0.64-5.71) (0.81-3.51) (0.82-3.60)  (1.39-4.54) (0.73-5.31)  (0.74-2.88)

* OR based on cases and controls in that age-group.

* OR based on cases in that age-group vs. all controls.
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Table S13. Association of missense variants with overall breast cancer risk, separately for variant within and outside domain, for eight genes with a
statistically significant association between PTVs and breast cancer risk overall. Results are shown in in all studies and in population-based studies only.

(a) All samples.

LRT*
Outside domain among
Domain vs. outside domain Domain vs. non-carriers VS. hon-carriers domains
Case
Case carriers
carriersin  outside Case non-
Gene domain domain carriers OR  95% Cl p-value OR 95% Cl p-value | OR 95% Cl p-value | p-value
ATM 1040 2064 55064 | 1.17 (1.04-1.31) 0.0079 | 1.22 (1.11-1.34) 49E-05| 1.04 (0.98-1.11) 0.21 0.022
BARD1 306 450 57873 | 1.06 (0.85-1.32) 6.00E-01 | 1.08 (0.91-1.29) 0.35| 1.02 (0.89-1.17) 0.75 0.19
BRCA1 278 1395 56952 | 1.56 (1.26-1.92) 4.10E-05 | 1.59 (1.30-1.93) 4.0E-06 | 1.02 (0.94-1.11) 0.62 | 2.2E-04
BRCA2 965 2580 55055 | 1.04 (0.93-1.16) 0.45| 1.02 (0.92-1.12) 0.73 | 0.97 (0.92-1.03) 0.39 0.31
CHEK2 852 354 56436 | 1.14 (0.94-1.40) 0.19 | 1.58 (1.41-1.77) 1.7E-15 | 1.39 (1.17-1.64) 1.3E-04 0.24
PALB2 805 247 57278 | 0.95 (0.78-1.17) 0.65| 0.99 (0.89-1.10) 0.83 | 1.04 (0.87-1.24) 0.69 0.24
RAD51C 48 193 58414 | 1.15 (0.71-1.86) 0.58 | 1.06 (0.69-1.64) 0.79 | 0.93 (0.75-1.14) 0.48 | NA
RAD51D 17 259 58382 | 0.71 (0.33-1.51) 0.37 | 0.76 (0.36-1.59) 0.46 | 1.07 (0.89-1.29) 0.45 | NA

* Likelihood ratio test for difference in OR by domain.
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(b) Population-based samples.

LRT*
Outside domain vs. non- among
Domain vs. outside domain Domain vs. non-carriers carriers domains
Case
Case carriers
carriersin  outside Case non-
Gene domain domain carriers OR 95% Cl p-value OR 95% ClI p-value | OR 95% ClI p-value | p-value
ATM 803 1608 44705 | 1.15 (1.02-1.30) 0.028 | 1.17 (1.05-1.30) 0.0034 | 1.01 (0.94-1.09) 0.69 0.022
BARD1 236 355 46853 | 1.01 (0.79-1.28) 0.95 1 (0.83-1.21) 0.99 | 0.99 (0.85-1.15) 0.92 0.41
BRCA1 217 1176 46047 | 1.58 (1.25-1.99) 1.30E-04 | 1.65 (1.32-2.05) 7.7E-06 | 1.04 (0.96-1.14) 0.32 | 3.0E-06
BRCA2 792 2039 44596 | 1.06 (0.94-1.19) 0.35| 1.02 (0.92-1.13) 0.68 | 0.97 (0.91-1.03) 0.29 0.27
CHEK?2 618 277 45916 | 1.07 (0.86-1.34) 0.52 | 1.46 (1.28-1.65) 4.2E-09 | 1.35 (1.13-1.62) 0.001 0.40
PALB2 613 192 46424 | 0.86 (0.68-1.09) 0.21 | 0.93 (0.83-1.04) 0.18 | 1.07 (0.87-1.31) 0.50 0.48
RAD51C 40 156 47270 | 1.10 (0.66-1.84) 0.72 | 1.01 (0.63-1.60) 0.98 | 0.91 (0.73-1.14) 0.44 | NA
RAD51D 17 207 47247 | 0.71 (0.33-1.53) 0.38 | 0.76 (0.36-1.60) 0.47 | 1.07 (0.88-1.31) 0.50 | NA

* Likelihood ratio test for difference in OR by domain.

43




Table S14. Association of missense variants with overall and subtype-specific breast cancer risk, by domain, for BRCA1.

(a) All samples.

All breast cancer ER positive ER negative

Unique

protein Case Control
Domain Amino acids  positions  carriers  carriers OR 95%Cl p-value OR 95%ClI p-value OR 95%ClI p-value
RING 24-65 13 78 33| 2.27 (1.50-3.42) 9.7E-05 | 1.94 (1.21-3.10) 0.0059 | 3.79 (2.22-6.46) 9.6E-07
Interaction with
PALB2 1397-1424 17 11 25| 0.38 (0.18-0.78) 0.0088 | 0.34 (0.14-0.83) 0.019 | 0.26 (0.04-1.95) 0.19
BRCT 1 1642-1736 48 139 74 | 1.80 (1.35-2.40) 6.3E-05 | 1.42 (1.01-2.00) 0.042 | 3.34 (2.22-5.02) 7.7E-09
BRCT 2 1756-1855 26 50 35| 1.37 (0.88-2.14) 0.16 | 1.08 (0.62-1.87) 0.80 | 3.02 (1.69-5.40) 1.8E-04
No domain NA 522 1395 1213 | 1.02 (0.94-1.10) 0.62 | 1.04 (0.95-1.14) 0.37 | 1.12 (0.97-1.30) 0.11

(b) Population-based samples
All breast cancer ER positive ER negative

Unique

protein Case Control
Domain Amino acids  positions  carriers carriers OR 95%Cl p-value OR 95%Cl p-value OR 95%Cl p-value

(4.33-

RING 24-65 13 62 19| 3.68 (2.18-6.21) 1.0E-06 | 2.44 (1.32-4.50) 0.0044 | 8.03 14.90) 3.7E-11
Interaction with
PALB2 1397-1424 16 10 24 | 0.38 (0.18-0.80) 0.011| 0.36 (0.14-0.89) 0.027 | 0.28 (0.04-2.05) 0.21
BRCT 1 1642-1736 41 112 67 | 1.80 (1.32-2.46) 2.0E-04 | 1.52 (1.06-2.18) 0.022 | 3.28 (2.08-5.15) 2.9E-07
BRCT 2 1756-1855 23 33 30| 1.11 (0.67-1.85) 0.69 | 1.06 (0.58-1.94) 0.84 | 2.20 (1.07-4.53) 0.032
No domain NA 488 1176 1160 | 1.04 (0.96-1.14) 0.32 | 1.07 (0.97-1.17) 0.19 | 1.14 (0.97-1.33) 0.1

44




Table S15. Association of missense variants with overall and subtype-specific breast cancer risk, by domain, for CHEK2.

(a) All samples.

All cancer ER positive ER negative
Unique
protein Case Control
Domain Amino acids  positions  carriers carriers OR 95% Cl p-value OR 95% ClI p-value OR 95% Cl p-value
FHA 113-192 42 282 140 | 1.82 (1.48-2.24) 1.2E-08 | 1.95 (1.55-2.45) 1.00E-08 | 0.86 (0.53-1.38) 0.53
PKinase 220-486 142 570 362 | 1.49 (1.30-1.70) 7.86-09 | 1.54 (1.33-1.79) 2.00E-08 | 0.90 (0.68-1.19) 0.45
No domain NA 90 354 246 | 1.38 (1.17-1.64) 1.3E-04 | 144 (1.19-1.74) 1.60E-04 | 1.18 (0.85-1.62) 0.32
(b) Population-based samples.
All cancer ER positive ER negative
Unique
protein Case Control
Domain Amino acids  positions  carriers carriers OR 95% Cl p-value OR 95% Cl p-value OR 95% Cl p-value
FHA 113-192 38 190 135 1.60 (1.27-2.01) 7.0E-05 1.70 (1.32-2.20) 4.5E-05 1.00 (0.61-1.64) 0.99
PKinase 220-486 125 428 328 | 140 (1.21-1.62) 9.0E-06 | 1.50 (1.27-1.76) 1.5E-06 | 0.90 (0.65-1.24) 0.51
No domain NA 83 277 234 1.35 (1.13-1.62) 0.001 1.40 1.14-1.71) 0.0012 1.16 (0.82-1.65) 0.41
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Table S16. Association of missense variants with overall and subtype-specific breast cancer risk, by domain, for ATM.

(a) All samples.

All cancer ER positive ER negative

Unique

protein Case Control
Domain Amino acids  positions  carriers carriers OR 95% ClI p-value OR 95% ClI p-value | OR 95% ClI p-value
TAN 8-165 38 95 87| 0.94 (0.70-1.26) 0.68 | 0.97 (0.69-1.35) 0.84 | 0.93 (0.55-1.57) 0.78
Interaction with
ABL1 1373-1382 3 2 3| 0.47 (0.08-2.89) 0.42 | 0.46 (0.05-4.60) 0.51 0 (0-Inf) 0.99
FAT 1960-2566 204 690 512 1.25 (1.11-1.41) 1.9E-04 1.29 (1.13-1.47) 2.2E-04 1.17 (0.94-1.46) 0.16
PI3K/Pl14K 2712-2962 79 216 136 | 1.45 (1.16-1.80) 9.2E-04 | 1.62 (1.27-2.06) 8.9E-05 | 1.24 (0.82-1.87) 0.30
FATC 3024-3056 11 37 45 0.77 (0.49-1.21) 0.26 0.81 (0.48-1.34) 0.41 0.61 (0.22-1.71) 0.34
None NA 766 2064 1808 | 1.04 (0.98-1.11) 0.21| 1.04 (0.96-1.12) 0.32| 1.08 (0.96-1.22) 0.20
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(b) Population-based samples.

All cancer ER positive ER negative

Unique

protein Case Control
Domain Amino acids  positions  carriers carriers OR 95% ClI p-value OR 95% ClI p-value OR 95% ClI p-value
TAN 8-165 35 73 81| 0.89 (0.64-1.23) 0.46 | 0.92 (0.63-1.32) 0.64 | 0.81 (0.44-1.50) 0.50
Interaction with
ABL1 1373-1382 3 2 3| 0.51 (0.08-3.11) 0.46 | 0.49 (0.05-4.86) 0.54 0 (O-Inf) 0.99
FAT 1960-2566 184 545 497 1.2 (1.06-1.36) 0.0043 | 1.21 (1.05-1.40) 0.0077 | 1.19 (0.94-1.51) 0.14
PI3K/Pl14K 2712-2962 71 155 125 | 1.41 (1.10-1.80) 0.0061 | 1.60 (1.23-2.10) 5.6E-04 | 1.30 (0.82-2.07) 0.27
FAT-C 3024-3056 10 28 45| 0.71 (0.43-1.16) 0.17 | 0.80 (0.47-1.37) 0.41 | 0.68 (0.24-1.93) 0.47
None NA 696 1608 1720 | 1.01 (0.94-1.09) 0.69 | 1.02 (0.94-1.11) 0.63 | 1.08 (0.94-1.23) 0.27
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Table S$17. Association of missense variants with overall and subtype-specific breast cancer risk, by domain, for BRCA2.

(a) All samples.

All cancer ER positive ER negative
Unique
protein Case Control
Domain Amino acids  positions  carriers carriers OR 95%Cl p-value OR 95%Cl p-value OR 95%Cl p-value
PALB2 10-40 13 29 23 | 1.35 (0.77-2.35) 0.29 | 1.34 (0.71-2.53) 0.36 | 1.02 (0.38-2.74) 0.96
DNA binding 2481-3186 258 936 872 | 1.01 (0.91-1.11) 0.87 | 0.97 (0.87-1.09) 0.62 | 1.10 (0.93-1.31) 0.28
No domain NA 1072 2580 2359 | 0.97 (0.92-1.03) 0.39 | 0.98 (0.91-1.05) 0.51 | 0.98 (0.88-1.09) 0.69
(b) Population-based samples.
All cancer ER positive ER negative
Unique
protein Case Control
Domain Amino acids  positions  carriers carriers OR 95% ClI p-value OR 95%ClI p-value OR 95%Cl p-value
PALB2 10-40 11 19 15| 1.49 (0.75-2.96) 0.26 | 1.37 (0.61-3.06) 0.44 | 0.85 (0.19-3.80) 0.84
DNA binding 2481-3186 242 773 831 | 1.01 (0.91-1.12) 0.80 | 0.96 (0.85-1.08) 0.51 | 1.18 (0.99-1.42) 0.071
No domain NA 966 2039 2192 | 0.97 (0.91-1.03) 0.29 | 0.96 (0.89-1.03) 0.27 | 1.01 (0.90-1.14) 0.81
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Table S$18. Association of missense variants with overall and subtype-specific breast cancer risk, by domain, for PALB2.

(a) All samples.

All cancer ER positive ER negative
Unique
protein Case Control
Domain Amino acids  positions  carriers carriers OR 95%ClI p-value OR | 95% CI p-value OR 95%ClI p-value
DNA Binding 1-579 212 443 422 | 0.93 (0.81-1.07) 0.29 0.97 | (0.82-1.13) 0.66 | 0.83 (0.64-1.09) 0.18
WD 1-7 853-1186 136 362 320 | 1.07 (0.92-1.25) 0.40 1.12 | (0.94-1.33) 0.21| 1.04 (0.79-1.37) 0.78
No domain NA 92 247 244 | 1.04 (0.87-1.24) 0.69 1.04 | (0.84-1.28) 0.72 | 0.99 (0.72-1.37) 0.95
(b) Population-based samples
All cancer ER positive ER negative
Unique
protein Case Control
Domain Amino acids  positions  carriers carriers OR 95% Cl p-value OR 95%ClI p-value OR 95% ClI p-value
DNA Binding 1-579 199 341 401 0.89 (0.77-1.04) 0.14 0.92 (0.77-1.09) 0.34 0.84 (0.63-1.13) 0.25
WD 1-7 853-1186 130 272 291 | 0.97 (0.82-1.15) 0.71| 1.02 (0.84-1.24) 0.84 | 0.85 (0.62-1.18) 0.34
No domain NA 88 192 200 1.07 (0.87-1.31) 0.50 1.07 (0.85-1.36) 0.55 1.10 (0.76-1.60) 0.61
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Table $19. Association of missense variants with overall and subtype-specific breast cancer, by pathogenicity, for BRCA1, BRCA2 and TP53.

All samples Population samples
Pathogenic Pathogenic vs Non-pathogenic vs Pa\t::?gﬁ:m Pathogenic vs Non-pathogenic vs
variant carriers non-carriers non-carriers . non-carriers non-carriers
Subtype Gene carriers
p- p-
Cases Controls OR 95% Cl p-value OR 95% Cl value | Cases Controls OR 95% Cl p-value OR 95%Cl value
(4.19- (5.83-
Overall BRCA1 65 7 9.21 20.25) 3.3E-08 1.05 (0.97-1.13) 0.22 61 4 16.11 44.50) 8.4E-08 1.06 (0.98-1.15) 0.14
(3.18- (2.62-
BRCA2 69 10 6.26 12.29) 1.0E-07 0.97 (0.92-1.02) 0.24 43 8 5.68 12.29) 1.0E-05 | 0.97 (0.92-1.02) 0.26
(1.71-
TP53 104 20 464 (2.86-7.52) 5.1E-10 1.05 (0.88-1.24)  0.59 52 19 291 4.98) 9.0E-05 | 0.94 (0.77-1.14) 0.54
(1.92- (2.66-
ER-positive BRCA1 18 7 474 11.73) 0.00074 1.05 (0.97-1.15) 0.23 18 4 8.03 24.19) 2.2E-04 1.07 (0.98-1.18) 0.13
(3.10- (2.28-
BRCA2 40 10 6.32 12.86) 3.8E-07 0.96 (0.91-1.02) 0.20 24 8 5.23 12.02) 9.6E-05 | 0.95 (0.89-1.01) 0.12
(1.78-
TP53 56 20 4.61 (2.72-7.83) 1.5E-08 1.14 (0.94-1.38) 0.18 33 19 3.21 5.77) 1.0E-04 1.01 (0.81-1.26) 0.92
(16.79- (18.85-
ER-negative BRCA1 37 7 39.53 93.07) 3.9E-17 1.19 (1.04-1.35) 0.012 34 4 53.72 153.15) 9.1E-14 1.18 (1.02-1.37) 0.024
(2.18- (1.81-
BRCA2 9 10 5.65 14.66) 3.7E-04 1.00 (0.91-1.09) 0.94 7 8 5.09 14.35) 0.39 1.05 (0.94-1.16) 0.39
(3.59- (1.95-
TP53 22 20 6.78 12.80) 3.5E-09 1.00 (0.73-1.36) 0.997 11 19 4.21 9.10) 2.6E-04 | 0.81 (0.55-1.21) 0.30
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Table S20. Comparison of results of association results for PTVs with the classification of Lee et al

(2019). "Associated" is defined as a Bayesian False Discovery Probability of <5%. "Not moderate risk"

is defined an upper 95% confidence limit on the OR for PTVs <2. "Uncertain" is defined as being in

neither of these categories.

Gene Lee et al (2019) classification This paper

ABRAXAS1 N/D Not moderate or high risk
AKT1 N/D Uncertain

ATM DEFINITIVE Associated

BABAM?2 N/D Not moderate or high risk
BARD1 DEFINITIVE Associated

BRCA1 DEFINITIVE Associated

BRCA2 DEFINITIVE Associated

BRIP1 REFUTED Not moderate or high risk
CDH1 DEFINITIVE Not moderate or high risk
CHEK?2 DEFINITIVE Associated

EPCAM NO REPORTED EVIDENCE Not moderate or high risk
FANCC N/D Not moderate or high risk
FANCM N/D Not moderate or high risk
GEN1 DISPUTED Not moderate or high risk
MEN1 N/D Not moderate or high risk
MLH1 DISPUTED Not moderate or high risk
MRE11 DISPUTED Not moderate or high risk
MSH?2 DISPUTED Uncertain

MSH6 DISPUTED Uncertain

MUTYH NO REPORTED EVIDENCE Not moderate or high risk
NBN LIMITED Not moderate or high risk

NOT CURATED/NO REPORTED

NF1 EVIDENCE Uncertain

PALB2 DEFINITIVE Associated

PIK3CA NO REPORTED EVIDENCE Not moderate or high risk
PMS2 DISPUTED Not moderate or high risk
PTEN DEFINITIVE Uncertain

RAD50 LIMITED Not moderate or high risk
RAD51C DISPUTED Associated

RAD51D LIMITED Associated

RECQL MODERATE Not moderate or high risk
RINT1 DISPUTED Not moderate or high risk
STK11 DEFINITIVE Uncertain

TP53 DEFINITIVE Associated

XRCC2 LIMITED Not moderate or high risk
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Table S21. Association analysis for PTVs in 34 genes and overall breast cancer risk, for family-based

studies (9,408 cases, 43,451 controls).

Variant Carriers

Gene Cases Controls OR 95% ClI
ABRAXAS1 4 1820 0.94 (0.27-3.31)
AKT1 0 3 0 (0-Inf)
ATM 117 130 3.38 (2.44-4.70)
BABAM?2 1 6 0.78 (0.07-9.34)
BARD1 17 30 2.93 (1.33-6.44)
BRCA1 26 479 2.77 (1.49-5.14)
BRCA2 56 113 2.75 (1.80-4.20)
BRIP1 20 58 1.41 (0.75-2.64)
CDH1 6 10 6.99 (1.70-28.74)
CHEK?2 361 277 5.19 (4.17-6.45)
c.1100delC 322 214 521 (4.13-6.59)
Other 39 63 4.77 (2.257-8.83)
EPCAM 2 168 0.6 (0.11-3.14)
FANCC 22 534 1.16 (0.64-2.10)
FANCM 79 261 1.38 (1.02-1.87)
GEN1 1 31 0.4 (0.05-3.52)
MEN1 2 45 8.59 (0.54-138.11)
MLH1 2 8 1.34 (0.21-8.46)
MRE11 8 46 0.59 (0.26-1.34)
MSH2 4 10 1.5 (0.40-5.65)
MSH6 4 224 0.79 (0.23-2.69)
MUTYH 13 228 1.33 (0.61-2.88)
NBN 22 8891 1.34 (0.77-2.35)
NF1 10 13 2.35 (0.87-6.38)
PALB2 87 48 8.11 (4.94-13.30)
PIK3CA 5 67 475 (1.21-18.63)
PMS2 123 345 1.66 (0.75-3.65)
PTEN 10 5 11.98 (2.56-55.97)
RAD50 301 102 1.52 (0.93-2.47)
RADS51C 15 19 5.76 (2.00-16.61)
RAD51D 14 23 3.78 (1.42-10.07)
RECQL 12 110 0.91 (0.44-1.88)
RINT1 11 48 1.22 (0.55-2.71)
STK11 0 4 0 (0-Inf)
TP53 3 2 493 (0.65-37.46)
XRCC2 3 17 1.16 (0.25-5.46)
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Table S$22. Association analysis for rare missense variants in 34 genes and overall breast cancer risk,
for family-based studies (9,408 cases, 43,451 controls).

Variant Carriers

Gene Cases Controls 95% Cl p-value

ABRAXAS1 62 213 1.44 (1.00-2.09) 0.051
AKT1 41 129 1.19 (0.74-1.91) 0.47
ATM 691 2139 1.32 (1.17-1.48) 2.7E-06
BABAM2 45 147 1.26 (0.82-1.94) 0.28
BARD1 162 525 1.33 (1.04-1.69) 0.022
BRCA1 276 1099 0.91 (0.76-1.08) 0.26
BRCA2 704 2616 1.03 (0.92-1.15) 0.64
BRIP1 248 825 1.02 (0.84-1.25) 0.81
CDH1 222 594 1.1 (0.86-1.39) 0.45
CHEK?2 307 620 2.17 (1.79-2.63) 2.6E-15
EPCAM 66 302 0.75 (0.53-1.07) 0.11
FANCC 148 521 1.21 (0.96-1.52) 0.11
FANCM 400 1381 1.22 (1.05-1.42) 0.01
GEN1 172 607 1.2 (0.96-1.50) 0.12
MEN1 33 100 211 (1.23-3.62) 0.0064
MLH1 147 636 1.04 (0.83-1.31) 0.71
MRE11 150 527 1.4 (1.10-1.77) 0.0064
MSH2 201 880 0.92 (0.75-1.12) 0.38
MSH6 282 987 1.08 (0.90-1.28) 0.42
MUTYH 145 601 0.86 (0.67-1.09) 0.21
NBN 178 608 1.16 (0.92-1.46) 0.21
NF1 191 789 1.12 (0.91-1.37) 0.29
PALB2 237 806 1.12 (0.90-1.40) 0.3
PIK3CA 53 158 1.2 (0.83-1.75) 0.33
PMS2 178 789 1.05 (0.85-1.28) 0.66
PTEN 24 55 1.84 (1.00-3.36) 0.049
RAD50 307 941 1.21 (1.02-1.44) 0.031
RAD51C 45 182 1.01 (0.68-1.49) 0.98
RAD51D 52 173 1.17 (0.74-1.86) 0.5
RECQL 164 562 1.13 (0.89-1.43) 0.33
RINT1 206 660 1.39 (1.14-1.69) 0.0013
STK11 20 113 1.09 (0.57-2.08) 0.8
TP53 141 219 2.09 (1.49-2.93) 2.0E-05
XRCC2 63 182 1.22 (0.85-1.74) 0.28
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Figure S1. Odds ratios with 95% confidence intervals for germline missense variants by domain for
(a) BRCA1 (b) CHEK2 (c) ATM (d) BRCA2 (e) PALB2 and (f) BARD1 in population-based studies.
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Figure S2. Odds ratios with 95% confidence intervals for missense germline variants by pathogenicity
for (a) BRCA1 (b) BRCA2 and (c) TP53 in population-based studies.
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Supplementary Files Descriptions.

Four files give summary counts for the numbers of cases and controls carrying PTVs or rare missense
variants, in each of the 34 genes, based on the dataset used in the analysis after quality control.
Counts are presented separately for all cases and controls, and the subset of cases and controls in
population-based studies only. Variants are described as chr<chr>_<pos>_<ref>_<alt>, where <chr>
is chromosome, <pos> is the build37 (hg19) position, <ref> is the reference sequence and <alt> is the
variant sequence.

Supplementary File 5 gives the primer designs for the Bridges panel.
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