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E L Young,' B J Feng,” AW Stark," F Damiola,® G Durand,* N Forey,* T C Francy,’

A Gammon,> W K Kohlmann,” K A Kaphingst,® S McKay-Chopin,*

T Nguyen-Dumont,” J Oliver,® A M Paquette,’ M Pertesi,* N Robinot,* J S Rosenthal,’
M Vallee,® C Voegele,* J L Hopper,'®"" M C Southey,® I L Andrulis,"* E M John,'*™*
M Hashibe, "> J Gertz,' Breast Cancer Family Registry,'* F Le Calvez-Kelm,*

F Lesueur,'® D E Goldgar,? S V Tavtigian'

ABSTRACT

Background Moderate-risk genes have not been
extensively studied, and missense substitutions in them
are generally returned to patients as variants of
uncertain significance lacking clearly defined risk
estimates. The fraction of early-onset breast cancer cases
carrying moderate-risk genotypes and quantitative
methods for flagging variants for further analysis have
not been established.

Methods We evaluated rare missense substitutions
identified from a mutation screen of ATM, CHEK2,
MRETIA, RAD50, NBN, RAD5T, RINT1, XRCC2 and
BARDT in 1297 cases of early-onset breast cancer and
1121 controls via scores from Align-Grantham Variation
Grantham Deviation (GVGD), combined annotation
dependent depletion (CADD), multivariate analysis of
protein polymorphism (MAPP) and PolyPhen-2. We also
evaluated subjects by polygenotype from 18 breast
cancer risk SNPs. From these analyses, we estimated the
fraction of cases and controls that reach a breast cancer
OR>2.5 threshold.

Results Analysis of mutation screening data from the
nine genes revealed that 7.5% of cases and 2.4% of
controls were carriers of at least one rare variant with an
average OR>2.5. 2.1% of cases and 1.2% of controls
had a polygenotype with an average OR>2.5.
Conclusions Among early-onset breast cancer cases,
9.6% had a genotype associated with an increased

risk sufficient to affect clinical management
recommendations. Over two-thirds of variants conferring
this level of risk were rare missense substitutions in
moderate-risk genes. Placement in the estimated
OR>2.5 group by at least two of these missense
analysis programs should be used to prioritise variants
for further study. Panel testing often creates more heat
than light; quantitative approaches to variant
prioritisation and classification may facilitate more
efficient clinical classification of variants.

INTRODUCTION

For the last 15+ years, most clinical cancer genetics
involving predisposition to breast (and ovarian)
cancer have been driven by mutation screening of
BRCA1 and BRCA2. For these two genes, the ratio
of truncating and splice junction variants (T+SJV)
to pathogenic rare missense substitutions (rMS) is

about 10:1," % fostering a view among clinical
cancer geneticists that rMS are only a minor part of
the spectrum of breast cancer predisposing
variants.

Following the discoveries of BRCA1 and BRCA2,
many additional genes have been identified as
breast cancer susceptibility genes. A prominent
group of these are referred to as moderate-risk sus-
ceptibility genes because protein truncating variants
and severely dysfunctional missense substitutions in
them appear to confer, on average, twofold to five-
fold increased risk of breast cancer. This magnitude
of increased risk is less dramatic than that con-
ferred by most pathogenic alleles in the high-risk
genes BRCA1, BRCA2 and PALB2, but potentially
high enough to influence the medical management
of carriers.”>® Beyond the moderate-risk genes,
many common SNPs have been identified as
markers for slightly increased breast cancer risk.””
A challenge posed by these modest-risk SNPs is
that, individually, they do not confer enough risk
to influence the medical management of a carrier,
but considered as an ensemble they may.

In our previously published case—control muta-
tion screening studies of ATM, CHEK2, MRE11A,
NBN, RADS0, RADS1, RINT1 and XRCC2,'°°1°
we repeatedly found, albeit with some variations in
the methodology, that the summed frequency of
predicted  deleterious  missense  substitutions
exceeded that of protein truncating variants. This
study used the same ethnically diverse sample of
1297 breast cancer cases and 1121 controls, nega-
tive for pathogenic variants in BRCA1, BRCA2 or
PALB2 (table 1). Here, we added BARD1 mutation
screening data to the original gene-by-gene analyses
and applied consistent analytic models across the
rare variants from all nine genes. Setting an
OR>2.5 as a threshold for clinical significance, we
estimated the scores from the missense substitution
analysis  programs  Align-GVGD,'®  CADD,"”
MAPP'® and PolyPhen-2"? required to identify a
group of missense substitutions that reach an
average OR>2.5. These results were used to deter-
mine the proportion of cases and controls carrying
a potential risk-conferring rMS. We also explored a
combined evaluation of 18 Breast Cancer
Association Consortium (BCAC)-confirmed
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Table 1 Distribution of cases and controls by age, race/ethnicity and study centre
Case—control mutation screening for rare variants in
nine moderate-risk genes Case—control SNP genotyping for 18 BCAC SNPs

Distributions Case % Control % Case % Control %
Age range, years

<30 106 8.2 67 6.0 97 7.8 61 5.8

31-35 319 24.6 17 15.3 300 243 157 14.9

36-10 433 334 238 21.2 409 33.1 220 20.8

41-45 439 33.9 203 18.1 430 34.8 183 17.3

46-50 0 0 230 205 0 0 225 213

51-55 0 0 212 18.9 0 0 21 20.0
Race/ethnicity

Caucasian 840 64.8 967 86.3 788 63.8 904 85.5

East Asian 202 15.6 n 6.3 193 15.6 70 6.6

Latina 158 12.2 47 4.2 158 12.8 47 45

Recent African Ancestry 97 7.5 36 3.2 97 7.9 36 3.4
Study centre

BCFR-Australia 588 45.4 522 46.6 551 44.6 472 44.7

BCFR-Canada 299 23.1 463 413 284 23.0 499 425

BCFR-Northern California 410 31.6 136 12.1 401 324 136 12.9
Total 1297 121 1236 1057

Subjects were excluded from mutation-screening if performance was poor; percentage data are the total number of cases on control DNA in the category indicated that met the

mutation-screening quality control standards.
BCAC, Breast Cancer Association Consortium; BCFR, Breast Cancer Family Registry.

modest-risk SNPs as a polygene, compared predicted to empiric-
ally observed ORs and estimated the prevalence of genotype
combinations across these 18 SNPs with an average OR>2.5.
Our data set is unique in that the moderate-risk gene mutation
screening and SNP genotyping were performed on the same
subjects, giving us the opportunity to compare prevalence of the
OR>2.5 threshold across T+SJV and OR>2.5 groupings of
rMS or normalised polygene score (NPS).

MATERIALS AND METHODS

Subjects

Patients were selected from women systematically recruited by
population-based sampling by the Australian, Northern
Californian and Ontarian sites of the Breast Cancer Family
Registry (BCFR). Patients were recruited between 1995 and
2005. The selection criteria for cases (N=1297) were diagnosis
at or before age 45 years and self-reported race/ethnicity plus
grandparents’ country of origin consistent with Caucasian, East
Asian, Hispanic/Latino or Recent African racial or ethnic heri-
tage.”® The controls (N=1121) were frequency matched to
cases within each centre on racial or ethnic group, with age at
selection not more than *10 years difference from the age
range at diagnosis of the patients systematically recruited from
the same centre.

Mutation screening and SNP genotyping

Mutation screening was as described previously and is
included in online supplementary methods, as is SNP genotyp-
ing. The following methods focus on the analysis of missense
substitutions and of the ensemble of 18 modest-risk SNPs.

10-15

Allele frequency threshold

Following our allele frequency analysis of ATM, BRCAI,
BRCA2 and CHEK2 from Damiola et al,'*> we applied a minor
allele frequency (q) threshold of <0.1%, based on exome
variant server and 1000 genomes project allele frequency data

that are independent of this study’s mutation screening, for all
variants of the eight genes in which biallelic truncating variants
are often either embryonic lethal or else cause a highly dele-
terious phenotype from the ataxia telangiectasia/Fanconi
anaemia spectrum. Biallelic CHEK2 carriers are superficially
healthy, and our analysis suggested a cut-off of q<0.32% for
that gene.'?

In silico missense substitution scoring

Align-GVGD (agvgd.iarc.fr/agvgd_input.php) and MAPP (mendel.
stanford.edu/SidowLab/downloads/MAPP/index.html) require
user-supplied protein multiple sequence alignments (pMSAs) to
score missense substitutions; both compare the physicochemical
features of the missense residue to the physicochemical range of
variation at the relevant position in the pMSA to calculate their
scores. Align-GVGD produces a score with seven discrete grades
from CO (most likely neutral) to C65 (most likely deleterious).
MAPE which additionally requires a phylogenetic tree detailing the
evolutionary relationships and distances between the organisms
with sequences represented in the pMSA, outputs a continuous
variable, the MAPP score.

For programs that require a user-generated pMSA, it has been
suggested that the pMSA for each gene needs enough variation
to average at least three amino acid substitutions per position
(3S/P).>! For each gene, we created an initial pMSA containing
the human sequence and 13 additional orthologs. To maintain
harmony across the pMSAs, orthologs were sampled from a
phylogenetically similar set of organisms ranging from a non-
human primate (Macaca mulatta) to the non-chordate deuteros-
tomate Strongylocentrotus purpuratus (see details in online sup-
plementary methods).

Ortholog sequences downloaded from GenBank were aligned
using the expresso extension of T-Coffee to create the initial
pMSA.>*> 3 The initial alignment was checked by hand in
Geneious V.7.1.4 ( http:/www.geneious.com) for anomalies that
might be attributed to gene model errors rather than actual
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sequence divergence. Potential anomalies were corrected by ref-
erence to, and gene reprediction from, genomic DNA sequence
available on the UCSC genome browser (http:/genome.ucsc.
edu).

Routines from the PHYLIP package (V.3.69),** constrained
using the known phylogeny of the species included in our align-
ments, were used to estimate substitutions per position within
each alignment and to calculate the distance matrices required
by MAPR The complete alignments, phylogenetic trees and dis-
tances are available upon request.

PolyPhen-2 (genetics.bwh.harvard.edu/pph2/)* and CADD
(cadd.gs.washington.edu/)!”  operate without user-supplied
alignments. PolyPhen-2 uses a combination of internally gener-
ated pMSAs, functional annotations and structural information
to evaluate missense substitutions;'® we used its output variable
‘pph2_prob’ as a continuous variable score. CADD uses a series
of 63 gene annotations, combined through a support vector
machine linear kernel, to define a PHRED-like score (their
‘scaled C-score’) for all possible single-nucleotide substitutions
and small insertion—deletion mutations to the human
genome.'”

Although CADD has a built-in method for short indels, the
other missense analysis programs do not. For Align-GVGD,
MAPP and PolyPhen-2, nonsense substitutions in the final exon
and non-frameshift indels received the score of the most severe
missense substitution possible in the affected interval. Variant
pathogenicity scores are summarised in online supplementary
table S1.

Statistics

To assess evidence of risk from the case—control frequency dis-
tribution of T+SJV and rMS, we constructed a table with one
entry per subject; the variants per subject; and annotations for
whether the variant was in a key functional domain (see online
supplementary table S2), its frequency, as well as study centre,
case—control status, race/ethnicity and age for the subject.
In-frame deletions (IFDs) were treated as rMS. For the subjects
who carried more than one rare variant of interest, only the
most deleterious score was considered. We then divided the sub-
jects into groups: a reference group of non-carriers and carriers
of common variants (only), carriers of rMS not in a functional
domain, carriers of rMS in a key functional domain divided
into two groups via score and carriers of T+S]JVs. For each of
the four rMS analysis programs, we toggled the program’s
severity score from a very relaxed to a very stringent value. We
repeatedly estimated two ORs as the stringency increased: the
OR for subjects that carried one or more rMS at or above the
score (and no T+SJV), and the OR for subjects who carried an
rMS that was below the score (and carried neither a T+SJV nor
a higher scoring rMS). From this analysis, we determined a
threshold severity score for each program at which subjects car-
rying an rMS at or above the threshold had an average
OR>2.5.

For the 18 SNP polygene, we created a polygenic risk score
(PRS) by multiplying together the appropriate published OR
estimate from each individual SNP genotype.” * 2¢ 2’ The geo-
metric mean of the PRS of the controls was used to normalise
the PRS into an NPS. Because risk estimates from Caucasian
populations may not be applicable to women from other race/
ethnicities, we gave each non-Caucasian subject a race/ethnicity-
specific risk estimate derived from the population of the
subject,”® 2% and normalised each race/ethnicity separately.
Risk estimates of rs1045485 could not be found for the
non-Caucasian subjects in this study, so the risk estimate based

on Caucasian populations was used for all race/ethnicities.
In instances where a Latina-specific risk estimate could not be
found, we used the average between Caucasian and East Asian
race/ethnicities. To determine the correlation between NPS and
the observed OR, we grouped the subjects into a series of 10
contiguous bins based on percentile, using the central quintile
(40-60 percentile) as the reference group. We treated groups
outside of the reference as categorical variables for OR calcula-
tions. For the threshold analysis, we used the same reference
group and adjusted the NPS threshold until the group contain-
ing scores above the set threshold had an OR>2.5.

For the regressions, NPS was treated as the independent vari-
able and the resultant OR of each group as the dependent vari-
able weighted to the number of individuals in each group,
excluding subjects in the middle quintile. p Values were found
by testing the regression coefficient equal to 0 or 1. To combine
the risk estimates from the rMS and NPS, we multiplied the
NPS and OR from the rMS.

All analyses were performed using multivariable uncondi-
tional logistic regression using Stata V.12.1 software (StataCorp,
College Station, Texas, USA). Adjustments were made for race/
ethnicity and study centre, unless otherwise noted.

RESULTS

Initial evaluation of rare variants

From mutation screening of 1297 cases and 1121 controls, we
observed 22 T+S]JV, 9 IFDs and 196 rMS with minor allele fre-
quencies <0.32% for CHEK2 and <0.1% for the remaining
genes. T+S]JVs falling before the final exon were considered
pathogenic and were associated with an OR of 3.32 (p=0.0023,
table 2). Nonsense mutations located in the final exon were con-
sidered as IFDs.

The National Comprehensive Cancer Network (NCCN) and
the American College of Radiology (ACR) recommend screen-
ing beginning at age 30 years and offering breast MRI in add-
ition to mammograms for women with a >20% lifetime breast
cancer risk.>' 3% The American Cancer Society (ACS) recom-
mends breast MRI for women with a 20-25% or greater life-
time risk.>® In the USA, the lifetime risk of a woman to develop
breast cancer is estimated to be 12.3%;>* however, this figure is
an overestimate for our purposes because it includes women
who are at high risk because of inherited mutations in genes
such as BRCA1 or BRCA2, or very strong family history. For a
woman with minimal risk factors, for example, age at menarche
>14 years, first childbirth at age <20 years and no family
history, the Gail model®>> and Tyrer—Cuzick model®® suggest a
lifetime risk of 6.9% and 11% for developing breast cancer,
respectively. If we assume that the average of these two estimates
(9%) is approximately correct, carriage of a genotype conferring
a 2.5-fold increase of risk, even in this low-risk population,
would result in a lifetime risk estimate exceeding the NCCN,
ACR and American Cancer Society (ACS) medically actionable
threshold of a 20% lifetime risk. Subject to formal variant classi-
fication, carriers may then qualify, under current recommenda-
tions, for early mammography and/or enhanced screening with
breast MRI. We note that threshold for intensified screening
may be higher in other countries.

Considering all rMS as a group, we obtained a risk estimate
that was elevated but that did not reach an OR>2.5 threshold
(OR=1.42, p=0.0091, table 2). We focused our analyses of
rMSs to those that are relatively likely to impact key functions.
This grouping included all of the rMS from the relatively small
proteins encoded by CHEK2, RADS1, RINT1 and XRCC2.
Noting the structural similarity between BARD1 and BRCAI1,
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Table 2 Combined OR estimates from case—control mutation screening of nine moderate-risk genes

Analysis Distinct variants Control % Case % Adjusted OR* Cl p Value
Non-carrier 148 998 89.0 1094 84.4 Reference
Carrier of truncating or splice junction variant 22 9 0.8 27 2.1 3.31 1.53 t0 7.16 2.36x1073
Rare missense substitution analyses
Carrier of rare missense substitution 205 114 10.2 176 13.6 1.42 1.09 to 1.84 8.70x1073
Carrier of key domain rare missense substitution 140 65 5.8 136 10.5 1.94 1.41 to 2.67 5.11x10™°
Carrier of non-key domain rare missense substitution 65 49 44 40 3.1 0.74 0.48 to 1.16 0.1926
Key domain rMS: MAPP
rMS<11 63 39 35 58 4.5 1.47 0.95 to 2.26 0.0818
rMS>11 77 26 23 78 6.0 2.63 1.65 to 4.21 5.32x10™°
Key domain rMS : Align-GVGD
rMS<C35 93 54 438 87 6.7 1.58 1.09 to 2.27 0.0146
rMS>C35 47 1 1.0 49 3.8 3.62 1.84 t0 7.13 2.03x10™*
Key domain rMS : CADD
rMS<23 97 50 4.5 88 6.8 1.66 1.14 to 2.41 0.0082
rMS>23 43 15 13 48 3.7 2.87 1.57 t0 5.26 6.40x107*
Key domain rMS : PolyPhen-2
rMS<0.9 61 37 33 55 4.2 1.50 0.96 to 2.34 0.0752
rM5>0.9 79 28 2.5 81 6.3 2.49 1.58 to 3.92 7.88x107°
Overlap of missense analysis programs
One or more 89 34 3.0 93 7.2 237 1.57 to 3.60 4.56x10~°
Two or more 65 18 1.6 70 5.4 3.18 1.85 to 5.46 2.68x10°
Three or more 45 14 1.2 52 4.0 3.27 1.77 t0 6.04 1.51x107*
All four 19 2 0.2 20 1.5 8.61 1.96 to 37.81 435x1073
Total 375 1121 1297

*Adjusted for race/ethnicity and study centre.
rMS, rare missense substitutions.

and that BRCA1 pathogenic rMS are so far only known from
the RING and BRCT domains,>”* we limited analyses of
BARD1 rMS to RING and BRCT domain substitutions. For the
relatively large proteins encoded by ATM, MRE11A, NBN and
RADS0, we focused analyses of rMS on the same key functional
domains specified in our prior publications (see online supple-
mentary table 52).'° '* We observed 140 rMS and IFDs in key
functional domains (OR 1.94, p=5.1x107"% table 2), which
still did not reach an OR>2.5 threshold.

Grouping rMS to estimate risk and carrier rates

To define a higher-risk subset of rMS, we focused the next ana-
lyses on the three established moderate-risk genes: ATM,
CHEK2 and NBN.*' There is no fully accepted method for rMS
analysis. Instead of introducing a new method for variant classi-
fication, we used four existing missense analysis programs,
Align-GVGD, CADD, MAPP and PolyPhen-2,'°"'® % to assign
severity scores to the key domain rMS from these genes.
Align-GVGD was selected because its scores contribute to deter-
mination of prior probabilities of pathogenicity for key domain
missense substitutions in BRCAI and BRCA2,> MAPP and
PolyPhen-2 because of their strong performance in our recent
analyses of mismatch repair protein missense substitutions,*?
and CADD because of its reported ability to prioritise variants
across functional categories and effect sizes.'” For variant evalu-
ation, we adjusted our pMSAs to two depths: human through
platypus (mammals only), and human through the organism
required for 3S/P for each individual gene. Receiver operating
characteristic (ROC) curves were generated for each method
and depth (if applicable). Area under the curve (AUCs) were
similar for all methods (see online supplementary table S3 and
supplementary figure S1). The correlations between the mis-
sense analysis programs were highest between Polyphen-2 and

CADD (R*=0.56), but the R* for any combination of missense
analysis programs was never >0.8, so none of the missense ana-
lysis programs were dropped from further analysis (see online
supplementary table S4).

We then toggled the severity score for each of the four pro-
grams to find the lowest score where the OR for key domain
rMS above the score reached at least 2.5 (figure 1A-D). The
thresholds at which each of the four rMS analysis programs
reached OR>2.5 for key domain rMS were above a score of
11 for MAPP when using pMSAs consisting of organisms
from human through 3S/B C35 for Align-GVGD when using
pMSAs consisting of organisms from human through 3S/B 23
for CADD and 0.9 for PolyPhen-2 (see online supplementary
table S5). It was interesting that neither Align-GVGD nor
MAPP was able to achieve an OR>2.5 with a pMSA that con-
sisted only of mammals (human through platypus). It appears
that these sequences, although generally more complete than
those from more distant organisms, do not offer adequate
variation to stratify variants. Examining the variants that were
placed in the OR>2.5 category by multiple missense analysis
programs, we found that an overlap of at least two of the mis-
sense analysis programs resulted in a classification of variants
with an OR>2.5 (OR 2.59, p=0.0044; online supplementary
table S6).

Applying the score thresholds determined from the
ATM-CHEK2-NBN group to the key domain rMS observed in
the remaining six less established moderate-risk genes, rMS ORs
for the BARDI-MRE11A-RADS0-RADS1-RINT1-XRCC2 group
ranged from 2.41 (p=0.0078) using PolyPhen-2 to 4.86
(p=0.0129) using Align-GVGD (data not shown). We also
found that concordance between at least two of the missense
analysis programs resulted in a grouping of rMS with an
OR>2.5 (OR 4.90, p=0.0012; online supplementary table S6).
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domain rMS observed in all nine moderate-risk genes. Mammals=score obtained from using protein multiple sequence alignments (pMSA)
containing sequences from human through platypus; 3S/P=scores are from gene-specific 35/P depth pMSAs.

Having established that the thresholds identified with the
ATM-CHEK2-NBN group were able to extract OR>2.5 group-
ings from the remaining six genes, we used these thresholds to
evaluate the proportions of cases and controls with above-
threshold variants across the nine-gene ensemble (table 2). We
found that 3.7-6.3% of cases and 1.0-2.5% of controls carried
an above-threshold key domain rMS. Considering only the key
domain rMS that were placed in an OR>2.5 grouping by more
than one of the missense analysis programs (figure 1E,F), con-
cordance between two or more missense analysis programs was
associated with an OR>2.5 (OR 3.18, p=2.68x107°), affecting
5.4% of cases and 1.6% of controls (table 2). These results are
comparable to other studies, but include data from controls.**~*
Comparing the proportion of above-threshold key domain rMS
carriers to T+S]JV carriers, rMS carriers appear to outnumber T
+SJV carriers by a ratio of about 2.5:1.

Asking whether the results reported here are robust to the
loss of any one gene from the less established moderate-risk
gene set, we performed a series of analyses in which the geno-
type information of one of the genes was dropped and then
the OR, rMS to T+SJV ratio, and carrier percentage was
re-determined for the rMS from the remaining eight genes. We
observed that, in each subset of eight genes, 3.0-5.9% of cases
and 0.8-2.7% of controls were carriers of a variant from the
above-threshold grouping, with a ratio of rMS to T+SJVs

consistently over 1.6:1 for cases (see online supplementary
table S7).

Common SNP-based polygene scores and above-threshold
carrier rates

Generally, individual modest-risk SNPs do not confer enough
risk to impact clinical practice. An attractive method for using
SNPs in a clinical setting is to combine the risk estimates from
multiple SNPs. Indeed, a recent large study combined risk esti-
mates from 77 SNPs and found ORs>2.5 at and above the 99th
percentile of the combined scores.” We genotyped 18
BCAC-confirmed SNPs on the same subjects from the case-
control mutation screening phase of this study (table 1). Using
per-allele ORs from recent large studies,” *° *57° we treated the
SNPs as a polygene and created an NPS for each subject (see
online supplementary table S8 and figure 2A).

To determine how closely the NPS predicted OR, we grouped
the NPS scores into deciles and compared the mean NPS of each
decile to its observed OR. With all subjects grouped together,
the NPS correlated highly with the observed OR (coeff.
=0.9232, R*=0.70, p=0.0060) (figure 2B). Evaluating each
race/ethnicity individually, Caucasians were the only group to
achieve significance (coeff.=0.9835, R*=0.81, p=0.0014)
(figure 2C, data not shown), likely due to small sample sizes of
the non-Caucasian groups. We also tested the alternate
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hypothesis, NPS=observed OR, and did not observe a signifi-
cant difference (p=0.75 and 0.93 for all subjects and
Caucasians, respectively).

Using the NPS, how many women are at a medically action-
able risk? Using an approach analogous to that applied to the
key domain rMS, we toggled the NPS to find the lowest score
where the observed OR for the group of subjects with NPS
above the score exceeded 2.5 (figure 2D-E). From the data,
2.1% of cases and 1.2% of controls carry a combination of
SNPs such that they have a polygene score associated with an
average OR>2.5 (table 3). Limiting the analysis to Caucasians,
we found that 3.29% of cases and 1.3% of controls have an NPS
associated with an average OR>2.5.

To explore the possibility of integrating gene mutation screen-
ing with SNP genotyping, we tested for interactions between
carriage of an OR>2.5 rare variant (combining T+S]JVs and
above-threshold rMS into a single group) and the NPS. In these
tests, the interaction term never approached significance
(p=0.52, 0.82, 0.51 and 0.96 for analyses with rMS scored by
Align-GVGD, CADD, MAPP and PolyPhen-2, respectively).
Accordingly, as the multiplicative OR model does appear to
apply to combinations of rare variants from these nine genes
with the NPS, we isolated the subjects who carried a rare

variant in the OR>2.5 category and multiplied the OR esti-
mated from their tMS or T+SJV with their NPS. These com-
bined ORs varied from ~1.0 to >5.0 (figure 3).

DISCUSSION

Neither pathogenic alleles in moderate-risk breast cancer suscep-
tibility genes nor individual modest-risk breast cancer-associated
SNPs confer the magnitude of risk of early-onset breast cancer
conferred by pathogenic alleles in high-risk genes such as
BRCA1 and BRCA2. Nonetheless, under a generalised under-
standing of NCCN, ACR and ACS guidelines, a >2.5-fold
increased risk of breast cancer is high enough to impact the
medical management of otherwise healthy carriers. Across the
nine moderate-risk susceptibility genes examined here, two
classes of sequence variants meet or exceed this 2.5-fold risk
threshold. 2.1% of cases carried a T+SJV, and these were asso-
ciated with an OR of 3.32 (p=0.0023). Each of the four mis-
sense substitution analysis programs that we evaluated was able
to define a set of key functional domain rMS that reached the
OR>2.5 threshold. 5.4% carried an rMS that two or more of
the programs agreed was above the threshold, and this group of
rMS was associated with an OR of 3.18 (p=2.68x107°). In
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Table 3 OR estimates and p-values for case—control screening of 18 Breast Cancer Association Consortium SNPs

Control % Case % Adjusted OR cr* p>|z|
Utilizing NPS as a continuous score
All 1057 100 1236 100 5.76x107"°
Only Caucasians 904 85.5 788 63.8 3.47x107"°
Excluding Caucasian 153 14.5 448 36.3 0.32
Number of subjects at risk indicated by NPS score above Threshold group
Allt 13 1.2 26 2.1 2.56 1.26 t0 5.19 0.009
Only Caucasiant 12 13 25 3.2 3.02 1.45 t0 6.29 0.003
Excluding Caucasian Never >2.5
OR of top and bottom percentiles using middle quintile as reference
All
0-1% 1" 1.0 5 0.4 0.50 0.16 to 1.56 0.232
1-5% 42 4.0 28 2.3 0.72 0.42 to 1.24 0.239
95-99% 41 3.9 73 5.9 1.99 1.27 to 3.12 0.003
99-100% 1 1.0 22 1.8 2.74 1.27 t0 5.90 0.010
Only Caucasian
0-1% 10 1.1 3 0.4 0.48 0.13 to 1.81 0.278
1-5% 36 4.0 19 2.4 0.80 0.44 to 1.48 0.482
95-99% 36 4.0 51 6.5 2.00 1.22 to 3.26 0.006
99-100% 10 1.1 22 2.8 3.20 1.45 to 7.08 0.004

*Adjusted for study centre and race/ethnicity.
tNPS>2.1. NPS, normalised polygene score.

addition, 2.1% of cases carried an above-threshold SNP poly-
gene genotype.

Whether focusing on the confirmed moderate-risk genes
ATM, CHEK2 and NBN or looking at all nine genes, the ratio
of carriers of T+SJV to above-threshold key domain rMS was
in the range of 1:2-1:3. This finding is different than the ~10:1
ratio observed in BRCA1/2; the preponderance of above-
threshold rMS in these moderate-risk genes is much more rem-
iniscent of the situation withTP53.° Because most rMS observed
during clinical testing of these moderate-risk genes would be
returned as variants of uncertain significance (VUS) in test
reports, the relatively high proportion of above-threshold rMS
reported here creates a challenge for test interpretation. During
clinical counselling, to alleviate patient distress, observations of
VUS rMS, especially in moderate-risk genes, are often down-
played as of minimal significance—‘normalised’. However, at
least for the nine genes that we examined, normalising the rMS
amounts to disregarding approximately 2/3 of sequence variants
with OR>2.5 detectable by the genetic tests.

Within the logical structure of the analyses presented here,
the OR>2.5 threshold applied to rMS and SNP polygene
groupings was a device used to align the analyses with current
patient management standards. A consequence is that the OR
point estimates reported for those groupings in tables 2 and 3
are circularly dependent on the threshold selected.
Nonetheless, the following four key results are independent to
the circular logic underlying those OR point estimates: (i) the a
priori existence of groupings with OR>2.5; (ii) the p values
associated with those groupings; (iii) the ratios of subjects with
T+SJVs, tMSs with OR>2.5 and SNP polygene with OR>2.5;
and (iv) the frequencies among controls and early-onset cases
of individuals with a genotype falling into one of these group-
ings. These findings all correspond to open, medically relevant
questions.

Although we did not accompany this study with functional
assays, a yeast complementation assay applied to 25 CHEK2
missense substitutions included applicable Align-GVGD and

PolyPhen-2 scores.*® Among the six rMS with Align-GVGD and
PolyPhen-2 scores meeting our severity criterion, the average
activity was —0.062 (SD=0.027) in an assay where the internal
wild-type and dysfunctional variants were given scores of 1.00
and 0.00, respectively. In contrast, the average score among the
19 rMS not meeting our concordant severity criterion was
+0.472 (SD=0.388), resulting in a p value of 1.12x107°
against the hypothesis that the two groups have the same mean
activity. Moving forward, it will become important to develop
methods that combine patient observational data with in silico
and functional assay results towards clinical classification of
these rMS. Such methods may leverage the Bayesian classifica-
tion framework already developed for rtMS in BRCA1, BRCA2,
MLH1, MSH2, etc.’” #7 48

One weakness of this study is that it focuses on early-onset
cases using a data set that already contributed either to associ-
ation of rMS in these genes with breast cancer susceptibility
(ATM, CHEK2),'® 1! or susceptibility to breast cancer in general
(MRE11A, NBN, RAD50, RINT1, XRCC2).'> 1* 15 While the
impact on the overall results of a possible false association for
one or another of the genes is addressed by the leave-one-out
analysis, the possibility remains that the ORs that we report are
systematically inflated either because this was a study of
early-onset cases or because of winner’s curse.*! These issues
were partly ameliorated in two ways: (i) an OR>2.5 grouping of
rMS could be isolated by each of the four rMS analysis pro-
grams that we used, and (i) the group of women that can
benefit most from early or intensified breast cancer screening is
primarily those at risk of early-onset breast cancer—largely, the
group of women from which the cases used in this study are
drawn. Looking forward, the ratio of the above-threshold rMS
to T+S]JV can be re-evaluated in case—control studies, but accur-
ate assessment of risk will have to come from prospective
cohort studies. A second weakness in our analytic strategy is
that the rMS analyses in five of the genes included here—ATM,
BARD1, MRE11A, RAD50 and NBN—are somewhat dependent
on our definitions of key protein functional domains. This
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OR. (A) Distribution of subjects by NPS when carriers of rare missense
substitutions (rMS) in the ‘above threshold" group had their NPS
increased by the factor of their OR. Stacked histograms of the
expansion of the combined contribution of NPS and rMS for carriers
with a variant conferring an average OR>2.5 with (B) PolyPhen-2, (C)
Align-GVGD, (D) MAPP, (E) CADD as well as (F) carriers of variants that
were placed in the ‘above threshold” group for two or more missense
analysis programs and (G) truncation and splice junction variant
(T+SJV) carriers.

analytic element is in need of independent evaluation and
refinement.

Our analysis raises additional questions regarding standard
clinical genetic testing practices using panel tests. For the estab-
lished moderate-risk genes ATM, CHEK2 and NBN, the major-
ity of the pathogenic variants that the test can actually detect
are rMS, likely to be reported to patients as VUS, and likely to
be normalised during counselling. In this circumstance, how
does one answer the clinical validity question, “Are the variants
the test is intended to identify associated with disease risk, and
are these risks well quantified?”*! What is the impact on
studies intended to explore the penetrance and tumour spec-
trum of pathogenic variants in these genes if the studies focus

Cancer genetics

on T+SJVs even though these may represent a minority of the
pathogenic variants? One path forward lies in a more nuanced
use of the IARC S-class system for variant classification and
reporting to incorporate more data from ongoing research on
missense substitution evaluation.*” From work that defined the
sequence analysis-based prior probabilities of pathogenicity for
rMS in BRCA1, BRCA2 and the mismatch repair genes, one can
clearly define subsets of rMS that have relatively high probabil-
ities of pathogenicity.” ** A straightforward approach for clini-
cians could be to make systematic efforts to enrol carriers of
high probability of pathogenicity rMS in research studies, such
as those coordinated through the Evidence-based Network for
the Interpretation of Germline Mutant Alleles (ENIGMA) con-
sortium,’® while still describing these findings to patients as
VUS. For BRCA1, BRCA2 and the mismatch repair genes, these
could be defined as rMS with prior probabilities of pathogenicity
of >0.66 as defined at the calibrated prior probability of patho-
genicity websites (priors.hci.utah.edu/PRIORS/index.php and
hci-lovd.hci.utah.edu/home.php, respectively). rMS from the
nine genes examined here that are placed in an OR>2.5 group-
ing by two or more of the missense analysis programs similarly
fall into a relatively high probability of pathogenicity subset.
VUS with lower probabilities of pathogenicity could reasonably
be normalised since future reclassification to a clearly pathogenic
variant is rather unlikely. Such an approach would better priori-
tise those missense substitutions with high probabilities of patho-
genicity, leading to better understanding of these VUS by
clinicians and patients. This approach should empower research
towards gene validation, penetrance and tumour spectrum and
thereby address the question of clinical validity in the future.
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Supplemental Methods

Ethics Statement

The mutation screening and analyses described here were approved by the Ethics
committee of the International Agency for Research on Cancer (IARC), the University of
Utah Institutional Review Board (IRB), and the local IRBs of the Breast Cancer Family
Registry (BCFR) centers from which we received samples. These local IRBs were the
Health Sciences Human Ethics Subcommittee of the University of Melbourne, Australia;
the Institutional Review Board of the Northern California Cancer Center (now the Cancer
Prevention Institute of California); and the Research Ethics Board of Mount Sinai

Hospital, Ontario, Canada. All participants gave written informed consent.

Participants

The design of this study has been described in detail previously[1-6]. Briefly,
eligible participants included women ascertained by population-based sampling by the
Australian, Northern California, and Ontario sites of the Breast Cancer Family Registry
(BCFR)[7]. Participants were recruited between 1995 and 2005. Selection criteria for
cases (N = 1,297) were diagnosis of breast cancer at or before age 45 years and self-
reported race/ethnicity plus grandparents’ country of origin information consistent with
Caucasian, East Asian, Hispanic/Latino, or African American racial/ethnic heritage. The
controls (N = 1,121) were frequency matched to the cases within each center on
racial/ethnic group, with age at selection not more than + 10 years from the age range at

diagnosis of the cases gathered from the same center (Table 1). Because of the shortage



of available controls in some racial/ethnic and age groups, the frequency matching was
not one-to-one in all subgroups. Known carriers of pathogenic variants in BRCA1 and
BRCA2 were excluded. Known PALB2 carriers were also excluded due to recent results
upgrading that gene to high-risk status[8]. PTEN, TP53, and CDHL1 carrier status was
unknown, but would only affect a small number of individuals in the study. In the
analysis of the sequence variants, we excluded participants with a PCR failure rate higher
than 20% of the coding sequence from the rare variants analyses, and a SNP genotyping

failure rate of more than 4 of 18 SNPs from the SNP polygene analyses.

Mutation Screening for Variants in the 9 Moderate-Risk Genes

For mutation screening of the coding exons and proximal splice junction regions
of ATM (NM_000051.3), BARD1 (NM_000465.3), CHEK2 (NM_007194.3), MRE11A
(NM_005591.3), NBN (NM_002485.4), RAD50 (NM_005732.3), RAD51
(NM_002875.4), RINT1 (NM_021930.4), and XRCC2 (NM_005431.1), we used 30 ng of
whole-genome amplified (WGA) DNA obtained by mixing 15 ng of amplified DNA
from each of two independent WGA reactions. The laboratory process was as described
in detail in the prior studies of the 9 moderate-risk genes used in this study[1-6]. Our
semi-automated approach, handled by a Laboratory Information Management System
(LIMS)[9], relies on mutation scanning by high-resolution melt curve (HRM) analysis
followed by direct Sanger sequencing of the individual samples for which an aberrant
melting curve profile is indicative of the presence of a sequence variant.

All exonic sequence variants, plus intronic sequence variants that fell within 20

bp of a splice acceptor or eight bp of a splice donor, and were either unreported or had an



allele frequency of <1% in the large scale reference groups “Caucasian Americans”,
“African Americans” and “East Asians” based on exome variant server (EVS) and 1,000
genomes project (1000G) data (http://evs.gs.washington.edu/EVS;
http://browser.1000genomes.org/index.html), were confirmed either by independent re-
amplification and sequencing from each of the two independent WGA reaction products
and concordant variant calls, or, for five variants, by re-amplification and sequencing
from genomic DNA.

All samples that failed either at the primary PCR, secondary PCR, or sequencing
reaction stage were re-amplified from WGA DNAs or genomic DNAs. Samples that still
did not provide satisfactory mutation screening results for at least 80% of the
concatenated MRN coding sequence were excluded from further analysis. Primer and

probe sequences are available from the authors upon request.

Genotyping for 18 SNPs

Genotyping for 18 of the first breast cancer modest-risk SNPs confirmed by the Breast
Cancer Association Consortium(BCAC).[10, 11] Genotyping for rs13387042,
rs13281615, rs2981578, rs4973768, rs11249433, rs2046210, rs704010, rs10995190,
rs10941679, rs2380205, rs6504950, rs614367, rs1011970, and rs999737) involved a
nested and multiplexed polymerase chain reaction (PCR) of whole-genome amplified
(WGA) DNA followed by high-resolution melting (HRM) curve analysis to identify
major and minor alleles. Our HRM analysis consisted of two assays, either unlabeled
probe or small amplicon-based genotyping. Genotyping for rs1045485, rs3803662,

rs889312, rs3817198 were genotyped by Tagman. Genotyping began at the World Health



Organization’s (WHO) International Agency for Research on Cancer (IARC) before
moving to the University of Utah’s Huntsman Cancer Institute (HCI). Primer and probe

sequences are available from the authors upon request.

Protein Multiple Sequence Alignment Organisms

Orthologs from Human (Homo sapiens), either mouse (Mus musculus) or rat
(Rattus norvegicus) from clade Murinae, either pig (Sus scrofa), cow (Bos taurus), dog
(Canis lupus) or panda (Ailuropoda melanoleuca) from clade Laurasiatheria, elephant
(Loxodonta africana), armadillo (Dasypus novemcinctus), either opossum (Monodelphis
domestica) or tasmanian devil (Sarcophilus harrisii) from clade Metatheria, platypus
(Ornithorhynchus anatinus), chicken (Gallus gallus) and lizard (Anolis carolinensis) or
painted turtle(Chrysemys picta bellii) from clade Sauria, clawed frog (Xenopus laevis or
Xenopus tropicalis), coelacanth (Latimeria chalumnae), either zebrafish (Danio rerio),
Tetraodon (Tetraodon nigroviridis), or Fugu (Takifugu rubripes) from clade
Clupeocephala, lancelet (Branchiostoma floridae), and sea urchin (Strongylocentrotus
purpuratus) were included in our initial alignments. RAD50 and RAD51 did not reach
three substitutions per position for their individual pMSA using the preceding organisms,
so orthologous protein sequences from the model organisms Drosophila melanogaster,
Caenorhabditis elegans, Saccharomyces cerevisiae, Schizosaccharomyces pombe, and
Arabidopsis thaliana were added until three substitutions per position was achieved.

Ortholog sequences downloaded from Genbank were aligned using the expresso
extension of T-Coffee to create the initial pPMSA[12, 13]. These initial alignments were

checked by hand in Geneious v7.1.4 (http://www.geneious.com) for anomalies that might



be attributed to gene model errors rather than actual sequence divergence. Potential
anomalies were corrected by reference to, and gene re-prediction from, genomic DNA

sequence available on the UCSC genome browser (http://genome.ucsc.edu).

Protein Multiple Sequence Alignment Depth Determination

We estimated substitutions in each alignment by using Protpars from PHYLIP
v3.69[14] with a constrained phylogeny to make a maximum parsimony estimate of the
number of substitutions that occurred for each organism in the underlying phylogeny. In
order to create a distance table for MAPP, we used Protdist to establish a distance matrix
for protein sequences using maximum likelihood estimates with a constrained phylogeny
followed by Fitch to generate a phylogenetic tree under the additive tree model. The

complete alignments, phylogenetic trees, and distances are available upon request.

Statistics

To assess evidence of risk from the case-control frequency distribution of protein-
truncating variants (T), known or very likely spliceogenic splice-junction variants (SJV),
and rare missense substitutions (rMS), we constructed a table with one entry per subject;
the variants per subject; and annotations for whether the variant was in a key functional
domain, its frequency, as well as study center, case-control status, race/ethnicity, and age
for the subject. For the subjects who carried more than one rare variant of interest, only
the most deleterious score was considered. Data from key functional domain rare silent
substitutions, key functional domain rare missense substitutions (including in-frame

deletions), and protein truncating variants were used in a ROC analysis. The silent



substitutions were scored using CADD and MAPP, and the missense substitutions were
scored using Align-GVGD, CADD, MAPP, and PolyPhen-2[15-18]. ROC curves were
drawn (Supplemental Figure 1) and AUC was determined (Supplemental Table 3) using
the ROCR library (http://rocr.bioinf.mpi-sb.mpg.de). Correlations between the
missense analysis programs were performed using the continuous variables of each
missense analysis program for linear regressions via Stata version 12.1 software
(StataCorp, College Station, TX, USA). We also created a synthetic variable “consensus”
that counted the number of missense analysis programs that considered a variant “above
threshold” and preformed similar linear regressions between the variable output of the
missense analysis program with our synthetic consensus variable (Supplemental Table 4).

For MAPP, Align-GVGD, and Polyphen2, logistic regression trend tests were
formatted such that participants who did not carry any rare variant were given a score of
0, carriers of rMS outside of a domain were given a 1, carriers of a “below threshold”
rMS were given a 2, carriers of an “above threshold” rMS were given a 3, carriers of an
in-frame deletion were given a 4 and T+SJVs were given a 5. CADD gives severity
scores for more than rMS and was treated differently as follows: carriers of a non-rMS
variant that would have been in the “above threshold” group were given a 2, carriers of a
“below threshold” rMS were given a 3, carriers of an “above threshold” rMS were given
a 4, carriers of an in-frame deletion were given a 5 and T+SJVs were given a 6.

These row labels were then used as a categorical variable in the logistic
regressions. The reference non-carrier group (assigned logistic regression row label 0 for
each classifier) comprised the participants who were not reported to carry an rMS, an in-

frame deletion, or a T+SJV variant in a domain of one of the 9 genes. The same reference



group of non-carriers was used for MAPP, Align-GVGD and Polyphen2 analyses. The
participants in CADD that carried a non-rMS variant that would have been in the “above
threshold” group would have been classified as non-carriers in the alternative methods,
but were not considered as part of the reference group for the analyses involving CADD.
Differences in the case—control ratio between racial/ethnic groups and study center were
accounted for by including categorical variables for each racial/ethnic group and each
study center. Adjustment for racial/ethnic group should also capture confounding of
genetic and social factors with interaction terms, allowing that this confounding effect
may be different for the broadly labeled racial/ethnic groups in different centers.

To determine the correlation between NPS and the observed OR, we divided our
subjects into deciles based on the percentiles observed in the controls. The middle
quintile (40-60) was used as reference group and given a value of 0. The remaining
deciles were given values 1-8 respectively, which were used as these categorical
variables in logistic regressions. For the threshold analysis, we used the middle quintile
as the reference group and gave this group a value of 0. The “below threshold, outside of
reference” group was given a value of 1 and the “above threshold” group was given a
value of 2. To create the histogram for the moderate-risk gene combined with the SNP
polygene, the NPS and OR from the moderate-risk gene were multiplied together. The
middle quintile was excluded for the linear regression equation, and the NPS was treated
as the independent variable and the resultant OR of each group as the dependent variable.

P-values were found by testing the regression coefficient equal to 0 or 1.
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Supplemental Table 1. The list of variants with their respective scores for each variant classifier

Gene DNA Protein Align-GVGD Polyphen-2 CADD  MAPP Frequency Domain
Mammals® 3 S/P° Mammals® 3 S/P®  (ESP)
ATM €.136-139 del CATT frameshift FS FS 1 21.8 454 454 0 1
ATM c.170 G>A W57X X X 1 36 454 454 0 1
ATM €.295 A>G S99G Class C55 Class CO 0.997 28.8 9.08 241 0.000154 O
ATM c.363 delA frameshift FS FS 1 36 45.4 45.4 0 1
ATM c.544 G>C V182L Class CO Class CO 0.002 12.03 10.22 4.77 0.008004 O
ATM €.936 A>C L312F Class C15 Class C15 1 19.5 12.59 12.59 0 0
ATM c.1229 T>C V410A Class C65 Class C25 0.434 15.88 27.75 19.81 0.00177 0
ATM c.G1464T W488C Class C65 Class C65 0.653 14.15 29.05 29.05 0.000077 O
ATM c.1810 C>T P604S Class C65 Class CO 0.635 15.46 17.5 45 0.004003 O
ATM €.2021 A>G H674R Class CO Class CO 0 4.044 6.96 3.51 0.000077 O
ATM c.2158 C>T R720C Class CO Class CO 0 10.15 3.6 2.92 0 0
ATM €.2494 C>T R832C Class CO Class CO 0 9.764 1.91 1.77 0.000154 O
ATM ¢.3004 G>T G1002C Class CO Class CO 0.002 8.811 3.42 6.66 0 0
ATM €.3295 G>A D1099N Class CO Class CO 0.002 9.962 2.37 1.39 0 0
ATM €.3925 G>A A1309T Class CO Class CO 0.009 15.47 8.56 4.95 0.001077 O
ATM €.3963 G>A M13211 Class CO Class CO 0.003 9.956 6.1 2.1 0 0
ATM c.4388 T>G F1463C Class C65 Class C65 1 24.2 17.91 17.91 0.001154 O
ATM c.4424 G>T Y1475C Class C25 Class C25 0.874 11.19 8.85 8.45 0 0
ATM c.4724 G>A R1575H Class C25 Class C25 1 25.4 14.41 14.41 0 0
ATM €.4949 A>G N1650S Class CO Class CO 0 2.775 1.05 1.32 0.000077 O
ATM ¢.5071 A>C S1691R Class CO Class CO 0.001 9.876 3.72 4.19 0.002154 0
ATM €.5089 A>G T1697A Class CO Class CO 0.001 2.424 17.04 3.2 0.000154 O
ATM €.5267 C>G T1756R Class C15 Class CO 0.054 8.393 33.46 2.63 0 0
ATM ¢.5713insT frameshift FS FS 1 40 45.4 45.4 0 1
ATM €.5882 A>G Y1961C Class C65 Class C65 1 23 23.02 23.02 0.000154 1
ATM €.5890 A>G K1964E Class C15 Class CO 0.053 12.9 20.1 13.14 0 1
ATM €.5906 A>T D1969V Class C35 Class CO 0.242 13.97 25.01 5.76 0 1
ATM €.5932 G>T E1978X X X 1 49 45.4 45.4 0 1
ATM €.5975 A>C K1992T Class C65 Class CO 0.73 17.27 27.99 16.51 0.000231 1
ATM €.6067 G>A G2023R Class C65 Class C25 1 30 36.52 45.39 0.002308 1
ATM €.6088 A>G 12030V Class C15 Class CO 0 8.212 12.49 5.81 0.005001 1
ATM €.6235 G>A V2079l Class CO Class CO 0.002 9.681 4.05 2.45 0.006001 1
ATM €.6437 G>C S2146T Class CO Class CO 0 0.87 2.16 1.38 0.003925 1
ATM €.6482 G>A R2161H Class CO Class CO 0.503 19.29 7.16 6.29 0 1
ATM €.6551 G>C S$2184T Class CO Class CO 0.109 14.82 5.08 2.65 0.000154 1
ATM €.6574 T>G S2192P Class C65 Class CO 0.015 4.401 39.26 4.22 0 1
ATM €.6820 G>A A2274T Class C55 Class C55 1 35 33.24 33.24 0 1



ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
ATM
BARD1
BARD1
BARD1
BARD1
BARD1

€.6860 G>C
€.6919 C>T
€.6995 T>C
€.6998 C>A
c.7004 C>T
c.7174 C>T
c.7187 C>G
c.7187C>G

c.7271 T>G
c.7271T>G

€.7390 T>C
c.7475 T>G

C.7636_7644del9
C.7638-7646 del9

c.7740 A>C
c.7775 C>G
c.7867 C>A
c.7870 T>G
c.7912 T>G
€.7999 A>G
€.8006 T>C

€.8011-6 T>G
€.8268_8268+4 del5
€.8269 -5 T>G

€.8285 A>G
c.8481 T>G
c.8494 C>T
c.8732 C>G
c.8734 A>G
c.8741 T>C
c.8773 G>A
c.8938 C>A

€.9078_9079 insA

€.9086 G>A
c.9139 C>T
c.33G>T
c.57 G>C
c.73G>C
c.90 T>A
€.216 -21T>G

G2287A
L2307F
L2332P
T2333K
T23351
R2392W
T2396S
T2396S
V2424G
V2424G
C2464R
L2492R
SRI12546_2548del3
R1S2547-2549del
R2580S
S2592C
L2623I
C2624G
W2638G
M2667V
12669T
NA

splice donor deletion
splice
Q2762R
F2827L
R2832C
T2911S
R2912G
12914T
G2925S
L2980I
frameshift
G3029D
R3047X
Q11H
E19D
A25P
G30G

NA

Class CO
Class C15
Class C25
Class CO
Class CO
Class C65
Class C55
Class C55
Class C65
Class C65
Class C65
Class C65
IFD

IFD

Class CO
Class C65
Class CO
Class C65
Class C65
Class C15
Class C65
intronic
splice
splice
Class C35
Class C15
Class C65
Class CO
Class C65
Class C65
Class C55
Class CO
IFD

Class C65
IFD

Class CO
Class CO
Class CO
SYN
intronic

Class CO
Class CO
Class CO
Class CO
Class CO
Class C65
Class CO
Class CO
Class C65
Class C65
Class CO
Class C45
IFD

IFD

Class CO
Class C65
Class CO
Class C65
Class C15
Class CO
Class C65
intronic
splice
splice
Class CO
Class C15
Class C45
Class CO
Class C65
Class C65
Class C55
Class CO
IFD

Class C15
IFD

Class CO
Class CO
Class CO
SYN
intronic

12.31
22.4
5.623
11.5
16.79
25.1
13.57
13.57
26.1
26.1
5.902
24
19.45
19.45
7.937
17.69
29.2
23.8
10.94
13.49
20.8
2.559
11.96
6.733
29
25.3
23.2
14.61
20.7
251
35
9.526
43
12.26
50
13.17
12.36
15.92
3.557
4.3

3.75

12.59
21.58
30.09
4.02

22.31
11.33
11.33
23.22
23.22
34.86
33.02
40.7

40.7

4.86

20.41
15.46
15.41
23.29
30.01
19.6

45.4
45.4
33.7
12.82
29.01
3.53
259
19.6
7.5
15.46
44.95
35.86
43.98
2.38
8.64
10.89
0.86
0

4.4
7.04
2.37
31.23
5.75
22.31
1.85
1.85
23.22
23.22
10.39
31.81
34.66
41.72
5.16
20.41
15.46
15.41
11.35
7.51
19.6

45.4
45.4
7.16
12.82
20.28
3.04
259
19.6
7.5
2.88
43.98
37.66
43.98
2.04
7.82
10.94
1.97
0

0.000077
0.001846
0.008463
0.000077
0.000231
0.000231
0.000231
0.000231
0.000077
0.000077
0.000462
0.000077
0

.000231

.000308

.001608

.000805
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BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1
BARD1

c.216 T>C
c.221 G>T
c.279 A>G
c.281 A>C
c.326 G>A
€.346C>T
c.348 T>C
€.600 A>G
€.609 A>C
€.632T>C
€.690 C>G
c.716 T>A
€.722 C>G
c.882 G>A
c.1339 C>G
c.1347 A>G
c.1364 A>G

€.1395 +50T>C

c.1409 A>G
c.1429 G>A
c.1491 A>G
c.1586 G>A
c.1613 G>A
c.1678A>G
c.1738 G>A
c.1835 A>T

€.1904 -10T>C

€.1933T>C
€.1955 A>G
€.1957 A>G
€.1972 C>T
€.1977 A>G
€.1989 C>T

€.2002 -11C>T

c.2161 G>A
€.2191 C>G
c.2212 A>G
c.2235T>C
c.2279 C>T
€.2282 G>A

C53C
C74F
Q93Q
D94A
S109N
H116Y
H116H
A200A
G203G
L211S
D230E
L239Q
S241C
R294R
L447V
Q449Q
N455S
NA
N470S
VATTM
P497pP
R529Q
S538N
M560V
E580K
D612V
NA
C645R
E652G
1653V
R658C
R659R
N663N
NA
AT21T
R731G
1738V
Y745Y
S760L
S761N

SYN
Class C65
SYN
Class C65
Class C45
Class C35
SYN
SYN
SYN
Class C35
Class CO
Class CO
Class C15
SYN
Class C25
SYN
Class C45
intronic
Class CO
Class C15
SYN
Class C35
Class CO
Class CO
Class CO
Class C35
intronic
Class CO
Class C65
Class CO
Class C35
SYN
SYN
intronic
Class CO
Class C65
Class CO
SYN
Class C65
Class CO

SYN
Class C65
SYN
Class C65
Class CO
Class CO
SYN
SYN
SYN
Class C35
Class CO
Class CO
Class C15
SYN
Class C25
SYN
Class C45
intronic
Class CO
Class C15
SYN
Class C35
Class CO
Class CO
Class CO
Class CO
intronic
Class CO
Class C65
Class CO
Class C35
SYN
SYN
intronic
Class CO
Class CO
Class CO
SYN
Class C65
Class CO

O O

10.75
19.7
8.479
20
17.82
12.26
8.504
0.22
0.36
17.75
9.815
2.114
13.17
8.827
16.89
7.22
18.38
5.779
8.571
245
8.669
10.28
0.007
1.319
9.977
6.447
13.96
2.457
24
9.207
24
8.834
7.497
11.61
17.3
19.7
9.469
4321
24.8
14.35

0.15
21.32
0.62
29.51
14.09
10.85
0.93
3.97
3.1
16.77
5.24
2.22
1.3
1.72
25.8
0.11
13.4

3.78
24.43
0.14
14.43
1.25
6.31
5.4
241

5.85
28.23
5.48
23.61
0.59
0.09

13.1
25.9
5.48
1.16
28.64
2.86

0.15
21.32
0.94
29.51
3.67
3.25
1.99
5.19
2.25
18.85
2.86
2.87
2.3
2.4
25.8
2.4
13.4
0
5.52
24.43
0.14
14.43
1.43
4.65
2.55
2.69
0
2.53
28.23
6.67
20.58
0.99
0.09
0
15.95
3.78
6.67
1.36
28.64
2.25

0

0
0.000154
0

0
0.000231
0.000308
0
0.008996
0

0
0.000154
0

0
0.000154
0.000231
0
0.001231
0

0

0

0
0.000077
0
0.004767
0.000077
0
0.022913
0

0
0.00592
0.002384
0

0

0
0.002076
0.006689
0

0
0.001461
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CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2
CHEK?2

c.14C>T
c.74T>C
c.254C>T
€.283C>T
c.320 -5T>A
€.349A>G
€.381A>G
c.405delA
c.410G>A
C.444+24c>T
c.470T>C
c.474A>C
c.474A>G
c.538C>T
€.539G>A
c.575C>T
€.592+50a>T
¢.593 -14C>T
€.593 -20delTCT
¢.593 -45T>A
€.593-6 InsCCTT
C.651A>G
€.663C>G
€.688G>T
c.715G>A
c.727T>C
C.751A>T
€.792+62 delAA
€.793-17T>C
€.823G>T
c.847 -10C>G
c.911T>C
c.917G>C
c.931G>A
c.967A>C
€.1036C>T
c.1037G>A
c.1054A>T
c.1065G>A
¢.1100delC

S5L
V25A
P85L
R95X
NA
R117G
E127E
K135delA
R137Q
NA
1157T
A158A
A158A
R180C
R180H
S192L
NA
NA
NA
NA
NA
R217R
1221M
A230S
E239K
C243R
1251F
NA
NA
E275X
NA
M304T
G306A
D311IN
T323P
R346C
R346H
N352Y
L355L
T367delC

Class CO
Class CO
Class CO
X

intronic
Class C65
SYN

FS

Class CO
intronic
Class C65
SYN
SYN
Class C65
Class C25
Class C65
intronic
intronic
intronic
intronic
intronic
SYN
Class CO
Class C65
Class C55
Class C65
Class C15
intronic
intronic

X

intronic
Class C65
Class C55
Class CO
Class C35
Class C65
Class C25
Class C65
SYN

FS

Class CO
Class CO
Class CO
X

intronic
Class C65
SYN

FS

Class CO
intronic
Class C25
SYN
SYN
Class C25
Class CO
Class C15
intronic
intronic
intronic
intronic
intronic
SYN
Class CO
Class C15
Class C15
Class CO
Class C15
intronic
intronic

X

intronic
Class C55
Class C55
Class CO
Class CO
Class C65
Class C25
Class C65
SYN

FS

12.92
0.272
12.03
37
11.93
19.93
4.791
24.3
12.54
5.15
211
11.2
11.18
17.36
12.53
16.82
2.498
8.971

5.903

9.542
175
19.88
24
19.81
254

11.37
49
11.2
19.47
27.3
14.33
21.3
211
34
25.8
4.288
42

0.000077
0
0.002384
0
0.000384
0.000154
0
0
0.000077
0.001538
0.001615
0
0
0.001077
0
0
0.002846
0.000233
0
0
0
0
0.000155
0
0.000154
0.000077
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CHEK2 c¢.1111C>T
CHEK2 ¢.1138delCT
CHEK2 c.1182A>T
CHEK2 c¢.1216C>T
CHEK2 ¢.1253T>G
CHEK2 ¢.1263delT
CHEK2 ¢.1276C>T
CHEK2 ¢.1312G>T
CHEK2 ¢.1313A>G
CHEK2 ¢.1336A>G
CHEK2 ¢.1343T>G
CHEK2 ¢.1427C>T
CHEK2 ¢.1451C>T
CHEK2 ¢.1491T>C
CHEK2 ¢.1528C>T
CHEK2 ¢.1534C>G

CHEK2 ¢.1542 +11T>A
CHEK2 ¢.1542 +92A>G

CHEK2 ¢.1556G>T
MRE11A c.1-42G>A
MRE11A c.18A>T
MRE11A ¢.19C>G
MRE11A c¢.21-12T>C
MRE11A c.21-17C>T
MRE11A c.37T>C
MRE11A ¢.120C>T
MRE11A ¢.162T>C
MREL1A ¢.259C>T
MRE11A ¢.463C>T
MRE11A ¢.529G>C
MRE11A c¢.660-7G>T
MRE11A c.704A>G
MRE11A ¢.826C>T
MRE11A ¢.846-12T>C
MRE11A ¢.846-20T>G
MRE11A ¢.940C>T
MRE11A c.1074A>G
MRE11A ¢.1084C>G
MRE11A c.1096C>A
MRE11A ¢.1238A>G

H371Y
L380delCT
E394D
R406C
F418C
L421delT
P426S
D438Y
D438G
N446D
1448S
T476M
P484L
D497D
Q510X
L512V
NA
NA
R519L
NA
ABA
L7V
NA
NA
F13L
L40L
F54F
R87TW
R155C
AL77P
NA
D235G
P276S
NA
NA
L314L
P358P
L362V
R366R
N413S

Class C35
FS

Class C35
Class C15
Class C65
FS

Class C65
Class C65
Class C65
Class C15
Class C65
Class C65
Class C65
SYN

X

Class CO
intronic
intronic
Class C25
intronic
SYN
Class C25
intronic
intronic
Class C15
SYN
SYN
Class C65
Class C65
Class C25
intronic
Class C65
Class CO
intronic
intronic
SYN
SYN
Class C25
SYN
Class C45

Class C35
FS

Class C35
Class C15
Class C65
FS

Class C65
Class C25
Class C15
Class CO
Class C65
Class C15
Class C65
SYN

X

Class CO
intronic
intronic
Class C25
intronic
SYN
Class CO
intronic
intronic
Class CO
SYN
SYN
Class C15
Class C35
Class C25
intronic
Class C65
Class CO
intronic
intronic
SYN
SYN
Class C25
SYN
Class CO

o ()]
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o

0.947

16.74
42
19.09
15.7
23.3
4
27.3
21.2
20.1
9.55
11.73
19.54
25.8
5.179
47
3.416
2.948
3.726
16.9
14.46
0.694
8.845
17.76
15.68
12.79
5.058
8.823
17.06
22.4
24.7
13.4
25.4
26.8
6.496
6.152
9.282
10.64
18.34
13.01
19.01

12.32
45.4
13.31
19.52
17.91
454
17.5
21.06
20.85
29.27
20.83
29.5
26.92
1.88
45.4
3.1

21.16

2.55
25.8

12.82
1.09
0.11
22.31
29.01
38.15

20.85
6.38

0.13
0.14
25.8
0.14
13.4

14.91
45.4
13.31
15.39
17.91
454
17.5
9.42
10.68
3.69
20.83
23.02
26.92
2.95
45.4
3.33

20.41

3.32
6.38

7.26
3.58
0.11
11.19
18.41
38.15

20.85
6.04

0.13
0.14
25.8
0.69
4.35

OO OO O0OO0ODO0OO0OO0OOoO

0.022796
0
0
0.000077

.000539

.000154
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MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
MRE11A
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN
NBN

c.1281A>T
c.1442C>T
c.1443A>G
c.1462C>T
c.1504C>T
c.1508G>A
€.1564-18delTCT
c.1667A>G
c.1811G>A
€.1852A>G
€.1897C>G
€.1927-9C>A
€.1995-19delTGTTTTTGTTTT
€.2049G>A
€.2054A>G
c.2070+2T>A
€.2109del AAGAAGAAA
c.2113A>G
c.1-2C>T
Cc.37+3A>T
c.104T>C
c.127C>T
c.425A>G
c.426T>C
c.456G>A
c.464T>C
¢.591insTTGDel13
€.628G>T
Cc.671G>A
€.804delGT
c.950T>A
C.954T>A
c.1065C>T
c.1176 A>G
€.1202C>G
C.1222A>G
c.1301C>A
1398-19delC
€.1398-9insT
¢.1509T>G

L427F
T4811
T481T
R488C
R502C
R503H
NA
N556S
R604H
M618V
R633G
NA

NA
G683G
D685G
NA
frameshift
R705G
NA

NA
135T
R43*
N142S
N142N
M1521
V155A
frameshift
V210F
G224E
frameshift
M317K
T318T
S355S
K392K
P401R
K408E
T434N
NA

NA
N503K

Class CO
Class C65
SYN
Class C65
Class C65
Class CO
intronic
Class CO
Class CO
Class C15
Class CO
intronic
intronic
SYN
Class C35
intronic
IFD

Class C15
intronic
intronic
Class C65
X

Class CO
SYN
Class CO
Class C65
FS

Class CO
Class C65
FS

Class C45
SYN
SYN
SYN
Class CO
Class CO
Class CO
intronic
intronic
Class CO

Class CO
Class CO
SYN
Class C65
Class C35
Class CO
intronic
Class CO
Class CO
Class CO
Class CO
intronic
intronic
SYN
Class CO
intronic
IFD

Class CO
intronic
intronic
Class C65
X

Class CO
SYN
Class CO
Class C65
FS

Class CO
Class C65
FS

Class CO
SYN
SYN
SYN
Class CO
Class CO
Class CO
intronic
intronic
Class CO

20.6
29.2
9.867
19.65
16.07
14.93

7.308
5.527
12.99
6.68

4.056

0.413
14.43
10.44
13.73
13
3.515
7.684
22
25.3
11.05
9.874
24.9
20.7
28.9
12.43
211
17.34
14.7
9.618
0.1
3.512
0.634
10.69
13.87

13.76

9.32
33.48
0.19
29.01
29.01
5.75

3.28
2.66
30.01
5.3

0.12
17.47

37.49
12.68

21.74
45.4
7.02
0.54
21.99
27.75
454
7.11
35.36
454
31.58
1.2
0.75
0.94
25.23
541
7.15

2.24

3.53
10.24
1.56
29.01
17.61
4.35
0

2.3
2.54
6.51
7.63
0

0
0.12
3.63
0
31.21
3.53
0

0
21.62
45.4
4.26
1.4
21.99
27.75
454
5.19
35.36
454
25.87
1.78
0.62
1.26
3.07
5.48
7.28
0

0
141

0
0
0
0.000077
0.000077
0
0
0.000462
0.000231

0.000154
0
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0.000077
0

0

0.001001

.002768
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NBN

NBN

NBN

RAD50
RAD50
RAD50
RAD50
RAD50
RAD50
RADS50
RADS50
RADS50
RADS50
RADS50
RADS50
RAD50
RAD50
RAD50
RAD50
RAD50
RAD50
RADS50
RADS50
RADS50
RADS50
RADS50
RAD50
RAD50
RAD50
RAD50
RAD50
RAD50
RADS50
RADS50
RADS50
RADS50
RADS50
RADS50
RAD50
RAD50

c.1720 T>A
€.2235-18C>T
€.2235-18C>T
c.24C>T
c.113A>G
c.129G>A
€.250C>G
€.260G>A
c.280A>C
c.379G>A
c.412C>T
c.511G>T
€.552-1G>A
c.572C>T
c.597A>C
Cc.671G>A
c.715G>C
c.741A>G
C.756+5C>T
C.756+6delT
c.757-12C>A
€.785T>G
€.885+5G>A
C.921A>G
€.943G>T
€.980G>A
c.1094G>A
€.1246-10A>G
c.1277A>G
c.1336A>G
c.1456C>T
c.1670C>G
c.1713C>T
€.1794-59A>C
c.1875C>G
c.1878A>G
c.1911T>A
€.2025C>T
c.2047G>A
€.2054delAG

L5741
NA
NA
S8S
N38S
T43T
L84V
R87H
194L
V127
R138X
A171S
NA
T191I
Q199H
R224H
E239Q
E247E
NA
NA
NA
L262H
NA
L307L
V315L
R327H
R365Q
NA
Q426R
K446E
R486C
S557C
P571P
NA
Y625X
E626E
D637E
D675D
V683l
Q685fs

Class CO
intronic
intronic
SYN
Class C45
SYN
Class C25
Class C25
Class CO
Class C25
X

Class C65
intronic
Class C65
Class C15
Class CO
Class CO
SYN
intronic
intronic
intronic
Class C65
intronic
SYN
Class C25
Class C25
Class CO
intronic
Class C35
Class C55
Class C25
Class C15
SYN
intronic

X

SYN
Class C35
SYN
Class C25
FS

Class CO
intronic
intronic
SYN
Class C45
SYN
Class CO
Class CO
Class CO
Class CO
X

Class CO
intronic
Class CO
Class CO
Class CO
Class CO
SYN
intronic
intronic
intronic
Class CO
intronic
SYN
Class CO
Class CO
Class CO
intronic
Class C35
Class CO
Class C15
Class CO
SYN
intronic
X

SYN
Class CO
SYN
Class CO
FS

5.199
14.87
14.87
12.06
30
16.26
21.4
15.33
15.56
20.1
36
13.15
19.33
19.41
19.09
205
16.98
7.999
1.684

9.495
24
13.35
7.949
21.8
21.7
15.29
0.022
242
24.7
17.94
20
9.889
12.18
37
8.423
21.3
7.498
15.23
38

3.58

0.12
13.4
0.19
25.8
14.41
7.01
11.96
45.4
23.39

33.48
14.36
8.23
13.82
0.92

20.32

1.28
20.81
14.41
5.73

33.7
23.7
20.93
18.06
0.14

45.4
0.16
23.98
0.15
11.96
454

3.72

0.12
13.4
0.19
24.81
10.56
8.94
5.57
45.4
2.22

5.11
14.01
1.81
2.73
1.95

3.17

1.71
4.73
3.66
2.03

33.7
16.55
7.76
5.44
0.78

45.4
1.17
5.93
2.97
1.48
454

0.000615
0.0014
0.0014
0.000154
0

0

0
0.000154
0.003537
0.001768
0

0

0
0.004536
0
0.000615

[eNeNeNo N

0.000077
0
0.000538
0.001999
0.002384
0.000308
0
0.000308
0.000154
0.000077
0
0
0
0
0
0.000154
0.028141
0.000077
0
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RADS50
RADS50
RADS50
RAD50
RAD50
RAD50
RAD50
RAD50
RAD50
RADS50
RADS50
RADS50
RADS50
RADS50
RADS50
RAD50
RAD50
RAD50
RAD50
RAD50
RAD50
RADS50
RADS50
RADS50
RADS50
RADS50
RAD50
RAD50
RAD50
RAD50
RAD51
RAD51
RADS51
RADS51
RADS51
RADS51
RADS51
RADS51
RAD51
RAD51

c.2091C>T
€.2163A>G
€.2173C>T
€.2283A>G
€.2288G>A
€.2397G>C
€.2525T>C
c.2750C>T
C.2837A>T
€.2841T>C
€.2910C>T
€.2938del5
€.3036+37T>C
€.3036+5G>A
€.3037-3T>C
c.3153G>A
€.3165-4A>T
€.3165-8T>G
€.3239G>A
€.3260A>G
c.3278G>A
€.3311A>G
€.3363G>T

€.3476-12delTTC

€.3496C>T
€.3790C>T
€.3836G>A

€.3852delGAAA

€.3879C>T
€.3902A>G
c.-1 dupA
c.-2 -19A>G
c.108 C>T
c.414 T>C
c.449 G>A
¢.531 -31C>T
€.645 G>A
c.671 C>G
€.720 C>G
€.895 +33G>A

V697V
K721K
R725W
1761M
R763H
Q799H
V842A
T9171
D946V
19471
D970D
L980fs
NA

NA

NA
L1051L
NA

NA
G1080D
H1087R
R1093Q
Y1104C
L1121L
NA
R1166W
L1264F
R1279H
E1284fs
112931
K1301R
unknown
NA
N36N
H138H
R150Q
NA
R215R
A224G
A240A
NA

SYN
SYN
Class C65
Class CO
Class CO
Class C15
Class C65
Class C15
Class C35
SYN
SYN

FS
intronic
intronic
intronic
SYN
intronic
intronic
Class C65
Class CO
Class C35
Class C25
SYN
intronic
Class C65
Class C15
Class C25
IFD

SYN
Class CO
intronic
intronic
SYN
SYN
Class CO
intronic
SYN
Class CO
SYN
intronic

SYN
SYN
Class C35
Class CO
Class CO
Class CO
Class CO
Class CO
Class CO
SYN
SYN

FS
intronic
intronic
intronic
SYN
intronic
intronic
Class CO
Class CO
Class CO
Class C25
SYN
intronic
Class CO
Class C15
Class CO
IFD
SYN
Class CO
intronic
intronic
SYN
SYN
Class CO
intronic
SYN
Class CO
SYN
intronic

0

0

0.981
0.212
0.004
0.966
0.048
0.001
0.029

o

0.265
0.942

0.999

0.982

0.001

9.127
9.862
23.3
11.68
15.11
24.3
13.26
12.85
11.58
8.619
7.222
41
7.01
11.14
9.988
7.995
7.717
2.824
254
4.723
17.12
20.6
8.752

24.4
32

33

38
7.962
15.75
14.41
5.169
9.624
16.07
9.975
6.909
14.49
35
10.47
0

0.74
1.5
22.31
15.7
5.06
14.36
27.75
6.59
23.09

0.001153
0
0.000077
0
0.000154
0.000384
0.000308
0

0

0
0.004204
0

0
0.000616
0.006
0.004154
0.000923
0.002693

.000154

OO OO0 O0ODO0OOOOo

0.003306
0
0
0.000461
0.000077
0
0.001384
0
0.000154
0.000077
0.000154
0

PFRPRFRPRPRPPRPPRPPPPPORPRPRPPPPOPOOODODODODO0O0O0ODO0O0O0OORFRPRO00000O0OCO0ORr Rk



RADS51
RADS51
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1

€.895 +5delG
c.976 A>G
€.43-12delTTC
c.43-20C>G
c.177C>T
€.281C>G
c.301A>G
€.319T>G
c.376C>T
c.388G>A
€.399C>T
c.413C>T
c.501A>T
c.543C>T
€.690-15A>G
c.732C>T
C.736C>A
c.778G>T
c.782C>T
c.891T>C
¢.1025T>C
c.1121G>A
c.1256C>G
c.1270A>T
€.1334-5delA, ¢.1334-1_1335delGTT
c.1377C>T
c.1385C>T
c.1428A>G
c.1449G>T
€.1453C>T
c.1465A>G
c.1519G>A
c.1562C>T
¢.1656T>C
c.1672-3C>T
€.1949C>T
c.1962G>A
¢.1985T>C
€.2003T>C
€.2036T>C

NA
M326V
NA
NA
F59F
T94R
K101E
L107V
H126Y
A130T
S133S
A138V
Q167H
T181T
NA
12441
P246T
A260S
P261L
P297P
M342T
R374Q
P419R
S424C
IFR
A459A
S462L
P476P
M483l
L485L
1489V
E507K
T521
D552D
NA
P650L
T654T
L662S
F668S
V679A

intronic
Class CO
intronic
intronic
SYN
Class C65
Class C55
Class C25
Class CO
Class CO
SYN
Class C65
Class C15
SYN
intronic
SYN
Class CO
Class CO
Class C65
SYN
Class C45
Class C35
Class CO
Class C15
IFD

SYN
Class C65
SYN
Class CO
SYN
Class CO
Class C55
Class C65
SYN
intronic
Class C65
SYN
Class C65
Class C55
Class CO

intronic
Class CO
intronic
intronic
SYN
Class C65
Class CO
Class CO
Class CO
Class CO
SYN
Class CO
Class CO
SYN
intronic
SYN
Class CO
Class CO
Class CO
SYN
Class CO
Class C35
Class CO
Class C15
IFD

SYN
Class C15
SYN
Class CO
SYN
Class CO
Class CO
Class CO
SYN
intronic
Class C15
SYN
Class C55
Class CO
Class CO

PO OOOOo

0.935
0.985
0.028
0.01

0.234
0.014

0.418
0.001
0.003
0.997
0.034
0.997
0.105
0.212
0.837
0.969
0.997
0.997

0.015
0

0
5.798

9.827
12.21
20.7
16.27
16.48
6.361
9.408
1.297
13.92
13.52
9.692
0.019
6.717
12.74
4.759
7.221
8.597
7.485
36
17.98
14.35
21.2
10.56
18.39
10.1
14.59
6.03
16.67
23.9
19.98
9.369
12.25
14.16
0.01
23.9
10.68
5.292

0
11.2

0.11
37.76
23.7
25.8
2.26
8.8
1.38
35.49
14.36
0.19

1.15
4.45
4.31
26.92
0.14
2241
14.43
27.5
5.02
43.15
0.23
28.64
0.14
21.99
0.13
9.59
19.98
33.48
0.15

26.92
0.91
22.76
16.4
6.42

0
4.53
0

0
1.24
37.76
5.97
7.33
2.87
3.32
0.94
6.61
3.51
151
0
0.68
2.64
2.16
2.69
1.81
2.88
14.43
27.41
6.25
43.15
0.23
16.77
1.06
21.99
0.13
9.87
4.73
10.08
1.38
0
14.45
2.3
19.82
2.6
1.83

0

0

0.0092

0
0.000154
0

0

0
0.000308
0.000538
0.000077
0.000384
0

0
0.000077
0.006074
0

0
0.000154
0
0.000308
0
0.000077
0

0
0.000154

.000077

OO OO OOOOoOOo

0
0.001384
0.000154
0.003767
0
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RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
RINT1
XRCC2
XRCC2
XRCC2
XRCC2
XRCC2
XRCC2
XRCC2
XRCC2
XRCC2
XRCC2

€.2067+6T>A
€.2090A>G
€.2128C>T
€.2159G>T
c.2176T>C
€.2179T>C
C.2184A>G
€.2193A>G
€.2253G>T
c.2276C>T
€.2361G>A
€.2362C>T
c.1-1G>A
c.40-16T>C
c.46G>T
c.49C>T
c.181C>A
c.271C>T
€.283A>G

€.651_652delTG

€.693G>T
€.808T>G

NA
N697S
R710W
C720F
Y726H
Fr27L
K728K
K731K
L751L
P759L
W787*
P788S
NA
NA
Al6S
R17X
L61l
RO1W
195V
C217X
w231C
F270V

intronic
Class C45
Class C65
Class C65
Class C65
Class C15
SYN
SYN
SYN
Class C25
IFD

Class C65
Class C65
intronic
Class C65
X

Class CO
Class C65
Class CO
IFD

Class C65
Class C45

intronic
Class C45
Class C65
Class CO
Class C35
Class C15
SYN
SYN
SYN
Class C15
IFD

Class CO
Class C65
intronic
Class CO
X

Class CO
Class C65
Class CO
IFD

Class C65
Class C45

0.966

0.999
0.866
0.998
0
0
0
0.015
1
0.999
1
0
0.584
1
0.604
1
0.013
1
1
1

10.85
21.6
21.2
23.3
24.3
32
12.4
8.839
6.883
17.59
40
27.8
13.74
14.8
15.35
37
17.26
14.77
0.61
11.76
16.34
19.47

0
13.4
22.31
21.32
16.52
12.82
0.14
0.14
0.13
24.42
43.98
17.5
36.3
0
23.39
454
15.46
22.31
3.96
43.98
29.05
17.61

0
13.4
22.31
17.68
17.35
12.82
0.14
0.14
1.03
22.59
43.98
3.71
36.3
0
8.62
454
15.46
22.31
5.81
43.98
29.05
17.61

0.008381
0
0
0
0.000231
0
0.000077
0
0
0.006766
0
0
0
0.001231
0
0
0
0
0.000231
0
0
0.002692

%PMSAs include protein sequences from Human through Ornithorynchus anatinus; °3 S/P=3 substitutions per position: Human

through 3 substitutions per position pMSA depth, which was different for each gene: ATM, Brachiostoma floridae; BARD1, Xenopus;
CHEK?2, Danio rerio; MRE11A, Branchiostoma floridae; NBN, Anolis carolinensis; RADS50, Drosophila melanogaster; RAD51,

Arabidopsis thaliana; RINT1, Strongylocentrotus purpuratus; XRCC2, Danio rerio;
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Supplemental Table 2. A listing of the regions used for the domain boundaries rMS inclusion
Summed Length

Genes MRNA Assession Protein Assession Gene Length,a of Domain, a Domain Region

ATM NM_000051.3 NP_000042.3 3056 1,097 (36%) 1960+ (includes FAT and
FATC)

BARD1 NM_000465.3 NP_000456.2 777 273 (35%) 26-119 (RING & BRCA1
interaction); 568-748 (BRCT)

CHEK2 NM_007194.3 NP_009125.1 543 543 (100%) Entire Gene

RAD51 NM_002875.4 NP_002866.2 339 339 (100%) Entire Gene

RINT1 NM_021930.4 NP_068749.3 792 792 (100%) Entire Gene

XRCC2 NM_005431.1 NP_005422.1 280 280 (100%) Entire Gene

MRE11A | NM_005591.3 NP_005582.1 708 497 (70%) 13-482 (Phosphoesterase;
RADASO0 interaction); 568-594
(GAR)

RAD50 NM_005732.3 NP_005723.2 1312 455 (35%) 3-166 (ATPase); 189-198
(MRE11A interaction); 635-
734 (Zinc hook); 1117-1297
(ATPase)

NBN NM_002485.4 NP_002476.2 754 369 (49%) 1-110 (FHA); 111-206 & 227-

334 (BRCT); 640-662, 681-
691 & 734-754 (MRE11A
interaction)
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Supplemental Table 3. ROC curve estimates for each variant classifier

Variant Classifier: pMSA depth Observation AUC

Align-GVGD: M? 416 0.5926
Align-GVGD: 3 S/P° 416 0.6025
MAPP: M? 416 0.5817
MAPP: 3 S/P" 416 0.6000
CADD 416 0.6235
Polyphen2 416 0.5941
All Rare Variants 416 0.5105
All Rare Variants in Domains 416 0.5596
Truncations and Splice Junction Variants 416 0.5193

*M=Mammals: Human through Ornithorynchus anatinus pMSA depth; °3 S/P=3 substitutions
per position: Human through 3 substitutions per position pMSA depth, which was different for
each gene: ATM, Brachiostoma floridae; BARD1, Xenopus; CHEK2, Latimeria chalumnae;
MRE11A, Branchiostoma floridae; NBN, Anolis carolinensis; RAD50, Drosophila
melanogaster; RAD51, Arabidopsis thaliana; RINT1, Strongylocentrotus purpuratus; XRCC2,
Danio rerio; “X=Xenopus: Human through Xenopus pMSA depth.
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Supplemental Figure 1. ROC curves for each variant classifier. ‘M=Mammals: Human
through Ornithorynchus anatinus pMSA depth; ®3S/P: Human through 3M pMSA depth, which
was different for each gene: ATM, Brachiostoma floridae; BARD1, Xenopus; CHEK2, Danio
rerio; MRE11A, Branchiostoma floridae; NBN, Anolis carolinensis; RAD50, Drosophila
melanogaster; RAD51, Arabidopsis thaliana; RINT1, Strongylocentrotus purpuratus; XRCC2,
Danio rerio; “X=Xenopus: Human through Xenopus pMSA depth. T+SJV: Truncations and
Splice Junction Variants

o |
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=
= — T+SIVE
g — AlignGVGD:avi®®
S T4 — AlignGVGD:®BS/Pb?
= — AlignGVGD:K=
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— - MAPP:X®
_ _ CADDE
o | - - Polyphen2®
o
1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

False positive rate
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Supplemental Table 4. Correlations between missense analysis programs for rare key-
domain missense variants. Adjusted RZand (P-values).

MAPPa CADD Polyphen-2 Synthetic Consensus
Align-GVGD2 | 0.43(8.84X1018) 0.19(8.40X108) 0.27(1.07X10-10) 0.64(4.07X10-31)
MAPPa X 0.15(3.18X10%) 0.26(2.49X1010) 0.47(2.81X10-29)
CADD X X 0.56(2.36X10-25) 0.55(8.62X10-25)
Polyphen-2 X X X 0.59(1.84X10-27)

aProtein Multiple Sequence Alignments were from Human through 3S/P
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Supplemental Table 5. Combined Odds Ratio Estimates from Case-Control Mutation Screening of ATM, CHEK2, and NBN

Analysis Distinct Variants Control(%) Case(%) Adjusted OR*(CI) P-value
Noncarrier 43 1,054(94.02) 1,192(91.90) Reference
Carrier of Rare Missense Outside of Domain 19 22(1.96) 9(0.69) 0.33(0.15-0.74) 7.28X10°
Carrier of Truncation or Splice Junction Variant 17 6(0.54) 24(1.85) 4.20(1.69-10.44)  0.0020
Rare Missense Substitutions: MAPP
™S <11 29 21(1.87) 22(1.70) 1.08(0.58-2.02) 0.8104
™S > 11 45 18(1.61) 50(3.86) 2.73(1.56-4.79)  4.55X10™
Rare Missense Substitutions: Align-GVGD
™S < C35 46 31(2.77) 42(3.24) 1.47(0.90-2.40) 0.1234
™MS > C35 28 8(0.71) 30(2.31) 3.19(1.43-7.13)  4.65X107
Rare Missense Substitutions: CADD
rMS <23 51 29(2.59) 48(3.70) 1.59(0.98-2.60) 0.0611
™MS > 23 23 10(0.89) 24(1.85) 2.60(1.22-5.57) 0.0136
Rare Missense Substitutions: PolyPhen-2
™S < 0.9 35 22(1.96) 28(2.16) 1.32(0.73-2.38) 0.3556
™S > 0.9 39 17(1.52) 44(3.39) 2.51(1.40-4.49) 1.96X107
Total 153 1,121 1,297

*Adjusted for race/ethnicity and study center; CI=95% Confidence Interval

15



Supplemental Table 6. Missense Analysis Program Overlap

Variant Classifier Control (%) rMS/T+SJV ~ Case (%) rMS/T+SJV  Adjusted OR*  (CI) P-Value
Only NBN, CHEK2, and ATM
Carrier of T+SJV 6 (0.5 24 (1.9 4.20 (1.69-10.44) 0.0020
One or More 23 (2.1) 3.83 52 (4.0 2.17 2.22 (1.33-3.72) 0.0023
Two or More 13 (1.2 2.17 37 (2.9) 1.54 2.59 (1.35-5.00) 0.0044
Three or More 11 (1.0 1.83 31 (2.4) 1.29 2.77 (1.36-5.63) 0.0050
All Four 2 (0.2) 0.33 12 (0.9) 0.50 6.14 (1.34-28.14) 0.0194
BARD1-MRE11A-RAD50-RAD51-RINT1-XRCC2
Carrier of T+SJV 3 (0.3) 3 (0.2 1.07 (0.20-5.60) 0.9401
One or More 13 (1.2) 4.33 44 (3.4) 14.67 2.53 (1.33-4.83) 0.0047
Two or More 5 (0.4) 1.67 34 (2.6) 11.33 490 (1.87-12.84) 0.0012
Three or More 3 (0.3) 1.00 21 (1.6) 7.00 525 (1.52-18.14) 0.0088
All Four 0 (0.0 0.00 8 (0.6) 2.67 <0.000°
All Nine Genes
Carrier of T+SJV 9 (0.8) 27 (2.1) 3.31 (1.53-7.16) 2.36X10°
One or More 34 (3.0 5.67 93 (7.2) 3.88 2.37 (1.57-3.60) 4.56X107
Two or More 18 (1.6) 3.00 70 (5.4) 2.92 3.18 (1.85-5.46) 2.68X10°
Three or More 14 (1.2) 2.33 52 (4.0 2.17 3.27 (1.77-6.04) 1.51X10™
All Four 2 (0.2 0.33 20 (1.5) 0.83 8.61 (1.96-37.81) 4.35X10°

8P-value from Fisher’s Exact Test

16



Supplemental Table 7. Excluding a single gene from the 9 gene ensemble

Variant Classifier Control (%) rMS/T+SJV Case (%) rMS/T+SJV  Adjusted OR*  (CI) P-Value
Dropping BARD1
Non-carrier 1,014 (90.45) 1,140 (87.90) Reference
rMS Outside of Domain 50 (4.46) 44 (3.39) 0.77 (0.50-1.18) 0.2298
Carrier of T+SJV 6 (0.54) 10 (0.77) 1.80 (0.63-5.15) 0.2718
rMS Inside of Domain
Align-GVGD 9 (0.80) 1.50 35 (2.70) 3.50 3.25 (1.52-6.96) 0.0024
MAPP 20 (1.78) 3.33 56 (4.32) 5.60 2.42 (1.42-4.15) 0.0012
CADD 15 (1.34) 2.50 42 (3.24) 4.20 2.48 (1.34-4.58) 0.0038
Polyphen2 25 (2.23) 4.17 63 (4.86) 6.30 2.13 (1.31-3.47) 0.0024
Overlap of Two 16 (1.43) 2.67 53 (4.09) 5.30 2.82 (1.58-5.06) 4.84E-04
Dropping MRE11A
Non-carrier 994 (88.67) 1,098 (84.66) Reference
rMS Outside of Domain 55 (4.91) 44 (3.39) 0.75 (0.49-1.15) 0.1868
Carrier of T+SJV 9 (0.80) 27 (2.08) 3.24 (1.49-7.01) 0.0029
rMS Inside of Domain
Align-GVGD 11 (0.98) 1.22 48 (3.70) 1.78 3.58 (1.81-7.05) 2.37E-04
MAPP 25 (2.23) 2.78 74 (5.71) 2.74 2.69 (1.67-4.34) 4.82E-05
CADD 15 (1.34) 1.67 44 (3.39) 1.63 2.68 (1.45-4.93) 1.60E-03
Polyphen2 30 (2.68) 3.33 76 (5.86) 2.81 2.25 (1.44-3.52) 3.67E-04
Overlap of Two 18 (1.61) 2.00 62 (4.78) 2.30 2.96 (1.71-5.12) 9.96E-05
Dropping RAD50
Non-carrier 1,016 (90.63) 1,125 (86.74) Reference
rMS Outside of Domain 37 (3.30) 22 (1.70) 0.54 (0.31-0.94) 0.0298
Carrier of T+SJV 6 (0.54) 25 (1.93) 453 (1.83-11.23) 0.0011
rMS Inside of Domain
Align-GVGD 10 (0.89) 1.67 46 (3.55) 1.84 3.79 (1.87-7.69) 2.22E-04
MAPP 24 (2.14) 4.00 72 (5.55) 2.88 271 (1.67-4.41) 5.85E-05
CADD 13 (1.16) 2.17 40 (3.08) 1.60 2.97 (1.55-5.68) 0.0010
Polyphen2 25 (2.23) 4.17 71 (5.47) 2.84 2.55 (1.58-4.11) 1.34E-04
Overlap of Two 17 (1.52) 2.83 60 (4.63) 2.40 3.01 (1.72-5.28) 1.18E-04
Dropping RAD51
Non-carrier 1,000 (89.21) 1,096 (84.50) Reference
rMS Outside of Domain 49 (4.37) 40 (3.08) 0.75 (0.48-1.16) 0.1940
Carrier of T+SJV 9 (0.80) 27 (2.08) 3.31 (1.53-7.16) 0.0024
rMS Inside of Domain
Align-GVGD 11 (0.98) 1.22 49 (3.78) 1.81 3.62 (1.84-7.13) 2.02E-04
MAPP 26 (2.32) 2.89 78 (6.01) 2.89 2.63 (1.65-4.21) 5.28E-05
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CADD 14 (1.25) 1.56 48 (3.70) 1.78 3.05 (1.64-5.67) 4.25E-04
Polyphen2 27 (2.41) 3.00 81 (6.25) 3.00 2.57 (1.63-4.07) 5.47E-05
Overlap of Two 17 (1.52) 1.89 70 (5.40) 2.59 3.38 (1.95-5.87) 1.54E-05
Dropping RINT1
Non-carrier 1,009 (90.01) 1,121 (86.43) Reference
rMS Outside of Domain 50 (4.46) 41 (3.16) 0.72 (0.46-1.12) 0.1428
Carrier of T+SJV 9 (0.80) 27 (2.08) 3.26 (1.51-7.05) 0.0027
rMS Inside of Domain
Align-GVGD 9 (0.80) 1.00 42 (3.24) 1.56 3.75 (1.78-7.90) 5.02E-04
MAPP 22 (1.96) 2.44 68 (5.24) 2.52 2.72 (1.64-4.52) 1.06E-04
CADD 13 (1.16) 1.44 39 (3.01) 1.44 2.85 (1.48-5.48) 0.0017
Polyphen2 24 (2.14) 2.67 69 (5.32) 2.56 2.48 (1.52-4.04) 2.69E-04
Overlap of Two 16 (1.43) 1.78 61 (4.70) 2.26 3.14 (1.77-5.58) 9.12E-05
Dropping XRCC2
Non-carrier 1,010 (90.10) 1,106 (85.27) Reference
rMS Outside of Domain 45 (4.01) 40 (3.08) 0.81 (0.51-1.27) 0.3561
Carrier of T+SJV 9 (0.80) 26 (2.00) 3.14 (1.44-6.81) 0.0039
rMS Inside of Domain
Align-GVGD 11 (0.98) 1.22 45 (3.47) 1.73 331 (1.67-6.56) 6.11E-04
MAPP 21 (1.87) 2.33 70 (5.40) 2.69 2.84 (1.70-4.75) 6.56E-05
CADD 10 (0.89) 1.11 44 (3.39) 1.69 3.66 (1.80-7.45) 3.49E-04
Polyphen2 21 (1.87) 2.33 72 (5.55) 2.77 2.82 (1.70-4.70) 6.50E-05
Overlap of Two 13 (1.16) 1.44 63 (4.86) 2.42 3.83 (2.06-7.12) 2.11E-05

Adjusted for ethnicity and study center. OR=0dds Ratio; C1=95% Confidence Interval; rMS=rare missense substitution; T+SJV =
Truncation or Splice Junction Variant.
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Supplemental Table 8. Previously reported associated SNPs and corresponding breast cancer risk in the multiple papers used for
reference in comparison of our dataset and risk estimates for non-Caucasians.

Caucasian” Recent African Ancestry’ | Latina® East Asian'
Observed Observed Heterozygous Homozygous Observed Observed
Locus SNP Allele® | MAF®  OR®  MAF AFY  OR® MAF AFY  OR MAF AFY  OR° MAF
1p11.2 rs11249433 A/G 0.40 1.09 045 0.101 107 0.16 1.13 0.27 0.03 1.16 0.06
CASP8 rs1045485 G/C 0.13 097 0.12 0.979 0.05 0.97¢ 0.06 0.979 0.00
2935 rs13387042 A/G 0.49 0.88 0.46 0.251 1.01°* 0.30 0.67 0.85° 0.67° 0.59 0.90 0.94 0.88
SLC4A7 rs4973768 CIT 0.47 1.10 0.49 035 1.06 0.39 1.11° 0.59 0.19 111 0.23
5pl12 rs10941679 A/G 0.25 113 0.26 0.189 0.94 0.22 1.11° 0.36 0.48 1.08 0.53
MAP3K1 rs889312 AIC 0.28 112 0.28 034 093 033 043 104 1.09 0.41 0.52 1.05° 0.43
ESR1 rs2046210  G/A 0.41 1.08 0.38 0.627 1.02 0.58 1.18" 0.33 0.34 127 0.39
8g24 rs13281615 A/G 0.41 1.09 0.42 044 100 044 1.06' 0.60 0.52 1.03 051
CDKN2A/B rs1011970 GIT 0.17 1.06 0.18 0.342 090 0.26 1.06' 0.33 0.08 1.06 0.12
ANKRD16  rs2380205 C/T 0.44 0.98 0.38 0.584 1.03° 0.57 0.98" 0.28 0.11 0.98 0.13
ZNF365 rs10995190 G/A 0.16 0.86 0.18 0.168 1.14° 0.17 0.96 0.10 0.02 1.06 0.04
ZMIZ1 rs704010 CIT 0.38 1.08 0.40 0.076 1.04 0.08 1.07f 0.45 0.29 1.05° 0.40
FGFR2 rs2981578  T/C 0.50' 1.24'" 0.48 0871 124 0.86 1.22" 0.52 1.19' 0.62
LSP1 rs3817198 T/C 0.31 107 0.33 0.159 0.85 0.17 0.20 1.02 1.20 0.21 0.13 1.07 0.10
11913 rs614367 CIT 0.15 121 0.15 0.128 1.09 0.15 1.25" 0.08 1.29 0.03
RAD51L1 rs999737 CIT 0.23 092 0.23 0.033 1.07° 0.06 0.17 1.01 1.17 0.18 0.00 1.08 0.00
TOX3 rs3803662 G/IA 0.26 1.24 0.29 0.516 0.96 0.42 041 1.27 1.25 0.42 0.64 1.15° 0.54
COX11 rs6504950 G/A 0.28 094 0.28 0.346 1.11° 0.35 0.96 0.21 0.07 0.98 0.15

®Major/Minor Allele; "MAF=Minor Allele Frequency in controls; °OR=Per allele OR; “AF=Risk Allele Frequency; “The alternative
allele was determined as the risk allele, so the reciprocal of the published OR was used; "Latian OR = (Caucasian OR + East Asian

OR)/2; ®*Minority OR could not be found, so Caucasian was used; hMichaiI_idou, K. et al. (2013). N=10,052 cases and 12575 controls;
'Meyer, K. B. et al. (2013). N=89,050 Caucasians, N=13,983 East Asians; 'Huo, D. et al. (2012). N= 1509 cases and 1383 controls;
kFejerman, L. et al. (2013). N= 603 cases and 730 controls; 'Zheng, W. et al. (2013). N= 6,000+ cases and 6,000+ controls
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