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The genetic and clinical characteristics of breast tumors with germline variants, including
their association with biallelic inactivation through loss-of-heterozygosity (LOH) and second
somatic mutations, remain elusive. We analyzed germline variants of 11 breast cancer sus-
ceptibility genes for 1,995 Japanese breast cancer patients, and identified 101 (5.1%)
pathogenic variants, including 62 BRCA2 and 15 BRCAT mutations. Genetic analysis of 64
BRCAT1/2-mutated tumors including TCGA dataset tumors, revealed an association of biallelic
inactivation with more extensive deletions, copy neutral LOH, gain with LOH and younger
onset. Strikingly, TP53 and RBT mutations were frequently observed in BRCAT- (94%) and
BRCA2- (9.7%) mutated tumors with biallelic inactivation. Inactivation of TP53 and RBIT
together with BRCAT and BRCA2, respectively, involved LOH of chromosomes 17 and 13.
Notably, BRCA1/2 tumors without biallelic inactivation were indistinguishable from those
without germline variants. Our study highlights the heterogeneity and unique clonal selection
pattern in breast cancers with germline variants.
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cancer, the most prevalent cancer in women. Manage-

ment and prevention of breast cancer would, therefore,
benefit from better knowledge and understanding of the genetic
cause behind such familial predisposition!. Previous studies
reported that pathogenic germline mutations account for 10.7%
of breast cancer cases in a Western cohort? and 9.2% of those in a
Chinese cohort?. Breast cancer is also prevalent in Japan, affecting
116.3 per 100,000 women, where germline predisposition has
been confirmed or suspected in as many as 5.7% of cases*.
However, genetic studies of germline mutations that result in a
predisposition to breast cancer are limited in the Japanese
population*=¢. In particular, the effects of pathogenic germline
variants on somatic mutations and clinical/pathological pheno-
types of accompanying breast cancers are poorly understood.
Exception is the well-established mutational signatures associated
with germline mutations in BRCAI/2 and PALB278, which are
key genes in DNA repair by homologous recombination (HR) of
DNA double strand breaks®. Although a previous study analyzed
tumors with germline BRCA1/2 mutations in terms of presence or
absence of biallelic inactivation!?, its genetic and clinical impact
on breast cancers have not been fully elucidated.

In this study, therefore, we investigated pathogenic germline
variants in 11 genes implicated in hereditary breast cancer, which
were BRCAI1, BRCA2, TP53, PTEN, CDHI, STK11, NF1, PALB2,
ATM, CHEK2, and NBNLI-18 for 1995 unselected Japanese
women with breast cancer, using targeted-capture sequencing of
pooled DNA (Supplementary Fig. la). For those patients for
whom tumor samples were available, the somatic alterations in
the tumor were also interrogated in order to link the genetic
features of the germline risk alleles to the associated tumor
clinical presentations. In particular, we investigated the effects of
biallelic inactivation of BRCA1/2 genes on the somatic mutations,
and copy number (CN) abnormalities (CNAs) and clinical fea-
tures of the resulting breast cancers.

G ermline predisposition plays a substantial role in breast

Results

Prevalence of germline mutations. The characteristics of the
study participants are shown in Table 1. Of the 1995 patients
analyzed, 101 (5.1%) carried pathogenic germline variants,
comprising 54 (53.5%) frameshift insertion or deletions (indels),
35 (34.7%) nonsense mutations, 7 (6.9%) missense mutations, 4
(4.0%) splice site mutations, and 1 (1.0%) synonymous mutation
(Supplementary Fig. 1b). With respect to the 11 genes of interest,
77 of the total (3.9%) patients carried a variant in BRCA2 (n = 62,
3.1%) or BRCAI gene (n =15, 0.8%), followed by PALB2 (n =9,
0.5%), TP53 (n=4, 0.2%), PTEN (n=4, 0.2%), CHEK2 (n =3,
0.2%), ATM (n=3, 0.2%), and NFI (n=1, 0.05%) (Fig. la,
Supplementary Table 1). No pathogenic variants were identified
in CDH1, STK11, and NBN. None of the patients carried two or
more pathogenic variants. The genetic mutations were widely
distributed along the entire coding region of the genes, except for
missense mutations on the DNA binding domain of TP53
(Supplementary Fig. 2). Some variants were detected in >2
patients, such as L63X in BRCAI' and c¢.5576_5579del in
BRCA23%, which have been previously suggested as founder
mutations in the Asian population!%20,

Characteristics of patients carrying germline variants. The
profiles of patients carrying germline variants in each gene are
shown in Supplementary Table 2. Pathogenic variants were more
frequently identified in patients with a family history of breast
cancer (n=41, 11.0%), compared with those without (n =50,
3.4%) (P <0.00001). Of the analyzed genes, BRCA2 was the most
frequently mutated in both patients with and without a family

Table 1 Characteristics of 1995 patients enrolled in
this study.
Number of patients
Age
-35 51
36-45 317
46-55 461
56-65 522
66 644
Histology
IDC 1484
ILC 74
DCIS 212
Others 106
Phenotype
ER+ 1540
ER— 377
HER2+ 310
HER2— 1382
Ki67 high (>14) 967
Ki67 low 721
Histological grade
3 146
2 419
1 217
Clinical stage
0 254
I 774
I 733
11 142
v 53
Unknown 39
Past history
Ovarian cancer 14
Family history?
Breast cancer 348
Ovarian cancer 33
Abbreviations: IDC Invasive ductal carcinoma, ILC invasive lobular carcinoma, DCIS ductal
carcinoma in situ.
aFamily history refers to reported breast or ovarian cancer in first or second-degree relative.

history (Supplementary Table 3). A quarter of the patients with
germline variants did not fulfill the NCCN criteria®! for assess-
ment as high-risk for genetic or familial cancers.

The median age at diagnosis of patients with pathogenic
germline variants was 53 years, which was younger than that of
patients with no pathogenic variants (60 years) (P <0.00001)
(Fig. 1b, Supplementary Fig. 3a). BRCAI germline mutations were
associated with younger age at diagnosis (median age, 43 years),
compared with BRCA2 (median age, 56 years; P=0.08), and
other 6 genes (median age, 52 years; P = 0.08). Among early onset
breast cancer patients who were diagnosed before 35 years of age,
prevalence of germline variants in BRCAI, BRCA2, and other
genes was 9.8%, 17.1%, and 4.9%, respectively (Supplementary
Fig. 3b).

As previously reported®, BRCAI variant carriers were more
likely to have triple-negative (estrogen receptor (ER) negative,
progesterone receptor (PR) negative, and HER2 negative)
diseases, compared with those with other germline variants
(P =0.0007) and those without germline mutations (P = 0.0001)
(Fig. 1c). In contrast, there was no obvious tumor subtype
associated with BRCA2 variant carriers. Advanced (T2-T4)
breast cancers were more common in BRCAI-mutated cases,
compared with those with pathogenic germline mutations in
other genes (P=0.08) or those with no pathogenic variants
detected (P =0.05) (Fig. 1d), especially among younger patients
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Fig. 1 Clinical characteristics of breast tumors harboring pathogenic germline variants. a Numbers and types of germline variants identified in each gene.
b Box-and-whisker plots of age at breast cancer diagnosis for tumors with germline variants (n =101), including BRCA1 (n=15), BRCA2 (n=62), and
others (n=24), and those without (n =1892). The boxes indicating median and interquartile range, and the whiskers denoting the range. Asterisks
indicate significance difference (Mann-Whitney U test: P < 0.05). ¢ Distribution of phenotype according to the status of germline mutations. DCIS ductal
carcinoma in situ, TNBC triple-negative breast cancer, LumHER2 luminalHer2. d Distribution of t factor for tumors according to the status of germline

mutations. Tis carcinoma in situ.

(Supplementary Fig. 3c). Lymph node involvement did not
significantly correlate with the status of pathogenic germline
variants (Supplementary Fig. 3d). Survival data were available for
1387 (69.5%) of 1995 patients with a median follow-up of 3 years
(range: 0-35 years). No prognostic impact of germline mutations
was demonstrated for overall and disease-free survival in both
univariate and multivariate analyses (Supplementary Fig. 4,
Supplementary Table 4).

Somatic alterations in tumors with germline BRCAI and
BRCA2 variants. Tumor samples were obtained from 30 patients
with pathogenic germline variants in BRCA2 (n = 25) and BRCAI
(n=5), as well as from an additional 30 patients without
pathogenic germline mutations. Somatic mutations in common
breast cancer drivers and CNAs were analyzed for these samples
using targeted panel sequencing (Supplementary Table 5). In
total, 19 of 30 samples with germline variants in BRCAI/2 had
one or more somatic mutations in 18 driver genes with a median
of 1 mutation/sample, which was significantly smaller than those
without germline variants (median 2 mutations/sample, P =
0.004) (Fig. 2a, Supplementary Table 6). For tumors with germ-
line BRCA1/2 mutations, somatic mutations were most frequently
detected in PIK3CA (n=6), TP53 (n=6) and KMT2C (n=26)
(Fig. 2b, Supplementary Table 7). All samples had CNAs,

regardless of the presence or absence of a pathogenic germline
mutation. Even though the two-hit hypothesis of tumorigenesis
predicts that majority of cases will have biallelic inactivation of
the relevant cancer predisposing loci, biallelic inactivation of the
predisposing alleles was found in only 20 cases (67%), while the
remaining 10 retained an intact allele (mono-allelic inactivation).
For each of the 20 cases, biallelic inactivation was caused by loss-
of-heterozygosity (LOH) affecting the relevant germline variant
loci. Indeed, nearly all cases involved deletions in BRCA2 (17/17)
and BRCAI (1/3), followed by copy-neutral LOH (uniparental
disomy) (n = 1) and gain with LOH (n = 1). These results suggest
that LOH is the predominant mechanism of biallelic inactivation
of BRCA1/2 genes. Interestingly, one tumor with a germline
BRCA2 variant also harbored a low allele frequency of somatic
BRCA2 mutation in addition to LOH, suggesting clonal hetero-
geneity in the tumor over time, with independent events leading
to biallelic inactivation.

Mono-allelic vs. biallelic inactivation of BRCA1/2. BRCA1/2
genes normally function in DNA repair and their deleterious
mutation has been linked to HR deficiency. Hence, in our eva-
luation of tumors with mono-allelic and biallelic inactivation of
BRCA1/2, we first analyzed CNAs (Fig. 2c). As seen for repre-
sentative cases in Fig. 2d, samples with mono-allelic BRCA1/2
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Fig. 2 Genetic landscape of breast cancers with pathogenic germline variants in BRCA1/2. a Numbers of driver mutations in tumors with germline
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lesions mainly showed CN gains with rare deletions. In contrast,
biallelic BRCAI inactivation showed extensive gains with or
without LOH, and those with biallelic BRCA2 inactivation were
characterized by extensive deletions or copy neutral LOHs.
Although no specific patterns of CNAs have been reported in
breast cancers with biallelic BRCA1/2 inactivation, these obser-
vations led us to hypothesize that specific genomic rearrange-
ments caused by HR deficiency could cause characteristic CN
changes. Combining the Japanese cases with 34 cases from TCGA
breast cancer cases, we tested this hypothesis using a total of 64
cases with germline BRCA1/BRCA2 variants. In total, biallelic
inactivation of BRCA1/2 loci was observed in 49 of 64 (77%)
patients: 18/21 (86%) cases with BRCAI and 31/43 (72%) cases
with BRCA2 germline mutations (Fig. 3a). Tumors with mono-
allelic BRCAI and BRCA2 mutations are less common in the
TCGA cases, compared with the Japanese cases, particularly those
with mono-allelic BRCAI mutations (1/16 vs. 2/5 for BRCAI and
4/18 vs. 8/25 for BRCA2). The predominant role of LOH was also

confirmed in TCGA cases, in which LOH explained 93% of
biallelic inactivation in both BRCAI- and BRCA2-mutated cases,
whereas biallelic inactivation via compound germline and somatic
mutations were found only in two cases.

We next investigated characteristic patterns of mutations and
structural variants (SVs) associated with biallelic BRCAI or
BRCA2 inactivation, focusing on mutational signatures and SVs
using whole-exome sequencing (WES) data in the TCGA cohort.
Four predominant mutational signatures were identified using
pmsignature?? (Supplementary Fig. 5a). Of these, the mutational
signature caused by deficient HR (Sig_3) was more frequent in
tumors with biallelic BRCA2 inactivation than those without
germline mutations, which concurs with previous reports’-8
(Supplementary Fig. 5b, c). In analysis of SVs for tumors with
biallelic inactivation of BRCAI and BRCA2, compared to tumors
without germline variants, increased occurrence of tandem
duplications and deletions (for BRCA1 inactivation) and deletions
(for BRCA2 inactivation) were observed (Supplementary Fig. 5d,
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e). By contrast, tumors with mono-allelic inactivation of either
BRCA gene did not show an increase in Sig 3 mutations and
deletions/tandem duplications. In addition, tumors with biallelic
BRCA?2 inactivation exhibited significantly more extensive LOH
lesions compared with those with mono-allelic inactivation and
those without germline variants (Fig. 3b). Tumors with biallelic
BRCAI inactivation also tended to have more extensive LOH
than those without germline variants, but a comparison with
mono-allelic and biallelic BRCAI inactivation was inconclusive
due to the small number of patients with tumors of this mono-
allelic category. These results suggest that biallelic BRCAI1/2
inactivation causes extensive CNAs, in addition to small SVs.

Strikingly, except for one case, which displayed compound
germline and somatic BRCAI mutations, all but one tumors with
biallelic BRCA1 inactivation (17/18) harbored TP53 mutations
(Fig. 3c, Supplementary Fig. 5f). The TP53 mutations were
accompanied by high variant allele frequency and loss of an intact
chromosome 17, leading to biallelic TP53 inactivation (Fig. 3d,
Supplementary Fig. 6a). Of added interest in this regard is the
observation that some tumors with biallelic BRCA2 inactivation,
commonly accompanied by LOH of chromosome 13, also
exhibited concomitant biallelic inactivation of RBI, which was
mutated in 3 cases (Fig. 3e, Supplementary Fig. 6b). RBI
mutations were more frequent in tumors with biallelic loss of
BRCA2 (3/31, 9.7%) than those without (22/858 cases in our
cohort and TCGA dataset, 2.6%) (P = 0.05). These results suggest
that loss of chromosomes 17 and 13 play an important role in the
development of breast cancer in patients with mutated BRCA1
and BRCA2, though inactivating TP53 and RBI, respectively.
However, the number of tumors identified in our study that
exhibited RBI mutation in addition to biallelic loss of BRCA2 is
small (n = 3), and further studies are warranted to confirm the
association of these genetic lesions.

Finally, we evaluated the clinical characteristics of patients with
mono-allelic and biallelic BRCA1/2 inactivation. Patients with
biallelic inactivation showed a significantly younger onset than
those without (median age at diagnosis: 47 vs. 59.6 years) (P =
0.01) (Fig. 4a), with no significant difference between patients
with biallelic BRCAI and BRCA2 inactivation. Although not
significant, tumors having biallelic BRCAI inactivation tended to
have more advanced (T2-T4) (P=0.09) and triple-negative
breast cancer (P = 0.55) (Fig. 4b, ¢, Supplementary Table 8). We
also analyzed tumors with germline BRCA1 and BRCA?2 variants
for classification into PAMS50 gene expression subtypes using
TCGA samples. In accordance with previous reports, tumors with
biallelic BRCAI inactivation were more frequently classified as
basal-type?>24, compared to those without (Fig. 4d). In strong
contrast to biallelic BRCA1/2 inactivation, samples with mono-
allelic BRCA1/2 inactivation were not associated with younger age
at onset, or an increase in triple-negative or basal-type tumors
(Supplementary Table 8). The mutation status of BRCA1/2 or the
presence or absence of biallelic involvement of these genes did not
affected overall or disease-free survival both in univariate and
multivariate regression analyses (Supplementary Fig. 7, Supple-
mentary Table 9).

Discussion

In the current study, pathogenic germline mutations were
detected in 5.1% of 1995 unselected Japanese breast cancer
patients, which was equivalent to the frequency in the previous
report of Japanese cohort*. The incidence rate of BRCA1/2 var-
iants was also relatively similar with those reported in Japanese
patients* and Chinese population®. Given that the current study
was restricted to detection of SVs and other variants that are not
registered in ClinVar, the actual prevalence of pathogenic

germline variants might be underestimated. Importantly, a half of
the cases (50/101) was negative for a family history of breast
cancer, or did not fulfill the NCCN criteria for high-risk of
familial cancer, indicating the importance of investigating
germline DNA, even among sporadic breast cancer patients.

In line with the previous reports®19-25, tumors with mono-
allelic BRCA1 and BRCA2 mutations were frequently observed in
our cohort. Tumors with biallelic BRCA1/2 inactivation had
unique genetic features, in terms of CNA and BRCA-associated
mutational signature and SVs, which were not seen in those with
mono-allelic inactivation. Although the only significant clinical
difference between tumors with mono-allelic and biallelic
BRCA1/2 inactivation was age at onset, the frequency of advanced
stage, triple-negative or basal tumors tended to be higher in
tumors with biallelic inactivation. The correspondence of biallelic
BRCA1/2 inactivation with earlier age of onset conflicts with
results of a previous study!®. Although both studies included
TCGA samples, here, we carefully removed low quality samples
and whole genome-amplified samples from the analysis. Fur-
thermore, we considered compound germline and somatic
mutations of BRCAI/2 as contributors to biallelic inactivation,
which likely increased the sensitivity of the dataset to detection of
a correlation between the status of BRCAI and BRCA2 and the
clinical variables (Supplementary Fig. 8).

Tumors with mono-allelic BRCA2 mutations and those without
BRCAI1/BRCA2 mutations did not differ in their clinical pre-
sentation or analyses of additional genetic effects. In particular,
mono-allelic tumors did not show an enhanced BRCA-related
mutational signature or increase in SVs, which was seen in tumors
with biallelic BRCAI/2 inactivation. Nevertheless, mono-allelic
germline BRCA1/2 mutations show a significant enrichment in
breast cancer patients, compared with the general population.
Despite having only sequenced a portion of the tumors with
BRCA1/2 variants in our cohort (30/77), a mono-allelic loss-of-
function mutation in BRCAI and BRCA2 was more frequent than
within the control cohort: >2/1995 (0.1%) vs. 5/11,241 (0.04%)
for BRCAI and >8/1995 (0.4%) vs. 15/11,241 (0.13%) for BRCA2.
Thus, mono-allelic mutation alone does seem to play a role in the
development of breast cancer, which is supported by several
biological studies showing the effects of haploinsufficiency of
BRCAI/2 in carcinogenesis®®?7. This raises the question as to
whether or not platinum?® or poly (ADP-ribose) polymerase
(PARP) inhibitor?® are also effective against tumors with mono-
allelic mutations. A lower sensitivity of PARP inhibitors to cells
with heterozygous BRCA mutations have indeed been reported
using in vitro®" and mouse models3!. In contrast to this, however,
Jonsson et al.>2 reported that the allelic status did not affect the
response of in tumors with germline BRCA1/2 mutations to PARP
inhibitors32. Further evaluation of these drugs in the context of
biallelic inactivation, is required in the future, incorporating
clinical follow-up of patients, or clinical trials.

Finally, our study has revealed an intriguing linked mechanism
of biallelic inactivation of TP53 with BRCAI and RBI with
BRCA2, respectively. Tumors showing biallelic inactivation of
both BRCAI and TP53 genes were almost invariably associated
with loss of normal chromosome 17. Of interest, a previous study
using fluorescence in situ hybridization (FISH) and immunohis-
tochemistry of TP53 on tumors with biallelic inactivation of both
BRCA1I and TP53 have demonstrated that TP53 mutation occurs
before LOH of the intact chromosome 17 as there remained cells
with two chromosome 17 alleles and mutated TP53. The sub-
sequent biallelic BRCA1 inactivation by LOH thus leads to bial-
lelic inactivation of both TP53 and BRCAI simultaneously?®. A
similar scenario is suggested here for RBI and BRCA2 on chro-
mosome 13, leading to simultaneous biallelic inactivation of the
two genes via a deletion of part of chromosome 13.

6 COMMUNICATIONS BIOLOGY | (2020)3:578 | https://doi.org/10.1038/s42003-020-01301-9 | www.nature.com/commsbio


www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-020-01301-9

ARTICLE

a b
A BRCA1 BRCA2
*P=0.012 o ] —
(2} - P=046
g 75
S
% B BRCA1 3
a
9] A BRCA2 IS P=0.09
Q 50 - I —
S %)
o S
3 3
IS ® Kyoto £
= 25" z
o ® TCGA
o
<

- +
Biallelic inactivation

BRCA1

B vninat [ Her2
B cumrere [ others
B mec

20-
P=055
[ —
10- I l
.-
+

— + —
Biallelic inactivation

BRCA2

Number of samples

BRCA1 BRCA2
15-
P=025
P=1
n
Q<
g LumA
um

10-
& B s
.—
8 . Basal
[0
e}
€
> 5-
pz4

04 [

Biallelic inactivation

Fig. 4 Phenotypes of breast tumors harboring germline BRCA1/2 mutations with and without biallelic inactivation. a Age at diagnosis of breast cancers
harboring germline BRCA1/2 mutations with (n=49) and without (n =15) biallelic inactivation. The asterisk indicates significance difference
(Mann-Whitney U test: P < 0.05). b-d Distribution of T factor: (b), in subtypes based on immunohistochemistry (¢) in PAM50 mRNA-expression subtypes
(d) of breast cancers harboring germline BRCA1/2 variants with and without biallelic inactivation. The difference in frequency of advanced (T2-T4) tumors,
triple-negative breast cancer (TNBC), and basal-type tumors between tumors with and without biallelic inactivation were tested by the two-sided Fisher's
exact test. Tis carcinoma in situ, LumHER2 luminalHer2, LumA luminalA, LumB luminalB.

In summary, we revealed that breast tumors with pathogenic
germline BRCA1/2 variants show different genetic and clinical
characteristics depending on the presence or absence of biallelic
inactivation of these genes. Along with the recent data of different
impact of mono-allelic and biallelic somatic TP53 mutations in
myelodysplastic syndromes®3, our data highlights the importance
of allelic status of cancer driver genes.

Methods
Patients and samples. A total of 2136 breast cancer patients were enrolled in this
study, treated between September 2011 and October 2016 at Kyoto Breast Cancer
Research Network institutions, consisting of Kyoto University Hospital and 17
affiliated institutions. Among these, 1995 cases fulfilled the following inclusion
criteria (Supplementary Fig. 1a): female; sufficient amount of high quality genomic
DNA; pathological diagnosis of breast cancer; clinical data of at least one from age
of onset, histology, phenotype, grade, clinical stage, past history, and family history.
These cases were collected consecutively with no selection bias. Family history
was defined as the presence of one or more first- or second-degree relatives with

breast and/or ovarian cancer. ER, PR, and HER2 status was determined by
immunohistochemistry and/or FISH using breast tumor tissue obtained from a
core needle biopsy or taken during surgery. For HER2 status, an
immunohistochemistry score of 0 and 1+ was considered negative, whereas 3+
was considered positive. Tumors with a score of 24 were evaluated further

by FISH.

Written informed consent was obtained from all participants. The study was
reviewed and approved by the Ethics Committees of Kyoto University Graduate
School and Faculty of Medicine and Kyoto University Hospital and was performed
in accordance with the Declaration of Helsinki (2013 revision).

Targeted sequencing of pooled DNA samples. Genomic DNA samples were
extracted from peripheral blood samples of patients using a Gentra Puregene

Kit (Qiagen). After adjusting the concentration of each genomic DNA sample to
50 ng/uL, each sample from 10 to 20 consecutive patient extractions were com-
bined into one DNA pool4, generating a total of 106 DNA pools. Pooled DNA
samples were analyzed using targeted-capture sequencing of 11 genes implicated in
hereditary breast cancer using the SureSelect Custom kit (Agilent Technologies).
RNA probes were designed to cover all coding regions and intron-exon boundaries
of the 11 breast cancer susceptibility genes. Captured libraries were sequenced on a
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HiSeq 2000 (Illumina). To confirm the sensitivity of pooled sequencing, we first
generated 2 pools from 40 patients. These 40 patients were individually genotyped
and 60 private germline variants in 11 genes were detected. Next, 2 pools were
sequenced at 1436-1476x%, and 58/60 (97%) of variants were of variant allele fre-
quency (VAF) > 0.005. Subsequently, 106 DNA pools were sequenced. The mean
coverage of pooled DNA samples was 1644x (1267x-2316x). Reads were aligned to
the reference human genome GRCh37. Germline variations were called using
EBCall (Empirical Bayesian mutation Calling, https://github.com/friend1ws/
EBCall)3>3¢ with for following parameters: (i) a variant allele frequency (VAF)
>0.005; (ii) a P value < 0.01 (by EBCall); (iii) removal of SNPs in ESP, the 1000
genomes project, EXAC and HGVD (http://www.genome.med kyoto-u.ac.jp/
SnpDB/) with a minor allele frequency of >0.001; (iv) support from >2 reads.
Variants were annotated using Annovar (http://annovar.openbioinformatics.org/
en/latest/). Three BRCA1/2 mutations already detected in clinical purposes were
successfully identified. For each pool with positive variant calls, the variant-positive
samples were interrogated by amplicon-sequencing or Sanger sequencing of all
samples in the corresponding pool with germline variants. Finally, 101 out of 117
germline mutations were validated. High allele frequencies of variants were sup-
ported by both of sequencing chromatograms and the VAFs of amplicon
sequencing. Except for the long (20 bp) deletion variants, the VAFs of deep
sequencing were >0.33, supporting the germline nature of these mutations.

Variant classification of germline variants. Truncating mutations (nonsense
mutations or frameshift indels) were considered as pathogenic, except for low-risk
truncating mutations, such as the K3326X mutations of BRCA2. Missense,
synonymous and splice site mutations registered as “pathogenic” or “likely
pathogenic” in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)37-3¥ were also
considered as pathogenic variants in this study (Supplementary Fig. 1b).

Targeted sequencing of tumor samples. To identify and characterize somatic
mutations in tumors from patients with germline variants in BRCA1/2, 36 tumor
samples with germline variants in BRCA1/2 and those without pathogenic germline
mutations (n = 35) were analyzed by target sequencing using a SureSelect system
(Agilent). All the tumor samples were collected prior to treatment. For formalin-
fixed paraffin-embedded (FFPE) samples, a KAPA Hyper Prep Kit (KAPA Bio-
systems, Wilmington, MA) was also used before target enrichment. RNA probes
were designed to capture 115 genes associated with breast cancer (Supplementary
Table 5) and 1275 SNP sites for the measurement of genomic CNs. Based on the
allele frequency of mutations and CN changes, we excluded 11 samples with a lower
tumor cell fraction from further analysis. Finally, 30 samples with germline variants
in BRCA1/2, including frozen tissues (n =5) or FFPE samples (n = 25), and 30
tumors without germline mutations were analyzed. The mean coverage of fresh
frozen and FFPE samples were 599x (347x-1253%) and 293x (112x-557x),
respectively. Somatic mutations were analyzed using EBCall, with the following
parameters: (i) removal of SNPs in ESP, the 1000 genomes project, EXAC and
HGVD with a minor allele frequency of 20.001; (ii) support from =5 reads in the
tumor; (iii) a VAF 2 0.02; (iv) a P value < 0.001 (by EBCall); (v) support from reads
mapped to both strands. Variants with a VAF > 0.4 were removed as germline SNPs,
except for loss-of-function mutations in tumor suppressor genes and gain-of-
function mutations reported in the COSMIC database. Synonymous variants were
also excluded as germline variants. Mapping errors were removed by visual
inspection on the Integrative Genomics Viewer (http://www.broadinstitute.org/igv/)
browser. Finally, mutations in 28 driver genes reported in a previous study®
(Supplementary Table 5) and hot spot mutations reported in the COSMIC database
with >10 mutated tumors, including KRAS and CDKN2A mutations, were con-
sidered as driver mutations. To confirm the accuracy of mutation calling, we also
called single nucleotide variants using MuTect?® with unmatched control samples
with the following parameters: (i) removal of SNPs in ESP, the 1000 genomes
project, EXAC and HGVD with minor allele frequency of >0.001; (ii) support from
25 reads in a tumor; (iii) a VAF > 0.02; (iv) a tumor_alt_fpir_mad > 0. Variants with
VAF > 0.4 and synonymous variants were also removed as germline SNPs, except
for loss-of-function mutations in tumor suppressor genes and gain-of-function
mutations reported in the COSMIC database. We confirmed a high concordance
rate between mutations call using both methods, except for a small number of
variants with low VAF (Supplementary Fig. 9a).

CN changes were analyzed using CNACS (https://github.com/papaemmelab/
toil_cnacs)#0, in which the total number of sequencing reads covering each bait
region or SNP probe, and the allele frequency of the heterozygous SNP were used
as input data. For the identification of regions with LOH, in addition to deletions
and copy-neutral LOHs called by CNACS, we identified gains with LOH based on
the estimated tumor purities by total and allele specific (As) CN (Supplementary
Fig. 9b). For regions with gain (CN = 3), tumor purity was estimated as follows: (by
total CN) Purity = Total CN — 2; (by As CN) Purity =2 x (1 — As CN)/As CN
(gain without LOH); and Purity =2 x (1 — As CN)/(2 + As CN) (gain with LOH).

We used Control-FREEC*! with the contaminationAdjustment option, which
corrects for contamination by normal cells, to confirm the LOH status of BRCA1/2
loci determined by CNACS. The median of the total and As CN of probes within
BRCA1/2, estimated by CNACS and Control-FREEC, were well correlated
(Supplementary Fig. 9¢). To further confirm the accuracy of CN calling, we called
CN changes using SNP array karyotyping for fresh frozen samples (n =5). SNP

array-based CN analysis was performed using CNAG software243, SNP array
analysis also provided an almost identical CN profile, including LOH of the BRCA1
and BRCA2 loci (Supplementary Fig. 10), and CNACS detected 57/61 CN
alterations identified by SNP array.

Analysis of TCGA dataset. Samples subjected to whole-genome amplification
were excluded from analysis to accurately define CN changes and SVs. Sequencing
data of 829 WES of breast cancer tumors in the TCGA dataset were downloaded.
Variants with a VAF 2 0.2 in the germline control sample and with <0.001 minor
allele frequency in ESP, the 1000 genomes project, EXAC and HGVD were con-
sidered as germline mutations. Tumors with pathogenic germline variants of
BRCA1/2 (n=38) were defined in the same way as our cohort, and those with
somatic BRCA1/2 mutations were not included. Four samples were excluded for
the following reasons: low quality of CN data (n = 3) and low tumor purity (n = 1).
Somatic variants were detected using EBCall with following parameters: (i) VAF in
tumor samples >0.05; (ii) a P value < 10~ 1-3 (by Fisher’s test); (iii) P value < 0.0001
(by EBCall). Mutational signatures were analyzed using pmsignature??, and three
samples with a high number of artifacts, including TCGA-A2-A0T5, TCGA-A2-
A0T6, and TCGA-A7-AODB were excluded from the analysis. CN changes were
also detected from the WES data using CNACS. SVs were analyzed using Geno-
monSV (https://github.com/Genomon-Project/GenomonSV) as previously repor-
ted** with additional filters, (i) a frequency in the germline sample <0.02; (ii) a
P value < 101 (by Fisher’s test); (iii) a length of overhang > 100. SVs identified in
other samples were also removed as germline variants or errors. Clinical infor-
mation and PAM50 mRNA subtypes of these samples were extracted from the
TCGA database.

Statistics and reproducibility. A comparison of categorical variables between
mutation carriers and noncarriers was made using the Fisher’s exact test or chi-
square test where appropriate. For continuous variables, the Mann-Whitney U test
was used for group comparisons. P values less than 0.05 were considered statisti-
cally significant. The overall survival time for all patients was determined from the
date of diagnosis of breast cancer to the time of last follow-up, or death, by
examining medical records. Survival was estimated using the Kaplan-Meier
product-limit method and differences were tested for statistical significance using
the log-rank test. We performed multivariate regression analysis using the Cox
proportional hazards model. All analyses were performed using JMP Pro

14.0.0 software.

No statistical methods were used to determine sample size since this is an
exploratory study. We enrolled as many patients as possible who provided consent
for our study during the enrollment period between September 2011 and October
2016. A total of 2136 breast cancer patients were enrolled in this study.

Data access. Targeted sequencing data of 106 pooled DNAs and 60 breast cancer
samples have been deposited at the European Genome-phenome Archive (https://
www.ebi.ac.uk/ega/) under the accession Nos. EGAS00001004630 and
EGAS00001004182, respectively.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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