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IMPORTANCE Germline pathogenic variants in BRCA1 and BRCA2 predispose to an increased
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lifetime risk of breast cancer. However, the relevance of germline variants in other genes from
multigene hereditary cancer testing panels is not well defined.
OBJECTIVE To determine the risks of breast cancer associated with germline variants in
cancer predisposition genes.
DESIGN, SETTING, AND PARTICIPANTS A study population of 65 057 patients with breast
cancer receiving germline genetic testing of cancer predisposition genes with hereditary
cancer multigene panels. Associations between pathogenic variants in non-BRCA1 and
non-BRCA2 predisposition genes and breast cancer risk were estimated in a case-control
analysis of patients with breast cancer and Exome Aggregation Consortium reference
controls. The women underwent testing between March 15, 2012, and June 30, 2016.
MAIN OUTCOMES AND MEASURES Breast cancer risk conferred by pathogenic variants in
non-BRCA1 and non-BRCA2 predisposition genes.
RESULTS The mean (SD) age at diagnosis for the 65 057 women included in the analysis was
48.5 (11.1) years. The frequency of pathogenic variants in 21 panel genes identified in 41 611
consecutively tested white women with breast cancer was estimated at 10.2%. After
exclusion of BRCA1, BRCA2, and syndromic breast cancer genes (CDH1, PTEN, and TP53),
observed pathogenic variants in 5 of 16 genes were associated with high or moderately
increased risks of breast cancer: ATM (OR, 2.78; 95% CI, 2.22-3.62), BARD1 (OR, 2.16; 95% CI,
1.31-3.63), CHEK2 (OR, 1.48; 95% CI, 1.31-1.67), PALB2 (OR, 7.46; 95% CI, 5.12-11.19), and
RAD51D (OR, 3.07; 95% CI, 1.21-7.88). Conversely, variants in the BRIP1 and RAD51C ovarian
cancer risk genes; the MRE11A, RAD50, and NBN MRN complex genes; the MLH1 and PMS2
mismatch repair genes; and NF1 were not associated with increased risks of breast cancer.
CONCLUSIONS AND RELEVANCE This study establishes several panel genes as high- and
moderate-risk breast cancer genes and provides estimates of breast cancer risk associated
with pathogenic variants in these genes among individuals qualifying for clinical genetic
testing.
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R

ecent improvements in DNA sequencing technology
have led to the development of multigene panels for
clinical genetic testing of several conditions. In particular, panels targeting genes implicated in cancer susceptibility have increased the likelihood of detecting cancerpredisposing variants and offer advantages in time and cost
compared with single gene testing.1-3 A broad range of cancer
susceptibility panels are available from genetic testing
laboratories.1,4-6 These include high-penetrance BRCA1 and
BRCA2 breast and ovarian cancer genes; mismatch repair genes;
high-penetrance CDH1, PTEN, STK11, and TP53 genes that are
associated with hereditary diffuse gastric cancer as well as
Cowden disease, Peutz-Jeghers syndrome, and Li-Fraumeni
syndrome, respectively; and genes associated with moderate
risks of breast cancer (2-fold to 5-fold), such as CHEK2 and
ATM.7,8 Patients with pathogenic variants in any of these genes
are eligible for increased surveillance for cancer or other preventive measures. Cancer gene testing panels identify variants in substantial proportions of patients.1,4,6 However, the
frequency of variants in each of the panel genes among individuals qualifying for clinical genetic testing remains to be defined, and the risks of breast and other cancers associated with
variants in many panel genes are not established. In this study,
we report on the risks of breast cancer associated with inactivating variants in these genes identified by clinical genetic testing of patients with breast cancer by 1 laboratory.

Methods
Study Population
Study participants included a nationwide sample of 65 057
women with breast cancer referred for hereditary cancer genetic testing by Ambry Genetics Inc between March 15, 2012,
and June 30, 2016. The mean (SD) age at diagnosis for the
65 057 women included in the analysis was 48.5 (11.1) years.
Demographic, clinical history, and family history of cancer information (eTable 1 and eTable 2 in the Supplement) were collected from test requisition forms, clinic notes, and pedigrees
provided by ordering clinicians at the time of testing. Information was collected on current age, personal history, and age
at diagnosis of all cancers, ancestry, tumor pathology, family
history of cancer with cancer type, and age at diagnosis among
relatives. The study was approved by the solutions institutional review board, which also determined that this study was
exempt from consent requirements.

Phenotype Data
A potential limitation of this study is the quality and quantity
of the clinical history information collected for the paneltested patients. The variant frequencies and breast cancer risk
estimates from this study were derived from probands and
were not dependent on family history information. To assess
data quality, a review of a random sample of 1200 breast and
ovarian cancer patient intake forms was conducted. Of these,
520 (43.3%) forms had additional clinical history documentation available. The accuracy of personal cancer history was
greater than 97% (eMethods in the Supplement).
jamaoncology.com
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Key Points
Question Which genes on hereditary cancer multigene testing
panels are associated with high or moderate risks of breast cancer
among patients qualifying for clinical genetic testing?
Findings In a case-control study of 65 057 patients with breast
cancer, inherited pathogenic variants in PALB2 were associated
with high risks of breast cancer, and variants in CHEK2, ATM,
BARD1, and RAD51D were associated with moderate risks of breast
cancer. Variants in MRE11A, RAD50, NBN, BRIP1, RAD51C, MLH1, and
NF1 were not associated with increased risks of breast cancer.
Meaning Although pathogenic variants in several panel genes
confer increased risks of breast cancer and may qualify patients for
increased cancer surveillance, variants in several other cancer
panel genes may not predispose to breast cancer.

Multigene Panel Testing
Mutation testing was performed by targeted custom capture
and sequencing and targeted chromosomal microarray analysis (eMethods in the Supplement).1 Results from germline genetic testing of 21 known and candidate breast cancer predisposition genes from custom capture sequencing panels
(BreastNext, OvaNext, PancNext, CancerNext, CancerNextExpanded, ColoNext, BRCAplus, BRCAplus-Expanded, and
GYNplus; all Ambry Genetics Inc) (eTable 3 in the Supplement) were included in this study. A 5-tier variant classification system (eTable 4 in the Supplement)9 was applied to all
alterations. All variants identified by Ambry Genetics Inc are
submitted to the ClinVar public database (https://www.ncbi
.nlm.nih.gov/clinvar/).

Normalization of Breast Cancer Cases and Controls
Among 65 057 patients with breast cancer who underwent
testing, 64 405 were women. Patients tested between July and
December 2015 were excluded because of incomplete abstraction of sequential patient records, resulting in 58 798 eligible consecutive breast cancer cases. Of these, 41 611 selfidentified as white or Ashkenazi Jewish (subsequently referred
to as white) (eTable 1 in the Supplement). Restricting inclusion to patients with breast cancer as the first cancer diagnosis and applying filters for matching with Exome Aggregation
Consortium (ExAC) controls, as described below, yielded 54 585
patients with breast cancer of all ethnicities and 38 326 white
patients (eFigure in the Supplement). The non-Finn European (NFE) population in the ExAC data set,10 excluding The
Cancer Genome Atlas (TCGA) exomes, were used as reference
controls for case-control association studies, consistent with
the effective use of this data set for estimation of ovarian and
prostate cancer risks in recent studies.11,12 ExAC variants in
the PASS and non-PASS category were defined as having
Genome Analysis Tool Kit Variant Quality Score Recalibration
sensitivity of 99.6% and 95% sensitivity, respectively (http:
//exac.broadinstitute.org/terms). Although most ExAC variants
in this analysis were in the PASS category, several non-PASS
variants also detected by Ambry Genetics Inc were included
in the ExAC reference data to avoid inflation of genespecific breast cancer risks. All remaining loss-of-function
(Reprinted) JAMA Oncology September 2017 Volume 3, Number 9
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variants and any missense variants (defined as pathogenic
in ClinVar by clinical laboratories) in breast cancer cases and
ExAC controls were selected for analysis. Filtering steps
were applied (eMethods in the Supplement) to normalize
differences in the breast cancer cases and ExAC controls.
Variants with minor allele frequency greater than 0.3%
other than common founder mutations were excluded
(eTable 5 and eMethods in the Supplement). All suspected
mosaic somatic variants (allele ratio >70:30) and truncating
variants in the last 55 base pairs of the penultimate exon or
last exon that potentially avoid nonsense-mediated messenger RNA decay and do not influence known functional
domains were excluded. Large genomic rearrangements of 1
or more exons were excluded because rearrangements were
not validated among reference controls. (eFigure in the
Supplement).

Associations Between Cancer Predisposition Testing Panel Genes and Breast Cancer

Variants Identified by Panel Testing
The frequencies of pathogenic variants in each of the 21 genes
were estimated among the 58 798 eligible consecutive women
with breast cancer, including 41 611 white patients. Because a
subset of patients was not tested for all genes, the frequencies of pathogenic variants from each of the 21 genes were combined to estimate the overall frequency of pathogenic variation. Thus, the combined frequency of pathogenic variants
among 41 611 white women with breast cancer was 10.2%
(eTable 6 in the Supplement). Exclusion of BRCA1, BRCA2, and
the common lower-risk p.Ile157Thr and p.Ser428Phe CHEK2
(GenBank, NM_007194.3) founder variants yielded a variant
frequency of 6.18%. The most commonly mutated nonBRCA1 and non-BRCA2 genes among white women with breast
cancer were CHEK2 (1.73%), ATM (GenBank, NM_000051.3)
(1.06%), and PALB2 (GenBank, NM_024675.3) (0.87%) (eTable
6 in the Supplement).

Statistical Analysis
Associations between pooled pathogenic variants in each gene
(eTable 6 in the Supplement) and phenotypic characteristics
of breast cancer cases were assessed using the Fisher exact
test. Associations with age at diagnosis were estimated
using the Kolmogorov-Smirnov test. The observed frequency of all pathogenic variants within each gene was
compared between white patients with breast cancer and
ExAC-NFE non-TCGA reference controls. Strength of associations with breast cancer was estimated by odds ratios
(ORs) and corresponding 95% CIs based on the Fisher exact
test (Table; eTable 7 in the Supplement). P < .05 was considered statistically significant. Genes were categorized as high
risk (OR, >5.0), moderate risk (OR, 2.0-5.0), or no clinical
relevance (OR, <2.0). A series of sensitivity analyses were
performed for truncating variants only; cases with pathogenic variants in more than 1 gene; BreastNext-tested cases;
all ethnicities combined; and ExAC-NFE nonTCGA PASS reference controls; exclusion of cases with prior testing of
BRCA1 (GenBank, NM_007294.3) and BRCA2 (GenBank,
NM_000059.3); exclusion of ductal carcinoma in situ; and
exclusion of cases with a personal or family history of ovarian or colorectal cancer (eTables 8-17 in the Supplement).

Results
Characteristics of Study Population
Clinical and phenotypic characteristics of 121 197 patients
subjected to multigene testing, including 65 057 (53.7%) individuals with breast cancer, are reported in eTable 1 in the
Supplement. Among the patients with breast cancer, 38 844
(59.7%) developed breast cancer at age 50 years or younger,
and 8851 (13.6%) had bilateral disease. Most patients with
breast cancer reported a family history of breast cancer
(39 878 [61.3%]), colorectal cancer (14 959 [23.0%]), or ovarian cancer (8589 [13.2%]) (eTable 1 in the Supplement). Of the
remaining patients not reporting any family history of breast,
ovarian, colorectal, or pancreatic cancer (8599 [13.2%]), 7320
(85.1%) developed breast cancer at 50 years or younger or
reported bilateral or triple-negative disease.
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Phenotypic Associations With Pathogenic Variants
To assess associations between pathogenic variants in nonBRCA1 and non-BRCA2 predisposition genes and phenotypic
characteristics of patients, we restricted analyses to the 54 585
patients with breast cancer of all ethnicities and 38 326 white
patients eligible for association analyses (eTable 2 in the Supplement). Among white patients, pathogenic variants in CHEK2
(OR, 1.35; 95% CI, 1.12-1.63; P = 2.00 × 10−4), PALB2 (OR, 1.51;
95% CI, 1.09-2.05; P = .01), and TP53 (GenBank, NM
_000546.5) (OR, 2.46; 95% CI, 1.26-4.65; P = .007) were associated with bilateral breast cancer, whereas variants in BRIP1
(GenBank, NM_032043.2) (OR, 5.22; 95% CI, 1.99-12.67;
P = .004) and MSH2 (GenBank, NM_000251.2), (OR, 18.44; 95%
CI, 3.98-77.80; P = .001) were associated with a personal history of ovarian cancer. Only PALB2 variants were associated
(OR, 1.59; 95% CI, 1.15-2.19; P = .004) with a family history (1stor 2nd-degree relatives) of breast cancer. In contrast, BRIP1 (OR,
2.42; 95% CI, 1.41-4.13; P = .002), RAD51C (GenBank, NM
_058216.2) (OR, 2.89; 95% CI, 1.26-6.45; P = .01), and TP53 (OR,
14.58; 95% CI, 3.02-103.47; P = .001) were associated with family history of ovarian cancer. Only patients with breast cancer
with pathogenic variants in CHEK2 (age, 47.7 vs 49.7 years;
P = .003) and TP53 (age, 37.1 vs 49.4 years; P < .001) had a significantly younger age at diagnosis than did noncarriers.

Breast Cancer Case-Control Association Analysis
Associations between pooled pathogenic variants in 16 panel
genes and breast cancer were assessed using sequencing results from 38 326 white patients with breast cancer and 26 911
ExAC-NFE non-TCGA controls (Figure). Pathogenic variants in
PALB2 were associated with high breast cancer risk (OR, 7.46;
95% CI, 5.12-11.19; P = 4.3 × 10−38) (Table), consistent with segregation studies of high-risk families.13-15 CHEK2 c.1100delC (OR,
2.31; 95% CI, 1.88-2.85; P = 3.04 × 10−17), pathogenic variants in
CHEK2 (OR, 2.26; 95% CI, 1.89-2.72; P = 1.75 × 10−20) after exclusion of the lower-risk p.Ile157Thr and p.Ser428Phe founder
variants, and pathogenic variants in ATM (OR, 2.78; 95% CI, 2.223.62; P = 2.4 × 10−19) were associated with moderate risks (OR,
2-5) of breast cancer (Table) consistent with results from a recent review of established predisposition genes.5
jamaoncology.com
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Several other genes were also associated with increased
risks of breast cancer. Pathogenic variants in BARD1 (GenBank,
NM_000465.3) (OR, 2.16; 95% CI, 1.31-3.63; P = 2.26 × 10−3) and
RAD51D (GenBank, NM_002878.3) (OR, 3.07; 95%, CI 1.217.88; P = .01) were significantly associated with moderate risks
(Table), whereas MSH6 (GenBank, NM_000179.2) (OR, 1.93;
95% CI, 1.16-3.27; P = .01) was only marginally below the
moderate-risk threshold (OR, ≥2) (Table). Variants in both
MSH2 and CDKN2A (GenBank, NM_000249.3) yielded

Figure. Odds Ratio Between Combined Pathogenic Variants
in Each Gene and Breast Cancer Among White Women With Breast
Cancer and Reference Controls
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Exome Aggregation Consortium Non-Finn European data set excluding The
Cancer Genome Atlas exomes served as the reference control group. Error bars
represent 95% CIs.
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moderate effects, but both associations were nonsignificant
due to limited numbers of variants in cases and controls
(Table). BRIP1 mutations conferred only a slightly increased
risk of breast cancer (OR, 1.63; 95% CI, 1.11-2.41; P = .01), consistent with results from a case-control study involving
familial cases (relative risk [RR], 2.0; 95% CI, 1.3-3.0; P = .01).16
Similarly, RAD51C, NF1 (GenBank, NM_000267.3), and the MRN
complex genes NBN (GenBank, NM_002485.4), MRE11A
(GenBank, NM_005591.3), and RAD50 (GenBank, NM
_005732.3) were not associated with increased breast cancer
risks (Table).17 Associations between pooled pathogenic variants in BRCA1, BRCA2, and the CDH1 (GenBank, NM
_004360.4), PTEN (NM_000314.6), and TP53 syndromic genes
were also assessed (eTable 7 in the Supplement). However, the
attenuated risks associated with BRCA1 and BRCA2 pathogenic variants resulting from an enrichment of the cohort for
patients who previously tested negative for these genes must
be interpreted with care. Similarly, risk estimates for CDH1,
PTEN, and TP53 were based on very small numbers of patients with pathogenic variants and may also be influenced by
limited ascertainment of patients with the associated clinical
syndromes. None of the 23 patients with CDH1 pathogenic variants reported a personal history of gastric cancer.
A series of sensitivity analyses were also performed to assess the influence of various subsets of patients with breast cancer and ExAC control selection on the associations with breast
cancer. Effect sizes of associations were consistently inflated
for the 16 genes when using ExAC-NFE non-TCGA PASS reference controls instead of PASS/non-PASS controls (eTable 8 in
the Supplement). For example, BARD1 variants showed effects ranging from ORs of 2.16 to 3.18, and PALB2 variants

Table. Estimated Risks of Breast Cancer Associated With Mutations in Selected Panel Genes in Patients of European Ancestry
Ambry Genetics Inc Cases

ExAC Controls

Gene

Mutated
Alleles, No.

Mutation
Cases, No. Frequency, %

Mutated
Alleles, No.

ATM

274

29 229

0.94

90

BARD1

52

28 536

0.18

BRIP1

71

28 536

6

8457

CHEK2

424

CHEK2 1100delC
CHEK2*

Cancer Risk
Individuals, No.

Mutation
Frequency, %

OR (95% CI)

P Value

26 644

0.34

2.78 (2.22-3.62)

2.42 × 10−19

22

26 078

0.08

2.16 (1.31-3.63)

2.26 × 10−3

0.25

41

26 840

0.15

1.63 (1.11-2.41)

0.07

7

24 312

0.03

2.47 (0.83-8.16)

29 090

1.46

163

25 215

0.65

2.26 (1.89-2.72)

1.75 × 10−20

338

29 090

1.16

127

25 215

0.50

2.31 (1.88-2.85)

3.04 × 10−17

721

29 090

2.48

424

25 215

1.68

1.48 (1.31-1.67)

1.11 × 10−10

4

15 475

0.03

6

26 639

0.02

1.15 (0.30-4.19)

>.99

21

28 536

0.07

23

26 767

0.09

0.86 (0.46-1.57)

.65

MSH2

9

15 475

0.06

6

25 329

0.02

2.46 (0.81-6.93)

.11

MSH6

32

15 475

0.21

28

26 151

0.11

1.93 (1.16-3.27)

.01

NBN

48

28 536

0.17

39

26 264

0.15

1.13 (0.73-1.75)

.59

NF1

27

25 950

0.10

29

26 130

0.11

0.94 (0.55-1.62)

PALB2

241

30 025

0.80

29

26 869

0.11

7.46 (5.12-11.19)

PMS2

17

15 475

0.11

33

24 674

0.13

0.82 (0.44-1.47)

.56

RAD50

45

28 536

0.16

54

26 474

0.20

0.77 (0.52-1.61)

.23

RAD51C

26

28 536

0.09

31

26 647

0.12

0.78 (0.47-1.37)

.43

RAD51D

18

25 950

0.07

6

26 555

0.02

3.07 (1.21-7.88)

.01

CDKN2A

MLH1
MRE11A

.01
.11

.89
4.31 × 10−38

Abbreviations: ExAC, Exome Aggregation Consortium; OR, odds ratio.
CHEK2*: Inclusion of common missense variants p.Ile157Thr and p.Ser428Phe.
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ranged from ORs of 7.46 to 8.66 (Table and eTable 8 in the
Supplement). Associations for each gene were also estimated
after exclusion of patients with breast cancer reporting prior
testing for BRCA1, BRCA2, or multigene panels. Results were
consistent with those from the primary analysis (eTable 9 in
the Supplement). In addition, a sensitivity analysis of patients tested only by the BreastNext panel was conducted to
assess whether combining results from multiple panels that
did not always contain the full complement of genes influenced the combined allele frequencies and the estimated risks
of breast cancer. Only minor changes in risk estimates were observed (eTable 13 in the Supplement).
Sensitivity analyses were also conducted when restricting analysis to pathogenic protein-truncating variants (eTable
10 in the Supplement), excluding ductal carcinoma in situ
(eTable 11 in the Supplement), and including patients with
pathogenic variants in multiple genes (eTable 12 in the Supplement). Results for each gene were highly consistent across all
of these analyses. In contrast, no associations with breast
cancer were observed for the mismatch repair genes when
excluding all patients with personal and family history of ovarian and/or colorectal cancer (eTables 14-16 in the Supplement). Similarly, associations between pathogenic variants in
RAD51D were attenuated when including patients of all ethnicities and ExAC non-TCGA PASS reference controls due to
recurrent variants in the South East Asian reference population (eTable 17 in the Supplement).

Discussion
We present results from multigene panel–based clinical testing for pathogenic variants in inherited cancer genes among
65 057 patients with breast cancer. Pathogenic variants in 21
panel genes were identified in 10.2% of white women with
breast cancer and in 6.2% of women with breast cancer after
exclusion of BRCA1 and BRCA2. These findings were somewhat consistent with the 3.8%,6 3.9%,17 and 4.6%18 variant frequencies from other studies of breast cancer cases enriched
for a family history of breast and/or other cancers.
This study provides insight into genes with pathogenic
variants that predispose to moderate and high risks of breast
cancer. In total, 5 of 16 non-BRCA1/2, nonsyndromic panel
genes were significantly associated with moderate or high
(OR, >2) breast cancer risk in the white population (PALB2,
ATM, CHEK2, BARD1, and RAD51D). PALB2 was confirmed as
a high-risk breast cancer gene (OR, 7.46; 95% CI, 5.12-11.19) in
this testing population, consistent with a cumulative lifetime
risk of up to 58% for breast cancer from family segregation
studies.13 We also confirmed that CHEK2 and ATM are associated with increased breast cancer risk.5 Several stratified analyses of the patients with breast cancer and the ExAC reference
controls in this study also provided consistent results. These
findings provide further support for the National Comprehensive Cancer Network recommendations, version 1.2017 (http:
//www.nccn.org/professionals/physician_gls/f_guidelines
.asp#detection) for management of treatment for patients with
pathogenic ATM, CHEK2, and PALB2 variants.
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We establish that pathogenic variants in BARD1 and
RAD51D are associated with moderately increased risks of
breast cancer. Because pathogenic variants in these genes are
rare (<1 in 500 in patients with breast cancer), previous studies had insufficient numbers of breast cancer cases and controls to adequately assess the influence of pathogenic variants in these genes on breast cancer risk.5 This was possible
only by using more than 25 000 patients with breast cancer
and reference controls in this study. Additional studies of patients with BARD1 and RAD51D variants are now needed to
better understand the related breast cancer phenotypes. Furthermore, MSH6 pathogenic variants were associated with
near-moderate risks (OR, 1.93; 95% CI, 1.16-3.27) of breast
cancer, contrary to a previous study suggesting little influence of mismatch repair gene mutations on breast cancer risk.19
However, excluding patients with breast cancer who had a
personal or family history of colorectal cancer removed all
evidence of an influence on breast cancer. Family-based segregation studies will be needed to determine whether variants in this gene have no influence on breast cancer risk or
predispose to complex phenotypes involving breast and colorectal cancer. Additional studies of the influence of CDKN2A
and MSH2 on breast cancer are also needed following the
observation that pathogenic variants in these genes may be
associated with moderate breast cancer risk.
Of equal importance, however, are the findings that pathogenic variants in NF1, BRIP1, RAD51C, the MLH1 (GenBank, NM
_000249.3) and PMS2 (GenBank, NM_000535.6) mismatch repair genes, and the MRE11A, RAD50, and NBN MRN complex
genes did not confer any appreciable risks of breast cancer. Although the BRIP1 ovarian cancer gene was associated with
modestly increased risk of breast cancer overall (OR, 1.63; 95%
CI, 1.11-2.41), exclusion of cases with a personal or family history of ovarian cancer to account in part for competing risks
of cancer substantially reduced the risks of breast cancer (OR,
1.27; 95% CI, 0.81-1.99) to effect sizes observed for the BRIP1
p.Arg798Ter variant (OR, 1.09; 95% CI, 0.58-2.03) in other large
case-control studies.20 In contrast, the results for NBN differed from those in a large study of the Slavic founder variant
(c.657del5) that associated the variant with a moderate risk of
breast cancer (RR, 2.4; 95% CI, 1.9-3.7).21 Likewise, pathogenic variants in NF1 among patients with neurofibromatosis
have been associated with moderate risks of breast cancer (RR,
2.6; 95% CI, 2.1-3.2),22,23 whereas we failed to observe any influence on breast cancer risk. Thus, additional studies of the
influence of NF1 pathogenic variants on breast cancer risk in
individuals with and without neurofibromatosis are needed.
In contrast, results demonstrating no increased risk for breast
cancer for pathogenic variants in RAD51C, MLH1, PMS2,
RAD50, MRE11A, and NBN were consistent across all stratified analyses, suggesting that these genes may not be
relevant in clinical testing for breast cancer risk. However, it
remains to be determined whether specific missense variants
in these genes influence risk.
We acknowledge the limitations of the public reference
data set; however, extensive data cleaning and filtering were
used in an effort to normalize the breast cancer cases and control data.
jamaoncology.com
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Limitations
This study was focused on patients qualifying for clinical
genetic testing and was not a population-based study. In
addition, associations between pathogenic variants in panel
genes and breast cancer were evaluated using sequencing
results from breast cancer cases and the database of ExAC
reference samples. The use of results from unmatched cases
and controls that were sequenced on different platforms
could have caused inflation of ORs for breast cancer. This
limitation could be addressed in the future using combined
case-control studies matched on age and race. However,
when considering sequence quality, variant allele frequency,
race, and ethnicity, and excluding known cancer samples, the
ExAC-NFE non-TCGA data set offered a reasonable approximation of white population-based allele frequencies.24 ExAC
controls have been used to identify genes that predispose to
ovarian and prostate cancer,11,12 to exclude other genes from
involvement in these cancers, and to approximate risks associated with variants when comparing ExAC data with variants detected on other platforms.12 Similarly, ExAC data have
been used to evaluate genes associated with increased cardiovascular risk.25 Thus, although variants in ExAC and ovarian or prostate cancer cases were derived from different
sequencing platforms and were identified using different
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algorithms, the studies successfully identified genes associated with increased risks.

Conclusions
We present breast cancer risk estimates in a clinical, multigene panel testing cohort as useful indicators of the clinical
relevance of pathogenic variants in breast cancer susceptibility genes. The breast cancer cases qualifying for clinical genetic testing were enriched for a clinical history of earlyonset, bilateral, and triple-negative breast disease and a family
history of breast cancer. Therefore, the risk estimates derived
in this study are likely to be inflated over estimates from population-based studies, as previously reported for PALB2 pathogenic variants from high-risk families.13 Although the risks
presented herein may not be generalizable to all mutation carriers, they are highly relevant to those with clinical histories
suggestive of hereditary breast cancer predisposition. Future
studies involving patients with breast cancer unselected for
age at diagnosis, tumor pathology, and family cancer history
and incorporating a broader range of alterations in addition to
segregation studies in families are needed to further inform
breast cancer risks for mutation carriers.

Cancer (CA116201), and the Breast Cancer Research
Foundation. The study was sponsored by Ambry
Genetics Inc.
Role of the Funder/Sponsor: The funding sources
had no role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication. Ambry Genetics Inc
contributed to the design of the study; collection
and management of the data; preparation and
review of the manuscript; and the decision to
submit the manuscript for publication.
Meeting Presentation: A portion of this research
was presented at the 2016 San Antonio Breast
Cancer Symposium; December 9, 2016; San
Antonio, Texas.
REFERENCES
1. LaDuca H, Stuenkel AJ, Dolinsky JS, et al.
Utilization of multigene panels in hereditary cancer
predisposition testing: analysis of more than 2,000
patients. Genet Med. 2014;16(11):830-837.
2. Pritchard CC, Smith C, Salipante SJ, et al.
ColoSeq provides comprehensive lynch and
polyposis syndrome mutational analysis using
massively parallel sequencing. J Mol Diagn. 2012;14
(4):357-366.
3. Walsh T, Lee MK, Casadei S, et al. Detection of
inherited mutations for breast and ovarian cancer
using genomic capture and massively parallel
sequencing. Proc Natl Acad Sci U S A. 2010;107(28):
12629-12633.
4. Couch FJ, Hart SN, Sharma P, et al. Inherited
mutations in 17 breast cancer susceptibility genes
among a large triple-negative breast cancer cohort
unselected for family history of breast cancer. J Clin
Oncol. 2015;33(4):304-311.

5. Easton DF, Pharoah PD, Antoniou AC, et al.
Gene-panel sequencing and the prediction of
breast-cancer risk. N Engl J Med. 2015;372(23):
2243-2257.
6. Tung N, Battelli C, Allen B, et al. Frequency of
mutations in individuals with breast cancer referred
for BRCA1 and BRCA2 testing using next-generation
sequencing with a 25-gene panel. Cancer. 2015;121
(1):25-33.
7. Kurian AW, Hare EE, Mills MA, et al. Clinical
evaluation of a multiple-gene sequencing panel for
hereditary cancer risk assessment. J Clin Oncol.
2014;32(19):2001-2009.
8. Maxwell KN, Wubbenhorst B, D’Andrea K, et al.
Prevalence of mutations in a panel of breast cancer
susceptibility genes in BRCA1/2-negative patients
with early-onset breast cancer. Genet Med. 2015;17
(8):630-638.
9. Pesaran T, Karam R, Huether R, et al. Beyond
DNA: an integrated and functional approach for
classifying germline variants in breast cancer genes.
Int J Breast Cancer. 2016;2016:2469523.
10. ExAC Browser (Beta). Exome Aggregation
Consortium. http://exac.broadinstitute.org.
Accessed August 31, 2015.
11. Pritchard CC, Mateo J, Walsh MF, et al. Inherited
DNA-repair gene mutations in men with metastatic
prostate cancer. N Engl J Med. 2016;375(5):443-453.
12. Norquist BM, Harrell MI, Brady MF, et al.
Inherited mutations in women with ovarian
carcinoma. JAMA Oncol. 2016;2(4):482-490.
13. Antoniou AC, Casadei S, Heikkinen T, et al.
Breast-cancer risk in families with mutations in
PALB2. N Engl J Med. 2014;371(6):497-506.
14. CHEK2 Breast Cancer Case-Control
Consortium. CHEK2*1100delC and susceptibility to
breast cancer: a collaborative analysis involving

(Reprinted) JAMA Oncology September 2017 Volume 3, Number 9

1195

Research Original Investigation

10,860 breast cancer cases and 9,065 controls
from 10 studies. Am J Hum Genet. 2004;74(6):11751182.

prevalence among the first 10,000 patients
referred for next-generation cancer panel testing.
Genet Med. 2016;18(8):823-832.

22. Madanikia SA, Bergner A, Ye X, Blakeley JO.
Increased risk of breast cancer in women with NF1.
Am J Med Genet A. 2012;158A(12):3056-3060.

15. Goldgar DE, Healey S, Dowty JG, et al; BCFR;
kConFab. Rare variants in the ATM gene and risk of
breast cancer. Breast Cancer Res. 2011;13(4):R73.

19. Win AK, Lindor NM, Jenkins MA. Risk of breast
cancer in Lynch syndrome: a systematic review.
Breast Cancer Res. 2013;15(2):R27.

23. Seminog OO, Goldacre MJ. Age-specific risk of
breast cancer in women with neurofibromatosis
type 1. Br J Cancer. 2015;112(9):1546-1548.

16. Seal S, Thompson D, Renwick A, et al; Breast
Cancer Susceptibility Collaboration (UK). Truncating
mutations in the Fanconi anemia J gene BRIP1 are
low-penetrance breast cancer susceptibility alleles.
Nat Genet. 2006;38(11):1239-1241.

20. Easton DF, Lesueur F, Decker B, et al; Australian
Ovarian Cancer Study Group; kConFab
Investigators; Lifepool Investigators; NBCS
Investigators. No evidence that protein truncating
variants in BRIP1 are associated with breast cancer
risk: implications for gene panel testing. J Med Genet.
2016;53(5):298-309.

24. Lek M, Karczewski KJ, Minikel EV, et al; Exome
Aggregation Consortium. Analysis of
protein-coding genetic variation in 60,706 humans.
Nature. 2016;536(7616):285-291.

17. Thompson ER, Rowley SM, Li N, et al. Panel
testing for familial breast cancer: calibrating the
tension between research and clinical care. J Clin
Oncol. 2016;34(13):1455-1459.
18. Susswein LR, Marshall ML, Nusbaum R, et al.
Pathogenic and likely pathogenic variant

1196

Associations Between Cancer Predisposition Testing Panel Genes and Breast Cancer

21. Zhang G, Zeng Y, Liu Z, Wei W. Significant
association between Nijmegen breakage syndrome
1 657del5 polymorphism and breast cancer risk.
Tumour Biol. 2013;34(5):2753-2757.

JAMA Oncology September 2017 Volume 3, Number 9 (Reprinted)

Downloaded From: on 07/31/2018

25. Walsh R, Thomson KL, Ware JS, et al.
Reassessment of Mendelian gene pathogenicity
using 7,855 cardiomyopathy cases and 60,706
reference samples. Genet Med.2017;19(2):192-203.

jamaoncology.com

