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Population-based estimates of the risk of breast cancer associated with germline
pathogenic variants in cancer-predisposition genes are critically needed for risk
assessment and management in women with inherited pathogenic variants.
METHODS

In a population-based case–control study, we performed sequencing using a custom
multigene amplicon-based panel to identify germline pathogenic variants in 28 cancer-predisposition genes among 32,247 women with breast cancer (case patients) and
32,544 unaffected women (controls) from population-based studies in the Cancer
Risk Estimates Related to Susceptibility (CARRIERS) consortium. Associations between pathogenic variants in each gene and the risk of breast cancer were assessed.
RESULTS

Pathogenic variants in 12 established breast cancer–predisposition genes were
detected in 5.03% of case patients and in 1.63% of controls. Pathogenic variants in
BRCA1 and BRCA2 were associated with a high risk of breast cancer, with odds ratios
of 7.62 (95% confidence interval [CI], 5.33 to 11.27) and 5.23 (95% CI, 4.09 to 6.77),
respectively. Pathogenic variants in PALB2 were associated with a moderate risk
(odds ratio, 3.83; 95% CI, 2.68 to 5.63). Pathogenic variants in BARD1, RAD51C, and
RAD51D were associated with increased risks of estrogen receptor–negative breast
cancer and triple-negative breast cancer, whereas pathogenic variants in ATM, CDH1,
and CHEK2 were associated with an increased risk of estrogen receptor–positive
breast cancer. Pathogenic variants in 16 candidate breast cancer–predisposition
genes, including the c.657_661del5 founder pathogenic variant in NBN, were not associated with an increased risk of breast cancer.
CONCLUSIONS

This study provides estimates of the prevalence and risk of breast cancer associated with pathogenic variants in known breast cancer–predisposition genes in the
U.S. population. These estimates can inform cancer testing and screening and
improve clinical management strategies for women in the general population with
inherited pathogenic variants in these genes. (Funded by the National Institutes of
Health and the Breast Cancer Research Foundation.)
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G

ermline pathogenic variants in
cancer-predisposition genes included in
hereditary cancer multigene testing panels have been associated with an increased risk
of breast cancer.1-4 Identification of pathogenic
variants in predisposition genes has provided
benefit through improving access to risk-reducing prophylactic surgery and targeted therapies
among carriers of pathogenic variants in BRCA1
and BRCA2 and access to enhanced mammography and magnetic resonance imaging (MRI)–
based screening among carriers of pathogenic
variants in several established breast cancer–predisposition genes.5,6 The aggregate prevalence of
pathogenic variants in these genes has been estimated at 7 to 10% among women with breast
cancer.1,7-10 However, these prevalences and associated risks of breast cancer are based on
high-risk populations enriched with women who
had a family history of breast and ovarian cancers, received a breast cancer diagnosis at a young
age, had estrogen receptor (ER)–negative tumors,
or had founder mutations. Only studies of limited size have evaluated pathogenic variants in
multigene panels in women with breast cancer
unselected for family history or age at diagnosis.11,12 Thus, current risk estimates of breast
cancer with respect to predisposition genes have
uncertain application to the general population.13
Genetic testing recommendations have been
developed to provide guidance on the selection of
women for multigene panel testing. The U.S. Preventive Services Task Force has suggested that
the selection of unaffected women for testing be
based on risk stratification.14 The National Comprehensive Cancer Network has also suggested
that risk stratification be used in the selection of
unaffected and affected women for testing.15 In
contrast, the American Society of Breast Surgeons
has recommended that germline genetic testing
for hereditary cancer be performed in all women
with breast cancer. Separately, population-based
screening for BRCA1 and BRCA2 in all women
older than 30 years of age has been proposed.16
However, large-scale population-based studies that
provide estimates of the prevalence of pathogenic
variants in predisposition genes in the general
population are lacking.
Cancer Risk Estimates Related to Susceptibility (CARRIERS) is a United States–based consortium consisting of population-based and familybased studies of breast cancer. Here, we used the
n engl j med 384;5

population-based studies in the CARRIERS consortium to estimate the prevalence and risk of
breast cancer associated with pathogenic variants
in breast cancer–predisposition genes in the U.S.
general population.

Me thods
Study Population

The CARRIERS consortium includes 17 studies
— 7 nested case–control studies in prospective
cohorts, 2 case–cohort studies in prospective cohorts, 3 case–control studies, and 5 case–control
or case–cohort studies enriched with women with
early-onset disease or a family history of breast
cancer (Table S1 in the Supplementary Appendix, available with the full text of this article at
NEJM.org). The characteristics of the 39,553 women with breast cancer (case patients) and 35,867
study-matched unaffected women (controls) are
provided in Table S2. Population-based estimates
were derived from 32,247 case patients and 32,544
controls from the 12 studies in the CARRIERS
consortium that were not enriched with patients
with a family history or early onset of disease (the
Black Women’s Health Study, the Cancer Prevention Study II, the Cancer Prevention Study 3, the
California Teachers’ Study, the Mayo Clinic Breast
Cancer Study, the Multiethnic Cohort Study, the
Mayo Mammography Health Study, the Nurses’
Health Study, the Nurses’ Health Study II, the
Women’s Circle of Health Study, the Women’s
Health Initiative, and the Wisconsin Women’s
Health Study). All participants provided informed
consent for research. The CARRIERS study was
approved by the institutional review board at the
Mayo Clinic.
DNA Sequencing and Bioinformatics Analysis

Germline DNA samples were subjected to dual
bar-coded QIAseq (Qiagen) multiplex ampliconbased analysis of 746 target regions in 37 cancerpredisposition genes.17 Libraries from 768 samples
were pooled and sequenced in each lane of a
HiSeq 4000 system (Illumina). Genetic variants
were identified with the use of the Genome Analysis Toolkit (GATK) Haplotype Caller tool and VarDict variant caller tool. High-quality sequence
data (read depth of >20 times) were obtained for
99.3% of the target regions. Twenty-eight cancer
predisposition genes including 12 established
breast cancer–predisposition genes (ATM, BARD1,
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BRCA1, BRCA2, CDH1, CHEK2, NF1, PALB2, PTEN,
RAD51C, RAD51D, and TP53) and 16 candidate
predisposition genes were evaluated (Table S3).1830
Loss-of-function variants and variants identified as “pathogenic” or “likely pathogenic” in
the ClinVar database were classified as pathogenic variants (see the Supplementary Appendix).17 Pathogenic variants in NF1 and TP53 were
restricted to those with an alternate allele fraction (calculated as the number of alternate allele
reads divided by the total number of reads at a
specific genomic position) between 0.3 and 0.7 in
an effort to exclude potential clonal hematopoiesis
variants.31
Statistical Analysis

Prevalences of pathogenic variants and variants
of uncertain significance in each gene were
tabulated for the case patients and controls in
the population-based CARRIERS analysis, and
95% confidence intervals were estimated with
the use of the Wilson score method without continuity correction. A generalized additive model
for pathogenic-variant status and a smoothing
spline function for age32 were used to estimate
the relationship between the prevalence of a
pathogenic variant and age. Associations between pathogenic variants in each gene and the
risk of breast cancer were assessed by means of
logistic regression, with adjustment for study,
age, first-degree family history of breast cancer,
and race or ethnic group. Sensitivity analyses
were conducted to assess the effect of each of
the 12 studies with the use of a leave-one-studyout cross-validation approach. Comparisons between unaffected controls and women with
ER-positive cancer, women with ER-negative cancer, and women with triple-negative breast cancer (ER-negative, progesterone receptor [PR]–
negative, and human epidermal growth factor
receptor type 2 [HER2]–negative) were conducted with the use of binomial logistic-regression
models. All analyses were performed with R
software (version 3.5.2), and all tests were twosided. Lifetime absolute risk of breast cancer to
age 85 years was estimated for pathogenic-variant carriers by combining age-specific odds ratio
estimates with age-specific breast cancer incidence rates from the Surveillance, Epidemiology,
and End Results (SEER) Program of the National
Cancer Institute (Supplementary Appendix).
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R e sult s
Participant Characteristics

The distributions of age at diagnosis for 39,553
case patients and age at the time of selection
into the study for 35,867 controls from the 17 studies in the CARRIERS consortium are shown in
Figure S1. In the 12 population-based studies,
the mean age at the time of breast cancer diagnosis among 32,247 case patients was 62.1 years,
and the mean age at the time of enrollment among
32,544 controls was 61.2 years, ages that are
similar to those derived from the SEER 18 registries (Table 1 and Table S4). A family history of
breast cancer was reported in 20.4% of case patients and 14.3% of controls (Table 1). Among
the case patients with available data on tumor
biomarkers, 82.9% had ER-positive breast cancer
and 11.3% had triple-negative breast cancer
(Table 1), prevalences that are consistent with
those derived from the SEER 18 registries. Data
on HER2 status were available for only 41.1% of
tumors.
Prevalence of Pathogenic Variants
in Predisposition Genes

In the overall CARRIERS analysis that included
data from all 17 studies, the prevalence of pathogenic variants in 12 established breast cancer–
predisposition genes (ATM, BARD1, BRCA1, BRCA2,
CDH1, CHEK2, NF1, PALB2, PTEN, RAD51C, RAD51D,
and TP53) was 5.67% (95% confidence interval
[CI], 5.44 to 5.90) among case patients and
1.73% (95% CI, 1.60 to 1.87) among controls
(Tables S5 and S6). However, in the populationbased CARRIERS analysis, the prevalence was
5.03% (95% CI, 4.79 to 5.27) among cases patients and 1.63% (95% CI, 1.50 to 1.78) among
controls (Table 2). The prevalence of pathogenic
variants was similar among non-Hispanic White,
non-Hispanic Black, and Hispanic case patients
and controls (Table S7). A lower overall prevalence of pathogenic variants was detected among
Asian American case patients (1.64%; 95% CI,
1.07 to 2.49) (Table S7). Among the case patients,
the highest prevalence of pathogenic variants
was observed for BRCA2 (1.29%; 95% CI, 1.18 to
1.42), CHEK2 (1.08%; 95% CI, 0.98 to 1.20), and
BRCA1 (0.85%; 95% CI, 0.76 to 0.96) (Table 2).
BRCA1 carriers had a relatively young mean (±SD)
age at diagnosis (50.9±13.3 years among those
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with ER-positive status and 50.3±12.4 among those
with ER-negative status), whereas BRCA2 carriers had a slightly older mean age at diagnosis
(55.4±12.8 years among those with ER-positive
status and 58.6±12.2 among those with ER-negative status) (Table S8). The prevalence of variants
of uncertain significance in the 12 established
breast cancer genes was 18.9% (95% CI, 18.5 to
19.4) among case patients and 18.5% (95% CI,
18.1 to 19.0) among controls (Table S9).
Pathogenic Variants in Predisposition Genes
and Breast Cancer Risk

Case–control association analyses, with adjustment for study, age, family history of breast cancer, and race or ethnic group, were performed
with data from all 17 studies in the CARRIERS
consortium and with data from the 12 population-based studies in the CARRIERS consortium
(Table 2 and Table S5 and S6). In the populationbased studies, BRCA1 and BRCA2 were associated
with a high risk of breast cancer, with odds ratios of 7.62 (95% CI, 5.33 to 11.27) and 5.23
(95% CI, 4.09 to 6.77), respectively (Table 2 and
Table S10). Pathogenic variants in PALB2 and
CHEK2 were associated with a moderate risk, with
odds ratios of 3.83 (95% CI, 2.68 to 5.63) and
2.47 (95% CI, 2.02 to 3.05), respectively. The
common CHEK2 pathogenic variants p.Ile157Thr
and p.Ser428Phe had limited clinical importance
(i.e., odds ratio, <1.5), with odds ratios of 1.30
(95% CI, 1.06 to 1.59; P = 0.01) and 1.26 (95% CI,
0.76 to 2.12; P = 0.37), respectively, and were excluded from the analyses. Pathogenic variants in
ATM and NF1 were associated with an increased
risk of breast cancer, with odds ratios of 1.82
(95% CI, 1.46 to 2.27) and 1.93 (95% CI, 0.91 to
4.31), respectively. Pathogenic variants in BARD1,
RAD51C, and RAD51D were associated with a
moderate risk of ER-negative breast cancer and
triple-negative breast cancer but not ER-positive
breast cancer, whereas pathogenic variants in
ATM, CDH1, and CHEK2 were associated only with
ER-positive breast cancer (Table 3). Limited numbers of women with pathogenic variants in PTEN
and TP53 did not allow us to assess associations
with breast cancer (Tables 2 and 3). Sensitivity
analyses verified that individual studies did not
influence associations with breast cancer risk
(Fig. S2).
None of the 16 candidate predisposition genes,

n engl j med 384;5

including the mismatch repair genes (MLH1, MSH2,
and MSH6), were significantly associated with increased risk of breast cancer in analyses involving the participants overall (Table S10) or the
participants stratified according to ER status
(Table S11) (P>0.05 for all). An increased risk of
breast cancer was not observed among the participants with any pathogenic variant in NBN (odds
ratio, 1.05; 95% CI, 0.71 to 1.56) or among those
with the NBN pathogenic variant c.657_661del5
(odds ratio, 0.93; 95% CI, 0.52 to 1.68), which
was previously associated with breast cancer, or
those with c.657_661del5 who were homozygous
for the GG allele of the c.553 (Table S10).33,34
To investigate the influence of a family history of breast cancer on associations with breast
cancer risk in the general population, analyses
were conducted separately for the pathogenicvariant carriers with (20.4%) or without (79.6%)
a first-degree relative with breast cancer. Among
the participants with a family history, pathogenic variants in BRCA1, BRCA2, CDH1, and PALB2
were associated with a high risk of breast cancer
(odds ratio, >4) and pathogenic variants in ATM
and RAD51D were associated with a moderate
risk (odds ratio, >2) (Table S12). The influence of
age at breast cancer diagnosis on associations
was also evaluated.35 With respect to the pathogenic variants in the 12 established predisposition genes, the associations with breast cancer risk
were unchanged among the participants who received a breast cancer diagnosis at an age of 50
years or younger, except among those with pathogenic variants in BRCA1 or BRCA2, who were at
an increased risk (Table S13). Among the participants who received a diagnosis of breast cancer at
an age of more than 50 years, the associations
with breast cancer observed for pathogenic variants in most genes were similar to those among
the participants overall (Table S14). To assess the
influence of older age at enrollment, associations
with breast cancer were evaluated in the studies
in which women younger than 45 years of age were
eligible for enrollment; the results did not differ
from those of the population-based CARRIERS
analysis (Table S15).
Lifetime Absolute Risk of Breast Cancer

The prevalences of pathogenic variants in the
commonly mutated genes ATM, BRCA1, BRCA2,
CHEK2, and PALB2 were assessed among the case
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Table 1. Demographic and Clinical Characteristics of the Participants in the Population-Based CARRIERS Analysis.*
Case Patients
(N = 32,247)

Controls
(N = 32,544)

Mean — yr

62.07±11.44

61.22±11.82

Range — yr

21.00–94.00

21.80–94.30

1,099/31,708 (3.5)

1,599/32,542 (4.9)

41–50 yr

4,197/31,708 (13.2)

4,443/32,542 (13.7)

51–60 yr

7,999/31,708 (25.2)

8,580/32,542 (26.4)

61–70 yr

10,357/31,708 (32.7)

10,095/32,542 (31.0)

8,056/31,708 (25.4)

7,825/32,542 (24.0)

Variable
Demographic characteristic
Age†

Distribution — no./total no. (%)
≤40 yr

>70 yr
Race or ethnic group — no./total no. (%)‡
Asian

1,282/32,068 (4.0)

1,269/32,498 (3.9)

Non-Hispanic Black

3,946/32,068 (12.3)

4,954/32,498 (15.2)

Hispanic

1,019/32,068 (3.2)

Non-Hispanic White

25,287/32,068 (78.9)

Other

998/32,498 (3.1)
24,770/32,498 (76.2)

534/32,068 (1.7)

507/32,498 (1.6)

BWHS

1,437/32,247 (4.5)

2,896/32,544 (8.9)

CPSII

4,037/32,247 (12.5)

3,935/32,544 (12.1)

CPS3

1,537/32,247 (4.8)

1,729/32,544 (5.3)

CTS

2,226/32,247 (6.9)

2,134/32,544 (6.6)

MCBCS

4,517/32,247 (14.0)

3,249/32,544 (10.0)

MEC

3,641/32,247 (11.3)

3,689/32,544 (11.3)

291/32,247 (0.9)

1,257/32,544 (3.9)

2,088/32,247 (6.5)

2,420/32,544 (7.4)

935/32,247 (2.9)

1,391/32,544 (4.3)

Participants in included study — no./total no. (%)

MMHS
NHS
NHSII
WCHS

2,215/32,247 (6.9)

1,705/32,544 (5.2)

WHI

4,994/32,247 (15.5)

4,535/32,544 (13.9)

WWHS

4,329/32,247 (13.4)

3,604/32,544 (11.1)

No

24,873/31,234 (79.6)

27,016/31,527 (85.7)

Yes

6,361/31,234 (20.4)

4,511/31,527 (14.3)

No

27,494/28,534 (96.4)

28,002/28,949 (96.7)

Yes

1,040/28,534 (3.6)

Family history of breast cancer — no./total no. (%)§

Family history of ovarian cancer — no./total no. (%)§
947/28,949 (3.3)

Clinical characteristic
Tumor behavior — no./total no. (%)
In situ
Invasive
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4,446/31,221 (14.2)

NA

26,775/31,221 (85.8)

NA
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Table 1. (Continued.)
Case Patients
(N = 32,247)

Controls
(N = 32,544)

Negative

3,805/22,233 (17.1)

NA

Positive

18,428/22,233 (82.9)

NA

Negative

6,186/21,643 (28.6)

NA

Positive

15,457/21,643 (71.4)

NA

Negative

11,077/13,252 (83.6)

NA

Positive

2,175/13,252 (16.4)

NA

No

11,452/12,915 (88.7)

NA

Yes

1,463/12,915 (11.3)

NA

Variable
Estrogen-receptor status — no./total no. (%)

Progesterone-receptor status — no./total no. (%)

HER2 status — no./total no. (%)

Triple-negative breast cancer — no./total no. (%)

*	Plus–minus values are means ±SD. Percentages may not total 100 because of rounding. The population-based Cancer
Risk Estimates Related to Susceptibility (CARRIERS) analysis included data from the Black Women’s Health Study
(BWHS), the Cancer Prevention Study II (CPSII), the Cancer Prevention Study 3 (CPS3), the California Teachers’ Study
(CTS), the Mayo Clinic Breast Cancer Study (MCBCS), the Multiethnic Cohort Study (MEC), the Mayo Mammography
Health Study (MMHS), the Nurses’ Health Study (NHS), the Nurses’ Health Study II (NHSII), the Women’s Circle of
Health Study (WCHS), the Women’s Health Initiative (WHI), and the Wisconsin Women’s Health Study (WWHS). NA
denotes not applicable and HER2 human epidermal growth factor receptor 2.
†	Age at the time of breast cancer diagnosis was used for case patients, and age at the time of selection into the study
was used for controls. Data on age were missing for 539 case patients and for 2 controls.
‡	Race or ethnic group was reported by the participant.
§	Family history was restricted to first-degree relatives.

patients according to age at diagnosis and
among the controls according to age at the time
of selection into the study (Fig. S3). The prevalence of pathogenic variants in BRCA1 and BRCA2
among case patients decreased rapidly after age
40 years, whereas a constant and limited decline
in the prevalence of pathogenic variants in ATM,
CHEK2, and PALB2 was observed among the case
patients 40 to 85 years of age (Fig. S3). Pathogenic variants in ATM, BRCA1, BRCA2, CHEK2,
and PALB2 were associated with lifetime absolute
risk of breast cancer of greater than 20% by age
85 years among non-Hispanic Whites; pathogenic variants in BRCA1 or BRCA2 yielded a lifetime risk of approximately 50%, and in PALB2, a
lifetime risk of approximately 32% (Fig. 1).

32,544 study-matched unaffected women from
U.S. population-based studies in the CARRIERS
consortium and provide estimates of breast cancer risk with respect to these pathogenic variants in the general population. On the basis of
the American Cancer Society estimate of 276,000
new diagnoses of breast cancer in the United
States in 2020, the population-based CARRIERS
analysis suggests that at least 13,800 (approximately 5%) will occur in women with germline
pathogenic variants in predisposition genes. However, many of these women are not known to have
underlying genetic susceptibility to breast cancer.
Currently, there are differing recommendations for the selection of patients with breast
cancer for clinical genetic testing, with considerable controversy regarding which patients to test
and which genes to include in the testing proDiscussion
cess.15,36-38 The National Comprehensive Cancer
Here, we report the prevalence of pathogenic Network and the National Institute for Health
variants in breast cancer–predisposition genes and Care Excellence provide criteria for the selecamong 32,247 women with breast cancer and tion of women with breast cancer, ovarian cancer,
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Table 2. Associations between Pathogenic Variants in Established Breast Cancer–Predisposition Genes and Risk
of Breast Cancer.*
Breast Cancer–
Predisposition
Gene1,2,7

Case Patients
(N = 32,247)

Controls
(N = 32,544)

Odds Ratio
(95% CI)†

P Value

no. with pathogenic variant (%)
253 (0.78)

134 (0.41)

1.82 (1.46–2.27)

<0.001

BARD1

49 (0.15)

35 (0.11)

1.37 (0.87–2.16)

0.18

BRCA1

275 (0.85)

37 (0.11)

7.62 (5.33–11.27)

<0.001

BRCA2

417 (1.29)

78 (0.24)

5.23 (4.09–6.77)

<0.001

ATM

CDH1

17 (0.05)

6 (0.02)

2.50 (1.01–7.07)

0.06

CHEK2

349 (1.08)

138 (0.42)

2.47 (2.02–3.05)

<0.001

NF1‡

19 (0.06)

11 (0.03)

1.93 (0.91–4.31)

0.09

PALB2

148 (0.46)

38 (0.12)

3.83 (2.68–5.63)

<0.001

8 (0.02)

3 (0.01)

NA

NA

RAD51C

41 (0.13)

35 (0.11)

1.20 (0.75–1.93)

0.44

RAD51D

26 (0.08)

14 (0.04)

1.72 (0.88–3.51)

0.12

19 (0.06)

2 (0.01)

NA

NA

1621 (5.03)

531 (1.63)

—

—

PTEN

TP53‡
Total

*	The studies in the CARRIERS consortium that were included in this population-based analysis were BWHS, CPSII,
CPS3, CTS, MCBCS, MEC, MMHS, NHS, NHSII, WCHS, WHI, and WWHS. NA denotes not applicable (too few events
[<5] to calculate a stable odds ratio).
†	Odds ratio estimates for any breast cancer were adjusted for study, age, family history of breast cancer, and race or ethnic group.
‡	Pathogenic variants in NF1 and TP53 were restricted to those with an alternate allele fraction (calculated as the number
of alternate allele reads divided by the total number of reads at a specific genomic position) between 0.3 and 0.7.

or both for testing on the basis of personal and
family history of these and other cancers.15,36-38
In contrast, the American Society of Breast Surgeons has suggested offering testing to all patients with breast cancer, which increases the
number of pathogenic-variant carriers by 30%.37
Among the patients with breast cancer in the
population-based CARRIERS analysis, 5.03% had
pathogenic variants in the 12 established, clinically actionable predisposition genes, with 0.85%
and 1.29% having pathogenic variants in BRCA1
and BRCA2, respectively. These refined estimates
of the prevalences of pathogenic variants among
women with breast cancer in the overall population, as opposed to selected high-risk patients,
may inform ongoing discussions regarding testing in patients with breast cancer. The risks of
breast cancer associated with pathogenic variants
in the genes evaluated in the population-based
CARRIERS analysis also provide important information for risk assessment and counseling of
women with breast cancer who do not meet highrisk selection criteria.
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The population-based CARRIERS analysis also
showed that certain subgroups of patients with
breast cancer are at substantially increased risk
of having pathogenic variants in high-penetrance, clinically actionable genes. For instance,
pathogenic variants in BRCA1, BRCA2, and PALB2
were observed in 8.13% of the patients with triple-negative breast cancer, as compared with
1.84% of the patients with ER-positive breast
cancer. In addition, approximately 3.3% of women with ER-positive breast cancer without a family history had pathogenic variants in actionable
breast cancer genes, with pathogenic variants in
ATM, CHEK2, and BRCA2 accounting for the majority. Furthermore, pathogenic variants in BARD1,
RAD51C, and RAD51D showed weak associations
with breast cancer risk among the participants
overall but were associated with a moderate risk
of ER-negative breast cancer (odds ratio, >2). These
findings were consistent with previously reported associations with ER-negative and triple-negative breast cancer among women who qualified
for clinical genetic testing3,39 and among non-
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1.61 (0.71–3.70)
NA

9 (0.05)

TP53‡

2 (0.05)

7 (0.18)

9 (0.24)

0

42 (1.10)

2 (0.05)

20 (0.53)

3 (0.08)

82 (2.16)

114 (3.00)

NA

3.93 (1.40–10.29)

2.19 (0.97–4.49)

NA

9.22 (5.63–15.25)

NA

1.40 (0.83–2.25)

NA

8.89 (6.36–12.47)

26.33 (17.28–41.52)

2.52 (1.18–5.00)

1.04 (0.59–1.72)

Odds Ratio
(95% CI)†

2 (0.14)

1 (0.07)

4 (0.27)

0

24 (1.64)

1 (0.07)

8 (0.55)

1 (0.07)

30 (2.05)

65 (4.44)

6 (0.41)

5 (0.34)

no. (%)

Participants with
Pathogenic Variant

NA

NA

NA

NA

13.03 (7.08–23.75)

NA

1.63 (0.72–3.20)

NA

9.70 (5.97–15.47)

42.88 (26.56–71.25)

3.18 (1.16–7.42)

0.50 (0.12–1.36)

Odds Ratio
(95% CI)†

Triple-Negative Breast Cancer
(N = 1463)

*	The studies in the CARRIERS consortium that were included in this population-based analysis were BWHS, CPSII, CPS3, CTS, MCBCS, MEC, MMHS, NHS, NHSII, WCHS, WHI, and
WWHS. ER denotes estrogen-receptor.
†	Odds ratio estimates for any breast cancer were adjusted for study, age, family history of breast cancer, and race or ethnic group.
‡	Pathogenic variants in NF1 and TP53 were restricted to those with an alternate allele fraction between 0.3 and 0.7.

0.83 (0.44–1.54)

16 (0.09)

13 (0.07)

RAD51C

NA

3 (0.02)

RAD51D

3.13 (2.02–4.96)

64 (0.35)

PALB2

PTEN

2.60 (2.05–3.31)
1.63 (0.65–4.03)

205 (1.11)

CHEK2

10 (0.05)

13 (0.07)

NF1‡

4.66 (3.52–6.23)
3.37 (1.24–10.72)

201 (1.09)

BRCA2

CDH1

0.91 (0.49–1.64)
3.39 (2.17–5.45)

20 (0.11)

73 (0.40)

BARD1

BRCA1

11 (0.29)

no. (%)
19 (0.50)

1.96 (1.52–2.53)

no. (%)

151 (0.82)

ATM

Participants with
Pathogenic Variant

ER-Negative Breast Cancer
(N = 3805)

Odds Ratio
(95% CI)†

ER-Positive Breast Cancer
(N = 18,428)

Participants with
Pathogenic Variant

Breast Cancer–
Predisposition
Gene

Table 3. Associations between Pathogenic Variants in Established Breast Cancer–Predisposition Genes and Risk of Breast Cancer According to Estrogen-Receptor and Triple-Negative
Breast Cancer Status of Tumors.*
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Figure 1. Population-Based Lifetime Absolute Risk of Breast Cancer Development According to Age and the Commonly
Mutated Genes ATM, BRCA1, BRCA2, CHEK2, and PALB2.
The Cancer Risk Estimates Related to Susceptibility (CARRIERS) consortium studies that were included in the analysis of the absolute risk of breast cancer among pathogenic-variant carriers were the Cancer Prevention Study II, the
Cancer Prevention Study 3, the California Teachers’ Study, the Mayo Clinic Breast Cancer Study, the Multiethnic Cohort Study, the Mayo Mammography Health Study, the Nurses’ Health Study, the Nurses’ Health Study II, the
Women’s Circle of Health Study, the Women’s Health Initiative, and the Wisconsin Women’s Health Study. The
analysis in the general population was performed with the use of age-specific breast cancer incidence data (restricted to non-Hispanic Whites) from the Surveillance, Epidemiology, and End Results 21 registries.

Hispanic Black women with breast cancer, a relatively high proportion of whom have ER-negative
disease.4 Thus, risk stratification of women with
breast cancer in the general population based on
features such as tumor markers is an important
method for identifying women at the highest risk
of having a mutation, especially in underserved,
minority populations.
There is also increasing discussion regarding
screening for pathogenic variants in BRCA1 and
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BRCA2 in the unaffected population.40 Such testing for the Ashkenazi Jewish founder mutations
in BRCA1 and BRCA2 is currently available in Israel.41 However, beyond founder mutations, estimates of the prevalence of pathogenic variants
in BRCA1 and BRCA2 or other breast cancer–predisposition genes are not well established in the
general population. Here, we provide prevalence
estimates for the 12 predisposition genes, showing that pathogenic variants in CHEK2 and ATM
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are the most common, and we note that pathogenic variants in BRCA1 and BRCA2 were found
in 0.35% of the participants (or, 1 in 280). These
estimates may inform the debate about population-based testing.
Most commercial genetic testing for hereditary cancer is based on multigene panels. However, many genes included on commercially available panels were not associated with an increased
risk of breast cancer in the population-based
CARRIERS analysis. Furthermore, several genes
previously associated with an increased risk of
breast cancer, including NBN, BRIP1, and RECQL,
showed no associations in this population-based
study. In particular, the finding that the NBN
c.657_661del5 Slavic founder mutation was not
associated with an increased risk of breast cancer suggests that the recommendation by management guidelines15,36-38 to increase screening
among women with NBN pathogenic variants
may need to be reevaluated. Among the established breast cancer–predisposition genes, ATM
yielded an odds ratio of 1.82 (95% CI, 1.46 to
2.27) among all the women in the populationbased CARRIERS analysis, an odds ratio of 1.72
(95% CI, 1.37 to 2.16) among women with no
family history of breast cancer, and an odds ratio of 1.68 (95% CI, 1.31 to 2.17) among those
who received a diagnosis of breast cancer at an
age of more than 50 years. These findings suggest that carriers of pathogenic variants in ATM
in the general population may have a substantially lower risk than what is often communicated to carriers of pathogenic variants who are
identified through clinical testing (i.e., a risk that
is said to be 2.5 times as high as that among
noncarriers).1,42 However, the estimated lifetime
risk of breast cancer by age 85 years among carriers of pathogenic variants in ATM was still over
the 20% threshold used clinically for enhanced
screening. Pathogenic variants in PALB2 were associated with a moderate risk of breast cancer in
the population-based CARRIERS analysis (odds
ratio, 3.83; 95% CI, 2.68 to 5.63), a finding that
is similar to that in a study of two PALB2 founder mutations in a prospective cohort study in
Poland (odds ratio, 4.39; 95% CI, 2.30 to 8.37).43
However, PALB2 was identified as a high-risk gene
(odds ratio, 8.04; 95% CI, 5.33 to 12.29) among
case patients with a family history of breast cancer in the population-based CARRIERS analysis

n engl j med 384;5

(Table S12), a finding consistent with the results
of a study of 524 families with PALB2 mutations
(relative risk, 7.18; 95% CI, 5.82 to 8.85).44 These
findings confirmed the effect of family history
on breast cancer risk and identified family history as a critical factor for risk stratification of
patients.
This study has some limitations. Enrollment
was restricted to women 50 years of age or
older in certain population-based studies in the
CARRIERS consortium, which had the potential
to influence the generalizability of the aggregate
estimates of the prevalence of pathogenic variants in BRCA1 and BRCA2 to younger women;
however, sensitivity analyses that excluded the
Women’s Health Initiative and the Cancer Prevention Study II (studies that involved women at
an older age at enrollment) did not substantially
influence the findings. In addition, the statistical model for penetrance estimation was based on
the assumptions that the underlying populationbased SEER rates, prevalence of pathogenic variants, and age-specific estimates of odds ratios
reflect those in the general population. Future
studies are needed to evaluate the calibration of the
probability estimates. Another potential limitation is that the sequencing was conducted in a research laboratory rather than a commercial genetictesting facility. However, the custom QIAseq
panel was shown to have high sensitivity and
specificity for pathogenic variants in predisposition genes.17 Furthermore, because all samples
were sequenced in a single center and variants were
called through a single pipeline, issues with
bioinformatics and batch effects were minimized.
In addition, it was not possible to study the effects of individual pathogenic variants on breast
cancer risk because of the rarity of the variants.
Overall, the results of the population-based
CARRIERS analysis showed that pathogenic
variants in the predisposition genes ATM, BRCA1,
BRCA2, CHEK2, and PALB2 were associated with
increased risks of breast cancer and that pathogenic variants in BARD1, RAD51C, and RAD51D
were associated with increased risks of ER-negative breast cancer in the general population. To
date, the management recommendations for women with pathogenic variants in these genes have
been based on risk estimates from studies involving women at high risk. We anticipate that the
estimates from the population-based CARRIERS
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analysis will inform cancer screening and other
risk-management strategies for women with pathogenic variants in cancer-predisposition genes in
the general population.
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