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1  | INTRODUC TION

DNA repair is a complex process dealing with endogenous and envi‐
ronmental DNA damage; it relies on multiple DNA‐repair pathways, 
particularly the homologous recombination (HR) pathway. DNA‐repair 

genes involved in these pathways play a crucial role in the mainte‐
nance of genomic stability. Dysfunction of these pathways could, thus, 
induce genomic instability, which is one of the main forces driving 
cancer development.1 Most of the known breast cancer susceptibility 
genes are also key DNA‐repair genes,2 such as BRCA1, BRCA2, TP53, 
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Abstract
BRCA1/2 genes are the most frequently germline mutated DNA‐repair genes, and 
the survival of BRCA1/2 carriers has been extensively explored in breast cancer. 
However, the prevalence of germline mutations in non‐BRCA1/2 DNA‐repair genes 
and the survival of carriers are largely unknown in a large cohort of unselected breast 
cancer patients. Germline mutations in 16 DNA‐repair genes were determined using 
a multigene panel in 7657 BRCA1/2‐negative breast cancer patients who were un‐
selected for family history of cancer or age at diagnosis. Among the 7657 BRCA1/2‐
negative breast cancer patients, 257 (3.4%) carried at least 1 pathogenic germline 
mutation in the 16 DNA‐repair genes. The prevalence of DNA‐repair gene mutations 
was significantly higher in familial breast cancers (5.2%, P = 0.002) and early‐onset 
breast cancers (diagnosed at and before the age of 40) (4.5%, P = 0.003) than that of 
sporadic breast cancers (2.9%) (diagnosed above age of 40), respectively. The DNA‐
repair gene mutation carriers were significantly more likely to have a larger tumor 
(P = 0.04) and axillary lymph node metastasis (P = 0.03). Moreover, DNA‐repair gene 
mutation was an independent unfavorable factor for recurrence‐free survival (ad‐
justed hazard ratio [HR] = 1.38, 95% CI: 1.00‐1.91, P = 0.05) and disease‐specific 
survival (adjusted HR=1.63, 95% CI: 1.04‐2.57, P = 0.03) in this cohort. Overall, 3.4% 
of BRCA1/2‐negative breast cancer patients carried germline mutations in the 16 
DNA‐repair genes, and the DNA‐repair gene mutation carriers exhibited an aggres‐
sive phenotype and had poor survival compared with noncarriers.
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CHEK2, PALB2 and ATM. Germline mutations in DNA‐repair genes may 
confer a predisposition to breast cancer or other cancers.

Recent studies have indicated that germline mutations in DNA‐
repair genes are associated with aggressive clinical behavior and 
poor prognosis in prostate cancer and pancreatic cancer.3‐5 In 
breast cancer, the studies conducted by us and other groups have 
demonstrated that approximately 5.3% of patients carried a BRCA1 
or BRCA2 (two key genes involved in the HR pathway) germline 
mutation in unselected cases and that BRCA1 carriers had worse 
survival than noncarriers.6‐8 However, to the best of our knowl‐
edge, no study has so far investigated the prevalence of germline 
mutations in non‐BRCA1/2 DNA‐repair genes and the survival of 
carriers among a large cohort of unselected breast cancer patients.

In this study, we detected germline mutations in important DNA‐
repair genes using a multigene panel in a large series of unselected 
breast cancer patients. Given that BRCA1/2 genes have been exten‐
sively explored, they were here excluded from the group of DNA‐re‐
pair genes to avoid their effects on prognosis potentially obscuring 
the effect of other genes.

We investigated the prevalence of germline mutations in 16 DNA‐
repair genes in the entire cohort and in subgroups according to a family 
history of breast cancer, age at diagnosis or molecular subtype; com‐
pared the clinical and pathological characteristics of carriers with those 
of noncarriers; and finally, explored the association between the ger‐
mline mutations in the 16 DNA‐repair genes and survival in terms of 
recurrence‐free survival (RFS) and disease‐specific survival (DSS).

2  | MATERIAL S AND METHODS

2.1 | Patients

A total of 8085 consecutive breast cancer patients who were 
treated at the Breast Center of Peking University Cancer Hospital 

from October 2003 to May 2015 underwent 62‐gene panel se‐
quencing, as described in our previous report.8 Among them, 428 
patients who carried BRCA1/2 germline mutations were excluded. 
The remaining 7657 BRCA1/2‐negative cases, who were unselected 
for age at diagnosis and family history of breast cancer, were in‐
cluded in the study (Table S1). Familial breast cancer (FBC) is defined 
as breast cancer patients who had a family history of breast and/or 
ovarian cancer; early‐onset breast cancer (EBC) is defined as breast 
cancer in patients who did not have family history of breast and/or 
ovarian cancer and were diagnosed at or before the age of 40 years. 
This study was carried out in accordance with the ethical principles 
of the Declaration of Helsinki and approved by the Research and 
Ethics Committee of Peking University Cancer Hospital. Written 
informed consent was obtained from all participants.

2.2 | Panel‐based sequencing assay

The target sequences of genomic DNA extracted from peripheral 
blood were captured using the SeqCap EZ hybridization and purifi‐
cation kit (Roche). Target sequencing was designed to cover all cod‐
ing regions and intron–exon boundaries of the 62‐cancer‐gene panel 
(including the 16 DNA‐repair genes), as described previously.8

2.3 | Gene selection and variant classification

Sixteen DNA‐repair genes were selected from the 62‐gene panel 
based on their roles in the DNA‐repair process and carcinogenesis 
of breast cancer.8 They play critical roles in DNA damage repair or 
signaling pathways, based on published literature and Biosystem 
Databases1,9 (Table 1).

Criteria for classifying variants as described elsewhere were 
used.8 Variants classified as being pathogenic or likely pathogenic 
were considered as pathogenic in this study. If a patient carried 

DSR SSR

Checkpoint p53 pathwayHR FA NHEJ MMR BER

RAD51D FANCC MER11A MLH1 MUTHY ATM TP53

PALB2 RAD51C NBN MSH2 CHEK2

BLM RAD50 MSH6

PMS2

BER, base excision repair; DSR, double‐strand repair; FA, Fanconi anemia; HR, homologous recom‐
bination; MMR, mismatch repair; NHEJ, nonhomologous end joining; SSR, single‐strand repair.

TA B L E  1   Sixteen key DNA‐repair 
genes in DNA damage repair and signaling 
pathways

Group
Number of 
patients Mutation cases Prevalence (%) Pa 

All patients 7657 257 3.4

FBC 659 34 5.2 0.002

EBC 1241 56 4.5 0.003

SBC 5757 167 2.9

EBC, early‐onset breast cancer (diagnosed at and before age 40); FBC, familial breast cancer; SBC, 
sporadic breast cancer.avs SBC.

TA B L E  2   Prevalence of germline 
mutations in 16 DNA‐repair genes in this 
cohort
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BRCA1/2 and DNA‐repair gene mutations simultaneously, she was 
classified as a BRCA1/2 carrier and not included in this analysis.

2.4 | Statistical analysis

Categorical variables were compared between mutation carriers 
and noncarriers using the χ2‐test or Fisher's exact test, where ap‐
propriate. Recurrence‐free survival (RFS) was defined as from the 
time of diagnosis to first recurrence (local or distant), or death from 
breast cancer (for patients without a record of recurrence), or the 
date of the last follow up. Disease‐specific survival (DSS) was de‐
fined as from the time of breast cancer diagnosis until the date of 
death from breast cancer or the date of the last follow up. Detailed 
survival data of each patient were collected from medical records 
and/or telephone interviews. Death from breast cancer was de‐
fined as death from organ failure caused by breast cancer me‐
tastasis. Survival was estimated using the Kaplan‐Meier method 
and differences were tested for statistical significance using the 
log‐rank test. A Cox proportional hazards model was used to de‐
termine whether a factor was associated with survival. Two‐sided 
P‐values less than 0.05 were considered to be statistically signifi‐
cant. All analyses were performed using SPSS 20.0 software.

3  | RESULTS

3.1 | Prevalence of germline mutations in DNA‐
repair genes

A total of 263 pathogenic germline mutations were identified in 
257 (3.4%) of the 7657 BRCA1/2‐negative breast cancer patients 
(Table 1). Most of the carriers had only 1 mutation, while 6 carriers 
had 2 mutations simultaneously (Data S1: Table S2). Among these, 
PALB2 (n = 54), TP53 (n = 36), ATM (n = 31), RAD51D (n = 30), CHEK2 
(n = 27), RAD50 (n = 26), ERCC2 (n = 12), BLM (n = 11) and MLH1 
(n = 10) were the most frequently mutated genes (Table S3).

The germline mutation rates of the 16 DNA‐repair genes were 
as follows: 5.2% (34/659) in FBC, 4.5% (45/1241) in EBC and 2.9% 
(167/5757) in SBC. There were significantly higher prevalence rates 
of carriers in the FBC group (5.2% vs 2.9%, P = 0.002) and in the 

TA B L E  3   Comparison of clinicopathological characteristics 
between DNA‐repair germline mutation carriers and non‐carriers in 
this cohort

Characteristics

16 DNA‐repair 
gene mutation 
carriers Non‐carriers

PN % N %

Total 257 7400

Age at diagnosis, years

Mean ± SD 48.2 ± 12.0 51.4 ± 11.6 <0.001

Median 
(range)

7 (22‐83) 50 (19‐98)

≤40 y 65 25.3 1276 17.2 0.001

>40 y 192 74.7 6124 82.8

Family history of breast and/or ovarian cancer

No 223 86.8 6775 91.6 0.007

Yes 34 13.2 625 8.4

Family history of any cancer

No 159 61.9 5075 68.6 0.02

Yes 98 38.1 2325 31.4

Tumor size

≤2 cm 95 37.4 3208 43.9 0.04

>2 cm 159 62.6 4097 56.1

Unknown 3 95

Tumor type

IDC 234 91.1 6597 89.1 0.35

ILC 8 3.1 232 3.1

Medullary 3 1.2 36 0.5

Mucinous 3 1.2 158 2.1

Others 9 3.5 377 5.1

Tumor grade

I 19 9.5 599 10.6 0.71

II 154 76.6 4188 74.0

III 28 13.9 873 15.4

Unknown 56 1740

Lymph node status

Negative 168 66.7 5270 73.0 0.03

Positive 84 33.3 1953 27.0

Unknown 5 177

ER status

Negative 67 26.8 1997 28.2 0.63

Positive 183 73.2 5081 71.8

Unknown 7 322

PR status

Negative 78 32.4 2479 35.6 0.31

Positive 163 67.6 4491 64.4

Unknown 16 430

HER2 status

Negative 190 78.5 5019 74.1 0.12

(Continues)

Characteristics

16 DNA‐repair 
gene mutation 
carriers Non‐carriers

PN % N %

Positive 52 21.5 1754 25.9

Unknown 15 627

Bilateral breast cancer

No 247 96.1 7216 97.5 0.16

Yes 10 3.9 184 2.5

ER, estrogen receptor; HER2, human epidermal growth factor receptor 
2; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; PR, 
progesterone receptor; TNBC, triple negative breast cancer.

TA B L E  3   (Continued)
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EBC group (4.5% vs 2.9%, P = 0.003) compared with that in the SBC 
group (Table 2).

We further analyzed the mutation rates in molecular subgroups 
based on estrogen receptor (ER), progesterone receptor (PR) and 
human epidermal growth factor receptor (HER2) status. No signif‐
icant differences in mutation rates were observed among the four 
molecular subgroups (P = 0.16) (Table S4).

3.2 | DNA‐repair gene mutations and 
clinicopathological characteristics

The average age of breast cancer onset in DNA‐repair gene mutation 
carriers was significantly younger than that in non‐carriers (mean 
age ± SD: 48.2 ± 12.0 vs 51.4 ± 11.6, P < 0.001) (Table 3). In addi‐
tion, the carriers were more likely to have a positive family history 
of any cancer (38.1% vs 31.4%, P = 0.02), especially breast and/or 
ovarian cancer family history (13.2% vs 8.4%, P = 0.007), compared 
with non‐carriers (Table 3).

In terms of the surgical characteristics of the tumor, the DNA‐
repair gene mutation carriers were significantly more likely to 
have a larger tumor (62.6% vs 56.1%, P = 0.04) and lymph node 
metastasis (33.3% vs 27.0%, P = 0.03) compared with non‐carriers 
(Table 3).

3.3 | DNA‐repair gene mutations and survival

In this cohort of 7657 BRCA1/2‐negative breast cancer patients, 
104 patients with stage IV disease when diagnosed with breast can‐
cer and 71 patients who were lost to follow up were excluded from 
the survival analysis. Thus, the remaining 7482 (97.7%) primary op‐
erable breast cancer patients were analyzed for survival. After the 
median follow‐up time of 65.2 months (range 1.0‐201.1 months), 
887 patients experienced recurrence (local or distant) or died of 
breast cancer.

Carriers of germline mutations in DNA‐repair genes had sig‐
nificantly worse RFS (unadjusted HR = 1.60, 95% CI: 1.18‐2.15, 
P = 0.002) and DSS (unadjusted HR = 1.82, 95% CI: 1.19‐2.77, 
P = 0.005) compared with non‐carriers (Figure 1). Furthermore, 
DNA‐repair gene germline mutation was a significantly independent 
unfavorable factor for RFS (adjusted HR = 1.38, 95% CI: 1.00‐1.91, 
P = 0.05) and DSS (adjusted HR = 1.63, 95% CI: 1.04‐2.57, P = 0.03) 
after adjustment for age, tumor size, lymph node, tumor grade, ER/
PR/HER2 status and treatment (Table 4).

We further stratified survival analyses for molecular subtypes 
based on ER, PR and HER2 status. DNA‐repair germline muta‐
tions were associated with worse RFS and DSS in the ER+ and/or 
PR+ subgroup (RFS: P = 0.01; DSS: P = 0.02) and ER−/PR−, HER2+ 
subgroup (RFS: P = 0.002; DSS: P = 0.04). However, no significant 
differences in survival were observed between carriers and non‐
carriers in the ER−/PR−, HER2− subgroup (Figure S1). Among the 
16 DNA‐repair genes, PALB2, ATM, NBN, CHEK2 and TP53 genes 
are associated with breast cancer risk according to NCCN guide‐
line. No significant differences in survival were observed between 

patients with these 5 breast cancer susceptibility gene germline 
mutations and non‐carriers (RFS: unadjusted HR = 1.40, 95% CI: 
0.92‐2.11, P = 0.12; DSS: unadjusted HR = 1.47, 95% CI: 0.81‐2.69, 
P = 0.21) (Figure S2), while germline mutations in 11 other DNA‐re‐
pair genes were associated with worse RFS (unadjusted HR = 1.88, 
95% CI: 1.23‐2.87, P = 0.003) and DSS (unadjusted HR = 2.31, 95% 
CI: 1.30‐4.10, P = 0.004) (Figure S2).

4  | DISCUSSION

In this study, we determined germline mutations in 16 DNA‐repair 
genes in a large cohort of 7657 BRCA1/2‐negative breast cancer 
patients. We observed that 3.4% of patients harbored at least 1 

F I G U R E  1   Survival analyses by Kaplan‐Meier according to 
germline mutation status in 16 DNA‐repair genes. Panel A and 
B show recurrence‐free survival and disease‐specific survival, 
respectively
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pathogenic mutation in DNA‐repair genes in this cohort; moreover, 
the DNA‐repair gene mutation carriers exhibited an aggressive phe‐
notype and had poor survival compared with noncarriers.

These 16 DNA‐repair genes play critical roles in core DNA 
damage repair or signaling pathways, and all of them have been 
reported to be genes that confer susceptibility to breast or other 
cancers,10‐12 suggesting the critical role of germline mutations in 
the 16 DNA‐repair genes in tumorigenesis. Despite mutations in 
each gene being rare, the overall mutation rate of these 16 DNA‐
repair genes was 3.4% in unselected BRCA1/2‐negative cases, 
which is comparable to the BRCA2 mutation rate (3.5%).8 The car‐
riers of breast cancer susceptibility genes had a trend of clustering 
in familial and early‐onset patients.13 Similarly, the mutation rates 

of these DNA‐repair genes in this study were higher in the FBC 
and EBC groups than in the SBC group. Given the huge number 
of sporadic breast cancer patients, this low mutation rate in SBC 
(2.9%) might nonetheless be important for screening. Thus, the 
screening of DNA‐repair gene mutations could be offered not only 
to familial and early‐onset breast cancer patients, but also to spo‐
radic breast cancer patients as well.

We found that patients with mutations in these 16 DNA‐repair 
genes were more likely to have a larger tumor and lymph node me‐
tastasis. Moreover, DNA‐repair gene mutation was an independent 
unfavorable prognosis factor after adjustment for other factors. The 
associations between germline mutations in a single DNA‐repair 
gene and survival are reported in previous studies.14‐17 Breast cancer 

Variable

RFS DSS

HR (95% CI) P HR (95% CI) P

Age

≤40 y 1.00 ‐ 1.00 ‐

>40 y 0.80 (0.67‐0.94) 0.009 1.25 (0.93‐1.68) 0.13

Tumor size

≤2 cm 1.00 ‐ 1.00 ‐

>2 cm 1.55 (1.32‐1.82) <0.001 1.74 (1.36‐2.22) <0.001

Lymph node

Negative 1.00 ‐ 1.00 ‐

Positive 3.69 (3.18‐4.29) <0.001 5.08 (4.05‐6.37) <0.001

Grade

I 1.00 ‐ 1.00 ‐

II 1.37 (1.06‐1.78) 0.02 1.94 (1.23‐3.08) 0.005

III 1.49 (1.10‐2.03) 0.01 2.18 (1.30‐3.65) 0.003

ER status

Negative 1.00 ‐ 1.00 ‐

Positive 0.72 (0.56‐0.91) 0.006 0.75 (0.45‐1.05) 0.09

PR status

Negative 1.00 ‐ 1.00 ‐

Positive 0.73 (0.59‐0.90) 0.003 0.51 (0.38‐0.70) <0.001

HER2 status

Negative 1.00 ‐ 1.00 ‐

Positive 1.12 (0.95‐1.31) 0.18 1.13 (0.90‐1.43) 0.30

Treatment

No treatment 1.00 ‐ 1.00 ‐

C vs no treatment 1.11 (0.85‐1.47) 0.44 0.83 (0.56‐1.24) 0.36

E vs no treatment 1.28 (0.96‐1.70) 0.09 0.97 (0.64‐1.47) 0.87

C + E vs no 
treatment

1.17 (0.84‐1.63) 0.35 0.83 (0.50‐1.37) 0.46

Mutation

Non‐carriers 1.00 ‐ 1.00 ‐

16 DNA‐repair genes 1.38 (1.00‐1.91) 0.05 1.63 (1.04‐2.57) 0.03

C, chemotherapy; CI, confidence interval; DSS, disease‐specific survival; E, endocrine therapy; ER, 
estrogen receptor; HER2, human epidermal growth factor receptor 2; HR, hazard ratio; PR, proges‐
terone receptor; RFS, recurrence‐free survival.

TA B L E  4   Multivariate analyses of 
recurrence‐free survival and disease‐
specific survival in this cohort



     |  3373FAN et Al.

patients carrying PALB2 recurrent mutations tended to present an 
aggressive tumor phenotype and had worse breast cancer‐specific 
survival15 and overall survival.14 Similarly, recurrent mutations in 
CHEK2, a checkpoint factor in the DNA‐repair process, were associ‐
ated with poor clinical outcome in breast cancer.16,17 Besides breast 
cancer, germline mutations in DNA‐repair genes also predicted 
worse survival in pancreatic cancer patients and prostate cancer pa‐
tients.4,5 However, some studies showed that germline and somatic 
mutations in homologous recombination genes were associated with 
better survival in ovarian carcinomas.18,19 This discrepancy in sur‐
vival may be explained by differences in the cancer type, the selected 
gene panel, and the applied treatment strategies.20 Notably, survival 
analysis in this study was based on a large series cohort of breast 
cancer patients who were unselected for age at diagnosis and family 
history, and the effect of BRCA1/2 on prognosis has been excluded, 
so our results objectively reflected the association between germ‐
line mutations in DNA‐repair genes and survival in BRCA1/2‐negative 
breast cancer patients.

A phase II trial revealed that metastatic prostate cancer patients 
harbored germline mutations in DNA‐repair genes, which may ren‐
der their tumors sensitive to poly (ADP‐ribose) polymerase (PARP) 
inhibitors.21 Furthermore, a recent phase III trial showed that PARP 
inhibitor provided a significant benefit over single‐agent chemo‐
therapy in metastatic breast cancer patients with germline BRCA1/2 
mutations.22 Studies in vitro also demonstrated that cell lines or xe‐
nograft tumors defective in non‐BRCA1/2 DNA‐repair genes were 
sensitive to PARP inhibitors.23 These findings suggested that breast 
cancer patients with germline mutations in DNA‐repair genes may 
benefit from PARP inhibitor therapy, indicating that carriers of mu‐
tations in DNA‐repair genes could be enrolled in future clinical trials 
for treatment with PARP inhibitors.

There are some limitations in this study. First, the cohort was 
hospital‐based, so potential selection bias could not be avoided. 
Second, the panel‐based sequencing cannot identify large structural 
variants, so the frequency of pathogenic mutations would have been 
underestimated here.

In summary, we observed that 3.4% of BRCA1/2‐negative 
breast cancer patients harbored at least 1 pathogenic mutation in 
16 DNA‐repair genes. Carriers of mutations in DNA‐repair genes 
had poor survival and were more likely to have a larger tumor and 
lymph node metastasis. Given that the multigene assay has be‐
come a routine method, our findings may have potential clinical 
implications and suggest that carriers of DNA‐repair gene muta‐
tions could be enrolled in future clinical trials for treatment with 
PARP inhibitors.
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