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Abstract
Background: Next generation sequencing (NGS) based multigene panel testing is revolutionizing the evaluation of hereditary breast cancer predisposition. We assessed the germline mutation pattern of 20 breast cancer susceptibility genes and how they correlated with clinical characteristics in an ethnic Chinese cohort in Taiwan. We also evaluated how BRCA mutation status affected breast cancer prognosis as previous studies have shown mixed results.
Methods and Findings: The study cohort included 480 individuals with at least one of the six risk factors: family history of breast or ovarian cancer, young age of onset for breast cancer, bilateral breast cancer, triple negative breast cancer, both breast and ovarian cancer, and male breast cancer. PCR-enriched amplicon-sequencing on an NGS platform was used to sequence all exons and exon-flanking regions of 20 genes in genomic DNA. Protein-truncating variants were identified as pathogenic. We detected a 13.5% carrier rate of pathogenic mutations in 11 of the 20 genes. Non-BRCA1/2 genes accounted for 38.5% of the mutation carriers with PALB2 being the most prevalent. Having bilateral breast cancer is the only one of the six risk factors that significantly increased the odds of detecting a pathogenic mutation in multivariate analysis (OR 3.27, 95% CI [1.64, 6.51], P=0.0008). BRCA1/2 germline mutation carriers were more likely to be diagnosed of breast cancer at a later stage (P=0.037), and had significantly worse clinical outcomes. The 10-year disease-free survival was 55.6% for BRCA mutation carriers and 77.5% for non-carriers (P=0.002, log rank test). After adjusting for stage, age of onset, and triple negative tumor type, BRCA mutation remained a significant poor prognostic factor for breast cancer specific survival (HR 1.99, 95% CI [1.04, 3.83], P=0.038, COX proportional hazards analysis).
Conclusions: Multigene panel testing of selected breast cancer susceptibility genes is an important risk assessment strategy in the Chinese population. Without prior knowledge of mutation status, BRCA mutation carrying breast cancer patients may be diagnosed at a later stage, and the pathogenic mutation may be an independent poor prognostic factor. More aggressive breast cancer treatment may be considered in BRCA mutation carriers.


Introduction
Breast cancer is the most common malignancy in women in the western world as well as in Asia (1). About 5% of the breast cancer patients may carry heritable cancer susceptibility gene mutations (2, 3). In studies of mostly western populations, BRCA1 and BRCA2 (BRCA1/2) account for 50–80% of these gene mutations, with BRCA1 being more common than BRCA2 (3, 4). Other breast cancer susceptibility genes include those associated with rare high-penetrance cancer predisposing syndromes (e.g. TP53, CDH1, PTEN, STK11), moderate-penetrance genes (e.g. PALB2, ATM, CHEK2, RAD51C, RAD51D, BRIP1), and low-penetrance single-nucleotide polymorphisms (SNPs) (5, 6). Testing for breast cancer susceptibility genes allows the identification of individuals at high risk for developing breast cancer and/or ovarian cancer, and the implementation of potentially life-saving screening and risk-reducing prophylactic interventions. Testing for BRCA1/2 gene mutations have become a standard of practice for high risk women in western countries, with even discussions on population-wide screening (7).
With the advent of the next generation sequencing (NGS) technology, multigene panel testing has become increasingly prevalent (8-11) and could identify up to 50% more individuals with cancer susceptibility gene mutations than testing for BRCA1/2 alone (12). Most of these genes are moderate risk genes and many result in alteration of cancer risk estimation and clinical actionability (12, 13). There are unique challenges in terms of consistent guidelines of clinical recommendation for the additional mutations and of interpreting variants of uncertain significance (VUS), further research is needed to advance our knowledge, and to develop evidence-based practice guidelines (6)
Compared with western population, studies of breast cancer susceptibility genes in the Asian population are limited in terms of size of the study population, assay technique, number of genes studied, and clinical correlation. Results to date have shown BRCA1/2 mutation frequency of 10-30% in familial or other high risk breast cancers in Asians, somewhat lower than in Whites (14-20). The distribution of mutations in BRCA1/2 and other breast cancer susceptibility genes differ between Whites and Asians (21), with many unique gene mutations reported in the Chinese population, such as in BRCA1 (14, 17, 22-24), BRCA2 (14, 22-24), and PALB2 (25). In addition, the risk prediction models for BRCA1/2 mutation carrier rates and cancer risks developed from western populations often have variable performances in the Asian population suggesting different contributions of the clinical risk factors (16, 26). These results highlight the importance of and the need for accumulation of mutation databases in the Asian population, in order to make more accurate interpretation and prediction for mutation and cancer risks which would affect counseling and clinical management.
In this study, we investigated the mutation pattern in breast cancer susceptibility genes using a NGS-based multigene panel in a cohort of high risk ethnic Chinese population in Taiwan. We evaluated the value of clinical risk factors to predict mutation carrier status. BRCA1/2 associated breast cancers may have different clinicopathological characteristics (27, 28). It is unclear whether BRCA mutation carrier status affects breast cancer prognosis and previous studies have shown conflicting results (29-32). We studied the correlation of BRCA mutation with clinical characteristics and cancer prognosis in this large cohort with long follow-up duration.
Methods
The study protocol was approved by the Institutional Review Board at Koo Foundation Sun Yat-Sen Cancer Center (KF-SYSCC) (case No. 20141222A). Informed consent was obtained for each participant.
Study participants
KF-SYSCC treats up to 10% of breast cancer patients in Taiwan, over 1,000 newly diagnosed patients annually. Between July 30, 2015 and March 31, 2016, we enrolled 480 individuals fulfilling at least one of the six eligibility criteria: family history of breast or ovarian cancer at any age (2 or more individuals on the same lineage of the family), personal history of breast cancer with age of diagnosis less than or equal to 40, bilateral breast cancer diagnosed at the same time or sequentially, triple negative (ER/PR/HER2-neu negative) breast cancer, breast and ovarian cancer in the same individual, and male breast cancer. None of the participants had known mutation status in any cancer susceptibility gene prior to enrolling in this study.
After informed consent, one 5-10ml whole blood sample was collected from the participant. Alternatively, the participant could elect to use buffy coat if previously stored in our Biobank. Participant demographics, risk factors, family history, tumor characteristics and treatment information, clinical outcomes were collected through participant surveys, electronic medical records, and institutional breast cancer database.
Sequencing and variant analyses of cancer susceptibility genes in genomic DNA
Twenty breast cancer susceptibility genes were selected for germline genomic sequencing based on review of medical literature, and they were: BRCA1, BRCA2, PTEN, TP53, CDH1, STK11, NF1, NBN, MLH1, MSH2, MSH6, PMS2, ATM, BRIP1, CHEK2, PALB2, RAD50, BARD1, RAD51C, and RAD51D.
PCR-enriched amplicon-sequencing on an NGS platform was used to sequence genomic DNA, which was extracted from whole blood or frozen buffy coat samples. The DNA samples were first PCR amplified using the Qiagen GeneRead DNAseq custom panel primer sets for the 20 genes, covering all exons as well as at least 10-base exon-flanking regions. The Qiagen primer set included 1,184 amplicons and provided at least 90% coverage for most genes except for STK11 (59%), PMS2 (74%) and MSH2 (89%). PCR libraries were then constructed using the Qiagen DNA Library core kit. Library quality control was performed using the Qubit dsDNA HS Assay kit and the Agilent DNA 1000 kit. The barcoded DNA libraries underwent 2x150bp paired-end sequencing on Illumina MiSeq (300-cycle) NGS instrument following manufacturer’s user manual. The average base call error rates were less than 1.0%. Sample preparation and sequencing were carried out at the NCGM core facility (National Center for Genome Medicine of the National Core Facility Program for Biotechnology, Ministry of Science and Technology) at Academia Sinica. The core facility also provided preliminary analyses of the NGS sequencing data. HiPipe (High performance Pipelines for NGS Data Analysis: http://hipipe.ncgm.sinica.edu.tw/) supports multiple-sample analysis and data management for exome variance detection. VarioWatch (http://genepipe.ncgm.sinica.edu.tw/variowatch/main.do) provides large-scale and comprehensive annotations on human genomic variants. 	Comment by 彭洪斌: Reference: doi:10.1093/nar/gks397
We designed constructed a pipeline based on public domain software and databases for alignment, variant calling, and annotation, using GRCh37 as the reference genome. Both the GATK algorithm (Genome Analysis Toolkit, Broad Institute, Inc. https://software.broadinstitute.org/gatk/) and BWA (http://bio-bwa.sourceforge.net/) for sequence reads alignment followed by Samtools (http://samtools.sourceforge.net/) for variant calling were used. BWA (http://bio-bwa.sourceforge.net/) is used to map reads to reference genome. Variant calling protocol is based on GATK Best Practices (https://software.broadinstitute.org/gatk/best-practices/). Bam-readcount (https://github.com/genome/bam-readcount) is used to count variants for each aligned position.  In the non-GATK algorithm, a 10% cutoff for proportion of raw reads with a variant was used for variant calling. Variants that are intergenic, intronic (except for the 10bp exon-flanking areas), or synonymous (sense) were excluded. All other variants identified with the two algorithms were compared, and discrepant variants were manually inspected by viewing the BAM reads using the Integrative Genomics Viewer (IGV, Broad Institute, Inc.) to decide on the validity of the variant. The variants were searched in the dbSNP database (http://www.ncbi.nlm.nih.gov/SNP/) and the ClinVar database (http://www.ncbi.nlm.nih.gov/clinvar/). Variants were annotated as pathogenic, uncertain significance (VUS), or benign, using variant-dependent methods and disease-dependent methods. Non-sense, frame-shift, and splice-site mutations that result in a truncated protein product were classified as pathogenic. The clinical significance interpretation on ClinVar, if available, was referenced for categorization. Variants with high minor allele frequency (MAF) in the global or East Asian population in the 1000 Genomes (http://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/) or ExAC (Exome Aggregation Consortium, http://exac.broadinstitute.org/) databases, or allele carrier frequency more than 10% in our cohort were deemed benign. Novel missense mutations not found in the public databases were classified as variants of uncertain significance. We used various in silico models based on evolutionary conservation, protein structure, or amino acid properties (Align-GVGD(33), PolyPhen-2(34), SIFT(35), PROVEAN(36), CADD(37)) to further characterize the clinical significance of the variants especially missense variants. However, we did not change the classifications based on in silico models. Since the interpretation of missense variants is often controversial (6), we took a more conservative approach of only including the protein-truncating variants in the clinical correlation of this study.	Comment by 彭洪斌: 是否有設定 read depth 的下限?
網頁介面預設值是50	Comment by 彭洪斌: dbSNP 資料庫內的版本是version 146，但是表一我們有在另外比較最新的version 150	Comment by 彭洪斌: ClinVar version 20160502
All pathogenic variants and variants that were questionable in quality of calling were further verified using the Sanger sequencing method.
Detection of large genomic rearrangement using copy number variation analyses
Coverage or read depth has been used to detect copy number variations (CNVs) in genome-scale (whole genome sequencing) datasets. Multiplex PCR-based enrichment focuses sequencing efforts on a very small fraction of the genome, and the observed read depth for each of the regions can differ due to varying number of PCR amplicons, sequence variation, or PCR enrichment efficiency. For our PCR-enriched amplicon sequencing data of the 20 genes, we used two algorithms, Quandico (38) and ONCOCNV (39), developed specifically for CNV analysis of amplicon sequencing data. The CNVs detected were then verified experimentally using the multiplex ligation-dependent probe amplification (MLPA) technique.
Statistical analyses
	The six eligibility criteria were clinical risk factors for having a pathogenic mutation in one of the 20 genes sequenced. The odds ratios (OR) of having a pathogenic mutation were calculated using multivariable logistic regression with the six dichotomous risk factors as independent variables, and having a pathogenic mutation as dependent variable. The odds ratio for the number of risk factors was obtained by logistic regression. Statistical significance was represented as 95% confidence interval and P-value. For study participants who have had breast cancer, tumor characteristics and clinical outcome were extracted from the institutional breast cancer database. Correlation statistics with BRCA1/2 mutations were performed using the Chi-square test or t test. Disease-free survivals of the two groups with and without BRCA1/2 mutation were compared using Kaplan-Meier curves, and the statistical significance was assessed using Chi-square test with recurrence or death as dichotomous variables, and log-rank test for 10-year disease-free survival. COX proportional hazards regression analysis was used to evaluate univariate and multivariate hazard ratios for prognostic factors including BRCA mutation, stage (2-4 vs 0,1), triple negative breast cancer, and young age of onset (<= 40). An alpha level of 0.05 was defined as statistically significant for rejecting the null hypothesis. All analyses were performed using SAS 9.4® (SAS Institute, Cory, NC, USA).
Results
Among our cohort of 480 individuals, all are ethnically Chinese; 95.4% (458) had a personal history of breast cancer. The mean age of onset for breast cancer was 42.5 (range 17-82). The proportions (number) of individuals with each risk factor were: family history 47.5% (228), age of onset ≤ 40 54.2% (260), bilateral breast cancer 11.3% (54), triple-negative breast cancer 26.5% (127), breast and ovarian cancer in the same woman 0.8% (4), and male breast cancer 1.3% (6).
Characteristics of the mutations
Among the 20 genes sequenced, we identified 47 pathogenic mutations carried in 65 individuals, a detection rate of 13.5% in 11 genes, and 8.3% (n=40) in BRCA1/2 gene in this high risk population (Figure 1). Among the 65 individuals, BRCA2 mutations were the most prevalent comprising 52% (n=34) of all pathogenic mutation carriers, while there were only 9% (n=6) with a BRCA1 pathogenic mutation. PALB2 was the second most common gene to have pathogenic mutations with 14% (n=9) carrier rate. Non-BRCA gene mutations contributed to 38.5% (n=25), a significant portion of the pathogenic mutation carriers.

Figure 1. Distribution of pathogenic mutations in 20 breast cancer susceptibility genes. Genes not shown were those without identified pathogenic mutations in the study cohort (PTEN, CDH1, STK11, NF1, NBN, MLH1, MSH2, MSH6, CHEK2).	Comment by 彭洪斌: 我們有試著讓標籤依照順序顯示，避免交叉。
這個 pie chart 加起來是 102% 可能是四捨五入造成的
Among the 47 mutations identified, there were 15 nonsense, 28 frameshift, 3 splice-site variants, and 1 large genomic rearrangement (deletion) (Table 1). Twenty-one (44.7%) of the pathogenic mutations have not been recorded in the dbSNP database, designated as novel variants. We also identified 173 variants of uncertain significance, of which 45 were novel. In addition to individuals carrying pathogenic mutations, 183 (38%) in our cohort carried at least one VUS.	Comment by 彭洪斌: 我們另外找到了四個在dbSNP 有紀錄， 21 變成 17

	Table 1. Pathogenic mutations in breast cancer susceptibility genes in a high risk population for hereditary breast cancer in Taiwan (N=480)

	
	Gene
	HGVS notation
	Type of variant
	No of patients
	SNP ID

	
	BRCA1
	NM_007294.3:c.5075-1G>A
	Splice site
	1
	rs1800747

	
	BRCA1
	NM_007294.3:c.4678_4679delGG
	Frameshift
	2
	Novel

	
	BRCA1
	NM_007294.3:c.3644_3648delACTTA
	Frameshift
	1
	Novel

	
	BRCA1
	deletion of exon 1 to 16
	LGR
	2
	Novel

	
	BRCA2
	NM_000059.3:c.-7_9del16
	Frameshift
	1
	Novel

	
	BRCA2
	NM_000059.3:c.469_470delAA
	Frameshift
	2
	rs397507739

	
	BRCA2
	NM_000059.3:c.755_758delACAG
	Frameshift
	1
	rs80359659

	
	BRCA2
	NM_000059.3:c.799dupG
	Frameshift
	1
	Novel

	
	BRCA2
	NM_000059.3:c.857C>G
	Nonsense
	1
	Novel

	
	BRCA2
	NM_000059.3:c.2095C>T
	Nonsense
	1
	Novel	Comment by 彭洪斌: dbSNP150: rs878853559

	
	BRCA2
	NM_000059.3:c.2442delC
	Frameshift
	1
	rs397507627

	
	BRCA2
	NM_000059.3:c.2754delC
	Frameshift
	1
	Novel

	
	BRCA2
	NM_000059.3:c.2808_2811delACAA
	Frameshift
	1
	rs80359351

	
	BRCA2
	NM_000059.3:c.2990T>G
	Nonsense
	1
	Novel

	
	BRCA2
	NM_000059.3:c.3109C>T
	Nonsense
	3
	rs80358557

	
	BRCA2
	NM_000059.3:c.3322A>T
	Nonsense
	1
	Novel

	
	BRCA2
	NM_000059.3:c.3883C>T
	Nonsense
	1
	Novel	Comment by 彭洪斌: dbSNP150: rs879255309

	
	BRCA2
	NM_000059.3:c.4914dupA
	Frameshift
	1
	rs786203494

	
	BRCA2
	NM_000059.3:c.5141_5144delATTT
	Frameshift
	1
	rs80359487

	
	BRCA2
	NM_000059.3:c.5164_5165delAG
	Frameshift
	6
	rs80359490

	
	BRCA2
	NM_000059.3:c.5621_5624delTTAA
	Frameshift
	1
	rs80359526

	
	BRCA2
	NM_000059.3:c.6275_6276delTT
	Frameshift
	1
	rs11571658

	
	BRCA2
	NM_000059.3:c.6490C>T
	Nonsense
	1
	rs397507860

	
	BRCA2
	NM_000059.3:c.6800C>A
	Nonsense
	1
	rs377698594

	
	BRCA2
	NM_000059.3:c.8203delC
	Frameshift
	1
	Novel

	
	BRCA2
	NM_000059.3:c.8234dupT
	Frameshift
	1
	rs276174903

	
	BRCA2
	NM_000059.3:c.8400_8402delTTTinsAAAA
	Frameshift
	1
	Novel	Comment by 彭洪斌: rs483353077

	
	BRCA2
	NM_000059.3:c.8485C>T
	Nonsense
	1
	rs80359099

	
	BRCA2
	NM_000059.3:c.8961_8964delGAGT
	Frameshift
	1
	rs80359734

	
	BRCA2
	NM_000059.3:c.9227delG
	Frameshift
	1
	rs397508040

	
	PALB2
	NM_024675.3:c.3143delA
	Frameshift
	1
	Novel

	
	PALB2
	NM_024675.3:c.2968G>T
	Nonsense
	1
	Novel	Comment by 彭洪斌: dbSNP150: rs876659036

	
	PALB2
	NM_024675.3:c.2480_2481delCA
	Frameshift
	1
	Novel

	
	PALB2
	NM_024675.3:c.2257C>T
	Nonsense
	1
	rs180177110

	
	PALB2
	NM_024675.3:c.1059delA
	Frameshift
	1
	rs730881872

	
	PALB2
	NM_024675.3:c.1050_1051delAAinsTCT
	Frameshift
	2
	rs180177098

	
	PALB2
	NM_024675.3:c.643G>T
	Nonsense
	2
	Novel

	
	ATM
	NM_000051.3:c.2284_2285delCT
	Frameshift
	2
	rs587781658

	
	ATM
	NM_000051.3:c.6312G>A
	Nonsense
	1
	Novel

	
	TP53
	NM_000546.5:c.420_421insAGACC
	Frameshift
	1
	Novel

	
	PMS2
	NM_000535.5:c.1144+1G>A
	Splice site
	1
	rs373885654

	
	BRIP1
	NM_032043.2:c.2244C>G
	Nonsense
	1
	Novel

	
	BARD1
	NM_000465.3:c.654G>A
	Nonsense
	1
	Novel

	
	RAD50
	NM_005732.3:c.2157dupA
	Frameshift
	1
	rs397507178

	
	RAD51C
	NM_058216.2:c.394dupA
	Frameshift
	1
	rs730881940

	
	RAD51C
	NM_058216.2:c.905-2A>C
	Splice site
	1
	rs779582317

	
	RAD51D
	NM_002878.3:c.270_271dupTA
	Frameshift
	6
	rs753862052

	　
	　
	　
	　
	　
	　

	LGR: Large Genomic Rearrangements
	
	
	


Significance of risk factors for breast cancer susceptibility gene mutation
Correlations between the hereditary breast cancer risk factors and actually having a pathogenic mutation in any of the 20 genes are shown in Table 2. Multivariate analysis showed that the only significant risk factor was having bilateral breast cancer (synchronous or metachronous), with an odds ratio of 3.27 (95% CI [1.64, 6.51]; P=0.0008). The remaining risk factors including family history, age of onset for breast cancer, triple-negative breast cancer did not show significant correlation with the presence of pathogenic mutation. The number of individuals with both breast and ovarian cancer and that with male breast cancer are too small to detect any statistical significance. 
The number of risk factors in an individual was significantly correlated with having a pathogenic mutation. For each additional risk factor, the odds ratio of having a pathogenic mutation was 1.82 (95% CI [1.25, 2.64]; P=0.002).
	Table 2. Correlation between clinical risk factors and pathogenic mutations in breast cancer susceptibility genesa

	Risk factors
	Yes/No
	Pathogenic mutation rate
	OR (95% CI)b
	P-value

	
	Family historyc
	Yes
	16.2% (37/228)
	1.60 (0.90, 2.88)
	0.113

	
	
	No
	11.1% (28/252)
	
	

	
	Age of onset
	≤ 40
	12.7% (33/260)
	1.26 (0.69, 2.31)
	0.452

	
	
	> 40
	13.6% (27/198)
	
	

	
	Triple negative breast cancer
	Yes
	14.2% (18/127)
	1.27 (0.67, 2.42)
	0.469

	
	
	No
	13.3% (47/353)
	
	

	
	Bilateral breast cancer
	Yes
	29.6% (16/54)
	3.27 (1.64, 6.51)
	0.0008

	
	
	No
	11.5% (49/426)
	
	

	
	Breast and ovarian cancer
	Yes
	50% (2/4)
	5.90 (0.70, 49.6)
	0.103

	
	
	No
	13.0% (63/476)
	
	

	
	Male breast cancer
	Yes
	16.7% (1/6)
	2.35 (0.25, 21.9)
	0.454

	
	
	No
	13.1% (64/474)
	
	

	No. of risk factors
	1
	10.4% (32/309)
	1.82 (1.25, 2.64)
	0.002

	
	
	2
	18.4% (27/147)
	
	

	
	
	3
	19.1% (4/21)
	
	

	
	
	4
	50% (1/2)
	
	

	
	
	5
	100% (1/1)
	
	

	All subjects
	
	13.5% (65/480)
	
	

	　
	　
	　
	　
	　
	　

	a. The 20 breast cancer susceptibility genes were: ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, MLH1, MSH2, MSH6, NF1, NBN, PTEN, PMS2, PALB2, RAD50, RAD51C, RAD51D, STK11, TP53. All exons and exon-flanking regions (>10bp) were sequenced.
b. The odds ratios (OR) of having a pathogenic mutation in the 20 genes were calculated using multivariable logistic regression with the six dichotomous risk factors as independent variables, and having a pathogenic mutation as dependent variable, except that the odds ratio for the no. of risk factors was obtained using univariate logistic regression.
c. The presence of family history was defined as two or more persons on the same lineage of the family having breast or ovarian cancer. If the patient has breast cancer herself, she only needs one family member with breast/ovarian cancer to qualify as having family history.


Tumor characteristics
Among the 458 patients with breast cancer, 457 had tumor characteristics and clinical outcome available. The tumor characteristics of those with BRCA1 or BRCA2 pathogenic mutations and those without were compared (Table 3). Those carrying germline BRCA mutations had more advanced disease upon initial diagnosis (P=0.037), with more patients having stage 3 disease and less having stage 1 disease. Probably as a result, more received chemotherapy (100% vs 80.8%, P=0.004) and had mastectomy as supposed to breast conserving surgery (80.6% vs 61.8%, P=0.026). There had been no prior knowledge of cancer susceptibility gene mutation status at the time of breast cancer diagnosis or treatment for any of the patients. Other cancer characteristics, including age of onset, estrogen receptor, HER2-neu overexpression, nuclear grade, lymphovascular invasion, and receipt of radiotherapy were not significantly different.
	Table 3. Clinical characteristics in the cohort of breast cancer patients (N=457) and their correlation with BRCA1 & BRCA2 pathogenic mutations

	Clinical characteristics
	
	With BRCA mutation
N=36
	No BRCA mutation
N=421
	P-value*

	
	Age of onset, mean (SD)
	
	42.4 (10.1)
	42.5 (10.1)
	0.972

	
	Stage
	0 (DCIS)
	0 (0%)
	12 (2.9%)
	0.037 

	
	
	1
	8 (22.2%)
	149 (35.4%)
	

	
	
	2
	15 (41.7%)
	169 (40.1%)
	

	
	
	3
	8 (22.2%)
	49 (11.6%)
	

	
	
	4
	0 (0%)
	7 (1.7%)
	

	
	
	LABC
	3 (8.3%)
	32 (7.6%)
	

	
	ER
	Positive
	24 (66.7%)
	246 (58.4%)
	0.377 

	
	
	Negative
	12 (33.3%)
	170 (40.4%)
	

	
	PR
	Positive
	26 (72.2%)
	219 (52.0%)
	0.024 

	
	
	Negative
	10 (27.8%)
	197 (46.8%)
	

	
	HER2-neu overexpression
	Yes
	3 (8.3%)
	75 (17.8%)
	0.126 

	
	
	No
	31 (86.1%)
	310 (73.6%)
	

	
	Triple negative (ER/PR/HER2)
	Yes
	9 (25.0%)
	117 (27.8%)
	0.719 

	
	
	No
	27 (75.0%)
	304 (72.2%)
	

	
	Surgery type
	MRM
	29 (80.6%)
	260 (61.8%)
	0.026 

	
	
	BCT
	7 (19.4%)
	160 (38.0%)
	

	
	Chemotherapy
	Yes
	36 (100%)
	340 (80.8%)
	0.004 

	
	
	No
	0 (0%)
	78 (18.5%)
	

	
	Radiotherapy
	Yes
	29 (80.6%)
	291 (69.1%)
	0.099 

	
	
	No
	6 (16.7%)
	127 (30.2%)
	

	
	Nuclear grade
	1
	1 (2.8%)
	54 (12.8%)
	0.275

	
	
	2
	11 (30.6%)
	131 (31.1%)
	

	
	
	3
	17 (47.2%)
	203 (48.2%)
	

	
	Lymphovascular invasion
	absent
	10 (27.8%)
	199 (47.3%)
	0.095

	
	
	focal
	8 (22.2%)
	109 (25.9%)
	

	
	
	prominent
	11 (30.6%)
	84 (20.0%)
	

	Outcomes
	
	
	
	

	
	Recurrence†
	
	11 (30.6%)
	45 (10.7%)
	0.0005

	
	   Distant metastasis
	
	8 (22.2%)
	31 (7.4%)
	0.002

	
	   Locoregional recurrence only
	
	3 (8.3%)
	14 (3.3%)
	0.128

	
	Death
	
	3 (8.3%)
	12 (2.9%)
	0.076

	
	Duration of follow-up, mean (mo)
	71.4
	65.9
	0.734

	　
	　
	　
	　
	　
	　

	LABC: locally advanced breast cancer; MRM: modified radical mastectomy; BCT: breast conserving therapy; DFS: disease-free survival
* P-values were calculated using Chi-square test for categorical variables and t-test for continuous variables (age, followup). The statistically significant values (<0.05) are shown in bold.
† Recurrence includes distant metastasis, local/ipsilateral breast, and regional recurrence, and does not include contralateral breast cancer or second primary cancer.


Clinical outcomes
The clinical outcomes between breast cancer survivors with and without BRCA mutations were compared (Table 3). The rate of cancer recurrence was significantly higher in BRCA mutation carriers (30.6%) than non-carriers (10.7%) (P=0.0005). Among the recurrences, distant metastases showed significant difference, 22.7% in BRCA mutation carriers and 7.4% in non-carriers (P=0.002). The mean duration of follow-up was 66.4 months. There was no significant difference in duration of follow-up between the two groups, 71.4 months for BRCA mutation carriers and 65.9 months for non-carriers (P=0.734).
 Comparison of disease-free survival between carriers and non-carriers of BRCA1 or BRCA2 mutations were shown as Kaplan-Meier curves in Figure 2. BRCA1/2 mutation carriers had significantly worse disease-free survival (DFS 10-year 55.6% vs 77.5%, P=0.002).

Figure 2. Kaplan-Meier curve comparing disease-free survival (DFS) between carriers and non-carriers of BRCA1 or BRCA2 mutations. DFS rate was defined as the probability of freedom from breast cancer recurrence (locoregional or distant) or death. P-values were calculated using the log-rank test.
BRCA1/2 mutation remained a poor prognostic factor for cancer recurrence or death even after adjusting for stage, triple negative cancer, and age, shown by COX proportional hazards multivariate analysis (Table 5). The adjusted hazard ratio for disease-free survival for carrying a BRCA1/2 mutation was 1.99 (95% CI [1.04, 3.83], P=0.038). In addition, we found than triple negative breast cancer patients carried a more favorable prognosis (adjusted hazard ratio 0.49, 95% CI [0.24, 0.97], P=0.042) in our cohort.
	Table 5. Effects of BRCA germline mutation on disease-free survival by multivariate analysis (Cox Proportional Hazards)

	
	Univariate analysis
	Multivariate analysis

	
	Hazard Ratio
	95% CI
	P-value
	Hazard Ratio
	95% CI
	P-value

	BRCA1/2 mutation
	2.59 
	1.37, 4.89
	0.003 
	1.99 
	1.04, 3.83
	0.038 

	Stage 2-4 vs 0,1
	2.97 
	1.51, 5.86
	0.002 
	2.97 
	1.48, 5.95
	0.002 

	Triple negative
	0.56 
	0.29, 1.08
	0.085 
	0.49 
	0.24, 0.97
	0.042 

	Age ≤ 40
	1.13
	0.67, 1.89
	0.643
	0.91
	0.53, 1.57
	0.737


Discussion
	We used PCR-enriched amplicon-sequencing with NGS technology to completely sequence the coding regions of the 20 breast cancer susceptibility genes in one of the largest cohorts (n=480) of an ethnic Chinese population at high risk for hereditary breast cancer. We found an overall prevalence of 13.5% for carriers of pathogenic mutations in 11 of the 20 genes, and prevalence of 8.3% for BRCA1/2 mutations, nearly half of which were novel variants. BRCA2 and PALB2 were the two most prevalent genes contributing to 52% and 14% of the pathogenic mutation carriers respectively. In contrast to western populations, BRCA2 mutations were much more common than BRCA1 mutations in our cohort, similar to findings in other Asian studies (3).
Non-BRCA genes contributed to 38.5% of the mutation carriers in our cohort, with PALB2, RAD51D, and ATM being the majority. These are moderate risk genes for breast cancer. PALB2 is particularly important since lifetime risk for breast cancer can reach 58% in those with family history (40), and NCCN guideline recommends consideration of risk-reduction mastectomy (41). We also found 2 individuals with protein-truncating mutations in TP53 and PMS2 genes, which are high-penetrance cancer predisposing genes and would result in significantly high risk for other cancers. These results suggested that testing more than BRCA1/2 genes may be an important strategy in the Chinese population, as these high and moderate risk gene mutations will likely result in a change of clinical management. In a study by Thompson et al, significant excess of mutations was only observed for PALB2 and TP53 in cases compared to controls (13). We similarly only found a small number of genes contributing to the majority of mutation carriers. To overcome the challenge of high rates of VUS and questionable clinical actionability, genes included in a multigene panel in clinical testing for cancer susceptibility could be limited to a handful of genes with relatively frequent germline mutation rate and/or relatively high clinical impact.
Among the 6 risk factors for hereditary breast cancer we used, only bilateral breast cancer showed a statistically significant odds ratio of 3.27 for having a pathogenic mutation in multivariate analysis. In addition, having more risk factors was also associated with a high detection rate of mutations (OR 1.82 for each additional risk factor). These results suggest that these known risk factors were helpful in identifying individuals for genetic testing and we need to pay particular attention to those with bilateral breast cancers, even in the absence of family history or young age of onset. Larger cohorts are needed to clarify the significance of ovarian cancer and male breast cancer on breast cancer susceptibility gene mutations in the Asian populations.
	An important finding in this study is that BRCA1/2 mutation carriers, without prior knowledge of their mutation status, were diagnosed at a more advanced stage of breast cancer. The rate of breast cancer recurrence (especially distant metastasis) was significantly higher than those not carrying a BRCA mutation, even after adjusting for stage, age, and triple negative tumor type (adjusted HR 1.99 P=0.038). This suggested a more aggressive nature of breast tumors in BRCA mutation carriers. Previous studies on clinical outcomes of BRCA mutation carriers were mostly conducted in western populations, and most failed to show a significant prognostic difference in BRCA mutation carriers (30-32). However, a recent systematic review showed that both BRCA1 and BRCA2 mutation carriers had significantly worse breast cancer specific survival (29). The discrepancy may in part be due to the limitations of small sample sizes in individual studies, differences in ethnic groups, mutation assay techniques, mutation types, and variations in length of follow-up. Our study was conducted in an all-Chinese cohort where all study participants underwent the same NGS-based complete sequencing of the coding regions of BRCA1/2 genes among others. The length of follow-up was long and complete, and outcomes data had been collected in a prospective manner in a breast cancer registry. The majority of the breast cancer patients in the cohort (94%) had undergone treatment in a single cancer center where institutional treatment guidelines were consistently adhered to. The homogeneity in data collection may further strengthen the validity of the prognostic analysis.
There were some limitations in our study. First, we did not conduct experiments to detect large genome rearrangement (LGR) in all study participants, but used bioinformatics analytical tools to detect copy number variations in NGS data. This could underestimate the prevalence of LGR in this cohort. However, LGRs have not been shown to contribute significantly to pathogenic mutations in BRCA1/2 genes in East Asian populations (42, 43). Second, we were conservative in classifying variants as pathogenic and limited those to protein-truncating mutations, which were without ambiguity in assignment of pathogenicity. There were two missense variants classified as likely pathogenic in the ClinVar database, and many missense variants deemed damaging by multiple in silico models. However we did not assign those as pathogenic mutations. We may therefore have underestimated the prevalence of pathogenic mutations. Further studies are underway to evaluate variant segregation with cancer in families.
In conclusion, we have shown a prevalence rate of 13.5% breast cancer susceptibility gene mutations and 8.3% BRCA1/2 gene mutations in a high risk ethnic Chinese cohort. Non-BRCA genes accounted for 38.5% of the mutation carriers, with PALB2 being the most common gene involved. Bilateral breast cancer was found to be a significant risk factor for detecting a pathogenic mutation. BRCA germline mutation carriers had more advanced stage disease when diagnosed with breast cancer, and their breast cancer specific survival was significantly worse even after adjusting for stage, tumor type and age. Our results highlighted the importance of early testing for breast cancer susceptibility genes, so that breast cancer could be prevented or appropriately screened to diagnose at an earlier stage. More aggressive treatment may be considered once breast cancer was diagnosed in BRCA mutation carriers.
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