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Abstract
Functional disruptions of susceptibility genes by large genomic structure variant (SV) deletions in germlines are known to be
associated with cancer risk. However, few studies have been conducted to systematically search for SV deletions in breast
cancer susceptibility genes. We analysed deep (>30x) whole-genome sequencing (WGS) data generated in blood samples
from 128 breast cancer patients of Asian and European descent with either a strong family history of breast cancer or early
cancer onset disease. To identify SV deletions in known or suspected breast cancer susceptibility genes, we used multiple SV
calling tools including Genome STRiP, Delly, Manta, BreakDancer and Pindel. SV deletions were detected by at least three of
these bioinformatics tools in five genes. Specifically, we identified heterozygous deletions covering a fraction of the coding
regions of BRCA1 (with approximately 80kb in two patients), and TP53 genes (with �1.6 kb in two patients), and of intronic
regions (�1 kb) of the PALB2 (one patient), PTEN (three patients) and RAD51C genes (one patient). We confirmed the presence
of these deletions using real-time quantitative PCR (qPCR). Our study identified novel SV deletions in breast cancer suscepti-
bility genes and the identification of such SV deletions may improve clinical testing.

Introduction

Over the past few decades, multiple breast cancer susceptibility
genes have been identified. Those reliably established include

BRCA1, BRCA2, ATM, TP53, CHEK2, PALB2, CDH1, STK11, NF1 and
PTEN (1–10). Previous studies have focused primarily on evaluat-
ing protein truncating variants identified as small insertion/
deletion (Indel) frameshift, nonsense or splice site variants, or
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potentially pathogenic missense variants in these genes.
Structure variants (SVs) typically involved in DNA fragments
range from a few hundred bases to a million bases. SVs may
have multiple functional consequences, influencing gene
sequence, gene expression, or post-transcriptional regulation
when they remove gene structures and non-coding regulatory
elements, thus leading to an abnormal phenotype with a dis-
tinct clinical manifestation (11). SVs involve several classes
including large deletions, duplications, translocations or inver-
sions; here we concentrate specifically on large deletions (‘SV
deletions’). SV deletions have been identified as one of the
major sources of genetic variation in the human genome, con-
tributing to a variety of complex diseases and cancers (12–16). In
our recent study conducted among Chinese women, we found
that an SV deletion in APOBEC3A/B genes is associated with an
increased risk of breast cancer (17). This deletion results in a
fusion gene, which increases the stability of the APOBEC3A pro-
tein, leading to elevated mutation rates in breast cells (18). It
has now been demonstrated that somatic mutation signatures
driven by APOBEC enzymes are one of the most important sig-
natures in human cancers (18–22). A second breast cancer sus-
ceptibility locus on 2q35 may also be mediated through a large
deletion (23). In this study, we searched for SV deletions in
breast cancer susceptibility genes using deep whole-genome
sequencing (WGS) data.

Results
Blood DNA samples from 128 breast cancer patients, 107 of which
were European and 21 of which were of East Asian ancestry were
subjected to WGS. The WGS data had an average sequencing
depth of 37.8X and an average mapping rate of 98.0%. We applied
five different SV calling tools including Genome STRiP (24), Delly
(25), Manta (26), BreakDancer (27), and Pindel (28) to discover SV
deletions. We evaluated SV deletions identified in the regions of
20 known, or suspected, breast cancer susceptibility genes includ-
ing BRCA1, BRCA2, ATM, TP53, CHEK2, PALB2, CDH1, STK11, PTEN,
PIK3CA, NF1, BRIP1, RAD51C, BARD1, PTEN, FANCM, RAD50,
FAM175A, XRCC2, FANCC and RAD51D (1–10). We identified SV
deletions in five genes including BRCA1, TP53, PALB2, PTEN and
RAD51C by at least three SV calling tools: Genome STRiP tool,
Delly, and Manta (Supplementary Material, Data 1, Table 1).
Specifically, all of these SV deletions were detected in

high concordance by these three tools (Supplementary Material,
Data 1). No patient carried variants in more than one gene
(Table 1).

SV deletions in BRCA1

We identified two deletions involving BRCA1, both in a single
patient of European descent. The deletions were approximately
87kb and 77 kb in length, and both covered almost all of the cod-
ing sequence. The breakpoints for them were located within
10kb of each other (Fig. 1A; Table 1). The deletions were vali-
dated using quantitative real-time polymerase chain reaction
(qPCR) experiments in the two case samples, and the 10 control
samples that were predicted to have no deletions (Fig. 1B and
Materials and Methods).

SV deletions in TP53

A heterozygous deletion in one TP53 isoform was observed in
two patients of European descent. This deletion was approxi-
mately 1.6kb, covering the whole last exon and the 3’ untrans-
lated region (UTR) of TP53 (Fig. 2A; Table 1). Using qPCR
experiments, we confirmed that the deletion was present only
in these two patients (Fig. 2B).

SV deletions in the intronic regions of PTEN, PALB2 and
RAD51C

We found three small deletions (�1 kb) in the intronic regions of
PALB2, PTEN, and RAD51C (Table 1). The PALB2 deletion was
observed in one patient and the PTEN deletion in three patients
of European descent, while the RAD51 deletion was found in
one patient of Asian descent. We evaluated the functional sig-
nificance of the deletion regions by investigating the epigenetic
data from the Encyclopedia of DNA Elements (ENCODE) (see
Materials and Methods). The deletion regions for the PALB2 and
PTEN genes were observed to have epigenetic signals with evi-
dence of enhancer marker H3K4Me1 and DNase and/or ChIP-
seq enriched peaks (Fig. 3A and B). No epigenetic signal was
observed in the deletion region for the RAD51C gene (Fig. 3C).

We performed qPCR in the breast cancer patients carrying
these SV deletions and in the controls without these deletions
to technically validate our findings. The PTEN deletion was fully

Table 1. Summary of SV deletions in breast cancer high/moderate penetrance genes

Gene BRCA1 TP53 PALB2 PTEN RAD51C
chr17: 41, 196, 311–41,
277, 500

chr17: 7, 565, 097–7,
579, 937

chr16: 23, 614,
482–23, 652, 678

chr10: 89, 623,
194–89, 728, 532

chr17: 56, 769, 962–56,
811, 692

Regiona chr17: 41, 198, 000–41,
285, 000/41, 218,
000–41, 295, 000

chr17: 7, 564, 612�7,
566, 205

chr16: 23, 627,
238–23, 628, 395

chr10: 89, 652,
820–89, 653, 726

chr17: 56, 777, 849–56,
778, 979

Annotation Covering the completed
gene deletion/
Covering from the
promoter to the 17th

partial intron

Covering the whole
last exon of one
particular isoform

Covering the 3rd

partial intron
Covering the 1st

partial intron
Covering the 3rd

partial Intron

Europeanb 2 2 1 3 0
Asianb 0 0 0 0 1

Note: All deletions were heterozygous.
aTwo breakpoints for BRCA1 were inferred based on the analysis of read density, while other deletion breakpoints were inferred by the GenomeSTRiP tool (hg19).
bNumber of breast cancer patients carrying the deletion.
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validated in three patients and eight controls (Fig. 3D). The dele-
tion in RAD51C was confirmed in the patient sample, but also
found in some control samples (Fig. 3E). We could not perform
qPCR validation for the deletion in the PALB2 gene due to the
lack of a DNA sample in the patient carrying the deletion.

Discussion
To our knowledge, this is the first study to investigate germline
SV deletions in known breast cancer susceptibility genes using
deep WGS technology. We found multiple SV deletions in these
genes. In particular, two patients carrying SV deletions in the
BRCA1 gene showed definitive evidence that SVs disrupted gene
function by removing the gene almost entirely, and thus con-
tributed to breast cancer susceptibility. The deletions we
detected in this study in TP53, PTEN and PALB2 may directly or
indirectly affect gene function by removing either coding
regions or functional elements, likely contributing to breast can-
cer susceptibility as well. In particular, the TP53 function may
be affected by the disruption of protein translation or by the
dysregulation of post-transcriptional levels of mRNA stability,
as the deletion involved the last exon of the gene. These SV
deletions could be strong candidates for clinical testing to iden-
tify women with high-risk for breast cancer.

Previous family-based studies have revealed many poten-
tial pathogenic single nucleotide coding variants or small Indel
in penetrance genes, including BRCA1, BRCA2, TP53 and others
(1–10). In regards to them, SVs have been believed to be a major
source of variation in the human genome, and may contribute

to a variety of diseases (11,13,29,30). However, SVs remain
uninvestigated due to their being more challenging to discover
than single nucleotide variants. The analysis of WGS data pro-
vides an unprecedented opportunity to capture SVs in high
confidence and to provide novel resources for the discovery of
genetic variation in breast cancer.

We compared the identified SV deletions with deletions in
public SV databases, including the Database of Genomic var-
iants (DGV) (31), the 1000 Genomes project (29), the Exome
Aggregation Consortium (ExAC), and the Mills_and_1000G dele-
tions (see Materials and Methods). We did not find the PALB2

deletion identified in our study overlapped in any public data-
base. For the two deletions in BRCA1, we observed highly over-
lapped deletions with �90% of reciprocal overlap (RO), which
were presented in the ExAC and DGV databases (Supplementary
Material, Data 2). The other two deletions in the TP53 and PTEN

genes have been reported in European descendants, with allele
frequency (AF) being 0.01 and 0.03, respectively, in the 1000
Genomes project. The deletion in the RAD51C gene was only
reported in the DGV. All of these three genes showed RO> 0.95.
However, since some deletions (i.e. PTEN, TP53, and RAD51C)
were also observed in normal subjects, a thorough validation
study with increased sample size for these candidate SV dele-
tions would be required to further confirm the deletions for
breast cancer susceptibility. Previously, we reported a strong
association between a deletion in the APOBEC3A/B gene and
breast cancer. Here, we investigated this deletion based on the
WGS data (hg19, chr22: 39, 358, 340–39, 388, 452). We found that
10 of the 21 Asian descendants included in this study carried
the APOBEC3A/B deletion, including nine heterozygous and one
homozygous deletion. These data were fully consistent with the
results based on the qPCR experiments performed in our pre-
vious work (32,33). In European descendants, 22 of 107 breast
cancer patients carried the APOBEC3A/B deletion, including 19
heterozygous and three homozygous deletions. The frequency
distribution in European descendants was similar to our pre-
vious qPCR results (34). The findings actually supported our dis-
covery of SVs with high reliability.

The sample size of our current study is relatively small, and
thus many SV deletions remain to be discovered. Although we
performed functional annotation using epigenomic data includ-
ing TFs ChIP-seq data, DNase I hypersensitive sites, and histone
modification markers from the ENCODE data, in vitro assays are
needed to characterize the functions of these SV deletions. The
current study focuses on identifying SV deletions, but other
types of SVs should be investigated in the future, including
short insertions and deletions (indels), insertion, inversion and
tandem duplications.

Materials and Methods
Study populations

This study included 128 breast cancer patients from the Genetic
Associations and Mechanisms in Oncology (GAME-ON) consor-
tium. Of these patients, there were 107 breast cancer patients of
European descent with a family history, or early onset case, of
cancer. These patients were part of the Nurse Health Study
(N¼ 30) (35) and the SEARCH breast cancer study (N¼ 77) (36).
Also included were 21 Chinese women diagnosed with triple-
negative breast cancer from the Shanghai Breast Cancer
Genetics Study (37).

Figure 1. SV deletions in the coding regions of BRCA1 and qPCR validation.

(A) SV deletions in the coding regions of BRCA1 were identified by multiple tools,

including GenomeSTRiP, Delly, and Manta. The black track indicates the two

patients carrying the SV deletion, which can be observed through the reduction

of the read densities to half in the deleted regions, compared with the flanking

undeleted regions (indicated by the dashed lines). (B) Results from qPCR valida-

tion. Deletions were observed among two patients predicted to carry the dele-

tions based on the WGS data but not in 10 control samples (predicted to not be

carrying the deletions based on WGS data or 1000 Genomes). Technique replica-

tions of qPCR result for each sample are represented by each dot.
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Figure 3. SV deletions in the intronic regions of PTEN, PALB2 and RAD51C and qPCR validation. (A–C) SV deletions in the intronic regions of PALB2, PTEN, and RAD51C.

At the top of each panel: epigenetic landscape of SV deletion. From top to bottom, RefSeq genes; layered H3K4Me1, H3K4Me3, and H3K27Ac histone modifications;

DNase clusters; clustered ChIP-seq binding sites; The signals of different layered histone modifications from the same ENCODE cell line are shown in the same color.

(D) qPCR results for the deletion in PTEN. (E) qPCR results for the deletion in RAD51C.

Figure 2. SV deletion in the TP53 and qPCR validation. (A) An SV deletion in the last exon of the TP53 isoform was identified in two patients. (B) Results from qPCR

validation for these two cases and 26 control samples.
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Data processing

The raw sequencing reads with pair-end of a length of 100 bp
were generated using HiSeq 2000 from Illumina (target: average
30X coverage). The bioinformatics analysis started with the
sequencing fastq files, which was provided by the Illumina
sequencing center. The sequencing reads for each of the 128
samples were mapped to the human reference genome (hg19)
using the Burrows-Wheeler Aligner BWA program (version
0.7.9a) (38). After the alignment, duplicate reads were removed
using Picard MarkDuplicates (http://picard.sourceforge.net/).
The remaining aligned reads were further processed for local
realignment using the GATK package following best-practice
recommendations (39). The final BAM file for each sample was
generated for subsequent SV tool calling analysis.

SV deletions calling

We applied multiple SV calling tools including Genome STRiP
tool v2 (24), Delly2 (25), Manta (26), BreakDancer-1.1 (27), and
Pindel 0.2.5 (28) to discover SV deletions based on the BAM files
from the 128 breast cancer patients. Using the Genome STRiP
tool, we performed the initial SV deletion discovery using the
‘SVDiscovery’ script. We then filtered those SVs following the
criteria from the tutorial. The genotype for each identified SV
was then generated across all samples using ‘SVGenotyper’
script. We further applied Script ‘RedundancyAnnotator’ to
remove redundant SV deletions with similar coordinates. We
applied the SV calling Delly tool with the default parameters.
Poor SV deletions from the generated BCF file were further fil-
tered using the ‘Delly filter’ function. We applied the Manta tool
including two python scripts, configManta.py and
runWorkflow.py, to call SV deletions for each sample. We then
filtered SVs deletions through VCFtools in the VCF file with a
‘PASS’ flag and merged all files for downstream analysis. We
applied both BreakDancer and Pindel tools with the default
parameters to call SV deletions for each sample. Only the SV
deletions with>7 supporting reads detected in at least one sam-
ple were retained. For the SV deletions identified by each of the
above five tools, we removed those located in telomere and cen-
tromere regions and only analysed the ones with deletion sizes
ranging from 50bp to 1Mb. To remove redundant SVs with simi-
lar coordinates identified by each tool, we developed an in-
house PERL script to merge any SV deletions having RO of at
least 50% into single SV deletions by averaging their start and
end breakpoints.

Comparison of identified SV deletions with public SV
databases

To compare the SV deletions identified in this study with those
from SV public databases, we downloaded a total of 68 818 SVs
from the 1000 Genomes project (29), 392 583 SVs from the DGV
(31), 15 734 SVs from the ExAC (40) and 1 274 580 Indels from the
Mills_and_1000G (ftp://ftp.broadinstitute.org/bundle/). The
intersection of SV deletions identified in the study and the
above databases were analysed using the ‘bedtools intersect’
function.

Functional annotation of SV deletions

To systematically annotate SV deletions involved in gene cod-
ing regions, we downloaded the human transcriptome annota-
tion Gencode version 17 (hg19) from the GENCODE browser

(http://www.gencodegenes.org/releases/17.html). We assigned
each SV deletion a gene body region, including the coding,
exonic, and intronic regions of genes, using the function
‘GeneOverlapAnnotator’ from the GenomeSTRiP package.
Functional annotation for SVs deletions in noncoding regions
was also accessed through the UCSC Genome Browser (https://
genome.ucsc.edu/cgi-bin/hgGateway). The epigenetic landscape
of histone markers H3K4Me1, H3K4Me3, H3K27Ac, DNase I
hypersensitive sites and transcription factor chromatin immu-
noprecipitation with sequencing (ChIP-seq) binding sites were
also examined through layered histone tracks on all available
ENCODE cell lines from the UCSC Genome Browser.

SV deletions genotyping via qPCR

SV deletion genotyping was performed in a duplex real-time
qPCR reaction with TaqManVR copy number variant (CNV) assays
for each of the target genes BRCA1 (Assay ID: Hs01865955_cn),
PTEN (Assay ID: Hs05141067_cn), TP53 (Custom-designed assay ID:
TP53R_CCBJXVN) and RAD51C (Custom-designed assay ID:
RAD51Cv2_CC20TN6), and the reference gene RPPH1 (4403328
with VIC fluorophore) (Applied Biosystems, Foster City, CA),
using 2�TaqManVR genotyping Master Mix (Applied Biosystems,
Foster City, CA), and 10 ng of genomic DNA. The 10-ml reactions
were run in technical triplicates using the Applied Biosystems
7900HT Fast Real-Time PCR System under standard conditions.
Samples with predicted not carrying deletions (CN¼ 2) based on
our WGS data or based on the 1000 Genomes project were
included as positive controls. Distilled and deionized water was
included as a negative control on each PCR plate. To determine
the copy number (CN) for each SV deletion, the qPCR data were
analysed using CopyCallerVR software v2.0 (Applied Biosystems).
This program performs a comparative qPCR cycle at threshold
(Ct) relative quantification on the real-time data to determine
the CN with the formula CN¼ 2� 2-DDCt (41), where DDCt¼ (Ct
reference genesample�Ct target genesample) -(Ct reference
genecalibrator�Ct target genecalibrator). After the DDCt was calcu-
lated, the genotype for each deletion was determined: homozy-
gote deletion (CN< 0.10), heterozygote deletion (0.8<CN< 1.2),
and no deletion (1.8<CN< 2.5). If the CN value was not within
the above ranges, those DNA samples were re-genotyped into
triplicates. All qPCR assays were performed by a single lab staff
member (J. Shi), and all CN calls were conducted by two inde-
pendent staff members.

Supplementary Material
Supplementary Material is available at HMG online.
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