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BRCA1 encodes a tumour suppressor protein that plays pivotal roles in homologous 

recombination (HR) DNA repair, cell-cycle checkpoints, and transcriptional regulation. BRCA1 

germline mutations confer a high risk of early-onset breast and ovarian cancer. In >80% of cases, 

tumours arising in BRCA1 germline mutation carriers are oestrogen receptor (ER)-negative, 

however up to 15% are ER-positive. It has been suggested that BRCA1 ER-positive breast cancers 

constitute sporadic cancers arising in the context of a BRCA1 germline mutation rather than being 

causally related to BRCA1 loss-of-function. Whole-genome massively parallel sequencing of ER-

positive and ER-negative BRCA1 breast cancers, and their respective germline DNAs, was used to 

characterise the genetic landscape of BRCA1 cancers at base-pair resolution. Only BRCA1 

germline mutations and somatic loss of the wild-type allele, and TP53 somatic mutations were 

recurrently found in the index cases. BRCA1 breast cancers displayed a mutational signature 

consistent with that caused by lack of HR DNA repair in both ER-positive and ER-negative cases. 

Sequencing analysis of independent cohorts of hereditary BRCA1 and sporadic non-BRCA1 

breast cancers for the presence of recurrent pathogenic mutations and/or homozygous deletions 

found in the index cases revealed that DAPK3, TMEM135, KIAA1797, PDE4D and GATA4 are 

potential additional drivers of breast cancers. This study demonstrates that BRCA1 pathogenic 

germline mutations coupled with somatic loss of the wild-type allele are not sufficient for 

hereditary breast cancers to display an ER-negative phenotype, and has led to the identification of 

three potential novel breast cancer genes (i.e. DAPK3, TMEM135 and GATA4).

Keywords

BRCA1; breast cancer; next generation sequencing; mutation; tumour suppressor genes

Introduction

BRCA1 germline mutations are one of the main causes of hereditary early-onset breast and 

ovarian cancer syndrome[1]. BRCA1 (17q21) encodes a protein with diverse biological 

functions in homologous recombination (HR) DNA repair, cell cycle checkpoints, DNA 

decatenation, and transcriptional regulation[1,2].

Breast cancers arising in patients with germline BRCA1 mutations (BRCA1 breast cancers) 

have characteristic histological and molecular features. Contrary to sporadic breast cancers, 

which predominantly express oestrogen receptor (ER), >80% of cases of BRCA1 breast 

cancers lack ER expression. Furthermore, the majority of BRCA1 breast cancers display a 

triple-negative phenotype (i.e. lack of ER, progesterone receptor (PR) and HER2), a basal-

like ‘intrinsic’ subtype[3,4] and TP53 somatic mutations[4]. Recent studies have provided 

circumstantial evidence to suggest that BRCA1 directly modulates ER expression in breast 

cancers and that BRCA1 loss-of-function would result in ER-negative breast cancers[5,6]. 

Furthermore, there is evidence to suggest that BRCA1 may play a role in the differentiation 

status of breast stem cells and that BRCA1 breast cancers originate from ER-negative 

luminal progenitor cells[7,8].

The enrichment for tumours with a triple-negative phenotype in BRCA1 germline mutation 

carriers have led to the generalisation that BRCA1 tumours are of ER-negative status. At 
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least 15% of all breast cancers arising in BRCA1 germline mutation carriers, however, do 

express ER. Some argue that these cancers may constitute sporadic ER-positive cancers 

developing in patients with BRCA1 germline mutations and not causally linked to BRCA1 

loss-of-function[9], or that they might be pathological and molecular “intermediates” 

between ER-negative BRCA1 cancers and ER-positive sporadic breast cancers, developing 

through distinct evolutionary pathways[10].

The predisposition to breast and ovarian cancer development caused by BRCA1 mutations 

has been linked to BRCA1’s role in HR DNA repair[1,11]. Deficiency in HR leads to the use 

of error-prone DNA repair mechanisms (e.g. non-homologous end-joining) to correct DNA 

double-strand breaks, resulting in the accumulation of genetic aberrations. These error-prone 

DNA repair mechanisms leave mutation signatures in the genome of cancer cells, including 

sequences of micro-homology around structural rearrangement breakpoints[11–14].

Massively parallel sequencing (MPS) has revealed the complexity of sporadic breast cancer 

genomes[15–17]. Although ER-positive and ER-negative breast cancers had previously been 

shown to differ in terms of gene copy number alterations[18,19], the repertoire of somatic 

mutations, structural and copy number aberrations of sporadic breast cancers of the same 

phenotype appears to be rather diverse[15,18–20]. BRCA1 breast cancers offer an alternative 

approach to study the genetic heterogeneity of breast cancers in the presence of known 

driver events, given that these tumours by definition harbour a BRCA1 germline mutation 

and in the vast majority of cases, display somatic loss of the BRCA1 wild-type allele and 

TP53 somatic mutations[21].

The aim of this study was to characterise the genomic landscape of ER-positive and ER-

negative BRCA1 cancers, where the BRCA1 wild-type allele was somatically lost and the 

cancer cells harboured TP53 somatic mutations. These data were subsequently used i) to 

address whether ER-positive BRCA1 breast cancers harbour a pattern of genetic aberrations 

consistent with the mutation signature found in cells with defects in HR, and ii) as a basis 

for the identification of novel breast cancer genes.

Material and Methods

Samples

Representative frozen samples and matched peripheral blood lymphocytes from one ER-

negative (BRCA1/ER-BC) and one ER-positive (BRCA1/ER+BC), lymph node negative, 

invasive ductal carcinomas developing in patients with BRCA1 germline mutations, in 

which TP53 somatic mutations had already been identified, were retrieved from the tissue 

bank of Institut Curie, Paris. This study was approved by the local research ethics 

committees and specific patient consent was obtained from both patients. The histological 

features of each case were reviewed by two pathologists (AV-S, JSR-F). Expression of ER, 

PR, and HER2 were defined as previously described[22] and reviewed by two pathologists 

(AV-S, JSR-F). DNA and RNA were extracted from frozen sections after gross dissection of 

the frozen blocks to ensure that the samples contained >60% of tumour cells (Supplementary 

Methods S1). Germline and somatic BRCA1 and TP53 mutation profiles were defined as 
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previously described[22] (Supplementary Methods S1). Patient characteristics and tumour 

phenotypes are summarised in Table 1.

Massively parallel sequencing (MPS)

BRCA1/ER-BC and its matched germline DNA, and BRCA1/ER+BC and its matched 

germline DNA were subjected to MPS using the unchained combinatorial probe anchor 

ligation chemistry on arrays of self-assembling DNA nanoballs method (Complete 

Genomics, http://www.completegenomics.com/) as previously described[23,24]. Analysis of 

the data generated by MPS was performed essentially as described by Lee et al.[24]. The 

methods for the characterisation of mutation rates, ratios of transitions to transversions, the 

frequency of base-pair alterations surrounding somatic single nucleotide variations (SNVs), 

and the identification of somatic mutations in protein coding genes are described in the 

Supplementary Methods S1 [23–25] (Supplementary Table S1). BRCA1 allelotyping and 

Sanger sequencing validation of the aberrations identified by MPS are described in the 

Supplementary Methods S1.

To address the issue of differences in tumour cell content between BRCA1/ER-BC and 

BRCA1/ER+BC, sequencing coverage and sequencing errors, somatic score thresholds 

(SSTs) (Supplementary Methods S1) were chosen to identify mutations with a true-positive 

rate of 90% and a false-positive rate of 20% for somatic SNVs (Supplementary Figure S1). 

Identification of in-dels was shown to be less accurate than the identification of SNVs and 

SSTs were chosen to minimise the false positive rate to 20% for both tumours.

The presence of regions of sequences of microhomology surrounding deletions and 

structural variants (SVs) was investigated as described by Stephens et al.[26] 

(Supplementary Methods S1).

SNP6 and microarray-based gene expression profiling

Tumour DNA was subjected to SNP (single nucleotide polymorphism) analysis using 

Affymetrix SNP6 arrays, and RNA samples were subjected to gene expression profiling 

analysis using the Affymetrix U133Plus2 chip as previously described[27,28] 

(Supplementary Methods S1). Genome Alteration Print (GAP) was employed to determine 

the tumour cell content as described previously[27]. Nearest centroid classification of 

tumours into the ‘intrinsic’ molecular subtypes was performed using the unfiltered MAS5 

normalised data and based upon single sample predictors as previously described[29–31]. 

Microarray data, the analysis history, script and code are available at http://rock.icr.ac.uk/

collaborations/Mackay/BRCA1.Complete.Genomics (Supplementary Methods S1).

Additional BRCA1 and sporadic breast cancers

Sixteen additional BRCA1 breast cancers (12 ER-negative and 4 ER-positive) were retrieved 

from the pathology files of the University Medical Center Utrecht, Utrecht, The Netherlands, 

and Institut Curie, Paris, France. Sixteen non-BRCA1 breast cancers (12 ER-negative and 4 

ER-positive) were retrieved from The University Hospital La Paz, Madrid, Spain 

(Supplementary Table S2) [18]. DNA was extracted from samples with >60% of tumour 

cells as defined by histological assessment carried out by two pathologists (JSR-F and AV-
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S). To define whether any potentially disease-causing/pathogenic mutations identified in the 

two index cases would constitute recurrent genetic events in breast cancer, the coding region 

of 11 genes was subjected to Sanger sequencing as previously described[32] (Supplementary 

Methods S1) in these 16 BRCA1 and 16 ER-matched sporadic breast cancers. Primers are 

detailed in Supplementary Table S3.

Analysis of a publicly available microarray-based comparative genomic hybridisation 

(aCGH) dataset

An aCGH dataset was retrieved from the National Center for Biotechnology Information 

(NCBI) Gene Expression Omnibus archive (GEO), comprising BRCA1 mutant, non-BRCA1 

familial and sporadic breast cancers (GSE22133)[20]. Details of the bioinformatic analysis 

of this dataset is described in the Supplementary Methods S1 [20,33–36]. Amplifications 

identified in BRCA1/ER-BC and BRCA1/ER+BC were assessed in the BRCA1 mutant 

breast cancer datasets. Non-synonymous coding variants, homozygous deletions (HODs) 

and genes disrupted by SVs in BRCA1/ER-BC and BRCA1/ER+BC were interrogated for 

the presence of HODs.

Identification of potential novel cancer genes operative in breast cancer

To determine whether the recurrent alterations identified to be deleterious by one or more 

prediction algorithms (i.e. SIFT[37], polyPhen[38], Condel[39] and CanPredict[40]), 

disrupted by HODs or by structural rearrangements would be potential novel cancer genes 

operative in breast cancer, we first established if they are known cancer genes according to 

the Cancer Gene Consensus (www.sanger.ac.uk/genetics/CGP/Census/). Next, we defined if 

these genes are described as mutated in breast cancer or other cancer types as registered in 

the Catalogue of Somatic Mutations in Cancer (COSMIC) database (http://

www.sanger.ac.uk/genetics/CGP/cosmic/), or in other high-throughput breast cancer 

sequencing data published previously[16,17,26,41–43]. If a gene was identified as 

recurrently altered in this study, not described as a known cancer gene and not previously 

described in breast cancer, it was defined as a potential novel breast cancer gene.

Results

BRCA1 breast cancers have complex landscapes of genetic aberrations regardless of the 

ER status

MPS using the unchained combinatorial probe-anchor ligation chemistry on arrays of self-

assembling DNA nanoballs method[23,24] of tumour and germline DNA from BRCA1/ER-

BC and BRCA1/ER+BC revealed multiple somatic alterations, including single nucleotide 

variants (SNVs), small insertions or deletions (in-dels), structural variations (SVs), and copy 

number alterations (Table 1, Figure 1, Supplementary Figure S2).

By employing SSTs to allow detection of SNVs with similar accuracy in both tumours, 

12,184 and 5,513 somatic SNVs were identified in BRCA1/ER-BC and BRCA1/ER+BC, 

respectively (Supplementary Table S4). A direct comparison of the in-dels between the two 

samples is not possible, given the different accuracies for the detection of these aberrations 

in the BRCA1/ER-BC and BRCA1/ER+BC (Supplementary Methods S1).
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Using the SSTs determined above for the SNVs, we calculated a genome-wide point 

mutational rate per Mb of 4.26 in BRCA1/ER-BC and 1.93 in BRCA1/ER+BC (Figure 2). 

Both tumours expressed a similar number of genes (12,499 and 12,845 in BRCA1/ER-BC 

and BRCA1/ER+BC, respectively; Supplementary Methods S1). BRCA1/ER-BC and 

BRCA1/ER+BC harboured a higher number of mutations in intergenic compared to genic 

regions (1.29 in BRCA1/ER-BC, 1.17 in BRCA1/ER+BC), and in non-expressed compared 

to expressed genes (1.43 in BRCA1/ER-BC, 1.16 in BRCA1/ER+BC), consistent with 

active transcription-coupled DNA repair in both cancers[44]. The ratios of mutations in 

intergenic:genic and non-expressed:expressed genes were, however, significantly higher in 

BRCA1/ER-BC than in BRCA1/ER+BC (p=0.00431 and <0.00001, respectively, Fisher’s 

exact test, Figure 2), which may result from an increased level of genomic instability, 

mutation rate or high proliferation found in BRCA1/ER-BC compared to BRCA1/ER+BC, 

as expected in an ER-negative breast cancer[18–20,45]. Theoretically, in a scenario where 

most stochastic mutations affecting genes are deleterious or neutral, mutations affecting 

intergenic regions or genes not expressed would have a higher probability of being 

maintained in the cancer cell population than mutations affecting genic regions or expressed 

genes that may be deleterious[46]. Therefore, relatively higher number of mutations in 

intergenic regions and non-expressed genes than in genic regions and expressed genes would 

be expected in tumours with relatively higher levels of genetic instability.

Based on the analysis of high-confidence SNVs found in each BRCA1 mutant genome, an 

increase in the number of transversions relative to the number of transitions was observed 

(Figures 3A and 3B), akin to previous cancer genomes subjected to whole-genome 

sequencing analysis[24,47]. In addition, C>G/G>C transversions, as defined on the basis of 

the analysis of the positive DNA strand, were significantly more frequently preceded and/or 

succeeded by a thymine base than expected by chance, an observation not previously 

described in BRCA1 breast cancers (Figures 3C and 3D, Supplementary Figure S3, Chi-

square LOD score >20).

Ninety-three and 51 somatic SNVs were identified above the defined SSTs in BRCA1/ER-

BC and BRCA1/ER+BC, respectively. Of these, 62 (67%) and 28 (55%) were confirmed by 

Sanger sequencing of tumour and germline samples as somatic and not present in the 

germline DNA in BRCA1/ER-BC and BRCA1/ER+BC, respectively. Forty-one and 20 

somatic in-dels were identified above the defined SSTs in BRCA1/ER-BC and BRCA1/ER

+BC, respectively. Of these, 9 (22%) and 1/14 (5%) were confirmed as somatic and not 

detectable in the germline DNA by Sanger sequencing in BRCA1/ER-BC and BRCA1/ER

+BC, respectively. These analyses led to the identification and validation of 71 and 29 

coding somatic mutations in BRCA1/ER-BC and BRCA1/ER+BC, respectively. These 

figures are in agreement to those reported for a sporadic triple-negative breast cancer[16] 

and an ER-positive invasive lobular carcinoma of the breast[17], which harboured 50 and 32 

validated non-synonymous coding mutations, respectively, but are higher than the figures 

previously observed in medulloblastoma, pancreatic cancers, glioblastoma and colorectal 

cancers[48].

BRCA1/ER-BC and BRCA1/ER+BC harboured similar numbers of gene copy number 

aberrations (Supplementary Figure S4, Supplementary Table S5), with a large number of 
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gains and losses affecting multiple chromosomal regions. In addition, both tumours 

displayed a pattern of alterations consistent with a complex ‘sawtooth’ genomic profile, 

known to be significantly associated with high grade ER-negative tumours[18,19,45]. 

BRCA1/ER-BC displayed a higher number of tandem duplications, which is consistent with 

the so-called ‘mutator’ phenotype described by Stephens et al.[26] (Figure 4A). 16q loss, a 

hallmark feature of ER-positive breast cancers[49], was not observed in either tumour.

A similar number of amplified genes in both tumours were observed (281 in BRCA1/ER-BC 

and 284 in BRCA1/ER+BC (Supplementary Table S5), which is higher than the median 

number of amplified genes (i.e. 33) seen in re-analysis of a series of 71 grade 2 ER-positive 

HER2-negative sporadic breast cancers[20]. BRCA1/ER-BC, however, harboured a higher 

number of genes disrupted by HODs (n=30) than BRCA1/ER+BC (n=0) (Supplementary 

Table S5). The copy number changes inferred by MPS were confirmed by analysis of the 

copy number states defined by SNP6 data analysis (data not shown).

To identify putative large-scale structural variations i.e. chromosomal-rearrangements and 

gene-fusions events (SVs), de novo assembly around SV breakpoints was conducted as 

previously described[23], and SVs present in the patient’s germline were excluded. 

BRCA1/ER-BC harboured a higher number of SVs than BRCA1/ER+BC (Supplementary 

Tables S6, S7, Figures 1 and 4A). Although this could potentially stem from differences in 

tumour cell percentage between BRCA1/ER-BC and BRCA1/ER+BC, qualitative 

differences could also be observed. BRCA1/ER-BC displayed a significantly higher intra-

chromosomal:inter-chromosomal SV ratio than BRCA1/ER+BC (Fisher’s exact test 

p=0.0042, Figure 4B, Table 2). BRCA1/ER+BC showed multiple complex structural 

rearrangements between chromosomes 6 and X, associated with copy number aberrations of 

the affected regions, indicative of chromothripsis (Figure 1)[50]. The presence of a mutator 

phenotype (i.e. tandem duplications) in BRCA1/ER-BC and of chromothripsis in 

BRCA1/ER+BC may also account for the differences in number of intra- and inter-

chromosomal rearrangements observed. Nominated fusion genes were tested by Sanger 

sequencing (index cases), and 32/40 and 13/19 were validated in BRCA1/ER-BC and 

BRCA1/ER+BC, respectively (Supplementary Table S6). Out of the validated fusion genes, 

BRCA1/ER-BC displayed a significantly lower proportion of in-frame fusion genes than 

BRCA1/ER+BC (p=0.0202, Fisher’s exact test, Figure 4C).

Next, the expression of the 45 validated fusion genes was tested at the RNA level by reverse 

transcription PCR (RT-PCR) and Sanger sequencing of tumour cDNA (Figure 4D). It should 

be noted that primers for cDNA sequencing of 9 of the 45 fusion gene events validated at the 

DNA level could not be reliably designed due to the complexity of the rearrangements. Out 

of the 36 fusion genes tested, 11 were expressed, of which two were found to be in-frame in 

BRCA1/ER+BC (SUPT6H-ARHGAP12 and EXT2-TTC17) (Supplementary Figure S5). 

EXT2 and TTC17 were shown to contain intra-genic oestrogen responsive elements[51], 

suggesting that the expression of some in-frame fusion genes in breast cancer may be driven 

by ER (Supplementary Methods S1 and Results S1). To define whether these fusion genes 

may be recurrent events, we interrogated RNA-sequencing data from five BRCA1 mutant 

ER-negative breast cancer cell lines and three BRCA1 ER-negative mutant primary breast 

cancers[52] and the massively parallel DNA sequencing data of 24 breast cancers (including 
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4 BRCA1 mutant ER-negative samples)[26]. None of the partners involved in these two 

chimaeric transcripts were rearranged and expressed in additional samples, suggesting that 

they may constitute private events consistent with previous observations for the majority of 

fusion genes in breast cancer[26,52,53].

These results demonstrate that BRCA1/ER+BC differs from the majority of sporadic ER-

positive breast cancers in its patterns of gene copy number changes, however it also shows 

important quantitative and qualitative differences in SNVs in comparison with BRCA1/ER-

BC.

Both BRCA1 ER-positive and ER-negative breast cancers display signatures of HR DNA 

repair defects

Defects in HR DNA repair, such as those resulting from loss of BRCA1 function, contribute 

to an increase in the number of small deletions flanked by homologous sequences if other 

mechanisms, such as non-homologous end joining, are used by the cell for the repair of 

DNA double strand breaks[11,14]. Therefore we sought to determine whether the 

BRCA1/ER+BC would display a pattern of deletions and structural rearrangements flanked 

by sequences of homology or micro-homology as previously described in BRCA1 ER-

negative breast cancer[26]. Given that the accuracy for the detection of in-dels was 

suboptimal using the MPS technology employed in this study[24], we concentrated on 

homology surrounding structural rearrangement breakpoints. Using a previously described 

approach[26], we observed a significantly higher number of large deletions and 

rearrangements flanked by homology and micro-homology in BRCA1/ER+BC than 

expected by chance (Supplementary Figure S6). These results are similar to those observed 

in BRCA1/ER-BC (Figures 4E and 4F) and in BRCA1 mutant samples analysed by 

Stephens et al.[26], suggesting that BRCA1 dysfunction also contributes to the genomic 

landscape of this ER-positive BRCA1 germline mutant breast cancer, similar to ER-negative 

disease. Although some samples devoid of BRCA1 mutations were shown to display a 

similar pattern in Stephens et al.[26], it has been demonstrated that a substantial proportion 

of breast cancers lack competent HR DNA repair[54].

Prevalence of somatic mutations, copy number aberrations and structural aberrations in 

independent datasets

Despite BRCA1/ER-BC and BRCA1/ER+BC harbouring the same driving genetic events 

(i.e. BRCA1 and p53 loss-of-function), no additional gene was affected by somatic 

mutations or HODs in both cancers. Hence, we sought to use the mutational landscape of 

these tumours as the basis for the identification of novel breast cancer genes. To determine 

whether validated somatic mutations affecting genes found in BRCA1/ER-BC or 

BRCA1/ER+BC predicted to be deleterious/disease-causing by functional prediction 

algorithms[37–40] would be recurrent in BRCA1 breast cancers, exons and intron-exon 

boundaries of 11 genes were sequenced in the validation series of BRCA1 (n=16) and ER-

matched non-BRCA1 (n=16) breast cancers (Supplementary Table S2). The 11 genes were 

chosen based on i) the functional effect of the mutation in the index case on the protein as 

determined by SIFT[37], polyPhen[38], Condel[39], CanPredict[40]; ii) had previously been 

reported to be mutated in the COSMIC database (http://www.sanger.ac.uk/genetics/CGP/
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cosmic/); or iii) had previously been implicated in cancer. The probability of one of these 11 

genes being recurrently mutated by chance in ≥2 of the 16 BRCA1 samples tested is <0.05 

(Supplementary Methods S1). Recurrent and potentially deleterious/disease-causing somatic 

mutations in DAPK3 were present in BRCA1/ER+BC and in 2/16 ER-negative BRCA1 

breast cancers, and in none of the 16 non-BRCA1 breast cancers (Table 3, Supplementary 

Table S2, Supplementary Figure S7), suggesting that this gene may constitute a novel breast 

cancer gene independent of ER status.

We next performed a re-analysis of a publicly available aCGH dataset[20] to search for 

HODs of genes targeted by inactivating mutations, HODs or disrupted by SVs in either 

BRCA1/ER-BC or BRCA1/ER+BC. The probability of a specific gene being recurrently 

homozygously deleted by chance in ≥2 of the 20 BRCA1 breast cancers investigated is 

<0.0001 and in ≥3 of the 343 breast cancers tested is <0.0001 (Supplementary Methods S1) 

[55]. This analysis confirmed that the CDKN2A/2B locus is recurrently homozygously 

deleted in breast cancer (6/343) and has led to the identification of recurrently mutated or 

homozygously deleted genes in independent BRCA1 breast cancers (n=20) and/or sporadic 

breast cancers (n=323). These included TMEM135 (2/20), which was recurrently 

homozygously deleted in additional BRCA1 breast cancers, GATA4 (3/343), PDE4D 

(3/343) and KIAA1797 (3/343), which were homozygously deleted in either BRCA1 or 

sporadic breast cancers (Table 3, Supplementary Results S1, Supplementary Figures S8 and 

S9, Supplementary Table S8). Of these, TMEM135 and GATA4, have not been previously 

implicated in breast cancer (Table 3).

Discussion

Functional preclinical studies have demonstrated that BRCA1 can transcriptionally induce 

ER expression, and that BRCA1 loss-of-function leads to loss of ER expression[5,6,56]. 

Animal model studies have recently demonstrated that BRCA1 breast cancers are likely to 

originate from breast luminal progenitor cells, which are of ER-negative phenotype; 

however, even in animals where concurrent inactivation of Brca1 and Tp53 was restricted to 

these cells, up to 20% of tumours were of ER-positive phenotype[8]. Our observations that 

the BRCA1/ER+BC displayed loss of BRCA1 wild-type allele, as previously reported in 

50-90% of all BRCA1 breast cancers irrespective of ER-status[22,57], and a pattern of 

genetic aberrations consistent with those found in tumours with HR DNA repair defects 

suggest that the BRCA1/ER+BC, in a way akin to BRCA1/ER-BC, did not have a functional 

BRCA1. These data provide evidence to suggest that BRCA1 loss-of-function may be, by 

itself, insufficient to condition the development of breast cancers that display an ER-negative 

or basal-like phenotype.

In this study, we were able to address the hypothesis that ER-positive BRCA1 cancers are 

merely sporadic tumours arising in a BRCA1 mutant background. This would have 

implications for the treatment of patients who present with similar tumours, given that drugs 

targeting cells with defects in HR DNA repair (such as PARP inhibitors and platinum salts) 

would be ineffective in these patients if this hypothesis were true. We identified a number of 

molecular features in BRCA1/ER+BC suggesting that at least a subset of ER-positive 

BRCA1 mutant tumours are not sporadic, but are likely to be causally linked to the BRCA1 
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loss-of-function. Not only was somatic loss of the wild-type BRCA1 allele observed but also 

somatic TP53 mutations and a higher ratio of transversions to transitions were identified, 

which has been suggested to stem from DNA repair defects[58]. In addition, enrichment for 

regions of microhomology flanking large deletions was identified in both tumours, a 

signature previously shown to be associated with defects in HR DNA repair[11–14,26]. 

Moreover, BRCA1/ER-BC displayed the patterns of genetic aberrations expected in a grade 

III, ER-negative breast cancer, whereas BRCA1/ER+BC lacked deletion of 16q, one of the 

hallmark features of sporadic ER-positive disease[18,45,49], and showed a ‘sawtooth’ 

pattern[45], uncommon in grade II ER-positive breast cancers.

The constellation of deleterious somatic mutations, HODs and SVs found in the BRCA1 

breast cancers subjected to whole-genome MPS was employed as the basis for the 

identification of novel breast cancer genes. We confirmed the existence of recurrent HODs 

of CDKN2A/2B and PDE4D[59–61], and identified DAPK3, TMEM135 and GATA4 as 

potential novel breast cancer genes. TMEM135 is a transmembrane protein that appears to 

integrate biological processes involving fat metabolism and energy expenditure[62]; 

although a SNP near to TMEM135 has been recently reported[3], no links between this gene 

and breast cancer have previously been established. DAPK3 is of particular interest, given 

that it encodes a cancer-associated kinase reported to act as a bona fide tumour suppressor in 

other cancer types[63]. GATA4, a transcription factor recently shown to have tumour 

suppressor functions and to play a role in tumourigenesis[64–66], was also recurrently 

mutated or homozygously deleted in ER-positive breast cancers, suggesting a potential 

tumour suppressor role for this gene in ER-positive disease. Although no recurrent 

mutations in GATA4 were identified in our four additional ER-positive BRCA1-mutant 

tumours, further studies of the role of GATA4 in ER-positive breast cancer are warranted.

One limitation of this study is the small number of cases subjected to whole-genome 

sequencing. The method used in this study for whole-genome sequencing requires large 

quantities of DNA from fresh frozen samples and matched germline DNA. Despite extensive 

searches in the tissue banks of the authors’ institutions, only two samples yielded sufficient 

DNA and fitted the inclusion criteria. Second, we could not test the HR signature in 

additional sporadic breast cancers for which data could be retrieved through academic 

collaborations or direct access to public repositories, given that the sequencing 

methodologies employed were distinct and differences between the results obtained with the 

analysis of the BRCA1 cancers and sporadic breast cancers could be attributed to differences 

in sequencing platforms. Third, the current algorithms to define pathogenic/disease-causing 

mutations are more effective for the identification of loss-of-function rather than gain-of-

function mutations. Therefore, the list of 11 genes sequenced in additional BRCA1 and 

sporadic breast cancers is enriched for genes whose loss-of-function is advantageous for 

cancer cells.

In conclusion, whole-genome sequencing of BRCA1 breast cancers driven by BRCA1 

germline mutations and TP53 somatic mutations revealed that despite the common drivers, 

the phenotypic characteristics and repertoire of somatic mutations and HODs in each cancer 

were dramatically different. Hence, our results suggest that the heterogeneity of the genomic 

landscapes of breast cancers reported so far cannot be solely attributed to the existence of 
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multiple early driver genes. BRCA1/ER+BC appears to have patterns of genetic aberrations 

intermediate between non-hereditary ER-positive and BRCA1/ER-BC, given that 

BRCA1/ER+BC lacked some of the hallmark genetic aberrations of ER-positive breast 

cancers, displayed somatic loss of BRCA1 wild-type allele and a mutational signature 

consistent with that of BRCA1/ER-BC. Finally, our study has led to the identification of 

three putative novel breast cancer genes. Further studies to characterise the functional 

consequences of pathogenic/disease-causing mutations of these genes and of KIAA1797 and 

PDE4D in breast cancer and their potential therapeutic implications are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The genomic landscape of somatic alterations in BRCA1 ER-negative and ER-positive 
breast cancers.
Circos plots of (A) BRCA1 mutant ER-negative (BRCA1/ER-BC) and (B) BRCA1 mutant 

ER-positive (BRCA1/ER+BC) primary breast cancers, derived from massively parallel 

sequencing data at a coverage of >30x of the genome (Supplementary Table S1). Circles 

from outside to inside depict the following: i) chromosomes and validated mutations above 

the somatic score threshold (Supplementary Methods S1); ii) copy number derived from GC 

normalised sequence coverage (2kb window). Red indicates copy number loss, green copy 

number gain and bright green amplifications; iii) high-confidence structural rearrangements 

(grey), with rearrangements validated by Sanger sequencing highlighted in purple.
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Figure 2. Mutation rates in BRCA1 mutant ER-negative and ER-positive breast cancers.
Mutation rates as defined by single nucleotide variants (SNVs) per mega-base pair (Mbp), 

above the somatic score threshold (i.e. BRCA1/ER-BC-0.057 and BRCA1/ER+BC-0.034), 

in BRCA1/ER-BC (dark blue) and BRCA1/ER+BC (light blue) for whole-genome (WG), 

genic regions, intergenic regions, exonic regions, intronic regions, expressed genes, and non-

expressed genes. P values: two-tailed Fisher’s exact test. SNV: single nucleotide variation.
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Figure 3. Mutational trends and patterns in BRCA1 mutant ER-negative and ER-positive breast 
cancers.
Frequency of transitions to transversions in BRCA1/ER-BC (dark blue) and BRCA1/ER

+BC (light blue) in the germline (A) and tumour (B) DNA samples of BRCA1/ER-BC (dark 

blue) and BRCA1/ER+BC (light blue). The y-axis depicts the frequency of base changes. In 

both tumours, the ratio of transition:transversion decreases in comparison to the germline 

ratio of 2:1. The sequence context of somatic substitutions of C>G/G>C transversions in 

BRCA1/ER-BC (C) and in BRCA1/ER+BC (D). The bars at position zero indicate the 

variation itself. The remaining bars indicate the fractions of different nucleotides at positions 

5’ (minus) and 3’ (plus) to the variation. C>G/G>C transversions were more frequently 

preceded and/or succeeded by T. Chi-square logarithm (base 10) of odds (LOD) scores are 

depicted below each panel. Chi-square LOD scores of > 2 were considered significant.
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Figure 4. Landscape of structural rearrangements in BRCA1 breast cancers.
Summary of the landscape of high-confidence structural rearrangements in BRCA1/ER-BC 

(dark blue) and BRCA1/ER+BC (light blue) according to individual classes of structural 

rearrangements (A). Total number of structural rearrangements in BRCA1/ER-BC (dark 

blue) and BRCA1/ER+BC (light blue) that are intra-chromosomal and inter-chromosomal 

(B). Number of validated structural variants predicted to be in-frame and not in-frame (C). 

Number of structural variants validated by Sanger sequencing that were expressed and not 

expressed at the RNA level (D). The number of structural rearrangements is plotted in the y-
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axis. P values: two-tailed Fisher’s exact test. Extent of overlapping micro-homology 

sequences at structural rearrangement breakpoints in BRCA1/ER-BC (E) and in BRCA1/ER

+BC (F). The number of structural rearrangements (y-axis) is plotted according to the 

number of base pairs of micro-homology (x-axis).
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Table 1

Summary of the clinicopathological and molecular characteristics of the index cases.

Characteristic BRCA1/ER-BC BRCA1/ER+BC

Age 54 52

Sex Female Female

Histological grade 3 2

Mitoses/ 10 HPF 81 15

ER Negative Positive

PR Negative Negative

HER2 Negative Negative

BRCA1 mutation c.124delA/p.Ile42TyrfsX8 c.4485-?_4986+?del/p.Ser1496CysfsX14

Somatic BRCA1 wild-type allele * Loss Loss

TP53 mutation c.927_928delTA c.951C>T

Molecular subtype Basal-like Luminal B

Tumour cell content GAP* (H&E) + 71% (70%) 42% (60%)

Mitoses 10/HPF (per 10 high power field). Molecular subtype determined by single sample predictors [29] according to Hu et al. [30] and Parker et 

al. [31].

*
Defined by Genome Alteration Print (GAP) based on single nucleotide polymorphism array data (SNP6, Affymetrix)[27].

+
Haemotoxylin and Eosin staining of frozen tumour samples.
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Table 2

Summary of genomic features of BRCA1/ER-BC and BRCA1/ER+BC

Criteria BRCA1/ER-BC BRCA1/ER+BC

Whole genome mutation rate 4.26 1.93

Intronic:exonic mutation rate 1.1 1.07

Intergenic:genic mutation rate ratio 1.29 1.17

Non-expressed:expressed mutation rate ratio 1.43 1.16

Number of expressed genes* 12499 12845

Validated SNVs (% validated) 62 (67) 28 (55)

Validated in-dels (% validated) 9 (22) 1 (5)

Copy number profile sawtooth sawtooth

Number of amplified genes 281 284

Number of homozygously deleted genes 30 0

Number of total SVs 564 206

Number of tandem duplications 352 101

Number of inter-chromosomal SVs 79 47

Number of intra-chromosomal SVs 485 159

Validated gene fusions 32 13

In-frame validated gene fusions 0 3

Expressed fusion genes 8 3

Expressed in-frame fusion genes 0 2

Micro-homologies surrounding SVs yes yes

Evidence of chromothripsis[50] no yes

Mutator phenotype[26] yes no

*
Determined from Affymetrix U133Plus2 arrays; in-del: insertion and deletion; SNV: single nucleotide variant; SV: structural variant
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