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The mutational theory of cancer proposes that changes in DNA 
sequence, termed ‘driver’ mutations, confer proliferative advan-
tage on a cell, leading to outgrowth of a neoplastic clone1. Some 
driver mutations are inherited in the germline, but most arise in 

somatic cells during the lifetime of the cancer patient, together with 
many ‘passenger’ mutations not implicated in cancer development1. 
Multiple mutational processes, including endogenous and exoge-
nous mutagen exposures, aberrant DNA editing, replication errors 

1

We analysed whole-genome sequences of 560 breast cancers to advance understanding of the driver mutations conferring 
clonal advantage and the mutational processes generating somatic mutations. We found that 93 protein-coding cancer 
genes carried probable driver mutations. Some non-coding regions exhibited high mutation frequencies, but most have 
distinctive structural features probably causing elevated mutation rates and do not contain driver mutations. Mutational 
signature analysis was extended to genome rearrangements and revealed twelve base substitution and six rearrangement 
signatures. Three rearrangement signatures, characterized by tandem duplications or deletions, appear associated with 
defective homologous-recombination-based DNA repair: one with deficient BRCA1 function, another with deficient 
BRCA1 or BRCA2 function, the cause of the third is unknown. This analysis of all classes of somatic mutation across 
exons, introns and intergenic regions highlights the repertoire of cancer genes and mutational processes operating, and 
progresses towards a comprehensive account of the somatic genetic basis of breast cancer.
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Extended Data Figure 1 | Landscape of driver mutations. a, Summary of 
subtypes of cohort of 560 breast cancers. b, Driver mutations by mutation 
type. c, Distribution of rearrangements throughout the genome. Black 

line represents background rearrangement density (calculation based on 
rearrangement breakpoints in intergenic regions only). Red lines represent 
frequency of rearrangement within breast cancer genes.
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The mutational theory of cancer proposes that changes in DNA 
sequence, termed ‘driver’ mutations, confer proliferative advan-
tage on a cell, leading to outgrowth of a neoplastic clone1. Some 
driver mutations are inherited in the germline, but most arise in 

somatic cells during the lifetime of the cancer patient, together with 
many ‘passenger’ mutations not implicated in cancer development1. 
Multiple mutational processes, including endogenous and exoge-
nous mutagen exposures, aberrant DNA editing, replication errors 
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We analysed whole-genome sequences of 560 breast cancers to advance understanding of the driver mutations conferring 
clonal advantage and the mutational processes generating somatic mutations. We found that 93 protein-coding cancer 
genes carried probable driver mutations. Some non-coding regions exhibited high mutation frequencies, but most have 
distinctive structural features probably causing elevated mutation rates and do not contain driver mutations. Mutational 
signature analysis was extended to genome rearrangements and revealed twelve base substitution and six rearrangement 
signatures. Three rearrangement signatures, characterized by tandem duplications or deletions, appear associated with 
defective homologous-recombination-based DNA repair: one with deficient BRCA1 function, another with deficient 
BRCA1 or BRCA2 function, the cause of the third is unknown. This analysis of all classes of somatic mutation across 
exons, introns and intergenic regions highlights the repertoire of cancer genes and mutational processes operating, and 
progresses towards a comprehensive account of the somatic genetic basis of breast cancer.
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and defective DNA maintenance, are responsible for generating 
these mutations1–3.

Over the past five decades, several waves of technology have advanced 
the characterization of mutations in cancer genomes. Karyotype 
analysis revealed rearranged chromosomes and copy number  
alterations. Subsequently, loss of heterozygosity analysis, hybridization 
of cancer-derived DNA to microarrays and other approaches provided 
higher resolution insights into copy number changes4–8. Recently, DNA 
sequencing has enabled systematic characterization of the full reper-
toire of mutation types including base substitutions, small insertions/
deletions, rearrangements and copy number changes9–13, yielding  
substantial insights into the mutated cancer genes and mutational  
processes operative in human cancer.

As for many cancer classes, most currently available breast cancer 
genome sequences target protein-coding exons8,11–15. Consequently, 
there has been limited consideration of mutations in untranslated, 
intronic and intergenic regions, leaving central questions pertaining 
to the molecular pathogenesis of the disease unresolved. First, the role 
of activating driver rearrangements16–18 forming chimaeric (fusion) 
genes/proteins or relocating genes adjacent to new regulatory regions 
as observed in haematological and other malignancies19. Second, the 
role of driver substitutions and indels in non-coding regions of the 
genome20,21. Common inherited variants conferring susceptibility to 
human disease are generally in non-coding regulatory regions and 
the possibility that similar mechanisms operate somatically in cancer 
was highlighted by the discovery of somatic driver substitutions in the 
TERT gene promoter22,23. Third, which mutational processes generate  
the somatic mutations found in breast cancer2,24. Addressing this  
question has been constrained because exome sequences do not inform 
on genome rearrangements and capture relatively few base substitu-
tion mutations, thus limiting statistical power to extract the mutational  
signatures imprinted on the genome by these processes24,25.

Here we analyse whole-genome sequences of 560 cases in order to 
address these and other questions and to pave the way to a compre-
hensive understanding of the origins and consequences of somatic 
mutations in breast cancer.

Cancer genes and driver mutations
The whole genomes of 560 breast cancers and non-neoplastic  
tissue from each individual (556 female and 4 male) were 
sequenced (Supplementary Fig. 1, Supplementary Table 1).  
We detected 3,479,652 somatic base substitutions, 371,993 small indels 
and 77,695 rearrangements, with substantial variation in the number 
of each between individual samples (Fig. 1a, Supplementary Table 3). 
Transcriptome sequence, microRNA expression, array-based copy num-
ber and DNA methylation data were obtained from subsets of cases.

To identify new cancer genes, we combined somatic substitutions 
and indels in protein-coding exons with data from other series12–15,26, 
constituting a total of 1,332 breast cancers, and searched for mutation 
clustering in each gene beyond that expected by chance. Five cancer 
genes were found for which evidence was previously absent or equivocal 
(MED23, FOXP1, MLLT4, XBP1, ZFP36L1), or for which the muta-
tions indicate the gene acts in breast cancer in a recessive rather than in 
a dominant fashion, as previously reported in other cancer types (see 
Supplementary Methods section 7.4 for detailed descriptions). From 
published reports on all cancer types (http://cancer.sanger.ac.uk/census), 
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Figure 1 | Cohort and catalogue of somatic mutations in 560 breast 
cancers. a, Catalogue of base substitutions, insertions/deletions, 
rearrangements and driver mutations in 560 breast cancers (sorted by 
total substitution burden). Indel axis limited to 5,000(*). b, Complete list 
of curated driver genes sorted by frequency (descending). Fraction of ER-
positive (left, total 366) and ER-negative (right, total 194) samples carrying 
a mutation in the relevant driver gene presented in grey. log10 P value of 
enrichment of each driver gene towards the ER-positive or ER-negative 
cohort is provided in black. Highlighted in green are genes for which there 
is new or further evidence supporting these as novel breast cancer genes.
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and defective DNA maintenance, are responsible for generating 
these mutations1–3.

Over the past five decades, several waves of technology have advanced 
the characterization of mutations in cancer genomes. Karyotype 
analysis revealed rearranged chromosomes and copy number  
alterations. Subsequently, loss of heterozygosity analysis, hybridization 
of cancer-derived DNA to microarrays and other approaches provided 
higher resolution insights into copy number changes4–8. Recently, DNA 
sequencing has enabled systematic characterization of the full reper-
toire of mutation types including base substitutions, small insertions/
deletions, rearrangements and copy number changes9–13, yielding  
substantial insights into the mutated cancer genes and mutational  
processes operative in human cancer.

As for many cancer classes, most currently available breast cancer 
genome sequences target protein-coding exons8,11–15. Consequently, 
there has been limited consideration of mutations in untranslated, 
intronic and intergenic regions, leaving central questions pertaining 
to the molecular pathogenesis of the disease unresolved. First, the role 
of activating driver rearrangements16–18 forming chimaeric (fusion) 
genes/proteins or relocating genes adjacent to new regulatory regions 
as observed in haematological and other malignancies19. Second, the 
role of driver substitutions and indels in non-coding regions of the 
genome20,21. Common inherited variants conferring susceptibility to 
human disease are generally in non-coding regulatory regions and 
the possibility that similar mechanisms operate somatically in cancer 
was highlighted by the discovery of somatic driver substitutions in the 
TERT gene promoter22,23. Third, which mutational processes generate  
the somatic mutations found in breast cancer2,24. Addressing this  
question has been constrained because exome sequences do not inform 
on genome rearrangements and capture relatively few base substitu-
tion mutations, thus limiting statistical power to extract the mutational  
signatures imprinted on the genome by these processes24,25.

Here we analyse whole-genome sequences of 560 cases in order to 
address these and other questions and to pave the way to a compre-
hensive understanding of the origins and consequences of somatic 
mutations in breast cancer.

Cancer genes and driver mutations
The whole genomes of 560 breast cancers and non-neoplastic  
tissue from each individual (556 female and 4 male) were 
sequenced (Supplementary Fig. 1, Supplementary Table 1).  
We detected 3,479,652 somatic base substitutions, 371,993 small indels 
and 77,695 rearrangements, with substantial variation in the number 
of each between individual samples (Fig. 1a, Supplementary Table 3). 
Transcriptome sequence, microRNA expression, array-based copy num-
ber and DNA methylation data were obtained from subsets of cases.

To identify new cancer genes, we combined somatic substitutions 
and indels in protein-coding exons with data from other series12–15,26, 
constituting a total of 1,332 breast cancers, and searched for mutation 
clustering in each gene beyond that expected by chance. Five cancer 
genes were found for which evidence was previously absent or equivocal 
(MED23, FOXP1, MLLT4, XBP1, ZFP36L1), or for which the muta-
tions indicate the gene acts in breast cancer in a recessive rather than in 
a dominant fashion, as previously reported in other cancer types (see 
Supplementary Methods section 7.4 for detailed descriptions). From 
published reports on all cancer types (http://cancer.sanger.ac.uk/census), 
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Figure 1 | Cohort and catalogue of somatic mutations in 560 breast 
cancers. a, Catalogue of base substitutions, insertions/deletions, 
rearrangements and driver mutations in 560 breast cancers (sorted by 
total substitution burden). Indel axis limited to 5,000(*). b, Complete list 
of curated driver genes sorted by frequency (descending). Fraction of ER-
positive (left, total 366) and ER-negative (right, total 194) samples carrying 
a mutation in the relevant driver gene presented in grey. log10 P value of 
enrichment of each driver gene towards the ER-positive or ER-negative 
cohort is provided in black. Highlighted in green are genes for which there 
is new or further evidence supporting these as novel breast cancer genes.
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The mutational theory of cancer proposes that changes in DNA 
sequence, termed ‘driver’ mutations, confer proliferative advan-
tage on a cell, leading to outgrowth of a neoplastic clone1. Some 
driver mutations are inherited in the germline, but most arise in 

somatic cells during the lifetime of the cancer patient, together with 
many ‘passenger’ mutations not implicated in cancer development1. 
Multiple mutational processes, including endogenous and exoge-
nous mutagen exposures, aberrant DNA editing, replication errors 

1

We analysed whole-genome sequences of 560 breast cancers to advance understanding of the driver mutations conferring 
clonal advantage and the mutational processes generating somatic mutations. We found that 93 protein-coding cancer 
genes carried probable driver mutations. Some non-coding regions exhibited high mutation frequencies, but most have 
distinctive structural features probably causing elevated mutation rates and do not contain driver mutations. Mutational 
signature analysis was extended to genome rearrangements and revealed twelve base substitution and six rearrangement 
signatures. Three rearrangement signatures, characterized by tandem duplications or deletions, appear associated with 
defective homologous-recombination-based DNA repair: one with deficient BRCA1 function, another with deficient 
BRCA1 or BRCA2 function, the cause of the third is unknown. This analysis of all classes of somatic mutation across 
exons, introns and intergenic regions highlights the repertoire of cancer genes and mutational processes operating, and 
progresses towards a comprehensive account of the somatic genetic basis of breast cancer.
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and defective DNA maintenance, are responsible for generating 
these mutations1–3.

Over the past five decades, several waves of technology have advanced 
the characterization of mutations in cancer genomes. Karyotype 
analysis revealed rearranged chromosomes and copy number  
alterations. Subsequently, loss of heterozygosity analysis, hybridization 
of cancer-derived DNA to microarrays and other approaches provided 
higher resolution insights into copy number changes4–8. Recently, DNA 
sequencing has enabled systematic characterization of the full reper-
toire of mutation types including base substitutions, small insertions/
deletions, rearrangements and copy number changes9–13, yielding  
substantial insights into the mutated cancer genes and mutational  
processes operative in human cancer.

As for many cancer classes, most currently available breast cancer 
genome sequences target protein-coding exons8,11–15. Consequently, 
there has been limited consideration of mutations in untranslated, 
intronic and intergenic regions, leaving central questions pertaining 
to the molecular pathogenesis of the disease unresolved. First, the role 
of activating driver rearrangements16–18 forming chimaeric (fusion) 
genes/proteins or relocating genes adjacent to new regulatory regions 
as observed in haematological and other malignancies19. Second, the 
role of driver substitutions and indels in non-coding regions of the 
genome20,21. Common inherited variants conferring susceptibility to 
human disease are generally in non-coding regulatory regions and 
the possibility that similar mechanisms operate somatically in cancer 
was highlighted by the discovery of somatic driver substitutions in the 
TERT gene promoter22,23. Third, which mutational processes generate  
the somatic mutations found in breast cancer2,24. Addressing this  
question has been constrained because exome sequences do not inform 
on genome rearrangements and capture relatively few base substitu-
tion mutations, thus limiting statistical power to extract the mutational  
signatures imprinted on the genome by these processes24,25.

Here we analyse whole-genome sequences of 560 cases in order to 
address these and other questions and to pave the way to a compre-
hensive understanding of the origins and consequences of somatic 
mutations in breast cancer.

Cancer genes and driver mutations
The whole genomes of 560 breast cancers and non-neoplastic  
tissue from each individual (556 female and 4 male) were 
sequenced (Supplementary Fig. 1, Supplementary Table 1).  
We detected 3,479,652 somatic base substitutions, 371,993 small indels 
and 77,695 rearrangements, with substantial variation in the number 
of each between individual samples (Fig. 1a, Supplementary Table 3). 
Transcriptome sequence, microRNA expression, array-based copy num-
ber and DNA methylation data were obtained from subsets of cases.

To identify new cancer genes, we combined somatic substitutions 
and indels in protein-coding exons with data from other series12–15,26, 
constituting a total of 1,332 breast cancers, and searched for mutation 
clustering in each gene beyond that expected by chance. Five cancer 
genes were found for which evidence was previously absent or equivocal 
(MED23, FOXP1, MLLT4, XBP1, ZFP36L1), or for which the muta-
tions indicate the gene acts in breast cancer in a recessive rather than in 
a dominant fashion, as previously reported in other cancer types (see 
Supplementary Methods section 7.4 for detailed descriptions). From 
published reports on all cancer types (http://cancer.sanger.ac.uk/census), 
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Figure 1 | Cohort and catalogue of somatic mutations in 560 breast 
cancers. a, Catalogue of base substitutions, insertions/deletions, 
rearrangements and driver mutations in 560 breast cancers (sorted by 
total substitution burden). Indel axis limited to 5,000(*). b, Complete list 
of curated driver genes sorted by frequency (descending). Fraction of ER-
positive (left, total 366) and ER-negative (right, total 194) samples carrying 
a mutation in the relevant driver gene presented in grey. log10 P value of 
enrichment of each driver gene towards the ER-positive or ER-negative 
cohort is provided in black. Highlighted in green are genes for which there 
is new or further evidence supporting these as novel breast cancer genes.
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Extended Data Figure 3 | Recurrent non-coding events in breast 
cancers. a, Manhattan plot demonstrating sites with most significant  
P values as identified by binning analysis. Purple highlighted sites were 
also detected by the method seeking recurrence when partitioned by 
genomic features. b, Locus at chr11 65 Mb, which was identified by 
independent analyses as being more mutated than expected by chance. 

Bottom, a rearrangement hotspot analysis identified this region as a 
tandem duplication hotspot, with nested tandem duplications noted at 
this site. Partitioning the genome into different regulatory elements, an 
analysis of substitutions and indels identified lncRNAs MALAT1 and 
NEAT1 (topmost panels) with significant P values.
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The mutational theory of cancer proposes that changes in DNA 
sequence, termed ‘driver’ mutations, confer proliferative advan-
tage on a cell, leading to outgrowth of a neoplastic clone1. Some 
driver mutations are inherited in the germline, but most arise in 

somatic cells during the lifetime of the cancer patient, together with 
many ‘passenger’ mutations not implicated in cancer development1. 
Multiple mutational processes, including endogenous and exoge-
nous mutagen exposures, aberrant DNA editing, replication errors 

1

We analysed whole-genome sequences of 560 breast cancers to advance understanding of the driver mutations conferring 
clonal advantage and the mutational processes generating somatic mutations. We found that 93 protein-coding cancer 
genes carried probable driver mutations. Some non-coding regions exhibited high mutation frequencies, but most have 
distinctive structural features probably causing elevated mutation rates and do not contain driver mutations. Mutational 
signature analysis was extended to genome rearrangements and revealed twelve base substitution and six rearrangement 
signatures. Three rearrangement signatures, characterized by tandem duplications or deletions, appear associated with 
defective homologous-recombination-based DNA repair: one with deficient BRCA1 function, another with deficient 
BRCA1 or BRCA2 function, the cause of the third is unknown. This analysis of all classes of somatic mutation across 
exons, introns and intergenic regions highlights the repertoire of cancer genes and mutational processes operating, and 
progresses towards a comprehensive account of the somatic genetic basis of breast cancer.
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(CCCCAGATGGTGGG)), shifting it away from the consensus36. The 
association with particular mutational signatures suggests that these 
may also be in a region of hypermutability rather than drivers.

The WDR74 promoter showed base substitutions and indels  
(q value 4.6 × 10−3) forming a cluster of overlapping mutations20  
(Fig. 2a). Coding sequence driver mutations in WDR74 have not been 
reported. No differences were observed in WDR74 transcript levels 
between cancers with WDR74 promoter mutations compared to those 
without. Nevertheless, the pattern of this non-coding mutation cluster, 
with overlapping and different mutation types, is more compatible with 
the possibility of the mutations being drivers.

Two long non-coding RNAs, MALAT1 (q value 8.7 × 10−11, as previ-
ously reported12) and NEAT1 (q value 2.1 × 10−2) were enriched with 
mutations. Transcript levels were not significantly different between 
mutated and non-mutated samples. Whether these mutations are driv-
ers or result from local hypermutability is unclear.

Mutational signatures
Mutational processes generating somatic mutations imprint particu-
lar patterns of mutations on cancer genomes, termed signatures2,24,37. 
Applying a mathematical approach25 to extract mutational signa-
tures previously revealed five base-substitution signatures in breast 
cancer: signatures 1, 2, 3, 8 and 13 (refs 2, 24). Using this method for 
the 560 cases revealed twelve signatures, including those previously 
observed and a further seven, of which five have formerly been detected 
in other cancer types (signatures 5, 6, 17, 18 and 20) and two are new 
(signatures 26 and 30) (Fig. 3a, b, 4a, Supplementary Table 21a–c, 
Supplementary Methods section 15). Two indel signatures were also 
found2,24.

Signatures of rearrangement mutational processes have not previ-
ously been formally investigated. To enable this we adopted a rear-
rangement classification incorporating 32 subclasses. In many cancer 
genomes, large numbers of rearrangements are regionally clustered, for 
example in zones of gene amplification. Therefore, we first classified 
rearrangements into those inside and outside clusters, further subclassi-
fied them into deletions, inversions and tandem duplications, and then 
according to the size of the rearranged segment. The final category in 
both groups was interchromosomal translocations.

Application of the mathematical framework used for base substitu-
tion signatures2,24,25 extracted six rearrangement signatures (Fig. 4b, 
Supplementary Table 21). Unsupervised hierarchical clustering on the 
basis of the proportion of rearrangements attributed to each signature 
in each breast cancer yielded seven major subgroups exhibiting distinct 
associations with other genomic, histological or gene expression fea-
tures (Fig. 5, Extended Data Figs 4–6).

Rearrangement signature 1 (9% of all rearrangements) and rear-
rangement signature 3 (18% rearrangements) were characterized  
predominantly by tandem duplications (Fig. 4b). Tandem duplica-
tions associated with rearrangement signature 1 were mostly >100 kb 
(Fig. 4b), and those with rearrangement signature 3 were <10 kb 
(Fig. 4b, Extended Data Fig. 7). More than 95% of rearrangement 
signature 3 tandem duplications were concentrated in 15% of  
cancers (cluster D, Fig. 5), many with several hundred rearrangements of 
this type. Almost all cancers (91%) with BRCA1 mutations or promoter  
hypermethylation were in this group, which was enriched for basal-
like, triple negative cancers and copy number classification of a high 
homologous recombination deficiency (HRD) index38–40. Thus, inac-
tivation of BRCA1, but not BRCA2, may be responsible for the rear-
rangement signature 3 small tandem duplication mutator phenotype.

More than 35% of rearrangement signature 1 tandem duplications 
were found in just 8.5% of the breast cancers and some cases had 
hundreds of these (cluster F, Fig. 5). The cause of this large tandem 
duplication mutator phenotype (Fig. 4b) is unknown. Cancers exhib-
iting it are frequently TP53-mutated, relatively late diagnosis, triple- 
negative breast cancers, showing enrichment for base substitution  
signature 3 and a high HRD index (Fig. 5), but do not have BRCA1/2 
mutations or BRCA1 promoter hypermethylation.

Rearrangement signature 1 and 3 tandem duplications (Extended 
Data Fig. 7) were generally evenly distributed over the genome. However, 
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Figure 3 | Extraction and contributions of base substitution signatures 
in 560 breast cancers. a, Twelve mutation signatures extracted using non-
negative matrix factorization. Each signature is ordered by mutation class 
(C>A/G>T, C>G/G>C, C>T/G>A, T>A/A>T, T>C/A>G, T>G/A 
>C), taking immediate flanking sequence into account. For each class, 
mutations are ordered by 5′ base (A, C, G, T) first before 3′ base (A, C, 
G, T). b, The spectrum of base substitution signatures within 560 breast 
cancers. Mutation signatures are ordered (and coloured) according to 
broad biological groups: signatures 1 and 5 are correlated with age of 
diagnosis; signatures 2 and 13 are putatively APOBEC-related; signatures 6,  
20 and 26 are associated with mismatch-repair deficiency; signatures 3  
and 8 are associated with homologous-recombination deficiency; 
signatures 18, 17 and 30 have unknown aetiology. For ease of reading, this 
arrangement is adopted for the rest of the manuscript. Samples are ordered 
according to hierarchical clustering performed on mutation signatures. 
Top, absolute numbers of mutations of each signature in each sample. 
Bottom, proportion of each signature in each sample. c, Distribution of 
mutation counts for each signature in relevant breast cancer samples. 
Percentage of samples carrying each signature provided above each 
signature.
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(CCCCAGATGGTGGG)), shifting it away from the consensus36. The 
association with particular mutational signatures suggests that these 
may also be in a region of hypermutability rather than drivers.

The WDR74 promoter showed base substitutions and indels  
(q value 4.6 × 10−3) forming a cluster of overlapping mutations20  
(Fig. 2a). Coding sequence driver mutations in WDR74 have not been 
reported. No differences were observed in WDR74 transcript levels 
between cancers with WDR74 promoter mutations compared to those 
without. Nevertheless, the pattern of this non-coding mutation cluster, 
with overlapping and different mutation types, is more compatible with 
the possibility of the mutations being drivers.

Two long non-coding RNAs, MALAT1 (q value 8.7 × 10−11, as previ-
ously reported12) and NEAT1 (q value 2.1 × 10−2) were enriched with 
mutations. Transcript levels were not significantly different between 
mutated and non-mutated samples. Whether these mutations are driv-
ers or result from local hypermutability is unclear.

Mutational signatures
Mutational processes generating somatic mutations imprint particu-
lar patterns of mutations on cancer genomes, termed signatures2,24,37. 
Applying a mathematical approach25 to extract mutational signa-
tures previously revealed five base-substitution signatures in breast 
cancer: signatures 1, 2, 3, 8 and 13 (refs 2, 24). Using this method for 
the 560 cases revealed twelve signatures, including those previously 
observed and a further seven, of which five have formerly been detected 
in other cancer types (signatures 5, 6, 17, 18 and 20) and two are new 
(signatures 26 and 30) (Fig. 3a, b, 4a, Supplementary Table 21a–c, 
Supplementary Methods section 15). Two indel signatures were also 
found2,24.

Signatures of rearrangement mutational processes have not previ-
ously been formally investigated. To enable this we adopted a rear-
rangement classification incorporating 32 subclasses. In many cancer 
genomes, large numbers of rearrangements are regionally clustered, for 
example in zones of gene amplification. Therefore, we first classified 
rearrangements into those inside and outside clusters, further subclassi-
fied them into deletions, inversions and tandem duplications, and then 
according to the size of the rearranged segment. The final category in 
both groups was interchromosomal translocations.

Application of the mathematical framework used for base substitu-
tion signatures2,24,25 extracted six rearrangement signatures (Fig. 4b, 
Supplementary Table 21). Unsupervised hierarchical clustering on the 
basis of the proportion of rearrangements attributed to each signature 
in each breast cancer yielded seven major subgroups exhibiting distinct 
associations with other genomic, histological or gene expression fea-
tures (Fig. 5, Extended Data Figs 4–6).

Rearrangement signature 1 (9% of all rearrangements) and rear-
rangement signature 3 (18% rearrangements) were characterized  
predominantly by tandem duplications (Fig. 4b). Tandem duplica-
tions associated with rearrangement signature 1 were mostly >100 kb 
(Fig. 4b), and those with rearrangement signature 3 were <10 kb 
(Fig. 4b, Extended Data Fig. 7). More than 95% of rearrangement 
signature 3 tandem duplications were concentrated in 15% of  
cancers (cluster D, Fig. 5), many with several hundred rearrangements of 
this type. Almost all cancers (91%) with BRCA1 mutations or promoter  
hypermethylation were in this group, which was enriched for basal-
like, triple negative cancers and copy number classification of a high 
homologous recombination deficiency (HRD) index38–40. Thus, inac-
tivation of BRCA1, but not BRCA2, may be responsible for the rear-
rangement signature 3 small tandem duplication mutator phenotype.

More than 35% of rearrangement signature 1 tandem duplications 
were found in just 8.5% of the breast cancers and some cases had 
hundreds of these (cluster F, Fig. 5). The cause of this large tandem 
duplication mutator phenotype (Fig. 4b) is unknown. Cancers exhib-
iting it are frequently TP53-mutated, relatively late diagnosis, triple- 
negative breast cancers, showing enrichment for base substitution  
signature 3 and a high HRD index (Fig. 5), but do not have BRCA1/2 
mutations or BRCA1 promoter hypermethylation.

Rearrangement signature 1 and 3 tandem duplications (Extended 
Data Fig. 7) were generally evenly distributed over the genome. However, 
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Figure 3 | Extraction and contributions of base substitution signatures 
in 560 breast cancers. a, Twelve mutation signatures extracted using non-
negative matrix factorization. Each signature is ordered by mutation class 
(C>A/G>T, C>G/G>C, C>T/G>A, T>A/A>T, T>C/A>G, T>G/A 
>C), taking immediate flanking sequence into account. For each class, 
mutations are ordered by 5′ base (A, C, G, T) first before 3′ base (A, C, 
G, T). b, The spectrum of base substitution signatures within 560 breast 
cancers. Mutation signatures are ordered (and coloured) according to 
broad biological groups: signatures 1 and 5 are correlated with age of 
diagnosis; signatures 2 and 13 are putatively APOBEC-related; signatures 6,  
20 and 26 are associated with mismatch-repair deficiency; signatures 3  
and 8 are associated with homologous-recombination deficiency; 
signatures 18, 17 and 30 have unknown aetiology. For ease of reading, this 
arrangement is adopted for the rest of the manuscript. Samples are ordered 
according to hierarchical clustering performed on mutation signatures. 
Top, absolute numbers of mutations of each signature in each sample. 
Bottom, proportion of each signature in each sample. c, Distribution of 
mutation counts for each signature in relevant breast cancer samples. 
Percentage of samples carrying each signature provided above each 
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The mutational theory of cancer proposes that changes in DNA 
sequence, termed ‘driver’ mutations, confer proliferative advan-
tage on a cell, leading to outgrowth of a neoplastic clone1. Some 
driver mutations are inherited in the germline, but most arise in 

somatic cells during the lifetime of the cancer patient, together with 
many ‘passenger’ mutations not implicated in cancer development1. 
Multiple mutational processes, including endogenous and exoge-
nous mutagen exposures, aberrant DNA editing, replication errors 

1

We analysed whole-genome sequences of 560 breast cancers to advance understanding of the driver mutations conferring 
clonal advantage and the mutational processes generating somatic mutations. We found that 93 protein-coding cancer 
genes carried probable driver mutations. Some non-coding regions exhibited high mutation frequencies, but most have 
distinctive structural features probably causing elevated mutation rates and do not contain driver mutations. Mutational 
signature analysis was extended to genome rearrangements and revealed twelve base substitution and six rearrangement 
signatures. Three rearrangement signatures, characterized by tandem duplications or deletions, appear associated with 
defective homologous-recombination-based DNA repair: one with deficient BRCA1 function, another with deficient 
BRCA1 or BRCA2 function, the cause of the third is unknown. This analysis of all classes of somatic mutation across 
exons, introns and intergenic regions highlights the repertoire of cancer genes and mutational processes operating, and 
progresses towards a comprehensive account of the somatic genetic basis of breast cancer.
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there were nine locations at which recurrence of tandem duplications 
was found across the breast cancers and which often showed multiple, 
nested tandem duplications in individual cases (Extended Data Fig. 8). 
These may be mutational hotspots specific for these tandem duplication 
mutational processes, although we cannot exclude the possibility that 
they represent driver events.

Rearrangement signature 5 (accounting for 14% rearrangements) 
was characterized by deletions <100 kb. It was strongly associated 
with the presence of BRCA1 mutations or promoter hypermethyla-
tion (cluster D, Fig. 5), BRCA2 mutations (cluster G, Fig. 5) and with 
rearrangement signature 1 large tandem duplications (cluster F, Fig. 5).

Rearrangement signature 2 (accounting for 22% rearrangements) 
was characterized by non-clustered deletions (>100 kb), inversions 
and interchromosomal translocations, was present in most cancers but 
was particularly enriched in oestrogen receptor (ER)-positive cancers 
with quiet copy number profiles (cluster E, GISTIC (genomic identifi-
cation of significant targets in cancer) cluster 3; Fig. 5). Rearrangement  
signature 4 (accounting for 18% of rearrangements) was characterized 
by clustered interchromosomal translocations, whereas rearrangement 
signature 6 (19% of rearrangements) had clustered inversions and  
deletions (clusters A, B, C; Fig. 5).

Short segments (1–5 bp) of overlapping microhomology character-
istic of alternative methods of end-joining repair were found at most 
rearrangements2,14. Rearrangement signatures 2, 4 and 6 were charac-
terized by a peak at 1 bp of microhomology, whereas rearrangement 
signatures 1, 3 and 5, associated with homologous recombination 
DNA repair deficiency, exhibited a peak at 2 bp (Extended Data Fig. 9).  
Thus, different end-joining mechanisms may operate with different 
rearrangement processes. A proportion of breast cancers showed rear-
rangement signature 5 deletions with longer (>10 bp) microhomologies 
involving sequences from short-interspersed nuclear elements, most 
commonly AluS (63%) and AluY (15%) family repeats (Extended Data 
Fig. 9). Long segments (more than 10 bp) of non-templated sequence 
were particularly enriched amongst clustered rearrangements.

Localized hypermutation: kataegis
Focal base-substitution hypermutation, termed kataegis, is generally 
characterized by substitutions with characteristic features of signatures 2  
and 13 (refs 2, 24). Kataegis was observed in 49% breast cancers, with 
4% exhibiting 10 or more foci (Supplementary Table 21c). Kataegis colo-
calizes with clustered rearrangements characteristic of rearrangement  

signatures 4 and 6 (Fig. 4b). Cancers with tandem duplications or deletions  
of rearrangement signatures 1, 3 and 5 did not usually demonstrate 
kataegis. However, there must be additional determinants of kataegis as 
only 2% of rearrangements are associated with it. A rare (14 out of 1,557 
foci, 0.9%) alternative form of kataegis, colocalizing with rearrange-
ments but with a base-substitution pattern characterized by T>G and 
T>C mutations, predominantly at NTT and NTA sequences (where 
N can be any base A, T, C or G), was also observed (Extended Data  
Fig. 10). This pattern of base substitutions most closely matches signature 
9 (Extended Data Fig. 10; http://cancer.sanger.ac.uk/cosmic/signatures),  
previously observed in B lymphocyte neoplasms and attributed to  
polymerase eta activity41.

Mutational signatures exhibit distinct DNA replication 
strand biases
The distributions of mutations attributable to each of the 20 muta-
tional signatures (12 base substitution, 2 indel and 6 rearrangement) 
were explored42 with respect to DNA replication strand. We found an 
asymmetric distribution of mutations between leading and lagging 
replication strands for many, but not all signatures42 (Fig. 4a). Notably, 
signatures 2 and 13, owing to APOBEC deamination, showed marked 
lagging-strand replication bias (Fig. 4a) suggesting that lagging-strand 
replication provides single-stranded DNA for APOBEC deamination. 
Of the three signatures associated with mismatch-repair deficiency 
(signatures 6, 20 and 26), only signature 26 exhibited replicative-strand 
bias, highlighting how different signatures arising from defects of the 
same pathway can exhibit distinct relationships with replication.

Mutational signatures associated with BRCA1 and 
BRCA2 mutations
Of the 560 breast cancers, 90 had germline (60) or somatic (14) inac-
tivating mutations in BRCA1 (35) or BRCA2 (39) or showed methyla-
tion of the BRCA1 promoter (16). Loss of the wild-type chromosome 
17 or 13 was observed in 80 out of 90 cases. The latter exhibited 
many base substitution mutations of signature 3, accompanied by 
deletions of >3 bp with microhomology at rearrangement break-
points, and signature 8 together with CC>AA double nucleotide 
substitutions. Cases in which the wild-type chromosome 17 or 13 
was retained did not show these signatures. Thus signature 3 and, 
to a lesser extent, signature 8 are associated with absence of BRCA1 
and BRCA2 functions.

Figure 4 | Additional characteristics of base substitution signatures and 
novel rearrangement signatures in 560 breast cancers. a, Contrasting 
transcriptional strand asymmetry and replication strand asymmetry 
between twelve base substitution signatures. b, Six rearrangement 

signatures extracted using non-negative matrix factorization. Probability 
of rearrangement element on y axis. Rearrangement size on x axis. 
del, deletion; tds, tandem duplication; inv, inversion; trans, translocation.
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there were nine locations at which recurrence of tandem duplications 
was found across the breast cancers and which often showed multiple, 
nested tandem duplications in individual cases (Extended Data Fig. 8). 
These may be mutational hotspots specific for these tandem duplication 
mutational processes, although we cannot exclude the possibility that 
they represent driver events.

Rearrangement signature 5 (accounting for 14% rearrangements) 
was characterized by deletions <100 kb. It was strongly associated 
with the presence of BRCA1 mutations or promoter hypermethyla-
tion (cluster D, Fig. 5), BRCA2 mutations (cluster G, Fig. 5) and with 
rearrangement signature 1 large tandem duplications (cluster F, Fig. 5).

Rearrangement signature 2 (accounting for 22% rearrangements) 
was characterized by non-clustered deletions (>100 kb), inversions 
and interchromosomal translocations, was present in most cancers but 
was particularly enriched in oestrogen receptor (ER)-positive cancers 
with quiet copy number profiles (cluster E, GISTIC (genomic identifi-
cation of significant targets in cancer) cluster 3; Fig. 5). Rearrangement  
signature 4 (accounting for 18% of rearrangements) was characterized 
by clustered interchromosomal translocations, whereas rearrangement 
signature 6 (19% of rearrangements) had clustered inversions and  
deletions (clusters A, B, C; Fig. 5).

Short segments (1–5 bp) of overlapping microhomology character-
istic of alternative methods of end-joining repair were found at most 
rearrangements2,14. Rearrangement signatures 2, 4 and 6 were charac-
terized by a peak at 1 bp of microhomology, whereas rearrangement 
signatures 1, 3 and 5, associated with homologous recombination 
DNA repair deficiency, exhibited a peak at 2 bp (Extended Data Fig. 9).  
Thus, different end-joining mechanisms may operate with different 
rearrangement processes. A proportion of breast cancers showed rear-
rangement signature 5 deletions with longer (>10 bp) microhomologies 
involving sequences from short-interspersed nuclear elements, most 
commonly AluS (63%) and AluY (15%) family repeats (Extended Data 
Fig. 9). Long segments (more than 10 bp) of non-templated sequence 
were particularly enriched amongst clustered rearrangements.

Localized hypermutation: kataegis
Focal base-substitution hypermutation, termed kataegis, is generally 
characterized by substitutions with characteristic features of signatures 2  
and 13 (refs 2, 24). Kataegis was observed in 49% breast cancers, with 
4% exhibiting 10 or more foci (Supplementary Table 21c). Kataegis colo-
calizes with clustered rearrangements characteristic of rearrangement  

signatures 4 and 6 (Fig. 4b). Cancers with tandem duplications or deletions  
of rearrangement signatures 1, 3 and 5 did not usually demonstrate 
kataegis. However, there must be additional determinants of kataegis as 
only 2% of rearrangements are associated with it. A rare (14 out of 1,557 
foci, 0.9%) alternative form of kataegis, colocalizing with rearrange-
ments but with a base-substitution pattern characterized by T>G and 
T>C mutations, predominantly at NTT and NTA sequences (where 
N can be any base A, T, C or G), was also observed (Extended Data  
Fig. 10). This pattern of base substitutions most closely matches signature 
9 (Extended Data Fig. 10; http://cancer.sanger.ac.uk/cosmic/signatures),  
previously observed in B lymphocyte neoplasms and attributed to  
polymerase eta activity41.

Mutational signatures exhibit distinct DNA replication 
strand biases
The distributions of mutations attributable to each of the 20 muta-
tional signatures (12 base substitution, 2 indel and 6 rearrangement) 
were explored42 with respect to DNA replication strand. We found an 
asymmetric distribution of mutations between leading and lagging 
replication strands for many, but not all signatures42 (Fig. 4a). Notably, 
signatures 2 and 13, owing to APOBEC deamination, showed marked 
lagging-strand replication bias (Fig. 4a) suggesting that lagging-strand 
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17 or 13 was observed in 80 out of 90 cases. The latter exhibited 
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points, and signature 8 together with CC>AA double nucleotide 
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HER2-positive breast cancer has long proven to be a clinically distinct class of breast cancers for

which several targeted therapies are now available. However, resistance to the treatment asso-

ciated with specific gene expressions or mutations has been observed, revealing the underlying

diversity of these cancers. Therefore, understanding the full extent of the HER2-positive disease

heterogeneity still remains challenging. Here we carry out an in-depth genomic characterization of

64 HER2-positive breast tumour genomes that exhibit four subgroups, based on the expression

data, with distinctive genomic features in terms of somatic mutations, copy-number changes or

structural variations. The results suggest that, despite being clinically defined by a specific gene

amplification, HER2-positive tumours melt into the whole luminal–basal breast cancer spectrum

rather than standing apart. The results also lead to a refined ERBB2 amplicon of 106 kb and show

that several cases of amplifications are compatible with a breakage–fusion–bridge mechanism.
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de Biopathologie, Unité Inserm U916, Institut Bergonié, 229 cours de l’Argonne, 33076 Bordeaux, France. 8 Centre Georges-François Leclerc et CRB Ferdinand Cabanne, 1 rue du Professeur
Marion, Inserm U866-UBFC, 21000 Dijon, France. 9 Centre d’Etude du Polymorphisme Humain (CEPH), Fondation Jean Dausset, 27 rue Juliette Dodu, 75010 Paris, France. 10 Institut Paoli-
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CIC1401, 229 cours de l’Argonne, CS 61283, 33076 Bordeaux, France. 19 Institut Régional du Cancer de Montpellier (ICM), Oncologie Sénologie, 208 Avenue des Apothicaires, 34298
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hotspot mutations (Supplementary Data 2). MAP2K4 displayed
HD in three ERþ cases and GATA3 displayed three frameshifts.
Six ERBB2 missense mutations were observed in four tumours
including two in the kinase domain31. To assess if modifications
of potential cis-regulatory regions could also contribute to
differences between the four expression groups, we studied
somatic SNVs in these regions by looking at a combination of
histone marks enriched in regulatory region and FANTOM5
enhancer and promoter annotation32 (Methods). An under-
representation of SNVs located in H3K4me1 and H3K27ac
enhancers was observed in ERþ tumours (P¼ 8# 10$ 3, Mann–
Whitney U-test) and in group A (P¼ 8# 10$ 3, Kruskal–Wallis
test; P¼ 6# 10$ 4, Mann–Whitney U-test, A versus BCD)
(Supplementary Fig. 2d,e).

Somatic CNVs were derived from WGS for the 64 sequenced
tumours (Methods). CNV frequency profiles (Supplementary
Fig. 4) were in good agreement with published profiles33,34 of
HER2þ tumours including the ERBB2 amplicon as well as
recurrent CNVs found in BCs. Some CNVs were group specific:
gains of 2p and 2q chromosomal arms were more frequent in
group D (P¼ 1# 10$ 3 and 3# 10$ 3, respectively, Fisher’s exact
test), while loss of 11q was more frequent (P¼ 5# 10$ 3, Fisher’s
exact test, FDR corrected) and loss of 14q was less frequent
(P¼ 1# 10$ 2, Fisher’s exact test, FDR corrected) in group A.
The median fraction of the genome altered (FGA) was 59%, a
number somewhat higher than previously reported by using
array-CGH33 (34%). FGA was lower in group A than in the three

other groups (P¼ 2# 10$ 2, Kruskal–Wallis test; P¼ 2# 10$ 3,
Mann–Whitney U-test, A versus BCD) (Supplementary Fig. 2f).

As already reported33, other regions from 17q were found to be
amplified including the 17q21.32-17q21.33 region that harbours
SPOP (amplified in 14% of the tumours) and KAT7 (20%) genes
as well as the 17q23.1-17q24.3 region that harbours RPS6KB1
(25%), PPM1D (27%), BCAS3 (20%) and DDX5 (16%) genes.
These two regions appeared more frequently amplified in group
A (Supplementary Fig. 5). High-level gene amplifications were
observed on chromosomes 8, 11 and 20 in more than 10% of the
patients and on chromosomes 1, 6 and 12 in 5–10% of the
patients (Supplementary Fig. 6). These regions included several
known or putative oncogenes (Supplementary Data 3): 8p11.23
(ZNF703 (17%), WHSC1L1 (11%), FGFR1 (11%) and PPAPDC1B
(9%); 8q23.1 (RSPO2 (16%) and EIF3E (14%)); 8q24.11 (RAD21
(16%)); 8q24.21 (MYC (19%)); 11q13.3 (CCND1 (22%)); 20q13.2
(ZNF217 (11%)). Amplification of PPM1D and CCND1 was more
frequent in group A than in the other groups (P¼ 2# 10$ 3 and
4# 10$ 3, respectively; Fisher’s exact test, FDR corrected).

A total of 133 firestorms35 (Methods) were detected in 27
different chromosomal arms in 58 patients (90%). Although
firestorms were observed at least once in all chromosomal arms,
they were more frequent in 17q (n¼ 41 tumours); 8q (n¼ 18)
and 11q (n¼ 10).

A total of 24,203 somatic structural variations (SVs)
were detected (Methods), with a median of 327 per sample
(range 132–952) in agreement with the reported values36. The
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ARTICLE OPEN

Constitutional variants are not associated with HER2-positive
breast cancer: results from the SIGNAL/PHARE clinical
cohort
Xavier Pivot 1, Gilles Romieu2, Pierre Fumoleau3, Maria Rios4, Hervé Bonnefoi5, Thomas Bachelot6, Patrick Soulié7,
Christelle Jouannaud8, Hugues Bourgeois9, Thierry Petit10, Isabelle Tennevet11, David Assouline12, Marie-Christine Mathieu13,
Jean-Philippe Jacquin14, Sandrine Lavau-Denes15, Ariane Darut-Jouve16, Jean-Marc Ferrero17, Carole Tarpin18, Christelle Lévy19,
Valérie Delecroix20, Véronique Trillet-Lenoir21, Oana Cojocarasu22, Jérôme Meunier23, Jean-Yves Pierga24, Cécile Agostini25,
Pierre Kerbrat26, Céline Faure-Mercier27, Hélène Blanché28, Mourad Sahbatou28, Anne Boland29, Delphine Bacq29, Céline Besse29,
Fabien Calvo13, Alexia Renaud30, Jean-François Deleuze28,29, Iris Pauporté27, Gilles Thomas31 and David G. Cox30

Human epidermal growth factor receptor 2-positive breast cancer is a subtype of interest regarding its outcome and the impressive
impact of human epidermal growth factor receptor 2 targeted therapy. Constitutional variants may be involved in the aetiology of
human epidermal growth factor receptor 2-positive breast cancer, and we propose a case–case study to test the hypothesis that
single nucleotide polymorphisms may be associated with human epidermal growth factor receptor 2 status. A Genome-Wide
Association Study was used in a cohort of 9836 patients from the SIGNAL/PHARE study (NCT00381901-RECF1098). The main goal
was to identify variants specifically related to human epidermal growth factor receptor 2-positive breast cancer. A two-staged
genotyping strategy was carried out to cover as large a proportion of the genome as possible. All subjects were genotyped using
the Illumina HumanCore Exome chip set. Principal Components Analysis and k-means were then used to characterize the ancestry
of the participants. A random sample of subjects from the main “European” cluster was genotyped with the Omni5 chip set. These
data were then used to impute missing genotypes from the remaining subjects genotyped only using the HumanCore Exome array.
From the 9836 patients, a total of 8703 cases including 3230 patients with human epidermal growth factor receptor 2-positive
breast cancer were analyzed. Despite having 80% power to detect an odds ratio of 1.23 in this population, no variant achieved
genome-wide significance for association with the occurrence of human epidermal growth factor receptor 2–positive breast cancer
vs. any other subtype of breast tumour. Our study was unable to identify constitutional polymorphisms that are strongly associated
with human epidermal growth factor receptor 2-positive status among breast cancer patients.
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INTRODUCTION
Genetic polymorphisms have now been firmly established with
respect to breast cancer risk.1 Clinical observations and

epidemiological studies have suggested that some types of breast
cancer may be influenced by hereditary factors. For example, it is
well known that carries of mutations in BRCA1/2 are less likely to
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INCa. All patients provided a blood sample, which was centralized at the
Fondation Jean Dausset-Centre d’Etudes du Polymorphisme Humain
(CEPH) in Paris, France, for DNA extraction using standard protocols.
Genotyping was carried out at the Centre National du Génotypage (CNG)
in Evry, France.
INCa was the sponsor and the funding source. The sponsor validated the

study as designed by the trial’s steering committee as well as subsequent
amendments. The sponsor organised data collection. Data were analysed
and interpreted by the committee, independently from the sponsor. All
authors of the present manuscript are members of the committee and had
access to the raw data. Both studies were approved by the Franche-Comte
central ethical committee on May 15, 2006 and January 26th 2009 and
declared to the Competent Authority on November 6th 2008. Furthermore,
the informed consent was in conformity with the French regulation for

genetic studies as well as with the principles of Good Clinical Practice and
the Declaration of Helsinki and all patients signed the informed consents.

Subject recruiting, data and blood collection
Eligibility criteria for both SIGNAL and PHARE included the following:
female patients over 18 years of age (range 21.8–90.9, median 53.7 years),
with histologically confirmed invasive breast cancer. Additionally, patients
in PHARE needed to have pathologically confirmed HER2-postive breast
cancer, and adequate (>50%) left ventricular ejection fraction to continue
after 2 months of trastuzumab treatment. Patients must have received
(neo) adjuvant chemotherapy and/or breast-axillary surgery before
recruitment, and signed informed consent. HER2 status was determined
as part of the patient’s standard care, independent of our observational

Fig. 3 Quantile–Quantile plot of p-values from the GWAS of HER2 status. Analyses from 8703 patients, 3230 of whom are HER2-positive, are
represented. 914144 variants were included in these analyses. The gray area highlights the zone of potentially associated variants

Fig. 4 LocusView 1 plot of SNP with the strongest association with HER2 status. Adjusted for age and the two first component of the PCA

No evidence for variants linked to HER2-breast cancer
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