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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 

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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Introduc?on	

•  Comprendre	les	process	muta?onnels	et	établir	le	catalogue	des	
muta?ons	délétères	dans	les	cancers	du	sein	

•  La	plupart	des	études	larges	(non	centrées	sur	un	gène/un	process	
biologique)	en	se	concentrant	sur	les	gènes	codant	des	protéines	
démontrent	des	biais	:	
–  Réarrangements	structuraux	drivers	(transloca?ons	conduisant	à	des	gènes	de	

fusion	ou	dérégula?on	d’expression	(promoteurs)	
–  Muta?ons	driver	dans	les	régions	non	codantes	
–  Quels	sont	les	mécanismes	muta?onnels	qui	génèrent	les	muta?ons	

soma?ques	?	
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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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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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we then compiled a list of 727 human cancer genes (Supplementary 
Table 12). On the basis of driver mutations found previously, we 
defined conservative rules for somatic driver base substitutions and 
indel mutations in each gene and sought mutations conforming to 
these rules in the 560 breast cancers. We identified 916 probable driver 
mutations of these classes (Fig. 1b, Supplementary Table 14, Extended 
Data Fig. 1).

To explore the role of genomic rearrangements as driver muta-
tions16,18,19,27, we sought predicted in-frame fusion genes that might 
create activated, dominant cancer genes. We identified 1,278 unique 
and 39 infrequently recurrent in-frame gene fusions (Supplementary 
Table 15). Many of the latter, however, were in regions of high  
rearrangement density, including amplicons28 and fragile sites, and 
their recurrence is probably attributable to chance27. Furthermore, 
transcriptome sequences from 260 cancers did not show expression of 
these fusions and generally confirmed the rarity of recurrent in-frame 
fusion genes. By contrast, recurrent rearrangements interrupting the 
gene footprints of CDKN2A, RB1, MAP3K1, PTEN, MAP2K4, ARID1B, 
FBXW7, MLLT4 and TP53 were found beyond the numbers expected 
from local background rearrangement rates, indicating that they con-
tribute to the driver mutation burden of recessive cancer genes. Several 
other recurrently rearranged genomic regions were observed, including 
dominantly acting cancer genes ETV6 and ESR1 (without consistent 
elevation in expression levels), L1 retrotransposition sites29 and fragile 
sites. The significance of these recurrently rearranged regions remains 
unclear (Extended Data Fig. 2).

Incorporation of recurrent copy number changes, including homozy-
gous deletions and amplifications, generated a total of 1,628 likely 
driver mutations in 93 cancer genes (Fig. 1b). At least one driver was 
identifiable in 95% of cancers. The 10 most frequently mutated genes 
were TP53, PIK3CA, MYC, CCND1, PTEN, ERBB2, ZNF703/FGFR1 
locus, GATA3, RB1 and MAP3K1 (Fig. 1b, Extended Data Fig. 1), and 
these accounted for 62% of drivers.

Recurrent somatic mutations in non-coding regions
To investigate non-coding somatic driver substitutions and indels, we 
searched for non-coding genomic regions with more mutations than 
expected by chance (Fig. 2a, Supplementary Table 16, Extended Data Fig. 3).  

The promoter of PLEKHS1 exhibited recurrent mutations at two 
genomic positions30 (Fig. 2a) TTTTGCAAT TGAACA ATTGCAAAA 
(as previously reported30). The two mutated bases, within a 6 base pair 
(bp) core motif, are flanked, on either side by 9 base pairs of palin-
dromic sequence forming inverted repeats31. Most cancers with these 
mutations showed many base substitutions of mutational signatures 2 
and 13 that have been attributed to activity of APOBEC DNA-editing 
proteins that target the TCN sequence motif. One of the mutated bases 
is a cytosine in a TCA sequence context (shown above as the reverse 
complement, TGA) at which predominantly C>T substitutions were 
found. The other is a cytosine in ACA context, which showed both  
C>T and C>G mutations.

The TGAACA core sequence was mutated at the same two posi-
tions at multiple locations elsewhere in the genome (Supplementary 
Table 16c) where the TGAACA core was also flanked by palindromes 
albeit of different sequences and lengths (Supplementary Table 16c). 
These mutations were also usually found in cancers with many sig-
nature 2 and 13 mutations (Fig. 2a). TGAACA core sequences with 
longer flanking palindromes generally exhibited a higher mutation rate, 
and TGAACA sequences flanked by 9 bp palindromes exhibited an 
∼265-fold higher mutation rate than sequences without them (Fig. 2b,  
Supplementary Table 16d). However, additional factors must influence 
the mutation rate because it varied markedly between TGAACA core 
sequences with different palindromes of the same length (Fig. 2c).  
Some TGAACA-inverted repeat sites were in regulatory regions but 
others were intronic or intergenic without functional annotation 
(examples in Supplementary Table 16c) or exonic. The propensity for 
mutation recurrence at specific positions in a distinctive sequence motif 
in cancers with numerous mutations of particular signatures renders it 
plausible that these are hypermutable hotspots32–34, perhaps through 
formation of DNA hairpin structures35, which are single-stranded at 
their tips enabling attack by APOBEC enzymes, rather than driver 
mutations.

Two recurrently mutated sites were also observed in the promoter 
of TBC1D12 (TBC1 domain family, member 12) (q value 4.5 × 10−2) 
(Fig. 2a). The mutations were characteristic of signatures 2 and 13 and 
enriched in cancers with many signature 2 and 13 mutations (Fig. 2a). 
The mutations were within the TBC1D12 Kozak consensus sequence 

Figure 2 | Non-coding analyses of breast cancer genomes.  
a, Distributions of substitution (purple dots) and indel (blue dots) 
mutations within the footprint of five regulatory regions identified as 
being more significantly mutated than expected is provided on the left. 
The proportion of base substitution mutation signatures associated with 
corresponding samples carrying mutations in each of these non-coding 

regions, is displayed on the right. b, Mutability of TGAACA/TGTTCA 
motifs within inverted repeats of varying flanking palindromic sequence 
length compared to motifs not within an inverted repeat. c, Variation in 
mutability between loci of TGAACA/TGTTCA inverted repeats with 9 bp 
palindromes.
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we then compiled a list of 727 human cancer genes (Supplementary 
Table 12). On the basis of driver mutations found previously, we 
defined conservative rules for somatic driver base substitutions and 
indel mutations in each gene and sought mutations conforming to 
these rules in the 560 breast cancers. We identified 916 probable driver 
mutations of these classes (Fig. 1b, Supplementary Table 14, Extended 
Data Fig. 1).

To explore the role of genomic rearrangements as driver muta-
tions16,18,19,27, we sought predicted in-frame fusion genes that might 
create activated, dominant cancer genes. We identified 1,278 unique 
and 39 infrequently recurrent in-frame gene fusions (Supplementary 
Table 15). Many of the latter, however, were in regions of high  
rearrangement density, including amplicons28 and fragile sites, and 
their recurrence is probably attributable to chance27. Furthermore, 
transcriptome sequences from 260 cancers did not show expression of 
these fusions and generally confirmed the rarity of recurrent in-frame 
fusion genes. By contrast, recurrent rearrangements interrupting the 
gene footprints of CDKN2A, RB1, MAP3K1, PTEN, MAP2K4, ARID1B, 
FBXW7, MLLT4 and TP53 were found beyond the numbers expected 
from local background rearrangement rates, indicating that they con-
tribute to the driver mutation burden of recessive cancer genes. Several 
other recurrently rearranged genomic regions were observed, including 
dominantly acting cancer genes ETV6 and ESR1 (without consistent 
elevation in expression levels), L1 retrotransposition sites29 and fragile 
sites. The significance of these recurrently rearranged regions remains 
unclear (Extended Data Fig. 2).

Incorporation of recurrent copy number changes, including homozy-
gous deletions and amplifications, generated a total of 1,628 likely 
driver mutations in 93 cancer genes (Fig. 1b). At least one driver was 
identifiable in 95% of cancers. The 10 most frequently mutated genes 
were TP53, PIK3CA, MYC, CCND1, PTEN, ERBB2, ZNF703/FGFR1 
locus, GATA3, RB1 and MAP3K1 (Fig. 1b, Extended Data Fig. 1), and 
these accounted for 62% of drivers.

Recurrent somatic mutations in non-coding regions
To investigate non-coding somatic driver substitutions and indels, we 
searched for non-coding genomic regions with more mutations than 
expected by chance (Fig. 2a, Supplementary Table 16, Extended Data Fig. 3).  

The promoter of PLEKHS1 exhibited recurrent mutations at two 
genomic positions30 (Fig. 2a) TTTTGCAAT TGAACA ATTGCAAAA 
(as previously reported30). The two mutated bases, within a 6 base pair 
(bp) core motif, are flanked, on either side by 9 base pairs of palin-
dromic sequence forming inverted repeats31. Most cancers with these 
mutations showed many base substitutions of mutational signatures 2 
and 13 that have been attributed to activity of APOBEC DNA-editing 
proteins that target the TCN sequence motif. One of the mutated bases 
is a cytosine in a TCA sequence context (shown above as the reverse 
complement, TGA) at which predominantly C>T substitutions were 
found. The other is a cytosine in ACA context, which showed both  
C>T and C>G mutations.

The TGAACA core sequence was mutated at the same two posi-
tions at multiple locations elsewhere in the genome (Supplementary 
Table 16c) where the TGAACA core was also flanked by palindromes 
albeit of different sequences and lengths (Supplementary Table 16c). 
These mutations were also usually found in cancers with many sig-
nature 2 and 13 mutations (Fig. 2a). TGAACA core sequences with 
longer flanking palindromes generally exhibited a higher mutation rate, 
and TGAACA sequences flanked by 9 bp palindromes exhibited an 
∼265-fold higher mutation rate than sequences without them (Fig. 2b,  
Supplementary Table 16d). However, additional factors must influence 
the mutation rate because it varied markedly between TGAACA core 
sequences with different palindromes of the same length (Fig. 2c).  
Some TGAACA-inverted repeat sites were in regulatory regions but 
others were intronic or intergenic without functional annotation 
(examples in Supplementary Table 16c) or exonic. The propensity for 
mutation recurrence at specific positions in a distinctive sequence motif 
in cancers with numerous mutations of particular signatures renders it 
plausible that these are hypermutable hotspots32–34, perhaps through 
formation of DNA hairpin structures35, which are single-stranded at 
their tips enabling attack by APOBEC enzymes, rather than driver 
mutations.

Two recurrently mutated sites were also observed in the promoter 
of TBC1D12 (TBC1 domain family, member 12) (q value 4.5 × 10−2) 
(Fig. 2a). The mutations were characteristic of signatures 2 and 13 and 
enriched in cancers with many signature 2 and 13 mutations (Fig. 2a). 
The mutations were within the TBC1D12 Kozak consensus sequence 

Figure 2 | Non-coding analyses of breast cancer genomes.  
a, Distributions of substitution (purple dots) and indel (blue dots) 
mutations within the footprint of five regulatory regions identified as 
being more significantly mutated than expected is provided on the left. 
The proportion of base substitution mutation signatures associated with 
corresponding samples carrying mutations in each of these non-coding 

regions, is displayed on the right. b, Mutability of TGAACA/TGTTCA 
motifs within inverted repeats of varying flanking palindromic sequence 
length compared to motifs not within an inverted repeat. c, Variation in 
mutability between loci of TGAACA/TGTTCA inverted repeats with 9 bp 
palindromes.
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we then compiled a list of 727 human cancer genes (Supplementary 
Table 12). On the basis of driver mutations found previously, we 
defined conservative rules for somatic driver base substitutions and 
indel mutations in each gene and sought mutations conforming to 
these rules in the 560 breast cancers. We identified 916 probable driver 
mutations of these classes (Fig. 1b, Supplementary Table 14, Extended 
Data Fig. 1).

To explore the role of genomic rearrangements as driver muta-
tions16,18,19,27, we sought predicted in-frame fusion genes that might 
create activated, dominant cancer genes. We identified 1,278 unique 
and 39 infrequently recurrent in-frame gene fusions (Supplementary 
Table 15). Many of the latter, however, were in regions of high  
rearrangement density, including amplicons28 and fragile sites, and 
their recurrence is probably attributable to chance27. Furthermore, 
transcriptome sequences from 260 cancers did not show expression of 
these fusions and generally confirmed the rarity of recurrent in-frame 
fusion genes. By contrast, recurrent rearrangements interrupting the 
gene footprints of CDKN2A, RB1, MAP3K1, PTEN, MAP2K4, ARID1B, 
FBXW7, MLLT4 and TP53 were found beyond the numbers expected 
from local background rearrangement rates, indicating that they con-
tribute to the driver mutation burden of recessive cancer genes. Several 
other recurrently rearranged genomic regions were observed, including 
dominantly acting cancer genes ETV6 and ESR1 (without consistent 
elevation in expression levels), L1 retrotransposition sites29 and fragile 
sites. The significance of these recurrently rearranged regions remains 
unclear (Extended Data Fig. 2).

Incorporation of recurrent copy number changes, including homozy-
gous deletions and amplifications, generated a total of 1,628 likely 
driver mutations in 93 cancer genes (Fig. 1b). At least one driver was 
identifiable in 95% of cancers. The 10 most frequently mutated genes 
were TP53, PIK3CA, MYC, CCND1, PTEN, ERBB2, ZNF703/FGFR1 
locus, GATA3, RB1 and MAP3K1 (Fig. 1b, Extended Data Fig. 1), and 
these accounted for 62% of drivers.

Recurrent somatic mutations in non-coding regions
To investigate non-coding somatic driver substitutions and indels, we 
searched for non-coding genomic regions with more mutations than 
expected by chance (Fig. 2a, Supplementary Table 16, Extended Data Fig. 3).  

The promoter of PLEKHS1 exhibited recurrent mutations at two 
genomic positions30 (Fig. 2a) TTTTGCAAT TGAACA ATTGCAAAA 
(as previously reported30). The two mutated bases, within a 6 base pair 
(bp) core motif, are flanked, on either side by 9 base pairs of palin-
dromic sequence forming inverted repeats31. Most cancers with these 
mutations showed many base substitutions of mutational signatures 2 
and 13 that have been attributed to activity of APOBEC DNA-editing 
proteins that target the TCN sequence motif. One of the mutated bases 
is a cytosine in a TCA sequence context (shown above as the reverse 
complement, TGA) at which predominantly C>T substitutions were 
found. The other is a cytosine in ACA context, which showed both  
C>T and C>G mutations.

The TGAACA core sequence was mutated at the same two posi-
tions at multiple locations elsewhere in the genome (Supplementary 
Table 16c) where the TGAACA core was also flanked by palindromes 
albeit of different sequences and lengths (Supplementary Table 16c). 
These mutations were also usually found in cancers with many sig-
nature 2 and 13 mutations (Fig. 2a). TGAACA core sequences with 
longer flanking palindromes generally exhibited a higher mutation rate, 
and TGAACA sequences flanked by 9 bp palindromes exhibited an 
∼265-fold higher mutation rate than sequences without them (Fig. 2b,  
Supplementary Table 16d). However, additional factors must influence 
the mutation rate because it varied markedly between TGAACA core 
sequences with different palindromes of the same length (Fig. 2c).  
Some TGAACA-inverted repeat sites were in regulatory regions but 
others were intronic or intergenic without functional annotation 
(examples in Supplementary Table 16c) or exonic. The propensity for 
mutation recurrence at specific positions in a distinctive sequence motif 
in cancers with numerous mutations of particular signatures renders it 
plausible that these are hypermutable hotspots32–34, perhaps through 
formation of DNA hairpin structures35, which are single-stranded at 
their tips enabling attack by APOBEC enzymes, rather than driver 
mutations.

Two recurrently mutated sites were also observed in the promoter 
of TBC1D12 (TBC1 domain family, member 12) (q value 4.5 × 10−2) 
(Fig. 2a). The mutations were characteristic of signatures 2 and 13 and 
enriched in cancers with many signature 2 and 13 mutations (Fig. 2a). 
The mutations were within the TBC1D12 Kozak consensus sequence 

Figure 2 | Non-coding analyses of breast cancer genomes.  
a, Distributions of substitution (purple dots) and indel (blue dots) 
mutations within the footprint of five regulatory regions identified as 
being more significantly mutated than expected is provided on the left. 
The proportion of base substitution mutation signatures associated with 
corresponding samples carrying mutations in each of these non-coding 

regions, is displayed on the right. b, Mutability of TGAACA/TGTTCA 
motifs within inverted repeats of varying flanking palindromic sequence 
length compared to motifs not within an inverted repeat. c, Variation in 
mutability between loci of TGAACA/TGTTCA inverted repeats with 9 bp 
palindromes.
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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 
signature.
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we then compiled a list of 727 human cancer genes (Supplementary 
Table 12). On the basis of driver mutations found previously, we 
defined conservative rules for somatic driver base substitutions and 
indel mutations in each gene and sought mutations conforming to 
these rules in the 560 breast cancers. We identified 916 probable driver 
mutations of these classes (Fig. 1b, Supplementary Table 14, Extended 
Data Fig. 1).

To explore the role of genomic rearrangements as driver muta-
tions16,18,19,27, we sought predicted in-frame fusion genes that might 
create activated, dominant cancer genes. We identified 1,278 unique 
and 39 infrequently recurrent in-frame gene fusions (Supplementary 
Table 15). Many of the latter, however, were in regions of high  
rearrangement density, including amplicons28 and fragile sites, and 
their recurrence is probably attributable to chance27. Furthermore, 
transcriptome sequences from 260 cancers did not show expression of 
these fusions and generally confirmed the rarity of recurrent in-frame 
fusion genes. By contrast, recurrent rearrangements interrupting the 
gene footprints of CDKN2A, RB1, MAP3K1, PTEN, MAP2K4, ARID1B, 
FBXW7, MLLT4 and TP53 were found beyond the numbers expected 
from local background rearrangement rates, indicating that they con-
tribute to the driver mutation burden of recessive cancer genes. Several 
other recurrently rearranged genomic regions were observed, including 
dominantly acting cancer genes ETV6 and ESR1 (without consistent 
elevation in expression levels), L1 retrotransposition sites29 and fragile 
sites. The significance of these recurrently rearranged regions remains 
unclear (Extended Data Fig. 2).

Incorporation of recurrent copy number changes, including homozy-
gous deletions and amplifications, generated a total of 1,628 likely 
driver mutations in 93 cancer genes (Fig. 1b). At least one driver was 
identifiable in 95% of cancers. The 10 most frequently mutated genes 
were TP53, PIK3CA, MYC, CCND1, PTEN, ERBB2, ZNF703/FGFR1 
locus, GATA3, RB1 and MAP3K1 (Fig. 1b, Extended Data Fig. 1), and 
these accounted for 62% of drivers.

Recurrent somatic mutations in non-coding regions
To investigate non-coding somatic driver substitutions and indels, we 
searched for non-coding genomic regions with more mutations than 
expected by chance (Fig. 2a, Supplementary Table 16, Extended Data Fig. 3).  

The promoter of PLEKHS1 exhibited recurrent mutations at two 
genomic positions30 (Fig. 2a) TTTTGCAAT TGAACA ATTGCAAAA 
(as previously reported30). The two mutated bases, within a 6 base pair 
(bp) core motif, are flanked, on either side by 9 base pairs of palin-
dromic sequence forming inverted repeats31. Most cancers with these 
mutations showed many base substitutions of mutational signatures 2 
and 13 that have been attributed to activity of APOBEC DNA-editing 
proteins that target the TCN sequence motif. One of the mutated bases 
is a cytosine in a TCA sequence context (shown above as the reverse 
complement, TGA) at which predominantly C>T substitutions were 
found. The other is a cytosine in ACA context, which showed both  
C>T and C>G mutations.

The TGAACA core sequence was mutated at the same two posi-
tions at multiple locations elsewhere in the genome (Supplementary 
Table 16c) where the TGAACA core was also flanked by palindromes 
albeit of different sequences and lengths (Supplementary Table 16c). 
These mutations were also usually found in cancers with many sig-
nature 2 and 13 mutations (Fig. 2a). TGAACA core sequences with 
longer flanking palindromes generally exhibited a higher mutation rate, 
and TGAACA sequences flanked by 9 bp palindromes exhibited an 
∼265-fold higher mutation rate than sequences without them (Fig. 2b,  
Supplementary Table 16d). However, additional factors must influence 
the mutation rate because it varied markedly between TGAACA core 
sequences with different palindromes of the same length (Fig. 2c).  
Some TGAACA-inverted repeat sites were in regulatory regions but 
others were intronic or intergenic without functional annotation 
(examples in Supplementary Table 16c) or exonic. The propensity for 
mutation recurrence at specific positions in a distinctive sequence motif 
in cancers with numerous mutations of particular signatures renders it 
plausible that these are hypermutable hotspots32–34, perhaps through 
formation of DNA hairpin structures35, which are single-stranded at 
their tips enabling attack by APOBEC enzymes, rather than driver 
mutations.

Two recurrently mutated sites were also observed in the promoter 
of TBC1D12 (TBC1 domain family, member 12) (q value 4.5 × 10−2) 
(Fig. 2a). The mutations were characteristic of signatures 2 and 13 and 
enriched in cancers with many signature 2 and 13 mutations (Fig. 2a). 
The mutations were within the TBC1D12 Kozak consensus sequence 

Figure 2 | Non-coding analyses of breast cancer genomes.  
a, Distributions of substitution (purple dots) and indel (blue dots) 
mutations within the footprint of five regulatory regions identified as 
being more significantly mutated than expected is provided on the left. 
The proportion of base substitution mutation signatures associated with 
corresponding samples carrying mutations in each of these non-coding 

regions, is displayed on the right. b, Mutability of TGAACA/TGTTCA 
motifs within inverted repeats of varying flanking palindromic sequence 
length compared to motifs not within an inverted repeat. c, Variation in 
mutability between loci of TGAACA/TGTTCA inverted repeats with 9 bp 
palindromes.
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Cancers with inactivating BRCA1 or BRCA2 mutations usually carry 
many genomic rearrangements. Cancers with BRCA1, but not BRCA2, 
mutations exhibit large numbers of rearrangement signature 3 small 
tandem duplications. Cancers with BRCA1 or BRCA2 mutations show 
substantial numbers of rearrangement signature 5 deletions. No other 
rearrangement signatures were associated with BRCA1- or BRCA2-null 
cases (clusters D and G, Fig. 5). Some breast cancers without identifiable 
 BRCA1/2 mutations or BRCA1 promoter methylation showed these 
features and segregated with BRCA1/2-null cancers in hierarchical  
clustering analysis (Fig. 5). In such cases, the BRCA1/2 mutations may 
have been missed or other mutated or promoter methylated genes may be 
exerting similar effects (see http://cancer.sanger.ac.uk/cosmic/sample/ 
genomes for examples of whole-genome profiles of typical BRCA1-
null, (for example, PD6413a, PD7215a) and BRCA2-null tumours (for 
example, PD4952a, PD4955a)).

A further subset of cancers (cluster F, Fig. 5) show similarities in 
mutational pattern to BRCA1/2-null cancers, with many rearrangement 
signature 5 deletions and enrichment for base substitution signatures 3  
and 8. However, these do not segregate together with BRCA1/2-null 
cases in hierarchical clustering analysis, have rearrangement signature 1  
large tandem duplications and do not show BRCA1/2 mutations. 
Somatic and germline mutations in genes associated with the DNA 

double-strand break repair pathway including ATM, ATR, PALB2, 
RAD51C, RAD50, TP53, CHEK2 and BRIP1, were sought in these can-
cers. We did not observe any clear-cut relationships between mutations 
in these genes and these mutational patterns.

Cancers with BRCA1/2 mutations are particularly responsive to cispla-
tin and PARP inhibitors43–45. Combinations of base substitution, indel 
and rearrangement mutational signatures may be better biomarkers  
of defective homologous-recombination-based DNA double-strand 
break repair and responsiveness to these drugs46 than BRCA1/2 muta-
tions or promoter methylation alone and thus may constitute the basis 
of future diagnostics.

Conclusions
A comprehensive perspective on the somatic genetics of breast can-
cer is drawing closer (see http://cancer.sanger.ac.uk/cosmic/sample/
genomes for individual patient genome profile, and Methods for  
orientation). At least 12 base substitution mutational signatures and 6 
rearrangement signatures contribute to the somatic mutations found, 
and 93 mutated cancer genes (31 dominant, 60 recessive, 2 uncertain)  
are implicated in genesis of the disease. However, dominantly  
acting activated fusion genes and non-coding driver mutations appear 
rare. Additional infrequently mutated cancer genes probably exist. 
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Figure 5 | Integrative analysis of rearrangement 
signatures. Heatmap of rearrangement 
signatures following unsupervised hierarchical 
clustering based on proportions of 
rearrangement signatures in each cancer. Seven 
cluster groups (A–G) noted and relationships 
with expression (AIMS) subtype (basal, red; 
luminal B, light blue; luminal A, dark blue), 
immunohistopathology status (ER, progesterone 
receptor (PR), HER2 status; black, positive), 
abrogation of BRCA1 (purple) and BRCA2 
(orange) (whether germline, somatic or through 
promoter hypermethylation), presence of 3 or 
more foci of kataegis (black, positive), HRD 
index (top 25% or lowest 25%; black, positive), 
GISTIC cluster group (black, positive) and 
driver mutations in cancer genes. miRNA 
cluster groups: 0, red; 1, purple; 2, blue; 3, light 
blue; 4, green; 5, orange. Contribution of base-
substitution signatures in these seven cluster 
groups is provided in the bottom panel.
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Signatures	associées	aux	muta?ons	BRCA1	&	BRCA2	

•  560	KS	
–  90	K	avec	muta?ons	inac?vatrices	des	gènes	BRCA	(clusters	D	&	G)	

•  60	cons?tu?onnelles 		
•  14	soma?ques	
•  35	BRCA1	
•  39	BRCA2	
•  16	hypermethyla?on	promoteur	BRCA1	
•  Pertes	des	chromosomes	17	ou	13	dans	80/90	K	

–  Signature	3	:	K	BRCA1	-/-	nombreux	réarrangements	small	tandem	dup	
–  Signature	5	:	Mut	BRCA1	et	BRCA2	dlélé?ons	
–  Les	tumeurs	qui	sont	associées	avec	les	mut	BRCA	(cluster	F)	à	ATM,	

ATR,	PALB2,	RAD51C,	RAD50,	TP53,	CHEK2,	BRIP1	


