
1 in-frame deletion, 1 nonsense, and 3 missense), suggesting a loss of
function. Additionally, 2 mutations were found in TBX4 and 1 muta-
tion in TBX5, which are genes involved in Holt–Oram syndrome18.
Two other transcription factors, CTCF and FOXA1, were at or near
significance harbouring 13 and 8 mutations, respectively. RUNX1 and
CBFB, both rearranged in acute myeloid leukaemia and interfering
with haematopoietic differentiation, harboured 19 and 9 mutations,
respectively. PIK3R1 contained 14 mutations, most of which clustered
in the PIK3CA interaction domain similar to previously identified
mutations in glioma19 and endometrial cancer20. We also observed a
statistically significant exclusion pattern among PIK3R1, PIK3CA,
PTEN and AKT1 mutations (P 5 0.025). Mutation of splicing factor
SF3B1, previously described in myelodysplastic syndromes21 and
chronic lymphocytic leukaemia22, was significant with 15 non-silent
mutations, of which 4 were a recurrent K700E substitution. Two
protein tyrosine phosphatases (PTPN22 and PTPRD) were also signifi-
cantly mutated; frequent deletion/mutation of PTPRD is observed in
lung adenocarcinoma23.

Mutations and mRNA-expression subtype associations
We analysed the somatic mutation spectrum within the context of the
four mRNA-expression subtypes, excluding the normal-like group
owing to small numbers (n 5 8) (Fig. 1). Several significantly mutated
genes showed mRNA-subtype-specific (Supplementary Figs 1–3) and
clinical-subtype-specific patterns of mutation (Supplementary Table 2).
Significantly mutated genes were considerably more diverse and
recurrent within luminal A and luminal B tumours than within
basal-like and HER2-enriched (HER2E) subtypes; however, the overall
mutation rate was lowest in luminal A subtype and highest in the basal-
like and HER2E subtypes. The luminal A subtype harboured the most
significantly mutated genes, with the most frequent being PIK3CA
(45%), followed by MAP3K1, GATA3, TP53, CDH1 and MAP2K4.
Twelve per cent of luminal A tumours contained likely inactivating
mutations in MAP3K1 and MAP2K4, which represent two contiguous

steps in the p38–JNK1 stress kinase pathway24. Luminal B cancers
exhibited a diversity of significantly mutated genes, with TP53 and
PIK3CA (29% each) being the most frequent. The luminal tumour
subtypes markedly contrasted with basal-like cancers where TP53
mutations occurred in 80% of cases and the majority of the luminal
significantly mutated gene repertoire, except PIK3CA (9%), were
absent or near absent. The HER2E subtype, which has frequent
HER2 amplification (80%), had a hybrid pattern with a high frequency
of TP53 (72%) and PIK3CA (39%) mutations and a much lower fre-
quency of other significantly mutated genes including PIK3R1 (4%).

Intrinsic mRNA subtypes differed not only by mutation frequencies
but also by mutation type. Most notably, TP53 mutations in basal-like
tumours were mostly nonsense and frame shift, whereas missense
mutations predominated in luminal A and B tumours (Supplemen-
tary Fig. 1). Fifty-eight somatic GATA3 mutations, some of which were
previously described25, were detected including a hotspot 2-base-pair
deletion within intron 4 only in the luminal A subtype (13 out of 13
mutants) (Supplementary Fig. 2). In contrast, 7 out of 9 frame-shift
mutations in exon 5 (DNA binding domain) occurred in luminal B
cancers. PIK3CA mutation frequency and spectrum also varied by
mRNA subtype (Supplementary Fig. 3); the recurrent PIK3CA
E545K mutation was present almost exclusively within luminal A
(25 out of 27) tumours. CDH1 mutations were common (30 out of
36) within the lobular histological subtype and corresponded with
lower CDH1 mRNA (Supplementary Fig. 4) and protein expression.
Finally, we identified 4 out of 8 somatic variants in HER2 within lobular
cancers, three of which were within the tyrosine kinase domain.

We performed analyses on a selected set of genes26 using the normal
tissue DNA data and detected a number of germline predisposing
variants. These analyses identified 47 out of 507 patients with
deleterious germline variants, representing nine different genes
(ATM, BRCA1, BRCA2, BRIP1, CHEK2, NBN, PTEN, RAD51C and
TP53; Supplementary Table 3), supporting the hypothesis that ,10%
of sporadic breast cancers may have a strong germline contribution.
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Figure 1 | Significantly mutated genes and correlations with genomic and
clinical features. Tumour samples are grouped by mRNA subtype: luminal A
(n 5 225), luminal B (n 5 126), HER2E (n 5 57) and basal-like (n 5 93). The
left panel shows non-silent somatic mutation patterns and frequencies for
significantly mutated genes. The middle panel shows clinical features: dark
grey, positive or T2–4; white, negative or T1; light grey, N/A or equivocal.

N, node status; T, tumour size. The right panel shows significantly mutated
genes with frequent copy number amplifications (red) or deletions (blue). The
far-right panel shows non-silent mutation rate per tumour (mutations per
megabase, adjusted for coverage). The average mutation rate for each
expression subtype is indicated. Hypermutated: mutation rates .3 s.d. above
the mean (.4.688, indicated by grey line).
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