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            Abstract
Metastasis is the main cause of death for patients with breast cancer. Many studies have characterized the genomic landscape of breast cancer during its early stages. However, there is evidence that genomic alterations are acquired during the evolution of cancers from their early to late stages, and that the genomic landscape of early cancers is not representative of that of lethal cancers1,2,3,4,5,6,7. Here we investigated the landscape of somatic alterations in 617 metastatic breast cancers. Nine driver genes (TP53, ESR1, GATA3, KMT2C, NCOR1, AKT1, NF1, RIC8A and RB1) were more frequently mutated in metastatic breast cancers that expressed hormone receptors (oestrogen and/or progesterone receptors; HR+) but did not have high levels of HER2 (HER2−; n = 381), when compared to early breast cancers from The Cancer Genome Atlas. In addition, 18 amplicons were more frequently observed in HR+/HER2− metastatic breast cancers. These cancers showed an increase in mutational signatures S2, S3, S10, S13 and S17. Among the gene alterations that were enriched in HR+/HER2− metastatic breast cancers, mutations in TP53, RB1 and NF1, together with S10, S13 and S17, were associated with poor outcome. Metastatic triple-negative breast cancers showed an increase in the frequency of somatic biallelic loss-of-function mutations in genes related to homologous recombination DNA repair, compared to early triple-negative breast cancers (7% versus 2%). Finally, metastatic breast cancers showed an increase in mutational burden and clonal diversity compared to early breast cancers. Thus, the genomic landscape of metastatic breast cancer is enriched in clinically relevant genomic alterations and is more complex than that of early breast cancer. The identification of genomic alterations associated with poor outcome will allow earlier and better selection of patients who require the use of treatments that are still in clinical trials. The genetic complexity observed in advanced breast cancer suggests that such treatments should be introduced as early as possible in the disease course.
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                    Fig. 1: Repertoire of somatic genetic alterations of metastatic breast cancers.[image: ]


Fig. 2: Comparison with eBCs from the TCGA cohort revealed new significantly mutated genes in mBCs.[image: ]


Fig. 3: Mutational processes and HRD in mBCs.[image: ]


Fig. 4: Tumour mutational burden and clonal diversity in mBC.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Study workflow.
The main dataset included tumour samples from 617 patients with metastatic breast cancers who were included in six precision medicine trials. The aim was to generate the genomic landscape of metastatic breast cancers. We then explored the clinical relevance of gene alterations that were enriched in mBCs. To address these questions, we used the main dataset to test the prognostic values of these gene alterations; we used genomic data from the MONALEESA2, 3 and 7 trials to test the efficacy of CDK4 inhibitors in RB1 mutant tumours; we used whole-genome sequencing data from four outlier responders to PARP inhibitors (RUBY trial); and we used data from SAFIR02 to explore the efficacy of MEK inhibitors in patients with NF1 mutations.


Extended Data Fig. 2 Outcome of patients with HR+/HER2− mBCs according to the presence of mutational signatures S10, S13 and S17.
Kaplan–Meier plots of overall survival in patients with HR+/HER2− mBCs, stratified by mutational signatures S10 (S10 = 0, n = 171; S10 > 0, n = 194), S13 (S13 = 0, n = 140; S13 > 0, n = 225) and S17 (S17 = 0, n = 245; S17 > 0, n = 120). HR, hazard ratio according to Cox multivariate analysis (log-rank test, two-sided); 95% CI shown in square brackets.


Extended Data Fig. 3 Detection of LST, signature 3 and indels with microhomology according to the presence of biallelic LOF mutations on genes located in the HR pathway.
Scatter plots of LST and contributions of signature 3 in the HR+/HER2−, HER2+ and TNBC cohorts. Each dot represents one tumour and the sizes of the dots are proportion to the number of indels larger than 3 bp with microhomology, a feature of HRD. Tumours associated with biallelic LOF mutations (frameshift, start/stop codon, nonsense and splice sites) in HR-related genes in which one of the alleles lost was a germline variant are shown in purple, and tumours associated with biallelic LOF mutations in which both alleles were lost somatically are shown in red. All cases in the darker pink shaded areas were considered to have HRD, and cases in the lighter pink shaded areas were considered to have HRD if they were LST-high25.


Extended Data Fig. 4 Prediction of tumour neoantigens according to mutational processes.
Scatter plots of the fraction of mutations classified as neoantigens against the number of neoantigens for neoantigens with predicted binding affinity <100 nM (left) and neoantigens with predicted binding affinity <500 nM (right). Above and to the right of the scatter plots are the kernel density plots of the number and fraction of neoantigens, respectively. Each dot represents a sample and is colour-coded according to mutational signature and/or clinical subgroup (see Methods).


Extended Data Table 1 Patient characteristicsFull size table
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