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Extended Data Figure 1. De novo discovery of signatures in the 560 cohort using alternative methods. A. Profiles of mutational signatures as well as their cosine similarities to COSMIC signatures, extracted using non-negative matrix factorisation (NMF), (B) non-smooth non-negative matrix factorisation (nsNMF), (C) SignatureAnalyzer (74) or (D) SigProfiler (2) from the mutational catalogues of the 560 cohort (23).
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Extended Data Figure 2. Mutational signature-based clustering of 560 patients. A. Boxplots depicting distributions of signatures across the three clusters of patients. Clustering was performed by k-means. B. Radar plots for each cluster depicting proportions of single nucleotide variants (SNVs) corresponding to each of the eight signatures.
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Extended Data Figure 3. Clustering in the Pan-cancer Analysis of Whole Genomes (PCAWG) cohort. A. Groups of patients obtained by unsupervised clustering based on mutational signature profiles in the mutational catalogues of 70 breast cancer patients of the Pan-Cancer Analysis of Whole Genomes (PCAWG) cohort. B. Boxplots depicting the distributions of signatures across the three clusters of patients. Clustering was performed by k-means. C. Radar plots for each cluster depicting the number of mutations corresponding to each of the eight signatures.
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Extended Data Figure 4. Association of 560 clusters with tumour clinical features. A. Boxplots depicting age of diagnosis distributions B. Tumour grade distributions where grade I are well differentiated, grade II moderately differentiated and grade III poorly differentiated tumours C. Tumour (T) stage distributions. Tumour size increases from T1 to T4. Tx represents size that cannot be assessed. D. Node (N) stage distributions. This describes whether a tumour has spread to lymph nodes. N0 means there are no cancer cells in the nearby nodes, whereas Nx means that the lymph nodes cannot be assessed. The higher the N stage, the more lymph nodes are affected. E. Metastasis (M) stage distributions. Mx represents primary tumours where metastasis could not be evaluated, whereas M0 represents no evidence of metastatic spread. M1 and M2 represent evidence of cancer spreading to other parts of the body, in order of severity. F. Overall survival and G. Progression free survival plot. H. PAM50 status.
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Supplementary Figure 5. Expression of APOBEC key players in the 560 cohort. A. Distributions of APOBEC3B expression log2 counts and of B. Uracil-DNA-glycosylase (UNG) in the three clusters of patients of the 560 cohort (23).
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Supplementary Figure 6. NEUTRAL experiment results at 3 months. A. Violin plots depicting the bootstrapped (1000 repetitions) distributions of the number of SNVs assigned to signatures (top) and proportions of signatures (bottom) across the three cell lines after 3 months of experiment. Experimental setup is the same as described in Figure 2A. B. Goodness of fit for the signature assignment in A. Goodness of fit is the cosine similarity between the observed trinucleotides frequencies and the predicted trinucleotide frequencies using the signatures estimated by SparseSignatures (24).



[image: ]
Supplementary Figure 7. Alternative signatures results for TRADITIOM experiment. This is signature assignment results for the TRADITIOM experiment (experimental set-up explained in Figure 3C), as presented in Figure 3D. The only difference is that the variant calling in this case is performed separately for each sample, whereas the variant calling in Figure 3C is performed by joint analysis of all samples: as all the tumour samples are from the same individual, in our case all samples are from the same starting population. Joint calling is superior in the TRADITIOM analysis, as it enables more sensitive variant calling: it identifies mutations that are common among the samples and does not filter them out even if variant quality is not high.
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Extended Data Figure 8. Individual mutational signature evolution in GOLDEN dataset. This is the same as Figure 4C, only that this graph is split for each of the four patients. The experimental strategy is as per Figure 4A patients B-E. A. Bootstrapped (1000 repetitions) distribution of signatures across the four patients as absolute number of mutations and as B. proportions, across the four patients, in primary variants and variants unique to progression.
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Extended Data Figure 9. Proposed model for APOBEC3B –mediated mutagenesis at oestrogen receptor positive (ER+) enhancers. Previously, as published in Periyasamy et al. ( Periyasamy 36), we found that APOBEC3B (A3B) co-localises with ER and A3B cytidine deamination at regulatory regions of ER target genes is required for gene expression as it creates double-strand breaks and subsequent chromatin remodelling. Given these findings, we devised a hypothesis that APOBEC signatures could be restricted at enhancers: while the oestrogen(E2)-activated ER binds to oestrogen-response elements (ERE), most of them found at regulatory regions, it brings its co-factor A3B that induces its characteristic substitutions near the ER binding site.


[image: ]
Extended Data Figure 10. Strategy for partitioning the hormone-dependent breast cancer genome into functional regions. In order to partition the oestrogen receptor positive (ER+) breast cancer genome into functional categories, we performed H3K27ac ChIP-Seq in over 50 ER+ patients to identify regulatory regions. Regulatory regions were further filtered and split into three categories by ranking them in two ways: first, identified peaks were ranked based on the ChIP-Seq signal strength which is a measure of clonality – the signal strength is proportional to the number of cells within the tumour that have that regulatory region active – into clonal, subclonal and private enhancers. On the other hand, enhancers were also divided into three categories based on the number of patients that have that enhancer active: enhancers with sharing index (SI) >= 21 are shared by at least 21/50 patients, enhancers with a SI between 2 and 20 and enhancers with an SI of 1 – most of the identified enhancers. A perfect positive correlation was found between these two types of ranking: all clonal enhancers have an SI of 21, subclonal enhancers have an SI 2-22, whereas all the private enhancers have an SI of 1. See Patten et al. (51) for detailed methods. Keeping in mind these identified regulatory regions, the genome was partitioned into non-overlapping promoters, enhancers, and the rest of transcribed (coding) and non-transcribed (non-coding) regions (see methods). Mutational signatures were then assigned across these categories in different datasets.
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Extended Data Figure 11. Mutational signature distributions across oestrogen receptor positive (ER+) genomic partitions in ER- patients of the 560 dataset. This is the control ER- condition to Figure 5B ER+ condition. Regulatory regions were mapped using H3K27ac ChIP-Seq in over 50 ER+ breast cancer patients and filtered through ranking by ChIP-Seq peak strength and number of shared patients (perfectly correlated parameters) . This led to three categories of enhancers: common (shared by at least 21/50 patients and with high peak height), medium (shared by at least 2/50 patients and with medium peak strength) and completely private enhancers. Distributions of signatures were obtained through Jack-knife resampling – repeating signature assignment 1000 times each time randomly discarding 10% of patients. These distributions were normalized by trinucleotide counts and region size.
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Extended Data Figure 12. Mutational burden across genomic regions in the 560 dataset. A. Mutational burden as log2 of absolute number of mutations (left) and mutational burden normalized per region size (right) for genomics regions in oestrogen receptor positive (ER+) patients and B. ER- patients of the 560 cohort.
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Extended Data Figure 13. Mutational signatures distributions across oestrogen receptor positive (ER+) genomic partitions in ER+ patients of the breast cancer Hartwig dataset. Violin plots illustrating the distribution of signatures, normalized by trinucleotide counts and region size, across functional genomic partitions of the oestrogen receptor positive (ER+) clusters of the Hartwig dataset (25). Regulatory regions were mapped using H3K27ac ChIP-Seq in over 50 ER+ breast cancer patients and filtered through ranking by ChIP-Seq peak strength and number of shared patients (perfectly correlated parameters). This led to three categories of enhancers: clonal (shared by at least 21/50 patients and with high peak height), subclonal (shared by at least 2/50 patients and with medium peak strength) and completely private enhancers (found in only one patient and with low signal strength) (See Extended Data Figure 10). Distributions of signatures were obtained through Jack-knife resampling – repeating signature assignment 1000 times each time randomly discarding 10% of patients.
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Extended Data Figure 14. Mutational signature distributions across coding regions in ER+ patients of the 560 dataset. A. Log2 values of absolute number of mutations corresponding to each of the eight signatures and B. normalised per trinucleotide counts and region size signature contributions across three categories of coding regions in the three clusters of oestrogen receptor (ER+) patients. The coding regions are split based on RNA-seq expression levels in ER+ breast cancer patients from the 560 cohort (23).
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Extended Data Figure 15. Mutational signature distributions across coding regions of oestrogen receptor negative (ER-) breast cancer patients of the 560 cohort. A. Log2 values of absolute number of mutations corresponding to each of the eight signatures and B. normalised per trinucleotide counts and region size signature contributions across three categories of coding regions in the three clusters of oestrogen receptor negative (ER-) patients. The coding regions are split based on RNA-seq expression levels in ER- breast cancer patients from the 560 cohort (23).
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Extended Data Figure 16. Mutational signature distributions as absolute number of mutations across enhancers throughout hormone-dependent breast cancer evolution. Log2 of absolute number of mutations – corresponding to normalized values in Figure 5C and 5D. A. Violin plots depicting bootstrapped signature distributions across whole-genome and enhancers in the NEUTRAL and TRADITIOM datasets combined. Clonal enhancers are assigned as per Extended Data Figure 10. B. Violin plots depicting bootstrapped distributions of mutational signatures in the GOLDEN dataset.
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Extended Data Figure 17. Mutational signature distributions across coding regions in the TRADITIOM dataset. The coding regions are split based on RNA-seq expression levels across the respective samples. Log(fpkm) values were split into four quartiles for each sample. For each of the three categories: oestrogen deprivation (-E2), tamoxifen treatment (TAM) and untreated (UT), the genes found in the first quartile common across the samples were categorized as highly expressed coding regions. Using the same strategy, common genes across the second quartile were categorized as medium expressed, and common genes across the third quartile as lowly expressed. The signatures distributions for the three categories were bootstrapped (1000 repetitions), and normalised per number of samples, per local trinucleotide counts and per region size.
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Extended Data Figure 18. Mutational signatures across ER+ enhancers in ER- breast cancer patients. This is the ER- control of Figure 7.A. Violin plots illustrating the distribution of signatures, normalized by trinucleotide counts and region size, across two categories of ER+ enhancers: clonal enhancers and SIDV enhancers in ER- patients of the 560 cohort (23) and B.  in ER- patients in the Hartwig cohort (25). Clonal enhancers are the sum of clonal enhancers found in transcribed and non-transcribed regions from Figure 5. Clonal enhancers are the ones with a sharing index > 21. For further information see Extended Data Figure 10. On the other hand, SIDV enhancers are restricted regions of the same clonal enhancers, containing only regions that are DNase-I accessible (same enhancers are in Figure 6D). The comparison between the two enhancer categories should indicate any differences in mutational signature distributions across transcription factor binding sites, specific to ER+ patients. Distributions of signatures were obtained through Jack-knife resampling – repeating signature assignment 1000 times each time randomly discarding 10% of patients.
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Extended Data Figure 19. Analysis of the link between breast cancer drivers and mutational signatures.  A. Frequency of variants in breast cancer driver genes across the six groups of patients in the 560 cohort. Asterisk (*) denotes genes where there is a significant difference among the proportions (Bonferroni corrected pvalue < 0.01). B. Distribution of number of variants per patient across the six groups of patients.
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Extended Data Figure 20. Comparison of signature assignment methods in the SIDV noncoding cohort. A. Assignment was performed using deconstructSigs package 6899170 B. Assignment was performed using MutationalPatterns 29695279. The two analyses were conducted with standard parameters.
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