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            Abstract
Cancers arise through the acquisition of oncogenic mutations and grow by clonal expansion1,2. Here we reveal that most mutagenic DNA lesions are not resolved into a mutated DNA base pair within a single cell cycle. Instead, DNA lesions segregate, unrepaired, into daughter cells for multiple cell generations, resulting in the chromosome-scale phasing of subsequent mutations. We characterize this process in mutagen-induced mouse liver tumours and show that DNA replication across persisting lesions can produce multiple alternative alleles in successive cell divisions, thereby generating both multiallelic and combinatorial genetic diversity. The phasing of lesions enables accurate measurement of strand-biased repair processes, quantification of oncogenic selection and fine mapping of sister-chromatid-exchange events. Finally, we demonstrate that lesion segregation is a unifying property of exogenous mutagens, including UV light and chemotherapy agents in human cells and tumours, which has profound implications for the evolution and adaptation of cancer genomes.
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                    Fig. 1: DEN-initiated tumours have a high burden of T→N and A→N mutations and driver changes in the EGFR–RAS–RAF pathway.[image: ]


Fig. 2: Chromosome-scale and strand asymmetric segregation of DNA lesions.[image: ]


Fig. 3: Identification of the lesion-containing DNA strand enables TCR to be quantified with strand specificity.[image: ]


Fig. 4: Lesion segregation generates multiallelic and combinatorial genetic diversity.[image: ]


Fig. 5: Lesion segregation is a pervasive feature of exogenous mutagens and is evident in human cancers.[image: ]
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              The WGS FASTQ files are available from the European Nucleotide Archive (ENA) under accession number PRJEB37808. RNA-seq files are available from Array Express under experiment number E-MTAB-8518. Digitised histology images are available from Biostudies under accession S-BSST383.
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Extended data figures and tables

Extended Data Fig. 1 Summary mutation metrics for C3H and CAST tumours.
a, Single nucleotide substitution rates per C3H tumour, rank ordered over x-axis (grey points, median blue line). Insertion/deletion (indel, <11 nt) rates show as black. b, Y-axis from a, expanded to show distribution of indel rates with preserved tumour order. c, Number of C3H copy number variant (CNV) segments and their total span as a percent of the haploid genome. Blue shading shows intensity of overlapping points as a percent of all tumours in the plot. d–f, Corresponding plots for CAST derived tumours; f, two extreme x-axis outliers relocated (red) and x-axis value shown. g, h, Mutation spectra deconvolved from the aggregate spectra of 371 C3H tumours, subsequently referred to as the DEN1 and DEN2 signatures. DEN1 is dominated by T→N or their complement A→N changes thought to arise from the O4-ethyl-deoxythymidine adduct of T10. DEN2 substitutions are primarily C→T or their complement G→A changes likely from O6-ethyl-2-deoxyguanosine lesions of G10. i, Oncoplot summarizing mutation load, mutation signature composition, and driver gene mutation complement of C3H tumours. j, Oncoplot of CAST derived tumours as in i. The DEN2 signature is a minor component of most tumours but prominent in a minority (i, j).


Extended Data Fig. 2 Mutational asymmetry across 50% of the autosomal genome and 100% of the haploid X chromosomes.
a, b, Typically 50% of the autosomal genomic span (percent of nucleotides) in tumours is contained in segments with either Watson or Crick strand mutational asymmetry. a, C3H tumours, n = 371. b, CAST tumours, n = 84. c, d, Typically 100% of the haploid X chromosome shows Watson or Crick strand mutational asymmetry. c, C3H tumours (n = 371). d, CAST tumours (n = 84).


Extended Data Fig. 3 The frequency of SCEs correlates with mutation rate, and localizing reference genome assembly errors.
a, The relationship between single nucleotide substitution mutation load and detected SCE events in C3H tumours. DEN is known to produce ethyl aducts on the sugar-phosphate backbone of DNA as well as mutation-inducing modifications to the bases10 which could lead to strand breaks60 triggering SCE. The frequent observation and correlation between rates of SCE and point mutation supports this view. Counts of SCE (y-axis) are based on down-sampling to 10,000 informative mutations per tumour to ensure equal power to detect SCE in each tumour. Tumours with <50% cellularity (pink) have high mutation load and form a sub-group with few detected SCE events; these are suspected to be polyclonal tumours and were excluded from the Pearson’s correlation reported (n = 335 independent tumour samples, implemented in a two-sided test, significance from Fisher’s transform). b, As for a, but showing CAST derived tumours (n = 84, after cellularity exclusions n = 77). c, Evaluation of the relationship between mutation load and ability to detect SCE events. Mutations from C3H tumour 94315_N8 (shown in Fig. 2) randomly down-sampled and segmentation analysis applied. The y-axis shows the percentage of SCE events detected (100 replicates, mean red, 95% C.I. pink). The x-axis is on a log-scale: 95% of C3H and >95% of CAST tumours have mutation counts to the right of the blue vertical line. Down-sampling other tumours gave comparable results. d, The same down-sampling data as shown in c but the y-axis shows the percent of mutations with the correct (same as full data) mutational asymmetry assignment (mean red, 95% C.I. pink). e, Candidate C3H reference genome assembly errors. Genome coordinates shown on the x-axis. Immediate switches between Watson and Crick asymmetry are not expected on autosomes unless both copies of the chromosome have a SCE event at equivalent sites. However, inversions and translocations between the sequenced genomes and the reference assembly are expected to produce immediate asymmetry switches. The discordant segment coverage count (black y-axis) shows the number of informative tumours (those with either Watson or Crick strand asymmetry at the corresponding genome position) that suggest a tumour genome to reference genome discrepancy. Consensus support (brown y-axis) plotted as triangles shows the percentage of informative tumours that support a genomic discrepancy at the indicated position (only shown for values >50% support). The two sites on chromosome 6 in C3H correspond to a previously identified C3H strain specific inversion that is known to be incorrectly oriented in the C3H reference assembly54. f, Candidate CAST reference genome assembly errors, plotted as per e. The candidate misassembly on chromosome 14 in both strains occurs at an approximately orthologous position, suggesting a rearrangement shared between strains or a misassembly in the BL6 GRCm38 reference assembly against which other mouse reference genome assemblies have been scaffolded.


Extended Data Fig. 4 Locally elevated mutation load is driven by SCE.
a, Double strand breaks (DSBs) and other DNA damage can trigger homologous-recombination-mediated DNA repair between sister chromatids. The repair intermediate resolves into separate chromatids through cleavage and ligation; grey triangles denote cleavage sites for one of the possible resolutions that would result in a large-scale SCE event. Although illustrated for double-ended DNA breaks, single ended breaks from collapsed replication forks can be repaired through homologous recombination and could similarly lead to the formation of repair intermediate structures that can be resolved as SCEs. b, Enrichment analysis of SCE sites (red) compared with null expectations from randomly permuting locations into the analysable fraction of the genome (grey distributions), the black boxes denote 95% of 1,000 permutations. SCE events are enriched in later replicating and transcriptionally less active genomic regions (Hi-C defined compartment B), and correspondingly depleted from early replicating active regions. c, Aggregating across n = 9,645 SCE sites, the observed mutation rate approximately doubles at the inferred site of exchange (x = 0). Aggregate mutation rates (brown) were calculated in consecutive 5-kb windows. Compositionally matched null expectation was generated by permuting each exchange site into 100 proxy tumours and calculating median (black) and 95% confidence intervals (grey) while preserving the total number of projected sites per proxy tumour. d, The elevated mutation count is not the result of a high mutation density in a subset of exchange sites, rather it is a subtle increase in mutations across most exchange sites. Heatmap showing mutation counts calculated in consecutive 5-kb windows across each exchange site. Rows represent each exchange site, rank-ordered by total mutation count across each 400-kb interval. e, The distribution of positional uncertainty in exchange site location approximately mirrors the decay profile of elevated mutation frequency. f, Divergence of mutation rate spectra is shown as cosine distance between the analysed window and the genome wide mutation rate spectrum aggregated over all C3H tumours. Despite the elevated mutation frequency, there is no detected distortion of the mutation spectrum. g, A model based on homologous recombination repair intermediate, branch migration that produces heteroduplex segments of (i) mismatch:mismatch (circles) and (ii) lesion:lesion (red triangles) strands. Subsequent strand segregation would increase the mutational diversity of a descendant cell population but not the mutation count per cell (key as per Fig. 2).


Extended Data Fig. 5 Replication of TCR with lesion strand resolution in Mus musculus castaneus.
a, TCR of template strand lesions is dependent on transcription level (P15 liver, median TPM). Mutation rate estimates (circles) are the aggregate rates for expression level binned genes across CAST tumours (n = 84). Expression level bin 0 contains n = 2,645 genes, all subsequent bins contain n = 4,323 genes. See Methods for per-gene, per-tumour inclusion criteria. Empiric confidence intervals (99%) were calculated through bootstrap sampling (n = 100 replicates) of genes within the expression level bin. b, Comparison of mutation rates for the 64 trinucleotide contexts: each context has a high and a low expression point linked by a line. c, Sequence composition normalized profiles of mutation rate around TSS loci. d, Stratifying the data plotted in c by lesion strand reveals greater detail on the observed mutation patterns, including the pronounced influence of bidirectional transcription initiation.


Extended Data Fig. 6 Variant allele frequency distributions demonstrate high rates of non-mutagenic replication over segregating lesions.
a–f, VAF distributions shown as probability density functions (total area under curve = 1) for six example tumours, calculated taking into account observed multiallelic variation. The VAF for identified driver mutations is indicated (brown triangle). Tumour identifiers are shown top right along with the percent of genomic segments (based on mutation asymmetry segmentation) that are multiallelic. Skew shows Pearson’s median skewness coefficient for the VAF distributions. a–c, Tumours with no multiallelic segments and exhibit a symmetric VAF distribution showing minimal sub-clonal structure. d–f, Tumours with all segments multiallelic, illustrating the sub-clonal structure generated by segregating lesions. g, Tumours with a high proportion of multiallelic segments have a left-skewed VAF distribution indicating frequent non-mutagenic replication over segregating lesions. Percent of genome segments that are multiallelic (x-axis) plotted against VAF distribution skew for 371 C3H tumours. Tumours with low estimated cellularity indicated in pink and excluded from correlation analysis (n = 335 independent tumour samples in Pearson’s correlation, two-sided significance from Fisher’s transform). h, As for g, but showing 84 CAST tumours (n = 77 independent tumours included in Pearson’s correlation). i, Mutation asymmetry summary ribbon for example C3H tumour 90797_N2; C3H genome on the x-axis. The percent of mutation sites with robust support for multiallelic variation (y-axis) calculated in 10Mb windows (grey) and for each asymmetric segment (black). Thresholds for high (black), intermediate (grey) and zero (red) rates of multiallelic sites shown on the right axis. j, VAF density plots for the example tumour 90797_N2 (shown in i) mutations in asymmetry segments stratified by the multiallelic rate thresholds defined in i. As with individual tumour based analysis (a–h), high multiallelic rates correspond to a leftward skew of the VAF (black, grey) whereas segments without multiallelic variation (red) show a minimally skewed distribution.


Extended Data Fig. 7 Examples of mutation patterns generated by lesion segregation from a diverse range of clinically relevant mutagens.
a–c, Genome-wide mutation asymmetry plots (shown as per Fig. 2a–c) for mutagen exposed human iPSCs5. Cells exposed to simulated solar radiation illustrate lesion segregation for ultraviolet damage (a). Immediately adjacent mutations (intermutation distance 100) indicate CC→TT dinucleotide changes. Despite a low total mutation load (1,308 nucleotide substitutions, 842 informative T→A changes), the mutational asymmetry of lesion segregation is evident for the aristolochic acid exposed clone5 (b) and the polycyclic aromatic hydrocarbon DBADE (c) that is found in tobacco smoke. d, Summary mutation asymmetry ribbons (as per Fig. 2d) for all mutagen exposed clones with rl20 > 5, which illustrates the independence of asymmetry pattern between replicate clones, almost universal asymmetry on chromosome X, and approximately 50% of the autosomal genome with asymmetry over autosomal chromosomes. The dominant mutation type is indicated for each mutagen. In those clones with low mutation rates, some sister exchange sites are likely to have been missed leading to reduced asymmetry signal (for example, on the X chromosome). Segments with <20 informative mutations are shown in white.


Extended Data Fig. 8 Lesion segregation is evident for multiple DNA damaging agents but not for damage independent mutational processes.
a, DEN induced C3H tumour genomes (n = 371) typically show significant mutational asymmetry across their genome. Wald–Wolfowitz runs test (x-axis) P-values calculated using a normal approximation (two-sided). Nominal P = 0.05 significance threshold indicated by dashed blue line, Bonferroni-corrected threshold shown as solid vertical blue line. P-values <1 × 10−15 are rank-ordered. The rl20 metric (Fig. 5a; Methods) is shown on the y-axis, horizontal blue line gives emprical significance threshold of rl20 > 5. b, Many human iPSCs grown from single cells after exogenous mutagen exposure5 show significant mutation asymmetry (n = 148 WGS, mutagen-exposed cell lines). Statistical calculations and plotting as in a, with adjustment of Bonferroni correction. Diverse categories of mutagen, denoted by point colour (see Fig. 5b), show asymmetry indicative of lesion segregation. c, Cell lines with genetically perturbed genome replication and maintenance machinery26 and similar mutation load to those in b do not show significant mutation asymmetry (n = 72 WGS, genetically perturbed cell-lines). Statistical calculations and plotting as in a with adjustment of Bonferroni correction.


Extended Data Table 1 A lesion segregation-based test for oncogenic selectionA lesion-segregation-based test for oncogenic selectionFull size table





Supplementary information
Reporting Summary

Supplementary Table 1
Table of tumours sequenced containing key parameters and mutation spectra signature matrices. For each sequenced tumour sample, summarising: sample identifiers, animal and parent identifiers, diagnosis and histopathological features, mutation signatures and counts, cellularity estimates, count of sister chromatid exchange events, mutation asymmetry metrics, and identified driver mutations. Excel format file containing three sheets.


Supplementary Table 2
Table of exogenous mutagen and ICGC scan results. Summary of mutation rate and mutational asymmetry analysis of publicly available data from: (a) exogenous mutagen exposed human induced pluripotent stem-cells and (b) paired tumour-normal whole genome sequencing of clinical cancers from the International Cancer Genome Sequencing Consortium (ICGC). Excel format file containing three sheets.
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Table of key resources and software. Summary of reagents, resources and software used, including where applicable unique identifiers, references and version numbers. Excel format file containing two sheets.
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