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            Abstract
Chromosomal instability in cancer consists of dynamic changes to the number and structure of chromosomes1,2. The resulting diversity in somatic copy number alterations (SCNAs) may provide the variation necessary for tumour evolution1,3,4. Here we use multi-sample phasing and SCNA analysis of 1,421 samples from 394 tumours across 22 tumour types to show that continuous chromosomal instability results in pervasive SCNA heterogeneity. Parallel evolutionary events, which cause disruption in the same genes (such as BCL9, MCL1, ARNT (also known as HIF1B), TERT and MYC) within separate subclones, were present in 37% of tumours. Most recurrent losses probably occurred before whole-genome doubling, that was found as a clonal event in 49% of tumours. However, loss of heterozygosity at the human leukocyte antigen (HLA) locus and loss of chromosome 8p to a single haploid copy recurred at substantial subclonal frequencies, even in tumours with whole-genome doubling, indicating ongoing karyotype remodelling. Focal amplifications that affected chromosomes 1q21 (which encompasses BCL9, MCL1 and ARNT), 5p15.33 (TERT), 11q13.3 (CCND1), 19q12 (CCNE1) and 8q24.1 (MYC) were frequently subclonal yet appeared to be clonal within single samples. Analysis of an independent series of 1,024 metastatic samples revealed that 13 focal SCNAs were enriched in metastatic samples, including gains in chromosome 8q24.1 (encompassing MYC) in clear cell renal cell carcinoma and chromosome 11q13.3 (encompassing CCND1) in HER2+ breast cancer. Chromosomal instability may enable the continuous selection of SCNAs, which are established as ordered events that often occur in parallel, throughout tumour evolution.
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                    Fig. 1: Overview of somatic copy number heterogeneity across tumour types.[image: ]


Fig. 2: Selection shapes the SCNA landscape.[image: ]


Fig. 3: Timing, recurrence and parallel evolution of subclonal SCNAs.[image: ]


Fig. 4: Analysis of consensus peak regions in metastatic LUAD, ER+ and HER2+ breast cancers, and KIRC.[image: ]
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                Data availability


TRACERx sequencing datasets used in this paper are described in previous studies7,39. Details of all other datasets obtained from third parties used in this study can be found in Supplementary Table 1. Clinical trial information (if applicable) is also available within the associated publications described in Supplementary Table 1.



Code availability


All code used for analyses was written in R version 3.6.1 and is available at: https://bitbucket.org/schwarzlab/refphase/. The Markov-chain modelling code and associated data can be found here: https://math.dartmouth.edu/~sergi/mathbio.php.
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Extended data figures and tables

Extended Data Fig. 1 Measuring CIN across tumour types.
a, Schematic of the analyses of allele-specific copy number alterations. Left, the SCNA profiles across the genome for the two samples of a tumour (red, A allele; blue, B allele), with raw allele-specific copy number values for heterozygous SNPs shown as points and inferred allele-specific integer copy number states as lines. The clonality of the SCNAs across the two samples is indicated by a track between the two SCNA profiles, with clonal SCNAs indicated in grey, subclonal SCNAs in yellow and both clonal and subclonal SCNAs in dashed yellow and grey. All SCNA profile plots in the figure are scaled by the number of data points per chromosome. Top right, the approach to summarise SCNA timing (clonal versus subclonal) from the tumour. Bottom right, the integer SCNA profile across the genome of the inferred MRCA based on the integer SCNA profiles of the two samples of the tumour. b, c, Multi-sample phasing (b) and SCNA calling relative to ploidy (c). b, Multi-sample phasing is the method that we used to obtain allele-specific copy number profiles. This allowed us to identify previously undetected allelic imbalance (yellow boxes), and mirrored subclonal allelic imbalance and parallel SCNAs (purple boxes). c, Chromosomal illustrations and nomenclature of various SCNAs. As SCNAs are reported relative to ploidy, illustrations are provided for the diploid, triploid and tetraploid states. AI, allelic imbalance. d, e, Pan-cancer cohort characteristics. Our pan-cancer multi-sample cohort is summarised by tumour type in these bar plots, indicating the total number of patients (d) with the bar plot coloured according to the number of samples each tumour contributes, and tumour samples (e) with the bar plot coloured according to the type of sample.


Extended Data Fig. 2 SCNA correlates across tumour types.
a, Scatter plots indicating, for each tumour type, the association between the number of samples and the proportion of the genome affected by subclonal SCNAs. ρ and P values are from Spearman correlation tests. b, Scatter plots showing median purity per tumour versus the proportion of the genome affected by subclonal SCNA. ρ and P values are from Spearman correlation tests. c, Comparing the proportion of the genome affected by clonal and subclonal SCNAs. The median value for each tumour type is indicated. The size of the dots indicates the number of tumours in the corresponding tumour type. Red dots indicate tumour types with significant differences in the proportion of the genome affected by clonal versus subclonal SCNAs. A two-sided Student’s t-test was used to compare proportions of the genome affected by clonal and subclonal SCNAs. a–c, Tumour types with tumour samples from at least 10 patients were included: bladder urothelial carcinoma (BLCA, n = 26), ER+ breast cancer (ER+ BRCA, n = 19), HER2+ breast cancer (HER2+ BRCA, n = 18), triple-negative breast cancer (TN BRCA, n = 17), colorectal adenocarcinoma (COAD, n = 13), oesophageal adenocarcinoma (ESCA, n = 22), glioma (n = 12), clear cell renal cell carcinoma (KIRC, n = 54), lung adenocarcinoma (LUAD, n = 84), lung squamous cell carcinoma (LUSC, n = 31), prostate adenocarcinoma (PRAD, n = 10), melanoma (SKCM, n = 30) and endometrial carcinoma (UCEC, n = 27). d, The results of the linear regression analysis between LUAD and HER2+ breast cancer of the proportion of the genome subject to subclonal SCNAs along with the number of samples from each tumour and the median sample purity for each tumour.


Extended Data Fig. 3 NSCLC SCNAs correlate with cell cycle gene expression and tumour cell characteristics.
a, b, Scatter plots comparing the average cell cycle gene expression in LUAD tumours (n = 36), LUSC tumours (n = 15) and NSCLC-other tumours (n = 7) with the total proportion of the genome affected by SCNAs. Each dot is coloured according to tumour type. (a) and the proportion of the genome affected by clonal SCNAs (b). c, The proportion of the genome affected by subclonal SCNAs. d, The proportion of SCNAs that are subclonal. a–d, ρ and P values are from Spearman correlation tests. Associations between tumour cell characteristics and SCNA statistics for LUAD (n = 53), LUSC (n = 27) and NSCLC-other (n = 3). e–h, Mitotic index scores for each tumour are compared against total SCNAs (e), clonal SCNAs (f), subclonal SCNAs (g) and the proportion of SCNAs that are subclonal (h) in each tumour. Each dot is coloured according to tumour type. ρ and P values are from Spearman correlation tests. i–l, Association between tumour volume and SCNA metrics. For each tumour for which both digitized slides and tumour volume information were available (n = 83), we performed Spearman correlation tests comparing the tumour volume with the total proportion of the genome affected by SCNAs (i), the proportion of the genome affected by clonal SCNAs (j), the proportion of the genome affected by subclonal SCNAs (k) and the proportion of SCNAs that are subclonal (l). Padj values reflect P values from linear regression models incorporating the number of samples as well as estimated tumour volume and SCNA measure investigated. m–p, Associations between tumour cell characteristics and SCNA statistics for LUAD (n = 53), LUSC (n = 27) and NSCLC-other (n = 3). Anisonucleosis scores for each tumour are compared with the proportion of the genome affected by SCNAs (m), clonal SCNAs (n) or subclonal SCNAs (o) and the proportion of SCNAs that are subclonal (p) in each tumour. Each dot is coloured according to tumour type. The lines represent the median of each group. es, effect size.


Extended Data Fig. 4 WGD across tumour types.
a, Bar plots indicating the number and proportion of tumours of each tumour type that show WGD. Subclonal WGD tumours are indicated in blue. b, Beeswarm plots comparing the proportion of the genome affected by clonal or subclonal SCNAs and mirrored subclonal allelic imbalance (MSAI) in WGD and non-WGD tumours. Black bars indicate the median of each distribution. Two-sided Student’s t-tests were used for each comparison. c, Comparing the proportion of the genome affected by clonal or subclonal SCNAs in matched WGD and non-WGD samples from tumours with subclonal WGD. Bars indicate, for each patient with subclonal WGD, the difference between the median proportion of the genome affected by SCNAs in WGD and non-WGD samples. The inset beeswarm plots compare the proportion  of the genome affected by different types of SCNAs in WGD and non-WGD samples. The black bars in the beeswarm plots represent the medians of each group. d–f, Impact of OG-TSG score on average arm-level copy number changes. Scatter plots showing the average subclonal arm-level change from MRCA in non-WGD (d; n = 171), WGD (e; n = 194) and subclonal WGD (f; n = 29) tumours versus arm OG–TSG score. Shaded areas indicate the 95% confidence interval. ρ and P values are from Spearman correlation tests. g, Scatter plot showing the average clonal (MRCA) copy number in the entire cohort (n = 394) versus chromosome arm size. h–j, Scatter plots showing the average subclonal arm-level change from MRCA in non-WGD (h; n = 171), WGD (i; n = 194) and subclonal WGD (j; n = 29) tumours versus chromosome size. Shaded areas indicate the 95% confidence interval. ρ and P values are from Spearman correlation tests.


Extended Data Fig. 5 Markov chain modelling of karyotype evolution.
a, List of parameters used for Markov chain modelling. b, Diagrams of simplified Markov chain for each chromosome arm and bar charts of the resulting probability distributions of arm-level copy number. c–e, Beeswarm plots showing the difference in deviance score on a per-tumour basis for non-WGD (n = 171), WGD (n = 194) and subclonal WGD (n = 29) tumours. Black horizontal bars indicate the median of the distribution. Paired two-tailed Student’s t-tests were performed between the deviance scores of the first and second model included in each comparison. es, effect size. c, Comparison between the unweighted (neutral) model and the weighted model that includes OG–TSG scores. d, Comparison between the unweighted model and the model with scrambled OG–TSG scores. e, Comparison between the weighted model that includes OG–TSG scores and the model with scrambled OG–TSG scores. f, g, For each context (non-WGD, WGD or subclonal WGD), the percentage of samples in which the OG–TSG-weighted model outperforms the unweighted model (f) or scrambled model (g) is shown. h–j, Robustness analysis of the Markov chain model of karyotype evolution. Graphs show the relative performance of the three iterations of the model with varying values of g with non-WGD (pGD = 0), WGD (pGD = 0.005) and subclonal WGD (pGD = 0.012) input. The model with scrambled scores has been run for 10 different random permutations of the chromosomes. k, l, Graphs show the performance of three iterations of the model with changing values of pGD (pGD = 0.003 in k and pGD = 0.007 in l) with WGD data. m, n, Graphs show the performance of three iterations of the model with changing values of pGD (pGD = 0.01 in m and pGD = 0.014 in n) with subclonal WGD data. o–q, Graphs show the performance of the three iterations of the model when varying pmisseg with non-WGD, WGD and subclonal WGD input data.


Extended Data Fig. 6 Subclonal SCNA landscape across tumour types.
a–h, The following tumour types were analysed: bladder urothelial carcinoma (a; n = 26), ER+ breast cancer (b; n = 19), HER2+ breast cancer (c; n = 18), triple-negative breast cancer (d; n = 17), colorectal adenocarcinoma (e; n = 13), oesophageal adenocarcinoma (f; n = 22), glioma (g; n = 12) and KIRC (h; n = 54). n numbers represent tumours. Across-genome plots show clonal and subclonal SCNAs. Within each tumour type for each chromosome, the following data are shown (top to bottom): the proportion of patients with gains or amplifications. The black line indicates the total proportion of patients with gains/amplifications; the yellow and grey lines or shades indicate the proportion of patients with subclonal and clonal gains, respectively. The MRCA was derived by phylogenetic analysis (see Methods, ‘Ancestral reconstruction and phylogeny inference’). For each locus, the frequency of gains (red) and losses (blue) found in the MRCAs of the tumours are indicated. The GISTIC2.0 events. These tracks indicate significant SCNA focal events that were identified by GISTIC2.0 (see Methods, ‘GISTIC2.0 peak definition’ and ‘GISTIC2.0 consensus peak definition’) and recurrent arm-level events (see Methods, ‘Arm-level SCNA definition’). The proportion of patients with loss/LOH events. The black line indicates the total proportion of patients with loss/LOH events; the yellow and grey lines or shades indicate the proportion of patients with subclonal and clonal losses, respectively. The black, yellow and grey lines indicate significance thresholds for total loss/LOH, subclonal loss/LOH and clonal loss/LOH, respectively. Proportion of patients with mirrored subclonal allelic imbalance (MSAI) originating from distinct haplotypes identified by multi-sample phasing. The red line indicates the significance threshold determined by a permutation test at the 0.05 level (see Methods, ‘Permutation test for recurrence of SCNA across tumours’).


Extended Data Fig. 7 Subclonal SCNA landscape across tumour types.
a–e, The following tumour types were analysed: LUAD (a; n = 84), LUSC (b; n = 31), prostate adenocarcinoma (c; n = 10), SKCM (d; n = 30) and endometrial carcinoma (e; n = 27). Across-genome plots show clonal and subclonal SCNAs. Within each tumour type for each chromosome, the following data are shown (top to bottom): the proportion of patients with gains or amplifications. The black line indicates the total proportion of patients with gains/amplifications; the yellow and grey lines or shades indicate the proportion of patients with subclonal and clonal gains, respectively. The MRCA was derived by phylogenetic analysis (see Methods, ‘Ancestral reconstruction and phylogeny inference’). For each locus, the frequency of gains (red) and losses (blue) found in the MRCAs of the tumours are indicated. The GISTIC2.0 events. These tracks indicate significant SCNA focal events that were identified by GISTIC2.0 (see Methods, ‘GISTIC2.0 peak definition’ and ‘GISTIC2.0 consensus peak definition’) and recurrent arm-level events (see Methods, ‘Arm-level SCNA definition’). The proportion of patients with loss/LOH events. The black line indicates the total proportion of patients with loss/LOH events; the yellow and grey lines or shades indicate the proportion of patients with subclonal and clonal losses, respectively. The black, yellow and grey lines indicate significance thresholds for total loss/LOH, subclonal loss/LOH and clonal loss/LOH, respectively. Proportion of patients with mirrored subclonal allelic imbalance (MSAI) originating from distinct haplotypes identified by multi-sample phasing. The red line indicates the significance threshold determined by a permutation test at the 0.05 level (see Methods, ‘Permutation test for recurrence of SCNA across tumours’).


Extended Data Fig. 8 Recurrent SCNA across tumour types.
a, b, Difference in gains and losses in consensus-peak region gains (red, n = 255) and losses (blue, n = 149) (a) and chromosome arm gains (red, n = 95) and losses (blue, n = 200) across all tumour types (b). Black horizontal bars indicate the median of the distribution. Significance testing was performed using an unpaired Student's t-test. c, Classification of chromosomal arm-level events according to timing. Left, heat map of the percentage of subclonal occurrence of all events in each tumour type. The numerator within each cell indicates, in that tumour type, the total number of subclonal occurrences of that event and the denominator indicates the total number of both clonal and subclonal occurrences of that event in that tumour type. Shading of each cell in the heat map indicates the percentage of subclonal occurrences of an event within a tumour type with orange indicating a higher subclonality and grey indicating a higher clonality. The border of each cell indicates the classification of that event in a tumour type as either early (grey border), intermediate (no border) or late (orange border). Right, bar plot of arm-level events ordered by median percentage of subclonal occurrences across tumour types (bottom axis). Bars representing gain events are coloured in red and loss events are coloured in blue. Horizontal black lines indicate separation of events into pan-cancer categories of early, intermediate and late, according to tertiles of the median proportion of SCNAs that is subclonal. Dots centred on the same axis positions indicate the total event count of each loss or gain event across tumour types (top axis). d, Enrichment of early, intermediate and late consensus peak events with known cancer-associated genes. Heat map indicating the resulting P values from two-sided Fisher’s exact tests comparing the overlap of genes in early, intermediate and late consensus peaks with previously reported oncogenes and tumour-suppressor genes. Gain peaks were investigated in relation to oncogenes, while loss peaks were investigated in relation to tumour-suppressor genes. Significant overlaps (Benjamini–Hochberg-adjusted P < 0.05) are indicated with an asterisk (see Methods, ‘Cancer-associated gene and fragile site enrichment’). e, Enrichment of early, intermediate and late consensus peak events with chromosome fragile sites. Heat map indicating the resulting P values from Fisher’s exact tests comparing the overlap of cytobands found in early, intermediate and late consensus peaks with cytobands from previously reported chromosome fragile sites. Significant overlaps (Benjamini–Hochberg-adjusted P < 0.05) are indicated with an asterisk (see Methods, ‘Cancer-associated gene and fragile site enrichment’). f, Prevalence of SNVs and indels in cancer-associated genes. Heat map displaying the proportion of samples from each tumour type with an SNV or indel in the corresponding cancer-associated gene. Yellow asterisks indicate where the SNVs and indels are present clonally in ≥75% of tumours in the corresponding tumour type.


Extended Data Fig. 9 Recurrent parallel evolution and LOH across the genome.
a, Across-genome plot showing the frequency of parallel gain/amplification events in red and frequency of parallel LOH events in blue. The dashed red lines indicate the significance threshold determined by a permutation test. b, Example of parallel evolution on chromosome 1 in CRUK0005. log2[R], B-allele frequency (BAF) and allele-specific expression (ASE) plots are shown for chromosome 1 in samples 3 and 4. On the phylogenetic tree, we indicate the branches in which the parallel gains of chromosome 1 were identified. c, Correlating intra-tumour heterogeneity (ITH) for each gene at the DNA and RNA levels. The scatter plot shows that the percentage of expressed genes with allele-specific DNA intratumour heterogeneity correlates with the percentage of expressed genes with allele-specific RNA intratumour heterogeneity. Only the 43 tumours, for which we had paired multi-sample exome-sequencing and multi-sample RNA sequencing data, were included in this analysis. d, Prevalence of single haploid copies in WGD tumours. Across-genome plot showing the frequency of loss to a single haploid copy in WGD tumours at the cytoband level. Clonal loss to a single haploid copy is shown in grey. Subclonal loss to a single haploid copy is shown in orange. The solid black line indicates the total frequency, including both clonal and subclonal events, of loss to a single haploid copy. HLA LOH is not shown as only the whole-exome sequencing subset of our cohort could be analysed using the LOHHLA bioinformatics tool (see Methods, ‘HLA LOH detection’). e, Prevalence of LOH in WGD tumours. This across-genome plot at the cytoband level shows the proportion of tumours with LOH. The solid black line indicates the total proportion of tumours with either subclonal or clonal LOH; the yellow shading indicates the proportion of tumours with WGD in the cohort that had subclonal LOH at these cytobands. The dashed grey lines demarcate the borders between separate chromosomes. f, Prevalence of HLA LOH across tumour types. We indicate for each tumour type the count and proportion of tumours in which HLA LOH was observed. Dark grey and orange bars show tumours for which HLA LOH was observed clonally or subclonally, respectively; light grey bars show tumours for which no HLA LOH was observed.


Extended Data Fig. 10 SCNAs in metastatic samples.
a, Beeswarm plot indicating the total proportion of the genome affected by either clonal or subclonal SCNAs in primary tumour samples (red dots) or metastatic samples (blue dots). The black bars indicate the median of the distribution. A two-sided unpaired Student’s t-test was used in this comparison; the P value and effect size(es) are shown. b, Difference in the percentage of the genome affected by SCNAs between paired metastatic and primary tumour samples (n = 152). The waterfall plot shows whether a greater or lesser proportion of the genome was affected by total SCNAs in the primary or metastatic sample(s) of tumours with at least one primary tumour sample and at least one metastatic sample. Purple bars indicate that a greater proportion of the genome was affected by total SCNAs in the metastatic sample and pink bars indicate a greater proportion was affected in the primary tumour sample. A two-sided paired Student’s t-test was used for this comparison. c, Beeswarm plots indicating, for each primary tumour and metastatic sample, the proportion of the genome impacted by SCNAs. These are the same samples included in the analysis of a. The black bars indicate the median of the distribution. Two-sided unpaired Student’s t-tests were used for each comparison; P values are indicated at the top of each plot. d, Beeswarm plots indicating for each primary tumour and metastatic sample the proportion of SCNAs that is subclonal. These are the same samples included in the analysis of a. The black bars show the median of the distribution. Two-sided unpaired Student’s t-tests were used for each comparison; P values are indicated at the top of each plot. e, Shared and private primary tumour and metastatic LOH. Bar plots separated by tumour type with each stacked bar representing the LOH identified in a single tumour sample with both primary tumour and metastatic samples. Each bar is coloured according to the proportion of LOH identified in that tumour that is shared between the primary tumour and metastatic samples (blue), the proportion of LOH present only in primary tumour samples (green) or the proportion of LOH present only in metastatic samples (red). The grey horizontal lines show the median value of the proportion of LOH shared between primary tumour and metastatic samples for each tumour type. f–i, Chromosomal arm-level events enriched in metastatic samples. We included only the four tumour types with >10 tumours with paired primary tumour–metastatic samples: LUAD (f), ER+ breast cancer (g), HER2+ breast cancer (h) and KIRC (i). In each panel, all chromosome arms are featured. The bar plots show the number of tumours with arm-level SCNAs in each tumour type. The colour of the bars indicates whether that arm-level event was enriched, depleted or maintained in the metastatic sample when compared with the corresponding primary tumour sample from the disease of the same patient. Bars facing right represent gain SCNAs; bars facing left represent loss SCNAs. The rectangular blocks between the bar plots indicate whether the arm-level events were recurrent events. Orange blocks represent recurrent subclonal events; grey blocks represent recurrent clonal events; blocks that are partially grey and partially orange represent events that are clonally and subclonally recurrent. The asterisks indicate whether the arm-level event is significantly enriched in metastatic samples in the combined paired (two-sided binomial test) and unpaired (test of equal or given proportions) primary tumour–metastatic analysis.
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