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            Abstract
The evolutionary processes that drive universal therapeutic resistance in adult patients with diffuse glioma remain unclear1,2. Here we analysed temporally separated DNA-sequencing data and matched clinical annotation from 222 adult patients with glioma. By analysing mutations and copy numbers across the three major subtypes of diffuse glioma, we found that driver genes detected at the initial stage of disease were retained at recurrence, whereas there was little evidence of recurrence-specific gene alterations. Treatment with alkylating agents resulted in a hypermutator phenotype at different rates across the glioma subtypes, and hypermutation was not associated with differences in overall survival. Acquired aneuploidy was frequently detected in recurrent gliomas and was characterized by IDH mutation but without co-deletion of chromosome arms 1p/19q, and further converged with acquired alterations in the cell cycle and poor outcomes. The clonal architecture of each tumour remained similar over time, but the presence of subclonal selection was associated with decreased survival. Finally, there were no differences in the levels of immunoediting between initial and recurrent gliomas. Collectively, our results suggest that the strongest selective pressures occur during early glioma development and that current therapies shape this evolution in a largely stochastic manner.
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                    Fig. 1: Temporal changes in glioma mutational burden and processes.[image: ]


Fig. 2: Quantifying selective pressures during glioma evolution.[image: ]


Fig. 3: Patterns of glioma driver frequencies over time.[image: ]


Fig. 4: Neoantigen selection during tumour progression.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Sample selection.
a, Quality control workflow steps identifying all GLASS samples available as a resource and the identification of the highest quality set of patient pairs (n = 222) used for the presented mutational and copy number analyses. b, Additional available datasets.


Extended Data Fig. 2 Mutation burden by time point and subtype.
a, Box plots and paired lines depicting coverage-adjusted mutation frequencies in initial and matched recurrent samples across three subtypes. Wilcoxon signed-rank test P values and sample sizes are indicated. b, Bee swarm plot depicting coverage-adjusted mutation frequencies in fractions by subtype. Dashed line indicates the mean. P values comparing three subtypes were determined by one-way analysis of variance (ANOVA). c, Scatter plot showing the relationship between age at diagnosis and coverage adjusted mutation burdens by subtype and fraction. P values were determined by the linear model and adjusted by subtype. d. Similar to the analysis in c but showing the relationship between time to recurrence and coverage-adjusted mutation burdens.


Extended Data Fig. 3 Mutational signatures by fraction and subtype.
a, Correlation plot showing the Pearson’s chi-squared (χ2) residuals for each signature by fraction and subtype. A χ2 test was performed for each subtype and P values are indicated. Positive residuals (blue) indicate a positive correlation, whereas negative residuals (red) indicate an anti-correlation. The point size reflects the contribution to the χ2 estimate. b, Patients were ordered as in Fig. 1a, and relevant clinical information is provided alongside the fraction-specific mutational signatures. PyClone mutational clusters are also presented.


Extended Data Fig. 4 Hypermutator clonality.
a, Bar plots represent counts of recurrence-only mutations per hypermutator tumour that were known to receive treatment alkylating agent and were successfully run through the PyClone algorithm. Colours indicate mutation clonality and colour intensity indicates whether the mutations resulted in coding changes. b, Kaplan–Meier curve comparing the survival of alkylating agent-treated IDH-mutant-noncodel hypermutator tumours that were predominantly clonal (n = 8), predominantly subclonal (n = 7) or non-hypermutator (n = 17). Limited to tumours with available PyClone data. P value determined by log-rank test.


Extended Data Fig. 5 Clonal structure evolution over time.
a, The minimum CCF of the most persistent (shared between initial and recurrence) PyClone cluster. b, Comparison of PyClone clusters ranked by CCF in matched initial and recurrent tumours, as in Fig. 2b, but separated by subtype. c, d, Examples of cluster CCF dynamics over time in three separate samples, including two multi-time point samples (c) and one multi-sector sample (d). These additional data are available in the GLASS resource, but only two time-separated samples were used throughout to ensure clarity.


Extended Data Fig. 6 Distribution of variant allele fraction.
a, Distributions of non-hypermutator variant allele fraction for copy-neutral variants in coding regions (n = 181 patients). Variants are separated by subtype, fraction and also the variant was non-synonymous or synonymous mutation in a coding region. R2 goodness-of-fit measure and associated P values are shown. Note that these data consider only the coding portion of genome, whereas Fig. 2d presents both coding and non-coding data. b, The cumulative distribution of the subclonal mutations in copy-neutral regions for hypermutators (n = 31 patients). For each variant fraction and subtype, the R2 goodness-of-fit measure and P values are shown.


Extended Data Fig. 7 Driver gene nomination.
a, Local (gene-wise) dN/dS estimates by subtype (rows) and fraction (columns). Genes are sorted by Q value and P value. The Q value is shown in colour, whereas the P value is indicated in light grey. The Q value threshold of 0.05 is indicated by a horizontal red line. b, GISTIC significant amplification (red) and deletion (blue) plots in initial (left) and recurrent tumours (right). Chromosomal locations are ordered on the y axis, Q values are shown on the x axis, and selected drivers are indicated by their chromosomal location on the right.


Extended Data Fig. 8 Driver acquisition over time.
a, Tabulated numbers of SNV (top) and CNV (bottom) driver events that were shared, initial-only or recurrence-only. P values were determined by a two-sided Fisher test comparing the initial-only fraction to the recurrence-only fraction testing for acquisition. b, One-sided Fisher test comparing the initial-only fraction to the recurrence-only fraction among previously implicated glioma drivers testing for driver acquisition. P values were adjusted for multiple testing using the false discovery rate (x axis). Hypermutators (red) and non-hypermutators (black) were separately analysed.


Extended Data Fig. 9 Intra-tumour CCF comparison.
Ladder plots comparing the CCF of co-occurring drivers in single tumour samples. The colour of the lines and points indicates whether the sample shown is an initial (brown) or recurrent (green) tumour. P values determined by two-sided Wilcoxon rank-sum test for all initial samples, recurrent samples, as well as all samples (black).


Extended Data Fig. 10 Between time point intra-patient CCF comparison.
a, Driver gene CCF comparison between initial and matched recurrences. Lines are coloured by variant classification. P values determined by two-sided Wilcoxon rank-sum test. b, TP53 CCF by subtype, otherwise as in a. c, IDH1 CCF by subtype, otherwise as in a. d, Ladder plot visualizing change in CCF across all SNVs between initial and recurrent tumours, separated by subtype. P values determined by Wilcoxon rank-sum test. e, Initial and recurrent mutations in each patient were compared using a Wilcoxon rank-sum test. Bar plot with counts of patients in each subtype are shown. Patients lacking significant change are shown in yellow, and those with a significant increase or decrease are shown in dark and light blue, respectively.


Extended Data Fig. 11 Aneuploidy calculation.
a, Heat map displaying the chromosomal arm-level events (x axis) with patients represented in each row. Patients are placed in the same order for both the initial (left) and recurrence (right). White space was inserted as a break between the three subtypes. b, Distribution of total aneuploidy difference. Acquired aneuploidy determination (upper-quartile) indicated with a red line. c, Comparison of aneuploidy score between initial and recurrent tumours separated by subtype d. As in c, comparing aneuploidy value.


Extended Data Fig. 12 Neoantigen evolution and cellular analysis.
a, Bar plots representing the number of shared mutations that give rise to neoantigens (top row, ‘immunogenic’) and those that do not give rise to neoantigens (bottom row, ‘non-immunogenic’) stratified by longitudinal clonality (‘(clonality in initial) − (clonality in recurrence)’) and further separated by subtype. The percentage of longitudinal clonality per subtype and mutation is shown. b, Left, ladder plot depicting the difference in observed-to-expected neoantigen ratio between the initial and recurrent tumours of patients with hypermutated tumours at recurrence. Each set of points connected by a line represents one tumour (n = 70). Right, box plot depicting the distribution of observed-to-expected neoantigen ratios in recurrent tumours stratified by hypermutator status (n = 35 and 183 for hypermutators and non-hypermutators, respectively). Each box spans quartiles, with the lines representing the median ratio for each group. Whiskers represent absolute range, excluding outliers. P values were determined by a paired and an unpaired two-sided t-test, for left and right graphs, respectively. c, Stacked bar plots depicting the average relative fraction of 11 CIBERSORT cell types in the neoantigen depleted (<1) and non-depleted (>1) initial and recurrent tumour subgroups. P values to the right of each plot indicate a significant difference between the depleted and non-depleted groups for the noted cell type at that time.
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