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            Abstract
Human glioblastomas harbour a subpopulation of glioblastoma stem cells that drive tumorigenesis. However, the origin of intratumoural functional heterogeneity between glioblastoma cells remains poorly understood. Here we study the clonal evolution of barcoded glioblastoma cells in an unbiased way following serial xenotransplantation to define their individual fate behaviours. Independent of an evolving mutational signature, we show that the growth of glioblastoma clones in vivo is consistent with a remarkably neutral process involving a conserved proliferative hierarchy rooted in glioblastoma stem cells. In this model, slow-cycling stem-like cells give rise to a more rapidly cycling progenitor population with extensive self-maintenance capacity, which in turn generates non-proliferative cells. We also identify rare ‘outlier’ clones that deviate from these dynamics, and further show that chemotherapy facilitates the expansion of pre-existing drug-resistant glioblastoma stem cells. Finally, we show that functionally distinct glioblastoma stem cells can be separately targeted using epigenetic compounds, suggesting new avenues for glioblastoma-targeted therapy.
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                    Figure 1: Serial transplantation scheme and characterization of barcoded glioblastoma xenografts.[image: ]


Figure 2: Clonal dynamics of GBM is consistent with a conserved proliferative hierarchy.[image: ]


Figure 3: Chemotherapy reveals clonal transformations in GBM.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Barcode data processing.
a, Summary of GBM models used for barcoding experiments indicating TCGA subgroups as determined by RNA–seq20, self-renewing frequency as assessed by primary LDA, the number of primary xenografts successfully established and the cell dose used for primary xenografts (n.d.: not determined, n.s.: no spheres). b, Proliferation kinetics of GSC cultures in vitro. Data are shown as mean ± s.d. of 3 technical replicates. c, Cell doubling times of GSCs grown in culture calculated using the data in b. Data are shown as mean ± s.d. of 3 technical replicates, horizontal line marks 24 h. d–f, Relationship between fractional read value (FRV) and input cell numbers in spiked-in controls for the three sequencing runs. The highly influential data points (Cook’s distance >4/n) are greyed out and not used for regression analysis to estimate relative clone sizes. The black line is the line of best fit, and the grey box indicates sequencing noise threshold. g, Analysis of barcode sequence saturation across six in vivo experiments. h, Position weight matrices depicting the representation of variable nucleotides in the barcode library, the (1)719 ipsilateral sample, as well as the largest and smallest 100 clones in that sample. The height of nucleotides at each position represents their relative frequency, with the most frequently occurring nucleotide shown in the top position. i, Summary of unique barcode integration sites identified by splinkerette PCR.

                          Source data
                        


Extended Data Figure 2 Molecular characterization of GBMs and GBM xenografts.
a, Oncoprint plot of mutations identified in primary GBM tissue samples that are of the top 200 recurrently mutated genes in the provisional TCGA dataset21. b, Multidimensional scaling plot for the 32-gene simple GBM classification method using RNA-seq53. Shown are the TCGA core samples and five patient samples used in the current study. TCGA samples are labelled and coloured according to their original subgroup as determined from microarray expression analysis20. c, Methylation-specific PCR assay for the MGMT promoter in six primary GBMs. L, ladder; -ve, water only control; M, methylated PCR product; U, unmethylated PCR product. Specific ladder marker sizes are shown in base pairs. d, Pairwise correlation of ATAC–seq peak intensities across GSC culture models and compared with a chronic lymphocytic leukaemia (CLL) control57. Black outline highlights correlations for GSC cultures derived from the GBMs used for the in vivo barcoding study (G719, G729, G754). e, Summary of somatic mutations identified using exome sequencing from representative GBM-719 barcoded xenografts, grouped according to type. p2 Veh: passage 2, treated with vehicle; p2 TMZ: passage 2, treated with TMZ; p3 Veh Veh: passage 3, treated with vehicle at passages 2 and 3; p3 TMZ TMZ: passage 3, treated with TMZ at passages 2 and 3 and briefly expanded in vitro before sequencing. f, Heat map representing relative copy number profiles from whole exome sequencing of GBM-719 xenograft samples. Segments of gains (red) or deletions (blue) are colour-coded on the basis of log2 copy number ratios. Frequent loss of chromosome 10 is a common observation in GBM. g, Summary of patient characteristics for all tumour samples used throughout the study, and the experiment(s) that each sample is used for.


Extended Data Figure 3 Functional characterization of GBMs and GBM xenografts.
a, Haematoxylin and eosin (H&E) and human-specific nestin staining in primary glioblastoma specimens. Scale bar, 100 μm. b, H&E and human-specific nestin staining for representative GBM xenografts. Scale bar, 100 μm. c, Survival analysis of xenografts derived from the indicated GBM model and treatment conditions. All survival analyses were performed using a log-rank test (n = 4 mice per group with the exception of the GBM-754 experiment; vehicle, vehicle group which contains 3 mice). d, Quantification of percentage proliferative activity in serial xenografts by Ki-67 staining and percentage apoptosis by cleaved caspase-3 staining, mean ± s.d. of 6 representative sections from the same xenograft sample.

                          Source data
                        


Extended Data Figure 4 GSCs are able to invade contralaterally and have heterogeneous clonal outputs.
a, Human-specific nestin staining in representative xenografts between ipsilateral and contralateral hemispheres (scale bar, 1 mm; contra, contralateral hemisphere; ipsi, ipsilateral hemisphere). b, Comparison of cell numbers recovered from xenografts between the ipsilateral and contralateral fractions, two-sided paired t-tests. Single data points are overlaid over the box plot, the horizontal line represents the median, and the lower and upper hinges represent the 25th and 75th quartiles, respectively. The lower and upper whiskers extend from the hinge to the lowest and highest values within 1.5 times the inter-quartile range (IQR). c, Plot of Pearson correlation coefficients comparing relative clone sizes between two hemispheres, for the indicated sample groups. The box-plots are displayed as for panel b. d, Clonal composition of tumours generated serially from contralateral fractions, grouped according to the geographical distribution of each detected clone in the previous (primary) passage. e, Clone size distributions for representative xenograft samples. All data shown are from ipsilateral hemispheres, not treated with TMZ, and generated from ipsilateral-derived cells from the previous passage (in the case of secondary and tertiary xenografts). Fits to a negative binomial distribution (curve) are included for patients with rich datasets (GBM-719, GBM-742, and GBM-754), used for quantitative analyses. Plot titles identify the respective sequence of serial passages by the nomenclature introduced in the Supplementary Theory. f, Representative correlation of clone size between successive serial passages of GBM-719 untreated xenografts with Pearson’s r indicated. P1, primary passage; P2, secondary passage; P3, tertiary passage. g, Representative correlations of clone size between different secondary passage replicate experiments derived from the same primary xenograft as panel f, with Pearson’s r indicated. The red arrowhead shows deviations from a linear correlation due to large outliers. R1, replicate 1; R2, replicate 2; R3, replicate 3.

                          Source data
                        


Extended Data Figure 5 First incomplete moment of clone size distributions for GBM-719, -729, and -735 xenografts.
a–c, First incomplete moments of the clone size distributions for all xenograft samples derived from patient tumours GBM-719 (a), GBM-729 (b), and GBM-735 (c). Samples are named according to the sequence of samples injected: C, generated from the contralateral fraction of the previous passage; T, TMZ treated; V, vehicle treated. For illustrative purposes, GBM-719 xenografts (a) that are TMZ-treated are marked with a red arrowhead where the distribution appears to deviate from the negative binomial. The indicated fit parameter n0 describes a characteristic clone size of the population (Supplementary Theory 2, 3). Where group B clones (large outliers) were removed to generate a more accurate fit, the number of clones removed is indicated and the re-calculated first incomplete moment distributions with outliers removed are plotted in grey. d, Schematic description of how a sequence of treatments resulting in a particular xenograft sample is incorporated into the sample nomenclatures.


Extended Data Figure 6 First incomplete moment of clone size distributions for GBM-742, -743, and -754 xenografts and variant allele frequencies for GBM-719 xenografts.
a–c, First incomplete moments of the clone size distributions for all xenografts derived from the tumours GBM-742 (a), GBM-743 (b), and GBM-754 (c). Sample and plot annotations are as described for Extended Data Fig. 5. d, Distribution of variant allele frequencies (VAFs) across GBM-719 xenograft samples. Mutations with a VAF of 0.5 are likely to correspond to variants in the clonal population (found in all cells within the tumour), whereas less prevalent mutations correspond to subclonal populations defined by recent mutational events found only in a subset of cells. e, Comparison of VAF values for mutations in paired secondary and tertiary passages. f, First incomplete moments show a negative binomial distribution for VAF values below 0.5 across xenograft samples. The dashed line shows a fit to the exponential and the vertical line marks a VAF of 0.5. g, First incomplete moments for mutations that are newly detected in the tertiary vehicle- and TMZ-treated passage. h, Same as panel f after filtering out mutations that do not occur in diploid regions of the genome. i, Same as panel g after filtering out mutations that do not occur in diploid regions of the genome.


Extended Data Figure 7 Barcode analysis of xenograft-derived cultures.
a, Proportional Venn diagrams depicting the number of unique and shared barcoded clones as defined by the in vivo passages (primary, secondary, or tertiary), that are also detectable within the specified xenograft-derived cultures. b, Comparison of clone sizes between paired primary xenografts and primary xenograft-derived GSC cultures. c, Correlation of clone sizes between TMZ-treated GBM-719 xenografts, and cultures derived from these xenografts. A select cluster of clones that become outcompeted after secondary xenografts are outlined in blue, and Spearman’s rho coefficients are as indicated. d, First incomplete moments of the full clone size distributions for GBM-754 primary xenograft cultures at different times throughout culture expansion. e, First incomplete moments of the clone size distributions used in panel d, with the 14 largest outlier clones removed from each sample. f, Pairwise clone size comparisons between replicate cultures in d, with Spearman’s rho indicated.


Extended Data Figure 8 First incomplete moment of clone size distributions for remaining GBM xenograft derived cultures.
a, Plots of first incomplete moment for cultures derived from the indicated GBM xenografts. b, Same as a, with the indicated number of large outlier clones removed from the analysis.


Extended Data Figure 9 Epigenetic drug screening of GBM-754 primary xenograft culture.
a, Primary drug screen of GBM-754 primary xenograft-derived culture, with growth assessed as culture density relative to DMSO control. Compounds highlighted in blue were used in subsequent experiments. b, Strategy to identify clonal differences in drug response. Cells are treated in duplicate with each compound, and allowed to repopulate to the same density as DMSO controls before barcode sequencing. c, Summary of results from drug repopulation experiments. The top plot shows the ratio between sum relative clone sizes of group B and group A, technical replicates are denoted as 1, 2, or 3. The horizontal line marks the mean group B/group A ratio for DMSO treated cultures. The bottom plot shows the number of reads obtained from each sample after repopulation, relative to DMSO. The horizontal line marks the mean number of reads for DMSO samples. d, Additional technical replicate experiments related to Fig. 3g, demonstrating selectivity of UNC1999 and MI-2-2 on group A and B clones, respectively. e, Dose response assays for the indicated GSC culture models upon UNC1999 and MI-2-2 treatment, mean ± s.d. of six technical replicates. f, Two additional independent experiments related to Fig. 3h. P values for the left and right replicates, respectively, are 6.95 × 10−4, 0.148 for DMSO vs CI-994; 0.338, 0.55 for DMSO vs GSK591; 3.31 × 10−3, 0.0177 for DMSO vs UNC1999; 2.15 × 10−11, 1.59 × 10−7 for DMSO vs MI-2-2; 1.75 × 10−4, 4.02 × 10−3 for UNC1999 vs MI-2-2; 1.49 × 10−10, 3.7 × 10−12 for MI-nc vs M; 0.963, 0.408 for M vs M + C; 0.355, 0.408 for M vs M + G; 2.68 × 10−9, 6.06 × 10−8 for M vs M + U. g, Combined effect of GSK343 and MI-2-2 on self-renewal. P = 4.42 × 10−6 for DMSO vs GSK343; 2.96 × 10−12 for DMSO vs MI-2-2; 3.62 × 10−6 for GSK343 vs M + G; 0.0125 for MI-2-2 vs M + G. h, Combined effect of UNC1999 and MI-2-2 on self-renewal when used at 1 μM, representative of 3 independent experiments. P = 0.147 for DMSO vs UNC1999; 0.129 for DMSO vs MI-2-2; 9.84 × 10−4 for DMSO vs M + U. i, Two additional independent experiments related to Fig. 3i. P values for the left and right replicates, respectively, are 4.59 × 10−5, 4.81 × 10−15 for DMSO vs UNC1999; 3.28 × 10−25, 1.13 × 10−31 for DMSO vs MI-2-2; 1.86 × 10−11, 3.61 × 10−6 for UNC1999 vs MI-2-2. j–m, Combined effect of UNC1999 and MI-2-2 on self-renewal in the indicated GSC culture models. P values for the G523, G549, G564, G566 experiments, respectively, are 1.9 × 10−5, 1, 0.758, 0.799 for DMSO vs UNC1999; 8.14 × 10−18, 2.14 × 10−4, 0.503, 6.12 × 10−4 for DMSO vs MI-2-2; 2.72 × 10−12, 3.28 × 10−30, 1.15 × 10−21, 2.54 × 10−8 for UNC1999 vs M + U; 7.69 × 10−3, 1.26 × 10−15, 2.61 × 10−18, 8.82 × 10−3 for MI-2-2 vs M + U. n, Combined effect of UNC1999 and MI-2-2 on self-renewal of uncultured GBM-851 cells. P = 3.01 × 10−3 for DMSO vs UNC1999; 1.36 × 10−4 for DMSO vs MI-2-2; 3.11 × 10−3 for UNC1999 vs M + U; 0.0276 for MI-2-2 vs M + U. Analysis of LDA results was performed using ELDA software34, error bars represent 95% confidence interval (NS, P > 0.05; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001).

                          Source data
                        


Extended Data Figure 10 First incomplete moment of the clone size distributions for drug-treated GBM-754 primary xenograft cultures.
a, First incomplete moments of the full clone size distributions of GBM-754 primary xenograft cultures treated with different drugs. b, First incomplete moments of the clone size distributions used in panel a, with five group B clones removed.
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Supplementary Theory
This file contains the Supplementary Theory section, which details the quantitative analysis of barcoding data that led to our minimal model of GBM growth, and the stochastic simulation strategy used to test the model predictions. It further describes how the clone survival and cross-correlation values obtained from simulation results are compared with experimental findings. Building upon the minimal model, a potential explanation for the existence of Group B clones (resistance to apoptosis) is also presented. Lastly, the use of exome sequencing analysis of xenografts as an additional consistency check for the model is described. (PDF 1136 kb)
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Supplementary Table 1
This file contains the normalized clone size quantification of barcoded xenografts for the GBM-719, -729, -735, -742, -743, and -754 series. The data is related to Figure 2 and Extended Data Figures 4-6. (XLSX 523 kb)


Supplementary Table 2 
This file contains clone growth trajectories derived from an instance of the stochastic simulation algorithm, as well as the change in mean clone size over time. The data is represented graphically in Figure 2d and Figure S1 in the Supplementary Theory. (XLSX 177 kb)
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This file contains the experimental and simulated clone size cross correlation values for the GBM-719, -742, and -754 series. The data is related to Figure 2f and Figure S3 in the Supplementary Theory. (XLSX 70 kb)
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This file contains the first incomplete moment distribution obtained from the stochastic simulation algorithm with random induction times. The data is related to Figure S4 in the Supplementary Theory. (XLSX 147 kb)
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 This file contains the normalized clone size quantification for the proliferation assay from (1)754 culture. The data is related to Extended Data Figure 7d-f. (XLSX 109 kb)
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This file contains the normalized clone size quantification for the additional xenograft-derived cultures. The data is related to Extended Data Figure 8. (XLSX 100 kb)
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