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Abstract

We reconstructed the natural history and temporal evolution of the most common childhood brain malignancy, medullo-
blastoma, by single-cell whole-genome sequencing (sc-WGS) of tumours representing its major molecular sub-classes anc
clinical risk groups. Favourable-risk disease sub-types ass@d8g¢l,; and infant desmoplastic/nodulsiBg,,,,) typi-

cally comprised a single clone with no evidence of further evolution. In contrast, highest risk sub-classam(i¥@

MB g oupz@nd TP53-mutatelBgy,,) were most clonally diverse and displayed gradual evolutionary trajectories. Clinically
adopted biomarkers (e.g. chromosome 6/17 aberrations; CTNREI.Mmutations) were typically early-clonal/initiating

events, exploitable as targets for early-disease detection; in analyses of spatially distinct tumour regions, a single biopsy
was su cient to assess their status. Importantly, sc-WGS revealed novel events which arise later and/or sub-clonally and
more commonly display spatial diversity; their clinical signi cance and role in disease evolution post-diagnosis now require
establishment. These ndings reveal diverse modes of tumour initiation and evolution in the major medulloblastoma sub-
classes, with pathogenic relevance and clinical potential.

KeywordsMedulloblastoma - Paediatric cancer - Heterogeneity - Clonal evolution

Introduction

Medulloblastoma (MB) is the most common malignant
brain tumour of childhood. Approximately 30% of patients
die from their disease and survivors are left with life-long
disease and treatment-associated morbidities [31]. Diver
sity between individual MBs has long been recognised,
encompassing established disease molecular groups (i.e.
MBynt: MBspp, MBgoup3 aNdMB g 0 @nd subgroups
National Horizons Centre, Teesside University, Darlington, (i.e. MBG'°”p3'4SUbg.rO.UpS I_VIH). with distinct clinico- .
UK molecular characteristics, alongside well-de ned genomic
features at the bulk-tumour level [B4,22, 30, 31,42,43].
Critically, this inter-tumoural diversity has been exploited
clinically; speci ¢ molecular sub-classes de ne risk-associ-
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ated therapy strati cation in current clinical trialdB,t
tumours, and infari1B g, tumours with desmoplastic/nod-
ular (DN) pathology, are associated with high survival rates
(i.e. favourable-risk) and receive reduced-intensity therapies,
while MYG-ampli ed MBg,, p3and TP53-mutatetBgy,,
carry the highest risk and gravest prognoses31},
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The potential presence of clinically signi cant cellular (WHO) criteria [22]. Metastatic status was determined
heterogeneity within individual MBs was rst suggestedaccording to Chang's criteria][4Patients < 4.0 years of
by studies which demonstrated intra-tumoural variation ofge at diagnosis were regarded as infants. Tumours were
speci ¢ genetic defects at the single-cell level (e.g. MYGssigned to the four consensus disease molecular groups
ampli cation [8, 11, 41]). Moreover, multiple sampling (MByyyt, MBgyy MBgp3 andMBg, 0 [22] using estab-
of bulk MB tumours has suggested spatial heterogeneitished DNA methylation array-based methods [42]. Sec-
of genetic markers within individual tumours, questioningond-generatioMBg,,, subgroups were assigned according
whether a single diagnostic biopsy captures all necessaty Schwalbe et al. 2017 [42]. Second-generakitBy, ;34
genetic information for use in clinical management [28]subgroups [43] were assigned using the ‘Grp3 and Grp4
Systematic single-cell studies of MB are essential to furtheClassi er’ (https://www.molecularneuropathology.org/mnp/
explore these issues. Studies to date have, however, focusstabsi er/7). A cerebellar sample was obtained post-mortem
on intra-tumoural transcriptional variability and its relation-from the Newcastle Brain Tissue Resource (httpist//ncl.
ship to cellular origins and cerebellar development 325, ac.uk/).
46, 49, with only one speci c study analysing genetic heter Two separate tissue pieces were selected from each
ogeneity within two Li—-Fraumeni-associated MBS][ The  tumour (received as two distinct surgical pieces), rang-
cellular genetic constituency of the major MB sub-classesng from 2.4x 2.6 mm (smallest) to 5x44.9 mm (largest)
and its relationship to disease initiation, clonal and tempor#Fig. 1) in size, to represent tissue fragment sizes typically
evolution, thus remains poorly understoofl [8 used in diagnostic genetic analysis. For each region - histo
Here, we report the application of sc-WGS to reconstrudbgical sections con rmed material quality and 30 um cryo-
the development and clonal evolution of 14 MBs, encomsections were produced for single-cell analyses; the remain-
passing sampling of two spatially distinct regions of eacllder was used for comparative bulk tumour assessment.
tumour. Unlike previous single-cell MB transcriptomic stud-
ies predicated on fresh tumour material [3%,35,46,49],  Bulk tumour analysis
our use of fresh-frozen tumours enabled speci c selection of
molecularly and clinically phenotyped tumours representa-or each tumour, DNA was isolated (DNeasy Blood and Tis-
tive of the major MB sub-classes and risk groups. Usingue Kit (Qiagen, Cat No. 69504) from the two bulk tumour
these data, we derive a clinically focussed understanding oégions, combined and subjected to deep (180x) whole-
MB intra-tumoural heterogeneity, providing critical insightsexome sequencing (WES). Sequencing libraries (Agilent
into di erences in initiation, drivers, clonal evolution trajec- SureSelect Human All Exon kit (Agilent Technologies;
tories and spatial impact. Moreover, our ndings highlightSanta Clara, CA, USA)), fragmentation (hydrodynamic
how understanding MB at the single-cell level o ers signi - shearing system (Covaris, Massachusetts, USA)), product
cant potential to improve the clinical management of MBpuri cation (AMPure XP system (Beckman Coulter, Bev
through informing biomarkers for early disease detectiorerly, USA)) and quanti cation (Agilent Bioanalyzer 2100
strategies for diagnostic sampling, and therapeutic targetingystem), followed by Illlumina paired-end sequencing (lllu-
mina; San Diego, CA, USA), were performed according to
the manufacturer’s instructions. Raw reads were mapped to

Methods the GRCh37/hg19 reference genome.
Chromosome arm-level and focal copy number variations
Sample selection (CNVs) were assessed using Nexus Copy Number 10.0 (Bio-

Discovery, El Segundo, CA, USA) and validated by visual
Fresh-frozen tumour material from 14 clinically annotatednspection. Copy number segments were classi ed as bal-
human primary MBs was selected for analysis, using extaainced, gained (log2 rat#0.2) or lost (log2 ratie 0.2)
molecular pathology data (Fity, TP53/CTNNB1 mutation, [30]. Whole arm chromosomal changes were considered
MYC/N ampli cation and DNA methylation array (molecu- gained/lost when 90% of the probe signals exceeded
lar subgroup and copy number pro les)) [42]. Samplegle ned thresholds [14].
were collected with written, informed consent from UK  Mutational analysis interrogated 192 genes previously
Children’s Cancer and Leukaemia Group (CClh@ps://  either reported as frequently mutated driver genes in medul-
www.cclg.org.uk/) institutions and collaborating centredoblastoma or recognised to be acquired in relapsed disease
(study approval reference BS-2008-12). Tumour investigd25, 29, 30, 38]. Next-generation sequencing datasets were
tions were performed with approval from Newcastle/Northanalysed using Genome Analysis Toolkit (GATK) version
Tyneside Research Ethics Committee (study reference 03/8, according to Broad Institute’s best practices (Burrows-
QO0905/71). Central review of histological variants wasWheeler alignment, Samtools, Picard, Haplotype Caller,
performed according to 2016 World Health OrganizatiorMuTect, ANNOVAR) [5 10, 20, 21, 47]. Variants were
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Fig. 1 Single-cell analysis of childhood medulloblastoma: patientmilestones. Scale bar on the tumour photographs equals 10 mm.
cohort and study design. a Selected cohort of 14 patients represeABbreviations:LCAlarge cell and anaplastic, CLA classii\ des-

ing key medulloblastoma clinico-molecular sub-classes. Cohonnoplastic/nodular,amp ampli cation, mut mutation, FACS uores-
encompasses all 4 molecular groups WNT (blue), SHH (light red—eence-activated single-cell sorting, W@l#ole-genome ampli ca-
infant SHH and dark red—childhood SHH), Group3 (yellow) andtion, WGSwhole-genome sequencing;NVcopy number variant,
Group4 (green), multiple subtypes and risk groups. MYC-ampli edGrp group, r1/2 region 1/2,FCSforward scattefDODdead of dis-
tumours with low A and high B percentages of ampli ed cells wereease, ADF alive disease-fr&8)OCdead of other cause

selected for comparative analysis. b Study pipeline showing the main

predicted pathogenic if their consequence included coding @ingle-cell isolation and DNA sequencing
splice donor/acceptor mutations, EXAC and 1000 genomes
frequency< 0.01, included stop codon or frameshift vari- Single nuclei were isolated using standard methods and
ants, were predicted to be deleterious by SIFT/Polyphen ahCS sorting [2, followed by DNA extraction and whole-
FATHMM or were known mutations in MB [44]. Where genome ampli cation (WGA) using the GenomePlex WGA4
germline data were available only somatic variants werkit (Sigma-Aldrich) according to the manufacturer’s proto-
reported. Variants with a bidirectional read depthwere  col. DNA puri cation was performed according to Macaulay
further curated by visual inspection in Integrative Genomicst al. [23]. An additional single-cell DNA quality control
Viewer (IGV) [39]. of WGA DNA delity by multiplex PCR-based analysis
of multiple di erentially sized ampli cation products was
included as an adaptation to the protocol (Supplementary
Methods Fig. 1). Cells with at least 4 products in multiplex
PCRs were taken forward for library preparation.
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Library preparation was performed using the Nextera X< 0.00001 B3]) were assigned as single copy gain and loss,
96-Index Kit (lllumina, cat. no. FC-131-1002) [23]. Shallow respectively. Copy number region smoothing was performed
WGS was performed on NextSeq (lllumina), using 150 bfpy merging adjacent segments with the same absolute copy
pair-end reads at the Sequencing Core Facility at Newcastieimbers or regions with non-signi cant di erence in seg-
University to obtain target coverage of 0.15X for each sinment ratios. Copy number outputs were validated by visual
gle-cell library. Sequencing depth was determined from preassessment in IGV browser. CNVs were taken forward for
liminary down-sampling experiments, as the optimal deptlanalysis if detected 2 cells and with consistent genomic
which produced ndings consistent with both copy humbeicoordinates. Putative driver genes within focal and subchro-
aberrations detected at higher read-depths, and ndings fromosomal CNV regions identi ed were assessed using the
parallel bulk tumour analysis (Supplementary Figs. 1 an@€ancermine database [19].

2). Data were processed using the CASAVA 1.8.1 pipeline Tumour ploidy was inferred using copy number relative
(lllumina), and sequence reads were converted to fastq lesatios [4. For tumour purity assessment, cells derived from
Sequencing reads from each single cell were demultiplexesheuploid tumours (from bulk analysis), but with entirely
using an in-house Perl script (demultiplex.pl) into independbalanced diploid single-cell copy number states, were con-
ent fastg les, where each le represented the sequencingjdered normal/non-tumour.

reads from one cell (https://emea.supplumina.com/
content/dam/illuminasupport/documents/documentatiofMutation analysis
/bcl2fastg/bcl2fastq_letterbooklet_15038058brpmi.pdf).

DNAs from 32 normal post-mortem cerebellar cells werd-ifteen deleterious mutations observed in bulk tumour anal-
sequenced as diploid controls, with 8 normal cells beingsis were selected for further investigation in the single-

sequenced per single-cell batch run. cell DNA from their corresponding tumours using targeted
Sanger sequencing, for inclusion in analyses of clonal com-
Single-cell data analysis position and genomic evolution.

Eight hundred sixty-eight tumour nuclei were sequencedClone identi cation

Raw reads in the fastq formaf (ere processed and qual-

ity-checked using FastQC (Babraham Bioinformatics). 86®Blumeric matrixes consisting of copy humber segments were
tumour nuclei passed the initial QC step. lllumina adaptderived from the nal copy number calls for each normal
ers were trimmed and reads with Phred-scale base quadind tumour single-cell genomkt{ps:/bioconducbr.org/

ties of 10 and below were Itered out using Cutadapt [24]packages/release/bioc/html/CNTools.html). Matrices were
Raw reads were mapped to human reference genome velustered using Euclidean distances for each genomic bin,
sion GRCh37/hg19 using BWA-MEM algorithm of Bur hierarchical clustering and Ward linkage. Optimal clusters
rows—Wheeler Aligner (BWA)Z0] version 0.7.17. The were calculated using multiple methods as Elbow, Silhou-
output SAM les were converted to compressed BAM les ette and Gap statistics. Clustering heatmaps were visual-
using Genome Analysis Toolki2]. Alignment summary ised usindheatmap.2 function of the gplot R package [48].
reports were generated using SAMtools [21] agstat funcClusters were further investigated using principal component
tion (detailed data quality scores used for the nal selectioanalysis (PCA) usingk2 dimensions and visualised apply

of cells are shown in Supplementary table 1). Base qualityng the multidimensional scaling (MDS) R utility][7
recalibration was performed according to GATK guidelines.

Copy number aberrations were assessed from processefBub)clonality measures
Bam les using the CNVKIT copy number analysis pipeline
[45]; an on-target bin size of 50 kb was used for optimaCNVs and mutations were assigned as clonal when detected
resolution and segmentation. Coverages were estimated inyeach identi ed CNV sub-clone within a tumour, and sub-
calculating the mean read depth for each genomic bin. Tletonal when only detected in certain subclones. Mutational
MAD (median absolute deviation) quality metric was usedinalyses assumed dropout of one allele at random following
to assess the noisiness of sequencing data. Genomes vgthgle-cell WGA [16].
two standard deviations below or above the mean bin count
were excluded from further analyses, leaving 430 nuclei fdPhylogenetic tree reconstruction
further assessment of copy number calls.

A panel of normal cells was compiled as a copy numbeXeighbour-joining (NJ) trees were estimated from the
reference from 72 high-quality diploid (normal) genomephylo object constructed by computing pairwise Euclidean
sequences. Copy number regions with segmented loglistances of the copy humber segment numeric matrixes
ratio estimates of 1 and 1 (circular binary segmentationusingnj function of ape R package [34]. All trees were
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re-rooted to a normal diploid cell matrix using the inter DN MBg,,,), standard, high- and very high-risk tumours
activeroot.phylo function. The nal trees were plotted (MYCGampli ed MBg, g3and TP53-mutateMBgy,,y) [42,
as downward-directed using plot.phylo function, and3] (Fig. 1a), and recently described whole-chromosome
the edges were coloured according to the clone colowberration phenotypes (i.e. Ch+ 7Chr8- and/or Chr 11-;
a liations. Goschzik et al. [14]). The study design and work ow are
summarised in Figlb.
Modelling tumour genomic evolution
Tumour purity and risk-associated diversity in clonal
Tree formation (hierarchical clustering) and optimalsubstructure
clone numbers (multidimensional analysis) were imputed
to infer evolutionary models using the SCICoNE pack We sequenced 868 nuclei from the selected cohort (62 cells
age [18]. Individual tumour data were visualised usingoer tumour). After performing quality controls (see Meth
the “ shplot” R package [27] (https://www.rstudio.com/). ods section), 430 high quality single-nuclei datasets were
Tumours were assigned to three modes of evolution: (faken forward for analysis. All tumours had a high tumour
no evolution, characterised by acquisition of establishedell content (i.e. aneuploid; mean, 95%; range, 82—-100%
driver events and structural chromosomal alterations af cells), with low proportions of normal diploid cells evi-
initiation, leading to the development of a single, stablelent (Fig.2a). To dissect genetic clonal substructure within
rapidly expanding clone, (ii) punctuated evolution, estabeach tumour, PCA/k-means (Figh) and Euclidean dis-
lished features and structural chromosomal aberrations at@nce (Fig2c; Supplementary Fig. 3) clustering were inde-
acquired early and further copy number events accumulapendently applied to the single-cell CNV data. The num-
in a punctuated clonal burst, consistent with clone formader and composition of dissected clusters were concordant
tion and gradual stable expansion, (iii) gradual (branchinggcross both approaches; in each case, normal diploid cells
evolution, where established features and structural chréermed a separate cluster, while cancer cell CNV pro les
mosomal aberrations are acquired at initiation, followedevealed diverse structures between tumours, ranging from
by the parallel formation of clones and their subsequertt to 4 distinct clusters or subclones (R2-c).
branching [912]. Tumours could be assigned to 3 broad categories accord
ing to the number of sub-populations observed (Zgd).
First, low-complexity tumours with no evidence of genetic
Statistical analysis clonal substructure én5), where all cells represented a sin-
gle clone; notably, all were favourable-risk tumours (3 of 4
Categorical variables were compared using Fisher's exaMB,,,; tumours examined and both inf&nB g, tumours).
tests, with a signi cance threshold ok0.05.p values were  Second, tumours with extensive clonal substructure (Be.
adjusted for multiple testing using “fdr” method (https://sub-populationsn= 4); these were completely aligned
www.rdocumentation.org/packages/fda.usc/versions/2.0.&ith the very high-risk (VHR) tumours assessed (i.e. both
topics/FDR). Analyses were performed using R. MYGC-ampli ed MBgqp,3and both TP53-mutated/MYCN-
ampli ed MBg,,y). All tumours examined with high-risk
LCA pathology (3/3) also fell within this group. Finally,
a group of tumours with 2 sub-populations, which repre-

Results sented multiple sub-classes (WNT, Grp3 and Grp4) and dif-
ferent non-VHR risk pro les. Statistically, low-complexity,

scDNA sequencing of medulloblastoma: patient wholly clonal tumours were signi cantly associated with

selection and study design favourable-risk disease (5/6 vs. 0/8; @.003, Fisher's exact

test), while the highest risk tumour sub-classes assessed
To assess intra-tumoural genetic heterogeneity in thwere associated with the most extensive sub-clonality (4/4
major sub-classes of MB, 14 primary tumours werevs. 0/10, p= 0.001, Fisher’'s exact test). Importantly, cell
selected, based on their bulk tumour pro les (Fig, numbers analysed were not associated with the number
Supplementary Figs. 1 and 2), to represent all four disef subclones we identi ed (data not shown). Based on the
ease molecular groups and their characteristic genetimean number of 31 cells analysed per tumour, and the cri-
features:MBy\7, MBgyy (infant and childhood sub teria we set for subclone detection (i.e. reproducible copy
groups), Group3 (subgroups Il and V) and Group 4 (sutnumber patterns in 3 independent cells), we estimate that
groups VI, VIl and VIII). Tumours further represented our approach was sensitive to detect subclones present at a
the major molecular risk-groups in current clinical userequency greater than approximately 10%.
[22, 31], encompassing favourab{#B,y,r and infant
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Fig. 2 Tumour purity and clonal substructures in medulloblastomanumber pro les for three patient groups with no, moderate or exten-
a Percentage of tumour (white; aneuploid) and normal (green; digive clonal substructure. Single cells are plotted along-tieds, and

loid) cells within each tumour. b Clonal sub-populations dissectedNAs are plotted in genomic order along #axis. Clonal subpopu-

by PCA/k-means clustering. Identi ed aneuploid clusters are labelledation identity (clone A, B, C or D), patient numbers and subgroup
in grey, orange, blue and pink. Groups with a normal/diploid copydenti ers are shown on the left. Patient subtypes and risk pro les are
number pro le are shown in green. ¢ Clonal substructures dissectaddicated on the right. d Graph showing percentage of cells in each
by hierarchical clustering (clustering dendrograms are presented identi ed subpopulation. Abbreviations: PC principal component
Supplementary Fig. 3). Three heatmaps represent the aneuploid copy

Uncovering clonal genetic compaosition degree of relationship (i.e. the distances between di erent
and phylogenetic relationships pairs of taxa) di ered between tumours.

We dissected the CNV and mutational composition of eachedulloblastoma evolutionary trajectories
identi ed clone and their inter-relationships (F&.Supple-
mentary Fig. 4, Supplementary Tables 2 and 3). As expectedlodelling clonal evolution in our cohort using SCICoNE
the ve tumours without evidence of substructure harbourefil8] revealed the three previously identified groups of
a single homogeneous clone with shared genetic featuréemours with di erent clonal substructures (Figk, 3)
Marked clonal variation was observed within the remainwere associated with distinct evolutionary trajectories
ing tumours; all displayed admixtures of clones with uniquép= 7.9 x10™'; Fisher's exact test) (Fig). Favourable-risk
CNV and mutational content (Fig). Applying neighbour- tumours without clonal substructure showed no evidence
joining clustering, we determined the phylogenetic relationef clonal genomic evolution (i.e. single-clone expansion),
ships between individual clones. In all cases, each identicquiring established driver events (e.g. CTNNB1 mutation
ed subclone formed a distinct taxon but shared a commoimn MBy7; PTCH1 mutation in infanMBg,) [31] and
ancestor with other subclones in the same tumour 8rig. structural chromosomal alterations at initiation, associated
Thus, identi ed clones were phylogenetically related, but thevith the development of a single, stable, rapidly expanding
clone.
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Fig. 3 Content of clones and their phylogenetic inter-relationshipsnetic trees. Established diagnostic and prognostic genomic features of
Clonal admixture plots for the three subclonal landscape categoriesedulloblastoma are shown in bold. GLI2 ampli cation was detected
are shown. Each distinct clone is represented in a di erent colour and a single cell, but is illustrated as a key biomarker, A—GLI2 ampli-
proportional to the number of cells in which it was identi ed. Small, cation. B—MYC ampli cation was detected in 8/62 cells, but these
shaded squares and shaded labels on the phylogenetic trees reprediehnot pass QC and were excluded from analyses. C—ahviai-

the clone colour a liation. CNVs and mutations de ning more than cation in all clones. Abbreviations: FR favourable riskR standard

one clone are listed beneath the shaded squares. Alterations uniqueisi, HR high risk\VHRvery high risk, fodocal, sub subchromosomal

a single clone are labelled on the corresponding branches of phyloge-

Tumours with a moderate clonal substructure followed The VHR tumours examined, with most extensive clonal
a route of punctuated evolution. They obtained a numsubstructures, best tted a model of gradual (branching) evolu-
ber of established features (e.g. a combination of €hr7 tion (Fig.4). These tumours acquired high-risk drivers (e.qg.
Chr8- and Chrll in the absence of gene-speci ¢ muta-TP53 mutation, MY@nd/or MYCN ampli cations), along-
tions) and structural chromosomal aberrations early iside multiple structural CNVs at medulloblastoma initiation.
tumourigenesis [1431, 42]. The accumulation of further Further accumulation and loss of CNVs is consistent with
copy number events is then associated with a punctuatedgoing instability and formation of clones, followed by their
clonal burst, consistent with formation of both clones at simsubsequent branching. These ndings are consistent with the
ilar time points, followed by gradual expansion and clonatiminution of some clones over time, while others gradu
stability over time. ally expand. This evolutionary trajectory shows the highest
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Fig. 4 Evolutionary trajectories in medulloblastoma. Fish plots forlisted on the left (bracketed). Labelled shaded circles represent the
groups of tumours associated with three di erent evolutionary traevents leading to subclone formation, and display their estimated time
jectories. Plots display changes in clonal structure over pseudo-timef origin. Acquired and lost alterations are shown at the bottom and
involving two time points, “Earlier” and “Later”. Consistent with pre- top of the plot, respectively. The well-de ned genomic biomarkers of
vious gures, clonal admixtures are represented in the correspondirmgedulloblastoma are shown in bold. See Figand 3 for abbrevia-
colours. Tumour initiating events, preceding subclone formation, argons

complexity and magnitude of events, consistent with theibDNA-methylation array data) (Fidh). First, we inves
aggressive clinical behaviour and low survival rates 314, tigated diagnostic and prognostic disease biomarkers in

42]. current clinical use [31], or supported by trials-based stud-
ies [14]; these were assessed strictly within their relevant

Clonality, detectability and timing of origin subgroup-speci ¢ context (FigBa). The overwhelming

of individual events majority (20/23; 87%) of such biomarkers observed were

clonal, emerged early at initiation and were detected in all
We next assessed individual CNV and SNV mutationshree datasets examined. The remaining three instances
(Fig. 3), their clonality, and its relationship to their detec-were sub-clonal and occurred later (MYCN and GLI2
tion at the sc-WGS and bulk tumour levels (WES andmpli cations in MBg,,,, patient 7 and Chr8- iMB g4
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Fig. 5 Clonality, detectability and timing of established medulloblas-mutational clonal (b) and subclonal (c) medulloblastoma biomarkers.
toma biomarkers (a) diagnostic and prognostic disease biomarke8peci ¢ biomarkers were assessed only in their de ned subgroup-
in current clinical use, or supported by trials-based studies; showspeci c context. See Fig. 1 for abbreviations

in bold) [14,31]. Summaries of other whole-arm/chromosome and

patient 14). Other clonal whole-arm/chromosome CNVsmaller focal CNVs. The smallest focal gains/losses repro-
detected are summarised on FsQ. Importantly, a series ducibly detected at our sequencing resolution (i.e. 0.15x)
of sub-clonal CNVs were detected at the single-cell levelvere, respectively, a 2.5 Mb GLI2 ampli cation (patient
the majority were observed in small proportions of cells?) and a 6.5 Mb deletion on chr8 (patient 8); the presence
(mean 31% of cells, range from 12 to 85% of cells) andf both was con rmed in our bulk data sets. To conclude,
occurred later in tumourigenesis. They were predomi74% of the assessed CNVs (115/155) were clonal early
nantly undetectable (22/37) in both bulk tumour datasetsvents, thus, rather than occurring gradually over time,
(WES and DNA methylation array; Figc). Subchromo- polyploidy is typically associated with medulloblastoma
somal (>15 Mb) and focal (<5 Mb) CNVs detected at initiation.

the single-cell level, and associated with putative driver

genes, are summarised in Supplementary table 4; 15/19

of these were detectable at the bulk tumour level. Nota-

bly, the resolution of our analysis allowed identi cation of
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Fig. 6 Spatial heterogeneity in medulloblastoma. a Clonal admix-by clone colour-matching asterisks<{p.05, Fisher’s exact test). b
ture plots and phylogenetic trees, reconstructed for two independefi&ble summarises individual CNVs observed at signi cantly di er
regions per tumour. Tumours with region-speci ¢ clones are frameent frequencies between tumour regions @05, Fisher's exact test).

in red. Signi cant di erences in overall clonal composition between Shaded colour blocks in each row represent the clones (coloured as
two regions are marked by black asterisks (p<0.05 Fisher's exacin Figs.3 and 6a) in which each CNV was detectedable sum-
test),nsno signi cant di erence; signi cant di erences in the abun- marises the regional distribution of established medulloblastoma bio-
dance of individual clones between two tumour regions is marketharkers

Spatial heterogeneity at the cellular level We further tested the distribution of individual genetic
events across the two regions assessed within each tumour.
To assess any spatial di erences in clonal substructurd,he majority of CNVs (141/155) did not signi cantly dif-
we created clonal admixture plots re ecting the percentfer in cellular frequency between the two tumour regions
age content of each clone within the two discrete aregSupplementary table 5C); 13 CNVs showed signi cant
of each tumour assessed (Fég). Of the 9 tumours with spatial variation (Fig6b). All of these were CNVs of
clonal substructure, 5 had a detectable clone which wamknown clinical signi cance. 14/15 tested SNV muta-
only present in a single sampled region of the tumour, ariibns were detected in both tumour regions (Supplemen
clonal content was signi cantly di erent between regionstary Fig. 4). All assessed established medulloblastoma
in two tumours (Figba and Supplementary Table 5a, b).biomarkers were observed in both tumour regions, and
Region-speci ¢ clones formed distinct taxa within theirat equivalent frequencies (Figc). PTCH1 mutation and
tumour region on phylogenetic reconstruction (Fg). GLI2 ampli cation were observed below our frequency
As expected, the ve tumours with no evidence of clonathreshold (i.e. 3 cells) in Patients 5 and 7, respectively,
substructure did not display any spatial clonal variatiorand thus were excluded from spatial analyses.
(data not shown).
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Discussion such trajectories were only observed in favourable-risk
disease groups examined (eMByy7, INnfantMBgy,).
This study reveals diverse modes of initiation, clonaSecond, MBs with an extensive clonal landscape,-char
evolution and intra-tumoural genetic complexity betweercterised by multiple events at initiation, followed by the
childhood MBs sampled from its major disease sub-class@sadual evolution of subclones with unique genetic com-
and risk-groups, and provides a rst understanding of theiposition, resulting in the most diverse clonal substructures
relationships to disease biology and clinical behaviour. observed. These trajectories were only found in very high-
Our discoveries have enabled de nition of three distinctisk tumours—their clonal diversity and clinical behaviour
trajectories of disease initiation, development and clondi€eing consistent with the involvement of initiating events
evolution. First, genetically homogeneous tumours with n@reviously associated with genomic instability (TP53
clonal substructure, which acquire events at initiation (e.gnutation and/or MYC(N) ampli cation [3B5, 37]); and
CTNNB1 mutation and chromosome 6 loskIBy,,) fol-  the presence of aggressive large-cell/anaplastic histol-
lowed by expansion of a single clone (i.e. no evolution)gy [11. Independent inspection of single-cell WGS data
reported for 2 Li-Fraumeni-associated primp g,

Fig. 7 A model of risk-associated clonal evolution in medulloblastoma
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tumours with TP53 mutations [35] revealed evolutionary Cellular transcriptional diversity has been previously
trajectories closely similar to the gradual trajectories w@bserved within individual medulloblastomas [4H];
observed for ouMB g, TP53 mutated tumours, providing our data indicate this can arise against simpler genetic
important validation of our ndings for this tumour group. architectures. For instance, WNT tumours revealed here
Thirdly, we also characterised an intermediate group cds genetically homogeneous, are associated with more
medulloblastomas with a moderate clonal compositiondiverse transcriptionally de ned cellular sub-populations:
which were sampled from multiple non-VHR risk-groups.four transcriptional meta-programs with variable underly
These typically acquired multiple events at initiation,ing gene signatures were previously identi ed by single-cell
followed by a punctuated evolutionary trajectory. Fromtranscriptome analyses of ve WNT medulloblastomas [15].
our ndings, we pro er a model of genetic initiation, Together, these ndings suggest intra-tumoural di erences
evolution, and clonal substructure for childhood medulin gene expression are in uenced by non-genetic factors.
loblastoma (Fig7). This model de nes clearly distinct Our focus on tumours representing the major medullo-
evolutionary paths along which disease evolution maplastoma disease sub-classes and molecular risk-groups is a
proceed and which, while not absolute, provide a criticasigni cant strength of our study. However, we acknowledge,
foundation for future investigations. Of note, we includedhat future studies involving larger patient cohorts will be
a rare relapsing WNT patient (#1) in our investigationnecessary to fully establish the relationship of clonal states
this patient had clonal substructure equivalent to the othéo speci c clinical and molecular disease features, and their
WNT tumours analysed, suggesting other factors play @manslational relevance. The number of single cells inves-
role in WNT relapse. tigated per tumour represents a potential limitation and it
Our findings have immediate clinical relevance. Thds possible that additional rare clones may be detected in
majority of established medulloblastoma biomarkergeeper analyses; however, and importantly, cell number ana-
examined (e.g. CTNNB1 MB,\1; PTCH1/TP53/MYCN lysed was not associated with the number of subclones we
in MBgpy, MYCin MBg o3 Chr7+/chll- and i17q in identied in this study. Further studies will now be essen-
MBgroupsid [14, 31, 42] were revealed as early clonal/ tial to explore these ndings in larger clinically annotated
initiating events in tumour development, consistent witltcohorts, and with increased cell numbers. Furthermore, sin-
their driver roles in experimental models of spontaneougle-cell co-studies of genetic status and gene expression, ide-
tumourigenesis, where tested [13, 36, 40]. Their ubig- ally with longitudinal sampling over disease-course includ-
uitous spatial presence highlights their potential imporing at relapse, and in disease-relevant models, will be critical
tance for therapeutic targeting and informs requirements fao discern their inter-relationships and relative contributions
tumour sampling in diagnostics and therapeutic strati cato tumour development, clinical behaviour and evolution.
tion. Our data support the su ciency of a single biopsy for In clinical therapeutics, our ndings support a model
the diagnostic assessment of established biomarkers, chahereby highest risk tumours may display greatest clonal
lenging previous recommendations that actionable targetiversity, which supports the hypothesis that clonal diver
found in a single biopsy are seldom clonal across the entisity increases potential for adaptation, evolution and escape
tumour [28]. Moreover, this nding highlights the potential under therapy, while favourable-risk tumour groups are least
of these key biomarkers of medulloblastoma initiation forromplex. Our ndings are further supported by observations
use in cancer early detection and prevention strategies. Hoom a multi-regional bulk tumour sampling study, which
instance, clonal early events could be further investigated demonstrated high-risk paediatric neuroblastomas, Wilms
potential early detection biomarkers in cerebrospinal uidtumours, and rhabdomyosarcoma subtypes exhibit more
(CSF) or plasma circulating free DNA (cfDNA) screening.frequent and extensive clonal branching [dhus, in con-
The early occurrence of multiple whole chromosome eventsert with morphological, molecular and cellular estimates
suggests polyploidy commonly occurs as an early event icurrently used as prognostic markers, measures of clonality
medulloblastoma development. Against this background, weave potential as a common marker of prognosis in child-
additionally observed a series of previously unappreciateaood cancers, which must now be considered and further
subclonal and/or region-speci ¢ events by sc-WGS, whiclinvestigated.
were commonly undetectable in our WES analysis of the
corresponding bulk tumour samples. Their biological anéPupplementary InformatiorThe online version contains supplemen-
clinical signi cance now require investigation; to determinetary material available at https://doi.org/10.1007/s00401-022-02464-x.
whether they play any role in further temporal evolution an%cknowledgementsThis study was funded by Cancer Research UK

resistance to therapy, or simply represent uninvolved ‘pagcrants c8464/A13457 and C8464/A23391). We thank members of
senger’ events, will be of particular interest. In contrast tehe Newcastle University Flow Cytometry Core facility, especially Dr
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