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Abstract

Osteosarcoma is the most common primary cancer of bone with a peak incidence in children
and young adults. Despite progress, the genomic aberrations underpinning osteosarcoma
evolution remain poorly understood. Using multi-region whole-genome sequencing, we find
that chromothripsis is an ongoing mutational process, occurring subclonally in 74% of tumours.
Chromothripsis drives the acquisition of oncogenic mutations and generates highly unstable
derivative chromosomes, the evolution of which drives clonal diversification and intra-tumour
heterogeneity. In addition, we report a novel mechanism, loss-translocation-amplification
(LTA) chromothripsis, which mediates rapid malignant transformation and punctuated
evolution in about half of paediatric and adult high-grade osteosarcomas. Specifically, a single
double-strand break triggers concomitant 7P53 inactivation and segmental amplifications,
often amplifying oncogenes to high copy numbers in extrachromosomal circular DNA
elements through breakage-fusion-bridge cycles involving multiple chromosomes. LTA
chromothripsis is detected at low frequency in soft-tissue sarcomas, but not in epithelial
cancers, including those driven by 7P53 mutation. Finally, we identify genome-wide loss of
heterozygosity as a strong prognostic indicator for high-grade osteosarcoma.
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Introduction

Whole-genome sequencing (WGS) studies of tumours has revealed that most human cancers are riddled
by complex forms of structural variation(/, 2). A major mutational process driving cancer genome
complexity is chromothripsis, which refers to the acquisition of hundreds to thousands of clustered
rearrangements in one or a few chromosomes(3—5) resulting from chromosomal shattering in
micronuclei(6) or through fragmentation of dicentric chromosomes during anaphase bridge
resolution(7-9). Chromothripsis is pervasive across diverse cancer types(/0, /1), and often mediates
malignant transformation(/0, /12—14) and drug resistance(/2, 15). A remarkable example of a cancer
characterised by chromothripsis is osteosarcoma, the most common primary malignancy of bone for
which therapeutic options and survival rates have not improved for over four decades(/6). Although
the remarkable karyotypic complexity of osteosarcoma has long been established(/7-21), the
mechanisms underpinning osteosarcoma genome complexity and the impact of chromothripsis during
tumour evolution remain elusive.

Chromothripsis can be identified by the presence of rearrangement profiles characterised by interleaved
structural variants (SVs) with variable levels of loss of heterozygosity (LOH), which reflect the random
rejoining of DNA fragments following chromosome fragmentation(3, 10, 22). However, in
osteosarcoma, chromothripsis events remarkably often involve >10 chromosomes and co-localize with
other genomic aberrations, such as whole-genome doubling (WGD) and segmental amplifications(/0,
19), the acquisition of which cannot be fully explained by rearrangement mechanisms already
described(/0).

Here, through the analysis of multi-region long and short-read WGS data, we show that chromothripsis
is an ongoing mutational process throughout osteosarcoma evolution and drives remarkable karyotypic
heterogeneity. In fact, we detect subclonal chromothripsis events in 74% of tumours. In addition, we
report a novel mechanism, loss-translocation-amplification (LTA) chromothripsis, which mediates
TP53 loss, oncogene amplification and WGD in about half of both paediatric and adult high-grade
osteosarcomas, leading to malignant transformation and punctuated evolution over the course of a few
cell divisions. LTA chromothripsis leads to the formation of highly unstable derivative chromosomes,
the evolution of which drives the formation of the most complex chromothripsis events detected in
human cancers, often involving >15 chromosomes. We find that LTA chromothripsis also occurs in
other sarcoma subtypes but not across >2,600 tumours spanning 31 cancer types, including those driven
by TP53 inactivation, such as ovarian and oesophageal adenocarcinoma. Our findings suggest that LTA
is a mechanism specific to the evolution of high-grade osteosarcoma, and to a lesser extent, other
sarcomas.

Results

Clinical samples and whole-genome sequencing data
We processed WGS data uniformly for 356 primary and metastatic osteosarcoma samples from 197

patients, including published data for 128 tumour samples(/9, 21, 23, 24) (Fig. 1A, fig. S1 and
Methods). New data include high-depth multi-region WGS for 228 tumour regions from 85 patients
(2-8 regions per tumour; median 4 regions) generated as part of the Genomics England 100,000
Genomes Project (G100k). Additionally, we sequenced 13 samples from uncommon histological
variants of primary bone sarcomas (Methods and Tables S1 and S2). The final data set included 246
high-grade conventional (HGOS), 43 parosteal, 15 periosteal, 9 low-grade central, and 30 soft-tissue
extraskeletal osteosarcomas, as well as 13 osteoclast-rich primary high-grade bone sarcomas (fig. S1,
Tables S1 and S2, and Methods). The average patient age was 30 years (range 4 to 89 years; 40% of
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patients under 18 years old), and 40% of samples were from tumours treated with the MAP
chemotherapy protocol (methotrexate, doxorubicin, and cisplatin) or variations thereof (Table S1 and
Methods).
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Fig. 1. Overview of the study.

(A) Overview of the data sets and types of osteosarcoma samples analysed in this study.

(B) Frequency of oncogene amplification, biallelic inactivation of tumour suppressor genes, CGR: complex genome rearrangements (CGR), and whole-
genome doubling (WGD) in high-grade osteosarcomas (HGOS), parosteal osteosarcomas and other osteosarcoma subtypes.

(C) Upset plot showing the overlap of different types of complex rearrangement patterns in the SV clusters detected by ShatterSeek across all osteosarcomas
in the cohort. The category "Other SV clusters” encompass complex clusters of SVs without copy-number oscillations. The SV clusters in more than one
chromosome were considered a single cluster if linked by translocations.

ecDNA: extrachromosomal circular DNA; WGS: whole-genome sequencing.

Clonal evolution in osteosarcoma is driven by complex genomic rearrangements
Driver gene analysis identified genes known to be involved in osteosarcoma evolution, including 7P53

(altered in 136/197 tumours, 69%, primarily by rearrangements in intron 1), RBI (58/197, 29%), and
CDKN24 (32/197, 16%) (Fig. 1B, fig. S1, Table S3 and Methods). We estimated an average burden
of 1.85 SNVs per Mb (fig. S1), which is consistent with the low burden of point mutations previously
reported for osteosarcoma(/4, 17, 19). However, kataegis events were detected in 74% of tumours
(145/197), indicating punctuated bursts of mutation accumulation (Fig. 1C, fig. S1 and Methods). We
detected genomic features associated with activation of the alternative lengthening of telomeres (ALT)
pathway in 53% (104/197) tumours, suggesting a predominant role of this pathway in driving replicative
immortality in osteosarcoma(25, 26) (fig. S1, Table S1 and Methods). Among HGOS, 15% did not
harbour alterations in 7P53 pathway genes (i.e., TP53 and MDM?2). These cases did not show an
enrichment of mutations in other driver alterations compared with 7P53-mutant HGOS. On average,
55% of SNVs were subclonal (median: 53.4%), indicating high levels of intra-tumour heterogeneity.
However, most driver mutations were clonal (fig. S2), and we did not detect positive selection in
subclonal mutations (fig. S3 and Methods), indicating neutral subclonal evolution at the level of point
mutations. De novo mutational signature analysis of single-base substitutions (SBS) revealed that all
signatures detected showed a comparable contribution to clonal and subclonal mutations, except for
those associated with platinum therapy (SBS31 and SBS35)(20)(fig. S2 and Table S4). Platinum-
associated signatures revealed clonal sweeps driven by single chemoresistant clones in relapse and
metastatic samples, and the survival and outgrowth of multiple subclones in primary tumours upon
treatment (fig. S4).

In contrast to SNVs, the SV burden was high, with a median of 414 SVs per tumour (fig. S1). The
majority of SVs mapped to rearrangement clusters showing an equal distribution of SV types, a
hallmark of chromothripsis(3—5), templated insertions and microhomology tracts at the breakpoints (fig.
S5). However, only 11% (54/502) of SV clusters were classified as canonical chromothripsis(/0)
(Methods). The remainder co-localized with other events, such as extrachromosomal circular DNA
(ecDNA) and segmental amplifications (Fig. 1C, fig. S1. Table S5 and Methods), which masked the
oscillating copy-number pattern characteristic of canonical chromothripsis. Thus, we collectively refer
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to such complex SV clusters as complex genomic rearrangements (CGRs). HGOS tumours showed high
rates of WGD (99/141 tumours; 70%) and CGRs (131/141 tumours; 93%). High-level oncogene
amplification often occurred in the context of CGRs (Fig. 1C). In parosteal osteosarcomas, co-
amplification of MDM?2 and CDK4 mapped to ecDNA events in all cases (fig. S1). In HGOS, 57%
(81/141) of tumours harboured at least one high-level oncogene amplification, which were significantly
enriched in chromosome arms with CGRs and associated with foldback inversions(27) (Fig. 1C and
fig. S1), indicating that oncogene amplification in HGOS is driven by breakage-fusion-bridge (BFB)
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Fig. 2. Intra-tumor heterogeneity and evolutionary trajectories of chromothriptic chromosomes.
(A) Schematic representation of the experimental design based on multi-region whole-genome sequencing used to characterize the patterns of intra-tumour

heterogeneity and clonal evolution in osteosarcomas.

(B) Distribution of clonal (green), subclonal (blue), and private (red) CGRs across autosomes and chromosome X. Each column represents an
osteosarcoma with WGS data for at least 3 tumour regions.

(C) Number of clonal, subclonal and private SVs in each tumour mapping to genomic regions overlapping clonal (green), subclonal (blue), or private CGRs
(red). The number of SVs not overlapping regions affected by CGRs is shown in white.

(D) Number of clonal (green), subclonal (blue) and private (red) SVs mapping to regions affected by clonal, subclonal and private CGRs, as well as outside
regions affected by CGRs. Each dot represents a tumour with multi-region WGS data.

(E) Number of clonal (green), subclonal (blue) and private (red) SVs mapping to regions with canonical chromothripsis, chromothripsis with other complex
events, chromothripsis events without copy-number oscillations, and ecDNA stratified based on the presence of high-level, low-level or no segmental
amplifications in the SV cluster.

CGR: complex genome rearrangement; CN: copy-number; Mixed: individuals with samples collected before and after chemotherapy treatment.

Evolutionary trajectories of rearranged chromosomes

To characterise the contribution of chromothripsis to clonal and genome evolution in osteosarcoma, we
constructed tumour phylogenies using multi-region WGS data from 46 tumours and WGS data from
multiple tumour samples from 10 individuals (Fig. 2A and Methods). We classified SVs as clonal,
subclonal and private based on whether they were detected in all, a subset or just one of the tumour
regions analysed, respectively. We found a high frequency of subclonal CGRs in high, intermediate
(periosteal) and low-grade osteosarcoma subtypes, with 62% (130/210) of tumour regions and 74%
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(40/54) of tumours showing subclonal chromothripsis, often leading to highly divergent karyotypes
(Fig. 2B, figs. S6 to S9, and Table S6). Thus, these results indicate that chromothripsis is a common
subclonal mutational process.

Previous studies suggest that chromothripsis can precede or follow other mutational processes(7, 8),
and that rearranged chromosomes are subject to ongoing genomic instability(9, 28). However, studying
the evolutionary trajectories of rearranged chromosomes has been challenging due to the limited
sensitivity for subclonal SV detection using bulk WGS data and the lack of multi-region or single-cell
WGS data. Here, to investigate the evolutionary trajectories of chromosomes affected by
chromothripsis, we mapped the rate of subclonal SVs across the genome using the multi-region WGS
data. This analysis revealed that genomic regions with clonal CGRs are significantly enriched for
subclonal SVs (P < 0.001; Fisher’s exact test), indicating that CGRs prime the cancer genome for
ongoing chromosomal instability (Fig. 2C and figs. S10 to S12). Canonical chromothripsis events do
not acquire subclonal or private SVs (Fig. 2D). However, we detected hundreds of subclonal and private
SVs in genomic regions affected by clonal chromothripsis with segmental amplifications, even when
the clonal chromothripsis event only affected a small region of the genome (Fig. 2C-D and fig. S10).
High-level amplifications showed marked heterogeneity caused by subclonal rearrangements, including
translocations to multiple chromosomes, as observed in other ecDNA-driven cancers(29, 30). Together,
these results show that derivative chromosomes resulting from chromothripsis events are unstable and
evolve through complex rearrangement processes, thereby driving intra-tumour heterogeneity and
clonal diversification.

Loss-Translocation-Amplification (LTA) chromothripsis triggers punctuated tumour evolution
Given the high burden of SVs in HGOS (fig. S1), we next sought to identify genomic regions recurrently

affected by breakpoints (Methods). Consistent with previous studies(/7, 31, 32), the TP53 locus was
significantly rearranged in both adult and paediatric HGOS (Fig. 3A and fig. S13A). Investigation of
the rearrangement profiles in chromosome 17 revealed frequent co-occurrence of terminal loss of 17p,
including the 7P53 locus, and segmental amplification of 17p downstream of 7P53 together with other
genomic regions across one or multiple chromosomes, with or without WGD (Fig. 3A and figs S11 to
S17). Analysis of tumour phylogenies reconstructed using SNVs and SVs detected in multi-region WGS
data revealed that a single double-strand break in chromosome 17p (commonly in intron 1 of 7P53, fig.
S1C) generates an unprotected terminal end that translocates to another chromosome or its sister
chromatid to form a dicentric chromosome, the resolution of which triggers a series of BFB cycles
during mitosis that generate segmental amplifications (Fig. 3B, fig. S18 to S20, and Methods). As a
result, genomic regions and oncogenes from multiple chromosomes can be amplified as part of this
process (Fig. 3E and figs. S11 to S17). We detected this rearrangement pattern, which we term loss-
translocation-amplification (LTA) chromothripsis, in 48% (68/141) of HGOS, including paediatric and
adult HGOS in all cohorts analysed (Fig. 3A-B, figs S1 and S13 to S17), which we validated using
long-read nanopore WGS of selected cases (fig. S18). Specifically, we detected LTA chromothripsis in
48% (48/99) of HGOS with WGD, and in 48% of HGOS cases without WGD (20/42). In 66% (45/68)
of HGOS with LTA chromothripsis (32% of all HGOS, 45/141), the amplified regions encompassed
oncogenes, often in the form of ecDNA, indicating that LTA chromothripsis is a frequent mechanism
of oncogene amplification in HGOS (Fig. 3E and figs. S1, S11 to S17). In the other 23 cases, the
complexity of the derivative chromosomes was comparable, but the segmental amplifications caused
by LTA did not encompass recurrently amplified oncogenes (figs. S19 to S20). LTA chromothripsis
occurred in cells with one 7P53 allele already inactivated by somatic point mutations (24%, 16/68),
somatic rearrangements (71%, 48/68), or germline pathogenic variants (6%, 4/68; 4/6 tumours from Li-
Fraumeni individuals) (fig. S1). Notably, the SV burden and the number of chromosomes involved in
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chromothripsis are significantly higher in cases with LTA chromothripsis (Fig. 3C-D), indicating that
the most complex chromothripsis events in osteosarcomas are caused by LTA chromothripsis.
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Fig. 3. Mechanism of Loss-Translocation-Amplification (LTA) chromothripsis in high-grade osteosarcoma.
(A) Analysis of the fraction of paediatric (individuals younger than 18 years old) and adult osteosarcomas showing amplification (red), LOH (blue) and SVs
(black) across chromosome 17. The frequency of amplification, LOH and breakpoints were computed using non-overlapping windows of 100 kilobase pairs.

Only one SV per window and patient was considered for this analysis.

(B) Schematic representation of the events that lead to the loss of TP53 and oncogene amplification observed in high-grade osteosarcomas.
(C) Number of chromosomes involved in CGRs in high-grade osteosarcomas stratified based on the presence a CGR on chromosome 17p triggered by a

breakpoint in the TP53 locus.

(D) Number of SVs detected across the genome in high-grade osteosarcomas stratified based on the presence a CGR on chromosome 17p triggered by a

breakpoint in the TP53 locus.

(E) Representative rearrangement profiles for an osteosarcoma in which inactivation of TP53 by a double-strand break leads to the amplification of multiple

oncogenes via LTA chromothripsis.

(F) Allele fraction (AF) of rearrangements mapping to the CGR detected in 17p in tumours with or without LTA, in other chromosome arms linked to 17p via
LTA, chromosome arms with CGR not involved in LTA chromothripsis, and in chromosome arms without CGRs.

The total and minor allele copy-number data in F are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP, duplication-like
rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion. Significance in C, D and F was assessed using the two-sided Wilcoxon’s rank

test (**P<0.001; ***P<0.0001; ****P<0.00001).

The patterns of clonal dynamics in HGOS with LTA chromothripsis inferred from the tumour
phylogenies are consistent with a model of punctuated evolution. Specifically, macroscopically distant
tumour regions mapping centimetres apart from each other (see figs. S21 to S23 for an example) only
share a small set of point mutations and the rearrangements that initiated LTA chromothripsis, which
show high allele fraction values (Fig. 3F). The lack of shared mutations across regions that harbour tens
to hundreds of private SNVs and SVs indicates that clonal diversification occurred rapidly, probably
within a few cell divisions. Thus, the genomic instability cascade triggered by LTA chromothripsis
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following a single double-strand break in the 7P53 locus prompts malignant transformation within a
few cell divisions.

We next investigated the frequency of LTA chromothripsis in other sarcomas and common cancers
using WGS data from ~2,800 tumours from the TCGA sarcoma cohort (TCGA-SARC) and the Pan-
Cancer Analysis of Whole Genomes (PCAWG) project. We did not detect evidence of LTA in epithelial
cancers, including cancers with frequent 7P53 mutation, such as ovarian and oesophageal cancer (figs.
S24 to S27). By contrast, we detected LTA chromothripsis at low frequency in soft-tissue sarcomas
(figs. S28 to S29). Together, this indicates that LTA chromothripsis is rare in cancers other than

osteosarcoma.
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(A) Timing estimates for the emergence of the most recent common ancestor (MRCA) and whole-genome doubling (WGD) during the evolution of paediatric
and adult high-grade of osteosarcomas.

(B) Relative timing estimates for WGD events in high-grade and other subtypes of osteosarcoma (parosteal, extraskeletal, periosteal and low-grade central).
(C) Number of years between WGD and the emergence of the MRCA in paediatric and adult osteosarcomas.

(D) Number of years between the emergence of the MRCA and diagnosis in paediatric and adult osteosarcomas.

(E) Number of foldback inversions per chromosome arm stratified based on the presence of an oncogene amplification event in the same chromosome arm.
(F) Fraction of HGOS tumours showing oncogene amplification stratified based on whole-genome doubling status.

(G) Number of foldback inversions per chromosomes arm in HGOS tumours stratified based on whole-genome doubling status.

(H) Allele fraction (AF) for foldback inversions stratified based on whether they were estimated to occur before or after WGD.

Significance in B-E and G was assessed using the two-sided Wilcoxon’s rank test (****P <0.00001); ns: not significant.

Whole-genome doubling is a late clonal event that triggers genomic instability

Motivated by the high frequency of WGD in osteosarcoma (Fig. 1B and fig. S1), we next sought to
determine the timing and relative order of genomic aberrations acquired throughout tumour evolution.
The timing of genomic aberrations relative to WGD can be estimated by counting the fraction of somatic
SNVs acquired before WGD, which should be present in at least two chromosomal copies (Methods).
Due to low SNV burdens (fig. S1), only 44% (55/125) of tumours with WGD had sufficient clock-like
mutations for WGD timing analysis (Methods). WGD, which we determined computationally and
experimentally (Table S7 and Methods), was a late event in 96% (53/55) of tumours, with WGD
occurring on average at 80% of mutation time (Fig. SA). No significant differences in WGD timing
were observed between HGOS and other osteosarcoma subtypes (Fig. SB). However, both the timing
of WGD, and the latency between WGD and the expansion of the MRCA were significantly different
between paediatric and adult HGOS cases (Fig. 5C-D and Table S8). We estimated an average latency
period of 0.6 years (95% CI: 0.4-0.8) between WGD and the expansion of the MRCA in patients under
40 years old, as compared to 1.7 years (95% CI: 1.1-2.4) in those over 40 (Fig. SA and Methods).
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These results, which are in agreement with the findings from PCAWG, represent a relatively shorter
period between WGD and MRCA emergence compared to other cancer types(33). In tumours with LTA
chromothripsis, we detected LOH at the terminal region of 17p, including the TP53 locus, suggesting
that LTA likely precedes WGD, as otherwise two independent LTA events would need to occur for the
two terminal copies of 17p to be lost (figs. S13 to S17). Thus, in these tumours, WGD occurs during
the short interval between the initial steps of LTA chromothripsis and the expansion of the MRCA.

To study the relationship between oncogene amplification and WGD, we next defined a scoring system
based on rearrangement and copy number information to determine whether CGRs mediating oncogene
amplification occur before or after WGD(21) (fig. S30, Table S9 and Methods). Overall, we found
that in 98.8% (815/825) of CGRs, the majority of breakpoints per chromosome arm occurred after
WGD. In 11% of these events, at least 5 breakpoints occurred prior to WGD, suggesting an initial pre-
WGD event. At the rearrangement level, only 0.4% (7/1863) of foldbacks associated with an oncogene
amplification were predicted to occur prior to WGD (Fig. 4E-H). These results are consistent with in
vitro studies showing that WGD causes chromatin remodelling and genomic instability(34, 35), and the
higher rates of chromothripsis observed in WGD tumours(3). By contrast, SVs associated with the loss
of tumour suppressors, such as RB1, consistently occurred before WGD. Together, these results indicate
that WGD is a late clonal event that drives chromosomal instability and oncogene amplification.

Chromosomal losses precede whole-genome doubling and predict prognosis

Identification of robust biomarkers for accurate prognostication to inform clinical decision making
remains an urgent clinical need for osteosarcoma(/6). Previous studies based on SNP arrays identified
an association between high genome-wide levels of LOH and prognosis(36). However, this and other
biomarkers have not been validated in large cohorts for risk stratification(/6). To evaluate the
prognostic power of genomic aberrations, we conducted unbiased survival analysis for HGOS using
diverse genomic and clinical covariates (Methods). Genome-wide LOH was the only genomic event
significantly associated with progressive disease in both univariate and multivariate analysis correcting
for known covariates affecting survival, such as metastasis at diagnosis (HR 54.2; 95% CI: 7.5-391;
P=0.002; Fig. SA-B and Methods).
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Fig. 5. Genome-wide loss of heterozygosity (LOH) predicts overall survival for high-grade osteosarcoma.
(A) Hazard ratios with 95% confidence intervals and P values computed using Cox proportional-hazards regression.

(B) Kaplan—Meier plot showing the overall survival for high-grade osteosarcoma patients stratified according to the degree of genome-wide LOH and the
presence of metastasis at diagnosis.

(C) Percentage of the genome showing loss of heterozygosity (LOH) in high, intermediate and low-grade osteosarcomas from the G100k and TARGET
cohorts stratified based on the presence of WGD. Significance in C was assessed using the two-sided Wilcoxon’s rank test; ns: not significant.

Chromosomal losses following 7P53 inactivation have been reported to precede WGD in mouse models
of pancreatic ductal adenocarcinoma(37). Using the multi-region WGS data, we estimated that 60%
(95% CI: 52.4 to 67.6%) of genomic regions with LOH are common to all regions of a tumour,
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suggesting that LOH is an early event that occurs before WGD. HGOS tumours had significantly higher
levels of LOH than low-grade cases (average of 32% vs 14%, respectively; P<0.001, Wilcoxon’s rank-
sum test). In contrast to other cancer types(38), we detected high levels of genome-wide LOH
independent of WGD status (Fig. SC). Consistent with the role of WGD in buffering the acquisition of
biallelic mutations in essential genes as chromosomal losses accumulate(38), we found a depletion of
inactivating mutations in essential genes in LOH regions suggestive of negative selection, although our
analysis did not reach statistical significance, likely due to limited statistical power given the low
mutational burden in osteosarcoma (fig. S31).

Discussion

We report a comprehensive genomic analysis of the mechanisms underpinning cancer genome
complexity and evolution in paediatric and adult osteosarcomas. We describe a novel rearrangement
process, LTA chromothripsis, which provides a mechanistic basis for the generation of the most
complex derivative chromosomes frequently observed in high-grade osteosarcoma of bone, which are
characterised by chromothripsis patterns interleaved with segmental amplifications across multiple
chromosomes(/9). We find that such complex events are the result of a karyotypic evolution process in
which the resolution of an initial dicentric chromosome generated by a single double-strand break in
the TP53 locus triggers chromothripsis, oncogene amplification in the form of ecDNA and segmental
amplifications across multiple chromosomes. LTA chromothripsis is different from translocation-
bridge amplification(39) and classical BFB cycles(40) in that LTA causes concomitant biallelic
inactivation of 7P53, leading to tolerance to WGD and genomic instability, and a multi-generational
BFB cycle process that can engage additional chromosomes, thus leading to the amplification of
oncogenes across multiple chromosomes. LTA chromothripsis also explains mechanistically the
generation of segmental amplifications commonly detected in osteosarcomas(/9). Through
phylogenetic analysis, we show that LTA drives rapid karyotype evolution and clonal diversification,
providing evidence for the role of chromothripsis in punctuated evolution and promoting rapid tumour
growth. Somatic inactivation of one copy of 7P53 before LTA chromothripsis is required for malignant
transformation in sporadic HGOS tumours. However, in Li-Fraumeni individuals, LTA is the only
somatic event required to cause biallelic inactivation of 7P53 and oncogene amplification within a few
cell divisions. Finally, we show that the degree of genome-wide LOH has strong prognostic power for
HGOS, which may help improve the management of osteosarcoma patients, especially given the
increasing availability of genome sequencing technologies in clinical settings.

Data availability: WGS data from the participants enrolled in the 100,000 Genomes Project can be
accessed via Genomics England Limited following the procedure described at:
https://www.genomicsengland.co.uk/about-gecip/joining-research-community/. In brief, applicants
from registered institutions can apply to join one of the Genomics England Research Network, and then
register a project. Access to the Genomics England Research Environment is then granted after
completing online training. Raw WGS data from the Gabriella Miller Kids First Pediatric Research
Program: An Integrated Clinical and Genomic Analysis of Treatment Failure in Pediatric Osteosarcoma
(project number 1 XO01 HL 132378-01) are available at dbGAP under study accession code
phs001714.v1.pl. The WGS data from the Therapeutically Applicable Research to Generate Effective
Treatments (TARGET) program is available at dbGAP under study accession code phs000218. The raw
WGS data from the Behjati et al. cohort(/9) are available at the European Genome-Phenome Archive
(EGA) under accession numbers EGAD00001000107, EGAS00001000196 and EGAD00001000147.
The raw WGS data from the MDACC cohort(2/) are available at the EGA under accession number
EGAS00001003247. PCAWG analysis results, including the somatic copy number and rearrangement
calls used in this study, are available at https://dcc.icgc.org/releases/PCAWG. The code used in this
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study is available at: https://github.com/cortes-ciriano-lab/osteosarcoma_evolution. The raw WGS data

generated by The Cancer Genome Atlas (TCGA) can be accessed through controlled data access
application via dbGAP under study accession code phs000178.
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Methods

Data sets

- G100k RNOH cohort. Paediatric and adult fresh frozen tumour samples were obtained from patients
consented and enrolled in both the Genomics England 100,000 Genomes Project (G100k) as well as the
Royal National Orthopaedic Hospital (RNOH) Biobank satellite of the UCL/UCLH Biobank for Health
and Disease (REC reference 20/YH/0088). Tumours diagnosed as osteosarcoma by specialist
pathologists in accordance with the WHO Tumour classification(4/) were included in the study. Surplus
tumour tissue from resection and or biopsy samples were collected and frozen as part of routine clinical
practice. WGS data from matched blood samples were used as germline controls in genomic analyses.
Prior to sequencing, tumour samples were reviewed, and eligible samples were selected based on a
tumour content of >40% and <20% necrotic material. Multiple samples from individual tumours were
included whenever suitable. DNA was extracted from matched tumour and blood samples using
established protocols and in accordance with the 100,000 Genomes Project guidelines. DNA was sent
for centralised library preparation and sequencing at the Illumina Laboratory Services (ILS) in
Cambridge, UK(42). Sequencing was performed as part of the 100K Genomes Project. Samples were
sequenced to an average depth of 117x (median 117x) and 43x (median 38x) for tumour and germline
DNA, respectively. After processing of WGS data, 5 samples were discarded due to contamination, and
5 samples were discarded due to low purity values. The final GEL-100k cohort consisted of 215 tumour
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samples from 72 donors. Dual consented genomic data (somatic and germline) was shared to RNOH
and EMBL-EBI. Data linked to local clinical data (no NHS Digital or NHS England data) were shared
by Genomics England with RNOH and EMBL-EBI. No analysis was undertaken in the Genomics
England Research Environment or National Genomic Research Library.

- PCAWG and Behjati et al. cohorts. We included 33 paediatric and adult osteosarcoma cases
analysed by the TCGA/ICGC Pan-Cancer Analysis of Whole Genomes Project (PCAWG). In addition,
we included 3 cases from the original study by Behjati et al. (/9) not included in PCAWG. The average
depth of sequencing for tumour samples was 44x (median 42x) and 36x (median 34x) for normal
samples.

- TARGET cohort. We included 23 paediatric and adult osteosarcoma and matched germline WGS
data sets from the TARGET osteosarcoma study (TARGET OS; dbGaP study phs000468.v21.p8).
Patients were recruited through The Children’s Oncology Group (U.S.) and The Hospital for Sick
Children (Toronto, Canada). TARGET OS is part of the NCI’s Therapeutically Applicable Research to
Generate Effective Treatments (TARGET) program. The average depth of sequencing for tumour
samples was 35x (median 44x) and 33x (median 47x) for normal samples.

- Kids First cohort. We included 39 osteosarcoma WGS data sets from 23 patients with matched
germline WGS data from the Gabriella Miller Kids First Pediatric Research Program (dbGaP study
phs001714.v1.pl). All samples were sequenced on the Illumina Hiseq X Ten platform. The average
depth of sequencing for tumour samples was 49x (median 50x) and 25x (median 22x) for normal
samples.

- MDACC cohort. We included WGS data from 30 cases from the MD Anderson Cancer Center
(MDACC) generated by Wu et al.(21). The average depth of sequencing for tumour samples was 74x
(median 75x) and 37x (median 37x) for normal samples.

- UCL cohort. To enrich our data set with uncommon subtypes of osteosarcoma, we performed whole-
genome sequencing on the following cases from the RNOH Biobank, satellite of the UCL/UCLH
Biobank for Health and Disease (REC reference 20/YH/0088): malignant giant cell tumour of bone
(n=5), pagetic bone disease associated osteosarcoma (n=2), osteoclast rich HGOS (n=2), HGOS with
unusual histological features (n=2), and MDM?2-negative low grade central osteosarcoma (n=2).
Between 350 and 500ng of tumour DNA were used to prepare DNA sequencing libraries using the
TruSeq DNA PCR Free 350bp kit (Illumina). The samples were then sequenced on the Illumina
NovaSeq6000 sequencing machine using S4 flow cells to generate 2 x 151 paired-end reads. Quality
control for all steps was performed using a DNA Screentape on the Agilent TapeStation system. The
average depth of sequencing for tumour samples was 77x (median 77x) and 34x (median 34x) for
normal samples.

Uniform processing of short-read whole-genome sequencing data

Raw sequencing reads from all cohorts included (356 samples from 197 patients) were mapped to the
hg38 build of the human reference genome using BWA-MEM(43) version 0.7.17-r1188. Aligned reads
in BAM format were processed following the Genome Analysis Toolkit (GATK, version 4.1.8.0) Best
Practices workflow to remove duplicates and recalibrate base quality scores(44). Somatic and germline
SNVs, multi-nucleotide variants (MNVs) and indels were called and filtered with SAGE (v2.8).
Somatic SVs were called with GRIDSS2(45) (v2.12.0, https://github.com/Papenfusslab/gridss),
annotated with RepeatMasker (v4.1.2-pl, http://www.repeatmasker.org) and kraken2(46)(v2.1.2),
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filtered with GRIPSS (v1.9) and clustered and visualised with LINX (v1.15)(47). B-allele frequency
(BAF) of heterozygous SNP sites was computed using AMBER (v3.5) and read depth ratios were
calculated with COBALT (v1.11). B-allele frequency information, read-depth ratios, SV breakpoints
and allele frequencies of SNVs were integrated to estimate the purity, ploidy and copy number profile
of each tumour using PURPLE (v2.54)(47). Quality control (QC) was performed using AMBER and
PURPLE and samples were discarded when: (1) FAIL CONTAMINATION: measured tumour
contamination in homozygous sites from the normal sample was >10%; (2) FAIL NO_TUMOR: no
evidence of tumour was found in the sample — in these cases, samples were kept if at least one of the
following criteria were met (i) the tumour had one or more HOTSPOT SV or point mutation, (ii) the
number of somatic SNVs was > 1000, (iii) the number of somatic SVs was > 1000 (excluding single
breakends), or (iv) the tumour sample had 3000 BAF points in germline diploid regions with a tumour
ratio < 0.8 OR > 1.2 (i.e., there is evidence of some level of aneuploidy). SAGE, GRIPSS, AMBER,
COBALT, PURPLE and LINX are developed by the Hartwig Medical Foundation (HMF) and code,
tools and extensive documentation are freely available on github:
https://github.com/hartwigmedical/hmftools. Missense point mutations predicted to be deleterious by
MetalLR and MetaSVM, as implemented in Annovar(48) (version 2018Aprl6), were considered
pathogenic. Analysis of homologous recombination deficiency was performed using CHORD(49). To
determine the Alternative Lengthening of Telomeres (ALT) status of tumours, we used the software
TelFusDetector (v1; https:/github.com/cortes-ciriano-lab/TelFusDetector) with default parameter
values. In brief, TelFusDetector identifies ALT-associated telomere fusions in WGS data, which are
then used to predict ALT status using Random Forest classification(50). We detected kataegis foci using
the R package Katdetectr(57) (v1.2), requiring a minimum number of 10 mutations and a maximum
intermutation distance of 1000 bps.

Driver mutation analysis

Somatic mutations (point mutations, indels, SVs and copy number aberrations) mapping to cancer
genes, as listed in the HMF driver panel(52) and reported as pathogenic by the PURPLE and LINX
algorithms, were curated manually to assemble a list of high confidence mutations. In addition, hotspot
mutations in H3F3A4, a well-established driver of giant cell tumours of bone(53), were manually
included, and in cases where single hits in highly recurrent osteosarcoma tumour suppressor genes
(TP53, RBI, PTEN, CDKN2A4, ATRX, NFI) were detected, the gene locus was visually inspected to
verify the absence of second hits missed by our WGS data analysis pipeline due to segmental or arm
level LOH.

SNVs and indels classified as pathogenic by PURPLE were annotated using ANNOVAR (48) (version

2018Apr16) and prioritised as follows:

- Tier 1: Clinically reportable and/or actionable driver mutations based on a list provided by the
Cambridge Genomic Medicine Service (correspondence), and hotspot mutations with validated
functional impact.

- Tier 2: All missense and nonsense mutations with a driver likelihood predicted by PURPLE > 0.95
(Tier 2a), and nonsense mutations with a predicted driver likelihood >0.5 and <=0.95 (Tier 2b).
Missense mutations predicted as pathogenic by either MetaSVM or MetalLR, or by both VEST3
and CADDphred (Tier 2c).

- Tier 3: All remaining potential driver mutations reported by PURPLE with a driver likelihood less
than 0.5 and reported as non-pathogenic by other pathogenicity scores. All non-hotspot mutations
in IDH1 and IDH?2, as well as non-5’-UTR TERT mutations were automatically assigned to Tier 3
and excluded from further analysis.
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The final set of driver mutations was generated as follows:

- All amplifications and partial amplifications of oncogenes listed in the COSMIC Cancer Gene
Census or the HMF driver catalogue of at least 3 times the tumour ploidy.

- Biallelic mutations in tumour suppressor genes in the HMF driver catalogue panel(52).

- Heterozygous gain-of-function mutations in 7P53 with experimental evidence of promoting
tumourigenesis in a heterozygous state(54).

- All Tier 1 and Tier 2a SNVs.

- Tier 2b and 2¢c SNVs in COSMIC Cancer Gene Census listed as driver genes or genes previously
recognised as drivers in osteosarcoma(/9).

Driver-CGR associations

Driver alterations in tumour suppressor genes caused by structural variants (deletions, disruptions, or
both) were determined to be associated with a CGR if: (1) a CGR-associated breakpoint mapped to the
gene body resulting in the deletion or disruption of the gene, or (2) the genomic region encompassed
by a CGR partially or completely overlapped the gene body. In the case of oncogenes, the breakpoints
of the SVs causing oncogene amplification generally map outside of the gene body. Therefore, we
considered oncogene amplifications to be CGR-associated if a CGR occurred in the same chromosome
arm with an oncogene amplification. Oncogenes were deemed to be associated with foldback inversions
if one or more foldback inversions mapped to the same chromosome arm harbouring the oncogene.

Mutational signature analysis

The R package MutationalPatterns (v3.2.0)(55) was used for single base substitution (SBS) signature
analysis. Samples with less than 500 SNVs (n=7) were excluded for this analysis. All mutational
signature analysis (de novo extraction and refitting) was performed separately on samples from tumours
which had been treated with chemotherapy (‘treated subgroup’) and those which had not been exposed
to chemotherapy prior to sampling (‘untreated subgroup’). The 96-trinucleotide mutational spectra of
somatic SNVs were computed using the mut_matrix function from the R package MutationalPatterns.
For each subgroup, we performed hierarchical clustering of mutational spectra using 1 - cosine
similarity as the distance metric(56). Samples assigned to clusters diverging above a distance of 2 were
identified through manual inspection and were considered outlier samples. The remaining samples were
assigned to the “common” cohort. The optimal number of signatures or rank (r) was determined by the
vb_factorize function from the R package ccfindR. De novo signature extraction was performed on the
mutational spectra of the common cohort using a rank of 7, +1 and 7-1. The optimal rank values (r=8
and r=7 for the treated and untreated groups, respectively) were selected based on the goodness of fit
of the extracted signatures to the observed mutational spectra and on the biological plausibility of the
mutational signatures identified. Signatures identified de novo with a cosine similarity of >0.8 to a
COSMIC v3 SBS signature were assigned the name of the matching COSMIC v3 SBS signature(57,
58). Common signatures in human cancers (SBS1, SBS5, SBS8, SBS17b, SBS18, SBS37, and SBS40)
were identified de novo in both treated and untreated cohorts, as well as a signature representing a
combination of SBS2 and SBS13 previously described(56). Our analysis also detected a signature,
which we termed “DN1”, with cosine similarity values to SBS39, SBS3 and SBS40 below our cut-off
value for matching de novo and COSMIC signatures. Notably, signature DN1 did not decompose into
more signatures by increasing rank. We detected SBS35 in the treated cohort, consistent with the
relationship between this signature and chemotherapy treatment with platinum drugs. De novo
signatures were then fitted to both common and outlier samples in each subgroup using the strict refit
function, and samples with a cosine similarity between the original and the reconstructed spectra less
than 0.95 were marked as outliers. Refits were accepted for the remaining samples. One signature with
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a cosine similarity of 0.8 to SBS37 was highly enriched in the Kids First cohort compared to the
remaining samples. Given the demonstrated cohort bias and absence of this signature in published
signature analyses of osteosarcoma(24, 34, 35), we considered this signature to represent a technical
rather than a biological difference in this cohort. Signature refitting was then repeated without this
signature, resulting in a minimal decrease in fitting quality. Therefore, we excluded this signature from
further analysis. For each group (treated and untreated samples), we performed a second de novo
signature extraction on outlier samples. Outlier signatures that could not be merged with any common
signature (cosine similarity <0.75) were refit alongside the common signatures only in the samples in
which they were detected if they led to an improvement in the goodness of fit of the reconstructed
mutational spectra. Final outlier signatures were SBS31 in the treated cohort (detected in G100k _47),
and SBS7a (detected in extraskeletal tumour G100k 16) and SBS30 (PB_21, case with a pathogenic
germline variant NTLH]T) in the untreated cohort. For the cases with multi-region WGS data, we
assigned SNVs to three groups based on their clonality: clonal (detected in all tumour samples),
subclonal (detected in a subset of tumour samples), and unique (present in just one tumour sample). We
then performed signature refitting on each set of SN'Vs based on the treatment status of each sample.

Analysis of positive selection

Selection analysis was performed with the R package dNdScv(59) using the trinucleotide substitution
model with 192 rates and covariates for the reference genome hg38. No limits were set for the maximum
number of coding mutations per sample or gene. dNdS values were obtained for missense, nonsense,
and splicing mutations. The LOH status of each mutation was set when the minor allele copy number
< 0.5 and the total copy number > 0.5. For samples with WGD, mutations were classified as pre-WGD
if the mutation copy number was >1.75 and post-WGD if the mutation copy number was <1.25. All
other mutations were classified as “unknown”. Cancer genes for the selection analysis were obtained
from the COSMIC Cancer Gene Census. Essential genes were selected as previously described(60).

Analysis of loss of heterozygosity

Regions of the genome with LOH were identified as those with a minor allele copy number <0.5 and a
major allele copy number >0.5. Genome-wide LOH was determined as the total size of all genomic
segments with LOH divided by the genome size. Arm level LOH events were defined as chromosome
arms with >90% of the arm length in a state of LOH. The p arm of acrocentric chromosomes (13, 14,
15, 21, 22) and chromosome Y were excluded from this analysis. In the case of tumours with multi-
region WGS data, we classified LOH events into clonal and subclonal depending on whether LOH was
observed in all or a subset of the tumour regions, respectively.

Detection of complex genomic rearrangements

Complex genomic rearrangements (CGR) were detected using ShatterSeek (version 0.7). ShatterSeek
calls were filtered using recommended cut-off values(3) and the P values for all statistical tests were
corrected using the False Discovery Rate (FDR) method. In brief, we made a CGR call if the following
criteria were satisfied: (i) at least 6 interleaved intrachromosomal SVs, (ii) the fragment joins test was
not significant (FDR-corrected P > 0.05), and (iii) either the chromosomal enrichment or the
exponential distribution of breakpoints test were significant (FDR-corrected P < 0.01). Additionally,
we classified CGRs as “chromothripsis” when the copy number for at least 7 contiguous genomic
segments oscillates between 2 total copy number states. Chromothripsis events were further classified
as “canonical chromothripsis”, when at least 60% of the adjacent copy number segments showed copy
number oscillations, and as “chromothripsis with other complex events” otherwise. Foldback inversions
were detected from the SV-clustering output of LINX(47). Inversions smaller than 50kb were also
classified as foldback(24). To detect ecDNA events, we used the AmpliconSuite pipeline
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(v0.1032.3)(61), a wrapper for AmpliconArchitect (v1.3) and AmpliconClassifier (v0.4.7).
Visualization of CGRs was performed using ReConPlot(62).

To determine whether individual CGRs were clonal or subclonal, we reasoned that those CGRs
occurring before the clonal expansion of the most recent common ancestor (MRCA) should be detected
in all tumour regions analysed, whereas subclonal CGRs occurring after the expansion of the MRCA
should be detected in just a subset. Therefore, we first detected CGRs in each chromosome and tumour
region separately. Next, we intersected their coordinates, defined as the region encompassed between
the most downstream and most upstream breakpoints involved in each CGR. We considered CGRs
detected in the same chromosome across two or more different tumour regions to be the same event if
the regions encompassed by each CGR overlapped by at least 25%, in which case the coordinates of
each CGR were updated. Specifically, the CGR span in each chromosome and tumour region was
defined as the genomic coordinate of the most upstream and downstream breakpoint coordinates across
the tumour regions showing the CGR.

Timing of WGD and the expansion of the MRCA

Timing analysis of WGD events was performed as previously described(63). Briefly, the multiplicity
(i.e., number of chromosomal copies harbouring a given mutation), cancer cell fraction and copy
number of clock-like SNVs (C>T mutations in NpCpG contexts) were used to determine subclonal
versus clonal mutations using 1,000 bootstrap resamples. Major allele copy number information was
then used to stratify clonal mutations based on their occurrence before or after WGD (pre-WGD and
post-WGD, respectively). Tumours with at least 50 clock-like SNVs, tumour purity >0.3 and with
patient age data available were selected for WGD timing analysis. We estimated the relative timing of
WGD as the average fraction of pre-WGD clonal clock-like mutations in non-amplified regions (i.e.,
genomic regions with major and minor allele copy number values of 2 and 2, and 2 and 0, respectively).
The relative timing for the MRCA was determined as the average proportion of clonal clock-like
mutations across resamples.

To estimate the absolute timing of WGD and the expansion of the MRCA, we used the age at diagnosis
to compute the mutational rate per sample as the number of clonal clock-like mutations per year adjusted
for the effective genome size. Pan-cancer analysis of matched primary and relapse samples
demonstrated that there is an acceleration in the mutation rate during the last stages of clonal
evolution(33). To account for mutation acceleration, we applied an acceleration rate of 5x to the base
mutational rate as previously reported(33). Absolute timing of WGD (using years as unit of time) was
calculated using the number of clock-like mutations estimated to occur before WGD. Specifically, we
multiplied the total number of clonal clock-like mutations by the estimated relative timing for the WGD
events, and adjusted the mutation rate using an acceleration rate of 5x(33).

Timing of SVs relative to WGD
To determine the timing of SVs relative to WGD, we used the copy number values on each side of the
breakpoints, the jJump in copy number between the genomic segments connected by each rearrangement,
as well as the allelic fraction of rearrangement breakpoints(8). Specifically, we defined copy number
jump (CN jump) as the change in copy number between the two genomic regions bridged by each SV,
and copy number junction (CN junction) as the number of DNA copies (also known as multiplicity) in
which each breakpoint was detected. In addition, we computed the purity-adjusted allele frequency (AF)
for each breakpoint. We defined a timing score based on the following principles.

e We consider that a given breakpoint only occurs once in each tumour. That is, that the

probability for the same exact SV to occur more than once in a tumour is zero.
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e The reordering and reassembly of DNA fragments in a chromothripsis event does not cause
copy number amplification.

e Genomic regions with a minor allele copy number of 0 and a total copy number of 2 or more
are considered to be the result of a loss followed by whole-genome doubling, as we consider
the probability of two independent losses in the two copies of the same parental chromosome
after WGD to be negligible(38).

For this analysis, we focused on 158 regions from 92 tumours showing WGD. Due to the lack of reliable
copy number jump and junction information, we did not perform timing analysis for breakpoints in
haploid or diploid regions (total copy number of 1, or major and minor allele copy number values of 1),
and breakpoints mapping to copy number segments less than 100bp in length.

AF, CN jump and CN junction information for each breakpoint were scored as follows:

e AF score (AF score). We computed AF values for all breakpoints in each chromosome and
assigned AF scores as follows: AF score=1: breakpoints with an AF value above the 50th
percentile; AF score=2: breakpoints with an AF value between the 25th and the 50th
percentiles; and AF_score=3: breakpoints with an AF value below the 25th percentile.

e Copy number jump scores (CN_jump score). We assigned a CN jump score of 1 to
breakpoints with CN jump values of 0, and a CN_jump_score of 0 otherwise.

e Copy number junction scores (CN_junction_score). CN_junction scores were assigned on the
basis that breakpoints occurring prior to WGD would be present in all copies of the affected
allele. Thus, we assigned a CN_junction_score of 1 to breakpoints with a multiplicity equal to
the major allele copy number (i.e., the number of copies of the most amplified allele). We
assigned a CN_junction_score of 2 to breakpoints with a multiplicity at least two thirds the
major allele copy number, a CN_junction_score of 3 to breakpoints with a multiplicity of at
least one third but less than two thirds of the major allele copy number, and a
CN_junction_score of 4 to breakpoints with a multiplicity less than a third of the major allele
copy number.

The final timing score was calculated as the sum of the AF, copy number jump, and copy number
junction scores. Thus, the timing score has a minimum and a maximum value of 3 and 9, respectively.
Manual inspection of canonical chromothripsis events with clear evidence of occurring before or after
WGD was used to set thresholds for likelihood of breakpoints occurring before and after WGD (see
examples in fig. S30). Breakpoints with a total score <4 were classified as pre-WGD, and as post-WGD
otherwise.

Next, we assessed the timing of CGR-associated breakpoints on a per chromosome arm basis. First, we
considered a chromosome arm to be rearranged by a CGR before WGD when at least 50% of the
breakpoints mapping to the CGR had a timing score of 3 or 4. Because chromosome arms are sometimes
rearranged by multiple mechanisms throughout tumour evolution (e.g., LTA followed by WGD and
chromothripsis), we considered chromosome arms to have a pre-WGD component when 5 or more
CGR-associated breakpoints had timing scores <4.

Phylogenetic analysis using short-read whole-genome sequencing data

We constructed a binary matrix for each tumour with rows indexed by somatic SNVs or SVs, and
columns by tumour regions such that the i,j entry in each matrix was set to one if mutation i was present
in region j, and to zero otherwise. To reconstruct phylogenetic trees, we used the UPGMA (unweighted
pair group method with arithmetic mean) method (treeUPGMA) as implemented in the R package
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phangorn(64). Branch lengths were computed by counting the number of mutations (SNVs or SVs)
shared by only the descendants of a given branch. Visualisation of phylogenetic trees was performed
using  custom  scripts, which are available at  https://github.com/cortes-ciriano-

lab/osteosarcoma_evolution. A complete analysis of tumour phylogenetics and intra-tumour
heterogeneity for tumours with multi-region WGS data and for individuals with WGS data from

multiple tumours can be found in figs. S32 to S65.

Survival analysis

We performed survival analysis using the Cox proportional hazards model as implemented in the R
package survminer (version 0.4.9)(65). Significance was assessed by the likelihood ratio test using a
cut-off value for statistical significance of 0.05. The proportional hazards assumption was tested using
the cox.zph function from the R package survival(66). The LOH threshold used to stratify high-grade
osteosarcomas into high LOH and low LOH groups was determined through a ROC curve analysis of
survival status and percentage of genomewide LOH using the R package pROC(67).

Estimation of tumour DNA ploidy

We performed DNA ploidy analysis by flow cytometry for a random subset of osteosarcoma cases. The
most representative formalin-fixed, paraffin-embedded (FFPE) block was selected for each case. For
each case, 50 um scrolls were cut and deparaffinized by xylene, then rehydrated with ethanol and water.
Samples were then dissociated into single nuclear suspensions using Proteinase from Bacillus
licheniformis (Sigma-Aldrich P5380). Nuclear suspensions were filtered through 40 um filters and
resuspended in FACS buffer with 2 pM EDTA. Nuclear density (nuclei/mL) was estimated for each
sample by haemocytometry, and samples were standardised to approximately 2,000,000 nuclei/mL.
Samples were stained with DAPI (Thermo Scientific 62247) at a concentration of 1:1000 and incubated
at room temperature in the dark for 1h. Stained samples were run through the Fortessa A flow cytometer
(BD Fortessa X20), using a wavelength of V450/50. Events were gated using forward scatter and side
scatter to exclude doublets and debris. Prior to the tumour samples being processed, an external control
sample (normal adult kidney) was run to obtain the approximate mean DAPI fluorescence intensity of
a diploid population. To calculate tumour ploidy, the mean DAPI fluorescence intensity (MFI) of the
background diploid cell population was taken as the MFI representing the ploidy of a diploid cell (MFI-
2n). The MFT of the largest, discrete tumour subclone was taken as the tumour MFI(MFI-t). Ploidy was
then calculated as 2(MFI-t/MFI-2n).

DNA extraction and processing for nanopore sequencing

Tumour genomic DNA was extracted from fresh-frozen tissue with the Nanobind tissue kit
(Circulomics NB-900-701-01, now PacBio SKU 102-302-100) and Germline DNA from blood with
the Nanobind CBB kit (Circulomics NB-900-001-01, now PacBio SKU 102-301-900). After extraction,
the genomic DNA (gDNA) was homogenised by 3-10 passes of needle shearing (26G) and 1h of
incubation at 50°C. All samples were quantified on a Qubit fluorometer (Invitrogen, Q33226) with the
Qubit BR dsDNA assay (Thermo Fisher Scientific, Q32853) and manual volume checks were
performed. The DNA size distributions were assessed at each relevant step by capillary pulse-field
electrophoresis with the FemtoPulse system (Agilent, M5330AA and FP-1002-0275). 4-10 pg of gDNA
were either fragmented to a size of 10-50kb with the Megaruptor 3 (Diagenode, E07010001 and
E07010003) or fragmented to a size of 15-25kb with a gTUBE (Covaris, 520079) centrifuged at
1,500rcf. All samples were depleted of short DNA fragments (less than 10kb long) with the short read
eliminator (SRE) kit (Circulomics, SS-100-101-01; now PacBio 102-208-300) or the SRE XS kit
(Circulomics SS-100-121-01; now PacBio SKU 102-208-200) when sample availability or
concentration was limiting.
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Library preparation and nanopore whole-genome sequencing

Sequencing libraries were generated from 600ng up to 1.8pg of gDNA with 1 library prepared for
germline samples and 2 libraries prepared for tumour samples with the SQK-LSK110 or SQK-LSK 114
kits (Oxford Nanopore Technologies, ONT), respectively, according to manufacturer’s
recommendation with minor modifications. Briefly, the samples were end-repaired by adding 2 ul
NEBNext FFPE DNA Repair Mix (NEB, M6630) and 3 pul NEBNext Ultra Il End Prep Enzyme Mix
(NEB, E7546), incubated for 10 min at room temperature followed by 10 min at 65 °C, then cleaned up
with 1 x AMPure XP beads (Beckman Coulter, A63880) and eluted in 60 ul of EB. The end-repaired
DNA was ligated with 5 pl Adapter Mix (ONT, SQK-LSK110) using 8 ul NEBNext Quick T4 DNA
ligase (NEB, E6056) at 21°C for up to 1h. The adapter-ligated DNA was cleaned up by adding a
0.4 x volume of AMPure XP beads. Sequencing libraries were quantified and using the average peak
size of the samples determined after sample preparation on the Femto Pulse. 20fmol of the obtained
sequencing libraries were loaded onto R9.4 flow cell (ONT), or 10fmol of libraries were loaded onto
R10 flow cells and sequenced on a PromethlON48 (ONT). The libraries were stored overnight in the
fridge. After 24h, sequencing runs were paused and a DNAse treatment or nuclease flush (ONT, WSH-
003) was performed and 20fmol of the libraries were re-loaded on the flow cells.

Full details of the protocol can be found at https://research-
help.genomicsengland.co.uk/display/GERE/Genomic+Data+from+ONT?preview=/38046759/380479
42/v1_protocol ONT_LSK109.pdf.

Long-read nanopore sequencing data analysis
We aligned long-read nanopore WGS data to the hg38 build of the human reference genome using

!

minimap2 (version 2.24)(68) with parameters "-ax map-ont --MD". Copy number variation was
estimated using Mosdepth (version 0.3.2)(69) with parameters “-n --fast-mode --by 1000” to obtain a

coverage profile, followed by Spectre (version 0.1) (https://github.com/fritzsedlazeck/Spectre) with a

minimum copy number length of 10,000bp to detect regions of deletion and duplication. We detected
structural variants with SAVANA (version 1.0.4)(70) using default parameter values.

Supplementary Tables

Table S1. Description of the tumour samples, main genomic aberrations detected in each tumour and
associated clinical data.

Table S2. Summary of demographic and clinical data for the cases included in this study.

Table S3. Description of mutations in common cancer driver genes.

Table S4. Contribution of SBS mutational signatures to the mutational patterns detected in each tumour
sample.

Table S5. Coordinates, characteristics, and classification of the CGRs detected in tumours across all
cohorts analysed.

Table S6. Coordinates, characteristics, classification and clonality of the CGRs detected in tumours
with multi-region and multi-sample WGS data.

Table S7. Comparison of tumour ploidy results by flow cytometry and WGS estimated with PURPLE.
Table S8. Analysis of the timing of WGD and the expansion of the MRCA.

Table S9. Analysis of the timing of SVs and CGRs per chromosome arm relative to WGD.

18


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

References

1. Y.Li, N.D. Roberts, J. A. Wala, O. Shapira, S. E. Schumacher, K. Kumar, E. Khurana, S.
Waszak, J. O. Korbel, J. E. Haber, M. Imielinski, PCAWG Structural Variation Working Group,
J. Weischenfeldt, R. Beroukhim, P. J. Campbell, PCAWG Consortium, Patterns of somatic
structural variation in human cancer genomes. Nature. 578, 112—-121 (2020).

2. K. Hadi, X. Yao, J. M. Behr, A. Deshpande, C. Xanthopoulakis, H. Tian, S. Kudman, J. Rosiene,
M. Darmofal, J. DeRose, R. Mortensen, E. M. Adney, A. Shaiber, Z. Gajic, M. Sigouros, K. Eng,
J. A. Wala, K. O. Wrzeszczynski, K. Arora, M. Shah, A.-K. Emde, V. Felice, M. O. Frank, R. B.
Darnell, M. Ghandi, F. Huang, S. Dewhurst, J. Maciejowski, T. de Lange, J. Setton, N. Riaz, J.
S. Reis-Filho, S. Powell, D. A. Knowles, E. Reznik, B. Mishra, R. Beroukhim, M. C. Zody, N.
Robine, K. M. Oman, C. A. Sanchez, M. K. Kuhner, L. P. Smith, P. C. Galipeau, T. G. Paulson,
B. J. Reid, X. Li, D. Wilkes, A. Sboner, J. M. Mosquera, O. Elemento, M. Imielinski, Distinct
classes of complex structural variation uncovered across thousands of cancer genome graphs.
Cell. 183, 197-210.e32 (2020).

3. P.J. Stephens, C. D. Greenman, B. Fu, F. Yang, G. R. Bignell, L. J. Mudie, E. D. Pleasance, K.
W. Lau, D. Beare, L. A. Stebbings, S. McLaren, M.-L. Lin, D. J. McBride, 1. Varela, S. Nik-
Zainal, C. Leroy, M. Jia, A. Menzies, A. P. Butler, J. W. Teague, M. A. Quail, J. Burton, H.
Swerdlow, N. P. Carter, L. A. Morsberger, C. lacobuzio-Donahue, G. A. Follows, A. R. Green,
A. M. Flanagan, M. R. Stratton, P. A. Futreal, P. J. Campbell, Massive genomic rearrangement
acquired in a single catastrophic event during cancer development. Cell. 144, 27-40 (2011).

4. K. Krupina, A. Goginashvili, D. W. Cleveland, Scrambling the genome in cancer: causes and
consequences of complex chromosome rearrangements. Nat. Rev. Genet. (2023),
doi:10.1038/s41576-023-00663-0.

5. A. Mazzagatti, J. L. Engel, P. Ly, Boveri and beyond: Chromothripsis and genomic instability
from mitotic errors. Mol. Cell (2023), doi:10.1016/j.molcel.2023.11.002.

6. C.-Z.Zhang, A. Spektor, H. Cornils, J. M. Francis, E. K. Jackson, S. Liu, M. Meyerson, D.
Pellman, Chromothripsis from DNA damage in micronuclei. Nature. 522, 179-184 (2015).

7. J. Maciejowski, Y. Li, N. Bosco, P. J. Campbell, T. de Lange, Chromothripsis and Kataegis
Induced by Telomere Crisis. Cell. 163, 1641-1654 (2015).

8. Y.Li, C. Schwab, S. Ryan, E. Papaemmanuil, H. M. Robinson, P. Jacobs, A. V. Moorman, S.
Dyer, J. Borrow, M. Griffiths, N. A. Heerema, A. J. Carroll, P. Talley, N. Bown, N. Telford, F.
M. Ross, L. Gaunt, R. J. Q. McNally, B. D. Young, P. Sinclair, V. Rand, M. R. Teixeira, O.
Joseph, B. Robinson, M. Maddison, N. Dastugue, P. Vandenberghe, P. J. Stephens, J. Cheng, P.
Van Loo, M. R. Stratton, P. J. Campbell, C. J. Harrison, Constitutional and somatic
rearrangement of chromosome 21 in acute lymphoblastic leukaemia. Nature. 508, 98—102
(2014).

9. N.T. Umbreit, C.-Z. Zhang, L. D. Lynch, L. J. Blaine, A. M. Cheng, R. Tourdot, L. Sun, H. F.
Almubarak, K. Judge, T. J. Mitchell, A. Spektor, D. Pellman, Mechanisms generating cancer
genome complexity from a single cell division error. Science. 368, eaba0712 (2020).

10. L Cortés-Ciriano, J. J.-K. Lee, R. Xi, D. Jain, Y. L. Jung, L. Yang, D. Gordenin, L. J. Klimczak,
C.-Z. Zhang, D. S. Pellman, PCAWG Structural Variation Working Group, P. J. Park, PCAWG
Consortium, Comprehensive analysis of chromothripsis in 2,658 human cancers using whole-
genome sequencing. Nat. Genet. 52, 331-341 (2020).

11. N. Voronina, J. K. L. Wong, D. Hiibschmann, M. Hlevnjak, S. Uhrig, C. E. Heilig, P. Horak, S.
Kreutzfeldt, A. Mock, A. Stenzinger, B. Hutter, M. Frohlich, B. Brors, A. Jahn, B. Klink, L.

19


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

12.

13.

14.

15.

16.

17.

18.

19.

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Gieldon, L. Sieverling, L. Feuerbach, P. Chudasama, K. Beck, M. Kroiss, C. Heining, L.
Mohrmann, A. Fischer, E. Schrock, H. Glimm, M. Zapatka, P. Lichter, S. Frohling, A. Ernst, The
landscape of chromothripsis across adult cancer types. Nat. Commun. 11, 2320 (2020).

O. Shoshani, S. F. Brunner, R. Yaeger, P. Ly, Y. Nechemia-Arbely, D. H. Kim, R. Fang, G. A.
Castillon, M. Yu, J. S. Z. Li, Y. Sun, M. H. Ellisman, B. Ren, P. J. Campbell, D. W. Cleveland,

Chromothripsis drives the evolution of gene amplification in cancer. Nature. 591, 137-141
(2021).

T. J. Mitchell, S. Turajlic, A. Rowan, D. Nicol, J. H. R. Farmery, T. O’Brien, I. Martincorena, P.
Tarpey, N. Angelopoulos, L. R. Yates, A. P. Butler, K. Raine, G. D. Stewart, B. Challacombe, A.
Fernando, J. I. Lopez, S. Hazell, A. Chandra, S. Chowdhury, S. Rudman, A. Soultati, G. Stamp,
N. Fotiadis, L. Pickering, L. Au, L. Spain, J. Lynch, M. Stares, J. Teague, F. Maura, D. C.
Wedge, S. Horswell, T. Chambers, K. Litchfield, H. Xu, A. Stewart, R. Elaidi, S. Oudard, N.
McGranahan, 1. Csabai, M. Gore, P. A. Futreal, J. Larkin, A. G. Lynch, Z. Szallasi, C. Swanton,
P. J. Campbell, Timing the landmark events in the evolution of clear cell renal cell cancer:
TRACERX renal. Cell. 173, 611-623.e17 (2018).

F. Notta, M. Chan-Seng-Yue, M. Lemire, Y. Li, G. W. Wilson, A. A. Connor, R. E. Denroche,
S.-B. Liang, A. M. K. Brown, J. C. Kim, T. Wang, J. T. Simpson, T. Beck, A. Borgida, N.
Buchner, D. Chadwick, S. Hafezi-Bakhtiari, J. E. Dick, L. Heisler, M. A. Hollingsworth, E.
Ibrahimov, G. H. Jang, J. Johns, L. G. T. Jorgensen, C. Law, O. Ludkovski, I. Lungu, K. Ng, D.
Pasternack, G. M. Petersen, L. I. Shlush, L. Timms, M.-S. Tsao, J. M. Wilson, C. K. Yung, G.
Zogopoulos, J. M. S. Bartlett, L. B. Alexandrov, F. X. Real, S. P. Cleary, M. H. Roehrl, J. D.
McPherson, L. D. Stein, T. J. Hudson, P. J. Campbell, S. Gallinger, A renewed model of
pancreatic cancer evolution based on genomic rearrangement patterns. Nature. 538, 378-382
(2016).

P. Dharanipragada, X. Zhang, S. Liu, S. H. Lomeli, A. Hong, Y. Wang, Z. Yang, K. Z. Lo, A.
Vega-Crespo, A. Ribas, S. J. Moschos, G. Moriceau, R. S. Lo, Blocking Genomic Instability

Prevents Acquired Resistance to MAPK Inhibitor Therapy in Melanoma. Cancer Discov. 13,

880-909 (2023).

H. C. Beird, S. S. Bielack, A. M. Flanagan, J. Gill, D. Heymann, K. A. Janeway, J. A.
Livingston, R. D. Roberts, S. J. Strauss, R. Gorlick, Osteosarcoma. Nat. Rev. Dis. Primers. 8, 77
(2022).

X. Chen, A. Bahrami, A. Pappo, J. Easton, J. Dalton, E. Hedlund, D. Ellison, S. Shurtleff, G.
Wu, L. Wei, M. Parker, M. Rusch, P. Nagahawatte, J. Wu, S. Mao, K. Boggs, H. Mulder, D.
Yergeau, C. Lu, L. Ding, M. Edmonson, C. Qu, J. Wang, Y. Li, F. Navid, N. C. Daw, E. R.
Mardis, R. K. Wilson, J. R. Downing, J. Zhang, M. A. Dyer, St. Jude Children’s Research
Hospital-Washington University Pediatric Cancer Genome Project, Recurrent somatic structural
variations contribute to tumorigenesis in pediatric osteosarcoma. Cell Rep. 7, 104-112 (2014).

L. C. Sayles, M. R. Breese, A. L. Koehne, S. G. Leung, A. G. Lee, H.-Y. Liu, A. Spillinger, A.
T. Shah, B. Tanasa, K. Straessler, F. K. Hazard, S. L. Spunt, N. Marina, G. E. Kim, S.-J. Cho, R.
S. Avedian, D. G. Mohler, M.-O. Kim, S. G. DuBois, D. S. Hawkins, E. A. Sweet-Cordero,
Genome-Informed Targeted Therapy for Osteosarcoma. Cancer Discov. 9, 46—63 (2019).

S. Behjati, P. S. Tarpey, K. Haase, H. Ye, M. D. Young, L. B. Alexandrov, S. J. Farndon, G.
Collord, D. C. Wedge, 1. Martincorena, S. L. Cooke, H. Davies, W. Mifsud, M. Lidgren, S.
Martin, C. Latimer, M. Maddison, A. P. Butler, J. W. Teague, N. Pillay, A. Shlien, U.
McDermott, P. A. Futreal, D. Baumhoer, O. Zaikova, B. Bjerkehagen, O. Myklebost, M. F.
Amary, R. Tirabosco, P. Van Loo, M. R. Stratton, A. M. Flanagan, P. J. Campbell, Recurrent
mutation of IGF signalling genes and distinct patterns of genomic rearrangement in
osteosarcoma. Nat. Commun. 8, 15936 (2017).

20


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

S. W. Brady, X. Ma, A. Bahrami, G. Satas, G. Wu, S. Newman, M. Rusch, D. K. Putnam, H. L.
Mulder, D. A. Yergeau, M. N. Edmonson, J. Easton, L. B. Alexandrov, X. Chen, E. R. Mardis,
R. K. Wilson, J. R. Downing, A. S. Pappo, B. J. Raphael, M. A. Dyer, J. Zhang, The Clonal
Evolution of Metastatic Osteosarcoma as Shaped by Cisplatin Treatment. Mol. Cancer Res. 17,
895-906 (2019).

C.-C. Wy, H. C. Beird, J. Andrew Livingston, S. Advani, A. Mitra, S. Cao, A. Reuben, D.
Ingram, W.-L. Wang, Z. Ju, C. Hong Leung, H. Lin, Y. Zheng, J. Roszik, W. Wang, S. Patel, R.
S. Benjamin, N. Somaiah, A. P. Conley, G. B. Mills, P. Hwu, R. Gorlick, A. Lazar, N. C. Daw,
V. Lewis, P. A. Futreal, Immuno-genomic landscape of osteosarcoma. Nat. Commun. 11, 1008
(2020).

T. Rausch, D. T. W. Jones, M. Zapatka, A. M. Stiitz, T. Zichner, J. Weischenfeldt, N. Jager, M.
Remke, D. Shih, P. A. Northcott, E. Pfaff, J. Tica, Q. Wang, L. Massimi, H. Witt, S. Bender, S.
Pleier, H. Cin, C. Hawkins, C. Beck, A. von Deimling, V. Hans, B. Brors, R. Eils, W. Scheurlen,
J. Blake, V. Benes, A. E. Kulozik, O. Witt, D. Martin, C. Zhang, R. Porat, D. M. Merino, J.
Wasserman, N. Jabado, A. Fontebasso, L. Bullinger, F. G. Riicker, K. Déhner, H. Doéhner, J.
Koster, J. J. Molenaar, R. Versteeg, M. Kool, U. Tabori, D. Malkin, A. Korshunov, M. D.
Taylor, P. Lichter, S. M. Pfister, J. O. Korbel, Genome sequencing of pediatric medulloblastoma
links catastrophic DNA rearrangements with TP53 mutations. Cell. 148, 5971 (2012).

M. Nakka, W. Allen-Rhoades, Y. Li, A. J. Kelly, J. Shen, A. M. Taylor, D. A. Barkauskas, J. T.
Yustein, I. L. Andrulis, J. S. Wunder, R. Gorlick, P. S. Meltzer, C. C. Lau, T.-K. Man, TARGET
osteosarcoma consortium, Biomarker significance of plasma and tumor miR-21, miR-221, and
miR-106a in osteosarcoma. Oncotarget. 8, 9673896752 (2017).

ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium, Pan-cancer analysis of
whole genomes. Nature. 578, 82-93 (2020).

A. de Nonneville, R. R. Reddel, Alternative lengthening of telomeres is not synonymous with
mutations in ATRX/DAXX. Nat. Commun. 12 (2021), p. 1552.

C. Scheel, K. L. Schaefer, A. Jauch, M. Keller, D. Wai, C. Brinkschmidt, F. van Valen, W.
Boecker, B. Dockhorn-Dworniczak, C. Poremba, Alternative lengthening of telomeres is
associated with chromosomal instability in osteosarcomas. Oncogene. 20, 3835-3844 (2001).

P.J. Campbell, S. Yachida, L. J. Mudie, P. J. Stephens, E. D. Pleasance, L. A. Stebbings, L. A.
Morsberger, C. Latimer, S. McLaren, M.-L. Lin, D. J. McBride, I. Varela, S. A. Nik-Zainal, C.
Leroy, M. Jia, A. Menzies, A. P. Butler, J. W. Teague, C. A. Griffin, J. Burton, H. Swerdlow, M.
A. Quail, M. R. Stratton, C. lacobuzio-Donahue, P. A. Futreal, The patterns and dynamics of
genomic instability in metastatic pancreatic cancer. Nature. 467, 1109—1113 (2010).

A. C. F. Bolhaqueiro, B. Ponsioen, B. Bakker, S. J. Klaasen, E. Kucukkose, R. H. van Jaarsveld,
J. Vivié, I. Verlaan-Klink, N. Hami, D. C. J. Spierings, N. Sasaki, D. Dutta, S. F. Boj, R. G. J.
Vries, P. M. Lansdorp, M. van de Wetering, A. van Oudenaarden, H. Clevers, O. Kranenburg, F.
Foijer, H. J. G. Snippert, G. J. P. L. Kops, Ongoing chromosomal instability and karyotype
evolution in human colorectal cancer organoids. Nat. Genet. 51, 824-834 (2019).

G. Gundem, M. F. Levine, S. S. Roberts, I. Y. Cheung, J. S. Medina-Martinez, Y. Feng, J. E.
Arango-Ossa, L. Chadoutaud, M. Rita, G. Asimomitis, J. Zhou, D. You, N. Bouvier, B. Spitzer,
D. B. Solit, F. Dela Cruz, M. P. LaQuaglia, B. H. Kushner, S. Modak, N. Shukla, C. A.
lacobuzio-Donahue, A. L. Kung, N.-K. V. Cheung, E. Papaemmanuil, Clonal evolution during
metastatic spread in high-risk neuroblastoma. Nat. Genet. 55, 1022—-1033 (2023).

R. P. Koche, E. Rodriguez-Fos, K. Helmsauer, M. Burkert, I. C. MacArthur, J. Maag, R.
Chamorro, N. Munoz-Perez, M. Puiggros, H. Dorado Garcia, Y. Bei, C. Roefzaad, V. Bardinet,

21


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

31.

32.

33.

34.

35.

36.

37.

38.

39.

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

A. Szymansky, A. Winkler, T. Thole, N. Timme, K. Kasack, S. Fuchs, F. Klironomos, N.
Thiessen, E. Blanc, K. Schmelz, A. Kiinkele, P. Hundsdorfer, C. Rosswog, J. Theissen, D. Beule,
H. Deubzer, S. Sauer, J. Toedling, M. Fischer, F. Hertwig, R. F. Schwarz, A. Eggert, D. Torrents,
J. H. Schulte, A. G. Henssen, Extrachromosomal circular DNA drives oncogenic genome
remodeling in neuroblastoma. Nat. Genet. 52, 29-34 (2020).

H. Masuda, C. Miller, H. P. Koeffler, H. Battifora, M. J. Cline, Rearrangement of the p53 gene in
human osteogenic sarcomas. Proc. Natl. Acad. Sci. U. S. A. 84, 7716-7719 (1987).

K. H. Saba, V. Difilippo, M. Kovac, L. Cornmark, L. Magnusson, J. Nilsson, H. van den Bos, D.
C. Spierings, M. Bidgoli, T. Jonson, V. P. Sumathi, O. Brosjd, J. Staaf, F. Foijer, E. Styring, M.
Nathrath, D. Baumhoer, K. H. Nord, Disruption of the 7P53 locus in osteosarcoma leads to 7P53
promoter gene fusions and restoration of parts of the 7P53 signalling pathway. J. Pathol. (2023),
doi:10.1002/path.6219.

M. Gerstung, C. Jolly, I. Leshchiner, S. C. Dentro, S. Gonzalez, D. Rosebrock, T. J. Mitchell, Y.
Rubanova, P. Anur, K. Yu, M. Tarabichi, A. Deshwar, J. Wintersinger, K. Kleinheinz, 1.
Vazquez-Garcia, K. Haase, L. Jerman, S. Sengupta, G. Macintyre, S. Malikic, N. Donmez, D. G.
Livitz, M. Cmero, J. Demeulemeester, S. Schumacher, Y. Fan, X. Yao, J. Lee, M. Schlesner, P.
C. Boutros, D. D. Bowtell, H. Zhu, G. Getz, M. Imielinski, R. Beroukhim, S. C. Sahinalp, Y. Ji,
M. Peifer, F. Markowetz, V. Mustonen, K. Yuan, W. Wang, Q. D. Morris, PCAWG Evolution &
Heterogeneity Working Group, P. T. Spellman, D. C. Wedge, P. Van Loo, PCAWG Consortium,
The evolutionary history of 2,658 cancers. Nature. 578, 122—128 (2020).

S. Gemble, R. Wardenaar, K. Keuper, N. Srivastava, M. Nano, A.-S. Macé, A. E. Tijhuis, S. V.
Bernhard, D. C. J. Spierings, A. Simon, O. Goundiam, H. Hochegger, M. Piel, F. Foijer, Z.
Storchova, R. Basto, Genetic instability from a single S phase after whole-genome duplication.
Nature. 604, 146151 (2022).

R. A. Lambuta, L. Nanni, Y. Liu, J. Diaz-Miyar, A. Iyer, D. Tavernari, N. Katanayeva, G.
Ciriello, E. Oricchio, Whole-genome doubling drives oncogenic loss of chromatin segregation.
Nature. 615, 925-933 (2023).

J. Smida, D. Baumhoer, M. Rosemann, A. Walch, S. Bielack, C. Poremba, K. Remberger, E.
Korsching, W. Scheurlen, C. Dierkes, S. Burdach, G. Jundt, M. J. Atkinson, M. Nathrath,
Genomic alterations and allelic imbalances are strong prognostic predictors in osteosarcoma.
Clin. Cancer Res. 16, 42564267 (2010).

T. Baslan, J. P. Morris 4th, Z. Zhao, J. Reyes, Y.-J. Ho, K. M. Tsanov, J. Bermeo, S. Tian, S.
Zhang, G. Askan, A. Yavas, N. Lecomte, A. Erakky, A. M. Varghese, A. Zhang, J. Kendall, E.
Ghiban, L. Chorbadjiev, J. Wu, N. Dimitrova, K. Chadalavada, G. J. Nanjangud, C. Bandlamudi,
Y. Gong, M. T. A. Donoghue, N. D. Socci, A. Krasnitz, F. Notta, S. D. Leach, C. A. lacobuzio-
Donahue, S. W. Lowe, Ordered and deterministic cancer genome evolution after p53 loss.
Nature. 608, 795-802 (2022).

S. Lopez, E. L. Lim, S. Horswell, K. Haase, A. Huebner, M. Dietzen, T. P. Mourikis, T. B. K.
Watkins, A. Rowan, S. M. Dewhurst, N. J. Birkbak, G. A. Wilson, P. Van Loo, M. Jamal-
Hanjani, TRACERx Consortium, C. Swanton, N. McGranahan, Interplay between whole-
genome doubling and the accumulation of deleterious alterations in cancer evolution. Nat. Genet.
52, 283-293 (2020).

J.J.-K. Lee, Y. L. Jung, T.-C. Cheong, J. Espejo Valle-Inclan, C. Chu, D. C. Gulhan, V.
Ljungstrom, H. Jin, V. V. Viswanadham, E. V. Watson, I. Cortés-Ciriano, S. J. Elledge, R.
Chiarle, D. Pellman, P. J. Park, ERa-associated translocations underlie oncogene amplifications
in breast cancer. Nature. 618, 1024-1032 (2023).

22


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

B. McClintock, The stability of broken ends of chromosomes in Zea Mays. Genetics. 26, 234—
282 (1941).

C. Fletcher, J. A. Bridge, P. C. W. Hogendoorn, F. Mertens, WHO classification of tumours of
soft tissue and bone: WHO classification of tumours, vol. 5 (World Health Organization, 2013).

C. Turnbull, Introducing whole-genome sequencing into routine cancer care: the Genomics
England 100 000 Genomes Project. Ann. Oncol. 29, 784-787 (2018).

H. Li, Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv
[q-bio.GN] (2013), (available at http://arxiv.org/abs/1303.3997).

G. A. Van Der Auwera, B. D. O’Connor, Genomics in the cloud (O’Reilly Media, 2020;
https://books.google.at/books?id=vsXaDwAAQBAJ).

D. L. Cameron, J. Baber, C. Shale, J. E. Valle-Inclan, N. Besselink, A. van Hoeck, R. Janssen, E.
Cuppen, P. Priestley, A. T. Papenfuss, GRIDSS2: comprehensive characterisation of somatic

structural variation using single breakend variants and structural variant phasing. Genome Biol.
22,202 (2021).

D. E. Wood, J. Lu, B. Langmead, Improved metagenomic analysis with Kraken 2. Genome Biol.
20, 257 (2019).

C. Shale, D. L. Cameron, J. Baber, M. Wong, M. J. Cowley, A. T. Papenfuss, E. Cuppen, P.
Priestley, Unscrambling cancer genomes via integrated analysis of structural variation and copy
number. Cell Genom. 2, 100112 (2022).

K. Wang, M. Li, H. Hakonarson, ANNOVAR: functional annotation of genetic variants from
high-throughput sequencing data. Nucleic Acids Res. 38, €164 (2010).

L. Nguyen, J. W M Martens, A. Van Hoeck, E. Cuppen, Pan-cancer landscape of homologous
recombination deficiency. Nat. Commun. 11, 5584 (2020).

F. Muyas, M. J. G. Rodriguez, I. Cortes-Ciriano, I. Flores, The ALT pathway generates telomere
fusions that can be detected in the blood of cancer patients. Nat. Commun. In press (2023).

D. M. Hazelaar, J. van Riet, Y. Hoogstrate, H. J. G. van de Werken, Katdetectr: an
R/bioconductor package utilizing unsupervised changepoint analysis for robust kataegis
detection. Gigascience. 12 (2022), doi:10.1093/gigascience/giad081.

P. Priestley, J. Baber, M. P. Lolkema, N. Steeghs, E. de Bruijn, C. Shale, K. Duyvesteyn, S.
Haidari, A. van Hoeck, W. Onstenk, P. Roepman, M. Voda, H. J. Bloemendal, V. C. G. Tjan-
Heijnen, C. M. L. van Herpen, M. Labots, P. O. Witteveen, E. F. Smit, S. Sleijfer, E. E. Voest, E.
Cuppen, Pan-cancer whole-genome analyses of metastatic solid tumours. Nature. 575, 210-216
(2019).

S. Behjati, P. S. Tarpey, N. Presneau, S. Scheipl, N. Pillay, P. Van Loo, D. C. Wedge, S. L.
Cooke, G. Gundem, H. Davies, S. Nik-Zainal, S. Martin, S. McLaren, V. Goodie, B. Robinson,
A. Butler, J. W. Teague, D. Halai, B. Khatri, O. Myklebost, D. Baumhoer, G. Jundt, R. Hamoudi,
R. Tirabosco, M. F. Amary, P. A. Futreal, M. R. Stratton, P. J. Campbell, A. M. Flanagan,
Distinct H3F3A and H3F3B driver mutations define chondroblastoma and giant cell tumor of
bone. Nat. Genet. 45, 1479-1482 (2013).

P. A. J. Muller, K. H. Vousden, Mutant p53 in cancer: new functions and therapeutic
opportunities. Cancer Cell. 25, 304-317 (2014).

F. Blokzijl, R. Janssen, R. van Boxtel, E. Cuppen, MutationalPatterns: comprehensive genome-

23


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

wide analysis of mutational processes. Genome Med. 10 (2018), doi:10.1186/s13073-018-0539-
0.

A. Degasperi, X. Zou, T. D. Amarante, A. Martinez-Martinez, G. C. C. Koh, J. M. L. Dias, L.
Heskin, L. Chmelova, G. Rinaldi, V. Y. W. Wang, A. S. Nanda, A. Bernstein, S. E. Momen, J.
Young, D. Perez-Gil, Y. Memari, C. Badja, S. Shooter, J. Czarnecki, M. A. Brown, H. R. Davies,
Genomics England Research Consortium, S. Nik-Zainal, Substitution mutational signatures in
whole-genome-sequenced cancers in the UK population. Science. 376 (2022),
doi:10.1126/science.abl9283.

D. Lee, D. Wang, X. R. Yang, J. Shi, M. T. Landi, B. Zhu, SUITOR: Selecting the number of
mutational signatures through cross-validation. PLoS Comput. Biol. 18, e1009309 (2022).

I. Sason, Y. Chen, M. D. M. Leiserson, R. Sharan, A mixture model for signature discovery from
sparse mutation data. Genome Med. 13, 173 (2021).

I. Martincorena, K. M. Raine, M. Gerstung, K. J. Dawson, K. Haase, P. Van Loo, H. Davies, M.
R. Stratton, P. J. Campbell, Universal Patterns of Selection in Cancer and Somatic Tissues. Cell.
173, 1823 (2018).

V. A. Blomen, P. Majek, L. T. Jae, J. W. Bigenzahn, J. Nieuwenhuis, J. Staring, R. Sacco, F. R.
van Diemen, N. Olk, A. Stukalov, C. Marceau, H. Janssen, J. E. Carette, K. L. Bennett, J.
Colinge, G. Superti-Furga, T. R. Brummelkamp, Gene essentiality and synthetic lethality in
haploid human cells. Science. 350, 1092—-1096 (2015).

J. Luebeck, A. W. T. Ng, P. C. Galipeau, X. Li, C. A. Sanchez, A. C. Katz-Summercorn, H. Kim,
S. Jammula, Y. He, S. M. Lippman, R. G. W. Verhaak, C. C. Maley, L. B. Alexandrov, B. J.
Reid, R. C. Fitzgerald, T. G. Paulson, H. Y. Chang, S. Wu, V. Bafna, P. S. Mischel,
Extrachromosomal DNA in the cancerous transformation of Barrett’s oesophagus. Nature. 616,
798-805 (2023).

J. Espejo Valle-Inclan, I. Cortés-Ciriano, ReConPlot: an R package for the visualization and
interpretation of genomic rearrangements. Bioinformatics. 39 (2023),
doi:10.1093/bioinformatics/btad719.

C. D. Steele, M. Tarabichi, D. Oukrif, A. P. Webster, H. Ye, M. Fittall, P. Lombard, I.
Martincorena, P. S. Tarpey, G. Collord, K. Haase, S. J. Strauss, F. Berisha, H. Vaikkinen, P.
Dhami, M. Jansen, S. Behjati, M. F. Amary, R. Tirabosco, A. Feber, P. J. Campbell, L. B.
Alexandrov, P. Van Loo, A. M. Flanagan, N. Pillay, Undifferentiated Sarcomas Develop through
Distinct Evolutionary Pathways. Cancer Cell. 35, 441-456.e8 (2019).

K. P. Schliep, phangorn: phylogenetic analysis in R. Bioinformatics. 27, 592-593 (2011).

K. Alboukadel, K. Marcin, B. Przemyslaw, F. Scheipl, survminer: Drawing Survival Curves
using’ggplot2’. R package version 0.4.

T. M. Therneau, P. M. Grambsch, Modeling Survival Data: Extending the Cox Model (Springer
Science & Business Media, 2013).

X. Robin, N. Turck, A. Hainard, N. Tiberti, F. Lisacek, J.-C. Sanchez, M. Miiller, pROC: an
open-source package for R and S+ to analyze and compare ROC curves. BMC Bioinformatics.
12,77 (2011).

H. Li, Minimap?2: pairwise alignment for nucleotide sequences. Bioinformatics. 34, 3094-3100
(2018).

24


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

69. B. S. Pedersen, A. R. Quinlan, Mosdepth: quick coverage calculation for genomes and exomes.
Bioinformatics. 34, 867-868 (2018).

70. H. Elrick, J. E. Valle-Inclan, K. E. Trevers, F. Muyas, R. Cascdo, A. Afonso, C. C. Faria, A. M.
Flanagan, 1. Cortés-Ciriano, Abstract LB0O80: SAVANA: a computational method to characterize

structural variation in human cancer genomes using nanopore sequencing. Cancer Res. 83,
LB080-LB080 (2023).

25


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

A High-grade osteosarcomas

2000 A
1000 w

No. of SV

HHH[HHIHIHHNTHNNNN”TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT?TTTT?TTH??THYHHVHﬂvvvvnvuunnu.uu.uo........o............

.
[ ] HN BN ENCENENCE-N EN
I

Timepoint

Met. at diagnosis
Seq. depth
Purity

Ploidy

TP53
MDM2

B Parosteal Extraskeletal Periosteal LGC Other Legend for panels Aand B
- 2000 A
@ N conort [[llGroox  [llciasrirst [ Jmoace [pcaws [Illmarcer [ Juct
5 1000 1 [
2 04 HTTTTTHHHM.. NTTTTMMH. | PP hh......... a"zei:?;r:::::.%s v sex [Femate  [Pmate

Treatment .Trea(ed D Untreated DMulﬂp\e
o [ere Mo Weo B
Timepoint[_|primary [[|Relapse [[lMetastasis
rade [llHioh [ Jrow  [lntermediate
st s [ oo o Mool
purity[ Jo-2s% [ Jes-s0% [[llso-75% [llrs-100

etess L.TVTMMM.

[ Junknown

poidy[ |15 [ Jis2s [[Jes-as [les<s [l+s
Atterations [ Jwutation [|sV [~ oiication [ |ermine + sv. [Jf|Mutation + sv
* Biallelic hit
100
90 Type of mutation
80 SV causing deletion/LOH of TP53
70
3 60 >
1) SNV and indel
8 50
G 40
o S 30
20
hakal o m NN
S ) - ST
# e o O o = = =
EER Tp53 Rest ofChr17p |
4 § o =d D Exon . Intron Centromere or further
°5 & downstream

Fig. S1. Genomic and clinical landscape of the osteosarcoma samples analysed in this study.

Clinical information, histopathologic features, mutations and amplifications in driver genes, presence of WGD, chromothripsis, CGRs, and ecDNA in high-
grade (A) and other subtypes (B) of osteosarcomas.

(C) Distribution of somatic mutations causing the inactivation of TP53.

ALT+: positive for Alternative Lengthening of Telomeres(ALT) pathway. LTA: loss-translocation-amplification. For cases with multi-region WGS data
available, only the tumour sample with the highest tumour purity is shown.

Patient cohorts: G100k (Genomics England 100,000 Genomes Project; new data generated for this study), KF (Kids First), MD (MD Anderson Cancer
Center, Wu et al., Nature Communications 2020), PB (PCAWG cases from Behjati et al. Nature Communications, 2017), T (NCl's Therapeutically
Applicable Research to Generate Effective Treatments (TARGET) program, UCL (University College London; new data generated for this study).
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Fig. S2. Intra-tumour heterogeneity of genomic alterations and single-base substitution (SBS) mutational signatures estimated using
multi-region WGS data. Clonal and subclonal alterations are shown in green and blue, respectively. Patient cohorts: G100k (Genomics England

100,000 Genomes Project; new data generated for this study), KF (Kids First).
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Fig. S3. Analysis of selection for subclonal coding mutations.

dN/dS values for subclonal coding mutations in high-grade osteosarcomas with multi-region data available calculated for all genes, essential genes, and cancer-
associated genes. dN/dS values equal to, greater and lower than 1 are consistent with neutral evolution, positive selection, and negative selection, respectively.
Point dN/dS estimates with 95% confidence intervals are shown.

MLE dN/dS: maximum-likelihood dN/dS estimates.
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Fig. S4. Impact of chemotherapy treatment on the clonal dynamics in high-grade osteosarcoma.

(A) Schematic representation of the three types of clonal dynamics observed in high-grade osteosarcomas in response to chemotherapy treatment.
(B) Phylogenetic tree established using somatic single-nucleotide variants detected in multi-region WGS data from case G100k_57. It can be
observed that multiple clones receive (as indicated by the accumulation of chemotherapy-induced mutations; SBS31 and SBS35) and survive
chemotherapy treatment.

(C) Phylogenetic tree established using somatic single-nucleotide variants detected in multi-region WGS data from case G100k_36. In this case, a
clonal sweep occurs in which a single clone received and survives chemotherapy treatment, and subsequently expanded.

(D) Phylogenetic tree established using somatic single-nucleotide variants detected in multi-region WGS data from case G100k_17. Finally, in
some osteosarcomas, multiple clones survive treatment and show no evidence of accumulation of mutations induced by chemotherapy treatment,
as indicated by the absence of mutations attributed to single-base substitution mutational signatures 31 and 35.
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Fig. S5. Analysis of rearrangements mapping to complex clusters of SVs. Each column summarizes the properties of the rearrangements mapping
to complex SV clusters. DEL-like, deletion-like rearrangement; DUP-like, duplication-like rearrangement; h2hINV-like, head-to-head inversion; t2tINV-like,
tail-to-tail inversion.
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Fig. S6. Chromothripsis drives clonal diversification and karyotype heterogeneity in osteosarcoma.

(A) Circos plots representing the landscape of somatic aberrations detected in WGS data from six tumour regions (R) from case G100k_41.

(B) Macroscopic image of the primary tumour from case G100k_41. Sampling regions are labelled. Region 4 corresponds to a biopsy sample, whose
location within the primary tumour was not recorded. The side of the ruler is marked in centimeters.

Phylogenetic trees constructed using somatic SNVs (C) or SVs (D) detected in multi-region WGS data from case G100k_30. The colours of the bars in
the SNV tree represent the contribution of different SBS mutational signatures to the SNVs detected. The colours in the SV tree indicate whether the SVs
in the tree map to clonal, subclonal or private CGRs (green, blue, and red), respectively, or outside CGR regions (grey).


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

A G100k_41-R1

Myc

2NV ()
h2hINV (4

DUP (-

>=8

Copy number
|
|
]
n
¥

1] 1 1 1] [ 1 [] 1 1 1
0 25 50 75 100 125 150 175 0 25 50 75 100 125
Chromosome 5 (Mb) Chromosome 8 (Mb)
B G100k_41-R2
5 - ) - - ; - m MYC
RUNV () — v\\
h2hINV (+4) S s
DUP (/4] B = ] I —— %5<
>=8
6
3 | — w
o
g 4
- ] -
2
Q 2
o
! " ' ————— ) |
0 |
[T B 7 O Py D e N (7N )
1] 1 [ 1] [ 1 [] 1 1] 1 1 [ 1 1
0 25 50 75 100 125 150 175 0 25 50 75 100 125

Chromosome 5 (Mb) Chromosome 8 (Mb)

c G100k_41-R3

I J—
h2hINV (+Af)
DUP (/4]

>=8

Copy number

0 y |
il | HEE. BN IE 11l BN Il EEmpl B Nl I RN N IPEE .

0 25 50 75 100 125 150 175 0 25 50 75 100 125
Chromosome 5 (Mb) Chromosome 8 (Mb)

Fig. S7. Rearrangement profiles of chromosomes 5 and 8 computed using somatic copy-number and SV data from regions 1 (A), 2 (B), and 3 (C) for
case G100k_41. The total and minor copy-number data in A-D are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP,

duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S8. Rearrangement profiles of chromosomes 5 and 8 computed using somatic copy-number and SV data from regions 4 (A), 5 (B), and 6 (C) for
case G100k_41. The total and minor allele copy-number data in A-D are represented in black and blue, respectively. DEL, deletion-like rearrangement;
DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S9. Evolutionary trajectory of chromosomes affected by CGRs in osteosarcoma G100k_44.

Rearrangement profiles of chromosome 8 computed using somatic SV and copy-number information for tumour regions R1, R2 and R3 from case
G100k_44. In A, C and E, only somatic SVs detected in the three regions are shown. All SVs detected in each region, including clonal SVs, are shown in B,
D and F. The total and minor copy-number data in A-F are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP, duplication-
like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.

(G) Circos plots representing the landscape of somatic aberrations detected in WGS data from regions R1, R2 and R3.

(H) Macroscopic picture of the tumour resection showing the regions profiled using WGS in this study. Sampling regions 1-3 are labelled.
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Fig. $10. Evolutionary trajectory of chromosomes affected by CGRs in osteosarcoma G100k_16.
Rearrangement profiles of chromosome 18 computed using somatic SV and copy-number information for tumour regions R1, R2 and R3 from case
G100k_16. In A, C and E, only somatic SVs detected in the three regions are shown. All SVs detected in each region, including clonal SVs, are shown in B,
D and F. The total and minor allele copy-number data in A-F are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP,
duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
(G) Circos plots representing the landscape of somatic aberrations detected in WGS data from regions R1, R2 and R3.
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Fig. $11. (A) Circos plots representing the landscape of somatic aberrations detected in multi-region WGS data for case G100k_55.
Rearrangement profiles of chromosomes 1, 3, 4, 6, 15, 17, 20 and X using somatic copy-number and SV data from regions 1 (B) and 2 (C) for case
G100k_55. The total and minor copy-number data in B-C are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP,
duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. $12. Rearrangement profiles of chromosomes 1, 3, 4, 6, 15, 17, 20 and X using somatic copy-number and SV data from regions 3 (A), 4 (B) and 5
(C) for case G100k_55. The total and minor allele copy-number data in B-C are represented in black and blue, respectively. DEL, deletion-like
rearrangement; DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S13. Genome-wide analysis of breakpoint enrichment and examples of LTA events.

(A) Genome-wide enrichment analysis of breakpoints in high-grade osteosarcomas computed using non-overlapping windows of 50Kb.

(B-E) Representative rearrangement profiles of cases from the TARGET (T) cohort showing loss of TP53 and oncogene amplification via Loss-Translocation-
Amplification mechanism. The total and minor copy-number data in B-E are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP,
duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S14. Representative rearrangement profiles of cases from the Genomics England 100,000 Genomes Project (G100k) cohort showing loss of TP53 and
oncogene amplification via LTA chromothripsis. The total and minor allele copy-number data in A-E are represented in black and blue, respectively. DEL,
deletion-like rearrangement; DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S16. Representative rearrangement profiles of cases from the TARGET and MD (MD Anderson Cancer Center, Wu et al., Nature Communications 2020)
cohorts showing loss of TP53 and oncogene amplification via LTA chromothripsis. The total and minor allele copy-number data in A-E are represented in black
and blue, respectively. DEL, deletion-like rearrangement; DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S17. Representative rearrangement profiles of cases from the PB (PCAWG cases from Behjati et al. Nature Communications, 2017) cohort showing loss of
TP53 and oncogene amplification via LTA chromothripsis. The total and minor copy-number data in A-E are represented in black and blue, respectively. DEL,
deletion-like rearrangement; DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S18. Rearrangement profiles of chromosome 17 computed using lllumina (A) and nanopore WGS (B) data for case G100k_31. The total and minor allele
copy-number data in A-B are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP, duplication-like rearrangement; h2hINV, head-
to-head inversion; t2tINV, tail-to-tail inversion. (C) Raw nanopore sequencing reads showing the breakpoint in TP53 that triggers LTA in case G100k_31.
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Fig. S19. Representative rearrangement profiles of cases showing loss of TP53 via LTA chromothripsis and segmental amplifications not overlapping recurrently
amplified oncogenes. The total and minor copy-number data in A-D are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP,
duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S20. Representative rearrangement profiles of cases showing loss of TP53 via LTA chromothripsis and segmental amplifications not overlapping recurrently
amplified oncogenes. The total and minor allele copy-number data in A-D are represented in black and blue, respectively. DEL, deletion-like rearrangement;
DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S21. Intra-tumour heterogeneity in high-grade osteosarcoma G100k_30.

Phylogenetic trees constructed using somatic SNVs (A) or SVs (B) detected in multi-region WGS data from case G100k_30. The colours of the bars in the
SNV tree represent the contribution of different SBS mutational signatures to the SNVs detected. The colours in the SV tree indicate whether the SVs in the
tree map to clonal, subclonal or private CGRs (green, blue, and red), respectively, or outside CGR regions (grey).

(C) Distribution of clonal, subclonal and private CGRs across chromosomes and tumour regions.

(D) Circos plots representing the landscape of somatic aberrations detected in the WGS data from 8 tumour regions (R) case G100k_30.

(E) Macroscopic image of the primary tumour from case G100k_30. Sampling regions 1-8 are labelled. Region 6 corresponds to a biopsy sample, whose
location within the primary tumour was not recorded. The side of the ruler is marked in centimeters.
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Fig. S22. Evolutionary trajectory of chromosomes affected by CGRs in osteosarcoma G100k_30.

Rearrangement profiles of chromosome 17 computed using somatic SV and copy-number information for tumour regions R1, R2, R3 and R4 from case
G100k_30. In A, C, E and G, only somatic SVs detected in the eight regions from G100k_30 analysed are shown. All SVs detected in each region, including
clonal SVs, are shown in B, D, F and H. The total and minor copy-number data in A-H are represented in black and blue, respectively. DEL, deletion-like
rearrangement; DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. $23. Evolutionary trajectory of chromosomes affected by CGRs in osteosarcoma G100k_30.

Rearrangement profiles of chromosome 17 computed using somatic SV and copy-number information for tumour regions R5, R6, R7 and R8 from case
G100k_30. In A, C, E and G, only somatic SVs detected in the eight regions from G100k_30 analysed are shown. All SVs detected in each region, including
clonal SVs, are shown in B, D, F and H. The total and minor allele copy-number data in A-H are represented in black and blue, respectively. DEL, deletion-
like rearrangement; DUP, duplication-like rearrangement; h2hINV, head-to-head inversion; t2tINV, tail-to-tail inversion.
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Fig. S24. Pan-cancer analysis of rearrangements and copy number aberrations in chromosome 17.

Analysis of the frequency of amplification (red), LOH (blue) and structural variants in chromosome 17 across cancer types in the ICGC/TCGA PCAWG cohort with
at least 10 tumour samples computed using non-overlapping windows of 100 kilobases. (A) Pan-cancer analysis, (B) Bladder transitional cell carcinoma (Bladder-
TCC), (C) Bone osteosarcoma (Bone-Osteosarcoma), (D) bone neoplasm, epithelioid (Bone-Epith), (E) bone cartilaginous neoplasm, osteoblastoma and bone
osteofibrous dysplasia (Bone-Benign), (F) Breast lobular carcinoma (Breast-LobCA), (G) Breast adenocarcinoma (Breast-AdenoCA), (H) Lymphoid chronic
lymphocytic leukemia (Lymph. CLL), (I) Billiary adenocarcinoma (Billiary-AdenoCA), and (J) cervix squamous cell carcinoma (Cervix-SCC).
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Fig. $25. Pan-cancer analysis of rearrangements and copy number aberrations in chromosome 17.

Analysis of the frequency of amplification (red), LOH (blue) and structural variants in chromosome 17 across cancer types in the ICGC/TCGA PCAWG cohort with
at least 10 tumour samples computed using non-overlapping windows of 100 kilobases. (A) lymphoid mature B-cell lymphoma (Lymph-BNHL), (B) colorectal
adenocarcinoma (ColoRect-AdenoCA), (C) prostate adenocarcinoma (Prost-AdenoCA), (D) esophagus adenocarcinoma (Eso-AdenoCA), (E) stomach
adenocarcinoma (Stomach-AdenoCA), (F) central nervous system glioblastoma (CNS-GBM), (G) head-and-neck squamous cell carcinoma (Head-SCC), (H) kidney
renal cell carcinoma (Kidney-RCC), (1) kidney chromophobe renal cell carcinoma (Kidney-ChRCC), and (J) CNS oligodenroglioma (CNS-Oligo).
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Fig. $26. Pan-cancer analysis of rearrangements and copy number aberrations in chromosome 17.

Analysis of the frequency of amplification (red), LOH (blue) and structural variants in chromosome 17 across cancer types in the ICGC/TCGA PCAWG cohort with
at least 10 tumour samples computed using non-overlapping windows of 100 kilobases. (A) liver hepatocellular carcinoma (Liver-HCC), (B) lung squamous cell
carcinoma (Lung-SCC), (C) lung adenocarcinoma (Lung-AdenoCA), (D) skin melanoma (Skin-Melanoma), (E) ovary adenocarcinoma (Ovary-AdenoCA), (F)
pancreatic neuroendocrine tumor (Panc-Endocrine), (G) pancreatic adenocarcinoma (Panc-AdenoCA), (H) CNS pilocytic astrocytoma (CNS-PiloAstro), (I) CNS
medulloblastoma (CNS-Medullo), and (J) liposarcoma (SoftTissue-Liposarc).
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Fig. $27. Pan-cancer analysis of rearrangements and copy number aberrations in chromosome 17.

Analysis of the frequency of amplification (red), LOH (blue) and structural variants in chromosome 17 across cancer types in the ICGC/TCGA PCAWG cohort with
at least 10 tumour samples computed using non-overlapping windows of 100 kilobases.

(A) leiomyosarcoma, soft tissue (SoftTissue-Leiomyo), (B) thyroid low-grade adenocarcinoma (Thy-AdenoCA), and (C) uterus adenocarcinoma (Uterus-AdenoCA).


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

Frequency in TCGA-SARC

Frequency in Leiomyosarcoma

©
£
S
4
I
3
°
2
8
=
15}

Frequency in Undiff

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

All TCGA-SARC
100%
— Amplification
o — LOH
75% — &
50% -
25%
0% -
‘--‘- _‘\\\\_‘-.-H‘
0 20 40 60 80
c Chromosome 17 (Mb)

Leiomyosarcoma (n=80)

100% —

Amplification
LOH

75% — sv

50%

Chromosome 17 (Mb)

Undifferentiated sarcoma (n=27)

100% —

Amplification
LOH

75% — sv

25% —

Chromosome 17 (Mb)

Frequency in Fibrosarcoma

D

Frequency in Liposarcoma

Frequency in Synovial sarcoma

100% -

75%

100% -

75%

100% -

75%

50% -

25% -

0%

Fibrosarcoma (n=27)

Amplification
LOH
sv

Chromosome 17 (Mb)

Liposarcoma (n=47)

— Amplification
— LOH
— sv

Chromosome 17 (Mb)

Synovial sarcoma (n=9)

— Amplification
— LOH
— sV

[ 1 LI l

- T T S .

0 20 40 60 80
Chromosome 17 (Mb)

Fig. S28. Analysis of rearrangements and copy number aberrations in chromosome 17 in sarcomas from TCGA (TCGA-SARC).

Analysis of the frequency of amplification (red), LOH (blue) and structural variants in chromosome 17 across sarcoma subtypes from TCGA (TCGA-SARC)
computed using non-overlapping windows of 100 kilobases. Only subtypes with whole-genome sequencing data for at least 5 tumour samples are shown.
(A) All sarcomas, (B) fibrosarcomas, (C) leiomyosarcomas, (D) liposarcomas, (E) undifferentiated , and (F) synovial sarcoma.


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

TCGA-DX-AB2Q - Fibrosarcoma

TR53 EGFR

24NV (-/-)
h2hINV (+/4)

DUP (-/4+)

>=10

Copy number
EN

1 T T 1 T
0 25 50 75 0 25 50 75 100 125 0 25 50 75 100 125 150
Chromosome 17 (Mb) Chromosome 11 (Mb) Chromosome 7 (Mb)

TCGA-DX-A7EF - Undifferentiated sarcoma —
TR53 _— ]

.
L2HNV () ——

h2hINV (J/4)

DUP (-/})

>=10

Copy number
IS

[N NS (O T WO T TN NN T (TN (TN TN Y] (TN
0 25 50 75 0 25 50 75 100 125 150 175 200 225 0 25 50 75 100 125 150 0 25 50 75 100 125 0 25 50 75 100

Chromosome 17 (Mb) Chromosome 2 (Mb) Chromosome 7 (Mb) Chromosome 8 (Mb) Chromosome 15 (Mb)

TCGA-DX-A7ET - Undifferentiated sarcoma

TP53 N CONE1

L]
121NV (-/-) }
h2hINV (+/+) i

DUP (-/+)

>=10

Copy number
IS

0

T T T T T
0 25 50 75 0 25 50 75 100 125 150 175 0 25 50 75 100 125 150 175 0 25 50 75 100 125 0 25 50

Chromosome 17 (Mb) Chromosome 4 (Mb) Chromosome 5 (Mb) Chromosome 8 (Mb) Chromosome 19 (Mk

TCGA-JV-A75J - Leiomyosarcoma
TP53

. -

RANV ()
h2hINV (}/+)
DUP (/)

>=10

Copy number
~

0 25 50 75 0 25 50 75 100 125 150 175 200 225 O
Chromosome 17 (Mb) Chromosome 2 (Mb) Chromosome 8 (Mb) Chromosome 10 (Mb) 16 (MbC|

Fig. $29. Representative rearrangement profiles of soft-tissue tumours from the TCGA-SARC cohort showing LTA chromothripsis. The total and minor copy-
number data in A-D are represented in black and blue, respectively. DEL, deletion-like rearrangement; DUP, duplication-like rearrangement; h2hINV, head-

to-head inversion; t2tINV, tail-to-tail inversion.


https://doi.org/10.1101/2023.12.29.573403
http://creativecommons.org/licenses/by-nc/4.0/

G100k_21; Chromosome 12

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.29.573403; this version posted December 29, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

perpetuity. It is made available under aCC-BY-NC 4.0 International license.

S g LR S
5 >=8-
H
€
2
z 6-
8
4 {1
- WK
2= it — — —
bl it H — '
Rl —— N I N ] S ] [ B e B B B Eeee e 0 | -
0 20 40 60 80 100 120
Chromosome 12 (Mb)
1.00
075 .
® 0.50 L ° . ® .
0.25 © o ) & Gspet & o .
0.00
a 1+ . - e ™ o . . ° . .
€
5
g
= 0 L ] * ) © ePWen - ] @ L]
52+ . ° .
g 1 - WD 0 SIS 0N - ° . . @ L]
g o .
4+ - ° WD 60 NEWOe @ 0
3 ° ° . °
5 2 ° . . ®
1
0
Timing Score
9 = &
© 8= ° ®we ® o
8 7 - o omuse ®
o 6 = ® ameco o o
£
£ 57
= 4=
39 T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130
Chromosome 12 (Mb)
G100k_55; Chromosome 11
5 >=8~
2
£
2
z 6
8
4- o - — —
| !
2 -— —— — ' —— ——————
- -
0= ' )
[ [ N N 0 O TN 0O T 7 7 ey N BN 00 R B 000 e
0 20 40 60 80 100 120
Chromosome 11 (Mb)
1.00
075
% 0.50 o . - . oo o8 oo 8o ° « % 4 o
025
0.00
o2+ .
.
° o . . ee w®o ce o ° e ® o °
5 3+ 0 O
'§ 2 ° . . e e oo ®e ceo ° e o o °
s
=} 1 . .
§ o
6+ g
5 °
1 . . ° ee oo ceo ° e e o °
3 . °
2 .
1
0
Timing Score
g -
2 8-
o 6 = L[] ]
£ 5+ °
Fldm = = = e e e e e - - - - - - e *0 - @ — 00— —0 O — - - — = = — -
3 - Y Y Y e
T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130

Chromosome 11 (Mb)

Fig. $30. Example of canonical chromothripsis cases used to estimate the cut-off value for the timing score used to time fold-back

inversions relative to WGD.

(A) Example of canonical chromothripsis occurring after WGD, as evidenced by the total copy number oscillations (shown in black) between copy-

number states 3 and 4.

(B) Example of canonical chromothripsis occurring before WGD, as indicated by the presence of total copy number oscillations between copy-

number states 2 and 4.
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Fig. $31. Analysis of selection for coding mutations.

(A) dN/dS values for coding mutations in high-grade osteosarcomas with WGD calculated for all genes, essential genes, and cancer-associated genes. SNVs
were stratified based on their occurrence before or after WGD and their localization to regions showing LOH. dN/dS values equal to, greater and lower than 1
are consistent with neutral evolution, positive selection, and negative selection, respectively. Point dN/dS estimates with 95% confidence intervals are shown.
(B) Same as (A) with results stratified based on the functional impact of somatic coding mutations.

MLE dN/dS: maximum-likelihood dN/dS estimates.
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Figs. S32 to S65. Analysis of multi-region WGS data from osteosarcomas.
(A) Clinical and genomic data for each tumour region analysed.

(B) Pairwise Jaccard similarity index computed using vectors recording the presence or absence of the
structural variants detected across all regions that were found in each tumour region.

(C) Absolute copy number profile for each region.

(D) Phylogenetic tree constructed using somatic single-nucleotide variants. The colours represent the
contribution of each SBS mutational signature to the mutations in each branch.

(E) Phylogenetic trees constructed using somatic SVs detected in multi-region WGS data. The colours
indicate whether the SVs in the tree map to clonal, subclonal or private CGRs (green, blue, and red),
respectively, or outside CGR regions (grey).

(F) Somatic aberrations detected in driver genes across tumour regions.

(G) Number of SVs detected in the number of tumour regions indicated in the x axis.

(H) Top: Distribution of the number of SVs per region stratified based on whether they map to clonal
(green), subclonal (blue) or private (red) CGRs. The number of SVs mapping outside CGRs is indicated

in grey. Bottom: Distribution of the number of SVs per region stratified based on clonality.

(I) Percentage of the tumour genome affected by clonal (green), subclonal (blue) and private (red) CGRs.
The fraction of the tumour genome without CGRs is shown in grey.

(J) Distribution of clonal, subclonal and private CGRs across chromosomes and tumour regions.

(K) Fraction of clonal, subclonal and private SVs mapping to clonal (green), subclonal (blue) and private
(red) CGRs. SVs mapping outside CGRs are shown in grey.

(L) Number of subclonal SVs in each tumour region stratified based on whether they map to clonal
(green), subclonal (blue) and private (red) CGRs. The number of SVs mapping outside CGRs is shown in

grey.
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Fig. $32
A B Jaccard similarity (%)
R1
R2
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_11 Rt HGOS High localised 12_and_under treated Primary alive no event not_amp 0.48 3.10 TRUE whitelist R3
G100k_11 R2 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.39 3.20 TRUE whitelist R
G100k_11 R3 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.55 3.10 TRUE whitelist
G100k_11 R4 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.50 3.15 TRUE whitelist RS
G100k_11 R5 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.14 2.90 TRUE graylist
G100k_11 R6 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.47 3.10 TRUE whitelist R6
G100k_11 R7 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.51 3.10 TRUE whitelist 7
G100k_11 R8 HGOS High localised 12_and_under treated Primary alive no event not_amp 0.35 3.15 TRUE whitelist
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Fig. S33
A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR  Purity Ploidy WGD QC
G100k_12 R1 Parosteal Low localised 19_to_40 untreated Primary alive noevent not_amp 0.83 1.92 FALSE whitelist
G100k_12 R2 Parosteal Low localised 19_to_40 untreated Primary alive noevent not_amp 0.75 2.04 FALSE whitelist
G100k_12 R3 Parosteal Low localised 19_to_40 untreated Primary alive noevent not_amp 1.00 2.00 FALSE whitelist
G100k_12 R4 Parosteal Low localised 19_to_40 untreated Primary alive noevent not_amp 0.84 1.94 FALSE whitelist
G100k_12 R5 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.87 2.00 FALSE whitelist
G100k_12 R6 Parosteal Low localised 19_to_40 untreated Primary alive noevent not_amp 0.89 1.96 FALSE whitelist
G100k_12 R7 Parosteal Low localised 19_to_40 untreated Primary alive noevent not_amp 0.73 1.96 FALSE whitelist
G100k_12 R8 Parosteal Low localised 19_to_40 untreated Primary alive no event PCR_amp 0.87 1.98 FALSE whitelist
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Fig. S34

G100k_14

A B Jaccard similarity (%)

Donor Region Subtype Grade Metastasis Age  Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_14 Rt HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.74 1.74 FALSE whitelist
G100k_14 R2 HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.75 1.86 FALSE whitelist
G100k_14 R3  HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.69 1.90 FALSE whitelist
G100k_14 R4 HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.91 1.72 FALSE whitelist
G100k_14 R5 HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.80 1.90 FALSE whitelist
G100k_14 R6 HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.73 1.92 FALSE whitelist
G100k_14 R7 HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.87 1.82 FALSE whitelist
G100k_14 R8 HGOS High localised 19_to_40 untreated Primary alive no event unknown 0.71 1.78 FALSE whitelist
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Fig. S35
A B Jaccard similarity (%)
R1
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR  Purity Ploidy WGD QC
G100k_16 R1 Extraskeletal High—ST localised 41_and_over untreated Relapse alive event PCR_amp 0.88 2.94 TRUE whitelist R2 23
G100k_16 R2 Extraskeletal High—ST localised 41_and_over untreated Relapse alive event not_amp 0.90 3.10 TRUE whitelist
G100k_16 R3 Extraskeletal High-ST localised 41_and_over untreated Relapse alive event not_amp 0.90 3.05 TRUE whitelist
R3 30
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Fig. S36
G100k_17
A B
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_17 Rt HGOS High localised 13_to_18 treated Relapse alive event not_amp 0.77 2.32 TRUE whitelist
G100k_17 R2 HGOS High localised 13_to_18 treated Relapse alive event not_amp 0.76 2.28 TRUE whitelist
G100k_17 R3 HGOS High localised 13_to_18 treated Relapse alive event not_amp 0.83 2.32 TRUE whitelist
G100k_17 R4 HGOS High localised 13_to_18 treated Relapse alive event not_amp 0.69 2.34 TRUE whitelist
G100k_17 R5 HGOS High localised 13_to_18 treated Relapse alive event not_amp 0.64 2.24 TRUE whitelist
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Fig. S37
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Fig. S38

G100k_20

A B Jaccard similarity (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_20 Rt HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.23 3.50 TRUE graylist
G100k_20 R2 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.18 3.45 TRUE graylist
G100k_20 R3 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.17 3.75 TRUE graylist
G100k_20 R4 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.17 3.50 TRUE graylist
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Fig. S39
A B Jaccard similarity (%)
R1 4
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC R2 45
G100k_22 Rt HGOS High localised 12_and_under untreated Primary alive no event unknown 0.39 2.96 TRUE whitelist
G100k_22 R2 HGOS High localised 12_and_under treated Primary alive no event unknown 0.27 250 TRUE graylist
G100k_22 R3  HGOS High |localised 12_and_under treated Primary alive no event unknown 0.19 3.50 TRUE graylist R3 47
G100k_22 R4 HGOS High localised 12_and_under treated Primary alive no event unknown 0.64 3.30 TRUE whitelist
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Fig. S40

G100k_23
A B Jaccard similarity (%)
R1 |
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC R2

G100k_23 R1 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.60 2.34 TRUE whitelist

G100k_23 R2 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.74 2.34 TRUE whitelist

G100k_23 R3  HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.45 2.94 TRUE whitelist R3 4 30

G100k_23 R4 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.68 2.34 TRUE whitelist
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Fig. S41

G100k_24

A B Jaccard similarity (%)

R1

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_24 Rt HGOS High localised 41_and_over treated Primary alive no event not_amp 0.79 3.05 TRUE whitelist R2 45
G100k_24 R2 HGOS High localised 41_and_over treated Primary alive no event not_amp 0.90 3.25 TRUE whitelist
G100k_24 R3 HGOS High localised 41_and_over treated Primary alive no event not_amp 0.73 3.00 TRUE whitelist
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Fig. S42

G100k_25

A B Jaccard similarity (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_25 R1 Extraskeletal High-ST mets 19_to_40 untreated Primary dead event PCR_amp 0.66 2.96 TRUE whitelist
G100k_25 R2 Extraskeletal High-ST mets 19_to_40 untreated Primary dead event not_amp 0.88 3.55 TRUE whitelist
G100k_25 R3 Extraskeletal High-ST mets 19_to_40 untreated Primary dead event not_amp 0.90 3.50 TRUE whitelist
G100k_25 R4 Extraskeletal High-ST mets 19_to_40 untreated Primary dead event not_amp 0.84 3.40 TRUE whitelist
G100k_25 R5 Extraskeletal High-ST ~ mets 19_to_40 untreated Primary dead event not_amp 0.92 1.70 FALSE whitelist
G100k_25 R6 Extraskeletal High-ST ~ mets 19_to_40 untreated Primary dead event not_amp 0.34 3.65 TRUE whitelist
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Fig. S43
Jaccard similarity (%)
A B
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_29 R1 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 1.00 1.96 FALSE whitelist
G100k_29 R2 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 1.00 1.96 FALSE whitelist
G100k_29 R3 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.82 2.00 FALSE whitelist
G100k_29 R4 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.86 2.00 FALSE whitelist
G100k_29 R5 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.80 2.00 FALSE whitelist
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Fig. S44
G100k_30
A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR  Purity Ploidy WGD QC
G100k_30 R1 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.75 256 TRUE whitelist
G100k_30 R2 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.71 2.72 TRUE whitelist
G100k_30 R3 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.71 2.46 TRUE whitelist
G100k_30 R4 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.74 2.68 TRUE whitelist
G100k_30 R5 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.62 2.66 TRUE whitelist
G100k_30 R6 HGOS High localised 19_to_40 untreated Primary dead event PCR_amp 0.79 2.50 TRUE whitelist
G100k_30 R7 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.66 2.70 TRUE whitelist
G100k_30 R8 HGOS High localised 19_to_40 untreated Primary dead event not_amp 0.75 2.64 TRUE whitelist
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Fig. S45
G100k _31
A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR  Purity Ploidy WGD QC
G100k_31 Rt HGOS High localised 12_and_under untreated Primary alive no event PCR_amp 0.68 1.92 FALSE whitelist

G100k_31 R2 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.54 1.90 FALSE whitelist
G100k_31 R3 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.57 1.88 FALSE whitelist
G100k_31 R4 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.69 1.88 FALSE whitelist
G100k_31 R5 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.58 1.92 FALSE whitelist
G100k_31 R6 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.71 1.88 FALSE whitelist
G100k_31 R7 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.67 1.90 FALSE whitelist
G100k_31 R8 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.67 1.92 FALSE whitelist
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Fig. S46

G100k_32

Jaccard similarity (%
A B y (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_32 R1 Periosteal Intermediate localised 19_to_40 treated Primary alive no event PCR_amp 0.77 1.56 FALSE whitelist
G100k_32 R2 Periosteal Intermediate localised 19_to_40 treated Primary alive no event not_amp 0.72 1.56 FALSE whitelist
G100k_32 R3 Periosteal Intermediate localised 19_to_40 treated Primary alive no event not_amp 0.73 1.56 FALSE whitelist
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Fig. S47

G100k_33
A B Jaccard similarity (%)
R1 4
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC R2 -
G100k_33 R1 Parosteal High localised 41_and_over untreated Primary alive no event not_amp 0.76 2.12 FALSE whitelist

G100k_33 R2 Parosteal High localised 41_and_over untreated Primary alive no event not_amp 0.82 2.08 FALSE whitelist
G100k_33 R3 Parosteal High localised 41_and_over untreated Primary alive no event not_amp 0.77 2.04 FALSE whitelist R3 -
G100k_33 R4 Parosteal High localised 41_and_over untreated Primary alive no event not_amp 0.77 2.06 FALSE whitelist
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Fig. S48

G100k_35

A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_35 R1 Periosteal Intermediate localised 12_and_under untreated Primary alive no event not_amp 0.73 3.50 TRUE whitelist

G100k_35 R2 Periosteal Intermediate localised 12_and_under untreated Primary alive no event not_amp 0.08 2.00 TRUE blacklist
G100k_35 R3 Periosteal Intermediate localised 12_and_under untreated Primary alive no event not_amp 0.74 3.45 TRUE whitelist
G100k_35 R4 Periosteal Intermediate localised 12_and_under untreated Primary alive no event not_amp 0.74 3.45 TRUE whitelist
G100k_35 R5 Periosteal Intermediate localised 12_and_under untreated Primary alive no event not_amp 0.72 3.45 TRUE whitelist
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Fig. S50

G100k_38

A B Jaccard similarity (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_38 Rt LGC Low localised 12_and_under untreated Primary alive no event not_amp 0.24 3.80 TRUE graylist
G100k_38 R2 LGC Low localised 12_and_under untreated Primary alive no event not_amp 0.17 3.65 TRUE graylist
G100k_38 R3 LGC Low localised 12_and_under untreated Primary alive no event not_amp 0.25 3.60 TRUE graylist
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Fig. S51

G100k_41

Jaccard similarity (%
A B y (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_41 Rt HGOS High localised 41_and_over untreated Primary alive no event not_amp 1.00 1.98 FALSE whitelist
G100k_41 R2 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.75 2.04 FALSE whitelist
G100k_41 R3 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.79 1.92 FALSE whitelist
G100k_41 R4 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.74 1.98 FALSE whitelist
G100k_41 R5 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.43 3.55 TRUE graylist
G100k_41 R6 HGOS High localised 41_and_over untreated Primary alive no event not_amp 0.79 1.98 FALSE whitelist
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Fig. S52

G100k_44

A B Jaccard similarity (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR  Purity Ploidy WGD QC
G100k_44 Rt HGOS High mets  13_to_18 treated Primary dead event not_amp 0.57 3.75 TRUE whitelist
G100k_44 R2 HGOS High mets  13_to_18 treated Primary dead event not_amp 0.66 3.70 TRUE whitelist
G100k_44 R3 HGOS High mets 13_to_18 treated Primary dead event PCR_amp 0.46 3.25 TRUE graylist
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Fig. S53

A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_51 R1 Extraskeletal High-ST  mets  41_and_over untreated Primary alive event not_amp 0.76 3.20 TRUE whitelist
G100k_51 R2 Extraskeletal High-ST  mets  41_and_over untreated Primary alive event not_amp 0.84 2.54 TRUE whitelist
G100k_51 R3 Extraskeletal High-ST  mets  41_and_over untreated Primary alive event not_amp 0.80 2.96 TRUE whitelist
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Fig. S54
G100k_52
A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_52 R1 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.37 2.26 FALSE whitelist
G100k_52 R2 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.27 2.26 FALSE graylist
G100k_52 R3 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.40 2.26 FALSE whitelist
G100k_52 R4 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.50 2.30 FALSE whitelist
G100k_52 R5 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.53 2.26 FALSE whitelist
G100k_52 R6 Parosteal Low localised 19_to_40 untreated Primary alive no event not_amp 0.42 2.26 FALSE whitelist
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Fig. S55
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Fig. S56

G100k_56

A B Jaccard similarity (%)

Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_56 Rt HGOS High localised 41_and_over untreated Primary alive event not_amp 0.66 3.45 TRUE whitelist
G100k_56 R2 HGOS High localised 41_and_over untreated Primary alive event not_amp 0.63 3.45 TRUE whitelist
G100k_56 R3 HGOS High localised 41_and_over untreated Primary alive event not_amp 0.47 3.50 TRUE whitelist
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Fig. S57
G100k_57
A B Jaccard similarity (%)
R1
R2
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity PIO|dy WGD QC
G100k_57 Rt HGOS High localised 41_and_over treated Relapse alive event not_amp 0.61 3.55 TRUE whitelist R3
G100k_57 R2 HGOS High localised 41_and_over treated Relapse alive event not_amp 0.52 350 TRUE whitelist Ra
G100k_57 R3 HGOS High Ilocalised 41_and_over treated Relapse alive event not_amp 0.55 3.40 TRUE whitelist
G100k_57 R4 HGOS High localised 41_and_over treated Relapse alive event not_amp 0.71 3.60 TRUE whitelist AR5
G100k_57 R5 HGOS High localised 41_and_over treated Relapse alive event not_amp 0.68 3.45 TRUE whitelist
G100k_57 R6 HGOS High localised 41_and_over treated Relapse alive event not_amp 0.37 3.45 TRUE whitelist R6
G100k_57 R7 HGOS High |localised 41_and_over treated Relapse alive event not_amp 0.52 3.50 TRUE whitelist a7
G100k_57 R8 HGOS High Ilocalised 41_and_over treated Relapse alive event not_amp 0.54 3.45 TRUE graylist
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Fig. S58

A B Jaccard similarity (%)
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_60 R1 Periosteal Intermediate localised 19_to_40 untreated Primary alive event unknown 0.72 1.74 FALSE whitelist
G100k_60 R2 Periosteal Intermediate localised 19_to_40 untreated Primary alive event unknown 0.61 1.64 FALSE whitelist
G100k_60 R3 Periosteal Intermediate localised 19_to_40 untreated Primary alive event unknown 0.85 1.72 FALSE whitelist
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Fig. S59

A B Jaccard similarity (%)
R1
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
G100k_65 Rt LGC Low localised 19 to_40 untreated Primary alive no event not_amp 0.16 2.62 TRUE graylist R2 9
G100k_65 R2 LGC Low localised 19_to_40 untreated Primary alive no event not_amp 0.16 2.52 TRUE graylist
G100k_65 R3 LGC Low localised 19_to_40 untreated Primary alive no event not_amp 0.17 3.45 TRUE graylist
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Fig. S60

G100k_71

A B Jaccard similarity (%)
R1
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC R2 18

G100k_71 R1 Extraskeletal High-ST localised 19_to_40 treated Primary alive no event not_amp 0.92 1.84 FALSE whitelist
G100k_71 R2 Extraskeletal High-ST localised 19_to_40 treated Primary alive no event PCR_amp 0.97 1.80 FALSE whitelist
G100k_71 R3 Extraskeletal High-ST localised 19_to_40 treated Primary alive no event not_amp 0.87 1.84 FALSE whitelist R3 56 17
G100k_71 R4 Extraskeletal High-ST localised 19_to_40 treated Primary alive no event not_amp 0.87 1.76 FALSE whitelist
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G100k_72
A B Jaccard similarity (%)
R1
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR  Purity Ploidy WGD QC R2 7
G100k_72 R1 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.90 2.00 FALSE whitelist
G100k_72 R2 HGOS High localised 12_and_under untreated Primary alive no event PCR_amp 0.96 2.00 FALSE whitelist
G100k_72 R3 HGOS High localised 12_and_under untreated Primary alive no event not_amp 0.90 2.00 FALSE whitelist R3 11 14
G100k_72 R4 HGOS High localised 12_and_under untreated Primary alive no event not_amp 1.00 1.94 FALSE whitelist
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Fig. S62
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Number of somatic point mutations
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Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC R2 21
KF_2 Rt High unknown unknown treated Primary dead NA not_.amp 0.97 3.25 TRUE whitelist
KF_2 R2 HGOS High unknown unknown untreated Primary dead NA not_amp 0.69 3.35 TRUE whitelist
KF_2 R3 HGOS High unknown unknown treated Met dead NA not_amp 0.61 2.84 TRUE whitelist R3 | 20 15
KF_2 R4 HGOS High unknown unknown treated Met dead NA not_amp 0.87 2.58 TRUE whitelist
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Fig. S63
A B Jaccard similarity (%)
R1
Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
KF_6 Ri1 HGOS High unknown unknown treated Met dead NA not_amp 0.53 3.45 TRUE whitelist R2 "
KF_6 R2 HGOS High unknown unknown treated Met dead NA not_amp 0.79 1.82 FALSE whitelist
KF_6 R3 HGOS High unknown unknown treated Met dead NA not_amp 0.61 3.35 TRUE whitelist
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Fig. S64
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Donor Region Subtype Grade Metastasis Age Treated Timepoint Alive Events PCR Purity Ploidy WGD QC
KF_1 R1 HGOS High unknown unknown untreated Primary unknown NA not_amp 0.92 1.70 FALSE whitelist R2 12
KF_1 R2 HGOS High unknown unknown treated Met unknown NA not_amp 0.30 2.96 TRUE whitelist
KF_1 R3 HGOS High unknown unknown treated Met unknown NA not_amp 0.20 4.70 TRUE whitelist
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