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Fig. S1. Informatics pipelines to detect somatic substitutions and 
rearrangements. (A) Rearrangement pipeline overview schematic illustrates the use 
of the detection tool, Delly, and the custom filters applied to its raw output. A 
representative sample is illustrated showing the number of variants retained after each 
filtering step.  (B) First panel shows number of rearrangements in raw output. Subsequent 
panels show number of variants removed after each step. (C) Power of panel-of-normals: 
dose-response curves for rearrangements. With an increase in the number of normal 
samples used in your panel, the power to remove artefacts increases.  
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Fig S2. Mutation Signatures in Ewing sarcoma. (A) Stacked bar charts illustrate the 
sample-by-sample breakdown of the proportion of mutation signatures in each tumor for 
the Toronto and Validation cohort. Signatures for diagnostic tumors with a matched 
relapsed or metastatic tumor (n=4) can be seen in Fig 5A. COSMIC Signatures 1 and 5 
are the most common (purple and sky blue). (B) Clock-like mutation signatures 
(COSMIC 1 and 5) have been found to be associated with the age of diagnosis in other 
cancers. Scatter plot illustrates positive correlation between mutation burden and age at 
diagnosis in ES patients for COSMIC signatures 1 and 5. 	
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Fig. S3. Characterizing chromoplectic breakpoints in 
Ewing sarcoma. (A) Breakpoint distribution for the EWSR1, FLI1 and ERG genes are 
shown. We observed no difference in intronic breaks for chromoplectic and non-
chromoplectic EWSR1 breaks. Non-canonical FLI1 breaks (before exon 3) are 
exclusively chromoplectic. All ERG-rearranged Ewing sarcoma tumors 
exhibited patterns of chromoplexy. The color and height of lolliplot balls refer to 
complex rearrangements and their classification (i.e. number of rearrangements in a loop, 
open loops or the existence of deletion bridges (DB)). (B) Table overview comparing 
chromoplexy in EWS-FLI1 and EWS-ERG driven tumors. (C) Circos web illustrating the 
Ewing sarcoma sample with 2 looped rearrangement clusters affecting 18 genes 
(n=18).  (D) Flow diagram of all the unique genes (n=120) affected by chromoplexy in 
Ewing sarcoma. Established cancer-associated genes are highlighted (red) and recurrently 
affected genes are bolded.  
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Fig. S4. Validating chromoplexy using cytogenetics and targeted 
sequencing. (A) Spectral Karyotyping (SKY, multi-colored fluorescent in 
situ hybridization) identifies 24 human chromosomes in a single hybridization and stains 
each one for a different color. Derivative chromosomes for a three-way rearrangement 
between chromosomes 22, 11 and 2 are depicted. (B) Visual flow diagram of a three-way 
rearrangement between chromosomes 22, 11 and 2 is shown on the left. Nextera custom 
capture sequencing was applied to this (and many other) samples to confirm complex 
rearrangements detected by whole-genome sequencing. We achieved coverage of target 
regions between 900-1000X. An IGV (integrated genomics viewer) screenshot of FLI1 
shows reads translocated to chromosome 22 (green) and chromosome 2 (orange) 
(right). (C) Validation table provides an overview of all samples that have 
undergone Nextera custom capture sequencing and other platforms that have also 
performed on these samples. Many rearrangements not included on this panel were also 
detected, proving chromoplexy occurs in cis (on the same strand, otherwise they would 
not be sequenced).  
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Fig. S5. FLI1-EWSR1 expression in Ewing sarcoma primary tumors from RNA-seq. In the genome, 
the presence of chromoplexy and the reciprocal fusion were mutually exclusive. As shown here, in the 
transcriptome, when chromoplexy occurs, the FLI1-EWSR1 reciprocal fusion is not expressed. 
Conversely, when chromoplexy does not occur, the FLI1-EWSR1 fusion is expressed 52% of the time.
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Figure S6. Global Copy-number alterations in ES. (A) Copy-number profiles for 
Toronto (left) and Tirode, Surdez et al. (right) demonstrate common copy number 
alterations in both cohorts. (B) Copy-number heatmap provides sample-by-sample 
breakdown of arm-length and focal copy-number alterations (CNAs) in Ewing sarcoma 
(ES) using a low threshold cut-off (+/- 0.2). For a full catalogue of CNAs in ES, see 
Tirode et al 2014 Cancer Discovery. 
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Fig. S7. Distribution of STAG2 and CDKN2A mutations between simple and chromoplexy 
ES. Pie charts illustrate no difference in the prevalence of somatic STAG2 mutations
or CDKN2A deletions in Ewing sarcomas with and without chromoplexy.   
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Fig. S8. Genomic Complexity of CMFs. (A) Chondromyxoid fibroma with 
chromothripsis. Over 500 rearrangements can be detected by genome sequencing in this 
sample, with three SHPRH breakpoints. A FRMD6-GRM1 fusion is predicted based on 
the genomic breakpoint (exon 1) of FRMD6, as indicated by the question mark (?). (B) 
Chrondromyxoid fibroma with chromoplexy. A simple three-way rearrangement loop 
involving a deletion bridge on chromosome 9 was observed, predicted to generate the 
MYO1E-GRM1 fusion. (C) Genomic rearrangements generating the canonical fusion in 
this cancer type do not directly affect the GRM1 gene, but rather the SHPRH gene, which 
is the immediate 5’ gene (directly upstream), as depicted in this figure. (D) In our three 
samples with genomic complexity generating GRM1 fusions, the breakpoints appear to 
cluster within an 18-kb region within the SHPRH gene.    
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Fig. S9. Enlarged Figure 3A for Readability. Circos web is enlarged “deletion-bridge” (DB) chromoplexy 
in order to identify genes/loci disrupted by these rearranegments. DB chromoplexy occurs in a loop-
structure, but the breakpoints are linked due to the intervening loss of DNA (illustrated in fig.S11)
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Figure S10. Consequences of Chromoplexy. (A) Circos webs illustrate the 
chromoplexy fusion loop patterns in ES, from four-part to greater than seven-part. 
EWSR1, FLI1 and ERG are central to all loops. Other complex cases include open and 
non-EWS loops (n=5, each). One exceptionally rare case of an EWSR1-ETV1 fusion (red, 
four-part loop) was detected at the core of a chromoplexy fusion loop.  
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Fig. S11. Deletion Bridges are common in Ewing sarcoma. (A) Representative circos 
plots and integrated genomics viewer (IGV) screenshots illustrate how breakpoint 
distances are calculated. Simple reciprocal translocations (top) have no complexity and 
the breakpoints are right next to each other (>100bp apart). Chromoplectic 
rearrangements (middle) look similar to reciprocal translocations with respect to 
breakpoint distances, however the forward and reverse reads go to different chromosomes 
(brown reads to chr11 vs purple reads to chr8). Lastly, deletion-bridge (DB) chromoplexy 
(bottom) are further apart as a DNA deletion spans the two breakpoints with the forward 
and reverse reads going to different chromosomes (characteristic of 
chromoplexy). (B) Example of consistent deletion bridges across 
all chromoplectic loci. Loss of genetic material at chromoplectic loci joins adjacent 
breakpoints.   
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Fig. S12. Chromoplexy acts as a molecular scaffold to produce the EWS-FLI1 
driver. Two rearrangements and a third locus are required to bring 
together EWSR1 and FLI1. In these cases, no direct EWSR1-FLI1 translocation can be 
detected using genome sequencing. However, a diagnostic fusion is detected at the 
transcriptional level. Most of these scaffolding events would be missed by 
cytogenetics, as an EWSR1 break-apart FISH would show that these are EWSR1-
rearranged tumors and G-band karyotyping would show the classical t(11;22) 
karyotype. (A) The 5’ portion of EWSR1 is translocated to chromosome 5 and similarly, 
the 3’ portion of FLI1 is translocated to the same chromosome and position. A 
functional EWSR1-FLI1 driver is produced transcriptionally. (B) In a double reciprocal 
translocation event, the 5’ of EWSR1 and the 3’ of FLI1 are both translocated to 
the ZNF462 gene on chromosome 9 and an EWSR1-FLI1 transcript is detected at the 
RNA level. (C) An inversion between two adjacent genes, EWSR1 and EMID1, and 
an EMID1-FLI1 translocation can be observed in the genome and a canonical EWSR1-
FLI1 fusion transcript is detected in the RNA.  
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Fig. S13. Copy-number state suggests a one-off burst of rearrangements. A focused view (1MB window) 
of chromoplexy illustrates that there is copy-neutrality at chromoplectic breakpoint loci suggesting the 
mechanism of chromoplexy is a one-off mutation burst. A three-way rearrangement pattern is depicted. 
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Fig. S14. Calculating and evaluating the breakpoint allele fraction (BAF). The 
breakpoint allele fraction (BAF) is the proportion of reads supporting the breakpoint of a 
rearrangement compared to the local coverage and is analogous to a variant allele fraction 
(VAF). A higher BAF signifies an early rearrangement. (A) A schematic representation 
of how the BAF is calculated. Breakpoint-containing reads map to the reference (chr22), 
but contain nucleotide bases that map elsewhere in the genome (chr11). The position 
where this transition occurs is the split position. Our tool maps split reads to the other 
chromosome. Split-reads from the other side of the rearrangement (chr11) are mapped to 
side 1 (chr22). The aligned position is represented by read alignments. The BAF is 
calculated by dividing the number of split-reads (split and aligned) by the total 
coverage. (B) BAFs demonstrate that chromoplectic rearrangements (pink) arise earlier 
than simple structural variants (blue) given the higher breakpoint allele frequency (BAF). 
As a control, germline structural variants (green) are plotted and exhibit a 
bimodal distribution at 0.5 and 1.0, as expected.   
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Fig. S15. Chromoplexy rearrangements are consistent with early replication 
timing.  (A) Genomic property analysis demonstrates that chromoplexy in Ewing 
sarcoma is strongly associated replication timing. The average wavelet-smoothed signal 
(WSS) shows chromoplectic rearrangements have a higher average WSS than simple 
structural variants or random points. This suggests chromoplexy is associated with early 
replication timing. This is also true for ETS+ Prostate cancer (B) Other features of the 
genome also support the association of Ewing chromoplexy (ESC) with early replication 
timing. Ewing chromoplexy rearrangements have higher GC content, Alu Density, gene 
density, and CpG island density. Other features such as L1 LINEs and lamina-associated 
domains (LADs) were depleted around chromoplexy regions. These features supporting 
early replication timing have a Cohen's d equal to or greater than 0.3 and a corrected p-
value less than 0.5. This is not observed in Ewing simple structural variants (ES 
SSV). Other features consistent with early replication timing in ETS+ Prostate Cancer 
(PCC) are high Alu density and depletions in LADs and L1 LINEs. All feature density 
metrics are in 1MB sliding windows centered at 1kb bins, except for GC content which 
was calculated in a 1 kb bin (see table S4).    
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Fig. S16. Global chromoplexy gene expression. Boxplot depicts global transcriptional activity (read per 
kilobase per million: RPKM) for chromoplexy genes and other expressed genes in the transcriptome. 
Chromoplexy genes are expressed in the top 20% of the most expressed genes in the transcriptome 
across the cohort. 
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Figure S17

Fig. S17. Molecular Inversion Probe (MIP) assay. MIP copy number was determined for three 
primary-metastatic ES pairs. Data are shown for one pair in (A) and (B). Large copy-number alterations 
are unique to the biopsy or metastatic tumor (red arrow) and are not shared, supporting a model early 
divergence and parallel evolution between primary and metastatic tumors in Ewing sarcoma. 
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Fig. S18. Validation of COSMIC Signature 1 consistency. We calculated the Signature 1 mutation rate 
in an ES primary tumor and predicted the number of Signature 1 mutations that should arise in a relapse 
tumor 1.2 years later. Having sequenced the relapse material, we then calculated the observed Signature 
1 mutation accumulation. The line graphs illustrate the consistency of Signature 1 between predicted 
(dotted line) and actual (solid line) values of primary and relapse tumors. We repeated the analysis 
for Signature 5 and did not see a steady mutation rate. 
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Figure S19

Fig. S19. Principal Component Analysis (PCA) of Ewing sarcoma tumors. PCA of Ewing sarcoma 
gene expression demonstrates that EWSR1-FLI1 (green) and EWSR1-ERG (red) driven tumors cluster 
together by gene expression. Non-canonical FUS-ERG (gold) and EWSR1-ETV1(blue) fusion-driven 
tumors cluster separately. The FUS-ERG tumor is not EWSR1-rearranged and was omitted from this study. 
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Figure S20

Fig. S20. Prevalence of sub-microscopic rearrangements in ES chromoplexy. (A) Pie chart 
characterizies the rearrangement subtypes of chromoplexy rearrangements (mainly translocations). 
(B) 32% of chromoplexy rearrangements are intra-chromosomal with a quarter of them being 
sub-microscopic (>5MB). These small intrachromosomal rearrangements (to the left of the red dotted line) 
would be missed by routine cytogenetics. 
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Table S1. Ewing sarcoma sequencing. We performed whole-genome sequencing 
(WGS) to a depth of either 30-60x (high coverage) or ~10x (rearrangement screen) for 37 
Ewing sarcoma tumors. This study focused on the analysis of the high coverage genomes. 
One rearrangement screen was included as it had unexpectedly high coverage (~20x, 
orange). For all high coverage genomes, greater than 96% of the reads successfully 
aligned to the reference genome. To identify transcriptional consequences of mutations, 
we performed RNA-sequencing on 24 tumors, of which 10 exhibited patterns 
of chromoplexy. Whole-exome sequencing was also performed on select samples, as 
indicated. The average coverage of the WES samples was 85x. Finally, we obtained raw 
sequencing reads from 112 Ewing sarcoma genomes reported by Tirode, Durdez et al. 
2014 Cancer Discovery to validate our findings.     
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Tumor type Canonical 
fusion

Number of 
fusion 

positive 
tumors 
screened

Tumor 
IDs

Rearrangement
 bursts with 

fusion
Tumor IDs

Phosphaturic 
mesenchymal 

tumor

FN1-FGFR1 1 PD13472 1 PD13472

Chondromyx
oid fibroma

Variable-
GRM1 
fusion

4 PD7514a
PD7515a 
PD10079
PD10080

3 PD7514
PD7515

PD10079

Synovial 
sarcoma

SS18-SSX 2 PD19375
 

PD19398

1 PD19398

Solitary 
fibrous 
tumor

NAB2-
STAT6

6 PD20639

PD20640

PD20667

0 -

Table S2. Disease-defining fusions in sarcomas. We performed low-pass or high-depth whole 
genome sequencing on 13 sarcomas with known disease-defining fusions. RNA was available for
two samples (PD7514 and PD7515).
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Gene Set Name Description Adjusted p-value
ALLOGRAFT REJECTION Genes up-regulated during transplant rejection. 7.00E-24

INFLAMMATORY RESPONSE Genes defining inflammatory response. 6.89E-18

INTERFERON GAMMA RESPONSE Genes up-regulated in response to IFNG [GeneID=3458]. 6.89E-18

COMPLEMENT Genes encoding components of the complement system, which is part 
of the innate immune system. 1.50E-14

KRAS SIGNALING UP Genes up-regulated by KRAS activation. 1.75E-13

IL6-JAK-STAT3 SIGNALING Genes up-regulated by IL6 [GeneID=3569] via STAT3 [GeneID=6774], 
e.g., during acute phase response. 1.83E-13

TNFA SIGNALING VIA NFKB Genes regulated by NF-kB in response to TNF [GeneID=7124]. 1.92E-12

IL2-STAT5 SIGNALING Genes up-regulated by STAT5 in response to IL2 stimulation. 1.98E-11

UV RESPONSE DN Genes down-regulated in response to ultraviolet (UV) radiation. 2.23E-09

ADIPOGENESIS Genes up-regulated during adipocyte differentiation (adipogenesis). 1.46E-08

APICAL JUNCTION Genes encoding components of apical junction complex. 1.14E-07

HYPOXIA Genes up-regulated in response to low oxygen levels (hypoxia). 8.20E-07

APOPTOSIS Genes mediating programmed cell death (apoptosis) by activation of 
caspases. 4.97E-06

EPITHELIAL MESENCHYMAL TRANSITION Genes defining epithelial-mesenchymal transition, as in wound 
healing, fibrosis and metastasis. 5.43E-06

ESTROGEN RESPONSE LATE Genes defining late response to estrogen. 5.43E-06

MYOGENESIS Genes involved in development of skeletal muscle (myogenesis). 5.43E-06

HEDGEHOG SIGNALING Genes up-regulated by activation of hedgehog signaling. 2.64E-05

XENOBIOTIC METABOLISM Genes encoding proteins involved in processing of drugs and other 
xenobiotics. 3.28E-05

COAGULATION Genes encoding components of blood coagulation system; also up-
regulated in platelets. 7.17E-05

CHOLESTEROL HOMEOSTASIS Genes involved in cholesterol homeostasis. 9.22E-05

PI3K-AKT MTOR SIGNALING Genes up-regulated by activation of the PI3K/AKT/mTOR pathway. 0.000621

ESTROGEN RESPONSE EARLY Genes defining early response to estrogen. 0.00088

FATTY ACID METABOLISM Genes encoding proteins involved in metabolism of fatty acids. 0.00101

REACTIVE OXIGEN SPECIES PATHWAY Genes up-regulated by reactive oxigen species (ROS). 0.00138

ANDROGEN RESPONSE Genes defining response to androgens. 0.00329

KRAS SIGNALING DN Genes down-regulated by KRAS activation. 0.00384

MTORC1 SIGNALING Genes up-regulated through activation of mTORC1 complex. 0.00384

UV RESPONSE UP Genes up-regulated in response to ultraviolet (UV) radiation. 0.00491

INTERFERON ALPHA RESPONSE Genes up-regulated in response to alpha interferon proteins. 0.0156

BILE ACID METABOLISM Genes involve in metabolism of bile acids and salts. 0.025

Table S3. Gene Set Enrichment Analysis (GSEA). A GSEA of hallmark pathways shows 30/50 
pathways dysregulated in chromoplexy ES transcriptomes, which are listed here.
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Genomic Property Method Source Reference 
Centromere log2 Distance of Breakpoints to Centromeres UCSC GB hg19 gap track doi:10.1093/nar/gkt1168
Telomere log2 Distance of Breakpoints to Tentromeres UCSC GB hg19 gap track doi:10.1093/nar/gkt1168
GC content 100 bp bins across the genome Hg19 FASTA NA

Sequence complexity
Assigns complexity score to a sequence 
(high score = low complexity, low score = 
high complexity)

Hg19 FASTA NA

H3K9me3 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K36me3 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H4K20me1 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K79me2 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K4me1 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K27ac p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

DNase p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K9ac p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K4me3 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K4me2 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H2A.Z p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

H3K27me3 p-value signal tracks from ChromImpute. 
Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

RNA expression Imputed logRPKM track from RNA-seq data 
from ChromImpute. Raw data in 25bp bins. ROADMAP (1,2) doi:10.1038/nature14248

DNA methylation
Imputed fractional methylation track from 
DNAMethylSBS data from ChromImpute. 
Raw data is fraction methylated at particular 
positions

ROADMAP (1,2) doi:10.1038/nature14248

Replication time

Average wavelet smoothed signal (WSS) 
from from 3 cell lines: NHEK (normal skin, 
ectoderm), GM12878 (normal blood, 
mesoderm), and MR90 (normal lung, 
endoderm). 

Repli-Seq data available via UCSC doi:10.1073/pnas.0912402107

Gene Density log2(distance to),density in sliding window (3) GENCODE v19 doi:10.1101/gr.135350.111

Lamina associated domains log2(distance to),density in sliding window (3) Tig3ET normal human embryonic lung 
fibroblasts doi:10.1038/nature06947

CpG islands log2(distance to),density in sliding window (3) UCSC GB cpgislands track doi:10.1093/nar/gkt1168
Direct repeats log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955
G-quadruplex log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955
Cruciform inverted repeats log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955
Triplex mirror repeats log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955
Short tandem repeats log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955
Z-DNA motifs log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955
ALU repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org
MIR repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org
L1 repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org
L2 repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org
LTR repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org
DNA repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org
Simple repeats log2(distance to),density in sliding window (3) Repeatmasker 20140131 http://www.repeatmasker.org

Notes: 
1. ROADMAP tracks used for Ewing’s sarcoma: E025, E107, E108, E129 (average 1kb bins)
2. ROADMAP tracks used for Prostate Cancer: E028, E065, E076, E079, E094, E096, E098, E109, E126, E127 (average 1 kb bins)
3. Sizes of sliding windows analyzed (centered around 1kb bin): 1kb, 10kb, 100kb, 1MB

Recombination Rate

G4L1

doi:10.1038/nature06258HAPMAP Phase II
Nucleosome occupancy

Nucleosome density signal from K562 
and GM12878 cell lines

ENCODE, MNase experiment https://www.encodeproject.org/experiments/
ENCSR000CXQ/

log2(distance to),density in sliding window (3) non-B DB v2 doi:10.1093/nar/gks955

Value at nearest point

Table S4. Genomic Properties Table. 38 genomic properties are described in this table, including 
the method (metric of analysis), source and references for the analysis. 
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Sample Age at 
Diagnosis Sex Age at 

Death Primary Site (+ Mets at Dx) Relapse Platform 
2849 14 yrs, 1 mth F left proximal humerus NO WXS

2226 16 yrs M ethmoid sinus NO WXS, WGS, 
WTS

2234 14 yrs, 3 mths F left distal femur NO WXS, WGS, 
WTS

2283 11 yrs, 10 mths M left scapula NO WXS
2498 8 yrs, 4 mths F Unknown NO WXS
3080 15 yrs, 9 mths M 17 yrs, 10 mths left superior pubic ramus YES WXS, WTS
3553 12 yrs, 6 mths M right iliac (+ right lung) NO WXS
3943 10 yrs, 7 mths F right distal tibia NO WXS

2213 10 yrs M 13 yrs, 8 mths right distal femur (+ left femur, bilateral lung mets) YES WXS, WGS, 
WTS

2440 8 yrs, 4 mths M right ischium (+ bilateral tibia) NO WXS, WGS, 
WTS

2244 9 yrs, 10 mths M apex of right thorax NO WXS
2253 17 yrs, 3 mths M 19 yrs, 9 mths right distal fibula (+ multiple bone, BM) YES WXS
2289 15 yrs, 8 mths F 3rd left rib YES WXS
2301 12 yrs, 8 mths F 13 yrs, 4 mths left 6th rib (+ BM, multiple bone, lung) N/A - died while on therapy WXS
2560 4 yrs, 3 mths M right 3rd & 4th ribs NO WXS
3336 9 yrs, 7 mths M left proximal fibula NO WXS, WTS
3480 7 yrs, 3 mths M right proximal humerus NO WXS
3938 12 yrs, 9 mths M right mid humerus NO WXS
2331 13 yrs, 9 mths M 15 yrs, 3 mths left tibia (+ bilateral lung) YES WXS, WTS
2561 13 yrs, 2 mths M 16 yrs, 2 mths right buttock/lateral iliac crest (+ bilateral lung) YES WXS

2134 14 yrs, 11 mths F left distal femur NO - Developed AML 
secondary to treatment WXS, WTS

2187 13 yrs, 4 mths F right maxillary sinus YES WXS

2925 16 yrs, 7 mths F right proximal fibula NO WXS, WGS, 
WTS

3935 15 yrs, 4 mths M 16 yrs, 8 mths left calcaneus (+ lung, multiple bone) YES WXS

3071 16 yrs, 6 mths M Deceased-no 
date pelvis (+ lung) N/A - DOD WXS, WGS, 

WTS
3073 15 yrs, 11 mths F scapula NO WXS
3075 16 yrs, 6 mths F 18 yrs, 4 mths pelvis (+ BM) N/A - DOD WXS, WTS
3077 17 yrs, 5 mths M tibia NO WXS, WTS
3131 19 yrs, 4 mths F quadriceps NO WXS, WTS
1514 2 yrs, 8 mths F 3 yrs, 2 mths skull (invading dura and left frontal lobe) N/A - progressed; DOD WXS
4021 9 yrs, 7 mths M nasopharynx NO WGS, WTS

4311 10 yrs, 6 mths M right iliac/sacroiliac joint (+right femur, left 
humerus, right radius, skull, L2, T6, right lung) YES WGS, WTS

4094 10 yrs, 2 mths F left 7th rib YES WGS
4004 13 yr, 7 mths M posterior left 4th rib NO WGS
4022 16 yrs, 11 mths M left hemi pelvis (multiple bone + BM) N/A - refractory disease WGS, WTS
4117 13 yrs, 3 mths M pelvis (+bilateral lung) NO WGS
4120 4 yrs, 8 mths F right proximal ulna NO WGS
4197 16 yrs, 2 mths F anterior left 4th rib NO WGS
4226 12 yrs, 4 mths F left medial thigh NO WGS
4434 14 yrs, 10 mths M Unknown NO WGS, WTS
4436 15 yrs, 8 mths F Unknown NO WTS
4438 2 yrs, 10 mths M 3 yrs, 6 mths Unknown NO WTS 

4458 36 years, 7 months M 38 years, 5 
months proximal tibia YES (Lung) WGS, WTS

4459 17 years, 1 month M proximal humerus NO WGS, WTS
4460 24 years F proximal femur NO WGS, WTS
4461 21 years, 4 months M scapula NO WGS, WTS
4462 25 years, 7 months F ilium YES (bone- skull; lung; brain) WGS, WTS

4463 28 years, 10 months M 30 years, 10 
months distal femur (primary M1) NO WGS

4464 17 years, 8 months M acetabulum NO WGS, WTS

4465 21 years, 6 months F 22 years, 8 
months proximal femur YES (bone - spine; pelvis; 

contralateral femur) WGS, WTS

4466 21 years, 8 months F 23 years, 4 
months ilium YES (Lung) WGS, WTS

Table S5. Clinical Information. Detailed clinical information for the ES Toronto cohort is described in
this table. 
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