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Abstract

Despite being the most common childhood bone tumor, the genomic characterization of 

osteosarcoma remains incomplete. In particular, very few osteosarcoma metastases have been 
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sequenced to date, critical to better understand mechanisms of progression and evolution in 

this tumor. We performed an integrated whole genome and exome sequencing analysis of 

paired primary and metastatic pediatric osteosarcoma specimens to identify recurrent genomic 

alterations. Sequencing of 13 osteosarcoma patients including 13 primary, 10 metastatic, and 3 

locally recurring tumors revealed a highly heterogeneous mutational landscape, including cases of 

hypermutation and microsatellite instability positivity, but with virtually no recurrent alterations 

except for mutations involving the tumor suppressor genes RB1 and TP53. At the germline level, 

we detected alterations in multiple cancer related genes in the majority of the cohort, including 

those potentially disrupting DNA damage response pathways. Metastases retained only a minimal 

number of short variants from their corresponding primary tumors, while copy number alterations 

showed higher conservation. One recurrently amplified gene, KDR, was highly expressed in 

advanced cases and associated with poor prognosis.
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Introduction

Osteosarcoma is the most common bone malignancy among childhood cancers, accounting 

for ∼5% of all tumors in this age group. Importantly, 5-year survival rates have not seen 

substantial improvement in the last 35 years [1] and overall event free survival drops 

significantly (to 20–30%) when metastases are present at diagnosis [2]. As has been 

observed in other tumors, most deaths (75%) are associated with metastasis, with the 

lungs being the most common distant site [3]. While the origin of osteosarcoma remains 

unclear, certain environmental factors such as irradiation [4] and hereditary conditions such 

as Li–Fraumeni syndrome, familial retinoblastoma, and Rothmund–Thomson syndrome, 

associated with germline mutations in TP53, RB1, and RECQL4 genes, respectively, 

predispose to osteosarcoma [5,6]. Moreover, several mouse models implicate TP53 
alterations as a major initiating event for osteosarcoma, with RB1 inactivation reducing 

the latency of tumor formation in TP53 inactivated models [7–9].

A number of osteosarcoma next-generation sequencing studies have been published in recent 

years [10–14], focusing mainly on primary tumors. In these studies, TP53 was the most 

recurrently altered gene, with its inactivation appearing to derive mostly from structural 

variations (SVs), particularly translocations, except in a single study where point mutations 

were the most common alteration [14]. Somatic single nucleotide variants (SNVs) and 

SVs were reported for RB1, ATRX, and DLG2 in 29–53% of patients [10,13]. In one 

study, 80% of tumors demonstrated a copy number signature previously associated with 

ovarian and breast cancer with underlying pathogenic germline mutations in BRCA1 or 

BRCA2 [11]. Together, these studies suggest a complex mutational background and high 

chromosomal instability across different cohorts, highlighting the challenge in determining 

which component(s) of this convoluted landscape play a primary role in tumor progression 

and metastasis.
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By performing whole genome sequencing (WGS) and whole exome sequencing (WES), 

we hereby describe the genomic characterization of a cohort of matched primary, local 

recurrence and metastatic pediatric osteosarcomas, providing further insights into the 

heterogeneity of osteosarcoma relapse and metastatic progression in this disease.

Materials and methods

Samples

Normal, primary, locally recurrent and metastatic samples were provided by Drs David 

Malkin (The Hospital for Sick Children, Toronto, Ontario, Canada), Timothy J. Triche 

(Children Hospital Los Angeles, Los Angeles, CA, USA), Ching C. Lau (Texas Children’s 

Hospital, Houston, TX, USA) and the B.C. Children’s Hospital (Vancouver, BC, Canada).

Whole-genome and whole-exome sequencing

WGS for the primary, locally recurrent, metastatic and matched normal samples was 

performed using the HiSeq 2000 platform (Illumina, San Diego, CA, USA). WGS samples 

for three of the patients (D11, D12, and D13) were processed with Illumina TruSeq kit v2 

(Illumina, San Diego, CA, USA) and sequencing was performed on HiSeq 2500 instrument 

(Illumina, San Diego, CA, USA). WES samples were prepared with Agilent Sure-Select 

whole exome v4 kit (Agilent Technologies, Santa Clara, CA, USA) and the sequencing was 

done on a HiSeq 2500 instrument.

Read alignment and variant calling

Read sequences were aligned to the human reference genome (GRCh37) using the BWA-

SW algorithm [15] to generate binary alignment/map (BAM) files. SNVs and indels were 

called using Strelka (version 1.0.14) [16] from BAM files that were pre-processed using 

the clipOverlap tool from the bamUtils package (version 1.0.13) [17]. Strelka depth filters 

were disabled for exome data (isSkipDepthFilters). SNVs and indels were annotated using 

the Ensembl Variant Effect Predictor (release 79) [18] and transcript prioritization was 

performed using vcf2maf (version 1.5.2) [19]. SNVs and indels called from genome and 

exome data were merged using the vcftools vcf-merge tool (version 0.1.12b) [20].

Germline variants

SNVs and indels were called on 13 normal samples with varscan (2.4.9) [21] with min 

coverage 10 and -min reads2 5. Variants were annotated with variant effect predictor 

ensemble release 79 [18]. Manually curated alterations predicted to be deleterious (SIFT 

[22]) or damaging (PolyPhen [23]), with a CADD-PHRED [24] score >10 and present in 

less than 1% of the population (ExAC) [25], were retained. We included cancer associated 

genes from OncoKB [26] and genes previously identified as recurrently mutated in other 

tumor cohorts [27,28].
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Structural variations

SVs were jointly called using DELLY (version 0.6.7) [29] on all tumor and normal samples. 

This allowed for the removal of SVs or artifacts that are recurrent in normal samples. 

Somatic events were identified using a modified version of the somaticFilter.py script.

Copy number alterations

Copy number alterations (CNAs) were called by applying the TITAN workflow [30]. 

MutationSeq (version 4.3.3) [31] was used to call germline heterozygous SNVs and quantify 

their allele counts in the matched tumor sample. Read counts were quantified for 1000-bp 

windows using the readCounter tool from the HMMcopy utilities [32]. GC content and 

mappability were calculated for 1000 bp bins using gcCounter and map-Counter tools from 

the HMMcopy utilities. Read counts generated by readCounter were corrected for GC 

content and mappability. The TitanCNA R package (version 1.8.0) [30] was used to detect 

somatic CNAs using the binned read counts and allele counts for germline heterozygous 

positions. One to five clusters were attempted, and the optimal parameter value was selected 

by maximizing ‘S Dbw validity index (Both)’.

Phylogenetic trees

For construction of phylogenetic trees, only genes that were previously found altered in 

four previous osteosarcoma genomic studies [10,11,13,14] were included in the analysis. For 

CNAs, altered genes situated in the same cytoband were counted as a single alteration.

Signature analysis

We obtained the signature probabilities matrix from COSMIC (version 2) [33] and applied a 

decomposition algorithm from the R package deconstrucSigs (version 1.8.0) [34].

Gene expression microarrays

Two separate publicly available gene expression microarray datasets, GSE21257 and 

GSE42352, were retrieved from Gene Expression Omnibus [35].

Immunohistochemistry

For immunohistochemistry (IHC), KDR antibody (#2479, Cell Signaling, Danvers, MA, 

USA) was used at 1:300 dilution on an osteosarcoma tissue microarray (TMA) obtained 

by the Children’s Oncology Group, on a Ventana Discover XT platform. The staining was 

scored by a trained pathologist using the H-score system. Only pediatric tumors (age < 21) 

were included. MMR immunostaining was performed in the Vancouver General Hospital 

Department of Anatomical Pathology, using standardized clinical staining protocols. FFPE 

sections were immunostained for PMS2 (rabbit clone EP51; Dako, Santa Clara, CA, USA), 

MLH1 (mouse clone ES05, Dako), MSH2 (mouse clone FE11; Dako) and MSH6 (rabbit 

clone EP49; Dako) on the Dako Omnis automated IHC instrument, using the Dako EnVision 

FLEX+ detection system (Dako, Santa Clara, CA, USA).
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Western blot analysis

Protein extraction and Western blotting were carried out using standard protocols [36]. 

Multiple antibodies were used for the detection of FLT1 (#2893, New England Biolabs, 

Whitby, ON, Canada) and KDR (#2479, Cell Signaling). GAPDH (D16H11, Cell Signaling) 

and GRB2 (610111, BD Biosciences, San Jose, CA, USA), all antibodies were used at a 

dilution of 1:1000.

Data visualization

R packages maftools (version 1.8.0) [37], GenVisR (version 1.12.1) [38], Mutationmapper 

(version 1.0.1) [39] were used to create some of the visualizations.

Ethics approval and consent to participate

This project was approved by UBC BC Cancer Research Ethics Board H10–02722. All 

clinical samples were analyzed in a deidentified fashion. Informed written consent was 

provided by patient families.

Results

Patient cohort

We analyzed primary and matched normal samples from 13 children suffering from 

osteosarcoma using WGS to an average of ×30 coverage and WES to an average of ×90 

coverage. Matched metastatic samples for 10 of the patients (77%) and local recurrence 

biopsies for 3 of the patients were also sequenced (see supplementary material, Table S1).

Single nucleotide variants, indels, and structural variants

To detect SNVs and indels we applied a paired somatic variant detection workflow (Strelka; 

[16]) to both the WES and WGS datasets. Results from each individual analysis were 

pooled to create a comprehensive list of somatic variants. The most highly represented was 

RB1, which was mutated in four different patients (retained in all specimens except for one 

patient), and ASXL1, MGA, PDGFRB, PREX2, RBM10, and SETBP1, which were each 

altered in three different patients (see supplementary material, Table S2). The cohort showed 

a wide range in terms of nonsynonymous mutation burden, from a single variant up to 

samples exceeding 20 000 alterations. Nevertheless, the breakdown of coding variant classes 

was dominated by missense mutations (mean 80%) followed by nonsense mutations (mean 

7%). Interestingly, one of the metastatic samples, D2M, showed a significant enrichment 

in frameshift insertions (52%) compared to the rest of the cohort (1% average) (binomial 

test P value <2.2e−16) (Figure 1A). Since frameshift mutations are typically associated 

with microsatellite instability (MSI), we computed the MSI status for all tumors using 

an MSI classifier (MSIseq) [40]. Unlike the rest of the cohort, D2M was predicted to 

be microsatellite unstable. Furthermore, by screening mutations acquired in the D2M 

metastasis sample, we found alterations in two DNA mismatch repair (MMR) pathway 

genes, MSH3 and MSH6, associated with MSI tumors [41,42]. These alterations were 

absent from the primary tumor.
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Having observed a high number of coding mutations in multiple tumors, we computed the 

mutational burden for each sample. While three recent pan-cancer analyses have reported 

that most ultrahypermutated pediatric tumors are classified as gliomas [28,43,44], we found 

a case of an ultrahypermutated (>100 mutations per Mb) primary pediatric osteosarcoma 

(sample D3P), in addition to a hypermutated (>10 mutations per Mb) primary tumor (D1P) 

(Figure 1B). Other than these two cases, the overall mutation burdens of primary and 

metastatic samples were comparable (Wilcoxon rank sum test p = 1).

In the ultrahypermutant case (D3P), we identified multiple alterations in mismatch repair 

pathway genes, including missense mutations in MMR complex genes (MLH1, MSH3, 

MLH3, MSH2, and MSH6) and in the DNA polymerase epsilon gene (POLE), already 

associated with hypermutant cancers [44]. We also observed a high frequency of C to 

A transversions, a feature of POLE defective tumors [45] (Figure 1C). Additionally, 

by comparing to the distribution of noncoding mutations across the cohort, we found 

an enrichment of silent substitutions and a decrease in intergenic alterations in the 

ultrahypermutant tumor (binomial test, p < 2.2e–16; see supplementary material, Figure 

S1A). In the hypermutated case (D1P), we failed to detect any alterations that could account 

for the phenotype. Both hyper- and ultrahypermutated cases showed microsatellite stability, 

which is perhaps not surprising since an inverse relationship between mutation burden and 

microsatellite stability has recently been described [44].

IHC for four known MMR markers, MLH1, MSH2, MSH6, and PMS2, was performed 

on each available specimen from patients with hypermutant or MSI+ tumors (see 

supplementary material, Figure S2 and Table S3). While all six tumors showed at least 

some positive staining, we observed reduced percentages of positive cells and a significantly 

decreased overall staining (one tailed paired Wilcoxon rank sum test; p = 1.2e−03) across all 

four markers in the hypermutated/MSI+ cases compared to matching tumors.

We next applied the DELLY workflow to detect SVs in our cohort. Overall, we observed 

a heterogeneous distribution of SV events between patients and a fairly homogenous 

distribution between patient-matched tumors (Figure 1D). Multiple genes were recurrently 

affected by SV alterations in the cohort, including TP53 and DLG2, known to reside in 

a common fragile site, FRA11F [46], both genes having previously been implicated in 

osteosarcoma [10]. A total of 9 out of 13 patients in the cohort showed SVs in TP53. For 

most of these patients, SVs in TP53 were found in all available tumor samples (primary, 

metastasis and recurrent), with the exception of patients 10 and 11, which had TP53 SVs 

in only the metastasis or primary tumor, respectively. Despite intron 1 representing roughly 

half of the gene length, all nine SV breakpoints are restricted to intron 1, consistent with 

previous reports [47] (see supplementary material, Figure S1B). In contrast, SVs in DLG2, a 

gene spanning over 2 Mbp, were scattered across the entire locus.

Mutation signatures

To evaluate the mutational processes that may underlie osteosarcoma development, we 

inferred mutation signature profiles based on the fraction of mutations in each possible 

trinucleotide combination [48]. This was done for each tumor with the exception of D4P, 

which had too few mutations. By deconvoluting the mutational profiles, we detected 
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10 out of 30 COSMIC signatures as the most highly represented in our cohort (i.e. 

representing at least 15% of individual tumors) (Figure 2A). Furthermore, these 10 COSMIC 

signatures collectively represented more than 40% of each signature profile. Signatures 3, 

5, and 8 contribute between 10 and 20% of most tumor profiles, consistent with what 

has been previously described in osteosarcoma [43]. Although signatures 5 and 8 have 

not been associated with a specific etiology, signature 3 has been linked to deficiency 

in DNA double-strand break-repair by homologous recombination. Furthermore, signature 

3 is strongly associated with BRCA1/2 alterations and has been linked to ‘BRCAness’, 

described in osteosarcoma [11]. The ultrahypermutated D3P primary sample showed a 

unique signature contribution, with signatures 4 and 18 accounting for most of its mutation 

profile. Signature 4 is commonly associated with tobacco mutagens although its significance 

in this case remains unknown [48], while signature 18 is of unknown etiology. With 

the exception of D3P, the mutational profiles were similar between tumors, although we 

note that metastatic samples tended to have a more homogeneous distribution in signature 

composition compared to primary samples.

Germline variants

A previous study found that ∼8% of all pediatric and 18% of osteosarcoma patients carry 

potential predisposing genetic alterations [27], highlighting the importance of assessing 

the germline status of cancer-related genes. To identify genes with germline alterations 

we performed variant calling on the 13 available normal samples. We removed common 

population variants and focused exclusively on variations predicted to be pathogenic or 

potentially pathogenic in a set of ∼1000 genes previously implicated in cancer [26]. We 

found multiple germline alterations in 21 of these genes, with all patients except one 

showing variations in at least one of these genes (Figure 2B and see supplementary material, 

Table S4). Four of the altered genes (TSC2 p.A583T, GATA2 p.P250A, NFE2 p.R365W, 

and PDGFRA p.V544A) showed further loss of heterozygosity in the corresponding tumors. 

Two DNA polymerases, POLD1 and POLE, which have been associated with early onset 

cancers [49,50], showed missense alterations in two different patients. This included 

mutations in residues R19 and D287, all of which have been found substituted in a recent 

hypermutation screen [44]. Despite this association, we did not detect hypermutated status 

in any of the tumors derived from these two patients. Underscoring our findings, eight 

of these genes were found to be altered in germline samples of mixed sarcoma cohorts 

[27,50]. While a previous study found TP53 germline alterations, a hallmark of Li–Fraumeni 

syndrome, in 9.5% of pediatric osteosarcoma cases [51], we did not detect any TP53 
germline alteration in our cohort.

Copy number alterations

To assess the copy number alteration (CNAs) status of tumor specimens we employed the 

TITAN [30] probabilistic framework. Overall, we observed a strong correlation between 

CNAs across matched primary, metastatic and locally recurred tumors (Figure 3), and in 

particular in those CNAs previously reported in osteosarcoma [11,52]. Multiple regions 

showed recurrent alterations in more than 25% of both primary and metastatic samples, 

including amplifications at chromosomes 1p, 1q, 6p21, 8q, 14q, 17p13.1, and 21q and 

deletions at 3q13, 6q, chr10, chr11, 15, 16p, 17p13.2, and 19q. When we compared 
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the recurrence of CNAs (0.9 quantile threshold), we observed similar profiles at reduced 

frequency in the metastatic cohort (see supplementary material, Figure S3). A comparison 

of the CN status of genes in primary and metastatic tumors revealed correlations ranging 

from moderate (0.46–0.6) to strong (0.73–0.81) (see supplementary material, Figure 

S4), indicating that CNAs tend to be retained in metastases. Focusing on the genome 

distribution of relative CN, we found a single patient (D10) with significantly higher 

prevalence of CNAs in the metastatic sample compared to the primary, while three 

patients had primary tumors with a significantly higher prevalence of CNAs relative to the 

matched metastasis (see supplementary material, Figure S5). Therefore, osteosarcoma shows 

significant heterogeneity in this feature across primary tumor and metastatic lesions, with no 

clear enrichment for chromosomal instability in either specimen type.

Phylogenetic reconstruction of metastatic osteosarcoma

To determine the fraction of the mutational landscape retained in patient-matched metastases 

and local recurrences, we performed a phylogenetic reconstruction from all available tumors 

for each patient. This analysis was restricted to previously reported somatic alterations 

[10,11,13,14] (Figure 4). The proportion between trunks (showing genes and genomic 

regions altered in primary or primary-relapse and retained by metastases) and primary 

branches varied greatly across the cohort, from 3% in the ultrahypermutated patient D3 

to more than 80% in some patients. In both cases with a local recurrence, the relapsed 

tumor shared more similarities with the primary tumor than the metastasis. Amplifications 

were the most commonly retained event, with seven regions retained in six or more 

metastases. The genomic region affected by the most trunk mutations was the short arm of 

chromosome 17, with both deletions, including TP53, and amplifications, including COPS3 
[53]. Amplifications on chr6p21, including RUNX2 and CCND3 [54], chr8q24, including 

MYC [55] and chr4q12, including KDR [14], were also frequently retained by the majority 

of metastases. Only three genes were recurrently altered by SNVs or SVs in matching 

primary-metastatic pairs; TP53 and RB1, recognized as potential drivers of osteosarcoma 

[10,11,13], and SETBP1, which has not been previously associated with osteosarcoma. 

SETBP1 was also altered in the germline of two additional patients (Figure 2B). When 

we focused on the private mutations of individual tumors, we failed to identify genes or 

genomic regions preferentially altered in the primary or metastatic tumors.

By examining the overlapping regions between breakpoints identified from DELLY 

in the primary and metastatic groups, we observed variable degrees of retention (see 

supplementary material, Figure S6). Some metastases share little (<10%) or no overlap 

in terms of SVs with the paired primary tumor, with the overlap varying between 0 and 30% 

of the breakpoints.

Vascular endothelial growth factor receptor alterations in osteosarcoma metastases

While not uniquely mutated in metastatic samples, we found several receptor tyrosine 

kinases preferentially altered in the metastases. For example, one alteration unique to the 

metastatic sample was a missense mutation (D964H) in the kinase insert domain receptor 

(KDR), a VEGF receptor. Additional missense mutations have been found in KDR (S965R 

and E990G) in separate osteosarcoma cohorts [13,56]. We also found a metastasis-specific 
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mutation (E939A) in the tyrosine kinase domain of another VEGF receptor, Fms Related 

Tyrosine Kinase 1 (FLT1) in another patient. We detected KDR protein expression in three 

out of seven osteosarcoma cell lines and variable levels of FLT1 in all tested cell lines 

(see supplementary material, Figure S7). However, after expressing proteins containing these 

missense alterations in U2OS cells, we did not detect enhanced activation (phosphorylation) 

compared to wild type proteins (data not shown). The consequence of these mutations on 

kinase activity thus remains inconclusive.

KDR is recurrently amplified, highly expressed and associated with poor outcome in 
osteosarcoma

We next sought to determine whether genes mutated in metastatic tumors were also 

affected by CNAs across the cohort. We observed that KDR is commonly amplified in 

chr4q12 (Figure 5A) and that amplifications in this region were recurrently retained in 

7 out of 10 metastases (Figure 4). While the size and the position of the amplified 

regions vary across the cohort, KDR shows CN gains (relative CN status >0.9 quantile) 

in 50% of the cohort. By comparing gene expression levels between primary osteosarcomas, 

mesenchymal stem cells and osteoblasts from an independent publicly available dataset 

(GSE42352) [57], we found KDR mRNA levels were significantly higher in the tumors 

(see supplementary material, Figure S8A), suggesting that somatic alterations such as 

amplifications lead to higher KDR expression. Furthermore, when we stratified patients in 

a separate osteosarcoma dataset (GSE21257) [58], we found KDR mRNA was significantly 

associated with shorter metastasis-free survival (see supplementary material, Figure S8B). 

To assess KDR protein levels in osteosarcoma, we performed IHC on a TMA representing 

30 pediatric osteosarcoma cases. As controls, six normal cores including muscle, placenta, 

kidney, testis, lymph node and liver were also included. As expected, vascular endothelial 

cells in normal organs were strongly immunoreactive for KDR. In addition, osteosarcoma 

cells exhibited various degrees of positivity. Kaplan–Meier survival analysis revealed 

that high KDR immunoreactivity was predictive of unfavorable outcome in this cohort 

(Figure 5B–D), suggesting a potential role for this protein in osteosarcoma progression. 

Underscoring our findings, a KDR inhibitor, Apatinib, has been shown to repress the growth 

of osteosarcoma in vivo [59].

Discussion

While multiple studies in recent years have identified high chromosomal instability with 

numerous SVs as the most characteristic hallmark of primary osteosarcoma, little is 

known regarding the mutational landscape of metastatic tumors. In this study, we used high-

throughput sequencing to shed light on osteosarcoma evolution and metastatic progression. 

While most cases in our cohort showed low overall mutational burdens, two primary tumors 

fell into the hyper- and ultrahypermutated tumor category, the latter of which is to our 

knowledge the first reported example of this process in osteosarcoma. Most SNVs in the 

two primary tumors were not retained in the matched metastatic clones. This may be due 

to negative selection during treatment, or an uncharacterized interaction with the metastatic 

microenvironment. In fact, we failed to identify recurrent mutational events among the 

metastatic tumors, similar to another study of primary and matched metastatic tumor pairs 
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in osteosarcoma [60]. While several alterations found in metastatic tumors might lead to 

common pathway activation or disruption, validation with larger cohorts will be necessary to 

resolve this question.

Heterogeneous losses for multiple MMR markers were detected in the hypermutant/MSI+ 

tumors and while the interpretation of variable staining for these proteins is still the subject 

of debate [61], it reflects the heterogeneity observed at the genomic level. Notably, while 

no genomic alterations of the MMR complex were detected in D1P, loss of MLH1 protein 

expression is often the result of promoter hypermethylation [62], and PMS2 stability appears 

to depend directly on the presence of MLH1 [63].

At the germline level, patients showed multiple potentially pathogenic alterations in a set 

of 21 genes previously associated with malignancy. Germline alterations in 8 of the 21 

genes have previously been reported in osteosarcoma and mixed sarcoma cohorts [27,50]. A 

total of 7 out of 13 patients showed multiple alterations in different members of the DNA 

damage response pathway, suggesting that loss of DNA repair activity might play a role in 

osteosarcoma.

Phylogenetic analysis showed a higher overall conservation of CNAs between primary 

and metastatic lesions from the same patients, compared to SNVs, in line with another 

matched primary and metastatic osteosarcoma cohort [60]. In the metastatic samples, several 

recurrent mutations affected genes previously identified as implicated in osteosarcoma 

formation: TP53, RUNX2, COPS3, MYC, CCND3, KDR, and RB1 [10,11,13,14, 53–55]. 

This finding underscores the functional role for these alterations in primary tumors as well 

as in metastatic progression. The greater degree of retention of CNAs compared to SNVs 

suggests that chromosomal aberrations likely arise earlier in tumor evolution. Due to the 

central role observed for SVs and CNAs, future studies will need to rely on higher-coverage 

WGS to determine which of these events play a driver role in osteosarcoma progression. 

Metastasis specific alterations may have been missed in sequencing of the primary tumors 

due to tumor heterogeneity or limited coverage, or they may have arisen later, potentially 

induced by treatment. Sequencing spatially and temporally separated tumor samples at 

higher coverage will be essential to better understand tumor evolution and clonality.

Two metastatic samples in the cohort showed unique mutations in two different VEGF 

receptors, KDR and FLT1. When we expressed full-length KDR and FLT1 receptors with 

the above SNVs in U2OS cells, we did not observe increased kinase activity. These amino 

acid substitutions may therefore bestow other functions, such as altering the capacity of 

RTKs to bind critical interaction partners involved in downstream signaling [64–66], such as 

Src [67].

Recurrent gains of KDR were observed in 7 (54%) of the 13 primary tumors and were 

retained in patient-matched metastases, suggesting a central role of this kinase in the 

proliferation of both primary and metastatic tumors. Moreover, IHC revealed a strong 

association between high KDR protein levels and poor outcome in osteosarcoma, further 

highlighting the potential importance of this pathway in metastatic osteosarcoma.
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Figure 1. 
Somatic mutations in the pediatric osteosarcoma cohort. (A) Fractions of the indicated 

color-designated coding SNVs identified in primary (P), local recurrence (R) and metastatic 

(M) samples grouped by patient numbers (D1 –13). Total SNVs per patient are indicated 

above each column. (B) Number of somatic mutations per megabase (Mb) identified in 

coding regions of each of the 26 tumor samples. One tumor was classified as hypermutant 

(>10 Mb) and one as ultrahypermutant (>100 Mb), while the remainder were classified 

as nonhypermutated (<10 Mb). (C) Transition (TI)/transversion (TV) graph showing the 

percentage of each type of the six possible base pair substitutions. For the hypermutated 

tumor, D3P, C to A transversions contributed to the vast majority (>90%) of substitutions. 

(D) Fractions of structural variant (SV) types, translocations (TRA), inversions (INV), 

duplications (DUP) and deletions (DEL) across the tumor cohort. Total numbers of SVs per 
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patient are reported along the top. Matching tumors are grouped by the indicated patient 

numbers.
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Figure 2. 
Mutational signatures and germline variants. (A) Heatmap showing percentages of the 

mutational profiles of each tumor that can be explained by the corresponding COSMIC 

signature shown on the right. Only signatures contributing to ≥15% of any individual 

tumor profile are included. (B) Germline mutations identified in the 13 normal samples 

(D1N–D13N) and predicted to be potentially deleterious by Polymorphism Phenotyping 

(PolyPhen) or by sorting intolerant from tolerant (SIFT) and with CADD–PHRED score > 
10, in 21 genes previously associated with cancer as part of the OncoKB database. Green 

scale intensity corresponds to CADD-PHRED score. A score greater than 20 indicates that 

the substitution is predicted to be more deleterious than 99% of all possible substitutions 

of the human genome and a score greater than 30 more deleterious than 99.9%. Frameshift 

mutations (insertion or deletion) are color-coded as indicated. Genes are grouped based on 
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gene ontology categories; gene names colored in a darker shade belong to both adjacent 

categories.
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Figure 3. 
Copy number alterations in pediatric osteosarcoma. Copy number profiles as computed by 

TITAN for each tumor in the cohort, showing gains (red) and losses (blue) as indicated in 

the heat map on the right. Relative genomic locations are represented on the top. Zoomed 

in areas highlight examples of regions with high (left and center panels) and low degrees 

of conservation (right panel) across the indicated primary (P)/local recurrence (R)/metastatic 

(M) tumor trio.
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Figure 4. 
Phylogenetic trees of primary, local relapses and metastatic tumors. The barplot shows the 

frequency of genes and chromosomal locations recurrently altered in the primary tumors 

and retained by matching metastasis. The phylogenetic trees show the number of alterations 

common to primary and metastatic tumors (black), common to primary and local relapse 

(gray), private to the primary (blue), to the local relapse (green) or to the metastasis 

(orange). Tree branches are proportional to the number of alterations. Trunk alterations 

are reported for each matching pair. Adjacent cytoband names are merged into ranges for 

improved readability.
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Figure 5. 
KDR is recurrently amplified in osteosarcoma and associates with poor outcome. (A) 

Relative copy number status of different chromosome four segments, including the KDR 
genomic locus, showing recurrent copy number gains (red) across the tumor cohort. (B) 

Representative examples of KDR IHC of Grade I and IV osteosarcomas. (C) Kaplan–Meier 

curves of patients with high (H-score > 15) compared to low (H-score ≤ 15) KDR (p < 0.05, 

log rank test). (D) KDR IHC of the indicated normal organ tissue sections. Only vascular 

endothelial cells show appreciable immunoreactivity, as shown in the inserts.
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