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Objective: The limited understanding of correlation between genomic features and biolo-
gical behaviors has impeded the therapeutic breakthrough in osteosarcoma (OS). This study 
aimed to reveal the correlation of mutational and evolutionary traits with clinical outcomes.
Methods: We applied a case-based targeted and whole exome sequencing of eleven matched 
primary, recurrent and metastatic samples from three OS patients characterized by different 
clinical behaviors in local recurrence or systematic progression pattern.
Results: Extensive OS-associated driver genes were detected including TP53, RB1, NF1, 
PTEN, SPEN, CDKN2A. Oncogenic signaling pathways including cell cycle, TP53, 
MYC, Notch, WNT, RTK-RAS and PI3K were determined. MYC amplification was 
observed in the patient with shortest disease-free interval. Linear, branched or mixed 
evolutionary models were constructed in the three OS cases. A branched evolution with 
limited root mutation was detected in patient with shorter survival interval. ADAM17 
mutation and HEY1 amplification were identified in OS happening dedifferentiation. 
Signatures 21 associated with microsatellite instability (MSI) was identified in OS patient 
with extra-pulmonary metastases.
Conclusion: OS was characterized by complex genomic alterations. MYC aberration, 
limited root mutations, and a branched evolutionary model were observed in OS patient 
with relatively aggressive course. Extra-pulmonary metastases of OS might attribute to 
distinct mutational process pertaining to MSI. Further research in a larger number of people 
is needed to confirm these findings.
Keywords: osteosarcoma, clinical behavior, root mutation, evolution, extra-pulmonary 
metastase, microsatellite instability

Introduction
Osteosarcoma (OS) is the most common primary malignant bone tumor in child-
hood and adolescence, with a second peak of incidence in elderly individuals over 
60 years old.1 OS exhibits highly aggressive nature and about 20% of OS patients 
have distant metastases at initial diagnosis. With advent of multi-drug neoadjuvant 
and adjuvant chemotherapy along with surgical removal with adequate margins, the 
5-year survival has improved to 65~78% in patients with localized lesions, but less 
than 20% for patients with distal metastasis.1,2 Relapse recurs in 30%~40% of 
patients.3 The current status of OS underlines the urgency and importance of 
understanding both the clinical biological behavior and genetic profiles of meta-
static or recurrent tumors.
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In recent years, several high-throughput genomic studies 
have investigated the genomes of OS including primary site 
with matched metastasis and recurrence.4–6 They character-
ized the considerable levels of phenotypic heterogeneity, 
aneuploidy, and the high rate of complex chromosomic 
aberrations across the whole genome.7–9 The collection of 
the optimal dataset requires an effort to merge existing 
genomic/biological datasets with optimal clinical annotation 
to ease researcher’s work. However, few study has corre-
lated the profiling traits with biological behaviors in certain 
OS cases. And molecular characteristic of extra-pulmonary 
metastatic OS is scarcely explored. Biological behaviors and 
clinical outcomes can differ substantially between indivi-
duals with similar pathological characteristics in OS 
patients, which is probably due to the tremendous genomic 
heterogeneity. To gain a deeper insight of correlation 
between genomic features and biological behaviors in OS, 
we performed molecular profiling in three OS cases char-
acterized by different clinical course.

Materials and Methods
Subjects and Samples Collections
Three OS patients who receive treatment at the authors’ 
institution were enrolled. We retrospectively reviewed the 
medical record (supplementary material), pathology slides 
and the molecular profiling data. The treatment charts for 
each patient are summarized in Figure 1. Evaluation of OS 
necrosis rate after neoadjuvant chemotherapy was 

performed. The formula to calculate tumor cell necrosis 
rate (TCNR) was TCNR=(1-N/M)×100% as claimed in 
a previous study.10 Formalin-fixed paraffin-embedded 
(FFPE) or fresh tumor tissues of primary, recurrent and 
metastatic lesions and matched blood samples were trans-
ferred to a third part institution accredited by the College of 
American Pathologists and certified by Clinical Laboratory 
Improvement Amendments for genetic variation detection.

DNA Extraction and Sequencing
Genomic DNA was prepared for paired-end library con-
struction using a QIAamp DNA FFPE Tissue Kit and 
QIAamp DNA Blood Midi Kit (Qiagen, Hilden, 
Germany). FFPE-induced sequencing artefacts was con-
trolled mainly through the following aspects. Firstly, for 
DNA extraction, a FFPE sample underwent a pathologist 
review to ensure each sample at least had the area of one 
square centimeter, nucleated cellularity of 80% and tumor 
content of 20%. And specialized FFPE sample reagents 
were utilized for DNA extraction. Secondly, data quality 
was inspected and controlled by examining sequencing 
coverage and uniformity. The variation of CT/GA will be 
eliminated if the ratio of transition and transversion was 
too high. The genomic alterations were examined using 
the YuanSu panel. This panel covers 637 tumor-related 
genes, which were listed in the supplementary material. 
The targeted regions of YuanSu panel were captured and 
sequenced at a mean depth of 1000× with an Illumina 

Figure 1 Treatment timelines of the three patients. The blue boxes indicate the period of chemotherapy. The black dotted line denotes the point of resection surgery. APMI 
was chemotherapy regimen composed of adriamycin, platinum, methotrexate and ifosfamide. API was chemotherapy regimen composed of adriamycin, platinum and 
ifosfamide. IE was protocol combining ifosfamide with etoposide. P1, P2 and P3 represent patient no.1, patient no.2 and patient no.3, respectively. P1_P, P2_P and P3_P 
indicate the primary tumors of patient no.1, patient no.2 and patient no.3, respectively. P1_R1 and P1_R2 indicate the first and the second local relapses of patient no.1, 
respectively. P1_M1, P1_M2 and P1_M3 indicate three metachronous lung metastases of patient no.1. P2_M1 and P2_M2 indicate kidney metastasis and iliac fossa metastasis 
of patient no.2, respectively. P3_M indicates the proximal sartorius metastasis of patient no.3.
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NovaSeq 6000. These procedures followed the steps 
described as previously reported.11

Detection of Genomic Alterations
The raw sequencing data underwent stringent quality 
control of read depth and ratio of target capture. Clean 
reads were mapped to Human Reference Genome (hg19) 
using BWA-MEM. Genomic alterations were identified 
through the following methods: MuTect (v1.17) for sin-
gle nucleotide variants (SNVs); PINDEL (v0.2.4) for 
insertion–deletion mutations (Indels), a minimum of 5 
reads was required to support alternative calling. 
Variants with read depths less than 30× with strand 
bias larger than 10% or VAF < 0.5% were removed. To 
inspect the sensitivity of the mutation calling algorithm 
on sequence depth, we conducted an in silico simulation 
by down-sampling sequence reads using SAMtools 
(v1.3.1), followed by the same mutation calling steps 
for each down-sampled dataset. SnpEff3.0 for the func-
tional impact of these mutations; Control-FREEC v9.4 
(parameters: window = 50,000 and step = 10,000) for 
copy number variations (CNVs), deletion and duplica-
tion events were defined on a gene-by-gene basis.

For detecting gene rearrangements, paired-end reads 
with abnormal insert size of over 2000 bp aligned to the 
same chromosome or aligned to different chromosomes 
were collected and used as discordant reads. The group 
consisting of discordant reads with a distance less than 500 
bp formed a cluster and paired clusters were obtained 
according to the pairing relationship. Consistent break-
points from the paired-end discordant reads within 
a cluster were identified to establish potential rearrange-
ment breakpoints. The breakpoints were double confirmed 
by BLAT11 and the corresponding discordant reads were 
filtered for those uniquely mapped to the genome reference 
to constitute rearrangement supported reads. The resulting 
chimeric read candidates were genome annotated.

Signaling pathways where the mutated genes located 
were reported by the Cancer Genome Atlas Research 
Network.

Phylogenetic Tree
All SNVs were used to construct phylogenetic tree by 
Lineage Inference for Cancer Heterogeneity and 
Evolution (LICHeE) method.12 LICHeE utilizes the 
somatic SNV patterns of samples and their VAFs as line-
age markers to reconstruct phylogenetic tree.13 For each 

patient, we identified mutations that located on the trunk of 
the tree as “root mutations”.

Mutational Signatures
Somatic SNVs were divided into 96 trinucleotides 
(mutated base plus its sequence context) by 16 possible 
flanking nucleotide contexts.12,14 We obtained the signa-
ture probabilities matrix from COSMIC (version 2)15 and 
applied a decomposition algorithm from the R package 
deconstrucSigs (version 1.8.0).16

Results
Patient No.1
Patient no. 1 was an 18-year-old boy who was diagnosed 
with OS in left distal femur. He was administrated with 
neoadjuvant chemotherapy using adriamycin (A), cisplatin 
(P), methotrexate (M) and ifosfamide (I) (APMI protocol) 
for one cycle, followed by a limb-salvage procedure (spe-
cimen, P1_P). The TCNR of the specimen was reported to 
be 64.2%. Lung metastasis was confirmed and local recur-
rence was found 13 months after the initial treatment. 
Salvage chemotherapy protocol composed of ifosfamide 
and etoposide (IE) was given before reseciton of both local 
recurrence (specimen, P1_R1) and lung metastasis (speci-
men, P1_M1) successively. But another solitary lung 
metastasis occurred 9 months later (specimen, P1_M2) 
and anti-PD-1 strategy combined with IE protocol were 
introduced. Five months later, a second local recurrence 
(specimen, P1_R2) and lung metastasis (specimen, 
P1_M3) were resected (Supplementary Figure 1).

Patient no.1 was at a quintessential onset age and 
represented the typical OS with reiterative recurrence and 
lung metastasis. The tumor progressed relatively slowly. 
Sequencing on samples of patient no.1 validated 14 SNVs/ 
Indels, 3 gene homozygous deletions, 2 fusion/rearrange-
ments, 2 truncation mutation and 1 gene amplification. 
CDK8 (c.646+3G>A) and TP53 (c.721dup) were the two 
root mutations (2/22, 9.1%) shared by all samples. Two 
distinct TP53 variants (c.721dup and c.713G>A) were 
simultaneously detected in samples except P1_M3, in 
which only TP53 (c.713G>A) was validated. 
Homozygous deletion of RB1, another common driver 
gene of OS, were only observed in P1_P (Figure 2A). 
Oncogenic signalings where these mutations located in 
patient no.1 included TP53, cell cycle, RTK-RAS, Notch 
and PI3K. TP53 pathway was the only concomitant dys-
functional oncogenic signaling present in all the five 
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Figure 2 Mutation profile of the three patients. Panel (A–C) show mutational profiling in patient no.1, patient no.2 and patient no.3, respectively. The heat map indicates the 
presence of a mutation or its absence (gray) in each sample. The color bars below the heat map indicate classification of mutations. Green bar indicates substation or indel. 
Red bar indicates amplification. Blue bar indicates homozygous deletion. Yellow bar indicates fusion or rearrangement. Purple bar indicates truncation mutation. P1_P, P2_P 
and P3_P indicate the primary tumors of patient no.1, patient no.2 and patient no.3, respectively. P1_R1 and P1_R2 indicate the first and the second local relapses of patient 
no.1, respectively. P1_M1, P1_M2 and P1_M3 indicate three metachronous lung metastases of patient no.1. P2_M1 and P2_M2 indicate kidney metastasis and iliac fossa 
metastasis of patient no.2, respectively. P3_M indicates the proximal sartorius metastasis of patient no.3.
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specimens (Figure 3A). These results indicated the signifi-
cance of TP53 inactivation during tumor origination and 
progression. To better identify the key molecular events 
during tumor evolution, we inferred ancestral relationships 
and constructed the phylogenetic tree. The phylogenetic 
tree demonstrated a evolutionary pattern in which the 
ancestral cells of metastatic or recurrent tumors might 
deviate at the early stage during the development of pri-
mary tumor. It was noteworthy that P1_R1 derived from 
two different branches, which might underlie the presence 
of at least two different clones within P1_R1 and reflect 
the intratumor heterogeneity (Figure 4A).

Patient No.2
Patient no.2 was a 27-year-old male diagnosed with OS in 
left distal femur. A solitary pubic metastasis was found 4 
years after standard chemotherapy at TCNR of 92.8% and 
a limb-salvage surgery (specimen, P2_P). Then, kidney 
metastasis (specimen, P2_M1) occurred 9 months after 
completion of chemotherapy following pubis resection. 
Iliac fossa metastasis (specimen, P2_M2) was found dur-
ing 3-month follow-up after the nephrectomy. No lung 
metastasis was detected till sysmatic metastases to pan-
creas, lung, mesentery, muscles and lymph nodes. 
Pathology of subsequent bone and visceral metastases all 
revealed undifferentiated sarcoma (Supplementary 
Figure 2).

Patient no.2 was initially diagnosed with OS at 
a typical site but with a relatively uncommon age. 
Moreover, pathological phenotype of the subsequent rare 
metastases to bone, kidney and contralateral iliac fossa 
transformed into undifferentiated sarcoma. Despite patho-
logical transversion, genomic profiling of metastatic 
lesions showed high similarity. Much more gene amplifi-
cations and higher fraction of root mutations (12/33, 
36.4%) were reported in patient no.2. These root mutations 
included RB1, mismatch repair gene MLH1, tyrosine 
kinase ABL1, serine kinase AKT3 (Figure 2B). To deeply 
shed light on the molecular events during extrapulmonary 
metastase, we applied extra Whole Exome Sequencing 
(WES) on the samples of patient no.2 and filtered the 
metastasis-associated mutations based on data previously 
reported17–19 (see supplementary material). A concomitant 
HEY1 amplification was determined in both primary and 
metastatic tumors. Another ADAM17 mutation was selec-
tively detected in P2_M1 and P2_M2 (Figure 5). No TP53 
variant was discovered. These mutations referred to onco-
genic pathways like cell cycle, Notch, PI3K, PTK-RAS 

and WNT, which were similar to that of patient no.1 
(Figure 3B). Phylogenetic tree was reconstructed based 
on SNVs detected by the panel. It was revealed that patient 
no.2’s tumor went through a linear evolutionary process, 
with a relatively longer trunk (Figure 4B).

To evaluate the mutational events that might account 
for extra-pulmonary metastases, we inferred mutation sig-
nature profile of patient no.2 based on WES results. 
Signature 1 (spontaneous deamination of 5-methylcyto-
sine), signature 6 (defective DNA mismatch repair 
(dMMR) and microsatellite instability (MSI)), signature 
12 and signature 14 (with unknown etiology), along with 
signature 29 (tobacco chewing) were enriched in both 
primary and metastatic sites. Interestingly, signature 21 
(probably associated with MSI) was selectively enriched 
in P2_M1 (Figure 6).

Patient No.3
Patient no.3 was a 13-year-old boy diagnosed of OS at left 
distal femur with a nearby skip lesion on MRI. Routine 
APMI was given before the surgical removal (specimen, 
P3_P) with a TCNR of 85.3%. However, proximal sartor-
ius metastasis (specimen, P3_M) occurred rapidly 3 
months after the surgery. This patient suffered systematic 
progression and died eventually in spite of the radical 
treatment with IE and apatinib (Supplementary Figure 3).

Patient no.3 was characterized by a more aggressive 
course than previous two patients. Profiling revealed 
extreme disparity between primary and metastatic lesions, 
with root mutation fraction of 8.3% (2/24). The two shared 
mutant genes were MYC and RANBP2. TP53 and RB1 
were both detected in P3_P. Furthermore, instead of SNVs, 
much more amplification aberrations were identified 
(Figure 2C). Dysfunctional oncogenic signalings in patient 
no.3 showed similarity with previous two patients 
(Figure 3C). Phylogenetic analysis on the P3_P and 
P3_M revealed remarkably branched evolution without 
shared SNVs determined by the panel (Figure 4C).

Integrative Analysis of the Three Patients
To better correlated molecular features with biological 
behaviors, we defined disease-free intervals as duration 
from the initial surgery to the first relapse or metastasis 
to signify the malignant level of three OS cases. Disease- 
free intervals of the three patients were 13 months, 41 
months and 3 months, respectively. Root mutation fraction 
of the three OS cases were 2/22 (9.1%), 12/33 (36.4%) and 
2/24 (8.3%), respectively. Low root mutation proportion 
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Figure 3 Oncogenic pathways of the three patients. Panel (A–C) show oncogenic pathways where the detected mutations located in patients no.1, patient no.2 and patient 
no.3, respectively. The heat map indicates the presence of a mutation or its absence (gray) in each sample. The color bars next to the heat map indicate classification of 
mutations. Green bar indicates substation or indel. Red bar indicates amplification. Blue bar indicates homozygous deletion. Yellow bar indicates fusion or rearrangement. 
Purple bar indicates truncation mutation. P1_P, P2_P and P3_P indicate the primary tumors of patient no.1, patient no.2 and patient no.3, respectively. P1_R1 and P1_R2 
indicate the first and the second local relapses of patient no.1, respectively. P1_M1, P1_M2 and P1_M3 indicate three metachronous lung metastases of patient no.1. P2_M1 
and P2_M2 indicate kidney metastasis and iliac fossa metastasis of patient no.2, respectively. P3_M indicates the proximal sartorius metastasis of patient no.3.
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tended to correlated with shorter disease-free interval. 
MYC amplification was only detected in patient no.3 
with the worst clinical prognosis. Although good response 
to adjuvant chemotherapy had been identified as 
a favorable prognostic prediction,20 contradiction existed 
in cases of patient 1 and patient 3 (13 months with TCNR 
of 64.2% for patient 1, and 3 months with TCNR of 85.3% 
for patient 3), suggesting a pitfall of pathological manifes-
tation for prognostic evaluation.

Oncogenic signaling pathways involved in the tumor-
igenesis showed similarity amongst these three cases. 
PI3K, RTK-RAS, Notch and cell cycle associated path-
ways were dysregulated in all the three patients.

Phylogenetic reconstructions reveal different patterns for 
tumorigenesis. Patient no.2 showed a linear evolution with 
lots of trunk mutations, while patient no.3 tended to go 
through a branched evolutionary process in which the primary 
and metastatic tumors deviated in an early stage. Tumor of 
patient no.1 probably developed through a much more com-
plicated process with the features of both linear and branched 
evolutions. Tumor with branched evolutionary tendency 
seemed to be associated with shorter disease-free interval.

Discussion
Despite advance in molecular profiling over recent dec-
ades, few research has correlated the profiling traits with 
biological behaviors in certain OS cases. And molecular 

characteristic of extra-pulmonary metastatic OS is scarcely 
explored. We performed molecular profiling in three cases 
of primary, refractory and metastatic OS to explore corre-
lation of molecular characteristics with clinical behaviors.

In line with the previous research,6,21 TP53 and RB1 
were the most pervasive-driving mutations, but were only 
simultaneously present in patient no.3. Signalings includ-
ing PI3K, RTK-RAS, Notch and cell cycle were the most 
common oncogenic pathways affected in three OS 
patients. These pathways have been previously identified 
and represent therapeutic targets for OS.22,23

Root mutation was calculated to measure the subclonal 
complexity and disparity. Hoon Kim et al24 had pointed 
out that increasing complexity of subclonal constitution 
was associated with favorable event-free survival, because 
time was needed for a dominant subclone to develop. 
Alternatively, the absence of a dominant aggressive clone 
might hinder tumor growth as a result of cells competing 
for space and nutrition. In marked contrast to that, we 
found that patient with less root mutations and branched 
evolution was prone to have shorter survival time. Wang 
et al has reported that, compared with linear evolution, 
tumors with parallel evolutionary pattern usually shared 
limited mutations between primary and metastatic clones 
and relapsed more quickly from the initial surgery, which 
was also confirmed by our results.6 This can be interpreted 
by that tumors with lower root mutation proportion might 

Figure 4 Phylogenetic trees of the three patients. Panel (A–C) represent phylogenetic tree of patient no.1, patient no.2 and patient no.3, respectively. Branch lengths are 
proportional to the number of somatic mutations separating the branching points. Potential driver mutations were acquired by the indicated genes in the branch (arrows). 
P1, P2 and P3 denote patient no.1, patient no.2 and patient no.3, respectively.
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accumulate more mutant genes affecting more oncogenic 
pathways, which might provide tumors with more routes 
to escape therapeutic and selective pressure. And branched 
evolutionary potential usually led to massive substrates for 
selection, forming a dominant subclone that showed much 
more malignancy. Therefore, root mutation proportion and 
branched evolution process might reflect the clinical 

outcome. Furthermore, MYC amplification (patient no.3) 
was merely detected in patient no.3 with shortest survival 
interval. It was reported that in OS cells, high expression 
of MYC promotes cell proliferation and migration,25,26 

which were also backed up by our findings.
Lung (90%) was the most common site of OS relapse.27 

Nevertheless, molecular mechanism for extra-pulmonary 

Figure 5 Metastasis-associated mutations of all OS samples. The heat map indicates the presence of a mutation or its absence (gray) in each sample. The color bars next to 
the heat map indicate classification of mutations. Green bar indicates substation or indel. Red bar indicates amplification. Blue bar indicates homozygous deletion. Yellow bar 
indicates fusion or rearrangement. Purple bar indicates truncation mutation. P1_P, P2_P and P3_P indicate the primary tumors of patient no.1, patient no.2 and patient no.3, 
respectively. P1_R1 and P1_R2 indicate the first and the second local relapses of patient no.1, respectively. P1_M1, P1_M2 and P1_M3 indicate three metachronous lung 
metastases of patient no.1. P2_M1 and P2_M2 indicate kidney metastasis and iliac fossa metastasis of patient no.2, respectively. P3_M indicates the proximal sartorius 
metastasis of patient no.3.
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metastasis has been scarcely explored. To evaluate the 
mutational processes that might underlie OS extra- 
pulmonary metastasis, we inferred mutation signature of 
patient no.2. Previous research has revealed the enrichment 
of deficient DNA repair mechanism signatures in OS lung 
metastasis,6 which was also confirmed in patient no.2. Of 
note, signature 21 was selectively present in renal metasta-
sis. Signature 21 was previously found only in four gastric- 
cancer samples and was probably associated with MSI. But 
MSI was deemed less prevalent in soft tissue sarcoma.28 

Furthermore, MSI characterized by signature 21 in this case 
was not strictly correlated with MMR protein loss, since 
MLH-1 was mutant in all samples of patient no.2. Thus, we 
suppose that a distinct mechanism other than dMMR might 
exist leading to this instability, as previously documented in 
Ewing sarcoma.29

The cause of transformation from OS into undiffer-
entiated sarcoma in patient no.2 can be complex. 
Partially, we propose that initial tumorigenesis of OS 
involves gradual loss of differentiated phenotype and 
acquisition of stem cell-like features (defined as stem-
ness). The subsequent metastatic tumors probably 
derived from these dedifferentiated progenitor cells. 
Moreover, undifferentiated tumors are more likely to 
result in distant dissemination, causing disease progres-
sion and poor prognosis.30–32 The stemness and metas-
tases of patient no.2 probably attributed to ADAM17 

alteration and HEY1 amplification. ADAM17 (also 
known as TNF-α-converting-enzyme) is a family mem-
ber of a disintegrin and metalloprotease domain 
(ADAM) and has been identified to function as 
a signaling scissor in the tumor microenvironment,33 

contributing to tumorigenesis and tumor 
progression.34,35 Additionally, ADAM17 promotes 
epithelial-mesenchymal transition (EMT) through the 
transforming growth factor-β/mothers against decapenta-
plegic homolog signaling pathway, which might account 
for the initial dedifferentiation and elevated metastatic 
potential.36 The overexpression of ADAM17 is signifi-
cantly associated with poor differentiation level37 and is 
an independent factor to predict tumor prognosis.38 

Furthermore, ADAM17 also triggers the EGFR onco-
genic pathway, which implicates the potential for patient 
no.2 to receive anti-EGFR treatment.39 HEY1 gene 
encodes a nuclear protein belonging to the hairy and 
enhancer of split-related (HESR) family of basic helix- 
loop-helix (bHLH)-type transcriptional repressors. 
Expression of HEY1 is generally induced by the Notch 
signal transduction pathways. HEY1 was reported to be 
essential for the transforming growth factor-β-dependent 
EMT, enhancing stemness, cell invasion and migration 
in cancers.40 HEY1 has been identified as a candidate 
oncogene in glioblastoma,41 rhabdomyosarcoma,42 hepa-
tocellular carcinoma,43 head and neck squamous cell 

Figure 6 Mutation signature of patient no.2. The color bars below the graph indicate different tumor samples. Blue bar represents primary tumor of patient no.2 (P2_P). 
Orange bar represents renal metastasis of patient no.2 (P2_M1). Green bar represents iliac fossa metastasis of patient no.2 (P2_M2).
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carcinoma.44 It is also associated with poor prognosis in 
head and neck squamous cell carcinoma44 and esopha-
geal squamous cell carcinoma.45 In osteosarcoma cell 
lines, the expression level of HEY1 was positively cor-
related with the tumorigenicity.46 And, it was also docu-
mented that HEY1 augmented the metastasis of 
osteosarcoma via upregulation of matrix metallopepti-
dase 9 (MMP9). Knockdown of HEY1 decreased the 
expression of MMP9 and rescued the invasion of osteo-
sarcoma cells.47

One limitation of our study is the small sample size. 
Therefore, we can not well confirmed the interpretation of 
genomic characteristics with biological behaviors. 
Furthermore, we used single tumor samples taken at one 
time point during the disease progression and the panel we 
used did not cover all altered genes. Thus, we likely under-
estimated the true extent of molecular events within tumors.

Conclusions
In conclusion, OS was characterized by complex genomic 
alterations. MYC aberration, limited root mutations, and 
a branched evolutionary model might be observed in OS 
patient with relatively aggressive course. Extra-pulmonary 
metastases of OS might attribute to distinct mutational 
process pertaining to MSI. Further research in a larger 
number of people is needed to confirm these findings.
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