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Background: Osteosarcoma (OTS) is aggressive bone malignancy without well-
recognized prognosis biomarker. Tumor mutational burden (TMB) has been proved as
effective biomarker in predicting clinical outcomes in several cancer types. However, its
prognostic value in OTS remains unknown. In this study, we aim to evaluate the
implication of TMB in OTS patients.

Methods: To depict the landscape of somatic mutations in OTS, we performed Whole-
Exome Sequencing (WES) on 31 OTS tissue samples and corresponding White Blood
Cells (WBCs) as matched control. TMB was calculated as the total number of somatic
alterations in coding regions normalized to the per sequenced genomic megabase
(~30.4Mb in WES). The prognostic values of TMB were evaluated by Kaplan-Meier
methods and Cox regression models.

Results: The median age was 16.0 years at diagnosis, and 54.8% of patients were male.
The most common genetic alterations were mainly involved in cell cycle and DNA damage
response and repair, including H3F3A, TP53, MYC, and CDKN2A/B. The median
progression-free survival (PFS) was 775.5 days in TMB-High (defined as third quartile of
TMB value, <2.565) versus 351 days in TMB-Low (<2.565). All patients with TMB-High are
PFS-Long (>400 days), while 36.4% of all patients with TMB-Low were PFS-Long
(P=0.003). TMB were significantly greater in PFS-Long than in PFS-Short (<400 days)
(P=0.002). Moreover, the median overall survival (OS) was 1,307 days in TMB-High versus
672.5 days in TMB-Low. Furthermore, TMB-High group had significantly improved PFS
(P=0.04) and OS (P=0.03).

Conclusions: TMB-High can be used as prognostic marker for OTS. Our findings
demonstrate that TMB may be helpful in combination with traditionally clinicopathologic
risk factors to optimize risk stratification and guide treatment decisions.

Keywords: tumor mutational burden, progression-free survival, overall survival, osteosarcoma, whole-
exome sequencing
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INTRODUCTION

Osteosarcoma (OTS) is a type of bone malignancy,
predominantly occurring in children and adolescents as well as
adults aged 40 years and over. Although neoadjuvant and
adjuvant chemotherapy or surgical resection improves the 5-
year survival rates from 20% to 70% since 1970s, the 5-year
survival rate for patients with metastatic or relapsed OTS is only
about 10%~30% (1, 2). Over the last 2 decades, chemotherapy is
still the first line option for patients initially diagnosed as OTS
(3). However, some patients with OTS don’t have durable
response, leading to poor prognosis. Informative prognostic
biomarker is in need for better patient’s stratification in terms
of medication strategy.

Numerous studies have demonstrated that tumor mutational
burden (TMB) is an independent biomarker to predict clinical
outcomes. TMB is defined as total number of non-synonymous
somatic mutations in coding areas of per tumor genomic
megabase. High TMB has been reported to correlate with
prolonged progression-free survival (PFS) and overall survival
(OS) in metastatic triple-negative breast cancer (4), melanoma
(5), NSCLC (6) and urothelial carcinoma (7). High TMB was
associated with better 5-year PFS than that of low TMB in
colorectal cancer (8). In contrast, high TMB had been shown
to be associated with worse PFS in rhabdomyosarcoma (RMS)
(9) and Ewing sarcomas (10). In addition, genomic alterations
and allelic Imbalances were significantly associated with poor
chemotherapy outcomes of patients with OTS (11, 12), while
another study examined the genomic variation using a panel of
15 genes and found that the mutations did not predict the
response to therapy (13). These controversial results suggest
that it is necessary to systematically evaluate the prognostic role
of TMB or gene alterations.

In this study, we characterized the genomic landscape of OTS
through whole-exome sequencing (WES) on OTS tissue and
corresponding WBC control samples. We found that the most
frequent genomic alterations were mainly enriched in cell cycle
and DNA damage response and repair (DDR). Moreover, we
used the TMB as prognostic factor to evaluate the impact on
clinical outcomes. The results suggested high TMB as an
independently prognostic marker associated with improved
survival in OTS patients.
MATERIAL AND METHODS

Ethics Approval and the Consent
to Participate
This study was conducted after approval by the independent
ethics committee and done in accordance with the ethical
principles derived from the Declaration of Helsinki,
International Conference on Harmonization Good Clinical
Abbreviations: OTS, osteosarcoma; PCLO, Piccolo presynaptic cytomatrix
protein; TMB, tumor mutational burden; WES, whole exosome sequencing;
PFS, progression-free survival; DFS, disease-free survival; OS, overall survival;
NGS, Next generation sequencing.
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Practice Guidelines and locally applicable laws and regulations.
Informed consent was obtained from each patient. This trial was
registered with ClinicalTrials.gov (NCT03336554).

Samples and Patients
Thirty-one patients diagnosed as high-grade OTS and verified by
two senior pathologists respectively from January 1st, 2014 to
December 10th, 2018 were included. These patients were given
neoadjuvant therapy followed by delayed definitive surgery and
adjuvant chemotherapy according to the Peking University
People’s Hospital-Osteosarcoma (PKUPH-OS) regimen, which
included high-dose methotrexate, cisplatin, doxorubicin and
ifosfamide. For patients with OTS progression after PKUPH-
OS regimen, they accepted further chemotherapy including
ifosfamide and etoposide or anti-angiogenesis tyrosine kinase
inhibitors based on their individualized conditions.

All tumor tissues and WBC samples used in this study were
collected in compliance with informed patient consents. This
study was performed under a protocol approved from the
Institutional Review Board (IRB) and in accordance with the
China Common Rule.

DNA Extraction, Next Generation
Sequencing
Genomic DNA was extracted from fresh-frozen samples using
QIAamp DNA Mini kit (Qiagen, 51306, Valencia, CA, USA)
according to the manufacturer’ s protocol, and fragmented for
constructing a library using KAPA Hyper Prep kits (KAPA,
KK8504) and captured using the Agilent SureSelect XT Human
All Exon v5 kit (Agilent Technologies, Santa Clara, CA, USA). On
Illumina NovaSeq6000 platform, whole exome sequencing was
performed on 31 tumors and corresponding WBC with average
depth of 326x and 143x, respectively (Supplementary Table S1).

Bioinformatics Analysis
Both tumor DNA samples and their matched normal DNA samples
were analyzed according to standardized computational workflow:
Raw sequence data (FastQ format) were trimmed and filtered using
Trimmomatic 0.33 using the following parameters: 1)
ILLUMINACLIP : TruSeq3-PE-adapter.fa:2:30:10:8:true; 2)
TRAILING:3; 3) SLIDINGWINDOW:4:15; 4) MINLEN:36 (14).
Paired-end clean reads were mapped to the human reference
genome (hg19) using the Burrows–Wheeler Aligner (BWA,
version 0.7.10-r789) by defaults parameters (15). Duplicate
removal, local realignment, and base quality recalibration were
performed using PICARD (http://broadinstitute.github.io/picard/,
version 1.103) and the Genome Analysis Toolkit (GATK, version
3.1-0-g72492bb) (16). Somatic single nucleotide variations (SNVs)
were called using Mutect (version 3.1-0-g72492bb) (17), using the
Catalogue of Somatic Mutations in Cancer (COSMIC) v54 and
dbSNP138 as reference sets of known somatic and germline
mutations, respectively. Small indels were called using strelka
(version 1.0.14) by defaults parameters with BAM as input (18).
Effects of variants were annotated using Variant Effect Predictor
(VEP, version 83, parameters “–everything, –fork 8, –buffer_size
1000”) (19). Each somatic variant was manually confirmed using
Integrative Genomics Viewer (IGV, version 2.3.34) (20).
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To identify significantly mutated genes (SMG), four
algorithms were used to define significantly mutated genes
(SMGs): MutSigCV (version 1.41; Benjamini-Hochberg false
discovery rate q value <0.1) (21), MuSiC (v0.4; at least two
FDR<=0.2) (22), OncodriveCLUST (V0.4.1; q-value <0.05) (23)
and Oncodrive-FM (version 1.0.3; q-value <0.05) (24). SMG was
defined if any gene was identified by more than one software.

Mutational signature analysis was performed using
nonnegative matrix factorization (NMF) (25). 30 known
signatures on COSMIC were used as reference. Somatic copy
number variants (CNVs) were called using Control-FREEC
(version 10.5) with default parameters (26). Recurrent copy
number alterations were identified using GISTIC 2.0, q value <
0.05 was considered significant peaks (27).

TMB was calculated in somatic mutations in coding regions
per megabase (MB). The OTS patients were divided into high
TMB (TMB-High, defined as ≥2.565) and low TMB (TMB-Low,
<2.565) groups by the third quartile of TMB value.

Clinical Data
The collected clinical data includes age, gender, tumor anatomic
location, histology subtype of tumors, tumor staging, surgical
margins and follow-up information including death, last contact,
vital status. Follow-up information was available for 30 patients
since one patient data was missing.

Statistical Analysis and Clinical
Outcome Evaluation
PFS and OS were defined as the time from treatment initiation to
the time of progression/last follow-up and death/last follow-up,
whichever came first respectively. The association of TMB with PFS
or OS were analyzed using univariate analysis and Cox proportional
hazards regression analysis (multivariate analysis). Spearman’s
correlation was used to analyze the correlation between TMB and
age. Statistical analyses were carried out using R (v.3.4.1). P value <
0.05 was considered statistically significant.
RESULTS

Sequence Data and Clinicopathological
Characteristics
We examined 31 OTS tumor and corresponding WBC control
samples by WES on Illumina NovaSeq6000 platform. The
fraction of Q20 data quality is not less 90% (tumor range:
90.79%–98.77%, WBC ranger: 89.27%–98.69%). WES of target
protein-coding sequence yielded a median of 327.34X tumor
(range: 176.58X–435.87X) and WBC 143.67X (range: 87.25X–
206.27X) distinct depth of average coverage. The median fraction
of exonic bases in target regions with at least 10 unique reads of
tumor and normal were 98.54% and 95.87%, respectively
(Supplementary Table S1).

The demographics and clinicopathological data of 31 patients
are summarized in Table 1. The median age was 16.0 years
(range: 5.0–59.0) at diagnosis, and 54.8% of patients were male.
Regarding histological subtypes, common subtypes (including
Frontiers in Oncology | www.frontiersin.org 3
osteoblastic, fibroblast and chondroblast) was the most frequent
subtype (28/31, 90.3%). Giant cell malignancy transformation
into osteosarcoma accounted for 6.5% (2/31). Small cell subtype
was the least common subtype (1/31, 3.2%). The primary tumor
sites included distal femur (13/31, 41.9%), distal radius (1/31,
3.2%), proximal tibia and femula (8/31, 25.8%), proximal femur
(2/31, 6.5%), proximal humerus (4/31, 12.9%), pelvic (2/31,
6.5%), and cervical vertebra (1/31, 3.2%).

The Landscape of Somatic Mutation
in OTS
The burden of coding mutations across the 31 OTS varied from 7
to 194 mutations per tumor (median=36, Supplementary Table
S2). Mutational signatures analysis identified prevalent signature
5 (cosine similarity = 0.75). Signature 5 was known to be
associated with age-related mutational process (28). Out of 31
OTS samples, 27 samples (27/31, 87.1%) harbored at least one
genomic alterations at exome scale, listed in the mutational
landscape (Figure 1). TP53 mutations were seen in patients
aged 10 years and over, while MYC mutations occurred in
patients aged ranged from 10 to 30 years, and CDK6 mutations
in patients aged less than 20 years. All somatic coding alterations
were summarized in Supplementary Table S2. We used four
algorithms to define SMGs and considered as positive SMGs with
at least two methods detected (Supplementary Table S3). TP53,
RB1, and FOXO3 were identified to SMGs (Figure 1).

The most frequent genetic alterations were shown in Figure
2. Among these mutated genes, 83.87% (26/31 samples) of the
mutated genes were mainly divided into two groups (Figure 2):
cell cycle (21/31 samples, 67.74%) and DDR-related genes (14/31
samples, 45.16%). Cell cycle-related genes included TP53
TABLE 1 | Baseline patient and tumor characteristics.

Osteosarcoma N=31
Age at diagnosis
Median (Range) 16.0 (5.0–59.0 years)

Gender
Male 17 (54.8%)
Female 14 (45.2%)

Histology Subtypes at diagnosis
Common subtypes (Osteoblastic, Fibroblast, and

Chondroblast types)
28 (90.3%)

Small cell subtype 1 (3.2%)
Giant cell malignancy transformation into osteosarcoma 2 (6.5%)

Primary site
Distal femur 13 (41.9%)
Distal radius 1 (3.2%)
Proximal tibia and femula 8 (25.8%)
Proximal femur 2 (6.5%)
Proximal humerus 4 (12.9%)
Pelvic 2 (6.5%)
Cervical vertebra 1(3.2%)

Stage at diagnosis
II A 1 (3.2%)
II B 22 (71.0%)
III 8 (25.8%)

Surgical margins achieved
Wide/Radical 16 (51.6%)
Marginal 15 (48.4%)
April 2021 | Volum
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(16.13%), MYC (19.35%), CDKN2A (12.9%), CDKN2B (12.9%),
CDK6 (9.68%), CDK4 (6.45%), RB1 (12.9%), and CCNE1
(9.68%). DDR-related genes included ATRX (9.68%), H3F3A
(12.9%), H3F3B (3.23%), ARID1A (6.45%), ARID1B (6.45%),
BRCA2 (6.45%), and BRD7 (6.45%). Besides, RYR2 (12.9%) and
CACNA1E (6.45%) are Ca2+ channel-related genes. Piccolo
presynaptic cytomatrix protein (PCLO, 12.9%) is involved
in establishing active synaptic zones and in synaptic
vesicle trafficking.

Significant fraction of mutated genes in our cohort belongs to
DDR and cell cycle related pathways, consistent with published
literature (28). We wonder whether any of mutated gene or
group of samples with deficiency in specific pathway correlates
with survival of OTS patients. Univariate survival analysis
showed that neither of these factors in our cohort was
associated with PFS or OS (Supplementary Table S4).

We wonder whether any of recurrent copy number
amplification or deletion event correlates with survival of OTS
Frontiers in Oncology | www.frontiersin.org 4
patients. Recurrent CNV events were selected in 5 samples at
least. Univariate survival analysis showed that amplification
region 17p12, 21q22.11, deletion region 8q24.3, 20q13.33 was
associated with PFS, deletion region 7p22.3 was associated with
OS (Table 2, Supplementary Table S5).

TMB-High Is Associated With Improved
Progression-Free Survival
To characterize TMB in OTS patients, we first analyzed the
distribution pattern of TMB (Figure 3A), correlation analysis
indicated that TMB was not associated with age (r= 0.10,
P=0.59). Secondly, all patients with PFS-Short (n=12, yellow)
had low TMB. Since high TMB is associated with PFS in several
cancer types [4~10], we investigated whether high TMB was
associated with PFS of patients with OTS. We defined TMB
≥2.565 (3rd quartile) as TMB-High and <2.565 as TMB-Low (9).
The mean PFS of TMB-High versus with TMB-Low was 947.75
(435.54–1459.96, 95% CI) versus 450.73 (256.97–644.49,
FIGURE 1 | The mutational landscape of somatic alterations. Mutated genes are listed on the left-side. The genes with the mutations occurring ≥4 per sample and
reported driver genes were included. Each column represents a sample. Top bar plot summarizes the numbers of mutations per sample shown with corresponding
age and gender. Different colors refer to mutational types and ages at low panel.
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95% CI) days, and the median was 775.5 (598-1007.25, 1st–3rd

quartile) versus 351 (223.5-489.5, 1st–3rd quartile) days. TMB-
High was positively associated with PFS (P = 0.04) (Figure 3B).
Moreover, the fraction of PFS-Long (defined as the survival
length >400 days) was higher in TMB-High group than that in
TMB-Low group (100% versus 36.4%) (P=0.003) (Figure 3C).
To investigate the possibility of the patients in PFS-Short group
had high TMB values, we compared their TMB values in PFS-
Long and -Short groups. As illustrated in Figure 3D, no TMB
values in PFS-Short group were greater than 2.565, indicating
that patients in PFS-Short group had low TMB values.

When evaluating the potential of candidate biomarker on
predicting patients’ survival, confounders may be involved and
lead to biased conclusion. We therefore tested each potential
cofounder including tumor stage, gender, age and surgical
margins wide resection (SMWR) in univariate analysis
followed by a multivariate Cox model (Table 3). We found
that the stage II is the only variate associated with prolonged PFS,
and all patients with TMB-High are stage II, which could explain
that TMB is not significantly associated with PFS when taking
stage as a covariate (Table 3). To further dissect the effect of
TMB and stage on PFS, we divided patients into different groups
based on the combination of TMB and stage (Figure 3E).
Significant difference on PFS was found among these groups
(P =0.001).
Frontiers in Oncology | www.frontiersin.org 5
TMB-High Independently Predicts
Improved Overall Survival
We further investigated the correlation of TMB with OS. The
mean OS of TMB-High versus TMB-Low was 1462.75 (981.28–
1944.22, 95% CI) versus 723.77 days (535.42–912.13, 95% CI),
and the median was 1307 (1133.5–1548, 1st–3rd quartile) versus
672.5 days (379.5–871.25, 1st–3rd quartile). In addition, we
found that TMB-High was significantly associated with
improved OS (P=0.03, Figure 4A). Furthermore, we further
tested each potential clinical cofounder including tumor stage,
gender, age and SMWR in univariate analysis followed by a
multivariate Cox model. We found that TMB-High and male
were shown to be able to independently predict improved OS
(P=0.03, P=0.02, Table 4, Supplementary Figure 1). Moreover,
we divided patients into different groups based on the
combination of TMB and Gender. Interestingly, survival
analysis showed that TMB-High male patients had the best
OS, and TMB-Low male patients had better OS than TMB-Low
female patients (P=0.005, Figure 4B). Collectively, our results
indicate that both TMB-high and male were associated with
prolonged OS.

In addition, SMWR had better local recurrence free
survival than positive margin resection in OTS patients (29),
therefore we analyzed that whether SMWR was associated
with PFS and OS. Our results showed that SMWR was not
associated with PFS and OS (Table 3, Table 4), but slightly
significantly associated with long PFS (P=0.05) only in TMB-
Low group (Supplementary Table S6), suggesting that SMWR
might be a good therapy strategy for TMB-Low patients
with OTS.

Lastly, we also tested the association between driver
mutations and TMB. However, our statistical analysis did not
find positive correlation (Supplementary Table S7).
DISCUSSION

Predicting clinical outcomes of patients with OTS initially
receiving chemotherapy is challenging. This is due to complex
factors, such as rarity, tumor heterogeneity, lack of actionable
driver events, poorly understood pathophysiology. Increasing
studies show that High-Throughput Sequencing (HTS)
technology enables comprehensive genomic profiling and
better understanding of molecular basis of oncology. In this
FIGURE 2 | The frequencies of top mutated genes. The genes with the
mutations occurring ≥4 samples and reported driver genes were included.
Numbers in parentheses represented the number and frequency of
mutated samples.
TABLE 2 | Association between recurrent CNV events and patient’s survival.

Genome region Genomic boundary PFS OS

HR 95% CI P-value HR 95% CI P-value

17p12 (Amp) chr17:14248838-15343688 0.60 0.38-0.95 0.02 0.82 0.40-1.65 0.57
21q22.11 (Amp) chr21:31066214-31971058 0.56 0.36-0.87 0.01 0.75 0.39-1.44 0.38
8q24.3 (Del) chr8:145831032-145998709 0.28 0.11-0.74 0.01 0.46 0.11-1.92 0.27
20q13.33 (Del) chr20:59053078-63025520 0.43 0.19-1.00 0.04 0.33 0.08-1.29 0.09
7p22.3 (Del) chr7:1-330250 0.65 0.27-1.53 0.32 0.27 0.01-1.02 0.04
April 2021
 | Volume 10 | Article
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study, we depicted the genomic profile of patients with initially
treated OTS. Gene alterations of these patients were mainly
enriched in cell cycle-related genes (TP53, MYC, CDKN2A,
CDKN2B, CDK6, CDK4, RB1, and CCNE1) and DDR-related
genes (ATRX, H3F3A, H3F3B, ARID1A, ARID1B, BRCA2, and
BRD7) as well as Ca2+-related genes (RYR2, CACNA1E and
PCLO). Moreover, we demonstrated that high TMB (defined as
Frontiers in Oncology | www.frontiersin.org 6
≥2.565) can be used as an independent prognostic marker in
OTS patients.

Most of mutated genes in this study were reported in
previous studies. MDM2 was not altered in our cohort,
similar to the TP53, CDKN1A, or CDK4 whose alterations
were missing in some OTS patients (30–32), indicating that
the molecular alterations of OTS is diverse. Besides, we first
A B

D

E

C

FIGURE 3 | High TMB predicted longer PFS than low TMB. Among 31 patients, 30 patients were included since the clinical information of 1 patient was incomplete.
(A) The association of TMB with gender and PFS. Different colors represent relative PFS values. The triangle represents males, and the circle represents females.
Patients with PFS>400 days were selected in PFS-Long group (n=16), PFS<400 days selected in PFS-Short group (n=12), two patients with incomplete PFS
information selected in unknown group (n=2). (B) Improved PFS in patients with high TMB. TMB was stratified with 3rd quartile as cutoff=2.565. P value was
calculated using log-rank test (P = 0.04). (C) The percentage of PFS-Long in TMB-High (n=8) and TMB-Low (n=22) groups (P = 0.003, Fisher’s exact test). (D) Violin
plot comparing the difference in TMB between PFS-Long (n=16) and PFS-Short (n=12) groups. P value was calculated in two tailed Mann Whitney U test (P =
0.002). (E) Improved PFS in patients with high TMB and Stage II. Patients were stratified by the combination of Stage and TMB. TMB-High-Stage II (n=8), TMB-
High-Stage III (n=0), TMB-Low Stage II (n=14), TMB-Low Stage III (n=8). P-value was calculated using log-rank test (P =0.001). The numbers in parentheses
represent the number of patients in each group.
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xie et al. TMB Predicts the Clinical Outcomes in Osteosarcoma
reported that PCLO mutations were occurred in 12.9% of
patients. PCLO is associated with active synaptic zones and
synaptic vesicle trafficking (33, 34). Recent studies revealed
that PCLO regulates protein ubiquitination and proteasome-
mediated proteolysis (35). Although the role of PCLO in
cancer is unclear, it is the fifth most frequently mutated
gene in esophageal squamous cell carcinoma (ESCC) (36),
which is consistent with our study. PCLO overexpression is
associated with lymph node metastasis, poor OS and poor
Frontiers in Oncology | www.frontiersin.org 7
disease free survival (DFS) in ESCC (37). PLCO expression
promotes the development of ESCC via upregulating EGFR
signaling (37). EGFR signaling contributes to chemotherapy
resistance in OTS (38). Therefore, it is plausible that PCLO
mutations might enhance chemotherapy response of patients
with OTS.

TMB has been shown to increase with patients’ age from 10 to
90 years old (39). In contrast, our result showed that TMB was
independent of age. Compared with most of cancer types, TMB
A B

FIGURE 4 | Improved OS in patients with high TMB. TMB was stratified with a binary cutoff of 2.565 (3rd quartile). Log-rank test was used to calculate P value. (A) OS
curves of TMB-High and TMB-Low groups (P = 0.03). (B) OS curves of patients stratified by the combination of Gender and TMB. TMB-High Males (n=5), TMB-High
Females (n=3), TMB-Low Males (n=12), TMB-Low Females (n=10) (P=0.005). The numbers in parentheses represented the number patients in each group.
TABLE 4 | Analysis of factors associated with OS.

Variable Univariate analysis Multivariate analysis

HR 95% CI P-value HR 95% CI P-value

TMB ≥ 2.565 0.14 0.02–1.12 0.03 0.05 0.004–0.73 0.03
Age ≥ 18 0.79 0.21–3.02 0.73
Male 0.20 0.05–0.84 0.02 0.07 0.008–0.67 0.02
Stage diagnosis II 0.35 0.08–1.56 0.15
Surgical margins wide resection (SMWR) 1.10 0.29–4.10 0.89
April 20
21 | Volume 10 | Article
P-value was calculated using log-rank test.
TABLE 3 | Analysis of factors associated with PFS.

Variable Univariate analysis Multivariate analysis

HR 95% CI P-value HR 95% CI P-value

TMB ≥ 2.565 0.38 0.15–0.99 0.04 0.53 0.19–1.49 0.23
Age ≥ 18 0.78 0.34–1.77 0.55
Male 0.65 0.29–1.47 0.30
Stage diagnosis II 0.19 0.07–0.51 0.0002 0.24 0.09–0.68 0.01
Surgical margins wide resection (SMWR) 0.57 0.25–1.3 0.17
P-value was calculated using log-rank test.
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in OTS is relatively low. Therefore, it is not surprising that the
correlation between TMB and age was not found.

Our study showed that all patients with TMB-High (n=8) were
PFS-Long (n=8), while 36.4% of patients with TMB-Low (n=22)
were PFS-Long (n=8). In addition, TMB is significantly greater in
PFS-Long than those in PFS-Short. In line with our findings that
TMB-High was significantly associated with improved PFS, high
TMB predicted prolonged PFS in breast cancer (4) and some cancer
types (5–8, 40) Moreover, we found that TMB-High was
independently associated with OS, consistently with findings in
previous studies conducted in breast cancer, lung cancer and
melanoma (4–7, 40). In addition, our results also showed that
male was associated with improved OS. Besides, we found that
SMWR was correlated with long PFS only in patients with TMB-
Low, consistent with the study that SMWRwas associated with long
PFS in OTS patients (29).

High TMB has also been shown to predict worse PFS and OS
in RMS (8), Ewing sarcoma (9), neuroblastoma (41) and
resectable pancreatic cancer (42). TMB has a controversial
association with PFS and OS across different cancer types due
to several possible reasons. First, cancer is highly heterogeneous.
The molecular characteristics at genomic, transcriptomic as well
as epigenetic level varies significantly across different cancer
types. Somatic mutation burden as only one oncogenic
signature poses limited influence on tumor progression.
Second, different studies apply their own quantitative criteria
when stratifying patients based on TMB. The lack of TMB
quantification standard may lead to biased analytical results
(8–11, 40–42). Lastly, technical variation such as sampling bias
during sample extraction and downstream experimental
procedure may lead to biased TMB quantification as well.

The relatively low TMB, the small sample size and all
samples from one single institution in our study restrain the
power to evaluate the impact of the gene alterations in
prognosis. In the future, we aim to expand our cohort by
recruiting new patients with OTS and leveraging publicly
available datasets. Given that PCLO in regulating EGFR
signaling in ESCC and high frequency of its mutations in
OTS, we will investigate whether PCLO plays a role in the
development of OTS and chemotherapy response.

In conclusion, TMB can be used to predict the prognosis for
OTS. It might be utilized to predict the clinical outcomes at
diagnosis with other risk factors and guide treatment decisions
for patients with OTS.
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20. Thorvaldsdóttir H, Robinson JT, Mesirov JP. Integrative Genomics Viewer
(IGV): high-performance genomics data visualization and exploration.
Briefings Bioinf (2013) 14(2):178–92. doi: 10.1093/bib/bbs017

21. Lawrence MS, Stojanov P, Polak P, Kryukov GV, Cibulskis K, Sivachenko
A, et al. Mutational heterogeneity in cancer and the search for new
cancer-associated genes. Nature (2013) 499(7547):214–8. doi: 10.1038/
nature12213

22. Dees ND, Zhang Q, Kandoth C, Wendl MC, Schierding W, Koboldt DC, et al.
MuSiC: identifying mutational significance in cancer genomes. Genome Res
(2012) 22(8):1589–98. doi: 10.1101/gr.134635.111
Frontiers in Oncology | www.frontiersin.org 9
23. Tamborero D, Gonzalez-Perez A, Lopez-Bigas N. OncodriveCLUST:
exploiting the positional clustering of somatic mutations to identify cancer
genes. Bioinformatics (2013) 29(18):2238–44. doi: 10.1093/bioinformatics/
btt395

24. Gonzalez-Perez A, Lopez-Bigas N. Functional impact bias reveals cancer
drivers. Nucleic Acids Res (2012) 40(21):e169. doi: 10.1093/nar/gks743

25. Alexandrov LB, Nik-Zainal S, Wedge DC, Campbell PJ, Stratton MR.
Deciphering signatures of mutational processes operative in human cancer.
Cell Rep (2013) 3(1):246–59. doi: 10.1016/j.celrep.2012.12.008

26. Boeva V, Popova T, Bleakley K, Chiche P, Cappo J, Schleiermacher G, et al.
Control-FREEC: a tool for assessing copy number and allelic content using
next-generation sequencing data. Bioinformatics (2012) 28(3):423–5.
doi: 10.1093/bioinformatics/btr670

27. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G.
GISTIC2.0 facilitates sensitive and confident localization of the targets of focal
somatic copy-number alteration in human cancers. Genome Biol (2011) 12(4):
R41. doi: 10.1186/gb-2011-12-4-r41

28. Behjati S, Tarpey PS, Haase K, Ye H, Young MD, Alexandrov LB, et al.
Recurrent mutation of IGF signalling genes and distinct patterns of genomic
rearrangement in osteosarcoma. Nat Commun (2017) 8(1):1–8. doi: 10.1038/
ncomms15936

29. Li X, Moretti VM, Ashana AO, Lackman RD. Impact of close surgical margin
on local recurrence and survival in osteosarcoma. Int Orthopaedics (2012) 36
(1):131–7. doi: 10.1007/s00264-011-1230-x

30. Kuijjer ML, Rydbeck H, Kresse SH, Buddingh EP, Lid AB, Roelofs H, et al.
Identification of osteosarcoma driver genes by integrative analysis of copy
number and gene expression data. Genes Chromosomes Cancer (2012) 51
(7):696–706. doi: 10.1002/gcc.21956

31. Both J, Krijgsman O, Bras J, Schaap GR, Baas F, Ylstra B, et al. Focal
chromosomal copy number aberrations identify CMTM8 and GPR177 as
new candidate driver genes in osteosarcoma. PloS One (2014) 9(12):e115835.
doi: 10.1371/journal.pone.0115835

32. Poos K, Smida J, Nathrath M, Maugg D, Baumhoer D, Neumann A, et al.
Structuring osteosarcoma knowledge: an osteosarcoma-gene association
database based on literature mining and manual annotation. Database J
Biol Database Curation (2014) 2014:bau042. doi: 10.1093/database/
bau042

33. Zhai RG, Vardinon-Friedman H, Cases-Langhoff C, Becker B, Gundelfinger
ED, Ziv NE, et al. Assembling the Presynaptic Active Zone A Characterization
of an Active Zone Precursor Vesicle. Neuron (2001) 29(1):131–43.
doi: 10.1016/S0896-6273(01)00185-4

34. Fenster SD, Kessels MM, Qualmann B, Chung WJ, Nash J, Gundelfinger ED,
et al. Interactions between Piccolo and the Actin/Dynamin-binding Protein
Abp1 Link Vesicle Endocytosis to Presynaptic Active Zones. J Biol Chem
(2003) 278(22):20268–77. doi: 10.1074/jbc.M210792200

35. Ivanova D, Dirks A, Fejtova A. Bassoon and piccolo regulate
ubiquitination and link presynaptic molecular dynamics with activity-
regulated gene expression. J Physiol (2016) 594(19):5441–8. doi: 10.1113/
JP271826

36. Zhang W, Hong R, Xue L, Ou Y, Liu X, Zhao Z, et al. Piccolo mediates
EGFR signaling and acts as a prognostic biomarker in esophageal
squamous cel l carcinoma. Oncogene (2017) 36(27) :3890–902.
doi: 10.1038/onc.2017.15

37. Shang L, Liu HJ, Hao JJ, Jiang YY, Shi F, Zhang Y, et al. A panel of overexpressed
proteins for prognosis in esophageal squamous cell carcinoma. PloS One (2014) 9
(10):e111045. doi: 10.1371/journal.pone.0111045

38. Sevelda F, Mayr L, Kubista B, Lötsch D, van Schoonhoven S, Windhager R,
et al. EGFR is not a major driver for osteosarcoma cell growth in vitro but
contributes to starvation and chemotherapy resistance. J Exp Clin Cancer Res
(2015) 34(1):134. doi: 10.1186/s13046-015-0251-5

39. Chalmers ZR, Connelly CF, Fabrizio D, Gay L, Ali SM, Ennis R, et al.
Analysis of 100,000 human cancer genomes reveals the landscape of tumor
mutational burden. Genome Med (2017) 9(1):34. doi: 10.1186/s13073-017-
0424-2

40. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY,
et al. Tumor mutational load predicts survival after immunotherapy across
multiple cancer types. Nat Genet (2019) 51(2):202–6. doi: 10.1038/s41588-
018-0312-8
April 2021 | Volume 10 | Article 595527

https://doi.org/10.1158/1078-0432.CCR-19-3507
https://doi.org/10.1158/1078-0432.CCR-19-3507
https://doi.org/10.1056/NEJMc1508163
https://doi.org/10.1056/NEJMoa1801946
https://doi.org/10.1016/S0140-6736(16)00561-4
https://doi.org/10.1016/S0140-6736(16)00561-4
https://doi.org/10.1158/1078-0432.CCR-19-1105
https://doi.org/10.1158/1078-0432.CCR-19-2631
https://doi.org/10.1158/1078-0432.CCR-19-2631
https://doi.org/10.1002/cncr.31919
https://doi.org/10.1158/2159-8290.CD-17-1152
https://doi.org/10.1158/1078-0432.CCR-10-0284
https://doi.org/10.1158/1078-0432.CCR-10-0284
https://doi.org/10.18632/oncotarget.19010
https://doi.org/10.18632/oncotarget.19010
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1038/ng.806
https://doi.org/10.1038/nbt.2514
https://doi.org/10.1093/bioinformatics/bts271
https://doi.org/10.1093/bioinformatics/bts271
https://doi.org/10.1186/s13059-016-0974-4
https://doi.org/10.1186/s13059-016-0974-4
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1038/nature12213
https://doi.org/10.1038/nature12213
https://doi.org/10.1101/gr.134635.111
https://doi.org/10.1093/bioinformatics/btt395
https://doi.org/10.1093/bioinformatics/btt395
https://doi.org/10.1093/nar/gks743
https://doi.org/10.1016/j.celrep.2012.12.008
https://doi.org/10.1093/bioinformatics/btr670
https://doi.org/10.1186/gb-2011-12-4-r41
https://doi.org/10.1038/ncomms15936
https://doi.org/10.1038/ncomms15936
https://doi.org/10.1007/s00264-011-1230-x
https://doi.org/10.1002/gcc.21956
https://doi.org/10.1371/journal.pone.0115835
https://doi.org/10.1093/database/bau042
https://doi.org/10.1093/database/bau042
https://doi.org/10.1016/S0896-6273(01)00185-4
https://doi.org/10.1074/jbc.M210792200
https://doi.org/10.1113/JP271826
https://doi.org/10.1113/JP271826
https://doi.org/10.1038/onc.2017.15
https://doi.org/10.1371/journal.pone.0111045
https://doi.org/10.1186/s13046-015-0251-5
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1186/s13073-017-0424-2
https://doi.org/10.1038/s41588-018-0312-8
https://doi.org/10.1038/s41588-018-0312-8
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xie et al. TMB Predicts the Clinical Outcomes in Osteosarcoma
41. Hwang WL, Wolfson RL, Niemierko A, Marcus KJ, DuBois SG, Haas-Kogan
D. Clinical Impact of Tumor Mutational Burden in Neuroblastoma. J Natl
Cancer Inst (2019) 111(7):695–9. doi: 10.1093/jnci/djy157

42. Grassi E, Durante S, Astolfi A, Tarantino G, Indio V, Freier E, et al.
Mutational burden of resectable pancreatic cancer, as determined by
whole transcriptome and whole exome sequencing, predicts a
poor prognosis. Int J Oncol (2018) 52(6):1972–80. doi: 10.3892/ijo.2018.
4344

Conflict of Interest: YFY and DC are the employees of Genetron Health (Beijing)
Co. Ltd.
Frontiers in Oncology | www.frontiersin.org 10
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Xie, Yang, Guo, Che, Xu, Sun, Liu, Ren, Liu, Yang, Ji and Tang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
April 2021 | Volume 10 | Article 595527

https://doi.org/10.1093/jnci/djy157
https://doi.org/10.3892/ijo.2018.4344
https://doi.org/10.3892/ijo.2018.4344
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Clinical Implications of Tumor Mutational Burden in Osteosarcoma
	Introduction
	Material and Methods
	Ethics Approval and the Consent to Participate
	Samples and Patients
	DNA Extraction, Next Generation Sequencing
	Bioinformatics Analysis
	Clinical Data
	Statistical Analysis and Clinical Outcome Evaluation

	Results
	Sequence Data and Clinicopathological Characteristics
	The Landscape of Somatic Mutation in OTS
	TMB-High Is Associated With Improved Progression-Free Survival
	TMB-High Independently Predicts Improved Overall Survival

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


