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Simple Summary: Clinical management of sarcomas is complex because they are rare and hetero-
geneous tumors. Management requires a coordinated multidisciplinary approach, especially in
children. Genomic characterization of this complex group of tumors contributes to the identification
of prognostic biomarkers and to the continued expansion of therapeutic options. In this article, we
present the positive experience of two Spanish hospitals in the use of genomic analysis in the overall
clinical management of sarcomas in children and young adults. We describe on a case-by-case basis
how genomic analysis has contributed to both diagnosis and treatment.

Abstract: Genomic techniques enable diagnosis and management of children and young adults
with sarcomas by identifying high-risk patients and those who may benefit from targeted therapy
or participation in clinical trials. Objective: to analyze the performance of an NGS gene panel for
the clinical management of pediatric sarcoma patients. We studied 53 pediatric and young adult
patients diagnosed with sarcoma, from two Spanish centers. Genomic data were obtained using
the Oncomine Childhood Cancer Research Assay, and categorized according to their diagnostic,
predictive, or prognostic value. In 44 (83%) of the 53 patients, at least one genetic alteration was
identified. In 80% of these patients, the diagnosis was obtained (n = 11) or changed (n = 9), and thus
genomic data affected therapy. The most frequent initial misdiagnosis was Ewing’s sarcoma, instead
of myxoid liposarcoma (FUS-DDDIT3), rhabdoid soft tissue tumor (SMARCB1), or angiomatoid
fibrous histiocytoma (EWSR1-CREB1). In our series, two patients had a genetic alteration with
an FDA-approved targeted therapy, and 30% had at least one potentially actionable alteration.
NGS-based genomic studies are useful and feasible in diagnosis and clinical management of pediatric
sarcomas. Genomic characterization of these rare and heterogeneous tumors also helps in the search
for prognostic biomarkers and therapeutic opportunities.
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1. Introduction

Cancer is one of the main causes of morbidity and mortality in children and adoles-
cents worldwide. The most common cancers are hematological malignancies (leukemia
and lymphoma), CNS tumors, and sarcomas (tumors of soft tissue and bone). Sarcomas
are rare and heterogeneous, representing around 11.5% of all neoplasms in children and
adolescents. The most frequent malignant tumors of bone are osteosarcoma (50%) and
Ewing’s sarcoma (40%) [1,2].

The survival of children and adolescents with sarcomas, particularly patients with
metastatic disease, has barely improved in recent decades, despite intensification of
treatments such as chemotherapy, surgery, and/or radiotherapy. There are more than
100 subtypes of sarcomas, and therefore, differential diagnosis is challenging in some cases.
The initial diagnostic process of this group of tumors mostly relies upon immunohistochem-
istry (IHC) and anatomic location, but many types of sarcomas share similar morphologic
features, and their IHC profiles overlap [3]. Several subtypes of sarcomas, however, present
specific pathognomonic genetic alterations, such as gene fusions. Unfortunately, detection
of these alterations is not possible with the typical techniques and equipment of a pathology
laboratory, and requires precise diagnostic techniques at the molecular level [4]. Imple-
mentation of new molecular diagnostic techniques makes it possible to obtain a correct
diagnosis that enables prior identification of high-risk patients and improved management
in certain complex cases, and can be regarded as a further step toward more-personalized
medicine in pediatric sarcomas. To be clinically useful, the new techniques need to be fast
and work with just a small sample of material obtainable by conventional methods.

Numerous personalized medicine initiatives are already up and running for adult
carcinomas (NCI_MATCH trial, IMPACT, LungMAP, and Alchemist), and there is promis-
ing development of similar initiatives for the management of pediatric patients diagnosed
with hematological cancers [5]. Implementation of the same types of molecular techniques
for use with pediatric sarcomas is not, however, so advanced: some types of sarcomas
have specific characteristics whose detection requires new and more precise molecular
diagnostic tools. Nevertheless, the utility of next-generation sequencing (NGS) techniques
in the processes of diagnosis, prognosis, and treatment of sarcomas has been studied and
demonstrated [6,7]. In a recent review, Montella et al. [8] summarized the opportunities
for biomarker-tailored therapies for most sarcoma subtypes. Grounder et al. conducted a
study of 5635 adult and pediatric patients with bone and soft tissue sarcomas, and found
that more than half had actionable mutations; 30% of these patients were consequently
enrolled in clinical trials [9].

In a multicenter study involving 384 sarcomas, the initial diagnosis was modified in
53 (13.8%) of the patients, leading to a change in the initial management and prognosis of
45 (11.7%) of these patients [10]. In a group of 584 patients with different soft tissue tumors
from the AACR Project Genomics Evidence Neoplasia Information Exchange (GENIE)
database, a genetic alteration with the potential to influence therapy was identified in 41%
of cases [11].

Even more challenging is the management of sarcoma patients without “classical”
genetic biomarkers. In those cases, NGS can be used to characterize other molecular
“phenotypes” such as tumor mutational burden (TMB), microsatellite instability (MSI), and
DNA damage repair scores; for patient stratification, however, the value of such, with even
more controversial biomarkers, is controversial in patient stratification [12].

In order to improve treatment options and clinical management for pediatric patients
with high-risk and metastatic sarcomas, identification of molecular targets is a priority.
NGS tools are outstanding in this role and can identify new biomarkers, find potential
molecular targets for new therapeutic drugs, and play a key role in clinical trials [13]. In
addition, NGS panels can provide a definitive diagnosis of some heterogeneous sarcomas
that are challenging to diagnose by usual pathological approaches.

NGS analysis of sarcomas has detected many somatic alterations that have predictive
or prognostic value. In addition, germinal mutations, which are potentially hereditary, have
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also been found. Thus, NGS already enables improved follow-up management of patients
and provides information useful in genetic counseling to the patient and relatives [14].

We examined genomic data from 55 sarcoma samples from 53 pediatric and young-
adult patients. Samples were analyzed using the Oncomine™ Childhood Cancer Research
Assay (Thermo Fisher, Waltham, MA, USA), a gene panel that identifies point muta-
tions, indels, amplifications, copy number variants (CNVs), and gene rearrangements in
200 genes that are considered cancer drivers. Because Thermo Fisher pipeline analysis
does not detect gene deletions, the presence of such alterations was manually determined
by two independent observers. The aim of this study was to assess the clinical utility
of NGS-based genomic panels in the processes of diagnosis, treatment, and prognosis in
pediatric sarcomas.

2. Materials and Methods
2.1. Patients and Samples

We studied a series of 53 nonconsecutive pediatric and young-adult patients with
different sarcoma histotypes: osteosarcoma (n = 25), Ewing’s sarcoma (n = 16), and other
miscellaneous sarcomas (n = 12). Pediatric cases were those in which disease presented
before the patient was 18 years old. “Young-adult” cases were those in which disease pre-
sented between 18 and 31 years of age. All patients had either undergone surgical resection
or biopsy at either the Hospital Universitario de Cruces or at the Clínica Universidad de
Navarra between 2013 and January 2021. The clinical characteristics of the patients are
shown in Table 1. All sarcomas included in the study were histopathologically evaluated on
hematoxylin slides, and FISH and IHC techniques, used as primary detection approaches
for possible fusion events, were carried out during routine diagnostic procedures with
validated reagents according to standard laboratory guidelines.

2.2. Extraction of DNA/RNA from Tissues

DNA and RNA was extracted from formalin-fixed paraffin-embedded (FFPE) fresh or
frozen tissue using a Maxwell® RSC DNA FFPE kit (Promega, AS1450, Madison, WI, USA)
for DNA and a Maxwell® RSC RNA FFPE kit (Promega, AS1440) for RNA. The amount
of DNA and RNA was quantified using a Qubit fluorometer, and the amount used for
sequencing was 50 ng of either DNA or RNA.

2.3. NGS Library Preparation and Sequencing

Tumor profiling to detect sequence alterations and abnormal gene fusions was under-
taken using the Oncomine™ Childhood Cancer Research Assay (Thermo Fisher, A36486)
according to the manufacturer’s protocol. This tool analyzes the mutational state of
200 genes, including 82 mutation hotspots, 24 CNV targets, 44 genes with full exome
coverage (specifically tumor suppressor genes), and an RNA panel for 97 genes (with
>1700 fusion isoform variants).

DNA and RNA libraries were generated using Ion AmpliSeq Library Preparation on
the Ion Chef System (Thermo Fisher). Complementary DNA (cDNA) synthesis prior to
library preparation for the RNA panel was carried out using SuperScript™ VILO™ Reverse
Transcriptase (Thermo Fisher). Sequencing was performed using the 540 chips on the Ion
Torrent S5 (Thermo Fisher).

2.4. Data Analysis

Variants were identified and annotated with the Thermo Fisher Ion Reporter (https:
//ionreporter.thermofisher.com/ir/) and Oncomine Knowledge Reporter Database (https:
//www.thermofisher.com/order/catalog/product/A34298).

A filter was included in the bioinformatics analysis to ensure the quality of the gener-
ated data (Q > 30). Throughout the analysis process, there were checkpoints for uniformity
of the number of reads between samples, alignment percentages, and control of PCR dupli-

https://ionreporter.thermofisher.com/ir/
https://ionreporter.thermofisher.com/ir/
https://www.thermofisher.com/order/catalog/product/A34298
https://www.thermofisher.com/order/catalog/product/A34298
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cates. This analysis confirmed that the data had the appropriate homogeneity, depth, and
consistency for use in a clinical context.

A variant was accepted for analysis if its coverage was at least 500 reads, the variant
allele frequency (VAF) was greater than 0.05, and the minor allele frequency (MAF) was
less than 0.01. A CNV variant was recognized as such if the amplification was at least ×4 at
the 5% confidence level. Fusion genes were recognized as such if they had at least 50 reads.

The identified variants were compared with different databases to analyze the clinical
significance of the sequence differences found with respect to a reference genome (hg19).
Different web tools and databases were used: Varsome [15], ClinVar [16], OncoKB [17],
COSMIC [18], PeCan [19], TumorFusions [20], and PanDrugs [21]. Variants considered to
be pathogenic or likely to be pathogenic were visually inspected by using the Integrated
Genome Viewer (IGV, https://software.broadinstitute.org/software/igv/) software.

Mutations were represented using the OncoPrinter [22] and MutationMapper [23]
tools. Fusions were represented in circos plots generated with the BioCircos package
implemented in R.

3. Results
3.1. Patient and Sample Characteristics

Our cohort consisted of 53 patients diagnosed with sarcoma. Of these, 48 (90.6%) were
pediatric patients (under 18 years of age) and 5 (9.4%) were young adults (between 18 and
31 years of age). The median age at diagnosis was 11.8 years. There were 30 males (56.6%)
and 23 females (43.4%).

The clinical characteristics of the 53 patients are collated in Table 1. Of the 53 patients,
10 were metastatic at diagnosis. Primary sites included lower extremities (n = 22, 41%),
upper extremities (n = 11, 20.8%), and trunk (n = 16, 30.2%). The most frequent sarcomas
were osteosarcoma (47.2%) and Ewing’s sarcoma (30.2%); histological types and subtypes
are shown in Table 1. Histology was based on 43 samples from the primary site, 10 from
metastatic lesions, and 2 from local recurrences.

Table 1. Clinical characteristics of 53 patients with sarcoma.

Characteristic Number (%)

Median age at diagnosis (range) 11.8 (0–30.8)

Gender

Male 30 (56.6)
Female 23 (43.4)

Ethnic origin

European 47 (88.6)
Latin 3 (5.7)

African 3 (5.7)

Classification of the sarcoma

Osteosarcoma 25 (47.2)
Ewing’s sarcoma 16 (30.2)

Other 12 (22.6)

https://software.broadinstitute.org/software/igv/
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Table 1. Cont.

Characteristic Number (%)

Pathological subtype

Osteosarcoma; n = 25
Osteoblastic 12 (48)
Unknown 5 (20)

Chondroblastic 4 (16)
Osteo-chondroblastic 3 (12)

Parostal 1 (4)
Ewing´s sarcoma; n = 16

Bone 10 (62.5)
Askin tumor 3 (18.75)
Extraskeletal 2 (12.5)
Ewing-like 1 (6.25)

Other sarcomas; n = 12
Undifferentiated pleomorphic sarcoma 2 (16.7)

Chondrosarcoma

1 (8.3, each)

Infantile fibrosarcoma
Angiomatoid fibrous histiocytoma

Neurofibrosarcoma
Synovial sarcoma

Epitheloid sarcoma
Desmoplastic small round cell tumor

Solitary fibrous tumor
Rhabdoid soft tissue tumor

Myxoid liposarcoma

Location of the primary tumor

Lower extremity 22 (41)
Upper extremity 11 (20.8)

Trunk 16 (30.2)
Other 4 (7.5)

Disease stage at diagnosis

Localized 43 (81.1)
Metastatic 10 (19.9)

Treatment regimen

Neoadjuvant chemotherapy 43 (81.1)
Surgery 49 (92.5)

Adjuvant chemotherapy 47 (88.7)
Radiotherapy 29 (54.7)

Targeted therapy 6 (11.3)
Immunotherapy 6 (11.3)

Stem cell transplant 4 (7.5)

Current status

Alive 34 (62.1)
Dead 16 (30.2)

Unknown 3 (5.7)

3.2. Genetic Alterations Detected in Sarcomas

We analyzed a total of 55 samples from the 53 patients in the cohort; the two additional
samples were from metastatic tissue. The most frequently observed genomic alterations are
summarized in Figure 1. In total, we detected 151 genetic alterations. The median number
of alterations per patient was 2 (range was 0–9), and at least one genetic alteration was
identified in 44 of the 53 patients (83%). Of the 151 alterations, 123 were pathogenic, 9 were
likely pathogenic, and 19 were variants of unknown clinical significance (VOUS).
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Figure 1. Genetic alterations detected in our cohort of sarcomas (in order of frequency). Genetic alterations, SNVs, indels,
and fusions with a frequency ≥7% or three samples. Altered genes identified in two or fewer sarcoma samples were:
ABL2, ACVR1, ARID1A, ARID1B, ASXL1, ATRX, CCND1, CDK4, CDK6, CHD7, CIC, DICER1, ERBB3, FGFR3, GLI1, JAK1,
JAK2, IDH1, IGF1R, KDM6A, MET, MYCN, NF1, NF2, NOTCH1, PHF6, PIK3CA, SUZ12, SMARCA4, TCF3, TSC2, WT1,
and rearrangements involving AGK-BRAF, ARID1B-MIR-4466, BCOR-CCNB3, EGFR-EGFR, ETV6-NTRK3, EWSR1-CREB1,
FGFR2-KIAA1217, FUS-DDIT3, HMGA2-LPP, KMT2C-PRKAG2, NAB2-STAT6, RUNX1-MRPS6, SFPQ-EPS15, SS18-SSX2,
SS18-SSX4, TMEM178B-BRAF, ZFP36-FOSB, and ZC3HAV1-BRAF.

Frequent alterations were CNVs (n = 52, 34.4% of all alterations), fusions (n = 47,
31.1%), missense mutations (n = 31, 20.5%), and truncating mutations (n = 21, 13.9%). The
most commonly altered genes were EWSR1-FLI1 (31% of all alterations), TP53 (24%), RB1
(18%), MYC (13%), KIT (11%), and PTEN (11%).

Regarding CNVs (Figure 2), MYC amplification was present in seven patients
(n = 7/55 samples (12.7%)), KIT amplification was present in five patients (n = 5/55 samples
(9.1%)), and PDFGRA amplification was present in four patients (n = 4/55 samples (7.3%)).
Because KIT and PDGFRA genes are neighbors (located at 4q12), amplification was con-
comitant in all cases but one.

The most frequent deletions affected PTEN (n = 4/55 samples (7.3% of all sam-
ples)), TP53 (n = 3/55 samples (5.5%)), and those encompassing CDKN2A and CDKN2B
(n= 3/55 samples (5.5%)).

In most cases, the relationship between CNV and mRNA expression of the genes
concerned could not be assessed because the degree of amplification was not high enough,
because samples were not fully microdissected and contained normal cells, or because
samples were from FFPE tissues and thus extremely scarce. Nevertheless, in the few cases
in which assessment was possible—an amplification of CCND1 in two cases and loss of
PTEN in another—the CNV finding was validated by a corresponding change in mRNA
level as measured by real-time PCR.

Fusions were mostly pathognomonic genetic alterations that provided diagnostic
information, as represented in Figure 3.
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Figure 2. Frequent copy number alterations (CNAs).

Figure 3. Fusion genes detected, as depicted in circos plots showing 5′ (blue) and 3′ (orange)
fusion genes.

3.2.1. Osteosarcoma

Osteosarcoma, which affected 25 patients in the cohort, was the most frequent sarcoma
in our study (Figure 1; Table 1). The mean age at presentation was 12.3 years (range 5.1 to
26.9 years).

The genetic alterations detected by the OncomineTM Childhood Cancer Research
Assay (Thermo Fisher) in the 26 samples from 25 patients with osteosarcoma are shown in
Figure 4. The most frequent altered genes were TP53 and RB1. Genetic alterations were
found in 73.1% of the samples (19/26), with an average of two alterations per tumor.
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Figure 4. Most frequent genetic alterations in osteosarcoma patients. Genetic alterations, SNVs, indels, and fusions with a
frequency ≥11% or two samples. Altered genes identified in less than two sarcoma samples were: ERBB3, GLI1, CDK4,
NOTCH1, KDM6A, ASXL1, SMARCA4, DICER1, SMARCB1, CDK6, IGF1R, NF2, TCF3, CDKN2B, ABL2, ARID1B, ARID1A,
and rearrangements involving FGFR-KIAA1217, HMGA-LPP, KMT2C-PRKAG2, and SFPQ-EPS15.

Regarding CNVs, the most frequently found amplifications contained MYC, KIT, and
PDFGRA. Deletions affecting PTEN were the second most frequent CNVs. Deletions of
CDKN2A and CDKN2B were also frequent.

3.2.2. Ewing’s Sarcoma

Ewing’s sarcoma, which affected 16 patients in our cohort, was the second most
frequent sarcoma in our study (Figure 1; Table 1). The average age at presentation was
11.5 years (range 1.5 to 22.9 years).

The pathognomonic fusion of EWSR1-FLI1 was found in 14/16 samples (87.5%). Other
pathogenic mutations were infrequent. Alterations of TP53 (three mutations in two samples
(18.75% of samples)) and CCND1 (in two samples (12.5%)) were detected.

3.2.3. Other Rare Sarcomas

The sarcomas in this group were heterogeneous and rarer than osteosarcoma and
Ewing’s sarcoma (Table 1).

Genetic alterations were found in 91% of the samples. Known and/or expected
genetic alterations that are pathognomonic for the different diseases were frequently identi-
fied: FUS-DDIT3 (myxoid liposarcoma), ETV6-NTRK3 (infantile fibrosarcoma), SS18-SSX2
and SS18-SSX4 (synovial sarcoma), SMARCB1 mutation (soft tissue rhabdoid tumor),
EWSR1-CREB1 (angiomatoid fibrous histiocytoma), BCOR-CCNB3 (small cell sarcoma),
and NAB2-STAT6 (solitary fibrous tumor) (Figure 3).
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3.3. Clinical Relevance of the Genomic Alterations Detected in Pediatric Sarcomas and Clinical
Actions Based on the Results of the Genomic Analysis

The genomic analysis led to a definitive first diagnosis in 11 patients, and, in 9 other
cases, genomic analysis resulted in a change in the initial cytopathology-based diagnosis.
Genomic analysis resulted in a change in therapy in 80% of these 20 cases.

The cases in which there was a change in diagnosis and clinical management are
described in this section:

• Case #2. Patient initially diagnosed with Ewing-like sarcoma (negative for EWS-FLI1
and EWS-ERG by FISH analysis). The gene fusion FUS-DDIT3, which is the diagnostic
hallmark of myxoid liposarcoma, was detected in the genomic analysis. The standard
treatment for Ewing’s sarcoma (polychemotherapy, radiotherapy, and autologous
hematopoietic progenitor transplant) would have been much more aggressive and
potentially toxic than that for myxoid liposarcoma (surgery and local radiotherapy).

• Case #10. Patient initially diagnosed with Ewing’s sarcoma, but was negative for
EWS-FLI1 and EWS-ERG by FISH analysis. The genomic analysis confirmed the
negative FISH results. The final diagnosis was undifferentiated pleomorphic sarcoma.
The most common treatment regimen in Ewing’s sarcoma is polychemotherapy; while
in pleomorphic sarcoma, the role of chemotherapy is unclear, and surgical resection
is central.

• Case #11. Initial diagnosis was inconclusive: suspected undifferentiated pleomorphic
sarcoma or liposarcoma. The definitive diagnosis was solitary fibrous tumor (SFT),
identified by the pathognomonic gene fusion: NAB2-STAT6. SFT is a neoplasm of
intermediate biological potential, and surgical resection alone is the standard treatment
in most cases, although in some cases radio or even chemotherapy is indicated.

• Cases #13 and #21. Initial diagnosis was osteosarcoma. The gene fusion EWS-FLI1,
which is pathognomonic of Ewing´s sarcoma, was detected by genomic analyses.
Ewing’s sarcoma and osteosarcoma treatment regimens are different, and treatment
for Ewing’s sarcoma frequently involves radiotherapy.

• Case #17. Initially diagnosed with a low-grade tumor after ruling out synovial sarcoma
(there was not SS18 rearrangement). Genomic analysis detected the gene fusion BCOR-
CCNB3, which, in the new WHO classification, is pathognomonic for BCOR sarcoma,
a high-grade tumor. Treatment for BCOR sarcoma includes chemotherapy; surgical
resection alone is insufficient.

• Case #40. This patient was positive for SS18 by immunochemistry in the pathologi-
cal study and consequently diagnosed as having synovial sarcoma. In the genomic
analysis, however, SS18 rearrangement was not detected, and the sarcoma was re-
classified as pleomorphic undifferentiated sarcoma. Patients with synovial sarcoma
rearrangements might benefit from first-line combination treatment of ifosfamide
with doxorubicin.

• Case #49. Initial diagnosis was Ewing´s sarcoma. There were no EWSR1 rearrange-
ments in the genomic panel, but two truncating mutations were present in SMARCB1.
The diagnosis was changed to rhabdoid soft tissue tumor, which requires intensive
multiagent chemotherapy, and could benefit from a selective EZH2 inhibitor.

• Case #50. Initial diagnosis was Ewing´s sarcoma, as the patient was positive by
FISH for the classical EWSR1 rearrangements. The patient underwent four cycles of
treatment according to the EuroEwing 2012 protocol before genomic analysis detected
the EWSR1-CREB1 rearrangement, the diagnosis was changed to angiomatoid fibrous
histiocytoma, and chemotherapy was suspended. Radiotherapy was continued.

The other two cases in which a definitive diagnosis was reached by genomic anal-
ysis were two Ewing’s sarcomas in which the genomic analysis detected the pathog-
nomonic rearrangement EWSR1-FLI1, while routine studies did not. Thus, NGS detected
the EWSR1-FLI1 rearrangement in 87.5% of the samples (14/16) by NGS, while more
conventional pathological techniques detected it only in only 75% (12/16) of cases.
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These cases highlight the importance of obtaining genomic results when they are needed
clinically, and thus the need for well-coordinated, well-managed multidisciplinary teams.

3.4. Detection of Potentially Actionable Genomic Alterations

We used the OncoKB tool developed by the Memorial Sloan Kettering Cancer Cen-
ter [17] to classify the predictive value of the genomic alterations identified. According to
this tool, of our sample of tumors from 53 pediatric and young-adult patients, 2 patients
(3.8%) had a genetic alteration with a FDA-approved targeted therapy (OncoKB Level 1),
and 16 patients (30%) had at least one potentially actionable alteration (Levels 2 or 3)
(Table 2).

Table 2. Potentially actionable alterations identified by OncoKB in 53 sarcomas.

Gene Type of Alteration N Cases OncoKB Level Drugs

NF1 Truncating
mutation 1 Level 1 Selumetinib

ETV6-NTRK3 Fusion 1 Level 1 Larotrectinib

CDK4 Amplification 2 Level 2B Palbociclib,
abemaciclib

KIT Amplification 5 Level 3B Imatinib, sunitinib,
regorafenib, ripetrinib

PDGFRA Amplification 4 Level 3B Imatinib, sunitinib

BRAF Fusion 3 Level 3B Cobimetinib,
trametinib

IDH1 Mutation missense 1 Level 3B Ivosidenib

MET Amplification 1 Level 3B Cabozantinib,
crizotinib

FLI1 Fusion 14 Level 4 TK216

PTEN Deletion/Truncating
mutation 5 Level 4 AZD8186,

GSK2636771

CDKN2A Deletion/Truncating
mutation 4 Level 4 Abemaciclib,

ribociclib, palbociclib

FGFR1/FGFR3 Amplification 4 Level 4 AZD4547, erdafitinib,
BGJ398, Debio1347

SMARCB1 Fusion/Truncating
mutation 2 Level 4 Tazemetostat

The first 3 bolded rows highlight the only three cases with direct treatment indication according to evidence
level <3.

Two of our patients had a Level 1 indication for treatment upon the identification of a
genetic biomarker. OncoKB Level 1 identifies a FDA-recognized biomarker predictive of re-
sponse to an FDA-approved drug. One of the patients concerned had a neurofibrosarcoma,
in relationship to his underlying disease, neurofibromatosis type 1. NF1 mutation was
detected; selumetinib (a MEK inhibitor) is an approved treatment for patients diagnosed
with neurofibromatosis type 1 with neurofibroma-related complications [24,25]. This pa-
tient died of disease progression before initiation of treatment with selumetinib. The other
patient had a diagnosis of infantile fibrosarcoma, and ETV6-NTRK3 fusion was detected
in the tumor. Patients with NTRK fusion-positive solid tumors have two approved thera-
peutic options: entrectinib [26,27] and larotrectinib [28,29], which are potent inhibitors of
tropomyosin receptor kinase (TRK). This patient initially received conventional treatment,
which failed to stop disease progression, but was then included in a phase III clinical trial
of targeted therapy with larotrectinib and achieved complete response.
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The 16 patients with Level 2 or 3 alterations were treated according to standard
protocols rather than with targeted, biomarker-driven treatment.

Analysis of these cases is interesting in the search for predictive biomarkers of response
to existing drugs used in another indication, as well as for new targeted drugs based on
robust biological data. In addition, recurrent sarcomas harboring genomic alterations
(mainly Levels 1–3) open up therapeutic possibilities in patients with poor prognosis under
conventional treatment.

4. Discussion

The 5th WHO classification of bone and soft tissue sarcomas, published in 2020,
stresses the importance of the use of genomic tools (NGS-based panels), particularly those
that facilitate differential diagnosis, for the management of sarcomas [30]. These panels
make it possible to improve the classification of sarcomas previously grouped into families,
such as Ewing-like tumors; they can also detect previously unreported genetic alterations,
which have potential diagnostic, prognostic, and therapeutic value [4].

Our study highlighted the need to implement these panels in routine clinical practice,
since, in 18.6% of our patients, the genomic panel made it possible to reach a correct initial
diagnosis (where conventional pathological methods had failed), or indicated that it was
necessary to change an existing diagnosis, leading to a change in therapy in 80% of those
in whom a genetic alteration was detected or ruled out. In addition, three of our patients
benefited from targeted therapies based on genomic findings, and a further four patients
could have received targeted therapy if the drug had been available at the time of diagnosis.

The GENSARC study had a similar outcome to ours; NGS data affected the definitive
diagnosis in 14% of cases for which a histological diagnosis was made by a pathologist
specialized in sarcomas [10].

Sarcomas are rare and heterogeneous tumors for which diagnosis based on a single
small Tru-Cut biopsy can be a challenge. For these reasons, although conventional pathol-
ogy continues to be the mainstay in their diagnosis, there is unquestionable diagnostic
value in the use of NGS-based genomic studies. Genetic analyses are even more useful if
there is disease progression, either local relapse or distant metastasis, when detailed genetic
analysis of a patient’s tumor can be of signal importance by determining whether there is
an appropriate targeted therapy. This is relevant, since almost half of the patients relapse
and eventually die, with the treatment for disease-progression having palliative rather
than curative purposes in most cases, and genetic analysis might identify biomarkers that
could have an impact on the management of patients during treatment and in the event of
disease progression [31,32].

Up to 30% of the genetic events in our sample are potentially actionable according to
the OncoKB precision oncology knowledge base. In addition, in 83% of the cases, the genetic
alterations were of potential value either in providing insight into the biological behavior
of the tumor, or as prognostic markers or therapeutic targets. For example, in patients
with NTRK fusion-positive sarcomas, the response to selective inhibitors entrectinib [26,27]
and larotrectinib is usually so striking that, for tumors such as infantile fibrosarcoma,
some authors propose their use as first-line treatment [28,29]. In this study, we observed a
complete response to larotrectinib in a refractory and aggressive neonatal fibrosarcoma.

Several studies (Peds-MiOncoSeq, iCAT, BASIC 3) [33–37] have reported percentages
of potentially actionable findings in the range of 21–51% in samples analyzed from pediatric
and adult patients diagnosed with different solid tumors, including sarcomas. There is
ambiguity in the definition of a potentially actionable genetic event; in our study, only drug-
treatable genomic alterations were considered actionable, and consequently the percentage
might be underestimated. Given the ambiguity and the continuous developments in this
field, genomic data should be regularly reviewed.

There are myriad reasons why, in practice, pediatric patients cannot access bi-omarker-
driven therapies. In this series, given the retrospective design, many patients did not have
a treatment/trial or even NGS genetic testing during the period of clinical utility. Other
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reasons include nonavailability of a pediatric clinical trial for the relevant molecu-lar target
(although the number of trials is steadily increasing), cost, family reasons, and nonful-
fillment of clinical criteria for trial inclusion. We recently reviewed early-phase pediatric
oncology trials in Spain from 2007 to 2020, and concluded that, even with improvements
driven by a new legal framework, involvement in international research networks, and
multidisciplinary cooperation (between academia, regulators, patient advocacy groups,
and pharmaceutical industry), it is still necessary to address barriers for children of all ages
and diagnoses to access new drugs [38].

In the new WHO classification [30], there is no Ewing’s sarcoma chapter as in previous
versions. This reflects a more accurate biological understanding of the complex genomic
landscape of this updated category. On the basis of genomic alterations, a distinction is
now made between four types of undifferentiated small round cell sarcomas (USRCS)
of bone and soft tissue: Ewing’s sarcoma (EWSR1-FLI1, EWSR1-ERG, or EWRS1-ETS),
round cell sarcoma with EWSR1-non-ETS fusions (EWSR1-NFATCD2 or EWSR1-PATZ1),
sarcomas with positive rearrangement of CIC (CIC-DUX4), and sarcomas with genetic
alterations in BCOR (BCOR-CCNB33). There remains a small subset of round cell sarcomas
that cannot yet be classified and will continue to be referred to as Ewing-like. USRCSs can
only be diagnosed by using a genomic panel that includes all possible rearrangements. The
necessity of a genomic panel for USRCSs opens up the possibility of extending the panel
for diagnosis of other entities [39].

In the latest WHO classification of sarcomas, it is not only the Ewing’s sarcomas that
have been reclassified on the basis of genomic characteristics, and new types of epithe-
lioid hemangioendothelioma are described based on rearrangements (WWTR-CAMTA1
and YAP1-TFE3). New entities, such as the fibroblastic tumor (with a EWSR1-SMAD3
rearrangement), have also been established. Other types, such as round cell liposarcoma,
are no longer recognized. In our study, in addition to the classical rearrangements, we
detected the fusion BCOR-CCNB3, which defines a tumor subtype; the pathognomonic
fusion NAB2-STAT6, which is more relevant in the latest WHO classification than previous
versions; and the ETV6-NTRK3 fusion, which has approved drug treatments.

In bone sarcomas that are metastatic, refractory to treatment, or early-recurrent, the
prognosis is dismal. To date, there is no curative treatment available for most patients with
metastatic sarcomas, and there is no agreed-upon standard approach for chemotherapy
treatment. Prognostic molecular biomarkers that define this high-risk patient population
are urgently needed. Research is also pressingly required to elucidate the molecular path-
ways that are involved in pathogenesis and to which new treatments might be targeted [40].
To meet these research goals, it is necessary to add genomic analysis based on NGS to the
usual diagnostic techniques, FISH, or RT-PCR. NGS-based genomic analysis is also needed
because most pathological anatomy laboratories do not test for rare rearrangements, and
therefore a negative FISH or RT-PCR does not rule out a diagnosis of Ewing’s sarcoma.

Ewing’s sarcoma diagnosis is a big challenge for those cases that are negative for all
rearrangements. A related challenge is recognizing the exact nature of a rearrangement.
For example, in our study, a tumor with a rearranged EWSR1 detected by FISH was
initially diagnosed as Ewing’s sarcoma until genomic analysis revealed a EWSR1-CREB1
rearrangement, and the diagnosis was consequently changed to angiomatoid fibrous
histiocytoma. This kind of difficulty stems from the substantial overlap in the clinical
and morphological features of different tumor types, together with the low incidence
rate. In addition to availability of a complete set of diagnostic tools, diagnosis demands a
multidisciplinary team [41]. The consequences of misdiagnosis can be considerable. For
example, in our study there was a tumor initially thought to be osteosarcoma, but it turned
out to be Ewing’s sarcoma (NGS genomic analysis detected an EWSR1-FLI1 rearrangement);
this directly affected management of the patient’s treatment. In short, genomic analysis is
recommended to obtain the diagnosis and to select and adjust the therapeutic scheme, but
is required if PCR or FISH do not detect an expected diagnostic rearrangement. In addition,
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genomic analysis can identify somatic mutations relevant for the understanding of tumor
development, progression, and prognosis.

Interpretation of the results of our study should take into account the partially retro-
spective design, the small sample size, and the wide variety of sarcoma subtypes included.
Nevertheless, the paucity of cases and heterogeneity of sarcoma subtypes also represents
the real clinical setting of most hospitals in many countries, where a centralized pediatric
pathological review is difficult to achieve, and thus, we think that our study gains weight
in the current-to-date management of pediatric sarcomas and emphasizes the need of
availability of genomic studies for all patients.

5. Conclusions

NGS-based genomic studies are both feasible and useful for diagnosis and clinical
management in children and young adults with sarcomas. In addition, genomic char-
acterization of these rare and heterogeneous tumors contributes to the identification of
prognostic biomarkers and to the continued expansion of therapeutic options, either by
making it possible to participate in clinical trials of existing targeted drugs or by providing
data on which to base the search for new targeted therapies. In both the here and now and
in the future, NGS-based genomic analysis promises to improve the prognosis for these
young patients.

Author Contributions: A.P.-G., I.A. and M.G.-J. conceptualized and designed the study, drafted
the initial manuscript, and reviewed and revised the manuscript; A.P.-G., M.G.-J., T.I. and P.A.-P.
designed the data collection instruments, collected data, carried out the genomic analyses, and
reviewed and revised the manuscript; E.P.-M., A.C.-L., M.S.-J., J.M.L.-E., A.E.-B. and I.A. selected the
patients for analysis and provided the clinical data; M.G.-J., P.A.-P., M.Z., S.G.-O. and M.M.A. created
the patient database and the figures in this manuscript, and were involved in sample management
and clinical data filtering. All authors approved the final manuscript as submitted and agreed to be
accountable for all aspects of the work. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the AGATA project (GEMA call) from Departamento de Salud
Gobierno de Navarra and La Caixa/CaixaBank and Fundación Pablo Ugarte, APU; Fundación Jesús
de Gangoiti Barrera (FJGB18/004 and FJGB19/001), Asociación La Cuadri del Hospi (BC/A/17/008).
P.A.P. was supported by a Basque Government fellowship (PRE_2020_2_0116). Role of the fun-
der/sponsor: Funding support was provided by the funding agencies in competitive calls and used
to perform the genomic analyses.

Institutional Review Board Statement: This study was in accordance with international Good
Clinical Practice guidelines, the Declaration of Helsinki, and national and international rules and
regulations, including Spanish Law 14/2007 on Biomedical Research and Organic Law 03/2018 on
the Protection of Personal Data. Ethical approval was granted by the Research Ethics Committee
of the Hospital Universitario de Cruces (E17/58) and the Research Ethics Committee of the Clínica
Universidad de Navarra (2017.109).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study can be available on request from
the corresponding author. The data are not publicly available because they correspond to pediatric
cancer patients as part of their clinical management.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Cancers 2021, 13, 5436 14 of 15

References
1. Peris-Bonet, R.; Salmerón, D.; Martínez-Beneito, M.A.; Galceran, J.; Marcos-Gragera, R.; Felipe, S.; González, V.; Sánchez de

Toledo Codina, J. Spanish Childhood Cancer Epidemiology Working Group. Spanish Childhood Cancer Epidemiology Working
Group. Childhood cancer incidence and survival in Spain. Ann. Oncol. 2010, 21, iii103–iii110. [CrossRef]

2. Gatta, G.; Botta, L.; Rossi, S.; Aareleid, T.; Bielska-Lasota, M.; Clavel, J.; Dimitrova, N.; Jakab, Z.; Kaatsch, P.; Lacour, B.; et al.
Childhood cancer survival in Europe 1999–2007: Results of EUROCARE-5—A population-based study. Lancet Oncol. 2014, 15,
35–47. [CrossRef]

3. Groisberg, R.; Roszik, J.; Conley, A.; Patel, S.R.; Subbiah, V. The role of next-generation sequencing in sarcomas: Evolution from
light microscope to molecular microscope. Curr. Oncol. Rep. 2017, 19, 1–8. [CrossRef]

4. Sbaraglia, M.; Righi, A.; Gambarotti, M.; Dei Tos, A.P. Ewing sarcoma and Ewing-like tumors. Virchows Arch. 2020, 476, 109–119.
[CrossRef]

5. Rau, R.E.; Loh, M.L. Using genomics to define pediatric blood cancers and inform practice. Hematol. Am. Soc. Hematol. Educ.
Program Book 2018, 1, 286–300. [CrossRef]

6. Pincez, T.; Clément, N.; Lapouble, E.; Pierron, G.; Kamal, M.; Bieche, I.; Bernard, V.; Fréneaux, P.; Michon, J.; Orbach, D.; et al.
Feasibility and clinical integration of molecular profiling for target identification in pediatric solid tumors. Pediatr. Blood Cancer
2017, 64, e26365. [CrossRef]

7. Tirtei, E.; Cereda, M.; De Luna, E.; Quarello, P.; Asaftei, S.D.; Fagioli, F. Omic approaches to pediatric bone sarcomas. Pediatr.
Blood Cancer 2020, 67, e28072. [CrossRef]

8. Montella, L.; Altucci, L.; Sarno, F.; Buonerba, C.; De Simone, S.; Facchini, B.A.; Franzese, E.; De Vita, F.; Tafuto, S.; Berretta, M.;
et al. Toward a Personalized Therapy in Soft-Tissue Sarcomas: State of the Art and Future Directions. Cancers 2021, 13, 2359.
[CrossRef]

9. Gounder, M.M.; Ali, S.M.; Robinson, V.; Bailey, M.; Ferraro, R.; Patel, N.M.; Krishnan, A.; Millis, S.Z.; Dickson, M.A.; D’Angelo,
S.P.; et al. Impact of next-generation sequencing (NGS) on diagnostic and therapeutic options in soft-tissue and bone sarcoma. J.
Clin. Oncol. 2017, 35 (Suppl. S15), 11001.

10. Italiano, A.; Di Mauro, I.; Rapp, J.; Pierron, G.; Auger, N.; Alberti, L.; Chibon, F.; Escande, F.; Voegeli, A.C.; Ghnassia, J.P.; et al.
Clinical effect of molecular methods in sarcoma diagnosis (GENSARC): A prospective, multicentre, observational study. Lancet
Oncol. 2016, 17, 532–538. [CrossRef]

11. Lucchesi, C.; Khalifa, E.; Laizet, Y.; Soubeyran, I.; Mathoulin-Pelissier, S.; Chomienne, C.; Italiano, A. Targetable alterations in
adult patients with soft-tissue sarcomas: Insights for personalized therapy. JAMA Oncol. 2018, 4, 1398–1404. [CrossRef]

12. Vyse, S.; Thway, K.; Huang, P.H.; Jones, R.L. Next-generation sequencing for the management of sarcomas with no known driver
mutations. Curr. Opin. Oncol. 2021, 33, 315–322. [CrossRef]

13. Xiao, X.; Garbutt, C.C.; Hornicek, F.; Guo, Z.; Duan, Z. Advances in chromosomal translocations and fusion genes in sarcomas
and potential therapeutic applications. Cancer Treat. Rev. 2018, 63, 61–70. [CrossRef]

14. Dufresne, A.; Brahmi, M.; Karanian, M.; Blay, J.Y. Using biology to guide the treatment of sarcomas and aggressive connective-
tissue tumors. Nat. Rev. Clin. Oncol. 2018, 15, 443–458. [CrossRef]

15. Kopanos, C.; Tsiolkas, V.; Kouris, A.; Chapple, C.E.; Albarca Aguilera, M.; Meyer, R.; Massouras, A. VarSome: The human
genomic variant search engine. Bioinformatics 2019, 35, 1978. [CrossRef]

16. Landrum, M.J.; Lee, J.M.; Riley, G.R.; Jang, W.; Rubinstein, W.S.; Church, D.M.; Maglott, D.R. ClinVar: Public archive of
relationships among sequence variation and human phenotype. Nucleic Acids Res. 2014, 42, D980–D985. [CrossRef]

17. Chakravarty, D.; Gao, J.; Phillips, S.; Kundra, R.; Zhang, H.; Wang, J.; Rudolph, J.E.; Yaeger, R.; Soumerai, T.; Nissan, M.H.; et al.
OncoKB: A precision oncology knowledge base. JCO Precis. Oncol. 2017, 1, 1–16. [CrossRef]

18. Tate, J.G.; Bamford, S.; Jubb, H.C.; Sondka, Z.; Beare, D.M.; Bindal, N.; Boutselakis, H.; Cole, C.G.; Creatore, C.; Dawson, E.; et al.
COSMIC: The catalogue of somatic mutations in cancer. Nucleic Acids Res. 2019, 47, D941–D947. [CrossRef]

19. McLeod, C.; Gout, A.M.; Zhou, X.; Thrasher, A.; Rahbarinia, D.; Brady, S.W.; Macias, M.; Birch, K.; Finkelstein, D.; Sunny, J.; et al.
St. Jude Cloud: A Pediatric Cancer Genomic Data-Sharing Ecosystem. Cancer Discov. 2021, 11, 1082–1099. [CrossRef]

20. Hu, X.; Wang, Q.; Tang, M.; Barthel, F.; Amin, S.; Yoshihara, K.; Lang, F.M.; Martinez-Ledesma, E.; Lee, S.H.; Zheng, S.; et al.
TumorFusions: An integrative resource for cancer-associated transcript fusions. Nucleic Acids Res. 2018, 46, D1144–D1149.
[CrossRef]

21. Piñeiro-Yáñez, E.; Reboiro-Jato, M.; Gómez-López, G.; Perales-Patón, J.; Troulé, K.; Rodríguez, J.M.; Tejero, H.; Shimamura, T.;
López-Casas, P.P.; Carretero, J.; et al. PanDrugs: A novel method to prioritize anticancer drug treatments according to individual
genomic data. Genome Med. 2018, 10, 1–11. [CrossRef]

22. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012, 2,
401–404. [CrossRef]

23. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
Integrative analysis of complex cancer genomics and clinical profiles using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]

24. Gross, A.M.; Wolters, P.L.; Dombi, E.; Baldwin, A.; Whitcomb, P.; Fisher, M.J.; Weiss, B.; Kim, A.; Bornhorst, M.; Shah, A.C.; et al.
Selumetinib in children with inoperable plexiform neurofibromas. N. Engl. J. Med. 2020, 382, 1430–1442. [CrossRef]

http://doi.org/10.1093/annonc/mdq092
http://doi.org/10.1016/S1470-2045(13)70548-5
http://doi.org/10.1007/s11912-017-0641-2
http://doi.org/10.1007/s00428-019-02720-8
http://doi.org/10.1182/asheducation-2018.1.286
http://doi.org/10.1002/pbc.26365
http://doi.org/10.1002/pbc.28072
http://doi.org/10.3390/cancers13102359
http://doi.org/10.1016/S1470-2045(15)00583-5
http://doi.org/10.1001/jamaoncol.2018.0723
http://doi.org/10.1097/CCO.0000000000000741
http://doi.org/10.1016/j.ctrv.2017;12.001
http://doi.org/10.1038/s41571-018-0012-4
http://doi.org/10.1093/bioinformatics/bty897
http://doi.org/10.1093/nar/gkt1113
http://doi.org/10.1200/PO.17.00011
http://doi.org/10.1093/nar/gky1015
http://doi.org/10.1158/2159-8290.CD-20-1230
http://doi.org/10.1093/nar/gkx1018
http://doi.org/10.1186/s13073-018-0546-1
http://doi.org/10.1158/2159-8290
http://doi.org/10.1126/scisignal.2004088
http://doi.org/10.1056/NEJMoa1912735


Cancers 2021, 13, 5436 15 of 15

25. Dombi, E.; Baldwin, A.; Marcus, L.J.; Fisher, M.J.; Weiss, B.; Kim, A.; Whitcomb, P.; Martin, S.; Aschbacher-Smith, L.E.; Rizvi, T.A.;
et al. Activity of selumetinib in neurofibromatosis type 1–related plexiform neurofibromas. N. Engl. J. Med. 2016, 375, 2550–2560.
[CrossRef]

26. Ku, B.M.; Bae, Y.H.; Lee, K.Y.; Sun, J.M.; Lee, S.H.; Ahn, J.S.; Park, K.; Ahn, M.J. Entrectinib resistance mechanisms in
ROS1-rearranged non-small cell lung cancer. Investig. New Drugs 2020, 38, 360–368. [CrossRef]

27. Doebele, R.C.; Drilon, A.; Paz-Ares, L.; Siena, S.; Shaw, A.T.; Farago, A.F.; Blakely, C.M.; Seto, T.; Cho, B.C.; Tosi, D.; et al.
Entrectinib in patients with advanced or metastatic NTRK fusion-positive solid tumors: Integrated analysis of three phase
1–2 trials. Lancet Oncol. 2020, 21, 271–282. [CrossRef]

28. Doebele, R.C.; Davis, L.E.; Vaishnavi, A.; Le, A.T.; Estrada-Bernal, A.; Keysar, E.; Jimeno, A.; Varella-Garcia, M.; Aisner, D.L.;
Li, Y.; et al. An oncogenic NTRK fusion in a patient with soft-tissue sarcoma with response to the tropomyosin-related kinase
inhibitor LOXO-101. Cancer Discov. 2015, 5, 1049–1057. [CrossRef]

29. Drilon, A.; Laetsch, T.W.; Kummar, S.; DuBois, S.G.; Lassen, U.N.; Demetri, G.D.; Nathenson, M.; Doebele, R.C.; Farago, A.F.;
Pappo, A.S.; et al. Efficacy of larotrectinib in TRK fusion–positive cancers in adults and children. N. Engl. J. Med. 2018, 378,
731–739. [CrossRef]

30. Anderson, W.J.; Doyle, L.A. Updates from the 2020 World Health Organization Classification of Soft Tissue and Bone Tumors.
Histopathology 2021, 78, 644–657. [CrossRef]

31. Dancsok, A.R.; Asleh-Aburaya, K.; Nielsen, T.O. Advances in sarcoma diagnostics and treatment. Oncotarget 2017, 8, 7068.
[CrossRef]

32. Zhao, X.; Li, M.M.; Schubert, J.; Wu, J.; Lin, F.; Wertheim, G.B.; Surrey, L.; Luo, M.; Zhong, Y.; Wu, C.; et al. Clinical significance of
serial tumor next generation sequencing (NGS) in 155 pediatric cancer patients. J. Clin. Oncol. 2020, 38, e13666. [CrossRef]

33. Mody, R.J.; Wu, Y.M.; Lonigro, R.J.; Cao, X.; Roychowdhury, S.; Vats, P.; Frank, K.M.; Prensner, J.R.; Asangani, I.; Palanisamy,
N.; et al. Integrative clinical sequencing in the management of refractory or relapsed cancer in youth. JAMA 2015, 314, 913–925.
[CrossRef]

34. Harris, M.H.; DuBois, S.G.; Bender, J.L.G.; Kim, A.; Crompton, B.D.; Parker, E.; Dumont, I.P.; Hong, A.L.; Guo, D.; Church, A.;
et al. Multicenter feasibility study of tumor molecular profiling to inform therapeutic decisions in advanced pediatric solid
tumors: The individualized cancer therapy (iCat) study. JAMA Oncol. 2016, 2, 608–615. [CrossRef]

35. Parsons, D.W.; Roy, A.; Yang, Y.; Wang, T.; Scollon, S.; Bergstrom, K.; Kerstein, R.A.; Gutierrez, S.; Petersen, A.K.; Bavle, A.; et al.
Diagnostic yield of clinical tumor and germline whole-exome sequencing for children with solid tumors. JAMA Oncol. 2016, 2,
616–624. [CrossRef]

36. Chang, W.; Brohl, A.S.; Patidar, R.; Sindiri, S.; Shern, J.F.; Wei, J.S.; Song, Y.K.; Yohe, M.E.; Gryder, B.; Zhang, S.; et al.
MultiDimensional ClinOmics for Precision Therapy of Children and Adolescent Young Adults with Relapsed and Refractory
Cancer: A Report from the Center for Cancer Research. Clin. Cancer Res. 2016, 22, 3810–3820. [CrossRef]

37. Suehara, Y.; Alex, D.; Bowman, A.; Middha, S.; Zehir, A.; Chakravarty, D.; Wang, L.; Jour, G.; Nafa, K.; Hayashi, T.; et al. Clinical
genomic sequencing of pediatric and adult osteosarcoma reveals distinct molecular subsets with potentially targetable alterations.
Clin. Cancer Res. 2019, 25, 6346–6356. [CrossRef]

38. Rubio-San-Simón, A.; Hladun Alvaro, R.; Juan Ribelles, A.; Castañeda Heredia, A.; Guerra-García, P.; Verdú-Amorós, J.; Andrés,
M.; Cañete, A.; Rives, S.; Pérez-Martínez, A.; et al. The paediatric cancer clinical research landscape in Spain: A 13-year multicentre
experience of the new agents group of the Spanish Society of Paediatric Haematology and Oncology (SEHOP). Clin. Transl. Oncol
2021. online ahead of print. [CrossRef]

39. Kallen, M.E.; Hornick, J.L. The 2020 WHO Classification: What’s new in soft tissue tumor pathology? Am. J. Surg. Pathol. 2021, 45,
e1–e23. [CrossRef]

40. Cidre-Aranaz, F.; Alonso, J. EWS/FLI1 target genes and therapeutic opportunities in Ewing sarcoma. Front. Oncol. 2015, 5, 162.
[CrossRef]

41. Groisberg, R.; Hong, D.S.; Holla, V.; Janku, F.; Piha-Paul, S.; Ravi, V.; Benjamin, R.; Patel, S.K.; Somaiah, N.; Conley, A.; et al.
Clinical genomic profiling to identify actionable alterations for investigational therapies in patients with diverse sarcomas.
Oncotarget 2017, 8, 39254–39267. [CrossRef]

http://doi.org/10.1056/NEJMoa1605943
http://doi.org/10.1007/s10637-019-00795-3
http://doi.org/10.1016/S1470-2045(19)30691-6
http://doi.org/10.1158/2159-8290
http://doi.org/10.1056/NEJMoa1714448
http://doi.org/10.1111/his.14265
http://doi.org/10.18632/oncotarget.12548
http://doi.org/10.1200/JCO.2020.38.15_suppl.e13666
http://doi.org/10.1001/jama.2015.10080
http://doi.org/10.1001/jamaoncol.2015.5685
http://doi.org/10.1001/jamaoncol.2015.5699
http://doi.org/10.1158/1078-0432.CCR-15-2717
http://doi.org/10.1158/1078-0432.CCR-15-2717
http://doi.org/10.1007/s12094-021-02649-y
http://doi.org/10.1097/pas.0000000000001552
http://doi.org/10.3389/fonc.2015.00162
http://doi.org/10.18632/oncotarget.16845

	Introduction 
	Materials and Methods 
	Patients and Samples 
	Extraction of DNA/RNA from Tissues 
	NGS Library Preparation and Sequencing 
	Data Analysis 

	Results 
	Patient and Sample Characteristics 
	Genetic Alterations Detected in Sarcomas 
	Osteosarcoma 
	Ewing's Sarcoma 
	Other Rare Sarcomas 

	Clinical Relevance of the Genomic Alterations Detected in Pediatric Sarcomas and Clinical Actions Based on the Results of the Genomic Analysis 
	Detection of Potentially Actionable Genomic Alterations 

	Discussion 
	Conclusions 
	References

