Introduction: Ewing sarcoma (ES) is
a highly aggressive malignancy of
bone and soft tissues characterized
by the presence of a genetic fusion
involving the EWSRI gene. More than
one-third of patients develop distant
metastases, which are associated with
unfavorable prognosis. Knowledge
about the disease’s genetic landscape
may help foster progress in using tar-
geted therapies in the treatment of ES.
Aim of the study: The objective is to
assess the mutational landscape of ES
in pretreatment samples, tumor sam-
ples after neoadjuvant chemotherapy,
and in metastatic/recurrent tumors in
children and adults

Material and methods: DNA from
39 formalin-fixed paraffin-embed-
ded tumor samples of 22 patients
(17 adults, 5 children) were analyzed by
targeted next generation sequencing
(NGS) using the Oncomine Compre-
hensive Assay v3gene panel. Additional
functional analyses were performed
between patient subgroups.

Results: All samples were character-
ized by low tumor mutation burden
(< 10 mut/Mb). The most commonly
mutated genes were PIK3R1 (59%) and
POLE (50%). The most widely detect-
ed variants in biopsy samples were
PIK3R1 T369! (50%), FGFRI E159K, and
TP53 at codon 72 (both in 27.3%). Ad-
ditionally, the ATR, BRCAI, RAD50, ATM,
CHEKI, and NBN genes showed a sig-
nificantly higher number of mutations
in ES. Mutations in PIK3R1 were signifi-
cantly more frequent in adults, while
mutations in the pathways responsible
for cell cycle control, DNA repair, and
transcriptional regulation were more
frequent in children.

Conclusions: Besides EWSRI fusion,
ES is characterized by numerous point
mutations that are potential targets
for precision medicine. There is high
genomic heterogeneity that may ex-
plain differences in outcomes between
patient subgroups.

Key words: genetics, mutation, NGS,
targeted therapies, Ewing sarcoma.
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Introduction

Ewing sarcoma (ES) is a rare, highly aggressive disease, the second most
frequent bone tumor in children and adolescents, and third in the overall
population [1]. Disseminated disease is detected in about 20-30% of patients
at the time of initial diagnosis. Moreover, approximately 30-40% of patients
develop local or distant recurrence after curative treatment [2—-4]. The most
frequent sites of metastases are lungs, bones, and bone marrow [5-7].

The implementation of chemotherapy in the 1960s into the curative
treatment resulted in a remarkable improvement in 5-year overall surviv-
al (0S) rates in localized disease from 10% to 70-80% [7-9]. Despite this,
patients with metastatic and recurrent disease have a poor prognosis, and
5-year OS rates in this group are less than 30%. Early recurrence, below
24 months from completion of curative treatment, is associated with a much
worse prognosis [4].

Currently, there are no standards for the treatment of recurrent/dissemi-
nated ES. The chemotherapy of second and subsequent lines is based on the
standards of the treatment of localized disease. In addition, the combination
of alkylates with topoisomerase inhibitors, or irinotecan with temozolomide,
or gemcitabine with docetaxel, or high-dose ifosfamide/carboplatin with
etoposide are other therapeutic options; however, the duration of response
is short, and the outcomes are disappointing [1, 9, 10].

New therapeutic approaches are needed to improve patient survival. Mo-
lecular target therapies are a very promising but challenging option, mainly
because ES is characterized by a low mutation burden [11-13]. This is due to
the oncogenicdriving translocation between the EWSRI gene and ETS family
transcription factors that dominated the ES genetic landscape [11]. The most
common fusion is EWSRI-FLI, observed in 80-85%, followed by EWSRI-ERG
fusion [11, 14-16]. Besides characteristic fusion, additional pathogenic point
mutations are observed in numerous genes, with the most common loss-of-
function mutations in STAG2, TP53, and CDKNZ2A genes. Considering the ex-
tensively growing field of precision oncology, pathogenic variants observed
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in patients with ES could be potential therapeutic targets
[4,12,17,18]. The role of targeted therapies in ES is limited,
primarily due to the sparse evidence about its mutation-
al landscape and high heterogeneity. Thus, every effort
should be made to identify genetic targets for developing
novel therapies in the future [11, 18].

Our analysis aimed to assess the mutational land-
scape of ES in pretreatment samples, tumor samples after
neoadjuvant chemotherapy, and in metastatic/recurrent
tumors in children and adults. We also aimed to assess
whether the mutational profile correlates with pathologic
responses to neoadjuvant chemotherapy.

Material and methods
Patients

The material consisted of formalin-fixed, paraffin-em-
bedded (FFPE) paraffin blocks of primary tumor biopsy,
a surgical specimen from primary tumor resection and/or
a recurrent/metastatic tumor from 5 pediatric (< 18 years
old) and 17 adult patients. There were 13 (60%) males and
9 (40%) females. The median age was 24.5 years (range
7-61). Tumors were located in bones in 18 (82%) patients and
soft tissues in 4 (18%) patients. All patients received neoad-
juvant chemotherapy and underwent surgical resection of
the tumor. Patients were diagnosed and treated in the Maria
Sklodowska-Curie National Research Institute of Oncology in
Warsaw (adult patients) and the Mother and Child Institute
in Warsaw (pediatric patients) between 2003 and 2018.

All 22 patients had a tumor biopsy sample analyzed.
Specimens from primary tumor resection after neoadju-
vant chemotherapy were included for 8 of them (5 adults,
3 three children); the remaining 14 patients did not have
available samples due to the lack of viable tumor cells in
the specimen (caused by the response to chemotherapy).
Moreover, samples from local recurrence (2 adult patients)
and distant metastases (4 children, 3 adults) were includ-
ed in the analysis.

For functional analysis, patients with no more than 5%
of viable cells in the surgical specimen after neoadjuvant
chemotherapy were classified as “responders,” while pa-
tients with more viable tumor tissue were “nonrespond-
ers”. Eight patients were classified as responders (only
adult patients), and 14 were nonresponders to chemother-
apy (5 children and 9 adults).

Nucleic acid isolation

Formalin-fixed, paraffin-embedded tissue sampleswe
re macrodissected to obtain 100% tumor cells for nucle-
ic acid isolation. DNA and RNA were isolated from tumor
cells’ FFPE samples using the MagMax FFPE DNA/RNA Ultra
Kit (Thermo Fisher Scientific, Waltham, MA, US) according
to the manufacturer’s protocol. DNA and RNA quality and
quantity were assessed using a NanoDrop spectropho-
tometer and Qubit fluorometer. DNA was stored at —20°C
and RNA at —70°C.

Library preparation and sequencing

Before construction of libraries reverse transcription
was conducted to obtain cDNA from RNA. DNA and cDNA

libraries were prepared using Oncomine Comprehensive
Assay v3 (Thermo Fisher Scientific, Waltham, MA, US) ac-
cording to the manufacturer’s protocol. Oncomine Compre-
hensive Assay v3 is a targeted assay that enables the de-
tection of relevant single nucleotide variants, copy number
variants, gene fusions, and indels from 161 unique genes.
Libraries’ concentrations were analyzed using an Agilent
2100 Bioanalyzer. Sequencing was performed using the lon
Proton instrument with the lon PI Hi-Q Sequencing 200 Kit
(Thermo Fisher Scientific, Waltham, MA, US).

Data analysis

Variants were named using lon Reporter (version 5.10),
using the “Oncomine Comprehensive v3-w3.2 — DNA and
Fusions —Single Sample” protocol. Variant calling parame-
ters were as follows: Fusion panel: “v3 Fusions v1.2”, target
regions: “v3 Regions v1.1”, hotspots: “v3 Hotspots v1.1”,
annotations: “v3 Annotations v1.2”, reference genome:
hgl9. Variant annotation was performed using CRAVAT
(version 4.3) [19]. Annotated variants were loaded into
R (version 3.4.1), where additional filters were applied to
extract pathogenic variants: variants present in more than
2% of the population according to the Exome Aggrega-
tion Consortium database (ExAC, > 60000 exomes) [20]
were removed; a variant is pathogenic according to either
CHASM [21] or VEST algorithms [22] (FDR < 0.15) or the
Oncomine database. All rare variants in driver genes were
also considered pathogenic. Oncomine database “wa-
terfall” plots were prepared and tumor mutation burden
(TMB) was calculated using the GenVisR library (version
1.6.3) [23]. GenVisR uses the following formula for TMB es-
timation: mutations in sample/coverage space 1,000,000.
Tumor mutation burden calculation assumed that the cov-
erage breadth within the cohort was approximately equal.
Pathogenic variant extraction was performed after TMB
calculation.

The indicators used for the functional characterization
of the mutation profile are calculated as follows: The per-
centage of mutation in a given gene in all samples was
used to characterize ES in general. For comparison with
the response to treatment, the proportion of mutation in
the test group was subtracted from the proportion in the
control group (responding to treatment) and then multi-
plied by the negative decimal logarithm of the p-value in
Fisher’s test. Data for adults and children were analyzed in
the same way — the proportion of mutation in the adults
was subtracted from the proportion in children. Both ratios
were calculated for genes in which the p-value in Fisher’s
test for a given comparison was different from 1. To com-
pare mutations from the biopsy and primary tumor after
chemotherapy, the ratio of the number of mutations in the
primary tumor to the biopsy was calculated (comparing
pairs of samples). The obtained ratio was logarithmically
transformed. The calculated ratios were used for function-
al analysis, performed using GSEA software on Hallmark
and Reactome datasets. Only gene sets greater than five
were taken into account. Results with a false discovery
rate (FDR) < 25% and, if there were no type | errors, with
a p-value < 0.05 were considered significant.
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Fig. 1. Waterfall plot with the genes in which mutations were identified in at least 20% of biopsy samples

Results

The mean coverage per sample was 2290, and the me-
dian for percent of bases with the coverage more than
100x was 96%. 2505 somatic mutations were identified in
133 out of 161 genes tested in Oncomine Comprehensive
Assay v3. The average number of variants per sample was
64.2. There were no significant differences in the TMB and
number of variants between biopsy samples, primary tu-
mors, local recurrences, and metastatic lesions.

For the best genomic characterization of ES, treat-
ment-naive biopsy samples were selected for further anal-
ysis. 1119 potentially pathogenic variants were identified
in biopsy samples, resulting in an average of 50.9 muta-
tions per patient. All patients had TMB < 10 mut/Mb, with
the highest TMB of 6 mut/Mb in one patient (Fig. 1). The
most commonly mutated genes were PIK3RI (13 patients,
22 variants) and POLE (11 patients, 46 variants) (Fig. 1, Ta-
ble 1). A WHSCI1L1-FGFR1 gene fusion was identified in one
patient. Moreover, G388R mutation of the FGFR4 gene was
identified in 18 of 22 patients (81.8%), but due to high inci-
dence in the population (30.0% in EXAC database), it is not
considered pathogenic and not included in the analysis.

The most commonly recurrent variant observed in bi-
opsy samples were PIK3RI T369/ observed in 50% of cas-
es, FGFRI E159K, and TP53 at codon_72 (_72_)_, both in
27.3%. The same variants were also the most common
if all sample types were included, in 63.6%, 45.5%, and
45.5% of patients, respectively (Table 2).

ES samples were characterized by a higher rate of mu-
tations in the genes from four Reactome pathways and
four pathways from the Hallmark collection (Table 3), with
the TP53 gene being represented recurrently. Additional-
ly, the ATR, BRCA1, RAD50, ATM, CHEK1, and NBN genes
showed a significantly higher number of mutations.

Table 1. Most commonly mutated genes and number of pathogenic
variants in biopsy samples (N = 22)

N patients (%) N variants
PIK3RI 13 (59) 22
POLE 11 (50) 46
NOTCH1 10 (45) 47
NFI 10 (45) 49
CREBBP 10 (45) 51
BRCA2 10 (45) 37
CHEK1 9 (41) 9
ATRX 9 (41) 41
ATM 9 (41) 47
7SC2 8 (36) 30
TP53 8 (36) 15
SETD2 8 (36) 35
RAD50 8 (36) 16
MLHI 8 (36) 13
FGFRI 8 (36) 9

To assess whether mutational profiles predict response
to chemotherapy, we compared biopsy samples from re-
sponder and nonresponder groups. Mutations in the CD28
co-stimulation and Cell cycle progression: G2/M checkpoint
pathways were overrepresented in responders, while in
nonresponders, mutations in the Vesicle-mediated trans-
port pathway were overrepresented (Table 4). In compar-
ing primary biopsy and surgical samples after neoadjuvant
chemotherapy, the most mutations appearing only in the
surgical specimens were in the AKTI, FLT3, PIK3CB, POLE,
SETD2, and TP53 genes. Among the mutations occurring
only in biopsies, the AKT3 gene had the highest absolute
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Table 2. Most recurrent pathogenic variants observed in at least 10%
of biopsy samples

Gene Variant Number Number
of patients of patients
with a variant with a variant
in biopsy detected in any type
sample (%) of sample (%)
N=22) (N=39)
PIK3RI1 T369I 11 (50.0) 14 (63.6)
FGFRI E159K 6 (27.3) 10 (45.5)
TP53 72 6(27.3) 10 (45.5)
CHEK1 R291S 5(22.7) 7 (31.8)
CDKNZB T95M 5(22.7) 7 (31.8)
POLE Q2228 5(22.7) 7 (31.8)
CDKNZ2A T771 3(13.6) 3(13.6)
NOTCH1 A2356G 4(18.2) 6 (27.3)
NBN 1171V 3 (13.6) 3(13.6)
NF1 E212K 3(13.6) 4(18.2)
NF1 R377C 3(13.6) 3(13.6)
NFI R386Q 3 (13.6) 3(13.6)
PALB2 G998E 3(13.6) 3(13.6)

score value. The functional analyses revealed that muta-
tions are overrepresented in three pathways for the surgi-
cal samples (Table 4).

Comparing ES samples from adults and children, we
found that mutations in the UV response: upregulated
genes pathway were over-represented in adults, while in
children in the pathways responsible for Cell Cycle, DNA
Repair and Transcriptional Regulation by TP53 (Table 4).

Discussion

A fusion protein originating from gene fusions of
EWSRI genes with its various fusion partners is commonly
considered a driver of ES. Additional genetic alterations,
such as point mutations or copy number alterations, are

widely described, but their clinical and biological value is
unproven. Here we report our preliminary data of the first
sequencing project of ES conducted by the Polish Sarco-
ma Group. Despite a low number of tested samples, we
confirmed that ES is a heterogeneous disease with a broad
spectrum of genetic alterations.

A low tumor mutational burden (TMB) is a general fea-
ture of sarcomas and other pediatric cancers. In our cohort,
all patients had low TMB (< 10 mut/Mb), consistently with
previous studies [14, 18, 24]. In other studies, relapsed tu-
mors showed a 2- to 3-fold increased number of mutations
[25]; however, probably due to a low number of relapsed/
metastatic cases, we did not confirm this observation. The
most commonly mutated gene profile was also consistent
with available literature [18, 26-28]. Interestingly, we ob-
served a high proportion of patients with mutated PIK3R]I,
NOTCH]I, or CREBBP genes, suggesting their importance in
ES. The gene panel used in this study did not include the
STAG2 gene frequently altered in ES [29, 30], which is an
important limitation of our analysis.

PIK3R1 mutations were the most frequent and were
observed in over 50% of patients, mainly in adults and
patients with good responses to chemotherapy. The most
frequent variant in PIK3RI was T369I, observed in most
mutated cases. Its clinical importance and possible patho-
genic potential have not yet been investigated. Generally,
the PIK3RI gene provides instructions for making a sub-
unit of phosphatidylinositol 3-kinase (PI3K), an essential
part of the PI3K/AKT/mTOR pathway. Multiple PIK3RI mu-
tations have been described as critical pathogenic drivers
in other tumors, e.g., endometrial cancer. Moreover, the
PI3K signaling pathway has been shown to play a particu-
lar role in phenotypes relevant to the aggressive biological
behavior of ES [29], which makes this pathway a prospec-
tive therapeutic target [30]. The first clinical trials with
PI3K inhibitors (NCT03458728, NCT04690725) in ES are
ongoing and preliminary data are awaited.

Other genes from the PI3K/AKT/mTOR pathway, mainly
AKTI, AKT3, TSCI, or TSC2, are frequently mutated in ES.

Table 3. Functional annotations with over-representation of mutations in all Ewing samples, together with the level of significance and the
genes that significantly affect the enrichment statistics calculated by the GSEA program (Reactome or Hallmark)

Pathway Genes Significance (false Dataset
discovery rate, %)
G2/M DNA damage checkpoint TP53, ATM, CHEK1, ATR, NBN, BRCA1, RAD50 <25 Reactome
Pre-NOTCH EXPRESSION AND PROCESSING NOTCHI, TP53, CREBBR NOTCHZ2, NOTCH3 <25
DNA repair POLE, TP53, BRCA2, ATM, MSH2, MLH1, <25
CHEK1, MSH6, ATR, NBN, BRCA1, RAD50,
BAPI1, FANCI, FANCA, PALB2

DNA double-strand break repair POLE, TP53, BRCA2, ATM, CHEK1, ATR, NBN, <25

BRCAI, RAD50, BAP1
Cell cycle progression: E2F targets (E2F_TARGETS) POLE, TP53, BRCA2, MSH2, MLH1, CHEK1, <25 Hallmark

NBN, BRCA1, RAD50
Cell cycle progression: G2/M checkpoint POLE, BRCA2, ATRX, NOTCH2, CHEK1 <25
(G2M_CHECKPOINT)
Canonical beta-catenin pathway NOTCH]I, TP53, PTCH1 <25
(WNT_BETA_CATENIN_SIGNALING)
Genes important for mitotic spindle assembly NF1, BRCA2, NOTCHZ2, TSC1 <25

(MITOTIC_SPINDLE)
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Table 4. Functional annotations with over-representation of mutations in patients responding or not responding to treatment, children or
adults, and biopsy or surgical specimen, together with the level of significance, and the genes that significantly affect the enrichment sta-

tistics calculated by the GSEA program (Reactome or Hallmark)

Pathway Genes Significance (%) Dataset Group with significant
enrichment
Responders vs. nonresponders
CD28 co-stimulation SRC, PIK3R1 p<5 Reactome Responders
Cell cycle progression: G2/M checkpoint POLE, CHEK1, NOTCHZ2, BRCA2 FDR < 25 Reactome Responders
Vesicle-mediated transport TSC2, AKT3, AKTI1 FDR < 25 Reactome Non-responders

Tumor biopsy vs. surgical specimen after neoadjuvant chemotherapy

Regulation of PTEN gene transcription TP53 FDR < 25 Reactome Surgical specimen
mTOR signaling AKTI TSCI p<5 Reactome Surgical specimen
PTEN regulation AKTI TP53 p<5 Reactome Surgical specimen
Adults vs. children
UV response: upregulated genes SRC, PIK3R1 FDR < 25 Hallmark Adults
Cell cycle ATM, ATR, MRE11, AKT3, MLH], p<5 Reactome Children
CCND1, AKT2, MAX, CDKN2A,
BRCA2, RAD50
DNA repair BRCAIL, MSH6, MSH2, ATM, ATR, D < 5% Reactome Children
MRE11, FANCI, MLHI1, PMS2,
ERCC2, BRCA2, RAD50
Transcriptional regulation by TP53 BRCAI, MSH2, ATM, ATR, D < 5% Reactome Children

MRE11, AKT3, FANCI, MLH]I,
PTEN, AKT2, PMS2, CDKNZ2A,

ERCC2, RAD50
FDR - false discovery rate

We observed a higher frequency of such mutations in pa-
tients with poor responses to neoadjuvant chemotherapy.
This observation suggests the potential involvement of
this pathway in drug resistance. Available mTOR inhibitors
could potentially be used in the treatment of ES, possibly
also in the neoadjuvant setting, to increase the efficacy of
chemotherapy and reduce drug resistance [31].

We found mutations in fibroblast growth factor (FGF)
pathways (mainly FGFRI and FGFR3 genes) in nearly half
of the patients. None of the variants (FGFRI E159K, FGFR3
F386L) have previously been confirmed as pathogenic, but
considering the recurrent pattern of their presence in ES,
their importance should be verified. Importantly, the FGF
pathway has been implicated in the pathogenesis of dif-
ferent sarcoma subtypes, including ES. Girnita et al. sug-
gested that it might be essential to maintain a malignant
phenotype of ES cells through upregulating the EWS-FLI-1
protein [32].

We also identified a novel WHSCILI-FGFRI gene fusion
in one patient, who had not previously been assessed for
EWSR-translocation, but whose immunohistochemical
staining profile was undoubtfully correlated with ES di-
agnosis. This genomic alteration has not previously been
described in ES but has been detected in other malignant
tumors, e.g., anaplastic thyroid carcinoma and lung cancer
[33, 34]. Experimental data suggest that the genes WHS-
CIL1 and FGFRI are responsible for the pathogenic role of
the fusion protein in lung cancer and are potential targets
for inhibition [33, 35]. Various FGFR inhibitors are currently
being tested in clinical trials, including multikinase inhibi-
tors covering FGFR (lenvatinib, ponatinib, regorafenib) and

specific FGFR inhibitors (erdafitinib, pemigatinib). FGFR4
inhibition with a specific inhibitor (BLU9931) was highly
successful in ES cell lines, suggesting the FGF pathway’s
importance [36]. These drugs could offer some clinical
benefit for patients with ES with WHSCILI-FGFRI fusion or
mutations in FGF pathway genes.

Mutation in G388R in the FGFR4 gene is common in the
population, observed in approximately 30% of people, and
thus is not considered pathogenic. In our cohort, FGFR4
G388R was present in over 80% of patients, significantly
more frequently than in general. This suggests that this
variant might be associated with an increased risk of de-
veloping ES in individuals harboring this variant. Previous
studies reported the FGFR4 G338R variant in around 50%
of ES cases [24, 26]. Pathways noted to be altered in the
presence of FGFR G388R include MAPK (33%), WNT (32%),
NOTCH1 (20%), HRR (19%), and histone/chromatin remod-
eling (18%), all with a proven pathogenic role [24]. It is sug-
gested that this variant may be involved in an alternative
model of sarcoma genesis of ES, but this hypothesis re-
quires further validation [26].

We also detected a higher number of mutations in genes
from the DNA damage response pathway (BRCA1, BRCA2,
CHEK1, ATM, PALB2), especially in children. Based on the
data from other cancers, tumors harboring such mutations
may respond to treatment with PARP inhibitors. Preclinical
studies suggest that ES cells are sensitive to this class of
drugs, especially in combination with chemotherapy [37].
The first clinical trial was conducted with olaparib but did
not bring significant improvement; further trials in combi-
nations are ongoing (NCT01858168) [11, 38].
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Table 5. Summary of completed and ongoing trials with targeted therapies in Ewing sarcoma

NCT number

NCT02657005
NCT00609141
NCT00668148
NCTO01614795
NCT00831844
NCT01016015
NCT00560235

NCT00474760
NCT02546544
NCT00563680
NCT00562380
NCT02243605
NCT02867592
NCT02389244
NCT02048371
NCT02085148
NCT00464620
NCT00330421
NCT00031915
NCT01518413
NCTO2044120
NCTO2044120
NCT01583543
NCTO1583543
NCT01286987
NCT02116777
NCT01154816
NCT01830153
NCT00617890
NCT02736565

NCT04129151
NCT04901702

NCT03600649

NCT03715933
NCT04195555
NCT04320888
NCT03698994
NCT03526250
NCT04284774
NCT04851119
NCT03155620
NCT03213665
NCT03213652
NCT02644460
NCT03210714
NCT03458728
NCT04690725
NCT03213704
NCT02650401
NCT03245151
NCT05046314
NCT02748135
NCT02982941

Phase
1/2

NN NN =

1/2

N R R NN R NDNNN R NN

—
=
N

NN

1/2

Drugs

TK216
Cixutumumab
Cixutumumab
Cixutumumab
Cixutumumab

Cixutumumab Temsirolimus

Figitumumab

Figitumumab
linsitinib
AMG 479
Ganitumab
Cabozantinib
Cabozantinib
Regorafenib
Regorafenib
Regorafenib
Dasatinib
Sorafenib
Imatinib
Sorafenib
Niraparib, irinotecan
Niraparib, temozolomide
Olaparib
Olaparib
Talazoparib
Talazoparib, temozolomide
Alisertib
Everolimus
Robatumumab

pbi-shRNA TM EWS/FLI1
type 1LPX

Ganitumumab, palbociclib

Talazoparib, temozolomide,
irinotecan

Seclidemstat, cyclophosphamide,
topotecan

INBRX-109
Ivosidenib
Selpercatinib
Ulixertinib
Palbociclib
Tipifarnib
Tegavivint
Ensartinib
Tezemetostat
Ensartinib
Abemaciclib
Erdafitinib
Copanlisib
TQB3525
Larotrectinib
Entrectinib
Lenvatinib, everolimus
TK216, vincristine
TB-403
Enoblituzumab

Mechanism of action
ETS-family transcription inhibitor
IGF-1R inhibitor
IGF-1R inhibitor
IGF-1R inhibitor
IGF-1R inhibitor
IGF-1R inhibitor, mTOR inhibitor
IGF-1R inhibitor

IGF-1R inhibitor
IGF-1R inhibitor
IGF-1R inhibitor
IGF-1R inhibitor

TKI

TKI

TKI

TKI

TKI

TKI

TKI

TKI

TKI
PARP inhibitor
PARP inhibitor
PARP inhibitor
PARP inhibitor
PARP inhibitor
PARP inhibitor

Selective aurora A kinase inhibitor
mTOR inhibitor
IGF-1R inhibitor
EWS/FLIT inhibitor

IGF-1R inhibitor, PARP inhibitor
PARP inhibitor

LSD1 inhibitor, KDM1A inhibitor

DR5 agonistic antibody
IDH1 inhibitor
RET inhibitor
ERK1/2 inhibitor
CDK 4/6 inhibitor
Farnesyltransferase inhibitor
TBLI inhibitor
ALK inhibitor
EZH2 inhibitor
ALK, ROS1 inhibitor
CDK 4/6 inhibitor
FGFR1-4 inhibitor
PI3K inhibitor
PI3K inhibitor
TRK inhibitor
TRK, ALK, ROS1 inhibitor
TKI, mTOR inhibitor
ETS-family transcription inhibitor
Anti-PIGF antibody
Anti-CD276 antibody

Results
ORR 9.7%, mPFS 1.9 months
ORR 9%, mPFS 1.5 months
ORR 6%, mPFS 1.5 months
ORR 0%
ORR 0%
ORR 15%, mPFS 7.5 months

ORR 14.2%, mPFS 1.9 months,
mOS 8.9 months

ORR 12.5%
ORR 0%, mPFS 1.3 month
ORR 6%
ORR 0%
ORR 26%
ORR 0%

ORR 21.7%, mPFS 2.8 months
ORR 10%, mPFS 3.6 months
ORR 0%

ORR 6%, mPFS 1.9 months
ORR 0%, mPFS 1.5 months
ORR 0%

ORR 0%
mPFS 4 months
mPFS 2.2 months
ORR 0%, mPFS 5.7 months
ORR 0%

ORR 0%

ORR 0%

ORR 0%

ORR 0%
Terminated
Ongoing

Ongoing
Ongoing

Ongoing

Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Ongoing
Results not available
Results not available



Mutational landscape of primary and recurrent Ewing sarcoma

Fifty percent of patients harbored variants in POLE
genes. Mutations in POLE are generally associated with
an ultramutated state in various tumors [39]. Mutations
responsible for the mutator phenotype are usually locat-
ed in the N-terminal exonuclease domain (e.g. P286R and
V411L), and these were not found in our study, which par-
tially explains the low TMB in our cohort. The recurrent
truncating mutation Q2228* found in our dataset localiz-
es in the distal part of the protein. POLE protein is 2286
amino acids long; therefore the mutated POLE would be
62 amino acids shorter and devoid of the putative CysB
motif responsible for the formation of polymerase com-
plexes. This conclusion is however speculative and re-
quires further studies.

Our analyses confirmed that despite the low tumor mu-
tational burden in ES, numerous likely pathogenic variants
are detected in tumor suppressor or driver genes. Some of
the mutations can act as a prognostic or predictive marker.
Moreover, based on the genetic profile, targeted therapies
could be potentially implemented into the treatment of ES.
In recent years many clinical trials in this area have been
conducted, many of which are still ongoing (Table 5).

The study has some limitations that have to be men-
tioned and taken into consideration when interpreting
the findings. Sequencing was performed on archival FFPE
tissue samples collected in routine clinical practice before
commencing the project; thus, the genetic material quality
was lower than that of fresh frozen samples, which could
affect detection of variants. The study is prone to selection
bias because only patients with available biopsy samples
(untreated tumor) and adequate quality of isolated DNA
were included. Moreover, only a proportion of patients had
available material from surgical removal of the primary
tumor or tumor recurrence/metastases, so all subgroup
analysis results should be considered as hypotheses that
require further validation.

Conclusions

Ewing sarcoma is a heterogeneous disease with various
genetic alterations observed in the tumor cells. Distinct
molecular profiles are observed between children and
adults as well as between patients who respond to neoad-
juvant chemotherapy and those who do not respond. Fur-
ther efforts to better describe the mutational landscape of
this tumor are required to understand the biology of the
disease better and create opportunities for using targeted
therapies to treat patients with advanced ES.

The authors declare no conflict of interest.
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