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HIGHLIGHTS

e Numerous diagnostic, prognostic, and predictive biomarkers were found.

o It is recommended to search for a panel of biomarkers due to higher sensitivity and specificity.
e Markers involved in proliferation/inflammation are associated to poorer prognosis.

e Predictive markers have three different mechanisms of action.
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With an annual incidence of less than 1%, Ewing sarcoma mainly occurs in children and young adults. It is not a
frequent tumor but is the second most common bone malignancy in children. It has a 5-year survival rate of
65-75%; however, it has a poor prognosis when it relapses in patients. A genomic profile of this tumor can

]ézorz:rkers potentially help identify poor prognosis patients earlier and guide their treatment. A systematic review of the
Molecular articles concerning genetic biomarkers in Ewing sarcoma was conducted using the Google Scholar, Cochrane,
Biologic and PubMed database. There were 71 articles discovered. Numerous diagnostic, prognostic, and predictive

biomarkers were found. However, more research is necessary to confirm the role of some of the mentioned

biomarkers.

1. Introduction

Primary bone cancer is responsible for around 5% of all childhood
and adolescent cancers [1]. While there are numerous subtypes, Ewing’s
sarcoma (ES) is one of the most common primary bone tumors occurring
in adolescents and young adults, affecting between 300 and 560 people
in the United States each year [2]. Diagnosis of ES can be made with a
combination of imaging, histology, and more recently, molecular tech-
niques that highlight chromosomal translocations that are specific to ES
[3]. It is treated in a multidisciplinary way using chemotherapy,
radiotherapy and/or surgical resection [4]. ES is a highly aggressive
tumor, with 20-25% of patients presenting metastases at the time of
diagnosis [5]. Therefore, it is classified as a tumor with unfavorable
prognosis and a poor overall survival, especially in metastatic or
relapsed disease [6]. Despite the numerous advances in treatment reg-
imens and the overall improvement of its prognosis in the last few years,

* Corresponding author at: Hotel Dieu de France, Beirut, Lebanon.
E-mail address: Mohdaher1 @hotmail.com (M. Daher).

https://doi.org/10.1016/j.jbo.2023.100482

ES remains an aggressive tumor; a more effective and specialized
approach is therefore required. In the era of precision oncology, it is
essential to study tumor heterogeneity, which could pave the way for a
more tailored approach in cancer care. Biomarkers have recently revo-
lutionized patient care in oncology and have largely contributed to the
improvement of patient outcome. These biomarkers could be diagnostic
(confirm the disease), prognostic (predict disease evolution) or predic-
tive (identify individuals who could respond to certain treatments) [7].
In this systematic review, we highlight the main biomarkers of ES in
order to create a base for a new perspective of care for ES as well as
improve the survival of patients diagnosed with this tumor.

2. Material and methods

To obtain the maximum number of articles containing data on
complex genomic profiling of Ewing sarcoma, an extensive search of the
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literature was conducted in Google Scholar (pages 1-20), the Cochrane
database using the keywords “Ewing” and “Sarcoma”, and in the
PubMed database until March 2023. Using Boolean Operators, the Mesh
Terms “High-Throughput Nucleotide Sequencing” and “Biomarkers,
Tumor” were used alongside the keywords “Comprehensive genome
profiling” or “Comprehensive genomic profiling” and “Ewing sarcoma”.
Fifteen articles were added through manual search.

A total of 898 articles were extracted. Titles and abstracts of
retrieved articles were screened for eligibility, and then entire texts were
analysed. The main point is to include studies in English that contain
data on both molecular and biologic biomarkers of Ewing sarcoma.
Articles focusing on Ewing sarcoma without significant information on
biomarkers or genes, or papers discussing unusual locations or pre-
sentations of this tumor, as well as books or reviews that are older than
one year were excluded. The 71 papers that respond to the objectives
will be part of this review. The process is summarised in the PRISMA
diagram (Fig. 1).

3. Results

Biomarkers can be classified as either diagnostic, prognostic, or
predictive. Diagnostic biomarkers typically assist in determining the
intended pathology’s diagnosis. There were 24 papers that discussed ES
diagnostic biomarkers. Patients are categorized based on risk and out-
comes using prognostic biomarkers. Prognostic biomarkers for ES were
presented in 36 papers. Predictive biomarkers often have the function of
identifying patients who will benefit most from a particular course of
treatment. There were 12 articles that reported predictive biomarkers
for ES (Table 1).

3.1. Diagnostic markers of Ewing sarcoma

3.1.1. Molecular

The reciprocal translocation between chromosomes 11 and 22 was
found to be a characteristic and pathognomonic diagnostic biomarker
for ES, but it is not very sensitive [8-10]. There were no articles in the
literature discussing other potential molecular biomarkers for the
diagnosis of ES.
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3.1.2. Biologic

Hormones: Reubi et al. found that proCCK (procholecystokinin) has a
high plasma concentration in patients with ES and could be used to di-
agnose ES at an early stage [11]. Another hormone, ProGRP (Pro-gastrin
releasing peptide) was found to have high serum levels in patients with
ES, making it a potential diagnostic biomarker [12]. Honda et al.
showed that the levels of ProGRP correlate with the volume of ES, and
this finding is consistent during treatment. It can also be used for the
differential diagnosis of ES and is more specific than NSE (neuron spe-
cific enolase) [13].

NKX2.2 and CD99: Shibuya et al., Machado et al., and Yoshida et al.
demonstrated that although NKX2.2 immunohistochemistry (a tran-
scriptional target of EWSR1-FLI1) could be used for the diagnosis of ES,
its combination with CD99 makes this test highly specific [14-16]. When
used alone, Hung et al. showed that it was poorly specific and that
NKX2.2 was present in both ES and Ewing like sarcomas [17]. Also,
when studying CD99 with the EWSR1 rearrangement, these two tests
together had higher sensitivity and specificity than each alone [18].
Ahmed et al. found that when alone, FLI-1 was a useful marker for ES
diagnosis, but when combined with CD-99, its positivity was more
dependable [19].

However, Xiao et al. showed that ZBTB16 immunohistochemistry
was a highly sensitive and specific biomarker for ES, even more sensitive
than CD99 [20]. Along with NKX2.2, ETV4 and BCOR immunohisto-
chemistry can also be helpful to distinguish ES from CIC-rearranged or
BCOR-associated sarcomas [15]. Moreover, Russel-Goldman et al. also
showed that NKX2.2 can be used to distinguish ES from other tumors
[21]. A study by McCuiston et al. showed that when ES is located in the
sinonasal tract, NKX2.2 can be a very sensitive biomarker for ES but not
so specific [22].

PAX7: A study by Toki et al. showed that PAX7 immunohistochem-
istry was positive in 90% of cases of ES, but its diagnostic potential needs
to be further evaluated before it can be used as a diagnostic biomarker
[23]. However, Fernandez-Pol et al. showed that in decalcified bone
marrow, PAX7 is a useful marker that can confirm ES after finding the
Ewing sarcoma rearrangement [24].

Others: Krumbholz et al. showed that a correlation was found be-
tween the kinetics of EWSR1 fusion sequence copy numbers in the
plasma and variations of the tumor volume in patients with localized
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Fig. 1. PRISMA flowchart for article selection process.
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Table 1
Summary of the biomarkers found in this systematic review.
Reference Type of study N Biomarker Type Outcome
Turc-Carel et al, Retrospective 4 t(11;22) molecular  t(11;22)(q24;q12) was observed in 4 out of 5 cell lines
1983
Aurias et al, 1983 Retrospective 4 t(11;22) molecular ~ Chromosome 22 is involved 6 times, and chromosome 11 is
involved 3 times in 4 Ewing’s sarcoma tumors
Prieto et al, 1984 Case report 1 t(11;22) molecular  t(11;22) was seen in all cells studied
Zhao et al, 2021 Experiment N/A NCAPG, KIF4A, NUF2 and CDC20 molecular ~ NCAPG, KIF4A, NUF2 and CDC20 genes may play an important
role in ES prognosis
Perbal et al, 2009 Retrospective 170 CCN3 molecular  Low expression of the CCN3 gene was associated with a better
prognosis when event-free or overall survival was considered
Huang et al, 2004 Retrospective 60 TP53, and p16/p14ARF molecular ~ TP53 mutation and p16/p14ARF deletion were associated with
worse overall survival
Yin et al, 2018 Meta-analysis N/A PYGM, MEF2C, TRIM63, BUBIB, and molecular  PYGM, MEF2C and TRIM63 genes were downregulated in ES,
RACGAP1 upregulation improved prognosis
BUBIB and RACGAP1 were upregulated in ES, upregulation
worsened prognosis
Ren et al, 2020 Experiment N/A CRLF3, ECD,FABP4, FGF6, GNRH2, molecular  The 11-gene signature (CRLF3, ECD,FABP4, FGF6, GNRH2,
NDRG1, PAK2, PLTP, PTGDS, RBP1, and NDRG1, PAK2, PLTP, PTGDS, RBP1, and ZC3HAV1) strongly
ZC3HAV1 predicts ES prognosis
De Alava et al, Retrospective 55 TP53 molecular ~ TP53 alteration in ES predicts poor outcome
1999
Abrahao-Machado Retrospective 112 MTAP molecular  Loss of MTAP expression in ES is associated with poor overall
et al, 2018 survival
Liu et al, 2018 Retrospective 99 higher mutation burden in the genome molecular A high mutation burden was associated with low overall survival
(TP53, STAG2...) and time to progress
Mutations in STAG2 or TP53 are associated with a higher mutation
burden
Mendoza-Naranjo Experiment N/A ERBB4 molecular ~ ERBB4 expression increases ES metastasis and correlates with
et al, 2013 disease progression
Tsuda et al, 2020 Retrospective 10 FEV gene rearranegment molecular  FEV rearrangements in patients correlated with more extraskeletal
sites and a poorer outcome compared to EWSR1-FLI1 or EWSR1-
ERG
Lerman et al, 2015  Retrospective 112 TP53 molecular ~ TP53 mutations did not significantly affect event-free survival
Le deley et al. Prospective study 565 rearrangements molecular ~ EWS-ERG and EWS-FLI1 rearrangements had no impact on
2010 prognosis
Cidre-Aranaz Experiment N/A TCF7L1 molecular  low expression of the TCF7L1 is associated with poor overall
et al., 2022 survival
Musa et al., 2019 Experiment N/A MYBL2 molecular  High MYBL2 predicts response to CDK2 inhibitors
Li et al., 2021 Experiment N/A PRC1/PLK1 molecular  Upregulation of PRC1 promotes poor survival but increases
sensitivity to PLK1 inhibition
Mackintosh et al., Retrospective 105 Chromosome 1q gain/CDT2 molecular ~ Chromosome 1q gain and CDT2 overexpression were associated
2012 with poor overall and disease-free survival
Funk et al., 2022 Experiment N/A Chromosome 8 gain/ EIF4AEBP1 molecular ~ Chromosome 8 gain and EIF4EBP1 overexpression were associated
with poor survival
Tirode et al., 2014  Retrospective 112/ STAG2, among others molecular ~ STAG2 alteration is of negative prognostic value
299
Shulman et al., Retrospective 135 STAG2 molecular ~ STAG2 alteration carries poor prognosis
2022
Marino et al., 2014 ~ Retrospective 109 miR-34A biologic miR-34A expression is associated with higher event-free and
overall survival
miR-34A expression was lower in metastases compared to local
tumors, and is inversely correlated to Cyclin D1 and Ki-67
Satterfield et al., Experiment N/A miR-130b biologic miR-130b is overexpressed in ES cells that are more invasive and
2017 aggressive, via negative regulation of ARHGAP1
He et al., 2017 Experiment N/A LRWD1 biologic High expression of LRWD1 mRNA is associated with poor survival
Shulman et al., Retrospective 94 ctDNA biologic Detectable ctDNA was associated with worse event-free survival,
2018 overall survival and death
Sannino et al., Retrospective/ 189/ SOX2 biologic High SOX2 mRNA or protein levels were associated with poorer
2019 Prospective 141 survival
Moore et al., 2017 Experiment N/A miR-193b and ErbB4 biologic MiR-193b suppresses growth in ES by inhibiting ErbB4
Agelopoulos et al., Retrospective 116 FGFR1 biologic FGFR1 TKI significantly reduced 18-FDG-PET activity
2015
Reubi et al., 2004 Retrospective 12 proCCK biologic proCCK has higher concentrations in ES patients
Yamaguchi et al., Retrospective 9 ProGRP biologic 5 out of 9 ES patients had high ProGRP levels
2015
Honda et al., 2019  Retrospective 16 ProGRP biologic ProGRP levels correlate with tumor volume in ES patients, even
during treatment.
ProGRP is more specific than NSE
Shibuya et al., Retrospective 46 NKX2.2 and CD99 biologic NKX2.2 is a useful diagnostic marker for ES, and its specificity is
2014 higher when combined with CD99
Machado et al., Retrospective 237 NKX2.2 and CD99 biologic The combination of NKX2.2 and CD99 positivity is a very reliable
2017 diagnostic marker for ES
Yoshida et al., Retrospective 30 NKX2.2 biologic NKX2.2 is a valuable diagnostic marker for ES
2012
Hung et al., 2016 Retrospective 40 NKX2.2 biologic NKX2.2 is sensitive but not very specific to ES

(continued on next page)
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Table 1 (continued)
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Reference Type of study N Biomarker Type Outcome
Louati et al., 2018 Retrospective 41 CD99 and EWSR1 biologic CD99 analysis combined with FISH for EWSR1 detection has high
sensitivity and specificity
Ahmed et al.,, 2016  Retrospective 50 FLI-1 biologic FLI-1 is a useful diagnostic marker for ES, but its positivity is more
dependable when combined with other markers
Xiao et al., 2019 Retrospective 12 ZBTB16 biologic ZBTB16 is a highly specific and sensitive biomarker for ES
Russel-Goldman Retrospective 10 NKX2.2 biologic NKX2.2 is very sensitive, but only moderately specific in ES
et al., 2018 diagnosis
McCuiston et al., Retrospective 7 NKX2.2 biologic NKX2.2 is a useful and highly sensitive marker for ES of the
2018 sinonasal tract, but it is not entirely specific
Toki et al., 2018 Retrospective 30 PAX7 biologic PAX7 is a sensitive marker for ES, further evaluation required
Fernandez-Pol Retrospective 10 PAX7 biologic PAX7 is a very useful marker for ES in decalcified bone marrow
et al., 2018 biopsies
Krumbholz et al., Retrospective 20 EWSR1 biologic EWSR1 copy numbers in plasma correlate closely wih tumor
2016 volume in localized and metastatic disease
Solooki etal., 2013  Retrospective 14 sCD30 and sCD40L biologic Serum concentrations of sCD30 and sCD40L are elevated in ES and
could serve as a potential diagnostic marker
Fagone et al.,, 2015  Experiment N/A Cyclin D1 biologic Cyclin D1 is highly expressed in ES cells compared to
rhabdomyosarcoma or normal cells, making it a potential
diagnostic biomarker
Machado et al., Retrospective 236 Ezrin biologic Ezrin is expressed heterogenously in bone tumors and does not
2010 offer any clues in their differential diagnosis
Machado et al., Retrospective 217 Galectin-1 biologic Galectin-1 has poor expression in ES compared to other tumors, it
2013 can be used to distinguish between them Galectin-1 is not related
to ES prognosis
Garcia-Moncliis Experiment N/A EphA2 biologic EphA2 phosphorylation at serine 897 was associated with higher
et al., 2018 invasivness of ES cells
Luo et al., 2018 Experiment N/A PPP1R1A biologic ES cells are more aggressive with PPP1R1A phosphorylation
Toretsky et al., Prospective 111 IGF-1 and IGFBP-3 biologic IGFBP-3 to IGF-1 ratios were higher in patients with metastatic
2001 disease
Na et al., 2014 Retrospective 61 CXCL16 and CXCR6 biologic CXCL16 and CXCR6 were highly expressed in ES cells, and their
expression was associated with the occurrence of lung metastis and
poorer prognosis
Roundhill et al., Retrospective 24 Neurexin-1 biologic High expression of neurexin-1 and low levels of regulators of its
2021 activity were associated with poor survival
Ohmura et al., Experiment N/A RRM2 biologic High expression of RRM2 is associated with poor survival and
2021 metastatic disease
Machado et al., Retrospective 370 PD-1, PDL-1 and CD8 biologic Absence of PD-1 in ES is associated with poor prognosis
2018 PDL-1 and CDS8 are not related to ES prognosis
Machado et al., Retrospective N/A PAX7 and NKX2.2 biologic Absence of either PAX7 or NKX2.2 is associated with a poorer
2022 prognosis
Ash et al., 2011 Retrospective 46 CD56 biologic CD56 can be a good prognostic marker for ES, as low expression is
associated with better survival and prognosis
Lai et al., 2006 Retrospective 49 STAT3 biologic High activation of STAT3 correlated with better survival in ES
Park et al., 2006 Retrospective 71 1d2 biologic 1d2 levels were observed in most ES cases and could be a marker of
poor prognosis
Mahmoud et al., Retrospective 109 survivin biologic High survivin expression was associated with poor overall and
2022 event-free survival
Jiang et al., 2021 Retrospective 32 CCT6A biologic High CCT6A expression was associated with low overall survival
and poor prognosis
Aryee et al., 2002 Retrospective 29 KAI1 biologic KAIl is not relevant in ES prognosis
Rajabalian et al., Experiment N/A ER biologic ER may be involved in drug resistance and could be a therapeutic
2010 target
Ye et al., 2003 Retrospective 13 HER2 biologic HER2 is not a relevant biological or therapeutic pathway in ES
Anderson et al., Clinical Trial 144 IGF-1R biologic IGF-1R could be a therapeutic target in ES
2016
D Tap. Et al. 2012 Clinical Trial 35 IGF-1R biologic IGF-1R could be a therapeutic target in ES
de Hooge et al., Retrospective 18 PI-9 biologic PI-9 may have an impact in chemotherapy sensitivity
2007
Kennedy et al., Experiment N/A Cyclin D1/CDK4 biologic ES cells depend on the cyclin D1/CDK4 pathway and its inhibition
2015 could be therapeutic
Town et al., 2016 Experiment N/A LINGO1 biologic LINGOL1 is expressed in ES tumors but not in other somatic tissue
making it a potential therapeutic target
Baldauf et al., Experiment N/A BCL11B and GLG1 biologic BCL11B and GLG1 are highly specific and can be used to diagnose
2016 ES
Orth et al., 2020 Experiment N/A BCL11B and GLG1 biologic BCL11B and GLG1 are highly specific and can be used to diagnose
ES

and metastatic disease. Also, during initial chemotherapy, a rapid
reduction of ctDNA was found in the majority of patients, and relapse
development was signalized by the recurrence of increasing ctDNA
levels [25].

Solooki et al. reported high serum levels of sCD30 and sCD40L in ES,
which shows potential significance for the diagnosis [26]. Another
marker, cyclin D1, was also found in high expression in ES cells [27].

Machado et al. showed that Ezrin immunohistochemistry expression
has no role in the differential diagnosis of bone tumors [28]. Later on,
Machado et al. found another marker, Galectin-1, that can be used as a
biomarker to eliminate ES diagnosis when suspicious. This is because it
is not present in ES but is positive in most cases of small cell osteosar-
coma [29].

Baldauf et al. additionally showed that BCL11B and GLG1 detection
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could be an effective and cost-efficient way of diagnosing ES [30]. This
was also further demonstrated by Orth et al., who showed that BCL11B
and GLG1 are highly specific for ES especially in conjunction with CD99
[31].

3.2. Prognostic markers of Ewing sarcoma

3.2.1. Molecular

Gene-signatures: Ren et al. discovered that when compared to other
prognostic biomarkers, this 11-gene signature (CRLF3, ECD, FABP4,
FGF6, GNRH2, NDRG1, PAK2, PLTP, PTGDS, RBP1, and ZC3HAV1) has a
higher predictive value of poor prognosis [32].

A meta-analysis of data by Yin et al. found that PYGM, MEF2C, and
TRIM63 were also downregulated, and their expression was positively
associated with survival rates in ES [33]. However, BUB1B (a member of
spindle assembly checkpoint protein) and RACGAPI (a component of
central spindle and essential for cytokinesis induction), both upregu-
lated in ES, were negatively associated with survival rates of ES. Newly
discovered potential markers of poor prognosis are NCAPG, KIF4A,
NUF2 and CDC20 found by Zhao et al. [34].

Copy number variants: Numerous studies investigating copy number
variants (CNV) in ES showed reoccurring abnormalities affecting whole
chromosomes or segments [35]. For instance, chromosome 1q gain was
associated with poorer overall and disease-free survival by Mackintosh
et al. [36]. CDT2, a gene located in 1q, was found to contribute to this
phenotype, and its overexpression was also labeled of negative prog-
nostic value [36]. 16q loss was also associated with poor overall survival
[35].

Another frequent somatic alteration found in ES is chromosome 8
gain. It was demonstrated by Funk et al. that chromosome 8 gain was
associated with a worse overall survival, with overexpression of
EIF4EBP1 being responsible for most of its effects, and showing tight
clinical correlation with a poor outcome in ES patients [37].

Phosphorylation: Garcia-Monclus et al. showed that ES cells are more
aggressive when they have higher levels of phosphorylation of EphA2 at
serine 897 [38]. Furthermore, Luo et al. showed that ES that have high
levels of phosphorylated PPP1R1A also tend to be more aggressive [39].

MicroRNA: Marino et al. reported that tumor-related deaths and
adverse events were higher in patients having ES with absent expression
of miR-34a, and both 5-year event-free-survival and 5-year overall-
survival were higher in patients with miR-34a expression [40]. Also,
miR-34a was lower in metastases when compared to primary tumors
[40]. Another microRNA, miR-130b, was found to be overexpressed in
ES, promoting invasion, migration, proliferation in vitro, and has a
higher metastatic potential in rats. It does that by promoting the acti-
vation of an oncogenic CDC42/PAK1/JNK by negatively regulating
ARHGAP1 [41].

CCN3: Another marker of bad prognosis was found by Perbal et al.
[42]. When considering either event-free or overall survival, the low
expression of the gene CCN3 is associated with a better prognosis. Even
further, the less the NH3 domain of the CCN3 gene is detected, the better
the prognosis [42].

Genomic stability and rearrangements: Liu et al. found that the more
the genome was unstable, the more aggressive the sarcoma [43]. Also,
when considering gene rearrangements, Tsuda et al. showed that the
presence of the FEV gene rearrangement was associated with a poorer
prognosis when compared to EWSR1-FLI1 or EWSR1-ERG [44]. More-
over, a study by Le Deley et al. showed that there was no difference in
the prognostic outcome when comparing EWS-ERG, type 1, type 2, and
non-typel/2 EWS-FLI1 fusions [45].

P53: De Alava et al. found in 2000 that alterations of TP53 appeared
to have an impact on the prognosis of patients with ES, making it worse
[46]. Huang et al. found that the deletion of p16/p14ARF alone had a
low negative influence on prognosis, but when combined with a TP53
mutation, the combination becomes the most crucial factor in deter-
mining outcomes, followed by the stage [47]. However, Lerman et al.
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showed that TP53 mutation and CDKN2A deletion are unreliable prog-
nostic biomarkers in localized Ewing sarcoma [48].

LRWDI: He et al. showed that high expression of LRWD1 (Leucine
rich repeats and WD repeat Domain containing 1) mRNA is associated
with poor survival. PLS3 (actin-binding protein plastin 3) and DLX2
(distal less homeobox 2), which were downregulated when LRWD1 was
depleted, however, were not linked to poor prognosis [49].

TCF7L1: Cidre-Aranaz et al. were able to demonstrate, after thorough
analysis of clinically significant gene expression in ES, that TCF7L1
(transcription factor 7 like 1) was a regulator of metastasis, and that low
expression of the TCF7L1 gene was associated with poor overall survival
in ES patients [50].

PRC1/PLK1: In another experiment, Li et al. found that upregulation
of PRC1 (protein regulator of cytokinesis 1) promotes tumor growth and
correlates with poor survival and clinical outcome. However, it was also
shown that high PRC1 expression renders the cells vulnerable to PLK1
(polo-like kinase 1) inhibition, leading to cell death even in chemo-
resistant cells [51].

ctDNA: An association between ctDNA (circulating tumor DNA) and
both tumor volume and metastasis in ES was found, making their
presence associated with an inferior outcome. It was also found that the
higher their detection, the higher the risk of events and death [52].

Others: Machado et al. found that when MTAP expression was lost in
ES, the overall survival was shorter [53]. Naranjo et al. found that high
ERBB4 expression is associated with metastatic disease in ES patient
samples [54]. Also, high mRNA/protein expression of SOX2 was found
to be associated with poor outcomes in ES [55].

3.2.2. Biologic

IGF: Toretsky et al. demonstrated that IGF-1 levels alone were not
correlated to survival. High IGFBP-3: IGF-1 identified more clearly
metastatic patients. Although not statistically significant, it was found
that high IGFBP-3:IGF-1 ratios (between the 75th and 90th percentile)
improved survival in metastatic patients [56].

CXCL16 and CXCR6: A study by Na et al. reported that immunohis-
tochemistry of CXCL16 and CXCR6 showed high expression in ES cells
when compared to normal or osteosarcoma cells with CXCR6 being
more specific to ES, thus their involvement in tumorigenesis. ADAM 10
and 17 were also present, and a relationship between the expression of
both ADAM 10 and CXCL16 was found [57]. Also, CXCL16 and CXCR6
were constitutively expressed in peritumoral lymphocytes and histio-
cytes, and the expression of these two was associated with lung metas-
tasis, thus the poor prognosis.

Neurexin-1: Roundhill et al. found that when highly expressed in
localized ES, neurexin-1 is associated with metastasis and relapse.
Moreover, the low expression of APBA1 and NLGN4X (neurexin-1
binding partners) is associated with poor clinical outcomes [58].

RRM2: Ohmura et al. found that on immunohistochemistry, the high
expression of RRM2 (ribonucleotide reductase regulatory subunit M2)
which along with RRM1 forms RNR (ribonucleotide reductase), is
associated with poor overall survival, metastatic disease at diagnosis
and metastatic or local relapse. [59].

Others: Machado et al. found that the absence of PD-1 on immuno-
histochemistry in ES is related to a poor prognosis [60]. It was also
demonstrated in another study that the absence of either PAX7 or
NKX2.2 immunoreactivity in ES is associated with a poor prognosis
[61].

Another marker of poor prognosis found using flow cytometry,
CD56, was found by Ash et al. [62]. The absence of this marker can
identify a subgroup of patients with excellent prognosis, in whom
treatment reduction could be carefully considered [62]. Also, the
constitutively high activation of STAT3 on immunohistochemistry was
found to be related to less aggression of ES [63]. Moreover, ID2, a helix-
loop-helix protein that was found to be highly expressed on immuno-
histochemistry of ES cells, is suggested to be a marker of poor prognosis
[64].
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Newly found markers included survivin which was associated with
worse overall survival and event-free survival [65], and CCT6A due to
its involvement with low overall survival [66].

3.2.3. Unrelated

Machado et al. showed that Galectin-1 is not related to ES prognosis
[29]. In another study, he also found that both CD8 expression in
infiltrating lymphocytes and PD-L1 were not related to prognosis [60].
Another marker unrelated to ES prognosis is KAI1, found by Aryee et al.
[67].

3.3. Predictive markers of Ewing sarcoma

3.3.1. Molecular

miR-139b and ErbB4: Moore et al. showed that the micro-RNA miR-
139b, which is usually downregulated in ES, suppresses the growth of
the tumor by inhibiting ErbB4, making it a potential therapeutic target
[68]. Moreover, Naranjo et al. found that lapatinib treatment demon-
strated modest decreases in ERBB4 activity; this may also be used to
treat or prevent metastatic ES [54].

CCN3: Perbal et al. showed that the reduced expression of CCN3 and
of the NH3 domain in CCN3 was associated with better outcomes. This
prognostic significance is even better in radiotherapy-treated patients
and insignificant in surgery-treated patients [42]. Thus, the possible link
between CCN3 and radiotherapy sensitivity.

FGFR1: Agelopoulos et al. showed that FGFR1 therapy in patients
with ES reduced 18-FDG-PET uptake, making it a viable therapeutic
target for ES [69].

MYBL2: Musa et al. successfully demonstrated in an experiment that
binding of the EWSR1-FLI1 fusion transcription factor to a polymorphic
enhancer like DNA element controls expression of MYBL2, a transcrip-
tion factor that has variable expression between tumors. High MYBL2
expression was found to be predictive of the use of CDK2 inhibitors,
which inhibit the upstream pathway of MYBL2 [70].

3.3.2. Biologic

ER and HER2: In ER+ (Estrogen Receptor) ES, ER is overexpressed,
and this expression is involved in drug resistance, making it a potential
therapeutic target [71]. However, when it comes to HER2, Ye et al.
showed that it is not a major therapeutic target in ES [72].

IGF-1R: Anderson et al. showed that Robatumumab, a human anti-
body that binds and inhibits IGF-1R, can have a potential therapeutic
role in ES [73]. Tap et al. also showed that Ganitumab, another antibody
with the same mechanism, was efficient in managing ES [74].

Others: Hooge et al. showed that PI-9 (protein inhibitor-9) may have
an impact on the sensitivity to chemotherapy [75]. Furthermore, Ken-
nedy et al. showed that in ES cells, the cyclin D1/CDK4 pathway is
activated, and the cells are sensitive to chemical inhibition of CDK4 and
cyclin D1 [76]. An interesting finding was LINGO1, a surface protein
found on ES cells in most cases, making it a potential drug target [77].

4. Discussion
4.1. Diagnostic markers of Ewing sarcoma

Diagnostic markers are an important asset used to detect early ES
before the prognosis gets poorer. Through an extensive review of the
literature, many diagnostic markers have been found. The translocation
between chromosomes 11 and 22 remains the most important genetic
characteristic of this tumor. However, hormones can actually be used to
diagnose ES such as proCCK and proGRP [11,12]. ProCCK being
elevated in ES does not affect the tissues targeted by CCK [11], and it
would be safe to assume that the same can be said for proGRP. Actually,
both hormones can be used not only to diagnose ES, but also to monitor
treatment efficacy and detect a relapse [11,13].

Other biomarkers can also be used to diagnose ES, but what may be

Journal of Bone Oncology 40 (2023) 100482

more efficient is a combination of those, due to the fact that some
markers may not be as effective alone as when they are combined with
other factors. NKX2.2 is an example because, alone, it is not as highly
specific as when used with CD99 [15]. However, ZBTB16 was found to
be more sensitive than CD99 [20], making an association between
NKX2.2 and ZBTB16 more desirable as a diagnostic method. A reason
why ZBTB16 was more sensitive than CD99 is that ZBTB16 is upregu-
lated as a result of the EWS-FLI1 fusion [20]. Also, it is beneficial to use
NKX2.2 in the diagnostic panel as it can be very sensitive for ES when the
latter is located in the sinonasal tract since tumors in this location are of
immunohistochemical heterogeneity [22]. PAX7 is another factor that
can also be used to confirm ES after a positive test for EWSR1 rear-
rangement [24].

Other markers may be useful not only for qualitative but also
quantitative diagnosis. Cell-free tumor DNA (ctDNA) including the
characteristic and causative EWSR1-FL1 and EWSR1-ERG rearrange-
ments, demonstrated its importance in monitoring tumor burden at
diagnosis, therapeutic response, and disease relapse, since there was a
correlation between this marker and the tumor volume [25].

Markers that are not found in ES can also be used for the elimination
of ES, such as Galectin-1, a biomarker highly positive in small cell os-
teosarcoma which is a differential diagnosis, but not found in ES [29].

When suspecting ES, there are now other ways than testing to see the
translocation between chromosomes 11 and 22. A combination of
ZBTB16 and NKX2.2 would be a good initial test due to the high sensi-
tivity and specificity of ZBTB16 and the sensitivity of NKX2.2 for ES,
even when the latter is in the sinonasal tract. When doubting between
small cell osteosarcoma and ES, the better way to find the diagnosis is
searching for Galectin-1. BCL11B and GLG1 could also serve as a cost-
effective way to diagnose ES due to their high specificity. After treat-
ment of ES, an early diagnostic test for relapse would be the serum value
of ctDNA and proGRP. It would be better to search for both to make the
test more specific and sensitive. Markers such as sCD30, sCD40L, cyclin
D1, PAX7, proCCK and proGRP need to be studied more to test for their
added value as diagnostic biomarkers.

4.2. Prognostic markers of Ewing sarcoma

Prognostic biomarkers are important in ES workup because they help
in risk stratification and management. These markers can be associated
with a better or worse prognosis. Not only molecules and genes are
associated with prognosis, but also the level of phosphorylation, such as
the level of phosphorylation of EphA2 at serine 897 [38] and PP1R1A
[39], which are associated with a poor prognosis the more they are
phosphorylated. In fact, the phosphorylation of EphA2 at serine 897
correlates with the migratory capacity of ES cells, and its silencing is
associated with decreased cell viability, clonogenic capacity, tumor
growth, decreased cell migration, invasion and metastasis in vivo [38].
Also, when EphA2 was silenced, 4 genes (CCL2, ADAM19, PIK3CG, and
PTPN21), associated with tumor progression, were downregulated and 2
genes (PCDH8 and LUM), considered as tumor suppressors, were upre-
gulated [38]. This could lead to the conclusion that markers associated
with a poor prognosis are usually involved in promoting proliferation,
whereas those associated with a good prognosis are usually involved in
suppressing it. Another explanation can be that markers of poor prog-
nosis can be genes associated with inflammation, such these 2 genes
FABP4 and NDRG1 found by Ren et al. in 2021 [32]. FABP4 was found to
be positively correlated with macrophages, and NDRG1 is negatively
correlated with Th2 cells, which can explain why both of them are
markers of poor prognosis [32].

Also, the qualitative significance of a biomarker can be as good as its
quantitative significance. One example is ctDNA, the presence of which
has been linked to a poor outcome. Another important discovery is that
the higher the levels of ctDNA, the higher the risk of events and death,
making this biomarker an important one for patient stratification [52].

It was found by Liu et al. that genomes that have a higher mutational



M. Daher et al.

burden are associated with a poor prognosis, making alterations in genes
such as STAG2 and TP53 factors of poor outcomes [43].This was also
confirmed by Tirode et al., who additionally showed that STAG2 is one
of the most frequent somatic alterations in ES [78], and by Shulman
et al., who showed that STAG2 alterations carried poor prognosis [79].
However, Lerman et al. demonstrated that the TP53 mutation is an
unreliable biomarker for prognosis in localized Ewing sarcoma [48].
Thus, more research is needed on this topic to identify any influence on
prognosis.

After diagnosing ES, prognostic markers are needed to stratify the
patients into risk categories. The presence of this 11-gene signature
(CRLF3, ECD, FABP4, FGF6, GNRH2, NDRG1, PAK2, PLTP, PTGDS,
RBP1, and ZC3HAV1), a higher phosphorylation of EphA2 at serine 897
or of PP1R1A, higher rate of mutations due to mutated genes such as
TP53 etc., FEV gene rearrangement, high expression of LRWD1, over-
expression of CXCL16 or/and CXCR6, high expression of neurexin-1 or
downregulation of its binding partners (APBA1 or NLGN4X), high
expression of RRM2, BUB1B, RACGAP1, ctDNA, SOX2, or ErbB4, and
absence of PD-1, PAX7, NKX2.2, MTAP, or Brachyury is associated with
a poorer prognosis. In such cases, clinical trials are needed to see how to
therapeutically address this cancer. Furthermore, it was found that the
overexpression of CXCL16, CXCR6, neurexin-1, ErbB4, ctDNA, and
RRM2 is associated with metastasis, making the search for these markers
important to prevent the occurrence of such metastasis. Another inter-
esting feature of ctDNA is the correlation between its level and the risk of
events and death, making the values of this marker a potential guide for
patient stratification and the implementation of an algorithm of
management.

However, when there is an overexpression of miR-34a, PGYM,
MEF2C, TRIM63, or STAT3, or a reduced expression of CCN3 and its
NH3 domain, or CD56, the prognosis is said to be better, and after
evaluation of each case by itself, a potential and well-studied reduction
of treatment can be considered, making the patient able to benefit from a
reduced treatment-related toxicity.

More research is required to investigate the relationship between
miR-130b, PAK1, IGFBP-3: IGF-1, ID2, NCAPG, KIF4A, NUF2, CDC20,
CCT6A, and survivin and the prognosis of ES.

4.2.1. Predictive markers of Ewing sarcoma

Predictive markers are important to make a management choice
because they can predict sensitivity to a certain line of treatment based
on its presence or absence. Some, if not most, of these biomarkers are
involved in the tumorigenesis and proliferation of ES. miR-139b and
ErbB4 are an example of such biomarkers [54,68]. In fact, the treatment
is most of the time a drug that can inhibit the progression of said
biomarker such as lapatinib, which decreases the activity of ErbB4 [54].

Other markers, while possibly involved in ES, may not serve as
predictive markers, such as HER2, which is moderately present on ES
cells but trastuszumab had no effect on ES [72]. However, some markers
may even be surface proteins, but what makes them good predictors of
treatment is their consistent presence on ES cells and their action. An
example would LINGO1, a surface protein consistently found on ES cells,
that internalizes via the endosome-lysosome pathway when bound by
anti-LINGO1 IgGs antibodies, allowing it to deliver cytotoxic drugs and
induce cell death [77].

Some predictive markers can act by making the tumor more sensitive
to a certain treatment. An example is the CCN3 gene and the NH3
domain in the latter, which showed that their reduced expression was
associated with better outcomes. This relationship was even stronger in
radiotherapy and absent in surgery, which leads to the conclusion that
these markers may be involved in radiation sensitivity [42].

It is suggested to start searching for an overexpression of ErbB4 in ES.
If the latter is present, lapatinib can then be used as a treatment [54].
When faced with the choice between surgery and radiotherapy, it is
better to see if there is a reduced expression of CCN3 and its NH3
domain. If so, then radiotherapy would be the better option. When PAK1
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is overexpressed, a good treatment would be PAK1 inhibitors, such as
IPA3 and Frax597. Most of the time, it would be beneficial to use
chemicals that inhibit the CDK4 and cyclin D1 pathways, since they are
activated in ES cells. More studies are needed to test for the potential
therapeutic use of miR-139b, ER, FGFR1, IGF-1R and LINGO1. However,
trials are needed to confirm these suggestions before they can be
implemented in the treatment arsenal for ES.

5. Strengths and limitations

This study presents with some strengths, mainly the number of
included studies, and the extensive search method used and included
going through three databases. However, a lot of the studies included
are still experimental and may not benefit the clinical management of ES
in their actual state.

6. Conclusion

In conclusion, the identification and use of biomarkers for ES can
provide valuable insights into the diagnosis, prognosis, and treatment of
this aggressive tumor, especially when used in combination or as a
panel. While there is still much to learn about the underlying mecha-
nisms of this disease, we have identified several promising biomarkers in
this review that have shown potential as diagnostic tools, as well as
predictors of response to therapy and overall survival. Further research
in this area is required to demonstrate the clinical utility of some of the
biomarkers discussed, but holds great promise for improving outcomes
for patients with ES and advancing our understanding of this complex
disease.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

References

[1] N.J. Balamuth, R.B. Womer, Ewing’s sarcoma, Lancet Oncol. 11 (2010) 184-192,
https://doi.org/10.1016,/51470-2045(09)70286-4.

[2] C.E. Herzog, Overview of sarcomas in the adolescent and young adult population,
J. Pediatr. Hematol. Oncol. 27 (2005) 215-218, https://doi.org/10.1097/01.
mph.0000161762.53175.e4.

[3] T. Ozaki, Diagnosis and treatment of Ewing sarcoma of the bone: a review article,
J. Orthop. Sci. 20 (2015) 250-263, https://doi.org/10.1007/s00776-014-0687-z.

[4] V. Subbiah, P. Anderson, A.J. Lazar, E. Burdett, K. Raymond, J.A. Ludwig, Ewing’s
sarcoma: Standard and experimental treatment options, Curr. Treat. Options Oncol.
10 (2009) 126-140, https://doi.org/10.1007/s11864-009-0104-6.

[5] T.G.P. Griinewald, F. Cidre-Aranaz, D. Surdez, E.M. Tomazou, E. De Alava,

H. Kovar, P.H. Sorensen, O. Delattre, U. Dirksen, Ewing sarcoma, Nat. Rev. Dis.
Prim. 4 (2018), https://doi.org/10.1038/s41572-018-0003-x.

[6] F.Melchionda, P. Oncology, F. Spreafico, P.O. Unit, P. Hemato-oncology, S. Ciceri,
G.T. Unit, P. Medicine, M. Lima, P.S. Unit, P. Collini, A. Pession, M. Massimino, P.
Radice, D. Perotti, LETTER TO THE EDITOR A Novel WT1 Mutation in Familial
Wilms Tumor, Pediatr. Blood Cancer. (2013) 1388-1389. https://doi.org/
10.1002/pbc.

[7] R.M. Califf, Biomarker definitions and their applications, Exp. Biol. Med. 243
(2018) 213-221, https://doi.org/10.1177/1535370217750088.

[8] F. Prieto, L. Badia, J. Montalar, B. Massuti, Translocation (11; 22) in Ewing’s
sarcoma, Cancer Genet. Cytogenet. 17 (1985) 87-89.

[9] C. Turc-Carel, 1. Philip, M.P. Berger, T. Philip, G.M. Lenoir, Chromosome study of
Ewing’s Sarcoma (ES) cell lines. Consistency of a reciprocal translocation t(11;22)
(q24;q12), Cancer Genet. Cytogenet. 12 (1984) 1-19, https://doi.org/10.1016/
0165-4608(84)90002-5.

[10] A. Aurias, C. Rimbaut, D. Buffe, J.M. Zucker, A. Mazabraud, Translocation
involving chromosome 22 in Ewing’s Sarcoma. A cytogenetic study of four fresh
tumors, Cancer Genet. Cytogenet. 12 (1984) 21-25, https://doi.org/10.1016/
0165-4608(84)90003-7.

[11] J.C. Reubi, P. Koefoed, T.V.O. Hansen, E. Stauffer, D. Rauch, F.C. Nielsen, J.F.
Rehfeld, Procholecystokinin as marker of human Ewing sarcomas, Clin. Cancer
Res. 10 (2004) 5523-5530. https://doi.org/10.1158/1078-0432.CCR-1015-03.

[12] K. Yamaguchi, H. Katagiri, M. Takahashi, Y. Ishida, A. Ono, T. Takahashi,

K. Ohshima, T. Mochizuki, K. Urakami, K. Muramatsu, T. Kameya, I. Ito,


https://doi.org/10.1016/S1470-2045(09)70286-4
https://doi.org/10.1097/01.mph.0000161762.53175.e4
https://doi.org/10.1097/01.mph.0000161762.53175.e4
https://doi.org/10.1007/s00776-014-0687-z
https://doi.org/10.1007/s11864-009-0104-6
https://doi.org/10.1038/s41572-018-0003-x
https://doi.org/10.1177/1535370217750088
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0040
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0040
https://doi.org/10.1016/0165-4608(84)90002-5
https://doi.org/10.1016/0165-4608(84)90002-5
https://doi.org/10.1016/0165-4608(84)90003-7
https://doi.org/10.1016/0165-4608(84)90003-7

M. Daher et al.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

T. Nakajima, ProGRP is a possible tumor marker for patients with Ewing sarcoma,
Biomed. Res. 36 (2015) 273-277, https://doi.org/10.2220/biomedres.36.273.

Y. Honda, H. Katagiri, M. Takahashi, H. Murata, J. Wasa, S. Hosaka, Y. Ishida,

1. Tto, K. Muramatsu, T. Mochizuki, Y. Matsuyama, K. Yamaguchi, Pro-gastrin-
releasing peptide as a marker for the Ewing sarcoma family of tumors, Int. J. Clin.
Oncol. 24 (2019) 1468-1478, https://doi.org/10.1007/s10147-019-01492-0.

R. Shibuya, A. Matsuyama, M. Nakamoto, E. Shiba, T. Kasai, M. Hisaoka, The
combination of CD99 and NKX2.2, a transcriptional target of EWSR1-FLI1, is
highly specific for the diagnosis of Ewing sarcoma, Virchows Arch. 465 (2014)
599-605, https://doi.org/10.1007/500428-014-1627-1.

1. Machado, A. Yoshida, J.A. Lopez-Guerrero, M.G. Nieto, S. Navarro, P. Picci,

A. Llombart-Bosch, Immunohistochemical analysis of NKX2.2, ETV4, and BCOR in
a large series of genetically confirmed Ewing sarcoma family of tumors, Pathol.
Res. Pract. 213 (2017) 1048-1053, https://doi.org/10.1016/j.prp.2017.08.002.
A. Yoshida, S. Sekine, K. Tsuta, M. Fukayama, K. Furuta, H. Tsuda, NKX2.2 is a
useful immunohistochemical marker for Ewing sarcoma, Am. J. Surg. Pathol. 36
(2012) 993-999, https://doi.org/10.1097/PAS.0b013e31824ee43c.

Y.P. Hung, C.D.M. Fletcher, J.L. Hornick, Evaluation of NKX2-2 expression in
round cell sarcomas and other tumors with EWSR1 rearrangement: imperfect
specificity for Ewing sarcoma, Mod. Pathol. 29 (2016) 370-380, https://doi.org/
10.1038/modpathol.2016.31.

S. Louati, N. Senhaji, L. Chbani, S. Bennis, EWSR1 rearrangement and CD99
expression as diagnostic biomarkers for Ewing/PNET sarcomas in a Moroccan
population, Dis. Markers 2018 (2018) 7971019, https://doi.org/10.1155/2018/
7971019.

S. Ahmed, S.N. Hashmi, Hafeez-ud-Din, Immunohistochemical detection of FLI-1
protein expression in Ewing Sarcoma/ peripheral primitive neuroectodermal
tumour: A study of 50 cases, J. Pak. Med. Assoc. 66 (2016) 1296-1298. http
://www.ncbi.nlm.nih.gov/pubmed/27686307.

G.-Q. Xiao, A.E. Sherrod, K.M. Hurth, ZBTB16: A new biomarker for primitive
neuroectodermal tumor element / Ewing sarcoma, Pathol. Res. Pract. 215 (10)
(2019) 152536.

E. Russell-Goldman, J.L. Hornick, X. Qian, V.Y. Jo, NKX2.2 immunohistochemistry
in the distinction of Ewing sarcoma from cytomorphologic mimics: Diagnostic
utility and pitfalls, Cancer Cytopathol. 126 (2018) 942-949, https://doi.org/
10.1002/cncy.22056.

A. McCuiston, J.A. Bishop, Usefulness of NKX2.2 Immunohistochemistry for
Distinguishing Ewing Sarcoma from Other Sinonasal Small Round Blue Cell
Tumors, Head Neck Pathol. 12 (2018) 89-94, https://doi.org/10.1007/512105-
017-0830-1.

S. Toki, S. Wakai, M. Sekimizu, T. Mori, H. Ichikawa, A. Kawai, A. Yoshida, PAX7
immunohistochemical evaluation of Ewing sarcoma and other small round cell
tumours, Histopathology 73 (2018) 645-652, https://doi.org/10.1111/his.13689.
S. Fernandez-Pol, M. van de Rijn, Y. Natkunam, G.W. Charville,
Immunohistochemistry for PAX7 is a useful confirmatory marker for Ewing
sarcoma in decalcified bone marrow core biopsy specimens, Virchows Arch. 473
(2018) 765-769, https://doi.org/10.1007/s00428-018-2410-5.

M. Krumbholz, J. Hellberg, B. Steif, T. Béuerle, C. Gillmann, T. Fritscher, A.
Agaimy, B. Frey, J. Juengert, E. Wardelmann, W. Hartmann, H. Juergens, U.
Dirksen, M. Metzler, Genomic EWSR1 Fusion Sequence as Highly Sensitive and
Dynamic Plasma Tumor Marker in Ewing Sarcoma., Clin. Cancer Res. 22 (2016)
4356-65. https://doi.org/10.1158/1078-0432.CCR-15-3028.

S. Solooki, A. Khozaei, S.A. Shamsdin, M.J. Emami, F. Khademolhosseini, sCD30
and sCD40L detection in patients with Osteosarcoma, chondrosarcoma and Ewing
sarcoma, Iran. J. Immunol. 10 (2013) 229-237.

P. Fagone, F. Nicoletti, L. Salvatorelli, G. Musumeci, G. Magro, Cyclin D1 and
Ewing’s sarcoma/PNET: A microarray analysis, Acta Histochem. 117 (2015)
824-828, https://doi.org/10.1016/j.acthis.2015.08.006.

1. Machado, S. Navarro, F. Giner, M. Alberghini, F. Bertoni, A. Llombart-Bosch,
Ezrin immunohistochemical expression in chondrosarcomas, osteosarcomas and
Ewing sarcoma family of tumors, Virchows Arch. 457 (2010) 87-89, https://doi.
org/10.1007/500428-010-0940-6.

1. Machado, J.A. Lopez Guerrero, S. Navarro, E. Mayordomo, K. Scotlandi, P. Picci,
A. Llombart-Bosch, Galectin-1 (GAL-1) expression is a useful tool to differentiate
between small cell osteosarcoma and Ewing sarcoma, Virchows Arch. 462 (2013)
665-671, https://doi.org/10.1007/s00428-013-1423-3.

M.C. Baldauf, M.F. Orth, M. Dallmayer, A. Marchetto, J.S. Gerke, R.A. Rubio, M.
M. Kiran, J. Musa, M.M.L. Knott, S. Ohmura, J. Li, N. Akpolat, A.N. Akatli, 0. Ozen,
U. Dirksen, W. Hartmann, E. de Alava, D. Baumhoer, G. Sannino, T. Kirchner, T.G.
P. Griinewald, Robust diagnosis of Ewing sarcoma by immunohistochemical
detection of super-enhancer-driven EWSR1-ETS targets, Oncotarget 9 (2018)
1587-1601. https://doi.org/10.18632/oncotarget.20098.

M.F. Orth, T.L.B. Holting, M. Dallmayer, F.S. Wehweck, T. Paul, J. Musa, M.

C. Baldauf, D. Surdez, O. Delattre, M.M.L. Knott, L. Romero-Pérez, M. Kasan,

F. Cidre-Aranaz, J.S. Gerke, S. Ohmura, J. Li, A. Marchetto, A.G. Henssen, O. Ozen,
S. Sugita, T. Hasegawa, T. Kanaseki, S. Bertram, U. Dirksen, W. Hartmann,

T. Kirchner, T.G.P. Griinewald, High Specificity of BCL11B and GLG1 for EWSR1-
FLI1 and EWSR1-ERG Positive Ewing Sarcoma, Cancers (Basel) 12 (2020) 644,
https://doi.org/10.3390/cancers12030644.

E.-H. Ren, Y.-J. Deng, W.-H. Yuan, Z.-L. Wu, G.-Z. Zhang, Q.-q. Xie, An immune-
related gene signature for determining Ewing sarcoma prognosis based on machine
learning, J. Cancer Res. Clin. Oncol. 147 (1) (2021) 153-165.

Y.LN. Xuqing, S.U.N. Jiubo, H. Zhang, S. Wang, Comprehensive analysis of multi
Ewing sarcoma microarray datasets identifies several prognosis biomarkers, Mol.
Med. Rep. 18 (2018) 4229-4238, https://doi.org/10.3892/mmr.2018.9432.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Journal of Bone Oncology 40 (2023) 100482

R. Zhao, C. Xiong, C. Zhang, L. Wang, H. Liang, X. Luo, P.-H. Tsui, Construction of a
prognosis-related gene signature by weighted gene coexpression network analysis
in Ewing sarcoma, Comput. Math. Methods Med. 2022 (2022) 1-16.

D.S. Shulman, S.B. Whittle, D. Surdez, K.M. Bailey, E. de Alava, J.T. Yustein,

A. Shlien, M. Hayashi, A.J.R. Bishop, B.D. Crompton, S.G. DuBois, N. Shukla, P.
J. Leavey, S.L. Lessnick, H. Kovar, O. Delattre, T.G.P. Griinewald, C.R. Antonescu,
R.D. Roberts, J.A. Toretsky, F. Tirode, R. Gorlick, K.A. Janeway, D. Reed, E.

R. Lawlor, P.J. Grohar, An international working group consensus report for the
prioritization of molecular biomarkers for Ewing sarcoma, NPJ Precis Oncol. 6
(2022) 65, https://doi.org/10.1038/541698-022-00307-2.

C. Mackintosh, J.L. Ordénez, D.J. Garcia-Dominguez, V. Sevillano, A. Llombart-
Bosch, K. Szuhai, K. Scotlandi, M. Alberghini, R. Sciot, F. Sinnaeve, P.C.

W. Hogendoorn, P. Picci, S. Knuutila, U. Dirksen, M. Debiec-Rychter, K.-

L. Schaefer, E. de Alava, 1q gain and CDT2 overexpression underlie an aggressive
and highly proliferative form of Ewing sarcoma, Oncogene 31 (2012) 1287-1298,
https://doi.org/10.1038/0onc.2011.317.

C.M. Funk, M.F. Ortho, K. Ajlakouch, A. Ehlers, J. Li, T.L.B. Holting, R. Will, F.
Willis, E. Vinca, S. Ohmura, R. Imle, M.M.L. Knott, F. Zahnow, A. Sastre, J. Alonso,
F. Sahm, M. Schneider, A. Banito, G. Leprivier, W. Hartmann, U. Dirksen, O. Witt, I.
Oehme, S.M. Pfister, L. Romero-Pérez, J. Krijgsveld, F. Cidre-Aranaz, T.G.P.
Griinewald, J. Musa, Chromosome 8 gain drives poor patient outcome via
expression of 4E-BP1 in Ewing sarcoma Cornelius, BioRvix. (2022). https://doi.
org/https://doi.org/10.1101/2022.12.11.519935.

S. Garcia-Monclds, R. Lopez-Alemany, O. Almacellas-Rabaiget, D. Herrero-Martin,
J. Huertas-Martinez, L. Lagares-Tena, P. Alba-Pavon, L. Hontecillas-Prieto, J. Mora,
E. de Alava, S. Rello-Varona, P.H. Giangrande, O.M. Tirado, EphA2 receptor is a
key player in the metastatic onset of Ewing sarcoma, Int. J. Cancer 143 (2018)
1188-1201, https://doi.org/10.1002/ijc.31405.

W. Luo, C. Xu, J. Ayello, F. Dela Cruz, J.M. Rosenblum, S.L. Lessnick, M.S. Cairo,
Protein phosphatase 1 regulatory subunit 1A in Ewing sarcoma tumorigenesis and
metastasis, Oncogene 37 (2018) 798-809, https://doi.org/10.1038/0nc.2017.378.
M.T. Marino, A. Grilli, C. Baricordi, M.C. Manara, S. Ventura, R.S. Pinca,

M. Bellenghi, M. Calvaruso, G. Mattia, D. Donati, C. Tripodo, P. Picci, S. Ferrari,
K. Scotlandi, Prognostic significance of miR-34a in Ewing sarcoma is associated
with cyclin D1 and ki-67 expression, Ann. Oncol. 25 (2014) 2080-2086, https://
doi.org/10.1093/annonc/mdu249.

L. Satterfield, R. Shuck, L. Kurenbekova, W. Allen-rhoades, S. Huang,

K. Rajapakshe, C. Coarfa, A. Lawrence, Sarcoma 141 (2018) 2062-2075, https://
doi.org/10.1002/ijc.30909.miR-130b.

B. Perbal, N. Lazar, D. Zambelli, J.A. Lopez-Guerrero, A. Llombart-Bosch,

K. Scotlandi, P. Picci, Prognostic relevance of CCN3 in Ewing sarcoma, Hum.
Pathol. 40 (2009) 1479-1486, https://doi.org/10.1016/j.humpath.2009.05.008.
K.X. Liu, N. Lamba, W.L. Hwang, A. Niemierko, S.G. DuBois, D.A. Haas-Kogan, Risk
stratification by somatic mutation burden in Ewing sarcoma, Cancer 125 (2019)
1357-1364, https://doi.org/10.1002/cncr.31919.

Y. Tsuda, B.C. Dickson, D. Swanson, Y.-S. Sung, L. Zhang, P. Meyers, J.H. Healey,
C.R. Antonescu, Ewing sarcoma with FEV gene rearrangements is a rare subset
with predilection for extraskeletal locations and aggressive behavior, Genes.
Chromosomes Cancer. 59 (2020) 286-294, https://doi.org/10.1002/gcc.22828.
M.-C. Le Deley, O. Delattre, K.-L. Schaefer, S.A. Burchill, G. Koehler, P.C.W.
Hogendoorn, T. Lion, C. Poremba, J. Marandet, S. Ballet, G. Pierron, S.C.
Brownhill, M. Nesslbock, A. Ranft, U. Dirksen, O. Oberlin, I.J. Lewis, A.W. Craft, H.
Jiirgens, H. Kovar, Impact of EWS-ETS fusion type on disease progression in
Ewing’s sarcoma/peripheral primitive neuroectodermal tumor: prospective results
from the cooperative Euro-E.W.LN.G. 99 trial., J. Clin. Oncol. 28 (2010) 1982-8.
https://doi.org/10.1200/JC0.2009.23.3585.

E. de Alava, C.R. Antonescu, A. Panizo, D. Leung, P.A. Meyers, A.G. Huvos, F.

J. Pardo-Mindan, J.H. Healey, M. Ladanyi, Prognostic impact of P53 status in
Ewing sarcoma, Cancer 89 (2000) 783-792. http://www.ncbi.nlm.nih.gov/pub
med/10951341.

H.Y. Huang, P.B. Illei, Z. Zhao, M. Mazumdar, A.G. Huvos, J.H. Healey, L.

H. Wexler, R. Gorlick, P. Meyers, M. Ladanyi, Ewing sarcomas with p53 mutation
or p16/p14ARF homozygous deletion: A highly lethal subset associated with poor
chemoresponse, J. Clin. Oncol. 23 (2005) 548-558, https://doi.org/10.1200/
JCO.2005.02.081.

D.M. Lerman, M.J. Monument, E. Mcllvaine, X.-Q. Liu, D. Huang, L. Monovich,
N. Beeler, R.G. Gorlick, N.M. Marina, R.B. Womer, J.A. Bridge, M.D. Krailo, R.

L. Randall, S.L. Lessnick, Children’s Oncology Group Ewing Sarcoma Biology
Committee, Tumoral TP53 and/or CDKN2A alterations are not reliable prognostic
biomarkers in patients with localized Ewing sarcoma: a report from the Children’s
Oncology Group, Pediatr. Blood Cancer 62 (5) (2015) 759-765.

T. He, D. Surdez, J.K. Rantala, S. Haapa-Paananen, J. Ban, M. Kauer, E. Tomazou,
V. Fey, J. Alonso, H. Kovar, O. Delattre, K. Iljin, High-throughput RNAI screen in
Ewing sarcoma cells identifies leucine rich repeats and WD repeat domain
containing 1 (LRWD1) as a regulator of EWS-FLI1 driven cell viability, Gene 596
(2017) 137-146, https://doi.org/10.1016/j.gene.2016.10.021.

F. Cidre-Aranaz, J. Li, T.L.B. Holting, M.F. Orth, R. Imle, S. Kutschmann,

G. Ammirati, K. Ceranski, M.J. Carreno-Gonzalez, M. Kasan, A. Marchetto, C.

M. Funk, F. Bestvater, S. Bersini, C. Arrigoni, M. Moretti, U. Thiel, D. Baumhoer,
F. Sahm, S.M. Pfister, W. Hartmann, U. Dirksen, L. Romero-Pérez, A. Banito,

S. Ohmura, J. Musa, T. Kirchner, M.M.L. Knott, T.G.P. Griinewald, Integrative gene
network and functional analyses identify a prognostically relevant key regulator of
metastasis in Ewing sarcoma, Mol. Cancer 21 (2022) 1, https://doi.org/10.1186/
512943-021-01470-z.

J. Li, S. Ohmura, A. Marchetto, M.F. Orth, R. Imle, M. Dallmayer, J. Musa, M.M.
L. Knott, T.L.B. Holting, S. Stein, C.M. Funk, A. Sastre, J. Alonso, F. Bestvater,


https://doi.org/10.2220/biomedres.36.273
https://doi.org/10.1007/s10147-019-01492-0
https://doi.org/10.1007/s00428-014-1627-1
https://doi.org/10.1016/j.prp.2017.08.002
https://doi.org/10.1097/PAS.0b013e31824ee43c
https://doi.org/10.1038/modpathol.2016.31
https://doi.org/10.1038/modpathol.2016.31
https://doi.org/10.1155/2018/7971019
https://doi.org/10.1155/2018/7971019
http://www.ncbi.nlm.nih.gov/pubmed/27686307
http://www.ncbi.nlm.nih.gov/pubmed/27686307
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0100
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0100
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0100
https://doi.org/10.1002/cncy.22056
https://doi.org/10.1002/cncy.22056
https://doi.org/10.1007/s12105-017-0830-1
https://doi.org/10.1007/s12105-017-0830-1
https://doi.org/10.1111/his.13689
https://doi.org/10.1007/s00428-018-2410-5
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0130
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0130
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0130
https://doi.org/10.1016/j.acthis.2015.08.006
https://doi.org/10.1007/s00428-010-0940-6
https://doi.org/10.1007/s00428-010-0940-6
https://doi.org/10.1007/s00428-013-1423-3
https://doi.org/10.18632/oncotarget.20098
https://doi.org/10.3390/cancers12030644
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0160
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0160
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0160
https://doi.org/10.3892/mmr.2018.9432
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0170
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0170
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0170
https://doi.org/10.1038/s41698-022-00307-2
https://doi.org/10.1038/onc.2011.317
https://doi.org/10.1002/ijc.31405
https://doi.org/10.1038/onc.2017.378
https://doi.org/10.1093/annonc/mdu249
https://doi.org/10.1093/annonc/mdu249
https://doi.org/10.1002/ijc.30909.miR-130b
https://doi.org/10.1002/ijc.30909.miR-130b
https://doi.org/10.1016/j.humpath.2009.05.008
https://doi.org/10.1002/cncr.31919
https://doi.org/10.1002/gcc.22828
http://www.ncbi.nlm.nih.gov/pubmed/10951341
http://www.ncbi.nlm.nih.gov/pubmed/10951341
https://doi.org/10.1200/JCO.2005.02.081
https://doi.org/10.1200/JCO.2005.02.081
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0240
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0240
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0240
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0240
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0240
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0240
https://doi.org/10.1016/j.gene.2016.10.021
https://doi.org/10.1186/s12943-021-01470-z
https://doi.org/10.1186/s12943-021-01470-z

M. Daher et al.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

M. Kasan, L. Romero-Pérez, W. Hartmann, A. Ranft, A. Banito, U. Dirksen,

T. Kirchner, F. Cidre-Aranaz, T.G.P. Griinewald, Therapeutic targeting of the PLK1-
PRC1-axis triggers cell death in genomically silent childhood cancer, Nat.
Commun. 12 (2021) 5356, https://doi.org/10.1038/s41467-021-25553-7.

D.S. Shulman, K. Klega, A. Imamovic-Tuco, A. Clapp, A. Nag, A.R. Thorner, E. Van
Allen, G. Ha, S.L. Lessnick, R. Gorlick, K.A. Janeway, P.J. Leavey, L. Mascarenhas,
W.B. London, K.T. Vo, K. Stegmaier, D. Hall, M.D. Krailo, D.A. Barkauskas, S.

G. DuBois, B.D. Crompton, Detection of circulating tumour DNA is associated with
inferior outcomes in Ewing sarcoma and osteosarcoma: a report from the
Children’s Oncology Group, Br. J. Cancer 119 (2018) 615-621, https://doi.org/
10.1038/541416-018-0212-9.

L.F. Abrahao-Machado, B. Antunes, R.Z. Filippi, S. Volc, E. Boldrini, W.P. Menezes,
R.M. Reis, O.P. de Camargo, Loss of MTAP expression is a negative prognostic
marker in Ewing sarcoma family of tumors, Biomark. Med. 12 (2018) 35-44,
https://doi.org/10.2217/bmm-2017-0152.

A. Mendoza-Naranjo, A. El-Naggar, D.H. Wai, P. Mistry, N. Lazic, F.R.R. Ayala, I.W.
da Cunha, P. Rodriguez-Viciana, H. Cheng, J.H. Tavares Guerreiro Fregnani, P.
Reynolds, R.J. Arceci, A. Nicholson, T.J. Triche, F.A. Soares, A.M. Flanagan, Y.Z.
Wang, S.J. Strauss, P.H. Sorensen, ERBB4 confers metastatic capacity in Ewing
sarcoma., EMBO Mol. Med. 5 (2013) 1087-102. https://doi.org/10.1002/
emmm.201202343.

G. Sannino, A. Marchetto, A. Ranft, S. Jabar, C. Zacherl, R. Alba-Rubio, S. Stein, F.
S. Wehweck, M.M. Kiran, T.L.B. Holting, J. Musa, L. Romero-Pérez, F. Cidre-
Aranaz, M.M.L. Knott, J. Li, H. Jiirgens, A. Sastre, J. Alonso, W. Da Silveira,

G. Hardiman, J.S. Gerke, ML.F. Orth, W. Hartmann, T. Kirchner, S. Ohmura,

U. Dirksen, T.G.P. Griinewald, Gene expression and immunohistochemical analyses
identify SOX2 as major risk factor for overall survival and relapse in Ewing
sarcoma patients, EBioMedicine 47 (2019) 156-162, https://doi.org/10.1016/].
ebiom.2019.08.002.

J.A. Toretsky, S.M. Steinberg, M. Thakar, D. Counts, B. Pironis, C. Parente,

A. Eskenazi, L. Helman, L.H. Wexler, Insulin-like growth factor type 1 (IGF-1) and
igf binding protein-3 in patients with ewing sarcoma family of tumors, Cancer 92
(2001) 2941-2947, https://doi.org/10.1002/1097-0142(20011201)92:11<2941::
AID-CNCR10072>3.0.CO;2-C.

K.Y. Na, H.S. Kim, W.W. Jung, J.Y. Sung, R.K. Kalil, Y.W. Kim, Y.K. Park, CXCL16
and CXCR6 in Ewing sarcoma family tumor, Hum. Pathol. 45 (2014) 753-760,
https://doi.org/10.1016/j.humpath.2013.09.017.

E.A. Roundhill, M. Chicon-Bosch, L. Jeys, M. Parry, K.S. Rankin, A. Droop, S.

A. Burchill, RNA sequencing and functional studies of patient-derived cells reveal
that neurexin-1 and regulators of this pathway are associated with poor outcomes
in Ewing sarcoma, Cell. Oncol. 44 (2021) 1065-1085, https://doi.org/10.1007/
$13402-021-00619-8.

S. Ohmura, A. Marchetto, M.F. Orth, J. Li, S. Jabar, A. Ranft, E. Vinca, K. Ceranski,
M.J. Carreno-Gonzalez, L. Romero-Pérez, F.S. Wehweck, J. Musa, F. Bestvater, M.
M.L. Knott, T.L.B. Holting, W. Hartmann, U. Dirksen, T. Kirchner, F. Cidre-Aranaz,
T.G.P. Griinewald, Translational evidence for RRM2 as a prognostic biomarker and
therapeutic target in Ewing sarcoma, Mol. Cancer. 20 (2021) 1-7, https://doi.org/
10.1186/512943-021-01393-9.

1. Machado, J.A. Lopez-Guerrero, K. Scotlandi, P. Picci, A. Llombart-Bosch,
Immunohistochemical analysis and prognostic significance of PD-L1, PD-1, and
CD8+ tumor-infiltrating lymphocytes in Ewing’s sarcoma family of tumors (ESFT),
Virchows Arch. 472 (2018) 815-824, https://doi.org/10.1007/s00428-018-2316-
2.

1. Machado, G.W. Charville, A. Yoshida, S. Navarro, A. Righi, M. Gambarotti,

K. Scotlandi, J.A. Lopez-Guerrero, A. Llombart-Bosch, Does PAX7 and NKX2.2
immunoreactivity in Ewing sarcoma have prognostic significance? Virchows Arch.
480 (2022) 909-917, https://doi.org/10.1007/s00428-021-03254-8.

S. Ash, D. Luria, I.J. Cohen, Y. Goshen, H. Toledano, J. Issakov, I. Yaniv, S. Avigad,
Excellent prognosis in a subset of patients with Ewing sarcoma identified at
diagnosis by CD56 using flow cytometry., Clin. Cancer Res. 17 (2011) 2900-7.
https://doi.org/10.1158/1078-0432.CCR-10-3069.

R. Lai, F. Navid, C. Rodriguez-Galindo, T. Liu, C.E. Fuller, R. Ganti, J. Dien,

J. Dalton, C. Billups, J.D. Khoury, STAT3 is activated in a subset of the Ewing
sarcoma family of tumours, J. Pathol. 208 (2006) 624-632, https://doi.org/
10.1002/path.1941.

H.R. Park, W.W. Jung, H.S. Kim, E. Santini-Araujo, R.K. Kalil, P. Bacchini,

F. Bertoni, K.K. Unni, Y.K. Park, Upregulation of the oncogenic helix-loop-helix
protein Id2 in Ewing sarcoma, Tumori 92 (2006) 236-240, https://doi.org/
10.1177/030089160609200309.

AM. Mahmoud, W. Zekri, E.N. Khorshed, L.M. Shalaby, Prognostic significance of
survivin expression in pediatric Ewing sarcoma, Pediatr. Hematol. Oncol. 39
(2022) 16-27, https://doi.org/10.1080,/08880018.2021.1931588.

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

Journal of Bone Oncology 40 (2023) 100482

J. Jiang, C. Liu, G. Xu, T. Liang, C. Yu, S. Liao, Z. Zhang, Z. Lu, Z. Wang, J. Chen,
T. Chen, H. Li, X. Zhan, CCT6A, a novel prognostic biomarker for Ewing sarcoma,
Medicine (Baltimore) 100 (2021) e24484.

D.N.T. Aryee, I. Ambros, P.F. Ambros, K. Muehlbacher, A. Luegmayr, O. Yoshie,
H. Kovar, Frequent low level expression in Ewing sarcoma family tumors and
widespread absence of the metastasis suppressor KAI1/CD82 in neuroblastoma,
Pediatr. Res. 52 (2002) 279-285, https://doi.org/10.1203/00006450-200208000-
00022.

C. Moore, J.K. Parrish, P. Jedlicka, D.M. Loeb, MiR-193b, downregulated in Ewing
Sarcoma, targets the ErbB4 oncogene to inhibit anchorage-independent growth,
PLoS One. 12 (5) (2017), https://doi.org/10.1371/journal.pone.0178028.

K. Agelopoulos, G.H.S. Richter, E. Schmidt, U. Dirksen, K. von Heyking, B. Moser,
H.-U. Klein, U. Kontny, M. Dugas, K. Poos, E. Korsching, T. Buch, M. Weckesser, I.
Schulze, R. Besoke, A. Witten, M. Stoll, G. Kohler, W. Hartmann, E. Wardelmann,
C. Rossig, D. Baumhoer, H. Jiirgens, S. Burdach, W.E. Berdel, C. Miiller-Tidow,
Deep Sequencing in Conjunction with Expression and Functional Analyses Reveals
Activation of FGFR1 in Ewing Sarcoma., Clin. Cancer Res. 21 (2015) 4935-46.
https://doi.org/10.1158/1078-0432.CCR-14-2744.

J. Musa, F. Cidre-Aranaz, M.-M. Aynaud, M.F. Orth, M.M.L. Knott, O. Mirabeau,
G. Mazor, M. Varon, T.L.B. Holting, S. Grossetéte, M. Gartlgruber, D. Surdez, J.
S. Gerke, S. Ohmura, A. Marchetto, M. Dallmayer, M.C. Baldauf, S. Stein,

G. Sannino, J. Li, L. Romero-Pérez, F. Westermann, W. Hartmann, U. Dirksen,

M. Gymrek, N.D. Anderson, A. Shlien, B. Rotblat, T. Kirchner, O. Delattre, T.G.
P. Griinewald, Cooperation of cancer drivers with regulatory germline variants
shapes clinical outcomes, Nat. Commun. 10 (2019) 4128, https://doi.org/
10.1038/541467-019-12071-2.

S. Rajabalian, Z. Hajializadeh, Establishment, Characterization , and Drug
Sensitivity, 32 (2010) 331-337.

D. Ye, A. Maitra, C.F. Timmons, P.J. Leavey, R. Ashfaq, R.L. Ilaria,, The epidermal
growth factor receptor HER2 is not a major therapeutic target in Ewing sarcoma,
J. Pediatr. Hematol. Oncol. 25 (6) (2003) 459-466.

P.M. Anderson, S.S. Bielack, R.G. Gorlick, K. Skubitz, N.C. Daw, C.E. Herzog, O.
R. Monge, A. Lassaletta, E. Boldrini, Z. Papai, J. Rubino, K. Pathiraja, D.A. Hille,
M. Ayers, S.-L. Yao, M. Nebozhyn, B. Lu, D. Mauro, A phase II study of clinical
activity of SCH 717454 (robatumumab) in patients with relapsed osteosarcoma
and Ewing sarcoma., Pediatr. Blood, Cancer. 63 (2016) 1761-1770, https://doi.
org/10.1002/pbc.26087.

W.D. Tap, G. Demetri, P. Barnette, J. Desai, P. Kavan, R. Tozer, P.W. Benedetto,
G. Friberg, H. Deng, I. McCaffery, I. Leitch, S. Badola, S. Chang, M. Zhu, A. Tolcher,
Phase II study of ganitumab, a fully human anti-type-1 insulin-like growth factor
receptor antibody, in patients with metastatic Ewing family tumors or desmoplastic
small round cell tumors, J. Clin. Oncol. 30 (2012) 1849-1856, https://doi.org/
10.1200/JCO.2011.37.2359.

A.S.K. de Hooge, D. Berghuis, S.J. Santos, E. Mooiman, S. Romeo, J.A. Kummer, R.
M. Egeler, M.J.D. van Tol, C.J.M. Melief, P.C.W. Hogendoorn, A.C. Lankester,
Expression of cellular FLICE inhibitory protein, caspase-8, and protease inhibitor-9
in Ewing sarcoma and implications for susceptibility to cytotoxic pathways., Clin.
Cancer Res. 13 (2007) 206-14. https://doi.org/10.1158/1078-0432.CCR-06-1457.
AL. Kennedy, M. Vallurupalli, L. Chen, B. Crompton, G. Cowley, F. Vazquez, B.
A. Weir, A. Tsherniak, S. Parasuraman, S. Kim, G. Alexe, K. Stegmaier, Functional,
chemical genomic, and super-enhancer screening identify sensitivity to cyclin D1/
CDK4 pathway inhibition in Ewing sarcoma, Oncotarget 6 (2015) 30178-30193.
https://doi.org/10.18632/oncotarget.4903.

J. Town, H. Pais, S. Harrison, L.F. Stead, C. Bataille, W. Bunjobpol, J. Zhang, T.
H. Rabbitts, O.N. Witte, Exploring the surfaceome of Ewing sarcoma identifies a
new and unique therapeutic target, Proc. Natl. Acad. Sci. U. S. A. 113 (2016)
3603-3608, https://doi.org/10.1073/pnas. 1521251113,

F. Tirode, D. Surdez, X. Ma, M. Parker, M.C. Le Deley, A. Bahrami, Z. Zhang, E.
Lapouble, S. Grossetéte-Lalami, M. Rusch, S. Reynaud, T. Rio-Frio, E. Hedlund, G.
Wu, X. Chen, G. Pierron, O. Oberlin, S. Zaidi, G. Lemmon, P. Gupta, B. Vadodaria,
J. Easton, M. Gut, L. Ding, E.R. Mardis, R.K. Wilson, S. Shurtleff, V. Laurence, J.
Michon, P. Marec-Bérard, 1. Gut, J. Downing, M. Dyer, J. Zhang, O. Delattre, St.
Jude Children’s Research Hospital-Washington University Pediatric Cancer
Genome Project and the International Cancer Genome Consortium, Genomic
landscape of Ewing sarcoma defines an aggressive subtype with co-association of
STAG2 and TP53 mutations, Cancer Discov. 4 (2014) 1342-53. https://doi.org/
10.1158/2159-8290.CD-14-0622.

D.S. Shulman, S. Chen, D. Hall, A. Nag, A.R. Thorner, S.L. Lessnick, K. Stegmaier,
K.A. Janeway, S.G. DuBois, M.D. Krailo, D.A. Barkauskas, A.J. Church, B.

D. Crompton, Adverse prognostic impact of the loss of STAG2 protein expression in
patients with newly diagnosed localised Ewing sarcoma: A report from the
Children’s Oncology Group, Br. J. Cancer. 127 (2022) 2220-2226, https://doi.org/
10.1038/541416-022-01977-2.


https://doi.org/10.1038/s41467-021-25553-z
https://doi.org/10.1038/s41416-018-0212-9
https://doi.org/10.1038/s41416-018-0212-9
https://doi.org/10.2217/bmm-2017-0152
https://doi.org/10.1016/j.ebiom.2019.08.002
https://doi.org/10.1016/j.ebiom.2019.08.002
https://doi.org/10.1002/1097-0142(20011201)92:11<2941::AID-CNCR10072>3.0.CO;2-C
https://doi.org/10.1002/1097-0142(20011201)92:11<2941::AID-CNCR10072>3.0.CO;2-C
https://doi.org/10.1016/j.humpath.2013.09.017
https://doi.org/10.1007/s13402-021-00619-8
https://doi.org/10.1007/s13402-021-00619-8
https://doi.org/10.1186/s12943-021-01393-9
https://doi.org/10.1186/s12943-021-01393-9
https://doi.org/10.1007/s00428-018-2316-2
https://doi.org/10.1007/s00428-018-2316-2
https://doi.org/10.1007/s00428-021-03254-8
https://doi.org/10.1002/path.1941
https://doi.org/10.1002/path.1941
https://doi.org/10.1177/030089160609200309
https://doi.org/10.1177/030089160609200309
https://doi.org/10.1080/08880018.2021.1931588
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0330
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0330
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0330
https://doi.org/10.1203/00006450-200208000-00022
https://doi.org/10.1203/00006450-200208000-00022
https://doi.org/10.1371/journal.pone.0178028
https://doi.org/10.1038/s41467-019-12071-2
https://doi.org/10.1038/s41467-019-12071-2
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0360
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0360
http://refhub.elsevier.com/S2212-1374(23)00015-5/h0360
https://doi.org/10.1002/pbc.26087
https://doi.org/10.1002/pbc.26087
https://doi.org/10.1200/JCO.2011.37.2359
https://doi.org/10.1200/JCO.2011.37.2359
https://doi.org/10.18632/oncotarget.4903
https://doi.org/10.1073/pnas.1521251113
https://doi.org/10.1038/s41416-022-01977-2
https://doi.org/10.1038/s41416-022-01977-2

	Molecular and biologic biomarkers of Ewing sarcoma: A systematic review
	1 Introduction
	2 Material and methods
	3 Results
	3.1 Diagnostic markers of Ewing sarcoma
	3.1.1 Molecular
	3.1.2 Biologic

	3.2 Prognostic markers of Ewing sarcoma
	3.2.1 Molecular
	3.2.2 Biologic
	3.2.3 Unrelated

	3.3 Predictive markers of Ewing sarcoma
	3.3.1 Molecular
	3.3.2 Biologic


	4 Discussion
	4.1 Diagnostic markers of Ewing sarcoma
	4.2 Prognostic markers of Ewing sarcoma
	4.2.1 Predictive markers of Ewing sarcoma


	5 Strengths and limitations
	6 Conclusion
	Declaration of Competing Interest
	References


