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a b s t r a c t

EWS/FLI is the defining mutation of Ewing sarcoma. This oncogene drives malignant transformation and
progression and occurs in a genetic background characterized by few other recurrent cooperating muta-
tions. In addition, the tumor is absolutely dependent on the continued expression of EWS/FLI to maintain
the malignant phenotype. However, EWS/FLI is a transcription factor and therefore a challenging drug
target. The difficulty of directly targeting EWS/FLI stems from unique features of this fusion protein as
well as the network of interacting proteins required to execute the transcriptional program. This network
includes interacting proteins as well as upstream and downstream effectors that together reprogram the
epigenome and transcriptome. While the vast number of proteins involved in this process challenge the
development of a highly specific inhibitors, they also yield numerous therapeutic opportunities. In this
report, we will review how this vast EWS-FLI transcriptional network has been exploited over the last
two decades to identify compounds that directly target EWS/FLI and/or associated vulnerabilities.
� 2021 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

1.1. Ewing sarcoma

Ewing sarcoma is a primary bone and soft tissue tumor with a
peak incidence in patients under the age of twenty [1]. Current
treatment for this disease consists of surgery and/or radiation in
combination with a regimen of five different chemotherapeutic
agents administered on an interval compressed schedule [2]. While
this approach has substantially improved survival for patients with
localized tumors, the regimen is associated with significant short
and long-term side effects [3]. Further, patients with relapsed
and metastatic disease continue to show poor overall survival of
15–25% and 20–30%, respectively [4]. Therefore, there is a clear
need for more effective and less toxic therapies for patients with
Ewing sarcoma.
1.2. The rationale for EWS/FLI targeted therapies

One promising therapeutic strategy for Ewing sarcoma is to
develop a molecularly targeted therapy focused on the defining
lesion of the tumor, the EWS/FLI transcription factor. EWS/FLI (or
another FET/ETS fusion protein) is found in every case of Ewing sar-
coma. In addition, it is the only recurrent somatic mutation occur-
ring in more than 20% of patients [5–8]. EWS/FLI is generated by
either a reciprocal translocation [9] or complex chromosomal rear-
rangement [10] leading to the fusion of the N-terminus of the FET
RNA-binding protein EWSR1 to the C-terminus of the ETS tran-
scription factor FLI1. Most commonly, the protein joins Exon 7 of
EWSR1 to Exon 6 of FLI1 (Type 1, 60%) or Exon 7 of EWSR1 to Exon
5 of FLI1 (Type II; 25%) [11–14]. Alternative fusions are found with
the EWSR1 family member FUS and other ETS transcription factors
including ETV1, ETV4, ERG and FEV with the highest percentage
being ERG occurring in 5–10% of Ewing sarcoma patients [15–
19]. Since over 80% of the tumors (and the majority of preclinical
models) are driven by EWS/FLI, the majority of therapeutic efforts
have focused on EWS/FLI. Nevertheless, the vast majority of physi-
cians/scientists in the community believe that consideration of
fusion type, subtype and partner is therapeutically important and
should be collected prospectively in future clinical studies [20].

EWS/FLI is a powerful oncogenic driver that, through a series of
complex mechanisms involving several binding partners, binds
both high affinity GGAA sequences and GGAA repeat regions on
DNA to establish de novo enhancers that drive tumor formation
and progression [21–26]. Indeed, genes induced by EWS/FLI drive
proliferation, DNA damage response genes and alter the cell cycle,
while repressed genes maintain a block in proliferation and inhibit
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cell communication [27–32]. Furthermore, more than 25 years ago
Kovar et al. used antisense DNA technology to demonstrate a
dependence of this tumor on the continued expression of EWS/
FLI [33]. This dependence on EWS/FLI was subsequently confirmed
in multiple independent studies using a variety of molecular tech-
niques including siRNA, shRNA and CRISPR/Cas9 both in vitro and
in vivo [34–36]. Therefore, a therapy targeting EWS/FLI should
cause a loss of proliferation, reversal of the oncogenic phenotype
and lead to clinical responses. Since EWS/FLI is not found in normal
cells, highly specific targeting of EWS/FLI could have a wide thera-
peutic window. Unfortunately, EWS/FLI is a transcription factor
and therefore a challenging drug target.
1.3. The challenge of targeting EWS/FLI

Transcription is a highly regulated process involving several
distinct steps and protein interactions. EWS/FLI influences many
of these well-orchestrated steps. For many genes, RNA polymerase
II is paused at the proximal promoter only producing abortive
mRNA transcripts until its C-terminal tail is hyperphosphorylated
[37]. This pause allows the polymerase to recruit splicing factors
involved in RNA processing. Wild-type EWSR1 is known to interact
with hyperphosphorylated RNA polymerase II, splicing factors,
hnRNPs, RNA helicases, snRNPs, and mRNA to regulate splicing in
the presence of DNA damage [38–41]. EWSR1 also inhibits CDK9
mediated phosphorylation of RNA polymerase II [32]. EWS/FLI
maintains the ability to bind both transcriptionally processive
RNA polymerase II and splicing factors, first shown with the splic-
ing factor U1C [42]. In addition, it serves to modulate the interac-
tions of wild-type EWSR1 [32]. Therefore, the presence of the
fusion protein directly impacts both transcription and RNA pro-
cessing by numerous mechanisms leading to alterations in expres-
sion of individual genes and alternate exon usage as seen with
TERT and CCND1 [43,44].

Unfortunately, drugging this complex process of transcription is
a challenge. Transcription factors like EWS/FLI typically have a
transactivation domain and a DNA-binding domain. Many transac-
tivation domains are highly dynamic molecular structures known
as intrinsically disordered proteins that can collapse or expand
their three-dimensional structure in response to solvent interac-
tions, binding of other biological molecules, or post-translational
modification [45]. The plasticity of intrinsically disordered proteins
enables them to coordinate complex interactions among multiple
binding partners to regulate intricate biological processes like tran-
scription and chromatin remodeling. The N-terminus of EWS/FLI
contains an intrinsically disordered region that can form ternary
complexes with many proteins including but not limited to BARD1,
AP-1, and RNAPII [46–50]. The EWS/FLI N-terminus also interacts
with other copies of itself to change conformation in a manner
reminiscent to the PrPC ? PrPSc transition that drives spongiform
encephalopathies [51]. This phase transition within the ‘‘prion-
like” domain of EWS/FLI directly binds and recruits the SWI/SNF
chromatin remodeling complex to DNA binding sites to generate
de novo enhancer regions but challenges the development of highly
specific small molecule inhibitors [21,24].

The C-terminus of EWS/FLI is a DNA binding domain that recog-
nizes a GGAA core DNA sequence with a wing-turn-helix structure
common among ETS transcriptions factors [21,52]. The FLI1 DNA
binding domain binds DNA as both a monomer and dimer
in vitro although the biological relevance of dimerization is unclear
because full-length wild-type FLI1 has not been observed to dimer-
ize [53,54]. In either stoichiometry, the DNA binding domain of
FLI1 lacks a concavity amenable to small molecule binding making
drug development difficult. In short, direct therapeutic targeting of
EWS/FLI is challenging because the N-terminus of EWS/FLI is
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intrinsically disordered and the active site of the C-terminus lacks
an obvious druggable pocket.

In summary, the complex process of transcription coupled with
structural features of EWS/FLI challenges the development of
highly specific small molecule inhibitors of EWS/FLI. Nevertheless,
because of the absolute dependence of this tumor on EWS/FLI, sev-
eral approaches have been proposed to target the transcriptome,
interactome. spliceosome or upstream/downstream signaling.
2. Targeting the EWS/FLI interactome and splicing

RNA processing is tightly linked to transcription. Several studies
link EWS/FLI to altered exon usage either directly or indirectly as a
dominant negative inhibitor of wild-type EWSR1 as has been
shown for TASR-1, TASR-2, FAS, and YBX1 [41,45–47]. Therefore,
some groups have attempted to directly target the EWS/FLI inter-
actome to modulate splicing or to target the splicing of EWS/FLI
itself.

A series of studies of the interactome converged on a surface
plasmon resonance screen that identified the compound YK-4-
279 as an EWS/FLI binding compound that inhibits the interaction
between EWS/FLI and RNA helicase A (DHX9) [48,55]. Interruption
of this interaction showed activity both in vitro and in vivo and
reversed EWS/FLI mediated alternative splicing of several impor-
tant targets such as ARID1A [26]. An analog of YK-4-279, TK-216,
is currently undergoing clinical testing (NCT02657005).

An alternative approach to target the EWS/FLI interactome led
to the identification of an EWS/FLI targeted peptide. Jully et al. used
computer modeling to determine that the junction region of the
most common fusion form of EWS/FLI forms a putative ligand
binding site [56]. They next generated a peptide that was further
modified by incorporating an HIV TAT cell penetrating protein
and a nuclear localization signal [57]. This CIEWSPEP protein was
readily taken up by EWS502 cells, decreased Ewing sarcoma cell
proliferation, led to apoptosis, decreased Matrigel invasion, and
reversed EWS/FLI driven gene expression [56]. However, although
this system is both elegant and useful in the in vitro setting, it’s
translation to patients is challenged by bioavailability and intracel-
lular proteolysis [58].

Finally, the splicing of EWS/FLI itself has been identified as a
possible therapeutic vulnerability [59]. A subset of tumors has a
cryptic exon near the breakpoint of EWSR1 and FLI1 that requires
the protein HNRNPH1 for proper processing into the mature
EWS/FLI transcript [60]. HNRNPH1 is an hnRNP that can bind the
G-quadraplex formed by exon 8 of the type 1 fusion form of
EWS/FLI. This has been targeted with the G-quadruplex stabilizer
pyridostatin to limit colony formation of Ewing sarcoma cell lines
[61]. Alternatively, proper mRNA processing requires U2 snRNP
complex formation which can be disrupted with Pladienolide B
to induce mis-splicing, loss of expression of EWS/FLI and a loss of
Ewing sarcoma cell viability in tumors with this cryptic exon [60].
3. Oligonucleotide based approaches targeting EWS/FLI

The mRNA of EWS/FLI has also been directly targeted by numer-
ous investigators using oligonucleotide-based approaches. Indeed,
many of the pivotal studies that have characterized the biology of
EWS/FLI have used nucleic acid approaches to target EWS/FLI
mRNA. Antisense oligodeoxynucleotides (oligos) bind complemen-
tary mRNA targets to block translation into protein and induce
degradation by ribonuclease H [62]. Early studies with these mole-
cules in Ewing sarcoma showed that oligos to either the junction
region of EWS/FLI or the start of the coding region effectively led
to loss of EWS/FLI mRNA expression and cell proliferation [63–
65]. It was later demonstrated that direct injection of Ewing sar-
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coma tumors with EWS/FLI oligos in xenografts also leads to a
decrease in tumor volume which could be further augmented by
utilizing nanoparticle delivery systems or combining them with
rapamycin [66–71].

EWS/FLI silencing has also been achieved using small interfer-
ing RNA (siRNA). Gene knockdown of EWS/FLI using siRNA results
in decreased Ewing sarcoma cell viability, limits invasive potential,
and prevents tumor engraftment in a metastatic xenograft model
[72–74]. Furthermore, the precise control of gene knockdown pro-
vided by siRNA has allowed researchers to delineate important
relationships between EWS/FLI and downstream targets such as
MYC, IGFBP3, NR0B1, STEAP1, CALCB, and several neural crest
specific genes [72,75–79]. The creation of nanoparticles containing
these targeted oligonucleotides remains an ongoing area of inves-
tigation [80,81]. In addition, one such construct is currently being
evaluated in the clinic (NCT02736565). Unfortunately, both oligos
and siRNA are limited by their half-lives and require repeated
administration to achieve and sustain EWS/FLI suppression [62].

Finally, these oligonucleotide-based approaches have been used
to evaluate the role EWS/FLI plays in metastasis. Some preclinical
studies have demonstrated that silencing EWS/FLI leads to a loss
of proliferation but increases cellular migration, particularly in
A673 cells [82]. Consistent with this idea, transient suppression
of EWS/FLI in A673 cells followed by tail vein injection leads to
an increase in the number of mice with lung nodules (although it
is notable that the control mice also formed lung tumors in these
experiments) [83]. It has been suggested that these effects are dri-
ven by EWS/FLI mediated antagonism of WNT, STAG2 or YAP/TAZ
signaling [82–87]. This leads to a model where transient suppres-
sion of EWS/FLI allows the cell to become more migratory at the
expense of proliferation, second-site colonization and anoikis.
With recovery and restoration of EWS/FLI activity the cells regain
proliferative potential and second site colonization. However,
there are a number of studies that disagree with this model and
suggest that suppression of EWS/FLI inhibits metastasis to bone
and lung. These studies show that EWS/FLI repression leads to a
loss of specific downstream targets that are well-established meta-
static effectors such VEGF and CAV1/MMP9 [88,89]. Importantly
this suppression of metastasis with EWS/FLI suppression has been
seen in multiple studies and has been linked to suppression of a
number of EWS/FLI target genes including CAV1 [90], STEAP1
[91], CHM1 [92], TNC [93], NPY1R [94], PPP1R1A [95] and EZH2
[96]. Therefore, more work needs to be done to understand the role
of EWS/FLI in the very complicated metastatic cascade.
4. Therapeutic approaches that target EWS/FLI expression

Another approach to target EWS/FLI is to modulate the expres-
sion of the protein (Fig. 1). The half-life of the EWS/FLI protein is
reported to be less than 4 hours [97]. This means that Ewing sar-
coma cells must maintain continued production of EWS/FLI to keep
pace with its degradation. Mass spectrometry identified a single
lysine at position 380 of EWS/FLI as the substrate for the ubiquiti-
nation that controls proteasomal turnover [97]. Facilitating this
EWS/FLI ubiquitination or blocking de-ubiquitination may prove
a viable therapeutic strategy to deplete the cell of EWS/FLI expres-
sion and activity. Towards this end, USP19 was identified as a de-
ubiquitinating enzyme that binds EWS/FLI and wild-type EWSR1 to
regulate stability [98]. More recently, another report established
SPOP as a E3-ligase and OTUD7A as an associated de-
ubiquitinase associated with EWS/FL1 stability [99]. Alternatively,
Ewing sarcoma cells also do not tolerate an increase in expression
of EWS/FLI. This fact is highlighted in a recent publication that
identified TRIM8 as an E3 ubiquitin ligase that causes the ubiquiti-
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nation of EWS/FLI but not of EWSR1 or FLI1. Depletion of TRIM8
impairs Ewing sarcoma tumor growth [100].

An alternative approach that has been used to modulate EWS/
FLI expression is targeting the molecular chaperone, HSP90. PU-
H71 and ganetespib are HSP90 inhibitors that increase EWS/FLI
turnover, decrease Ewing sarcoma cell viability, and limit progres-
sion of Ewing sarcoma tumors in xenografts [101,102]. These
effects have been recapitulated with the histone deacetylase inhi-
bitor entinostat because HSP90 relies on HDAC3 to prevent its
deactivation by acetylation [103]. It is not clear how many proteins
in addition to EWS/FLI are modulated by these effects of entinostat.
Nevertheless, the impressive preclinical results of proteasomal
degradation modulators (e.g., entinostat reduced tumor volume
more than 97% in mice with CHLA-258 xenografts) support further
investigation of these compounds for use in Ewing sarcoma [103].

EWS/FLI may also be sensitive to proteosomal degradation by
Proteolysis Targeting Chimeric Molecules (PROTACs). PROTACs
are bi-functional compounds where one portion of the compound
binds a protein target and the other portion chaperones the protein
to an E3 ubiquitin ligase for degradation [104,105]. Gierisch et al.
demonstrated that the degradation of EWS/FLI involves polyubiq-
uitination at lysine-380 which tags the fusion protein for proteaso-
mal destruction [97]. Lysine-380 is located within the DNA-
binding domain and is present in wildtype FLI1 and conserved
among several other ETS family members such as ETS1 which
may limit specificity [106]. However, given the short half-life of
EWS/FLI, a PROTAC designed to target a lysine-380 containing
motif may be able to establish a therapeutic window [97]. To our
knowledge, there is not an EWS/FLI-specific PROTAC developed
yet. However, PROTACs targeting BET and CK proteins have been
successfully used in Ewing sarcoma cells [99,107]. And while PRO-
TAC technology has yet to be used in clinics, it is advancing rapidly
in preclinical models [108]. With improvements to stability and
delivery PROTACS targeting EWS/FLI may be a viable therapy for
Ewing sarcoma.

Finally, although the above studies focus on the regulation of
EWS/FLI expression by the proteosome, it is likely that steady-
state expression of EWS/FLI is more complicated and at least par-
tially dependent on autophagy and the lysosomal system. One
report used Bio-ID to biotinylate all proteins with 20–30 nm of
EWS/FLI to identify CIMPR as an interacting protein that is known
to chaperone clients to the endosome-lysosome system [109]. Acti-
vation of this system led to the degradation of EWS/FLI while inhi-
bition of lysosomal activity with either chloroquine or pepstatin A
stabilized EWS/FLI expression [109]. The therapeutic implications
of these observations is an ongoing area of investigation.
5. Manipulating EWS/FLI induced epigenetic changes

The first studies of epigenetics in Ewing sarcoma clearly
demonstrated the importance of epigenetic modulation by EWS/
FLI to malignant transformation via the polycomb factors EZH2
and BMI1 [110,111]. Subsequent studies demonstrated clear dys-
regulation of developmental programs such as the posterior HOX
gene cluster; an effect linked to the trithorax proteins MLL1 and
Menin [112,113]. Further, silencing of EWS/FLI has been linked to
widespread epigenetic reprogramming in multiple studies
[23,114,115]. Therefore, targeting EWS/FLI associated epigenetic
processes is a promising therapeutic strategy.

EWS/FLI likely uses multiple mechanisms to alter the epigenetic
landscape. However, the effects of EWS/FLI at GGAA microsatellite
response element has been best described [21]. The Davis group
used chromatin immunoprecipitation sequencing (ChIPseq) to
demonstrate increased occupancy of EWS/FLI and nucleosome
depletion at GGAA microsatellites that had features of enhancers



Fig. 1. Therapeutic approaches targeting EWS/FLI expression. Ewing cells do not tolerate either an increase or decrease in EWS/FLI expression. Approaches modulating
molecular chaperones or activating E3 ubiquitin ligases may deplete EWS/FLI expression leading to degradation either in the lysosome or proteosome. Inhibition of EWS/FLI
associated de-ubiquitinases also could be effective because the cell does not tolerate increased EWS/FLI.
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[116]. Work by Riggi et al. in 2014 validated these findings and
combined ChIPseq with assay for transposase-accessible chro-
matin sequencing (ATACseq) to demonstrate that EWS/FLI exerts
its effects on global transcription by binding to heterochromatic
GGAA microsatellite regions and recruiting acetyltransferases to
establish de novo enhancers that can regulate target gene promot-
ers [23]. Boulay et al. subsequently elaborated on the mechanism
of EWS/FLI enhancer remodeling by demonstrating that the intrin-
sically disordered region of EWS/FLI recruits the chromatin remod-
eling complex SWI/SNF to GGAA microsatellites [24]. Importantly,
the finding of widespread epigenetic remodeling was later shown
to occur in a large sample of primary Ewing sarcoma tumors thus
establishing the importance of these epigenetic mechanisms to
tumorigenesis [118]. Tomazou et al. comprehensively mapped
the enhancer landscape using DNA methylation, seven histone
post-translational modifications, accessibility assays, and gene
expression to describe 4 distinct gene expression clusters with
associated histone post-translational modifications [117].
H3K27ac was the mark most associated with EWS/FLI activity
and widespread enhancer reprogramming by the fusion protein
was evident [117]. Importantly, EWS/FLI repressed genes grouped
in the same 4 clusters. However, these genes had distinct transcrip-
tion factor binding signatures (AP-1 vs. E2F) and near uniform gain
of H3K27ac and H3K4me3 at the promoters of these genes [117].
This suggests a common mechanism of repression which has been
suggested to involve displacement of wild-type ETS transcription
factors by EWS/FLI at the GGAA motif [23].

Since widespread epigenetic reprogramming is a prerequisite to
Ewing sarcoma tumorigenesis under the influence of EWS/FLI, sev-
eral efforts have focused on modulating the epigenome in Ewing
tumors as a therapeutic approach (Fig. 2). Ewing sarcoma cell via-
bility has been linked to differential methylation at specific targets
in tumor relative to mesenchymal stem cells [118–122]. The DNA
demethylating agent 5-aza-20-deoxycytidine causes a loss of clono-
genicity in a dose-dependent manner in TC32 and TC71 Ewing sar-
coma cells [123]. A similar effect is observed with histone
deacetylase (HDAC) inhibitors like entinostat which also produced
a synergistic loss of clonogenicity when combined with 5-aza-20-
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deoxycytidine [123]. HDAC inhibitors were shown to be active in
Ewing sarcoma both in vitro and in xenografts and to restore the
expression of the EWS/FLI repressed target, TGFBR2 even in the
continued presence and activity of the fusion protein; an effect that
was subsequently demonstrated genome-wide [117,124]. Entinos-
tat in particular shows increased activity in Ewing sarcoma relative
to other HDAC inhibitors likely due to its secondary function in
limiting HSP90 activity (see above) [103]. HDAC inhibitors have
also been shown to activate TP53 to sensitize Ewing sarcoma cells
to TRAIL mediated apoptosis and limit metastasis of Ewing sar-
coma tumors [125,126].

LSD1 is a histone demethylase overexpressed in Ewing sarcoma
[127] and a drug target in this tumor. The LSD1 inhibitor SP2509
reverses the EWS/FLI and EWS/ERG gene signatures as measured
by gene-set enrichment analysis [128]. This induces Ewing sar-
coma cell apoptosis and reduces tumor volume in xenografts of
A673 and SK-N-MC cells [128]. The effect has been shown to be
secondary to reversal of LSD1 activity at GGAA microsatellite and
non-microsatellite sites co-occupied with EWS/FLI with some pref-
erence for the non-microsatellite sites [129]. Importantly, combin-
ing SP2509 with an HDAC inhibitor leads to marked synergy in
various Ewing sarcoma cell lines and patient-derived xenografts
[130,131].

Inhibitors of a second class of histone demethylases, Jumonji-
domain histone demethylases, have also shown efficacy in preclin-
ical Ewing sarcoma models. The pan-Jumonji inhibitor JIB-04 poi-
sons KDM3A to reverse the EWS/FLI transcriptional signature,
increase DNA damage, and decrease Ewing sarcoma cell growth
in vitro and in vivo [132]. More recently, the same group showed
repression of metastatic properties of Ewing sarcoma cells with
repression of KDM5A add PHF2 [133].

BET proteins are epigenetic readers of acetylated lysine residues
on histones. They play important roles in regulating transcription
by interacting with several proteins such as RNA polymerase II
[134]. One study demonstrated that the BET inhibitor JQ1 reverses
the EWS/FLI transcriptional signature of Ewing sarcoma cells and
inhibits tumor growth of Ewing sarcoma xenografts [135]. A sec-
ond study of JQ1 in Ewing sarcoma xenografts showed a survival



Fig. 2. EWS/FLI associated epigenetic targets. EWS/FLI requires alterations in chromatin structure to generate its oncogenic transcriptome. Therefore, a variety of compounds
and targets have been evaluated to modulated the associated epigenome with great promise.
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benefit as well as decreased vascularization [136]. The effect on
angiogenesis was reaffirmed by another study that showed sup-
pression of expression of tumor-derived angiogenic factors as well
as direct effects on endothelial cells and tube formation [137]. A
third report confirmed the reversal of the EWS/FLI transcriptional
signature and a decrease in Ewing sarcoma xenograft tumor
growth after JQ1 treatment [138]. Like HDAC inhibitors, other
authors used BET inhibitors to modulate the expression of impor-
tant pathways such as IGF1 [138]. Finally, one paper placed EWS/
FLI or EWS/ERG in a functional complex with BRD4, MED1 and
RNAPII [107]. Impairment of this complex either by silencing
expression of BRD4 or with BET inhibitors reversed EWS-ETS activ-
ity [107]. This same paper showed that silencing of EWS/FLI or
BRD4 limited invasiveness of Ewing sarcoma cells in a CAM assay
[107].
6. Inhibiting downstream targets of EWS/FLI

EWS/FLI downstream targets play a critical role in Ewing sar-
coma tumor formation and progression. Therefore, a large body
of work by multiple investigators has focused on these effectors
as therapeutic targets and as a means to understand the biology
and origins of the disease. Perhaps the most well-established
Ewing sarcoma cancer susceptibility gene is EGR2 which is a
downstream target of the fusion protein [139,140]. Further, mes-
enchymal stem cells (MSCs) are among the top contenders for
the cell of origin (along with neural crest cells) for Ewing sarcoma
[111,114]. Consistent with this hypothesis, EWS/FLI alters the
expression of several pathways important to MSC differentiation
and survival of derivative cells [141–143]. Some of these pathways
can be manipulated pharmacologically.

Numerous studies have used comprehensive genome-wide
approaches to map the downstream targets of EWS/FLI. Interest-
ingly, while these reports do identify common targets, the exact
identity of EWS/FLI targets is quite discordant among the reports.
This was highlighted in a meta-analysis which illuminated these
differences and highlighted what is perhaps the most agreed upon
list of target genes [144]. In addition, the functional characteriza-
tion of EWS/FLI targets has been captured genome-wide in numer-
ous reports. One study clearly captures EWS/FLI-driven
transcription across multiple models describes induced targets as
5

driving proliferation, dysregulating the cell cycle and driving genes
associated with the DNA damage response while repressed genes
are associated with the repression of cell differentiation and cell-
to-cell communication [27]. Finally, the most-well established tar-
get which plays a role in the biology of EWS/FLI is NR0B1
[76,145,146]. The NR0B1 promoter contains a GGAA microsatellite
that if deleted leads to a loss of EWS/FLI responsiveness [147].
Additionally, while both FLI1 and EWS/FLI can bind this region,
only EWS/FLI can transactivate and drive expression [21,148].

One important downstream target of EWS/FLI is the transcrip-
tion factor GLI1. Indian hedgehog (Ihh) binds to patched molecules
(PTCH1/2) on the surface of MSCs to release the inhibition of
smoothened [149]. This release leads to expression of glioma-
associated oncogene (GLI) transcription factors which are critical
regulators of endochondral ossification and highly expressed in
membranous bone and teeth [150,151]. EWS/FLI drives high levels
of GLI1 expression in Ewing sarcoma which contributes to tumori-
genicity [152,153]. The promyelocytic leukemia drug arsenic triox-
ide (ASO) directly inhibits GLI1 and GLI2 [154,155]. The sensitivity
of cells to ASO positively correlates to the expression levels of GLI1
[156], however, ASO has a highly variable IC50 in Ewing sarcoma
cell lines and does not produce a response in xenografts [157].

There are also numerous pathways upregulated by EWS/FLI that
are not specific to MSCs but promote cell growth, nonetheless.
Cholecystokinin (CCK) is a peptide hormone with critical roles in
satiety regulation, bile release, bile production, and digestion
[158]. It is also highly expressed in several cancers, Ewing sarcoma
among them [79,159,160]. The classic functions of CCK are obvi-
ously absent in Ewing sarcoma tumors, however, the presence of
CCK receptors suggest that it may play an autocrine role to pro-
mote cell growth or survival. This is further supported by a
decrease in Ewing sarcoma cell proliferation in vitro and a modest
reduction in tumor volume in xenografts of A673 cells after indu-
cible expression of an shRNA against CCK [161]. Devazepide is an
inhibitor of the CCK receptor CCKA that inhibits Ewing sarcoma
tumor growth in vivo but requires a millimolar concentration
[162].

The mitogen-activated protein kinase (MAPK) pathway is one of
the best studied cascades involved in regulating cell growth and
proliferation with several pro-cancer mutations in members of this
pathway described [163]. EWS/FLI drives constitutive activation of
MAPK3/ERK1 and MAPK1/ERK2 [164,165]. This activation is medi-
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ated in part by EWS/FLI driven upregulation of CAV1 and downreg-
ulation of sprouty 1 (SPRY1) [166,167]. Inhibition of the MAPK
pathway with the inhibitor U0126 or the microRNAmiR-30d limits
the invasive potential of Ewing sarcoma cells in vitro [89,168].

The fact that cancer cells favor anaerobic glycolysis over oxida-
tive phosphorylation (Warburg effect) has been appreciated for
almost a century [169]. The lynchpin of the Warburg effect is the
lactate dehydrogenase (LDH) enzyme which converts pyruvate to
lactate [169]. Ewing sarcoma expresses high levels of LDH, and
its serum concentration is of prognostic value in this tumor
[170]. LDH inhibitors produced marked necrosis in Ewing sarcoma
xenografts but only modest changes to total tumor volume with
increased dosing limited by hemolysis [171]. Mature erythrocytes
rely exclusively on LDH mediated anaerobic glycolysis for ATP pro-
duction as they lack mitochondria for oxidative phosphorylation
[172]. Therefore, hemolysis may be a universal dose-limiting toxi-
city of LDH inhibitors [173].

It is also clear that a major function of EWS/FLI is to dysregulate
metabolism and a number of studies have linked the activity of the
fusion protein to the dysregulation of serine biosynthesis [174–
176] perhaps via glutamine import [177], energy and redox bal-
ance via NAMPT [178,179],and tryptophan metabolism [180]. The
peptide hormone insulin-like growth factor 1 (IGF-1) is a key ana-
bolic signaling molecule. The Helman lab recognized the dysregu-
lation of this pathway in patient samples years ago and
characterized the loss of imprinting of the IGF2 locus in Ewing
patient samples [181,182]. Numerous studies have explored thera-
peutic targeting and dysregulation of this pathway in this tumor.
EWS/FLI upregulates expression of IGF-1, its receptor IGF1-R, and
downregulates the carrier protein IGFBP-3 which appear to be
important to tumorigenesis [75,183–185]. The largest single-
agent study of an anti-IGF-1 antibody in the clinic was of teprotu-
mumab (R1507) through the Sarcoma Alliance for Research
through Collaboration (SARC). This study impressively accrued
115 patients across 31 countries in two years and found a response
rate of 10–15% [186]. Subsets of patients were exceptional respon-
ders and other studies point to specific molecular features that
may confer sensitivity [187,188]. IGF1R targeting was also evalu-
ated in the metastatic setting in combination with chemotherapy
in the Children’s Oncology Group. Although the results are yet to
be reported, the study highlights the need to find the right combi-
nation and/or identify the exceptional responders [189].

Finally, numerous other studies describe important down-
stream targets that are beyond the scope of this review, these are
both induced and repressed targets and include but are not limited
to, NPY1R [190], NKX2.2 [191], telomerase [192], TGFBR2[193],
HOX genes (see above), and CAV1 [166].
7. Exploiting EWS/FLI induced DNA damage

One of the most important observations made by James Ewing
in the 1920s about the sarcoma that would one day bear his name
is that Ewing sarcoma is exquisitely sensitive to ionizing radiation
[194]. Ionizing radiation leads to the accumulation of DNA double
strand breaks which must be repaired to avoid cell death. Standard
chemotherapy for Ewing sarcoma employs vincristine in combina-
tion with four different DNA damaging agents: doxorubicin,
cyclophosphamide, etoposide, and ifosfamide [2,195–197]. It is
known that Ewing sarcoma cells contain high basal levels of DNA
damage which are likely driven by high replication and transcrip-
tional stress mediated by EWS/FLI driven formation of R-loops [32].
This suggests that the cells are dependent on specific DNA damage
response genes to cope with the increase in basal DNA damage. A
number of DNA damage response targeted agents and pathways
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have been extensively evaluated as therapeutic targets in Ewing
sarcoma (Fig. 3).

One candidate gene that mitigates this DNA damage and is
expressed at high levels in Ewing sarcoma cells is poly(ADP-
ribose) polymerase (PARP)[198,199]. PARP aids in the repair of sin-
gle and double strand DNA breaks [200,201]. The mechanism of
PARP induction in Ewing sarcoma is controversial. One study sug-
gests that ETS1 is the main driver of PARP expression, not EWS/FLI
[202]. A second study from the same group claims that EWS/FLI
inhibits the expression of PARP mRNA [203]. These reports are
challenged by Brenner et al. who report that EWS/FLI can bind
PARP-1 directly and induce PARP expression to regulate EWS/FLI
production in a positive feedback loop [30]. An additional study
demonstrated the interaction between EWS/FLI, PARP and BRCA1
[32]. This study links the sensitivity of the cells to PARP inhibition
to an EWS/FLI induced increase in R-loop formation that releases
BRCA1 from sites of DNA damage [32]. Independent of the mecha-
nism of PARP hypersensitivity, the observation that Ewing sarcoma
cells were particularly sensitive to PARP inhibitors came from a
large unbiased screen of 639 cell lines with 130 different agents
[204]. This study linked the sensitivity of Ewing sarcoma cells to
PARP to EWS/FLI and inspired multiple independent studies of
PARP inhibitors both preclinically and in patients. Single agent
activity has not been found in the clinic [205] and the results in
combination with temozolomide have been unclear with one study
showing no activity [206] and another demonstrating a clinical
response [207]. This has led to the search for biomarkers of activity
such as SLFN11 or PALB2 [208,209] and the identification of new
combinations such as PARP-irinotecan-temozolomide [210]. A
number of excellent studies identifying PARP based combinations
have been published suggesting the combination of PARP with
other chemotherapy [211], ionizing radiation [212], trabectedin
[213], NAMPT blockade [179,214], or CDK12 inhibitors [215].

Like PARP, the ATR pathway is an important regulator of DNA
single and double strand break repair but with specific activity
during cell cycle checkpoints [216]. Preclinical evidence suggests
that inhibition of the ATR pathway is another vulnerability in
Ewing sarcoma. Two ATR inhibitors, AZ20 and MSC253, produced
significant reduction in tumor volume of subcutaneous A4573
xenografts and increased DNA damage as measured by cH2AX
staining [217]. Moreover, the ATR inhibitor ceralasertib is impres-
sively synergistic with adavosertib, which blocks the downstream
effector of the ATR pathway WEE1, in several Ewing sarcoma cell
lines [218].

Finally, the therapeutic targeting of EWS/FLI in combination
with specific DNA damaging agents has been proposed. Grohar
et al. proposed using trabectedin to suppress EWS/FLI and the
WRN helicase to sensitize to the DNA damaging effects of irinote-
can [219]. A similar approach by Lin et al. used mithramycin as a
radiation sensitizer in an EWS/FLI restricted manner [220]. Other
studies have focused on increasing the activity of DNA damaging
agents by exploiting EWS/FLI relationships such as with DNA-PK
[30], PARP [32], anti-apoptotic pathways [221], pro-apoptotic
pathways [41], or histone demethylases [132]. These methods hold
great promise for the treatment of Ewing sarcoma patients.
8. Blocking EWS/FLI mediated transcription

EWS/FLI driven transcription occurs in distinct steps: EWS/FLI
expression, chromatin decompaction, DNA binding, productive
elongation, termination, RNA processing and protein expression
of downstream targets [37,222,223]. Interestingly, there are many
compounds that have been identified as inhibitors of transcription
that work at distinct steps in this process. Recognition and target-



Fig. 3. Targeting the DNA damage response. EWS/FLI is known to bind and regulate the expression/activity of multiple proteins involved in the DNA damage response. These
pathways have been explored as therapeutic targets both alone, sequentially and in combination with EWS/FLI targeted agents.
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ing of these steps in series or in parallel may be a clinically impor-
tant strategy in the anti-Ewing sarcoma armamentarium (Fig. 4).

As discussed above, chromatin remodeling both upstream and
downstream of the DNA binding of EWS/FLI is an important area
of drug development as LSD1 inhibitors and bromodomain inhibi-
tors have all been shown to perturb the Ewing sarcoma transcrip-
tome [107,128]. In addition, RNA processing is influenced by EWS/
FLI and is the basis for the development of YK-4-279 and its deriva-
tive TK-216 [55,224].

The next most likely step in transcription that is targetable is
DNA binding. Several compounds have been identified that work
at this step in the process. Chen et al. used a fluorometric proximity
assay to measure changes to EWS/FLI DNA binding [225]. Their
model used two synthetic biotin conjugated oligos that were
bound to streptavidin conjugated donor beads [225]. One oligo
contained two GGAAmotifs for EWS/FLI binding, the second lacked
any GGAA motif but was recognized by p53 and served as a control
[225]. With this system, 5200 small molecules were tested and
ranked based on the ability to prevent EWS/FLI DNA binding while
sparing p53 binding [225]. This led to the characterization of low
dose dactinomycin and shikonin as EWS/FLI inhibitors [225,226].

The expression of NR0B1 in Ewing sarcoma completely depends
on EWS/FLI binding its promoter [147]. Grohar et al. leveraged this
fact by developing a screen that measured EWS/FLI driven tran-
scription by placing the luciferase gene under the control of the
NR0B1 promoter [227]. Over 50,000 compounds were screened
Fig. 4. Blocking EWS/FLI driven transcription. Transcription is a multi-step process. C
promoter escape or productive elongation with varying degrees of specificity. Sequen
specificity.
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using this system. Multiplex RT-qPCR of 11 EWS/FLI induced tar-
gets further evaluated the top 200 hits [227]. The top hit from this
screen was mithramycin which was shown to interfere with EWS/
FLI activity, mRNA, and protein expression and genome-wide
expression of downstream targets [227]. The results with mithra-
mycin prompted the opening of a phase I/II clinical trial for
patients with relapsed/refractory Ewing sarcoma. Unfortunately,
dose-limiting liver toxicity was observed at a plasma concentration
approximately 3–5 times lower than what was necessary to inhibit
EWS/FLI [228]. This mechanism of acute liver injury may be due to
disrupted bile deposition and/or an increase in free radical produc-
tion [229,230]. This led to the identification of a less toxic (EC8042)
and more potent (EC8105) analog of mithramycin [231]. Finally, an
additional screen of natural product extracts using this same sys-
tem led to the identification of englerin A as a compound that inhi-
bits the DNA binding of EWS/FLI [232].

The ascidian derived compound trabectedin binds CGG DNA
repeats within the minor groove [233]. Grohar et al. reported that
trabectedin inhibits NR0B1 promoter activity, downstream target
expression and reverses the gene-signature of EWS/FLI [234]. In
addition, transfer of EWS/FLI to HT1080 cells with the NR0B1 pro-
moter luciferase construct described above leads to the marked
induction of NR0B1 luciferase, an effect that can be rescued by
co-incubation with trabectedin [234]. Furthermore, trabectedin
leads to a redistribution of EWS/FLI away from chromatin and
toward the nucleolus [235]. Lurbinectedin, a newer analog of tra-
ompounds have been identified that interfere with the DNA binding of EWS/FLI,
tial targeting of this process has been proposed to increase activity and perhaps
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bectedin with an improved toxicity profile, also redistributes EWS/
FLI to the nucleolus [236]. This nucleolar sequestration is observed
with a concomitant loss of SWI/SNF binding at EWS/FLI induced
targets [235]. These effects trigger an epigenetic switch leading
to an increase in H3K9me3 and H3K27me3 most notably at GGAA
microsatellites [235]. These results establish this class of com-
pounds as EWS/FLI inhibitors.

Transcriptional elongation is also an intriguing target. Indeed,
the nucleoside analog cytarabine (a known elongation terminator)
was the first identified EWS/FLI inhibitor that reversed the expres-
sion of the EWS/FLI transcriptome [237]. It is not known if the
compound interferes with transcription elongation as part of the
mechanism of this compound in Ewing sarcoma. Nevertheless,
the data in the original report was compelling and cytarabine
remains an intriguing compound. Additional compounds that
interfere with transcription elongation have also been extensively
evaluated in Ewing sarcoma. Camptothecins block topoisomerase I
which is necessary to relieve the supercoiling stress caused by the
transcription bubble [238]. Two, clinically relevant camptothecins
are irinotecan and topotecan. Both compounds are widely used in
the setting of relapsed Ewing sarcoma [239,240]. Importantly, our
group demonstrated that irinotecan improves the magnitude and
sustains the duration of EWS/FLI suppression by trabectedin [235].

The observation that irinotecan works downstream of trabecte-
din to improve the magnitude and duration of EWS/FLI suppres-
sion is consistent with targeting EWS/FLI at successive steps in
transcription. This idea has been proposed by us and other groups.
Mateo-Lozano et al. proposed combining highly specific EWS/FLI-
targeted antisense oligos with rapamycin, an agent that inhibits
translation [68]. More recently, inhibitors of cyclin dependent
kinases have provided a new therapeutic opportunity. Cyclin
dependent kinase 9 (CDK9) is a CDK critical to proper maintenance
of transcription [241]. Other transcriptional CDKs include CDK7,
CDK8, CDK12, and CDK13 [242]. Transcriptional CDKs regulate
RNA polymerase II processivity by phosphorylating key serine resi-
dues on the C-terminal domain of Rpb1. Specific phosphorylation
patterns promote RNA polymerase II proximal promoter pausing,
pause release, elongation, and termination [37,222,223].

The CDK9 inhibitor alvocidib has been granted orphan drug sta-
tus for acute myeloid leukemia [243]. Preclinical evidence also
supports the efficacy of alvocidib in Ewing sarcoma. Alvocidib
drives Ewing sarcoma cell apoptosis in a dose dependent manner
in vitro and reduces tumor volume in xenografts [244]. However,
even though alvocidib is regarded as a CDK9 inhibitor, it is not
completely selective. In a cell-free assay, the IC50 values of alvo-
cidib were 20 nM for CDK9, 30 nM for CDK1, 40 nM for CDK2,
and 875 nM for CDK7 [245]. This means the preclinical efficacy
of alvocidib may not be due entirely to CDK9 inhibition. Li et al.
support this notion by connecting the apoptosis seen in Ewing sar-
coma cells after alvocidib treatment to inhibition of CDK2 [246].
Therefore, single agent CDK9 inhibitors may not be effective in
the setting of Ewing sarcoma. However, CDK9 inhibitors may be
perfect candidates for combination therapies. Two preclinical stud-
ies support this idea. In one study, CDK9 was shown to bind EWS/
FLI through the BET protein BRD4 [247]. Combining the CDK9 inhi-
bitor CDKI-73 with the BET inhibitor JQ1 was more effective at
reducing Ewing sarcoma cell proliferation and reducing tumor vol-
ume in xenografts than either compound alone [247]. A second
study demonstrated synergy between the EWS/FLI inhibitor
mithramycin and the CDK9 inhibitor PHA-767491 [230]. Impor-
tantly, the synergy occurred at clinically achievable concentrations
of mithramycin [230]. Further, the combination may limit toxicity
as it attenuated mithramycin induced free radical production by
blocking the induction of the BTG2 protein [230]. Synergy was also
seen with a sequential targeting approach featuring the histone
demethylase inhibitor GSK-J4 and the CDK inhibitor THZ1 [248].
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Finally, inhibition of CDK12 (another CDK necessary for mainte-
nance of transcriptional elongation) in combination with the PARP
inhibitor olaparib led to reductions in tumor volume and increased
survival in both cell line-derived and patient-derived xenografts
[215].

9. Conclusion

EWS/FLI is widely regarded as the oncogenic driver in Ewing sar-
coma based on multiple independent studies. This transcription
factor is a challenging drug target because of the wide range of
interacting proteins and vast number of downstream effectors.
Indeed, it is not clear if a single molecule that binds to EWS/FLI
would be able to completely reverse all of the molecular interac-
tions and associated oncogenic properties of the fusion protein.
However, this same complexity of transcription renders the muta-
tion vulnerable to a number of complementary strategies to both
directly target the fusion and exploit downstream alterations of
the transcriptome. In this review, we summarize these therapeutic
efforts focused on or linked to EWS/FLI. The direct therapeutic tar-
geting of EWS/FLI with a high degree of specificity remains chal-
lenging due to the unstructured 50 EWSR1 transactivating domain
and the lack of a known high-affinity binding site in the 30 FLI1 por-
tion of the molecule. It is possible that efforts focused on the EWS/
FLI mRNA, steady-state expression levels of EWS/FLI or nuclear/ge-
nomic distribution of EWS/FL1 will lead to effective therapies with
some degree of specificity. However, it is not clear if specificity is
necessary. Indeed, it may be therapeutically inferior in patients.
Consistent with this idea, some of the most impressive tumor
regressions seen in vivo in Ewing sarcoma xenograft models has
been seen by combining EWS/FLI targetingwith less-specific agents
that inhibit other steps in the transcription process and/or in com-
bination with DNA damaging agents [107,219,230,247,249]. Never-
theless, many of the approaches summarized in this review that
link therapeutic effects to EWS/FLI show promise for Ewing sar-
coma patients. Therefore, while EWS/FLI remains the greatest
strength of the tumor, it may ultimately prove to be its greatest
therapeutic vulnerability.
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