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Chapter

Drug Targeting of Chromosomal 
Translocations in Fusion-Positive 
Sarcoma
Günther H.S. Richter

Abstract 

Sarcomas are heterogeneous cancers of bone or soft tissue. They occur in children, 
adolescents, and young adults (AYAs). Herein, the subgroup of fusion-positive (FP) 
sarcomas is characterized by chromosomal rearrangements generating pathognomonic 
fusion transcripts and oncoproteins. In Ewing sarcoma (EwS), FP-rhabdomyosarcomas 
(FP-RMS) and synovial sarcomas (SyS), the most common and aggressive forms of 
sarcomas in childhood and adolescence, the oncogenic rearrangements involve transcrip-
tion cofactors such as by FET-ETS, PAX3/7-FOXO1 or SS18-SSX fusion oncogenes in EwS, 
FP-RMS, or SyS, respectively causing widespread epigenetic rewiring and aberrant gene 
expression. Regardless of these translocations, few recurrent mutations are observed in 
these sarcomas that may contribute to disease; thus, it is of particular interest to consider 
the consequences of these translocations for tumor development. Results of current 
research examining the disease, analyzing, and classifying the role of associated rearrange-
ments of chromatin, and investigating possibilities for tumor-specific intervention such as 
blocking the transcriptional activity of the fusion protein, or the processes caused by this 
activity are summarized here and some resulting therapeutic opportunities are presented.

Keywords: fusion-positive sarcoma, epigenetic rewiring, aberrant gene expression, 
targeted therapy

1. Introduction

Sarcomas are heterogeneous cancers of bone or soft tissue. They occur in children as 
well as adolescents and young adults (AYAs). They are rare among adult malignancies 
but account for 12–15% of all pediatric tumors [1]. Despite the introduction and contin-
ued optimization of multimodal therapies, approximately one-third of sarcoma patients 
still die from the disease. Current therapies combine surgery, polychemotherapy, radia-
tion, immunotherapy, and/or targeted therapeutics. Scientific advances have enabled 
more precise molecular characterization of sarcoma subtypes [2–4] and discovered new 
therapeutic targets and prognostic biomarkers [5]. Patients with primary metastatic 
disease or recurrence have a very poor prognosis in both age groups [6].

The pathogenesis of many sarcomas is poorly understood, but research over the 
past 20 years has identified recurrent, characteristic chromosomal translocations 
in approximately one-third of sarcomas (including most pediatric, adolescent, and 
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young adult tumors). Chromosomal rearrangements resulting in oncogenic fusion 
genes are more common in childhood cancers than in adult tumors [7, 8].

The first sarcoma-specific chromosomal translocation was detected in 1982 in patients 
with alveolar rhabdomyosarcoma [9]. In subsequent years, chromosomal aberrations were 
identified in additional sarcomas [10]. These translocations are specific to the individual 
sarcomas and are considered tumor-initiating in those in which they occur [11, 12].

Fusion-positive sarcomas are characterized molecularly by a relatively quiescent 
genome with recurrent, balanced translocations leading to the formation of novel 
fusion oncogenes that are key to pathogenesis [13]. In these sarcomas, fusion protein-
forming translocations are often the primary driver of disease pathogenesis and are 
accompanied by very few other mutations [14], although a limited number of recur-
rent, cooperating mutations have been identified (e.g., STAG2 in Ewing sarcomas and 
KRAS in synovial sarcomas) [15–19].

With the advent of advanced techniques in molecular genetics and pathology, 
new translocations in sarcomas are regularly reported, leading to reclassification 
and adjusted risk stratification. Many sarcomas are now diagnosed and classified or 
reclassified based on these underlying molecular alterations [2, 4, 20].

The marked tumor specificity, of the individual fusion genes, suggests that their onco-
genic roles are specific to a particular cell type and/or developmental stage. Consistent with 
the consideration that factors related to developmental timing are associated with oncogen-
esis triggered by the fusion genes, many of these sarcomas occur primarily in children [8].

Unlike other cancers, these diseases contain chimeric and neomorphic proteins 
that are clonally present, and due to their tumor specificity and demonstrated role in 
tumorigenesis, these fusion proteins often represent unique and promising targets for 
therapeutic intervention and robust opportunities to cure these diseases [11, 12, 15, 21].

2. Ewing sarcoma

Ewing sarcoma is a rare, aggressive bone or soft tissue tumor that primarily affects 
children, adolescents, and young adults (AYAs) with ~1.5 cases per million children and 
AYAs worldwide. The average age at diagnosis is 15 years. Approximately 20–25% of 
patients have metastatic disease at diagnosis, which is often unresponsive to intensive 
therapy [22]. Standard therapy for Ewing sarcoma consists of a multimodality treatment 
regimen that includes surgical resection and/or local radiation therapy, as well as inten-
sive five-drug chemotherapy and the administration of compressed interval cycles [23].

Most Ewing sarcomas have a chromosomal rearrangement at 22q12 [10]. This led to 
the identification of the EWSR1 gene, which can be fused to one of several partner genes: 
FLI1 t(11;22), ERG t(21;22), ETV1 t(7,22), ETV4 t(17,22), or FEV t(2,22). The most com-
mon fusion is EWSR1-FLI1, which occurs in ~85% of tumors [24]. In a recent compre-
hensive study, it was found that in 42% of Ewing sarcomas, the fusion gene results from a 
loop-like rearrangement, a process known as chromoplexia. These loops always contained 
the disease-defining fusion at the center, but they interrupted several additional genes 
and appear to be associated with an aggressive form of Ewing sarcoma [25].

Ewing sarcomas have few other infrequently recurring mutations besides an 
EWSR1/ETS translocation, including TP53 (5–10%), CDKN2A (10%), and STAG2 
(15–20%) [16, 26]. The loss of P53 and STAG2 suggests a rare group of tumors that, 
together with the translocation, form an aggressive subset of Ewing sarcoma [15, 18]. 
Furthermore, very little is known about the genetic heterogeneity within the tumor in 
Ewing sarcoma, its subclonal genetic architecture, and the relationship between these 
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factors and clinical outcome. The majority of pediatric solid tumors, including Ewing 
sarcoma, express an active DNA transposase, PGBD5, that can promote site-specific 
genomic rearrangements in human cells and may promote resistance to therapy 
[27, 28]. However, whether the genomic landscape of Ewing sarcomas differs in 
relapse from primary disease is unknown [24]. Recent analyses of DNA methylation 
status in Ewing sarcoma showed that primary tumors from patients with metastatic 
disease were more heterogeneous than those with localized disease [29]. However, 
most Ewing sarcomas have very few additional genetic alterations, suggesting that the 
fusion is likely the primary cause of disease development. Previous findings suggest 
that either mesenchymal stem cells or neural crest-derived stem cells are the cell of 
origin of Ewing sarcoma, although this is still a matter of debate [30, 31].

EWSR1 encodes a protein with a function in RNA binding and transcriptional regu-
lation. The amino terminus of the EWSR1 protein functions as a strong transcriptional 
activator [32]. All Ewing sarcoma fusion partner genes encode related transcription 
factors, with conserved DNA-binding ETS domain. These ETS domain transcription 
factors play an important role in biological development [33]. During each fusion, 
the amino-terminal transactivation domain of EWSR1 is fused to the ETS domain-
containing carboxyl terminus of the corresponding fusion partner. The resulting fusion 
gene functions primarily as an aberrant transcription factor. The dominant EWSR1/ETS 
translocation EWSR1-FLI1 results in heterogeneous expression profiles that have differ-
ent biological implications. Therefore, variable expression of EWSR1-FLI1 has recently 
been proposed as a source of heterogeneity in these tumors. Cells with high EWSR1-
FLI1 expression (EWSR1-FLI1high) are highly proliferative, whereas EWSR1-FLI1low cells 
have a strong propensity to migrate, invade, and metastasize [34].

EWSR1-FLI1 can act as both a transcriptional activator and a transcriptional repres-
sor, depending on the sequence of DNA binding sites and the presence of additional 
co-factors [35, 36]. EWSR1-FLI1 acts directly or indirectly on many important cellular 
processes such as cell cycle, apoptosis, angiogenesis, metabolism, and cell migration 
by binding to these sites [24]. EWSR1-FLI1 binds to DNA either at ETS-like consensus 
sites with a GGAA core motif or at GGAA microsatellites (GGAA-mSats). EWSR1-FLI1 
multimers directly induce open chromatin at GGAA-mSats by recruiting the nucleo-
some remodeling BRG1/BRM-associated factor complex (BAF) and establishing de 
novo enhancers that interact with promoters to drive gene expression [35, 37]. Fusion 
multimers physically interact with BAF complexes, which appear to be critical for 
EWS-FLI1 function, as BAF complexes are required for activation of EWS-FLI1 target 
genes. The variable length of GGAA-mSats in the germline may lead to differential 
activity of these enhancers and is an important determinant of tumor progression [38].

Conversely, EWSR1-FLI binds to canonical ETS recognition sites without repeats 
and represses wild-type ETS factors, which can lead to suppression of enhancers 
and downregulation of nearby genes [35]. The chimeric transcription factor can 
directly repress certain genes such as LOX and TGFBR2 through direct interaction 
and recruitment of the nucleosome remodeling and deacetylase repressor complex 
(NuRD), which includes histone deacetylases and the histone demethylase LSD1 [39].

Interestingly, EWSR1-ETS fusion proteins also bind to DEAD/DEADH box RNA 
helicases and modulate their activity, thus also affecting the transcription and splic-
ing machinery of tumor cells and causing changes in overall transcriptome processing 
[40, 41].

These data demonstrate that EWSR1-FLI1 utilizes distinct chromatin regulatory 
mechanisms whose interplay at the right time and in the right cellular context leads to 
the transformed phenotype of Ewing sarcoma.
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3. Rhabdomyosarcoma

Rhabdomyosarcoma (RMS), the most common soft tissue sarcoma in children and 
adolescents, comprises a diverse group of cancers [42]. There are several subtypes: 
embryonal, alveolar, and pleomorphic rhabdomyosarcoma. Embryonal RMS occurs in 
infants and children, and as patients age, the proportion of embryonal RMS decreases. 
Conversely, the proportion of alveolar and pleomorphic types increases in adolescents and 
older patients. Currently available multimodal therapy results in an overall survival rate of 
approximately 65% in children and adolescents diagnosed with RMS [43]. However, cure 
rates have stagnated since the 1990s. Rhabdomyosarcoma is very sensitive to cytotoxic 
combination chemotherapy [44]. For low- or intermediate-risk RMS patients (who are 
mostly pediatric patients with embryonal-type tumors), a high cure rate can be expected 
with current standard treatment. In adolescents and elderly patients, most of whom have 
had alveolar or pleomorphic type RMS, the prognosis is poor [6].

Chromosomal translocations are observed in alveolar rhabdomyosarcomas in 
two translocation patterns: The DNA binding site of PAX, a member of the paired-
box family of transcription factors, is fused to a transactivation domain on FOXO1 
(FKHR), a member of the forkhead transcription factor family [45, 46]. The t(2;13) 
translocation results in the fusion of the PAX3 gene with FOXO1, whereas the t(1;13) 
translocation fuses PAX7 with FOXO1, both of which now serve as important prog-
nostic biomarkers for this disease (Barr et al. 1995). The O subgroup of the FOX 
family includes four members (FOXO1, FOXO3, FOXO4, and FOXO6). FOXO factors 
are considered tumor suppressors that are inactivated by the phosphatidylinositol 
3-kinase (PI3K)-AKT pathway, which is regulated by several microRNAs [47]. The 
prevalence of the translocation with PAX3-FOXO1 is higher than that with PAX7-
FOXO1 [48].

PAX3-FOXO1 is an aberrant transcription factor that disrupts gene regulatory 
networks that control myogenic differentiation, proliferation, cell death, and inva-
siveness [49, 50]. The translocation product overlaps with wild-type PAX3 function 
while modifying it through changes in abundance, transcriptional activity, target gene 
recognition, and chromatin regulation [51–56]. Patients with fusion-positive alveolar 
rhabdomyosarcoma (FP-ARMS) have a strikingly low somatic mutation burden and are 
also associated with a significantly higher rate of metastasis and lower survival com-
pared to FP-negative RMS [56]. Metastatic FP-RMS remains essentially incurable [57].

PAX3/7:FOXO1-positive RMS (FP-RMS) is associated with alveolar histology [58]. 
Silencing of PAX3/7:FOXO1 (P3F) in vitro has been associated with decreased growth 
of human FP-RMS cells [59]. The effects of the fusion on tumor induction have been 
studied by ectopic expression and conditional activation in various cell types [60–62]. 
The fusion was necessary but not sufficient to induce FP+ myogenic tumors, as the 
fusion oncoprotein alone did not reliably induce tumor formation [60–62]. When 
combined with additional oncogenic hits, only those cells that expressed the fusion 
prior to the introduction of additional events formed tumors [62]. These observations 
are consistent with genomic subclonality analyses identifying PAX3/7:FOXO1 as a 
founding event and driver in FP-RMS [63]. Cooperating genetic events in FP-ARMS 
include amplification of MYCN or CDK4 or loss of CDKN2A, TP53, or ARF [17, 61].

PAX-FOXO1 fusions are thought to contribute to the phenotype and malignancy 
of ARMS by dysregulating PAX-specific target genes such as the epigenetic regulator 
JARID2, the receptor tyrosine kinases MET and FGFR4, and IGF2, Hippo and their 
downstream signaling pathways [64–67]. In addition, rearrangement of the PAX gene 
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is thought to lead to dysregulation and amplification of a shared receptor tyrosine 
kinase/RAS/PIK3CA signaling axis [17]. PAX-FOXO1 fusion is also thought to affect 
normal FOXO function and its regulation of TGF-β signaling [68]. Recently, PAX3-
FOXO1 was shown to directly establish super-enhancers in cooperation with the master 
transcription factors MYOG, MYOD, and MYCN to drive a myogenic transcriptional 
program in ARMS [55]. Thus, as in Ewing sarcoma, both aberrant transcriptional and 
epigenetic regulation drive the development and maintenance of FP-ARMS.

4. Synovial sarcoma

Synovial sarcoma (SyS) is a rare malignancy of soft tissue near the joints that 
occurs in patients of all ages but is particularly common in children and young adults. 
Synovial sarcoma accounts for 10% of soft tissue malignancies diagnosed annually 
[69]. The incidence of this disease has increased over the past three decades, while 
survival rates (∼56%) have remained stagnant [69, 70]. Treatment of this disease con-
sists of radical surgical resection, radiotherapy, and adjuvant chemotherapy, which 
offers a chance of cure in localized disease. However, the disease is prone to relapse, 
and metastases are common and almost always fatal [70].

Synovial sarcoma is associated with the occurrence of a chromosomal rearrangement, 
t(X;18) [71]. This aberration results in the formation of a fusion gene involving SS18 
(also known as SYT) and one of three related genes: SSX1, SSX2, or SSX4. The presence 
of an SS18-SSX fusion gene is the characteristic genomic abnormality associated with the 
development of Synovial sarcoma [71–73]. Similar to Ewing sarcoma, Synovial sarcoma 
is characterized by low somatic mutation rates and no chromosomal aberrations other 
than the pathognomonic fusion [74, 75]. Some genes are mutated in more than 5% of 
Synovial sarcoma cases, including TP53, PTEN, CTNNB1, and APC [74]. Histologically, 
Synovial sarcoma shows a unique pattern with variable mesenchymal and epithelial 
components [74]. Expression of an SS18-SSX fusion leads to transformation of cultured 
fibroblasts and development of high-penetrance synovial sarcoma-like disease in mice 
when expressed in muscle progenitor cells [76, 77]. On the other hand, knockdown of 
the fusion protein in Synovial sarcoma cells results in the death of these cells [78].

SS18-SSX fusions do not act as transcription factors because neither SS18 nor the 
SSX proteins contain DNA-binding domains. Instead, they function as transcriptional 
regulators, aberrant chromatin regulators that drive oncogenesis by deregulating 
epigenetic processes and gene expression [79, 80]. SS18 is a member of the BAF 
complex (also known as the SWI/SNF complex) that directly interacts with the 
catalytic subunit of this nucleosome remodeling complex, BRM [81, 82]. BAF com-
plexes promote gene activation through nucleosome remodeling that opens DNA for 
access by transcription factors and the transcription machinery. SSX proteins, on the 
other hand, have been shown to colocalize with Polycomb group proteins, which tend 
to function as gene repressors [83]. Current models suggest two potentially compet-
ing mechanisms of transforming activity in synovial sarcomas: SS18-SSX displaces 
wild-type SS18 and BAF47 (also known as SMARCB1, SNF5, or INI1) from the BAF 
complex, which may then drive Sox2-mediated proliferation/differentiation [79]. 
Alternatively, there is evidence that SS18-SSX can directly recruit Polycomb repres-
sor complex 2 (PRC2) and Histone-Deacetylases (HDAC) to ATF2 targets, silencing 
transcription at these sites [84]; other studies have implicated SS18-SSX fusion genes 
in epigenetic regulation and modification of target genes [85, 86]. Treatment with a 
selective inhibitor of the histone methyltransferase EZH2, the enzymatic component 
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of the PRC2, reverses gene expression of synovial sarcomas and leads to growth 
inhibition and cell death in SS18-SSX-positive cells [87].

Most recently, two studies have further elucidated mechanisms underlying the re-
targeting of SS18-SSX-containing BAF complexes. Using CRISPR/Cas9-mediated epi-
tope tagging, Banito et al. were able to investigate SS18-SSX1 occupancy and its effects 
on gene expression genome-wide. They observed that SS18-SSX1 is recruited to 
unmethylated CpG-rich sequences on DNA through interaction with lysine demeth-
ylase 2B (KDM2B), a core component of the non-canonical PRC1.1, also known 
as the BCOR complex. Recruitment of SS18-SSX to these PRC1.1 targets results in 
abnormal induction of genes that constitute a gene signature of Synovial sarcoma, 
including transcription factors associated with neurogenesis and development [88]. 
Second, McBride et al. have shown that SS18-SSX targets BAF complexes in bivalent 
chromatin regions to genes marked by H3K4me3 and H3K27me3, repressing PRC2 and 
abnormally activating a gene program essential for Synovial sarcoma survival. Loss 
of SS18-SSX results in decreased binding of the BAF complex to genes that depend on 
the fusion for their continued expression decreased chromatin accessibility at these 
sites, and mesenchymal differentiation [89].

5. Targeting fusion oncoproteins

Fusion proteins of the sarcomas shown here appear to block the differentiation 
potential of these cells. This is achieved by hijacking transcriptional regulatory mecha-
nisms to maintain the expression of stem cell transcriptional programs or by repressing 
differentiation programs. In Ewing sarcomas, the EWSR1-FLI1 protein upregulates 
EZH2 by binding to its promoter, thereby blocking its endothelial and neuronal dif-
ferentiation capabilities [90]. Recent data show that in this process EZH2-containing 
PRC2 complexes interact with HDAC1, 2 and this HDAC activity mediates the imma-
ture, tumorigenic phenotype of Ewing sarcoma [91]. However, in the alveolar RMS 
HDAC1,2,3 also appears to serve an essential function of P3F-driven super-enhancers, as 
appropriate inhibitors disrupt the activity of these tumor-specific super-enhancers [92].

Transcription factors such as EWSR1-FLI1 can bind to DNA target sites on chro-
matin and initiate chromatin remodeling by recruiting other transcription factors 
and coactivator complexes. One way to achieve this chromatin remodeling is through 
association with BAF complexes. These multimembered complexes use ATP to move, 
displace, or exchange nucleosomes on chromatin. In Ewing sarcomas, BAF complexes 
can directly interact with the N-terminal EWSR1 protein of the fusion protein to 
promote and direct its tumor-specific activity at GGAA microsatellites. This binding 
activity is attributed to a specific prion-like domain in the N-terminal EWSR1 protein 
that is sufficient to drive chromatin remodeling and oncogenic gene transcription 
when fused to FLI1 [37]. In alveolar RMS, no direct interaction of P3F with the BAF 
complex has yet been shown. However, prion-like domains are suspected in a grow-
ing class of genes involved in oncogenic fusions, including FOXO1 and SS18 [93]. In 
synovial sarcomas, the SS18-SSX fusion also relocalizes and disrupts the BAF com-
plex. The SS18-SSX fusion protein not only displaces wild-type SS18 binding and the 
tumor suppressor BAF47 from the complex [79]. Moreover, the SS18-SSX-containing 
BAF complexes interact with various repressive polycomb complexes in a context-
dependent manner, thereby promoting the transcription of oncogenic genes [89], or 
alternatively, SS18-SSX and the BAF complex can localize and activate target genes 
via interaction with KDM2B and the PRC1.1 complex [88], as described above.
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Despite these preclinical and clinical data, to date, there are few examples of 
targeted therapies that directly target these fusion transcription factors in solid 
tumors. However, all of these examples do not directly target structures of these chi-
meric transcription factors that are considered undruggable but attempt to identify 
processes or proteins that are essential for the activity or stability of these fusion 
proteins. An example is the observed interaction of EWSR1-FLI1 with RNA helicase 
A: YK-4-279 interferes with the interaction of EWSR1-FLI1 with RNA helicase A and 
thereby efficiently impairs both the activity of the fusion protein and cell prolifera-
tion of Ewing sarcoma cells [40]. Based on these data, the derivative TK-216 is now 
being tested in a clinical trial in patients with relapsed or refractory Ewing sarcoma. 
Another example is BAF complexes in which the SS18-SSX fusion protein is present in 
synovial sarcomas. Recent studies have shown that targeting the BRD9 protein, which 
is a component of SS18-SSX-containing complexes, provides potent antitumor effects 
in this context [94, 95]. BRD9 and SS18-SSX bind together to regions of the synovial 
sarcoma genome, and small molecule-triggered targeted degradation of BRD9 pre-
vents oncogenic transcriptional programs in cell lines and blocks tumor progression 
in vivo [94]. These results will form the basis for future clinical trials in patients with 
synovial sarcomas. Furthermore, efforts are underway to identify downstream target 
genes that have critical roles in mediating the oncogenic effects of fusion transcrip-
tion factors. Examples of these are described below.

6. Combining targeted drugs with protein degradation

To identify potential targeted therapeutic compounds that can promote fusion 
protein degradation, high-throughput chemical (HTS) screening can be used in a model 
system that reports on the stability of the target protein ([96]. Thus, cell-based systems 
expressing a fluorescent dye-labeled protein of interest and a different color fluorescent 
control can be used for image-based screening that can identify compounds that mea-
sure the stability of the fluorescently labeled protein. The identified compounds can be 
further investigated and the mechanism affecting protein stability can be identified [96].

An example of the successful use of such a system was recently published for Ewing 
sarcomas: Using a high-throughput drug screen (HTS) enriched with FDA-approved 
drugs coupled with global protein stability (GPS) approach revealed that the dual 
HDAC and phosphatidylinositol 3-kinase (PI3K) inhibitor Fimepinostat (CUDC-907) 
is an excellent candidate to modulate EWSR1-FLI1 stability. Fimepinostat greatly 
reduced the amount of fusion protein, decreased the viability of several Ewing sar-
coma cell lines and PDX primary cells, and delayed tumor growth in a xenograft mouse 
model, while not significantly affecting healthy cells. They demonstrated that EWSR1-
FLI1 protein levels were mainly regulated by the HDAC activity of Fimepinostat [97].

A second approach to degradation of fusion oncoproteins is their targeted protein 
degradation mediated by degradation molecules or proteolysis targeting chimeras 
(PROTACs). While there are several strategies for targeted protein degradation 
[98–100], PROTACs are small molecule-based and thus a drug-like method to degrade 
a target protein of interest. The methodology combines small molecules that can bind 
directly to E3 ligases such as CRBN and VHL [101–103] with molecules that bind to 
the desired target protein-coupled through a chemical linker such as polyethylene 
glycol. Thus, these compounds bring the target protein and an E3 ligase complex into 
close proximity, resulting in polyubiquitination of the target protein, followed by 
proteasome-mediated degradation [100].
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This strategy requires a small molecule that can bind to the desired fusion protein 
but does not necessarily need to enter the enzyme pocket or specifically inhibit the 
activity of the target protein, which has historically been an obstacle to the develop-
ment of drugs targeting transcription factors. Small molecule inhibitors of proteins 
with bromodomains and extra terminal domains (BET) such as JQ1 and OTX015 have 
been successfully converted into degraders [104, 105].

On the other hand, there are ways to directly tag fusion proteins for proteasomal 
degradation. For example, it has been shown that EWSR1-FLI1 degradation involves 
polyubiquitination at lysine-380, which marks the fusion protein for proteasomal 
degradation [106]. Lysine-380 is located within the DNA-binding domain and is 
also present in wild-type FLI1 and conserved in several other members of the ETS 
family like ETS1. However, this may limit specificity [107]. Although, given the 
short half-life of EWSR-FLI1, a PROTAC targeting a lysine-380-containing motif 
could create a therapeutic window [106]. On the other hand, EWSR1-FLI1-specific 
PROTACs have not yet been developed. However, PROTACs targeting fusion protein 
interacting with BET or CK proteins have been successfully tested in Ewing sarcoma 
cells [108, 109].

In the search for small molecules that can bind to a protein of interest, the HTS 
method is now being used very successfully. A wide variety of target-specific HTS 
methods and assay formats can be used (see review in Coussens et al. [110]). With 
improvements in stability and delivery of PROTACS targeting fusion proteins, they may 
represent a viable approach to identify new drugs for targeted therapy of FP sarcomas.

7. Ways to block oncogenic transcription

The basic mechanism by which fusion-positive sarcomas promote and maintain 
tumorigenicity is through the activation of pathogenic transcriptional programs. They 
mediate this (as described above) through direct regulation of genes at promoters, the 
establishment of de novo enhancers, and aberrant recruitment of transcription cofac-
tors [111]. Pathogenic transcriptional activity is also achieved through dysregulation 
of epigenetic programs, including the generation of super-enhancers characterized 
by extended stretches of acetylation at histone H3 lysine 27 (H3K27ac) [112]. These 
histone marks are recognized by members of the BET family (BRD2, BRD3, BRD4) 
[113]. They have an essential role in regulating transcription by interacting with 
various proteins such as RNA polymerase II [114]. This allows multiple approaches to 
intervene pharmacologically in this pathogenic transcriptional program. For example, 
the first published inhibitor of BET proteins, JQ1, has also shown much noted antitu-
mor activity against various tumor cells [115]. We demonstrated that the BET inhibi-
tor JQ1 reverses the EWSR1-FLI1 transcriptional signature of Ewing sarcoma cells and 
inhibits tumor growth of Ewing sarcoma xenografts [116]. These results have been 
confirmed or further investigated in other studies [109, 117–119] Thus, Jacques et al. 
confirmed the effect of JQ1 on Ewing sarcoma xenografts and additionally observed 
their decreased vascularization [117]. The effect on angiogenesis was confirmed by 
another study that examined rhabdomyosarcoma in addition to Ewing sarcomas and 
showed a reduction in the expression of tumor-associated angiogenic factors [118]. 
Finally, EWSR1-FLI1 or EWSR1-ERG were studied in a functional complex with 
BRD4, MED1, and RNAPII [109], and impairment of this complex was observed 
either by RNA interference of BRD4 expression or by BET inhibitors [109]. In alveolar 
rhabdomyosarcoma, PAX3-FOXO1 was shown to recruit BRD4 to establish de novo 
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super-enhancers at myogenic transcription factors. These FP-RMS cells were highly 
sensitive to JQ1, as it selectively silenced PAX3-FOXO1-driven transcription [55].

Another way to interfere with the pathogenic transcriptional program of FP 
sarcomas is to pharmacologically inhibit transcription-dependent cyclin kinases 
(CDKs) CDK7, 8, 9, 12, and 13. These CDKs have an essential role in transcription by 
phosphorylating the C-terminal domain of RNA polymerase II, thereby regulating 
transcription initiation and elongation [120]. Indeed, profiling of cancer cell lines 
with the covalent CDK7/12/13 inhibitor, THZ1, showed exceptional sensitivity in 
cancer cell lines dependent on dysregulated transcriptional programs [121]. Using 
chemical genomics screening, Iniguez et al. 2018 found that Ewing sarcomas are 
particularly sensitive to THZ1. Further, they observed that the selective CDK12/13 
inhibitor THZ531 elicited DNA damage repair in an EWSR1-FLI1-dependent man-
ner. Combining these molecules with the PARP inhibitor Olaparib resulted in tumor 
volume reduction and prolonged survival in both cell lines and patient-derived 
xenografts without hematopoietic toxicity [122].

Synergistic effects were also observed with a sequential targeting approach using 
the histone demethylase inhibitor GSK-J4 and the CDK inhibitor THZ1 [123]. We 
observed that CDK9 binds to EWSR1-FLI1 via the BET protein BRD4. The combina-
tion of the CDK9 inhibitor CDKI-73 with the BET inhibitor JQ1 was more effective 
in reducing Ewing sarcoma cell proliferation and tumor volume in xenografts than 
either agent alone [124]. Another study also demonstrated synergy between the 
EWSR1-FLI inhibitor mithramycin and the CDK9 inhibitor PHA-767491. Importantly, 
the synergy was observed at clinically relevant concentrations of mithramycin 
[125]. Finally, in synovial sarcomas, Li et al. 2019 observed that inhibition of CDK9, 
with either siRNA or the CDK9 inhibitor LDC067, impaired synovial sarcoma cell 
growth and proliferation in a dose-dependent manner. This was also associated with 
a decrease in RNA polymerase II phosphorylation and an increase in the expression 
of anti-apoptotic proteins. In addition, inhibition of CDK9 decreased sarcoma cell 
spheroid formation and cell motility [126].

8. Inhibition of key players of the fusion-positive interactome

Fusion oncoproteins remodel the transcriptional machinery of cells, silencing 
genes and activating others by creating new enhancers, remodeling chromatin, and 
critically altering the epigenetic profile of sarcoma cells. By cooperating with histone 
deacetylases (HDACs) in transcriptional regulatory complexes, fusion oncoproteins 
affect histone acetylation and chromatin remodeling. For these chromatin remodel-
ing complexes, they recruit BAF complexes as in the case of Ewing sarcoma [37] or 
alter their function as in the case of synovial sarcoma [79] to enforce pathogenic 
transcriptional programs. Binding of EWSR1-FLI1 to GGAA mSATs leads to the 
binding of histone acetyltransferase p300 at many of these sites and an increase in 
H3K27ac [35, 36]. On the other hand, the PAX3-FOXO1 fusion oncogene of alveolar 
rhabdomyosarcoma recruits master transcription factors MYOG, MYOD, and MYCN 
to activated gene loci and alters their histone acetylation which enables binding and 
manipulation of reader proteins such as BRD4 [55]. In synovial sarcomas, SS18-SSX 
fusion oncogenes, cause epigenetic restructuring involving HDACs [127]. Conversely, 
EWSR1-FLI1 translocation recruits histone deacetylases and histone demethylase 
LSD1 to specific gene loci through direct interaction with the NuRD complex, thereby 
suppressing their expression in Ewing sarcoma [39].
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However, downstream processes also appear to be important for the epigenetic 
expression profile in FP sarcomas. For example, EWSR1-FLI1 binds to the promoter 
of the histone methyltransferase EZH2, upregulating its expression and thereby 
blocking its endothelial and neuronal differentiation abilities [90, 128]. But, chemi-
cal inhibitors of EZH2 activity cannot reproduce the results after RNA interference 
(unpublished). Yet, recent data show that EZH2-containing PRC2 complexes interact 
with HDAC1, 2 and this HDAC activity mediates the immature, tumorigenic pheno-
type of Ewing sarcoma [91].

The involvement of HDACs in key mechanisms of sarcoma cell transformation 
has paved the way for the investigation of HDACi for therapeutic intervention. 
Preclinical studies have not found significant therapeutic benefits in solid tumors, 
including sarcomas. Nevertheless, in combination therapies based on HDACi, 
sarcomas were represented in most cases as an unclassified group [129]. More 
recent studies are now specifically examining individual sarcomas and attempting 
to identify meaningful combination therapies based on known/identified mecha-
nisms: In Ewing sarcomas, we observed that CRISPR/Cas9 knockout of individual 
HDACs such as HDAC1 and HDAC2 inhibited the invasiveness of Ewing sarcomas 
and blocked local tumor growth of xenografts. RNA analyses showed that treatment 
with single HDAC inhibitors (HDACi) blocked an EWSR1-FLI1-specific expres-
sion profile, and EwS cells in the presence of HDAC inhibitors (HDACi) such as 
entinostat and romidepsin had increased susceptibility to treatment with chemo-
therapeutic agents including doxorubicin. HDACi acted synergistically with the EED 
inhibitor A-395 and together inhibited tumor growth of Ewing sarcoma xenografts 
[91]. Similarly, the dual HDAC and phosphatidylinositol 3-kinase (PI3K) inhibi-
tor Fimepinostat can thus also provide simultaneous and sustained inhibition of 
multiple oncogenic pathways in Ewing sarcoma and reduce EWSR1-FLI1 levels and 
transcriptional activity [97]. Inhibition of HDAC activity largely affects Ewing sar-
coma cell proliferation and survival, alone or in combination with DNA-damaging 
agents, through a variety of pathways that include induction of apoptosis, cell cycle 
arrest, and prevention of tumor invasion and metastasis [130–133]. Fimepinostat is 
currently being tested in children and young adults with relapsed or refractory solid 
tumors (NCT03893487).

In alveolar RMS, class I HDACs such as HDAC1, 2, and 3 appear to play an essen-
tial function in PAX3-FOXO1 driven super-enhancers, as corresponding inhibitors 
disrupt the activity of these tumor-specific super-enhancers and block transcription 
and cell proliferation [92]. Recent data show that entinostat affects in vivo growth of 
FP-RMS and inhibits PAX3-FOXO1 via a multistep and indirect process through an 
HDAC3-SMARCA4-miR-27a axis [134]. Interestingly, the HDAC inhibitor Entinostat 
is now being clinically tested in pediatric rhabdomyosarcomas (NCT02780804).

Previous studies have shown that HDAC inhibitors disrupt the oncoprotein com-
plex of synovial sarcoma, leading them to apoptosis. Transcriptome analysis showed 
that HDAC inhibition blocks the cell cycle, neuronal differentiation promotes poly-
comb repressor complexes and proapoptotic factors were reactivated. HDAC inhibi-
tion resulted in a lower tumor burden in the mouse model [135]. In another study, the 
response of synovial sarcoma to HDACi was consistently characterized by activation 
of ERKs, EGR1, and the β-endoglycosidase heparanase. Disruption of HDAC-induced 
ERK-EGR1-heparanase pathway by concomitant treatment of cells with an MEK 
inhibitor (trametinib) or a heparanase inhibitor (SST0001/Roneparstat) enhanced 
the antiproliferative and proapoptotic effects. HDAC and heparanase inhibitors had 
opposite effects on histone acetylation and heparanase core levels. The combination 
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of SAHA with SST0001 prevented the upregulation of ERK-EGR1 heparanase, 
induced by HDACi, and promoted caspase-dependent cell death. In the mouse 
model, combined treatment with SAHA and SST0001 enhanced the antitumor effect 
compared with single-agent administration. [127]. Thus, it seems very reasonable 
to advance mediators of epigenetic processes as treatment targets for FP sarcomas. 
Pracinostat (SB939) a potent pan-HDAC inhibitor is now being tested in pediatric 
patients with refractory solid tumors and leukemias (NCT01184274).

9. Conclusions

The FP sarcomas presented here are characterized by chromosomal rearrangements 
that generate pathognomonic fusion transcripts and oncoproteins. It is certainly desir-
able to primarily block or destroy the translocation products of the sarcomas themselves 
with targeted therapeutic approaches. However, this has not yet been possible for the 
fusion transcription factors EWSR1-ETS, PAX3/7-FOXO1, and the SS18-SSX fusion 
oncogene. But it seems promising to prevent important binding partners of these fusion 
oncogenes, which are essential for mediating the oncogenic processes, from successfully 
binding to these fusion oncogenes. An example of this is the observed blockade of the 
interaction of EWSR1-FLI1 with RNA helicase A by YK-4-279, and the results of initial 
therapeutic interventions are of great interest here.

Currently, the greatest progress seems to be promised by approaches that address 
mediators of the fusion-positive interactome. Essential here seems the pathological 
takeover of the transcriptional machinery by these fusion oncogenes and the manifes-
tation of their epigenetic state by histone deacetylases. Approaches that block epigen-
etic reader proteins such as BRD4 or transcription-specific cyclin kinases such as CDK 
9 and 12 indicate promising results. The remarkable efficacy of HDAC inhibitors is 
highly interesting. Also, the use of these inhibitors seems to significantly reduce the 
stability of fusion oncogenes. On the other hand, particularly high therapeutic effects 
were achieved experimentally where these inhibitors were used in combination. It 
can therefore be assumed that targeted therapeutic approaches will be particularly 
successful in the future where they specifically address pathological processes of the 
fusion oncogenes and block several identified processes simultaneously. In doing 
so, the existing plasticity of the tumor must be kept in mind or synergistic processes 
must be identified by combining the drugs, which will probably make it possible to 
reduce their concentration and thus toxicity of individual doses.
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Abbreviations

APC  Adenomatous Polyposis Coli regulator of WNT signaling pathway
AKT  AKT serine/threonine kinase
ARF  ADP-ribosylation factor
ATF2  Activating transcription factor 2
ATP  Adenosin-triphosphate
AYA  adolescents, and young adults
BAF  ATP-dependent BRG1/BRM associated factor
BAF47   is SMARCB1: SWI/SNF related, matrix associated, actin dependent 

regulator of chromatin, subfamily b, member 1
BET  Bromodomain and extraterminal domain
BRG   BRM/SWI2-related gene is SMARCA4 SWI/SNF related, matrix 

associated, actin dependent regulator of chromatin, subfamily a, 
member 4

BRD  Bromodomain containing
BRM   Brahma is a core, ATPase subunit of the chromatin-remodeling 

complex
Cas9  Type II CRISPR RNA-guided endonuclease
CDK  Cyclin dependent kinase
Co-IP  Co-immuno-precipitation
CRBN  Cereblon
CRISPR  Clustered regularly interspaced short palindromic repeats
CTNNB1 Catenin beta 1
DEAD  Contains the amino acid sequence D-E-A-D (asp-glu-ala-asp)
EED  Embryonic ectoderm development
ERG  Erythroblast transformation specific (ETS) related gene
ETV  ETS variant transcription factor
EWSR1  Ewing sarcoma breakpoint region 1/EWS RNA binding protein 1
EZH2  Enhancer of zeste 2 polycomb repressive complex 2 subunit
FET   Fused in sarcoma (FUS) RNA binding protein, EWSR1 and TATA-

box binding protein associated factor 15 (TAF15) family of genes
FEV  Fifth Ewing variant transcription factor, ETS family member
FGFR4  Fibroblast growth factor receptor 4
FLI1   Friend leukemia virus integration 1 proto-oncogene, ETS  

transcription factor
FOXO1  Forkhead box O1
HDAC  Histone deacetylase
Hippo   Protein kinase hippo (hpo) is part of a signaling pathway that 

controls organ size through the regulation of cell proliferation and 
apoptosis

IGF2  Insulin like growth factor 2
INI1  Integrase interactor 1 (INI1) is SMARCAB1
LSD1  Lysine-specific demethylase 1A
KDM2B  Lysine (K)-specific demethylase 2B
KRAS   Kirsten rat sarcoma viral oncogene homolog (KRAS) proto- 

oncogene, GTPase
LOX  Lysyl oxidase
MET   Mesenchymal-epithelial transition factor (MET) proto-oncogene, 

receptor tyrosine kinase
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miR-27a  microRNA-27a
MYCN  MYCN proto-oncogene, BHLH transcription factor
MYOD  Myogenic differentiation
MYOG  Myogenin
PAX  Paired box
p21  is CDKN1A: cyclin dependent kinase inhibitor 1A
PCR2  Polycomb repressor complex 2
PI3K  Phosphatidylinositol 3-kinase
PIK3CA   Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit 

alpha 
PTEN  Phosphatase and tensin homolog
RAS  Rat sarcoma proto-oncogene, GTPase
RNAi  RNA interference
RNAPII  RNA Polymerase II
SAHA  Suberoylanilide hydroxamic acid
SMARCA4  SWI/SNF related, matrix associated, actin dependent regulator of 

chromatin, subfamily A, member 4
SMARCB1  SWI/SNF related, matrix associated, actin dependent regulator of 

chromatin, subfamily b, member 1
SNF5   Sucrose nonfermenting 5 is SMARCB1
SS18   Synovial sarcoma translocation, chromosome 18, subunit of BAF 

chromatin remodeling complex
SSX  Synovial sarcoma, X breakpoint
STAG2  Stromal antigen 2
SWI/SNF  SWItch/Sucrose Non-Fermentable is a subfamily of ATP-dependent 

chromatin remodeling complexes
TGFBR2 Transforming growth factor-beta receptor 2
TP53  Tumor protein 53
TGF-β  Transforming growth factor beta
VHL  von Hippel-Lindau tumor suppressor
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