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Main Text

Ewing sarcoma (ES) is a malignant tumor arising in bone or 
soft tissue that predominantly affects children and young adults. 
The current standard treatment for ES is a chemotherapy regimen 
that includes alternating treatments of vincristine, doxorubicin, 
and cyclophosphamide with a combination of ifosfamide and 
etoposide (VDC/IE), alongside radiation therapy and surgery. This 
regimen has increased the 5-year survival rate of patients with 
localized ES to around 70-73% [1]. ES is particularly aggressive, 
with metastasis occurring in around 25% of cases. 

Recurrence rates within 5 years are approximately 40% in 
patients with localized disease and 60-80% in patients with 
metastatic disease. The prognosis for patients with metastatic 
or recurrent ES is much lower despite similar treatment to 
localized cases, with a 6-year survival rate of <30% [2]. A phase 
III trial (NCT01231906) introducing additional chemotherapies 
(topotecan and cyclophosphamide) to the standard regimen did 
not result in increased survival, indicating that a more intense 
treatment did not cause better outcomes [3], further highlighting  

 
the need for targeted therapies as either monotherapy or 
combination therapy options to further bolster current 
chemotherapeutic regimens.

ES is characterized by a chromosomal translocation most 
commonly between members of the FET and ETS protein family, 
with 85% of cases resulting from a fusion between Ewing sarcoma 
breakpoint region 1 (EWS) and friend leukemia integration 1 
(FLI1), forming EWS/FLI1 [t(11;22)(q24;q12)]. The resulting 
oncoprotein contains the transactivation domain of EWS and the 
DNA-binding domain of FLI1, creating an aberrant transcription 
factor that drives tumorigenesis [4]. The intrinsically disordered 
structure of EWS/FLI1 makes direct targeting of the oncoprotein 
difficult, and previous attempts have been lackluster due to poor 
solubility and resistance [5]. 

Instead, attempts to disrupt the EWS/FLI1 complex has 
become a focus of targeted therapy for ES treatment. YK-4-279 
is a small molecule that has the ability to interrupt EWS-FLI1 
interaction with RNA helicase A (RHA) and partially inhibit 
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its transcriptional activity, leading to increased apoptosis and 
decreased tumor growth in ES xenograft mice [6-8]. However, 
clinical study of the YK-4-279 analog TK216 in a phase I/II trial 
(NCT02657005) showed only limited benefit for recurrent ES 
patients, with a progression-free survival rate of 11.9% [9].

Beyond EWS/FLI1-targeted therapy, multiple small-molecule 
inhibitors have been explored in ES treatment. Tyrosine kinase 
inhibitors (TKI) appear to be the most tested small molecule in 
recurrent ES clinical trials, given the fact that several receptor 
tyrosine kinases (RTKs), such as Insulin-like Growth Factor-1 
Receptor (IGF-1R), Platelet-derived Growth Factor Receptors 
(PDGFRs), c-KIT and Vascular Endothelial Growth Factor 
Receptors (VEGFRs), are overexpressed in ES and contribute 
directly to cell proliferation, metastasis and immune evasion 
through activation of PI3K/AKT and MAPK/ERK pathways. 

Preclinical testing of TKI has revealed promising anti-cancer 
response in ES models [10]. In support of these findings, the 
FDA-approved multi-kinase inhibitor regorafenib is currently 
being explored in patients with primary and metastatic ES in 
seven clinical trials across the world. Similar reagents such as 
cabozantinib and trametinib have also entered clinical trials for 
ES treatment. WEE1 is a non-receptor tyrosine kinase found to be 
upregulated in a subset of ES specimens [11]. 

Building on the role of WEE1 in regulation of the cell-cycle 
checkpoint, it was reported that inhibition of WEE1 activity 
by small molecules (such as AZD1775 and MK1775) triggers 
impaired DNA repair [12] and, when used in combination with 
DNA damaging agents, exhibits robust anti-cancer activity in 
ES [13,14]. Poly-ADP-ribose polymerase (PARP) is a family of 
proteins involved in DNA damage response [15], and ES has 
been characterized as having defects in DNA repair, making it 
particularly sensitive to PARP inhibition [16,17]. While clinical 
trials revealed modest outcomes when testing PARPi as a 
monotherapy [18], preclinical studies have shown positive results 
in ES when combining PARPi (such as talazoparib and olaparib) 
with the chemotherapeutic agents temozolomide and irinotecan 
[19]. 

Histone deacetylase inhibitors (HDACi) have been applied 
to ES treatment, initially because of their inhibitory activity 
against ES metastasis through acetylation of the RNA-binding 
protein YB-1 and downregulation of oxidative stress-adaptive 
factors [20]. Interestingly, recent studies in ES have also linked 
the mechanism of HDACi action with DNA replication stress 
and demonstrated a strong synergy between HDACi and the 
chemotherapeutic agent doxorubicin [21,22]. Thus, further 
exploring the biological interaction of WEE1, PARP and HDAC 
inhibitors with chemotherapy may lay out optimum combination 
strategies beneficial for ES patients.

Ribosomes are molecular machines that are synthesized into 
proteins which are vital for cell survival and growth, especially 

in many types of cancer that rely on hyperactivated ribosome 
production to promote tumorigenesis and proliferation [23]. 
ES cell lines were identified to be particularly sensitive to 
perturbations in genes associated with ribosome biogenesis via 
CRISPR loss-of-function screenings, indicating inhibition of this 
pathway could be a promising novel therapeutic option [24]. The 
rate-limiting step of ribosome production is the transcription of 
ribosomal RNA (rRNA) via RNA polymerase I (Pol1), and small-
molecule inhibitors of Pol1 have shown promising results in many 
cancer types.

In our prior study, two Pol1 inhibitors (CX-5461 and BMH-
21) were used on patient-derived ES cell lines with significant 
decrease in cell survival and migratory potential observed. 
BMH-21 exhibited a more robust response in ES cells, with cell 
viability in BMH-21-treated cells <10% and in CX-5461-treated 
cells around 50%. This difference in response is likely due to the 
distinct mechanisms of drug action. BMH-21 is considered as a 
direct Pol1 inhibitor, which blocks Pol1 initiation and elongation 
by causing proteasomal degradation of RPA194, a core catalytic 
subunit of the Pol1 complex [25]. In contrast, as the first-in-
human Pol1 inhibitor, CX-5461 exhibits an indirect mode of action 
through disconnecting Pol1 from its ancillary partner, Selective 
Factor 1 (SL1), to prevent rRNA gene promoter release [26]. 

Two phase I studies (NCT02719977 and NCT04890613) have 
released encouraging clinical data on the tolerability of CX-5461 
in hematological cancers and solid tumors [27,28], although the 
therapeutic efficacy was modest. These findings could reflect an 
incomplete understanding of CX-5461 action or potential off-
target effects. Indeed, accumulating evidence suggests that Pol1 
may not represent a primary target of CX-5461 in cancer cells [29-
31]. Since neither BMH-21 nor its derivatives have been assessed 
in clinical trials, the true significance of interfering with Pol1 
function in cancer therapy remains an open question.

Despite the above-noted discrepancy in the mechanism of 
drug action, CX-5461 has been shown to work synergistically with 
numerous small molecule compounds having therapeutic potential 
in ES treatment. For instance, CX-5461 demonstrates promising 
efficacy when combined with the WEE1 inhibitor adavosertib in 
glioblastoma [32], the HDAC inhibitor panobinostat in multiple 
myeloma [33], and the PARP inhibitor talazoparib in both 
castrate-proficient prostate cancer [34] and high grade serous 
ovarian cancer [35]. Further research into effective combinations 
synergizing with CX-5461 may create new treatment strategies 
for ES patients.

At present, there is a very limited understanding of BMH-
21 interaction with existing drugs in cancer therapy. One study 
found that inhibition of Pol1 activity by BMH-21 can impair the 
epithelial-to-mesenchymal transition (EMT) property of breast 
cancer cells to enhance their sensitivity to chemotherapy drugs 
(including cyclophosphamide, 5FU, cisplatin, doxorubicin, 
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gemcitabine, and paclitaxol) in mouse models [36]. In a second 
study also involving breast cancer, BMH-21 displayed strong 
cytotoxic synergy with CX-5461 through activation of p53 tumor 
suppression pathways [37]. 

Further studies are required to apply synergistic analysis 
to high-throughput chemical screening for the most effective 

combinations with Pol1 inhibition in ES.  In summary, advances 
in the knowledge of ES molecular biology have led to discovery 
of various druggable targets and cellular pathways/processes 
(schematically shown in Figure 1). Once the crosstalk between 
ES-essential signaling events is clearly understood in mechanistic 
terms, it may be possible to optimize the use of existing therapeutic 
compounds to develop effective anti-ES strategies. 

Figure 1: Overview of major ES-essential targets/pathways and representative small-molecule inhibitors tested in preclinical and clinical 
studies.
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