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Non‑chemotherapy adjuvant 
agents in TP53 mutant Ewing 
sarcoma
Jin‑Ah Kim 1*, Kenneth A. Crawford 1, Piero A. Spada 1, Leah R. Martin 1, Jiaqi Zhang 1, 
Rain Wong 1, Joel M. Reid 2, Clinton F. Stewart 3, Timothy M. Frank 1, Qianqian Liu 4, 
Joel E. Michalek 4 & Charles Keller 1*

Ewing sarcoma (EWS) is a malignant tumor arising in bone or soft tissue that occurs in adolescent 
and young adult patients as well as adults later in life. Although non-metastatic EWS is typically 
responsive to treatment when newly diagnosed, relapsed cases have an unmet need for which 
no standard treatment approach exists. Recent phase III clinical trials for EWS comparing 7 vs 
5 chemotherapy drugs have failed to improve survival. To extend the durability of remission for 
EWS, we investigated 3 non-chemotherapy adjuvant therapy drug candidates to be combined with 
chemotherapy. The efficacy of these adjuvant drugs was investigated via anchorage-dependent 
growth assays, anchorage-independent soft-agar colony formation assays and EWS xenograft mouse 
models. Enoxacin and entinostat were the most effective adjuvant drug in both long-term in vitro 
and in vivo adjuvant studies. In the context that enoxacin is an FDA-approved antibiotic, and that 
entinostat is an investigational agent not yet FDA-approved, we propose enoxacin as an adjuvant 
drug for further preclinical and clinical investigation in EWS patients.

Ewing sarcoma (EWS) is a highly malignant tumor of bone and soft tissue that occurs in a bimodal distribution 
in children, adolescents, and young adults but also older adults1. Despite the use of combination chemotherapy 
resulting in a marked improvement in patient outcomes, metastasis or primary site recurrence usually occur 
within the first few years after treatment2. The relapse of EWS can happen as late as three decades after therapy 
in both sexes3,4. Cases of late recurrence have been reported after pregnancy in women3,4.

Although multi-agent chemotherapy and multidisciplinary care has considerably elevated the survival rate of 
patients with localized EWS to nearly 70%, survival in a recurrent or metastatic disease is unacceptably low at < 
20%5. Furthermore, addition of topotecan, additional cyclophosphamide and additional vincristine to interval 
compressed chemotherapy with vincristine, doxorubicin, cyclophosphamide, ifosfamide and etoposide had no 
benefit to survival for patients with untreated, non-metastatic EWS6. Given the non-trivial 5–6% risk of second-
ary malignancy (i.e. myelogenous leukemia) already attributable to standard of care chemotherapy for EWS7, 
exploring non-chemotherapy adjuvants is warranted.

The most aggressive and often most refractory subsets of Ewing sarcoma have TP53 mutations in approxi-
mately 7% of cases (range 3–14%, as discussed in8). The TP53 mutant subset has a propensity for radiation 
resistance8. STAG2 mutations occur in approximately 17% of cases9 and portend a similarly poor prognosis10. 
Treatment options for these aggressive subsets of patients are a particularly unmet clinical need.

Goldie and Coldman presented one theory for chemotherapy effectiveness, resistance and relapse in that 
increased cytoreduction will reduce the number of mutation-driven resistant, re-emergent tumor cell clones11. 
Norton and Simon proposed a complementary hypothesis that chemotherapy effectiveness is related to tumor cell 
growth rate12. A subsequent related hypothesis describes slow-dividing, tumor repopulating cells: these cancer 
cell subpopulations (also known as, cancer stem cells) are inherently chemotherapy-resistant due to their stem 
cell-like drug efflux pumps and ability to be quiescent in periods of chemotherapy-related stress (Fig. 1)13. Each 
of these hypotheses imply the same practical goal: improved log cell kill at each chemotherapy cycle is valuable 
to patient long term survival, especially if slow-dividing cells can be effectively targeted.
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Here we investigated 3 preclinically- and clinically-investigated non-chemotherapy adjuvant drug candidates 
for their potential to improve chemotherapy effectiveness, using etoposide as a topoisomerase II inhibitor caus-
ing double-stranded DNA breaks14,15 as our chemotherapy model drug. TK216 (also known as, ONCT-216) is 
an analog of YK-4-279 that has recently been studied in EWS with vincristine in a phase 2 clinical trial together 
(NCT05046314)16, but has been since deprioritized by Oncternal Therapeutics and is now also thought to be a 
microtubule inhibitor17. Mechanistically, YK-4-279 (and presumably TK-216) binds directly with the pathog-
nomonic fusion-mediate chimeric transcription factor and tumor maintenance driver EWS-FLI118–21 to inhibit 
its interaction with RNA helicase A (RHA)22. YK-4-279 has been shown to induce apoptosis and growth inhibi-
tion of EWS tumors22,23. Entinostat is a histone deacetylase inhibitor that reveals high potency against Type I 
HDACs24 and has preclinical activity against EWS17. A Phase 1 clinical study for entinostat was performed in 
patients with advanced solid tumors or lymphoma (NCT00020579), and single agent activity was demonstrated 
in an EWS patient25. Enoxacin is an oral fluoroquinolone antibacterial agent that was shown to enhance TRBP/
DICER dependent miRNA maturation26, leading to tumor regression27,28 and EWS tumor stem cell depletion29,30. 
The miRNA maturation led by enoxacin inhibited cancer stem cell self-renewal and tumor maintenance30.

These 3 adjuvant drugs were tested with the chemotherapy etoposide in short-term and long-term two-
dimensional (2D) cell inhibition assays, soft-agar colony formation assays and in vivo EWS mouse models. In 
these studies, enoxacin and entinostat were found to be the most effective drug candidates in both long-term 
in vitro and in vivo adjuvant studies. We propose enoxacin as a potential adjuvant drug for further preclinical 
and clinical EWS studies based on the basis of its FDA approval status.

Results
Long‑term effects of adjuvant drugs in 2D cell culture.  To investigate the long-term effect of the 
adjuvant drug candidates, an anchorage-dependent 2D cell culture cell growth/viability assay was performed 
over 24 days. The design of the assay was to “debulk” tumor cell mass over 72 hr with a EWS-specific chemo-
therapy (etoposide) followed by application of the adjuvant drugs. EWS cell lines A673, SK-N-MC, SK-ES-1 and 
RDES (Table 1) were treated with etoposide using 1.6 µM at a lethal dose (LD) 90–95% for 3 days. Thereafter, 
candidate adjuvant drugs were added at concentrations of either the IC20 (990 nM for entinostat) or a clini-
cally relevant concentration (Csteady-state 3.9 µM for TK-216 (J. Toretsky, p.c.), Cmax 9.2 µM for enoxacin31,32) for 
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Figure 1.   Working model and rationale for an adjuvant therapy approach to prevent progression of Ewing 
sarcoma.
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21 days (Fig. 3A,B). As a control, lower dose etoposide (427 nM) was used at the IC20 as an alternative to the 
non-chemotherapy adjuvant agents. The long-term adjuvant assay showed that TK216, etoposide, and entinostat 
were statistically active adjuvant drugs across all four EWS cell lines (Fig. 2).

Effect of adjuvant drugs in soft agar colony formation assay.  Anchorage-independent growth is 
the feature of the transformed cells, a hallmark of carcinogenesis33 and a characteristic of tumor repopulating 
cells. To further evaluate the effect of the adjuvant drug candidates in EWS, we performed soft-agar colony for-
mation assays using EWS cell lines A673, SK-N-MC, SK-ES-1 and RDES. The adjuvant drugs were dosed for 8 
weeks at concentrations of either IC20 or Cmax following 1.6 µM etoposide treatment for 3 days (Fig. 3A). Enoxa-
cin and low-dose etoposide at the IC20 were identified as the most effective adjuvant drug across all four EWS 
cell lines. The reduction of colony formation in enoxacin and etoposide treatments was ranged from 28–46% and 
26–77% in four cell lines with statistically significance (p ≤ 0.05) (Fig. 3B). Soft-agar colony formation was also 
significantly suppressed in at least two EWS cell lines by TK216 and entinostat (Fig. 3B).

Effect of adjuvant drugs for in vivo mouse study.  Next we tested entinostat, TK216, and enoxacin for 
their adjuvant efficacy using in vivo mouse models (Figs. 4 and 5). Drug doses were selected to be most similar 
between humans and mice (Tables 2 and 3). For engraftment, SK-N-MC EWS cells were injected in the right leg 
of 6 week-old male (n = 4) and female (n = 8) NOD/SCID/IL2gr-null mice in each treatment group. When the 
tumor size reached 0.1–0.15 cc, mice were treated with 10 mg/kg etoposide for 5 days followed by adjuvant drugs 
for 37 days dosed at the estimated human drug exposures described in “Materials and methods”. Tumor growth 
rates were then measured. Two mice studies were performed to evaluate the adjuvant drugs. First, entinostat and 
TK216 were used as adjuvant drugs (Fig. 4A–G). Next, enoxacin was tested as the adjuvant drug (Fig. 5A–F). 
Entinostat treatment following etoposide was effective for tumor regression compared with the vehicle group (p 
< 0.001), but not when compared with the etoposide-only treated group (p = 0.57) (Fig. 4B,C,G). TK216 caused 
toxicity >10 % (weight loss) for both doses of 25 mg/kg QD and 50 mg/kg QD with 50 % treatment-related mor-
tality. The efficacy of TK216 was similar to but less sustained than entinostat (Fig. 4G). Overall p-value was < 
0.001 in the mouse study (Fig. 5E–G). Enoxacin inhibited the tumor progression most efficiently compared with 
both the vehicle group (p < 0.05) and etoposide-only treated group (p = 0.4) showing the overall p-value as 0.017 
(Fig. 5B–E). For tumors harvested either at day 84 or when tumor volume reached 1.4 cc, enoxacin treatment 
following etoposide inhibited expression of a cancer stem cell marker CD133 in EWS34, and increased cleaved-
caspase 3 which indicates the elevated apoptosis compared with that of the vehicle or etoposide-only groups 
(Fig. 4). All regimens were well-tolerated by body weight monitoring (Supplementary Figs. 1 and 2).

Discussion
Although newly diagnosed EWS patients may expect long-term benefit from upfront chemotherapy, metastatic 
and relapsed EWS patients have consistently poor outcomes. Here we evaluated 3 drug candidates via long-term 
in vitro and in vivo assays for effectiveness as adjuvants to chemotherapy in EWS. While in vitro assays were 
useful first evaluations, the most informative results came from EWS xenograft mouse model studies.

In some animals and overall, entinostat suppressed tumor growth in a subset of animals and extended overall 
xenograft animal survival after etoposide compared to etoposide alone. Enoxacin had a more consistent ability 
to suppress tumor growth and extend overall xenograft animal survival after etoposide compared to etoposide 
alone – albeit with a similar effect on time to event compared to entinostat. As described in the Introduction, 
the mechanism underlying enoxacin activity as a chemotherapy adjuvant and tumor repopulating cell deple-
tion has been well-described previously29,30. Given that enoxacin is an FDA-approved antibiotic that might be 
repurposed, and entinostat is an agent not yet FDA approved, we have set future sights on this agent for further 
preclinical investigation.

Like many pilot studies, our investigation has potential limitations and notable future directions. For exam-
ple, increasing cohort size may improve power and statistical significance. Studying additional patient-derived 
xenograft models (e.g. more independent biological replicates) would also extend the overall value of these 
preclinical studies in clinical trial concept development. The expression of CD133 and cleaved-caspase 3 in 
mouse tumors treated with etoposide and enoxacin suggests that the sequential treatment of the drugs suppress 
stem cell formation inducing cell death. Further investigation in the expression of CD133 and cleaved-caspase 
3 with other treatments such as etoposide with entinostat will also be of interest in future studies. Assessment 

Table 1.   EWS cell lines, EWSR1 fusion type and TP53 status.

Cell line Fusion type Other features (TP53, CDKN2A and STAG2 status) Reference (PMID)

A673, SK-N-MC, TC71 Type 1 (EWSR1 ex7–FLI1 ex6)

A673 (TP53 p.A119fs; CDKN2A del(1a,1b,2,3); STAG2 
WT)

26776507, 8223458, 21926473, 8040301, 12432241, 
19212622, 24129240, 18757425, 25223734SK-N-MC (TP53 p.M1_T125Del; CDKN2A WT; STAG2 

p.M1_R546Del)

TC71 (TP53 p.R213*; CDKN2A del(1b,2,3); STAG2 WT)

SKES-1, RDES Type 2 (EWSR1 ex7–FLI1 ex5)
SKES-1 (TP53 C176F; CDKN2A WT; STAG2 p.Q735*) 26776507, 8223458, 8040301, 12432241, 24129240, 

18757425, 25223734RDES (TP53 p.R273C; CDKN2A WT; STAG2 WT)
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of CD133+ tumor cells by FACS at a fixed timepoint or terminal endpoint in animal studies would also add 
mechanistic insights.

In conclusion, enoxacin was identified as an efficient adjuvant drug by long-term 2D cell culture, soft agar 
colony formation and in vivo studies. Taken altogether with its FDA approval status, we propose enoxacin or a 
fluoroquinolone with fewer drug interacts35 as an adjuvant agent for additional preclinical animal studies then 
possible clinical trial investigation in EWS.

Materials and methods
Cell lines.  A673 (cat# CRL-1598), SK-N-MC (cat# HTB-10), SK-ES-1 (cat# HTB-86), and RD-ES (cat# 
HTB-166) EWS cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). A673 was 
cultured in DMEM medium with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin (PS). SK-N-MC 
was maintained in EMEM medium with 10% FBS and 1% PS. SK-ES-1 was grown in McCoy’s 5A medium with 
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Figure 2.   Anchorage-dependent adjuvant therapy assay in Ewing sarcoma cells. (A) Schematic design of assay. 
(B) Adjuvant assay results in cell lines A673 and SK-N-MC (type 1 EWS) as well as SK-ES-1 and RDES (type 
2 EWS). The cells were treated with adjuvant drug candidates for 21 days after 3-day etoposide treatment. The 
surviving cells were measured using CTG. Statistical analysis was performed using two sided t test. ***p < 0.001; 
**p < 0.01; *p <0.05 versus chemo-only. Chemo, chemotherapy (etoposide). All experiments included at least 
three replicates.
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10% FBS and 1% PS. RD-ES was cultured in RPMI medium with 10% FBS and 1% PS. TC71 (cat# GM11654) 
was purchased from Coriell Institute (Camden, NJ) and cultured in EMEM medium 10% FBS and 1% PS.

2D cell culture adjuvant assay.  Twenty thousand EWS cells were seeded in 48-well plates. The next day, 
EWS cells were treated with 1.6 µM etoposide (LD90-95) for 3 to 5 days, then candidate adjuvant therapy drugs 
were added at concentrations of either IC20 or Cmax for 21 days (Table 1). The adjuvant drug candidates tested 
were etoposide (Selleckchem, Houston, TX, cat# S1225), entinostat (Selleckchem, cat# S1053), enoxacin (Med-
ChemExpress, Monmouth Junction, NJ, cat# HY-B0268A) and TK216 (Selleckchem, cat# S9718). Cell growth 
was examined by the CellTiter-Glo proliferation assay (Promega, Madison, WI, cat# G9243).

Soft agar colony formation assay.  Five thousand EWS cells were suspended in growth medium contain-
ing 0.35 % SeaPlaque agarose and then plated on 0.7 % base agar in 6-well plate. After 24 hours, EWS cells were 
treated with 1.6 µM etoposide (LD90-95) for 3 days, then adjuvant drug candidates were added at concentrations 
of either the IC20 or clinical Cmax for 8 weeks (see “Results”). EWS cells were treated with TK216, entinostat, 

Figure 3.   Anchorage-independent soft agar colony formation assay in Ewing sarcoma cells. Soft agar assay was 
performed in A673, SK-N-MC, SK-ES-1, and RDES EWS cell lines. Cells were treated with 1.6 µM of etoposide 
for 3 days, then followed by adjuvant drug candidate treatment. (A) Diagram of 8 week soft agar colony 
formation assay. (B) Cell colonies were counted from soft agar assay in four Ewing sarcoma cell lines after 
adjuvant drug treatments for 8 weeks. Statistical analysis was performed using two sided t test. ***p < 0.001; **p 
< 0.01; *p <0.05 versus no chemo. Chemo, chemotherapy. 3-BP, 3-bromopyruvate. All experiments included at 
least three replicates.
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enoxacin or etoposide. Drugs were added every 3.5 days (twice a week). The colonies were quantified from 
examination of n = 8 random fields of view in each well using the confocal microscope (Zeiss, Oberkochen, 
Germany, #LSM-800) at the endpoint of the experiment.
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Figure 4.   Effect of entinostat and TK216 for adjuvant therapy in vivo mouse study. SK-N-MC EWS cells 
harboring TP53 and STAG2 mutations were injected in the right leg of 6-week old male (n = 4) and female (n 
= 8) NOD/SCID/IL2gr-null mice in each treatment group. When tumor size reached to 0.1–0.5 cc, mice were 
treated with 10 mg/kg etoposide for 5 days followed by the adjuvant drugs for 37 days dosed at the estimated 
human drug exposures described in “Materials and methods”. (A) Diagram of mice study. Individual tumor 
volumes in (B) vehicle, (C) etoposide-only, (D) entinostat following etoposide, (E) TK216 (50 mg/kg) after 
etoposide treatment, and (F) TK216 (25mg/kg) following etoposide. (G) Kaplan-Meier plot represents event-
free survival. The event was defined as when tumor reached to 1.4 cc. Overall p-values were calculated by the 
log-rank test. P < 0.001 for each treatment group’s comparison to vehicle only.
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Western blotting.  Frozen tumor tissues were homogenized in the presence of liquid nitrogen using a mor-
tar and pestle kit (Cole-Parmer, Vernon Hills, IL, cat# UX-63100-61). Protein extraction was performed by 
adding RIPA buffer supplemented with Halt protease and phosphatase inhibitor cocktail (ThermoFisher, cat# 
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enoxacin following etoposide treatment. (E) Kaplan-Meier plot represents event-free survival. The event was 
counted when tumor reached 1.4 cc. Overall p-values were calculated using the log-rank test. P = 0.014 for 
etoposide then enoxacin group compared to vehicle only. (F) The expression of CD133 and cleaved (c)-caspase 3 
in EWS xenograft tumors from vehicle, etoposide-only, or enoxacin after etoposide treated groups. Eight protein 
samples in each group were used for western blot. To compare the protein intensity among immunoblots, one 
vehicle sample was applied in the first lane of each blot. The relative expression of CD133 and c-caspase 3 was 
shown in the graph of densitometry analysis.
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78440). Protein samples were prepared in 4X SDS loading buffer (Thermofisher, cat# NP0007) and 1X reducing 
reagent (ThermoFisher, cat# NP0004). After running the SDS-PAGE gel, proteins were transferred on PVDF 
membrane with 0.2 µm pore size (Bio-Rad, Hercules, CA, cat# 162-0177) by wet transfer method at 90 V for 90 
mins. The following antibodies were used at the indicated dilutions: CD133 (Cell Signaling Technology (CST), 
Danvers, MA, cat# 64326, 1:1,000), Cleaved Caspase-3 (CST, cat# 9661, 1:500) and GAPDH (CST, cat# 2118, 
1:1000). Primary antibodies were incubated at 4 °C for overnight. Secondary antibodies were incubated at room 
temperature for one hour. Images were taken using the IVIS Lumina imager (Perkin-Elmer, Waltham, MA) fol-
lowed by ECL reaction for 5 min.

Mouse studies.  Host animals for xenografts were 6 week-old male and female NOD/SCID/IL2gr-null mice 
purchased from The Jackson Laboratory (Bar Harbor, MA, stock # 005557). Mice were inoculated with 5x105 
of SK-N-MC cells to the gastrocnemius after gastrocnemius injury was induced by 50 µl of 2.5 µM cardiotoxin 
for 24 hr. SK-N-MC was chosen as a representative EWS cell culture as it harbors the typical Type I fusion of 
EWSR1 to FLI1 as well as a TP53 mutation. When tumor volume reached 0.1–0.15 cc, 10 mg/kg of etoposide 
(Selleckchem, cat# S1225; Table 2) or vehicle was administered for 5 days via daily i.p. injection. After 1 day rest, 
mice were treated with the adjuvant drug candidates entinostat (Selleckchem, cat# S1053, 5.5 mg/kg, QD, oral 
gavage), enoxacin (MedChemExpress, cat# HY-B0268A, 100 mg/kg, QD, oral gavage; Table 3) and TK216 (Sell-
eckchem, cat# S9718, 25 mg/kg or 50 mg/kg, QD, i.p injection; Table 3). The drugs were dissolved in 5% DMSO, 
40% PEG300, 5% Tween 80 and 50% of ddH2O that were used as a vehicle in all mice studies. The adjuvant drugs 
were dosed until day 42, and primary tumor size and weight of the mouse were measured twice a week with 
digital calipers during treatment. Tumor progression was defined as a 25% increase in volume. Animals were 
grossly examined for post-treatment recurrence or metastasis at the end of the experiment on day 84, or when 
tumor volume reached the humane endpoint of 1.4 cc. Table 3 summarizes etoposide and adjuvant drug doses 
used and references for dose selection.

Animal research.  Children’s Cancer Therapy Development Institute (cc-TDI) Institutional Animal Care 
and Use Committee (IACUC) approved the investigated animal study. The IACUC Federal wide Assurance 
number is 14-5406A. In animal studies, anesthesia was performed using inhaled isoflurane by means of an anes-
thesia machine with a scavenger system. For euthanasia, CO2 was delivered from a compressed gas cylinder to a 
chamber that had not been pre-filled. Animals were asphyxiated by CO2 inhalation, then cervical dislocation was 
subsequently performed. All methods were carried out in accordance with relevant guidelines and regulations. 
All methods are reported in accordance with ARRIVE guidelines (https://​arriv​eguid​elines.​org).

Data availability
No sequencing data was conducted, and all other data are given in this manuscript.

Received: 18 November 2022; Accepted: 16 August 2023

References
	 1.	 Bailey, K. et al. Emerging novel agents for patients with advanced Ewing sarcoma: A report from the Children’s Oncology Group 

(COG) New Agents for Ewing Sarcoma Task Force. F1000Research https://​doi.​org/​10.​12688/​f1000​resea​rch.​18139.1 (2019).
	 2.	 Van Mater, D. & Wagner, L. Management of recurrent Ewing sarcoma: Challenges and approaches. OncoTargets Ther. 12, 2279–

2288. https://​doi.​org/​10.​2147/​OTT.​S1705​85 (2019).
	 3.	 DuBois, S. G., Perez-Atayde, A. R., McLean, T. W. & Grier, H. E. Late recurrence of Ewing sarcoma during pregnancy: A report 

of 2 cases. J. Pediatr. Hematol. Oncol. 30, 716–718. https://​doi.​org/​10.​1097/​MPH.​0b013​e3181​75895f (2008).
	 4.	 Cornille, H., Delepine, N. A., Alkhallaf, S. & Delepine, G. Very late recurrence of Ewing sarcoma (ES): Report on three cases and 

review of literature. J. Clin. Oncol. 29, e20005–e20005. https://​doi.​org/​10.​1200/​jco.​2011.​29.​15_​suppl.​e20005 (2011).

Table 2.   Etoposide dosing consideration from the literature. Fu,p fraction unbound in the plasma. AUCu area 
under the concentration-time curve for unbound drug. ^ Cmax 16.3 ± 3.7 µg/ml (27.7 µM)38. # Cmax 32.1 ± 1.9 
µg/mL (54.54 µM) for the IV dose, with IP=IV assumed.

Human Mouse

Agent Dose AUC​̂ Fu,p AUCu Dose AUC​# Fu,p AUCu

Etoposide 100 mg/m2 I.V. 84,000 hr-ng/ml 0.04936 4120 hr-ng/ml 10 mg/kg I.P. 14,300 hr-ng/ml37 0.42336 6050 hr-ng/ml

Table 3.   Etoposide and adjuvant doses, route, interval and literature references.

Drug Target Dose Administration method

Entinostat HDAC 1, 2, 3 5.5 mg/kg, QD Oral gavage39,40

Enoxacin TARBP2 200 mg/kg, QD Oral gavage41

TK216 EWSR1-FLI1 25 or 50 mg/kg, QD I.P.42

https://arriveguidelines.org
https://doi.org/10.12688/f1000research.18139.1
https://doi.org/10.2147/OTT.S170585
https://doi.org/10.1097/MPH.0b013e318175895f
https://doi.org/10.1200/jco.2011.29.15_suppl.e20005


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14360  | https://doi.org/10.1038/s41598-023-40751-z

www.nature.com/scientificreports/

	 5.	 Subbiah, V. et al. Ewing’s sarcoma: Standard and experimental treatment options. Curr. Treat. Opt. Oncol. 10, 126–140. https://​
doi.​org/​10.​1007/​s11864-​009-​0104-6 (2009).

	 6.	 Leavey, P. J. et al. Phase III trial adding vincristine-topotecan-cyclophosphamide to the initial treatment of patients with nonmeta-
static ewing sarcoma: A Children’s Oncology Group Report. J. Clin. Oncol. 39, 4029–4038. https://​doi.​org/​10.​1200/​JCO.​21.​00358 
(2021).

	 7.	 McNew, B. R., Darbro, B. W., Ma, D. & Gordon, D. J. Development of secondary acute myeloid leukemia in a pediatric patient 
concurrently receiving primary therapy for ewing sarcoma. J. Pediatr. Hematol. Oncol. 39, e370–e372. https://​doi.​org/​10.​1097/​
MPH.​00000​00000​000924 (2017).

	 8.	 Casey, D. L. et al. TP53 mutations increase radioresistance in rhabdomyosarcoma and Ewing sarcoma. Br. J. Cancer 125, 576–581. 
https://​doi.​org/​10.​1038/​s41416-​021-​01438-2 (2021).

	 9.	 Tirode, F. et al. Genomic landscape of Ewing sarcoma defines an aggressive subtype with co-association of STAG2 and TP53 
mutations. Cancer Discov. 4, 1342–1353. https://​doi.​org/​10.​1158/​2159-​8290.​CD-​14-​0622 (2014).

	10.	 Crompton, B. D. et al. The genomic landscape of pediatric Ewing sarcoma. Cancer Discov. 4, 1326–1341. https://​doi.​org/​10.​1158/​
2159-​8290.​CD-​13-​1037 (2014).

	11.	 Goldie, J. H. & Coldman, A. J. A mathematic model for relating the drug sensitivity of tumors to their spontaneous mutation rate. 
Cancer Treat. Rep. 63, 1727–1733 (1979).

	12.	 Norton, L. Cancer log-kill revisited. Am. Soc. Clin. Oncol. Educ. Book https://​doi.​org/​10.​14694/​EdBook_​AM.​2014.​34.3 (2014).
	13.	 Shibue, T. & Weinberg, R. A. EMT, CSCs, and drug resistance: The mechanistic link and clinical implications. Nat. Rev. Clin. Oncol. 

14, 611–629. https://​doi.​org/​10.​1038/​nrcli​nonc.​2017.​44 (2017).
	14.	 Montecucco, A., Zanetta, F. & Biamonti, G. Molecular mechanisms of etoposide. EXCLI J. 14, 95–108. https://​doi.​org/​10.​17179/​

excli​2015-​561 (2015).
	15.	 Pretz, J. L. et al. Localized adult ewing sarcoma: Favorable outcomes with alternating vincristine, doxorubicin, cyclophosphamide, 

and ifosfamide, etoposide (VDC/IE)-based multimodality therapy. Oncologist 22, 1265–1270. https://​doi.​org/​10.​1634/​theon​colog​
ist.​2016-​0463 (2017).

	16.	 Pishas, K. I. & Lessnick, S. L. Recent advances in targeted therapy for Ewing sarcoma. F1000Research https://​doi.​org/​10.​12688/​
f1000​resea​rch.​8631.1 (2016).

	17.	 Povedano, J. M. et al. TK216 targets microtubules in Ewing sarcoma cells. Cell Chem. Biol. 29, 1325-1332e1324. https://​doi.​org/​
10.​1016/j.​chemb​iol.​2022.​06.​002 (2022).

	18.	 Balamuth, N. J. & Womer, R. B. Ewing’s sarcoma. Lancet Oncol. 11, 184–192. https://​doi.​org/​10.​1016/​S1470-​2045(09)​70286-4 
(2010).

	19.	 Delattre, O. et al. Gene fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours. Nature 
359, 162–165. https://​doi.​org/​10.​1038/​35916​2a0 (1992).

	20.	 May, W. A. et al. The Ewing’s sarcoma EWS/FLI-1 fusion gene encodes a more potent transcriptional activator and is a more 
powerful transforming gene than FLI-1. Mol. Cell. Biol. 13, 7393–7398. https://​doi.​org/​10.​1128/​mcb.​13.​12.​7393-​7398.​1993 (1993).

	21.	 Ramakrishnan, R. et al. Role of protein-protein interactions in the antiapoptotic function of EWS-Fli-1. Oncogene 23, 7087–7094. 
https://​doi.​org/​10.​1038/​sj.​onc.​12079​27 (2004).

	22.	 Erkizan, H. V. et al. A small molecule blocking oncogenic protein EWS-FLI1 interaction with RNA helicase A inhibits growth of 
Ewing’s sarcoma. Nat. Med. 15, 750–756. https://​doi.​org/​10.​1038/​nm.​1983 (2009).

	23.	 Erkizan, H. V. et al. RNA helicase A activity is inhibited by oncogenic transcription factor EWS-FLI1. Nucleic Acids Res. 43, 
1069–1080. https://​doi.​org/​10.​1093/​nar/​gku13​28 (2015).

	24.	 Khan, N. et al. Determination of the class and isoform selectivity of small-molecule histone deacetylase inhibitors. Biochem. J. 
409, 581–589. https://​doi.​org/​10.​1042/​BJ200​70779 (2008).

	25.	 Gore, L. et al. A phase I and pharmacokinetic study of the oral histone deacetylase inhibitor, MS-275, in patients with refractory 
solid tumors and lymphomas. Clin. Cancer Res. 14, 4517–4525. https://​doi.​org/​10.​1158/​1078-​0432.​CCR-​07-​1461 (2008).

	26.	 Melo, S. et al. Small molecule enoxacin is a cancer-specific growth inhibitor that acts by enhancing TAR RNA-binding protein 
2-mediated microRNA processing. Proc. Natl. Acad. Sci. U.S.A. 108, 4394–4399. https://​doi.​org/​10.​1073/​pnas.​10147​20108 (2011).

	27.	 Felicetti, T., Cecchetti, V. & Manfroni, G. Modulating microRNA processing: Enoxacin, the progenitor of a new class of drugs. J. 
Med. Chem. 63, 12275–12289. https://​doi.​org/​10.​1021/​acs.​jmedc​hem.​0c005​10 (2020).

	28.	 Shan, G. et al. A small molecule enhances RNA interference and promotes microRNA processing. Nat. Biotechnol. 26, 933–940. 
https://​doi.​org/​10.​1038/​nbt.​1481 (2008).

	29.	 Cornaz-Buros, S. et al. Targeting cancer stem-like cells as an approach to defeating cellular heterogeneity in Ewing sarcoma. Cancer 
Res. 74, 6610–6622. https://​doi.​org/​10.​1158/​0008-​5472.​CAN-​14-​1106 (2014).

	30.	 De Vito, C. et al. A TARBP2-dependent miRNA expression profile underlies cancer stem cell properties and provides candidate 
therapeutic reagents in Ewing sarcoma. Cancer Cell 21, 807–821. https://​doi.​org/​10.​1016/j.​ccr.​2012.​04.​023 (2012).

	31.	 Pankey, G. A. Review of tissue penetration and clinical efficacy of enoxacin in skin and skin structure infections and in osteomy-
elitis. Clin. Pharmacokinet. 16(Suppl 1), 46–51. https://​doi.​org/​10.​2165/​00003​088-​19890​0161-​00008 (1989).

	32.	 Hamel, B., Mottet, N., Audran, M., Costa, P. & Bressolle, F. Pharmacokinetics of enoxacin and its oxometabolite after multiple oral 
dosing and penetration into prostatic tissue. J. Antimicrob. Chemother. 46, 993–996. https://​doi.​org/​10.​1093/​jac/​46.6.​993 (2000).

	33.	 Borowicz, S. et al. The soft agar colony formation assay. J. Vis. Exp. https://​doi.​org/​10.​3791/​51998 (2014).
	34.	 Jiang, X. et al. CD133 expression in chemo-resistant Ewing sarcoma cells. BMC Cancer 10, 116. https://​doi.​org/​10.​1186/​1471-​

2407-​10-​116 (2010).
	35.	 Mandell, L. & Tillotson, G. Safety of fluoroquinolones: An update. Can. J. Infect. Dis. 13, 54–61. https://​doi.​org/​10.​1155/​2002/​

864789 (2002).
	36.	 Fleming, R. A., Arbuck, S. G. & Stewart, C. F. Interspecies differences in in vitro etoposide plasma protein binding. Biochem. 

Pharmacol. 42, 2246–2249. https://​doi.​org/​10.​1016/​0006-​2952(91)​90364-b (1991).
	37.	 Patlolla, R. R. & Vobalaboina, V. Pharmacokinetics and tissue distribution of etoposide delivered in parenteral emulsion. J. Pharm. 

Sci. 94, 437–445. https://​doi.​org/​10.​1002/​jps.​20249 (2005).
	38.	 Kroschinsky, F. P. et al. Pharmacokinetic comparison of oral and intravenous etoposide in patients treated with the CHOEP-regimen 

for malignant lymphomas. Cancer Chemother. Pharmacol. 61, 785–790. https://​doi.​org/​10.​1007/​s00280-​007-​0535-3 (2008).
	39.	 Bharathy, N. et al. The HDAC3-SMARCA4-miR-27a axis promotes expression of the PAX3:FOXO1 fusion oncogene in rhabdo-

myosarcoma. Sci. Signal. https://​doi.​org/​10.​1126/​scisi​gnal.​aau76​32 (2018).
	40.	 Bukowinski, A. et al. A phase 1 study of entinostat in children and adolescents with recurrent or refractory solid tumors, including 

CNS tumors: Trial ADVL1513, Pediatric Early Phase-Clinical Trial Network (PEP-CTN). Pediatr. Blood Cancer 68, e28892. https://​
doi.​org/​10.​1002/​pbc.​28892 (2021).

	41.	 Chartrand, S. A., Scribner, R. K., Marks, M. I. & Dice, J. Enoxacin pharmacokinetics and efficacy in CF-1 mice. J. Antimicrob. 
Chemother. 19, 221–224. https://​doi.​org/​10.​1093/​jac/​19.2.​221 (1987).

	42.	 Spriano, F. et al. The ETS inhibitors YK-4-279 and TK-216 are novel antilymphoma agents. Clin. Cancer Res. 25, 5167–5176. https://​
doi.​org/​10.​1158/​1078-​0432.​CCR-​18-​2718 (2019).

https://doi.org/10.1007/s11864-009-0104-6
https://doi.org/10.1007/s11864-009-0104-6
https://doi.org/10.1200/JCO.21.00358
https://doi.org/10.1097/MPH.0000000000000924
https://doi.org/10.1097/MPH.0000000000000924
https://doi.org/10.1038/s41416-021-01438-2
https://doi.org/10.1158/2159-8290.CD-14-0622
https://doi.org/10.1158/2159-8290.CD-13-1037
https://doi.org/10.1158/2159-8290.CD-13-1037
https://doi.org/10.14694/EdBook_AM.2014.34.3
https://doi.org/10.1038/nrclinonc.2017.44
https://doi.org/10.17179/excli2015-561
https://doi.org/10.17179/excli2015-561
https://doi.org/10.1634/theoncologist.2016-0463
https://doi.org/10.1634/theoncologist.2016-0463
https://doi.org/10.12688/f1000research.8631.1
https://doi.org/10.12688/f1000research.8631.1
https://doi.org/10.1016/j.chembiol.2022.06.002
https://doi.org/10.1016/j.chembiol.2022.06.002
https://doi.org/10.1016/S1470-2045(09)70286-4
https://doi.org/10.1038/359162a0
https://doi.org/10.1128/mcb.13.12.7393-7398.1993
https://doi.org/10.1038/sj.onc.1207927
https://doi.org/10.1038/nm.1983
https://doi.org/10.1093/nar/gku1328
https://doi.org/10.1042/BJ20070779
https://doi.org/10.1158/1078-0432.CCR-07-1461
https://doi.org/10.1073/pnas.1014720108
https://doi.org/10.1021/acs.jmedchem.0c00510
https://doi.org/10.1038/nbt.1481
https://doi.org/10.1158/0008-5472.CAN-14-1106
https://doi.org/10.1016/j.ccr.2012.04.023
https://doi.org/10.2165/00003088-198900161-00008
https://doi.org/10.1093/jac/46.6.993
https://doi.org/10.3791/51998
https://doi.org/10.1186/1471-2407-10-116
https://doi.org/10.1186/1471-2407-10-116
https://doi.org/10.1155/2002/864789
https://doi.org/10.1155/2002/864789
https://doi.org/10.1016/0006-2952(91)90364-b
https://doi.org/10.1002/jps.20249
https://doi.org/10.1007/s00280-007-0535-3
https://doi.org/10.1126/scisignal.aau7632
https://doi.org/10.1002/pbc.28892
https://doi.org/10.1002/pbc.28892
https://doi.org/10.1093/jac/19.2.221
https://doi.org/10.1158/1078-0432.CCR-18-2718
https://doi.org/10.1158/1078-0432.CCR-18-2718


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:14360  | https://doi.org/10.1038/s41598-023-40751-z

www.nature.com/scientificreports/

Acknowledgements
The SISU Project was funded by the Frank Family, the Little Warrior Foundation, Golf Fights Cancer in honor 
and memory of Pete Fox, the Privett Family, the Histing Family and the One Million for Anna Foundation. This 
paper acknowledges and honors Ian, Anna, Zachary, Sam and all the EWS patients we have lost. We appreci-
ate Dr. William J. Zuercher for support toward cc-TDI. We are grateful for the scientific foundations of Ivan 
Stamenkovic that led to this study.

Author contributions
Study design; C.K., J.-A.K., P.A.S., T.M.F., J.M.R., C.F.S. Experiments: J.-A.K., L.R.M., J.Z., R.W., K.C. Analysis: 
J.-A.K., K.C., C.K. Statistics: Q.L., J.E.M. Manuscript writing: J.-A.K., C.K.

Competing interests 
The authors declare no competing interests.

Competing interest 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​40751-z.

Correspondence and requests for materials should be addressed to J.-A.K. or C.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-40751-z
https://doi.org/10.1038/s41598-023-40751-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-chemotherapy adjuvant agents in TP53 mutant Ewing sarcoma
	Results
	Long-term effects of adjuvant drugs in 2D cell culture. 
	Effect of adjuvant drugs in soft agar colony formation assay. 
	Effect of adjuvant drugs for in vivo mouse study. 

	Discussion
	Materials and methods
	Cell lines. 
	2D cell culture adjuvant assay. 
	Soft agar colony formation assay. 
	Western blotting. 
	Mouse studies. 
	Animal research. 

	References
	Acknowledgements


