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Abstract 

Ewing sarcoma is a pediatric bone and soft tissue cancer for which new therapies to improve 

disease outcome and to reduce adverse effects of current standard treatments are urgently 

needed. To identify new and effective drugs, phenotypic drug screening has proven to be a 

powerful method and a cancer model ideally suited for this approach is the larval zebrafish 

xenograft system. Complementing mouse xenografts, zebrafish offer high-througput screening 

possibilities in an intact complex vertebrate organism. Here, we generated Ewing sarcoma 

xenografts in zebrafish larvae and established a workflow for automated imaging of xenografts, 

tumor cell recognition within transplanted zebrafish and quantitative tumor size analysis over 

consecutive days by high-content imaging. The increased throughput of our in vivo screening 

setup allowed us to identify combination therapies effective against Ewing sarcoma cells. 

Especially, combined inhibition of MCL-1 and BCL-XL, two anti-apoptotic proteins, was highly 

efficient at eradicating tumor cells in our zebrafish xenograft assays with two Ewing sarcoma cell 

lines and with patient-derived cells. Transcriptional analysis across Ewing sarcoma cell lines and 

tumors revealed that MCL-1 and BCL2L1, coding for BCL-XL, are the most abundantly expressed 

anti-apoptotic genes, suggesting that combined MCL-1/BCL-XL inhibition might be a broadly 

applicable strategy for Ewing sarcoma treatment. 
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Introduction 

Ewing sarcoma is the second most frequent malignant bone and soft tissue tumor in children and 

adolescents, affecting around 1.5 per million children in populations of European descent. 20-

25% of all cases show metastases at the time of diagnosis and another 30% relapse with distant 

metastases, which are often resistant to therapy, resulting in a low 5-year overall survival of <30% 

for those patients1,2.  

Genetically, Ewing sarcoma is defined by a chromosomal translocation (most often 

t(11;22)(q24;q12)) leading to the expression of the aberrant transcription factor EWS-FLI13. 

Despite this specific genetic aberration having been known for more than two decades, attempts 

to engineer a genetic animal model have failed so far4. The main obstacle is the still elusive cell of 

origin of Ewing sarcoma, which prevents targeted expression of EWS-FLI1 in the correct and 

permissive cell type in vivo4. The lack of a genetic animal model adequately mimicking the disease 

is hampering the development of new therapeutic strategies. Alternatively, xenotransplantation 

of cell line or patient-derived human Ewing sarcoma cells into immune compromised mice has 

been successfully applied to characterize Ewing sarcoma tumor cells in vivo and to identify novel 

treatment strategies5-8. However, mouse xenografts are laborious and costly to establish 

preventing their broad application in drug screening. In recent years, zebrafish (Danio rerio) 

tumor cell xenotransplantation has emerged as a complementary system to mouse xenografts9-

14. In particular, xenografts in transparent zebrafish embryos and larvae offer an opportunity for 

in vivo live imaging of tumor cell proliferation and migration in an intact transparent organism. 

Furthermore, phenotypic drug testing is fast, technically easy, and cost-efficient in zebrafish 

xenograft models as small compounds can be administered directly into the water surrounding 

the larvae in 96-well format15,16. Ewing sarcoma cell lines have previously been transplanted into 

the yolk of zebrafish embryos and these xenografts have been applied to evaluate anti-tumor 

effects of selected compounds17,18. 

In this study, we investigated the suitability of larval zebrafish Ewing sarcoma xenografts for 

automated high-througput in vivo compound testing. We show that Ewing sarcoma cells 

transplanted into the perivitelline space of zebrafish larvae, a xenograft site alternative to the 

yolk, persist, proliferate and form vascularized aggregates resembling small tumors. Furthermore, 
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we established a workflow for automated image acquisition, tumor recognition and tumor size 

quantification of xenografted zebrafish in 96-well format. Our setup allowed us to test the in vivo 

efficacy of compounds with previously reported in vitro activity against Ewing sarcoma cells. We 

were able to identify combination treatments, which showed enhanced efficacy in our xenograft 

model. Especially, combining two anti-apoptotic protein inhibitors, S63845 (inhibiting MCL-1) and 

A-1331852 (inhibiting BCL-XL), could efficiently eliminate tumor cells. Efficacy of this drug 

combination was also confirmed on zebrafish xenografts with a second cell line and patient-

derived Ewing sarcoma cells. Furthermore, transcriptional analysis revealed that MCL-1 and BCL- 

XL are anti-apoptotic proteins broadly expressed across Ewing sarcoma cell lines and tumors, 

suggesting that their combined inhibition promises to be a widely applicable strategy for Ewing 

sarcoma treatment.  

 

Results 

Ewing sarcoma cells survive and proliferate in zebrafish xenografts 

In order to establish Ewing sarcoma xenografts in zebrafish, we first investigated if SK-N-MC cells 

can survive and proliferate in zebrafish embryos upon xenotransplantation at 2 days post 

fertilization (dpf). We used a GFP expressing sub-clone (shSK-E17T) that carries a doxycycline-

inducible shRNA to EWS-FLI1, allowing for modulation of the driver oncogene19. We initially 

compared two common injection sites, yolk and perivitelline space (PVS) and observed consistent 

growth of shSK-E17T cells in the PVS, whereas cell numbers decreased in the yolk already after 

24 hours post injection (hpi) (Fig. S1). Thus, we applied PVS injection for all subsequent 

xenotransplantation experiments. At 2 hpi, we found tumor cells to be dispersed at the injection 

site, but to form a compact mass by 1 day post injection (dpi), with an increase in size over 

subsequent days (Fig. 1A). Ki67 and activated Caspase 3 immunofluorescence staining from 2 hpi 

up to 7 dpi confirmed that shSK-E17T proliferate in zebrafish embryos/larvae and that only few 

tumor cells undergo apoptosis (Fig. 1B-C, Fig. S2). This indicated that shSK-E17T are a suitable 

tumor cell line for establishing Ewing sarcoma xenografts in zebrafish.  
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Figure 1: shSK-E17T Ewing sarcoma zebrafish xenografts 
A) Zebrafish xenografted with GFP-expressing shSK-E17T Ewing sarcoma cells (green) imaged on a fluorescence 
microscope over consecutive days from 2 hpi to 3 dpi. B) Immunostaining for human Ki67 revealing proliferating 
tumor cells and C) for cleaved Caspase 3 demarcating apoptotic cells at different time points from 2 hpi to 3 dpi. (B, 
n: 2 hpi = 5, 1 dpi = 7, 2 dpi = 5, 3 dpi = 6); (C, n: 2 hpi = 6, 1 dpi = 8, 2 dpi = 5, 3 dpi = 7). Scale bars are 250 µm in A 
and 50 µm in B and C. 

 

Establishing automated imaging and quantification of zebrafish xenografts 

In order to screen small compounds for tumor-growth-inhibiting effects at medium to high-

througput, we next sought to automate image acquisition and image analysis of xenografted 

zebrafish larvae enabling reproducible quantification of tumor sizes at different time points. We 

applied a high-content imager (Operetta CLS, PerkinElmer) for automated image acquisition of 

xenografted zebrafish larvae in 96-well format. To ensure proper positioning for lateral imaging 

and to minimize imaging time, we used 96-well imaging plates with predefined slots for zebrafish 

larvae (ZF plates, Hashimoto) (Fig. 2A). 

This setup allowed us to record images of anesthetized xenografted larvae in bright field and 

fluorescence at higher throughput once per day for 4 consecutive days from 1 dpi to 4 dpi (n = 

15) (Fig. 2B). Typical imaging time for one plate with 96 larvae was around 60 minutes (23 planes 

per larva, bright field and one fluorescent channel in confocal mode).   
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To automate tumor cell detection and quantification of the size of the tumor cell cluster, we 

customized an analysis module within the Harmony software (PerkinElmer) for our specific 

application in zebrafish. We found that footprint projection to measure the tumor area delivered 

the most precise and reproducible results across many xenografted zebrafish. Consistent with our 

Ki67 immunostaining results, measuring the tumor size with this analysis module revealed a 

significant increase from 1 dpi to 4 dpi (RM one-way ANOVA, p ≤ 0.0001), but also between each 

measured time point (p ≤ 0.001 throughout), confirming that tumor cells are proliferating in our 

zebrafish xenografts (Fig. 2B-C).  

 

Figure 2: Automated imaging and tumor size quantification of xenotransplanted zebrafish larvae 
 A) Schematic representation of the imaging workflow: Xenotransplanted larvae were anesthetized, embedded in 96-
well ZF plates (1 larva/well) and imaged in brightfield (BF) and fluorescence on the Operetta high-content imager 
(PerkinElmer). B) Representative images of shSK-E17T zebrafish xenografts imaged on consecutive days (1 dpi - 4 
dpi), automated tumor detection and tumor area quantification. C) Measured tumor size areas from 1 dpi to 4 dpi (n 
= 15). Scale bar in B is 250 µm. Statistical analysis in C was performed with a repeated measure (RM) one-way ANOVA, 
****: p≤0.0001, ***: p≤0.001. Error bars represent SEM of 15 individual larvae. 
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Automated small compound testing in Ewing sarcoma zebrafish xenografts 

Having established a xenograft model, an imaging setup and an analysis method, which enabled 

us to quantify tumor sizes over several consecutive days in an automated way prompted us to 

apply this assay for screening small compounds for anti-tumor activity in Ewing sarcoma. Here, 

we decided to focus on compounds, which had previously shown in vitro efficacy against Ewing 

sarcoma cell lines. We also included compounds, which are clinically applied like doxorubicin or 

irinotecan and we added venetoclax to investigate the role of different anti-apoptotic proteins. 

In total, we tested 16 compounds (see Table S1). 

We first identified a maximum concentration for each compound without any apparent adverse 

morphological effect, like edema, malformations, or lethality (Table S1). This “no observed effect 

concentration” (NOEC) was determined by treating zebrafish larvae incubated from approx. 76 

hpf to 5 dpf to best mimic the actual drug treatment period of xenografted zebrafish.  Next, we 

tested all 16 compounds at maximum NOEC on xenografted zebrafish for their in vivo anti-Ewing-

sarcoma efficacy. For this, shSK-E17T cells were injected into zebrafish embryos at 48 hpf. An 

image of the xenografted larvae was recorded at 1 dpi on the high-content imager. Subsequently, 

the respective compounds were administered to the water surrounding the xenografted larvae. 

Larvae were incubated in compounds or in respective concentrations of DMSO for 2 days and an 

image of each larva was again recorded at 3 dpi (Fig. 3A). The tumor area was quantified and its 

size at 3 dpi was compared to the size at 1 dpi for each treated larva. 

Out of the 16 tested compounds, 4 showed an effect on tumor growth. A strong decrease in tumor 

size was observed upon treatment with the topoisomerase I inhibitor irinotecan (-35% on 3 dpi 

compared to 1 dpi ; control group 123% increase) (Fig. 3B). Furthermore, treatment with the MCL-

1 inhibitor S63845 (10 µM) reduced tumor growth to 18% (control group 96% increase) (Fig. 3C). 

The BCL-XL inhibitor A-1331852 (10 µM) reduced tumor size by -5% (control group 65% increase) 

(Fig. 3D). YK-4-279, an inhibitor reported to block the interaction between EWS-FLI1 and RNA 

helicase A decreased tumor growth to 62% (control group 134% increase) (Fig. 3E)20,21.  
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Figure 3: Single agent treatment of xenotransplanted larvae  
A) Schematic representation of the workflow - Zebrafish embryos were xenotransplanted with shSK-E17T Ewing 
sarcoma cells at 2 dpf. After 24 hours (1 dpi) embryos were imaged on the Operetta CLS and subsequently incubated 
in respective amounts of small compounds. After 48 hours (3 dpi) larvae were imaged again and changes in tumor 
size were analyzed. B-E) Xenotransplanted larvae were treated with irinotecan (100 µM, B), S63845 (10 µM, C), A-
1331852 (10 µM, D) and YK-4-279 (10 µM, E) for 48 hours (1 dpi - 3 dpi). Dot plots show relative changes of tumor 
area (3 dpi/1 dpi). Waterfall plots (right panels, one bar per zebrafish) total change in tumor area (3 dpi - 1 dpi). Scale 
bar is 250 µm. Statistical analyses were performed with a Mann-Whitney test, ****: p≤0.0001, ***: p≤0.001. Error 
bars represent SEM of combined larvae from two independent experiments. 

 

Titration experiments with S63845, A-1331852, YK-4-279, and irinotecan confirmed that the 

observed effects on tumor growth were dose-dependent. All other tested compounds did not 

show any significant effect in our in vivo model (Fig. S3). 

 

Identification of effective combination treatments 

We next investigated combinations of compounds with single agent efficacy (S63845, A-1331852, 

YK-4-279 and irinotecan) for potential synergistic effects. First, we determined NOECs for all 

possible combinations (Table S2) and then tested compound combinations at maximum NOEC on 

shSK-E17T zebrafish xenografts following the same workflow as for single compound treatments. 

While combining YK-4-279 (5 µM) with irinotecan (5 µM) or A-1331852 (10 µM) had no additional 

effect (Fig. S4), a combination of YK-4-279 (5 µM) and S63845 (5 µM) could further reduce tumor 

size (-31.1 %) than single compounds alone (DMSO control: 107.7%; S63845 (5 µM) 44.1 %; YK-4-

279 (5 µM) 35 %)  (Fig. 4). The combinations of irinotecan (5 µM) with either S63845 (5 µM) or A-

1331852 (10 µM) showed strong enhanced average reduction of tumor size (irinotecan (5 µM)/ 

S63845 (5 µM) -45.8%; irinotecan (5 µM)/ A-1331852 (10 µM) -49 %)  (Fig. 4). Combining S63845 

(5 µM) with A-1331852 (10 µM) was able to fully eradicate Ewing sarcoma tumor cells in our 

xenograft setting with no apparent adverse effects (Fig. 4). Dual inhibition of MCL-1 and BCL-XL 

was thus identified as a powerful strategy for Ewing sarcoma treatment in our model.  
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Figure 4: Combination treatments of xenotransplanted larvae  
Xenotransplanted larvae were treated with A-1331852 (10 µM), S63845 (5 µM), Irinotecan (5 µM), YK-4-279 (5 µM) 
and respective combinations for 48 hours (1 dpi - 3 dpi). A) Representative images for average change in tumor size 
for every condition. B) Relative change of tumor area (3 dpi/1 dpi). C) Mean absolute tumor sizes and percent 
changes. Scale bar is 250 µm. Significance is shown as followed: Single treatments were compared to DMSO control. 
Combination treatments were compared to respective single treatments (top value indicates comparison to first 
compound, bottom value indicates comparison to second compound). Statistical analyses were performed with a 
Kruskal-Wallis test, ****: p≤0.0001, ***: p≤0.001, **: p≤0.01. Error bars represent SEM of combined larvae from two 
independent experiments. 
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Combination treatments are able to eradicate Ewing sarcoma cells with lowered EWS-FLI1 
expression levels  

Heterogeneity among tumor cells is one factor underlying selective responses to therapy. 

Fluctuations in EWS-FLI1 levels have been postulated to contribute to Ewing sarcoma plasticity in 

patients and it has been demonstrated that in vitro modulation of EWS-FLI1 levels can switch 

Ewing sarcoma cells from a proliferative to a migratory/invasive phenotype with enhanced 

metastatic potential in vivo19,22. Cells expressing low levels of EWS-FLI1 are believed to contribute 

to resistance to standard therapy and might be responsible for relapse as they can switch back to 

the more proliferative state leading to tumor colonization at metastatic sites. In order to 

investigate, if any of the four effective compound combinations would also target EWS-FLI1low 

cells, we took advantage of the inducible EWS-FLI1 knockdown system in shSK-E17T cells19. Upon 

treatment with doxycycline, shSK-E17T cells expressed a small hairpin (sh)RNA targeted against 

the EWS-FLI1 transcript leading to ~42% knockdown of the fusion protein (Fig. S5A). Indeed, we 

observed a significant decrease in tumor growth from 1 dpi to 3 dpi upon EWS-FLI1 knockdown 

compared to control xenografts (Fig. S5B), which is in line with a decrease in proliferation under 

lower EWS-FLI1 levels. An increase in migration was however not observed during our 4 day assay. 

In this xenograft setting with reduced EWS-FLI1 levels, the combination of YK-4-279 (5 µM) and 

S63845 (5 µM) could not reduce tumor size further than YK-4-279 (5 µM) alone. However, 

irinotecan (5 µM) with S63845 (5 µM) or with A-1331852 (10 µM) still showed increased efficacy 

over single compound treatment. Finally, the combination of S63845 (5 µM) with A-1331852 (10 

µM) remained most effective, eradicating all tumor cells in 26 out of 32 xenografts (Fig. 5). Thus, 

also under reduced EWS-FLI1 levels, dual MCL-1 and BCL-XL inhibition is highly effective in our 

model. 
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Figure 5: Combination treatments of xenotransplanted larvae in EWS-FLI1low conditions 
A) Schematic representation of the workflow: shSK-E17T cells were pre-treated with doxycycline for 7 days in culture 
to induce knockdown of EWS-FLI1. Xenotransplanted embryos were incubated in E3 with doxycycline over the course 
of the experiment. Embryos were treated with A-1331852 (10 µM), S63845 (5 µM), irinotecan (5 µM), YK-4-279 (5 
µM) and respective combinations for 48 hours (1 dpi - 3 dpi). B) Representative images for average change in tumor 
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size for every condition. C) Relative change of tumor area (3 dpi/1 dpi). D) Mean absolute tumor sizes and percent 
changes.  
Scale bar is 250 µm. Significance is shown as followed: Single treatments were compared to DMSO control. 
Combination treatments were compared to respective single treatments (top value indicates comparison to first 
compound, bottom value indicates comparison to second compound). Statistical analyses were performed with a 
Kruskal-Wallis test, ****: p≤0.0001, ***: p≤0.001, *: p≤0.05. Error bars represent SEM of combined larvae of two 
independent experiments. 

 

Validation of combination treatments  

In order to investigate whether the vulnerability towards our identified combination treatments 

was specific to the shSK-E17T cell line, we repeated combination treatments on zebrafish 

xenografted with a second Ewing sarcoma cell line, A673-1c, modified to express tagRFP for 

visualization on the high-content imager19. Similar to shSK-E17T xenografts, A673-1c cells formed 

tumors, which increased in size over 3 days. However, A673-1c proliferated less with a mean 1.45-

fold increase in tumor size from 1 dpi to 3 dpi compared to a 2.1-fold increase of shSK-E17T cells. 

All three combination treatments were able to reduce tumor size in A673-1c xenografts and again 

MCL-1 and BCL-XL dual inhibition eradicated all tumor cells confirming our previous results (Fig. 

S6).  

We next also aimed at testing the most promising combination on Ewing sarcoma xenografts with 

patient-derived cells in zebrafish. For this, we established xenografts from patient-derived cells, 

which had been propagated in mouse PDXs7,8. After dissociation of tumor pieces and short-term 

in vitro culture, patient-derived cells were labeled with CellTrace™ Violet (ThermoFisher 

Scientific) and transplanted into 2 dpf old zebrafish embryos. Patient-derived tumor cells 

persisted in xenografted zebrafish over 3 days and we observed a 1.45-fold increase in tumor size 

from 1 dpi to 3 dpi comparable to A673-1c cells (Fig. 6). Co-treatment with S63845 (5 µM) and A-

1331852 (10 µM) fully eliminated all tumor cells in 55 out of 57 zPDXs confirming our previous 

results and suggesting a potential broad efficacy of this drug combination against Ewing sarcoma 

(Fig. 6).  
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Figure 6: Combination treatments in patient-derived cells  
Xenotransplanted larvae were treated with A-1331852 (10 µM), S63845 (5 µM), irinotecan (5 µM), and respective 
combinations for 48 hours (1 dpi - 3 dpi). A) Representative images for average change in tumor size for every 
condition. B) Relative change in tumor area (3 dpi/1 dpi). C) Mean absolute tumor sizes and percent changes.  
Scale bar is 250 µm. Significance is shown as followed: Single treatments were compared to DMSO control. 
Combination treatments were compared to respective single treatments (top value indicates comparison to first 
compound, bottom value indicates comparison to second compound). Statistical analyses were performed with a 
Kruskal-Wallis test, ****: p≤0.0001, **: p≤0.01, *: p≤0.05. Error bars represent SEM of combined larvae (n) of one 
experiment (single treatments) or two experiments (combinations). 
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MCL-1/BCL-XL dual inhibition as treatment strategy in Ewing sarcoma 

In order to gauge applicability of dual MCL-1 and BCL-XL inhibition for Ewing sarcoma treatment 

in general, we interrogated gene expression data from Ewing sarcoma tumors and cell lines 

obtained from the Treehouse Childhood Cancer Initiative23. In addition to MCL1 and BCL2L1 

(encoding BCL-XL), we checked the expression levels of the related anti-apoptotic genes BCL2, 

BCL2L2 (encoding BCL-w), and BCL2A1, as well as the major known effector genes BAK, BAX and 

BOK. We found consistent expression of MCL1, BCL2L1 and the major effector gene BAX across 

Ewing sarcoma samples and cell lines (Fig. 7). In contrast, other anti-apoptotic genes (BCL2, 

BCL2A1) and effector genes (BOK) were only detected at lower mRNA levels. In line with our 

experimental data, this suggested MCL-1 and BCL-XL to be major anti-apoptotic players in Ewing 

sarcoma, providing a rationale for their combined inhibition as therapeutic strategy. 

 

 

Figure 7: Expression analysis of anti- and pro-apoptotic genes across Ewing sarcoma samples 
Heatmap displaying normalized gene expression levels of anti-apoptotic genes MCL1, BCL2L1, BCL2L2, BCL2, and 
BCL2A1 as well as pro-apoptotic effectors BAX, BAK1, and BOK. Expression was analyzed in RNA-seq data across Ewing 
sarcoma cell lines (A-673, TC-71 CADO-ES1, SK-ES-1, RD-ES, MHH-ES-1 Hs 863.T and HS 822.T) and tumors. RNA-seq 
data were obtained from the Treehouse Childhood Cancer Initiative23. TPM, transcripts per million. 
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Discussion 

Larval zebrafish xenografts are gaining increasing attention in cancer research as a vertebrate 

model system complementary to mouse xenografts24. Due to their small size, transparency and 

ease of compound administration, zebrafish larvae are well suited for small compound 

screening16. Although, a proof-of-concept study demonstrated that high-content imaging can be 

applied for phenotype-based compound testing on zebrafish xenografts with leukemia cells 

(K562) injected into the yolk25, this approach has not been widely adopted subsequently and the 

potential of zebrafish xenografts for the discovery of new therapeutic compounds and in 

particular of effective compound combinations by automated high-throughput high-content 

screening has not been fully exploited yet.  

In this study, we generated Ewing sarcoma xenografts from two cell lines and patient-derived 

cells in zebrafish larvae and applied them as in vivo models for small compound screening. To 

increase the drug screening throughput, we established an automated workflow for image 

acquisition of xenografted zebrafish, tumor cell detection, and tumor size quantification using a 

high-content imager (Operetta CLS, PerkinElmer). The increased throughput achieved through 

this automation merited systematic analysis of more than 3,500 xenotransplanted zebrafish 

larvae in total and identified 3 drug combinations with high efficacy against Ewing sarcoma cells. 

With our current setup, around 12 small compounds can be tested on approximately 20 

xenografted zebrafish larvae per week in an academic setting – a throughput not achievable by 

most labs in mammalian xenograft models. 

Out of the 15 compounds with previously reported in vitro efficacy against Ewing sarcoma cells 

tested in our assay, we confirmed significant in vivo effects for irinotecan, S63845, A-1331852 and 

YK-4-279. The topoisomerase I inhibitor irinotecan has been investigated in several clinical trials 

e.g. together with temozolomide for Ewing sarcoma (see 

https://clinicaltrials.gov/ct2/results?cond=Ewing+Sarcoma&term=irinotecan&cntry=&state=&ci

ty=&dist=)26. A variant of YK-4-279 with improved bioavailability (TK216) has also entered clinical 

phase I trials (https://clinicaltrials.gov/ct2/show/NCT02657005?term=tk216&rank=1). However, 
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to date, efficacy against Ewing sarcoma cells of two anti-apoptotic protein inhibitors, S63845 

directed against MCL-1 and A-1331852 targeting BCL-XL had only been reported in vitro27.  

Inhibition of anti-apoptotic proteins is emerging as a promising strategy for cancer treatment. The 

tremendous success of the BCL-2 specific inhibitor venetoclax in the treatment of chronic 

lymphocytic leukemia encouraged the development of inhibitors for other anti-apoptotic 

proteins of the BCL-2 family like MCL-1 or BCL-XL
28. Cancer cells seem to be more primed for 

apoptosis than most healthy cells and often depend on anti-apoptotic proteins for survival29. In 

Ewing sarcoma, MCL-1 has been identified as a dependency protein in CRISPR screens, which is in 

good agreement with our drug testing results30,31.  

We show that combining irinotecan with either the MCL-1 inhibitor S63845 or the recently 

developed BCL-XL inhibitor A-1331852 shows increased efficacy over single agent treatment32. To 

our knowledge, S63845 has not been applied together with irinotecan for cancer treatment, but 

enhanced efficacy of irinotecan when combined with A-1331852 was reported in colorectal 

cancer xenografts in mouse32. A possible explanation for this effect is that most 

chemotherapeutics like DNA-damaging agents or other cytotoxic drugs produce cellular stress 

that leads to upregulation of pro-apoptotic proteins priming the cell for apoptosis, but are kept 

in check by anti-apoptotic proteins29. Inhibition of the relevant anti-apoptotic proteins may 

release this break.    

The most effective combination eradicating almost all tumor cells in our zebrafish xenografts with 

two Ewing sarcoma cell lines as well as with patient-derived Ewing sarcoma cells was dual MCL-1 

and BCL-XL inhibition with S63845 and A-1331852. Interestingly, high expression of BCL-XL has 

been reported as a predictive factor for MCL-1 inhibition resistance, indicating that BCL-XL can 

functionally compensate for MCL-133. Our gene expression analysis revealed that next to MCL-1, 

BCL2L1 (BCL-XL) is highly expressed across Ewing sarcoma samples. In good agreement with our 

in vivo results, exquisite sensitivity to combined MCL-1/BCL-XL inhibition was recently also 

reported for a larger panel of solid pediatric tumor cell lines in vitro, including two Ewing sarcoma 

cell lines, SK-ES-1 and A457327. 
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We also noticed different sensitivities for MCL-1 and BCL-XL inhibition in our three models. 

Xenografts with patient-derived cells were highly sensitive to MCL-1 inhibition (Fig. 6), whereas 

A673 xenografts showed sensitivity to BCL-XL inhibition (Fig. S6). This suggests, that dual MCL-

1/BCL-XL inhibition will cover this range of differing sensitivities to single compounds of Ewing 

sarcoma cells. Furthermore, shSK-E17T cells remained responsive to combined MCL-1/BCL-XL 

inhibition in xenografts upon knockdown of EWS-FLI1, indicating that lower EWS-FLI1 levels, as 

might occur during metastasis, do not lead to treatment escape of Ewing sarcoma cells. Together, 

this provides a rationale for dual inhibition of MCL-1 and BCL-XL for Ewing sarcoma treatment. So 

far, promising preclinical in vivo data for MCL-1/BCL-XL inhibition strategy is available for difficult-

to-treat melanoma in mouse xenografts with tolerable toxicity and for rhabdomyosarcoma using 

Kym-1 cells transplanted onto the chorioallantoic membrane of chicken eggs27,34. 

Although, anti-apoptotic protein inhibitors are in clinical trials for many adult tumor entities, their 

application for pediatric cancers needs very careful evaluation of potentially occurring toxicities 

due to cell death of normal tissues. It was previously reported that hematopoietic organs in adults 

are primed for apoptosis and hence show sensitivity to anti-apoptotic protein inhibition35. For 

example, thrombocytopenia is a known effect of systemic BCL-XL inhibition36. In contrast, cells in 

the brain are refractory to apoptosis in adults, but they seem to be sensitive at early 

developmental stages35. Nevertheless, BH3 profiling revealed that cells in the human brain 

transition from being primed for apoptosis to full apoptotic resistance around approximately 6 

years of age35. This indicates that potential brain toxicity might not preclude application of anti-

apoptotic protein inhibitors in older Ewing sarcoma patients. 

We did not observe adverse effects on zebrafish health in our short-term assay with anti-

apoptotic protein inhibitors S63845 and A-1331852 as single agents (10 µM) or in combination 

(S63845 5 µM; A-1331852 10 µM). However, from mouse studies it is known that S63845 has six-

fold higher affinity to human MCL-1 compared to murine MCL-1, hence observed toxicities vary 

between these species. Currently, it is unclear, if and how much S63845 affinities differ for human 

MCL-1 and its two zebrafish orthologs Mcl-1a and Mcl-1b and A-1331852 affinity for zebrafish 

BCL-XL is also unknown. From our own analysis, we observed adverse effects of S63845 and A-

1331852 at concentrations >10 µM in zebrafish larvae. Furthermore, S63845 showed efficacy in 
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a zebrafish acute lymphoblastic leukemia model, clearly demonstrating that it does act on 

zebrafish MCL-1 orthologs37. 

In conclusion, we present a setup for high-content imaging-assisted compound screening on 

zebrafish Ewing sarcoma xenografts, which identified combined MCL-1 and BCL-XL inhibition to 

be highly effective against Ewing sarcoma cells. We anticipate that potential toxicities including 

thrombocytopenia can be overcome by dosing and timing as previously suggested29,38 and that 

dual MCL-1/BCL-XL inhibition should be further investigated towards potential clinical application 

in Ewing sarcoma. The zebrafish xenograft model together with automated imaging and image 

analysis as presented here promises to be a powerful system widely applicable for drug testing 

for human tumor entities bridging the gap between in vitro screening and mouse xenografts. 

Furthermore, by using patient-derived zebrafish xenografts9 this setup can be adapted for 

personalized medicine approaches to identify patient-tailored drug combinations within a 

clinically relevant timespan. 
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Materials & Methods 

Zebrafish strains and husbandry 

Zebrafish (Danio rerio) were maintained at standard conditions39,40 according to the guidelines of 

the local authorities under licenses GZ:565304-2014-6 and GZ:534619-2014-4. For 

xenotransplantation experiments transparent zebrafish mutants (mitfab692/b692; ednrbab140/b140) 

were used and experiments were performed under license GZ:333989-2020-4.  

Cell culture 

GFP expressing shSK-E17T cells19 were cultured in RPMI 1640 medium with GlutaMAXTM (Gibco, 

Thermo Fisher Scientific, USA) supplemented with 10% FBS and 1%  Penicillin-Streptomycin 

(10,000 U/ml, Gibco, thermos Fisher Scientific, USA) on fibronectin-coated plates. Knockdown of 

EWS-FLI1 in shSK-E17T cells was performed by shRNA induction by addition of 1 μg/ml 

Doxycycline (Sigma-Aldrich, USA) for 7 days pre-transplantation. 

TagRFP expressing A673-1c cells19 were cultured in DMEM with GlutaMAXTM (Gibco, Thermo 

Fisher Scientific, USA) supplemented with 10% FBS, 1% Penicillin-Streptomycin, 10 µg/ml 

Balsticidin (InvivoGen, USA) and 50 µg/ml Zeocin (InvivoGen, USA).  

Primary Ewing sarcoma cells were obtained from a mouse patient-derived xenograft (IC-pPDX-

87). Animal care and use for this study were performed in accordance with the recommendations 

of the European Community (2010/63/UE) for the care and use of laboratory animals. 

Experimental procedures were specifically approved by the ethics committee of the Institut Curie 

CEEA-IC #118 (Authorization APAFIS#11206-2017090816044613-v2 given by National Authority) 

in compliance with the international guidelines. Written informed consent allowing generation of 

PDX models was obtained. 

Tumor pieces were dissociated according to Stewart et al. and PDX-87 cells were short-term 

cultured (<5 passages) in DMEM/F-12 with GlutaMAXTM (Gibco, Thermo Fisher Scientific, USA) 

supplemented with 1% B-27 (50X, Gibco, Thermo Fisher Scientific, USA) and 1% Penicillin-

Streptomycin41. All cells were kept in an atmosphere with 5% CO2 at 37°C. At 90% confluence cells 

were passaged using Accutase (Pan Biotech, Germany).  
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Preparation of cells for transplantation 

To prepare shSK-E17T and A673-1c Ewing sarcoma cells for xenotransplantation cells were 

harvested with Accutase. After centrifugation (5 min, 500 g, 4°C) the pellet was resuspended in 

PBS supplemented with 2% FBS and put through a 35 µm cell strainer (5 ml polystyrene round 

bottom tubes with cell strainer cap, Corning, USA) to remove cell clumps. The total cell number 

was determined using a Coulter Counter (Z2, Beckman Coulter, USA). Cells were then centrifuged 

again, resuspended to a concentration of 100 cells/nl in PBS and kept on ice until transplantation.  

To prepare PDX-87 cells for xenotransplantation cells were harvested with Accutase and counted. 

After centrifugation cells were resuspended at a concentration of 1*106 cells/ml in PBS. 

CellTraceTM Violet (Invitrogen, Thermo Fisher Scientific, USA) was added to a final concentration 

of 5 µM. Cells were incubated with CellTraceTM Violet for 10 minutes at 37°C in the dark. 5 volumes 

of DMEM supplemented with 10% FBS were added and suspension was incubated for additional 

5 min. After centrifugation (5 min, 500 g, 4°C) cells were resuspended in fresh DMEM 

supplemented with 10% FBS and incubated for 10 minutes in the dark. Finally, cells were put 

through a 35 µm cell strainer and total cell number was determined. Cells were then centrifuged 

again, resuspended to a concentration of 100 cells/nl in PBS and kept on ice until transplantation. 

Xenotransplantation 

mitfab692/b692; ednrbab140/b140 embryos were raised until 2 dpf at 28°C, dechorionated and 

anesthetized with 1x Tricaine (0.16 g/l Tricaine (Cat No. E1052110G, Sigma-Aldrich Chemie GmbH, 

Germany), adjusted to pH 7 with 1M Tris pH 9.5, in E3). For transplantation anesthetized larvae 

were aligned on a petri dish lid coated with a solidified 2% agarose solution as described 

previously42.  

For injection of tumor cells, borosilicate glass capillaries (GB100T-8P, without filament, Science 

Products GmbH, Germany) pulled with a needle puller (P-97, Sutter Instruments, USA) were used. 

Needles were loaded with ~5 µl of tumor cell suspension, mounted onto a micromanipulator 

(M3301R, World Precision Instruments Inc., Germany) and connected to a microinjector 

(FemtoJet 4i, Eppendorf, Germany). Ewing sarcoma cells were injected into the perivitelline space 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 17, 2021. ; https://doi.org/10.1101/2021.06.17.448794doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.17.448794


22 
 

(PVS) of zebrafish larvae. Xenotransplanted larvae were sorted for larvae, which only show tumor 

cells in the PVS at 2 hours post injection (hpi) and subsequently kept at 34°C.  

Immunoblotting 

Protein extraction and immunoblotting was performed according to standard procedures with 

primary antibodies against FLI1 (1:500, rabbit, ab15289, abcam, UK) and GAPDH (1:5000, rabbit, 

5174S, Cell Signaling, UK) and secondary antibody α-rabbit (1:5000, goat anti-rabbit IgG 

DyLight800 SA5-35571, Invitrogen, USA). Signal detection was performed with the LI-COR 

Odyssey Infrared Imaging System (LI-COR Bioscience, USA). 

Whole mount immunostaining 

Xenotransplanted larvae were fixed in 4% PFA/PBS over night at 4°C. On the following day, larvae 

were washed once with PBS and then gradually transferred to 100% MetOH to be stored at -20°C 

until immunostaining. For immunostaining, larvae were gradually transferred back to PBS. After 

washing with PBSX (PBS with 0.1% Triton X- 100) and washing with distilled water, larvae were 

incubated in acetone (7 min, -20°C). Larvae were blocked for 1 hour in PBDX (PBS with 0.1% Triton 

X-100, 0.1 g/l BSA, 0.1% DMSO) supplemented with 15 µl goat serum (GS) (normal donor herd, 

Sigma-Aldrich, USA) per ml PBDX. Primary antibodies against Ki-67 ((8D5) mouse primary mAb 

#9449, Cell signaling Technology, USA) and Cleaved Caspase 3 ((D175) primary antibody, Cell 

Signaling Technology, USA) were diluted 1:400 and 1:100 in PBDX+GS, respectively. Larvae were 

incubated in primary antibody solution over night at 4°C. On the next day, larvae were washed 4x 

in PBDX. Secondary antibodies Alexa 568 anti-mouse (A-11019, Invitrogen, USA) and Alexa 568 

anti-rabbit (A-21069, Invitrogen, USA) were diluted 1:500 in PBDX+GS. Larvae were incubated in 

secondary antibody solution for 1 hour. From this point on all steps were carried out in the dark. 

Larvae were washed 2x with PBDX and 1x with PBS, followed by an incubation in 4% PFA for 5 

minutes. Larvae were then washed 3x with PBS, transferred to Dako Fluorescence Mounting 

Medium (Dako, Agilent, USA) and stored at 4°C until imaging.  

Imaging 

Larvae were anesthetized in 1x Tricaine. Fluorescent images were acquired using an Axio 

Zoom.V16 fluorescence stereo zoom microscope with an Axiocam 503 color camera from Zeiss 
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(Zeiss, Germany). Images were acquired using the image software ZEN (Zeiss, Germany). For 

confocal imaging fixed and immunostained larvae were embedded in 1.2% ultra-low gelling 

agarose (Cat. No. A2576-25G, Sigma-Aldrich Chemie GmbH, Germany) in a glass bottom imaging 

dish (D35-14-1.5-NJ, Cellvis, Mountain View, USA) as previously described43. Images were 

acquired using a SP8 X WLL confocal microscope system (Leica, Germany). 

Automated imaging and quantification 

For automated imaging, larvae were anesthetized in 1x Tricaine and embedded in a 96-well ZF 

plate (Hashimoto Electronic Industry Co, Japan) with 0.5 % ultra-low gelling agarose (Cat. No. 

A2576-25G, Sigma-Aldrich Chemie GmbH, Germany). The Operetta CLS high-content imager 

(PerkinElmer, USA) was used for image acquisition: 5x air objective, Brightfield (40 ms, 10%), GFP 

(excitation: 460-490 nm at 100%, emission: 500-550 nm for 400 ms), tagRFP (excitation: 530-560 

nm at 100%, emission: 570-650 nm for 400 ms), CellTrace Violet (excitation: 390-420 nm at 100%, 

emission: 430-500 nm for 600 ms). 23 planes with a distance of 25 µm were imaged per field. 

Tumor size was quantified with the Harmony Software 4.9 (PerkinElmer, USA). The area of the 

tumor projected along the z-axis onto the x-y-plane (“footprint area”) was used for further 

analysis. 

Compound treatment 

For drug screening experiments, shSK-E17T Ewing sarcoma cells were transplanted into the PVS 

of 2 dpf old zebrafish larvae. Tumor cells were allowed to grow for 24 hours to form a compact 

tumor mass at the injection site. Xenotransplanted larvae were imaged at 1 dpi in the Operetta 

CLS and then transferred to fresh E3 embryo medium containing respective compounds at NOEC 

concentrations. All used compounds were purchased from MedChemExpress (Sweden): 

Table 1: Catalog numbers of compounds 

Name Cat. No. 

Vincristine sulfate HY-N0488 

Irinotecan HY-16562 
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Doxorubicin HY-15142A 

Temozolomide HY-17364 

Obatoclax mesylate HY-10969 

Venetoclax HY-15531 

S63845 HY-100741 

A-1331852 HY-19741 

Romidepsin HY-15149 

Trichostatin A HY-15144 

YK-4-279 HY-14507 

Midostaurin HY-10230 

Olaparib HY-10162 

BMS-754807 HY-10200 

 

Compound treatment was performed for 48 hours. At 3 dpi larvae were imaged again post-

treatment using the Operetta CLS.  

Gene expression analysis 

Pre-processed and normalized gene expression data from cancer cell lines (Cell Line Compendium 

v2 [December 2019]) and patient samples (Tumor Compendium v11 Public PolyA [April 2020]) 

were obtained from the Treehouse Childhood Cancer initiative23 and processed using R (v 3.6.3) 

using standard function and the pheatmap package. We selected all Ewing-sarcoma-related 

samples by searching the associated metadata (columns: “disease”, “Histology”, “Source sample 

ID”). Only samples from data sources with at least two Ewing sarcoma samples were considered.  
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Statistical analysis 

Statistical analysis was performed with Prism 8 (Version 8.3.0, Graphpad, USA). Normal 

distribution of data was tested with a D'Agostino & Pearson normality test. According to this 

either parametric tests (student’s t-test or ANOVA) or non-parametric tests (Mann-Whitney test 

or Kruskal-Wallis test) were performed. The applied analysis method is always indicated in the 

figure legends of the respective graphs. 
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