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2 

ABSTRACT: 19 

Pediatric malignancies frequently harbor chromosomal translocations that induce expression of fusion 20 

oncoproteins.  The EWSR1-FLI1 fusion oncoprotein acts as a neomorphic transcription factor and is the 21 

dominant genetic driver of Ewing’s sarcoma.  Interrogation of the mechanisms by which EWSR1-FLI1 22 

drives tumorigenesis has been limited by a lack of model systems to precisely and selectively control its 23 

expression in patient-derived cell lines and xenografts.  Here, we report the generation of a panel of 24 

patient-derived EWS cell lines in which inducible protein degrons were engineered into the endogenous 25 

EWSR1-FLI1 locus.  These alleles enabled rapid and efficient depletion of EWSR1-FLI1.  Complete 26 

suppression of EWSR1-FLI1 induced a reversible cell cycle arrest at the G1-S checkpoint, and we identified 27 

a core set of transcripts downstream of EWSR1-FLI1 across multiple cell lines and degron systems.  28 

Additionally, depletion of EWSR1-FLI1 potently suppressed tumor growth in xenograft models validating 29 

efforts to directly target EWSR1-FLI1 in Ewing’s sarcoma.  30 
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INTRODUCTION 34 

Fusion oncoproteins often act as singular drivers of tumor formation and maintenance in pediatric 35 

malignancies1,2.   As such, these fusion proteins represent ideal targets for therapy, and exceptional 36 

responses have been observed across diverse malignancies driven by fusions encoding classically 37 

druggable proteins such as kinases3–5.  However, many fusions encode proteins that act as neomorphic 38 

transcription factors, and therapeutic targeting of these proteins remains a challenge for drug discovery6.  39 

Ewing’s sarcoma (EWS), the second most common pediatric bone cancer, is characterized by the 40 

translocation of amino-terminal sequences of the RNA binding proteins EWSR1, FUS, or TAF15 with 41 

carboxy-terminal sequences that encode the DNA binding domain of an E-twenty six (ETS) transcription 42 

factor, most frequently FLI17.  The EWSR1-FLI1 fusion occurs in approximately 90% of EWS cases, and 43 

tumor genome sequencing efforts have identified few cooperating driver mutations8–10.  These genetic 44 

studies suggest that EWSR1-FLI1 acts as the dominant, if not exclusive, driver of tumor initiation and 45 

growth in EWS.  EWSR1-FLI1 therefore represents an ideal target for therapy.  However, to date, viable 46 

small molecules have not been developed that directly or indirectly impair the function of EWSR1-FLI111. 47 

Since the discovery of EWSR1-FLI, investigators have sought to understand the mechanisms by 48 

which EWSR1-FLI1 initiates and drives tumorigenesis.  Multiple independent studies have demonstrated 49 

that EWSR1-FLI1 binds to GGAA repeats within microsatellite sequences and induces transcriptional 50 

activation of neighboring genes12–16. Transcriptional activation by EWSR1-FLI1 is essential for the 51 

oncogenic function of the fusion13.  Multiple studies have sought to understand the consequences of 52 

EWSR1-FLI1 suppression in EWS cell lines using RNA interference (RNAi) methods. These studies have 53 

reported varying phenotypes following suppression of EWSR1-FLI1 including no impact on proliferation, 54 

cell cycle arrest, senescence, or apoptosis even when using the same cell lines 17–23.  For example, Smith 55 

et al. reported inhibition of soft agar colony formation, but no suppression of proliferation following 56 

knockdown of EWSR1-FLI1 in the A673 EWS cell line19.  In contrast, Prieur et al. reported cell cycle arrest 57 

and apoptosis following EWSR1-FLI1 knockdown in A673 cells17.  Which phenotypes represent on- or off- 58 

target effects of RNAi, or depend on the timing and/or completeness of EWSR1-FLI1 suppression remains 59 

unresolved.   60 

A more recent study observed cell cycle arrest and apoptosis using CRISPR-Cas9 to delete regions 61 

including the junction of EWSR1 and FLI1.  However, whether these phenotypes were induced by DNA 62 

damage or sgRNA off-target effects was not completely established24.   Another study developed a system 63 

in which exogenous EWSR1-FLI1 fused to a degradation tag (dTag) was expressed in EWS cells in which 64 
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endogenous EWSR1-FLI1 was subsequently genetically deleted25.  While this system enabled specific 65 

depletion of EWSR1-FLI1 protein, phenotypes associated with EWSR1-FLI1 depletion were not reported. 66 

Here we report the generation of a panel of patient-derived EWS cell lines in which we engineered 67 

orthogonal inducible protein degrons into the endogenous EWSR1-FLI1 locus.  We employ these model 68 

systems to identify phenotypes following rapid and complete EWSR1-FLI1 depletion including cell cycle 69 

arrest, gene expression alterations, and potent suppression of EWS xenograft growth.  70 

 71 

RESULTS 72 

Degron tags enable depletion of endogenous EWSR1-FLI1 73 

To identify phenotypes associated with EWSR1-FLI1 depletion in EWS, we developed an endogenous allele 74 

of EWSR1-FLI1 in the A673 cell line in which the auxin inducible degron (AID) was fused to the C-terminus 75 

of EWSR1-FLI1 using CRISPR/Cas9-mediated homologous recombination (Figure 1A, S1A).  We successfully 76 

targeted AID into the EWSR1-FLI1 locus in the A673 cell line (referred to as A673 EFAID).  The TIR1 E3 ligase 77 

from plants enables auxin (indoleacetic acid, IAA)-regulated proteasomal targeting of AID-tagged 78 

proteins26.   We expressed Oryza sativa (rice) TIR1 in wild-type and EFAID-targeted A673 cells using a 79 

lentiviral vector.  Treatment with IAA (100μM) induced complete (Figure 1B) and rapid (Figures 1C) 80 

degradation of endogenous EWSR1-FLI1-AID.  Additionally, the EWSR1-FLI1 depletion was reversible, as 81 

removal of IAA from culture media resulted in recovery of EWSR1-FLI1 expression after 24 hours (Figure 82 

1C).  We also expressed modified TIR1 mutants (F74A and F74G) in A673 EFAID cells to enhance the 83 

specificity of the AID system using potent chemically-modified auxin analogs27. Following expression of 84 

TIR1F74A or TIR1F74G in A673EF-AID cells we observed complete depletion of EWSR1-FLI1 with 300nM 5-Ph-85 

IAA (Figure S1B).  86 

We were not successful in targeting AID into the EWSR1-FLI1 locus in additional EWS cell lines 87 

including TC-32 and SK-N-MC.  Although we obtained clones that harbored the EWSR1-FLI1-AID allele, in 88 

every case the wild-type, non-targeted, EWSR1-FLI1 locus was duplicated, suggesting strong selective 89 

pressure against the AID fusion in TC-32 and SK-N-MC cell lines (data not shown).  Review of the literature 90 

suggested that A673 cells were less sensitive to RNAi-mediated suppression of EWSR1-FLI1 compared to 91 

other EWS cell lines19.  We hypothesized that EWSR1-FLI1-AID fusion represented a hypomorphic variant 92 

of EWSR1-FLI1 that was tolerated only in A673 cells. 93 

To develop degron EWSR1-FLI1 alleles in additional cell lines, we turned to the Small Molecule 94 

Assisted Shut-off (SMASh), a one-component system that was reported to enabled depletion of SMASh-95 

tagged proteins28.  The SMASh tag consists of a Hepatitis C viral (HCV) NS3 protease, NS3 cleavage 96 
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recognition sequence, and degron (Figure 1A). Following translation of the SMASh-tagged protein, the 97 

HCV NS3 protease rapidly cleaves the NS3 recognition sequence which separates the protein of interest 98 

from the C-terminal NS3 protease and degron, leaving only a small six amino acid C-terminal peptide on 99 

the protein of interest. Upon treatment with an HCV protease inhibitor, cleavage of the HCV NS3 protease 100 

and degron is blocked. Therefore, all newly translated protein remains linked to the C-terminal degron 101 

and is therefore degraded.  The kinetics of protein depletion represents a key difference between SMASh 102 

and AID.  Upon treatment with auxin, all AID-tagged protein is rapidly degraded.  In contrast, following 103 

treatment with NS3 inhibitors, the protein of interest that was already separated from the C-terminal 104 

degron is lost at its native half life. 105 

We hypothesized that the self-cleaving nature of the SMASh system, which leaves a small C-106 

terminal tag less likely to impair EWSR1-FLI1 function, would enable targeting of the degron into 107 

additional EWS cell lines.  Indeed, we successfully targeted the SMASh degron into the endogenous 108 

EWSR1-FLI1 locus in A673, TC-32, and SK-N-MC cells (Figure S1C-D). We utilized multiple targeting vectors, 109 

some of which included a C-terminal epitope tag (Table 1).  Interestingly, we obtained targeted TC-32 and 110 

SK-N-MC cells exclusively with constructs that omitted the epitope tags, similar to our experience 111 

targeting AID into these cell lines.  These findings were consistent with studies suggesting the C-terminal 112 

sequences of EWSR1-FLI1 contributed to the oncogenic function of the fusion, and again raised the 113 

possibility that larger C-terminal fusions compromised EWSR1-FLI1 function29,30.   114 

We treated EFSMASh cell lines with the HCV NS3 protease inhibitor danoprevir (1μM) and observed 115 

near-complete depletion of EWSR1-FLI1 at 24hrs, consistent with the reported half life of the EWSR1-FLI1 116 

fusion protein (Figure 1D, S1D)31.  We variably observed (compare Figure 1D and 1E) accumulation of a 117 

higher molecular weight FLI1 band following danoprevir treatment that was consistent with incomplete 118 

degradation of the retained SMASh tag on the EWSR1-FLI1 protein (EWSR1-FLI1-SMASh).  We confirmed 119 

the identity of the high molecular weight band by blotting for the Myc epitope tag engineered 120 

downstream of the NS3 cleavage site (Figure S1E). We did not detect a 30kDa band, the expected 121 

molecular weight of the cleaved HCV NS3 protease-degron tag, suggesting that depletion of the cleaved 122 

SMASh tag was more efficient than EWSR1-FLI1-SMASh.  We concluded that EWSR1-FLI1-AID and EWSR1-123 

FLI1-SMASh alleles enabled control of endogenous EWSR1-FLI1 levels in patient-derived EWS cell lines, 124 

albeit with different depletion kinetics. 125 

 126 

C-terminal AID tag on EWSR1-FLI1 does not disrupt DNA binding 127 
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Several groups have shown that EWSR1-FLI1 recognizes and binds GGAA motifs and GGAA repeats within 128 

microsatellite regions through its ETS DNA binding domain encoded in the C-terminal fusion partner FLI1 129 
14–16.  We performed CUT&RUN analysis of EWSR1-FLI1 binding in wild-type A673 and A673 EFAID;TIR1 cells 130 

to determine if the C-terminal AID tag impacted DNA binding.  Analysis of EWSR1-FLI1 peaks 131 

demonstrated that EWSR1-FLI1 and EWSR1-FLI1-AID bound highly overlapping regions (Figure 2A).  132 

Ranking the EWSR1-FLI1 peaks by intensity in the A673 parental line, we observed strong concurrence 133 

between FLI1 peaks in A673 and A673 EFAID ;TIR1F74A cell line (Figure 2B).   134 

We also performed binding site motif analysis of EWSR1-FLI1-bound peaks.  We observed similar 135 

enrichment of single GGAA (FLI1) and GGAA multimers within microsatellites (EWS:FLI) motifs in A673 and 136 

A673 EFAID cells (Figure S2A).  These datasets suggested that addition of the AID tag did not impair EWSR1-137 

FLI1 binding to DNA and suggested that the potential hypomorphic nature of C-terminal AID fusions were 138 

likely independent of direct DNA binding, consistent with prior studies reporting a DNA-binding-139 

independent function of the EWSR1-FLI1 C-terminal sequences29,30. 140 

We also utilized CUT&RUN to determine if 5-Ph-IAA induced efficient depletion of chromatin 141 

bound EWSR1-FLI1 in A673 EFAID;TIR1F74A cells. Following treatment with 300nM 5-Ph-IAA for 24 hours, we 142 

observed complete loss of EWSR1-FLI1 peaks (Figure 2B).  We manually reviewed datasets for several 143 

direct EWSR1-FLI1 target genes including NR0B1, NKX2-2, CCND1, and VRK1.  We observed strong EWSR1-144 

FLI1 peaks at these loci in parental A673 and A673 EFAID;TIR1F74A cell lines (Figure 2C, S2B).  Consistent with 145 

the global analysis of EWSR1-FLI1 peaks, and western blotting from whole cell lysates, complete loss of 146 

EWSR1-FLI1 peaks was observed following 5-Ph-IAA treatment.  We concluded that AID enabled efficient 147 

degradation of nuclear chromatin-bound EWSR1-FLI1-AID. 148 

 149 

EWSR1-FLI1 suppression induces G1-S cell cycle arrest 150 

We next sought to establish reliable phenotypes following acute loss of EWSR1-FLI1 in EWS cells.  We 151 

treated EFSMASh cell lines and wild-type parental cell lines with DMSO or danoprevir (1μM) for 6 days and 152 

monitored proliferation by cell counting.  Parental cell lines exhibited no change in proliferation in 153 

response to danoprevir.  In contrast, danoprevir reduced proliferation in EFSMASh cell lines (Figure 3A and 154 

S3A).  We also observed reduced proliferation following depletion of EWSR1-FLI1 in A673 EFAID cells 155 

following treatment with IAA.  In contrast, we did not observe a change in proliferation in wild-type A673 156 

expressing TIR1 (to assess for AID-independent, auxin-dependent TIR1 effects), or in A673 EFAID without 157 

TIR1 expression following IAA treatment (Figure 3B, S3B).  We noted a greater suppression of proliferation 158 

in TC32 EFSMASh and SKNMC EFSMASh cell lines following danoprevir treatment compared to A673 EFSMASh 159 
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and A673 EFAID which we suspected was consistent with less EWSR1-FLI1 dependence of A673 cells as 160 

discussed above.   161 

The variable retention of the EWSR1-FLI1-SMASh-degron high molecular weight protein following 162 

danoprevir treatment in EF-SMASh cell lines (See Figures 1C, S1C, 3C) raised the possibility that the 163 

suppression of cellular proliferation observed following EWSR1-FLI1 depletion could be due to dominant-164 

negative action of the retained EWSR1-FLI1-SMASh-degron.  We therefore generated TC32 EFSMASh cells 165 

that constitutively and exogenously expressed wild-type EWSR1-FLI1.  We observed near physiological 166 

levels of EWSR1-FLI1 in these cells (Figure 3C).  We treated cells with danoprevir (1μM) to induce depletion 167 

of endogenous EWSR1-FLI1-SMASh and followed cell proliferation for multiple cell doublings.   We 168 

observed rescued proliferation following depletion of endogenous EWSR1-FLI1 with danoprevir (Figure 169 

3D, S3C).  We concluded that loss of endogenous EWSR1-FLI1 was responsible for impaired proliferation 170 

in EFSMASh cell lines following danoprevir treatment, as opposed to a dominant-negative activity of retained 171 

high molecular weight EWSR1-FLI1-SMASh  protein. 172 

To characterize impaired proliferation following EWSR1-FLI1 depletion, we performed cell cycle 173 

analysis with propidium iodide.   A673EF-SMASh, TC-32EF-SMASh, and SKNMCEF-SMASh  and parental cell lines were 174 

treated with 1μM danoprevir treatment for 48 hours.  We observed an accumulation of cells in the G1-S 175 

phase following danoprevir treatment that was not observed in non-targeted parental cell lines cells 176 

(Figure 3E-F and Figure S3D).  The reproducibility of this phenotype across multiple cell lines suggested 177 

that cell cycle arrest at the G1-S checkpoint was responsible for reduced proliferation of EWS cells 178 

following EWSR1-FLI1 depletion. 179 

One study observed increased markers of cellular senescence following EWSR1-FLI1 suppression 180 

with siRNA18.  We leveraged the reversibility of SMASh and AID EWSR1-FLI1 degron systems following 181 

washout of danoprevir or IAA, respectively, to determine whether cell cycle arrest following EWSR1-FLI1 182 

depletion was reversible. We observed recovery of proliferation within 24 hours following the removal of 183 

danoprevir or IAA from the growth media of A673 EFSMASh and A673 EFAID;TIR1 cell lines (Figure S2E-F).  We 184 

concluded from these studies that EWSR1-FLI1 depletion induced a reversible cell cycle arrest as opposed 185 

to irreversible cellular senescence. 186 

 187 

Transcriptome profiling following EWSR1-FLI1 suppression identifies a core set of EWSR1-FLI1 regulated 188 

genes 189 

We next assessed the specificity and reproducibility of transcriptional programs following EWSR1-FLI1 190 

depletion across independent cell lines and degrons.  We performed transcriptome sequencing 24 hours 191 
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following depletion of EWSR1-FLI1 with danoprevir (1μM) in two independently generated A673 EFSMASh, 192 

TC-32 EFSMASh, and SKNMC EFSMASh cell lines (Figure 4A, Table S1).  These studies revealed transcriptional 193 

heterogeneity following EWSR1-FLI1 depletion in different cell lines (Figure 4B).  We compared 194 

transcriptional responses following EWSR1-FLI1 depletion in each of the SMASh cell lines to reported gene 195 

sets using Gene Set Enrichment analysis (GSEA)3233.  We consistently identified gene sets associated with 196 

suppression of EWSR1-FLI1 in EWS cell lines, or those in which EWSR1-FLI1 was exogenously expressed in 197 

mesenchymal progenitor cells (Table S2-S3).   198 

We hypothesized that transcriptional targets essential for the oncogenic function of EWSR1-FLI1 199 

would be conserved across cell lines.  We therefore defined an ‘EF core signature’ of up- (n = 242) and 200 

down- (n = 365) regulated transcripts following EWSR1-FLI1 depletion in A673, SK-N-MC, and TC-32 cells 201 

engineered with the SMASh degron (Figure 4B, Table S4).  We performed overrepresentation analysis 202 

using the EF core signature transcripts to identify pathways and processes associated with suppression of 203 

EWSR1-FLI1 function.  We again observed gene sets associated with modulation of EWSR1-FLI1 in EWS 204 

and mesenchymal progenitor cells, as well as several signatures associated with cancer cell proliferation, 205 

stemness, and invasiveness (Table S5-S6). 206 

We also performed transcriptome sequencing following EWSR1-FLI1 depletion in A673 EFAID and 207 

A673 EFSMASh cell lines to compare the SMASh and AID degron systems (Figure S4A).  Comparing transcripts 208 

with a 2-fold increase or decrease following degron induction, we observed a strong correlation between 209 

the two gene sets (R = 0.838, p = 3.29 X 10-161, Figure S4B).  These data suggested the dominant 210 

transcriptional alterations following depletion of EWSR1-FLI1 were driven by loss of the fusion protein as 211 

opposed to nonspecific alterations due to the individual degron systems or the chemical inducers of 212 

depletion (danoprevir or IAA). 213 

Finally, we profiled transcriptome dynamics following EWSR1-FLI1 suppression at 6, 12, and 24 214 

hours following administration of danoprevir (312nM) in A673 EFSMASh  and A673 WT cells (Table S7). We 215 

noted an approximately 6-hour half-life of EWSR1-FLI1 protein following treatment with danoprevir in 216 

A673 EFSMASh cells (Figure 1E).  We observed alterations in the EF core signature transcripts at 6hrs 217 

following danoprevir administration, suggesting a ~50% reduction in EWSR1-FLI1 protein was sufficient to 218 

impair EWSR1-FLI1 transcriptional function (Figure S4C, D).  This finding is consistent with other studies 219 

demonstrating that a narrow window of EWSR1-FLI1 expression level is required for oncogenic 220 

function34,35.  We noted increased amplitude of EF core signature transcript levels at 12- and 24-hour 221 

timepoints (Figure S2C-D).  Finally, analysis of RNA sequencing datasets of A673 WT cells treated with 222 
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danoprevir demonstrated few nonspecific transcriptional changes highlighting the exceptional specificity 223 

of this degron system (Figure S4E-F). 224 

 225 

EWSR1-FLI1 is required for tumor growth in a xenograft model 226 

We evaluated whether SMASh- and AID- mediated EWSR1-FLI1 depletion was feasible in animal models 227 

using cell line xenografts.  Danoprevir was developed for treatment of hepatitis C, including optimization 228 

for concentration in liver36.  We were concerned the optimization of danoprevir for liver concentration 229 

would impair drug delivery to tumors.  We therefore examined danoprevir levels in immunodeficient mice 230 

bearing A673 EFSMASh xenograft.  After xenograft tumors reached >200 mm3 (range 234-450 mm3) 231 

danoprevir was administered by oral gavage at 30 mg/kg twice daily for 2 days.  Mice were sacrificed 3 232 

hours after the final dose and danoprevir levels in plasma, tumor and liver were determined by LC-MS/MS.  233 

Consistent with prior studies, we observed accumulation of danoprevir in the liver and very low 234 

concentration  in xenografts, suggesting the drug exposure in tumor models was below the concentration 235 

required for efficient SMASh-mediated EWSR1-FLI1 depletion (Figure S5A).  Indeed, we did not observe 236 

EWSR1-FLI1 depletion in tumor protein lysates following danoprevir treatment (data not shown).  237 

 We next evaluated AID-mediated EWSR1-FLI1 depletion in animal models. We established A673 238 

EFAID xenografts in immunodeficient mice, and initiated IAA treatment after tumors reached 400mm3.   IAA 239 

was administered at 200 mg/kg twice daily IP and animals were sacrificed after 9 doses.  We observed 240 

tumor regression in mice treated with IAA at 2 days or 4 doses (35% decrease in tumor volume) and 241 

sustained regression to the study endpoint of 5 days or 9 doses (57% decrease in tumor volume) (Figure 242 

S5B). IAA treatment was well tolerated, as we observed no change in mouse weight over the 9 doses 243 

(Figure S5C). To determine IAA tumor exposure mice were sacrificed at 6, 12, and 24 hours after the final 244 

dose of IAA. IAA concentrations were determined in the plasma and tumor by LC-MS/MS. We observed 245 

good exposure of IAA in the tumor and plasma at all time points tested (Figure S5D). Concentrations of 246 

IAA in tumors were above 558.8 ng/g (3.25 µM) 24 hours following the final dose.   247 

We treated an independent cohort of A673 EFAID xenograft-bearing animals with IAA to evaluate 248 

EWSR1-FLI1 protein depletion and extend analysis of the tumor response.  We also implanted A673 EFAID 249 

cells that lacked TIR1 expression to confirm IAA treatment did not impact tumor growth in an AID-250 

independent manner.  Tumor bearing mice were treated with vehicle or IAA 200 mg/kg twice daily until 251 

vehicle treated mice met the criteria for euthanasia, a total of 11 days.  A673 EFAID xenografts treated with 252 

IAA exhibited an initial decrease in tumor volume, similar to that observed in the pilot study.  However, 253 

xenografts subsequently increased in size and grew at a similar rate to vehicle treated tumors (Figure 5A).  254 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 29, 2024. ; https://doi.org/10.1101/2024.10.27.620498doi: bioRxiv preprint 

https://app.readcube.com/library/194c1073-c994-4738-8571-141749332047/all?uuid=5478905203517878&item_ids=194c1073-c994-4738-8571-141749332047:ce7d805f-990c-4e76-82b4-768e6c5a24d6
https://doi.org/10.1101/2024.10.27.620498
http://creativecommons.org/licenses/by-nc-nd/4.0/


11 

We noted no difference in the growth of IAA-treated A673 EFAID xenografts that did not express TIR1 255 

compared to vehicle control, suggesting that IAA did not impact tumor growth through an AID-256 

independent mechanism (Figure 5B).  Mice tolerated 11 days of IAA treatment without evidence of weight 257 

loss (Figure S5E-F).  258 

 We examined EWSR1-FLI1 protein levels in xenograft lysates collected from mice sacrificed at D2, 259 

D4 and D11. A673 EFAID;TIR1 tumor lysates obtained from vehicle or IAA treated mice on D2 showed 260 

depletion of EWSR1-FLI1 with IAA treatment (Figure S5G).  However, tumors collected on D4 showed 261 

appreciably less depletion of EWSR1-FLI1 following IAA treatment. Comparing EWSR1-FLI1 levels between 262 

DMSO and IAA treatment at D11, we observed no depletion of EWSR1-FLI1 in IAA-treated samples.  This 263 

result raised the possibility of technical escape from AID-mediated depletion.  We considered loss of TIR1 264 

expression in A673 EFAID cells as one potential mechanism of technical escape. A673 EFAID xenografts were 265 

generated from one A673 EFAID clone that was subsequently transduced with TIR1-expressing virus.  We 266 

did not regenerate single cell clones following transduction with the TIR1-expressing virus, raising the 267 

possibility of selection for cells expressing lower levels of TIR1 that would be expected to retain EWSR1-268 

FLI1-AID expression in the presence of IAA. We observed similar TIR1 protein expression in DMSO and IAA 269 

samples at D2 and D4 (Figure S5H).  However, xenografts harvested after 11 days of dosing exhibited 270 

decreased TIR1 expression compared to controls. We concluded that EWSR1-FLI1 depletion suppressed 271 

xenograft growth and that a strong selective pressure against EWSR1-FLI1 loss in xenografts promoted 272 

emergence of A673 EFAID cells with low TIR1 expression that retained EWSR1-FLI1 expression. 273 

 274 

DISCUSSION 275 

Here we report two orthogonal systems that enabled control of endogenous EWSR1-FLI1 expression in 276 

patient-derived EWS models.  These endogenous alleles engineered that harbored C-terminal inducible 277 

protein degrons enabled rapid and specific depletion of EWSR1-FLI1 in cell lines and subcutaneous 278 

xenografts.   279 

Our investigation of EWSR1-FLI1 function differed in strategy from previous studies that have 280 

relied on RNA interference techniques to deplete EWSR1-FLI1.  We consistently observed cell cycle arrest 281 

at the G1-S checkpoint, consistent with some, but not all prior studies.  The reversible nature of these 282 

degrons further enabled us to determine that cell cycle arrest following EWSR1-FLI1 depletion was 283 

reversible following restoration of fusion protein expression.  Although this represents an artificial system, 284 

re-activation of the cell cycle argues against irreversible cellular senescence or apoptosis following 285 

EWSR1-FLI1 suppression. 286 
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Nonetheless, limitations exist with endogenous oncoprotein degron systems.  First, for our EFSMASh 287 

alleles variably retain EWSR1-FLI1-SMASh protein (Figure 1D) following danoprevir treatment. Retention 288 

of the EWSR1-FLI1-SMASh protein raised the possibility that this protein could a) retain hypomorphic 289 

function, or b) exert dominant-negative effects in EWS cells.  However, the observation of G1-S checkpoint 290 

arrest and overlapping transcriptional changes using the orthologous EFAID allele suggested that the 291 

phenotypes observed following SMASh-mediated depletion were due to loss of EWSR1-FLI1, rather than 292 

retention of EWSR1-FLI1-SMASh.  Furthermore, rescue of proliferation following danoprevir-induced 293 

EWSR1-FLI1 depletion in TC32 EFSMASh cells that exogenously express EWSR1-FLI1 strongly argues against 294 

a dominant-negative action of the retained EWSR1-FLI1-SMASh protein.  295 

Throughout our experiments, A673 cells exhibited a higher tolerance for manipulation of 296 

endogenous EWSR1-FLI1.  We successfully engineered A673 cells with larger C-terminal fusions, including 297 

AID, and SMASh fusions that encoded epitope tags.  In addition, although we observed G1-S arrest in A673 298 

EFSMASh and A673 EFAID cells following EWSR1-FLI1 depletion, arrest was not as complete as that observed 299 

in TC-32 EFSMASh or SK-N-MC EFSMASh cells.  These findings are consistent with Smith et al., in which 300 

suppression of EWSR1-FLI1 in A673 cells did not impact proliferation in standard tissue culture19.  301 

However, in contrast to Smith et al., we observed a strong decrease in proliferation and induction of cell 302 

cycle arrest.  We hypothesize that the complete and rapid loss of EWSR1-FLI1 in our models might account 303 

for this difference in phenotype following EWSR1-FLI1 suppression.  However, other studies have also 304 

reported decreased proliferation following RNAi-mediated suppression of EWSR1-FLI1 in A673 cells17.  305 

Therefore, the different responses to EWSR1-FLI1 suppression in A673 cells remain ambiguous.  306 

Nonetheless cumulatively these data suggest that A673 cells might be less reliant on EWSR1-FLI1 to drive 307 

proliferation.  A673 cells are known to harbor a BRAFV600E mutation which is not observed in patient 308 

tumors10.  Whether this mutation contributes to EWSR1-FLI1 independence in A673 cells is unknown. 309 

We noted very few nonspecific transcriptional changes in wild-type EWS cells treated with the 310 

NS3 protease inhibitor (danoprevir) used to induce SMASh-mediated protein depletion (Figure S4).  This 311 

specificity likely reflects the extensive drug development efforts invested in these compounds.  Such 312 

specificity minimized potential off-target changes in gene expression that are frequently observed when 313 

using RNAi methods.  Using multiple SMASh-targeted cell lines, we defined a conserved core gene 314 

expression signature following EWSR1-FLI1 depletion.  We propose this core signature as a potential 315 

template for identification of the key effectors of the EWSR1-FLI1 oncogenic program. 316 

We successfully employed inducible protein degradation in xenograft models using the EFAID allele 317 

in A673 cells.  We unexpectedly observed tumor regression following suppression of EWSR1-FLI1 in A673 318 
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EFAID xenografts.  Although A673-EFAID xenografts rapidly became resistant to IAA, we observed technical 319 

escape from AID-mediated EF depletion driven by loss of TIR1 expression.  The emergence of cells lacking 320 

TIR1 expression is consistent with a strong selective pressure against loss of EWSR1-FLI1 expression during 321 

EWS tumor growth.  This result establishes a requirement for EWSR1-FLI1 expression in tumor 322 

maintenance.  The observation of tumor regression also raises the possibility that the response to 323 

suppression of EWSR1-FLI1 differs in vivo compared to cell culture, even in immunocompromised hosts.  324 

Additional studies using these models will be required to define the mechanisms underlying the transient 325 

regression of xenograft tumors following EWSR1-FLI1 suppression.   326 

These models might be especially useful to investigate the sensitivity of EWS cells to partial 327 

suppression of EWSR1-FLI1 function, which some studies have suggested enhances cellular migration and 328 

metastatic potential37.  The specific domains and regions of EWSR1-FLI1 that are necessary and sufficient 329 

to drive and maintain tumor formation remain incompletely characterized12,30,38,39. We propose these 330 

endogenous degron allele models as one potential avenue to perform structure-function studies of 331 

EWSR1-FLI1.  The simplicity of exogenous expression of various truncations and mutants followed by 332 

depletion of endogenous EWSR1-FLI1 represents a straightforward assay of EWSR1-FLI1 function that 333 

could be employed in cell culture or xenograft assays (see Figure 3D).  The identification of shared 334 

phenotypes for EWSR1-FLI1 depletion across cell lines, namely G1-S arrest and a core set of altered 335 

transcripts, provide a clear functional readout for future investigation and potential screening readouts.  336 

We propose this collection of EWS cell lines with tunable endogenous EWSR1-FLI1 degron alleles as an 337 

important extension of the available model systems to facilitate detailed interrogation of fusion 338 

oncoprotein function and accurate modeling of acute therapeutic inhibition of these powerful 339 

oncoproteins, exemplified by EWSR1-FLI1. 340 
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FIGURE LEGENDS: 379 

Figure 1: Degron tags enable depletion of endogenous EWSR1-FLI1. A) Schematic depicting SMASh and 380 

AID based degron approaches for depletion of endogenous EWSR1-FLI1. B) Immunoblot for EWSR1-FLI1 381 

(FLI1) in indicated cell lines. Cell lines were exposed to either DMSO or IAA (100 μM) for 24 hours prior to 382 

collection. C) Immunoblot for EWSR1-FLI1 (FLI1) in indicated cell lines. Cell lines were exposed to either 383 

DMSO or IAA (100 μM) for the indicated time prior to collection. D) Immunoblot for EWSR1-FLI1 (FLI1) in 384 

indicated cell lines. Cell lines were exposed to either DMSO or danoprevir (1 μM) for 24 hours prior to 385 

collection. E) Immunoblot for EWSR1-FLI1 (FLI1) in indicated cell lines. Cell lines were exposed to either 386 

DMSO or danoprevir (1 μM) for the indicated time prior to collection. 387 

 388 

Figure 2: C-terminal AID tag on EWSR1-FLI1 does not disrupt DNA binding. A) Venn diagram representing 389 

overlap of FLI enriched regions identified from A673 and A673 EFAID;TIR1 F74A cells B) Average profiles 390 

(top) and heatmaps (bottom) of FLI CUT&RUN enrichment at FLI enriched regions in A673 cells (n=33,743) 391 

in A673 cells and A673 EFAID;TIR1 F74A  cells treated with DMSO or 5-Ph-IAA (300 nM) for 24 hrs. 0.5 kb 392 

around the peak center are displayed for each analysis C) Genome browser representations of FLI 393 

CUT&RUN in A673 cells and A673 EFAID;TIR1 F74A  cells treated with either DMSO or 5-Ph-IAA (300 nM) 394 

for 24 hrs. The y-axis represents read density in reads per million mapped reads (rpm). 395 

 396 

Figure 3: EWSR1-FLI1 depletion induces G1/S arrest A) Population doublings after 6 days of treatment. 397 

Indicated cell lines were exposed to vehicle or 1 μM danoprevir (DSV). B) Population doublings after 6 398 

days of treatment. Indicated cell lines were exposed to DMSO or IAA (100 μM). C) Immunoblot for EWSR1-399 

FLI1 (FLI1) in TC32 EFSMASh cells with indicated pLVX constructs. Cell lines were exposed to either Vehicle 400 

or danoprevir (1 μM) for 24 hours prior to collection. D) Population doublings after 6 days of treatment. 401 

TC32 EFSMASh cells with indicated pLVX constructs (C) were exposed to vehicle or 1μM danoprevir. E-F) Cell 402 

cycle analysis using propidium iodide. Flow cytometry plots (left two panels) for indicated cell lines treated 403 

with either vehicle or 1 μM danoprevir for 72 hours before cells were collected. Plot (left panel) of cells 404 

(percentage) in each phase of the cell cycle based on flow cytometry data. 405 

 406 

Figure 4: Core set of EWSR1-FLI1 response genes shared across EWS cell lines. A) Volcano plots of RNA 407 

sequencing data obtained from indicated cell lines following treatment with 1 μM danoprevir. Red dots 408 

represents genes that are significantly differentially induced. Blue dots represents genes that are 409 
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significantly differentially repressed. .B) Venn diagram comparing up-regulated genes (left) or down-410 

regulated genes (right) across the three cell lines tested. 411 

 412 

Figure 5: EWSR1-FLI1 is required for tumor maintenance in vivo A) Tumor volume (left) and tumor mass 413 

(right) for A673 EFAID;TIR1 xenografts treated with vehicle (n = 8) or 200 mg/kg IAA (n = 8). Vehicle or IAA 414 

was administered twice daily via oral gavage for a total of 11 days. B) Tumor volume (left) and tumor mass 415 

(right) for A673 EFAID: xenografts treated with vehicle (n = 6) or 200 mg/kg IAA (n = 6). Vehicle or IAA was 416 

administered twice daily via oral gavage for a total of 11 days.   417 
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METHODS: 418 

Cell culture: 419 

A673 (CRL-1598), SK-N-MC (HTB-10) were purchased from ATCC and TC32 (Children’s Oncology Group) 420 

were cultured in RPMI 1640 media (Sigma-Aldrich R7256) with 10% FBS (), 1% Pen-Strep  (Sigma P4332), 421 

1% L-glutamine (Sigma-Aldrich G7513). HEK 293-F cells (Thermo R79007) were cultured in DMEM (Sigma-422 

Aldrich D6429) with 10% FBS, 1% Pen-Strep (Sigma P4332), and 1% L-glutamine (Sigma-Aldrich G7513). 423 

All cell lines were maintained in an incubator at 37°C with 5% CO2. Cell lines were periodically tested for 424 

mycoplasma and had their identities verified by STR profiling. 425 

Cell cycle analysis: 426 

Cell cycle status was determined using Guava Cell Cycle reagent (Luminex 4500-0220) according to the 427 

manufacturer’s instructions. Briefly, cells were washed with PBS, fixed using 70% ethanol, and incubated 428 

with cell cycle reagent for 30 min at room temperature.  Flow cytometry analysis was performed using 429 

Guava easyCyte HT Flow Cytometer and analyzed with Guava InCyte software (Millipore).   430 

EWSR1-FLI1 degron cell line generation: 431 

Degron lines were generated by transfecting cells using the Lipofectamine 3000 (Invitrogen) protocol. 432 

Briefly, 1 million cells were plated into each well of a 6-well dish and transfected with 2.5ug of DNA (1:1 433 

repair template plasmid to guide vector) on the same day as plating. 72 hours after transfection, cells 434 

were moved from the 6-well to a 10-cm dish, allowed to recover for 24 hours before antibiotic selection 435 

(3ug/ml of BSD or 400ug/ml NEO). Clones were isolated and genotyped to ensure correct insertion of 436 

repair template. 437 

Generation of EWSR1-FLI1 expression plasmid and lentivirus production: 438 

We constitutively expressed EWSR1-FLI1 constructs using a CMV driven pLVX-IRES-puro (Clontech) 439 

backbone. We used EWSR1-FLI1 gene blocks (IDT) as template for expression construct. Plasmid inserts 440 

were amplified using Cloneamp HiFi PCR Mix (ClonTech 6329298) or Kapa HiFi HS Mix (KapaBiosystems 441 

KK2602). Plasmids were assembled with NEB Assembly Mastermix (NEB E2621X). Plasmids were 442 

transformed into Stbl3 E. coli, isolated as single colonies, and sequence verified. Lentivirial plasmids were 443 

generated by transfecting 293-F cells with pLVX-EWSR1-FLI1-IRES-Puro plasmid, psPAX2 (Addgene 444 

plasmid #12260), and pMD2.G (Addgene plasmid #12259) in a ratio (4:3:1) using TransIT®-LT1Transfection 445 

reagent (MIR 2304, Mirus Bio) as described by manufacturer. TC32EF;SMASh cells were transduced with 446 

pLVX-EWSR1-FLI1-IRES-Puro lentivirus and selected with puromycin (Sigma P8833). 447 

Ewing sarcoma cell doubling assay: 448 
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Cell lines were plated in triplicate for each treatment condition in 6cm plates. Cells were serially passed 449 

and counted every 3 days using the ViCell XR cell counter (Beckman Coulter).  450 

CUT&RUN 451 

CUT&RUN [46] was performed with adjustments made for crosslinking. Briefly, 500,000 nuclei were 452 

cryopreserved in Wash150 (20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM NaButyrate, protease inhibitor 453 

cocktail (Roche), 0.5 mM Spermidine) + 10% DMSO then stored in liquid nitrogen until experiment. Nuclei 454 

were bound to CUTANA Concanavalin A Beads (Epicypher 21-1401) for 15 min, then incubated with 50 μL 455 

Wash150 + 0.1% BSA, 2 mM EDTA, and 1 μL primary antibody overnight at 4 °C. Nuclei were resuspended 456 

in 100 μL Wash150 + 1 μL secondary antibody at room temperature for 1 h. Nuclei were washed twice in 457 

1 mL Wash150 (with no Spermidine), then resuspended in 200 μL Wash150 (no Spermidine) + 0.2% 458 

formaldehyde for 2 min and then quenched with 70.5μL 1M Tris-HCl (pH 8), final concentration of 150mM. 459 

Nuclei were washed once in 1 mL Wash350 (20 mM HEPES pH 7.5, 350 mM NaCl, 10 mM NaButyrate, 460 

0.025% Digitonin, protease inhibitor cocktail (Roche), 0.5 mM Spermidine) then incubated in 47.5 μL 461 

Wash350 + 2.5 μL pAG-MNase (Epicypher 15-1016) for 1 h. Nuclei were washed twice in 1 mL Wash500 462 

(20 mM HEPES pH 7.5, 500 mM NaCl, 10 mM NaButyrate, 0.025% Digitonin, protease inhibitor cocktail 463 

(Roche), 0.5 mM Spermidine), once in 1 mL WashLiCl (20 mM HEPES pH 7.5, 250 mM LiCl, 10 mM 464 

NaButyrate, 0.025% Digitonin, protease inhibitor cocktail (Roche), 0.5 mM Spermidine), twice in Wash150 465 

(20 mM HEPES pH 7.5, 150 mM NaCl, 10 mM NaButyrate, 0.025% Digitonin, protease inhibitor cocktail 466 

(Roche), 0.5 mM Spermidine) then resuspended in 50 μL Wash150 + 10 mM CaCl2 and incubated for 1 h 467 

at 0°C (on aluminum block). Reaction stop and fragment purification is as previously described. Library 468 

prep was performed using NEBNext® Ultra™ II for DNA Library Prep using the following protocol 469 

(https://www.protocols.io/view/library-prep-for-cut-amp-run-with-nebnext-ultra-ii-kxygxm7pkl8j/v2). 470 

The quality of the libraries was assessed using a D1000 ScreenTape on a 2200 TapeStation (Agilent) and 471 

quantified using a Qubit dsDNA HS Assay Kit (Thermo Fisher). Libraries with unique adaptor barcodes were 472 

multiplexed and sequenced on an Illumina NextSeq 500 (paired-end, 50 base pair reads). Typical 473 

sequencing depth was at least 12 million reads per sample. 474 

CUT&RUN analysis 475 

Raw CUT&RUN reads were adapter and quality trimmed using Trimgalore (47). Trimmed reads were 476 

aligned to the human (hg38) reference genome with Bowtie2 (48) (bowtie2 -q -R 3 -N 1 -L 20 -i S,1,0.50 --477 

end-to-end --dovetail --no-mixed -X 2000). Multimapping reads were randomly assigned. Optical duplicate 478 

reads were identified and removed using Picard. Reads which mapped to the mitochondrial genome were 479 

removed with Samtools (49). Deduplicated bam files were then downsampled according to read depth 480 
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and merged using Picard. Peak calling was performed with MACS2 software (50) (--keep-dup 10 --nomodel 481 

-f BAMPE and an FDR cutoff of 1e-5). Peaks which intersected blacklisted high-signal genomic regions 482 

were removed. BigWig files were generated from alignments using deepTools (51) and normalized to 483 

counts per million (CPM). Visualization of bigWigs was done in Integrative Genomics Viewer (52). 484 

Intersections between different peak sets were made using BEDTools (53, 54). Heatmaps and average 485 

profiles were generated using deepTools. Motif enrichment of peak summits was performed using Homer 486 

(55). 487 

RNA preparation: 488 

RNA was isolated using Trizol reagent (Thermo Fisher 15596018) and the Directzol RNA Midi Prep Plus Kit 489 

(Zymo R2071) according to the manufacturer's instructions. RNA samples QC, library prep, and sequencing 490 

were done by BGI. 491 

Western blot analysis: 492 

Western-blotting was performed using standard methods. Immobilon-P PVDF membranes (Milipore) 493 

were used for protein transfer and then blocked using 5% milk in PBS-T (0.1%) for 1h at RT. Primary 494 

antibodies were incubated overnight at 4oC in 5% BSA in PBS-Tween (0.1%). Antibodies used were anti-495 

FLI1 rabbit [ERP4646] mAb (Abcam #133485), and anti-β-actin (8H10D10) mouse mAb (#3700, Cell 496 

Signaling Technologies). Membranes were washed with PBS-Tween (0.1%) three times for 5 minutes each 497 

wash. Secondary antibodies were incubated for 40 min at RT using HRP Linked Horse anti-rabbit IgG (H+L) 498 

(CST), and HRP linked anti-mouse IgG (H+L) (CST #7076), at dilution 1:10,000 in 2% milk in PBS-T (0.1%).  499 

Evaluation of xenograft growth, auxin and danoprevir pharmacokinetics :  500 

Animal work described in this manuscript has been approved and conducted under the oversight of the 501 

UT Southwestern Institutional Animal Care and Use Committee.  UT Southwestern uses the "Guide for the 502 

Care and Use of Laboratory Animals" when establishing animal research standards. Xenografts were 503 

generated as previously described (Ambati et al 2013). Nod scid mice were injected with 2 million cells @ 504 

1:1 mix with Corning Matrigel Matrix (CLS354234).  Xenografts were measured every 3 days until palpable 505 

tumors were identified. Tumor-bearing mice were treated with 30 mg/kg danoprevir in vehicle (10% 506 

DMSO, 10% PEG400, 80% 0.1M sodium carbonate buffer, pH 10) IP twice daily for 4 days and 3 hours after 507 

final dose, mice were euthanized and plasma and tissues collected. In separate studies, additional tumor-508 

bearing mice were treated q12 with 200 mg/kg IAA (3-indole acetic acid, Sigma) formulated in 10% DMSO, 509 

10% Kolliphor EL (Sigma-Aldrich C5135), 80% 0.1M sodium carbonate buffer (pH 9.5). Mice were sacrificed 510 

6, 12 or 24 h after their final dose of either vehicle or IAA. Extracted tumors were divided into pieces for 511 

snap freezing in liquid nitrogen or formalin fixation. Frozen tumor pieces were ground into a fine powder 512 
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using a mortar and pestle and resuspended in RIPA buffer and homogenized for analysis of EWS-FLI1 513 

levels. 514 

Danoprevir levels were monitored by LC-MS/MS using an AB Sciex (Framingham, MA) 3200 QTRAP 515 

mass spectrometer coupled to a Shimadzu (Columbia, MD) Prominence LC.  Danoprevir was detected with 516 

the mass spectrometer in positive ESI MRM (multiple reaction monitoring) mode by following the 517 

precursor to fragment ion transition 732.3 to 632.3.  An Agilent C18 XDB column (5 micron, 50 x 4.6 mm) 518 

was used for chromatography with the following conditions:  Buffer A:  dH20 + 0.1% formic acid, Buffer B:  519 

acetonitrile + 0.1% formic acid with gradient conditions: 0 - 1.0 min 45% B, 1.0 - 4.0 min gradient to 100% 520 

B, 4.0 - 5.3 min 100% B, 5.3 - 5.5 min gradient to 45% B, 5.5 - 7.0 min 45% B.  Tolbutamide (transition 521 

271.2 to 91.2) from Sigma (St. Louis, MO) was used as an internal standard (IS). At the indicated times 522 

post-dose, animals were euthanized and blood collected using acidified citrate dextrose (ACD) 523 

anticoagulant and tissues removed, rinsed in PBS, weighed and snap frozen in liquid nitrogen.  Liver and 524 

tumor tissues were homogenized in a 4x weight by volume of PBS using a BeadBug microtube 525 

homogenizer (Millipore Sigma) run for two minutes at 2800 rpm and BeadBug prefilled tubes with 3.0 mm 526 

zirconium beads (Sigma Cat #Z763802). Standards were made by spiking blank plasma or tissue 527 

homogenate with varying concentrations of danoprevir and processing as for samples.  Samples and 528 

standards were mixed with a 3-fold volume of acetonitrile containing 0.133% formic acid and 66.7 ng/ml 529 

tolbutamide IS, vortexed for 15 seconds, incubated at RT for 10 min and then centrifuged at 16,100 x g 530 

for 5 minutes.  Supernatant was spun a second time and the resulting supernatant analyzed by LC-MS/MS 531 

as described above. Using literature values for the volume of blood in the liver and the measured plasma 532 

concentration of danoprevir, liver tissue levels were corrected to remove drug in vasculature40.    533 

IAA levels were similarly monitored using an AB Sciex 4000 QTRAP coupled to a Shimadzu 534 

Prominence LC.  IAA was detected with the mass spectrometer in positive ESI MRM mode by following 535 

the precursor to fragment ion transition 173.8 to 127.9.  The Agilent C18 XDB column (5 micron, 50 x 4.6 536 

mm) was used for chromatography with the following conditions:  Buffer A:  dH20 + 0.1% formic acid, 2 537 

mM NH4 acetate; Buffer B:  methanol + 0.1% formic acid, 2 mM NH4 acetate with gradient conditions:  0 538 

- 1.0 min 5% B, 1.0 - 2.0 min gradient to 100% B, 2.0 – 3.0 min 100% B, 3.0 – 3.1 min gradient to 5% B, 3.1 539 

– 4.5 min 5% B. After the final indicated dose of IAA, animals were euthanized and blood and tumors 540 

harvested as described above.  Tumors were homogenized as described above using the BeadBug 541 

homogenizer.  Plasma samples were diluted 1:10 or 1:100 into 10% mouse plasma in PBS while tumors 542 

were diluted 1:5 or 1:10 into 20% blank tumor homogenate in PBS.  Standards were prepared in either 543 

10% blank plasma or 20% blank tumor homogenate by spiking these matrices with known amounts of IAA.  544 
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Diluted samples with mixed 1:1 with methanol containing 0.2% formic acid and 4 mM NH4 acetate 545 

containing 100 ng/mL tolbutamide IS, vortexed 15 seconds, incubated at RT for 10 min and centrifuged 546 

twice at 16,100 x g. Supernatant was evaluated as described above by LC-MS/MS. 547 

Bioinformatics 548 
Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used for quality and adapter 549 
trimming. The human reference genome sequence and gene annotation data, hg38, were downloaded from the 550 
UCSC Genome Browser and the NCBI RefSeq genome database. The quality of RNA-sequencing libraries was assessed 551 
by mapping the reads onto human transcript and ribosomal RNA sequences using the Burrows-Wheeler Aligner 552 
(BWA, v0.7.17)41). STAR (v2.7.10b)42 was used to align the reads to the human genome, and SAMtools (v1.16.1)43 553 
was used to sort the alignments. The HTSeq Python package44 was used to count reads per gene. The DESeq2 R 554 
Bioconductor package45,46 was employed to normalize read counts and identify differentially expressed (DE) genes. 555 
The gene set data for chemical and genetic perturbations (CGP) was downloaded from the Molecular Signatures 556 
Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/), and enriched and over-represented gene sets 557 

were identified using GSEA software (v4.3.3) 32and clusterProfiler 47, respectively. Trim Galore was developed at 558 

The Babraham Institute by @FelixKrueger, now part of Altos Labs.  559 
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Figure 5. EWSR1-FLI1 is required for tumor maintenance in vivo
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Table 1: Endogenous degron cell lines
Cell Line Degron Epitope tag
A673 SMASh 3XFLAG
A673 SMASh V5
A673 SMASh None
A673 AID 3XFLAG
A673 AID None
TC-32 SMASh None
SK-N-MC SMASh None
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