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Supplementary Figure 1. USCC genome browser view of EWSR1 and FLI1 loci. a, 

Browser view of indicated regulation elements and common SNPs in the EWSR1 gene 

(upper panel) and sgE3 (lower panel) targeted regions (genome.ucsc.edu). b, Browser 

view of indicated regulation elements and common SNPs in the FLI1 gene (upper 

panel) and sgF8 (lower panel) targeted regions (genome.ucsc.edu). 
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Supplementary Figure 2. Analysis of EWSR1-FLI1 deletion. a, Sanger sequencing 

chromatograms showing the genomic PCR products analysis of edited A673 cells using 

oligos flanking the DNA loci targeted by the four sgRNA pair combinations. b, Colony 

formation assay representative images are shown for the A673 experimental and control 

cells. Graphical representation of the number of colonies formed in A673 control and 

edited cells, n=3 independent experiments (LVCas9_NT vs sgE3-sgF6 ***p=7e-4, 

LVCas9_NT vs sgE3-sgF8 ***p=0.001, LVCas9_NT vs sgE6-sgF6 ***p=7e-4, 

LVCas9_NT vs sgE6-sgF8 ***p=5e-4. c, Agarose gel electrophoresis showing the 
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DNA PCR analysis of edited and control RD-ES cell line using oligos flanking the 

DNA loci targeted by sgE3 and sgF8 (n=3, independent studies). The 300 bp PCR 

fragment denotes deletion of the DNA fragment. PCR analysis was done using DNA 

extracted from cells at day 2, 4 and 6 post-transduction (pt). ALBUMIN was used as an 

internal control of the PCR reaction. Bottom panel shows a representative 

chromatogram of Sanger sequencing analysis of the PCR products.  d, Agarose gel 

electrophoresis of the EWSR1-FLI1 RT-PCR products obtained from edited and control 

RD-ES cells (n=3, independent studies). RT-PCR analysis was done using RNA 

extracted from cells at day 2, 4 and 6 pt. Arrows depict the sizes of wild-type (1027 bp) 

and deleted (150 bp) RT-PCR products. GAPDH was used as an internal control of the 

RT-PCR reaction. Bottom panel shows a representative chromatogram of Sanger 

sequencing analysis of the RT-PCR products. e, EWSR1-FLI1 expression level analysis. 

Relative expression level of EWSR1-FLI1 in control (LVCas9_NT) and treated 

(LVCas9_EF) A673 cells measured by qRT-PCR and normalized to GUSB, n=6 

independent experiments, **p=0.0013. f, Diagram and results of deep sequencing of the 

deletion PCR amplicons. g, Growth rate assay curve of A673 cells transduced with a 

non-targeting sgRNA control (LVCas9_NT) and dual control plasmid expressing two 

sgRNAs targeting two unrelated loci in two different chromosomes (LVCas9_dC1/2) 

cells (n=3), and representative crystal violet staining and statistical analysis of number 

of colonies (n=3). h. Agarose gel electrophoresis of the EWSR1-FLI1 inverted products 

of edited and control A673 cells (n=3, independent studies). Plot shows medians and 

ranges; error bars indicate the s.e.m. for the averages across the multiple experiments; 

p-values are represented (ns: non-significant, *p<0.05, **p<0.01, ***p<0.001). PAM: 

protospacer adjacent motif. Two-tailed unpaired t-test was used for statistical analysis. 
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Supplementary Figure 3. EWSR1-FLI1 and BCR-ABL wild-type and edited 

predicted protein structures. a, Representative illustration of the EWSR1-FLI1 
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chimeric protein and truncated protein generated by genome editing deletion and 

inversion. Bottom panel shows amino acid sequence of the EWSR1-FLI1 protein (Type 

1). Residues corresponding to EWSR1 or to FLI1 are shown in green or purple, 

respectively. EWSR1 transactivation and FLI1 DNA binding domains are underlined. 

Amino acid sequence of the edited EWSR1-FLI1 deleted and inverted proteins. Deleted 

residues are shown crossed out; the new residues generated by the change of reading 

frame after the mutation are shown in black. The premature STOP codon is shown with 

an asterisk. b, Amino acid sequence of the BCR-ABL1 protein (p210). Residues 

corresponding to BCR or to ABL1 are shown in black or grey, respectively. ABL1 

DNA binding domain is underlined. Amino acid sequence of the edited BCR-ABL1 

deleted and inverted proteins. Deleted residues are shown crossed out; the new residues 

generated by the change of reading frame after the mutation are shown in black. The 

premature STOP codon is shown with an asterisk. 
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Supplementary Figure 4. Genome editing specificity analysis. a, Diagram and results 

of deep sequencing of the CRISPR-targeted EWSR1 and FLI1 PCR amplicons in 

hMSCs. b, Growth rate assay curve of hMSCs edited (LVCas9_EF) and control 
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(LVCas9_NT) cells (n=2). c, Representative G-banded metaphases with normal 

karyotypes of control and experimental hMSCs transduced with LVCas9_sgEF. d, 

Profile plot result of a high-density array comparative genomic hybridization (aCGH) 

analysis covering the whole genome, showing no copy number variations in hMSCs 

transduced with LVCas9_sgEF. Each dot represents a CGH-probe and zero value 

indicates equal fluorescence intensity ratio between the edited and control hMSCs. e, 

FISH (dual color dual fusion probe) analysis performed on LVCas9_EF treated hMSC 

showing representative interphase nuclei at days 15 and 30 p.t. (n=3, independent 

studies).  The green signals represent the two normal chromosomes 22 (EWSR1 gene 

locus) and red signal the two normal chromosomes 11 (FLI1 gene locus). Scale bars, 5 

um. f, PCR analysis to detect undesired translocations in wild type cells using oligos 

flanking the DNA targeted by sgE3 and sgF8 on LVCas9_NT and LVCas9_EF treated 

hMSC cells (n=3, independent studies). LVCas9_EF treated A673 cells are used as 

positive control. g, Transcriptional level of EWSR1 and FLI1 genes in edited hMSC 

(non-EWSR1-FLI1) control cells, n=3 independent experiments. The plots show 

medians and ranges; error bars indicate the s.e.m. for the averages across the multiple 

experiments; p-values are represented (ns: non-significant). h, Assessment of off-target 

indels determined by targeted amplicon sequencing. Colored boxes represent 

mismatches relative to the on-target sites. Bar graph shows a comparison of on- and off-

target mutation rates. Two-tailed unpaired t-test was used for statistical analysis. 
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Supplementary Figure 5. Immunohistochemistry and FISH analysis of in vivo-

treated EWSR1-FLI1 and BCR-ABL models. a, Representative histological H&E 

images in A673 experimental and control xenograft tumors. n=3. Scale bars, 500 um 

(4×) or 50 um (20×). b, Representative FISH images (break-apart probe) showing 

t(11;22) translocation in the three PDX tumors used in the study (n=3, independent 

studies). Scale bars, 5 um. 
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Supplementary Figure 6. Strategy validation in CML-initiating BCR-ABL model. 

a, DNA profile analysis by propidium iodide staining and flow cytometry. The 

percentage of cellular apoptosis was calculated using the percentage of the subG1 peak. 

The graph shows subG1 analysis. (n=3), sgNT vs sgB8.1-sgA1.1 ***p=0.001, sgNT vs 

sgB8.1-sgA1.2 ***p=1e-4, sgNT vs sgB8.2-sgA1.1 ***p=1e-5, sgNT vs sgB8.2-sgA1.2 

***p=7e-7. b, Growth rate assay curve of K562 electroporated with a non-targeting 

sgRNA control (LVCas9_NT) and dual control plasmid expressing two sgRNAs 

targeting two unrelated loci in two different chromosomes (LVCas9_dC3/4) cells (n=6). 

c, Representative crystal violet staining and statistical analysis of number of colonies of 

K562 electroporated with a non-targeting sgRNA control (LVCas9_NT) and dual 
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control plasmid expressing two sgRNAs targeting two unrelated loci in two different 

chromosomes (LVCas9_dC3/4) (n=3). d, Agarose gel electrophoresis of the BCR-ABL1 

inversion products of edited and control K562 cells (n=3, independent studies). e, 

Growth rate assay curve of CD34+ edited (LVCas9_BA) and control (LVCas9_NT) 

cells (n=3). f, PCR analysis to detect undesired translocations in wild-type cells using 

oligos flanking the DNA targeted by sgB8.1 and sgA1.1 on LVCas9_NT and 

LVCas9_BA treated CD34+ cells (n=3, independent studies). LVCas9_BA treated 

K562 cells are used as positive control. g, FISH analysis (dual color dual fusion probe) 

performed on LVCas9_BA treated CD34+ cells showing representative interphase 

nuclei at days 15 and 30 p.t. (n=3, independent studies).  The green signals represent the 

two normal chromosomes 9 (BCR gene locus) and red signals the two normal 

chromosomes 22 (ABL1 gene locus) Scale bars, 5 um. h, Representative H&E and 

immunostaining images of Ki-67 and caspase-3 in K562 cell experimental and control 

CML xenograft tumors. n=3. Scale bars, 500 um (4×) or 50 um (20×). i, Percentage of 

Ki-67-(***p=3e-4) and caspase-3 (*p=0.03) -positive cells was calculated per field 

analyzed. The plots show medians and ranges; error bars indicate the s.e.m. for the 

averages across the multiple experiments; p-values are represented (n.s. non-significant, 

*p<0.05; **p<0.01; ***p<0.001). N corresponds with biologically independent 

experiments. Two-tailed unpaired t-test was used for statistical analysis. 
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Supplementary Figure 7. Uncropped gel and immunoblot images  
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Supplementary Figure 8. Gating strategy used for SubG1 flow cytometry assay.  
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Supplementary Table 1. sgRNA sequences used for CRISPR-based gene editing. 

Oligo sequences used for PCR, RT-PCR and NGS analysis. 

sgE3 TGGTTGCACAGTAAGTGGCG   sgF6 ATTTGGACCTGTGGCGATAT 
sgE6 TAGATCGCGTACTCCATCCT sgF8 AGTGGGCCACACTGCGACAA 
sgB8.1 GACATGACCATGGGTAAGCG sgA1.1 CACGAGGTTGACGCACCAGA
sgB8.2 TATCCGAGGCACGTTAAGGG sgA1.2 TCCCTAATAGTGATGGCGCT
sgdC1 GACATGACCATGGGTAAGCG sgdC3 TGGTTGCACAGTAAGTGGCG   
sgdC2 CACGAGGTTGACGCACCAGA sgdC4 AGTGGGCCACACTGCGACAA 
sgNT CCGCGCCGTTAGGGAACGAG

Ex3 EWSR1  fw GCCCAGCCCACTCAAGGATA Ex9 FLI1 rv TTGGGGTTGGGGTAGATTCC
RT-EWSF1I fw GCAGGGCTACAGTGCTTAC RT-EWSFLI  rv GCAGCTCCAGGAGGAATTG

EWSR1  OT fw GAGGATGATATGACCATTCTGC EWSR1  OT rv CTAGGCTTTTCAACAGACTCTT
FLI1  OT fw AACTCTCAAGAGGGTCCTTC FLI1  OT rv TAATGACCAGGCACTAAGGAATG

qBCR-ABL1  fw GATGCCAAGGATCCAACGAC qBCR-ABL1  rv GGCTTCACACCATTCCCCAT

Albumin  fw GCTGTCATCTCTTGTGGGCTGT Albumin rv ACTCATGGGAGCTGCTGGTTC
GAPDH  fw TCCAAAATCAAGTGGGGCGA GAPDH rv TGATGACCCTTTTGGCTCCC
GUSB  fw GAAGAAGTGGTGCGTAGGGA GUSB  rv AAGGATTTGGTGTGAGCGAT

qEWSR1  fw GGAGAGAAAATGGCGTCCAC qEWSR1  rv GCTTTGTTGCCCATATGCCT
qFLI1  fw GGCTGGTCTTGAACTCCTGG qFLI1 rv GCAGCTCCAGGAGGAATTG

qEF  fw CCCAGCCAGATCCGTATCAG qEF  rv GCAGCTCCAGGAGGAATTG
qBA  fw AGGAAGATGATGAGTCTCCGG qBA  rv TGAGGCTCAAAGTCAGATGCT

qEWSR1 rv CTAGGCTTTTCAACAGACTCTT qFLI1  rv TAATGACCAGGCACTAAGGAATG
qBCR fw GGTTGCTTCACAAAGGCAGGG qABL fw AATTTCCTGTGTGGGCCTGG

EWSR1 fw GAGGATGATATGACCATTCTGC FLI1  rv TAATGACCAGGCACTAAGGAATG
BCR fw GGTTGCTTCACAAAGGCAGGG ABL rv GGCTGGTCTTGAACTCCTGG

EWSR1  ont NGS fw GAGGATGATATGACCATTCTGC EWSR1  ont NGS rv CTAGGCTTTTCAACAGACTCTT
EWSR1  offT1 NGS fw TCACTTACTGGTTGTTAAACAC EWSR1  offT1 NGS rv TGTTTGTTGGAATAAACAGTGC
EWSR1  offT2 NGS fw CCATATCTCAGCCATTTCAGTC EWSR1  offT3 NGS rv CAGAGAAGGACATTGCCATTAAC
EWSR1  offT3 NGS fw GTTCTCTGCACATAAACACACC EWSR1  offT3 NGS rv CACTCAGCTTCTTGGACATGGTG
EWSR1  offT4 NGS fw ACTTTTCTTTGGAAAGTTTAGGTAGC EWSR1  offT4 NGS rv GAGTGTAAAAGACATTTCCTTAGGA
EWSR1  offT5 NGS fw GTGTAGCCAACAGGTAGACAG EWSR1  offT5 NGS rv TCATCGGGGCCTTTATTCAT
EWSR1  offT6 NGS fw AAAGGCCTGTCTCCTTTCTCTTTC EWSR1  offT6 NGS rv CTTGGCGCAGACTAGTTGTTC
EWSR1  offT7 NGS fw TGCAGTCTTTCCCATTCCAGG EWSR1  offT7 NGS rv GCTCTGTTTTGCTAAGGGCTT
EWSR1  offT8 NGS fw AGCACAGAACATGAGCCTTGG EWSR1 offT8 NGS rv GTTCTGTAGACTTGGCATCCC
EWSR1  offT9 NGS fw CTGGCTGCTTCAATTTGATCTTC EWSR1  offT9 NGS rv GTATGCAGGCCCATGTAGTC
EWSR1  offT10 NGS fw GCCAGATGATATCCTGAAGAAT EWSR1  offT10 NGS rv CTGTCCATAATACATATCAGACTC
EWSR1  offT11 NGS fw GGGTGACCTTCTCTCTGAGCTG EWSR1  offT11 NGS rv CACTCCAAGCTCTGGAAAGGG
EWSR1  offT12 NGS fw AGTTCTACGATCTTATGGGC EWSR1  offT12 NGS rv AGAGTATTCAGACTTCAGTGG
EWSR1  offT13 NGS fw CCCACCTGAGTCCTTTCTCTG EWSR1  offT13 NGS rv GAATCTTCACAGCCAGTTGTC
EWSR1  offT14 NGS fw GCGACAGCCTCAATGCATTAGG EWSR1  offT14 NGS rv CCTGGAAGCTGATGCTGCTG
EWSR1  offT15 NGS fw TCTTAGAACCAGCAGATAGACAC EWSR1  offT15 NGS rv TGGCAAACAGTATGGATGAATCC
EWSR1  offT16 NGS fw CAGTGAAATGTCCCTGTCCATC EWSR1  offT16 NGS rv TCTTGTCAATGCAGGAGAGGC
EWSR1  offT17 NGS fw CCCAGCTACCACTCTCCATTC EWSR1  offT17 NGS rv GATGGCAATGATGGCGATGATG
EWSR1  offT18 NGS fw CTCCTATTGCTCATCGCTATG EWSR1  offT18 NGS rv TACCCAGTTAATGCTGAGGAG
EWSR1  offT19 NGS fw TCTGAAGGACAGTATCTAAGTTAAG EWSR1  offT19 NGS rv CTAAAATATTTGCCTGAGAACCAG
EWSR1  offT20 NGS fw ACAAGTTTGTGGTTTCTATGTTAGG EWSR1  offT20 NGS rv TTTCATGAGTCAGTTATCCTGTTTTCC
EWSR1  offT21 NGS fw TTGCTATATTCCTAGTGTACCTG EWSR1  offT21 NGS rv GGGATAACAACATCTATGCTACC
FLI1  ont NGS fw AACTCTCAAGAGGGTCCTTC FLI1  ont NGS rv TAATGACCAGGCACTAAGGAATG
FLI1 offT1 NGS fw TTTGCTGGAAACCCTGAAGTAC FLI1  offT1 NGS rv CCCTCTCTTTCTGTTCCAGTG
FLI1  offT2 NGS fw GGAAGCACTGCCATACACAG FLI1  offT2 NGS rv TTCGCTTCTTTGTACTCCCTGTC
FLI1  offT3 NGS fw GAGAGGACCGAAGCTTCC FLI1  offT3 NGS rv CGGTCACACAGGGACTAAAAC
FLI1  offT4 NGS fw TGTCACTATTGTTTATCCTCACAG FLI1 offT4 NGS rv GTTGTCATTTACACTCTTTCTCC
FLI1  offT5 NGS fw TCTGTTTCTGTGCATATCATCTCC FLI1 offT5 NGS rv GAGAACCCATCCTAAACTAAGAG
FLI1  offT6 NGS fw GAGGAGACCGATGGACAGAC FLI1  offT6 NGS rv GCTTGGTAGCCCTTGGCC
FLI1  offT7 NGS fw TGCTTCATAGTTGTTCCATAAG FLI1  offT7 NGS rv CATCTCAAGCATCAAAGAAG
FLI1  offT8 NGS fw TAAAACAGGAAGTGAGAGTCAAAG FLI1  offT8 NGS rv CTTGAAGTGAGTTTCCATAGACTC
FLI1  offT9 NGS fw CAGCTCCAGTCTCCCGTTC FLI1  offT9 NGS rv GACTCGCTCACTTCCCATGG
FLI1  offT10 NGS fw CAGCAGCAGCCATTTAGGAAG FLI1  offT10 NGS rv GAAACTTTCCTGCACAGCTCTTG
FLI1  offT11 NGS fw TGCCCAGGTATCAAAAGATG FLI1  offT11 NGS rv TCTTTGTAAAAGAGACTTGACTGC
FLI1  offT12 NGS fw GGAGGACCTGTATGTTGTGAG FLI1  offT12 NGS rv AGCTCTGCCTTTAATTCTCAGG
FLI1  offT13 NGS fw GAGTCTATACTGAAGTCCACTTAC FLI1  offT13 NGS rv GCTATCAATAACTTTCTGTCATAG
FLI1  offT14 NGS fw GTGAGAACTACAGGCCAGTTTC FLI1  offT14 NGS rv CAATCACTGGAACAGAAAGAGAGGG
FLI1  offT15 NGS fw ACAAAGGTAGCTGTGGATAGTCTA FLI1  offT15 NGS rv GGTGTTTGAGAGAAGATACAGC
FLI1  offT16 NGS fw TACTTCAGACAATATCCTAGTGAGAC FLI1  offT16 NGS rv AGCCACAAACTGAAAATATCATGG
FLI1  offT17 NGS fw CACTCCTAGCTTGAACACTATTTG FLI1  offT17 NGS rv CAGTCACCATATCCAGGATAGC
FLI1  offT18 NGS fw ACTGATCCACATGCTAGAGAGTG FLI1  offT18 NGS rv ATGGATATCTGTTGCTCCATCC
FLI1  offT19 NGS fw ATAGCTGGAATTAACCTGGACC FLI1  offT19 NGS rv AAAGCTGAATTTCACTCTCCCC
FLI1  offT20 NGS fw TCCACTTCCTCAAAGCTATAATC FLI1  offT20 NGS rv TTTAGGATTTTTGCTTATGGCAGTG
FLI1  offT21 NGS fw AGAACAGTATTTGCAAGGTGCTC FLI1  offT21 NGS rv TAGTTTTGCCATGGGATGTGGTG
FLI1  offT22 NGS fw TGATTGGCTTCTCAGTTAGCTTC FLI1  offT22 NGS rv CTAGAAGCCACTTTCCTCAGAC
FLI1  offT23 NGS fw CATTGATCAGCCTGAACCTGG FLI1  offT23 NGS rv GTGAAGGCATGTCTGATTGTGG
FLI1  offT24 NGS fw GCTTACATGTCTCCTGAAAGCAC FLI1  offT24 NGS rv GACTTCTGTAGAAGTTTCCAGAG
FLI1  offT25 NGS fw CTGGTACTCACCCTCTTCTC FLI1  offT25 NGS rv CTCCCTGCATATTGATGTGAGG
FLI1  offT26 NGS fw AGGTCTATAAAAGAATGTGCCCAC FLI1  offT26 NGS rv GGTTGCTATACAAAGCTGTTGTTG
FLI1  offT27 NGS fw TTCCTGAACAACCTCTCTAACTC FLI1  offT27 NGS rv AAAAGCTACTGTGAGTGGGTCC
BCR  ont NGS fw GGTTGCTTCACAAAGGCAGGG BCR  ont NGS rv AGCATCTGCCCCAGGAATGG
BCR  offT1 NGS fw GTCCCTATTTTCTGGCCCCTAT BCR  offT1 NGS rv ACCCATTCGTCTTTCCACTT
BCR  offT2 NGS fw TTCCCCTCCACCGTATGACC BCR offT2 NGS rv CCAGTTGGAGAGCTATGCTGTTC
BCR  offT3 NGS fw GAGGCCATGATGGTGAGGAG BCR  offT3 NGS rv ACTTGCCTCATCTACCTGGG
BCR  offT4 NGS fw CCTTTTCCTTTCGGTTGGGC BCR  offT4 NGS rv CACCTTGCCCTTTCACTGTTC
BCR  offT5 NGS fw AGCACAGACAAGTCCCATGC BCR  offT5 NGS rv CCAAGCAGGAGGTGACAAATG
ABL1   ont NGS fw AATTTCCTGTGTGGGCCTGG ABL1  ont NGS rv GGCTGGTCTTGAACTCCTGG
ABL1  offT1 NGS fw ACAATTTGATTCCCACCCCA ABL1  offT1 NGS rv GCATTCACAGTACCCATGCC
ABL1  offT2 NGS fw CTCAACCACTTCCTCTCTCCTC ABL1 offT2 NGS rv CATGGCCCCTGTTGAAGAAG
ABL1 offT3 NGS fw CGAATGAATGTGTGGCAGGC ABL1  offT3 NGS rv GGACAAGGGGTTGCTGAGG
ABL1  offT4 NGS fw GCAGATCCCCACAGTCAGAA ABL1  offT4 NGS rv ATGGCCCAGTGAGTAGGTCC
ABL1  offT5 NGS fw TGCAAAGACGGCTAGGAAGG ABL1  offT5 NGS rv TCGACACGTACCCTCACAG

Deep sequencing primers 

sgRNAs

PCR/RT-PCR EF deletion detection primers

On target detection primers

qPCR gene expresion primers

RT-PCR BA deletion detection primers

PCR/RT-PCR/qPCR controls primers

qPCR deletion percentage

PCR inversions

PCR translocations
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Supplementary Table 2. NGS analysis of the on-target EWSR1, FLI1, BCR and 

ABL1 sites. Summary of the loci analysis (sgRNA sequence, chromosome, position, 

total and modified reads and editing efficiency). a, b, Indels at EWSR1 and FLI1 loci in 

A673 edited cells. c, d, Most representative indels at BCR and ABL1 loci in K562 edited 

cells. e, f, Indels at EWSR1 and FLI1 loci in Ewing sarcoma tumors. g, h, Indels at BCR 

and ABL1 loci in CML tumors. sgRNA sequence is underlined. Identified mutations are 

shown in red. −, deletion. 
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Supplementary Table 3. Indel analysis of the most probable off-target sites with the 

highest homology to the on-target sites by amplicon based next-generation sequencing 

analysis at day 7 post-transduction of hMSC, A673, RD-ES, xenograft (A673), PDX 

and K562 cells. On-target sequences are listed at the top of each panel. Differences in 

nucleotides with on-target sequence are shown in red. 

 


