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ABSTRACT

Ewing sarcoma is a prototypical fusion transcription
factor-associated pediatric cancer that expresses
EWS/FLI or a highly related FET/ETS chimera.
EWS/FLI dysregulates transcription to induce and
maintain sarcomagenesis, but the mechanisms uti-
lized are not fully understood. We therefore sought
to define the global effects of EWS/FLI on chromatin
conformation and transcription in Ewing sarcoma
cells using a well-validated ‘knock-down/rescue’
model of EWS/FLI function in combination with next
generation sequencing assays to evaluate how the
chromatin landscape changes with loss, and recov-
ery, of EWS/FLI expression. We found that EWS/FLI
(and EWS/ERG) genomic localization is largely con-
served across multiple patient-derived Ewing sar-
coma cell lines. This EWS/FLI binding signature
is associated with establishment of topologically-
associated domain (TAD) boundaries, compartment
activation, enhancer-promoter looping that involve
both intra- and inter-TAD interactions, and gene ac-
tivation. In addition, EWS/FLI co-localizes with the
loop-extrusion factor cohesin to promote chromatin
loops and TAD boundaries. Importantly, local chro-
matin features provide the basis for transcriptional
heterogeneity in regulation of direct EWS/FLI tar-
get genes across different Ewing sarcoma cell lines.
These data demonstrate a key role of EWS/FLI in
mediating genome-wide changes in chromatin con-
figuration and support the notion that fusion tran-

scription factors serve as master regulators of three-
dimensional reprogramming of chromatin.
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INTRODUCTION

Ewing sarcoma is a highly aggressive pediatric bone can-
cer characterized by a FET/ETS fusion oncoprotein expres-
sion (1–3). The FET family of RNA binding proteins, FUS,
EWS and TAF15 contain largely conserved low complex-
ity domains (LCD) at the amino terminus, while the ETS
(E26 transformation specific) family of transcription factors
contain a highly conserved winged helix-loop-helix DNA-
binding domain (DBD) (4,5). EWS/FLI, the most com-
mon FET/ETS fusion found in Ewing sarcoma (in ∼85%
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of cases), is generated by the (11;22)(q24;q12) chromoso-
mal translocation that fuses the amino terminus of the con-
served FET LCD of EWS to the carboxyl terminus of FLI
containing the ETS DBD (2,6,7).

The FLI ETS DBD of EWS/FLI is crucial for DNA
binding and oncogenesis in Ewing sarcoma (8,9). Genome-
wide localization studies have identified GGAA repeat el-
ements (GGAA-microsatellites/GGAA-�sats) as well as
consensus ETS sites (ACCGGAAGTG) as EWS/FLI re-
sponse elements in Ewing sarcoma (10,11). GGAA-�sat
binding by EWS/FLI is critical for its oncogenic function
(11–13).

The conserved FET LCD of EWS in EWS/FLI can un-
dergo liquid-liquid phase transition and multimerization in
vitro (14). This multimerization property of the EWS LCD
is required for EWS/FLI binding, chromatin accessibility,
enhancer establishment, and formation of transcriptional
hubs at GGAA-�sats in vivo (12,13,15–17). The ability to
bind, multimerize and form transcriptional hubs at GGAA-
�sats, suggests a model in which GGAA-�sats bound
by EWS/FLI interact with other EWS/FLI bound DNA
to promote chromatin looping, altered three-dimensional
(3D) chromatin conformation, and dysregulated gene ex-
pression in Ewing sarcoma.

We evaluated this model using an unbiased whole-
genome approach, in situ Hi-C (high-throughput chro-
matin conformation capture), to define the global changes
in chromatin structure mediated by EWS/FLI in Ew-
ing sarcoma (18). In this study, integration of Hi-C with
CUT&Tag (cleavage under target and tagmentation), ChIP-
sequencing, RNA-sequencing and 4C (circular chromatin
conformation capture) demonstrates how EWS/FLI bind-
ing to chromatin alters the 3D chromatin landscape to facil-
itate an oncogenic transcriptional state in Ewing sarcoma.

MATERIALS AND METHODS

Reagents

Antibodies. Mouse monoclonal M2-anti-FLAG (Western
blot; Sigma-Aldrich, F3165 and F1804), Rabbit mono-
clonal anti-H3 total (clone D1H2; Western blot; Cell Sig-
naling Technology, 4499), Rabbit monoclonal recombinant
anti-Lamin B1 (Western blot; Abcam, ab133741), Rab-
bit polyclonal anti-FLI1 (western blot and CUT&Tag Ab-
cam, ab15289), Rabbit monoclonal recombinant anti-ERG
[EPR3864] (CUT&Tag Abcam, ab92513), Rabbit poly-
clonal anti-CTCF (CUT&Tag Millipore Sigma, 07-729),
Guinea pig anti-rabbit IgG (CUT&Tag Antibodies-Online,
ABIN101961), Rabbit anti-mouse IgG (CUT&Tag Abcam,
ab46540), IRDye® 800CW goat anti-mouse IgG (Western
blot; LI-COR Biosciences, 926-32210), IRDye® 800CW
goat anti-rabbit IgG (Western blot; LI-COR Biosciences,
926-32211), IRDye® 680LT goat anti-rabbit IgG (Western
blot; LI-COR Biosciences, 926-68021).

Enzymes and recombinant proteins. Protein A-Tn5 trans-
posase (S. Henikoff Laboratory, Fred Hutchinson Can-
cer Center, Seattle, WA, USA), T4 DNA ligase (NEB,
M0202), MboI (NEB, R0147), NlaIII (NEB, R0125), Ex-
pand Long Template polymerase (Roche, 11759060001),

RNAse A (ThermoFisher Scientific, AM2271), Proteinase
K (ThermoFisher Scientific, 25530049).

Commercial kits. RNeasy Extraction Kit (Qiagen, 74136),
iTaqTM Universal SYBR® Green One-Step Kit (BioRad,
1725151), BCA protein assay kit (Thermo Fisher, 23225),
TruSeq Stranded mRNA Kit (Illumina, 20020594), Arima
Hi-C kit (Arima Genomics, A410030), KAPA Hyper Prep
Kit with Library Amplification Module (Roche, KK8500,
KK8502), QIAquick PCR Purification Kit (Qiagen, 28104),
NEBNext HiFi 2× PCR master mix (NEB, M0541),
KAPA Unique Dual-Indexed Adapters Kit (15 �M; Roche,
KK8727).

Biological resources

Cell lines. HEK-293 EBNA (human female; Invitrogen),
A673 (human, female; ATCC, CRL-1598), SK-N-MC (hu-
man, female; ATCC, HTB-10), TC71 (human, male) and
TTC-466 (human, female; T. Triche Laboratory, Keck
School of Medicine of USC, Los Angeles, CA, USA),
EWS-502 (human, sex unspecified; J.A. Fletcher Labora-
tory, Brigham & Women’s Hospital, Boston, MA, USA).

Constructs and retroviruses. Oligonucleotide sequences
for shRNAs targeting either Luciferase (Luciferase-RNAi,
iLuc) or the 3’-UTR of endogenous EWSR1-FLI1 mRNA
(EF-2-RNAi, iEF) were previously cloned downstream of
the H1 promoter of the puromycin resistant pSRP RNAi
retroviral vector as described (8). A 3X-FLAG tagged
EWS/FLI cDNA (type IV breakpoint), was previously
cloned into the pMSCV-Hygro retroviral vector as de-
scribed (8,19).

Cell culture

HEK-293EBNA cells were cultured in DMEM supple-
mented with 10% heat inactivated fetal bovine serum
(�FBS), 1% penicillin/streptomycin/glutamine (PSQ), and
0.3mg/ml geneticin. SK-N-MC cells were cultured in
DMEM with L-Glutamine, supplemented with 10% fetal
bovine serum (FBS) and 1% PSQ. A673 cells were cultured
in DMEM with L-glutamine, supplemented with 10% FBS,
1% PSQ and 1% sodium pyruvate. TC71 and TTC-466 cells
were cultured in RPMI 1640 media without L-glutamine,
supplemented with 10% FBS and 1% PSQ. EWS-502 cells
were cultured in RPMI 1640 media without L-glutamine,
supplemented with 15% FBS and 1% PSQ. All cell lines
were cultured at 37ºC and 5% CO2 and were authenticated
by short tandem repeat (STR) profiling through Genetica
(LabCorp).

EWS/FLI knock-down/rescue and selection

EWS/FLI knock-down in A673 cells was performed as de-
scribed previously (8) via retroviral infection with shRNA
targeting the 3’ UTR of EWSR1-FLI1 transcript (iEF);
shRNA targeting Luciferase was used as control for knock-
down (iLuc). Rescue of EWS/FLI knock-down was car-
ried out using either a 3X-FLAG tagged EWS/FLI cDNA
construct devoid of 3’ UTR (3X-FLAG-EF) or an empty
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pMSCV-hygro vector (e.v.) 4 h after infection with iEF to
generate the EF-Rescue and EF-KD cells respectively. The
control iLuc infection was rescued with e.v. to generate the
EF-Endo cells expressing endogenous levels of EWS/FLI.
Cells were kept in A673 culture media and double selection
in A673 media supplemented with 2 �g/ml puromycin and
150 �g/ml hygromycin B was started 2–3 days post infec-
tion with the rescue constructs. Cells were selected for 7–
11 days and harvested using trypsin. Trypsinized cells were
spun down at 500 × g for 5 min, washed with 1× PBS, and
pelleted at 500 × g for 5 min. Cell pellets were flash frozen
in liquid nitrogen and stored at –80◦C. EWS/FLI knock-
down in TC71 cells was performed via retroviral infection
using the iEF construct (EF-KD); the iLuc construct was
used as a shRNA control (EF-Endo). Cells were grown in
TC71 culture media for 2 days before selection was started
in 2 �g/ml puromycin. Cells were selected for 2 days and
harvested as above.

RNA isolation and RT-qPCR

Total RNA was extracted from frozen cell pellets using the
RNeasy Extraction Kit as per kit protocol. Reverse tran-
scription and qPCR was performed using the iTaq™ Univer-
sal SYBR® Green One-Step Kit on a Bio-Rad CFX Con-
nect Real-Time System. Fold change (FC) was determined
relative to the control sample (EF-Endo) after normaliza-
tion to the reference gene RPL30 (RPL30 primers, For-
ward: 5’-GGGGTACAAGCAGACTCTGAAG; Reverse:
5’-ATGGACACCAGTTTTAGCCAAC). EWSR1-FLI1
primers (Forward: 5′-CAGTCACTGCACCTCCATCC,
Reverse: 5′-TTCATGTTATTGCCCCAAGC) are specific
to endogenous EWSR1-FLI1 transcript and do not target
transcripts generated from expression of the EWS/FLI
rescue cDNA construct. Statistical comparison between
relative endogenous EWS/FLI1 expression in EF-Endo,
EF-KD, and EF-Rescue in A673 cells was performed using
Dunnett’s T3 multiple comparisons test (Supplementary
Table S1). Statistical comparison between relative endoge-
nous EWS/FLI1 expression in EF-Endo and EF-KD
in TC71 cells was performed using Unpaired t test with
Welch’s correction (Supplementary Table S2). Normality
assumptions were assessed using QQ [quantile-quantile]
plots. Unequal variance was assumed for variance ra-
tios >2. Additional information on RT-qPCR data along
with a completed checklist of MIQE (Minimum Infor-
mation for Publication of Quantitative Real-Time PCR
experiments) guidelines (20) are provided in Supplementary
Tables S3 and S4.

Nuclear protein isolation

Nuclear proteins were isolated from fresh cell pellets re-
suspended in 500 �l hypotonic buffer (20 mM HEPES [pH
8.0], 10% glycerol, 10 mM NaCl, 1.5 mM MgCl2, 1 mM
EDTA, and 1 mM DTT) with protease inhibitor cocktail
(Sigma, P8340) for 15 min. 12.5 �l of IGEPAL® CA-630
was added (to a final volume of 0.5%) and cells vortexed vig-
orously for 10 s to lyse the cytoplasm. Nuclei were pelleted
at 1000 rcf for 5 min at 4◦C and washed in 20 mM HEPES
[pH 8.0], 10% glycerol, 140 mM NaCl, 1.5 mM MgCl2, 1

mM EDTA, 1 mM DTT and 1% IGEPAL® CA-630 with
protease inhibitor cocktail. Nuclei were pelleted at 1000 rcf
for 5 min at 4◦C, snap frozen, and stored at –80◦C. Proteins
were extracted by incubation with RIPA buffer and protease
inhibitor cocktail on ice for 1 h with occasional vortexing.
Lysates were clarified by centrifugation at 16 000 rpm for 1
h at 4◦C. Protein concentration was measured using a BCA
assay.

Western blot and densitometry

Protein samples were prepared in 1× SDS loading
buffer (Tris pH 6.8, 10mM; SDS 2%, bromophenol blue
0.6 mg/ml, 7.8% glycerol, 1.5% DTT) and boiled for 5
min prior to gel loading. Western blots were run on 7.5%
Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad,
4561024) for 10 min at 90 V and 45 min at 120 V. Proteins
were blotted onto nitrocellulose using the iBlot™2 (Thermo
Fisher), probed for anti-FLI, anti-FLAG and anti-H3 or
anti-Lamin B1 antibodies as loading control, and devel-
oped using LiCor Odyssey CLx Infrared Imaging System.
Protein bands were converted to 8bit images and intensities
were calculated using ImageJ v1.51j8. EWS/FLI band in-
tensities (detected using anti-FLI antibody) were normal-
ized to the respective loading control band and reported
as EWS/FLI intensity relative to control for A673 cells.
Comparisons between EWS/FLI band intensities were per-
formed using Tukey’s multiple comparisons test (Supple-
mentary Table S5). Normality assumption was tested us-
ing QQ plot and equal sample sizes were used to mini-
mize variance heterogeneity. EWS/FLI intensities normal-
ized to the loading control band in TC71 cells are re-
ported relative to the EWS/FLI intensity in the EF-Endo
sample.

CUT&Tag experiments

CUT&Tag experiments were performed as described (21)
with slight modifications. All CUT&Tag experiments were
performed in duplicate. EWS/FLI CUT&Tag experiments
were performed in A673, TC71, EWS-502, and SK-N-
MC cells. EWS/ERG CUT&Tag experiments were per-
formed in TTC-466 cells. CTCF CUT&Tag experiments
were performed in A673 EF-Endo, EF-KD, and EF-Rescue
cells and in TC71 EF-Endo and EF-KD cells. H3K27Ac
CUT&Tag data was available in our laboratory and was
previously published (22). BioMag® Plus Concanavalin A-
coated magnetic beads (ConA beads, Bangs Laboratories,
BP531; 10 �l beads per sample) were washed twice with
Binding buffer (20 mM HEPES–KOH pH 7.9, 10 mM KCl,
1 mM CaCl2, 1 mM MnCl2). 250 000 cells per sample were
washed twice with Wash buffer (20 mM HEPES–NaOH
pH 7.5, 150 mM NaCl, 0.5 mM Spermidine, 1× cOmplete
protease inhibitor [Roche, 04693159001]) and rotated with
10 �l ConA beads for 10 min at room temperature (RT).
Beads bound to cells were separated using magnet stand and
re-suspended in 100 �l Antibody buffer (20 mM HEPES–
NaOH pH 7.5, 150 mM NaCl, 0.5 mM Spermidine, 0.05%
digitonin, 2 mM EDTA, 1× cOmplete protease inhibitor).
Antibodies (anti-FLI, anti-ERG, anti-CTCF, Rabbit anti-
mouse IgG) were added at a dilution of 1:100. Samples were
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rotated overnight at 4◦C. The samples were cleared on a
magnet stand and beads were washed with Dig-wash buffer
(20 mM HEPES–NaOH pH 7.5, 150 mM NaCl, 0.5 mM
Spermidine, 0.05% Digitonin). Beads were re-suspended in
100 �l Dig-wash buffer and incubated with guinea pig anti-
rabbit IgG at a dilution of 1:100 on a rotator for 1 h at
4◦C. After three washes with Dig-wash buffer, beads were
re-suspended in 100 �l Dig-300 buffer (20 mM HEPES–
NaOH pH 7.5, 300 mM NaCl, 0.5 mM Spermidine, 0.01%
Digitonin) with a 1:250 dilution of Protein A-Tn5 trans-
posase fusion protein containing Escherichia coli spike-in
DNA. Samples were rotated for 1 h at RT. After three
washes with Dig-300 buffer, beads were re-suspended in 300
�l tagmentation buffer (Dig-300 buffer with 10 mM MgCl2)
and incubated for 1 h at 37◦C. Tagmentation was stopped
by adding 10 �l 0.5 M EDTA, 3 �l 10% SDS, and 2.5 �l
20 mg/ml Proteinase K to each sample, vortexing 5 s, and
incubating for 1 h at 50◦C. DNA was purified using phenol–
chloroform extraction and ethanol precipitation. DNA pel-
let was dried and re-suspended in 30 �l 10 mM Tris–Cl,
pH 8 with 1 mM EDTA and 1/400 RNase A and incu-
bated at 37◦C for 10 min. Libraries were amplified using
dual-indexed primers (Supplementary Table S6). 21 �l of
DNA, and 2 �l of each primer (10 �M) were added to 25
�l of NEBNext HiFi 2× PCR master mix. Libraries were
amplified using the following cycling conditions: 72◦C for
5 min, 98◦C for 30 s, 15 cycles of 98◦C for 10 s and 63◦C
for 10 s, 72◦C for 1 min. Amplified libraries were purified
by adding 55 �l Agencourt AMPure XP magnetic beads to
the PCR reactions, incubating 15 min, washing twice with
400 �l 80% ethanol, drying the DNA pellet, and eluting pu-
rified libraries in 25 �l Tris–Cl, pH 8. Illumina HiSeq4000
system was used to sequence the CUT&Tag libraries using
2 × 150 bp paired-end run.

CUT&Tag data processing and analysis

Quality control on raw sequencing reads were performed
using FastQC [v0.11.4]. Adapter sequences and/or low
quality reads were trimmed using Trim Galore [v0.4.4 dev].
Reads were aligned to the Genome Reference Consortium
Human Build 37, GRCh37 (hg19) and spike-in E. coli (Es-
cherichia coli K 12 DH10B NCBI 2008–03-17) reference
genomes using Bowtie2 [v2.3.4.3] (23,24) with the follow-
ing options ‘–no-unal –no-mixed –no-discordant –dovetail
–phred33 -q -I 10 -X 700’. The ‘–very-sensitive’ option was
added when aligning to spike-in genome. SamTools [v1.9]
(25) was used to convert sam to bam with ‘-bq 10’ option
to filter out reads with mapping quality score <10. A sum-
mary of the quality metrics for sequencing mapping of all
CUT&Tag data are reported in Supplementary Table S7.
CUT&Tag reads were spike-in normalized using DESeq2’s
[v1.26.0] median ratio method (26) in R [v4.0.0] to elimi-
nate bias across different samples, minimize the effect of
outliers, and appropriately account for global occupancy
changes. Scaling factor calculation for spike-in normaliza-
tion of mapping quality filtered CUT&Tag data are re-
ported in Supplementary Tables S8 and S9. Spike-in nor-
malized bigwig tracks were generated and averaged across
biological replicates using deepTools [v3.4.3] (27). Bigwig
tracks for each experiment was further compared to the re-

spective IgG control bigwigs using bigwigCompare from
deepTools to generate tracks of log2 ratio between experi-
mental and IgG CUT&Tag signal. Peaks were called with
spike-in normalization using corresponding IgG as con-
trols, and accounting for variation between the biological
replicates using MACS [v 2.2.7.1] (28), DiffBind [v2.14.0]
(29) and DESeq2. Batch corrected PCA plots were gen-
erated for each spike-in normalized CUT&Tag replicate
to evaluate reproducibility of replicates for each sample.
CUT&Tag integrates adapters into antibody-bound DNA
sites and the exact sites are affected by accessibility. For
this reason, fragments that mapped to the same exact po-
sitions are expected to be common and may not be due
to duplication during PCR and are likely to be true frag-
ments. Furthermore, GGAA-�sats are known to be regu-
latory elements in Ewing sarcoma, and reads mapping to
repetitive GGAA-�sat sequences may also appear as du-
plicate reads. Therefore, all duplicate reads were retained
in the analysis. Irreproducible Discovery Rate [IDR v2.0.3]
(30) was used to identify reproducible and consistent peaks
across replicates. To ensure high quality peaks that are most
likely to represent biological signals, the final peak lists were
generated using appropriate thresholds for IDR, log2FC,
mean normalized counts of signal, and false discovery rate
(FDR). EWS/FLI and EWS/ERG peaks were called us-
ing cut-offs: FDR <0.05, IDR <0.05, mean normalized
counts ≥1, and log2FC ≥2 to identify all putative binding
locations for EWS/FLI and EWS/ERG in each cell line. A
highly conserved list of EWS/FLI and EWS/ERG peaks
were identified by overlapping peaks from all five cell lines
(A673, SK-N-MC, EWS-502, TC71 and TTC-466) using
R packages ChIPpeakAnno [v3.24.2], and GenomicRanges
[v1.42.0] (31,32). UpSetR [v1.4.0] was used to visualize the
number of EWS/FLI and EWS/ERG peak regions over-
lapping across all 5 cell lines (33). Homer motif finding
tool from Homer package [v4.11.1] was used to determine
enriched motifs associated with the conserved EWS/FLI
peaks in A673 (34).

H3K27Ac peaks were called after spike-in normalization
using the following parameters: FDR <0.05, IDR <0.005,
mean counts ≥50, and log2FC ≥3. Ranked order of super-
enhancers (ROSE) was used to identify all enhancers (in-
cluding both typical enhancers and super-enhancers) from
H3K27Ac localization data (35,36). The default stitching
distance of 12.5 kb was used and 2.5 kb distance from tran-
scription start sites (TSS) was excluded to account for pro-
moter biases. Differential H3K27Ac peaks and enhancers
for EF-Endo versus EF-KD and EF-Rescue versus EF-KD
were identified using the DiffBind and DESeq2 R pack-
ages. DeSeq2 was used to perform read count normalization
and identification of peaks and enhancer regions that are
differentially enriched for H3K27Ac signal (FDR < 0.05).
EWS/FLI enrichment at differential enhancer regions were
compared using Tukey’s multiple comparisons test (Supple-
mentary Table S10). Normality was assumed for large sam-
ple sizes, equal variance was assumed for variance ratios <2.

ChIP-sequencing data processing and analysis

ChIP-sequencing data for cohesin subunits SMC1A and
Rad21 were downloaded from published sources (37,38).
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Two replicates of spike-in normalized SMC1A data were
downloaded from Adane et al., and one replicate each
of SMC1A and Rad21 were downloaded from Surdez
et al. (37,38). Spike-in normalized bigwig files were avail-
able publicly for Adane et al. (38). Data downloaded from
Surdez et al. 2021 were processed similarly to that in Surdez
et al. (37): Bowtie2 [v2.4.1] was used to align sequencing
data to the hg19 reference genome. Reads were sorted and
filtered for duplicate, unmapped and multimapper reads
using Sambamba [v0.7.1]. Bigwig files were generated for
SMC1A, Rad21 and Input control using bamCoverage
from deepTools. Heatmap and profile plots were generated
using Input normalized SMC1A and Rad21 signals using
plotHeatmap and plotProfile functions from deepTools.

RNA-sequencing experiments, data processing, and analysis

RNA-sequencing was performed on two biological repli-
cates each of EF-Endo and EF-KD TC71 samples. To-
tal RNA were extracted from frozen cell pellets using
RNeasy Extraction Kit as per kit protocol and submit-
ted to the Nationwide Children’s Hospital Institute for
Genomic Medicine for RNA quality measurements (RIN
and DV200; Supplementary Table S11), library prepara-
tion, sequencing, and differential gene expression analysis
for EF-Endo versus EF-KD in TC71 cells. TruSeq Stranded
mRNA Kit was used to prepare cDNA libraries from total
RNA and sequenced on Illumina HiSeq4000 using 2 × 150-
bp paired-end run. Low-quality reads (q < 10) were filtered
out and adaptor sequences trimmed from raw reads using
bbduk [v37.64]. Each sample was aligned to the hg19 refer-
ence genome using STAR [v 2.6.0c] (39) and analyzed for
differential gene expression between EF-Endo and EF-KD
in TC71 cells using DESeq2. Quality metrics and sequenc-
ing summary for TC71 RNA-sequencing are reported in
Supplementary Tables S12–S14. Differential gene expres-
sion data for EF-Endo versus EF-KD and EF-Rescue ver-
sus EF-KD in A673 cells were available in the laboratory
and was previously published (40).

In situ Hi-C experiments

In situ Hi-C was performed in duplicate for EF-Endo, EF-
KD and EF-Rescue A673 cells from 2 million frozen cells
per replicate fixed in 1X PBS with 2% formaldehyde at RT
for 10 min and quenched with 0.250 M glycine at RT for
5 min and on ice for 15 min. Crosslinked cells were stored
in –80ºC and later processed using the Arima Hi-C kit as
per the kit protocol to obtain proximally-ligated DNA li-
braries. 100 �l proximally-ligated DNA was fragmented us-
ing Covaris water bath sonicator (peak power = 70 W, duty
factor = 20%, cycles per burst = 1000, duration = 35 s) to
obtain peak fragment size of 395–418 bp. Fragments were
size selected and biotin enriched per Arima Hi-C proto-
col. Dual indexed library preparation and amplification was
performed using the KAPA Hyper Prep Kit with Library
Amplification Module according to the Arima Hi-C Kit
protocol to obtain libraries with 505–525 bp average frag-
ment size. Index sequences are listed in Supplementary Ta-
ble S15. In situ Hi-C libraries were sequenced on Illumina
Hi-Seq 4000 using 2 × 150 bp paired-end runs.

Hi-C data processing

Hi-C paired-end reads were and processed using pub-
licly available Arima Genomics Mapping pipeline
(https://github.com/ArimaGenomics/mapping pipeline):
BWA-MEM (41,42) was used to align the Hi-C reads
to the hg19 reference genome. Reads were first mapped
independently as single-ends and then paired. Chimeric
reads (mapping to the ligation junction) were filtered to
retain the read that maps in the 5’-orientation. The filtered
single-end Hi-C reads were paired, sorted, and mapping
quality filtered (mapping quality > 10; Supplementary Ta-
ble S16). PCR duplicates were removed using Picard Tools
[v2.20.3] (Supplementary Table S17). The processed files
were used to perform compartment, TAD and differential
interaction analysis. Hi-C summary files (.hicsum) were
generated from the processed data using the publicly avail-
able iHiC pipeline (43). Hi-C summary files for each sample
was processed with the makeTagdirectory function from
Homer package to independently calculate interaction
frequencies over genomic distance where the fraction of
total paired-end reads at different distances are recorded at
1kb resolution for each sample (44). These frequencies were
not normalized between samples. Hi-C contact matrices
(.hic files) were generated using the Juicer pipeline (45)
and were visualized using Juicebox [v1.9.8] (46). Quality
statistics for Hi-C sequencing data are summarized in
Supplementary Table S18.

Compartment analysis

Homer [v4.11.1] Hi-C analysis pipeline was used to generate
normalized interaction matrices from processed Hi-C data
and to perform Principal Component Analysis (PCA) of the
normalized interaction matrices using a resolution of 20 kb,
window size 40 kb and genome hg19 (44). The algorithm
identifies chromosomal compartments using the PC1 com-
ponent. To distinguish between A (active) and B (inactive)
compartments, homer uses the locations of TSS as ‘active’
chromatin regions to assign the sign of PC1 values. Regions
with positive PC1 values were identified as ‘A compartment’
and regions with negative PC1 values were identified as ‘B
compartment’. Chromosomal compartments were also vi-
sualized using the Juicebox visualization tool by generating
Pearson correlation maps at 1 mb resolution from cover-
age normalized Hi-C data (46). To identify genomic regions
that show compartment shifting we used the findHiCCom-
partments.pl tool in the Homer package to define regions
showing ≥0.4 change in eigenvalue (PC1). A-like shifts were
defined as regions changing PC1 value by ≥0.4, and B-like
shifts were defined as regions changing PC1 value by ≤–0.4
in EF-Endo versus EF-KD and in EF-Rescue versus EF-
KD.

Genes mapping to stable and shifting compartments were
annotated using R and Games-Howell’s multiple compar-
isons test was used to compare differential gene expression
signatures for stable, A-like and B-like compartment shifts
in EF-Endo versus EF-KD and EF-Rescue versus EF-
KD (Supplementary Table S19). Normality was assumed
for large sample sizes, and unequal variance was assumed
for variance ratios >2. Differential H3K27Ac peaks were

https://github.com/ArimaGenomics/mapping_pipeline
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mapped to their respective stable, A-like and B-like com-
partments and Tukey’s multiple comparisons test was used
to compare H3K27Ac signature at stable and shifting com-
partments (Supplementary Table S20). Normality was as-
sumed for large sample sizes, and equal variance was as-
sumed for variance ratios <2.

Histogram analysis was performed using the annotate-
Peaks.pl tool in Homer package to plot the distribution
of PC1 values around EWS/FLI binding sites. 20kb com-
partmental segments directly overlapping EWS/FLI peaks
were identified using BEDTools’ [v2.29.2] intersect func-
tion and were further separated into the type of EWS/FLI
binding site (GGAA-�sat or non-�sat) to determine the ef-
fect of EWS/FLI binding locations on compartment shift-
ing genome wide. Tukey’s multiple comparisons test was
performed to compare PC1 values at EWS/FLI binding
sites between EF-Endo, EF-KD and EF-Rescue (Supple-
mentary Table S21). Normality was assumed for large sam-
ple sizes and equal variance was assumed for variance ra-
tios <2.

Analysis of TAD and TAD boundaries

TADs and TAD boundaries were identified using iHiC
pipeline and TopDom [v0.0.2] (43,47). The pipeline was
used to identify TAD boundaries as 20kb genomic bins
that allow minimal contact between bins upstream and
downstream of the boundary region compared to their
neighboring bins (P value < 0.05). Overlapping bound-
aries across multiple conditions were identified using the
ChIPpeakAnno and GenomicRanges R packages. UpSetR
was used to plot overlapping TAD boundaries. CTCF
peaks were called from CUT&Tag data after spike-in nor-
malization using the following parameters: FDR <0.05,
IDR <0.01, mean counts ≥100, and log2FC ≥3. Heatmaps
of CTCF occupancy at TAD boundaries were generated us-
ing deepTools’ functions computeMatrix and plotHeatmap.
EWS/FLI enrichment at different TAD boundary regions
were compared using Tukey’s multiple comparisons test.
Normality was assumed for large sample sizes, equal vari-
ances were assumed for variance ratios <2 (Supplemen-
tary Table S22). Heat maps and profile plots for EWS/FLI,
CTCF, SMC1A and Rad21 were generated using deepTools
to determine the binding pattern of these factors at the
EWS/FLI sites identified near EF-WT boundaries

DiffHiC [v1.22.0] R package (48) was used to partition
the genome into 20 kb bins. Using the domainDirections
function in diffHiC, the total number of read pairs between
each 20 kb bin and a 200 kb span upstream or downstream
of that bin was calculated from processed Hi-C data to yield
two counts per 20 kb bin (up and down). Low abundance
bins were removed and the up and down counts were used
to calculate a directionality statistic (DS) for each bin by
computing the log fold change ratio between up and down
counts for each bin in each condition (EF-Endo, EF-KD
and EF-Rescue). The DS is similar to the directionality in-
dex defined by Dixon et al. (49), where the magnitude of
the DS identifies the size of interaction preference for a tar-
get bin, while the positive/negative signs provide informa-
tion about downstream/upstream directionality preference
of interaction for that target bin. The rotPlaid function in

diffHiC R package was used to generate locus specific Hi-C
heatmaps.

Differential interactions analysis

Differential interactions were detected from processed Hi-
C data for EF-Endo versus EF-KD and EF-Rescue versus
EF-KD using diffHiC. The mapping location of each de-
duplicated and map quality filtered read was matched to
a restriction fragment in the hg19 reference genome and
the resulting data were used to filter out reads with large
(>700 bp) and unpaired fragments. The reference genome
was divided into either 1 mb or 20 kb contiguous bins and
interaction intensity between any two bins (bin pair) in the
genome were calculated by counting the number of read
pairs that have one of the paired-reads successfully mapped
to each of the two bins. Bin pairs with low abundance read
counts were directly filtered to retain bin pairs with abun-
dances that are at least 10-fold higher than the median abun-
dance of inter-chromosomal interactions to account for
non-specific ligations. The resulting data were TMM nor-
malized to reduce composition biases. Variability in read
counts was modelled to reduce the significance of any dif-
ferences in counts detected between biological replicates,
and significance testing was performed to identify differen-
tial interactions at 20 kb and 1mb resolution (FDR < 0.05
and |fold change| > 4) in EF-Endo versus EF-KD and EF-
Rescue versus EF-KD using the R package edgeR [v3.32.1]
(50,51).

Multidimensional scaling (MDS) plots of distances be-
tween Hi-C replicates were generated using the plotMDS
function from the limma [v3.46.0] R package for the top
1000 interactions at 1mb resolution (52). Volcano plots of
differential interactions were generated using Enhanced-
Volcano [v1.8.0] R package. 1mb interactions were split into
lost (FDR < 0.05 and fold change < –4) or gained inter-
actions (FDR < 0.05 and fold change > 4). Calculation
of the interaction distance for the differential interactions
were performed by filtering out inter-chromosomal inter-
actions and measuring the genomic distance between the
midpoints of the two loop anchors spanning the retained
intra-chromosomal interactions. Loop lengths were com-
pared between gained and lost loops at 1mb resolution us-
ing Unpaired t test with Welch’s correction (Supplemen-
tary Table S23). Normality was assumed for large sample
sizes and unequal variances was assumed for variance ra-
tio >2. The motif finding tool findMotifsGenome.pl from
the Homer package was used to determine enriched motifs
associated with gained loop anchors at 20kb resolution.

Gained (FDR < 0.05 and fold change > 4) and lost
(FDR < 0.05 and fold change < –4) interactions at 20 kb
resolution were annotated for genes in differential expres-
sion dataset for EF-Endo versus EF-KD and for EF-Rescue
versus EF-KD in A673 cells using subsetByOverlaps func-
tion in GenomicRanges R package. Differential expression
of these genes were visualized by plotting volcano plots us-
ing the EnhancedVolcano R package.

All stable and differential interactions detected at
20 kb resolution using diffHiC were categorized into
EWS/FLI bound and unbound loops using BEDTools’
pairToBed function to identify loops that overlap a con-
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served EWS/FLI peak. Comparisons of loop enrichment at
EWS/FLI bound versus unbound regions were performed
using unpaired t test (Supplementary Table S24). Normal-
ity was assumed for large sample sizes and equal variances
was assumed for variance ratios <2. EWS/FLI bound loops
were sub-categorized by the type of EWS/FLI binding
site underlying the loop anchors (–/–, MS/MS, MS/NMS,
MS/–, NMS/NMS, NMS/–) to determine the role of
EWS/FLI binding site (MS = GGAA-�sat, NMS = non-
�sat) in differential loop enrichment. Comparisons of loop
enrichment in EF-Endo versus EF-KD underlying differ-
ent types of EWS/FLI binding sites were performed using
Games–Howell’s multiple comparisons testing where nor-
mality was assumed for large sample sizes and unequal vari-
ances assumed for variance ratios >2 (Supplementary Table
S25). Comparisons of loop enrichment in EF-Rescue ver-
sus EF-KD underlying different types of EWS/FLI binding
sites were performed using Tukey’s multiple comparisons
testing where normality was assumed for large sample sizes
and equal variances assumed for variance ratios <2 (Sup-
plementary Table S25). All interactions detected at 20 kb
resolution were also mapped to differential enhancer re-
gions (stable, gained and lost enhancers) to determine the
association between enhancers and loop enrichment. Com-
parisons of 20 kb loop enrichment at differential enhancers
were performed using Tukey’s multiple comparisons test
(Supplementary Table S26). Normality was assumed for
large sample sizes and equal variances was assumed for vari-
ance ratios <2. All gained interactions at 20 kb resolution
(FDR < 0.05 and fold change > 4) were sub-categorized
as inter- or intra- TAD loops where loops with ≥90% over-
lap with a TAD region were identified as intra-TAD, and
loops with <90% overlap with a TAD region were identified
as inter-TAD. The proportion of gained inter-TAD loops
for MS/MS and MS/NMS were compared to the expected
proportion of inter-TAD loops in a control set of loops. A
control set of 1000 loops were randomly picked from all
20kb interactions and the inter-TAD loop proportions were
recorded one thousand times as the expected proportion
of inter-TAD loops. The average proportion of expected
inter-TAD loops was used as control in a one-sample pro-
portion test to determine whether MS/MS and MS/NMS
gained loops show a significantly greater inter-TAD loop
proportion than the control. To determine the relationship
between EWS/FLI, CTCF and cohesin localization near
gained loop anchors, EWS/FLI, CTCF and SMC1A bind-
ing sites near all gained loops were identified and interro-
gated for EWS/FLI, CTCF, SMC1A and Rad21 localiza-
tion using heatmaps and profile plots. Pearson correlation
analysis was also performed between EWS/FLI, CTCF and
SMC1A binding intensities at these sites to determine any
significant correlation between these factors.

EWS/FLI bound differential interactions at 20 kb reso-
lution (FDR < 0.05 and |fold change| > 4) were mapped to
genomic GGAA sequences of varying repeat lengths using
BEDTools’ pairToBed function. These differential interac-
tions were further categorized by (i) the total number of
genomic GGAA repeats underlying the interactions (maxi-
mum distance between each GGAA motif ≤ 20 bp), and by
(ii) the number of consecutive GGAA repeats underlying the
interactions (maximum distance between each GGAA mo-

tif = 0 bp). We found only two differential interactions map-
ping to 20 or more consecutive GGAA repeats which were
not very informative and were excluded from this analysis.
Differential interactions were ranked by logFC values (for
EF-Endo versus EF-KD and EF-Rescue versus EF-KD)
and Spearman’s rank correlation analysis was performed to
determine the relationship between GGAA repeat lengths
and loop enrichment. One-tailed two-sample proportion
tests were performed to determine significant differences
in proportions of gained loops for different GGAA repeat
lengths: total GGAA repeats and consecutive GGAA re-
peats. Alternatively, Fisher’s exact test was performed for
small expected sample sizes (<5). Test statistics for compar-
isons between two categories are reported in Supplementary
Tables S27–S29.

Identification of direct EWS/FLI target genes

Direct target genes were identified as genes that (i) have TSS
located within 20 kb of a conserved EWS/FLI binding site
or overlapping a 20 kb loop anchor of a gained loop with at
least one anchor overlapping a EWS/FLI site (ii) are signif-
icantly altered in expression between EF-Endo and EF-KD
in A673 cells (adjusted P-value < 0.05 and |fold change |>
1.25). Differentially expressed genes located within 20 kb of
a GGAA-�sat or non-�sat bound EWS/FLI site were iden-
tified using subsetByOverlaps function in R. Differentially
expressed genes located under a EWS/FLI loop at 20 kb
resolution were identified by merging differential gene ex-
pression data from RNA-seq to genes mapping to gained
loops at 20 kb resolution using Ensembl ID and filtering
out genes that are not bound by a EWS/FLI loop. The
two datasets were combined and duplicates were removed
to generate a list of direct EWS/FLI target genes. These di-
rect EWS/FLI target genes were then categorized into genes
that are either directly upregulated (adjusted P-value < 0.05
and fold change > 1.25; Supplementary Table S30) or di-
rectly downregulated (adjusted P-value < 0.05 and fold
change < –1.25; Supplementary Table S31) by EWS/FLI.
A subset of these direct targets mapping to EWS/FLI me-
diated chromatin loops are listed in Supplementary Table
S32.

Gene set enrichment analysis (GSEA)

GSEA [v4.0.3] (53,54) was used to analyze functional as-
sociation between genes directly regulated by EWS/FLI in
A673 cells and genes differentially regulated in TC71 cells
upon EWS/FLI knock-down. Direct EWS/FLI regulated
genes in EF-Endo versus EF-KD A673 cells were used as
gene sets for up- and down-regulated genes. Differentially
expressed genes in EF-Endo versus EF-KD TC71 cells were
rank ordered by log2FC for comparison with the A673
EWS/FLI direct target gene sets. Significance was deter-
mined using |NES| > 1.5, FDR q-value < 0.05 and FWER
P-value < 0.05.

4C experiments

4C sequencing libraries were prepared in duplicate follow-
ing published protocol (55). For each replicate, ∼5 million
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EF-Endo, EF-KD and EF-Rescue A673 cells and EF-Endo
and EF-KD TC71 cells were trypsinized and re-suspend
in 2.5mL isolation buffer (10% FBS/PBS). 2.5 ml of 4%
fixation buffer (1 ml 37% formaldehyde + 8.25 ml isola-
tion buffer) was added and cells were cross-linked for 10
min. Cold glycine was added to a final concentration of
0.125 M to quench the fixation reaction and cells were cen-
trifuged at 1000 × g for 5 min at 4ºC. Cells were washed
with ice cold PBS, pelleted, flash frozen and stored at –
80ºC. Thawed pellets were gently re-suspended in 1 ml lysis
buffer (50 mM Tris–HCl pH 7.5, 0.5% Igepal, 1% TX-100,
150 mM NaCl, 5 mM EDTA) with 1× cOmplete protease
inhibitor, incubated on ice for 20 min, spun down, super-
natant removed, and the nuclei washed in 450 �l 1.2 × RE1
buffer (NEB rCutSmart™). Nuclei were re-suspended in 500
�l 1.2× RE1 buffer, 10% SDS was added to a final vol-
ume of 0.3%, and incubated while shaking at 750 rpm for
1 h at 37◦C. 20% Triton-X 100 was added to a final vol-
ume of 2.5% and incubated in a thermomixer at 750 rpm
for 1 h at 37◦C. 100U of MboI (primary restriction en-
zyme) was added and incubated in a thermomixer at 750
rpm for 3 h at 37◦C. A second round of 100 U of MboI was
added and incubated in a thermomixer at 750 rpm overnight
at 37◦C. MboI was heat inactivated at 65◦C for 20 min.
Proximity ligation was performed by incubating the sam-
ples for 24 h at 16◦C using 50 U of T4 DNA ligase in 7 ml
of 1× ligation buffer (660 mM Tris–HCl, pH 7.5, 50 mM
MgCl2, 50 mM DTT and 10 mM ATP). 30 �l Proteinase
K (10 mg/ml) was added and cross-links were reversed by
incubating overnight at 65◦C to create 3C template DNA.
The 3C template was purified using Nucleomag PCR beads
(‘P-beads’), eluted in 450 �l 5mM Tris–HCl (pH 8.0), and
stored at –20◦C. Second restriction digest was performed
in 500 ul of 1× RE2 buffer (NEB rCutSmart™) at 37ºC
overnight in a thermomixer at 500 rpm using 50 U of NlaIII.
NlaIII was heat inactivated at 65◦C for 20 min. DNA was
quantified using Qubit and a second ligation reaction was
carried out in 5 ml 1× ligation buffer with 25 �g of tem-
plate and 50 U T4 DNA ligase at 16◦C overnight. Sam-
ples were purified using P-beads as above and stored at –
20◦C. PCR amplification was performed in 50 �l PCR re-
actions using 200 ng of 4C template, 1 �l of dNTPS (1 mM),
5 �l of 5 uM reading primer, 5 �l of 5 uM non-reading
primer, and 0.7 �l of Expand Long Template polymerase
(Reading primer: 5’-TACACGACGC TCTTCCGATC
TGACTCGTCC CAAACTCTTA GCCTC; Non-reading
primer: 5’-ACTGGAGTTC AGACGTGTGC TCTTCC-
GATC TCTAGGGCAG ACAGATAACA G). PCR cy-
cling program used: 94ºC for 2 min; 16 cycles: 94ºC for
10 s, 50ºC for 1 min, 68ºC for 3 min; 68ºC for 5 min. Li-
braries were purified using 0.8× AMPure XP purification
and a second round of PCR was performed in 50 �l of 1×
PCR buffer with 1 �l of 10mM dNTPs, 5 �l of the puri-
fied product, 5 �l of 5 �M universal primer mix (Supple-
mentary Table S33), 0.7 �l of Roche Expand Long Tem-
plate polymerase mix. PCR cycling program used for sec-
ond PCR: 94ºC for 2 min; 20 cycles: 94ºC for 10 s, 60ºC for
1 min, 68ºC for 3 min; 68ºC for 5 min. PCR amplified 4C li-
braries were purified using Qiagen PCR purification kit and
primer dimers removed using 0.8× Ampure XP bead purifi-

cation. 4C libraries were run on the High Sensitivity D5000
tape for library quantitation and were sequenced with Illu-
mina MiSeq (A673 samples) and MiniSeq (A673 and TC71
samples) sequencing systems using 2 × 75 bp paired-end
runs. Only the read containing the reading primer was used
for further analysis. Reading primer was used to target the
GGAA-�sat at ∼60 kb upstream of NKX2-2 (right most
microsatellite, RMS) as the region of interest (viewpoint).

4C data processing and analysis

4C sequencing data were processed using the pipe4C
[v1.00] analysis pipeline (55). Global parameters were
set using the global configuration file (conf.yml; Sup-
plementary Table S34) and experiment specific pa-
rameters were set using the viewpoint file (vPFile;
Supplementary Table S35). The pipe4C pipeline was
then run using the command: Rscript pipe4C.R –
vpFile = ./fastq/VPinfo.txt –fqFolder = ./fastq/ –
outFolder = ./outF A673 TC71 NKX2-2 4Cseq/ –cores
12 –plot –wig. The pipe4C pipeline demultiplexes the
reads to retain only reads containing the reading primer.
Trimming of reads was performed to extract the capture
sequence between the two restriction sites. Reads were
then mapped to the hg19 reference genome using Bowtie2.
The pipeline counts reads per fragment end and creates
an in silico fragment end library using the Bioconductor
BSgenome.Hsapiens.UCSC.hg19 [v1.4.3] R package. The
fragments ends were trimmed based on capture length and
only reads that mapped uniquely to the reference genome
with the capture length were counted. The read counts were
normalized for sequencing depth to a total sum of 1 million
mapped reads per sample. Quality metrics of 4C sequenc-
ing data are summarized in Supplementary Table S36.
Regions that have higher contact frequency than expected
were identified using peakC [v0.2] (55). peakC models
the background contact frequency for regions upstream
and downstream of the viewpoint and identifies genomic
regions that are significantly contacted by computing
non-parametric statistics based on ranks of coverage of 4C
fragment ends with respect to the background model.

Statistics

All statistical testing are reported in Supplementary Ta-
bles S1, S2, S5, S10 and S19–S29. The normality and vari-
ance assumptions for these tests are referenced next to the
corresponding analysis detailed above. Significance was de-
termined as a P value <0.05. All Fisher’s exact test, two-
sample, and one-sample tests for proportionality were per-
formed in R. All other comparisons between two or more
groups were performed in GraphPad Prism (version 9).

RESULTS

EWS/FLI reprograms the global interaction profile in Ewing
sarcoma

To understand how EWS/FLI affects 3D chromatin con-
formation in Ewing sarcoma, we depleted EWS/FLI from
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patient derived Ewing sarcoma cells and compared chro-
matin features between EWS/FLI expressing and depleted
states. Endogenous EWS/FLI (EF-Endo) was knocked-
down from A673 cells using RNAi (EF-KD), and subse-
quently rescued with ectopic expression of a 3X-FLAG
tagged EWS/FLI cDNA construct (EF-Rescue), using a
well-validated knock-down/rescue system with direct func-
tional consequences to transcription and oncogenic trans-
formation in Ewing sarcoma cells (8,56). The EF-Rescue
experiment was used to confirm that the changes observed
between EF-Endo and EF-KD were not off-target effects
of RNAi. EWS/FLI knock-down and rescue of expression
were verified using reverse transcription-quantitative poly-
merase chain reaction (RT-qPCR) and western blot anal-
ysis (Supplementary Figures S1A–E). In situ Hi-C exper-
iments were performed in duplicate, in EF-Endo, EF-KD
and EF-Rescue A673 cells to obtain 278–433 million to-
tal read pairs per replicate, of which 72–73% of the read
pairs were retained after filtering out low mapping quality
(MAPQ < 10) and duplicated reads to give 201–311 mil-
lion unique paired-end reads per replicate (Supplementary
Figure S2A). In this study, chromatin features in EWS/FLI
containing (EF-WT) states, i.e. EF-Endo and EF-Rescue
were compared to chromatin features in the EWS/FLI de-
pleted state, i.e. EF-KD.

We first generated genome-wide contact maps using the
Hi-C data for EF-Endo, EF-KD and EF-Rescue (Supple-
mentary Figure S2B). Off diagonal inter-chromosomal sig-
nals represent chromosomal rearrangements in A673 cells,
many of which were reported previously (e.g. t(1;9), t(1;13),
t(3;16), t(5;8), t(9;13), t(11;13) and t(11;22); (57). To de-
termine whether EWS/FLI promotes global changes in
the chromatin interaction profile, we performed multidi-
mensional scaling (MDS) analysis of the top 1000 inter-
actions at 1 megabase (mb) resolution in EF-Endo, EF-
KD and EF-Rescue (Figure 1A). EF-Endo clustered with
EF-Rescue, and were separated from the EF-KD replicates,
demonstrating that the changes in interaction profiles ob-
served with EWS/FLI depletion are largely reversed by re-
expression of the ‘rescue’ EWS/FLI.

We next asked whether higher order intra-chromosomal
interactions were globally altered by EWS/FLI. We plot-
ted interaction frequency over linear genomic distance for
all intra-chromosomal interactions and found a decrease
in long distance (2–20 mb) interactions and an increase in
shorter distance (0.1–1 mb) interactions in EF-WT cells
as compared to EF-KD cells (Figure 1B). To determine
whether these differences were significant, we used the
diffHiC package to perform differential interaction analysis
at 1 mb resolution (FDR < 0.05 and |fold change| > 4) to
assess the status of long-range interactions (48). We iden-
tified differential interactions in EF-Endo versus EF-KD
and in EF-Rescue versus EF-KD at 1mb resolution (Fig-
ures 1C, S2C). We found that more interactions were lost
than gained in the EWS/FLI containing states (Figure 1D)
and that the lost interactions were significantly larger than
gained interactions (Figures 1E, S2D). Example genomic
regions are shown in Figures 1F and S2E. Similar changes
to loop lengths for higher order chromatin interactions were
observed by Jansz et al. upon depletion of Smchd1 in mouse

neural stem cells, where Smchd1 reduces long range inter-
actions and increases short range interactions at 1mb res-
olution (58). Taken together, these data demonstrate that
EWS/FLI plays a role in higher order chromatin organiza-
tion in Ewing sarcoma by reducing long-range interactions
between distant loci in favor of increasing shorter-range in-
teractions between nearby loci.

Alterations in compartment structure associate highly with
enhancer landscape and gene expression changes

The megabase scale changes identified in intra-
chromosomal interactions suggest that these may impact
large-scale chromatin organizational features, such as
chromatin compartment organization. Principal compo-
nent analysis (PCA) of Hi-C data has been previously
shown to identify and distinguish chromatin regions
into one of two compartmental states: compartment A
(relatively transcriptionally active) and compartment B
(relatively transcriptionally inactive) (59). To identify A
and B compartmental organization for EF-Endo, EF-KD
and EF-Rescue cells, PCA of the respective interaction
profiles were performed at 20 kb resolution and the first
principal component (PC1) values were assigned to each
20 kb region in the genome using the Homer package (34).
Here, positive PC1 values assigned to a region indicate A
compartmentalization and negative PC1 values indicate
B compartmentalization. We found that the majority of
compartmental assignments remained unchanged in the
presence or absence of EWS/FLI, but small segments of
the genome showed noticeable changes (red highlights,
Figure 2A). These findings were confirmed using Pearson
correlation analyses (Supplementary Figure S3A) suggest-
ing reorganization of compartments in shorter distance. We
next identified shifting compartments between EF-WT and
EF-KD states where regions that show a positive change
in PC1 values (�PC1 ≥ 0.4) shift into a more ‘A-like’
compartment state while those that show a negative change
in PC1 values (�PC1 ≤ –0.4) shift to a more ‘B-like’ com-
partment state. Overall, 10.4% (6.4% A-like and 4% B-like)
and 8.7% (3.2% A-like and 5.5% B-like) of the genome
showed altered compartments in EF-Endo versus EF-KD,
and EF-Rescue versus EF-KD, respectively (Figures 2B,
S3B). These results are consistent with similar comparative
studies performed in non-Ewing context where majority
of the genome do not shift compartments upon treatment
(58,60).

Although a majority of the genome do not show a shift
in compartmentalization in our study, a small percent-
age of compartment shifting has been previously linked to
gene expression changes in other studies involving chro-
matin compartments (60). We therefore asked whether
the EWS/FLI-induced changes in compartmentalization
were associated with gene expression and enhancer alter-
ations. We compared previously-published RNA-seq and
H3K27Ac CUT&Tag data in A673 cells (22,40) to our com-
partmental data, and found that genes that shifted in an A-
like direction displayed significant increases in EWS/FLI
mediated gene expression, while genes mapping to B-like
shifts showed significant decreases in EWS/FLI mediated
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Figure 1. EWS/FLI reprograms the global interaction profile in Ewing sarcoma. (A) Multidimensional scaling (MDS) plot of top 1000 interactions (1 mb
resolution) in each Hi-C replicate. (B) Genome-wide interaction frequency over interaction distance (bp) calculated for each 1 kb region in EF-Endo,
EF-KD and EF-Rescue A673 cells. (C) Volcano plot showing differential interactions (DI) detected at 1mb resolution for EF-Endo versus EF-KD A673
cells using diffHiC R package. DI, FDR < 0.05 and |fold change (FC)| > 4. See also Supplementary Figure S2C. (D) Percent DIs gained (FDR < 0.05
& FC > 4) or lost (FDR < 0.05 & FC < –4) at 1mb resolution. (E) Violin plots of interaction distance (bp) for DIs (EF-Endo versus EF-KD). **** P
value < 0.0001 (Unpaired t-test with Welch’s correction). See also Supplementary Figure S2D and Table S23. (F) Example of lost and gained interactions
(EF-Endo versus EF-KD) spanning a 59.7 mb region in chromosome 7. 1 mb loop anchors are depicted by horizontal bars at the ends of each loop. Stable
interactions not shown. See also Supplementary Figure S2E.

gene expression (Figures 2C, S3C). Genes in stable com-
partments demonstrated little change in gene expression.
Similarly, H3K27Ac enrichment (a common marker of en-
hancers) was significantly increased with A-like compart-
mental shifts while H3K27Ac enrichment was significantly
decreased with B-like compartmental shifts when compared
to stable compartments (Figures 2D, S3D). Taken together,
these results show that EWS/FLI-induced reorganization
of chromatin to more active compartments are associated
with gain of enhancers and upregulation of gene expres-
sion that can be appreciated at representative gene loci (Fig-
ure 2E). Conversely, EWS/FLI-induced compartment inac-
tivation are associated with enhancer loss and downregu-
lation of gene expression that can be similarly appreciated
(Figure 2F).

EWS/FLI promotes active compartmentalization of chro-
matin at GGAA-�sats

We next hypothesized that EWS/FLI binding to chromatin
might directly affect compartmental changes at EWS/FLI
binding sites. To test this, we first developed a set of ‘high-
confidence’ EWS/FLI binding sites by performing genome-
wide localization studies for EWS/FLI in A673, TC71,
SK-N-MC, and EWS-502 cells or the EWS/ERG fusion
in TTC-466 cells using CUT&Tag (21). Principal compo-
nent analysis (PCA) shows that EWS/FLI and EWS/ERG
CUT&Tag replicates cluster together, while the correspond-
ing IgG control replicates cluster separately from those of
EWS/FLI and EWS/ERG (Supplementary Figure S4A).
We identified 4658 overlapping regions, containing 5637
EWS/FLI peaks in A673, that were conserved across
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Figure 2. Alterations in compartment structure associate highly with enhancer landscape and gene expression changes. (A) Hi-C compartment profiles
(PC1 values) for chromosome 2 show active (A, blue) and inactive (B, gray) compartments in EF-Endo, EF-KD and EF-Rescue. Highlighted regions show
compartment alterations in EF-KD compared to EF-Endo and EF-Rescue. See also Supplementary Figure S3A. (B) Pie chart showing percentage of
the genome undergoing compartment shifting in EF-Endo versus EF-KD. �PC1 = EF-Endo PC1 – EF-KD PC1. A-like shift, �PC1 ≥ 0.4; B-like shift,
�PC1 ≤ –0.4. See also Supplementary Figure S3B. (C) Average log2 fold-change (log2FC) of gene expression at shifting compartments (EF-Endo versus
EF-KD). Mean ± SEM shown. ****P value < 0.0001 (Games–Howell’s multiple comparisons test). See also Supplementary Figure S3C and Table S19.
(D) Violin plots showing log2FC enrichment of H3K27Ac at shifting compartments for EF-Endo versus EF-KD. ****P value < 0.0001 (Tukey’s multiple
comparisons test). Differential H3K27Ac binding analysis was performed using DiffBind and DeSeq2 R packages. See also Supplementary Figure S3D
and Table S20. (E, F) Integrative genomics viewer (IGV) traces showing examples of compartment (E) activation (positive �PC1) and (F) inactivation
(negative �PC1) in EF-Endo and EF-Rescue compared to EF-KD. Corresponding compartment profiles (PC1), enhancers (enhancer calls and H3K27Ac
levels) and gene expression (RNA-seq) are also shown.
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all five lines (Supplementary Figure S4B). The conserved
EWS/FLI peaks in A673 cells were used in all subsequent
analyses as a ‘high-confidence’ peak set. Motif analysis of
these peaks showed GGAA-�sats and conserved ETS se-
quences as the top enriched motifs (Supplementary Figure
S4C), as anticipated, thus confirming the quality of this
dataset. Peak traces show highly conserved chromatin lo-
calization profiles for EWS/FLI and EWS/ERG in all five
cell lines (Figure 3A) at both GGAA-�sats (Supplementary
Figure S4D) and conventional ETS sites (Supplementary
Figure S4E). Analysis of EWS/FLI enrichment showed
that enhancers that were gained in EF-WT (as compared
to EF-KD) had significantly higher EWS/FLI enrichment
as compared to stable or lost enhancers, supporting the pre-
viously reported role of EWS/FLI in activating enhancers
(Figures 3B, S5A, S5B) (15).

To evaluate the relationship between EWS/FLI binding
and compartmental shifts, we annotated each conserved
EWS/FLI peak to its corresponding compartmental seg-
ment in the genome. We found that 86.7% of EWS/FLI
peaks bound to stable compartments (including both A
and B compartments that remained stable), while 12.4%
bound to A-like and only 0.9% bound to B-like compart-
ment shifts in EF-Endo versus EF-KD (Figure 3C). Similar
results were observed for EF-Rescue versus EF-KD (Sup-
plementary Figure S5C). These results point to a possible
direct role for a subset of EWS/FLI bound sites in compart-
ment activation, but rarely in compartment inactivation. We
therefore analysed the distribution of average PC1 values
(i.e. compartmentalization) within 50 kb of EWS/FLI bind-
ing sites in EF-Endo, EF-KD and EF-Rescue to interro-
gate the direct role of EWS/FLI in compartmental shifting.
These data demonstrated that EWS/FLI binding was as-
sociated with significant compartment activation (demon-
strated as an increase in PC1 values) in both EF-Endo and
EF-Rescue compared to EF-KD, with little difference in
PC1 values between EF-Endo and EF-Rescue (Figure 3D,
E). Most of the compartment activation at EWS/FLI bind-
ing sites were associated with EWS/FLI bound at GGAA-
�sats (Figure 3F, G), with no statistically-significant dif-
ference observed at non-�sat sites (Figure 3H, I). Repre-
sentative loci demonstrate compartment activation medi-
ated by EWS/FLI binding, with associated enhancer for-
mation and upregulation of gene expression (Figures 3J,
S5D). Conversely, representative loci demonstrate compart-
ment inactivation, associated with loss of enhancers and de-
creased gene expression (Figures 3K, S5E). These data sup-
port a model in which EWS/FLI binding to GGAA-�sats
induces new enhancer formation, more active compartmen-
talization of chromatin (A-like shift), and subsequent up-
regulation of target genes genome-wide. Conversely, these
data suggest that EWS/FLI seldom has a direct effect on
inducing B-like compartment shifts and associated gene re-
pression genome-wide.

EWS/FLI perturbs TAD boundaries

Changes in chromatin features demonstrated by alterations
to compartments and megabase scale interactions next
prompted us to evaluate the effect of EWS/FLI on sub-
megabase TAD structures. TADs are highly self-interacting

genomic regions that are bounded by boundary regions
commonly enriched for CCCTC binding factor (CTCF)
(49,61). Alterations to CTCF binding have been previously
shown to disrupt TAD boundaries (62,63). To determine
the effects of EWS/FLI on TAD organization, we identi-
fied TADs and TAD boundary regions in EF-Endo, EF-
KD and EF-Rescue using the iHiC and TopDom packages
(43,47). We found that ∼80% (6129) of TAD boundaries
were conserved across the three conditions (stable bound-
aries) while only ∼4% (306) of boundaries were specific
to EF-KD and ∼5.8% (441) of boundaries were specific
to both the EF-WT conditions (Figure 4A). Although the
majority of the TAD boundaries remained unaltered, we
sought to understand whether EWS/FLI is involved in al-
tering CTCF binding at the altered boundary regions. We
performed CUT&Tag for CTCF in EF-Endo, EF-KD and
EF-Rescue cells. PCA plot of PC2 versus PC1 for CTCF
CUT&Tag replicates show very similar clustering of EF-
Endo, EF-KD and EF-Rescue replicates, away from IgG
replicates, suggesting little change in CTCF binding be-
tween the three conditions (Supplementary Figure S6A).
Heatmap analysis of CTCF binding sites at boundary re-
gions also showed that CTCF occupancy was largely un-
changed between EF-Endo, EF-KD and EF-Rescue at all
TAD boundaries (stable, EF-WT and EF-KD; Supplemen-
tary Figure S6B). Additionally, evaluation of CTCF peak
tracks also showed similar CTCF localization in EF-Endo,
EF-KD and EF-Rescue (Supplementary Figures S6C–E).

Conservation of CTCF binding at stable and altered
TAD boundaries suggested a CTCF-independent role in the
boundary perturbations we observed in A673 Ewing sar-
coma cells. We therefore investigated whether EWS/FLI it-
self was involved in directly altering TAD boundaries. We
found that EWS/FLI enrichment was significantly higher
at EF-WT boundaries as compared to stable and EF–KD
boundaries (Figure 4B), suggesting a role for EWS/FLI
enrichment in formation of TAD boundaries. We iden-
tified 103 conserved EWS/FLI binding sites near 65 of
the EF-WT boundaries and sought to examine whether
EWS/FLI co-localizes with CTCF (a common barrier ele-
ment) and/or cohesin (a loop extrusion factor) at these sites.
Here, we sourced ChIP-sequencing data for cohesin sub-
units SMC1A and Rad21 from Surdez et al. and SMC1A
ChIP-sequencing data from Adane et al. (37,38). Heatmap
analysis and profile plots at the conserved EWS/FLI sites
near EF-WT boundaries demonstrate co-localization of
EWS/FLI with cohesin subunits SMC1A and Rad21, but
not CTCF (Figure 4C). Examination of representative EF-
WT boundaries occupied by EWS/FLI (dashed orange
box) showed boundary formation in both EF-Endo and
EF-Rescue, as compared to EF-KD as shown by Hi-C
heatmaps and TAD calls (Figures 4D, S7A, S7B). Direc-
tionality statistic (DS), a measure of the direction and size
of the interaction preference calculated for 20 kb regions ad-
jacent to EWS/FLI binding sites, showed higher absolute
values, but in opposite directions, for each 20 kb region in
EF-Endo and EF-Rescue as compared to EF-KD (Figures
4E, S7C, S7D), suggesting a barrier function, similar to that
of CTCF, for EWS/FLI at these sites (48,49). Furthermore,
we detect cohesin (SMC1A and Rad21), but not CTCF oc-
cupancy at these EWS/FLI-specific boundaries, while both
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Figure 3. EWS/FLI promotes active compartmentalization of chromatin at GGAA-�sats. (A) Representative example of EWS/FLI and EWS/ERG
localization in 5 Ewing sarcoma cell lines (TTC-466, A673, TC71, SK-N-MC and EWS-502) over a 157 kb region of chromosome 19. Tracks represent log2
ratio of EWS/FLI or EWS/ERG versus IgG signal. (B) Boxplots showing EWS/FLI enrichment in A673 cells at differential enhancer regions in EF-Endo
versus EF-KD. ****P value < 0.0001 (Tukey’s multiple comparisons test). See also Supplementary Figures S5A, S5B and Table S10. (C) Doughnut chart
showing proportion of EWS/FLI occupancy in A673 cells at shifting compartment regions between EF-Endo and EF-KD. See also Supplementary Figure
S5C. (D, F, H) Plots of average PC1 values within 50 kb of EWS/FLI binding sites in EF-Endo, EF-KD, and EF-Rescue. (D) All conserved EWS/FLI
binding sites in A673 cells. (F) EWS/FLI GGAA-�sat binding sites. (H) EWS/FLI non-�sat binding sites. (E, G, I) Bar charts showing average PC1 values
in EF-Endo, EF-KD and EF-Rescue for 20kb regions overlapping EWS/FLI peaks. (E) All conserved EWS/FLI binding sites in A673. (G) GGAA-�sat
binding sites. (I) Non-�sat binding sites. Mean ± SEM shown. **** P value < 0.0001 (Tukey’s multiple comparisons test). See also Supplementary Table
S21. (J, K) IGV traces showing EWS/FLI binding in A673 cells with corresponding compartment profiles, H3K27Ac levels, enhancer calls, and gene
expression in EF-Endo, EF-KD and EF-Rescue. (J) Compartment activation and (K) Compartment inactivation in EF-Endo and EF-Rescue compared
to EF-KD. See also Supplementary Figures S5D and S5E.
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Figure 4. EWS/FLI perturbs TAD boundaries. (A) UpSet plot showing overlap of TAD boundaries in EF-Endo, EF-KD and EF-Rescue. TAD boundaries
were identified as 20kb regions that allow minimal contact between upstream and downstream regions compared to its neighboring regions (P value < 0.05).
(B) Boxplots showing EWS/FLI enrichment at EF-KD, EF-WT and stable boundaries in A673. **** P value < 0.0001, ** P value < 0.01 (Tukey’s multiple
comparisons test).See also Supplementary Table S22. (C) Heatmap and profile plots showing localization of EWS/FLI, CTCF and cohesin subunits
(SMC1A and Rad21) at EWS/FLI binding sites near EF-WT boundaries. (D) Example of EF-WT (dashed orange box) and stable boundaries (dashed
black boxes) over a 1.4 mb region in chromosome 2. Heatmaps show Hi-C interactions for EF-Endo, EF-KD and EF-Rescue. Intensity of red spots
correspond to contact frequency. TAD calls are depicted using maroon horizontal bars where a break corresponds to a TAD boundary. EWS/FLI, CTCF,
and cohesin (SMC1A and Rad21) localization are also shown. See also Supplementary Figures S7A and S7B. (E) Directionality statistic (DS) calculated
for 20 kb upstream (right panel) and downstream (left panel) of EWS/FLI binding site (orange dashed box) in EF-Endo, EF-KD and EF-Rescue using
diffHiC R package. Positive and negative signs reflect the preference for downstream and upstream interactions of the target bin. The absolute value of
DS reflects the magnitude of interaction directionality. See also Supplementary Figures S7C and S7D.
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CTCF and cohesin binding clearly demarks the nearby sta-
ble boundaries (dashed black boxes) that interact with the
EWS/FLI-specific boundary to form new TAD structures
(Figures 4D, S7A, S7B). These data suggest a novel role
for EWS/FLI in insulating chromatin interactions, inde-
pendently of CTCF, to promote TAD boundaries, possibly
by acting as a barrier element to cohesin mediated loop ex-
trusion at specific loci.

EWS/FLI mediates chromatin looping

Identification of EWS/FLI at TAD boundaries and in
changing directionality of interactions suggested that
EWS/FLI might reorganize chromatin looping in Ewing
sarcoma. We identified changes in chromatin looping at
a high resolution (20 kb bins) between EF-WT and EF-
KD cells. We found 1608 gained and 3878 lost loops in
EF-Endo versus EF-KD (Figure 5A) and 706 gained and
2066 lost loops in EF-Rescue versus EF-KD (Supplemen-
tary Figure S8A). Comparison of these data to the differen-
tial enhancer analysis above (Supplementary Figure S5A)
revealed that gained enhancers showed significant increases
in loop enrichment, while lost enhancers showed signifi-
cant decreases in loop enrichment, supporting a strong as-
sociation between enhancer establishment and loop enrich-
ment (Figures 5B, S8B). Annotation of differential loops to
genes within 20 kb of loop anchors demonstrated that lost
loops are strongly associated with downregulation of gene
expression (Figures 5C, S8C), while gained loops associate
strongly with upregulation of gene expression (Figures 5D,
S8D).

To identify features that promote looping in EF-WT cells,
we performed motif analysis of gained loops and found
GGAA-�sats as the top enriched motif (Figure 5E), sug-
gesting a direct role for EWS/FLI bound GGAA-�sats
in mediating chromatin looping. To determine whether
EWS/FLI binding to chromatin promotes loop enrich-
ment, we compared the fold change of all 20 kb interac-
tions either with or without a conserved EWS/FLI peak
at an anchor. DNA bound by EWS/FLI showed signifi-
cantly higher loop enrichment compared to DNA with no
EWS/FLI (Figures 5F, S8E), supporting a direct role for
EWS/FLI in mediating loop formation.

To interrogate the effect of EWS/FLI specific binding site
on loop formation, we sub-categorized EWS/FLI bound
loops into five categories: (i) GGAA-�sat bound EWS/FLI
at both loop anchors (MS/MS); (ii) GGAA-�sat bound
EWS/FLI at one anchor and non-�sat bound EWS/FLI
at the other anchor (MS/NMS); (iii) GGAA-�sat bound
EWS/FLI at one anchor only (MS/–); (iv) non-�sat bound
EWS/FLI at both anchors (NMS/NMS); (v) non-�sat
bound EWS/FLI at one anchor only (NMS/–). Loops in
categories (i) and (ii) showed significantly higher enrich-
ment compared to loops in any of the other categories
(Figures 5G, S8F), supporting the notion that GGAA-�sat
bound EWS/FLI promotes looping to other EWS/FLI
bound sites.

To determine whether EWS/FLI mediated chromatin
loops are insulated within TADs, we next identified 143 sig-
nificantly gained loops (FDR < 0.05, fold change > 4) in
EF-Endo versus EF-KD, and 43 significantly gained loops

in EF-Rescue versus EF-KD in categories (i) and (ii) com-
bined and compared these to TAD regions. We found 92
[64%] (and 28 [65%]) intra-TAD loops, and 51 [36%] (and
15 [35%]) inter-TAD loops in EF-Endo versus EF-KD (and
EF-Rescue versus EF-KD; Figures 5H, S8G).To investigate
whether these loops show a higher proportion of inter-TAD
looping than expected, we randomly picked 1000 sets of
1000 loops from all 20kb interactions, and used the aver-
age as a control for the expected inter-TAD loop propor-
tion in a one-sample proportion test. The results demon-
strate that the proportion of inter-TAD loops in categories
i & ii was significantly greater than the proportion of inter-
TAD loops in the control set of loops (Figures 5H, S8G).
These data not only suggest a direct role for EWS/FLI in
formation of loops within TADs, but also indicates that
EWS/FLI bound GGAA-�sats bypass TAD boundaries to
interact with other EWS/FLI bound loci at a greater fre-
quency than the background rate in Ewing sarcoma cells.

We next sought to investigate the relationship between
EWS/FLI, CTCF and cohesin at all gained loops. We iden-
tified all EWS/FLI, CTCF and cohesin binding sites near
gained loop anchors and performed heatmap and profile
plot analysis for each type of binding site near both inter-
and intra-TAD gained loop anchors (Figures 5I–K, S9A–
E). We observed strong co-localization of cohesin subunits
SMC1A and Rad21 with both EWS/FLI and CTCF bind-
ing sites (Figures 5I, J, S9A, S9B, S9D, S9E). Pearson corre-
lation analysis demonstrated a significant positive correla-
tion between EWS/FLI and SMC1A binding at EWS/FLI
binding sites (Supplementary Figure S9F) and between
CTCF and SMC1A binding at CTCF binding sites (Sup-
plementary Figure S9G). Conversely, we observed a weak
co-localization of EWS/FLI with CTCF at both EWS/FLI
and CTCF binding sites near gained loop anchors (Fig-
ures 5I, J, S9A, S9B, S9D, S9E). Interrogation of SMC1A
binding sites near gained loop anchors for EWS/FLI and
CTCF localization demonstrated an exclusionary binding
pattern between EWS/FLI and CTCF at SMC1A bind-
ing sites (Figures 5K, S9C). Moreover, a significant nega-
tive correlation was found between EWS/FLI and CTCF
at all SMC1A binding sites near gained loop anchors (Sup-
plementary Figure S9H). These data demonstrate that in
spite of a weak EWS/FLI co-localization at CTCF sites
(Figures 5J–K and S9B–C), there is a tendency for con-
served EWS/FLI sites to be distinct from CTCF occupancy
(at both inter- and intra-TAD gained loops; Figures 5I and
S9A), while both EWS/FLI and CTCF associate with co-
hesin at their respective binding sites. These results suggest
that, similarly to its role in EF-WT boundaries, EWS/FLI
may act as a barrier element to extrusion of chromatin loops
by cohesin to facilitate both inter- and intra-TAD loops
(Figures 5L, S10).

Previous work demonstrated an association between
GGAA-�sat length and gene expression, and suggested an
optimal length of 18–26 total GGAA repeats for GGAA-
�sats in both EWS/FLI binding and gene expression
(12,64–66). We therefore asked whether similar correla-
tions exist with EWS/FLI mediated looping. We performed
Spearman’s rank analysis and found significant positive
correlations between GGAA-�sat length and loop enrich-
ment for both total and consecutive GGAA repeats (Supple-
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Figure 5. EWS/FLI mediates chromatin looping. (A) Volcano plot of differential interactions (DI) identified at 20 kb resolution in EF-Endo versus EF-
KD A673 cells using diffHiC. DI, FDR < 0.05 and |fold change| > 4. See also Supplementary Figure S8A. (B) Average logFC enrichment of all 20 kb
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mentary Figures S11A–D). Proportionality testing between
GGAA-�sats of varied lengths demonstrated that longer
length GGAA-�sats (≥11 for total and ≥ 6 for consecutive)
associated significantly with increased percentage of gained
loops compared to shorter length GGAA-�sats (<11 for to-
tal and <6 for consecutive) (Figures 6A, B, S11E, S11F; Ta-
bles S27, S28). We also observed an optimal GGAA length
trend for EWS/FLI mediated loop enrichment around 18–
26 total GGAA repeats, consistent with prior observations
(12,64–66), with regards to endogenous EWS/FLI (Supple-
mentary Figure S11A, loess regression line; Supplementary
Figure S11G; Table S29), which was not prominent in the
rescue study (Supplementary Figure S11B, loess regression
line; Supplementary Figure S11H; Table S29), likely due to
incomplete rescue, and thus fewer number of gained loops
overall.

These results demonstrate that EWS/FLI promotes
novel chromatin loops that are strongly associated with
longer length GGAA-�sats, enhancer activation, and up-
regulation of gene expression (Figures 6C, S12A). Lost
loops, however, do not generally associate with EWS/FLI
binding, but still show strong association with enhancer loss
and downregulation of gene expression (Figures 6D, S12B).

Cell-specific local chromatin structure affects gene regulation

Multiple studies have previously identified putative
EWS/FLI target genes (8,19,67–69). These studies, how-
ever, lacked genome-wide chromatin loop data associated
with EWS/FLI to accurately annotate target genes to spe-
cific EWS/FLI bound regulatory elements. We therefore
sought to define a set of ‘direct EWS/FLI target genes’ as
those with (i) transcription start sites (TSS) either within
20 kb of an EWS/FLI binding site or overlapping an
EWS/FLI-bound gained loop anchor (20 kb resolution),
and (ii) differential expression in EF-Endo versus EF-KD
in A673 cells. Using previously published RNA-sequencing
data in A673 cells, we identified 4648 genes in total that are
differentially expressed in EF-Endo versus EF-KD, with
more genes downregulated than upregulated, as reported in
previous studies (Supplementary Figure S13A) (8,19,56,67–
69). We next identified differentially expressed genes that
are under the direct control of EWS/FLI either via prox-
imal EWS/FLI binding or via long distance looping as

described above. We found 707 target genes to be directly
upregulated and 339 target genes to be directly downreg-
ulated by EWS/FLI using this approach (Supplementary
Tables S30 and S31). While analysis of RNA-seq data only
indicates that EWS/FLI induces repression of more genes
than activation, combining differential gene expression
data to conserved EWS/FLI binding and chromatin
looping data reveal that GGAA-�sat bound EWS/FLI has
a more prominent role as a direct transcriptional activator
than repressor: 324 genes directly upregulated versus
49 genes directly downregulated. Conversely, non-�sat
bound EWS/FLI was found to play a more equal role
in both activation and repression of genes by directly
upregulating 383 genes, and directly downregulating
290 genes.

With the inclusion of EWS/FLI mediated chromatin
loops, we identified 193 genes that are dysregulated by a
conserved EWS/FLI peak associated with a gained loop
in EF-Endo versus EF-KD. These include genes that were
previously shown to be EWS/FLI responsive and play im-
portant roles in tumor growth and/or metastasis in Ewing
sarcoma, such as NKX2-2 (8,15), PPP1R1A (70), HOXD13
(71), FEZF1 (11,72), CCND1 (15,73) and CAV1 (74). We
also identified target genes that code for surface proteins,
such as SLC24A3, NTNG1, LINGO1 and PAPPA, reported
as potential candidates for antibody-mediated therapies in
Ewing sarcoma (75,76). Additionally, we identified novel
target genes of various functions that require further re-
search to delineate their roles in Ewing sarcoma develop-
ment and progression, including targets such as NKX2-4,
involved in cell differentiation and regulation of transcrip-
tion (77); POU1F1, involved in breast cancer progression
(78); OLFM3, involved in embryonic development and tu-
mor growth (79); ARX, involved in CNS development (80)
and IGSF10, involved in neuronal migration (81). A com-
plete list of these target genes are provided in Supplemen-
tary Table S32.

To investigate whether EWS/FLI directly regulates sim-
ilar target genes in an alternate Ewing sarcoma cell line,
we knocked-down EWS/FLI in TC71 cells and performed
RNA-seq for EWS/FLI WT (EF-Endo) and EWS/FLI
knock-down (EF-KD) TC71 cells (Supplementary Figures
S13B–E). PCA revealed strong clustering of RNA-seq repli-
cates in the first principal component (PC1) axis (79% of the

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
loops at differential enhancers for EF-Endo versus EF-KD. Mean ± SEM are shown. **** P value < 0.0001 (Tukey’s multiple comparisons test). See also
Supplementary Figures S5A, S8B and Table S26. (C, D) Volcano plots of differential gene expression for genes mapping to anchors of (C) lost (FDR < 0.05
& fold change < –4) and (D) gained (FDR < 0.05 and fold change > 4) interactions at 20 kb resolution in EF-Endo versus EF-KD. Significantly altered
genes (red dots): Adjusted P value (P-adj) < 0.05 and |fold change (FC)| > 1.25. See also Supplementary Figure S8C and D. (E) Top motif enriched at
anchors of gained interactions at 20 kb resolution for EF-Endo and EF-Rescue compared to EF-KD. P values for enriched motifs were identified by
comparing to matched, randomized background regions using Homer motif analysis. (F) Average logFC enrichment of all interactions at 20 kb resolution
in EF-Endo versus EF-KD associated with an EWS/FLI binding site (+) or no EWS/FLI binding site (–). Mean ± SEM shown. **** P value < 0.0001
(unpaired t-test). See also Supplementary Figure S8E and Table S24. (G) Average logFC (EF-Endo versus EF-KD) enrichment of interactions at 20kb
resolution associated with the type of EWS/FLI binding site at each loop anchor. EFBS = EWS/FLI binding site, a1 = first anchor of a loop, a2 = second
anchor of a loop, MS = GGAA-�sat bound EWS/FLI, NMS = non-�sat bound EWS/FLI. Mean ± SEM shown. **** P value < 0.0001 (Games-
Howell’s multiple comparisons test). See also Supplementary Figure S8F and Table S25. (H) Bar chart showing proportion of EWS/FLI bound inter- and
intra-TAD gained loops in categories i and ii (MS/MS and MS/NMS) at 20 kb resolution (EF-Endo versus EF-KD) compared to control set of loops
randomly picked from all interactions at 20 kb resolution. One-sample proportion test used to test for equal proportions of inter-TAD loops in categories i
& ii versus the control set of loops. See also Supplementary Figure S8G. (I, J, K) Heatmaps showing localization of EWS/FLI, CTCF and cohesin subunits
(SMC1A and Rad21) at (I) conserved EWS/FLI binding sites, (J) CTCF binding sites and (K) SMC1A binding sites near gained loop anchors (EF-Endo
versus EF-KD). See also Supplementary Figure S9. (L) Examples of inter-TAD (tan) and intra-TAD (purple) gained interactions at 20 kb resolution.
Corresponding TAD calls (black bars), conserved EWS/FLI localization, CTCF localization and cohesin (SMC1A and Rad21) localization shown. All
ChIP-sequencing tracks are accompanied by their corresponding input tracks. See also Supplementary Figure S10.
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Figure 6. EWS/FLI mediated gained loops associate with longer length GGAA-�sats. (A) Bar charts showing proportion of gained and lost interactions
(EF-Endo versus EF-KD) at 20 kb resolution mapping to number of total GGAA motifs (sequence between two GGAA motifs ≤ 20 bp). See also
Supplementary Figure S11E. (B) Bar charts showing proportion of gained and lost interactions (EF-Endo versus EF-KD) at 20kb resolution mapping to
number of consecutive GGAA motifs (sequence between two GGAA motifs = 0 bp). See also Supplementary Figure S11F. (C, D) Examples showing (C)
gained (purple) and (D) lost (blue) loops in EF-Endo versus EF-KD and EF-Rescue versus EF-KD. Corresponding EWS/FLI localization (CUT&Tag) in
A673, enhancers, compartment profiles (PC1) and gene expression (RNA-seq) in EF-Endo, EF-KD and EF-Rescue are also shown. See also Supplementary
Figure S12A and B.

variance in the data; Supplementary Figure S13F). Upon
differential gene expression analysis, we found that the to-
tal number of genes regulated by EWS/FLI in TC71 was
lower than in A673 (2179 versus 4648, respectively; Supple-
mentary Figure S13G versus S13A), likely due to the less
efficient depletion of EWS/FLI (compare Supplementary
Figure S13B to Figure S1A). GSEA analysis using the di-
rect up- and down-regulated gene sets in A673 showed sig-
nificant enrichment for the same genes in TC71 cells (NES
= +2.76 and –2.16 for up- and down-regulated gene sets,
respectively), demonstrating that many genes are regulated
similarly by EWS/FLI in both cell lines (Supplementary
Figure S14A, B). However, we also observed a critical direct
target gene in A673, NKX2-2, that was regulated differently
in TC71.

In A673, depletion of EWS/FLI results in depletion of
NKX2-2 expression and loss of oncogenesis (8), but not
in TC71 (Figure 7A). Since EWS/FLI localization is con-
served between A673 and TC71 at the NKX2-2 locus (Fig-

ure 7B), we asked whether heterogeneity in regulation was
a result of altered chromatin structure between the two cell
lines. Hi-C data in A673 showed EWS/FLI bound GGAA-
�sat looping to NKX2-2 to regulate gene expression (Fig-
ure 7B). We therefore performed 4C experiments to com-
pare the local chromatin structure of TC71 and A673 cells
at the NKX2-2 locus, using the right most GGAA-�sat
(RMS) as the viewpoint (Figure 7C). We observed high in-
teraction intensity, possibly within an insulated domain in
both A673 and TC71, beyond which interaction intensity
drops (boundary highlighted in yellow). However, in A673,
the intensity of interactions at this boundary is much de-
pleted compared to TC71, allowing EWS/FLI to signif-
icantly interact near NKX2-2 in A673 (black boxes). No
significant interactions between RMS and NKX2-2 were
detected in TC71, suggesting direct EWS/FLI regulation
of NKX2-2 in A673 but not in TC71. We next performed
CTCF CUT&Tag in TC71 cells to compare CTCF local-
ization between A673 and TC71 at this locus. PCA showed
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Figure 7. Cell-specific local chromatin structure affects gene regulation. (A) Normalized NKX2-2 expression counts from differential gene expression
analysis in A673 and TC71 EF-Endo versus EF-KD cells. Significant, adjusted P value (P-adj) < 0.05. (B, C) Regulation of NKX2-2 by EWS/FLI in A673
compared to TC71. (B) IGV images showing gained loops at 20 kb resolution for EF-Endo versus EF-KD and EF-Rescue versus EF-KD in A673 (purple).
CUT&Tag data showing EWS/FLI and CTCF occupancy at the NKX2-2 locus in A673 and TC71. RNA sequencing traces show gene expression for EF-
Endo, EF-KD and EF-Rescue in A673 and EF-Endo and EF-KD in TC71. (C) 4C data showing significant interactions (in red) (P value < 0.05) with
the viewpoint (region of interest; RMS = right GGAA-�sat) in A673 and TC71. (D) Schematic showing altered local chromatin structure as a proposed
mechanism of gene regulation heterogeneity in different Ewing sarcoma cell lines.
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strong clustering of CTCF CUT&Tag replicates in both
EF-Endo and EF-KD, away from IgG controls (Supple-
mentary Figure S14C). CTCF localization, in combination
with 4C data (Figure 7B and C), showed increased insu-
lation of EWS/FLI interactions at the CTCF peak up-
stream of the NKX2-2 locus (highlighted in yellow) in TC71,
which is largely absent in A673, allowing EWS/FLI bound
GGAA-�sat to loop to NKX2-2 in EF-Endo and EF-
Rescue A673 cells. These data demonstrate that local chro-
matin structure, such as CTCF localization and chromatin
loop formation, may account for differences in EWS/FLI
mediated gene regulation in different Ewing sarcoma cell
lines and tumors, a proposed mechanism of which is shown
in Figure 7D.

DISCUSSION

Our study of 3D chromatin organization revealed a novel
role for EWS/FLI in reprogramming higher order chro-
matin interactions, A/B compartments, TAD boundaries,
and enhancer-promoter type chromatin loops in patient de-
rived Ewing sarcoma cells. Chromatin changes that occur
upon depletion of EWS/FLI can be largely reversed by re-
expression of the ‘rescue’ EWS/FLI, providing evidence for
EWS/FLI mediated remodeling of 3D chromatin that has
significant transcriptional consequence in Ewing sarcoma.
We highlight a role for EWS/FLI bound GGAA-�sats in
directly anchoring chromatin loops (both inter- and intra-
TAD loops) and TAD boundaries. EWS/FLI binding to
GGAA-�sats also promotes active compartmentalization
of chromatin and has a strong looping preference for other
EWS/FLI bound DNA. This in turn may promote active
compartmentalization of DNA interacting with GGAA-
�sat bound EWS/FLI, thus upregulating gene expression
within these compartments.

Recent research suggest that depletion of STAG2 (a sub-
unit of the cohesin ring complex) alters cohesin mediated
extrusion of CTCF-anchored loops in Ewing sarcoma, a
mechanism by which a subset of EWS/FLI-bound en-
hancers can also undergo chromatin looping to alter gene
expression (37,38). Cohesin is proposed to extrude and ex-
pand chromatin loops, a process that can be hindered by
boundary factors such as CTCF to mark TAD boundaries
(82). Our results suggest that a similar mechanism is in
play at EWS/FLI mediated TAD boundaries and gained
loops, whereby cohesin may be recruited and/or stalled at
EWS/FLI specific TAD boundaries and loop anchors ei-
ther by EWS/FLI itself or by some other barrier factor as-
sociated with EWS/FLI at these sites. Moreover, identifica-
tion of cohesin at both inter- and intra-TAD loops mediated
by EWS/FLI in our study suggests a role for cohesin medi-
ated loop extrusion in promoting nested loops at EWS/FLI
sites. The phase separation property of the EWS portion of
EWS/FLI is necessary to bind GGAA-�sat DNA and re-
cruit other factors to these sites. This property of EWS/FLI
maybe important for cohesin recruitment, and/or stalling,
at EWS/FLI barrier sites, but proof of this role will require
additional study. Investigation into the mechanisms of co-
hesin dynamics at EWS/FLI binding sites are also neces-
sary to better understand the role of the EWS/FLI chimera

as a barrier element in chromatin looping and TAD bound-
aries.

Past and current work have shown that more genes
are downregulated than upregulated in the presence of
EWS/FLI in Ewing sarcoma (8,69). In line with this
observation, several studies show direct mechanisms for
EWS/FLI in transcriptional repression (15,83). In contrast,
our research provides evidence for indirect modes of chro-
matin restructuring by EWS/FLI, such as compartment in-
activation and loop loss, that are directly associated with
enhancer loss and gene repression. This suggests involve-
ment of factors, other than EWS/FLI, in enhancer deple-
tion, loop loss, compartment inactivation, and gene repres-
sion. It is therefore important to interrogate these regula-
tory regions to identify critical factors involved in gene re-
pression and to understand the role of EWS/FLI in indi-
rectly promoting such repressive chromatin states in Ewing
sarcoma.

EWS/FLI alters the transcriptome by directly regulating
hundreds of genes, which in turn leads to dysregulation of
thousands of downstream targets, leading to oncogenesis.
Hence, identification of high confidence direct EWS/FLI
target genes is crucial to define the primary set of genes
that initiate this transcriptional mayhem in Ewing sarcoma.
Using EWS/FLI mediated chromatin looping data and a
list of high confidence EWS/FLI peaks, we fill a significant
knowledge gap in Ewing sarcoma by directly annotating
EWS/FLI-bound regulatory elements to target genes that
trigger this wide range of transcriptional alteration. Our
list of direct EWS/FLI target genes is however, limited by
the resolution of Hi-C experiments as well as the reference
genome used. Publicly available reference genomes do not
include structural and small variants present in cancer cells
(84,85). Existence of any such variants at repetitive GGAA-
�sats in Ewing sarcoma cells would be of great conse-
quence to EWS/FLI binding, enhancer establishment, A/B
compartmentalization, and chromatin looping. Hence, con-
struction of custom reference genomes along with higher
resolution looping data for each cell line are necessary to
accurately identify the complete set of direct EWS/FLI tar-
get genes in Ewing sarcoma.

Although we used a highly conserved set of EWS/FLI
binding sites in multiple cell lines to identify direct
EWS/FLI target genes in A673 cells, we detected hetero-
geneity in regulation of a direct target gene, NKX2-2, in
two distinct patient derived Ewing sarcoma cell lines (A673
and TC71). NKX2-2 was first published as a target gene of
EWS/FLI in Smith et al. (8). However, reporter assays con-
ducted by the authors using the promoter region of NKX2-2
in human embryonic kidney cells failed to identify NKX2-2
as a direct target of EWS/FLI. Moreover, Kinsey et al. also
did not find NKX2-2 to be commonly regulated in multiple
Ewing sarcoma cell lines, suggesting that NKX2-2 was not
a direct EWS/FLI target gene (19). However, in our study
we see clear evidence of NKX2-2 being directly targeted by
EWS/FLI in A673 cells via looping (Figure 7B), which was
also reported by Riggi et al. by 3C (chromatin conformation
capture) (15). Finally, when we incorporated looping data
to TC71 cell (Figure 7C) we found that NKX2-2 is not a di-
rect target of EWS/FLI in TC71 Ewing sarcoma cells, sug-
gesting that cell line specific chromatin conformation can
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help identify direct target genes specific to the cell line that
might not have been identified by other means. These data
suggest that factors other than EWS/FLI localization are
in play in promoting altered regulation of gene expression.
GGAA-�sat polymorphisms have been previously linked to
altered gene expression and disease susceptibility in Ewing
sarcoma (65,86). Here we show that heterogenous regula-
tion of genes in different Ewing sarcoma cells may also oc-
cur as a result of altered local chromatin structure, suggest-
ing that such disparity in chromatin organization may also
effect disease susceptibility, clinical presentation, therapeu-
tic response, and patient outcomes.

In conclusion, our study demonstrates that the EWS/FLI
fusion transcription factor plays a significant role in altering
transcription through chromatin reorganization in Ewing
sarcoma. It is therefore likely that other similar fusion on-
coproteins found in different cancers may also be involved
in reorganization of chromatin to promote oncogenesis. In
fact, recent research show that the NUP98-HOXA9 onco-
genic fusion transcription factor, found in leukemias, can
undergo phase transition and promote chromatin looping
to regulate gene expression and oncogenesis (87). Our re-
sults therefore demonstrate a significant role for a fusion
transcription factor in directly reprogramming the 3D chro-
matin landscape to dysregulate the transcriptional state in
a fusion mediated cancer.
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