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EWS-WT1 fusion isoforms establish
oncogenic programs and therapeutic
vulnerabilities in desmoplastic small round
cell tumors

Gaylor Boulay1,2,10, Liliane C. Broye3,10, Rui Dong1,10, Sowmya Iyer1,
Rajendran Sanalkumar3, Yu-Hang Xing 1, Rémi Buisson 1, Shruthi Rengarajan1,
Beverly Naigles 1, Benoît Duc3, Angela Volorio1, Mary E. Awad 1,
Raffaele Renella 4, Ivan Chebib5, G. Petur Nielsen5, Edwin Choy 6,
Gregory M. Cote6, Lee Zou 1, Igor Letovanec7,8, Ivan Stamenkovic3,
Miguel N. Rivera 1,2,11 & Nicolò Riggi 3,9,11

EWS fusion oncoproteins underlie several human malignancies including
Desmoplastic Small Round Cell Tumor (DSRCT), an aggressive cancer driven
by EWS-WT1 fusion proteins. Here we combine chromatin occupancy and 3D
profiles to identify EWS-WT1-dependent gene regulation networks and target
genes.We show that EWS-WT1 is a powerful chromatin activator controlling an
oncogenic gene expression program that characterizes primary tumors.
Similar to wild type WT1, EWS-WT1 has two isoforms that differ in their DNA
binding domain and we find that they have distinct DNA binding profiles and
are both required to generate viable tumors that resemble primary DSRCT.
Finally, we identify candidate EWS-WT1 target geneswith potential therapeutic
implications, including CCND1, whose inhibition by the clinically-approved
drug Palbociclib leads to marked tumor burden decrease in DSRCT PDXs in
vivo. Taken together, our studies identify gene regulation programs and
therapeutic vulnerabilities in DSRCT and provide amechanistic understanding
of the complex oncogenic activity of EWS-WT1.

Fusion oncoproteins underlie the molecular pathogenesis and
clinical behavior of many human cancers, including sarcomas,
which constitute more than 20% of all pediatric malignancies1,2.
Among them, Desmoplastic Small Round-Cell Tumor (DSRCT) is

an extremely aggressive malignancy of unknown origin that pre-
dominantly arises in the abdominal cavity of young male adults3,4.
The five-year survival rate for DSRCT patients remains below 15%
due to poor responses to multimodal therapies and lack of
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targeted treatments, rendering DSRCT one of the deadliest forms
of human cancer5–7.

DSRCT is genetically characterized by translocations between
chromosomes 11 and 22 t(11;22)(p13;q12) that produce the EWSR1-
WT1 fusion oncogene8,9. EWS-WT1 is a member of a large family of
fusion oncoproteins composed of the prion-like disordered
domain of EWS, a ubiquitously expressed RNA binding protein,
and one of several possible transcription factors (TFs)2. Given that
EWS fusions operate as aberrant transcriptional regulators, the
DNA binding domain of the partner TF plays a critical role in
establishing an oncogenic gene expression program that is spe-
cific to each tumor type. In addition, as demonstrated for EWS-
FLI1 fusions in Ewing sarcoma, the presence of EWS allows the
fusion protein to function as a pioneer factor and bind previously
inaccessible genomic sites10,11. Remarkably, these effects are
dependent on the phase transition properties of the EWS prion-
like domain and yield a related but distinct binding and activation
profile12.

Because EWS-WT1 shares key functional domains with EWS-FLI1,
analogous mechanisms may underlie the tumor promoting activity of
both fusion proteins. Nevertheless, our current understanding of the
role of EWS-WT1 in DSRCT remains limited. This fusion protein is
composed of the disordered, prion-like, domain of EWS fused to the
DNA binding domain of WT1, a zinc finger TF that plays prominent
roles in kidney and gonad development. However, in sharp contrast
with the oncogenic role of EWS-WT1 in DSRCT13, WT1 operates as a
tumor suppressor in other cancers, including Wilms tumors and acute
myeloid leukemia14–18, suggesting that the inclusion of EWS results in
substantial reconfiguration ofWT1 activity19. WT1 function is regulated
by alternative splicing mechanisms, resulting in the expression of two
isoforms that differ by the inclusion or exclusion of three amino acids
between zinc fingers 3 and 4 (lysine, threonine, and serine: KTS). These
events are highly conserved throughout evolution and provide WT1
isoformswith distinct biochemical andbiological properties, including
a preference for RNA binding by the +KTS isoform14,20–23. Although
these splicing mechanisms also alter the DNA binding ability of EWS-
WT1, their impact on the underlying tumor regulatory networks in
DSRCT remains poorly understood8,24–26.

To gain insight into the mechanisms that underlie EWS-WT1-
mediated transformation, we set out to annotate the epigenetic
regulatory networks, chromatin remodeling mechanisms, and
direct transcriptional targets controlled by EWS-WT1 in DSRCT, as
well as to define the relative contribution of each fusion protein
isoform to the final oncogenic program. To do so, we combine
EWS-WT1 chromatin profiles and 3D connectivity maps with loss
of function studies and derive a regulatory model for the onco-
genic activity of the fusion protein. Moreover, given the com-
plexity of EWSR1-WT1 splicing, we also model the function of the
+KTS/-KTS isoforms in human mesothelial cells, considered as
candidate tumor precursor cells given the frequent occurrence of
these tumors on serosal surfaces4. We show that EWS-WT1 oper-
ates as a potent transcriptional activator that controls a tumor-
specific gene regulation program through a large 3D looping
network. Strikingly, these functions are not only highly depen-
dent on the EWS prion-like domain but also on the coordinated
activity of both EWS-WT1 isoforms, which are required to gen-
erate tumor xenografts that resemble primary DSRCT. In addition
to revealing the extent of the regulatory networks centered on
each EWS-WT1 isoform, our results also point to critical down-
stream target genes such a CCND1, whose pharmacological inhi-
bition through CDK4/6 inhibitors leads to marked decrease in the
growth of DSRCT cells in vitro and in vivo, and illustrates how
these mechanistic insights can translate into rationale for ther-
apeutic intervention.

Results
EWS-WT1 is associated with highly active distal regulatory sites
in DSRCT tumors
Themechanisms bywhich EWS-WT1 regulates its target gene repertoire
in DSRCT cells are not fully understood, and their elucidation requires a
detailed understanding of the chromatin organization of tumor cells.
To this end, we first used ChIP-seq to annotate the fusion protein
binding sites in the well-established DSRCT cell line JN-DSRCT127. Given
that wild-type WT1 is not expressed in these cells28 (Supplementary
Fig. S1A), anti-WT1 antibodies were used to generate the fusion protein
DNAoccupancy profiles. This approach yielded a total of 6823 genomic
locations that were consistently enriched for WT1 signals using two
different antibodies and provided the core set of EWS-WT1 binding
sites for further analyses. Among these, 6238 peaks (91%) were present
at distal regulatory elements, whereas 585 (9%) were found at TSS
regions in the JN-DSRCT1 cell line (Fig. 1a).

To determine the chromatin states associated with EWS-WT1
binding sites we next profiled the major histone modifications
H3K4me1, H3K27ac, H3K4me3, H3K9ac and H3K27me3 in JN-DSRCT1
cells as well as in four primary DSRCT tumors. The majority of EWS-
WT1 distal binding sites were found to be associated with active
enhancer elements, marked by the presence of H3K4me1 andH3K27ac
signals (Fig. 1b and Supplementary Figs. S1B, C). Similarly, EWS-WT1
binding sites at TSSs were associated with marked H3K4me3, H3K9ac
and H3K27ac signals (Fig. 1b and Supplementary Figs. S1B, C). Con-
sistent with the notion that the fusion protein behaves as a transcrip-
tional activator, no overlap between EWS-WT1 binding sites and the
Polycomb repressive mark H3K27me3 was observed. Importantly, all
four primary DSRCTs analyzed displayed similar chromatin state pro-
files at our consensus EWS-WT1 binding sites (Fig. 1b and Supple-
mentary Figs. S1B, C).

The top enriched sequence at distal EWS-WT1 bound sites was the
consensus WT1 binding motif CTCCC(A/C)C (Fig. 1c and Supplemen-
tary Fig. S1D)29. Ranked second, was a forkhead motif, but further
analysis revealed that most of these sites also contained the main
CTCCC motif (Supplementary Figs. S1D-E) suggesting that a forkhead
transcription factor may co-bind a fraction of EWS-WT1 binding sites.
Interestingly, the third most enriched motif corresponded to a repe-
titive TCC sequence (Fig. 1c and Supplementary Fig. S1D) that has been
previously observed at individual EWS-WT1 binding sites30. This
observation is analogous to that in Ewing sarcoma, where EWS-FLI1
binding to canonical single ETS motifs or GGAA repeat sequences11

results in distinct epigenetic activities and transcriptional outputs,
prompting us to investigate whether similar mechanisms may be at
play inDSRCT. Although the fusion protein was found to be associated
with the canonical WT1 motif in the majority of cases (62%, Supple-
mentary Fig. S1E), we identified three additional DNA features at EWS-
WT1 binding sites: CTCCC clusteredmotifs (609 sites containing three
or moremotifs, 8.9%), TCC repeats (181 sites, 2.6%) and co-occurrence
of both CTCCC clusters and TCC repeats (162 sites, 2.4%) (Supple-
mentary Figs. S1E and S2A). The analysis of the chromatin states
associated with these different EWS-WT1 binding patterns revealed
their association with higher EWS-WT1 and H3K27ac signals compared
to those of EWS-WT1 binding sites devoid of CTCCC clusters and TCC
repeats, with the category of co-occurring CTCCC clusters and TCC
repeats sites displaying the highest levels of both (Fig. 1d and Sup-
plementary Figs. S2B-C).

Interestingly, EWS-WT1-bound enhancers containing large clus-
ters of CTCCC motifs were found proximal to known regulators of
DSRCT biology, such as the Platelet Derived Growth Factor Subunit A
gene (PDGFA), previously shown to play critical functions in shaping
the stromal architecture of DSRCT (Fig. 1e)30. These sites displayed
consistent H3K27ac levels in JN-DSRCT1 cells, as well as four primary
DSRCT tumors, suggesting that EWS-WT1 functions as a potent
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chromatin regulator whose activity may be regulated by different
types of recognition sequences.

DSRCT 3D tumor connectivity is dominated by EWS-WT1-
centered chromatin interactions
Given that the vast majority of EWS-WT1 binding sites are located at
distal genomic regions well outside of promoters, we reasoned that
the identification of the direct targets of the fusion protein would
require a better understanding of its 3D chromatin connectivity. To
this end we used H3K27ac-mediated Hi-ChIP to profile all active
chromatin interactions in JN-DSRCT1 cells and integrated Hi-ChIP
with WT1 occupancy profiles to generate an EWS-WT1-centric net-
work. This approach yielded a total of 37439 chromatin loops in JN-
DSRCT1 cells (Fig. 2a), of which 59% were associated with EWS-WT1
(Fig. 2a, b). Strikingly, EWS-WT1 binding sites were involved in sig-
nificantly more looping interactions than H3K27ac peaks not bound
by the fusion protein. EWS-WT1-associated loops displayed higher

read counts (Fig. 2c) and involved regions separated by longer dis-
tances (Fig. 2d, e and Supplementary Fig. S3A). A noticeable differ-
ence in loops crossing TAD boundaries was also observed in
association with EWS-WT1 (15% vs 6%; Supplementary Fig. S3B).
Interestingly, the strongest looping was observed at the subset of
EWS-WT1 binding sites associated with TCC repeats and/or CTCCC
clusters, pointing to the implication of these genomic regions in
shapingDSRCT topology (Fig. 2c, d). These observations suggest that
the fusion protein plays a prominent role in shaping chromatin
conformation and activity in DSRCT cells, particularly since EWS-WT1
binding sites constitute a minority of H3K27ac peaks in tumor cells
but a large fraction of the chromatin loops detected by Hi-ChIP
(Fig. 2a, b). In support of this notion we identified a robust set of
EWS-WT1-centered chromatin loops connecting the fusion protein
binding sites to the promoters of genes involved in DSRCT biology,
including Vascular Endothelial Growth Factor A (VEGFA) and PDGFA
(Fig. 2f and Supplementary Fig. S3C)4,30.
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EWS-WT1 depletion leads to strong changes in chromatin
activity and 3D connectivity
We next sought to determine the direct functional effect of EWS-WT1
on chromatin activity and 3D conformation. To this end, we used a
lentiviral-based shRNA strategy to deplete the fusion transcript in
JN-DSRCT1 cells. A virtually complete knock-down (KD) of the fusion
protein was observed 96 h post-transduction (Fig. 3a right), and the
chromatin profiles of corresponding EWS-WT1-depleted cells showed
an almost complete loss of signals associated with the fusion protein
across all binding sites (Fig. 3a left). Loss of EWSR1-WT1 expression led
to marked reduction in H3K27ac and H3K4me1 signals at a large
majority of its binding sites (Fig. 3b, c and Supplementary Fig. S4A),
confirming its powerful chromatin activation properties. A similarly
robust remodelingwasobserved for chromatin interactions byHi-ChIP
(Supplementary Fig. S4B), with the strongest decreases in connectivity
being associated with loops bound by EWS-WT1 at both anchors
(Fig. 3d, e). Conversely, increases in chromatin interactions were
mostly observed for loops independent of the fusion protein binding
sites (Fig. 3d and Supplementary Fig. S4C).

The alterations in chromatin activity and conformation that
followed EWS-WT1 depletion were associated with decreased
expression of a large set of direct target genes, as analyzed by RNA-
seq (Fig. 3f, left), including a panel of genes previously reported to be
directly regulated by EWS-WT1 (Supplementary Fig. S4D)30–34. Con-
sistent with our previous observations, genes connected to EWS-
WT1-bound CTCCC clusters and/or TCC repeats were most strongly
down-regulated upon depletion of the fusion protein (Fig. 3f, right).
This suggests that these sites have stronger regulatory effects and is
in keeping with the observation that they have higher levels of
H3K27ac and higher loop counts. In addition, we also observed that
targets of CTCCC clusters and/or TCC repeats show a decrease in
total loop connectivity arising from dramatic decreases in EWS-WT1
loops and modest reductions in non-EWS-WT1 loops. In contrast,
promoters targeted by other EWS-WT1 binding sites show decreased
EWS-WT1 looping but increased non-EWS-WT1 connectivity from
other locations, resulting in an overall higher total connectivity
(Supplementary Fig. S4E). Finally, functional annotation of the down-
regulated target genes revealed their enrichment for terms related to
DNA organization and cell-cycle (Gene Ontology Biological Process,
Supplementary Fig. S4F), suggesting a direct role for EWS-WT1 in
regulating the genomic organization and proliferation of DSRCT
cells. Interestingly, the list of EWS-WT1 target genes identified in our
study partially differs from previous datasets31,35,36, pointing to a
refined repertoire of direct targets related to our integrated analysis
of chromatin and topological profiles associated with EWS-WT1
binding sites.

In contrast, we also observed that a substantial number of genes
was induced following EWS-WT1 knock-down (Fig. 3f, left). This led us
to investigatewhether these changes aredue to a repressive role of the
fusion protein, as observed for EWS-FLI1 in Ewing sarcoma, or are
related to changes in cellular phenotype that follow the loss of the
fusion protein. We first observed that only 36% of up-regulated genes
(n = 672) were initially connected to EWS-WT1 (Supplementary
Fig. S4G), suggesting that indirect effects account for most gene
upregulation. Deeper investigation of the 672 connected genes
showed that most were targeted by a set of EWS-WT1-independent
enhancers either arising de novo (57%) or showing increases in activity
(11%) upon knock-down of the fusion protein (Supplementary
Fig. S4H). Furthermore, de novoenhancers showed enrichment for the
DNAmotif recognized by the transcription factor AP-1 (Supplementary
Fig. S4I). These results suggest that the majority of increases in gene
expression that follow EWS-WT1 depletion reflect cellular phenotypic
changes. Nevertheless, a yet unidentifiedmechanismof transcriptional
repressiondirectly controlledbyEWS-WT1may still apply to aminority
of target genes (Supplementary Fig. S4H).

EWS-WT1+KTS/-KTS isoforms control both shared and specific
chromatin binding sites and transcriptional programs
Similar to wild-type WT1, EWS-WT1 also displays two splice isoforms
that differ by the inclusion/exclusion of three amino acids (KTS)
between the last two zinc fingers of its WT1 portion8. Although the
function of both +KTS and -KTS isoforms has been previously inves-
tigated by exogenous expression in different cellular models, the
specific oncogenic contribution of each isoform to DSRCT initiation
and development remains elusive24–26. Our RNA-seq analysis revealed
that 50 to 80% of EWSR1-WT1 transcripts correspond to the +KTS
isoform in eleven primary human DSRCT (Supplementary Fig. S5A),
consistent with previous studies that suggested the +KTS to be the
more abundant of the two isoforms in DSRCT8. However, given that
commercially availableWT1 antibodies cannotdistinguishbetween the
two isoforms, the precise expression pattern of +KTS and -KTS in
DSRCT cells still remains to be defined. To address this issue, we
turned to RNA in situ hybridization (Basescope) to detect signals from
each alternative transcript separately37. We designed probes targeting
the EWSR1-WT1 RNA region that either include or exclude the 9
nucleotides coding for the KTS tripeptide, allowing selective detection
of each splice variant. Using this approach we detected co-expression
of both EWSR1-WT1 isoforms in JN-DSRCT1 cells (Supplementary
Fig. S5B), suggesting that they may act in concert to initiate and
maintain the global tumor oncogenic program.

To address the specific role of each isoform, we turned to a
primary immortalized humanmesothelial cell-line (MeT-5A), in which
we expressed the two EWSR1-WT1 isoforms, either independently or
together. Mesothelial cells have been proposed as possible
DSRCT cells of origin4 and we reasoned that our experimental
strategy may help define the relative contribution of each isoform to
the early stages of DSRCT development. To distinguish between the
two protein isoforms, MeT-5A cells were transduced with either V5-
(+KTS) or HA-tagged (-KTS) EWS-WT1 constructs and used to gen-
erate chromatin occupancy profiles for each isoform by ChIP-seq,
using either anti-V5 or -HA antibodies. We identified 43686 and 19185
peaks for the -KTS isoform and +KTS isoform, respectively (Fig. 4a),
suggesting that the -KTS isoform displays a higher DNA binding
capacity, although this difference may also be partly due to distinct
ChIP antibody efficiencies. However, the genomic distribution of the
two isoforms was similar, involving mainly distal regulatory regions,
as initially observed for endogenous EWS-WT1 in JN-DSRCT1
cells (Fig. 1a).

Motif enrichment analyses of +KTS/-KTS binding sites, when
expressed in isolation, indicated that both isoforms recognized similar
albeit slightly different DNA sequences centered on the CTCCC core
motif (Fig. 4b and Supplementary Fig. S5C). Both isoforms combined
bound a majority of EWS-WT1 binding regions identified in the DSRCT
tumor cell line JN-DSRCT1 (65%, Fig. 4c). Interestingly, each isoform
expressed separately in MeT-5A cells showed the ability to bind both
shared (1083 sites, 15.9%) and specific sites (+KTS only: 240 sites, 3.5%;
-KTS only: 3139 sites, 46%)(Fig. 4c–e), suggesting that EWS-WT1
occupancy profiles in DSRCT cells may reflect a combination of +KTS/-
KTS binding patterns.

Further integration of EWS-WT1 profiles with chromatin states
revealed activation at the vast majority of specific and shared
+KTS/-KTS sites, as demonstrated by strong H3K27ac signals (Fig. 4d).
Closer examination, however, revealed that whereas both +KTS and
-KTS isoforms successfully bound to and inducedH3K27 acetylation at
TCC repeat containing regions identified in DSRCT cells, only the -KTS
isoform succeeded in inducing robust and consistent H3K27 acetyla-
tion at a majority of CTCCC cluster regions (Supplementary Fig. S6A).

Finally, expression of EWS-WT1 +KTS/-KTS isoforms in MeT-5A
cells also resulted in the induction of a large fraction of the direct
target genes identified in JN-DSRCT1 cells (32%; Fig. 4f). Conversely
most genes induced in MeT-5A were also regulated by EWS-WT1 in
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Fig. 3 | EWS-WT1 depletion leads to strong changes in chromatin activity and
connectivity. a Left: Composite plot shows EWS-WT1 ChIP-seq signals in JN-
DSRCT1 cells lentivirally induced with a shRNA targeting WT1. 10 kb window cen-
tered on EWS-WT1 binding sites (n = 6823). Right: Immunoblotting shows EWS-WT1
protein levels in the same conditions. The experiment was independently repeated
twice with similar results. Source data are provided as a Source Data file.
bHistogramdepicts changes inH3K27acChIP-seq signals at EWS-WT1 binding sites
upon the fusion protein knockdown in JN-DSRCT1 cells as in Fig. 3a. 4711 EWS-WT1
binding sites showH3K27ac signal decrease of at least twofold in both experiments.
Twofold changes are highlighted in red (decreases) and blue (increases). c Left:
Representative ChIP-seq tracks showing chromatin changes at the FGFR4 locus
upon EWS-WT1 knockdown in the JN-DSRCT1 cell line. Right: Corresponding
changes in FGFR4 expression levels as detected by RNA-seq. d Histograms show
changes in H3K27ac Hi-ChIP looping signals in JN-DSRCT1 cells upon EWS-WT1
knockdown at sites initially bound by EWS-WT1 on one side (n = 19606), both sides
(n = 4929) or none (n = 27426). H3K27ac Hi-ChIP in shRNA transduced JN-DSRCT1

was performed once. e Left: Example shows marked changes in H3K27ac Hi-ChIP
signal at the VEGFA locus upon EWS-WT1 depletion in JN-DSRCT1 cells. Right:
Corresponding changes in VEGFA expression levels as detected by RNA-seq. f Left:
Volcano plot depicting gene expression changes in JN-DSRCT1 cells upon EWS-WT1
knock-down. y axis is capped at a maximum adjusted p value of −100. Genes
connected to EWS-WT1 with twofold changes and adjusted p value of 0.05 are
shown in red. Right:Boxplots show gene expression levels in control (red) and EWS-
WT1-depleted cells (blue) for genes initially connected to CTCCC and/or TCC
repeats bound by EWS-WT1 (n = 2176), other EWS-WT1 sites (n = 2584) or sites not
associated with EWS-WT1 (n = 7150). n represents the number of genes in each
category. p value in CTCCC and/or TCC repeats = 2.16e–73, in other EWS-WT1 =
0.08, in not connected to EWS-WT1= 0.24. Median value is shown as a line within
the boxplot, which spans from the 25th to 75th percentiles.Whiskers indicate a 1.5×
inter-quartile range. p values were calculated using two-sided t tests. H3K27ac Hi-
ChIP in shRNA transduced JN-DSRCT1 was performed once. Expression profiling
was performed four times in shRNA transduced JN-DSRCT1.
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JN-DSRCT1 cells (86%; Fig. 4g and Supplementary Fig. S6B) supporting
the biological relevance of our model. In line with our observations
based on chromatin activity, both isoform-specific and shared tran-
scriptional programs were also observed (Fig. 4h).

EWS-WT1 DNA occupancy profiles are distinct from wild type
WT1, and depend on EWS prion-like domains
We previously investigated the functional contribution of wild-type
EWS and FLI1 proteins to the function of EWS-FLI1 in Ewing’s sarcoma,

and identified an important role of the EWS prion-like domains (PrLD)
for the pioneering properties of EWS-FLI112. We therefore reasoned
that similar mechanisms may be shared by EWS-WT1 and interrogated
the contribution of EWS PrLD to the DNA binding patterns of the
fusion protein. To this end, we generated EWS-WT1-V5 mutants for
each KTS isoform, by converting all 37 tyrosines present in the EWS
PrLD into serines (EWS(YS37)-WT1-V5, Fig. 5a), and expressed the two
mutants in MeT-5A cells (Supplementary Fig. S6C). In parallel, we
expressed bothwild-typeWT1 +KTS and -KTS isoforms inMeT-5A cells
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(Supplementary Fig. S6C) and profiled all models by ChIP-seq using an
anti-V5 antibody.

Analysis of the genomic distribution of wild-type WT1 binding
sites revealed a limited DNA binding capacity of the +KTS isoform
(Fig. 5b, c), suggesting that similar to its effect on EWS-FLI1 in Ewing’s
sarcoma, the EWS PrLD provides neomorphic DNA binding properties
to +KTS EWS-WT1 (Fig. 4a). Next, we coupled the occupancy profiles
for wild-type WT1 and mutant EWS(YS37)-WT1 +KTS/-KTS isoforms
with chromatin states across EWS-WT1 binding sites identified in
DSRCT cells and observed that despite binding a significant fraction of
sites, the -KTS WT1 isoform did not induce chromatin activation, as
indicated by the absence of H3K27ac deposition at these genomic
regions (Fig. 5d and Supplementary Fig. S6D). The same held true for
both mutant EWS(YS37)-WT1 isoforms, which displayed neither chro-
matin binding nor activation ability at all tested sites (Fig. 5e and
Supplementary Fig. S6E).

As previously shown in the context of EWS-FLI1 in Ewing sarcoma,
chromatin binding and activation properties correlatedwith the ability
of EWS-WT1, wild-type WT1 and the EWS(YS37)-WT1 mutants to pre-
cipitate or not in presence of biotinylated isoxazole (b-isox) as a proxy
for their phase-transition properties12,38. Our results revealed that in JN-
DSRCT1 cells, EWS-WT1 exhibits robust and b-isox concentration-
dependent precipitation, which was even stronger than that of wild-
type EWS (Supplementary Figs. S7A, B). The same held true for both
EWS-WT1 +KTS and -KTS isoforms expressed inHEK293Tcells (Fig. 5f),
but not for wild-type WT1, which showed limited ability to precipitate
even at the highest b-isox concentration (Fig. 5g). Finally, neither of the
EWS(YS37)-WT1 mutant isoforms precipitated, irrespective of b-isox
concentrations (Fig. 5h). Altogether these observations support the
notion that the DNA binding ability displayed by EWS-WT1 +KTS is
largely a neomorphic property acquired by the fusion protein, and that
the EWS PrLD is essential for the phase transition ability of both EWS-
WT1 isoforms.

Both EWS-WT1+KTS and -KTS isoforms are required to induce
DSRCT in vivo
Based on these results, we next sought to test the relative contribution
of each EWS-WT1 isoform to in vivoDSRCT tumorigenesis by assessing
the tumorigenic capacity of MeT-5A cells transduced with either an
empty vector (control), V5-tagged EWS-WT1 +KTS, HA-tagged EWS-
WT1 -KTS, or both EWS-WT1 +KTS/-KTS isoforms simultaneously.
Isoform-specific expression of the EWS-WT1 protein alone or in com-
bination was confirmed by Western blot using anti-V5 and -HA anti-
bodies (Fig. 6a). 2 × 106MeT-5A cells fromeach conditionwere injected
subcutaneously into the flank of 5–7 week-old NOD/SCID c Gamma
(NSG) mice. Remarkably, tumor formation was observed only when
mice were injected with MeT-5A cells expressing both EWS-WT1 +KTS
and -KTS isoforms (Fig. 6b). MeT-5A cells expressing EWS-WT1 -KTS
alone developed small lesions that failed to progress into full-blown

tumors (Fig. 6b) suggesting that tumor formation may require the
combined expression of the transcriptional programs controlled by
each isoform (Fig. 4h).

Importantly, the histology of the tumors generated by MeT-5A
cells expressing both EWS-WT1 isoforms recapitulated the defining
morphological features of primary human DSRCT, including a small
blue round cell phenotype and the presence of an abundant stromal
reaction surrounding the tumor cells (Fig. 6c and Supplementary
Fig. S8)4. To assess this phenotypic similarity at themolecular level, we
profiledMeT-5A-derived tumors by RNA-seq, and compared their gene
expression profiles to those derived from a cohort of 9 different pri-
mary sarcoma subtypes31, including DSRCT, as well as to JN-DSRCT1
cells. The tumors that developed from EWS-WT1-transformed MeT-5A
cells clustered with both primary DSRCT and JN-DSRCT1 cells, under-
scoring their morphological and molecular resemblance to patient-
derived tumors (Fig. 6d).

Combinedanalysis of chromatin occupancy and loopingprofiles
identify CDK4/6 as a new potential therapeutic target for
DSRCT tumors
Our analyses so far highlighted the prominent role of EWS-WT1 in
regulating the epigenetic and transcriptional landscape of DSRCT and
showed that the fusion protein controls its target gene repertoire
through a complex network of chromatin interactions. We therefore
reasoned that direct transcriptional targets required for tumor cell
survival may be regulated by a high number of EWS-WT1-centered
loops to maintain robust and constant expression.

To address this possibility, we ranked the top 1000 EWS-WT1-
connected target promoters by the number of EWS-WT1-associated
loops involved and selected those displaying 5 or more chromatin
interactions (Fig. 7a, Supplementary Data 1). This analysis identified a
total of 323 promoters corresponding to genes that are highly
expressed in primary DSRCT compared to other human sarcoma
subtypes (Fig. 7b). A large fraction of these genes was connected to
EWS-WT1 bound CTCCC clusters and/or TCC repeats (94%). We next
ranked this gene set based on their expression levels inprimaryDSRCT
and their transcriptional changes upon EWS-WT1 depletion in JN-
DSRCT1 cells (Supplementary Fig. S9A). Finally, to increase the
potential translational reach of the analysis, target genes were filtered
according to their susceptibility to inhibition by clinically-approved
drugs based on the Drug Gene Interaction database (Fig. 7c and Sup-
plementary Fig. S9A)39. This strategy identified 9 actionable targets
(Fig. 7c) from which we selected the CCND1 gene, based on its role in
regulating tumor cell proliferation and the possibility to target its
function by potent and selective inhibitors, which are currently used in
the clinic.

Consistent with our in-silico analyses, CCND1 showed high
expression levels in a cohort of primary DSRCT compared to 8 other
human sarcoma subtypes (Fig. 7d)31 and was strongly dependent on

Fig. 4 | + KTS and -KTS EWS-WT1 isoforms display shared and private chro-
matin binding sites and transcriptional programs. a Pie charts show genomic
distribution of EWS-WT1 binding sites in MeT-5A cells transduced with either the
EWS-WT1 -KTS or +KTS isoforms. b Top enriched DNAmotifs identified in MeT-5A
cells expressing either EWS-WT1 + KTS or -KTS as in Fig. 4a. Associated transcrip-
tion factors for the motifs were EGR2 (top) and ZNF263 (bottom). p values were
calculated based on the binomial test by the Homer software. c Pie chart shows the
percentage of consensus EWS-WT1 binding sites initially identified in JN-DSRCT1
cells (as in Fig. 1a), and that are bound by either EWS-WT1 + KTS, EWS-WT1 -KTS or
both upon their expression inMeT-5A cells.dHeatmaps of V5 (EWS-WT1 + KTS),HA
(EWS-WT1 -KTS) and H3K27ac ChIP-seq signal densities in MeT-5A cells expressing
either EWS-WT1 -KTS or +KTS, illustrating that the two isoforms bind to a majority
of sites identified in JN-DSRCT1 cells (as in Fig. 1a). 10-kb windows in each panel are
centered on EWS-WT1 binding sites as defined in JN-DSRCT1 cells. The categories of

sites are: bound by either EWS-WT1+ KTS (n= 240), EWS-WT1 -KTS (n= 3139) or
both (n = 1083). Chromatin profiling was performed twice in EWS-WT1 transduced
MeT-5A cell line. eComposite plots of V5 (EWS-WT1 + KTS) andHA (EWS-WT1 -KTS)
ChIP-seq signals in MeT-5A cells at each category of EWS-WT1 binding sites shown
in panel (d). 10-kb windows in each panel are centered on EWS-WT1 binding sites.
f Venn diagram depicting the number of genes which are shared between the ones
induced by EWS-WT1 + KTS/-KTS in MeT-5A cells, and the ones connected to EWS-
WT1 sites and downregulated upon EWS-WT1 knockdown in JN-DSRCT1 cells. g Pie
chart showing that the vast majority (86%) of genes induced upon expression of
EWS-WT1+ KTS or -KTS in MeT-5A cells are also downregulated upon EWS-WT1
knockdown in JN-DSRCT1 cells. h Heatmap shows expression levels for genes
induced by either EWS-WT1 + KTS (n = 70), EWS-WT1 -KTS (n= 174) or both EWS-
WT1 isoforms (n= 148) upon their expression in MeT-5A cells. Expression profiling
was performed thrice in EWS-WT1 transduced MeT-5A cell line.
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Fig. 5 | EWS-WT1 DNA occupancy profiles are distinct fromwild type WT1, and
depend on its EWS prion-like domains. a Schematics of the constructs
encoding for EWS, WT1, EWS-WT1 and the EWS(YS37)-WT1 mutant proteins.
Tyrosines (Y) mutated into serines (S) are depicted as black bars within the
EWS N-terminal prion-like domain of the EWS(YS37)-WT1 mutant. b Barplot
depicts the number of genome-wide ChIP-seq binding sites observed for each
protein as in Fig. 5a (+and -KTS isoforms for WT1, EWS-WT1 and EWS(YS37)-
WT1) after their individual expression in MeT-5A cells. c Pie charts show the
genomic distribution for the binding sites of the + and -KTS isoforms of WT1
and EWS(YS37)-WT1 upon their individual expression in MeT-5A cells.
d Heatmaps depict V5 (WT1 + KTS or -KTS) and H3K27ac ChIP-seq signal
densities in MeT-5A cells expressing either WT1 isoform, at the subset of
consensus EWS-WT1 binding sites bound by either EWS-WT1 -KTS or +KTS as
in Fig. 4d. 10-kb windows in each panel are centered on EWS-WT1 binding
sites as defined in JN-DSRCT1 cells. Chromatin profiling was performed twice

in WT1 transduced MeT-5A cell line. e Heatmaps showing V5 (EWS(YS37)-
WT1 + KTS or -KTS) and H3K27ac ChIP-seq signal densities in MeT-5A cells
expressing either EWS(YS37)-WT1 -KTS or +KTS mutant isoforms, at the
subset of consensus EWS-WT1 binding sites bound by either EWS-WT1 -KTS
or +KTS as in Fig. 4d. 10-kb windows in each panel are centered on EWS-WT1
binding sites as defined in JN-DSRCT1 cells. Chromatin profiling was per-
formed twice in EWS(YS37)-WT1 transduced MeT-5A cell line. f EWS-WT1 +
KTS and -KTS isoforms precipitate in a dose-dependent manner upon b-isox
treatment in lysates from HEK293T-transfected cells. The experiments were
independently repeated twice with similar results. Source data are provided
as a Source Data file. g, h Wild-type WT1 and mutant EWS(YS37)-WT1 iso-
forms show weak precipitation properties when b-isox is added to lysates
from HEK293T-transfected cells. * non-specific binding of WT1 proteins is
detected in absence of b-isox. The experiment was independently repeated
twice with similar results. Source data are provided as a Source Data file.
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EWS-WT1 expression in JN-DSRCT1 cells (Supplementary
Figs. S9B and 7e right inset). EWS-WT1 depletion also resulted in a
robust decrease in 3D connectivity at the CCND1 genomic locus,
supporting the strong dependency of the expression of this gene on
the fusion protein (Fig. 7e). Moreover, CCND1 depletion by shRNAs in
JN-DSRCT1 cells reduced their proliferation to an extent similar to
EWS-WT1 depletion itself, supporting the relevance of targeting
CCND1 as a therapeutic strategy for DSRCT (Supplementary
Fig. S9C).

Recently, several pharmacological inhibitors that affect CCND1
activity have been generated. These compounds target the enzymatic
activity of CDK4/6, and therefore reduce the ability of the CCND1-
CDK4/6 complex to promote cell cycle progression through the G1
phase. In particular, three inhibitors have been approved by the Food
and Drug Administration (FDA) for the treatment of metastatic breast
cancer40: Palbociclib, Abemaciclib, and Ribociclib, prompting us to
assess their therapeutic potential in DSRCT cells and mouse xeno-
grafts. To assess the sensitivity ofDSRCTcells toCDK4/6 inhibition, we
took advantage of a recent study that screened over 400 different
tumor cell lines for their sensitivity to Abemaciclib and Palbociclib41.
Since this cohort lacked DSRCT cell lines, we followed the same pro-
tocol to treat JN-DSRCT1 cells and assessed their sensitivity to both
CDK4/6 inhibitors. Our results confirmed that JN-DSRCT1 cells are
highly sensitive to both Abemaciclib and Palbociclib in vitro, with
absolute IC50 values of 0.18 µM and 1.09 µM, respectively (Supple-
mentary Figs. S9D, E), which ranked them in the top 5%most sensitive
cell lines (Fig. 7f and Supplementary Fig. S9F).

To expand our in vitro results to more clinically relevant models,
we next investigated the effect of CDK4/6 inhibitors on DSRCT growth
in vivo. To this end, we generated JN-DSRCT1-derived mouse xeno-
grafts, and treated them daily with 100mg/kg Palbociclib in cycles of 5
out of 7 days for a total of 26 days. This drug concentration is close to
that administered in human clinical settings, which may vary between
125mg to 200mg/kg per day, during 14 to 28 days40, and was well

tolerated by all mice with no obvious sign of distress or weight loss
(Supplementary Fig. S10A). Mice were monitored for tumor growth
three times perweek and at the end of the experiment (Supplementary
Fig. S10B). Our results confirmed the marked anti-tumor effect of
Palbociclib in vivo, with all treatedmice showing a significant decrease
in tumor burden (Fig. 7g, Supplementary Figs. S10B, S10C). To further
corroborate these results, we generated a second in vivo model (SJ-
PDX1), using a patient-derived xenograft obtained from the Childhood
Solid Tumor Network42. These additional xenografts were treated and
monitored following the same protocol during 19 days. Similar to the
results obtained with JN-DSRCT1-derived tumors, patient-derived
xenografts treated with 100mg/kg of Palbociclib also showed
marked growth reduction (Fig. 7h, i, Supplementary Figs. S10D, S10E),
highlighting the clinical relevance of our findings.

Discussion
EWS fusion proteins constitute a large set of related oncogenes that
are responsible for the generation of diverse tumor types whose
spectrum continues to widen with the application of molecular diag-
nostic technologies capable of detecting novel chromosomal
translocations43. However, our understanding of the corresponding
fusion protein function and precise role in cell transformation has not
paralleled the progress in their detection and discovery, limiting the
developmentof effective therapies. To further elucidate theoncogenic
function of EWS fusion proteins, here we investigated the mechanistic
implications of EWS-WT1 in the formation of DSRCT and found that it
operates as a powerful chromatin and transcriptional activator,
responsible for shaping the transcriptional and chromatin interaction
landscapes of DSRCT cells. Previous studies, most notably in Ewing
sarcoma, have shown that theN-terminal prion-like domains (PrLDs) of
EWS can mediate nuclear condensate formation and enable the TF to
which they are fused to bind otherwise inaccessible genomic sites,
endowing the corresponding fusion protein with pioneer factor
properties. Our present results show that these principles are
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operative in diverse cellular contexts, and suggest that they may
represent a common feature required for cellular transformation
across EWSR1-translocations. They also point to the importance of the
partner TF in establishing distinctive oncogenic programs.

The generation of two distinct, functionally complementary,
oncogenic fusion protein isoforms from a single genetic alteration is a
salient feature of DSRCT that is linked to the developmental splicing
patterns of WT1. Our study shows that both oncogenes are
co-expressedwithin singleDSRCTcells and further define thedramatic
increase in EWS-WT1+ KTS genomic occupancy compared to its
wildtype counterpart, allowing both isoforms to contribute to the
oncogenic transcriptional program. Given thatwild typeWT1primarily

operates as a tumor suppressor and that its +KTS isoform has a strong
preference for RNA-binding14, it is remarkable that addition of the
N-terminal domains of EWS endows WT1 with new oncogenic prop-
erties. Moreover, our observations indicate that the distinct target
gene repertoires of the two fusion protein isoforms cooperate to
shape the transcriptional and oncogenic properties of DSRCT.We find
that +KTS and -KTS EWS-WT1 display both shared and private chro-
matin binding profiles and transcriptional targets, and that the com-
bined expression of their complementary transcriptional outputs in
precursor cells is required for tumor initiation and progression, each
isoform providing a key portion of the required pro-tumorigenic
signals.
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Finally, we have combined chromatin profiling with 3D nuclear
mapping to identify direct EWS-WT1 target genes of potential ther-
apeutic value. Among them we selected CCND1, based on its well-
known oncogenic functions, as well as its pharmacological target-
ability usingCDK4/6 inhibitors. Inactivation of the CCND1-CDK4/6 axis
has been previously assessed in other sarcoma subtypes, including
Ewing44 and synovial sarcoma45, with encouraging preliminary results.
These agents are also currently approved to treat estrogen receptor-
positive metastatic breast cancers in combination with endocrine
therapies, with surprisingly low toxicity profiles. Intriguingly, the high
male prevalenceofDSRCT tumors alongside their robust expressionof
the androgen receptor raise the possibility that combining hormonal
therapy with CDK4/6 inhibitors may also be applicable in DSRCT46.

In summary our study shows how a single genetic alteration can
result in the expression of two complementary oncogenes through
post-transcriptional and gain of function events, elucidates the
mechanismsbywhich these aberrant TFs induce strong chromatin and
topological changes, and identifies CDK4/6 as a potentially attractive
therapeutic target for the clinical management of these tumors. Given
the importance of fusion proteins as drivers in cancer, we expect that
similar mechanismsmay play a role in variety of cancer types and that
their detailed characterization may point to new therapeutic
opportunities.

Methods
Contact for reagent and resource sharing
Further information and requests for resources and reagents shouldbe
directed to the Lead Contacts Nicolò Riggi (riggin@gene.com) and
Miguel N Rivera (mnrivera@mgh.harvard.edu).

Experimental model and subject details
DSRCT tumor samples. Primary tumor specimens were collected with
ethical approval from the Institutional review Boards (IRB) of Center
Hospitalier Universitaire Vaudois (CHUV, University of Lausanne,
Switzerland), andMassachusetts General Hospital (MGH, Boston, USA).
Samples were anonymized prior to analysis. For samples collected after
2015, informed written consent was obtained from patient and/or their
legal representatives under the Commission Cantonale d’éthique de la
recherche sur l’être humain (CER-VD, protocol number 260/15). Tumor
samples collected before 2015 were obtained from the tumor bank as
discarded material with IRB approval, without informed consent.

Cell lines
The JN-DSRCT1 cell line was a generous gift from Daniel Haber. Other
cell lines were obtained from the ATCC and media from Life Tech-
nologies. JN-DSRCT127 (male gender), MeT-5A (male gender, ATCC
CRL-9444) and LentiX HEK293T (female gender, Takara #632180) cells
were respectively grown in Dulbecco’s Modified Eagle Medium
(DMEM/F12), Medium 199 and DMEM. All media were supplemented
with 10% Fetal Bovine Serum (FBS) and 1% Penicillin/Streptomycin. All
cells were cultured at 37 °C with 5% CO2. Cells were maintained and
split every 2–4 days (at approximately 80% confluence).When needed,
FBSwas replacedwith Tet-Free FBS fromPanBiotech (P30-3602). Cells
were cryopreserved in cryogenic medium [90% FBS with 10% dimethyl
sulfoxide (DMSO)] into liquid nitrogen for long-term storage. Cells
were authenticated by the provider. All cell cultures were periodically
tested negative for mycoplasma contamination by PCR-based
methods.

Lentiviral generation
Lentivirus was produced in LentiX HEK293T either by LT1 (Mirus Bio)
or by FuGene6 (Promega) transfection with gene delivery vector and
packaging vectors GAG/POL and VSV plasmids. Growth medium was
changed after 6–8 h from the initial transfection. Viral supernatants
were collected 72 h after transfection and concentrated using LentiX
concentrator (Clontech-Takara), following the manufacturer’s
instructions. Virus containing pellets were resuspended in PBS and
added dropwise on cells in presence of media supplemented with
6μg/ml polybrene. JN-DSRCT1 and Met-5A lentivirally-infected cells
were selected using 1μg/ml puromycin or 0.25μg/ml G418. Induction
of gene expression in lentivirally-infected cells was achieved adding
250μg/ml doxycycline to the culture medium. Overexpression or
knockdown efficiency was determined by Western blot analysis and
RT-qPCR.

Transient transfections
HEK293T cells were grown to 80% confluency prior to transfection
using LT1 (Mirus Bio) according to the manufacturer recommenda-
tions and were collected after 48h.

Real-time quantitative RT-PCR
For gene expression assays, total RNA was isolated from cells using
either NucleoSpin RNA Plus (Clontech) or RNeasy mini kit (Qiagen,

Fig. 7 | Combined analysis of chromatin occupancy and Hi-ChIP profiles iden-
tify CDK4/6 as a new potential therapeutic target for DSRCT tumors. aHockey
plot shows the number of EWS-WT1 associated loops connected to genes tran-
scriptionally down-regulated upon EWS-WT1 knockdown in the JN-DSRCT1 cell line
(n = 1000). Out of most connected 1000 promoters, 323 target genes displaying
more than 5 EWS-WT1-associated loops were selected for further analysis. H3K27ac
Hi-ChIP in JN-DSRCT1 cell line was performed once. Expression profiling was per-
formed four times in shRNA transduced JN-DSRCT1. b Heatmap depicts gene
expression levels in primary DSRCT tumors for the 323 genes connected to EWS-
WT1 binding sites and whose expression decreases upon the fusion protein
knockdown identified in Fig. 3f. Comparison with Dedifferentiated Liposarcoma
(DDLPS), Myxofibrosarcoma (MFS), Malignant Peripheral Nerve Sheath Tumor
(MPNST), SARC (Sarcoma), Synovial Sarcoma (SS), Leiomyosarcoma arising in
gynecologic location (uterine ULMS) and soft tissue (STLMS) sites, and Undiffer-
entiated Pleomorphic Sarcoma (UPS) described in ref. 31. c Top 9 target genes that
can be targeted by at least 1 clinically-approved compound inhibiting their activity
amongst the 323 that are connected to EWS-WT1 sites and show high expression in
primaryDSRCT tumors (as in Fig. 7a, b).dCCND1 expression levels across a panel of
primary sarcoma samples described in ref. 31. Number of samples: DDLPS n = 51,
MFS n = 17, MPNST n = 5, DSRCT 10, SARC n = 53, SS n = 10, STLMS n = 54, ULMS
n = 29, UPS n = 45. Median value is shown as a line within the boxplot, which spans
from the 25th to 75th percentiles. Whiskers indicate a 1.5× inter-quartile range.
e Left: Example shows marked changes in H3K27ac Hi-ChIP connectivity at the

CCND1 locus upon EWS-WT1 knockdown in the JN-DSRCT1 cell line. Right: changes
in CCND1 expression levels in JN-DSRCT1 cells upon EWS-WT1 knockdown, as
assessed by RNA-seq. f Absolute Palbociclib IC50 value for JN-DSRCT1 cells, as
compared to a panel of 492 tumor cell lines described in ref. 41. g Boxplots show
weight of JN-DSRCT1-derived tumors in Palbociclib- or solvent-treated-
immunocompromisedmice at the endof the treatment. 6week-oldmalemicewere
injected at the beginning of the study. The total number of treated tumors were 15
and 14 respectively.Median value is shown as a linewithin the boxplot, which spans
from the 25th to 75th percentiles. Whiskers indicate minimum to maximum value
range. p valueswere calculated using two-sided t tests. (**) p value = 0.0033. Source
data are provided as a Source Data file. h Tumor growth progression over time of
patient-derived DSRCT xenografts (SJDSRCT046151_X1 = SJ-PDX1), in solvent and
Palbociclib-treated immunocompromised mice. 6 week-old male mice were injec-
ted at the beginning of the study. The total number of treated tumors were 16 and
12 respectively. p values were calculated using two-sided t tests. (***) p value at
endpoint = 5.7 e-6. Source data are provided as a Source Data file. i Boxplots show
weight of SJ-PDX1-derived tumors in solvent- or Palbociclib-treated-
immunocompromised mice at the end of the treatment. The total number of
treated tumors were 16 and 12, respectively. p values were calculated using two-
sided t tests. (***) p value = 3.3 e–6. Median value is shown as a line within the
boxplot, which spans from the 25th to 75th percentiles.Whiskers indicateminimum
to maximum value range. Source data are provided as a Source Data file.
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cat#74104), DNAse treatment was performed following the manu-
facturer’s instructions. cDNA was obtained using a high-capacity RNA-
to-cDNAkit (Applied Biosystems). 500 ng to 1μg of template total RNA
and random hexamers were used for each reaction. Real-time qPCR
amplification was performed using fast SYBR Green Master Mix (Life
Technologies), or PowerUp SYBR® Green PCR Master Mix (Applied
Biosystems) and specific PCR primers in a Lightcycler 480 instrument
(Roche) or QuantStudio 5 Real-Time PCR System (ThermoFisher Sci-
entific). Oligonucleotides used are provided in Supplementary Table 1.
Relative quantification of each target, normalized to an endogenous
control (GAPDH), was performed using the comparative Ct method
(Applied Biosystems). Error bars indicate SD of three technical repli-
cates and represent two independent biological experiments. Statis-
tical analyses were performed by Student’s t-test.

Western blot analysis
Cell lysis, SDS-PAGE and immunoblotting were performed using
standard procedures. Primary antibodies used for Western blotting
are listed in Supplementary Table 2. Primary antibodies HA (clone
3F10, cat#11867423001, Roche), V5 (SV5-Pk1, cat#ab27671, Abcam),
WT1 (cat#12609-1-AP, Proteintech) were used at a final 1:1000 dilu-
tion; β-actin (AC-15, cat#ab6276, Abcam), GAPDH (HRP-conjugated:
clone GAPDH-71.1, cat#G9295, Sigma), GAPDH (clone 6C5, cat#
MAB374, Millipore) were used at a final 1:10 000 dilution; WT1 (C19,
cat#sc-192, Santa Cruz Biotechnology) was used at a final 1:200
dilution and EWSR1 (G5, cat# sc-28327 Santa Cruz Biotechnology)
was used at a final 1:500 dilution. Secondary antibodies were goat
anti-mouse, goat anti-rabbit and goat anti-rat horseradish
peroxidase-conjugated immunoglobulin G. Membranes were devel-
oped using Western Lightning Plus-ECL enhanced chemilumines-
cence substrate (PerkinElmer) and visualized using photographic
film. Alternatively, protein signals were revealed by SuperSignal West
Pico Chemiluminescent Substrate (Thermo Scientific) and captured
with the Fusion FX device (Vilber Lourmat) and analyzed with the
FusionCapt Advance FX7 software.

Cell proliferation assays
Cell Proliferation Assays were performed as previously described41.
Briefly, the day before the experiment, JN-DSRCT1 cells were plated in
complete media in white-walled flat-bottom plates (ThermoFisher
Scientific) at the predetermined optimal density (2000 cells perwell to
keep cells in a logarithmic growth phase during the experiment
timeline). 16 h after plating, different concentrations of Abemaciclib
(Selleckchem, LY2835219) or Palbociclib (Selleckchem, PD0332991),
ranging from 0.001μM to 20μM were added to the cells. CellTiter-
Glo® (Cat# G7571, Promega Corporation) was prepared according to
the manufacturer’s protocols. 76 h after compound addition (corre-
sponding to two JN-DSRCT1 cell doubling times27), CellTiter-Glo®
reagent was added to each well. Plates were incubated at room tem-
perature for 10min and luminescence measured using a plate reader
(Synergy Mx, BioTek Instruments, Cat# 7191000). Half maximal inhi-
bitory concentration (IC50) values were calculated using the GraphPad
Prism software. Absolute IC50 for each drug was determined as
the concentration reducing cells viability by 50%, as compared
to control cells, using GraphPad Prism Software file (https://www.
graphpad.com/guides/prism/7/curvefitting/index.htm?reg_fitting_the_
absolute_ic50.htm).

Immunoprecipitations
Immunoprecipitations were performed as previously described12.
Briefly, cells were resuspended in IPH Buffer (50mM Tris-HCl pH 8,
150mMNaCl, 5mMEDTA,0.5%NP-40 and 10%glycerol supplemented
with protease and phosphatase inhibitors (Pierce) and 1mM PMSF)
before sonication in a QSONICA 800R instrument. Protein super-
natant was then collected after centrifugation for 15min at 21,000× g

and 4 °C. Proteins were quantified using a Bradford assay (Pierce) and
500μg to 1mg of lysate were diluted in IPH buffer to a final volume of
1mL and incubated overnight at +4 °C with 2μg of EWS antibody
(Bethyl A300-418A), in the presence of magnetic G-Dynabeads (Life
Technologies) and 100μg/mL of Ethidium Bromide (SIGMA-
ALDRICH). Beads were washed 5 times with IPH buffer and eluted by
boiling in loading Laemmli buffer.

ChIP-seq
ChIP assays were carried out on approximately 2–5 million cells per
sample andper epitope, following the protocol described previously47.
Briefly, chromatin from formaldehyde-fixed cells was fragmented to a
size range of 200–700 bases using a Branson 250 sonicator. Solubi-
lized chromatin was immunoprecipitated with the indicated anti-
bodies (listed in Supplementary Table 3) overnight at 4 °C. 3 μg of HA
(clone 3F10, cat#11867423001, Roche) or V5 (D3H8Q, cat#13202, Cell
signaling) antibodies per 3–5 million cells were used. 5μg per 3–5
million cells were used for WT1 (cat#12609-1-AP, Proteintech), WT1
(C19, cat#sc-192, Santa Cruz Biotechnology), H3K4me3 (cat#07-473,
Millipore), H3K27ac (cat#39133, Active motif), H3K4me1 (cat#ab8895,
Abcam), H3K27me3 (C36B11, cat#9733, Cell signaling or cat#07-449,
EMD Millipore), H3K9ac (cat#ab4441, Abcam) and H3K36me3 anti-
bodies (cat#ab9050, Abcam). Antibody-chromatin complexes were
pulled downwith protein G-Dynabeads (Invitrogen), washed, and then
eluted. After crosslink reversal, RNase A, and proteinase K treatment,
immunoprecipitated DNA was extracted with AMP Pure beads (Beck-
man Coulter). ChIP DNA was quantified with Qubit (Life technologies).
1 to 5 ng of ChIP DNA was used to prepare sequencing libraries, and
ChIP DNA and input controls were sequenced with the Nextseq 500
Illumina genome analyzer.

ChIP-seq bioinformatic processing
Reads of ChIP-seq sequencing were aligned against GRCH37 (hg19)
genome using bwa v.0.7.1248 with default settings. Aligned reads were
then filtered to exclude PCR duplicates using picard-tools v.1.95 and
were extended to 200bp to approximate fragment sizes. Densitymaps
were generated by counting the number of fragments overlapping
each position using igvtools, and normalized to 10 million reads using
BEDtools v.2.17.0. Average ChIP-seq signals across intervals were cal-
culated using bwtool49.

Peakcall. ChIP-seq peaks were identified by using MACS2 v.2.2.7.150

using matching input controls with a q-value threshold of 0.01 and
narrow peak calling setting for transcription factors. Peaks were fil-
tered to exclude blacklisted regions as defined by the ENCODE
consortium51 and peaks within 200 bp of each other were merged.

Peak intersections. Peak intersections were identified using
bedtools52. Consensus peaks were defined as those common to both
WT1 antibodies in JN-DSRCT1 cells (Fig. 1a) or bothbiological replicates
for either HA or V5 in Met-5A cells (Figs. 4a and 5c) using the Bio-
conductor genomic ranges package53. de novo H3K27ac peaks were
defined as peaks with four-fold signal increases upon EWS-WT1 knock-
down and a signal of less than 5 relative units in control conditions
(Supplementary Fig. S4H).

Peak annotation. Peaks within 1 kb of RefSeq transcription start sites
or with strong H3K4me3 ChIP-seq signals (average normalized signal
above 8) were considered as promoters, peaks overlapping a RefSeq
gene body were considered as distal intragenic and the remaining
peaks were considered distal extragenic.

Heatmaps and composite plots. Signals shown in heatmaps (100 bp
windows) and composite plots (10 bp window) were calculated using
bwtool49. Heatmap signals were plotted by heatmap.2 of gplot2
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(2.16.0) package, centered on the indicated peaks and capped at the
99th percentile.

DNA Motif enrichment analysis. For motif discovery, we used the
Homer suite of tools v.4.7 (Heinz et al., 2010). “findMotifsGenome.pl”
with parameters: -size given -len 4,5,6,7,8,9,10,12,16 was used to iden-
tify de novo motifs within indicated peaks.

The fimo v.4.11.2 from MEME54 package was used for motif
annotation of EWS-WT1 peaks. EWS-WT1 peaks containing ≥ 3 CTCCC
motifs were defined as CTCCC cluster EWS-WT1 peaks, and ≥1 (TCC)4

were defined as TCC repeat EWS-WT1 peaks.

RNA-Seq
Total RNA was isolated from cells using NucleoSpin RNA Plus (Clon-
tech). 0.5–1 ug of total RNA was treated with Ribogold zero to remove
ribosomal RNA. Illumina sequencing libraries were constructed using
random primers according to the manufacturer’s instructions using
the Truseq Stranded RNA LT Kit.

RNA-seq processing and gene expression analysis. RNA-seq reads
were aligned against GRCH37 (hg19) using STAR v.2.4.0 h55. Gene
expression was quantified with featureCounts56. Sample scaling and
differential gene analysis were performed with the R package
DESeq257. Aligned fragments were normalized by RPM for hg19 RefSeq
genes. Function enrichment (GO) analysis was performed using GSEA.

The primary tumor RNA-seq public data were downloaded from
EGAD0000100398031. To compare gene expression to TCGA datasets
(https://xenabrowser.net/)58, we used kallisto (v0.43.0)59 for the gene
expression quantification. Then, Seurat (v.3.2.2)60 was used for
expression normalization. The scaled expression (z-scores for each
gene) matrix was used for dimensional reduction. The top 25 principal
components were used for visualization with UMAP.

HiChIP data processing
The paired-end H3K27ac HiChIP reads were aligned against the
GRCH37 (hg19) genome using the HiC-Pro pipeline (v 2.7.6)61 with
default settings. The valid interactions were identified, and the
interaction matrices were generated. Next, the hichipper tool (v
0.7.7)62 was used for loop calling with H3K27ac ChIP-seq peak (q-
value < 0.00001) as the anchors, with parameter: --max-distance
100000000. Loops with counts number greater than 5 were kept.
When comparing shGFP and shEWS-WT1 JN-DSRCT1 HiChIP samples,
we generated the union H3K27ac peaks from both shGFP and shEWS-
WT1 ChIP-seq peaks. The loops were called using the union H3K27ac
peaks by hichipper as described above. Loops were further normal-
ized by the method described in diffloop63. We aligned the paired-
end HiC reads against the GRCH37 (hg19) genome using the HiC-Pro
pipeline (v 2.7.6) (Servant et al., 2015) with default settings. The valid
interactions were identified, and the interaction matrices were gen-
erated. Then, O/E matrix was generated by dividing each interaction
of the matrix by the expected interaction frequency (means) for a
given diagonal distance. TADs were defined with 40-kb bin matrix
using the analysis method described by ENCODE (https://github.
com/dekkerlab/cworld-dekker; version v0.0.1) for each chromo-
some. In brief, the boundary strength for each chromosome from the
O/E matrix by using matrix2insulation.pl with default settings. Fur-
ther, insulation2tads.pl was applied to define TAD boundaries by
using boundary strength.

Mapping EWS-WT1 network with differentially expressed genes
Genes connected to EWS-WT1 binding sites by loops in their promoter
and gene body regions were defined as EWS-WT1 connected genes.
EWS-WT1 connected genes whichwere down-regulated after EWS-WT1
depletion with at least 2-fold decreases and q-value < 0.01 in JN-
DSRCT1 cells were selected as EWS-WT1 target genes.

According to the differences between +KTS and -KTS EWS-WT1
ChIP-seq binding peaks in MeT-5A over-expression samples, we sepa-
rated the JN-DSRCT1 EWS-WT1 connected and down-regulated genes
(1.5-fold down-regulated and p value < 0.05) after EWS-WT1 depletion
into +KTS/-KTS EWS-WT1 associated genes. Those genes which
were up-regulated (1.5-fold up-regulated and p value < 0.05) inMeT-5A
over-expression samples were defined as +KTS/-KTS EWS-WT1
targeted genes.

Cell viability assays
JN-DSRCT1 cells were seeded in triplicates and grown under log phase
growth conditions in 96 well cell culture plates. After the indicated
incubation times, cell viability was measured using the CellTiter-Glo®
luminescent cell viability assay (Cat# G7571, Promega Corporation), as
described by themanufacturer. Endpoint luminescencewasmeasured
on a SpectraMax M5 plate reader (Molecular Devices). The data dis-
played are representative of two biological experiments. Statistical
analyses were performed by Student’s t-test.

Biotinylated isoxazole-mediated precipitation
These assays were performed as previously described38 with slight
modifications. Biotinylated isoxazole (b-isox, Sigma-Aldrich) was
reconstituted in DMSO. Briefly, 5-10 million cells were resus-
pended in 1 mL lysis buffer (20mM Tris-HCl pH 7.4, 150mM NaCl,
5 mM MgCl2, 0.5% NP-40 and 10% glycerol supplemented with 1X
Protease/Phosphatase inhibitors (Pierce), 0.1 mM PMSF and
20mM beta-mercaptoethanol) and incubated for 30min with
rotation at +4 °C. Protein supernatant was then collected after
centrifugation for 15 min at 21,000 g + 4 °C. A 5 % whole cell
extract (WCE) control was collected and the remaining proteins
were divided into four aliquots before addition of biotinylated
isoxazole at 0, 10, 30 100 uM final concentrations. The Reaction
solutions were incubated at +4 °C for 1 h under rotation and
centrifuged for 15 min at 21,000 g + 4 °C. Supernatant was saved
for further analysis and pellets were washed twice in supple-
mented Lysis buffer before resuspension in Laemmli buffer. WCE,
pellets and supernatants were analyzed by 4%–12% Tris-Glycine
gradient gels (Life Technologies) and Western blotting was per-
formed using standard protocols.

In vivo studies
All mice experiments were approved by the Cantonal Veterinary Office
of the Canton de Vaud, authorization number VD3021 and VD3437.
5–7 weeks old NOD/SCID c Gamma (NSG) mice were purchased from
Jackson Laboratory, USA (stock number 005557). Light cycle (7AM-
7PM) and humidity was controlled at all times. Temperatures varied
between 20 °C and 23 °C. Food and water was accessible at all times,
autoclaved or irradiated prior use. When needed, mice were fed with
doxycycline-containing food (SAFE, U8200P Version 0115, A03 at
0.625 g/kg Doxycycline, irradiated). All mice were monitored three
times a week for tumor development, and euthanized using CO2

inhalation and cervical dislocation, when the tumor reached a max-
imumof 1500mm3 volumeor at the end of the experiment. Every time,
an accurate necropsy of themice was performed to assess local tumor
growth and metastatic spread.

MeT-5A xenografts. 4 × 106 MeT-5A cells were resuspended in 100μL
of 1X PBS, and injected subcutaneously into 6 week-old female NOD/
SCID c Gamma (NSG) mice (Jackson Laboratory, USA). Mice were then
monitored, and euthanized as described above. At the end of the
experiment, a fragment of each collected tumors was mechanically
dissociated using the Human Tumor Dissociation Kit (Miltenyi Biotec)
in combination with the Gentle-MACS device, following the manu-
facturer’s instructions. The remaining fragments were stored at−80 °C
or used for histopathological and molecular analyses. When needed,
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mice were fed with doxycycline-containing food (SAFE, U8200P Ver-
sion 0115, A03 at 0.625 g/kg Doxycycline, irradiated).

Generation of DSRCT human PDXs. Primary patient-derived DSRCT
xenografts (SJDSRCT046151_X1) were obtained from the Childhood
Solid Tumor Network42. Samples were defrosted and washed in 1X PBS
before immediate implantation into the flank of 6week-oldmale NOD/
SCID c Gamma (NSG) mice (Jackson Laboratory, USA). Mice were then
monitored, and euthanized as described above. Upon collection, each
tissuewasmaintained less thanonehour atRT inDMEMwithGlutaMax
before implantation. Collected tumors were mechanically dissociated
and used to generate FFPE blocks for histological analysis, or
re-implanted into new NSG mice.

In vivo palbociclib treatment. For the SJ-PDX1 model
(SJDSRCT046151_X1) tumors were harvested and minced with scissors
into small fragments of 80-100mg before immediate implantation
into the flank of 6 week-old male NOD/SCID c Gamma (NSG) mice
(Jackson Laboratory, USA). For the JN-DSRCT1 line, 2 × 106 cells were
resuspended in 100uL of 1X PBS prior to subcutaneous injection into 6
week-old male NOD/SCID c Gamma (NSG) mice (Jackson Laboratory,
USA). Each experiment included cohorts of eight mice, which were
allocated between the control-treated (n = 8) or the drug-treated
(n = 8) group to normalize their size before starting the treatment.
Palbociclib (Selleckchem PD0332991) was prepared daily and admi-
nistered by oral gavage as a solution of sodium lactate buffer (Aldrich,
71718, 50mM Sodium lactate, pH 4.0) based on the mice body weight.
When tumors reached an average volume of 50 mm3, mice were
treated with either 100mg/kg of Palbociclib or solvent during 4 weeks
(5 days per week, with a 2 days drug holiday during the week end). All
miceweremonitoreddaily for signs of distress andwereweighed three
times a week. Tumor size was measured three times a week with a
caliper, and tumor volume calculated according to the following
equation: (length x width2)/2 = tumor volume [mm3]. Control-treated
mice received the solvent used for oral administration. Mice were
euthanized, as described above, the day after the last dose of
Palbociclib.

Hematoxylin and eosin (H&E) staining
H&E staining was performed by the mouse pathology facility of the
UNIL-CHUV, using standard protocols. Briefly, paraffin blockswere cut
at 5 µm, mounted and dried on glass slides. All tissues were depar-
affined in xylol, followed by progressive rehydration in EtOH (100%,
95%, 80%) and water. The tissues were stainedwith Harris hematoxylin
(J.T. Baker, cat# 3873) for 4min and destained with 1% acid ethanol (1%
HCl 37% in 70% EtOH) for 3 sec. Tissues were then stained with Eosin
(Merck, cat# 15936, 0,2% in dd water and 1/1000 formaldehyde) for
30 sec, dehydrated and mounted on coverslips.

RNA in situ hybridization (BaseScope)
The BaseScope in situ hybridization37 was used to assess specific
expression of the +KTS and -KTS EWSR1-WT1 isoforms. To this goal,
BaseScope paired oligo-probes were designed to bind either the +KTS
or its equivalent region in the -KTS EWSR1-WT1 transcript, and the
assaywasperformed following themanufacturer’s guidelines. Briefly, 5
μmthick tissue sectionsweremounted on slides, then heated for 2 h at
60 °C, deparaffinized and dehydrated. The tissues were pretreated
with Hydrogen Peroxide for 10min at room temperature and with the
Target Retrieval Reagent for 30min at 98 °C. Protease IV was then
applied for 30min at 40 °C. BaseScope ZZ probes (ACDbio) were
hybridized for 2 h at 40 °C, followed by signal amplification. Tissues
were counterstained with Gill’s hematoxylin, and mounted on slides
using VectaMount mounting media (Vector Laboratories). Images
were taken with a Hamamatsu NanoZoomer S60 Digital slide scanner,
at 40X magnification.

Quantification and statistical analysis
All statistical details of experiments are included in the Figure legends
or corresponding Methods section. Chromatin and expression profil-
ing were performed once in untreated JN-DSRCT1 cell line and primary
DSRCT tumor samples (Fig. 1 and Supplementary Figs. S1, S2). Chro-
matin profiling were performed twice in shRNA transduced JN-DSRCT1
and EWS-WT1 transduced MeT-5A cell lines; expression profiling were
performed four times in shRNA transduced JN-DSRCT1 and thrice in
EWS-WT1 transduced MeT-5A cell lines (Figs. 3, 4, 5, Supplementary
Figs. S5, S6). B-isox precipitation assays and EWSR1 immunoprecipi-
tation assays were performed twice and representative examples are
shown (Fig. 5f-g-h and Supplementary Fig. S7). H3K27ac Hi-ChIP in
untreated JN-DSRCT1 cell line (Fig. 2 and S3) and in shRNA transduced
JN-DSRCT1 (Figs. 3, 7 and Supplementary Fig. S4) was performed once.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data accompanying this study have been deposited into National
Center of Biotechnology InformationGene ExpressionOmnibus (GEO)
under accession number “GSE212979 [https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE212979]”. It contains the datasets
“GSE212976 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE212976]” (RNA-seq), “GSE212977 [https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE212977]” (ChIP-seq), “GSE212978 [https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE212978]” (Hi-ChIP)
and “GSE242863 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE242863]” (HiC). Raw data for ChIP-seq profiles for two pri-
mary samples collected prior to 2015 were deposited under restricted
access in dbGAP (database of Genotypes and Phenotypes) in order
to protect the privacy of research participants (accession
number phs003682, https://www.ncbi.nlm.nih.gov/projects/gap/cgi-
bin/study.cgi?study_id=phs003682.v1.p1). Access can be requested
through dbGAP by investigators who are permanent employees of
their institutions at a level equivalent to tenure-track professor or
senior scientist. Requests are managed by NCI’s Data Access Com-
mittee, take approximately 2 weeks for approval and provide access
for 12 months. To implement our analysis we used the following
publicly available dataset “EGAD00001003980 [https://ega-archive.
org/datasets/EGAD00001003980]”31. Source data are provided with
this paper. The remaining data are available within the Article, Sup-
plementary Information or Source Data file. Source data are provided
with this paper.
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