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ABSTRACT

Paediatric cancers commonly harbour quiet mutational landscapes and are instead characterized
by single driver events such as the mutation of critical chromatin regulators, expression of
oncohistones, or expression of oncogenic fusion proteins. These events ultimately promote
malignancy through disruption of normal gene regulation and development. The driver protein
in Ewing sarcoma, EWS/FLI, is an oncogenic fusion and transcription factor that reshapes the
enhancer landscape, resulting in widespread transcriptional dysregulation. Lysine-specific
demethylase 1 (LSD1) is a critical functional partner for EWS/FLI as inhibition of LSD1 reverses
the transcriptional activity of EWS/FLI. However, how LSD1 participates in fusion-directed epige-
nomic regulation and aberrant gene activation is unknown. We now show EWS/FLI causes
dynamic rearrangement of LSD1 and we uncover a role for LSD1 in gene activation through
colocalization at EWS/FLI binding sites throughout the genome. LSD1 is integral to the establish-
ment of Ewing sarcoma super-enhancers at GGAA-microsatellites, which ubiquitously overlap
non-microsatellite loci bound by EWS/FLI. Together, we show that EWS/FLI induces widespread
changes to LSD1 distribution in a process that impacts the enhancer landscape throughout the
genome.
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Introduction EWS/FLI binds at loci containing the canonical
ETS binding motif, 5-ACCGGAAGTG-3', with
high affinity [12]. Additionally, the disordered
EWS domain confers novel DNA binding proper-
ties to the FLI DBD, such that EWS/FLI preferen-
tially binds stretches of repetitive elements with
greater than 7 GGAA motifs, called GGAA-
microsatellites (GGAA-psats) [12-14]. Binding of
EWS/FLI to GGAA-psats often results in aberrant
activation of nearby genes [5,8,13]. This occurs
through EWS-mediated recruitment of transcrip-
tional and chromatin regulators, like RNA poly-
merase II [15] and BAF complexes [5], and de
novo assembly of enhancers [5,8]. Some GGAA-
usats are associated with gene repression, through
mechanisms not well understood [16]. The factors
which determine whether an EWS/FLI target is

Ewing sarcoma is an aggressive bone-associated
malignancy characterized by the expression of
a translocation-derived fusion oncoprotein, most
commonly EWS/FLI [1-4]. The N-terminal por-
tion of the protein is derived from the EWSRI
gene and comprises a low-complexity intrinsically
disordered domain which recruits transcriptional
co-regulators [5-9]. The C-terminal FLI portion of
the protein is derived from the FLII gene, which
encodes an ETS-family transcription factor [2].
EWS/FLI contains the ETS DNA-binding domain
(DBD) of FLI and functions as an aberrant tran-
scription factor and chromatin regulator, driving
global changes in the epigenetic landscape and
gene expression, leading to oncogenesis [5,8-11].
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activated or repressed, at both high affinity (HA)
sites and GGAA-psats, are poorly defined.

Disrupting EWS/FLI-mediated gene regulation
through direct targeting of EWS/FLI is not yet
clinically feasible. As an alternative approach, we
previously demonstrated that treatment with the
lysine-specific demethylase 1 (LSD1) inhibitor
SP2509 reverses the transcriptional activity of
EWS/FLI, and the related EWS/ERG fusion,
impairing tumour cell growth and viability [17].
Prior studies suggested that LSD1 was recruited to
EWS/FLI-repressed genes as part of the NuRD-
LSD1 complex which interacts with the EWS
domain [9]. Having also unexpectedly found that
pharmacological blockade of LSD1 disrupts EWS/
FLI-mediated gene activation, we predicted that
LSD1 recruitment by EWS/FLI is required for
chromatin regulation at upregulated targets
throughout the genome. Thus, the transcriptional
consequences of LSD1 inhibition would recapitu-
late those of EWS/FLI depletion.

LSD1, also known as KDMIA, was the first
enzyme discovered that demethylates histone
lysine residues [18]. The flavin adenine dinucleo-
tide (FAD) cofactor-mediated chemistry limits
LSD1 to demethylation of mono- and dimethy-
lated lysines [18]. Histone H3 lysine 4 (H3K4) is
the main substrate for LSD1 [18], though LSD1-
mediated demethylation of histone H3 lysine 9
(H3K9) [19] and non-histone proteins, such as
p53 [20] and DNMT1 [21], have been reported.
LSD1 lacks a DNA-binding domain, and depends
upon interacting with other proteins, commonly
RCOR1 (CoREST) and histone deacetylases
(HDACs), for recruitment to nucleosomes tar-
geted for demethylation[22]. LSD1 is essential for
stem cell function, enhancer decommissioning
during differentiation, and transcriptional regula-
tion through modulation of histone lysine methy-
lation levels [23]. In cancer, LSD1 has been
recently described to contribute to aberrant
enhancer silencing and transcriptional regulation
[24-26], and overexpression of LSD1 is reported in
a wide variety of haematological and solid malig-
nancies [27-31], including Ewing sarcoma [32,33].
Elevated expression correlates with aggressive
tumour biology and poor prognosis [30,34,35].

Given that the clinical analogue of SP2509,
seclidemstat, is now undergoing clinical

investigation in Ewing sarcoma (NCT03600649),
we wanted to decipher the functional relationship
between EWS/FLI and LSD1. In particular, addres-
sing the role for LSD1 in EWS/FLI-mediated gene
activation, whether LSD1 contributes to de novo
enhancer formation, and how EWS/FLI impacts
LSD1 genomic localization. In this study, we used
genomic methods in multiple Ewing sarcoma cell
lines, as well as in a specific cell line, A673, either
with wildtype expression of EWS/FLI, with EWS/
FLI knocked down as a model for a Ewing sar-
coma precursor cell, or with EWS/FLI depletion
rescued with ectopic expression of the wildtype
fusion. By pairing these studies with our pre-
viously published transcriptomic data [36], we
evaluated how EWS/FLI impacts LSDI1 function
in Ewing sarcoma.

Results

EWS/FLI and LSD1 colocalize throughout the
genome

Previous investigation of LSD1 inhibition in Ewing
sarcoma, both pharmacological blockade [17] and
RNAi-mediated depletion [34], suggested that LSD1
function is critical for EWS/FLI-mediated gene regu-
lation. We therefore used genomic localization studies
to ask whether LSD1 colocalized with EWS/FLI at
both activated and repressed targets in Ewing sarcoma
cells. We, and others, have previously used an anti-
body targeting the C-terminal FLI domain (C-19;
Santa Cruz Biotechnology) for ChIP-seq of EWS/
FLI. This reagent has been discontinued, and so we
evaluated whether genomic localization of EWS/FLI
could be determined using a different antibody
coupled with a recently reported technique: Cleavage
Under Targets and Release Using Nuclease
(CUT&RUN) [37]. CUT&RUN does not require che-
mical crosslinking or sonication and has reduced
background signal, improving the signal:noise ratio.
We used the mouse anti-EWS/FLI monoclonal 7.3
antibody (Santa Cruz Biotechnology) [38] for
CUT&RUN and detected 42,673 EWS/FLI peaks
and 15,202 LSD1 peaks in A673 cells. 12,058 LSD1
peaks (79.3%, p = 0) were colocalized with EWS/FLI
(Figure 1(a—c)). Overall LSD1 genomic distribution
(Figure 1(d)) was similar to LSD1 distribution when
colocalized with EWS/FLI (Supplementary Figure
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Figure 1. EWS/FLI colocalization with LSD1 is associated with gene activation. (a) Venn diagram of EWS/FLI and LSD1 peaks as
determined by ChIPPeakAnno; CUT&RUN (C&R), p-value calculated by ChIPPeakAnno. B,C) IGB tracks showing coincidence of EWS/FLI
(C&R) and LSD1 (C&R) near (b) LMO2 and (c) SALL2. Tracks also show H3K27ac (CUT&Tag [C&T]), H3K4me3 (ChIP-seq), and mRNA
(RNA-seq) in the A673 and EFKD conditions. D,E) Genomic distributions of (d) LSD1 peaks (C&R) in A673 cells and (e) EWS/FLI-LSD1

coincident peaks (C&R) that are common across all tested cell

lines. F,G) GSEA results using promoter-proximal EWS/FLI-LSD1

coincident peaks (C&R, <5kb to TSS) as the test set (N = 102) and (f) EWS/FLI gene regulation or (g) LSD1 gene regulation as the

rank-ordered dataset. NES = normalized enrichment score. [NES|>1.

EWS/FLI (C&R), and H3K27ac (C&T) within 2 kb of EWS/FLI-LSD1

5 is significant. H,1) Profile plots for signal intensity of LSD1 (C&R),
coincident peaks in either A673 cells or EFKD cells as specified.

Profile plots are separated into those proximal to (h) or distal to (i) TSS. See also Supplementary Figure 1-7.

1A), with a majority of peaks residing in the promo-
ter, intronic, or intergenic regions.

These patterns of significant EWS/FLI-LSD1
overlap and LSD1 distribution were consistently
observed across additional Ewing sarcoma cell
lines: EWS-502, SK-N-MC, and TC-71
(Supplementary Figure 1B-G). We further identified
10,300 common EWS/FLI peaks and 6470 common
LSD1 peaks that were present in all cell lines
(Supplementary Figure 2A-B). Of these 6470 LSD1
peaks, 3973 (61.4%, p = 0) showed colocalization
with EWS/FLI in all of the tested cell lines, and

these displayed a stronger promoter-proximal distri-
bution (Figure 1(e), Supplementary Figure 2C-D).
Given the large number of EWS/FLI peaks detected
here, likely due to the sensitive methodology used for
the localization analysis, we re-analysed the EWS/FLI-
LSD1 overlap and distribution in all cell lines using
only those peaks with >8-fold-change in enrichment
over background. This approach identified 20,327
EWS/FLI peaks in A673s cell, which is comparable
to the 22,744 peaks we found with ChIP-seq using the
C-19 antibody [39]. 10,897 peaks were common
between datasets (Supplementary Figure 3A-B).
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While both techniques detected a majority of peaks in
intronic and intergenic regions, CUT&RUN peaks
showed stronger enrichment in promoter and exonic
regions (Supplementary Figure 3C). CUT&RUN
peaks were enriched for both GGAA-psats and HA
ETS motifs (Supplemental Figure 3(d—e)). Across cell
lines, the resulting EWS/FLI-LSD1 overlap and dis-
tribution analyses were similar as those described
above (Supplementary Figure 4A-E, 5A-E). This set
of peaks meeting the higher stringency cut-off was
used for all further analyses described below.

Prior studies demonstrated that blockade of LSD1
with the reversible LSD1 inhibitor, SP2509, impaired
both EWS/FLI-mediated activation and repression
[17]. In light of this finding we note that LSD1 coin-
cided with EWS/FLI peaks at both activated and
repressed target genes in A673 cells (Figure 1(b-c),
Supplementary Figure 6A-B), suggesting a functional
relationship. This was consistently observed in all the
assayed cell lines (Supplementary Figure 6C-E). To
further explore the function of EWS/FLI-LSD1 colo-
calization in gene regulation, we next used Gene Set
Enrichment Analysis (GSEA) [40] to evaluate the
functional relationship of genes near EWS/FLI-LSD1
co-peaks with either EWS/FLI- or LSD1-mediated
gene regulation, previously defined using RNAi-
mediated depletion [34,36]. Genes with EWS/FLI
and LSD1 colocalized within 1 kb of transcription
start site (TSS) were functionally associated with
EWS/FLI-mediated gene activation in all tested cell
lines (Figure 1(f), Supplementary Figure 7A-C). We
also found an association between EWS/FLI-LSD1
colocalization and LSD1-mediated gene activation
across the tested cell lines (Figure 1(g),
Supplementary Figure 7D-F). The functional associa-
tion with both EWS/FLI and LSD1 function was like-
wise observed for common EWS/FLI-LSD1 co-peaks
(Supplementary Figure 7G-H). We also found that
the genes nearest distal EWS/FLI-LSD1 colocalized
peaks were associated with both EWS/FLI- and LSD1-
mediated upregulation (Supplementary Figure 8A-
D). These findings further support a role for LSD1
in EWS/FLI-mediated transcriptional activation in
Ewing sarcoma.

We next asked whether EWS/FLI-LSD1 coloca-
lized peaks were also associated with an EWS/FLI-
mediated gain of activating histone marks. We
examined the levels of H3K27ac, H3K4mel,
H3K4me2, and H3K4me3 at loci with EWS/FLI

and LSD1 colocalization in A673 cells (wildtype
levels of EWS/FLI expression) or cells with EWS/
FLI knockdown (EFKD cells). EWS/FLI-LSD1 colo-
calization was highly associated with increased
H3K27ac, consistent with the establishment of
a chromatin state which enhances gene activation
(Figure 1(h-I)). Modest increases of uncertain sig-
nificance were observed for H3K4 mono- and
dimethylation, suggesting that LSD1 may not
demethylate H3K4 as its primary activity at EWS/
FLI-bound loci (Supplementary Figure 9A-B).

LSD1 is enriched at both GGAA-microsatellites
and non-microsatellites

EWS/FLI-mediated gene activation is often mod-
elled as a function of de novo enhancer formation
following EWS/FLI binding at GGAA-psats, both
proximal and distal to target genes [5,8,41]. This
process involves recruitment of co-activators such
as p300 [8] and BAF [5] by the EWS domain. Given
that LSD1-bound regions more strongly associated
with gene activation and that inhibition of LSD1
downregulates EWS/FLI-activated genes, we
hypothesized that LSD1 would localize to GGAA-
usats as part of the co-activating machinery
assembled by EWS/FLIL. We split EWS/FLI-bound
loci into GGAA-psats and non-microsatellites
(‘non-psats’) and evaluated EWS/FLI and LSD1
binding at both (Figure 2(a), Supplementary
Figure 10A-C). While the EWS/FLI binding was
stronger at GGAA-psats than non-psats, we were
surprised that LSD1 was enriched at both GGAA-
usats and non-psats. The heights of the peaks in the
profile plots in Figure 2(a) and Supplementary
Figure 8A-C suggest the amounts of LSD1 coloca-
lized relative to EWS/FLI may be higher at non-psat
loci and LSD1 binding overlapped a majority of
EWS/FLI-bound non-psat regions in all cell lines.
The results of HOMER motif analysis for LSD1
further reflected a bias towards localization of
LSD1 at non-psats, as the consensus ETS motif
consistently ranked as the most enriched sequence
under LSD1 peaks, albeit with GGAA-psats as
the second highest (Figure 2(b), Supplementary
Figure 10D). These data suggest LSD1 recruitment
occurs in a manner distinct from BAF and p300
recruitment as these factors are primarily associated
with GGAA-psat-bound EWS/FLI [5,8].
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Figure 2. LSD1 is enriched at EWS/FLI binding motifs. (a) Profile plots and heatmaps of EWS/FLI (red) and LSD1 (blue) within 3 kb of
EWS/FLI peaks. GGAA-microsatellite (usat) peaks are represented in profile with a blue line and are the top panel in the heatmap.
Non-microsatellite (non-psat) peaks are represented in profile with a green line and are the bottom panel in the heatmap. B) Top
ranked result from HOMER de novo motif enrichment analysis with significance value. Analyses in this figure were performed with
CUT&RUN data. See also Supplementary Figure 8.

Non-microsatellites play a role in Ewing sarcoma  the genome is consistent with the previous obser-
super-enhancers vation that LSDI1 inhibition reverses significant
portions of EWS/FLI-mediated transcriptional
activity [17]. We were, however, intrigued by the
observations that EWS/FLI-LSD1 sites tended to

That LSD1 functions to promote gene activation
from both non-psat and GGAA- psat loci across
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associate more strongly with non-psats, as GGAA-
psats are among the most EWS/FLI-responsive
elements in Ewing sarcoma. It was unclear how
this mechanism fit the model wherein gene activa-
tion in Ewing sarcoma is primarily driven by
EWS/FLI-mediated changes to the enhancer land-
scape, through de novo deposition of H3K27ac and
recruitment of chromatin remodellers to GGAA-
psats.

To further understand the role of LSD1 in EWS/
FLI-mediated gene activation, we analysed the
genome-wide relationship between EWS/FLI,
LSD1, and the enhancer landscape in A673 cells
in more detail. First, we assessed the relationship
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algorithm [42,43] identified 833 SEs in A673 cells
(Figure 3(a), Supplementary Figure 11A;
Supplementary Tables 1-2). Previous reports sug-
gest de novo enhancers at GGAA-psats constitute
the majority of SEs in A673 cells [44]; we were
thus surprised our analysis showed only 20% of
SEs overlapped with an EWS/FLI-bound GGAA-
usat (Figure 3(a)). Instead, the majority (62%) of
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Supplementary Tables 1-14.



and 17% that had both non-psat- and GGAA-psat-
bound EWS/FLI (Figure 3(a)). Genes nearest to
SEs showed higher levels of expression compared
to those near typical enhancers (TEs) (p < 0.001;
Figure 3(b)), as expected. Taken together, these
data suggest that establishment of super-
enhancers at GGAA-psats may be enhanced
through additional EWS/FLI binding at non-psat
sites.

De novo establishment of enhancers at GGAA-
psats is unique to Ewing sarcoma, due to the
altered binding specificity conferred to the FLI
DBD in the fusion [12,45]. Because of the observa-
tion that SEs in Ewing sarcoma cells contained
both GGAA-psats and non-psats, we next investi-
gated how the type of EWS/FLI binding site (or
sites) contained within a SE determined the stabi-
lity of that SE in the absence of EWS/FLIL
Following EWS/FLI-depletion (Supplementary
Figure 11B-C), 315 (38%) of all SEs collapsed
and 700 new SEs were established in EFKD cells
(Figure  3(c), Supplementary Figure 11D;
Supplementary Tables 3-4). Of the 315 SEs
which collapsed 234 (74%) were reconstituted in
cells rescued with ectopic EWS/FLI expression
(WtEF cells) (Figure 3(c)). Rescue also resulted in
493 (70%) of the 700 EFKD-specific SEs collapsing
(Figure  3(c), Supplementary Figure 11E;
Supplementary Tables 5-6). SEs which contained
any GGAA-psat were less stable in EFKD cells
(46% persist) than SEs either overlapping only
a non-psat EWS/FLI site or containing no EWS/
FLI binding (non-psat only: 67% persist, no EWS/
FLI: 64% persist, Figure 3(d)). This was true for
both GGAA-psat-containing SEs which over-
lapped a non-psat (‘both’; 49% persist, Figure 3
(d)) and those that did not (‘wsat’; 30% persist,
Figure 3(d)). These data suggest GGAA-usat-
associated SEs are more dependent on EWS/FLI-
binding and are more likely to collapse when
EWS/FLI is depleted compared to non-psat-
associated SEs.

Consistent with these data, genes nearest to
SEs containing an EWS/FLI-bound GGAA-psat
were upregulated by EWS/FLI as compared to
those near SEs lacking a GGAA-psat, which
were slightly downregulated (Figure 3(e)).
These data suggest that the transcriptional
machinery may preferentially accumulate at SE
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loci bound by EWS/FLI at GGAA-psats, effec-
tively sequestering these complexes away from
other SEs and leading to a reduction of tran-

scription levels where SEs do not contain
a GGAA-psat.

LSD1 enhances the establishment of
super-enhancers by EWS/FLI

Having observed that many Ewing sarcoma SEs also
contain non-psat sites, we next asked whether LSD1
was also present in these SEs, and whether the LSD1
harboured in SEs might be colocalized with, or bind
independently from, EWS/FLL In other non-Ewing
sarcoma contexts, LSD1 is enriched at SEs [46],
though its function is unclear. LSD1 is also impli-
cated in genome-wide maintenance of primed
enhancers[47]. We found 95% of A673 SEs over-
lapped an LSD1 peak. There were 64% of SEs over-
lapping a locus with colocalized EWS/FLI and LSD1,
while 31% of SEs were overlapping an LSD1 peak
without any colocalized EWS/FLI (Figure 3(f),
Supplementary Table 2).

To determine the functional relationship
between LSD1, EWS/FLI, and SEs in A673 cells,
we analysed SEs based on their EWS/FLI and
LSD1 binding status. SEs possessing an EWS/FLI-
LSD1 coincident peak had significantly higher
H3K27ac scores than SEs containing either non-
overlapping EWS/FLI and/or LSD1 peaks
(p < 0.01), or neither EWS/FLI nor LSDI1
(p < 0.01; Figure 3(g)). While there was no sig-
nificant difference in base expression of the near-
est gene (Supplementary Figure 11F), those SEs
which lacked EWS/FLI-LSD1 co-peaks showed
decreased gene expression in the presence of
EWS/FLI (Figure 3(h)). That the highest levels
of H3K27ac were seen at SEs where EWS/FLI
and LSD1 are colocalized, and that genes near
SEs which lack this colocalization tend to be
downregulated by EWS/FLI, suggests that the
cooperation between EWS/FLI and LSD1 pro-
motes deposition of H3K27ac and may lead to
preferential accumulation of transcriptional
machinery.

Having focused primarily on SEs in A673s cells,
we next asked whether these relationships between
EWS/FLI, LSD1, and histone H3K27ac deposition
was a common feature across Ewing sarcoma cell
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lines. We found that a majority of SEs overlapped
non-pusat-bound EWS/FLI, either with or without
overlap of a GGAA-psat in A673, EWS-502, and
SK-N-MC cells (Supplementary Figure 12A-C).
TC71 cells had fewer SEs overlapping EWS/FLI,
but most of those TC71 SEs with EWS/FLI bind-
ing were also overlapping a non-psat.
(Supplementary Figure 12D). A significant portion
of SEs overlapping EWS/FLI also overlapped with
LSD1 binding (Supplementary Figure 12E-H) and
H3K27ac deposition was highest at those SEs with
EWS/FLI-LSD1  colocalization  (Supplementary
Figure 12I-L) across all cell lines.

Other studies have suggested LSD1 acts gen-
ome-wide to maintain active and primed enhan-
cers, and it is proposed that LSD1 does this by
functioning as a repressor and preventing over-
activation[47]. In order to clarify whether LSDI
at EWS/FLI-activated enhancers was simply part
of this repressive maintenance function, or instead
whether LSD1 promoted enhancer activity, we
used GSEA to ask how LSDI1 regulated genes
near SEs with colocalized EWS/FLI and LSDI.
We found that these genes were functionally asso-
ciated with LSD1-mediated gene activation across
all cell lines (Supplementary Figure 13A-D), sug-
gesting that LSD1 is not functioning as a repressor
at the enhancers associated with these genes.
Together, these results show LSD1 colocalized at
EWS/FLI-bound non-psat loci correlates with
increased H3K27ac deposition. This occurs
regardless of whether the SE also overlaps an
EWS/FLI-bound GGAA-psat. A model for this
will be more fully described in the Discussion
section below.

EWS/FLI causes dynamic reorganization of LSD1
genome-wide

Functional association of EWS/FLI with LSDI
could occur through (1) active redistribution of
LSD1 caused by EWS/FLI or (2) binding of
EWS/FLI at loci preloaded by LSDI in
a precursor cell. To determine which of these
mechanisms operates in Ewing sarcoma, we eval-
uated LSDI1 occupancy in either parental A673
cells or EFKD cells. We additionally included
EFKD cells rescued with ectopic expression of
EWS/FLI, wtEF cells. Panels show specific

examples at LMO2 and SERPINEI where EWS/
FLI depletion drives reversible changes in LSD1
binding in Figure 4(a-b) and Supplementary
Figure 14. Globally, LSD1 was bound at 40,262
loci in A673 cells, 33,085 loci in EFKD cells, and
39,659 loci in WwtEF cells (Figure 4(c)). We
observed 16,698 LSD1 peaks present in A673
cells that collapse in EFKD cells, 9197 of which
are rescued in wWtEF cells (Figure 4(c)). Of the
10,151 loci which gain LSD1 peaks following
EWS/FLI depletion, 7459 loci lose LSD1 binding
upon rescue with ectopic EWS/FLI expression.
Notably, while we initially observed 21,950 LSD1-
bound loci were ‘stable’ across the tested condi-
tions, a closer inspection revealed more dynamism
within these stable peaks than we had appreciated.
Of these ‘stable’ peaks, 5687 show increased LSD1
binding in A673 as compared to EFKD, and 9271
show greater binding in EFKD cells as compared
to A673, further supporting that EWS/FLI expres-
sion results in genome-wide reorganization of
LSD1 (Figure 4(d)).

Considering the widespread redistribution of
LSD1, we next asked whether LSD1 colocalizes
with EWS/FLI at new sites in the genome, or if
EWS/FLI instead binds at loci which already pos-
sess LSD1. Venn diagram analysis showed most
LSD1 peaks present in A673 cells were also present
in EFKD cells (Figure 4(c)). Of the EWS/FLI-LSD1
colocalized peaks, 54% show increased LSD1 bind-
ing in A673 cells, with LSDI1 binding at a new
locus with EWS/FLI 30% of the time, while
another 24% show increased LSD1 binding with
EWS/FLI expression (Figure 4(e)). These data sug-
gest both that LSD1 is recruited to new sites and
that EWS/FLI binds at sites already bound by
LSD1. At these latter sites, we speculate that
LSD1 may interact with other ETS factors when
EWS/FLI is absent and that EWS/FLI may displace
these ETS factors, as has been previously suggested
[8], and hijack LSD1 activity.

LSD1 binds at activating ‘super-clusters’

We were struck by the visual clustering of LSD1
peaks in cells with depleted EWS/FLI expression, as
shown in Figure 4(a and b). Because clustering of
chromatin regulatory proteins, including LSD1, is
reported at SEs, we investigated the relationship



EWS/FLI 1
L i il
LSD1
(AB73)_ - 1 . o -— 1 B
LSD1
eo L | [ L
LSD1 |
(WEF)
A mRNA (A673)
7' mRNA (EFKD)
TR, DO ST,
PR LMO2 10 kb
1 —
EWS/FLI |
e _._.,AJ i
LSD1
(A873) = B | it
LSD1
(EFKD) Ea— A IS .
LSD1
(WEF) " R .
mRNA (A673)
mRNA (EFKD) T | l“. .
SERPINE1
2 kb RPN e il bouh TR e,

EPIGENETICS 413

C LSD1 - A673

LSD1 - EFKD

Rescued

LSD1 - wtEF
Stable

“Stable”
1D LSD1 peaks E
3 | PN PN 30%
5| m . 13437 LSDA-
g E/F co-peaks
g
Q
2| ELCH Bl ﬂ

o

New locus in A673
W Increased LSD1in A673
mm Stable
B Decreased LSD1in AB73

A673
V.
EFKD

wtEF

V.
EFKD

Figure 4. EWS/FLI alters the genome-wide occupancy of LSD1. (a,b) IGB tracks showing EWS/FLI and LSD1 near (a) LMO2 and (b)
SERPINET1. Tracks show LSD1 in A673, EFKD, and wtEF cells and mRNA in the A673 and EFKD conditions. (c) Venn diagram of LSD1
peaks in A673, EFKD, and WtEF cells as determined by ChIPPeakAnno. (d) Bar charts showing the dynamics of relative proportions of
‘stable’ LSD1 peaks (detected in A673, EFKD and wtEF). (e) Pie chart distribution showing proportion of EWS/FLI-LSD1 coincident
peaks with LSD1 binding dynamics as compared to LSD1 localization in EFKD cells. Analyses in this figure were performed with

CUT&Tag data. See also Supplementary Figure 12.

between LSD1 ‘super-clusters’ (SCs) and SEs in
EFKD cells. The ROSE algorithm identified 970,
1287, and 1325 LSD1 SCs in A673, EFKD, and
wtEF cells, respectively (Figure 5(a), Supplementary
Tables 15-20). These are regions with the highest
levels of LSD1 binding throughout the genome, as
defined by a function of rank and LSD1 signal
(Figure 5(b-c), Supplementary Figure 15A).
Reflecting global LSD1 binding, we observed EWS/
FLI-driven dynamism in the genome-wide distribu-
tion of LSD1 SCs. There were 426 LSD1 SC’s present
in A673 cells that collapse in EFKD cells, 269 of
which are rescued in wtEF cells (Figure 5(a)). Of
the 753 loci which gain LSD1 clusters following
EWS/FLI depletion, 498 loci lose LSD1 binding
upon rescue. LSD1 clusters are stable regardless of
EWS/FLI status at 486 loci.

Due to notable overlaps between LSD1 SCs and
SEs at individual loci, such as those shown at
CCND1 (Figure 5(d)), DUSP6 (Supplementary
Figure 15B), ETSI (Supplementary Figure 15C),
and TGFBI (Supplementary Figure 15D), we initi-
ally considered whether LSD1 SCs simply repre-
sented SEs. However, only 320 A673 SCs (33%),
482 EFKD SCs (37%), and 510 wtEF SCs (38%)

overlapped with SEs in their respective cells
(Figure 5(e-g)), instead suggesting a heretofore
unappreciated  chromatin-associated =~ LSD1-
organizational structure. GSEA revealed that
LSD1 SCs were associated with both LSD1-
mediated gene activation (NES = 1.990,
p < 0.001; Figure 5(h)) and EWS/FLI-mediated
gene activation (NES = 2.358, p < 0.001; Figure 5
(1)) in A673 cells, consistent with prior observa-
tions that LSD1 plays a role in EWS/FLI-mediated
activation. In contrast, in EFKD cells, LSD1 SCs
were strongly associated with genes that are
repressed by EWS/FLI and thus become activated
in the knockdown condition (NES = -2.526,
p < 0.001; Figure 5(j)), again supporting a role
for LSD1 in gene activation, even in the absence
of EWS/FLI. Most of the genes in the leading edge
of this latter GSEA have SCs that collapse with
wildtype levels of EWS/FLI (Figure 5(k)). We spec-
ulate that LSD1 SCs are associated with gene acti-
vation in a Ewing sarcoma precursor cell, and that
during the process of Ewing sarcoma development
these activating LSD1 SCs collapse and expression
of nearby genes is downregulated. In Ewing sar-
coma cells new LSD1 SCs are formed.
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Although the overlap of LSD1 SCs with SEs in
EFKD cells was partial, we found an overwhelming
majority (95.6%) of SEs in these cells overlapped at
least one LSD1 peak (Figure 5(I), Supplementary
Table 19). This was similar to our prior observations
of SEs in A673 cells (Figure 3(f)). 39.9% of super-
enhancers overlapped an LSD1 SC, while 55.7%

overlapped a ‘monopeak’ (LSD1 bound in an indivi-
dual peak, not as part of a cluster). A similar distribu-
tion was seen for SEs in A673 and wtEF cells
(Supplementary Figure 16A-B). In all conditions,
those SEs overlapping an LSD1 SC had greater
H3K27ac scores than those with only a monopeak,
or no LSD1 (Figure 5(m), Supplementary Figure 16C-



D), suggesting a functional role for the factors that
recruit LSD1 in promoting the establishment of
enhancers. No significant difference was observed in
basal expression of SE-associated genes based on
LSD1 binding status (Supplementary Figure 16E-G),
but genes near EFKD SEs containing an LSD1 SC
showed greater downregulation with EWS/FLI
expression than genes near SEs without an LSD1 SC
(Figure 5(n)). In cells expressing EWS/FLI, EWS/FLI-
mediated regulation of SE-associated genes showed
no such dependency on LSD1 configuration within
the SE (Supplementary Figure 16H-I). Interestingly,
of the 251 SEs that both 1) are unique to EFKD and 2)
overlap an LSD1 SC, 196 (78%) have SCs that are also
unique to EFKD cells (Supplementary Figure 16]),
indicating a concurrent collapse of both the LSD1
SC and the SE upon EWS/FLI expression. Taken
together, these data support a second novel model
for EWS/FLI-mediated repression via aberrant
enhancer regulation: EWS/FLI-induced LSD1 SC col-
lapse prevents priming and maintenance of enhancers
active in the Ewing sarcoma precursor cell. Moreover,
once EWS/FLI is introduced to the cell, the primacy of
EWS/FLI-mediated transcriptional regulation over-
takes that of LSD1-SCs in the determination of gene
expression.

Discussion

The close phenotypic overlap between LSD1 inhi-
bition (with SP2509) and EWS/FLI depletion in
A673 (or EWS/ERG depletion in TTC-466 cells)
suggested that LSD1 is closely linked to the gen-
ome-wide activity of oncogenic fusions in Ewing
sarcoma [17]. Prior studies suggested that LSD1 is
part of a NuRD-LSD1 complex hijacked by EWS/
FLI to repress tumour suppressors, but how LSD1
was involved in EWS/FLI-mediated gene activa-
tion was unclear [9]. To understand this relation-
ship, we used genomic approaches to probe LSD1
distribution and function in four Ewing sarcoma
cell lines, and a model of the Ewing sarcoma pre-
cursor cell with diminished EWS/FLI expression,
EFKD, complemented with rescue using ectopic
EWS/FLI expression, wtEF. Though EFKD cells
are an imperfect precursor model, we believe
they are both conceptually and technically useful
in that they are a system which tolerates EWS/FLI
(re-)introduction. Importantly, following EWS/FLI
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depletion, they continue to proliferate [10],
enabling the requisite large numbers of cells
needed for chromatin-level analyses.

We found that LSD1 is broadly important for
gene activation, functioning at enhancers in both
Ewing sarcoma and precursor cells, and that EWS/
FLI drives dynamic genome-wide reorganization
of LSD1. Functional interaction between EWS/
FLI and LSD1, particularly at non-psat sites, is
critical to restructure the enhancer landscape in
Ewing sarcoma cells as modelled in Figure 6.
Here, we build on previous studies that show de
novo enhancer formation at EWS/FLI-bound
GGAA-psats and found that these enhancers
almost always also involve an EWS/FLI-bound
HA site (Figure 6(a) Panel i). LSD1 is frequently
recruited to these collaborating loci and the pre-
sence of LSD1 augments enhancer formation,
resulting in increased H3K27ac deposition. Panel
ii depicts enhancers which are solely driven by HA
sites. In precursor cells, these are likely bound by
other ETS transcription factors and LSDI. In
Ewing sarcoma cells, it is probable that EWS/FLI
hijacks these sites through displacement of the
endogenous ETS factor while retaining LSDI1
binding.

The mechanistic basis by which LSD1 colocali-
zation with EWS/FLI contributes to gene activa-
tion remains poorly understood. Here, we assayed
the H3K4 methylation marks and H3K27ac at sites
where EWS/FLI-LSD1 co-peaks are observed. The
expression of EWS/FLI caused an increase in
H3K27ac at these sites, but little change in methy-
lation at H3K4 was observed. This suggests that
LSD1 may be functioning through other mechan-
isms, either enzymatically through demethylation
of an alternative substrate or through non-
enzymatic activity. We speculate that different
mechanisms may operate at enhancer (distal) and
promoter (TSS-proximal) sites, and understanding
these mechanisms is an important area of future
study.

The dynamic reorganization of LSD1 SCs is
shown in Panel iii. In precursor cells, LSD1 SCs
promote nearby enhancer formation and gene
activation. Expression of EWS/FLI disrupts these
loci, causing collapse of LSD1 SCs and the asso-
ciated super-enhancers, leading to downregulation
of nearby genes. EWS/FLI thus engages distinct
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mechanisms to alter the function of LSDI1-
containing complexes: 1) through direct recruit-
ment of the NuRD-LSD1 complex previously
described [9] and 2) through reorganization of
LSD1 and LSD1 SCs.

This model is compelling because it enhances
our understanding of aberrant epigenomic regula-
tion driven by EWS/FLIL. Our results suggest that
EWS/FLI-bound GGAA-psats may depend upon
another EWS/FLI binding event at a non-psat to
target the enhancer activity. Recruitment of LSD1
to these non-ysat sites further augments EWS/FLI-
mediated enhancer formation, and this occurs
even in the absence of GGAA-psats. These find-
ings unite important observations regarding the
involvement of both GGAA-psats and LSD1 in

EWS/FLI-mediated gene activation. We further
identified two novel mechanisms for gene down-
regulation by EWS/FLI, and both are intricately
linked to altered enhancer function. First, there
exist some SEs which show decreased transcrip-
tional activity with EWS/FLI expression. These SEs
frequently do not overlap either colocalized EWS/
FLI-LSD1 or a GGAA-psat, suggesting that tran-
scriptional machinery preferentially accumulates
at SEs where EWS/FLI both binds a GGAA-psat
and is colocalized with LSD1, while transcriptional
machinery is depleted at other SEs lacking EWS/
FLI binding. Second, EWS/FLI-induced collapse of
LSD1 SCs leads to decreased enhancer priming.
Despite the strong transcriptional activation capa-
city of the EWS domain, expression of EWS/FLI



results in a greater number of genes repressed than
activated, and these two mechanisms likely contri-
bute to this process.

LSD1 is important for enhancer decommissioning
during differentiation [23] and LSD1 constructs
fused to transcription activator-like effector (TALE-
LSD1) or enzymatically dead Cas9 (dCas9-LSD1)
show that LSD1 silences enhancers and promoters
when targeted to specific genomic loci [48,49]. More
recent studies highlight a role for LSD1 involvement
in enhancer silencing by lineage-specific transcrip-
tion factors like GFI1 in acute myeloid leukaemia
[25] and medulloblastoma [50], or BCL6 in diffuse
large B-cell lymphoma[24]. In these cases, inhibition
of LSD1 with derivatives of tranylcypromine restores
enhancer function and disrupts oncogenic gene reg-
ulation. However, we observed LSD1 to be largely
associated with gene activation in Ewing sarcoma.
Indeed, knockdown of LSD1 results in the down-
regulation of activated genes nearby[34], indicating
that LSD1 is not functioning to suppress over-
activation, but is instead critically important to
maintain gene activation. How EWS/FLI enforces
an activating role for LSD1 is unknown, but the
activity observed is similar to LSD1 activity in pros-
tate cancer. In prostate cancer LSD1 activates onco-
genic gene transcription independently from its
enzymatic function [51,52]. Interestingly, both
Ewing sarcoma and prostate cancer show sensitivity
to reversible LSD1 inhibition with SP2509, but not
other classes of irreversible LSD1 inhibitors related
to tranylcypromine [34,52]. This suggests that differ-
ent functions of LSD1 may be differentially targeted
by different classes of LSD1 inhibitors. The specific
mechanistic role LSD1 is playing here, whether non-
enzymatic or through demethylation of targets other
than H3K4, is not yet known and remains an impor-
tant area of future study.

In conclusion, EWS/FLI interacts with LSD1 to
mediate genome-wide epigenetic and transcrip-
tional changes in Ewing sarcoma. EWS/FLI
induces a dynamic reorganization of LSD1 that
acts in concert with EWS/FLI activity at GGAA-
psats to reshape the enhancer landscape. The
involvement of widespread localization of LSD1
at EWS/FLI-bound non-psats suggests that EWS/
FLI-mediated chromatin regulation in Ewing sar-
coma requires widespread activity at loci beyond
GGAA-psats. The mechanisms which drive this
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non-psat-mediated regulation are poorly under-
stood and represent critical facets of EWS/FLI
function to explore. We also show that LSDI1
binds chromatin in a ‘clustered’ configuration.
While a similar binding pattern has been observed
for LSD1 enriched at SEs, we found an imperfect
overlap between LSD1 clusters and SEs. This study
suggests that understanding how these clusters
form and function, and how perturbations occur
in disease, could provide clues on how to better
target LSD1 function in Ewing sarcoma patients,
as well as in other malignancies.

Materials and methods
Key resources

Key resources required for this protocol are listed
in Supplementary Table 21.

Cell lines

All cell lines included are tested for mycoplasma
annually and sent for STR profiling every two
years. All cell lines recently tested negative for
mycoplasma and were most recently authenticated
by STR profiling in 2018. We should note that we
have used the SK-N-MC and A673 lines. These
were previously misidentified as neuroblastoma
and rhabdomyosarcoma lines, respectively, but
actually contain the EWS/FLI fusion and are
Ewing sarcoma cell lines.

All Ewing sarcoma cells were cultured at 37°C,
5% CO,. A673 and SK-N-MC cells were cultured in
DMEM (Corning Cellgro 10-013-CV) containing
10% foetal bovine serum (FBS, Gibco 16,000-044),
penicillin/streptomycin/glutamine  (PSQ, Gibco
10,378-016), and sodium pyruvate (Gibco 11,360--
070). EWS-502 and TC71 cells were cultured in
RPMI (Corning Cellgro 15-040-CV) containing
10% FBS for TC71 cells and 15% FBS for EWS-
502 cells, as well as P/S/Q. A673 cells are derived
from the tumour of a 14-year old Japanese female,
contain a type I EWS/FLI fusion, have mutant TP53
(Q119fs) and wildtype STAG2. EWS-502 cells are
derived from a Ewing sarcoma patient of unspeci-
fied sex and age, and have mutant TP53 (C135F)
and STAG2 loss. SK-N-MC cells are derived from
the tumour of a 12-year-old female, have truncated
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TP53, and wildtype STAG2. TC71 cells are derived
from the tumour of a 22-year-old male, have
mutated TP53 (R213%), and have wildtype STAG2.

HEK293-EBNA cells were grown at 37°C, 5%
CO, in DMEM supplemented with 10% FBS, peni-
cillin/streptomycin/glutamine, and 0.3 mg/mL
geneticin (Gibco 10,131-027). These cells are
derived from the kidney of a healthy aborted foetus,
presumed female. Cells were originally transformed
by culturing with sheared adenovirus 5.

Retrovirus production

To generate retroviruses of the previously reported
constructs for iLuc and iEF-2 shRNAs, as well as
cDNA for 3XFLAG-A22 and 3XFLAG-EWS/FLI
[10], HEK293-EBNA cells were co-transfected
with retroviral expression plasmids, vesicular sto-
matitis virus G glycoprotein (VSV-G) and gag/pol
packaging plasmids using Mirus Bio TransIT-LT1.
Following 48 hours virus-containing supernatant
was collected and filtered. Retrovirally infected
A673 cells were selected in 2 ug/mL puromycin
(Sigma P8833) for a minimum of 72 hours. For
rescued cells, infection occurred after 72 hours of
puro selection and cells were double selected for 7
additional days in puro with 100 ug/mL hygromy-
cin B.

Immunoblotting

For validation of protein knockdown, samples
were run on 4-15% Mini-PROTEAN TGX pre-
cast gels (BioRad) using 90 V for 15 minutes and
120 V for 50 minutes. Proteins were blotted to
nitrocellulose membranes using semi-dry transfer
with the Bjerrum Schaffer-Nielsen buffer at 15 V
for 60 minutes. Membranes were blocked at 4°C
overnight in Odyssey Blocking Buffer PBS (LI-
COR), and incubated with primary antibody
overnight at 4°C. Primary antibodies used for
immunoblotting ~ were:  anti-FLI =~ (Abcam
ab15289), anti-H3 (Cell Signalling Technology
#4499 - DI1H2), anti-Lamin Bl (Abcam
ab16048), and anti-FLAG M2 (Sigma F3165).
For validation of protein depletion with knock-
down, FLI, total H3, Lamin, and FLAG blots were
incubated with IRDye secondary antibodies (LI-
COR) and developed on the Odyssey.

Chromatin immunoprecipitation and sequencing
(ChiP-seq)

For performing chromatin immunoprecipitation,
A673 cells were seeded in 15-cm dishes. Cells
were removed by scraping in plain media and
pelleted at 1200 rpm for 5 min. Pellets were resus-
pended in room temperature cell lysis buffer
(20 mM HEPES-KOH, pH 8.0; 1 mM EDTA;
0.5 mM EGTA; 140 mM NaCl; 10% glycerol;
0.5% NP-40; 0.25% Triton X-100; protease inhibi-
tor) and incubated on ice for 5 min before nuclei
were pelleted at 1200 rpm for 5 min. Nuclei were
washed once in 1 mL MNase digestion buffer
(20 mM Tris-Cl. pH 7.4; 5 mM MgCl,; 1 mM
CaCly; 0.1% Triton X-100, protease inhibitor)
and resuspended in MNase digestion buffer. 50 U
(10 uL of 5 U/uL) MNase were added and nuclei
were incubated at 37°C for 30 minutes with gentle
inversion every 10 minutes. Digestion was stopped
by the addition of chilled 100 pL 0.5 M EDTA
followed by a 5-min incubation on ice. Nuclei
were cleared with a spin at 13,000 rpm for 10 min-
utes and the resulting supernatant (chromatin)
was transferred to a new tube. Chromatin concen-
tration was quantified by Nanodrop and 100 pg of
chromatin was used for each immunoprecipita-
tion, diluted to equal volumes in dilution buffer
(20 mM Tris-Cl, pH 7.4; 2 mM EDTA; 50 mM
NaCl; 0.25% Triton X-100; 20 mg/mL BSA; pro-
tease inhibitor) with 50 pL of 0.5 M EDTA.
Chromatin was added to antibody coated magnetic
Dynabeads for 16-20 hours at 4°C. Antibodies
used for ChIP were anti-H3K4mel (ab8895), anti-
H3K4me2  (ab32356), and anti-H3K4me3
(ab8580). Beads were washed with ChIP wash buf-
fers containing 0.1% SDS and 150 mM NaCl,
150 mM NaCl, and 250 mM LiCl. ChIP DNA
was eluted with fresh elution buffer, RNAse and
Proteinase K treated and decrosslinked overnight
at 65°C. DNA was then purified with phenol-
chloroform using the Qiagen MaXtract extraction
kit as per manufacturer’s instructions. DNA was
quantified by Qubit and validated for enrichment
by qPCR using specific primers. Following valida-
tion, libraries were generated for sequencing using
the NEBnext kit according to manufacturer’s
instructions and submitted for deep sequencing
on the Illumina HiSeq 4000 platform



(Nationwide Children’s Hospital Institute for
Genomic Medicine). Native histone ChIPs were
performed three times, with a non-specific IgG
negative control.

Cleaveage under targets and release using
nuclease (CUT&RUN) and cleavage under targets
and tagmentation (CUT&Tag)

Cell preparation

CUT&RUN and CUT&Tag were performed as
described [37,53] with slight modifications. BioMag®
Plus Concanavalin A-coated magnetic beads (Bangs
Laboratories, BP531; 10 pl beads per condition) were
washed twice with Binding buffer (20 mM HEPES-
KOH pH 7.9, 10 mM KCl, 1 mM CaCl,, 1 mM
MnCl,) in preparation for CUT&RUN/CUT&Tag.
500,000 cells (CUT&RUN) and 250,000 cells
(CUT&Tag) per condition were washed twice with
Wash Buffer (20 mM HEPES-NaOH pH 7.5, 150 mM
NaCl, 0.5 mM Spermidine, Protease Inhibitor) and
rotated with prepared beads for 10 minutes at room
temperature. The supernatant was cleared and
removed using a magnet stand. The beads were resus-
pended in 100 pL Antibody Buffer (20 mM HEPES-
NaOH pH 7.5, 150 mM NaCl, 0.5 mM Spermidine,
0.02% Digitonin [CUT&RUN] or 0.05% digitonin
[CUT&Tag], 2 mM EDTA, Protease Inhibitor) and
antibodies (FLI 7.3 mouse, Santa Cruz; H3K27ac rab-
bit, Abcam ab4729; Rabbit anti-mouse IgG, Abcam
ab46540; LSD1 rabbit, Abcam ab17721) were added at
a dilution of 1:100. Samples were 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, 0.02% Digitonin [CUT&RUN] or 0.05%
digitonin [CUT&Tag]).

CUT&RUN (FLI, LSD1, H3K27ac, and Rb 1gG)

Beads that were incubated with FLI 7.3 mouse anti-
body were resuspended in 100 uL Dig-wash buffer
and incubated with rabbit anti-mouse secondary
antibody (Abcam, ab46540) at a dilution of 1:100
on a rotator for 1 h at 4°C. All other samples didn’t
require a secondary antibody step. After another
wash with Dig-wash buffer, beads were resus-
pended in 100 pL Dig-wash buffer and Protein
A-MNase fusion protein (generously provided by
the Henikoff lab) was added to a final concentration
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of 700 ng/mL. Samples were rotated for 1 h at 4°C.
After 2 washes with Dig-wash buffer, beads were
resuspended in 100 pL Dig-wash buffer and placed
in ice water to equilibrate to 0°C. CaCl, was added
to a final concentration of 2 mM under gentle
vortexing and samples were incubated for 45 min-
utes (H3K27ac) or 2 hours (FLI, LSD1) at 0°C.
Reactions were stopped by adding 100 ul 2XSTOP
buffer (340 mM NaCl, 20 mM EDTA, 4 mM EGTA,
0.02% Digitonin, 0.05 mg/mL RNase A, 0.05 mg/
mL Glycogen containing 2 pg/mL heterologous
Yeast Spike-in DNA) and incubated at 37°C for
10 minutes to release the CUT&RUN fragments.
Beads were pelleted by centrifugation at 16,000 x g
and 4°C for 5 minutes and supernatants containing
CUT&RUN fragments were transferred to new
tubes. SDS was added to a final concentration of
0.1% and Proteinase K to a final concentration of
0.25 pg/uL followed by an incubation at 70°C for
10 minutes. DNA from all supernatants was pur-
ified using Phenol/Chloroform extraction and etha-
nol precipitation.

The library prep was performed using the
KAPA Hyper Prep Kit (KAPA Biosystems,
KK8502) in combination with the KAPA Dual-
Indexed Adapter Kit (KAPA Biosystems,
#KK8722) with several modifications. 50 pL of
CUT&RUN sample were used for the End repair
and A-tailing step. A 1.5 uM adapter stock was
used for the adapter ligation reaction with a 20-
min incubation step at 20°C. After the recom-
mended post-ligation cleanup, the DNA was
eluted in 53 pL elution buffer and a second
cleanup was performed using 50 pL of eluted
DNA and 65 pL Agencourt AMPure XP magnetic
beads (Beckman Coulter, A63880). The DNA was
eluted with 25 pL elution buffer and 20 puL were
used for the library amplification. To favour small
fragments, the amplification was performed using
a combined Annealing/Extension step at 60°C for
10 seconds and 13 cycles. 50 pL of the amplified
library and 57.5 uL AMPure beads (1.15X) were
used for the first post-amplification cleanup. After
eluting the DNA with 53 pL, a second post-
amplification cleanup step was performed using
50 pL eluted DNA and 62.5 pL AMPure beads
(1.25X). The final library was eluted from the
beads with 35 pL elution buffer. 2 x 150 bp paired-
end sequencing was performed using the Illumina
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HiSeq4000 system (Nationwide  Children’s
Hospital Institute for Genomic Medicine). Two
independent replicates were performed for each
sample, with one replicate consisting of cells
prepped from viral infection to sequencing.

CUT&Tag (LSD1, H3K27ac, and Rb 1gG)

CUT&Tag was used for experiments which
required a condition with EWS/FLI depletion.
Despite several attempts, no suitable CUT&RUN
condition was identified for A673 cells with
depleted EWS/FLI. Beads were resuspended in
100 puL Dig-wash buffer and incubated with guinea
pig  anti-rabbit  IgG (Antibodies-Online
ABIN101961) at a dilution of 1:100 on a rotator
for 1 h at 4°C. After 3 washes with Dig-wash
buffer, beads were resuspended in 100 pL 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-Tnb5 transposase fusion protein (generously pro-
vided by the Henikoff lab). Samples were rotated
for 1 h at room temperature. After 3 washes with
Dig-300 buffer, beads were resuspended in 300 pL
Tagmentation buffer (Dig-300 buffer with 10 mM
MgCl,) and incubated for 1 h at 37°C.
Tagmentation was stopped by adding 10 pL
0.5 M EDTA, 3 pL 10% SDS, and 2.5 pL 20 mg/
mL Proteinase K to each sample, vortexing 5 s, and
incubating for 1 h at 50°C. DNA from samples was
directly extracted using phenol-chloroform with
ethanol precipitation. Once ethanol-precipitated
pellets were dry, pellets were resuspended in
30 pL 10 mM Tris-Cl, pH 8 with 1 mM EDTA
and 1/400 RNase A and incubated at 37°C for
10 min.

Libraries were amplified using primers as pre-
viously described [54]. 21 puL of DNA, and 2 pL
each of primer (10 uM) were added to 25 uL of
NEBNext HiFi 2X PCR master mix and libraries
were amplified as follows: 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. After the amplification a cleanup
was performed by adding 55 pL Agencourt
AMPure XP magnetic beads (Beckman Coulter,
A63880) to the PCR reactions, incubating 15 min-
utes, and washing twice with 400 uL 80% ethanol,
and eluting DNA with 25 pL Tris-Cl, pH 8.
2 x 150 bp paired-end sequencing was performed

using the Illumina HiSeq4000 system (Nationwide
Children’s Hospital Institute for Genomic
Medicine). Two independent replicates were per-
formed for each sample, with one replicate con-
sisting of cells prepped from viral infection to
sequencing.

Bioinformatic analyses

For all samples the quality of raw fastq samples
was evaluated using FastQC [55]. Trim Galore!
[56] was then used to trim both ChIP-seq,
CUT&RUN, and CUT&Tag reads for adapter
sequences and quality. Trimmed reads were
aligned to the human genome build hgl9/
GRCh37 using bowtie2. ChIP-seq reads were
aligned with the following parameters (default
end-to-end alignment): bowtie2 — no-unal - no-
mixed - no-discordant - no-dovetail - phred 33 -
q-110-X 1000 - threads 16. CUT&RUN reads
were aligned with the following parameters: bow-
tie2 - no-unal - no-mixed - no-discordant -
dovetail — phred 33 - q - I 10 - X 1000 - threads
16. Output SAM files were converted to BAM
files, sorted, and indexed using samtools [57].
Pybedtools [58] was used to convert BAM files
to BED files. To generate bigwig files for visuali-
zation, we first converted BED files to spike-in
normalized (CUT&RUN and CUT&Tag) or read-
count normalized (ChIP-seq) Bedgraph files. We
then used the UCSC utility bedGraphToBigWig
to generate BigWig files. Replicate samples were
verified for high levels (>0.9 for transcription
factors and >0.85 for histone marks) of inter-
sample correlation wusing the UCSC utility
wigCorrelate. For CUT&RUN (EWS/FLI and
LSD1) and ChIP-seq (H3K4me2, and
H3K4me3), peaks were called using the default
settings of MACS2 callpeak [59]. For H3K4mel
ChIP-seq, peaks were called using the - broad
setting of callpeak. H3K27ac CUT&RUN peaks
were called using csaw [60] using a window of
150 bp, spacing of 50 bp, background signal
binned into 2000 bp windows, and a threefold
increase threshold over global background and
an FDR of <0.05. For CUT&Tag samples (LSDI,
H3K27ac and Rb) peaks were called for each
sample using the default settings of MACS2 with-
out a control file specified. Then MACS2 bdgdiff



with - d1 and - d2 flags used to specify spike-in
factors was used to find regions of each sample
(LSD1, H3K27ac) with greater signal than Rb, as
well as to compare samples in A673, EFKD, and
wtEF cells directly. Tracks were generated in the
Integrated Genome Browser. ChIPPeakAnno [61]
was used to analyse genomic distribution of peaks
and, in concert with bedtools [62], genome-wide
overlaps between groups. HOMER [63] was used
to determine enriched motifs associated with dif-
ferent peaks utilizing the findMotifsGenome.pl
script. GSEA [40,64] was used to analyse func-
tional association between peak-associated genes
and EWS/FLI or LSD1 function. deepTools [65]
computeMatrix, plotProfile, and plotHeatmap
were used to generate profile and heatmap figures
for different groups of binding profiles. Ranked
order of super-enhancers (ROSE) [42,43] was
used to identify super-enhancers and super-
clusters.

Cistrome analyses evaluating LSD1 and EWS/FLI
localization across Ewing sarcoma cell lines (Figures
1-2, Supplementary Figure 1-2,4-10, and
Supplementary Figures 12-13), utilized CUT&RUN
data for EWS/FLI, LSD1, and H3K27ac, and native
ChIP-seq data for the H3K4 methylation marks.
Analyses evaluating the dynamic effects of EWS/
FLI in the context of knockdown and rescue
(Figures 3-5, Supplementary Figure 11, and
Supplementary Figures 14-16) utilized CUT&Tag
data.

Quantification and statistical analysis

Significance of experimental results was carried
out using unpaired t-test for comparing two
groups or one-way ANOVA (with multiple com-
parisons) for comparing three or more groups as
appropriate. Significance was determined as
a p < 0.05. These statistical tests were performed
using GraphPad Prism 8. For GSEA significance
was determined using a normalized enrichment
score (NES). A result was significant if |[NES| >
1.5. HOMER, MACS2 and csaw statistical defaults
were used and are described elsewhere [59,60,63].
For Venn diagram overlaps, p-values were deter-
mined using ChIPPeakAnno findOverlapOfPeaks.
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