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Highlights

e Embryonal EWS::FLI1 expression in the bone mesenchyme
causes skeletal abnormalities

e Exposure to pubertal IGF-1 levels transforms EWS::FLI1
mutant mouse mesenchymal stem cells

e EWS:FLI1 and IGF-1-induced Yap1 transform mesenchymal
stem cells by a modular mechanism

e YAP1/TEAD and IGF-1R targeting compounds synergize to
inhibit Ewing sarcoma cell growth
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In brief

Ewing sarcoma incidence follows IGF-1
serum levels during human development.
Noorizadeh et al. report that low IGF-1
thresholds sustain viability of EWS::FLI1-
mutant embryonal bone mesenchymal
stem cell-like cells, but exposure to
pubertal IGF-1 levels results in stable
malignant transformation by a modular
EWS::FLI1- and YAP1/TEAD-driven
epigenetic mechanism.
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SUMMARY

Ewing sarcoma (EwS) is an aggressive cancer of adolescents in need of effective treatment. Insulin-like
growth factor (IGF)-1 is an autocrine growth factor for EwS, but only 10% of patients respond to IGF-1 recep-
tor (IGF-1R) blockade. Although EwS is presumed to originate from mesenchymal progenitors during bone
development, targeting of the EwS driver oncogene EWS::FLI1 to the mesenchymal lineage in a mouse model
does not result in tumor formation but in skeletal malformations and perinatal death. We report that transient
exposure to IGF-1 concentrations mimicking serum levels during puberty reprograms limb-derived mesen-
chymal cells of EWS::FLI1-mutant mice to stable transformation and tumorigenicity. We identify a modular
mechanism of IGF-1-driven tumor promotion in the early steps of EwS pathogenesis, in which Yap1 plays
a central role. Pharmacologic Yap1/Tead inhibition reverses the transformed phenotype of EWS::FLI1-ex-
pressing cells. Our data provide a rationale for combined IGF-1R and YAP/TEAD inhibition in the treatment
of EwS patients.

INTRODUCTION sulting gene fusion encodes the oncogenic transcription factor

EWS::FLI1 (EF), targeting the aberrant expression and process-

Ewing sarcoma (EwS) is a highly aggressive bone and soft-tissue
cancer with a peak incidence during puberty.”? The 5-year dis-
ease-free survival rate of patients with localized EwS is about
70%-80%, while only 20%-30% of patients with metastases
survive beyond 5 years despite intensive multimodal treatment.®
Therefore, there is an urgent unmet need for more efficient ther-
apeutic approaches in this group of patients. However, progress
in the identification and validation of novel treatment options is
limited by a paucity of preclinical in vivo models faithfully recapit-
ulating the human disease.*®

EwS is characterized by a chromosomal translocation
rearranging the EWSR1 gene on chromosome 22 with an ETS
transcription factor family gene, most commonly FL/1.° The re-

ing of a large number of genes involved in cellular proliferation
and transformation.? Previous studies have shown that EF acts
as a unique pioneer factor at GGAA repeat sites, mediating a
transition from closed to open chromatin and establishing an
active enhancer state leading to the aberrant activation of
many EwS hallmark genes.”® Despite extensive knowledge of
EF-driven gene regulatory mechanisms, the generation of a
genetic mouse model for EwS remains challenging due to the
toxicity of EF to most cell types and body tissues.” Early studies
in mouse fibroblasts revealed dependence of EF-driven transfor-
mation on the expression of the insulin-like growth factor-1
receptor (IGF-1R)."° In addition, autocrine production of IGF-1
was demonstrated to depend on EF expression in EwS.""'? In
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fact, evidence suggests that EF creates a cellular environment
conducive to IGF-1R signaling. EF directly activates the IGF-1
promoter'" and simultaneously suppresses IGF-1R signaling-
modulatory pathways through downregulation of several IGF-
1- and IGF-1R-targeting microRNAs.'® In addition, EF directly
suppresses transcription as well as pappalysine-1-mediated
degradation of negative regulatory IGF-1-binding proteins
(IGFBPs).'*'> Consequently, experimental silencing of EF
expression resulted in impaired IGF-1R signaling.'® Conversely,
blocking IGF-1 signaling by IGF-1R antagonists, either anti-
bodies or small-molecule inhibitors, inhibited EwS growth in
athymic mice.'” However, only 10%-14% of patients responded
to IGF-1R-directed therapy in clinical trials,'®>° at least in part
due to upregulation of the closely related and interconnected
insulin receptor signaling pathway, where both receptors form
heterodimers.?’ Collectively, these results demonstrate depen-
dence of sustained EwS growth on EF-driven autocrine IGF-1/in-
sulin signaling, but the status and role of this pathway at early
stages of EwS pathogenesis remain unknown.

Identification of the embryonic stem cell of origin and its
developmental stage is crucial to understand EwS initiation
and progression. Neural crest- and mesoderm-derived mesen-
chymal stem cell (MSC) compartments are widely considered
candidate progenitor cell types for EwS.?>> Consistent with
this hypothesis, targeting transgenic EF expression to the
mesenchymal lineage in p53-knockout mice accelerated sar-
coma formation,® but both germline and somatic p53 alterations
are rare in human EwS, with an incidence below 10%.2"2°

We took a similar approach to restrict EF expression to the
mesenchymal lineage during endochondral bone formation
and confirmed that early expression of EF during embryogenesis
is associated with severe skeletal malformations due to differen-
tiation arrest at an early chondrocytic stage, leading to death of
the progeny a few hours after birth. As EwS incidence in humans
peaks during the second decade of life, a developmental period
in which several growth-promoting hormones are highly en-
riched in the bone microenvironment,***" we hypothesized
that this endocrine milieu may play a tumor-promoting role in
EwS pathogenesis. Interaction between tumor cells, tumor-
derived humoral factors, and the bone marrow in the bone niche
has been shown to be essential for bone tumor initiation and pro-
gression.®”* We focused on IGF-1, which is known for its anti-
apoptotic activity through upregulation of Bcl2 family genes.** In
the bone niche, IGF-1 is expressed from osteocytes and osteo-
blasts in response to mechanical load stimulating chondrocyte
differentiation and bone growth.*>*® Here, we provide evidence
that mouse embryonal EF-expressing limb-derived MSC-like
cells (MSCLCs) can be fully and stably transformed if transiently
exposed to human pubertal serum IGF-1 levels, a condition that
EwS precursor cells may experience in the bone niche during
adolescence. We describe a modular reprogramming mecha-
nism resulting in the activation of EwS hallmark genes with pre-
viously documented roles in EwS growth and survival and iden-
tify a key functional role for the transcriptional co-regulator Yap1
and its Tead transcription factor effectors. Our study provides a
mechanism underlying the trajectories from EF-driven immortal-
ization to full transformation caused by the activation of bone
developmental signaling cues.
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RESULTS

Embryonal expression of EF in the mesenchymal lineage
impairs endochondral bone formation

We restricted EF expression to the mesenchymal lineage of
endochondral bone formation by crossing a mouse line carrying
a loxP-STOP-loxP-hemagglutinin (HA)-tagged EF cassette
knocked into the Rosa26 locus®” to a Prx1-Cre transgenic
line.®® Mesenchymal targeting of Cre recombinase led to dele-
tion of the STOP cassette, allowing for Rosa26 promoter-driven
expression of HA-tagged EF in the developmental limb mesen-
chyme, starting from embryonal day (E) 9.5°¢ (Figures S1A and
S1E-S1G). The resulting mice (hereafter referred to as EF™™")
displayed severe skeletal malformations, including polydactyly,
short limbs, craniofacial malformations, and lack of rib cage
closure (Figures S1B and S1C). They demonstrated absence of
calcification in EFP™" limbs, sternum, and head bone calvaria
(Figure S1C) and presence of only condensed cartilaginous ele-
ments with a lack of a hypertrophic zone and only patchy expres-
sion of chondrocytes (Ihh and Col10a1) and loss of osteoblast
markers (Runx2, Osx, and Osc) (Figure S1D). All mice died within
~12 h of birth. Together, these results indicate an EF-induced
developmental differentiation arrest of MSCLCs at an early
chondrocytic stage during endochondral bone formation.

Characterization of limb-derived MSCLCs from EF
mutant mice

To more closely characterize the molecular underpinnings of the
observed differentiation arrest, we isolated and propagated
MSCLCs from the limbs of two newborn EF™™" (#1 and #2) and
wild-type (WT) Prx1-Cre mice. EF"™" MSCLCs stably expressed
EF protein (Figure S2A) and were morphologically (Figure S2B)
and immunophenotypically similar to WT MSCLCs, staining pos-
itive for mesenchymal markers CD90.2 and CD44 and negative
for hematopoietic lineage markers CD45 and CD19 (Figure S2C).
However, when incubated with the appropriate cytokine
cocktails, EF"™' MSCLCs retained chondrocytic differentiation
potential but failed to differentiate into adipocytic and osteo-
blastic lineages, while WT controls were able to differentiate
into all three lineages (Figure S2D).

RNA sequencing (RNA-seq) analysis identified several anti-
apoptotic Bcl2a family members among 2,669 genes significantly
downregulated in EFP™" MSCLCs compared to WT MSCLCs (DE-
Seq2; pag < 0.05, [logaFC| > loga(2)* (Figures S3A and S3B;
Tables S1 and S2). Among 1,610 genes that were found to be up-
regulated in EFP™! MSCLCs in comparison to WT MSCLCs, a sig-
nificant enrichment of previously published human EF signature
gene sets was observed (hypergeometric tests with hypeR;
KINSEY_TARGETS_OF_EWSR1_FLII_FUSION_UP p,q; = 0.00032,
RIGGI_EWING_SARCOMA_PROGENITOR_UP p.q = 0.068;
Figures S3C and S3D; Table S3).

In EwS, EF is known to gain the unique neomorphic ability
to bind and open microsatellite sequences consisting of
multiple “GGAA” repeats, turning them into transcriptional en-
hancers.”*%*! To monitor the effects of EF expression on global
chromatin accessibility in our model, we applied the assay for
transposase-accessible chromatin using sequencing (ATAC-
seq)*? in EFP™' #1 and #2 versus WT MSCLCs (Tables S1
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Figure 1. Chromatin accessibility is altered
in EFP™! MSCLCs

(A) Volcano plot of differentially accessible chro-
matin regions between EFP™' MSCLCs and WT
MSCLCs identified by DEseg2. The x axis in-
dicates the logarithms of the fold changes of in-
dividual genes. The y axis indicates the negative
logarithm of their p value to base 10 (DESeq2°%;
Padj < 0.05, |logaFC| > logs(1.5); n [EFF™'] = 4, n
[WT] = 3). See Tables S4 and S5.

(B) Distribution of differentially accessible
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(EFP™' MSCLCs = WT MSCLCs).

(C) Fast gene set enrichment analysis (fGSEA)** of
GGAA microsatellite repeats in peaks that are
more accessible in EF?™" MSCLCs than in WT
MSCLCs. The barcode indicates peaks with at
least eight repeats of the GGAA motif with a vari-
able spacer of 0-3 bp. Peaks were preranked by
the DESeq2 test statistic for the comparison of
EFP™! MSCLCs and WT MSCLCs.

(D) Distribution of log, fold changes (between
EFP™" MSCLCs and WT MSCLCs) in peaks
separated by the number of repeats of the GGAA
N microsatellite within these peaks. The plot in-

0.50 0.75 1.00

o
)

0 25000 50000 75000 100000 -4

Peaks ranked by DESeq2 test statistic

and S4). We found 529 regions to have opened and 972 regions
to have closed in EFP™' MSCLCs compared to the WT MSCLCs
(Figure 1A and Table S5). The majority (84.3%) of ATAC-seq
peaks gained in EFP™" MSCLCs were concentrated at a distance
of more than 10 kb from the transcription start site (TSS) of the
nearest gene, while 31.6% of peaks unaltered or lost in EF”™
MSCLCs in comparison to WT MSCLCs localized in proximal
regions (<10 kb from the TSS) (Figure 1B). In addition, we found
an enrichment of GGAA microsatellites in differentially opened
regions of EF"™" MSCLCs (fast gene set enrichment analysis
[fGSEA]; false discovery rate [FDR] = 0.005)*° (Figures 1C
and 1D). Together, these data suggest that in mouse EFF™
MSCLCs, EF retains its neomorphic activity epigenetically re-
programming GGAA microsatellite enhancers.*® However, we
cannot exclude that some of the chromatin accessibility differ-
ences between EFP™' MSCLCs and WT MSCLCs occurred as
a consequence of oncogene-induced differentiation arrest at
an early developmental chondrogenic stage and not due to a
direct biochemical consequence of EF binding.

IGF-1 exposure assists EF in the stable transformation
of limb-derived MSCLCs

Although EFP™" MSCLCs are immortal, they were unable to form
colonies when plated at high dilution into soft agar (Figures 2A
and 2B). Consistent with this in vitro finding, tumor formation
was rarely observed, and if so, only with long latency, upon
transplantation of EFF™' MSCLCs under the skin of SCID (C.B-
17/IcrHsd-Prkcdscid) mice (Figure 2C). As the peak incidence
of human EwS occurs during adolescence, in which several
growth-promoting hormones, including IGF-1, are highly en-
riched in the bone microenvironment,®" we hypothesized that

Fold change: log,(EFP™' / Wt)

0 4 dicates the kernel density estimate per fold
change value, which is similar to a histogram for
continuous values.

embryonal limb-derived EFP™' MSCLCs may require additional
stimuli from the endocrine milieu of the pubertal bone niche for
full tumorigenic transformation. We focused on IGF-1 for its pro-
posed essential role in sarcomagenesis.** Since there is func-
tional crosstalk between IGF-1R and insulin signaling in EwS,?’
we also considered a potential role for insulin in the transforma-
tion process of mouse MSCLCs. To test our hypothesis, we
plated EFP™" MSCLCs at a density of 1,000 cells/3.5 cm? dish
in soft agar containing 10% fetal calf serum (FCS) in presence
or absence of supplemented human IGF-1, insulin, or a combi-
nation of both at concentrations of 500 and 100 ng/mL, respec-
tively, reflecting their peak serum levels during human pu-
berty.*>*S Hormone supplementation was renewed twice a
week. After 4 weeks of incubation, anchorage-independent
colonies became clearly visible in hormone-treated but rarely
in control-treated plates of EF™™' MSCLCs (Figure 2A). The
numbers of soft-agar colonies obtained after hormone treatment
were similar for EFP™' MSCLCs from both mice (#1 and #2) and
about 20-60 times higher than in untreated cultures and did
not significantly differ between IGF-1, insulin, and combination
treatments. No colonies were obtained for identically treated
WT MSCLCs (data not shown). Since anchorage-independent
growth in soft agar is commonly considered a surrogate
for malignant transformation, these results suggested that
hormone treatment had activated an EF-initiated transformation
program. We, therefore, refer to cells from these colonies as
“hormone-activated” (ha-) EFP™' MSCLCs (Figure 2A). ha-
EF"™" MSCLCs showed only a marginally increased viability
compared to parental EF"™' MSCLCs (Figure S4).

To test if the transformed phenotype required continuous hor-
mone supplementation, we picked ha-EF™™' MSCLC colonies
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Figure 2. IGF-1 reprogramming of EF*™*' MSCLC to full malignant transformation

(A) Approach assessing in vitro anchorage-independent growth of limb-derived MSCLCs from EF mutant mice as a surrogate of malignant transformation. EF™™"
MSCLCs were grown in soft agar in the absence or presence of IGF-1 (500 ng/mL) and insulin (INS; 100 ng/mL) either alone or in combination according to the
indicated scheme. Representative examples of soft-agar plates illustrating the appearance of transformed colonies after 4 weeks of incubation are shown. Cells
derived from these colonies are referred to as hormone-activated (ha-) EF™' MSCLCs. Colonies >0.5 mm were counted using ImageJ software. Results are
presented as the mean + SD of triplicate samples (hr-EFP™' MSCLC #2) from representative data of three independent experiments. Statistical significance was
determined using one-way ANOVA (**p < 0.0005). Unt, untreated (absence of IGF-1/INS).

(B) Same as in (A) but using ha-EFF™" cells as the starting material and culturing cells exclusively in the absence of hormone supplementation. Cells from colonies
arising under these conditions are referred to as hormone-reprogrammed (hr-) EFF™" MSCLCs. Violin plots as in (A). n = 3. Statistical significance was determined
using one-way ANOVA (***p < 0.0005).

(C) Tumor formation upon subcutaneous injection of parental EFP™' #2 and derived hr-EFP™! MSCLCs in SCID mice (n = 4 mice per group). The scheme,
representative pictures, and mean tumor size increase over 31 days are shown. *p < 0.1, **p < 0.01, and ***p < 0.001.

(D) Hematoxylin and eosin stain of a frozen section of a representative tumor arising from the subcutaneous injection of hr-EFP™' MSCLCs in SCID mice. Scale
bar: 100 pm.

and expanded them in 10% FCS-containing growth medium for  MSCLCs in the absence of further hormone treatment as “hor-
5 days in the absence of IGF-1 and insulin supplementation  mone-reprogrammed” (hr-) EFF™! MSCLCs. Notably, the trans-
before replating them in hormone-free soft agar for another formed phenotype of hr-EFP™" MSCLCs remained dependent on
4 weeks. Strikingly, ha-EFP™" cells retained and even slightly  continuous EF expression, as knockdown of the fusion protein
increased their ability for anchorage-independent growth under  drastically reduced their ability to grow in soft agar (Figure S5A).
hormone-free conditions, while this was not the case for Intriguingly, hr-EF"™! MSCLCs gave rise to aggressively growing
control-treated cells (Figure 2B). We, therefore, refer to stably tumors with EwS-like small round cell morphology upon xeno-
transformed cells isolated from colonies grown from ha-EFP™"  transplantation into 8- to 10-week-old SCID mice, providing
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evidence for a complete and irreversibly transformed phenotype
(Figures 2C and 2D). In contrast, transplantation of untreated
parental EF"™' MSCLCs resulted in fewer and smaller tumors,
which arose with much longer latency (Figure 2C).

WT MSCLCs, parental non-transformed EF™™ cells, and their
transformed ha and hr derivatives were routinely propagated in
10% FCS-containing growth medium. FCS comprises multiple
hormonal components at low concentrations, with IGF-1 amounts
varying around 72 ng/mL.*” Thus, the final concentration of IGF-1
in the basal growth medium containing 10% FCS is estimated to
be about 70 times lower than the concentration (500 ng/mL) used
for transformative reprogramming of EF"™' MSCLCs. We, there-
fore, tested the functional status of the IGF-1 signaling pathway
in hr-EFP™1 cells. When expanded in 10% FCS-containing growth
medium, we observed tyrosine phosphorylation of the IGF-1R and
serine phosphorylation of its downstream signaling effector AKT,
which could be inhibited by the small-molecule IGF-1R-specific
inhibitor NVP-AEW541.“® Under serum starvation, the signal
was strongly reduced, consistent with paracrine IGF-1R activa-
tion, by the minute amounts of hormone contained in complete
medium (Figure S5B). Human EwsS cell lines are exquisitely sensi-
tive to NVP-AEW541 at IC50 values around 200 nM.*? In contrast,
hr-EFP™" cells were largely resistant to the IGF-1R inhibitor treat-
ment in adherent (IC50 = 9.3 pM) and spheroid (IC50 = 3.7 uM)
growth conditions (Figure S5C). However, colony formation in
soft agar was greatly reduced at NVP-AEW541 concentrations
as low as 0.625 uM (Figure S4D). Together, these results suggest
that transient exposure to high concentrations of IGF-1 is needed
for reprogramming EFP™" MSCLCs to full and stable malignant
transformation, while low concentrations are still required for sus-
tained clonogenic growth in soft agar.

IGF-1 reprogramming enforces an EF transcriptional
signature

RNA-seq was performed for parental EFF™', ha-EF™™, and
hr-EFP™! MSCLCs to analyze the transcriptomic changes asso-
ciated with IGF-1 activation and reprogramming. Of 55,471
transcripts, 1,328 and 2,126 were found to be up- and downre-
gulated (DESeq2; pag; < 0.05, [logaFC| > l0ga(2)*) in ha-EFF™
versus parental cells, respectively (Table S6 and Figure 3A).
Similarly, the expression of 1,079 and 1,732 genes was
increased and decreased, respectively, in hr-EFF™' MSCLCs in
comparison to untreated EFP™!" MSCLCs (Table S7 and Fig-
ure 3A), roughly 42% (up) and 58% (down) of which overlapped
with those in ha-EFP™" MSCLCs (Figure 3B). Strikingly, both
shared up- and downregulated genes were significantly en-
riched in human EwS-derived EF target gene sets, including
E2F and FOXM1 targets and genes associated with the epithe-
lial-mesenchymal transition and extracellular matrix (ECM;
Figures S6A and S6B and Table S8). However, the chromatin
accessibility of only a few genomic regions was affected in
hr-EFP™! MSCLCs compared to parental EFF™! MSCLCs (n =
557) (Table S4), and there was no further enrichment in GGAA mi-
crosatellites in open chromatin regions, as tested by ATAC-seq
(fGSEA; FDR = 0.083)*® (Figures 3C and 3D). This result sug-
gested that IGF-1 reprogramming did not significantly affect
the neomorphic activity of EF on GGAA repeat regions but relied
on different transcription regulatory mechanisms.
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IGF-1 treatment-related chromatin accessibility
changes identify modular mechanisms of EF"™! MSCLC
reprogramming

To understand the transforming mechanisms by which transient
IGF-1 exposure permanently reprograms EFF™! MSCLCs, we
performed a comparative cluster analysis of open chromatin re-
gions in untreated and IGF-1-treated WT MSCLCs, parental and
hr-EFP™" MSCLCs #1 and #2, and one tumor obtained after
transplantation of hr-EF™™" #1 (transplant-hr-EF"™' MSCLCs).
Differentially accessible chromatin regions were classified in
five distinct clusters designated modules M1 to M5 (Figure 4A
and Table S4).

Cluster M1 comprises genomic regions that are closed in both
EFP™" MSCLCs and hr-EF"™! MSCLCs but open in WT MSCLCs
irrespective of IGF-1 treatment. Overrepresented genes en-
riched in the vicinity of these regions are involved in inflammatory
responses and responses to cytokine stimuli (Figure S7A and
Table S9). Conversely, cluster M4 contains chromatin regions
that are closed in WT MSCLCs but open in parental and hr-EF™™
MSCLCs. Top enriched genes in the vicinity of these regions
annotate to negative regulation of catabolic processes. In
contrast, modules M2 and M3 comprise genomic regions that
are exclusively open (M2) or closed (M3) in hr-EFP™" MSCLCs
as a consequence of previous IGF-1 exposure. While there
was no preferential enrichment of biological functions for nearby
genes of cluster M3, top overrepresented M2 genes annotate to
steroid hormone signaling. Taking a closer look, we observed
that Yap?7 and Lama5 were the most significant accessible
genes among others, including EwS hallmark genes Prkcb,”"
Bcl11b,°%°® and Sox2?*°**° (Figure S7B). This is consistent
with our RNA-seq findings, where there was an enrichment of
Hippo pathway genes and specifically a significant upregulation
of Yap1 and Lama5 on the transcriptional level upon IGF-1 re-
programming, which was corroborated on the protein level by
immunoblotting (Figures 4B and 4C). Immunofluorescence
staining identified induced Yap1 in both the cytoplasm and the
nucleus of hr-EF™™' MSCLCs (Figure 4C). Consistent with an
essential role of Yap1 in EFP™! MSCLC transformation, knockout
of Yap1 in hr-EFP™! MSCLCs resulted in almost complete loss of
colony formation (Figure 4E). Finally, M5 comprises chromatin
regions that are not accessible in WT MSCLCs, are open in
EFP™" MSCLCs, but which had reversed to a closed state
upon IGF-1 reprogramming. Top enriched nearby genes
associated with this cluster annotated to protein glycosylation
(Figure S7A).

To better understand the gene regulatory mechanisms behind
the individual modules, we identified transcription factor DNA
binding motifs (from the JASPAR 2022 database®) that were
enriched in the differentially accessible chromatin clusters (Fig-
ure 4D and Table S9). Peaks specifically lost upon EF expression
independent of IGF-1 (M1) were enriched in CCAAT box binding
factor motifs, while top enriched motifs in those lost upon IGF-1
reprogramming in EFP™! MSCLCs are for KLF15, ZNF610, and
ZNF93 in M3 and for PBX2, ETV1, and MEIS2 in M5. The EF
and IGF-1 reprogramming-specific module M2 was found en-
riched in binding motifs for the retinoid acid receptor-related
orphan nuclear receptor family, of which we found RorC to be
expressed in hr-EF"™" MSCLCs (Figures 4D and S7C). However,
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Figure 3. Transcriptional and chromatin changes associated with IGF-1 activation and reprogramming

(A) Volcano plot of differentially expressed genes between EF?™' MSCLCs and ha-EFP™" (left) or hr- EFP™ (right) MSCLCs identified by DEseq2. The x axis
indicates the logarithm of the fold changes of individual genes. The y axis indicates the negative logarithm of their p value to base 10 (DESeq2°%; pag; < 0.05, |
10goFC| > log,(2); n [EFP™"] = 2, n [ha-EF”™"] = 2, and n [hr-EFP™"] = 4). See Tables S6 and S7.

(B) Venn diagrams showing the overlap of differentially expressed genes between ha-EFP™' and hr-EF”™' MSCLCs for up- and downregulated genes in
comparison to EFP™! MSCLCs (from A).

(C) Volcano plot of differentially accessible chromatin regions (from ATAC-seq) between hr-EF”™! MSCLCs and EFP™! MSCLCs. Each point represents an ATAC-
seq peak, and significantly up- and downregulated regions are highlighted in blue and red, respectively (DESeq2°; Padj < 0.05, |log,FC| > log,(1.5); n [hr-EFP™" =
2 and n [EFP™] = 4). See Table S5.

(D) Fast gene set enrichment analysis fGSEA*®) of GGAA microsatellite repeats in peaks that are more accessible in hr-EF™™" MSCLCs compared to EF™™"
MSCLCs. The barcode indicates peaks with at least eight repeats of the GGAA sequences with a variable spacer of 0-3 bp. Peaks were preranked by the DESeq2

test statistic for the comparison of hr-EFP™' MSCLCs and EFF™! MSCLCs.

this enrichment was not statistically significant. Instead, we
observed the highest incidence of GGAA microsatellites in M2.
In contrast, and unexpectedly, the lowest frequency in GGAA
repeats was present in M4 regions, which open up as a
consequence of EF expression apparently unaffected by IGF-1
reprogramming (Figure 4A). Interestingly, the top and highly
significantly enriched binding motif in M4 is that for Tead tran-
scription factors, which are the downstream nuclear effectors
of the Hippo signaling pathway (Figure 4D).

Sequential EF and IGF-1 signaling cooperate in the
stepwise activation of TEAD target genes

As Tead transcription factor activity requires co-activation by
Yap1, which we found to be induced as an M2 component exclu-
sively upon IGF-1 reprogramming in EF-expressing MSCLCs, we
wondered if a fraction of M4-associated genes may become
activated in a stepwise manner by the sequential functional ac-
tivity of the oncogenic fusion protein and IGF-1 signaling. Hence,
we screened M4 genes for those that showed highly significant
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TEAD binding motif accessibility in hr-EFP™! MSCLCs compared
to EFP™! MSCLCs. Among them, we identified several genes
with important functional roles in human EwS biology. We
focused on Igf2bp1, a top EwS-specific dependency in
DepMap®®; Hpf1, an essential co-factor of PARP1/2, which are
highly expressed and therapeutic targets in EwS®”; Cenpq, a
gene involved in the FoxM1/Plk-1/Cenp-A pathway of kineto-
chore assembly in mitotic progression®®°%; and the cell cycle
regulator Ccnd1, which is overexpressed in EwS.°° Indeed,
Yap1 knockout in hr-EFP™! MSCLCs resulted in downregulation
of all these M4 genes, consistent with their expression being
dependent on Yap1 activation in M2 (Figure 4F). In addition,
Yap1 knockout also resulted in downregulation of FoxM1,
identifying Yap1 as a major driver of the observed FoxM1 tran-
scriptional signature imposed by IGF-1-mediated reprogram-
ming of EF"™' MSCLCs (Figure S8). Together, these results sug-
gest that malignant transformation of embryonal limb-derived
MSCLCs in our EF mutant mouse model involved a modular
mechanism, in which EF expression opened and primed
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essential TEAD target genes for subsequent activation by IGF-
1-induced Yap1. In addition, we observed the emergence and
variable expansion of Yap7-amplified subclones during propa-
gation and IGF-1 reprogramming of bulk EF"™! MSCLCs, further
strengthening the importance of sustained Yap1 expression to
maintain the transformed phenotype (Figure S9A). However,
minimal dilution and single-cell cloning experiments confirmed
that Yap1 induction and phenotypic transformation of EF™"
MSCLCs by IGF-1 reprogramming occurred independent of
Yap1 copy number gains (Figures S9B-S9D).

To test if Yap1/Tead interaction was required to maintain the
transformed phenotype of hr-EFP™' MSCLCs, we performed
soft-agar colony assays in the absence and presence of the
small-molecule TEAD-palmitoylation pocket binder K-975,
which was previously shown to inhibit TEAD complex formation
with its co-activator YAP1 in mesothelioma.®’ Colony formation
of hr-EFP™ MSCLCs was found to be drastically reduced
already at nanomolar drug levels (Figure 5A), accompanied
with downregulation of FoxM1 expression (Figure S8).

Since we had shown that colony formation of established
hr-EFF™" cells remained sensitive to IGF-1R blockade, while
anchorage-dependent growth was largely resistant to NVP-
AEW541 treatment (Figures S5C and S5D), we tested if Yap/
Tead inhibition might increase the sensitivity to IGF-1R
blockade. Indeed, combination treatment with K-975 and NVP-
AEW541 resulted in synergistic growth inhibition of hr-EFF™"
cells (Figure 5B). Finally, we tested the drug combination in hu-
man EwS cell lines STA-ET-1 and SK-N-MC. The results
confirmed that combined inhibition of IGF-1R and YAP1/TEAD
is more effective against EwS than IGF-1R blockade alone
(Figure 5C).

DISCUSSION

Based on the undifferentiated mesenchymal phenotype, EwS is
considered an embryonal malignancy. However, clinical onset of
the disease occurs mainly during the second decade of life.
While available evidence clearly identifies expression of an
EWS::ETS fusion protein as being causal for EwS pathogenesis,
developmental timing of this pathognomonic rearrangement is
unknown and may occur long before symptomatic disease. It

Cell Reports

is possible that tumor initiation by the EWSR1::ETS gene rear-
rangement may long precede a tumorigenesis-promoting event.
Although p53 mutation was identified as a genetic aberration
greatly increasing EF-driven sarcomagenesis in mice and
fish,%2%% it is rare in EwS patients (<10%), and no other single
recurrent genetic or epigenetic aberration has been associated
with disease progression in humans so far.

Here, we tested the hypothesis that tumor initiation by a muta-
tional mechanism happened during embryogenesis, leading to
differentiation arrest and immortalization of a persisting mesen-
chymal osteochondrogenic precursor, while tumor promotion
occurred by a non-genetic, humoral mechanism in the pubertal
bone niche. Such a mechanism is difficult to model in vivo, as
embryonal mesenchymal tissue expression of EF results in peri-
natal lethality. We therefore used explanted embryonal-limb-
derived MSCLCs from EF-mutant mice and subjected them to
hormone treatment at a concentration that reflects serum levels
during puberty, before assaying them for in vitro phenotypic
signs of malignant transformation and in vivo tumorigenic poten-
tial upon transplantation into immune-compromised mice. This
model allowed us to identify IGF-1/insulin signaling as a tumor-
promoting mechanism for embryonal EF-expressing MSCLCs.
Although EFP™' MSCLCs were routinely cultured in the presence
of 10% FCS, the low IGF-1 concentrations contained in the
growth medium did not suffice to promote cellular transforma-
tion. In contrast, transient (5 weeks) exposure to high IGF-1
concentrations stably transformed EFP™! MSCLCs to tumorige-
nicity. The choice of the transforming IGF-1 concentration
(500 ng/mL) was oriented along peak serum levels, which are
controlled by growth hormone during human puberty.*® The
actual levels of IGF-1 in the human bone niche, which is pro-
duced by various tissues during this developmental period, are
not known. During the rapid pubertal growth spurt, which among
primates is unique to humans,®* mechanical load induces IGF-1
production from osteocytes and chondrocytes,*® potentially
further increasing its levels in the microenvironment of EF-in-
duced EwS precursor cells. Again, this condition is difficult to
model in mice, as IGF-1 knockout is perinatal lethal to 95% of
offspring.®® Even if the IGF-1 concentrations used in our experi-
mental in vitro study may not fully reflect the actual in situ levels in
the pubertal bone niche, they were sufficient to reproducibly

Figure 4. Comparative analysis of differentially accessible chromatin modules in MSCLCs

(A) Heatmap showing row-scaled normalized read counts for all peaks that were considered differentially accessible in at least one comparison (EF”™' MSCLCs/
WT MSCLCs, hr-EFP™" MSCLCs/EFP™! MSCLCs, or MSCLC + IGF-1/WT MSCLCS; Ntota = 2,038). Peaks are grouped into five “modules” (M1-M5). GGAA motif
density in differentially open regions is indicated to the right of the heatmap. See Table S4.

(B) Scatterplot comparing changes in the chromatin accessibility of ATAC-seq peaks (x axis) with the corresponding changes in gene expression of the nearest
genes (y axis). One point is indicated for each combination of differentially accessible peak (from A) and differentially expressed gene. Color indicates the mean of
both fold changes.

(C) The protein levels of YAP1, LAMAS, and B-actin were detected by western blot for WT MSCLCs, EFF™' MSCLCs, and hr-EFP™! MSCLCs (top) and those of
Yap1 by immunofluorescence staining (bottom). Scale bars: 50 um.

(D) Bar plots showing DNA sequence motifs (mouse and human TF motifs from JASPAR 2022°% overrepresented in peaks belonging to each of the five modules
from (A). Each plot chart lists the top three motifs per module and each bar indicates the percentage of peaks with at least one match to the given motif.
Enrichment was calculated using Fisher’s exact test (one-tailed). *pagqj < 0.05, *pag < 0.01, and ***p,q; < 0.005. See Table S9.

(E) Left: Western blot analysis of YAP1 levels in hr-EFP™! MSCLCs #2 upon knockout of Yap7 using three CRISPR single-guide (sg)RNAs (sg-Yap1). Middle:
Representative soft-agar assay for hr-EFP™" cells transduced with sg-Ctrl versus sg-Yap1. Right: The number of cell colonies was counted on days 21 after
plating. Data are presented as the mean + SE (n = 3), **p < 0.001. Statistics were calculated by one-tailed, paired Student’s t test.

(F) Quantitative analysis by RT-gPCR of relative mRNA expression levels of Yap1, Igf2bp1, Hpf1, Cenpq, and Ccnd1 after knockout of Yap1. Data are presented
as the mean + SE (n = 3), **p < 0.001 and **p < 0.001. Statistics were calculated by one-tailed, paired Student’s t test.
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Figure 5. YAP/TEAD blockade reduces col-

Prct » ] ** ** ony-forming ability and synergizes with
hr-EFF>! MSCLC#1 2 60 IGF-1R inhibition in hr-EFP™' MSCLCs and
o human EwS
K-975 (M) § 40 (A) The effects of K-975 on soft-agar colony
DMSO 0.625 1.25 25 S formation of hr-EFP™" MSCLCs upon 12 days in-
- cubation. Soft-agar assay shows a concentration-
2 204 i dependent decrease in the number of hr-EF™™
£ MSCLC colonies. Colonies >0.5 mm were coun-
2 0- ted using ImageJ software. Data are expressed as
DMSO 0625 125 25 the mean + SD (n = 3); two-way ANOVA was used
to determine statistical significance. *p < 0.01 and
K-975 (uM) *n < 0.05.
(B) Overview of synergy scores of NVP-AEW541
hr-EFP™1 MSCLC#2 ® 1004 * T O* and K-975 drug combinations across hr-EF™™"
‘e MSCLCs #1 and #2 in monolayer culture condi-
K-975 (uM) o 80 tions.
8 (C) Overview of synergy scores of NVP-AEW541
DMSO 0.625 1.25 2.5 "6 601 and K-975 drug combinations for STA-ET-1 and
: = 404 SK-N-MC human EwS cell lines in spheroid cul-
3 ture conditions. The heatmaps show Bliss excess
g 201 across the hr-EFP™' MSCLCs (additive if =0 and
4 0- non-additive if #0; within non-additive cases, it is
DMSO 0625 125 25 synergistic if >0 or antagonistic if <0).
K-975 (uM)
B - Prx1
hr-EF™> MSCLC#1 hr-EFP™! MSCLC#2 age,® this observation may be explained
non-additive effect non-additive effect by IGF-1 levels in transplanted mice
3x A 3x A being still high enough to promote
;' ;.‘ in vivo tumorigenic reprogramming of
g 1Cs0 1 g 1Cs0 1 EF”™! MSCLCs. Alternatively, we cannot
L +31 0 L +3- exclude spontaneous transformation as
i 5 ] ;F _ the source of the tumors arising from
S 7 S 9 the transplantation of parental EFFP™
< .27 = .7 MSCLCs, as is frequently observed with
S A S -1 — cultured mouse bone marrow MSCs.®"%8
+27 +9 +3 IG5 3x +27 +9 +3 |ICso 3X \
Before, it has been doubted that EwS-
K-975 K-975 . . . . . .
like tumorigenesis is possible in mice,
c STA-ET-1 (3D) SK-N-MC (3D) mainly due to differences in GGAA micro-
. N satellite landscapes between mice and
non-additive effect . non-additive effect . humans.” Although on average, mice
3x 3x 1 contain more and longer GGAA repeat re-
;c — gions than humans, their number and
10 1€501 E IC50 genomic locations relative to essential
= = EwS genes vary significantly. Yet, it has
w3 0 L =3 0 .
< < been recently shown that transgenic EF
o 29 a .9/ alone can induce EwS-like tumors in the
% ; evolutionarily much more distant zebra-
+27 . +27 1 fish.®° In our mouse model, we find EF-
: -1

£27 +9 +3 IC50 3«
K-975

transform EF™™' MSCLCs from two independent founder mice,
leading to rapid tumor formation upon xenotransplantation into
8- to 10-week-old SCID mice. In contrast, parental EFF™'
MSCLCs generated much smaller tumors at lower frequency
and longer latency. As IGF-1 serum levels in mice have been
described to peak at around 900 ng/mL at 6 weeks of age and
to gradually decline, with still 350 ng/mL at about 12 weeks of

+27 +9 +3 IC50 3x
K-975

driven GGAA microsatellite enrichment
in open chromatin regions associated
with a large number of genes partially
overlapping with the human EwS signa-
ture. Among them, we find activation of the essential GGAA
microsatellite-driven EwS hallmark genes Prkcb,®' the BAF-
complex component Bcl11b,°>*® and the stemness factor
Sox240:54.23 exclusively upon IGF-1-assisted transformation of
EFP™" MSCLCs.

As another potential reason for previous failure to induce EwS
tumorigenesis in mice, the well-documented toxicity of the EF

Cell Reports 44, 115381, March 25, 2025 9




¢ CellP’ress

OPEN ACCESS

fusion protein to many cell types was discussed.” Consistent
with this supposition, we find downregulation of anti-apoptotic
Bcl2 family members and increased apoptosis in EF™™!
MSCLCs, which, however, did not interfere with their immortali-
zation. Upon IGF-1 reprogramming, we observed decreased
apoptosis and induction of anti-apoptotic Mcl-1, which is also
found in human EwS, providing a potential therapeutic
target.”%""

While transcriptomic, epigenomic, and genomic analyses
were sufficient to obtain mechanistic insights into the down-
stream transformation process leading to suppression of devel-
opmental programs (M3) and remodeling of stemness genes
involved in self-renewal (M2 and M4; e.g., Sox2, KiIf-5, Ccnd1,
Bcl11b, etc.), the actual mechanism of stable transcriptional re-
programming by IGF-1/insulin remained largely elusive.

Canonical IGF-1 signaling involves activation of the PISBK/AKT-
mTOR and the RAS/MAPK-ERK pathways to induce cell growth
and survival.”> However, in addition to certain HDACs becoming
phosphorylated by the PIBK/AKT axis leading to their exclusion
from the nucleus,”® more recent evidence identified a direct
epigenetic role of nuclear-translocated IGF-1R directly binding
to and remodeling chromatin via histone H3 phosphorylation
and Brg1 recruitment.”*”> Whether a similar mechanism might
have been involved in the establishment of chromatin accessi-
bility changes specifically found in clusters M2 and M3 of
IGF-1 reprogrammed EFP™! MSCLCs remains to be established.
In fact, only a small number of chromatin regions got opened in
these cells in response to transient high IGF-1 exposure (M2).
Here, binding motifs for retinoic acid receptor-like orphan recep-
tors (RORA/B/C) were most prevalent. We found only RORC to
be expressed in EFF™! MSCLCs independent of EF and IGF-1,
making it unlikely that it was responsible for the observed IGF-
1-induced chromatin accessibility changes. However, a recent
chromatin immunoprecipitation sequencing (ChlP-seq) study re-
vealed a strong overlap between RORA/C and glucocorticoid re-
ceptor (GR) chromatin binding at some 5,000 common en-
hancers and promoters of genes involved in lipid, fatty acid,
and amino acid metabolism; the circadian clock; and PPARa ac-
tivity in the mouse liver.”® In line with this, functional annotation of
M2 genes identified steroid hormone signaling and lipid meta-
bolism as top enriched terms in this cluster. Intriguingly, EF
acts as a transcriptional co-activator for GR in EwS.”” GR activa-
tion may have also contributed to the observed marked increase
in Yap1 expression in EFP™! MSCLCs, similar to what was pre-
viously demonstrated for breast cancer in humans, where GR
antagonists reduced YAP levels and inhibited cancer stem cell
formation.”®”® Consistent with our findings, there is evidence
for an evolutionarily conserved PI3K-dependent but largely
AKT-independent mechanism of Yki/Yap induction by IGF-1/in-
sulin signaling, which feeds back on IGF-1/insulin signaling via
direct upregulation of the insulin receptor.?® In addition, more
recent studies in liver cancer and diffuse large B cell ymphoma
revealed stabilization and activation of YAP1 nuclear transloca-
tion in response to IGF-1R signaling associated with poor
prognosis.®’#

Insulin/IGF-1 signaling through PI3K is also required in the
activation of Yki/Yap by mechanical and polarity cues.®* Me-
chanical tension is mediated via ECM components, specifically
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laminin, communicating with integrins and cell adhesion mole-
cules on the cell surface, leading through activation of focal
adhesion and Src kinases to LATS1/2-dependent YAP1 activa-
tion.”® We find the laminin 511 component LAMAS5 to be highly
induced by the combined activity of EF and IGF-1 in EFFP™!
MSCLCs impaired in osteogenic and adipogenic differentiation
potential and unable to complete in vivo chondroblastic differen-
tiation. Endogenously produced LAMAS promotes self-renewal
of human pluripotent stem cells (hPSCs) in an autocrine and
paracrine manner through E-cadherin and FYN-RhoA-ROCK
activation,®* and it is tempting to speculate that it fulfills a similar
function in hr-EF”™! MSCLCs. Of note, the RhoA GAP Arhgap42
was also among highly upregulated hr-EF"™'-specific M2 genes
in our study. In human MSCs, activation of the laminin receptor
was shown to regulate OCT4 and SOX2 stem cell factor expres-
sion.®® In our study, chromatin accessibility at the Sox2 locus
was increased in hr-EFP™" cells together with activation of a
further stem cell factor, KLF5 (Table S5), encoded in chromatin
accessibility cluster M4 and known to be stabilized by Yap1 pro-
tein.®® YAP1 appeared also involved in the observed upregula-
tion of FOXM1 and its transcriptional program, as FoxM1 RNA
and protein expression was greatly reduced upon Yap1/Tead
inhibition by sgRNA or K-975. FOXM1 is a known mediator of
EF-dependent cell-cycle regulation in EwS.®” Together, these
results suggest that IGF-1 reprogramming of EF"™! MSCLCs
enforces a stem cell program as the basis of malignant
transformation.

The maijor finding of our study was that of a modular mecha-
nism of stepwise malignant transformation by EF and IGF-1/in-
sulin. In the first step, EF rewired the transcriptome of an embry-
onal osteochondrogenic precursor, resulting in developmental
arrest and cellular immortalization. Here, the neomorphic activity
of EF to bind and open GGAA microsatellites may have played an
important role, which was, however, not sufficient to mediate full
transformation. Instead, a large cluster of genes devoid of GGAA
repeat regions but enriched in TEAD binding motifs (M4) opened
in response to EF expression, priming them for binding and acti-
vation by the respective transcription factors. However, the
actual activation of these genes occurred only upon induction
of the co-activator Yap1 in the second reprogramming step
following transient stimulation by high IGF-1/insulin. Although
not required for IGF-1-driven full transformation, copy number
gain at the Yap7 gene locus if present in a subclone of parental
EF-expressing MSCLCs was positively selected in hr-EF™™!
bulk cell populations. Yap1 amplification frequently occurs dur-
ing human® and mouse®®°° tumorigenesis, though it has not
yet been reported for EwS despite being highly expressed and
associated with poor prognosis in this disease.?®

We hypothesize that Yap1 activation as a rate-limiting tumor-
igenic step occurs in the bone niche during puberty and further
leads to epigenomic reprogramming resulting in suppression of
heterogeneous developmental genes by an as yet unknown
mechanism (M3 and M5) and the direct and indirect activation
of a number of stemness and dependency genes involved in
cell renewal, including Sox2, KLf5, and Igf2bp1, as well as key
genes involved in cell cycle (i.e., Ccnd1), mitotic progression
(i.e., FoxM1 and Cenpq), DNA repair (i.e., Hpf1), and survival
(Mcl-1). Thus, it appears that the Hippo pathway played a key
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role in tumor initiation in our model. In contrast, in established
human EwS tumors, this pathway has been associated with
epithelial/mesenchymal-like transition and metastasis being
activated upon EF modulation. In fact, in response to short
hairpin RNA (shRNA)-mediated EF downregulation, we previ-
ously observed activation of TEAD target genes by the co-activa-
tors MRTFB and the YAP1 ortholog TAZ (WWTR1), while YAP1
was invariably expressed in all tested EwS cell lines, consistent
with immunohistochemical positivity in a large fraction of primary
EwsS tumors.?®°’ Although the current scientific literature on Hip-
po pathway biology rarely distinguishes between YAP1 and TAZ,
there is accumulating evidence that the two orthologous proteins
may have different functions and regulate different TEAD target
gene sets during normal limb development.®®°%°° We therefore
hypothesize that YAP1 may be essential for the onset of disease
during puberty, while TAZ may drive metastasis of EwS. We
therefore expect both activities to be sensitive to small-molecule
inhibition of TEAD complex formation with its alternative co-ac-
tivators YAP1 and TAZ, and accordingly, we have already shown
that the metastatic potential of EwS is reduced by treatment with
the YAP/TAZ/TEAD inhibitor verteporfin.®” Here, we show that an
allosteric TEAD inhibitor binding specifically to the TEAD palmi-
toylation pocket, K-975, greatly reduced the anchorage-inde-
pendent colony-forming ability of hr-EF"™" MSCLCs and of
EwS cell lines in vitro. Several related TEAD inhibitors have
recently entered clinical trials for the treatment of high-risk
solid tumors.'% Our study provides a mechanistic rationale to
combine YAP1/TEAD targeting compounds with IGF-1R-
directed therapy to improve the outcome of EwS patients.
Here, we provide first proof-of-principle in vitro evidence for
the efficacy of this combination in our model and in EwS cell
lines, encouraging further preclinical development.

Limitations of the study

While our study provides an in vitro proof of concept for the
potential role of high IGF-1 in the early steps of tumorigenic
transformation of embryonal EF-expressing MSCLCs, a link to
puberty was not formally tested in vivo. This would require a
comparison of WT and tissue IGF-1-knockout mice as hosts in
orthotopic transplantation models of EF"™' MSCLCs at different
stages of adolescent mouse development. Furthermore, while
our data revealed an important role for epigenetic Yap1 activa-
tion in the transformation process of EFF™!' MSCLCs down-
stream of IGF-1 signaling, the exact mechanism by which
transient IGF-1 exposure permanently activates Yap1 transcrip-
tion remained elusive and requires further mechanistic studies.
The important contribution of Yap1 in the transformation process
is underlined by subclonal copy number gains, which were found
to be positively selected during IGF-1 reprogramming. However,
while this phenomenon has been reported in a number of
cancers,®®° it has not yet been observed in EwS. Finally, our
study provides a rationale for the combination of YAP1/TEAD
and IGF-1R inhibitors for EwS. However, our lead drug (K975)
was highly toxic in zebrafish xenografts, even at concentrations
much lower than those showing synergy with IGF-1R inhibition in
EwS cell lines in vitro (data not shown), and this drug was previ-
ously reported to cause renal toxicity in rodents,'®" thus making
it clear that preclinical in vivo development of the proposed drug

¢? CellPress

OPEN ACCESS

combination requires thorough dose determination studies in
mice and less toxic, second-generation TEAD inhibitors.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources and reagents should be
directed to and will be fulfilled by the lead contact, Heinrich Kovar (heinrich.
kovar@ccri.at).

Materials availability

EF”™" mice and xenografts of IGF-1-reprogrammed MSCLCs are available
through ITCC-P4 gGmbH (https://www.itccp4.eu/) and the University of Veter-
inary Medicine, Vienna, Austria. EFP™' MSCLCs and hr-EF"™' MSCLCs are
available at St. Anna Children’s Cancer Research Institute GmbH, Vienna,
Austria.

Data and code availability

o Data: the RNA-seq and ATAC-seq data generated in this study have
been deposited at the Gene Expression Omnibus (GEO) and are publicly
available as of the date of publication. Accession numbers are listed in
the key resources table.

o Code: all original code has been deposited at GitHub and Zenodo and is
publicly available as of the date of publication. Accession numbers are
listed in the key resources table.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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Anti-digoxigenin-alkaline phosphatase Roche Cat# 11093274910; RRID:AB_514497

AKT

B-Actin
CD90-2-APC
CD44-PE
CD45-APC
CD19-APC-Cy7
FLI-1 (EPR4646)
FOXM1 (EPR17379)
GAPDH (D16H11)XP
HA tag (6E2)

IGF1R

KLF5

Laminin alpha 5/LAMAS antibody
[EPR18919]

p-Akt (Ser473) (DIE)

p-IGF-IR beta (Y1135/1136)/InsR beta
(19H7)

YAP/TAZ (D24E4)

Cell Signaling Technology
Abcam

BD Pharmingen

BD Pharmingen

BD Pharmingen

BD Pharmingen

Abcam

Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Abcam

Abcam

Cell Signaling Technology
Cell Signaling

Cell Signaling Technology

Cat# 4685; RRID:AB_2225340
Cat# ab20272; RRID:AB_445482
Cat# 561974; RRID:AB_10895115
Cat# 561860; RRID:AB_10895375
Cat# 559864; RRID:AB_398672
Cat# 557655; RRID:AB_396770
Cat# ab133485; RRID:AB_2722650
Cat# ab207298; RRID:AB_3068347
Cat# 5174; RRID:AB_10622025
Cat# 2367; RRID:AB_10691311
Cat# 3027; RRID:AB_2122378
Cat# ab137676; RRID:AB_2744553
Cat# ab184330;

Cat# 4060; RRID:AB_2315049
Cat# 3024; RRID:AB_331253

Cat# 8418; RRID:AB_10950494

Chemicals, recombinant proteins, media

Acetic anhydride Sigma-Aldrich Cat# 242845
Accutase Gibco Cat# A1110501
Alcian Blue Sigma Aldrich Cat# A5268-10G
Alizarin Red Sigma-Aldrich Cat# A5533-25¢g
CliniMACS buffer Miltenyi Biotec GmbH Cat# 130021201
Digitonin New England Biolabs Cat# 11175025910
Fetal Bovine Serum Gibco Cat# 10099158
Insuline Sigma-Aldrich Cat# 19278-5MI
IGF-1 ImmunoTools Cat# 11343316
K-975 MedChemExpress Cat# HY-138565; CAS: 2563855-03-6
Lipofectamine 2000 Invitrogen/ThermoFisher Cat# 11668019
NVP-AEW541 MedChemExpress Cat# HY-50866; CAS: 475489-16-8
Oligofectamine reagent Invitrogen/ThermoFisher Scientific Cat# 58303
Polybrene Milipore/Sigma Cat# TR-1003-G
RPMI1640 Gibco Cat# 61870044
SeaPlaque GTG agarose Lonza Cat# 50111

Xylene substitute Thermo Scientific Cat# 9990505
Critical commercial assays

CellTiter-Glo® Luminescent Cell Viability Promega Cat# G7570

Assay

lllumina Tagment DNA Enzyme and Buffer llumina Cat# 20034197
Small Kit

LentiCRISPR Yap1 sgRNA Crispr/Cas9 all Applied Biological Materials (abm) Cat# 505841140595

in-one lentivector set mouse
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Lenti-X Concentrator TaKaRa Cat# 631232
MesenCult adipogenic differentiation kit Stem Cell Technologies Cat# 05412
MesenCult osteogenic stimulatory kit Stem Cell Technologies Cat# 05504
MesenCult-ACF chondrogenic Stem Cell Technologies Cat# 05455

differentiation kit

NEBNext® Poly(A) mRNA Magnetic
Isolation Module

New England BiolLabs

Cat# E7490S

ON-TARGETplus SMARTpool mouse Dharmacon/Horizon Cat# L-012200-00-0005
siRNAs against Yap1

ON-TARGETplus non-targeting pool Dharmacon/Horizon Cat# D-001810-10-20
RNA DIG labelling kit Roche Cat# 11175025910
RNeasy Mini Kit (250) QUIAGEN Cat# 74106

Genomic DNA Purification Kit Monarch Cat# T3010S

Deposited data

RNA-seq This paper GEO: GSE269006
ATAC-seq This paper GEO: GSE269004

Experimental Model and Study Participant Details: Cell lines

A673 American Type Culture Collection Cat# CRL-1598

Lenti-X293T cells Takara Cat# 632180

Ewing sarcoma cell line STA-ET-1 Generated in-house STA-ET-1

Ewing sarcoma cell line SK-N-MC June Biedler (Memorial Sloan Kettering SK-N-MC
Cancer Center (New York, USA)

EF"™" MSCLC This paper N/A

hr-EFP™" MSCLC This paper N/A

Experimental Model and Study Participant Details: Organisms/strains

Cre-inducible EWS/FLI-1 mouse Suzanne Baker (St. Jude Children’s Torchia et al. °’

(Rosa26loxP-STOPloxP-HA-EF) Research Hospital)

Prx1-Cre mouse Malcolm Logan (King’s Logan et al. *®

SCID mice (C.B-17/Prkcdscid)

College, London, UK)
Charles River Laboratories

C.B-17/Prkcdscid

hr-EFP™" xenografts This paper N/A
Oligonucleotides

Primer: Yap1 Forward: This paper N/A
ACCCTCGTTTTGCCATGAAC

Primer: Yap1 Reverse: This paper N/A
TGTGCTGGGATTGATATTCCGTA

Primer: Igf2bp1 Forward: This paper N/A
CGGCAACCTCAACGAGAGT

Primer: Igf2bp1 Reverse: This paper N/A
GCGTAGCCGGATTTGACCAA

Primer: Hpf1 Forward: This paper N/A
TGGGGTACTCGCTTGAACAG

Primer: Hpf1 Reverse: This paper N/A
CAAGCCTGCACCATGAAAGG

Primer: Cenpqg Forward: This paper N/A
AATGTGCAACACTGAAAGTCCC

Primer: Cenpq Reverse: This paper N/A
ATTCTGGTTTGGAATTAGTGCCA

Primer: Ccnd1 Forward: This paper N/A

GCGTACCCTGACACCAATCTC
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Primer: Ccnd1 Reverse: This paper N/A
ACTTGAAGTAAGATACGGAGGGC

Primer: EWS::FLI1 Forward: This paper N/A
TCCTACAGCCAAGCTCCAAGTC

Primer: EWS::FLI1 Reverse: This paper N/A
ACTCCCCGTTGGTCCCCTCC

Primer: Lama5 Forward: This paper N/A
CTGGCGGAGATCCCAATCAG

Primer: Lama5 Reverse: This paper N/A
GTGTGACGTTGACCTCATTGT

Primer: Prkcb Forward: This paper N/A
TGGATCGCTGCTGTATGGAC

Primer: Prkcb Reverse: This paper N/A
GGCTGGGGACGTTCATCAC

Primer: RorC Forward: This paper N/A
CGCGGAGCAGACACACTTA

Primer: RorC Reverse: This paper N/A
CCCTGGACCTCTGTTTTGGC

Primer: Foxm1 Forward: This paper N/A
CAGAATGCCCCGAGTGAAACA

Primer: Foxm1 Reverse: This paper N/A
GTGGGGTGGTTGATAATCTTGAT

Primer: Yap1 Forward: This paper N/A
ACCCTCGTTTTGCCATGAAC

Plasmids

Sh-scr (ON-TARGETplus nontargeting Dharmacon Cat# D-001810-10-05

siRNA pool)

psPAX2 Addgene Cat# 12260

pMD2.G Addgene Cat# 12259

Plasticware

ViewPlate-96, white with clear bottom Perkin Elmer Cat# 6005181

sgRNAs: see Table..(sg-Yap1, sg-ctr, sg-EF,.)

Software and algorithms

nf-core/rnaseq pipeline v3.14.0 https://nf-co.re/rnaseq/3.14.0
DESeq?2 v1.38.3 Love et al.*®

hypeR package v1.14.0 v1.14.0 Federico et al.%

fGSEA v1.24.0 https://github.com/ctlab/fgsea/
MSigDB https://www.gsea-msigdb.org/).
pypiper v0.10.0 Smith et al.’®®

PEPATAC v0.8.6 Smith et al.'*®

MACS2 v2.1.0 Zhang et al.’®*

R v4.2.2 https://www.r-project.org/
GraphPad Prism Version 8 https://www.graphpad.com
enrichR http://amp.pharm.mssm.edu/Enrichr/
cancerbits/noorizadeh2025_ef_igf1_yap1: This paper https://github.com/cancerbits/

2025-01-31

Image J
BioRender

Version 1.52; Schneider et al. '%°

Science Suite Inc.

noorizadeh2025_ef_igf1_yap1
https://doi.org/10.5281/zenodo.14780467

https://imagej.net/ij/index.html
https://biorender.com/
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Genetically modified mice

Mice harboring a Cre-inducible EF knocked into the ubiquitous Rosa26 locus (Rosa26loxP-STOPloxP-HA-EF allele) " were crossed
to a Prx1Cre line *%. To determine the age of the embryos, female mice in breeding cages were daily checked for vaginal plugs. If a
plug was found, the female was separated at noon and that day was counted as E (embryonic day) 0,5. Embryos were then harvested
at indicated time points. Mice were kept under standard conditions at the Decentralized Biomedical Facility of the Medical University
of Vienna on a 12 hours light-dark cycle. All animal experiments were approved by the Austrian ministry for science and research
(license number: BMWF-66009/0139-C/GT/2007).

Cell lines

Among EwsS cell lines used in this study, STA-ET-1 was established from a female patient in-house , TC32 (female) was kindly pro-
vided by Sue Burchill (University of Leeds, UK), A673 (female) and SK-N-MC (female) were from the American Type Culture Collection
(CRL-1598 and HTB-10). Lenti-X293T lenti-viral packaging cells were purchased from Takara Bio (#632180). Cell lines were culti-
vated in RPMI1640 (#61870044, Thermo Fisher Scientific) and DMEM (#2023-09, Gibco) in the presence of 10% fetal calf serum
(#10270106 ,Thermo Fisher Scientific). Cell lines were authenticated by STR profiling and were regularly screened for mycoplasma
(Mykoalert detection kit; Lonza, Basel, Switzerland).

METHOD DETAILS

Preparation and expansion of MSCLC

Mesenchymal stem cell like cells (MSCL) from Prx1Cre founder mice used as controls were isolated by flashing the femur and tibia of
P1 day old mice. To obtain the cells from cartilaginous elements of mouse EFP™! mutants, they were first cleaned from muscles and
surrounding tissues, then cut in pieces and left in alpha-DMEM, 10% FCS, 0.1% Pen/Strep and 0.1% glutamine.

Skeletal staining

Embryos were skinned, eviscerated, fixed in 4% paraformaldehyde (PFA)/PBS at 4°C overnight and incubated in 96% ethanol. Fat
was removed by incubating in acetone and embryos were stained with 0,015% Alcian Blue (A5268-10G, Sigma-Aldrich) /0,005%
Alizarin Red (a5533-25g, Sigma-Aldrich) in 5% acetic acid, 60% ethanol. Surrounding tissue was cleared with 1% potassium
hydroxide and skeletons were stored in glycerol.

Histology

Tissues were fixed in 4% PFA/PBS overnight at 4°C, dehydrated, embedded in paraffin and cut into 5um thick slices. Sections were
stained with hematoxylin (SLCN6532, Sigma-Aldrich) and eosin (SLCP2819, Sigma-Aldrich) by using standard protocols and
analyzed with a Zeiss Axio Imager.Z1 microscope.

RNA in situ hybridization

Digoxogenin labeled cRNA probes were generated by in vitro transcription of 1pg template DNA with the RNA DIG labeling kit
(#11175025910 , Roche) according to the manufacturer’s protocol. Tissue slides were de-waxed with Shandon Xylene Substitute
(#9990505 , Thermo Scientific™), re-hydrated, fixed with 4% PFA/PBS and proteins were removed by incubation with Proteinase
K (P2308, Sigma-Aldrich). After acetylation with acetic anhydride (#242845, Sigma-Aldrich) the labeled probe was mixed with hybrid-
ization buffer (10mM Tris ph 7,5; 500mM NaCl; TmM EDTA; 0,25% SDS; 10% Dextran sulphate; 1x Denhardts’s (0,02% Ficoll 400;
0,02% Polyvinylpyrolidone; 0,02% BSA); 200ug/ml yeast tRNA; 50% formamide), applied to the slide and hybridization was carried
out at 65°C. RNA was digested and slides were washed with decreasing salt concentrations. Specific hybridization was visualized by
incubating slides with anti-Digoxigenin-Alkaline phosphatase antibody (1:2000) (#11093274910, Roche) and BM purple AP substrate
(#11442074001, Roche). The reaction was stopped with NTMT (100mM NaCl; 100mM Tris pH 9,5; 50mM MgCI2; 0,1% Tween-20),
slides were covered with glycergel mounting medium (C0563, Dako).

Flow cytometry

For identifying mesenchymal markers of bone marrow derived cells, Wt MSCLC and EFP™" MSCLCs were harvested with Accutase
(A1110501, Gibco). A total of 0.5 x 10° cells were washed with PBS then transferred to FACS tubes and centrifuged for 5min at 400g .
Cells were incubated with specific individual monoclonal antibodies, conjugated with phycoerythrin (PE), allophycocyanin (APC) and
allophycocyanin/cyanine7 (APC/Cyanine?) in CliniMACS-buffer (130-021-201, Miltenyi Biotec GmbH) for 30 min in the dark at room
temperature. The following cell surface antigens were assessed: CD90-2-APC (17-0902-82, eBioscience ™), CD44-PE (12-0441-82,
eBioscience™), CD45-APC (17-0454-82, eBioscience™) and CD19-APC-Cy7 (115501, Biolegend). Mouse isotype-matched IgG
served as a negative control. Flow cytometry was performed on a BD LSRFortessa™ Cell Analyzer and data were processed with
FCS express software 7. For immunofluorescence staining the following antibodies were used: YAP (D8H1X) XP (#14074, Cell
Signaling).
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Cell proliferation assay

Cell proliferation differences between parental and hormone activated/reprogrammed cells were assessed using the CellTiter-Glo
Luminescent Cell Viability Assay (Promega, G7570) according to the manufacturer’s protocol. One day prior to the assay,
cells were seeded in triplicate in 96-well plates at a density of 10,000 cells/100 pl per well, with or without IGF-1 depending on
the experimental conditions, and incubated at 37°C with 5% CO,. At 24, 48, and 72 hours post-incubation, an equal volume
of CellTiter-Glo reagent (diluted 1:4 in DPBS) was added to each well. Plates were then incubated in the dark, shaking at room
temperature for 10 minutes. Luminescent signals were recorded using a TECAN Spark Cyto plate reader.

Differentiation assays

1 x 10° Wt MSCLC and EFP™"MSCLCs were seeded into a six-well plate. For adipocyte differentiation, we used MesenCult medium
containing 10% adipogenic stimulatory supplements (#5507, Stem Cell Technologies). At day 21, cells were rinsed with PBS twice
and fixed with 4% PFA for 60 min. Cells were then rinsed with distilled water and incubated in 60% isopropanol for 2 min. Finally, cells
were covered with Oil Red O solution (00625, Sigma-Aldrich) for 5 min. Osteogenic differentiation was performed by using the
MesenCult osteogenic stimulatory kit (#5504, Stem Cell Technologies). Medium was changed every 2 days, and the cells were
analyzed after 21 days of differentiation. After fixation with PFA for 60 min, cells were washed with ddH20 and stained with fresh
Alizarin Red S solution and incubated at room temperature in the dark for > 45 minutes followed by 4 washing steps with ddH,O.
Chondrogenic differentiation was achieved using the MesenCult-ACF Chondrogenic Differentiation Kit (#5455, StemCell Technol-
ogy). After fixation with PFA for 60 min, cells were rinsed with PBS and stained with 1% Alcian blue solution prepared in 0.1 N
HCL for 30 minutes followed by 3 washing steps with water.

Soft agar assay

For soft agar assays, each well of a twelve-well plate was first covered with an underlayer of 0.6% SeaPlaque GTG agarose (#50111,
Lonza,) in growth medium (RPMI1640 supplemented with penicillin/streptomycin and glutamine). Then, cells were seeded at a den-
sity of 1 x 10° cells per well in growth medium containing 0.3% agarose. Upon agarose solidification, plates were incubated at 37°C
and 5% CO2%. After 4 weeks, plates were imaged, and colonies were counted.

In vivo tumor formation assay

2.5 x 10° cells/ml in PBS were subcutaneously injected into six to eight weeks old immunodeficient SCID mice (C.B-17/IcrHsd-
Prkcdscid; Charles River Laboratories). Tumor formation was examined periodically by palpation. The tumor volume was calculated
from tumor size by the formula (diameter x diameter x length/2). The animals were sacrificed, and tumors were surgically removed
31 days after injection. All experiments were performed according to the Austrian guidelines for animal care and protection and were
approved by the Austrian ministry for science and research under the license number BMBWF-66.009/0233-V/3b/2019. 2-way anova
was used to compare tumors formed by hr-EFP*'MSCLCs and EFP™'MSCLCs.

SiRNA knockdown

For silencing of Yap1, cells were transfected with ON-TARGETplus SMARTpool mouse siRNAs against Yap1 (#L-012200-00-0005,
Dharmacon/Horizon) using Oligofectamine reagent (#58303, Invitrogen/Thermo Fisher Scientific). As a control, ON-TARGETplus
non-targeting pool (D-001810-10-20, Dharmacon/Horizon) was used. After 24h, the transfection procedure was repeated, and cells
were collected for g°PCR and Western blot.

Viral Cas9 and sgRNA expression vectors

Lenti-X293T cells were transfected with 10 pg of LentiCRISPR /Yap1 sgRNA Crispr/Cas9 all in-one lentivector set mouse
(#50584114, abcam), 5 ug of psPAX2 (#12260, Addgene), and 5 png of pMD2.G (#12259, Addgene) using Lipofectamine 2000
(#11668019, Invitrogen Corporation) according to manufacturer’s instructions. After at least 48 hours of incubation, the virus-contain-
ing supernatant was harvested and concentrated using Lenti-X™ Concentrator (#631231, Takara) at 4°C overnight. After centrifu-
gation at 1,500 x g for 45 minutes at 4°C, the pellet was resuspended in one hundredth of the original volume using complete
RPMI1640 medium. 10° target cells were seeded per well in a 24-well plate for 24 hours prior to viral infection with 0.5 ml of virus
suspension in complete medium in presence of 8 ng/ml Polybrene (TR-1003-G, Millipore Sigma).

Drug synergy assay

For estimation of synergy we used an established Bliss drugs’ independence model '. According to the Bliss model, drugs act inde-
pendently if the surviving fraction of cells upon simultaneous administration is equal the product of surviving fractions when drugs are
given separately '’. In order to capture complex drug interaction patterns across dose pairs, dose-response matrices were used, as
synergy may exist only for specific pairs of treatment doses. Triplicate dose matrices were generated for each drug pair, positioned in
different screening plates (ViewPlate-96, White 96-well Microplate with Clear Bottom, #6005181, PerkinElmer) and based on the fold
dilutions of the 72h IC5q values (determined beforehand for each drug). Cell viability was determined after combinatorial drug treat-
ment using CellTiter-Glo® Luminescent Cell Viability Assay (#G7570, Promega), and the Bliss-predicted inhibition was calculated
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and compared to the observed values to quantify the interaction between the drugs for each matrix position (additive if = 0 and non-
additive if # 0; within non-additive cases, it is synergistic if > 0, or antagonistic if < 0).

RNA sequencing

Library preparation and sequencing

To prepare samples for RNA sequencing, total RNA was isolated using Trizol or RNeasy Mini Kit (#74106, QIAGEN). The library was
prepared from these samples by poly(A) enrichment and sequenced with 50 bp single-end read mode on an lllumina HiSeq instru-
ment at the Biomedical Sequencing Facility (BSF) at the CeMM Research Center for Molecular Medicine of the Austrian Academy
of Sciences (data for Figure S3) or the Vienna BioCenter Next Generation Sequencing Core Facility (VBCF-NGS; all other RNA-seq
data).

Data processing and analysis

Raw sequencing data were processed using the nf-core/rnaseq v3.14.0 pipeline,'®® including alignment to the GRCm38.p6
mouse reference genome and gene-level read quantification using the Ensembl v99 gene annotations. Following initial data process-
ing, all subsequent analyses were performed in R v4.2.2 using Bioconductor packages. The read counts were loaded into DESeq2 °°
v1.38.3 or variance-stabilizing transformation and differential analysis (default parameters). Transcripts with an FDR-adjusted
P-value <= 0.05 and an absolute log, fold change >= 1 were considered significant. All differential expression analysis results are
reported in Tables S2, S6, and S7. For functional enrichment analysis we performed hypergeometric tests using the hypeR package
v1.14.0 '°2 and the following databases from enrichR '°°: "TF_Perturbations_Followed_by_Expression", “MSigDB_Hallmark_2020",
“ChEA_2022”, and "KEGG_2021_Human". As a background for this analysis, we used all genes identified in our analysis. Terms with
an FDR-adjusted P-value <= 0.05 were considered significant. For gene set enrichment analysis, we used fGSEA “*° v1.24.0 and the
DESeq?2 test statistic as a ranking criterion. Gene signatures from Kinsey at al ''°. and Riggietal ''" . were obtained from MSigDB "2,
All enrichment results are reported in Tables S3 and S8.

8

ATAC-seq

Library preparation and sequencing

ATAC-seq was performed following published protocols “?. Briefly, 20,000 to 50,000 cells were lysed in a buffer containing digitonin
(#16359, New England Biolabs) and Tn5 transposase enzyme (Tagment DNA Enzyme and Buffer Kit, #20034197, lllumina). After in-
cubation at 37°C for 30 minutes, tagmented DNA was purified and enriched. ATAC-seq libraries were prepared for samples of the
following experimental conditions: wt MSCLC (n = 5; N.B., one sample failed quality control in the subsequent analysis, see below), wt
MSCLC with IGF-1 (n = 1), EFP™" MSCLC (n = 4), hr-EFP™! MSCLC (n = 2), transplant-hr-EFP™" MSCLC (n = 1) for sequencing.
Sequencing was done in 50 bp single-end read mode on an lllumina HiSeq instrument at the Biomedical Sequencing Facility
(BSF) at the CeMM Research Center of Molecular Medicine of the Austrian Academy of Sciences.

Data processing and analysis

Raw sequencing data were processed using pypiper v0.10.0 and PEPATAC v0.8.6 '°° with MACS2 v2.1.0 "% for peak calling.
Following initial data processing, all subsequent analyses were performed in R v4.2.2 using Bioconductor packages. Only samples
with a Non-Redundant Fraction (NRF) >= 0.5, a PCR bottlenecking coefficients PBC1 >= 0.7 and PBC2 >= 3, and an TSS enrichment
score >= 10 were considered for further analysis (one wt MSCLC sample failed these criteria; see https://www.encodeproject.org/
data-standards/terms/ for a definition of these terms). After merging peaks across all ATAC-seq datasets and removing peaks that
overlapped blacklisted regions from ENCODE (https://sites.google.com/site/anshulkundaje/projects/blacklists), we counted for
each input dataset the number of reads overlapping the retained peaks with featureCounts (Rsubread v2.12.3) "%, The raw read
counts were loaded into DESeq2 *° v1.38.3 or variance-stabilizing transformation and differential analysis (using a “batch” as a co-
variate; other parameters: IfcThreshold=log2(1.5), independentFiltering=TRUE). Peaks with an FDR-adjusted P-value <= 0.05 were
considered significant. All ATAC-seq peaks and differential accessibility results are reported in Tables S4 and S5, respectively. For
functional enrichment analysis we performed hypergeometric tests using the hypeR package v1.14.0 '°? and the following databases
from enrichR '°°: "GO_Biological_Process_2021", "PanglaoDB_Augmented_2021", "TF_Perturbations_Followed_by_Expression",
and "TRRUST _Transcription_Factors_2019". As a background for this analysis, we used all genes associated with at least
one peak in our analysis (i.e., genes whose transcription start site was within 100kb of a peak). Terms with an FDR-adjusted
P-value <= 0.005, a log2 odds ratio >= log2(2), and with >= 10 genes in the overlap were considered significant. For motif analysis,
we used motifmatchr v1.20.0 ''* to scan all ATAC-seq peaks for matches to known motifs from the JASPAR2022 ''* database (R
package v0.99.8). We then used base R functions to calculate Fisher’s exact test (one-sided), considering motif hits with an FDR-
adjusted P-value <= 0.005, a log2 odds ratio >=log2(2), and occurring in >= 5% of peaks as significant. To identify GGAA microsat-
ellite repeats, we used a regular expression. We then used fast gene set enrichment analysis (fgsea “* v1.24.0) using the DESeq? test
statistic as a ranking criterion to test for enrichments. All enrichment results are reported in Table S9.

Low coverage whole genome sequencing (IcCWGS)

Library preparation and sequencing

IcWGS was performed for Wt MSCLC, EFP™! MSCLC and hr-EFP™' MSCLC. Genomic DNA was extracted using the Monarch®
Genomic DNA Purification Kit (#T3010S) and sequencing service was utilized running on an lllumina NovaSeq 6000 platform. A
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minimum of 100 ng of DNA was sent to and sequenced by Eurofins Genomics. This service included preparation of a 450 bp DNA
sequencing library using a modified version of the NEBNext Ultra™ Il FS DNA Library Prep Kit for Illumina and sequencing on an
lllumina NovaSeq 6000 with S4 flowcell, XP workflow and in PE150 mode (lllumina).

Data processing and analysis

Raw sequencing data were processed using the nf-core/sarek v3.2. pipeline and aligned to the Mus musculus mm10 reference
genome. Copy number variations were inferred using the CNVKit toolkit v0.9.9 '"®, integrated into the sarek v3.2.1 pipeline ''°. Visu-
alization of the results for specific regions of interest was carried out through a custom Python3 script.

9 115

QUANTIFICATION AND STATISTICAL ANALYSIS

Soft-agar colony numbers greater than 0.5 mm in diameter were quantified using ImagedJ software (version 1.52). The data were
analyzed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) with One-Way ANOVA followed by Tukey’s post-
hoc test for multiple comparisons. RT-gPCR data are presented as mean + SE. The statistical significance was determined using
a one-sided, paired Student’s t-test. The number of observations and statistical details of experiments can be found in the figure
legends. Volumes of tumors arising in mice transplanted with parental EFP™" and derived hr-EFP™" MSCLC in SCID mice were
analyzed using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA) applying Two-Way ANOVA. Bioinformatic analyses
of genomics data and associated statistical tests were performed in R (v4.2.2). Tests used for individual analyses, the number of ob-
servations, and measures of centrality are defined in the respective figure legends and in the Methods Details.

Cell Reports 44, 115381, March 25, 2025 23




	CELREP115381_proof_v44i3.pdf
	YAP1 is a key regulator of EWS::FLI1-dependent malignant transformation upon IGF-1-mediated reprogramming of bone mesenchym ...
	Summary
	Introduction
	Results
	Embryonal expression of EF in the mesenchymal lineage impairs endochondral bone formation
	Characterization of limb-derived MSCLCs from EF mutant mice
	IGF-1 exposure assists EF in the stable transformation of limb-derived MSCLCs
	IGF-1 reprogramming enforces an EF transcriptional signature
	IGF-1 treatment-related chromatin accessibility changes identify modular mechanisms of EFPrx1 MSCLC reprogramming
	Sequential EF and IGF-1 signaling cooperate in the stepwise activation of TEAD target genes

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Genetically modified mice
	Cell lines

	Method details
	Preparation and expansion of MSCLC
	Skeletal staining
	Histology
	RNA in situ hybridization
	Flow cytometry
	Cell proliferation assay
	Differentiation assays
	Soft agar assay
	In vivo tumor formation assay
	SiRNA knockdown
	Viral Cas9 and sgRNA expression vectors
	Drug synergy assay
	RNA sequencing
	Library preparation and sequencing
	Data processing and analysis

	ATAC-seq
	Library preparation and sequencing
	Data processing and analysis

	Low coverage whole genome sequencing (lcWGS)
	Library preparation and sequencing
	Data processing and analysis


	Quantification and statistical analysis




