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Abstract

Alveolar rhabdomyosarcoma is a life-threatening myogenic cancer of children and adolescent
young adults, driven primarily by the chimeric transcription factor PAX3-FOXO1 (P3F). The
mechanisms by which P3F dysregulates chromatin are unknown. We find P3F reprograms the c/s-
regulatory landscape by inducing (de novo) super enhancers (SEs). P3F uses SEs to setup auto-
regulatory loops in collaboration with master transcription factors MYOG, MYOD and MYCN.
This myogenic SE circuitry is consistent across cell lines and primary tumors. Cells harboring the
fusion gene are selectively sensitive to small molecule inhibition of protein targets induced by, or
bound to, PAX3-FOXO1 occupied SEs. Furthermore, P3F recruits and requires BET
bromodomain protein BRD4 to function at SEs, resulting in a complete dependence on BRD4 and
a significant susceptibility to BRD inhibition. These results yield novel insights into the epigenetic
functions of P3F, and reveal a specific vulnerability that can be exploited for precision therapy.
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PAX3-FOXO1 Establishes Active Chromatin at Distal Enhancers
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INTRODUCTION

Transcription factors (TFs) recognize specific non-coding sequences across the genome,
recruiting epigenetic machinery to regulate key cell identity genes, and are sequentially
exchanged during development and differentiation (1). Oncogenic fusion genes involving
TFs are predicted to profoundly alter normal developmental progression and cell identity in
many malignancies (2).

Rhabdomyosarcoma (RMS) is a cancer of childhood and adolescence characterized by its
inability to exit the proliferative myoblast-like state. Genomic and transcriptomic
characterization implicates either chromosomal translocation resulting in the oncogenic
fusion transcription factor PAX3/7-FOXO1 (fusion positive alveolar subtype, FP-RMS) or
mutations in receptor tyrosine kinase/RAS pathways (fusion negative embryonal subtype,
FN-RMS) (3, 4). FP-RMS is characterized by a strikingly low somatic mutational burden
indicating that the fusion gene is the primary oncogenic driver. Many other transcription/
chromatin factor fusion gene driven sarcomas have similar low mutational burdens (5-7).
Importantly, RMS patients who harbor a PAX3 fusion are more likely to be metastatic at
presentation, relapse despite aggressive therapy, and have very poor survival (8)
underscoring the critical need to develop novel therapeutic strategies for this subset of
patients.

Early (PAX-family TFs) and late (MYOG) regulators of normal myogenesis are temporally
mutually exclusive in normal muscle development, yet FP-RMS tumors concurrently express
high levels of PAX3-FOXO1 and the myogenic MYOD, MYOG, as well as MYCN (9, 10).
While the transcriptional perturbation caused by the PAX-fusions has been previously
reported (11, 12), the chromatin mechanisms by which PAX-fusions dysregulate the
myogenic program are unknown. In this work, we interrogated the underlying epigenetics
that enforce the myogenic and oncogenic transcriptional program of cell lines and clinical
tumor samples with PAX3-fusions. In charting the genome-wide landscape of histone
modifications, we discovered that PAX3-FOXO1 drives expression of its target oncogenes
by creating large deposits of active histone marks exclusively at enhancers, collaboratively
with myogenic TFs, and by recruiting chromatin reader BRD4, which function at looped
enhancer-promoter pairs within topological domain boundaries. Integrating epigenetic and
mechanistic drug screening data exposed multiple biological nodes of chemical
vulnerability, including BET bromodomains. The BRD4 inhibitor JQ1 has recently shown
efficacy in RMS (13), but no mechanistic connection has been shown between BRD4 and
PAX3-FOXOL1. Here, we report for the first time that BRD4 inhibition disrupts a hitherto
undiscovered PAX3-FOXOL1 interaction with BRD4, causes a rapid degradation of the
fusion gene, and ablates its transcriptional output, thus revealing a subtype-selective
therapeutic vulnerability to BRD4 inhibition.

The hallmark reciprocal translocation of chromosomes 2 and 13 (14) has coding potential
for two fusion proteins (Supplementary Fig. S1A), but the only expressed allele has the 5’
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end of PAX3 (DNA binding domain) and the 3 transactivation domain of FOXO1
(Supplementary Fig. S1B). To gain insight into the epigenetic consequences of PAX3-
FOXO1, we mapped the landscape of active and repressive histone marks by sequencing
DNA enriched by chromatin immunoprecipitation (ChiP-seq) from a patient derived fusion
positive FP-RMS cell line RH4. Genome-wide, PAX3-FOXOL1 resided predominately (99%)
in sites more than 2.5 kb distal from the nearest transcriptional start site (15), all of which
harbored active enhancer marks (Fig. 1A) including acetylation at histone 3 lysine 27
(H3K27ac) and H3 lysine 4 mono/dimethylation (H3K4mel and H3K4me2), but not the
active promoter associated mark H3K4me3 (Fig. 1B). PAX3-FOXO1 sites showed no
evidence of poised and repressed chromatin, as demarcated by Polycomb deposited
trimethylation of H3 lysine 27 (H3K27me3), and conversely, regions marked by H3K27me3
lacked both PAX3-FOXO1 and H3K27ac (Fig. 1B). Because histone marks are deposited in
a combinatorial fashion, we defined reoccurring patterns associated with various chromatin
functional states (16), providing the first epigenomic map upon which to overlay PAX3-
FOXO1 occupancy (Fig. 1C). We found PAX3-FOXO1 most frequently occupied the strong
enhancer chromatin state (Fig. 1C), exemplified by known PAX3-FOXOL target FGFR4
(Supplementary Fig. S1C) and oncogenes MYC, ALK and MET (Supplemental Fig. S1D).

Binding of PAX3-FOXOL1 to Enhancers of High Disease and Biological Relevance

To identify which of these PAX3-FOXO1 sites are of high disease relevance we first
performed ChlIP-seq in two additional cell FP-RMS lines, RH3 and SCMC to identify a
broader set of targets and recurrent sites. There were 1783 peaks shared among 2 and 555
peaks for all 3 cell lines and these showed the most statistical significance and largest signal
per peak (Supplementary Fig. SLE-S1F). We next mapped a key histone marker of enhancers
H3K27ac in a panel of FP-RMS cell lines and tumor samples, and found 1107 high-
confidence PAX3-FOXOL1 sites occupying enhancers in one or more of the cell lines (Fig.
1D, Table S1). We then generated a similar map of enhancers in FN-RMS cell lines and
tumors, which shared 334 enhancer loci. Four hundred and forty-six P3F bound enhancers
were also present in myogenic samples. The enhancers unique to FP-RMS were enriched, by
GREAT ontology (17), in pathways involved in early development, while shared enhancers
enriched for late muscle differentiation (Supplementary Fig. S1G).

PAX3-FOXO1 acting across large one-dimensional sequence distances has confounded
target gene identification. Previous reports to identify these targets were based either on
changes in gene expression (11, 12, 18) or proximity of a gene to a PAX3-FOXO1 peak in a
single cell line with no consideration of expression or chromatin context (15). We therefore
identified high-confidence PAX3-FOXO1 target genes by a series of criteria (see
Supplementary Fig. S2A-S2B, and Supplementary Methods). In brief we: 1) used only
PAX3-FOXO1 bound to enhancers that were recurrent in cell lines and tumors (from Fig.
1D), 2) selected for expressed genes, as PAX3-FOXO1 was found only in active chromatin
states, 3) exclude nearby expressed genes if they were not found within the same
topologically associated domain (TAD predicted by HiC data (19)) as the PAX3-FOXO1
bound enhancer, and 4) include the maximally expressed gene within each TAD harboring
PAX3-FOXOL1. Using this approach, we found 1010 high-confidence targets, 678 of which
were novel, and of note, 439 were significantly reduced by shRNA knockdown of PAX3-
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FOXO1 for 48 hours (Supplementary Fig. S2C-G). Novel targets included oncogenes
(n=24), transcription factors (n=53), and several imprinted genes (n=7) (Table S2).

Thus, our data supports the hypothesis that PAX3-FOXOL1 enables transcription by directing
active chromatin marks to distal enhancers surrounding oncogenes, imprinted and myogenic
genes.

FP-RMS Tumors and Cell Lines Possess a Myogenic Transcriptional Program

Transcription factors (TF) act on enhancers in a stoichiometric manner and those that are
expressed at unusually high concentrations and are able to bind a majority of enhancers are
defined as master transcription factors (MTFs) and key determinants of cell fate (1). While
PAX3-FOXO1 is the primary driver, as a MTF it is likely to not work alone. We identified
other MTFs that were overexpressed compared to normal tissues (p < 10739), had
consistently high-levels (average FPKM >20), were super enhancer regulated and had
significant motif enrichment in enhancers (Fig. 2A). To do this, we first compared the RNA-
sequencing profiles of RMS primary tumors (n = 103) and cell lines (n = 37) (3) with normal
human organ tissues (n = 188). This identified a consistently overexpressed core of 170 TFs
suggesting a convergent underlying epigenetic state (Fig. 2B, Table S3). The TFs of these
RMS tumors resemble that of myoblasts and myotubes (20), and all have remarkably high
levels of the lineage determining TFs MYODI1 and MYOG as compared to other normal
tissues (Fig. 2B-C). Unlike myoblasts, MYF5is typically missing from RMS, although
when present it appears to be mutually exclusive with MYOD1 (21). Another important
divergence from normal myogenesis was high expression of the transcriptional amplifier
MYCN (Fig. 2C), a known target of PAX3-FOXOL1 (15). MYCN expression was generally
higher in FP-RMS tumors while MY C expression was higher in FN-RMS, however many
tumors had expression of both such that the sum was consistently high for all patients with
RMS (Supplementary Fig. S3A-S3B). RMS cell lines faithfully recapitulated the
transcriptional commitment of the primary tumors to these candidate MTFs.

Super Enhancer Analysis in RMS Cell Lines and Primary Tumors Implicates MYOD, MYOG
and MYCN as Master Regulators

A small fraction of active enhancers acquire a large fraction of transcriptional machinery and
active chromatin marks (frequently demarcated by H3K27ac), and have been defined as
super enhancers (SEs) (22, 23). These regions are cell type specific and control expression
of cell identity genes in normal tissues and oncogenes in cancer. While SEs may simply be
clusters of additive enhancers (24), they nevertheless capture the most active enhancers
associated with the core regulatory MTF circuitry (25). In RMS cells bearing PAX3-FOXO01
(RH4), we identified 776 SEs (ranked as the top 4% of all enhancers with 38% of the total
H3K27ac signal) that were associated with hallmark RMS genes such as /GF2, FGFR4,
ALK, MYODI1, MYOG, and MYCN (Fig. 2D). To evaluate the clinical relevance of our cell
lines as models for enhancer architecture, we mapped SEs by H3K27ac signal in a set of 3
FP-RMS and 5 FN-RMS primary tumors. We found concordance of SEs among PAX3-
FOXOL1 driven cell lines and tumors (Fig. 2D). MYCN had the highest ranked SE in MYCN
amplified-cell lines and tumors. A common epigenetic landscape was found in FN-RMS cell
lines and tumors (Fig. 2E and Supplementary Fig. S3C), which differed from FP-RMS at
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SEs such as FOX0O1, MYCNand ALK (Supplementary Fig. S3D). MYCN itself possessed a
remarkable 5 SEs within the surrounding TAD structure (HiC data from (19)), which
circularized chromatin conformation capture followed by sequencing (4C-seq) revealed all
physically interact not only with MYCN, but also with each other (Supplementary Fig. S3E).
Motif analysis at SE sites revealed a highly significant enrichment of MYOD, MYOG,
PAX3-FOXO1 and MYCN recognition sequences (Fig. 2F, Table S4). Importantly, we
observed a consistent reduction in cell viability in 2 FP-RMS cell lines when PAX3 MYCN
or MYOD1I were targeted by siRNAs (Fig. 2G). The suppression was greater in FP-RMS
than FN-RMS, further implicating them as essential master regulators of FP-RMS.

MYOD alone can reprogram cells into myogenesis (26) and it is intriguing that FP-RMS
tumors remain undifferentiated despite extremely high levels of the myogenic TFs MYOD
and MYOG. Given this, we hypothesized that PAX3-FOXOL acts as a strong chromatin
activator, preventing decommissioning of distal enhancers that are lost during normal muscle
differentiation. To study this we analyzed active enhancer mark H3K27ac (27) around
PAX3-FOXO1 peaks, in myoblasts, myotubes and muscle tissue. We found that enhancers
controlling MYOD!1 decreased during muscle differentiation and were absent in other tissues
and cell lines, while in FP-RMS cells the MYOD1 enhancer locus was expanded and
contained multiple PAX3-FOXO1 peaks (Fig. 2H). Genome-wide, myogenic enhancers
found at PAX3-FOXO1 peaks decreased during the transition from myoblasts to myotubes
to skeletal muscle (Fig. 21). Genes associated with these decommissioned enhancers
included TFs (MYCN, MYC, MSC and MYOD1 itself) and epigenetic modulators which
have known involvement in regulating self-renewal, embryonic development, muscle
development and chromatin organization (Table S5), and imprinted genes involved in
mesoderm development (MEST, IGF2). These data suggest that PAX3-FOXO1 may induce
a myoblastic state by maintaining active chromatin at enhancers controlling these genes.
This was further supported by the observation that after 48 hours of PAX3-FOXO1
knockdown these enhancers lost substantial H3K27ac signal as measured by ChIP with
reference exogenous genome (ChIP-Rx) (28) (Fig. 2J).

PAX3-FOXOL1 Collaborates with MYOG, MYOD and MYCN at Super Enhancers

Our results indicated that PAX3-FOXO1 activates MTFs MYOD, MYOG, and MYCN, and
together with these, establish the epigenome and transcriptome of FP-RMS (Fig. 3A). To
validate this, we performed ChlP-seq on MYOD, MYOG and MYCN and studied the extent
of their collaboration with PAX3-FOXOL1 to shape the enhancer landscape. We observed
widespread binding of MYOD, MYOG and MYCN, each covering 9 to 15 times as much
genomic space as PAX3-FOXO1 (Supplementary Fig. S4A). When all four MTFs were co-
localized in the genome they harbored greater signal of active histone marks, especially
H3K27ac (Supplementary Fig. S4B-S4C). Enhancers with all 4 MTFs were frequently SEs
(Fig. 3B). Almost every SE was occupied by 3 or more of these MTFs, unlike typical
enhancers (TEs) (Fig. 3C). SEs spanned a median of 23.5 kb (compared to 1.2 kb for TES),
and exhibited a higher load of MTFs when only considering their constituent peaks (Fig. 3C;
Supplementary Fig. S4D). PAX3-FOXO1 occupied only a small fraction of TEs (5%) but
many SEs (47%). MYOG, MYOD and MYCN are bound to almost every SE, and while
PAX3-FOXO1 was only found in half of all SEs, its preference for SEs over TES was
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profound (Fig. 3D-E). SE associated genes were transcribed at significantly higher levels
than TE genes, and enhancers occupied by 4 MTFs were found to be most highly transcribed
compared to enhancers with fewer MTFs (Fig. 3F).

The genome-wide placement of SEs was strongly determined by the myogenic MTFs
recognizing the underlying DNA sequence CAGCTG (Fig. 2F), but interestingly there was
low enrichment of the canonical MYCN motif CACGTG (Table S4). More than 80% of
MYCN peaks were distal (Supplementary Fig. S4E), and de novo motif analysis discovered
MYCN prefers a myogenic E-box sequence (RRCAGCTG) nearly identical to that of
MYOG and MYOD (Supplementary Fig. S4F). Thus, MYCN may behave in a manner akin
to MY C acting as a general transcriptional amplifier, following to locations opened by more
sequence-specific (and lineage determining) TFs (29, 30).

Master (or lineage determining) TFs are predicted to maintain cell identity by mutual and
self-reinforcement, creating auto-regulatory feed-forward loops (1, 31). We found this to be
the case in FP-RMS, where the SEs controlling PAX3-FOXO1, MYOD and MYCN contain
all four of these MTFs (Fig. 3G). The MYOG SE is bound by all except the PAX fusion,
consistent with the logic and timing of normal myogenesis which successively progresses
from dominance of PAX3 to MYOD to MYOG (32). To investigate the contribution of
interconnection to gene expression, we employed short-hairpin RNA against each factor
followed by RNA sequencing. PAX3-FOXO1 depletion disrupted both enhancer acetylation
and RNA expression at MYOD and MYCN, but an indirect increase at MYOG
(Supplementary Fig. S4G). MYOG expression was the most profoundly reduced by
knockdown of either MYOD1 or MYCN (Supplementary Fig. S4H-I). All MTFs were
sensitive to MYCN depletion, and MYCN expression was sensitive to depletion of any one
factor (Supplementary Supplementary Fig. S4G-S4H).

BRD4, MED1 and p300 Occupy Key PAX3-FOXO1 Established Super Enhancers

Because PAX3-FOXOL1 binds between 10Kb and 1Mb away from nearby promoters, it may
mediate its transcriptional impact through chromatin factors looping over long distances.
The transactivation domain of FOXO1 is known to recruit the coactivator p300 (33), which
enzymatically acetylates histones, leading to binding of additional factors including
bromodomain-containing protein 4 (BRD4) and Mediator (34). We therfore hypothesized
that PAX3-FOXO1 recruits p300 and the other cofactors leading to chromatin remodelling.
To test this we performed ChlP-seq of these components and analyzed their co-occupancy at
PAX3-FOXO1 bound enhancers. Our results confirmed that these proteins co-occupy
enhancers with PAX3-FOXO1 and were sites of open chromatin as determined by DNase
hypersensitivity (Fig. 4A). We observed that p300 followed PAX3-FOXOL1 at virtually every
site, and BRD4 was co-occupant at the majority of these enhancers (72%), especially those
with SE architecture (95% of SEs; Fig. 4B). PAX3-FOXOL1 locations lacking BRD4 showed
no evidence of looping machinery MED1, CTCF and RAD21, while sites bound by BRD4
did (Supplementary Supplementary Fig. S5A). We predicted that these two PAX3-FOXO1
modes (with and without BRD4; Supplementary Supplementary Fig. S5B-S5C) would have
divergent functional consequences, and found that sites with BRD4 had greatly increased
expression from associated genes (Supplementary Fig. S5D), and GREAT ontology analysis
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showed only BRD4 containing peaks were enriched for FP-RMS gene sets (Supplementary
Fig. S5E).

It is unknown if PAX3-FOXOL itself is capable of inducing de novo myogenic enhancer
formation. We thus stably expressed PAX3-FOXOL1 in a human fibroblast cell line (7250)
and studied changes in chromatin and the corresponding changes in gene expression. We
found that PAX3-FOXO1 opened the chromatin landscape as evidenced by an increase in
DNA hypersensitivity at enhancers compared to control parental cells (Fig. 4C).
Furthermore, PAX3-FOXO1 bound enhancers saw an increase in H3K27ac and recruitment
of acetylated lysine reader BRD4 (Fig. 4C). These sites of opening (n = 836) are active, P3F
bound and BRD4 loaded, in FP-RMS cells (Fig. 4D). Many of the enhancers, such as the
SEs upstream of MYOD!I (Fig. 4E), MYOG and FGFR4 (Supplementary Fig. S5F), are
faithfully reconstituted with a size and shape similar to those in RMS. Of the 568 high-
confidence P3F SEs, 349 are recapitulated in these fibroblasts reprogrammed by exogenous
P3F (Supplementary Fig. S5G).

The proximity of the PAX3-FOXO1 directed SEs near MYOD1 and their co-appearance
with MYOD1 transcription led us to predict 3-dimensional looping to bring these SEs to the
promoter. We confirmed these c¢is interactions in RH4, using 4C-seq from two viewpoints
(one at the most distal PAX3-FOXO1 bound SE and the other at the MYOD1 promoter, Fig.
4F). These loops enable the physical interaction of the SE bound proteins MED1, p300, and
BRD4 with the promoter of MYOD1 to facilitate transcription. The 4C interactions were
restrained to the TAD predicted by HiC data (19) in other human cells (Fig. 4F). Thus,
PAX3-FOXO1 acts as a pioneering factor, opening chromatin, recruiting co-activators and
driving transcription through looped myogenic SEs.

Molecular Sensitivities of PAX3-FOXO1 Tumor Cells are Associated with Super Enhancers

Our results thus far showed that PAX3-FOXO1 establishes novel SEs not only at myogenic
genes but also at multiple druggable oncogenic drivers. Because SEs are cell-type restricted,
we hypothesized that FP-RMS would be selectively vulnerable to inhibition of these SE
driven pathways. Hence we determined the landscape of molecular sensitivities in PAX3-
FOXO1 positive patient derived cell lines (RH41, RH5) by dose responses at 48 hours for
1,912 compounds. To deprioritize compounds with nonselective cytotoxicity, we also treated
fibroblasts cell lines (NIH3T3, 7250, T9195). Our small molecule library MIPE4 (35) was
assembled to have high mechanistic diversity with an emphasis on clinically relevant
compounds (Supplementary Fig. S6A-S6B, Table S6). Area under the dose response curve
(AUC) was used as the measure of potency, as this metric captures both dose dependence
and maximum response (see Supplemental Methods and Supplemental Fig. S6C-E). PAX3-
FOXO1 expressing cells were selectively sensitive to SE driven RTKs (FGFR4, IGF2/
IGF1R, ALK), downstream kinases (PI3K, AKT, mTOR). Furthermore, transcriptional
cofactors (HDACs, BRD4) originally identified as SE associated proteins (23) were also
selective for FP-RMS cells (Fig. 5A-B, S6F). Thus the identification of SE associated genes
highlighted multiple candidate targets for therapy, which may be a useful approach for other
cancers. Of note FP-RMS was sensitive to inhibiton of BRD4 (36) which has recently shown
promising results in RMS tumor models (13), although no molecular explanation in
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connection with PAX3-FOXO1 has been previously made. Thus with this new data reported
herein that BRD4 lies at an important node in the PAX3-FOXOL1 circuitry (Supplementary
Fig. S6G), we next sought a mechanistic explanation for the sensitivity.

Cells with PAX3-FOXOL1 are Selectively Sensitive to BET Bromodomain Inhibition

Given the sensitivity of FP-RMS cells to chemical BRD inhibition, we sought to determine
if this was attributable to PAX3-FOXO1, or if the FN-RMS subtype was also vulnerable.
Thus, we tested an expanded panel of RMS cell lines against 5 structurally diverse BET
bromodomain inhibitors and 1 pan-bromodomain inhibitor Bromosporine. Thienodiazepine
inhibitors, JQ1 and the clinical analogue OTX015, were the most potent, with dose-response
consistently in the nanomolar ICsg range for FP-RMS cell lines, while most often in the
micromolar range in fusion negative (mutant RAS) RMS lines (Fig. 5C and Supplementary
Fig. STA-S7C). BRD4 inhibition dramatically reduced proliferation over time in PAX3-
FOXO1 driven cells, whereas mutant RAS-driven RMS cells were relatively unhindered
(Fig. 5D and Supplementary Fig. S7D). JQ1 action was mediated by programmed cell death
in a dose-dependent manner (Supplementary Fig. STE). Importantly, while MYCN
amplification clearly confers special sensitivity to BRD4 inhibition in neuroblastoma (37),
FP-RMS cells with (RH5, SCMC) or without (RH3, RH4, RH41) MYCN amplification
were all sensitive (Fig. 5C). PAX3-FOXO1 also conferred 11-fold increased BRDi
sensitivity to fibroblasts (Fig. 5E). Patient-derived xenografts grown in culture further
confirmed PAX-fusion vulnerability, and FN-RMS resistance, to JQ1 (Supplementary Fig.
STF).

The JQ1 targets BRD2/3/4 (but not BRDT) are expressed in RMS, but not overexpressed
compared to normal tissues (Supplementary Fig. S8A). RNAI screening of bromodomain
containing proteins revealed greatest dependence on EP300, KAT2A, BRD3and BRD4
(Supplementary Fig. S8B). Among the BET family members, BRD4 was the most sensitive
to genetic depletion, which incurred apoptotic events (Supplementary Fig. S8C-S8E).

PAX3-FOXO1 Requires BRD4 for Function and Stability

The sensitivity of PAX3-FOXOL1 driven cell lines to BET inhibition and our data showing
co-occupancy of BRD4 in all PAX3-FOXO1 bound SEs led us to the hypothesis that PAX3-
FOXO1 is dependent on BRD4 to mediate transcription of its target genes. This is consistent
with the known role of BRD4 in stimulating transcriptional elongation (38) and previous
reports that BRD4 inhibition causes rapid decommissioning of SEs and selective inhibition
of SE driven genes (39). To test this, we compared the fold change in SE verses TE
associated genes before and after treatment with JQ1 for 6 hours by RNA-seq. Indeed, we
found that SE associated genes in FP-RMS cells were especially sensitive to JQ1, and that
this selectivity was also seen upon genetic depletion of PAX3-FOXOL1 itself (Fig. 6A, Table
S7). Gene set enrichment analysis (GSEA) revealed that JQ1 was able to selectively down
regulate PAX3-FOXO1 target genes, with enrichment mirroring knockdown of PAX3-
FOXO1 (Fig. 6B; Supplementary Fig. S9A-S9B). Many key SE driven TFs and PAX3-
FOXO1 targets were suppressed while cell cycle arrest and apoptosis genes were
upregulated by JQ1 (Fig. 6C). The known sensitivity of MYC family proteins to BRD
inhibition was seen at both the transcript and protein levels (Fig. 6C; Supplementary Fig.
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S9C). Coordinately, master regulators MYOD and MYOG were also reduced at the protein
level upon JQ1 treatment in a dose and time dependent fashion (Fig. 6D; Supplementary Fig.
S9D). These effects were not a consequence of reducing PAX3-FOXOL transcription, as
evidenced by exon-level expression in RNA-seq data (Fig. 6E).

While ChlP-seq evidenced that BRD4 and PAX3-FOXQO1 are co-occupant spatially, it was
unclear whether they bind chromatin co-temporally. To study this, we performed tandem
chromatin-immunoprecipitations (re-ChlP) for PAX3-FOXO1 followed by BRD4, and vice
versa, in RH4 cells treated with either DMSO or JQ1 for 6 hours. Quantitative PCR of re-
ChIP DNA at enhancer sites bound by both PAX3-FOXO1 and BRD4 (MYODI1, PIPOX)
revealed strong enrichment regardless of ChIP order (Fig. 6F) which was almost completely
ablated in JQ1 treated cells. This was not observed at BRD4-only enhancers near MYOG. To
corroborate this, we performed ColP with BRD4 and PAX3-FOXOL1 in the presence of
DMSO or JQ1 (Fig. 6G), and found that JQ1 indeed ablated this endogenous interaction.
The PAX3-FOXO1 and BRD4 interaction was seen in both directions using exogenous,
tagged versions of these proteins (Supplementary Fig. S9E). Given no alteration in PAX3-
FOXOI mRNA levels, and only modest reduction in protein levels (Fig. 6H), we suspected
JQ1 caused destabilization of the PAX3-FOXOL1 protein. Remarkably, the half-life of PAX3-
FOXO1 was reduced from >8 hours to 28 minutes with JQ1 compared to DMSO (Fig. 61-J;
Supplementary Fig. S9F) in the presence of cycloheximide (CHX) to inhibit protein
translation. This appears to be an on-target effect, as ShRNA against BRD4 also caused
PAX3-FOXO1 to decrease at the protein level, but not the transcript level (Supplementary
Fig. S9G). Thus PAX3-FOXOL1 interacts with BRD4 at enhancers, and treatment with JQ1
leads to loss of this interaction with rapid degradation of PAX3-FOXO1 protein.

JQ1 Selectively Disrupts PAX3-FOXO1 Driven Transcription to Suppress Tumor Growth In

Vivo

The in vitro sensitivity of FP-RMS to BRD4 inhibition by the rapid and the specific
inhibition of PAX3-FOXOL1 function indicated this may be an effective therapeutic strategy.
To test this, we developed an imageable readout to monitor /n-vivo activity of PAX3-FOXO1
SE impacted by drugs administered to mice. We engineered RMS cells to express luciferase
(and GFP), controlled either by a constitutively active CMV promoter or a PAX3-FOXO1
dependent SE (cloned from the intronic ALK SE, Supplementary Fig. S10A). This ALK SE
was consistent in FP-RMS cell lines and tumors, while completely absent in FN-RMS
(Supplementary Fig. S3D). No activity was seen from the ALK SE construct in FN-RMS
cells lacking PAX3-FOXOL1 (Supplementary Fig. S10B). The ALK SE was suppressed by
knockdown of PAX3-FOXOL1 or by point mutation of the PAX3-FOXO1 binding motif
(Supplementary Fig. S10C-S10E). BRD inhibition with JQ1 suppressed only the ALK SE-
but not the CMV-driven reporter in a dose dependent manner /in vitro (Fig. 7A), while the
general transcription CDK?7 inhibitor THZ1 suppressed both. Use of these reporter lines in
vivo demonstrated a selective inhibition of PAX3-FOXO1 activity with subsequent
significant suppression of tumor growth (Fig. 7B and C; Supplementary Fig. S10F). The
tumor suppressive activity of JQ1 was confirmed in a second FP-RMS cell line xenograft,
SCMC (Supplementary Fig. S1I0G-S10H).
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Pediatric sarcomas that harbor fusion oncogenes are reported with relatively few genomic
alterations despite their clinically aggressive behavior (7). Here, we report the PAX3-
FOXO1 fusion gene directs a profound epigenetic chromatin remodeling in cooperation with
the master regulators MYOD, MYOG, and MYCN by the establishment of SEs.

By comprehensively charting the first epigenetic landscape of RMS in cell lines and primary
tumors, we identified a core commitment to SE regulation of MYOD, MYOG and MYCN,
which in turn drive virtually all densely acetylated enhancer clusters which specify RMS cell
identity. While the concept of a “super” enhancer remains controversial, and may be simply
a cluster of additive enhancers (24), we found the classification useful in that the most
uniquely and highly expressed candidate MTFs were all driven by SEs, often more than one.
Our results indicate that PAX3-FOXO1 directly establishes SEs to drive itself, MYOD1 and
MYCN, and indirectly establishes a SE (through MYOD and MYCN) to drive MYOG.
Downstream, these factors are acting in concert, whereas in normal development they act
sequentially (32). Virtually all of the discovered SEs were bound by 3 or 4 of these MTFs,
and associated with the highest levels of gene expression. Remarkably, the presence of
MYCN at these hyper-active regions resembles the function of MYC as a general
transcriptional amplifier (29) and may underlie transcriptional addiction in FP-RMS (40).
Together, these four MTF cause a profound epigenetic reprogramming freezing the cells in a
myoblastic state with PAX3-FOXO1 as the conductor.

Cell-type specific distribution of BRD4 is accomplished by TF recruitment to their
enhancers (41). Our study showed PAX3-FOXOL1 can direct de novo recruitment of BRDA4 to
specific chromatin sites when introduced into human fibroblasts, accompanied by opening of
chromatin and acetylation of H3K27 at enhancers proximal to key RMS genes. This purely
activating function of PAX3-FOXOL1 in pediatric RMS is in sharp contrast to the dual
functionality of EWS-FLIL in pediatric Ewing sarcoma (5), which has both activating and
repressive functions depending on genomic context.

The extent to which epigenetic profiling can aid prediction and interpretation of chemical
sensitivities remains unclear. Using mechanistically informed drug screening, we observed
that molecules targeted to SE bound coactivators (BRD4 and HDAC, (22)) and SE targets
(such as receptor tyrosine kinases FGFR4 and ALK) are the most selectively potent in these
FP-RMS cells. This data re-enforces previous strategies that showed FP-RMS sensitivity to
FGFR and IGF1R inhibition (42, 43) and HDAC inhibitors (4, 44, 45) and adds previously
unknown mechanistic insights to recently discovered BRD4 vulnerability (13). The
observation that SE associated targets represented key vulnerabilities may be broadly
applicable to cancers driven by epigenetic reprograming through SE networks, and may be
critical to prioritizing combination strategies as well.

The same translocation which causes FP-RMS also creates an Achilles heel by addicting
cells to BRD4. Our data adds to the pleiotropic utility of BRD4 inhibitors, with a recent
wave of studies in a diverse group of cancers (37, 46-50). The transcriptional impact of
BRD4 inhibition appears to be context dependent, where its antitumor effect is linked to
dampening one or more master regulators, often including AMYC in hematological
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malignancies (51, 52), MYCN in neuroblastoma (37), POU2AFIand PAX5in DLBCL (47)
or FOSL 1 in adenocarcinoma (53), among others. JQ1 was shown recently to be effective in
reducing RMS tumor growth by antiangiogenic properties, but the underlying chromatin-
based mechanisms or FP-RMS subtype-selectivity were not explored (13). Here, we find
BRDi caused selective down-regulation of MYC, MYCN, MYODI, MYOG, and many
other downstream PAX3-FOXO1 and SE driven genes. Surprisingly JQ1 did not decrease
expression of PAX3-FOXO1 mRNA at 6 hours, yet it rapidly decreased PAX3-FOXO1
protein stability. This may result from the disruption of interaction between BRD4 and
PAX3-FOXO01, discovered by both ColP and re-ChIP experiments, which JQ1 abrogated
within hours of drug exposure. Thus BRD inhibition by JQ1 leads to significant tumor
suppression /n vitroand in vivo, ablating the transcription-driving function of the fusion
gene. Indeed, this mechanism may partially explain the anti-tumor effects seen with BI-2536
in FP-RMS mouse models (54) as this PLK1 inhibitor was recently found to possess a
nanomolar inhibition of BET bromodomains (55). Excitingly, this provides a means of
selectively drugging PAX3-FOXO1, a longstanding goal of FP-RMS research (56) and
provides a new precision therapeutic for treatment of the aggressive PAX-fusion bearing
rhabdomyosarcoma.

METHODS

Cell Lines and Primary Tumors

All cell lines were routinely tested for mycoplasma within one or two passages of each
experiment herein, and cell line identities have been ensured by RNA-seq and genotyping.
RH4, RH3, RH5 and RH41 were kind gifts from Dr. Peter Houghton (obtained between
2008-2010), SCMC from Dr. Janet Shipley (obtained between 2013-2015), RD, CTR and
Birch from Dr. Lee Helman (obtained between 2008-2010), CRL7250 and NIH3T3 were
obtained from ATCC (obtained between 2008-2010). Validation was performed by DNA
fingerprinting AmpFISTR® Identifiler® PCR Amplification Kit (Catalog Number 4322288)
by Life Technologies. Cell lines were grown in DMEM, 10% fetal bovine serum (FBS) and
supplemented with pen/strep. Primary RMS cultures established from patient derived tumor
xenografts (PDTX) were collected at the St. Jude Children’s Research Hospital (57). Cells
were maintained in Neurobasal-A medium (ThermoFisher Scientific) supplemented with
2xB-27 supplement (ThermoFisher Scientific), 20 ng/ml bFGF and 20 ng/ml EGF (both
from PeproTech, London, UK) and cultured on gelatin-coated plates in 5% CO, at 37°C.
Primary tumors were acquired via the NCI coordinated ClinOmics protocol as previously
described (58).

ChlP-seq and RNA-seq

ChiIP-seq (59) and RNA-seq (3) were performed as previously described. Raw sequencing
data and processed files have been made available through Gene Expression Omnibus
(GEO) SuperSeries accession number GSE83728, which is comprised of SubSeries
accession numbers GSE83724, GSE83725, GSE83726, GSE83727. Details, including
Illumina sequencing and bioinformatic methods, are available in Supplemental Methods.
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DNase-seq with Ten Thousand Cells

Sites of DNase sensitive chromatin were captured from 10,000 cells as recently described
(60) with slight modifications. Briefly, freshly trypsinized cells were resuspended in
DMEM, counted in duplicate (Nexcelom Automated Cell Counter), pelleted and
resuspended in lysis buffer to achieve 120 pL of 60K cells was then divided into 6 replicates
(10K cells per tube). DNasel (Roche 04-716-728-001) was added to the cells (0.25 to 0.5
units) and incubated for 5 minutes at 37 °C. The digestion was halted with 50 pL of stop
buffer (9.5 mL H,0 + 100 pL 1M TrisHCI pH 7.4 + 20uL 5M NaCl + 200uL 0.5 M EDTA,
with 150 uL 10% SDS and 125 L proteinase K added just before use). Proteinase K
activation at 55 °C for 1 hour was followed by DNA purification by column (MiniElute PCR
purification kit, Qiagen). Library preparation was performed as with ChlP-seq samples,
except that paired-end was employed rather than single-end sequencing on the NextSeq 500
(1Mumina).

Small molecule compounds

All molecules were dissolved in DMSO to a final concentration of 10 mM, and diluted to a
final DMSO concentration of <0.03% by volume in DMEM for cell culture experiments.
JQ1 was a gift from Jay Bradner (Novartis) and Jun Qi (Dana-Farber Cancer Institute).
Bromosporine was provided by Peter Brown of the Structural Genomics Consortium. THZ1
was supplied by Nat Gray (Dana-Farber Cancer Institute). Other bromodomain inhibitors
(OTXO015, I-Bet-151, 1-Bet-762 and 1-Bet-726) were generously supplied by Developmental
Therapeutics Program (NCI, NIH).

Time-course of Dose Response Cell Growth Assay

Dose responses were performed by quantifying percent cell confluence from phase contrast
images taken every 4 hours using the Incucyte ZOOM in 384 well plate format. Dose
response was achieved using a range of 12 concentrations from 30 uM to 0.17 nM (dilutions
divided by 3), and were performed in triplicate. Cells were plated to achieve 15% confluence
at time of drug dosing, and monitored until control (DMSQO) wells reached >95%
confluence. 1C50 values were calculated for each time point using the R statistical package
drc (https://cran.r-project.org/web/packages/drc/drc.pdf).

Luciferase Expressing Cells

pGreenFire vector from Systems Biosciences was modified by insertion of a c/s-regulatory
element surrounding the PAX3-FOXO1 binding site within the SE found within the intronic
region of the ALK gene (chr2:29880537-29880842). Cloning was performed using pCR2.1-
TOPO system from PCR amplification product from genomic DNA of RH4 FP-RMS cells,
and shuttled into the pGF1 vector at the EcoRlI restriction site upstream of a minimal CMV
promoter which was completely inactive on its own in RMS cell lines. Viral particles were
produced in HEK293T cells, harvested, filtered and pelleted. pGF1 cloning vectors
developed at SBI are self-inactivating as a result of a deletion in U3 region of 3’-LTR. Upon
integration into the genome, the 5° LTR promoter is inactivated, which prevents formation of
replication-competent viral particles. Pooled cells were selected using puromycin.
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Animal Studies

Animal studies were approved by the National Cancer Institute’s Animal Care and Use
Committee, and all animal care was in accordance with institutional guidelines. Complete
details are reported in Supplemental Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

PAX3-FOXO1 drives pediatric fusion-positive rhabdomyosarcoma, and its chromatin-
level functions are critical to understanding its oncogenic activity. We find PAX3-FOXO1
establishes a myoblastic super enhancer landscape, creates a profound sub-type unique
dependence on BET bromodomains, the inhibition of which ablates PAX3-FOXO1
function, providing mechanistic rationale for exploring BET inhibitors for patients
bearing PAX-fusion rhabdomyosarcoma.
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Figure 1. Chromatin State M apping Pinpoints PAX3-FOXO1 in Active Enhancers.
(A) PAX3-FOXO1 peak distribution and heatmaps of PAX3-FOXO1, H3K27ac, H3K4mel,

and H3K4me?2 at distal regulatory elements in PAX3-FOXO1 bearing cell line (RH4). The
scatter plot is accompanied by a histogram showing the amounts of PAX3-FOXO1 in
intronic, exonic, intergenic or promoter-proximal sites. Rows are centered around PAX3-
FOXOL1 peaks and extended 4 kb in each direction, sorted by PAX3-FOXO1 signal strength.
(B) PAX3-FOXO01, H3K27ac, H3K27me3 and H3K4me3 signal at PAX3-FOXO1 peaks
(left), genes nearest to PAX3-FOXOL1 peaks (center), and Polycomb repressed chromatin
(right). Mean distance of PAX3-FOXOL to its nearest genes (18 kb) is indicated.

(C) Chromatin states in FP-RMS cells (left) and abundance of PAX3-FOXO1 peaks per Gb
of each state (right). States were discovered de novo using ChlP-seq data for all histone
marks (plus, CTCF and RAD21) with the hidden Markov modelling algorithm chromHMM,
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which bins the genome into states by recurring patterns. Frequency corresponds to the
probability of each mark being present in a given state.

(D) High-confidence PAX3-FOXOL1 sites bound to enhancers recurrent (n = 1107) in FP-
RMS cell lines and tumors, some of which are shared with FN-RMS (n = 334) and/or
myogenic cells and tissue (n = 446).
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Figure 2. Transcriptional and Epigenetic L andscapes of RMS Cell Linesand Primary Tumors
(A) Strategy for identifying master transcription factors (MTFs) from RNA-seq and ChlP-

seq datasets.

(B) RNA sequencing of patient RMS tumors reveals a set of candidate master transcription
factors (n = 170) identified by filtering for significant overexpression (p<1E-30) across one
or both RMS subtypes, and removal of general transcription factors (those ubiquitously
expressed in all tumors and tissues). Candidates were ranked and plotted based on average
overall expression in fusion positive RMS (cell lines and tissues) and myoblasts/myotubes.
(C) Violin plots of gene expression of MYODI1, MYOG and MYCN across RMS, myoblast,

myotubes and normal tissu

€s.

(D) H3K27ac binding at distal enhancers ranked by increasing signal in cell lines and
primary tumors bearing PAX3-FOXOL translocation. Super enhancers (SEs) were identified
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as those beyond the inflection point where rapid increase in signal is observed (indicated by
a dashed gray line). TF genes associated with SEs are indicated in blue.

(E) Number of RH4 SEs which occur as enhancers (n = 765) and SEs in FP-RMS cell lines
or tumors (n = 466), or which also appear in FN-RMS as SEs (n = 337).

(F) Enrichment of known recognition sequences for MYOD, MYOG, PAX3-FOXO1, and
MYCN, compared with no enrichment for CTCF in FP-RMS SEs.

(G) Reduction in cell viability upon siRNA against PAX3, MYOD1, MYOG, and MYCN in
FN-RMS (RD, CTR) and FP-RMS (RH4, RH5) cells. PAX3 siRNAs targeted the first few
exons, which are intact in the fusion PAX3-FOXO1. CellTiter-Glo was used to measure
viability, and all data was normalized to cells treated with scrambled siRNA. Bars show
median (error bars = range) of 3 independent siRNA sequences (RH5, RD, CTR) or 2
independent sequences (RH4). Experiments were performed at 48 hours of transient SIRNA
transfection.

(H) MYOD1 enhancers are bound by PAX3-FOXO1 and loaded with active histone mark
H3K27ac in RH4 cells (top) and are progress through myogenesis (middle) and are absent in
other cell and tissue types (overlapping plots, bottom). ENCODE and Epigenome Roadmap
data tracks are provided at WashU Epigenome browser session http://
epigenomegateway.wustl.edu/browser/?
genome=hg19&session=1Hfj0MDWoA&statusld=728028850.

() Myogenic enhancers at PAX3-FOXO1 binding sites diminish through muscle
differentiation. RPM, reads per million mapped reads. FP-RMS signal is from RH4 cells,
Myoblasts and Myotubes are from ENCODE, skeletal muscle data is from a normal tissue
sample.

(J) Same enhancer locations as () interrogated for H3K27ac signal in RH4 cells treated with
shRNA for 48 hours (shScramble or shPAX3-FOXO1). Signal was normalized to spike-in
Drosophila reads (ChIP with reference exogenous genome, ChIP-Rx) and are plotted as
reference adjusted reads per ten million (RRPTM).
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Figure 3. PAX3-FOXO1 Collaborates with Master Transcription FactorsMYOD, MYOG and

MYCN at Super Enhancers.

(A) Characteristics enlisting candidate MTFs in FP-RMS: SE driven, high expression, with

motifs enriched across all SEs predicting TF binding.

(B) The percent of enhancers (divided into groups by the number of MTFs therein) which
classify as either typical or super. Null hypothesis (that the % of super enhancers does not
depend on number of MTFs present in an enhancer) was evaluated with Fisher’s exact test; *

=p <0.04, **** = p < 0.0001, ns = not significant.

(C) Left: read density profiles of H3K27ac, H3K4mel and H3K4me?2 at regions of typical
enhancer (TE) and super enhancer (SE) architecture. Median enhancer length is indicated.
Right: collaborative co-occupancy of MTFs in TEs and SEs. Presence of each MTF at

enhancer is indicated by the respective colors.
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(D) Top: enhancer occupancy of each MTF at TEs or SEs. Bottom: fold enrichment of SEs
over TE for each MTFs.

(E) Average number of MTFs per enhancer type. Error bars show 95% confidence interval.
(F) Expression of genes associated with enhancers of various MTF combinations (left) or SE
and TE genes (right), associated by proximity. RNA-seq reported as FPKM, fragments per
kilobase of transcript per million mapped reads. Error bars represent 95% confidence
interval. P-values calculated by Welch’s unpaired #test.

(G) Mutual and self-reinforcement of master transcription factors via SEs for PAX3-
FOXO1, MYOD1, MYCN and MYOG. Tracks show signal in RPM, reads per million
mapped reads. TEs are indicated by gray bars, and SEs by red. To illustrate an example of
multiple adjacent motifs presence within SEs, we have zoomed in on the PAX3 and MYOD/
MYOG motifs present upstream of MYCN.

Cancer Discov. Author manuscript; available in PMC 2021 January 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Gryder et al.

>

PAX3-FOXO1 in enhancers
ordered by distance to nearest BRD4 peak

& HIK2Tac

RPM, P3F activated sites (n = 836) U

P3F

F'S

+8i

40

8
o

— PAXI-FONO1

Ko 0 sdkb
fibroblasts (7250)

vs. +PAXI-FOXO1

IR
4 DNase

Page 24

10k

m

DNase p300 K27ac BRD4 MED1 CTCF RAD21

— SEs
RAXSFOXO! .Jn. e ae —— e e .‘- PP l..ln. s e

Diegecseq Aald . -
H3K27ac i

BRDA .l . .
RMNA-seq . T

FP-RMS (RH4)

PAX3-FOXO1 = w

Dhase-seq . . y . k)
H3K2Tac

BRD4 4§
RMNA-seq

EAPRY SPN T NTEH P8
+

PUTTLSSITEVNIS SIS R
+

+empty

PAX3-FOXO1 | ik =
DNase-seq | " ol ha ki N YO
H3K27ac
BRD4 M. . . |
RMA-seq Ll =

MyoD1 b

H3K27ac PAX3-FOXO1 BRD4
egly  PAXIFOND!  eoply  PAXIFONO!  emply  PAXIFOXO1

vactor DNase
emply  PAXIFORGT

— b,

+PAX3-FOXO1

O 1TS54, B30 17,748,227

Hi-C [NHEK)

PIF activated sites (n = 836)

Akb 0 edkb

fibrablasts (7250) FP-RMS (RH4)

= @Mty

ChiP-seq
B
-

PAXIFORO .0 BRD4
5

H3K2Tac |

FP-RMS (RH4)

i 1

C-seq

4

kb 4kb []
Distance to PAX3-FOXO1 peaks

T T T MYODT® “Tasm T

Figure 4. PAX3-FOXO1 Opens Chromatin and Recruits BRD4 at L ooped Enhancers.
(A) Heatmaps of PAX3-FOXO1, DNase, p300, H3K27ac, BRD4, MED1, CTCF and

RAD21 signal at PAX3-FOXO1 peaks, ranked by distance to closest BRD4 peak in RH4.
Rug graph indicates which locations (red lines) are within SEs.

(B) PAX3-FOXO01 and BRD4 co-occupancy at enhancers (top: typical, bottom: super).

(C) Introduction of PAX3-FOXO1 into a fibroblast causes increased sensitivity to DNase,
deposition of H2K27ac and recruitment of BRD4 at PAX3-FOXO1 sites.

(D) Metagene analysis of DNase, H3K27ac, PAX3-FOXO1 and BRD4 upon PAX3-FOXO1
introduction into fibroblasts (left) compared to RH4 cells (end right).

(E) Opening of chromatin at the AM/YOD1 SE by PAX3-FOXOL1 in fibroblasts (7250) with
empty vector (middle) or PAX3-FOXO1 (bottom), compared with RH4 cells (top).

(F) Hi-C profile (top) surrounding MYOD1 locus from NHEK cells (19) with CTCF,
RAD21, PAX3-FOXO01, p300, MED1, BRD4 and H3K27ac ChlP-seq data in RH4 cells.
4C-seq (bottom) from MYOD1 SE looping to adjacent SE region and MYOD1 promoter,
and vice versa, in RH4 cells. Viewpoints are indicated by arrows anchored to their genomic
locations.
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Figure 5. Molecular Sensitivity L andscape of FP-RM Sis Enriched in SE Associated Targets
including BRD4
(A) Potency in PAX3-FOXO1 RMS cell lines verses toxicity in normal cell lines measured

by dose response and summarized across 240 mechanistically distinct subcategories. The
percent area under the dose response curve (%AUC) was averaged for all compounds within
a target subcategory. The number of compounds in each category is indicated by the size of
the bubble, and the difference in AUC (normal — RMS) is indicated by color scale.

(B) Differential sensitivities against molecules targeting proteins associated with SEs,
compared to non-SE targets and SE-signal transduction. Size of the bubble indicates number
of molecules against each target.

(C) IC5g Heat map of 5 BET bromodomain inhibitors and 1 pan-bromodomain inhibitor
across 5 PAX-Fusion and 4 Fusion Negative RMS cell lines.

(D) Growth curves of FP-RMS cells (RH5) and FN-RMS cells (CTR) exposed to increasing
concentrations of JQ1 or DMSO. Confluence measured by phase-contrast images every 4
hours over multiple days of treatment. Inset: images of RH5 cells with DMSO or 120 nM
JQL.

(E) PAX3-FOXOL1 increases sensitivity of fibroblasts to JQ1.
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Figure 6. JQ1 Selectively Ablates PAX3-FOXO1 Driven Transcription and BRD4 I nteraction.
(A) Selective disruption of SE genes upon BET bromodomain inhibition (top) or inducible

ShRNA depletion of PAX3-FOXO1 (bottom) in RMS cells (RH4). Fold change in gene
expression calculated by comparison with log2 of FPKM in controls (DMSO, scramble
shRNA). Error bars show the 95% confidence interval. P-values calculated by Welch’s

unpaired #test.

(B) Gene set enrichment analysis (GSEA) revealed the inhibition of PAX3-FOXO1 fusion
gene targets, both by JQ1 and PAX3-FOXOL1 knock down. NES, Normalized Enrichment
Score. FDR, False Discovery Rate. Genes used were high-confidence PAX3-FOXO1 targets
with recurrent enhancers in 83-100% of FP-RMS samples, as reported in Table S2.

(C) mRNA expression alterations of SE (red bar) and PAX3-FOXOL1 (red peak) targets after
6 hours of 500 nM JQ1 treatment in RH41 and RH4 cells. Heatmap indicates the log, fold

change in FPKM.

(D) Protein levels of MYOD and MYOG by immunoblotting of RH4 cell lysates after

treatment with JQ1(1 uM) over time.

(E) Exon level expression and fold change in RH4 cells upon JQ1 treatment (6 hours, 500
nM), for PAX3-FOXO1, MYOD1, MYOG, MYCand MYCN. PAX3-FOXO1 expression
remains intact upon JQ1 treatment unlike the other key transcription factors.

(F) BRD4 and PAX3-FOXOL1 localization shown via ChlP-seq (top) and re-ChIP-gPCR in
the presence and absence of JQ1 (bottom) at the MYOD upstream SE, MYOG downstream
SE and PIPOX intronic SE. RH4 cells were treated for 6 hours with DMSO or 1 uM JQ1.
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(G) Co-Immunoprecipitation of PAX3-FOXO1 and BRD4 from RH4 cells treated with
DMSO or 1 uM JQ1 for 24 hours.

(H) PAX3-FOXO1 immunoblot after 6 hour treatment of DMSO or JQ1 with increasing
concentrations. Bar chart (top) quantization of PAX3-FOXO1 normalized to loading controls
(B-actin).

(1-J) Stability of PAX3-FOXO1 protein measured by immunaoblotting after halting
translation with cycloheximide (CHX) in RH4 cells treated with DMSO or JQ1 (1 uM).
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Figure 7. PAX3-FOXO1 Dependent Super Enhancer Disruption by BET Inhibition In Vivo.
(A) JQL1 selectively abolishes PAX3-FOXO1 dependent enhancer activity, as measured in

PAX3-FOXO1 containing cells (RH4) stably transduced with a lentiviral pGreenFire
reporter construct under the control of the PAX3-FOXO1 driven ALK SE, while not
reducing the CMV driven expression. CDK7 inhibitor THZ1 inhibits activity of both

constructs. PAX3-FOXO1 driven luciferase (red line) is graphed on the left Y-axis (linear),
and CMV driven luciferase (blue-green line) is graphed to the right Y-axis (log 10 scale).
Error bars show standard deviation of duplicate wells, and results are representative of 2

independent experiments.

(B) CMV (left flank) and ALK SE (right flank) reporter contructs in RH4 xenografts. JQ1 or
vehicle treatment began on day 0 after the first image was taken.
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(C) Left: RMS (RH4) tumor growth with vehicle or JQ1 treated mice. Measurements taken
with caliper and include both CMV and PAX3-FOXO1-SE legs. Right: tumor volume at day
27. P-value calculated by Welch’s unpaired #test.
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