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Abstract

The PAX3-FOXOI1 fusion protein is the key oncogenic driver in fusion positive
rhabdomyosarcoma (FP-RMS), an aggressive soft tissue malignancy with a particularly poor
prognosis. ldentifying key downstream targets of PAX3-FOXO1 will provide new therapeutic
opportunities for treatment of FP-RMS. Herein, we demonstrate that Forkhead Box F1 (FOXF1)
transcription factor is uniquely expressed in FP-RMS and is required for FP-RMS tumorigenesis.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

"Corresponding author: Tanya V. Kalin, Cincinnati Children’s Hospital Medical Center, 3333 Burnet Avenue, MLC 7009, Cincinnati,
©H 45229-3039, Phone: (513) 803-1201, tatiana.kalin@cchmc.org.
Current address: Genetics Branch, National Cancer Institute, NIH, Bethesda, MD 20892, USA
Competing interests
AB is a co-founder of Datirium, LLC, the developer of SciDAP data analysis platform. Other authors declare no conflict of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Milewski et al. Page 2

The PAX3-FOXO1 directly binds to FOXF1 enhancers and induces FOXF1 gene expression.
CRISPR/Cas9 mediated inactivation of either FOXF1 coding sequence or FOXFI enhancers
suppresses FP-RMS tumorigenesis even in the presence of PAX3-FOXO1 oncogene. Knockdown
or genetic knockout of FOXF1 induces myogenic differentiation in PAX3-FOXO1-positive FP-
RMS. Over-expression of FOXF1 decreases myogenic differentiation in primary human
myoblasts. In FP-RMS tumor cells, FOXF1 protein binds chromatin near enhancers associated
with FP-RMS gene signature. FOXF1 cooperates with PAX3-FOXO1 and E-box transcription
factors MYOD1 and MYOG to regulate FP-RMS-specific gene expression. Altogether, FOXF1
functions downstream of PAX3-FOXO1 to promote FP-RMS tumorigenesis.

Introduction

Rhabdomyosarcoma (RMS) is a high-grade soft tissue neoplasm of mesenchymal origin and
accounts for 3.5% of cancers among children aged 0-14 years and 2% of cancers among
adolescents aged 15-19 years (1). Most RMS tumors can be classified into two subtypes:
fusion-positive (FP-RMS) and fusion-negative (FN-RMS). FN-RMS is the most common
subtype usually observed in younger children and is associated with good prognosis when
localized. FN-RMS is characterized by the presence of a wide range of genetic aberrations,
including mutations in 7P53(2), NRAS, KRAS, HRAS (3-5), PIK3CA, CTNNBI and
FGFR4 (6, 7). On the other hand, FP-RMS represent 20-30% of RMS, has a poor prognosis
and steady incidence throughout childhood. The FP-RMS tumors are associated with
translocation between FOXOI gene on chromosome 13 and either 24.X3on chromosome 2
or PAX7 on chromosome 1, resulting in production of PAX3-FOXO1 or PAX7-FOXO1
fusion proteins (8). The presence or absence of fusion proteins is a prognostic indicator for
the outcomes of RMS (9, 10). While PAX3-FOXO1 and PAX7-FOXO1 fusion proteins are
the main drivers of FP-RMS carcinogenesis, key downstream regulators of these fusion
proteins remain unclear.

The PAX3-FOXO1 functions predominantly as a transcriptional activator at gene enhancers
(11, 12). Once bound to DNA, the PAX3-FOXOL1 establishes super-enhancers by recruiting
myogenic transcription factors MYOD1 and MYOG as well as MYCN, all of which are
highly expressed in FP-RMS (12). Since MYOD1, MYOG and MYCN are also present in
FN-RMS albeit at lower levels, it is unclear whether PAX3-FOXOL1 requires transcriptional
co-regulators that, like the PAX3-FOXO1 fusion itself, are unique for FP-RMS to regulate
FP-RMS gene signature. Several signaling pathways are associated with FP-RMS
tumorigenesis, including HGF/MET, IGF1R, ALK(13, 14). The receptors for HGF/MET,
IGF1R and ALK signaling pathways have been identified as direct PAX3-FOXO1
transcriptional targets (11, 12). Unfortunately, clinical trials targeting these pathways in FP-
RMS have demonstrated no improvement in patient survival (15-17) highlighting the need
for new therapeutic approaches.

Gene expression profiling of RMS tumors has led to the discovery of a “gene signature”
which clearly distinguishes fusion-positive from fusion-negative RMS (18-20). The FP-RMS
gene signature is shaped by oncogenic PAX3-FOXOL1 fusion protein, myogenic regulatory
factors and additional transcriptional machinery which has yet to be characterized (7). We
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have identified the FOXF1, a member of the Forkhead box family of transcription factors, as
one of the most highly and consistently upregulated genes in FP-RMS (18, 20-22). While it
is known that FOXF1 is required for mesodermal differentiation toward endothelial and
smooth muscle cell lineages (23-27), FOXF1 is not expressed in differentiated skeletal
muscle cells, and its role in fusion-positive FP-RMS remains unknown.

In the present studies, we demonstrate that PAX3-FOXOL1 directly activates FOXF1 via two
distinct enhancers, causing aberrant FOXF1 expression in this skeletal muscle-like tumor
cells. FOXF1 is essential for PAX3-FOXO1 oncogene to drive FP-RMS tumorigenesis and
to inhibit myogenic differentiation. FOXF1 directly binds to FP-RMS-specific enhancers
and cooperates with PAX3-FOXO01, MYOD1 and MYOG to regulate FP-RMS gene
signature. Targeting of FOXF1 can expand therapeutic opportunities for patients with fusion-
positive FP-RMS.

Materials and Methods

Cell lines and patient-derived RMS xenografts.

Cell lines RD, RH18 (fusion-positive) (28), and RH30 were a kind gift from Dr. Cripe
(Nationwide Children’s, OH); RH4 and patient tumor RMS244 (29) were a kind gift from
Dr. Khan (NCI, MD). Patient-derived RMS xenografts (PDX) were established by
subcutaneous and/or intramuscular transplantation of freshly resected tumor tissue. 0.5x108
tumor cells were resuspended in 50% matrigel (Corning) and inoculated into quadriceps of
4-8-week-old NODSCHd |L2Ry™!I mice. Tumor volumes were calculated as ¥ (L x W x W)
where L is the largest tumor diameter and W is tumor diameter perpendicular to L.
Immunostaining of tissue sections was performed as described (30-32).

CRISPRi and CRISPR KO.

CRISPRi-mediated repression was performed by cloning gRNA into the lentiviral plasmid
PLVhUE-sgRNA hUbC-dCas9-KRAB-T2a-Puro (Addgene #71236). For CRISPR/Cas9-
mediated knockout studies, gRNAs were cloned into the pSpCas9(BB)-2A-GFP (PX458)
plasmid (Addgene #48138). RH18 WT cells were transiently transfected using Viafect
Transfection Reagent (Promega) as described (33). GFP* transfected cells were isolated by
FACS. FACS analysis was performed as described (34-36). After clonal expansion, genomic
DNA was isolated and a 339bp fragment encompassing the gRNA target site was PCR
amplified and cloned into the pMINIT plasmid (NEB). A minimum of six colonies were
picked and sequenced to identify the mutation at each allele.

RNAseq analysis.

RNAseq was performed using RH18 cells transduced with lentiviral plasmid pLVhUG6-
SgRNA hUbC-dCas9-KRAB-T2a-Puro containing empty or gRNA targeting exon 1 of
FOXF1 as described (35). For analysis, reads were aligned to human assembly hg19 and
differential gene expression performed using EBseq. gRT-PCR was performed as described
(26, 31).
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ChlIP-Seq and HiChIP-Seq.

FOXF1 ChlP-Seq was performed as described (37) using human FP-RMS cell lines RH18
and RH4, and patient tumor RMS244 (29). Immunoprecipitation of FOXF1 was performed
with a previously validated anti-FOXF1 antibody (R&D Systems) (37). FOXF1 ChIP-seq
and previously published RMS ChIP-seq datasets (from GSE19063, GSE83726) were
analyzed using BioWardrobe (SciDAP, https://scidap.com, Datirium, LLC) (38, 39). De
novo motif discovery analysis on FOXF1 islands was performed using MEME-ChIP (40).
Quantitative comparison between transcription factor datasets was performed using
MAnorm (41). Identification of islands containing all TFs was performed using the HOMER
merge Peaks function. To compare FOXF1 binding intensities between different clusters, we
performed pairwise read density comparisons between each of the eight FOXF1 binding
clusters £500bp surrounding the center of the FOXF1 binding site using MAnorm.
Differences in read densities are represented as p value using the Mann-Whitney-Wilcoxon
(MWW) test. FOXF1 ChiIP-seq read density profiles were generated using MAnorm and
represent the average read density within cluster 1, 2, 6 or 8. H3K27ac ChlPseq data:
GSE136799 (29), GSE116344 (42), GSE83728 (12), GSE84630 (43). H3K27ac and
H3K27me3 PDX ChlIPseq data (7). RH4 H3K27ac HiChIP data was obtained from
GSE120770, and was processed as previously described (44). ChlPseq from St. Jude PDX
models (7) was visualized using PeCanDataPortal https://pecan.stjude.cloud/. RH4 HiChIP
data was visualized using Juicebox (45).

HSMM Growth and Differentiation Assays.

Human Skeletal Muscle Myoblasts (HSMM) were purchased from LONZA (Cat.
#CC-2580). To establish stable FOXF1 overexpressing and control lines, HSMMs were
transduced with pSD44- tagRFP or pSD44- FOXF1HA.tagRFP lentiviral constructs and
maintained /n vitro as described (46). All experiments were conducted on cells cultured less
than five passages. Differentiation index and fusion index was performed by counting at
least 10 random 20x images with a minimum of 100 nuclei counted.

Dual Luciferase Assays and Site Directed Mutagenesis.

ERRFI1 enhancer element was PCR amplified and cloned upstream of the minimal promoter
of the luciferase reporter plasmid pGL4.23/uc2/minP (Promega) as described (46, 47). Point
mutations were introduced using the Q5 Site Directed Mutagenesis (NEB) according to the
manufacturer’s instructions (48). The RD or RH4 tumor cells were transfected with a
Renilla control plasmid and the respective pGL4.23 enhancer construct using Viafect
transfection reagent (Promega). 48 hours after transfection, reporter activity was quantified
using the Dual-Luciferase Reporter Assay System (Promega) as described (49). Enhancer
activity is reported as Firefly luciferase activity normalized to Renilla luciferase.

Study Approval.

All animal studies were approved by Cincinnati Children’s Research Foundation
Institutional Animal Care and Use Committee (protocol IACUC2016-0070). Utilization of
human rhabdomyosarcoma samples was reviewed and approved by the Office for Research
Compliance and Regulatory Affairs of the Cincinnati Children’s Hospital (2008-0021).
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Results

FOXFL1 is selectively expressed in fusion-positive FP-RMS.

To examine FOXF1 protein expression in RMS, we performed immunohistochemistry and
Western blot using surgically resected human RMS tumor specimens, patient-derived
xenografts grown in immunocompromised mice and xenografts generated from human RMS
cell lines RH18, RH30, RH4 and RD (Fig. 1A-B and Suppl. Fig. S1 and S2). FOXF1 was
highly expressed in FP-RMS and correlated with the presence of the PAX3-FOXO1 fusion
protein (Fig. 1A-B). In contrast, FOXF1 protein was not detected in FN-RMS (Fig. 1A-B
and Suppl. Fig. S1 and S2). In addition, FOXFI mRNA was increased only in tumors from
patients with fusion-positive FP-RMS (Fig. 1C). To determine whether PAX3-FOXO1
fusion protein regulates FOXF1 expression, we used the ShRNA spanning the PAX3 -
FOXOL1 exon junction to selectively knockdown PAX3-FOXOL in fusion-positive FP-RMS
cell lines, RH4 and RH18 (Fig. 1D). Efficient depletion of PAX3-FOXO1 was confirmed by
gRT-PCR detecting N-terminal 2AX3mRNA (Fig. 1D) and by Western blot detecting
PAX3-FOXO1 fusion protein (Fig. 1E). PAX3-FOXO1 knockdown decreased FOXF1
mRNA and protein in both RH4 and RH18 FP-RMS cells (Fig. 1D-E). In human FP-RMS
tumors, FOXF1 staining co-localized with epitopes recognized by antibodies against N-
terminal PAX3 and C-terminal FOXO1 (Fig. 1F). Altogether, FOXF1 is selectively
expressed in fusion-positive FP-RMS and decreased after inactivation of the PAX3-FOXO1
fusion protein.

FOXFL1 is a direct transcriptional target of PAX3-FOXOL1.

To map the active enhancers which loop to the FOXFI gene, we analyzed H3K27ac
HiChIP(50) and demonstrated the 3D contacts mediated by active chromatin in RH4 cells
(Fig. 2A, upper panel). Previously published PAX3-FOXO1 ChIP-Seq data from RH4 cells
(11) showed strong PAX3-FOXO1 binding peaks in the —315kb region upstream of the
FOXFI1 gene and in the +8kb region downstream from the FOXF1 3’UTR (Fig.2A, bottom
panel). These binding sites showed features of active enhancers as supported by the presence
of p300 and H3K27ac activating marks (Fig. 2A, bottom panel). HiChIP analysis showed
direct interactions between the —315kb enhancer, the +8kb enhancer, and their target gene
FOXF1 (Fig. 2A, upper panel). Of note, P300 and H3K27ac activating marks were present
in FOXF1 enhancers in fusion-positive RH4 cells (FP-RMS), but not in fusion-negative RD
cells (FN-RMS) (Fig. 2A). Furthermore, H3K27ac activating marks were found in FOXF1
enhancers in multiple other FP-RMS cell lines and patient tumors, but not in FN-RMS cell
lines and patient tumors (Suppl. Fig. S3). Contrary to the activating marks, the polychrome
repressive mark H3K27me3 was absent in the FOXFI enhancers in FP-RMS cell lines and
patient tumors (Suppl. Fig. S4), but were present in FOXF1 enhancers in normal skeletal
muscles, FN-RMS cell lines and patient tumors (Suppl. Fig. S4). The —315kb PAX3-FOXO01
binding site was located near the transcriptional start site of non-coding RNA L/NC01082,
which activates the FOXF1 gene expression (51). L/INC01082 mRNA was increased in
fusion-positive FP-RMS compared to fusion-negative FP-RMS tumors (Fig. 2B). Expression
of LINC01082 mirrored FOXFI mRNA in primary FP-RMS tumors (Fig. 2B), patient-
derived xenografts (Suppl. Fig. S5A), orthotopic xenograft tumors from FP-RMS cell lines
(Suppl. Fig. S5A) and normal human tissues (Suppl. Fig. S5B). Knockdown of PAX3-
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FOXO1 resulted in a complete loss of L/INC01082 (Fig. 2C), indicating that the PAX3-
FOXO1 is essential for L/NC01082 transcription. To test whether the —315kb or the +8kb
PAX3-FOXO1-binding enhancers are required for FOXFI gene expression, we used
previously described CRISPR repression (CRISPRI) technique (52). This approach uses a
nuclease-dead Cas9 (dCas9) fused to the potent Kriippel associated box (KRAB) repression
domain which is directed to regulatory elements using a designed gRNA (52). Local
repression of either the —315kb upstream or +8kb downstream enhancers significantly
decreased FOXFI mRNA in human FP-RMS cell lines (Fig. 2D). Thus, PAX3-FOXO1
activates the FOXF1 gene expression, at least in part, through the —315kb and the +8kb
distal enhancer elements. Altogether, FOXF1 is a transcriptional target of PAX3-FOXO1 and
is uniquely expressed in fusion-positive FP-RMS.

FOXF1 is required for PAX3-FOXO1 to drive FP-RMS tumor growth.

The importance of FOXF1 in PAX3-FOXO1-mediated tumorigenesis was tested using
orthotopic FP-RMS mouse model. We generated stable FOXF1 knockout (FOXF1-KO) FP-
RMS cell lines using CRISPR/Cas9-mediated gene editing in fusion-positive RH18 cells
(Suppl. Fig. S6A). Four FOXF1-KO RH18 clones carried frameshift mutations on all
FOXF1 alleles, leading to a complete absence of the FOXF1 protein (Suppl. Fig. S6B-C).
The FOXFI-KOclones, number 2, 5 and 9, were used for the intramuscular injections into
immunocompromised mice. Deletion of FOXF1 from fusion-positive RH18 tumor cells
decreased FP-RMS tumor formation compared to parental RH18 cells shown for all three
FOXFI1-KOclones (Fig. 3A-B). Time-course studies demonstrated the time-dependent
inhibition of tumor growth in FOXF1-knockout FP-RMS (Suppl. Fig. S7 A-B). FOXF1-KO
tumors were hypo-cellular with increased stromal component (Fig. 3C). Western blot and
immunostaining showed the total loss of FOXF1 protein in FOXF1-KO tumors (Fig. 3D-E).
BrdU incorporation was decreased in FOXF1-KO tumors (Suppl. Fig. S7C), consistent with
decreased cellular proliferation. Transient transfection studies of nocodazole-synchronized
RH18 tumor cells with FOXF1-sensitive luciferase (LUC) reporter demonstrated that
FOXF1 transcriptional activity was gradually increased from G1 to G2 phases of the cell
cycle (Suppl. Fig. S8A-D). In addition, flow cytometry analyses showed that knockout of
FOXF1 decreased the number of BrdU-positive and Ki67-positive RH18 tumor cells /in vitro
(Suppl. Fig. S9A-B). Thus, deletion of FOXF1 decreases cell proliferation and inhibits FP-
RMS tumorigenesis driven by PAX3-FOXO1 oncogene.

Since PAX3-FOXOL1 increases FOXFI gene expression via the —315kb and the +8kb
enhancer elements, we tested whether inhibition of these enhancers would inhibit FP-RMS
tumor growth in animal model. CRISPRi-mediated repression of either —315kb or +8kb
enhancer elements in fusion-positive RH18 FP-RMS cells (Fig. 2D) significantly inhibited
FP-RMS tumor growth (Fig. 3F). Altogether, the PAX3-FOXOL1 fusion protein induces FP-
RMS tumorigenesis by regulating FOXF1 through —315kb and +8kb enhancer elements.

Loss of FOXF1 induces spontaneous differentiation of FP-RMS tumor cells.

To determine molecular mechanisms through which FOXF1 regulates FP-RMS
tumorigenesis, RNAseq was performed after FOXF1 knockdown in fusion-positive RH18
cells. The efficiency of FOXF1 knockdown was 90% (Suppl. Fig. SI0A-B and Suppl. Table
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1). A total of 150 genes were downregulated and 177 genes were upregulated compared to
control RH18 tumor cells (Fig 4A and Suppl. Fig. S10C-D). Consistent with decreased
tumorigenesis (Fig. 3A-B), knockdown of FOXFI decreased expression of genes critical for
tumor growth, invasion and metastasis including matrix metalloproteinase 3 (MMP?3),
fibroblast growth factor 7 (FGF7), transcription factor AP-2p (TFAPZB), vestigial-like
family member 2 (VGLL2) (Fig. 4A, Suppl. Fig S10C), the latter of which is a known RMS
oncogene (53-55). Expression of genes in the MYC network was downregulated (Fig. 4B), a
finding consistent with decreased tumor cell proliferation in FOXF1-deficient FP-RMS.
Furthermore, knockdown of FOXF1 was associated with gene signature of activated P53
pathway, apoptosis and myogenesis (Fig. 4C-D). The mRNAs of genes encoding mature
skeletal muscle markers, including myosin light chain 1 (MYLI), troponin 11 (7TANNII),
troponin C2 (TNNC2), and myosin binding protein H (MYBPH) were increased in FOXF1-
deficient FP-RMS (Suppl. Fig. S10D). Thus, inhibition of FOXF1 increases expression of
mature skeletal muscle genes in FP-RMS cells.

Terminal myogenic differentiation of tumor cells has been reported in RMS patients
following chemotherapy and radiation therapy (56, 57). To determine whether the loss of
FOXFL1 is sufficient to induce myogenic differentiation in tumor cells expressing PAX3-
FOXO1 fusion protein, FP-RMS orthotopic xenograft tumors were used. CRISPR/Cas9-
mediated deletion of FOXF1 dramatically increased the number of cells positive for myosin
heavy chain (MyH) (Fig. 4E), a marker of differentiated muscle cells (58, 59). In protein
lysates from FOXF1-defecient tumors, MyH was increased compared to tumors from
parental cells (Fig. 4F). The MyH-positive cells in FOXF1-defecient FP-RMS xenografts
were non-proliferative (Suppl. Fig. S11A) and were human in origin as shown by co-staining
with a pan-human antibody (Fig. 4G). Increased expression of MyH in FOXF1-defecient
xenograft tumors was associated with increased expression of mature skeletal muscle genes
TNNIZ, TNNCI, TNNTZ, CKM, MyH10and MyHI14 as shown using gRT-PCR with
human-specific primers (Fig. 4H). In contrast, ACTNZ, a marker of undifferentiated
myoblasts (60), was decreased in FOXF1-KO tumors (Fig. 4H). Finally, only single MyH-
positive tumor cells were found in FP-RMS patient tumors and in FP-RMS patient-derived
xenografts, and they were always negative for FOXF1 (Suppl. Fig. S11B-C). Altogether,
these results demonstrate that inhibition of FOXF1 induces myogenic differentiation in
PAX3-FOXO1-positive FP-RMS.

Ectopic expression of FOXF1 in human myoblasts inhibits myogenic differentiation.

To test whether FOXF1 is sufficient to inhibit myogenic differentiation in the absence of
PAX3-FOXO1 fusion protein, we used an established human skeletal muscle myoblast
(HSMM) primary culture system. FOXF1 is not expressed in hormal human myoblasts, as
shown by Western blot and gRT-PCR (Fig. 5A-B). FOXF1 was stably overexpressed using a
lentivirus (FOXF1-OE) to maintain approximately equal FOXF1 levels during growth or
differentiation of myoblasts in culture (Fig. 5A-B). Upon switching to differentiation media,
control myoblasts formed elongated and fused myotubes, whereas FOXF1-OE myoblasts
formed small clusters of cells with reduced cytoplasm (Fig. 5C). Immunostaining for MyH
and Desmin showed a dramatic reduction in the number of differentiated FOXF1-OE
myoblasts, with none of MyH-positive cells being found in cultures (Fig. 5D, bottom
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panels). Overexpression of FOXF1 in myoblasts completely abrogated their ability to
differentiate /n vitro as supported by reduction in differentiation index and fusion index (Fig.
5E-F). While control myaoblasts increased expression of Troponin C1 (TNNC1), Myosin
heavy chain 14 (MyH14), Troponin T1 (TNNT1), and Muscle Creatine Kinase (CKM) after
differentiation, expression of these genes was decreased in FOXF1-OE myoblasts (Fig. 5G).
Thus, FOXF1 inhibits differentiation of normal skeletal muscle myoblasts /n vitro.

The proliferative capacity of FOXF1-OE myoblasts was assessed in growth media using a
long-term outgrowth assay. While proliferation of control myoblasts began to slow down
after several passages, FOXF1-OE cells maintained their proliferation at a rate similar to the
first passage (Suppl. Fig. S12A). The number of proliferating cells was increased in FOXF1-
OE myoblast cultures (Suppl. Fig. S12B, upper panels). When placed in differentiation
media, both control and FOXF1-OE myoblasts had fully withdrawn from the cell cycle, as
shown by the absence of the Ki-67-positive cells (Suppl. Fig. S12B, middle panels). After
re-introduction of growth media, only FOXF1-OE myaoblasts resumed the cell cycle,
whereas control myoblasts remained differentiated (Suppl. Fig. S12B, bottom panels).
Altogether, FOXF1 inhibits myogenic differentiation and increases proliferation capacity of
primary skeletal muscle myoblasts.

FOXF1 binds chromatin at active enhancer sites.

To identify molecular mechanisms whereby FOXF1 regulates FP-RMS tumorigenesis, we
analyzed the genome-wide binding of FOXF1 protein to DNA by performing FOXF1 ChiP-
seq in fusion-positive RH18 cells. The total of 85% of FOXF1-binding peaks were detected
within gene introns (~44%) and in intergenic regions (~41%), the latter of which are defined
as >20kb from the nearest gene (Suppl. Fig. S13A) To characterize the chromatin states
within FOXF1-binding peaks, ChromHMM analysis was performed and demonstrated that
FOXF1-binding sites were dominated by features of active enhancer elements with no
enrichment for repressed chromatin (Fig. 6A and Suppl. Fig. S13B). The similar FOXF1-
binding sites were also identified in a FOXF1 ChlIP-seq using fusion-positive RH4 FP-RMS
cells (Fig. 6B). In both fusion-positive RH18 and RH4 tumor cells, FOXF1 DNA-binding
was associated with recruitment of P300 histone acetyl transferase and active enhancer mark
H3K27ac (Fig. 6B). In contrast, in fusion-negative FN-RMS cell line RD, the H3K27ac
marks were undetectable at the same DNA loci (Fig. 6B). Thus, FOXF1 binds to DNA
enhancers that are active in fusion-positive FP-RMS but not in fusion-negative FN-RMS.

FOXF1 DNA-binding is associated with binding of PAX3-FOXO1 and myogenic
transcription factors.

De novo motif discovery on FOXF1 DNA-binding peaks identified the canonical Forkhead
TG/ATTTAT/c motif (37) as the most significantly enriched motif (Fig. 6C). The second
most enriched motif in FOXF1 DNA-binding regions was the E-Box CA®/TCTGT/c motif
(Fig. 6C), which is known to be enriched at PAX3-FOX01, MYOD1 and MYOG DNA-
binding sites in FP-RMS(11),(12). Using available ChlPseq datasets (11, 12), we determined
whether any of these FP-RMS transcription factors were present at the FOXF1 binding sites.
Out of all FOXF1 binding sites, 36% were also occupied by PAX3-FOXO1 (ChlPseq
Clusters C2+C5+C6+C8; Fig. 6D and Suppl. Table 2), 26% were also occupied by MYOD1
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(ChlPseq Clusters C3+C5+C7+C8 and Suppl. Table 3) and 34% were also occupied by
MYOG (ChlIPseq Clusters C4+C6+C7+C8) (Fig. 6D and Suppl. Table 4). Of these shared
binding sites, 12.3% were occupied by all four transcription factors, FOXF1, PAX3-FOXO1,
MYOD1, and MYOG (Fig. 6D, Suppl. Table 5). No significant changes in FOXF1-binding
motif preferences (Suppl. Fig. S14A) or nearby gene expression levels (Suppl. Fig. S14B)
were observed across these shared binding sites. Furthermore, chromatin states of FOXF1
only sites (Cluster C1) were similar to the rest of FOXF1 binding sites with no evidence of
repressed chromatin (Suppl. Fig. S14C). To prioritize these clusters, we performed a
pairwise analysis of FOXF1 peak quality across clusters. Interestingly, clusters 2, 6, and 8
had significantly higher enrichment at FOXF1 binding sites compared to other clusters (Fig.
6E). Since the common denominator between Clusters 2, 6, and 8 is the binding of PAX3-
FOXO1, our data suggest that FOXF1 exhibits the strongest binding to FP-RMS enhancers
in the presence of PAX3-FOXO1. Altogether, FOXF1 binds to FP-RMS enhancers in
tandem with PAX3-FOXO1 fusion protein and E-box transcription factors. Interestingly,
FOXF1 binding picks together with binding sites for MYOD1, MYOG, p300 and H3K27ac
were present in the recently identified PAX3-FOXO1 enhancers (29) (Suppl. Fig. S15),
implicating FOXF1 transcription factor in regulation of PAX3-FOXO1 expression.

FOXF1 binds to the enhancers of genes associated with FP-RMS-specific gene signature.

To further determine the importance of FOXF1 DNA-binding for FP-RMS tumorigenesis,
we performed analysis of genes proximal to FOXF1 binding sites. The FOXF1 ChlIPseq
peaks were annotated based on the nearest gene and were compared to fusion-positive FP-
RMS gene signature identified previously (61). Out of 331 genes upregulated in FP-RMS
(61), 182 genes (55%) had FOXF1 binding peaks (Fig. 7A and Suppl. Table 6). Out of these
182 genes, 118 genes (65%) had enhancers bound by both FOXF1 and PAX3-FOXO1.
Interestingly, 74 genes from FP-RMS signature had enhancers bound by FOXF1, PAX3-
PAXO1, MYOD1 and MYOG, including ELMO1, TOX3, FGFR2, MYCN, JARIDZ (Fig.
7A). For example, MYCN gene, which is overexpressed in FP-RMS (8) (Fig. 4B) and
associated with poor survival (62), had multiple enhancers looping to the MYCN gene locus
as shown by HiChlIP analysis for H3K27ac (Fig. 7B). MYCN enhancers with the strongest
looping interactions were bound by FOXF1 together with PAX3-FOXO01, MYOD1 and
MYOG, and were positive for p300 and H3K27ac activation marks (Fig. 7B). FGFRZand
ALK genes loci also contained enhancers simultaneously bound by FOXF1, PAX3-FOXO1,
MYOD, MYOG, p300 and H3K27ac (Suppl. Fig. S16A-B). These enhancers were active in
FP-RMS, but not in FN-RMS as supported by differential binding of p300 and H3K27ac to
these enhancers (Suppl. Fig. SI6A-B). Thus, FOXF1 binds with PAX3-FOXO1 and E-box
myogenic transcription factors to the enhancers of genes associated with FP-RMS gene
signature.

FOXF1 cooperates with PAX3-FOXO1 and E-box transcription factors to activate FP-RMS

enhancers.

To determine the importance of the cooperative binding of these transcription factors on
enhancer activity, we focused on the 3’ distal enhancer of ERRF/1, gene critical for tumor
cell proliferation and chemoresistance (63). The 3° ERRF/1 enhancer had overlapping
binding sites for FOXF1, PAX3-FOXO01, MYOD1, and MYOG (Fig. 8A). This enhancer

Oncogene. Author manuscript; available in PMC 2021 August 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Milewski et al.

Page 10

had active chromatin marks p300 and H3K27ac in fusion-positive FP-RMS (RH4) but not in
fusion-negative FN-RMS (RD), and showed looping to the £ERRF/1 gene locus (Fig. 8A). To
determine whether FOXF1 increases £ERRF/1 gene expression, ShRNA was used to deplete
FOXF1 in fusion-positive FP-RMS. Knockdown of FOXF1 decreased £RRF/I mRNA in
both RH18 and RH4 FP-RMS cell lines (Fig. 8B). Thus, FOXF1 induces ERRFII gene
expression.

Next, an 826bp DNA fragment encompassing the 3’ distal ERRF/1 enhancer element was
cloned in front of a minimal promoter driving expression of the firefly luciferase (LUC)
reporter. When transfected into fusion-positive RH4 cells, this enhancer increased LUC
activity compared to reporter driven by the minimal promoter alone (Fig. 8C). The LUC
reporter was inactive when transfected into the fusion-negative RD cells (Fig. 8C). Thus, the
3’ ERRFI1 enhancer construct retained FP-RMS-specific activity similar to the endogenous
ERRFI1 gene locus. To dissect the contribution of each transcription factor binding site to
the 3° ERRFI1 enhancer activity, we generated a series of single and compound point
mutants disrupting FOXF1, MYOD1/MYQG, and PAX3-FOXO1 binding sites (Fig. 8D).
Point mutations in either FOXF1 or E-Box binding motifs decreased enhancer activity by
50% (Fig. 8D). Combined mutagenesis of the FOXF1 and the E-Box motifs reduced the
enhancer activity by 97% compared to the WT enhancer (Fig. 8D), suggesting synergistic
effects between FOXF1 and E-box transcription factors in activation of the ERRF/1
enhancer. Consistent with transcriptional synergy, FOXF1 protein physically bound to the
MYOD protein as shown by immunoprecipitation (Suppl. Fig. S17). Although both FOXF1
and PAX3-FOXO1-binding peaks were present in the £RRF/I enhancer (Fig. 8A), FOXF1
did not physically bind to the PAX3/FOXO1 fusion protein (Suppl. Fig. S17). Mutagenesis
of the PAX3-FOXOL1 consensus site alone or in combination with other motifs reduced
enhancer activity (Fig. 8D). Altogether, FOXF1, PAX3-FOXO1 and E-box transcription
factors cooperate via protein-DNA and protein-protein interactions to stimulate the ERRFI1
enhancer activity in FP-RMS tumors.

Discussion

In this study, we have identified the PAX3-FOXO1/ FOXF1 signaling cascade which is
critical for FP-RMS tumorigenesis. Previous studies demonstrated that FOXF1 is capable to
promote or inhibit cellular proliferation depending on tissue or cell specificity (33, 37, 64).
FOXF1 induced cell cycle progression in endothelial cells during development of pulmonary
vasculature (65, 66). FOXF1 promoted tumor growth and invasion in colorectal and breast
tumors (67, 68) but inhibited cellular proliferation and tumor growth in colon and breast
adenocarcinomas (69). Decreased cellular proliferation in FOXF1-defecient FP-RMS is
consistent with previous studies demonstrating that FOXF1 stimulates RMS tumor growth
through transcriptional repression of p21€!P1 (70). Interestingly, in the present studies we
also found that in addition to its role in tumor cell proliferation, FOXF1 prevents myogenic
differentiation in FP-RMS tumors. This effect is, most likely, independent of PAX3-FOXO1,
since over-expression of FOXF1 decreased myogenic differentiation in primary skeletal
muscle myaoblasts.
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Cell differentiation is regulated by lineage-specific transcription factors and disruption of
these genes, by mutations or other mechanisms, can alter the differentiation process. While
there is not a targeted differentiation therapy for rhabdomyosarcoma, it remains a promising
therapeutic approach. Terminal differentiation of FP-RMS cells after chemotherapy has been
reported in multiple studies (56, 57, 71) (72). These studies suggest the feasibility for
directed FP-RMS differentiation similar to what has been achieved with retinoid-based
differentiation therapy for acute promyelocytic leukemia (73), hepatocellular carcinoma
(74), and squamous cell carcinoma (75). Our studies identified FOXF1 as a direct
transcriptional target of PAX3-FOXO1 which can be explored pharmacologically or via gene
therapy to achieve terminal differentiation of tumor cells in FP-RMS.

Rhabdomyosarcoma is characterized by the presence of markers of skeletal muscle
differentiation and can be most reliably identified by transcription factors MYOD1 and
MYOG (76). MYOD1 is expressed in normal skeletal muscle myoblasts. Upon committing
to terminal differentiation, MYOD1 transcriptionally activates MYOG which induces cell
cycle withdrawal, expression of skeletal muscle contractile machinery, and irreversible
myogenic differentiation (77). Paradoxically, nearly every tumor cell in fusion-positive FP-
RMS expresses MYOG (76, 78). This is in stark contrast to embryonal and spindle/
sclerosing RMS which typically have scattered or focal positivity for MYOG (79). This
feature of FP-RMS suggests that FP-RMS tumor cells require unique molecular mechanisms
for antagonizing MYOG function and blocking differentiation. Since FOXF1 is co-expressed
with MYOG in FP-RMS and often binds to the same DNA regulatory elements, it is possible
that FOXF1 inhibits myogenic differentiation by interfering with MYOG function.

In summary, FOXF1 is a critical transcriptional target of the PAX3-FOXO1 oncogene in FP-
RMS, which promotes tumor cell proliferation and protects tumor cells from terminal
myogenic differentiation. These studies highlight a novel role for FOXF1 in the
pathogenesis of FP-RMS and suggest that inhibiting FOXF1 can be promising approach for
FP-RMS therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. FOXF1 expressed in fusion-positive FP-RM S tumors.
(A) Immunostaining shows FOXF1 protein in tumors of patients with FP-RMS (n=13), but

not with FN-RMS (n=11). (B) Western blots of tumor lysates show the presence of PAX3-
FOXO1 and FOXF1 proteins in human RMS orthotopic xenografts. (C) Increased FOXF1
mMRNA in fusion-positive FP-RMS is shown using gene expression microarrays of patient
RMS tumors (ArrayExpress accession number E-MEXP-121). Groups are based on
histology and fusion status. (D) Depletion of PAX3-FOXO1 decreases FOXFI gene
expression. Inhibition of PAX3-FOXO1 was performed using ShRNA targeting the PAX3
and FOXOL1 junction. gRT-PCR was performed, and values were normalized to g-actin
(n=3). Data reported as mean £ SEM, ** p<0.01. (E) Depletion of PAX3-FOXO1 decreases
FOXF1 protein levels. Western blots show efficient depletion of PAX3-FOXO1 fusion
protein and FOXFL1 protein. (F) FOXF1 co-localizes with PAX3-FOXO1 in FP-RMS
tumors. Co-immunostaining of PAX3 (N-terminus), FOXOL1 (C-terminus), and FOXF1 in a
patient FP-RMS.
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Figure2. FOXF1lisadirect transcriptional target of the PAX3-FOXO1 protein.
(A) (top) HiChIP analysis shows long range chromatin interactions at the FOXFI gene

locus. Both the —315kb and the +8kb enhancers loop to the FOXFI gene locus (top panel).
H3K27ac HiChlP was performed using RH4 cells and is shown at 5kb resolution
(GSE120770). ChlP-Seq shows binding of PAX3-FOXO1 fusion protein and p300 to DNA
near the FOXF1 gene and L/NC01082in RHA4 cells, but not in RD cells (bottom panel).
Both enhancers are positive for H3K27ac. Data from GSE19063 and GSE83726. (B) Both
the FOXF1 and the LINC01082 mRNA are increased in PAX3-FOXO1-positive (n=26) and
PAX7-FOXO1-positive (n=7) RMS but not in fusion-negative FN-RMS (n=25). Data from
microarray data GEO series accession number GSE66533 (80). (C) Depletion of PAX3-
FOXO1 using shRNA decreased L/NC01082 mRNA, shown by gRT-PCR using RH4 and
RH18 cells. Values were normalized to SB-actin (n=3). Data reported as mean £ SEM. (D)
Repression of either —315kb upstream or +8kb downstream enhancers using CRISPRI
decreased FOXFI mRNA. RH4 and RH18 cells were transduced with a lentivirus containing
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a dCas9:KRAB and a gRNA targeting either —315kb upstream binding site or +8kb
downstream binding site. The gRNA targeting the FOXF1 coding sequence (CDS) was used
as a positive control. Values were normalized to S-actin (n=3). Data reported as mean +
SEM. * p<0.05; ** p<0.01.
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Figure 3. FOXF1lisrequired for PAX3-FOXO1 to drive FP-RM Stumor growth.
(A) Xenograft tumors eight weeks after intramuscular inoculation of parental (RH18 WT)

tumor cells into left flank or FOXF1-depleted RH18 (FOXF1 KO) tumor cells into right
flank. (B) Tumor volumes were measured eight weeks after tumor cells inoculation. RH18
WT xenografts n=8; FOXF1KO xenografts using clones 2, 5, 9, n=4 per each cell line. Data
reported as mean = SEM. (C) H&E staining of FP-RMS tumors developed from parental
RH18 WT and from FOXF1 KO tumor cells. (D) Western blot analysis of tumor lysates
shows high levels of FOXF1 protein in WT RH18 tumors and complete loss of FOXF1
protein in FOXF1 KO tumors. Lamin A/C was used as a loading control. (E)
Immunohistochemistry shows the expression of FOXF1 in parental RH18 WT tumors, but
not in the FOXF1 KO tumors. (F) Repression of either —315kb upstream or +8kb
downstream enhancers using CRISPRi inhibited FP-RMS tumor growth in orthotopic mouse
model. RH18 cells were transduced with a lentivirus containing a dCas9:KRAB and a gRNA
targeting either —315kb upstream or +8kb downstream enhancers. Repression of FOXF1
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coding sequence (CDS) was used as a positive control. Generated stable cell lines were
injected into the quadriceps of NSG mice and sacrificed after eight weeks (n=6 per group).

Oncogene. Author manuscript; available in PMC 2021 August 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Milewski et al.

Page 22

(A) (B) (€)
RH18 FOXF1 KD RNAseq Downregulated after FOXF1 KD Upregulated after FOXF1 KD

Enrichment plot: HALLMARK_MYC_TARGETS V2 Enrichment plot: HALLMARK_P53_PATHWAY Enrichment plot:
FOXF1 o5 N o HALLMARK_TNFA_SIGNALING_VIA_NFKB
. MMP3 MmyL1
17 . 4 -

“MyLpF
~TNNI1

FGF7 | ranct

] \uumu

6.2 vala

-Log10(pvalue)

" TrAPZE

1 P ———————
10755 2.5 0 2.5 5 7.5 10

Log2(FC)
(D) Gene Ontology - Upregulated in FOXF1 KD T i \
GO - Cellular Component \'*\,_ N\
myofilament

p— HLLLUA ALY A+ SN T QL
contractile fiber - e
striated muscle thin filament

actin cytoskeleton

contractile fiber part
troponin complex

sarcolemma (E) MyH IHC
extracellular matrix g
- i
0 1 2 3 4 5 6 =
Upregulated (-log10pvalue) 2
e
(F) RH18 Tumor Lysates e«
WT FOXF1KO2 FOXF1KO5 FOXF1 KO 9
Mouse #: 1 2 3 1 2 3 1 2 3 1 2 3 ¥
wyh | | ————— ———— — 8
- = —
X
o
FOXF1 | = st o =3
o
'S
(SR 1] T[T T I —————-- e l
(G) RH18 KO 9 xenograft 6 - RH18 Tumor RNA mwr

* pKo2 *

Fold change in mRNA expression
w

Figure 4. FOXF1 regulates expression of genes critical for FP-RM Stumor growth and
metastasis.

(A) Volcano plot shows differentially expressed genes after FOXF1 knockdown in RH18
cells. (B) Gene Set Enrichment Analysis (GSEA) analysis shows downregulation of MYC
gene network after FOXF1 knockdown. (C) GSEA analysis shows upregulation of P53
pathway, apoptosis and myogenesis after FOXF1 knockdown. (D) Gene ontology analysis of
genes significantly upregulated after FOXF1 knockdown. (FC>1.5; p<0.05). (E) Loss of
FOXF1 induced spontaneous differentiation of FP-RMS tumor cells /n vivo. Deletion of
FOXF1 (FOXF1 KO, clone 9) increased number of myosin heavy chain (MyH)-positive
cells in orthotopic FP-RMS tumors compared to control RH18 WT cells. (F) Western blots
show increased levels of MyH protein in micro-dissected FOXF1-KO tumors generated from
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three different clones (KO 2, KO 5 and K9) (n=3 mice per group). B-tubulin is used as a
loading control. (G) MyH-positive cells are human in origin as shown by co-staining with a
pan-human antibody using immunofluorescent staining of FP-RMS xenografts. (H) Deletion
of FOXF1 increased mRNAs of mature skeletal muscle genes. gRT-PCR was performed
using RNA isolated from micro-dissected FP-RMS tumors. Values normalized to g-actin.
(n=4 mice per group). Data reported as mean + SEM. * p<0.05.
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Figure 5. Ectopic expression of FOXF1in primary human skeletal muscle myoblastsinhibits
myogenic differentiation.

Primary human skeletal muscle myoblasts (HSMM) were transduced with empty (E)
lentiviral plasmid or plasmid containing the human FOXF1 cDNA (OE). (A) Western blots
show efficient over-expression of FOXF1 in HSMM (OE), but not in primary HSMM (E).
Cell were cultured either in growth media (Growth) or in differentiation media (Diff.).
Lamin A/C was used as a loading control. (B) FOXFI mRNA in control HSMM (E) and in
FOXF1 OE HSMM is shown by qRT-PCR. Values were normalized to g-actin. (C) Over-
expression of FOXF1 in HSMM caused morphological changes during differentiation in
vitro. (D) Immunostaining for MyH and Desmin showed a reduction in the number of MyH-
positive and Desmin-positive FOXF1 OE myoblasts after 9 days in differentiation media.
(E-F) Quantification of differentiation index and fusion index in control and FOXF1-
expressing HSMM. A minimum of 100 nuclei were counted across three biological
replicates and presented as mean £ SEM. ***p<0.001. (G) gRT-PCR shows the decrease in
mMRNAs of skeletal muscle differentiation markers using HSMM after 5 days in
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differentiation media. Values were normalized to p-actin (n=3). Data reported as mean +
SEM.

Oncogene. Author manuscript; available in PMC 2021 August 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Milewski et al.

Page 26

(A) (B) Input FOXF1 P300 H3K27Ac
FOXF1 ChiP-seq peaks = =
Active Promoter { [
Poised Promoter { [l 10kb =
Genic Enhancer | [ NRNRNRNMEEEEEE
Bivalent Enh .
i fam,;er . RH18 RH18 RH4 RH4 RH18 RH4 RD
Strong Transcription | (FN-RMS)
Transcript. Transition I (D) N
Weak Transcription { | ©
Insulator { [l N & S o No. of sites
ZNFgenesarepeats | | ChiPseq & F L O ofall FoxF
Strong PC Repressed | | Clusters <& Q Ny A\ binding sites)
PC Repressed { |
=5,931
Weak PC Repressed { | C1: FOXF1only &55 19.,3,0)
Heterochromatin { | ’
LowSignal ‘
3

BT e T
(C) n=2,087

c2: _FOXF1& (15.9%)

Top enriched motifs in FOXF1 binding sites * PAX3/FOXO1

Most common motif 2" most common motif

HWAI [A G .

#0f peaks (%): 937213167 (71.2%)
P 1E-2544

# of peaks (%): 3,050/13,157 (23.2%) T
value: 4. 17E508

p-value:

ca: FOXF1& n=gs3
© == myoe (6.5%)
FOXF1 peak intensi
BE
FOXF1 & } i n=230
C5: PAX3/FOXO1 & (1.7%)
FOXF1 & I n=853
C6: PAX3/FOXO1 & (6.5%)
MYOG
i | T T
-2,500bp 0 +2,500bp FOXF1 & n=1,110
C:  MYOD1& (8.4%)
MYOG
FOXF1 & [ i
cs: PAX3IFOXO1 & : ¢ n=1,615
== MyYoD1& } I (12.3%)
MYOG ; i

Figure 6. FOXF1 DNA-binding is associated with active enhancer s and with binding of PAX3-
FOXO1 and myogenic transcription factors.

(A) ChromHMM analysis of FOXF1 binding sites in fusion-positive RH18 cells. (B) FOXF1
binds to the enhancers that are active in FP-RMS but not in FN-RMS. Heatmaps of FOXF1,
P300 and H3K27ac ChlPseq data in FP-RMS cell lines RH4, RH18 and FN-RMS cell line
RD. (C) FOXF1 DNA-binding sites are enriched in Forkhead and E-box motifs. De novo
motif analysis was performed using MEME-ChIP. (D) FOXF1 binding sites are shared with
PAX3-FOX01, MYOD1, and/or MYOG. The most common binding partner is PAX3-
FOXO1. Out of all FOXF1 binding sites, 36% are also occupied by PAX3-FOXO1 (Cluster
C2+C5+C6+C8). Each of the 13,157 FOXF1 binding sites were assigned to a single cluster
based on the presence or absence of PAX3-FOXO1, MYOD1, and/or MYOG. Heatmaps are
normalized for each transcription factor and the number of enhancers in each cluster are
shown. (E) Tag density plot showing that FoxF1 signal is higher when co-bound with PAX3-
FOXOL1. Pairwise analysis of FOXF1 peak quality across clusters was performed.
Enrichment of FOXF1 is highest in clusters C2, 6 and 8.
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Figure 7. FOXF1 bindsto enhancer s of genes associated with FP-RM S gene signature.
(A) Annotated genes near FOXF1 binding sites overlap with genes signature specific to FP-

RMS. Up-regulated FP-RMS gene set is from Davicioni et al. 2006 (18). Out of 331 genes
upregulated in FP-RMS, 182 genes (55%) have FOXF1 binding peaks. Out of these 182
genes, 118 genes (65%) had enhancers bound by both FOXF1 and PAX3-FOXOL1. 74 genes
from FP-RMS signature had enhancers bound by FOXF1, PAX3-PAXO1, MYOD1 and
MYOG. P-values are FDR B&F corrected. (B) HiChlP analysis identified long-distance
interactions of enhancers with the MYCN gene locus shown at 5kb resolution. RH4 FP-
RMS cells were used for HiChIP (top panel). ChlPseq shows binding of FOXF1, PAX3-
FOXO1, MYOD1, MYOG, as well as p300 and H3K27ac at the MYCN enhancers (bottom
panel). FOXF1 and H3K27ac ChlPseqgs were performed using RH18, RH4 and RMS224
cells.
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Figure 8. FOXF1 cooperateswith PAX3-FOXO1 and E-box transcription factorsto activatethe
ERRFI1 enhancer.

(A) HiChIP showed long-distance interactions of enhancers with the £ERRF/1 gene in FP-
RMS RH4 (top panel). ChlP-seq in RH18, RH4, and RMS224 fusion-positive RMS shows
the binding of FOXF1, PAX3-FOX01, MYOG and MYOD at the ERRF/1 enhancers
(bottom panel). (B) Knockdown of FOXFI decreased £ERRF/I mRNA in RH18 and RH4
cells as shown by gRT-PCR. mRNAs were normalized to S-actin mRNA (n=3). Data shown
as mean + SEM. (C) Cloning and validation of the —187kb £ERRF/1 enhancer element. An
826bp fragment corresponding to the £RRF/1 enhancer element was cloned into pGL4.23
plasmid containing a minimal promoter driving the luciferase reporter. RD and RH4 cells
were transfected with pGL4-ERRFI1, pGL4-Empty and renilla plasmids, and a dual
luciferase assay was performed 48 hours. Normalized luciferase activity is shown as mean +
SEM (n=3). (D) Site-directed mutagenesis of Forkhead, E-Box, or PAX3 binding sites
decreased activity of the —187kb £RRF/I enhancer. Disruption of PAX3 binding site
completely abolished the enhancer activity. Disruption of either FOXF1 or MYOD/MYOG
binding sites decreased activity of the ERRF/1 enhancer, whereas disruption of both FOXF1
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and MYOD/MYOG bhinding sites abolished £RRF/1 enhancer activity (n=3). Luciferase
activity was normalized to renilla control.

Oncogene. Author manuscript; available in PMC 2021 August 24.



	Abstract
	Introduction
	Materials and Methods
	Cell lines and patient-derived RMS xenografts.
	CRISPRi and CRISPR KO.
	RNAseq analysis.
	ChIP-Seq and HiChIP-Seq.
	HSMM Growth and Differentiation Assays.
	Dual Luciferase Assays and Site Directed Mutagenesis.
	Study Approval.

	Results
	FOXF1 is selectively expressed in fusion-positive FP-RMS.
	FOXF1 is a direct transcriptional target of PAX3-FOXO1.
	FOXF1 is required for PAX3-FOXO1 to drive FP-RMS tumor growth.
	Loss of FOXF1 induces spontaneous differentiation of FP-RMS tumor cells.
	Ectopic expression of FOXF1 in human myoblasts inhibits myogenic differentiation.
	FOXF1 binds chromatin at active enhancer sites.
	FOXF1 DNA-binding is associated with binding of PAX3-FOXO1 and myogenic transcription factors.
	FOXF1 binds to the enhancers of genes associated with FP-RMS-specific gene signature.
	FOXF1 cooperates with PAX3-FOXO1 and E-box transcription factors to activate FP-RMS enhancers.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

