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Abstract

Rhabdomyosarcoma (RMS), a cancer characterized by skeletal muscle features, is the most
common soft tissue sarcoma of childhood. While low and intermediate-risk groups have seen
improved outcomes, high-risk patients still face a 5-year survival of <30%, a statistic that has not
changed in over 40 years. Understanding the biologic underpinnings of RMS is critical. The
developmental pathways of Notch and YAP have been identified as potent but independent
oncogenic signals that support the embryonal variant of RMS (eRMS). Here, the cross-talk
between these pathways and the impact on eRMS tumorigenesis is reported. Using human eRMS
cells grown as 3D rhabdospheres, which enriches in stem cells, it was found that Notch signaling
transcriptionally upregulates YAPZ gene expression and YAP activity. Reciprocally, YAP
transcriptionally upregulates the Notch ligand genes JAGZ and DLL 1 and the core Notch
transcription factor RBAJ. This bidirectional circuit boosts expression of key stem cell genes
including SOXZ, which is functionally required for eRMS spheres. Silencing this circuit for
therapeutic purposes may be challenging, since the inhibition of one node (for example
pharmacologic Notch blockade) can be rescued by upregulation of another (constitutive YAP
expression). Instead, dual inhibition of Notch and YAP is necessary. Finally, supporting the
existence of this circuit beyond a model system, nuclear Notch and YAP protein expression are
correlated in human eRMS tumors, and YAP suppression /n vivo decreases Notch signaling and
SOX2 expression.

"Corresponding author: Corinne M. Linardic, phone 919-684-3401 (office) / 919-681-3508 (lab); fax 919-681-6906. Reprint
requests: Send reprint requests to Corinne M. Linardic, Box 102382 DUMC, Durham, NC, 27710; corinne.linardic@duke.edu.

Conflicts of interest
The authors declare no potential conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slemmons et al. Page 2

Implications: This study identifies a novel oncogenic signaling circuit driving eRMS stemness and
tumorigenesis, and provides evidence and rationale for combination therapies co-targeting Notch
and YAP.
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Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue sarcoma of childhood and
adolescence. The embryonal histologic variant (eERMS), the most common subtype, is
characterized at the protein level by skeletal muscle histogenesis and at the nucleic acid level
by an unstable genome with high rates of copy number alterations, structural variations, and
sequence mutations including in the RAS oncogene (1). While low-risk patient groups have
a favorable prognosis, high-risk groups have a 5-year survival rate of <30% (2). Since there
are not yet approved targeted therapies for eRMS, successful treatment relies on
combinations of cytotoxic chemotherapy, radiation, and surgery. While these modalities are
usually effective, many patients relapse or develop treatment resistance (3). This ability of
eRMS cells to persist in the body is due in part to their “stemness” properties, as cancer stem
cells are chemoresistant and demonstrate plasticity in the face of toxic insults (reviewed in
(4)). Therefore, it is crucial to understand the signaling mechanisms that drive eRMS tumor
cell stemness and plasticity, which may identify novel drug targets and combinations.

As with many pediatric malignancies, eRMS demonstrates dysregulation of developmental
pathways, including Hedgehog, WNT, Notch and Hippo (1,5-8). Here we focus on two of
these pathways, Notch and Hippo. Notch signaling regulates cell fate determination and
stem cell proliferation during development and adult tissue maintenance. Signaling is
initiated when a Notch receptor binds a Notch ligand on a neighboring cell, resulting in
extracellular and intracellular cleavages (through y-secretase) to generate an active
intracellular notch (ICN) moiety. ICN translocates to the nucleus, forms a complex with the
RBPJ transcription factor and a MAML transcriptional co-activator, and drives expression of
pro-growth genes. In skeletal muscle, high Notch expression maintains the stem cell
population, while low Notch expression augments myogenic differentiation. Notch signaling
is upregulated in several human cancer types (reviewed in (9)). In eRMS, Notch receptors 1—-
4, ligands JAG1 and DLL1, the transcription factor RBPJ, and the Notch target genes HEY1
and HESI have been found upregulated (7,10-14). Functionally, Notch signaling promotes
eRMS proliferation and self-renewal (7,15), inhibits myogenic differentiation (7), and
increases eRMS cell mobility and invasiveness (11,12). While Notch pathway inhibition via
RNAIi or y-secretase inhibitors (GSIs) in pre-clinical tumor models has proven effective
(7,15), Notch inhibitors in the clinic have faced dose-limiting toxicities (16).

The Hippo tumor suppressor pathway also has critical roles during development and
regeneration, including limiting organ size. Active Hippo signaling suppresses the
downstream oncoprotein YAP, a potent transcriptional co-activator. When Hippo signaling is
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silenced, YAP translocates to the nucleus where it binds and co-activates transcription
factors, including the TEA domain (TEAD) family. YAP/TEAD signaling drives
proliferation and survival in many cell types (reviewed in (17)), and also has a role in
cellular stemness as it is required in the stem cell compartment for tissue regeneration
(18,19). Remarkably, ectopic YAP expression can convert differentiated mammalian
mammary, pancreatic, and neuronal cells into stem cells of the same lineage (20). In human
cancer, YAPIis found upregulated via genomic amplification or increased expression (21—
23). Recently, YAP has also been found upregulated in eRMS tumors (5,6), where it
supports tumorigenesis through stimulation of proliferation and inhibition of myogenic
differentiation and apoptosis (6,24). YAPI suppression /n vivo using RNAI or the YAP-
TEAD inhibitor verteporfin (VP) suppresses tumor growth /n vivo (6,24). However, tumor
growth is not ablated, suggesting there are additional signals maintaining cell proliferation
and survival.

While developmental pathways are often defined as linear conduits that influence cell and
organismal fate, in reality they function as networks that cross-talk (reviewed in (25,26)).
Unidirectional signaling between Notch and Hippo occurs frequently in metazoan
development and occasionally in human malignancy. For example, in neural stem cells
Notch transcriptionally regulates YAP (27), while in intestinal stem cells (28,29), adult
hepatocytes (30), colon cancer cells (29), and hepatocellular carcinoma (31), YAP activates
Notch. This cross-talk is strikingly cell-type and context specific, because even within one
organism (e.g. Drosophila melanogaster), Notch activates YAP in the lymph gland, inhibits
Hippo signaling in the wing disc, and Notch-Hippo have an inverse relationship in oocytes
(32-34). Crosstalk between these two pathways in the pediatric cancer eRMS has not yet
been studied.

Here we investigate the signaling crosstalk between Notch and Hippo, and its impact on
eRMS stemness and tumorigenesis, using eRMS cells grown as rhabdospheres. We describe
a novel bidirectional circuit whereby YAP and Notch directly transcriptionally regulate each
other, and increase expression of eRMS stem cell genes including SOXZ2. This circuit can be
targeted genetically and pharmacologically to inhibit eRMS cell growth, stemness, and
tumorigenesis. This is the first finding of a bidirectional circuit between Notch and YAP that
supports stemness in a pediatric cancer, and this knowledge will be crucial to designing
rational combination therapies.

Materials and Methods

Generation of Cell Lines and Constructs

The human eRMS cell line RD (35) was a gift from Tim Triche (Children’s Hospital of Los
Angeles, CA, USA) in 2005. SMS-CTR (36) and Rh36 (37) human eRMS cell lines were
gifts from Brett Hall (Columbus Children’s Hospital, OH, USA) in 2006. Cell line
authentication was performed in July 2014 (Rh36) and September 2016 (RD, SMS-CTR)
using STR analysis (Promega GenePrint 10) conducted by the Duke University DNA
Analysis Facility (Durham, NC, USA). CCA (38) human eRMS cell line was a gift from
Marielle Yohe (National Cancer Institute (NCI), MD, USA) in 2017 with cell line
authentication performed in 2013 at the NCI. JR-1 (39) and CT-TC (40) human eRMS cell
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lines were gifts from Peter Houghton (Greehey Children’s Cancer Research Institute, TX,
USA) in 2017. RAS mutational status is described in (41-45), except for JR-1 which harbors
an NRAS mutation (via personal correspondence with the Houghton lab). All cell lines were
grown in RPMI-1640 + 10% FBS in 5% CO, except CCA which were grown in DMEM
+20% FBS in 7.5% CO5,. YAP shRNA (46,47), SOX2 shRNA (48), RBPJ shRNA (49,50),
and ICN constructs (7) were previously described. pCW107-Notchl ICN and pCW107-
Luciferase constructs were gifts from Kris Wood (Duke University) (51). sShRNA annealed
oligos were ligated into pLKO.1 puro (Addgene 8453), Tet-pLKO-puro (Addgene 21915),
and Tet-pLKO-neo (Addgene 21916) lentiviral plasmids. pinducer20 was a gift from
Stephen Elledge (Addgene plasmid #44012), and pInducer20-YAP5SA was a gift from
Fernando Camargo (Harvard University, Cambridge, MA, USA).

Sphere Assays

RD and Rh36 rhabdospheres were cultured as described (52). A protocol to culture SMS-
CTR spheres was developed, in which sphere media was supplemented with 4x bFGF, 4x
EGF, and 50ug/ml insulin. This protocol was also used for the JR-1, CCA, and CT-TC cell
lines since they had not previously been cultured as rhabdospheres. Sphere experiments were
performed in either 96-well, 6-well, 10cm, or 25ml ultra-low attachment plates or flasks
(Corning). All conditions were plated at the same cell density and spheres were allowed to
form over 48hrs before genetic or pharmacologic manipulation. To induce ShRNA or cDNA
expression, spheres were manually dissociated and treated with 4ug/ml (RD) or 5ug/mi
(SMS-CTR) doxycycline (dox) daily for 4 days. Unless noted, all ShRNA experiments
utilized the dox-inducible system. At the end of experiments, spheres were photographed
and collected. Spheres were measured and quantified using Image J (NIH), 4 photographs
per condition. The length and width of each sphere was measured and averaged, then
spheres were categorized into four groups (<0.2mm, 0.2-0.5mm, 0.5-1mm, and >1mm in
diameter) based on a neurosphere protocol (53).

Limiting Dilution Assays
After expression and selection for ShRNA constructs, cells were plated at 1000, 100, 10, or 1
cell/well in sphere conditions in ultra-low attachment 96-well plates, 48 wells per condition.
Wells were scored positive (= 1 sphere/well) or negative for sphere formation after 1 week in
culture. Since dox-inducible shRNAs require daily media change, here we utilized
constitutively expressed shRNAs to minimize cell loss and error. Sphere forming frequency
and statistics were calculated using ELDA software (54).

Quantitative Real Time PCR (qRT-PCR) and Semi-quantitative PCR (RT-PCR)

PCR was performed as described (5). Primer sets for this work are listed in Supplementary
Table 1.

BrdU and Viability Assays

BrdU assays to measure cell proliferation were performed in six replicates as described (5),
after cells were grown as spheres for 48 hours. Trypan blue cell counting was used to
measure cell viability after SOX2 suppression in spheres. MTT assays were performed to
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assess the impact of VP and RO492910 (see Drug Studies) on cell viability. RD cells were
plated at 2,000 cells/well in a 96-well plate, six replicates per condition. The next day, 3uM
VP and varying concentrations of RO492910 were added and cells incubated for 72 hours.
Conversion to formazan was performed as described (7).

Immunoblotting

Immunoblotting was performed as described, using 30-100ug of lysate per sample (7), and
the following antibodies: anti-YAP (Cell Signaling #4912, 1:1000), anti-phospho-YAP
Ser127 (Cell Signaling #4911, 1:1000), anti-CD133 (DSHB #HB7, 1:50), anti-OCT4 (Cell
Signaling #2750, 1:250-1:500), anti-RBPJ (Cell Signaling #5313, 1:1000), anti-JAG1 (Cell
Signaling #2620, 1:1000), anti-Nucleolin (Abcam #ab22758, 1:1000) and anti-Actin (Sigma
#A2066, 1:1000 or Sigma #A5441, 1:5000). Densitometry was performed using ImageJ
(NIH), and all values were normalized to the loading control.

Immunohistochemistry

Paraffin-embedded formalin-fixed xenograft tumor samples were sectioned and stained.
YAP (Cell Signaling #4912, 1:40) and SOX2 IHC (Cell Signaling #3579, 1:100) were
performed as described (5,55). Ki67 (Dako #M7240) staining was performed per the
manufacturer’s protocol. YAP, SOX2, and Ki67 staining was scored on a scale of 0-3 by two
blinded scorers (O=negative (no brown staining), 1=weak staining, 2=moderate staining,
3=strong staining), similar to previous work (56). Four images were scored per tumor and
averaged. Human RMS tissue microarrays (TMAS) were generated from tissue collected
after informed consent through the Children’s Oncology Group (COG) and obtained from
the Biopathology Center at Nationwide Children’s Hospital (Columbus, OH, USA). The
samples were deidentified and approved for use by the IRB at Duke University. Notch1 and
YAP TMA staining was previously described (5,7).

Drug Studies

R04929097 (GSI) was obtained from Selleck Chemicals and resuspended in DMSO at
10mg/ml. Verteporfin was obtained from Proactive Molecular Research P17-0440, dissolved
in DMSO at 100mg/ml and diluted to 0.1uM in cell culture media.

ChIP Assays

5-10x108 RD cells were plated as spheres for 24—48 hours. Spheres were then cross-linked
with 1% formaldehyde for 10-15 min, quenched with 0.125M glycine for 10min, and
washed with PBS. Cells were resuspended in lysis buffer (50mM Tris pH7.5, 150mM NacCl,
5mM EDTA, 1% Triton-X, 0.1% SDS, 0.5% sodium deoxycholate) and sonicated (Misonix
XL-2000) for 14 cycles (12 sec on, 2 min off). Cell debris was pelleted, and chromatin was
precleared with Protein G agarose beads (Millipore) for 2 hours at 4°C. RBPJ antibody (Cell
Signaling #5313) was added at 1:50 and rotated overnight at 4 °C. Protein G beads were
added the next day for 3 hours with rotation at 4 °C. Beads were washed according to the
Abcam protocol and DNA was eluted with elution buffer (Santa Cruz) at 67°C for 2 hours
with rotation. Crosslinks were reversed overnight followed by a proteinase K digestion for
1hr. DNA was purified using the Qiagen PCR Purification kit. ChIP enrichment was
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evaluated using semi-quantitative PCR followed by quantitation using ImageJ (NIH) similar
to previous published work (57). ChIP primers are listed in Supplementary Table 1.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism (GraphPad). Unless noted, data is
presented as the mean and SE. One-way ANOVA, two-way ANOVA, Pearson’s correlation
coefficient, and unpaired T-test were used as appropriate. P values were considered
significant at *, P< 0.05; **, P<0.01; ***, P<0.001; and ****, P<0.0001.

Results

eRMS rhabdospheres are enriched in Notch and YAP signaling

To dissect the roles of Notch-YAP signaling in eRMS, we turned to a model system in which
human eRMS cells are cultured in suspension as spheres, termed “rhabdospheres". This
microenvironment not only maintains three-dimensional cell-cell contact, which more
accurately mimics tumors compared to adherent monolayers, but also permits the study of
eRMS cell stemness (52). For the current study, we analyzed gene expression by gRT-PCR
and compared rhabdospheres propagated over four passages to eRMS cells grown in
monolayers. We relied on two patient-derived eRMS cell lines, RD and SMS-CTR, which
harbor oncogenic RAS mutations (41-43), reflecting the high-risk eRMS mutational profile
(1,58). As expected (52), expression of the stem cell genes PROMI (CD133) and SOX2
increased when RD and SMS-CTR cells were grown as spheres (Fig.1A). Intriguingly, the
transcriptional co-activator YAPZ (but not its homolog TAZ, encoded by WWTRI) (Fig.1B)
and the Notch pathway readout genes HE'YZ and HESI (Fig.1C) were also increased in both
cell lines, suggesting YAP and Notch expression may support stemness. To gain insight into
the mechanism of increased Notch pathway activation, we investigated the expression of
Notch ligands and receptors previously implicated in eRMS tumorigenesis (7,10,13,59), and
found increased expression of the Notch ligands JAGZ and DL L1 (Fig.1D) and the Notch
receptors NOTCHI and NOTCH3 (Fig.1E).

To gain insight into the prevalence of Notch and YAP upregulation in eRMS spheres, we
examined four additional eRMS cell lines bearing oncogenic RAS mutations (Rh36, JR-1,
CCA, and CT-TC) (Supplementary Fig.1,2). While there was some variability, all cell lines
showed an increase in PROM1 and/or SOX2, all cell lines showed an increase in one or
more Notch pathway components, and one of four cell lines showed an increase in YAPZ
when cultured as spheres. In summary, culturing eRMS cells as rhabdospheres increased cell
stemness as measured by PROMI and SOXZ, and Notch and YAP pathway gene profiles,
particularly in the RD and SMS-CTR spheres. This system was used to study the role of
Notch-YAP signaling in eRMS stemness and tumorigenesis, with all subsequent /n vitro
studies using RD and SMS-CTR rhabdospheres.

Notch and YAP protein expression correlate in human eRMS tumors

While both Notch and YAP signaling were upregulated in RD and SMS-CTR
rhabdospheres, and Notch and YAP were previously shown to be upregulated in human
eRMS samples, it was unknown whether they were co-expressed in individual human
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tumors. Therefore, we re-analyzed human RMS tissue microarrays (TMAS) that had
previously been stained using IHC for nuclear Notchl or YAP protein, respectively (5,7). We
correlated the intensity of Notchl staining with the intensity of YAP staining, and found that
those tumor cores with a YAP score of 3 had higher nuclear Notch1 scores (p=0.06) (Fig.
1F). There were no eRMS cores with a YAP score of 0 or 1 in this dataset, demonstrating
that YAP is highly expressed in eRMS as a whole. This correlation is consistent with a
previous observation that YAP and Notch pathway transcriptional signatures are enriched in
human RMS tumors compared to skeletal muscle (6). These data suggest there is a subset of
eRMS patients whose tumors have concomitant high activity of both pathways, but it is not
known if these individuals have a poorer outcome.

Notch pathway activation increases YAP signaling

Since Notch signaling regulates YAP expression and activity in several metazoan cell types,
we explored whether gain-of-function of Notch signaling could do the same in eRMS
(Notch — YAP). To this end, we overexpressed the Notchl ICN domain in RD spheres.
Phenotypically, ICN overexpression increased sphere number and size compared to vector
(Supplementary Fig.3A,B). This is in concordance with a recent report that overexpression
of Notch1AE (a constitutively active Notchl construct lacking the extracellular domain but
still sensitive to GSIs) in RD spheres increases total sphere number (15). As expected for a
positive control, constitutive activation of Notch signaling via ICN boosted expression of
HEY1 (although interestingly not HESZ, data not shown) (Fig.2A). PROMI, SOX2, and
additional stem cell genes OCT74and NANOG were also increased (Fig.2A), consistent with
Notch’s role in maintaining stemness (27,60). Last, YAPZ and its target genes were
increased, with both CTGFand CYR61 upregulated over 40-fold (Fig.2B). At the protein
level, ICN overexpression increased the stem cell genes CD133 and OCT4 and decreased the
levels of phosphorylated (inactive) YAP (Fig.2C). Collectively, these data suggest that in
eRMS Notch regulation of YAP occurs at both the transcriptional and post-translational
levels.

Notch pathway suppression decreases YAP levels and sphere formation

Since Notch gain-of-function increased YAP signaling in rhabdospheres, we next evaluated
the effect of Notch loss-of-function on YAP through shRNA suppression of the transcription
factor RBPJ. Three independent shRNAs to RBPJ decreased RBPJ protein expression as
expected, but also decreased YAP protein levels in RD and SMS-CTR spheres (Fig.2D,E,
top). Constitutive RBPJ shRNAs were used in the RD spheres due to insufficient
knockdown in the dox-inducible system (data not shown). To determine the phenotypic
consequences of RBPJ loss, spheres were photographed and compared to the non-targeting
(NT) control. Suppression of RBPJ inhibited sphere formation in both RD and SMS-CTR
cultures (Fig.2F,G). To quantify the phenotype, we counted the total sphere number and
measured the average sphere diameter. Spheres were categorized into four groups based on
size (<0.2mm, 0.2-0.5mm, 0.5-1mm, and >1mm), permitting comparison of sphere number
and size after genetic manipulation. In RD cells, RBPJ suppression resulted in fewer and
smaller spheres, while in SMS-CTR cells, RBPJ loss resulted in smaller spheres only (Fig.
2D,E, bottom). In summary, Notch signaling through RBPJ regulates YAP expression and is
required for eRMS sphere formation.
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RBPJ directly regulates YAP1 and SOX2 genomic loci

To determine whether Notch signaling increases YAPZ mRNA at the genomic level, we
performed RBPJ ChIP-PCR in RD rhabdospheres. PCR for the positive (HESZ promoter)
and negative (a region on chromosome 14 lacking RBPJ binding sites) controls showed that
RBPJ is enriched at the HESZ promoter but not at the negative control, as expected (Fig.2H).
PCR for the occupancy of RBPJ on the YAPI and SOX2 promoters, which are known to
contain potential RBPJ binding sites, shows that RBPJ is indeed present (Fig.2H). These
data demonstrate that Notch signaling is regulating YAPZ and SOXZ2expression at least in
part by direct transcriptional activation.

YAP suppression decreases Notch signaling

Since Notch signaling can activate YAP and its downstream targets, we next assessed
whether the reverse could occur (YAP — Notch). Two independent shRNAs to YAP
decreased YAPI mRNA levels and the expression of YAP target genes (CTGF, CYR6I) in
RD and SMS-CTR spheres (Fig.3A). YAP suppression also decreased Notch signaling, as
shown by a decline in HEY1 (but not HESI, data not shown) expression (Fig.3B). The
decline in HEY1 was associated with a decrease in expression of the Notch ligands JAGZ
and DLL 1, and the transcription factor RBPJ(Fig.3B). The decreases in YAPI, JAGI, and
RBPJMRNA expression were maintained at the protein level (Fig.3C). These experiments
demonstrate that YAP can regulate Notch signaling in eRMS spheres.

YAP directly regulates Notch signaling

To evaluate whether YAP activates Notch signaling at the genomic level, we interrogated
previously published TEAD ChlP-Seq data from RD ChIP experiments (6). Since as a
transcriptional co-activator YAP does not bind DNA, but exerts most of its effects by binding
to the TEAD transcription factor, TEAD ChIP is considered a reasonable surrogate for YAP
(61), represented here as “YAP/TEAD.” Based on published ChIP-Seq studies, YAP/TEAD
activates transcription by binding to genomic enhancers in intronic or intergenic regions
(61-63). YAP/TEAD can also bind promoters but this is a rarer event, accounting for only
~4% of YAP/TEAD genomic binding sites (61). In RD cells, we found TEAD ChIP peaks
within strong enhancer regions of the JAGZ and RBFJgenes, and within a weak promoter of
the DLL 1 gene (Fig.3D). TEAD peaks were also found in enhancer regions of NOTCH,
NOTCH?Z, and HEY1 (Supplementary Fig.4), but the significance of these peaks is unknown
and should be explored. These ChIP-Seq data show that YAP/TEAD directly regulate JAG,
RBPJ, and DL L 1to activate Notch signaling. This is complementary to the Notch gain-of-
function studies where ICN overexpression results in YAP upregulation (Fig.2B), leading to
an increase in the YAP target genes including RBPJ, JAG1, and DLL 1 at the mRNA and
protein level (Fig.2B,C). Together these data reveal a bidirectional Notch-YAP signaling
circuit whereby Notch regulates YAP (Notch — YAP), and YAP in turn signals to and
activates Notch (YAP — Notch). Since Notch and YAP both have roles in regulating stem
cells and antagonizing myogenic differentiation in eRMS, we hypothesized that this circuit
may drive stemness during eRMS tumorigenesis.
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YAP promotes stemness and proliferation in vitro and in vivo

Since Notch signaling supported stem cell gene expression in eRMS spheres, we next
investigated the role for downstream YAP in stemness. In addition to dampening Notch
signaling, YAP suppression /n vitro decreased expression of stem cell genes SOX2 (Fig.3B),
OCT4, and NANOG (Supplementary Fig.5). To assess whether YAP impacts stemness /1
vivo, we analyzed previously generated SMS-CTR xenograft tumors stably expressing YAP
shRNASs (24). YAP suppression /n vivo decreased Notch signaling, as assessed by a decline
in HESI mRNA (Fig.4A), but also decreased SOX2 protein expression (Fig.4B). While we
had previously shown that YAPZI suppression decreased YAP and Ki67 protein expression in
vivo (24), to correlate YAP status with proliferation and stemness, we quantified IHC
expression of these proteins and calculated a correlation coefficient. As expected, YAP
expression positively and significantly correlated with Ki67 expression (Fig.4C). However,
YAP expression also positively and significantly correlated with SOX2 expression,
suggesting that YAP may regulate SOX2 (Fig.4D). SOX2 expression also positively and
significantly correlated with Ki67, consistent with a role in self-renewal (Fig.4E). These data
suggest that YAP also regulates Notch signaling and stemness /n vivo.

To functionally analyze the role of YAP in eRMS stemness, we performed limiting dilution
assays (LDAS) after YAP suppression in RD cells. While NT control cells readily formed
spheres at 1000, 100, and 10 cells/well, cells with YAP suppression showed decreased
sphere-forming capacity, dropping from 1/20 in NT control cells to 1/35 (sh3) or 1/216 (sh4)
for the spheres expressing the YAP shRNAs (Fig.4F). This identifies a functional role for
YAP in promoting eRMS cell stemness.

Last, to determine whether YAP regulated SOX2 directly, we again turned to the RD TEAD
ChIP-Seq data. However, there were no peaks associated with the SOX2gene (data not
shown), suggesting that YAP’s control of SOX2 is either indirect through secondary
signaling, or TEAD-independent. While future studies are needed to elucidate the
mechanism, these data demonstrate a role for YAP in driving eRMS cell stemness, both
through upregulation of stem cell genes and functionally.

SOX2 is necessary for stemness in eRMS cells

While SOX2is a cancer stem cell gene in other cancer types, the role of SOX2 in eRMS is
largely unknown. SOX2 suppression in RD spheres decreased SOX2 mRNA levels (Fig.5A)
and inhibited sphere formation (Fig.5B), decreasing sphere number and size (Fig.5C).
Mechanistically, SOX2 suppression inhibited cell proliferation (Fig. 5D) and decreased cell
viability (Fig.5E), assessed by BrdU incorporation and trypan blue cell counting,
respectively. Similar changes in sphere formation, proliferation, and viability were observed
in SMS-CTR spheres after SOX2 suppression (Fig.5F-J). To further define the functional
role of SOX2, we performed LDAs. Similar to the LDA with YAP suppression, loss of
SOX2 resulted in decreased sphere-forming capacity (Fig.5K). These data suggest that
SOXZ, a Notch-YAP target gene, is an important regulator of stemness in eRMS cells.

Mol Cancer Res. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slemmons et al.

Page 10

YAP expression rescues pharmacologic Notch inhibition

Since Notch signaling supports eRMS tumorigenesis, pharmacologic inhibition of the Notch
pathway could be a reasonable eRMS treatment strategy. Indeed, Notch inhibition with GSlIs
decreases tumor growth in eRMS xenografts (7). However, our finding that YAP can
upregulate several Notch pathway components (Fig.3) predicts that YAP could rescue Notch
inhibition, leading to treatment resistance. To examine this hypothesis, we expressed a dox-
inducible constitutively active YAP (YAP5SA, which is resistant to phosphorylation-
mediated cytoplasmic retention and degradation) in the presence of the GSI RO4929097
(Fig.6A,B, top). GSI treatment alone inhibited sphere formation in a dose-responsive
fashion (Fig.6C,D, left), and had on-target effects as shown by decreased HESI and HEYI
expression (Fig.6E,F). (We had already shown that ICN overexpression can rescue Notch
signaling after GSI treatment in eRMS cells (7).) While GSI treatment still altered sphere
morphology, YAP5SA expression rescued sphere formation (Fig. 6C,D, right) as shown by
a restoration of total sphere number and sphere size similar to that of the control (Fig.6A,B,
bottom). YAP5SA rescued HE Y1 levels in the SMS-CTRs, however, HESI and HEY1
levels were not fully restored in the RDs (Fig.6E,F). These data show that YAP upregulation
can partially rescue Notch inhibition /in vitro, and raises the question of whether dual
inhibition of these pathways might be more effective in thwarting this circuit and eRMS
stem cell plasticity.

Dual inhibition silences the Notch-YAP circuit

To simultaneously inhibit Notch and YAP pathways /n vitro, we combined expression of a
YAPI-directed sShRNA with the GSI R04929097. While GSI treatment again inhibited
sphere formation (Fig.7A, left), combining GSI treatment with YAP_sh4 in SMS-CTR
spheres was most effective at inhibiting sphere formation (Fig7.A, right), causing a smaller
sphere size (Fig.7B, bottom) and decreasing total YAP and JAG1 protein levels (Fig.7B,
top). Supplementary Fig.6A,B show similar results of dual inhibition in RD spheres. These
data suggest that both pathways impact YAP and JAG1 levels, and that dual inhibition is
effective in silencing this circuit. As a complementary dual inhibition approach, we
combined expression of the RBP. directed shRNAs with the YAP-TEAD inhibitor
verteporfin (VP). Again, while Notch pathway inhibition and VP treatment each decreased
sphere number and size, dual inhibition had the greatest effect (Fig.7C,D). Last, in a third
approach to evaluate dual inhibition we combined GSI with VP in RD adherent cells to
assess cell viability using an MTT assay. Even in the adherent cells, the drug combination
had a greater effect on cell viability than either drug alone (Supplementary Fig.6C), although
a more profound effect might be seen in spheres or tumors expressing higher YAP-Notch
signaling. In total, these data demonstrate that dual inhibition is more effective at silencing
this Notch-YAP circuit, eRMS cell growth, and eRMS stemness than mono-inhibition of
either pathway.

In conclusion, Notch and YAP signaling function in a bidirectional circuit that drives
stemness and tumorigenesis in eRMS (Fig.7E). In TMAs, nuclear Notch and YAP are highly
upregulated and positively correlate, suggesting this circuit is intact in eRMS human tumors.
Mechanistically, Notch signaling directly regulates YAPZ and SOXZ2to promote a stem-like
phenotype. YAP in turn directly regulates JAGI, DLL 1, and RBPJto activate Notch
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signaling, and indirectly activates SOX2. Collectively, this circuit sustains stemness in
eRMS cells and tumors.

Discussion

Developmental pathways including Notch and Hippo are important regulators of cell growth
and fate in normal tissue development and homeostasis, including the myogenic lineage
(reviewed in (64,65)), and are therefore tightly regulated. However, in many human cancers
developmental pathways have been co-opted by gain-of-function mutations, epigenetic
changes, or dysregulated signaling that supports tumor growth. eRMS is no exception.
Activating mutations in Notch receptors and genomic amplification of YAPI have recently
been discovered in eRMS patient samples (1,6). Both pathways are also aberrantly activated
in eRMS, as demonstrated by >90% and 100% of eRMS tumors staining positive for nuclear
Notchl and YAP, respectively (5,7). Mechanistic studies have elucidated roles for Notch and
YAP in promoting eRMS tumor cell proliferation and antagonizing myogenic
differentiation. Genetic or pharmacologic inhibition of Notch or YAP delays tumor growth
in vivo, drawing attention to them as potential therapeutic targets (6,7,24). However, while
mono-inhibition of these pathways may initially be effective, tumors often become resistant.
Resistance to GSlIs has been observed in T-ALL (66), and YAP activation is a mechanism of
resistance to several therapies (67,68). In eRMS patients, relapsed disease is the most
common reason for treatment failure (3), suggesting that combination therapies to target
collaborating or compensatory pathways may be more effective. While dysregulation of each
of the major developmental pathways (Hedgehog, Hippo, Notch, TGF-B, and Wnt) has been
analyzed for contribution to eRMS, crosstalk between them is only beginning to be tackled
(69,70). Therefore, in this study we analyzed crosstalk between Notch and Hippo signaling
in eRMS to understand the potential implications for treatment resistance.

Here we uncover a novel Notch-YAP circuit that supports stemness in eRMS. While
unidirectional signaling between these two pathways has been reported (27-34), and
recently a positive feedback loop between Notch and YAP was described in hepatocellular
carcinoma (71), this is the first identification of an intact bidirectional circuit supporting
stemness in a pediatric cancer. Active Notch signaling directly stimulates YAPZ and the stem
cell gene SOX2, while YAP positively feeds back to Notch through direct regulation of
Notch pathway components JAGIZ, DLL 1, and RBPJ. YAP also regulates SOX2, either
through an indirect mechanism or TEAD-independent signaling. Studies in other cell types
show that YAP can regulate SOXZ2 expression through binding to p-catenin (72) or OCT4
(73), however future studies are needed to determine the mechanism in eRMS. Together, the
Notch-YAP-SOX2 signaling circuit maintains stem cell plasticity in eRMS, which may be a
source of resistance to traditional chemotherapy (52). We provide evidence that
simultaneous dual inhibition of these pathways is more effective at inhibiting cell growth
and stemness than inhibiting either pathway alone.

An unexpected but fascinating finding from this study was that while all eRMS cells showed
upregulation of SOX2and Notch pathway components, not all eERMS showed upregulation
of YAPI This variability suggests that other developmental pathways might cooperate with
Notch to support stemness in eRMS. For example, the Hedgehog pathway also supports
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stem cell properties (74) and has been found critical for Rh36, CCA, and CT-TC cell growth
(75). Why there might be different developmental pathways underlying stemness in different
eRMS tumors is unknown, however we speculate it may be due to factors including but not
limited to patient age, genetic background, primary tumor mutational status, anatomic
location, cell of origin, and even culturing /n vitro, and emphasizes the need for a large
repository of eRMS cell lines and tumors for systematic preclinical studies. Perhaps in the
future, eRMS tumors will be classified based on expression of developmental pathways,
similar to medulloblastoma (76).

Since Notch and Hippo signaling are dysregulated in many adult and pediatric cancers, there
are continuing efforts to target these pathways pharmacologically (reviewed in (26,77)). A
benefit of combination treatment might be the ability to lower the dose of each drug,
minimizing toxicity. However, while dual inhibition is effective in pre-clinical studies, new
pharmacologic agents are needed. For Notch pathway inhibition, next-generation GSls and
anti-Notch receptor or ligand monoclonal antibodies are being evaluated in current clinical
trials (78-80).For YAP/TEAD inhibition, while VP is FDA-approved as a photosensitizer for
the treatment of macular degeneration, it has significant solubility issues and is often not
YAP/TEAD-specific (24,81). Novel YAP-directed agents will be crucial. In summary, we
describe a Notch-YAP circuit that supports eRMS stemness and tumorigenesis, which can be
thwarted by dual inhibition of these pathways. Other Notch/YAP driven human cancers
should be assessed for a similar circuit and for responsiveness to combined Notch and YAP
inhibition.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Notch and YAP signaling are activein eRM S spheres
(A) Stem cell markers PROM1 and SOXZ2increase in eRMS rhabdospheres over four

passages as compared to adherent cells in RD (left) and SMS-CTR (right) cells as assayed
by gRT-PCR. (B) YAPI, but not WWTRI(TAZ), is increased. (C) HEYZand HESI are also
increased. (D) Notch ligands JAGZ and DLL 1 are increased in spheres. (E) Notch receptors
NOTCHI and NOTCH3 are increased as shown by RT-PCR. Densitometry quantitation
shown below blots and normalized to loading controls. (F) Human tissue microarrays
(TMAS) that were stained and scored (0-3 scale) for nuclear Notchl and YAP were
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analyzed. Higher YAP scores correlate with higher nuclear Notch1l scores (n=22 eRMS
tumors). P= passage number. *, P<0.05; **, P<0.01; ***, P<0.001; and ****, P<0.0001.
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Figure 2. Notch regulates YAP expression and activation

(A) Expression of the Notch ICN increases levels of HEYZ and stem cell genes PROM!,

Page 20

SOX2, OCT4, and NANOG in RD spheres as assessed by qRT-PCR. (B) YAPZI mRNA
levels and YAP target genes C7GF, CYR61, RBPJ, JAGI, and DLL1 are increased. (C)
CD133, OCT4, RBPJ, and JAGL1 protein levels increase with ICN expression as assessed by
immunoblot. Total YAP protein levels do not change, but phospho-YAP levels decrease with

ICN expression. Densitometry quantitation shown below blots and normalized to loading
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controls. Actin blots represent lysates from separate experiments. (D,E) RBPJ suppression
by shRNA in RD and SMS-CTR spheres decreases RBPJ and YAP protein levels (top) and
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decreases sphere number and size (bottom). (F,G) Images of RD and SMS-CTR spheres
with RBPJ suppression. (H) RBPJ ChIP-PCR in RD spheres shows RBPJ binding to the
HESI promoter (positive control) but not to a genomic region lacking RBPJ binding sites
(negative control). RBPJ also binds the YAPI promoter and SOXZ2 promoter. ***, P<0.001;
and **** P<0.0001. NT= non-targeting control. Scale bars: 1.7mm.
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Figure 3. YAP suppression decreases Notch signaling in vitro
(A) YAP shRNAs decrease YAPI, and YAP target gene C7GFand CYR61 levels in RD

(left) and SMS-CTR (right) spheres as assessed by gRT-PCR. (B) YAP shRNAs also
decrease HEY1, JAGI, DLL1, RBPJ, and SOXZ levels. (C) Validation of YAP, JAG1, and
RBPJ suppression at the protein level by immunoblot. (D) TEAD ChIP-Seq in RD cells
shows TEAD peaks in the JAGI (top), RBPJ (middle), and DLL 1 (bottom) genes.
Chromatin state is determined by the ENCODE HMM in human skeletal muscle myoblasts
(HSMMs), a cell type that is a possible cell of origin for eRMS and often used as a control
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tissue type (82—84). NT= non-targeting control. *, P<0.05; **, P<0.01; ***, P<0.001; and
***k P<0.0001.
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Sphere-forming frequency (95% ClI) 1/21 (1/14-1/29) 1/35 (1/25-1/48) | 1/216 (1/151-1/309)
P value <0.01 <0.0001

Figure 4. YAP suppression in vivo decreases Notch signaling and SOX2 levels
(A) YAP shRNAs decrease HESI expression in SMS-CTR xenograft tumors as assessed by

gRT-PCR. (B) Representative images of SOX2 IHC in the tumors. YAP, Ki67, and SOX2
IHC were scored on a scale of 0-3 for all tumors (NT, YAP_sh3, YAP_sh4). The rvalue
represents a positive and significant correlation of expression of (C) YAP and Ki67, (D)
YAP and SOX2, and (E) SOX2 and Ki67. (F) Limiting dilution assay in RD spheres after
YAP suppression. The average sphere-forming frequency is shown, with the expected range
in parentheses. NT= non-targeting control. ***, P<0.001; and ****, P<0.0001.
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Figure5. SOX2 isnecessary for stemnessin eRMScellsin vitro
(A) SOX2 shRNAs decrease SOXZ levels in RD spheres by gRT-PCR. (B) Representative

images of RD spheres after SOX2 knockdown. SOX2 suppression results in decreased (C)
sphere number and size, (D) cell proliferation as measured by BrdU assay, and (E) viability
as measured by trypan blue cell counting. SOX2 suppression in SMS-CTR spheres similarly
decreases (F) SOX2mRNA, (G,H) sphere formation, (1) proliferation, and (J) viability. (K)
Limiting dilution assay in RD spheres after SOX2 suppression. The average sphere-forming
frequency is shown, with the expected range in parentheses. NT= non-targeting control. **,
P<0.01; ***, P<0.001. Scale bars: 1.7mm.
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Figure 6. YAP expression rescues pharmacologic Notch inhibition
(A, B, top) Expression of the dox-inducible YAP5SA construct increases total YAP protein

levels in RD and SMS-CTR spheres as assessed by immunoblot. (A, B, bottom) Spheres
quantified. (C, D, left) Increasing doses (OpM, 3uM, 30um) of GSI RO4929097 inhibits
sphere formation in RD and SMS-CTR spheres. (C, D right) Expression of YAP5SA in the
presence of GSI restores sphere formation. (E, F) HESI and HE Y1 levels are decreased
after GSI treatment in RD and SMS-CTR spheres, shown by gqRT-PCR. *, P<0.05; **,
P<0.01; ***, P<0.001; and ****, P<0.0001. Scale bars: 1.7mm.
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Figure 7. Dual inhibition of Notch and YAP inhibits sphere formation and silences the Notch-
YAP circuit

(A, left) Treatment of SMS-CTR spheres with 3uM or 30um GSI inhibits sphere formation.
(A, right) Addition of YAP_sh4 further inhibits SMS-CTR sphere formation. (B, top) GSI
treatment alone decreases YAP and JAGL1 protein levels. The combination of GSI with
YAP_sh4 (last two lanes) almost completely eliminates YAP and JAG1 protein expression in
SMS-CTR spheres. Densitometry quantitation shown below blots and normalized to loading
controls. (B, bottom) Sphere number and size quantified. Statistical analysis was performed
on the total number of spheres greater than 0.5 mm as compared to NT + DMSO. (C)
Combination treatment with RBPJ shRNAs and 0.1uM VP in SMS-CTR spheres inhibits
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sphere formation. (D) Sphere size and number quantified. Statistical analysis was performed
on the total number of spheres greater than 0.5 mm as compared to NT + DMSO. (E) Model
shows that active Notch signaling in eRMS cells directly increases YAP levels, thus
increasing YAP signaling. YAP signaling indirectly increases SOX2, which promotes a
stemness phenotype. YAP provides a positive feedback loop by activating Notch signaling
through direct upregulation of the ligands JAG1 and DLL1 and the transcription factor
RBPJ. Notch signaling also directly upregulates SOX2 levels to contribute to the stemness
phenotype. NT= non-targeting control. *, P<0.05; **, P<0.01; ***, P<0.001; and ****
P<0.0001. Scale bars: 1.7mm.
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