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Abstract 

Rhabdomyosarcoma (RMS), the most common soft tissue sarcoma in children 

and adolescents, is characterized by skeletal muscle features. The Ras-driven subset, 

which includes the embryonal (eRMS) and pleomorphic (pRMS) histologic subtypes, is 

an aggressive high risk subgroup with a 5-year survival rate of <30%. Recently the YAP 

oncoprotein, which is ordinarily silenced by the Hippo tumor suppressor pathway, was 

found to be highly upregulated in RMS tumors. However, the role of YAP in the Ras-

driven subset was unknown. 

In patient-derived Ras-driven eRMS cell lines, we suppressed YAP genetically 

via shRNAs. YAP suppression decreased cell proliferation, increased myogenic 

differentiation, and promoted apoptosis in vitro and in vivo in subcutaneous xenografts. 

Pharmacologic inhibition by the YAP-TEAD inhibitor verteporfin also decreased cell 

proliferation and tumor growth. In a genetically defined model of Ras-driven RMS, 

constitutively active YAPS127A can serve as the initial oncogenic alteration whereby 

YAPS127A is sufficient for senescence bypass in primary skeletal muscle myoblasts, but 

requires expression of hTERT and oncogenic Ras for tumorigenesis in vivo. Importantly 

these tumors are histologically consistent with human Ras-driven RMS. 

To understand the impact of YAP signaling on cell stemness, we cultured eRMS 

cells as 3D spheres. These spheres are enriched in stem cell genes, as well as in YAP and 
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Notch signaling. The Notch pathway is another developmental pathway that is also 

highly upregulated in eRMS and contributes to tumorigenesis. Using the spheres as a 

model, we uncovered a bidirectional signaling circuit between YAP and Notch that 

regulates stemness. Active Notch signaling upregulates YAP, and YAP in turn 

upregulates the Notch ligands JAG1 and DLL1 and the transcription factor RBPJ. This 

circuit controls expression of several stem cell genes including SOX2, which is 

functionally required for eRMS cell stemness. 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. 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 in vivo 

decreases both Notch signaling and SOX2 expression. In preliminary studies, we also 

analyzed the differential effects of the three Ras isoforms on eRMS tumorigenesis, Ras-

Notch, and Ras-YAP signaling, and developed a method to culture the alveolar RMS 

subtype as spheres. In conclusion, the YAP oncoprotein drives Ras-driven tumorigenesis 

by promoting cell growth, survival, and stemness, and through signaling interactions 

with the Notch pathway. This study also provides rationale for combination therapies 

targeting YAP and Notch for the treatment of Ras-driven RMS.  
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1. Introduction  

1.1 Rhabdomyosarcoma 

Cancer is the leading cause of death by disease in children and adolescents (1). 

While rarer than adult cancer, pediatric tumors comprise 1% of new cancer diagnoses in 

the United States with 1 in 285 children receiving a cancer diagnosis before 20 years of 

age (2). Survival rates for childhood cancer as a whole have increased dramatically since 

the 1960’s with a 5-year survival rate approaching 80% (2). However, this is largely due 

to improvements in the treatment of particular tumor types including acute 

lymphoblastic leukemia (ALL), Hodgkin lymphoma, and Non-Hodgkin lymphoma, 

while survival rates for other types such as soft tissue sarcomas have seen little 

improvement (2).  

Soft tissue sarcomas (STS) account for 7% of all pediatric tumors (3).  

Rhabdomyosarcoma (RMS) is the most common of these, comprising 40% of pediatric 

STS (3). RMS is a tumor of mesenchymal origin and is characterized by skeletal muscle 

histogenesis. Patients are categorized as low, intermediate, or high-risk depending on 

tumor size, location, metastasis, and histologic subtype. While low and intermediate-risk 

subgroups have a favorable prognosis with 5-year survival rates of >90% and 70% 

respectively, those in the high-risk group have a stagnant survival rate of <30% (4). The 

standard of care treatment, which has not changed in over 40 years, combines surgery, 
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radiation, and cytotoxic chemotherapies. The chemotherapy regiment known as VAC 

combines vincristine (a microtubule inhibitor), actinomycin D (a transcriptional 

inhibitor), and cyclophosphamide (an alkylating agent) and is generally successful as a 

first line of treatment. However, many patients demonstrate resistance or relapse after 

therapy. Currently there are no approved targeted therapies for RMS, demonstrating the 

need for development of new therapies. 

1.1.1 Histological subtypes 

RMS histologically is a small round blue cell tumor that is divided into further 

histological subtypes based on microscopic appearance. The two most common 

subtypes include alveolar (aRMS), which resembles lung alveoli due to spaces that form 

during tissue fixation, and embryonal (eRMS) which resembles embryonic muscle. 

These subtypes are phenotypically and molecularly distinct. aRMS, which accounts for 

approximately 20% of cases, is most commonly found in the extremities and trunk 

region (5). Molecularly, aRMS is characterized by the PAX3/7- FOXO1 (PF) fusion gene, 

a chromosomal translocation that fuses the DNA binding domain of PAX3 or PAX7 to 

the transactivation domain of FOXO1. PF expression portends a worse prognosis with a 

5-year survival rate of less than 50%, and as a result, there is a continuing effort to 

inhibit PF and PF target genes pharmacologically (3). While there is a small percentage 
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of PF negative aRMS tumors, these tumors are less aggressive and clinically behave 

more like eRMS (6). 

eRMS is the most common subtype, accounting for 60% of diagnoses. eRMS 

occurs frequently in the head and neck region and the genitourinary tract, and the 

majority of cases occur before 10 years of age (3,5). In contrast to aRMS, eRMS has an 

unstable genome with a high rate of copy number alterations, structural variations, and 

sequence mutations (7), and is characterized by the loss of heterozygosity at 

chromosome 11p15 (8). The most common alterations occur in the Ras, FGFR4, and p53 

pathways (7,9). Activating mutations in FGFR4 are often accompanied by TP53 gene 

mutations (7), and FGFR4 signaling has been shown to promote eRMS cell proliferation 

and metastasis (10,11).  In addition to TP53 mutations, copy number gains in the p53 

inhibitors MDM2 and MDM4 are frequent in eRMS tumors (7). This is consistent with 

the observation that RMS is the most common childhood cancer in families with Li-

Fraumeni syndrome (a syndrome characterized by a germline TP53 mutation) (12). The 

Ras pathway will be discussed in further detail in Section 1.1.2. 

Additional RMS subtypes include botryoid, mixed, and pleomorphic RMS (5). 

Pleomorphic RMS (pRMS) occurs mostly in adults and is associated with a very poor 

outcome (13). While less is known about pRMS, pRMS is also associated with mutations 

in the Ras signaling pathway (14-16). 
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1.1.2 Ras-driven RMS 

More than one third of human cancers have oncogenic mutations in one of the 

Ras proteins (17). The mammalian Ras family includes 3 genes that encode 4 highly 

related GTPase proteins (HRas, NRas, KRasA, and KRasB). These proteins share 85% 

homology, only diverging slightly in the C-terminus, but exhibit distinct functional 

roles. Ras cycles through GTP bound (active) and GDP bound (inactive) states and 

functions to connect upstream receptor signaling to downstream effector pathways to 

control a variety of cellular processes including proliferation, survival, and 

differentiation (Figure 1). When stimulated by cell-surface receptors, guanine 

nucleotide-exchange factors (GEFs) such as SOS1 permit GTP binding to Ras, allowing 

for Ras-GTP to interact with more than 20 downstream effectors. The most common Ras 

effector pathways are the MAP kinase, PI3K, and RAL pathways.   Ras is subsequently 

negatively regulated by GTPase activating proteins (GAPs) such as NF1. Amino acid 

substitutions in codons 12, 13, or 61 render Ras constitutively active by inhibiting its 

intrinsic GTPase activity and causing insensitivity to GAPs (18-20). 
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Figure 1: Ras pathway signaling. 

Ras signaling is initiated by upstream growth factor receptors including FGFR4. This 

stimulates Ras-GTP binding catalyzed by the guanine nucleotide exchange factors 

(SOS1) and initiates signaling through the PI3K, RAL, and MAPK effector pathways. 

Ras signaling is inhibited through hydrolysis of GTP by the GTPase activating 

proteins (NF1). Proteins shown in orange have been shown to be mutated in eRMS 

tumors. This diagram highlights the Ras signaling discussed here and is not meant to 

be inclusive of all Ras signaling.  

Mutations in the Ras pathway occur in 40% of eRMS and are associated with a 

worse prognosis. In fact, Ras pathway mutations have a significant association with risk 

classification (P=0.00015) (7). Chen et al. reported Ras pathway mutations in 75% of high 

risk tumors, compared to only 45% of intermediate risk and 0% of low risk tumors (7), 

suggesting that Ras mutational status could have prognostic implications. NRas (codon 

61) is the most commonly mutated isoform, but mutations in KRas, HRas, NF1, SOS1, 

PIK3CA, and BRAF are also observed (7,9,21,22).  
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While most eRMS cases are sporadic, a higher incidence of eRMS is associated 

with several “RASopathies” including Noonan’s syndrome, Costello syndrome, and 

Neurofibromatosis Type 1. Children with a RASopathy have a 10.5 times higher 

incidence of childhood tumors with the most common tumors including juvenile 

myelomonocytic leukemia, ALL, and eRMS (23). This demonstrates a further link 

between Ras pathway mutations and the development of eRMS.  

Genetic modeling studies have further elucidated the role of Ras in eRMS and 

pRMS. We developed a genetically defined model of eRMS using a primary cell based 

modeling approach that allows study of the contribution and timing of different 

oncogenes to tumorigenesis. First, the viral SV40 early region (large T and small t 

antigens) was stably expressed in primary human skeletal muscle myoblasts (HSMMs) 

to enable senescence bypass. Next, expression of the catalytic subunit of telomerase, 

hTERT, allowed for immortalization. Finally, expression of oncogenic HRasG12V was 

necessary and sufficient for tumorigenesis mimicking eRMS (24). Work by other groups 

in additional model system have also demonstrated a role for oncogenic Ras in RMS 

tumorigenesis. In genetically engineered mouse models (GEMMs), oncogenic KRas 

expression combined with p53 loss in PAX7-positive skeletal muscle stem cells (satellite 

cells) or adult skeletal muscle generates eRMS and pRMS, respectively, at a high 

penetrance (14,16). Likewise, expression of oncogenic KRas in zebrafish muscle results in 
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tumors that resemble human eRMS histologically and by gene expression (25). 

Therefore, since eRMS and pRMS with Ras pathway mutations are both molecularly and 

phenotypically distinct from the other RMS subtypes, we will refer to this aggressive 

subset as “Ras-driven RMS.” 

1.1.3 Cell of origin 

While the exact cell of origin of RMS is unknown and highly disputed, RMS is 

characterized by skeletal muscle features, suggesting it arises from mesenchymal 

progenitor cells along the skeletal muscle lineage (Figure 2). Clinically, RMS is 

diagnosed by the presence of skeletal muscle transcription factors MyoD and Myogenin 

by immunohistochemistry (IHC) (26). eRMS tumors vary in Myogenin expression 

(27,28), but also express other muscle markers including desmin, MRF4 (also known as 

Myf6), and Myf5 (28). Expression of skeletal muscle myogenic markers suggests a state 

of impaired differentiation in RMS cells. Therefore, therapies that could lift this 

differentiation block and promote myogenic differentiation are an attractive option in 

the treatment of RMS (29).  
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Figure 2: Skeletal muscle development and possible cells of origin for RMS. 

Skeletal muscle development from the mesoderm is dependent on the expression of 

myogenic transcription factors at particular timepoints (including PAX3, PAX7, 

MyoD, Myf5, myogenin and Myf6). During adult tissue homeostasis and 

regeneration, quiescent muscle progentior cells within the satellite cell pool become 

activated, proliferate, terminally differentiate and fuse to generate multinucleated 

myotubes. Genetic modeling studies have shown that mesenchymal stem cells can 

generate ARMS, and myoblasts can form ERMS and UPS. Alternatively, it has been 

suggested that ARMS can arise from mature muscle. ARMS= alveolar 

rhabdomyosarcoma; ERMS= embryonal rhabdomyosarcoma; NOS= not otherwise 

specified. Reprinted with permission from Macmillan Publishers Ltd: NATURE 

MEDICINE Hettmer, S. and A. J. Wagers (2010). "Muscling in: Uncovering the origins 

of rhabdomyosarcoma." Nat Med 16(2): 171-173, copyright 2010. 

Identifying the cell of origin is important in understanding the pathogenesis of 

RMS as well as in the development of relevant model systems. RMS GEMMs have 

begun to address this question and have pointed to satellite cells as a potential cell of 

origin for eRMS and pRMS. PAX7-positive satellite cells can give rise to eRMS and 

pRMS after the expression of oncogenic KRas and deletion of p53. However, only 38% of 

the tumors formed are RMS, with the remainder being undifferentiated pleomorphic 

sarcoma (UPS) (14).  This suggests that satellite cells can give rise to a spectrum of STS, 

including RMS. In contrast, the same genetic alterations in MyoD-positive cells give rise 
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to UPS tumors exclusively (14), suggesting PAX7 expressing cells are either necessary or 

sufficient for RMS tumorigenesis. In another study, expression of oncogenic KRas and 

deletion of p16/p19 in isolated satellite cells creates pRMS but not eRMS (15). Histologic 

classification also depends on which oncogenic drivers are present. For example, 

deletion of p53 in satellite cells only generates UPS, while the addition of Hedgehog 

pathway activation gives rise to both eRMS and pRMS (30). 

Some eRMS may not originate from cells of skeletal muscle origin, as it is 

common for eRMS tumors to arise in areas of the body lacking skeletal muscle, such as 

the genitourinary tract. Hatley et al. has shown that mesenchymal precursors along the 

adipogenic lineage can function as cells of origin for eRMS (31). Constitutive activation 

of the Hedgehog pathway in this lineage is sufficient for eRMS at a high penetrance. 

Collectively, these studies suggest there may be multiple cells of origin for RMS 

dependent on location, stage of development, and mutational status. 

1.1.4. Developmental pathways 

Developmental pathways, including WNT, Hedgehog, TGF-β, Hippo, and 

Notch, are tightly controlled signal transduction networks that regulate cell fate during 

embryonic development and adult tissue homeostasis. Alterations in these networks can 

lead to developmental defects, disease, and cancer. Additionally, because of their roles 

in regulating normal stem cells, the developmental pathways are thought to contribute 
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to the maintenance of cancer stem cells (reviewed in (32)). Dysregulation of these 

pathways is common in pediatric malignancies including RMS. The contribution of two 

of these pathways, Hippo and Notch, to RMS tumorigenesis will be the focus of this 

work.  

The role of WNT, Hedgehog, and TGF-β in RMS are outside the scope of this 

dissertation but will be discussed briefly. These topics are discussed in further detail in 

several review articles (33-36). In short, WNT signaling is activated by WNT expression 

which results in nuclear β-catenin and active transcription. When WNTs are absent, β-

catenin is phosphorylated and degraded by the destruction complex (APC, DVL, Axin, 

and GSK3β). Early studies suggested that eRMS cells have low levels of β-catenin 

activity (37), and activation of WNT signaling inhibits stemness and promotes 

differentiation of eRMS tumors in zebrafish (38). However, recent mutational profiling 

has shown the opposite, since 7% of eRMS human tumors had activating mutations in β-

catenin and 20% had nuclear β-catenin expression (7). These conflicting studies suggest 

the role of WNT in eRMS is not fully understood. Hedgehog signaling relies on a 

concentration gradient of the Hedgehog proteins which results in either Gli degradation 

or Gli mediated transcription. Hedgehog pathway activation in mice can result in eRMS 

tumorigenesis ((30,31) and Section 1.1.3). Hedgehog signaling is required for eRMS 

stemness and tumorigenesis and Gli expression is associated with a worse outcome in 
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patients (39). Lastly, transforming growth factor β (TGF-β) regulates cell proliferation, 

survival, and differentiation of many cell types, and many nodes of the pathway are 

dysregulated in cancer where it can act as a tumor suppressor or an oncogene (reviewed 

in (40)). Ligand-induced receptor signaling results in phosphorylation and activation of 

the SMAD family of transcription factors. The TGF-β ligand, type 2 TGF-β receptor, and 

SMAD4 proteins are all expressed in human RMS tumors (41,42). In vitro suppression of 

TGF-β genetically or pharmacologically results in decreased proliferation and increased 

myogenic differentiation of eRMS cells (41,43), thus suggesting a role for TGF-β 

signaling in RMS tumorigenesis.   

1.2 Hippo Pathway 

The Hippo pathway is an evolutionarily conserved tumor suppressor pathway 

that regulates organ size during development and tissue regeneration during injury. The 

pathway was first discovered in Drosophila genetic screens for tumor suppressors 

whereby deletion of an individual component of the pathway (Hippo, Warts, Salvador, or 

Mats) resulted in massive tissue overgrowth (44-49), and overexpression of the 

transcriptional co-activator Yorkie phenocopied these loss-of-function studies (50). The 

mammalian homologs were found to form a phosphorylation cascade where MST1/2 

(Hippo orthologs) forms a complex with SAV1 (Salvador ortholog), phosphorylates 

LATS1/2 (Warts orthologs) and MOB1 (Mats ortholog), and LATS1/2 phosphorylates the 
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downstream transcriptional co-activators YAP and TAZ (Yorkie orthologs) (Figure 3). 

YAP and TAZ share only 50% homology and therefore do not function in entirely 

overlapping roles. For example, YAP loss is embryonic lethal while TAZ deficient mice 

are viable (51,52). YAP is phosphorylated at five serine residues which results in the 

binding of 14-3-3 (at phospho-S127) and sequestration in the cytoplasm. Similarly, TAZ 

is phosphorylated at four serine residues with 14-3-3 binding at phospho-S89. 

Subsequent phosphorylations by CK-1 results in ubiquitination by E3 ligase SCFβ-TRCP 

and proteasomal degradation. When YAP/TAZ is not phosphorylated, it translocates to 

the nucleus, binds to the TEAD family of transcription factors (TEAD1-4), and activates 

transcription. Single point mutations (YAPS127A or TAZS89A) or mutations in all the 

phosphorylated serine residues (YAP5SA or TAZ4SA) render YAP/TAZ nuclear and 

constitutively active. YAP/TAZ has roles in regulating the expression of pro-growth, 

anti-apoptotic, and stemness genes (reviewed in (53)) and canonical target genes include 

CTGF (connective tissue growth factor) and CYR61 (cysteine rich angiogenic inducer 61). 
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Figure 3: The Hippo tumor suppressor pathway.

Canonical Hippo signaling (inset) is a phosphorylation cascade whereby MST1/2 

phosphorylates LATS1/2 which phosphorylates YAP/TAZ. Phosphorylated YAP/TAZ 

is sequestered in the cytoplasm by 14-3-3 or ubiquitinated by β-TRCP and degraded 

by the proteasome. Un-phosphorylated YAP/TAZ localizes to the nucleus and binds 
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to various transcription factors (TEAD, RUNX2, Smads, ERBB4, TBX5, etc.) to activate 

transcription. Upstream signaling including growth factor receptors and cell-cell 

junctions can activate or inhibit MST1/2. Other signals bypass MST1/2, such as 

GPCRs that activate or inhibit LATS1/2 and WNT signaling which increases P-YAP 

levels. From M. D. Deel, J. J. Li, L. E. S. Crose, C. M. Linardic, A Review: Molecular 

Aberrations within Hippo Signaling in Bone and Soft-Tissue Sarcomas. Front Oncol. 

2;5:190 (2015). This was published under a Creative Commons Attribution License, 

which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited.  

There are a variety of upstream signals that can activate or inhibit the Hippo 

pathway. Cells at a low density have active nuclear YAP signaling, while contact 

inhibition triggers LATS1/2 phosphorylation and cytoplasmic localization of YAP (54). 

In line with this dependence on cell confluency, many cell-cell junctions regulate Hippo 

signaling. The Crumbs complex, which mediates cell polarity, interacts with YAP and 

TAZ to promote their phosphorylation and cytoplasmic retention (55). Tight junction 

proteins such as angiomotin function similarly (56). Cadherin-catenin complexes also 

sequester P-YAP through binding to 14-3-3 (57,58). G-protein coupled receptors (GPCRs) 

can either activate or inhibit LATS1/2 to affect downstream signaling (59-61). The NF2 

tumor suppressor also activates the Hippo pathway by recruiting LATS1/2 to the plasma 

membrane to promote its activation by MST1/2 (62). Additionally, mechanotransduction 

can also activate nuclear YAP activity independent of MST/LATS. Cells plated on a stiff 

extracellular matrix activate YAP while cells plated on a soft matrix have mostly 

cytoplasmic, inactive YAP (63). The way mechanotransduction affects YAP signaling can 
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also impact cell fate. For example, mesenchymal stem cells plated on a soft matrix, with 

low YAP activity, differentiate along the adipogenic lineage while those on a stiff matrix, 

with high YAP activity, differentiate along the osteogenic lineage (63-65). It also suggests 

that the methods of cell culture used to study Hippo signaling can greatly impact the 

signaling status and should be considered in future studies. 

It is becoming increasingly evident that the Hippo pathway and YAP signaling 

are dependent on context and cell type, and therefore non-canonical YAP signaling has 

emerged. While YAP and TAZ predominately coactivate the TEAD transcription factors 

(66,67), in certain contexts they can bind other transcription factors. These include 

SMADs, ERBB4, RUNX2, β-catenin, OCT4 (55,68-72), and in sarcomas, FOXM1 (73). 

Furthermore, YAP/TAZ can be regulated in MST/ LATS-independent mechanisms as 

previously discussed in this section. 

1.2.1 The Hippo pathway in muscle 

While the majority of studies have focused on the role of the Hippo pathway in 

epithelial tissues, recent studies have shown that YAP also serves an important role in 

the development and maintenance of muscle. In cardiac muscle, YAP controls 

cardiomyocyte proliferation and embryonic heart size, and YAP knockout mice are 

embryonic lethal due in part to defects in cardio-vasculature development (51,74). In 

vascular smooth muscle, YAP regulates proliferation and the phenotypic switch to 
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contractile smooth muscle (75). In skeletal muscle, YAP promotes proliferation and 

inhibits differentiation of satellite cells (76). On the other hand, TAZ promotes myogenic 

differentiation (77), but ectopic TAZ expression in myoblasts can promote 

transformation (78). YAP-TEAD signaling positively controls muscle mass size and YAP 

overexpression promotes fiber hypertrophy (79). Additionally, endogenous YAP 

becomes upregulated after muscle denervation to mitigate atrophy (79). In contrast, 

constitutively active YAPS127A ectopic expression in adult skeletal muscle fibers 

induces muscle atrophy and degradation (80). This suggests a role for YAP in muscle, 

and that the amount of YAP activity is tightly regulated to maintain homeostasis.  

1.2.2 The Hippo pathway in cancer 

The first discovery that alterations of the Hippo pathway could impact 

tumorigenesis was in liver cancer. Short-term overexpression of YAP in murine liver led 

to hepatomegaly, while sustained YAP expression resulted in hepatocellular carcinoma 

(81). Following that initial report, altered Hippo signaling and/or YAP/TAZ activation 

has been demonstrated in many adult epithelial cancers including breast, ovarian, and 

lung ((82-84) and reviewed in (85)). The Hippo pathway has also been shown to 

contribute to sarcomagenesis. In osteosarcoma, the most common bone malignancy, 

YAP is upregulated in tissue microarrays of human tumors and expression increases 

with stage (86). In these tumors, YAP is upregulated transcriptionally by the stem cell 
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gene SOX2 (87). In Ewing’s sarcoma, another pediatric sarcoma, YAP increases 

proliferation and anchorage independent growth (88). YAP is also upregulated in 

liposarcoma and UPS tissue samples, and a large query of the TCGA sarcoma database 

showed that 24% of sarcoma samples had a copy number reduction in NF2, SAV1, or 

LATS2 (73). In concert with this study, mice deficient in Lats1 develop STS (89). Lastly, 

MST1/2 is epigenetically silenced in many STS including RMS (90).  

However, while Hippo pathway dysregulation has been seen in many tumor 

types, mutations in the core Hippo pathway genes are rare. Fusion genes involving TAZ 

(WWTR1-CAMTA), and less frequently YAP (YAP1-TFE3), are characteristic of the rare 

vascular sarcoma epithelioid haemangioma (91). Additionally, there has been a single 

reported case of a TEAD1-NCOA1 fusion in a spindle cell RMS (92). On the other hand, 

mutations in upstream components that regulate the Hippo pathway have been 

reported. For example, in uveal melanoma, activating mutations in GPCRs Gq/11 leads 

to YAP activation and genetic or pharmacologic YAP inhibition can block tumor growth 

(93).  

YAP also has a role in cellular stemness, as it is dispensable for tissue 

homeostasis but required in the stem cell compartment for tissue regeneration (57,94). In 

fact, ectopic YAP expression can convert differentiated mammalian mammary, 

pancreatic, and neuronal cells into stem cells of the same lineage (95). In line with this, 
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YAP suppression in embryonic stem cells inhibits their ability to self-renew (96). In 

cancer, YAP is expressed in osteosarcoma stem cells, is required for osteosphere 

formation, and YAP loss results in osteogenic differentiation (87). A similar role for YAP 

in cancer stem cells has been shown in non-small cell lung cancer and ovarian cancer 

(72,97). Furthermore, cancer stem cells often demonstrate chemoresistance, which is 

abrogated by YAP suppression (97). These studies demonstrate another mechanism by 

which YAP can function as an oncoprotein, but the role of YAP in stemness in RMS has 

not yet been explored. 

1.2.3 The Hippo pathway’s role in RMS 

Both YAP and TAZ have recently been shown to be upregulated in human RMS 

tumors, pointing to a role for the Hippo pathway in RMS tumorigenesis.  YAP IHC on 

tissue microarrays (TMAs) of human tumors showed positive YAP staining in 100% of 

eRMS samples and a majority of aRMS samples, while in normal skeletal muscle YAP 

was rarely detectable (98). This was confirmed in a second independent set of TMAs 

(99). Additionally, a small percentage of eRMS and fusion-negative RMS samples had 

copy number increases in the YAP1 locus, suggesting a possible mechanism for YAP 

upregulation in some tumors (99). To determine if TAZ expression was also increased, 

we stained the TMAs for TAZ by IHC (Figure 4). TAZ was also expressed in 100% of 

eRMS and aRMS samples, while normal skeletal muscle was negative. However, in a 
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second independent TMA cohort only 55% of eRMS and 36% of aRMS samples were 

TAZ positive, although in both subtypes TAZ positivity was associated with a worse 

prognosis (78). This suggests that while expression can be variable in patient samples, 

TAZ is relevant to RMS progression.  

 

Figure 4: TAZ is expressed in human RMS tumors. 

(A) Representative images of human RMS tumors stained for TAZ expression by IHC. 

(B) Expression was quantified on a scale of 0-3 by two blinded scorers. P3F=PAX3-

FOXO1 positive aRMS, P7F= PAX7-FOXO1 positive aRMS, PF-neg= aRMS lacking a 

chromosomal translocation. Figure courtesy of Michael Deel. 

These studies have begun to uncover the role of the Hippo pathway and 

YAP/TAZ in RMS tumorigenesis. In aRMS, specifically, MST1 is inactivated by the PF 

target gene RASSF4. RASSF4 drives senescence evasion, cell proliferation, and aRMS 

tumorigenesis (98). Suppression of YAP via shRNAs in aRMS cell lines decreases 

proliferation and increases senescence, however, the mechanism of YAP upregulation in 

human tumors in unknown (98). In mice, YAPS127A overexpression in PAX7-positive 
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satellite cells is insufficient for tumorigenesis. However, when combined with 

cardiotoxin-induced injury, the mice develop eRMS at a high penetrance (99). These 

tumors have high expression of YAP-TEAD regulated pro-growth target genes 

including CYR61 and low expression of myogenic differentiation genes, which are 

repressed by YAP-TEAD. Dox-inducible shRNA suppression of YAP in RD cells also 

decreased tumor growth via a decrease in proliferation and an increase in differentiation 

in vivo (99). On the other hand, shRNA suppression of TAZ in RD cells had no effect on 

differentiation, but did decrease TAZ-TEAD target gene expression (78). These studies 

demonstrate a functional significance for YAP/TAZ upregulation in RMS, although they 

have differential roles.  However, the role of YAP in the aggressive Ras-driven subset 

had yet to be elucidated. 

1.2.4 Targeting the Hippo pathway in cancer 

Since the Hippo pathway is dysregulated in many tumor types there has been 

significant effort to design pharmacologic inhibitors. Much of the effort has focused on 

regulating upstream inputs or inhibiting the transcriptional complex, as it is difficult to 

pharmacologically re-activate tumor suppressors such as MST1/2 and LATS1/2. Recent 

reports have shown efficacy in using statins to inhibit YAP/TAZ activity (100,101). The 

mevalonate pathway, which can be inhibited by statins, can reduce YAP and TAZ 

phosphorylation and thus increase their activity through effects on the Rho GTPases. 
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However, in RMS cell lines statins did not alter YAP localization and activity (data not 

shown, Lisa Crose). Since GPCRs can activate YAP/TAZ, a GPCR inhibitor could also be 

a viable therapeutic approach. 

However, targeting the transcriptional complex would be a more direct way to 

inhibit the expression of target genes. The YAP-TEAD transcriptional complex could be 

disrupted via a small-molecule or a cyclic peptide. A YAP cyclic peptide can successfully 

block the YAP-TEAD interaction in vitro but this peptide has not been evaluated in vivo 

(102). Verteporfin (VP) is an FDA-approved drug for the treatment of macular 

degeneration that was also shown to inhibit the YAP-TEAD interaction (103). VP binds 

to YAP directly and induces a conformation change thus preventing binding to TEAD, 

but it is unknown if VP also binds TAZ. Initially, VP was a promising inhibitor of YAP 

signaling as it could reverse a YAP-driven liver overgrowth in vivo, and reduce tumor 

growth in models of uveal melanoma (93,103).  While VP can be a useful tool for 

studying the Hippo pathway in vitro, it has recently been shown to be problematic for in 

vivo studies. VP has significant solubility issues (104) and is not a specific YAP-TEAD 

inhibitor. In fact, we’ve shown that VP does not decrease YAP target gene expression in 

vivo (105). Therefore, new pharmacologic inhibitors of YAP will be crucial to translating 

these studies into patient care. 
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1.3 Notch Pathway 

This section was adapted from Conti B, Slemmons KK, Rota R, and Linardic CM, 

“Recent Insights into Notch Signaling in Embryonal Rhabdomyosarcoma,” Current Drug 

Targets, vol. 17, issue 11, 10 pages, 2016.  It was written by Katherine K. Slemmons and 

permission was received from Bentham Science Publishers for use of this work. 

The Notch pathway is another developmental pathway that has roles in 

regulating cell fate determination and stem cell proliferation during development and 

adult tissue homeostasis. Signaling is dependent on cell-to-cell contact, which is initiated 

when an emitting cell presents a Notch ligand (JAG1, JAG2, DLL1, DLL3, DLL4) to a 

Notch receptor (NOTCH1-4) on a neighboring cell (Figure 5). Prior to ligand binding, 

the Notch receptors are kept in an inactivate state by an autoinhibitory negative 

regulatory region (NRR). Folding in the NRR masks the metalloprotease cleavage site 

preventing activation of the Notch receptor (106). Once a ligand is bound, ubiquitination 

and endocytosis of the ligand creates a mechanical force which exposes the 

metalloprotease cleavage site and allows for extracellular cleavage of the Notch 

receptors by ADAM10 or ADAM17 (107). Subsequent intracellular cleavage by the γ-

secretase complex creates the intracellular Notch (ICN). The ICN moves to the nucleus 

and forms a transcriptional complex with the coactivator MAML (MAML1-3) and the 

transcription factor RBPJ on Notch regulatory elements throughout the genome. Further 
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co-activators including the histone acyl transferase p300 (108), the histone methylase 

LSD1 (109), and the mediator complex (110) are recruited to initiate transcription. 

Canonical Notch target genes include the HEY (HES-related repressor; HEY1,2,L) and 

HES (Hairy/Enhancer of Split; HES1-7) families of transcription factors. 

Notch regulates many cellular processes including proliferation, differentiation, 

angiogenesis, and stemness. However, Notch signaling is cell-type specific and therefore 

tightly regulated. In development, NOTCH1 and NOTCH2 are ubiquitously expressed 

and consequently knockout mice for either receptor is embryonic lethal (111,112). In 

contrast, NOTCH3 and NOTCH4 are highly expressed in vascular smooth muscle and 

endothelium, respectively, and Notch3 or Notch4 knockout mice are viable (111,113). 

Besides expression levels of receptors and ligands, Notch signaling is regulated at many 

levels including by post-translational modifications, proteolytic degradation, and 

inhibitory feedback signaling. In fact, certain Notch target genes negatively regulate 

expression of other Notch targets providing temporal control of expression (114).  

Additionally, like Hippo signaling, non-canonical Notch signaling has emerged 

providing an additional layer of complexity. Alternative Notch ligands, ligand-

independent signaling, and RBPJ independent signaling all contribute to non-canonical 

signaling (reviewed in (115,116)). 
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Figure 5: The Notch signaling pathway. 

Canonical Notch signaling (left) is activated when a ligand on the emitting cell binds 

a Notch recpetor on a receiving cell. The receptor is cleaved extracellularly by ADAM 

and intracellularly by γ-secretase which creates the intracellular Notch (ICN). The 

ICN moves to the nucleus and forms a complex with MAML, RBPJ, and co-activators 

to activate transcription. Non-canonical Notch signaling (right) is independent of 

RBPJ. ICN can interact with β-catenin, PI3K, mTORC2, or AKT in the cytoplasm and 

YY1, HIF1α, or NF-kB in the nucleaus to activate transcription. From B. Conti, K.K. 

Slemmons, R. Rota, and C.M. Linardic, “Recent Insights into Notch Signaling in 

Embryonal Rhabdomyosarcoma,” Current Drug Targets, vol. 17, issue 11, 10 pages, 

2016.  Permission was received from Bentham Science Publishers for use of this 

figure. 
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1.3.1 The Notch pathway in muscle 

Active Notch signaling promotes both muscle development and regeneration 

after injury. Thus, dysregulated Notch signaling also has roles in myopathies. NOTCH1 

ICN is detected in the mouse endocardium at the initiation of cardiac morphogenesis 

and expression is maintained throughout heart development ((117) and reviewed in 

(118)). Likewise, individuals with congenital disorders due to NOTCH1 or JAG1 loss of 

function mutations have heart defects (119,120). In the adult heart, Notch is widely 

silent, unless it is reactivated after damage to stimulate cardiomyocyte and progenitor 

cell proliferation (121). Notch has a well-characterized role in angiogenesis, therefore it 

is not surprising that Notch is also highly expressed in vascular smooth muscle cells, 

and is activated after insult (122,123).   

During embryonic skeletal muscle development, Notch regulates expression of 

myogenic transcription factors MyoD and Myf5. Differentiating myoblasts express DLL1 

and thus activate Notch signaling in neighboring PAX7-positive undifferentiated cells, 

creating stem cells (124). In postnatal muscle, quiescent satellite cells express NOTCH1-

3, HEY1, HEYL, and HES1 suggesting a basal level of Notch is needed for homeostasis 

(125,126). After injury, Notch is downregulated in the proliferating myoblasts to 

promote myogenic differentiation, and high in the renewing satellite cells ((127) and 

reviewed in (34)). Muscular dystrophies are a set of genetic diseases that result in 
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progressive skeletal muscle degeneration. In the mdx mouse model of Duchenne 

Muscular Dystrophy (DMD), Notch signaling is impaired. NOTCH1, NOTCH3, JAG1, 

HEY1, and HEYL are reduced after injury in the diseased mice, preventing proliferation 

and satellite cell self-renewal (128). However, in a different model of DMD 

(dystrophin/utrophin knockout) Notch has the opposite effect as Notch inhibition 

enhances regeneration and forced Notch expression depletes the stem cell pool (129). 

This demonstrates the complexity of Notch signaling, even within similar disease 

contexts.  

1.3.2 The Notch pathway in cancer 

The discovery of a chromosomal translocation involving NOTCH1, and thus 

constitutive Notch1 activation, in T-cell ALL was the first evidence that Notch could 

function in tumorigenesis (130). Since that initial discovery, Notch signaling has been 

shown to be dysregulated in many adult and pediatric tumors (reviewed in (131,132)). 

However, Notch’s role in cancer can either be oncogenic or tumor suppressive, which is 

dependent on both cell-type and Notch receptor expression. In fact, in breast cancer cells 

NOTCH2 activation induces apoptosis while NOTCH4 activation promotes cell 

proliferation and survival (133). In Ewing’s sarcoma, Notch is an onco-suppressor. The 

EWS-FLI1 fusion gene, characteristic of Ewing’s sarcoma, downregulates JAG1 and 

HEY1, but when EWS-FLI1 is suppressed, HEY1 induces p53 and blocks proliferation 
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(134). In contrast, Notch can be an oncogenic driver in osteosarcoma as ICN expression 

in murine osteoblasts is sufficient to generate tumors that resemble human 

osteosarcomas (135). In another STS, synovial sarcoma, NOTCH1 and JAG1 are 

upregulated in human tumors suggesting a role for Notch in tumor progression, 

although this has not been explored (136). Furthermore, Notch can also contribute to 

tumorigenesis through promoting cancer cell stemness. For example, pharmacologic 

inhibition of Notch inhibits mammosphere formation (137). Likewise, DLL4 inhibition in 

gastric cancer cells decreases the stem cell population (138).   

In addition to the chromosomal translocations involving Notch, found in T-ALLs 

and triple-negative breast cancers (130,139), there are many reported mutations in Notch 

pathway components in cancer. In T-ALLs and adenoid cystic carcinoma, point 

mutations and in-frame insertions/deletions disrupt the NRR rendering the NOTCH 

receptor ligand-independent and thus constitutively active (139,140). Mutations 

resulting in the loss of the PEST domain, the degradation domain, increase levels of the 

ICN and Notch signaling in B cell tumors (141-144). On the other hand, in cancers where 

Notch functions as a tumor suppressor, Notch loss-of-function mutations are common. 

70-80% of skin squamous cell carcinomas have frameshift or missense mutations that 

create truncated or inactive NOTCH receptors (145). Similar loss of function mutations 

have been observed in small-cell lung cancer and low grade gliomas (146,147). Recently, 
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mutations in NOTCH1, 2, and 3 have been discovered in eRMS patient samples (7,9). 

However, the nature of these mutations is still undefined. 

1.3.3 The Notch pathway’s role in RMS 

Several studies have evaluated the status of Notch pathway activation in human 

RMS tumors and patient-derived cell lines. These studies demonstrate that in eRMS 

Notch signaling is activated at many nodes of the pathway. All four Notch receptors are 

highly expressed in human patient samples at the protein and mRNA levels, as shown 

by IHC and PCR, respectively (148-150). Conversely, only two Notch ligands, DLL1 and 

JAG1, have been shown to be upregulated in human RMS tumors at the mRNA level, 

but the protein level was not evaluated (150). Additionally, the downstream 

transcriptional mediator of Notch signaling, RBPJ, is increased in human eRMS tumors 

as compared to skeletal muscle (150). Two canonical Notch target genes, HES1 and 

HEY1, are also upregulated in human tumors and cell lines (148-153), demonstrating 

that Notch signaling is highly active in eRMS.  

RMS is thought to arise from mesenchymal precursor cells that fail to fully 

differentiate down the skeletal muscle lineage (Section 1.1.3). Several recent studies in 

RMS point to the Notch pathway as one important signal that promotes this 

hyperproliferative and undifferentiated state. In eRMS cell lines and xenografts, genetic 

inhibition of Notch signaling by expression of RNAi directed to NOTCH1, NOTCH3, 
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HES1 or HEY1 inhibits cellular proliferation and promotes myogenic differentiation 

(152,154). Pharmacologic inhibition using γ-secretase inhibitors (GSIs) demonstrates 

similar results (152). Inhibition of RBPJ by RNAi perturbs colony formation assays in 

vitro and produces smaller xenograft tumors in vivo that have a lower proliferation index 

(150). However, differentiation was not evaluated. Furthermore, the microRNA miR-203, 

which is ordinarily down-regulated in RMS via epigenetic silencing, targets p63, a 

transcription factor that induces expression of JAG1. Forced expression of miR-203 in 

vitro and in vivo xenografts decreases cell proliferation and increases myogenic 

differentiation (155). The impact of Notch signaling on proliferation and differentiation 

in a GEMM of eRMS has not yet been demonstrated.  

Besides the impact on cell growth, the Notch pathway may play a role in 

metastasis. Patients with metastatic RMS have a poor prognosis and the metastatic 

potential of a cell may be investigated by the invasiveness and motility of the cell in 

vitro. In RMS cell lines, ICN and HES1 transcriptionally upregulate N-cadherin and α9-

integrin, which increases cell mobility and invasiveness (153). Expression of N-cadherin 

has previously been linked to increased metastatic potential of cancer cells (156,157).  In 

fact, invasiveness of RMS cell lines correlates with HES1 and HEY1 expression in RMS 

cell lines (148). Inhibition of Notch via a dominant negative MAML (dnMAML) or GSIs 

decreases the invasive properties in vitro (148,153). However, the effects of dnMAML or 
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GSIs on invasiveness and motility have not been explored in an in vivo model of RMS. 

Re-expression of miR-203 in vitro also decreases cell migration and invasion (155). 

1.3.4 Targeting the Notch pathway in cancer 

The first node in the Notch pathway that can be targeted therapeutically is the 

receptor-ligand interaction at the cell surface. Potentially all four Notch receptors and 

five Notch ligands can be targeted. Thus far, monoclonal antibodies to NOTCH1, 2, 3 

and DLL4 have been developed and are being evaluated in human clinical trials. The 

antibodies bind to either the receptor or ligand in order to block the interaction between 

ligand and receptor. As DLL4 has not been shown to be upregulated in human RMS 

tumors, but NOTCH1 and NOTCH2 have been shown to be upregulated, those 

antibodies may be a viable therapeutic option in RMS and should be evaluated. 

Notch monoclonal antibodies have not yet been evaluated in sarcoma or 

pediatric patients, but several are currently under development and are being evaluated 

in adult solid tumors. The DLL4 antibody MEDI0639 study is recruiting for a Phase I 

trial in advanced, refractory adult solid tumors (NCT01577745). OMP-21M18, another 

DLL4 antibody, is in Phase I and Phase Ib trials for pancreatic, ovarian, colorectal, and 

non-small-cell lung cancers (NCT01189929; NCT01952249; NCT01189942; 

NCT01189968). A Phase I trial evaluating the DLL4 antibody REGN421 was recently 

completed for advanced solid tumors. The antibody was tolerated and there were two 
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partial anti-tumor responses in a non-small cell lung cancer and an ovarian cancer 

patient, and 16 patients had stable disease (158). Additionally, the NOTCH1 specific 

antibody OMP-52M51 is in a Phase I trial for refractory solid tumors and lymphoid 

malignancies (NCT01778439; NCT01703572).  The NOTCH2/3 antibody OMP-59R5 is in 

Phase I/II trials for pancreatic and small-cell lung cancers (NCT01647828; NCT01859741). 

After a Notch ligand binds to its receptor, the receptor is cleaved in two steps; 

first, at the cell surface by ADAM then in the transmembrane domain by γ-secretase. 

ADAM inhibitors could reduce Notch signaling but would lead to many off-target 

effects as ADAMs are active in several other signaling pathways. However, γ-secretase 

can be inhibited to prevent production of the ICN. Most GSIs are competitive inhibitors, 

binding to and blocking the active cleavage site in the γ-secretase complex. Several GSIs 

have been evaluated in pre-clinical studies of RMS and showed promising results 

(148,151-153). However, it should be considered that GSIs are not specific.  They block 

processing of all four Notch receptors, and can inhibit other pathways as well. 

Many GSIs have been and are currently being evaluated in clinical trials for 

sarcomas. Most are being evaluated as both a single agent and in combination with other 

chemotherapies. GSIs MF0752 and RO4929097 have been assessed in clinical trials in 

pediatric patients (NCT00100152; NCT01236586) and RO4929097 is currently 

undergoing trials in adult sarcomas (NCT01154452). Of note, the GSI PF-03084014 had a 
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promising Phase I trial in desmoid sarcoma and leiomyosarcoma in adults (159). Five of 

nine desmoid sarcoma patients and one of three leiomyosarcoma patients had a 

response with little toxicity even at a continuous dosing. This is in stark contrast to other 

GSI trials that exhibited high toxicity, including gastrointestinal side-effects. The effect of 

PF-03084014 on Notch signaling has yet to be determined as Notch target expression in 

five patients was not consistently changed. This GSI will move to Phase II trials in adult 

desmoid patients and will begin a Phase II in patients with AIDS-associated Kaposi 

sarcoma and a Phase II in triple negative breast cancer (NCT01981551; NCT02137564; 

NCT02299635).  

Finally, the Notch transcriptional machinery can be inhibited to prevent the 

transcription of Notch target genes. In vitro, a dnMAML can be used to inhibit the RBPJ 

complex and recently MAML-directed stapled peptides have been developed. The 

MAML stapled peptides can compete with endogenous MAML and form a complex 

with RBPJ and the ICN but cannot initiate transcription. These peptides have not been 

explored in RMS. However, in T-ALL the MAML stapled peptide is able to reduce 

Notch target gene expression and inhibit proliferation and leukemia progression in both 

cell lines and a murine model (160,161). Although these results are promising, it has yet 

to be determined whether this will be safe and effective in humans. Additionally, 
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targeting the transcriptional machinery will only target canonical Notch signaling, 

leaving the non-canonical Notch signaling unaffected.  

Excessive toxicity is a significant challenge in targeting the Notch pathway. GSIs 

have many off-target effects since γ-secretases have many other endogenous substrates 

including Erbb4, CD44, E-cadherin, N-cadherin, and syndecan-3 (162). Additionally, GSI 

treatment affects the GI tract because Notch inhibition in the intestinal epithelial stem 

cells causes goblet cell hyperplasia leading to severe intestinal side-effects. It should be 

taken into account also the detrimental effects of Notch blockade in skeletal muscle 

during anti-cancer therapy, since it could have substantial side effects on the 

regenerative and homeostatic condition of the tissue (163). Furthermore, since Notch has 

many roles during development, it should be considered that using Notch inhibition in 

young children to treat pediatric malignancies such as RMS may be result in significant 

side effects.  

The ability of Notch to cross-talk with other pathways can lead to both off-target 

effects as well as potential combination therapies. In colon cancer cells, treatment with 

oxaloplatin leads to an increase in the ICN as a protection from apoptosis. Combining a 

GSI with oxaloplatin leads to an increase in cell death (164), suggesting that Notch 

pathway inhibition may sensitize cells to chemotherapy or radiotherapy and should be 

explored further. 



 

 

34 

1.4 Crosstalk between developmental pathways 

While developmental pathways are often defined as linear conduits that 

influence cell and organismal fate, it is clear that they function in development (and 

cancer) as networks that cross-talk (reviewed in (34,165)). 

1.4.1 Hippo pathway crosstalk 

Crosstalk between the Hippo pathway and the WNT, Hedgehog, and TGF-β 

pathways has been observed in several cell types, but has not yet been studied in RMS. 

Hippo signaling can interact with WNT through several different mechanisms. The first 

report mechanism showed that P-TAZ binds DVL in the cytoplasm, preventing DVL 

phosphorylation, and subsequent β-catenin activation (166). Thus, active Hippo 

signaling (inactive TAZ) results in inactive WNT signaling. Similarly, in colorectal 

cancer cells, inactive YAP or TAZ can bind and sequester β-catenin in the cytoplasm 

(167). In addition, YAP is a β-catenin target gene in colorectal cancer cell lines, and 

consequently YAP and β-catenin expression are correlated in human tumor samples 

(168). Alternatively, in cardiomyocytes, YAP and β-catenin cooperate in gene 

transcription and are recruited to common gene targets such as SOX2 to regulate 

proliferation (71). The antagonistic relationship between Hippo and WNT is crucial in 

intestinal stem cells to maintain proper crypt homeostasis. Active Hippo signaling in the 

upper crypt of the intestine inhibits WNT signaling through P-YAP binding to DVL, 
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while inactive Hippo and thus active WNT in the crypt instructs the stem cells to renew 

(169). After injury, if P-YAP is lost, the stem cells hyperproliferate due to active WNT 

signaling and conversely P-YAP overexpression represses WNT signaling leading to 

differentiated epithelial cell expansion. 

YAP signaling positively cooperates with Hedgehog. In the childhood brain 

tumor medulloblastoma, YAP1 is amplified in many human tumors and YAP gene 

expression is elevated in the sonic hedgehog (SHH) driven subset of medulloblastomas 

(170). Mechanistically, the SHH target IRS1 (insulin receptor substrate 1) binds to YAP 

and promotes its nuclear accumulation. YAP-TEAD also transcriptionally upregulate the 

Hedgehog signaling component Gli2, thus further activating SHH targets.  

YAP/TAZ can either suppress or activate TGF-β signaling (55). P-YAP/TAZ can 

bind SMAD2 or SMAD3 to sequester them in the cytoplasm, thus inhibiting TGF-β 

signaling. On the other hand, YAP/TAZ can bind SMADs in the nucleus to activate 

transcription in embryonic stem cells (68). These studies provide evidence of the highly 

complex network of signaling between Hippo and other developmental pathways. 

Furthermore, the manner of signaling is highly cell-type specific, thus it will be 

important to investigate these interactions in RMS in future studies. 
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1.4.2 Notch pathway crosstalk 

The Notch pathway also cross-talks with several developmental pathways 

including Hedgehog, WNT, and TGF-β. To highlight a few instances of cross-talk, 

members of WNT signaling (Fzd2, Fzd8, Fzd9, SFRP2, SFRP3) and Hedgehog signaling 

(Gli2, Gli3, Smo) appear in a genome wide screen of NOTCH1 ICN/RBPJ targets in 

neural stem cells (171). Hedgehog signaling itself has also been shown to increase HES1 

and the Notch ligand JAG2 (172,173). In skeletal muscle regeneration, WNT and Notch 

signaling oppose each other to control the balance between proliferation and 

differentiation (174). This occurs through the intermediate GSK3β, which is activated by 

Notch and inhibited by WNT. In line with this regulation, GSK3β inhibitors promote 

myogenic differentiation in eRMS cell lines and in a zebrafish model of eRMS (38).  

Notch and TGF-β cross-talk has not been reported in RMS. However, Notch 

signaling has been shown to cooperate with or inhibit TGF-β signaling, most notably in 

the context of epithelial to mesenchymal transition (EMT) in epithelial tumorigenesis 

(reviewed in (175)). Additionally, one report shows that in C2C12 mouse myoblasts, 

TGF-β and Notch interact via a direct binding between SMAD3 and the ICN, resulting in 

the upregulation of HES1 and TGF-β targets (176).  This suggests that Notch and TGF-β 

may cooperate in RMS cells as well. 
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1.4.3 Notch-YAP crosstalk 

As discussed in Sections 1.2 and 1.3 both Notch signaling and YAP have been 

implicated in the development of many types of cancer, including RMS (98,99). Recently, 

the Hippo pathway has been shown to interact with Notch signaling in several ways, 

and this relationship appears to be cell type and context specific. In hepatocellular 

carcinoma, YAP is a potent oncogenic driver that in turn activates Notch signaling 

through the transcriptional upregulation of JAG1 (177). In adult hepatocytes, YAP-

TEAD transcriptionally regulate Notch2 levels to maintain the hepatocyte progenitor 

cell pool (178). Conversely, in neural stem cells, genome wide analysis of NOTCH1 

ICN/RBPJ targets identified YAP, TAZ, and TEAD2 as direct transcriptional targets 

(171). Functionally, ectopic expression of YAP can rescue the effects of Notch inhibition 

by GSIs and YAP can, in turn, upregulate HES5 expression (171). In Drosophila 

oogenesis, Notch and Hippo function in an inverse relationship to determine polar cell 

fate (179). In the Drosophila lymph gland, Yorkie and Scalloped (homologs of YAP and 

TEAD, respectively) regulate expression of the Notch ligand, Serrate, to specify cell 

lineage (180). This crosstalk is strikingly cell type and context specific, because even 

within one organism (in this case Drosophila melanogaster), Notch activates Yorkie in the 

lymph gland, while it inhibits Yorkie in the wing disc, and Notch-Yorkie have an inverse 

relationship in Drosophila oocytes (179-181). As both the Notch and YAP pathways are 
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important oncogenic signals in the pathogenesis of RMS, it is conceivable that these 

pathways interact in RMS. However, this has yet to be demonstrated. 

1.5 Collaborative work 

The experiments performed in this dissertation were largely performed by me. 

However, as science is a team effort, some of the work in this dissertation was done in 

conjunction with collaborators.  These collaborations will be acknowledged as the work 

is discussed. Several of these collaborative projects were performed by students I 

mentored in the lab including Manuela Sushnitha (Duke University SURPH program) 

and Stefan Riedel (Duke University SROP program). I have chosen to include their work 

as it contributes significantly to the Notch-YAP story and will be included in future 

publications.  Additionally, I was involved in experimental design, data analysis, and 

contributed reagents to these projects.
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2. Materials and Methods 

2.1 Cell Lines 

Human embryonal RMS cell lines RD (182) and SMS-CTR (183) were gifts from 

Tim Triche (Children’s Hospital of Los Angeles, CA, USA) in 2005 and Brett Hall 

(Columbus Children’s Hospital, OH, USA) in 2006, respectively. RD and SMS-CTR cells 

express oncogenic mutations of NRas and HRas, respectively (184-186). Human alveolar 

RMS cell lines Rh28 and Rh30 were also gifts from Tim Triche (Children’s Hospital of 

Los Angeles, CA, USA) in 2005 and both express the PAX3-FOXO1 fusion genes 

(187,188). All RMS cell lines were cultured in RPMI 1640 (Sigma) + 10% FBS (Gibco or 

Seradigm).  If containing a doxycycline inducible vector, cells were cultured in RPMI 

1640 + 10% tetracycline-screened FBS (Hyclone).  Cell line authentication was performed 

in July 2014 and September 2016 using STR analysis (Promega PowerPlex 18D) 

conducted by the DNA Analysis Facility at Duke University (Durham, NC, USA).  

293Ts were obtained from ATCC through the Duke University Cell Culture 

Facility and cultured in DMEM (Sigma) + 10% FBS (Gibco or Seradigm). Human skeletal 

muscle myoblasts (HSMMs) were obtained from Lonza and cultured in SKBM-2 media 

supplemented with SKGM-2 singlequots (Lonza).  

2.1.1 Culturing Spheres 

The RD rhabdospheres protocol was previously described (189). RD spheres 

were cultured in Neurobasal media (Gibco) supplemented with B27 (Invitrogen), bFGF 
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(Corning), and EGF (Sigma). A protocol to culture SMS-CTR and Rh30 spheres was 

developed, in which sphere media was supplemented with 4X bFGF and EGF, and 

50µg/ml insulin (Sigma). Additionally, a protocol to culture Rh28 spheres was 

developed in which Rh30 sphere media was supplemented with 2X B27. 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 daily and treated with 4 µg/ml (RD) or 5 µg/ml (SMS-CTR) doxycycline 

(dox) every day for 4 days. Unless otherwise 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 diameter of the length and width of each sphere was measured and 

then averaged. Spheres needed to be greater than 0.15mm in average diameter to be 

counted. Spheres were categorized into four groups <0.2mm, 0.2-0.5mm, 0.5-1mm, and 

>1mm, sizes based on a neurosphere protocol (190). 

2.2 Expression of shRNAs and cDNAs in cells  

2.2.1 Expression of shRNAs 

YAP shRNA (97,191), SOX2 shRNA (192), RBPJ shRNA (193,194) sequences were 

obtained from previous publications (Table 1). shRNA oligos were annealed and ligated 
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into pLKO.1 puro (Addgene plasmid #8453), Tet-pLKO-puro (Addgene plasmid #21915), 

and Tet-pLKO-neo (Addgene plasmid #21916) lentiviral plasmids. As a control, 

plasmids containing a non-targeting scrambled sequence were used in each experiment. 

Table 1: shRNA sequences 

 Mature Antisense Sequence (5’ to 3’) 

YAP sh3 forward CCCAGTTAAATGTTCACCAAT 

YAP sh4 forward GCCACCAAGCTAGATAAAGAA 

SOX2 sh1 forward AGGAGCACCCGGATTATAAAT 

SOX2 sh2 forward CGCTCATGAAGAAGGATAAGT 

RBPJ sh2 forward CCCTAACGAATCAAACACAAA 

RBPJ sh3 forward GCACAGATAAGGCAGAGTATA 

RBPJ sh4 forward CCAGACAGTTAGTACCAGATA 

 

For lentivirus generation, plasmids were transfected into 293Ts using Fugene 

(Promega) along with lentiviral packaging plasmid [psPAX2 (Addgene plasmid 

#12260)], and VSV-G envelope plasmid [PMD2 (Addgene plasmid #12259)] on day 0. 

After 24 hours, the media was changed. On days 2 and 3 the virus containing media was 

collected and filtered through a 0.45 µm filter (Corning) to remove cells and pathogens 

except for the virus.  1X polybrene was added and the target cells were transduced for 

24 hours. Fresh media was added for an additional 24 hours, followed by selection by 

the appropriate antibiotic.  Selection media was removed once the cells on an 

untransduced control plate were completely dead. 
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2.2.2 Expression of cDNAs 

The following retroviral plasmids were used to express cDNAs in HSMMs or 

RMS cell lines. pQCXIH-Flag-YAP-S127A was a gift from Kun-Liang Guan (Addgene 

plasmid # 33092) (54) and pBABE puro YAP1 WT was a gift from Joan Brugge (Addgene 

plasmid # 15682) (195).  MSCV-ICN was a gift from Jordan Blum (Duke University and 

was previously described (152)). pBABE neo T/t antigen, pBABE hygro FLAG-hTERT, 

and pBABE puro FLAG-hTERT were gifts from the Counter laboratory (Duke University 

and previously described (24)). pBABE bleo FLAG-HRasG12V, pBABE bleo FLAG-

NRasG12V, and pBABE puro FLAG-KRasG12V were gifts from the Counter laboratory 

(Duke University). The FLAG-KRasG12V sequence was removed from pBABE puro and 

subcloned into pBABE bleo by Katherine Horowitz (Duke University). Empty 

expression plasmids were used as controls in all experiments. 

Retrovirus was generated by transfecting 293Ts with the expression plasmids 

and the retroviral packaging plasmid (pCL-10A1) using Fugene on days 0 and 1. After 

24 hours, the media was replaced. Virus was collected on day 3, filtered through a 0.45 

µm filter (Corning), 1X polybrene was added, and target cells were transduced. Media 

was changed on day 4 and antibiotic selection started on day 5. Selection media was 

removed once the cells on an untransduced control plate were completely dead. 

The pInducer20 lentiviral plasmid was used to dox-inducibly express a cDNA. 

Lentivirus was produced as described in section 2.2.1. pInducer20 was a gift from 
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Stephen Elledge (Addgene plasmid #44012), and pInducer20-YAP5SA was a gift from 

Fernando Camargo (Harvard University, Cambridge, MA, USA). 

2.3 PCR 

RNA was extracted from adherent cell pellets using the RNA-Bee reagent (Tel-

Test) and a phenol-chloroform based extraction protocol. RNA from sphere cell pellets 

and xenograft tumors was extracted using the Qiagen RNeasy kit, according to the 

manufacturer’s protocol.  RNA was then used to generate cDNA using the Omniscript 

Reverse-Transcription Kit (Qiagen).   

2.3.1 RT-PCR 

Semi-quantitative reverse transcriptase PCR (RT-PCR) was performed by mixing 

2.5 µl of cDNA with 17.25 µl of water, 2.5 µl of 10X Red Taq buffer, 1.25 µl of 2.5 mM 

dNTPs, 1.25 µl each of 20 µM forward and reverse primers, and 1 µl of RedTaq (Sigma) 

for a total volume of 25 µl.  Cycling conditions were 94°C for 5 minutes, followed by 24-

42 cycles of 94°C for 30 seconds, optimal annealing temperature for 1 min, and 72°C for 

1 minute, with a final extension of 72°C for 10 minutes.  PCRs were stored at 4°C until 

run on a 2% agarose gel.  Primers for RT-PCR are listed in Table 2.   

Table 2: Primers for semi-quantitative PCR 

  Sequence (5’-3’)  

hTERT FW TGG CTG TGC CAC CAA GCA TT 

hTERT REV TTT CCA CAC CTG GTT GC 

GAPDH FW GAG AGA CCC TCA CTG CTG 

GAPDH REV GAT GGT ACA TGA CAA GGT GC 

MycN FW ACC CTC ACC CTA CGT GGA G 
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MycN REV CCA AAA GAG GGC AAT ATG G 

NOTCH1 FW GCC GCC TTT GTG CTT CTG TTC 

NOTCH1 REV CCG GTG GTC TGT CTG GTC GTC  

NOTCH3 FW TCT TGC TGC TGG TCA TTC TC 

NOTCH3 REV TGC CTC ATC CTC TTC AGT TG 

JAG1 FW TCG CTG TAT CTG TCC ACC TG 

JAG1 REV AGT CAC TGG CAC GGT TGT AG 

JAG2 FW GAT TGG CGG CTA TTA CTG TG 

JAG2 REV AGG CAG TCG TCA ATG TTC TC 

DLL1 FW AGA AAG TGT GCA ACC CTG GC 

DLL1 REV GCT CCC TCC GTT CTT ACA AG 

DLL3 FW GTG AAT GCC GAT GCC TAG AG 

DLL3 REV GGT CCA TCT GCA CAT GTC AC 

DLL4 FW TGA CCA CTT CGG CCA CTA TG 

DLL4 REV AGT TGG AGC CGG TGA AGT TG 

2.3.2 qRT-PCR 

Quantitative reverse transcriptase PCR (qRT-PCR) was performed by mixing 1 µl 

of cDNA with 8.5 µl of water, 3 µl of forward and reverse primer mix (5 µM each), and 

12.5 µl of SYBR Green (BioRad) for total volume of 25 µl. Reactions were run on the 

BioRad iQ5 machine at 95°C for 10 minutes, followed by 40 cycles of 95°C for 45 

seconds, 55°C for 45 seconds, and 72°C for 1 minute, followed by 72°C for 10 minutes.  

This was a followed by melt curve, from 55°C to 95°C in 0.5°C increments, to verify that 

there was one PCR product per primer pair.   

For each primer, a dilution curve was used to calculate the efficiency based on 

the following formula:   
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Each sample was run in triplicate, normalized to GAPDH as a reference gene, 

and fold change was calculated. The average fold change between triplicates was used 

in the analysis.  The following equations were used to calculate fold change:  

 

 

 
Equations for efficiency and fold change were obtained from IDT’s qPCR Applications 

Guide (http://www.idtdna.com/pages/docs/default-source/user-guides-and-

protocols/primetime-qpcr-application-guide-3rd-ed-.pdf?sfvrsn=20). Primer sets for 

qRT-PCR can be found in Table 3.  

Table 3: Primers for qRT-PCR 

 Sequence (5’-3’) 

YAP1 FW CCT TCT TCA AGC CGC CGG AG 

YAP1 REV CAG TGT CCC AGG AGA AAC AGC 

CTGF FW GCA GAG CCG CCT GTG CAT GG 

CTGF REV GGT ATG TCT TCA TGC TGG 

GAPDH FW ATG GGG AAG GTG AAG GTC G 

GAPDH REV GGG GTC ATT GAT GGC AAC AAT A 

CYR61 FW ATT GTA GAA AGG AAG CCT TGC TCA T 

CYR61 REV TCC AAT CGT GGC TGC ATT AG 

MyoD FW GGT CCC TCG CGC CCA AAA GAT 

MyoD REV CAG TTC TCC CGC CTC TCC TAC 

Myogenin FW CAG TGC ACT GGA GTT CAG CG 

Myogenin REV TTC ATC TGG GAA GGC CAC AGA 

Mrf4 FW CCC CTT CAG CTA CAG ACC CAA 

Mrf4 REV CCC CCT GGA ATG ATC GGA AAC 

OCT4 FW GGG CTC TCC CAT GCA TTC AAA C 

OCT4 REV CAC CTT CCC TCC AAC CAG TTG C 

NANOG FW AGT CCC AAA GGC AAA CAA CCC ACT TC 

http://www.idtdna.com/pages/docs/default-source/user-guides-and-protocols/primetime-qpcr-application-guide-3rd-ed-.pdf?sfvrsn=20
http://www.idtdna.com/pages/docs/default-source/user-guides-and-protocols/primetime-qpcr-application-guide-3rd-ed-.pdf?sfvrsn=20
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NANOG REV TGC TGG AGG CTG AGG TAT TTC TGT CTC 

SOX2 FW TAC AGC ATG TCC TAC TCG CAG 

SOX2 REV GAG GAA GAG GTA ACC ACA GGG 

JAG1 FW GCT GAC TTA GAA TCC CTG TGT TA 

JAG1 REV AGG GTA CTG TTG ACT AGC TTT 

PROM1 FW TGG ATG CAG AAC TTG ACA ACG T 

PROM1 REV ATA CCT GCT ACG ACA GTC GTG GT 

HEY1 FW GTT CGG CTC TAG GTT CCA TGT 

HEY1 REV CGT CGG CGC TTC TCA ATT ATT C 

DLL1 FW GTG ATG AGC AGC ATG GAT T 

DLL1 REV CAG CCT GGA TAG CGG ATA C 

RBPJ FW CGC ATT ATT GGA TGC AGA TG 

RBPJ REV CAG GAA GCG CCA TCA TTT AT 

HES1 FW TCA ACA CGA CAC CGG ATA AAC 

HES1 REV GCC GCG AGC TAT CTT TCT TCA 
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2.4 Immunoblotting 

Cells were lysed using a RIPA buffer containing fresh protease inhibitors and 

resuspended using pipetting. The lysate was then passed through a 25G needle 5-10 

times to shear DNA and centrifuged to pellet cellular components.  The protein 

concentration was determined by the DC assay (BioRad).  A range of 10-100 µg of lysate 

per sample was loaded onto a SDS-PAGE acrylamide gel.  Acrylamide gels varied from 

5% to 15% acrylamide, depending on the size of the proteins of interest.  Proteins were 

transferred to a polyvinylidene difluoride membrane (PVDF, Millipore) and incubated 

with primary antibodies overnight at 4°C.  Membranes were washed, incubated with 

secondary HRP-labeled antibodies (goat anti-rabbit or goat anti-mouse, Invitrogen) for 1 

hour at room temperature, and washed again. Chemiluminescence (Amersham, GE 

Healthcare) was used to expose film and visualize the proteins.  When applicable, 

membranes were stripped using a guanidine chloride solution and re-probed for an 

additional protein.   

 The following antibodies were used for immunoblotting: anti-YAP (Cell 

Signaling #4912, 1:1000), anti-pan-Ras (Calbiochem #OP40, 1:1000), anti-cleaved caspase 

3 (Cell Signaling #9661, 1:1000), anti-TAZ (Cell Signaling #4883, 1:1000), anti-phospho-

YAP Ser127 (Cell Signaling #4911, 1:1000), anti-phospho-Mob1 Thr35 (Cell Signaling 

#8699, 1:1000), anti-Mob1 (Cell Signaling #3863, 1:1000), anti-RBPJ (Cell Signaling #5313, 
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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). 

2.5 Growth curves, BrdU, and MTT assays 

Growth curves were used to analyze the growth of cell populations over time 

after genetic or pharmacologic manipulation. Cells were plated at equal cell number in 

triplicate on Day 0. Cells were trypsinized and counted by manual cell counting on a 

hemocytometer following Trypan blue staining on Days 1, 3, 5 or Days 1, 2, 3, 4.  

 BrdU assays were performed to measure cell proliferation and five replicates 

were performed per sample. After expression of YAP shRNAs in RD and SMS-CTR cells, 

5,000 cells/well were plated in a 96-well plate. After 48 hours of growth 10µM BrdU was 

added for a 3-hour incubation at 37°C. BrdU incorporation was measured using the Cell 

Proliferation ELISA BrdU colorimetric kit (Roche). The colorimetric assay was read at an 

absorbance of 370nm on the spectrophotometer plate reader (Molecular Devices 

microplate reader) after 15 min of the reaction. 

MTT assays were performed to assess the impact of VP and RO492910, or CP-1 

on cell viability. For the VP and RO492910 MTT, RD cells were plated at 2,000 cells/well 

in a 96-well plate, six replicates per condition. The next day varying concentrations of 

RO492910 and 3µM VP was added and incubated for 72 hours. For the CP-1 MTT RD 

cells were plated at 3,000 cells/well and SMS-CTR were plated at 4,000 cells/well in 

RPMI 1640 + 5% FBS at six replicates per condition. The next day varying concentrations 
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of CP-1 were added and incubated for 72 hours. 1mg/ml MTT (3-(4,5-Dimethyl-2-

thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) was added to each well and incubated 

for 4 hours at 37°C. Yellow MTT is converted to purple formazan by the succinate 

dehydrogenase enzyme in the cells’ mitochondria. Formazan is solubilized by the 

addition of DMSO and the amount of purple is measured by the spectrophotometer 

plate reader at 540 nm. MTT measurements are normalized to the vehicle control. 

2.6 Differentiation and senescence assays 

Differentiation assays were performed to assess the ability of RMS cells to 

differentiate along the myogenic lineage after genetic manipulation (YAP suppression) 

or sphere formation. Cells were plated at a density of 3x105/6 cm dish (eRMS cells) or 

2.3x105/6 cm dish (aRMS cells) on Day 0 in growth media (RPMI 1640 + 10% FBS). The 

media was changed to fusion media (DMEM F12 (Gibco) + 2% horse serum (Hyclone)) 

on Days 1, 3, and 5 or growth media was refreshed as a control. On Day 6, cells were 

fixed and stained for MF20 (1:5 dilution) to assess myogenic differentiation. The MF20 

antibody recognizes all isoforms of myosin heavy chain in differentiated skeletal muscle 

and was deposited to the Developmental Studies Hybridoma Bank by Fischman, D.A. 

(DSHB Hybridoma Product MF 20). Positively and negatively stained cells were counted 

manually with the aid of cell counting software (ImageJ, NIH).  Four or five images were 

counted per condition.  
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Senescence assays were performed to analyze the number of cells undergoing 

senescence in HSMMs expressing YAP1 WT or YAP S127A and vector controls. Cells 

were plated at equal cell density in 24-well plates in triplicate. The next day cells were 

fixed and stained with a 1mg/ml X-gal solution overnight at 37°C. The following day 

staining solution was removed and cells were washed. Wells were imaged and positive 

(bright blue) and negative cells were counted using ImageJ (NIH).  

2.7 Limiting dilution assays 

After expression and selection for shRNA constructs (pLKO.1 puro), 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 media 

changed daily, here we utilized constitutively expressed shRNAs to minimize cell loss 

and error. Sphere forming frequency and statistics were calculated using ELDA software 

(196).  

2.8 ChIP 

Chromatin immunoprecipitation (ChIP) was performed to assess RBPJ binding 

sites. 5-10x106 RD cells were plated and allowed to form spheres for 24-48 hours before 

being collected. Spheres were cross-linked with 1% formaldehyde for 10-15 min then 

quenched with 0.125M glycine for 10min and washed with PBS. Cells were resuspended 

in lysis buffer (50mM Tris pH7.5, 150mM NaCl, 5mM EDTA, 1% Triton-X, 0.1% SDS, 
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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 

a 1:50 dilution and rotated overnight at 4°C. Protein G agarose beads were added the 

next day for 3 hours with rotation at 4°C. Beads were then 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 

(10mg/ml) digestion for 1hr. DNA was purified using the Qiagen PCR Purification kit. 

ChIP enrichment was evaluated using semi-quantitative PCR followed by quantitation 

using Image J similar to previous published work (197). ChIP primers can be found in 

Table 4.  

Table 4: Primers for ChIP PCR 

 Sequence (5’-3’) 

HES1 FW CGT GTC TCC TCC TCC CAT T 

HES1 REV GGC CTC TAT ATA TAT CTG GGA CTG C  

Negative FW GTG GGC CTT TGG AAT ATC CT 

Negative REV GAC CTT GGC TGT GTT GTC CT 

YAP FW GGG AAT GCC AGC TGA TGT CTA 

YAP REV GCA AGG CAC ATC CCT TGA AAA TA 

SOX2 FW CCT GCC ATG TCG CCA GTT CCT 

SOX2 REV CCT CGC GCA CAC AAA GGC ACG 

2.9 Luciferase assays 

To measure the amount of TEAD transcriptional activity, luciferase assays were 

performed (Figure 34). RD, YHV, and YHRhar cells (100,000 cells/well in 24well plates) 

were transiently transfected with 25ng TEAD luciferase reporter (8X GTIIC plasmid) or 
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empty vector (pGL3-E-P) and 5ng of renilla reporter (pHRC TR1) for 48 hours in 

triplicate. Luciferase assay was performed using the Dual Luciferase Reporter Assay kit 

(Promega) per manufacturer’s protocol and read on a luminometer (Turner Biosystems 

Modulus).  

2.10 Mouse xenograft studies 

For the YAP suppression study (Figure 8), 1x106 SMS-CTR cells stably expressing 

non-targeting, YAP_sh3, or YAP_sh4 constructs were resuspended in Matrigel (BD 

Biosciences) and implanted subcutaneously into the flanks of immunodeficient 

SCID/beige mice. For the genetic modeling studies (Figures 17, 32, 33), 10x106 YHR, 

YHV, THR, or SMS-CTR cells were injected similarly. For the verteporfin study (Figure 

10), 2x106 SMS-CTR cells and for the RO4929097 study (Figure 31) 4x106 RD cells were 

injected as described. Mice were monitored twice weekly, and tumors were measured 

using calipers. Tumor volume was calculated as [((width*length)/2)3]/2.  Mice were 

sacrificed upon reaching an IACUC-defined maximum tumor burden or decline in 

health. Tumors were preserved in RNAlater (Qiagen) for PCR analysis or formalin-fixed 

for IHC. 

For the RBPJ suppression study (Figure 22), 2x106 SMS-CTR cells expressing dox-

inducible non-targeting, RBPJ_sh2, or RBPJ_sh3 were injected as described. Once tumors 

were palpable, drinking water was supplemented with 1 mg/ml doxycycline (Sigma-
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Aldrich) in 5% w/v sucrose and changed every other day until mice were sacrificed at 

day 45. 

2.11 Immunohistochemistry 

Formalin-fixed paraffin-embedded xenograft tumor samples were sectioned and 

stained with H&E (Sigma) to assess tumor morphology, as well as with select 

immunohistochemical antibodies.  To determine resemblance to RMS, 

immunohistochemical analysis included myogenic markers anti-desmin, anti-MyoD, 

and anti-Myogenin. Slides were evaluated by pathologists (Rex C. Bentley, Department 

of Pathology, Duke University, and Erin Rudzinski, Department of Laboratories, Seattle 

Children’s Hospital) with experience in pediatric sarcomas.  YAP (Cell Signaling #4912, 

1:40) and SOX2 IHC (Cell Signaling #3579, 1:100) were performed as described (98,198). 

TAZ IHC (Sigma #HPA007415), TUNEL (Trevigen #4810-30-K) and Ki67 (Dako #M7240) 

staining were performed per the manufacturer’s protocols. TUNEL and Ki67 slides were 

photographed, positively and negatively stained cells were counted manually with the 

aid of cell counting software (ImageJ, NIH), and five images were counted per condition. 

TAZ staining (Figure 9) was scored on a scale of 0-4 by two blinded scorers (0=no 

staining, 1= <25% staining, 2= 25-50% staining, 3= 50-75% staining, 4= >75% staining). 

Four images were scored per tumor and averaged. YAP, SOX2, and Ki67 staining 

(Figure 26) was scored on a scale of 0-3 by two blinded scorers (0=negative, meaning no 

brown staining, 1=weak staining, 2=moderate staining, 3=strong staining), similar to 
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previous work (199). 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 (98,152). 

2.12 Drug Studies 

VP was obtained from Proactive Molecular Research P17-0440 and was dissolved 

in DMSO at 100mg/ml. In vitro, VP was diluted to 10µM in cell culture media. For in vivo 

experiments, once tumors were palpable, VP was diluted to 10mg/ml in PBS and 

administered by intraperitoneal injection at 100mg/kg every other day for eight 

treatments total (Figure 10). RO4929097 was obtained from Selleck Chemicals and 

resuspended in DMSO at 10mg/ml for in vitro work. In vivo, RO4929097 was 

resuspended in 30% PEG400/ 0.5% Tween 80/ 5% propylene glycol at 15mg/ml. 

Importantly, the resuspension was done in a stepwise manner (PEG400 first, Tween 80 

second, propylene glycol third, and water fourth). Solution can be heated, before 

addition of water, to 50°C with rotation to increase solubility. Mice were treated at 

60mg/kg (Figure 31) by oral gavage daily for 15 days and sacrificed 1 hour after last 

treatment. CP-1 was obtained from Xu Wu (Harvard Medical School), resuspended in 
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DMSO at 10mM, and diluted in RPMI 1640 + 5% FBS. Cells treated with CP-1 were 

cultured in RPMI 1640 + 5% FBS for 48 hours before CP-1 treatment. 

2.13 Statistics 

Statistical analysis was performed using GraphPad Prism (GraphPad). Unless 

otherwise 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. 
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3. The YAP oncoprotein primes Ras-driven 
rhabdomyosarcoma 

This section, including figures, was adapted from Slemmons KK, Crose LES, Rudzinski 

E, Bentley RC, and Linardic CM, “Role of the YAP Oncoprotein in Priming Ras-Driven 

Rhabdomyosarcoma,” PLOS One. 2015 Oct 23. doi: 10.1371/journal.pone.0140781.  It was 

written by Katherine K. Slemmons and was published under a Creative Commons Attribution 

License, which permits unrestricted use, distribution, and reproduction in any medium, provided 

the original work is properly cited. 

3.1 Introduction 

Dysregulated Hippo pathway signaling has emerged as a key promoter of 

tumorigenesis in many epithelial tumors (83,84,200), and recent work has also shown a 

role for YAP in sarcomas and in skeletal muscle cells (76,88,98,99,201). However, the role 

of the Hippo pathway in the aggressive Ras-driven subset of RMS is not fully 

understood.  Recently we and others have found the YAP oncoprotein to be upregulated 

in RMS (98,99), and copy number gains of YAP or TAZ have recently been reported in a 

few cases of RMS (99,202). In GEMMs, conditional expression of an activated form of 

YAP (S127A) in satellite cells generated eRMS with high penetrance, but only after 

muscle injury (99). This suggests that YAP is not only upregulated in eRMS, but critical 

for its initiation. However, human tumors require multiple oncogenic events to induce 

tumorigenesis (203), and since eRMS tumors often have Ras mutations (7,9), we 
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hypothesized that YAP could cooperate with oncogenic Ras to initiate eRMS 

tumorigenesis. 

Here we investigate the role of YAP in Ras-driven RMS cell lines, and 

demonstrate that YAP is critical for tumor maintenance by supporting RMS cell 

proliferation, survival, and inhibition of differentiation. We use a human primary cell-

based approach to understand the temporal role of YAP in a Ras-driven model of RMS. 

By substitution into the first step of our established genetically defined model, we find 

that YAP enables bypass of the senescence checkpoint, then provides tolerance to 

expression of oncogenic Ras. This model is a novel tool to explore the role of YAP in a 

human primary cell system. Additionally, these studies lay the groundwork for future 

investigations to understand the interaction between YAP and Ras signaling in Ras-

driven RMS, a critical step in designing rational therapies. 

3.2 YAP expression is required for human Ras-driven RMS cell 
growth and supports proliferation and survival in vitro 

To assess the role of the YAP oncoprotein in human eRMS, YAP was suppressed 

in both RD (NRAS-mutant) (185) and SMS-CTR (HRAS-mutant) (186) human eRMS cell 

lines using lentiviral-mediated shRNA expression. Two independent shRNAs, which 

suppressed YAP at the mRNA and protein levels in both RD and SMS-CTR cells 

(Fig.6A,B), inhibited cell growth 2-4 fold as measured by cell counting over time 

(Fig.6C,D). This observation is in alignment with recent studies in RD cells (99). 

However, since growth curves yield information only about overall population growth, 



 

58 

further studies were done to determine the mechanism of growth inhibition. YAP 

deficiency was found to interfere with RD and SMS-CTR cell proliferation, as measured 

by BrdU incorporation (Fig.7A,B), and stimulate apoptosis, as measured by cleaved 

caspase 3 expression (Fig.7C,D). The YAP shRNAs decreased BrdU incorporation by 

24% (YAP_sh3) and 36% (YAP_sh4) in the RD cells and 24% (YAP_sh4) in the SMS-CTR 

cells. Since CYR61 (cysteine-rich, angiogenic inducer, 61) and CTGF (connective tissue 

growth factor) are established transcriptional targets of YAP, the expression of these 

genes was measured in both RD and SMS-CTR cells in the setting of the shRNAs using 

quantitative real-time PCR (qRT-PCR), and indeed their decreased expression (between 

20-40%) correlated with YAP suppression (Fig.7E) in RD cells. In SMS-CTR cells, 

YAP_sh3 induced the expected decrease in CTGF and CYR61 (between 40-60%) while 

YAP_sh4 showed no change (Fig. 7F). CTGF expression has previously been associated 

with senescent cells and the possibility that YAP_sh4 is causing cellular senescence 

should be explored (204). Given that sh3 targets the 3’ UTR of YAP, while sh4 targets its 

coding sequence, it is possible that the shRNAs have differential knockdown and 

phenotype because of their differential YAP mRNA binding sites, a phenomenon that 

has been described (205,206). This may account for some of the differences we see 

between sh3 and sh4. Furthermore, because of the inherent complexities in RNAi, we 

did choose shRNAs that had been previously validated (97,98,191). Thus, in vitro, the 

YAP oncoprotein promotes cell proliferation and survival in Ras-driven eRMS.  
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As recent work has shown that YAP suppression results in an upregulation of 

TAZ protein levels (207), we investigated the levels of TAZ protein after YAP 

suppression. In both RD (Fig. 7G) and SMS-CTR (Fig. 7H) cells, TAZ protein levels 

increased upon expression of the YAP shRNAs. Since YAP suppression did not 

completely ablate cell growth (Fig. 6C, D), we hypothesize the upregulation of TAZ may 

partially compensate for the loss of YAP in these cells. 

 

Figure 6: YAP suppression inhibits eRMS cell growth. 

(A) YAP suppression by shRNAs in RD cells is validated by qRT-PCR (left) and 

immunoblot (right). Lanes in the immunoblot are from the same membrane but have 

been rearranged into this order. (B) YAP suppression validation in SMS-CTR cells by 

qRT-PCR (left) and immunoblot (right). YAP suppression in (C) RD and (D) SMS-

CTR cells inhibits cell growth as measured by manual cell counting over four days, 

performed in triplicate. **, P<0.01; ***, P<0.001; and ****, P<0.0001. 
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Figure 7: YAP suppression inhibits proliferation and stimulates apoptosis. 

Cell proliferation, as measured by BrdU incorporation, is decreased in (A) RD and (B) 

SMS-CTR cells stably expressing YAP shRNAs, performed in five replicates. 

Immunoblot for cleaved caspase 3 (CC3) shows an increase in apoptosis at days 2 and 

4 after shRNA expression in (C) RD and (D) SMS-CTR cells. qRT-PCR for YAP target 

genes CYR61 and CTGF show decreased expression with YAP suppression in (E) RD 

and (F) SMS-CTR cells. Immunoblot analysis of TAZ in (G) RD and (H) SMS-CTR 

cells expressing YAP shRNAs. *, P< 0.05; **, P<0.01; and ****, P<0.0001. 

3.3 YAP suppression delays tumor growth in vivo 

To explore the role of YAP suppression in RMS tumorigenesis in vivo, we 

established subcutaneous xenografts of SMS-CTR (HRAS-mutant) cells stably expressing 

the YAP shRNAs, or a non-targeting (NT) control. Previous work showed that YAP 

inhibition in RD (NRAS-mutant) xenografts decreased tumor burden (99). We found that 

expression of the YAP shRNAs in the SMS-CTR xenografts delayed tumor growth as 

compared to the NT control (Fig. 8A). We validated YAP suppression within the 

xenografts at both the mRNA (60-70% decrease) (Fig. 8B) and protein levels (Fig. 8D, 

middle). YAP suppression was maintained in the tumors and this suppression also 

resulted in 40-85% decreased expression of the YAP target genes CYR61 and CTGF (Fig. 

8B). We next examined the impact of the YAP shRNAs on tumor morphology, however, 

H&E analysis showed no obvious differences between the treatment groups (Fig. 8D, 

left). To determine the mechanism of tumor growth delay, TUNEL and Ki67 staining 

were performed to assess the levels of apoptosis and cell proliferation, respectively.  As 

observed previously in vitro (Fig. 7D), YAP suppression in vivo increased apoptosis (Fig. 

8C, Fig. 8D, right). Ki67 staining levels appeared visually similar but upon 
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quantification there was a significant decrease in cell proliferation with expression of the 

YAP shRNAs (Fig. 8C). Although tumors showed sustained YAP, CYR61, and CTGF 

loss, they were still able to eventually grow to the IACUC-defined tumor burden, 

suggesting that RMS cells have mechanisms to overcome YAP inhibition. This growth 

may be due to the activity of oncogenic Ras or other compensatory pathways such as the 

developmental pathways that are dysregulated in RMS including Notch, WNT, 

Hedgehog, and TGFβ. Because in vitro expression of the YAP shRNAs induced 

upregulation of TAZ protein (Fig. 7G, H), we investigated the levels of TAZ protein in 

the tumors by IHC (Fig. 9A). Although there were subtle changes in TAZ expression, 

due to tumor variability there was not a significant difference upon quantitation (Fig. 

9B). Interestingly, some of the shRNA-expressing cells did not implant to form tumors (3 

out of 8 mice injected). This may be due to technical reasons, or YAP suppression may 

alter the cells’ ability to initiate tumorigenesis and this should be explored in future 

studies. Together, these experiments suggest that YAP expression is important for Ras-

driven eRMS tumor growth. 



 

63 

 

Figure 8: YAP suppression delays tumor growth in vivo. 



 

64 

(A) In vivo YAP suppression in SMS-CTR xenografts inhibits tumor growth over 

time, four mice per group. (◊, NT;    , YAP_sh3;    , YAP_sh4). Two-tailed Student’s t 

test on the averages of the groups (NT vs. shRNA) shows the differences reach 

significance P<0.05 at days 42, 45, and 48. (B) qRT-PCR for YAP, CYR61, and CTGF 

show decreased expression in SMS-CTR xenografts expressing YAP shRNAs. Bars 

represent the average of each treatment group. (C) Quantitation of TUNEL (top) and 

Ki67 (bottom) staining (five images per tumor) reflects an increase in apoptosis and 

decrease in cell proliferation, respectively. (D) Representative images of H&E (left), 

YAP IHC (middle) and TUNEL staining (right) of the xenograft tumors. *, P<0.05; ***, 

P<0.001; and ****, P<0.0001. Scale bars: 100µm. 

 

Figure 9: TAZ expression in tumors with YAP suppression. 
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(A) Representative images of TAZ IHC on NT, YAP_sh3, and YAP_sh4 tumors. (B) 

Quantitation of TAZ IHC. Tumors were scored on a scale of 0-4 by two blinded 

scoreres, four images were scored per tumor and scores averaged. There was not a 

significant difference between the groups. Scale bars: 100µm. 

3.4 Pharmacologic inhibition of YAP 

Since genetic suppression of YAP inhibited eRMS cell growth in vitro and in vivo, 

we next examined the effect of pharmacologic inhibition of YAP on Ras-driven RMS. VP 

is an FDA approved drug for treatment of macular degeneration that was recently 

determined to also be an inhibitor of YAP-TEAD interactions (103). VP can reverse YAP-

driven liver overgrowth in vivo (103), and inhibit cancer cell growth in vitro and in vivo 

(93,208-210). In SMS-CTR cells, 10µM VP abrogated cell growth over five days (Fig. 

10A). Since there was a profound effect in vitro, we evaluated the effect of VP in a 

murine subcutaneous xenograft model. Once tumors were palpable, mice were treated 

with VP or DMSO (vehicle) every other day for eight doses. In most animals, VP 

inhibited tumor growth and resulted in decreased tumor weight (Fig. 10B,C). However, 

there was variability in the responses and two tumors from the VP-treated animals grew 

at the same rate as the vehicle control. Cell proliferation, as measured by Ki67 staining, 

was significantly decreased with VP treatment (Fig. 10D), while apoptosis measured by 

TUNEL staining was not significantly changed. Surprisingly, VP treatment did not have 

an effect on the levels of YAP target genes CYR61 and CTGF (Figure 11). 
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Figure 10: Pharmacologic inhibition of YAP inhibits tumor growth in vivo. 

(A) SMS-CTR cells treated with 10µM VP have decreased cell growth, measured by 

manual cell counting over five days. (B) SMS-CTR subcutaneous xenografts treated 

with 100mg/kg VP (n=7) have decreased tumor growth as compared to vehicle 

control (DMSO) (n=6). Two-tailed Student’s t test on the averages of the groups 

(DMSO vs. VP) shows the differences reach significance P<0.05 at days 5-16. (C) The 

average tumor weight of VP treated mice is decreased compared to control. (D) Ki67 

staining is decreased in VP-treated mice, but TUNEL staining remains the same. 

Five images quantified per tumor. **, P<0.01; ***, P<0.001; and ****, P<0.0001. Scale 

bars: 100µm. 
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Figure 11: YAP target gene expression in VP-treated tumors. 

(A) qRT-PCR of CYR61 and CTGF do not change with VP treatment. 

In a complementary approach, we evaluated a novel inhibitor of the YAP-TEAD 

transcriptional complex. It has recently been shown that the auto-palmitoylation of 

TEADs at conserved cysteine residues is required for association with YAP/TAZ (211). 

Collaborators in the Wu laboratory (Harvard Medical School) developed a novel drug 

called CP-1 that inhibits TEAD palmitoylation and thus can inhibit YAP signaling. We 

evaluated the effect of CP-1 on cell viability in RD and SMS-CTR cells by MTT assay, 

and indeed found a dose-dependent decrease in cell viability (Fig. 12A,B). To determine 

the effect on YAP signaling, we treated RD cells with 20µM CP-1 for five days. Manual 

cell counting showed a profound decrease in cell growth over time (Fig. 12C), and qRT-

PCR for CYR61 showed a 70% decrease in YAP target gene expression (Fig. 12D). While 

these are preliminary data, and CP-1 has not yet been evaluated in vivo, this is a 
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promising new drug that can effectively inhibit YAP activity and cell growth in eRMS 

cell lines. 

 

Figure 12: CP-1 treatment decreases eRMS cell growth. 

MTT assays of (A) RD and (B) SMS-CTR cells treated at varying concentrations of CP-

1 for 72 hours. (C) Growth curve of RD cells treated with 20µM CP-1 for 5 days, 

performed in triplicate. (D) qRT-PCR of CYR61 of RD cells from Day 3 of growth 

curve. ***, P<0.001. 

3.5 YAP promotes an undifferentiated state 

As a malignancy associated with the skeletal muscle lineage, RMS pathogenesis 

includes deficiencies in the ability of cells to terminally differentiate (summarized in 

(29)). Therefore, cellular programs must exist to block differentiation. To determine 
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whether YAP participates in this program, RD cells were examined for expression of 

myogenic markers after YAP-targeted shRNA suppression. shRNA-suppressed cells had 

a 3-60 fold increase in myogenic differentiation markers Mrf4, MyoD and Myogenin 

(Fig.13A), suggesting that indeed YAP expression contributes to the block in terminal 

differentiation. Similar results were observed in the SMS-CTR cells (Fig. 13B).  

 

Figure 13: YAP suppression promotes myogenic transcription factor 

expression. 

qRT-PCR for myogenic differentiation genes Mrf4, MyoD, and Myogenin show 

increased expression with YAP suppression in (A) RD and (B) SMS-CTR cells. *, P< 

0.05; ***, P<0.001; and ****, P<0.0001. 

When YAP shRNA-suppressed RD and SMS-CTR cells were cultured in 

differentiation media, their growth slowed markedly (as opposed to cells expressing 



 

70 

control vector, which continued to proliferate), and cells changed to an elongated 

morphology (Fig.14A,C). A concomitant increase in the number of cells staining positive 

for MF20 (which stains sarcomeric myosin) was evident (Fig.14A,C), and this was found 

to be statistically significant when quantified (Fig.14B,D). These data are consistent with 

the previously identified role for YAP in murine eRMS tumors, murine muscle satellite 

cells, and C2C12 murine myoblasts (76,99,201). Thus, in concert with these prior studies, 

it is evident that YAP functions to block differentiation in skeletal muscle cells and Ras-

mutant eRMS tumors, and differentiation therapy could be a potential therapeutic 

approach for this cancer.  

 

Figure 14: eRMS cell lines show increased differentiation with YAP 

knockdown. 

Cells stably expressing YAP shRNAs were cultured in differentiation media for five 

days, then stained for MF20 expression. Representative images and quantitation (four 

images per condition) of MF20 staining in (A, B) RD and (C, D) SMS-CTR cells. *, P< 

0.05; ***, P<0.001. Scale bars: 62.5µm. 
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3.6 YAP expression enables bypass of the senescence 
checkpoint  

Genetic modeling provides insight into the phenotypic contributions of gain-of-

function of oncogenes and loss-of-function of tumor suppressors. Thus, we examined 

the role of YAP by substituting it into our previously established genetically-defined 

model of Ras-mutant eRMS. As discussed in Section 1.1.2, this model relies on serial 

stable expression of the SV40 early region, hTERT, and oncogenic HRASG12V. Since 

telomere maintenance and Ras expression are obligatory steps in the tumorigenic 

process of Ras-driven eRMS (24), we reasoned that YAP would substitute for the SV40 

early region in our model, and provide the stimulus to enable continuous growth in 

culture. Therefore, we stably expressed either constitutively active YAPS127A or wild-

type YAP (YAPWT) in primary human myoblasts (Fig. 15A), and monitored cells for 

population doubling and cellular morphology. The YAPS127A point mutation prevents 

phosphorylation at the 14-3-3 binding site and thus renders YAP constitutively nuclear 

and active. Although YAP gain-of-function point mutations have not been reported in 

human RMS samples (and rarely in cancer in general), increases in YAP copy number 

have been described, providing rationale to study both the mutant and wild type YAP 

constructs (99). As previously observed (212), HSMMs expressing a control vector 

ceased proliferating after 10-15 population doublings (PD), having reached a tissue 

culture-induced senescence. However, cells expressing YAPS127A continued 

proliferating past this checkpoint (Fig.15B). Onset of senescence in vector cells was 
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verified by acquisition of β-galactosidase (β-gal) expression, a biochemical marker of 

senescence (blue color and quantitation shown in Fig.15B middle, bottom), while cells 

expressing YAPS127A were β-gal negative. Similarly, cells expressing YAPWT bypassed 

senescence in culture and remained β-gal negative (Fig.15C). Since HSMMs are a 

heterogeneous population, not all of the cells will senesce simultaneously. Additionally, 

there can be “escapees” that acquire the ability to proliferate again. This has been seen in 

previous publications (212) and is likely occurring in the vector cells for the YAPS127A 

experiment and can account for the differences between the vector populations in the 

YAPS127A and YAPWT experiments. Additionally, one should consider toxicity of the 

YAPS127A construct since constitutive YAP activation in mature muscle leads to muscle 

atrophy (80) suggesting that too much YAP can be toxic to cells. Overall, these data 

suggest that YAP expression provides cellular signals to dampen or ignore pro-

senescence stimuli. 
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Figure 15: YAP expression enables senescence bypass. 

(A) Total YAP protein levels in HSMMs ectopically expressing vector, YAPS127A, or 

YAPWT. (B) Top, population doublings (PD) over time of HSMMs expressing vector 

(●) or YAPS127A (▪). Middle, vector-expressing cells show increased β-gal staining as 

compared to YAPS127A. Bottom, quantitation of β-gal staining performed in 

triplicate. (C) Population doublings of HSMMs expressing YAPWT (top) and β-gal 

staining (bottom, middle). β-gal staining was performed at PD 16 (Vectors, 

YAPS127A) and PD 18 (YAPWT). ***, P<0.001; ****, P<0.0001. Scale bars: 125µm. 
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While the exact mechanism of YAP-induced senescence bypass is unknown, our 

preliminary data suggests that YAP may regulate the p53 pathway. In a recent study in 

mouse myoblasts, YAPS127A expression induced the expression of MTBP (76), an 

MDM2-binding protein that inhibits MDM2 ubiquitination and subsequent degradation. 

This increases MDM2 protein levels and therefore enhances its inhibitory activities of 

p53 (213). MDM2 inhibits p53 in multiple ways such as inhibition of acetylation, 

prevention of binding to transcription factors, and most importantly, ubiquitination and 

consequent targeting of p53 for proteasomal degradation (214-216). Upregulation of 

MTBP results in a decrease in total p53 levels and signaling (213). In our system, MTBP 

expression is upregulated in proliferating HSMMs expressing YAPS127A as compared 

to senescent HSMMs by RT-PCR (Fig. 16A). Additionally, at the protein level, there is a 

modest increase in MDM2 levels (Fig. 16B). These data are preliminary and need to be 

repeated, but suggests that YAPS127A expression may impact this MTBP-MDM2-p53 

signaling axis. In contrast, in the Rb pathway, levels of p16 are unchanged (Fig. 16A).  
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Figure 16: MTBP and MDM2 are elevated after senescence bypass. 

(A) RT-PCR of p16, MTBP, and GAPDH in senescent HSMMs and HSMMs + 

YAPS127A that have bypassed senecence. (B) Immunoblot of MDM2. 

3.7 YAP primes myoblasts for oncogenic Ras-driven RMS 
tumorigenesis in vivo 

Given that the stable expression of YAP permitted myoblasts to proliferate past 

the senescence checkpoint, we assessed whether completing the model by adding 

hTERT and oncogenic HRasG12V, abbreviated “YHR” (YAPS127A-hTERT-HRasG12V), 

would lead to a tumorigenic phenotype (Fig.17A). We also generated the accompanying 

control cell line, “YHV” (YAPS127A-hTERT-Vector). Previous work demonstrated that 

“VHR” (Vector-hTERT-HRasG12V) cells are not tumorigenic as the senescence 

checkpoint remains intact and oncogenic Ras is not tolerated, leading to cell senescence 

followed by cell death (24). Expression of transgenes in the cell lines was verified by RT-
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PCR or immunoblot (Fig.17B). Based on the recent GEMM work showing that 

YAPS127A expression in activated satellite cells is sufficient for eRMS tumorigenesis 

(99), we predicted that both YHV and YHR cell lines would generate tumor xenografts 

in immunodeficient mice. However, we found that compared to the internal positive 

control cell line (SMS-CTR) and our previous model (THR), YHR but not YHV cells were 

tumorigenic, and the YHR tumors formed with 100% penetrance (Fig.17C). To address 

the possibility that we had not waited long enough for tumor formation, an additional 

cohort of mice was injected with YHV cells and these cells also did not form tumors in 

over 150 days (data not shown). This suggests that in our human primary cell-based 

model of Ras-driven RMS, YAPS127A alone is not sufficient to initiate and support 

tumorigenesis. To determine if a different oncogene could substitute for Ras in our 

model, we created cells expressing YAPS127A, hTERT, and MYCN. MYCN was 

expressed in the same founder population of YAPS127A + hTERT cells and injected 

subcutaneously into mice using the same lot of Matrigel. However, MYCN was not 

sufficient for tumorigenesis (Figure 18). This suggests that it is the specific cooperation 

between YAP and oncogenic Ras that initiates tumorigenesis in this model.  

H&E analysis of the YHR tumors revealed a spectrum of morphologic patterns 

(Fig.17D,a-b), which is also observed in human clinical RMS samples (summarized in 

(13)). The tumors were all high-grade sarcomas with abundant necrosis and a high 

proliferative rate. Most were characterized by spindled to epithelioid cells with large, 
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pleomorphic nuclei and prominent nucleoli consistent with pRMS (Fig.17D,a).  One 

tumor was composed of diffuse spindled cells and smaller nuclei consistent with eRMS 

with anaplasia (Fig.17D,b).  Within each tumor, rare cells had multiple central nuclei 

and elongated tails of eosinophilic cytoplasm suggesting rhabdomyoblastic 

differentiation, although definite cross striations were not identified.  Staining with 

Desmin and MyoD, markers used clinically in evaluating soft tissue sarcomas, validated 

the skeletal muscle phenotype required for the assignment of RMS (Fig.17D, bottom). 

All tumors showed uniform Desmin expression and scattered MyoD positive nuclei but 

were negative for Myogenin. Although Myogenin staining is associated with an RMS 

diagnosis, only about 50% of pRMS stain positively for Myogenin and some eRMS can 

be negative or have very low levels of Myogenin (27,217). Therefore, the YHR model 

tumors are histologically consistent with human Ras-driven RMS. 
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Figure 17: A genetically defined model of RMS based on serial stable expression of 

YAP, hTERT, and oncogenic Ras. 

(A) Schematic of the “YHR” genetic model predicted to form xenograft tumors. (B) 

Immunoblot validation of YAP, Ras, and actin expression (top) and RT-PCR 

validation of hTERT and GAPDH expression (bottom) in cell lines. In the pan-Ras 

blot the top band is the epitope (FLAG)-tagged exogenous oncogenic Ras and the 

bottom band is the endogenous Ras. (C) Tumor volume as measured over time of 

YHR (pink), THR (light gray, historical data), SMS-CTR (dark gray) and YHV (black 

with open circles) xenografts. Five mice per group except three mice for SMS-CTR 

group. (D) H&E of two individual YHR tumors (a, b) and representative 

immunohistochemistry of Desmin and MyoD of YHR tumors to confirm skeletal 

muscle markers (bottom). Scale bars: 100µm. 

 

 

Figure 18: YAPS127A +hTERT +MycN expressing cells do not form tumors.

(A) Validation of expression of all oncogenes by immunoblot (YAP, actin) or RT-PCR 

(hTERT, MycN, GAPDH). (B) None of the five mice formed tumors.
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3.8 Conclusions 

Here we investigate the role of YAP in Ras-driven RMS. YAP-directed shRNAs 

inhibited human Ras-driven RMS cell proliferation, promoted apoptosis, and stimulated 

myogenic differentiation in vitro, as well as delayed tumor growth in vivo. 

Pharmacologic inhibition of YAP with VP also decreased cell growth in vitro and in vivo. 

In our human primary cell-based model, YAP expression was sufficient to support 

myoblasts through the senescence checkpoint, priming them for subsequent oncogenic 

Ras expression, resulting in a fully transformed cell that generates tumors in a murine 

xenograft system. The resulting YAP and Ras-driven tumors show a range of 

morphologies, consistent with human RMS. Together these studies elucidate the 

importance of YAP in tumor initiation and maintenance in Ras-driven RMS. 
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4. A novel Notch-YAP circuit drives stemness and 
tumorigenesis in embryonal rhabdomyosarcoma  

4.1 Introduction 

While unidirectional signaling between Notch and Hippo occurs frequently in 

metazoan development and occasionally in human malignancy, crosstalk between these 

two pathways in the pediatric cancer eRMS has not yet been studied. Here we 

investigate the nature of the signaling crosstalk between Notch and Hippo in eRMS, and 

its impact on eRMS stemness and tumorigenesis. We use eRMS cells grown in 3D as 

rhabdospheres to interrogate signaling and stem cell biology. We describe a novel 

bidirectional circuit, where YAP and Notch directly transcriptionally regulate each 

other, and increase expression of eRMS stem cell genes including SOX2. 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. 

4.2 Notch and YAP expression in RMS cells and tumors 

4.2.1 eRMS rhabdospheres are enriched in YAP and Notch signaling 

To dissect the roles of Notch-YAP signaling in eRMS tumorigenesis, we turned to 

a model system in which human RMS cells are cultured in suspension as spheres. These 

“rhabdospheres” were previously described and found to be enriched in stem cell 
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markers and properties (189). This microenvironment not only maintains three-

dimensional cell-cell contact, which more accurately mimics tumors as compared to 

adherent monolayers, but also permits the study of eRMS cancer cell stemness. For the 

current study, we analyzed gene expression by qRT-PCR and compared rhabdospheres 

propagated over four passages to eRMS cells grown in monolayers. We relied on the 

two patient-derived eRMS cell lines RD and SMS-CTR, used in Chapter 3, which harbor 

oncogenic RAS mutations thus reflecting the high-risk eRMS mutational profile (184-

186). As expected (189), the stem cell genes PROM1 (CD133) and SOX2 both showed 

increased mRNA expression in RD (Fig. 19A, left) and SMS-CTR (Fig. 19A, right) 

spheres. Furthermore, YAP1 and the Notch pathway readout gene HEY1 (Fig. 19B) also 

showed increased mRNA expression in both cell types. To gain insight into the 

mechanism of increased Notch pathway activation, we investigated the status of Notch 

ligands and receptors previously found to be upregulated in eRMS and contribute to 

eRMS tumorigenesis (149,150,152,154). We found an increase in the Notch ligands JAG1 

and DLL1 (Fig. 19C), as well as the Notch receptors NOTCH1 and NOTCH3 (Fig. 19D).  

In summary, culturing eRMS cells as rhabdospheres increased cell stemness as 

measured by PROM1 and SOX2, as well as YAP and Notch pathway gene profiles. 

Therefore, this is a relevant system to study stemness and YAP/Notch pathway 

signaling in eRMS, and all subsequent in vitro studies were performed using 

rhabdospheres. 
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Figure 19: Notch and YAP signaling are active in eRMS spheres.

(A) Stem cell markers PROM1 and SOX2 increase in eRMS rhabdospheres over four 

passages as compared to adherent cells in RD (left) and SMS-CTR (right) cells as 

assayed by qRT-PCR. P= passage (B) YAP1 and HEY1 are also increased. (C) Notch 

ligands JAG1 and DLL1 are increased in spheres. (D) Notch receptors NOTCH1 and 

NOTCH3 are increased as shown by RT-PCR. GAPDH is a loading control. (E) Human 

TMAs that were stained and scored (0-3 scale) for nuclear NOTCH1 and YAP were 

analyzed. Higher YAP scores correlate with higher nuclear NOTCH1 scores (n=22).   *, 

P<0.05; **, P<0.01; ***, P<0.001; and ****, P<0.0001. 
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4.2.2 Notch and YAP protein expression correlate in human eRMS 
tumors 

While both Notch and YAP pathway signaling were upregulated in 

rhabdospheres, and Notch and YAP were previously shown to be upregulated in human 

tumors, it was unknown if they were co-expressed in individual human tumors. 

Therefore, we re-analyzed human RMS tissue microarrays (TMAs) bearing cores of 

eRMS tumor specimens that had previously been stained using IHC for nuclear 

NOTCH1 or YAP protein, respectively (98,152). We correlated the staining intensities of 

the eRMS tumor cores and found that those with the higher YAP score of 3 had higher 

nuclear Notch scores (p=0.06) (Fig. 19E). There were no eRMS cores with a YAP score of 

0 or 1 in this cohort, suggesting that YAP may be highly expressed in eRMS in general. 

This correlation is consistent with a previous observation that YAP and Notch pathway 

gene transcriptional signatures are enriched in human RMS tumor samples (including 

all RMS subtypes) as compared to skeletal muscle (99). These data suggest that 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. 

4.3 Notch signaling regulates YAP 

4.3.1 Notch pathway activation increases YAP signaling 

Since Notch signaling is known to regulate 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). As expected for a positive control, 
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constitutive activation of Notch signaling through ectopic overexpression of the 

NOTCH1 ICN domain in RD spheres boosted expression of HEY1 (Fig. 20A). However, 

augmented Notch signaling also boosted PROM1, SOX2, and additional stem cell genes 

OCT4 and NANOG (Fig. 20A), consistent with a role in maintaining the stem cell pool 

(171,218).  Furthermore, activation of Notch increased YAP1 mRNA expression and 

resulted in over a 40-fold increase in the YAP target genes CTGF and CYR61 (Fig. 20B). 

Interestingly, on immunoblots, total YAP levels remained unchanged, while 

phosphorylated YAP (p-YAP, reflecting inactive YAP) decreased ~30% with Notch 

activation (Fig. 20C, densitometry below blot). These data suggest that in eRMS the 

regulation of YAP by upstream Notch signaling occurs at both the transcriptional and 

post-translational levels.  
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Figure 20: Notch regulates YAP expression and activation.

(A) Expression of the NOTCH1 ICN increases expression of HEY1 and stem cell genes 

PROM1, SOX2, OCT4, and NANOG in RD spheres as assessed by qRT-PCR. (B) YAP1 

mRNA levels and YAP target genes CTGF, CYR61, RBPJ, JAG1, and DLL1 are 

increased. (C) Total YAP protein levels do not change by immunoblot. Phospho-YAP 

levels decrease with ICN expression (densitometry quantitation shown below blot). 

RBPJ and JAG1 protein levels increase with ICN expression. Nucleolin (NCL) is a 

loading control. In (D, top panel) RD and (E, top panel) SMS-CTR spheres, RBPJ 

shRNAs decrease RBPJ and YAP protein levels as assessed by immunoblot. RBPJ 

knockdown decreases sphere formation in (F) RD and (G) SMS-CTR cells. Sphere 

number and size (mm) is quantified for (D, bottom panel) RD and (E, bottom panel) 

SMS-CTR spheres. (H) RBPJ ChIP-PCR in RD spheres shows RBPJ binding to the 

HES1 promoter (positive control) but not to a genomic region lacking RBPJ binding 

sites (negative control). RBPJ also binds the YAP1 promoter and SOX2 promoter, 

performed in biological duplicates. ***, P<0.001; and ****, P<0.0001. 

4.3.2 Notch pathway suppression decreases YAP levels and sphere 
formation 

Since Notch gain-of-function increased YAP signaling, we next evaluated the 

effect of Notch loss-of-function on YAP through shRNA suppression of the Notch 

transcription factor RBPJ in rhabdospheres. Three independent shRNAs to RBPJ 

decreased RBPJ protein expression as expected, but also decreased YAP protein levels in 

RD (Fig. 20D) and SMS-CTR (Fig. 20E) spheres. 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. 20F,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, 



 

88 

0.5-1mm, and >1mm), permitting comparison of both sphere number and sphere size 

after genetic manipulation. In RD cells, RBPJ knockdown resulted in both fewer and 

smaller spheres (Fig. 20D, bottom panel), while in SMS-CTR cells, RBPJ loss resulted in 

smaller spheres only (Fig. 20E, bottom panel). While there are differences in sphere 

number and size between the shRNA constructs, which may be due to differences in 

RBPJ and YAP protein levels, overall RBPJ suppression phenotypically impaired 

rhabdosphere formation. In summary, Notch signaling through RBPJ regulates YAP 

expression and is functionally required for eRMS sphere formation. 

To evaluate if Notch suppression in vivo also decreased YAP activity, we turned 

to our collaborators. Myron Ignatius in David Langenau’s laboratory (Harvard Medical 

School) had treated mice bearing RD xenografts with a NOTCH1 directed monoclonal 

antibody (mAb). Mice were treated at 10mg/kg by intraperitoneal injection twice weekly 

for seven weeks, which resulted in decreased tumor growth (data not shown). The 

Langenau lab will be confirming Notch pathway inhibition through qRT-PCR analysis 

of the Notch target genes in the tumors. We evaluated those tumors for YAP expression 

by IHC. While the NOTCH1 mAb treated tumors still expressed YAP, expression was 

more cytoplasmic rather than nuclear, suggesting YAP became inactive (Fig. 21A). 

Indeed, after quantitation, NOTCH1 mAb treated tumors had significantly less nuclear 

YAP expression (Fig. 21B). These data demonstrate that Notch’s regulation of YAP 

activity occurs in vivo as well. 
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Figure 21: Notch inhibition in vivo decreases YAP activation.

(A) Representative images of YAP IHC in vehicle treated tumors (PBS, n=6) and anti 

NOTCH1 monoclonal antibody (NOTCH1 mAb, n=6) treated tumors. (B) Nuclear YAP 

staining was scored on a scale of 0-3 by two blinded scorers, five images per tumor. 

Nuclear YAP is decreased in mAb treated tumors. ****, P<0.0001. 

RBPJ suppression in vivo had previously been shown to decrease RD xenograft 

tumor growth (150). In a pilot study, we evaluated our dox-inducible RBPJ shRNAs in 

SMS-CTR cells in vivo. Similarly, we saw a trend towards a decrease in tumor growth 

after RBPJ suppression (Fig. 22A), and validated RBPJ suppression at the mRNA level 

(50% decrease) (Fig. 22B). While this data is preliminary due to a small sample size, it 

does provide proof of principle to use this system in future studies of Notch signaling in 

vivo. 



 

90 

 

Figure 22: RBPJ suppression decreases tumor growth in vivo. 

(A) Tumor growth over time of SMS-CTR xenografts expressing dox-inducible non-

targeting (NT, n=3), RBPJ_sh2 (n=2) or RBPJ_sh3 (n=2) constructs. Two-tailed 

Student’s t test on the averages of the groups (NT vs. shRNAs) did not show a 

statistically significant difference at any time point. (B) qRT-PCR validation of RBPJ 

suppression in the tumors. *, P<0.05; and **, P<0.01. 

4.3.3 RBPJ directly regulates YAP1 and SOX2 genomic loci 

To determine whether Notch signaling increases YAP1 mRNA through direct 

effects on the genome, we performed RBPJ ChIP-PCR in RD rhabdospheres. PCR for the 

positive control (HES1 promoter) showed that RBPJ is enriched at that site as expected; 

PCR for the negative control (a region on chromosome 14 lacking RBPJ binding sites), 

produced no signal as expected (Fig. 20H). PCR for the occupancy of RBPJ on the YAP1 

and SOX2 promoters, which are known to contain potential RBPJ binding sites, shows 

that RBPJ is indeed present (Fig. 20H). These data demonstrate that Notch signaling is 

regulating YAP1 and SOX2 expression at least in part by direct transcriptional 

activation. 
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4.4 YAP regulates Notch signaling 

4.4.1 YAP suppression decreases Notch signaling 

Given that 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 YAP1 mRNA levels and the expression of YAP target genes 

(CTGF, CYR61) in RD spheres (10-60% decrease) (Fig. 23A, left) and SMS-CTR spheres 

(80% decrease) (Fig. 23A, right). YAP suppression also decreased Notch signaling, as 

shown by a 30-40% decline in HEY1 expression (Fig. 23B). This was correlated with a 

decrease in the expression of two Notch ligands JAG1 and DLL1 (20-85% decrease), and 

the transcription factor RBPJ (40-85% decrease) (Fig. 23B), while expression of other 

members of the Notch pathway did not change (data not shown). The decreases in 

YAP1, JAG1, and RBPJ mRNA expression were maintained at the protein level (Fig. 

23C). Future experiments will be performed to determine if the decline in Notch 

signaling is specifically due to the decrease in JAG1, DLL1, and RBPJ levels. These 

experiments demonstrate a bidirectional Notch-YAP signaling circuit. In addition to 

Notch regulation of YAP (Notch → YAP), YAP signals to and activates Notch signaling 

(YAP → Notch).  
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Figure 23: YAP suppression decreases Notch signaling in vitro. 

(A) YAP shRNAs decrease YAP1, and YAP target gene CTGF and CYR61 levels in RD 

(left) and SMS-CTR (right) spheres as assessed by qRT-PCR. (B) YAP shRNAs also 

decrease HEY1, JAG1, DLL1, RBPJ, and SOX2 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 JAG1 (top), RBPJ (middle), and DLL1 (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 
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used as a control tissue type (24,219,220).  *, P<0.05; **, P<0.01; ***, P<0.001; and ****, 

P<0.0001. 

4.4.2 YAP directly regulates Notch signaling 

To evaluate whether YAP activates Notch signaling at the genomic level, we 

interrogated previously published TEAD ChIP-Seq data from RD ChIP experiments (99). 

As a transcriptional co-activator YAP does not bind DNA, but exerts most of its effects 

by binding to the TEAD transcription factor, therefore TEAD ChIP is considered a 

reasonable surrogate for YAP transcriptional activity (66), 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 (66,67,221). YAP-TEAD 

can also bind promoters but this is a rarer event, accounting for only ~4% of YAP-TEAD 

genomic binding sites (66). In RD cells, we found TEAD ChIP peaks within strong 

enhancer regions of the JAG1 and RBPJ genes, and within a weak promoter of the DLL1 

gene (Fig. 23D). Interestingly, TEAD peaks were also found in enhancer regions of 

NOTCH1, NOTCH2, and HEY1 (Figure 24), but the significance of these peaks is 

unknown and should be explored further. These ChIP-Seq data show that YAP-TEAD 

directly regulate JAG1, RBPJ, and DLL1, and are consistent with our overexpression 

studies showing that ICN, and thus YAP upregulation (Fig. 20B), increase RBPJ, JAG1, 

and DLL1 at the mRNA and protein level (Fig. 20B,C). Together these data suggest a 

bidirectional circuit in eRMS, whereby Notch activates YAP signaling, and YAP in turn 

positively regulates Notch signaling. Since Notch and YAP both have roles in regulating 
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stem cells and antagonizing myogenic differentiation in eRMS, we hypothesized that 

this circuit may drive stemness during eRMS tumorigenesis.  

 

Figure 24: TEAD ChIP-Seq additional peaks.

TEAD ChIP-Seq in RD cells shows additional peaks within NOTCH1, NOTCH2, and 

HEY1 enhancers. Chromatin state is determined by the ENCODE HMM in HSMMs. 

4.5 eRMS stemness 

4.5.1 YAP promotes stemness and proliferation in vitro and in vivo 

Since we demonstrated that Notch signaling supports stem cell genes in eRMS 

spheres (Fig. 20A,H), we next investigated the role of YAP signaling in stemness. In 

addition to dampening Notch signaling, YAP suppression in vitro decreased expression 

(50-90%) of several stem cell genes including SOX2 (Fig. 23B), OCT4, and NANOG 

(Figure 25), suggesting a role for YAP in regulating eRMS cell stemness. 



 

95 

 

Figure 25: YAP suppression decreases additional stem cell genes.

YAP suppression decreases OCT4 and NANOG levels assayed by qRT-PCR in (left) 

RD and (right) SMS-CTR spheres. ***, P<0.001; and ****, P<0.0001. 

To assess whether YAP impacts stemness in vivo, we analyzed previously 

generated SMS-CTR xenograft tumors stably expressing YAP shRNAs (Figure 8) (105). 

This YAP suppression in vivo delayed tumor growth through a decrease in proliferation 

and an increase in apoptosis. Similar to the in vitro results, YAP suppression in vivo 

decreased Notch signaling as demonstrated by an 80% decline in HES1 mRNA (Fig. 

26A).  While we previously showed that YAP1 suppression decreased YAP and Ki67 

protein expression in vivo (Figure 8) (105), we had not examined stemness markers such 

as SOX2. Examination of the xenografts by SOX2 IHC showed that YAP suppression in 

vivo greatly decreased SOX2 protein (Fig. 26B). To correlate YAP status with 

proliferation and stemness, we quantified IHC expression of these markers and 
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calculated a correlation coefficient. As expected from the previous study, YAP 

expression positively and significantly correlated with Ki67 expression (Fig. 26C). 

However, YAP also positively and significantly correlated with SOX2 expression, 

suggesting that YAP may regulate SOX2 (Fig. 26D). SOX2 expression also positively and 

significantly correlated with Ki67, consistent with its role as a self-renewal factor (Fig. 

26E). These data suggest that YAP also regulates Notch signaling and stemness in vivo. 

 

Figure 26: YAP suppression in vivo decreases Notch signaling and SOX2 

levels.

(A) YAP shRNAs decrease HES1 expression in SMS-CTR xenografts as assessed by 

qRT-PCR. (B) Representative images of SOX2 IHC in the tumors. YAP, Ki67, and 

SOX2 IHC were scored on a scale of 0-3 by two blinded scorers, four images per 

tumor, for all tumors (NT, YAP_sh3, YAP_sh4). The r value 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, 48 
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wells plated per condition. The average sphere-forming frequency is shown, with the 

expected range in parentheses. ***, P<0.001; and ****, P<0.0001. 

To functionally analyze the role of YAP in eRMS stemness, we performed 

limiting dilution assays (LDAs) after YAP suppression in RD cells. After expression of 

the YAP shRNAs, cells were plated at 1000, 100, 10, or 1 cells/well and evaluated for the 

ability to form spheres. While NT control cells readily formed spheres at 1000, 100, and 

10 cells/well, cells with YAP suppression showed decreased sphere-forming capacity. 

The sphere forming frequency dropped from 1 in 20 cells (1/20) for the NT control cells 

to 1/35 (sh3) or 1/216 (sh4) for the spheres expressing the YAP shRNAs (Fig. 26F). While 

performed solely in the RD cells, we anticipate a similar result in the SMS-CTR cells but 

this will need to be investigated in future studies.  Overall, this identifies a functional 

role for YAP in promoting eRMS cell stemness. 

To determine whether YAP was directly regulating expression of SOX2, we again 

turned to the RD TEAD ChIP-Seq data. However, there were no peaks associated with 

the SOX2 gene (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 functionally and through upregulation of stem cell genes.  

4.5.2 SOX2 is necessary for stemness in eRMS cells 

To further elucidate the importance of stemness in eRMS cell physiology, we 

analyzed the functional significance of SOX2, one target gene of this Notch-YAP circuit. 
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While SOX2 has been identified as a cancer stem cell gene in other cancer types, the role 

of SOX2 in eRMS is largely unknown. SOX2 suppression using SOX2-directed shRNAs 

in RD and SMS-CTR spheres decreased SOX2 mRNA levels by 40-70% (Fig. 27A,B), and 

inhibited sphere formation (Fig. 27C,D). Sphere quantitation revealed that SOX2 

knockdown decreased both sphere number and size (Fig. 27E,F). In the SMS-CTR 

spheres, sh1 did not decrease SOX2 mRNA levels, but did lead to smaller spheres 

(Fig.27B,D). This suggests either off-target effects by sh1 or perhaps there is a decline in 

SOX2 levels at the protein level. Unfortunately, attempts to immunoblot for SOX2 were 

unsuccessful. To further define the effect of SOX2 on the sphere-forming capability, we 

performed LDAs. Similar to the LDA with YAP suppression, loss of SOX2 resulted in 

decreased sphere-forming capacity (Fig. 27G). Again, this LDA will be performed in 

SMS-CTR cells in future studies. These data suggest that SOX2, a Notch-YAP target 

gene, is an important regulator of stemness in eRMS cells. 
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Figure 27: SOX2 is necessary for stemness in eRMS cells in vitro.

SOX2 shRNAs decrease SOX2 levels in (A) RD and (B) SMS-CTR spheres by qRT-

PCR. SOX2 shRNAs decrease sphere formation in (C) RD and (D) SMS-CTR spheres. 

SOX2 suppression results in decreased sphere number and size, which is quantified 

in (E) RD and (F) SMS-CTR spheres. (G) Limiting dilution assay in RD spheres after 

SOX2 suppression. The average sphere-forming frequency is shown, with the 

expected range in parentheses. **, P<0.01; ***, P<0.001. 

4.6 Inhibition of the Notch-YAP circuit 

4.6.1 YAP expression rescues pharmacologic Notch inhibition 

Since Notch signaling supports eRMS tumorigenesis, several investigators have 

suggested pharmacologic Notch inhibition as an eRMS treatment strategy, and indeed 

there are reports of Notch inhibition with GSIs resulting in decreased tumor growth in 

eRMS xenografts (152).  However, our finding that YAP can upregulate several Notch 

pathway components (Figure 23) predicts that YAP could rescue Notch inhibition, 

leading to treatment resistance. To examine this hypothesis, we expressed a dox-

inducible constitutively active YAP (pInducer20-YAP5SA, which is resistant to 

phosphorylation-mediated cytoplasmic retention and degradation) in the presence of 

the GSI RO4929097 (Fig. 28A,B). GSI treatment alone inhibited sphere formation in a 

dose-responsive fashion (Fig. 28C,D, left panels), and had on-target effects as shown by 

decreased HES1 and HEY1 expression (Fig. 28E,F). (Of note, we had already shown that 

ICN overexpression can rescue Notch signaling after GSI treatment in eRMS cells (152).) 

While GSI treatment still altered sphere morphology, YAP5SA expression rescued 

sphere formation (Fig. 28C,D, right panels) as shown by a restoration of total sphere 
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number and sphere size similar to that of the vehicle control (Fig. 28A,B, bottom panel). 

These data show that YAP upregulation can rescue in vitro Notch inhibition, and raises 

the question of whether dual inhibition of these pathways might be more effective in 

inhibiting this circuit and eRMS stem cell plasticity.  



 

102 

 

Figure 28: YAP expression rescues pharmacologic Notch inhibition.

Expression of the dox-inducible YAP5SA construct increases total YAP protein levels 

in (A) RD and (B) SMS-CTR spheres by immunoblot. Increasing doses (0µM, 3µM, 

30µm) of GSI RO4929097 decreases sphere formation in (C, left panels) RD and (D, 

left panels) SMS-CTR spheres. (C, D right panels) Expression of YAP5SA in the 

presence of GSI increases sphere formation. (A, B bottom panels) Spheres quantified 
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with four images per condition. HES1 and HEY1 levels are decreased after GSI 

treatment in (E) RD and (F) SMS-CTR spheres, shown by qRT-PCR. *, P<0.05; **, 

P<0.01; ***, P<0.001; and ****, P<0.0001. 

4.6.2 Dual inhibition silences the Notch-YAP circuit 

To simultaneously inhibit Notch and YAP pathways in vitro, we combined 

expression of a YAP1-directed shRNA with the GSI RO4929097 treatment. GSI treatment 

alone decreased sphere formation as seen in the previous figure (Fig. 29A and Fig. 30A, 

left panels). Combining GSI treatment with YAP_sh4 additively decreased sphere 

formation (Fig. 29A and Fig. 30A, right panels), sphere size (Fig. 29B and Fig. 30B, 

bottom panel), and total YAP and JAG1 protein levels, almost completely eliminating 

YAP and JAG1 expression (Fig. 29B and Fig. 30B, top panel).  This suggests that both 

pathways impact YAP and JAG1 levels, and that dual inhibition is effective in silencing 

this signaling circuit. As a complementary approach, we performed dual inhibition 

through genetic inhibition of Notch (RBPJ shRNAs) and pharmacologic inhibition of 

YAP/TEAD (VP). Similarly, Notch inhibition and VP treatment alone each decreased 

sphere number and size, but dual inhibition had the greatest cumulative effect (Fig. 

29C,D). Lastly, in a third method to evaluate dual inhibition we combined GSI with VP 

in RD adherent cells in order to assess cell viability by MTT assay. Even in the adherent 

cells, the MTT assay showed that the drug combination has a greater effect on cell 

viability than either drug alone (Fig. 30C), although a more profound effect might be 

seen in spheres or tumors which have higher baseline YAP/Notch signaling. In total, 
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these data demonstrate that dual inhibition combinations are more effective at silencing 

this circuit, cell growth, and stemness than mono-inhibition of either pathway.  
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Figure 29: Dual inhibition decreases sphere formation and silences the Notch-

YAP circuit.

(A, left panels) Treatment of spheres with 3µM or 30µM GSI decreases SMS-CTR 

sphere formation. (A, right panels) Addition of YAP_sh4 further decreases SMS-CTR 

sphere formation. (B) GSI treatment alone decreases YAP and JAG1 protein levels. 

The combination of GSI with YAP_sh4 (last two lanes) almost completely eliminates 

YAP and JAG1 protein expression in SMS-CTR spheres. Sphere number and size 

quantified below, four images per condition. (C) Combination treatment with RBPJ 

shRNAs and 0.1µM VP in SMS-CTR spheres decreases sphere formation. (D) Sphere 

size and number quantified. (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. 
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Figure 30: Dual inhibition decreases sphere formation in RD spheres.

(A) Combination treatment of RD spheres with YAP_sh4 and GSI decreases sphere 

formation. (B) GSI treatment alone decreases YAP and JAG1 protein levels. The 

combination of GSI with YAP_sh4 (last two lanes) almost completely eliminates YAP 

and JAG1 protein expression in RD spheres. Sphere number and size quantified 

below, four images per condition. (C) MTT assay combining GSI with 3µM VP in RD 

adherent cells. ****, P<0.0001. 

In an alternative approach, to perform dual genetic inhibition, we expressed dox-

inducible YAP shRNAs and stably expressed RBPJ shRNAs in the rhabdospheres. 

However, we never achieved significant knockdown of both targets simultaneously and 
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therefore did not see an additive phenotype (data not shown). A CRISPR approach may 

be more successful at a dual genetic knockdown in the future. 

To explore the possibility of using dual inhibition in vivo (GSI + YAP_sh4), we 

did a pilot study of GSI treatment in vivo. However, even at the highest dose that had 

previously been published (222), we saw no effect on tumor growth (Figure 31), and no 

impact on HES1 or HEY1 levels (data not shown). We used the manufacturer’s proposed 

vehicle but still experienced significant solubility issues, which may have been the 

reason for inefficacy. Alternatively, this drug may not be effective in inhibiting Notch 

signaling in eRMS tumors. 

 

Figure 31: GSI RO4929097 treatment in vivo.

Mice were treated with 60mg/kg RO4929097 orally everyday for 15 days. There was no 

change in tumor growth (n=3 per group).  
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4.7 Conclusions 

In conclusion, Notch and YAP signaling generate a bidirectional circuit that 

drives stemness and tumorigenesis in eRMS (Fig. 29E). In human samples, both nuclear 

Notch and YAP are highly upregulated and positively correlate, suggesting this circuit is 

intact in eRMS human tumors. Mechanistically, Notch signaling directly regulates YAP 

and SOX2 to promote a stem-like phenotype. YAP, in turn, directly regulates JAG1, 

DLL1, and RBPJ to activate Notch signaling, and indirectly activates SOX2. Collectively, 

this circuit sustains stemness in eRMS cells and tumors.  
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5. The role of Ras isoforms in RMS 

5.1 Introduction 

All three Ras isoforms (HRas, NRas, KRas) have been found to be mutated in 

eRMS human tumors (7,9). While the Ras isoforms have many similarities, it is also 

known that they have distinct roles in development, signaling, and disease (reviewed in 

(223)). Therefore, it is conceivable that the different mutated isoforms in eRMS may have 

different impacts on signaling and tumorigenesis. In this chapter, we present 

preliminary data about the relationship between Ras isoforms, eRMS tumorigenesis, and 

Notch signaling. We also present preliminary data about the possible relationship 

between oncogenic Ras and YAP signaling. 

Previous studies have uncovered signaling between Ras and Notch, but this 

signaling is context-dependent. In C. elegans, Ras and Notch antagonize each other to 

control cell fate (224), while in Drosophila, Ras and Notch cooperate to upregulate 

common gene targets (225). The complexity of signaling is also observed in human 

malignancy. Primary fibroblasts can be transformed with the expression of SV40 T/t, 

hTERT, and HRasG12V, like in the THR model (226). In these cells, Ras expression 

induces Notch signaling and DLL1 expression (227). Similarly, in human breast 

carcinomas, tumors with high Ras expression also have higher NOTCH1 expression 

(227).  In melanoma Notch is also activated downstream of Ras (228), while in pancreatic 

cancer KRas and Notch cooperate to promote tumorigenesis (229), and on the contrary, 
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Notch can antagonize FGFR induced transformation of NIH3T3 cells (230). While these 

studies demonstrate signaling between Ras and Notch in cancer, the impact of the 

different Ras isoforms on this signaling has not been explored.  

Furthermore, Ras and YAP signaling interact in many ways in tumorigenesis. 

YAP can activate Ras signaling. For example, in cutaneous squamous cell carcinoma 

YAP activates AKT and ERK signaling (231), and in thyroid cancer YAP-TEAD 

transcriptionally upregulates all three Ras isoforms (232). On the other hand, in some 

cancers Ras activates YAP. In pancreatic cancer, YAP is a critical downstream effector of 

oncogenic Kras and is required for cell proliferation (233). In transformed primary cells, 

Ras can positively regulate YAP protein stability and YAP in turn provides a positive 

feedback loop by upregulation of EGFR signaling (234). Furthermore, HRas mediated 

transformation is dependent on YAP activation. ERK signaling promotes MST1 and 

MST2 heterodimerization, making the MSTs less active, and therefore decreases P-YAP 

levels to promote transformation (235). Lastly, YAP and Ras can cooperate to drive 

tumorigenesis such as in a zebrafish model of brain cancer (236) and our YHR model 

system (Figure 17).  

Here we present preliminary data that oncogenic Ras activates Notch and YAP 

signaling in RMS, and that this signaling may be influenced by Ras isoform expression. 

These data provide rationale for future studies of the role of Ras signaling in RMS.  
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5.2 NRas preferentially activates Notch signaling 

To analyze the differential effects of the Ras isoforms on signaling and 

tumorigenesis, we utilized our genetically defined model of eRMS, the THR cell line. 

The original THR model was established using expression of HRasG12V (THR-HRAS), 

therefore we developed two new THR cell lines expressing NRasG12V or KRasG12V 

(denoted THR-NRAS and THR-KRAS). When we analyzed Notch signaling by HEY1 

expression at the different steps of the model, we saw a dramatic increase in HEY1 upon 

expression of RasG12V (Fig. 32A), consistent with previous studies (227). Furthermore, 

NRasG12V, in particular, resulted in a profound increase of HEY1 to almost 250-fold. To 

determine the mechanism of Notch upregulation, we analyzed the expression of several 

Notch pathway components by RT-PCR. All three Ras isoforms increased the expression 

of the Notch ligands, but NRasG12V increased expression of JAG1, DLL1, and DLL4 to a 

higher level (Fig. 32B). These data suggest that NRasG12V preferentially activates Notch 

signaling. This may be clinically relevant as NRas is the most commonly mutated 

isoform in eRMS, and the Notch ligands JAG1 and DLL1 have been shown to be 

upregulated in human tumors (7,9,150). 
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Figure 32: THR-NRAS cells activate Notch signaling and form tumors in vivo.

(A) qRT-PCR for HEY1 is highest in the THR-NRAS cells. (B) RT-PCR for the Notch 

ligands is elevated in THR-NRAS cells. (C) THR-HRAS and THR-NRAS cells form 

subcutaneous xenografts in immunocompromised mice, while THR-KRAS cells 

rarely form tumors (n=5 per group).  

THR-HRAS cells were previously shown to be tumorigenic and form tumors in 

immunocompromised mice (24). To determine if NRasG12V and KRasG12V were 

sufficient for tumorigenesis, we injected THR-NRAS, THR-KRAS, and THR-HRAS as a 

positive control, into the right flanks of immunocompromised mice. THR-HRAS cells 

readily formed tumors as expected, and 4/5 THR-NRAS mice also formed tumors, but 

with slower kinetics. The slower kinetics of the NRasG12V tumors may be due to 
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technical reasons and this experiment should be repeated with a larger cohort of mice to 

confirm the kinetics. Alternatively, HRasG12V could be more oncogenic and the 

activation of the various Ras downstream pathways should be compared in the models. 

However, only 1/5 THR-KRAS mouse formed a small tumor suggesting that KRasG12V 

was not sufficient for tumorigenesis. This may be due to the fact that KRas is expressed 

by rare codons and therefore is expressed at lower levels than HRas and NRas when 

ectopically expressed (237). Genetic modeling in other cells types have demonstrated 

that KRas is only sufficient for tumorigenesis when the expression levels are increased 

through codon optimization (237). Therefore, codon bias may be the reason there is a 

difference in tumor formation between THR-HRAS, THR-NRAS, and THR-KRAS cells. 

In future studies, to determine if this is the case, we will codon optimize the KRasG12V 

construct so that it is expressed at similar levels to the HRasG12V construct and evaluate 

xenograft formation in mice. 

5.3 All Ras isoforms are sufficient for tumorigenesis in the YHR 
model 

In a similar approach in the YHR model, we established YHR-NRAS and YHR-

KRAS cell lines and injected them subcutaneously into immunocompromised mice 

(Figure 33). The positive control, YHR-HRAS, formed tumors (5/5) and the negative 

control, YHV, did not form tumors as expected. YHR-NRAS mice developed tumors at a 

similar rate, if not faster, to the YHR-HRAS cells in 4/5 mice. In contrast to the THR-

KRAS cells, 4/5 YHR-KRAS mice developed tumors, but grew with slower kinetics than 
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the other two cell lines. This suggests that YAP is permissive for KRas-induced 

tumorigenesis. YAP may upregulate Ras levels, or common downstream signals, to a 

level that is sufficient for tumorigenesis. For example, YAP is able to replace KRas as an 

oncogenic driver during Ras-independent tumor recurrence in murine models of 

pancreatic and lung cancer (238,239), and can transcriptionally regulate Ras levels in 

thyroid cancer (232). An alternative hypothesis is that YAP impacts the pool of tRNAs 

available allowing for KRas to be translated more efficiently. However, further studies 

will be needed to determine the mechanism. Interestingly, the YHR-NRAS tumors grew 

faster than the previous THR-NRAS tumors suggesting YAP may also promote NRas-

driven tumorigenesis through an unknown mechanism. In total, this data is further 

evidence that YAP and Ras cooperate in tumorigenesis.  

 

Figure 33: All Ras isoforms are sufficient for tumorigenesis in YHR cells.

All three YHR cell lines formed subcutaneous xenografts in vivo. YHV cells (lacking 

oncogenic Ras) did not form tumors (n=5 per group).
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5.4 Ras activates YAP signaling 

The previous section demonstrated that YAP and Ras cooperate in tumorigenesis 

and suggested that YAP may activate Ras or Ras signaling pathways.  On the other 

hand, we also have preliminary data suggesting the reverse can occur- that Ras may 

activate YAP signaling. In the last step of the THR model, when HRasG12V is expressed, 

total YAP protein levels do not change, but the levels of inactive P-YAP decrease (Fig. 

34A, top row), suggesting an increase in YAP activity. Furthermore, P-Mob1 levels, 

which are a read out of MST1/2 activity, also decrease at this step, suggesting MST1/2 is 

less active after oncogenic Ras expression (Fig. 34A, fourth row).  As a more direct 

readout of YAP activity, we performed TEAD luciferase reporter assays. However, this 

experiment was done in the YHR model, not the THR model. YHV cells activate the 

TEAD reporter, but the YHR-HRAS cells exhibit a higher level of TEAD activity (Fig. 

34B). Interestingly, the TEAD activity level in the YHR cells is comparable to the level in 

the RD cells, which contain oncogenic Ras. However, luciferase assays are highly 

variable and this experiment should be repeated to confirm the results. Overall, these 

studies provide preliminary evidence that oncogenic Ras in eRMS cells can further 

activate YAP signaling.  
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Figure 34: Oncogenic Ras activates YAP signaling. 

(A) Immunoblots of HSMM, HSMM + T, HSMM + TH, and HSMM + THR-HRAS. P-

YAP (top row) and P-Mob1 (fourth row) levels decrease with Ras expression. (B) 

TEAD luciferase reporter assay in YHV, YHR-HRAS and RD cells. Luciferase values 

are normalized to renilla values. T= SV40 T/t antigen, H= hTERT, R= HRasG12V, Y= 

YAPS127A, V= Vector 



 

118 

5.5 Conclusions 

It is clear that the developmental pathways Notch and YAP are important 

oncogenic drivers in Ras-driven RMS. However, the mechanism by which oncogenic Ras 

impacts this signaling circuit needs to be further elucidated. Uncovering the signaling 

network between these pathways, and how it impacts tumor biology, is critical to 

designing effective therapies. While still preliminary, these data suggest oncogenic Ras 

may drive Notch signaling, particularly in NRasG12V driven tumors. A majority of 

human eRMS tumors have high activation of the Notch pathway (152), but there are 

only a few reported cases of mutations in the Notch receptors (7). Therefore, Ras 

pathway activation may be another mechanism to activate the Notch pathway, an 

oncogenic signal that is essential to proliferation, stemness, and tumorigenesis ((152) and 

Chapter 4). This is consistent with human tumor mutational profiling, where mutations 

in the Ras pathway and Notch receptors mutations are mutually exclusive (7). 

Furthermore, NRas is the most commonly mutated isoform in patients. However, it is 

not known if NRas mutated tumors have higher Notch activity compared to tumors 

with other Ras pathway mutations. 

This preliminary data on Ras-YAP signaling is more complex. The ability of 

YHR-KRAS cells to form tumors (Figure 33), in contrast to the THR-KRAS cells, suggests 

crosstalk between YAP and KRas which has not yet been explored. In contrast, the 

evaluation of Hippo pathway signaling in the THR model and the luciferase assays in 
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the YHR model, suggest oncogenic Ras activates YAP signaling (Figure 34). In the THR 

system, HRasG12V expression decreased MST1/2 activity, shown by a decrease in P-

Mob, an observation that has been seen in other cell types (235). The mechanism of YAP 

activation is unknown and should be explored further. In total, these studies suggest 

that Ras, Notch, and YAP form a signaling network in eRMS that is not yet fully 

understood and will be the focus of future studies. Understanding this complex network 

of signals will be important in designing rational combination therapies for the 

treatment of RMS, as well as predicting outcomes or mechanisms of resistance to these 

therapies.  
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6. Development of an aRMS rhabdospheres protocol 

6.1 Introduction 

Our work has demonstrated that developmental pathways including Notch and 

Hippo regulate stemness in eRMS. However, the signaling that controls stemness in 

aRMS had not yet been explored. Furthermore, there was not a method to culture aRMS 

cells as spheres in stem cell conditions. Therefore, we set out to develop an aRMS 

rhabdospheres protocol.  

6.2 aRMS spheres are enriched in stemness and Notch signaling 

We used two patient-derived aRMS cell lines that both harbor the PAX3-FOXO1 

fusion gene and cultured them using the eRMS sphere protocol. However, we soon 

observed that the aRMS cell lines could not form spheres under these conditions. After 

we increased the amount of growth factors (bFGF and EGF), and added insulin to the 

media, then the Rh30 cells were able to form rhabdospheres (Fig. 35A, left). Myoblast 

cell culture media contains insulin, and insulin like growth factor receptors are 

upregulated in aRMS; therefore, we thought insulin would augment aRMS sphere 

formation (240,241). For the Rh28 cells, which grow slower than the Rh30s, we needed to 

increase the B27 supplement to 2X (Fig. 35A, right).  

To confirm that we enriched in the stem cell population, we analyzed stem cell 

gene expression by qRT-PCR. The stem cell genes SOX2, OCT4, and NANOG, were 

upregulated over four sphere passages as compared to cells grown as an adherent 
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monolayer (Fig. 35B). Notch signaling was also upregulated, as shown by an increase in 

HEY1, NOTCH1, and NOTCH3 (Fig. 35B,C). In eRMS, the role of Notch has been well 

characterized, and we have demonstrated that Notch regulates stemness (Chapter 4). 

However, the role of Notch in aRMS is not fully understood. These preliminary data 

suggest that Notch may be important for stemness in aRMS cells as well.  
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Figure 35: aRMS spheres are enriched in stemness and Notch signaling. 

(A) Images of Rh30 spheres (left) and Rh28 spheres (right). (B) qRT-PCR analysis of 

stem cell genes SOX2, OCT4, NANOG, and HEY1 in spheres over four passages 

compared to adherent cells. P= passage. (C) RT-PCR analysis of NOTCH1 and 

NOTCH3 expresion in Rh30 (top) and RH28 (bottom) spheres. GAPDH is the loading 

control. 
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To further validate this protocol as a method to grow aRMS spheres, we will be 

performing additional studies including chemoresistance studies, in vivo limiting 

dilution assays, and lineage differentiation assays. Cancer stem cells are thought to be 

the chemoresistant subpopulation of a tumor, and indeed sphere cultures including the 

eRMS spheres are more resistant to chemotherapies than adherent cultures (97,189). In 

line with this, we plan to evaluate if aRMS spheres exhibit resistance to vincristine, the 

most common chemotherapy used to treat RMS. Additionally, due to the self-renewal 

properties of cancer stem cells, sphere cultures are often more tumorigenic (189). We will 

perform in vivo limiting dilution assays to determine if less sphere cells are sufficient for 

xenograft formation in mice as compared to adherent cells.  Lastly, if we are truly 

enriching in a stem cell population, then in contrast to the adherent cells, the spheres 

should be able to lineage differentiate along the mesenchymal lineages (myogenic, 

adipogenic, and neuronal). Preliminarily, the Rh30 spheres are able to differentiate along 

the myogenic lineage, and do so at a higher rate than the adherent cells. Rh30 cells were 

grown as an adherent monolayer or spheres and then plated into a myogenic 

differentiation assay. Following MF20 staining, which recognizes myosin heavy chain 

and thus differentiated cells, only 2% of the adherent cell population was MF20 positive 

(Figure 36). In contrast, 13% of the spheres were able to differentiate, demonstrating the 

increased plasticity of the spheres. We will still need to perform adipogenic and 

neuronal differentiation assays to assess pluripotency.  
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Figure 36: Rh30 spheres are able to undergo myogenic differentiation. 

(A) Representative images of MF20 staining on Rh30 adherent (left) and sphere (right) 

cells. (B) Quantitation of MF20 staining, four images per condition. *, P<0.05. 

We also performed microarray analysis on three sets each of Rh30 adherent cells, 

rhabdospheres, and orthotopic xenografts (established from adherent cultures) to 

compare gene expression in the different methods. While the spheres did not cluster 

with the xenografts as compared to adherent cells, there are many common genes that 

are up or downregulated in the spheres and xenografts as compared to adherent. This 

data is still under analysis, but we hypothesize that stemness and Notch genes will be 

upregulated and differentiation genes will be downregulated in this gene set (data not 

shown). We will also compare the microarray data to publicly available gene expression 

data of human aRMS tumors to determine if there are shared gene expression profiles 

between the spheres and human tumors. 

6.3 Conclusions 

Overall, we developed a novel method to study stemness in aRMS cells. While 

the characterization of these spheres is still underway, we have uncovered SOX2, 

NANOG, OCT4, and Notch signaling as stemness genes in aRMS. The role of Notch in 



 

125 

aRMS, and how it impacts stemness, is not fully understood. Therefore, using this new 

sphere method to study the role of Notch in aRMS stemness is a promising future 

direction. Additionally, this will be a vital tool to study potential signaling crosstalk 

between Notch, YAP, and other developmental pathways in aRMS. So far, this new 

method has allowed us to study the impact of TAZ on stemness in aRMS (work by 

Michael Deel), since TAZ controls stemness in other tumor types but had not yet been 

studied in aRMS. We plan to publish this method to unlock opportunities for future 

studies of aRMS stemness in our laboratory and others.   
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7. Discussion 

This work elucidates a role for the oncoprotein YAP in Ras-driven RMS 

tumorigenesis. YAP, which is highly upregulated in many human malignancies 

including RMS, had not previously been studied in Ras-driven RMS. Here we 

demonstrate that YAP functions in its role as a transcriptional co-activator to drive 

proliferation, stemness, and Notch signaling, and to antagonize apoptosis and myogenic 

differentiation both in RMS cell lines and tumors. We uncovered a novel signaling 

circuit between YAP and Notch signaling that drives stemness and tumorigenesis and 

we provide rationale for co-targeting these pathways for treatment of Ras-driven RMS. 

7.1 YAP and Ras cooperation 

In Chapter 3, we demonstrated that YAP and Ras cooperate in Ras-driven RMS 

tumorigenesis. Previous work has identified a connection between YAP and Ras in 

mammalian epithelial tumorigenesis (238,239). For example, in murine models of 

pancreatic and lung cancers, YAP can replace oncogenic KRas as a tumorigenic driver 

during Ras-independent tumor recurrence (238,239). However, in our human cell-based 

model of RMS both YAP and Ras are required, as YAP expression alone does not initiate 

tumor formation (Figure 17). This observation is relevant for therapeutic planning, as 

inhibition of Ras or YAP signaling alone may not be sufficient, suggesting that 

combination therapy should be explored to inhibit both pathways simultaneously (242). 

In our study, VP perturbed but did not ablate tumor growth (Figure 10), so combining 
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VP with other chemotherapies, such as Ras pathway inhibitors, may increase its efficacy. 

We found VP to have limited solubility, and variable deposits of VP were observed in 

the intraperitoneal space of the mice.  This suggests that the mice were receiving an 

inconsistent dose and a different formulation of VP to increase solubility may be 

required, as others have observed (104). Additionally, although VP decreased tumor cell 

proliferation, there was not a significant effect on the transcription of YAP target genes 

CYR61 and CTGF (Figure 11). This suggests that VP is not specific to YAP-TEAD 

interactions and may have other effects in vivo, which should be considered in future 

studies.   

Recent GEMM models also suggest an important role for YAP signaling in RMS 

(99). Conditional expression of YAPS127A in activated (through cardiotoxin-mediated 

injury) murine skeletal muscle satellite cells was sufficient for eRMS tumorigenesis. 

However, YAPS127A expression itself did not activate these satellite cells, and given 

their quiescence they did not alter muscle morphology or induce tumorigenesis. These 

results suggest that hyperactive YAP signaling and satellite cell activation cooperate in 

tumorigenesis. Furthermore, our work in proliferating HSMMs suggests that 

hyperactive YAP signaling is not sufficient for tumorigenesis. That is, HSMMs 

expressing YAPS127A in combination with hTERT (hTERT is used in human tumor 

modeling, but not needed in GEMMs since mice have very long telomeres (24,243-245)) 

were not able to form tumors in xenograft models. The final step, expression of an 
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oncogenic Ras mutant, was required. Intriguingly, this mirrors our original model of 

eRMS, which also requires oncogenic Ras signaling as a final tumorigenic step (24). 

Understanding the role of oncogenic Ras in this context, and how it provides pro-

tumorigenic signals that can replace those found in activated satellite cells, will be an 

important aspect of future work. 

7.1.1 Senescence bypass 

The current studies provide insight into the temporal function of YAP in RMS 

tumorigenesis. In our previous “THR” model, expression of the SV40 early region in 

human myoblasts enabled senescence bypass by inhibiting Rb and p53, known enforcers 

of cellular senescence (24). In the current YHR model, YAP must therefore be 

functioning (either directly or indirectly) to inhibit these pathways. Previous work 

suggested a link between YAP and senescence through YAP’s transcriptional regulation 

of the cyclin-dependent kinase CDK6. When fibroblasts reach culture-induced 

senescence YAP levels decrease; conversely, YAP knockdown can induce premature 

senescence by downregulation of CDK6 (246). It remains to be seen whether this circuit 

is active in our system. However, our preliminary data suggests YAP may promote 

MTBP expression to inhibit the p53 pathway (Figure 16), but this should be explored 

further. Our work demonstrates that YAP activation may be an early event in Ras-

driven RMS tumorigenesis, and this early event permits the subsequent expression of 

oncogenic Ras.  
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7.2 Ras isoforms in RMS tumorigenesis 

Additionally, this study raises questions about the role of oncogenic Ras 

mutations in RMS tumor morphology. While the recently published GEMM of RMS 

based on expression of YAPS127A in activated satellite cells yielded eRMS (99), both an 

oncogenic Kras-driven GEMM of RMS (14) and the current cell-based model (YHR-

HRAS) resulted in a spectrum of tumor morphologies, including embryonal and 

pleomorphic RMS. This may be due to the inherent biology of oncogenic Ras and how it 

functions in skeletal muscle to drive RMS tumorigenesis, suggesting that Ras-driven 

RMS tumors are a distinct subgroup with a range of morphologies and a worse 

prognosis (7). Furthermore, the impact of the Ras isoform on histology in the THR and 

YHR models has not been explored. However, we do see a difference in tumorgenicity 

between the three isoforms in the THR and YHR models (Figures 32 and 33). Additional 

studies of the role of Ras-driven RMS tumorigenesis - and its relationship to YAP - are 

necessary to understand the mechanism of tumorigenesis and to develop appropriate 

therapies for these aggressive tumors.  

7.3 YAP-Notch crosstalk 

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 (127,247)), and are therefore tightly regulated. However, 

in many human cancers developmental pathways have been hijacked by gain-of-
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function mutations, epigenetic changes, or dysregulated signaling that ultimately 

supports tumor growth. eRMS is no exception. Activating mutations in Notch receptors 

(NOTCH1, NOTCH2, and NOTCH3), and genomic amplification of YAP1, have recently 

been discovered in eRMS patient samples (7,99). Both pathways are also aberrantly 

activated in eRMS, as demonstrated by >90% and 100% of eRMS tumors staining 

positive for nuclear NOTCH1 and YAP, respectively (98,152).  Mechanistic studies have 

elucidated roles for Notch and YAP in promoting eRMS tumor cell proliferation and 

antagonizing myogenic differentiation ((105,152) and Sections 3.2 and 3.5).  

Genetic or pharmacologic inhibition of Notch or YAP delays tumor growth in 

vivo, drawing attention to these developmental pathways as potential targeted therapies 

((99,105,152) and Figures 8, 10, and 22). While mono-inhibition of these pathways may 

initially be effective, tumors often become resistant. Such resistance to GSIs has been 

observed in the treatment of T-ALL (248), and YAP activation is a mechanism of 

resistance to several targeted therapies (242,249). In eRMS patients, relapsed disease is 

the most common reason for treatment failure (250), 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-β, and WNT) has been analyzed for contribution to eRMS, crosstalk 

between them is only beginning to be explored (251,252). Therefore, in this study we 
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analyzed crosstalk between Notch and Hippo signaling in eRMS in order to understand 

the potential implications for treatment resistance.  

Here we uncover a novel Notch-YAP circuit that supports stemness in eRMS 

tumorigenesis (Chapter 4). While unidirectional signaling between these two pathways 

has been reported (171,177-181,253,254), and recently a positive feedback loop between 

Notch and YAP was recognized in the development of hepatocellular carcinoma (255), 

this is the first identification of an intact bidirectional circuit supporting stemness in a 

pediatric cancer. Active Notch signaling directly stimulates YAP and the stem cell gene 

SOX2, while YAP positively feeds back to Notch through direct regulation of Notch 

pathway components JAG1, DLL1, and RBPJ. YAP also regulates SOX2, either through 

an indirect mechanism or TEAD-independent signaling. Prior studies in other cell types 

show that YAP can regulate SOX2 expression through binding to β-catenin (71) or OCT4 

(72), 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 (189). We provide rationale 

and evidence that simultaneous dual inhibition of these pathways is more effective at 

inhibiting cell growth and stemness than inhibiting either pathway alone. Therefore, this 

treatment strategy could be efficacious in targeting refractory or relapsed disease, and a 

less toxic alternative to traditional chemotherapy.  

 



 

132 

7.3.1 Pharmacologic dual inhibition 

Since Notch and Hippo signaling are dysregulated in many adult and pediatric 

cancers, there are continuing efforts to target these pathways pharmacologically 

(reviewed in (34,256)). An additional 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 agents are needed to translate this 

potential to human patients. For Notch pathway inhibition, next-generation GSIs are 

being evaluated in current clinical trials, but many are still toxic or ineffective (257). 

Anti-Notch receptor monoclonal antibodies or small molecule inhibitors of the RBPJ 

transcriptional complex may prove more specific and effective. For YAP/TEAD 

inhibition, more selective agents will be crucial to translating this work to human 

disease.  Indeed, while VP is FDA-approved as a photosensitizer for the treatment of 

macular degeneration, it has significant solubility issues and is not YAP/TEAD-specific 

(104,105). Lastly, while this study emphasizes this signaling in eRMS tumorigenesis, this 

circuit may be applicable to many other cancer types that are also driven by Notch and 

YAP. Thus, dual inhibition of these pathways should be evaluated in other Notch and 

YAP driven tumors. 

7.3.2 Notch regulation of YAP activity  

We presented data that suggests, in addition to transcriptional control of YAP, 

Notch regulates YAP activation. Upon Notch activation, YAP target genes increase in 
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expression by almost 50-fold (Fig. 20A), and at the protein level P-YAP levels decrease 

while total YAP levels remain unchanged (Fig. 20C). Additionally, in vivo Notch 

inhibition results in decreased nuclear YAP expression suggesting Notch is somehow 

regulating YAP localization and activation (Figure 21). A recent study showed that the 

proteins Snail and Slug bind YAP/TAZ and together form a transcriptional complex 

with TEAD (258). This complex protects YAP/TAZ from phosphorylation, thus 

decreasing P-YAP/TAZ levels, and promotes gene transcription. In fact, expression of 

Snail doubles YAP/TEAD transcriptional activity as assessed by the TEAD luciferase 

reporter. This study suggests that potential Snail or Slug expression in eRMS cells could 

regulate YAP activity. Furthermore, data from the Langenau lab (unpublished data via 

personal correspondence, Harvard Medical School) uncovered Snail as a transcriptional 

target of Notch signaling in eRMS. Therefore, we hypothesize that Notch upregulation 

of Snail could result in decreased P-YAP levels and increased YAP/TEAD transcription 

in eRMS cells. This will be explored in future studies. 

7.4 Conclusions and future directions 

In summary, the YAP oncoprotein functions to support proliferation, survival, an 

undifferentiated state, and in vivo tumorigenesis of human Ras-driven RMS cell lines, 

thus contributing to the maintenance of the tumorigenic phenotype. Using a primary 

human myoblast-based model, oncogenic YAP also serves as an initial genetic lesion, 

permitting bypass of senescence and priming myoblasts to tolerate subsequent 
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expression of hTERT and oncogenic Ras, which are necessary and sufficient to form 

xenograft tumors in vivo. Using 3D rhabdospheres, we uncovered a novel signaling 

circuit between YAP and Notch that supports eRMS cell stemness.  We also identified 

SOX2 as an essential regulator of eRMS stemness. The role of oncogenic Ras in YAP and 

Notch signaling in RMS is not fully understood, and will be the focus of future studies. 

Additionally, novel therapeutics are needed in order to design the best targeted 

combination therapies and to translate these studies to patient care. Overall, this work 

provides novel tools to explore how YAP, Notch, and Ras function during Ras-driven 

RMS tumorigenesis, and lays the groundwork for future preclinical investigations of 

these essential pathways.  
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