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ABSTRACT OF THE DISSERTATION 

 
 
 

The role of microRNA in Myogenesis and Rhabdomyosarcoma 
 
 
 
 

by 
 
 
 

Shannon E. Muir 
 
 
 

Doctor of Philosophy in Biomedical Sciences 
 
 
 

University of California, San Diego, 2014 
 
 
 

Professor Karen Arden, Chair 
Professor Webster Cavenee, Co-Chair 

 

 
 Rhabdomyosarcoma is the most commonly diagnosed pediatric soft tissue 

carcinoma and involves cells in the skeletal muscle lineage. The disease is classified into 



 
 

xviii 
 

two main subtypes: embryonal rhabdomyosarcoma (ERMS) which is associated with a 

more favorable clinical outcome, and the less common alveolar rhabdomyosarcoma 

(ARMS) which has higher rates of metastasis, drug resistance, recurrence, mortality, and 

an overall poorer prognosis. Most ARMS tumors are characterized by a t(2;13)(q35;q14) 

chromosomal translocation that produces a fusion protein from the embryogenesis-

associated gene PAX3 and FOXO1a. The chimeric protein PAX3-FOXO1a acts as a 

transcription factor capable of inhibiting myoblast differentiation, however, the 

complexity of myogenesis suggests multigenic regulation.    

 The present goal is to determine the role of miRNAs in the etiology of 

rhabdomyosarcoma and the regulation of myogenesis by taking a more comprehensive 

approach. In this study, we use RNA-sequencing-based technology to assess the miRNA 

expression profiles of rhabdomyosarcoma cell lines (RD and Rh30) that are either 

positive or negative for the PAX3-FOXO1a fusion protein, and compare the profiles to 

those of undifferentiated and differentiated primary skeletal muscle cells. Additionally, 

we define the impact PAX3-FOXO1a has on expression of specific miRNAs by 

modulating fusion protein levels in tumor cell lines.  
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 CHAPTER 1- INTRODUCTION 

Rhabdomyosarcoma (RMS) is unique in that, unlike other cancers, it can arise 

almost anywhere in the body (Ries, et al, 1999b). The unifying characteristic of the 

tumors is that they express molecular markers in a pattern similar to that of 

undifferentiated skeletal muscle cells (Wachtel, et al, 2006). In an effort to shed light 

on the mechanisms of rhabdomyosarcoma, we will compare RMS cells to those of 

normal skeletal muscle cells. A review of normal skeletal muscle differentiation will 

provide background information necessary for an in-depth discussion. RMS is also 

unique in that some tumors harbor a chromosomal translocation that yields the novel 

protein PAX3-FOXO1a. As of yet, no one has examined the effect of fusion protein 

expression on non-coding regulatory miRNAs. This chapter will serve an introduction 

to some of the key concepts and players presented throughout the dissertation. 

MYOGENESIS 

Myogenesis is the process by which undifferentiated cells become 

differentiated, functional muscle (Figure 1). Human embryonic myogenesis occurs 

when cells in the gastrula split into the exoderm, which gives rise to the central 

nervous system and outer skin; the endoderm, which forms the gastrointestinal and 

respiratory systems; and the mesoderm, from which the circulatory system, bones, 

muscles, and gonads will arise. From that point, the mesoderm further differentiates 

into the notochord (a transient, embryological structure), and the somites. Somites are 

the progenitors of the excretory system, sex organs, skeletal muscles, and the smooth 

muscles that line the digestive tract. Specific cells in the somites, collectively called 
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the dermomyotome, contain muscle precursor cells, or myoblasts, which are 

committed to the skeletal muscle cell lineage with few exceptions (For review, see 

(Solnica-Krezel and Sepich, 2012).  

Morphologically, over the course of myogenesis myoblasts transform from an 

archetypal cellular shape to long, multinucleated, mature muscle cells (Figure 1).  

Embryonic myoblasts proliferate to generate sufficient numbers of cells, then exit the 

proliferative cycle and form myotubes by fusing together. The myotubes align and 

mature into myocytes, also called myofibers or muscle fibers. The myocytes are 

composed of several myofibrils, which in turn contain bundles of filaments, which are 

responsible for canonical skeletal muscle contraction (For review, see (Bentzinger, et 

al, 2012).  

Maturation of myoblasts into functioning muscle cells depends on complex 

and timely coordination of several growth factors and regulators, both from the 

myoblasts themselves, and extracellular influences. Chief among the intrinsic factors 

are a family of transcription factors that all contain a basic-helix-loop-helix (bHLH) 

motif, which facilitates DNA binding. These myogenic bHLH proteins, MyoD, 

Myogenin (or Myf4), Myf5, and Mrf4 (or Myf6), form heterodimers with E-proteins 

and bind to E-box sequences in regulatory sites of genes, initiating transcription of 

muscle-specific genes such as those needed for contraction (Santoro, et al, 1991,Braun 

and Arnold, 1991).   

Although the details of myogenesis vary according to skeletal muscle region, it 

can generally be stated that myogenic regulatory factors are themselves regulated by 
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each other and by transcription factors like PAX3 which induces MyoD expression, 

and PAX7 (Figure 2) (Bober, et al, 1994).  PAX3 directly targets Myf5 (Bajard, et al, 

2006), but PAX3 and PAX7 seem to indirectly control expression of the other 

myogenic proteins (Tajbakhsh, et al, 1997). MyoD is also upregulated by Mrf4 and 

Myf5 (Kassar-Duchossoy, et al, 2004), (Tajbakhsh, et al, 1997). MyoD promotes its 

own transcription in a feedback loop, as well as Mrf4 and Myogenin, which is also 

upregulated by Myf5. Mrf4 acts as a feedback inhibitor on Myogenin, acting in both 

lineage specification events and again in the final stages of differentiation (Kassar-

Duchossoy, et al, 2004). 

RHABDOMYOSARCOMA 

Overview 

Rhabdomyosarcoma is the most common pediatric soft tissue cancer, 

responsible for approximately 50% of soft tissue tumor diagnoses (Pastore, et al, 

2006,Ries, et al, 1999a). The five-year survival rate depends on subtype, metastatic 

and lymph node involvement, tumor site, and age at diagnosis, but in general is about 

60%, making it one of the most lethal pediatric cancers. Unlike most cancers that 

develop within in a primary organ or tissue, rhabdomyosarcoma tumors can arise in 

diverse locations. The location can act as a prognostic indicator; favorable prognostic 

sites include the head and neck, orbit, and genitourinary tract, whereas tumors that 

develop in the extremities and trunk are deemed more likely to be unfavorable (Crist, 

et al, 1995). Despite their various locations, rhabdomyosarcoma tumors resemble 
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undifferentiated skeletal muscle cells, and skeletal muscle markers like MyoD are 

used in diagnosis (Wachtel, et al, 2006).  

 

Treatment 

Until the 1970s, treatment for rhabdomyosarcoma relied on resection alone, 

resulting in a cure rate lower than 20% (Sutow, et al, 1970). Implementation of 

chemotherapeutics dramatically increased the survival to approximately 60%, but 

since then, the survival rate has only marginally increased, due mostly to better 

diagnostic tools and novel combinations of older drugs, as opposed to novel therapies 

(Punyko, et al, 2005).  

The current standard of care includes initial biopsy and/or complete resection, 

depending on tumor location, then neoadjuvant or adjuvant chemotherapy and 

radiation (Maurer, et al, 1993). The suggested chemotherapeutic regime includes 

vincristine and dactinomycin, with cyclophosphamide added in cases with a poor 

prognosis. Vincristine works by binding tubulin and arresting cells in metaphase 

(PALMER, et al, 1963), and dactinomyicin inhibits transcription by binding DNA at 

initiation sites (KERSTEN, et al, 1960), (PALMER, et al, 1963). Both these drugs 

target cells that are actively proliferating, and subsequently can cause alopecia, and 

gastrointestinal upset. Other possible side effects of this regiment include bone 

marrow suppression, mouth ulcers, fatigue, and peripheral neuropathy (BOHANNON, 

et al, 1963,PHILIPS, et al, 1960). Cyclophosphamide causes DNA crosslinking that 

leads to apoptosis (Friedman and Seligman, 1954), but can lead to the induction of 
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secondary neoplasms, sterility, infections, and hemorrhagic cystitis (Kenney, et al, 

2001),(Heyn, et al, 1993)(Green, et al, 2010). Radiation therapy is recommended in 

the majority of cases, and side effects depend on the irradiated site, but may include 

sterility, secondary neoplasms, and cardiac toxicity (Chemaitilly, et al, 2006), (Spunt, 

et al, 2005,Sudour, et al, 2010), (van Dalen, et al, 2006). 

For patients with high-risk disease, the five-year, event-free survival is about 

30%, and there is currently no standard therapy. High-risk patients are encouraged to 

enroll in available clinical trials, or use the standard regiment as palliative care 

(Raney, et al, 2001). 

Current therapeutic regiments often result in permanent sequelae, including 

growth inhibition, facial asymmetry, impaired vision and hearing, learning disabilities, 

and hypogonadism (Kenney, et al, 2001)(Raney, et al, 1999)(Paulino, et al, 

2000,Krasin, et al, 2012,Paulino, 2004), (Raney, et al, 2000). Given the failure rate of 

standard of care, especially among high-risk patients, and the lack of any substantial 

advances in treatment in over thirty years. it is imperative that new therapeutics are 

developed that not only combat the disease more effectively, but also have fewer 

devastating side effects. 

 

Associated Syndromes  

Although most cases of rhabdomyosarcoma have no known etiology, a few 

germline diseases have been associated with rhabdomyosarcoma. 
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Li-Fraumeni syndrome arises due to mutations in the tumor suppressor gene 

TP53, or the gene of one of its regulating proteins, CHEK2.  p53 is involved in DNA 

repair mechanisms, so mutations in the p53 pathway predispose cells to high rates of 

mutation, and therefore cancer. Breast, brain, and adrenal cancer also frequently occur 

in patients with Li-Fraumeni syndrome.  Ionizing radiation may be contraindicated in 

these patients because of the high possibility of secondary neoplasms (Dagher and 

Helman, 1999).  

Beckwith-Wiedermann syndrome is caused by overexpression of genes on 

chromosome 11 that control fetal development. Patients with the syndrome are at a 

higher risk of rhabdomyosarcoma and Wilm’s tumor, but also present with 

macroglossia, hemihyperplasia, and visceromegaly  (Smith, et al, 2001). 

Costello Syndrome, or faciocutaneal skeletal syndrome, is caused by 

constitutively activating mutations in HRAS, which is located on Chromosome 11. 

Patients have about 20% chance of developing a solid tumor, and those with the 

disease are encouraged to have regular screenings for rhabdomyosarcoma, as well as 

bladder cancer and neuroblastoma (Gripp, et al, 2002).  Other symptoms of the 

syndrome are delayed development and unusually flexible joints.  

 

Diagnosis 

Historically, rhabdomyosarcomas tumors were diagnosed histologically in that 

they stain blue with hematoxylin and eosin, much like other pediatric bone and soft 

tissue cancers including Ewing sarcoma, osteosarcoma, and lymphoma. Additionally, 
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tumor cells displayed markers of the skeletal muscle lineage, such as cross-striations. 

Immunochemical staining for muscle specific proteins like desmin greatly enhanced 

the ability of physicians to make correct diagnosis, and even to delineate between 

different subtypes of rhabdomyosarcoma (Wachtel, et al, 2006), (Dias, et al, 

2000,Heerema-McKenney, et al, 2008).  

Using histology, two major subtypes of rhabdomyosarcoma were identified.  

The first is embryonal rhabdomyosarcoma (ERMS), which can have botryoid and 

spindle cell variants. Botryoid tumors grow in grape-like cluster and usually develop 

in the bladder and vagina of infants, and spindle cell tumors usually present as 

paratesticular cancer in young men. The second major subtype of rhabdomyosarcoma 

is alveolar rhabdomyosarcoma, or ARMS.  These tumors derive their name from the 

pattern of widely dispersed cells these tumors demonstrate histologically, which 

mimics pulmonary alveoli.  

Modern subtype classification schemas use genetic analysis to diagnose 

rhabdomyosarcomas. ERMS is most often defined by loss of heterozygosity on the 

short arm of chromosome 11(Scrable, et al, 1987), which contains the imprinted gene 

IGF-II (insulin growth factor II). Loss of imprinting may lead to increased expression 

of IGF-II and subsequent aberrant growth signals (El-Badry, et al, 1990), (Zhan, et al, 

1994). ERMS has an overall more favorable prognosis, and generally occurs in more 

favorable sites (Punyko, et al, 2005). In contrast, ARMS is characterized by a 

chromosomal translocation between chromosome 13 and either chromosome 1 or 2 

(Shapiro, et al, 1993), (Galili, et al, 1993)(Davis, et al, 1994).  These translocations 
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lead to fusion genes, PAX3-FOXO1a or PAX7-FOXO1a, respectively. The PAX3-

FOXO1a translocation occurs more than twice as often as its PAX7 counterpart (Ries, 

et al, 1999b). ARMS is clinically much more dire than other RMS subtypes (Sorensen, 

et al, 2002). The tumors occur more often in unfavorable sites, and are more likely to 

recur, metastasize, and become drug resistant, and patients are usually classified as 

high risk (Ries, et al, 1999b).  

THE FUSION PROTEIN 

The identification of chromosomal translocations in rhabdomyosarcoma 

spurred investigation into the fusion proteins, as well as conjectures about their 

mechanism of disease. It was evident that the majority of ARMS tumors had the 

chromosomal translocations, but the role of the mutation in tumorigenesis remained 

unclear. 

The fusion proteins created by the chromosomal translocations contain the 

DNA binding portion of the PAX3 or PAX7 protein combined with the strong 

FOXO1a transactivation domain, creating a novel fusion transcription factor (Shapiro, 

et al, 1993,Galili, et al, 1993)(Bennicelli, et al, 1996). 

 

PAX3 

Normal PAX protein family members are transcription factors that regulate the 

development of the nervous system and skeletal muscle system during embryogenesis.  

They all contain an N-terminal paired (or paired box) DNA binding domain, which 

was a motif originally found in the Drosophila segmentation gene paired (prd) (Bopp, 
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et al, 1986).  The paired domain has two subunits, PAI and RED, with each containing 

three α-helices. DNA binding is achieved by the third helix in PAI. PAX3 also 

contains a homeodomain consisting of a helix-turn-helix that binds DNA in the major 

groove. Mutations in either of the DNA binding domains can inhibit the ability of the 

other to bind (Fortin, et al, 1997). The two DNA binding domains are separated by the 

octapeptide motif HSIDGILG, which controls homodimerization (Chalepakis, et al, 

1994). The C-terminal transactivation domain is rich in serine and threonine amino 

acids (Gruss and Walther, 1992). 

In humans, hemizygous mutations in PAX3 lead to Waardenburg syndrome 

types I and III, which confers to congenital deafness, pigmentary disturbances in the 

skin, eyes and hair, and wide-set eyes. Type III is also known as Klein-Waardenburg 

syndrome, and can manifest in malformation of the upper limbs. In mice, mutation of 

the PAX3 homolog splotch yields the Splotch phenotype, characterized by perinatal 

death, and defects in both the neural tube and limb musculature (Franz, 1993).  

Exogenous expression of PAX3 in mouse pluripotent stem cells is enough to 

induce myogenesis, as measured by expression of MyoD and myogenin (Ridgeway 

and Skerjanc, 2001). PAX3’s target binding sequence is TCGTCACRCTTHM  

(Chalepakis and Gruss, 1995). PAX3 direct target genes include MET (Epstein, et al, 

1996), BCL2L1 (Margue, et al, 2000), Myf5 (Bajard, et al, 2006) and MyoD 

(Goldhamer, et al, 1995), as previously mentioned. 
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FOXO1a 

FOXO1a is a member of the FOXO family of transcription factors that in turn 

belong to a wider group of FOX genes. The first known member of the FOX 

genealogy was originally named forkhead (FKHR) after its ability to cause fork-like 

projections on the head of Drosophila when mutated. The group is also referred to as 

“winged helices” because the crystallographic DNA structure resembles butterfly 

wings. The FOX family is now known to consist of FOXA through FOXR, which are 

grouped by sequence homology. The FOXO group has four members (1, 3, 4, and 6) 

which are all regulated by insulin/PI3K/Akt signaling. FOXO proteins are involved in 

a wide variety of cell functions such as apoptosis (Tothova, et al, 2007), oxidative 

stress response (Berry, et al, 2008), differentiation (Nakae, et al, 2003), inflammation 

(Ouyang, et al, 2012), skeletal muscle mass (Kamei, et al, 2004), aging (Demontis and 

Perrimon, 2010), and energy homeostasis (Ren, et al, 2012). 

FOXO factors were first classified in humans as the genes in the chromosomal 

translocations in alveolar rhabdomyosarcoma and AML, and FOXO1a was at first 

named ALV because of this association (Shapiro, et al, 1993).  FOXO1a is 

distinguished from a pseudogene FOXO1b (or FKHRP1) that is located on 

chromosome 5 (Anderson, et al, 1998).  

Structurally, the FOXO1a protein contains three α-helices, three β strands that 

form a sheet, and two large loops. The third helix acts as the most prominent DNA 

recognition site by binding target sequences in the major groove (Clark, et al, 1993).  

The FKHR domain acts as the DNA binding moiety. The protein also contains a 
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nuclear localization signal, a nuclear export sequence, and a transactivation domain.  

FOXO1a contains three AKT phosphorylation sites (Rena, et al, 1999), (Arden and 

Biggs, 2002); the sites near the N-terminus and in the nuclear export sequence both 

become 14-3-3 binding sites when engaged (Rena, et al, 2001). CDK1 and CDK2 are 

also able to phosphorylate FOXO1a, which shuttles FOXO1a to the cytoplasm where 

it can no longer promote transcription of its target genes (Liu, et al, 2008), (Huang, et 

al, 2006). A few of the FOXO1a gene targets are SOX2 (Zhang, et al, 2011), OCT4 

(Zhang, et al, 2011), INFG (Ouyang, et al, 2012), and RUNX2 (Teixeira, et al, 2010). 

 

PAX3-FOXO1a 

As mentioned earlier, PAX3-FOXO1a chromosomal translocations are de 

novo, although they may be accompanied by mutations that contribute to general 

genetic destabilization (see Li-Fraumeni Syndrome). Recently, a study by Yuan et al 

showed the presence of PAX3-FOXO1a mRNA in non cancerous, translocation 

negative mesenchymal stem cells, suggesting that fusion protein mRNA may have a 

role in normal myogenesis (Yuan, et al, 2013).  

Clinically, it is known that the PAX3-FOXO1a translocation is unique to the 

alveolar subtype of rhabdomyosarcoma, and that alveolar patients fare worse than 

their embryonal counterparts, but the exact mechanism of PAX3-FOXO1a’s role in 

disease initiation and progression remains unclear. Indeed, an in-depth, retrospective 

examination of the histological characteristics of alveolar tumors found no correlation 
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with fusion status (Parham, et al, 2007), despite the fact that their presence has a 

proven effect on clinical outcome. 

PAX3-FOXO1a contains the DNA binding domain of PAX3, so it would be 

tempting to assume that PAX3-FOXO1a causes disease simply by initiating 

anachronistic expression of normal PAX3 targets, which are usually only expressed 

during embryogenesis. The fact that the phenotype of PAX3 deficient mice is mostly 

rescued by PAX3-FXO1a knock in lends credence to this hypothesis (Relaix, et al, 

2003), however, the reality seems to be much more complicated. First, PAX3-

FOXO1a induces transcription more than normal PAX3 (Fredericks, et al, 

1995)(Bennicelli, et al, 1996), demonstrating the fusion protein’s stronger 

transactivation domain. Secondly, several association experiments have been 

conducted to determine specific and consensus targets for PAX3 and PAX3-FOXO1a, 

but only a few studies have demonstrated direct binding and activation of target genes.  

PAX3-FOXO1a and PAX3 do have some direct targets in common, including CNR1 

(Begum, et al, 2005), but only PAX3-FOXO1a binds and activates JARID2 (Walters, 

et al, 2014), and MYCN (Mercado, et al, 2008). PAX3 binding to DNA can be 

inhibited by Daxx, but Daxx cannot inhibit the binding of PAX3-FOXO1a 

(Hollenbach, et al, 1999). Furthermore, although PAX3 is able to induce 

mesenchymal/epithelial transitions (Wiggan, et al, 2002), PAX3-FOXO1a does so in a 

more robust manner (Begum, et al, 2005).  

In vivo, transgenic mice expressing PAX3-FOXO1a do not have a phenotype 

that would be predicted by overexpression of normal PAX3 targets. Instead, the mice 
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more closely resemble PAX3 knockout mice, demonstrating that PAX3-FOXO1a 

functionally competes with PAX3 (Anderson, et al, 2001b), (Finckenstein, et al, 

2006). 

PAX3-FOXO1a has additional tumorigenic capabilities that do not seem to 

stem from its similarity to wild type PAX3. When introduced to chick fibroblasts, 

PAX3-FOXO1a was able to confer anchorage-independent growth (Scheidler, et al, 

1996), but interestingly, Lam et al found that transformation was independent of the 

paired box DNA binding domain (Lam, et al, 1999).  When stably transfected into 

ERMS cell line RD, PAX3-FOXO1a increased proliferation in vivo, and made 

xenograft tumors larger and more invasive (Anderson, et al, 2001a).  However, 

transgenic PAX3-FOXO1a knock in mice do not develop tumors (Lagutina, et al, 

2002), (Anderson, et al, 2001b). 

From a mechanistic standpoint, PAX3-FOXO1a can act independently of its 

canonical role as a transcription factor. Roeb et al showed that PAX3-FOXO1a 

contributes to tumor development by binding and destabilizing EGR1, thus 

interrupting activation of anti-oncogenic p57Kip2 (Roeb, et al, 2007). PAX3-FOXO1a 

can also promote a cancer phenotype by evading immune detection. Nabarro et al 

demonstrated the ability of PAX3-FOXO1a to inhibit inflammatory response by 

binding directly to STAT (Nabarro, et al, 2005).  

Limited work has been done on PAX3-FOXO1a’s reciprocal fusion protein 

FOXO1a-PAX3 (Hu, et al, 2013), but FOXO1a-PAX3 remains predominantly in the 

cytoplasm, and  does not seem to function as a transcription factor.  
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Pediatric vs. adult rhabdomyosarcoma 

Adult rhabdomyosarcoma is much more rare than its pediatric counterpart, but 

the prognosis is worse (Ferrari, et al, 2003,Sultan, et al, 2009). At presentation, tumors 

are more likely to be of the pleomorphic and not otherwise specified subtypes, which 

is unusual in children, and adults are much more likely to succumb to the disease 

within five years of diagnosis. Unlike pediatric RMS, the alveolar subtype has no 

predictive value in adults, nor does tumor site.  The differences in etiology between 

pediatric and adult RMS are largely unknown. Adult rhabdomyosarcoma, though rare, 

is exceedingly deadly, and further investigation into the disease is warranted.  

MICRORNA 

MicroRNAs, or miRNAs, are a class of small, highly conserved, non-coding 

RNAs that regulate the ability of mRNAs to be translated, and are fundamental to 

several normal cellular functions.  

miRNAs were first experimentally observed in petunias in 1990 (Napoli, et al, 

1990), but first described in the nematode Caenorhabditis elegans in 1993 (Lee, et al, 

1993).  miRNAs were shown to be cleaved from a longer precursor RNA by the 

ribonuclease Dicer (Hutvagner, et al, 2001). Dicer was already known to be central in 

RNAi, or RNA interference, a mechanism by which RNAs can inhibit production of 

proteins (Bernstein, et al, 2001),  but the notion of RNA being inhibited by antisense 

RNA oligonucleotides originated much earlier (Tomizawa and Itoh, 1981). 
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miRNAs genes can be located in the introns of coding genes, and in both the 

introns and exons of non-coding genes (which may change with alternative splicing) 

(Rodriguez, et al, 2004). miRNAs within genes are usually transcribed along with their 

host genes. However, miRNA genes can also be found in intergenic space, or in 

intragenic space but with antisense orientation. Several miRNAs can be encoded by 

the same primary transcript, which is then cut to yield individual miRNAs. 

miRNAs are initially transcribed from genes by RNA polymerase II(Lee, et al, 

2004) or RNA polymerase III (Faller and Guo, 2008). This RNA strand is referred to 

as primary miRNA, or pri-miRNA, and has a 5’ guanosine cap and a poly adenoylic 

tail (Cai, et al, 2004). At this point, complimentary base pairs within the pri-miRNA 

strand bind together creating a double strand RNA hairpin (Cai, et al, 2004). DGCR8, 

a double stranded RNA binding protein, and Drosha, an enzyme specific for double 

stranded RNA, bind and digest the pri-miRNA, releasing the hairpin structure now 

termed precursor miRNA or pre-miRNA (Gregory, et al, 2006). The pre-miRNA 

leaves the nucleus via direct binding to Exportin-5 (Yi, et al, 2003). In the cytoplasm, 

the RNAse Dicer cuts the loop from the two stem strands, creating double stranded 

RNA (Bernstein, et al, 2001). The RNA-induced silencing complex, also known as 

RISC, contains several proteins that aid miRNA processing (Tomari, et al, 2004). One 

of these proteins, Argonaute (AGO), selects which complimentary RNA strand 

becomes mature miRNA; the other strand will eventually be degraded (Schwarz, et al, 

2003). The mature miRNA and RISC complex then regulate translation by binding to 

target mRNA. 
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Human miRNAs most often regulate transcription by imperfectly binding, via 

base-pairing, to the 3’ untranslated end of mRNA, effectively halting translation. 

miRNAs can also degrade mRNA by initiating the binding of GW182 proteins which 

recruit a deadenylase complex that acts on the target mRNA. The stabilizing 

5’guanosine cap on the mRNA is subsequently removed via a decapping complex, 

followed by degradation via exonuclase activity (Behm-Ansmant, et al, 2006,Eulalio, 

et al, 2007,Eulalio, et al, 2009).  

 

MicroRNA in Myogenesis 

In 2007 O’Rourke et al found that miRNAs were essential to skeletal muscle 

development; when the miRNA-processing enzyme Dicer was conditionally knocked 

out in mouse embryos, the mice had decreased skeletal muscle mass, abnormal 

myofiber morphology, and died perinatally (O'Rourke, et al, 2007). In the years since, 

four muscle specific myomirs have been identified. miR-1, miR-206, miR-133a and 

133b are almost exclusively found in striated muscle, with miR-206 being found only 

in skeletal muscle (as opposed to cardiac) (McCarthy, 2008)(Chen, et al, 2006).  miR-

1 and mir-133 overexpression during embryogenesis leads to disorganized muscle 

tissue and cardiac morphology, and expression of miR-206 is enough to induce 

differentiation in mouse myoblasts (Rao, et al, 2010)(Lagos-Quintana, et al, 2002). 

Myomirs target several different players in the myogenesis pathway. miR-1 

and miR-206 cause eventual downregulation of PAX3, halting further PAX3 induced 

cell migration (Goljanek-Whysall, et al, 2011). miR-206 and miR-486 act in concert to 
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inhibit PAX7, which not only halts cell proliferation, but eventually induces 

differentiation through increased expression of MyoD (Dey, et al, 2011). miR-206 also 

inhibits known differentiation repressors, including POLα, MyoR, Id1-3 (Kim, et al, 

2006), and HDAC4 (Chen, et al, 2006). Additionally, miR-206 and miR-1 aid the 

cellular synchronization and fusion of individual myocytes into myotubes (Anderson, 

et al, 2006), (Sun, et al, 2010). miR-133 provides negative feedback inhibition of 

differentiation by targeting the IGF-1 receptor that is activated via P13K/Akt signaling 

during myogenesis (Huang, et al, 2011). 

In addition to the four myomirs, several other miRs also work to regulate 

myogenesis. miR-27 acts early to inhibit myogenic repressor MSTN (the gene for 

myostatin) (Huang, et al, 2011), and miR-214 inhibits N-RAS resulting in the de-

repression of p21 and cell cycle arrest (Liu, et al, 2010). miR-24 (Sun, et al, 2008), 

mir-26a (Ciarapica, et al, 2009,Wong and Tellam, 2008), and mir-181(Naguibneva, et 

al, 2006) are also known to induce the early stages of cellular differentiation. 

Other miRNAs are inhibitors of myogenesis. miR-125b inhibits both LIN-28 

and IGF2, which both promote myocyte formation (Ge, et al, 2011).  miR-121 and 

miR-122 both target p27, an inducer of cell cycle arrest (Cardinali, et al, 2009) and 

miR-23a inhibits myosin heavy chain (Wang, et al, 2012). miR-669a and miR-669q 

are expressed in cardiac muscle in order to prevent skeletal muscle development by 

inhibiting MyoD (Crippa, et al, 2011).  
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MicroRNA in Cancer 

Given their critical role in cell behavior, it is not surprising that dysregulation 

of miRNAs can lead to myriad disorders and diseases. miRNAs can act as both tumor 

suppressors (Cimmino, et al, 2005) and oncongenes (or oncomirs) (Metzler, et al, 

2004,Kluiver, et al, 2005), and miRNA levels may be used to diagnose 

malignancies(Lu, et al, 2005), assign prognosis (Calin, et al, 2005), stratify treatment 

groups (Pardini, et al, 2013) and evaluate treatment response (Andreoli, et al, 2014). 

With the advent of high throughput technology, several studies have been done 

comparing the miRNA profiles of tumors and tumor cells to their cells and tissues of 

origin (Landgraf, et al, 2007,Lui, et al, 2007,Wang, et al, 2008b,Sun, et al, 

2009,Bearfoot, et al, 2008), (Pallante, et al, 2006,Fulci, et al, 2007). The resulting data 

has been useful both as a starting point for investigation into individual miRNAs, and 

to indentify miRNAs that are dysregulated in several types of cancer. For example, the 

miR-29 family has been found to be down regulated in CLL, AML, lung cancer, and 

cholangiocarcinoma (Calin, et al, 2005,Iorio, et al, 2005,Yanaihara, et al, 

2006,Garzon, et al, 2008b,Fabbri, et al, 2007,Pekarsky, et al, 2006,Mott, et al, 2007). 

Conversely, miR-21 has been found to be overexpressed in many cancers including 

breast, colon, pancreas, lung, prostate, liver, stomach, and glioblastoma (Calin, et al, 

2005,Garzon, et al, 2008b,Calin, et al, 2004,Garzon, et al, 2008a,Ciafre, et al, 

2005,Meng, et al, 2007,Meng, et al, 2007,Chan, et al, 2005,Frankel, et al, 2008,Zhu, et 

al, 2007), suggesting it acts as an  oncomir. 
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One must be careful in designating a miRNA as either tumor suppressive or 

oncongenic; miRNAs that are upregulated in one cancer or have been found to be 

downregulated in others. miR-29, mentioned previously as tumor suppressor, has also 

been found to promote metastasis and epithelial to mesenchymal transition in breast 

cancer cells and patient samples (Gebeshuber, et al, 2009). Similarly, miR-26a 

promotes metastasis in lung cancer cells (Liu, et al, 2012) and is amplified in glioma 

(Huse, et al, 2009), but it is downregulated in hepatocellular cancer (Kota, et al, 2009).  

Dysregulation of a miRNA can be caused by a variety of reasons including 

deletions (Calin, et al, 2002), mutations (Calin, et al, 2005), copy number alterations 

(Ota, et al, 2004,Volinia, et al, 2006,Venturini, et al, 2007), epigenetic changes (He, et 

al, 2007,Raver-Shapira, et al, 2007,Chang, et al, 2007), and dysfunction of miRNA 

processing machinery (Nakamura, et al, 2007).  

miRNAs make attractive therapeutic targets due to their promiscuous 

inhibitory capabilities. Repairing the expression of one miRNA could affect targets in 

several dysregulated pathways. Treatment of disease by either overexpression or 

inhibition of miRNAs is currently in Preclinical, Phase 1 and Phase 2 clinical 

trials(Rayner, et al, 2011,Trang, et al, 2011,Hullinger, et al, 2012)(Janssen, et al, 

2013). 

 

MicroRNA in Rhabdomyosarcoma 

A handful of studies have examined the role of the four muscle specific 

myomirs in rhabdomyosarcoma, and the data sometimes conflict. In 2008, Wang et al 
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reported that although miR-1 is expressed at a lower rate in RMS tumors compared to 

skeletal muscle tissue, there is no pattern with miR-206 (Wang, et al, 2008). However, 

Yan et al later found that miR-1 and miR-206 expression were low in all tested tumor 

samples compared to normal tissue (Yan, et al, 2009).  Rao et al also observed 

decreased expression of all four myomirs in two RMS cell lines compared to skeletal 

muscle tissue (Rao, et al, 2010).  

Exogenously increasing expression of myomirs in RMS cells can induce a 

differentiation phenotype. Transfection of miR-1 and miR-206 into the ERMS cell line 

RD decreased both cell growth and migration by targeting c-MET (Yan, et al, 2009), 

and overexpression of miR-206 has been found to promote myogenesis and block 

xenograft tumor growth (Missiaglia, et al, 2010)(Taulli, et al, 2009).  Induction of 

miR-133a and 133b into RMS cells was able to increase differentiation, but only in the 

embryonal subtype and not the alveolar, suggesting a different mode of myogenic 

block in the two subtypes (Rao, et al, 2010).  

Clinically, higher expression of miR-206 in RMS tumors correlates with 

higher patient survival, but only in PAX3-FOXO1a negative patients; survival of 

patients with ARMS could not be predicted based on miR-206 expression(Missiaglia, 

et al, 2010).  mir-133a and miR-133b expression are able to discriminate between 

RMS tumors and neuroblastoma tumors; this fact could aid in difficult to diagnosis 

cases of RMS(Wei, et al, 2009). 

Non-myomirs have also been found to be dysregulated in RMS. Amplification 

of 13q31 is frequent in translocation positive tumors. This amplicon contains the miR-
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17-92 cluster (Gordon, et al, 2000), which codes for miR-17, miR-19a, miR-19b, miR-

20a, and miR-92. Patients with the 13q31 amplification have a poorer prognosis, as do 

amplification negative patients that have increased expression of the miRs in the 

13q31 cluster (Reichek, et al, 2011).  

miR-26a is downregulated in RMS cell lines, and more so in ARMS cells than 

ERMS cells (Ciarapica, et al, 2009). One validated target of miR-26a is EZH2, which 

is upregulated in RMS and is negative regulator of myogenesis (Wong and Tellam, 

2008), (Ciarapica, et al, 2009).  

miR-29 has been identified in a faulty feedback loop that may contribute to 

tumorigenesis. miR-29 is negatively regulated by NF-κB, which is known to inhibit 

myogenesis through YY1(Wang, et al, 2007). YY1, in turn, is negatively regulated by 

miR-29(Wang, et al, 2008). YY1 overexpression and miR-29 downregulation have 

both been found in RMS, suggesting that YY1 inhibits cellular differentiation by 

inhibiting miR-29, therefore augmenting its own expression through lack of feedback 

inhibition (Wang, et al, 2008). 

miR-183 has been found to be upregulated in RMS, where it targets known 

tumor suppressors EGR1 and PTEN and promotes cell migration(Sarver, et al, 2010). 

mir-9* is also upregulated in RMS, and its expression is higher in AMRS tumors than 

in ERMS tumors (Armeanu-Ebinger, et al, 2012). In the same study, miR-200c was 

found to be downregulated, but was not subtype specific (Armeanu-Ebinger, et al, 

2012).  
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miR-335-3p has been found to be upregulated in RMS. The host gene of miR-

335-3p is MEST, or PEG1, which has been implicated in skeletal muscle development. 

Interestingly, MEST is a downstream target of PAX 7 andPAX3, and has also been 

found to be upregulated in ARMS tumors (Mayanil, et al, 2001), (Baer, et al, 2004).  

Recently, Gougelet et al sought to differentiate between ERMS and ARMS 

tumors using miRNA microarrays (Gougelet, et al, 2011). They found ten miRs that 

were upregulated in both PAX3-FOXO1a and PAX7-FOXo1a positive tumors 

compared to EMRS tumors: miR-376a, miR-539, miR- 487b, miR- 323-3p, miR- 532-

3p, miR-758, miR-410, miR-433, miR-127-3p and miR-495. 

 

MicroRNA-495 

MicroRNA-495 is located on chromosome 14 in a large cluster of non-coding 

RNAs called DKL1-DIO3.  Evidence exists that it shares a primary transcript with 

several of the other miRNAs in the cluster, but this has yet to be experimentally 

confirmed (Chien, et al, 2011).  

The role of miR-495 in cancer appears to be highly dependent on cancer type.  

It has been demonstrated that the miRNA can act in both pro-tumorigenic and anti-

tumorigenic capacities. miR-495 has been shown to be downregulated in MLL 

rearranged leukemia, where it inhibits apoptosis by directly targeting PBX3 and 

MEIS1 (Jiang, et al, 2012), and in glioma cells, where it inhibits growth of tumor cells 

by suppressing expression of  CDK6(Chen, et al, 2013a). Downregulation of miR-495 

has also been associated with metastatic pancreatic cancer cells, and it is predicative of 
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lymph node invasion (Formosa, et al, 2013). miR-495 has also been found to be 

downregulated in drug resistant lung cancer cells, and is thought to target MDR1, a 

multi drug resistant gene (Xu, et al, 2013). Similarly, miR-495 has been shown to 

increase drug sensitivity in drug-resistant small cell lung cancer cells (Guo, et al, 

2010), and inhibit lung cancer cell proliferation and migration (Chu, et al, 2014).  

Additionally, miR-495 was able to induce differentiation of pancreatic acinar cells, 

therefore preventing metaplasia (Prevot, et al, 2013). 

There are, however, several instances in which miR-495 has been associated 

with a cancerous phenotype. miR-495 has been found to be upregulated in breast 

cancer and is able to promote tumorigenesis in vivo, and other markers of cancer in 

vitro(Hwang-Verslues, et al, 2011). mir-495 is upregulated in KRAS positive 

adenocarcinomas (Dacic, et al, 2010), and also in hepatocellular carcinoma,  where it 

has been shown to increase tumor growth, metastasis and invasion(Yang, et al, 2013). 

The microRNA also inhibits differentiation of hMSCs by directly targeting SOX9 

(Lee, et al, 2014). Clearly, the role or miR-495 in cancer is complex and highly 

context-dependent.  

The mature sequence of mir-495 is AAACAAACAUGGUGCACUUCUU. It 

shares its seed targeting sequence with miR-5688, miR-3065-5p, mir-7-1-3p, and miR 

7-2-3p. It is reported to target mRNAs that contain the sequence GUUUGUU (Lee, et 

al, 2014) 

Direct targets of miR-495 include E-cadherin and REDD1 (Hwang-Verslues, 

et al, 2011). 
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HIGH-THROUGHPUT SEQUENCING 

The advent of high-throughput sequencing allows for whole genome and 

transcriptome analysis that would previously have been unreasonable.   During the 

Human Genome project of the late 1990s and early 2000s, it became clear that the 

state of the art was too slow and too expensive to produce the quantity of data for 

which researchers were looking. 

The mid 2000s saw the launch of a few commercially available platforms for 

sequencing large amounts of DNA in days rather than years. These included 454 

sequencing (later dubbed GS FLX after acquisition by Roche) (Margulies, et al, 2005), 

the SOLiD (Supported Oligonucleotide Ligation and Detection) platform from 

Applied Biosystems, and the Illumina Genome Analyzer, originally developed by 

Solexa as Solexa 1G. These three technologies brought the cost of sequencing down 

drastically, and increased quality by eliminating the need to clone DNA in bacteria.  

The three platforms had similarities, differences, strengths, and weaknesses. In 

all cases, DNA fragments were ligated to adapters on solid supports, either beads 

(Roche and Applied Biosystems(Dressman, et al, 2003)) or a flow cell (Illumina) 

(Fedurco, et al, 2006). With beads, PCR was performed in an oil and water 

emulsion(Dressman, et al, 2003), whereas in the flow cell, PCR is performed via 

bridge amplification that creates clusters of cloned DNA (Adessi, et al, 2000), 

(Fedurco, et al, 2006). The Roche system detected base pairs via pyrosequencing, in 

which the addition of each sequential base triggered a luciferase reaction unique to 
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each base (Ronaghi, et al, 1996). Illumina used four different fluorescently labeled 

bases, and excited the bases with a laser at each additional round of incorporation 

(Turcatti, et al, 2008). Instead of four probes, the Applied Biosystems platform uses 16 

different fluorescent octomers, each with a unique pair of nucleotides flanked by 3 

universal bases (Shendure, et al, 2005). Each round of oligonucleotide excitation is 

followed by removal of the last two universal bases and subsequent addition of 

another octomer (Ng, et al, 2005). At the end of the DNA template, the octomers are 

all removed, and the process is begins again at a different start site, and this process 

repeats itself until all bases are read (Housby and Southern, 1998). The octomers have 

an advantage over the four probe systems in that their dinucleotide discretion makes 

the reads more reliable (McKernan, et al, 2011). 454 sequencing produced 1.25 

million reads in a day. In comparison, Illumina’s Genome Analyzer and Applied 

Biosystems’ SOLiD produced up to 120 million reads, but processing took between 2 

and 4 days. 

Overall, 454 could sequence longer reads in a shorter amount of time, but had 

trouble sequencing long homopolymers and repetitive regions, which resulted in 

insertion and deletion errors. Illumina was cheaper and processed more samples, but 

had a higher probability of substitution errors. Applied Biosystems was also cheap and 

high throughput, but had negative biases for GC rich regions. Roche proved better for 

de novo sequencing, while Illumina was better at mapping reads back to a sequence, 

which gave it an advantage in transcriptomics research (For review see (Shendure and 

Ji,)).  
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Even now, the next generation sequencing technologies are being replaced by 

next-next-generation platforms that produce more data of a higher quality in a shorter 

amount of time, and at a lower cost.  

 

small RNA-seq 

Regular mRNA-seq requires more than 80 million reads in order to achieve a 

sample size large enough to be reliable(Cloonan, et al, 2008), and even this number of 

reads does not have the power to analyze alternative splicing. This is due to the 

incredibly large number of RNA transcripts that are possible targets. However, there 

are very few small RNAs by comparison, meaning the same statistical reliability can 

be achieved with as few as 1 million reads. Even if there are hundreds of miRNAs yet 

to be discovered, the magnitude is nowhere near as large as that of total RNA, making 

small RNA-seq much easier and less expensive than normal RNA-seq.  

In the Illumina TruSeq small RNA protocol, amplified cDNA is separated by 

PAGE, and bands corresponding to the size of primer-ligated miRNAs are excised 

from the gel and purified.  

SUMMARY 

Rhabdomyosarcoma is among the most deadly of pediatric cancers. Current 

therapeutics are limited in their ability to treat advanced disease, and result in 

devastating side effects that can be permanent. The relatively recent discovery of 

miRNA provides a new avenue to investigate the causes of rhabdomyosarcoma and 

identify possible therapeutic targets. The biological discovery of miRNA coupled with 
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advances in high throughput sequencing have made global profiling of 

rhabdomyosarcoma  miRNA transcriptomes a reality, which may provide clues to the 

etiology of this terrible disease. 

FIGURES 

 

Figure 1. Embryonic myogenesis 
A zygote differentiates into a morula first, followed by a blastula. The blastula further differentiates in 
to three separate layers, which form the gastrula.. Somites develop from the mesoderm during 
neuralation. The dermomyotome contains myoblasts, which fuse to form myotubes. Myotubes align to 
form myocytes. 
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Figure 2. Molecular regulation of embryonic myogenesis.  
MyoD is induced by PAX3, Myf5, Myogenin, Mrf4, and itself. Several  intertwining 
circuits allow for tight control of the myogenic program. 
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CHAPTER 2 - SKELETAL MUSCLE CELLS HAVE DIFFERENT 

MICRORNA TRANSCRIPTOMES THAN THOSE OF 

RHABODOMYOSARCOMA CELLS 

INTRODUCTION 

Rhabdomyosarcoma tumors express markers known to exist in undifferentiated 

skeletal muscle tissue, but RMS tumors and normal skeletal muscle cells result in 

different phenotypes. During normal myogenesis, mono-nucleated myoblasts will 

divide without differentiating due to the continued presence of fibroblast growth 

factors. Upon depletion of the growth factors, the myoblasts exit the cell cycle, and 

wild-type PAX3 induces the transcription of muscle-specific transcription factors in 

the MyoD family (Myf5, myogenin, Myf6). This in turn activates genes that promote 

terminal differentiation.  

It has been shown that non-coding short RNAs called miRNAs are 

indispensible in embryonic myogenesis. Conditional blockade of miRNA processing 

in mice lead to decreased skeletal muscle mass, abnormal myofiber  morphology, and 

death(O'Rourke, et al, 2007). Specifically, miR-1 and miR-133 control muscle cell 

organization, and miR-206 is sufficient to induce differentiation (Rao, et al, 2010,Dey, 

et al, 2011,Kim, et al, 2006).Together, miR-1, miR-133a and miR-133b, and miR-206 

make up the group of four myomirs, or miRs that are expressed specifically in muscle 

tissue. These  miRs function in a number of different capacities, including inhibition 

of migratory signaling via PAX3, halting proliferation by inhibiting PAX7, and 

inhibiting differentiation repressors(Goljanek-Whysall, et al, 2011,Dey, et al, 
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2011,Kim, et al, 2006) In addition to myomirs, several other miRS also have 

regulatory capacities in myogenesis.(Huang, et al, 2011,Ciarapica, et al, 2009,Wong 

and Tellam, 2008,Naguibneva, et al, 2006,Ge, et al, 2011,Cardinali, et al, 2009,Crippa, 

et al, 2011) 

A few studies have also linked miRNA dysregulation with rhabdomyosarcoma.  

Myomirs have been found to be downregulated in RMS tumors compared to normal 

tissue (Rao, et al, 2010,Wang, et al, 2008,Yan, et al, 2009), and exogenously 

expressing myomirs in RMS cells leads to differentiation(Rao, et al, 2010,Yan, et al, 

2009,Missiaglia, et al, 2010,Taulli, et al, 2009). Other non-myomirs have also been 

found to be dysregulated in RMS, including upregulation of miR-183, miR-9* ,  miR-

335-3p, and miRs in the miR-17-92 cluster, and down regulation of miR-26a and miR-

29(Ciarapica, et al, 2009,Wong and Tellam, 2008,Reichek, et al, 2011), (Wang, et al, 

2008), (Sarver, et al, 2010,Armeanu-Ebinger, et al, 2012),(Baer, et al, 2004).  

By comparing the miRNA transcriptome of both differentiated and 

undifferentiated cultured primary skeletal muscle cells (SKMCs) to those of RMS cell 

lines, we can indentify cancer specific miRNAs in cells along the myogenic spectrum. 

Additionally, we can compare myomir expression levels between the normal cell lines 

and cancer cell lines in order to gauge the cancer cells’ myogenic state.  

The comparison of the undifferentiated and differentiated cells also served as a 

proof of principal experiment by demonstrating that data from small-RNA seq is able 

to delineate between cell types. Before we could start investigating new associations 
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between cell types and miRNA profiles, it also necessary to demonstrate that the 

sequencing data we produced was consistent with known literature. 

Using small RNA-seq we show that differentiated and undifferentiated 

cultured primary muscle cells have different miRNA transcriptomes, which also differ 

from the transcriptomes of both ERMS cells and ARMS cells. Furthermore, ARMS 

and ERMS cell lines have their own unique miRNA profiles. Small RNA-seq data 

were validated using qPCR.  

RESULTS 

Small RNA-seq identifies miRNAs known to be differentially expressed between 

differentiated and undifferentiated primary skeletal muscle cells  

 In order to assess the microRNA profiles in both differentiated and 

undifferentiated primary skeletal muscle cells, primary muscle cells were 

differentiated using horse serum (Figure 3a). An increase in myosin, indicative of 

differentiation, can be seen in differentiated cells compared to undifferentiated cells 

for two biological replicates (Figure 3b). Small RNA-seq performed using the same 

samples showed increases in all four muscle specific miRNAs, also called myomirs, in 

both of the differentiated samples compared to undifferentiated samples (Figure 3c, 

Table 1). miRNA levels were validated via qPCR, and mirror the results of the high-

throughput sequencing (Figure 3d). 
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Differentiated and undifferentiated skeletal muscle cells have unique miRNA 

signatures 

 Small RNA-seq was able to identify known myomirs, but we were interested in 

identifying possible novel miRNAs that may be associated with skeletal muscle 

differentiation. Data analysis showed significant differences in 56 microRNAs upon 

differentiation (Figure 4a, Table 2). One of the most significantly different miRNAs 

was miRNA-143, with a z score of -2.386 and a p value of 0.0066 (Figure 4b).  qPCR 

data mirrors the sequencing results (Figure 4c). miRNA-143 has a well-characterized 

role in smooth muscle and cardiomyocyte differentiation, but as of yet it has not been 

linked to skeletal muscle myogenesis(Deacon, et al, 2010). 

 Of the 56 significantly different microRNAs, six of them had high number 

miRNA names. miR-3065, miR-3676, miR-3681, miR-3912, miR-4682, and miR-

5683 were all significantly downregulated in differentiated cells compared to 

undifferentiated cells (Table 2). miRNA nomenclature assigns numbers to miRNAs in 

the order in which they are discovered, therefore the high values of the six 

aforementioned miRNAs indicated their recent discovery, and the possibility that little 

research may have been done on them. A literature search shows that miR-3065 is 

differentially expressed between clear cell renal cell carcinoma and normal tissue, and 

that the miR targets NRP2, which functions in VEGF signaling and has been linked to 

cancer(Nasarre, et al, 2013), and FLT1, a member of the VEGFR signaling 

family(Muller and Nowak, 2014)(). FLT1 functions in angiogenesis and has been 

implicated in cancer recurrence (Suspitsin, et al, 2013). miR-3065 is more highly 
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expressed in differentiated cells than undifferentiated cells. The fact that it has two 

targets in the VEGF pathway that are known to be detrimental in cancer suggests it 

inhibits a growth phenotype, consistent with its increased expression in differentiated 

skeletal muscle cells.  

 There are no publications about the other high-numbered miRNAs at the time 

of this writing. Further experimentation is required to confirm the specific roles of 

these miRNAs in skeletal muscle differentiation.  

 

Normal skeletal muscle cells and rhabdomyosarcoma cells reflect differential miRNA 

expression 

 RMS tumors are thought to be myogenic cells that cannot complete terminal 

differentiation. Identification of an RMS specific miRNA signature could lead to new 

therapeutic targets, as well as a better understanding of RMS etiology. First, we 

compared the expression of myomirs in the differentiated and undifferentiated primary 

skeletal muscle cells in Figure 3 with the miRNA profiles of two RMS cell lines: 

ERMS cell line RD, and ARMS cell line Rh30.  The RNA-seq data showed that all 

four myomirs, miR-1, miR-206, miR-133a, and miR-133b, had higher reads per 

million (RPM) in the differentiated cells compared to either the undifferentiated cells 

or any of the cancer cell lines (Figure 5a).  qPCR validation of the RNA-seq results 

showed relative decreased expression of all four myomirs  in the  differentiated 

skeletal muscle biological replicate 2 sample (Figure 5b). qPCR data showed no 
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discernible pattern in myomir expression between undifferentiated skeletal muscle 

cells and the rhabdomyosarcoma cell lines. 

 To investigate expression of miRNAs other than myomirs, we compared the 

miRNA transcription profiles of the same 8 cell lines from Figure 3. Hierarchical 

clustering of all miRNAs analyzed showed that the normal skeletal muscle cells, both 

undifferentiated and differentiated, cluster apart from the cancer cells, with one 

exception (Figure 6). Undifferentiated skeletal muscle biological replicate 2 clusters 

most closely with alveolar rhabdomyosarcoma cell line Rh30. Whether these data 

represent sample contamination, mislabeling, or actual biological variation between 

the cells is unknown. Further study is needed to determine the absolute similarities and 

differences in the miRNA transcriptomes of these cells. 

  Between RD cells and undifferentiated skeletal muscle cells, there were 71 

miRNAs that were differentially regulated (Figure 7, Table 3). Rh30 cells also had 71 

differentially regulated miRNAs compared to undifferentiated skeletal muscle cells 

(Table 4). Between them, 42 of those were consensus miRNAs, overlapping in both 

comparisons (Table 5).  

 When compared to the differentiated skeletal muscle cells, RD cells had 81 

differentially regulated miRNAs, and Rh30 had 130, with 40 consensus miRNAs 

(Table 6, Table 7, Table 8). Between the 42 consensus miRNA that were significantly 

different when comparing both RMS cell lines to undifferentiated skeletal muscle 

cells, and the 40 consensus miRNAs that were significantly different when comparing 
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RMS cell lines to differentiated skeletal muscle cells, four consensus miRNAs were 

identified, miR-146a, miR-204,  let-7f, and let-7i (Figure 7, Figure 8a, Table 9). 

 let-7 family members have been implicated in other tumor types. let-7f and let-

7i are known to be downregulated in many cancers compared to normal tissue, 

including lung, breast, liver, and neural tissue, however this is the first time that 

downregulation of let-7 miRNAs has been associated with RMS(Fassina, et al, 

2011,Yan, et al, 2008,Ge, et al, 2014,Lee, et al, 2011). let-7 acts as a tumor suppressor 

by targeting the well characterized RAS family oncogenes and HMGA2, which 

regulates chromatin architecture and is associated with a cancer phenotype(Kumar, et 

al, 2008), (Shell, et al, 2007).Downregulation of the let-7 miRNAs was validated by 

qPCR (Figure 8b.). 

 miR-146a was also found to be downregulated in cancer cells compared to 

skeletal muscle cells. miR-146a is well studied, and has been linked to cancer on 

numerous occasions, but can act as both an oncogene or a tumor suppressor.  miR-

146a has been found to be downregulated in lung cancer (Cornett and Lutz, 2014), 

triple negative breast cancer(Berber, et al, 2014),  colorectal cancer(Bao, et al, 2014) 

and hepatocellular carcinoma(Huang, et al, 2014). miR-146a has a reciprocal 

relationship with MyD88, which is associated with ovarian tumors(d'Adhemar, et al, 

2014). These studies correlate with ours in that miR-146a expression is lower in 

cancer tissue than normal tissue. However, miR-146a has been found to be 

upregulated in basal-like breast cancer cells, and leads to cancer cell proliferation in 

vitro(Sandhu, et al, 2014). Furthermore, miR-146a has been found to delay 
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differentiation of mouse myoblasts by inhibiting Numb(Kuang, et al, 2009). 

Additionally, a recent publication showed that HMOX1, which inhibits myoblast 

differentiation by downregulating myomirs, induces expression of miR-146a 

(Kozakowska, et al, 2012), suggesting that miR-146a is associated with a less 

differentiated phenotype. The situation is complicated by the fact that miR-146a 

contains a G>C polymorphism, which may change patients’ susceptibility to some 

cancers (Fan and Wu, 2014).  miR-146a has not previously been tied to 

rhabdomyosarcoma. 

 miR-204 can also act as either an oncogene or tumor suppressor. miR-204 is 

downregulated in buccal cancer(De Sarkar, et al, 2014) clear cell renal cell 

carcinoma(Munari, et al, 2014), and melanoma(Kozubek, et al, 2013). Clinically, 

lower expression correlates with a poor prognosis in breast cancer(Li, et al, 2014), and 

downregulation increases invasion of nasopharyngeal carcinoma cells(Ma, et al, 

2014). Similarly, miR-204 has been shown to cause pancreatic cell death (Chen, et al, 

2013b) , inhibit invasion of gastric cells(Zhang, et al, 2013) 

 and inhibit epithelial to mesenchymal transition in intrahepatic cholangiocarcinoma 

cells(Qiu, et al, 2013). Mechanistically, miR-204 targets SOX4 to promote 

proliferation and invasion (Zhou, et al, 2014). However, miR-204 can also contribute 

to invasion, proliferation, and tumor growth of endometrial cells, and high expression 

is associated with lymph node metastasis (Bao, et al, 2013). Additionally, the miRNA 

is significantly upregulated in serum of endometrial cancer patients compared to 

healthy controls (Jia, et al, 2013).  
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ERMS cells and ARMS cells have unique miRNA transcriptomes 

Another goal of this study was to identify the possible differences in miRNA 

expression between the two major subtypes of RMS, embryonal and alveolar. One 

theory about rhabdomyosarcoma suggests that the more aggressive alveolar subtype is 

in a less differentiated state than the embryonal subtype (Begum, et al, 2005). Upon 

comparing  the ERMS cell line RD to the ARMS cell line Rh30,  RNA-seq data shows 

expression levels of miR-1 to be higher in RD cells than in Rh30 cells, but for the 

other three myomirs (miR-133a and b, and miR-206),  the alveolar subtype has more 

reads per million (Figure 9a). qPCR data also showed higher miR-1 expression in 

embryonal cells compared to alveolar cells, but the other three myomirs showed no 

significant pattern (Figure 9b).  

The next step was to look for non-myomirs that were differentially regulated 

between the two cell lines. RNA-seq analysis revealed 94 miRNAs that were 

differentially regulated (Figure 10, Table 10).  Among those were six members of the 

let-7 family of miRNAs (Figure 11). In every case, the reads per million for each let-7 

family member were higher in the alveolar subtype than in the embryonal cell line. 

 Additionally, and quite strikingly, almost 40% (37 of 94) of the differentially 

regulated miRNAs came from one chromosome, chromosome 14. This phenomenon 

will be discussed further in the following chapter. 

DISCUSSION 

 Before we could investigate the differences between normal cells and cancer 

cells, it was necessary to establish the landscape of miRNA expression in normal 
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skeletal muscle cells, both differentiated and undifferentiated. The four muscle 

specific myomirs were all upregulated in differentiated cells compared to 

undifferentiated cells, including myomirs 133a and 133b. There is currently debate as 

to whether miR-133a and b act as inhibitors or promoters of myogenesis (Chen, et al, 

2006), (Rao, et al, 2010), but the data presented here support the expression of miR-

133a and 133b in a more differentiated phenotype. In all instances, the 

undifferentiated skeletal muscle cell line 2 has lower relative qPCR expression than 

would be predicted by the corresponding RPM values, which could be due to 

artificially high RNA-seq read, but is more likely a consequence of sample 

degradation between the RNA-seq and qPCR experiments.  

 In order to identify miRNAs associated with a cancer phenotype, we compared 

miRNA profiles of RMS cell lines to the profiles of normal skeletal muscle cells. 

Because RMS cells have markers of undifferentiated skeletal muscle cells, we 

expected myomir levels in RMS cell lines to more closely resemble undifferentiated 

cells than differentiated cells.  However, qPCR analysis of myomir levels in skeletal 

muscle cells and RMS cell lines only showed correlation in miR-1. This could 

indicated that the mechanism by which RMS blocks terminal differentiation is 

downstream or otherwise unrelated to myomir function.  

 In the RMS field, it has been proposed that ARMS tumors are less 

differentiated than their ERMS counterparts(Begum, et al, 2005). It would therefore be 

expected that expression of myomirs would be higher in ERMS cell lines than ARMS 

cell lines. This was the case for miRNA-1, but for miRNA-206 and 133a and b, the 
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ARMS cells had higher myomir expression (Figure 5a and b, Figure 9a and b).  The 

theory that ARMS cells are less differentiated than ERMS cells is based on phenotypic 

data, which may not correlate molecularly with myogenic state. The applicability of 

our data is limited here, but it can be stated that ARMS cells do not necessarily 

express lower levels of myomirs than their ERMS counterparts.  

 In the case of both let-7i and let-7f, there is a significant difference not only 

between the differentiated and undifferentiated skeletal muscle cells, but also between 

the skeletal muscle cells and the cancer cell lines, with the differentiating cells having 

the highest expression, followed by the undifferentiated cells, and lowest of all, the 

cancer cells (Figure 8). Low levels of let-7i and let-7f may prove to be useful 

biomarkers of RMS. 

 Several let-7 miRNAs were also differentially regulated between the ERMS 

cell line RD and the ARMS cell line Rh30, and in all cases the miRNA levels were 

higher in ARMS cell line Rh30 (Figure 11). While direct comparison between two 

cultured lines provides limited information, the non-myomir miRNAs that were 

downregulated in cancer cells were not necessarily more down regulated in the more 

aggressive ARMS cell lines. This suggests that these miRNAs correlate with RMS in 

general, and do not necessarily distinguish between subtypes.  miRNA profiling on a 

larger sample of cell lines and tumors needs to be examined to understand how the 

expression of these miRNAs relates to RMS subtype.  
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METHODS 

Cell culture of primary cells and cell lines 

Human primary skeletal muscle cells from the abdominal oblique of a 48-year-

old female were purchased from Zen Bio, Inc.  Cells were expanded using Zen Bio 

Skeletal Muscle Cell Growth Medium. RD, Rh30, Rh28 and Rh18 cells were grown in 

DMEM supplemented with 10% FBS, amphotericin, penicillin, streptomycin, and L-

glutamine. RD. All cells were maintained at 37° C, 5% CO2. 

 

Generation of differentiation primary skeletal muscle cells 

Primary muscle cells were plated in Skeletal Muscle Growth Medium until 

they were 80-90% confluent. Cells were then changed to Skeletal Muscle Cell 

Differentiation Medium (Zen Bio). Medium was changed every other day. 

Differentiated cells were harvested 6 days later.   

 

Western blot analysis 

Cells were lysed directly in the dish by washing twice with PBS then adding 

RIPA buffer supplemented with Roshe’s EDTA-free protease inhibitor cocktail. Cells 

were incubated at 4° C for 10 minutes. Plates were scraped and lysates was transferred 

to microtube, then centrifuged at 4° for 10 minutes, 10,000 RPM to remove cell 

debris. Protein concentration was determined by running a BCA assay (Thermo 

Pierce). 20ug of protein were run on a 4-12% NuPage Bis-Tris gel (Life Technologies) 

in NuPage MOPS SDS Running Buffer (Life Technologies). Gels were transferred to 
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nitrocellulose membranes in NuPage transfer buffer (both from Life Technologies) at, 

150 mV for 1.5 hours. Blots were blocked with 4% milk for 1 hour. Antibodies were 

used as follows: β-actin, 1/10,000 (Santa Cruz), and Myosin, 1/1000 (MF20, Upstate) 

β-actin was incubated at room temperature for one hour, and Myosin incubated at 4° C 

overnight. After washing, the Myosin blot was incubated with a mouse secondary 

antibody (Dako Corporation) for one hour at room temperature. Blots were developed 

with West Femto (Thermo Scientific) using either photo-sensitive film (Kodak) or 

Bio-Rad’s ChemiDoc MP Imaging System. 

 

RNA harvesting and extraction, and sample preparation 

RNA was harvested and isolated using a standard TRIzol (Life Technologies)-

chloroform protocol, and concentration and purity were tested by 260/280 optical 

density using a Nanodrop. Samples were prepped for sequencing using Illumina’s 

Truseq Small RNA protocol, adapted from Lu et al, 2009. Briefly, 3’ and 5’ adapters 

were ligated to 10ug total RNA, then underwent reverse transcription and PCR 

amplification for 16 cycles. Unique. bar-coded PCR primers were used to identify 

individual samples. Small cDNAs were purified using acrylamide gel separation, and 

cleaned using Gel Breaker tubes and filtration.  

 

High throughput sequencing 

After the barcoded samples were quality control checked using Agilnet 

Technology’s chip-based capillary electrophoresis, multiplexed and sequenced for 36 
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cycles using the Illumina Genome Anlayzer II, available at the UCSD sequencing 

core. 

Processing small RNA-seq data 

After standard processing through Illumina software, sequenced reads were 

returned in FASTA format.  Linker sequences were removed from raw reads, leaving 

18-25 base pair sequences that were mapped to the human genome (NCBI BUILD 

36/HG18) using the algorithm Bowtie v.0.12.2 (Langmead et al). Sequences with up 

to two mismatches were included for miRNA expression level analysis. Reads that 

map to genomic repeats or more than 20 loci in the genome were excluded from the 

dataset.  

 

Analysis of small RNA-seq data 

For analysis, reads per million (RPM) were mapped for each miRNA; those 

with <1 RPM were discarded. The RPM for every miRNA was calculated for each cell 

line and averaged between the two paired lines. Average RPM for each paired line was 

compared to the average RPM of other paired lines.  miRNAs with a z score of >1.96 

or <-1.96, or with t test values >.05 were labeled as significantly different.  

 

Reverse Transcription PCR and Quantitative Real-Time PCR 

RNA was harvested and isolated using a standard TRIzol (Life Technologies)-

chloroform protocol, quantified via Nanodrop (Thermo Scientific), and DNAse treated 

(Invitrogen). Reverse Transcription was performed using Applied Biosystems’ 
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TaqMan miRNA Reverse Transcription Kit, and quantified on BioRad’s CFX96 Real 

Time Thermocycler using Applied Biosystems’ TaqMan miRNA Assays. RNU6B was 

used as an endogenous control. U6, an evolutionarily conserved, ubiquitous 

component of the spliceosome, will be used as a control for RNA loading. 

 

Hierarchical clustering 

A modified version of the matlab clustergram function was utilized to calculate 

the linkage between tissue-culture samples based on their small RNA expression 

profiles as determined via small RNA-Seq, described herein. The distance between 

sample datasets, and between small RNAs, was computed using a Euclidean distance 

metric to perform unsupervised hierarchical clustering. The resulting dendograms and 

corresponding heatmap are displayed along with the RPM expression range.   
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FIGURES 

 

Figure 3. Differentiation and myomir analysis in cultured primary SKMCs   
a. Primary skeletal muscle cells were cultured in differentiation media for seven days and brightfield 
images were taken at days 0, 3, and 7. b. Western blot analysis of relative expression of myosin heavy 
chain, a marker of terminal muscle cell differentiation. c. Small RNA-seq data displayed as reads per 
million (RPM). d. qPCR validation of small RNA-seq results. Error bars = standard error of the mean of 
three technical replicates. U 1= undifferentiated primary skeletal muscle cell biological replicate 1;U-2 
= biological replicate 2; D 1= differentiated primary skeletal muscle cell biological replicate 1; D 2 = 
biological replicate 2.  
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Figure 4.Differential expression of miRs  in differentiated and undifferentiated SKMCs 
 a. After removing miRs with fewer than one read per million (RPM) from analysis, 625 unique 
miRNAs were compared for their expression in differentiated and undifferentiated skeletal muscle cells. 
miRNAs with a z score of ≥  1.96 or ≤=1.96, or miRNAs with a p value of ≤ 0.05 were considered 
significant. b. Small RNA-seq data showing two significantly differentially regulated miRNAs 
displayed in reads per million  (RPM)  c. qPCR data validating the results from b. Error bars represent 
standard error of the mean of three technical replicates.  
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Figure 5. Comparison of myomir expression in normal SKMCs and RMS cell lines  
a. Myomir expression as measured by reads per million (RPM). b. qPCR data on the same samples from 
a. Error bars represent standard error of the mean for three technical replicates 
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Figure 6. Hierarchical clustering of SKMCs and RMS cells based on miRNA expression 
profiles   
Unsupervised hierarchical clustering was used to group datasets based on their small 
RNA-seq gene expression profiles. The relative distance of related datasets is measured 
by the dendograph and small-RNA expression levels (RPM) scale given to the right. 
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Figure 7. Schematic of comparison between differentiated and undifferentiated SKMCs to ERMS and 
ARMS cells 
miRs with fewer than 1 RPM were excluded from analysis. miRNAs with a z score of ≥ 1.96 or ≤ -1.96, 
or miRNAs with a p value of ≤ 0.05 were considered significant.  
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Figure 8. miRNAs differentially expressed between normal cells and RMS cell lines. 
 a. RNA-seq data for two significantly differently expressed miRNAs in RPM. b. qPCR data from the 
same samples as a. Error bars represent standard error of the mean over three technical replicates. 
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Figure 9. Myomir expression in ERMS cell line RD vs. ARMS cell line Rh30  
a. RNA-seq data measuring expression in RPM. b. qPCR validation of samples in a.  
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Figure 10. Schematic of  RD vs. Rh30  miRNA expression 
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Figure 11. Differentially regulated miRNAs in ERMS vs. ARMS  
RNA-seq data of six let-7 family members that had differential expression between ERMS and ARMS 
cell lines, as RPM. 
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TABLES 

Table 1. Undifferentiated vs. Differentiated Skeletal Muscle Cells: myomirs 
miRNA U 1 U 2  D 1 D 2 ln(avg/avg) z score t test 

miR-1 231 1513 8561 5881 -2.114 -1.523 0.088 
miR-133a 7885 24297 196388 509649 -3.088 -2.476 0.276 
miR-133b 954 1591 17799 42020 -3.157 -2.543 0.255 
miR-206 4828 5671 97406 150643 -3.162 -2.548 0.140 
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Table 2. Undifferentiated vs. Differentiated Skeletal Muscle Cells 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

let-7i-5p 67528 60477 131817 141237 -0.758 -0.197 0.009 
miR-107 4009 2530 7815 8929 -0.940 -0.375 0.037 
miR-1237 7 7 19 18 -0.957 -0.392 0.005 
miR-1247-3p 38 27 4 10 1.572 2.081 0.087 
miR-1266 6 143 14 9 1.868 2.371 0.526 
miR-133a 7885 24297 196388 509649 -3.088 -2.476 0.276 
miR-133b 954 1591 17799 42020 -3.157 -2.543 0.255 
miR-139-5p 12 103 554 1455 -2.860 -2.253 0.280 
miR-140-3p 148 122 339 358 -0.947 -0.382 0.008 
miR-143-3p 19745 473 208664 196032 -2.997 -2.386 0.007 
miR-145-5p 153 1 1617 2401 -3.263 -2.646 0.117 
miR-146b-5p 1387 78 4711 5559 -1.947 -1.360 0.042 
miR-148b-5p 146 122 387 382 -1.054 -0.487 0.024 
miR-181d 552 619 1637 1652 -1.033 -0.466 0.015 
miR-182-5p 3002 41258 3752 4032 1.738 2.244 0.515 
miR-183-3p 4 65 5 2 2.281 2.775 0.495 
miR-183-5p 304 8423 560 649 1.977 2.477 0.524 
miR-184 156 7 2926 4814 -3.860 -3.231 0.154 
miR-185-5p 267 157 992 795 -1.438 -0.862 0.045 
miR-18a-3p 50 546 46 85 1.519 2.030 0.520 
miR-18a-5p 37 1693 207 78 1.804 2.308 0.543 
miR-1910 15 174 19 17 1.669 2.176 0.513 
miR-194-3p 3 1 14 18 -2.079 -1.489 0.049 
miR-206 4828 5671 97406 150643 -3.162 -2.548 0.140 
miR-208b 28 72 3113 2448 -4.018 -3.385 0.076 
miR-22-5p 616 26 1766 2246 -1.832 -1.247 0.051 
miR-3065-3p 111 98 216 223 -0.745 -0.185 0.009 
miR-30b-3p 151 175 260 244 -0.436 0.118 0.036 
miR-30e-5p 239 285 678 614 -0.902 -0.338 0.014 
miR-3180-3p 86 19 606 1067 -2.773 -2.168 0.176 
miR-335-3p 532 63041 1040 1097 3.393 3.862 0.506 
miR-335-5p 70 5273 206 59 3.006 3.483 0.508 
miR-34a-5p 4333 2748 12762 10534 -1.191 -0.620 0.034 
miR-3676-3p 7 4 41 42 -2.019 -1.430 0.018 
miR-3681-5p 2 1 66 80 -3.885 -3.255 0.061 
miR-374a-5p 426 394 1444 1392 -1.240 -0.668 0.003 
miR-375 73 24101 52 113 4.987 5.421 0.500 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
miR-3912 7 6 11 10 -0.480 0.075 0.030 
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Table 2. Undifferentiated vs. Differentiated Skeletal Muscle Cells, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-421 2234 1554 7330 7353 -1.355 -0.781 0.039 
miR-449a 33 34 48 51 -0.385 0.167 0.028 
miR-4682 6 1 32 39 -2.303 -1.707 0.024 
miR-4741 6 3 37 38 -2.120 -1.529 0.017 
miR-509-3p 2 790 13 54 2.456 2.945 0.527 
miR-542-5p 191 87 855 1006 -1.901 -1.315 0.019 
miR-548ar-3p 6 18 2 1 2.058 2.557 0.324 
miR-5683 13 5 94 75 -2.240 -1.646 0.048 
miR-577 3 532 39 32 2.029 2.529 0.541 
miR-652-5p 2 45 1 5 2.058 2.557 0.514 
miR-767-5p 1 49 1 2 2.813 3.295 0.507 
miR-769-3p 69 83 251 264 -1.226 -0.655 0.003 
miR-769-5p 13948 8991 27248 32550 -0.958 -0.393 0.037 
miR-937 41 36 132 147 -1.294 -0.721 0.028 
miR-9-5p 18 17097 66 76 4.791 5.229 0.502 
miR-96-5p 14 138 11 2 2.459 2.949 0.463 
miR-99a-3p 53 26 161 169 -1.428 -0.852 0.049 
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Table 3. RD ERMS vs. Undifferentiated Skeletal Muscle Cells 

miRNA U 1 U 2 RD 1 RD 2 ln(avg/avg) z score t test 
let-7a-3p 678 590 50 31 2.753 0.344 0.039 
let-7b-3p 9191 3570 15 13 6.128 2.950 0.265 
let-7b-5p 196411 84308 309 260 6.201 3.006 0.242 
let-7d-3p 3522 4237 29 28 4.912 2.011 0.059 
let-7d-5p 27369 40928 156 150 5.411 2.396 0.125 
let-7f-5p 220549 194851 2895 1407 4.570 1.747 0.039 
let-7i-3p 237 252 1 2 5.046 2.115 0.019 
let-7i-5p 67528 60477 890 499 4.523 1.711 0.035 
miR-101-3p 3472 3745 461 119 2.522 0.165 0.005 
miR-10b-5p 442370 827 271226 405526 -0.423 -2.109 0.691 
miR-1227 18 17 3 2 1.908 -0.309 0.009 
miR-1254 57 56 11 8 1.733 -0.444 0.011 
miR-1260a 510 536 23 15 3.325 0.786 0.009 
miR-126-5p 634 156 1635 559 -1.021 -2.571 0.399 
miR-1271-5p 400 385 4 5 4.508 1.699 0.012 
miR-127-3p 421941 462503 21985 23358 2.971 0.512 0.031 
miR-140-5p 152 171 16 2 2.900 0.457 0.009 
miR-146a-5p 906 19 3 3 5.077 2.138 0.489 
miR-148b-5p 146 122 30 15 1.774 -0.412 0.025 
miR-154-5p 129 149 5 4 3.478 0.903 0.046 
miR-15a-5p 724 668 75 19 2.692 0.297 0.004 
miR-16-5p 35543 38833 6545 2801 2.074 -0.181 0.006 
miR-181d 552 619 43 27 2.817 0.393 0.031 
miR-182-5p 3002 41258 63604 46643 -0.913 -2.487 0.307 
miR-183-3p 4 65 114 65 -0.960 -2.524 0.296 
miR-183-5p 304 8423 25577 26393 -1.784 -3.160 0.115 
miR-196b-5p 310 76 627 261 -0.833 -2.426 0.385 
miR-199b-5p 115 107 3 1 3.841 1.184 0.015 
miR-204-5p 17168 569 29 27 5.766 2.671 0.480 
miR-23a-5p 1564 197 7 4 5.098 2.154 0.422 
miR-3065-3p 111 98 33 15 1.468 -0.649 0.022 
miR-3065-5p 9 10 4 3 1.143 -0.900 0.012 
miR-30b-3p 151 175 6 3 3.596 0.995 0.047 
miR-30c-5p 17122 16324 1659 1174 2.468 0.124 0.003 
miR-30d-3p 410 502 77 45 2.013 -0.227 0.050 
miR-30e-3p 4485 4577 806 456 1.971 -0.260 0.020 
miR-3130-5p 8 6 1 2 1.539 -0.594 0.050 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
miR-3158-3p 401 429 32 16 2.835 0.407 0.005 
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Table 3. RD ERMS vs. Undifferentiated Skeletal Muscle Cells, Continued 
miRNA U 1 U 2 RD 1 RD 2 ln(avg/avg) z score t test 
miR-31-5p 30126 313 152 79 4.882 1.988 0.496 
miR-320b 196 214 66 55 1.221 -0.839 0.011 
miR-330-3p 66 58 9 7 2.066 -0.187 0.030 
miR-338-3p 9 10 4 3 1.143 -0.900 0.012 
miR-339-3p 1161 1315 181 118 2.116 -0.148 0.023 
miR-340-3p 222 235 53 29 1.721 -0.453 0.014 
miR-342-3p 967 821 88 118 2.162 -0.113 0.050 
miR-3661 112 117 4 3 3.592 0.992 0.012 
miR-3681-5p 2 1 41 22 -3.038 -4.129 0.197 
miR-374a-5p 426 394 115 54 1.583 -0.560 0.025 
miR-3938 3 3 12 8 -1.236 -2.737 0.160 
miR-3939 9 5 12 8 -0.352 -2.054 0.420 
miR-450b-5p 832 871 99 44 2.476 0.130 0.003 
miR-4677-3p 340 318 24 8 3.048 0.572 0.003 
miR-4741 6 3 11 16 -1.113 -2.642 0.112 
miR-4786-5p 13 6 20 10 -0.448 -2.128 0.495 
miR-5001-3p 10 9 4 5 0.736 -1.214 0.049 
miR-504 41 29 144 162 -1.482 -2.927 0.014 
miR-509-3p 2 790 3 2 5.033 2.104 0.500 
miR-542-3p 493 438 54 14 2.616 0.238 0.008 
miR-548e 34 44 12 3 1.667 -0.495 0.044 
miR-550a-3p 123 127 17 10 2.220 -0.068 0.002 
miR-550b-2-5 82 85 11 7 2.201 -0.083 0.003 
miR-576-5p 103 95 6 3 3.197 0.687 0.014 
miR-584-5p 234 1462 4 1 5.817 2.710 0.400 
miR-744-3p 171 162 14 11 2.593 0.220 0.011 
miR-767-5p 1 49 743 482 -3.199 -4.253 0.130 
miR-769-3p 69 83 23 8 1.596 -0.550 0.027 
miR-873-3p 115 544 877 665 -0.850 -2.439 0.251 
miR-873-5p 8 111 122 37 -0.289 -2.005 0.794 
miR-9-5p 18 17097 45 17 5.631 2.566 0.500 
miR-96-5p 14 138 336 239 -1.331 -2.810 0.122 
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Table 4. Rh30 ARMS vs. Undifferentiated Skeletal Muscle Cells 

miRNA U 1 U 2 RD 1 RD 2 ln(avg/avg) z score t test 
let-7a-3p 678 590 31 28 3.059 0.863 0.046 
let-7f-1-3p 456 501 38 38 2.540 0.445 0.033 
let-7f-5p 220549 194851 12550 8018 3.006 0.819 0.036 
let-7i-3p 237 252 11 14 2.988 0.805 0.017 
let-7i-5p 67528 60477 2577 2504 3.227 0.997 0.036 
miR-1 231 1513 6 4 5.202 2.586 0.405 
miR-100-5p 923695 5886 3108 4308 4.831 2.288 0.498 
miR-101-3p 3472 3745 351 235 2.513 0.423 0.011 
miR-10b-5p 442370 827 24 40 8.832 5.506 0.499 
miR-1226-3p 102 101 20 17 1.689 -0.240 0.009 
miR-1227 18 17 6 8 0.882 -0.888 0.022 
miR-1254 57 56 22 21 0.978 -0.811 0.000 
miR-1260a 510 536 83 78 1.875 -0.090 0.015 
miR-1271-5p 400 385 27 17 2.892 0.728 0.001 
miR-127-3p 421941 462503 185532 171252 0.908 -0.868 0.030 
miR-140-5p 152 171 7 4 3.395 1.132 0.036 
miR-143-3p 19745 473 81 70 4.895 2.339 0.487 
miR-146a-5p 906 19 2 1 5.550 2.865 0.488 
miR-146b-5p 1387 78 3 6 5.098 2.502 0.466 
miR-149-5p 1156 1342 1935 2042 -0.465 -1.972 0.036 
miR-152 4877 146 17 30 4.667 2.156 0.484 
miR-15a-5p 724 668 41 24 3.066 0.868 0.017 
miR-16-5p 35543 38833 3397 2065 2.611 0.502 0.014 
miR-181d 552 619 58 40 2.487 0.402 0.029 
miR-184 156 7 135 134 -0.501 -2.001 0.607 
miR-196a-5p 2145 21 13 12 4.485 2.009 0.497 
miR-204-5p 17168 569 4 2 8.007 4.842 0.479 
miR-20b-5p 7 11 48 21 -1.346 -2.680 0.310 
miR-221-3p 265289 187 488 860 5.283 2.651 0.501 
miR-221-5p 3906 5 5 10 5.568 2.880 0.500 
miR-29a-3p 65487 301 271 423 4.552 2.063 0.500 
miR-3065-3p 111 98 29 39 1.117 -0.700 0.015 
miR-3065-5p 9 10 5 4 0.712 -1.026 0.029 
miR-30b-3p 151 175 21 15 2.201 0.172 0.042 
miR-30c-5p 17122 16324 1322 1265 2.559 0.461 0.016 
miR-30d-3p 410 502 61 28 2.332 0.278 0.046 
miR-30e-3p 4485 4577 472 389 2.353 0.294 0.000 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
miR-3158-3p 401 429 75 76 1.700 -0.230 0.026 
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Table 4. Rh30 ARMS vs. Undifferentiated Skeletal Muscle Cells, Continued 

miRNA U 1 U 2 RD 1 RD 2 ln(avg/avg) z score t test 
miR-3173-5p 6 5 1 1 1.468 -0.417 0.045 
miR-320b 196 214 25 35 1.937 -0.040 0.009 
miR-330-3p 66 58 17 20 1.209 -0.625 0.028 
miR-338-3p 9 10 5 4 0.712 -1.026 0.029 
miR-339-3p 1161 1315 82 89 2.670 0.550 0.042 
miR-340-3p 222 235 27 19 2.309 0.259 0.003 
miR-342-3p 967 821 103 154 1.939 -0.038 0.039 
miR-34c-5p 1510 365 3 3 5.724 3.005 0.350 
miR-3661 112 117 19 15 1.881 -0.085 0.002 
miR-374a-5p 426 394 49 19 2.488 0.403 0.003 
miR-374b-3p 78 86 11 9 2.120 0.107 0.024 
miR-375 73 24101 6 8 7.496 4.431 0.498 
miR-3944-3p 9 8 2 3 1.188 -0.643 0.014 
miR-433 120 496 528 507 -0.521 -2.017 0.464 
miR-4473 15 14 1 1 2.396 0.329 0.023 
miR-449a 33 34 4 2 2.393 0.327 0.004 
miR-450b-5p 832 871 157 59 2.068 0.066 0.022 
miR-4677-3p 340 318 14 13 3.159 0.942 0.022 
miR-4728-3p 35 33 2 4 2.343 0.287 0.003 
miR-4741 6 3 21 18 -1.472 -2.782 0.018 
miR-497-5p 569 1644 1 2 6.582 3.696 0.288 
miR-5001-3p 10 9 2 1 1.947 -0.032 0.040 
miR-542-3p 493 438 77 46 2.020 0.027 0.014 
miR-548al 18 19 1 1 2.673 0.552 0.021 
miR-550a-3p 123 127 28 31 1.437 -0.442 0.001 
miR-550b-2-5 82 85 19 21 1.439 -0.441 0.001 
miR-576-5p 103 95 8 6 2.698 0.572 0.021 
miR-625-5p 23 19 3 4 1.884 -0.082 0.047 
miR-708-3p 245 664 4 2 5.027 2.445 0.276 
miR-708-5p 272 740 2 3 5.349 2.704 0.277 
miR-744-3p 171 162 26 23 1.912 -0.060 0.014 
miR-943 10 10 2 2 1.688 -0.240 0.003 
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Table 5. Undifferentiated Skeletal Muscle Cells vs RD and vs Rh30 consensus miRNAs 

let-7a-3p miR-127-3p miR-30c-5p miR-3661 
let-7f-5p miR-140-5p miR-30d-3p miR-374a-5p 
let-7i-3p miR-146a-5p miR-30e-3p miR-450b-5p 
let-7i-5p miR-15a-5p miR-3157-5p miR-4677-3p 
miR-101-3p miR-16-5p miR-3158-3p miR-4741 
miR-10b-5p miR-181d miR-320b miR-5001-3p 
miR-1227 miR-204-5p miR-330-3p miR-542-3p 
miR-1254 miR-3065-3p miR-338-3p miR-550a-3p 
miR-1260a miR-3065-5p miR-339-3p miR-550b-2-5 
miR-1271-5p miR-30b-3p miR-340-3p miR-576-5p 

      miR-744-3p 
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Table 6. Differentiated Skeletal Muscle Cells vs RD Cells 

miRNA DA DB RD 1 RD 2 ln(avg/avg) z score t test 
let-7b-3p 11515 28377 148 66 5.230 2.622 0.256 
let-7b-5p 301179 605790 2992 1364 5.338 2.687 0.207 
let-7f-1-3p 813 1044 11 5 4.786 2.357 0.079 
let-7f-5p 408361 340052 28002 7382 3.052 1.321 0.044 
let-7g-5p 99307 115281 11243 3461 2.681 1.099 0.022 
let-7i-3p 627 828 12 10 4.192 2.002 0.089 
let-7i-5p 131817 141237 8613 2621 3.191 1.404 0.004 
miR-1 8561 5881 113 96 4.236 2.028 0.118 
miR-10a-3p 913 919 123 24 2.523 1.004 0.037 
miR-1185-5p 75 79 4 1 3.426 1.544 0.001 
miR-1237 19 18 7 7 0.981 0.083 0.018 
miR-125a-3p 1252 1586 526 182 1.389 0.327 0.047 
miR-1271-5p 471 430 39 24 2.657 1.085 0.016 
miR-1306-5p 73 87 36 20 1.056 0.128 0.043 
miR-132-5p 250 234 73 40 1.458 0.368 0.024 
miR-133a 196388 509649 3158 3031 4.737 2.327 0.268 
miR-143-3p 208664 196032 7573 2252 3.718 1.719 0.008 
miR-145-5p 1617 2401 10 8 5.408 2.728 0.123 
miR-146a-5p 1549 2599 27 16 4.575 2.231 0.159 
miR-146b-3p 255 748 7 6 4.385 2.117 0.294 
miR-146b-5p 4711 5559 109 47 4.194 2.003 0.052 
miR-152 14298 13746 341 111 4.129 1.964 0.004 
miR-181c-5p 7748 8732 359 128 3.521 1.601 0.030 
miR-182-5p 3752 4032 615305 244774 -4.705 -3.314 0.261 
miR-183-3p 5 2 1100 342 -5.328 -3.686 0.309 
miR-183-5p 560 649 247435 138505 -5.766 -3.948 0.176 
miR-184 2926 4814 8 9 6.121 3.154 0.153 
miR-185-5p 992 795 199 49 1.976 0.678 0.029 
miR-1908 743 644 35 25 3.132 1.368 0.046 
miR-1910 19 17 622 221 -3.168 -2.395 0.293 
miR-195-5p 1027 1002 19 3 4.540 2.210 0.001 
miR-199b-5p 215 243 33 7 2.431 0.950 0.008 
miR-204-5p 13429 26360 278 141 4.555 2.219 0.202 
miR-212-3p 206 238 47 29 1.763 0.550 0.021 
miR-21-3p 98924 105891 10388 2271 2.784 1.160 0.003 
miR-222-3p 9683 10700 1331 303 2.524 1.005 0.006 
miR-22-3p 5467852 6330421 252076 66829 3.611 1.655 0.039 
miR-2355-5p 252 247 27 8 2.648 1.079 0.019 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
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Table 6. Differentiated Skeletal Muscle Cells vs RD Cells, Continued 

miRNA DA DB RD 1 RD 2 ln(avg/avg) z score t test 
miR-24-2-5p 973 859 52 21 3.222 1.423 0.030 
miR-24-3p 3 4 70 22 -2.651 -2.087 0.324 
miR-24-3p 79451 85215 7415 3182 2.743 1.136 0.003 
miR-2682-5p 345 422 3 1 5.257 2.638 0.064 
miR-26a-5p 948742 1122636 185542 62631 2.122 0.765 0.018 
miR-27b-3p 1700326 1894849 515061 178804 1.645 0.480 0.031 
miR-28-5p 7596 9245 1451 356 2.233 0.831 0.025 
miR-29b-1-5p 459 556 96 14 2.227 0.828 0.020 
miR-3065-5p 3 8 108 33 -2.547 -2.025 0.331 
miR-3074-5p 23560 23244 2526 1245 2.519 1.002 0.013 
miR-30a-5p 116002 102285 6507 1608 3.292 1.464 0.024 
miR-30b-3p 260 244 53 18 1.955 0.666 0.026 
miR-30b-5p 10156 12267 2700 865 1.839 0.596 0.022 
miR-30e-5p 678 614 158 53 1.808 0.577 0.022 
miR-3126-5p 97 87 19 1 2.218 0.822 0.033 
miR-31-5p 28055 31341 1472 413 3.451 1.559 0.023 
miR-330-3p 204 256 87 35 1.329 0.291 0.045 
miR-335-3p-3p 1040 1097 147706 41448 -4.483 -3.181 0.329 
miR-335-3p-5p 206 59 8634 1854 -3.680 -2.702 0.373 
miR-337-3p 731 874 222 69 1.707 0.517 0.025 
miR-337-5p 374 327 59 14 2.269 0.853 0.010 
miR-34c-5p 4599 4145 8 1 6.879 3.607 0.033 
miR-365b-5p 292 327 107 39 1.445 0.361 0.046 
miR-3661 138 162 35 14 1.812 0.580 0.017 
miR-3676-3p 41 42 10 10 1.413 0.341 0.006 
miR-375 52 113 1849 2486 -3.268 -2.456 0.094 
miR-376a-5p 116 107 23 8 1.973 0.676 0.017 
miR-381 67605 80996 15844 4845 1.972 0.675 0.020 
miR-424-5p 6241 5446 1427 516 1.794 0.569 0.016 
miR-4745-5p 11 32 896 170 -3.210 -2.421 0.393 
miR-4746-5p 71 68 1256 381 -2.466 -1.976 0.336 
miR-4749-3p 7 8 2 1 1.576 0.439 0.024 
miR-4775 275 228 74 11 1.778 0.559 0.040 
miR-497-5p 716 937 5 9 4.771 2.348 0.085 
miR-497-5p 716 937 5 9 4.771 2.348 0.085 
miR-503 2195 2656 263 134 2.503 0.993 0.050 
miR-542-5p 855 1006 44 14 3.468 1.570 0.045 
miR-5683 94 75 20 1 2.085 0.743 0.031 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
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Table 6. Differentiated Skeletal Muscle Cells vs RD Cells, Continued 

miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 
miR-767-5p 1 2 7192 2529 -8.083 -5.332 0.285 
miR-873-3p 175 272 8480 3490 -3.288 -2.467 0.260 
miR-873-5p 24 21 1177 196 -3.413 -2.542 0.405 
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Table 7. Differentiated Skeletal Muscle Cells vs. Rh30 Cells 

miRNA U 1 U 2 RD 1 RD 2 ln(avg/avg) z score t test 
let-7f-5p 408361 340052 119414 75457 1.346 0.502 0.031 
let-7g-5p 99307 115281 29435 22383 1.421 0.546 0.033 
let-7i-5p 131817 141237 24519 23567 1.737 0.727 0.025 
miR-1 8561 5881 53 38 5.067 2.641 0.118 
miR-103a-3p 109932 111127 28936 30163 1.319 0.487 0.000 
miR-103b 109932 111127 28936 30163 1.319 0.487 0.000 
miR-107 7815 8929 1344 1252 1.864 0.800 0.049 
miR-10a-3p 913 919 72 58 2.646 1.249 0.001 
miR-10b-5p 843529 1134407 231 380 8.082 4.374 0.093 
miR-1185-1-3 410 561 5044 4961 -2.333 -1.612 0.002 
miR-125b-1-3 26632 24926 2755 1896 2.406 1.111 0.007 
miR-126-3p 304 347 207 173 0.538 0.038 0.043 
miR-1287 519 577 114 122 1.536 0.611 0.039 
miR-132-5p 250 234 17 31 2.310 1.056 0.003 
miR-134 3618 4685 10674 10838 -0.952 -0.818 0.047 
miR-140-5p 444 371 63 40 2.073 0.920 0.046 
miR-143-3p 208664 196032 773 659 5.643 2.973 0.020 
miR-145-5p 1617 2401 9 5 5.660 2.982 0.123 
miR-146a-5p 1549 2599 21 13 4.802 2.489 0.159 
miR-146b-5p 4711 5559 29 56 4.799 2.487 0.053 
miR-148b-5p 387 382 85 96 1.447 0.560 0.003 
miR-149-3p 2 13 43 50 -1.836 -1.327 0.038 
miR-151a-3p 124234 139518 46484 32237 1.209 0.424 0.013 
miR-152 14298 13746 162 284 4.141 2.109 0.009 
miR-154-3p 10 3 69 86 -2.472 -1.692 0.046 
miR-17-5p 6155 5155 2979 2160 0.789 0.182 0.044 
miR-181c-5p 7748 8732 1199 1857 1.685 0.697 0.012 
miR-181d 1637 1652 550 372 1.271 0.459 0.046 
miR-182-5p 3752 4032 88208 91227 -3.138 -2.075 0.011 
miR-183-3p 5 2 382 382 -4.693 -2.969 0.002 
miR-183-5p 560 649 23202 21628 -3.613 -2.348 0.023 
miR-186-5p 120721 125506 35591 27960 1.354 0.507 0.005 
miR-18a-3p 46 85 354 349 -1.685 -1.240 0.039 
miR-1908 743 644 273 194 1.090 0.355 0.021 
miR-193a-3p 1043 996 85 62 2.630 1.241 0.004 
miR-195-3p 201 349 1 2 5.211 2.724 0.168 
miR-196a-5p 3313 3515 122 109 3.385 1.674 0.019 
miR-196b-5p 653 739 99 69 2.117 0.945 0.027 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
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Table 7 Differentiated Skeletal Muscle cells vs. Rh30 Cells, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-204-5p 13429 26360 34 22 6.566 3.503 0.200 
miR-208b 3113 2448 10 5 5.915 3.129 0.076 
miR-20b-5p 10 8 461 196 -3.560 -2.317 0.250 
miR-212-3p 206 238 24 11 2.541 1.189 0.026 
miR-21-3p 98924 105891 28211 30331 1.252 0.449 0.019 
miR-218-5p 426 439 7 10 3.959 2.004 0.007 
miR-221-3p 268843 396794 4644 8094 3.956 2.003 0.123 
miR-221-5p 5601 7113 44 97 4.502 2.316 0.076 
miR-222-3p 9683 10700 560 749 2.745 1.307 0.029 
miR-22-3p 5467852 6330421 346482 301704 2.902 1.397 0.049 
miR-2277-5p 323 342 188 218 0.493 0.012 0.029 
miR-2355-5p 252 247 37 30 2.020 0.890 0.001 
miR-23a-5p 2147 2077 743 691 1.080 0.350 0.001 
miR-24-2-5p 973 859 84 70 2.474 1.151 0.041 
miR-24-3p 79451 85215 6293 5620 2.626 1.238 0.022 
miR-25-5p 28 73 301 351 -1.865 -1.343 0.015 
miR-27b-3p 1700326 1894849 254677 225726 2.013 0.886 0.036 
miR-296-5p 224 606 3 12 4.048 2.055 0.278 
miR-299-3p 967 625 6312 6073 -2.052 -1.450 0.003 
miR-3065-5p 3 8 150 163 -3.347 -2.195 0.013 
miR-3074-5p 23560 23244 1704 1514 2.677 1.268 0.000 
miR-30a-5p 116002 102285 7478 9899 2.531 1.183 0.038 
miR-30e-5p 678 614 188 176 1.268 0.458 0.038 
miR-3152-5p 118 130 23 5 2.181 0.983 0.015 
miR-31-5p 28055 31341 3196 2879 2.280 1.039 0.037 
miR-3187-3p 7 3 22 19 -1.411 -1.082 0.030 
miR-3188 38 41 51 53 -0.275 -0.429 0.029 
miR-323b-3p 678 1076 9116 9525 -2.364 -1.630 0.001 
miR-335-3p-3p 1040 1097 50556 33116 -3.667 -2.379 0.134 
miR-338-3p 5 11 213 212 -3.279 -2.156 0.008 
miR-339-3p 1795 1775 784 838 0.789 0.182 0.008 
miR-34a-5p 12762 10534 5 3 8.041 4.351 0.061 
miR-34c-5p 4599 4145 32 26 5.016 2.612 0.033 
miR-363-3p 8 15 2535 2174 -5.322 -3.330 0.049 
miR-363-3p 8 15 2535 2174 -5.322 -3.330 0.049 
miR-365b-5p 292 327 14 13 3.132 1.529 0.038 
miR-3681-5p 66 80 28 16 1.199 0.418 0.033 
miR-376a-3p 370 328 917 824 -0.913 -0.796 0.028 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
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Table 7 Differentiated Skeletal Muscle Cells vs. Rh30 Cells, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-382-5p 1238 1264 2174 2139 -0.545 -0.584 0.001 
miR-3913-3p 38 36 5 3 2.296 1.048 0.001 
miR-3913-5p 38 36 5 3 2.296 1.048 0.001 
miR-3916 11 13 4 3 1.350 0.505 0.043 
miR-409-3p 41801 64157 199623 231206 -1.403 -1.078 0.019 
miR-410 31172 56586 289272 311804 -1.924 -1.377 0.005 
miR-411-3p 805 1159 7290 6767 -1.968 -1.403 0.005 
miR-412 6 26 71 84 -1.578 -1.178 0.047 
miR-424-5p 6241 5446 1586 741 1.614 0.657 0.015 
miR-431-3p 388 653 2932 3470 -1.817 -1.316 0.030 
miR-431-5p 1212 1644 47909 45967 -3.493 -2.279 0.010 
miR-432-3p 19 57 252 318 -2.015 -1.429 0.038 
miR-432-5p 2969 5515 14702 16655 -1.307 -1.023 0.023 
miR-433 490 782 5027 4776 -2.042 -1.445 0.002 
miR-454-5p 225 276 493 466 -0.651 -0.645 0.033 
miR-4634 54 65 1 5 2.956 1.428 0.046 
miR-4662a-5p 411 355 2 6 4.561 2.350 0.046 
miR-4677-3p 531 476 138 127 1.337 0.497 0.040 
miR-4687-5p 12 28 83 66 -1.312 -1.025 0.042 
miR-4761-3p 5 7 40 37 -1.852 -1.336 0.003 
miR-4775 275 228 54 29 1.806 0.767 0.032 
miR-487a 390 410 3971 3608 -2.249 -1.564 0.034 
miR-487b 1623 1980 8260 8854 -1.558 -1.167 0.006 
miR-493-3p 4119 4178 13950 13245 -1.187 -0.954 0.023 
miR-493-5p 4259 6407 23244 24012 -1.488 -1.127 0.021 
miR-494 50 52 237 260 -1.589 -1.184 0.035 
miR-496 144 215 965 793 -1.587 -1.183 0.047 
miR-497-5p 716 937 14 15 4.043 2.053 0.086 
miR-501-3p 2024 2543 5841 5415 -0.902 -0.790 0.011 
miR-503 2195 2656 885 566 1.207 0.423 0.034 
miR-508-3p 2 28 148 158 -2.322 -1.606 0.036 
miR-541-3p 141 163 1485 1676 -2.339 -1.616 0.040 
miR-541-5p 35 12 524 539 -3.118 -2.064 0.002 
miR-550a-5p 138 176 388 339 -0.838 -0.753 0.026 
miR-589-3p 171 189 509 535 -1.064 -0.883 0.003 
miR-618 26 30 175 183 -1.854 -1.337 0.005 
miR-624-5p 15 18 5 1 1.705 0.709 0.038 
miR-652-5p 1 5 27 22 -2.100 -1.478 0.024 
miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
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Table 7 Differentiated Skeletal Muscle Cells vs. Rh30 Cells, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-708-3p 300 273 34 23 2.317 1.060 0.017 
miR-758 1401 2154 16602 16088 -2.219 -1.547 0.002 
miR-7-5p 51 29 190 154 -1.461 -1.111 0.037 
miR-760 7 7 67 59 -2.220 -1.548 0.048 
miR-770-5p 21 49 775 852 -3.146 -2.080 0.017 
miR-873-3p 175 272 2 4 4.311 2.207 0.138 
miR-874 2706 4669 8 7 6.192 3.288 0.166 
miR-92a-1-5p 64 98 277 313 -1.293 -1.015 0.013 
miR-93-5p 22555 25451 16717 14059 0.445 -0.016 0.049 
miR-942 28 11 132 111 -1.831 -1.324 0.018 
miR-9-5p 66 76 3055 2039 -3.579 -2.329 0.129 
miR-96-5p 11 2 411 294 -3.992 -2.566 0.105 
miR-99a-3p 161 169 45 63 1.115 0.370 0.023 

 

 

Table 8. Differentiated Skeletal Muscle Cells vs. RD and Rh30, consensus miRNAs 

let-7f-5p miR-152 miR-22-3p miR-31-5p 

let-7g-5p miR-181c-5p miR-2355-5p miR-335-3p-3p 

let-7i-5p miR-182-5p miR-23a-5p miR-34c-5p 

miR-1 miR-183-3p miR-24-2-5p miR-365b-5p 

miR-10a-3p miR-183-5p miR-24-3p miR-424-5p 

miR-132-5p miR-1908 miR-27b-3p miR-4775 

miR-143-3p miR-204-5p miR-3065-5p miR-497-5p 

miR-145-5p miR-212-3p miR-3074-5p miR-503 

miR-146a-5p miR-21-3p miR-30a-5p miR-873-3p 

miR-146b-5p miR-222-3p miR-30e-5p miR-96-5p 
 

 

Table 9. Differentiated and Undifferentiated Skeletal Muscle vs. RD and Rh30 Consensus miRNAs 
miRNA U 1 U 2 D 1 D 2 RD 1 RD 2 Rh30 1 Rh30 2 

let-7f-5p 220549 194851 408361 340052 2895 1407 2577 2504 
let-7i-5p 67528 60477 131817 141237 890 499 11 19 
miR-146a-5p 906 19 1549 2599 3 3 2 1 
miR-204-5p 17168 569 13429 26360 29 27 4 2 
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Table 10. RD ERMS vs. Rh30 ARMS        
miRNA RD 1 RD 2 Rh30 1 Rh30 2 ln(avg/avg) z score t test 

let-7a-5p 29017 27291 36893 37946 -0.285 0.032 0.021 
let-7b-3p 15 13 203 204 -2.682 -1.698 0.002 
let-7b-5p 309 260 2768 3175 -2.346 -1.455 0.045 
let-7d-3p 29 28 1128 1013 -3.624 -2.377 0.035 
let-7d-5p 156 150 3321 3559 -3.116 -2.010 0.023 
let-7g-3p 3 4 9 8 -0.910 -0.419 0.020 
miR-10b-5p 271226 405526 24 40 9.256 6.914 0.125 
miR-1180 186 148 367 323 -0.728 -0.288 0.027 
miR-1185-1-3p 35 18 530 527 -2.990 -1.919 0.009 
miR-1229 4 3 2 2 0.523 0.614 0.021 
miR-125a-5p 7391 6857 4834 4046 0.473 0.578 0.040 
miR-1260a 23 15 83 78 -1.451 -0.809 0.012 
miR-1260b 35 23 93 87 -1.125 -0.574 0.026 
miR-127-3p 21985 23358 185532 171252 -2.063 -1.251 0.028 
miR-127-5p 9 6 98 83 -2.466 -1.541 0.045 
miR-134 110 88 1122 1152 -2.439 -1.522 0.001 
miR-136-5p 5 1 101 72 -3.274 -2.125 0.107 
miR-149-5p 1037 1181 1935 2042 -0.584 -0.184 0.013 
miR-154-5p 5 4 28 30 -1.916 -1.145 0.002 
miR-181a-3p 2990 1927 66 110 3.328 2.638 0.140 
miR-181c-3p 10 6 23 22 -1.024 -0.501 0.046 
miR-183-5p 25577 26393 2438 2298 2.395 1.965 0.009 
miR-185-3p 11 7 28 26 -1.113 -0.565 0.020 
miR-193b-3p 326 250 1591 1465 -1.669 -0.967 0.008 
miR-193b-5p 6 2 35 36 -2.186 -1.340 0.028 
miR-196a-5p 421 158 13 12 3.164 2.520 0.282 
miR-196b-5p 627 261 10 7 3.915 3.061 0.254 
miR-204-5p 29 27 4 2 2.241 1.854 0.004 
miR-206 779 774 1695 1620 -0.759 -0.310 0.027 
miR-2110 3 2 10 9 -1.309 -0.707 0.026 
miR-23a-3p 267 230 849 885 -1.250 -0.664 0.002 
miR-23a-5p 7 4 78 73 -2.645 -1.670 0.004 
miR-23b-3p 579 575 197 236 0.981 0.945 0.032 
miR-26a-5p 19179 11935 104194 97044 -1.867 -1.109 0.004 
miR-27a-3p 592 562 1239 1244 -0.766 -0.315 0.012 
miR-27a-5p 23 16 62 60 -1.113 -0.566 0.042 
miR-299-3p 130 42 663 645 -2.028 -1.225 0.041 
miR-3074-5p 261 237 179 161 0.383 0.513 0.039 
miR-30a-3p 599 572 389 383 0.418 0.539 0.033 
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Table 10 . RD ERMS vs. Rh30 ARMS, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
miR-3180-3p 4 5 24 21 -1.595 -0.913 0.034 
miR-3184-3p 1425 945 3620 3124 -1.046 -0.517 0.024 
miR-3184-5p 6 5 12 11 -0.758 -0.309 0.027 
miR-323b-3p 110 77 958 1012 -2.356 -1.462 0.003 
miR-330-3p 9 7 17 20 -0.857 -0.381 0.044 
miR-365a-5p 4 2 17 16 -1.857 -1.102 0.019 
miR-3681-5p 41 22 3 2 2.601 2.114 0.202 
miR-369-5p 48 28 538 546 -2.661 -1.682 0.004 
miR-375 191 474 6 8 3.902 3.052 0.261 
miR-376a-3p 23 10 96 88 -1.718 -1.002 0.014 
miR-377-3p 12 4 49 38 -1.680 -0.975 0.046 
miR-379-3p 33 31 276 241 -2.091 -1.271 0.048 
miR-379-5p 86 48 365 354 -1.683 -0.977 0.028 
miR-381 1638 923 36841 43468 -3.445 -2.248 0.052 
miR-382-3p 4 2 16 19 -1.925 -1.151 0.011 
miR-382-5p 43 33 228 227 -1.786 -1.051 0.016 
miR-3909 26 10 77 64 -1.369 -0.750 0.040 
miR-409-3p 1577 904 20979 24566 -2.910 -1.862 0.046 
miR-409-5p 5 4 32 31 -2.003 -1.207 0.001 
miR-410 3357 2467 30400 33130 -2.390 -1.486 0.018 
miR-411-3p 96 68 766 719 -2.202 -1.351 0.005 
miR-423-3p 3551 2176 10464 8915 -1.219 -0.642 0.023 
miR-423-5p 1425 945 3620 3124 -1.046 -0.517 0.024 
miR-431-5p 295 272 5035 4884 -2.861 -1.827 0.009 
miR-432-5p 251 193 1545 1770 -2.011 -1.214 0.038 
miR-433 72 94 528 507 -1.835 -1.086 0.001 
miR-4510 7 9 14 13 -0.529 -0.144 0.048 
miR-4761-3p 2 3 4 4 -0.451 -0.088 0.010 
miR-487a 74 33 417 383 -2.008 -1.211 0.007 
miR-487b 102 67 868 941 -2.365 -1.469 0.010 
miR-493-3p 136 69 1466 1407 -2.643 -1.669 0.001 
miR-493-5p 113 97 2443 2551 -3.166 -2.046 0.013 
miR-495 68 57 92 102 -0.438 -0.079 0.047 
miR-496 32 24 101 84 -1.194 -0.624 0.044 
miR-500a-3p 1048 934 2983 2772 -1.066 -0.532 0.011 
miR-504 144 162 1 1 4.975 3.826 0.038 
miR-509-3p 3 2 66 53 -3.139 -2.027 0.069 
miR-532-3p 182 177 744 820 -1.473 -0.825 0.039 
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Table 10 RD ERMS vs. Rh30 ARMS, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
miR-542-5p 5 3 23 22 -1.833 -1.085 0.022 
miR-574-3p 186 160 392 376 -0.798 -0.339 0.009 
miR-584-5p 4 1 90 92 -3.585 -2.349 0.001 
miR-636 4 3 6 5 -0.465 -0.098 0.045 
miR-654-3p 1841 1371 17221 16275 -2.345 -1.454 0.005 
miR-654-5p 31 21 563 660 -3.167 -2.047 0.050 
miR-655 15 7 50 42 -1.406 -0.777 0.025 
miR-744-3p 14 11 26 23 -0.681 -0.254 0.027 
miR-744-5p 286 155 1129 1028 -1.588 -0.908 0.011 
miR-758 103 68 1745 1709 -3.008 -1.932 0.000 
miR-99a-5p 875 1001 320 266 1.164 1.077 0.034 
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CHAPTER 3 - PAX3-FOXO1A ALTERS MICRORNA TRANSCRIPTOMES 

OF RHABDOMYOSARCOMA CELL LINES 

INTRODUCTION  

Pediatric rhabdomyosarcoma is commonly separated into two subtypes: 

embryonal rhabdomyosarcoma (ERMS) and alveolar rhabdomyosarcoma (ARMS), 

which confers a much poorer overall prognosis. The two subtypes have unique genetic 

signatures. ERMS tumors commonly exhibit loss of heterozygosity on the short arm of 

chromosome 11(Scrable, et al, 1987), and the majority of ARMS tumors are 

characterized by a translocation between chromosomes 2 and 13 that yields the fusion 

gene PAX3-FOXO1a(Shapiro, et al, 1993). Less often, ARMS tumors harbor an 

alternate translocation, PAX7-FOXO1a(Davis, et al, 1994).  

The protein created as a result of the more common chromosomal translocation 

contains the DNA binding portion of the PAX3 protein fused to the FOXO1a 

transactivation domain, creating a fusion transcription factor. Normal PAX proteins 

are regulators of embryonic nervous system and skeletal muscle development, whereas 

FOXO1a is a transcription factor with multiple roles including the regulation of 

angiogenesis during development, cell metabolism, proliferation, and apoptosis 

throughout lifetime.  

PAX3-FOXO1a shares some binding targets with wild type PAX3, but PAX3-

FOXO1a also has unique transcriptional targets, such as JARID2, and 

MYCN(Mercado, et al, 2008) (Begum, et al, 2005)(Walters, et al, 2014,Mercado, et al, 

2008)(Cao, et al, 2010). PAX3-FOXO1a also functions as an oncogene by binding to 
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tumor suppressors, leading to downstream dysregulation (Roeb, et al, 2007).PAX3-

FOXO1a has also been found to inhibit immune response (Nabarro, et al, 2005). 

Despite these discoveries, the full functionality of PAX3-FOXO1a remains to be 

elucidated. 

In the last decade, small, non-coding miRNAs that are responsible for critical 

gene regulation were discovered, as was the fact that dysregulation of miRNAs can 

contribute to cancer.(Cimmino, et al, 2005,Metzler, et al, 2004,Kluiver, et al, 2005). A 

few studies have investigated miRNA in RMS, and a few have found individual 

examples of miRNAs that are differentially regulated in ERMS vs. ARMS (Wang, et 

al, 2008), (Yan, et al, 2009),  (Rao, et al, 2010), (Missiaglia, et al, 2010),  (Wei, et al, 

2009)(Gordon, et al, 2000),  (Reichek, et al, 2011), (Ciarapica, et al, 2009),  

(Armeanu-Ebinger, et al, 2012) (Mayanil, et al, 2001), (Baer, et al, 2004), (Gougelet, 

et al, 2011). However, it is unknown if these differences are due to PAX3-FOXO1a as 

opposed to a separate, intrinsic property of the two subtypes.  

In order to determine the role of PAX3-FOXO1a in ARMS tumorigenesis, we 

investigated the role of microRNA (miRNA) in PAX3-FOXO1a mediated 

tumorigenicity. The ability of miRNA to target multiple pathways makes them a good 

candidate to serve as possible downstream effectors of PAX3-FOXO1a.  In this study, 

we investigate the miRNA profile of cells that have had their PAX3-FOXO1a 

expression altered.  Using high throughput sequencing and qPCR analysis, we 

identified miRNAs that have not previously been linked to rhabdomyosarcoma, and 
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discovered that miRNA-495, miR-543, and miR-335-3p are upregulated in the 

presence of the fusion protein PAX3-FOXO1a.  

RESULTS 

MiRNA signatures are changed by introduction or knockdown of PAX3-FOXO1a 

ARMS has a much poorer overall prognosis than ERMS. 70% of ARMS 

tumors contain the chromosome translocation between chromosomes 2 and 13 that 

results in the fusion protein transcription factor PAX3-FOXO1a. In order to 

investigate the effect of PAX3-FOXO1a on miRNA levels, we stably transfected 

PAX3-FOXO1a negative RD cells with either an empty vector or cDNA coding for 

HA-tagged PAX3-FOXO1a (Figure 12a). Conversely, we used siRNA targeting the 

fused portion of PAX3-FOXO1a to selectively knock down PAX3-FOXO1a 

expression in PAX3-FOXO1a positive cell line Rh30 (Figure 12b). The miRNA 

profiles of RD cells ± PAX3-FOXO1a-HA were compared, and yielded 46 

differentially regulated miRNAs (Figure 12b, Table 11). When Rh30 cells with control 

siRNA were compared to cells transfected with siRNA against PAX3-FOXO1a, 37 

miRNAs were found to be differentially regulated (Figure 12b, Table 12). 

 

PAX3-FOXO1A expression upregulates three miRNAs 

 Between the 46 and 37 differentially regulated miRNAs, there were three in 

miRNAs were differentially regulated in both the RD and the RH30 models, and one 

that just missed significance. Out of those four, miR-3607 was discarded because the 

gain of function and loss of function trials both resulted in lower expression. The three 



75 
 

 
 

remaining miRNAs were miRNA-495, miRNA-543, and miRNA-335 (Figure 12b, 

Figure 13). qPCR quantification of the miRNAs confirmed their differential 

expression in cells with and without PAX3-FOXO1a (Figure 14). miRNA-335-3p is 

located in the host gene MEST, which activated by both PAX3 and PAX7.   

 

miR-495 and miR-543 genes are located in non-codingRNA cluster DLK1-DIO3 and 

have predicted PAX3 binding sites 

 miR-495 and miR-543 are located adjacent to each other in the miRNA cluster 

DLKI-DIO3 (Figure 15a). Interestingly, both miRNAs have predicted, conserved 

PAX3 binding sites within their genes, but it is not known if these are functional 

PAX3 targets. DLK1-DIO3 is the largest miRNA cluster in the human genome with 53 

miRNAs, and lies on chromosome 14.  When examining the entire DLK1-DIO3 

cluster through the lens of our RNA-seq data, we found, on average, that expression of 

PAX3-FOXO1a in RD cells caused upregulation along chromosome 14, higher than 

all other miRNAs averaged over chromosomes (Figure 15b). When the analysis was 

limited to only those miRNAs in the DLK1-DIO3 region, the average change in 

expression was even higher, suggesting that the miRNAs in the DLK1-DIO3 cluster 

were responsible for the upregulation. Similarly, when comparing Rh30 with and 

without PAX3-FOXO1a siRNA, the average change in expression of individual 

miRNAs was decreased most in chromosome 14 (Figure 15c). The miRNAs in the 

DLK1-DIO3 cluster had even more negative regulation, again suggesting that the 

DLK1-DIO3 miRNAs were responsible for this effect.  
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 In order to investigate the mechanism by which PAX3-FOXO1a upregulates 

our three candidate miRNAs, we created stable cell lines transfected with either 

PAX3-FOXO1a-HA or HA-tagged truncations containing only parts of the full length 

protein (Figure 16a). Western blot analysis of the truncated lines shows all HA-tagged 

constructs were similarly expressed (Figure 16b).  qPCR was run on the samples to 

test their ability to upregulate expression of miR-495 and miR-543. Only the full 

length PAX3-FOXO1a was able to increase transcription of the candidate miRNAs 

(Figure 16c) indicating that the paired box DNA binding domain is required for 

regulation of these miRNAs. 

 

DISCUSSION 

 Previous studies have sought to uncover the differences between ERMS and 

ARMS, and a few have looked at differential miRNA expression in the two subtypes 

(Rao, et al, 2010,Ciarapica, et al, 2009,Missiaglia, et al, 2010,Taulli, et al, 

2009,Sarver, et al, 2010). In this study, we wanted to find miRNAs that were 

differentially regulated based solely on PAX3-FOXO1a expression. Gain and loss of 

function experiments yielded three interesting candidates, miR-495, miR-543, and 

miR-335-3p. miR-495 and miR-543 are both located in the miRNA cluster DLK1-

DIO3, which contains 54 separate miRNAs. miRNAs in the DLK1-DIO3 cluster have 

been implicated in several diseases, including cancers, fibrosis, autism, lupus, and 

heart failure(Dixon-McIver, et al, 2008,Ueda, et al, 2010,Kriegel, et al, 2010,Abu-

Elneel, et al, 2008,Eisenberg, et al, 2007,Wang, et al, 2008a) . In our previous 
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comparison of ERMS parental cells to ARMS parental cells, 31 out of the 54 DLK1-

DIO3 miRNAs were significantly upregulated in AMRS cells, and five of those 

miRNAs had significance in both their 3p and 5p strands. These data echo the results 

from the comparison of the engineered lines (Table 10, Table 13)  

 miR-495 has previously been associated with cancer, but the associations vary 

widely. miR-495 has been found downregulated in leukemia, glioma, pancreatic 

cancer, and lung cancer, suggesting that miR-495 functions as a tumor 

suppressor(Jiang, et al, 2012,Chen, et al, 2013a,Formosa, et al, 2013,Xu, et al, 

2013,Guo, et al, 2010).  However, miR-495 has been found upregulated in breast 

cancer, adenocarcinima, and hepatocarcinoma.(Hwang-Verslues, et al, 2011,Dacic, et 

al, 2010,Yang, et al, 2013)  

 miR-543 has been found to be inversely correlated with aging, (Nidadavolu, et 

al, 2013), and has been suggested as a mediator of metabolic stress(Kalman, et al, 

2014). miR-543 has been identified as a tumor suppressor in endometrial cancer(Bing, 

et al, 2014), and is downregulated in patients with chronic benzene poisoning. miR-

543 has also been associated with the tumorigenic kidney phenotype of African green 

monkey cells(Teferedegne, et al, 2014). 

 miR-335 has been linked to cancer in several instances, however, the vast 

majority of studies have been performed on miR-335-5p, which was previously 

referred to as miR-335 before the change in nomenclature. At that time, miR-335* 

became miR-335-3p. In our analysis, expression of miR-335-5p was not correlated 

with PAX3-FOXO1a expression. Both miR-335-5p and miR-335-3p are upregulated 
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in young endothelial cells compared to their senescent counterparts (Zhang, et al, 

2012). miR-335-3p was found to have higher expression in lung cancer samples than 

those from healthy controls, despite having very low expression overall(Ma, et al, 

2013).  miR-335-3p is located on chromosome 7, within the host gene MEST. 

Interestingly, PAX7 activates MEST in mouse myoblasts by recruiting a 

methyltransferase complex that results in H3K4 tri-methylation of chromatin 

(McKinnell, et al, 2008). PAX3 is also able to induce MEST, but to a lesser extent. 

(McKinnell, et al, 2008), which raises the possibility that alternate AMRS 

translocation PAX7-FOXO1could use this as a mechanism of tumorigenesis. 

 The mechanism by which PAX3-FOXO1a upregulates miRNAs 495, 543, and 

335-3p remains to be found. The broad upregulation of the miRNAs in DLK1-DIO3 

suggests the upregulation is not direct, or that PAX3-FOXO1a is acting outside its 

canonical role as a transcription factor. DLK1-DIO3 contains two differentially 

methylated regions, meaning they have different methylation patterns between tissue 

types. This suggests that PAX3-FOXO1a may be altering the methylation of the 

region in order to allow for upregulation of transcription. Indeed, the fact that PAX7, 

and to some extent PAX3, interact with methyltransferases to increase expression adds 

evidence to this theory(Walters, et al, 2014). However, the conserved, predicted PAX3 

binding sites located in miR-495 and miR-543 are also intriguing, as are results 

demonstrating the need for an intact paired box DNA binding domain in PAX3-

FOXO1a for miR-495 and miR-543 upregulation.  
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 Through this study, we have determined that PAX3-FOXO1a expression alters 

the miRNA transcriptome of rhabdomyosarcoma cells and specifically upregulates 

expression of miR-495 and miR-543. These miRNAs, located in the non-coding RNA 

cluster DLK1-DIO3 both have predicted PAX3 binding sites. PAX3-FOXO1a also 

significantly increases expression of miR-335-3p, these data suggest that PAX3-

FOXO1a may exert its tumorigenic properties by modulating expression of miRNA, 

and nominate of miR-495, miR-543, and miR-335 as possible therapeutic targets.  

METHODS 

Generation of stable cell lines 

RD cells were transfected with either empty pcDNA3.1 vector or pcDNA3.1 

containing cDNA encoding HA-tagged fusion protein PAX3-FOXO1A using 

Lipofectamine 2000 (Invitrogen) and selected with Zeocin (Invitrogen). Selected cells 

were pooled to reduce genome integration anomalies. Each cell line was produced 

twice to make paired lines. Bar-coded samples were multiplexed and sequenced on 

Illumina’s Hiseq platform. Sequences were mapped using Bowtie v. 0.12.2 

(Langmead et al). Reads that mapped to over 20 loci were discarded. Two mismatches 

were permitted. For analysis, reads per million (RPM) were mapped for each miRNA; 

those with <1 RPM were discarded. The average RPM for each miRNA in the paired 

cell lines was compared to the average RPM of their sister lines that either did or did 

not express PAX3-FOXO1A. miRNAs with a z score of >1.96 or <-1.96, or with t test 

values >.05 were labeled as significantly different. miRNAs found to be significant 
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between RD cells ± PAX3FOXO1A were compared to the miRNAs found to be 

significantly different between Rh30 cells ± PAX3FOXO1A siRNA. 

 

siRNA knockdown of PAX3-FOXO1A 

1x106 Rh30 cells were transfected with either 30ul of 20nm nonspecific control 

siRNA or siRNA specifically targeting PAX3-FOXO1A using 100ul Lipofectamine 

RNAiMAX (Invitrogen) in 10mL of media not supplemented with penicillin or 

streptomycin. Control siRNA sequence: 5’-UUAGUACUGCUUACGAUACGGUTT-

3’, 3’ TTAAUCAUGACGAAUGCUAUGCCAA5’. PAX3-FOXO1a siRNA 

sequence: 5’ UUAUGACGAAUUGAAUUCUGAGGUG 3’, 3’ AAUACUGCUUAA 

CUUAAGACUCCAC 5’. 

 

Western blot analysis 

Cells were lysed directly in the dish by washing twice with PBS then adding 

RIPA buffer supplemented with a protease inhibitor cocktail. Cells were incubated at 

4° C for 10 minutes. Plates were scraped and lysates was transferred to a microtube, 

and centrifuged at 4° for 10 minutes, 10,000 RPM to remove cell debris. Protein 

concentration was determined by running a BCA assay (Thermo Pierce). 20ug of 

protein were run on a 4-12% NuPage Bis-Tris gel (Life Technolgies) in NuPage 

MOPS SDS Running Buffer (Life Technologies). Gels were transferred to 

nitrocellulose membranes in NuPage transfer buffer (both from Life Technologies) at, 

150 mV for 1.5 hours. Blots were blocked with 4% milk for 1 hour. Antibodies were 
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used as follows: β-actin, 1/10,000 (Santa Cruz), FOXO1 1/200 (Santa Cruz) and HA, 

1/1000 (Roche). β-actin and HA antibodies were incubated with the blot at room 

temperature for one hour. FOXO1 antibody was incubated at 4° C over night. After 

washing, the FOXO1 blots were incubated with goat secondary antibody (Dako 

Corporation) at 1/2000, room temperature for one hour. Blots were developed with 

West Femto (Thermo Scientific) using either photo-sensitive film (Kodak) or Bio-

Rad’s ChemiDoc MP Imaging System. 

 

RNA harvesting and extraction, and sample preparation 

RNA was harvested and isolated using a standard TRIzol (Life Technologies)-

chloroform protocol, and concentration and purity were tested by 260/280 optical 

density using a Nanodrop. Samples were prepped for sequencing using Illumina’s 

Truseq Small RNA protocol, adapted from Lu et al, 2009. Briefly, 3’ and 5’ adapters 

were ligated to 10ug total RNA, then underwent reverse transcription and PCR 

amplification for 16 cycles. Unique, bar-coded PCR primers were used to identify 

individual samples. Small cDNAs were purified using acrylamide gel separation, and 

cleaned using Gel Breaker tubes and filtration.  

 

High throughput sequencing 

The barcoded samples were quality control checked using a Bioanalyzer 

(Agilnet Technology’s chip-based capillary electrophoresis), multiplexed and 
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sequenced for 36 cycles using the Illumina Genome Anlayzer II, available at the 

UCSD sequencing core. 

 

Processing small RNA-seq data 

After standard processing through Illumina software, sequenced reads were 

returned in FASTA format. Linker sequences were removed from raw reads, leaving 

18-25 base pair sequences that were mapped to the human genome (NCBI BUILD 

36/HG18) using the algorithm Bowtie v.0.12.2 (Langmead et al). Sequences with up 

to two mismatches were included for miRNA expression level analysis. Reads that 

map to genomic repeats or more than 20 loci in the genome were excluded from the 

dataset.  

 

Analysis of small RNA-seq data 

For analysis, reads per million (RPM) were mapped for each miRNA; those 

with <1 RPM were discarded. The RPM for every miRNA was calculated for each cell 

line and averaged between the two paired lines. Average RPM for each paired line was 

compared to the average RPM of other paired lines.  miRNAs with a z score of >1.96 

or <-1.96, or with t test values >.05 were labeled as significantly different.  

 

Reverse Transcription PCR and Quantitative Real-Time PCR 

RNA was harvested and isolated using a standard TRIzol (Life Technologies)-

chloroform protocol, quantified via Nanodrop (Thermo Scientific), and DNAse treated 
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(Invitrogen). Reverse Transcription was performed using Applied Biosystems’ 

TaqMan miRNA Reverse Transcription Kit, and quantified on BioRad’s CFX96 Real 

Time Thermocycler using Applied Biosystems’ TaqMan miRNA Assays. RNU6B, an 

evolutionarily conserved, ubiquitous component of the spliceosome, was used as a 

control for RNA loading. 

 

Determination of PAX3 binding sites 

Predicted PAX3 binding sites were determined via the UCSC genome browser, 

as calculated by the Transfac Matrix Table, accession number M00360, Identifier 

V$PAX3_01, Statistical Basis: 26 sequences from oligonucleotide selection. 

 

Generation of PAX3-FOXO1a truncations 

PAX3-FOXO1a truncations were cloned into a pBABE vector with puromycin 

resistance. PAX3-FOXO1a (accession number U02368) truncations were made as 

follows: Full length clone starts at start site 58 bp. H + F only clone has sequence 

starting at 578 bp. F only clone has sequence starting at 997 bp. The no domain has 

sequence starting at 1396 bp. All truncations were HA tagged. Retrovirus was 

generated in 293T cells, after which RD cells were infected.   
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FIGURES 

 

Figure 12. Creation and analysis of engineered cell lines.  
a. Western blot analysis showing stable transfection of HA tagged PAX3-FOXO1a into RD cells, with 
two separate transfections, and transient siRNA knowckdown of endogeneous PAX3-FOXO1a in Rh30 
cells. b. schematic of experimental comparisons between engineered RD cells and engineered Rh30 
cells. 
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Figure 13. RNA-seq data for candidate miRNAs  
In reads per million (RPM) * p ≤ 0.05 † -1.96 ≤ z ≤ 1.96 
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Figure 14. qPCR analysis on PAX3-FOXO1a  induced miRNAs 
qPCR data from the samples in Figure 11. Error bars = standard error of the mean for two technical 
replicates. 
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Figure 15. DLK1-DIO3 region with adjacent miR-495 and miR-543. 
 a. Diagram showing a portion of the DLK1-DIO3 miRNA cluster, located on chromosome 14.mir-495 
and mir543 are highlighted. Inset shows conserved, predicted PAX3 binding sites located within the 
miR genes. b The RPM for each miRNA was averaged between the two sister cell lines. The ration was 
calculated between the mean RPMs in the PAX3-FOXO1a transfected cells vs. the pcDNA cells. The 
natural log of the ratio was calculated, and those ratios were averaged across all the miRNAs in each 
chromosome. Data is displayed by chromosome. c. Natural log of the ratios of the mean RPM of each 
miRNA, PAX3-FOXO1a siRNA vs. control siRNA, averaged over each chromosome.  
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Figure 16. Effect of PAX3-FOXO1a truncation on miRNA expression  
a. Diagram of PAX3-FOXO1 truncations. b. Western blot analysis of HA tagged PAX3-FOXO1 
truncations. c. qPCR data showing relative expression of miR-495 and miR-543 upon stable 
transfection of PAX3-FOXO1 truncations into RD cells.  
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TABLES 

Table 11. RD ERMS + Control vs. PAX3-FOXO1a 

miRNA 

RD 
Control 

A 

RD 
Control 

B 

RD 
PAX3-

FOXO1a-
HA A 

RD 
PAX3-

FOXO1a-
HA B ln(avg/avg) z score t test 

let-7d-3p 48 47 31 33 0.402 1.228 0.018 
let-7d-5p 683 586 270 356 0.706 1.930 0.040 
let-7i-5p 1425 1219 489 750 0.758 2.050 0.056 
miR-1 138 113 59 53 0.808 2.167 0.098 
miR-1247-3p 5 5 8 7 -0.424 -0.680 0.039 
miR-1271-5p 8 8 11 50 -1.340 -2.798 0.454 
miR-143-3p 603 384 259 124 0.947 2.488 0.168 
miR-146a-5p 5 8 18 17 -1.032 -2.084 0.032 
miR-181a-5p 47335 49125 33561 32927 0.372 1.159 0.022 
miR-181b-5p 9311 8741 5322 6209 0.448 1.335 0.036 
miR-182-5p 126197 110094 50912 62294 0.736 2.000 0.032 
miR-184 16 17 60 55 -1.215 -2.509 0.035 
miR-210 115 77 51 43 0.725 1.974 0.219 
miR-215 47 60 125 121 -0.838 -1.637 0.037 
miR-23c 1 2 15 2 -1.551 -3.284 0.485 
miR-24-3p 988 864 1455 1404 -0.434 -0.704 0.047 
miR-30a-5p 2110 1537 846 900 0.737 2.001 0.184 
miR-3168 1 1 2 2 -0.450 -0.741 0.004 
miR-3182 2 2 4 4 -0.727 -1.380 0.009 
miR-3184-3p 2324 2262 1669 1741 0.296 0.984 0.007 
miR-3188 25 24 13 15 0.576 1.631 0.015 
miR-329 15 7 24 42 -1.087 -2.212 0.206 
miR-335-3p 4117 3228 9746 8642 -0.918 -1.821 0.018 
miR-3607-3p 9 2 1 2 1.135 2.922 0.482 
miR-365b-5p 14 14 12 12 0.182 0.720 0.021 
miR-379-3p 26 10 41 60 -1.029 -2.078 0.122 
miR-379-5p 82 68 195 203 -0.974 -1.951 0.011 
miR-380-3p 35 13 58 91 -1.140 -2.334 0.142 
miR-3912 5 4 1 3 0.818 2.189 0.119 
miR-409-5p 2 2 4 42 -2.369 -5.175 0.463 
miR-423-5p 2324 2262 1669 1741 0.296 0.984 0.007 
miR-448 2 2 6 5 -1.072 -2.177 0.026 
miR-4515 3 7 3 2 0.728 1.981 0.427 
miR-454-5p 82 85 65 69 0.217 0.801 0.029 
miR-4638-3p 5 9 2 3 0.998 2.605 0.238 
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Table 11 RD ERMS + Control vs. PAX3-FOXO1a, Continued 
miRNA U 1 U 2 D 1 D 2 ln(avg/avg) z score t test 

miR-376a-5p 59 45 116 107 -0.768 -0.206 0.033 
miR-489 4 5 13 22 -1.339 -2.795 0.199 
miR-495 31 14 78 84 -1.286 -2.671 0.066 
miR-500a-5p 14 13 21 21 -0.429 -0.693 0.006 
miR-501-3p 229 291 567 869 -1.016 -2.048 0.191 
miR-561-3p 1 1 3 2 -0.835 -1.631 0.046 
miR-5683 7 6 19 26 -1.221 -2.521 0.134 
miR-665 11 8 31 42 -1.354 -2.830 0.103 
miR-708-3p 3 5 9 16 -1.195 -2.461 0.231 
miR-937 32 35 25 23 0.352 1.113 0.037 
miR-98 1070 1137 639 679 0.515 1.489 0.015 
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Table 12. Rh30 ARMS + Control siRNA vs. PAX3FOXO1a siRNA 

miRNA 

Rh30 
Control 
siRNA 1 

Rh30 
Control 
siRNA 2 

Rh30 
PAX3-

FOXO1a 
siRNA 1 

Rh30 
PAX3-

FOXO1a 
siRNA 2 lnavg/avg z score t test 

let-7f-5p 27170 26750 29128 28795 -0.072 -0.379 0.020 
miR-100-3p 125 123 95 99 0.245 0.784 0.026 
miR-10a-3p 15 14 11 5 0.573 1.987 0.306 
miR-1193 3 2 7 8 -1.180 -4.449 0.032 
miR-1280 3 2 4 4 -0.567 -2.197 0.212 
miR-1285-3p 9 7 6 2 0.709 2.488 0.291 
miR-1306-5p 14 14 10 5 0.628 2.189 0.191 
miR-138-1-3p 2 3 1 2 0.608 2.115 0.111 
miR-154-3p 17 13 5 5 1.129 4.028 0.137 
miR-181b-3p 2 2 5 4 -0.638 -2.459 0.114 
miR-185-5p 42 40 33 31 0.253 0.814 0.017 
miR-196a-5p 34 33 40 39 -0.157 -0.693 0.032 
miR-19a-5p 3 2 5 4 -0.586 -2.268 0.081 
miR-212-5p 2 2 1 1 0.502 1.727 0.001 
miR-25-3p 7773 7972 8971 8862 -0.125 -0.573 0.025 
miR-27a-5p 231 212 311 326 -0.362 -1.446 0.017 
miR-299-3p 1825 1688 1289 1124 0.376 1.263 0.039 
miR-29b-3p 39 38 26 28 0.372 1.251 0.024 
miR-30a-3p 513 546 743 693 -0.304 -1.234 0.034 
miR-30c-5p 1370 1487 2562 2441 -0.560 -2.173 0.006 
miR-30e-5p 64 61 77 81 -0.235 -0.979 0.025 
miR-3163 3 2 1 1 0.847 2.995 0.199 
miR-3176 2 1 4 3 -0.562 -2.179 0.247 
miR-323a-5p 10 9 4 4 0.792 2.793 0.013 
miR-335-3p-
3  

4498 4890 3040 1953 0.631 2.202 0.123 
miR-3607-3p 9 6 5 2 0.672 2.351 0.273 
miR-3609 1 2 4 2 -0.925 -3.512 0.260 
miR-362-3p 22 20 176 191 -2.172 -8.090 0.026 
miR-432-3p 16 18 9 11 0.532 1.839 0.029 
miR-4511 2 4 2 2 0.659 2.304 0.252 
miR-485-3p 167 150 71 62 0.866 3.064 0.022 
miR-495 98 101 44 66 0.595 2.070 0.141 
miR-539-3p 417 430 301 302 0.338 1.125 0.034 
miR-543 80 79 43 22 0.895 3.170 0.135 
miR-573 2 2 4 3 -0.543 -2.109 0.117 
miR-625-5p 1 1 2 2 -0.509 -1.983 0.059 
miR-758 1382 1305 1017 959 0.308 1.014 0.022 
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Table 13. Significantly Different DLK1-DIO3 miRNAs, ERMS vs. ARMS 
miRNA RD 1 RD 2 Rh30 1 Rh30 2 lnavg/avg zscore ttest 

miR-493-5p 113 97 2443 2551 3.166 2.046 0.013 
miR-493-3p 136 69 1466 1407 2.643 1.669 0.001 
miR-431-5p 295 272 5035 4884 2.861 1.827 0.009 
miR-433 72 94 528 507 1.835 1.086 0.001 
miR-127-5p 9 6 98 83 2.466 1.541 0.045 
miR-127-3p 21985 23358 185532 171252 2.063 1.251 0.028 
miR-432-5p 251 193 1545 1770 2.011 1.214 0.038 
miR-136-5p 5 1 101 72 3.274 2.125 0.107 
miR-379-5p 86 48 365 354 1.683 0.977 0.028 
miR-379-3p 33 31 276 241 2.091 1.271 0.048 
miR-411-3p 96 68 766 719 2.202 1.351 0.005 
miR-299-3p 130 42 663 645 2.028 1.225 0.041 
miR-758 103 68 1745 1709 3.008 1.932 0.000 
miR-495 68 57 92 102 0.438 0.079 0.047 
miR-654-5p 31 21 563 660 3.167 2.047 0.050 
miR-654-3p 1841 1371 17221 16275 2.345 1.454 0.005 
miR-376a-3p 23 10 96 88 1.718 1.002 0.014 
miR-1185-1-3p 35 18 530 527 2.990 1.919 0.009 
miR-381 1638 923 36841 43468 3.445 2.248 0.052 
miR-487b 102 67 868 941 2.365 1.469 0.010 
miR-539-5p 4 4 22 22 1.665 0.964 0.001 
miR-889 681 295 3214 2482 1.764 1.035 0.053 
miR-655 15 7 50 42 1.406 0.777 0.025 
miR-487a 74 33 417 383 2.008 1.211 0.007 
miR-382-5p 43 33 228 227 1.786 1.051 0.016 
miR-382-3p 4 2 16 19 1.925 1.151 0.011 
miR-134 110 88 1122 1152 2.439 1.522 0.001 
miR-323b-3p 110 77 958 1012 2.356 1.462 0.003 
miR-154-5p 5 4 28 30 1.916 1.145 0.002 
miR-496 32 24 101 84 1.194 0.624 0.044 
miR-377-3p 12 4 49 38 1.680 0.975 0.046 
miR-409-5p 5 4 32 31 2.003 1.207 0.001 
miR-409-3p 1577 904 20979 24566 2.910 1.862 0.046 
miR-412 2 1 7 9 1.801 1.061 0.051 
miR-369-5p 48 28 538 546 2.661 1.682 0.004 

miR-410 3357 2467 30400 33130 2.390 1.486 0.018 
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CHAPTER 4 - MANIPULATION OF MICRORNAS 

INTRODUCTION 

A chromosomal translocation resulting in the fusion protein PAX3-FOXO1a 

correlates with a much poorer prognosis in rhabdomyosarcoma patients (Ries, et al, 

1999b). We have shown that PAX3-FOXO1a upregulates specific miRNAs, including 

miR-335, miR-543, and miR-495. However, the biological significance of this 

regulation has yet to be determined. The three PAX3-FOXO1a effected miRNAs have 

been associated with cancer in other models. miR-335-3p has higher expression in 

lung cancer tissue than in normal cancer tissue(Ma, et al, 2013). miR-543 is a 

regulator of metabolic stress (Kalman, et al, 2014), and miR-495 has been associated 

with adherens junctions and the extracellular matrix (Hwang-Verslues, et al, 2011). 

Adherens junctions connect the actin cytoskeleton of the cell with its 

microenvironment to aid in mechanical cell migration (for review, see (Friedl and 

Wolf, 2009). In normal tissues, cell migration is vital for embryogenesis as well as 

wound healing and tissue renewal. However, if cells fail to bind sufficiently to the 

extracelluar matrix, uncontrolled migration can lead to invasion and metastasis of 

cancer cells. PAX3-FOXO1a positive rhabdomyosarcoma has been shown to 

metastasize more often than the fusion negative disease (Ries, et al, 1999b). 

Here we investigate the biological effect of PAX3-FOXO1a-regulated 

miRNAs on cell phenotype. Given the possible link between miR-495, adherens 

junctions, PAX3-FOXO1a, migration, and metastasis, we studied the ability of miR-



95 
 

 
 

495 to regulate migration through a permeable membrane. Additionally, the overall 

implications of the project, as well as future directions, are discussed. 

RESULTS 

Inhibition of miRNA-543 increases miR-495 

To study the affect of miR-495 on migration, we used loss of function 

experiments in which miR-495 was selectively inhibited using single stranded 

inhibitory RNA. Use of the inhibitor successfully decreased miR-495 expression 

(Figure 17a). An inhibitor against miR-543 was used to test inhibitor specificity. 

Interestingly, inhibition of miR-543 increased the expression of miR-495 to levels 

much higher than in the scramble inhibitor sample. Dual transfection of inhibitors 

against both miR-495 and miR-543 brought miR-495 expression back to control levels 

(Figure 17a). The mechanism by which a miR-543 inhibitor causes increased 

expression is not known. One possibility is that miR-543 may lead to feedback 

inhibition of miR-495 transcription, so inhibition of miR-543 would derepress miR-

495. It is also possible that miR-543 inhibits miR-495 degradation, meaning that 

decreased miR-543 expression would lead to a net increase of miR-495.  

 

Effect of miRNA inhibition on migration 

When miRNAs 495 and 543 were inhibited in stably transfected PAX3-

FOXO1a RD cells, the ability of the cells to migrate through a permeable membrane 

was diminished. Figure 17b shows stained cells from the lower transwell 

compartment. Fewer cells are present on the membrane when miR-495 and miR-543 
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are inhibited, both alone and in combination. Stained cells were dissolved in SDS, and 

absorbance was measured to quantify relative numbers of migrated cells. Cells 

transfected with the control inhibitor had a higher absorbance reading, indicating 

increased migration compared to cells transfected with inhibitors against miR-495 and 

miR-543 (Figure 17c). These data support the notion that miR-495 and miR-543 may 

contribute to cancer cell migration.  

The inhibition of migration by miR-495 and miR-543 inhibitors does not 

appear to be additive or synergistic, which agrees with the qPCR data showing an 

increase in miR-495 when cells are tranfected with inhibitors agains miR-543 (Figure 

17a). 

METHODS 

Knockdown of miRNAs 

Inhibition of microRNAs was performed using Life Technologies’ miRVana 

miRNA inhibition kits. Briefly, single stranded RNA inhibitors were forward 

transfected into cells using RNAiMAX (Life Technologies). Cells were plated at a 

density that yielded 70% confluency after 24 hours. Cells were plated in the transwell 

and assayed for miRNA expression 24 hours post transfection. 

 

RNA analysis 

RNA analysis was performed using Life Technologies Cells to Ct RNA 

processing kit. 1x105 cells were counted from each sample and resuspended in 5 μl 

phosphate buffered saline. Cells were treated with 50 μl of Lysis solution with DNAse 
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for 8 minutes, after which 5 μl of stop solution was applied. Following cell lysis, RNA 

samples were reverse transcribed using Applied Biosystems’ TaqMan miRNA Assays 

which utilizes primers specific to each miRNA. Samples were then quantified on 

BioRad’s CFX96 Real Time. RNU6B, an evolutionarily conserved, ubiquitous 

component of the spliceosome, was used as a control for RNA loading. 

 

Migration assay 

Migration assays were performed using Corning’s transwell permeable 

supports. 6x104 cells were placed in the upper chamber of the transwell with 100 μl 

1% FBS DMEM. 600 μl 10% FBS DMEM was placed in the bottom chamber. After 

24 hours, cells from the top chamber were removed, as was the media from the lower 

chamber. Cells on the permeable membrane in the lower chamber were stained with 

600 μl 25% methanol and 0.5% crystal violet for 30 minutes, then washed twice in 

water. Images were taken using an inverted brighfield at 20X. For quantification of 

results, transwells were placed in 600ul 1%  SDS solution for 1 hour, followed by 

absorbance analysis at 590 nm. 

 

FUTURE DIRECTIONS 

The motivation to study the effect of PAX3-FOXO1a on miRNA expression 

stems from a need to develop new treatments for patients with fusion protein positive 

RMS. The data herein reveal some information about the interaction between PAX3-

FOXO1a and miRNA, but an enormous amount of additional research lies between 
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these studies and a cure for pediatric RMS. The most obvious limitation of this data is 

that it is restricted to a small number of cultured cell lines, and experimentation on 

other cell lines as well as patient samples is vital. In addition to increasing the number 

of samples, there are several possible next steps. We discuss these below, as well as 

the rationale behind them. 

 

What is the mechanism by which PAX3-FOXO1A alters expression of miRNAs? 

Identification of novel therapeutic targets is a major strategy for the invention 

of new drugs. The individual miRNAs that were upregulated by the fusion protein can 

be considered therapeutic candidates, but knowing the mechanism of PAX3-FOXO1 

would provide additional avenues of combating the effect of the fusion protein. PAX3-

FOXO1a significantly downregulated some miRNAs while upregulated others (Table 

11, Table 12). PAX3-FOXO1a may alter miRNA expression through its canonical role 

as a transcription factor. Evidence for this mechanism includes the existence of 

conserved predicted PAX3 binding sites within two of the significantly upregulated 

miRNAs (Figure 15a), as well as the data showing their upregulation to be contingent 

on the PAX3 binding domain. Conversely, it is conceivable that PAX3-FOXO1a 

could downregulate expression of miRNAs by inhibiting normal binding of activating 

transcription factors. Investigation into the role of DNA binding in PAX3-FOXO1a-

induced miRNA expression can be achieved using mutations to the DNA binding 

domains of the fusion protein and concordant chromatin immunoprecipitation studies. 
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Additional data demonstrates that PAX3-FOXO1a causes broad upregulation 

of entire regions or the genome, as opposed to individual miRNAs (Figure 15a and b). 

To test if this regional activation is achieved through the increase of activating 

methylation or decrease of inhibitory methylation, gain and loss of function of studies 

could be performed on methytransferases, as could experiments that mutate the 

differentially methylated regions in DLK1-DIO3. 

PAX3-FOXO1a also upregulates miR-335, which contains neither a DNA 

binding domain nor a nearby differentially methylated region. It does however, lie in 

host gene MEST, which is known to be directly upregulated by members of the PAX 

family. It is therefore pertinent to determine if direct PAX3-FOXO1a regulation of 

MEST explains changes in miR-335 expression. Simple gene expression studies could 

readily answer this question. 

 

Is PAX3-FOXO1a regulation of miRNAs clinically significant? 

Correlation studies between gene expression and clinical outcome have long 

been used to identify possible causes of disease. Correlation studies rely on clinical 

data from a large number of patients, and a critical mass must be achieved before 

reliable data can be recovered. Although the rarity of pediatric RMS is positive from a 

public health perspective, it means fewer patients and fewer clinical data points. A 

concerted effort by the RMS community to gather clinical data and sequence the 

transcriptomes of RMS samples is necessary before the significance of our candidate 

miRNAs can be determined. In the meantime, inhibition of individual miRNAs and 
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miRNA processing machinery in both in vitro and in vivo models will have to suffice. 

Besides migration, other relevant cellular phenotypes include invasion, apoptosis, 

tumorigenicity, immune response, longevity, metastasis, drug resistance, and 

recurrence  

 

CONCLUSIONS 

Although the implications of the data may be wide spread, the data must be 

considered in a conservative fashion. The experiments in this dissertation suggest the 

following: 

1. Small miRNA-seq is able to identify known markers of skeletal muscle 

cells and distinguish between primary cultured differentiated and 

undifferentiated skeletal muscle cells. 

2. Primary cultured differentiated and undifferentiated skeletal muscle 

cells have unique miRNA signatures. 

3. Primary cultured normal skeletal muscle cells have miRNA profiles 

that differ from cultured rhabdomyosarcoma cell lines RD and Rh30. 

4. The embryonal rhabdomyosarcoma cell line RD and the alveolar 

rhabdomyosarcoma cell line Rh30 have different miRNA expression. 

5. Exogenous expression and inhibition of PAX3-FOXO1a is able to alter 

miRNA expression in rhabdomyosarcoma cell lines RD and Rh30, 

respectively. 
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6. PAX3-FOXO1a increases expression of miR-335, miR-495, and miR-

543. 

7. PAX3-FOXO1a broadly increases expression of miRNAs in the DLK1-

DIO3 cluster. 

8. Upregulation of miR-495 and miR-543 is dependent on the paired box 

DNA binding domain of PAX3-FOXO1a. 

9. Inhibition of miR-495 and miR-543 mitigates the ability of 

rhabdomyosarcoma cells to migrate through a permeable membrane 

along and FBS gradient. 
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FIGURES

 

Figure 17. Migration of RMC cells with miRNA inhibition. 
a. Relative expression of miRNAs after treatment with mirVANA miRNA inhibitors., as measured by 
qPCR. b. Brightfield images of lower side of transwell permeable membrane, 20x. c. Relative 
absorbance of stained cells treated with SDS.  
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