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ABSTRACT 

 

The neuromuscular junction (NMJ) is a chemical synapse that facilitates the neuronal control 

of muscle contraction. Proper NMJ formation and maintenance require both anterograde and 

retrograde signaling. In this study, on one hand, we characterized the role of Yes-associated 

protein (Yap) in the formation of neuromuscular junction (NMJ). In HSA-Yap-/- mice where Yap 

was mutated specifically in muscle cells, AChR clusters were smaller and distributed in a 

broader region in the middle of muscle fibers. In addition, HSA-Yap-/- mice also exhibited 

remarkable presynaptic deficits including less nerve coverage of the endplates, reduced 

mEPP frequency and increased paired-pulse facilitation, indicating structural and functional 

defects. Moreover, muscle Yap mutation prevented reinnervation of denervated muscle fibers 

and the phenotypes were related to compromised β-catenin signaling. Both NMJ formation 

and regeneration deficits of HSA-Yap-/- mice were ameliorated by inhibiting β-catenin 

degradation, further corroborating a role of β-catenin as a downstream molecule of Yap to 

regulate NMJ formation and regeneration. On the other hand, we showed that Lrp4, a receptor 

for agrin and critical for NMJ formation and maintenance, was reduced at  the protein level in 

aged mice, which was associated with decreased MuSK tyrosine phosphorylation, suggesting 

compromised agrin-Lrp4-MuSK signaling in aged muscles. Transgenic expression of Lrp4 in 

muscles alleviated AChR fragmentation and denervation and improved neuromuscular 

transmission in aged mice. Lrp4 ubiquitination was augmented in aged muscles, suggesting 

increased Lrp4 degradation as a mechanism for the reduced protein level. We also found that 

sarcoglycan alpha (SGα) interacted with Lrp4 and delayed Lrp4 degradation in co-transfected 

HEK293 cells. AAV9-mediated expression of SGα in muscles mitigated Lrp4 degradation and 

NMJ decline in aged mice. These observations support a model where compromised agrin-

Lrp4-MuSK signaling serves as a pathological mechanism of age-related NMJ decline and 

identify a novel function of SGα in stabilizing Lrp4 for NMJ maintenance in aged mice.  
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I. INTRODUCTION 

A. Statement of the Problem 

The neuromuscular junction (NMJ) is a chemical synapse formed between motor neurons and 

skeletal muscle fibers that is wrapped by perisynaptic Schwann cells (Sanes and Lichtman, 

1999, 2001; Wu et al., 2010a; Tintignac et al., 2015; Li et al., 2018). Aberrant neuromuscular 

junction formation causes multiple diseases including myasthenia gravis, congenital myasthenic 

syndrome and amyotrophic lateral sclerosis. During embryonic development, muscle fibers 

produce factors that regulate NMJ formation in a retrograde way. Recently, an increasing 

amount of evidence suggests that β-catenin in muscle fibers is critical for motor axon 

differentiation and neuromuscular transmission. Mutant mice without muscle β-catenin die 

neonatally, with remarkable presynaptic deficits such as mislocation of phrenic nerve primary 

branches, defasciculated motor axons, and impaired neuromuscular transmission, in addition to 

postsynaptic defects (Li et al., 2008). Furthermore, expression of stable β-catenin in muscle 

cells also impairs presynaptic differentiation in mutant mice (Liu et al., 2012; Wu et al., 2012a). 

These observations implicate that muscle β-catenin activity needs to be maintained at a proper 

level to fulfill normal NMJ formation. However, the molecular mechanisms underlying the 

retrograde regulation of NMJ formation is still obscure, especially how muscle β-catenin is 

regulated to facilitate proper NMJ structure and function. Studies have shown that the Hippo 

pathway crosslinks with the Wnt pathway (Imajo et al., 2012; Azzolin et al., 2014). The Hippo 

pathway effector, Yes-associated protein (Yap) interacts with β-catenin. In the absence of Wnt, 

inactive Yap retention at cytoplasm contributes to β-catenin degradation, while in the presence 

of Wnt, Yap is activated and dissociated from the β-catenin complex, which leads to β-catenin 

nuclear localization and transcriptional activation. These results at the molecular level hint at the 

role of Yap as a “Wnt switch” to modulate β-catenin activity. 

During aging, NMJs undergo noticeable deterioration. Typically, acetylcholine receptor 

(AChR) clusters on the post-junctional membrane are fragmented into small islands in aged 

mice and AChR density is reduced; the perimeter lengths of AChR-stained areas are increased 

(Deschenes et al., 2010). Motor axon terminals are disorganized and contain varicosities 

(Rosenheimer, 1990; Kawabuchi et al., 2001; Valdez et al., 2010; Chai et al., 2011; Wang et al., 

2011). Many endplates are not or partially innervated by multiple axon terminals (Gutmann and 
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Hanzlikova, 1966; Courtney and Steinbach, 1981; Valdez et al., 2010; Chai et al., 2011; Samuel 

et al., 2012). There is a reduction of motor neuron number in the ventral spinal cord and the 

axon diameter in the sciatic nerve (Tomlinson and Irving, 1977; Hashizume et al., 1988; 

Hashizume and Kanda, 1995). The agrin-Lrp4-MuSK signaling pathway is critical for NMJ 

formation. Motor nerve terminals release agrin, a proteoglycan that binds to transmembrane 

protein Lrp4 and activates tyrosine kinase MuSK to induce synaptic assembly and acetylcholine 

receptor (AChR) clustering (DeChiara et al., 1996; Gautam et al., 1996; Glass et al., 1996; 

Cohen et al., 1997; Kim et al., 2008; Zhang et al., 2008a). This pathway is also essential for 

NMJ maintenance. Conditional mutations of agrin and Lrp4 after NMJ formation cause NMJ 

disintegration (Samuel et al., 2012; Barik et al., 2014b). However, the molecular mechanisms of 

neuromuscular junction aging are barely known. It is interesting to explore how the agrin 

signaling pathway is altered during aging and how it is related to NMJ aging.   

By means of transgenic mice, my study mainly focuses on the molecular mechanisms of 

neuromuscular formation and aging. The specific aims are as follows: 

1. To study the role of muscle Yap in NMJ formation and how Yap interacts with β-

catenin to maintain neuromuscular homeostasis in muscle cells. 

2. To characterize how the agrin-Lrp4-MuSK signaling pathway is altered during NMJ 

aging and whether modification of the changes ameliorates the aging process.   

 

Significance statement 

The molecular mechanism of either the retrograde regulation of NMJ formation or the 

neuromuscular aging is largely unknown. On one hand, we provide evidence that muscle Yap 

mutation impairs both post- and pre-synaptic differentiation and function and inhibits NMJ 

regeneration after nerve injury, indicating a role of muscle Yap in these events. Further studies 

suggest compromised β-catenin signaling as a potential mechanism. Both NMJ formation and 

regeneration deficits of HSA-Yap-/- mice were mitigated by LiCl-mediated inhibition of β-catenin 

degradation. On the other hand, we showed that Lrp4 protein level was reduced in aged 

muscles, accompanied by weakened MuSK activation. Expression of Lrp4 specifically in 

muscles ameliorated aging-associated deficits including AChR cluster fragmentation, 

denervation and impaired neuromuscular transmission. We also find that sarcoglycan alpha 

(SGα) is localized at the NMJ, and SGα, but not SGδ, interacts with Lrp4. Enhancing SGα level 

increased the stability of Lrp4 in cells. Viral expression of Lrp4 diminished aging-associated 

NMJ deficits in vivo. These studies offer insight into the code of NMJ formation and aging, which 
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might contribute to the development of novel therapeutic strategies to treat neuromuscular 

diseases.  
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B. Review of Related Literature  
 

1. The Neuromuscular Junction 

 

A Brief Overview 

The synapse is a fundamental unit of the nervous system ensuing signal transmission between 

cells. Normal synaptic function is the base that enables brain control of every behavior. The 

neuromuscular junction (NMJ), composed of motor axon terminals, skeletal muscle fibers and 

Schwann cells, is a chemical synapse that facilitates neuronal control of skeletal muscle 

contraction (Sanes and Lichtman, 1999, 2001; Wu et al., 2010a; Tintignac et al., 2015; Li et al., 

2018). Action potentials trigger release of acetylcholine (ACh) from the axon terminals, which 

binds to nicotinic receptors, elicits postsynaptic depolarization and initiates muscle contraction 

via T-tubule mediated signal transmission. The NMJ is indispensable for our mobility and daily 

life. Improper NMJ structure and function has been implicated in various neuromuscular 

diseases including congenital myasthenic syndrome, myasthenia gravis, Lambert-Eaton 

myasthenic syndrome and amyotrophic lateral sclerosis. Due to its large size and advantageous 

accessibility, NMJ is widely used as an experimental model to study synapse. The electric organ 

of Torpedo california is a type of NMJ in which the contractile machinery is lost. Therefore, it 

concentrates the synaptic features so that the specific AChR activity in electric organ is much 

higher than in muscle (Berg et al., 1972; Cartaud et al., 2000; Sanes and Lichtman, 2001). 

Indeed, many of the postsynaptic molecules and synaptic vesicle proteins were initially isolated 

from electrical organs.   

 

Development of the Mouse Neuromuscular Junction 

Muscle progenitors proliferate and migrate to the final location and differentiate into primary 

myotubes from E9.5. On these myotubes, there are small and immature AChR clusters at the 

central region prior to the arrival of motor axon terminals, which is called prepatterning 

(Tintignac et al., 2015; Li et al., 2018). As the motor neurons reach the target muscles at around 

E12.5 and form an intramuscular primary trunk at the center of the muscle fibers, they induce 

new AChR clusters and, within several days until E18.5, NMJs are concentrated at the center of 

the muscle fibers, while the aneural clusters are dispersed (Lin et al., 2001; Yang et al., 2001; 

Lin et al., 2008; Tintignac et al., 2015; Li et al., 2018). It suggests that the motor nerves have 

both positive and negative signaling pathways to regulate AChR clustering. The final process of 
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NMJ formation is accomplished within the first month after birth, including endplate remodeling 

and synapse elimination. Initially, from E16.5 to P15, the endplate is oval-like and innervated by 

multiple axons. As the NMJs develop postnatally, the AChR clusters gradually grow into a 

perforated, pretzel-like structure. Accompanied by the maturation of junctional folds, the clusters 

are concentrated at the shoulder of the fold crests, facing the active zones of presynaptic 

terminals. The subunits of the AChR receptor are also altered. Fetal subtype of the AChR is 

composed of two α subunits, one β, γ, δ subunit of each in a pentamer α2βγδ, However, the 

expression of ε subunit escalates dramatically during adolescence and finally replace the γ 

subunit to constitute the adult pentamer form α2βεδ (Mishina et al., 1986; Brenner et al., 1990; 

Villarroel and Sakmann, 1996; Tintignac et al., 2015).  

The synapse elimination process takes place spanning the first two weeks after birth. 

The axons covering the same synaptic site compete with each other and the winner final ly 

occupies the whole endplate (Walsh and Lichtman, 2003). The mechanism regarding the nerve 

retraction signal is still in debate. The retrieval of the lost axons after experimental ablation of 

the winner leads to the hypothesis that the axon withdrawal happens randomly (Turney and 

Lichtman, 2012). Nevertheless, synchronous stimulation of the axons innervating the same 

synaptic site inhibits elimination of all the axons, while asynchronous stimulation enhances the 

elimination process (Busetto et al., 2000; Favero et al., 2010; Favero et al., 2012). The 

observations postulate an activity-dependent mechanism to explain synapse elimination. 

Moreover, perisynaptic Schwann cells also participates in the synapse elimination process in 

addition to their trophic role in axon growth. The Schwann cells attack and engulf all the axons 

indiscriminately, supporting the theory of random elimination (Turney and Lichtman, 2012; Smith 

et al., 2013).   

 

Maintenance and Aging of the Mouse Neuromuscular Junction 

NMJ maintenance requires tripartite homeostasis among motor neurons, muscle fibers and 

Schwann cells. Structural molecules in either of the three cells maintain NMJ stability. CLIPR-59, 

a motor neuron enriched cytoplasmic linker protein in trans-Golgi network, is important for axon 

terminal stabilization (Couesnon et al., 2013). Similarly, depletion of Schwann cells by Plp-Cre 

mediated diphtheria toxin expression after NMJ formation disrupts the synaptic structure (Barik 

et al., 2016). Many proteins in the basal lamina and dystrophin-glycoprotein complex (DGC) 

also play a critical role in NMJ maintenance. For example, mutations of laminin α4, collagen XIII, 

DGC key molecules α-syntrophin and α-dystrobrevin destabilize the neuromuscular junction, 

probably by accelerating AChR turnover rate (Martinez-Pena y Valenzuela et al., 2011; Samuel 
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et al., 2012; Aittaleb et al., 2017; Haronen et al., 2017). As with NMJ formation, the AChR 

membrane localization is controlled by both electrical activity and agrin signaling (Yang et al., 

2001; Martinez-Pena y Valenzuela et al., 2011). It is said that the protein half-life of the AChR at 

normal NMJ synapse is about 9-14 days, but is tampered when the synaptic activity is blocked. 

AChR density at the NMJ is regulated by CaMKII and its anchoring protein Akap (Mouslim et al., 

2012). Activation of protein kinase C or inhibition of protein kinase A exacerbates AChR 

dispersion and removal from the synaptic region (Martinez-Pena y Valenzuela et al., 2013).  

 The agrin-Lrp4-MuSK signaling pathway is also essential for NMJ maintenance. 

Conditional ablation of either Lrp4 or agrin in adult mice induces severe NMJ disassembly 

(Samuel et al., 2012; Barik et al., 2014b). In these mutant mice, AChRs are fragmented with 

reduced density; axon terminals are either retracted or sprouting; the ultrastructure of junctional 

folds and active zones is disrupted. Similar phenotypes are also observed in mice with MuSK 

mutation after embryonic development (Hesser et al., 2006) or in mice without biglycan, an 

extracellular MuSK stabilizer at NMJ (Amenta et al., 2012). Dok7, an intracellular MuSK 

activator, is shown to induce AChR clustering in mice deficient of agrin (Tezuka et al., 2014). 

However, the clusters are not stable, indicating a MuSK independent mechanism of agrin to 

maintain NMJ integrity. 

In aged mice, muscle mass is lost and strength becomes weaker, which is a process 

called sarcopenia. Sarcopenic muscle is featured by atrophy (reduced muscle fiber size and 

number). Meanwhile, adipose and connective tissue infiltrate and cover the muscle surface 

(Scelsi et al., 1980; Lexell and Taylor, 1991; Anderson, 2003; Berger and Doherty, 2010). Some 

fibers have centralized nuclei, suggesting degeneration and regeneration of muscle fibers 

(Rowlatt et al., 1976; Usuki et al., 2004; Brack and Rando, 2007; Valdez et al., 2010; Jang et al., 

2011). Perhaps due to regeneration, aged muscles exhibit heterogeneity with an increased 

portion of slow-twitch fibers. Recent studies have demonstrated that muscle aging is associated 

with NMJ decline (Gutmann et al., 1971; Courtney and Steinbach, 1981; Grimby and Saltin, 

1983; Doherty et al., 1993; Roos et al., 1997; Deschenes et al., 2010; Valdez et al., 2010; 

Samuel et al., 2012). During aging, the pretzel-like structure of the AChRs becomes discrete 

spot-like islands that are distributed in a wider region with reduced density. Concomitantly, 

motor axon terminals are disorganized and contain varicosities (Rosenheimer, 1990; Kawabuchi 

et al., 2001; Chai et al., 2011; Wang et al., 2011). Some AChRs are not or partially innervated 

by, in some cases, multiple axons (Gutmann and Hanzlikova, 1966; Courtney and Steinbach, 

1981; Bartoli et al., 2001; Valdez et al., 2010; Chai et al., 2011; Samuel et al., 2012). The axons 

become thinner and the number of motor units is reduced (Larsson and Ansved, 1995; Delbono, 
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2003; Chai et al., 2011). Different types of muscles vary in resistance to aging. Diaphragm and 

Limb muscles like tibialis anterior, soleus and gastrocnemius are vulnerable to aging, while 

others, such as extraocular muscles, facial muscles and external anal sphincter, are relatively 

resistant to aging (Valdez et al., 2012).  

The neuromuscular transmission is impaired in aged mice. Compound muscle action 

potential (CMAP) is a summation of current traversing through the surface of a group of muscle 

fibers in response to stimuli. CMAP recorded from old mice is reduced compared with the young 

(Kurokawa et al., 1999), indicating neuromuscular transmission problems. However, other 

muscular factors might also influence the CMAP amplitude such as spatial density of active 

muscle fiber and muscle fiber diameter. Many studies use intracellular recording to find 

increased endplate potential (EPP) and quantal content in aged mice (Banker et al., 1983; Kelly 

and Robbins, 1983; Ivannikov and Van Remmen, 2015; Willadt et al., 2016), albeit opposite 

results are also reported (Balice-Gordon, 1997). Although mouse batches, muscle type and 

recording site might account for the inconsistency, a detailed time-course analysis of 

neuromuscular transmission is required. 

 

2. Anterograde and Retrograde Signaling Pathways 

 

The Agrin-Lrp4-MuSK Signaling Pathway 

Agrin is a heparan sulfate proteoglycan derived from motor neurons to induce AChR clustering 

and postsynaptic organization (McMahan, 1990; Campanelli et al., 1991; Bowe and Fallon, 

1995; Gautam et al., 1996; Glass et al., 1996). The molecule was originally isolated from electric 

organs of Torpedo california (Nitkin et al., 1987; Wallace, 1989). Based on its ability to 

“aggregate AChR”, it was named “agrin” from the Greek word “αγειρειν” . The agrin gene is 

expressed in several isoforms due to alternative splicing, majorly comprising two splice variants 

at the N-terminus and several at the C-terminus with nine follistatin-like repeats, two laminin-B-

like modules and three laminin globular (LG) domains. The motor neurons mainly express the 

secreted form of agrin (Burgess et al., 2000; Neumann et al., 2001; Tintignac et al., 2015; Li et 

al., 2018). Alternative splicing of mRNA transcripts at 3’ end produces isoforms with or withou t 

two small exons encoding 8 or 11 amino acids. Therefore, splicing at this site (B- or z-site) 

generates isoforms with 0, 8, 11, 19 amino acids inserts. Only the agrin isoforms containing 

those B/z-site amino acids bind to Lrp4, activate MuSK and induce AChR clustering. Skeletal 

muscle derived agrin isoforms lack B/z-site and cannot induce NMJ formation (Tsen et al., 
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1995a; Tintignac et al., 2015; Li et al., 2018). Moreover, agrin can be modified by N- and O-

linked glycosylation (Denzer et al., 1995; Tsen et al., 1995b), which results in a band shift on a 

SDS-PAGE. Agrin removal prevents NMJ formation in mice. Pups die neonatally because of 

deficient ability to breath (Gautam et al., 1996). NMJs fail to form in these mutant mice. Only 

very few dispersed AChRs are seen with overshooting motor axons. AChR mRNA is also 

absent from the central region of the diaphragm. 

 Low-density lipoprotein receptor-related protein 4 (Lrp4) is an agrin receptor and is 

required for the agrin-mediated activation of MuSK (Kim et al., 2008; Zhang et al., 2008a). Lrp4 

is also critical for NMJ formation. Mutant mice without Lrp4 die immediately after birth with 

poorly formed NMJ similar to agrin mutant mice (Weatherbee et al., 2006; Wu et al., 2012b). 

Lrp4 is a single transmembrane protein with no enzymatic activity. The extracellular domain of 

Lrp4 contains eight LDLa repeats, followed by two epidermal growth factor (EGF)-like domains 

and four YWTD repeat containing β-propeller domains. The intracellular domain of Lrp4 is 

composed of a PDZ-interacting C-terminus and a NPXY motif. Co-crystallization has 

characterized the interaction between the first β-propeller domain of Lrp4 and the C-terminal 

LG3 domain of agrin (Zong et al., 2012; Zong and Jin, 2013), which is important to induce NMJ 

formation. Furthermore, Lrp4 can elicit a retrograde signal to potentiate presynaptic axon 

differentiation (Yumoto et al., 2012). 

 Muscle-specific kinase (MuSK) is a single transmembrane receptor tyrosine kinase that 

responds to neuronal agrin to regulate postsynaptic differentiation and AChR clustering  in vitro 

and in vivo (DeChiara et al., 1996; Glass et al., 1996; Lin et al., 2001). MuSK is also required for 

prepatterned aneural AChR formation and NMJ maintenance after embryonic development  

(DeChiara et al., 1996; Hesser et al., 2006). MuSK activation is also sufficient to induce AChR 

clustering. MuSK self-activation by overexpressing, which induces its dimerization and tyrosine 

phosphorylation, is able to generate ectopic AChR clustering in non-synaptic region even in the 

absence of agrin (Jones et al., 1999; Kim and Burden, 2008; Punga et al., 2011). Forced 

expression of MuSK is also sufficient to accumulate other synaptic component such as laminin 

β2, fibroblast growth factors (FGFs) and type IV collagens (Jones et al., 1999; Fox et al., 2007). 

In addition, MuSK activation requires downstream-of-tyrosine-kinase 7 (Dok7), an adaptor 

protein with a pleckstrin homology (PH) domain, a phosphotyrosine-binding (PTB) domain and a 

C-terminal region containing tyrosine residues. Dok7 is necessary for NMJ formation. Mutant 

mice lacking Dok7 exhibit problematic NMJ formation and AChR clustering (Okada et al., 2006). 

Dok7 overexpression is sufficient to activate MuSK and induce AChR clustering (Inoue et al., 

2009; Tezuka et al., 2014). The PTB domain of Dok7 binds to MuSK Tyr553 and the PH domain 
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assists the interaction by binding to the plasma membrane phosphatidylinositol phosphate 

(Bergamin et al., 2010; Buyan et al., 2016). Moreover, Tid1, a member of the HSP40 family, 

binds to the juxtamembrane region of MuSK to promote MuSK-Dok7 interaction (Linnoila et al., 

2008).  

 The downstream signaling molecules of MuSK is not fully understood. However, there 

are some that have been identified. Dok7 can be tyrosine-phosphorylated by agrin and then 

recruit adaptor protein Crk and Crk-L, which interacts with Sorbs1 and Sorbs2 (Hallock et al., 

2010; Hallock et al., 2016). Another possible target is the tyrosine kinase Abl, which activates 

Rho GTPase and serine/threonine kinase Pak1 (Luo et al., 2002; Finn et al., 2003; Luo et al., 

2003). Pak1 modifies actin cytoskeleton by phosphorylating cortactin or/and ADF/cofilin through 

LIM kinase activation (Soosairajah et al., 2005; Webb et al., 2006). MuSK also binds to the SH2 

domain of Src and Fyn to induce AChR phosphorylation and clustering (Mohamed et al., 2001).  

 Rapsyn is a core effector to mediate AChR clustering in response to agrin-Lrp4-MuSK 

signaling. It has seven tetratricopeptide repeats, a coil-coil (CC) domain and a RING domain. It 

is believed to anchor AChR subunits to the plasma membrane together with actin cytoskeleton 

and intermediate filament proteins (Wu et al., 2010a; Tintignac et al., 2015; Li et al., 2018). The 

tetratricopeptide repeats are important for self-aggregation and the CC domain binds to the 

AChR receptor (Chen et al., 2016; Li et al., 2018). For the RING domain, a recent study shows 

that it has an E3 ligase activity which is critical for NMJ formation (Li et al., 2016). Mutation of 

the amino acid cysteine 366 in the RING domain critical for the E3 ligase activity disrupts the 

embryonic NMJ development and dramatically reduces AChR density in vivo, which is 

accompanied by axon terminal overshooting. Further study demonstrates that Rapsyn promotes 

the conjugation of Nedd8 to the AChR δ subunit, a process called neddylation. Mutation of the 

Lysine 397 site on the δ subunit inhibits agrin-induced AChR clustering. How Rapsyn E3 ligase 

activity promotes AChR clustering is still not fully understood. AChR ubiquitination is decreased 

when overexpressing Rapsyn, while increased when overexpressing Rapsyn C366A. It might 

implicate reduced AChR degradation by Rapsyn E3 ligase activity. Rapsyn has also been 

shown to interact with α-actinin and β-catenin (Zhang et al., 2007; Dobbins et al., 2008). α-

actinin crosslinks Rapsyn with actin cytoskeleton, while β-catenin binds to α-catenin to regulate 

actin polymerization to facilitate Rapsyn-mediated AChR clustering.  

 

The Wnt Signaling Pathway 

There are 19 Wnt isoforms in mouse and human that are involved in the neuromuscular 

development to some extent. Their contributions include axon pathway finding, synapse 
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differentiation and postsynaptic assembly. In the canonical signaling pathway, the Wnts bind to 

Frizzled receptor and co-receptor Lrp5/6 to recruit scaffold protein Dvl and activate β-

catenin/TCF/LEF transcriptional complex to regulate gene expression. The noncanonical 

pathway involves RhoA/ROCK dependent regulation of actin cytoskeleton and PLC/PKC 

dependent regulation of intracellular Ca2+ level (Huelsken and Behrens, 2002; Katoh and Katoh, 

2007; Li et al., 2018).  

 In invertebrate NMJ, motor neurons release Wnt molecules that are essential for both 

pre- and postsynaptic differentiation. In Drosophila,  Wnt gene Wingless (Wg) binds to its 

postsynaptic receptor Frizzled 2 to modulate the formation of synaptic bouton and postsynaptic 

organization (Packard et al., 2002). The C-terminal of Frizzled 2 is transported to the nucleus 

via adaptor protein Grip to transcribe genes necessary for synapse formation and stability  

(Mathew et al., 2005; Ataman et al., 2006). Wg also acts on presynaptic Frizzled to facilitate 

presynaptic differentiation, but not through β-catenin. Instead, Shaggy (Drosophila homolog of 

GSK3β) and Futsch (Drosophila homolog of microtubule associated protein 1B) are critical to 

mediate this downstream signaling (Roos et al., 2000; Franco et al., 2004; Gogel et al., 2006; 

Miech et al., 2008). In C. elegans, Wnt signaling determines the location to form synapse by 

inhibiting synapse formation. The axons of the ventral midline motor neurons project posteriorly, 

and then turn to the anterior direction. They do not form NMJ until they reach the dorsal, anterior 

region of the worm body.  

 In vertebrate neuromuscular junctions, Wnt signaling regulates AChR clustering. 

Injection of Wnt 4/11 and Dkk1 in mouse embryo promotes and inhibits AChR clustering 

(Messeant et al., 2017). However, to be in detail, the effect of Wnts on AChR clustering is 

bilateral. Wnt 9a, Wnt 9b, Wnt 10b, Wnt 11 and Wnt 16 enhance AChR clustering in a dose-

dependent manner even in the absence of agrin, while Wnt 3a, Wnt 7a and Wnt 8a antagonize 

agrin-induced AChR clustering (Zhang et al., 2012; Barik et al., 2014a). In vivo mutation of Wnt 

genes has only been conducted on some, but not all of the family members. Wnt 4 and Wnt 11 

mutant mice exhibit broader endplate region, reduced AChR density and axon terminal 

overshooting (Strochlic et al., 2012; Remedio et al., 2016; Messeant et al., 2017). Deletion of 

Wnt 9 and Wnt 11 in zebrafish impairs AChR prepatterning and NMJ formation (Jing et al., 

2009). Controversially, NMJ formation appears to be normal in mice absent of Wls, a gene 

regulating Wnt protein secretion, in skeletal muscle cells (Remedio et al., 2016). Nevertheless, 

there is no direct evidence that Wls is required for the secretion of all the 19 Wnt molecules. 

Thus, future work is still needed to fully understand the role of muscle Wnt in NMJ formation. 

The downstream signaling pathways of Wnt regulating NMJ formation is largely unknown. 
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Although in vitro data suggests that β-catenin interacts with Rapsyn to facilitate AChR clustering 

(Zhang et al., 2007), muscle specific β-catenin mutant mice exhibit no change in AChR cluster 

size, but rather severe presynaptic deficits including phrenic branch mislocation and motor axon 

defasciculation and arborization (Li et al., 2008). It suggests that muscle β-catenin possesses a 

unique retrograde role in presynaptic differentiation. The biological functions of β-catenin include 

two parts: cell adhesion and transcriptional regulation. Transgenic mice with β-catenin mutations 

disrupting TCF/LEF dependent transcription, but not cell adhesion, show NMJ deficits, 

suggesting the role of β-catenin mediated transcription in NMJ formation (Wu et al., 2015a). 

Further study has demonstrated that muscle β-catenin regulates Slit2 gene expression to fulfill 

proper nerve branch localization and axon terminal differentiation (Wu et al., 2015a). However, 

muscle specific overexpression of Slit2 only partially rescues NMJ deficits in β-catenin mutant 

mice, which indicates other unidentified downstream pathways of β-catenin. More interestingly, 

generation of transgenic mice expressing stabilized β-catenin reveals similar pre- and 

postsynaptic deficits to those of muscle β-catenin deleted mice (Liu et al., 2012; Wu et al., 

2012a). These observations implicate that muscle β-catenin needs to be maintained at a proper 

level to make a normal NMJ.  

 Noncanonical pathway participates in NMJ formation as well. Rac1 and the 

corresponding actin cytoskeleton pathway is activated upon Wnt action (Henriquez et al., 2008). 

Moreover, Wnts bind to MuSK to elicit AChR clustering. The effect of Wnt 9 and Wnt 11 on 

prepatterning and synapse formation depends on MuSK and MuSK activation by Wnt initiates 

Dvl-dependent noncanonical signaling pathway that restricts aneural AChR to the central region 

of the muscle fibers (Jing et al., 2009). Mutant mice with Fz domain deficient MuSK exhibit 

impaired motor function and synapse formation (Messeant et al., 2015), in which Vangl2 

dependent core PCP signaling pathway has been shown to be the downstream signaling 

(Messeant et al., 2017). In addition, Wnts also stimulate MuSK endocytosis via recycling 

endosomes that are important for the NMJ formation (Gordon et al., 2012).  

 

The Dystrophin-glycoprotein Complex 

The postsynaptic apparatus and muscle structure are maintained by the dystrophin-glycoprotein 

complex (DGC). DGC is a complex consisting of cytoskeleton linker dystrophin and utrophin, 

transmembrane proteins dystroglycans (α, β), sarcoglycans (α, β, γ, δ) and sarcospan as well 

as cytoplasmic proteins dystrobrevins and syntrophins (Singhal and Martin, 2011; Tintignac et 

al., 2015). The DGC molecules connect the interior cytoskeleton to the extracellular matrix and 

are present at NMJ (Ervasti et al., 1990; Ohlendieck et al., 1991; Sunada and Campbell, 1995; 
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Adams et al., 2000; Grady et al., 2000; Hack et al., 2000a; Hack et al., 2000b). At the synaptic 

region, DGC is involved in the maintenance of proper AChR cluster structure and density. 

Among them, α-dystroglycan has been proposed to be an agrin receptor. However, α-

dystroglycan only binds to the agrin isoforms lacking B/z-site that is required for Lrp4 binding 

and NMJ formation (Gesemann et al., 1995; Gesemann et al., 1996; Meier et al., 1996). Futher 

studies have demonstrated that interuption of α-dystroglycan glycosylation generates NMJ 

dissasembly postnatally, suggesting an important role of α-dystroglycan in the stability of 

endplate structure (Hara et al., 2011; Goddeeris et al., 2013). Furtherly, mice depleted of 

dystrophin, α-dystrobrevin and α-syntrophin respectively show significant reduction of AChR 

density and half-life (Torres and Duchen, 1987; Lyons and Slater, 1991; Adams et al., 2000; 

Hosaka et al., 2002). Severe NMJ degeneration is observed in mice with triple ablation of 

utrophin, α-dystrobrevin and dystrophin (Grady et al., 2000). In addition to NMJ, DGC also 

protects muscle fibers from damage and ensures muscle health. Mutations or deficiencies of 

DGC components in patients and animal models, including dystroglycan, sarcoglycan α, β, γ, 

dystrophin, α-dystrobrevin and α-syntrophin, cause multiple types of muscular dystrophy (Torres 

and Duchen, 1987; Lyons and Slater, 1991; Lim et al., 1995; Carrie et al., 1997; Fanin et al., 

1997; Duclos et al., 1998; Hack et al., 1998; Adams et al., 2000; Durbeej et al., 2000; Hack et 

al., 2000a; Hosaka et al., 2002). Loss of either of the DGC molecules such as sarcoglycan α, β 

or dystrophin reduces the stability and prevents the membrane translocation of other DGC 

components (Crosbie et al., 1999). It suggests that even a single component is essential for the 

structural integrity and appropriate function of the whole DGC complex.  

 

Neuregulin-ErbB Signaling Pathway 

The Neuregulins (Nrgs) belong to the epidermal growth factor (EGF) family of proteins. Nrg-1 

and Nrg-2 are expressed in motor neurons, skeletal muscles and Schwann cells (Moscoso et al., 

1995; Meier et al., 1998; Rimer et al., 2004; Mei and Xiong, 2008). The receptors for 

neuregulins are tyrosine kinases ErbB2, ErbB3 and ErbB4. They possess similarities with EGF 

receptors and respond to neuregulin activation by dimerization. However, ErbB2 lacks the 

binding site for the known neuregulins, and ErbB3 lacks the kinase activity (Guy et al., 1994; 

Tzahar et al., 1996; Mei and Xiong, 2008; Mei and Nave, 2014). Therefore, the signaling 

transduction is accomplished by ErbB4 homodimerization or herterodimerization of ErbB2/3 and 

ErbB2/4 (Weiss et al., 1997; Mei and Xiong, 2008; Mei and Nave, 2014). ErbB2, ErbB3 and 

ErbB4 are expressed in postsynaptic muscle fibers (Trinidad et al., 2000). Whereas unlike the 

dramatical NMJ deficits emerging from germline knockout of ErbB receptors (Erickson et al., 
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1997; Lin et al., 2000), NMJ forms normally in mice with muscle specific deletion of ErbB2 and 

ErbB4 (Escher et al., 2005). It suggests that the pre- and postsynaptic phenotypes induced by 

germline mutations of ErbB receptors might result from Schwann cell problems. In fact, Nrg-

ErbB signaling is important for Schwann cell differentiation and myelination which can in turn 

impact neuromuscular synaptogenesis. Neuronal Nrg-1 type III binds to Schwann cell ErbB2/3 

receptor to ensue proper myelination and Schwann cell differentiation via MAPK. Upon 

denervation, loss of Nrg-1 type III activates the expression of Nrg-1 type I in Schwann cell. Nrg-

1 is then released and promotes Schwann cell redifferentiation and remyelination in an 

autocrine manner (Stassart et al., 2013; Mei and Nave, 2014).  

 

Signaling Molecules for AChR Dispersion 

Nerve and muscle activities can inhibit AChR expression and clustering (Wu et al., 2010a; 

Tintignac et al., 2015; Li et al., 2018). ACh activates the receptor and induces calcium influx that 

enhances CaMKII-mediated phosphorylation of myogenin to inhibit nicotinic receptor gene 

expression (Lin et al., 2001; Tang et al., 2004). Supportive evidence arises from higher AChR 

and MuSK expression level in transgenic mice lack of dihydropyridine receptor (an L-type 

calcium channel), which exhibit excessive innervation region, multiple synaptic sites and 

increased mEPP frequency during embryonic development (Chen et al., 2011). Moreover, 

serine/threonine kinase Cdk5 can be activated by calpain and nestin in response to ACh to 

disperse the AChR clusters (Fu et al., 2005; Lin et al., 2005; Chen et al., 2007; Yang et al., 

2011). Muscle activity also boosts caspase-3 to cleave Dishevelled (Dvl) and eliminate nicotinic 

receptor clusters (Wang et al., 2014a).   

 

Retrograde Signaling Molecules 

Spinal cord motor neurons undergo apoptosis after removal of the corresponding muscle limbs 

(Hamburger, 1980; Wu et al., 2010a), suggesting a trophic effect of muscle fibers on motor 

neuron survival. In fact, several muscle-derived factors have been reported to regulate motor 

axon differentiation, pathway finding and synaptic vesicle accumulation. For example, in 

Drosophila, mutations in TGFβ ligand Glass bottom boat (Gbb), type I receptor Thickveins (Tkv) 

and Saxophone (Sax), type II receptor Wishful thinking (Wit) induce presynaptic deficits 

including loss of presynaptic density and impaired neurotransmitter release (Marques et al., 

2002; McCabe et al., 2003; Rawson et al., 2003; McCabe et al., 2004), albeit no genetic 

evidence supports the retrograde role of BMP/TGFβ signaling in mammalian NMJ formation.  
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 Glial cell line-derived neurotrophic factor (Gdnf) is a strong neurotrophic factor that is 

sufficient to enhance motor neuron growth and survival. Treatment of Gdnf in rat significantly 

increases motor neuron number and promotes neuromuscular connection in the situation of 

injury or ALS (Oppenheim et al., 1995; Yan et al., 1995; Suzuki et al., 2008). Furthermore, 

transgenic expression of Gdnf in muscles reinforces endplate innervation and nerve-induced 

EPP (Nguyen et al., 1998). Conditional deletion of Gdnf receptor Ret in motor neuron (Baudet et 

al., 2008) and Gdnf in muscle spindle (Shneider et al., 2009) reduce NMJ number and impair γ-

motor neuron survival respectively, implicative of the necessity of Gdnf for presynaptic 

development. 

Muscle-derived basal lamina molecules are also critical for presynaptic development, 

which is represented by laminins and integrins. Transgenic mice with lack of synaptic specific 

laminin β2 show disrupted active zone, reduced synaptic vesicle and remarkable Schwann cell 

intrusion into the synaptic cleft (Noakes et al., 1995). Integrin β1 is also predominantly present 

at NMJ. Mice depleted of integrin β1 in muscle cells die perinatally with significantly lower AChR 

density and axon terminal overshooting (Schwander et al., 2004). Mechanistically, laminin β2 

binds to voltage-gated calcium channels to modulate active zone formation and vesicle release 

(Nishimune et al., 2004). Though no evidence of physical interaction, integrin β1 is also 

implicated in calcium-dependent vesicle release (Chen and Grinnell, 1995). Moreover, Integrin 

β1 adheres to agrin and mediates AChR clustering (Martin and Sanes, 1997), which might be 

critical for NMJ formation. In addition to laminins and integrins, collagens also participate in 

presynaptic organization. Mice deficient of collagen XIII exhibit disorganized synaptic 

ultrastructure, reduced mEPP frequency and impaired readily releasable pool (Latvanlehto et al., 

2010), which suggests substantial presynaptic problems.  

 

3. The Hippo Signaling Pathway 

 

Key Components of the Hippo Pathway 

The core components of the Hippo kinase cassette in mammals are MST1/2 and 

LATS1/2. MST1/2 bind to their regulators SAV1/WW45 to form an active kinase complex, 

phosphorylate and activate LATS1/2 (Chan et al., 2005). MST1/2-SAV1 kinase complex also 

phosphorylates MOB1A/B that facilitates the interaction between MOB1A/B and LATS1/2 to 

activate the LATS kinases (Praskova et al., 2008). In addition to MST1/2, MAP4K4 is also a 

conserved activator of LATS1/2 (Li et al., 2014a). Upon phosphorylation and activation, 
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LATS1/2 phosphorylate YAP/TAZ, two major effectors of the Hippo signaling pathway. YAP is 

known as Yes-associated protein and TAZ is a YAP paralog in vertebrates. They are 

transcription co-activators present in both nucleus and cytoplasm that assist other transcription 

factors to regulate gene expression. There are five serine/threonine residues on YAP and four 

on TAZ that can be phosphorylated by LATS1/2. Among them, the most important ones are 

Ser127 and Ser381 on YAP, Ser89 and Ser311 on TAZ (Dong et al., 2007; Lei et al., 2008; 

Zhao et al., 2010a; Zhao et al., 2010b; Piccolo et al., 2014). Ser381 phosphorylation triggers 

additional phosphorylation of YAP by CK1δ/ε that in turn results in YAP degradation by β-

transducing repeat-containing protein (β-TRCP) (Zhao et al., 2010b), while Ser127 

phosphorylation promotes 14-3-3 protein binding to YAP in cytoplasm (Dong et al., 2007; Zhao 

et al., 2007). Both phosphorylation sites prevent YAP from nuclear localization or transcriptional 

activation. TEA-domain transcriptional factors (TEAD) are the key platform binding to YAP/TAZ 

(Vassilev et al., 2001; Wu et al., 2008; Zhang et al., 2008b). Both YAP and TAZ contain the 

TEAD binding domain that binds to TEAD 1, 2, 3, 4. TEAD-dependent transcription produces 

Hippo target genes to affect tissue growth (Zhao et al., 2008). CRL4DCAF1 is an E3 ubiquitin 

ligase that degrades LATS1/2 and retrieves YAP/TAZ activity in nucleus (Li et al., 2014b). 

YAP/TAZ target genes involve but are not limited to multiple growth factors and extracellular 

matrix (ECM) molecules such as CTGF, CYR61, BMP4 and ITGB2 (Lei et al., 2008; Zhao et al., 

2008; Lai and Yang, 2013; Park et al., 2015), which play critical roles in a wide range of cellular 

activities including proliferation, differentiation, migration and apoptosis.  

 

 

Regulation of the Hippo Pathway by Cell Contact and Mechanical Force  

Many cells connect to each other via cell-cell junctions. Studies have reported that cell adhesion 

molecules regulate the Hippo pathway. The basolateral junction protein Scribble recruits 

MST1/2 and LATS1/2 to inhibit YAP/TAZ-mediated transcription in breast cancer cells 

(Cordenonsi et al., 2011). Mice deficient of Scribble are more prone to cell proliferation and 

tumorigenesis with increased YAP/TAZ nuclear function (Zhan et al., 2008; Cordenonsi et al., 

2011; Pearson et al., 2011; Elsum et al., 2014). α-catenin, a linker between cell adhesion 

molecule cadherins and actin cytoskeleton, is also a potent YAP inhibitor. α-catenin has been 

shown to recruit neurofibromatosis 2 (NF2) and Angiomotin (AMOT) at adherens junctions, 

which then bind to and activate Hippo kinase MST1/2 and LATS1/2 to suppress tumorigenesis 

(Hirate et al., 2013; Yin et al., 2013; Li et al., 2014b). Similarly, enhanced expression of E-

cadherin elicits Hippo activation and restricts YAP in cytoplasm to inhibit cell proliferation (Kim 
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et al., 2011), further supporting the regulatory role of cell-cell contact in Hippo pathway 

activation.  

Mechanical forces from the extracellular matrix (ECM) are exerted on cells. Such 

physical information from the environment often leads cells to essential decisions on 

proliferation, differentiation and migration. The Hippo pathway actively responds to mechanical 

force. When a cell is able to migrate through ECM, the stretch of cell shape promotes YAP/TAZ 

nuclear localization and transcriptional activation to facilitate proliferation (Dupont et al., 2011). 

On the contrary, when the ECM is not stiff enough to allow cell stretch, YAP/TAZ are excluded 

from the nucleus and cells are prone to differentiation rather than proliferation. RNAi silencing of 

F-actin severing proteins Cofilin and Gelsolin that cause actin depolymerization, but not MST 

and LATS, restores YAP/TAZ nuclear localization and cell proliferation through ECM (Dupont et 

al., 2011; Aragona et al., 2013). It indicates that this process requires Rho GTPase and actin 

cytoskeleton rather than Hippo kinases. Moreover, YAP/TAZ does not just serve as a passive 

sensor of mechanical force, but also modulate its biological effects. Forced expression of 

constitutively active YAP is sufficient to induce cell proliferation even on soft ECM, and vice 

versa, YAP/TAZ deletion in proliferating cells triggers apoptosis (Dupont et al., 2011). Recent 

studies find that agrin signaling regulates YAP in response to mechanical signals. Agrin acts as 

an ECM transducer, silences Hippo kinases and activates YAP/TAZ via FAK-ILK-PAK and Lrp4-

MuSK signaling pathways (Chakraborty et al., 2017).   

 

Regulation of the Hippo Pathway by Cellular Stresses  

Due to alterations of the microenvironment, cells frequently encounter stresses that influence 

the activity of YAP and TAZ. Drug-induced cell cycle arrest activates cycline-dependent kinase 

1 (CDK1) that phosphorylates YAP at the five sites independent of the Hippo kinases and 

blocks its transcriptional function (Zhao et al., 2014). However, during the G2-M phase, 

phosphorylation of YAP by CDK1 at other sites (Thr119, Ser289 and Ser367) results in its 

activation and prompts oncogenesis (Yang et al., 2013), indicative of the diversity of the 

regulation. DNA damage boosts the binding of YAP and p73 as to increase Bax expression and 

apoptosis (Basu et al., 2003). Endoplasmic reticulum (ER) stress activates YAP signaling to 

resist cell death. When the misfolded proteins accumulate, the PKR-like ER kinase (PERK) 

phosphorylates eukaryotic initiation factor 2α (eIF2α), which specifically enhances the 

translation of ATF4 to escalate total YAP level. Nevertheless, when ER stress is extended 

beyond the adaptive stage, LATS1/2 are activated and stabilize GADD34 to inhibit YAP and  

induce apoptosis (Wu et al., 2015b). In addition, ion and oxygen levels in extracellular fluid exert 
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effect on the Hippo pathway. Hyperosmotic stress activates ABL kinase to phosphorylate TAZ at 

Tyr316. The phosphorylated TAZ interacts with nuclear factor of activated T cell 5 (NFAT5), 

which dissociates NFAT5 from DNA and block its transcriptional activity (Jang et al., 2012). 

Oxidative stress activates Hippo kinases to antagonize YAP-FOXO1 transcriptional complex 

(Shao et al., 2014), whereas hypoxia prompts SIAH2 ubiquitin ligase to degrade LATS and thus, 

supports YAP function (Ma et al., 2015).  

 

The Signaling Network Associated with the Hippo Pathway 

The Hippo pathway does not have specific receptors or ligands, but instead, entangles with 

many other signaling pathways for comprehensive functions. YAP/TAZ also participate in a 

positive feedback loop that enhances the expression of multiple receptors and ligands. 

YAP/TAZ have been implicated in Wnt, BMP, GPCR and Notch signaling pathways. 

First, the Wnt signaling pathway is closely related to the Hippo elements. When the Wnt 

signaling is off, β-catenin is phosphorylated and tends to be degraded by the destruction 

complex featured by APC, GSK3β, axin and β-TRCP (Clevers et al., 2014). Cytoplasmic 

YAP/TAZ that are phosphorylated by the Hippo kinases LATS recruit the destruction complex to 

degrade β-catenin (Azzolin et al., 2012; Imajo et al., 2012; Azzolin et al., 2014). In contrast, 

when the Wnt signaling is on, YAP/TAZ are dephosphorylated and dissociated from the β-

catenin degradation complex, which results in β-catenin nuclear localization and transcriptional 

activation. In addition to interaction with β-catenin, cytoplasmic YAP/TAZ also bind to DVL to 

inhibit Wnt signaling (Varelas et al., 2010; Barry et al., 2013). SHP2, a tyrosine phosphatase, is 

also a mediator of β-catenin and YAP subcellular localization and biological function. SHP2 

binds to active YAP to be transported to the nucleus and in turn, dephosphorylate parafibromin 

to enhance the transcriptional activity of the β-catenin complex (Tsutsumi et al., 2013). 

Moreover, YAP has been reported to be a target gene of the Wnt/β-catenin signaling pathway 

(Konsavage et al., 2012), illuminating the orchestration that active Wnt signaling elevates YAP 

level and potentiates a positive feedback loop to enhance downstream target gene expression.  

Second, BMP/TGFβ superfamily is a group of secreted proteins important for the growth 

of various tissues. They bind to Serine/Threonine kinase receptors to activate SMAD 

transcriptional factors. TAZ has been found as a co-activator of the SMAD2,3,4 complex in 

response to TGFβ to modulate embryonic stem cell self-renewal (Varelas et al., 2008). 

Depletion of TAZ restricts SMAD2 and SMAD3 in the cytoplasm and blocks the TGFβ target 

gene expression. Further study has shown that the complex comprising YAP/TAZ and SMAD2/3 

also binds to TEAD transcriptional factors to manipulate breast cancer tumorigenesis, indicating 
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a collaborative relationship between YAP/TEAD and SMAD complexes (Hiemer et al., 2014). 

Moreover, YAP supports BMP-SMAD1/5 signaling to repress differentiation of mouse embryonic 

stem cells (Alarcon et al., 2009). The Hippo pathway also colludes with the BMP/TGFβ signaling 

via directly promoting the ligand expression. In mammalian epithelial cells, TAZ increases BMP4 

expression to fulfill a positive feedback to enhance BMP signaling and cell migration (Lai and 

Yang, 2013).   

Third, G protein coupled receptors (GPCRs) are pronouncedly integrated with the Hippo 

pathway. Either activation or inhibition of YAP/TAZ nuclear activity can take place, dependent of 

the type of receptors coupled to the G protein. Lysophosphatidic acid and sphingosine 1-

phosphate act through Gα12/13 and Gαq/11 to suppress the Hippo kinase LATS1/2 and 

activate YAP/TAZ nuclear function, while glucagon and epinephrine act via Gαs, in an opposite 

way, to inhibit YAP/TAZ (Yu et al., 2012; Park et al., 2015). Further studies have demonstrated 

that the effect of Gα12/13 on YAP/TAZ dephosphorylation depends on Rho GTPase (Mo et al., 

2012; Yu et al., 2012; Park et al., 2015).  On the contrary, Gαs turns on the Hippo kinase 

LATS1/2 through a mechanism that requires second messenger cAMP and protein kinase PKA 

(Yu et al., 2013). These observations depict a dual role of GPCR in the Hippo pathway 

regulation.  

Fourth, a link between the Notch signaling pathway and Hippo pathway has emerged in 

several cases. The Notch ligand Jagged1 and the receptor NOTCH2 are YAP target genes and 

forced activation of YAP in hepatocytes retrieves pluripotency via Notch reinforcement 

(Camargo et al., 2007; Tschaharganeh et al., 2013; Yimlamai et al., 2014). Both Hippo and 

Notch pathways are critical for embryogenesis by regulating lineage specification from morula to 

blastocyte stage. The NOTCH-RBPJ collaborates with YAP-TEAD to induce the expression of 

trophectoderm specific gene Cdx2, which gives rise to the trophoblast of the placenta (Rayon et 

al., 2014). This process can be prevented by NF2-dependent activation of LATS (Cockburn et 

al., 2013), suggesting the involvement of a Hippo kinase cassette. 

 

YAP/TAZ Function in Nervous System and Muscle 

In transgenic mice depleted of NF2 in forebrain, neural progenitor cells over-expand in 

neocortex and hippocampus. Severe brain malformation is observed and the number of Cajal -

Retzius cells and hippocampal neurons is reduced (Lavado et al., 2013). Similar results have 

been reported when overexpressing YAP boosts proliferation of the neural progenitor cells in a  

TEAD-dependent manner (Cao et al., 2008; Gee et al., 2011), suggesting the significance of the 

Hippo pathway in regulating brain formation. Mutations in receptor-ligand cadherin pair DCHS1 
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and FAT4 cause periventricular neuronal heterotopia, featured by deficits in neuronal 

differentiation. Knockdown of YAP rescues the developmental deficits in the brain caused by 

DCHS1 and FAT4 mutations, indicating that DCHS1 and FAT4 restrain YAP activity to ensure 

proper neurogenesis (Cappello et al., 2013).  

 YAP/TAZ are essential for cardiomyogenesis. Conditional ablation of YAP in 

cardiomyocytes disrupts fetal cardiomyocyte proliferation and elicits lethal myocardial 

hypoplasia. The phenotypes can be recapitulated by blocking YAP-TEAD interaction, implying 

the involvement of TEAD-dependent transcription (von Gise et al., 2012). Moreover, loss of 

YAP/TAZ postnatally after cardiomyocyte maturation impedes neonatal cardiomyocyte 

regeneration and expression of constitutively active YAP promotes cardiac regeneration after 

myocardial infarction (Xin et al., 2013). Noted that loss of TAZ alone exhibits no evident 

phenotype, compared with accelerated onset of cardiac malfunction in complete YAP/TAZ null 

hearts (Xin et al., 2013), these observations illustrate a dose-dependent regulation of 

cardiomyogenesis by YAP/TAZ. Hippo kinases are also required for this process. Mutations of 

LATS1/2 and SAV1/WW45 in adult heart enhance regeneration after infarction and injury 

(Heallen et al., 2013), implicative of a therapeutic strategy to treat cardiac diseases by inhibiting 

Hippo kinases.  

 YAP and TAZ are also important for skeletal muscle growth. Adeno-associated virus 

(AAV) mediated knockdown of YAP in skeletal muscle causes reduced muscle fiber mass and 

cross-section area (Watt et al., 2015). Concomitantly, enhanced expression of TEAD1 in muscle 

fibers generates muscle hypertrophy and ameliorates satellite cell regeneration after injury 

(Southard et al., 2016). In C2C12 myoblast, YAP regulates myoblast proliferation, while TAZ is 

responsible for its differentiation (Watt et al., 2010). The discrepancy in function of the Hippo 

effectors depicts a balance between proliferation and differentiation that is maintained by the 

Hippo pathway to facilitate myogenesis.   
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II. MATERIALS AND METHODS 

 

Mice 

Yapflox/flox (Yapf/f) mice (Zhang et al., 2010; Wang et al., 2014b) (Jax cat #: 027929) were crossed 

with human skeletal actin (HSA) Cre mice (Jax cat # 006149) (Miniou et al., 1999; Schwander et 

al., 2003) to obtain HSA::Cre;Yapf/f mice (referred as HSA-Yap-/- hereafter). Unless otherwise 

indicated, control mice were littermate Yapf/f mice that showed no NMJ deficits compared to wild 

type. 

To generate Flag-Lrp4 transgenic mice, Flag-Lrp4 cDNA was inserted into transgene 

construct under human α-skeletal actin (HSA) promoter at NotI and PacI restriction enzyme 

sites. The recombinant transgene construct was pronuclearly microinjected into mouse zygotes, 

which were introduced into pseudo-pregnant females. Offspring was screened for the correct 

genotype by PCR of tail DNA. Three months and 24 months old mice were aquired from 

National Institute on Aging (NIA). Lrp4m/m mice were as described previously (Weatherbee et al., 

2006). 

Mice were housed in a room with a 12 h light/dark cycle and ad libitum access to water 

and rodent chow diet (Diet 7097, Harlan Teklad). Mice of either sex were studied and the 

background was C57BL/6. Animal experimental procedures were approved by the Institutional 

Animal Care and Use Committee at Augusta University and Case Western Reserve University. 

 

Reagents and Antibodies 

Chemicals were purchased from Sigma-Aldrich Company unless otherwise indicated. CF568 α-

bungarotoxin (α-BTX, #00006, 1:1000 for staining) was purchased from Biotium (Hayward, CA). 

Antibodies used were Yap (WH0010413M1, 1:1000 for western blot) , GFP (11814460001, 

1:3000 for Western blot) and laminin (#041M4799, 1:200 for staining) from Sigma Aldrich (St. 

Louis, MO); β-catenin (#610154, 1:1000 for Western blot) from BD Biosciences (San Jose, CA); 

AChRδ (88B, 1:2000 for Western blot) and δ-catenin (1:1000 for western blot) from 

ThermoFisher (Asheville, NC); AChRε (ab65180, 1:2000 for Western blot), SGα (ab189254, 

1:500 for staining and 1:2000 for Western blot) from Abcam (Cambridge, UK); AChRα (sc-

55901, 1:1000 for Western blot) and AChRβ (sc-11371, 1:1000 for Western blot) from Santa 

Cruz Biotechnology (Dallas, TX); Dok7 (AF6398, 1:1000 for Western blot) from R&D Systems; 

S100β (Z031129-2, 1:500 for staining) from Dako (Via Real Carpinteria, CA); SV2 (1:500 for 

western blot and staining) and myosin type I (A4.840, 1:500 for staining) from Developmental 

Studies Hybridoma Bank (Iowa City, IA); Gapdh (NB 600-501; 1:3000 for Western blot) from 
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Novus (Littleton, CA); PARP (#46D11, 1:1000 for Western blot); neurofilament (C28E10, 1:500 

for staining) and synapsin (D12G5, 1:500 for Western blot and staining) from Cell signaling 

technology (Boston, MA); Alexa Fluor 488 goat anti-rabbit IgG, Alexa Fluor 488 goat anti-mouse 

IgG, horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG, and goat anti-mouse IgG 

antibodies (1:4000 for Western blot), anti-agrin, anti-Lrp4, anti-MuSK, anti-phosphotyrosine, 

anti-Rapsyn, anti-Flag, anti-HSP90, and anti-tubulin antibodies were described previously (Luo 

et al., 2008; Zhang et al., 2008a; Shen et al., 2013; Li et al., 2016). 

 

Immunofluorescence 

For NMJ staining, muscles were fixed with 4% paraformaldehyde (PFA) in PBS at 4 oC overnight, 

rinsed with 0.1 M glycine in phosphate-buffered saline (PBS) for 20 min and incubated with the 

blocking buffer (5% BSA, 2% Triton X-100, and 5% goat serum in PBS) for 1 h at room 

temperature. Afterwards, they were incubated with the blocking buffer with primary antibodies at 

4oC overnight. After washing 3 times for 30 min each with 0.5% Triton X-100 in PBS, the 

samples were incubated with fluorescent-labeled secondary antibodies overnight at 4oC. 

Samples were washed with 0.5% Triton X-100 in PBS 3 times for 30 min each and mounted 

with Vectashield mounting medium (H1200) and covered with coverslip.  

To prepare cross-sections, muscles were fixed with 4% PFA in PBS at 4oC overnight 

and dehydrated in 30% sucrose at 4oC overnight. They were cut into 25-µm sections on a 

cryostat (HM550; Thermo Scientific) at -25oC. Sections were incubated with the blocking buffer 

for 1 h at room temperature and then with primary antibodies at 4oC overnight. After washing 3 

times for 10 min each with 0.5% Triton X-100 in PBS at room temperature, samples were 

incubated with fluorescent-labeled secondary antibodies overnight at 4oC and mounted with 

Vectashield mounting medium. Z serial images were collected with a Zeiss confocal laser 

scanning microscope (LSM 700) and collapsed into a single image. 

 

Western Blot and Co-immunoprecipitation (Co-IP) 

Cells and tissues were homogenized and lysed in the cell lysis buffer containing 150 mM NaCl, 

2.5 mM EDTA, 50 mM Tris-HCl (pH, 7.4), 50 mM NaF, 2% SDS, 0.5% sodium deoxycholate, 20% 

glycerol, 0.1% sodium vanadate, 1% PMSF and 1% protease inhibitor cocktail (#04693159001, 

Sigma-Aldrich). Lysates were subjected to centrifugation at 12,000 g for 10 min at 4 oC. 

Supernatants (referred as lysates) were diluted with 4X loading buffer containing 20% Tris-HCl 

(pH, 8.8), 8% SDS, 8% β-mercaptoethanol, 0.04% bromophenol blue, 40% glycerol and heated 

at 95oC for 10 min. Samples were resolved by SDS-PAGE running and transferred to 
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membrane nitrocellulose membrane (Cat#1620112, Biorad). The membrane was blocked in 5% 

nonfat milk for 1 h and incubated in primary antibodies overnight at 4oC. After washing with 0.1% 

Tween-20 in PBS 3 times for 10 min each, membranes were incubated in HRP-conjugated 

secondary antibodies for 1 h at room temperature. Immunoreactive protein bands were 

visualized by a kit of enhanced chemiluminescence (Pierce). 

 For Co-IP assay, cell or tissue lysates were diluted by adding 9 volumes of modified 

RIPA buffer (150 mM NaCl, 2.5 mM EDTA, 50 mM Tris-HCl, 50 mM NaF, 0.1% sodium 

vanadate, 1% PMSF and 1% protease inhibitor cocktail) and incubated with 1-2 µg antibodies at 

4oC overnight. The reaction was then incubated with 5 µl Protein A/G agarose beads (sc-2003, 

Santa Cruz Biotechnology) at 4oC for 4-5 h. Proteins pulled down by beads were subjected to 

Western blot analysis. 

 

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)  

Total RNA was purified from gastrocnemius with Trizol (Invitrogen) and reverse transcribed to 

cDNAs with GoScript reverse transcription kit (Promega). cDNAs were used as a template in 

quantitative PCR (qPCR) in a 20 µl reaction system containing SYBR GreenER qPCR mix with 

gene-specific primers (Table 1 in Appendix A). PCR reaction included an initial step at 95 oC (3 

min), followed by 40 cycles consisting of denaturation at 95 oC (15 s), annealing and extension 

at 60 oC (60 s). GAPDH was used as internal control. 

 

Examination of Motor Function and Muscle Strength 

Two-month old mice were subjected to muscle grip strength and motor function tests. Muscle 

strength was measured by SR-1 hanging scale (American Weigh Scales). Briefly, mice were 

allowed with forelimbs to grasp a grid that was connected to a scale. Their tails were gently 

pulled until the grid was released by the forelimbs and readings of the scale were recorded. 

Motor function was examined by Rotarod test, where mice were placed on rods that could rotate. 

After adaption at 4 rpm for 2 min, the rotation speed was increased to 40 rpm (within 5 min) to 

measure the latency time of mice to fall off from the rod. Mice were tested 3 times per day with 1 

h interval, and averaged latency time were recorded. For wire hanging test, mice were placed 

on a 1.5 mm-diameter wire, with hind limbs tied up, and measured the time remaining on the 

wire.  

 

Electrophysiological Recording 
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Mice were anesthetized with ketamine and xylazine cocktail (100 and 10 mg/kg body weight, 

respectively) on a 37 oC heating pad. The stimulation needle electrode (TECA, 092-DMF25-S) 

was inserted near the sciatic nerve of the left thigh. The reference needle electrode was 

inserted into the Achilles tendon whereas the recording needle electrode was inserted into the 

middle of the left gastrocnemius. The reference and recording electrodes were connected to 

Axopatch 200B Amplifier (Molecular Devices). The stimulating electrode was connected to an 

isolator (AMPI, ISO-Flex). The stimulation of the sciatic nerve was triggered with a series of 10 

stimuli at 1, 5, 10, 20, 40 Hz. Compound muscle action potentials (CMAPs) were recorded by 

Digidata 1322A and analyzed by Clampfit 9.2 software (Molecular Devices).  

To study neuromuscular transmission, the left hemi-diaphragm together with ribs and 

phrenic nerves were dissected, mounted on Sylgard gel and perfused in oxygenated (95% O2, 5% 

CO2) Ringer solution (137 mM NaCl, 5 mM KCl, 12 mM NaHCO3, 1 mM NaH2PO4, 1 mM MgCl2, 

2 mM CaCl2, 11 mM D-Glucose, pH 7.3) at room temperature. To record miniature endplate 

potentials (mEPPs), microelectrodes (CV203 BU HEADSTAGE, 20-40 mΩ, filled with 3 M KCl) 

connected to the Axopatch 200B Amplifier was inserted to the center of the muscle, with the 

resting membrane potential at -65~-80mV. Five recordings were performed per diaphragm, 

each lasting 3-4 min. To record endplate potentials (EPPs) and paired-pulse ratios (PPRs), 

phrenic nerve stubs were held by electrodes via vacuum sucking and stimulated by platinum 

wire inside electrodes. The electrodes were connected to the isolator, the amplifier and Digidata 

1322A as described above. Recording was performed in the presence of 2.5 μM μ-conotoxin to 

block action potentials and muscle contraction. Trigger signals (1-ms duration) were 

programmed using Clampex 9.2 software and delivered by the Digidata 1322A/isolator. Data 

were collected with Axopatch 200B Amplifier and Digidata 1322A and analyzed by Clamfit 9.2 

software. 

 

In Vivo Twitch and Tetanic Force Measurement 

Torque muscle tension analysis was performed on male mice. Briefly, mice were anesthetized 

with isoflurane continuously supplied by a VetFlo anesthesia system (Kent Scientific, CT) and 

placed on a 37 oC heating pad. Left knees were fixed by gentle pressing the knee clamps and 

left feet were fixed onto the footplate that was connected to the servomotor (Aurora Scientific 

1300A). The angle of the footplate was usually at 17o, but could be adjusted for maximal twitch 

force. For nerve stimulation, the sciatic nerve was exposed at thigh level and stimulated at 5 mA 

by two needle electrodes. In some experiments, muscles were directly stimulated at 2 mA by 

two needle electrodes that were inserted subcutaneously into TA muscle close to the knee. 
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Stimulation pulse width was 0.2 ms for all experiments. Tetanic contractions were induced by 

300-ms stimuli at frequencies of 50 Hz, 100 Hz and 125 Hz. Each tetanic contraction was 

followed by an interval of 2 min or longer. Twitch and tetanic forces were normalized by body 

weight. 

 

Nerve Transplant and Crush Surgeries 

Our nerve transplant model was modified from previous studies (Payne and Brushart, 1997; 

Macpherson et al., 2015). Briefly, mice were anesthetized with ketamine and xylazine cocktail 

(100 and 10 mg/kg body weight, respectively) and placed on a 37 oC heating pad. Fur covering 

lower back of left calf was shaved. The region was swabbed with 5% iodine/70% ethanol before 

a small incision (~1 cm) was made on the skin. Muscles were separated by forceps to locate the 

tibial nerve. Both medial and lateral gastrocnemius muscles were denervated by removing a 5 -

mm segment immediately before the entrance to respective muscles. The t ibial nerve was 

severed before it branches into lateral and medial plantar nerves and its proximal end was 

transplanted and sutured to the lateral gastrocnemius (~ 2 mm above the midline synaptic 

region that was identifiable by remnant nerve distal stubs as result of denervation) with 10-0 

suture (Teleflex, NC). As a control, the denervated medial gastrocnemius was sutured with 10-0 

suture, without being transplanted with any nerve. After surgery, skin incisions were closed by 

5-0 suture (Teleflex, NC) and mice were kept on 37 oC heating pad until they completely recover 

from anesthesia. Four weeks later, lateral and medial gastrocnemius muscles were isolated and 

examined for NMJ markers. In some experiments, nerves were injured by crush as described 

previously (Liang et al., 2012). Briefly, tibial nerves were exposed and the branches innervating 

medial and lateral gastrocnemius were clamped and crushed for 30 s X 3 with microforceps (No. 

5 Dumont; 11252-00; F.S.T) that were precooled with liquid nitrogen 2 mm before entering 

respective muscles. Fourteen and 21 days post nerve crush, gastrocnemius muscles were 

examined.   

 

AAV Production and Animal Treatment 

Human SGCA cDNA fragment was amplified from pLX304-SGα plasmid (clone HsCD00435026, 

DNASU) by PCR primers (F: 5’- CCGGA ATTCG CCACC ATGGC TGAGA CACTC TTCTG 

GACT-3’, R: 5’- GCACC GGTCC GTGCT GGTCC AGAAT GAGGG G-3’) and cloned to AAV-

CMV-GFP plasmid (#67634, Addgene) at EcoRI and AgeI restriction enzyme sites.   

 The procedures regarding the production and purification of AAV9-SGα-GFP and AAV9-

CMV-GFP followed the methods from the viral vector core at Emory University Department of 



25 
 

Neurology. Briefly, AAV2/9 serotype plasmids were packaged in HEK293FT cells via CaCl2 

transfection. Seventy-two hours after transfection, add 40% PEG 8000MW, 2.5 N NaCl to the 

cell medium, incubate for 2 h and centrifuge at 2500 g, 30 min at 4oC to pellet the virus, which 

was combined with HEK293 FT cell lysate. The mixture was treated with 750 µl 10% sodium 

deoxycholate and 3 ul benzonase and incubated at 37oC for 30 min. After incubating at 50oC for 

30 min with 5 M NaCl and freezing/thawing 3 times between 80oC and 37oC, the samples were 

added to the iodixanol gradient (15%, 25%, 40%, 54% of iodixanol) and centrifuged at 68000 

rpm for 1.3 h at 18oC. Four milliliters of sample were extracted from 40% layer and added to the 

Amicon 15100,000MWCO concentration unit to concentrate the virus finally to 150-200 µl. The 

viral titter was measured by quantitative PCR analysis of viral DNA.  

 For in vivo treatment, mice were administrated with 5 x 1011-1 x 1012 vg/mouse AAV via 

intramuscular injection. NMJs were stained 6 weeks and muscle cross-sections were stained 3 

weeks after AAV treatment. In some cases, AAV was administrated via intravenous injection 

and diaphragms underwent electrophysiological studies 6 weeks post injection. 

 

Statistical Analysis  

Data were analyzed by unpaired t-test, one-way ANOVA and two-way ANOVA. Data were 

shown as mean ± SEM. Statistical difference was considered when p < 0.05. 
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III. RESULTS 

Part I: Muscle Yap Is a Regulator of Neuromuscular Junction 

Formation and Regeneration. 

 

Decreased Muscle Strength in Muscle Specific Yap Mutant Mice 

Yap null mice, due to abnormal neurogenesis and body axis, die at E8.5 (Morin-Kensicki et al., 

2006; Nishioka et al., 2009), a time before NMJ formation which begins at E12.5 in mice. To 

solve this problem, we generated Yap conditional knockout mice by breeding HSA::Cre mice, 

which express Cre recombinase under the control of human alpha skeletal actin (HSA) promoter 

(Brennan and Hardeman, 1993; Miniou et al., 1999; Schwander et al., 2003), with Yapf/f mice in 

which exons1 and 2 of Yap are flanked by loxp site (Zhang et al., 2010; Wang et al., 2014b), to 

generate HSA::Cre;Yapf lox/flox (HSA-Yap-/-) mice. Genotyping analysis revealed that Yap-deleted 

allele was detected only in muscle, not tail DNA of HSA-Yap-/- mice, indicative of muscle-specific 

mutation (Figure 1.1 A-B). Accordingly, Yap protein level was reduced only in skeletal muscles, 

but not in other tissues or organs including spinal cord where motor neurons resides (Figure 1.1 

C). To determine whether Yap mutation impairs general motor function, HSA-Yap-/- mice were 

subject to three muscle strength assays. First, forelimb grip strength of HSA-Yap-/- mice was 

lower than littermate Yapf/f control (Figure 1.1 D). Moreover, the time they were able to hang on 

a 1.5 mm-diameter wire was reduced, compared with control mice (Figure 1.1 E). Similarly, the 

latency to fall from a rotator rod was reduced (Figure 1.1 F). These observations demonstrate 

that proper motor function and muscle strength requires Yap in muscle cells. However, as 

shown in Figure 1.1 G, mRNA of key myogenic factors including MyoD, Myf5 and myogenin was 

comparable between control and mutant muscles, suggesting little effect of Yap mutation. 

Furthermore, there was no difference between slow and fast fiber composition in control and 

mutant mice (Figure 1.1 H-I). Cross section area in HSA-Yap-/- mice was not significantly lower 

than control (Figure 1.1 H,J), although it was reported lower in mice that were injected with Yap 

shRNA AAV (Watt et al., 2015). Furthermore, there was no difference in the number of muscle 

fibers with central nuclei between control and mutant mice (regardless of fast or slow fiber type) 

(Figure 1.1 K-L). These results suggest that HSA-Cre-mediated Yap mutation has little effect on 

muscle differentiation in vivo, perhaps due to the fact that Cre expression controlled by α-

skeletal actin-promoter occurs after myoblasts fuse to myotubes (van der Ven et al., 1992; 

Brennan and Hardeman, 1993). 
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 To determine pathological mechanisms by which Yap mutation reduces muscle strength, 

we measured muscle contractions by stimulating nerve and muscle, respectively. Nerve 

stimulation requires proper neuromuscular transmission to induce muscle contraction whereas 

direct muscle stimulation does not. As shown in Figure 1.2 A-D, muscle direct stimulation 

elicited comparable twitch and tetanic contractions between control and HSA-Yap-/- mice, 

suggesting little effect of Yap mutation on muscle contractile machinery. In contrast, nerve 

stimulation-induced twitch and tetanic contractions were reduced in HSA-Yap-/- muscles (Figure 

1.2 F-H). These results are in agreement with morphological studies (Figure 1.1 H-L) and 

suggest that Yap muscle mutation may not alter muscle contraction. Rather, muscle weakness 

in HSA-Yap-/- mice may be due to problems of neuromuscular transmission. 

 

Figure 1.1 Decreased muscle strength in HSA-Yap-/- mice. A, Schematic diagrams of WT, floxed and 
deleted alleles of the mouse Yap gene. P1, P2 and P3 were genotyping primers. E1 and E2 indicate exon 
1 and exon 2. B, Genotyping results of HSA-Yap+/+; Yapf/f; Yapf/+; HSA-Yap-/- mice. Tail and muscle DNA 
was isolated and subjected to PCR analysis. Arrows indicate bands expected for different genotypes. 
Molecular weight markers in bp are indicated on the left. C, Muscle-specific reduction of Yap. 
Homogenates of different tissues were subjected to Western blot with anti-Yap and GAPDH antibodies. D, 
Decreased grip strength of HSA-Yap-/- mice. ***p = 0.00061, N = 20 mice per group, unpaired t-test. E, 
Reduced time in wire hanging test of HSA-Yap-/- mice. *p = 0.012, N = 23 mice per group, unpaired t-test. 
F, Increased falling from Rotarod of HSA-Yap-/- mice. *p < 0.05, ***p < 0.001, N = 15 mice per group, two-
way ANOVA. G, Comparable levels of myogenic factor mRNA between control and mutant groups. N = 3-
4 mice per group, unpaired t-test. H, Representative images of gastrocnemius cross sections. Scale bar, 
20 µm. I, Comparable muscle types between control and mutant mice, N = 5 mice per group, unpaired t -
test. J, No difference in cross section area of muscle fibers, N = 6 mice per group, unpaired t-test. K, 
Similar nuclear distribution on TA and soleus muscle, laminin (red), DAPI (blue). Scale bar, 20 µm. L, 
Quantification of central nuclei percentage of (K), N = 5 mice per group, unpaired t-test. 
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Figure 1.2 Reduced twitch and tetanic force by nerve stimulation in HSA-Yap-/- mice. A, Scheme of in 
vivo muscle twitch and tetanic force measurement by muscle stimulation. B, Comparable single twitch 
force between control and mutant mice by muscle stimulation. N = 4 mice per group, unpaired t-test. C, 
Representative tetanic curves at stimulation frequency 50 Hz, 100 Hz and 125 Hz by muscle stimulation. 
D, Comparable tetanic force between control and mutant mice by muscle stimulation. N = 4 mice per 
group, unpaired t-test. E, Scheme of in vivo muscle twitch and tetanic force measurement by nerve 
stimulation. F, Reduced single twitch force in HSA-Yap-/- mice by nerve stimulation. *p = 0.025, N = 4 
mice per group, unpaired t-test. G, Representative tetanic curves at stimulation frequency 50 Hz, 100 Hz 
and 125 Hz by sciatic nerve stimulation. H, Reduced tetanic force in HSA-Yap-/- mice by nerve stimulation. 
*p < 0.05, N = 4 mice per group, unpaired t-test. 
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Pre- and Post-synaptic Deficits in Muscle Specific Yap Mutant Mice  

To investigate how Yap mutation alters neuromuscular transmission, we examined diaphragm 

muscles at E15.5, when NMJs initially form, and at P0 when NMJs begin to mature (Wu et al., 

2010a). Muscles were stained with CF568-conjugated α-BTX to visualize AChR and antibodies 

against neurofilament (NF) and synapsin (Syn) to visualize axons and terminals. AChR clusters 

in control mice at these ages were opaque, not perforated and localized in the middle regions of 

muscle fibers (Figure 1.3 A-B) (Li et al., 2008; Wu et al., 2012a). However, in HSA-Yap-/- mice, 

the clusters were distributed in a wider region at E15 and P0 (Figure 1.3 A,C). The total number 

of AChR clusters and the average intensity of each endplate were not changed at both ages 

(Figure 1.3 D-E). There was no difference between E15.5 control and mutant mice in area or 

size of clusters (42.8 ± 9 and 43.5 ± 4 for control and mutant, respectively; p = 0.89, N = 4 mice 

per group). In contrast, P0 mutant mice displayed smaller AChR clusters (Figure 1.3 B,F) (140 ± 

21 and 90 ± 12 for control and mutant, respectively; p = 0.011, N = 4 mice per group). This 

could suggest morbid expansion of AChR size in Yap mutant mice.   

Intriguingly, HSA-Yap-/- mice displayed presynaptic morphological deficits although Yap 

was specifically mutated in muscle cells. In control mice, the primary branch of phrenic nerve 

traversed through the center of muscle fibers of the hemi-diaphragm; secondary branches were 

short and distributed on both sides of the primary branches (Figure 1.3 A). In contrast, in HSA-

Yap-/- mice, the primary branch at both E15.5 and P0 was located towards the central cavity 

(which was located on the left). Moreover, the number of secondary branches was reduced by 

43.1% at E15.5 and by 31.2% at P0 (34 ± 6 in control to 19 ± 2 in E15.5 HSA-Yap-/- mice; p = 

0.0086; 60 ± 4 in control to 41 ± 6 in P0 HSA-Yap-/- mice; p = 0.0014, N = 4-5 mice per group). 

The length of secondary branches was increased by 67% at E15.5 and 101% at P0 (62 ± 7 µm 

in control and 104 ± 20 µm in E15.5 mutant mice, p = 0.021; 88 ± 14 µm in control to 177 ± 37 

µm in P0 mutant mice, p = 0.0037, N = 4-5 mice per group) (Figure 1.3 G-H). In control mice, 

AChR clusters showed almost complete registry with markers of nerve terminals. However, 

some areas labeled by AChR were not covered by presynaptic terminals in mutant mice at both 

ages (Figure 1.3 B,I). These results indicate that Yap in skeletal muscle is required for NMJ 

formation and that changes in presynaptic innervation in Yap mutant muscle may not be due to 

a secondary effect of delayed electrical activity. 
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Figure 1.3 Post- and pre-synaptic deficits in HSA-Yap-/- mice. A, Representative images of E15.5 and P0 
Yapf/f and HSA-Yap-/- diaphragms left ventral region. Muscles were stained with CF568 α-BTX (red) and 
anti-NF/Syn antibodies (visualized by Alexa Fluor 488 goat anti-rabbit IgG, green). Arrow, primary branch; 
Arrowhead, defasciculated secondary branch. Scale bar, 100 µm. B, Enlarged images of AChR clusters. 
Scale bar, 10 µm. C, Increased endplate band width in HSA-Yap-/- mice, *p = 0.014 for E15.5, **p = 
0.0018 for P0, N = 4-5 mice per group, unpaired t-test.  D, Comparable AChR number between Yapf/f and 
HSA-Yap-/- mice, N = 4 mice per group, unpaired t-test. E, AChR cluster intensity was comparable 
between Yapf/f and HSA-Yap-/- mice. N = 4-5 mice per group, unpaired t-test. F, Reduced AChR area in 
HSA-Yap-/- mice, *p = 0.011 for P0, N = 4 mice per group, unpaired t-test. G, Reduced secondary branch 
number in HSA-Yap-/- mice, **p = 0.0085 for E15.5, **p = 0.0014 for P0, N = 4-5 mice per group, unpaired 
t-test. H, Longer secondary branch in Yap mutant mice. *p = 0.021 for E15.5, **p = 0.0037 for P0, N = 4-5 
mice per group, unpaired t-test. I, Reduced nerve coverage in HSA-Yap-/- NMJs, ***p = 8.2E-5 for E15.5, 
**p = 0.0024 for P0, N = 4-5 mice per group, unpaired t-test. 
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Impaired Neuromuscular Transmission in HSA-Yap-/- Mice 

Next, we recorded compound muscle action potentials (CMAPs), action potentials that are 

triggered by 10 consecutive nerve stimuli (Shen et al., 2013; Barik et al., 2014b). In control mice 

at age of P30, CMAP amplitudes between the 1st and 10th stimuli were similar, regardless of 

the frequency of the stimuli (even at 40 Hz) (Figure 1.4 A-C). However, in HSA-Yap-/- mice, 

CMAP amplitudes at the 10th stimuli were significantly smaller, compared to the 1st, beginning 

at 20 Hz (Figure 1.4 A-D). At 40 Hz, CMAP reduction was detectable at 4th stimulation (Figure 

1.4 D). Moreover, CMAP reduction was frequency dependent (Figure 1.4 C), which indicated a 

progressive failure of neuromuscular transmission following repetitive stimulations. 

To characterize the cellular mechanism of this neuromuscular transmission deficit, we 

measured miniature endplate potentials (mEPPs), local depolarizations around endplates in 

response to spontaneous ACh release (Liu et al., 2010; Chen et al., 2011; Nelson et al., 2013). 

Resting membrane potentials were similar between control and HSA-Yap-/- mice at age of P3 

and P30, suggesting Yap mutation had little effect on muscle electric property (Figure 1.5 A). 

mEPP amplitudes in HSA-Yap-/- mice were comparable to those in control mice at age of P30, 

suggesting that postsynaptic AChR density at the NMJ was not changed by Yap muscle 

mutation (Figure 1.5 B-C), in agreement with no change in AChR intensity in morphological 

study (Figure 1.3 E). In contrast, mEPP frequency was decreased from 0.96 ± 0.06 Hz in control 

mice to 0.62 ± 0.08 Hz in HSA-Yap-/- mice at age of P30 (p = 9.1E-6, N = 6 mice per group) 

(Figure 1.5 B,D). These results suggest possible impairment in ACh release in HSA-Yap-/- mice. 

To determine whether this was a developmental defect or a phenotype due to adaptation, we 

characterized mEPPs at age of P3. As shown in Figure 1.5 B,D, mEPP frequency was reduced 

from 0.036 ± 0.004 Hz in control mice to 0.026 ± 0.004 Hz in HSA-Yap-/- mice (p = 0.0015, N = 6 

mice per group) whereas no change in mEPP amplitudes were observed (Figure 1.5 C). These 

results suggest abnormal presynaptic differentiation in the absence of muscle Yap protein. 

Finally, we measured endplate potentials (EPPs), local electrical responses in response 

to nerve stimulation. Because mEPP frequency reduction was more dramatic at P30 than P3, 

we focused on EPPs of P30 mice. As shown in Figure 1.5 E, EPP amplitude was reduced in 

HSA-Yap-/- mice (21.5 ± 2.8 vs 15.9 ± 3.7 mV, p = 0.016, N = 6 mice per group), indicating 

compromised evoked vesicle release. To further test whether mEPP frequency reduction was 

due to change in vesicle release probability, we examined EPPs in response to two consecutive 

stimuli. In control mice, EPP caused by the second pulse is higher, in a phenomenon called 

paired-pulse facilitation (PPF), because of increased residual calcium concentration at the 

presynaptic terminal due to the first pulse. At 5- and 10-ms intervals, PPF was higher at NMJs 
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from HSA-Yap-/- mice than control mice, suggesting reduced release probability of synaptic 

vesicles and/or calcium buffering (through endoplasmic reticulum or mitochondria) in the 

presynaptic terminal of HSA-Yap-/- mice (Figure 1.5 G). These electrophysiological results were 

indicative of compromised probability of calcium-dependent vesicle release. Taken together, our 

findings are suggestive of presynaptic deficits in neuromuscular transmission in HSA-Yap-/- mice. 

 

Figure 1.4 CMAP reduction in HSA-Yap-/- mice. A, Representative CMAP traces of Yapf/f and HSA-Yap-/- 

mice in response to first, second and tenth stimuli at 40 Hz. B, Ten CMAP traces shown in a stacked 
succession for comparison. C,D, Reduced CMAP amplitudes. CMAP amplitude ratio of the 10th to the 1st 
traces at different stimulation frequency (C) and reduced CMAP amplitude at 40 Hz (D). *p < 0.05, **p < 
0.01, ***p < 0.001, N = 6 mice per group, two-way ANOVA.  
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Figure 1.5 Impaired neuromuscular transmission in HSA-Yap-/- mice. A, Comparable resting membrane 
potentials between Yapf/f and HSA-Yap-/- mice at P3 and P30. N = 6 mice per group, unpaired t-test. B, 
Representative mEPP traces of P3 (upper panel) and P30 (lower panel) of Yapf/f and HSA-Yap-/- mice. 
Underlined regions in the left were enlarged in the right. C,D, Normal mEPP amplitudes (C) but reduced 
mEPP frequency (D) in HSA-Yap-/- mice. **p = 0.0015 for P3 mEPP frequency, ***p = 9.1E-6 for P30 
mEPP frequency, N = 6 mice per group, unpaired t-test. (E) Reduced EPP amplitudes in HSA-Yap-/- mice. 
*p = 0.016, N = 6 mice per group, unpaired t-test. (F) Representative paired-pulse traces at 10 ms of 
stimulation interval. (G) Increased paired-pulse facilitation in HSA-Yap-/- mice. ***p < 0.001, N = 4 mice 
per group, two-way ANOVA. 
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Reduced Nerve Terminal Proteins in HSA-Yap-/- Mice 

To investigate underlying mechanisms of muscle Yap mutation, we further characterized NMJs 

in mutant mice. Staining with antibodies against agrin, a proteoglycan released by nerve 

terminals to induce AChR clustering, and S100β, a marker of differentiated Schwann cells, were 

comparable between HSA-Yap-/- and control mice at both P3 and P30 (Figure 1.6 A-D), 

indicating normal agrin release and Schwann cells. Moreover, there was no difference in the 

number of AChR cluster fragments or perforated clusters between control and HSA-Yap-/- mice 

(Figure 1.6 E-F), again suggesting normal postsynaptic differentiation. However, the area of 

endplates covered by nerve terminals was reduced as shown previously (Figure 1.3 B,I), 

suggesting an impaired presynaptic differentiation. To test this hypothesis further, we isolated 

muscle central regions (where nerve terminals are enriched) from P3 and P30 mice and 

examined by Western blot SV2 and synapsin, two presynaptic vesicle markers for differentiated 

nerve terminal. Intriguingly, both were reduced at protein level (Figure 1.6 G-H). In morphology 

studies, the presynaptic markers co-localized well with postsynaptic AChR in control mice; 

however, AChR area covered by SV2 or synapsin was reduced (by 28.8% and 24.4% at P3 and 

22.6% and 22.7% in P30, respectively) in mutant group (Figure 1.6 I-K). These results were in 

agreement with electrophysiological studies and indicated that presynaptic structure and 

function were deficient in HSA-Yap-/- mice.  

 

Regulation of NMJ Regeneration by Muscle Yap 

NMJ regenerates after nerve injury (Mitsumoto and Bradley, 1982; Payne and Brushart, 1997; 

Macpherson et al., 2015). This event also requires intimate interaction between motor nerve 

terminals and endplates on skeletal muscle. Having demonstrated that muscle Yap is required 

for NMJ presynaptic differentiation, we next examined whether muscle Yap is also required for 

NMJ regeneration. To this end, we established a nerve transplant model. In mouse, the tibial 

nerve innervates both medial and lateral gastrocnemius and other muscles in the hind limb 

(Figure 1.7 A). We denervated medial and lateral gastrocnemius by removing a 5 mm segment 

immediately before the branch enters the respective muscle. The main tibial nerve branch was 

severed and the proximal end was transplanted and sutured ~ 2 mm above the middle of lateral 

gastrocnemius whereas the medial gastrocnemius was left uninnervated (as control) (Figure 1.7 

A). Four weeks after surgery, both lateral and medial gastrocnemius were isolated and stained 

for AChR and presynaptic markers. Four weeks after surgery, nerve terminal markers were 

detectable in lateral, but not medial gastrocnemius although AChR clusters were visible in both 

muscles (Figure 1.7 B). These results indicate NMJ regenerations between newly arrived nerve 
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terminals and previous AChR clusters. We compared regenerated NMJs in lateral 

gastrocnemius of control and Yap mutant mice. Almost all AChR clusters in control mice were 

stained positive with nerve terminals; many displayed apparent overlap of AChR and NF/Syn 

(Figure 1.7 B-C). However, in HSA-Yap-/- mice, many AChR clusters in lateral gastrocnemius 

remained partially innervated. We categorized reinnervated AChR clusters based on the extent 

of nerve-endplate overlap as described previously (Macpherson et al., 2015): Fully reinnervated 

AChR clusters (80-100% overlap), partially reinnervated AChR clusters (10-80% overlap) and 

denervated AChR clusters (<10% overlap). Compared with control mice, fully reinnerva ted 

clusters decreased by 17.8% in HSA-Yap-/- mice. Concomitantly, partially reinnervated clusters 

increased by 19.8% in HSA-Yap-/- mice, compared with control littermates (p < 0.01, N = 4 mice 

per group) (Figure 1.7 D). These results indicate that muscle Yap may be necessary for NMJ 

regeneration. To further test this hypothesis, we examined NMJ regeneration in a different 

model where nerves were injured by crushing with liquid nitrogen-cooled forceps (Liang et al., 

2012). As shown in Figure 1.7 E and F, at 14 days after crush, more AChR clusters remained 

denervated in HSA-Yap-/- mice, compared with control mice. At this time, fully reinnervated 

AChR clusters were sparse in both control and mutant mice. At 21 days after crush, many 

clusters were reinnervated in control mice, but not in HSA-Yap-/- mice. These observations 

corroborate a role of muscle Yap for proper endplate reinnervation after nerve injury.  
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Figure 1.6 Reduced nerve terminal proteins in HSA-Yap-/- mice. A,B, No difference of agrin (A) and 
S100β (B) staining in gastrocnemius between Yapf/f and HSA-Yap-/- mice. Muscles were stained whole-
mount with respective antibodies. Scale bar, 10 µm. C,D, α-BTX area covered by agrin (C) and S100β (D). 
N = 5-6 mice per group, unpaired t-test. E,F, Quantification of pretzel-like structures at P30. Comparable 
AChR fragment number (E) and perforation (F) between Yapf/f and HSA-Yap-/- mice. N = 5 mice per group, 
unpaired t-test. G, Reduced SV2 and synapsin protein in synaptic region of gastrocnemius. H, 
Quantification of data in (G). *p = 0.019 for P3 SV2, **p = 0.0059 for P30 SV2, *p = 0.017 for P30 
synapsin, N = 3 mice per group, unpaired t-test. I,J, Reduced SV2 (I) and synapsin (J) staining at mutant 
NMJ. Gastrocnemius was stained whole-mount with respective antibodies. Scale bar, 10 µm. K, Reduced 
α-BTX area covered by SV2 and synapsin. **p = 0.0013 for P3 SV2, **p = 0.0014 for P3 synapsin, **p = 
0.0021 for P30 SV2 coverage, ***p = 2.4E-7 for P30 synapsin coverage, N = 5-6 mice per group, 
unpaired t-test.  
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Figure 1.7 Compromised NMJ regeneration in HSA-Yap-/- mice. A, Schematic diagram of tibial nerve 
transplant surgery. Both medial and lateral gastrocnemius muscles were denervated by removing a 5-mm 
segment immediately before the entrance to respective muscles. The tibial nerve was severed before it 
branches into lateral and medial plantar nerves and its proximal end was transplanted and sutured ~ 2 
mm above the midline synaptic region of the lateral gastrocnemius. As control, the denervated medial 
gastrocnemius was not transplanted with a nerve. See Methods for details. B, Representative images of 
NMJ regeneration in lateral (left panel), but not medial (right panels) gastrocnemius, 4 weeks after nerve 
transplant surgery. White arrowheads, fully reinnervated AChR clusters; Blue arrowheads, partially 
reinnervated or denervated AChR clusters. Scale bar, 100 µm. C, Enlarged images of newly generated 
NMJs. Scale bar, 10 µm. D, Decreased fully reinnervated and increased partially reinnervated AChR 
clusters in HSA-Yap-/- mice. Den, denervated AChR clusters; Partial Inn, partially reinnervated AChR 
clusters; Full Inn, fully reinnervated AChR clusters, **p < 0.01, N = 4 mice per group, two-way ANOVA. E, 
Representative images of NMJ regeneration in gastrocnemius 14 days and 21 days after nerve crush. 
White arrowheads, fully reinnervated AChR clusters; Blue arrowheads, partially reinnervated or 
denervated AChR clusters. Scale bar, 200 µm. F, Reduced fully reinnervated and increased denervated 
AChR clusters in HSA-Yap-/- mice after nerve crush, ***p < 0.001 for denervated and partially reinnervated 
AChR clusters 14 days post crush, **p < 0.01 for fully innervated AChR clusters 21 days post crush, N = 
4 mice per group, two-way ANOVA.  
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Reduced β-catenin and Slit2 in HSA-Yap-/- Mice 

Next, we explored molecular mechanisms by which muscle Yap regulates presynaptic 

differentiation. Major NMJ deficits of HSA-Yap-/- mice include mislocated primary branch of 

phrenic nerve, longer secondary branch, wider endplate region, reduced nerve terminal and 

compromised ACh release (Figure 1.3 and Figure 1.5). These phenotypes resemble those in 

mice lacking β-catenin in the muscle (Li et al., 2008; Liu et al., 2012; Wu et al., 2012a). The 

phenotypic similarity suggests β-catenin as a potential target of Yap mutation. To test this 

hypothesis, we measured β-catenin in muscles by Western blot analysis. β-catenin was reduced 

by 22%, 38%, and 60% in muscles of HSA-Yap-/- mice at ages of P0, P10 and P30, respectively 

(Figure 1.8 A-B), compared with control mice. This reduction appeared to be specific because 

levels of δ-catenin, MuSK and AChR β-subunit were similar between control and Yap mutant 

mice (Figure 1.8 A,C,D,E). 

Muscle β-catenin is thought to regulate presynaptic differentiation by controlling 

expression of releasable factors such as Slit2 (Wu et al., 2015a). We then determined whether 

nuclear β-catenin was altered in HSA-Yap-/- muscles. Indeed, β-catenin was reduced by 32% in 

the nuclear fraction of mutant muscles, compared with control (Figure 1.8 F-G). Notice that as 

internal control, PARP (a nuclear protein involved in DNA repair and programmed cell death) 

was similar in muscle nuclear fractions between control and Yap mutant mice, indicating the 

specificity of β-catenin reduction. Next we used reverse transcription polymerase chain reaction 

(RT-PCR) to screen for muscle-derived factors that were previously identified. BDNF was 

shown to ameliorate motor neuron survival in vitro and in vivo (Oppenheim et al., 1993; Santos 

et al., 2016), but its mRNA level was similar between control and mutant muscles. Increased 

Gdnf level caused poly-innervation (Oppenheim et al., 1995; Keller-Peck et al., 2001). However, 

Gdnf and Gdf5 were increased in HSA-Yap-/- muscles (1.83 ± 0.43 and 2.04 ± 0.31 above 

control, p = 0.031 and p = 0.0067, respectively; N = 4 mice of each genotype) (Figure 1.8 H). 

Muscle Yap mutation appeared to increase levels of Fgf10 (1.58 ± 0.15 fold above control, p = 

0.004, N = 4 mice of each genotype), but had no effect on levels of Fgf7, Fgf22 or Bmp4. In our 

screen, the only factor whose expression was reduced in mutant muscles was Slit2, at 0.65 ± 

0.17 of control (p = 0.029, N = 4 mice of each genotype). These observations suggest possible 

involvement of β-catenin and Slit2 in Yap-dependent retrograde signaling.  
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Figure 1.8 Reduced β-catenin and Slit2 in HSA-Yap-/- mice. A, β-catenin was reduced in HSA-Yap-/- 

gastrocnemius. B-E Quantification of -catenin (B), δ-catenin (C), MuSK (D), and AChR β-subunit (E) 
data in (A). For (B), *p = 0.016 for P0, **p = 0.0011 for P10, ***p = 0.00077 for P30, unpaired t-test. N = 3 
mice per group. F, β-catenin was reduced at both nuclear and cytoplasmic fraction in P30 HSA-Yap-/- 

gastrocnemius. G, Quantification of data in F. ***p = 0.00052 for cytoplasmic fraction, **p = 0.0055 for 
nuclear fraction, N = 3 mice per group, unpaired t-test. H, mRNA levels of factors implicated in NMJ 
formation. *p = 0.029 for Slit2, *p = 0.031 for Gdnf, **p = 0.0067 for Gdf5, **p = 0.0045 for Fgf10, N = 3-4 
mice per group, unpaired t-test.  
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Partial Rescue of NMJ Formation and Regeneration Deficits by LiCl Treatment 

Lithium chloride (LiCl) is a well characterized inhibitor of glycogen synthase kinase 3 beta 

(GSK3β). Inhibition of GSK3β activates β-catenin signaling. LiCl has been used recently to 

determine Wnt canonical pathway in NMJ formation (Messeant et al., 2015). We used this 

method to determine whether β-catenin activation mitigates NMJ formation deficits in HSA-Yap-/- 

mice. We treated pregnant mice daily after E12.5. Although AChR cluster area and endplate 

band width remained abnormal in LiCl-treated HSA-Yap-/- mice (Figure 1.9 A-D), the length of 

secondary nerve branches was shorter in LiCl-treated than saline-treated mutant mice (176 ± 25 

µm in saline control and 130 ± 35 µm in LiCl-treated; p = 0.028, N = 6 mice per group) (Figure 

1.9 F). LiCl treatment also increased nerve coverage of AChR clusters in HSA-Yap-/- mice (from 

0.75 ± 0.07 in saline-treated HSA-Yap-/- to 0.90 ± 0.05 in LiCl-treated mutant; p = 0.0023, N = 6 

mice per group (Figure 1.9 G). In addition, mEPP frequency was rescued by LiCl treatment 

(from 0.60 ± 0.1 Hz in saline-treated mutant group to 0.79 ± 0.08 Hz in LiCl-treated mutant 

group; p = 0.0058, N = 6 mice per group) (Figure 1.9 H-I). These observations indicated a 

partial rescue of NMJ formation deficits in HSA-Yap-/- mice by LiCl treatment. 

To determine whether NMJ regeneration deficits could be rescued by β-catenin 

activation, we treated mice daily with LiCl one day after nerve transplant. As shown in Figure 1.9 

K-L, LiCl treatment increased the NMJs that are fully innervated, which as associated with 

concomitant reduction of partially innervated NMJs. These observations demonstrate that NMJ 

formation and regeneration deficits could be partially rescued by LiCl (or β-catenin activation) 

and support the hypothesis that β-catenin may be a downstream factor for Yap-dependent 

signaling.   
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Figure 1.9 Partial rescue of NMJ formation and regeneration deficits by LiCl treatment.  A, Representative 
images of diaphragms left ventral region of different mice. Muscles were stained with CF568 α-BTX (red) 
and anti-NF/Syn antibodies (visualized by Alexa Fluor 488 goat anti-rabbit IgG, green). Arrow, primary 
branch; Arrowhead, defasciculated secondary branch. Scale bar, 100 µm. B, Enlarged images of AChR 
clusters and nerve terminals. Scale bar, 10 µm. C,D, No effect of LiCl on reduced AChR area (C) or 
increased endplate band width (D). E,F, No effect on secondary branch number was observed for LiCl; 
but secondary branch length was reduced in LiCl-treated HSA-Yap-/- mice, compared with saline-treated 
mutant mice. ***p = 3.9E-5 for group Yapf/f vs HSA-Yap-/--saline, *p = 0.028 for group HSA-Yap-/--saline vs 
HSA-Yap-/--LiCl. N = 6 mice per group, one-way ANOVA. G, Nerve coverage was increased in LiCl-
treated mutant mice, compared with saline-treated mutant. ***p = 0.00019 for group Yapf/f vs HSA-Yap-/--
saline, **p = 0.0023 for group HSA-Yap-/--saline vs HSA-Yap-/--LiCl, N = 6 mice per group, one-way 
ANOVA. H-J, mEPP frequency in HSA-Yap-/- mice was increased after LiCl treatment. (H) Representative 
mEPP traces. Underlined regions in the left were enlarged in the right; (I) Reduced mEPP frequency was 
rescued by LiCl treatment. ***p = 0.00012 for group Yapf/f vs HSA-Yap-/--saline, **p = 0.0058 for group 
HSA-Yap-/--saline vs HSA-Yap-/--LiCl, N = 6 mice per group, one-way ANOVA; (J) mEPP amplitude was 
comparable among all groups. K,L, More fully reinnervated AChR clusters in LiCl-treated HSA-Yap-/- mice, 
compared with saline-treated mutant mice. (K) Representative images of regenerated NMJs. White arrow 
head, fully reinnervated AChR clusters; Blue arrow head, partially reinnervated or denervated AChR 
clusters. Scale bar, 100 µm; (L) More fully innervated AChR clusters in LiCl-treated mutant mice. *p < 
0.05, **p < 0.01, ***p < 0.001, N = 4 mice per group, two-way ANOVA. 
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Part II: SGα Mitigates Neuromuscular Junction Decline in Aged Mice 

by Stabilizing Lrp4  

 

Reduced Lrp4 Protein Level and MuSK Phosphorylation in Aged Mice 

In light of the critical role of agrin-Lrp4-MuSK signaling in NMJ maintenance (Hesser et al., 2006; 

Samuel et al., 2012; Barik et al., 2014b) and similar NMJ deficits (fragmented AChR clusters, 

reduced AChR density and increased denervation) between aged mice and conditional mutant 

mice lacking agrin and Lrp4 in adult animals, we determined whether levels of agrin signaling 

proteins were altered in muscles of aged mice. Because agrin signaling proteins are 

concentrated at the NMJ (Merlie and Sanes, 1985), we focused on synaptic region (SR) which 

is localized in the central region of muscle fibers (Figure 2.1 A). As shown in Figure 2.1 B, 

mRNAs of AChR subunits and AChE were enriched in the SR region, compared with the non-

synaptic region (NSR), which was also supported by Western blot. Western blot analysis 

showed similar levels of AChRα, β, δ, and ε -subunits between muscles from 3 and 24-month old 

(M) mice (Figure 2.1 C,D). In contrast, Lrp4 protein level was reduced by 50% in 24M SR, 

compared with 3M SR. This effect was specific because levels of agrin, MuSK, Dok7, rapsyn 

were similar between the young and old samples (Figure 2.1 E,F). Concomitantly, MuSK 

phosphorylation was reduced in aged muscles (Figure 2.1 G), indicating compromised MuSK 

activation. These results suggest that impaired agrin signaling in aged muscles is probably due 

to loss of Lrp4 protein.   

 

Diminished NMJ deficits in aged mice by Lrp4 expression 

If loss of Lrp4 contributes to NMJ deficits in aged mice, expressing Lrp4 should be able to 

diminsh the deficits. To test this hypothesis, we generated transgenic mice where the 

expression of Flag-tagged Lrp4 is driven by muscle specific human alpha skeletal actin (HSA) 

promoter (Flag-Lrp4 transgenic mice hereafter, Figure 2.2 A). Expression of the transgene Flag-

Lrp4 was dependent on myotube formation (Figure 2.2 B), in agreement with previous reports 

(van der Ven et al., 1992; Brennan and Hardeman, 1993). Western blot analysis indicated that 

Flag-Lrp4 is expressed specifically in skeletal muscles, but not in other tissues and organs 

(Figure 2.2 C). Importantly, crossing Flag-Lrp4 transgenic mice was able to fully rescue NMJ 

deficits in Lrp4m/m mice that otherwise fail to form the NMJ because the lack of Lrp4 (Figure 2.2 

D), indicative of respectable in vivo function of the Lrp4 transgene allele. 
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Hindlimb muscles as well as the diaphragm are vulnerable to aging (Valdez et al., 2012). 

Tibialis anterior (TA) muscles were stained whole-mount with CF568 α-bungarotoxin (α-BTX, 

red) to label AChR and anti-neurofilament/synapsin (NF/Syn) antibodies (visualized by Alexa 

Fluor 488 goat anti-rabbit IgG, green) to label axon terminals. In 3-month old mice (3 M), NMJs 

appeared as characteristic pretzel-like structures and AChR clusters were fully innervated 

(Figure 2.3 A-B). In contrast, in 24-month old mice (24 M), a majority (~80%) of AChR clusters 

were fragmented and denervated (Figure 2.3 A-E). We quantified the innervation of AChR 

clusters as previously described (Macpherson et al., 2015): Fully innervated AChR clusters (80-

100% neve-endplate overlap), partially or fully denervated AChR clusters (<80% overlap). Fully 

innervated AChR clusters were reduced by ~50% in 24-month old mice. These results were in 

accordance with previous studies (Valdez et al., 2012). Interestingly, the percentages of fully 

innervated endplate were increased from 51.1% in 24-month old control mice to 72.2% in 24-

month old Flag-Lrp4 transgenic mice (24 M-Lrp4, Figure 2.3 A,C). On the other hand, NMJ 

fragmentation was improved in transgenic mice, compared with control mice at 24-month old 

(Figure 2.3 B,D,E). Fragmentation numbers per NMJ in 24-month old transgenic mice were 

reduced to 4.7 ± 1.3, from control mice at the same age (7.3 ± 0.8; p < 0.01) (Figure 2.3 B,D) 

and the percentages of fragmented NMJ were reduced to 52 ± 10% from 75 ± 11% in aged 

mice (p < 0.01) (Figure 2.3 B,E). These results suggest that Lrp4 expression is able to mitigate 

NMJ fragmentation and poor innervation in aged mice. 
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Figure 2.1 Reduced Lrp4 level and MuSK phosphorylation in aged mice. A, Diagram of hemi-diaphragm 
to illustrate synaptic region (SR) and non-synaptic region (NSR). B, Enriched AChR mRNA (left panel) 
and protein (right panel) in SR. *p < 0.05, **p < 0.01, ***p < 0.001, N = 3 mice per group, unpaired t-test. 
C, Similar AChR protein levels in muscles of 3 M and 24 M mice. D, Quantification of data in (C). N = 3 
mice per group, unpaired t-test. E, Reduced Lrp4 protein level in muscles of aged mice. F, Quantification 
of data in (E). **p = 0.006, N = 3 mice per group, unpaired t-test. G, Reduced tyrosine-phosphorylation of 
MuSK in muscles of aged mice.  
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Figure 2.2 Specific expression of Lrp4 in muscles of Flag-Lrp4 transgenic mice. A, HSA-Lrp4 structure. 
Flag-Lrp4 was inserted cloned between NotI and PacI in pBSX-ACTA1. SP, signal peptide; IRES, internal 
ribosomal entry site; VP1, polyomavirus capsid protein. B, Flag-Lrp4 transgene expression in myotubes, 
not in myoblasts. Myoblasts were transfected with Flag-Lrp4 construct and examined for expression in 
transfected myoblasts and myotubes. C, Flag-Lrp4 expression in skeletal muscles but not other tissues of 
Flag-Lrp4 transgenic mice. D, Restoration of NMJ deficits in Lrp4m/m mice by Flag-Lrp4 transgene. Shown 
were diaphragms of indicated genotypes that were whole-mount stained with CF568 α-BTX (red) and 
anti-NF/Syn antibodies (visualized by Alexa Fluor 488 goat anti-rabbit IgG, green).  
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Figure 2.3 Diminished NMJ morphological deficits in aged mice by Lrp4 expression. A, Reduced 
fragmentation and improved innervation. Shown were tibialis anterior (TA) muscles of mice at different 
ages and indicated genotypes, whole-mount stained with CF568 α-BTX (red) and anti-NF/Syn antibodies 
(visualized by Alexa Fluor 488 goat anti-rabbit IgG, green). Blue arrow head, denervated or partially 
innervated endplated. Scale bar, 50 µm. B, Enlarged images of individual endplates. Scale bar, 10 µm. C-
E, Quantitative analysis of data in (A). **p < 0.01, ***p < 0.001, N = 5 mice per group, one-way ANOVA.  
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Improved neuromuscular transmission in aged Flag-Lrp4 transgenic mice 

To determine whether Lrp4 expression improves neuromuscular transmission, we measured 

compound muscle action potential (CMAP), action potentials that are triggered by 10 

consecutive nerve stimuli. CMAP amplitudes between 1st and 10th stimuli were similar among 

young and old groups at 1, 5, 10 Hz of stimulation frequency, just as previously reported  (Shen 

et al., 2013; Willadt et al., 2016). However, at stimulation frequency 20 and 40 Hz, CMAP 

amplitudes at 10th stimuli versus 1st stimuli were smaller in 24-month old mice, compared with 3-

month old mice (Figure 2.4 A-C). At 40 Hz, CMAP reduction was detectable even at 4th 

stimulation (Figure 2.4 B). These results suggest compromised neuromuscular transmission in 

aged muscles. Interestingly the age-dependent reduction in CMAP amplitudes was diminished 

in Flag-Lrp4 transgenic mice, compared with control mice of the same age, indicative of a 

beneficial effect by Lrp4 expression. In addition, we measured miniature endplate potentials 

(mEPP), local depolarizing potentials elicited by spontaneously released ACh. As shown in 

Figure 2.4 D-F, mEPP amplitudes were reduced in 24-month old mice, supporting the notion of 

compromised neuromuscular transmission. Again, this reduciton was attenuated in Flag-Lrp4 

transgenic mice (p < 0.05, Figure 2.4 D,F). These results demonstrate that neuromuscular 

transmission is compromised in aged mice, which could be diminished by Lrp4 expression.  
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Figure 2.4 Improved neuromuscular transmission in aged mice by Lrp4 expression.  A,B, Reduced ratio of 
2nd-10th CMAP amplitudes over the 1st CMAP amplitude at 40 Hz stimulations. A, representative traces; B, 
quantitative data. *p < 0.05, **p < 0.01, ***p < 0.001, N = 4 mice per group, two-way ANOVA. C, 
Frequency-dependent CMAP reduction. Shown were ratios of 10th over 1st CMAP amplitudes. **p < 0.01, 
***p < 0.001, N = 4 mice per group, two-way ANOVA. D-F, Increased mEPP amplitudes of aged mice by 
Lrp4 expression. D, representative mEPP traces. E, Comparable mEPP frequencies. F, Increased mEPP 
amplitudes in 24 M-Lrp4 mice, compared with 24 M mice. *p < 0.05, ***p < 0.001, N = 4 mice per group, 
one-way ANOVA.  
  



49 
 

Reduced Lrp4 protein stability in aged mice 

Next, we explored mechanisms of low Lrp4 protein level in muscles of aged mice. A recent 

report showed increased mRNA levels of Lrp4 and MuSK in gastrocnemius muscles of 24-27 

months old mice (Ibebunjo et al., 2013). Genes critical for NMJ formation and maintenance are 

transcribed specifically in subsynaptic nuclei (Merlie and Sanes, 1985). We extracted RNAs 

from synaptic region as described in Figure 2.1 and performed RT-PCR. As shown in Figure 2.5 

A, both Lrp4 and MuSK mRNA levels were higher in synaptic regions of 24 M mice, compared 

with those of 3 M mice. This result suggests that reduced protein level of Lrp4 is unlikely due to 

a problem at transcription level, rather a posttranscriptional mechanism. We determined the 

pathway of Lrp4 degradation in muscle cells. C2C12 myotubes were treated with Chloroquine 

(CLQ, 100 μM), an inhibitor of lysosome degradation or MG132 (50 μM), an inhibitor of 

proteasome degradation for 6 h. As shown in Figure 2.5 B,C, MG132 increased Lrp4 protein 

level whereas chloroquine had no detectable effect, suggesting that Lrp4 is mainly degraded by 

proteasomes in muscle cells. To determine whether this is the case in vivo, muscle samples 

from 3 M and 24 M mice were lysed and immunoprecipitated with anti-ubiquitin antibody and 

blotted for Lrp4. The amount of ubiquitinated Lrp4 (normalized by total Lrp4) was increased in 

24 M mice, compared with 3 M mice (Figure 2.5 D,E). The above results implicate increased 

Lrp4 degradation by proteasome in aged muscles. 

 

Requirement of SGα for Lrp4 protein stability 

To investigate the molecular mechanism regulating Lrp4 protein stability in muscles, we 

screened for proteins that interact with Lrp4 and that have been implicated in neuromuscular 

disorders, and identified sarcoglycan alpha (SGα). SGα is a member of the sarcoglycan 

complex consisting of SGα, β, γ, and δ in muscles. The SG complex is a subcomplex of the 

DGC that also includes the dystroglycans, syntrophin, and sarcospan. The DGC complex links 

the interior cytoskeleton to the ECM and is important for sarcolemmal integrity. As shown in 

Figure 2.6 A, in HEK293 cells, Flag-Lrp4 co-precipitated with co-transfected SGα, but not SGδ, 

indicating the specificity of the interaction. To demonstrate that Lrp4 interacts with SGα in vivo, 

muscle homogenates were from Flag-Lrp4 transgenic mice and incubated with anti-SGα 

antibody and normal IgG (as control) and resulting precipitates were probed with anti -Flag and 

anti-SGα antibody. SGα was present in the immunocomplex precipitated by anti-SGα antibody 

(Figure 2.6 B). Interestingly, SGα was reduced in aged muscles by 47% and 43% at mRNA 

(Figure 2.6 C) and protein (Figure 2.6 D) levels, respectively. At muscle cross-sections, SGα 

was associated with muscle membrane and present at the NMJ (labeled by α-BTX) in 3 M mice. 
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In muscles of 24 M mice, SGα staining was coarse; there were areas that were labeled by α-

BTX, but not anti-SGα antibody (Figure 2.6 E, arrow head). The observations suggest potential 

SGα loss of function in aged muscles. Next, we determined whether SGα reduction may 

increase Lrp4 stability by characterizing Lrp4 degradation in cells co-transfected with SGα -V5 

or empty vector (as control). In the presence of cycloheximide (CHX, 50 µg/ml) to block protein 

synthesis, Lrp4 degraded slower in cells expressing SGα than in control cells. Twelve hours 

after CHX treatment, 77% of Lrp4 remained detectable in the presence of, while in contrast, 

more than 50% Lrp4 was degraded in the absence of SGα (Figure 2.6 F-G). Altogether these 

results demonstrate that SGα is required for Lrp4 stability in muscle cells and suggest a 

mechanism for lower levels of Lrp4 in aged mice. 

 

 

Figure 2.5 Increased Lrp4 ubiquitination in aged mice. A, Increased Lrp4 mRNA levels in synaptic 
regions in aged mice. *p = 0.017 for Lrp4, *p = 0.019 for MuSK, N = 3 mice per group, unpaired t-test. B, 
Increased Lrp4 protein level in MG132-treated C2C12 myotubes, but not chloroquine (CLQ)-treated 
myotubes. C, Quantification of data in (B). ***p < 0.001, N = 3, One-way ANOVA. D, Increased Lrp4 
ubiquitination in synaptic regions of aged muscles. Ubiquitinated proteins were isolated by anti-Ub 
antibodies and probed with anti-Lrp4 antibody. E, Quantification of data in (D). *p = 0.031, N = 3 mice per 
group, unpaired t-test.   
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Figure 2.6 Increasing Lrp4 protein stability by SGα. A, Lrp4 interaction with SGα, but not Sgcd. Flag-Lrp4 
was precipitated from HEK293 cells co-transfected with SGα-V5 or SGδ-V5 and probed with anti-V5 
antibody. Lysates were probed with the same antibodies as control. B, In vivo interaction between Lrp4 
and SGα. Homogenates were prepared from muscles of Flag-Lrp4 transgenic mice and subjected to IP 
with anti-SGα antibody. Immunocomplex was probed with anti-Flag and SGα antibodies. C, mRNA 
expression of sarcoglycan complex molecules in diaphragm synaptic region. **p = 0.0026 for SGα, **p = 
0.0039 for SGβ, ***p = 0.0004 for SGγ. N = 3 mice per group, unpaired t-test. D, Reduced SGα protein 
level in aged mice. Top panel, representative blots. Lower panel, Quantitative data. *p = 0.015, N = 3 
mice per group, unpaired t-test. E, Discontinuous staining of SGα in aged TA muscles. White arrow head, 
NMJs identified by α-BTX staining. Scale bar, 20 µm. F-G, Increased Lrp4 stability in HEK293 cells 
expressing SGα. HEK293 cells were transfected with Flag-Lrp4 without (control) or with SGα-V5 and 
incubated with CHX. Flag-Lrp4 levels were analyzed at indicated times. F, representative blot; G, 
quantitative data. **p < 0.01, ***p < 0.001, N = 3, two-way ANOVA.  

  



52 
 

Alleviation of neuromuscular aging by AAV-SGα 

Our hypothesis predicts that increasing SGα levels may increase Lrp4 stability in aged muscles 

and thus ameliorate NMJ aging. To test this, we generated adeno-associated virus (AAV) 

expressing human SGCA (AAV9-SGα-GFP) by subcloning human SGCA into AAV-CMV-GFP 

(between EcoRI and AgeI sites) (Figure 2.7 A). As shown in Figure 2.7 B, SGα was expressed 

in HEK293 cells transfected with the recombinant construct. After virus package and purification, 

we injected these AAVs (5 x 1011~1 x 1012 vg/mouse) into 24 M mice and looked for GFP 

labeled muscle fibers. As shown in Figure 2.7 C,D, 90% or more of the muscle fibers were GFP-

positive in AAV9-GFP-and AAV-SGα-GFP-infected muscles, respectively. This result indicates 

high infection rates of muscle fibers by AAV9 viruses. The slightly lower infection efficiency of 

AAV9-SGα-GFP may be due to large cargo of SGα (Wu et al., 2010b). We analyzed Lrp4 levels 

in aged mice diaphragm synaptic region 6 weeks after intravenous injection. As shown in Figure 

2.7 E, Lrp4 protein levels were increased in aged muscles infected with AAV9-SGα-GFP, 

compared with AAV9-GFP infected muscles. This was associated with a reduction in 

ubiquitinated Lrp4 (Figure 2.7 E,F). These results indicate that restoring SGα in aged muscles 

elevated Lrp4 levels by reducing Lrp4 degradation.  

Next, we compared NMJs of aged mice after viral injection. There were more endplates 

in TA that were fully innervated in 24 M mice 6 weeks after intramuscular injection of AAV9-

SGα-GFP (24 M-SGα), compared with mice injected with AAV9-GFP (24 M-GFP) (increased 

from 49.1% to 69.5%, p < 0.01) (Figure 2.8 A-C). NMJ fragment numbers and percentage of 

fragmented endplate were reduced by AAV9-SGα-GFP (fragment numbers: 7.6 ± 0.6 with 

AAV9-SGα-GFP versus 4.9 ± 1.3 for AAV9-GFP, p < 0.01; fragmented NMJ percentage: 76.6 ± 

10.7% vs 49.4 ± 5.9% for AAV9-GFP and AAV9-SGα-GFP, respectively; p < 0.01) (Figure 2.8 

B,D,E). Functionally, CMAPs were improved in aged muscles after viral expression of SGα. The 

10th to 1st ratios of CMAP at 20 and 40 Hz of stimulation were 82.6% and 78.5% in GFP group, 

which were increased to 90.5% and 87.1% in SGα group (Figure 2.9 A-C). mEPP amplitudes 

were increased SGα group, compared with GFP group (Figure 2.9 D-F). All together, these 

observations demonstrate that NMJ deficits in aged mice can be mitigated by storing SGα levels, 

which increases Lrp4 by reducing its degradation.  
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Figure 2.7 Increased Lrp4 level with reduced ubiquitination in aged muscles by SGα expression. A, 
Diagram of AAV9-SGα-GFP construct. Human SGCA was inserted at N-terminus of GFP as a fusion 
protein. ITR, inverted terminal repeats; CMV, cytomegalovirus promoter; β-Glob, β-globulin intron. B, SGα 
expression in HEK293 cells transfected with AAV9-SGα-GFP. C, Expression of GFP in muscles after 
intramuscular and intravenous injection with indicated AAV. Shown were TA cross-sections. D, High 
infection rates by AAV9 expressing SGα-GFP. E, Reduced Lrp4 ubiquitination in aged muscles by AAV9-
mediated SGα overexpression. Muscles were isolated 6 weeks after intravenous injection and analyzed 
for ubiquitinated Lrp4 as described in Fig. 5. F, Quantification of data in (E). **p < 0.01, N = 3 mice per 
group, one-way ANOVA. 
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Figure 2.8 Ameliorated NMJ fragmentation and denervation in aged mice by SGα overexpression. A, 
Reduced fragmentation and improved innervation. Shown were TA muscles of mice at different ages and 
indicated AAV treatment, whole-mount stained with CF568 α-BTX (red) and anti-NF/Syn antibodies 
(visualized by Alexa Fluor 488 goat anti-rabbit IgG, green). Blue arrow head, denervated or partially 
innervated endplated. Scale bar, 50 µm. B, Enlarged images of individual endplates. Scale bar, 10 µm. C-
E, Quantitative analysis of data in (A). **p < 0.01, ***p < 0.001, N = 5 mice per group, one-way ANOVA.  
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Figure 2.9 Improved neuromuscular transmission in aged mice by SGα expression. A,B, Reduced ratio 
of 2nd-10th CMAP amplitudes over the 1st CMAP amplitude at 40 Hz stimulations. A, representative traces; 
B, quantitative data. *p < 0.05, **p < 0.01, ***p < 0.001, N = 4 mice per group, two-way ANOVA. C, 
Frequency-dependent CMAP reduction. Shown were ratios of 10th over 1st CMAP amplitudes. *p < 0.05, 
**p < 0.01, ***p < 0.001, N = 4 mice per group, two-way ANOVA. D-F, Increased mEPP amplitudes of 
aged mice by AAV-mediated SGα expression. D, representative mEPP traces. E, Comparable mEPP 
frequencies. F, Increased mEPP amplitudes in 24 M-SGα mice, compared with 24 M-GFP mice. *p < 0.05, 
**p < 0.01. 
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IV. DISCUSSION 

In this study, on one hand, we demonstrate the effect of muscle Yap on neuromuscular 

development and regeneration. We found that HSA-Yap-/- mice displayed reduced muscle 

strength, likely due to impaired neuromuscular transmission (Figure 1.1, 1.2). Further studies 

exhibited both post-synaptic and presynaptic deficits in the NMJ of HSA-Yap-/- mice. For 

example, AChR clusters were smaller and were distributed in a broader region in the middle of 

muscle fibers whereas primary branch of the phrenic nerve was mislocated towards the central 

cavity and the length of secondary branch was increased. Many AChR clusters were not or less 

covered by nerve terminals; mEPP frequency was reduced, which was associated with an 

increase in paired-pulse facilitation (Figure 1.3-1.5). These results indicate defects in NMJ 

structure and function. Moreover, the absence of muscle Yap prevented reinnervation of 

denervated muscle fibers (Figure 1.7). Together, these observations consolidate a role of 

muscle Yap in NMJ formation and regeneration. Mechanistically, we found that β-catenin was 

reduced in the cytoplasm and nucleus of mutant muscles (Figure 1.8 F-G), suggesting 

compromised β-catenin signaling. Last but not least, NMJ formation and regeneration deficits of 

HSA-Yap-/- mice were ameliorated by treatment with LiCl (Figure 1.9), further corroborating a 

role of β-catenin or Wnt-dependent signaling downstream of Yap to regulate NMJ formation and 

regeneration.  

 On the other hand, we provide evidence that agrin-Lrp4-MuSK signaling pathway is 

tampered in aged mice and its restoration ameliorates age-related NMJ decline. we report that 

Lrp4 protein level was reduced in aged muscles. This reduction was associated with diminished 

tyrosine phosphorylation of MuSK, suggesting compromised agrin-Lrp4-MuSK signaling as a 

potential mechanism of NMJ decline in aged mice. To test this hypothesis, we generated a 

transgenic mouse strain to express Lrp4 specifically in skeletal muscles and found that 

conditional overexpression of Lrp4 in muscle alleviated NMJ fragmentation and denervation and 

improved NMJ transmission in aged mice. Because Lrp4 mRNA was not reduced in aged 

muscles, we posit a compromised stability of Lrp4 protein; indeed, ubiquitinated Lrp4 was 

increased in aged mice. Mechanistically, we found that Lrp4 interacted with SGα, which was 

critical for Lrp4 stability in co-expressing cells and was reduced at aged muscles. Finally, we 

demonstrate that NMJ decline in aged mice could be ameliorated by AAV9-mediated 

overexpression of SGα. These observations demonstrate that agrin-Lrp4-MuSK is necessary for 

NMJ maintenance in aged mice and identify a novel mechanism to regulate Lrp4 stability by 

SGα. Our results provide insight into pathological mechanisms of sarcopenia and related NMJ 
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decline and suggest that improved Lrp4 stability may be a target for potential therapeutic 

intervention. 

 

Crosstalk between Wnt and Hippo Signaling to Mediate Retrograde Signaling 

Wnt signaling has been implicated in NMJ formation in Drosophila and C. elegans (Packard et 

al., 2002; Korkut and Budnik, 2009). However, whether mammalian NMJ formation or function is 

regulated in a similar way was unclear. Recently, several players in Wnt pathways were shown 

to be involved in AChR clustering in culture (Luo et al., 2002; Wang et al., 2003; Zhang et al., 

2007). Wnt ligands could stimulate as well as inhibit AChR clustering (Zhang et al., 2012; Barik 

et al., 2014a). Ablating or increasing β-catenin in muscles alters not only the size and location of 

AChR clusters, but also motor nerve differentiation possibly by controlling the expression of Slit2 

(Li et al., 2008; Jaworski and Tessier-Lavigne, 2012; Liu et al., 2012; Wu et al., 2015a). These 

observations suggest the involvement of Wnt signaling in mammalian NMJ formation although 

how Wnt signaling is regulated remains poorly understood. Intriguingly, MuSK, a receptor 

tyrosine kinase critical for NMJ formation, has a cysteine-rich domain (CRD) that is homologous 

to Wnt receptor Frizzled (Stiegler et al., 2009). However, whether this domain serves as a 

receptor for Wnt ligands is in debate (Messeant et al., 2015; Remedio et al., 2016).  

Recent evidence indicates that Wnt signaling cross-talks with Hippo pathways. In the 

absence of Wnt, inactive YAP retention at cytoplasm contributes to β-catenin degradation (Imajo 

et al., 2012; Azzolin et al., 2014). In the presence of Wnt, YAP is activated and dissociated from 

the β-catenin complex, which leads to β-catenin increase, nuclear localization and 

transcriptional activation. On the other hands, Wnt non-canonical signaling pathway also inhibits 

Hippo kinase LATS and activates YAP in a Gα12/13-RhoGTPase dependent manner (Park et al., 

2015). In addition to cytoplasmic interaction, YAP is also part of the β-catenin transcriptional 

complex to promote the expression of Wnt signaling proteins (Heallen et al., 2011; Varelas and 

Wrana, 2012). In this study, we investigated the role of Yap in NMJ formation. Although Yap has 

been implicated in muscle differentiation in an in-vitro study (Watt et al., 2015), myogenic factor 

levels, muscle fiber type and size were not significantly different between control and HSA-Yap-/- 

mice. In agreement, AChR levels were not altered by muscle Yap mutation. A parsimonious 

interpretation of postsynaptic deficits in HSA-Yap-/- mutant mice (reduced AChR cluster area 

and increased endplate band width) is therefore that muscle Yap regulates AChR clustering. 

How Yap does it demands further investigation. Increased endplate band width and axon 

arborization occur in mice lacking γ subunit of AChR (Liu et al., 2010). However, mRNAs of 

AChR subunits including γ were not reduced in Yap mutant mice during embryonic development 
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(data not shown), suggesting NMJ abnormality in Yap mutation may not be caused by γ 

deficiency.  

Unlike Slit2, whose expression was reduced, levels of Gdnf, Gdf5 and Fgf10 were 

increased in HSA-Yap-/- mice. However, the mutant mice did not exhibit poly-innervation 

phenotype as observed in Gdnf gain-of-function mice (Oppenheim et al., 1995; Keller-Peck et 

al., 2001). Fgf22 was shown to promote presynaptic differentiation in vivo for mossy fibers in the 

cerebellum and neuromuscular synapse (Umemori et al., 2004; Fox et al., 2007). However, 

Fgf22 was not altered in HSA-Yap-/- muscles, excluding its contribution to observed presynaptic 

deficits. Whether Fgf10 and Gdf5 regulates NMJ formation warrant further studies. Notice that 

NMJ deficits in HSA-Yap-/- mice were not fully rescued by LiCl treatment, suggesting that β-

catenin may not be a sole downstream effector of Yap. Recent evidence indicates that Yap 

could regulate Rho GTPase and basal lamina (Sorrentino et al., 2014; Poitelon et al., 2016), 

both of which contribute to NMJ formation and maintenance (Noakes et al., 1995; Weston et al., 

2000; Weston et al., 2003; Nizhynska et al., 2007; Nishimune et al., 2008). 

 

Regulation of Lrp4 Stability by SGα 

Recent evidence indicates that the agrin-Lrp4-MuSK signaling is not only important for NMJ 

formation, but also critical for its maintenance. When agrin, Lrp4 or MuSK is ablated in 

adulthood, after NMJ formation, mutant mice displayed disrupted NMJ structure and 

compromised neuromuscular transmission (Hesser et al., 2006; Samuel et al., 2012; Barik et al., 

2014b). Likewise, eliciting antibodies against agrin, Lrp4 and MuSK in mice impairs NMJ 

structure and function (Jha et al., 2006; Klooster et al., 2012; Huijbers et al., 2013; Shen et al., 

2013; Yan et al., 2018). In aged mice, there is a reduction in Lrp4 protein and tyrosine 

phosphorylation of MuSK (Figure 2.1 E-G). This is associated with fragmented and denervated 

endplates (Figure 2.3). These results suggest a critical role of agrin-Lrp4-MuSK signaling in 

maintaining NMJ structure and function in aged mice. This notion is supported by the finding 

that NMJ deficits in aged mice could be mitigated by restoring Lrp4 (Figure 2.3, 2.4). 

 Intriguingly, mRNA levels of Lrp4 and MuSK were increased in muscles of aged mice 

(Ibebunjo et al., 2013) (Figure 2.5), perhaps as a compensatory mechanism. This however is 

not sufficient to maintain the normal level of Lrp4 (Figure 2.1), suggesting an imbalance 

between Lrp4 synthesis and degradation. Our studies show that Lrp4 in muscle cells is 

degraded mainly via proteasome pathways (Figure 2.5 B-E). In aged mice, ubiquitinated Lrp4 

was increased (Figure 2.5 D,E), suggesting increased degradation at protein level.  
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The DGC is a complex consisting of cytoskeleton linker dystrophin and utrophin, 

transmembrane proteins dystroglycans (α, β), SGs (α, β, γ, δ) and sarcospan as well as 

cytoplasmic proteins dystrobrevins and syntrophins (Singhal and Martin, 2011; Tintignac et al., 

2015; Li et al., 2018). It links the interior cytoskeleton to the ECM and is essential for 

sarcolemmal integrity (Ervasti et al., 1990; Sunada and Campbell, 1995; Hack et al., 2000a; 

Hack et al., 2000b). DGC proteins are present at the NMJ (Ohlendieck et al., 1991; Adams et al., 

2000; Grady et al., 2000). Loss of dystrophin, α-dystrobrevin or α-syntrophin reduces AChR 

density and disrupts NMJ structure including diminishing junctional folds (Torres and Duchen, 

1987; Lyons and Slater, 1991; Adams et al., 2000; Hosaka et al., 2002). SGα mutations have 

been implicated in various muscular dystrophies including limb girdle muscular dystrophy 

(Roberds et al., 1994; Carrie et al., 1997; Fanin et al., 1997; Duclos et al., 1998). Our study 

identifies a novel function of SGα in NMJ maintenance, i.e., to stabilize Lrp4. SGα levels were 

reduced at both mRNA and protein levels during aging (Figure 2.6 C,D). Interestingly, 

increasing SGα levels promotes Lrp4 stability (Figure 2.7 E,F) and viral expression of SGα 

diminished NMJ deficits in aged mice (Figure 2.8, 2.9). These results support a model where 

Lrp4 stability requires SGα in aged muscles and provide insight into molecular mechanism of 

NMJ decline in aged mice.   

 

Future Perspectives 

The NMJ is a canonical synapse that has been studied for decades. Previous studies have 

established a splendid pyramid orchestrating neuromuscular structure and function. Although 

the molecular pathways underlying NMJ formation have been extensively explored,  some 

questions still remain.  

First, various muscular molecules have been implicated in mediating motor axon growth 

and differentiation, whereas their molecular mechanisms are poorly understood. Our studies 

demonstrate that muscle Yap is a switch to turn on or off β-catenin signaling to facilitate proper 

presynaptic development, which raises further concerns. How does Yap maintain β-catenin 

protein level? β-catenin mRNA level in muscle is not reduced in the absence of Yap, suggesting 

that Yap does not regulate β-catenin expression, but rather its stability. The protein amount of β-

catenin reduced in both nucleus and cytoplasm in Yap mutant mice (Figure 1.8 F,G) , implying 

that Yap might enhance β-catenin transcriptional complex stability in nucleus in addition to 

cytoplasmic interaction. It is interesting to investigate the nuclear interaction complex of Yap and 

β-catenin. Moreover, inhibition of β-catenin degradation only partially rescued NMJ deficits in 
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Yap mutant mice (Figure 1.9), hinting other downstream molecules. Thus, screening Yap/Taz 

target genes might further depict the picture of retrograde signaling. 

Second, during aging, muscles become atrophic and weak, preceded by neuromuscular 

degeneration. Nevertheless, how the NMJ decline is associated with muscle weakness is not 

comprehensively explained at molecular level. Our studies demonstrate that Lrp4 protein 

stability and agrin signaling are impaired in aged mice, which is rescued by enhancing the 

expression of a DGC molecule SGα. The observations implicate compromised agrin signaling 

as a molecular mechanism of NMJ aging and escalate the notion that muscle basal lamina 

participates in stabilization of agrin-Lrp4-MuSK signaling components. Therefore, attractive 

questions stand out whether and how age-related loss of basal lamina proteins links NMJ 

decline to sarcopenia; whether enhancing agrin-Lrp4-MuSK signaling mitigates age-related 

muscle wasting. Further studies on these will contribute to better knowledge of the aging 

process. 
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APPENDIX A: RT-PCR PRIMERS USED IN THE STUDY 

 

Table 1 

Name Forward (5’-3’) Reverse (5’-3’) 
Slit2 GGCAGACACTGTCCCTATCG ATCTGTCTTCGTGATCCTCGTGA 
Bdnf AGGCCAACTGAAGCAGTATTTCTAC GAACATACGATTGGGTAGTTCGG 
Gdnf CTGACTTGGGTTTGGGCTATGA TGCCTGGCCTACTTTGTCACTT 
Gdf5 GCCCACAAACCACGCAGTC GCCACAAGATTCCACGACCAT 
Fgf7 GAAGACTGTTCTGTCGCACCCA ATTGCATAGAGTTTCCCTTCCTTGT 
Fgf10 GCCACCAACTGCTCTTCTTCC GCTGACCTTGCCGTTCTTCTC 
Fgf22 GCTTCTATGTGGCCATGAATCG AGACCAAGACTGGCAGGAAGTGT 
Bmp4 GAGGAGTTTCCATCACGAAG TCTCCACTCCCTTGAGGTAA 
Myf5 ACCACCACCAACCCTAACCAG ACCAGACAGGGCTGTTACATTCA 
Myog GCGGCTGCCTAAAGTGGAGA GGAGGCGCTGTGGGAGTTG 
MyoD GGCTACGACACCGCCTACTACA TGTGGAGATGCGCTCCACTAT 
AChRα CTCTCGACTGTTCTCCTGCTG GTAGACCCACGGTGACTTGTA 
AChRδ GAATGAGGAACAAAGGCTGATCC GGTGAGACTTAGGGCGACAT 
AChE GGCTCCTACTTTCTGGTTTACGG GGCTGCCAGGTCACTTGCTT 
Lrp4 AGTCACCGCAAGGCTGTCATTA GTTGGCACTATTGATGCTCTTGG 
MuSK ACCGTCATCATCTCCATCGTGT CTCAATGTTATTCCTCGGATACTCC 
SGα ACTGAAGCCACAGACCGAGACT ATGATGTAAGCCAGCAACAGAGTAA 
SGβ GAGAGCGGTCTGCTGAGGTTC CGCTGGTGATGGAGGTCTTGT 
SGγ GCTGCCTATACCTATTCGTTCTTCTC CACTCTGGAGCGTATTTCTTTGG 
SGδ ATTCCCACCACAGGAGCACCATG GGAGCAGGACAAAGAAATACAGG 
Gapdh AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA 
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