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Yes-associated protein (Yap) is a major effector of the Hippo pathway that regulates cell proliferation and differentiation during devel-
opment and restricts tissue growth in adult animals. However, its role in synapse formation remains poorly understood. In this study, we
characterized Yap’s role in the formation of the neuromuscular junction (NMJ). In HSA-Yap�/� mice where Yap was mutated specifically
in muscle cells, AChR clusters were smaller and were distributed in a broader region in the middle of muscle fibers, suggesting that muscle
Yap is necessary for the size and location of AChR clusters. In addition, HSA-Yap�/� mice also exhibited remarkable presynaptic deficits.
Many AChR clusters were not or less covered by nerve terminals; miniature endplate potential frequency was reduced, which was
associated with an increase in paired-pulse facilitation, indicating structural and functional defects. In addition, muscle Yap mutation
prevented reinnervation of denervated muscle fibers. Together, these observations indicate a role of muscle Yap in NMJ formation and
regeneration. We found that �-catenin was reduced in the cytoplasm and nucleus of mutant muscles, suggesting compromised �-catenin
signaling. Both NMJ formation and regeneration deficits of HSA-Yap�/� mice were ameliorated by inhibiting �-catenin degradation,
further corroborating a role of �-catenin or Wnt-dependent signaling downstream of Yap to regulate NMJ formation and regeneration.

Key words: �-catenin; neuromuscular junction; regeneration; YAP

Introduction
The neuromuscular junction (NMJ) is a chemical synapse that
conveys electric signal from motor neuron to skeletal muscle to

control contraction (Sanes and Lichtman, 2001; Wu et al., 2010;
Tintignac et al., 2015). Improper NMJ formation and mainte-
nance have been implicated in various neuromuscular disorders,
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Significance Statement

This paper explored the role of Yes-associated protein (Yap) in neuromuscular junction (NMJ) formation and regeneration. Yap
is a major effector of the Hippo pathway that regulates cell proliferation and differentiation during development and restricts
tissue growth in adult animals. However, its role in synapse formation remains poorly understood. We provide evidence that
muscle Yap mutation impairs both postsynaptic and presynaptic differentiation and function and inhibits NMJ regeneration after
nerve injury, indicating a role of muscle Yap in these events. Further studies suggest compromised �-catenin signaling as a
potential mechanism. Both NMJ formation and regeneration deficits of HSA-Yap�/� mice were ameliorated by inhibiting
�-catenin degradation, corroborating a role of �-catenin or Wnt-dependent signaling downstream of Yap to regulate NMJ for-
mation and regeneration.
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such as myasthenia gravis, congenital myasthenic syndrome, and
amyotrophic lateral sclerosis. Functional NMJ requires intimate
interactions between motor nerve terminals, skeletal muscle fi-
bers, and perisynaptic Schwann cells (Wu et al., 2010; Darabid et
al., 2014). For example, neuronal agrin binds to low-density li-
poprotein receptor-related protein 4 (Lrp4) and thus activates
muscle-specific kinase (MuSK) in postsynaptic muscle fibers
(DeChiara et al., 1996; Cohen et al., 1997; Sanes and Lichtman,
2001; Kim et al., 2008; Zhang et al., 2008; Tintignac et al., 2015).
Ensuing intracellular signaling presumably via the adaptor pro-
tein Dok7 leads to postjunctional assembly, including AChR
clustering (Phillips et al., 1991; Gautam et al., 1995; Okada et al.,
2006; Bergamin et al., 2010; Wu et al., 2010; Tintignac et al.,
2015). The agrin/Lrp4/MuSK signaling is critical not only for
NMJ formation, but also for its maintenance (Barik et al., 2014b).
On the other hand, ACh released from motor neurons, via muscle
activation, suppresses AChR expression and disperses receptor
clusters, involving Cdk5 kinase (Lin et al., 2001; Fu et al., 2005;
Lin et al., 2005; Chen et al., 2007; Yang et al., 2011).

NMJ formation is also regulated by factors that are produced
in muscle fibers (Oppenheim et al., 1995; Keller-Peck et al., 2001;
Umemori et al., 2004; Fox et al., 2007; Baudet et al., 2008;
Macpherson et al., 2015). Recently, evidence emerged that
�-catenin in muscle fibers regulates motor neuron differentia-
tion and neuromuscular transmission. Mutant mice without
�-catenin in muscle die neonatally, with profound presynaptic
deficits, such as mislocation of phrenic nerve primary branches,
reduced synaptic vesicles, and impaired neuromuscular trans-
mission, in addition to postsynaptic defects (Li et al., 2008).
Moreover, expression of stable �-catenin in muscle cells also im-
pairs presynaptic differentiation in mutant mice (Liu et al., 2012;
Wu et al., 2012a). These observations suggest that �-catenin in
muscle is critical for a retrograde pathway to direct nerve
terminal development. In vivo rescue experiments indicate that
the effect of �-catenin does not require its interaction with
�-catenin, but its transactivation domain, suggesting the involve-
ment of transcriptional regulation, but not cell-adhesion func-
tion (Wu et al., 2015). One downstream factor may be Slit2 whose
transcription is regulated by �-catenin, and increasing its expres-
sion in the muscle diminishes presynaptic deficits in �-catenin
mutant mice (Wu et al., 2015). However, how �-catenin is regu-
lated in terms of NMJ formation is not well understood.

In this study, we characterized Yap’s role in synapse formation
and regeneration using the NMJ as a model. We demonstrated
that mutant mice that lack Yap specifically in muscles formed
larger NMJs that were distributed in a broader central region of
the fibers. Remarkably, the mutant mice displayed deficits in
structure and function of motor axon terminals. Muscle Yap mu-
tation also prevented reinnervation of AChR clusters after dener-
vation. We explored underlying mechanisms by which muscle
Yap regulates NMJ formation and regeneration. Our results sug-
gest that Yap in muscles regulates �-catenin signaling that has
been shown to be critical for NMJ formation. Together, these
observations uncover a previously unappreciated role of Yap in
NMJ formation and regeneration.

Materials and Methods
Generation and genotyping of mouse lines. Yapflox/flox (Yap f/f) mice (Zhang
et al., 2010; Wang et al., 2014) (Jax catalog #027929) were crossed with
human skeletal actin (HSA) Cre mice (Jax catalog #006149) (Miniou et
al., 1999; Schwander et al., 2003) to generate HSA::Cre;Yap f/f mice (re-
ferred as HSA-Yap�/� hereafter). The background of the mice was
C57BL/6. 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).
Unless otherwise indicated, control mice were littermate Yap f/f mice that
showed no NMJ deficits compared with wild-type. Mice of either sex
were studied. Animal experimental procedures were approved by the
Institutional Animal Care and Use Committee at Augusta University.

Reagents and antibodies. Chemicals were purchased from Sigma-Aldrich
unless otherwise indicated. CF568 �-bungarotoxin (�-BTX, #00006, 1:1000
for staining) was purchased from Biotium. Antibodies used were Yap
(WH0010413M1, 1:1000 for Western blot) and laminin (#041M4799, 1:200
for staining) from Sigma-Aldrich; �-catenin (#610154, 1:1000 for Western
blot) from BD Biosciences; �-catenin (1:1000 for Western blot) from
Thermo Fisher; S100� (Z031129-2, 1:500 for staining) from Dako; SV2
(1:500 for Western blot and staining) and myosin Type I (A4.840, 1:500 for
staining) from Developmental Studies Hybridoma Bank; GAPDH (NB 600-
501; 1:3000 for Western blot) from Novus; PARP (#46D11, 1:1000 for West-
ern blot); neurofilament (C28E10, 1:500 for staining); and synapsin (D12G5,
1:500 for Western blot and staining) from Cell Signaling Technology. Alex-
aFluor-488 goat anti-rabbit IgG, AlexaFluor-488 goat anti-mouse IgG, and
AlexaFluor-555 goat anti-rabbit IgG were described previously (Wu et al.,
2012b). HRP-conjugated goat anti-rabbit IgG (32260), goat anti-mouse IgG
(32230), and goat anti-rat IgG(31470) antibodies (1:4000 for Western blot)
were from Pierce. Anti-agrin-C95 (1:500 for staining) was a gift provided by
Dr. Markus Ruegg. Anti-MuSK and anti-AChR� antibodies were described
previously (Wu et al., 2012a; Barik et al., 2014b).

Immunofluorescence. Muscles were fixed with 4% PFA in PBS at 4°C
overnight, rinsed with 0.1 M glycine in PBS for 30 min, and incubated
with the blocking buffer (5% BSA, 2% Triton X-100, 5% goat serum in
PBS) for 2 h at room temperature. They were then incubated with pri-
mary antibodies in blocking buffer at 4°C overnight. After washing 3
times for 1 h each with 2% Triton X-100 in PBS, the samples were incu-
bated with fluorescent-labeled secondary antibodies in blocking buffer
overnight at 4°C. Muscle samples were then washed with 2% Triton
X-100 in PBS 3 times for 1 h each and mounted with Vectashield mount-
ing medium (H1200) and coverslip. For muscle cross-section staining,
muscles were fixed with 4% PFA in PBS at 4°C overnight. After dehydra-
tion by 30% sucrose at 4°C overnight, muscles were frozen at �80°C in
Cryo-embedding medium (Ted Pella) and cut into 30 �m sections on a
cryostat (HM550; Thermo Scientific). Sections were incubated with the
blocking buffer for 2 h at room temperature and then with primary
antibodies in the blocking buffer at 4°C overnight. After washing 3 times
for 1 h each with 2% Triton X-100 in PBS at room temperature, the
samples were incubated with fluorescent-labeled secondary antibodies in
the blocking buffer overnight at 4°C. The samples were 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 analysis. Western blot was performed as described previ-
ously (Barik et al., 2014b).

RT-PCR analysis. Total RNA was purified from gastrocnemius with
Trizol (Invitrogen) and reverse transcribed to cDNAs with GoScript re-
verse transcription kit (Promega). cDNAs were used as template in qPCR
in a 20 �l reaction system containing SYBR GreenER qPCR mix with

Table 1. Gene-specific primers

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
GAPDH AAGGTCATCCCAGAGCTGAA CTGCTTCACCACCTTCTTGA
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gene-specific primers (Table 1). PCR included an initial step at 95°C (3
min), followed by 40 cycles consisting of denaturation at 95°C (15 s),
annealing and extension at 60°C (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) (Shen et al., 2013; Barik et al., 2014b). 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 read-
ings of the scale were recorded. Motor function was examined by Ro-
tarod 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 times 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.

Electromyography and electrophysiological recording. Mice were anes-
thetized with ketamine and xylazine mixture (100 and 10 mg/kg body
weight, respectively) on a 37°C heating pad. The stimulation needle elec-
trode (TECA, 092-DMF25-S) was inserted near the sciatic nerve of the
left thigh. The reference needle electrode was inserted into the Achilles
tendon while 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 stim-
ulating 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, and 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, left hemi-diaphragm together
with ribs and phrenic nerves were dissected, mounted on Sylgard gel, and
perfused in oxygenated (95% O2, 5% CO2) Ringer’s 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 min-
iature endplate potentials (mEPPs), microelectrodes (CV203 BU
HEADSTAGE, 20 – 40 M�, filled with 3 M KCl) connected to the Axo-
patch 200B Amplifier were inserted to the center of the muscle, with the
resting membrane potential at �65 to �80 mV. Five recordings were
performed per diaphragm, each lasting 3– 4 min. To record endplate
potentials (EPPs) and paired-pulse ratios, 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 �M �-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 as previously reported (Ingalls et
al., 2004; Arpke et al., 2013). Briefly, mice were anesthetized with isoflu-
rane continuously supplied by VetFlo anesthesia system (Kent Scientific)
and placed on a 37°C 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 17° 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. Stimula-
tion pulse width was 0.2 ms for all experiments. Tetanic contractions
were induced by 300 ms stimuli at frequencies of 50, 100, and 125 Hz.
Each tetanic contraction was followed by an interval of �2 min. Twitch
and tetanic forces were normalized by body weight.

Nerve transplant and crush surgeries. Our nerve transplant model was
modified from previous reports (Payne and Brushart, 1997; Macpherson

Figure 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, Exon
1; E2, exon 2. B, Genotyping results of HSA-Yap�/�; Yap f/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 (unpaired t test). N � 20 mice per group. E, Reduced time in wire hanging test of HSA-Yap�/� mice. *p � 0.012
(unpaired t test). N � 23 mice per group. F, Increased falling from Rotarod of HSA-Yap�/� mice. *p � 0.05 (two-way ANOVA). ***p � 0.001 (two-way ANOVA). N � 15 mice per group.
G, Comparable levels of myogenic factor mRNA between control and mutant groups. N � 3 or 4 mice per group. H, Representative images of gastrocnemius cross sections. Scale bar, 20 �m.
I, Comparable muscle types between control and mutant mice. N � 5 mice per group. J, No difference in cross section area of muscle fibers. N � 6 mice per group. K, Similar nuclear distribution on
TA and soleus muscle. Red represents laminin. Blue represents DAPI. Scale bar, 20 �m. L, Quantification of central nuclei percentage of K. N � 5 mice per group.
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et al., 2015). Briefly, mice were anesthetized with ketamine and xylazine
mixture (100 and 10 mg/kg body weight, respectively) and placed on a
37°C 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 tibial 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). As 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) and mice were kept on 37°C 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 	 3 with microforceps (No. 5 Dumont; 11252-00;
FST) that were precooled with liquid nitrogen 2 mm before entering
respective muscles. Fourteen and 21 d after nerve crush, gastrocnemius
muscles were examined.

Statistical analysis. Data were analyzed by unpaired t test, one-way
ANOVA, and two-way ANOVA. Unless otherwise indicated, data
were shown as mean 
 SD. Statistical difference was considered when
p � 0.05.

Results
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 knock-out mice by
breeding HSA::Cre mice, which express Cre recombinase under
the control of HSA promoter (Brennan and Hardeman, 1993;
Miniou et al., 1999; Schwander et al., 2003), with Yap f/f mice in
which exons1 and 2 of Yap are flanked by loxp site (Zhang et al.,
2010; Wang et al., 2014), to generate HSA::Cre;Yapflox/flox (HSA-
Yap�/�) mice. Genotyping analysis revealed that the Yap-deleted
allele was detected only in muscle, not tail DNA of HSA-Yap�/�

mice, indicative of muscle-specific mutation (Fig. 1A,B). Ac-
cordingly, Yap protein level was reduced only in skeletal muscles,
but not in other tissues or organs, including spinal cord where
motor neuron resides (Fig. 1C). To determine whether Yap mu-
tation impairs general motor function, HSA-Yap�/� mice were
subjected to three muscle strength assays. First, forelimb grip
strength of HSA-Yap�/� mice was lower than littermate Yap f/f

control (Fig. 1D). Moreover, the time they were able to hang on a
1.5-mm-diameter wire was reduced, compared with control mice
(Fig. 1E). Similarly, the latency to fall from a rotator rod was
reduced (Fig. 1F). These observations demonstrate that proper
motor function and muscle strength require Yap in muscle cells.
However, as shown in Figure 1G, mRNA of key myogenic factors,
including MyoD, Myf5, and myogenin, was comparable between
control and mutant muscles, suggesting little effect of Yap muta-
tion. Furthermore, there was no difference between slow and fast
fiber composition in control and mutant mice (Fig. 1H, I). The
cross-sectional area in HSA-Yap�/� mice was not significantly
lower than control (Fig. 1H, 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 (re-
gardless of fast or slow fiber type) (Fig. 1K,L). These results sug-
gest that HSA-Cre-mediated Yap mutation has little effect on

Figure 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. C, Representative tetanic curves at stimulation frequency 50, 100, and 125 Hz by muscle
stimulation. D, Comparable tetanic force between control and mutant mice by muscle stimulation. N � 4 mice per group. 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 (unpaired t test). N � 4 mice per group. G, Representative tetanic curves at stimulation
frequency 50, 100, and 125 Hz by sciatic nerve stimulation. H, Reduced tetanic force in HSA-Yap�/� mice by nerve stimulation. *p � 0.05 (unpaired t test). N � 4 mice per group.
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Figure 3. Postsynaptic and presynaptic deficits in HSA-Yap�/� mice. A, Representative images of E15.5 and P0 Yap f/f and HSA-Yap�/� diaphragm left ventral region. Muscles were stained with
CF568 �-BTX (red) and anti-NF/Syn antibodies (visualized by AlexaFluor-488 goat anti-rabbit IgG, green). Arrow indicates primary branch. Arrowhead indicates defasciculated secondary branch.
Scale bar, 100 �m. B, Enlarged images of AChR clusters. Scale bar, 10 �m. C, Increased endplate band width in HSA-Yap�/� mice. *p � 0.014 for E15.5 (unpaired t test). **p � 0.0018 for P0
(unpaired t test). N � 4 or 5 mice per group. D, Comparable AChR number between Yap f/f and HSA-Yap�/� mice. N � 4 mice per group. E, AChR cluster intensity was comparable between Yap f/f

and HSA-Yap�/� mice. N � 4 or 5 mice per group. F, Reduced AChR area in HSA-Yap�/� mice. *p � 0.011 for P0 (unpaired t test). N � 4 mice per group. G, Reduced secondary branch number
in HSA-Yap�/� mice. **p � 0.0085 for E15.5 (unpaired t test). **p � 0.0014 for P0 (unpaired t test). N � 4 or 5 mice per group. H, Longer secondary branch in Yap mutant mice. *p � 0.021 for
E15.5 (unpaired t test). **p � 0.0037 for P0 (unpaired t test). N � 4 or 5 mice per group. I, Reduced nerve coverage in HSA-Yap�/� NMJs. ***p � 8.2E-5 for E15.5 (unpaired t test). **p � 0.0024
for P0 (unpaired t test). N � 4 or 5 mice per group.

Figure 4. CMAP reduction in HSA-Yap�/� mice. A, Representative CMAP traces of Yap f/f and HSA-Yap�/� mice in response to first, second, and 10th 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 first traces at different stimulation frequency (C) and reduced CMAP amplitude at
40 Hz (D). *p � 0.05 (two-way ANOVA). **p � 0.01 (two-way ANOVA). ***p � 0.001 (two-way ANOVA). N � 6 mice per group.
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muscle differentiation in vivo, perhaps due to the fact that Cre
expression controlled by �-skeletal actin-promoter occurs after
myoblasts fuse to myotubes (van der Ven et al., 1992; Brennan
and Hardeman, 1993).

To determine pathological mechanisms by which Yap muta-
tion 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 2A–D, muscle direct stimulation elicited com-
parable 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 (Fig. 2F–H). These results are in agreement with
morphological studies (Fig. 1H–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 neu-
romuscular transmission.

Presynaptic and postsynaptic deficits in muscle specific Yap
mutant mice
To investigate how Yap mutation alters neuromuscular transmis-
sion, we examined diaphragm muscles at E15.5, when NMJs ini-
tially form, and at P0 when NMJs begin to mature (Wu et al.,
2010). Muscles were stained with CF568-conjugated �-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 lo-
calized in the middle regions of muscle fibers (Fig. 3A,B) (Li et

al., 2008; Wu et al., 2012b). However, in HSA-Yap�/� mice, the
clusters were distributed in a wider region at E15 and P0 (Fig.
3A,C). The total number of AChR clusters and the average in-
tensity of each endplate were not changed at both ages (Fig.
3D,E). There was no difference between E15.5 control and mu-
tant 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 (Fig. 3B,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 mor-
phological 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 (Fig. 3A). In contrast, in HSA-
Yap�/� mice, the primary branch at both E15.5 and P0 was lo-
cated toward 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 or 5 mice per group).
The length of secondary branches was increased by 67% at E15.5
and 101% at P0 (62 
 7 �m in control and 104 
 20 �m in E15.5
mutant mice, p � 0.021; 88 
 14 �m in control to 177 
 37 �m
in P0 mutant mice, p � 0.0037, N � 4 or 5 mice per group) (Fig.
3G,H). In control mice, AChR clusters showed almost complete
registry with markers of nerve terminals. However, some areas

Figure 5. Impaired neuromuscular transmission in HSA-Yap�/� mice. A, Comparable resting membrane potentials between Yap f/f and HSA-Yap�/� mice at P3 and P30. N � 6 mice per group.
B, Representative mEPP traces of P3 (top) and P30 (bottom) of Yap f/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 (unpaired t test). ***p � 9.1E-6 for P30 mEPP frequency (unpaired t test). N � 6 mice per group. E, Reduced EPP
amplitudes in HSA-Yap�/� mice. *p � 0.016 (unpaired t test). N � 6 mice per group. F, Representative paired-pulse traces at 10 ms of stimulation interval. G, Increased paired-pulse facilitation
in HSA-Yap�/� mice. ***p � 0.001 (two-way ANOVA). N � 4 mice per group.
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labeled by AChR were not covered by presynaptic terminals in
mutant mice at both ages (Fig. 3B, 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.

Impaired neuromuscular transmission in HSA-Yap�/� mice
Next, we recorded 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 first and 10th stimuli were similar, regardless of the frequency
of the stimuli (even at 40 Hz) (Fig. 4A–C). However, in HSA-
Yap�/� mice, CMAP amplitudes at the 10th stimuli were signif-
icantly smaller, compared with the first, beginning at 20 Hz (Fig.
4A–D). At 40 Hz, CMAP reduction was detectable at fourth stim-
ulation (Fig. 4D). Moreover, CMAP reduction was frequency-
dependent (Fig. 4C), which indicated a progressive failure of
neuromuscular transmission following repetitive stimulations.

To characterize the cellular mechanism of this neuromuscular
transmission deficit, we measured mEPPs, local depolarizations
around endplates in response to spontaneous ACh release (Liu et
al., 2010; Chen et al., 2011; Nelson et al., 2013). Resting mem-
brane potentials were similar between control and HSA-Yap�/�

mice at age of P3 and P30, suggesting that Yap mutation had little
effect on muscle electric property (Fig. 5A). mEPP amplitudes in
HSA-Yap�/� mice were comparable with those in control mice at
age of P30, suggesting that postsynaptic AChR density at the
NMJ was not changed by Yap muscle mutation (Fig. 5B,C), in
agreement with no change in AChR intensity in morphological
study (Fig. 3E). 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) (Fig.
5B,D). These results suggest possible impairment in ACh release
in HSA-Yap�/� mice. To determine whether this was a develop-
mental defect or a phenotype due to adaptation, we characterized
mEPPs at age of P3. As shown in Figure 5B, 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 was observed
(Fig. 5C). These results suggest abnormal presynaptic differenti-
ation in the absence of muscle Yap protein.

Finally, we measured EPPs, local electrical responses in re-
sponse 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 5E, 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 re-
lease. 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 from HSA-
Yap�/� mice than control mice, suggesting reduced release prob-
ability of synaptic vesicles and/or calcium buffering (through
endoplasmic reticulum or mitochondria) in the presynaptic ter-
minal of HSA-Yap�/� mice (Fig. 5G). These electrophysiological
results were indicative of compromised probability of calcium-
dependent vesicle release. Together, our findings are suggestive of

Figure 6. Reduced nerve terminal proteins in HSA-Yap�/� mice. A, B, No difference of agrin (A) and S100� (B) staining in gastrocnemius between Yap f/f and HSA-Yap�/� mice. Muscles were
stained whole-mount with respective antibodies. Scale bar, 10 �m. C, D, �-BTX area covered by agrin (C) and S100� (D). N � 5 or 6 mice per group. E, F, Quantification of pretzel-like structures
at P30. Comparable AChR fragment number (E) and perforation (F ) between Yap f/f and HSA-Yap�/� mice. N � 5 mice per group. G, Reduced SV2 and synapsin protein in synaptic region of
gastrocnemius. H, Quantification of data in G. *p � 0.019 for P3 SV2 (unpaired t test). **p � 0.0059 for P30 SV2 (unpaired t test). *p � 0.017 for P30 synapsin (unpaired t test). N � 3 mice per
group. I, J, Reduced SV2 (I ) and synapsin (J ) staining at mutant NMJ. Gastrocnemius was stained whole-mount with respective antibodies. Scale bar, 10 �m. K, Reduced �-BTX area covered by SV2
and synapsin. **p � 0.0013 for P3 SV2 (unpaired t test). **p � 0.0014 for P3 synapsin (unpaired t test). **p � 0.0021 for P30 SV2 coverage (unpaired t test). ***p � 2.4E-7 for P30 synapsin
coverage (unpaired t test). N � 5 or 6 mice per group.

Zhao et al. • Muscle Yap Regulator of Neuromuscular Junction Formation J. Neurosci., March 29, 2017 • 37(13):3465–3477 • 3471



presynaptic deficits in neuromuscular transmission in HSA-
Yap�/� mice.

Reduced nerve terminal proteins in HSA-Yap�/� mice
To investigate the underlying mechanisms of muscle Yap muta-
tion, we further characterized NMJs in mutant mice. Staining
with antibodies against agrin, a proteoglycan released by nerve
terminals to induce AChR clustering, and S100�, a marker of
differentiated Schwann cells, were comparable between HSA-
Yap�/� and control mice at both P3 and P30 (Fig. 6A–D), indi-
cating 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 (Fig.
6E,F), again suggesting normal postsynaptic differentiation.
However, the area of endplates covered by nerve terminals was
reduced as shown previously (Fig. 3B, I), suggesting an impaired
presynaptic differentiation. To test this hypothesis further, we
isolated muscle central regions (where nerve terminals are en-
riched) 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 the protein
level (Fig. 6G,H). In morphology studies, the presynaptic mark-
ers colocalized well with postsynaptic AChR in control mice;
however, the 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, respec-
tively) in the mutant group (Fig. 6I–K). These results were in
agreement with electrophysiological studies and indicated that

presynaptic structure and function were deficient in HSA-
Yap�/� mice.

Muscle Yap regulation of NMJ regeneration
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 demon-
strated that muscle Yap is required for NMJ presynaptic differen-
tiation, we next examined whether muscle Yap is also required for
NMJ regeneration. To this end, we established a nerve transplant
model (Payne and Brushart, 1997; Macpherson et al., 2015). In
mouse, the tibial nerve innervates both medial and lateral gas-
trocnemius and other muscles in the hindlimb (Fig. 7A). 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 prox-
imal end was transplanted and sutured �2 mm above the middle
of lateral gastrocnemius, whereas the medial gastrocnemius was
left uninnervated (as control) (Fig. 7A). 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 mus-
cles (Fig. 7B). These results indicate NMJ regenerations between
newly arrived nerve terminals and previous AChR clusters. We
compared regenerated NMJs in lateral gastrocnemius of control

Figure 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 Materials
and Methods). B, Representative images of NMJ regeneration in lateral (left panel), but not medial (right panels) gastrocnemius, 4 weeks after nerve transplant surgery. White arrowheads indicate
fully reinnervated AChR clusters. Blue arrowheads indicate partially reinnervated or denervated AChR clusters. Scale bar, 100 �m. C, Enlarged images of newly generated NMJs. Scale bar, 10 �m.
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 (two-way ANOVA). N � 4 mice per group. E, Representative images of NMJ regeneration in gastrocnemius 14 and 21 d after nerve crush. White
arrowheads indicate fully reinnervated AChR clusters. Blue arrowheads indicate partially reinnervated or denervated AChR clusters. Scale bar, 200 �m. 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 d after crush (two-way ANOVA). **p � 0.01 for fully
innervated AChR clusters 21 d after crush (two-way ANOVA). N � 4 mice per group.
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and Yap mutant mice. Almost all AChR clusters in control mice
were stained positive with nerve terminals; many displayed ap-
parent overlap of AChR and NF/Syn (Fig. 7B,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 reinner-
vated AChR clusters (80%–100% overlap), partially reinnervated
AChR clusters (10%– 80% overlap), and denervated AChR
clusters (�10% overlap). Compared with control mice, fully re-
innervated 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) (Fig. 7D). These results indicate
that muscle Yap may be necessary for NMJ regeneration. To fur-
ther test this hypothesis, we examined NMJ regeneration in a
different model where nerves were injured by crushing with liq-
uid nitrogen-cooled forceps (Liang et al., 2012). As shown in
Figure 7E, F, at 14 d 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 d 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.

Reduced �-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 (Figs. 3, 5). These
phenotypes resemble those in mice lacking �-catenin in the mus-
cle (Li et al., 2008; Liu et al., 2012; Wu et al., 2012a. 2015). The
phenotypic similarity suggests �-catenin as a potential target of
Yap mutation. To test this hypothesis, we measured �-catenin in
muscles by Western blot analysis. �-Catenin was reduced by
22%, 38%, and 60% in muscles of HSA-Yap�/� mice at ages of
P0, P10, and P30, respectively (Fig. 8A,B), compared with con-
trol mice. This reduction appeared to be specific because levels of
�-catenin, MuSK, and AChR �-subunit were similar between
control and Yap mutant mice (Fig. 8A,C,D,E).

Muscle �-catenin is thought to regulate presynaptic differentia-
tion by controlling expression of releasable factors, such as Slit2 (Wu
et al., 2015). We then determined whether nuclear �-catenin was
altered in HSA-Yap�/� muscles. Indeed, �-catenin was reduced by
32% in the nuclear fraction of mutant muscles, compared with con-
trol (Fig. 8F,G). As internal control, PARP (a nuclear protein in-
volved in DNA repair and programmed cell death) was similar in
muscle nuclear fractions between control and Yap mutant mice,
indicating the specificity of �-catenin reduction. Next, we used RT-
PCR to screen for muscle-derived factors that were previously iden-
tified. 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. In-
creased 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,

Figure 8. Reduced �-catenin and Slit2 in HSA-Yap�/� mice. A, �-Catenin was reduced in HSA-Yap�/� gastrocnemius. B–E, Quantification of �-catenin (B), �-catenin (C), MuSK (D), and AChR
�-subunit (E) data in A. B, *p � 0.016 for P0 (unpaired t test). **p � 0.0011 for P10 (unpaired t test). ***p � 0.00077 for P30 (unpaired t test). N � 3 mice per group. F, �-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 (unpaired t test). **p � 0.0055 for nuclear
fraction (unpaired t test). N � 3 mice per group. H, mRNA levels of factors implicated in NMJ formation. *p � 0.029 for Slit2 (unpaired t test). *p � 0.031 for Gdnf (unpaired t test). **p � 0.0067
for Gdf5 (unpaired t test). **p � 0.0045 for Fgf10 (unpaired t test). N � 3 or 4 mice per group.
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p�0.031 and p�0.0067, respectively; N�4 mice of each genotype)
(Fig. 8H). 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 the possible involve-
ment of �-catenin and Slit2 in Yap-dependent retrograde signaling.

Partial rescue of NMJ formation and regeneration deficits by
lithium chloride (LiCl) treatment
LiCl is a well-characterized inhibitor of glycogen synthase kinase
3�. Inhibition of glycogen synthase kinase 3� activates �-catenin
signaling. LiCl has been used recently to determine Wnt canoni-
cal pathway in NMJ formation (Messéant et al., 2015). We used
this method to determine whether �-catenin activation mitigates
NMJ formation deficits in HSA-Yap�/� mice. We treated preg-
nant mice daily after E12.5. Although AChR cluster area and
endplate band width remained abnormal in LiCl-treated HSA-
Yap�/� mice (Fig. 9A–D), the length of secondary nerve branches
was shorter in LiCl-treated than saline-treated mutant mice
(176 
 25 �m in saline control and 130 
 35 �m in LiCl-treated;
p � 0.028, N � 6 mice per group) (Fig. 9F). 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; Fig. 9G).

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) (Fig. 9H, 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 �-catenin activation, we treated mice daily with LiCl
1 d after nerve transplant. As shown in Figure 9K, L, LiCl treat-
ment increased the NMJs that are fully innervated, which was
associated with concomitant reduction of partially innervated
NMJs. These observations demonstrate that NMJ formation
and regeneration deficits could be partially rescued by LiCl (or
�-catenin activation) and support the hypothesis that �-catenin
may be a downstream factor for Yap-dependent signaling.

Discussion
We provide evidence that the NMJ develops inappropriately in the
absence of muscle Yap. The major findings of this study are as fol-
lows. First, HSA-Yap�/� mice displayed reduced muscle strength,
likely due to impaired neuromuscular transmission (Figs. 1, 2). Sec-
ond, HSA-Yap�/� mice exhibited both postsynaptic and presynap-
tic deficits in NMJ. 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 toward
the central cavity and the length of secondary branch was increased.

Figure 9. Partial rescue of NMJ formation and regeneration deficits by LiCl treatment. A, Representative images of diaphragm left ventral region of different mice. Muscles were stained
with CF568 �-BTX (red) and anti-NF/Syn antibodies (visualized by AlexaFluor-488 goat anti-rabbit IgG, green). Arrow indicates primary branch. Arrowhead indicates defasciculated
secondary branch. Scale bar, 100 �m. B, Enlarged images of AChR clusters and nerve terminals. Scale bar, 10 �m. 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 Yap f/f versus HSA-Yap�/�-saline (one-way ANOVA). *p � 0.028 for group HSA-Yap�/�-saline versus HSA-Yap�/�-LiCl (one-way
ANOVA). N � 6 mice per group. G, Nerve coverage was increased in LiCl-treated mutant mice compared with saline-treated mutant. ***p � 0.00019 for group Yap f/f versus
HSA-Yap�/�-saline (one-way ANOVA). **p � 0.0023 for group HSA-Yap�/�-saline versus HSA-Yap�/�-LiCl (one-way ANOVA). N � 6 mice per group. 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 Yap f/f versus HSA-Yap�/�-saline (one-way ANOVA). **p � 0.0058 for group HSA-Yap�/�-saline versus HSA-Yap�/�-LiCl (one-way
ANOVA). N � 6 mice per group. 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 arrowhead indicates fully reinnervated AChR clusters. Blue arrowhead indicates partially reinnervated
or denervated AChR clusters. Scale bar, 100 �m. L, More fully innervated AChR clusters in LiCl-treated mutant mice. *p � 0.05 (two-way ANOVA). **p � 0.01 (two-way ANOVA). ***p �
0.001 (two-way ANOVA). N � 4 mice per group.
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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 (Figs. 3–5). These results indicate defects
in NMJ structure and function. Third, the absence of muscle Yap
prevented reinnervation of denervated muscle fibers (Fig. 7). To-
gether, these observations consolidate a role of muscle Yap in NMJ
formation and regeneration. Mechanistically and fourth, we found
that �-catenin was reduced in the cytoplasm and nucleus of mutant
muscles (Fig. 8F,G), suggesting compromised �-catenin signaling.
Fifth, NMJ formation and regeneration deficits of HSA-Yap�/�

mice were ameliorated by treatment with LiCl (Fig. 9), further
corroborating a role of �-catenin or Wnt-dependent signaling
downstream of Yap to regulate NMJ formation and regeneration.

Wnt signaling has been implicated in NMJ formation in
Drosophila and Caenorhabditis elegans (Packard et al., 2002; Kor-
kut and Budnik, 2009). However, whether mammalian NMJ for-
mation or function is regulated in a similar way was unclear.
Recently, several players in Wnt pathways were shown to be in-
volved 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 �-catenin in muscles alters not only the
size and location of AChR clusters, but also motor nerve differ-
entiation, possibly by controlling the expression of Slit2 (Li et al.,
2008; Jaworski and Tessier-Lavigne, 2012; Liu et al., 2012; Wu et
al., 2012a, 2015). These observations suggest the involvement of
Wnt signaling in mammalian NMJ formation, although how
Wnt signaling is regulated remains poorly understood. Intrigu-
ingly, MuSK, a receptor tyrosine kinase critical for NMJ forma-
tion, has a cysteine-rich domain 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 (Messé-
ant et al., 2015; Remédio 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 �-catenin degradation (Imajo et al.,
2012; Azzolin et al., 2014), In the presence of Wnt, YAP is acti-
vated and dissociated from the �-catenin complex, which leads to
�-catenin increase, nuclear localization, and transcriptional acti-
vation. On the other hand, Wnt noncanonical signaling pathway
also inhibits Hippo kinase LATS and activates YAP in a G�12/13-
RhoGTPase-dependent manner (Park et al., 2015). In addition to
cytoplasmic interaction, YAP is also part of the �-catenin tran-
scriptional 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. Al-
though 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 con-
trol 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 there-
fore that muscle Yap regulates AChR clustering. How Yap does it
demands further investigation. Increased endplate band width
and axon arborization occur in mice lacking � subunit of AChR
(Liu et al., 2010). However, mRNAs of AChR subunits, including
�, were not reduced in Yap mutant mice during embryonic de-
velopment (data not shown), suggesting that NMJ abnormality
in Yap mutation may not be caused by � 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 presynap-
tic 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, exclud-
ing its contribution to observed presynaptic deficits. Whether
Fgf10 and Gdf5 regulates NMJ formation warrants further stud-
ies. NMJ deficits in HSA-Yap�/� mice were not fully rescued by
LiCl treatment, suggesting that �-catenin may not be a sole
downstream effector of Yap. Recent evidence indicates that Yap
could regulate RhoGTPase 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, 2003; Nizhynska et al., 2007; Nishimune et al., 2008).
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