Crosstalk Between Agrin and Wnt Signaling Pathways
in Development of Vertebrate Neuromuscular Junction
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ABSTRACT: Neuromuscular junction (NMJ) is a
cholinergic synapse where motor neurons elicit muscle
contraction. Agrin and its coreceptors LRP4 and
MuSK are critical for vertebrate NMJ formation. This
paper reviews recent evidence for Wnts and Wnt sig-
naling molecules in NMJ formation including a possi-
ble retrograde mechanism by muscle p-catenin. We
also present data that Wnt3a, 7a, 8a and 10b could

inhibit agrin-mediated AChR clustering. Together
with the stimulating effect of Wnt9a, 9b, 10b, 11 and 16
on AChR clustering in the absence of agrin, these
results suggest diverse roles for Wnt ligands in NMJ
development. © 2014 Wiley Periodicals, Inc. Develop Neurobiol
74: 828838, 2014
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INTRODUCTION

The neuromuscular junction (NMJ) is a synapse
between the axon of a motor neuron and a skeletal
muscle fiber. Because it is large and easily accessi-
ble, we know more about the NMJ than any other
type of synapse. This peripheral synapse is a
highly specialized structure, consisting of three
main components: the presynaptic nerve terminal,
the postsynaptic muscle membrane and Schwann
cells that wrap the synapse. The nerve terminal
contains round synaptic vesicles, some of which
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are docked at active zones. The postsynaptic mem-
brane exhibits elaborated in-foldings called junc-
tional folds, the top of which are packed with
acetylcholine receptors (AChRs). In between pre-
and postsynaptic membranes are synaptic clefts
that contain synaptic basal lamina, where proteins
critical for NMJ formation and/or maintenance are
enriched, including neural Agrin, acetylcholines-
terase, heparan sulfate proteoglycans, and 52 lami-
nin. Motor neurons and muscle cells develop
independently, but their mutual interactions con-
tribute to NMJ formation (Ruegg and Bixby, 1998;
Sohal, 1995; Wu Korkut and Budnik, 2009; Zhang
et al., 2009, 2010). Prior to the arrival of motor
axon growth cones, muscle surface express AChRs
in small solitary, aneural clusters; after innerva-
tion, new AChR clusters are induced at the site of
the nerve contact.
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Figure 1 Agrin-Lrp4-Musk complex. Two Agrin-Lrp4 binary complexes associate with each
other with a noncrystallographic two-fold symmetry (Zong and Jin, 2012; Zong et al., 2012).
MuSK dimerization is important for MuSK activation (Stiegler et al., 2006). Agrin interacts with
Lrp4 at the first f1 propeller domain (Zong et al., 2012). Lrp4 and MuSK interact through the third
p3 propeller of Lrp4 and the Igl domain of MuSK. Wnts may interact with the CRD domain of

MuSK. Red stars indicate the sites of interaction.

Agrin-Lrp4-MuSK Signaling

Agrin is a glycoprotein that plays an essential role in
NMIJ formation. It is synthesized in motor neurons,
transported anterogradely to nerve terminals and
released into synaptic clefts (Nitkin et al., 1987;
McMahan, 1990; Reist et al., 1992; Ruegg et al.,
1992; Tsim et al,, 1992; Campagna et al., 1995;
Ruegg and Bixby, 1998). Agrin is also synthesized in
skeletal muscles, but muscle Agrin lacks the 8-amino
acid insert in the C-terminus and is >5000-fold less
active (Gesemann et al., 1995). Agrin binds to its
receptor Lrp4 (low-density lipoprotein receptor-
related protein 4) to activate the receptor tyrosine
kinase MuSK (Kim et al., 2008; Zhang et al., 2008)
(Figs. 1 and 2). Lrp4 is a member of the LDLR fam-
ily and has a large and complex extracellular region,
a transmembrane domain, and a short intracellular C-
terminal region. The extracellular domain is com-

posed of eight LDLa (LDL class A) repeats and four
homologous YWTD motif-containing f-propeller
(f1-4) domains which are separated by EGF-like
modules (Herz and Willnow, 1994) (Fig. 1). MuSK
has an extracellular domain that contains three Ig
domains and one cysteine rich domain (CRD), a
transmembrane domain, and an intracellular region
where the kinase domain is located (Masiakowski
and Carroll, 1992; Masiakowski and Yancopoulos,
1998; Barik et al., 2012) (Fig. 1). Mutant mice lack-
ing Agrin, Lrp4, or MuSK do not form NMIs
(DeChiara et al., 1996; Gautam et al., 1996; Glass
et al., 1996; Weatherbee et al., 20006), indicating criti-
cal roles of these proteins in NMJ formation. Signal-
ing downstream of MuSK remains unclear.
Nevertheless, mutation of Dok7, a protein that inter-
acts with MuSK, or Rapsyn, a protein that associates
with AChRs, prevents NMJ formation (Sealock et al.,
1984; Froehner, 1990; Gautam et al., 1995; Apel
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Figure 2 Agrin and Wnt signaling in NMJ formation. See text for details.

et al., 1997; Okada and Shiraishi, 2006; Hamuro
et al., 2008).

Questions

When either Lrp4 or MuSK is mutated, muscle cells do
not form aneural AChR clusters, and thus muscle fibers
are not pre-patterned. These muscle cells do not form
ACHhHR clusters in response to Agrin. On the other hand,
however, Agrin is not necessary for pre-existing AChR
clusters or muscle pre-patterning. These observations
raise the following questions. Do Lrp4 and MuSK con-
trol muscle pre-patterning in an autonomous manner,
i.e., without a ligand? Or, are they regulated by ligands
that are yet to be identified? Recent evidence suggests
that Wnt may regulate vertebrate NMJ formation by
directly interacting with Lrp4 and MuSK.

Whnt Signaling

Whts are secreted glycoproteins that are conserved
among metazoans (MacDonald et al., 2009). They are
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critical for establishment of body plan including gastru-
lation and formation of the anterior—posterior axis
(Logan and Nusse, 2004). In neural development,
Whts regulate axon pathfinding, dendritic development
and synaptogenesis (Hall et al., 2000; Speese and Bud-
nik, 2007; Ciani and Salinas, 2008; Salinas and Zou,
2008; Henriquez et al., 2008; Korkut and Budnik,
2009; Sahores et al., 2010). There are multiple Wnt
isoforms: 5 in worms, 7 in flies, 15 in zebrafish, and 19
in mice and humans. They transduce signals through
Frizzled receptors that have 3 homologs in worms, 5 in
flies, 12 in fish and 11 in mammals and co-receptors
such as low-density lipoprotein receptor-related protein
5 and 6 (Lrp5 and Lrp6) (He et al., 2004).

In canonical pathway, upon Wnt binding to
Frizzled and LRP5/6, Dvl is recruited, LRP6 under-
goes Frizzled/Dvl-dependent phosphorylation to
recruit the Axin complex and inhibit GSK3 in
the complex. This leads to inhibition of f-catenin
phosphorylation and its accumulation in the cyto-
plasm (Logan and Nusse, 2004; Gordon and Nusse,
2006; Clevers and Nusse, 2012; Kim et al., 2013).
p-catenin translocates to the nucleus to regulate gene



expression through association with lymphoid
enhancer factor/T cell factor (LEF/TCF) transcription
factors. In the planar cell polarity pathway (PCP), Dvl
activates GSK3/ which phosphorylates microtubule-
associated proteins (MAPs), such as MAPI1B, Tau,
MAP?2 to increase microtubule stability. Dvl also acti-
vates Dvl-associated activator of morphogenesis 1
(Daaml) and regulates actin cytoskeleton via small
GTPases like Rho in a manner independent of GSK3p
(Simons and Mlodzik, 2008). In the calcium pathway,
Dvl activates PLC, which hydrolyzes PIP2 to produce
IP3 and DAG. Subsequent increase in intracellular cal-
cium, due to activation of IP3 receptor, activates cal-
cium/calmodulin-dependent ~ protein  kinase 1I
(CamKII) and PKC. Recently, in Drosophila, Frizzled
was shown to be internalized upon Wnt binding and
cleaved, and the resulting C-terminal fragment translo-
cates to the nucleus for gene regulation (Mathew et al.,
2005; Speese and Budnik, 2007).

Wnt signaling has been shown to regulate NMJ
formation in invertebrates. It inhibits NMJ formation
in C. elegans (Klassen and Shen, 2007). In Drosoph-
ila, Wnt promotes NMJ formation (Packard et al.,
2002; Korkut et al., 2009; Korkut and Budnik, 2009;
Koles et al., 2012). This review focuses on roles of
Whnits in vertebrate NMJ assembly.

Wnts in AChR Clustering In Vitro

When mouse MuSK was cloned, its cysteine-rich
domain (CRD) was found to be homologous to Friz-
zled’s CRD domain that binds to Wnt (Valenzuela
et al., 1995; Glass et al., 1996). Little was known then
about the function of the CRD in AChR clustering or
NMIJ formation. The first hint that Wnt signaling may
regulate vertebrate NMJ formation came when MuSK
was found to interact with Dvl (Luo et al., 2002) (Fig.
2). Suppression of Dvl expression or disruption of
DvI-MuSK ' interaction inhibits Agrin- and neuron-
induced AChR clustering. Inhibition of Dvl by a
dominant-negative mutant in muscles reduces not only
amplitudes of spontaneous synaptic currents, but also
their frequency, at neuromuscular synapses in culture.
This result raises the possibility that Dvl signaling
may be important for both post- and presynaptic dif-
ferentiation. In addition, adenomatous polyposis coli
(APC), an adaptor downstream of Dvl in the canonical
pathway, was shown to regulate AChR clustering
(Wang, 2003) (Fig. 2). In the latter model, Agrin pro-
motes APC interaction and co-clustering with AChR f
subunit. AChR cluster numbers as well as the APC-
AChHR interactions were reduced in muscle cells that
overexpress an APC fragment that is necessary for
APC-AChHR association, indicating that this interaction
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is involved for AChR clustering. Because APC is
known to interact with actin and microtubules, Wang
et al. proposed that APC may link AChRs to the cyto-
skeleton and thus localizing them to the NMJ (Wang
et al., 2003). Finally, in vitro studies suggest that /-
catenin regulates AChR clustering by bridging AChR
and Rapsyn with «-actinin-associated cytoskeleton
(Zhang et al., 2007; Dobbins et al., 2008) (Fig. 2).

Eight Wnts (Wnt2, Wnt3a, Wnt 4, Wnt6, Wnt7a,
Wnt7b, Wnt9a, and Wntl1) can bind to the extracellu-
lar domain of MuSK (Strochlic et al., 2012; Zhang
et al., 2012) (data not shown). The CRD domain of
MuSK is sufficient to interact with Wnts; deletion of
the CRD significantly attenuates the binding activity
(Zhang et al., 2012). These results are in agreement
with the observation that the CRD of unplugged, the
zebrafish ortholog of MuSK, binds to Wnts (Zhang
et al., 2004). However, CRD domain deletion does not
abolish Wnt binding to mouse MuSK, suggesting
involvement of other domains in MuSK for Wnt inter-
action (Zhang et al., 2012). Expression of Wnt4 in
myotubes or treatment with soluble Wnts (Wnt9a,
Wnt9b, Wntl10b, Wntl1, or Wnt16) increase the num-
ber of AChR clusters, in the absence of exogenous,
neuronal Agrin (Strochlic et al., 2012; Zhang et al.,
2012) (Fig. 4). The effect of soluble Wnts has the fol-
lowing features. First, it is concentration-dependent
and saturable, with EC50 values of ~0.5 nM, indicat-
ing Wnts act by activating a high-affinity receptor. Sec-
ond, the maximal response of Wnts is about 50% of
that of Agrin, suggesting that they are less efficient
than Agrin. Third, Wnt induction of AChR clusters is
abolished in MuSK-/- muscle cells, and can be rescued
by expression of wild type MuSK, but not by MuSK
mutant lacking CRD domain. Together, these results
provide evidence that Wnts promote AChR clustering
by directly interacting with MuSK (Zhang et al., 2012).

Wnt regulation of mammalian NMJ formation
appears complex. Besides MuSK, several Wnts includ-
ing Wnt7a, Wnt9a, and Wntll could also directly
interact with Lrp4 (Zhang et al., 2012). In addition,
Wnts may regulate Agrin-induced AChR clustering.
For example, Wnt3 has no effect on AChR clusters in
the absence of Agrin, but potentiates Agrin-induced
AChR clustering (Henriquez et al., 2008). On the other
hand, Wnt3a, Wnt7a, Wnt8a, and Wntl0b inhibit
Agrin-induced formation of AChR clusters although
they have little effect on AChR clusters in the absence
of Agrin (Figs. 3 and 4) (Wang et al., 2008).

In Vivo Evidence for Wnt Regulation
of NMJ Formation

In vivo evidence for Wnt regulation of NMJ forma-
tion is weak, but encouraging. First, at the level of
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Figure 3 Inhibitory effects of Wnts on Agrin-induced AChR clustering (A) C2C12 myotubes
were stimulated with conditioned media containing Wnt and Agrin for 16 h. AChR clusters were
visualized by R-BTX staining and indicated by arrows. (B) Quantification data of A. AChR clusters
greater than 4 um in length were quantified. *p < 0.01, Student’s ¢ test. Scale bar 10 pum.

ligands, implantation of cells over-expressing Wnt3
and Sfrpl (a Wnt antagonist) in chick wing increases
and decreases, respectively, AChR clusters in dorsal
and ventral muscle masses (Henriquez et al., 2008),
suggesting that endogenous Wnts may regulate NMJ
formation. A recent study showed that Wnt4 muta-
tion reduces pre-patterned AChR clusters in mice
(Strochlic et al., 2012). In zebrafish, adaxial muscles
adjacent to the notochord form aneural AChR clus-
ters prior to innervation by motor axons. As they
migrate to the outer layers, fast muscle fibers move in
to occupy the vacant spaces (Wu et al., 2010). Motor
axons innervate fast muscle fibers where aneural
AChR clusters used to be. Granato and colleagues
showed that the SV1 isoform of unplugged is crucial
for AChR pre-patterning and motor axon guidance
(Zhang and Granato, 2000; Zhang et al., 2004).
AChR prepatterning involves Wntllr and Wnt4a;
only the combined ablation of both Wnts causes com-
plete loss of aneural AChR clusters (Gordon et al.,
2012). WntlIr, whose mRNA is expressed in the lat-
eral mesoderm, may act in a paracrine mode.
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Whereas Wnt4a, expressed in the adaxial muscles may
operate in an autocrine fashion. Wntl1r is thought to
act by binding directly to the CRD of unplugged.
However, it remains unclear whether muscle-derived
Wntda acts similarly. Regardless, activation of
unplugged appears to initiate Dvl-dependent, non-
canonical or PCP signaling in muscle fibers to restrict
growth cone guidance and aneural AChR clusters to
the central region of muscle fibers (Jing et al., 2009,
2010). These studies provide in vivo evidence that
Whnt regulates the formation of aneural AChR clusters
by interacting directly with MuSK. Intriguingly, adax-
ial muscle prepatterning is dispensable for the forma-
tion of neural synapses onto fast twitch muscle fibers,
but crucial for motor axonal guidance.

Despite strong in vitro evidence and the observa-
tion that the canonical Wnt signaling is active in
mice skeletal muscles (Wu, 2012; Kuroda et al.,
2013), genetic evidence remains weak for the role of
Whnt signaling in NMJ formation. This may be due to
the functional redundancy stemming from the multi-
ple isoforms of Wnt and its signaling components.
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Figure 4 Venn diagram of Wnts for AChR clustering in the absence or presence of Agrin and for
binding to MuSK. Wnt10b highlighted in blue behaves in an opposite manner in the presence or

absence of Agrin.

For example, mice without Wntl1, an isoform most
homologous to Wntllr in zebrafish, were able to
form functional and morphologically normal NMJs
(Banerjee et al., 2011). One doable experiment in
mice is to determine whether the CRD in MuSK is
required for mouse NMJ formation and in what
aspects. However, the answers may not be as straight-
forward because LRP4 may serve as a receptor for
Wnhts and consequently regulate MuSK activity.

Potential Mechanisms of Wnt Regulation
of NMJ Formation

Signaling Initiated by Wnt Binding to MuSK and Lrp4.
Wnts (Wnt4, Wnt9a, and Wntll) directly interact
with the CRD of MuSK, which leads to its dimeriza-
tion and activation (Strochlic et al., 2012; Zhang
et al., 2012). Intriguingly, Wnt-induced AChR clus-
tering (in the absence of Agrin) requires Lrp4 (Zhang
et al.,, 2012). Among Wnts, Lrp4, and MuSK, three
interactions have been demonstrated: between Wnt
and MuSK, between Wnt and Lrp4; and between
Lrp4 and MuSK. It is likely that Lrp4 is necessary for
forming the Wnt-Lrp4-MuSK complex. Regardless,
the dose-response curve of Agrin in the absence and
presence of Wnts superimpose with each other, sug-
gesting that the AChR cluster-inducing effects by
Wnts and Agrin are not additive. Therefore, Wnts
may act via similar pathways that are activated by
Agrin. For example, Wnt3 regulation of Agrin-
induced clustering does not require ROCK, but Racl
(Henriquez et al., 2008), a Rho GTPase that is neces-
sary for Agrin-induced clustering (Weston et al.,
2000; Weston et al., 2003; Weston et al., 2007).

Dvl appears to play an important role in Wnt regu-
lation of NMJ formation. In zebrafish and in myo-
tubes in culture, Wnts initiate Dvl-dependent,

noncanonical pathways to form AChR clusters (Hen-
riquez et al., 2008; Jing et al., 2009; Jing et al., 2010;
Banerjee et al.,, 2011). When expressed in adaxial
muscle cells, the dominant negative mutant also
attenuates AChR prepatterning (Jing et al., 2009; Jing
et al., 2010; Banerjee et al., 2011). Upon Agrin stim-
ulation, MuSK in mammalian muscles becomes rap-
idly endocytosed, which is required for Agrin-
induced AChR clustering (Zhu et al., 2007). Interest-
ingly, Wntlla and Wnt4a were shown to stimulate
MuSK translocation from muscle surface to recycling
endosomes (Gordon et al., 2012). This transition
appears necessary for AChR accumulation at the
NMIJ. Interestingly, PCP pathway components trans-
locate to the recycling endosomes in a MuSK-
dependent manner and are in turn necessary for
MuSK translocation to endosomes, AChR localiza-
tion and axonal guidance. It is likely that Wnt-
induced trafficking of the MuSK receptor to endo-
somes initiates a signaling cascade that align pre-
with postsynaptic elements. It will be interesting to
know whether zebrafish Lrp4 has similar roles as its
mammalian counterpart.

MuSK Binding-Independent Signaling. Of the six
Whnts that induce AChR clusters in the absence of
Agrin, only three (Wnt4, Wnt9a, and Wntl 1) bind to
MuSK. Similarly, of the four Wnts that inhibit Agrin-
induced AChR clusters, only Wnt7a interacts with
MuSK (Figs. 3 and 4). How do these Wnts contribute
to aneural AChR clusters or NMJ formation? It
remains to be determined whether Lrp4 serves as a
receptor for these negative Wnts. On the other hand,
they could bind to Frizzled and Lrp5/6 to activate
classic Wnt pathways that regulate AChR clustering
and NMJ formation. For example, Wnt3a was shown
to disperse AChR clusters by repressing the

Developmental Neurobiology



834 Barik et al.

expression of Rapsyn, a critical protein for AChR
clustering (Wang et al., 2008). This effect was pre-
vented by DKK1, an antagonist of the Wnt canonical
pathway and could be rescued by forced expression
of f-catenin or Rapsyn. These observations suggest
that the Wnt f-catenin canonical pathway may nega-
tively regulate postsynaptic differentiation at the
NMJ.

Potential Sources of Wnts for NMJ
Formation

If Wnts are critical for aneural AChR cluster forma-
tion or muscle fiber prepatterning, they should be
expressed in developing motor neurons, muscles or
cells adjacent to the NMJ. Quantitative RT-PCR
analysis indicates that this is the case for many Wnts;
in particular, Wnt2, Wnt4, Wnt9, and Wntll are
expressed at levels significantly higher than other
Wnts in skeletal muscles (Strochlic et al., 2012;
Zhang et al., 2012). In zebrafish, Wntl 1r is expressed
in cells adjacent to adaxial slow muscle cells (Jing
et al., 2009). The counterparts of the adaxial close
cells in mice are unknown. It is possible that muscle
precursor cells from somites may be primed by Wnt
during migration (Cossu and Borello, 1999). Wnt3 is
present in lateral motoneurons of the spinal cord dur-
ing the period of motoneuron-muscle innervation
(Henriquez et al., 2008). Such Wnts may not be
involved in muscle prepatterning, which occurs prior
to the arrival of motor axons.

Potential Functions of Wnt Signaling
Proteins

In vitro studies suggest that several proteins critical for
Whnt signaling regulate Agrin-induced AChR clusters.
They include Dvl and casein kinase 2 (CK2) that inter-
act with MuSK, Apc that interacts with AChR f-
subunit, and f-catenin that interacts with Rapsyn (Luo
et al., 2002; Wang, 2003; Zhang et al.; Cheusova et al.,
2006). With exception of ff-catenin and CK2, the roles
of these proteins in NMJ formation have not been
investigated in loss-of-function mutant mice. Neverthe-
less, in vitro studies suggest that they regulate AChR
clustering by previously unappreciated mechanisms.

Dvl and Apc. As an adaptor protein downstream of
Frizzled, Dvl is implicated in most, if not all, Wnt
signaling pathways. It interacts directly with MuSK
and Pak1 (Luo et al., 2002). Mice have three isoforms
(Dvll, 2, and 3) with functional redundancy. Lethal-
ity of double mutants makes it difficult to determine
whether Dvl is critical for NMJ formation in vivo.

Developmental Neurobiology

Knockdown of all three isoforms attenuates Agrin-
induced clustering in cultured myotubes (Luo et al.,
2002). Apc is a component of the signaling complex
that controls ff-catenin stability and thus Wnt canoni-
cal pathway (Nathke, 2004; Sansom et al., 2004; Seg-
ditsas and Tomlinson, 2006). In addition, it regulates
cytoskeleton by associating with microtubules,
microfilaments, and intermediate filaments (Etienne-
Manneville et al., 2005; Barth et al., 2008). At the
NMJ, it interacts with the cytoplasmic domain of the
[ subunit of AChR. This interaction is increased by
Agrin and required for Agrin-induced AChR cluster-
ing (Wang, 2003). Whether Dvl and Apc are critical
for NMJ formation in mice remains unknown. How-
ever, AChR clusters do form in mice whose ff-catenin
levels are increased or diminished (despite reduced
density and larger in size, see below) (Li et al., 2008;
Liu et al., 2012; Wu et al., 2012). Interacting with
MuSK and Pakl at the same time, Dvl is thought to
serve as an adapter protein for Agrin signaling (Luo
et al., 2002). On the other hand, considering recent
findings of the role of microtubules in AChR cluster-
ing (Schmidt et al., 2012), Apc may regulate AChR
clustering by bridging the AChR to the cytoskeleton.

CK2. CK2 is localized at the NMJ and interacts with
and phosphorylates MuSK on serine residues (Cheu-
sava et al., 2006). CK2 knockdown or pharmacologi-
cal inhibition reduces Agrin-induced AChR clusters
in cultured muscles. It seems that serine phosphoryla-
tion of MuSK does not alter MuSK activity but desta-
bilizes AChR aggregates. Muscle-specific CK2b
knockout mice form NMJs, but become myasthenic
with impaired NMJ structure and function.

Muscle B-catenin for Pre- and Postsynaptic Differentia-
tion. In vitro studies suggest that f-catenin associ-
ates with the AChR complex via direct interaction
with Rapsyn (Zhang et al., 2007). Agrin stimulation
increases the association of f-catenin with surface
AChRs. Suppression of f-catenin expression reduces
AChR clusters in Agrin-stimulated muscle cells. When
f-catenin is ablated in muscle cells, AChR clusters
increase in size and are distributed in distributed in a
wider central region (Li et al., 2008). Agrin-induced
clustering does not require the transcription activity of
TCF/LEF1 factors (Zhang et al., 2007). It is likely that
f-catenin contributes to clustering by regulating cyto-
skeleton in a manner dependent on o-catenin.
Muscle-specific mutation of f-catenin increases
the central area where AChR clusters are distributed
(Li et al.,, 2008). In addition, f-catenin mutation
causes presynaptic deficits including mislocation of
phrenic nerve branches and reduced synaptic



vesicles. Interestingly, some of these phenotypes
were also observed in muscle-specific ff-catenin gain-
of-function mice (Liu et al., 2012; Wu et al., 2012).
These observations suggest first that f-catenin may
play a role in deciding where to form aneural as well
as nerve-induced AChR clusters. Second, muscle f3-
catenin directs a retrograde signal necessary for pre-
synaptic differentiation (Fig. 2). Third, there is an
intricate balance of levels or signaling of f-catenin in
muscle fibers; either increase or decrease of f-
catenin activity impairs NMJ formation. The question
is how this balance of f-catenin is regulated in vivo.
Similar ACh release deficits were observed in cul-
tured frog neuromuscular synapses where Dvl func-
tion in myocytes was inhibited (Luo et al., 2002),
suggesting that fi-catenin may be downstream of Dvl.
Whether it is regulated by Wnts remains unclear.
Interestingly, mice lacking Wnt4 reveal innervation
defects including over-growth of motor axons and
bypassing AChR clusters (Strochlic et al., 2012).

In summary, emerging evidence supports diverse
roles for Wnt ligands and signaling molecules in
NMJ development in vertebrates. Wnts may act as
ligands for MuSK and Lrp4 to stimulate pathways
that are MuSK-specific, which may be an underlying
mechanism of aneural AChR cluster formation or
muscle pre-patterning. Alternatively, Wnts could reg-
ulate Agrin-induced AChR clustering by initiating
Wnt pathways. In addition, proteins that are well
characterized for Wnt signaling have previously
unappreciated functions in AChR clustering and
NMIJ formation.

METHODS

Constructs

Constructs used were described in details before (Zhang
et al., 2012). In short, Wnt cDNAs were generated by PCR
and subcloned into pFlag-CMV1 downstream of an artificial
signal peptide sequence and a Flag epitope. Templates for
PCR were purchased from Open Biosystems (catalog num-
ber in parentheses): Wnt2 (4162686), Wnt2b (8734025),
Wnt3 (5726751), Wnt3a (40007188), Wnt5a (3487288),
Wnt5b (6438917), Wnt7a (6415801), Wnt8a (40129440),
Wnt8b (40056929), Wnt9a (30435371), Wnt9b (5588904),
Wntl0a (4921327), Wnt10b (7868324), Wntl1 (40129997),
and Wntl6 (40105502). Dr. Xi He generously provided
expression constructs of Wntl, Wnt4, Wnt6, and Wnt7b.

Cell Culture and Transfection

Cells were cultured and maintained (HEK293 cells and
mouse C2C12 muscle cells) as described previously (Luo
et al., 2008; Zhang et al., 2008). They were transfected
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with PEI (polyethylenimine, Sigma, 408727), as described
previously (Boussif et al., 1995) with modification. Expres-
sion of the Flag-tagged Wnts was confirmed by western
blotting with anti-Flag antibody (Zhang et al., 2012).

Recombinant Protein Production and
Purification

Agrin was generated and prepared as previously described
(Luo et al., 2002, Zhang et al., 2007, Zhang et al., 2012).
HEK?293 cells were transfected with plasmids encoding Flag-
tagged Wnts. Twenty-four hours after transfection, cells were
switched to Dulbecco’s Modified Eagle Medium supple-
mented with 0.05% of fetal bovine serum, and conditioned
media were collected and cleaned by centrifugation
(1000 rpm, 10 min at room temperature). Control conditioned
medium was collected from nontransfected HEK293 cells.

AChR Cluster Assays

AChR clusters in C2C12 myotubes were quantified as
described previously with modification (Luo et al., 2002,
Zhang et al., 2007, 2012).

Statistical Analysis

Two-tailed Student’s ¢ test was used to compare data
between two groups using PRISM program. Differences
were considered significant p < 0.05. Values and error bars
in figures denote mean = SD.

The authors wish to thank members of the Mei and
Xiong Labs for discussion.
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