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Efficient synaptic transmission at the neuromuscular junction (NM]) requires the topological maturation of
the postsynaptic apparatus from an oval acetylcholine receptor (AChR)-rich plaque into a complex pretzel-
shaped array of branches. However, compared to NM] formation very little is known about the mechanisms
that regulate NMJ maturation. Recently the process of in vivo transformation from plaque into pretzel has
been reproduced in vitro by culturing myotubes aneurally on laminin-coated substrate. It was proposed
that the formation of complex AChR clusters is regulated by a MuSK-dependent muscle intrinsic program.
To elucidate the structure-function role of MuSK in the aneural maturation of AChR pretzels, we used muscle
cell lines expressing MuSK mutant and chimeric proteins. Here we report, that besides its role during agrin-
induced AChR clustering, MuSK kinase activity is also necessary for substrate-dependent cluster formation.
Constitutive-active MuSK induces larger AChR clusters, a faster cluster maturation on laminin and increases
the anchorage of AChRs to the cytoskeleton compared to MuSK wild-type. In addition, we find that the jux-
tamembrane region of MuSK, which has previously been shown to regulate agrin-induced AChR clustering, is
unable to induce complex AChR clusters on laminin substrate. Most interestingly, MuSK kinase activity is not
sufficient for laminin-dependent AChR cluster formation since the MuSK ectodomain is also required sug-

gesting a so far undiscovered instructive role for the extracellular domain of MuSK.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Pre- and postsynaptic elements coordinate the differentiation of
one another as synaptogenesis proceeds, leading to precise opposi-
tion of pre- and postsynaptic specializations. How these interactions
elicit postsynaptic differentiation is derived in large part from studies
of the NM] (Sanes and Lichtman, 2001).

It has long been thought that motor axons direct differentiation of
the underlying postsynaptic membrane. In particular, the nerve-
derived proteoglycan agrin has been implicated as central synaptic
organizer (Ngo et al., 2007). It binds to the lipoprotein receptor
Lrp4, which induces subterminal activation of MuSK, a receptor tyro-
sine kinase (RTK) that is expressed selectively in skeletal muscle and
localized to NMJs (Kim et al., 2008; Zhang et al., 2008). Activated
MuSK induces co-clustering of rapsyn and AChRs via intracellular
pathways (Ghazanfari et al., 2011).

During postnatal maturation of NMJs, an initial, small oval-shaped
AChR cluster is transformed into an array of pretzel-shaped branches
that mirror the branching pattern of the motor nerve terminal, form-
ing precisely matched pre- and postsynaptic branches (Sanes and

Abbreviations: AChR, acetylcholine receptor; BGT, bungarotoxin; MuSK, muscle-
specific kinase; NM]J, neuromuscular junction; PF, post fusion; RTK, receptor tyrosine kinase.
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Lichtman, 2001). Invagination of the muscle membrane leads to the
formation of primary and secondary folds and growth of the muscle
increases the size of the synapse. At the same time different proteins
are expressed in different areas along the postjunctional folds result-
ing in a more complex molecular architecture of the maturing synap-
se (Sanes and Lichtman, 2001). These maturational changes are
thought to be required for efficient neuromuscular transmission and
normal motor function (Slater, 2008). Very little is known about mo-
lecular mechanisms regulating the maturation process. Laminins
found in the basal lamina of the synaptic cleft have been shown to
regulate postsynaptic maturation by recruiting the dystrophin-glyco-
protein complex (DGC) (Nishimune et al., 2008). DGC is a cytoskeletal
protein complex important for the stabilization of AChR clusters and
the structural maintenance of the NM] (Adams et al., 2004; Grady et
al., 2000; Jacobson et al., 2001). In particular, anchorage of AChRs to
the postsynaptic actin cytoskeleton is critical for regulating cluster
stability (Mitsui et al., 2000). In that respect, it appears of specific in-
terest that podosomes have been implicated in cluster maturation
(Proszynski et al., 2009). Podosomes are dynamic actin-rich organ-
elles that are involved in matrix remodeling (Gimona et al., 2008).
More recently, another cytoskeletal regulator namely the Rho guanine
nucleotide exchange factor ephexinl has been demonstrated as a cru-
cial factor for postsynaptic maturation of NMJs (Shi et al, 2010).
Ephexini-deficient mice fail to form mature pretzel-like NM]Js and dis-
play muscle weakness as well as impaired neuromuscular transmission.
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For a long time it was generally assumed that the branching pat-
tern of the motor axon dictates the topology of the mature postsynap-
tic apparatus. Mainly because the topologically complex pretzel-like
arrays typical of the mature synapse were not observed to form in
the absence of innervation, either in vitro or in vivo (Moss and
Schuetze, 1987; Slater, 1982). More recently, studies on aneural
AChR cluster formation in cultured muscle cells have revealed that
complex AChR clusters occur in the absence of nerve when cells are
attached to a matrix-coated substrate like laminin (Kummer et al.,
2004). Aneural pretzels share remarkable similarities to mature
NM]Js: they are oblong, broken at one side, elaborately branched and
approximately the size of adult NMJs. Numerous postsynaptic
markers are associated with these structures, including clusters of
Syne-1-rich myonuclei. Pretzels develop in vitro from simpler struc-
tures through a series of transitions mirroring those that occur in as-
sociation with axons in vivo. These morphological changes require the
postsynaptic proteins MuSK and rapsyn suggesting that a muscle intrin-
sic program is able to shape the NMJ without input from the nerve.

MuSK activation via agrin and Lrp4 is characterized by an induced
autophosphorylation of MuSK and an increased kinase activity (Glass
etal, 1996; Watty et al., 2000). A downstream signaling cascade then
results in the aggregation of AChRs at synaptic sites (Ghazanfari et al.,
2011; Wang et al., 2006). A series of studies have shown that MuSK
kinase activity and subsequent downstream signaling are crucial for
AChR clustering and NM] formation (Fuhrer et al., 1997; Herbst and
Burden, 2000; Zhou et al., 1999). The role of MuSK during later as-
pects of NM] development is less well understood. Conditional
knock-out of MuSK and RNAi-mediated knock-down of MuSK expres-
sion have shown that NM]Js disassemble upon MuSK elimination sup-
porting a role for MuSK during NM] maintenance (Hesser et al., 2006;
Kong et al., 2004). However, MuSK function during NMJ maturation is
still unclear.

We set out to study the molecular mechanisms involved in the
nerve-independent formation of AChRs pretzel by dissecting the
role of MuSK. We used muscle cell lines expressing MuSK mutant pro-
teins to examine their ability to form aneural AChR pretzels on lami-
nin. The analysis of AChR cluster morphology, size and number as
well as the analysis of the temporal events revealed that MuSK kinase
activity is required but not sufficient for aneural cluster formation.
Furthermore, the temporal sequence of cluster maturation and the
size of mature AChR clusters are altered in muscle cells expressing a
constitutively active form of MuSK. We show that MuSK specific sig-
naling is required for substrate-dependent AChR clustering and that
the juxtamembrane region of MuSK in the context of the different ki-
nase is unable to induce the formation of complex AChR clusters. Fur-
thermore, we find that the extracellular domain of MuSK is crucial for
AChR cluster formation on laminin substrate. Taken together, our study
suggests a diverse role of MuSK during substrate-dependent AChR clus-
tering, which involves kinase activity, MuSK-specific downstream signal-
ing and structural information from the extracellular domain.

Results

Expression of wild-type MuSK in MuSK '~ muscle cells restores complex
AChR cluster formation

Kummer et al. have reported that muscle cells lacking MuSK ex-
pression are unable to form complex AChR clusters on laminin
(Kummer et al., 2004). Transient expression of MuSK-GFP was able
to rescue complex cluster formation. In order to learn more about
the exact function of MuSK during aneural AChR clustering we sought
to identify structural and functional domains in MuSK that are re-
quired for the formation of complex AChR clusters. For that we have
employed a previously established cell culture system that is based
on MuSK '~ muscle cell lines where MuSK mutants are expressed
and AChR clustering is used as a read-out for MuSK function (Herbst

and Burden, 2000). To test whether these cells represent a useful sys-
tem to study complex cluster formation, MuSK ™~ muscle cells
expressing MuSK wild-type were differentiated and cultured on lam-
inin substrate. AChR clusters were stained with Alexa 594-conjugated
a-bungarotoxin (BGT) starting from post fusion (PF) day 1 to day 6.
As shown in Fig. 1A, forced expression of MuSK wild-type restores
laminin-induced complex AChR cluster formation. MuSK ~~ muscle
cells without ectopic MuSK expression are unable to form AChR
clusters on laminin (Supplemental Fig. S1A). Taken together, like
wild-type muscle cells, rescued muscle cells are able to recapitulate
the morphological changes from plaque to pretzel.

MusSK kinase activity is required but not sufficient for complex AChR cluster
formation

MuSK kinase activity and subsequent downstream signaling are
essential for agrin-induced AChR clustering. To determine the role
of MuSK kinase activity during the formation of substrate-induced
complex AChR clusters we generated MuSK '~ muscle cells expres-
sing different MuSK kinase mutants (Fig. 1B). To test the requirement
of MuSK kinase activity we used a MuSK kinase-dead (MuSK/KD) mu-
tant, which has lysine 608 in the autoactivation loop substituted by an
alanine leading to a deficit in kinase activation (Glass et al., 1997). To
dissect the role of MuSK kinase activity, in particular ligand-
independent kinase activity, we used three different kinase-active
mutants: (1) MuSK kinase-active-1 (MuSK/KA-1) lacks most of the
extracellular domain including Ig2-4. This mutant is phosphorylated
independent of agrin (Zhou et al.,, 1999). (2) MuSK/KA-2 (MuSK-
NeuT-MuSK) has the MuSK transmembrane region replaced by the
Neu transmembrane region (NeuT) (Jones et al., 1999). A mutation
in the NeuT region leads to a constitutive dimerization and conse-
quent activation of the receptor. (3) MuSK/KA-3 (MuSK-NeuT-Neu)
has the MuSK extracellular domain fused to the transmembrane and
intracellular domains of Neu (Jones et al., 1999). Expression of these
constructs in HEK 293T cells confirmed their proposed activation sta-
tus (Supplemental Fig. S1B). To examine the activation of the MuSK
mutant proteins in response to agrin, we treated MuSK '~ myotubes
expressing MuSK wild-type or one of the MuSK mutant proteins with
soluble neural (A4B8) and muscle (AOBO) agrin, immunoprecipitated
MuSK and probed immunoblots with anti-phosphotyrosine anti-
bodies. Fig. 1C shows that MuSK wild-type is activated in response
to neural agrin, whereas MuSK/KD lacks phosphorylation in the ab-
sence and presence of neural agrin. In contrast, the kinase-active
MuSK proteins (KA-1, KA-2, KA-3) are phosphorylated and therefore
active independent of neural agrin. To study downstream signaling
we isolated AChRs using a-BGT from myotubes and probed immuno-
blots with anti-phosphotyrosine (Fig. 1D). AChR 3 phosphorylation is
induced upon agrin-stimulated activation of MuSK wild-type. In mus-
cle cells expressing MuSK/KD, AChR (> phosphorylation is absent due
to a lack of MuSK kinase activity. Constitutive-active MuSK/KA-1 and
MuSK/KA-2 are able to induce AChR (3 phosphorylation in the absence
of neural agrin, albeit weakly in the case of MuSK/KA-1. In contrast,
MuSK/KA-3 lacks the ability to stimulate AChR (> phosphorylation.

We next asked whether MuSK kinase activity is necessary for the
laminin-induced formation of complex AChR clusters. As described
above MuSK ~/~ myotubes expressing either MuSK wild-type or the
different MuSK mutant proteins were cultured on laminin and
AChRs were labeled with a-BGT. In order to determine the effect on
cluster formation, cells at PF day 1 and PF day 6 were analyzed. As
shown in Fig. 2A, MuSK '~ myotubes expressing MuSK wild-type
form plaque-shaped AChR clusters at day 1 and pretzel-shaped clus-
ters at day 6. A similar change in AChR cluster morphology is seen
in muscle cells expressing MuSK/KA-2. In contrast, neither MuSK '~
muscle cells expressing MuSK/KD nor MuSK/KA-1 or MuSK/KA-3
are able to form AChR clusters on laminin. A quantification of the dif-
ferent morphologies at PF days 1 and 6 qualitatively demonstrated
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Fig. 1. Expression of wild-type and mutant MuSK in MuSK '~ muscle cells. (A) MuSK** and MuSK '~ myotubes expressing MuSK wild-type (WT) were cultured on laminin and
stained with a-BGT. Forced expression of MuSK wild-type in MuSK~~ muscle cells restores complex AChR cluster formation on laminin. Representative images of clusters are
shown. Scale bar, 10 um. (B) Cartoon showing MuSK wild-type and the different MuSK mutant constructs. Black asterisk marks K608A mutation. Gray asterisks mark Myc tag.
(C) MuSK~'~ muscle cells expressing MuSK wild-type and mutant proteins were differentiated for 4 days on gelatin-coated plates. Fully mature myotubes were stimulated with
agrin (4, A4B8; —, AOBO), and MuSK was immunoprecipitated from cell lysates and assayed by immunoblotting. Wild-type MuSK is phosphorylated in response to neural
agrin. Kinase-dead MuSK (KD) is unresponsive to agrin treatment whereas kinase-active MuSK constructs are phosphorylated independent of agrin. (D) AChRs were isolated
from MuSK ~'~ muscle cells expressing wild-type and mutant MuSK differentiated on gelatin. Phosphorylation was detected by immunoblotting. AChR 3 phosphorylation is induced
by neural agrin in cells expressing MuSK wild-type but not in cells expressing MuSK/KD or MuSK/KA-3. MuSK/KA-1 and KA-2 stimulate AChR {3 phosphorylation independent of
agrin. PY, phosphotyrosine; EC, extracellular epitope; IC, intracellular epitope; IB, immunoblot.

the formation of more complex AChR clusters (perforated, C-shaped
and pretzel) in the MuSK wild-type expressing myotubes at PF day
6 (Fig. 2B). Similar morphological changes are seen in cells expressing
MuSK/KA-2, although here we find complex AChR clusters already at
PF day 1. To exclude the possibility that the difference in AChR cluster
formation is due to different levels of AChR expression, we deter-
mined AChR o expression levels at PF day 5. We find comparable
AChR «a subunit expression between the used cell lines (Supplemen-
tal Fig. S2). These results demonstrate that MuSK kinase activity is re-
quired but not sufficient for substrate-induced AChR clustering.

The temporal sequence of complex AChR cluster formation and the size of
laminin-induced AChR clusters are altered in MuSK ™~ muscle cells
expressing MuSK/KA-2

As shown in Fig. 2B, expression of constitutively active MuSK/KA-2
accelerates the formation of complex AChR clusters. To examine in
more detail how an increased MuSK activity influences laminin-

induced AChR clustering, we cultured muscle cells on laminin and fol-
lowed the development of laminin-induced AChR clusters by staining
AChRs with a-BGT from PF day 1 to day 6 (Fig. 3A). A quantitative
analysis of the different cluster morphologies showed that MuSK ~~
myotubes expressing MuSK/KA-2 are able to form more complex
AChR cluster topologies (C-shaped and pretzel) faster than myotubes
expressing MuSK wild-type (Fig. 3B). This advanced cluster matura-
tion was evident until PF day 2, after that the distribution of morphol-
ogies was similar between MuSK wild-type and MuSK/KA-2
expressing cells. Next we quantified the length and area of the formed
AChR aggregates. We found that MuSK/KA-2 induces the formation of
significantly bigger AChR clusters (Figs. 3C, D). In particular, complex
pretzel-shaped AChR aggregates are considerably larger in length and
size compared to the clusters of the same category induced by MuSK
wild-type. Taken together, constitutive activation of the MuSK kinase
modulates laminin-induced AChR cluster formation by accelerating
the time-course of complex cluster formation and by increasing the
size of mature AChR clusters.
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Fig. 2. Complex AChR cluster formation requires MuSK kinase activity. (A) MuSK ~'~ myotubes expressing wild-type and mutant MuSK were cultured on laminin and stained with
a-BGT. Cells expressing MuSK wild-type or MuSK/KA-2 are able to form complex AChR clusters. In contrast, neither MuSK/KD nor MuSK/KA-1 and KA-3 induce substrate-
dependent AChR clustering. Representative images of clusters are shown. Scale bar, 10 um. (B) Graph showing the different cluster morphologies on PF days 1 and 6. MuSK/WT
and MuSK/KA-2 are able to induce complex AChR clusters to a similar extent. n>54 (from two independent experiments); error bars, S.E.M.

AChR accumulation, motility and stability in MuSK '~ muscle cells
expressing MuSK wild-type or MuSK/KA-2

The size and number of AChR clusters can be influenced by a variety
of mechanisms including accumulation rate, stability and motility of
AChRs (Dai et al.,, 2000; Hall et al., 1981; Lee et al., 2009). To determine
whether MuSK/KA-2 induced bigger AChR clusters due to an increased
accumulation or removal rate we stained myotubes cultured on laminin
with Alexa 488-conjugated a-BGT at PF day 5. Subsequently cells were
incubated for 4, 8 or 16 h at 37 °C followed by labeling with Alexa 594-
conjugated a-BGT (Fig. 4A). As shown in Fig. 4B, new AChRs are effi-
ciently labeled with Alexa 594-conjugated a-BGT and specifically accu-
mulated in the pre-existing laminin-induced AChR clusters. As
previously reported the insertion of new AChRs occurs at the periphery
of the existing cluster. This is clearly visible in MuSK/WT expressing
myotubes but less pronounced in MuSK/KA-2 expressing cells. A quan-
titative analysis of the mean fluorescence intensity within clusters was
performed using Image] (described in Experimental methods, Fig. 4C).
We found that the loss of existing AChRs from clusters occurs gradually
at a rate of 20-30% per 4 h, which corresponds to the removal rate pre-
viously reported by Bruneau and colleagues (Bruneau et al., 2005). The
density of newly accumulated AChRs increases rapidly within the first
4 h. After this time period AChR density does not significantly increase
presumably due to an equilibrium between removal and insertion of re-
ceptors (Bruneau et al., 2005). When we compared muscle cells expres-
sing MuSK wild-type with cells expressing MuSK/KA-2, we found weak
but non-significant differences in the removal rate of preassembled
AChRs or in the densities of newly accumulated AChRs.

We also asked whether AChR stability and motility within
laminin-induced AChR clusters are different in MuSK wild-type ver-
sus MuSK/KA-2 expressing myotubes after agrin stimulation, which

has previously been reported to direct new receptors preferentially
into agrin-induced clusters instead of pre-existing laminin clusters
(Bruneau et al., 2005). Cells were stained with Alexa 488-
conjugated o-BGT immediately before agrin stimulation. Labeled
myotubes were kept in agrin-conditioned medium for 4, 8, 16 or
24 h, fixed and newly inserted AChRs were stained with Alexa 594-
conjugated oi-BGT (Supplemental Fig. S3A). A quantification of myo-
tubes that either contain only laminin-induced clusters or laminin-
and agrin-induced clusters revealed that after 4 hour agrin stimula-
tion about 50% of myotubes contain laminin- and agrin-induced clus-
ters (Supplemental Figs. S3B, C). By 8 h most of the myotubes (about
80%) contain both laminin- and agrin-induced clusters. This is not
changed by increased incubation times with agrin. When we compare
MuSK wild-type and MuSK/KA-2, we observe a slightly decreased
number of myotubes with both forms of AChR clusters in cells
expressing MuSK/KA-2.

The anchorage of AChRs to the cytoskeleton is an important event
during cluster formation. In particular, the extent of attachment de-
fines the stability of AChRs within clusters (Podleski and Salpeter,
1988; Prives et al., 1982; Stya and Axelrod, 1983). Agrin stimulation
and subsequent AChR phosphorylation have been shown to assist
the cytoskeletal anchorage and to make AChR less detergent extract-
able (Borges and Ferns, 2001). Since MuSK/KA-2 displays a constitu-
tive kinase activity, we asked whether constitutive phosphorylation
of AChRs by MuSK/KA-2 increases the cytoskeletal anchorage. First,
we determined the level of MuSK and AChR phosphorylation in
MuSK wild-type and MuSK/KA-2 cells. For that we lysed myotubes
kept on laminin until PF day 5 and assayed MuSK and AChR (3 phos-
phorylation subsequent to MuSK immunoprecipitation and AChR
pull-down, respectively. As expected, MuSK/KA-2 is strongly tyrosine
phosphorylated and induces an increased AChR 3 phosphorylation
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Fig. 3. MuSK/KA-2 induces enhanced cluster maturation and bigger AChR clusters. (A) MuSK '~ myotubes expressing MuSK wild-type (WT) or MuSK/KA-2 were cultured on laminin and
stained with a-BGT. Forced-expression of MuSK/WT and MuSK/KA-2 induces the same topological changes from plaque to pretzel. Representative images of clusters are shown. Scale bar,
10 um. (B) Quantification of the different cluster morphologies in MuSK/WT and MuSK/KA-2 expressing myotubes. MuSK/KA-2 induced an enhanced temporal appearance of complex
AChR clusters. (Cand D) Graph showing the AChR cluster area and length, respectively. Cells expressing MuSK/KA-2 form significantly bigger AChR clusters. p value<0.003; n>40 (num-

ber of independent experiments: day1=2, days 2, 3, 4, 5=3; day 6 =4); error bars, SEM.

(2.5 fold increase) compared to MuSK wild-type (Figs. 5A, B). Next,
on PF day 5 we lysed cells with increasing concentrations of deter-
gent, isolated AChRs with biotin-conjugated o-BGT and determined
the amount of AChR o by immunoblotting (Fig. 5C). Significantly
more AChR «a is extracted in MuSK wild-type expressing myotubes
with 0.1% triton compared to MuSK/KA-2 expressing myotubes. In
contrast, the majority of AChR o is extracted from MuSK/KA-2
expressing myotubes with 1% triton. In addition, we find that MuSK/
KA-2 expressing cells contain an increased fraction of strongly at-
tached receptors that only extracted in 1.5% triton. A similar extract-
ability was observed for AChR (3 (data not shown). To further
correlate phosphorylation and cytoskeletal attachment during cluster
maturation we performed a comparative time course from PF days 1
to 6. We find similar phosphorylation levels for MuSK and AChR 3 be-
tween PF day 1 and days 5/6 (Supplemental Figs. S4A, B). In contrast,

AChR extractability decreases between PF days 3 and 5 indicating an
increased cytoskeletal anchorage (Supplemental Fig. S4C). This in-
creased attachment to the cytoskeleton is more pronounced in cells
expressing MuSK/KA-2. In summary, we found small but nonsignifi-
cant differences between cells expressing MuSK wild-type or MuSK/
KA-2 in terms of AChR insertion, motility and stability but a significantly
increased cytoskeletal anchoring of AChRs in MuSK/KA-2 expressing
muscle cells, most likely caused by AChR hyperphosphorylation.

The juxtamembrane region of MuSK is insufficient to induce the forma-
tion of complex AChR clusters on laminin

We have previously shown that the juxtamembrane region of
MuSK in the context of a different kinase domain, namely TrkaA, is
able to rescue agrin-induced AChR clustering in response to agrin
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KA-2 expressing cells compared to cells expressing MuSK/WT. n=4. (C) Cell lysates were extracted sub sequentially with 0.1%, 1% and 1.5% triton on PF day 5. AChRs were purified
using a-BGT and assayed by immunoblotting. AChR « is weakly extracted with 0.1% triton and the majority of AChR « is extracted with 1% triton in cells expressing MuSK/KA-2. In
contrast, AChR « is extracted to a similar extent in 0.1% and 1% triton in MuSK/WT expressing cells. p-value<0.05; n = 3; error bars, S.E.M.; TX, triton X-100; PY, phosphotyrosine,

IB, immunoblot.
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(Supplemental Fig. S5) (Herbst and Burden, 2000). Furthermore, we
were able to show that MuSK mutant mice expressing the same con-
struct (MMT) are able to survive and to form AChR clusters similar to
wild-type mice. However, we also reported that NMJs are immature
and less complex in muscle from adult mice (Herbst et al., 2002). To
address the function of the juxtamembrane region during laminin-
induced cluster formation we cultured MuSK ~'~ muscle cells expres-
sing MuSK wild-type or MMT on laminin and stained AChR clusters
with a-BGT. As shown in Fig. 6, MMT stimulates the formation of
substrate-induced AChR clusters but these clusters display an immature
morphology. A quantitative analysis of the observed morphologies
revealed that muscle cells expressing MMT are able to form plaque-
shaped and perforated clusters but unable to form complex pretzel-
like clusters.

The extracellular region of MuSK is necessary for substrate-dependent
AChR clustering

It was shown that pretzel formation does not depend on a specific
substrate since laminin can be replaced by fibronectin (Kummer et al.,
2004). Consequently the required activation of MuSK appears
substrate-unspecific. To follow up on this observation, we asked
whether the extracellular region of MuSK is required for substrate-
dependent cluster formation or whether this region can be replaced
by another RTK. For this we fused the extracellular domain of TrkA in-
cluding the transmembrane region to the MuSK intracellular region

(Fig. 7A). Analogous to previous reports on a TrkC/MuSK chimeric
construct, the TrkA/MuSK (TMM) construct is activated by the TrkA-
specific ligand NGF and is also able to induce AChR phosphorylation
(Figs. 7B, C) (Glass et al., 1997). Next we cultured MuSK ~~ myotubes
expressing TMM on laminin and stained AChRs with a-BGT. We
found that TMM is unable to rescue laminin-induced AChR clustering
(Figs. 7D, E). To exclude the possibility that the TMM construct fails to
induce AChR clusters due to an inefficient dimerization and autoacti-
vation we designed two additional approaches: (1) TMM expressing
muscle cells were cultured on laminin in continuous presence of
NGF. (2) A constitutive-active chimera, designated TNM, was con-
structed consisting of the TrkA extracellular region, the Neu trans-
membrane domain and the MuSK intracellular region (Fig. 7A).
TNM is phosphorylated in the absence of NGF but fails to induce
AChR clusters on laminin (Figs. 7B, D). Likewise TMM in the presence
of NGF is unable to cluster AChRs on laminin (Fig. 7D). These data im-
plement an instructive role of the MuSK extracellular domain during
the substrate-dependent formation of AChR clusters.

Discussion

MuSK is the central master regulator of NMJ development. All
known aspects of pre- and postsynaptic differentiation depend on
MuSK action (DeChiara et al., 1996). To examine the role of MuSK
during NMJ maturation we took advantage of a previously established
assay whereby mature AChR pretzels are formed on a laminin

TK |

MuSK/WT -@-@-@- CRD[ lg4] iTMi NPXY

MuSK/WT

MMT

AChR aggregates [%)]

Fig. 6. The MuSK/TrkA chimera, MMT, fails to induce complex AChR clusters on laminin substrate. (A) Schematic drawing of MuSK/WT and the MMT chimera. (B) MuSK~~ myo-
tubes expressing MuSK wild-type (WT) or MMT were cultured on laminin and stained with a-BGT. Forced-expression of MMT induces the formation of immature cluster morphologies
only. Representative images of clusters are shown. Scale bar, 10 pm. (C) Quantification of the different cluster morphologies in MuSK/WT and MMT expressing myotubes. MMT was unable
to induce complex AChR clusters. n>15 (number of independent experiments: days 1, 2, 4, 5=3; day 3 =2; day 6 =4); error bars; S.EM.
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Fig. 7. The extracellular domain of MuSK is required for substrate-induced AChR clustering. (A) Cartoon showing MuSK/WT and the chimeras TMM and TNM. Asterisks indicate the
C-terminal HA/Myc tag. (B) Myotubes expressing MuSK wild-type (WT), TMM or TNM were differentiated on gelatin and stimulated with agrin or NGF on day 4 of differentiation.
MuSK, TMM and TNM were immunoprecipitated from cell lysates and assayed by immunoblotting. Wild-type MuSK is phosphorylated in response to agrin but not in response to
NGF. In contrast, TMM is unresponsive to agrin treatment whereas NGF stimulation induces a robust phosphorylation. TNM is constitutively phosphorylated in the absence and
presence of NGF. (C) AChRs were isolated from MuSK '~ muscle cells expressing wild-type and TMM, which were differentiated on gelatin coated plates for 4 days. Phosphoryla-
tion was detected by immunoblotting. AChR 5 phosphorylation is induced by agrin/NGF in cells expressing MuSK wild-type or TMM. (D) MuSK~/~ myotubes expressing MuSK
wild-type (WT), TMM or TNM were cultured on laminin and stained with o-BGT on PF days 1 and 6. Forced expression of TMM fails to induce the formation of AChR clusters
on laminin. Representative images of clusters are shown. Scale bar, 10 um. (E) Graph showing the appearance of cluster morphologies at PF day 1 and day 6. n> 62 (from two in-
dependent experiments); error bars, S.E.M.; PY, phosphotyrosine; EC, extracellular epitope; IB, immunoblot.

substrate. We used MuSK~~ muscle cells to study the effect on
substrate-dependent cluster formation upon expression of different
MuSK mutants. Our study showed that both, the kinase domain and
the extracellular region of MuSK are required for the formation of
AChR clusters on laminin. Moreover, the MuSK juxtamembrane do-
main in the context of a different kinase domain is unable to induce
cluster maturation.

Is laminin-induced AChR clustering a valid model system to study post-
synaptic maturation?

Until recently it was thought that nerve-derived signals are the
prime regulators of NM] development. The discovery of aneural
AChR clusters in the absence of innervation and the observation of

AChR pretzels on aneurally cultured muscle cells put this neuro-
centric view of NM] development into question (Kummer et al.,
2006). New models now suggest that muscle intrinsic programs
exist, which influence AChR clustering. Although it is still believed
that during development signals from the nerve are essential for clus-
ter maturation, Kummer et al. uncovered a muscle-intrinsic program
capable of transforming a plaque-shaped cluster into a complex array
of branches (Kummer et al., 2004). In particular, this study suggests
that similar mechanisms of cluster maturation exist in vitro and in
vivo e.g. local AChR endocytosis and circumferential AChR addition
at the periphery of clusters. Moreover, an instructive role of the mus-
cle during cluster maturation is supported by several lines of evi-
dence: (i) the appearance of receptor-poor perforations in the
plaque often precedes local axonal removal (Balice-Gordon and
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Lichtman, 1993); (ii) motor axons that contact MuSK ™~ or rapsyn '~
myotubes fail to form arbors (Nguyen et al., 2000); (iii) vacant regions
of developing NMJs are often reoccupied by other axon branches
(Walsh and Lichtman, 2003) and (iv) postsynaptic morphology deter-
mines the pattern of nerve terminal branches during reinnervation
(Rich and Lichtman, 1989; Sanes et al., 1978). Considering all this,
muscle-intrinsic signals appear to play a regulatory function during
NM] maturation and the substrate-induced clustering assay represents
a suitable assay to study these signals.

Cluster maturation on laminin is dependent on MuSK

MuSK mutant mice lack pre- as well as postsynaptic differentiation
and consequently die right after birth (DeChiara et al., 1996). Due to
this early lethality the role of MuSK during later processes of NMJ de-
velopment is less well understood. A previous study used cre-
mediated deletion of MuSK to examine MuSK function postnatally
(Hesser et al., 2006). Thereby efficient recombination was observed
after postnatal day 15 and effects on NM] morphology and function
were detectable thereafter. Since NMJ maturation occurs in the first
two weeks after birth no effect on the maturation was reported but
a disassembly of mature NMJs was detected ultimately leading to my-
asthenic syndromes. Similar NM] defects were seen in adult mice
where MuSK was ablated using RNAi (Kong et al., 2004). Using the
substrate-dependent clustering assay it was demonstrated that
MuSK is required for the formation of aneural AChR clusters
(Kummer et al., 2004). In this study we further show that forced ex-
pression of MuSK in MuSK ~~ muscle cells also restores the temporal
transformation of plaque-shaped clusters into pretzel-like aggregates.

MuSK function during substrate-dependent AChR clustering

MuSK kinase activity and subsequent signaling are crucial for
agrin-induced AChR clustering (Wang et al., 2006). Likewise, MuSK
kinase activity is required for substrate-induced AChR clustering
since muscle cells expressing a kinase-deficient MuSK are unable to
form clusters on laminin. In contrast, constitutive-active MuSK
(MuSK/KA-2) is able to cluster AChR on laminin and like MuSK
wild-type induces a topological transformation of plaques into pret-
zels. The formation of complex clusters occurs faster and the size of
complex clusters is increased when active MuSK is expressed. Activa-
tion of MuSK induces the phosphorylation of AChRs and it has previous-
ly been shown that AChR phosphorylation regulates the cytoskeletal
anchorage (Borges and Ferns, 2001; Fuhrer et al., 1997). Consistent
with these results, we detected an increased AChR phosphorylation in
cells expressing MuSK/KA-2. Moreover, experiments to determine the
attachment of AChRs to the cytoskeleton revealed significant differ-
ences between cells expressing MuSK/KA-2 or MuSK wild-type where-
as the accumulation/removal rate into clusters and/or their motility and
stability within clusters is similar. Our data therefore suggest that an in-
creased cytoskeletal attachment accounts for the differences in cluster
formation between MuSK wild-type and MuSK/KA-2.

Using a chimeric protein consisting of the MuSK extracellular do-
main and the Neu transmembrane and intracellular regions we
showed that MuSK-specific signaling is required for substrate-
induced AChR clustering. Like for agrin-induced AChR clustering an
active kinase is not sufficient and specific MuSK sequences are neces-
sary for cluster formation on laminin (Herbst and Burden, 2000; Jones
et al., 1999). These results suggest that agrin- and substrate-induced
AChR clustering are regulated by a signaling cascade that involves
the same factors. Consistent with this, we find that a previously de-
scribed MuSK/TrkA chimera that has the MuSK juxtamembrane
NPXY motif inserted in the TrkA intracellular domain is able to induce
AChR clusters on laminin. However, the same chimeric construct is
unable to stimulate the topological transformation from plaque into
pretzel. Our findings in muscle cells are supported by a previous

report on MuSK '~ mice expressing the MuSK/TrkA chimeric protein
showing immature and fragmented NM]Js (Herbst et al., 2002). This
indicates that the initial localization of AChRs to synaptic sites de-
pends on MuSK signals that are transferred via the NPXY motif and
therefore consequently via Dok-7, a previously identified PTB-
domain containing protein that interacts with MuSK via the NPXY
motif (Okada et al., 2006). In contrast, the morphological changes
that occur during cluster maturation appear to require additional
MusSK specific sequences and/or signals (Supplemental Fig. S6). Alter-
natively, TrkA kinase that differs in kinetics and efficiency might be un-
able to induce the signaling cascade to the same extent as the MuSK
kinase. As a consequence the maturation process is not initiated.

Interestingly, MuSK kinase activity and downstream signaling are
not however sufficient for cluster formation because MuSK/KA-1, a
MuSK kinase active mutant lacking Ig2-Ig4 of the extracellular do-
main, fails to induce clusters on laminin. It has previously been sug-
gested that tight adhesion to the substrate independent of specific
domains in MuSK is important for the cluster formation on laminin
(Kummer et al., 2004). Therefore it might be envisioned that the ex-
tracellular region of MuSK/KA-1, which lacks Ig2-4 and the
cysteine-rich domain is too short to ensure a strong interaction with
the substrate and consequently fails to aggregate MuSK into a re-
quired primary scaffold. However, when we replaced the extracellu-
lar domain of MuSK with the equivalent domain of TrkA, no
substrate-induced AChR clusters were detected. This is also the case
even in the presence of a constitutive-active TrkA/MuSK chimera.
These results are surprising since it was previously proposed that
the substrate-bound laminin induces AChR clusters by providing a
strongly adhesive interaction between muscle and substrate rather
than activating a specific matrix receptor (Kummer et al., 2004).
Why is the MuSK extracellular domain required to induce substrate-
dependent AChR clusters? One possibility is that AChR clustering on
substrate requires an interaction between Lrp4 and MuSK (Supple-
mental Fig. S6). Lrp4 is the recently identified agrin receptor and in-
teracts with MuSK via its extracellular domain (Kim et al., 2008;
Zhang et al., 2008, 2011). Agrin-induced Lrp4/MuSK binding leads
to an activation of MuSK. In a substrate-dependent clustering assay
Lrp4 would not bind to agrin but presumably bind to the substrate.
This interaction might be necessary for the aggregation and activation
of MuSK. Future studies will have to show whether Lrp4 is required
for substrate-dependent AChR clustering. A second possibility derives
from earlier studies, which proposed the existence of a transmem-
brane linker, called RATL, supporting the interaction between MuSK
and rapsyn (Apel et al., 1997; Zhou et al., 1999). The hypothetical
RATL protein has been thought to bring the AChR/rapsyn complex
into close proximity to MuSK, thereby inducing MuSK-dependent
AChR clustering. Considering recent data it is possible that RATL actually
represents the requirement of Lrp4 binding to MuSK via the extracellu-
lar domain, which might be crucial for agrin-dependent and indepen-
dent AChR clustering.

Experimental methods
Plasmid constructs

An expression plasmid encoding MuSK/KA-1 lacking Ig2-4 was
generated according to Zhou et al. (1999). Briefly, Spel cloning sites
at position nucleotide (nt) 296 of the extracellular domain and at po-
sition nt 1475 of the transmembrane domain of rat MuSK cDNA were
inserted by PCR. Ig1 and the transmembrane domain plus cytoplas-
mic domain of MuSK were ligated. A CMV driven MuSK/KA-2 expres-
sion construct was engineered from MuSK-NeuT-MuSK-Myc (a gift
from Dr. Brenner, University of Basel) using EcoRI and Notl (Jones et
al., 1999). For introducing a Myc tag at the C-terminal of MuSK/KA-
3, a Ndel site at nt 1963 and a Spel site was inserted at position nt
3777 into the MuSK-NeuT-Neu construct (kindly provided by
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Dr. Brenner, University of Basel) by PCR (Jones et al., 1999). The intra-
cellular MuSK domain of MuSK/KA-2 was replaced with Neu to generate
MuSK-NeuT-Neu-Myc. To generate the TrkA/MuSK chimera TMM, a Sall
site was introduced at nt 1391 of the human TrkA cDNA and at nt 1544
of the MuSK cDNA by PCR. The TrkA fragment spanning extracellular
and transmembrane domain was ligated with the MuSK cytoplasmic do-
main. A HA tag at the C-terminus of TMM was inserted using HindIIl and
Bglll. The TrkA-NeuT-MuSK (TNM) chimera was constructed by intro-
ducing a Ndel site into the human TrkA cDNA (nt 1299). The extracellu-
lar TrkA was fused, via the Ndel site, to NeuT-MuSK-Myc. MuSK/KD
containing the mutation K608A was a gift from Dr. Burden, NYU School
of Medicine. Accuracy of the inserted fragments and tags was verified by
sequencing before ligation into the retroviral vector pBabe/puro
(Morgenstern and Land, 1990).

Cell culture

Phoenix cells were cultured and maintained in Dulbecco's Modi-
fied Eagle's Medium (DMEM supplemented with glutamine, 4.5 g/l
glucose), 10% (v/v) fetal bovine serum (FBS; Sigma-Aldrich) and 1%
(v/v) penicillin/streptomycin (PAA) at 37 °C and 5% CO,. MuSK '~
and MuSK™" myoblasts isolated from embryos carrying a
temperature-sensitive SV40 T antigen were propagated at 33 °C and
5% CO, on 0.2% gelatin-coated dishes containing growth medium:
DMEM containing glutamine, 4.5 g/1 glucose enriched with 10% (v/v)
FBS, 10% (v/v) horse serum (HS), 0.25% chick embryo extract (CEE),
20 U/ml recombinant murine interferon-y (IFN-vy; Peprotech) and 1%
(v/v) penicillin/streptomycin (Herbst and Burden, 2000; Jat et al.,
1991). Stable infection of MuSK '~ muscle cells was performed accord-
ing to Herbst and Burden (Herbst and Burden, 2000). Briefly, Phoenix
cells were transfected with pBabe/puro plasmids and virus-containing
medium was collected two days post-transfection and used immediate-
ly for the infection of MuSK ™~ myoblasts in the presence of 2 pg/ml
polybrene (Sigma). After 2h the virus-containing medium was
replaced with fresh growth media. 24 h post-infection, muscle cells
were split and maintained in growth medium with puromycin (2 ng/
ml). Clones of cells were isolated, expanded and assayed for their ability
to differentiate into multinucleated myotubes by removing IFN-y and
CEE from the medium and increasing the temperature to 37 °C.

Preparation of protein extracts and immunoblotting

Differentiated myotubes were starved for 2 h, stimulated either
with soluble neural A4B8 and non-neural AOBO agrin (prepared
from HEK 293T) for 30 min or with NGF (50 ng/ml) for 5 min. After
stimulation proteins were extracted in NP-40 lysis buffer (1% NP-40,
5mM EGTA, 50 mM NaCl, 30 mM triethanolamine pH 7.5, 50 mM
NaF supplemented with freshly added 1 pg/ml leupeptin, 1 pg/ml
pepstatin, 1 ug/ml aprotinin, 200 uM phenylmethylsulfonyl fluoride,
1 mM sodium orthovanadate). Lysates were immunoprecipitated
with monoclonal or polyclonal antibodies overnight and captured
with Protein A or G agarose (Roche). Isolated proteins were analyzed
by SDS-PAGE and immunoblotting. For AChR pull-down, the
lysate was incubated with 2 ng/ml biotin-conjugated a-BGT followed
by incubation with streptavidin-agarose and immunoblotting. Quan-
titative analysis of blots was performed by Quantity One software
(Bio-Rad). Ratio of phosphorylated protein to total amount of protein
was quantified. Phosphorylation of MuSK wild-type was defined as
100% and used to calculate the relative percentage phosphorylation
of mutant MuSK. For MuSK activation and AChR 3 subunit phosphor-
ylation, MuSK/WT and MuSK/KA-2 expressing myotubes cultured on
laminin-coated substrate were lysed on PF day 5 in NP-40 lysis buffer,
and proteins were isolated by immunoprecipitation or BGT-pull-
down as described above.

Laminin-induced AChR clustering assay

Myoblasts were cultured and differentiated according to Kummer
et al. (2004). Briefly, a 10 pg/ml solution of EHS laminin (Roche) in L-
15 medium (Sigma-Aldrich) containing 0.2% NaHCO3; and 100x glu-
tamine was used to coat poly-L-ornithine-coated dishes overnight at
37 °C. Before plating of cells laminin was aspirated and cells were
maintained at 33 °C and 5% CO,. After 24 h the growth media was
replaced with differentiation medium (DM) and the temperature
was increased to 37 °C to induce differentiation. After inducing fusion,
cultures were maintained in DM for 1-6 days to access the prevalence
of simple to complex aggregates over time as a function of PF days.
1 pg/ml TTX and 100x FUDR was added to block the twitching of
myotubes and to inhibit the growth of myoblasts. AChR clusters
were stained on each consecutive PF day with 2 ng/ml of Alexa 594-
coupled a-BGT, washed, fixed, mounted and imaged with 63x/
1.4-0.60 oil objective on a Leica inverted fluorescence microscope
(DMIRB) equipped with a cooled MicroMax CCD camera. Cells were
photographed at equivalent exposure times using Metamorph imag-
ing software. Multiple forms of AChR aggregates formed per PF day
were classified as microclusters, plaque, perforated, C-shaped and
pretzel as described previously by Kummer et al. (2004). Total num-
ber of aggregates of each individual PF day was summed up as 100%
and the distribution of each form of clusters in individual PF day
was plotted as a percentage of the combined total. The prevalence
of morphology from 2 to 6 independent experiments of each cell
line was analyzed and compared to MuSK/WT. For comparison of
the size, all observed aneural AChR clusters of MuSK/WT and MuSK/
KA-2 were categorized into plaque, perforated, C-shaped and pretzel.
The area and length (feret diameter) of each cluster, bigger than 5 pm
were measured by using free hand tool (Image] software).

Receptor accumulation/removal

On PF day 5, MuSK/WT and MuSK/KA-2 muscle cells on laminin-
coated substrate were saturated with 2 ng/ml Alexa 488-coupled o~
BGT for 30 min at 4 °C. Unbound BGT was washed away with differ-
entiation media and cells were placed at 37 °C and 5% CO, for 4,
8 and 16 h. After this incubation, cells were washed with PBS, fixed
in 1% PFA and stained with 2 ng/ml Alexa 594-coupled a-BGT for
30 min at room temperature to identify newly accumulated recep-
tors. Post-fixed cells were mounted in Vectashield for imaging as de-
scribed above. Mean gray values of old AChRs and newly accumulated
receptors for each independent time course were quantified using
Image] and plotted as a percentage of present AChRs at time point
0 h and at time point 16 h, respectively.

Receptor stability

The extent of attachment of laminin-induced MuSK/WT and
MuSK/KA-2 AChR aggregates with the cytoskeleton was determined
as described previously (Sadasivam et al., 2005). On 5th day of PF,
myotubes were incubated with 2 ng/ul of biotinylated o-BGT, rinsed
with ice-cold PBS and surface AChRs clusters were extracted in ex-
traction buffer (25 mM Tris, 25 mM glycine, 150 mM NaCl, 5 mM
EDTA, 50 mM NaF, 1 mM sodium orthovanadate, 1 pug/ml leupeptin,
1 pg/ml pepstatin, 1 pg/ml aprotinin, 200 uM phenylmethylsulfonyl
fluoride) containing 0.1% triton X-100. The supernatant was collected
after centrifugation and the pellet was resuspended in extraction
buffer containing 1% triton, followed by a third extraction with 1.5%
triton. Solubilized surface AChRs were precipitated from lysates
with streptavidin-agarose and the amount of surface AChRs in each
fraction was determined by immunoblotting using antibodies against
the AChR-a subunit. The amount of extracted AChR-a subunits was
quantified with Quantity One (Bio-Rad). The 0.1%, 1% and 1.5% frac-
tions were calculated and summed up to 100%.
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Statistical analysis

Independent samples t-test was performed using SPSS 18 (statis-
tical software system) to compare MuSK/WT and MuSK/KA-2 muscle
cell lines. A p-value<0.05 was considered statistically significant.

Antibodies and reagents

The following antibodies were purchased from commercial sources:
anti-AChR o (BD Biosciences), anti-AChR 3 (Sigma-Aldrich), anti-HA
(Sigma-Aldrich), anti-Myc (Sigma-Aldrich), anti-phosphotyrosine PY-
100 (Cell Signaling), anti-phosphotyrosine PY99 (Santa Cruz), and
anti-TrkA (Santa Cruz). Polyclonal antibodies against the MuSK extra-
cellular domain (Ig1-2) were produced in rabbits (Diederichs and
Herbst, unpublished data). Antibodies to the C-terminal sequence of
MuSK were provided by Dr. Fuhrer, University of Zurich (Fuhrer et al.,
1997). Streptavidin- and fluorophore-conjugated o.-BGT were obtained
from Invitrogen. Goat anti-mouse/rat/rabbit HRP-conjugated secondary
antibodies were purchased from Jackson ImmunoResearch. Soluble
neural A4B8 and non-neural A4B0 agrin were prepared from HEK
293T as previously described (Herbst and Burden, 2000).
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