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Muscle-specific kinase (MuSK) is critical for the synaptic clustering of nicotinic acetylcholine receptors
(AChRs) and plays multiple roles in the organization and maintenance of neuromuscular junctions (NMJs).
MuSK is activated by agrin, which is released from motoneurons, and induces AChR clustering at the post-
synaptic membrane. Although autoantibodies against the ectodomain of MuSK have been found in a propor-
tion of patients with generalized myasthenia gravis (MG), it is unclear whether MuSK autoantibodies are the
causative agent of generalized MG. In the present study, rabbits immunized with MuSK ectodomain protein
manifested MG-like muscle weakness with a reduction of AChR clustering at the NM]Js. The autoantibodies
activated MuSK and blocked AChR clustering induced by agrin or by mediators that do not activate MuSK.
Thus MuSK autoantibodies rigorously inhibit AChR clustering mediated by multiple pathways, an outcome
that broadens our general comprehension of the pathogenesis of MG.

Introduction
Myasthenia gravis (MG) is an antibody-mediated autoimmune
disease in which the nicotinic acetylcholine receptor (AChR) at
neuromuscular junctions (NMJs) is the major autoantigen (1).
AChR-specific antibodies are detected in 90% of nonimmunosup-
pressed patients with generalized MG. However, Hoch et al. found
antibodies to a novel antigen, muscle-specific kinase (MuSK), in
approximately 66% of patients with generalized MG that were
lacking detectable AChR autoantibodies (seronegative MG) (2).
Subsequent studies have reported MuSK antibody frequencies of
4-47.4% in MG patients seronegative for AChR antibodies (3-9).
MG patients with MuSK antibodies tend to develop severe facial
weakness and bulbar symptoms, including dysphagia, dysarthria,
and respiratory cirsis with some atrophy of facial muscles, that are
often difficult to treat effectively with immunosuppressive thera-
pies (3, 7). The pathogenic mechanisms of MG caused by AChR
antibodies are well delineated, but pathogenicity has not been
demonstrated for MuSK antibodies (10). Furthermore, no reports
have described the induction of MG by immunization of animals
with purified MuSK protein. The present study was undertaken
to explore this issue. Here we describe the development of myas-
thenia and reduction of AChR density in rabbits immunized with
the ectodomain of MuSK. The molecular pathogenesis of MG was
further investigated using an in vitro assay of AChR clustering on
myotubes that was mediated by MuSK antibodies.

MuSK is an AChR-associated transmembrane protein. During
development of skeletal muscle, MuSK is initially required for
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organizing a primary synaptic scaffold to establish the postsynap-
tic membrane (11, 12). Prior to muscle innervation, AChR clusters
form at the central regions of muscle fibers, creating an endplate
zone that is somewhat broader than that in innervated muscle (13,
14). MuSK and rapsyn, which is a 43-kDa, membrane-associated
cytoplasmic protein, must be expressed before the endplate zone
forms (11, 15-17). Subsequent contact of the motor-neuron growth
cone with the muscle extinguishes extrasynaptic AChR clusters,
resulting in a narrow, distinct endplate zone in the midmuscle that
is marked by a high density of AChR clustering (13, 14). In this step,
agrin released from motoneurons activates MuSK and redistributes
AChR clusters to synaptic sites (13, 14, 17-20). Therefore the for-
mation of NM]Js either in the absence or presence of agrin requires
the expression of MuSK at the endplate membrane.

The extracellular segment of MuSK comprises 5 distinct
domains, i.e., 4 immunoglobulin-like domains and 1 cysteine-
rich region (21-25). All 5 domains are conserved in Torpedo spp,
mice, humans, rats, Xenopus, and chickens. MuSK exerts its mul-
tiple effects through interaction of the extracellular domains
with other molecules. Transfection of MuSK~/~ myotubes with a
series of mutant MuSK constructs demonstrated that the amino-
terminal immunoglobulin-like domain is required for activation
by agrin (26). The extracellular domains of MuSK interact with
rapsyn-AChR complexes (27, 28). Although the synaptic mem-
brane in adult muscle appears to be macroscopically stable, in vivo
studies have shown that synaptic AChRs intermingle completely
over a period of approximately 4 days, and that many extrasynap-
tic AChRs are incorporated into the synapse at the mature NMJs
(29, 30). In addition, RNA interference targeting MuSK in adult
mammalian muscle in vivo induced the disassembly of postsyn-
aptic AChR clusters, with effects ranging from fragmentation to
disappearance (31). Hence the mechanisms of NM]J formation by
MusSK are also likely to be important for the maintenance of AChR
clusters at the NMJs.
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In cultured myotubes, AChR clustering is induced by laminin-1
and the N-acetylgalactosamine-specific (GalNAc-specific) lectin
Vicia villosa agglutinin (VVA-B4) without activation of MuSK
(32-36). Neither the receptor nor the activation mechanisms of
AChR clustering induced by agrin-independent inducers has been
identified with certainty. Even so, these mechanisms may also play
important roles in the maintenance of NM]Js via agrin-indepen-
dent pathways and in their formation, as shown by genetic stud-
ies (13, 14). The data we present herein demonstrate that MuSK
autoantibodies inhibit AChR clustering by agrin itself and also by
all known agrin-independent pathways.

Results

Immunization with purified MuSK protein causes flaccid weakness in
rabbits. Rabbit antibodies were raised against a purified chimeric
protein composed of the MuSK ectodomain and the Fc region of
human IgG1 (MuSK-Fc). All of 4 recipient rabbits manifested flac-
cid weakness after 3 or 4 repeated injections with MuSK-Fc. Three
of these rabbits developed flaccid weakness within 3 weeks after
the last injection of MuSK protein, and the fourth rabbit mani-
fested flaccid weakness 9 weeks after the third injection. Two rab-
bits that manifested flaccid weakness (M1 and M2 paretic rabbits)
are shown in Figure 1A and Supplemental Movies 1 and 2 (sup-
plemental material available online with this article; doi:10.1172/
JCI21545DS1). Two of 4 paretic rabbits developed severe exhaus-
tion (Figure 1A and Supplemental Movie 2; M2 paretic rabbit).
Histological studies of the muscle tissues in the paretic rabbits
revealed that the angular atrophic muscle fibers in the M2 paret-
ic rabbit were intermingled with normal fibers, whereas the M1
rabbit had only subtle changes in the muscles (Figure 1B). No
muscle regeneration was observed in M1 and M2 paretic rabbits
(Figure 1B). The histological changes of the atrophic muscle fibers
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Figure 1

Rabbits manifest MG-like paresis after immunization with MuSK pro-
tein. (A) Two rabbits, representative of the 4 animals that showed
myasthenia, manifested myasthenic weakness after immunization
with the recombinant MuSK protein. After 3 injections of MuSK pro-
tein, M1 and M2 rabbits manifested flaccid weakness within 3 and
9 weeks, respectively. The M2 rabbit developed severe exhaustion
with muscle weakness. (B) Cross sections from the soleus muscles
of 2 paretic (M1 and M2) and 1 normal rabbit were stained with H&E.
Muscle fibers in the M1 paretic rabbit showed only subtle changes in
shape and smallness, whereas an atrophy of muscle fibers in the M2
paretic rabbit was observed as small angular fibers (arrows). Scale
bar: 50 um. (C) Electromyograms recorded from the M1 paretic rabbit.
The retroauricular branch of the facial nerve was continuously stimu-
lated by a constant-current stimulator, which delivered square-wave
pulses of 0.1 ms at 20 Hz, and the compound muscle action potential
(the second peak observed on the oscilloscope screen was recorded
at the indicated time points during stimulation) showed a decremental
pattern, consistent with MG.

observed in the M2 paretic rabbit can result from MG, reduced
mechanical activity of muscles, or cachexia (37).

These results suggest that the muscle weakness was caused by a
disturbance of neuromuscular transmission due to the inhibition
of MuSK functions in mature NMJs. This possibility was investi-
gated first by an electromyographic study (38). Repetitive nerve
stimulation (RNS) at a rate of 20/s in a paretic animal elicited
a decremental response in compound muscle action potential
(CMAP), characteristic of MG (Figure 1C). However, the CMAP
in a normal rabbit did not change significantly during RNS at
the same rate (data not shown). This result is consistent with the
M1 rabbit having a disorder of the postsynaptic membrane as the
cause of its weakness following immunization with a fragment
of MuSK protein.

Reduction of AChR clustering at NMJs in paretic rabbits. Our sec-
ond objective was to examine the NMJs of soleus muscles in 2
paretic (M1 and M2) and 3 normal rabbits (N1, N2, and N3) by
fluorescence microscopy after applying a rhodamine-conjugated
AChR antagonist, a-bungarotoxin (BTX). For semiquantitative
measurement of the size and density of AChR clustering at NMJs,
we determined an appropriate concentration of rhodamine-con-
jugated BTX by using serial dilutions of this reagent for applica-
tion to frozen sections of soleus muscles (Figure 2A). A digital
camera recorded images of the AChR clustering. Ten AChR clus-
ters of NMJs were randomly chosen from the left and 10 from the
right soleus muscles, after which the sizes and ODs were mea-
sured using NIH Image analysis software with the unprocessed
digitized images (Supplemental Figure 1). In agreement with the
electromyographic studies described above, the area and intensity
of AChR fluorescence at the NM]Js in both M1 and M2 paretic
rabbits were significantly reduced compared with normal rabbits
(area: M1, 67.9 + 58.2 um?; M2, 75.0 + 55.9 um?; compared with
N1, 303.9 + 125.9 um?; N2, 387.7 £ 163.0 um2; N3, 395.4 = 150.0
um?; density: M1, 6219 + 4659 OD; M2, 6889 + 4259 OD; com-
pared with N1, 17,770 + 7,693 OD; N2, 23,259 + 9,046 OD; N3,
23,870 + 9,997 OD; Figure 2B).

Specific binding of antibodies to MuSK. As we found that muscle
weakness caused by a disorder in the postsynaptic membrane was
induced in rabbits via immunization with a purified MuSK pro-
tein, we next examined the ability of immune serum from paretic
rabbits to react specifically with MuSK. To test whether MuSK
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Figure 2

Reduction of the size and density of AChR clusters
at the NMJs in paretic rabbits. (A) Cross sections
from the soleus muscles of 2 paretic (M1 and M2)
and 3 normal rabbits (N1, N2, and N3) were stained
with 10 nM rhodamine-conjugated BTX. Bright cres-
cents of bound BTX, indicative of endplate AChR,
were smaller and less intense in the paretic rabbits’
muscle fibers than in those of the normal rabbits.
Arrows indicate the small angular fibers in M2 soleus
muscles. L, left; R, right. Scale bar: 50 um. (B) Imag-
es of 10 AChR clusters at NMJs in the right and 10
in the left soleus muscles of the paretic and normal
rabbits were randomly recorded by a digital imaging
camera. Quantification of the area and intensity of
AChR clustering in the unprocessed images were
measured using NIH Image software. Bars indicate
mean + SD. *P < 0.01 versus normal rabbits.

the clustering of AChR on the surfaces of C2C12
myotubes in the absence of agrin. Therefore,
the effect of MuSK antibodies on the tyrosine
phosphorylation of MuSK was assessed here in
C2C12 cell cultures. After a 30-minute incuba-
tion with MuSK antibodies, MuSK protein was
immunoprecipitated from detergent extracts
of the cells by using an antiserum against its
intracellular domain. Tyrosine-phosphorylated
MuSK was detected in Western blots by using
: phosphotyrosine-specific antibodies (Figure
4A). This antibody-induced autophosphoryla-
tion was completely inhibited by absorption
with an excess of MuSK-AP before the addition
of MuSK antibodies to the C2C12 myotube
cultures. Thus the MuSK antibodies specifi-
cally activated autophosphorylation by induc-
ing dimerization of the MuSK molecules in
the absence of agrin, as shown previously using
N-terminal-specific MuSK antibodies.

sooe o

M1 M2 N1 N2 N3 M1 M2 N1 N2

antibodies could be used to detect MuSK in Western blots, a chi-
meric protein that combined the MuSK ectodomain with human
placental alkaline phosphatase (MuSK-AP) was transfected into
COS-7 cells. As expected, proteins representing the chimeric
products (~130 kDa) were secreted into the culture medium (Fig-
ure 3A). The immune serum did not react with any of the AChR
subunits precipitated from a lysate of C2C12 myotubes, as deter-
mined using biotinylated BTX and streptavidin-agarose. In con-
trast, the AChR 3 subunit was detected in the same precipitate
when using a monoclonal antibody (data not shown). In addition,
immunohistochemical analysis showed that MuSK antibodies
reacted with native MuSK molecules and colocalized with agrin-
induced AChR clusters on the surfaces of differentiated C2C12
myotubes (Figure 3B). Therefore a subset of MuSK antibodies
reacts specifically with MuSK molecules on the cell surface.
Activation of MuSK by autoantibodies against MuSK. Hopf and
Hoch (39) reported that rabbit polyclonal antibodies against the
MuSK N-terminal sequence induced the activation of MuSK and
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N3 The downstream cascade of MuSK also leads to

tyrosine phosphorylation of the AChR 3 subunit

(19, 40, 41). Therefore we next sought to deter-
mine whether AChRs are tyrosine phosphorylated in response to
MuSK activation by the MuSK antibodies. C2C12 myotubes were
exposed to biotinylated BTX to identify AChRs in phosphotyro-
sine immunoblots. After exposure of the myotubes to MuSK anti-
bodies for 30 minutes, tyrosine phosphorylation of the AChR f§
subunit was detected at a level similar to that induced by agrin
(Figure 4B). AChR phosphorylation was inhibited when the anti-
bodies were absorbed with an excess of MuSK-AP prior to addi-
tion to cultured C2C12 myotubes, which demonstrates that the
MuSK antibodies specifically induce AChR (3 subunit phosphory-
lation in the downstream cascade of MuSK. Antibodies against the
intracellular domain of the MuSK protein did not phosphorylate
either MuSK or the AChR 3 subunit (data not shown).

Inhibition of spontaneous AChR clustering by antibodies against the
MuSK ectodomain. MuSK antibodies induced tyrosine phosphor-
ylation of both MuSK and the AChR f subunit, whereas AChR
clustering at the NMJs of paretic rabbits was reduced. Therefore,
we next tested the ability of MuSK antibodies to stimulate AChR
Volume 116
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clustering in the absence of agrin following MuSK autophos-
phorylation. Overnight incubation of C2C12 myotubes with
MusSK antibodies in the absence of soluble agrin and labeling of
AChR with rhodamine-conjugated BTX revealed that the MuSK
antibodies inhibited spontaneous AChR clustering; that is, only
a small number of AChR clusters formed in the myotubes in the
absence of additional stimulation (Figure 5, A and B). However,
AChR clustering was not blocked by antibodies against the MuSK
intracellular domain (data not shown). Taken together, these
results suggest that MuSK antibodies do not induce AChR clus-
tering. Instead, they interfere with spontaneous AChR clustering
by interacting with MuSK molecules in C2C12 myotubes, despite
the activation of MuSK autophosphorylation.

Inbibition of agrin-induced AChR clustering by MuSK antibodies.
Agrin induces clustering of AChR in C2C12 myotubes follow-
ing MuSK autophosphorylation (17, 19, 20). This cascade of
events is a major feature of AChR clustering at the NMJs after
innervation by motoneurons (17, 36, 42, 43). In a previous
study, Hoch et al. observed that the MuSK antibodies of MG
patients inhibited agrin-induced AChR clustering (2), whereas
we found that MuSK antibodies from paretic rabbits activated
MuSK. It was therefore of interest to determine whether MuSK
antibodies could interfere with agrin-induced AChR clustering
in C2C12 cells as they did in spontaneous clustering. Indeed,
agrin-induced clustering of AChR was strongly blocked in the
presence of MuSK antibodies, whereas absorption of the anti-
bodies with soluble MuSK-AP fusion products prevented this
blocking effect (Figure 6, A and B). This result clearly demon-
strates that the MuSK antibodies are responsible for inhibiting
the formation of agrin-induced AChR clustering, in contrast to
the N-terminal-specific MuSK antibodies, which induce AChR
cluster formation in C2C2 myotubes (39).

Inhibition of agrin-independent AChR clustering by antibody against
the MuSK ectodomain. Since MuSK is necessary for the signaling
and effector mechanisms of agrin-independent AChR clustering
at the NMJs in vivo (13, 14), we examined the ability of MuSK
antibodies to inhibit AChR clustering induced by agrin-inde-
pendent stimuli such as laminin-1 and VVA-B4. Incubation of
laminin-1 with MuSK antibodies strongly blocked AChR cluster-
ing as well as spontaneous and agrin-induced AChR clustering
(Figure 6, A and B) on C2C12 cells. After absorption of the anti-
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Figure 3

MuSK autoantibodies specifically bind MuSK. (A) Detection of secreted
MuSK-AP from COS-7 cells by Western blot analysis with MuSK auto-
antibodies. The culture supernatants from COS-7 cells transfected with
MuSK-AP (lane 1) or vector alone (lane 2) were immunoblotted with
the MuSK antibodies, and the same immmunoblots were reprobed with
an anti-alkaline phosphatase (anti-AP) antibody. (B) Specific binding
of MuSK autoantibodies to MuSK in C2C12 myotubes. Myotubes were
treated with agrin (1 nM for 18 h) and double labeled, first with rhoda-
mine-conjugated BTX (left), and then with MuSK antibodies followed
by fluorescein-conjugated secondary antibodies (middle). AChRs and
MuSK colocalized, as shown by the overlay of red and green fluores-
cence (right). Green blotches are artifact. Scale bar: 20 um.

bodies with soluble MuSK-AP fusion products, AChR clustering
in response to laminin-1 was restored (Figure 6, A and B). Thus
the blocking effect was caused by these antibodies specific for the
MuSK ectodomain, as was observed for agrin-induced clustering.
In addition, treatment of C2C12 cells with VVA-B4 and MuSK
antibodies totally blocked AChR clustering, whereas absorption
of the antibodies with soluble MuSK-AP protein prevented this
blocking effect (Figure 6, A and B). Therefore blocking by the
antibodies was also specific for the MuSK ectodomain. These
results indicate that the interaction of MuSK antibodies with
MuSK molecules in myotubes leads to a reduction of AChR clus-
tering via an agrin-independent pathway.

Blocking of neuraminidase-stimulated AChR clustering by MuSK antibod-
ies. Treatment of C2C12 cells with neuraminidase increases both
the intensity of VVA-B4 staining and the number of AChR clusters
compared with spontaneous clustering (34, 43). Since AChR clus-
tering caused by neuraminidase treatment may involve the same
signaling mechanism as that induced by VVA-B4, the ability of
MuSK antibodies to inhibit this response was examined. We con-

A Anti-MuSK
IP 1B Agrin  + + Control
Musk  PY-DIot M s
MuSK S .
- +
MuSK-AP
Anti-MuSK
B P 1B Control Agrin - + +
Biotinylated PY-blot — -
BTX AChRp e s o
- +
MuSK-AP

Figure 4

MuSK antibodies specifically activate MuSK and the downstream cas-
cade. Specific phosphorylation of MuSK and AChR f subunit (AChR)
by MuSK antibodies. C2C12 myotubes were treated with agrin or
MuSK antibodies for 30 minutes and then immunoprecipitated with (A)
MuSK antibodies or (B) biotinylated BTX using streptavidin-Sepha-
rose. Immunoblots of immunoprecipitates were probed with antibod-
ies to MuSK (A), AChRg (B), or phosphotyrosine (PY, A and B). Both
MuSK and AChRp were phosphorylated after the treatment of agrin or
MuSK antibodies. Phosphorylation of MuSK and AChR@ was inhibited
by the absorption of MuSK antibodies with MuSK-AP protein.
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firmed that neuraminidase treatment stimulated AChR clustering
in C2C12 myotubes. That is, overnight incubation of C2C12 cells
with 0.1 U/ml neuraminidase resulted in a 3-fold increase in the
number of AChR clusters per field (Figure 7, A and B). When the
C2C12 cells were incubated with MuSK antibodies and neuramini-
dase for 16 hours, AChR clustering was blocked efficiently, as was
the clustering induced by VVA-B4. Again, absorption with MuSK-
AP prevented blocking (Figure 7, A and B), which demonstrates
that the inhibition of AChR clustering is caused by a direct effect
of the MuSK antibodies. In summary, MuSK antibod-
ies from paretic rabbits inhibit the AChR clustering
in myotubes induced by all known agrin-independent
stimuli as well as by agrin itself.

>

Discussion

MuSK autoantibodies are found in 4-70% of patients
with generalized MG who lack detectable AChR auto-
antibodies (seronegative MG) (2-9); therefore, we
investigated the pathogenicity of MuSK autoanti-
bodies, as reported here. Our results demonstrate that
immunization of rabbits with MuSK ectodomain pro-
tein caused myasthenic weakness and produced elec-
tromyographic findings that were compatible with
a diagnosis of MG and consistent with a significant
reduction of AChR clustering at NMJs. Additionally,
MusSK antibodies specifically inhibited in vitro AChR

Anti-MuSK Control

Anti-MuSK
+ MuSK-AP

Figure 6

Inhibition of agrin-induced and agrin-independent AChR
clustering by MuSK antibodies. (A) C2C12 cells were
treated with agrin, laminin-1, or VVA-B4. AChR clusters
were stained with rhodamine-conjugated BTX. AChR
clustering induced by agrin, laminin-1, and VVA-B4 was
inhibited in the presence of MuSK antibodies. This inhi-
bition was blocked by absorption of the MuSK antibod-
ies with MuSK-AP before treatment of the cells. Scale
bar: 20 um. (B) Quantification of the inhibitory activity
of the MuSK antibodies confirmed that they significantly
inhibited agrin-, laminin-1—, and VVA-B4—induced AChR
clustering. Preabsorption of the MuSK antibodies with
MuSK-AP significantly blocked inhibition. Values repre-
sent mean + SEM of 10-15 fields for each of the 2 experi-
ments per treatment. *P < 0.01 versus similar treatment
without MuSK antibodies; #P < 0.01 versus similar treat-
ment without preabsorption; ANOVA.
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Figure 5

Inhibition of spontaneous AChR clustering by MuSK antibodies. (A)
AChR clusters on C2C12 myotubes were stained with rhodamine-con-
jugated BTX with or without MuSK antibodies. Scale bar: 20 um. (B)
Quantification of the inhibitory activity of the MuSK antibodies showed
that these antibodies provided significant inhibition of spontaneous
AChR clustering (*P < 0.01, ANOVA). Values represent mean + SEM
of 10—15 fields for each of the 2 experiments per treatment.

clustering responses to all known stimuli, including those that act
via agrin-independent pathways. Surprisingly, when applied to
C2C12 muscle cells, MuSK antibodies initiated the phosphoryla-
tion of MuSK receptors and the subsequent phosphorylation of
AChR in the absence of agrin, despite strongly inhibiting sponta-
neous AChR clustering. Furthermore, the MuSK antibodies inhib-
ited AChR clustering induced by agrin. The possibility that MuSK
antibodies contain a component that reacts with a receptor that
stimulates inhibitory signals for AChR clustering seems unlikely,
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since the ability of these antibodies to inhibit AChR clustering was
abolished by absorption with a purified chimeric recombinant
protein of MuSK. Hoch et al. have shown that plasma contain-
ing MuSK antibodies derived from patients with generalized MG
who lack detectable AChR autoantibodies causes modest AChR
clustering, whereas the same plasma inhibits agrin-induced AChR
clustering (2). Thus, it is conceivable that a subset of MuSK anti-
bodies expresses a strong inhibitory activity that blocks spontane-
ous AChR clustering, whereas other subsets of MuSK antibodies,
such as those directed against the N terminus of the ectodomain,
have a modest capacity to induce AChR clustering (39). An alterna-
tive possibility is that the longer incubation time with the MuSK
antibodies used in the study of Hoch et al. caused the reverse effect
by downregulating scaffold molecules required for AChR cluster-
ing. The effects on spontaneous clustering of MuSK antibodies
reported by Hoch et al. were observed after 5 hours of incubation,
whereas our analysis was carried out after a 16-hour incubation
with the antibodies (2).

Neither the receptor responsible for nor the activation mecha-
nism of AChR clustering induced on myotubes by laminin-1 is
known. However, the signaling mechanisms of agrin and laminin-1
converge atasite downstream from MuSK (19, 35). Another agrin-
independent stimulus, VVA-B4, recognizes terminal p-linked
GalNAc residues and binds at the NMJ (33). Moreover, even in
the absence of rapsyn-AChR complexes, agrin induces MuSK-
based scaffolding, including the provision of binding sites for
VVA-B4 on myotubes (12). Thus VVA-B4 receptors acting in
concert with MuSK appear to play a key role in AChR clustering
(12, 44). However, MuSK is not a receptor for VVA-B4, as dem-
onstrated by the absence of O-linked carbohydrates providing
O-linked GalNAc residues in MuSK molecules (45). Neuramini-
dase treatment also induces AChR clustering on myotubes by its
action on terminal -linked GalNAc residues (34). By eliminat-
ing sialic acid from glycoconjugates in the membranes, neur-
aminidase increases the exposure of terminal f-linked GalNAc
residues that bind to the GalNAc-specific lectin VVA. We believe
our observation that MuSK-specific antibodies strongly inhibit-
ed AChR clustering induced by all agrin-independent pathways
as well as by agrin to be unprecedented.
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Figure 7

Inhibition of neuraminidase-induced AChR clustering by MuSK anti-
bodies. (A) C2C12 cells were treated with Clostridium perfringens
neuraminidase. AChR clusters were stained with rhodamine-conju-
gated BTX. AChR clustering induced by neuraminidase was inhibited
in the presence of the MuSK antibodies. This inhibition was blocked by
absorption of the MuSK antibodies with MuSK-AP before treatment of
the cells. Scale bar: 20 um. (B) Quantification of the significant inhibi-
tion of neuraminidase-induced AChR clustering by MuSK antibodies.
Inhibition was significantly blocked by preabsorption of the MuSK anti-
bodies with 6.5 nM MuSK-AP. Values represent mean + SEM of 10-15
fields for each of the 2 experiments per treatment. *P < 0.01 versus
treatment without MuSK antibodies; **P < 0.01 versus treatment with-
out preabsorption; ANOVA.

Current knowledge offers several possible mechanisms for the
global inhibition of this signaling pathway. Prior to innervation,
MuSK is essential for organizing a primary synaptic scaffold and
initiating postsynaptic membrane maturation events (11, 12, 16).
These mechanisms may also be necessary for the maintenance of
AChR clusters at mature NMJs, where AChR clusters undergo rapid
remodeling (29, 30). Therefore, antibody to MuSK could directly
prevent scaffold formation, which may be requisite for AChR clus-
tering taking place in mature NMJs, as shown by RNA interfer-
ence experiments (31). For example, the interaction of MuSK and
rapsyn-AChR complexes is required for AChR clustering by agrin
(11, 46). A second possible mechanism governing the inhibition of
AChR clustering is an antibody-induced decrease of MuSK expres-
sion at the cell surface, which might also prevent scaffolding. In
addition, the antibody could act to internalize other associated
components required for agrin-dependent or agrin-independent
AChR clustering. Through either mechanism, a subset of MuSK
antibodies could interfere with AChR clustering even when stimu-
lated by a different subset of MuSK antibodies and subsequently
cause the extrajunctional spread of AChRs at mature NMJs.

Finally, the ability to block AChR clustering is not the sole
function of MuSK antibodies, since sera containing MuSK anti-
bodies obtained from patients with MG also inhibited agrin-
dependent and agrin-independent AChR clustering on myotubes
(our unpublished results). The experimental model developed
here (Figure 8) is based on the use of MuSK antibodies derived
from an animal whose autoimmune response impaired neuro-
muscular transmission. This model will facilitate further prog-
ress in resolving the pathogenic basis of MG at the molecular
level and identifying other aspects of pathogenicity available to
these autoantibodies in vivo.

Methods

Isolation of MuSK cDNA clones. Mouse MuSK ¢cDNA clones were isolated
by constructing a mouse C2C12 myotube cDNA library in the A ZAPII
vector (Stratagene) (47). The library was screened with a human MuSK
c¢DNA probe amplified by reverse transcription PCR, together with a set of
primers and total RNA from human muscle (Stratagene). The following
primers were designed based on the sequence of the human MuSK cDNA:
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Figure 8

Models of MuSK antibody inhibition of AChR clustering on myotubes. (A) MuSK antibodies cover
the ectodomain of MuSK and inhibit interactions with other scaffolding molecules required for AChR
clustering, including myotube-associated component (MASC), rapsyn-associated transmembrane
linker (RATL), and receptors for VVA-B4 and laminin. MASC is a hypothetical molecule that is
required for agrin binding and the activation of MuSK. RATL, also a hypothetical molecule, mediates
the association of rapsyn with the extracellular domain of MuSK. (B) MuSK antibodies induce the
internalization of MuSK in the presence or absence of associated molecules. The lack of MuSK on
the surfaces of myotubes inhibits the effects of scaffolding and AChR clustering.

S5'-GTTCTCCAGAAGGAACTTCGTCCTGC-3' and 5'-CCGTGCAGCG-
CAGTAAATGCCATCATC-3' (25). Sequences were identified using the
ABI 310 DNA sequencer and BigDye Terminator v1.1 Cycle Sequencing
Kit (Applied Biosystems). Sequence analysis was carried out using the GCG
package of the Human Genome Center, Institute of Medical Science of the
University of Tokyo.

Recombinant proteins. AMuSK-AP fusion protein was produced by ampli-
fying the MuSK ¢cDNA from nucleotide 2 in the 5’ untranslated region
to nucleotide 1337 (GenBank/EMBL accession number AY360453) using
PCR, adding terminal BspEI sites, and inserting the construct into the
BspEI site of the APtag-2 vector (48). The fusion protein expression con-
struct, which consisted of the MuSK ectodomain and the Fc region of
human IgG1, was generated with the same strategy used for the alkaline
phosphatase construct. The MuSK cDNA from nucleotides 2 to 1337 was
amplified by PCR; an artificial splicing donor signal (GTGAGT) was added
at the 3’ terminus of the cDNA, and the construct was inserted between the
Sall and Spel sites of the vector pEF-Fc (gift from Y. Yoshihara, RIKEN Brain
Science Institute, Wako, Saitama, Japan). We generated expression vectors
carrying the secreted, soluble form of mouse neural agrin (C-Ag4,19;y = 4,
Z =19), using PCR to amplify the 1.5-kb C-terminal half of an alterna-
tive isoform of mouse agrin cDNA, which contains 19 amino acids at the
z site, and using the first-strand cDNA of the mouse spinal cord (49). The
following primers were designed based on the sequence of mouse agrin:
5'-GGGGATCCTGGCCGCTTTGGCCCAACTTGTGCAGATG-3' and
5'-GCTCTAGAGAGAGTGGGGCAGGGTCTTAGCTC-3' (50).

The amplified agrin cDNA, with added terminal BamHI and Xbal sites, was
inserted between the BamHI and Xbal sites of the pSecTag vector (Invitrogen
Corp.), which contains the ER signal sequence of the mouse Igk gene (47)
and a myc/his-tag sequence at the 3’ site. COS-7 cells were transfected by
using Fugene-6 reagent (Roche Molecular Biochemicals) according to the
manufacturer’s instructions. The secreted recombinant agrin (C-Ag4,19)
was concentrated with centrifugal filter devices (Millipore), and the secret-
ed recombinant MuSK-AP and MuSK-Fc proteins were purified by using
alkaline phosphatase monoclonal antibodies coupled to agarose (Sigma-
Aldrich) and protein A-Sepharose (Amersham Biosciences), respectively, by
standard methods (48). Agrin protein was purified from the supernatant of
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concentrated. The purity of the recombinant
proteins was determined by SDS-PAGE with

RATL ] i ’
Rapsyn

SNy

silver staining. The concentration of recom-
binant proteins was determined by using the
BCA Protein Assay kit (Pierce Biotechnology)
with BSA as the standard. The relative band
intensities for MuSK-AP, MuSK-Fc, agrin
MuSK (z=19), and known amounts of BSA were
compared on Coomassie-stained gels as an
independent measure.

Animal experiments and antibodies. The
Ehime University Animal Care and Use
Committee approved all of the procedures
used in the animal experiments. Antiserum
against the MuSK ectodomain (the MuSK
antibodies) was raised by repeatedly injecting
New Zealand White rabbits with 100-400 ug
of protein A-Sepharose-purified MuSK-Fc.
Three of the 4 injected rabbits manifested
fatigable muscle weakness after 3 rounds of immunization. One rabbit
developed the symptoms after the fourth round of immunization. Elec-
tromyograms were recorded from a paretic rabbit and a normal rabbit.
The retroauricular branch of the facial nerve was stimulated at 20 Hz, and
records were taken from the retroauricular muscle using Synax 1100 (NEC).
Polyclonal antisera against the C terminus of the intracellular domain of
the MuSK protein were obtained from rabbits injected with a synthetic
peptide (CSTHRILQRMCERAEGTVGYV). These rabbits remained healthy
even after immunization. The specificity of the antiserum was confirmed
by Western blot analysis using a lysate of COS-7 cells that were transfected
with an expression construct of receptor-type MuSK cDNA. The IgG frac-
tion of the MuSK antiserum was purified by standard methods using pro-
tein A-Sepharose (Amersham Biosciences). The concentration of purified
IgG was determined with the BCA Protein Assay Kit (Pierce Biotechnology).
Normal and paretic rabbits were anesthetized with sodium pentobarbital
(Abbott Laboratories; 60 mg/kg, i.p.) and perfused transcardially with 100
ml of saline, followed by 800 ml of a fixative solution that contained 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After perfusion, the
middle portions of the soleus muscles were removed and immersed in the
same fixative at 4°C for 24 hours. Cross sections from the soleus muscles
of paretic and normal rabbits were stained with H&E for the histological
studies and stained with 10 nM rhodamine-conjugated BTX (Invitrogen
Corp.) for semi-quantitative measurement of the size and density of AChR
clustering at NMJs. AChR clustering was examined at x400 magnification
using a fluorescence microscope (Olympus), and representative images of
AChR clusters in random fields were taken with a digital camera (DP70;
Olympus). With the unprocessed images, the area and OD of AChR cluster-
ing were measured using the Density Slice Command in NIH image analysis
software (version 1.62; http://rsb.info.nih.gov/nih-image).

Muscle cell culture. The C2C12 cell line was obtained from the American
Type Culture Collection and used for 3-5 passages. Cells were cultured in
6-well plates as myoblasts in DMEM that contained 10% FCS. When the
cells reached confluence, myotube formation was induced by replacing the
medium with DMEM that contained 2% horse serum. The cells were incu-
bated for 3-4 days, with fresh medium exchange every day, until full differ-
entiation into multinucleated myotubes was observed morphologically.
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AChR clustering assay and immunocytochemical staining. AChR clustering was
assayed by growing C2C12 myotubes in 6-well plates and then treating
them for 16 hours with 1 nM agrin (C-Ag4,19), 40 nM laminin-1 (Kouken),
25 ug/ml VVA-B4 (Sigma-Aldrich), or 0.1 U/ml Clostridium perfringens neur-
aminidase (Sigma-Aldrich) with or without 10 ug/ml purified MuSK anti-
bodies. The optimal dose of each inducer or MuSK antibodies required
for maximal AChR clustering or inhibition, respectively, was determined.
Inhibition was blocked by absorption of MuSK antibodies with 6.5 nM
MuSK-AP before the cells were treated. The optimal dose of MuSK-AP
for neutralization of the MuSK antibodies in the inhibition of AChR
clustering assay was determined by serially diluting MuSK-AP protein
premixed with antibodies at room temperature, followed by treating the
C2C12 myotubes with the mixture. AChR clustering was visualized after
incubation with 40 nM rhodamine-conjugated BTX (Invitrogen Corp.) in
fusion medium for 1 hour at 37°C before fixation. The cells were fixed
in 4% paraformaldehyde for 10 minutes at room temperature. MuSK on
the myotubes was then stained using the MuSK antibodies. The myotubes
were incubated with the antibodies and rhodamine-conjugated BTX for
1 hour at 37°C, rinsed, and treated with fluorescein-conjugated goat anti-
mouse antibodies (BioSource International) for 1 hour at 37°C. The cells
were fixed in 4% paraformaldehyde for 10 minutes at room temperature
and then mounted using the SlowFade Antifade Kit (Invitrogen Corp.).
The myotubes were examined at x200 magnification using a fluorescence
microscope (Olympus), and photographs of representative images of AChR
clusters in random fields were taken using PRESTO NEOPAN400 (Fuji
Photo Film Co. Ltd.). The numbers of AChR clusters in the photographs
were then counted.

Precipitation assay and immunoblot analysis. Tyrosine phosphorylation of
MuSK and AChRs induced by agrin or the antibodies was analyzed by
treating C2C12 myotubes with either 1 nM agrin or 1 ug MuSK antibodies
(purified by protein A-Sepharose) for 30 minutes with or without 3 nM
MuSK-AP. As a control, cells were treated for 30 minutes with antibodies
against the C terminus of the intracellular domain of MuSK (purified by
protein A-Sepharose) at a concentration of 1 ug/ml. Cultured cells were
lysed and solubilized in a protease inhibitor cocktail (Complete EDTA-
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free; Roche Molecular Biochemicals) with 2 mM sodium orthovanadate.
The extracts were immunoprecipitated with antibodies to MuSK, and the
resulting precipitates were immunoblotted with a mixture of the anti-
phosphotyrosine antibodies 4G10 (Upstate USA Inc.) and PY20 (Chemicon
International). MuSK was detected by stripping the blots and then reprob-
ing them with the MuSK antibodies. Tyrosine-phosphorylated AChRs were
detected by treating the cells with 120 nM biotinylated BTX (Invitrogen
Corp.) for 1 hour at 4°C. The cells were then washed with cold phosphate-
buffered saline, followed by lysis and precipitation with streptavidin-cou-
pled agarose beads (Sigma-Aldrich). Phosphotyrosine immunoblotting
was performed as described above. AChRs were detected by stripping the
blots and then reprobing them for the AChR f subunit using a monoclo-
nal antibody (mAb 124; kindly provided by J.M. Lindstrom, University of
Pennsylvania, Philadelphia, Pennsylvania, USA) (51).

Statistics. ANOVA was used to analyze the significance of differences
between experimental groups. P values less than 0.01 were considered
statistically significant.
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