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Abstract

MuSK (muscle-specific kinase) is a receptor tyrosine kinase that plays a central signaling role in
formation of neuromuscular junctions (NMJs). MuSK is activated in a complex spatio-temporal
manner to cluster acetylcholine receptors on the postsynaptic (muscle) side of the synapse and to
induce differentiation of the nerve terminal on the presynaptic side. The ligand for MuSK is LRP4
(low-density lipoprotein receptor-related protein-4), a transmembrane protein in muscle, whose
binding affinity for MuSK is potentiated by agrin, a neuronally derived heparan-sulfate
proteoglycan. In addition, Dok7, a cytoplasmic adaptor protein, is also required for MuSK
activation in vivo. This review focuses on the physical interplay between these proteins and MuSK
for activation and downstream signaling, which culminates in NMJ formation.

Introduction

MuSK is a receptor tyrosine kinase that plays an important role in the formation and
stabilization of neuromuscular junctions (NMJs). MuSK was originally identified in a PCR-
based screen for tyrosine kinases in the electric organ of Torpedo californica, which is a rich
source of neuromuscular synaptic molecules (Jennings et al., 1993). MuSK is an
abbreviation for muscle-specific kinase. However, it is now understood that MuSK is
expressed in mammalian tissues other than skeletal muscle, including excitatory neurons in
the central nervous system (Garcia-Osta et al., 2006) and sperm (Kumar et al., 2006).

Formation of NMJs involves a complex signaling process, both spatially and temporally,
between motor neurons and muscle myotubes, the end result of which is the clustering of
acetylcholine receptors (AChRs) on the postsynaptic side of the junction and a differentiated
nerve terminal on the presynaptic side (Burden, 2002). MuSK plays a central role in this
process. Mice that lack MuSK do not form NMJs and die at birth because they fail to
breathe (DeChiara et al., 1996). Other key proteins in NMJ formation (Burden, 2011)
include a neuronally derived heparan-sulfate proteoglycan, agrin (Glass et al., 1996), and
three muscle proteins: low-density lipoprotein receptor-related protein-4 (LRP4) (Kim et al.,
2008; Zhang et al., 2008), downstream of kinase-7 (Dok7) (Okada et al., 2006) and rapsyn
(Burden et al., 1983; Neubig et al., 1979) (Figure 1). In short (discussed in detail below),
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LRP4 serves as a cis-acting (in muscle) transmembrane ligand for MuSK, agrin acts as an
allosteric regulator of LRP4’s interaction with MuSK, Dok?7 functions as a cytoplasmic
activator of MuSK, and rapsyn binds directly to AChRs to facilitate clustering.

Failure to form proper NMJs (lack of NMJs is lethal), or to maintain them, leads to
neuromuscular-transmission pathologies such as myasthenia gravis and congenital
myasthenic syndromes (CMS). Myasthenia gravis is an autoimmune disorder in which auto-
antibodies against AChR, MuSK and LRP4 have been identified (Higuchi et al., 2011; Hoch
et al., 2001; Pevzner et al., 2012; Vincent et al., 2003). The MuSK auto-antibodies belong to
the 1gG4 subtype, which cannot activate complement, and are thus believed to directly
interfere with agrin/LRP4-dependent MuSK signaling (Klooster et al., 2012; Niks et al.,
2008). CMS is a genetic disorder in which mutations are present in genes encoding agrin,
MuSK, Dok?7, rapsyn or AChR (or possibly other proteins) (Engel, 2012). The CMS
mutations impair NMJ formation/stabilization either through a decrease in protein
expression or by compromising protein function. CMS mutations identified in MuSK
include a frameshift mutation (c220insC) and the missense mutations V790M, M605l,
AT27V and P31L (Chevessier et al., 2004; Maselli et al., 2010). In this review, we focus on
the structural and mechanistic aspects of MuSK, which can help us to understand the role of
MuSK in NMJ formation and how mutations in or auto-antibodies against MuSK cause
disease.

MuSK Structure

MuSK is a type I, single-pass transmembrane glycoprotein of ~120 kDa (in mammals,
including glycosylation). The extracellular region (ectodomain) comprises three
immunoglobulin-like domains (Ig1-3) and a cysteine-rich domain (CRD) with sequence and
structural similarities to the CRD of Frizzled proteins, the receptors for Whnts. In certain
species (fish, amphibians and birds), the CRD is followed by a Kringle domain (three
disulfide bridges). A single transmembrane helix connects the ectodomain to the
cytoplasmic region, which contains the tyrosine kinase domain (Figure 2a).

X-ray crystallographic studies of MuSK have revealed the atomic structures of 1g1-2
(Stiegler et al., 2006), the CRD (Stiegler et al., 2009) and the tyrosine kinase domain (Till et
al., 2002). The crystal structure of 1g1-2 showed that these two domains are disposed in an
end-to-end linear fashion with essentially no intervening linker; the last §§ strand of 1g1 leads
directly into the first g strand of 192 (Figure 2b). Sequence analysis suggests that this linear
arrangement extends through 1g3.

Two features of 1gl are noteworthy. First, a disulfide bridge is present on the surface of 1g1
(Figure 2b), which is in addition to the canonical disulfide bridge linking the two p sheets.
When the two cysteine residues of the surface-exposed disulfide bridge were mutated, the
receptor was not trafficked to the plasma membrane, and biochemical data indicated that 1g1
was not folded properly (Stiegler et al., 2006). Mutation of a nearby surface-exposed
isoleucine residue (11e96) abrogated the ability of MuSK to be activated by agrin. Later, it
was shown that 1196 is part of the LRP4 binding site on MuSK (Zhang et al., 2011b), which
could include the disulfide bridge as well. The second feature of note in Igl is a hydrophobic
patch on the surface opposite that of 11e96, centered at Leu83. In the crystal structure, this
patch mediates an 1g1-2 dimer (Figure 2c). Whether this dimer forms in the context of the
full-length receptor on the cell surface is not known, but mutation of Leu83 (or nearby
Met48) led to loss of agrin-mediated activation of MuSK (Stiegler et al., 2006).

Following a linker of approximately ten residues (which may or may not be a flexible
tether), the MuSK CRD adopts the fold of a Frizzled CRD (Stiegler et al., 2009), with one
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important exception, as highlighted in the recent crystal structure of Wnt8 bound to the
Frizzled-8 CRD (Janda et al., 2012): the binding pocket for the lipid moiety in Wnts is
absent in the MuSK CRD. Although there is evidence that Wnts bind directly to the MuSK
CRD (Jing et al., 2009; Zhang et al., 2012), they evidently do so non-canonically.

The cytoplasmic juxtamembrane segment of MuSK (~40 residues) links the transmembrane
helix to the tyrosine kinase domain. Within this segment lies Tyr553, autophosphorylation
of which is crucial for MuSK activation (Herbst and Burden, 2000) (discussed below).
Tyr553 resides in an NPXY (where X is any amino acid) sequence motif, which, when
phosphorylated, recruits Dok7, an adaptor protein that contains pleckstrin-homology (PH)
and phosphotyrosine-binding domains (Bergamin et al., 2010; Okada et al., 2006).

During receptor activation, the tyrosine kinase domain of MuSK undergoes
autophosphorylation of three tyrosine residues (Tyr750, Tyr754 and Tyr755) in the
activation loop in the kinase domain. A crystal structure of the basal, unphosphorylated form
of the MuSK kinase domain (Till et al., 2002) revealed an autoinhibited active site very
similar to that observed for the insulin receptor kinase (IRK) (Hubbard et al., 1994), which
also contains three phosphorylatable tyrosine residues in the activation loop. The second
tyrosine residue in the loop—Tyr754 in MuSK, Tyr1162 in IRK—is bound in its own active
site, serving as a pseudosubstrate. Tyr754 cannot be phosphorylated in cis because the ATP
binding site is simultaneously blocked by the beginning of the activation loop.

MuSK Activation

In comparison to most RTKSs, activation of MuSK is complex, involving at least three other
proteins: agrin, derived from motor neurons, and LRP4 and Dok7, expressed in the plasma
membrane and cytoplasm, respectively, of muscle myotubes. Agrin was initially thought to
be the ligand for MuSK, yet a direct interaction could not be observed, which suggested the
existence of a so-called myotube-associated specificity component (MASC) (Glass et al.,
1996). MASC was eventually shown to be the transmembrane protein LRP4 (Kim et al.,
2008; Zhang et al., 2008). LRP4 consists of a large extracellular region comprising eight so-
called LDLa repeats, two epidermal growth factor (EGF)-like domains and four B-propeller
domains, each with an accompanying C-terminal EGF-like domain (Figure 3a). A single
transmembrane helix is followed by a relatively short (~160 residues) cytoplasmic region,
which was shown to be dispensable for NMJ formation (Gomez and Burden, 2011).

LRP4 interacts with MuSK even in the absence of agrin. This basal interaction, along with
the action of Dok7 (discussed below), is sufficient for partial activation of MuSK, which is
important for pre-patterning of AChRs in myotubes prior to innervation (Arber et al., 2002;
Kummer et al., 2006). Agrin binds to the first f-propeller domain of LRP4, which evidently
induces a conformational change in LRP4 and enhances the interaction between LRP4 and
MuSK (Zhang et al., 2011a; Zong et al., 2012). Hence, agrin acts as an allosteric regulator of
LRP4’s interaction with MuSK.

A crystal structure of a complex between agrin (LG3 domain) and Lrp4 (first B-propeller
domain) revealed that residues in the neuronal-specific z8 splicing insert of agrin mediate
the interaction with LRP4 (Zong et al., 2012) (Figure 3b). The structure also suggests that a
2:2 agrin:LRP4 complex, mediated by an agrin dimer (Figure 3c), could recruit two MuSK
receptors into the complex for trans-phosphorylation of MuSK. Regarding the interaction
between LRP4 and MuSK, the first three $-propeller domains of LRP4 are implicated, as is
Igl of MuSK (Zhang et al., 2011a), particularly 1196, as described above.

The details of the constitutive interaction between LRP4 and MuSK, how that interaction is
modulated upon agrin binding to LRP4 and how the interaction between LRP4 and MuSK
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facilitates MuSK trans-phosphorylation are all outstanding questions. In addition to the
interaction of LRP4 with MuSK, LRP4 self-associates (Kim et al., 2008; Zhang et al.,
2011a), which is likely to be important for MuSK trans-phosphorylation/activation.

A cis-acting transmembrane protein (LRP4) serving as a ligand distinguishes MuSK from
most other RTKSs, whose ligands are typically soluble (and small) protein growth factors,
e.g., epidermal growth factor. In addition to this, MuSK requires a cytoplasmic protein,
Dok7, for activation (Okada et al., 2006). Dok?7 is an adaptor protein possessing N-terminal
PH and PTB domains followed by a long unstructured region containing two sites of
tyrosine phosphorylation. The PTB domain of Dok7 binds directly to phosphorylated
Tyr553 (and the surrounding residues) in the juxtamembrane region of MuSK, and the PH
domain facilitates this interaction by binding to phosphoinositides in the plasma membrane
(Bergamin et al., 2010). Importantly, the PH domain also mediates dimerization of Dok?7,
which, through PTB-domain binding to the juxtamembrane region of MuSK, juxtaposes two
MuSK kinase domains for trans-phosphorylation of the three tyrosine residues (Tyr750,
Tyr754 and Tyr755) in the activation loop (Bergamin et al., 2010). Activation-loop
phosphorylation relieves autoinhibition in the kinase domain, thereby activating MuSK.
These data explain why mutation of Tyr553 alone results in loss of activation-loop
phosphorylation and MuSK activation (Herbst and Burden, 2000).

This Dok7-mediated MuSK activation mechanism is premised on the assumption that
Tyr553 in the MuSK juxtamembrane region is autophosphorylated (in trans, to create a
docking site for Dok7) prior to activation-loop phosphorylation and full kinase activation.
Evidence that a heterologous kinase (other than MuSK) is responsible for the
phosphorylation of Tyr553 comes from mutation of the conserved lysine (Lys608) in the
MuSK kinase domain, which abrogates all tyrosine phosphorylation on MuSK (Zhou et al.,
1999). Like most tyrosine kinases, the MuSK kinase domain possesses low basal
(unphosphorylated activation loop) activity, which is sufficient to allow trans-
autophosphorylation of the juxtamembrane region and activation loop upon juxtaposition of
two receptors via dimerization. By analogy with the insulin receptor kinase, only when the
MuSK activation loop is phosphorylated on both Tyr754 and Tyr755 (second and third sites)
will the kinase domain be fully activated (Hubbard, 1997). In the context of the soluble
MuSK cytoplasmic domain, Tyr553 and Tyr754 are the preferred auto-phosphorylation
sites, and Tyr750 and Tyr755 are autophosphorylated more slowly (Till et al., 2002).
Adventitious (non-agrin-stimulated) interactions of MuSK in the muscle cell membrane
(potentiated by LRP4) are hypothesized to result in a sub-stoichiometric phosphorylation of
Tyr553, which is enough to recruit Dok7, dimerize MuSK and facilitate activation-loop
autophosphorylation (Bergamin et al., 2010). Upon kinase activation, Dok7 becomes a
substrate of MuSK, with phosphorylation on Tyr396 and Tyr406. Phosphorylated Dok?7
recruits the adaptor proteins Crk and Crk-L, which play a role in NMJ formation (Hallock et
al., 2010). Thus, Dok7 acts both upstream (as activator) and downstream (as substrate) of
MuSK.

MuSK is the central component of the postsynaptic signaling complex that coordinates
formation and maintenance of NMJs. Impaired MuSK function, caused by either auto-
antibodies (myasthenia gravis) or mutations (CMS), can lead to denervation of muscle and
muscle weakness. Acetylcholinesterase (AChE) inhibitors, which prevent the breakdown of
acetylcholine at the synapse, are the most common treatment of myasthenia patients (Engel,
2007; Skeie et al., 2010). However, patients with MuSK auto-antibodies can exhibit
acetylcholine hypersensitivity, and therefore AChE inhibitors must be used with caution
(Skeie et al., 2010). Moreover, it has been observed that CMS patients with MuSK or Dok7
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mutations do not respond well to AChE inhibitors (Engel, 2007; Maselli et al., 2010;
Mihaylova et al., 2009). A possible alternative therapeutic avenue for these disorders would
be restoration of MuSK function, either through activating antibodies or small-molecule
agonists. The design of such therapeutics would be aided by a more thorough understanding
of the molecular mechanisms underlying agrin/LRP4-mediated activation of MuSK.

Similar to myasthenia gravis and CMS, denervation and muscle weakness are common
features among patients afflicted with amyotrophic lateral sclerosis (ALS). Even though
MuSK has not been directly linked to ALS pathogenesis, ectopic expression of MuSK may
stimulate retrograde signaling (muscle to nerve) and improve muscle innervation.
Specifically, it was recently shown that three-fold overexpression of MuSK in an ALS
mouse model was able to delay the onset of denervation and improve motor function,
although there was no change in survival (Perez-Garcia and Burden, 2012). However, this is
the first clue that stimulating retrograde signaling via MuSK may be a possible treatment
modality for ALS. Interestingly, antibodies have been identified that are capable of inducing
MuSK dimerization and activation (Hopf and Hoch, 1998; Xie et al., 1997). Whether the
level of MuSK activation induced by these antibodies will be sufficient to prevent muscle
denervation warrants an in-depth investigation, including screening for additional activating
MuSK antibodies.
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Figure 1. Schematic representation of the key componentsinvolved in the formation of the
neuromuscular junction

Motor neurons secret agrin, a heparan-sulfate proteoglycan, into the synaptic basal lamina,
which binds to LRP4 on the myotube surface and activates the receptor tyrosine kinase
MuSK. MuSK activation is also driven by Dok7, a dimeric cytoplasmic adaptor protein.
Activated MuSK phosphorylates downstream signaling components, which leads to rapsyn-
dependent clustering of acetylcholine receptors (AChRs). The neurotransmitter
acetylcholine, secreted by motor neurons, binds to the clustered AChRs and initiates muscle
contraction.
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Figure2. MuSK architecture and structure

(A) Schematic diagram of MuSK. The extracellular region comprises three immunoglobulin
(19)-like domains and a Frizzled-like cysteine-rich domain (Fz-CRD). The cytoplasmic
domain contains the tyrosine kinase domain (TKD). Autophosphorylation (in trans) occurs
on Tyr553 in the juxtamembrane region and Tyr750/754/755 in the activation loop of the
kinase domain. (B) Crystal structure of 1g1-2 (PDB ID: 2IEP), highlighting in Ig1 a solvent-
exposed disulfide bridge and adjacent 11e96. The second protomer in the crystallographic
asymmetric unit is shown in light colors, and the domains are labeled with a prime (). (C)
Dimer of Ig1-2 mediated by Leu83 in Igl. The view is approximately 90° from that in (B),
from the top. Coloring and labeling as in (B).
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Figure 3. LRP4 architectureand agrin interaction

(A) Schematic diagram of LRP4. The extracellular region consists of eight LDLa repeats,
two EGF-like domains, and four § propeller-EGF units. The short cytoplasmic region is
devoid of folded domains. (B) Crystal structure of agrin (LG3 domain) bound to the first §
propeller-EGF unit of LRP4 (PDB ID: 3V64). Coloring of LRP4 as in (A). The z8 splicing
insert of agrin is colored red. (C) 2:2 complex of agrin and LRP4 observed in the crystal
structure. Same coloring as in (B). The domains in the second 1:1 agrin:LRP4 complex are
labeled with a prime.
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