'.\' frontiers

in Molecular Neuroscience

MINI REVIEW
published: 18 January 2021
doi: 10.3389/fnmol.2020.635375

OPEN ACCESS

Edited by:
Masahito Yamagata,
Harvard University, United States

Reviewed by:

Michael Fox,

Virginia Tech Carilion Research
Institute, United States

Anne Heikkinen,

University of Oulu, Finland

*Correspondence:
Tomoko Wakabayashi
tomoko-wakabayashi@umin.ac.jp

Received: 30 November 2020
Accepted: 28 December 2020
Published: 18 January 2021

Citation:

Wakabayashi T

(2021) Transmembrane Collagens in
Neuromuscular Development and
Disorders.

Front. Mol. Neurosci. 13:635375.
doi: 10.3389/fnmol.2020.635375

®

Check for
updates

Transmembrane Collagens in
Neuromuscular Development
and Disorders

Tomoko Wakabayashi *

Department of Innovative Dementia Prevention, Graduate School of Medicine, The University of Tokyo, Tokyo, Japan

Neuromuscular development is a multistep process and involves interactions among
various extracellular and transmembrane molecules that facilitate the precise targeting
of motor axons to synaptogenic regions of the target muscle. Collagenous proteins
with transmembrane domains have recently emerged as molecules that play essential
roles in multiple aspects of neuromuscular formation. Membrane-associated collagens
with interrupted triple helices (MACITs) are classified as an unconventional subtype
of the collagen superfamily and have been implicated in cell adhesion in a variety of
tissues, including the neuromuscular system. Collagen XXV, the latest member of the
MACITs, plays an essential role in motor axon growth within the developing muscle.
In humans, loss-of-function mutations of collagen XXV result in developmental ocular
motor disorders. In contrast, collagen Xlll contributes to the formation and maintenance
of neuromuscular junctions (NMJs), and disruption of its function leads to the congenital
myasthenic syndrome. Transmembrane collagens are conserved not only in mammals
but also in organisms such as C. elegans, where a single MACIT, COL-99, has been
documented to function in motor innervation. Furthermore, in C. elegans, a collagen-like
transmembrane protein, UNC-122, is implicated in the structural and functional integrity
of the NMJ. This review article summarizes recent advances in understanding the roles
of transmembrane collagens and underlying molecular mechanisms in multiple aspects
of neuromuscular development and disorders.

Keywords: collagen, extracellular matrix, neuromuscular junction (NMJ), motor neuron, axon guidance,
myasthenia gravis

INTRODUCTION

For the acquisition of proper motor function, spinal motor neurons and their target muscles need to
be precisely interconnected by specialized synapses called neuromuscular junctions (NMJs; Sanes
and Lichtman, 1999; Bonanomi and Pfaff, 2010). Motor axons are guided to the target muscles that
are simultaneously formed, and extend and branch over the myotubes toward the endplate region
where pre-formed clusters of acetylcholine receptors (AChRs) are present. Axon terminals then
contact the AChR clusters and nerve-derived agrin binds to the Lrp4-MuSK complex on muscle
(Kim et al., 2008). This facilitates the maturation of AChR clusters in the postsynaptic region,
resulting in the assembly and refinement of NM]Js. Previous studies have unveiled a variety of
molecules that regulate these processes, including transmembrane/secretory guidance cues and
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synaptic components (Bonanomi and Pfaff, 2010; Wu et al,
2010). Among them, atypical collagens with transmembrane
domains have recently emerged as molecules that play essential
roles in multiple aspects of neuromuscular formation.

Collagens are the most abundant proteins in the mammalian
body, playing a wide range of biological roles in tissue scaffolding,
cell differentiation, adhesion, migration, and tissue repair
(Myllyharju and Kivirikko, 2004). Most collagens are secreted
and assembled into fibrils or supramolecular structures that act
as components of the extracellular matrix (ECM). However, like
cell surface receptors or adhesion molecules, transmembrane
collagens are expressed on the cellular membrane. Collagens XIII
and XXV, the main focus of this review article, are expressed
in developing muscles and play crucial roles in continuous but
independent developmental processes from motor innervation to
NM]J formation.

TRANSMEMBRANE COLLAGENS

The hallmark of collagens is a triple-helical structure composed
of polypeptides called «o-chains, which contain Gly-X-Y
repeat sequences (Myllyharju and Kivirikko, 2004). Among
the 28 vertebrate collagen types (I-XXVIII), collagens XIII,
XVII, XXIII, and XXV are members of a subfamily named
membrane-associated collagens with interrupted triple helices
(MACITSs; Shoulders and Raines, 2009; Ricard-Blum, 2011).
MACITs are type II transmembrane proteins consisting of an
N-terminal cytoplasmic domain, a transmembrane domain, and
a C-terminal large ectodomain (Giudice et al., 1992; Higg et al,,
1998; Hashimoto et al., 2002; Banyard et al., 2003; Figure 1).
The ectodomain is composed of several collagenous (COL)
domains flanked by non-collagenous (NC) domains. Once
a-chains polymerize via the coiled-coil domains, which are
important for inter-chain interactions, the triple-helix formation
of MACIT proceeds in the N- to C-terminal direction, opposite
to that of other, secreted collagen types (Snellman et al., 2000;
Areida et al.,, 2001; Latvanlehto et al., 2003; McAlinden et al,,
2003). Another characteristic feature of MACITs is that they
can exist in two different forms: a membrane-tethered form and
a shed form. Collagens XIII, XXIII, and XXV share a similar
molecular structure and are cleaved by furin-like proprotein
convertases at the recognition sequence immediately N-terminal
to the first COL domain (Snellman et al., 2000; Hashimoto
et al, 2002; Banyard et al, 2003). They are evolutionally
conserved as a single gene in Ecdysozoa, such as col-99 in
C. elegans, and the furin cleavage sites and C-terminal sequences
are highly conserved among orthologs and paralogs (Tu
et al., 2015). Collagen XVII is structurally different from
the other three and is cleaved by ADAM family proteases
(Franzke et al., 2002, 2004).

In addition to MACITSs, several collagen-like transmembrane
proteins not defined as members of the collagen superfamily
have been identified, such as ectodysplasin A, the colmedins,
and members of the class A scavenger receptors (Ezer et al,
1999; Loria et al, 2004; Kelley et al., 2014). These proteins
are all characterized as type II membrane proteins harboring
one or two collagenous domain(s) and some other functional

protein motifs. Like MACITs, ectodomains of ectodysplasin A
and colmedins are secreted (Elomaa et al., 2001; Loria et al., 2004;
Maertens et al., 2007).

Members of the MACIT family are expressed in a variety
of tissues and cells. Collagen XVII, also known as BP180 or
BPAG?2, was the first MACIT to have its biological function
elucidated (Tsuruta et al., 2011). It is a structural component
of hemidesmosomes, which facilitate the adhesion of basal
keratinocytes to the underlying basement membrane. Moreover,
collagen XVII has been associated with congenital and acquired
blistering diseases. These findings indicate that collagen XVII
plays an important role in the skin as a cell adhesion molecule.
The other three MACITs are structurally related and are
therefore presumed to have similar functions. Of these, the
physiological function of collagen XXIII has not yet been
characterized. Meanwhile, recent studies on collagens XIII and
XXV in genetically modified mice and in rare genetic disorders
have revealed that the transmembrane collagens are important
for the development of the neuromuscular system, which will be
discussed in the following sections.

ROLES OF TRANSMEMBRANE
COLLAGENS IN NEUROMUSCULAR
DEVELOPMENT IN ANIMAL MODELS

Collagen XXV in Intramuscular Motor

Innervation

Collagen XXV was originally identified as CLAC-P, which
is a precursor of a collagenous Alzheimer amyloid plaque
component, CLAC (Hashimoto et al., 2002; Soderberg et al,
2003). It is expressed exclusively in neurons in adult mammals
(Hashimoto et al.,, 2002; Monavarfeshani et al., 2017). The
ectodomain binds to amyloid- fibrils, resulting in co-deposition
with amyloid plaques in the brains of Alzheimer’s patients or
model mice (Kowa et al., 2004; Osada et al., 2005; Soderberg et al.,
2005; Hashimoto et al., 2020).

During embryonic development, however, collagen XXV is
expressed in both neural and muscular tissues (Tanaka et al.,
2014; Gongalves et al., 2019). The biological role was revealed
by a study in mice deficient in Col25al, which displayed
characteristics of neuromuscular defects (Tanaka et al., 2014).
In Col25a17/~ embryos, motor nerves fail to enter and branch
within the target muscle. The lack of motor innervation leads to
excessive apoptosis of spinal motor neurons during development,
resulting in neonatal death due to respiratory failure. These
abnormalities were fully reproduced by conditional disruption
of Col25al in developing muscles but not in motor neurons
(Munezane et al., 2019), indicating an essential role for muscle-
derived collagen XXV in intramuscular motor innervation.

The expression of Col25al in muscles is transiently
upregulated when myoblasts fuse to form multinucleated
myotubes, and rapidly declines after the formation of NMJs.
A possible mechanism for this dynamic regulation is the
persistent suppression of Col25al expression by signals
downstream of the nerve-induced excitation of skeletal muscle
(Munezane et al., 2019; Figures 2A,B). In addition, muscle-
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FIGURE 1 | Schematic presentation of the domain structures of membrane-associated collagens with interrupted triple helices (MACITs) and collagen-like
transmembrane proteins. The MACITs family collagens are shown at the top. Collagens Xill, XXV, XXIll, and XVI are the mammalian MACITs, and COL-99 is the
nematode MACIT. Two collagen-like transmembrane proteins, the colmedin family proteins gliomedin and UNC-122, are shown at the bottom. The cellular
membrane is shown in gray, collagen repeat domains (COL) in green, non-collagenous domains (NC) in dark blue, olfactmedin domains in yellow. Protease cleavage
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specific microRNA, miR-499, has been suggested to
downregulate the expression of Col25al as myotubes mature
(Gongalves et al., 2019).

How does collagen XXV in muscles induce motor
innervation? In vitro and cell-based assays have shown that
collagen XXV attracts motor axons through its interaction
with PTPo and PTP3 (Munezane et al, 2019; Figure 2A).
PTPs are type Ila receptor protein tyrosine phosphatases
implicated in axon elongation and regeneration as well as in
synapse formation (Takahashi and Craig, 2013; Ohtake et al,
2018). Notably, the presence of an uncharacterized ligand for
PTPo expressed in developing myotubes has been suggested
(Sajnani-Perez et al., 2003). Furthermore, mice doubly deficient
in PTPo and PTPS are the only models that phenocopy the
severe developmental deficits observed in Col25al knockouts,
supporting the functional link between collagen XXV and PTPs
(Uetani et al., 2006).

Previous studies of neuromuscular development have shown
that the lack of essential components involved in NM]J
formation or pharmacological blockade of action potentials
in developing muscles leads to axon overgrowth far beyond
the AChR clusters. This predicted the presence of muscle-
derived signals that retrogradely promote intramuscular axon

growth, which can be suppressed by muscle excitation (Dahm
and Landmesser, 1988; DeChiara et al., 1996). The interaction
between collagen XXV and PTPo/3 may satisfy the features
of this long-predicted signaling, and future validation of
its sufficiency and elucidation of the downstream molecular
pathways are expected.

Collagen XIlll in NMJ Maturation

Collagen XIII is distributed at the sites of cell-cell and cell-matrix
interactions in a variety of developing and adult tissues such as
skeletal muscle, heart, and neural structures, suggesting that it
is involved in cell adhesion (Peltonen et al., 1999; Sandberg-lall
et al., 2000; Hagg et al., 2001; Sund et al., 2001). Particularly
in skeletal muscle, collagen XIII is rich in the AChR-positive
postsynaptic regions on the motor endplate and myotendinous
junction (Hagg et al., 2001; Latvanlehto et al., 2010).

Analyses of mice lacking collagen XIII (Col13al~/~) revealed
a role for collagen XIII in the formation of NMJs (Latvanlehto
et al,, 2010). Although Col13a1~/~ mice are viable, they showed
delayed/incomplete AChR cluster development, aberrant NMJ
morphology, and compromised synaptic function. Furthermore,
transgenic overexpression of collagen XIII under the mouse
endogenous Coll3al promoter induced mislocalization of
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FIGURE 2 | Proposed model for the roles of collagens XXV and XIIl in neuromuscular development. (A) In developing muscle, motor axons extend and branch over
the myotubes toward the region where pre-formed acetylcholine receptor (AChR) clusters are present (upper panel). Collagen XXV expressed in myotubes interacts
with PTPo and PTP8 on motor axons to induce intramuscular axon growth (lower panel). (B) Axon terminals contact the AChR clusters, resulting in the formation of
functional neuromuscular junctions (NMJs; upper panel). At the NMJ (lower panel), neuron-derived agrin induces postsynaptic maturation through Lrp4/MuSK. Also,
collagen Xill expressed in myotubes promotes both presynaptic and postsynaptic maturation. Acetylcholine (ACh) released from the presynaptic nerve terminal binds
to AChRs in the synaptic region and depolarizes the myotubes, resulting in the suppression of collagen XXV expression.
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collagen XIII in the extrasynaptic regions of skeletal muscle,
resulting in abnormal NM] maturation (Haronen et al., 2019).
Thus, proper expression of collagen XIII in skeletal muscle is
essential for the formation and function of NMJs.
Mechanistically, collagen XIII has been suggested to regulate
both presynaptic and postsynaptic maturation (Figure 2B).
In Coll3al~/~ mice, synaptic vesicles failed to accumulate
properly in presynaptic terminals (Latvanlehto et al, 2010).
In contrast, Coll3al'™'™ mice that solely express cleavage-
deficient collagen XIII had fully aligned synaptic vesicles and
a rather elevated number of presynaptic active zones (Héronen
et al, 2017). Thus, the transmembrane form of collagen
XIII retrogradely induces presynaptic differentiation of the
NM]J, presumably through trans-synaptic adhesion. In terms of
postsynaptic maturation, the collagen XIII ectodomain promotes
the development of postsynaptic AChR clusters from immature
plaque-like to mature pretzel-like structures in C2C12 myotubes
in an autocrine manner (Latvanlehto et al., 2010). In vivo,
the study of Coll3al"™/'™ mice suggests that the presence of
membrane-tethered collagen XIII is sufficient for postsynaptic
maturation (Héronen et al, 2017). Collagen XIII binds to
ColQ, the collagenous tail of acetylcholinesterase (AChE), and
regulates the distribution of AChE. This may partly explain the
mechanisms that promote postsynaptic maturation (Haronen
et al., 2017). These observations collectively imply a dominant

role for full-length collagen XIII in NM]J maturation and a
homeostatic role for the shed ectodomain.

In addition to NMJ formation, collagen XIII has also been
shown to play a role in the regeneration process of NM]Js. In
Col13al~/~ mice but not in Col13a1"™/'™ mice, regeneration and
functional recovery following nerve crush were severely impaired
and incomplete, indicating the importance of membrane-
tethered collagen XIIT in NM] recovery after peripheral nerve
injury (Zainul et al.,, 2018).

Nematode MACIT, COL-99

A genetic screen revealed that COL-99 is involved in axon
guidance (Taylor et al, 2018). COL-99 is the only ortholog
of collagens XIII, XXIII, and XXV in C. elegans and has a
similar domain structure: a transmembrane domain, multiple
collagenous domains, and putative furin cleavage sites in the
juxtamembrane domain (Tu et al., 2015; Figure 1). Mutations
in the col-99 gene lead to defects in the axonal projection
of the major longitudinal tracts, e.g., the ventral nerve cord
(VNC) and dorsal nerve cord (DNC; Taylor et al.,, 2018). The
affected nerve cords are formed by axons of several classes of
neurons, including motor neurons. COL-99 is expressed in the
hypodermis during development and navigates axon outgrowth
longitudinally, possibly through the discoidin domain receptors
DDR-1 and DDR-2, receptor tyrosine kinases expressed by
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neurons. Given that COL-99 is also localized in adult muscles,
especially in the NMJs, the MACITs might have conserved
functions in the neuromuscular system of a wide range of species
(Tuetal., 2015; Taylor et al., 2018).

Collagen-Like Transmembrane Proteins

Colmedins are a family of type II membrane proteins harboring
collagenous and olfactomedin domains in the extracellular
region (Loria et al., 2004; Tomarev and Nakaya, 2009; Figure 1).
Gliomedin, a mammalian colmedin, is widely expressed in
neural tissues and regulates the formation of the nodes of
Ranvier by serving as a glial ligand for the axonal adhesion
molecules NrCAM and neurofascin (Eshed et al., 2005; Maertens
et al, 2007). In contrast, a C. elegans colmedin UNC-122
is expressed in muscles and is localized in the postsynaptic
sites of the NM]Js (Loria et al., 2004). unc-122 mutant
worms displayed neurotransmission defects and therefore caused
an uncoordinated (unc) phenotype. Although the functional
domains and interacting molecules of UNC-122 remain unclear,
it has been postulated that postsynaptically localized UNC-122
is involved in creating a microenvironment required for the
structural and functional integrity of the NMJs in C. elegans.

NEUROMUSCULAR DISORDERS

Loss-of-Function of Collagen XXV Leads

to Cranial Nerve Dysinnervation

The cranial nerves are 12 pairs of nerves that arise directly
from the brain, nine of which contain a motor component.
A heterogeneous group of congenital syndromes characterized
by abnormalities in the development and wiring of cranial
nerves has been collectively referred to as congenital cranial
dysinnervation disorders (CCDDs; Gutowski et al,, 2003). A
growing number of causative genes for CCDDs have been
identified, which are associated with syndromes affecting
the movement of the eye, eyelid, and facial muscles, e.g.,
congenital fibrosis of the extraocular muscles (CFEOM), Duane
syndrome, and Mobius syndrome (Gutowski and Chilton, 2015).
Evidence obtained from genetic, clinical, and biological studies
suggests that CCDDs primarily result from neurodevelopmental
abnormalities (Oystreck et al., 2011).

Recently, a novel subtype of CCDD associated with COL25A1
was reported as CFEOM5 (OMIM #616219; Shinwari et al.,
2015). Patients with CCDD related to COL25A1 display
disturbances of ocular motility, e.g., congenital ptosis and
exotropic Duane syndrome, suggesting abnormal innervation of
the extraocular muscles (Khan and Al-Mesfer, 2015). Consistent
with the clinical findings, systemic or muscle-specific loss
of murine Col25al resulted in a significant reduction in
the number of motor neurons in the cranial nerve nuclei,
including the oculomotor, trochlear, trigeminal, and facial
motor nuclei at E18.5. Accordingly, abnormalities in motor
innervation of muscles of the head, such as the extraocular
and masseter muscles, were observed (Munezane et al., 2019).
Notably, COL25A1 is the first gene among the causative genes
of CCDD, whose expression in muscles may account for
the pathomechanism.

Genetic analyses have identified a homozygous missense
mutation in the COL2 domain (p.Gly382Arg) and a compound
heterozygous mutation (p.Gly497Ter and a 12.4 kb deletion
spanning exons 4-10; Shinwari et al., 2015). Another variant
of COL25A1 has also been reported in an exome analysis
of families with CCDD-like phenotypes (Akawi et al., 2015).
Biochemical and cellular studies revealed that the CCDD
mutations in COL25A1 severely impaired the interaction of
collagen XXV with PTPo/3, thereby reducing the ability to attract
motor axons (Munezane et al., 2019). Thus, the collagen XXV-
PTPo/3 interaction might also be essential for the development
of cranial motor neurons, including those innervating the
extraocular muscles.

Collagen XIll Is Associated With

Neuromuscular Junction Disorders

Congenital myasthenic syndromes (CMS) are a group of
inherited neuromuscular disorders caused by abnormal synaptic
transmission. Although over 30 causative genes have been
reported, which encode proteins that function in postsynaptic,
presynaptic, or basal lamina compartments, there are still CMS
cases left with unidentified genetic mutations (Vanhaesebrouck
and Beeson, 2019). Over the past years, next-generation
sequencing analyses have revealed that mutations in COLI3A1
cause autosomal recessive CMS, designated as CMS19 (OMIM
#616720). These include nonsense, frameshift, splice-site,
and missense mutations, which are scattered throughout the
gene (Logan et al, 2015; Dusl et al, 2019; Marquardt and
Li, 2019; Rodriguez Cruz et al, 2019). Mutations leading
to premature termination could trigger nonsense-mediated
mRNA decay or produce C-terminally truncated proteins
that might lack functional domains (Logan et al., 2015).
All the missense mutations affect evolutionarily conserved
amino acid residues, including glycine residues in the first
position of the Gly-X-Y repeat sequence (Rodriguez Cruz
et al, 2019). The functional effect of the CMS mutation
was examined by introducing the COLI3AI c.1171delG
frameshift mutation in C2C12 myoblasts. The mutation
reduced the number of agrin-induced AChR clusters on
differentiated myotubes, indicating the deleterious effects
of CMS mutation on postsynaptic maturation (Logan et al,
2015). The muscles of CMS19 patients showed abnormalities in
neuromuscular transmission on electrophysiological analysis,
and histological analysis also showed mild changes such as
variations in fiber size, the presence of some inner nuclei,
and disturbed distribution of AChE (Logan et al, 2015;
Rodriguez Cruz et al., 2019).

The clinical features of CMS due to COL13A1 are early-onset
muscle weakness with feeding and breathing difficulties. The
pattern of muscle weakness includes facial and axial weakness
as well as ptosis with limited fatigability. The disease course
is variable, but CMS19 causes severe symptoms early in life
and gradually improves in some cases (Rodriguez Cruz et al,
2019). Such clinical features may be explained by the results
of animal studies in which collagen XIII plays a major role
in the process of NMJ formation. The combination of p2-
adrenergic receptor agonist salbutamol and potassium channel
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blocker 3,4-diaminopyridine was effective in improving motor
and respiratory function in CMS19 patients (Logan et al., 2015;
Dusl et al.,, 2019; Rodriguez Cruz et al., 2019). Salbutamol and
3,4-diaminopyridine have been suggested to enhance synaptic
integrity and ACh release, respectively, and may therefore
compensate for the functional loss of collagen XIII.

Collagen XIII may also be an autoantigen for myasthenia
gravis (MG). MG is a disease caused by autoantibodies targeting
components of the motor endplate, resulting in muscle weakness
and fatigability. Although the majority of patients possess
antibodies against AChR, an increasing number of other
antigenic targets have been identified (Gilhus et al., 2016). In a
study using sera from MG patients, collagen XIII autoantibodies
were detected in 5 of 70 patients tested, and three of them were
AChR antibody seronegative (Tu et al., 2018). No discernible
symptomatic differences were observed among MG patients with
and without collagen XIII autoantibodies. Further analyses are
needed to clarify the specificity of collagen XIII for MG and its
therapeutic or diagnostic value.

CONCLUSION

Findings from experimental and pathophysiological studies
highlight the cell adhesion properties of transmembrane
collagens in neuromuscular development. These collagens have
markedly different structural features from traditional adhesion
molecules; in the case of collagen XIII, the approximately 150 nm
long ectodomain is rod-shaped with hinges that correspond to
the NC domains (Tu et al., 2002). These considerably large
and flexible molecular properties might be important for its
function in connecting gaps in the neuromuscular synaptic cleft
of about 50-100 nm or between myotubes and incoming axons
loosely surrounded by Schwann cell precursors. Furthermore,
by the nature of collagenous domains, collagens XIII and XXV
have been reported to interact with multiple ECM components
such as fibronectin, nidogen, and glycosaminoglycan chains
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