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Abstract. Glycosylation is a major form of post-translational modification and plays various important roles in organisms
by modifying proteins or lipids, which generates functional variability and can increase their stability. Because of the
physiological importance of glycosylation, defects in genes encoding proteins involved in glycosylation or glycan degradation
are sometimes associated with human diseases. A number of genetic neuromuscular diseases are caused by abnormal glycan
modification or degeneration. Heterogeneous and complex modification machinery, and difficulties in structural and functional
analysis of glycans have impeded the understanding of how glycosylation contributes to pathology. However, recent rapid
advances in glycan and genetic analyses, as well as accumulating genetic and clinical information have greatly contributed
to identifying glycan structures and modification enzymes, which has led to breakthroughs in the understanding of the
molecular pathogenesis of various diseases and the possible development of therapeutic strategies. For example, studies on
the relationship between glycosylation and muscular dystrophy in the last two decades have significantly impacted the fields
of glycobiology and neuromyology. In this review, the basis of glycan structure and biosynthesis will be briefly explained,
and then molecular pathogenesis and therapeutic concepts related to neuromuscular diseases will be introduced from the
point of view of the life cycle of a glycan molecule.
Keywords: Glycosylation, muscular dystrophy, neuromuscular disease, therapeutic strategy

STRUCTURE AND CELL BIOLOGY OF
GLYCANS – AN OVERVIEW
Glycosylation is a post-translational modification
where sugars (monosaccharides) or sugar chains
(oligosaccharides) are covalently bound to proteins
or lipids. In principle, the term glycan refers to compounds consisting of several monosaccharides linked
through glycosidic bonds; however, the term glycan
is generally used to refer the carbohydrate portion
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of a glycoconjugate, such as a glycoprotein and
glycolipid. Currently, hundreds of monosaccharides
are known in nature, but nine are generally found
in mammalian glycans as common monosaccharides (Supplementary Figure 1). Monosaccharides
are the minimum unit of glycans, like amino acids
and nucleotides in protein or nucleic acids, respectively. Monosaccharides are often abbreviated, for
example, Glc for glucose and GlcNAc for Nacetylglucosamine. Simple symbols are also used:
blue circle for Glc and blue square for GlcNAc.
These abbreviations and symbols are summarized
in Supplementary Figure 1A. Monosaccharides can
bind together via a glycosidic bond. Amino acids

ISSN 2214-3599/19/$35.00 © 2019 – IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).

176

M. Kanagawa / Glycosylation Pathway in Neuromuscular Diseases

and nucleotides are linearly linked in a unidirectional format (N-terminus −→ C-terminus via a
peptide bond; 5 −→ 3 via a phosphodiester bond),
but oligosaccharides can produce more diverse and
complex structures. This complexity has been a big
hurdle for a deeper understanding of glycan structures
and biosynthetic mechanisms. A determinant of the
divergent structure of glycans arises from a chemical
property of the glycosidic bond. The asymmetric center of monosaccharides is called the anomeric carbon
(Supplementary Figure 1B). The glycosidic bond is
formed between this anomeric carbon and a hydroxyl
group (-OH) of another monosaccharide (acceptor monosaccharide) and yields two stereoisomers,
with ␣- and ␤-linkage forms. In addition, because
monosaccharides contain several hydroxyl groups,
anomeric carbon in theory can form glycosidic bonds
with any of the hydroxyl groups in the acceptor
monosaccharides, resulting in several regioisomers.
For example, in the case of disaccharides consisting
of two Glc residues, Glc␤1-6Glc refers to the first Glc
residue linked to 6-position of the second Glc residue
via a ␤-linkage, whereas Glc␣1–4Glc refers to the
first Glc residue linked to 4-position of Glc residue
via an ␣-linkage (Supplementary Figure 1B). Thus,
even with the same monosaccharide composition, different linkage formats produce diverse structures. As
described above, the description of glycans includes
the order of monosaccharides and the linkage types,
but sometimes the type of linkage is omitted when just
referring the order and composition of an oligosaccharide. An acceptor monosaccharide can allow more
than two glycosidic linkage, resulting in branched
structures. Sometimes, monosaccharides are further
modified with phosphates or sulfates, conferring further diversity to glycan structures and functions.
Oligosaccharides have reducing and non-reducing
termini, analogous to the N- and C-terminal ends of
proteins. The reducing terminus of an oligosaccharide bears a free anomeric center. The term reducing
terminus is often used to refer to the side engaged
with proteins.
Glycosidic bonds can be formed with amino acids
through a hydroxyl group in threonine (Thr) and serine (Ser), or an amide nitrogen in asparagine (Asn).
Two major types of glycan modifications on proteins
are the N- and O-linked types, which vary in terms
of how the glycans are covalently attached to a protein. N-linked glycans refer to sugar chains linked to
an Asn via a GlcNAc residue at the reducing end.
O-linked glycans refer to sugar chains linked to a Ser

or Thr residue. An N-acetylgalactosamine (GalNAc)
residue is frequently seen at the reducing end of Oglycan, but other monosaccharides are also seen at
the reducing end of O-glycans, such as Man, Glc, and
fucose (Fuc) residues. Proteoglycans are proteins that
are modified with glycosaminoglycan (GAG) chains
on Ser residues. GAGs are linear polymers of repeating disaccharide units, which define a form of GAGs
such as chondroitin and heparin. A glycosylphosphatidylinositol (GPI) anchor is a glycan bridge
between phosphatidylinositol in the plasma membrane and a phosphoethanolamine-modified protein,
which serves as a linker to anchor proteins to the cell
surface. The clear majority of glycolipids in vertebrates are glycosphingolipids (GSLs), which consist
of a glycan attached via a Glc or Gal unit to the lipid
moiety, ceramide. GSLs are further classified as neutral, sialylated, or sulfated. Gangliosides, which are
GSLs containing Sia residues and abundantly seen
in the nervous system, are well known to be associated with neurological diseases [1]. For example,
accumulation of gangliosides, caused by defects in
degradation, are associated with several neurological
diseases such as GM1 gangliosidosis and Tay–Sachs
disease. In addition, some forms of Guillain–Barre
syndrome involves auto-antibodies against gangliosides [2].
Glycan biosynthesis occurs through multistep processes, in which glycosyltransferases play primary
roles, for example, in assembling a monosaccharide into linear or branched sugar chains or linking
a monosaccharide or oligosaccharide to proteins
or lipids. Basically, most glycosyltransferases show
strict donor, acceptor, and linkage specificities. Thus,
many enzymes, generally acting sequentially, are
required to complete the synthesis of glycans. Protein
glycosylation usually takes place in the endoplasmic reticulum (ER) or the Golgi apparatus. Most
glycosyltransferases use activated forms of monosaccharides, often nucleotide sugars and in some cases
lipid-phosphate-linked sugars, as donor substrates
for glycan elongation (thus, they are referred to
as glycosylation precursors). Glycans also undergo
trimming or modification such as sulfation and are
then transported to where they function properly.
Degradation of glycans typically occurs in lysosomes and is mediated by glycosidases. As explained
so far, diversity in glycan structure and function
can build upon the balance of players involved
in all processes during the life of glycans (e.g.,
sugar precursor, glycosyltransferase, trafficking, or

M. Kanagawa / Glycosylation Pathway in Neuromuscular Diseases

177

Table 1
Events in a glycan’s life cycle are associated with human diseases. Some examples of the diseases, responsible genes, and functions are
illustrated
Life events of a glycan

Disease

Functions of responsible genes

Glycan precursor synthesis
(Sugar nucleotide metabolism)
Glycosylation

Congenital myasthenic syndrome
GNE myopathy
Congenital disorder of glycosylation

Glycan degradation

Muscular dystrophy
Lysosomal storage disease

Sugar nucleotide synthesis, N-Glycan precursor synthesis
Sugar nucleotide synthesis
Sugar nucleotide synthesis, Sugar nucleotide transporter,
N-Glycan precursor synthesis, N-glycosylation, GPI-anchor
synthesis, GAG synthesis, etc.
O-Mannosylation, O-Glucosylation
Lysosomal enzymes for glycan degradation,
Lysosomal structural proteins

degradation) and genetic defects in such processes are
associated with human diseases (Table 1). In addition,
cellular circumstance including metabolism, aging,
stress, and tumor environment can affect sugar chain
structures. For readers who want to understand glycobiology in greater detail, see the on-line textbook
at https://www.ncbi.nlm.nih.gov/books/NBK1908/.

GLYCOSYLATION PRECURSORS AND
NEUROMUSCULAR DISEASES
Most glycosyltransferases use nucleotide sugars (e.g., UDP-Gal, GDP-Fuc, or CMP-Sia) or
lipid-linked sugars (e.g., dolichol-phosphate-Man
[Dol-P-Man] or Dol-P-Glc) to transfer monosaccharides to acceptor substrates such as proteins,
lipids, and sugar chains. Activation processes that
yield nucleotide sugars include coupling reactions
of glycosyl-1-phosphate and nucleoside triphosphates (e.g., Glc-1-P + UTP −→ UDP-Glc, or Man1-P + GTP −→ GDP-Man). A nucleotide-exchange
reaction or the direct conversion of sugar moiety by an
epimerase also produces forms of nucleotide sugars
(e.g., UDP-GalNAc ↔ UDP-GlcNAc). Nucleotide
sugars are synthesized in the cytoplasm or nucleus,
and are then delivered by nucleotide sugar transporters into the ER or the Golgi lumen, where most
glycosylation takes place. Details of the biosynthesis
and interconversion of sugar nucleotides are reviewed
elsewhere [3], and here, I will introduce two cases of
neuromuscular diseases that are associated with sugar
nucleotide metabolism.
Congenital myasthenic syndromes (CMSs) are a
group of genetic disorders in which signal transmission at neuromuscular junctions (NMJs) is impaired
[4, 5]. A common clinical feature of CMSs is fatigable weakness, but there are clinical variations in this

condition, such as the age of onset, affected muscles, or decremental electromyographic response.
Currently, mutations in at least 30 genes are known
to cause CMSs and several of them are involved
in glycosylation. In 2011, mutations in the GFPT1
gene were identified in families with an autosomal
recessive CMS [6]. GFPT1 encodes glutaminefructose-6-phosphate transamidase 1, an enzyme
in the hexosamine biosynthesis pathway that catalyzes the conversion of fructose-6-phosphate and
glutamine into glucosamine-6-phosphate and glutamate, respectively (Supplementary Figure 2A).
Subsequent to glucosamine-6-phosphate production
is the formation of UDP-GlcNAc, which can be further used to produce UDP-GalNAc and CMP-Sia.
Thus, defects in GFPT1 are expected to affect several glycosylation pathways, leading to abnormal
glycosylation of proteins or lipids in NMJs, and
consequently, compromised NMJ development, stability, and function [6–8]. Other CMS-causing genes,
such as ALG2, ALG14, DPAGT1, and GMPPB, are
also known to participate in glycosylation (Supplementary Figure 3A). ALG2, ALG14, and DPAGT1
are involved in producing dolichol-linked precursors that are used for protein N-glycosylation [4, 9].
GMPPB is involved in the synthesis of GDP-Man.
GDP-Man is used as a Man donor (for N-glycan
precursor molecules) and for producing Dol-P-Man,
which serves as a Man donor for both N-glycan
precursors and O-Man glycosylation. Mutations in
GMPPB are also associated with muscular dystrophy
(see below).
GNE myopathy is an autosomal recessive myopathy caused by mutations in the GNE gene that encodes
a single protein with UDP-N-acetylglucosamine
2-epimerase and N-acetylmannosamine kinase activities, which function in the Sia-biosynthesis pathway
[10, 11]. GNE myopathy has also been referred to as
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distal myopathy with rimmed vacuoles or hereditary
inclusion body myopathy. GNE myopathy is characterized clinically by weakness of the distal muscle of
the leg and pathologically by the presence of rimmed
vacuoles and intracellular protein aggregations [12].
The GNE enzyme catalyzes the conversions of UDPGlcNAc to N-acetylmannosamine (ManNAc) and
ManNAc to ManNAc-6-phosphate (Supplementary
Figure 2B). GNE mutations reduce either or both
enzyme activities, resulting in reduced Sia levels
in the serum and skeletal muscle [13]. Sia, one
of the acidic sugars carrying carboxylates, is abundant in vertebrate glycoproteins and plays diverse
roles in cell biology such as cell–cell contacts and
cell–pathogen recognition. The molecular mechanism whereby abnormal sialylation causes GNE
myopathy is still not fully understood, but it has
been hypothesized that hypo-sialylation causes the
misfolding of some glycoproteins, which could be
targets of autophagic degradation and serve as cores
for the formation of protein aggregates [13]. The Gne
gene knock-out (KO) in mice resulted in embryonic
lethality [14], but transgenic expression of the GNE
D167V mutant, one of the most prevalent mutations
among Japanese patients, in Gne-KO mice recapitulated the biochemical, clinical, and histopathological
features of GNE myopathy [15]. A Japanese group
successfully showed that the administration of a Siarelated compound, N-acetylneuramic acid (NeuAc),
its glycosyl conjugate sialyllactose, or its precursor
ManNAc increased Sia levels and ameliorated muscle pathology in Gne-KO/D167V-transgenic mice
[16, 17], indicating the therapeutic potential of Siarelated compounds. Indeed, several clinical trials with
metabolic supplementation of Sia-related compounds
are currently ongoing [12].

GLYCOSYLATION AND DISEASES – (1)
CONGENITAL DISORDER OF
GLYCOSYLATION
Protein N-glycosylation refers to the covalent attachment of sugar chain to proteins via
a GlcNAc␤1-Asn linkage. Many secreted and
membrane-bound proteins carry N-glycans. Protein
N-glycosylation participates in various physiological processes, such as protein folding, stability,
trafficking, localization, and protein–protein interactions. N-glycosylation processing is roughly divided
into the following three steps. N-glycan synthesis
begins in the ER where monosaccharides assemble

to form a specific structure on a lipid-like compound (Dol-P), based on the activities of a series
of glycosyltransferases encoded by the Asn-linked
glycosylation (ALG)-pathway genes (Supplementary Figure 3A). Then, the N-glycan precursor is
transferred en bloc to proteins by the multisubunit
oligosaccharyltransferase (OST) complex. Finally,
the N-glycan undergoes processing such as trimming by glycosidases and decoration with sugars
by glycosyltransferases to the matured forms. Nglycan synthesis and processing occur in the ER
and Golgi apparatus and involve dozens of proteins.
In addition to glycosyltransferases and glycosidases,
these processes require enzymes that produce sugar
precursors (nucleotide sugars and Dol-P-sugars),
flippases that translocate Dol-P-oligosaccharide or
Dol-P-sugar across the ER membrane, or transporters
that deliver sugar nucleotides into the Golgi lumen
(Supplementary Figure 3B).
The term congenital disorder of glycosylation
(CDG) has been used in a narrow sense to refer
to genetic diseases caused by defects in the Nglycosylation pathway, but currently includes genetic
disorders caused by abnormal O-glycosylation of
proteins, GAG modification, and GPI and glycolipids
syntheses. CDGs have been described as CDG-type
I or type II depending on molecular phenotypes,
but are currently described using the responsible
gene name with a CDG suffix, such as PMM2CDG. Over 100 distinct CDGs are known and
most of the cases have neurological abnormalities. Although the clinical phenotypes range from
mild to severe, patients typically have developmental delay, intellectual disabilities, hypotonia, seizures,
or metabolic abnormalities. As mentioned above,
several enzymes mediate N-glycosylation and, thus,
mutations in any gene involved in common Nglycosylation processing may result in a CDG. Here,
I will briefly introduce how just one gene deficiency
affects glycosylation and how a metabolic glycosylation pathway can serve as a therapeutic target by
illustrating some CDGs as examples. For a detailed
overview of N-glycosylation pathways, please refer
to excellent reviews [18–20] or the online textbook at
https://www.ncbi.nlm.nih.gov/books/NBK1908/. In
addition, glycan structural analysis using mass spectrometry has been applied for diagnosing CDGs
associated with defects in the N-glycosylation pathway [19, 21, 22].
PMM2-CDG is the most prevalent form of CDG
and clinical features include intellectual disabilities,
seizures, hypotonia, microcephaly, cerebellar atro-
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phy/hypoplasia, strabismus, and stroke-like episodes
[23]. PMM2 encodes phosphomannomutase 2 catalyzing the conversion of Man-6-phosphate to
Man-1-phosphate, which is then used to generate the
Man donors GDP-Man and Dol-P-Man (Supplementary Figure 3A). GDP-Man and Dol-P-Man serve as
Man donors for synthesizing the N-glycan precursor on Dol-p; thus, PMM2 mutations primarily affect
N-glycosylation.
Proper glycosylation is established based on the
flux of several enzyme reactions and metabolites.
Thus, manipulation of the flux is a possible therapeutic option. PGM1-CDG is associated with abnormal
glycosylation, glycogenesis, and glycolysis due to
defects in phosphoglucomutase-1 (PGM1). Affected
adults predominantly show symptoms of primary
muscle disease, whereas pediatric cases are associated with variable clinical symptoms including
midline facial defects, growth retardation, myopathy, and progressive cardiac failure [24, 25]. The
PGM1 enzyme interconverts Glc-1-phosphate and
Glc-6-phosphate (Supplementary Figure 2C). Glc1-phosphate serves as a substrate in the production
of UDP-Glc. UDP-Glc is used for glycogen synthesis, protein glycosylation, and UDP-Gal production.
UDP-Gal is made from UDP-Glc by the exchange
of Gal-1-phospate for Glc-1-phosphate. Thus, PGM1
deficiency changes the intracellular metabolic balance of glycosylation precursors [24]. In the cell
of patients with PGM1-CDG, the level of Glc-1phosphate is remarkably increased, which leads to
a decreased UDP-Gal/UDP-Glc ratio and abnormal
glycosylation. Supplementation with Gal, which is
converted to Gal-1-phosphate, increased the level of
UDP-Gal and improved glycosylation. Most importantly, dietary supplementation with Gal in patients
resulted in changes that were suggestive of clinical
improvement [25].
Another example is SLC35C1-CDG, which is
also referred to as leukocyte adhesion deficiency
(LAD II) [26]. Patients with SLC35C1-CDG presents
with recurrent episodes of infections, persistent
leukocytosis, and mental and growth retardation.
SLC35C1 encodes a GDP-Fuc transporter in the
Golgi membrane and, thus, SLC35C1 mutations
reduce the level of GDP-Fuc in the Golgi lumen,
thereby affecting fucosylation (Supplementary Figure 3B). Interestingly, oral supplementation with Fuc
improved clinical manifestations in a few patients
with SLC35C1-CDG [27, 28]. Intracellular Fuc can
be converted into Fuc-1-phosphate and then GDPFuc. Thus, elevated GDP-Fuc levels induced by
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Fuc supplementation possibly compensated for a
reduced affinity of disease-causing SLC35C1 mutant
protein for GDP-Fuc. The observation of patients
that do not respond to Fuc treatment suggests that
therapeutic benefits might depend on the mutation
background.
It is noted that mutations in the genes responsible for CDG sometimes cause other distinct diseases
such as CMSs (as mentioned above) and muscular
dystrophies (see next section). Determinants of how
mutations in a particular gene lead to CMS or muscular dystrophy rather than CDG are unclear, but certain
mutations may selectively or preferentially affect Nglycosylation or O-mannosylation pathways or target
proteins.

GLYCOSYLATION AND DISEASES – (2)
MUSCULAR DYSTROPHY
O-glycosylation refers to mono- or oligosaccharide modifications on Ser or Thr residues of proteins.
Perhaps O-GalNAc glycans (mucin-type O-glycan)
represent the best-characterized O-glycans, although
other monosaccharides (such as Fuc, Glu, GlcNAc,
and Man) can be attached to proteins. Defects in
O-glycosylation are also sometimes associated with
human diseases. In this section, I will introduce muscular dystrophies caused by defects in O-Man or
O-Glc modifications.
Muscular dystrophy is a genetic disease that is
characterized by progressive muscle weakness and
degeneration. Currently, over 50 distinct disease
forms and responsible genes are known. Dystroglycanopathy is a collective term for referring to a
group of congenital and limb-girdle types of muscular
dystrophy that are caused by abnormal glycosylation of dystroglycan. Dystroglycan is a cellular
receptor for basement membrane proteins or synaptic proteins such as laminins, agrin, and neurexin
[29]. O-Mannosyl glycosylation is essential for the
ligand-binding activity of dystroglycan, and the most
genes responsible for dystroglycanopathy encode
enzymes involved in the synthesis of O-Man glycan [30]. Figure 1 summarizes the structure of
O-Man glycan on dystroglycan and the functions
of dystroglycanopathy-related gene products. In this
section, I will introduce the history of dystroglycanopathy research and then describe recent progress
in identifying a novel glycan unit, ribitol-phosphate
(RboP), and several therapeutic strategies.

180

M. Kanagawa / Glycosylation Pathway in Neuromuscular Diseases

Fig. 1. Schematic representation of the structures of O-Man glycans on dystroglycan and modification enzymes. Dystroglycan is modified
with O-Man glycans, namely CoreM1 and CoreM3. A repeating unit of GlcA-Xyl at the terminal end of CoreM3 serves as a ligand-binding
moiety. This repeating unit and CoreM3 are linked by tandem RboP groups. Dol-P-Man and CDP-Rbo serve as donor substrates for Omannosylation and RboP transfer, respectively. Enzymes responsible for these modifications and muscular dystrophy are illustrated with
blue rectangle.

In the early 2000s, it was shown that abnormal glycosylation of dystroglycan with reduced
ligand-binding activity was associated with
muscle–eye–brain (MEB) disease, Fukuyama muscular dystrophy (FCMD), and Walker–Warburg
syndrome (WWS) [31]. These three diseases are
characterized by severe congenital forms of muscular
dystrophy with brain malformation (micropolygyria
of the cerebrum and cerebellum, and type II
lissencephaly), mental retardation, and eye involvement (myopia, cataracts, abnormal eye movement,
pale optic discs, and retinal detachment). Subsequently, less severe forms of muscular dystrophy
with abnormal glycosylation of dystroglycan were
reported such as limb-girdle type 2I. At that moment,
a unique O-Man-type glycan (Sia-Gal-GlcNAcMan-O), later referred to as CoreM1 glycan, was
known to be present in dystroglycan [32]. A protein
complex of protein O-mannosyl-transferase (POMT)
1 and POMT2, causative gene products for WWS,
catalyzes the initial transfer of Man to dystroglycan
as an O-Man transferase, using Dol-P-Man as a
donor substrate [33]. Protein O-linked-Man␤-1,2N-acetylglucosaminyltransferase 1 (POMGNT1),
the causative gene product for MEB, catalyzes the
second modification, which is the formation of a
GlcNAc-Man linkage [34].
In the 2010s, a novel glycan structure GalNAcGlcNAc-Man-O (namely CoreM3 glycan) was
identified and this finding led to the discovery that

several dystroglycanopathy-related gene products
function as glycosyltransferases [35, 36]. A GAGlike repeating structure consisting of a disaccharide
unit (glucuronic acid [GlcA]-Xyl) was also identified and, importantly, this repeat was shown to serve
as a ligand-binding domain. This repeating unit is
synthesized by the bifunctional enzyme LARGE,
which has two glycosyltransferase activities (e.g.,
␣3-xylosyltransferase and ␤3-glucuronyltransferase
activities) [37]. In 2016, our group identified a
tandemly connected RboP between CoreM3 and
GlcA-Xyl repeats [38]. Ribitol (Rbo) is a sugar alcohol that was previously not known to be used in
mammals, but was known to be present in bacterial
cell walls as an RboP polymer. Tandem RboP and
RboP-GalNAcunits are linked through a phosphodiester bond, not a glycosyl bond. The tandem RboP
structure is synthesized by the sequential action of
two different RboP transferases, fukutin (FKTN) and
fukutin-related protein (FKRP), which are encoded
by the FCMD and LGMD2I genes, respectively, both
of which use CDP-ribitol (CDP-Rbo) as the donor
substrate. For more details regarding sugar chain
structures and modification enzymes, please refer to
our previous reviews [29, 30].
Strictly speaking, Rbo is not a sugar, but a precursor of RboP modification is the nucleotide-linked
compound CDP-Rbo, as is the case with other sugar
precursors used for glycosylation. CDP-Rbo is synthesized from cytosolic free Rbo-5-phosphate and
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CTP by theisoprenoid domain-containing protein
(ISPD) – mutations in which were also identified in patients with dystroglycanopathy [38–40].
Defects in the synthesis pathway for the Omannosylation precursor Dol-P-Man have also been
implicated in dystroglycanopathy. Genes identified
as causative for dystroglycanopathy include DPMs,
DOLK, and GMPPB [30] and defects in these
genes likely reduce the cellular level of Dol-P-Man,
affecting O-mannosylation. However, Dol-P-Man is
also used as a Man donor during N-glycosylation
(Supplementary Figure 3A) and in GPI anchor
biosynthesis. In fact, defects in the Dol-P-Man
pathway have been associated with CDG with Nglycosylation defects. As discussed in the section
related to CMS and CDG, the mechanism by which
mutations in the Dol-P-Man-synthesis pathway selectively or preferentially affect O-mannosylation or
N-glycosylation may reflect the impact of mutations on enzyme activities and/or patients’ genetic
backgrounds, which should be clarified in the
future.
Dystroglycan plays crucial roles in maintaining
the physical strength of the muscle plasma membrane in a glycosylation-dependent manner [41].
Thus, abnormal glycosylation renders muscles prone
to contraction-induced injuries (disease-triggering
membrane fragility). In addition, dystroglycan also
plays important roles in the maintenance of viability of satellite cells (stem cells required for
muscle regeneration) and the proliferation and
differentiation activities of myoblasts [42]. Conditional deletion of mouse Fktn in muscle precursor
cells impaired muscle regeneration, which underlies severe muscle pathology in dystroglycanopathy.
However, viral-mediated selective gene expression
in mature myofibers ameliorated the pathology, suggesting that protecting disease-triggering membrane
fragility is a potential target for therapeutic intervention [42]. Dystroglycan glycosylation also plays
critical roles in brain development by maintaining
the physical stability of the glia limitans/basementmembrane complex in a glycosylation-dependent
manner. Several types of dystroglycanopathy model
mice exhibited pathological abnormalities such as
neuron over-migration, basement membrane breakdown, and cerebral hemisphere fusion [43, 44],
indicating that these abnormalities underlie the cause
of brain malformation. We recently reported that gene
rescue in the developing embryo brain suppressed
the disease-associated phenotype, which opens new
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avenues of intervention for therapeutic strategies
related to central nervous system abnormalities [44].
FCMD is the most prevalent dystroglycanopathy
in Japan and most patients carry a retrotransposal
insertion in the FKTN 3 -untranslated region [45].
This insertion contains a strong splice-acceptor site,
which induces an alternative donor site in the
last exon, and thus causes abnormal mRNA splicing (exon trapping) [46]. Introduction of antisense
oligonucleotide targeting to prevent pathogenic exon
trapping restores normal FKTN protein production
and dystroglycan glycosylation in FCMD patient
cells and model mice. Thus, this exon trapping strategy may serve as a radical approach for clinically
treating FCMD.
In ISPD-deficient dystroglycanopathy, reduction
of cellular CDP-Rbo is a cause of abnormal glycosylation, and thus CDP-Rbo supplementation could be
used as a therapeutic strategy. In fact, supplementing
ISPD-deficient cells with CDP-Rbo rescued dystroglycan glycosylation [38]. Although the biosynthetic
pathway of CDP-Rbo has not been revealed yet,
ribitol inclusion in drinking water increases muscle
CDP-Rbo levels in wild-type mice and FKRP L448P
mutant mice [40, 47]. In the latter case, surprisingly, abnormal glycosylation of dystroglycan and
dystrophic pathology were improved [47]. Together,
these findings suggest that the metabolic pathway
for CDP-Rbo production could also be a therapeutic target, but more careful analyses are required.
For example, it is necessary to clarify players in the
biosynthesis pathway for Rbo-5-phosphate (a CDPRboprecursor). Enzymological characterization of
mutant FKTN or FKRP enzymes would help determine whether their activities could be restored by
increased CDP-Rbo.
In 2016, another form of muscular dystrophy associated with abnormal glycosylation was reported.
A mutation in POGLUT1 was identified in a family with autosomal recessive limb-girdle muscular
dystrophy [48]. POGLUT1 encodes the protein
O-glucosyltransferase 1, which catalyzes the Oglucosylation of Notch, a famous signaling molecule
that is widely involved in animal development. Notch
is post-translationally modified with O-Glc and OFuc, and alteration of glycosylation affected Notch
activities. The Notch pathway played roles in satellite cells, and disruption of Notch signaling in satellite
cells recapitulated the muscular dystrophic phenotype in mice [49]. The disease-causing mutation
reduced POGLUT1 activity, which impaired Notch
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signaling and consequently decreased myoblast proliferation and differentiation, as well as the number
of satellite cells [48].
Very recently, mutations in the membranetrafficking proteins TRAPPC11 and GOSR2 were
reported in muscular dystrophy patients that were
associated with abnormal dystroglycan glycosylation
[50]. TRAPPC11 is a component of the transport protein particle (TRAPP) III complex, which is involved
in cargo transport from the ER to the ER–Golgi
intermediate compartment (ERGIC). Mutations in
TRAPPC11 have been also reported in patients
presenting with myopathy and intellectual disability or CDG [51, 52]. TRAPPC11 mutant proteins
disrupted the Golgi apparatus architecture and
delayed exit from the Golgi to the cell surface [51].
Mutations in TRAPPC11 found in CDG patients
affected both N- and O-glycosylation [52]. Since
the Golgi is the major site for protein glycosylation,
defects in the Golgi morphology and trafficking may
result in abnormal protein glycosylation. However,
in the latest case, glycosylation analysis was normal, suggesting other functional roles for TRAPPC11
[50]. GOSR2 encodes a Golgi Qb-SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor) protein, which localizes in the cis-Golgi
and mediates docking and fusion of vesicles from
the ER. Human mutations in GOSR2 were originally reported in patients with progressive myoclonus
epilepsy (PME) with early ataxia [53]. A mutation associated with PME altered Golgi localization
of GOSR2, although the cellular glycosylation status was not examined. In the recent report, the
GOSR2 mutation was shown not to alter membrane trafficking. It is widely thought that defects
in Golgi homeostasis via abnormal architecture or
trafficking are associated with glycosylation diseases [54], but recent examination of the mutations
in TRAPPC11 and GOSR2 indicate that they may
selectively affect dystroglycan glycosylation. The
determinant mechanism explaining how mutations in
these membrane-trafficking proteins in some cases
selectively affect glycosylation of dystroglycan or
in other cases affect global N- and O-glycosylation
is unknown. A possible explanation is that trafficking proteins may also play specific roles in
glycosylation, for example, by assuring proper trafficking of enzymes or by forming a zone where they
function appropriately for the O-Man-glycosylation
pathway (e.g., the O-Man-glycosylation zone). Thus,
some mutations could selectively affect dystroglycan, and other mutations could deteriorate trafficking

functions more severely, thus affecting global glycosylation.

GLYCAN DEGRADATION AND
NEUROMUSCULAR DISEASES
Glycans are turned over, like other components
in living cells. Most glycan turnover occurs by
endocytosis, and degradation is generally performed
stepwise by multiple glycosidases in the lysosome.
Exoglycosidases, which cleave the glycosidic bond
from the non-reducing end, basically recognize
one monosaccharide in a specific anomeric linkage. Modifications on the non-reducing terminal
sugar (e.g. acetate, sulfate, or phosphate) have to
be removed by other enzymes (e.g. esterases, sulfatases, or phosphatases) before reactions can proceed
with exoglycosidases. In contrast to exoglycosidases,
endoglycosidases cleave internal glycosidic linkages
and thus release long oligosaccharides from conjugated molecules, including proteins or lipids. These
variations in the properties of degradation enzymes
drive complexity in glycan degradation and synthesis. Monosaccharide units arising from degradation
are typically exported from the lysosome to the
cytosol and then reutilized for producing glycan
precursors. Lysosomal enzymes are N-glycosylated,
bearing Man-6-phosphate on the sugar chain. Man6-phosphate serves as a signal for proteins being
transported into the lysosome, after recognition by
the transmembrane Man-6-phosphate receptor (Supplementary Figure 3B). This machinery constitutes
the Man-6-phosphate pathway. There is a group of
genetic diseases associated with decreased activities of lysosomal enzymes, consequently leading to
accumulation of their substrates as undigested fragments in the lysosome; thus, this group of diseases is
referred to collectively as lysosomal storage diseases
(LSDs) [1, 55]. Currently, approximately 50 types of
LSDs are known. Not only lysosomal enzymes, but
also defects in lysosomal structural proteins can cause
LSDs, such as Danon disease [56]. The accumulation
of undigested macromolecules causes enlargement of
the lysosomes and reduces the supply of products
necessary for biosynthesis and energy metabolism.
In addition, defects in lysosome functions can alter
many cellular processes, including lysosomal pH
regulation, synaptic release, endocytosis, exocytosis,
and vesicle maturation [1, 55].
Clinical manifestations vary among LSD types.
Many LSDs present with a range of severity,
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but hepatomegaly and splenomegaly are the most
common symptoms. Over half of all LSDs are accompanied by central nervous system involvement, such
as progressive cognitive and motor decline, and neuronal degeneration. The variation in pathology is
thought to depend on the cell type and the cellular balance of synthesis and turnover of the macromolecule
or its precursors. For example, sialylated glycolipid gangliosides are abundant in neurons, and thus
LSDs caused by accumulated gangliosides are preliminary brain disorders (GM1 gangliosidosis and
GM2 gangliosidosis). Pompe disease is caused by
an accumulation of glycogen in the lysosome, and
its clinical phenotypes (particularly in cardiac and
skeletal muscles) are supported by the importance of
glycogen for muscle tissues.
Pompe disease (also known as glycogenosis), the
only LSD among glycogen storage diseases, is caused
by mutations in ␣-glucosidase (GAA), a lysosomal enzyme that hydrolyzes ␣1,4- and ␣1,6-linkages
of glycogen to glucose. It is proposed that lysosomal glycogen clearance probably has no genuine
metabolic function, but serves to dispose of glycogen
that is accidentally taken up into lysosomes through
autophagy [57]. Glycogen-filled lysosomes due to the
deficiency of GAA might impair the general functions of lysosomes [57] and/or causes muscle damage
[58] possibly via lysosomal rupture and the release
of toxic substances into the cytosol [59]. The clinical spectrum of Pompe disease can be categorized
into classic infantile, childhood, and adult forms. The
infantile form presents with generalized hypotonia,
muscle weakness, hypertrophic cardiomyopathy, and
respiratory failure. The adult form is characterized
by a relatively slow progressive proximal and axial
muscle weakness. Histopathologically, most infantile and childhood forms exhibit fibers occupied by
huge vacuoles that contain basophilic amorphous
periodic acid Schiff-positive materials, but in lateonset form, such vacuoles may be present only
in a few fibers [58, 59]. Other glycogen storage
diseases with myopathy include McArdle disease
(glycogenosis type V) and Cori disease (glycogenosis
type III), among others. The responsible gene products for McArdle disease and Cori disease function
as a glycogen phosphorylase and a glycogendebranching enzyme, respectively, both of which
are coordinately involved in glycogenolysis in the
cytoplasm [60].
Several strategies have been developed for treating LSDs. Enzyme-replacement therapy (ERT) is
based on replacement of the mutant protein with its
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normal version to restore function. ERT relies on
the Man-6-phosphate pathway for efficient delivery
of recombinant enzymes, which are modified with
Man-6-phosphate on the N-glycans, from outside
of cells to the lysosome via cell surface Man-6phosphate receptors. ERT is currently available for
several LSDs such as Gaucher disease, Fabry disease,
some types of mucopolysaccharidosis, and Pompe
disease [55]. A limitation of ERT is that the enzymes
cannot penetrate the blood-brain barrier so that ERTs
do not affect symptoms of the central nervous system. The effectiveness of ERTs also depends on the
severity of the disease when treatment is initiated
[1, 59].
Substrate reduction therapy (SRT) using small
molecules aims at the inhibition of enzymes located
upstream of the mutated disease-causing protein to
reduce production of substrates of the mutated proteins. Other strategies using small molecules include
enzyme-enhancement therapy and pharmacological
chaperone therapy aiming at enhancing the residual
enzyme activity of the mutated proteins [1, 61]. Independent of the type of accumulated substances or
mutated genes, enhancing lysosomal function can be
a therapeutic option with broader applicability across
LSDs. For example, it has been reported that overexpression of transcription factor EB (TFEB), which
regulates the coordinated transcriptional behavior
of most lysosomal genes, induced lysosomal biogenesis and increased the degradation of complex
molecules [62]. ␦-Tocopherol, a natural form of vitamin E, has been reported to reduce pathological
phenotypes in patient fibroblasts from several distinct
LSDs by enhancing lysosomal exocytosis [63].Very
recently, fetal intracranial adeno-associated viral
vector-mediated gene delivery for glucocerebrosidase was reported to ameliorate neurodegeneration
seen in a mouse model for neuronopathic Gaucher
disease [64]. This group also demonstrated the feasibility of ultrasound-guided global gene transfer to
fetal macaque brains. Together, not only ERT, but
also other strategies with gene replacement or small
molecules hopefully will be developed and approved
to overcome the hurdles of neurological problems of
LSDs in the future.

CONCLUSION
The relationship between neuromuscular diseases
and glycan’s abnormalities presents the need for
establishing the new field of “myo-glyco disease
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biology.” This review provides a comprehensive
summary of the nature of glycans and introduces
several neuromuscular diseases that are caused by
abnormalities in glycan synthesis and degradation
(Table 1 and Supplementary Table 1). Understanding the molecular basis of the life cycle of
glycans can help in clarifying disease pathogenesis and developing therapeutic strategies. Many
diseases directly caused by abnormal glycosylation are single-gene disorders, which can feasibly
treated with gene therapy. However, many hurdles impede clinical applications in gene therapy,
although progress has certainly been made. A systematic and integrated understanding of glycosylation
pathways related to disease-causing gene products
or biological characteristics of mutated enzymes
may yield unexpected therapeutic approaches. Sometimes therapeutic target molecules may be safe
and low-cost natural or metabolic products. There
are some established treatments for neuromuscular diseases such as LSDs, and the contributions
of basic research in glycobiology were no doubt
immeasurable. Although the significance of glycans is widely recognized, it is unfortunately true
that difficulties in structural and functional analyses have limited advances. However, considering
recent rapid technological advances in glycan and
glycome analysis and accumulation of large information such as genetic and clinical database, the
challenges of glycoscience are no longer high obstacles. Rather, I believe, there is big potential for new
breakthroughs in understanding the molecular mechanisms of pathogenesis and developing therapeutic
interventions.

SUPPLEMENTARY MATERIALS
The Supplementary material is available in the
electronic version of this article: http://dx.doi.org/
10.3233/JND-180369.
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