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ABSTRACT Fukuyama-type congenital muscular
dystrophy (FCMD), Walker-Warburg syndrome (WWS),
and mﬂscle-eye-brain (MEB) disease are clinically similar
autosomal recessive disorders characterized by congeni-
tal muscular dystrophy, lissencephaly, and eye anomalies.
Through positional cloning, we identified the gene for
FCMD and MEB, which encodes the fukutin protein and
the protein O-linked mannose 31, 2-N-acetylglucosaminy
Itransferase (POMGnT1), respectively. Recent studies have
revealed that posttransiational modification of o-dystro-
glycan is associated with these congenital muscular dys-
trophies with brain malformations. In this review
Fukuyama-type congenital muscular dystrophy (FCMD),
other CMDs with brain malformations, and their relation
with o-dystroglycan are discussed.

Key Words: Fukuyama congenital muscular dystrophy
(FCMD), muscle-eye-brain (MEB) disease, fukutin, dystro-
glycan, POMGnT1, glycosylation, neuronal migration, laminin

INTRODUCTION

Since the discovery of the Duchenne muscular dystrophy
(DMD) gene product dystrophin (Hoffman et al., 1987), many
studies have focused on understanding the pathophysiology
of muscular dystrophies and on developing therapeutic ap-
proaches. Structural defects in the dystrophin-glycoprotein-

complex (DGC) can result in a loss of linkage between laminin-
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2 (merosin) in the extracellular matrix and actin in the

subsarcolemmal cytoskeleton, and this can lead to various

muscular dystrophies (Campbell, 1995). Of these, o-
dystroglycan is a heavily glycosylated mucin-type glycopro-
tein on the surface of muscle cells. It is the key component of
the DGC, providing a tight linkage between the cell and base-
ment membranes by binding laminin via its carbohydrate resi-
dues (Ibraghimov-Beskrovnaya ef al., 1992; Ervasti and
Campbell, 1993; Chiba et al., 1997). a-dystroglycan plays an
active role in the basement membrane assembly itself (Henry
and Campbell, 1998). Recent studies have revealed that post-
translational modification of a-dystroglycan is associated with
congenital muscular dystrophy with brain malformations. In
this review, we will discuss Fukuyama-type congenital mus-
cular dystrophy (FCMD), other CMDs with brain malforma-
tions, and their relation with o-dystroglycan.

CLINICS

FCMD (Fukuyama et al., 1981), Walker-Warburg syndrome
(WWS) (Dobyns et al., 1989), and muscle-eye-brain (MEB)
disease (Santavuori et al., 1989) are clinically similar autoso-
mal recessive disorders characterized by congenital muscular
dystrophy, lissencephaly, and eye anomalies. FCMD patients
survive beyond infancy, and ocular manifestations are rare
and uswally mild. Patients with WWS are severely affected
from birth, and few live beyond infancy. In MEB, the cere-
bral and ocular anomalies are severe, but some patients reach
adulthood. While FCMD is frequent only in Japan, WWS has
been found in many different nationalities, and MEB has been
observed mainly in Finland.

FCMD, a relatively common autosomal recessive disorder
in the Japanese population, is characterized by congenital
muscular dystrophy in combination with cortical dysgenesis
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(micropolygyria) and ocular abnormality (Fukuyama et al.,
1981). It is the second most common form of childhood mus-
cular dystrophy in Japan after Duchenne muscular dystrophy.
Based on the averaged incidence of 3/100,000, one in ~90
persons could be a heterozygous carrier in Japan.

Patients with FCMD manifest weakness of facial and limb
muscles, and general hypotonia that usually appears before
nine months of age. The joints of affected individuals usually
become contractive at an earlier stage than those in patients
with DMD. Functional disability is more severe in FCMD
patients than in DMD patients; usually the maximum level of
motor function achieved is sliding while sitting on the but-
tocks, and most FCMD patients are never able to walk. Facial
muscle involvement is characteristic. Patients usually become
bedridden before 10 years of age due to generalized muscle
atrophy and joint contracture, and most of them die by 20
years of age (Fukuyama ef al., 1981) (Fig. 1 left).

Another manifestation observed in all cases is severe men-
tal retardation; IQ scores in most FCMD patients lie between
30 and 50. Seizures occur in nearly half of the cases, in asso-
ciation with abnormal EEGs (Fukuyama et al., 1981). Fur-
ther, eye is also involved. The ophthalmologic lesions include
myopia, cataract, abnormal eye movement, pale optic disc,
retinal round lesion, and retinal detachment (Osawa et al.,
1997).

PATHOLOGY

In skeletal muscle, there is a prominent necrofic and regener-
ating process, with dense fibrosis from early infancy. Small
fibers are predominant in comparison with DMD (Fig. 1 up-
per right). The most common and characteristic changes in
the central nervous system are brain maiformations, which
include micropolygyria, pachygyria, and agyria of the cere-
brum and cerebellum (cobblestone cortex) lacking neuronal
lamination of normal six-layered cortex (Fig. 1 lower right).
In addition, focal interhemispheric fusion, fibroglial prolif-
eration of the leptomeninges, mild to moderate ventricular
dilatation, and hypoplasia of the corticospinal tracts are also
often observed. Brain MRI shows always pachygyria in the
cerebral cortex and transient T2-weighed high intensity in the
white matter; there are sometimes hypoplasia of the pons and
cerebellar cysts. The high intensity in the white matter is
thought to be due to delayed myelination (Fukuyama et al.,
1981; Osawa et al., 1997).

Pathological study of brain tissue from FCMD fetuses re-
vealed frequent breaks in the glia limitans and basement mem-
brane complex. Because of this break, developing neurons
overmigrate in the cerebrum, resulting in the failure to form a
six-layered cortex (Nakano ef al., 1996). Disruption of the
basal lamina in FCMD muscle was also seen (Ishii et al., 1997).
Thus, structural alteration of the basal lamina appears to play
a key role in the pathophysiology of FCMD.

T. Toda et al.

GENETICS

We identified on chromosome 9q31 the gene responsible for
FECMD, which encodes a novel 461-amino-acid protein we
have named fukutin (Toda et al., 1993; Toda et al., 1996;
Kobayashi et al., 1998). The gene spans more than ~100 kb
genomic DNA region. It is composed of 10 exons (Kobayashi
et al., 2001). Most FCMD-bearing chromosomes (87%) have
been derived from a single ancestral founder, who lived 2,000-
2,500 years ago (Colombo et al., 2000) and whose mutation
consisted of a 3kb retrotransposal insertion in the 3' non-cod-
ing region of the fukutin gene. This insertion results in the
reduction of mRNA. ECMD is the first known human disease
to be caused by an ancient retrotransposal integration
(Kobayashi et al., 1998) (Fig. 2).

Point mutations have been seen to render the FCMD phe-
notype rather severe. No FCMD patients have been identified
with non-founder (point) mutations on both alleles, suggest-
ing that such patients are embryonic-lethal and that fukutin is
essential for normal development. This may explain why
ECMD could occur only in the Japanese patients who have a
milder retrotransposon mutation (Kondo-lida et al., 1999).
Fukutin is a protein of 461 amino acids with molecular weight
of 53.7 kD. Fukutin is a novel protein and has an N-terminal
hydrophobic region suggesting a signal sequence or a {rans-
membrane domain.

MOUSE MODEL

There are no reported naturally occurring mice carrying mu-
tations in the fitkutin gene. Targeted homozygous mutation of
this gene (Horie ef al., 2002) in mice leads to lethality at em-
bryonic day 6.5-7.5, prior to development of skeletal muscle,
cardiac muscle or mature neurons, suggesting that fukutin is
essential for early embryonic development (Kurahashi et al.,
unpublished data).

Chimeric mice generated using embryonic stem (ES) cells
targeted for both fukutin alleles develop severe muscular dys-
trophy, with the selective deficiency of a-dystroglycan and
its Jaminin-binding activity. In addition, these mice showed
laminar disorganization of the cortical structures in the brain
with impaired laminin assembly, focal interhemispheric fu-
sion, and hippocampal and cerebellar dysgenesis (Fig. 3).
Further, chimeric mice showed anomaly of the lens, loss of
laminar structure in the retina, and retinal detachment. Injec-
tion of fukutin by electroporation resuited in restoration of o:-
dystroglycan.

These results indicate that fukutin is necessary for the main-
tenance of muscle integrity, cortical histiogenesis, and nor-
mal ocular development and suggest the functional linkage
between fukutin and a-dystroglycan. These mice are suitable
models for studying the molecular pathogenesis and thera-
peutic approaches of the complex disorders consisting of the
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Fig. 1 left: A 5-year-old girl with FCMD. Her maximum motor function is sitting. She has joint contractures and a characteristic facial
expression with her mouth half-opened. upper right: Hematoxylin-Eosin staining of skeletal muscles from a normal control (left) and
a patient with FCMD (right). Differences in fiber size, with predominantly small and round fibers, and dense connective tissue
infiltration are seen. lower right: a characteristic brain anomaly, micropolygyria. Small gyri with shallow sulci are observed in the

frontal lobes, whose surface has a coarse granular appearance.

3

fukutin

456

789

TGA 3 UTR
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2
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Fig. 2 Schematic representation of the FCMD gene (fitkutin) on chromosome 9q31. The gene spans more than ~100 kb genomic DNA region
and is composed of 10 exons. Most FCMD-bearing chromosomes (87%) have been derived from a single ancestral founder, who lived
2,000-2,500 years ago and whose mutation consisted of a 3kb retrotransposal insertion in the 3' non-coding region of the fukutin gene.

This insertion results in the reduction of mRNA.



100

simultaneous occurrence of central nervous, ocular, and mus-
cular abnormalities (Takeda ez al., 2003).

ABNORMAL GLYCOSYLATION
AND 0-DYSTROGLYCANOPATHY

At present, the function of fukutin remains unknown, and the
mechanism by which its deficiency causes defects in multiple
organs has not been clarified. In this respect, it should be noted
that sequence analysis predicts fukutin to be an enzyme that

T. Toda et al.

modifies cell-surface glycoproteins or glycolipids (Aravind
and Koonin, 1999).

There are several lines of indirect but significant evidence
to support this (Fig. 4). First, it was reported that highly
glycosylated a-dystroglycan was selectively deficient in the
skeletal muscle of FCMD patients (Hayashi ef al., 2001). Sec-
ond, we have reported that muscle-eye-brain disease (MEB),
an autosomal recessive disorder having skeletal muscle, eye,
and brain defects similar to FCMD, is caused by mutations in
the gene encoding the protein O-linked mannose B1, 2-N-

normal

fukutin

Fig. 3 Brain anomalies in fukutin-deficient chimeric mice. HRP retrograde labeling of cerebral cortex from normal (A and B) and chimeric
(C and D) mice. In chimeric mice, HRP-labeled corticospinal neurons were not localized in layer V but scattered throughout all the

depths of the motor cortex.
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Table 1 Muscular dystrophies with defective glycosylation of a-dystroglycan due to the primary genetic defects of

glycosyltransferases
Disease Gene product Gene location
Fukuyama-type congenital muscular dystrophy (FCMD) fukutin 9q31
muscle-eye-brain (MEB) disease POMGnTI* 1p33-34
Walker-Warburg syndrome (WWS) (20%) POMT1# ' 9q34
congenital muscular dystrophy with secondary meosin deficiency 2 (MDC1C) FKRP (fukutin-related protein) 19q13.3
limb girdle muscular dystrophy 2I (LGMD2I) FKRP 19q13.3
myodystrophy mouse (myd) Large 8 (mouse)

*protein O-mannose bl,2-N-acetylglucosaminyltransferase 1
#protein O-mannosyltransferase 1

Basal lamina __
1 4 i

Laminln

INtEgrin ey o)
pard ! i

Drwstrobravin

cood

Fig. 4 Dystrophin-glycoprotein-complex (DGC) and linkage between laminin-2 (merosin) in the extracellular matrix and actin in the
subsarcolemmal cytoskeleton. ai-dystroglycan is the key component of the DGC and is modified by O-linked mannosyl glycan and
bind laminin via its glycan. Similar hypoglycosylation in FCMD, MEB, and WWS directly abolishes binding activity of dystroglycan
for laminin. DGC, dystroglycan complex; SGC, sarcoglycan complex; and STC, syntrophin complex.

a-Dystroglycan  o-Dysiroglycan

Laminin a2 (VIA4-1) (sheep antiserum)

B-Dystroglycan Dystrophin

control

MEB

S e

Fig. 5 Selective deficiency of a-dystroglycan in FCMD and MEB skeletal muscle. c-dystroglycan is suggested to be a potential target of
fukutin (FCMD) and POMGnT1 (MEB).
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acetylglucosaminyltransferase (POMGnT1), which cause the
loss of the enzyme activity (Yoshida et al., 2001). Moreover,
we have found the selective deficiency of o-dystroglycan in
the skeletal muscle of MEB patients (Kano et al., 2002) (Fig.
5). Finally, defective glycosylation of o-dystroglycan has also
been reported in congenital muscular dystrophy with second-
ary meosin deficiency 2 (MDCI1C), caused by mutations in
the gene encoding the putative glycosyltransferase named
FKRP (fukutin-related protein) (Brockington et al., 2001) and
in myd mice, an animal model of congenital muscular dystro-
phy, caused by the mutation in the gene encoding a putative
glycosyltransferase named Large (Grewal et al., 2001), al-
though brain and eye anomalies are not the hallmarks of
MDCIC. Quite recently 20% of WWS patients has been found
to have mutations in POMT]1, a putative human counterpart
of yeast O-mannosyltransferase (Beltran-Valero de Bernabé
et al., 2002). (Table 1)

Moreover, Michele et al. (2002) showed, in MEB, FCMD,
and myodystrophy mouse, that a-dystroglycan is expressed at
the muscle membrane, but similar hypoglycosylation in the
diseases directly abolishes binding activity of dystroglycan
for the ligands laminin, neurexin, and agrin. Together with
the present results, these findings suggest that defective
glycosylation of a-dystroglycan due to the primary genetic
defects of glycosyltransferases may be the common denomi-
nator causing muscle cell degeneration in these diseases (Fig.
4) (Table 1). Fukutin may be involved in the modification of
laminin-binding carbohydrate residues in o-dystroglycan, and,
in the absence of fukutin, the linkage between laminin and o-
dystroglycan may never be established on the muscle cell sur-
face. This cenario is also consistent with the report that chi-
meric mice lacking skeletal muscle dystroglycan (Cote et al.,
1999) developed muscular dystrophy similar to the fukutin-
deficient chimeric mice (Takeda et al., in press).

Finally, the role of dystroglycan in the pathogenesis of brain
and eye defects in FCMD remains unclear. Brain and/or eye
defects similar to those reported here have recently been ob-
served in mice lacking dystroglycan in the brain via Cre/loxP-
mediated gene inactivation (Moore e? al., 2002) and in myd
mice, although the retina was apparently morphologically
normal (Holzfeind et al., 2002). Interestingly, brain and/or
eye defects similar to those reported here have also been ob-
served in mice lacking integrin B1 subunit in brain via Cre/
loxP -mediated gene inactivation (Graus-Porta et al., 2001)
and in mice carrying a targeted mutation in the integrin 0.6
subunit gene (Georges-Labouesse ef al., 1998), respectively.
We can envisage that the defects in dystroglycan have similar
consequences as those caused by integrin deficiency.
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Mammalian cells preduce many glycoproteins, i.e., proteins with covalently attached sugar chains. Recent
advances in glycobiology have revealed the importance of sugar chains as biosignals for multi-cellular organisms
including cell-cell communication, intracellular signaling, protein folding, and targeting of proteins within cells.
The O-mannosyl linkage, which used to be considered specific to yeast, has recently been found in mammals.
One of the best known O-mannosyl-modified glycoproteins is o-dystroglycan, which is a central component of
the dystrophin-glycoprotein complex isolated from skeletal muscle membranes. We have identified and charac-
terized a glycosyltransferase, UDP-N-acetylglucosamine: protein O-mannose B1,2-N-acetylglucosaminyltrans-
ferase (POMGnT1), involved in the biosynthesis of O-mannosy! glycans. We subsequently found that loss of func-
tion of the POMGnTI gene is responsible for muscle-eye-brain disease (MEB). MEB is an autosomal recessive
disorder characterized by congenital muscular dystrophy, ocular abnormalities and brain malformation (type 11
lissencephaly). Moreover, recent data suggest that aberrant protein glycosylation of o-dystroglycan is the pri-
mary cause of some forms of congenital muscular dystrophy. Here we review new insights into the glycobiology of
muscular dystrophy and neuronal migration disorder.

Key words  glycobiology; O-mannosylation; muscular dystrophy; dystroglycan; glycosyltransferase; muscle-eye-brain disease
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Now that sequencing of the human genome is essentially
complete, a new era of postgenomic research has begun and
is expected to result in revolutionary developments in med-
ical science. Because over 60% of the proteins produced by
the human body are thought to contain sugar chains, many
important problems in life science will fall in the field of gly-
cobiology. Unlike proteins and nucleic acids, which are lin-
ear molecules, sugar chains are branched and the number of
isomers (linkage isomers, 1-2, 1-3, 1-4, 1-6, 23, 2-6, and
2-8) and anomeric configurations (o and f8) increases geo-
metrically with size. Thus, a specific characteristic of sugar
chains, i.e., one not shared by nucleic acids and proteins, is
that they can form many possible structures with a small
number of units. Because of the difficulties in determining
the structures of sugar chains of glycoproteins, many of the
functional aspects of the sugar moieties were ignored during
the long history of protein research. However, newly devel-
oped and sensitive methods to elucidate the structures and
functions of the sugar chains have opened the way to investi-
gate these molecules. Recent data have revealed the impor-
tance of sugar chains as biosignals for multi-cellular organ-
isms including cell-cell communication, intracellular signal-
ing, protein folding, and targeting of proteins within cells.™?
The biosynthesis of sugar chains is not formed by the inter-
vention of a template but is under the control of the expres-
sion of glycosyltransferases, their substrate specificity, and
their localization in specific tissues. There is growing evi-
dence that these enzymes have a variety of roles in cellular
differentiation and development, as well as in disease
processes.

The major sugar chains of glycoproteins can be classified
into two groups according to their sugar-peptide linkage re-
gions. Those that are linked to asparagine (Asn) residues of
proteins are termed N-glycans, while those that are linked to
serine (Ser) or threonine (Thr) residues are called O-glycans.

* To whom correspondence should be addressed.  e-mail: endo@tmig.or.jp

In N-glycans, the reducing terminal N-acetylglucosamine
(GIcNAc) is linked to the amide group of Asn via an as-
partylglycosylamine linkage. In O-glycans, the reducing ter-
minal N-acetylgalactosamine (GalNAc) is attached to the hy-
droxyl group of Ser and Thr residues. In addition to the
abundant O-GalNAc forms, several unique types of protein
O-glycosylation have been found, such as O-linked fucose,
glucose, GlcNAc, and mannose, which have been shown to
mediate diverse physiological functions. For example, O-
mannosylation has recently been shown to be important in
muscle and brain development.

Muscular dystrophies are genetic diseases that cause pro-
gressive muscle weakness and wasting.” The causative genes
of several muscular dystrophies have been identified in the
past fifteen years.” The best known is the one described by
Duchenne that results from mutations in the gene encoding a
protein called dystrophin. Another subclass is congenital
muscular dystrophies, where muscle weakness is apparent at
birth or shortly afterwards. Recent data suggest that aberrant
glycosylation of the glycoprotein a-dystroglycan is the pri-
mary cause of some forms of congenital muscular dystrophy.
This article reviews new insights into the glycobiology of
muscular dystrophy and neuronal migration disorder.

Structures of O-Mannosyl Glycans O-Mannosylation
is known as a yeast-type modification, and O-mannosylated
glycoproteins are abundant in the yeast cell wall.> In unicel-
lular eukaryotic organisms, all O-mannosyl glycan structures
elucidated so far are neutral linear glycans consisting of 1 to
7 mannose residues.”’ O-Mannosylation of proteins has been
shown to be vital in yeast, and its absence may affect cell
wall structure and rigidity. Additionally, a deficiency in pro-
tein O-mannosylation in the fungal pathogen Candida albi-
cans leads to defects in multiple cellular functions including
expression of virulence.® In addition to fungi and yeast, clam
worm has an O-mannosyl glycan (a glucuronosylcrl-6man-
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nosyl disaccharide) in skin collagen.” In mammals, a brain
proteoglycan was the first O-mannosylated protein to be
identified 519 It was found to be a sialylated oligosaccharide
with the structure NeuS5Aco2-3GalB1-4GlcNAcf1-3Man-
Ser/Thr. Other mammalian O-mannosyl glycans include
GalB1-4GIcNAcf1-3Man-Ser/Thr, GlcNAcB1-3Man-Ser/
Thr, Man-Ser/Thr, GalB1-4(Fuco1-3)GlcNAcB1-3Man-
Ser/Thr, and an unidentified sulfated O-mannosy! glycan.

However, we previously concluded that the major sialy-
Jated O-linked oligosaccharide of the bovine peripheral nerve
o-dystroglycan has the structure NeuSAca2-3Gal f1-4Gle-
NAcﬁl-ZMan-Ser/Thr.”’ This structure is similar to the one
reported for mammalian brain proteoglycan,*~'% except that
it has a different linkage between the N-acetylglucosamine
and the mannose residues, 3-substituted mannose and 2-sub-
stituted mannose. Interestingly, we found the same O-manno-
syl glycan in rabbit skeletal muscle a-dystroglycan.'? Be-
cause glycosylation of proteins is often both tissue- and
species—dependent,‘*z) the presence of this unique O-manno-
syl glycan in a-dystroglycans from different tissues of differ-
ent species raises the possibility that it mediates the impor-
tant biological roles of a-dystroglycan (described below). In
addition to the O-mannosyl glycan described above, we
found almost equal amounts of the core 1 structure, Galp1-
3GalNAc, in rabbit skeletal muscle o~dystroglycan.'? This is
consistent with previous reports that desialylated rabbit
skeletal muscle o-dystroglycan reacted with peanut agglu-
tinin, which is known to bind specifically with the Galp1-
3GalNAc group."”

After our reports of the sialylated oligosaccharide with the
O-mannosyl linkage,'"'? an HNK-1 epitope (sulfoglucuronyl
lactosamine) carrying O-mannosyl glycans (HSO4-3GleABI-
3GalB1-4GlcNAcf1-2Man-Ser/Thr) was detected in total
brain glycopeptides.'” It is noteworthy that these oligosac-
charides have not only 2-substituted mannose but also 2,6-
disubstituted mannose.'® Later, Smalheiser e al. showed'®
that dystroglycan from sheep brain carried the NeuSAco2-
3GalB1-4GlcNAcfS1-2Man, GalB1-4GlcNAcf1-2Man, and
GalB1-4(Fuco1-3)GIcNAcf1-2Man structures. Mouse
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J1/tenascin, which is involved in neuron-astrocyte adhesion,
also contains these O-mannosyl glycans.'” Therefore, it is
likely that a series of O-mannosyl glycans, with heterogene-
ity of mannose-branching and peripheral structures, is pre-
sent in mammals.'® Further studies are needed to clarify the
distribution of such O-mannosyl glycans in various tissues
and to examine their changes during development and under
pathological conditions.

A comment must be added concerning the presence of 3-
substituted mannose in the original studies on brain chon-
droitin sulfate proteoglycans.*'% Their mass spectrum data
indicated that the substitution to mannose was either at the
C-2 position or C-3 position. Based on fragment patterns of
trimethysilyl derivatives of deuterated disaccharides, they
concluded that a 2-substitution was unlikely. However, a re-
cent study suggests a rearrangement occurred when the sam-
ple was deuterated." Therefore, it seems likely that brain
proteoglycans, like other reported glycoproteins, contain 2-
substituted mannose.

Dystroglycan and Its Sugar Chains Dystroglycan is
encoded by a single gene (DAGI) and is cleaved into two
proteins, o-dystroglycan and fB-dystroglycan, by posttransla-
tional processing.'® In skeletal muscle, dystroglycan is a cen-
tral component of the dystrophin-glycoprotein complex
(DGC) (Fig. 1). a-Dystroglycan is a heavily glycosylated ex-
tracellular peripheral membrane glycoprotein that anchors to
the cell membrane by binding to a transmembrane glycopro-
tein, S-dystroglycan. The a-dystroglycan-f-dystroglycan
complex is expressed in a broad array of tissues and is
thought to stabilize the plasma membrane by acting as an
axis through which the extracellular matrix is tightly linked
to the cytoskeleton. This is because a-dystroglycan strongly
binds to extracellular matrix proteins containing LamG do-
mains, such as laminin, neurexin, agrin, and perlecan in a
calcium-dependent manner.”” The DGC contains a sarcogly-
can complex. On the other hand, the cytoplasmic domain of
B-dystroglycan contains a PPXY motif that interacts with dy-
strophin, which in turn binds to the actin cytoskeleton, syn-
trophins and a-dystrobrevin. a-Syntrophin and o-dystro-

grin
NeurexIn
Perlecan

glycan

Ya-Dystrobrevin

ins

Fig. 1. Dystrophin-Glycoprotein complex ( DGC) and Linkage between Laminin 2 in the Extracellular Matrix and Actin in the Subsarcolemmal Cytoskele-

ton

a-Dystroglycan is a key component of the DGC and is modified by O-mannosy! glycan and binds to laminin 2 via its glycan. a-Dystroglycan is also known to bind to other ex-
tracellular matrix proteins containing LamG domains, such as neurexin, agrin and perlecan. On the other hand, inside the cell, B-dystroglycan is known to bind to several compo-

nents directly or indirectly. nNOS, neural NO synthetase.
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brevin can interact with neural NO synthetase (nNOS).
Based on this molecular organization, the DGC is thought to
contribute to the structural stability of the muscle cell mem-
brane during cycles of contraction and relaxation. In human,
mutations in dystrophin cause Duchenne and Becker muscu-
lar dystrophy, mutations in sarcoglycan cause limb-girdle
muscular dystrophy, and mutations in laminin &2 chain cause
congenital muscular dystrophy.”

The function of dystroglycan in the body has been exam-
ined by targeting the DAGI gene in mice. However, disrup-
tion of this gene in mice is embryonically lethal. 2" Analysis
of the mutant phenotype reveals a disruption of Reichert’s
menmbrane, an extra-embryonic basement membrane that
separates the embryo from the maternal circulation. To allow
the embryo to develop, chimeric mice generated from tar-
geted embryonic stem cells have been produced. Dystrogly-
can-null chimeric mice showed muscular dystrophy, although
muscle basement membrane formation was normal.?® The
function of dystroglycan in specific tissues was examined
with cre-LoxP technology. Targeting the dystroglycan gene
specifically in differentiated skeletal muscle did not affect
muscle basement membrane formation but resulted in a mild
dystrophic phenotype.” Targeting the dystroglycan gene in
brain resulted in abnormal cerebral cortical layering resem-
bling human cobblestone lissencephaly, and defects in cere-
bellar granule cell migration.*¥ Targeting the dystroglycan
gene in peripheral nerves caused defects in both myelination
and nodal architecture.’® These results indicate that dystro-
glycan is essential for normal development. Recent studies
suggest that not only dystroglycan itself but also the attached
sugars are important. The binding of o~dystroglycan to extra-
cellular matrix proteins requires the participation of its sug-
ars, which are probably O-mannosyl glycans.”® We also find
that the sialyl O-mannosyl glycan (NeuSAca2-3Gal f1-4Gle-
NAcf1-2Man) is a laminin-binding ligand of a-dystrogly-
can.'” Thus, mammalian O-mannosyl glycans may mediate
the important biological roles of a-dystroglycan.

Identification and characterization of the enzymes in-
volved in the biosynthesis of mammalian type O-mannosy]
glycans will help to elucidate the function and regulation of
expression of these glycans. A key difference between mam-
malian and yeast-type O-mannosyl glycans is that those in
mammals have the GIcNAcff1-2Man linkage (Fig. 2), as de-
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scribed above. This linkage is assumed to be catalyzed by a
glycosyltransferase, UDP-N-acetylglucosamine: protein O-
mannose f1,2-N-acetylglucosaminyltransferase (POMGnT1 ).
POMGnT1 catalyzes the transfer of N-acetylglucosamine
from UDP-GIcNAc to O-mannosyl glycoproteins. After we
developed an enzyme assay for POMGnT], its activity was
found in brain homogenates of several mammals.?” It should
be noted that GlcNAcf1-2Man linkages are also found in
N-glycans, where they are catalyzed by two enzymes, UDP-
N-acetylglucosamine: -3-p-mannoside B-1,2-N-acetylglu-
cosaminyltransferase 1 (GnT-I) and UDP-N-acetylglucos-
amine: @-6-p-mannoside B-1,2-N-acetylglucosaminyltrans-
ferase 11 (GnT-I1). However, we found that recombinant Gn'T-
I'and GnT-II had no ability to catalyze the GlcNAcS1-2Man
linkage in O-mannosyl glycans,”” suggesting that a new en-
zyme must be responsible for the formation of this linkage.
Thus, we cloned the human POMGnTI gene on the basis of
human ¢cDNA sequences homologous to human Gr7:1.2% The
nucleotide sequence indicated that POMGnTI is a 660
amino acid protein with a calculated molecular mass of
71.5kDa. A hydrophobicity analysis and secondary structure
prediction of the amino acid sequence suggested that human
POMGnTT is a type Il membrane protein. This topology was
similar to the topologies of other Golgi glycosyltransferases.
Careful examination of substrate specificity of POMGnT]1
indicated that recombinant POMGnTI did not have either
GnT-I or GnT-II activity.?® As described above, GnT-I and
GnHI did not have any POMGnT]1 activity. Taken together,
these results suggest that loss-of-function of POMGnTI is
not compensated by GnT-I and GnT-1l. Mammals are known
to have an absolute requirement for GnTl during early em-
bryogenesis. Mouse embryos lacking a functional GnZ-/ gene
die prenatally at E9.5 with multisystemic abnormalities.2®3®
On the other hand, over 60% of mouse embryos with null
mutations in the GnT-ll gene survive to term, but 99% of
newborns die during the first week of postnatal development
with multisystemic abnormalities.*” Furthermore, a human
disease caused by mutations in the GnT:II gene is known as
congenital disorders of glycosylation type Ila [CDG-Ila:
OMIM 212066, OMIM=0nline Mendelian Inheritance in
Man (http://www.ncbi.nih.gov/)]. CDG will be described
later. Patients with CDG-I1a showed hypotonia, severe psy-
chomotor retardation, frequent infections, and widely spaced
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Fig. 2. Biosynthetic Pathway of Yeast O-Mannosyl Glycan and Proposed Biosynthetic Pathway of Mammalian O-Mannosyl Glycan
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nipples.*? No human diseases having defects in GnT-I have
been reported, suggesting that such defects are embryonically
lethal and that GnT:1 is essential for normal human develop-
ment.

Identification of the Gene Responsible for Muscle-Eye-
Brain Disease (MEB) The human POMGnTI gene is lo-
cated at 1p33, within the small candidate interval for muscle-
eye-brain disease (MEB). MEB is an autosomal recessive
disorder characterized by congenital muscular dystrophy,
ocular abnormalities and brain malformation (type II
lissencephaly).*® Patients with MEB show severe cercbral
and ocular anomalies, but some patients reach adulthood.
MEB has been observed mainly in Finland. Since defects of
DGC cause muscular dystrophies® and O-mannosyl type gly-
can is required for the laminin binding of o-dystroglycan in
DGC,' it is possible that mutations in the POMGnT1 gene
are related to MEB.

To test this hypothesis, we screened the entire coding
region and the exon/intron flanking sequences of the
POMGnTI gene for mutations in patients with MEB. We
identified six independent disease-causing mutations in these
patients.2¥ Later we found seven more mutations for a total
of 13 disease-causing mutations in patients with MEB*"
(Fig. 3). We have not detected these 13 substitutions in any
of 300 normal chromosomes, indicating that they are patho-
genic and that the POMGnT] gene is responsible for MEB.
To confirm that the mutations observed in patients with MEB
are responsible for the defects in the synthesis of O-manno-
syl glycan, we expressed all of the mutant proteins and found
that none of them had enzymatic activity.283%) Together, these
findings indicate that MEB is inherited as a loss-of-function
of the POMGnTI gene. If POMGnT1 does not work, no
peripheral structure (Neu5Aco2-3GalB1-4GlcNAc, GalBl-
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4(Fuco1-3)GleNAc, and HSO,-3GlcA B1-3Gal 31-4GleNAc)
can be formed on O-mannosyl glycans. Because these struc-
tures are involved in adhesive processes, a defect of O-man-
nosyl glycan may severely affect cell migration and cell ad-
hesion. Additionally, we found a selective deficiency of a-
dystroglycan in MEB patients.*® This finding suggests that
a-dystroglycan is a potential target of POMGnT! and that
hypoglycosylation of a-dystroglycan may be a pathomech-
anism of MEB. MEB muscle and brain phenotypes can be
explained by a loss of function of o-dystroglycan due to ab-
normal O-mannosylation.

Aberrant Glycosylation of o-Dystroglycan in Other
Muscular Dystrophies The results of recent investigations
suggest that some muscular dystrophies are caused by abnor-
mal glycosylation of o-dystroglycan, e.g., Fukuyama-type
congenital muscular dystrophy (FCMD: OMIM 253800),
congenital muscular dystrophy type 1C (MDC1C: OMIM
606612), Walker-Warburg syndrome (WWS: OMIM
236670) and the myodystrophy (myd) mouse (Table 1). How-
ever, the details of the defects are still unclear. 1dentification
of these defects may provide new clues to the glycopathome-
chanism of muscular dystrophy.

Like MEB, FCMD and WWS are autosomal recessive dis-
orders that are characterized by congenital muscular dystro-
phy, lissencephaly, and eye anomalies.’”*® FCMD is a rela-
tively common autosomal recessive disorder in the Japanese
population.*” It is the second most common form of child-
hood muscular dystrophy in Japan after Duchenne muscular
dystrophy. Based on an average incidence of 3 per 100000
population, one in ca. 90 persons could be a heterozygous
carrier in Japan. Kobayashi et al.* identified a gene on chro-
mosome 931 that is responsible for FCMD. The gene en-
codes a novel 461-amino-acid protein of unknown function.

N
138 59 660
Mutation Effect

1 [281C>T Arg63Stop Nonsense E:HZGS
2 | 541daT Phel49 frameshift 167Stop v o
3 [761G>A Glu223 Lys Missense s —— oy =|
4 1900G>A Cys269 Tyr Missense o — ?gg' 1
5 | 1077ins G Val328 frameshift 338Stop e :azﬁmlsas
6 | 1106ins T Asp338 frameshift 338 Stop [ — 38
7 115712C>G Pro493 Arg Missense jm——_ E— 4‘3 3 3
8 | 1VS17+1 G > A | Glu514 read-through 526Stop s %?526
9 | IVS1741G > T | /Leud72-His513 del L s 5;3 —
10 | 1743G>A Ser536-Scr550 del — = 53; sgf
11 | 1813del C His573 frameshift 633Stop [ 571377_77% »
12 1 1926del T Leu611 frameshift 633Stop o — ——p7
13 | 1970de1 G Val626 frameshift 633Stop P — %6@1 133

Fig. 3.
tients

Schematic Representation of POMGnT! and the Predicted Products Corresponding to Each Mutation, and a Summary of Mutations of MEB Pa-

Each protein is represented by a box with its N terminus to the left. Each box from the left indicates a cytoplasmic tail (white box), a transmembrane domain (black box}, a stem
domain (white box), and the catalytic domain (gray box). The hatched boxes and dotted-line boxes represent mutated amino acids and deletion regions, respectively. The numbers

below the boxes indicate the amino acid residue numbers of POMGnTI and each mutant.
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The protein, named fukutin because of its association with
FCMD, has an N-terminal hydrophobic region suggesting a
signal sequence or a transmembrane domain. A sequence
analysis predicts it to be an enzyme that is involved in glyco-
sylation.*” Consistent with this finding, highly glycosylated
o-dystroglycan was found to be selectively deficient in the
skeletal muscle of FCMD patients.*" Recently, Takeda et
al.*? generated chimeric mice using embryonic stem cells in
which the fukutin gene was targeted for disruption. These
mice developed severe muscular dystrophy, with a selective
deficiency of a-~dystroglycan and its laminin-binding activity.
These mice also had central nervous and ocular abnormali-
ties. Taken together, these results indicate that fukutin is nec-
essary for the maintenance of muscle integrity, cortical histo-
genesis and normal ocular development, and suggest a func-
tional linkage between fukutin and a-dystroglycan.

WWS is another form of congenital muscular dystrophy
that is characterized by severe brain malformation (type I
lissencephaly) and eye involvement.’® Patients with WWS
are severely affected from birth and usually die within their
first year. WWS has a worldwide distribution. Recently, 20%
of WWS patients (6 of 30 unrelated WWS cases) have been
found to have mutations in protein O-mannosyltransferase 1
(POMT1), a putative O-mannosyltransferase that catalyzes
the transfer of mannose to a Ser or Thr residue on the basis
of homology with the seven yeast O-mannosyltransferases.*>
POMTT is highly expressed in fetal brain, testis and skeletal
muscle, which are the tissues that are affected in WWS. It is
noteworthy that none of the 30 cases studied had mutations
in another homologue, POMT2. This suggests that other as
yet unidentified genes are responsible for this syndrome.
However, it is unclear whether the POMT1 and POMT2 pro-
teins actually catalyze O-mannosylation.”** So far, attempts
to detect protein O-mannosyltransferase activity of POMTs
in vertebrates have not been successful. In WWS patients, as
in MEB and FCMD patients, a highly glycosylated a-dystro-
glycan was selectively deficient in skeletal muscle, while B-
dystroglycan and laminin a2 were still expressed. Interest-
ingly, the rt mutant in Drosophila showed defects of myogen-
esis caused by a homologue of POMTI.* Although the rt
gene product is not known to initiate the biosynthesis of O-
mannosyl glycan, O-mannosylation may be essential for
muscular development in both vertebrates and invertebrates.

Defective glycosylation of a-dystroglycan has also been
implicated in congenital muscular dystrophy type IC
(MDCIC), which is caused by a homologue of Sutkutin
(fukutin-related protein, FKRP).* MDCIC is characterized
by severe muscle weakness and degeneration, and cardiomy-
opathy. Mental retardation and cerebellar cysts have been ob-
served in some forms. Allelic mutations in the FKRP gene
also cause a milder and more common form of muscular dys-
trophy called limb-girdle muscular dystrophy 21 (LGMD2I:
OMIM 607155), which is frequently associated with car-
diomyopathy and which has a variable onset ranging from
adolescence to adulthood.*”’ Patients with mutations in the
FKRP gene invariably have a reduced expression of o-dys-
troglycan, which is strongly correlated with disease severity.
A western blot analysis shows an apparent loss of higher
molecular weight forms of a-dystroglycan. Although the
function of FKRP is unknown, it is suggested that FKRP is
involved in the glycosylation of a-dystroglycan as a glyco-
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syltransferase or a kind of modulator. Because FKRP and
fukutin are thought to be Golgi-resident proteins,™® it is pos-
sible that defects of these proteins cause abnormal processing
of a-dystroglycan.

Finally, the gene large, which is mutated in the myodystro-
phy (myd) mouse, encodes a putative glycosyltransferase.*”
However, its biochemical activity has not yet been confirmed.
The causative mutation in myd was identified as a deletion
of exons 5—7 of the large gene. This deletion results in a
frameshift in the corresponding mRNA, leading to a prema-
ture termination codon. The nyd mouse shows a progressive
muscular dystrophy, ocular defects, and a central nervous
system phenotype characterized by abnormal neuronal mi-
gration in the cerebral cortex, cerebellum and hippocampus,
and disruption of the basal lamina.?** The myd mouse, like
MEB and FCMD patients, showed hypoglycosylation of o-
dystroglycan in muscle and brain. The human homologue of
the large gene (LARGE) may be involved in novel forms of
muscular dystrophy. A recent study described a patient with
congenital muscular dystrophy, profound mental retardation,
white matter changes and subtle structural abnormalities in
the brain and a reduction of immunolabelling of c-dystrogly-
can.*” This patient was found to have a missense mutation
and a 1 bp insertion in the LARGE gene.

Congenital Disorders of Glycosylation Defects in gly-
cosylation pathways that are responsible for human discases
were initially identified in 1980. Since then, at least 13 such
defects, called congenital disorders of glycosylation (CDGs),
have been identified.”” The CDGs are a group of inherited
multisystemic disorders, which are commonly associated
with severe psychomotor and mental retardation. The charac-
teristic biochemical feature of CDGs is the defective glyco-
sylation of glycoproteins due to mutations in genes required
for the biosynthesis of N-glycans. CDG type | is caused by
defects of the assembly of lipid-linked oligosaccharides,
whereas CDG type II is caused by all defects of trimming
and elongating of N-glycans. N-Glycosylation defects are
routinely detected by isoelectric focusing of serum transfer-
rin, which normally carries two-sialylated biantennary N-gly-
cans. The hyposialylated transferrin from CDG patients
shows a cathodic shift, which in CDG-I is due to the loss of
either one or both N-glycans, and in CDG-II is due to the in-
complete processing of protein-bound N-glycans. The molec-
ular nature of nine CDG-1 types and four CDG-II types have
been identified, and several will be described here briefly. By
far the most common type, CDG-Ia (OMIM 212065), is
caused by mutations in the PMM2 gene. This gene encodes a
phosphomannomutase that converts Man-6-phosphate to
Man-1-phosphate. Mutations reduce the size of the GDP-
Man pool and produce insufficient lipid-linked oligosaccha-
ride for full glycosylation. Other type-I CDGs are thought to
be caused by defects in the biosynthesis of lipid-linked
oligosaccharides in different steps.*”? On the other hand,
type-11 CDGs are caused by alterations in the processing of
N-glycans on proteins, as described in the case of CDG-1la
above. CDG-Ilc (OMIM 266265), which is caused by muta-
tions in the Golgi GDP-fucose transporter rather than by mu-
tations in enzymes, results in global fucosylation defects,
profound mental retardation, failure to thrive, recurrent in-
fections, and leukocytosis. CDG-11d has been observed in
only one patient, who showed brain malformation, mental re-
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Table 1. Possible Muscular Dystrophies Caused by Abnormal Glycosylation of a-Dystroglycan

Conditions Gene Protein function
Muscle-eye-brain disease (MEB) POMGnTI O-Mannosy! glycan GlcNActransferase
Fukuyama congenital muscular dystrophy (FCMD) Fukutin Putative glycosyltransferase
Walker—Warburg syndrome (WWS)  (20%) POMTI Putative O-mannosyltransferase
MDCIC and Limb-girdle muscular dystrophy 21 (LGMD?2I) Fukutin-related protein (FKRP) Putative glycosyltransferase
Myodystrophy (myd) mouse Large Putative glycosyltransferase

MEB Wws
! !
POMGNT1 POMT1

StaT GalT

Y

Slaa2-3Galp1-4GlcNACS -2Man-0@r/T tr

y..,

FCMD (fukutin)
MDC1C, LGMD21 (FKRP)
myd {large)

a DG j

Fig. 4. Possible Defects of O-Mannosylglycosylation of a-Dystroglycan
in Muscular Dystrophy

Mutations in POMGnTI, POMTI, fukutin, FKRP and large cause defects in the gly-
cosylation of o-dystroglycan resulting in muscular dystrophy. The substrates of these
putative enzymes, with the exception of POMGnTl, are largely unknown. POMTI is
thought to initiate the biosynthesis of O-mannosyl glycan. It is unclear whether other as
yet uncharacterized forms of muscular dystrophy are caused by defects in galactosyl-
transferases (GalT) and sialyltransferases (SiaT).

tardation, myopathy, and blood clotting defects. This patient
was found to have a 1bp insertion in the 84GalT I gene and
galactosyltransferase activity (galactosylation of N-glycan)
was reduced.”® However, it is unclear whether the patient had
abnormal muscle degeneration or defective glycosylation of
o-dystroglycan. Taken together, the CDG studies indicate
that correct N-glycosylation of proteins is essential for nor-
mal development.

Perspectives In summary, hypoglycosylated o-dystro-

glycan in the muscle membranes of MEB and FCMD pa- -

tients and the myd mouse has greatly reduced affinities for
laminin, neurexin and agrin. This suggests that defective gly-
cosylation of ¢-dystroglycan due to primary genetic defects
of glycosyltransferases is the common denominator of mus-
cle cell degeneration and abnormal brain structure of MEB,
WWS, FCMD, MDCIC patients and the myd mouse (Table
1). In other words, interference in glycosylation of a-dystro-
glycan may lead to a combination of abnormal muscle and
brain phenotypes. However, the substrates of these enzymes,
with the exception of POMGnT]1, are largely unknown (Fig.
4). Identification and characterization of each enzyme will
help to reveal the molecular pathomechanisms of congenital
muscular dystrophies with brain malformation. Hypoglyco-
sylation of o-dystroglycan, a peripheral membrane glycopro-
tein expressed in muscle, brain and other tissues, is a com-
mon feature in these diseases. In the future, o-dystroglycan
may be a potential target of new glycotherapeutic strategies
for muscular dystrophy as well as neuronal migration disor-
der. Future studies may also reveal that presently uncharac-
terized forms of muscular dystrophy are caused by defects
in galactosyltransferases and/or sialyltransferases. A major

challenge will be to integrate the forthcoming structural, cell
biological, and genetic information to understand how a-dy-
stroglycan glycosylation contributes to muscular dystrophy
and neuronal migration disorder.
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Abstract

Fukuyama-type congenital muscular dystrophy (FCMD), Walker-Warburg syndrome
(WWS), and muscle-eye-brain (MEB) disease are clinically similar autosomal recessive
disorders characterized by congenital muscular dystrophy, lissencephaly, and eye
anomalies. We identified the gene for FCMD and MEB, which encodes the fukutin protein
and the protein O-linked mannose Bl, 2-N-acetylglucosaminyltransferase (POMGnT1),
respectively. a-dystroglycan is a key component of the dystrophin-glycoprotein-complex,
providing a tight linkage between the cell and basement membranes by binding laminin via
its carbohydrate residues. Recent studies have revealed that posttranslational modification
of a-dystroglycan is associated with these congenital muscular dystrophies with brain
malformations.

Key Words: Fukuyama congenital muscular dystrophy (FCMD), muscle-eye-brain (MEB)

disecase, fukutin, o-dystroglycan, glycosylation.

Fukuyama-type congenital muscular dystrophy (FCMD)
[10], Walker-Warburg syndrome (WWS) [8], and
muscle-eye-brain (MEB) disease [28] are clinically
similar autosomal recessive disorders characterized by
congenital muscular dystrophy, lissencephaly, and eye
anomalies. FCMD patients survive beyond infancy, and
ocular manifestations are rare and usually mild. Patients
with WWS are severely affected from birth, and few
live beyond infancy. In MEB, the cercbral and ocular
anomalies are severe, but some patients reach
adulthood. While FCMD is frequent only in Japan,
WWS has been found in many different nationalities,
and MEB has been observed mainly in Finland,
although we recently proposed that MEB has a
worldwide distribution including Japan and Korea [31].
Structural defects in the dystrophin-glycoprotein-
complex (DGC) can result in a loss of linkage between
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laminin-2 (merosin) in the extracellular matrix and actin
in the subsarcolemmal cytoskeleton, and this can lead to
various muscular dystrophies [4]. Of these, o-
dystroglycan is a heavily glycosylated mucin-type
glycoprotein on the surface of muscle cells. It is the key
component of the DGC, providing a tight linkage
between the cell and basement membranes by binding
laminin via its carbohydrate residues [5, 9, 18] (Figure
1). a-dystroglycan plays an active role in the basement
membrane assembly itself [15]. Recent studies have
revealed that posttranslational modification of o-
dystroglycan is associated with congenital muscular
dystrophy with brain malformations.

Clinical and Pathological Characteristic of Fukuyama
CMD

FCMD, a relatively common autosomal recessive
disorder in the Japanese population, is characterized by



FCMD and abnormal glycosylation

congenital muscular dystrophy in combination with
cortical ~dysgenesis (micropolygyria) and ocular
abnormality [10]. It is the second most common form of
childhood muscular dystrophy in Japan after Duchenne
muscular dystrophy. Based on the averaged incidence of
3/100,000, one in ~90 persons could be a heterozygous
carrier in Japan.

Patients with FCMD manifest weakness of facial and
limb muscles, and general hypotonia that usually
appears before nine months of age. The joints of
affected individuals usually become contractive at an
earlier stage than those in patients with DMD.
Functional disability is more severe in FCMD patients
than in DMD patients; usually the maximum level of
motor function achieved is sliding while sitting on the
buttocks, and most FCMD patients are never able to
walk. Facial muscle involvement is characteristic.
Patients usually become bedridden before 10 years of
age due to generalized muscle atrophy and joint
contracture, and most of them die by 20 years of age [10].
Another manifestation observed in all cases is severe
mental retardation; IQ scores in most FCMD patients lie
between 30 and 50. Seizures occur in nearly half of the
cases, in association with abnormal EEGs [10]. Further,
eye is also involved. The ophthalmologic lesions
include myopia, cataract, abnormal eye movement, pale
optic disc, retinal round lesion, and retinal detachment [27].
In skeletal muscle, there is a prominent necrotic and
regenerating process, with dense fibrosis from early
infancy. Small fibers are predominant in comparison
with DMD. The most common and characteristic
changes in the central nervous system arc brain
malformations, ~ which  include  micropolygyria,
pachygyria, and agyria of the cerebrum (cobblestone
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Figure 1. Dystrophin-glycoprotein-complex (DGC) and
linkage between laminin-2 (merosin) in the
extracellular  matrix and actin  in  the
subsarcolemmal cytoskeleton. a-dystroglycan is
the key component of the DGC and is modified
by O-linked mannosyl glycan and bind laminin
via its glycan. Similar hypoglycosylation in
FCMD, MEB, and WWS directly abolishes
binding activity of dystroglycan for laminin.
DGC, dystroglycan complex; SGC, sarcoglycan
complex; and STC, syntrophin complex.
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cortex) lacking neuronal lamination of normal six-
layered cortex. The formation of cerebellar foliation is
disrupted, and and beautiful 3-layered structures of the
cerebellar cortes is regionally disorganized. In addition,
focal interhemispheric fusion, fibroglial proliferation of
the leptomeninges, mild to moderate ventricular
dilatation, and hypoplasia of the corticospinal tracts are
also often observed. Brain MRI shows always
pachygyria in the cerebral cortex and transient T2-
weighed high intensity in the white matter; there are
sometimes hypoplasia of the pons and cerebellar cysts.
The high intensity in the white matter is thought to be
due to delayed myelination [10, 27].

Pathological study of brain tissue from FCMD fetuses
revealed frequent breaks in the glia limitans and
basement membrane complex. Because of this break,
developing neurons overmigrate in the cerebrum,
resulting in the failure to form a six-layered cortex [26].
Disruption of the basal lamina in FCMD muscle was
also seen [19]. Thus, structural alteration of the basal
lamina appears to play a key role in the pathophysiology
of FCMD.

Fukutin Gene and Mouse Model

We previously identified on chromosome 9q31 the gene
responsible for FCMD, which encodes a novel 461-
amino-acid protein we have named fukutin [21, 32, 33].
The gene spans more than ~100 kb genomic DNA
region. It is composed of 10 exons [22]. Most FCMD-
bearing chromosomes (87%) have been derived from a
single ancestral founder, who lived 2,000-2,500 years
ago [6] and whose mutation consisted of a 3kb
retrotransposal insertion in the 3’ non-coding region of
the fukutin gene. This insertion results in the reduction
of mRNA. FCMD is the first known human disease to
be caused by an ancient retrotransposal integration [21].
Point mutations have been seen to render the FCMD
phenotype rather severe. Very few FCMD patients [29]
have been identified with non-founder (point) mutations
on both alleles, suggesting that such patients are
embryonic-lethal and that fukutin is essential for normal
development. This may explain why FCMD could occur
only in the Japanese patients who have a milder
retrotransposon mutation {23]. Fukutin is a protein of
461 amino acids with molecular weight of 53.7 kD.
Fukutin is a novel protein and has an N-terminal
hydrophobic region suggesting a signal sequence or a
transmembrane domain.

There are no reported naturally occurring mice carrying
mutations in the fikutin gene. Targeted homozygous
nmiutation of the mouse fiskutin gene [16] in mice leads to
lethality at embryonic day 6.5-7.5, prior to development
of skeletal muscle, cardiac muscle or mature neurons,
suggesting that fukutin is essential for early embryonic
development (Kurahashi er al., unpublished data).
Chimeric mice generated using embryonic stem (ES)
cells targeted for both fikutin alleles develop severe
muscular dystrophy, with the selective deficiency of o-
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dystroglycan and its laminin-binding activity (Figure 2).
In addition, these mice showed laminar disorganization
of the cortical structures in the brain with impaired
laminin assembly, focal interhemispheric fusion, and
hippocampal and cerebellar dysgenesis (Figure 3).
Further, chimeric mice showed anomaly of the lens, loss
of laminar structure in the retina, and retinal
detachment. Injection of fukutin by electroporation
resulted in restoration of a-dystroglycan.

These results indicate that fukutin is necessary for the
maintenance of muscle integrity, cortical histiogenesis,
and normal ocular development and suggest the
functional linkage between fukutin and a-dystroglycan.
These mice are suitable models for studying the
molecular pathogenesis and therapeutic approaches of
the complex disorders consisting of the simultaneous
occurrence of central nervous, ocular, and muscular
abnormalities [30].
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Figure 2. Muscular dystrophic changes in futkutin-deficient chimeric mice. (A)

Abnormal Glycosylation of a-Dystroglycan

At present, the function of fukutin remains unknown,
and the mechanism by which its deficiency causes
defects in multiple organs has not been clarified. In this
respect, it should be noted that sequence analysis
predicts fukutin to be an enzyme that modifies cell-
surface glycoproteins or glycolipids [1].

There are several lines of indirect but significant
evidence to support this. First, it was reported that
highly glycosylated oa-dystroglycan was selectively
deficient in the skeletal muscle of FCMD patients [14].
Second, we have reported that muscle-eye-brain disease
(MEB), an autosomal recessive disorder having skeletal
muscle, eye, and brain defects similar to FCMD, is
caused by mutations in the gene encoding the protein O-
linked mannose B1, 2-N-acetylglucosaminyltransferase
(POMGnT1), which cause the loss of the enzyme
activity [34]. Moreover, we have found the selective
deficiency of a-dystroglycan in the skeletal muscle of
MEB patients [20]. Finally, defective glycosylation of
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HE stained quadriceps muscle of

chimeric mice. Massive necrosis with phagocytosis (asterisk), mononuclear cell infiltration (arrowhead),
basophilic regenerating fibers (arrow), and an increase in connective tissue mass was present at 1 month of
age. At the late stages of 7 to 9 months, a large number of small sized fibers were found to have central nuclei
(arrowhead), while a small number of fibers were undergoing active degeneration (arrow). Scale bar, 1 00 pm.

(B) Immunohistochemical analysis of sarcolemma

I proteins in quadriceps muscle fiom normal (wt) and

chimeric mice. Lam-a2, laminin a2 chain; DG, dystroglycan; Dys, dystrophin; SG, sarcoglycan; Ultr, utrophin.
Selective and scattered deficiency of a-dystroglycan was observed in chimeric mice, while the other proteins
were preserved. Scale bar, 100 ym. (C) Tmmunoblot and laminin blot overlay analyses of quadriceps muscle

from the two normal (wi) and three chimeric mice. o-

dystroglycan immunoreactivity, as well as its laminin-

binding activity, was greatly reduced in chimeric mice, while B-dystroglycan and laminin a2 chain were

preserved. The deficiency of a-dystroglycan revealed

by laminin blot overlay paralleled that revealed by

monoclonal antibody ITH6C4 and was more prominent than that revealed by monoclonal antibody VIA4-1.
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Figure 3. Brain anomalies in fukutin-deficient chimeric
mice. HRP retrograde labeling of cerebral
cortex from normal (A and B) and chimeric (C
and D) mice. In chimeric mice, HRP-labeled
corticospinal neurons were not localized in layer
V but scattered throughout all the depths of the
motor corfex.

a-dystroglycan has also been reported in congenital
muscular dystrophy with secondary meosin deficiency 2
(MDCIC), caused by mutations in the gene encoding
the putative glycosyltransferase named FKRP (fukutin-
related protein) [3] and in myodystrophy (myd) mice, an
animal model of congenital muscular dystrophy, caused
by the mutation in the gene encoding a putative
glycosyltransferase named Large [13], although brain
and eye anomalies are not the hallmarks of MDCIC.
Recently 20% of WWS patients has been found to have
mutations in POMT]I, a putative human counterpart of
yeast O-mannosyltransferase [2] (Figures 1 and 4, Table
1).

Moreover, Michele ef al. showed, in MEB, FCMD, and
myd mice, that o-dystroglycan is expressed at the
muscle membrane, but similar hypoglycosylation in the
discases directly abolishes binding activity of
dystroglycan for the ligands laminin, neurexin, and
agrin [24] (Figure 1). Together with the present results,
these findings suggest that defective glycosylation of o
dystroglycan due to the primary genetic defects of
glycosyltransferases may be the common denominator
causing muscle cell degeneration in these diseases.
Fukutin may be involved in the modification of laminin-
binding carbohydrate residues in a-dystroglycan, and,
in the absence of fukutin, the linkage between laminin
and o-dystroglycan may never be established on the

Siaa2 - 3Galp1 - 4GIcNAcB1 - 2Man - ?E;
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Figure 4. O-mannosyl glycan found in brain, nerve, and
muscle and its synthesis by POMGnTI and

POMTI. Only POMGnTI for MEB has a
demonstrated enzymatic activity.

muscle cell surface. This cenario is also consistent with
the report that chimeric mice lacking skeletal muscle
dystroglycan [7] developed muscular dystrophy similar
to the fukutin-deficient chimeric mice [30].

Finally, the role of dystroglycan in the pathogenesis of
brain and eye defects in FCMD remains unclear. Brain
and/or eye defects similar to those reported here have
recently been observed in mice lacking dystroglycan in
the brain via Cre/loxP-mediated gene inactivation [25]
and in /myd mice, although the retina was apparently
morphologically normal [17]. Interestingly, brain and/or
eye defects similar to those reported here have also been
observed in mice lacking integrin B1 subunit in brain
via Cre/loxP -mediated gene inactivation [12] and in
mice carrying a targeted mutation in the integrin o6
subunit gene [11], respectively. We can envisage that
the defects in dystroglycan have similar consequences
as those caused by integrin deficiency.
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