PERGAMON

Neuromuscular Disorders 14 (2004) 635-649

www.elsevier.com/locate/nmd

Review

The congenital muscular dystrophies in 2004:
a century of exciting progress

Francesco Muntoni®*, Thomas Voit®

“Department of Paediatrics and Neonatal, Dubowitz Neuromuscular Unit, Imperial College School of Medicine, Hammersmith Hospital Campus,
Du Cane Road, London W12 ONN, UK
“Department of Pediatrics and Pediatric Neurology, University Hospital Essen, Hufelandstrasse 55, D-45122 Essen, Germany

Received 18 April 2004; received in revised form 7 June 2004; accepted 8 June 2004

Abstract

The congenital muscular dystrophies are a heterogeneous group of inherited disorders. The clinical features range from severe and often
early fatal disorders to relatively mild conditions compatible with survival into adult life. The recent advances in the genetic basis of
congenital muscular dystrophies have allowed to significantly improve our understanding of their pathogenesis and clinical diversity. These
advances have also allowed to classify these forms according to a combination of clinical features and primary biochemical defects. In this
review we present how the congenital muscular dystrophies field has evolved over the last decade from a clinical and genetic point of view.
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1. Introduction

Congenital muscular dystrophy (CMD) is a common and
clinically heterogenous condition. Firstly described by
Frederick Eustace Batten in 1903 [1], the condition has
been increasingly recognised and approximately 1500
articles on CMD can now be found on Pubmed. A detailed
historical review can be found in Voit and Tomé, 2004 [2].
In the last decade a significant input to the field came from
the activity of the European Neuromuscular Centre CMD
Consortium, which convened eight workshops of which the
proceedings have all been published in Neuromuscular
Disorders [3-9].

There are important regional variations regarding the
occurrence of different CMD variants; in addition, the
clinical features and spectrum of severity are only now
becoming more clear. However, the only detailed epide-
miological figures available regards the North East of Italy,
with incidence and prevalence figures of 4.65X 10> and
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8 X 107, respectively [10]. This suggests that CMD is one of
the most common neuromuscular disorders. This is also the
clinical experience of both authors.

2. Congenital muscular dystrophies: classification

Until recently patients with different CMD variants were
assigned to a specific category on the basis of the main
clinical features and country of origin. More recently,
however the molecular genetic data have indicated that this
approach, while still valid in many respects, has its
limitation when applied to genetic counselling. It is now
well recognized, for example, that virtually all patients with
‘Fukuyama type congenital muscular dystrophy’ (FCMD)
of non-Japanese descent do not have mutations in the
fukutingene and therefore have different conditions. Simi-
larly, allelic mutations of a number of genes give rise to
different ‘clinical’ conditions. The classification of CMD
therefore has to rely on the clinical features of affected
individuals together with the identification of the genetic
and biochemical defects. Ten genes causing specific forms
of CMD have so far been identified; a number of conditions
have also been described which are clinically and
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genetically different from these 10 diseases. This suggests
that the number of CMD variants will be in excess of those
currently recognized, and it is the opinion of the authors that
at least 20 genes responsible for different forms of CMD
will eventually be identified.

3. CMD diseases: towards a biochemical classification

Taking into account the primary genetic defects, one can
recognize the following disease categories:

1. Genes encoding for structural proteins of the basal
membrane or extracellular matrix of the skeletal muscle
fibres. This includes collagen 6 genes, laminin o2 chain
and integrin o7.

2. Genes encoding for putative or demonstrated glycosyl-
transferases, that in turn affect the glycosylation of
dystroglycan, an external membrane protein of the basal
membrane. Genes belonging to this category include
POMTI; POMGnTI; fukutin; fukutin-related protein
(FKRP); Large.

3. Selenoprotein 1, which encodes an ER protein of
unknown function.

Table 1 summarises the genes involved in the known
forms of CMD together with their main clinical features,

while Fig. 1 shows the schematic location of number of
these proteins in the extracellular matrix.

3.1. Genes encoding for structural proteins of the basal
membrane or extracellular matrix of the skeletal muscle

fibres

Two of the three variants belonging to this group, namely
CMD with laminin o2 deficiency and the variant with
collagen VI deficiency are amongst the most common forms
of CMD.

3.1.1. Congenital muscular dystrophy with laminin «2
deficiency (also known as merosin-deficient CMD; or
MDCIA)

Primary deficiency of laminin a2 accounts for ~30-40%
of all patients with CMD although regional variations do
occur. Initially identified by Tomé et al. [11], this variant
was called the classical, occidental type CMD, or merosin-
deficient CMD. The latter name indicated the deficiency of
the trimer formed by the combined expression of laminin
@2, laminin B1 and laminin y1. Subsequent studies localized
the disorder to the region of the LAMA2 gene on
chromosome 6q2 [12], and mutations in the corresponding
gene were identified shortly after [13].

Table 1

Genetically recognized forms of CMD

Protein category Disease Abbreviation Gene symbol Gene Protein Serum CK
location

Extracellular matrix Merosin deficient MDCI1A LAMA2 6q2 laminin o2 ™

proteins CMD

Ullrich syndrome UCMD1 COL 6Al 21q2 Collagen VI =1

(1,2,3) UCMD2 COL 6A2 21q2 collagen VI

UCMD3 COL 6A3 2q3 collagen VI
Integrin ITGA7 12q Integrin a7 =
a7deficiency
Glycosyltrans- Walker Warburg WWS POMT1 9q34 Protein-O-manno- T
ferases (variants syndrome syltransferase
with abnormal gly-
cosylation of a-dys-
troglycan)

Muscle-eye-brain MEB POMGnT1 1p3 O-linked mannose Tt
beta 1,2-N-acetyl-
glucosaminyltrans-
ferase

Fukuyama CMD FCMD FCMD 9q3 Fukutin T

CMD + secondary MCD1B ? 1q4 ? ™

merosin deficiency 1

CMD + secondary MCDIC FKRP 19 Fukutin related pro- T

merosin deficiency 2 tein

CMD with mental MDCI1D LARGE 22q Large N

retardation and

pachygyria

Proteins of the Rigid spine syn- RSMDI1 SEPN1 1p3 Selenoprotein N, 1 =1
endoplasmic reticu- drome
lum

=, normal; 1, mildly elevated; 1 1, moderately elevated; 11 1, severely elevated.
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Fig. 1. This figure summarises the location of a number of proteins described in this article. In particular a-dystroglycan, laminin o2, the integrin complex and

collagen VI can be visualised.

Laminin is an abundant protein in the extracellular
matrix and takes the form of a cross-shaped heterotrimer
through the association of an a, 8 and vy chain, each of which
are encoded by separate genes [14]. To date five o (a.1-a5)
chains, three B (B1-B3) chains and three y (y1-y3) chains
have been identified [15]. The predominant forms expressed
in skeletal muscle are laminin-2 (22—B1-y1, also known as
merosin) and laminin-4 (a2—B2—y1). Despite the original
name of ‘merosin deficient CMD*, both laminin-2 and 4 are
affected by mutations in the LAMA?2 chain gene; this
condition is now also known as MDCI1A.

Laminins are secreted into the extracellular matrix and
bind to a number of other macromolecules such as nidogen,
agrin, and collagen IV in the extracellular matrix, and to the
two main transmembrane laminin receptors, dystroglycan
and integrins. The main action of laminins is the cell-cell
recognition, differentiation, cell shape, movement, trans-
mission of force, and tissue survival [16,17]. Laminin-2 is
expressed in the striated muscle basement membrane as well
as in the basal lamina of the cerebral blood vessels, in the
developing white matter tracts and Schwann cells.

3.1.1.1. Clinical features of MDCIA. Children affected by
MDC1A invariably present at birth or in the first few months
of life with hypotonia and weakness; respiratory and feeding

problems can also be present although not so severe to
require the need for ventilatory support at birth [18].
Contractures can occur, but severe arthrogryposis is rare.
Prominence of the calves can be observed in the early
phases of the disorder, but the phenotype is more commonly
an atrophic one. Weakness affects the limbs more
proximally than distally, and axial muscles are severely
affected as well. Limited ocular movements resulting in
partial external ophthalmoplegia can be observed in the later
stages [19].

The maximal motor ability is only sitting unsupported,;
often children can stand with some form of support but only
rarely walk with support. In the personal series of the
authors, only two of 46 cases with total laminin a2 chain
deficiency achieved independent standing and limited
ambulation that was eventually lost following the develop-
ment of a progressive scoliosis. Muscle power does not
change significantly in most cases; however, clear pro-
gression of weakness can be occasionally documented.
Increased flexion deformity at the hips, knees, elbows and
ankles, followed by rigidity and scoliosis of the spine occur
almost invariably. In view of the severe phenotype,
conservative management is usually preferred to orthopae-
dic procedures and spinal surgery is often not a realistic
option for these children.
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Frequent complications in MDCI1A include respiratory
failure, feeding problems and failure to thrive [20]. With
regard to respiratory function, an invariable complication is
severe restrictive respiratory syndrome. Nocturnal hypo-
ventilation occurs at ages ranging from 5 to early teens.
Treatment with night-time non-invasive positive pressure
ventilation delivered by facemask resolves these symptoms
and affects the long-term prognosis of this condition.

The failure to thrive, common in MDCIA, is
accompanied by increased risk of aspiration pneumonias.
Early speech and language and dietician input is indicated;
gastrostomy should be considered in children who are
failing to thrive or have uncoordinated/unsafe swallow [20].
Cardiac failure is rare in MDCI1A [21], but a proportion of
cases have a mild to moderate left ventricular hypokinesia
[22].

3.1.1.2. Central and peripheral nervous systems involve-
ment. In the human brain, laminin o2 is expressed in the
basement membrane of blood vessels including the
capillaries that form the blood-brain barrier [23]; on
the brain surface, laminin o2 is expressed in the glia
limitans suggesting a role in the guidance of neuronal
migration; in addition, laminin o2 expression has been
observed along developing axon tracts, where it interacts
with B1 integrin and might have a role in myelin membrane
formation in oligodendrocytes [24]. Brain magnetic reson-
ance imaging (MRI) studies invariably show white matter
changes in patients with MDC1A after the age of 6 months.
These changes can be demonstrated as increased signal
intensity of white matter on T,-weighted MRI [25] (Fig. 2A)
and are diffuse, although they spare the internal capsule,
corpus callosum, basal ganglia, thalami, and cerebellum.
Using fast-spin echo MRI sequence, these changes can be
demonstrated already at birth. To date, no patient with
mutation-proven complete laminin a2 deficiency and
normal white matter after age of 6 months has been
reported. Brain MRI represents therefore a powerful tool in
the study of patients with this form of CMD. In addition to
the white matter abnormalities, structural brain changes
have been reported in some patients with complete or
mutation-proven partial laminin «2 deficiency. These
included occipital polymicrogyria/agyria, and hypoplasia
of pons and/or cerebellum [26,27]. Whenever present
(~5% of cases), occipital agyria is associated with mental
retardation (cognitive function is otherwise normal in
MDCI1A) and epilepsy. This latter is a frequent compli-
cation of MDC1A and in the experience of the authors it can
affect up to 30% of cases [28].

Visual function is normal. Electrophysiological studies
have however shown that visual and somatosensory evoked
responses are usually abnormal in MDC1A [29].

Children with MDC1A have a motor demyelinating
neuropathy; sensory nerve function is unaffected in young
children [30], but involvement of these nerves can be
demonstrated in older patients.

3.1.1.3. The LAMA2 gene: genotype—phenotype corre-
lations. The LAMA2 gene is composed of 64 exons. The
resulting protein is structurally organized into six domains:
the N-terminal domain VI participates in polymerization
and is important for integrin binding [31]; domains V, IlIb
and IIla contain cystein-rich EGF-like repeats resulting in
rigid, rod-like structure; domain III is important for
entactin/nidogen binding; domains Vb and IVa are pre-
dicted to form globular structures while the laminin long
arm binds to agrin [32]. The coiled-coil forming domains II
and I are important for the assembly of the heterotrimer,
while the C-terminal end is formed by the G-domain,
composed of five globular LG-modules which are important
for binding cell-surface receptors. In particular, the LG-
domains 1-3 and 4-5 bind to a-dystroglycan, and this
binding is also important for the induction of AChR
clustering. In addition, the LG 4-5 modules are required
for basement membrane assembly [33] (Fig. 1).

A wide spectrum of mutations including stop, missense,
non-sense, splice and deletion mutations of the LAMA?Z2 gene
spread over the entire length of the gene and leading to
complete or partial laminin a2 deficiency has been reported
(reviewed in Ref. [37]). Mutations precluding the synthesis
of domains I and II, and/or of the G-domain typically result
in severe phenotype. The correlation between phenotype
and genotype is however complex for mutations that occur
outside these areas and in some instances lead to a severe
phenotype even in patients with mutations that allow the
expression of relatively high level of protein. Prenatal
diagnosis is available following molecular genetic studies
and the immunostaining of the trophoblast, a tissue which
also expresses laminin a2 chain (reviewed in Refs. [38,39]).

3.1.1.4. Pathological diagnosis and differential diagnosis of
MDCIA. Absence of laminin a2 from skeletal muscle gives
rise to a typical dystrophic picture with massive muscle fiber
necrosis and regeneration combined with endo- and
perimyseal fibrosis that can be detected already immediately
after birth [11]. Prominent inflammatory infiltrate can lead
to the erroneous diagnosis of congenital inflammatory
myopathy [40]. From a diagnostic point of view, it is
essential to use multiple antibodies directed against different
portions of laminin a2 especially in cases in whom residual
expression of the protein is found [41,42]. In patients with
complete laminin o2 deficiency, a concomitant marked
reduction of a-dystroglycan, and of laminin 32 and integrin
a7 is observed. The laminin heavy chains a4 and o5 are
characteristically overexpressed [34,36], while the light
chains 1 and y1 as well as B-dystroglycan are expressed at
normal levels [34,35].

Laminin o2 is also expressed at the junction of the dermis
and epidermis in skin, and its expression in this tissue can
therefore be used for diagnostic purposes [43].

In cases with partial deficiency of laminin o2 (see
below), variable combinations of antibody staining can be
observed [41,42] and this can help to assign one individual
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Fig. 2. (A) Typical white matter changes observed in MDC1A. The corpus callosum and the cerebellum are spared. (B) Typical ‘cobblestone’ complex, seen in
FCMD; MEB; MDC1D and some patients with MDCI1C. The brainstem is flattened (white arrow, top left panel), cerebellar cysts are present (black arrows, top
panel central and right). The cortical folding in the frontal and parietal areas is abnormal because of thickened cortex (arrows, bottom panels).

patient to a primary laminin o2 deficiency. In some patients
however it can be difficult to distinguish the pattern of a
partial primary deficiency from the secondary reduction
observed in conditions due to mutations in glycosyltrans-
ferases (see below). A combined study of dystroglycan
expression using antibodies against the core protein and the
glycosylated epitopes is essential in these cases, also
followed by Western blot analysis of o-dystroglycan. It
should also be noted that abnormal expression of laminin a2
on Western blots occurs also in patients with fukutin-
related-protein gene defects who also show partial

immunocytochemical reduction of o-dystroglycan and
laminin o2 [44,45]. Similar secondary changes in laminin
a2 chain expression can be found also in MEB, Walker
Warburg syndrome (WWS) and FCMD. It is therefore of
critical importance for reaching a diagnosis in patients with
partial laminin o2 reduction to integrate clinical (brain
imaging; peripheral nerve electrophysiology) and molecular
data into the diagnostic approach.

3.1.1.5. Clinical variant of MDCIA: partial (primary)
laminin «2 deficiency. In rare patients allelic milder
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mutations of the laminin 2 chain gene result in partially
preserved expression of laminin «2 and in clinically milder
phenotypes [28,46,47]. The spectrum varies from milder
variants of CMD (with ability to acquire independent
ambulation) to a limb girdle muscular dystrophy. The
typical involvement of the central nervous system is a
helpful clinical hint that allows to suspect this condition. As
also observed in MDCI1A, epilepsy is a common compli-
cation of patients even if mildly affected from a skeletal
muscle point of view. In addition mildly reduced nerve
conduction velocities can also be documented in these
patients; CK levels are elevated (3-30X). A small
proportion of patients with partial laminin a2 deficiency
follows a severe course, indistinguishable from complete
deficiency. The reason for this is likely related to the
involvement of a crucial portion of the laminin molecule
that results in the production of a non-functional protein.

3.1.2. Ullrich congenital muscular dystrophy

This is probably the second most common variant of
CMD. Originally described in 1930, the classical features of
Ullrich congenital muscular dystrophy (UCMD) are rep-
resented by the combination of congenital contractures of
the proximal joints, torticollis, kyphoscoliosis associated
with hyperelasticity of the distal joints [48]. Normal
intelligence and respiratory failure are also integral features.

3.1.2.1. Clinical features of UCMD. Typical features of
UCMD patient are presentation in the neonatal period with
muscle hypotonia, kyphosis of the spine, frequently combined
with proximal joint contractures, torticollis, and hip dislo-
cation. At the same time the distal joints show striking
hyperlaxity with extended talipes and protruding calcaneus;
however, hyperlaxity may be absent in severe cases. The
spinal kyphosis and the proximal contractures can be transient
or at least improve under physiotherapy. Contractures tend
however to recur and eventually affect also the previously lax
ankles, wrists and fingers; particularly severe (as in Bethlem
myopathy) are the long finger flexion contractures. Maximum
motor function is very variable. Some patients never walk
whereas others achieve ambulation in time or with delay up to
the fourth year. Progressive functional difficulties mostly
secondary to increased contractures leading to loss of
ambulation after a period of independence are common.
Many patients have a characteristic facial appearance with a
rounded face with slight drooping of the lower lid and
prominent ears. The skin typically shows follicular hyperker-
atosis, a sign already noted by Ullrich. Additional more
uncommon features are cheloid formation and a softer
consistency of the skin in the palms and soles. Scoliosis that
may require surgical correction is a common complication.
Ventilatory insufficiency almost invariably develops in the
first or second decade.

3.1.2.2. The collagen six genes in UCMD. Collagen VI is a
ubiquitously expressed extracellular matrix protein

composed of three chains, al, o2, and o3, that form a
monomer made up of two globular domains connected by a
triple helical structure. Prior to secretion into the extra-
cellular space, the three chains assemble in the cytoplasm
into antiparallel dimers which associate laterally into
tetramers [49]. These associate end to end to form a
microfibrillar network that interacts with the fibronectin
network, biglycan and collagen 4 (Fig. 1).

The three chains are encoded by the genes COL6A I and
COL6A2 on chromosome 21q22.3 and COL6A3 on
chromosome 2q37. Mutations in the COL6A2 gene leading
to UCMD were first reported in 2001 [50].

The spectrum of the clinical phenotype in patients with
recessive mutations in the COL6A genes is rapidly
expanding. In addition to the typical phenotype including
congenital kyphosis, torticollis, proximal contractures, and
distal hyperlaxity, followed by delayed motor development
and later respiratory compromise, milder patients who did
not have neonatal contractures and showed normal motor
milestones have now been reported. At the other end of the
spectrum, clearly there are patients in whom the distal laxity
is absent.

Collagen VI (ColVI) staining of the muscle biopsy is a
useful diagnostic tool for UCMD; however, the changes in
some patients with COL6A gene mutations can be very
subtle, and minimal reduction of the protein can therefore be
significant but difficult to appreciate. While there is no
straightforward correlation between protein levels and
phenotype, cases with completely absent protein are
severely affected. On the other hand, cases with minimal
reduction can be mildly or severely affected. When ColVI
expression was variably reduced, skeletal muscle showed a
most prominent loss in the basal lamina [51], whereas
labelling of the connective tissue, basal lamina of capillaries
and vessels was normal or almost normal. It is therefore
possible that in some patients the changes in ColVI
expression could be so subtle to escape detection. This
obviously complicates the diagnostic process as the
identification of mutations in the COL6A genes is not a
trivial task (see below). ColVI is also expressed in skin
where staining can be decreased in the papillary dermis and
around skin hair follicles.

Fibroblast cultures have been used to study the molecular
mechanisms of ColVI reduction. A number of mutations
lead to non-sense-mediated mRNA decay of the affected o
chain and thereby precluded correct assembly and secretion
of ColVI tetramers, while others resulted in reduced
secretion of abnormal monomers that could not properly
assemble into dimers and tetramers and formed abnormal
microfibrillar networks. Parents carrying a recessive
mutation showed reduction of the corresponding RNA
levels but in vitro long-term matrix deposition of ColVI was
normal [49]. Recent data suggest that ‘severe’ dominant
mutations can result in dimer formation and secretion of
abnormal tetramers which exert a strong dominant negative
effect on microfibrillar assembly. This lead to a loss of
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normal localization of collagen VI in the basement
membrane and eventually resulted in a severe phenotype
[52]. This information is very important when providing
genetic counseling to individuals with ‘UCMD’ phenotype,
as clearly dominant and recessive mutations can both result
in a UCMD phenotype.

Studies on muscle fibers from a Col6al knock out mouse
model revealed reduced contractile force and disturbed
intracellular calcium homeostasis. More recently, Col6al-/
- muscles were shown to have a loss of contractile strength
associated with ultrastructural alterations of sarcoplasmic
reticulum and mitochondria and spontaneous apoptosis.
This was secondary to abnormal activation of the mito-
chondrial permeability transition pore which could be
rescued following administration of cyclosporin A (CsA)
[53]. These findings therefore link a defect of the
extracellular matrix to a mitochondrial dysfunction fol-
lowed by apoptosis which is preventable using cyclosporin.
This observation can now be exploited for therapeutic
intervention.

3.1.2.3. Muscle pathology in UCMD. Skeletal muscle
pathology in UCMD ranges from mildly myopathic to
overtly dystrophic with increased variation of fiber size,
some necrotic fibers and prominent endo- and perimysial
fibrosis and adipose tissue substitution. A reduced or absent
Col6 labelling suggests a diagnosis of UCMD. However,
this has recently been reported in patients with no mutations
in the COL6 genes, suggesting a secondary down-regulation
of this protein in some other conditions [54]. Subtle
deficiencies of collagen VI characterise some patients with
UCMD; in particular the link between the collagen VI fibrils
and the basal lamina can be lost [54]. Perlecan, collagen IV
and laminin o2 expression is normal.

3.1.2.4. Differential diagnosis of UCMD. While the
recognition of the typical phenotype in a young child with
all the associated clinical features is straightforward, older
patients who are severely weak and ventilated might share
features with patients with rigid spine syndrome. Muscle
MRI can help in the differential diagnosis [55].

The clinical overlap with Bethlem myopathy has been
already highlighted; another condition that shares some
clinical features with UCMD is central core disease, in
which very significant distal laxity can be present. The lack
of diaphragmatic weakness and skin involvement helps to
suspect CCD. Finally, we and others have identified a
number of families with evocative features of UCMD in
whom however the collagen VI expression was normal.
Mild mental retardation complicated the clinical picture in
some of these patients and linkage analysis excluded the
involvement of the collagen VI gene in the informative
families [8]. This likely represents and entirely different and
novel disorder.

3.1.3. Integrin a7 deficiency

Integrins are heterodimeric transmembrane glyco-
proteins consisting of an « and a  chain. Integrin o7p1 is
a major laminin a2 receptor in skeletal myotubes and
mature myofibers. Integrin o731 expression and localiz-
ation is laminin o2-dependent [56] (Fig. 1). Primary
deficiency of integrin o7 appears to be an exceptionally
rare form of CMD. So far only three patients with normal
laminin o2 but absent integrin a7 were found to carry
causative mutation in the integrin a7 gene [57,58].
Clinically, these patients rather suffered from a mild
congenital myopathy with delayed motor milestones, and
muscle biopsies only showed mild variation of fibre size.
The direct diagnosis of integrin a7 deficiency from
immunostaining is hampered by the developmental regu-
lation and interindividual variation seen especially in the
first two years of life where integrin o7 expression as
detected with the available antibodies is frequently low.
From these studies it can be concluded that integrin o7
remains a candidate for causing a probably very rare form of
CMD or congenital myopathy but the nosological place of
this disorder remains to be further characterised.

3.2. Disorders of O-glycosylation/a-dystroglycanopathies

Five conditions belonging to this group have been
identified so far; they are characterised by mutations in
proven or putative glycosyltransferases and all share an
abnormally glycosylated dystroglycan. This finding is likely
to be central to the muscle pathology that characterises these
variants. There is good evidence to suggest that a similar
pathological process is also responsible for the structural
brain and eye involvement seen in these forms. o and
B-dystroglycan are encoded by a single gene DAGI, which
undergoes post-translational cleavage to give rise to two
glycoproteins which are tightly associated via non-covalent
interactions [59]. The primary sequence of a-dystroglycan
predicts a molecular mass of 72 kDa. However, the mass of
a-dystroglycan in skeletal muscle is 156 kDa, while in brain
and peripheral nerve it is 120 kDa. This is the result of tissue
specific patterns of post-translational modification which
this protein undergoes. Whilst dystroglycan contains four
potential N-linked glycosylation sites (three of which are in
B-dystroglycan and one in o-dystroglycan), it is the
O-linked glycosylation that makes the major contribution
to the observed molecular weight [60]. Multiple O-linked
glycosylation sites are located in the serine—threonine-rich
‘mucin’ domain of a-dystroglycan. B-Dystroglycan inter-
acts with the C terminal region of a-dystroglycan at the
membrane periphery and dystrophin, utrophin, caveolin,
actin and Grb2 in the cytoplasm, thereby linking the
extracellular matrix with cytoplasmic and signalling
components of the muscle fibre [61] (Fig. 1).

Dystroglycan is essential for basement membrane
formation and its complete disruption in mice is embry-
onically lethal as a result of the failure to form the basement
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membrane (Reichert’s membrane) that separates the embryo
from the maternal circulation. Conditional mutagenesis
resulting in striated muscle-specific disruption leads to loss
of the dystrophin—glycoprotein complex and muscular
dystrophy in mouse [62]. Similar brain-specific disruption
perturbs the glia limitans with consequent overmigration of
the neurons into the subarachnoid space resulting in loss of
cortical layering like in human type II (or cobblestone)
lissencephaly [63]. An example of the cobblestone complex
can be found in Fig. 2B. The targeted mutations of
dystroglycan therefore recapitulate to some extent the
pathological events observed in the CMD variants which
belong to this category, namely WWS, muscle-eye-brain
disease (MEB), FCMD, congenital muscular dystrophy 1C
(MDCI1C) and 1D (MDCID). All these conditions are
collectively referred to as a-dystroglycanopathies.

In addition, a growing number of CMD syndromes also
appear to be characterised by loss of glycosylated
a-dystroglycan. While it is very likely that also these
CMD variants are secondary to proteins involved in the
glycosylation of a-dystroglycan, this is at the moment
speculative. For this reason we have grouped these forms in
Section 4, as forms ‘in search of a genetic defect’.

In the sections below we will briefly describe the main
clinical features of the five different diseases; at the same
time we will also highlight how these five conditions are
essentially linked by an identical pathogenetic process (i.e.
the hypoglycosylation of a-dystroglycan) and that allelic
mutations of several of these genes can result in different
syndromes, as a result of the severity of the mutation and the
resulting hypoglycosylation of a-dystroglycan [64].

3.2.1. Fukuyama congenital muscular dystrophy

FCMD was first described by Yukio Fukuyama from
Japan in 1960 [65]. The disorder is particularly frequent in
Japan where it represents the second most common form of
muscular dystrophy after Duchenne dystrophy. The mole-
cular basis for the high frequency of FCMD in Japan is
secondary to a founder mutation that will be described
below.

3.2.1.1. Clinical features of FCMD. The classical picture of
a child with FCMD is the combination of generalized
muscle weakness, severe brain involvement with mental
retardation, frequent occurrence of seizures and abnormal
eye function. First symptoms may occur in utero with poor
fetal movements or at birth where asphyxia is not
uncommon. Severe arthrogryposis is however unusual.
Functional improvement is frequently observed and most
patients achieve standing with support and occasionally are
able to take a few steps with support between the age of
2 and 8 years. Enlargement of the calves, quadriceps
muscles and tongue is common. Progressive weakness then
develops and respiratory failure in the middle—late teens is
an invariable complication.

The life expectancy averages about 15 years but survival
into the mid 1920s is becoming increasingly possible [66].

Progressive contractures including hips, ankles and
knees are an early feature and scoliosis commonly follows
the loss of independent sitting after 9 years of age.

Rare more severely affected individuals might only sit
with support and cannot control their head. Severe weakness
is usually combined with profound mental retardation, and
these patients typically do not speak meaningful words,
whereas the majority learn to speak short sentences and may
even become able to read and write a few characters. Most
patients develop seizures before 3 years of age.

Cardiac involvement (dilated cardiomyopathy) is almost
invariable and typically develops in the second decade of
life.

About 50% of the classical FCMD cases show signs of
ocular involvement ranging from abnormal eye movements,
poor visual pursuit, and strabismus to severe myopia,
hyperopia, or cataracts. At the more severe end of the
spectrum however there can be retinal detachment and
microphthalmos.

The brain changes in FCMD are broadly speaking similar
to those in other forms of a-dystroglycanopathy. These are
collectively recognised as part of the type II lissencephaly
spectrum which encompasses the ‘cobblestone’ polymicro-
gyria—pachygyria on one end and the complete agyria on the
other. The regular layering of the cerebral cortex is
perturbed or lost, and overmigration of neurons beyond
the glia limitans into the leptomeninges develops during
early fetal life. Hemispheric fusion can be observed;
obstructive hydrocephalus is rare and only few patients
require shunting. The cerebellum shows cystic lesions under
the cerebellar cortex containing granular cells and mesench-
ymal tissue. In addition brain MRI typically shows a
transient delay of myelination that tends to gradually
diminish with age.

3.2.1.2. The fukutin gene. FCMD is caused by mutations of
the fukutin gene on chromosome 9q31 [67]. Its protein
product, fukutin, has sequence homologies with bacterial
glycosyltransferase, but its precise function is unknown.

A retrotransposal insertion into the 3’ UTR of fukutin
mRNA accounts for 87% of FCMD chromosomes and is
considered to be a relatively mild mutation as it only
partially reduces the stability of the full length mRNA. In
keeping with this interpretation, combined heterozygotes
between this mutation and deletions or non-sense mutations
have a more severe phenotype than individuals homozygous
for the retrotransposon. While targeted inactivating
mutations of both alleles in the mouse are not compatible
with life, recently two patients with functional null
mutations in a homozygous state were identified. Interest-
ingly, they both had a more severe WWS-like phenotype
indicating that complete loss of fukutin function is
compatible with life in the human [68,69].
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3.2.1.3. Pathological studies. Various abnormalities of
proteins of the plasma membrane and extracellular matrix
had been described over the years in FCMD. In particular
laminin a2 and several proteins of the dystrophin-associated
glycoprotein complex were found to be abnormal in FCMD
muscle. Following the suggestion that fukutin was a
glycoslytransferase, Hayashi et al. demonstrated a complete
loss of glycosylated a-dystroglycan from FCMD muscle,
identifying the involvement of this molecule as a possible
substrate for the deficiency of a putative glycolsytransferase
[70].

In addition abnormally glycosylated a-dystroglycan in
FCMD has lost most of its laminin a2, neurexin and agrin
binding abilities [63]. Electron microscopy confirms a
disruption of the muscle fiber basal lamina. The brains of
FCMD fetuses characteristically show breaches in the glia
limitans—basal lamina. The glia limitans is formed by the
endfeet of astrocytes, and in situ hybridisation and
immunohistochemical analyses suggest that fukutin is
normally expressed in both fetal and adult glial cells
(some of which are astrocytes) in addition to neurons [71].
A similar pattern of abnormal neuronal migration was
observed in mice with a brain-specific disruption of
a-dystroglycan [72] suggesting that impaired dystroglycan
function plays a significant role in the central nervous
system manifestation of FCMD. One recent pathological
study in FCMD additionally reported an abnormal
migration of neurones intermingled in the pontomedullary
region and ventrolateral pontine surface in the brainstem,
suggesting a disruption of both radial and tangential
neuronal migration [73].

3.2.2. Muscle-eye-brain disease

MEB is a form of CMD of similar severity to FCMD
and is characterised by eye involvement (congenital myopia
and glaucoma, retinal hypoplasia), mental retardation and
structural brain involvement (pachygyria, flat brainstem and
cerebellar hypoplasia). MEB was first described as a
separate entity by Pirkko Santavuori and colleagues in
Finland in 1977 [74]. The recent identification of the
primary genetic defect allowed to identify also MEB cases
outside Finland and to broaden the clinical spectrum of the
condition.

3.2.2.1. Clinical features. The severity of MEB varies and
can be broadly correlated with the molecular genetic defect.
Typically, MEB patients present in the neonatal period with
profound muscle hypotonia, and poor visual alertness.
Patients at the severe end of the spectrum remain bedridden,
never achieve sitting, head control, visual contact. These
patients may die during the first years of life. Moderately
affected patients usually show high myopia, but have some
preserved vision enabling them to establish contact. Their
maximum motor ability is to sit unsupported, and
occasionally speak a few words. Muscle enlargement can
be present. Patients at the milder end of the spectrum may

acquire ambulation for a number of years. Often their
functional abilities are more impaired by the coexistence of
spasticity and ataxia than muscle weakness. Vision is
preserved in these patients and limited verbal communi-
cation skills possible. Epilepsy is a common complication of
MEB. Long-term survival is similar to FCMD, and 85% of
the Finnish patients reach adulthood.

The eye involvement is more severe than in FCMD.
Typical features are a high myopia, retinal dysplasia,
persistent hyperplastic primary vitreous, glaucoma and
cataracts. Later on, progressive high myopia may lead to
retinal detachment. Giant amplitudes (> 50 pV) on visual
evoked potentials are typically present in MEB patients but
this is not an invariable feature.

The severity of the central nervous system involvement
varies and more recently has been correlated with the
genotype (see below). Patients at the severe end of the
spectrum have the pachygyria/polymicrogyria/agyria com-
plex and show a nodular, ‘cobblestone’ surface at
anatomical inspection [75]. Other features are partial
absence of the corpus callosum, hypoplasia of the pyramidal
tracts and obstructive hydrocephalus requiring a shunt. On
the other hand, patients at the milder end of the spectrum
may only show flattening of the brainstem and cerebellar
changes including vermis hypoplasia and cerebellar cysts.
These changes of the posterior fossa are typically associated
with transient dysmyelination; the frontal cortex might
show pachygyric changes.

3.2.2.2. The POMGnTIl gene and protein. The gene
responsible for MEB is the glycosyltransferase O-mannose
B-1,2-N-acetylglucosaminyltransferase (POMGnTI) which
catalyzes the transfer of N-acetylglucosamine to O-mannose
of glycoproteins, including dystroglycan [76]. Recently, the
group of Toda reported a number of novel POMGnT1
mutations in patients of both Japanese and Korean origin,
suggesting that MEB has a wider demographical prevalence
than originally appreciated [77]. Mutations identified
included a combination of missense, non-sense and
frameshifting mutations and a more severe phenotype of
patients carrying mutations towards the 5’ of the gene
compared to those located towards the 3’. This has led to a
degree of diagnostic confusion with WWS in a few of the
most severe cases. Patients with the most common mutation
were found to have reduced POMGnT1 activity [76], this
has since been confirmed by the group of Endo who
analysed an additional 13 POMGnTI mutations [78]. A
comparable reduction in skeletal muscle POMGnT1
enzymatic activity has also been reported in four patients
with MEB who carried either missense or other mutations
resulting in loss of the open reading frame [79]. These
authors have therefore proposed that POMGnT1 activity of
muscle biopsies be used as a screening procedure for MEB.

Protein studies on MEB muscle from these patients
documented dramatic loss of muscle a-dystroglycan
expression indicating that POMGnTI plays an essential
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role in o-dystroglycan glycosylation [80]. In addition the
loss of glycosylated o-dystroglycan, but preserved
expression of core a-dystroglycan together with a loss of
laminin o-2 binding capacity was demonstrated in MEB
muscle [63].

3.2.3. Walker-Warburg syndrome

WWS is the most severe o-dystroglycanopathy and
associated with a life expectancy of less than 3 years. It is a
recessive disorder described for the first time in 1942 [81]
although the full delineation of the syndrome was completed
later on [82]. Characteristic features are CMD in combi-
nation with type II lissencephaly and retinal malformation.
While originally considered to be a genetically homo-
geneous condition, recent genetic data indicate a surpris-
ingly high degree of genetic heterogeneity. So far three
genes (the POMTI; fukutin and FKRP gene) have been
implicated in WWS, but they account for only a minority of
cases. This finding, and the observation that abnormal
a-dystroglycan also characterises the cases still in search of
a primary genetic defect, suggests that the WWS phenotype
may represent the severe phenotypic spectrum of mutations
affecting genes that are involved in the process of
a-dystroglycan glycosylation.

3.2.3.1. Clinical features of WWS. WWS is an extremely
severe condition. Characteristic features are encephaloceles
and severe hydrocephalus often already detected prenatally.
The brain shows complete type II lissencephaly/agyria,
combined with pontocerebellar hypoplasia [83]. Obstructive
hydrocephalus complicates the clinical picture in a number
of cases. In addition to the marked weakness, immobility in
WWS patients is compounded by virtual absence of the
pyramidal tracts. Severe feeding difficulties are invariable
and tube or gastrostomy feeding is required. Additional
features are blindness which results from both anterior and
posterior chamber eye malformations, and genital
anomalies in males. Muscle bulk is usually very reduced,
and contractures may already be present at birth or develop
rapidly thereafter. Histopathological features of muscular
dystrophy may already be present at birth but in a few cases
these changes were subtle and only became evident after a
few month of life.

Unilateral or bilateral microphthalmia is common and
the optic nerves are often hypoplastic or absent. Ocular
colobomas usually involving the retina can be present and
other retinal changes include retinal detachment. Anterior
chamber malformations include cataracts, iris malformation
or hypoplasia, and congenital or infantile glaucoma
secondary to an abnormal anterior chamber angle.

On MRI the brain shows complete or near-complete
absence of gyration and widespread, confluent white matter
changes. The corpus callosum is usually absent and partial
fusion of cerebral hemispheres is common. The cerebral
cortical mantle is thin, with or without associated widening
of the lateral ventricles. Severe atrophy of the cerebellar

vermis and hemispheres and a flattened aspect of the pons
and brainstem are invariable. Arachnoid cysts are common,
particularly also in the posterior fossa, where meningo- or
encephaloceles can be found.

Pathological studies confirm the cobblestone type of
lissencephaly, complete loss of cortical layering
accompanied by a markedly abnormal vascular architecture
both on the surface of the brain and in the cortex.

3.2.3.2. The POMTI gene and protein. Mutations in the
O-mannosyltransferase 1 (POMT1) were recently identified
in a relatively small proportion (6/30) of a well-character-
ized cohort of patients with WWS suggesting genetic
heterogeneity [84]. POMT1 catalyses the first step in
O-mannosyl glycan synthesis [85]. A second putative
O-mannosyltransferase, POMT2, shows an expression
pattern in adults that overlaps with POMTI1. While no
mutations in the POMT?2 gene have as yet been identified in
WWS or any other disorder [9,84,85], recent data indicate
that both POMT1 and POMT2 form a complex which
confers the enzymatic O-mannosyltransferase activity [86].
a-Dystroglycan immunolabelling is severely reduced in
patients with POMT1-linked WWS [84] and can also be
reduced in peripheral nerve [9]. Among other genes
responsible for WWS, there are both the fukutin and
FKRP gene, but they only account for a fraction of WWS
cases. Abnormal o-dystroglycan expression has been
documented in patients with WWS who did not carry
mutations in the POMTI gene or either FKRP or fukutin,
suggesting that defects in other as yet unidentified
glycosyltransferases may underlie WWS [87].

3.2.4. Congenital muscular dystrophy 1C

There are two surprising features of FKRP-related
myopathies: the first one is that they are very common
especially among Caucasians; the second one relates to the
spectrum of severity which gives rise to the largest
phenotypical spectrum of muscular dystrophies so far
connected to mutations of a single gene. This ranges from
in utero onset, WWS phenotype to mild LGMD variants
with onset in adulthood.

3.24.1. MDCIC: clinical features. The ‘typical’ form of
MDCIC was recognised a few years ago by Muntoni as a
combination of weakness and functional achievements
similar to those observed in MDCI1A [88]. This form was
characterised by secondary laminin o2 chain deficiency, but
brain imaging and intelligence were normal. The main
features of these patients are weakness and hypotonia from
birth or the first few months of life (but no arthrogryposis),
followed by a marked delay of motor milestones. The
maximum motor capacity was to sit or to take a few steps
with support in the first decade of life. Progressive
respiratory muscle weakness leading to ventilatory insuffi-
ciency was a constant feature in the first or second decade of
life.
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Other characteristic features were marked enlargement
of the leg muscles, sometimes followed by striking tongue
hypertrophy. Wasting and weakness of the shoulder muscles
and facial weakness were common. CK levels were always
very elevated (20-75X) and cardiac involvement also
present in the form of a dilated cardiomyopathy.

3.2.4.2. The severe end of the spectrum: MDCIC with
structural brain involvement. This is the most recent
addition to the FKRP-related group of conditions and well
illustrates the hierarchy of central nervous system involve-
ment in patients with FKRP mutations. At the ‘milder’ end
of the ‘CNS-involvement spectrum’, there are patients with
mild mental retardation and structural changes of the
cerebellum with cerebellar cysts but normal brain stem
and eye examination [89]. A number of similar cases have
now also been described from Tunisia and Algeria [90].
More recently, we identified a patient with CMD, severe
mental retardation ponto-cerebellar hypoplasia, cerebellar
cysts and supratentorial changes with thickening of the
frontal cortex which were indistinguishable from those
observed in MEB. In addition this patient also had retinal
changes with abnormal pigmentation and progressive
myopia resulting in bilateral retinal detachment and
blindness. This patient only achieved sitting with support
and died at age 7 [91]. Another patient had a WWS
phenotype including agyria, ponto-cerebellar hypoplasia
and microphthalmia and blindness who also carried
FKRPmutations. This patient died at the age of 3 [91].

3.2.4.3. LGMD2I: the mildest end of the spectrum. Patients
with LGMD?2I may present in childhood, adolescent or adult
life and can often maintain the ability to walk for life.
Intelligence and brain structure as judged by MRI is normal.
Patients with LGMD2I may be divided into a Duchenne-like
group, who have early onset and loss of independent
ambulation in the teens, and a milder group with later onset
and preserved ambulation after the second decade [92]. In a
recent study, more than half of LGMD?2I patients had
evidence of dilated cardiomyopathy, which was not
consistently associated with an early or more severe
presentation [93]. Respiratory failure affected a third of
the patients with a Duchenne-like phenotype after the age of
16 years.

3.2.4.4. The FKRP gene and protein. The FKRP gene
consists of four exons encoding for a protein which, like
fukutin, is targeted to the medial-Golgi apparatus. Sequence
homology suggests this to be a member of the phosphosugar
transferase family [94]. Mutation analysis in MDCIC
revealed either two missense mutations or a missense
mutation combined with a null mutation. However, the most
common FKRP mutation (C826A leading to Leu276lle),
very commonly associated with LGMD?2I, has not been
observed in MDCI1C so far [93].

This ‘LGMD2I’ mutation has been calculated to occur at
a heterozygous frequency of 1:400 in the UK [93]. The
second allelic mutation in patients with the Leu276Ileu
change determines the severity of the LGMD2I phenotype
although the degree of intra-familial clinical variability
suggests that additional factors may also play a significant
role [92].

So far no patient was reported with two null FKRP alleles
and perhaps this would not be compatible with life.

From a biochemical point of view, o-dystroglycan is
abnormal in all patients with FKRP mutations. There
typically is a clear correlation between the residual
expression of a-dystroglycan and the phenotype. Patients
with MDCI1C displayed a profound depletion of
a-dystroglycan, while patients with LGMDI with a
Duchenne-like severity typically had a moderate reduction
in a-dystroglycan. Individuals with the milder form of
LGMD2I showed a variable but subtle alteration in
a-dystroglycan immunolabelling [95].

3.2.5. MDCID and the large™" mouse

The myodystrophy (myd; now renamed Large™ ") mouse
carries a loss of function mutation in the LARGE gene
encoding for a putative bifunctional glycosyltransferase.
Homozygous Large™ mice display a severe, progressive
muscular dystrophy and a mild cardiomyopathy in addition
to retinal, peripheral and central nervous system involve-
ment. Abnormalities in neuronal migration are observed in
the brain particularly the cortex and cerebellum which is
similar to that seen in fukutin-deficient mice. A profound
loss of muscle a-dystroglycan has also been observed.

The substrate of LARGE is at present unclear. More
recently, one patient with a G1525A (Glu509Lys) missense
mutation and a 1 bp insertion, 1999insT has been reported
and this disorder named MDCID. This 17-year-old girl
presented with CMD, profound mental retardation, white
matter changes and subtle structural abnormalities on brain
MRI. Her skeletal muscle biopsy showed reduced immu-
nolabelling of a-dystroglycan and immunoblotting demon-
strated a reduced molecular weight form of a-dystroglycan
that did however, retain some laminin binding activity [96].

myd

3.3. Rigid spine with muscular dystrophy Type 1: deficiency
of selenoprotein N, an endoplasmic reticulum protein of
unknown function

The rigid spine syndrome’ clinical phenotype was first
recognized by Victor Dubowitz [97]. The study of
informative families in the recent years succeeded to assign
the locus for CMD with spinal rigidity (RSMDI1) to
chromosome 1p35-36. Further studies allowed to identify
the selenoprotein N gene, SEPNI, as the cause of RSMD1
[98]. Elegant subcellular studies revealed that selenoprotein
N is an endoplasmatic reticulum glycoprotein with a main
isoform corresponding to a 70 kDa protein containing a
single selenocysteine residue [99].
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3.3.1. Clinical features of RSMDI

The most common presentation of RSMD1 is that of
axial hypotonia and weakness often noticed already in the
first year of life, but usually in a child with otherwise normal
motor milestones and no significant contractures. Motor
difficulties because of a combination of mild/moderate
proximal muscle weakness, mild Achilles tendon tightness
and rigidity of the spine are also quite common, but only
exceptionally affected patients may not achieve independent
ambulation. Ambulation is usually maintained into adult-
hood unless a severe progressive scoliosis that cannot be
treated surgically develops. The overall muscle bulk is
reduced, especially the medial aspects of the thighs. The
most prominent clinical feature is spinal rigidity and
scoliosis due to contractures of the spine extensor muscles
which may develop between 3 and 12 years. In typical cases
this will be in form of a lumbar lordoscoliosis with a pelvic
tilt and with cervical spine stiffness. If present, stabilization
by thoraco-lumbar orthosis and early surgical fixation of the
spine may be helpful. Rare patients do not develop
prominent spinal rigidity, although axial muscle weakness
is present. Contractures usually are mild and affect the
ankles, and only occasionally the temporo-mandibular joint,
with limitation of mouth opening, or also the finger
extensors. An additional feature of these patients is the
nasal speech secondary to palatal weakness.

Vital capacity due to stiffness of the rib cage is low and
decreasing over time, and this is almost invariably
aggravated by diaphragmatic weakness leading to respirat-
ory failure. It is important to be aware that there often is a
significant discrepancy between the overall functional
abilities of affected individuals who are able to walk with
no problems, and the compromise of lung function. Many
patients require ventilatory assistance already in the first
decade, some as early as at 2 years of age. On the other
hand, an active life with good quality and reasonable muscle
function can be maintained over many years, possibly
decades, if non-invasive ventilation is instituted early
enough.

CK levels are normal or mildly elevated (n—2X). A
specific pattern of skeletal muscle involvement on muscle
imaging (CT or MRI) has been described: this can help to
suspect the condition.

3.3.2. Muscle pathology in RSMDI

Muscle specimens show evidence of myopathy with
increased variation of fiber size and some increase of
endomyseal fibrosis. Early on there is usually no or very
little necrosis and also little regeneration. Many specimens
will show unevenness of oxidative enzyme staining with
overt core-like areas in some. Predominance and relative
hypotrophy of type I fibers is frequently observed. Biopsies
of severely affected patients or from the paraspinal muscles
may show overt dystrophic changes with a strong increase
of endo- and perimyseal fibrosis and some increase of
internal nuclei but still frank necrosis and regeneration will

not be prominent features [100]. Staining for laminin o2 and
collagen 6 is normal.

3.3.3. Differential diagnosis of RSMD1

A proportion of patients with multicore—minicore disease
(MMD) share a very similar clinical picture with RSMD1
patients. This is not surprising considering that recently
Ferreiro et al. found SEPN1 mutations in a number of MMD
patients [100]. More recently, mutations in SEPN1 have
been reported in individuals with a congenital myopathy
characterised by Mallory-body deposits, further expanding
the pathological spectrum of SEPNIl-related myopathies
[101]. There can be a partial clinical overlap with patients
with UCMD, especially in the late stages of the disorder;
however severe joint laxity, and follicular hyperkeratosis
are not features of RSMD1. A few patients have an almost
identical clinical phenotype as RSMDI1 but do not have
SEPN1 mutations. In a few of these cases, there can be
associated mild mental retardation.

4. Other forms of CMD in search of a genetic defect

There are a number of CMD conditions in search of a
genetic defect. Some of them have simply been identified
because the isolation of a gene has shown that the condition,
previously thought to be homogeneous, is in actual fact
heterogeneous. To this category belong WWS cases with no
mutations in any of the known glycosyltransferases; RSS
cases with no SEPN1 mutation; cases with a LGMD with
a-dystroglycan depletion but no mutation in any of the
glycosyltransferases identified so far. One of these variants
(MDCI1B) has been mapped to chromosome 1g42, but the
responsible gene is still elusive.

In the second category there are conditions in which the
clinical features are sufficiently distinct to suggest that they
represent specific entities. Among these there is a variant
with cerebellar hypoplasia and megacysterna magna that
appears very common in Italy; a variant with peripheral
neuropathy; and a variant of UCMD with mental retardation
(not linked to the collagen VI genes). These forms are
reported in Table 2.

5. Concluding remarks

One year after the centennial anniversary of the first clear
description of CMD, clinicians, pathologists, molecular and
cell biologists are involved in further understanding
pathogenesis and diversity of this group of disorders.
Once considered the cinderellas of neuromuscular diseases,
new insight on fundamental aspects related to muscle
formation and survival, and to neuronal migration disorders
have mostly been generated in the last few years from
research into CMD. Further elucidation of the significant
clinical and genetic heterogeneity, together with the best
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Table 2
CMD variants without identified genetic defects

Name Main features Laminin2 a-Dystroglycan
Rigid spine syndrome unlinked to 1p Marked RSS. CK normal or Normal Normal
UCMD/mental retardation unlinked to Distal laxity, proximal contractures normal and scoliosis. Normal

CK normal or 1
COLG6A genes Mild-moderate mental retardation
CMD/mental retardation + cerebellar hypoplasia Isolated cerebellar hypoplasia (no cysts) CK normal or Normal
CMD/mental retardation + cataracts Cataracts in the first year of life CK normal, 1 or 11 Normal Normal
CMD/mental retardation + adducted thumbs Mental retardation ophthalmoplegia; CK 1 or 11 Normal Normal
CMD/muscle hypertrophy normal intellect Normal MRI; CK 11 Reduced Reduced
‘Italian MEB’ Cerebellar hypoplasia; megacisterna magna; CK: 11 Reduced Reduced
CMD-LGMD/microcephaly Mild mental retardation normal brain MRI; CK 11 Normal Reduced
CMD/mental retardation + peripheral neuropathy Microcephaly, pachigyria, occipital pachigyria; CK 11 Reduced Reduced

clinical care for these patients, often severely disabled by
their conditions, remains our challenge for the future.
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