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CONGENITAL MUSCULAR DYSTROPHY

Part I: a review of phenotypical and diagnostic aspects

Umbertina Conti Reed'

Abstract — The congenital muscular dystrophies (CMDs) are a group of genetically and clinically heterogeneous
hereditary myopathies with preferentially autosomal recessive inheritance, that are characterized by congenital
hypotonia, delayed motor development and early onset of progressive muscle weakness associated with
dystrophic pattern on muscle biopsy. The clinical course is broadly variable and can comprise the involvement
of the brain and eyes. From 1994, a great development in the knowledge of the molecular basis has occurred
and the classification of CMDs has to be continuously up dated. We initially present the main clinical and
diagnostic data concerning the CMDs related to changes in the complex dystrophin-associated glycoproteins-
extracellular matrix: CMD with merosin deficiency (CMD1A), collagen VI related CMDs (Ullrich CMD and
Bethlem myopathy), CMDs with abnormal glycosylation of alpha-dystroglycan (Fukuyama CMD, Muscle-eye-
brain disease, Walker-Warburg syndrome, CMD1C, CMDID), and the much rarer CMD with integrin deficiency.
Finally, we present other forms of CMDs not related with the dystrophin/glycoproteins/extracellular matrix
complex (rigid spine syndrome, CMD1B, CMD with lamin A/C deficiency), and some apparently specific clinical
forms not yet associated with a known molecular mechanism. The second part of this review concerning the
pathogenesis and therapeutic perspectives of the different subtypes of CMD will be described in a next number.

KEY WORDS: congenital muscular dystrophy, MDCIA, collagen VI related disorders, glycosylation of alpha-
dystroglycan, Fukuyama DMC, muscle-eye-brain (MEB) disease, Walker-Warburg syndrome, rigid spine syndrome.

Distrofia muscular congénita. Parte I: revisao dos aspectos fenotipicos e diagndsticos

Resumo - As distrofias musculares congénitas (DMCs) sao miopatias hereditarias geralmente, porém nao
exclusivamente, de heranga autossomica recessiva, que apresentam grande heterogeneidade genética e clinica.
Sao caracterizadas por hipotonia muscular congénita, atraso do desenvolvimento motor e fraqueza muscular
de inicio precoce associada a padrao distréfico na bidpsia muscular. O quadro clinico, de gravidade variavel,
pode também incluir anormalidades oculares e do sistema nervoso central. A partir de 1994, os conhecimentos
sobre genética e biologia molecular das DMCs progrediram rapidamente, sendo a classificagao continuamente
atualizada. Nesta revisao apresentaremos os principais aspectos clinicos e diagnésticos dos subtipos mais
comuns de DMC associados com alteragdes do complexo distrofina-glicoproteinas associadas-matriz
extracelular que sio DMC com deficiéncia de merosina (DMC tipo 1A), DMCs relacionadas com alteragdes do
colageno VI (DMC tipo Ullrich e miopatia de Bethlem), DMCs com anormalidades de gliocosilagao da alfa-
distroglicana (DMC Fukuyama, DMC “Muscle-eye-brain” ou MEB, sindrome de Walker-Warburg, DMC tipo
1C, DMC tipo 1D), além da rarissima DMC com deficiéncia de integrina. Outras formas mais raras de DMC,
nao relacionadas com o complexo distrofina-glicoproteinas associadas-matriz extracelular também serao
apresentadas (DMC com espinha rigida, DMC tipo 1B, DMC com deficiéncia de lamina A/C) e, finalmente,
algumas formas clinicas com fendtipo aparentemente especifico que ainda nao estao associadas com um
defeito molecular definido. A patogenia e as perspectivas terapéuticas dos principais subtipos de DMC serdo
apresentados em um préximo ndmero, na segunda parte desta revisao.

PALAVRAS-CHAVE: distrofia muscular congénita, merosina, colageno VI, glicosilagao da alfa-distroglicana, DMC
Fukuyama, DMC “muscle-eye-brain”-MEB, sindrome de Walker-Warburg, espinha rigida.
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The congenital muscular dystrophies (CMDs) are ge-
netically and clinically heterogeneous hereditary myopa-
thies with a predominant autosomal recessive mode of in-
heritance that are characterized by congenital hypotonia,
delayed motor development and early onset of progres-
sive muscle weakness, associated with dystrophic pattern
on muscle biopsy". The dystrophic pattern is not specific
and shared by any type of hereditary muscular dystrophy
although it can be variable concerning the amount of his-
topathological changes. These changes are characterized
by great variability in the size of muscle fibers, marked en-
domysial and perimysial proliferation, and later increase
of adipose tissue. In addition, internal nuclei and necrot-
ic as well as regenerating fibers can occur in early stages.
The clinical course is broadly variable and can comprise
the involvement of the brain and eyes.

The epidemiology of CMD is not well known. Data
from an epidemiological study in North-East Italy, con-
sidering the period 1979-1993, reported an incidence rate
of 4.65 x 10(-5) and a prevalence rate of 6.8 x 10(—6)’. In
Western Sweden, another study considering a similar pe-
riod (1979-1994) found a birth incidence of 2.6 x 10(-5)
and a prevalence of 2.5 X 10(-5)".

HISTORICAL REMARKS

CMD was firstly recognized by Batten who in 1903° and
1904° described the clinical and pathological features of a
severe form of congenital myopathy, while the term “Dys-
trophia Muscularis Congenita” was proposed by Howard’
in 1908. Until the beginning of the last decade of the last
century, the CMDs were a highly heterogeneous group
of muscular dystrophies of very early onset, whose dis-
tinction from other congenital muscular disorders was
not clear®. However, a number of distinct forms gradual-
ly emerged from the confusing literature on CMD, based
on particular clinical or ethnic characteristics®™. There-
fore, the last century was the clinical era of CMD, in which
some typical clinical pictures that currently are specific
phenotypes were described®:

In 1930, Ullrich" described a distinct type of CMD named
congenital atonic-sclerotic muscular dystrophy, that was
characterized by the combination of distal joint hyperelax-
ity with proximal contractures, scoliosis and severe course;

In 1960, Fukuyama et al.”?, described a typical form of
severe CMD that was prevalent in Japan and was charac-
terized by the combination of muscular and cerebral in-
volvement; this form was soon recognized as Fukuyama
CMD (FCMD);

In 1971, Dubowitz" described the clinical features of
“rigid spine syndrome” that was characterized by an ear-
ly difficulty in flexing the spine, marked muscular atrophy
and joint contractures, as well as progressive scoliosis;

In 1977, Santavuori recognized a new form of CMD
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with cerebral and ocular involvement that named “mus-
cle-eye-brain (MEB) disease”; it was apparently restricted
to the Finnish population.

In 1986 the Walker-Warburg syndrome (WWS), whose
characteristic brain and eye anomalies had already been
described by Walker® and Warburg'®, was definitively clas-
sified as a severe form of CMD by Dobyns" et al., who
specified its diagnostic criteria.

At the beginning of the nineties, apart from the cere-
bro-ocular CMDs, i.e. FCMD, MEB and WWS, the forms
of CMDs without central nervous system (CNS) involve-
ment, in general named “pure” or “classical” CMD, were
considered a miscellaneous group regarding the severity
of the clinical course. From 1990 to 1993, another appar-
ently specific form of CMD emerged from the literature
and was characterized by the association of severe mus-
cular involvement and white matter brain changes on neu-
roimaging in children with normal or near normal intelli-
gence'®?, This form was named “occidental type of cere-
bromuscular dystrophy”** for differentiating it from FCMD
that was very common in Japan.

In 1993, the molecular era of the CMDs had its on-
set. Toda et al.? assigned the gene for FCMD to 9q and
soon after, in 1994, Tomé et al.” by means of immunohis-
tochemical analysis on tissue samples obtained from mus-
cular biopsies found that the severe form of occidental
CMD with diffuse white matter abnormality was caused
by the lack of laminin M (merosin) chain in the extracel-
lular matrix. This specific form of CMD was classified as
MDCI1A, and was traditionally termed merosin-negative
CMD or CMD with merosin deficiency. The nomenclature
for the laminins was soon after revised, and merosin was
renamed as laminin alpha-2%. The historical background
of the CMDs, the steps that allowed the identification of
MDCIA and its particularities were revised by Tomé®.

In 1998, Kobayashi et al.”’ identified the responsible
gene for FCMD, FKTN gene, and its product, a 461-amino
acid protein, which they termed fukutin.

Also in 1998, Moghadaszadeh et al.*® identified a locus
on chromosome 1p35-36 for the peculiar form of CMD with
early rigid spine. This genotype/phenotype correlation
was the first that allowed the identification of a specific
subtype within the classical merosin-positive CMD group.

At the same time, a new, apparently specific clinical
form was reported by Muntoni et al.” in children from
the United Arab Emirates who presented CMD with mus-
cle hypertrophy, and early respiratory failure with severe
diaphragmatic involvement. Their muscle biopsy samples
showed a deficiency of laminin alpha-2 that was consid-
ered a secondary phenomenon, since linkage to the LA-
MAZ2 locus on 6q22—-q23 was excluded.

In 1999, the MEB form of CMD was assigned to 1p32-
p34 by linkage analysis in eight families from which sev-
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en were Finnish but one was Turkish®, therefore demon-
strating that the MEB phenotype was not restricted to the
Finnish population.

In 2000, a linkage analysis in the family from the Unit-
ed Arab Emirates that had already been described by Mun-
toni et al.”, identified the locus 1g42 that was also con-
firmed in a second German family with two affected chil-
dren showing the same respiratory changes and second-
ary laminin alpha-2 deficiency®. This new genotype/phe-
notype correlation was named MDCIB>,

In 2001, the locus 1p35-36 that had been assigned to
CMD with rigid spine was refined and associated with the
gene SEPN1, which encodes the selenoprotein N**. This
study by Moghadaszadeh et al.** was the first to report a
human disease caused by selenoprotein dysfunction.

Again in 2001, the first genotype/phenotype corre-
lation related with Ullrich atonic-sclerotic CMD was de-
fined by Camacho et al.*® who identified mutations in one
of the three genes coding for collagen type VI (COL6A2,
21q22.3) in three children with Ullrich phenotype.

In 2002 and 2003 a second and a third genotype/phe-
notype correlation related with Ullrich atonic-sclerotic
CMD were reported: Demir et al.*® found mutations in CO-
L6A3 gene (2g37) and Pan et al.” in COL6A1 gene (21q22.3),
therefore illustrating the wide spectrum of genotype-phe-
notype correlations associated to collagen VI deficiency.

Finally, since 2001, a new pathogenic key for under-
standing the severe forms of CMDs, most of them associ-
ated with CNS changes, emerged from different works®***
and new genotype/phenotype correlations were estab-
lished. In children with inability to walk and muscle hy-
pertrophy but no CNS changes and whose muscle sam-
ples showed a decreased expression of alpha-dystrogly-
can (DG), Brockington et al.*® identified a gene at 19q13.3
that codifies the protein fukutin related (FKRP). They
named this new genotype/phenotype association as MD-
CI1C and suggested that the mutations in the FKRP gene
causing a defective glycosilation (hypoglycosilation) of al-
pha-DG would explain the basic pathologic mechanism in
MDCIC*. Hayashi et al.”” found that also fukutin, whose
gene is mutated in FCMD, was involved in the glycosyla-
tion of alpha-DG that, when altered, induces a disruption
of the extracellular surface membrane in the muscular fi-
ber, also influencing CNS development®. Yoshida et al.*
found that MEB gene codifies a glycosyltransferase, pro-
tein O-manose betal,2-N-acetylglucosaminyltransferase
(POMGNTI), involved in O-mannosy! glycosylation of al-
pha-DG, and suggested that an altered glycosylation could
be a new pathomechanism for CMDs with neuronal migra-
tion disorders*. These results identified alpha-DG as hav-
ing an essential role in both muscle and brain development
and function* and inaugurated a new field of research and
a new subgroup of CMDs: alpha-dystroglycanopathies or
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defects of O-glycosilation of alpha-DG. Soon, also WWS
was prooved to be an alpha-dystroglycanopathy, and mu-
tations in the gene that codifies the glycosiltransferase
protein O-mannosylglycantransferase 1 (POMT1)* were
found in the disease. In 2003, a new rare form of CMD
with severe CNS involvement, MDCID, caused by mu-
tations in the gene that codifies the glycosiltransferase
LARGE, was included in this subgroup*. Finally, in 2005,
mutations in the gene that codifies the protein O-manno-
sylglycantransferase 2 (POMT2) was associated to WWSY.

Concerning our knowledge on CMD, after a long clin-
ical era, the transition to the molecular era was surpris-
ingly quick. In 2004, Muntoni and Voit’ revised the CMDs
in a work with the following title: “The congenital mus-
cular dystrophies in 2004: a century of exciting progress”
The European Neuromuscular Center have periodical-
ly organized in Naarden, The Netherlands international
workshops on CMD, the first of them in 1993, before the
description of CMD1A™, The growing complexity of the
knowledge about CMD during the molecular era has been
discussed in many workshops*®**, the last one in 2005,
Regarding world literature on CMD, a recent report by Fu-
kuyama® illustrated the great contribution offered by Jap-
anese authors. This fact occurred as FCMD was the first
subtype of CMD that was clinically and genetically iden-
tified; in addition FCMD provided the new concept of the
possibility of extra-muscular involvement, later highlight-
ed with the recognition of the defects of alpha-DG gly-
cosylation. Fukuyama® reviewed the literature on CMD
from 1993 until 2006 and among works, found 726 writ-
ten by Japanese authors.

The present review includes molecular, clinical and di-
agnostic data obtained from the recent world literature
concerning the different subtypes of CMD. The summary of
the details related to each of the subtypes is available on-
line by consultation of OMIM. The pathogenic mechanisms
and therapeutic perspectives will be described in the sec-
ond part of the review, in the next number of this journal.

CLASSIFICATION AND GENERAL CLINICAL DATA

The great development in the knowledge of the mo-
lecular basis has allowed a classification of CMDs accord-
ing to the primary genetic and biochemical defects; this
classification has to be continuously up dated. The offi-
cial journal of the World Muscular Society, Neuromuscu-
lar Disorders, periodically publishes the revised classifi-
cation (Table 1)**. A computerized version of the classifi-
cation is accessible at http://www.musclegenetable.org
and http://194.167.35.195/. Most of the different genes
involved with the pathogenesis of the CMDs are related
to the function of the dystrophin-glycoproteins associ-
ated complex (DAG) in the sarcolemma, either leading to
abnormalities of extracellular matrix proteins or of gly-
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Table 1. Classification of congenital muscular dystrophies. Adapted from Gene Table*.

Disease phenotype (inheritance)

Gene symbol (chromosome) protein

All allelic disease phenotypes - disease symbols

Merosin deficient CMD — (AR)
CMD with merosin

deficiency — (AR)

CMD and abnormal glycosylation
of dystroglycan — (AR)

CMD and abnormal glycosylation
of dystroglycan — (AR)

Fukuyama CMD — (AR)

Walker-Warburg syndrome — (AR)

Walker-Warburg syndrome — (AR)

Walker-Warburg syndrome — (AR)

Walker-Warburg syndrome — (AR)

Muscle-eye-brain disease — (AR)

Muscle-eye-brain disease — (AR)

Muscle-eye-brain disease — (AR)

Rigid spine syndrome (RSS) — (AR)

Ullrich syndrome — (AR)

Ullrich syndrome — (AR)

Ullrich syndrome — (AR)

Bethlem myopathy — (AD)

Bethlem myopathy — (AD)

Bethlem myopathy — (AD)

CMD with integrin
deficiency — (AR)

LAMA2 (6q22-q23)
laminin alpha 2 chain of merosin

?7-(1942)

FKRP (19q13.33)
fukutin-related protein

LARGE (22q12.3-q13)
like-glycosyltransferase

FCMD (9q31-433)
fukutin

FCMD (9q31-933)
fukutin

POMTI (9g341)
protein-O-mannosyltransferase 1

POMT2 (14q24.3)
protein-O-mannosyltransferase 2

FKRP (19q13.33)
fukutin-related protein

POMGNTI (1p341)
O-linked mannose betal,2-N-
acetylglucosaminyltransferase

FKRP (19q13.33)
fukutin-related protein

POMT2 (14q24.3)
protein-O-mannosyltransferase 2

SEPNT (1p36.13)
selenoprotein N1

COL6A1 (21q22.3)
alpha 1type VI collagen

COL6A2 (21q22.3)
alpha 2 type VI collagen

COL6A3 (2q37)
alpha 3 type VI collagen

COL6A1 (21q22.3)
alpha 1type VI collagen

COL6A3 (2937)
alpha 3 type VI collagen

COL6A2 (21q22.3)
alpha 2 type VI collagen

ITGA7 (12q13)
integrin alpha 7 precursor

Muscular dystrophy, congenital merosin-deficient - MDCIA
Muscular dystrophy, congenital, due to partial LAMA2 deficiency

Muscular dystrophy, congenital, 1B -MDC1B

Muscle-eye-brain disease -MEB
Muscular dystrophy, congenital, 1C -MDC1C
Muscular dystrophy, limb-girdle, type 21 -LGMD2I
Walker-Warburg syndrome -WWS3

Muscular dystrophy, congenital, with severe mental retardation -MDCID

Muscular dystrophy, Fukuyama congenital -FCMD
Muscular dystrophy, limb-girdle, type 2M -LGMD2M
Walker-Warburg syndrome -WWS

Muscular dystrophy, Fukuyama congenital -FCMD
Muscular dystrophy, limb-girdle, type 2M -LGMD2M
Walker-Warburg syndrome -WWS

Muscular dystrophy, limb-girdle, type 2K - LGMD2K
Walker-Warburg syndrome -WWS

Muscle-eye-brain disease -MEB
Walker-Warburg syndrome -WWS2

Muscle-eye-brain disease -MEB
Muscular dystrophy, congenital, 1C -MDC1C
Muscular dystrophy, limb-girdle, type 21 -LGMD2I
Walker-Warburg syndrome -WWS3

Muscle-eye-brain disease -MEB
Walker-Warburg syndrome -WWS$S

Muscle-eye-brain disease -MEB
Muscular dystrophy, congenital, 1C -MDC1C
Muscular dystrophy, limb-girdle, type 2I -LGMD2I
Walker-Warburg syndrome -WWS3

Muscle-eye-brain disease -MEB
Walker-Warburg syndrome -WWS2

Desmin-related myopathy with Mallory bodies -RSMD1
Minicore myopathy, severe classic form -RSMD1
Muscular dystrophy, rigid spine, 1-MDRS1
Myopathy, congenital, with fiber-type disproportion -CFTD RSS

Bethlem myopathy
Ossification of the posterior longitudinal spinal ligaments -OPLL
Ullrich congenital muscular dystrophy -UCMD

Bethlem myopathy —
Ullrich scleroatonic muscular dystrophy -UCMD

Bethlem myopathy —
Ullrich congenital muscular dystrophy -UCMD

Bethlem myopathy
Ossification of the posterior longitudinal spinal ligaments -OPLL —
Ullrich congenital muscular dystrophy -UCMD

Bethlem myopathy —
Ullrich congenital muscular dystrophy -UCMD

Bethlem myopathy
Ullrich scleroatonic muscular dystrophy -UCMD -

Myopathy, congenital -ITGA7

AD, autosomal dominant; AR, autosomal recessive; CMD, congenital muscular dystrophy.
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Fig 1. Schematic representation of the main proteins involved in congenital muscular dystrophies, their local-
ization and interactions: laminin alpha-2, integrin alpha-7, collagen VI, alpha-dystroglycan, glycosyltransferases
POMTI, POMT2, POGnTI, fukutin, FKRP and LARGE, and selenoprotein-N. Reproduced with adaptation from
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Fig 1of Lisi & Cohn™. Abbreviations: see text; ER, endoplasmic reticulum.

cosilation of alpha-DG (Fig 1). One of the CMD subtypes
is related to a defect of an endoplasmic reticulum pro-
tein, selenoprotein N (SEPN1 gene), and recently a new
subtype® was associated to a defect of a nuclear protein,
lamin A/C (LMNA gene).

However, as a single gene can be associated to a num-
ber of different phenotypes, for the clinician it is more
useful to describe the subtypes according to the combi-
nation of clinical aspects and primary or secondary pro-
tein defect™. A classification of CMDs into three major
groups based on the location of the abnormal protein (ex-
tracellular matrix, alpha-DG receptors for the extracel-
lular matrix or endoplasmic reticulum) can also be ad-
opted®. In a complete revision on CMDs, Voit and Tomé’
emphasized that the combination of clinical, biochemical
and molecular genetic findings must be considered for ob-
taining the precise diagnosis and providing genetic coun-
seling. They adopted a classification into four groups and
considered it open to assimilating future developments:
(1) defect of laminin alpha2 primarily affecting the base-
ment membrane: MDCIA; (2) defects due to abnormal gly-
cosylation of alpha-DG: WWS, MEB, FCMD, MDCI1B, MD-
C1C, MDCID; (3) disorders leading to prominent contrac-
tures: rigid spine and Ullrich CMD; (4) primary or second-
ary alpha 7 integrin deficiency.

Although the frequencies of the different subtypes of
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CMDs show regional and ethnic variations, the most com-
mon are MDCIA and Ullrich CMD. The first corresponds
to 30 to 40% of all CMD forms in the European coun-
tries’ and also in Brazil®. Ullrich CMD is emerging as the
second most common subtype in Europe®”, in Japan with
a rate of 9,4%after FCMD with a rate of approximately
50%%°, and in a large Australasian cohort where it reach-
es 12%°". In Brazil, there is not a precise estimate about
the frequency of Ullrich CMD, probably due to the lack
of molecular studies that prevents a correct diagnosis in
patients with CMD and distal joint laxity. Concerning the
alpha-dystroglycanopathies, it is clear that the continuos
advances in this field are allowing an increasing number
of correct diagnoses and therefore an increasing of esti-
mated frequency®®. In a large Australasian cohort, among
45 patients whose biopsies were tested with a battery
of antibodies, an abnormal immunostaining for glycosi-
lated alpha-DG was found in 11 (25%) and was the most
common immunohistochemical abnormality®'. However,
among those 11 patients only six had a mutation identi-
fied in one of five genes codifying glycosyltransferases
that were tested (FKRP, POMTI1, POMT2, POMGNTI)®. This
fact probably indicates the participation of other glyco-
syltransferases not yet identified in the complex process
of alpha-DG glycosylation. The rarest subtypes of CMD
are MDCID, CMD due to primary alpha-7 integrin deficien-
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pattern on HE staining of muscular biopsy; (C) immunohistochemical analysis of laminin alpha-2 (merosin) on muscular biopsy showing absence
of expression; (D) control: immunohistochemical analysis of merosin in a child with merosin-positive CMD showing normal expression.

cy, and MDCIB, respectively, with only one*, three®, and
six patients®, described until the moment.

The degree of muscular and/or CNS involvement is
variable within a spectrum from severe “floppy” infant
syndrome with feeding and respiratory troubles often
early fatal, to moderate motor delay and mild or moder-
ate limb-girdle involvement during childhood compatible
with survival into adult life and relatively good quality of
life. Due to the enormous clinical heterogeneity of CMDs,
the first step for obtaining the correct diagnosis of a de-
termined subtype is a careful analysis of the clinical keys”,
such as: CNS involvement (clinically or by neuroimaging);
eyes involvement (retina or anterior chamber); degree of
clinical severity and progression; type and time of onset of
spine deformities and respiratory troubles; distribution of
joint contractures and/or joint laxity; presence of muscle
hypertrophy, adducted thumbs and skin changes. Recent-
ly, a new phenotypical key has benn included as a sugges-
tion of a subtype of CMD related to collagen VI disorders:
“sclerotic” or woody consistency on muscle palpation®.

External ophtalmoplegia including ptosis has been ex-
ceptionally described in patients whose clinical and his-
topathologic signs suggest a CMD*®, In two siblings with
ptosis, a possibly specific CMD phenotype associating ad-
ducted thumbs, external ophthalmoplegia, mental retar-
dation and cerebellar hypoplasia was suggested®’. In oth-
ers patients with external ophthalmoplegia, the patho-
genic mechanism of the myopathic process was supposed
to be related to changes of the syntrophin-dystrobrevin
subcomplex®<2,

Cardiac involvement has also been scarcely related. Ex-
cept for the recently recognized LMNA-related CMD* and
for MDDIC linked to FKRP gene®, there are few reports on
cardiomyopathy associated to CMD. Mutations in FKRP

gene may also cause dilated cardiomyopathy in patients
affected by the non congenital LGMD2I form™. In patients
with FCMD cardiac involvement may be observed and is
particularly frequent in older children’'. However, Muraka-
mi et al.”?> among relatives of four children with FCMD,
surprisingly identified six individuals who had the classic
compound heterozygous fukutin (gene FKTN) mutation
that is constantly observed in FCMD, but showed normal
intelligence, no or minimal limb girdle muscle involve-
ment, and severe dilated cardiomyopathy. In one of these
patients a cardiac muscle biopsy revealed altered glycosy-
lation of alpha-DG, similar to that observed in FCMD cas-
es. A possible heart involvement has also been reported
in patients from cohorts of non specific merosin-positive
CMD”*" or specific MDCIA”, Therefore, patients with
any form of CMD should be cardiologically investigated,
since supportive cardiac therapy can provide optimal dis-
ease management and cardiac complications may mark-
edly influence prognosis and outcome’””® .

Muscle MRI, in combination with clinical evaluation,
can contribute to determine the best muscle for biop-
sy and in general has been indicated in inflammatory my-
opathies for controlling the therapeutic result. Howev-
er, its value for indicating specific diagnoses and thus se-
lecting the appropriate genetic test has recently been
reported’”®, with emphasis to the fact that it is non inva-
sive and easily applied in children, even without sedation®.

Once a probable phenotype has been selected, as the
muscle pathology is usually not specific of any CMD sub-
type, the immunostaining of muscle biopsy using a battery
of antibodies is an essential indicator for the molecular
analysis (Fig 2). The immunohistochemical reactions, par-
ticularly useful in cases of merosin-deficient CMD, colla-
gen Vl-related disorders and CMDs caused by alpha-dys-
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troglycanopathy, will be presented in the topic correspon-
dent to each one of these CMD subtypes.

MDCI1A: CONGENITAL MUSCULAR DYSTROPHY

WITH ALPHA-2 LAMININ (MEROSIN) DEFICIENCY

MDCIA is caused by mutation in the laminin alpha-2
gene (LAMA2) and was first described by Tomé et al. in
19947, In the same year, Hillaire et al.¥' demonstrated that
this specific CMD is linked to 6q2, and soon after Heibling-
Leclerc et al.** found the first homozygous mutations in LA-
MA2 gene in two patients who had been reported by Tomé
et al.””. Curiously, according to Di Blasi et al.®, the found-
er mutation (Cys967Stop) probably originated in Albania.

The clinical spectrum of MDCIA with total absence of
laminin alpha-2 chain expression is usually homogeneous
corresponding to a severe phenotype characterized by
marked muscle weakness and atrophy, diffuse joint con-
tractures, inability to achieve independent ambulation, fa-
cial dismorphism, markedly raised creatine kinase (CK) level
in blood serum, and characteristic white matter hypoden-
sity on cranial magnetic resonance imaging (MRI)*"*%348,
Cardiac involvement is rare in patients with MDCIA”77%,

Mild allelic variants with partial deficiency of lamin-
in alpha-2 have frequently been reported®®****, Generally,
these patients present a later onset and slowly progres-
sive weakness that does not avoid the achievement of in-
dependent walking, therefore resembling limb-girdle mus-
cular dystrophy (LGMD); they also demonstrate cerebral
white matter changes on MRI and peripheral demyelinat-
ing neuropathy. It is remarkable that patients with partial
reduction of the laminin alpha-2 can have the same severe
course that is characteristic of those patients with a total
laminin alpha-2 deficiency, and it is impossible to predict
the phenotypes based on the amount of protein that is
expressed”. However, Tezak et al.”* found that many pa-
tients with neonatal-onset and the common severe course
have nonsense mutations, while single missense mutations
have frequently been reported in milder CMD patients
with partial laminin alpha-2 deficiency.

Due to the fact that the alpha-2 subunit of laminin is
also expressed in the basal lamina of Schwann cell-axon
unit, a peripheral demyelinating neuropathy affecting pre-
dominantly motor fibers”, but also the sensitive ones®,
is a feature of laminin alpha-2-deficient CMD. However,
peripheral motor nerves involvement misses in some pa-
tients®”” and it has not been found in Brazilian children
with MDC 1A**# this fact might be due to the type and
location of the mutation®.

The characteristic pattern of white matter abnormal-
ity associated to MDCIA has been extensively analysed.
Opposite to the peripheral nerve, in which laminin alpha 2
is associated only with myelinated and not with unmyeli-
nated nerve fibers and is involved in the myelin stability®,

150

Arq Neuropsiquiatr 2009;67(1)

a role for laminin alpha-2 in central myelination has not
been confirmed. Villanova et al.”” found that laminin al-
pha-2 chain is localized to the basal lamina of all cerebral
blood vessels and supposed that it may be important for
the selective filtration capability of the blood-brain barri-
er. In patients with MDCIA the lack of laminin alpha-2 may
lead to an abnormality of the blood-brain barrier causing
impaired selective filtration. Caro et al'® postulated that
disruption of the blood-brain barrier associated with lami-
nin alpha-2 leads to increased water content, resulting in
abnormal white matter signal intensity. Using magnetic
resonance spectroscopy and apparent diffusion coefficient
mapping, Leite et al”' detected abnormally high free-wa-
ter concentrations in the white matter of our Brazilian pa-
tients with MDC1A and more prominent changes in the
parietal, frontal, and temporal white matter. They also
found no correlation between the extent of white mat-
ter abnormality on MRI and the clinical status as well as
the degree of laminin alpha-2 deficiency (partial or total).

Mental subnormality, epileptic manifestations, and
neuronal migration defects have been found in few pa-
tients'®"®, The structural abnormalities mainly involve the
occipital cortex'®. Recently, Vigliano et al. reported a pa-
tient with total laminin alpha-2 deficiency and extensive
bilateral occipital micropolygyria who presented a mild
course during the first six years of life; after this period
she started with epileptic seizures and absence-like status
and lost ambulation as well as developed cognitive dete-
rioration. She had a homozygous stop-codon mutation in
the LAMAZ2 gene, possibly related with that severe course.

LAMA 2 mutations are markedly variable spanning all
protein domains®***'®and, in general, the molecular diag-
nosis is not considered a priority in children with MDCIA,
due to the homogeneous phenotype, the easy immunohis-
tochemical analysis of laminin alpha-2 chain in muscle and
skin®™'"%” and the characteristic white matter abnormalities
on neuroimaging (Fig 2). However, Siala et al.'®®'* have re-
cently emphasized the utility of mRNA analysis in cases of
MDC 1A for understanding the mechanism of the mutation
and the genotype-phenotype correlation. In addition, the
molecular diagnosis is highly recommended for ascertain-
ing the normal status of a second fetus from parents with
an afected child, who require genetic counseling. In affect-
ed fetuses the immunocytochemical analysis of the tro-
phoblast can detect laminin alpha-2 deficiency; however,
DNA samples for linkage analysis to the LAMA2 locus rep-
resents the safest method for prenatal diagnosis®**"*™,

In patients with the classical MDC1A phenotype in
whom the molecular analysis is not essential, the defin-
itive diagnosis is made by muscular biopsy or seldom by
skin biopsy as normal skin also expresses laminin alpha2
in the basement membrane at the junction of the dermis
and epidermis'””. On histopathological evaluation, endo
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and perimysial fibrosis as well as variation in fiber size,
necrosis and adiposis, are more marked in MDC1A when
compared with merosin-positive CMD** "™, In addition, a
correlation between the clinical severity and the amount
of histopathological changes can be observed in lamin-
in alpha-2-deficient CMD but no in merosin-positive pa-
tients". The immunohistochemical analysis of laminin al-
pha-2 expression is universally applied and the main par-
ticularities about the most efficient antibodies have been
reported by Sewry et al.”". The importance of using anti-
bodies directed against different domains of the protein
and of refining the epitopes of the commercial antibod-
ies has been emphasized™. He et al.™ reported a patient
with partial deficiency of laminin alpha-2, mild nonpro-
gressive muscle weakness and white matter hypodensi-
ty, whose muscle biopsy demonstrated an absence of the
laminin alpha-2 chain in muscle fibers with two antibod-
ies, but not with four others.

COLLAGEN VI RELATED DISORDERS

Mutations in each one of the three collagen VI genes,
COL6AT (21 q22.3), COL6A2 (21 q22. 3), and COL6A3 (2 37)
that encode respectively the alpha-1, alpha-2 and alpha-3
chains of collagen VI, cause two types of muscle disor-
ders: Bethlem myopathy, with mild or moderate pheno-
type, and Ullrich CMD, with severe phenotype. Until few
years ago, Bethlem myopathy and Ullrich CMD were sepa-
rate entities with distinct modes of inheritance; presently,
the concept that they probably form a spectrum of colla-
gen Vl-related disorders with marked clinical and genetic
heterogeneity has emerged from the recent advances on
the molecular mechanism of both diseases™ and on their
complex genotype/phenotype correlations® 60110,

Bethlem myopathy

Bethlem myopathy is an autosomal dominant inherit-
ed disorder caused by mutations in COL6A1, COL6A2 and
COLG6A3*™18M8 |t was first reported by Bethlem and van
Wijngaarden™, in 1976, in three families with 28 affected
members, who showed a benign and slowly progressive
myopathy. The onset may be in the neonatal period, child-
hood or adolescence and early contractures of the inter-
phalangeal joints of the fingers, elbows and ankles joints
represent a hallmark of this phenotype®®™""8"'"52 Bethlem
myopathy is clinically heterogeneous and although in gen-
eral its clinical course is thought to be benign, Jobsis et
al.”?, following-up 23 children and 36 adults, found that
nearly all children exhibited weakness or contractures
during the first two years of life. They™ emphasized that
Bethlem myopathy can be slowly progressive and culmi-
nate in wheelchair use. As in others collagen-related dis-
orders, follicular hyperkeratosis and keloid formation may

be observed in patients with Bethlem myopathy™.
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Histopathological findings on muscle biopsy were ei-
ther nonspecific or compatible with dystrophic chang-
es, and CK levels can be normal or mildly elevated™. Al-
though the dystrophic pattern had previously been con-
" or non compatible with Bethlem myopathy,
dystrophic changes on the muscular biopsy occur as fre-
quently as the non specific changes". Muscle immuno-
histochemistry with Col VI antibodies can be normal in
the muscle, and detected only in fibroblast culture that
is not a routine procedure™. New immunohistochemical
techniques have been tested in an attempt of simplify-
ing the diagnosis of Bethlem myopathy. Recently, Hicks
et al."™ applied techniques of immunofluorescent label-
ing for collagen VI in muscular basal lamina and in fibro-
blast cultures (skin biopsy-derived)-from 40 patients with
genetically confirmed Bethlem myopathy and found that
only the fibroblast culture offers conclusive results for
the diagnosis of Bethlem myopathy (78%). They also dem-
onstrated that concerning the collagen related disorders
the fibroblast immunofluorescent technique is an excel-
lent way for predicting the presence of a COL6A muta-
tion, with a positive predictive value of 75%, a sensitiv-
ity and negative predictive value of 100%, and a speci-
ficity of 63%. They concluded that the immunofluores-
cent labeling of collagen VI in fibroblast cultures is a use-
ful diagnostic tool to guide molecular genetic testing in
neuromuscular centers that evaluate collagen VI related
disorders™. Therefore, in sporadic patients with clinical
and histopathological findings suggestive of merosin-pos-
itive CMD, who also manifest joint hyperlaxity, the dif-
ferential diagnosis must include Bethlem myopathy and
a fibroblast culture obtained from a simple skin biopsy is
recommended.

The data from molecular analysis in Bethlem myo-
pathy revealed that COL6A1 is the most involved gene
and a splice site mutation seems to be the most com-
mon, not only in COL6A1 as also in COL6A2 and COL6A3
genes". The skipping of exon 14 in the alphal(VI) chain
has been considered the most common type of mutation
in Bethlem patients®"¢"*" As different kinds of muta-
tions may occur, it has attempted to define genotype/
phenotype correlation based on the effect of the muta-
tion on collagen VI biosynthesis, secretion, structure, as-
sembly, and function. Some data indicate that large de-
letions and mutations inside the triple-helical collagen
VI monomer helix formed by alpha-1, 2 and 3 polypep-
tides are associated with a phenotype more severe than
those mutations occurring in the amino-terminal globu-
lar region®. Recently, in one patient with Bethlem myo-
pathy it was described a novel mutation that apparent-
ly did not affect the assembly, and it was suggested that
its effect could be influencing collagen VI interactions in
the extracellular matrix".

sidered rare
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Ullrich CMD

The first report of Ullrich phenotype occurred in 1930
by Ullrich" who named it scleroatonic CMD. However,
only in the present century such phenotype has been as-
sociated to a muscular deficiency of collagen VI caused
by different types of recessive and dominantly acting mu-
tations in the three collagen VI genes**. UCMD is clin-
ically less heterogeneous than Bethlem myopathy and
the majority of patients have the classic severe form, al-
though others with milder involvement have been report-
ed’. The severe clinical course is characterized by neona-
tal muscle weakness, proximal joint contractures, hyper-
laxity of the distal joints, failure to thrive, lack of inde-
pendent ambulation, and severe respiratory impairment
by the end of the first decade of life?'0*363679¢1e2114117127
™, Intelligence is normal. Other clinical features can in-
clude rough skin (follicular hyperkeratosis) or ‘sand pa-
per’ papular rash®***"™ hyperhidrosis, congenital hip dis-
location, torticollis, prominent ears, facial weakness with
a high arched palate, and prominent heels. The healing of
wounds is defective and commonly results in the forma-
tion of cheloids®. Scoliosis also develops early and fur-
ther facilitates respiratory complications. CK levels can
be normal or increased. The muscle biopsy reveals a typ-
ical, in general marked, dystrophic pattern. However in
early stages the dystrophic pattern may not be detected
and type | fiber atrophy and predominance together with
a widening of the fiber diameter spectrum is observed™.
In the muscular biopsy of one patient with UCMD, Schessl
et al. recently identified the formal diagnostic criteria of
histopathological fiber type disproportion. The immuno-
histochemical analysis of collagen VI in muscle biopsies
has given conclusive results, i.e. decreased immunolabel-
ling, but the most secure and helpful immunohistochemi-
cal analysis of collagen VI occurs in fibroblast cultures ob-
tained from patients’ skin biopsy™. In patients with Ull-
rich phenotye who without identifiable mutations in the
collagen VI genes and normal amount of collagen VI in
the interstitium, a primary abnormality of other not yet
identified protein interacting with collagen VI in the sar-
colemma could cause a failure of collagen VI to anchor
the basal lamina to the interstitium. According to Okada
et al.?° the possibility of mutations affecting the promot-
er regions or introns, or of overlooked mutations must be
considered in such cases. In Japanese population Okada et
al.®® found that mutations in collagen VI genes lead more
frequently to a collagen VI deficiency in the sarcollema
than in the intersitium. They sequenced the three colla-
gen VI genes in 26 Japanese patients with primary colla-
gen VI deficiency that in Japan accounts for 7.2% of CMD
cases. By immunohistochemical analysis they found that
most patients had sarcolemma-specific collagen VI defi-
ciency and five had complete collagen VI deficiency, i.e.
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sarcollema plus interstitium. In the former group all mu-
tations were sporadic dominant; however, in spite of the
occurrence of this apparently specific type of mutated
collagen VI localization, they could not define any geno-
type/phenotype correlation.

Initially, molecular studies considered that colla-
gen VI involvement was associated to mutations in col-
lagen VI genes in near to 40% of the patients with Ull-
rich CMD'”. Until 2002 only recessive mutations had been
described®?**, In 2003, the first heterozygous in-frame
deletions acting in a dominantly-negative way was found
in the COL6A]1 gene” of one Brazilian patient with severe
Ullrich phenotype™;soon, more patients with a dominant-
ly acting mutation in the COL6A1 were reported™ and this
same type of mutation has also been found in Ullrich pa-
tients with mutations in COL6A2 and COL6A3™. The rela-
tively clinical heterogeneity of Ullrich phenotype, that has
been reported®***"?’ is not related to each of the three
loci, but can be associated to the degree of the deficiency
of collagen VI in muscle or cultured fibroblasts". A com-
plete deficiency has been observed in the severe cases
while the milder ones that achieve independent ambula-
tion may show a partial deficiency®". In general, the com-
plete absence of collagen VI in the extracellular matrix is
derived from mutations that exert a strong dominant-neg-
ative effect and compromise intracellular assembly of di-
mers, tetramers, and extracellular microfibrils™. Accord-
ing to Baker et al. the new genetic data in Ullrich CMD
pointing to the possibility of dominant inheritance”™"’
highlighted the necessity of a careful molecular investiga-
tion for providing an accurate genetic counseling advice.

The definition of genotype/phenotype correlations in
collagen VI related disorders is a difficult task due to the
number of different mutations and the clinical variability.

In 79 patients with Ullrich CMD or Bethlem miopathy,
Lampe et al.” developed a practical method for analyz-
ing all the 107 exons of the three COL6 genes, achieving
over 97% of coverage. This method allowed the identifi-
cation of mutations in 62% of patients, whose inheritance
could be autosomal dominant or recessive. As it had been
previously reported”™ they also identified dominant mu-
tations in a proportion of patients with Ullrich CMD. In
addition, several of them had putative recessive muta-
tions each one in a different COL6A gene, a finding that
could indicate a novel mode of disease causation or mod-
ification. They concluded that mutations are likely to be
found in the majority of patients with a clinical diagno-
sis of Ullrich CMD and Bethlem miopathy; however, the
highly polymorphic nature of the three genes suggests the
need of specific methods of mutations analysis for per-
forming an adequate genetic counseling™.

Finally, Lampe et al.”* recently compared the molecu-
lar data of patients with Ullrich CMD with de novo dom-
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inant negative heterozygous splice mutations in COL6A],
COL6A2, and COL6A3, Ullrich CMD with recessively acting
splice mutations, and Bethlem myopathy with heterozy-
gous splice mutations. They concluded that in collagen
VI related disorders the type of exon skipping mutation
dictates the ability of mutant chains for being included in
the final multimeric structure of collagen VI microfibril-
lar network™, and therefore is predictive for clinical se-
verity and inheritance.

Since both Ullrich and Bethlem phenotypes show clin-
ical and genetic heterogeneity, the molecular diagnosis is
helpful for the defining the prognosis and for an accurate
genetic counseling.

Even considering the possibility of both dominant and
recessive mutations in patients with severe Ullrich, a safe
genetic counseling is not easy. Peat et al.”*, analysing two
families with Bethlem and Ullrich phenotype, respective-
ly, found a similar heterozygous mutation causing COL6A1
premature stop codon in the healthy parents of a patient
with severe Ullrich phenotype and in heterozygous pa-
tients with Bethlem myopathy. In a subsequent pregnan-
cy the parents of the patient with Ullrich phenotype re-
quired a prenatal diagnosis and the molecular analysis of
the chorionic villus revealed that the fetus was heterozy-
gous for the mutation, therefore eliminating the diagnosis
of Ullrich CMD. However, considering that the same type
of heterozygous mutation had previously been identified
in patients with Bethlem myopathy, the possibility of a
mild phenotype could not be excluded in the fetus. The
fact that an older proband’s brother who was heterozy-
gous showed very mild clinical features reinforced the
supposition that the two collagen VI disorders, Bethlem
myopathy, and UCMD, belong to a spectrum of colla-
gen VI disorders and are not two separate entities. The
authors concluded that in families with homozygous or
compound heterozygous null mutations in COL6A1 and
probably also in COL6A2 and COL6A3 the genetic coun-
seling deserves a cautious approach as those types of mu-
tation exhibit variable penetrance.

In conclusion, the different types of inheritance and
the great number of possible mutations clearly influence
the structure, biosynthesis, secretion, assembly, and func-
tional role of the three collagen VI chains in the extracel-
lular matrix. Ullrich CMD and Bethlem myopathy prob-
ably constitute an overlap between the clinical pheno-
types and the molecular defects. An overlap among Ull-
rich CMD, Bethlem myopathy and Ehlers-Danlos syn-
dromes has also been investigated®**™. Finally, very re-
cently Merlini et al.*, described two siblings who mani-
fested myosclerosis myopathy associated with mutations
in COLA2 gene. The phenotype includes thin muscles with
“sclerotic” or woody consistence on palpation and diffuse
restriction of movements of all joints, including the jaws.
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This leads to severe limitation in dayly activities, in spite
of a muscle strength relatively conserved. Muscle biop-
sy showed a partial collagen VI deficiency at the myofi-
ber basement membrane; however, collagen VI was absent
around most endomysial/perimysial capillaries. The com-
bination of basement membrane thickening and abnormal
pericyte proliferation is suggestive of this rare condition®.

CONGENITAL MUSCULAR DYSTROPHIES

CAUSED BY DEFECTS IN THE GLYCOSYLATION

OF ALPHA-DYSTROGLYCAN

The defects of the glycosylation of alpha-DG de-
pend on mutations in at least six genes that codify spe-
cific or putative glycosyltransferases: POMT1*; POMT2Y;
POMGNT*®; fukutin?’; FKRP*%; and LARGE*. Fukutin, FKRP
and LARGE are putative glycosyltransferase as until now
their exact function and their relation with the known
glycosyltransferases, POMTI, POMT2 and POMGnNT], have
not been completely elucidated. Six subtypes of CMD and
four subtypes of LGMD are caused by deficiency of glyco-
syltransferase that leads to a hypoglycosylation of alpha-
DG. These muscular dystrophies are autosomal recessive
disorders, clinically and genetically heterogeneous, that
show either pure muscular involvement or different de-
grees of CNS and/or ophthalmic involvement. The name
alpha-dystroglycanopathy is shorter and therefore more
pratical and has been commonly utilized although these
conditions are not primary defects of alpha-DG. In fact, a
primary dystroglycanopathy should be dependent on mu-
tations of the DG gene itself and this possibility has not
been identified yet.

The genotype—phenotype correlations in muscular
dystrophies with defective glycosylation of alpha-DG
form a broad clinical spectrum?®®?2¢76256 within this
spectrum, WWS, MEB disease and FCMD belong to the
most severe conditions and present different degrees of
defective brain migration and eyes abnormalities. On the
other side of the spectrum, there are adult patients with
LGMD and a pure muscle involvement that can be abso-
lutely variable’. Between these extremes there are oth-
er clinical forms of CMD, with or without ocular and CNS
involvement, and other LGMD, among which one, LGM-
D2K"!, exceptionally courses with microcephaly and men-
tal retardation.

Although initially these different phenotypes seemed
to be associated to mutations in specific genes, the con-
tinuous advances and the generalization of the methods
for performing molecular diagnosis have increased the
number of genotype/phenotype correlations included
in the spectrum. Presently, it is accepted that alpha-dys-
troglycanopathies are overlapping clinical entities and we
can summarize their enormous clinical and genetic het-
erogeneity in Table 2.
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Table 2. Genotype/Phenotype correlations in CMDs caused by alpha-dystroglycanopathy (the most common phenotype associated to
each gene is underlined, and the bibliography refers to the first molecular identification):

FKRP: fukutin FKTN: fukutin POMGNTI1 POMT!: protein POMT2: glycosyiltransferase
related protein O-mannosyltransferase 1 protein-O- “like”: LARGE
manosyltransferase 2
LGMD21"® FCMD?¥ MEB*° WWws* wWws? two patients
with severe CNS
involvement:
MDC1D* and WW™*
MDC 1C*® WWS'"* WWS™ MDC: mental retardation, MEB™?
eventual myopia,
microcephaly, structural
brain changes, muscle
hypertrophy™®
WWS'*® MEB™ LGMD2? with severe MEB™ MDC with microcephaly,
myopia and normal severe mental deficiency
intelligence™"* with or without ocular
involvement™*"*
MEB™® myocardiopathy, MDC with brain MDC and cerebellar
absent or minimal malformations involvement™
muscular weakness, without ocular
normal intelligence’””  abnormalities'
MDC with LGMD2M?**? LGMD2? mild, with normal

cerebellar cysts'®

MDC with variable
cortical, cerebellar
and pontine
dysplasic changes'*

intelligence and inflammatory
changes on muscle biopsy*®

LGMD2?with mental
retardation™

FCMD, Fukuyama congenital muscular dystrophy; LGMD, limb girdle muscular dystrophy; MDC, muscular dystrophy, congenital; MEB, muscle-eye-brain;
POMGNT], protein O-manose betal,2-N-acetylglucosaminyltransferase; WWS, Walker-Warburg syndrome.

FCMD in the Japanese populationand MEB in the Finn-
ish population are both due to a founder mutation, ret-
rotransposal” and splice site'?, respectively, and show
high regional prevalence. In Japan, FCMD has an incidence
around 1 per 10000 births". In Finland MEB disease shows
an average prevalence of 1:50000". For the other CMDs
caused by defects of glycosylation of alpha-DG it is dif-
ficult to ascertain prevalence rates. Even for WWS that
shows a worldwide distribution, the incidence rate is un-
known and has been estimated around 1.2 per 100000 live
births**.

Clinical manifestations and

phenotypic heterogeneity

Voit and Tomé™ reported that within the large spec-
trum of clinical manifestations in CMDs with glycosyla-
tion defects, between the pure muscular involvement and
the severe WW phenotype, it is possible to note a hier-
archic increase of clinical and radiological severity. They
proposed that at one end of the spectrum a mild altera-
tion of alpha-DG glycosylation can cause only myopath-
ic changes and at the other end of the spectrum a marked
glycosylation defect results in the severe CNS involve-
ment that accompanies lissencephaly type Il. Between
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the two extremes while the biochemical defect increas-
es there is a progressive worsening of the clinical severi-
ty and intermediate but successive stages of variable in-
volvement in cerebellum, pons and eyes®.

The most striking clinical heterogeneity is related to
mutations in the FKRP gene. Patients with mutations in
the FKRP gene have a broadly variable clinical severity
and course: the most severe involvement is represent-
ed by prenatal WWS with cobblestone lissencephaly and
eye abnormalities defects, and the mildest occurs in sub-
types of LGMD with onset in adult life and pure muscular
involvement™®'**, However, approximately 75% of these
patients have a LGMD2I phenotype™. Concerning only the
FKRP mutations that originate CMD phenotypes, the first
description®® had mainly emphasized the phenotype MDC
1C without CNS changes. However, braininvolvement is a
more common feature than originally anticipated in pa-
tients with MDC1C**™*¢. Mercuri et al.** described eight
patients with FKRP mutations and CNS involvement that
was represented by: isolated cerebellar cysts and men-
tal retardation without any other sign of posterior fos-
saor supratentorial abnormalities in three, and cerebel-
lar cysts associated with structural brain changes involv-
ing the posterior fossa and the cortex in five. Among the
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latter, two patients showed severe brain changes and re-
sembled MEB and WWS-like conditions, respectively, but
the other three had various degrees of structural brain ab-
normalities, including from focal unilateral periventricular
nodular heterotopia to marked cerebellar dysplasia and
pons hypoplasia. White matter changes were observed in
four patients. The authors'® commented that in spite of
the fact that in general the severity and the distribution
of the white matter changes in patients with FKRP muta-
tions are different from those observed in patients with
merosin-deficient CMD, two patients from their cohort
had a pattern of white matter abnormality, similar to that
of MDCIA. Similarly to Voit and Tomé", they also suggest-
ed that patients with FKRP mutations can show a hierarchy
of severity of CNS changes with the cerebellum seeming
the most vulnerable structure being the only CNS struc-
ture affected in some patients with normal intelligence.
In others patients with mental retardation, an increasing
clinical and radiological severity can be observed: more
extensive cerebellar dysplasias can be accompanied by
pons and brainstem abnormalities. Finally, there are pa-
tients whose clinical severity is still greater and their MRI
reveals structural cortical changes apparently following
an anteroposterior gradient. In this study the distribution
of FKRP gene mutations did not allow any particular gen-
otype/phenotype correlation concerning the amount of
CNS malformations'*. However, Keramaris et al."” consid-
ered that the wide phenotypical variation of the FKRP-re-
lated myopathies could in part be explained by the type
of missense point mutation.

Even considering that mutations in POMT1 and POMT2
are not associated to the same clinical heterogeneity that
is observed in the FKRP ones, new mutations in those
genes that are not associated to classical WW or MEB
phenotypes have been described”*'**"2 |n these occa-
sional case reports many different types and degrees of
cortical and posterior fossa malformations have been de-
scribed and eyes involvement is or is not present; most
patients have mental retardation, and calf as well as thigh
enlargement has also been related*®', Yanagisawa et al.”*°
hypothesized that patients with POMT1 and POMT2 mu-
tations could share the same phenotype because, accord-
ing to Manya et al.”®, both glycosyltransferases form a het-
erodimeric complex that is responsible for the catalysis
of the first step in O-mannosyl glycan synthesis. Recent-
ly, Messina et al.** analysed the genotype of 61 CMD Ital-
ian patients with clinical or immunohistochemical pat-
tern suggestive of known forms of alpha-dystroglycanop-
athies. They found mutations in POMT 1and POMT2 genes
in 30% of the patients with a clear majority in POMT]T, 13
cases, than in POMT?2, five cases. Mutations causing frame-
shifts and stop codons were associated to the most severe
phenotypes. Only three had a MEB phenotype (POMT1-
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mutation in two and POMT2 mutation in one) while a
WWS phenotype was only found in a case with muta-
tions in POMT]. In the remaining 10 patients with POMTI
mutations, six had mental retardation and microcephaly,
but normal brain MRI. Predominant cerebellar hypopla-
sia was common in patients with POMT2 (three out of
five) mutations. This study emphasized that like it is ob-
served for FKRP mutations, POMT1 and POMT?2 also have
a wide clinical and genetic spectrum that is wider than
initially thought™*.

In 2007, Godfrey et al.”’” published the most complete
analysis on the genotype/phenotype correlation of alpha-
dystroglycanopathies, except those linked to mutations in
FKRP gene, in European (including Turkish) and Australian
patients. They considered that it is difficult to estimate
the mutation frequencies of each one and to recognize
the proportion of new phenotypes in relation to the core
phenotype that had been originally associated to each of
those mutated genes. They reviewed 92 patients in whom
FKRP mutation had been already excluded, and whose im-
munolabelling analysis for alpha-DG in muscle biopsies
had showed hypoglycosylation. The patients’ DNA was
screened for mutations in POMT1, POMT2, POMGnT], fu-
kutin and LARGE and a mutation was found in only one
third of their cohort: mutations in POMT2 were the most
common and were found in nine patients, six of them with
MEB-FCMD phenotype, two with CMD and cerebellar in-
volvement and one with LGMD associated to mental re-
tardation; mutations in POMT1 occurred in eight patients,
most of them with CMD (N=3) or LGMD phenotype (N=3)
associated to mental retardation, one with MEB-FCMD
phenotype and one with WWS; mutations in POMGnNTI1
were found in seven patients, six of them with WWS and
a single case had LGMD phenotype; mutations in fukutin
gene were observed in six patients, four of them without
CNS involvement and a single case of each, MEB-FCMD
phenotype and WWS; finally, a mutation in LARGE was
detected in a single patient with WWS. Therefore they
demonstrated that although these genes harbour muta-
tions much less frequently than FKRP gene, the mutations
are associated with a striking phenotypical heterogene-
ity, except for the POMGNT]1 gene. However, they point-
ed to the fact that the LGMD patient with POMGnTImu-
tation (who was later reported by Clement et al.**) has a
mild phenotype and a normal intelligence, therefore “dra-
matically expanding the phenotypes associated with mu-
tations in POMGNT” Godfrey et al. also™ emphasized that
POMT1 and POMT2 mutations were commonly associated
with CNS involvement even in patients with mild muscu-
lar weakness; the majority of patients with mutations in
fukutin gene, opposite to those with typical FCMD, had
not structural brain involvement; therefore, mutations in
the fukutin gene outside Japan are associated to a milder
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phenotype. Besides the precise description of the geno-
type/phenotype correlation, this work also emphasized
that patients with CMD and alpha-DG hypoglycosilation
in whom any mutation of the known glycosyltransferase
genes were found to show a phenotypic spectrum simi-
lar to that of patients in whom mutations could be identi-
fied: WWS in two; MEB/FCMD in 16; CMD with cerebellar
involvement in two; CMD with mental retardation in 12;
CMD with pure muscular involvement in nine; LGMD with
mental retardation in one, and LGMD with pure muscular
involvement in 16. Although out of the aim of their work,
the authors™ consider that the amount of depleted gly-
cosylated epitope seems to be correlated with phenotyp-
ic severity, so that complete absence in immunostaining
would be found in the most severe cases. Apart from the
fact that FKRP is in general the most affected gene, the
differences of the mutation frequency in the other glyco-
syltransferases genes may be due to regional influence™.
In Italian patients Messina et al.”™ found a greater propor-
tion than Godfrey et al.”” of POMT1 and POMT2 mutations
and much more mutations in POMTIgene than in POMT2.

Similar to that observed in relation to the phenotype,
Godfrey et al.”’ did not find any valuable difference in
the pattern of dystroglycan expression between patients
with and without mutations in any of the genes, a fact
that strongly suggested the probable existence of more
genes involved on the pathway of glycosylation and not
yet identified until the moment™. Cases reports and stud-
ies on specific cohorts of patients have emphasized the
same probability™®"*® and other great evidence comes
from the molecular studies from patients with WWS. In
spite of its worldwide distribution and therefore the good
availability of patients’ DNA for genomic analysis, only
one third to 40% of the cases has been associated to mu-
tations in one of the six genes involved in the O-manosy-
lation pathways™"**¢!,

The amount of alpha-DG immunolabelling on muscular
biopsy has been the most precise indicator for the molec-
ular screening; however, to correlate clinical course and al-
pha-dystroglycan labeling is more commonly observed in
patients with mutations in POMTI, POMT2 and POMGnT]1
than in those with defects in fukutin and FKRP'®.

The molecular analysis is the only method for con-
firming the alpha-dystroglycanopathy subtype. Consider-
ing that the molecular testing is not universally available,
it is important to report the possibility of a biochemical
approach concerning the three glycosyltransferases that
have already been identified. In extracts of muscle biop-
sies from patients POMGNTI enzyme activity has been de-
termined using commercially available reagents'®. Later, a
method using EBV-transformed lymphoblasts, cultured fi-
broblasts or both fibroblasts and lymphoblasts, has been
proposed for the evaluation of POMGNT], consequently
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providing the recognition of carriers and the diagnosis of
patients with MEB disease'®*. Recently, lymphoblast-based
enzymatic assay has been used for detecting low enzy-
matic activity of POMGNTI1, POMT1 or POMT2 in patients
with the respective mutations and has been considered a
sensitive method. It can point to only one molecular test;
it is also useful for researches in the field of pathogenic
mechanisms of glycosyl-transferases'.

In conclusion, WWS, MEB disease, FCMD, CMD 1C and
CMD ID are overlapping CMDs collectively designated al-
pha-dystroglycanopathies, in which the common under-
lying defect is hypoglycosylation of alpha-DG. We briefly
present the characteristic aspects of each one.

Fukuyama congenital muscular dystrophy (FCMD)

FCMD was first described in 1960 by Fukuyama et al.”
and represents one of the most common autosomal re-
cessive disorders in the Japanese population. A recent re-
port on 62 Japanese patients with alpha-dystroglycano-
pathy, found 54 cases of FCMD, two of MEB disease, one
each of WWS and CMD 1C and four cases in which muta-
tion in any known genes associated with glycosylation of
alpha-DG could be identified’™. FCMD is characterized by
CMD associated to cortical migration defects (micropo-
lygyria). In 1993, Toda et al.” recognized the responsible
gene on 9q31-33 (FKTN) and later, in 1998, Kobayashi et al.”
identified the FKTN product, fukutin, a putative glycosyl-
transferase with 461-amino-acids, whose function and its
relation with other alpha dystroglycanopathies has not
been yet completely elucidated'. A 3 kb-retrotransposal
insertion into the 3’ untranslated region of this gene con-
stitutes the founder mutation that derives from a single
ancestor and occurs in most FCMD patients in a homozy-
gous or heterozygous manner?**'*'¢18 This founder mu-
tation is observed in the general population with a fre-
quency of one in 88 individuals and is rare outside the Jap-
anese population®. In addition, at the moment only one
FCMD patient with a fukutin homozygous mutation oth-
er than the founder mutation has been reported: he had
severe brain and eye anomalies and was a Turkish child
without Japanese ancestry'.

Fukuyama et al. described the first 15 FCMD cases in
1960" and later he and colleagues reported the details of
this particular form of CMD**"°"", Poor fetal movements
and birth asphyxia can be the first signs. Patients manifest
generalized muscle weakness and hypotonia from early
infancy, mental retardation, and seizures. Hypertrophy
of the calves, quadriceps and tongue muscles are com-
monly seen, as well as a dilated cardiomyopathy that be-
comes symptomatic in the second decade of life. How-
ever the clinical manifestations show a variable degree
of severity, inclusively among siblings, and a few patients
can walk without support, have a lesser degree of cogni-
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tive deficiency and may obtain seizure control. Cerebral
and cerebellar micropolygyria, fibroglial proliferation of
the leptomeninges, hydrocephalus, focal interhemispher-
ic fusion, and hypoplasia of the corticospinal tracts were
the brain malformations originally described by Fukuy-
ama". Obstructive hydrocephalus is rare. On neuroimag-
ing, transient white matter abnormality that tends to de-
crease with age, variable occipital cobblestone cortex, hy-
poplasia of the pons and cerebellar vermis as well as cer-
ebellar cysts can also be revealed”. Ocular abnormalities
mainly directed to the retina, such as folding, fusion, focal
dysplasia, and detachment have been reported in a high
number of patients accompanied or not by other ophthal-
mological alterations such as abnormal eye movements,
strabismus, myopia and microphthalmos™.

Yoshioka and Kuroki”* compared sporadic and familial
cases from 41 Japanese families and found that in the fa-
milial FCMD patients, motor incapacity was more marked.
They emphasized that at the most severe end the broad
clinical spectrum of FCMD can include a phenotypic over-
lap with mild Walker-Warburg syndrome and MEB. Oth-
ers observed this great variability and found that patients
with a compound heterozygous mutation (one allele with
the founder mutation and the other with point mutation)
have a more severe phenotype than the homozygotes pa-
tients”"”’. Yoshioka et al.”® compared the epileptic man-
ifestations with the analysis of mutations in 35 FCMD pa-
tients and found that the heterozygotes usually devel-
op seizures earlier than homozygotes and can manifest a
higher degree of intractable seizures. In addition, in the
heterozygotes the mutation different from the 3 kb inser-
tion founder mutation, according to its type, could influ-
ence the seizure prognosis”®.

In Japanese families, prenatal FCMD diagnosis"’ is
made by means of haplotype analysis using microsatellite
markers. Prenatal testing for detecting disease-causing al-

leles in members of an affected family is also available™.

Muscle-eye-brain (MEB) disease

MEB disease is an autosomal recessive disorder char-
acterized by CMD, structural eye abnormalities, and cor-
tical malformations. MEB was first described by Raitta
et al.*® and Santavuori et al. in Finland and is associat-
ed with mutations in a gene at 1p34-p32* that codifies
POMGNT], a proved glycosyl transferase*’. The congeni-
tal eye abnormalities are variable and include severe my-
opia, glaucoma, optic nerve hypoplasia and retinal hyp-
oplasia'. Concerning the degree of cortical malforma-
tion, CNS involvement is also variable within the spec-
trum pachygyria/polymicrogyria/agyria associated to
posterior fossa changes (flat brainstem and cerebellar
hypoplasia) and white matter abnormality'*>""'®, Oth-
er common features include hydrocephalus and dysmor-
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phic face (short nasal bridge, micrognathia, and midface
hypoplasia)'®. As has been observed in relation to FCMD,
MEB also shows a clinical variability, concerning either
muscular or mental involvement"?'®2, Some patients are
able to walk and develop speech while others are severe-
ly affected with profound motor and cognitive delay or
even autistic features'®>'®. At the lesser degree of severity
an unusual mild phenotype can be misdiagnosed as pure
CMD. At the most severe end of the spectrum a pheno-
typic overlap with WWS can occur™® and clinical and ra-
diological particularities may be useful in making the dif-
ferential diagnosis'®”"®® between the two conditions.

The spectrum of clinical severity is broad even in the
same family: typical MEB phenotype can be observed in
one sibling and severe WW-like phenotype in anothe'®’.
Epileptic seizures and obstructive hydrocephalus requir-
ing a shunt have been reported'™®.

All the mutations in POMGNTI gene result in a com-
plete loss of enzyme activity, but the type of mutation is
apparently not related to the variability in clinical sever-
ity'®e. A single patient with a phenotype of MEB disease
and a homozygous mutation in the FKRP gene has been
reported'. Probably, mutations in FKRP gene, resulting in
either MEB or WWS, affect the glycosyltransferase func-
tion in a different way'.

For many years the disorder was considered exclusive
to the Finnish population but the advances in molecular
diagnosis have been followed by the description of new
mutations in POMGNT]1 associated to MEB in non Finnish
patients”®™ or in patients with atypical phenotypes such
as preserved vision'. One study'' reported a slight cor-
relation between the location of the mutation and the
clinical severity and emphasized the need for consider-
ing POMGNT1 mutations not only in non Finnish MEB-like
patients as also in WWS or other CMDs patients around
the world"".

Zhang et al.'®® described a rapid and relatively simple
method for determining POMGNT1 enzyme activity in
muscular biopsies using commercially available reagents.
They conclude that beyond its diagnostic value in typical
MEB patients, the clinical and genetic heterogeneity of
CMDs associated with brain and eye malformations jus-
tify the use of POMGNT]1 assay as a screening procedure

for MEB in all those patients'®.

Walker-Warburg syndrome (WWS)

WWS received its name from Walker”, who described
the first patient with lissencephaly, and from Warburg'®
who described a patient with congenital retinal anoma-
lies and hydrocephaly, whose parents were first cousins,
therefore defining the autosomal recessive mode of in-
heritance. Pagon et al.”? described the lack of the typical
cortical lamination and due to the combination of hydro-
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cephalus, agyria, as well as retinal dysplasia with or with-
out encephalocele, named the syndrome as HARD * E.
The main clinical manifestations depend on the severe in-
volvement of muscle, eye and brain that in general are not
compatible with survival beyond 2-3 years of age. Affect-
ed children do not reach any motor or mental milestone
and commonly have seizures and need gastric tube feed-
ing. Supportive measures include hydrocephalus shunt-
ing or, occasionally, encephalocele surgical correction™.
The muscle involvement is represented by a severe CMD
and was characterized as a part of the symptomatic tri-
ad by Dobyns et al.”’*, who described the complete clin-
ical picture:brain malformations are typically represent-
ed by lissencephaly type II, in which a neuronal overmigra-
tion causes a cobblestone cortex; in addition, there is ob-
structive hydrocephalus that is commonly diagnosed in-
tra uterus, neuronal heterotopias, corpus callosum agen-
esis, fusion of the hemispheres, leptomeningeal glio-me-
sodermal proliferation, pontocerebellar hypoplasia with
fourth ventricle dilatation, and occasionally occipital en-
cephalocele and Dandy-Walker cyst; the congenital oc-
ular anomalies are both anterior and posterior chamber
eye malformations and frequently lead to retinal detach-
ment and blindness; microphthalmia, buphthalmus, optic
nerves hyploplasia, colobomas and other iris malforma-
tion, congenital or infantile glaucoma, cataract, megalo-
cornea and persistent hyperplastic primary humor vitre-
ous can be observed in variable amounts. Males can pres-
ent genital anomalies: as animal models show a POMT2
transcript that is specific to the testis, it has been suggest-
ed that also the gonadal defects are associated with de-
fects in O-mannosylation™*. Rarely, facial dysmorphisms
and cleft lip or palate, have been reported™.

Although WWS is clinically homogeneous, it is ge-
netically heterogeneous. Mutations have been found in
POMTI, POMT2 and less frequently in POMGNT], FKRP, fu-
kutin and LARGE genes. In 2002 Beltran-Valero de Bernabe
et al.*’ studied 10 consanguineous families with WWS and
found mutations in POMTIgene in 6 of the 30 unrelated
patients. Later, the same researchers found in two unre-
lated affected girls a homozygous mutation in the in the
FKRP and in fukutin gene, respectively’®. Van Reeuwijk
et al.” described in three unrelated patients, one of them
with an affected sib, a homozygous mutation in POMT2.
They considered that all patients, independently of which
gene was mutated, had the same classical WWS pheno-
type. Later, they identified in two affected sibs from con-
sanguineous parents a homozygous intragenic deletion in
the LARGE gene'”. Godfrey et al.”” found a great number
of patients with POMGNT1 mutations in their cohort and
recently Manzini et al'®' reported that mutations in FCMD
gene were more common than previously expected in Eu-
ropean/American patients, including all Ashkenazi Jewish
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cases, who carried the same founder mutation. The ge-
netic heterogeneity makes difficult the prenatal diagno-
sis in isolated fetuses with hydrocephalus detected by ul-
trasound. The prenatal ultrasound is very precise in dem-
onstrating type Il lissencephaly associated to hydroceph-
alus™”. However, a definitive prenatal molecular diagno-
sis can only be obtained when in a first affected child the
mutation was identified. It has been emphasized that at
autopsy of affected fetuses demonstrable muscle chang-
es may not be observed, while brain and eye anomalies
are clearly demonstrated'.

Congenital muscular dystrophy type 1C (MDC 1C)

MDC 1C was first reported by Brockington et al.*® who
described patients from seven different families with a
particularly severe CMD without clinical or radiological
CNS involvement. These patients never acquired indepen-
dent ambulation and had a particular calf and thigh hy-
pertrophy. The course was progressive leading to respira-
tory failure in the second decade of life and several pa-
tients had signs of heart involvement. A marked eleva-
tion of serum CK was commonly observed. The authors®
found mutations in the FKRP gene and suggested that the
new form was probably caused by a defect of glycosyla-
tion of alpha-DG as the muscular biopsies showed a de-
creased alpha-DG immunostaining. A possible association
with clinical and radiological CNS involvement, suggest-
ed by mental retardation, cerebellar cysts and white mat-
ter abnormalities on neuroimaging, has frequently been
reported">"*¢"”® Brockington et al."*® also reported that
mutations in FKRP could cause a LGMD with a relative-
ly benign course, and a wide spectrum of clinical severi-
ty depending on the age of onset. Patients with an early
onset within the first two years of life presented a Duch-
enne-like progression with muscle hypertrophy in the legs
and eventually in the tongue, and lost independent walk-
ing during the second decade of life. In other patients
with a variable age of onset and course (some patients
were still ambulant in the fifth decade of life) the calf and
to a lesser extent, thigh, brachioradialis and tongue mus-
cles were hypertrophic, and muscle cramps following ex-
ercise were also relatively common. As it occurred in MD-
CIC patients, serum CK was markedly increased and a vari-
able degree of heart involvement could be observed. The
FKRP mutations identified in the LGMD2I families were
different from those seen in MDC1C'.

In patients with FKRP mutations, Brown et al.”® ob-
served that the residual expression of alpha-DG detect-
ed by immunolabeling and Western blot can be correlated
with the clinical severity and with the type of mutation.
Patients with MDC 1C who exhibit a severe phenotype are
compound heterozygotes (one missense and one nonsense
mutation) or have homozygous missense mutations; they
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show absent or strongly decreased B-DG expression. How-
ever, within the spectrum of LGMD2I, patients at the se-
vere end of the clinical spectrum (Duchenne-like) tended
to show a greater reduction in immunolabeling of alpha-
DG than those at the milder end (later onset) who general-
ly show variable immunohistochemical pattern and some-
times present minimal changes. Patients with the more se-
vere Duchenne-like phenotype are compound heterozy-
gotes (a missense mutation frequently found and either
another missense or a nonsense mutation) and patients
with the milder form of LGMD2I in general are homozy-
gous for the common C826A/Leu279Ile FKRP mutation'’.

Congenital muscular dystrophy type 1D (MDC 1D)

Longman et al.* analyzed the molecular data from 36
patients with CMD associated to either clinical or radio-
logical signs of CNS involvement or who had abnormal
alpha-DG immunolabeling in whom it had been exclud-
ed linkage to any known human CMD locus. Among 29
families in which linkage to LARGE gene was not exclud-
ed, they found in a 17 year-old girl the first compound
heterozygous mutation in this gene. This girl had been a
floppy infant with onset of weakness months after birth
and manifested severe mental retardation. Neuromaging
revealed defects of brain migration and white matter ab-
normality, and the girl had an abnormal electroretino-
gram. The muscle biopsy showed a severe dystrophic pat-
tern as well as a decreased alpha-dystroglycan immuno-
labelling and molecular weight™.

Alpha-dystroglycanopathies:

boundaries between CMD and LGMD

In 2004, Kirschner and Bénnemann®® pointed to the
fact that the continuous progress in the knowledge of the
molecular basis of the muscular disorders was blurring the
traditional boundaries between CMD and LGMD, as well
as between these and other types of myopathies. In fact,
the recognition of the alpha-dystroglycanopathies con-
firms that sometimes CMD and LGMD share either mo-
lecular or pathogenic mechanisms.

LGMD?2I, that it was already described above, was the
first LGMD to be classified as an alpha-dystroglycanopa-
thy. The original description was made by Driss et al.**'in
13 patients from a Tunisian family, who had a variable age
of onset and course, and proximal limb muscle weakness
affecting predominantly the pelvic girdle. They map the
locus to 19q13.3. Since MDCIC and LGMD2I mapped to the
same locus, Brockington et al.** analysed the molecular
data from 25 potential LGMD2I families, including some
with a severe and early onset phenotype. In 17 families
they found mutations in the FKRP gene, therefore demon-
strating that CMD 1C and LGMD2I| were allelic disorders.

LGMD2K - Dincer et al.”' reported seven patients from
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six consanguineous Turkish families and an eight sporad-
ic patient from England who manifested a slowly progres-
sive LGMD with mild muscle hypertrophy, increased CK
level, microcephaly, and mental retardation. The age of
onset varied from one to six years of age. Neuroimaging
was normal. The muscular biopsy showed dystrophic pat-
tern and a marked decrease of the glycosilated alpha-DG
immunostaining. Later, in some of these patients, Balci et
al identified a homozygous mutation in the POMTI1 gene
that until the moment had only been associated to WWS.

LGMD2M - Is the first muscular disorder caused by mu-
tations in fukutin gene that is not associated to CNS clin-
ical or radiological involvement. Godfrey et al.*** report-
ed three children from two families, aged 4 to 10 months,
with a severe reduction of alpha-DG in skeletal muscle. In
two of them the onset of muscle weakness followed a fe-
brile viral illness and in the other a febrile illness at three
years of age was associated with a worsening of the motor
symptoms. The patients showed hypertrophy of the low-
er limb muscles, and increased CK level. All had normal
intelligence and neuroimaging. Remarkably, on muscular
biopsy the dystrophic features were accompanied by mild
macrophage infiltration and the three children had a good
response to steroids therapy. Godfrey et al.** initially sug-
gested classify the new disorder as LGMD?2L, but other
LGMD had just been associated to the letter L and the
new form of alpha-dystroglycanopathy became LGMD2M.

LGMD2N - Biancheri et al.*®* described a girl with nor-
mal intelligence and a mild proximal weakness associat-
ed to a marked increase of CK level. The muscular biopsy
showed dystrophic and inflammatory changes, as well as
marked decrease of alpha-DG that leads to the molecu-
lar analysis of the genes involved in alpha-DG glycosyla-
tion. A POMT2 homozygous missense mutation was found
and Biancheri et al.*® proposed to name this mild LGMD
phenotype as LGMD2N.

RIGID SPINE MUSCULAR DYSTROPHY

Rigid spine syndrome, is characterized by marked
limitation in the flexion of the spine and gradual devel-
opment of scoliosis leading to reduced respiratory vi-
tal capacity and respiratory failure. Joints contractures
at the elbows and the ankles have commonly been de-
scribed. The first case of this particular CMD phenotype
was described by Goebel** in 1980, and after a long peri-
od Moghadaszadeh et al.*°, in 1998, and Flanigan et al.”®,
in 2000, reported respectively five patients from con-
sanguineous families and four siblings from a non con-
sanguineous family with characteristic rigid spine CMD.
In one of these affected children a muscle biopsy per-
formed early at nine months of age showed only min-
imal, nonspecific myopathic changes, but the muscular
biopsy of his sib, at 14 years of age, revealed severe dys-
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trophic changes. In some of the patients they found link-
age to 1p36—p35°®. In 2001, Moghadaszadeh et al.** iden-
tified the SEPNT1 gene and several mutations resulting in
rigid spine CMD. Selenoprotein N is an endoplasmic retic-
ulum glycoprotein involved in muscular function, proba-
bly in early development and in muscle cell proliferation
or regeneration”®. Moghadaszadeh et al.** also suggest-
ed that selenoprotein N may be implicated in redox re-
actions into the cell, protecting it from oxidant damage.

Rigid spine CMD is rare although no precise data can
be reported. Among 11 unrelated patients who had clini-
cal and laboratorial features compatible with SEPN1-relat-
ed myopathies, Tajsharghi et al.>” found only one patient
with rigid spine CMD and pathogenic mutation in SEPN1
gene. Peat et al.®' in a cohort of 101 patients with different
subtypes of CMD, also found only one patient with rigid
spine CMD and SEPN1 mutation.

In spite of the progressive limitation of the neck
and trunk flexion, the progressive axial muscles wasting
and the marked generalized muscular atrophy, the pa-
tients can maintain the independent ambulation for long
periods®®**2%282%% The contrast between the fairly well-
preserved strength of limb muscles and the severe axial
weakness predominantly in neck and trunk weakness with
marked scoliosis is particularly impressive®®. Facial weak-
ness is a common aspect. The prognosis depends on the
degree of involvement of the respiratory function. Respi-
ratory insufficiency has to be early managed with inter-
mittent, positive-pressure, mainly nocturnal ventilation
support. Although the scoliosis becomes severe by the
end of the first decade in the majority of patients, some
children can develop a respiratory insufficiency as early
as at three years of age’®. Mercuri et al.*® reported a fre-
quent pattern of selective muscle involvement that is ob-
served on muscle imaging: a marked involvement of ad-
ductors, sartorius and biceps femoris while rectus femo-
ris and gracilis were relatively spared.

In general the muscular biopsy of patients with rigid
spine CMD shows increased variability of fiber size, mild
or focal increase of endomysial tissue, regenerating fibers
and type | fiber predominance. In some patients small
zones of Z-line streaming or a marked dystrophic pattern
can be observed. Ferreiro et al.*” performed a molecular
analysis of SEPN1 gene in patients with the classical sub-
type of multiminicore disease because their phenotype
with predominant axial weakness and progressive scolio-
sis with early respiratory involvement was similar to that
of rigid spine CMD. They found linkage to the same gene
in eight families that had the most severe multiminicore
phenotype, some of them with spinal rigidity. The screen-
ing for SEPN1 gene in the eight families and in 14 patients
with sporadic classical multiminicore myopathy revealed
homozygous or compound heterozygous mutations,
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among which three had already been described in patients
with RSMD. The muscle biopsies from patients with rigid
spine CMD and multiminicore myopathy differed by the
lack of dystrophic changes and by the great amount of
typical minicore lesions in the latter. Ferreiro et al. due to
the homogeneous clinical features of the two myopathies
concluded that rigid spine CMD and the most severe form
of classic multiminicore disease are different phenotypes
within the same disease spectrum”®. Therefore this study
demonstrated the existence of overlap and consistent
boundaries between congenital myopathies and CMDs.

Later, Ferreiro et al.”°, motivated by the finding of Mal-
lory body-like inclusions in two cases of genetically doc-
umented SEPN1-related myopathies supposed an identity
with a subtype of desmin-related myopathies, which also
shows Mallory body-like inclusions. In four patients with
CMD from a German family whose clinical and histopatho-
logical aspects had already been described by Goebel et
al.”® and Fidzianka et al.”", respectively, they demonstrat-
ed a linkage to the SEPNT1 locus (1p36), and subsequently a
homozygous SEPN1 deletion. As the clinical findings were
indistinguishable from those of other SEPN1-related myo-
pathies they concluded that this CMD with Mallory body-
like inclusions could be included in the same category®®.

In 2006 the morphological spectrum of SEPN1-relat-
ed myopathies was again enriched by the description of
SEPN1mutations in two sisters with a diagnosis of typical
congenital fiber-type disproportion without minicore le-
sions or dystrophic changes®. The two adult sisters had
manifested from infancy a severe and progressive congen-
ital myopathy with scoliosis and involvement of the tho-
racic respiratory muscles and represented the first geneti-
cally identified form of autosomal recessive congenital fi-
ber-type disproportion. The same mutation was also found
in three patients from another family, among whom two
had CMD and one had only nonspecific myopathy, with-
out the characteristics pathologic criteria for CFTD. All
five patients had abnormal oral glucose tolerance tests and
showed biochemical abnormalities suggesting insulin resis-
tance; therefore Clarke et al.?” considered that insulin resis-
tance could be a specific sign in some SEPN1-related myop-
athies. Like it was previously noted in relation to multimini-
core myopathy, this study also represents a narrowing of
the boundaries between CMD and congenital myopathies.

Recently, Schara et al.”® reported the phenotype and
long-term follow-up in 11 patients with SEPN1-related my-
opathy, who were teenagers. A broad phenotypic vari-
ability was observed and apparently there is no correla-
tion between the type of mutation and the severity of
the phenotype. Clinically, the children present as flop-
py infants with marked delay of motor and mental devel-
opment. The onset was within the first two years of life
with muscle hypotonia. The gross motor development, al-
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though with delay, was achieved in most of the patients,
who maintain the deambulation for a long period. Rig-
id spine was observed at a mean age of 10 years. All pa-
tients develop respiratory impairment and marked mus-
cular atrophy. Intermittently nocturnally ventilation may
be necessary at teen age. The clinical severity was variable
and early respiratory failure as well as lack of ambulation
could be observed in some patients. However, the degree
of respiratory involvement was not related with the de-
gree of weakness and muscular atrophy®”.

Okamoto et al.”™™ developed an antibody for evaluate
the immunohistochemical pattern of selenoprotein N and
verified that it was diffusely distributed in the cytoplasm
of the control muscle, but was reduced and irregularly
expressed in the cytoplasm of a patient with rigid spine
CMD. In two Japanese patients with rigid spine CMD and
different types of mutations, these authors™ also analy-
sed the mutational mechanisms in SEPN1 and the way by
which they lead to a truncated selenoprotein N.

CONGENITAL MUSCULAR

DYSTROPHY TYPE 1B (MDCIB)

Muntoni et al.” and Brockinton et al.”* described a
form of CMD characterized by proximal muscle weakness
with marked cervical involvement, muscle hypertrophy,
and early respiratory failure. In spite of the occurrence
of generalized hypotonia and delayed motor milestones
during the first year of life, only one child among six from
two unrelated families was reported to manifest the first
symptoms at birth. Interestingly the two patients from the
second family had manifested episodes of rhabdomyol-
ysis. All patients had normal intelligence and a great in-
crease of CK level. The muscular biopsies from five pa-
tients showed a marked dystrophic pattern and deficiency
of laminin-02 that was considered a secondary phenom-
enon, since linkage to the LAMA2 locus on 6q22-23 was
excluded. Genomewide linkage analysis of the two fam-
ilies assigned the locus responsible for this form of CMD
to chromosome 1g42. The secondary reduction in laminin-
02 chain in these families suggested that the primary ge-
netic defect could affect a gene coding for a protein in-
volved in basal lamina assembly. The authors suggested
calling this disorder “CMD1B"®,

CONGENITAL MUSCULAR DYSTROPHY

WITH DEFICIENCY OF INTEGRIN ALPHA-7

Hayashi et al.** described two patients with a com-
pound heterozygosity for two splicing mutations in IT-
GA7 gene and a third patient with a reduction in integ-
rin alpha-7 mRNA with no observed mutation in the cor-
respondent gene. All children had motor delay compati-
ble to a congenital myopathy but the first also manifested
mental retardation without brain MRI changes while the

Congenital muscular dystrophy: Part |
Reed

other two manifested congenital torticollis. In one child
the muscle biopsy showed mild dystrophic changes with
variable fiber size and adipose infiltration but in the oth-
ers two the muscular biopsy was considered compatible
only with congenital myopathy. The immunohistochemi-
cal analysis showed a total lack of the integrin alpha-7sub-
unit and normal laminin alpha-2 was normal®. This form
of CMD is very rare and no other patients have been de-
scribed from the original report. In addition, an overt dys-
trophic aspect was not demonstrated in the affected pa-
tients. However, as the mice null allele for integrin-alpha-7
gene typically demonstrated clinical and histopathologic
aspects of a progressive muscular dystrophy””, the form
of CMD with integrin alpha-7deficiency persists within
the CMD classification.

CMD CAUSED BY MUTATION IN LMNA GENE

In a review on CMD, Jimenez-Mallebrera et al.*® con-
sidered the possibility that in addition to the defects in
the group of proteins already known, new pathological
pathways could also emerge. In fact this assertion has
been recently confirmed when an apparently specific
CMD phenotype characterized by marked cervical weak-
ness was found to be associated with mutations in lamin
A/C gene®. Lamins are the major proteins of the nucle-
ar envelope and are located in the inner nuclear mem-
brane that determines nuclear shape and size”®. Lamin-
opathies are a highly heterogeneous group of disorders
caused by mutations in the LMNA gene, which codes for
A-type lamins of the nuclear envelope. Mutations in this
gene have been associated to a marked phenotypic het-
erogeneity that also includes non muscular disorders™*®,
Regarding myopathic phenotypes, autosomal dominant
Emery-Dreifuss, LGMD1B and muscular dystrophy associ-
ated with cardiac conduction system defects are the most
common conditions. Congenital onset had been previous-
ly found in two children: one with severe predominant
axial weakness and poor neck control”” and other with
prominent weakness of neck extensor muscles™. These
two children showed increased CK level but the findings
on muscle biopsies were nonspecific.

Quijano-Roy et al.”®* reported 15 patients (11 from dif-
ferent centers including the two mentioned above) with
de novo heterozygous LMNA mutations and consistent
clinical phenotype, defining a distinct and clinically recog-
nizable form of early-onset myopathy. All children man-
ifested a muscle weakness with onset in the first year of
life and a remarkable selective axial weakness with wasting
of the cervicoaxial muscles causing “dropped head” syn-
drome phenotype. They distinguished two subgroups of
patients: the first, smaller, with severe weakness and mini-
mal or absent motor development, and the second, larger,
with dropped-head syndrome following a normal period
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of motor development. All children manifested initially a
rapid and progressive involvement of cervical/axial mus-
cles, and after, a period of slow or no progression. Pro-
gressive restrictive respiratory insufficiency occurred ear-
ly in the first group but even in the second group was ev-
ident before the age of eight years. Four children showed
cardiac arrhythmias what recommends a careful cardiac
surveillance on follow-up. In addition limb involvement
was predominantly proximal in upper extremities and dis-
tal in lower extremities, and a rigid spine with thorac-
ic lordosis developed early. The serum CK level was uni-
versally increased and mild-to-severe dystrophic changes
were seen in almost half of the patients, being much more
abnormal in deltoid than quadriceps muscles. Scattered
atrophic type 1 fibers were common and could be a diag-
nostic clue. Since mononuclear infiltrates and/or positive
inflammatory markers were found in some patients’ mus-
cle biopsies, a steroid therapy was occasionally attempt-
ed but it does not modify the degree of weakness. The
authors discussed in details the broad clinical spectrum
of the laminopathies and, concerning their present series,
emphasized that among the causes of dropped-head syn-
drome, other forms of CMDs, particularly SEPN1-related
myopathies and congenital myopathies should be con-
sidered for making a correct differential diagnosis. Since
many patients had novel mutations or shared the same
mutation, they also supposed that the specific mutations
identified in their cohort might be related to the severe
phenotype. In addition they found that patients with oth-
er laminopathies who carried known mutations that were
also identified in part of the children from their cohort,
had in general, but not ever, a most severe phenotype
than is typical for Emery-Dreyfuss muscular dystrophy or
LGMDI1B. They concluded that modifier genes and/or en-
vironmental factors may also contribute to the clinical
variability. The authors® suggested that this new entity is
a CMD, and named it LMNA-related CMD, or L-CMD.
With the identification of this new entity, the assertion
that the traditional boundaries between the categories of
CMD and LGMD are blurring®® can again be demonstrat-
ed. Until the moment, these boundaries that had to be re-
viewed essentially covered the proteins linking the sarco-
lemma to the extracellular matrix??, as that the involve-
ment of nuclear proteins represents a novel approach
for CMDs. However, in a recent paper analyzing the main
conditions that can be confused with CMD, Klein et al.???
refer to this early and severe laminopathy within a top-
ic named “Other muscular dystrophies with early onset”.

CONGENITAL MUSCULAR DYSTROPHIES NOT YET

RELATED WITH A SPECIFIC MOLECULAR DEFECT

Despite the continuous advances that have been re-
ported in the last eight years about molecular and patho-
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genic aspects of the different subtypes of CMD, there are
still clinical forms in which the protein defect is unknown.
These clinical forms include phenotypical aspects that
may be judged sufficiently distinct to suggest a possible
specific entity’.

For example, Voit et al.” described a form of CMD in
two siblings who in addition to the classical, clinical and
histological changes compatible with CMD, also have ad-
ducted thumbs and toe contractures, ptosis, external oph-
thalmoplegia, mild mental retardation, and mild cerebel-
lar hypoplasia on MRI. In these patients they excluded
the most common loci for CMD that had been identified
at that time and emphasized that adducted thumbs was
a distinct clinical sign that might be included within the
spectrum of phenotypic changes in CMD?.

Vondracek et al.*’ have also reported an apparent-
ly specific variant of CMD in a girl with normal intelli-
gence and congenital muscular involvement associated
to progressive external ophtalmoplegia, and white matter
changes on neuroimaging; muscle biopsy revealed a dys-
trophic pattern with a prominent inflammatory infiltrate.
As an electron microscopy showed the accumulation of
abnormally enlarged mitochondria under the sarcolemma,
a study of respiratory chain enzyme activities and a se-
quencing of the entire mitochondrial genome were made
and the results were unremarkable.

Topaloglu et al.”” reported three cases in two families
with merosin-positive congenital muscular dystrophy, mild
mental retardation, bilateral cataracts and normal cranial
MRI. In our Brazilian cohort, we found similar clinical pic-
ture in two siblings with severe CMD, cataract, retinitis pig-
mentosa, microcephaly, mild mental retardation and nor-
mal cranial MRI. The course of the disease, apparently stat-
ic during the first 10 years of life, became progressive dur-
ing the second decade with loss of deambulation by the
age of 13 years. CK level was increased in both children?*?%,

Another peculiarity about CMD is the presentation of
familial cases in which a novel locus is suggested with basis
on linkage analyses. Mahjneh et al.”*® described 10 patients
with CMD belonging to two generations of a large consan-
guineous Palestinian family: the children had onset at birth
and show a relatively benign but variable clinical course
with more marked weakness in the proximal upper limb-
girdle and trunk muscles. Intelligence and brain CT were
normal. Later, a genome-wide linkage search of the family
permitted the identification of a novel locus on 4p16.3*”.

In 2005 Tetreault et al.”*described a group of 14
French—Canadian patients, from 11 families, suffering from
a CMD with joint hyperlaxity (CMDH) with clinical overlap
with Ullrich CMD. They share with Ullrich CMD the pres-
ence of congenital hypotonia, weakness, contractures, dis-
tal joint hyperlaxity that can be concomitantly proximal,
scoliosis, normal intelligence and frequent delayed motor
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milestones. However, the clinical aspects were less severe
than in Ullrich CMD: they acquired independent walking
and do not manifest respiratory failure despite the scoli-
osis. In muscle the histopathologic changes were not ho-
mogeneous but all the available biopsies showed variation
in fiber size, central nuclei and increased endomysial con-
nective tissue. In two families the authors excluded mu-
tations in the three genes coding for collagen VI subunits
and established linkage of all families to a region on chro-
mosome 3p23-217%,

DIFFERENTIAL DIAGNOSIS

In general, at the first evaluation of a child with CMD,
clinical, and soon after, histopathologic and immunohis-
tochemical aspects on the muscular biopsy can indicate
a specific genetic testing. However, despite the molecu-
lar advances, a number of patients with early weakness
and dystrophic pattern on muscle biopsy suggesting CMD
can later be recognized as a different condition. A recent
work highlights the difficulties in reaching, still in early in-
fancy, a final diagnosis for part of the children who have
clinical and histopathologic signs that can be classified
as CMD*? Klein et al.?? reported that during the last five
years among 400 patients initially diagnosed as CMD in
a large center of reference for children with neuromus-
cular disorders, 25 patients were found to have diagnosis
other than CMD. The final diagnosis in these 25 patients
were the following: early onset laminopathy in four; con-
genital facioscapulohumeral muscular dystrophy in one;
core myopathy with de novo mutation of the muscle Ry-
anodine Receptor gene in three; congenital spinal mus-
cular atrophy with predominant lower limb involvement
in four children (early muscle biopsy had showed marked
fatty infiltration and changes that could be interpreted as
myopathic); neurogenic arthrogryposis in one; amyopla-
sia in one; Marinesco Sjoegren syndrome in two; cerebro-
oculo-facio-skeletal syndrome that can clinically overlap
with Marinesco Sjoegren syndrome in one; mitochondri-
al depletion in two children whose multisystemic involve-
ment became apparent after the first year of age (muscle
biopsy had showed a few fibers negative or pales on cy-
tochrome C oxidase staining); infantile systemic hyalinosis
in one; Pompe disease in one child who showed marked
muscle and respiratory involvement with no cardiac in-
volvement until two years of age; Ehlers Danlos syndrome
in one child who showed marked skin hyperelasticity and
presented severe weakness at birth that started to im-
prove at seven months of age; translocation 9;13 in two
patients. They considered that Marinesco-Sjoegren syn-
drome should be particularly reminded in the differen-
tial diagnosis of infants with muscle involvement, as like
many forms of CMD, includes mental retardation and oth-
er signs of CNS involvement™.,
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PALLIATIVE TREATMENT AND FINAL REMARKS

Despite the broad field of researches on new thera-
peutic strategies, at present days, CMD has still to be man-
aged by palliative care and the type of supportive treat-
ment mainly depend on the age of the patient and on the
severity of clinical manifestations and complications. Due
to the severe and almost invariably progressive course of
many subtypes of CMD, the palliative care should include
an interdisciplinary staff of health professionals who try
to maintain the patient’s independence, first in relation
to independent walking or mobility, and later controlling
upright and sitting posture, as long as possible. For ade-
quately dealing with the associated complications, such
as joint contractures, scoliosis and, specially, respiratory
insufficiency an integrated medical staff must to keep in
mind the patients'quality of life. Orthopedic surgery for
releasing contractures, spinal surgery and orthotic devic-
es have to been discussed individually for each patient
and his family™.

In relation to stretching, splinting and general phys-
iotherapic measures, as well as occupational therapy and
other rehabilitation procedures, the literature does not
specifically report on CMD, although neuromuscular dis-
orders of children, in general, and Duchenne Muscular
Dystrophy as well as Spinal Muscular Atrophy, in particu-
lar, have been extensively approached.

The prevention and management of respiratory com-
plications is a highly developed field of palliative care, so
that the outcome and quality of life of children with pro-
gressive neuromuscular disorders have clearly improved.
Vaccination against common respiratory infections and a
careful management of antibiotictherapy. Many authors
have described the principles of ventilator support for
neuromuscular disorders and the importance of periodic
and regular assessments of respiratory function, perform-
ing spirometry”?*. Mellies et al.”>”* emphasized partic-
ularly the role of noninvasive positive pressure ventilation
in the management of these patients. Considering the high
clinical variability, the follow-up of patients with any sub-
type of CMD must also include the evaluation and treat-
ment of sleep disordered breathing by means of oxime-
try periodic polysomnographic records or simpler over-
night pulse oximetry measures, and nocturnal ventilator
support®.

Children with merosin deficient CMD have progres-
sive feeding difficulties, including delay in the act of eat-
ing, that result in failure to thrive; their nutritional status
as well as that of children with other severe forms has to
be assessed because can be related to an increase of re-
spiratory infections®®. Ramelli et al.”*’ evaluated the indi-
cations of gastrostomy placement in paediatric patients
with neuromuscular disorders and noted that this proce-
dure leads to a reduction of the frequency of chest infec-
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tions and has a good impact on feeding difficulties and
malnutrition. In addition they report no significant com-
plications and families’ satisfaction.

In conclusion, the phenotypic characterization, the
immunohistochemical or quantitative determination of
certain proteins in muscle biopsy or fibroblast culture, and
eventually enzymatic assays are valuable tools for the cli-
nician in order to select the adequate molecular study.
The molecular diagnosis is essential for genetic counsel-
ling and prenatal diagnosis when required, but due to the
clinical heterogeneity of some subtypes of CMD is not
always decisive for attesting the long-term course of the
diseases. However, the advances in the field of molecu-
lar genetics, cell biology and biochemistry have been the
source of a better knowledge on the pathogenic mecha-
nisms involved in the CMDs and consequently in the de-
velopment of effective therapeutic strategies. Unfortu-
nately, the induction of a functional protein by gene mod-
ification, cell therapy or pharmacological agents has been
a long and difficult task. The effective therapy is coming
but employing it in large-scale clinical trials constitutes a
challenge that is much greater in undeveloped countries.
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