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Abstract

The muscular dystrophies are a heterogeneous group of inherited disorders characterized by progressive muscle wasting and

weakness. These disorders present a large clinical variability regarding age of onset, patterns of skeletal muscle involvement,

heart damage, rate of progression and mode of inheritance. Difficulties in classification are often caused by the relatively

common sporadic occurrence of autosomal recessive forms as well as by intrafamilial clinical variability. Furthermore recent

discoveries, particularly regarding the proteins linking the sarcolemma to components of the extracellular matrix, have restricted

the gap existing between limb girdle (LGMD) and congenital muscular dystrophies (CMD). Therefore a renewed definition of

boundaries between these two groups is required.

Molecular genetic studies have demonstrated different causative mutations in the genes encoding a disparate collection of

proteins involved in all aspects of muscle cell biology. These novel skeletal muscle genes encode highly diverse proteins with

different localization within or at the surface of the skeletal muscle fibre, such as the sarcolemmal muscle membrane

(dystrophin, sarcoglycans, dysferlin, caveolin-3), the extracellular matrix (a2 laminin, collagen VI), the sarcomere (telethonin,

myotilin, titin, nebulin and ZASP), the muscle cytosol (calpain-3, TRIM32), the nucleus (emerin, lamin A/C) and the

glycosilation pathway enzymes (fukutin and fukutin related proteins). The accumulating knowledge about the role of these

different proteins in muscle pathology has led to a profound change in the original phenotype-based classification and shed new

light on the molecular pathogenesis of these disorders.
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1. Introduction

The identification of dystrophin, the protein that is

absent or markedly reduced in skeletal muscle of

Duchenne muscular dystrophy (DMD) patients, was

the first step taken towards clarification of the molec-

ular pathogenesis of muscular dystrophies [1]. Actu-

ally, the cloning of the gene encoding dystrophin and

the finding of its role in skeletal muscle as bridge

between cytoplasmic g-actin and sarcolemmal pro-

teins led to the identification of several dystrophin-

associated glycoproteins.

The dystrophin glycoprotein complex (DGC) is a

multicomponent complex of transmembrane, cyto-

plasmic and extracellular proteins that provides a

strong mechanical link and mediates interactions be-
tween the intracellular cytoskeleton and the extracel-

lular matrix ([2]—Fig. 1).

A large number of genes involved in muscular

dystrophy encode components of the DGC. Actually,

the striated muscle contraction requires that the myo-

fibres remain intimately connected with the membrane

and the extracellular matrix (ECM); mutations in

components of the DGC are thought to lead to loss

of sarcolemmal integrity and to render muscle fibres

more susceptible to damage [3].

Recent studies suggest that several pathogenetic

mechanisms determine muscular dystrophy, not only

the loss of structural proteins, but also perturbation of

sarcolemma repair mechanisms and enzymatic defects

(Table 1). Moreover, it seems that also an involvement

of vascular smooth muscle DGC is responsible for



Fig. 1. Schematic diagram illustrating the location of proteins from the extracellular matrix, the sarcolemma, the sarcomere, the cytosol and the nucleus, involved in muscle limb girdle

muscular (proteins in orange color) and congenital muscular dystrophies (proteins in green color). Proteins in red color are related to both disorders.

M
.
G
u
g
lieri

et
a
l.
/
C
lin

ica
C
h
im
ica

A
cta

3
6
1
(2
0
0
5
)
5
4
–
7
9

5
6



Table 1

Subcellular localization and function of muscular dystrophy proteins

Subcellular localization Gene Gene location Proposed function Clinical phenotype

Laminin a2 Extracellular matrix LAMA2 6q2 Link a-DG and basal lamina MDC1A and LGMD-like form

with SNC alteration on MRI

Collagen VI Extracellular matrix COL6A1;

COL6A2;

COL6A3

21q22.3;

21q22.3; 2q37

Modulates cell proliferation and

prevents apoptosis in fibroblast

Bethlem myopathy, UCMD,

AD-LGMD?

Integrin a7 Transmembrane ITGA7 12q13 Link extracellular matrix and actin

cytoskeleton; muscle differentiation

during embryonic development

Mild congenital muscular

dystrophy

Putative glycosyltranferase Golgi apparatus LARGE 22q12.3–13.1 Glycosylation of a-DG MDC1D

O-linked mannose 1,2

N-acetylglucosaminytransferase

Transmembrane POMGnT1 1p34–p33 Glycosylation of a-DG MEB

Mannosyltransferase Endoplasmic reticulum POMT1 9q34.1 Glycosylation of a-DG WWS

Fukutin Golgi body Fukutin gene 9q31 Glycosilation of a-DG FMDC

Fukutin related protein Golgi apparatus FKRP 19q13.3 Glycosylation of a-DG CMD1C, LGMD2I, MEB, WWB

a-Sarcoglycan Sarcolemmal muscle membrane ADL gene 17q12–q21.33 Mechano-signalling (stabilization of DCG) LGMD2D

h-Sarcoglycan Sarcolemmal muscle membrane SGCB 4q12 Mechano-signalling (stabilization of DCG) LGMD2E

y-Sarcoglycan Sarcolemmal muscle membrane SGCD 5q33 Mechano-signalling (stabilization of DCG) LGMD2F

g-Sarcoglican Sarcolemmal muscle membrane SGCG 13q12 Mechano-signalling (stabilization of DCG) LGMD2C

Caveolin-3 Sarcolemmal muscle membrane CAV3 3p25 Cell signalling (organising the T-tubule

system during myogenesis)

LGMD1C

Dysferlin Sarcolemmal muscle membrane DYSF 2p13.3–p13.1 Membrane repair LGMD2B, MM, DMAT

Calpain3 Muscle cytosol CAPN3 15q15.1–q21.1 Enzymatic activity LGMD2A; lower motor neuron signs

TRIM32 Muscle cytosol TRIM32 gene 9q31–q34 Catalyzes transfer of Ub to target protein LGMD2H

Lamin A/C Nucleus LMNA 1q21.2 Stabilization of nuclear membrane,

cell differentiation

LGMD1B; AD-EDMD; cardiac

conduction system disease; CMT2;

mandibuloacral dysplasia,

Hutchinson–Gilford progeria

syndrome, atypical Werner syndrome

Titin Sarcomer TTN 2q24.3 Mechanical role in contraction,

muscle elasticity

LGMD2J, TMD, DCM, HCM

Myotilin Sarcomer TTID 5q31 Mediates a correct assembly of

contractile apparatus

LGMD1A

Telethonin Sarcomer TCAP 17q12 Phophorylation of telethonin in

early differentiating

myocites, integrity of sarcomeres

LGMD2G

Selenoprotein Endoplasmic reticulum SEPN1 1p36–p35 Enzymatic activity, preventing

from oxidant damage

RSMD1, minicore congenital

myopathy

ZASP Sarcomer ZASP 10q22.3–q23.2 Protein–protein interactions;

maintenance of the

Z-line during muscle contraction

Distal and/or proximal weakness;

cardiomyopathy
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Table 2

Clinical Features of LGMD

Protein Gene Secondary

proteins

deficit

CK levels Mean age

of onset

Muscular groups involved Cardiac involvement Respiratory

involvement

Rate of

progression

Characteristic

features

LGMD1A Myotilin TTID Laminin c1 Normal–10� 18–40 years Pelvic and shoulder girdle;

often later distal weakness

Not described Not described Slow Dysartric speech,

tight achilles tendons,

rimmed vacuoles

LGMD1B Lamin A/C LMNA Laminin b1

(probable)

normal–20� 4–38 years Pelvic girdle; often later

shoulder girdle

AV conduction defects,

less frequently dilatative

cardiomyopathy, sudden

cardiac death

Not described Variable,

slow

Contractures

LGMD1C Caveolin-3 CAV3 – 2–25� b10 years Pelvic and shoulder girdle Hypertrophic

cardiomyopathy

(only in recent studies)

Not described Slow to

moderate

Calf hypertrophy,

myalgia and

muscle cramps

LGMD1D ? 6q/7q? – Normal–4� 15–50 years Pelvic and shoulder girdle Dilatative cardiomyopathy Not described Slow Dysphagia

LGMD1E ? 7q31.1/6q22 – – Young

adult life

Pelvic and shoulder girdle – – Slow –

LGMD1F ? 7q32.1–q32.2; – Normal–20� 1–58 years Pelvic girdle; often later

shoulder girdle and distal

weakness

Not described Described only

in some cases

Fast to

moderate

–

LGMD1G ? 4p21 – Normal–10� 30 to 47

years

Pelvic and shoulder girdle;

later fingers–toes flexion

limitation

Not described Not described Slow Fingers and toes flexion

limitation,rimmed

vacuoles; possible

anticipation

LGMD2A Calpain-3 CAPN3 – Normal–50� 2–40 years Pelvic girdle (glutei and

hip adductors) and

shoulder girdle

Not described Described only

in some cases

Variable,

moderate

Adductor weakness,

posterior thigh

LGMD2B Dysferlin DYSF Calpain-3

and

caveolin-3

10–150� 20–30 years Pelvic and shoulder

girdles/distal

lower limb

Not described Not described Slow to

moderate

Inflammatory cells

in muscle biopsy

LGMD2C g-Sarcoglycan SGCG Other SG

(mild)

5–120� 3–20 years Pelvic and shoulder

girdles

Frequent Severe Moderate –

LGMD2D a-Sarcoglycan SGCA Other SG

(mild)

5–120� 3–20 years Pelvic and shoulder

girdles

Rare Described Fast –

LGMD2E h-sarcoglycan SGCB Other SG 5–120� 3–20 years Pelvic and shoulder girdles Dilatative cardiomyopathy Described Fast –

LGMD2F y-sarcoglycan SGCD Other SG 5–120� 3–20 years Pelvic and shoulder girdles Dilatative cardiomyopathy Described Fast –

LGMD2G Telethonin TCAP – Normal–30� 2–15 years Proximal (4 limbs) and distal

(only lower limb)

Described only in half

member of 1 family

Not described Slow to

moderate

Distal atrophy of legs;

rimmed vacuoles

LGMD2H TRIM32 TRIM32 – Normal–20� 15–30 years Pelvic and shoulder girdle Not described Not described Slow Late facial muscles

involvement; described

only in Hutterite

LGMD2I Fukutin related

protein

FKRP Laminin-a2,

a-DG

5–100� 10–40 years Pelvic and shoulder girdle Left ventricular

dysfunction or dilated

cardiomyopathy

Described

(diaphragm

involvement)

Fast to

moderate

Calf hypertrophy

LGMD2J Titin TTN Calpain-3 Normal–2� 5–20 years Pelvic and shoulder girdle;

distal impairment described

Not described Not described Fast Described only in Finns
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muscle and cardiac damage in some limb girdle mus-

cular dystrophies.

These recent findings improved our understanding

and classification of these disorders, although some

aspects remain unknown, for example the same pro-

tein loss may be involved in many clinical phenotypes

with different age of onset, rate of progression and

severity, as it occurs in dysferlinopathies [4].

Limb girdle muscular dystrophies (LGMD) and

congenital muscular dystrophies (CMD) are two het-

erogeneous genetic disease groups differing in clinical
Table 3

Clinical features of CMD

Protein Gene CK levels Secondary

protein defi

MDC1A Merosin LAMA2 +++ Integrin alp

MDC1B ? Not known

locus1q42

Merosin

MDC1C Fukutin related

protein

FKRP +++ Merosin

MDC1D LARGE LARGE ++ –

UCMD 1 2 3 Collagen VI COL6A1,

COL6A2,

COL6A3

Normal–+ –

Bethlem

Myopathy

Collagen VI COL6A1,

COL6A2,

COL6A3

–

Integrin

a7deficiency

Integrin a7 ITGA1 Normal –

WWS POMT1 POMT1 +++ –

MEB POMGnT1 POMGnT1 +++ –

FMDC Fukutin FCMD +++ Merosin an

dystrophin-

proteins

RSMD1 Selenoprotein N,1 SEPN1 Normal–+ –
severity and age of onset [5,6]. Onset of symptoms of

muscular involvement is at birth or within the first 6

months of life in CMD, whereas in LGMD muscle

weakness and wasting can occur in late childhood,

adolescence or even adult life (Tables 2 and 3). How-

ever recent studies outline the existence of an overlap

between forms of LGMD and CMD due to alterations

in essential components of the molecular bridge be-

tween sarcolemma and ECM [7].

Here we will follow essential features of skeletal

muscle structure and function to describe both
cit

Mean age

of onset

Muscular

groups

involved

Cardiac involvement

ha7 At birth;

described cases

with late onset

Limb girdle

and axial

muscles

Sporadic

(left ventricular

hypokinesia,subclinical

cardiomiopathy)

Early; possible

also delayed

onset

Limb girdle Not described

At birth;

described in

adulthood in

milder forms

Generalised Frequent dilatative

cardiomyopathy

At birth Generalised Mild cardiomyopathy

described in mice

Early Generalised Not described

Prenatal but

rarely in

adulthood

Generalised

when present

Rare (hypertrophic

cardiomyopathy)

At birth Generalised Not described

At birth Generalised Not described

Neonatal Generalised Not described

d

associated

At birth Generalised Dilatative

cardiomyopathy

Childhood Proximal and

axial muscles

Rare right ventricular

hypertrophy
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LGMD and CMD. For classification and nomen-

clature, we will adopt names and acronyms as used

in OMIM (Online Mendelian Inheritance in Man):

in particular, the CMD abbreviation will be

retained whenever describing clinical and/or labo-

ratory findings of congenital muscular dystrophies,

while the acronym MDC followed by type will be

used to classify these disorders (for instance:

MDC1A stands for muscular dystrophy, congenital,

type 1A).
Respiratory involvement Brain involvemet MRI and macr

abnormalities

30% die in the first

year of life for

cardiopulmonary

complications

Normal cognitive

function; 30% ephilepsy;

rare mental retardation

Abnormal whit

signal 5% occi

pachigiria or ag

Early (diaphragmatic

involvement)

Not described Not described

Frequent (diaphragm

involvement)

Normal cognitive

function (mental

retardation described

only in two patients)

Rare structural

alterations

Not described Severe mental

retardation

White matter

abnormalities;

neuronal migra

defect

Invariably ventilatory

insufficiency in the

I or II decade

Not described Normal

Rare (diaphragmatic

paralysis)

Not described Normal

Nor described Variable Normal

Not described Mental retardation Neuronal migra

defect

Not described Severe mental

retardation;

common epilepsy

Neuronal migra

defect; transien

dysmyelination

Frequent in

middle–late tens

Severe mental

retardation; epilepsy

Delay of myeli

cerebral and c

cortical dysplas

Frequent (severe

restrictive respiratory

syndrome)

Not described Normal
2. The extracellular matrix

The ECM plays an essential role in skeletal mus-

cle because it provides reinforcement to the plasma

membrane, contributes to elastic properties of the

muscle fibres and defines the process of muscle

regeneration. It also regulates cell signalling events

by concentrating polypeptide growth factors and pre-

senting them to cell surface receptors. Alterations in

the structural link between the sarcolemma and the
oscopical Rate of

progression

Characteristic features

e-matter

pital

yria

Severe; mild in

late-onset

LGMD-like form

Failure to thrive; aspirations

pneumonia; motor

demyelinating neuropathy

Variable Generalised muscular

hypertrophy

Variable CK elevated (20–75�);

pseudohypertrophy of legs

tion

Severe Only one case described

Variable

(generally

severe)

Proximal joints contractures;

distal hyperextensibility;

rigid spine; characteristic

facial traits; hypercheratosis

Relatively mild

and slow

Contractures of multiple

joints; correlation age of

onset/severity

Mild Only three cases described

tion Severe (die b3ys) Feeding difficulties; blindness

and ocular malformations

tion

t

Severe but slow

progression

Ocular involvement;

correlation severity of CNS

involvement/genotype

nation;

erebellar

ia

Variable, from

several to mild

Meanly Japanese population,

contractures, ocular

involvement in 50%

Mild (expect for

respiratory failures)

Spinal rigidity and scoliosis;

axial muscle weakness; nasal

speech; specific muscular

pattern at CT or MRI
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extracellular matrix were originally identified in

CMD; it is now clear that at least a relevant patho-

genetic mechanism leading to some forms of CMD

and LGMD may overlap.

The ECM consists in glycoproteins organised in a

double layer: a diffuse collagen fibril network

connected to the sarcolemma by the basal lamina [8].

2.1. Laminin a2

The link between a-dystroglycan (a-DG) and the

basal lamina is mediated by laminins. These are pro-

teins of the extracellular matrix composed of three

different but homologous laminin chains, one a heavy

chain and two light chains, h and g. In skeletal muscle

the predominant forms are laminin 2 (also named

merosin) and laminin 4, which are composed by the

same a and g chain (a 2 and g1) and two different h
chain (respectively h1 and h2) [9].

The deficiency of a2 chain, due to mutations in

LAMA2 gene located on chromosome 6q2, is respon-

sible for MDC1A (muscular dystrophy, congenital,

type 1A), which represents more than one third of

congenital muscular dystrophies [10]. About 50% of

patients with MDC1A show a primary total or partial

deficiency of laminin a2 [11], which results in a

dramatic perturbation of the basement membrane mo-

lecular architecture.

Total laminin a2 absence causes a severe form of

CMD clinically characterized by profound hypotonia

at birth or in the first few months of life, delayed motor

milestones with ability to sit only at the age of 2–3

years and inability to reach independent ambulation.

Most children present a motor demyelinating periph-

eral neuropathy, probably because the merosin is also

expressed in Schwann cells [12]. The brain magnetic

resonance imaging (MRI) shows abnormal T2-signals

of the periventricular and subcortical white matter [13].

Cognitive function is usually normal but mental retar-

dation and epilepsy can be present in a small propor-

tion of patients who show structural brain changes

(occipital pachigyria or agyria). Epilepsy is present in

about one third of patients without brain abnormalities

[14]. Up to 30% of the patients die during the first year

of life of cardiopulmonary complications.

Although cases of laminin a2 partial deficiency

associated with clinically severe phenotypes have

been described [15], usually an incomplete loss of
this molecule causes a milder clinical form [16]. In

past years, these relatively more benign conditions

were thought to be linked to secondary laminin a2

deficiency, but recent studies have proved the pres-

ence of mutations in the LAMA2 gene in some late-

onset, milder LGMD-like forms [17]. In these disor-

ders, mutations do not result in complete absence of

laminin a2, but in production of truncated proteins or

in an increased proteolytic degradation. Also this

milder clinical presentation is associated with abnor-

malities of cerebral and/or cerebellar white matter in

T2 weighted MRI, cerebellar hypotrophy, and de-

creased motor and sensory nerve conduction veloci-

ties, which are features of the congenital forms.

2.2. Collagen VI

Collagen VI is a component of the extracellular

matrix that does not directly belong to the group of

dystrophin-associated proteins and that is expressed in

a wide variety of tissues, such as skeletal muscle, skin

and cartilage. It is a major cell-adhesive protein that

forms a microfibrillar network in extracellular matrix,

interacting with several proteins and seems to have a

role in cell proliferation and in preventing apoptosis of

fibroblasts [8,18]. It is composed of three different

polypeptide chains (a1, a2 and a3), encoded by

three genes (COL6A1 and COL6A2, located on chro-

mosome 22, and COL6A3mapping to chromosome 2).

Dominant mutations in genes encoding these mole-

cules underlie the Bethlem myopathy, a relatively

mild myopathy with generalised muscular weakness

and wasting which present, as distinctive feature,

contractures of multiple joints [19]. It presents intra-

familiar variability and different clinical onset, which

range from a prenatal form with diminished foetal

movements and congenital torcicollis, to a neonatal

one with hypotonia and delayed milestones, a more

frequent phenotype with onset in early childhood with

limb girdle weakness or joint contractures or a rare

adult-onset form [20]. Cardiac abnormalities and pul-

monary involvement have been described, but they

are supposed to be rare [21]. The progression of

muscular symptoms is slow.

The pathophysiological defects and mechanisms

leading to the myopathic disorder are not known but

collagen VI myopathies could also have an unexpec-

ted mitochondrial pathogenesis, as suggested by the
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presence of spontaneous apoptosis and ultrastructural

alterations of sarcoplasmic reticulum (SR) and mito-

chondria [18].

Autosomal recessive mutations in all three a-chain

genes of collagen VI can cause also a more severe

form of MDC, named Ullrich muscular dystrophy

(UMDC) or scleroatonic muscular dystrophy, which

shares some clinical features, such as contractures,

with Bethlem myopathy [22,23]. It is characterized

by early onset of generalised muscular weakness, with

a slow progression, contractures of multiple proximal

joints, distal hyperextensibility [24] and rigid spine.

Respiratory insufficiency with tendency toward recur-

rent lung infections has been described in several

patients [25]. The subjects affected by UMDC have

a normal intelligence and MRI shows a normal brain

development. A variable deficiency of collagen VI is

evidenced upon immunohistochemistry analysis of

patients’ muscle biopsy; the deficiency degree seems

to correlate with the clinical severity [25].

A heterozygous in-frame deletion of the COL6A1

gene has been shown to cause a more severe form of

UMDC [26] than mutations in COL6A2 and

COL6A3. However some studies showed that a dom-

inant mutation might also underlie the phenotype of

UMDC [27]. Furthermore collagen VI involvement

has been found in a significant part of UMDC (40%);

however, the role of this molecule was excluded in a

number of cases, suggesting genetic heterogeneity

even of this condition [26].

Scacheri et al. [28] described missense mutations

in COL6A1 and COL6A2 in patients suffering from

an autosomal dominant limb girdle muscular dystro-

phy phenotype with mild to severe weakness without

contractures. Their studies widened the clinical spec-

trum of Bethlem myopathy and suggested that auto-

somal dominant limb girdle muscular dystrophy

should be studied for possible collagen VI etiology.

2.3. Integrins

Integrins are a large family of cell surface receptors

that mediate a physical link between the extracellular

matrix and the actin cytoskeleton. They are heterodi-

meric, transmembrane glycoproteins expressed in skel-

etal muscle, in particular at the sarcolemma,

neuromuscular and myotendinous junction. They are

essential for muscle differentiation during embryonic
development and are therefore strong candidate genes

for unclassified forms of muscular dystrophies. In adult

skeletal muscle, integrin a7 is the major form and its

absence leads to destruction of the myotendinous junc-

tion, rather than compromised sarcolemmal integrity.

Integrin a7 is reduced in several muscular dystrophies

and mutations in the gene encoding this protein in

human cause a mild congenital muscular dystrophy

with normal laminin a2 chain expression [29].
3. The glycosylation pathway

Recently, the identification of a group of disease

genes that encode putative glycosylation enzymes has

underlined the importance of post-translational modi-

fication of proteins as a new area of focus for mus-

cular dystrophy research [30]. The glycosylation-

deficient muscular dystrophies appear to involve the

O-glycosylation pathway and seem to be confined to a

small number of proteins, while the congenital multi-

systemic disorders of glycosylation are caused by

defects in the better characterized and highly con-

served N-glycosylation pathway.

Five conditions belonging to this group have been

identified so far; they are characterized by mutations

in proven or putative glycosyltransferase and share an

abnormally glycosylated a-dystroglycan (a-DG). The

a-DG undergoes to extensive O-glycosylation with

apparent tissue diversity: defects of this biochemical

mechanism have been found to be involved in mus-

cular dystrophies. In fact a-DG is an important highly

glycosylated component of DGC, expressed in skele-

tal muscle and in brain. The entire dystroglycan com-

plex is encoded from a single gene, termed DAG1,

located on chromosome 3p21 and it is post-transla-

tionally cleaved to produce two interacting subunits, a

and h. a-DG is a membrane-associated extracellular

glycoprotein which interacts with several matrix

molecules, in particular with laminin 2. h-DG, a

transmembrane protein, interacts with dystrophin,

caveolin-3 and other cytoplasmic proteins involved

in signal transduction.

The function of h-DG is unknown, but it has been

reported to form a mechanical link between the F-

actin cytoskeleton and the extracellular milieau and it

is crucial for the structural stability of the plasma

membrane. Both subunits undergo glycosylation, but
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whereas h-DG has a constant molecular mass, the

mass of a-DG varies owing to developmental and

tissue-specific glycosylation of the core polypeptide

[31]. O-glycosylation of a-DG mucin-like domain is

essential for binding to ligands [32].

3.1. LARGE

The finding in myodystrophy mouse (myd mouse)

of mutations in a gene (LARGE gene) encoding a

putative glycosyltranferase [33] was rapidly followed

by hypothesis that abnormal glycosylation of a-DG

could be implicated in human muscular dystrophies.

The enzymatic activity of the LARGE-encoded

protein has yet to be defined and its role in a-DG

glycosylation is unclear. The human gene maps to

chromosome 22q12.3–13.1. It is the fifth largest

human gene and it is ubiquitously expressed particu-

larly in heart, brain and skeletal muscle. The predicted

protein product shows 98% amino-acid identity with

its murine homologue [34].

Myodystrophy mouse presents a progressive mus-

cular dystrophy with ocular defects and CNS involve-

ment (disruption of the basal lamina and abnormal

neuronal migration in the cerebral cortex, cerebellum

and hippocampus).

Up to date mutations in the human LARGE gene

were described only in a patient with a phenotype of

congenital muscular dystrophy (MDC1D) associated

to profound mental retardation and brain MRI show-

ing extensive white matter abnormalities and subtle

structural changes indicative of a neuronal migration

defect. Immunoblotting of a muscle biopsy homoge-

nate with an antibody against the a-DG glycosylated

epitope demonstrated a reduced molecular weight

form of a-DG, suggesting a-DG hypoglycosylation.

Although similar to the myodystrophy mouse, the

phenotype of this patient is in many respects consid-

erably milder, reflecting probably different levels of

LARGE activity [35,36]. LARGE therefore remains a

good candidate for involvement in the whole range of

muscular dystrophies.

Aberrant glycosylation of a-DG is the primary

cause of several other forms of human congenital

muscular dystrophies; also in these dystrophies, a-

DG is expressed in a hypoglycosylated form and

this is thought to lead to the dystrophic phenotype

[37]. Defects in a number of putative glycosyltrans-
ferases were identified as causes of three recessive

MDC: muscle–eye–brain disease (MEB), Walker

Warburg syndrome (WWB) and Fukuyama congenital

muscular dystrophy (FMDC), all characterized by

severe muscle weakness and mental retardation [37].

3.2. POMGnT1

POMGnT1, a O-linked mannose h1,2 N-acetylglu-

cosaminytransferase, catalyses the transfer of GlcNAc

to O-mannose of glycoproteins, such as a-DG [38]. It

is thought to have four domains: a N-terminal cyto-

plasmic tail, a transmembrane domain, a stem domain

and a C-terminal catalytic domain, these two last are

necessary for enzymatic activity [39].

Mutations in POMGnT1 gene cause loss of enzy-

matic activity, resulting in failure of O-mannosyl gly-

can synthesis [40], and are responsible for MEB, an

autosomal recessive disorders, described for the first

time in 1977 in Finland [41], characterized by congen-

ital muscular dystrophy, ocular abnormalities (congen-

ital myopia, congenital glaucoma, pallor of the optic

discs, retinal hypoplasia) and brain type II lissence-

phaly [42]. This one is characterized by extensive

neuronal migration disorder leading to pachygyria

and polymicrogyria, brain hypoplasia and cerebellar

dysgenesis [43] and is responsible for severe mental

retardation and epileptic seizures. The patients usually

present as floppy infants, but this severe hypotonia in

some cases can be followed by progressive spasticity,

correlated to the degree of contractures, which hints to

a CNS origin of the motor dysfunction [42].

Recent studies, using monoclonal antibody direct-

ed against a carbohydrate epitope of a-DG, showed a

selective deficiency of this protein in muscle biopsy of

MEB patients [44], suggesting that a-DG is a poten-

tial target of POMGnT1 and that hypoglycosylation of

this protein is a pathomechanism of MEB. O-manno-

syl glycan is present in mammals in a limited number

of glycoproteins of brain, nerve and skeletal muscle

[45,46]. Defects of O-mannosyl-glycan in MEB

patients greatly reduced affinities for a-DG with lami-

nin [30–44].

3.3. POMT1

Marked alterations in the glycosylation of a-DG

have been found also in muscle fibres of WWS, a very
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severe, recessive form of MDC characterized by ocu-

lar and retinal abnormalities and by the same brain

defects present in MEB [47]. It is caused by mutations

in POMT1 gene which encodes a mannosyltransfer-

ase. The O-mannosylation is rare in mammals, as

well, but it was described in human brain, skeletal

muscle and nerve [44]. WWB is genetically hetero-

geneous and mutations in POMT1 have been identi-

fied only in about 20% of WWB patients [48].

Another candidate gene could be POMT2, which

encodes a mannosyltransferase localised to the endo-

plasmic reticulum membrane, but it is expressed at

low level in skeletal muscle, thus suggesting that other

genes are implicated.

3.4. Fukutin

Fukuyama congenital muscular dystrophy (FMDC)

is the second common form of childhood muscular

dystrophy in Japan, after Duchenne muscular dystro-

phy [49]. It is due to mutations in the Fukutin gene,

which encodes an enzyme that is likely to be involved

in the modification of cell surface glycoproteins, al-

though its function is still not clear [50]. This protein

localises to the Golgi body and to secretory granules

and appears also to play a role in neuronal migration.

Highly glycosylated a-DG was found to be selectively

deficient in the skeletal muscle of FMDC patients

[50].

Clinically, mutations in the fukutin gene cause a

severe muscular dystrophy in association with brain

malformations (cerebral and cerebellar cortical dys-

plasia), profound mental retardation and ophthalmo-

logic abnormalities. A clear correlation between

genotype and phenotype seems to exist in this form:

in fact, typical mild phenotypes are associated with

homozigosity for a founder retrotransposon insertion,

while compound heterozygotes tend to have a much

more severe clinical presentation, presumably because

of adverse effects on fukutin protein function in ad-

dition to a reduction in the amount of mRNA [51].

3.5. Fukutin related protein

On the basis of homology to the putative catalytic

domain of fukutin, recently a new member of the

fukutin protein family, highly expressed in heart and

skeletal muscle, was identified, the fukutin related
protein (FKRP). It is localised to the Golgi apparatus

and it is involved in modifying cell surface glycopro-

teins and glycolipids.

Mutations in the FKRP gene have been identified in

patients with a severe form of MDC (MDC1C) and in a

milder form of autosomal recessive LGMD (LGMD2I)

[52]. MDC1C is clinically characterized by early

onset, hypotonia after birth, muscle hypertrophy, se-

vere weakness with inability to achieve independent

ambulation, involvement also of facial muscle and

possible left ventricular impairment; brain or ophthal-

mic alterations have not been described. The spectrum

of LGMD2I phenotype is quite wide; the onset of

symptoms, such as proximal muscle weakness, possi-

ble cardiac involvement (CI) and respiratory failure

[53–56], can occur in childhood, adolescent or adult

life. Poppe et al. [57], in a recent multicenter retro-

spective analysis, observe that CI in these patients is

more frequent in male that in female and is character-

ized by left ventricular dysfunction with or without

cardiac symptoms or segmental or global dilated car-

diomyopathy. Respiratory failure supervenes often

when the patients are still ambulant and it is frequently

due to specific diaphragm involvement in contrast with

the situation observed in dystrophinopathies or in other

LGMDs (sarcoglycanopathies, calpainopathy) in

which respiratory involvement occurs later and is

often associated with important skeletal weakness,

while early diaphragmatic weakness is not a common

clinical feature [57–60].

A secondary deficiency of laminin a2 in immunos-

taining of muscle biopsy sections is typical of MDC1C

patient, but it is not frequently seen in muscle biopsy of

LGMD2I patients, where a secondary reduction of

calpain-3 and laminin h1 was observed. The sarco-

lemma of both types of patients displays a variable

reduction of a-DG staining and in its molecular weight

on immunoblotting, but not of h-DG. This suggests

that the abnormal expression of a-DG is a result of its

altered glycosylation and this pathogenetic mechanism

is responsible for muscular damage [31,37,61]. It is

possible to suppose the existence of a thigh correlation

between the clinical phenotype and the a-DG expres-

sion on immunohistochemistry: patients with the se-

vere phenotype of MDC1C display a profound

depletion of a-DG, while LGMD2I patients show a

variable expression of protein, proportional to the

clinical severity. Both MDC1C and LGMD2I map to
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an identical region on chromosome 19q13.3, suggest-

ing that they may be allelic disorders. The FKRP

mutations identified in LGMD2I patients are different

from those seen in MDC1C and recent studies [62]

identified also a correlation between clinical pheno-

type, a-DG expression and genotype. MDC1C

patients are generally compound heterozygote for a

null allele and a missense mutation or carry two mis-

sense mutations; patients with a relatively severe

LGMD2I are compound heterozygotes between a

common C826A (Leu276Ile) FKRP mutations and

either a missense or a nonsense mutation; subjects

with milder form of LGMD2I are almost invariably

homozygous for the common FKRP mutation [62].

Interestingly, patients heterozygous for the com-

mon C826A mutation and a second different mutation

were likely to develop cardiac involvement earlier

than homozygous patients [54] though they do not

show clear correlation between severity of cardiomy-

opathy and degree of muscle weakness.

Recently, mutations in FKRP gene have been

shown to be responsible also for forms of MEB and

WWB [63]. Moreover the muscle of these patients

characteristically shows a marked alteration in the

glycosylation of a-DG, but not h-DG.
4. Sarcolemmal muscle membrane

The sarcolemma is a highly organised and special-

ized cellular structure which forms a physical limit

and mediates signalling events between the cell and

the external environment. The maintenance of its

integrity is an essential aspect for muscular function

and since it is repeatedly involved in rounds of muscle

contraction and relaxation it requires a highly efficient

and continuous self-repair.

Mutations in genes encoding sarcolemmal proteins

can be found in several patients affected from

LGMDs; in particular sarcoglycans, dysferlin and

caveolin-3 are the three major proteins involved.

4.1. Sarcoglycan

The sarcoglycan complex includes six transmem-

brane subunits with at least one glycosylation site. In

skeletal and cardiac muscles the major sarcoglycan

complex is composed of a, h, g and y subunits; h and
y sarcoglycan forming a core to which a and g

sarcoglycan then bind. In vascular smooth muscle h
and y subunits form a complex with other two sarco-

glycans (q and ~).
Studies in vitro demonstrate that before maturation

and targeting to the sarcolemma the subunits must be

assembled together to form a complex [64].

The precise function of this complex is not clear.

Its extracellular part binds to the small proteoglycan

biglycan and, either directly or indirectly through the

byglican, to a-DG [65,66]; on the intracellular side,

the SG complex binds to filamin-C/filamin-2, a pre-

sumed actin crosslinker that is also closely associated

with the Z-disk [67]. It seems to have an important

role in stabilization of DCG, similar to sarcospasm

and a-DG at the sarcolemma, but has been described

as a mechano-signalling complex, by the binding with

g-filamin.

The sarcoglycanopathies are usually the most se-

vere forms of autosomal recessive LGMD, with early

onset in childhood, confinement to wheelchair before

the age of 16 years and frequent involvement of car-

diac muscle. Nevertheless, milder phenotypes have

been described in patients with missense or even non-

sense mutations [68–71]. A dilatative cardiomyopathy

is most frequent in patients with deficiency of h and y-
SG. Initial evidence suggested the role of the loss of

SG complex in vascular smooth muscle (VSM) as an

important factor implicated in the cardiac involvement

present in LGMD2E and 2F. However, the demonstra-

tion of similar focal regions of ischaemic necrosis in g-

SG-deficient mouse models, which have an intact

VSM sarcoglycan complex, showed that the pathology

must therefore be intrinsic to the myocardium.

A mutation in one of the sarcoglycans results in

destabilization of the entire complex and, as a conse-

quence, in abnormal immunostaining for most or all

of the sarcoglycans. In the majority of muscle biopsies

from patients with a mutation in one of the SG genes,

the primary loss or deficiency of any one of the four

SGs leads to a secondary deficiency of the whole

subcomplex [72–75]. This is frequently seen especial-

ly in primary deficiency of h and y-SG, reflecting
their position as the core of the complex; otherwise

generally g-SG deficiency leads to a partial preserva-

tion and a primary mutation in a-SG leads to a milder

loss of the other three SG. To confirm the diagnosis it

is always necessary to perform the genetic analysis.
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In patients with primary SG mutations, especially

in the gene encoding g-SG, it is possible to find also a

secondary reduction in dystrophin, suggesting that g-

SG may be the subunit that interacts more directly

with dystrophin.

It has been described the existence of a correlation

between gene mutation and clinical phenotype. Mis-

sense changes in both alleles generally cause an im-

portant reduction of the primary protein and a variable

deficiency of the other SG-complex components; this

pattern is usually associated with a severe clinical

phenotype in LGMD2E and 2F, and with both mild

and severe forms in LGMD2D. The severity in this last

group seems to correlate with the residual amount of g-

SG in the muscle, despite the absence of the other three

SGs, rather than with the kind of mutation [75].

a-Sarcoglycan (a-SG or adhalin) was the first

protein of this complex to be studied. Deficiency of

a-SG causes LGMD2D, an autosomal recessive mus-

cular dystrophy, generally without cardiomyopathy.

Human adhalin mRNA is most abundant in skeletal

muscle and, at lower levels, in cardiac muscle and in

lung, but it not was detected in brain. The mRNA

present in cardiac muscle is shorter than that from

skeletal muscle and lacks the base sequence encoding

the transmembrane domain. The finding of lower

expression of the a-SG gene in cardiac muscle may

explain the less severe cardiac dysfunction in some

patients with LGMD2D.

LGMD2E and 2F are caused by deficiency, respec-

tively, of h and y sarcoglycans and are both associated

with cardiac involvement.

h-Sarcoglycan is expressed ubiquitously, although

predominantly in muscle, while y-SG is expressed in

skeletal and heart muscle and, at a weaker level, in

smooth muscle. y-Sarcoglycan shows 70% identity at

the amino acid level to both the human and rabbit g-

sarcoglycan sequences. The two isoforms of y-SG in

skeletal muscle differ in the C-terminal region [76].

SGCG mRNA has been found exclusively in skeletal

and cardiac muscles.

The SGCG protein is a type II single-transmem-

brane protein with an extracellular C terminus; cyto-

plasmic and extracellular domains each contain 1

phosphorylation site. It has been reported that the C

terminus of g-SG is critical for the functioning of the

entire sarcoglycan/sarcospan complex; its defect is

responsible for LGMD2C.
4.2. Caveolin-3

Caveolin-3 (or M-caveolin) is the muscle-specific

form of the caveolin protein family [77,78], which

also includes caveolin-1 and -2, proteins expressed in

most cell types, particularly in adipocytes, fibroblasts,

endothelial and epithelial cells [79]. It is the principal

integral membrane component of caveolae, small (50

to 100 nm) vesicular invagination of the plasma mem-

brane implicated in cell signalling [80].

Caveolin-3 is expressed in both cardiac and skele-

tal muscles. It is associated with the dystrophin gly-

coprotein complex by the binding to the intracellular

domain of h-DG. However, most caveolin-3 appears

to be not directly associated with the DGC complex

[81]. Caveolins act as scaffolding proteins to organise

and concentrate specific caveolin-interacting lipids

and proteins. It has been shown to directly bind

nNOS and recently it was suggested to have a possible

interaction with dysferlin [82]. One of the major

functions of caveolae is to bring together membrane-

based receptor molecules with their intracellular sec-

ond messanger system; it has additional functions in

organising the T-tubule system during myogenesis

and in regulating numerous signalling pathways.

The human caveolin-3 gene (CAV3) maps on chro-

mosome 3p25 and mutations in this gene cause mus-

cle disorders, probably by interacting with caveolin

oligomerization in a dominant negative manner caus-

ing disruption of caveolae formation at the muscle cell

plasma membrane.

Four different phenotypes associated with CAV3

mutations have been described: limb girdle muscular

dystrophy-1C (LGMD-1C), rippling muscle disease

(RMD), and distal myopathy (DM), as well as idio-

pathic and familial hyperCKemia (HCK) [83–86].

Different clinical phenotypes are associated with

the same CAV3 gene mutation in different families,

suggesting that phenotypic heterogeneity cannot be

ascribed to differences in expression levels of muscle

proteins neither to the mutation; probably modifying

factors are involved.

Caveolin-3 is expressed also in cardiac muscle. In

the cardiac muscle of a patient with caveolinopathy, a

normal or relatively decreased expression of caveolin-

3 with preservation of caveolar structure had been

observed [87]. These data suggest that some factors

operating in preserving the caveolin-3 expression in
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heart, in particular caveolin-2, may be involved. Nev-

ertheless, a recent study has described a caveolin-3

mutation associated with hypertrophic cardiomyopa-

thy [88]. Therefore, also cardiac involvement might

depend upon mutation type or, more likely, variable

genetic backgrounds.

4.3. Dysferlin

Dysferlin is a plasma membrane protein with an

ubiquitous distribution, but most strongly expressed

in skeletal muscle, heart and kidney. It is a member

of the ferlin family, a large family of proteins with a

conserved structure characterized by the presence of

a single C-terminal transmembrane domain and mul-

tiple C2 domains which act as calcium-sensor medi-

ating membrane fusion and vesicle trafficking events

[89]. In skeletal muscle it is localised to the sarco-

lemma, as well as in cytoplasmic vesicles.

Dysferlin is the first identified member of the

membrane repair machinery in skeletal muscle. Ear-

lier studies showed that membrane repair requires

the accumulation and fusion of vesicles near the site

of membrane disruption, a process which is essential

to avoid plasma fibre degeneration. More recently, it

has been observed that dysferlin plays a role in

vesicle trafficking and membrane fusion in muscle

cells, binding its first C2 domain to phospholipids in

a calcium-dependent manner [90]. Indeed Bansal et

al. [91] demonstrated that isolated dysferlin-null

muscle fibres are defective in calcium-dependent

releasing of disrupted membranes and proposed a

role of this protein in a new model of membrane

repair [92]. According to this model, dysferlin facil-

itates vesicle docking and fusion with the plasma

membrane by interacting with other dysferlin mole-

cules and unknown proteins. In particular it has

recently been demonstrated that dysferlin co-loca-

lises and interacts with annexin A1 and A2, two

widely expressed phospholipid binding proteins.

Consequently, a role for annexins in vesicle fusion

during dysferlin-mediated membrane repair has been

proposed [93].

Although dysferlin is not an integral component of

the DGC, its distribution is altered in DGC-linked

muscular dystrophies, in which its expression is re-

duced on the plasma membrane and increased in

cytoplasmic vesicles [94]. This suggests that a func-
tional association between dysferlin and DGC may be

possible. On the other side in muscle fibres of dys-

ferlinopathic patients a structurally stable sarcolemma

and a normal expression of DGC on muscle fibres

were demonstrated. Also a possible association be-

tween dysferlin and caveolin-3 has been recently de-

scribed [82], but it does not seem to be a constant

finding [87–91].

Three distinct phenotypes, which differ in weak-

ness distribution at onset, are associated with muta-

tions in the gene encoding dysferlin: limb girdle

muscular dystrophy 2B (LGMD2B), Miyoshi myop-

athy (MM) and distal anterior compartment myopathy

(DMAT).

The former is a relatively mild disease with a late

onset in the second or third decade and a predomi-

nantly proximal slowly progressive involvement of

the pelvic and shoulder girdles [95], while the others

present with a predominantly distal pattern.

MM is characterized by an early involvement of

the posterior compartment of the lower limb [96] and

DMAT differs from MM for a rapidly progressing

onset in the anterior tibial muscles [97]. In these latter

forms proximal lower and upper limb weakness often

develops as the disease progresses. Although dysferlin

is expressed also in cardiomyocytes, in dysferlin-de-

ficient patients there is no evidence for cardiac muscle

dysfunction.

Muscle biopsy of LGMD2B patients is often char-

acterized by the expression of major histocompatibil-

ity complex class I (MHC-I) and the presence of

inflammatory cells (more macrophages than T cells,

and not T cytotoxicity); this infiltrating cells are al-

ways present although their number is considerably

variable [98]. Mutations in dysferlin gene can deter-

mine both a partial or complete loss of protein.

One interesting and unclear feature is the hetero-

geneity of presentation of dysferlinopathy: the same

mutation underlies all the clinical presentations in the

same pedigree [99] and the same clinical presentation

can be caused by differents kind of mutation. The

cause of this heterogeneity is unknown and could be

genetic and/or environmental.

Future work is required to understand the function

of each of these proteins in the membrane repair

pathway. Our current knowledge suggests that there

might be several other types of muscular dystrophies

which will show similar defects.
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5. The muscle cytosol

5.1. Calpain-3

LGMD2A, the most frequent form of recessive

LGMD, is the first example of progressive muscular

dystrophy caused by an enzymatic defect, although

the mechanism whereby calpain mutations cause mus-

cular dystrophies remains to be defined [100].

Calpain-3 is the skeletal muscle-specific member

of the calpain family, a group of intracellular calcium-

activated nonlysosomial cysteine proteases expressed

in a ubiquitous or tissue-specific manner [101]. They

are involved in a variety of signalling pathways,

inducing irreversible modifications through limited

proteolysis of specific targets [102,103]. Calpain-3 is

a multidomain protein, characterized by three exclu-

sive sequence inserts (NS, IS1, IS2) and four domains;

domain I has regulatory role, domain II is the proteo-

lytic module, domain III has a C2-domain like Ca2+-

binding function (probably involved in Ca2+-depen-

dent translocation of calpain to the membrane), and

domain IV binds Ca2+ ions.

The precise function of calpain-3, as well as the

identification of its substrates and its activation mech-

anism, remains unknown. Several molecules with reg-

ulatory functions have been reported to be substrates

for calpains in cell culture, but various lines of re-

search suggested that calpains may be involved in

cytoskeletal or myofibrillar protein degradation

[100,104,105]. It is unlikely that calpain-3 is impli-

cated in myoblast fusion, but it might act in the

disassembly of myofibrils during early stages of turn-

over [105] or it can cause a post-fusion defect in

muscle maturation [106].

Taveau et al. [100] propose that calpain-3-mediated

cleavages modify muscle properties, and enable it to

display efficient physiological response to external

and/or internal stimuli. It may be a regulatory enzyme

which would act on a pathway involving transcription

factors controlling survival genes. The importance of

calpain-3 in muscle homeostasis has been pointed out

by the observation that its deficiency is associated

with a perturbation of the antiapoptotic pathway of

InBn/NF-nB in skeletal muscle [107–109].

Although calpain-3 substrates are unknown, some

studies [110] demonstrated that it binds to filamin-C

and, through this protein, to g- and y-sarcoglycans, Z-
disc proteins myotilin and myozenin. In this way

calpain-3 participates in the processes of cytoskeleton

re-modelling, being implicated in myoblast fusion and

repair [67,111,112]; its deficiency leads to disruptions

of the regulation of protein–protein interactions at the

sarcolemma or Z-line of sarcomere. Calpain cleavage

of annexins may be critical to patch formation and/or

membrane insertion [93].

Clinically the disease caused by calpain-3 deficien-

cy is not usually severe and may be extremely mild.

The age of onset is extremely variable: it is reported

from 8 to 15 years, with a range from 2 to 40 years, in

one study [113], while a most recent analysis per-

formed on 175 genetically confirmed patients showed

a range from 2 to 49 years [114]. Pelvic girdle weak-

ness is present and symptomatic from the onset, be-

ginning in the glutei and the hip adductors but even

relatively late in the course of the disease. Calf hy-

pertrophy is apparently rare in European patients, but

it has been described in several Brazilian families.

Classically there is no mental, heart or facial involve-

ment, while respiratory complications have been

reported. The rate of deterioration varies between

families, but intrafamilial variation is less marked

than is frequently reported for other LGMD, such as

the sarcoglycanopathies.

The muscle biopsy shows a dystrophic pattern and

a variable deficiency of calpain-3 expression on mus-

cle fibres, even if one study [115] describes, in few

preclinical cases, an unusual pattern, with isolated

fascicles of degenerating fibres in an almost normal

muscle. The diagnosis of LGMD2A is currently based

on protein analysis, but patients carrying mutations

and displaying normal protein expression at the West-

ern blot analysis have also been identified. Fanin et al.

[116] described this condition in a considerable pro-

portion (20%) of the LGMD2A population, suggest-

ing that some mutations impair protein activity by

affecting interdomain protein interaction, or reduce

autocatalytic activity by lowering the Ca2+ sensitivity.

Same authors also showed a correlation between

the severity of muscle histopathology and the clinical

phenotype: patients with an active dystrophic process

have severe form of muscular dystrophy, whereas

patients with mild pathological changes show a slowly

progressive myopathy. A direct correlation between

the residual amount of calpain-3 on WB analysis and

the severity of the phenotype has not been demon-
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strated [117]. The probability of molecular diagnosis

of calpainopathy is very high in the presence of

characteristic clinical phenotype of LGMD2A and

absence of calpain 3 protein in WB analysis. Howev-

er, when both criteria are missing, the diagnostic

probability is lower and the phenotype alone seems

to be a more accurate factor than WB analysis to

obtain a correct diagnosis [114].

The gene responsible for LGMD2A (CAPN3)

maps to chromosome 15q15.1–q15.3. Interestingly,

the majority of the identified mutations are concen-

trated in only six exons (1, 2, 4, 5, 11 and 22) [118].

Genotype–phenotype correlations are difficult except

in patients who are homozygous for a mutation: as a

general rule, patients with homozygous null mutations

tend to have a more severe clinical course than

patients presenting missense mutations [117–119].

Secondary reduction of calpain-3 has also been

demonstrated in other forms of LGMD, as

LGMD2I, LGMD 2B, and in other muscular dystro-

phies. Recently, Starling et al. [120] identified muta-

tions in the CAPN3 gene in patients with normal

serum CK, lower motor neuron signs and a neurogen-

ic pattern on electromyography.

5.2. TRIM32

TRIM32 is a member of the tripartite-motif family,

named for the presence of three motives: a B1 box, a

coiled-coil domain and a RING-finger domain. The

domain structure of the TRIM32 protein, described for

the first time by Frosk et al. [121], suggests that it may

be an E3-ubiquitin ligase implicated in the ubiquitin–

proteosome pathway. It probably catalyses a transfer

of ubiquitin to target proteins which are recognized by

factors associated with the 26S proteasome.

The gene encoding this protein maps on chromo-

somal region 9q31q34 [121], in the same region of

fukutin gene, responsible for FMDC. To date only a

missense mutation (Asp487Asn) has been identified

as implicated in a relative mild form of autosomal

recessive LGMD (LGMD2H), reported only in Man-

itoba Hutterites population of North America [122–

124]. This mutation occurs in an NHL highly con-

served domain, but the pathogenetic mechanism

through which mutations in TRIM32 gene lead to

muscular damage is still not clear. The effect of the

mutation could be the degradation of wrong proteins
or the accumulation of proteins normally degraded in

the proteosome system. The restriction of symptoms

to muscle tissue could be explained by a NHL do-

main-mediated interaction with muscle-specific pro-

teins or by a specific muscle toxicity of increased

level of this protein.

LGMD2H patients present a variable phenotype,

characterized by onset usually in the second or third

decade with proximal muscle weakness, slow progres-

sion and ambulation preserved until the sixth decade

in most patients. No cardiac and systemic involve-

ment has been reported, although some patients pres-

ent facial muscle weakness as the disease progresses.
6. The nucleus

6.1. Lamin A/C

Lamin A and C are ubiquitously expressed multi-

functional intermediate filaments of the inner nuclear

membrane, encoded by the same gene (LMNA gene)

through alternative splicing of a single transcript [125].

Lamin A/C has so far been shown to be involved in a

range of quite divergent but also overlapping pheno-

types, including autosomal dominant Emery–Dreifuss

muscular dystrophy (AD-EDMD) [126], cardiomyop-

athy with conduction system disease [127], autosomal

recessive axonal polyneuropathy (CMT2) [128], man-

dibuloacral dysplasia [129], Hutchinson–Gilford pro-

geria syndrome [130,131], and atypical Werner

syndrome [132], as well as rare cases of autosomal

dominant LGMD (LGMD1B) [133].

The functions of lamin A/C and the mechanism of

how mutations in this protein cause clinically distinct

and/or tissue-specific diseases are not well under-

stood. Lamins form homo- and heteropolymers

which associate with other integral nuclear membrane

proteins into a network that supports the nuclear

membrane [134,135], providing its stability. By their

interaction with chromatin, they maintain the chroma-

tin compartimentation required for differentiation of

myoblasts into myocytes [136] and regulate the gene

expression mainly during cell differentiation. In con-

clusion, it seems that the lamin A/C has not only a

structural function, but also with other nuclear pro-

teins determines the functional diversity and dynamic

properties of the nuclear envelop, regulating cell di-
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vision, integrity of nuclei and nuclear pore complex

and in chromatin structure [137,138].

LGMD1B is a rare form of dystrophy character-

ized by cardiac involvement with atrioventricular

conduction defects and less frequently dilated car-

diomyopathy, which usually manifest at the onset of

muscular symptoms and increase with age. Untreated

patients may eventually die for sudden cardiac arrest

[139,140]. The muscular weakness is mild and slow-

ly progressive and some patients present uncommon

contractures.

Mutations in LMNA gene are also responsible for

the autosomal dominant form of Emery–Dreifuss dys-

trophy (AD-EDMD), clinically characterized by a

progressive muscular weakness with humero-peroneal

distribution, tendon contractures and arrhytmia and/or

cardiomyopathy.

LGMD1B and AD-EDMD have several clinical

features in common with X-linked EDMD, caused

by emerin deficiency. This correlates with the dem-

onstration that lamin A/C and emerin interact in nu-

clear membrane.
7. The sarcomere

7.1. Titin

Titin, also known as connectin, is the biggest single

peptide found in humans and the third most abundant

protein after myosin and actin. It is a central sarco-

meric myofilament, expressed in heart and skeletal

muscle, localised besides the thick myosin and thin

actin filaments and spanning half of the sarcomere

from Z-line to M-line [141,142].

Titin consists of four structurally distinct regions–

the M-line, A-band, I-band and Z-line–that mirror the

several parts of the sarcomere and can have different

functions [143,144]. In particular they have the ability

to bind to many other sarcomere proteins, among

them telethonin a-actinin, obscurin, calmodulin, my-

osin and myosin binding protein C, actin, nebulin and

calpain-3. In mature muscle, one of the main tasks of

titin is to maintain thick filaments centrally in the

sarcomere during cycles of contraction and extension.

This is important, because it ensures development of

balanced forces between both halves of the sarcomere

by myosin [145].
It plays a mechanical role, keeping the contractile

element of skeletal muscle in place, and controls the

assembly of the contractile proteins actin and myosin

and the resting length of the sarcomere during muscle

development. In mature muscle, titin is responsible, in

particular through its PEVK region, for muscle elas-

ticity [144–146] and consequently for the operating

range of sarcomere lengths and tension-related bio-

chemical processes [147]. It has at least two different

binding sites for calpain-3 [148] and has been sug-

gested that it has a role in stabilizing it from autolytic

degradation.

Titin is responsible for limb girdle muscular dys-

trophy type 2J (LGMD2J), human skeletal tibial mus-

cular dystrophy (TMD), dilated cardiomyopathy

(DCM) and hypertrophic cardiomyopathy (HCM)

[149].

The first is a clinically severe autosomal reces-

sive form of LGMD described in a consanguineous

Finnish family, characterized by onset in the first to

third decade with progressive weakness of all prox-

imal muscles, determining disability with loss of

ambulation within 20 years [149,150]. Some patients

develop late distal muscle weakness, but facial mus-

cle involvement or cardiomyopathy has not been

described.

TMD is an autosomal dominant late-onset distal

myopathy, also observed in Finnish patients, charac-

terized by slowly progressive weakness and atrophy

usually confined to the anterior compartment of the

lower leg muscle without cardiac involvement.

Titin maps on chromosome 2q24.3. It was sug-

gested that the same mutation in the titin gene, TTN

(LeuYPro in exon Mex6 of the gigantic TTN gene),

can cause LGMD2J, when present in homozygous

form, and TMD if present in heterozygosis; so the

severe LGMD phenotype could be the homozygous

manifestation of a dominant gene that in the hetero-

zygous state causes the milder distal myopathy [151].

This mutation affects the ultimate C terminus of pro-

tein, functionally located in the M-line of the sarco-

mere, in contrast to the mutations responsible for

cardiomyopathy that were indeed located in the car-

diac-specific N2-B region of titin, which occurs only

in cardiac isoforms of protein.

In muscle biopsies from a patient with LGMD2J or

TMD haplotype, Haravuori et al. [152] found almost

complete loss of calpain-3, suggesting that the loss of
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calpain-3 is a secondary downstream effect of defi-

ciency of the TMD gene protein and results in phe-

notypic overlap with LGMD2A.

7.2. Myotilin

Myotilin is a thin filament-associated Z-disc pro-

tein, composed of a unique serine-rich NH2 terminus

and a COOH terminus with two Ig-like domains,

which show a high sequence homology to Ig-domains

of titin [153]. It binds a-actinin, via its N-terminal

region, g-filamin, with its C-terminal domain and F-

actin [112–154] and it is expressed in striated muscles,

heart and peripheral nerves [153].

The function of myotilin in skeletal muscle is

highlighted by the finding of mutations in the

human myotilin gene in patients with an autosomal

dominant form of limb girdle muscular dystrophy

(LGMD1A) [155]. By its interactions with sarcomeric

structural components, myotilin plays an indispens-

able role in stabilization and anchorage of thin fila-

ments, which may be a prerequisite for correct Z-disc

organisation. The expression of myotilin starts in

relatively late time of muscle differentiation, when

the myofibrillar alignment appears, suggesting an im-

portant role of this protein for correct assembly of

contractile apparatus [112].

LGMD1A has been described only in two families

(an Argentinian and a North American of German

descendent family), which members presented a typ-

ical limb girdle phenotype with autosomal dominant

inheritance, later progressing to include distal weak-

ness and associated to dysartric speech in approxi-

mately half of the affected individuals [153–156].

Although myotilin protein is expressed at relatively

high levels in the heart, there is no evidence of a

cardiac defect in either known pedigree.

Muscle biopsy of affected individuals shows a dys-

trophic pattern and a large number of rimmed

vacuoles: their presence in patients with unlinked myo-

pathies should suggest the diagnosis of LGMD1A

[156]. Patches of striking Z-line streaming are similar

to those observed in nemaline myopathy. Schroder et

al. [157] demonstrated a strong myotilin immunoreac-

tivity of nemaline rods and central core lesions in

congenital nemaline myopathy and central core dis-

ease, indicating a possible common pathophysiologi-

cal element in these inherited muscle diseases.
7.3. Telethonin

Telethonin is the first sarcomeric protein shown to

be associated with an autosomal recessive LGMD

[158]. It is localised to the Z-disc of striated and

cardiac muscles, where it interacts with the C-terminal

domain of titin [145]. It has been proposed that tele-

thonin is one of the substrates of titin, which phos-

phorylates its C-terminal domain in early

differentiating myocites [159]. In cardiac myocites,

it has been shown that both titin and theletonin are

required for the structural integrity of sarcomeres.

Nevertheless, the ultrastructural analysis of muscle

of LGMD2G patients with mutations in the telethonin

gene shows the maintenance of the sarcomeric archi-

tecture, suggesting that muscle degeneration and the

clinical phenotype are more likely due to a functional

defect than to alteration of sarcomeric structure. On

the other hand, the presence of rimmed vacuoles in the

muscle fibres from these patients might be accounted

for focal sarcomeric degeneration [160]. All other

proteins involved in muscular dystrophies are normal-

ly expressed in LGMD2G skeletal muscle.

LGMD2G has been described only in four Brazi-

lian families [158]. The age at onset ranged from 2 to

15 years with marked weakness and atrophy in the

distal muscles of the legs and proximal involvement

of the four limbs. Some patients presented pro-

nounced symmetric or asymmetric calf hypertrophy.

Heart involvement was observed only in half member

of one family [158], while extraocular and facial

muscles were spared in all patients.

Two different mutations were identified in these

four families; both gave rise to premature stop codons

resulting in truncated proteins lacking the C-terminal

domain, which is usually phosphorylated by titin

kinase [158].

7.4. ZASP

A recent study identified mutations in the gene that

encodes for ZASP, a Z-disk-associated protein, in

patients with a pathologically and clinically progres-

sive myopathy, suggesting that zaspopathy can also be

classified as a muscular dystrophy [161]. ZASP is a Z-

band alternatively spliced PDZ motif-containing pro-

tein encoded by a gene (the ZASP gene) consisting of

16 exons and located on chromosome 10q22.3–q23.2
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[162]. It is expressed predominantly in cardiac and

skeletal muscle [163] where it binds to a-actinin by

the PDZ domain at the N terminus and to PKCs by the

LIM domain at the C terminus [164]. In muscle ZASP

participates to protein–protein interactions and in

mouse it has been demonstrated to have an essential

role for maintenance of the Z-line during muscle

contraction.

Previous studies demonstrated that mutations in

ZASP gene cause severe skeletal and cardiac myopa-

thies with fragmented Z-disk in mice; dilated cardio-

myopathy is described in humans [165,166].

Recently Selcen et al. [161] described the presence

of mutations in this gene also in patients that showed a

histological pattern of myofibrillar myopathy (pleo-

morphic hyaline, granular and amorphous deposits,

accumulation of amyloid material) and electronic fea-

tures of disintegration of the Z-disk. This form is

characterized by a late onset and an autosomal dom-

inant inheritance. Clinically the majority of patients

analysed in this study present both distal and proximal

weaknesses (in most cases distal is more prominent

than proximal impairment), but in some patients a

singular muscular group involvement has been de-

scribed. Some patients have a cardiac impairment

(paroxysmal supraventricular tachycardia, low ejec-

tion fraction, unusual depolarisation, prolonged QT),

but none present respiratory failure. Clinical, electro-

myographic or histological peripheral neuropathy can

also be present.
8. LGMD1 D-G

In recent years other four forms of autosomal

dominant LGMD have been described (LGMD 1 D-

G) [167–171]. The genes and the proteins implicated

have not been identified yet, but it is known that they

map in different chromosomic regions and that the

implicated genes are different from the ones respon-

sible for other AD-LGMD.
9. Unclassified disorders

Among LGMD forms, as well as in congenital

phenotypes, there are some conditions in search for

a genetic defect. Reliable data about the relative fre-
quency of unclassified LGMD are not available, at the

moment. Since different populations seem to have a

different distribution of the various LGMD, also the

unclassified fraction might be different in different

countries [74].

As far as congenital phenotypes are concerned,

there is a number of patients with clinical features

similar to MDC, in which no mutations in known

genes were identified. This group includes: (1)

WWS or CMD patients with a-DG depletion, but

no mutations in any of the glycosyltransferases iden-

tified so far, sometimes with marked inflammatory

changes at the muscle biopsy [172]; (2) Rigide

Spine Syndrome cases with no mutation in selenopro-

tein N gene (SEPN1), the gene responsible for rigid

spine muscular dystrophy-1 (RSMD1) [173]; (3) au-

tosomal recessive MDC1B, a form observed in a

consanguineous family from the United Arab Emi-

rates, which presents severe diaphragmatic involve-

ment responsible for early respiratory failure, rigidity

of the spine, intellect and brain imaging normality

[174,175]; (4) other MDC associated with cerebellar

hypoplasia and megacysterna magna [176]; (5) a var-

iant of UMDC with mental retardation and no muta-

tions in the collagen VI genes.
10. Conclusions

Different pathogenetic mechanisms acting at every

relevant biological site of the myofibre may lead to

muscular dystrophies with variable age of onset, pro-

gression and other tissue involvement. A simplified

diagnostic algorithm, based on clinical and molecular

findings, is provided in Fig. 2.

The area of overlap between mechanisms leading

to LGMD and those leading to CMD is mainly re-

stricted to defects that involve the correct interaction

between muscle fibre and extracellular matrix, as it

occurs with integrin a7, collagen VI and a-DG gly-

cosilation defects. The direct link between the cyto-

skeleton and ECM (in terms of force transmission

during muscle contraction and/or as a signalling path-

way) is therefore essential to muscle integrity. It

should be also noted that the ECM constituents rep-

resent the niche for satellite cells [177]: perturbations

of these constituents may contribute to a severe re-

duction of the muscle regenerative capacity, therefore
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resulting in early onset or congenital phenotypes.

Since identification of the CMD and LGMD genes

can be predicted to be exhaustive within shortly, more

work will probably be focused on the pathogenesis of

these untreatable disorders.
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