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Rétractions tendineuses

Syndrome de la colonne raide

Myopathies liées au collagène VI

Myopathie d’Emery-Dreifuss

SEPN1

Lamines A/C

Emerine

FHL1

a b s t r a c t

Muscle diseases may have various clinical manifestations including muscle weakness,

atrophy or hypertrophy and joint contractures. A spectrum of non-muscular manifestations

(cardiac, respiratory, cutaneous, central and peripheral nervous system) may be associated.

Few of these features are specific. Limb joint contractures or spine rigidity, when prevailing

over muscle weakness in ambulant patients, are of high diagnostic value for diagnosis

orientation. Within this context, among several disorders, four groups of diseases should

systematically come to mind including the collagen VI-related myopathies, the Emery–

Dreifuss muscular dystrophies, the SEPN1 and FHL1 related myopathies. More rarely other

genetic or acquired myopathies may present with marked contractures. Diagnostic work-up

should include a comprehensive assessment including family history, neurological, cardio-

logic and respiratory evaluations. Paraclinical investigations should minimally include

muscle imaging and electromyography. Muscle and skin biopsies as well as protein and

molecular analyses usually help to reach a precise diagnosis. We will first describe the main

muscle and neuromuscular junction diseases where contractures are typically a prominent

symptom of high diagnostic value for diagnosis orientation. In the following chapters, we

will present clues for the diagnostic strategy and the main measures to be taken when, at the

end of the diagnostic work-up, no definite muscular disease has been identified.

# 2013 Elsevier Masson SAS. All rights reserved.

r é s u m é

Les signes cliniques des affections musculaires sont variés : faiblesse et/ou fatigabilité,

atrophie et/ou hypertrophie musculaires mais aussi rétractions tendineuses, de topographie

variable. Peuvent s’y associer des symptô mes extramusculaires (cardiaques, respiratoires,

neurologiques centraux ou périphériques, ophtalmologiques, métaboliques, cutanés).

Parmi les symptô mes clés qui orientent la démarche clinique, les rétractions tendineuses
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peuvent être d’un apport décisif pour poser un diagnostic précis quand elles sont au premier

plan. Leur existence et leur topographie (axiale et/ou au niveau des membres), notamment

chez un patient encore ambulatoire, apportent un élément d’orientation important à

l’équation clinique. Dans ce cadre, quatre groupes d’affections musculaires sont à évoquer

systématiquement : les myopathies liées aux collagène VI, les myopathies de type Emery-

Dreifuss, les myopathies liées aux gènes FHL1 et SEPN1. D’autres affections musculaires

héréditaires ou acquises sont plus rarement en cause. La conduite à tenir doit comporter une

évaluation aussi complète que possible de l’histoire familiale et de l’état neuro-cardiores-

piratoire. Les investigations paracliniques devront comprendre au moins une imagerie

musculaire et un examen électromyographique complet. Les biopsies musculaire et cutanée

ainsi que les études protéiques ad hoc et les analyses génétiques en biologie moléculaire

permettent souvent de poser un diagnostic précis. Au terme d’une démarche diagnostique

rigoureuse, les cas restant sans diagnostic bénéficieront de l’apport des techniques d’ana-

lyses moléculaires en haut débit récemment mises au point. Dans cet article, nous décrivons

d’abord les principales entités cliniques où les rétractions tendineuses au premier plan

contribueront à orienter le diagnostic. Nous présenterons ensuite les principaux éléments

de la stratégie diagnostique.

# 2013 Elsevier Masson SAS. Tous droits réservés.
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1. Introduction

Joint contractures are a very common finding in neuromus-

cular disorders (NMD). Arising as the result of different types

of processes, generally chronic, which affect the muscle and/

or fascias, contractures may involve limbs, either locally

(particularly Achilles tendons) or diffusely (elbows, wrists,

fingers, hips) and/or paraspinal muscles and/or masseters.

The consequence is a limitation of the joint range of mobility

that must be differentiated from a primary osteoarticular

problem (fracture, malformation, dislocation, rheumatic dis-

orders).

Contractures are associated with both congenital and later

onset NMD (Table 1). They are the main sign in arthrogryposis

multiplex congenita, characterized by non-progressive

contractures affecting two or more joints from birth. A

substantial proportion of arthrogryposis cases are due to

various NMD resulting in fetal akinesia (Table 1). In congenital

muscular dystrophies (CMD) due to mutations in different

genes (Table 1), early-onset muscular contractures are

constantly found, typically associated to severe weakness

presenting before age of 2 years and a dystrophic pattern at

biopsy. Although more rarely, contractures can also be present

in several congenital myopathies and congenital myasthenic

syndromes, presenting from birth or later in life (Table 1). In

progressive muscular dystrophies (MD), contractures are often

initially localized at the ankles; elbow and spine contractures

may rarely be present at early stage, mainly in limb-girdle

muscular dystrophy-related to calpain 3.

We will focus in this review in those conditions in which

joint contractures are the most relevant clinical sign,

prevailing over muscle weakness and presenting typically in

ambulant patients. Two groups of genetic diseases are of

special interest because of the prominence of the contractures

on weakness and the onset in childhood/adolescence:

� Emery–Dreifuss dystrophy (EDMD) with scapuloperoneal

myopathy, cardiomyopathy and three causative genes

identified (LMNA, EMD, FHL1);
� Bethlem myopathy, with normal heart function, late-onset

proximal weakness, due to mutations of COL6A1, COL6A2 or

COL6A3 genes.

Rigidity of the spine is defined by a progressive and non-

painful limitation of the neck and trunk flexion and is

commonly found in these two diseases. When spine rigidity

is the most salient symptom, the term of rigid spine syndrome

(RSS) is then relevant. If RSS is associated with axial weakness

and respiratory insufficiency, SEPN1-related myopathy is the

main cause, although more exceptional aetiologies have been

reported (Table 1). Finally, joint contractures may be a

prominent component of fasciitis and acquired inflammatory

myopathies.

We will first describe the main muscle and neuromuscular

junction diseases where contractures are typically a promi-

nent symptom of high diagnostic value for diagnosis orienta-

tion. In the following chapters, we will present clues for the

diagnostic strategy and the main measures to be taken when,

at the end of the diagnostic work-up, no definite muscular

disease has been identified.

2. Description of the main entities

2.1. The collagen VI-related myopathies

In the early 1930s, Otto Ullrich described a new condition,

which he termed scleratonic muscular dystrophy, in a group of

pediatric patients who showed early-onset weakness and the

rare association of joint laxity with severe and progressive

proximal joint contractures (Ullrich, 1930). Bethlem myopathy

was first described in 1976 by Bethlem and van Wijngaarden in

three Dutch families as an autosomal dominantly inherited

mild proximal myopathy with long finger flexion contractures

(Bethlem and Wijngaarden, 1976) and an additional French-

Canadian family was reported by Mohire et al. (1988). Both

conditions have since been reported worldwide. Identification

of causative mutations in the collagen VI encoding genes



Table 1 – Main disorders of muscle and neuromuscular junction presenting with prominent joint contractures.

Arthrogryposis

Presence of non-progressive contractures affecting 2 or more joints at birth, neuromuscular disorders resulting in fetal akinesia

Congenital myotonic dystrophy

Congenital myopathies (see infra)

Congenital muscular dystrophies (see infra)

Congenital myasthenic syndromes (see infra) and Escobar syndrome (genes encoding g-AChR subunit, rapsyn andb-tropomyosin)

Autoimmune neonatal myasthenic syndrome due to transfer of maternal fetal AChR antibodies

Distal arthrogryposis related to mutations of genes: TPM2 (b-tropomyosin), MYBPC3 (cardiac myosin-binding protein C), TNNI2

(fast-twitch skeletal troponin I), TNNT3 (fast skeletal troponin T), MYH3 (embryonic skeletal Myosin Heavy chain), MYH8

(perinatal skeletal Myosin Heavy chain), ECEL1 (Endothelin-converting enzyme like1)

Congenital muscular dystrophies (CMD)

Early-onset (neonatal, infantile)

Muscular contractures and weakness,

Dystrophic pattern at biopsy

Related to different genes: POMT1, POMT2, POMGnT1, FKRP, FCMD, LARGE (coding for a-dystroglycan glycosyl-transferases,

a-dystroglycanopathies), COL6A1, COL6A2 and COL6A3 (Collagen VI alpha1, 2 and 3 chains, Ullrich’s CMD), SEPN1 (Selenoprotein

N 1 gene), LAMA2 (laminin a2 gene), LMNA (lamins A/C related CMD or L-CMD)

Congenital myopathies (CM)

Early-onset in most cases (birth, infantile) in severe CM, may be later onset (childhood, adolescence, adulthood)

Include: myotubular myopathy (MTM1 related), centronuclear myopathy related to dynamine 2 or amphiphysin 2 (DNM2 and

BIN1 genes respectively), and RYR1 (ryanodine receptor 1 gene)-related myopathies

Congenital myasthenic syndromes

Usually at birth and related to the genes coding for Rapsyn (RASPN), but several other genes are more rarely involved (CHRNE,

CHRNA1, CHRND particularly in fast channel syndrome, CHRNB1, CHAT, DOK7) and genes encoding for proteins involved in

glycosylation (DPAGT1, ALG2, ALG14, GFPT1)

Contractures evidenced later (AGL14, RAPSN)

Progressive muscular dystrophies

Most often at advanced stage, in non or poorly ambulant patients

More rarely at early stage, in ambulant patients: CAPN3 related LGMD or LGMD2A (calpain3 related), DMD (dystrophinopathies),

TNPO3 related LGMD or LGMD1F (Transportin 3 related), LGMD1G (4p21 locus)

Genetic myopathies with diffuse limb joint and/or spinal contractures at the foreground, developing during childhood or adolescence,

as the main and earliest manifestation of the disease

If presence of a cardiomyopathy with conduction and rhythmic abnormalities: consider Emery–Dreifuss muscular dystrophies

(LMNA, EMD, FHL1) as well as TTN (titine)

If no heart involvement: consider Bethlem myopathy (COL6A1, COL6A2 and COL6A3)

Rigid spine syndrome

Paraspinal muscles contractures as a prominent symptom

Related to different genes: SEPN1, COL6A1, COL6A2, COL6A3, LMNA, EMD, FHL1, BAG3, GAA and rarely RYR1, TNPO3

Acquired myopathies

Fasciitis, inflammatory myopathies

AChR: acetylcholine receptor; CHRNA1, CHRNB1, CHRND and CHRNE; respectively for acetylcholine receptor alpha, beta, delta and epsilon

subunits genes; CHAT: choline acetyltransferase gene; DOK7: downstream of tyrosine kinase 7 protein gene; LGMD: limb-girdle muscular

dystrophy; CAPN3: calpain 3 gene; LMNA: Lamins A/C gene; EMD: Emerin gene; FHL1: FHL1 protein gene; BAG3: BCL2-associated athanogene 3

protein gene; GAA: acid alpha-glucosidase gene.
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(COL6A1, COL6A2 and COL6A3) initially in Bethlem myopathy

(Jöbsis et al., 1996a, b) and subsequently in Ullrich congential

muscular dystrophy (UCMD) (Camacho Vanegas et al., 2001)

have led to considering them as part of a same spectrum of

muscle disorders (collectively termed ‘collagen VI-related

myopathies’ [COLVI-RM]) and has disclosed their relatively

high prevalence (Bonnemann, 2011). The COLVI-RM span

severities ranging from the severe Ullrich type to the milder

Bethlem type, with a spectrum of intermediate phenotypes. A

typical feature of the COLVI-RM is the presence of a skin

phenotype that includes keratosis piliaris, abnormal scar

formation (keloid or atrophic scars) and soft skin in the palms

of hands and feet. There is no cardiac or central nervous

system (CNS) involvement. CK is normal or only mildly

elevated.
2.1.1. The Ullrich congenital muscular dystrophy (UCMD)
The classical UCMD phenotype presents in the neonatal

period with major distal joint laxity often associated with

proximal contractures (knees and elbows), congenital hip

dislocation, talipes equinovarus and/or congenital torticollis

or kyophoscoliosis (Bonnemann, 2011). If present, the early

contractures may regress partially or completely but often

reappear progressively during childhood or the teen years,

particularly involving elbows, ankles, knees, hips and finger

flexors. Over time, contractures tend to replace hyperlaxity, and

the typical UCMD in adulthood shows a contractile phenotype

(Fig. 1G), with hyperlaxity sometimes persisting only in distal

interphalangeal joints (Fig. 1H). While the most severe patients

are never able to walk, usually ambulation is delayed but

achieved. Many cases show functional improvement followed



Fig. 1 – Typical features of patient suffering from several diseases with prominent joint contractures. Emerin (A, B) and

lamins A/C (C) related Emery–Dreifuss muscular dystrophy (EDMD) with the elbows contractures and rigid spine. Note also

the diffuse muscle wasting of perihumeral predominance. Overlapping features of EDMD and partial lipodystrophy of

Dunnigan type related to LMNA mutation (D) where patient harbored lipoatrophy with prominent muscle bulk, typical

metabolic features and polycystic ovary syndrome in addition to rigid spine, elbows contractures and cardiomyopathy.

Bethlem myopathy (E, F) showing long finger flexors contractures as well as spine rigidity. Ullrich muscular dystrophy (G–I)

with the interphalangeal joints hyperlaxity and the follicular hyperkeratosis. SEPN1-related myopathy (J) with the

predominantly cervical and dorsal spine rigidity. Maltase acid deficiency (K) with the spine rigidity involving the whole

spine.
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by stabilization during the first and the beginning of the second

decade. Afterwards, functional decline, due to a combination of

increasing contractures and weakness, is very common,

typically becomes more apparent after the age of 35 years

and can lead to loss of ambulation. Kyphoscoliosis or marked

kyphosis are common and in severe cases require spinal

surgery. Forced vital capacity tends to decline progressively,

leading to predominantly night-time respiratory insufficiency;

this requires mostly night-time ventilatory support, which

tends to stabilize the respiratory failure. Importantly, respira-

tory insufficiency in this group can precede loss of ambulation.

2.1.2. The Bethlem myopathy (BM)

Although BM patients typically become symptomatic within

the first or second decade, it is possible to elicit in up to 50% of

cases a neonatal history of hypotonia, torticollis, equinovarus

deformity (Bonne and Lampe, 2010). Hypotonia and later

delayed milestones may also be present but more rarely. The

vast majority of patients have mild weakness during child-

hood manifesting as poor performances in sports. Early

contractures, which develop in the first decade before any

weakness, are the hallmark of the disease. They are located in

the elbows, Achilles tendons, long finger flexors and wrists

(Fig. 1E and F). Hyperlaxity of distal joints may also be
observed, notably in fingers. Foot deformities such as pes

cavus or equinovarus may require often foot orthesis and even

surgical correction. Scoliosis is usually mild and does not

require surgical correction (Allamand et al., 2011; Bonnemann,

2011). The weakness involves proximal muscles in all patients,

is usually moderate and does not interfere with ambulation

until an advanced age. Distal weakness, especially in hands

and wrist muscles, can also be observed. Contractures are

usually progressive and may concern more proximal joints

such as knees, shoulders, the neck and the temporomandi-

bular joint. Muscle weakness may be stable during childhood

and young adulthood but tends to progress slowly in the

fourth decade and even more significantly after 40 years of

age. In our personal series, among 37 patients with BM, 40%

need walking assistance but only one of them is wheelchair-

bound at 60 years of age. Progressive respiratory insufficiency

can develop over time but only rare patients will require

nocturnal ventilation. As for UCMD, skin involvement cha-

racterized by keloid scars and thin and velvety skin can also be

observed in BM, although it is not constant. A broad range

of clinical severity can be observed. This includes patients

with very mild contractures affecting only long finger flexors

or Achilles tendons, associated with mild or moderate

weakness. There can be significant intrafamilial heterogeneity,



Fig. 2 – Lower limbs muscle imaging (CT-scan) of Collagen VI-related myopathy and lamins A/C related Emery–Dreifuss

patients. In COLVI-related myopathy [left panel, showing transversal muscles section at middle thigh (A) and leg (B) levels],

note the fatty infiltration along muscles fascia and a brushy aspect of the muscles, predominating in anterior compartment

of thighs (rectus femoris, vastus lateralis, medialis and intermedius, arrows) and along the central fascia of rectus femoris

(central shadow, asterisk). In LMNA related EDMD (right panel, C and D), note the prominent involvement of posterior thighs

and legs muscles involvement (arrows).
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contractures being very mild in some patients and more

pronounced in their relatives, indicating that examination of

all family members can be important in the diagnosis of BM.

A limb-girdle muscular dystrophy (LGMD) phenotype can

be in rare cases a clinical presentation of BM. This has been

reported in patients with proximal weakness and no signifi-

cant contractures except for non-specific Achilles tendons

tightness (Scacheri et al., 2002). We also noticed in our

personal series two patients with a LGMD phenotype whose

diagnosis of BM was missed for years. One of these cases is

presented in the ‘‘diagnostic strategy’’ section (see below,

Fig. S2). Clinical presentations as typical BM or LGMD may

coexist within the same family, emphasizing again, that the

clinical evaluation of all family members is important.

Myosclerosis refers to the occurrence of severe contractu-

res and a ‘‘woody’’ touch of muscles and is not specific of

COLVI-RM (Bradley et al., 1973). In 2008, Merlini et al.,

described a pair of siblings presenting with the myosclerosis

phenotype characterized by severe contractures of multiple

joints, firm ‘‘woody’’ feel of the muscles and mild muscle

weakness. Fibrosis was predominant in their muscles biopsy

and there was a complete collagen VI deficiency around

intramuscular capillaries (Merlini et al., 2008).

The ancillary tests performed in patients with COLVI-RM

typically reveal mildly elevated CK (2 or 3 � N) and no

cardiomyopathy. The muscle imaging of the lower limbs are

particularly useful in such cases as a typical pattern of muscle

involvement can be observed (Fig. 2A and B, Fig. 3 and Fig. S2).

The typical BM pattern shows fatty infiltration under the fascia

(Fig. 2A, 2B, 3 and S2) and a brushy aspect of the muscle,

predominating in anterior compartment of thighs, rectus
femoris, vastus lateralis, medialis and intermedius (Deconinck

et al., 2010; Mercuri et al., 2010; Ten Dam et al., 2012).

2.1.3. Diagnostic strategy of COLVI-RM
The diagnostic strategy is summarized in Fig. 3. The first step

of the diagnostic work-up of COLVI-RM (BM or UCMD Disease)

is based on the following criteria:

� proximal weakness, sometimes associated with distal

weakness, developing in the first decade;

� joint contractures, particularly if associated with hyper-

laxity (Fig. 1H);

� skin abnormalities (keloid scars, follicular hyperkeratosis)

(Fig. 1I);

� normal intelligence;

� a compatible muscle imaging (see supra) (Fig. 2A and B).

Exclusion criteria are the presence of cardiomyopathy,

elevated CK (higher than 1000 UI/L) or mental retardation. As

shown before, weakness and hyperlaxity are much more

important in UCMD than in BM.

When these criteria are met, muscle and skin biopsies must

be considered. Histopathological analysis of muscle biopsy in

the COLVI-RM shows unspecific features, ranging from

minimal myopathic changes or fiber-type disproportion to

overtly dystrophic. Severity of morphological changes tends to

correlate with age and clinical severity. Immunofluorescence

using a polyclonal antibody raised against mature collagene VI

from human placenta (Hicks et al., 2008) reveals collagen VI

deficiency in UCMD muscle biopsy whereas this expression is

typically normal in BM. Collagen VI immunolabeling on



Fig. 3 – Summary of diagnostic strategy in myopathies with prominent contractures. This latter is mainly based on three

steps: the clinical step including the assessment of mode of inheritance, presence and type of cardiac disease, and the

presence and type of axial muscles involvement. The second step corresponds to a first-line of paraclinical investigations

including electromyography and muscle imaging. The third step is represented by a second line of more specialised

paraclinical investigations including protein studies (western-blot/immunostaining techniques on blood/muscle and skin

biopsies) as well as direct genes screening. a-DG: alpha-dystroglycan; COL6A1, COL6A2, COL6A3: collagen VI genes; COLVI-

RM: collagen VI-related myopathies; CMD: congenital muscular dystrophy; CMS: congenital myasthenic syndrome; EDMD:

Emery–Dreifuss muscular dystrophy; EMG: electromyography; FHL1-RM: FHL1 gene related myopathy; LAMA2: laminin a2

gene; LMNA: lamin A/C gene; NGS: next generation sequencing; NP: peripheral neuropathy; RSS: rigid spine syndrome;

SEPN1-RM: Selenoprotein N 1 gene related myopathies; UCMD: Ullrich congenital muscular dystrophy; WB: western-blot

analysis.
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fibroblast cultures obtained from a skin biopsy is more

sensitive, and can disclose collagen deficiency not only in

UCMD, but also in most BM cases (Fig. 3) (Hicks et al., 2008).

Thus, all our patients with genetically confirmed diagnosis of

BM or UCMD had an altered or absent secretion, the latter

being more common in UCMD whereas in BM the secretion

may be only quantitatively or qualitatively reduced. Conver-

sely, altered secretion observed on fibroblasts is not always

related to COL6A1-3 genes mutations, since other muscle

diseases, either dystrophic or metabolic myopathies may alter

collagen VI secretion (Zanotti et al., 2013 and personal

unpublished data).

The confirmation of the diagnosis is based on the genetic

analysis of collagen VI, which is typically performed using

mRNA extracted from fibroblasts and confirmed on genomic

DNA (Allamand et al., 2011). The molecular studies are

complex and challenging in COLVI-RM as collagen VI is

encoded by three genes: COL6A1, COL6A2 and COL6A3. These
genes are large and highly polymorphic, which makes it

difficult in some cases to definitely confirm the pathogenicity

of some variants, especially the missense ones and those

located outside of the triple helix domain, which is crucial to

the assembly of the three chains of collagen VI. On the other

hand, pathogenic mutations may be missed, particularly large

exonic or whole-gene deletions (Bovolenta et al., 2010; Foley

et al., 2011).

In BM, the vast majority of mutations are dominant, either

inherited or de novo. Recessive inheritance is more rarely

observed. In our personal series, only 5% patients had

recessive inheritance of BM; 16% of patients had a de novo

mutation whereas the disease in the remaining cases was

inherited as a dominant trait. All types of mutations are found

in BM. The most commonly found are missense changes of the

triple helical glycine residues (Lamandé et al., 2002; Pace et al.,

2008), but insertion, deletion or frameshift mutations have

also been reported (Allamand et al., 2011) (see also the Leiden
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neuromuscular pages at www.dmd.nl). As for UCMD, the

severe end of the spectrum can be due to recessive loss of

function mutations (including those that leave the affected

chain incapable of assembling) (Lampe et al., 2008) and rare

missense mutations (Zhang et al., 2010). A significant

percentage of UCMD cases is due to de novo dominant negative

mutations, that may affect the glycine residues but have a

more severe functional impact on the secreted assembled

collagen protein than those associated to BM (Briñas et al.,

2010). In all cases, analysis of DNA from the parents is

particularly relevant in COLVI-RM in order to confirm the

segregation of the disease and to ascertain the status of a de

novo mutations.

2.2. The Emery–Dreifuss muscular dystrophy (EDMD)

EDMD is a muscular dystrophy clinically characterized by

early and prominent contractures, occurring typically in teens

and followed, in most cases after the second decade, by a

cardiac disease including dilated cardiomyopathy, conduction

defects and arrhythmia resulting in high risk of sudden death.

These features, associated with muscle weakness and amyo-

trophy affecting predominantly perihumeral muscles, deli-

neate the original phenotype described by Emery and Dreifuss

in 1966 (Emery and Dreifuss, 1966; Emery, 2010). The two main

genes involved in EDMD are EMD and LMNA, coding

respectively for emerin (involved in the X-linked recessive

form of EDMD) and lamins A and C (involved in autosomal

dominant and recessive EDMD) (Bione et al., 1994; Bonne et al.,

1999, 2000). In a large EDMD cohort, AD-EDMD and X-EDMD

represent respectively 26.5% and 8.5% of cases (Gueneau et al.,

2009). LMNA-EDMD is therefore three times more frequent

than EMD-EDMD. Emerin and lamins A/C are both components

of the nuclear envelope.

Clinically, EDMD contractures appear early, often preced-

ing the appearance of any significant muscle weakness. They

are typically located in elbows, Achilles tendons and posterior

cervical muscles with subsequent limitation of the neck

flexion (Emery, 2010). Spine rigidity may involve later whole

spine extensor muscles, resulting in RSS (Kubo et al., 1998).

Slowly progressive wasting and weakness concerns initially

humeroperoneal muscles and later extends to the scapular

and pelvic girdle muscles (Fig. 1A–C). The disease course is

usually slow in the first three decades of life, but it tends to

progress more rapidly after. CT-scan or MRI imaging of

muscles shows a prominent fatty replacement of the posterior

compartment of the thighs and of legs (Fig. 2C and D and Fig. 3)

(Deconinck et al., 2010; Mercuri et al., 2010). A Dunnigan

syndrome, including lipoatrophy, insulin-resistant diabetes,

hypertriglyceridemia and polycystic ovary syndrome, may be

associated to LMNA-EDMD (Fig. 1D) (van der Kooi et al., 2002).

In addition to EDMD, other neuromuscular and cardiac

phenotypes have been associated to mutations in the LMNA

gene. These are mainly represented by limb-girdle dystrophy

type 1B (LGMD1B), differing from EDMD by absence of

contractures (or late and minimal) (van der Kooi et al., 1996;

Muchir et al., 2000), isolated dilated cardiomyopathy with

conduction system disease (DCM-CD) (Fatkin et al., 1999;

Bécane et al., 2000) and lamin A/C related congenital muscular

dystrophy (L-CMD) (Quijano-Roy et al., 2008). This latter form
presents as a severe congenital muscular dystrophy with axial

weakness involving mainly neck extensors (dropped head)

and contractures affecting distal limbs and spine. Several

patients had earlier disease onset with absent motor deve-

lopment. Others had a later onset and less severe disease with

acquired neck and head control and independent walk. These

children may develop elbows contractures (absent in the most

severe group). Clinical differences have been shown between

LMNA-EDMD and EMD-EDMD. Thus, EMD-EDMD joint contrac-

tures are most often the first sign, whereas in LMNA-EDMD

they may appear after onset of muscle weakness. The disease

tends to more severe in LMNA-EDMD, which can lead to loss of

ambulation; this can occur but is rare in EDM-EDMD (Bonne

et al., 2000). Moreover, the risk of dilated cardiomyopathy,

malignant ventricular arrhythmias and sudden death is

higher in LMNA-EDMD, justifying early indication of implan-

table cardioverter defibrillator (Meune et al., 2006). Heart

transplantation due to end stage heart failure may be

necessary in both LMNA- and EMD-EDMD (Bécane et al.,

2000). Moreover, similarly to what is observed in dystrophi-

nopathies, female carriers of EMD gene mutations may be

occasionally symptomatic, although in less than 10% of cases

(see the UMD-EMD locus specific database www.umd.be/EMD/

). They may also exceptionally exhibit weakness with or

without joint contractures (Manilal et al., 1998) and thus

exhibit very low emerin protein levels. Otherwise, a sub-

stantial proportion of female carriers may exhibit varying

degrees of heart block and may require a pacemaker

implantation (Boriani et al., 2003; Sakata et al., 2005; Ben

Yaou et al., 2007; Karst et al., 2008) with variable emerin

amounts and a mosaic pattern of emerin on immunohisto-

chemical studies (Canki-Klain et al., 2000; Ben Yaou et al., 2007;

Karst et al., 2008). The diagnostic strategy is summarized in

Fig. 3 (Ben Yaou et al., 2013). The first step is to call to mind

EDMD when early contractures are associated with humero-

peroneal weakness and cardiac disease with dilated cardio-

myopathy, conduction defects and arrhythmia. The second

step is based on the inheritance pattern: if transmission is X-

linked, an emerinopathy will be first suspected and immu-

nodetection of the protein will be performed. As emerin is

ubiquitously expressed, the simplest approach is to detect

protein defects by Western-blot from lymphoblastocytoid

cells from peripheral blood (Manilal et al., 1997, 1998). The

muscle biopsy is not necessary, but if performed, immunos-

taining and/or western-blot will reveal the emerin defect. A

skin biopsy or exfoliative buccal cells may also be used

(Manilal et al., 1997; Sabatelli et al., 1998). Emerin is fully

absent in EMD-EDMD males whereas, in EMD-EDMD female

carriers, the defect is partial and emerin can be present in a

variable proportion of nuclei. After confirmation of the emerin

protein defect, EMD mutations will be screened by diagnostic

gene sequencing. Many different mutations have been

reported (more than 110, see www.umd.be/EMD/); most of

them are null (nonsense, out of frame, deletions or insertions

that lead to the absence of emerin). However, intra- and

interfamilial variability in the severity of the phenotype can be

associated with null mutations (Bonne and Lampe, 2010). If

transmission is autosomal dominant and/or the patient has

associated features of Dunnigan syndrome, LMNA gene should

be first suspected. Clinical presentations differing from EDMD,

http://www.dmd.nl/
http://www.umd.be/EMD/
http://www.umd.be/EMD/
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such as LGMD1B or pure DCM-CD without skeletal muscle

involvement, may be found within the same family, as there is

marked intra- and interfamilial variability (Bécane et al., 2000;

Mercuri et al., 2004; Bonne and Lampe, 2010). For LMNA-EDMD,

penetrance may be incomplete (Vytopil et al., 2002). Moreover,

the normal lamin A/C proteins encoded by the non-mutated

LMNA allele are present in all nuclei, and therefore immuno-

detection is not sensitive enough for the diagnosis. As a result,

direct molecular genetic testing of the LMNA gene is the only

applicable method. More than 400 different mutations have

been reported (see also the UMD-LMNA locus specific database

at www.umd.be/LMNA/). Around 80% of these are missense. In

sporadic cases with unclear inheritance pattern, emerin

defect is to be systematically looked for, using western-blot

analysis in lymphoblastoid cell lines or emerin immunostain-

ing in skin or muscle biopsies. If emerin expression is normal,

LMNA molecular testing should be performed. In apparently

sporadic cases with an identified LMNA mutation, both

parents have to be tested to confirm whether it is a de novo

mutation, which are particularly frequent in LMNA-EDMD

(about 50% probands) (Bonne et al., 2000). In other families,

germinal mosaicism (Makri et al., 2009) or minimal expression

of the disease in a parent carrying the mutation, indicating

variable penetrance, have been observed (Vytopil et al., 2002).

Digenism has been reported in some patients harbouring EMD

and LMNA mutations (Muntoni et al., 2006; Ben Yaou et al.,

2007) or EMD and desmin gene mutations (Muntoni et al.,

2006).

Apart from LMNA and EMD, mutations in other genes have

been associated to the EDMD phenotype, including FHL1 (that

will be discussed below), SYNE1, SYNE2 and TMEM43. Zhang

et al. (Zhang et al., 2007) reported patients whose phenotype

had been classified as EDMD, associated with mutations in the

genes SYNE1 and SYNE2, coding respectively for multiple

isoforms of nesprins 1 and 2. Nesprins 1 and 2 are spectrin

repeat proteins linking inner nuclear envelope proteins to

cytoskeletal proteins. However, in this series of patients the

EDMD diagnosis was questionable, as only one patient had

joint contractures and the range of phenotypes was very large

(from isolated CK elevation to severe muscular dystrophy,

with or without cardiomyopathy). No other EDMD cases with

SYNE1 and SYNE2 mutations have been reported subse-

quently. More recently, Liang et al. reported two TMEM43

gene mutations in two unrelated families from Japan (Liang

et al., 2011). The authors report that one proband showed

typical EDMD clinical signs, but no precise data are docu-

mented. His son was reportedly affected but lost to follow-up.

The other proband had late and slowly progressive proximal

muscle weakness, muscle atrophy of paraspinal, neck, upper

arm and thigh muscles and atrial fibrillation with bradycardia

which requiring pacemaker implantation. TMEM43 codes for a

nuclear envelope protein called LUMA. Similarly, no other

EDMD cases with TMEM43 mutations have been reported since

then.

2.3. The FHL1 gene related myopathies (FHL1-RM)

Much rarer than laminopathies and emerinopathies, myopa-

thies due to mutations of the four-and-a-half-Lim protein 1

gene (FHL1) are heterogeneous (Cowling et al., 2011). Five
entities have been associated to FHL1 mutations: reducing

body myopathies (RBM) (Schessl et al., 2008), scapuloperoneal

myopathy (SPM) (Quinzii et al., 2008), X-linked myopathy with

postural muscular atrophy and generalized hypertrophy

(XMPMA) (Windpassinger et al., 2008), Emery–Dreifuss mus-

cular dystrophy (EDMD) (Gueneau et al., 2009) and hyper-

trophic cardiomyopathy (HCM) (Gueneau et al., 2009; Friedrich

et al., 2012). Spinal rigidity is a major feature associated with

RBM, XMPMA and EDMD, and has been reported as a leading

clinical manifestation by Shalaby et al. (2008). This nosological

classification, although didactic, is debated and will be

discussed later. Transmission is X-linked, as FHL1 gene is

located on X chromosome, with males being affected.

However, females may be overtly symptomatic, explaining

why transmission may appear as pseudo-dominant in some

instances although there is never male-to-male transmission.

Isolated cases may occur.

RBM is characterized by the histopathological hallmark of

reducing bodies presenting as intracytoplasmic aggregates

exerting reducing activity on nitro-blue tetrazolium (NBT)

staining in the absence of the a-glycerophosphate substrate,

staining negatively for ATPase and positively for Congo red

(Fig. 3). The clinical spectrum of RBM is wide, ranging from

severe and early-onset myopathy, often sporadic and affecting

preferentially females with motor delay and rapidly progres-

sive weakness leading to loss of ambulation and respiratory

insufficiency, to milder late-onset myopathy, often familial,

appearing by the third or fourth decade (Schessl et al., 2009).

Contractures of limbs and spinal muscles were present in

most early-onset cases, in which RSS could be the first

symptom; in contrast, they were absent in late-onset cases

(Schessl et al., 2009). RSS was at foreground for an RBM patient

reported by Shalaby et al. with difficulty in bending and in

neck flexion since the age of 15 years associated with hip and

ankle contractures, muscle weakness and atrophy in the

sternomastoideus, trapezius, paravertebral, pelvic girdle and

proximal lower limb muscles (Shalaby et al., 2008). Cardio-

myopathy was rare in early-onset cases and not present in

adult cases. The FHL1 mutations detected were frequently de

novo and involved exclusively the second LIM domain of the

FHL1 proteins. In their review published in 2011, Cowling et al.

(2011) reported 11 distinct mutations in RBM, 10 being

missense mutations and one deletion. All were found in the

second LIM domain and affect all but two of the eight zinc-

coordinating cysteine and histidine residues. Mutations at

histidine 123 and cysteine 132 are associated with clinically

severe disease whereas mutations affecting the more distal

cysteine residues result generally in a milder phenotype

(Schessl et al., 2009; Shalaby et al., 2009).

The SPM is characterized by weakness in the shoulder

girdle (scapular winging) and peroneal muscles (foot drop). In

the first described Italian-American family (Wilhelmsen et al.,

1996), 14 patients were affected in four generations; age at

onset varied from 20 to 58 years and contractures were present

but late in 10% of patients, involving Achilles tendons, knees

and supinators. In the proband, the disease course was

characterized by progressive worsening: wheelchair-depen-

dence at 35 years, severe respiratory insufficiency requiring

tracheotomy and ventilation at 38 years and total quadriplegia

at age 45. Heart failure was found in two cases. Analysis of two

http://www.umd.be/LMNA/
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muscle biopsies revealed desmin-positive cytoplasmic bodies.

They were reexamined and found to contain reducing bodies

(Schessl et al., 2009). A missense mutation (p.W122S) was

identified in the LIM domain 2 of FHL1 proteins (Quinzii et al.,

2008). Another unrelated family presenting with a milder form

of SPM was reported, associated to the p.W122C missense

mutation (Chen et al., 2010). Unlike the FHL1 mutations

causing RBM, the FHL1 mutations causing SPM do not affect a

zinc-binding histidine or cysteine (Cowling et al., 2011).

The XMPMA phenotype was first reported in two families

from Austria and the UK. The main features are as follow: age

at onset from 26 to 35 years, scapular winging in all cases;

complete scapulo-axio-peroneal weakness in the most advan-

ced cases; hypertrophy of cervico-scapular, brachial muscles,

anterior thigh, psoas, vastus lateralis and triceps surae;

atrophy of latissimus dorsi, soleus, peroneus, tibialis anterior,

vastus medialis, biceps femoris and erector spinae; contrac-

tures of Achilles tendons, harmstings and neck. Spongious

hypertrophic cardiomyopathy with reduced systolic and

diastolic function and was a frequent finding in XMPMA

patients, possibly associated with arrhythmia (Binder et al.,

2012). Several patients suffered from respiratory failure. The

progression was slow but loss of ambulation and death due to

respiratory failure or cardiomyopathy was reported in this

series. Muscle histology revealed a moderate degenerative

myopathy with central nuclei, rare necrosis, a few autophagic

vesicles, core-like lesions reacting for desmin, but no reducing

bodies. FHL1 protein immunostaining and western-blot

studies showed absence of FHL1. Additional families were

reported shortly after the initial paper (Schoser et al., 2009),

confirming the phenotype. A recent paper by Feldkirchner

et al. (2013) reported remarkable intrafamilial variability of the

clinical presentation, as well as presence of reducing bodies

and myofibrillar alterations in muscle biopsies, not previously

described in the XMPMA patients. Four different mutations

were identified in the FHL1 (2 missense, 1 in-frame insertion, 1

splice-site mutation); three are located in the LIM domain 4

and one in the LIM domain 2 (Cowling et al., 2011). The three

LIM4 domain mutations involve a zinc-coordinating residue

(Windpassinger et al., 2008; Schoser et al., 2009).

FHL1 mutations were also identified in seven families with

an EDMD phenotype not related to LMNA or EMD but inherited

in an X-linked fashion (Gueneau et al., 2009). In the index

cases, age at onset ranged from 4 to 48 years. Skeletal muscle

symptoms always preceded cardiac involvement, the first

abnormalities being joint contractures, muscle weakness or

both. At last examination, all of the seven index cases were

ambulant but showed muscle weakness and/or wasting

involving constantly the pelvic, peroneal or pelvi-peroneal

muscles, in most cases the scapular girdle and in four patients

also the axial muscles. Diffuse spine rigidity including neck

was observed five patients while isolated stiff neck was found

in one patient. Other contractures were found with decreasing

frequency in ankles (all), elbows, knees, hips, wrists and

shoulders. Dysphonia with husky voice suggesting vocal cord

defective function was present in three patients and muscle

hypertrophy in two cases. Cardiac disease appeared always

later than muscle involvement at ages ranging from 10 to 48

years, as supraventricular or ventricular arrhythmias or

cardiac hypertrophy. Respiratory function was severely
impaired in two out of the seven probands. Sudden death

occurred in two patients (at 31 and 51 years) and another

patient died from respiratory failure. Among the available

male relatives, 10 showed EDMD, four an isolated cardiac

disease including two with overt hypertrophic cardiomyopa-

thy. Among female carriers, most were symptom-free, but

some had either isolated cardiomyopathy or mild muscle

involvement, mainly spine rigidity. CK level was elevated from

normal to six times normal fold. Histological study revealed

either an unspecific myopathic pattern or dystrophic features

without reducing bodies or myofibrillar protein accumulation.

FHL1 immunostaining or western-blot studies showed a

marked protein reduction. Mutations (missense, abolition of

stop codon or out of frame insertions or deletions) were

preferentially located in the most distal FHL1 exons and thus

alter differently the three FHL1 protein isoforms (Gueneau

et al., 2009). Knoblauch et al. (2010) reported detailed

phenotypic characteristics of a large German family carrying

the p.C209R reported in the FHL1-EDMD paper above (Gueneau

et al., 2009). Muscle biopsies showed cytoplasmic bodies but no

reducing bodies. Western-blot showed reduced FHL1 protein

and/or expression of truncated mutant protein in affected

males (Gueneau et al., 2009; Knoblauch et al., 2010).

In addition to the previously described categories of FHL1-

RM, Selcen et al. (2011) reported five patients (2 males, 3

females) issued from a cohort of 50 patients with genetically

undiagnosed myofibrillar myopathy. One of these patients

without family history was initially diagnosed as EDMD. He

showed rigid spine, joint contractures and hypertrophied

muscles but no cardiomyopathy. Reducing bodies were

present in this patient as in three others of this series, in

association with typical myofibrillar features. He harbored the

p.Cys150Arg mutation previously reported in an RBM family

(Schessl et al., 2010). These cases underline the overlap

between MFM and FHL1-RM with reducing bodies (Selcen et al.,

2011).

In conclusion, a strict classification of FHL1-RM in closed

entities defined by a specific and exclusive clinical or

histopathological signature is to be reappraised due to an

increasing amount of reported cases with overlapping

features. Thus, RSS may be present in all the categories of

FHL1 patients, scapuloperoneal distribution of muscle invol-

vement is not limited to SPM but may be also found in RBM or

in XMPMA, reducing bodies highlighted as characteristic of

RBM have been reported in XMPMA or in SPM, and myofibrillar

features are not uncommon in patients with various pheno-

types. Consequently, the following additive but nonexclusive

clues for FHL1-RM diagnosis are to be considered (Fig. 3):

� X-linked transmission but also apparently dominant

without male-to-male transmission, even if isolated cases

are frequent;

� clinical phenotypes with contractures as a keystone

(particularly RSS), scapuloperoneal distribution of weak-

ness, muscle hypertrophy and/or hypertrophic cardiomyo-

pathy (in contrast with dilated cardiomyopathy in LMNA- or

EMD-related EDMD);

� suggestive histopathological pattern with presence of

reducing bodies and/or cytoplasmic bodies, both features

to be carefully searched for if the initial impression is that of
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a myofibrillar pattern. If histopathology is poor, as in FHL1-

EDMD myopathies, study of FHL1 protein expression by

immunostaining and/or western-blot may be useful;

� finally, diagnosis will be ascertained by molecular biology.

In sporadic case, analysis of DNA from the parents is

particularly important to discriminate a de novo mutation

versus a mutation inherited from the asymptomatic mother.

2.4. The SEPN1-related myopathies (SEPN1-RM)

If contractures are constantly found in all congenital muscular

dystrophies, SEPN1-RM is the main congenital muscle condi-

tion with spinal contractures and axial weakness at the

foreground contrasting with relatively minimal limb weak-

ness and retractions. SEPN1-RM is a congenital muscle

disorder due to homozygous or compound heterozygous

mutations of the SEPN1 gene, which encodes selenoprotein

N (SelN). This SelN has a key role in protecting human cells

against oxidative stress (Arbogast et al., 2009) and functionally

and physically interacts with the ryanodine receptor 1 (RyR1)

in zebra fish (Jurynec et al., 2008). The clinical phenotype of

SEPN1-RM is highly homogenous and distinctive, and, together

with the molecular defect, represents the hallmark of the

disorder. This phenotype is marked by severe weakness and

contractures of neck and trunk muscles (Fig. 1J), which

typically lead to major scoliosis and life-threatening respira-

tory insufficiency in childhood or adolescence. The axial

phenotype contrasts with relatively preserved limbs (strength,

ambulation and mild or no contractures). Conversely, the

morphological spectrum of SEPN1-RM is exceptionally large,

encompassing at least four different myopathological diag-

noses. In fact, SEPN1 mutations have been found in most but

not all cases of Rigid Spine Muscular Dystrophy (RSMD1)

(Moghadaszadeh et al., 2001), classic Multiminicore Disease

(Ferreiro et al., 2002), desmin-related myopathy with Mallory

body-like inclusions (Ferreiro et al., 2004) and in a small

percentage of congenital fiber-type disproportion cases

(Clarke et al., 2006). This unusual morphological variability,

together with relatively good limb muscle power, absence of

major limb contractures and lack of immunohistochemical

markers, can hinder early SEPN1-RM diagnosis until late

childhood or even adulthood.

Actually, the phenotype is rarely recognized in neonates.

Neonatal axial hypotonia is not always conspicuous; neonatal

respiratory failure, severe feeding difficulties, congenital

contractures or major joint hyperlaxity are exceptional or

absent in SEPN1-RM and suggest other congenital conditions.

Delayed and poor head control is the most common

presentation sign, other motor milestones being relatively

normal. All patients achieve independent ambulation, most of

them at a normal age. During infancy and childhood, muscle

weakness and slenderness remain more marked in axial

groups, particularly in neck flexors (Ferreiro et al., 2002; Schara

et al., 2008), which is associated with contractures of the neck

extensors. Spinal rigidity, involving mainly the cervical and

axial spine, can be present from 5–6 years of age (Fig. 1J). Most

patients had never been able to lift their head from the supine

position, and get up from supine to sitting by rolling over and

pushing on their arms. In contrast, walking ability is usually
good, although difficulties in climbing stairs or walking long

distances, mainly due to fatigue, are common. Wasting of the

inner thigh muscles leads to a particular leg aspect (‘‘bracket

thighs’’), which corresponds to the prominent involvement

of the sartorius muscle observed in muscle MRI (Mercuri

et al., 2002). Most patients have a nasal, high-pitched voice, a

variable degree of facial weakness and a particular facial

appearance. The full phenotype develops usually at the end

of the first decade, with occurrence of severe respiratory

failure and scoliosis. Scoliosis is cervico-dorsal, associated

with dorsal lordosis and a lateral trunk deviation and

frequently requires spinal fusion. Restrictive respiratory

failure is determined mainly by diaphragm dysfunction

and disproportionate to the degree of general weakness;

most patients require nasal ventilation while still ambulant.

Respiratory insufficiency generally develops by 14 years but

exceptionally it may occur as early as in infancy or not until

the fourth decade (Scoto et al., 2011). Remarkably, nocturnal

desaturations and frequent short apnea periods are almost

systematically detected when a polysomnographic study is

performed, even in young children with fairly preserved vital

capacity and no respiratory signs during daytime. When

unrecognized or not appropriately treated, respiratory failure

often leads to death. Therefore, polysomnography should be

systematically performed in every patient with a suspicion of

SEPN1-RM or with an undiagnosed but compatible congenital

muscle disorder. Limb joint contractures are usually mode-

rate, and can coexist with mild hyperlaxity of hands and

wrists. Mild ophtalmoplegia is uncommon but can be seen in

severe cases. There is no skin, brain or primary heart

involvement. Motor function usually remains stable or very

slowly progressive, although a more marked progression is

observed after the fourth decade. The most common and

characteristic lab finding in SEPN1-RM patients is insulin

resistance (Clarke et al., 2006). CK is normal or mildly

elevated (less than 4 fold). EMG can be normal or myopathic,

and is useful mainly for exclusion of other conditions with

neonatal axial hypotonia such as SMA. Most SEPN1-RM

muscle biopsies show small focal areas of mitochondria

depletion and sarcomere disorganisation (minicores) in

muscle fibers, together with type 1 fiber predominance and

variable atrophy, protein aggregates, endomysial fibrosis,

necrosis and/or regeneration are less frequent but may also

be present.

Thus, the clinical phenotype is the most specific clue for

diagnosis of SEPN1-RM. This condition should be suspected

whenever axial muscle weakness and contractures contrast

with relatively preserved limb strength, and/or in the

presence of respiratory failure in an ambulant patient. If

there is clinical suspicion of SEPN1-RM (and in any unex-

plained congenital muscle condition), axial muscles should

be carefully checked for weakness and rigidity, polysomno-

graphy and muscle MRI performed and muscle biopsy

considered. However, if the phenotype is typical and/or

muscle biopsy difficult, direct genetic testing can be

considered. Currently, more than 200 patients with SEPN1

mutations have been identified worldwide (AF, personal

communication, see also the Leiden neuromuscular pages at

www.dmd.nl). Mutations are distributed along the whole-

gene, excepting exon 3. Most of them are nonsense

http://www.dmd.nl/
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mutations, microdeletions or insertions leading to frames-

hifts, as well as splice-site mutations leading to aberrant

pre-mRNA splicing (reviewed in Lescure et al., 2009; Arbogast

and Ferreiro, 2010). Missense mutations are relatively more

common around or at the potential catalytic site encoded by

exon 10. Interestingly, several mutations affect the cis

sequences; the Sec insertion sequence in the 30 UTR (SECIS

element) and the Sec codon redefinition element (SRE)

required for selenocysteine insertion (Rederstorff et al.,

2008; Maiti et al., 2009). All the heterozygous carriers of a

SEPN1 mutation are healthy, attesting that 50% normal SelN

suffices to ensure its function.

Careful differential diagnosis may be necessary to diffe-

rentiate SEPN1-RM from other conditions with spinal rigidity,

particularly EDMD, Pompe disease, COLVI-RM and some cases

of RYR1-related myopathy (Table 1).

2.5. Congenital myopathies

Typically, major contractures associated with congenital or

infantile muscle weakness are more characteristic of

congenital muscular dystrophies than of congenital myopa-

thies. Nevertheless, joint contractures can actually be

marked in some rare forms of congenital myopathies.

Arthrogryposis multiplex congenita is a possible presenta-

tion of severe forms of congenital nemaline myopathies

(Ryan et al., 2001), myotubular myopathies or RYR1-related

myopathies transmitted as recessive or dominant traits

(Romero et al., 2003). A recessive form of multiminicore

disease with variable dystrophic findings in the muscle

biopsy, severe dilated cardiomyopathy, moderate muscle

weakness and early heel, elbow and spinal contractures was

found to be due to homozygous deletions of the titin gene

(TTN) in two families (Carmignac et al., 2007). Contractures

may develop later (in childhood, adolescence or early

adulthood) in dynamin 2 (DNM2)-related centronuclear

myopathy. In 10 patients reported by our team with

DNM2-related centronuclear myopathy beginning in ado-

lescence or in adulthood, combined contractures of Achilles

tendons and finger flexors were seen in four cases, three of

which had in addition a mild spine rigidity (Fischer et al.,

2006). Presence of rigid spine, masseters and Achilles

tendon contractures have also been described in patients

presenting with early-onset myopathy with ocular muscle

involvement due to recessive mutations of the RYR1 gene

(Bevilacqua et al., 2011). The histopathological signature

was original, associating a centronuclear pattern with large

areas of myofibrillar disorganization (Bevilacqua et al.,

2011). The TPM2 gene encoding b-tropomyosin is involved

in distal arthrogryposis (Sung et al., 2003) and in some cases

of Escobar syndrome (Monnier et al., 2009). Although severe

contractures in nemaline myopathies are usually congeni-

tal, in a recent paper, eight patients from five families

with nemaline myopathy due to a novel heterozygous TPM2

in-frame deletion (p.K7del) were reported as developing

severe joint contractures (shoulders, hips, finger flexors)

during childhood or adolescence. Three others had

some degree of congenital contractures while proximal

lower limb weakness appeared during mid-adulthood

(Mokbel et al., 2013).
2.6. Congenital myasthenic syndromes (CMS)

In CMS, presence of joint contractures at birth, related to fetal

immobility, is a hallmark of severity. They are particularly

frequent in CMS due to mutations in the RAPSN gene coding for

rapsyn (Engel et al., 2012) However, joint contractures may be a

component of other CMS, including fast channel syndrome

(Palace et al., 2012) or CMS related to mutations in CHRND,

DOK7 and CHAT genes (Vogt et al., 2008; Ben Ammar et al.,

2010; Engel et al., 2012) as well as the AChR glycosylation genes

(ALG2, ALG14, DPAGT1, GFPT1) (Engel et al., 2012; Cossins et al.,

2013). Contractures may be detected later in mild forms of CMS

as in those related to DOK7, RAPSN (personal observation) or

ALG14 (Cossins et al., 2013). Presence of a decremental

compound motor action potential (CMAP), responsiveness to

AChE inhibitors (except for DOK7, COLQ, Slow channel), ocular

involvement, fatigability and variability are the main clues for

the diagnosis. In Escobar syndrome, due to mutations within

CHRNG or RAPSN genes, arthrogryposis is associated with

multiple pterygia and the fetal symptomatology is fixed

without progressive myasthenic syndrome after birth (Vogt

et al., 2008).

2.7. Progressive muscular dystrophies

Contractures are very common in most muscular dystrophies,

particularly in advanced stages of the disease, when the

weakness and atrophy become severe resulting in loss of

mobility. For instance, knee contractures are very frequent in

wheelchair-bound patients in the absence of sufficient

physiotherapy. In these cases, the diagnostic strategy is the

one commonly applied for dystrophies (Eymard and Lévy,

2012). The problem is more difficult when the Achilles tendon

contractures are the inaugural sign of the dystrophy. In these

cases, high level of CK is usually found. Muscle imaging is

often useful, revealing muscle degeneration, which was not

clinically obvious. A muscle biopsy including immunohisto-

chemical and/or western-blot studies in order to identify the

defective protein frequently allows the proper identification of

the dystrophy. Several cases of dystrophies with moderate

weakness and with contractures of elbows, knees and/or

paraspinal muscles at the foreground have been reported,

particularly in calpainopathies (Politt et al., 2001). We have

observed a patient with Becker muscular dystrophy present-

ing with prominent limb contractures (knees and elbows). In

LGMD1F, reported in a Spanish family and recently associated

with a microdeletion of the Transportin 3 gene, early

contractures of heels, elbows and spine may be present.

The histopathology in this condition is characterized by

autophagic vacuoles (Melia et al., 2013).

2.8. Other genetic myopathies with contractures

Three children with de novo BAG3 mutation were reported who

suffered since age 7 to 13 years a very severe and rapidly

worsening myofibrillar myopathy affecting proximal limbs

and respiratory muscles and associated with rigid spine

(Selcen et al., 2009). Several patients having autosomal

dominant myopathy with tubular aggregates due to STIM1

gene mutations presented with marked contractures (Böhm
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et al., 2013). Contractures of the distal phalanges of digitum IV

and V associated with atrophy of the intrinsic hand muscles

has been reported in a patient with Ehlers–Danlos syndrome

due to tenascin-X deficiency (Voermans et al., 2007). Contrac-

tures are present in many other genetic muscular disorders,

but they may be underestimated if mild and stable over many

years.

2.9. Acquired muscular diseases and prominent
contractures

Inflammatory processes affecting muscles and fascia may

result in contractures. When, as usually, contractures arise at

late stages, the disease is usually well identified (dermato-

myositis, polymyositis). In fasciitis, diagnosis may be difficult

because a retractile component may be prominent and early

as shown in one personal observation of a patient with

eosinophilic fasciitis (Fig. S1). After bone marrow transplanta-

tion, in the context of a graft versus host disease, a fasciitis

may develop, inducing severe contractures often late after the

painful inflammatory phase. MRI imaging showing hyper-

intense fascia thickening is useful to choose the proper

localization of biopsy. Multiple samples of fascia assayed for

paraffin are to be systematically obtained.

The diagnosis of fasciitis may be missed if a muscle biopsy

does not include fascia or if it is performed at late stages, when

the inflammatory infiltrate has disappeared and been replaced

by marked fibrosis and atrophy of the fascia as the only

residual manifestation of the fasciitis.

3. Diagnostic strategy

3.1. Key clinical data

Proper diagnosis of a myopathy with prominent contractures

is based on combined clinical arguments:

� age at onset and course are essential information: fetal with

arthrogryposis; neonatal/antenatal onset, delayed milesto-

nes in congenital muscular dystrophies; later onset and slow

progression in EDMD and BM (Fig. 3);

� mode of inheritance: autosomal dominant transmission is

found in LMNA-EDMD and typically in BM. EMD-EDMD and

FHL1-RM are X-linked. Most of the other myopathies are

autosomal recessive. De novo mutations are not uncommon

in COLVI-RM, laminopathies (always in L-CMD) (Quijano-Roy

et al., 2008), and FHL1-RM. The whole pedigree is to be

assessed for consanguinity, ethnic and/or geographic

background. Examination of parents and sibs is highly

recommended because long-standing mild and stable

contractures may be missed. The presence of an alternative

phenotype (LGMD1B, DCM-CD with or without Dunnigan

type lipodystrophy) in an affected relative is highly

suggestive of LMNA-EDMD. Moreover, DNA samples are to

be collected from the family to certify the transmission

pattern of the mutation(s);

� characteristics of the contractures: age at onset, localization

at onset and during the disease course (ankles, elbows,

wrists, girdles, fingers, spine), rapidity of progression. In
LMNA-EDMD and EMD-EDMD, contractures are usually

limited to the Achilles tendons during the first decade of

life and extend to elbows and spine during the second

decade. In contrast, in mild or moderate COLVI-RM, neck

muscles (torticollis), heels and hip contractures are usually

the earliest and most severe, although in severe forms of the

disease all joints, including elbows, shoulders, knees and

fingers are affected. The presence of marked contractures of

finger flexors revealed or aggravated by wrist extension, is

typical of COLVI-RM and typically coexists with distal

interphalangeal joint hyperlaxity in UCMD. In SEPN1-RM,

limb contractures including finger flexors can appear with

evolution of the disease, but are generally mild and without

functional impact. In contrast, in BM the finger and limb

contractures can be functionally limiting, interfering more

significantly with ambulation than muscle weakness. The

term of RSS is applicable when the spine stiffness is the most

prominent symptom, with a progressive course and non-

painful limitation of the neck and trunk flexion (Ben Yaou,

2011; Tiffreau et al., 2011). As previously reported, SEPN1,

COL6A1, COL6A2, COL6A3, LMNA, EMD, FHL1 and BAG3 genes

may be associated with RSS. The distribution of spinal

rigidity is variable among different entities and can help in

the differential diagnosis (Fig. 1B, F and J). Thus, typically,

SEPN1-RM is associated with rigidity predominantly of the

cervical and dorsal spine, while COLVI-RM tend to affect

most the cervical and lumbar segments and EDMD can

involve all spinal segments.

More rarely, four sporadic cases of rigid spine syndrome

related to acid maltase deficiency (Fig. 1Q) have been reported

(Fadic et al., 1997; Kostera-Pruszczyk et al., 2006; Müller-Felber

et al., 2007; Laforêt et al., 2010). Age at detection of the spine

contractures, reported in two patients, was 12 and 15 years. In

addition to the rigidity involving the whole spine, examination

revealed moderate girdle weakness and diffuse or focal

muscle wasting in all cases. In one of the three patients,

additional limbs contractures were reported, involving

elbows, hips, ankles and fingers (Fadic et al., 1997). Forced

vital capacity was decreased in three cases requiring non-

invasive ventilation support in two patients. Muscle biopsy

revealed vacuoles with glycogen accumulation in the four

patients. Diagnosis was confirmed by decreased acid maltase

activity and identification of compound heterozygous muta-

tions in the GAA gene (Fadic et al., 1997; Kostera-Pruszczyk

et al., 2006; Müller-Felber et al., 2007; Laforêt et al., 2010).

- Other characteristics of the skeletal muscle involvement:

weakness (proximal or distal limbs, scapulo-humeral, axial,

diffuse, facial, bulbar), amyotrophy and hypertrophy. Marked

girdle muscle hypertrophy and vocal cord dysfunction are

reminiscent of a FHL1-RM. Distal hyperlaxity, best tested in the

fifth finger, is suggestive of UCMD (Fig. 1H):

� cardiac assessment: presence or absence of cardiac

involvement is a major clue for identifying a myopathy

with prominent joint contractures. Symptoms (syncope,

palpitations, dyspnea) may be poor, therefore cardiac

investigations (echocardiography, ECG, 24-hour ECG)

must be systematically performed in all undiagnosed

myopathy with contractures. In the presence of dilated
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cardiomyopathy with conduction defects and/or rhythm

disorders, in addition to elbow contractures, laminopathy

will be the first hypothesis. If hypertrophic cardiomyopathy

is present, FHL1-RM will be the first putative diagnosis.

Usually, onset of the cardiomyopathy is later than contrac-

tures, occurring in early adulthood. Absence of cardiac

involvement in a patient, especially in late stages, should

suggest a COLVI-RM or SEPN1-RM;

� respiratory function assessment: a respiratory insufficiency,

suspected on exercise breathlessness, orthopnea, somno-

lence, morning headaches, is to be assessed by vital capacity

measurement, blood gas and if necessary by nocturnal

oxymetry. Respiratory muscle involvement is at foreground

in patients with SEPN1-RM, Pompe disease, FHL1-RM and L-

CMD. However, symptoms may be poor or absent during

daytime. Therefore, nocturnal polysomnography should be

systematically performed in all cases with predominantly

axial muscle weakness and rigidity (RSS);

� skin aspect: Follicular hyperkeratosis, hypertrophic scars

and cheloids are common in UCMD;

� additional manifestations: the coexistence of a lipoatrophy,

diabetes mellitus with insulin resistance, hypertriglyceri-

demia and extremely low body mass index is highly

suggestive of laminopathy and SEPN1-RM.

3.2. Paraclinical investigations

Muscle MRI or CT-scan (if MRI is contraindicated by the

presence of a pacemaker or defibrillator) are crucial to

characterize the distribution of muscle lesions (Fig. 3). Fatty

infiltration predominates in the posterior compartment of legs

and thighs in laminopathies. In COLVI-RM, the anterior

portion of the thighs is the most involved, particularly under

the central fascia of rectus femoris (image referred to as

‘‘central shadow’’) and along the peripheral fascia of vastus

intermedius, lateralis and medialis muscles (Fig. 2A and Fig. 3).

The posterior leg is less affected in BM than in laminopathies

(Fig. 2C and D). A prominent involvement of the sartorius

muscle is observed in SEPN1-RM (Mercuri et al., 2010) (Fig. 3).

High CK levels (over 5 � Normal fold), especially after the age

of 20 years, is a strong argument against EDMD (whatever the

gene involved), as well as COLVI-RM or SEPN1-RM. If EDMD is

suspected, western-blot analysis of emerin from lympho-

blastoid cell lines (obtained from blood samples on heparin

lithium tubes) or muscle biopsy (if available) is the crucial

investigation to be proposed. If significant defect is identified;

genomic sequence of EMD will be made. However, EMD gene

analysis is currently available on a routine basis and could be

directly performed. If a laminopathy or a SEPN1-RM is

suspected, LMNA and SEPN1 genes could be directly screened.

A muscle biopsy is not necessary for definite characterization

of these two categories of myopathies. Electromyography

provides crucial information orientating towards two diag-

noses CMS if decremental CMAP and LAMA2 linked myopathy

ij silent demyelinating neuropathy.

Furthermore, in LAMA2 associated CMD, brain MRI may

show a suggestive leucodystrophy. Brain MRI may also be

informative for a-dystroglycan related CMD, showing cere-

bellar cysts and/or hypoplasia, cerebral atrophy, hydrocepha-

lus and/or pachygyria/agyria (Clement et al., 2008).
If clinical data and muscle imaging are suggestive of a

COLVI-RM, a skin biopsy for fibroblast culture should be

performed to confirm the diagnosis through demonstration of

collagen VI deficiency. If this is the case, COL6A1, COL6A2 and

COL6A3 genes could be tested on fibroblast mRNA and, if a

mutation detected, it should be confirmed on genomic DNA

from a blood sample. DNA analysis of the parents is required

in order to characterize the mode of transmission. In other

cases, a muscle biopsy is to be performed first to characterize

the histopathological pattern, such as the hallmark of a

congenital myopathy (nemaline, central core, centronuclear

myopathies) or a dystrophic process requiring a comprehen-

sive and systematic study of a-dystroglycan, a2-laminin,

calpain, and FHL1 protein expression, and if no deficiency is

found, of other proteins. Presence of reducing bodies is a

strong clue in favor of FHL1-RM. PAS-positive vacuolar

myopathy should suggest maltase acid deficiency and prompt

enzyme activity measurement in lymphocytes, skin or

muscle. A myofibrillar pattern may be the histological

signature of FHL1 and BAG3 linked myopathies. Prominent

nuclear internalization and areas of myofibrillar disorganiza-

tion have been reported in recessive myopathies with

prominent contractures related to the RYR1 (Bevilacqua

et al., 2011) or the TTN (Carmignac et al., 2007) genes.

3.3. Main diagnostic entrances

In neonatal or infantile muscle diseases with contractures and

severe weakness, congenital muscular dystrophies will be first

hypothesized (Fig. 3). The main information for identifying

definitively the disease will be the presence of a CNS

involvement assessed clinically and by brain imaging in favor

of a � dystroglycanopathy. In the presence of a CMD pheno-

type with distal hyperlaxity and skin abnormalities, muscle

and skin biopsy findings (histopathological pattern and

defective protein) can be suggestive of UCMD, which may be

confirmed by COL6A1, COL6A2 and COL6A3 genes analysis. If

fatigability, oculobulbar involvement and daily variation with

decremental CMAP, a CMS will be looked for, particularly a

RAPSN linked CMS. If the inquiries above are negative, atypical

contractile forms of congenital myopathies should be consi-

dered and explored by histological and electron microscopy

studies of a muscle biopsy.

For later onset diseases with prominent contractures,

generally observed in ambulatory patients, the classification

will depend on the presence of an associated cardiomyopathy.

If dilated cardiomyopathy is present, an emerinopathy with X-

linked transmission or a laminopathy with autosomal trans-

mission will be suspected. In the presence of hypertrophic

cardiomyopathy, FHL1-RM will be firstly hypothesized. If

cardiomyopathy is absent at adulthood, BM is the first

diagnosis. If these first-line enquiries are negative, a muscle

biopsy is crucial to ascertain the diagnosis as it may for

instance identify a congenital or a myofibrillar myopathy.

When rigid spine is at foreground and not related to LMNA,

EMD, SEPN1, FHL1, COL6A1, COL6A2 and COL6A3, acid maltase

activity is to be tested (Figs. 1 and 3). In an acquired disease

with rapid evolution, the main clues are a suggestive context

(eosinophilic fasciitis, inflammatory myopathy, bone marrow

graft versus host disease) and the muscle biopsy.
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3.4. Strategy if negative diagnostic inquiry

At the end of a rigorous diagnostic approach as shown in

the previous chapter, the etiology may remain unidentified.

A negative etiological inquiry is not uncommon. For

example, 60% of cases labeled as EDMD and half of patients

with suspected COLVI-RM are not associated with the

‘‘classical’’ genes (LMNA, EMD, FHL1, COL6A1, COL6A2,

COL6A3). Before hypothesizing the implication of a new

gene, the diagnostic strategy is to be reassessed with two

main interrogations:

� have the clinical, histopathological and molecular genetic

information been correctly appraised?

� has a less common form of retractile myopathy been

omitted?

� are the molecular techniques used for gene screen sensitive

enough?

In many patients, it can be very difficult to assess the

symptoms onset. Joint contractures may be neglected and

overlooked by the patient and the following physicians if

long-standing, mild and stable. In the case report presented

in Fig. S2, diagnosis of BM was strongly delayed due to

unrecognized family history and missed fingers contractu-

res. Strength of axial muscles and spine range of mobility

should be systematically included in the neurological

examination to detect axial weakness and/or RSS. Absence

of these key data for the diagnosis of SEPN1-RM often delays

the diagnosis for years or decades, increasing the risk of

unrecognized and untreated respiratory failure. The mode

of inheritance may also be confusing. LMNA-EDMD with

autosomal recessive transmission have been rarely reported

(Raffaele Di Barletta et al., 2000; Jimenez-Escrig et al., 2012).

In our experience, FHL1-RM (X-linked) may be missed

because autosomal dominant transmission is erroneously

suspected due to severely affected female carriers. Absence

of family history is frequent in myopathies with autosomal

recessive transmission, de novo and autosomal dominant

transmission with low penetrance of symptoms in one of

the mutated parent. Presence of a cardiomyopathy is a

major argument to distinguish EDMD, if present, from a

COLVI-RM, if absent. A cardiomyopathy due to hypertension

or an unknown coronaropathy may induce a septal

hypertrophy and may be misinterpreted as related to a

genetic myopathy. In case of doubt a coronorography is to

be performed. On the other hand, EDMD may not be

excluded in a patient without cardiac involvement, particu-

larly in young adults. Past history of sudden death and/or of

cardiac device implantation in the proband’s relatives could

also strongly orientate towards an EDMD. To reduce the

risk of misdiagnosis, the first task is to check that no step

has been missed in the diagnostic inquiry requiring a

thorough clinical, genealogical, muscle imaging, biochemi-

cal, histopathological and molecular genetic evaluations.

Meticulous examination of other members of the family

(parents, sibs, and children) looking for contractures,

weakness and cardiomyopathy is crucial to reveal a mode

of transmission not previously suspected and to reconsti-

tute with additive information a suggestive phenotypic
pattern. Reappraisal of the histopathology is also mandato-

ry. Presence of numerous cytoplasmic bodies is common in

FHL1-RM but it may result in a wrong diagnosis of a

hereditary myopathy with early respiratory failure (HERMF),

especially when the respiratory involvement is at the

foreground (Ohlsson et al., 2012). If prominent, presence

of tubular aggregates and autosomal dominant transmis-

sion, STIM1 gene should be analyzed. If muscle histopa-

tholgy is at first glance poorly informative, it is to be

reassessed with menadione-NBT and PAS stainings, to

detect reducing bodies or a lysosomal glycogen accumula-

tion suggesting a FHL1 related myopathy and a Pompe

disease, respectively. Other techniques are also required:

western-blot analysis of calpain, emerin, FHL1 and immu-

nostaining studies of emerin, desmin, myotilin, a-dystroly-

can, FHL1 if FHL1-RM suspected, and a2-laminin. Thus using

the N-terminal 300-kDa a2-laminin antibody, we could

identify a primary merosinopathy with LAMA2 gene muta-

tions in a patient suffering from a myopathy with

contractures since childhood associated with a severe

cardiomyopathy which developed since late thirties (TS,

personal communication). Electron microscopy will allow

detecting rods, cores, minicores, reducing and cytoplasmic

bodies, granular deposits of desmin.

To illustrate diagnosis difficulties, two case reports are

presented in Figs. S3 and S4. In Fig. S3, we report the

observation of a patient presenting with clinical and muscle

imaging phenotype highly suggestive of a COLVI-RM but

without identified mutations in COL6A1, COL6A2, COL6A3

genes. Molecular study was reassessed and finally a

heterozygous COL6A1 intron 13 donor site mutation respon-

sible for exon 13 skipping was evidenced. The patient

reported in Fig. S4 suffered since age of 10 years from a

myopathy initially characterized by elbows and ankles

contractures, and proximal weakness. A marked calpain

defect was shown by western-blot, but no calpain gene

mutation was identified, excluding a primary calpainopathy

with contractures. COL6A1, COL6A2, COL6A3 genes were not

found mutated. These data are in favor of a new entity and a

molecular inquiry using next generation sequencing tech-

niques is ongoing.

Finally, after a meticulous inquiry, ruling out all the known

myopathies with contractures, a more comprehensive mole-

cular genetics approach is to be proposed. Linkage studies

looking for the causative gene locus could be used in

informative families where DNA samples from sufficient

amounts of individuals are available. Next generation

sequencing technology interrogating simultaneously either

multiple candidate genes or all the human exome may be also

useful particularly if the family is not informative (Vasli et al.,

2012). Exome sequencing is a powerful strategy if family

information is sufficient. Here again, the main challenges after

correct clinical and paraclinical assessment, are to secure

samples availability (from patients and available relatives) as

well as handling and interpretation the huge amount of data

usually issued from these studies. These second and third

lines molecular studies (linkage, candidate genes, exome)

should be performed in close collaboration with research

teams deeply involved in molecular deciphering of NMD and

used to perform these technologies.
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4. Conclusion

Prominent contractures are a crucial clinical marker for

identification of many muscle diseases. If the first step of the

diagnostic inquiry is to recognize them as a significant

symptom, the second will be to identify the definite disease.

This requires an expert analysis of the clinical context, muscle

imaging, histopathology, and molecular genetics. A rigorous

work-up strategy will lead to a successful diagnosis in most

patients, even if the disease remains unresolved in a

significant proportion of cases.
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Böhm J, Chevessier F, De Paula AM, Koch C, Attarian S, Feger C,
et al. Constitutive activation of the calcium sensor STIM1
causes tubular-aggregate myopathy. Am J Hum Genet
2013;92(2):271–8.

Bonne G, Di Barletta MR, Varnous S, Bécane HM, Hammouda EH,
Merlini L, et al. Mutations in the gene encoding lamin A/C
cause autosomal dominant Emery–Dreifuss muscular
dystrophy. Nat Genet 1999;21:285–8.

Bonne G, Lampe AK. Muscle diseases with prominent muscle
contractures. In: Karpati G, Hilton-Jones D, Bushby K, Griggs
RC, editors. Disorders of voluntary muscle. Cambridge:
Cambridge University Press; 2010. p. 299–313.

Bonne G, Mercuri E, Muchir A, Urtizberea A, Bécane HM, Recan
D, et al. Clinical and molecular genetic spectrum of
autosomal dominant Emery–Dreifuss muscular dystrophy
due to mutations of the lamin A/C gene. Ann Neurol
2000;48:170–80.

Bonnemann CG. The collagen VI-related myopathies Ullrich
congenital muscular dystrophy and Bethlem myopathy.
Handb Clin Neurol 2011;101:81–96.

Boriani G, Gallina M, Merlini L, Bonne G, Toniolo D, Amati S,
et al. Clinical relevance of atrial fibrillation/flutter, stroke,
pacemaker implant, and heart failure in Emery–Dreifuss
muscular dystrophy: a long-term longitudinal study. Stroke
2003;34:901–8.

Bovolenta M, Neri M, Martoni E, Urciuolo A, Sabatelli P, Fabris M,
et al. Identification of a deep intronic mutation in the
COL6A2 gene by a novel custom oligonucleotide CGH array
designed to explore allelic and genetic heterogeneity in
collagen VI-related myopathies. BMC Med Genet 2010;11:
44–56.

Bradley WG, Hudgson P, Gardner-Medwin D, Walton JN. The
syndrome of myosclerosis. J Neurol Neurosurg Psychiatry
1973;36:651–60.
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Quijano-Roy S, Mbieleu B, Bönnemann CG, Jeannet PY, Colomer
J, Clarke NF, et al. De novo LMNA mutations cause a new
form of congenital muscular dystrophy. Ann Neurol
2008;64:177–86.

Quinzii CM, Vu TH, Min KC, Tanji K, Barral S, Grewal RP, et al. X-
linked dominant scapuloperoneal myopathy is due to a
mutation in the gene encoding four-and-a-half-LIM protein
1. Am J Hum Genet 2008;82:208–13.

Raffaele Di Barletta M, Ricci E, Galluzzi G, Tonali P, Mora M,
Morandi L, et al. Different mutations in the LMNA gene cause
autosomal dominant and autosomal recessive Emery–
Dreifuss muscular dystrophy. Am J Hum Genet 2000;66:
1407–12.

Rederstorff M, Allamand V, Guicheney P, Gartioux C, Richard P,
Chaigne D, et al. Ex vivo correction of selenoprotein N
deficiency in rigid spine muscular dystrophy caused by a
mutation in the selenocysteine codon. Nucleic Acids Res
2008;36:237–44.

Romero NM, Monnier N, Viollet L, Cortey A, Chevallay M, Leroy
JP, et al. Dominant and recessive central core disease
associated with RYR1 mutations and fetal akinesia. Brain
2003;126:2341–9.

Ryan MM, Schnell C, Strickland C, Shield LK, Morgan G,
Iannacone ST, et al. Nemaline myopathy: a clinical study of
143 cases. Ann Neurol 2001;50:312–30.

Sabatelli P, Squarzoni S, Petrini S, Capanni C, Ognibene A,
Cartegni L, et al. Oral exfoliative cytology for the non-
invasive diagnosis in X-linked Emery–Dreifuss muscular
dystrophy patients and carriers. Neuromuscul Disord
1998;8:67–71.

Sakata K, Shimizu M, Ino H, Yamaguchi M, Terai H, Fujino N,
et al. High incidence of sudden cardiac death with
conduction disturbances and atrial cardiomyopathy caused
by a nonsense mutation in the STA gene. Circulation
2005;111:3352–8.

Scacheri PC, Gillanders EM, Subramony SH, Vedanarayanan V,
Crowe CA, Thakore N, et al. Novel mutations in collagen VI
genes: expansion of the Bethlem myopathy phenotype.
Neurology 2002;58:593–602.
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