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Introduction

While the phenotypes of congenital muscular dystrophies
(CMDs), characterized by congenital muscular weakness
and dystrophic changes in muscle biopsy, and congenital
myopathies (CMs) have first been described over 100 and
70 years ago, respectively, significant progress in the under-
standing of pathophysiological mechanisms has been made
in the past 20 years, first and foremost attributable to the
substantial advances in genetic research. A variety of pro-
teins that are involved in mediating muscular function have
been identified since the discovery of dystrophin in 1987.1

Mutations in many of the encoding genes have been
detected to be causative for the variety of phenotypes
within the groups of CMDs, CMs, and limb-girdle muscular
dystrophies (LGMDs); in some cases, mutations in the same
gene are responsible for a whole spectrum of clinical
heterogeneous phenotypes of varying severity (as in lamin
A/C, where variable forms of CMD have been described, as
well as an adult-onset LGMD, or even more impressively in

fukutin-related protein, where the clinical spectrum ranges
from milder late-onset LGMD to very severe phenotype of
Walker–Warburg’s syndrome (WWS) with structural cen-
tral nervous system [CNS] involvement). Furthermore, there
is substantial clinical overlap between phenotypes, as in the
group of α-dystroglycanopathies, where the severe clinical
phenotype of muscle–eye–brain (MEB) disease is most
frequently caused by mutations in in POMGnT1, but can
also be seen with mutations in FKRP, POMT2, POMT1, FKTN,
and LARGE. Lastly, the possibilities of next-generation
sequencing enabled characterization of new genetic sub-
types prevalent only in a minority of patients and made the
distinction of the different entities, which was already
confusing 10 years ago,2 even more complicated. In this
review, we give an overview of the broad spectrum of
clinical phenotypes of CMDs and CMs, outline similarities
and diagnostic/therapeutical considerations, and summar-
ize recent advances in research for selected diseases.
Additionally, we comment on the expanding genetic and
phenotypic overlap of previously separated clinical entities.
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Abstract With continuous deciphering of the genetic background of congenital muscular
dystrophies and congenital myopathies, some of the historic classifications based on
clinical phenotypes or histopathological similarities have become blurred. With a
growing number of associated genes, the general understanding of these disorders is
shifting to amore genotype-based classification. Furthermore, establishing of the right
genetic diagnosis involves new aspects of clinical care and therapeutic considerations
for gene-specific phenotypes and pathology. In this review, we give an overview of the
wide spectrum of clinical phenotypes of congenital muscular dystrophies and con-
genital myopathies, outline diagnostic considerations, and summarize recent advances
in research for selected diseases.
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Congenital Muscular Dystrophies

Congenital muscular dystrophies (CMDs) are classically de-
fined as a group of disorders characterized by an early onset
of muscle disorder with histologic evidence of dystrophy.3

CMDs were first reported in 1903.4 Considerable progress
has been made especially in the field of genetics in recent
years. However, with a growing number of phenotypic
spectra, some of the previously adopted demarcations
between CMDs, CMs, and progressive LGMDs have become
indistinct over the last decades.2,5 Different approaches to
categorize CMDs have been suggested and have shifted from
biochemical6 to more genetic classifications in the last
years.5,7 In this review, the classification suggested by Bön-
nemann et al will be used as a reference point (►Table 1).

The genes associated with CMDs can be sorted by cellular
localization of the encoded protein. Most genetic defects
causing CMDs affect proteins of plasma membrane–extracel-
lular matrix interface. Mutations in COL6A1-3 cause Ullrich
CMD or the milder phenotype of Bethlem CMD. The genes
encode for the three α-chains of Collagen VI, a major compo-
nent of the extracellular matrix, which associates with the
basal lamina. LAMA2mutations causemerosin-deficientCMD;
the geneencodes lamininα2, themost important extracellular
interaction partner of the α-dystroglycan complex, which is
also located in the extracellular matrix. The latter is a
constituent of the dystrophin-associated glycoprotein (DAG)
complex, which links dystrophin to the extracellular matrix.
Defective O-glycosylation of this α-dystroglycan complex can
be caused by different genes (including POMT1, POMT2,
POMGnT1, LARGE, FKTN, and FKRP) and causes the phenotypes
of MEB disease, Fukuyama CMD (FCMD), andWWS. A smaller
proportion of CMDs is caused bymutations in genes encoding
intracellular proteins, such as lamin A/C, a proteinwhich is an
intermediatefilament located at the inner nuclearmembrane.
Mutations in the underlying gene LMNA are found in a form of
CMD with “dropped head syndrome,” but also in other condi-
tions such as autosomal dominant Emery–Dreifuss muscular
dystrophy (EDMD).

Unlike many muscular dystrophies with later onset, CMDs
are characterized by amore stable course of muscle weakness
over the years, although impairment of mobility and/or func-
tional status may be substantial. Some entities of CMDs show
strong regional differences in epidemiology. A recent review
estimated the overall prevalence of CMDs to be 0.99 per
100,000 for all age groups, of which 80% are still in childhood.8

According to the Human Genome Organisation (HUGO),
the abbreviation CMD is assigned to cardiomyopathy. To
avoid misconception, the abbreviation MDC for muscular
dystrophy, congenital is used instead in HUGO nomenclature,
although this nomenclature has not been followed through
systematically.

Ullrich Congenital Muscular Dystrophy and Bethlem
Myopathy Spectrum: COL6-Related Dystrophies
While the phenotype of Ullrich CMD was first reported by
Otto Ullrich in 1930,9 mutations in genes encoding the three
α-chains of collagen VI protein (COL6A1, COL6A2, and

COL6A3) were only identified in 2001.10 Collagen VI forms
a microfibrillar extracellular network that, among other
possible functions, may link extracellular proteins with
basement membrane around muscle cells. Mutations in
the same genes also cause the milder phenotype of Bethlem
myopathy. Inheritance for both entities was initially thought
to be solely autosomal dominant; however, recessive pat-
terns of inheritance were also reported.10–16 Both pheno-
types show not only the genetic but also clinical overlap and
therefore a continuum between both entities is assumed.

The distinct phenotype of Ulrich CMD is characterized by
congenital generalized muscular weakness and typical hyper-
mobility of distal joints in association with proximal joint
contractures. Cognitive development is normal. Additional
features may include a prominent calcaneus, kyphoscoliosis,
congenital dislocated hips, and follicular hyperkeratosis.17

Affected children show significant delay in motor develop-
ment, although ambulation may be achieved in milder forms.
The natural course often shows progression of contractures,
muscle weakness, and scoliosis with concomitant deteriora-
tion of respiratory function.18 In the allelic milder phenotype
of Bethlem myopathy, onset is typically later in adolescence,
but it may also be during the newborn period; the course of
this phenotype is typically slowly progressive. A range of
transitional severity between Ullrich and Bethlem is referred
to as intermediate phenotype. These patients ambulate be-
yond the early teenage years, but are unable to run. They also
show a pattern of progressive respiratory failure.

Diagnosis is typically based on the clinical presentation. In
contrast to EDMD, which also presents with proximal con-
tractures, cardiac function is not affected in collagen VI related
dystrophies. Muscle biopsy often shows reduction or mislo-
calization of collagen VI. Immunohistochemical analysis of
collagen VI can also be performed in skin biopsy derived
fibroblast culture and may be more sensitive. Considering
the different patterns of inheritance, genetic diagnosis is
particularly important for accurate genetic counseling.

Merosin-Deficient CMD (MDC1A, Laminin α2 Related
CMD)
The lamininα2 is a subunit of laminin, an extracellular protein
consistingof threesubunits that linksextracellularmatrixwith
α-dystroglycan.Mutations in LAMA2,which encodes theheavy
α2 chainofmerosin (laminin211),werefirst identified in1995
by Helbling-Leclerc et al19 and characterized in 1996 by Zhang
et al.20 Phenotypes of mutations in this gene can be classified
by the amount of merosin in muscle or skin biopsy. Complete
absenceof thisprotein leads toasevereCMDwithcongenitalor
early onset during the first months of life that is characterized
bymarkedmuscular hypotonia, involvement of facial muscles,
and sometimes presence of distal contractures that may
resemble arthrogryposis. Serum creatine kinase (CK) is typi-
cally elevated. Although cognitive development typically is not
affected, virtually all patients show white-matter changes in
T2-weightedmagnetic resonance imaging (MRI) in latercourse
(>6 months) and rarely occipital structural anomalies21,22

(►Fig. 1). Epilepsy is found in up to 30% of patients but is
not necessarily associated with MRI anomalies.23 Ambulation
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Table 1 Overview of the most important genetically recognized congenital muscular dystrophies

Phenotype Gene Locus Protein Clinical features CNS
involvement

Inh

Collagen VI and integrin related dystrophies

Ullrich CMD
Intermediate
phenotypes
Bethlem
myopathy

COL 6A1
COL 6A2
COL 6A3

21q22,
21q22
2q37

Collagen VI Characteristic phenotype with
proximal contractures and distal
joint hyperextensibility
Variable degree of weakness,
with no ambulation possible in
severe cases

No AD, AR

Integrin α7
deficiency

ITGA7 12q13 Integrin α7 Rare
Delayed motor milestones
Cognitive impairment
possible
Probably mostly cardiac
phenotype

No AR

Laminin α-2 related dystrophy

Merosin-deficient
CMD

LAMA2 6q22 Laminin α-2 Early onset of weakness with
proximal and facial pattern
Delayed motor development
Ambulation rarely achieved
Epilepsy in 30%
Normally no CI

White-matter changes
possible

AR

LMNA-related dystrophy

LMNA-CMD
“Dropped-head
syndrome”

LMNA 1q22 Laminin A/C Early onset, characteristic, and
severe weakness of axial and
neck muscles, precludes often
free sitting
Contractures
Cardiac involvement with
conduction defects common

No AD

SELENON-related myopathy

Rigid spine
syndrome
Multiminicore
myopathy

SELENON
(SEPN1)

1p36 Selenoprotein N Rare, early axial muscular weak-
ness, scoliosis, rigidity of spine
Ambulation achieved in most
patients
Early respiratory insufficiency

No AR

α-Dystroglycan-related dystrophies

Walker–Warburg
syndrome

POMT1 9q23 Protein O-mannosyltransferase Very severe congenital
weakness, often without motor
development
Severe CI
Varying degree of ocular
involvement

Lissencephaly type II,
pachygyria
Brainstem hypoplasia
Occipital encephalocele
Cerebellar atrophy

AR

POMT2 14q24 Protein O-mannosyltransferase 2

POMGnT1 1p34 O-linked mannose β-1,2-N-
acetylglucosaminyltransferase

LARGE 22q12 Acetylglucosaminyltransferase-
like-protein

FKTN 9q31 Fukutin

FKRP 19q13 Fukutin-related protein

ISPD 7p21 Isoprenoid synthase domain
containing protein

B4GAT1 11q13 Beta-1,3-acetylgalactosaminyl-
transferase 2 1

AR

MEB disease POMGnT1
FKR,
FKTN
ISPD

Severe CMD
Ambulation often precluded
Wide spectrum of ophthalmo-
logical malformations
Epilepsy is common

Lissencephaly type II,
pachygria Cerebellar/
pontine hypoplasia

AR

TMEM5 12q14 Transmembrane protein 5

B3GALNT2 1q42 Beta-1,3-N-acetylgalactosami-
nyltransferase 2

AR

Fukuyama
CMD

FKTN High incidence in Japan
Often precludes ambulation
Epilepsy, severe CI
Overlap with MEB

Lissencephaly type II,
pachygyria
Cerebellar/pontine
hypoplasia

AR

(Continued)
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is rarely achieved. Milder phenotypes with only reduced
amount of merosin and later onset of less severe muscular
weakness sometimes following a limb-girdle pattern were
reported.

Diagnosis is based on clinical presentation, marked eleva-
tion of serum CK levels, and cerebral white-matter changes.
Whenpresent, a demyelinating neuropathy (lamininα2 is also
expressed in Schwann cells) is also characteristic. Muscle and
skin biopsies show absence of laminin α2 (►Fig. 2). Genetic
diagnosis may be difficult as a variety of different mutations
can affect many of the 64 exons of LAMA2, including larger
deletions/duplications and nonexonic mutations.

SELENON (SEPN1) Related Myopathy (Rigid Spine CMD
and Multiminicore Disease)
SELENON (previously called selenoprotein 1, SEPN1) encodes
a selenocysteine-containing protein, which is thought to
have a redox function and to regulate calcium levels in the
endoplasmic reticulum.24 Mutations in SELENON were first
identified in 2001 by Moghadaszadeh et al25 to be causative
for rigid spine CMD (RSMD1), but were also found in distinct
other phenotypes sharing similar clinical features but dif-
ferent histopathological features,26–28 and therefore the
term SELENON-related myopathywas suggested as a broader
term for rigid spine CMD and multiminicore disease (MMD).
See Core Myopathies section later for detailed description of
associated phenotypes.

LMNA-Related Congenital Muscular Dystrophy
Mutations in LMNA encoding the nuclear intermediate fila-
ment lamin A/C are most commonly associated with EDMD
with its characteristic phenotype of scapulohumeral–peroneal
muscular weakness, cardiomyopathy, and multiple contrac-
tures. Moreover, the phenotypic spectrum of LMNAmutations

encompasses a variety of unique entities, including among
others LGMD type 1B (see in the following), Hutchinson–
Gilford progeria syndrome, familial partial lipodystrophy
type 2, and an early onset muscular dystrophy (termed
LMNA-CMD), first described in 2004.29 This disorder is char-
acterizedbyapredominantlycongenitalorearly infantileonset
of severe muscular weakness. Although varying degrees of
onset and severity have been reported, most affected patients
show a characteristic pattern of muscular involvement with
pronouncedweakness of axial and neck muscles, involvement
of the extremities that ismoreproximal in the upper limbs and
distal in the lower limbs, early lumbar hyperlordosis, and
multiple contractures. The characteristic and often severe
weakness of axial and neck muscles is denoted by the term
dropped head syndrome.30–32 Free sitting is commonly
achieved, except in themost severe presentations, but ambula-
tion can be variable and respiratory compromise can occur,
whereas cardiac involvement with typical atrial and ventricu-
lar arrhythmias, conduction system disease, and eventually
dilated cardiomyopathy can lead to sudden death and best
addressed by implantable cardioverters. The intellectual devel-
opment is normal.

α-Dystroglycan Related Dystrophies
Since publication of the historical descriptions of the three
severe phenotypes of FCMD, MEB disease and WWS in
the second half of the preceding century it took until 2001
to detect defects in O-mannosyl-linked-glycosylation of
α-dystroglycan first in FCMD33,34 and later as the underlying
pathogenic mechanism in this group of diseases. Because of
these findings, the terms dystroglycanopathy and α-dystrogly-
can related dystrophies have been coined for the growing
number of clinically and genetically very heterogeneous dis-
eases. Phenotypesembraceawidespectrumofclinical severity

Table 1 (Continued)

Phenotype Gene Locus Protein Clinical features CNS
involvement

Inh

CMD/LGMD
with MRI

FKRP
POMT1
POMT2
ISPD
GMPPB

Early onset of CMD or LGMD
phenotype
CI frequent
Microcephaly possible

Mild cortical abnormal-
ities possible, often
normal

AR

CMD/LGMD
without MRI

FKRP
FKTN
ISPD

Milder phenotype of early onset
weakness
Ambulation often possible
Also early onset LGMD
phenotype
No CI
Cardiac involvement possible
Congenital myasthenia possible
in GMPPB

No AR

GMPPB 3p21 GDP-mannose pyrophosphory-
lase B

LARGE-related
CMD

LARGE Severe CMD
CL
Overlap with MEB/WWS

White-matter changes
possible
Pachygyria
Cerebellar/pontine
hypoplasia

AR

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; CI, cognitive impairment; CMD, congenital muscular dystrophy; CNS, central
nervous system; FCMD, Fukuyama congenital muscular dystrophy; Inh, inheritance; LGMD, limb-girdle muscular dystrophy; MEB, muscle–eye–brain
disease; MRI, magnetic resonance imaging; WWS, Walker–Warburg’s syndrome.
Note: Table adapted from Bönnemann et al.5 Congenital disorders of glycosylation with abnormal glycosylation of α-dystroglycan are not displayed.
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that ranges from milder forms with adult onset limb-girdle
pattern of muscle weakness to severe retardation with com-
plex structural changes in CNS in the contextof a CMDas in the
aforementioned disorders.35

To date, over a dozen genes have been identified, which
encode for either glycosyltransferases or other proteins
involved in glycosylation of α-dystroglycan and include
among others POMT1, POMT2, POMGnT1, FKTN, FKRP, LARGE,
GMPPB, and ISPD. The complexity of symptoms and the
partially profound clinical overlap of phenotypes of the
different genes has led to a suggested new nomenclature
differentiating “congenital muscular dystrophy-dystroglyca-
nopathy with brain and eye anomalies” (type A or MDDGA)
and “congenital muscular dystrophy-dystroglycanopathy
with or without mental retardation” (type B or MDDGB),
although the issues of nomenclature and classification are
not entirely settled yet. For the third group of “limb-girdle

muscular dystrophy-dystroglycanopathy” (type C), see the
review of LGMDs elsewhere in this issue.36 See ►Table 1 for
an overview of α-dystroglycan related dystrophies and
associated genetic changes. To take account for the develop-
ment of the understanding of this group of disorders, the
historical phenotypes of FCMD, MEB disease, and WWS are
outlined in the following section.

Fukuyama CMD (FCMD) was first described in 1960 by
Yukio Fukuyama and is one of the most common autosomal
recessive diseases in Japan where incidence is estimated to
be as high as 1.9 to 3.7 per 100,000 births because of the
presence of a founder allele; causative mutations in FKTN
were identified in 1996.3,37 The clinical picture is character-
ized by general muscular weakness, severe cognitive impair-
ment, and elevated levels of serum CK.38Motor development
is substantially delayed, and ambulation is predominantly
not achieved. Deep tendon reflexes are decreased or absent.

Fig. 1 Central nervous system involvement in congenital muscular dystrophies (CMDs). (A) Cranial magnetic resonance imaging (MRI) of a
3-year-old boy with LAMA2-related CMD showing extended supratentorial white-matter involvement. Note small brainstem. (B) Cranial MRI of a
7-month-old girl also with LAMA2-related CMD and signal alterations in white matter. (C) Cranial MRI of a 5-day-old girl with mutations in TMEM5
and phenotype of Walker–Warburg’s syndrome showing severe cerebrocerebellar malformation with hydrocephalus, lissencephaly/pachygyria,
unilateral open-lip schizencephaly, brainstem-hypoplasia with z-shape anomaly, cerebellar hypoplasia, and left-sided microphthalmus with
retinal detachment.
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There is considerable clinical overlap with MEB disease, but
eye involvement is considerably more prominent in MEB.
Characteristic findings in MRI include cortical malforma-
tions, especially micropolygyria resulting in a pachygyric
appearance (lissencephaly type II or cobblestone lissence-
phaly), and cerebellar and pontine hypoplasia. Affected in-
dividuals may be microcephalic, and epilepsy occurs in 50%
of patients.

MEB disease was first reported in Finland in 1978,39

where prevalence is still highest due to a founder allele in
this population in POMGnT1. Most typical cases are caused by
autosomal recessive inherited mutations in POMGnT1,
although similar phenotypes can also be caused by muta-
tions of a variety of other genes such as FKRP, POMT2, POMT1,
FKTN, and LARGE. The disease is characterized by severe CMD
with elevated CK levels, brain malformations similar to
FCMD that additionally include hypoplasia of brainstem
and cerebellum, and, as indicated by the disease’s name,
presence of a wide spectrum of ophthalmological malforma-
tions, ranging from marked congenital myopia to congenital
glaucoma, optic nerve atrophy, progressive retinal dysplasia,
and dysgenesis of the anterior chamber.39–41 Epilepsy is
common, and cognitive impairment is often severe.

WWS delineates the most severe phenotype within the
continuum of α-dystroglycan related dystrophies. It was first
described by Walker42 and Warburg43 in 1942 and 1978,
respectively. Just as in MEB disease, it is characterized by
muscular dystrophy in combinationwith ocular and cerebral
malformations. The latter may involve occipital encephalo-
celes, Dandy–Walker cysts, pontocerebellar hypoplasia,
hydrocephalus, cortical heterotopias, fusion of hemispheres,
and type II lissencephaly (also referred to as “cobblestone
lissencephaly).”44,45Mutations in POMT1were initially iden-
tified in 2002,46 although association with mutations in
other genes has been reported (►Table 1). Prognosis is
poor with only little psychomotor development and most
children dying during their first year of life.

With the wider availability of genetic testing, there has
been a considerable broadening of the α-dystroglycanopathy
spectrum to include clinical forms with milder muscle
involvement and variable brain involvement, including
patientswith significant cognitive delays but normal appear-
ing brain MRI. This latter phenotype can even be seen
associated with mutation in the same genes that may also
causeWWS, such as POMT1 and POMT2, and with mutations
in some of the newer gene such as notably GMPPB.47

Fig. 2 LAMA2- and COL6-related congenital muscular dystrophy (CMD). Above left: photographs of an 8-year-old boy with LAMA2-related CMDwith
severe scoliosis, contractures of knees and elbows, and facial involvement. Above right: Histological findings in a 6-month-old girl with LAMA2-
related CMD, showing dystrophic changes in hematoxylin and eosin staining, mild fiber type 1 predominance in ATPase staining, and negative
result in immunohistochemical staining of laminin 211 (merosin). Below left: photographs of a boy with Ullrich CMD with identified mutation in
COL6 showing proximal hyperlaxity of distal joints and proximal contractures. Below right: costaining for collagen (Coll) IV (red) and Coll VI
(green) shows mislocalization of Coll VI.
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Congenital Myopathies

The term congenital myopathy (CM) wasfirst used in 1956 by
Shy and Magee48 and has persisted to describe a variety of
primary congenital onset muscle diseases that share char-
acteristic histopathological and ultrastructural features in
muscle biopsy but without overtly dystrophic histological
features. Following the most characteristic histological find-
ings, these disorders are classified according to presence of
rods (as in nemaline myopathy [NM]), cores (as in central
core disease [CCD]), central nuclei (as in the centronuclear
myopathies [CNM]), and many other less common morpho-
logical findings (►Fig. 3).

CMs are characterized by congenital or early onset muscle
weakness of varying degree that can manifest in different
patterns of distribution. Muscle weakness is most often
generalized or more pronounced in proximal muscles and
frequently involves facial muscles. The course of weakness
over time may be slowly progressive or relatively stable.
Motor development is delayed, and CK levels are often
normal or only mildly elevated. Most patients show symp-
toms at birth or during early childhood. However, the clinical
picture of CMs is broad and ranges from very severe and
lethal neonatal manifestations to milder forms, with even

adult onset of symptoms. Contrary to some of the CMDs,
there is typically no CNS involvement in the CMs, and
intelligence is normal. Cardiomyopathy and respiratory in-
volvement may be present in some subforms and may be
helpful in establishing the right diagnosis.

A variety of different genes has been identified to cause the
different forms of CMs over the last decades. Considerable
overlap of morphological and clinical phenotypes is common
and often complicates establishing the right diagnosis. Differ-
entmutations in the same gene can cause very distinctmuscle
pathologies, and mutations in different genes can cause very
similar phenotypes (see►Table 2 for an overviewof currently
recognized forms of CMs). The genes associated with CMs can
bedifferentiatedbestnotby localizationofproteinproductbut
by pathophysiological properties.49

Nemaline Myopathy
With an estimated incidence of 1:50 000 live births, NM
represents the most common entity within the group of CMs.
It was first described in 1963 and is named after the character-
istic rodlike and filamentary bodies seen in Gomori trichrome
staining.50 Number and size of these rods and bodies, which
consistofZ-discmaterial includingα-actininandactin,51donot
correlate with severity or prognosis of phenotype.52

Fig. 3 Selected histopathological findings in congenital myopathies.
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Table 2 Overview of the most important genetically recognized congenital myopathies

Gene Locus Protein Clinical features Inh

Nemaline myopathies

NEB 2q23 Nebulin Up to 50% of NM attributable to mutations in NEB
“Typical congenital” NM (most often) but variable severity
reported
Almost all other phenotypes of NM possible
(without “Adult-onset” NM)
Characteristic facial involvement
Scoliosis, neck weakness, and pes cavus possible

AR

ACTA1 1q42 Skeletal muscle α-actin Up to 25% of NM attributable to mutations in ACTA1
Wide phenotypic spectrum ranging from “Severe congenital”
(where ACTA1 mutations account for up to 50% of all cases) to
“Adult onset” NM
Cardiac involvement is possible but rare
(more likely in patients with CFTD-like histology)
Often de novo mutations without family history

AD, AR

TPM3 1q21 α-TropomyosinSLOW �3% of NM attributable to mutations in TPM3
Variable phenotype, even within affected families
May also cause hypercontractile phenotype with generalized
stiffness

AD, AR

TPM2 9p13 β-Tropomyosin < 1% of NM attributable to mutations in TPM2
“Typical congenital” NM
� Contractures, distal arthrogryposis
Asymmetric pattern of weakness possible
Cardiomyopathy possible

AD

TNNT1 19q13 Toponin TSLOW Mutations almost exclusively identified in population of Old
Amish/Pennsylvania
“Amish” NM subtype, characterized by early severe weakness,
tremor, contractures
High early lethality due to respiratory infections

AR

CLF2 14q13 Cofilin Rare
Typical congenital
Only two middle-eastern families reported to date
No facial involvement

AR

NEFL 8p21 Neurofilament protein Rare
Mutations in NEFL are known to cause Charcot–Marie–Tooth
disease
One case report of four affected family members with early
onset CM
Intrafamilial variation regarding severity and bulbar
involvement

AD?

KBTBD13 15q22 Kelch repeat and BTB (POZ)
domain containing 13

Rare
Only reported in four families and one single patient so far
“Childhood onset” NM
Proximal pattern of muscle weakness
Characteristic slow movements, as in “slow motion”

AD

KLHL40 3p21 Kelch-like family member 40 Rare
Almost exclusively in “severe congenital” NM
Contractures, fractures at birth
Respiratory failure, swallowing difficulties
Early death frequent

AR

KLHL41 2q31 Kelch repeat and BTB (POZ)
domain containing 10

Rare
One report of five unrelated children
Two patients with “severe congenital” NM, three with
“Intermediate congenital” NM

AR

LMOD3 3p14 Leiomodin 3 Predominantly “severe congenital” but also “Intermediate
congenital” NM
21 patients in 14 families reported

AR
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Table 2 (Continued)

Gene Locus Protein Clinical features Inh

Core myopathies (central core disease and multiminicore disease)

RYR1 19q13 Ryanodine receptor Weakness of proximal limb muscles, facial involvement,
frequent contractures, and skeletal deformities
In mild and moderate forms (mostly AD, onset in later
childhood), rarely respiratory and bulbar involvement;
contractures may be present; nonprogressive to slowly
progressive course
In congenital and severe forms (mostly AR), often respiratory
involvement; generalized weakness; congenital hip dislocation
possible
High risk for malignant hyperthermia in all forms

AD,
AR

SEPN1 1p36 Selenoprotein N Early axial muscular weakness, scoliosis, rigidity of spine
Ambulation achieved in most patients
Early respiratory insufficiency (also see rigid spine syndrome
in ►Table 1)

AR

ACTA1 1q42 Skeletal muscle α-actin Rare
Mild and nonprogressive weakness of proximal limb muscles

AD

TTN 2q31 Titin Stable weakness of lower limbs; pseudohypertrophy is rare
More commonly axial myopathy with contractures
Severe and rapid progressive cardiomyopathy

AR

Centronuclear myopathy

MTM1 Xq28 Myotubularin Most common CNM
Severe phenotype with neonatal weakness and frequent
respiratory insufficiency with need for ventilator support
Facial involvement with ptosis, sometimes limited eye
movements
Characteristic macrosomy
Mild dysmorphic features possible (long and thin face, pectus
carinatum, thin fingers)
Infrequent genital abnormalities (hypospadia, cryptorchidism)

X-linked

DNM2 19p13 Dynamin 2 Inherited AD: childhood to adulthood onset
Facial involvement, external ophthalmoplegia, characteristic
weakness of neck flexors
Characteristic pattern in MRI with distal leg involvement
De novo: more severe phenotype with congenital onset

AD

BIN1 2q14 Amphiphysin Rare
Intermediate phenotype with congenital
onset � ophthalmoplegia

AR

RYR1 19q13 Rynodine receptor See core myopathies due to RYR1 above AR

TTN 2q31 Titin Rare
Early onset
Diffuse muscle weakness
Respiratory difficulties possible
No ophthalmoplegia

AR

Congenital fiber type disproportion (CFTD)

TPM3 1q21 α-TropomyosinSLOW Most common
Resembles NM caused by TPM3 mutations

AD

RYR1 19q13 Rynodine receptor Common
Resembles MMD caused by RYR1 mutations

AR

TPM2 9p13 β-Tropomyosin Rare
Resembles NM caused by TPM2 mutations

AD

ACTA1 1q42 Skeletal muscle α-actin Rare
Resembles NM caused by ACTA1 mutations

AD

SEPN1 1p36 Selenoprotein N Resembles MMD caused by SEPN1 mutations AR

(Continued)
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The clinical picture is heterogeneous but consistently
involves generalized muscle weakness, which is most pro-
nounced in proximal muscles, and often involves facial,
bulbar, and neck musculature. Involvement of distal muscles
is possible but not common. In some children, mild dys-
morphic features such as a long and thin face or a high arched
palate are present. Frequently, there is prominent diaphrag-
matic involvement leading to early respiratory failure.

Based on the exceptional variety of severity and course of
phenotype, the NMs have been clinically divided in different
subtypes based on a large series of patients.54 Individual
genetic entities can span several of these levels of severity:

• Severe congenital NM (16%) with severe congenital general-
ized weakness and hypotonia, lack of spontaneous move-
ments, and feeding difficulties due to bulbar involvement.
Involvement of diaphragm is possible and earlymortality is
high. Cardiomyopathy has been reported but is unusual.55

• Intermediate congenital NM (20%) with also severe con-
genital generalizedweakness and hypotonia, but with the
presence of spontaneous movements at birth. Early
development of contractures is characteristic. Patients
are dependent of ventilator support and/or wheelchair
by the age of 11 years.

• Typical (mild) congenital NM (46%) with development of
proximal muscle weakness and sometimes feeding diffi-
culties during the first year of life. Involvement of facial
and bulbar muscles often leads to a characteristic emo-
tionless facial expression with mouth open. Development
of contractures and cardiac involvement are uncommon.
Muscle weakness is relatively stable but may slowly
progress. Life expectancy is not reduced, and most pa-
tients can live independently.

• Childhood-onset NM (13%) with childhood or early adoles-
cenceonsetof symmetricweakness.Weaknessof foot joints
is characteristic and may lead to foot drop that may be
confusedwithperipheral neuropathy.Need forwheelchair-
assisted mobility may occur in later adulthood. Facial,
respiratory or cardiac involvement is uncommon.

• Adult-onset NM (4%) is characterized by late onset of
generalized muscle weakness. A rapid progressive course
of weakness, aswell as development of cardiomyopathy, is
possible. In some patients, a “dropped head” syndrome
due to involvement of neck muscles has been reported.56

CK levels are normal or only mildly elevated. Apart from
the aforementioned characteristic rods, muscle biopsy often
shows significant predominance of type 1 fibers. Mutations
in 11 different genes have been identified to cause different
forms ofNM,57–69 andmost of the identifiedgenes encode for
component parts of muscle thin filaments or for associated
interaction partners involved in thin filament maintenance.
The majority of NMs, however, appear to be caused by
mutations in two genes: recessive mutations in NEB, encod-
ing Nebulin (up to 50% of all NMs70), and mostly dominantly
acting mutations in ACTA1, encoding α1-actin (up to 25% of
all NMs55), both of which are essential for the formation of
thin filament of skeletal muscle.

Core Myopathies
The common pathological feature of coremyopathies consists
in areas of reduced activity in oxidative enzyme reactions as in
NADH (nicotinamide adenine dinucleotide) staining. In sim-
plified terms, such areas reflect decreased mitochondrial
activity and may appear in different forms, and are referred
to as central coresorminicores.71,72Central cores canbesingle

Table 2 (Continued)

Gene Locus Protein Clinical features Inh

Cap disease

TPM2 9p13 β-Tropomyosin Resembles NM caused by TPM2 mutations AD

TPM3 1q21 α-TropomyosinSLOW Resembles NM caused by TPM3 mutations AD

ACTA1 1q42 Skeletal muscle α-actin Rare
Severe weakness
Congenital onset

AD

Zebra body myopathy

ACTA1 1q42 Skeletal muscle α-actin Resembles NM caused by ACTA1 mutations ?

Core-rod myopathy

NEB 2q23 Nebulin Resembles NM caused by NEB mutations AR

RYR1 19q13 Rynodine receptor Resembles MMD caused by RYR1 mutations AD, AR

KBTBD13 15q22 Kelch repeat and BTB (POZ)
domain containing 13

Resembles NM caused by KBTBD13 mutations AD

Myosin storage myopathy

MYH7 14q11 Slow/β-cardiac myosin heavy
chain

AD

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; Inh, inheritance; NM, nemaline myopathy.
Note: Table adapted from North et al.53

Neuropediatrics

Congenital Muscular Dystrophies and Myopathies Schorling et al

D
ow

nl
oa

de
d 

by
: C

or
ne

ll.
 C

op
yr

ig
ht

ed
 m

at
er

ia
l.



or multiple in number and often extend over full length of
muscle fibers, which are mainly of fiber type 1, whereas
minicores are high in number, short in longitudinal section,
and may affect both fiber types. While onset of core myopa-
thies is predominantly congenital or in early childhood, the
histopathological changes may only develop in later stages of
disease, and therefore early biopsies may be misleading.73

When a muscle biopsy is performed, an additional bias is
possible based on themuscle biopsied, as in RYR1 phenotypes,
where the rectus femoris is often of normal appearance.

Central Core Disease
CCD was the first disorder within the group of CMs to be
defined by its morphological appearance by Shy and Magee
in 1956.48 Secondary to higher survival rates in adulthood,
CCD has a high overall prevalence among the CMs.74

Affected children typically present in the newborn period
with muscular weakness most pronounced in the proximal
lower limb muscles, which is sometimes only mild and may
be detected only later in childhood with growing difficulties
in climbing stairs. Motor development is typically delayed.
The presence of mild-to-severe contractures and skeletal
deformities, such as hip dislocation at birth, scoliosis, and
deformity of feet, is common and does not necessarily
correlate with the degree of muscle involvement. Facial
involvement with ptosis is frequent.75

Mutations in RYR1, encoding for ryanodine receptor, have
been identified to be causative for the vast majority of
CCDs.76 The ryanodine receptor is crucial for calcium release
inmuscle, andmutations have been first identified in genetic
predisposition of malignant hyperthermia (MH).77,78 Muta-
tions in RYR1 are found in approximately 50% of patientswith
MH, and these mutations are typically not associated with
CCD. Patients diagnosedwith CCD on base of RYR1mutations
maybe at risk for development of MH but not all CCD
mutations infer MH risk.79

Multiminicore Disease
Most cases of MMDwere found to be caused bymutations in
SELENON/SEPN1 or RYR1. As mentioned previously, there is
an association of SELENON-related MMD with rigid spine
CMD. Therefore, the term SEPN1/SELENON-related myopathy
was suggested to describe this clinical phenotype of early
axial muscular weakness, scoliosis and varying degree of
rigidity of the spine and characteristic early and severe
respiratory insufficiency, irrespective of histopathological
appearance. Typically, muscle weakness affects predomi-
nantly axial muscles so that poor head control during the
first months of life may be one of the first symptoms. While
motor milestones are achieved in time or delayed and
independent ambulation is achieved and obtained by most
patients, respiratory insufficiency occurs early and leads to
need for noninvasive ventilation at the age of 15 in 50% of
patients.80 Rigidity of the spine often precedes development
of scoliosis, both of which can occur during thefirst decade of
life.80,81 Muscle biopsy frequently shows cores and mini-
cores, although dystrophic changes are also common and
desmin-positive “Mallory-like inclusions.”

Centronuclear (Myotubular) Myopathies
CNMs share the common centralized or internalized nuclei in
absence of other signs of degeneration as a histopathological
feature. Because of morphological similarities with myotubes
found in the fetal muscle, the termmyotubular myopathywas
introduced,82 but it is now preserved for X-linked CNMs. The
clinical spectrum of CNMs is extremely wide and ranges from
severe X-linkedmyotubular myopathy tomild formswith late
onset. Threemajor forms are distinguished based on themode
of inheritance and clinical phenotype.

X-linked CNM, Myotubular Myopathy, and MTM1-Related
CNM
X-linked CNM is caused by underlying mutations of MTM1,
encoding myotubularin, and is characterized by very severe
generalizedmuscleweaknesswith onset at birth or during the
neonatalperiod.Decreased fetalmovementsandpolyhydram-
nios in utero are sometimes reported in prenatal history. At
birth, affected male patients present with pronounced mus-
cular hypotonia and respiratory insufficiency with a need for
invasive ventilation. Facial involvement with ptosis is com-
mon, and ophthalmoparesis may develop postnatally in some
cases. Characteristically, patients are often macrosomic and
may show mild dysmorphic features.83 Genital abnormalities
such as maldescensus and hypospadias are occasionally re-
ported in association with larger deletions. Cognition is typi-
cally unimpaired, when asphyxia at birth can be prevented.
Prognosis of this severe form is poor, with themajority of boys
dying during the first years of life.84 Females carrying the
heterozygous mutation are often asymptomatic but may also
show mild weakness of late onset.85

Autosomal Centronuclear Myopathies
Autosomal dominant centronuclear myopathies are mostly
caused by mutations in DNM2,86 encoding the GTPase dy-
namin-2, whereas autosomal recessive CNMs can be caused
by either mutations in BIN1 encoding amphiphysin-2,87

RYR1,73 and TTN.88 The dominantly inherited CNM typically
manifest in mid-to-late childhood with delayed motor
development and facial involvement, external ophthalmo-
plegia, and characteristic weakness of neck flexors. More
severe phenotypes of DNM2 reported are caused by de novo
mutations without family history.86 Recessive inherited
CNMs are overall rare and tend to be of a more intermediate
severity, settled between X-linked and autosomal dominant
forms, but phenotypes never include ophthalmoparesis.89

Other Myopathies

Congenital Fiber-Type Disproportion
This is really a morphological diagnosis with a broad genetic
and clinically heterogeneity. Clinical manifestations are
more dependent on the involved gene rather than the
histological appearance. The diagnostic findings in muscle
biopsy include significantly smaller and more numerous
type 1 fibers without other pathological microscopic find-
ings. A significant number of cases of congenital fiber-type
disproportion (CFTD) are due to mutations in TPM3,90
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TPM2,91 RYR1,92 and ACTA1.93 Interestingly, some, but not all,
of the patients initially diagnosed with CFTD develop addi-
tional pathological changes when biopsied at a later stage of
disease. The phenotypes are variable, although phenotypes
appear to show similarities to other entities with mutations
in the same gene. CFTD on the basis of mutations in SEPN1 is
characterized by early need for ventilation, for example,
which is also characteristic for SEPN1-related MMD.

Myosin Storage Myopathy
Myosin storage myopathy (MSM) is characterized by the
presence of hyaline bodies in type 1 fibers in muscle biopsy.
Underlying dominantly acting mutations inMYH7, encoding
myosin in both fiber types, have been identified as under-
lying genetic cause.94 MYH7 also encodes a cardiac myosin
heavy chain, and mutations in this gene account for a
significant amount of inherited hypertrophic cardiomyopa-
thies.95 Associated MSM phenotypes range from severe
neonatal forms with contractures and sometimes early
need for ventilator support to slowly progressive weakness
with onset in early adulthood. Muscle involvement follows a
limb-girdle pattern. Pseudohypertrophy of calves and foot
drop are characteristic and may be helpful diagnostic tools.
Cardiac involvement has been reported for some mutations.

Treatment Options and Perspectives
Considering the extremely wide spectrum of phenotypes, no
universal principles of therapy apply. As in other neuromus-
cular disorders, care for patients with CMDs and CMs is
complex and should involve an interdisciplinary team to
focus on the individual needs of each patient. A consensus
statement on standards of care is available for CMs, which
includes therapeutic considerations on basis of possibly
identified genetic mutations.96 Supervision of pulmonary
function to identify early respiratory failure because of
prominent respiratory diaphragmatic failure is especially
important in patients with identified mutations in NEB,
ACTA1, and TPM3, and most of all in SELENON/SEPN1 and
COL6A1–3, where respiratory insufficiency can develop
rapidly, sometimes even before loss of ambulation, and needs
to be monitored and recognized before onset of symptoms.
Cardiac involvement is possible in certain phenotypes
(LMNA, ACTA1, TPM2, MYH7, TTN) and may not necessarily
correlate with degree of skeletal muscle involvement. It is
particularly important in LMNA because of the unpredictable
component of arrhythmias. Support by dedicated physical
therapists and orthopedists is needed to prevent develop-
ment of muscular shortening as well as deterioration of
present contractures, an issue most important in collagen
VI related dystrophies, LMNA-related dystrophy, core myo-
pathies, and CNMs.

Despite the substantial progress that has been made on
the field of genetics, there is still no causative treatment
available for any of the diseases discussed in this report.
Exciting knowledge is acquired on the field of gene therapies
in animal studies for selected genetic defects but has not yet
found its way in trials with human subjects, although a gene
therapy trial for X-linked CNM caused bymutations inMTM1

is eminent.97–99 However, the growing understanding of
how different genetic defects alter function of proteins
involved in mediation of muscle function allows exploration
of more specific symptomatic approaches.100,101 The RYR1
gene and its role in calcium release in the sarcoplasmic
reticulum, for example, are especially well understood, and
different therapies to target the defective calcium hemosta-
sis inMHbut also in RYR1-related coremyopathies have been
investigated. Dantrolene, which is widely used in crisis of
MH, was reported to ameliorate muscle function in patients
with CCD in single case reports,102 but appears to be applic-
able only in the small subgroup of patients with excessive
calcium release on basis of mutations in RYR1 (and not in
those with “loss of function” mutations). Drugs stabilizing
the function of the ryanodine receptor by enhancing certain
protein interactions showed promising results in animal
studies,103 but may be of limited use by possible cardiac
side effects in humans. Eventually, antioxidant N-acetylcys-
teine is currently examined in patients with RYR1- and
SEPN1-related CMs due to results of increased muscular
oxidative stress in zebrafish and patient muscle cells.104 In
mice with mutations in LAMA2 application of omigapil—a
drug initially developed for treatment of Parkinson’s disease
and amyotrophic lateral sclerosis—appeared to decrease
apoptosis of muscle cells, and first clinical trials in patients
with LAMA2- and COL6-related disorders are now being
conducted (clinical trial NCT01805024).105,106

In thefield of CMDs also, more global approaches to impede
progressionofdystrophyandassociated inflammation,fibrosis,
and lastlyapoptosis arepursued. InmicemodelsofCMDs,drugs
such as losartan and doxycycline showed beneficial effects on
muscle strength and/or muscle pathology.107–109 Cyclosporine
A led to certain functional and histological improvement in a
small Italian study of patients with Ullrich CMD.110

Conclusions

Based on the considerable knowledge about the genetic back-
ground of CMDs and CMs, some of the historic nosological
classification based on clinical phenotypes or histopathologi-
cal similarities have become blurred. With a growing number
of associated genes, pathomechanisms and phenotypes clas-
sifications are becoming more complex as they have to take
into account the “genotype,” the “phenotype,” and “histotype,”
as well as the “physiotype.”111 Furthermore, because of this
growing understanding of the interrelatedness of these pillars,
establishing of the correct genetic diagnosis has even more
important impact on proactive clinical care and therapeutic
considerations.
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