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1 INTRODUCTION 
 

Skeletal muscle is the most abundant tissue of the human organism, and accounts for around 

40% of the total body mass of an adult (Janssen et al. 2000). Around 600 skeletal muscles have 

been described and they play a crucial role in locomotion, maintaining posture, as well as 

metabolite equilibrium and thermogenesis (Frontera and Ochala 2015; Periasamy et al. 2017; 

Pant, Bal, and Periasamy 2016).  

Functional or structural anomalies of skeletal muscles result in a lower force generation, ranging 

from mild muscle weakness to more severe conditions such as paralysis, swallowing difficulties 

or respiratory failure, which are potentially lethal (Braun, Arora, and Rochester 1983; Willig et 

al. 1994).  

Neuromuscular diseases (NMDs) embrace different human disorders impairing skeletal muscle 

function, either by inducing dysfunction of nerves, of the neuromuscular junction, and/or of 

muscles (Morrison 2016). At the time of the writing of this thesis, the gene table of 

neuromuscular diseases (http://musclegenetable.fr) classifies the inherited muscle diseases into 

16 groups, encompassing 955 diseases involving 533 different genes, reflecting a large genetic 

and phenotypic heterogeneity. The inherited NMDs primarily affecting skeletal muscle can be 

sub-grouped into four main classes: muscular dystrophies, metabolic myopathies, 

mitochondrial myopathies. The different muscle disorders are characterized by the presence of 

specific phenotypical features (Table I1).  

Muscular dystrophies Metabolic myopathies 

�x Progressive muscle weakness 
�x Loss of muscle mass 

�x Exercise intolerance 
�x Episodes of fatigue 
�x Myalgia 

Mitochondrial myopathies Congenital myopathies 

�x Muscle weakness  
�x Exercise intolerance 
�x Cardiac involvement 
�x Hearing loss 
�x Seizures 

�x Early-onset muscle weakness 
�x Slow progression of the disease 
�x Dysmorphic facial features:  
                Elongated face  
                High-arched palate 

Table I1: Main clinical features of NMDs with primary muscle involvement 
Muscular dystrophies, metabolic myopathies, mitochondrial myopathies, and congenital myopathies all 
cause muscle weakness. The additional commonly encountered features are summarized (Pfeffer and 
Chinnery 2013; Berardo, DiMauro, and Hirano 2010; Emery 2002; Cassandrini et al. 2017).
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1.1 The congenital myopathies 

Congenital myopathies define a heterogeneous group of rare hereditary muscle diseases with 

an estimated incidence of around 1:25000 (Tubridy, Fontaine, and Eymard 2001). They are 

characterized by a non-progressive or slowly progressive muscle weakness usually starting 

from birth or early childhood, but the age at onset can significantly vary, even within families 

(Colombo et al. 2015; North et al. 2014). Congenital myopathies interfere with the muscle 

contractile function and the fiber type composition, and they can be distinguished from other 

NMDs by the presence of particular histopathological anomalies on the muscle biopsy 

(Jungbluth et al. 2018; Cassandrini et al. 2017).  

1.1.1 Normal and abnormal skeletal muscle function and structure 

Aberrant contractile skeletal muscle function in myopathic muscles 

Skeletal muscles is attached to the bones through a tendon and is composed of several fascicles. 

Each fascicle is surrounded by the perimysium, a structure containing nerves and capillaries, 

with essential function for the synchronized contraction of the fibers within the fascicle. The 

muscle fibers are composed of myofibrils which contain repeating contractile structures called 

sarcomeres (Fig I1).  

 

Fig I1: Overall skeletal muscle organization 
Skeletal muscles are attached to the bones via tendons. They are composed of muscle fascicles 
surrounded by a connective tissue called endomysium. These fascicles contain muscle fibers composed 
of myofibrils. The myofibrils are made of a succession of sarcomeres, the basic unit of skeletal muscle. 
Adapted from Basic and Applied Bone Biology �± 2nd Edition. 
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The sarcomeres are mainly composed of actin and myosin filaments, also known as thin and 

thick filaments (Fig I2). At rest, tropomyosin is bound to actin, and prevents the myosin from 

attaching to the actin filaments. During contraction, calcium released from the sarcoplasmic 

reticulum binds to troponin and initiates a chain reaction that causes the displacement of 

tropomyosin and unmasking of the myosin-binding sites on actin. This enables the binding of 

the molecular motor myosin to actin, and the relative movement of the thin and thick filaments 

powered by ATP hydrolysis. This shortens the sarcomeres and thereby generates force (Gordon, 

Homsher, and Regnier 2000). 

Pathogenic variants in genes encoding various components of the thin and thick filaments such 

as ACTA1, TPM2, TPM3, MYH7 (Laing et al. 2009; Marttila et al. 2014; Pajusalu et al. 2016), 

disrupt the function, assembly, or stability of the myofilament proteins, and cause abnormal 

sarcomeric structures leading to myopathies.  

 

Fig I2: Overall sarcomere organization 
The sarcomeres are delimited by Z-lines, and they are mainly composed of actin and myosin filaments. 
Myomesin crosslinks myosin filaments at the M-line and alpha-actinin-2 crosslinks actin filaments at 
the Z-line. Numerous other structural proteins are implicated in the organization and maintenance of 
the sarcomeres. 

Specific myopathy mutations do not cause major defects in the sarcomeric structures, but induce 

an impaired excitation-contraction coupling (ECC) instead. After a neuronal stimulus, the 

neurotransmitter acetylcholine is released by the axon terminal, and the activation of the 

acetylcholine receptors leads to a depolarization of the motor endplate of the sarcolemma. This 

results in the propagation of an action potential along the muscle fiber and into deep membrane 

invaginations called T-tubules. The action potential activates the calcium channel DHPR 

located on the T-tubule, which undergoes a conformational change enabling its physical 
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interaction with the sarcoplasmic reticulum Ca2+ channel ryanodine receptor (RyR1), and 

finally induces Ca2+ release from the sarcoplasmic reticulum (Block et al. 1988). Ca2+ release 

finally triggers shortening of the contractile unit, the sarcomere (Fig I3) (reviewed by Kuo and 

al., 2015). 

Impairment of ECC at different levels can severely impact on muscle physiology and give rise 

to different congenital myopathies. Defective calcium handling results from mutations in 

diverse genes encoding key regulators of ECC such as DHPR and RYR1 (Schartner et al. 2017; 

Avila, O'Brien, and Dirksen 2001). Structural defects of triads and misorientation of t-tubules, 

and in some cases impaired localization of DHPR and RyR1 are caused by mutations in MTM1, 

BIN1, DNM2, SPEG, CCDC78 encoding membrane-bound proteins (Al -Qusairi et al. 2009; 

Toussaint et al. 2011; Majczenko et al. 2012; Huntoon et al. 2018).  

Fig I3: Overview of skeletal muscle contraction 
After a neuronal stimulus, the neurotransmitter acetylcholine (Ach) is released to the neuromuscular 
junction (NMJ). The activation of the neurotransmitter receptors (AchR) at the muscle membrane 
induces an action potential that propagates to the T-tubule, and activates DHPR, which interacts and 
activates RyR1 and induces Ca2+ release from the sarcoplasmic reticulum (SR) to the cytoplasm. 
Thereby, cytoplasmic Ca2+ enables myosin-actin binding and subsequent force generation. Ach: 
acetylcholine; AchR: acetylcholine receptors; SR: sarcoplasmic reticulum. 
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Overall, congenital myopathies are muscle disorders impairing excitation-contraction coupling 

and/or muscle organization, and leading to dysfunctional sarcomere contractility, an important 

contributor to muscle weakness (Joureau et al. 2018).  

Changes in fiber type composition 

Skeletal muscle is composed of bundles of different types of muscle fibers, based on their 

histochemical, morphological, and metabolic properties.  

Human adult skeletal muscle is primarily composed of type 1 and type 2 muscle fibers 

expressing different myosins. Myosin is a large protein complex composed of two heavy chains, 

and two pairs of light chains, and different combinations of heavy and light chains are possible 

and define specific fiber types. While type 1 fibers express a definite pattern of heavy and light 

chains, type 2 fibers can be further divided based on different combinations of myosin heavy 

chain gene expression (reviewed by (Schiaffino and Reggiani 2011; Stuart et al. 2016). Other 

proteins also have a fiber type-specific program of gene expression. As an example, the 

sarcomeric component alpha-actinin-3, and the Ca2+ buffer calsequestrin, are both mainly 

expressed in type 2 fibers (North and Beggs 1996; Lamboley et al. 2013). Furthermore, type 1 

and type 2 muscle fibers have distinct metabolic properties. Type 1 fibers have numerous 

mitochondria and high level of glycolytic enzymes, and primarily rely on oxidative 

phosphorylation to generate ATP. They are thus suitable to produce energy under aerobic 

conditions for sustained muscle activity. On the contrary, type 2 fibers mainly use glycogen to 

produce ATP, and fatigue occurs quickly upon glycogen store depletion (Vollestad, Tabata, and 

Medbo 1992) (Table 2).  

 Type 1 Type 2 

Myosin ATPase 
activity (pH 9,4) 

Low High 

Twitch Slow Fast 

Oxidative capacity High From Low to High 

Glycolytic capacity Low High 

Fatigability Low High 

 
Table I2: Properties of type 1 and type 2 muscle fibers 
Type 1 and type 2 fibers use different sources of energy to initiate muscle contraction, resulting in a 
different metabolism and fatigability. 

Type 1 fiber predominance or uniformity is common to all congenital myopathies (Cassandrini 

et al. 2017; North et al. 2014; Luo et al. 2011; Oh and Danon 1983), and can be revealed on the 
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muscle biopsies based on a histochemical reaction for myosin adenosine triphosphatase 

(ATPase) (Guth and Samaha 1969) (Fig I4).  

 

Fig I4: Type 1 fiber predominance in a patient with congenital myopathy 
Type 1 fiber predominance revealed with histochemical reactions for ATPase at pH 9.4. Type 1 fiber 
predominance is characterized by a high proportion of lighter type 1 fibers. 

Little is known about the clinical significance of type 1 fiber predominance, since alterations 

of fiber types also occur through life in response to external stimuli, including exercise and 

hormones (Zhang et al. 2014; Fitzsimons et al. 1990). However, knockout experiments in mice 

demonstrated that a tight regulation of myosin heavy chain expression is required for proper 

muscle physiology (Acakpo-Satchivi et al. 1997), suggesting than the imbalanced fiber type 

proportion in patients with congenital myopathy might contribute to muscle weakness. 

Furthermore, whether the transcriptional program of type 1 fibers found in patients with 

�F�R�Q�J�H�Q�L�W�D�O�� �P�\�R�S�D�W�K�\�� �L�V�� �G�L�I�I�H�U�H�Q�W�� �R�U�� �H�T�X�L�Y�D�O�H�Q�W�� �W�R�� �³�K�H�D�O�W�K�\�´�� �W�\�S�H�� ���� �I�L�E�H�U�V���� �U�H�P�D�L�Q�V�� �W�R�� �E�H��

determined.  

1.1.2 The classification of congenital myopathies 

The classification of congenital myopathies relies on a range of particular morphological 

abnormalities observed in muscle biopsies of patients, including abnormal centralization of 

myonuclei (centronuclear myopathy), rod-like protein aggregates (nemaline myopathies), or 

well-delimitated foci devoid of oxidative activity in myofibers (central and multi-minicore 

myopathy).  

Centronuclear myopathy 

As the name suggests, biopsies from patients with centronuclear myopathy (CNM) manifest 

abnormal central localization of nuclei, and additional features include irregularities in 

oxidative stains and type 1 fiber hypotrophy (Romero and Clarke 2013; Nance et al. 2012) 

(Fig I5).  
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Fig I5: Histological anomalies of CNM patients 
Muscle sections of patients with CNM stained with H&E and NADH. H&E staining reveals an increased 
number of fibers with central nuclei (black arrow). NADH reaction shows radial arrangements of 
sarcoplasmic strands (white arrow), and highlights type 1 fiber predominance and hypotrophy. Adapted 
from Romero and Clarke 2013.  

The severity and onset of CNM significantly vary depending on the implicated gene and the 

causative mutation, and ranges from the appearance of antenatal signs with polyhydramnios 

and reduced fetal movements, to mild adult-onset cases. The most severe patients have 

hypotonia at birth and are unable to breathe spontaneously, and they usually die within the first 

year of life due to respiratory insufficiency or aspiration pneumonia (Annoussamy et al. 2019). 

Less affected patients with childhood-onset hypotonia and proximal and distal muscle 

weakness, may achieve independent walking. Facial muscle weakness, ptosis, and 

ophthalmoparesis are frequent features in both severe and milder patients. Adult-onset cases 

exhibit a slowly progressive distal and axial muscle weakness, sometimes causing loss of 

ambulation (Cassandrini et al. 2017; Catteruccia et al. 2013). 

Common forms of CNM are caused by X-linked recessive mutations in MTM1, autosomal 

dominant mutations in DNM2 and BIN1, and autosomal recessive mutations in SPEG, BIN1, 

CCDC78, RYR1 and TTN (Bitoun et al. 2005; Nicot et al. 2007; Laporte et al. 1996; Agrawal 

et al. 2014; Bohm et al. 2014; Majczenko et al. 2012; Zhou et al. 2006; Wilmshurst et al. 2010; 

Ceyhan-Birsoy et al. 2013). Investigations of the pathomechanisms primarily revealed impaired 

triad morphology, abnormal excitation-contraction coupling, and defects in membrane 

trafficking including autophagy (Jungbluth and Gautel 2014; Dowling, Lawlor, and Dirksen 

2014). Whether and to what extent these defects are linked to the nuclear centralization in the 

muscle fibers of patients remains to be determined. 

Two compounds currently undergo clinical trials for the treatment of CNMs, and both involve 

a different approach. The AT132 gene replacement therapy from Audentes Therapeutics is 

designed to treat patients with MTM1-related myopathy. It uses a viral vector to introduce a 
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working copy of MTM1 in the patients, which encodes a functional MTM1 protein able to 

compensate for the absence or strong reduction of the endogenous MTM1 protein. The 

DYN101 antisense oligonucleotide approach from Dynacure aims to reduce the DNM2 protein 

level, and will be used to treat patients with MTM1- and DNM2-related myopathies. It has 

indeed previously been shown that the increased level and/or over-activity of DNM2 is 

responsible for the muscle weakness in MTM1 and DNM2-related CNM (Tasfaout et al. 2017; 

Buono et al. 2018).  

Nemaline myopathy 

Nemaline myopathy (NM) owes its name to the presence of rod-like structures in the muscle 

fibers of patients appearing as characteristic purple staining inclusions on Gomori trichrome 

stain (mGT) (Romero and Clarke 2013; Nance et al. 2012) (Fig I6).  

 

Fig I6: Histological and ultrastructural characteristics of nemaline rods  
Muscle sections of a patient with nemaline myopathy stained with mGT, and showing clusters of purple 
stained bodies called nemaline rods (left arrow). On electron microscopy, rods appear as electron-
dense material (right arrow).  

NM is clinically variable, and the seriousness of the disease varies from mild to severe 

depending on the implicated gene as well as on the type of mutation (Wallgren-Pettersson et al. 

2011). Obstetric complications such as polyhydramnios and decreased fetal movements occur 

in half of the severe congenital NM cases. At birth, patients present with sucking and 

swallowing difficulties, and frequently encounter additional features encompass arthrogryposis 

and cardiomyopathy. Death usually occurs within the first year of life due to respiratory 

insufficiency. Patients with milder congenital NM present with hypotonia at birth, delayed 

motor milestones, trunk and facial muscle weakness, and most are able to walk independently. 

The facial muscle weakness is associated with dysphagia resulting in feeding difficulty. 

Respiratory insufficiency is often severe and the mortality is due to respiratory failure in most 

of the cases (Ryan et al. 2001; Cassandrini et al. 2017; Wallgren-Pettersson, Beggs, and Laing 

1998; Gonorazky et al. 2019).  
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Cap myopathy is a rare form of NM, in which muscle fibers exhibit sharply demarcated 

subsarcolemmal inclusions located at the periphery of the fibers. Ultrastructural studies showed 

that caps contain disorganized thin filaments, and are devoid of thick filaments (Phadke 2019; 

North et al. 2014; Fidzianska et al. 1981) (Fig I7). The proportion of fibers containing caps 

varies between 4 and 100%, and correlates with the disease severity. The clinical features of 

cap myopathy are early-onset proximal and axial muscle weakness with prominent neck muscle 

involvement. Scoliosis and respiratory insufficiency are also found in most of the patients. 

Overall, the pattern of affected muscles and the respiratory involvement overlap with the 

clinical features of typical NM. Furthermore, caps and rods may be encountered in the same 

muscle biopsy, suggesting that both histological lesions are signatures of the same disease (Fig 

I8) (Kiiski et al. 2019; Tasca et al. 2013).  

 

 
Fig I7: Histological and ultrastructural hallmarks of cap myopathy 
Muscle sections of a patient with cap myopathy stained with mGT, and showing purple staining in 
subsarcolemmal regions of muscle fibers (arrow). On electron microscopy, caps appear to be well-
demarcated areas of filament disorganization with disruption of the sarcomeric organization. 
 

 

Fig I8: Presence of cap and rods in the same muscle biopsy 
�8�O�W�U�D�V�W�U�X�F�W�X�U�D�O���D�Q�D�O�\�V�L�V�� �R�I�� �D�� �S�D�W�L�H�Q�W�¶�V�� �P�X�V�F�O�H�� �E�L�R�S�V�\���V�K�R�Z�L�Q�J�� �F�R�H�[�L�V�W�H�Q�F�H���R�I�� �F�D�S�V (white arrow) and 
rods (yellow arrow) in neighboring fibers. 

To date, mutations in over ten different genes have been reported in patients with NM. This 

includes autosomal dominant mutations in ACTA1, TPM2, TPM3, KBTBD13, and autosomal 

recessive mutations in NEB, MYO18B, TNNT1, KLHL40, KLHL41 KBTBD13, LMOD3, CFL2 
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(Laing et al. 2004; Donner et al. 2002; Laing et al. 1995; Pelin et al. 1999; Malfatti et al. 2015; 

Alazami et al. 2015; Johnston et al. 2000; Ravenscroft et al. 2013; Gupta et al. 2013; 

Sambuughin et al. 2010; Agrawal et al. 2007). Most of these genes encode components of the 

thin filaments, proteins contributing to the stability or turnover of thin filaments, or proteins 

involved in cross-bridge kinetics. NM mutations lead to changes in the muscle ultrastructure, 

and result in impaired muscle contractility (de Winter and Ottenheijm 2017).   

Up to now, no specific therapy is available for NM and the treatments mainly rely on physical 

therapy to slow down disease progression and on ventilatory support to prevent respiratory 

failure. NM mutations cause muscle weakness, partially by decreasing the Ca2+ sensitivity of 

muscle contractility. Troponin activators slow down the dissociation rate of Ca2+ from the 

troponin complex, and thereby unblock the myosin-binding sites on actin at lower Ca2+ 

concentrations, and thus facilitates contraction. This approach showed promising results and 

improved muscle weakness in muscle cells from patients (de Winter et al. 2013). 

Core myopathy 

Core myopathy is the most common histopathological subtype of congenital myopathy, with 

an estimated prevalence of 1:80 000 (Amburgey et al. 2011). Two types of core myopathy exist, 

central core myopathy (also known as central core disease or CCD) and multi-minicore disease 

(MmD). Histologically, CCD is characterized by extensive areas devoid of oxidative staining, 

called cores, and running along the longitudinal axis of the muscle fiber, as opposed to MmD, 

were cores are more numerous and less extended along the fibers (Romero and Clarke 2013; 

Nance et al. 2012) (Fig I9). 
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Fi I9: Oxidative staining anomalies in the biopsies of patients with CCD and MmD 
Transverse muscle sections (upper panel) and longitudinal muscle sections (lower panel) of muscle 
biopsies of patients with CCD and MmD, and stained with oxidative enzyme reactions. Central cores 
are well-delimited and can be central or located beneath the sarcolemma, while multiminicores are 
restricted areas of disorganization. Adapted from Jungbluth et al., 2011. 

The clinical presentation of CCD patients can be heterogeneous, even within families. Most of 

them present with delayed motor development, proximal and axial symmetric muscle weakness, 

and scoliosis. Of note, the onset of the disease may be in adulthood with exertional 

rhabdomyolysis and myalgia (Dlamini et al. 2013; Voermans, Snoeck, and Jungbluth 2016). 

While CCD patients have a relative sparing of the respiratory muscles, MmD patients are 

recognizable by an early onset spinal rigidity and a severe scoliosis leading to trunk 

deformations resulting in a severe respiratory insufficiency. A subset of patients additionally 

display ophthalmoplegia (Lawal, Todd, and Meilleur 2018; Jungbluth, Sewry, and Muntoni 

2011; Ferreiro et al. 2000).  

Genetically, CCD is most commonly caused by dominant mutations in the RYR1 gene, encoding 

a Ca2+ release channel of the sarcoplasmic reticulum. MmD is mainly caused by recessive 

mutations in RYR1 and SEPN1, coding for the selenoprotein N, a protein with crucial function 

in redox and Ca2+ homeostasis (Lawal, Todd, and Meilleur 2018).  

Elevated oxidative stress is believed to be a pathological feature of RYR1 and SEPN1-related 

myopathies (Durham et al. 2008; Moghadaszadeh et al. 2013; Lawal, Todd, and Meilleur 2018), 

and might contribute to the mitochondrial dysfunction in the muscle of patients with core 

myopathies (Cui, Kong, and Zhang 2012). In a Ryr1 mouse model, food supplementation with 
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the antioxidant N-acetylcysteine (NAC) resulted in a decreased formation of cores, increased 

muscle force, and reduced mitochondrial damage (Michelucci et al. 2017). The safety and 

efficacy of NAC antioxidant therapy in RYR1- and SEPN1-related myopathy patients has been 

tested in two separate clinical trials (NCT02505087 and NCT02362425). The Phase I/II clinical 

trial for RYR1-related myopathy has recently been completed but the results are not yet publicly 

available (Lawal, Todd, and Meilleur 2018).  

Other congenital myopathies 

Besides the main congenital myopathy subtypes, additional rare forms of CM with distinct 

histopathological features exist, including tubular aggregate myopathy characterized by 

abnormal accumulations of densely packed membrane tubules on muscle biopsies, myosin 

storage myopathy characterized by slow myosin aggregates in type 1 muscle fibers, and 

congenital fiber type disproportion characterized by significantly smaller type 1 fibers 

compared to type 2 fibers (Romero and Clarke 2013).  

1.2 Diagnosis of congenital myopathies  

1.2.1 DNA sequencing in diagnostic laboratories 

The diagnosis of congenital myopathy is established based on the clinical and histological 

features of the patient. The inclusion into clinical trials however requires a molecular diagnosis. 

In France, screening of known genes for congenital myopathies is mainly performed in 

accredited diagnostic laboratories. 

Sanger sequencing 

Over decades, the identification of causative mutations relied on Sanger sequencing of known 

myopathy genes, requiring the individual amplification of each exon of the gene of interest. In 

general, the phenotypic presentation of the patients directs molecular diagnosis, and only 

selected genes compatible with the disease picture were sequenced. The selection of candidate 

genes was particularly challenging for heterogeneous disorders such as congenital myopathies, 

and the clinical phenotype of the patients and the histological anomalies on the muscle biopsies 

are often not sufficient to reliably indicate the causative gene. This is partially due to the 

overlapping histopathological features in the different congenital myopathy classes. For 

example, patients with core myopathy may frequently also present with central nuclei or more 

rarely with rods, and in turn, patients with CNM may also display cores. In addition, none of 
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the known genes associated with congenital myopathies give rise to distinct clinical signs 

(Table I3).  

Sanger sequencing as a diagnostic approach covered only a limited number of genes, and the 

exon-by-exon and gene-by-gene analysis is time-consuming. The time to diagnosis has been 

greatly accelerated with the development of next generation sequencing.  

 

Table I3: Main features associated with different congenital myopathies  
Frequency of the main features associated with genes mutated in congenital myopathies, highlighting 
the clinical and histological heterogeneity. CNM: centronuclear myopathy; NM: nemaline myopathy. �±
: not reported; +: infrequent; ++: common; +++: very common. Adapted from Jungbluth et al., 2018. 

Next generation panel sequencing 

Next generation sequencing enables the simultaneous sequencing of all genomic regions of 

interest. The genomic DNA is fragmented, the targeted sequences are captured by hybridization 

to complementary probes, and amplified before being sequenced. The commercialized NGS 

technologies vary depending on the template preparation, and on the amplification and 

sequencing approaches. Illumina is the most wildly used platform, and the sequencing relies on 
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the cyclic incorporation of fluorescently labelled nucleotides containing reversible terminators 

temporarily blocking DNA synthesis. The fluorescence of the incorporated nucleotide is 

recorded at each cycle, allowing reconstruction of the sequence. The sequence of each fragment 

is called a read. The reads are aligned to the reference genome and the variants are extracted 

based on the differences between the index genome and the reference genome (Head et al. 2014; 

Ambardar et al. 2016). Next generation sequencing appeared in 2005 (Margulies et al. 2005), 

and progressively replaces Sanger sequencing in the French diagnostic laboratories. Panel 

sequencing is an approach used to sequence a subset of genes of interest, by the design of 

specific probes for the capture. For congenital myopathies, the national standards include the 

sequencing of the coding region of 12 genes for patients with NM, and the sequencing of 32 

genes for other types of congenital myopathies (Krahn et al. 2019). Overall, panel sequencing 

offers a reliable and robust strategy to simultaneously verify the presence of mutations in 

several genes at a limited cost. This approach is adequate to facilitate the quick discovery of 

known or novel mutations in known myopathy genes. At the Strasbourg diagnostic laboratory, 

the diagnosis rate for patients with myopathies approximates 40%. 

1.2.2 Rationale 

Panel sequencing revealed that half of the patients with congenital myopathy do not carry 

mutations in the known genes. This suggests that the mutations in the undiagnosed patients 

affect genes that were not captured, and thereby highlight the presence of a large number of yet 

unidentified myopathy genes.  

1.2.3 The MYOCAPTURE project 

In order to identify novel genes implicated in congenital myopathies�����-�R�F�H�O�\�Q���/�D�S�R�U�W�H�¶�V���J�U�R�X�S��

coordinated the MYOCAPTURE project, a French consortium encompassing seven research 

teams, with the aim to sequence a total of 1000 exomes from families with NMDs. Patients with 

muscular dystrophy, myasthenia, or congenital myopathy were assembled into homogeneous 

cohorts and exome-sequenced. Exome sequencing is a next generation sequencing approach to 

investigate the coding regions encompassing 1-2% of the human genome, and believed to 

harbor about 80% of the disease-causing mutations. It is therefore an unbiased and 

straightforward strategy with a high probability to identify the causative mutations.  

In average, 20 000 variants are identified in each exome. In order to efficiently (1) filter and (2) 

prioritize pathogenic variants, we developed a robust bioinformatics pipeline. 
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(1) The filters used to reduce the number of candidate genes include the quality of detection 

of the variation, the frequency of the variation in the general population, and the 

inheritance scenario. The quality of the variation is evaluated by the depth of 

sequencing, corresponding to the number of reads aligned at a given position. With our 

pipeline, we discard variations with a depth of sequencing lower than 5. Furthermore, 

we assess the frequency of each variation in the public gnomAD database containing 

125 748 exomes and 15 708 genomes. Since congenital myopathies are rare diseases, 

variants found in more than 1% of the general population are filtered out from the 

analysis. The inheritance scenario takes into account the transmission of the disease 

within the family. For dominant families, we focus on heterozygous variations present 

in all affected individuals, and absent in unaffected family members. For 

consanguineous families, we specifically look at the homozygous variations present in 

all affected individuals, and absent or at the heterozygous state in healthy family 

members. The analysis of sporadic cases takes into account dominant, recessive and X-

linked modes of inheritance, and the simultaneous sequencing of the exomes of both 

healthy parents is useful to restrict the total number of candidate variants and to uncover 

de novo and compound heterozygous mutations. 

(2) Variant prioritization mainly relies on the type of variation and on the muscle gene 

expression. 

Variations are usually classified into the following five categories depending on their 

predicted impact at the protein or RNA level: 

Synonymous: a nucleotide substitution which does not change the encoded amino acid, 

due to the redundancy of the genetic code. 

Missense: a nucleotide substitution which changes the encoded amino acid 

Nonsense: a nucleotide substitution which induces the appearance of a premature stop 

codon. Nonsense mutations usually activate nonsense-mediated mRNA decay and 

mostly result in the absence of the encoded protein. 

Indel: a small nucleotide insertion or deletion which can be in-frame or generate a 

frameshift. Frameshift mutations usually result in the appearance of a premature stop 

codon and activate nonsense-mediated mRNA decay. 

Splice: a nucleotide substitution which disrupts an essential splice site or activates 

cryptic splice acceptor or donor sites. Synonymous and missense mutations can also 

have a deleterious impact on splicing.  
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To complement the bioinformatics analysis, and to validate the pathogenicity of the identified 

variations, functional experiments are carried out. The patients included in the MYOCAPTURE 

project underwent a muscle biopsy, and myoblast and fibroblast cell lines have been established 

in a few cases. This biological material can be used to evaluate the impact of the candidate 

variations in vivo. RNA extraction enables the detection of splicing aberrations and of nonsense-

mediated mRNA decay through RT-qPCR. Muscle and cell extracts are useful to verify the 

expression of the proteins, and immunostaining on muscle sections and cells might indicate a 

potential impact on the localization of the protein. If no biological material is available, 

additional approaches such as minigene experiments, transfections in cells, or modeling of the 

disease in animal models are performed.  

1.2.4 Aims of the project 

Congenital myopathies are rare muscle diseases characterized by early-onset hypotonia and 

muscle weakness. These monogenic diseases were previously linked to mutations in around 30 

different genes. However, 50% of the patients are still awaiting molecular diagnosis even after 

routine screening of the known genes, suggesting the implication of yet unidentified genes.  

This thesis project aimed to identify and to functionally validate new congenital myopathy 

genes, and was divided into three work packages: 

�x Data analysis: analysis of exome sequencing data of patients with congenital myopathy 

generated through the MYOCAPTURE project, and filtering of the variations in order 

to identify new candidate genes.   

�x Segregation studies: validation of the presence of the genetic variations in affected 

individuals and verification of the segregation within the family. 

�x Functional experiments: investigations to prove the pathogenicity of the mutations. 

Study of the impact of the putative mutations at the RNA and protein level, on protein 

function in cellular or animal models, and study of the pathomechanism of the disease 

in vivo. 

The characterization of the genetic bases of congenital myopathies is essential to improve 

molecular diagnosis and genetic counselling. Novel genes will contribute to the understanding 

of normal and pathological muscle physiology, and may unravel novel pathways and suitable 

targets for therapeutic approaches.
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2 RESULTS 
 

 

 

 

 

2.1 Mutations in known myopathy genes in patients with classical phenotypes 

A few years ago, genetic investigations on patients with congenital myopathy were performed 

using targeted Sanger sequencing of individual genes. Primer sets were designed in order to 

amplify and sequence each exon of the gene. TTN and RYR1 are large genes, respectively 

composed of 363 and 106 exons. Due to their giant size and complexity, only selected exons 

of the genes were screened by Sanger sequencing.  

The MYOCAPTURE project was designed to identify novel genes mutated in myopathies and 

patients enrolled in the study were excluded for the main known genes. However, at the start 

of the project, large genes such as TTN and RYR1 were not entirely screened by routine 

methods. 

Analysis of the MYOCAPTURE cohort pointed out new TTN and RYR1 mutations. They were 

included into two publications in order to underline the correlation between mutation type and 

localization, disease severity, and histopathological hallmarks. 
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2.1.1 Publication 1: Loss of sarcomeric scaffolding as a common baseline histopathologic 

lesion in titin-related myopathies (Avila-Polo et al. 2018) 

Background 

TTN is a gene composed of 364 exons and encoding titin, the largest described human protein 

(Labeit et al. 1990). This giant protein extends from the M-line to the Z-line and is believed to 

have multiple roles in skeletal muscle including assembly and length of thick filaments (Labeit 

et al. 1992; Houmeida et al. 1995), maintenance of the sarcomere integrity (Gregorio et al. 

1998) and cell signaling through its autocatalytic serine kinase domain (Mayans et al. 1998; 

Lange et al. 2005). TTN mutations have been reported in a wide spectrum of diseases and can 

lead to a pure cardiac phenotype, a pure skeletal muscle phenotype, or to a mixed phenotype 

(Chauveau, Rowell, and Ferreiro 2014). The large size of the gene and the high number of 

isoforms challenge the assessment of the pathogenicity of TTN variations (Granzier et al. 2000; 

Savarese, Jonson, et al. 2018) and the interpretation requires the combination of data from 

different sources such as the evaluation of the clinical phenotype and study of the RNA 

(Savarese, Maggi, et al. 2018). 

Aim of the study 

The aim of the study was to identify TTN patients in the MYOCAPTURE cohort and to give 

a thorough description and classification of the histopathological and ultrastructural skeletal 

muscle lesions caused by TTN mutations.  

Results 

The patients were clinically divided into four groups and the histological and ultrastructural 

hallmarks of each groups were analyzed by light and electron microscopy (Table 2). The first 

group encompassed ten patients with congenital myopathy, the second group four patients with 

Emery-Dreifuss-like myopathy and the third group four patients with adult-onset distal 

myopathy. All carried compound heterozygous or homozygous TTN mutations. The fourth 

group reported patients with hereditary myopathy with early respiratory failure, and we 

identified heterozygous or homozygous TTN mutations in exon 344. Despite the high clinical 

heterogeneity, patients of all groups presented with internalized nuclei on muscle biopsies, and 

ultrastructural analyses revealed myofibrillar anomalies characterized by M-band disruption 

and intact Z-lines, a combination of ultrastructural features previously undescribed in patients 

with myopathies. 
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Conclusion 

We reported 15 new patients harboring TTN mutations and described and compared the skeletal 

muscle histopathology and ultrastructure of a total of 23 TTN patients, including eight 

previously reported cases (Carmignac et al. 2007; De Cid et al. 2015; Hackman et al. 2008; 

Evila et al. 2016).  This study showed that there is no clear genotype/phenotype correlation 

between the type and location of mutations, and the severity of the disease. However, the 

comprehensive histological and ultrastructural characterization is expected to provide 

additional clues for the interpretation of the pathogenicity of TTN variations, especially for 

patients carrying TTN variations of unknown significance and presenting typical histological 

findings of titinopathy. 

Contribution 

I identified TTN mutations in nine patients and confirmed the segregation in the families by 

Sanger sequencing. I summarized the genetic information and wrote the genetic part of the 

publication. 
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Abstract
Titin-related myopathies are heterogeneous clinical conditions as-

sociated with mutations inTTN. To define their histopathologic
boundaries and try to overcome the difficulty in assessing the patho-
genic role ofTTNvariants, we performed a thorough morphological
skeletal muscle analysis including light and electron microscopy in
23 patients with different clinical phenotypes presenting pathogenic
autosomal dominant or autosomal recessive (AR) mutations located
in differentTTNdomains. We identified a consistent pattern charac-
terized by diverse defects in oxidative staining with prominent nu-
clear internalization in congenital phenotypes (AR-CM)
(n¼10),6 necrotic/regenerative fibers, associated with endomysial
fibrosis and rimmed vacuoles (RVs) in AR early-onset Emery-Drei-
fuss-like (AR-ED) (n¼4) and AR adult-onset distal myopathies
(n¼4), and cytoplasmic bodies (CBs) as predominant finding in he-
reditary myopathy with early respiratory failure (HMERF) patients
(n¼5). Ultrastructurally, the most significant abnormalities, partic-
ularly in AR-CM, were multiple narrow core lesions and/or clear
small areas of disorganizations affecting one or a few sarcomeres
with M-band and sometimes A-band disruption and loss of thick fil-
aments. CBs were noted in some AR-CM and associated with RVs
in HMERF and some AR-ED cases. As a whole, we described recog-
nizable histopathological patterns and structural alterations that
could point toward considering the pathogenicity ofTTNmutations.

Key Words: Congenital myopathies, Electron microscopy, M-line
disruption, Muscle histopathology, Sarcomere disorganizations,
Titin, TTN-related myopathies.

INTRODUCTION
Titin is the largest human protein (33 000 amino acids)

(1, 2) and is encoded by theTTN gene (OMIM *188840) on
chromosome 2q31 (3…5). Titin is expressed in both skeletal
and cardiac muscles (6…8) and is located in the sarcomere
extending from the Z-disc to the M-line (9). Its amino-terminal
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domain is anchored to the Z-disc interacting with many pro-
teins at this level (10…12). The I-band region is responsible of
the elastic property of the protein (13, 14) whereas the A-band
region represents the largest part of the protein and is a rigid
portion tightly associated to myosin, providing stabilization to
the sarcomere (5). The carboxy-terminal domain contains a ki-
nase domain. At this level, titin filaments from the adjacent
half-sarcomere overlap and connect with other protein ele-
ments such as myomesin (15) and calpain 3 (16). Titin has a
critical role in the maintenance of the sarcomere structure dur-
ing the contraction (17…19).

Next generation sequencing (NGS) approaches have led
to an exponential increase in the number of identified muta-
tions, either pathogenic mutations or changes of unknown sig-
nificance, in TTN. To date, mostly through NGS methods,
TTNmutations have been associated with a large spectrum of
clinical conditions ranging from isolated dilated or hypertro-
phic cardiomyopathies (MIM #604145; MIM #613765) (20…
23) to numerous skeletal muscle myopathies (MIM #600334,
MIM #608807, MIM #603689, MIM #611705) (24…26). How-
ever, not all rareTTN variants are associated with a disease
and in this respect a recent study by Savarese et al highlighted
how challenging is the assignment of new mutations to a plau-
sible titinopathy (27) and that, in all likelihood, new pheno-
types may emerge in the future. For this reason,
histopathological phenotype and genotype correlations are of
critical importance, particularly because functional studies are
possible only for some mutations located in specificTTN
domains (28).

Histopathological changes inTTN-related myopathies
are markedly variable as reported in muscle biopsies from
patients with tibial muscular dystrophy ([TMD]; MIM
#600334) and limb-girdle muscular dystrophy 2J ([LGMD2J];
MIM #608807) with rimmed vacuoles (RVs) (29, 30), or he-
reditary myopathy with early respiratory failure ([HMERF];
MIM #603689) with cytoplasmic bodies (CBs) (31…35).
Moreover, increased nuclear internalization and deficits in ox-
idative staining described as minicores/minicore-like lesions
have been reported in early-onset myopathies (28, 36, 37).
Nevertheless, to date, a systematic and exhaustive skeletal
muscle histopathologic and ultrastructural analysis have not
been performed in large cohorts ofTTN-related conditions.

In order to define histopathologic boundaries ofTTN-
related myopathies and help both clinicians and geneticists
supporting the pathogenic role ofTTN variants, we report a
systematic histopathological and ultrastructural analysis of 23
patients with TTN mutations presenting different clinical
phenotypes.

MATERIALS AND METHODS

Patients
Twenty-three patients (14 male and 9 female) of various

ethnic backgrounds were included in the present study.
Patients P1 to P10, P14, and P17 to P20 (n¼15) are reported
herein for the first time. Part of the clinical, pathologic or ge-
netic data from patients P11 to P13, P15, P16, and P21 to P23
(n¼8) have been previously reported (35, 38…41). Clinical

data of these patients were systematically retrieved and retro-
spectively analyzed (Table 1). Patients were classified into 4
groups according to their clinical features as follows: Group 1:
Autosomal recessive congenital myopathy (AR-CM) (n¼10);
Group 2: Autosomal recessive early-onset Emery-Dreifuss-
like myopathy without associated cardiomyopathy (AR-ED)
(n¼4); Group 3: Autosomal recessive young or early-adult
onset distal myopathy (AR-DM) (n¼4); and Group 4:
HMERF (n¼5). All patients underwent open biopsy for mor-
phological and histochemical analyses of fresh-frozen skeletal
muscle tissue.

Mutation Analysis
Patients or parents gave informed consent for the genetic

analysis and DNA storage according to French legislation
(Comit�e de Protection des Personnes Est IV DC-2012-1693).
Genomic DNA was extracted from blood or frozen skeletal
muscle by standard methods. DNA was studied by direct se-
quencing of exons ofTTNgene or exome sequencing. Exome
sequencing was performed for patients P1, P2, P3, P4, P5, P7,
P8, P9, P10, P17, P18, and P19 with the SureSelect Human
All Exon 50 Mb Capture Library v5, P6 and P14 with SureSe-
lect Human All Exon Capture Library v6 (Agilent, Santa
Clara, CA) and paired-end sequenced on a HiSeq 2500 (Illu-
mina, San Diego, CA). Confirmation of variants and segrega-
tion was performed by Sanger sequencing of genomic DNA
and cDNA (Transcript variant IC, References Sequences
NM_001267550.2), with standard techniques. P20 mutations
were determined by Sanger sequencing. Sequencing
primers are available on request. PCR was performed with
DreamTaq DNA polymerase according to standard protocol
(Fermentas, Waltham, MA). PCR products were sequenced on
an ABI3730xl DNA Analyzer (Applied Biosystems, Foster
City, CA), using the Big-Dye Terminator v3.1 kit and ana-
lyzed with Sequencher 5.0 software (Gene Codes Corp., Ann
Arbor, MI).

Morphological Studies
Open muscle biopsy was performed for all patients after

informed consent. Age at biopsy varied from 1 month (P9) to
71 years (P20). The biopsied muscle is reported inTable 2.
Samples were analyzed either in our research laboratory at the
Myology Institute in Paris, France, or at the Neuropathology
laboratory of FLENI-Institute and J.P. Garrahan Hospital in
Buenos Aires, Argentina, or at the Department of Pathology,
Sahlgrenska University Hospital in Gothenburg, Sweden. For
conventional histochemical techniques, 10-l m-thick cryostat
sections were stained with hematoxylin and eosin (H&E),
modified Gomori trichrome, periodic acid Schiff technique,
Oil red O, reduced nicotinamide adenine dinucleotide
dehydrogenase-tetrazolium reductase (NADH-TR), succinic
dehydrogenase, cytochrome c oxidase, menadione-nitro blue
tetrazolium and adenosine triphosphatase preincubated at pH
9.4, 4.63, 4.35. Digital photographs of each biopsy were
obtained with a Zeiss AxioCam HRc linked to a Zeiss Axio-
plan Bright Field Microscope and processed with the Axio
Vision 4.4 software (Zeiss, Oberkochen, Germany).
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Electron Microscopy (EM)
Detailed EM analysis was performed in 19 patients

(Table 2). For ultrastructural studies, small muscle samples
were fixed in 2.5%glutaraldehyde, pH 7.4, postfixed in 2%os-
mium tetroxide for 2 hours, dehydrated and embedded in ep-
oxy resin. At least 3 blocks from each patient were studied,
including longitudinal and transverse-oriented samples. Semi-
thin sections were stained by toluidine blue and examined in
light microscopy to select pathological areas. Ultrathin sec-
tions were stained with uranyl acetate and lead citrate. The
grids were observed using a Philips CM120 electron micro-
scope (80 kV; Philips Electronics NV, Eindhoven, The
Netherlands).

RESULTS

Clinical Findings
Clinical summary and laboratory features of all patients

are provided inTable 1.
Group 1: AR-CM patients, P1…P10, showed congenital

hypotonia or early onset diffuse muscle weakness, with con-
genital arthrogryposis or early development of contractures
(P8, P9, and P10); associated cardiomyopathy was found in P7
and P8.

Group 2: AR-ED patients, P11…P13 have been recently
reported (38) and P14 is firstly described in this report.

Group 3: AR-DM patients, P15…P18, showed distal or
proximal-distal early severe muscle weakness of the 4 limbs.
P15 and P16 were described elsewhere (39, 41). P17 and P18
are reported here for the first time.

Group 4: HMERF group included patients P19…P23.
Most of them had adult onset weakness with diaphragmatic re-
spiratory failure. Earlier onset (10 years) has been observed in
P19. Patients P21…P23 were previously reported (35).

Molecular Data
To identify the mutations in patients without a genetic

diagnosis, we performed exome sequencing on genomic DNA
from the patients and their parents. Exome sequencing allows
a fast and parallel screening of most human genes, and is suit-
able and efficient for the diagnosis of neuromuscular diseases
and the analysis of large genes such asTTN (42). This ap-
proach also covers any newly discovered gene for the
disorder.

For all patients, we found known or novel mutations in
TTN(Table 1). These changes were confirmed by Sanger se-
quencing, and their familial segregation validated when paren-
tal DNA was available. Parents of patients P1, P2, P3, P4, P5,
P7, P8, P9, P10, P11, P12, P13, P14, P17, and P18 were
screened to confirm the segregation of the mutations and to
verify thatTTNmutations are on opposite alleles (in trans po-
sition). Most of the patients harbored compound heterozygous
mutations (21 patients), at least one of them was a truncating
mutation (frameshift, nonsense mutation or mutation affecting
an essential splice site) leading to a predicted protein trunca-
tion or degradation (Table 1). The second mutations were
either truncating mutations or rare missense mutations.
Two cases carried homozygous mutations: P11 (AR-ED) andT
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TABLE 2.Patient Data and Summarized Histological Findings
Patient Age at Biopsy Muscle Biopsied Method Light Microscopy Electron Microscopy Reference

Group 1
P1 8 y; 13 y NR LM, EM Well-defined areas of defective oxi-

dative staining, some nuclear
internalizations, type 1 fiber
predominance

Focal and short areas of myofibrillar
disorganization, nuclear internal-
izations; some clear areas with
myofilaments loss, M-line disrup-
tion and almost intact Z-line

PA

P2 7 y Vastus lateralis LM, EM Multiple and well-delimited areas of
uneven oxidative staining, central-
ized nuclei, type 1 fiber
predominance

Focal and multiple areas of myofi-
brillar disarray resembling mini-
cores, nuclear internalizations

PA

P3 3 y Deltoid LM, EM Multiple and well-delimited areas of
uneven oxidative staining, promi-
nent nuclear centralizations, type 1
fiber uniformity

Foci of myofibrillar disorganization
with Z-band streaming running
over few sarcomeres, some large
clear areas with myofilaments
loss, M-line disruption and almost
intact Z-line

PA

P4 7 y Vastus lateralis LM, EM Type 1 fiber predominance, internal-
ized nuclei, uneven oxidative
staining

Focal and multiple areas of
myofibrillar disarray resembling
minicores, nuclear internaliza-
tions, Z-line streaming spanning
all along the sarcomere resembling
•pennantsŽ

PA

P5 31 y Deltoid LM, EM Uneven oxidative staining, numerous
internalized nuclei, type 1 fiber
predominance

Z-line streaming spanning all along
the sarcomere or as small
•pennantsŽ, rare focal areas of
myofibrillar disorganization

PA

P6 49 y Deltoid LM, EM Type 1 fiber predominance, numer-
ous internalized nuclei, uneven ox-
idative staining, increased
interstitial fat and connective tis-
sue, occasional COX negative
fibers.

Z-line streaming spanning all along
the sarcomere or as small
•pennantsŽ, internalized nuclei in
rows, small RVs, focal areas of
myofibrillar disorganization

PA

P7 12 y Deltoid LM, EM Multiple and well-delimited areas of
uneven oxidative staining, promi-
nent nuclear centralizations, type 1
fiber uniformity

Focal and multiple areas of myofi-
brillar disarray resembling mini-
cores, granular streaming spanning
all along the sarcomere or as small
•pennantsŽ, internalized nuclei

PA

P8 23 y Deltoid LM, EM Prominent nuclear centralizations,
type 1 fiber uniformity, presence
of rare areas of uneven oxidative
staining

Z-line streaming spanning along the
sarcomere or as small •pennantsŽ,
internalized nuclei

PA

P9 1 m Vastus lateralis LM, EM Fiber caliber variation, many small
fibers, internalized nuclei, uneven
oxidative staining, fuchsinophilic
protein inclusions

Focal and multiple areas of myofi-
brillar disarray resembling mini-
cores, clear areas with loss of
myofilaments with almost intact
Z-line, CBs, numerous fibers with
marked sarcomere disorganization

PA

P10 4 m; 4 y Vastus lateralis LM, EM Fuchsinophilic protein inclusions,
uneven oxidative staining, nuclear
internalizations

CBs, nuclear filamentous inclusions,
atrophic fibers with degenerated
myofibrils, duplication of triads

PA

(continued)
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TABLE 2. Continued

Patient Age at Biopsy Muscle Biopsied Method Light Microscopy Electron Microscopy Reference

Group 2
P11 7 y Deltoid LM, EM Necrotic/regenerating fibers, some

nuclear internalizations, and type
1 fiber predominance

Clear areas with loss of myofila-
ments with almost intact Z-line,
internalized nuclei

(38) (P1)

P12 43 y; 52 y Deltoid LM, EM Rare necrotic/regenerating fibers,
nemaline bodies, RVs, uneven ox-
idative staining, and some nuclear
internalizations

CBs, sometimes with dense material
in the peripheral halo, nemaline
bodies, nuclear tubulo-filamentous
inclusions, RVs/AV, clear areas
with loss of myofilaments with al-
most intact Z-line, internalized
nuclei

(38) (P2)

P13 9 y Vastus lateralis LM, EM Type 1 fiber predominance, rods,
RVs, uneven oxidative staining,
internalized nuclei, necrotic and
regenerative fibers

CBs, sometimes with dense material
in the peripheral halo, nemaline
bodies, tubulo-filamentous mate-
rial, RVs, and filamentous nuclear
inclusions, focal Z-line streaming
spanning all along the sarcomere
or as small •pennantsŽ.

(38) (P3)

P14 47 y Deltoid LM, EM Uneven oxidative staining, internal-
ized nuclei, increased interstitial
connective tissue, occasional COX
negative fibers

Z-line streaming spanning all along
the sarcomere or as small
•pennantsŽ, mini-cores, internal-
ized nuclei, nemaline rods in some
fibers, mitochondrial
abnormalities

PA

Group 3
P15 42 y Deltoid LM, EM Uneven oxidative staining, internal-

ized nuclei
Clear areas with loss of myofila-

ments with almost intact Z-line, Z-
line streaming spanning all along
the sarcomere or as small
•pennantsŽ, large areas of protein
material and myofibrillar loss, in-
ternalized nuclei

(39) (5A)
(40) (C1)
(41) (B)

P16 69 y Deltoid LM, EM Uneven oxidative staining, internal-
ized nuclei

Z-line streaming spanning all along
the sarcomere or as small
•pennantsŽ, large areas of accumu-
lated protein material with myofi-
brillar loss.

(39) (5B)
(40) (C2)
(41) (C)

P17 54 y Deltoid LM Necrotic fibers, few RVs, internal-
ized nuclei, mild uneven oxidative
staining, Type 1 fiber predomi-
nance, mild endomysial fibrosis

NA PA

P18 NS NR LM Few internalized nuclei (only H&E
staining available)

NA PA

Group 4
P19 10 y Deltoid LM, EM CBs, uneven oxidative staining, in-

ternalized nuclei
CBs sometimes with dense protein

aggregates in the peripheral halo,
RVs, Z-line streaming as small
•pennantsŽ, large areas of protein
material and myofibrillar loss,
atrophic fibers with disorganized
internal structure with thin-fila-
ments and small segments of
dense material

PA

(continued)
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P22 (HMERF). Several mutations were previously known or
affected exons already mutated in the disease. The muta-
tions were located in different protein domains (Table 1).
Patients from Group 1 (AR-CM) had the most heteroge-
neous results. Although variants were distributed all along

the protein, they mostly were located within the A-band (9
of 10 cases). I-band was involved in 3 of 10 cases, and both
M-line and Z-line in 2 of 10 cases, respectively. As recently
reported, patients P11…P13 from Group 2 (AR-ED) hadTTN
mutations located in exons coding for the M-line domain

TABLE 2. Continued

Patient Age at Biopsy Muscle Biopsied Method Light Microscopy Electron Microscopy Reference

P20 71 y Peroneus longus LM Rods, CBs fuchsinophilic protein
inclusions, slight increase in endo-
mysial fibrosis, type 1 fiber pre-
dominance, internalized nuclei

NA PA

P21 55 y Deltoid LM, EM Type 1 fiber predominance, CBs,
RVs, uneven oxidative staining,
internalized nuclei

CBs sometimes with dense material
in peripheral halo, protein inclu-
sions, RVs, large areas of protein
material and myofibrillar loss, in-
ternalized nuclei

(35) (L: II-1)

P22 27 y Deltoid LM CBs, RVs, uneven oxidative staining,
internalized nuclei

NA (35) (K: II-1)

P23 48 y Deltoid LM EM CBs, RVs, regenerative fibers, inter-
nalized nuclei

CBs, large areas of protein material
and myofibrillar loss, atrophic
fibers with disorganized internal
structure with thin-filaments and
small segments of dense material

(35) (G: II-2)

Abbreviations:y: years; m: months; NR: not referred; LM: light microscopy; EM: electron microscopy; PA: present article; CBs: cytoplasmic bodies; RVs: rimmed vacuoles;
NA: not available; H&E: hematoxylin and eosin.

FIGURE 1. Histochemistry from group 1 patients (AR-CM). P3 (A…C): (A) H&E. Presence of numerous fibers harboring
centralized nuclei. (B) NADH. The majority of muscle fibers show multiple and irregular areas of defective oxidative reaction. (C)
ATPase 9.4. Type 1 fiber predominance. P5(D…F): (D) H&E. Great fiber size diameter variation and presence of multiple nuclear
internalization in numerous fibers. (E) NADH. Multiple and irregular centrally placed areas of defective oxidative reaction. (F)
ATPase 9.4. Type 1 fiber predominance.
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(Mex1…Mex3) (38). P14 showed a similar phenotype with
severe proximal weakness mainly in lower limbs and limita-
tion in abduction of the arms due to mild contracture of the
shoulder, but mutations were located in exons 363/Mex5
and 94 (I-band). In Group 3 (AR-DM), a combination of
Mex5/Mex6 mutations and a second mutation involving
A-band domain was present in all patients (39…41). Finally,
HMERF patients carried several reported mutations in exon
344 (35). We studied Calpaine 3 on Western blot in 5
patients (P6, P11, P12, P13, and P14). Four patients (P11,
P12, P13, and P14) harboring at least one mutation in

different TTN exons coding for M-line domain (Mex) had
calpain deficiency without mutations inCAPN3.

Morphological Findings
Detailed histopathologic analysis is reported inTable 2.
Group 1: AR-CM (P1-P10) (Figs. 1and2). Muscle biop-

sies from all cases showed multiple small irregular and ran-
domly distributed areas of reduced/absent oxidative activity or
better-defined core areas (P1, P2, P3, P7) associated with mild
fiber size variability, type 1 fiber predominance and increased

FIGURE 2.Electron microscopy studies from Group 1 patients (AR-CM).(A, B) P3. Characteristic lesions showing evident loss of
thick myofilaments with M-line and A-line dissolution and slight fragmentation of Z-line involving a few or several sarcomeres
and myofibrils. (C, D) P5 and P7. Small areas of myofibrillar disarray involving one or few sarcomeres with dispersion of Z-line
material resembling small •pennantsŽ. (E) P1. Focal and large area of myofibrillar disorganization with Z-line streaming and
paucity of mitochondria. (F) P1. Small area of sarcomeric disarray with accumulation of Z-line material spanning one sarcomere.
Areas of myofibrillar disorganization extended through the adjacent myofibrils.

�Avila-Polo et al J Neuropathol Exp Neurol€ Volume 77, Number 12, December 2018

1108

�'�R
�Z

�Q
�O

�R
�D

�G
�H

�G
���I�U

�R
�P

���K
�W

�W
�S

�V
�������D

�F
�D

�G
�H

�P
�L�F

���R
�X

�S
���F

�R
�P

���M
�Q

�H
�Q

���D
�U

�W
�L�F

�O
�H

���D
�E

�V
�W

�U
�D

�F
�W

��
���������������������������������������E

�\���3�U
�R

�I�����3���&
�K

�D
�P

�E
�R

�Q
���X

�V
�H

�U
���R

�Q
���������0�D

�\����������



nuclear internalizations (Fig. 1A…F). Increased frequency of
nuclear centralizations was evident in 4 cases (P2, P3, P7, P8).
In addition, P9 and P10 displayed numerous CBs in atrophic
fibers. Using EM, we identified variable length sarcomere
disorganizations characterized by (i) clear small areas of
M-line dissolution by subsequent disintegration of thick fila-
ments, running along one or a few sarcomeres with preserva-
tion of the Z-line structure (P1, P3, P7, P9) (Fig. 2A, B); some
areas of myofibrillar disorganization extended through the ad-
jacent myofibrils; (ii) focal areas of diffusion of Z-line mate-
rial resembling small •pennantsŽ starting from the Z-line (P4,
P5, P6, P7, P8) (Fig. 2C, D); sometimes, the electron dense
material appeared to span the full width of a sarcomere
(Fig. 2F); (iii) many focal areas of sarcomeric disruption af-
fecting a few sarcomeres with Z-line streaming and sharp lim-
its from the adjoining normal sarcomeres with paucity of
mitochondria, evoking classical minicores (P1, P2, P3, P4, P6,
P7, P9) (Fig. 2E). Moreover, P9 and P10 showed additional
changes as CBs (P9, P10), nuclear inclusions corresponding to
tubulofilamentous aggregates (P10), duplication of triads
(P10) or atrophic fibers showing disorganized internal struc-
ture with thin filaments and small segments of dense Z mate-
rial (P9, P10). Internalized/centralized nuclei were common in
most of the cases.

Group 2: AR-ED (P11…P14) (Figs. 3A…C, 4). Muscle bi-
opsies showed a dystrophic pattern with marked fiber size var-
iability, necrotic and regenerative fibers, endomysial fibrosis,
numerous RVs and sometimes rods or CBs (Fig. 3A…C). In ad-
dition, irregularities in oxidative staining were also evident in

most of the cases. Ultrastructural study showed also the pres-
ence of clear small and focal areas of sarcomere M-line disso-
lution spanning one or a few sarcomeres with almost complete
preservation of the Z-line (P11, P12) (Fig. 4A, B), and dense
Z-line material disrupted (Fig. 4C), or resembling small
•pennantsŽ (P13, P14). CBs were observed in P12 and P13;
some of them showed small segments of dense material
among the thin filaments in the peripheral halo. Moreover,
nemaline bodies (P12, P13, P14) with the characteristic square
lattice structure (Fig. 4D), RVs containing degradation prod-
ucts (P13, P14), tubulofilamentous sarcoplasmic (P13) and nu-
clear inclusions (P12, P13) were also observed.

Group 3: AR-DM (P15…P18) (Figs. 3D…F, 5A…C). Mus-
cle biopsies showed mild irregular disorganizations at oxida-
tive staining associated with mild to moderate myopathic
changes (Fig. 2D…F). Few necrotic and regenerative fibers, as
well as RVs in sparse fibers were evident in P17. By EM, we
showed the presence of small and focal areas involving one
sarcomere as clear areas with loss of myofilaments including
M-line dissolution with almost intact Z-line (P15) (Fig. 5A),
Z-line diffusion spanning all along the sarcomere (Fig. 5B) or
resembling small •pennantsŽ (P15, P16), or large areas of ac-
cumulated dark protein material and myofibrillar striation loss
(P15, P16) (Fig. 5C).

Group 4: HMERF (P19…P23) (Figs. 5D…F, 6). All biop-
sies showed internalized nuclei (Fig. 6A), and numerous fuch-
sinophilic inclusions corresponding to CBs, presenting a
remarkable circular disposition in some fibers in P19 and P21
(Fig. 6B…D). By EM some CBs showed small electron dense

FIGURE 3.Histochemistry from Group 2 (AR-ED) and Group 3 patients (AR-DM).(A…C)P13 (AR-ED):(A) H&E. Presence of great
round fibers size variation with numerous atrophic fibers, some necrotic fibers, rimmed vacuoles (arrow), internalized nuclei and
endomysial fibrosis. (B) NADH. Numerous fibers showing diffuse alterations of oxidative staining conferring a lobulated aspect
to smaller fibers. (C) Type 1 fiber predominance. (D…F)P17 (AR-DM). (D) H&E. Fibers type variation, prominent nuclear
internalizations and mild endomysial fibrosis, necrotic/regenerative fibers (arrow). Presence of some rimmed vacuoles (GT in top
right corner). (E) NADH. Irregular areas of uneven oxidative staining.(F) ATPase 9.4. Marked type 1 fiber predominance.
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amorphous inclusions among the thin filaments in the periph-
eral halo (P19 and P21) (Fig. 5D, E). Widespread abnormal
areas corresponding to accumulated filamentous material and
damage of myofibrils with loss of striations were frequently
observed (P19, P21, P23). Furthermore, we rarely found focal
sarcomere disruptions with small •pennantsŽ starting from the
Z-line (P19, P23). Eventually, we encountered some atrophic
fibers with completely disorganized internal structure and rods
(P19), and rimmed/autophagic vacuoles (P19, P21, P23)
(Fig. 5F).

Summary
Overall, Group 1 (AR-CM) was characterized by multi-

ple and small particular areas of sarcomere disorganization
distributed through the muscle fibers. In AR-ED and AR-DM,
sarcomere disruptions were associated with mild myopathic
changes or moderate dystrophic pattern6 RVs. In HMERF
patients, CBs were the main feature, with a typical but not
constant circular peripheral distribution.

As a whole, in all muscle biopsies we identified variable
sarcomere disruptions suggesting a loss of sarcomeric

scaffolding as common histopathologic lesions associated
with TTNpathogenic mutations.

DISCUSSION
TTN-related myopathies comprise a large group of dif-

ferent clinical entities (24…26). The relatively recent employ-
ment of NGS techniques has led and probably will continue to
lead to increased numbers of genetic variants described in
TTNas well as new associated clinical phenotypes (28, 38, 43,
44). Our study focuses on the description of recessiveTTN
cases and HMERF cases. Interestingly, while HMERF is usu-
ally a dominant disorder, P22 presented with homozygous
p.Pro31732Leu mutation. This mutation (initially described as
p.Pro30091Leu) was reported by Palmio et al in 2014 as a
semirecessive mutation since some heterozygous carriers
don•t develop a disease and some do (37). An outstanding di-
agnostic challenge is the assignment of a pathogenic value to
the already huge and still increasing number ofTTNsequence
variants identified with NGS (27). Moreover, reliable func-
tional tests for the interpretation of single variants are lacking.
However, considering the high number of variants of uncertain
significance in theTTN gene, confrontation of molecular,

FIGURE 4.Electron microscopy from Group 2 (AR-ED) (A) P12. Distinctive lesion showing loss of myofilaments with M-line
dissolution, disintegration of thick filament and almost preserved Z-line, involving a few sarcomeres and myofibrils; (B) Clear
areas of myofibrillar disintegration extending to the adjacent sarcomeres corresponding to dissolution of M-band structure, with
almost intact Z-line. (C) P14. Small areas of disorganization of the structure with Z-line material accumulation occasionally
reminding a classical minicore. (D) P12. Cytoplasmic elongated nemaline bodies (rods), with the characteristic square lattice
structure (in top right corner).
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clinical and morphological data is crucial for the establishment
of the molecular diagnosis.

With the morphological studies of 23TTN mutated
patients, we intended to correlate specific histopathological
lesions with each different clinical group of patients. AR-CM
patients (P1…P10) from Group 1 presented a typical congenital
myopathy phenotype (Table 1). Cardiomyopathy was present
in 2 cases (P7 and P8) and was reported in a clinically affected
sister of P2. All patients harbored recessive compound hetero-
zygous mutations in different exons ofTTNinvolving different
domains but predominantly located in the A-band. Muscle bi-
opsies showed disorganizations of the mesh of the intermyofi-
brillar network at oxidative staining as predominant findings,
associated with type 1 fiber predominance, internalized or cen-
tralized nuclei, corresponding to some extent to previously de-
scribed pathological spectrum of the disorder (28, 36, 37).
Nevertheless, ultrastructural studies (Table 2) consistently
revealed common and relevant features: (1) small clear areas of
focal myofibrillar disintegration with loss of thick filament cor-
responding to dissolution of M-band structure, and sometimes
also A-band, with almost intact Z-line (Figs. 2A, B, 7A, B); (2)
areas with Z-line diffusion spanning all along the sarcomere, or
resembling small •pennantsŽ (Fig. 2C, D, F); and (3) focal
myofibrillar disorganizations with Z-line streaming and paucity
of mitochondria, involving a few sarcomeres (Fig. 2E).

Patients from Group 2 with AR-ED (P11…P14) harbored
compound heterozygous (P12, P13, P14) or homozygous
(P11) mutations involving M-line protein domains. Muscle bi-
opsies had a variably severe dystrophic pattern with RVs, rods
and CBs. Our detailed ultrastructural analysis allowed

disclosing the presence of distinctive small and focal areas of
sarcomere disorganizations with M-line dissolution in all
patients (Fig. 4A, B). Some of CBs had an atypical aspect with
small dense material in the peripheral halo (Table 2).

Group 3 patients P15 and P16 were originally consid-
ered as severe early-onset TMD with proximal involvement
(39), and shared a mutation in exon 363/Mex5 but harbored
different second truncating mutations that explained their
more severe phenotype (39…41) allowing them to be redefined
as AR-DM. P17 and P18 harbored the same 2 mutations in
exons 364/Mex6 and 274. Muscle biopsies revealed multiple
nuclear internalization and uneven oxidative staining. Mild
variability in the size of the fibers, slight increase in endomy-
sial connective tissue and some RVs were evident in P17. EM
mainly showed both focal and large areas of disorganizations
with myofibrillar/filaments loss (Fig. 5A…C) (P15 and P16).

Group 4 included HMERF patients (P19…P23) charac-
terized by severe early respiratory insufficiency with variable
degree of muscular involvement. P19 showed uncommon
early-onset at 10 years old. All the patients harbored missense
TTN mutations in the sameTTN exon 344 (35). Presence of
CBs was the common and most prominent histological feature
(Fig. 6). CBs were preferentially subsarcolemmal, sometimes
with a circular peripheral distribution of CBs as described
(45). EM disclosed that some of them harbored the presence
of short segments of dense material in the peripheral halo
(Fig. 5D, E). Variable length of sarcomere disorganizations
has also been reported in biopsies from HMERF patients (34,
45…47). Our cases showed mainly large areas of protein
material deposit (P19, P21, P23) and Z-line streaming

FIGURE 5.Electron microscopy studies from Group 3 (AR-DM). (A) P15. Loss of myofilaments with M-line dissolution (in the
central area of the image) and preserved Z-line involving one sarcomere; and in a small part are noted reminiscent of M-band.
(B) P16. Streaming of dark material starting from the Z-line and spanning all along the sarcomere; (C) P15. Large areas of
accumulated filamentous/granular material and myofibrillar striation loss. EM studies from Group 4 (HMERF). (D) P21. Muscle
fiber with subsarcolemmal cytoplasmic bodies disposed in a circle. (E) P21. Compact central area of a cytoplasmic body
harboring small electron-dense structures in the peripheral region. (F) P19. Autophagic material and cellular debris.
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resembling small •pennantsŽ (P19, P23). Atrophic fibers
showed complete sarcomere disorganization, rods and
rimmed/autophagic vacuoles (P19, P21).

As a whole, we identified here thatTTN pathogenic
mutations cause a large spectrum of histopathologic lesions
always associated with particular sarcomere disruptions. Al-
though one could imagine that the presence of sarcomeric pa-
thology is as an expected finding related to the loss of titin
intrinsic properties, the above mentioned particular sarcomeric
disruption presented common elements such as focal myofi-
brillar disintegration with loss of thick filament corresponding
to dissolution of M-band structure, with almost intact Z-line,
that we have never observed in the EM analyses of muscle bi-
opsies from other congenital diseases. The sarcomere disrup-
tion observed initially on the band M as shown inFigure 7A…
D, then inFigures 2Band 5A, can be extended later on the
whole of the sarcomere structure, as shown inFigures 2Aand
4A. The dissolution of M line with almost intact Z line could
be considered as an early lesion (Fig. 7) and, clearly, there
may be different degrees of disruption of the sarcomere. Thus,
these lesions might be considered as a common and priming
myofibril damage that successively lead to the development of
multiple and variable histopathological alterations.

Of note, these restricted and focal sarcomere abnormali-
ties identified in TTN-related myopathies appear different
from classical cores or minicores lesions as observed in myop-
athies related toRYR1(OMIM *180901) andSEPN1(OMIM
*606210) genes. Indeed, ultrastructurally, typical cores found
in RYR1mutated patients correspond to wide areas of com-
pacted and disorganized myofibrils, with Z-line streaming and
absence of mitochondria extending over numerous sarcomeres
or almost along the full length of the fibers; they are sharply
demarcated from the normally structured zones of the muscle
fibers (48). However, mostly inRYR1recessives, the core
areas frequently occupied the whole myofiber cross sectional
and extended to a moderate number of sarcomeres in length
(49). In contrast, the classical minicores as found inSEPN1-re-
lated myopathies have poorly defined borders and are charac-
terized by the presence of multiple foci of myofilamentary
disorganization, with Z-line streaming running over a few sar-
comeres, even if occasionally they are longer; mitochondria
are absent from the altered areas (48). Additionally, and this is
a key point in our work, these •minicoreŽ lesions never appear
as focal clear areas of myofibrillar disruption involving one or
few sarcomeres, with M-line disintegration and some loss of
filaments in the central part of the abnormal areas associating

FIGURE 6.Histochemistry from P21, Group 4 (HMERF).(A) H&E. Fibers size variability and internalized nuclei. Presence of fibers
with cytoplasmic bodies. (B) Modified Gomori trichrome. Fibers show numerous and multiple fuchsinophilic rounded inclusions
corresponding to cytoplasmic bodies. (C) NADH. Areas of defective oxidative staining corresponding to the zone occupied by
the cytoplasmic bodies with particular circular and peripheral distribution. (D) ATPase 9.4 Some fibers harbor areas devoid of
reactions corresponding to the cytoplasmic bodies.
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with almost intact Z-line, as we observed inTTN-related my-
opathies (Figs. 2A, B, 4A, B, 5A).

On the basis of our findings, we aimed at establish a
strong correlation between histopathologic phenotype and ge-
notype that would explain the mechanism underlying the loss
of sarcomere scaffolding. Unfortunately, this was hindered by
the lack of tools for functional studies of the mutations. Fur-
ther studies will also be required to better characterize the
TTN isoforms and their role for muscle function.

In conclusion, our morphological analysis of the muscle
biopsies from 23 patients carryingTTNpathogenic mutations
suggest a recognizable pattern of myofibrillar alteration that
could help in the diagnosis of titinopathies in a complicated
scenario where functional studies are still lacking. Further his-
topathological analyses are needed to assess the exact specific-
ity of these lesions.
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2.1.2 Publication 2: Common and variable clinical, histological, and imaging findings of 

recessive RYR1-related centronuclear myopathy patients (Abath Neto et al. 2017) 

Background 

RYR1 encodes the ryanodine receptor 1, a large intracellular Ca2+ channel specifically expressed 

in skeletal muscle, and mediating the Ca2+ release from the sarcoplasmic reticulum required to 

induce muscle contraction (Franzini-Armstrong and Protasi 1997; Fleischer and Inui 1989). 

RYR1 mutations have previously been associated with various muscle disorders including 

dominantly inherited central core disease (CCD), and recessive multi-minicore disease (MmD) 

and centronuclear myopathies (CNM) (Wilmshurst et al. 2010; Ferreiro et al. 2002; Lynch et 

al. 1999). Functional studies have shown that dominant CCD mutations generate a leaky 

channel, while recessive MmD and CNM mutations cause a reduction of the ryanodine receptor 

protein level (Witherspoon and Meilleur 2016). 

Aim of the study 

This study aimed to identify RYR1 patients in the MYOCAPTURE cohort, and to provide a 

comprehensive clinical, histological, and genetic characterization of patients with RYR1-

related CNM. 

Results 

We described 21 new patients from 18 families with autosomal recessive RYR1-related CNM. 

15 families showed a common mutational pattern: a missense mutation on one parental allele, 

and a truncating mutation on the other allele. These mutations were evenly distributed on the 

gene with no obvious hotspot. The disease typically manifested with hypotonia at birth, and 

with a relatively stable proximal muscle weakness at later stages. All patients presented either 

with ocular defects (ptosis or ophthalmoparesis), facial weakness, or both. Additional skeletal 

deformities and respiratory involvements were also reported. MRI of six patients revealed that 

the vastus lateralis muscle was selectively more affected than the other muscles of the thigh. 

Muscle biopsy analyses showed a high number of centralized nuclei, predominance of type 1 

fibers, and irregularities resembling cores as the major histopathological hallmarks. Electron 

microscopy disclosed that the cores correspond to areas with disruption of the myofibrillar 

architecture. Our study did not reveal a clear genotype/phenotype correlation with regard to 

type or location of the mutations since the clinical presentation of patients with one truncating 

and one missense mutation were as severe as patients carrying two missense mutations.  
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Conclusion 

In this study, we showed that RYR1-related CNM is mainly characterized by a relatively stable 

early-onset proximal and facial/ocular muscle weakness. Dominant RYR1 mutations are mainly 

found in the C-terminal region, believed to be a mutational hotspot in patients with RYR1-

related CCD (Davis et al. 2003). In contrast, we reported 24 novel recessive mutations evenly 

distributed on the gene, and we confirmed that mutations in a large gene like RYR1 can 

efficiently be diagnosed with NGS techniques. 

Contribution 

I identified and verified the segregation of RYR1 mutations in one third of the reported patients.  
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Abstract

Mutations inRYR1give rise to diverse skeletal muscle phenotypes, ranging from classical central core disease to susceptibility to malignant
hyperthermia. Next-generation sequencing has recently shown thatRYR1is implicated in a wide variety of additional myopathies, including
centronuclear myopathy. In this work, we established an international cohort of 21 patients from 18 families with autosomal recessiveRYR1-related
centronuclear myopathy, to better de“ne the clinical, imaging, and histological spectrum of this disorder. Early onset of symptoms with hypotonia,
motor developmental delay, proximal muscle weakness, and a stable course were common clinical features in the cohort. Ptosis and/or
ophthalmoparesis, facial weakness, thoracic deformities, and spinal involvement were also frequent but variable. A common imaging pattern
consisted of selective involvement of the vastus lateralis, adductor magnus, and biceps brachii in comparison to adjacent muscles. In addition to
a variable prominence of central nuclei, muscle biopsy from 20 patients showed type 1 “ber predominance and a wide range of intermyo“brillary
architecture abnormalities. All families harbored compound heterozygous mutations, most commonly a truncating mutation combined with a
missense mutation. This work expands the phenotypic characterization of patients with recessiveRYR1-related centronuclear myopathy by
highlighting common and variable clinical, histological, and imaging “ndings in these patients.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Centronuclear myopathy (CNM) is a form of congenital
myopathy, a heterogeneous group of primary hereditary skeletal
muscle disorders characterized by congenital or early onset of
manifestations, relatively stable course (i.e. absence of overt
progression or at the most slow progression over prolonged
periods), normal or slightly elevated serum creatine kinase
(CK) levels, and characteristic structural abnormalities in
skeletal muscle biopsies[1]. Prominence of centralized nuclei
in a large number of muscle “bers distinguishes CNM from
other typical congenital myopathies. However, typical
pathologic features of congenital myopathy such as type 1 “ber
predominance, and other speci“c “ndings such as necklace-
“bers and radiating sarcoplasmic strands may also be seen[2].
It has classically been grouped into autosomal dominant (AD),
X-linked recessive (XLR), and autosomal recessive (AR)
forms, but most often it is found in a sporadic fashion, leaving
the mode of inheritance unclear in an individual patient until a
“rm molecular diagnosis is established. AD CNM is associated
with DNM2 (MIM *602378), BIN1 (MIM *601248), and
CCDC78(MIM *614666); XLR CNM, also called myotubular
myopathy (MTM), has MTM1 (MIM *300415) as the
implicated gene, while some AR forms are caused byBIN1
(MIM *601248) or SPEG(MIM *615950).

Before the advent of next-generation sequencing,RYR1(MIM
*180901) mutations were found in some sporadic AR cases of
CNM. RYR1mutations cause several phenotypes such as central
core disease, King…Denborough syndrome, and susceptibility
to malignant hyperthermia and rhabdomyolysis.RYR1codes
for the ryanodin calcium channel, which is located on the
sarcoplasmic reticulum and is involved in the excitation…
contraction coupling. Upon membrane depolarization,
conformational changes of the dihydropyridine channel (DHPR)
on the T-tubule trigger calcium release through the ryanodine
receptor and subsequent contraction. In 2010, a de“nite association
of CNM with RYR1was established[3], while a parallel study
demonstrated a novel histopathological pattern showing muscle
“bers with large, poorly de“ned areas of myo“brillar
disorganization and internal nuclei associated with recessive
RYR1 mutations [4]. In both studies, patients showed an
intermediate severity between MTM and AD CNM. After the
introduction of high-throughput sequencing technology, which
made it possible to routinely sequence all 106 exons ofRYR1,
mutations in this gene have been found with increasing frequency
in neuromuscular disorder cohorts[5,6].

In this work, we characterize a large series of patients with a
histological diagnosis of CNM who were found to harbor
recessive mutations inRYR1. This new series in ARRYR1-
related CNM shows a wider phenotypic and genotypic
variability than previously reported, and supports histological
and imaging “ndings associated with this diagnosis.

2. Patients and methods

To assemble a cohort of recessiveRYR1-related patients with
a clinical diagnosis of congenital myopathy and histological
features compatible with CNM, an international collaboration

of multiple centers was established. In Brazil, patients were
recruited after muscle biopsy reports between January 2008 and
December 2013, and totaling around 2500 patient samples in
two large referral neuromuscular centers in the city of Sao
Paulo were screened for the presence of CNM. An expert
muscle biopsy pathologist then reviewed the slides and noted
the salient features. The patients were then recruited for an
initial outpatient consultation and parents were invited to
participate in the study after informed consent was obtained.
Blood samples were taken from patients and parents for DNA
extraction, and patients were Sanger sequenced to evaluate
DNM2, MTM1, andBIN1. Families not harboring pathogenic
variants in these genes were subjected to whole exome
sequencing (WES) and analyzed within the scope of the
Myocapture project, a collaborative ongoing effort aiming to
uncover new gene associations via whole exome sequencing of
1000 individuals from families with myopathy without a
molecular diagnosis after excluding commonly implicated
genes with Sanger sequencing.

Along with Brazilian patients, additional families from
France and Turkey were found in the Myocapture project to be
affected with recessiveRYR1-related CNM and were included
in this study. From the National Institutes of Health (NIH),
Bethesda, MD, USA, we incorporated patients who were
diagnosed through targetedRYR1gene screening after clinical
and histological assessments, including two patients (L.1 and
N.1) who were previously published in a cohort of early onset
RYR1-related myopathies, focusing on the characterization of
phenotypes[7].

2.1. Clinical evaluation

Patients were evaluated either directly via enrollment in the
study or their clinical notes were obtained and reviewed. Data
included medical history (gestational, neonatal, and developmental
history), and general physical and neurological examination.
Motor strength was graded using the Medical Research Council
(MRC) scale. Results of ancillary exams such as CNS imaging,
nerve conduction studies and electromyography, serum CK
levels, pulmonary function tests, polysomnography, EKG and
echocardiogram, when available, were noted. Informed consent
and age appropriate assent was obtained from all participants.
Blood samples and tissue were obtained as part of the standard
clinical evaluation of patients.

2.2. Histological analysis

All biopsies had been collected using an open technique in
the biceps brachii, deltoid or quadriceps muscles, and had the
following staining and histochemistry studies available:
hematoxylin and eosin (HE), modi“ed Gömöri trichrome (GO),
periodic acid…Schiff (PAS), oil-red O (ORO), NADH tetrazolium
reductase (NADH-TR), cytochrome C oxidase (COX), succinate
dehydrogenase (SDH), and ATPase in three different pH values:
9.4, 4.6 and 4.3. Slides were reviewed by an expert muscle
pathologist to note the following histological aspects: “ber size
variability, amount of endomysial and perimysial connective
tissue (graded into mild, moderate or marked); proportion of
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“bers with nuclear centralization or internalization, and “ber
type distribution (graded in percentages); slides were also
evaluated for the presence or absence of “ber type disproportion,
radiating sarcoplasmic strands (RSS), necklace “bers, connective
tissue alterations and/or intermyo“brillar network abnormalities.

2.3. Muscle imaging

Some patients had select muscles evaluated by
neuromuscular experts via muscle ultrasound, using a Philips
ACUSON S2000 Ultrasound System, with settings adjusted for
optimal skeletal muscle visualization, which are available upon
request. Muscles were graded using the Heckmatt scale of
muscle echogenicity from 1 (normal) to 4 (severely affected):
deltoids, biceps, triceps, quadriceps (rectus femoris and vastus
lateralis), gracilis, adductors, hamstrings, tibialis anterior,
soleus, gastrocnemius, and paraspinal muscles[8].

Muscle MRI was available for six patients. Images were
acquired in the axial plane, with STIR and T1-weighted FSE
sequences. Areas of interest were studied in seven regions: right
and left arms (TR= 450 ms; TE= minimal; FOV= 20 cm;
width = 7 mm; gap= 0.5 cm), right and left forearms
(TR = 450 ms; TE= minimal; FOV= 16 cm; width= 7 mm;
gap= 0.5 cm), and hips, thighs and legs (TR= 600 ms;
TE = minimal; FOV= 35 cm; gap= 1 cm), with a total
estimated exam time of one hour. Muscles were evaluated by an
expert neuromuscular radiologist and graded in a scale of fatty
replacement of muscle[9] from 1 (normal appearance) to 4
(severe involvement). One patient had computed tomography
scan of upper and lower limbs, and relative muscle involvement
was also subjectively graded based on the degree of fatty
degeneration by a radiologist on a scale from 1 (normal) to 4
(severely affected).

2.4. Sanger sequencing

Patients included in the Myocapture project had all exons
of theDNM2, MTM1andBIN1genes Sanger-sequenced. Exons
were PCR ampli“ed using oligonucleotides and protocols that
are available upon request, and the resulting PCR product was
sequenced using an ABI 3130 Genetic Analyzer (Applied
Biosystems, Foster City, CA). Sequences obtained were analyzed
using the softwareMutation Surveyor DemoV3.20, in comparison
with the wild type sequence of the genes. Variants identi“ed
were compared to theDNM2, MTM1, andBIN1 gene variant
databases, curated in a Leiden Open Variation Database (LOVD)
system (available athttp://www.dmd.nl/), as well as the Human
Gene Mutation Database (HGMD), public version (available at
http://www.hgmd.org/). To exclude novel variants as possible
polymorphisms, these were compared to human variant frequency
databases, such as EVS (http://evs.gs.washington.edu/EVS/)
and ExAC (http://exac.broadinstitute.org/), as well as to historical
data on the sequencing of these genes in more than 100 individuals
at the lab where the sequencing was performed.

2.5. Next-generation sequencing

Diagnosis of four US patients followed at NIH was carried
out via targetedRYR1sequencing using a high-throughput

sequencing approach. All other patients were initially excluded
for the most common known genes implicated in CNM and
then included in the Myocapture project. Subsequently they
underwent whole exome sequencing using methods with details
available upon request. In short, after quality control, 4� g of
genomic DNA was degraded into 200 base pair fragments via
sonication, capture was done using an Agilent SureSelect All
Exon V5 kit from Agilent (Santa Clara, CA), and sequencing
was performed in HiSeq 2000 sequencers from Illumina (San
Diego, CA). FASTQ sequences were mapped against the
hg19/GRCh37 reference genome using the bwa tool
(http://bio-bwa.sourceforge.net), nomenclature coherence control
and elimination of duplicates in BAM “les was done using the
SamTools (http://samtools.sourceforge.net) and PicardTools
(http://picardtools.sourceforge.net) software suites. Variant calling
was performed using GATK (http://www.broadinstitute.org/gatk),
and annotation of variants used SnpEff (http://snpeff
.sourceforge.net) and SnpSift (http://snpeff.sourceforge
.net/SnpSift.html). For the analysis and “ltering of variants,
the primary author developed a solution using perl scripts to
parse VCF “les into MySQL databases, and subsequently used
SQL scripts in a database management system. A minimum
allele frequency (MAF) of 0.5% in the Exome Aggregate
Consortium dataset (http://exac.broadinstitute.org) was used as
the threshold for polymorphisms. Pathogenic mutations identi“ed
after exome analysis were con“rmed in the proband and tested
for allelic segregation in parents via Sanger sequencing.

3. Results

A total of 21 patients from 18 families were included in this
study. Twelve patients from 9 Brazilian families were diagnosed
with AR RYR1-related CNM after WES in the Myocapture
project. Analysis of around 400 exomes from the Myocapture
project yielded another 5 sporadicRYR1-CNM cases, of which
two families were from Argentina, two from France, and one
from Turkey. The remaining 4 cases, also sporadic, were US
cases evaluated at the NIH.

3.1. Clinical aspects

There was a wide variability in the clinical presentation of
patients in this cohort, but a few common aspects can be
highlighted (Table 1). In almost all patients hypotonia and/or
motor delay were observed either during the “rst year of life or
in early childhood. Only one individual (patient I.1) presented
with frequent falls as their initial symptom. Patients tended to
eventually achieve all motor milestones and followed a stable
clinical course, albeit with a propensity to slightly worsen in
motor function over time. This was more readily seen in older
patients (C.1). Patient ages inTable 1correspond to the most
recent clinical visit reported in their notes or the age at which
they were examined by the primary investigators of this study
upon enrollment. All adult patients had clinical notes available
from their teenage years. On the most severe end of the
spectrum, two female patients were never able to stand or walk
(M.1 and R.1), one was never able to walk independently (K.1),
and another was the only one to lose independent ambulation at
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9 years of age (Q.1), after starting to walk. While O.1 remains
non-ambulant at 19 months of age, it is still early to conclude
that she will not achieve that milestone.

All patients had predominantly proximal muscle weakness.
Although most had some additional involvement of distal
muscle groups, distal weakness was as severe as proximal
weakness in only 4 (M.1, O.1, Q.1, and R.1). Interestingly, these
were overall severely affected, non-ambulant patients. Muscle
strength comparison in agonist/antagonist groups showed that
biceps brachii was more involved than triceps, quadriceps was
weaker than knee ”exors, and hip abductors were weaker than
adductors in most patients. Hip extension and hip ”exion
involvement did not follow a consistent pattern, and different
distal muscle groups tended to be affected to the same degree.
For example, wrist extension was as weak as wrist ”exion, or
foot dorsi”exion was as weak as plantar ”exion.

Facial and ocular muscles were also frequently involved. Of
the 21 patients in the cohort, 9 had ptosis, 13 showed different
degrees of ophthalmoparesis, and 17 were found to have facial
weakness. All patients had either ocular or facial involvement.
Nine reported dif“culties swallowing, with varying degrees of
severity, ranging from mild dysphagia restricted to the “rst
year of life (B.1) to a patient who, in spite of improving
strength otherwise, still requires a nasogastric tube for feeding
at 3 years of age (R.1).

Thoracic deformities of varying degrees of severity were
observed in 10 patients (Fig. 1). Seven had pectus excavatum,
two had unilateral ”attening of the chest, and one had both signs.

Spine involvement was variable, but consistent within families.
While family A had no changes, both patients from family B
had lordosis and scapular winging, and both from family C
had scoliosis. Six patients did not have spinal deformities or
scapular winging, while the remaining had various combinations
of spine involvement: a total of 5 had lordosis, 7 had scoliosis,
and 6 had a rigid spine. Five patients showed scapular winging
(Fig. 1B). Calf hypertrophy was seen in 4 patients, while varying
degrees of contractures were noted in 8. Most patients (15)
had neck muscle weakness predominantly characterized by
neck ”exion weakness.

Respiratory compromise was found in 11 patients, of which
4 had clinical nocturnal hypoventilation symptoms. Patients
with pulmonary function tests showing a decrease in forced
vital capacity to less than 70% of age and sex-matched controls
were considered to have respiratory compromise. There was
no direct correlation between the presence of respiratory
compromise and age, and the presence of thoracic or spine
deformities.

Normal to slightly elevated serum CK level was a consistent
feature in the cohort. No patient had cardiac abnormalities
detected on EKG or echocardiogram, when results were
available.

3.2. Histological aspects

All patients except for B.2 had a muscle biopsy performed as
part of their diagnostic workup, the main features of which are
summarized inTable 2. The age at which biopsies were done

Table 1
Clinical features of compoundRYR1-related CNM patients.

Patient Sex/Age
(years)

Origin Presentation Motor function P/O Fac/Bulb Neck/Resp Thor/Sp Other signs

A.1 M/5 Brazil H, MD Walking Y/N Y/Y Y/N PE/N Mild heel contractures
A.2 F/12 Brazil H, MD Walking Y/N N/N N/N N/N No
B.1 M/12 Brazil H, MD Walking N/N Y/N* Y/N PE/K,L,WS Calf hypertrophy
B.2 F/7 Brazil H, MD Walking N/N Y/N Y/Y N/L,WS Calf hypertrophy
C.1 M/51 Brazil MD Support N/Y Y/Y Y/N N/S Calf hypertrophy, multiple contractures
C.2 F/43 Brazil MD Walking N/Y Y/Y Y/Y D/S,L Multiple contractures
D.1 M/16 Brazil H, MD Walking N/Y Y/N N/Y PE/RS,WS Multiple contractures
E.1 F/6 Brazil H, MD Walking N/Y N/N N/N PE/N No
F.1 F/10 Brazil H, MD Walking N/N Y/Y Y/Y D/K,WS No
G.1 F/5 Brazil H, MD Walking Y/N Y/Y Y/Y N/N No
H.1 F/40 Brazil MD Walking N/Y N/N N/N N/N No
I.1 M/26 Brazil Frequent falls Walking N/Y Y/N N/Y D,PE/RS,S No
J.1 M/8 Argentina H, MD Walking Y/Y N/N Y/N PE/N No
K.1 F/8 Argentina H, MD Never walked Y/Y Y/N N/N N/RS Calf hypertrophy
L.1 F/6 USA H, MD Walking Y/Y Y/N Y/Y N/RS,L,WS Lower extremities contractures
M.1 F/26 USA H Never walked Y/Y Y/N Y/Y N/RS Multiple contractures
N.1 F/4 USA H Walking N/N Y/Y Y/N N/RS,S Multiple contractures
O.1 F/1 USA H Sits without support Y/N Y/Y Y/Y PC/K,S Tracheostomy, nasogastric tube, distal

hyperlaxity
P.1 M/54 France MD Walking Y/Y Y/N Y/N N/L No
Q.1 F/29 France MD Wheelchair at 9 years N/Y Y/N Y/Y N/S Diffuse hyperlaxity, hip luxation
R.1 F/3 Turkey H Never walked N/Y Y/Y Y/Y D,PE/S Tracheostomy, nasogastric tube, multiple

contractures

M: male, F: female, Bulb: bulbar weakness; D: depression/”attening of thorax; Fac: facial weakness; H: hypotonia; K: kyphosis; L: lordosis; MD: motor delay; Neck:
neck ”exor weakness; O: ophthalmoparesis; P: ptosis; PC: pectus carinatum; PE: pectus excavatum; Resp: respiratory involvement; RS; rigid spine; S: scoliosis; Sp:
spine deformities; Thor: thoracic deformities; WS: winged scapulae; y: years.
* Only during infancy.
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ranged from the neonatal period up to late adult life. Muscles
chosen as biopsy sites were roughly evenly distributed among
patients, and there did not seem to be an association between
histology “ndings and the individual choice of sites. Of samples

on which histochemical reactions that differentiate “ber types
were available, all but one (A.2) had type 1 “ber predominance,
and all but two (A.2 and G.1) had “ber type disproportion,
where type 1 “bers were smaller than type 2 “bers. All samples

Fig. 1. Clinical features ofRYR1-related CNM patients. Skeletal involvement can be present in various forms and combinations in different patients. Patient F.1 had
”attening of right hemithorax (A), associated with scapular winging (B) and thoracic kyphosis (C). Patient D.1 showed pectus excavatum (E) and rigidspine (F),
which was also found in Patient I.1 (H). Lumbar lordosis could be observed in Patient B.1 (G). Ocular “ndings are frequent, most often ptosis and ophthalmoparesis,
illustrated in Patient L.1 as restricted left eye abduction on leftward gaze, with normal right eye adduction (D).

Table 2
Muscle biopsy features of compoundRYR1-related CNM patients.

Patient Age at
biopsy (years)

Biopsied muscle % centralization/
internalization

% type 1
“bers

Fiber type
disproportion

Variability Fatty/Connective
tissue

IMA
abnormalities

A.1 0.5 Deltoid 30 70 Yes Moderate No No
A.2 6 Deltoid 30 50 No Mild No Yes
B.1 5 Deltoid 40 70 Yes Moderate Mild Yes
C.1 44 Deltoid 90 80 Yes Marked Moderate Yes
C.2 37 Deltoid 90 80 Yes Marked Moderate Yes
D.1 13 Biceps brachii 70 70 Yes Marked Moderate Yes
E.1 3 Biceps brachii 40 70 Yes Mild Mild Yes
F.1 2 Biceps brachii 50 90 Yes Moderate No No
G.1 2.5 Deltoid 30 60 No No Mild Yes
H.1 38 Biceps brachii 70 70 Yes Mild No Yes
I.1 12 Biceps brachii 50 70 Yes Marked Mild Yes
J.1 1 Vastus lateralis 20 80 Yes Mild Moderate Yes
K.1 2.8 Vastus lateralis 60 80 Yes Mild Mild No
L.1 2.5 Biceps brachii 20 90 Yes Mild Mild Yes
M.1 0.5 Vastus lateralis NA NA NA Marked Marked No
N.1 0.1 Biceps brachii 30 80 Yes Marked Marked Yes
O.1 0.04 Vastus lateralis NA NA NA Marked Mild NA
P.1 8 Deltoid 20 100 Yes Moderate Mild Yes
Q.1 NA NA 70 100 Yes Mild Mild Yes
R.1 1 Vastus lateralis 70 NA NA NA Marked NA

IMA: intermyo“brillary network, NA: not available.
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had an increase in the proportion of “bers with nuclear
centralization or internalization, ranging from 20 to 90% of the
total amount of “bers in muscle sections. We did not “nd RSS
or necklace “bers, histological markers typical of other forms
of CNM, in this muscle biopsy series.

Eleven samples had at least moderate increase in the variability
of “ber size and seven showed moderate proliferation of fatty
and/or connective tissue. The degree of “ber size variability
and extent of connective tissue, as well as the percentage of
“bers with centralized nuclei, tended to increase with age at
which biopsy was taken.Fig. 2 illustrates the percentage of
“bers with centralized nuclei and connective tissue content at
different ages (Fig. 2, A, D, and G: ages 2.5 years, 3 years, and
44 years, respectively, for patients L.1, E.1, and C.1).

Intermyo“brillar network abnormalities (IMA), demonstrated
in oxidative stains as irregular areas sometimes reminiscent of
minicore, moth-eaten “bers, or core-like structures, were observed
in most biopsies (14/20, but in two biopsies the data were
unavailable). There was a slight increase in number and
distinctiveness of the abnormalities with increasing age at the
time of biopsy. While patient J.1•s biopsy, done at 1 year of
age, shows sparse rare disruptions in the IMA (Fig. 2, H), P.1•s
biopsy at 8 years and I.1•s biopsy at 12 years shows frequent
core/targetoid areas (Fig. 2, F and I). However, biopsies of
patients C.2 (Fig. 2, C) and L.1 (Fig. 2, E) showed a very
similar proportion of “bers with washed-out internal architecture,
despite having been sampled at ages 37 and 2.5 years, respectively.
Electron microscopy in a French patient showed that areas
with disruptions of the IMA corresponded to a complete disarray
of normal sarcomeric structures (Fig. 2, D and H).

3.3. Imaging aspects

Skeletal muscle imaging data were available for 10 patients,
and results can be found inTable 3. Six patients had skeletal
muscle magnetic resonance imaging (MRI), 3 had muscle
ultrasound (US) imaging, and 1 had computerized tomography
(CT).

With the exception of patient F.1, with mild to moderate and
almost uniform involvement of different muscle groups, and
patient M.1, with near complete “bro-fatty replacement of
several muscle groups, a few common patterns of muscle
involvement emerged, despite variable severity among various
patients.

Vastus lateralis was the muscle that tended to be the most
involved overall, and in particular it was systematically more
affected than the rectus femoris in all patients but F.1 and M.1
(Fig. 3). Rectus femoris was prone to be less affected distally. In
the medial compartment of the thigh, the adductor magnus was
more affected than the adductor longus and gracilis in seven
patients. Anterior and posterior compartments of the leg showed
similar changes in most patients, but the soleus seemed to be
more affected than the gastrocnemii in only a few (B.2, D.1, and
F.1,Fig. 3).The biceps brachii was at least as involved, and often
consistently more so than the triceps, except for patient L.1.

3.4. Molecular aspects

Analyses of high throughput sequencing data revealed
compound heterozygous mutations inRYR1in all 18 families
(Table 4). Sixteen families had compound heterozygous

Fig. 2. Muscle histology ofRYR1-related CNM patients. Histochemistry of biopsies showed, in addition to prominent nuclear centralization and internalization that
tended to increase with age of biopsy (A, E, I), the presence of oxidative activity irregularities (B, C, F, G, and K), suggesting intermyo“brillary architectural
disorganization. Electron microscopy showed complete sarcomeric disarray in areas corresponding to the oxidative activity abnormalities (D, H).A: HE, 20×
objective; B, G, and K: NADH, 40×; C: SDH, 40×; E and I: HE, 40×; F: SDH, 20×; J and K: NADH, 20×; A and F: patient L.1; B and E: patient E.1; C: patient
C.2; D, H, and K: patient P.1; G: patient I.1; I: patient C.1; J: patient J.1.
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mutations involving a truncating variant (frameshift, stop gain,
or splice site disrupting) in addition to a missense variant. Of
note, in two of these families, one missense variant was shown
to also disrupt adjacent primary splice sites using splice effect
predictor tools: p.Arg1075Gln creates a new acceptor in exon
25 in families F and I and p.Gly2343Ser affects the donor

splicing site at the end of exon 43 in family E. The remaining 2
families harbored two missense variants. Sanger sequencing of
additional family members con“rmed that each variant
segregated from a heterozygous parent. Patient P.1 was the only
one to have ade novo mutation (the splice site mutation
c.6891+ 1G>T).

Table 3
Muscle imaging severity chart for selected patients. Scores vary from 1 to 4, where 1 is least affected and 4 markedly affected. For US, the Heckmatt scale was used.
For MRI and CT, muscles were graded according to Mercuri et al. (2002)[9].

Patient Exam Rectus
femoris

Vastus
lateralis

Sartorius Adductor
magnus

Adductor
longus

Gracilis Tibialis
anterior

Soleus Gastrocnemius
lateralis

Biceps
brachii

Triceps Deltoids Hamstrings Paraspinals

B.1 MRI 3 4 4 4 3 3 3 3 3 3 2 3 3 3
B.2 MRI 3 4 3 4 3 3 3 4 3 3 2 2 3 3
D.1 MRI 3 4 2 4 3 2 3 4 3 3 2 2 3 3
F.1 MRI 2 2 2 2 2 2 2 3 2 2 1 2 2 2
G.1 MRI 3 4 4 4 3 3 3 3 3 2 2 2 3 3
I.1 US 2 3 1 3 2 1 2 3 3 3 2 3 3 3
L.1 US 3 4 3 4 3 2 3 3 3 1 2 2 3 4
M.1 MRI 4 4 4 4 4 4 4 4 4 4 4 3 4 4
N.1 US 3 4 4 4 4 4 1 3 3 3 3 4 3 4
P.1 CT 2 3 2 3 2 2 2 3 3 3 2 2 3 2

MRI: magnetic resonance imaging; US: ultrasound; CT: computed tomography.

Fig. 3. MRI imaging of the lower limbs ofRYR1-related CNM patients. At the level of the thighs, in the four patients shown, vastus lateralis is selectively more
affected than the rectus femoris (A, C, E, and G). At the level of the legs, anterior and posterior compartments seemed to be affected in a similar degree, but the soleus
muscle was selectively more involved in a few patients (D, F). T1-weighted FSE sequence MRI at the level of the thighs (A, C, E, G) and legs (B, D, F, H); patients
B.1 (A, B), B.2 (C, D), D.1 (E, F) and G.1 (G, H).
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Variants were either not present in ExAC or were found with
MAFs lower than 0.001, and none occurred in a homozygous
state. Missense variants had strong pathogenicity prediction in
tools such as PolyPhen-2 (http://genetics.bwh.harvard.edu/
pph2/), SIFT (http://sift.jcvi.org), and CADD (http://cadd.gs
.washington.edu), except for variant p.Ala3298Thr, found in
family B, where pathogenicity prediction tools had con”icting
results. Population frequency of this variant was extremely low
(MAF of 0.0001).

The total number of unique variants found in the families
was 30, of which 9 were known pathogenic mutations causative
of congenital myopathies related toRYR1and the remaining
were previously unreported. Of the known mutations, one
(p.Arg401Cys, in family N) had been previously implicated in
susceptibility to malignant hyperthermia, but neither she nor
her family has a history of such episodes, albeit there was no
exposure of immediate family members to anesthesia with
halogenated anaesthetics or neuromuscular blocking agents.
Mutations found in more than one family included the novel

variants c.6797-6_6798del (families B and H), p.Glu1175Lys
(C, I, and Q), p.Arg1075Gln (F and I), as well as the known
variants p.Val4849Ile (D and K) and p.Val4842Met (J and M).

Mutations were found throughout the entire length ofRYR1,
spanning exons 4 up to 101.

4. Discussion

This study was instituted as an international collaborative
effort to characterize a cohort of ARRYR1-related CNM
patients. Two patients (L.1 and N.1) had been previously
reported in a series of initially severely affectedRYR1-related
cases[7]. The remaining patients have never been reported
before. All patients were found to be compound heterozygous
for RYR1, with at most one null or hypomorphic mutation (stop
gain, frameshift, or splice disrupting). This is consistent with
reports of lethality or extreme severity in patients with bi-allelic
null mutations in RYR1 [15], and of previous cohorts of
recessive RYR1-related patients with biopsies showing
irregularities in the intermyo“brillary network with compound

Table 4
Mutations inRYR1identi“ed in the CNM cohort.

Family Exon/Intron cNomen pNomen Type Effect

A 14 c.1576+ 1G>A Novel ss
44 c.7093G>A p.Gly2365Arg Novel mis

B 42 c.6797-6_6798del Novel ss
66 c.9892G>A p.Ala3298Thr Novel mis*

C 33 c.4837C>T p.Gln1613* Novel stop
26 c.3523G>A p.Glu1175Lys Novel mis

D 65 c.9611C>T p.Ala3204Val Novel mis
101 c.14545G>A p.Val4849Ile Known[10…16] mis

E 43 c.7027G>A p.Gly2343Ser Novel mis, ss
94 c.13672C>T p.Arg4558Trp Novel mis

F 25 c.3224G>A p.Arg1075Gln Novel mis, ss
74 c.10882C>G p.Arg3628Gly Novel mis

G 8 c.725G>A p.Arg242Lys Novel mis
69 c.10348-6C>G Known[15] ss

H 42 c.6797-6_6798del Novel ss
13 c.1342A>T p.Ile448Phe Novel mis

I 25 c.3224G>A p.Arg1075Gln Novel mis
26 c.3523G>A p.Glu1175Lys Novel mis

J 93…100 Novel md
101 c.14524G>A p.Val4842Met Known[3,4,15,17] mis

K 53 c.8372del p.Leu2791Argfs*23 Novel fs
101 c.14545G>A p.Val4849Ile Known[10…16] mis

L 39 c.6295_6351dup p.Ser2099-Val2117dup Known[7] if
85 c.11763C>A p.Tyr3921* Known [7,13,17] stop

M 101 c.14524G>A p.Val4842Met Known[3,4,15,17] mis
75 c.10946_10947insC p.Cys3650Metfs*2 Novel fs

N 12 c.1201C>T p.Arg401Cys Known[7,18…20] mis
47 c.7463_7475del p.Pro2488Hisfs*39 Known[7] fs

O 100 c.14416A>G p.Asn4806Asp Known[17] mis
28 c.3866G>C p.Arg1289Pro Novel mis

P 4 c.325C>T p.Arg109Trp Known[13,17] mis
42 c.6891+ 1G>T Novel ss

Q 26 c.3523G>A p.Glu1175Lys Novel mis
34 c.5444del p.Leu1815Argfs*36 Novel fs

R 20 c.2500_2501dup p.Pro836Glyfs*49 Novel fs
50 c.8024C>A p.Thr2675Lys Novel mis

cNomen: cDNA nomenclature; pNomen: protein nomenclature; fs: frameshift variant; if: in-frame variant; md: macrodeletion; mis: missense variantwith pathogenic
prediction; ss: primary splice site disrupting variant; stop: stop gain variant.
* Unclear pathogenicity.

982 O. Abath Neto et al. /Neuromuscular Disorders 27 (2017) 975…985



heterozygous mutations inRYR1with a null mutation and a
missense change[6]. While several different types of mutation
have been reported inRYR1, a noteworthy variant found in the
cohort consisted of a macrodeletion in the C-terminal region of
RYR1, spanning exons 93…100. This is a rare type of mutation in
RYR1, which has been reported infrequently[21].

A report on genotype…phenotype correlations onRYR1[6]
identi“ed three hot spot regions enriched for mutations in
recessiveRYR1-related myopathies: An N-terminal region
encompassing exons 2…17, a central region including exons
39…46, and a C-terminal hot spot that included exons 85…103. In
our cohort, 6 mutations are found in the N-terminal, 5 mutations
in the central, and 7 mutations in the C-terminal hot spot regions,
respectively. The remaining 14 mutations were found in other
exons, thus we could not observe a strong enrichment of these
hot spots. As genetic tests become cheaper, it may be more
reasonable to sequence the entire coding region ofRYR1in
suspected cases instead of focused targeting of groups of exons.

The cohort of this work was fairly homogeneous concerning
the overall clinical course, with early symptom onset, a
relatively stable course and predominance of proximal
weakness. Other clinical features and severity were more
variable. Facial and ocular “ndings were frequent, but there was
inconsistent skeletal and respiratory involvement. Variability
seemed to be the rule when comparing individual clinical
features in the cohort, even among patients from the same
family. For example, in the mildly affected family A, the
younger boy (Patient A.1) had dysphagia, facial and neck ”exor
weakness, and pectus excavatum, while his sister (Patient A.2)
is only mildly affected, having a history of early hypotonia and
showing mild ptosis. In family B, the older male (Patient C.1)
has a signi“cant motor phenotype with dif“culty walking, while
his younger sister (Patient C.2) has milder motor impairment
but is signi“cantly limited in her respiratory function owing to
marked thoracic and spine deformities.

Consistent with another report[17], no de“nite genotype…
phenotype correlation could be established in this cohort,
especially since patients were all found to have compound
heterozygous variants. In particular, compound null/missense
mutations do not seem to cause more severe disease compared to
compound missense/missense mutations. Another study
suggested that mutations in the C-terminal hot spot region are
associated with a more severe clinical phenotype[6]. However,
we could not con“rm this effect in this cohort; this could be due
to the extensive variability in clinical presentation that occurs in
singleRYR1mutations. Some of these mutations are also known
to demonstrate variability not only in clinical severity, but also
within the phenotypic spectrum of diseases related toRYR1. For
example, heterozygous p.Val4849Ile mutations have been
associated with exercise-induced myalgia, myopathic muscle
biopsies, or asymptomatic individuals[16]. The same variant is
associated with recurrent rhabdomyolysis[16] or central core
disease[14] in a compound heterozygous state and it has been
reported with central core disease and nonspeci“c congenital
myopathy in a homozygous state[10,11,13]. Functional studies
showed it to be unlikely to cause malignant hyperthermia[11]. In
our cohort, p.Val4849Ile was found in two sporadic Latin

American patients withRYR1-related CNM with different
clinical features in association with different variants. The “rst
(Patient D.1) is a 16-year-old male with an axial-predominant
phenotype with thoracic and spinal involvement, while the
second (Patient K.1) is an 8-year-old girl with no axial
involvement who never achieved independent ambulation.

RYR1 is also implicated in susceptibility to malignant
hyperthermia (MH) and exertional rhabdomyolysis[18,22,23].
Even though one of the mutations found in the cohort
(p.Arg401Cys) had been previously associated with MH
[12,18], none of the patients or other members of their families
have had such events. Adding to the complex picture of
phenotypical presentation, this MH-causing mutation has also
been reported in patients with bona “de myopathy[19,20].
Predicting MH susceptibility based on software tools is
unreliable[24]. A de“nite, albeit intricate and not cost-effective
solution to establish MH risk is to perform functionalin vitro
tests in muscle samples of patients affected withRYR1-related
myopathy. In the absence of functional ryanodine channel
activity tests for each speci“c mutation, allRYR1-related
myopathy patients should be considered at risk of MH and carry
a note advising against depolarizing neuromuscular blocking
agents and halogenated inhaled anesthetics.

Skeletal muscle imaging may also help in clinical diagnosis
of patients with pathogenic variants inRYR1. Previous reports
refer to what is considered the typical pattern for muscle
involvement of the lower limbs inRYR1(including AD and not
necessarily CNM patients): 1) selective involvement of the
vastus lateralis with relative sparing of the rectus femoris; 2)
increased involvement of the adductor magnus compared to
adductor longus; 3) Selective involvement of sartorius
compared to gracilis; and 4) Increased involvement of soleus
compared to the gastrocnemii[25]. A more recent study
performed a blinded analysis of a larger cohort and found the
typical pattern to be associated with AD RYR1-related
myopathies and less so with AR RYR1-related myopathies,
especially in the subgroup of patients who also presented with
ophthalmoparesis[26].

In our cohort, the selective involvement of the vastus
lateralis and adductor magnus in the thigh was very consistent,
with 8 and 7 out of 10 patients showing this pattern. However,
we could not observe a more uniform involvement of the
sartorius as opposed to the gracilis, and of the soleus compared
to the gastrocnemii, both of which occurred in only 3 out of 10
patients. We could also not observe a difference in pattern
between patients who presented with ophthalmoparesis and
those without this sign.

Our assessment was limited by the small number of patients
who had muscle imaging data available. Moreover, two patients
in the cohort displayed very homogeneous imaging “ndings,
without any differential involvement or pattern: patient F.1 was
mildly and M.1 severely affected in nearly all muscle groups.

In addition to lower limbs, we were able to assess upper
limbs in all patients who had imaging studies, which showed the
biceps to be more affected than the triceps in 6 out of 10
patients. Triceps was more affected than the biceps in only one
patient. The differential involvement of the biceps may be
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added to the clinical features ofRYR1-related myopathies in
general, and AR CNM in particular, pending con“rmation from
larger studies.

The more pronounced involvement of the vastus lateralis
with relative rectus femoris sparing, while not speci“c, is
suggestive ofRYR1-related myopathies in general and can be
easily evaluated with muscle ultrasound. This exam has the
bene“t of being a less expensive and faster exam than MRI that
can also be performed in small infants without sedation and
represents a reasonable approach in evaluation of a patient with
suspectedRYR1-related myopathy.

Histologically, in addition to the predominance and
disproportionately reduced size of type 1 “bers and variable
increase in nuclear centralization and internalization, the main
feature of the cohort is the presence of irregularities in the
oxidative activity, suggesting a disruption of the normal
intermyo“brillary architecture (IMA). These do not “t the
classical description of well-delineated central cores and can
occur in different forms, from sparse mini-core or moth-eaten
like areas to core/targetoid areas. They do not seem to correlate
with phenotypic severity. Biopsies that did not display these
alterations were performed at ages 2 years or less. Age at biopsy
in our cohort seemed to be relevant for the magnitude of
alterations found in microscopy slides, con“rming what has been
observed before in serial biopsies of an adult patient[27]. While
there are exceptions, proportion of nuclear centralization, IMA
abnormalities, and connective tissue content all tend to increase
with age at biopsy. Concerning IMA abnormalities speci“cally,
in a previous study on a mouse model ofRYR1-related MH,
investigators observed that localized mitochondrial defects lead
to focal disruption of adjacent sarcoplasmic reticulum and T
tubules, followed by progressive formation of cores in sequential
biopsies[28]. We can only speculate whether, given enough
time, all patients withRYR1mutations eventually develop IMA
abnormalities. In the age of fast and comprehensive molecular
tests, it is worth re-evaluating the utility of very early muscle
biopsies, especially in mild cases. If the reason for the muscle
biopsy is to establish pathological con“rmation in cases with
unclear genetic test results, it may be recommended to wait a few
years until late childhood for a better diagnostic yield.
Alternatively, imaging can potentially guide the choice of biopsy
site on selectively more involved muscles, such as the vastus
lateralis. Interestingly, in this series the muscle selected as the
biopsy site was not important to determine the severity of
histopathologic changes. However, in this case series a large
portion of muscle biopsies was taken from biceps or deltoid
muscles. In other cohorts quadriceps is generally the preferred
site. This discrepancy may explain the increased uniformity of
“ndings in our series. Moreover, we do not have imaging and
clinical data matching age at biopsy to properly assess this result.

In summary, the main features of ARRYR1-related CNM
patients are 1) the onset of hypotonia and delayed motor
milestones in infancy, predominant proximal muscle weakness
with a relatively stable clinical course, 2) relative sparing of
rectus femoris on imaging with more involvement of vastus
lateralis, biceps brachii, and adductor magnus muscles, and 3)
type 1 “ber predominance and increase in nuclear centralization/

internalization with age with presence of intermyo“brillary
architecture abnormalities on oxidative stains on muscle biopsy.

RYR1genetics is complex and the gene is implicated in
different, overlapping diseases. As genetic tests become
cheaper and more widespread, we may be able to precisely
determine a patient•s diagnosis based on genetic testing alone,
precluding the need for a muscle biopsy to establish a
histological diagnosis in the “rst instance. Until then, however,
histology and imaging will continue to be useful to inform the
diagnosis, to aid pathogenicity ascertainment of unclearRYR1
variants, and to expand genotype…phenotype correlations.

Acknowledgments

We would like to thank Dr. O. Hank Mayer from the
Children•s Hospital of Philadelphia for the continuing
respiratory care of patients L.1 and N.1.

Funding: This work was supported by the Institut National
de la Santé et de la Recherche Médicale (INSERM), the France
Génomique National infrastructure funded as part of the
Investissements d•Avenir program managed by the Agence
Nationale pour la Recherche (ANR-10-INBS-09) and by
Fondation Maladies Rares within the frame of the •MyocaptureŽ
sequencing project, Association Française contre les Myopathies
(AFM-17088), Muscular Dystrophy Association (MDA-186985),
Myotubular Trust and Sparks the Children•s medical research
charity; OAN was supported by a fellowship from CAPES
Foundation, Ministry of Education of Brazil, process number
1286/51-2.

References

[1] Jungbluth H, Voermans NC. Congenital myopathies: not only a paediatric
topic. Curr Opin Neurol 2016;29:642…50.

[2] Romero NB. Centronuclear myopathies: a widening concept.
Neuromuscul Disord 2010;20:223…8.

[3] Wilmshurst JM, Lillis S, Zhou H, et al. RYR1 mutations are a common
cause of congenital myopathies with central nuclei. Ann Neurol
2010;68:717…26.

[4] Bevilacqua JA, Monnier N, Bitoun M, et al. Recessive RYR1 mutations
cause unusual congenital myopathy with prominent nuclear internalization
and large areas of myo“brillar disorganization. Neuropathol Appl Neurobiol
2011;37:271…84.

[5] Vasli N, Böhm J, Le Gras S, et al. Next generation sequencing for
molecular diagnosis of neuromuscular diseases. Acta Neuropathol
2012;124:273…83.

[6] Amburgey K, Bailey A, Hwang JH, et al. Genotype-phenotype
correlations in recessiveRYR1-related myopathies. Orphanet J Rare Dis
2013;8:117.

[7] Bharucha-Goebel DX, Santi M, Medne L, et al. Severe congenital
RYR1-associated myopathy: the expanding clinicopathologic and genetic
spectrum. Neurology 2013;80:1584…91.

[8] Heckmatt JZ, Leeman S, Dubowitz V. Ultrasound imaging in the
diagnosis of muscle disease. J Pediatr 1982;101:656…60.

[9] Mercuri E, Pichiecchio A, Counsell S, et al. A short protocol for muscle
MRI in children with muscular dystrophies. Eur J Paediatr Neurol
2002;6:305…7.

[10] Jungbluth H, Muller CR, Halliger-Keller B, et al. Autosomal recessive
inheritance of RYR1 mutations in a congenital myopathy with cores.
Neurology 2002;59:284…7.

[11] Ducreux S, Zorzato F, Ferreiro A, et al. Functional properties of
ryanodine receptors carrying three amino acid substitutions identi“ed in

984 O. Abath Neto et al. /Neuromuscular Disorders 27 (2017) 975…985



patients affected by multi-minicore disease and central core disease,
expressed in immortalized lymphocytes. Biochem J 2006;395:259…66.

[12] Robinson R, Carpenter D, Shaw MA, Halsall J, Hopkins P. Mutations in
RYR1 in malignant hyperthermia and central core disease. Hum Mutat
2006;27:977…89.

[13] Zhou H, Jungbluth H, Sewry CA, et al. Molecular mechanisms and
phenotypic variation inRYR1-related congenital myopathies. Brain
2007;130:2024…36.

[14] Kossugue PM, Paim JF, Navarro MM, et al. Central core disease due to
recessive mutations in RYR1 gene: is it more common than described?
Muscle Nerve 2007;35:670…4.

[15] Monnier N, Marty I, Faure J, et al. Null mutations causing depletion of the
type 1 ryanodine receptor (RYR1) are commonly associated with
recessive structural congenital myopathies with cores. Hum Mutat
2008;29:670…8.

[16] Kraeva N, Heytens L, Jungbluth H, et al. Compound RYR1 heterozygosity
resulting in a complex phenotype of malignant hyperthermia susceptibility
and a core myopathy. Neuromuscul Disord 2015;25:567…76.

[17] Klein A, Lillis S, Munteanu I, et al. Clinical and genetic “ndings in a large
cohort of patients with ryanodine receptor 1 gene-associated myopathies.
Hum Mutat 2012;33:981…8.

[18] Davis M, Brown R, Dickson A, et al. Malignant hyperthermia associated
with exercise-induced rhabdomyolysis or congenital abnormalities and a
novel RYR1mutation in New Zealand and Australian pedigrees. Br J
Anaesth 2002;88:508…15.

[19] Pietrini V, Marbini A, Galli L, Sorrentino V. Adult onset multi/minicore
myopathy associated with a mutation in the RYR1 gene. J Neurol
2004;251:102…4.

[20] Duarte ST, Oliveira J, Santos R, et al. Dominant and recessive RYR1
mutations in adults with core lesions and mild muscle symptoms. Muscle
Nerve 2011;44:102…8.

[21] Monnier N, Laquerrière A, Marret S, et al. First genomic rearrangement
of the RYR1 gene associated with an atypical presentation of lethal
neonatal hypotonia. Neuromuscul Disord 2009;19:680…4.

[22] Dlamini N, Voermans NC, Lillis S, et al. Mutations in RYR1 are a
common cause of exertional myalgia and rhabdomyolysis. Neuromuscul
Disord 2013;23:540…8.

[23] Snoeck M, Treves S, Molenaar JP, Kamsteeg EJ, Jungbluth H,
Voermans NC. •Human stress syndromeŽ and the expanding
spectrum ofRYR1-related myopathies. Cell Biochem Biophys 2016;74:
85…7.

[24] Schiemann AH, Stowell KM. Comparison of pathogenicity prediction
tools on missense variants in RYR1 and CACNA1S associated with
malignant hyperthermia. Br J Anaesth 2016;117:124…8.

[25] Jungbluth H, Davis MR, Müller C, et al. Magnetic resonance imaging of
muscle in congenital myopathies associated with RYR1 mutations.
Neuromuscul Disord 2004;14:785…90.

[26] Klein A, Jungbluth H, Clement E, et al. Muscle magnetic resonance
imaging in congenital myopathies due to ryanodine receptor type 1 gene
mutations. Arch Neurol 2011;68:1171…9.

[27] Snoeck M, van Engelen BG, Küsters B, et al. RYR1-related myopathies:
a wide spectrum of phenotypes throughout life. Eur J Neurol
2015;22:1094…112.

[28] Boncompagni S, Rossi AE, Micaroni M, et al. Characterization and
temporal development of cores in a mouse model of malignant
hyperthermia. Proc Natl Acad Sci USA 2009;106:21996…2001.

985O. Abath Neto et al. /Neuromuscular Disorders 27 (2017) 975…985



27 
 

 

 

 

 

 

2.2 Mutations in known myopathy genes with new phenotypes 

At the start of the project, genetic screening in patients with congenital myopathies mainly 

relied on the sequencing of single genes, compatible with the clinical and histological 

presentation of the patients. 

Within the MYOCAPTURE project, mutations in SPEG, SCN4A, HNRNPDL, MTM1, 

EXOSC3, and GNE were found in patients with uncommon clinical or histological features, and 

novel HSPB8, CASQ1, and CACNA1S mutations involving different pathomechanisms were 

found to cause new subtypes of neuromuscular diseases. 

These findings, summarized in the next nine publications, highlight the clinical and genetic 

heterogeneity, and enlarge the phenotypic and genetic spectrum of congenital myopathies. 
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2.2.1 Publication 3: Novel SPEG mutations in congenital myopathy without centralized 

nuclei (Lornage et al. 2018) 

Background 

Centronuclear myopathies (CNM) involve muscle weakness and atrophy, and are characterized  

by the presence of numerous centralized nuclei in the muscle fibers (Jungbluth, Wallgren-

Pettersson, and Laporte 2008). Mutations in MTM1, encoding myotubularin, cause a severe X-

linked form of the disease usually associated with neonatal hypotonia and respiratory distress 

(Laporte et al. 1996). SPEG was recently identified as an interacting partner of myotubularin. 

SPEG mutations were previously found in patients with CNM and associated cardiomyopathy 

(Agrawal et al. 2014). SPEG pre-mRNA is spliced into multiple isoforms with a predominant 

expression of SPEG�D and SPEG�E��in skeletal muscle and heart (Hsieh et al. 2000) (Fig R1). 

 

Fig R1: Schematic representation of SPEG isoforms and protein domains.  
SPEG�E and SPEG�D��are both highly expressed in adult heart and skeletal muscle. SPEG�E is a 3262 
amino acid protein, while SPEG�D lacks the 854 most N-terminal amino acids. In blue: Ig-like domains. 
In pink: Fibronectin type III domains. In green: kinase domains. 

Aim of the study 

The aim of the study was to characterize a patient with an undefined myopathy at the clinical, 

histological and genetic level. 

Results  

Our patient presented with hypotonia at birth, delayed motor milestones and subsequently 

developed proximal, distal and facial muscle weakness. The muscle biopsy revealed a mild 

fiber size heterogeneity. Exome sequencing uncovered the presence of compound heterozygous 

truncating SPEG mutations. One mutation affected SPEG�D and SPEG�E�� and the other was 

found in a SPEG�E-specific exon and does therefore not affect the��SPEG�D��isoform. Unlike our 

patient, previously reported SPEG patients all presented with CNM and numerous rounded 

muscle fibers. 
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Conclusion 

SPEG mutations were initially considered to cause CNM, and our results illustrate that SPEG 

mutations can be found in patients without typical histological features of CNM. To date, nine 

patients with recessive truncating SPEG mutations are reported in the literature (Lornage et al. 

2018; Qualls et al. 2019; Wang et al. 2017; Wang et al. 2018; Agrawal et al. 2014). Three 

patients carried a mutation that only affected SPEG�E�� and none of these three patients was 

diagnosed with a cardiomyopathy. We may thus hypothesize that the expression of SPEG�D is 

sufficient to protect from cardiomyopathy.  

Contribution 

I identified the SPEG mutations and wrote the publication with inputs from the other authors. 
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Abstract. Congenital myopathies are clinically and genetically heterogeneous, and are classi“ed based on typical structural
abnormalities on muscle sections. Recessive mutations in the striated muscle preferentially expressed protein kinase (SPEG)
were recently reported in patients with centronuclear myopathy (CNM) associated in most cases with dilated cardiomyopathy.
Here we report the identi“cation of novel biallelic truncatingSPEGmutations in a patient with moderate congenital myopathy
without clinical and histological hallmarks of CNM and without cardiomyopathy. This study expands the phenotypic spectrum
of SPEG-related myopathy and prompts to considerSPEGfor congenital myopathies without speci“c histological features.

Keywords: Centronuclear myopathy, myotubular myopathy, MTM1, myotubularin, SPEG, congenital myopathy

INTRODUCTION

Congenital myopathies de“ne a group of clinically
and genetically heterogeneous rare muscle diseases.
They cause neonatal or early onset hypotonia and/
or muscle weakness, and the muscle biopsies of
affected individuals exhibit characteristic structural
defects [1, 2]. Recessive mutations in theSPEGgene,
encoding the striated muscle preferentially expressed
protein kinase (SPEG), were previously reported in
“ve families with centronuclear myopathy (CNM)

� Correspondence to: Dr. Jocelyn Laporte, IGBMC, 1 rue Lau-
rent Fries, 67404 Illkirch, France. Tel.: +33 3 88 65 34 12; Fax:
+33 3 88 65 32 01; E-mail: jocelyn@igbmc.fr.

and dilated cardiomyopathy [3, 4]. SPEG interacts
with myotubularin (MTM1), mutated in X-linked
CNM (also called myotubular myopathy), but its cel-
lular functions are barely understood. In this report,
we describe a peculiar case with biallelic truncating
SPEG mutations, but without histopathological
CNM hallmarks and without cardiomyopathy,
demonstrating that recessiveSPEGmutations can
give rise to myopathies with non-speci“c features on
muscle biopsy.

CASE REPORT

The proband is a 10-year-old girl born to non-
consanguineous healthy parents. The pregnancy was

ISSN 2214-3599/18/$35.00 © 2018 … IOS Press and the authors. All rights reserved
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uneventful. At birth, the patient had hypotonia with-
out respiratory distress, and poor sucking. Motor
milestones were delayed with independent sitting at
11 months and walking at 30 months of age. Cognitive
development was normal. The patient developed a
scoliosis around age 4 treated since with a back brace.
Reduced myocardial contraction without ventricular
dilatation appeared at age 5 and progressively nor-
malized with digoxin and captopril treatment. At the
age of 6 years, non-invasive ventilation was started to
treat obstructive sleep apnea and alveolar hypoventi-
lation. No supraclavicular, intercostal, subcostal or
intercostal retractions were observed. Forced vital
capacity was above 70%. Clinical investigation at
9 years of age revealed proximal and distal muscle
weakness, positive Gowers• sign and facial weakness
without ptosis or external ophthalmoplegia (Fig. 1A).
The patient showed hypotonic pes planus and com-
plained about dif“culties climbing stairs. Maximal
walking distance was 300 meters. Retractions were
not noted. Swallowing was normal, but chewing dif“-
culties required an enteral gastrostomy feeding from
age 9 years and 10 months to prevent malnutrition.
Serum creatine kinase levels were repeatedly nor-
mal. MRI scans of the thighs and lower legs was
performed twice at age 3 and 5 years, and revealed
a mild and non-progressive atrophy of the vastus
lateralis, the gastrocnemius, and the soleus muscles
(Fig. 1B). EMG at 1 year of age did not reveal any
abnormalities. Motor examination was performed
for the median, ulnar, common peroneal and tib-
ial nerves, and sensory examination was performed
for the median and ulnar nerves. Conduction veloci-
ties, amplitudes and distal latencies were normal, and
intramuscular EMG from the tibialis anterior muscles
showed an interferential pattern. A quadriceps muscle
biopsy was performed at 16 months, and histological
analyses of H&E, NADH-TR, SDH, PAS, Oil Red
O, ATPase stains revealed hypotrophy of both “ber
types and discrete “ber size heterogeneity (Fig. 1C).
Typical CNM features such as centralized nuclei,
necklace “bers, or type I “ber predominance were not
observed.

Genetic counselling was provided, and informed
consent was obtained for genetic analysis. The
patient•s DNA was sequenced for a targeted panel of
136 genes implicated in neuromuscular disorders, but
no causative mutation was identi“ed. Thus, exome
sequencing was performed for the affected child and
her healthy parents. Variants were “ltered based on
their frequency in gnomAD and an in-house control
database composed of 1550 exomes, and ranked with

our in-house bioinformatics pipeline. Data analysis
revealed compound heterozygousSPEGmutations
segregating with the disease. We identi“ed an out-
of-frame duplication of 4 nucleotides in exon 4
(c.10711074dup; p.Lys359Valfs*35), predicted to
induce a premature stop codon on the maternal allele,
and a nonsense mutation in exon 20 (c.4399C>T;
p.Arg1467*) on the paternal allele (Fig. 1D). None of
these variants was listed in the gnomAD and ClinVar
databases.

DISCUSSION

To date,SPEGmutations were reported in “ve
families with severe neonatal hypotonia and muscle
weakness [3, 4]. A single patient deceased shortly
after birth, while all others exhibited delayed motor
milestones. Facial weakness and eye involvement
were noted in the majority of patients, and abnor-
mal respiration requiring ventilation was reported in
2 families [3, 4]. A dilated cardiomyopathy was diag-
nosed in the surviving patients with exception of the
youngest patient of 3 years of age. Histologically,
all biopsies of the published cases revealed promi-
nent central nuclei and some showed necklace “bers.
Overall, both clinical and histological “ndings were
similar to X-linked centronuclear myopathy resulting
from MTM1 mutations [5, 6], with the exception of
the cardiac involvement.

Our patient is the oldest and mildest reported
patient with SPEG mutations. Although present-
ing with neonatal hypotonia and delayed motor
milestones, she reached independent walking before
the age of three, did not show eye involvement and
did not develop a dilated cardiomyopathy. Notewor-
thy, her muscle biopsy did not reveal internal or
central nuclei nor necklace “bers. Similarly, one pre-
viously reported MTM1 patient displayed no central
nuclei on muscle biopsy, highlighting that muta-
tions in CNM genes might cause an atypical muscle
morphology [7].

MRI revealed a similar pattern for the published
and new SPEG patients with predominant involve-
ment of the anterior compartment of the thigh and of
the posterior compartment of the lower legs [4]. Our
patient shows a mild picture compared to previously
described SPEG cases, correlating with the mild phe-
notypic presentation.

All SPEGmutations previously associated with
the severe CNM-like muscle disorder are evenly dis-
tributed nonsense or frameshift mutations predicted
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Fig. 1. (A) Facial features of the patient with compound heterozygous disruptingSPEGmutations. The picture was taken at 27 months
of age (Permission was granted by the patient•s parents). (B) T1-weighted MRI of the patient at the level of lower leg and of the thigh
revealed involvement of the vastus lateralis muscle (white star), the soleus muscle (red star) and the gastrocnemius muscle (yellow star).
(C) Haematoxilin-eosin staining on a muscle section displaying mild “ber size heterogeneity and normal nuclei position. NADH-TR,
SDH, PAS, Oil Red O and ATPase stains did not reveal additional abnormalities. (D) SPEG protein domains and reported pathogenic
mutations. Representation of SPEG domains (Illustrator for Biological Sequences) and isoforms predominantly expressed in human muscle
and heart using murine nomenclature. SPEG� (ENST00000312358), SPEG� (ENST00000485813), and APEG (ENST00000396689). Ig-
like domains are in blue, Fibronectin type III domains are depicted in pink and protein kinase domains in green. Previously reported mutations
are multicoloured, and novel mutations identi“ed in our study are depicted in black.

to induce a premature stop codon resulting in
nonsense-mediated mRNA decay or alternatively the
translation of a truncated protein. Both mutations
found in our patient have not yet been described and
involve a premature stop codon, predicted to remove

the myotubularin binding domain located between
the SPEG residues 2530 and 2674 [3].

The SPEGlocus encodes at least four differen-
tially expressed isoforms [8]. Among the murine
SPEG protein isoforms, SPEG� and SPEG� were
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shown to be the main isoforms present in skele-
tal and cardiac muscles. The only reported patient
without cardiomyopathy carries a homozygous trun-
cating mutation in exon 4, predicted to affect SPEG�
but not SPEG� thereby suggesting that the presence
of SPEG� might be suf“cient to protect from the
development of a cardiomyopathy. Accordingly, our
patient carries one of the truncating mutations in exon
4 and did not develop a cardiomyopathy. However,
murine and human isoforms might be different, and
this is substantiated by the human gene expression
databases (www.gtexportal.org/). To better under-
stand the pathomechanisms ofSPEG mutations,
further characterization of the human SPEG isoforms
in human muscle and heart is necessary. It is neverthe-
less possible that patients with the milder phenotype
will develop a dilated cardiomyopathy at later stages.

Strikingly, the muscle biopsy of our patient is the
only one without central nuclei, potentially correlat-
ing with the disease severity. Of note, the mutation
in exon 20 (c.4399C>T; p.Arg1467*) is one of the
most distal mutation reported and might impact dif-
ferently on protein stability and thereby explain the
comparably milder phenotype in our patient.

Overall, our study expands the phenotype of con-
genital myopathies associated with recessiveSPEG
mutations. Speci“cSPEGmutations can induce a
severe CNM-like or, as described in this study, a
rather moderate congenital myopathy without cen-
tral nuclei. This is of major diagnostic importance,
asSPEGmutations should be considered in patients
with congenital hypotonia even in the absence of cen-
tral nuclei.
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la Recherche Ḿedicale, and AFM-16992 and
CREGEMES for the MYOdiagHTS project.

CONFLICTS OF INTEREST

The authors have no con”ict of interest to report.

REFERENCES

[1] Romero NB, Clarke NF. Congenital myopathies. Handb Clin
Neurol. 2013;113:1321-36.

[2] Nance JR, Dowling JJ, Gibbs EM, Bonnemann CG. Con-
genital myopathies: An update. Curr Neurol Neurosci Rep.
2012;12(2):165-74.

[3] Agrawal PB, Pierson CR, Joshi M, Liu X, Ravenscroft G,
Moghadaszadeh B, et al. SPEG interacts with myotubu-
larin, and its de“ciency causes centronuclear myopathy with
dilated cardiomyopathy. Am J Hum Genet. 2014;95(2):
218-26.

[4] Wang H, Castiglioni C, Kacar Bayram A, Fattori F, Pekuz
S, Araneda D, et al. Insights from genotype-phenotype cor-
relations by novel SPEG mutations causing centronuclear
myopathy. Neuromuscul Disord. 2017;27(9):836-42.

[5] Laporte J, Hu LJ, Kretz C, Mandel JL, Kioschis P, Coy JF,
et al. A gene mutated in X-linked myotubular myopathy
de“nes a new putative tyrosine phosphatase family conserved
in yeast. Nat Genet. 1996;13(2):175-82.

[6] Bevilacqua JA, Bitoun M, Biancalana V, Oldfors A,
Stoltenburg G, Claeys KG, et al. •NecklaceŽ “bers, a new his-
tological marker of late-onset MTM1-related centronuclear
myopathy. Acta Neuropathol. 2009;117(3):283-91.

[7] de Goede CG, Kelsey A, Kingston H, Tomlin PI, Hughes
MI. Muscle biopsy without centrally located nuclei in a male
child with mild X-linked myotubular myopathy. Dev Med
Child Neurol. 2005;47(12):835-7.

[8] Hsieh CM, Fukumoto S, Layne MD, Maemura K, Charles
H, Patel A, et al. Striated muscle preferentially expressed
genes alpha and beta are two serine/threonine protein kinases
derived from the same gene as the aortic preferentially
expressed gene-1. J Biol Chem. 2000;275(47):36966-73.



30 
 

2.2.2 Publication 4: HSPB8 haploinsufficiency causes dominant adult-onset axial and distal 

myopathy (Echaniz-Laguna et al. 2017) 

Background 

Myofibrillar myopathies are hereditary muscle disorders characterized by protein aggregates, 

rimmed-vacuoles, and disorganization of the intermyofibrillar network on muscle biopsies 

(Olive, Kley, and Goldfarb 2013). The main causative genes are DES, FLNC, MYOT, CRYAB, 

ZASP, BAG3, encoding for components of the sarcomere/cytoskeleton or for proteins involved 

in the protein quality control (Behin et al. 2015). About half of the patients with myofibrillar 

myopathy do not have a molecular diagnosis, suggesting the implication of additional genes 

(Kley et al., 2016).  

Aim of the study 

The aim of the study was to identify the causative mutation(s) in three families with myofibrillar 

myopathy. 

Results  

We studied patients from three families with an adult-onset myopathy characterized by the 

appearance of camptocormia as the first clinical sign. Foot drop and proximal muscle weakness 

were observed at later stages. The muscle biopsies revealed fiber necrosis and regeneration, 

internal nuclei, fibrosis, rimmed vacuoles and protein aggregates, compatible with myofibrillar 

myopathy. Exome sequencing uncovered a heterozygous HSPB8 frameshift mutation in the last 

exon, and western blot analysis of muscle extracts revealed a 50% reduced HspB8 protein level.  

Conclusion 

Dominant HSPB8 mutations were previously shown to cause neuropathy (Irobi et al. 2004; 

Nakhro et al. 2013; Tang et al. 2005) or neuropathy with associated myopathy (Ghaoui et al. 

2016; Cortese et al. 2018). These gain-of-function mutations cause the formation of toxic 

aggregates (Kwok et al. 2011; Bouhy et al. 2018). Here we demonstrated that HspB8 

haploinsufficiency causes myofibrillar myopathy with no peripheral nerve involvement, and we 

described a new pathomechanisms for HSPB8-related diseases. 

Contribution 

I identified the HSPB8 mutation in one family, confirmed the segregation by Sanger 

sequencing, and assessed the HspB8 protein level in the muscle extracts. The same mutation 
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was subsequently identified in two additional families by the diagnostic laboratory of the 

Strasbourg university hospital. I also wrote the publication with inputs from the other authors.
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sporadic case (Fig. 1a, Supplementary Table 1). Mean age 
at onset was 39 years and camptocormia, i.e., a marked 
antero”exion of the spine corrected by reclining, was the 
“rst symptom in all cases. The progression of the disease 
was slow with bilateral foot drop appearing around age 40 
and proximal lower and upper limbs weakness around age 
50 (Fig. 1b). Four patients with a disease duration of less 
than 24 years were still able to walk and patient CII1 with 
a disease duration of more than 30 years became wheel-
chair dependent. In all cases, deep tendon re”exes were 
present in all limbs and vibration sense was normal in the 
ankles. Pes cavus, skeletal dysplasia, scapular winging, res-
piratory insuf“ciency, and cranial nerves involvement were 
not observed. No pyramidal, extrapyramidal and cerebel-
lar signs were observed, suggesting the absence of central 
nervous system involvement. Electrophysiological exami-
nation showed normal muscle action potentials and normal 
sensory nerve action potentials in all cases, demonstrating 
the absence of polyneuropathy (Supplementary Table 2). 
EMG studies revealed myopathic abnormalities in deltoid, 
tibialis anterior, paraspinal and vastus lateralis muscles. 
No pathological spontaneous activity was observed using 
EMG.

CK levels were mildly increased in 4 patients (Sup-
plementary Table 3). Pulmonary function tests, EKG and 
echocardiography were normal in all cases. In patients 
BIII1 and CII1, MRI and CT studies demonstrated a pat-
tern of muscle involvement similar to the one reported by 
Ghaoui et al. in their patient III-2 with a HSPB8 mutation 
[3]. Additionally, patients BIII1 and CII1 both demon-
strated severe fatty in“ltrations in the paraspinal muscles 
(Fig. 1c).

Muscle biopsies showed dystrophic features with atro-
phy, necrosis and regeneration, internal nuclei, “brosis, 
“bre splitting and rimmed vacuoles (Fig. 1d 1…3). No 

HSPB8 encodes the heat shock protein beta-8 (HSPB8) 
implicated in the chaperone-assisted selective autophagy 
complex, which is crucial for cellular protein quality con-
trol in mechanically strained tissues [1]. Autosomal domi-
nant HSPB8 mutations have been reported in distal heredi-
tary motor neuropathy and axonal Charcot-Marie-Tooth 
disease [2, 4…6]. Here, we report “ve patients from three 
unrelated families with a myopathy caused by HSPB8 
haploinsuf“ciency.

Families A and B have a history of a muscle phenotype 
segregating as a dominant disease, and patient CII1 is a 

Andoni Echaniz-Laguna and Xavière Lornage contributed 
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neurogenic aspect was seen. Protein aggregations were 
revealed using ubiquitin and desmin antibodies (Fig. 1d 
4…5). TDP-43 antibody revealed coarse cytoplasmic aggre-
gation and linear sarcolemmal expression (Fig. 1d 6). EM 
studies showed focal disruption of the myo“brillar network, 
Z lines streaming and areas lacking myo“brils containing 
granulo“lamentous material (Fig. 1d 7…8). NADH-TR and 

ATPase pH 9.4 showed features compatible with myo“bril-
lar myopathy (Supplementary Fig. 1).

Targeted exons sequencing using a custom panel of 
136 genes implicated in neuromuscular disorders was per-
formed for patients BIII1 and CII1 and exome sequenc-
ing was performed for individuals AII2, AII8, AIII2, AII3. 
Following variants “ltering, the same heterozygous two 
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base-pair deletion in the HSPB8 gene c.508_509delCA 
(NM_014365.2) was found in all affected. No other can-
didate gene was found in common within the studied 
families. The HSPB8 variant was not listed in the gnom 
AD database and is predicted to induce a frameshift from 
aminoacid 170 (p.Gln170Glyfs*45) leading to the modi-
“cation of the last 27 aminoacids and to 17 additional 
aminoacids compared to the normal length of the protein. 
Sanger sequencing con“rmed the segregation of the muta-
tion with the disease and none of the available healthy fam-
ily members carried the mutation. Analysis con“rmed the 
presence of the variant in patient AIII3 presenting with 
camptocormia, elevated CK levels and vacuolar myopa-
thy. The impact of the variant on the protein was tested by 
western blot (Fig. 1e). Quanti“cation revealed that the level 
of HSPB8 protein was decreased by 60% in the patient 
compared to healthy controls (Fig. 1f). Nor elongated or 
truncated protein was detected with this antibody targeting 
the N-terminal part of the protein, suggesting that HSPB8 
mutation induces nonsense-mediated mRNA decay or pro-
tein degradation and that the disease is caused by HSPB8 
haploinsuf“ciency.

In conclusion, our study expands the knowledge on 
HSPB8-related disorders. All patients carried a heterozy-
gous HSPB8 frameshift mutation causing an adult-onset 
myopathy with camptocormia as the “rst clinical sign. 
These “ve cases con“rm the involvement of the gene in a 
muscle disease as recently described in two patients with 
motor neuropathy and distal myo“brillar myopathy [3]. It 
is the “rst time that a HSPB8 mutation is shown to cause a 
•pureŽ myopathy without associated motor neuropathy and 
it highlights that HSPB8 mutations should be considered 

in families with myopathy, even in the absence of motor 
neuropathy.
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Fig. 1  Clinical, histopathological and molecular features of patients 
with HSPB8 mutations. a Pedigree of families A…C. b Patient BIII1: 
camptocormia and bilateral foot drop (black arrows), proximal 
lower and upper limb atrophy (white arrows). c Upper panel: MRI 
revealed generalized fatty replacements in the anterior compartment 
of the lower legs of patients BIII1 (white arrows) while soleus and 
thigh muscles were less affected. Massive muscle alterations with 
fatty in“ltration were observed in paraspinal muscles (black arrows). 
Lower panel: Patient CII1 presents fatty in“ltrations in extensor 
digitorum longus and tibialis anterior muscles (white arrows), vas-
tus muscles (white arrows), and paraspinal muscles (black arrows). 
Soleus muscles remained unaffected. d Histochemical, immuno-
histochemical and ultrastructural analysis of tibialis anterior muscle 
biopsy of patient AII8 (1, 2) and deltoids of patients AIII2 (4), AIII3 
(5, 6) and CII1 (3, 7, 8). H&E (1, 2) and toluidine blue (3) ubiquitin 
(4), desmin (5), TDP-43 (6), and electron microscopy (7, 8). Magni-
“cation: Bar =  100 µm (2, 4), 50 µm (1, 5, 6), 20 µm (3), 1 µm (7, 
8). Histological “ndings demonstrated a dystrophic pattern as well as 
features consistent with myo“brillar myopathy. e SDS-Page of con-
trols and patient AIII2 muscle protein extracts revealed with antibod-
ies against GAPDH and HSPB8. f Relative quanti“cation of the level 
of HSPB8 in AIII2 compared to controls demonstrates a signi“cant 
HSPB8 reduction in the patient

�
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2.2.3 Publication 5: Expanding the spectrum of congenital myopathy linked to recessive 

mutations in SCN4A (Mercier et al. 2017) 

Background 

SCN4A encodes a voltage-gated sodium channel that is required for the generation and 

propagation of action potentials in muscle (Trimmer et al. 1989). SCN4A mutations have been 

linked to several diseases including hyperkalemic periodic paralyses, myasthenia, and myotonia 

congenita (Lerche et al. 1993; Ackerman and Clapham 1997; Tsujino et al. 2003). More 

recently, recessive loss-of-function mutations were reported in a cohort of 11 patients among 

which 7 died pre- or perinatally (Zaharieva et al. 2016).  

Aim of the study 

The aim of the study was to characterize the clinics, histology and genetics of three brothers 

with an undefined congenital myopathy. 

Results  

The three siblings presented with hypotonia at birth and delayed motor milestones, and clinical 

improvement was noted within the first decade of life. The muscle biopsy revealed aspecific 

anomalies including dystrophic features and abnormal mitochondria. Through exome 

sequencing, I identified compound heterozygous SCN4A mutations in all three affected 

brothers. A missense mutation affecting a conserved residue was found on the paternal allele 

and a splice mutation on the maternal allele. Muscle RNA analysis showed that the splice 

mutation leads to the use of a cryptic donor splice site followed by exon skipping and ultimately 

generating a shorter transcript with an in-frame deletion of 183 nucleotides. 

Conclusion 

This study expanded the clinical, histological and genetic spectrum of SCN4A-related 

myopathy, and highlighted that next-generation sequencing is an efficient approach to 

molecularly diagnose patients with unspecific myopathic features.  

Contribution 

I identified the SCN4A mutations in the family and confirmed segregation and contributed to 

the manuscript writi
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EXPANDING THE SPECTRUM OF CONGENITAL
MYOPATHY LINKED TO RECESSIVE MUTATIONS
IN SCN4A

Congenital myopathies are phenotypically and geneti-
cally heterogeneous.1 While SCN4Amutations were
previously described in hypokalemic or hyperkalemic
periodic paralysis, paramyotonia, myotonia congenita,
or myasthenic syndrome,2…6 loss-of-function recessive
mutations inSCN4Awere recently identified in 11 in-
dividuals with severe fetal hypokinesia or congenital
myopathies.7 Among them, 7 died in the perinatal
period and 4 had congenital hypotonia, significant respi-
ratory and swallowing difficulties, and spinal deformities.

We report on 3 brothers presenting a peculiar
clinical and histopathologic phenotype characterized
by facial weakness with ptosis and a mild dystrophic
pattern associated with recessiveSCN4Amutations.

Cases.The 3 probands, including monozygous twins,
were born to nonconsanguineous parents (figure, A).
Detailed clinical features are presented in table e-1
at Neurology.org. Family history was unremarkable.
Both pregnancies were complicated by polyhydramnios
and premature birth. All patients had severe neonatal
hypotonia and cryptorchidism. The twins showed
severe swallowing difficulties, necessitating Nissen
fundoplication surgery. Parenteral gastrostomy feeding
was set up from the age of 6 and 14 months until 4.
5 years of age, respectively. The firstborn developed
severe scoliosis. Motor skills were delayed. The patients
acquired independent ambulation at 2 years of age.
Cognitive development and cerebral MRIs were
normal. Clinical examination revealed proximal
and axial weakness, elongated face with
dolichocephaly, and facial hypotonia with high-
arched palate (table e-1). The twins had bilateral
nonfluctuant ptosis and global amyotrophy with
thin muscular bulk (figure, B…D). There was no
myotonia, fluctuating muscle weakness, or fatigability.
The 3 brothers experienced a significant clinical
improvement over time as they now have normal
gait and no problem with jumping or climbing stairs
(table e-1). Serum creatine kinase levels were
repeatedly normal. The firstborn underwent EMG at
age 6 years, revealing a myopathic pattern associated
with increased duration of the CMAP and decreased

muscle fiber conduction velocity (rectus femoris
muscle [RF]: 1.9 m/s; normal range 2.8…4.1 m/s).
Nerve conduction velocities were normal and there
was no decrement after repetitive nerve stimulation.
EMG, performed at 3 months of age, only showed
reduction of muscle fiber conduction velocity (left
and right RF: 0.9 m/s and 1.0 m/s, respectively).

Muscle biopsy was performed in the firstborn at
age 3 years. Electron microscopy study revealed
abnormal subsarcolemmal collection of mitochondria
that appeared abnormal in both shape and size
(figure, F). Muscle biopsy performed in one of the
twins at 5 years of age revealed a mild dystrophic
pattern characterized by the presence of scattered
necrotic-regenerating fibers presenting immunoreac-
tivity with utrophin, CD68, and MHCd (develop-
mental myosin heavy chain) antibodies (not
shown). Mild fiber size diameter variation, increased
nuclear internalization, and slight type I fiber pre-
dominance were also observed (figure, F).

Exome sequencing was performed for all 6
members of the family. Variants calling and filtering
for rare variants compared to ExAC database and an
in-house database of 1,550 exomes led to the identi-
fication of compound heterozygous mutations in
SCN4Ain the 3 affected members. Neither of those 2
mutations was found in the public variant or the
in-house databases. The father carried a missense
mutation p.Ser1120Leu (c.3359C. T) affecting
a conserved amino acid encoded by exon 18 of
SCN4A located close to the previously described
p.Arg1135Cys found in the adjacent charged trans-
membrane domain.7 The mother carried a single
nucleotide exchange in intron 6 (c.10361 1 G . A)
in the essential donor splice site. Reverse transcription
PCR analysis from patient II-1•s muscle showed that
this mutation leads to the use of a cryptic donor site in
exon 6 and skipping of exon 7, producing a shorter
RNA with an in-frame deletion (figure, G).

Discussion. Our study contributes to expanding the
phenotypes of congenital myopathies associated with
recessive mutations inSCN4Aby the report of 3 addi-
tional cases to the 4 surviving individuals recently
described.7 The patients were compound heterozygous
for 2 novel mutations: an essential splice site variation
and a missense variation inSCN4A. This led to severe
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Figure Clinical, pathologic, and molecular data of patients with compound heterozygous mutations in SCN4A

(A) Pedigree of the family with SCN4A mutations indicated compared to reference NM_000334. The 3 affected brothers
are represented by shaded symbols. Segregation of the mutations was confirmed by Sanger sequencing. Clinical images of
patient II-1: (B) bilateral scapular winging, scoliosis, and lumbar hyperlordosis, (C.a) ptosis in patient II-3, (C.b) high-arched
palate in patient II-1. (D) Thoracolumbar spine X-ray shows a severe thoracic scoliosis with double curve in patient II-1
(Cobb angles of 59 8for the upper curve and 51 8for the lower curve). (E) Muscle biopsy analyses (electron microscopy, 3 10,000)
presence of an abnormal subsarcolemmal collection of mitochondria with irregular shape and size in patient II-1. (F) Light
microscopy (hematoxylin & eosin, 3 20) shows the presence of scattered basophilic bona fide regenerating fibers in patient II-
2 (white arrows). (G) RNA analysis of patient II-1 muscle. (G.a) Agarose gel electrophoresis of reverse transcription PCR ampli-
fication product reveals an additional splice product generated by the mutation in intron 6. (G.b) Chromatopherograms show that
the impact of the mutation in intron 6 leads to the use of a cryptic donor site in exon 6 and skipping of exon 7, producing a shorter
RNA with an in-frame deletion of 183 nt (predicted 61aa deletion in the third extracellular loop of the first transmembrane
domain) (left) and the presence of the mutation in exon 18 affecting a conserved amino acid located in the second extracellular
loop of the third transmembrane domain (right). (G.c) Scheme of the new splice product created by the mutation in intron 6.
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myopathic features at birth with a good prognosis and
improvement in the first decade of life. Ptosis was not
observed in any member of this first report whereas it
was obvious in the twins. It demonstrated that ptosis
could be a key feature of this pathology as observed in
other congenital myopathies. Moreover, muscle biopsy
showed an overlap between myopathic and dystrophic
features, broadening the spectrum of histologic traits/
specificities associated with mutations inSCN4A. This
study shows that a multidisciplinary approach includ-
ing clinical, histologic, electrophysiologic, and genetic
description of patients can lead to the identification of
the disease-causing mutation and expand the knowledge
of myopathy-causing genes such asSCN4A.
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2.2.4 Publication 6: CASQ1 mutations impair calsequestrin polymerization and cause tubular 

aggregate myopathy (Bohm et al. 2018) 

Background 

Tubular aggregate myopathy (TAM) is a progressive muscle disorder primarily affecting the 

proximal muscles of the lower limbs and is characterized by abnormal accumulations of 

membrane tubules in muscle fibers (Morgan-Hughes 1998). TAM arises from gain-of-function 

mutations in STIM1 and ORAI1, both encoding key factors in the regulation of Ca2+ homeostasis 

(Bohm and Laporte 2018; Endo et al. 2015; Bohm et al. 2017; Bohm et al. 2013). A significant 

number of TAM patients do not carry mutations in STIM1 and ORAI1, suggesting the 

implication of additional genes.  

Aim of the study 

The aim of the study was to identify the genetic cause of the disease in two families with 

molecularly undiagnosed TAM, and to characterize the pathomechanism of the disease. 

Results  

The patients described in this study belong to two unrelated families with slowly progressive 

adult-onset muscle weakness or myalgia predominantly affecting the lower limbs. Muscle 

biopsies revealed prominent tubular aggregates as the main histopathological hallmark. Exome 

sequencing identified heterozygous CASQ1 missense mutations affecting conserved amino 

acids. Calsequestrin encoded by CASQ1 and exclusively expressed in skeletal muscle, is the 

major Ca2+-binding protein in the sarcoplasmic reticulum, and forms needle-like polymers with 

increasing Ca2+-binding capacities. A single missense mutation in CASQ1 has previously been 

shown to cause vacuolar myopathy, differing from tubular aggregate myopathy at both the 

clinical and histopathological level (Rossi et al. 2014). Our functional experiments in 

transfected cells demonstrated a reduced capacity of mutant calsequestrin to depolymerize upon 

Ca2+ store depletion, and ultracentrifugation and turbidity assays on recombinant proteins 

showed that the mutants display a reduced polymerization rates at rising Ca2+ concentrations.  

Conclusion  

Here we showed that specific CASQ1 mutations cause mild TAM, and functional experiments 

revealed that the mutations impact on the polymerization/depolymerization dynamics of 

calsequestrin. In contrast, the vacuolar myopathy mutation led to calsequestrin aggregation, 

suggesting that TAM involves a different pathomechanism. A parallel study confirmed the 
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implication of CASQ1 mutations in TAM, and the results showed reduced Ca2+ stores in patient 

myotubes, demonstrating that the CASQ1 mutations impair proper Ca2+ storage (Barone et al. 

2017).  

Contribution 

I performed the transfection experiments and their analysis.
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involving the proximal muscles in the lower limbs for Fam-
ily 1, and early 50s with post-exercise myalgia in the lower 
limbs for Family 2 (Supplementary Table�1). Histological 
and ultrastructural analyses of the muscle biopsies displayed 
tubular aggregates as the main histopathological hallmark in 
both families (Fig.�1a). Exome sequencing identi“ed the het-
erozygous CASQ1 missense mutations c.166A>T (N56Y) 
in exon�1 in Family 1, and c.308G>A (G103D) in exon 2 
in Family 2. Both mutations a�ect highly conserved amino 
acids (Supp. Figure�1), none was found in the available 
healthy family members, and none was listed in the public or 
internal SNP databases. A single CASQ1 missense mutation 
(D244G) has previously been associated with vacuolar myo-
pathy involving protein aggregates [9]. CASQ1 is primarily 
expressed in skeletal muscle and encodes calsequestrin, the 
major  Ca2+ storage protein in the sarcoplasmic reticulum. 
Calsequestrin binds  Ca2+ with moderate a�nity and high 
capacity, and forms higher order polymers with increasing 
 Ca2+-binding capacities [4].

Immunohistochemistry on a muscle biopsy from Fam-
ily 2 revealed strong signals for calsequestrin, STIM1, and 
RyR1 in aggregated structures most likely corresponding 
to the tubular aggregates, while ORAI1 was not trapped 
(Fig.�1b). This conforms to the observations made on biop-
sies from STIM1 and ORAI1 patients and demonstrates that 
the trapped proteins are primarily of sarcoplasmic reticulum 
origin [1, 2]. These “ndings on a single muscle biopsy also 
suggest that aggregation of STIM1 appears to be a conse-
quence of CASQ1 mutations, providing a pathological link 
between STIM1- and CASQ1-related TAM. In transfected 
C2C12 myoblasts, WT and both TAM N56Y and G103D 
mutants formed calsequestrin networks of comparable 
complexity, while the vacuolar myopathy D244G mutant 
induced major calsequestrin aggregation (Fig.�1c). Calse-
questrin polymerization and depolymerization are dynamic 

Tubular aggregate myopathy (TAM) is a rare muscle disor-
der characterized by abnormal accumulations of membrane 
tubules in muscle “bers, and marked by progressive muscle 
weakness, cramps, and myalgia [3]. Genetically, TAM has 
been assigned to mutations in STIM1 [2] and ORAI1 [7], 
both encoding key regulators of  Ca2+ homeostasis. Through 
exome sequencing of molecularly undiagnosed TAM cases, 
we now identi“ed CASQ1 as the third TAM gene, and we 
support our “ndings by clinical, histological, genetic, and 
functional data.

Family 1 has an ancestral history of a muscle phenotype 
segregating as a dominant disease, and a partial clinical and 
histological description was reported earlier [8]. Patient 
103901 from Family 2 is a singleton. Birth, early childhood, 
and motor milestones were normal for all a�ected members 
from both families. Disease onset was between early 20s and 
mid-40s with a slowly progressive muscle weakness mainly 
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 Ca2+-dependent processes, and the depletion of the SR  Ca2+ 
stores was shown to favor the monomeric form of calse-
questrin [6]. To test whether the CASQ1 mutations in”uence 
calsequestrin monomerization upon  Ca2+ store depletion, 
we treated the transfected cells (n�>�300 per condition) with 
the SERCA inhibitor Thapsigargin (Tg). Dot-like calseques-
trin signals corresponding to monomers or minor oligomers 
were seen in the majority (76%) of the cells expressing the 
WT, but only in 49.4% and 42.5% of the cells, respectively, 
expressing N56Y or G103D. To investigate the impact of 
the CASQ1 mutations on calsequestrin polymerization, we 
performed analytical ultracentrifugation in solution contain-
ing recombinant calsequestrin and rising  Ca2+ concentra-
tions (Fig.�1d). We found that especially the TAM N56Y 
mutant formed signi“cantly less higher order polymers than 
the wild-type, while the vacuolar myopathy D244G mutant 
showed an increased propensity to form insoluble polymers. 
To follow the polymerization kinetics of WT and mutant 
calsequestrin, we next performed turbidity assays (Fig.�1e). 
G103D and especially N56Y calsequestrin show reduced 
polymerization rates, and produced signi“cantly less pol-
ymers at maximal  Ca2+ levels compared to the wild-type 
protein. Contrasting wild-type and TAM calsequestrin, the 
D244G mutant strongly polymerized at minimal  Ca2+ levels, 
con“rming the results obtained by a previous study [5].

Taken together, we demonstrate that speci“c CASQ1 
mutations are one of the genetic causes of TAM. We show 
that the tubular aggregates in our patients contain calse-
questrin, STIM1, and RyR1, and we provide functional 
evidence that CASQ1 mutations signi“cantly impair calse-
questrin polymerization and depolymerization, while the 
vacuolar myopathy mutation increases  Ca2+-dependent 

polymerization. This suggests that the CASQ1 mutations 
causing either TAM or vacuolar myopathy involve di�erent 
pathomechanisms.
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Fig. 1  Impact of the CASQ1 mutations and immunohistochemis-
try on muscle biopsies. a Heterozygous CASQ1 missense mutations 
segregating with the disease were identi“ed in both families display-
ing tubular aggregates on muscle biopsies (arrow, zoom). b Immu-
nohistochemistry on the biopsy from Family 2 revealed aggregation 
of calsequestrin, STIM1, and RyR1, but not of ORAI1. The STIM1 
signals were thereby more pronounced in the periphery of the aggre-
gated structures (arrow), while calsequestrin and RyR1 were also 
found in the center. c In  Ca2+-containing medium, WT calseques-
trin and the N56Y and G103D mutants formed complex networks in 
transfected C2C12 myoblasts, while the D244G mutant aggregated. 
 Ca2+ store depletion through addition of Thapsigargin (Tg) induced 
major monomerization of WT calsequestrin, while the N56Y and 
G103D mutants remained in large parts polymeric. d Analytical 
ultracentrifugation showed that especially the TAM N56Y mutant 
formed less insoluble higher order polymers at rising  Ca2+ concentra-
tions compared to the wild type, while the vacuolar myopathy D244G 
strongly polymerized. e Turbidity assays con“rmed the reduced pro-
pensity of both TAM mutants to polymerize at rising  Ca2+ concentra-
tions

�



35 
 

2.2.5 Publication 7: HNRNPDL-related muscular dystrophy: expanding the clinical, 

morphological and MRI phenotypes (Berardo et al. 2019) 

Background  

HNRNPDL encodes the heterogeneous nuclear ribonucleoprotein D-like protein (hnRNPDL). 

This protein belongs to a family of ribonucleoproteins, controlling the maturation and splicing 

of nuclear hnRNAs/pre-mRNAs (Dreyfuss et al. 1993; Motta-Mena, Heyd, and Lynch 2010). 

Two distinct HNRNPDL mutations affecting the same amino-acid (p.(Asp378Asn), 

p.(Asp378His)) were previously reported in patients with adult-onset limb-girdle muscular 

dystrophy (Vieira et al. 2014; Sun et al. 2019).  

Aim of the study 

The aim of the study was to characterize two families with an adult-onset myopathy at the 

clinical, histological and genetic level. 

Results  

We described five patients from two families with a progressive muscle weakness starting in 

the third or fourth decade. The first signs of the disease are lower limb muscle weakness and 

scapular winging. Histological and ultrastructural studies revealed a high number of rimmed 

vacuoles and autophagic changes,and MRI investigations on three patients highlighted a 

selective sparing of rectus femoris and adductor longus muscles compared to other muscles of 

the thigh. All patients were found to carry a previously described HNRNPDL p.(Asp378His) 

missense mutation. 

Conclusion  

This study expands the clinical and histological spectrum of patients with HNRNPDL 

mutations. Detailed MRI analyses of three patients and comparison with a previously reported 

HNRNPDL case uncovered a specific pattern recognizable from early stages of the disease (Sun 

et al. 2019). All HNRNPDL cases described so far carry mutations affecting amino acid 378 

with aspartic acid changed either to asparagine or histidine. The families are from different 

ethnic background, suggesting that the codon for Asp378 may represent a mutational hotspot. 

Contribution 

I identified the HNRNPDL mutation in one family, confirmed the segregation, and contributed 

to the writing of the manuscript.
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Abstract
Autosomal dominant limb girdle muscular dystrophy D3 HNRNPDL-related is a rare dominant myopathy caused by muta-
tions in HNRNPDL. Only three unrelated families have been described worldwide, a Brazilian and a Chinese carrying the 
mutation c.1132G>A p.(Asp378Asn), and one Uruguayan with the mutation c.1132G>C p. (Asp378His), both mutations 
occurring in the same codon. The present study enlarges the clinical, morphological and muscle MRI spectrum of AD-
HNRNPDL-related myopathies demonstrating the signi“cant particularities of the disease. We describe two new unrelated 
Argentinean families, carrying the previously reported c.1132G>C p.(Asp378His) HNRNPDL mutation. There was a wide 
phenotypic spectrum including oligo-symptomatic cases, pure limb girdle muscle involvement or distal lower limb muscle 
weakness. Scapular winging was the most common “nding, observed in all patients. Muscle MRIs of the thigh, at di�erent 
stages of the disease, showed particular involvement of adductor magnus and vastus besides a constant preservation of the 
rectus femoris and the adductor longus muscles, de“ning a novel MRI pattern. Muscle biopsy “ndings were characterized 
by the presence of numerous rimmed vacuoles, cytoplasmic bodies, and abundant autophagic material at the histochemistry 
and ultrastructural levels. HNRNPDL-related LGMD D3 results in a wide range of clinical phenotypes from the classic 
proximal form of LGMD to a more distal phenotype. Thigh MRI suggests a speci“c pattern. Codon 378 of HNRNPDL gene 
can be considered a mutation hotspot for HNRNPDL-related myopathy. Pathologically, the disease can be classi“ed among 
the autophagic rimmed vacuolar myopathies as with the other multisystem proteinopathies.
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Introduction

According to the recent de“nition established by a group 
of experts at the 229th European Neuromuscular Centre 
(ENMC)international workshop in 2017: •Limb girdle 
muscular dystrophy (LGMD) is a genetically inherited 
condition that primarily a�ects skeletal muscle leading to 
progressive, predominantly proximal muscle weakness at 
presentation• [1]. Among LGMD, the autosomal dominant 
forms are relatively rare and represent 10% of all LGMD 
[2]. According to the new LGMD classi“cation, autosomal 
dominant LGMD includes: LGMDD1 DNAJB6-related, 
LGMDD2 TNPO3-related, LGMDD3 HNRNPDL-related 
and LGMDD4 CAPN3-related myopathy [1].

LGMDD3 HNRNPDL-related, previously LGMD1G 
(OMIM #609115) was “rst described in 2004 in a domi-
nant Brazilian-Caucasian family with 12 patients distrib-
uted over three generations [2]. The age at onset varied 
from 30 to 47�years. The slowly progressive disease started 
with proximal lower limbs involvement later followed by 
proximal upper limbs weakness. Progressive “nger and 
toe ”exion limitations and muscle cramps were present 
in most patients. Serum creatinekinase (CK) activity was 
normal or slightly increased. Muscle histology was avail-
able for one patient and described as a •myopathic pat-
ternŽ with “bre size variability, necrotic “bres, groups 
of atrophic angulated “bres, and rimmed vacuoles [2]. In 
2014, LGMDD3HNRNPDL-related was also reported in 
a Uruguayan family with 18 a�ected members [3].The age 
of onset varied from 15 to 55�years of age. The clinical 
signs were similar to those of the Brazilian family, but in 
8 patients the symptoms started with proximal upper limb 
weakness and di�culty to raise the arms. Additionally, 
some a�ected members presented early onset cataracts 
[3].For both the Brazilian and Uruguayan families; the 
disease a�ected both sexes with incomplete penetrance. 
Genome sequencing identified two different missense 
mutations in HNRNPDL (on chromosome 4q21) encod-
ing the heterogeneous nuclear ribonucleoprotein D-like 
(hnRNPDL). Both mutations were heterozygous and 
a�ected the same aminoacid: p.(Asp378Asn) in the Bra-
zilian family and p.(Asp378His) in the Uruguayan family. 
Recently, a Chinese family with 10 a�ected individuals 
over three generations was reported to carry the origi-
nal Brazilian p.(Asp378Asn) mutation [4].While muscle 
morphology showed similar features with the presence of 
rimmed vacuoles, the clinical phenotype slightly di�ered 
from the previously reported families with half of the Chi-
nese patient•s presenting distal as well as proximal limb 
weakness. Flexion limitation of “ngers and toes, which 
was a typical feature in the other two reported families, 

was not present, highlighting the broad clinical spectrum 
of the disease.

hnRNPDL acts as a regulator of pre-mRNA splicing 
and nuclear export. HNRNPDL mutations are thought to 
cause defects in mRNA biogenesis and metabolism [5].This 
DNA/RNA-binding protein has been shown to localize in 
the cytoplasm and in the nucleus [6, 7]. Data from Vieira 
et�al. 2014, suggested that the translocation of the protein 
from the cytoplasm to the nucleus might be impaired by 
the p.(Asp378Asn)mutation. This could prevent the pro-
tein to access to the nucleus to perform its function on pre-
mRNA maturation. Many hnRNPs were linked to various 
diseases due to their crucial role in the regulation of gene 
expression [8]. Mutations in the prion-like domains (PrLD) 
of hnRNPA1 and hnRNPA2B1 cause a multisystem pro-
teinopathy (MSP), an inherited pleiotropic degenerative dis-
order that can a�ect muscle, bone, and the nervous system. 
However, an isolated myopathy has also been described in 
association with hnRNPA1 mutations [9]. A�ected tissues in 
multisystem proteinopathies present ubiquitin-positive inclu-
sions that contain RNA-binding proteins, such as hnRNPA1 
and hnRNPA2B1, and may stain positive for proteins that 
mediate ubiquitin-dependent autophagy [9]. Rimmed vacu-
olation is a key feature of the myopathology in MSP [10].

Here we describe two unrelated families from Argentina 
with LGMDD3 HNRNPDL-related at the clinical, muscle 
imaging, histopathological and ultrastructural level.

Materials and�methods

Patients

Two unrelated Argentinean families of European ancestry 
with history of adult-onset myopathy were included in the 
study (Fig.�1: family A and family B). All patients under-
went detailed clinical examination summarized in Table1.

Morphological studies

Open muscle biopsies of the quadriceps were obtained from 
four patients, three (III-1, II-6 and II-9) from family A (FA) 
and one (III-1) from family B (FB) (Fig.�1). For conventional 
histochemical techniques 10-�m thick cryostat sections were 
stained with haematoxylin and eosin (HE), modi“ed Gomori 
trichrome (mGT), Periodic-acid Schi� technique (PAS), Oil 
red O, nonspeci“c esterase, reduced nicotinamide adenine 
dinucleotide dehydrogenase-tetrazolium-reductase(NADH-
TR), succinic dehydrogenase (SDH), cytochrome c oxidase 
(COX), menadione-nitro blue tetrazolium and adenosine 
triphosphatase (ATPase) pre-incubated at pH 9.4, 4.63, 4.35.
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Immunohistochemistry (IHC)

IHC was performed in frozen muscle sections from patients 
III-1, II-6, II-9from FA. Antibodies against Desmin (Anti-
Human Desmin, Clone D33, Dako Laboratories, Denmark 
A/S), Myotilin (NCL-Myotilin, Novocastra Laboratories, 
Newcastle Upon Tyne, United Kingdom), �B-crystallin 
(CRYAB, GeneTex International Corporation, Irvine, USA), 
C5b9 (Dako), P62 (BD-Transduction Laboratories) and anti-
bodies against dystrophin (Dys2, Leica), a, b, g, d sarcogly-
cans (Leica), alpha 2 laminin, dysferlin (Leica), were applied 
to 10�µm thick cryosections and revealed using immunop-
eroxidase techniques.

Electron microscopy

Electron microscopy (EM) was performed in three cases 
(FA.III-1,FA.II-6 and FB.III-1).Small muscle samples 
were “xed in 2.5% glutaraldehyde, pH 7.4, post-“xed 
in 4% osmium tetroxide, dehydrated and embedded in 
araldite. Several blocks from each patient were studied, 
including longitudinally and transversally oriented sam-
ples. Semi-thin sections were stained with toluidine-blue 
and examined on light microscopy. Ultrathin sections were 
stained with uranyl acetate and lead citrate (Reynolds) and 
viewed with a Zeiss EM 109�T.

Fig. 1  Family A and Family B pedigrees
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Genetic analysis

In family A (Fig.�1), exome sequencing was performed for 
individuals FA.II-6, FA.II-7 and FA.II-9 with the SureSe-
lect Human All Exon 50�Mb capture library v5 (Agilent, 
Santa Clara, USA). Samples were paired-end sequenced on 
Illumina HiSeq 2500 (Illumina, San Diego, USA). In family 
B (Fig.�1), exome sequencing was performed on the index 
patient (FB.III-1) with Roche SeqCap EZ Human Exome 
v3 with 75�bp paired end reads and sequenced on Illumina 
NextSeq 550 (Illumina, San Diego, USA).

Alignment was performed on the GRCh37/hg19 reference 
genome and the variants were “ltered using their frequency 
in gnomAD (https ://gnoma d.broad insti tute.org/) and in our 
in-house database containing over 1500 exomes. The vari-
ants with minor allele frequency over 0.01 were removed 
from analysis. The mutation was numbered according to the 
GenBank NM_031372.3 with +1 corresponding to the A of 
the ATG translation initiation codon.

In family A, con“rmation of variants and segregation was 
performed with Sanger sequencing for four a�ected (FA.
II-6, FA.II-9, FA.II-10, FA.III-1) and three healthy individu-
als (FA.II-5, FA.II-7, FA.III-2). In family B, the segrega-
tion was veri“ed by Sanger sequencing in three other family 
members (FB.II-1, FB.II-2 and FB.III-2).

Magnetic resonance imaging (MRI)

Muscle MRI was performed in one member from family A 
(FA.II-6) and two from family B (FB.III-1, FB.II-1). Fast 
Spin Echo (FSE) T1 and T2-weighted STIR (Short-tau 
inversion recovery) images were acquired in axial and coro-
nal planes of both thighs and legs. We analysed and classi-
“ed all cases considering the type of involvement of each 
muscle: perifascial, concentric, mottled, muscle atrophy vs. 
hypertrophy, oedema vs. fatty in“ltration, the muscles most 
a�ected in each compartment, using the Mercuri score [11, 
12].

Results

Phenotypic presentation and�clinical investigations

Family A�(FA)

An Argentinean family originally from the province of 
Buenos Aires with Italian ancestry. There were 10 a�ected 
family members over 3 generations (Fig.�1). All a�ected 
individuals had a normal early motor development. The age 
at onset ranged from 38 to 48�years. The initial symptoms 
were proximal lower limb weakness in two patients (FA.II-6, 
II-9) associated with distal lower limb weakness in one of 

them (FA.III-1). Scapular winging and anterior thigh atro-
phy were common “ndings in all patients (Fig.�2). Other 
symptoms and signs were muscle cramps (FA. I-6, II-6 and 
II-10) and early onset cataracts (FA. I6, II-4, II-6 and II-10). 
No additional clinical information was available from the 
deceased relatives.

FA.III-1

A 56-year-old male with asymmetric distal lower limb weak-
ness from the age of 38, unable to walk on heels. Muscle 
weakness progressed to the proximal lower limb muscles, 
and to the shoulder and arm muscles. This resulted in fre-
quent falls. Later on, he developed limitations of “nger and 
toe ”exors. At present he is unable to raise his arms, has 
marked bilateral scapular winging (Fig.�2b), symmetrical 
quadriceps atrophy and walks with a cane. No cataracts were 
observed. CK levels were variably increased at several deter-
minations, with values between 677-1800�IU/l [normal val-
ues (nv): 55…170�IU/l]. Cardiovascular and pulmonary eval-
uation was unremarkable. He had two non-a�ected brothers 
that are deceased. His deceased father developed scapular 
winging during adulthood and cataracts at 70�years of age.

FA.II-6

A 68-year-old woman whose “rst symptom was early onset 
cataracts revealed at the age of 42�years. By the age of 48, 
she developed proximal lower limb weakness, progressive 
di�culty in climbing stairs and frequent falls. Later on, 
the weakness progressed to distal muscles with movement 
limitation a�ecting “rst the toes and later the “nger ”exors 
and small hand muscles. Scapular winging was also present 
(Fig.�2e).Currently she has both proximal and distal lower 
limb weakness (MRC 3/5), walks with a cane, and experi-
ences frequent cramps in her feet, legs, and hands. She had a 
medical history of hypothyroidism controlled with medica-
tion. The CK levels were slightly elevated at 300�IU/l (nv: 
30…135�IU/l). The EMG showed a •myopathicŽ pattern con-
sistent with a distal involvement with normal nerve conduc-
tion studies (NCS).

FA. II-9

A 59-year-old man, started at the age of 38 with proximal 
and later on distal muscle weakness. Similar to the other 
patients he presented with limitation of toes and later “nger 
”exors; and scapular winging (Fig.�2a). He has a normal 
cardiovascular evaluation; reduced forced vital capacity with 
ventilatory insu�ciency.
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Family B (FB)

An Argentinean family from the province of Entre Rios, with 
French-Basque ancestry with 5 a�ected members over three 
generations (Fig.�1). Age at onset varied from 41 to 63-year-
old with progressive proximal lower limb muscle weakness. 
There was no history of early onset cataracts or restriction 
of “nger and toe ”exion with reduced range of movement in 
the interphalangeal joints.

FB.III-1

A 46-year-old man, semi-professional cyclist, started to 
experience progressive weakness and wasting of the quadri-
ceps from the age of 41. He has di�culty standing from 
the crouched position, has occasional unexplained falls and 
some di�culty climbing stairs. Cardiopulmonary examina-
tion was normal. The maternal grandfather and three great 
uncles were a�ected by a similar, late onset, muscle condi-
tion. At the time of his “rst examination at age 41, he had 
no shoulder girdle or upper arm muscles weakness but a 
mild bilateral scapular winging; prominent atrophy of the 
vastus lateralis and medialis and a striking preservation of 
the rectus femoris (knee extension: MRC power grade 4-/5) 
(Fig.�2d,g). Atrophy of the posterior thigh compartment was 
noticed as well as abdominal weakness. Pelvic girdle weak-
ness was present with hip adduction and abduction being 

compromised (MRC power grade 4+/5). Muscle strength 
was preserved in the lower legs and there was calf hypertro-
phy. Five years after the “rst evaluation a more pronounced 
scapular winging (Fig.�2c) and shoulder weakness with no 
lower limb distal weakness was observed. No “nger or toes 
”exion limitation was present. The CK levels were mildly 
elevated (862 U/l; nv: 55…170 UI/l) and the electromyogra-
phy was consistent with a •myopathicŽ pattern.

FB.II-1 case

The mother of the proband, a 65-year-old woman, showed a 
slight weakness of the vastus muscles (Knee extension MRC 
4+/5), mild and asymmetrical scapula displacement (Fig.�2f) 
and lumbar scoliosis. The patient reports occasional lower 
limb cramps and for the last 3�years some di�culties climb-
ing stairs. The CK level was normal. There is no history of 
early onset cataracts.

Muscle biopsies

Histochemistry

Quadriceps muscle biopsies from patients FA.III-1, FA.II-
6, FA.II-9, FB.III-1 at the age of 42, 55, 40 and 41�years-
old, respectively, showed the presence of rimmed vacuoles, 
autophagic vacuoles and cytoplasmic bodies (Fig.�3). There 

Fig. 2  Scapular winging and vastus atrophy are common clinical 
“ndings. Scapular winging was a common “nding in patients: FA.II-9 
(a), FA.III-1 (b), FB.III-1 (c), FA.II-6 (e) andFB.II-1 (f). Severe thigh 
atrophy was present in all patients (patient B.III-1) (d, g). In case 

B.II-1 (f) although she carries the mutation, slight symptoms were 
present. Marked atrophy of vastus muscles were observed with pres-
ervation of the rectus femoris (Patient B.III-1) (g)
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was variability in muscle “bre size with the presence of 
atrophic “bres and a few pyknotic nuclear clumps. There 
was a moderate increase in the endomysial/perimysial con-
nective tissue and in one case, some necrotic/regenerating 
“bres were observed.

Immunohistochemistry (IHC)

Dystrophin; lamininalpha-2; alpha, beta, gamma, and delta 
sarcoglycans labelling was preserved. ForFA.II-9: Some of 
the vacuoles were labelled with antibodies for dystrophin, 
thus con“rming the presence of sarcolemma membranes in 
the vacuoles as previously described. IHC study for desmin, 
myotilin, and �B-crystallin did not show any speci“city, 
with only an inconsistent and unspeci“c immunostaining 
of a few degenerating “bres. Some vacuoles were labelled 
with the antibodies against C5b9 and dystrophin and a good 
number of muscle “bres presented accumulations of P62.

Ultrastructural study

Electron microscopy studies were performed in three muscle 
biopsies (FA.III-1,FA.II-6 and FB.III-1) (Fig.�4). All biop-
sies showed marked autophagic changes, particularly in 
patients FA.III-1 and FB.III-1 and less prominent in patient 
FA.II-6. We could observe numerous vacuoles containing 
membranous remnants, myeloid bodies, and cytoplasmic 
bodies (Fig.�4b, c, f). The myo“brils were regularly dis-
sociated by amorphous material from the autophagy debris. 
Cytoplasmic areas with tubulo“lamentous inclusions, a 

structural marker of rimmed vacuoles, were detected in some 
muscle “bres (Fig.�4a, d). Additionally, remaining segments 
of disrupted sarcomeres were present in the disorganized 
regions of the “bres, and small areas of dispersed “lamen-
tous bundles of Z-disc origin were also noted (Fig.�4e). 
Of note that, neither granular “lamentous aggregates nor 
nuclear tubulo“lamentous inclusions were observed in these 
muscle biopsies.

Genetic analysis

By exome sequencing, we identi“ed the same heterozygous 
HNRNPDL mutation in both families. This missense muta-
tion, c.1132G>C p.(Asp378His), a�ects a conserved amino 
acid encoded by exon 6 of HNRNPDL. The mutation was 
not listed in gnomADor in our in-house database contain-
ing over 1500 exomes and was previously reported as caus-
ing LGMDD3. In family A, the presence of the HNRNPDL 
mutation in the patients and its absence in the healthy fam-
ily members was con“rmed by Sanger sequencing. In F.B, 
HNRNPDL: c.1132G>C p.(Asp378His) was found in the 
index patient as well as the mother, whereas the father and 
the healthy brother did not harbour the mutated allele.

MRI �ndings

MRI “ndings showed in the three cases analysed at the 
thighs, a selective pattern involving heavily adductor mag-
nus and vastus muscles with preservation of rectus femoris 
and adductor longus (Fig.�5). Lower distal leg involvement 

Fig. 3  Histochemistry. Frozen muscle sections from patients: FA. 
III-1 (a…c) and FB. III-1 (d…f). Marked variability of “bre size with 
some atrophic “bres. Numerous rimmed vacuoles and abundant 

autophagy lesions were observed in many “bres: a (HE), b (GT), d 
(HE) and e (GT). Vacuoles and some areas of disorganized structure 
were also detected with oxidative techniques: c and f (NADH-TR)
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was present only in one patient showing replacement of ante-
rior compartment and soleus muscles.

FA. II-6

Muscle MRI shows a di�use, symmetric, fatty in“ltration 
of the gluteus minimus and ilio-psoas muscles; moderate 
fatty in“ltration of the gluteus maximus predominantly on 
the right and of the tensor fascia lata with relative sparing 
of gluteus medium muscles. At the thighs, on the anterior 
compartment, a selective involvement of vastus medialis, 
intermedius and lateralis, sartorius, adductor magnus, with 
relative sparing of the rectus femoris and adductor longus 
muscles were observed (Fig.�5e). On the posterior compart-
ment there was a severe involvement of the semitendinosus 
with relative sparing of the semimembranosus and long head 
of biceps femoris. At the lower legs the tibial anterior, exten-
sor hallucis and soleus were a�ected (Fig.�5f).

FB.III-1

Thigh MRI showed severe fatty in“ltration of all vastus mus-
cles, sartorius and adductor magnus with relative sparing of 
gracilis, biceps femoris, semitendinosus, and semimembra-
nosus muscles. Preservation of rectus femoris and adductor 
longus were observed with hypertrophy of rectus femoris 
(Fig.�5c). At the lower leg there was no evident muscle 
involvement (Fig.�5d).

FB. II-1

Severe fatty in“ltration was observed in the vastus lateralis, 
adductor magnus and sartorius muscles with relative sparing 
of rectus femoris and the adductor longus (Fig.�5a). Semiten-
dinosus, semimembranosus and biceps femoris were moder-
ately a�ected. At the lower leg level, no evident involvement 
was detected (Fig.�5b).

Comparative MRI studies

Comparative MRI studies from both FA. II-6 and FB.III-1 
patients were performed with an interval of 12�years and 
4�years, respectively (Fig.�6).

Discussion

LGMDD3 HNRNPL-related is caused by heterozygous 
mutations in the HNRNPDL gene. Until now, only three 
families were described worldwide: a Brazilian-Caucasian, 
a Uruguayan, and a Chinese family [2-4]. The missense 
mutations in HNRNPDL a�ected the same aminoacid in all 
families although the transition is di�erent: p.(Asp378Asn) 
in the Brazilian and Chinese families and p.(Asp378His) in 
the Uruguayan family. The description of several families 
carrying the mutation in the same amino acid could de“ne 
a mutational hotspot.

This study describes two unrelated Argentinian fami-
lies with European ancestry (Italian/French-Basque) with 

Fig. 4  Ultrastructural “ndings. Longitudinal muscle sections from 
patients: FA. III-1 (a…c) and FB. III-1 (d…f). The autophagic vacuoles 
containing membranous remnants, myeloid bodies and some glyco-
gen granules (b, f) are observed among the myo“brils. Cytoplasmic 

bodies (c) and few zones with spread “lamentous bundles of Z-disc 
material (e) were also noted. Areas with tubulo“lamentous inclu-
sions, a structural marker of rimmed vacuoles, were detected in some 
muscle “bres (a, d)
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LGMDD3 HNRNPDL-related, histologically characterized 
by marked autophagy with numerous rimmed vacuoles asso-
ciated with the p.(Asp378His) dominant HNRNPDL muta-
tion. Moreover, we provide new clinical, histopathology and 
ultrastructural “ndings, as well as evidence of a selective 
muscle MRI involvement which seems to be speci“c in any 
stages of the disease, even in oligo-symptomatic patients.

In our two families, the disease manifested with two 
di�erent initial phenotypes; a typical late onset limb gir-
dle proximal weakness with atrophy of the thighs, and a 
distal asymmetric lower limb ankle dorsi”exion weakness. 
Whereas limitation of “ngers ”exors was a late manifestation 
in all members of one of our families, early onset cataracts 
were present in only four patients. Despite the variable pres-
entation in both families, scapular winging was a regular 
clinical “nding in all a�ected patients. The presence of a 
65�years-old oligo-symptomatic patient reinforces previous 

descriptions regarding variable clinical severity of the dis-
ease. In our cohort, as in previous reported series, the myo-
pathy usually manifested as a late onset slowly progressive 
disorder, the age of onset ranging from 38 to 63�years. Nor-
mal cardiac and respiratory assessments in most of the stud-
ied patients could suggest that cardiac and respiratory insuf-
“ciency may not be a feature of this condition, however, the 
oldest patient in this series presents a reduction of the FVC 
over time with a pattern that may suggest the diaphragm 
is compromised. We, therefore, suggest that the respira-
tory function should be monitored in this condition. Some 
clinical similarities can be established between LGMD D3 
HNRNPDL-related and myopathies associated with muta-
tions in other genes coding for other heterogeneous nuclear 
ribonucleoproteins (hnRNPs) such as hnRNPA1. Rimmed 
vacuolar myopathy has been documented with mutations in 
hnRNPA1, causing a similar autosomal dominant, late onset 

Fig. 5  MRI reveals a speci“c muscle pattern at the thigh. T1 
weighted MRI sections shows preservation of adductor longus and 
rectus femoris as a common “nding in all patients, even in di�er-
ent stages of the disease. a Thigh MRI Patient FB.II-1 performed at 
age 68; severe fatty in“ltration was observed on the vastus lateralis, 
adductor magnus and sartorius muscles with relative sparing of rec-
tus femoris (arrow) and the adductor longus (arrow). Semitendinosus, 
semimembranosus and biceps femoris were moderately a�ected. b At 
the leg level no evident involvement was observed. c Thigh MRI in 
patient FB.III-1 performed at age 46 showed severe fatty in“ltration 
of vasti muscles, Sartorius and adductor magnus with relative spar-
ing of gracilis, biceps femoris, semitendinosus and semimembrano-

sus muscles. Preservation of rectus femoris and adductor longus were 
observed with hypertrophy of rectus femoris. d At the leg level no 
evident involvement was observed. e Muscle MRI in patient FA.II-6 
performed at 68-year-old. At the thigh level, almost complete fatty 
replacement is observed with selective involvement of vastus media-
lis, intermedius and lateralis, sartorius and adductor magnus with 
relative sparing of the rectus femoris and adductor longus. In the pos-
terior compartment, severe involvement of semitendinosus was seen, 
with relative sparing of semimembranosus and long head of biceps 
femoris. f At the legs, tibial anterior (arrow), extensor hallucis and 
soleus (arrow) were also a�ected
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myopathy with distal or proximal lower limb onset and no 
cardiac or respiratory involvement [9, 10, 13].

Our MRI “ndings allow us to postulate a speci“c and 
pathognomonic pattern of involvement of the thighs with 
preservation of the rectus femoris and adductor longus, 
even at late stages of the disease (Figs.�5, 6).These “nd-
ings are in accordance with the previous description by 
Sun et�al. (2019), showing a strikingly similar muscle MRI 
pattern. Vastus muscles seem to be early and particularly 
a�ected and probably may correlate with the early falls of 
the patients. In contrast, no leg-speci“c muscle involvement 
was observed. A similar muscle MRI pattern, with preserva-
tion of the rectus femoris was described previously in MSPs 
like hnRNPA1 and hnRNPA2B1 associated diseases [9]. The 
reason for the selective involvement of some particular mus-
cles with relatively sparing of others remains unclear. We 
could speculate that a possible association of myotoxicity 
with the levels of mutant HRNPNDL in di�erent muscles 
might be related with the selective muscle involvement, or 
some muscles being more dependent on correct mRNA-
processing than others. Selective muscle involvement is not 
a speci“c “nding of LGMD D3 HNRNPDL-related, but 
rather a common “nding in muscular dystrophies. Previous 
reports demonstrated signi“cant variations in isoform and 
gene expression levels in anatomically di�erent muscles as 

one of the possible explanations of this discrepancy [14]. 
Other factors remain to be clari“ed.

The muscle biopsy studies allowed us to demonstrate 
a particular morphological pattern characterized by “bres 
harbouring numerous autophagic rimmed vacuoles and 
cytoplasmic bodies. Electron microscopy, performed for the 
“rst time in HNRNPDL-related LGMD D3, demonstrated 
autophagic changes with numerous vacuoles containing 
membranous remnants, myeloid bodies, besides cytoplas-
mic bodies and some “lamentous material. Myo“brils in 
dissolution were separated by amorphous autophagic debris 
material (Fig.�4).

The morphological and clinical aspects of the HNRN-
PDL-related myopathy, suggest that this entity should be 
included in the group of the •autophagic vacuolar myopa-
thiesŽ (AVM) instead of the LGMD. Of note, the cases pre-
viously reported of HNRNPDL-related muscular dystrophy 
in the literature did not include electron microscopy studies 
and the morphological description was very limited. These 
facts have led to the classi“cation of this entity as an autoso-
mal dominant muscular dystrophy mostly based on the clini-
cal phenotype. With the new “ndings in electron microscopy 
that we report here, we postulate that the histological phe-
notype is compatible with an AVM and we suggest that the 
classi“cation of this entity should be reconsidered.

Fig. 6  Comparative thigh MRI in two di�erent patients. T1 weighted 
comparative thigh MRI performed in patient FA.II-6 (56-year-old 
and 68-year-old) (a, b) and FB.III-1 (42-year-old and 46-year-old) 
(c, d) which illustrates selective sparing of rectus femoris (asterisk) 

and adductor longus (asterisk) through the years with marked degen-
eration of vasti. Posterior compartment muscles in case FA.II-6 were 
severely a�ected with the exception of semimembranosus and biceps 
femoris whereas in FB.III-2 are less a�ected
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HNRNPDL belongs to the subfamily of the heterogene-
ous nuclear ribonucleoproteins (hnRNPs) essential for the 
maturation of newly formed heterogeneous nuclear pre-
mRNA into mRNA and the transport of mRNA. They are 
key proteins in the RNA metabolism and many hnRNP genes 
are known to cause degenerative diseases in particular with 
mutations in the prion-like domains (PrLD). Mutations in 
the PrLD of hnRNPA1 and A2B1 cause MSP [10]. Muta-
tions in the PrLD of TIA1 cause rimmed vacuolar distal 
myopathies [15]. Mutations in the PrLD increase the ten-
dency to self-aggregation.

In conclusion, HNRNPDL-related LGMD D3 results in 
a wide range of phenotypes from the classic proximal form 
of LGMD to a more distal phenotype. Codon 378 of HNRN-
PDL gene can be considered a mutation hotspot for HNRN-
PDL-related myopathy. Moreover, cataracts and limited 
“ngers ”exion may not be uniform “ndings. On the other 
hand, scapular winging is an important clinical key sign with 
similarity to VCP mutated MSP myopathy. The preservation 
of rectus femoris and adductor longus muscles is a com-
mon MRI feature at all stages of the disease. Pathologically 
the disease can be classi“ed among the autophagic rimmed 
vacuolar myopathies as with the other MSP myopathies.
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2.2.6 Publication 8: Dihydropyridine receptor (DHPR, CACNA1S) congenital myopathy 

(Schartner et al. 2017) 

Background  

CACNA1S encodes a calcium channel subunit of the dihydropyridine receptor (DHPR), serving 

as voltage sensor at the T-tubule and playing a key role in excitation-contraction coupling 

(ECC) (Protasi 2002; Franzini-Armstrong and Kish 1995). Autosomal dominant CACNA1S 

mutations have been shown to cause hypokalemic periodic paralysis (Fontaine et al. 1994; 

Ptacek et al. 1994; Jurkat-Rott et al. 1994), a disease characterized by episodes of generalized 

muscle weakness associated with low serum potassium levels (Statland et al. 2018). 

Aim of the study 

The aim of the study was to unravel the genetic cause and the pathomechanism of a molecularly 

undiagnosed congenital myopathy in a homogeneous cohort of seven families. 

Results  

We reported 11 patients from seven unrelated families with a myopathy characterized by 

congenital or early-onset hypotonia and a progressive muscle weakness with facial 

involvement. Analyses of the muscle biopsies revealed an alveolar aspect of the 

intermyofibrillar network as the histopathological hallmark of the disease (Fig. 1 of the 

publication). Predominance of type 1 fibers and fiber size heterogeneity were also observed. 

Exome sequencing led to the identification of compound heterozygous CACNA1S mutations in 

four families and revealed heterozygous CACNA1S missense mutations in three families. 

Western blot analyses on muscle extracts revealed a strong decrease in CACNA1S protein level 

in both recessive and dominant families, and functional analyses in patients myotubes showed 

a decreased Ca2+ release upon KCl depolarization.  

Conclusion  

We identified CACNA1S mutations as the genetic cause of a novel congenital myopathy 

clinically characterized by early-onset hypotonia and facial weakness, and histologically 

characterized by an alveolar aspect on oxidative staining. Both recessive and dominant 

mutations led to a strong decrease in CACNA1S protein content in muscle, and to reduced Ca2+ 

release upon depolarization. DHPR is known to be active as a tetrad, and our results suggest 

that DHPR tetrads containing at least one subunit with dominant CACNA1S mutation are prone 

to degradation.  
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Contribution 

I performed the skeletal muscle RNA extraction and amplification to evaluate the impact of the 

CACNA1S mutations on RNA splicing and expression.  
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describe a cohort of 11 patients from 7 families present-
ing with perinatal hypotonia, severe axial and generalized 
weakness. Ophthalmoplegia is present in four patients. The 
analysis of muscle biopsies demonstrated a characteris-
tic intermyo“brillar network due to SR dilatation, internal 
nuclei, and areas of myo“brillar disorganization in some 
samples. Exome sequencing revealed ten recessive or dom-
inant mutations in CACNA1S (Cav1.1), the pore-forming 
subunit of DHPR in skeletal muscle. Both recessive and 
dominant mutations correlated with a consistent phenotype, 
a decrease in protein level, and with a major impairment 
of Ca2+  release induced by depolarization in cultured myo-
tubes. While dominant CACNA1S mutations were previ-
ously linked to malignant hyperthermia susceptibility or 

Abstract Muscle contraction upon nerve stimulation relies 
on excitation…contraction coupling (ECC) to promote the 
rapid and generalized release of calcium within myo“b-
ers. In skeletal muscle, ECC is performed by the direct 
coupling of a voltage-gated L-type Ca2+  channel (dihy-
dropyridine receptor; DHPR) located on the T-tubule with 
a Ca2+  release channel (ryanodine receptor; RYR1) on the 
sarcoplasmic reticulum (SR) component of the triad. Here, 
we characterize a novel class of congenital myopathy at 
the morphological, molecular, and functional levels. We 
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hypokalemic periodic paralysis, our “ndings strengthen 
the importance of DHPR for perinatal muscle function in 
human. These data also highlight CACNA1S and ECC as 
therapeutic targets for the development of treatments that 
may be facilitated by the previous knowledge accumulated 
on DHPR.

Keywords DHPR · Congenital myopathy · Excitation…
contraction coupling · Triad · Centronuclear myopathy · 
Core myopathy · Myotubular myopathy

Introduction

Excitation…contraction coupling (ECC) is the process by 
which an action potential triggered by nerve-induced mus-
cle membrane depolarization causes the muscle “ber to 
contract. In skeletal muscle, ECC relies on a direct cou-
pling between a Ca2+  release channel (the ryanodine recep-
tor; RyR1) located on the sarcoplasmic reticulum (SR), 
and a voltage-gated L-type Ca2+  channel (the dihydropyri-
dine receptor; DHPR) on the T-tubule [33]. ECC occurs at 
the triad, a specialized membrane structure formed by the 
apposition of a sarcolemma invagination (the T-tubule) and 
two SR saccules containing RyRs [10]. Upon depolariza-
tion, activation of the DHPR induces the opening of RyR1 
and the release of Ca2+  from the SR stores, subsequently 
triggering muscle contraction.

The CACNA1S (Cav1.1) gene encodes the pore-forming 
subunit of DHPR in skeletal muscle. It is composed of 44 
exons and has an embryonic splice variant lacking the in-
frame exon 29. CACNA1S is a 1873 amino-acid protein 
with four transmembrane domains (I…IV), each with six 

transmembrane segments (S1…S6) [40]. The loop between 
domains II and III is instrumental in mediating the activa-
tion of RyR1 [8, 21, 33]. The importance of CACNA1S 
in ECC has been demonstrated in cellula and also in vivo. 
Cells lacking CACNA1S have impaired ECC, and mice and 
drosophila with defective CACNA1S (Dmca1D ortholog in 
the ”y) are embryonically lethal [5, 9, 18]. In adult mice, 
CACNA1S appears to control muscle mass as acute down-
regulation of Cacna1s leads to massive atrophy, although 
ECC was functional [30].

Heterozygous dominantly acting CACNA1S mutations 
have previously been associated either with malignant 
hyperthermia susceptibility (MHS5; MIM#601887) trig-
gered by volatile anaesthetics [25], hypokalemic peri-
odic paralysis (HOKPP; MIM#170400) characterized by 
periodic attacks of muscle weakness associated with a 
decrease in the serum potassium level [16, 32], and thy-
rotoxic periodic paralysis (TTPP1; MIM#188580) [20]. 
Moreover, alternative splicing of exon 29 is repressed 
in patients with myotonic dystrophy and correlates with 
increased channel conductance and voltage sensitivity 
[38]. However, the link between mutations of DHPR and 
a myopathy is not yet fully established. More generally, 
triad defects due to mutations in other genes encoding for 
the ECC machinery have been reported in a sub-class of 
myopathies known as triadopathies, while secondary triad 
abnormalities may be observed in several other muscle 
diseases [1, 6].

In this study, we analyzed a cohort of patients with con-
genital myopathy, a clinically and genetically heterogene-
ous group of muscle diseases of variable severity, char-
acterized by antenatal, neonatal, or early onset, ranging 
from severe fetal akinesia to milder forms of hypotonia 
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and muscle weakness, in conjunction with the presence of 
characteristic morphological hallmarks on skeletal muscle 
biopsy [26, 35]. Histopathologically and ultrastructurally, 
they can be sub-classi“ed into nemaline myopathies with 
rods inclusions and/or protein aggregates, core myopa-
thies with well-de“ned muscle “ber areas devoid of oxi-
dative enzyme activity, and centronuclear myopathy with 
several “bers with internal and centralized nuclei. Fiber-
type disproportion with a bias toward smaller and more 
abundant type 1 “bers is a feature common in several 
forms of congenital myopathies [27]. Advances in recent 
genetic technologies combined with extensive studies of 
large families and well-de“ned cohorts led to the identi-
“cation of approximately 30 causative congenital myo-
pathy genes (http://www.musclegenetable.fr), of which a 
majority encodes proteins associated with the sarcomere 
structure or its stability [22, 23, 26, 35]. Despite these 
advances, approximately half of patients with congenital 
myopathies remain without a con“rmed genetic diagno-
sis, which is essential for appropriate disease manage-
ment, prognosis, genetic counseling, and development of 
therapies [2].

Here, we identi“ed by exome sequencing both recessive 
and dominant CACNA1S mutations as a cause of a congeni-
tal myopathy characterized by peculiar morphological hall-
marks in a cohort of 11 patients from 7 families.

Materials and methods

Patients

Eleven patients from seven unrelated families from Cau-
casian, Argentinean, or Vietnamese origin were included 
in this study. The cohort comprises 3 sporadic cases 
(patients P2, P5, and P9), 2 families with dominant inher-
itance (P6…8; P10, and P11), and 2 families with several 
affected siblings and recessive inheritance (P1; P3, and 
P4). All patients presented with a clinical history of a 
congenital myopathy and underwent detailed clinical 
examinations. Clinical, histopathological, and genetic 
features are summarized in Table 1. Sample collec-
tion was performed with written informed consent from 
the patients or parents according to the declaration of 
Helsinki.

Muscle imaging

CT scan for P1 and MRI for P2, P4, P5, P7, P8, P9, P10, 
and P11 were performed. T1-STIR was performed for P4, 
P5, P7, P8, P9, P10, and P11. P2 was scaled by the Mer-
cury method.

Exome sequencing and analysis

Genomic DNA of patients and relatives was isolated from 
peripheral blood by phenol…chloroform extraction. DNA 
storage and usage was IRB approved (DC-2012-1693 and 
12-N-0095 for NIH). Exome sequencing (ES) was per-
formed for all living patients, the parents of families 1 and 
6, the mother of P3 and P4 in family 3, and the father of 
P7 and P8 in family 5. ES was performed at CNG (Evry, 
France), at DeCode as part of Neuromics (Reykjavik, Ice-
land), at the Broad Institute (Cambridge, USA) and at the 
UCLA (Los Angeles, USA). Fragmented genomic DNA 
was enriched for exons using the SureSelect Human all 
Exon 50 Mb capture library v5 (Agilent, Santa Clara, 
USA) and sequenced 90nt paired-end on Illumina HiSeq 
2000/2500 sequencers.

Sequence data were aligned to the GRCh37/hg19 ref-
erence genome using the Burrows…Wheeler aligner soft-
ware (http://bio-bwa.sourceforge.net), and variant calling 
was performed with SAMtools or the Uni“edGenotyper 
(https://www.broadinstitute.org/gatk). The following data-
bases were used for variant annotation and “ltering: Exome 
Variant Server (http://evs.gs.washington.edu/EVS/), ExAC 
Browser (http://exac.broadinstitute.org/), dbSNP (http://
www.ncbi.nlm.nih.gov/projects/SNP/), 1000 genomes 
(http://www.1000genomes.org/), as well as in-house exome 
databases. Variants ranking was performed with VaRank 
[13].

Con“rmation of variants was performed by Sanger 
sequencing. Haplotype analysis between families 1 and 2 
was performed using four (CA)n microsatellites ”anking 
the CACNA1S gene, which are localized 39- and 25-kb 
upstream and 3.5-and 18-kb downstream, respectively 
(coordinates, primers, and conditions are available on 
request).

Morphological studies

An open deltoid muscle biopsy was performed for patients 
P1, 2, 3, 6, 7, and 9 following informed consent. Age at 
muscle biopsy varied from 6 months to 60 years. A nee-
dle quadriceps biopsy was performed on patient 5 at 
9 months and a bicep brachii biopsy was performed for 
P10 at 44 years of age. For the conventional histochemical 
techniques, 10-µm cryostat sections were stained with hae-
matoxylin and eosin (H&E), modi“ed Gomori trichrome 
(mGT), periodic acid Schiff technique (PAS), oil red O, 
reduced nicotinamide adenine dinucleotide dehydroge-
nase-tetrazolium reductase (NADH-TR), succinic dehy-
drogenase (SDH), cytochrome oxidase (COX), the mena-
dione-nitro blue tetrazolium, and adenosine triphosphatase 
(ATPase) preincubated at pH 9.4, 4.63, or 4.35.
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Digital photographs were obtained with a Zeiss Axi-
oCam HRc linked to a Zeiss Axioplan Bright Field 
Microscope and processed with the Axio Vision 4.4 soft-
ware (Zeiss, Germany) for the majority of patients with 
exception of patient 5 where a digital Leica scanner was 
used.

Electron microscopy

Electron microscopy analysis was performed in patients P1, 
2, 4, 6, 7, 9, and 10. Muscle specimens were “xed with glu-
taraldehyde (2.5%, pH 7.4), post “xed with osmium tetrox-
ide (2%), dehydrated, and embedded in resin (EMBed-812, 
Electron Microscopy Sciences, USA). Ultra-thin sections 
from three blocks from each patient were stained with ura-
nyl acetate and lead citrate. The grids were observed using 
a Philips CM120 electron microscope (80 kV; Philips Elec-
tronics NV, Eindhoven, The Netherlands) and were photo 
documented using a Morada camera (Soft Imaging System, 
France).

Immunohistochemistry and immuno”uorescence

Frozen muscle samples for immunohistochemical and 
immunofluorescence analyses were available for five 
patients (P1, 5, 6, 7, and 9). Fast, slow, developmental, 
neonatal myosin heavy chain (NCL-MHCn, Novocas-
tra Laboratories, Newcastle Upon Tyne, UK) antibodies 
were applied to 10-µm-thick cryosections, and revealed 
by immunoperoxidase techniques (ROCHE-Benchmark 
XT). In addition, immunofluorescence analyses were 
assessed on 8-µ m-thick cryosections overnight at 4 °C 
using different antibodies as Myosin alpha and beta-
slow heavy chain, fast 2A heavy chain, and 2X myosin 
heavy chain (BA-D5, SC-71, and 6H1, Developmen-
tal Studies Hybridoma Bank, University of Iowa, Iowa 
City, USA), CACNA1S antibody (ab2862 mouse mono-
clonal, Abcam, Cambridge, UK), Ryanodine Receptor 
1 (C-terminal rabbit polyclonal), and triadin (kind gift 
from Isabelle Marty, rabbit polyclonal) [34]. Subse-
quently, sections were incubated with appropriate con-
jugated secondary antibodies during 1 h. A set of con-
trol slides was prepared with omission of the primary 
antibodies and using aged-matched non-myopathic 
muscles.

RNA studies

RNA was extracted from muscle samples of P1 and 
P3 and from myotubes differentiated from fibroblasts 
infected by a MyoD expressing lentivirus for P5 using 
Tri-Reagent (Molecular Research Center, Inc., Cincin-
nati, USA) according to the manufacturer•s instructions. P
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Reverse transcription was done using random and 
oligo-d(T) primers. Amplification of the regions of 
interest was performed with specific CACNA1S prim-
ers (Supplementary Table 1) and PCR products were 
Sanger-sequenced.

Western Blot

Cryostat sections of fresh frozen muscle tissue were 
lysed in a buffer containing 2% SDS, 5% beta-mercap-
toethanol, and 62.5 mM tris HCl pH 6.8 with a mix of 
protease inhibitors (Sigma). Samples were quickly 
micro-centrifuged. Laemmli buffer was added and sam-
ples were denatured at room temperature. Total protein 
extract were separated on 10% SDS-PAGE and trans-
ferred to nitrocellulose membranes, blocked with non-fat 
milk, and incubated overnight with anti-CACNA1S anti-
body. Immunoblots were visualized by Immobilon West-
ern Chemiluminescent HRP Substrate (Millipore, Saint 
Quentin in Yvelines, France) on a G-Box system using 
the GeneSnap software (Ozyme, Montigny le Breton-
neux, France).

Myotubes from patient P1 and from healthy controls 
were lysed in a buffer containing 50 mM Tris, 100 mM 
NaCl, 1 mM EGTA, 0.5% NP-40, 0.5% Triton-X100, 
0.1% SDS, 1 mM DTT, 1 mM PMSF, and a mix of pro-
tease inhibitor (Complete EDTA-free, Roche), and dena-
tured in Laemmli buffer at 95 °C. Total protein extracts 
were separated on 6% SDS-PAGE gel and transferred to 
a nitrocellulose membrane. Detection of CACNA1S was 
done with an antibody targeting the middle part of the 
protein (HPA048892, Sigma, St. Louis, USA). Loading 
control was veri“ed with the use of a stain-free technique 
(Trichloroethylene, Sigma, St. Louis, USA) and imaged 
were acquired with the ChemiDoc Touch Imaging System 
(Bio-Rad).

Cell culture and imaging

Muscle cells were established from patient P1 by the 
Cochin Center (Paris, France). Cells were plated on a thin 
matrigel layer on 35 mm dishes (Ibidi, Martinsried, Ger-
many) with proliferation medium [DMEM/HAMF10 (1:1), 
20% FCS, HEPES 10 mM, penicillin 100 UI/mL, strep-
tomycin 100 µg/mL], then differentiated into myotubes 
at 80% con”uence by changing the medium (DMEM, 
2% HS, Penicillin 100 UI/mL, streptomycin 100 µg/mL). 
The next day, an upper layer of matrigel was added and 
the differentiation medium was changed every 2 days for 
10 days. Myotubes were “xed with 4% PFA and incubated 
with antibodies against CACNA1S (HPA048892, Sigma, 
St. Louis, USA) and RYR1 (R129, Sigma, St. Louis, 
USA).

Intracellular calcium measurements

Patient P1, P10, and control muscle cells were transferred 
onto glass coverslips and allowed to proliferate in growth 
medium until visible groups of >10 cells were formed. 
The medium was then switched to differentiation medium, 
and Ca2+  measurements were performed 7…10 days later. 
Free cytosolic [Ca2+ ] was determined using the ”uorescent 
Ca2+  indicator Fura-2 as described [4, 7, 36]. Coverslips 
were mounted onto a 37 °C thermostatted chamber which 
was continuously perfused with Krebs…Ringer medium. 
Individual cells were stimulated with different concentra-
tions of KCl or 4-chloro-m-cresol, with a 12-way 100-mm-
diameter quartz micromanifold computer-controlled micro-
perfuser (ALA Scienti“c) as previously described [39]. 
On-line (340 nm, 380 nm, and ratio) measurements were 
recorded using a ”uorescent Axiovert S100 TV inverted 
microscope (Carl Zeiss GmbH, Jena, Germany) equipped 
with a × 20 water-immersion FLUAR objective (0.17 
numerical aperture) with “lters (BP 340/380, FT 425, and 
BP 500/530) and attached to a Cascade 125+  charge-cou-
pled device camera. The cells were analyzed using Meta-
morph (Molecular Devices) imaging system, and the aver-
age pixel value for each cell was measured at excitation 
wavelengths of 340 and 380 nm. Ca2+  calibration was per-
formed as previously described.

Results

Characterization of a cohort of patients with congenital 
myopathy

Our cohort is composed of 11 patients from 7 unrelated 
families and includes 4 females (P3, P4, P6, and P11) and 
7 males (P1, P2, P5, P7, P8, P9, and P10). Ages range from 
8 to 60 years. Clinical summary, histopathological features, 
and genetic characterization of all patients are provided in 
Table 1. Family history reveals potentially recessive inher-
itance for two families (F1 and F3) and 2 families had a 
clear dominant transmission (F5 and F7), while P2, P5, 
and P9 were sporadic cases. All patients presented with a 
congenital myopathy involving congenital or early onset 
hypotonia, delayed motor milestones, and progressive mus-
cle weakness, with prominent axial involvement in most 
patients. Decreased fetal movement and breech presenta-
tion suggested antenatal involvement in several patients. In 
addition, one patient (P5) also had periodic paralysis and 
loss of speech during periods of illness and stress. These 
symptoms improved signi“cantly after treatment with 
acetazolamide, a carbonic anhydrase inhibitor known to be 
bene“cial for some HOKPP patients [24]. All patients had 
mild facial involvement, four patients had ophthalmoplegia 
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and one patient had ptosis. The respiratory system is het-
erogeneously affected ranging from normal to severely 
impaired. Most of the patients had mild-to-severe swal-
lowing issues. There was no cardiac involvement or clear 
involvement of other non-neuromuscular functions. Serum 
creatine kinase (CK) levels were within normal range in 9 
patients but elevated in the 2 patients from family 7 (1000…
2000 U/l range).

Morphological study has been done on muscle biop-
sies for individuals in six families (Fig. 1, Supplementary 
Figure S1). Histological analyses of the muscle biopsies 
of four families (F1, F2, F5, and F6) showed an alveolar 
aspect of the intermyo“brillar network on NADH-TR stain-
ing (Fig. 1c…f). For family F4, we noted a similar reticular 

pattern of intermyo“brillar network with rare whorled “b-
ers. Fiber size variability was present in “ve families (F1, 
F4, F5, F6, and F7) (Fig. 1, Supplementary Figure 1). Cen-
tralized or internalized nuclei were observed in “ve fami-
lies (F1, F2, F4, F6, and F7) and core-like or focal disor-
ganization of the structure in four families (F1, F2, F4, and 
F7). For patient P5 from family F4, these last features were 
seen in a few “bers, maybe re”ecting the fact that these 
features appear with time as this patient was biopsied at 
9 months old, while the others were biopsied in childhood 
or adulthood. Uniformity of type 1 (Fig. 1; and immuno-
”uorescence assay, not shown) was observed in F1, F2, 
F6, and predominance of type 1 “bers in families F4 and 
F5 was noted. Similar to P5, the biopsy of patient P10 in 

Fig. 1  Characterization of 
histological features in skeletal 
muscle. Serial muscle sec-
tions from patients P1 (a, c, e) 
and P9 (b, d, f). The mesh of 
the intermyo“brillar network 
displays an •alveolarŽ aspect, 
particularly on the oxidative 
staining (NADH-TR: c, d, e, f); 
this appearance is also observed 
with ATPases reactions. Uni-
formity of type 1 muscle “bers 
is observed on ATP 9.40 stain-
ing: a and b). The same “bers 
on consecutive serial sections 
are noted with stars
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family F7 showed a dystrophic aspect, with mild increase 
in endomysial connective tissue, scattered split “bers, in 
addition to an increase in number of centralized nuclei. 
In addition, P10 showed occasional “bers with degenera-
tion or regeneration, which is consistent with the “nding of 
increased serum CK to levels more than 1000 IU/l.

The ultrastructure of muscles from patients P1, P2, P3, 
P6, P7, P9, and P10 was investigated with electron micros-
copy and uncovered common features, such as dilated 
T-tubules and SR (Fig. 2b, d, e, g…i) and focal zones of 
myo“brillar disorganization (Fig. 2c, f). In P1, increased fre-
quency of triads per sarcomere has been observed (Fig. 2a). 
Long T-tubules and small areas of altered sarcomere stria-
tion could be seen in P2 (Fig. 2d…f). Muscle sections from 
P6 and P7 displayed less abnormalities and only some SR 
and T-tubules were dilated. However, the junctional feet 
between SR and T-tubules appeared normal in all patients.

The overall histological and ultrastructural “ndings were 
suggestive of a diagnosis of centronuclear or core myopa-
thy. Exome analysis and targeted sequencing of the known 
related genes, including MTM1, BIN1, DNM2, and RYR1, 
did not reveal any pathogenic variations.

Muscle MRI or CT scan of the lower limbs was performed 
on nine patients (Fig. 3). Symmetric involvement of anterior 
and posterior compartments at the level of the thigh was seen 
in all, varying from mild atrophy in patients P7 and P8 to a 
marked atrophy in P5 and severe and extensive fatty in“ltra-
tion throughout all muscle groups in patients P5 and P10. 
Anterior compartment muscles were slightly more involved 
than hamstrings in most. In some patients (P1, P2, and P9), 
the semitendinosus muscle was selectively more affected than 
the biceps femoris and semimembranosus. In patients P10 
and P11, there was also relative sparing of the vastus interme-
dius and adductor magnus. Where available, imaging at the 
level of the leg showed “ndings ranging from mostly absence 
of involvement to a pattern with relative sparing of the tibi-
alis anterior and posterior muscles as compared to soleus and 
gastrocnemii. 

In summary, all patients display a consistent phenotype 
of neonatal or early onset progressive muscle weakness with 
facial involvement and peculiar structural alterations on the 
muscle biopsy, with variable extra-ocular involvement and 
CK elevation, suggesting a common genetic basis of the 
disease.

Fig. 2  Changes in muscle ultrastructure caused by CACNA1S muta-
tions in patients P1 (recessive; a…c), P2 (recessive; d…f), and P9 
(dominant; g…i). P1 biopsy shows multiple triads (arrows, a) and 
dilated T-tubules (arrows, b) and a few focal zones of myo“brillar 

disorganization (c). P2 biopsy shows slight dilatation of the SR with 
apparently normal junctional feet connection (arrows, d, e) and small 
areas of disorganization (f). P9 biopsy shows numerous highly dilated 
SR around the myo“brils (arrows, g…i)
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Identi“cation of dominant and recessive mutations 
in CACNA1S

To identify the genetic cause of the disease, we performed 
exome sequencing on all available affected individuals, as 
well as one or both parents of families 1, 3, 5, and 6. With 
the use of different bioinformatics pipelines, we “ltered and 

ranked the best candidate genes and identi“ed several rare 
variants in CACNA1S, the gene coding the alpha 1 subunit 
of the L-type voltage-dependent Ca2+  channel, and a major 
protein for excitation…contraction coupling in skeletal mus-
cle. All variants were validated by Sanger sequencing in all 
available family members and segregation with the disease 
was con“rmed.

Fig. 3  CT scan (P1) and Muscle MRI of the thighs (P2, P4, P5, P7, 
P8, P9, P10, and P11) showing muscle involvement of nine patients. 
P1, P2, P4, P5, P9, P10, and P11 show more severe wasting and fatty 
in“ltration of the anterior compartment in the thigh (vastus lateralis). 

In addition, selective fatty in“ltration of semitendinosus is observed 
in P1, P2, and P9 (black arrow). P7 and P8 do not show major abnor-
malities other than muscle wasting more prominent in the anterior 
compartment
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Four families (F1…F4) displayed recessive disease seg-
regation with compound heterozygous mutations (Fig. 4a). 
P1 from Family 1 has two frameshift mutations in exons 
9 (p.S397Pfs*3; c.1189_1190del) and 40 (p.L1656Rfs*67; 

c.4967del). P2 from Family 2 carries a non-sense muta-
tion in exon 37 (p.Q1485*; c.4453C>T) and the same 
exon 40 frameshift as P1. The shared c.4967del mutation 
in Families 1 and 2 is likely to be from a different origin 
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considering that they do not share a common haplotype 
for 2 upstream microsatellites loci, the nearest being 25 kb 
from the gene. The two siblings P3 and P4 from Family 3 
carry a missense mutation in exon 6 (p.F275L; c.825C>A) 
and a frameshift in exon 18 (p.L791Cfs*37; c.2371delC). 
P5 from Family 4 carries two predicted missense mutations 
in exons 30 (p.Q1265H; c.3795G>T) and 3 (p.E100 K; 
c.298G>A). The respective parents of the patients are car-
rier of one mutation each, and the 2 unaffected siblings in 
family 1 carry a single variant, consistent with recessive 
inheritance.

In the remaining 3 unrelated families, 3 novel heterozy-
gous variants were identi“ed in 5 patients (Fig. 4b). The 
affected individuals P6, P7, and P8 from family 5 carry a 
missense mutation in exon 16 (p.P742Q; c.2225C>A) that 
appears de novo in the mother and segregates in her two 
affected sons. Patient P9 from family 6 carries a different 
de novo missense affecting the same amino acid (p.P742S; 
c.2224C>T). Another de novo missense mutation was iden-
ti“ed in both affected father (P10) and daughter (P11) from 
family 7 (p.L1367 V; c.4099C>G). None of the missense 
mutations were found in unaffected family members, con-
sistent with dominant inheritance.

All variants are present on both CACNA1S isoforms, 
and affect different domains of the protein (Fig. 4c). All 
variants were novel with the exception of the c.825C>A 
(p.F275L) and c.3795G>T (p.Q1265H) variants. They were 
both found in recessive families 3 and 4, respectively, and 
are listed in a heterozygous state at very low frequency in 
the ExAC exome database (3 ×  10Š5 and 8 ×  10Š6, respec-
tively). With regard to the predicted missense changes in 
our recessive families, the p.F275L substitution in fam-
ily 3 affects a conserved amino acid of the pore-forming 
loop L5, which is in close proximity to the selectivity 
“lter. The c.3795G>T variant found in family 4 not only 
involves an amino-acid substitution, but is, in addition, pre-
dicted to impact on splicing, resulting in a shift of the read-
ing frame and a premature stop codon (p.Q1265Hfs*57, 
outlined below). The second missense variant found in 
family 4 (p.E100K; c.298G>A) affects a glutamic acid 
that may interact with arginine 174 for the connection of 

transmembrane segments in the voltage-sensing domain, 
as modeled in the recently resolved 3D structure of DHPR 
(Supplementary Fig. S2).

Concerning the missense mutations in the dominant 
families, proline 742 is affected by two different mutations 
in two unrelated families (p.P742Q and p.P742S). This res-
idue is conserved in mouse and zebra“sh, and appears to be 
speci“c for the skeletal muscle alpha 1 subunit of DHPR, 
as it is not conserved in other alpha 1 subunits expressed in 
other tissues as CACNA1C or CACNA1D (Fig. 4d). This 
residue is localized in the loop between domains II and III 
involved in DHPR-RyR1 coupling, and a previous study 
demonstrated that the arti“cial P742T mutation strongly 
reduced ECC [19].

Altogether, those “ndings indicate that mutations in 
CACNA1S cause early onset myopathy with dominant or 
recessive disease inheritance.

Impact of mutations on CACNA1S transcript 
and protein

In total, we identi“ed 10 different CACNA1S mutations, 
including 3 frameshift, 1 non-sense, and 6 missense muta-
tions, including 3 con“rmed de novo mutations. The trun-
cating variants are predicted to remove the C-terminal 217, 
388, or 1476 amino acids from 1873 in the adult protein 
isoform. To assess if the premature stop codons lead to 
non-sense-mediated mRNA-decay (NMD), we extracted, 
reverse transcribed, and sequenced CACNA1S muscle 
RNA from patients P1 (Family 1) and P3 (Family 3). For 
patient P1, we detected amplicons of both alleles in com-
parable amounts, ruling out major mRNA-decay (Fig. 5a). 
In contrast, the p.L791Cfs*37 mutation in P3 leads to 
mRNA-decay as only the other allele, carrying the mis-
sense mutation, was detected. As mentioned above, one 
of the missense mutations in patient P5 (predicted protein 
impact p.Q1265H) is also predicted to disrupt the donor 
splice site of exon 30. Sequencing of CACNA1S RNA 
extracted from myotubes differentiated from P5 myoblasts 
indicated retention of 68 nucleotides from intron 30 leading 
to the frameshift p.Q1265Hfs*57 and the deletion of the 
last 608 amino acids (Fig. 5a). Both alleles were detected, 
illustrating that mRNA-decay does not occur. RNA from 
other patients was not available. In summary, all recessive 
cases described here carry at least one mutation involving 
a premature stop codon, although not all appear to trigger 
mRNA-decay.

To verify the impact of the mutations on the protein 
level, we performed western blot on muscle biopsies and 
myotubes extracts. CACNA1S was barely detectable by 
western blot in myotubes extracts from patient P1 with 
compound truncations (Fig. 5b). Similar results were 
obtained from muscle extracts of P1 (Fig. 5b). Detectable 

Fig. 4  Genetic analysis of recessive and dominant families mutated 
in CACNA1S. a Pedigree and mutations for the four families with 
recessive inheritance and b for the three families with dominant or de 
novo inheritance. Mutations were screened in all depicted individuals 
except if indicated deceased. The presence and segregation of muta-
tions are indicated by colored dots; if absent, the individuals do not 
carry any mutation supporting a de novo appearance in families 5, 6, 
and 7. c Schematic representation of CACNA1S showing the position 
of the novel mutations found in congenital myopathy (numbered), 
and in malignant hyperthermia or hypokalemic periodic paralysis. d 
Protein sequence alignment demonstrates the speci“city of the Pro-
line 742 in CACNA1S compared to other alpha 1 subunit of DHPR 
and the conservation of this residue in different species
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protein level was observed in muscle extracts from patient 
P3, harbouring one truncation and one missense mutation. 
CACNA1S is below the detection level of the western blot 
in P7 and P9 while slightly detected in P6, all dominant 
cases (Fig. 5b). These data support overall decreased pro-
tein stability following missense or frameshift mutations, in 
both dominant and recessive cases.

The subcellular localization of some of the mutated 
CACNA1S proteins was investigated in cultured myotubes 
from patients and in skeletal muscle. In contrast to control 
myotubes, a very low ”uorescent signal was noted with an 
antibody against the N-terminal domain of CACNA1S in 
differentiated myotubes from patient P1 myoblasts, sup-
porting western blot “ndings that overall CACNA1S is 
strongly reduced in this patient carrying recessive muta-
tions (Fig. 5c). RyR1 signals appeared as longitudinally 
aligned dots in both control and patient myotubes, suggest-
ing that the CACNA1S mutations do not impact on RyR1 
localization, consistent with the previous studies show-
ing that CACNA1S knock out myotubes still show triadic 
localization of RyR1 [31]. The muscle sections from the 
recessive patient P1 and the dominant patient P6 revealed 
decreased CACNA1S immunoreactivity and showed a 
peculiar alveolar aspect reminiscent of the observations 
with oxidative staining (Figs. 1, 5d). Aberrant diffuse accu-
mulations of CACNA1S were also observed in the patient•s 
muscles (Fig. 5d). Triadin (junctional SR marker) label-
ling appeared mildly decreased with lumps or irregular 
appearance in patients P1, whereas the signal was slightly 
decreased in patients P6 and P9 (Fig. 5d).

In conclusion, most recessive and dominant mutations 
we investigated in this study are associated with a decrease 
in CACNA1S protein level and an abnormal localization 
pattern in available mature muscle.

Physiopathological insights into CACNA1S myopathy

CACNA1S is the pore-forming subunit of the voltage-
dependent Ca2+  channel (DHPR) regulating Ca2+  release 
from the SR stores. To assess the functional impact of 
CACNA1S mutations, we investigated Ca2+  homeostasis in 
myotubes from the recessive patient P1 and the dominant 

patient P10 (Fig. 6). Resting cytosolic Ca2+  levels were 
similar between both patients and control myotubes, 
showing that the mutations do not affect resting Ca2+  
homeostasis.

We next studied Ca2+  release induced by KCl depo-
larization. Although the dose response curves have similar 
shapes in patients and controls (EC50 14.3 ±  8.5 for control 
and 13.2 ±  8.3 for patient cells; Fig. 6), the maximum level 
of Ca2+  released is 2.5 times lower in patients compared to 
controls. The reduction of the KCl (depolarization)-induced 
calcium release was not due to a reduction of the size of 
intracellular Ca2+  stores, since there was no signi“cant 
difference in the total amount of calcium released caused 
by thapsigargin and ionomycin (Supplementary Figure 3). 
These results strongly suggest that the CACNA1S muta-
tions impair excitation…contraction coupling due to the 
strong decreased content of CACNA1S protein.

Consistent with defects in the ECC, the patients´ muscle 
“bers showed several defects of the triad, including dilated 
T-tubules and SR (Fig. 2).

Overall, these data indicate that the function of CAC-
NA1S and the muscle ultrastructure are similarly altered 
in both recessive and dominant patients. Pathomechanisti-
cally, both mutation types are associated with altered cal-
cium homeostasis and reduced ECC with SR dilatation and 
myo“brillar disorganization.

Discussion

In this study, we describe a clinical and histopathologi-
cal cohort of patients with a consistent phenotype of early 
onset myopathy and mutations in the skeletal muscle alpha 
1 subunit of DHPR, CACNA1S. Mutations segregated 
either through recessive or dominant modes of inheritance, 
or were found as de novo mutations in singletons. Two of 
the mutations, one dominant and one recessive, were tested 
functionally and both resulted in a signi“cant decrease of 
EC coupling.

DHPR myopathy and DHPR-related diseases

The described 11 patients from 7 families all display severe 
early onset myopathy with progressive, generalized pre-
dominately axial muscle weakness, facial involvement with 
or without ophthalmoplegia, elevated CK in one family, 
and episodes of periodic paralysis in one patient. The mor-
phological and ultrastructural analyses revealed centralized 
or internalized nuclei and focal zones of sarcomeric disor-
ganization in several patients. Taken together, this pheno-
type is reminiscent of “ndings observed in the myotubular 
or centronuclear myopathy (CNM) and in core myopa-
thy, conditions in which ophthalmoplegia (an uncommon 

Fig. 5  Impact of the mutations on CACNA1S RNA and protein. a 
RNA studies of patients P1, P3, and P5. Ampli“cation and sequenc-
ing of the mutated regions showing the presence of both alleles for 
P1, absence of the truncated allele for P3 (RNA decay), and a splice 
alteration due to the mutation c.3795G>T in P5. b Western Blot 
showing CACNA1S protein levels in muscle extracts (above) and cul-
tured myotubes (below) from patients compared to controls. c Locali-
zation of endogenous CACNA1S and RyR1 in P1 differentiated myo-
tubes. d Localization of the mutated CACNA1S and the SR marker 
triadin on serial sections of patients P1 and P6 muscles. The same “b-
ers on consecutive serial sections are noted with stars
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feature in other congenital myopathies) is often observed. 
Those myopathies are also associated with dominant and 
recessive mutations in RYR1 [3, 6, 26] and the identi“ca-
tion of CACNA1S mutations in patients with overlapping 
phenotype is not unexpected, as DHPR directly regulates 
the RyR1 Ca2+  release channel. The •alveolarŽ aspect of 
the intermyo“brillar network observed in the majority of 
the patients and highlighted with SR labelling both with 
speci“c antibodies or oxidative staining and appearing as 
a dilated SR by electron microscopy is a peculiar and pos-
sibly a histopathological hallmark for CACNA1S mutations.

In addition, muscle imaging recapitulates some pat-
terns seen in CNM and congenital myopathies. While some 
patients show relatively mild and non-speci“c atrophy of 
muscle groups, three patients from different families had 
selective involvement of the semitendinosus muscle in 
the posterior thigh, a “nding reported both in early onset 
CNM due to DNM2 mutations and in TTN-related myopa-
thies [11, 29, 37]. At the level of the leg, family 7 showed 
a differential pattern with relative preservation of muscles 
in the anterior compartment (tibialis anterior and poste-
rior) as compared to the soleus and gastrocnemii, a “nding 
which has been described in both DNM2- and RYR1-related 
myopathies [17]. However, in addition to such overlap-
ping patterns, there also seems to be a wide spectrum of 
involvement ranging from very mild atrophy of thigh 
muscle groups to extensive marked fatty in“ltration, sug-
gesting that the imaging of CACNA1S-related myopathy is 
heterogeneous.

The “nding of speci“c histological hallmarks and one 
of the muscle imaging patterns is of major diagnostic 
importance, as it can aid in directing the molecular diag-
nosis towards CACNA1S testing. Patients with centronu-
clear myopathies or cores myopathies without molecular 

diagnosis should be revaluated for speci“c hallmarks of 
CACNA1S congenital myopathy and offered CACNA1S 
testing if appropriate. Patient P10 and P11 were the only 
patients displaying elevated CK level; the characteriza-
tion of additional families will con“rm if CACNA1S defect 
leads to dystrophy under certain conditions. We believe 
that the gene should be included both in NGS panels for 
congenital muscle disorders and in “ltering pipelines for 
whole-exome sequencing in such cases.

The association of CACNA1S with a congenital myopa-
thy phenotype was recently suggested in one patient [14]. 
This patient displayed a similar phenotype as in our cohort, 
with congenital myopathy and ophthalmoplegia, and occa-
sional internal nuclei and coarse myo“brillar architecture 
on muscle biopsy. He carried compound CACNA1S vari-
ants each inherited from a heterozygous parent, c.4947delA 
(p.Q1649Qfs*72) and c.3795G>T (p.Q1265H). In that 
report, no functional validation of the variants pathogenic-
ity was provided, precluding a conclusion on the patho-
genicity of the identi“ed variants. Of note is that the pre-
dicted frameshift is very close to the frameshift mutation 
p.L1656Rfs*67 found in our recessive families 1 and 2 
(Fig. 4), and we show here that the c.3795G>T change in 
fact leads to altered splicing in our patient P5 (Fig. 5a).

Dominant CACNA1S mutations have been associated 
with malignant hyperthermia or hypokalemic periodic 
paralysis [16, 25, 32]. Here, we report for the “rst time 
dominant and recessive CACNA1S mutations associated 
with a myopathy. Most CACNA1S mutations linked to peri-
odic paralysis are missense changes residing in the voltage-
sensing domain (transmembrane segment S4 in each trans-
membrane domain), while most mutations in malignant 
hyperthermia are missense mutations in the loop regions 
(Fig. 4c). In contrast, the myopathy mutations uncovered 

Fig. 6  Impact of recessive and dominant mutations on Ca2+  home-
ostasis. Measurements of the cytosolic Ca2+  concentration show no 
difference between patients P1 (recessive) and P10 (dominant) and 
controls (left). Results show the mean ±  SEM [Ca2+ ] measured in 
186, 178, and 98 cells (control, P1, and P10, respectively). The right 

panel shows the decreased Ca2+  release after depolarization by KCl 
in both P1 and P10 myotubes compared to control myotubes. Results 
show the mean ±  SEM peak Ca2+  release from 5 to 10 myotubes per 
KCl concentration
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in this study in congenital myopathy are evenly distributed 
in the sequence and structure of CACNA1S. Dominant 
mutations are either in the pore-forming domain (L1367) 
or in the II…III loop implicated in RYR1 coupling (P742), 
while recessive mutations primarily comprise truncations 
at different spots, or missenses in the pore-forming or 
voltage-sensing domains. There is thus no strict correlation 
between the type and location of mutations and the associ-
ated diseases, or their severity.

Noteworthy, recessive, and dominant mutations in con-
genital myopathy lead to similar clinical and histologi-
cal phenotypes, and our functional studies demonstrated 
that both mutations types comparably interfere with ECC, 
suggesting a similar overall alteration of CACNA1S func-
tion (Fig. 5). However, ophthalmoplegia is not a common 
sign even if observed in several patients, CK was elevated 
in only one family and episodes of periodic paralysis were 
observed in one patient. The discovery of additional CAC-
NA1S patients with congenital myopathies and future func-
tional work will specify the overall clinical phenotype and 
its potential correlation with the position and the transmis-
sion mode of the mutations.

The fact that all dominant mutations are missense 
changes, while heterozygous carriers of recessive mutations 
are healthy, excludes haploinsuf“ciency as the underlying 
pathomechanism in the dominant cases. Instead, the domi-
nant mutations may act through a dominant-negative man-
ner on the WT protein. Indeed, we noted that both recessive 
and dominant mutations correlated with a strong decrease 
in overall protein level (Fig. 4), suggesting that DHPR 
complexes containing a mutant CACNA1S subunit form 
unstable or non-functional tetrads prone to degradation.

None of our patients presented with cardiac involve-
ment. The heart-speci“c CACNA1C alpha 1 subunit is 
mutated in the Brugada syndrome (MIM#611875) char-
acterized by shortened QT interval and high incidence of 
sudden death, and in the Timothy syndrome (MIM#61005) 
characterized by multi-organ dysfunction, including lethal 
arrhythmias. These “ndings re”ect the exquisite tissue-spe-
ci“c expression of DHPR alpha 1 subunits, CACNA1C in 
heart, and CACNA1S in skeletal muscle. More generally, 
this is also true for the other ten different CACNA1 (alpha 
1) subunits that are mutated in non-muscle diseases, such 
as hemiplegic migraine, ataxias, bradycardia and deafness, 
night blindness, or aldosteronism, in relation with their tis-
sue-speci“c expression [15].

Pathophysiological mechanism

While future experimental work will be needed to deci-
pher the detailed pathological mechanism, the published 
and present data suggest a sequence of events leading 
from the CACNA1S mutations to the pathology and 

muscle disease. As both dominant and recessive muta-
tions can lead to a rather homogeneous phenotype, we 
hypothesize that they both lead to a decrease in overall 
DHPR function in skeletal muscle. We show here that 
several CACNA1S mutations strongly reduced Ca2+  
release after depolarization, while basal cytosolic Ca2+  
and SR store Ca2+  levels are not altered. Of note, a 
previous study showed that the artificial P742T muta-
tion, affecting the same amino acid that is mutated in 
our dominant families F5 (p.P742Q) and F6 (p.P742S), 
strongly reduced ECC, highlighting the importance of 
the loop between DHPR domains II and III for RyR1 
activation [19]. To activate directly RyR1, we used 
4-chloro-m-cresol (4-CMC) [41] and observed reduced 
Ca2+  release from the SR in patient 1 (Supplemen-
tary Fig. S3). We hypothesize that RyR1 function is 
impacted by the loss of CACNA1S through a feedback 
regulation or protein stabilization. The KCl-induced 
dose response curves are strikingly similar to those 
obtained in patients with RyR1-related central core 
disease (CCD) [7], although the resting calcium con-
centration were always higher in myotubes from RYR1 
mutation bearing patients compared to controls. This 
would then lead to the structural defects observed on 
histological analysis. In most patient biopsies analyzed, 
the T-tubules and the SR were frequently dilated or dis-
rupted. Some of them presented an increased frequency 
of triads by sarcomere. It is unclear at present whether 
this is an indirect effect of abnormal Ca2+  signal or con-
traction (functional role), or due to the direct alteration 
in CACNA1S protein (structural role). These rather spe-
cific alterations were not found in RyR1-related myopa-
thies or in centronuclear myopathies. However, in our 
study, triads are still formed with visible «feet». Indeed, 
mice-lacking DHPR (muscular dysgenesis and mdg 
mouse) or RyR1 (dyspedic) form triadic junctions, with 
a similar architecture compared to wild type [5, 12, 31]. 
These data in mice thus suggest that structural defects 
seen in patients are not linked to a loss of DHPR but 
rather to altered ECC. Abnormal nuclei positioning and 
focal zones of myofibrillar disorganization are addi-
tional structural defects in patient muscles. The peculiar 
alveolar appearance of the intermyofibrillar network 
could be a result of the SR dilatation. Complete knock-
out of CACNA1S during development is lethal in the 
mdg mouse [5, 28] and disease onset is antenatal or per-
inatal in our patients, pointing to an important role of 
DHPR in perinatal development. Moreover, the role of 
CACNA1S in adult muscle was studied by U7-mediated 
skipping in adult mice, revealing that decreased CAC-
NA1S protein level was linked to muscle atrophy [30]. 
These data in mice are in agreement with the observa-
tion that a low level of CACNA1S has to be present in 
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the muscle. A decreased level lead to the muscle atro-
phy observed in our patients. While abnormal ECC can 
explain the severe muscle weakness in patients, it is 
possible that the concomitant structural defects contrib-
ute to the clinical phenotype.

Conclusions

Here, we have characterized the CACNA1S congeni-
tal myopathy as a speci“c entity, at the interface between 
the structural congenital myopathies and the triadopathies 
de“ned by alteration of the EEC. The identi“cation of 
CACNA1S mutations in a phenotype of early onset myo-
pathy should allow a better molecular diagnosis, genetic 
counseling, and prognosis. It also points to CACNA1S and 
ECC as therapeutic targets for the development of treat-
ments that may be facilitated by the already extensive prior 
knowledge accumulated on DHPR. In addition, treatment 
by acetazolamide showed positive results on the episodes 
of periodic paralysis of one patient. The results of this 
study also expand the clinical and genetic spectra of CAC-
NA1S mutations and highlight that DHPR cellular roles are 
important for perinatal muscle function in human.

Acknowledgements We thank Isabelle Marty for triadin antibody, 
John Rendu for RYR1 molecular testing, Anne-Sophie Nicot and Clara 
Franzini-Armstrong for discussions, Robert Y. Carlier for analysis of 
MRI images, and Nicola Foulds for clinical discussions. This work 
was supported by the Institut National de la Santé et de la Recherche 
Médicale (INSERM), Centre National de la Recherche Scienti“que 
(CNRS), University of Strasbourg, the France Génomique National 
infrastructure, funded as part of the Investissements d•Avenir pro-
gram managed by the Agence Nationale pour la Recherche (ANR-10-
INBS-09), and by Fondation Maladies Rares within the frame of the 
•MyocaptureŽ sequencing project, ANR-10-LABX-0030-INRT under 
the frame program Investissements d•Avenir ANR-10-IDEX-0002-02, 
Association Française contre les Myopathies (AFM-17088), Muscular 
Dystrophy Association (MDA-186985), Myotubular Trust and Sparks 
the Children•s medical research charity grant N° 12KCL 01-MT, and 
the Swiss National Science Foundation grant N° 31003A-146198. 
T.M.P. was supported by the Diana and Steve Marienhoff Fashion 
Industries Guild Endowed Fellowship in Pediatric Neuromuscu-
lar Diseases. F.M. is supported by the National Institute for Health 
Research Biomedical Research Centre at Great Ormond Street Hos-
pital for Children NHS Foundation Trust and University College Lon-
don. The Biobank of the MRC Neuromuscular Centre and the support 
of the Muscular Dystrophy UK to the Dubowitz Neuromuscular Cen-
tre are also gratefully acknowledged.

Web resources ExAC Browser/Exome Aggregation Consortium 
(URL: http://exac.broadinstitute.org/). Exome Variant Server (URL: 
http://evs.gs.washington.edu/EVS/) [March, 2012]). 1000 genomes 
(URL: http://www.1000genomes.org/). Database of Single Nucleotide 
Polymorphisms (dbSNP Build ID: 134) (URL: http://www.ncbi.nlm.
nih.gov/SNP/). Online Mendelian Inheritance in Man (OMIM) (URL: 
http://www.omim.org/).

References

 1. Al-Qusairi L, Laporte J (2011) T-tubule biogenesis and triad 
formation in skeletal muscle and implication in human diseases. 
Skelet Muscle 1:26. doi:10.1186/2044-5040-1-26

 2. Amburgey K, McNamara N, Bennett LR, McCormick ME, 
Acsadi G, Dowling JJ (2011) Prevalence of congenital myopa-
thies in a representative pediatric united states population. Ann 
Neurol 70:662…665. doi:10.1002/ana.22510

 3. Bevilacqua JA, Monnier N, Bitoun M, Eymard B, Ferreiro A, 
Monges S, Lubieniecki F, Taratuto AL, Laquerriere A, Claeys 
KG et al (2011) Recessive RYR1 mutations cause unusual con-
genital myopathy with prominent nuclear internalization and 
large areas of myo“brillar disorganization. Neuropathol Appl 
Neurobiol 37:271…284. doi:10.1111/j.1365-2990.2010.01149.x

 4. Censier K, Urwyler A, Zorzato F, Treves S (1998) Intracellular 
calcium homeostasis in human primary muscle cells from malig-
nant hyperthermia-susceptible and normal individuals. Effect 
of overexpression of recombinant wild-type and Arg163Cys 
mutated ryanodine receptors. J Clin Invest 101:1233…1242. 
doi:10.1172/JCI993

 5. Chaudhari N (1992) A single nucleotide deletion in the skeletal 
muscle-speci“c calcium channel transcript of muscular dysgen-
esis (mdg) mice. J Biol Chem 267:25636…25639

 6. Dowling JJ, Lawlor MW, Dirksen RT (2014) Triadopathies: an 
emerging class of skeletal muscle diseases. Neurotherapeutics 
11:773…785. doi:10.1007/s13311-014-0300-3

 7. Ducreux S, Zorzato F, Muller C, Sewry C, Muntoni F, Quinlivan R, 
Restagno G, Girard T, Treves S (2004) Effect of ryanodine receptor 
mutations on interleukin-6 release and intracellular calcium home-
ostasis in human myotubes from malignant hyperthermia-suscepti-
ble individuals and patients affected by central core disease. J Biol 
Chem 279:43838…43846. doi:10.1074/jbc.M403612200

 8. Dulhunty AF, Karunasekara Y, Curtis SM, Harvey PJ, Board 
PG, Casarotto MG (2005) Role of some unconserved residues 
in the •CŽ region of the skeletal DHPR II-III loop. Front Biosci 
10:1368…1381

 9. Eberl DF, Ren D, Feng G, Lorenz LJ, Van Vactor D, Hall LM 
(1998) Genetic and developmental characterization of Dmca1D, 
a calcium channel alpha1 subunit gene in Drosophila mela-
nogaster. Genetics 148:1159…1169

 10. Engel AG, Franzini-Armstrong C (2004) Myology, basic and 
clinical. McGraw-Hill, New York

 11. Fischer D, Herasse M, Bitoun M, Barragan-Campos HM, Chiras 
J, Laforet P, Fardeau M, Eymard B, Guicheney P, Romero NB 
(2006) Characterization of the muscle involvement in dynamin 
2-related centronuclear myopathy. Brain 129:1463…1469. 
doi:10.1093/brain/awl071

 12. Franzini-Armstrong C, Pincon-Raymond M, Rieger F (1991) 
Muscle “bers from dysgenic mouse in vivo lack a surface com-
ponent of peripheral couplings. Dev Biol 146:364…376

 13. Geoffroy V, Pizot C, Redin C, Piton A, Vasli N, Stoetzel C, Bla-
vier A, Laporte J, Muller J (2015) VaRank: a simple and power-
ful tool for ranking genetic variants. PeerJ 3:e796. doi:10.7717/
peerj.796

 14. Hunter JM, Ahearn ME, Balak CD, Liang WS, Kurdoglu A, 
Corneveaux JJ, Russell M, Huentelman MJ, Craig DW, Carpten J 
et al (2015) Novel pathogenic variants and genes for myopathies 
identi“ed by whole exome sequencing. Mol Genet Genomic 
Med 3:283…301. doi:10.1002/mgg3.142

 15. Jurkat-Rott K, Lehmann-Horn F (2004) The impact of splice 
isoforms on voltage-gated calcium channel alpha1 subunits. J 
Physiol 554:609…619. doi:10.1113/jphysiol.2003.052712



Acta Neuropathol 

1 3

 16. Jurkat-Rott K, Lehmann-Horn F, Elbaz A, Heine R, Gregg RG, 
Hogan K, Powers PA, Lapie P, Vale-Santos JE, Weissenbach J 
et al (1994) A calcium channel mutation causing hypokalemic 
periodic paralysis. Hum Mol Genet 3:1415…1419

 17. Klein A, Jungbluth H, Clement E, Lillis S, Abbs S, Munot P, 
Pane M, Wraige E, Schara U, Straub V et al (2011) Muscle mag-
netic resonance imaging in congenital myopathies due to ryano-
dine receptor type 1 gene mutations. Arch Neurol 68:1171…1179. 
doi:10.1001/archneurol.2011.188

 18. Knudson CM, Chaudhari N, Sharp AH, Powell JA, Beam KG, 
Campbell KP (1989) Speci“c absence of the alpha 1 subunit of 
the dihydropyridine receptor in mice with muscular dysgenesis. J 
Biol Chem 264:1345…1348

 19. Kugler G, Weiss RG, Flucher BE, Grabner M (2004) Structural 
requirements of the dihydropyridine receptor alpha1S II…III loop 
for skeletal-type excitation…contraction coupling. J Biol Chem 
279:4721…4728. doi:10.1074/jbc.M307538200

 20. Kung AW, Lau KS, Fong GC, Chan V (2004) Association of 
novel single nucleotide polymorphisms in the calcium chan-
nel alpha 1 subunit gene (Ca(v)1.1) and thyrotoxic periodic 
paralysis. J Clin Endocrinol Metab 89:1340…1345. doi:10.1210/
jc.2003-030924

 21. Lu X, Xu L, Meissner G (1994) Activation of the skeletal muscle 
calcium release channel by a cytoplasmic loop of the dihydro-
pyridine receptor. J Biol Chem 269:6511…6516

 22. Malfatti E, Bohm J, Lacene E, Beuvin M, Romero NB, Laporte 
J (2015) A premature stop codon in MYO18B is associated with 
severe nemaline myopathy with cardiomyopathy. J Neuromuscul 
Dis 2:219…227. doi:10.3233/JND-150085

 23. Malfatti E, Romero NB (2016) Nemaline myopathies: state 
of the art. Rev Neurol (Paris) 172:614…619. doi:10.1016/j.
neurol.2016.08.004

 24. Matthews E, Portaro S, Ke Q, Sud R, Haworth A, Davis 
MB, Griggs RC, Hanna MG (2011) Acetazolamide ef“-
cacy in hypokalemic periodic paralysis and the predictive 
role of genotype. Neurology 77:1960…1964. doi:10.1212/
WNL.0b013e31823a0cb6

 25. Monnier N, Procaccio V, Stieglitz P, Lunardi J (1997) Malignant-
hyperthermia susceptibility is associated with a mutation of the 
alpha 1-subunit of the human dihydropyridine-sensitive L-type 
voltage-dependent calcium-channel receptor in skeletal muscle. 
Am J Hum Genet 60:1316…1325

 26. Nance JR, Dowling JJ, Gibbs EM, Bonnemann CG (2012) 
Congenital myopathies: an update. Curr Neurol Neurosci Rep 
12:165…174. doi:10.1007/s11910-012-0255-x

 27. North KN (2011) Clinical approach to the diagnosis of congeni-
tal myopathies. Semin Pediatr Neurol 18:216…220. doi:10.1016/j.
spen.2011.10.002

 28. Pai AC (1965) Developmental genetics of a lethal mutation, 
muscular dysgenesis (Mdg), in the mouse. Ii. Developmental 
analysis. Dev Biol 11:93…109

 29. Pfeffer G, Elliott HR, Grif“n H, Barresi R, Miller J, Marsh J, 
Evila A, Vihola A, Hackman P, Straub V et al (2012) Titin muta-
tion segregates with hereditary myopathy with early respiratory 
failure. Brain 135:1695…1713. doi:10.1093/brain/aws102

 30. Pietri-Rouxel F, Gentil C, Vassilopoulos S, Baas D, Mouisel E, 
Ferry A, Vignaud A, Hourde C, Marty I, Schaeffer L et al (2010) 
DHPR alpha1S subunit controls skeletal muscle mass and mor-
phogenesis. EMBO J 29:643…654. doi:10.1038/emboj.2009.366

 31. Powell JA, Petherbridge L, Flucher BE (1996) Formation of tri-
ads without the dihydropyridine receptor alpha subunits in cell 
lines from dysgenic skeletal muscle. J Cell Biol 134:375…387

 32. Ptacek LJ, Tawil R, Griggs RC, Engel AG, Layzer RB, Kwiecin-
ski H, McManis PG, Santiago L, Moore M, Fouad G et al (1994) 
Dihydropyridine receptor mutations cause hypokalemic periodic 
paralysis. Cell 77:863…868

 33. Rebbeck RT, Karunasekara Y, Board PG, Beard NA, Casarotto 
MG, Dulhunty AF (2014) Skeletal muscle excitation…contraction 
coupling: who are the dancing partners? Int J Biochem Cell Biol 
48:28…38. doi:10.1016/j.biocel.2013.12.001

 34. Rezgui SS, Vassilopoulos S, Brocard J, Platel JC, Bouron A, 
Arnoult C, Oddoux S, Garcia L, De Waard M, Marty I (2005) 
Triadin (Trisk 95) overexpression blocks excitation…contrac-
tion coupling in rat skeletal myotubes. J Biol Chem 280:39302…
39308. doi:10.1074/jbc.M506566200

 35. Romero NB, Clarke NF (2013) Congenital myopa-
thies. Handb Clin Neurol 113:1321…1336. doi:10.1016/
B978-0-444-59565-2.00004-6

 36. Sekulic-Jablanovic M, Palmowski-Wolfe A, Zorzato F, Treves S 
(2015) Characterization of excitation…contraction coupling com-
ponents in human extraocular muscles. Biochem J 466:29…36. 
doi:10.1042/BJ20140970

 37. Susman RD, Quijano-Roy S, Yang N, Webster R, Clarke NF, 
Dowling J, Kennerson M, Nicholson G, Biancalana V, Ilkovski 
B et al (2010) Expanding the clinical, pathological and MRI phe-
notype of DNM2-related centronuclear myopathy. Neuromuscul 
Disord 20:229…237. doi:10.1016/j.nmd.2010.02.016

 38. Tang ZZ, Yarotskyy V, Wei L, Sobczak K, Nakamori M, Eich-
inger K, Moxley RT, Dirksen RT, Thornton CA (2012) Muscle 
weakness in myotonic dystrophy associated with misregulated 
splicing and altered gating of Ca(V)1.1 calcium channel. Hum 
Mol Genet 21:1312…1324. doi:10.1093/hmg/ddr568

 39. Treves S, Pouliquin R, Moccagatta L, Zorzato F (2002) Func-
tional properties of EGFP-tagged skeletal muscle calcium-release 
channel (ryanodine receptor) expressed in COS-7 cells: sensitiv-
ity to caffeine and 4-chloro-m-cresol. Cell Calcium 31:1…12

 40. Wu J, Yan Z, Li Z, Yan C, Lu S, Dong M, Yan N (2015) Structure 
of the voltage-gated calcium channel Cav1.1 complex. Science 
350:aad2395. doi:10.1126/science.aad2395

 41. Zorzato F, Scutari E, Tegazzin V, Clementi E, Treves S (1993) 
Chlorocresol: an activator of ryanodine receptor-mediated Ca2+  
release. Mol Pharmacol 44:1192…1201



38 
 

2.2.7 Publication 9: Affected female carriers of MTM1 mutations display a wide spectrum of 

clinical and pathological involvement: delineating diagnostic clues (Biancalana et al. 

2017) 

Background  

MTM1 encodes myotubularin, a ubiquitously expressed phosphoinositide phosphatase (Taylor, 

Maehama, and Dixon 2000). Phosphoinositides are membrane lipids with a crucial role in 

various cell functions including growth, cytoskeletal organization, membrane trafficking and 

autophagy (Vergne and Deretic 2010; Odorizzi, Babst, and Emr 2000; Cao et al. 2008). MTM1 

is located on the X chromosome, and loss-of-function mutations cause a severe form of 

centronuclear myopathy (CNM), affecting mainly males (XLMTM) (Laporte et al. 1996). Only 

a few symptomatic XLMTM females were described in the literature, allowing only a narrow 

view on the clinical and histological spectrum of the disorder in women (Dahl et al. 1995; 

Tanner et al. 1999). 

Aim of the study 

This publication compared new and published female XLMTM cases to assess the clinical and 

histological spectrum of the disorder, and to improve molecular diagnosis and disease 

management for affected women.  

Results  

We described 17 new XLMTM females and compared the clinical and histological data with 

the 26 previously published cases. The age of onset and the severity of the disease were highly 

variable, ranging from a neonatal to a milder adult-onset phenotype. The muscle weakness was 

asymmetric and mostly involved limb-girdle, facial, and respiratory muscles. The histological 

features on muscle biopsies included internalization of nuclei, necklace fibers and fatty 

replacement. The identified MTM1 mutations are either truncations or missense mutations 

causing or predicted to cause severe phenotypes in males. Comparison of the relative X-

inactivation in blood samples of seventeen XLMTM females revealed a increased prevalence 

of highly skewed X inactivation compared with healthy females (Amos-Landgraf et al. 2006). 

A direct correlation between the degree of skewing and the severity of the disease was, however, 

not apparent.   
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Conclusion  

We showed that female carriers of a MTM1 mutation can be affected and often develop a slowly 

progressive myopathy with specific features including asymmetric limb girdle weakness and 

facial weakness. Overall, this study underlines the importance to sequence MTM1 in females 

with molecularly undiagnosed myopathy. 

Contribution 

I identified an MTM1 splice site mutation in a woman with CNM.



Vol.:(0123456789)1 3

Acta Neuropathol 
DOI 10.1007/s00401-017-1748-0

ORIGINAL PAPER

A�ected female carriers of�MTM1 mutations display a�wide 
spectrum of�clinical and�pathological involvement: delineating 
diagnostic clues

Valérie�Biancalana1,2,3,4,5�· Sophie�Scheidecker1�· Marguerite�Miguet1�· Annie�Laquerrière6�· Norma�B.�Romero7,8�· 
Tanya�Stojkovic8�· Osorio�Abath�Neto9�· Sandra�Mercier10,11,12�· Nicol�Voermans13�· Laura�Tanner14�· 
Curtis�Rogers15�· Elisabeth�Ollagnon-Roman16�· Helen�Roper17�· Célia�Boutte18�· Shay�Ben-Shachar19�· 
Xavière�Lornage2,3,4,5�· Nasim�Vasli2,3,4,5�· Elise�Schaefer20�· Pascal�Laforet21�· Jean�Pouget22�· Alexandre�Moerman23�· 
Laurent�Pasquier24�· Pascale�Marcorelle25,26�· Armelle�Magot12�· Benno�Küsters27�· Nathalie�Streichenberger28�· 
Christine�Tranchant29�· Nicolas�Dondaine1�· Raphael�Schneider2,3,4,5,30�· Claire�Gasnier1�· Nadège�Calmels1�· 
Valérie�Kremer31�· Karine�Nguyen32�· Julie�Perrier12�· Erik�Jan�Kamsteeg33�· Pierre�Carlier34�· 
Robert-Yves�Carlier35�· Julie�Thompson30�· Anne�Boland36�· Jean-François�Deleuze36�· Michel�Fardeau7,8�· 
Edmar�Zanoteli9�· Bruno�Eymard21�· Jocelyn�Laporte2,3,4,5�

Received: 9 May 2017 / Revised: 24 June 2017 / Accepted: 2 July 2017 
© Springer-Verlag GmbH Germany 2017

females and to delineate diagnostic clues, we character-
ized 17 new unrelated a�ected females and performed a 
detailed comparison with previously reported cases at the 
clinical, muscle imaging, histological, ultrastructural and 
molecular levels. Taken together, the analysis of this large 
cohort of 43 cases highlights a wide spectrum of clini-
cal severity ranging from severe neonatal and generalized 
weakness, similar to XLMTM male, to milder adult forms. 
Several females show a decline in respiratory function. 
Asymmetric weakness is a noteworthy frequent speci“c 
feature potentially correlated to an increased prevalence of 
highly skewed X inactivation. Asymmetry of growth was 
also noted. Other diagnostic clues include facial weakness, 

Abstract X-linked myotubular myopathy (XLMTM), a 
severe congenital myopathy, is caused by mutations in the 
MTM1 gene located on the X chromosome. A majority of 
a�ected males die in the early postnatal period, whereas 
female carriers are believed to be usually asymptomatic. 
Nevertheless, several a�ected females have been reported. 
To assess the phenotypic and pathological spectra of carrier 
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ptosis and ophthalmoplegia, skeletal and joint abnor-
malities, and histopathological signs that are hallmarks 
of centronuclear myopathy such as centralized nuclei and 
necklace “bers. The histopathological “ndings also dem-
onstrate a general disorganization of muscle structure in 
addition to these speci“c hallmarks. Thus, MTM1 muta-
tions in carrier females de“ne a speci“c myopathy, which 
may be independent of the presence of an XLMTM male 
in the family. As several of the reported a�ected females 
carry large heterozygous MTM1 deletions not detectable 
by Sanger sequencing, and as milder phenotypes present 
as adult-onset limb-girdle myopathy, the prevalence of this 
myopathy is likely to be greatly underestimated. This report 
should aid diagnosis and thus the clinical management and 
genetic counseling of MTM1 carrier females. Furthermore, 
the clinical and pathological history of this cohort may be 
useful for therapeutic projects in males with XLMTM, as it 
illustrates the spectrum of possible evolution of the disease 
in patients surviving long term.

Keywords MTM1�· X-linked myotubular myopathy�· 
Centronuclear myopathy�· Congenital myopathy�· X 
inactivation

Introduction

Myotubular myopathy (XLMTM, MIM #310400) is a 
severe congenital myopathy linked to the X chromosome. 
While a�ected males display severe hypotonia and weak-
ness at birth and have a very short life expectancy even 
with interventional care and ventilatory support, female 
carriers were reported to be either asymptomatic or a�ected 
through a wide spectrum of severity. The disease in females 
is much less characterized to date. Moreover, as a�ected 
females reach adulthood, they could potentially reveal 
additional symptoms that are not described in XLMTM 
in males. In this study, we thus aimed to better de“ne the 
symptoms, the genotype…phenotype correlation and the 
disease progression in females with XLMTM through a 
thorough characterization of a large cohort of novel cases 
and comparison with the literature.

XLMTM is caused by mutations in the MTM1 gene 
(MIM 300415) encoding the ubiquitous phosphoinositide 
phosphatase myotubularin (MTM1) [38]. This is the most 
severe form of centronuclear myopathies, a group of myo-
pathies caused by di�erent genes and modes of inheritance 
whose hallmark histological abnormalities are centrally 
located nuclei [2, 8, 11, 12, 15, 38, 44, 48, 52, 65], without 
dystrophic features. Around 500 males with XLMTM have 
been reported and they usually present at birth with severe 
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hypotonia, muscle weakness and respiratory insu�ciency 
[19, 36, 45, 57, 62]. XLMTM is non-progressive and 
those a�ected males who survive several years may show 
additional non-muscle clinical features, the most common 
being liver peliosis [27, 30, 43, 59]. Atypical forms have 
been reported in some boys and adult men with a clinical 
classi“cation based on respiratory and milestone features 
[30, 36, 42]. Mutations are found in all 15 exons of MTM1 
and encompass point mutations (missense, nonsense, 
splice site mutations), insertions, small and large deletions 
[10, 19, 31, 36, 37, 57, 62] and duplications [4, 45, 61]. 
The majority of mutations are clustered in exons 4, 8, 9, 
11 and 12. Duplication has been described in some cases 
and a deletion of exon(s) or of the whole MTM1 gene was 
reported in 7% of patients. Large deletions including part or 
the entire neighboring MAMLD1 gene cause a contiguous 
gene syndrome with hypospadias and myotubular myopa-
thy in males [6, 24, 32, 37].

Female carriers are usually asymptomatic but a total of 
26 a�ected females aged 5…71� years have been reported 
presenting with severe neonatal form [33, 51] or moderate 
to mild forms [7, 18, 20, 22, 23, 25, 28, 46, 50, 55, 56]. 
Truncating mutations as well as missense mutations were 
observed scattered through the gene. Skewed X inactiva-
tion was reported in some as a potential explanation for 
their a�ected status compared to non-a�ected carriers, 
while others did not show skewing.

In this study, we reviewed the clinical, histological, 
imaging and molecular data from 43 a�ected females, 
including 17 new cases. We have identi“ed consistent 
asymmetry in muscle involvement and have better de“ned 
the spectrum and progression of the disease, the frequency 
of clinical, investigation and histological “ndings, and dis-
cuss the clinical correlation with the type of mutation and 
X inactivation.

Patients and�methods

Patient cohort

Data from the 43 females a�ected with XLMTM are sum-
marized in Supplementary Tables�1…3. The 17 new unre-
lated females originated from Brazil, Finland, France, 
Israel, The Netherlands, UK and USA. Fifteen were from 
new families, while F8 is the sister of an a�ected male pre-
viously reported as patient HC19 [10] and patient F1 is the 
sister of an a�ected female previously reported as patient 
1 by Bevilacqua and colleagues [7]. Clinical data were 
collected from the clinicians who referred patients for a 
genetic diagnosis (25 patients) or from the literature (18 
patients).

Morphological studies

Muscle biopsies were performed on 14 out of the 17 new 
patients (Supplementary Table� 1). Muscle sections were 
stained with hematoxylin…eosin (H&E), modi“ed Gomori 
trichrome, periodic acid Schi� (PAS) and Sudan red and 
black. Histoenzymology was performed using routine his-
tochemical methods [21]. Ultrastructural study was car-
ried out according to standardized protocols. Brie”y, tissue 
samples were “xed in a 2% glutaraldehyde “xative solu-
tion, post-“xed with osmium tetroxide and embedded in 
resin epoxy. Semi-thin sections were stained with toluidine 
blue. Ultrathin sections were contrasted with uranyl acetate 
and lead citrate.

Molecular analysis

DNA from the 17 new patients and relatives was extracted 
from blood or muscle samples by standard methods.

Sequence analysis of the MTM1 gene was performed 
by bi-directional sequencing of the 15 exons with ”ank-
ing intronic sequences (primer sequences and PCR condi-
tions are available on request). A search for copy number 
variations (deletion or duplication of exon or whole gene) 
was performed by MLPA analysis (multiplex ligation-
dependent probe ampli“cation) using the P309-A1-MTM1 
kit (MRC Holland) for patients F2, F3 and F4. Patient F11 
was included in MTM1 Sanger analysis due to the detection 
on Western blot [60] of a decreased level of myotubularin 
on protein extracts from lymphoblasts and muscle biopsies 
(manuscript in preparation). Patients F15 and F12 were 
diagnosed by exome sequencing in the scope of a French 
consortium research project (MYOCAPTURE). Exome 
analysis was performed using SureSelect Human all Exon 
50�Mb capture library v4 (Agilent, Santa Clara, USA) and 
paired-end sequenced on Illumina HiSeq�2500 sequencer at 
the French National Center of Genotypage, Paris, France. 
Patient F17 was diagnosed by exome sequencing using 
SureSelectXT Human all Exon 50�Mb capture library (Agi-
lent, Santa Clara, USA) on IlluminaHiSeq at BGI-EUROPE 
in Denmark. Patient F13 was diagnosed using a multi gene 
panel, MGZ laboratory, Munich, Germany. Patient F16 was 
diagnosed using targeted exons sequencing of a custom 
panel of 210 genes linked to neuromuscular diseases (Sure-
Select, Agilent, Santa Clara, CA) (MYOdiagHTS panel, 
Strasbourg, France, manuscript in preparation).

A�ymetrix Cytogenetics Whole-Genome 2.7M Array 
was used to delineate deletion breakpoints for patient F3. 
DNA quantity was insu�cient to perform this study for 
patients F2 and F4.

X-chromosome inactivation (XCI) analysis was per-
formed using HpaII predigestion of DNA followed by PCR 
of the highly polymorphic CAG repeat of the AR gene 
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(HUMARA) [ 3] and the CGG repeat within the FMR1 
gene [13]. XCI with an allele ratio <80:20 was considered 
a random pattern, a ratio equal or greater than 80:20 was 
considered to be skewed and a ratio greater than 90:10 was 
considered to be highly skewed.

Results

Clinical, imaging, histological, ultrastructural and molecu-
lar data are summarized in Supplementary Tables�1…5 for 
the 43 females including 17 novel cases and 26 previously 
reported cases, resulting in the largest XLMTM female 
cohort characterized so far. The main clinical and histo-
logical “ndings representing the new cases are presented 
(Figs.�4, 5, 6, 7).

Females with�XLMTM demonstrate an�independently 
recognizable myopathy

To assess if females with XLMTM signs de“ne a disease 
entity, we analyzed the familial history for XLMTM or 
unde“ned muscle disorder. The female patient was the “rst 
diagnosed case of XLMTM in 28 out of the 36 families, 
with 20 being sporadic cases. The diagnosis of XLMTM 
was previously established or suspected (based on clini-
cal and histopathological data) in a male relative in only 
8 of the 36 families (Fig.�1a; Supplementary Table� 2). 
In four of the seven families including several a�ected 
females, there was no a�ected male (Fig.�1b; Supplemen-
tary Table�2). The mutation occurred de novo for the older 
a�ected females in 13 of the 19 families in which samples 
from parents were available for further analysis. Altogether, 
these “ndings indicate that females with XLMTM de“ne a 
speci“c myopathy cohort, independently of the presence of 
male XLMTM.

Females with�XLMTM are usually less�severely a�ected 
than�males, with�overlapping clinical hallmarks

Most males with XLMTM are severely a�ected from birth 
with weakness and respiratory distress, needing respira-
tory and feeding support. To assess the distinctive features 
between male and female XLMTM, we analyzed the age of 
onset and severity in 43 females with XLMTM to compare 
with a�ected males.

The clinical phenotype is highly variable in age of onset 
and severity, in particular regarding weakness and respira-
tory muscle involvement (Fig.�2; Supplementary Table�3). 
The age of onset ranged from birth or fetal life to adult-
hood. Only eight of 42 females were reported to be hypo-
tonic and have respiratory or feeding problem at birth. 
The pregnancy for two of these eight patients was associ-
ated with reduced fetal movements and/or polyhydramnios 
and was normal for two others (no data available for four 
patients). Most of the females a�ected from birth displayed 
generalized muscle weakness. For 30 out of 42 female 
patients, weakness was clinically manifest during child-
hood (2…14�years) with the “rst impairment being proximal 
in the lower limbs in 17 patients (delayed motor milestones, 
gait di�culties, di�culty with climbing stairs or raising 
from a squatting position) and in the upper limbs in “ve.

The most severely a�ected female in our cohort dis-
played similar clinical symptoms and course as an XLMTM 
male (F2). She was a�ected with severe neonatal form 
and died aged 18� months old. There was no family his-
tory of neuromuscular conditions. She was born eutrophic 
at 41�weeks of gestation, and Apgar scores were 9 and 10 
at 1 and 5�min, respectively. Thirty minutes after birth, she 
presented with severe hypotonia and respiratory distress. 
Clinical examination revealed severe left facial weakness 
with left ptosis, stridor due to laryngomalacia and swallow-
ing di�culties. At the age of 1.5�months, she demonstrated 
”uctuating and moderate axial hypotonia and a Moebius 

Fig. 1  Family history of 
XLMTM in 36 families. a Fam-
ilies with previously diagnosed 
XLMTM. b Family history of 
muscular diseases
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syndrome diagnosis was initially considered. From the age 
of 2.5�months, she had recurrent episodes of respiratory dis-
tress and a congenital myasthenic syndrome was considered 
with the “ndings of axial hypotonia, absent deep tendon 
re”exes and worsening of the facial weakness. Quadriceps 
wasting was noted at age 15�months and a muscle biopsy 
was performed showing multiple anomalies (see below). 
The child was subsequently treated with anticholinesterase 
drugs (pyridostigmine) with a very transient improvement. 
She started walking with support at the age of 18�months, 
but died from an acute bronchopneumonia shortly after.

In all other cases, there was a slowly progressive course, 
with limb weakness being the major sign, sometimes pre-
dominating in the pelvic girdle and spreading to distal 
muscles. Several of the 43 patients showed signi“cant dif-
“culties in standing from a seated position and/or in climb-
ing stairs and/or running. Eight patients were never able to 
walk ([18, 33], F2) or run ([23, 28, 50, 51], F16): seven had 
lost the ability to walk independently, with three patients 
needing a cane at ages 40, 50 and 77� years (F11 patient 
from [46], F10) and four needing a wheelchair at ages 13, 
32, 53 and 66�years (F4, F3, F17, the mother in [29]). Pel-
vic ”oor weakness with urinary incontinence was reported 
in seven cases (at the ages of 6, 27, 35, 35, 52, 55 and 
79�years, respectively). Neck ”exor weakness was reported 
in 12 cases.

The frequency of additional clinical signs in this 
cohort of 43 females is summarized in Fig.�3. Bulbar or 

pseudo bulbar symptoms were reported for 24 patients 
including facial weakness, limitation of extra-ocular 
movements, ophthalmoparesis, uni- or bilateral pto-
sis and dysarthria, whereas no such involvement was 
noted for ten patients. Respiratory muscle involvement 
was noted for 14 out of 33 patients, with a decrease in 
forced vital capacity in nine patients (at 37…83% of age 
and sex-matched predicted values). Severe restrictive 
respiratory dysfunctions with a hemidiaphragmatic pare-
sis led to death of the oldest patient [46] at 84�years of 
age. Serum CK (creatine kinase) levels were normal in 
21 patients and slightly elevated in 10 patients, support-
ing the “nding that disease is not dystrophic. Skeletal and 
joint abnormalities were observed in 17 out of 28 cases, 
including kyphoscoliosis, scoliosis, joint hyperlaxity, 
joint contractures of the lower extremities, foot deformi-
ties and hand and/or facial contractures.

Five of the patients were reported to be overweight.
Overall, while a few females presented with similar 

onset to the male XLMTM (with fetal involvement and/
or neonatal generalized weakness) with one case with 
an identical course (F2), the vast majority of females 
with XLMTM had later onset and were less severely 
a�ected than males with XLMTM. A�ected females 
with XLMTM display similar facial signs as males with 
XLMTM, namely facial weakness, ophthalmoparesis 
and ptosis, and these appear to be important clues for 
diagnosis.

Fig. 2  Initial muscle impair-
ment at the age of onset for 
42 females with XLMTM. 
The initial muscle impairment 
reported for 42 patients (age of 
onset unknown for 1 patient) is 
presented depending on the age 
of onset: at birth, at childhood 
(2…14�years) or at adulthood. 
Facial face, ptosis; upper limb 
arm weakness; lower limb 
delayed motor milestones, gait 
di�culty, di�culty in climb-
ing stairs or in standing from 
a squatting position; general-
ized hypotonia at birth�±�facial 
involvement; Other feeding 
di�culties; NA not available
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Females with�XLMTM frequently show a�pattern 
of�asymmetric involvement

At all ages, a consistent and striking feature was asymmet-
ric symptoms, seen in 29 out of 35 patients. These included 
muscle weakness and wasting, especially of the arm, leg, 
and calf (Fig.�4). Hemidiaphragm elevation and asymmet-
ric scapular winging were also noted.

There was also consistent asymmetry of facial involve-
ment, notably asymmetric ptosis and facial weakness; 
examples are given for four patients of di�erent ages in 
Fig.�4a…d. These asymmetries were mainly on a left…right 
axis.

Asymmetric involvement has been previously reported 
in several cases (Supplementary Table�1 and 3) and Drouet 
et�al. reported two females with unilateral weakness [20]. In 
addition to asymmetric weakness, skeletal asymmetry was 
noted in some patients. For example, patient F5 has a right 
hand smaller than her left hand (Fig.�4d) and patient F13 
has a lower limb length discrepancy. Grogan et�al. reported 
females of two unrelated families with asymmetric weak-
ness, hemidiaphragm elevation, and arms and “ngers of dif-
ferent sizes when comparing the right and left sides [25].

Both our large cohort of novel cases and the descrip-
tions of those in the literature highlight the frequency of 
asymmetric muscle involvement in females with XLMTM 
and suggest skeletal defects are a primary symptom of the 
disorder.

Imaging investigations highlight general 
and�asymmetric muscle involvement

We next assessed whether imaging con“rms the clinical 
symptoms, including asymmetry, and whether this yields 
additional diagnostic clues. Magnetic resonance imaging 
(MRI) “ndings for six newly described patients and nine 
previously reported patients [7, 20, 33, 46, 50, 51] are 
summarized in Supplementary Table� 4 and representa-
tive images are depicted in Fig.�5 for several of the novel 
cases, including whole body MRI.

For patient F14, whole body MRI demonstrated asym-
metric fatty involvement of the muscles, which predomi-
nates in the left side of the upper and lower limbs. In the 
lower limbs, the fatty involvement involves the anterior 
and posterior part of the legs: the soleus is near normal 
in the right side, whereas the left soleus muscle showed 
a moderate fatty in“ltration (Fig.�5a). In the thigh and 
the pelvis, the asymmetric distribution of the fatty in“l-
trates is obvious, with gracilis, sartorius, biceps femo-
ris, quadriceps and glutei muscles (minimus, medius and 
maximus) demonstrating almost complete fatty involve-
ment (Fig.�5b, c). In the upper limbs, the fatty involve-
ment predominates in the deltoid muscles, infra and 
supraspinatus and subscapularis muscles, with the left 
side showing the most evident fatty in“ltration (Fig.�5e). 
Asymmetric fatty involvement is also noted in the neck 
extensors, while facial muscles are spared.

Fig. 3  Frequency of clini-
cal and investigation signs in 
the cohort of 43 females with 
XLMTM. The numbers in 
brackets indicate the number 
of patients for each item. �9 
Elevated, �;VC decreased vital 
capacity, CK creatine kinase, 
NA not available
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Several of these features are found in other patients 
(Fig.� 5 and Supplementary Table� 4). For patient F17, 
there is severe atrophy and fatty in“ltration of paraspi-
nal, gluteal and psoas muscles and the upper leg muscles, 
while the lower leg muscles are less severely a�ected 
(Fig.� 5g…n). The more proximal muscles (obturato-
rius, piriformis and transverse abdominal) are relatively 
spared. For patient F13, prominent fatty in“ltration of 
the muscles of the lower limbs was noted, both at the 

thighs and legs (Fig.�5o…q). All the muscles of the thighs 
were a�ected, but the right semimembranosus and the 
left vastus intermedius were slightly less a�ected. The 
anterior compartments of the legs were more a�ected, 
while the gastrocnemius and soleus were nearly spared. 
For patient F16, muscle involvement with clear asym-
metry was noted mainly for the distal muscles, including 
involvement of the left tibialis anterior and the right per-
oneus (Fig.�5s…u). In the thighs, the anterior and posterior 

Fig. 4  Facial and general muscle weakness and asymmetric involve-
ment. a Patient F4 presenting with facial asymmetry (left weaker), 
de“cit in arm elevation and retractions. b Patient F16 presenting with 
left side ptosis, facial asymmetry, high arched palate, reduced mus-

cle bulk and scapula winging. c Patient F17 presenting with left side 
ptosis, de“cit in arm elevation and needing support for standing. d 
Patient F5 presenting with mild left ptosis. Right hand smaller than 
left hand 
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muscles were a�ected, especially visible on the left in the 
vastus externus and adductor magnus.

Taking both the novel reported cases and previous 
reports (Supplementary Table�4), these data con“rm a gen-
eral involvement of muscles and often highlight an asym-
metric pattern correlating with the asymmetric muscle 
weakness observed on clinical assessment.

Histological and�ultrastructural features are similar 
in�males and�females with�XLMTM

Biopsies were available for 38 patients, including one that 
was not interpretable due to massive fatty replacement. 
Variation in myo“ber diameter with atrophic round “bers 
was reported in 25 cases, type 1 “ber predominance in 17 

Fig. 5  Representative magnetic resonance imaging (MRI) in four 
patients. Whole body muscles magnetic resonance imaging (WB 
MRI). Patient F14: T1 axial sequences of the proximal lower limb 
(a), thigh (b), lower limb (c), proximal upper leg (d), neck (e) and 

whole body muscles (f). Patient F17: T1 axial sequences (g, h), hip 
girdle (i, j ), upper (k, l) and lower limb muscles (m, n). Patient F13: 
T1 axial and STIR sequences of the thigh (o, q) and leg (p, r ). Patient 
F16: T1 axial sequences of the thigh (s, t) and calf (u)
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cases, and endomysial “brosis and/or fatty replacement 
in 20 cases (Fig.�6; Supplementary Table�1 and 5). There 
was no “ber necrosis or in”ammatory change. Abnormally 
positioned nuclei varied from a few scattered to numer-
ous non-peripheral nuclei in all interpretable biopsies. Six 
biopsies were described with internalized nuclei, 19 biop-
sies with central nuclei, and 12 biopsies had both. Necklace 

“bers and radial sarcoplasmic strands (RSS), as previously 
reported in adult XLMTM patients and also in patients 
with DNM2-related dominant centronuclear myopathy, 
were described in 11 and 3 out of the biopsies, respectively. 
Necklace “bers display a basophilic ring underneath the 
sarcolemma that is strongly reactive with PAS and oxida-
tive reactions.

Fig. 6  Histological features in females with XLMTM. Muscle biop-
sies from patient F2 (a…d) and F4 (e, f). a A necklace “ber display-
ing a basophilic ring located underneath the sarcolemma (arrow) 
(hematoxylin and eosin staining). b A necklace “ber strongly reacting 
with PAS (arrow). c Type I predominance with small type I (light) 
and II (dark) “bers (myosin adenosine triphosphatase preincubated at 

pH 9.4 technique). d A necklace “ber strongly reactive for oxidative 
reactions (arrow) (nicotinamide adenosine dinucleotide-tetrazolium 
reductase technique). e Numerous centralized nuclei and “ber size 
heterogeneity (Gomori trichrome stain). f Necklace “bers strongly 
reactive for oxidative reactions (arrow) (nicotinamide adenosine 
dinucleotide-tetrazolium reductase technique)
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At the ultrastructural level, internal nuclei may display 
an altered shape (Fig.�7). There were a range of signs of 
myo“brillar disruption from focal loss of myo“brils to “b-
ers with complete disorganization of the myo“brillar net-
work. Z disk streaming was also common. Necklaces form 

a clear ring devoid of organelles under the sarcolemma and 
are associated with an oblique orientation of the myo“brils.

Overall, the histopathology and ultrastructural defects 
in females with XLMTM appear very similar to those 
seen in males with XLMTM, albeit necklace “bers are 

Fig. 7  Ultrastructural defects in females with XLMTM. Electron 
microscopy for muscles from patient F2 (a…d) and F11 (e…g). a Focal 
loss of myo“brils in a small muscle “ber (arrow) (OM�×5000). b Z 
disk streaming running over two sarcomeres (arrow) (OM�×6000). c 
Internalized nuclei in an atrophic “ber with a complete disorganiza-
tion of the myo“brillar network (arrow) (OM�×4000). d Ultrastruc-

tural pattern of a necklace, forming a clear ring devoid of organelles 
under the sarcolemma, with an oblique arrangement of the myo“brils 
(arrow) (OM�×4000), e, f Muscle “bers showing internalized nuclei, 
cisternae (blue arrow), vacuoles (red arrow) and material accumula-
tion (green arrow)
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mainly found in adult patients and are less observed in 
neonatal a�ected males.

Most MTM1 mutations in�females were associated 
with�a�severe phenotype in�males

Females with XLMTM are usually more mildly 
a�ected than males. We explored if there was a corre-
lation between the type of mutation and the phenotypic 
severity. First, we analyzed the MTM1 gene through 
approaches including Sanger sequencing, targeted and 
exome sequencing, MLPA and DNA microarray to delin-
eate the genetic defects. Analysis of MTM1 revealed 
four new heterozygous mutations in the 17 new female 
patients reported: an in-frame deletion encompassing 
exons 9 and 10, the intronic mutation c.1644+1G>A 
predicted to disrupt the donor splice site of exon 14 and 
two stop gain c.548G>A (p.Trp183*) and c.1601G>A 
(p.Trp534*) (Supplementary Table� 1). Patients F3, 
F4 and F17 were heterozygous carriers of a large dele-
tion of the whole MTM1 gene and the neighboring 
MTMR1 gene. For patient F3, comparative genomic 
hybridization (CGH) study delineated the deletion with 
a minimum size of 595,302� bp (from genomic posi-
tion chrX: 150,443,004…151,038,095; hg38) and a 
maximum size of 597,756� bp (from genomic position 
chrX: 150,442,220…151,039,765;hg38) encompass-
ing MAMLD1, MTM1, MTMR1, CD99L2 and HMGB3 
genes. For patient F17, exome analysis delineated a 
474,391� bp deletion (from genomic position chrX: 
150,512,003…150,986,191; hg38) encompassing MTMR1 
and CD99L2, as well as part of MAMLD1 and HMGB3.

Genotype…phenotype correlation in males has estab-
lished that some mutations are more likely to be associated 
with a mild or moderate phenotype, probably being com-
patible with a residual normal function of the mutated myo-
tubularin. Conversely, severely a�ected males tend to have 
an undetectable or a marked reduction in the protein level 
[39]. Twenty of the 29 mutations present in this cohort of 
43 a�ected females have previously been found in male 
patients, with 16 being reported in association with a severe 
form of the disease, 3 predominantly with a severe form 
but occasionally with a mild/moderate form (c.109C>T, 
c.614C>T, c.1262G>A), and 1 (c.1354-1G>A) described 
once in a moderate case [30] and also found once in a 
severe case (Biancalana, unpublished observation). Among 
the ten mutations described only in females, nine are in-
frame or out-of-frame deletions, truncations or splicing 
mutations predicted to be associated with a severe pheno-
type in males, and one is a missense mutation (c.1115T>A) 
which has been shown to lead to a reduced protein level. 
Thus, females with XLMTM in this cohort do not have 
speci“c MTM1 mutations compared with males, but rather 

harbor mutations usually associated with a severe pheno-
type in males with XLMTM, while these females display a 
milder phenotype.

Enhancement of�skewed X chromosome inactivation 
in�females with�XLMTM

The di�erence in severity between males with XLMTM 
and females is not explained by the type of mutation. In a 
female heterozygous for an X-linked recessive mutation, 
half of the cells on average should have a normal level of 
the gene product, while the other half would express the 
mutated allele. However, skeletal muscle “bers are syncy-
tia formed from the fusion of di�erent myoblasts. It was 
shown at least in mice that di�erent nuclei from single 
myo“bers have random X-chromosome inactivation (XCI), 
predicting that each “ber would have about 50% expres-
sion level [66]. A skewed X-inactivation pattern favoring 
the mutated X chromosome has been hypothesized to be a 
determinant of the variability of the phenotype observed in 
females with XLMTM, but several reports did not con“rm 
a skewed XCI in a�ected females (Supplementary Table�1). 
To better evaluate XCI as a determinant of the phenotype 
severity in females, we compared the disease onset ver-
sus the XCI pattern (random, skewed and highly skewed; 
see •Patients and methodsŽ). Unfortunately, the test could 
not determine which X chromosome was preferentially 
active. XCI studies were informative in 32 out of 43 
patients. Evidence of skewed XCI (80:20…90:10) or highly 
skewed XCI (�90:10) was identi“ed in 15.6 and 18.75% 
of patients aged <55� years, respectively, whereas in the 
general adult population the ratio was around 14 and 4%, 
respectively [5]. This enhancement in XCI among females 
with XLMTM is signi“cant for the highly skewed group 
(p� <� 0.025) and is even more signi“cant when consider-
ing that for the six patients with highly skewed XCI, the 
ratio was in fact >95:5 (found in only 1.7% of the normal 
population). In conclusion, there is an increased prevalence 
of highly skewed X inactivation in the cohort of females 
a�ected by XLMTM.

Discussion

We have described or reviewed the clinical, morphological 
and molecular data obtained from 43 X-linked myotubular 
myopathy female carriers from 36 unrelated families. To 
date, only 26 manifesting female carrier cases have been 
reported in the literature. Analyzing our data on 17 new 
a�ected females and those previously reported (see Supple-
mentary Table�1), we were able to establish several speci“c 
observations. Females with XLMTM often present with a 
myopathy, independently of the presence of a�ected males 
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in the family. This myopathy can be highly heterogeneous in 
terms of onset and severity and shares several clinical fea-
tures with male XLMTM including similar facial involve-
ment. However, females with XLMTM frequently display 
asymmetric involvement and speci“c histological features 
develop with age, as necklace “bers. While they usually 
have a milder phenotype than males with XLMTM, females 
share MTM1 mutations associated with severe cases in 
males, potentially due to the fact that they can express a nor-
mal allele from the non-mutated X chromosome.

Assessing the�full clinical spectrum and�frequency 
of�females with�XLMTM

XLMTM female carriers were previously considered to be 
usually non-a�ected or mildly a�ected. However, includ-
ing the novel cases characterized in this study, 43 females 
from 36 unrelated families were reported to show signs of 
muscle involvement, with several presenting with muscle, 
respiratory or skeletal involvement signi“cantly impacting 
on their daily life. Nevertheless, this cohort is not likely to 
represent accurately the spectrum of involvement, as sev-
eral recruitment biases may exist. Females with XLMTM 
may be recognized either because they are severely a�ected 
(they are the proband) or are mildly a�ected and evalu-
ated following the identi“cation of males with XLMTM 
in the family. Those females from the 12 •female familiesŽ 
include some who are mildly a�ected, suggesting that an 
unknown proportion of females with XLMTM may have 
never come to clinical attention without a prior XLMTM 
diagnosis in their relatives (i.e., patient F1). It is also likely 
that some XLMTM manifesting females are not diagnosed 
because the MTM1 gene is not suspected as the cause of 
their symptoms, particularly in the absence of sugges-
tive histology. The proportion of reported manifestation 
of females with XLMTM compared with all diagnosed 
patients is around 6%, but this “gure is not homogeneous 
across countries. For example, this proportion is increased 
in France with around 13% of XLMTM French patients 
being female (19 females of the present cohort). This vari-
ation suggests that there is likely to be a lack of considera-
tion of the diagnosis in females and strongly suggests that 
the frequency of females with XLMTM is underestimated. 
Thorough characterization and comparison of females 
with XLMTM in large cohorts, as attempted in this report, 
should increase awareness and provide diagnostic clues to 
better recognize this myopathy.

Clinical spectrum and�asymmetric involvement�in 
females with�XLMTM

Females with XLMTM present usually with a progressive 
pattern of limb-girdle myopathy, possibly associated with 

respiratory muscle and/or skeletal involvement. The impair-
ment may be as severe as in a severe male neonatal form 
which may be responsible for death within the “rst months, 
as observed in patient F2, ranging to a milder form occur-
ring mostly during childhood but impacting daily life sig-
ni“cantly. Many carriers were considered as non-a�ected in 
childhood, but were never athletic at school. Females with 
XLMTM display similar facial features as a�ected males, 
with facial weakness, ophthalmoplegia and ptosis being 
important diagnostic clues. The predominant proximal and 
lower leg involvement pattern observed on MRI or CT scan 
for most of the 15 female patients reviewed in this study is 
similar to the only two observations reported for a�ected 
males [7, 47].

In this analysis of a large patient cohort, we found recur-
rent asymmetric involvement that is also underlined in MRI 
analyses. This asymmetry may involve limb and facial mus-
cle weakness and also skeletal development in several cases 
(this study, [20, 25]). We and others found a strong bias in 
the XCI in a�ected females, but this was not always consist-
ent with the severity of the symptoms. Such an asymmetric 
weakness in manifesting carrier females is indeed described 
in other X-linked diseases such as Duchenne muscular dys-
trophy [54, 58], suggesting that a distinct X-chromosome 
inactivation ratio in di�erent muscles could be responsible 
for this asymmetry, leading to greater expression of the 
mutated gene on one side of the body. It was not possible to 
directly investigate several muscles from the same patient 
for XCI, but such a study would help delineate a correla-
tion with asymmetric features. Similarly, the skeletal asym-
metry may be caused by di�erential expression of normal 
MTM1 in the body, as MTM1 is suspected to be linked to 
skeletal growth, given that males with XLMTM de“cient 
in myotubularin often show features of overgrowth at birth. 
However, a mildly a�ected XLMTM male presenting with 
muscle asymmetry has been described [7] and this clearly 
could not be linked to XCI. Further observations are needed 
to establish the prevalence of asymmetry in males.

In females, asymmetric involvement detected through 
clinical and/or imaging investigations is another diagnostic 
clue to suggest undertaking MTM1 genetic testing.

Muscle biopsy features which may be an�indication 
for�MTM1 sequencing and�XLMTM diagnosis

Muscle biopsy is routinely used to direct the molecular diag-
nosis of congenital myopathies. In females with XLMTM, 
abnormal nuclei internalization and centralization is similar 
to that observed in males with XLMTM. Necklace “bers 
were observed in nearly one-third (11 out of 37) of females 
with XLMTM for whom muscle biopsies were interpret-
able, con“rming this is a prevalent histological marker in 
milder XLMTM, particularly in manifesting carriers [7], 
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although they can also be present in severe cases as in 
patient F2 [1, 26]. However, this marker is not exclusive for 
XLMTM, being described in other forms of centronuclear 
myopathy due to mutations in DNM2 [14, 41].

Fatty replacement and/or “brosis, as described in males 
with XLMTM, was also observed in 20 out of 38 biopsies. 
Such a gradual replacement of contractile tissue with non-
contractile connective tissue or fat is described in congeni-
tal myopathies, in particular in severe, advanced or chronic 
cases. The “brosis in XLMTM may be the result of a 
replacement of “bers which disappear and are not regener-
ated due to a defect in the number of satellite cells in the 
muscle of the patients [52].

Overall, the presence of centralized nuclei and/or neck-
lace “bers is a strong diagnostic clue for XLMTM in 
females. Nevertheless, several females with XLMTM have 
non-informative muscle biopsies that show dystrophic 
features.

The genotype is�a�suggestive, but�not�a reliable 
predictor of�clinical prognosis for�females 
with�XLMTM

Nearly all MTM1 mutations detected in females with 
XLMTM are described in or predicted to be associated 
with a severe phenotype in males. It is possible that muta-
tions associated with a mild or moderate phenotype in 
males are not associated with a phenotype in females due 
to the MTM1 expression from the non-mutated X chromo-
some, but a clinical evaluation of females carrying such 
mutations is needed to assert this hypothesis.

A non-random XCI pattern has been proposed as an 
explanation for the development of symptoms in manifest-
ing carriers without chromosomal translocations [63]. The 
skewed X inactivation observed in muscle for patient F2 
correlated with previous reports showing a similar bias in 
females with a severe phenotype [33, 34]. We found here an 
increased prevalence of highly skewed XCI in the females 
with XLMTM, but there is no clear correlation between the 
XCI ratio and the phenotype. Thus, XCI cannot be a reli-
able molecular diagnostic test for clinical prognosis. Sev-
eral factors prevent us from drawing correlations from XCI 
studies including the small number of described manifest-
ing females, the di�culty in de“ning a classi“cation of the 
phenotypic severity, the di�culty of de“ning which chro-
mosome is predominantly active, the fact that XCI varies 
with age and that the XCI ratio can di�er between tissues 
and hence the results from lymphocytes may not re”ect the 
status in muscle. Moreover, XCI studies have not been per-
formed in asymptomatic MTM1 carrier females to assess 
potential correlation with disease severity. Thus, while 
skewed XCI is noted in several females with XLMTM, it 

does not correlate with disease severity but is potentially 
the molecular basis of the asymmetric muscle involvement.

Bene“ts of�XLMTM diagnosis in�a�ected females

Identifying the genetic cause of the disease allows appro-
priate care and management. A female a�ected with 
XLMTM bene“ts from speci“c care, in particular respira-
tory monitoring and close follow-up during and after preg-
nancy (F11 and F14 were reported to worsen after a preg-
nancy). A study of respiratory muscle function in a cohort 
of ten surviving males with XLMTM has shown that the 
respiratory muscle function declines over time [53], sug-
gesting that females are at risk of a gradual deterioration of 
respiratory function.

Genetic counseling would inform a�ected women of 
the risk of occurrence of a severely a�ected male and the 
possibility of prenatal diagnosis. When a de novo mutation 
arises in a female child, with no evidence of parental ori-
gin, both parents should be made aware of the risk of recur-
rence due to possible germinal mosaicism [64].

Females with XLMTM survive longer than most male 
patients. A study of a�ected females may thus yield crucial 
information on the minimal dosage of myotubularin needed 
to minimize symptoms and also guide future therapeutic 
development by documenting disease evolution and com-
plications as targets for management. Moreover, several 
therapeutic proof of concepts recently reported in animal 
models may represent potential therapies for females with 
XLMTM [ 16, 17, 35, 40, 49].

Conclusion

The diagnosis of XLMTM should be suspected in a female 
presenting with a myopathy, despite the absence of a family 
history and/or the presence in a muscle biopsy of some dys-
trophic features, particularly if facial weakness and asym-
metric involvement are noted. The diagnosis of XLMTM 
a�ected females is likely to increase with the increasing 
use of massively parallel sequencing in a diagnostic setting 
([50], this study). The occurrence of large heterozygous 
deletions in 4 of the 17 newly described patients underlines 
the importance of searching for copy number variations in 
the MTM1 gene [9]. Systematic long-term clinical assess-
ment of heterozygous female relatives of any XLMTM 
male would allow a better ascertainment of the clinical 
spectrum and frequency of involvement in XLMTM car-
rier females. As more than 500 males have been reported 
to date in the literature, around 425 of their mothers were 
heterozygous carriers (85% of mother of a�ected males are 
carriers) as well as their other female relatives.
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2.2.8 Publication 10: Sarcomeric disorganization and nemaline bodies in muscle biopsies of 

patients with EXOSC3-related type 1 pontocerebellar hypoplasia (Pinto et al. 2018) 

Background  

Pontocerebellar hypoplasia, type 1B (PCH1B) is due to recessive EXOSC3 mutations. The main 

clinical features include neonatal hypotonia, progressive microcephaly, global developmental 

delay and respiratory insufficiency (Eggens, Barth, and Baas 1993). The severity of the disease 

is variable, and the severe form of PCH1B usually causes premature death within the first two 

years of life. The frequently encountered mutation causing severe PCH1B is the EXOSC3 

c.92G>C p.(Gly31Arg) founder mutation (Schwabova et al. 2013). 

Aim of the study  

Our study aimed to characterize three new patients with severe PCH1B at the clinical, 

histological and genetic level.  

Results  

We reported three unrelated patients with severe neonatal hypotonia and feeding difficulties. 

The patients died prematurely from respiratory failure or multi-organ failure at nine days, seven 

months and four years of age. Brain MRI showed pontocerebellar hypoplasia or atrophy. 

Histological and ultrastructural studies of muscle biopsies revealed mixed hallmarks of spinal 

muscular atrophy and congenital myopathy such as nemaline rods and sarcomeric 

disorganization. The homozygous EXOSC3 c.92G>C p.(Gly31Arg) mutation was identified in 

all three patients. 

Conclusion  

We showed that patients with EXOSC3-related pontocerebellar hypoplasia display histological 

signs of congenital myopathy on muscle biopsy, suggesting a possible role for EXOSC3 in 

muscle development.  

Contribution 

I identified the EXOSC3 mutation in one patient, referred to our laboratory for a severe 

undefined myopathy. 
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ABSTRACT: Introduction: Mutations in the EXOSC3 gene are
responsible for type 1 pontocerebellar hypoplasia, an autosomal
recessive congenital disorder characterized by cerebellar atrophy,
developmental delay, and anterior horn motor neuron degenera-
tion. Muscle biopsies of these patients often show characteristics
resembling classic spinal muscle atrophy, but to date, no distinct
features have been identi� ed. Methods: Clinical data and muscle
biopsy � ndings of 3 unrelated patients with EXOSC3 mutations
are described. Results: All patients presented as a severe con-
genital cognitive and neuromuscular phenotype with short sur-
vival, harboring the same point mutation (c.92G>C; p.Gly31Ala).
Muscle biopsies consistently showed variable degrees of sarco-
meric disorganization with myo� brillar remnants, Z-line thickening,
and small nemaline bodies. Conclusions: In this uniform genetic
cohort of patients with EXOSC3 mutations, sarcomeric disruption
and rod structures were prominent features of muscle biopsies. In
the context of neonatal hypotonia, ultrastructural studies might
provide early clues for the diagnosis of EXOSC3-related ponto-
cerebellar hypoplasia.

Muscle Nerve 59:137…141, 2019

Pontocerebellar hypoplasia (PCH) is a group of
rare autosomal recessive developmental disorders,

Additional supporting information may be found in the online version of
this article.
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characterized by psychomotor delay, progressive micro-
cephaly, cerebellar atrophy, and variable brainstem
involvement.1 At least 10 subtypes of PCH have been
recognized. PCH type 1 is a particularly severe sub-
group that includes early anterior horn motor neuron
degeneration, encompassing the phenotypic spec-
trum of spinal muscular atrophy (SMA) plus disor-
ders.2,3 Clinically, it presents with a variable degree of
generalized congenital weakness and hypotonia, respi-
ratory failure, feeding dif � culties, and contractures, as
well as cerebellar and brainstem signs that are usually
recognized later.1,4 The age of onset among PCH1
patients may range from antenatal detection with
polyhydramnios and fetal akinesia, to a presentation
within the � rst months of life with mild hypotonia
and delayed milestones.1…3 Life expectancy is severely
reduced, but survival beyond the age of 10 years has
been reported.1,5,6

Recently, EXOSC3gene mutations were shown to
underlie approximately 30…50% of PCH1 cases in
some cohorts,1,2 being particularly prevalent in patients
from Romani pedigrees.3,4 They have not been associ-
ated with other PCH subtypes.EXOSC3encodes the
human exosome component 3 protein, also known as
ribosomal RNA-processing protein 40 (RRP40), a key
element on RNA exosome complex. It has been shown
to play a critical role in RNA processing and tis hypoth-
esized to potentially in� uence gene expression.5,7

To date, single point mutations and deletions have
been identi� ed,1…4 and some reports showed a ten-
dency for a more severe phenotype with poor neuro-
logical outcomes and early death in patients harboring
the c.92G>C (p.Gly31Ala) mutation.1,3…6

Previous histochemical analysis of muscle biopsies
from PCH1 patients harboring different EXOSC3
mutations have shown neurogenic aspects such as
marked type grouping and round atrophic � bers
resembling those seen in SMN1-associated SMA.4,5

However, no particular myo� brillar alterations have
been described. Here we report three unrelated
patients harboring the sameEXOSC3mutation show-
ing remarkably similar and distinctive ultrastructural
� ndings in muscle biopsies.

MATERIALS AND METHODS
We searched Unité de Morphologie Neuromusculaire

pathology records for genetically determinedEXOSC3-mutated
PCH1 patients who have undergone diagnostic muscle biop-
sies. Clinical information was obtained through medical
record review. EXOSC3 mutation analysis, ampli� cation
primers and conditions as well as sequencing methods were
performed according to Wan et al.2 and Biancheri et al.5 Mus-
cle biopsies were analyzed through conventional histoenzymo-
logical techniques, and ultrastructural studies performed
according to international standards (see Supplementary
Material, which is available online).

RESULTS

Patient 1 was a male, born of nonconsanguineous
French parents with Romani ancestry. The preg-
nancy was complicated by polyhydramnios and lim-
ited fetal mobility. After a term birth with slightly low
birth weight but normal head circumference, the
examination showed a severe are� exic hypotonia
with ventilator-dependent respiratory insuf� ciency
and feeding dif� culties. Brain magnetic resonance
imaging (MRI) revealed severe PCH and a thin cor-
pus callosum. Atrioventricular dissociation and occa-
sional complete blocks were noted. The patient died
on the 9th day of life from respiratory failure.

Patient 2 was a female, born of consanguineous
Romani parents living in Argentina, with severe con-
genital hypotonia, an absent suck re� ex and respira-
tory dif � culties resulting in early respiratory
infections, atelectasis and dependence on mechani-
cal ventilation. At 5 months of age, examination dis-
played slight microcephaly, profound muscle
weakness with arre� exia, tongue fasciculations, stra-
bismus, and nystagmus. Creatine kinase (CK) levels
were normal. A progressive pontocerebellar atrophy
with moderate cerebral cortical atrophy was noted in
sequential brain MRIs. The patient remained bedrid-
den and ventilator-dependent until the age of 4 years,
when she died from respiratory failure.

Patient 3 was a female born to Argentinian con-
sanguineous parents of Hungarian Romani ancestry.
She presented with generalized congenital hypoto-
nia, swallowing dif� culties, and laryngeal stridor
requiring intensive care unit management. The
examination showed mild microcephaly, partial eye
contact with brief � xation, nystagmus but no strabis-
mus, and severe are� exic hypotonia. CK levels were
normal. Electrodiagnostic testing was indicative of a
motor neuron disorder. At age 4 months, a brain
MRI revealed severe PCH. The patient continued to
demonstrate severe generalized weakness requiring
permanent mechanical ventilation, and remained
poorly attentive. She died at the age of 7 months
due to multi-organ failure.

None of the patients presented with contractures
at birth. All tested negative for SMN1 deletions or
mutations. No mutations were found in the congeni-
tal myopathy-related genes RYR1, ACTA1, TPM2,
TPM3, and TNNT1 in patient 1. EXOSC3 gene
screening or exome sequencing revealed the same
homozygous c.92G>C (p.Gly31Ala) missense muta-
tion in exon 1 in all patients.

Quadriceps muscle biopsies were performed on
day 9 in patient 1, in month 7 in patient 2, and in
month 1 in patient 3. In patient 1, hematoxylin and
eosin (H&E) stain revealed great variability of � ber
size diameter with numerous round small � bers dis-
tributed randomly through the fascicles, a few nor-
mal sized � bers, and rare large � bers. No type
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grouping was observed. Modi� ed Gömöri trichrome
(mGT) stain revealed discrete reddish inclusions
resembling small rods in roughly 10% of the � bers
with very small diameter (Fig. 1A). Oxidative stains
showed a few� bers with mild subsarcolemmal myo� -
brillar disorganization, but no peripheral halos as
usually seen in SMA biopsies (Fig. 1B). Patients

2 and 3 displayed complete fascicle atrophy, few
large � bers, and a marked type grouping, highly sug-
gesting a neurogenic process (Fig. 1C).

In all patients, electron microscopy revealed
numerous � bers with striking sarcomeric disorgani-
zation, involving the entire section of the � ber or
affecting predominantly subsarcolemmal regions,
producing a caps-like aspect (Fig. 2A). Most areas
were composed of tangles of disordered sarcomeres
with Z-line thickening and absent mitochondrion
(Fig. 2B,C). In the most extensively affected regions,
only sarcomeric remnants were observed, consisting
of small fragments of thickened Z material bound to
thin � laments (Fig. 2D). Small nemaline bodies with
random orientation and typical cross-sectional
square structure were often observed (Fig. 2E). Rare
subsarcolemmal areas were composed solely of disor-
ganized thin � laments where Z-line material was
absent. These� ndings were more evident in patients
1 and 2. No major basal membrane detachment was
observed, except for a small area in one single� ber
in patient I (Fig. 2F).

DISCUSSION

We present 3 unrelated PCH1 patients sharing the
same EXOSC3mutation and describe their common
features of profound sarcomeric disorganization with
numerous small rods. Our patients displayed the typi-
cal phenotype consistently reported for other EXOSC3-
related PCH1 patients, namely the cognitive and neu-
romuscular signs at birth and progressive deterioration.
Of interest, although the severe phenotype associated
with the c.92G>C mutation was observed in all our
patients, the most striking signs were exhibited by
patient 1, accounting for the previously recognized
EXOSC3phenotypic variability3 and suggesting that
other factors may affect clinical severity.

PCH1 patients show histopathological features of
muscle � bers atrophy and type grouping, resembling
those of SMA with SMN1 mutations.4,5 Muscles of
SMA patients usually show global preservation of inter-
nal architecture, but mild to moderate denervation-
related disorganization and reduction of sarcomeric
structures in the smallest atrophic � bers have been
demonstrated in a cohort of genetically uncharacter-
ized SMA patients.8 Two of our patients demonstrated
histopathology similar to SMA patients, but patient
1 also showed reddish inclusions on mGT staining,
suggesting nemaline rods. Electron microscopy con-
� rmed the presence of Z-line material thickening,
compatible with small nemaline bodies. At least 1 pre-
vious report of a patient with a clinical diagnosis of
PCH1 showed Z-line abnormalities and nemaline bod-
ies in few muscle� bers, but the patient was genetically
uncharacterized.9 Furthermore, mild widening of the
Z-line material and small rods have been described in
one patient from a pathologic cohort of PCH2

FIGURE 1. (A) mGT stains from a quadriceps muscle biopsy of
patient 1 revealing small fuchsinophilic inclusions in some � bers,
suggesting nemaline bodies (arrowhead). The � bers demonstrate
a remarkably homogenous small diameter. (B) With nicotinamide
adenine dinucleotide (NADH) oxidative stain, mild subsarcolemmal
internal structure disorganization is shown in patient 1. (C) H&E
stain from quadriceps muscle biopsy of patient 2 showing complete
fascicle atrophy and some large � bers resembling SMA pathology.
No inclusions were observed in mGT stains from patients 2 and 3.
[Color � gure can be viewed at wileyonlinelibrary.com]
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patients.10 Although our patients demonstrated differ-
ent and more severe pathology, in particular sarco-
meric segment remnants and Z-line thickening
(Fig. 2D,E), these � ndings could suggest that sarco-
meric disruption itself might not be speci� c for a PCH
diagnosis.

Nemaline bodies, however, are almost exclusively
associated with congenital myopathies, namely with
nemaline myopathies,11 but are nonspeci� c because
they can rarely occur as a secondary phenomenon in
other miscellaneous disorders such as myo� brillar
myopathy,12 mitochondrial disorders,13 human
immunode� ciency virus-related myopathy,14 and spo-
radic late-onset nemaline myopathy.15 Nevertheless,
the presence of nemaline bodies in genetically
determined childhood-onset myopathies other than
nemaline myopathies is exceptionally rare. To date,
there is insuf� cient evidence to associateEXOSC3muta-
tions with typical nemaline myopathies, but our � nd-
ings suggest that their screening might be adequate in
early-onset hypotonic patients with nemaline bodies,
particularly when central nervous system involvement
and motor neuron degeneration are apparent.

This report systematically describes sarcomeric
disruption and rod structures as distinctive features of
muscle biopsies from three EXOSC3-mutated patients.
While deemed consistent through our uniform genetic
cohort, further studies are needed to assess their repro-
ducibility and speci� city. BecauseSMN1-associated SMA
is the main differential diagnosis in the context of neo-
natal hypotonia, and given that a de� nitive diagnosis
may be delayed until pontocerebellar atrophy signs are
recognized, muscle biopsy isan important resource in

the diagnostic evaluation, and ultrastructural study may
provide early clues to a diagnosis of PCH1.

Ethical Publication Statement: We con� rm that we have read the
Journal•s position on issues involved in ethical publication and
af� rm that this report is consistent with those guidelines.
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2.2.9 Publication 11: Discordant manifestations in Italian brothers with GNE myopathy (Dotti 

et al. 2018) 

Background 

In eukaryotic cells, glycoproteins and glycolipids can be modified by a process called 

sialylation, by which sialic acids groups are added to their terminal positions on oligosaccharide 

chains. Sialylation was shown to regulate a high number of cellular processes including cell 

adhesion and signaling (Varki 1997). GNE encodes the UDP-N-acetylglucosamine 2-epimerase 

/ N-acetylmannosamine kinase, an enzyme involved in the sialic acid biosynthetic pathway 

(Keppler et al. 1999) (Keppler et al. 1999). Dominant GNE gain-of function mutations cause 

sialuria, a disease characterized by the accumulation of free sialic acid (Seppala, Lehto, and 

Gahl 1999), while recessive GNE loss-of-function mutations cause a distal adult-onset vacuolar 

myopathy also called Nonaka myopathy (Eisenberg et al. 2001). 

Aim of the study 

The aim of the study was to identify the genetic cause of the disease in two brothers with 

vacuolar myopathy. 

Results 

The patients presented with distal muscle weakness, spreading to more proximal muscles at 

later stages. The clinical course of the disease was however strikingly more severe for the 

younger brother, who was wheelchair-bound five years after the start of the disease, while the 

elder brother remained ambulant 12 years after the disease onset. The muscle biopsies revealed 

features of vacuolar myopathy. Both patients carried compound heterozygous GNE missense 

mutations.  

Conclusion  

The progression of GNE-related myopathy can be rapid or slow, and our study illustrates and 

highlights the intrafamilial variability of the disorder.  

Contribution 

I analyzed the exome sequencing data of the two brothers and identified the GNE mutations. 

Given the clinical heterogeneity, I compared both exomes for additional variants that might 

modulate the disease severity and potentially explain the phenotypic difference between both 

affected brothers. I did not identify any obvious modifier.  
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Discordant manifestations in Italian brothers with GNE myopathy
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Dear Sirs,

GNE myopathy (MIM 605820) is an autosomal recessive genetic disease provoked by biallelic mutations in the GNE gene, which encodes the
bifunctional enzyme uridine diphosphate (UDP)- N-acetylglucosamine (GlcNaAc) 2-epimerase/N-acetylmannosamine (ManNAc) kinase [1] . GNE
de� ciency causes abnormal sialylation of glycoproteins possibly leading to muscle degeneration. GNE myopathy is particularly frequent in Japan,
Middle Eastern Jewish population, Iran, United States and Bulgaria where recurrent mutations are encountered due to a founder e� ect. Nevertheless
global prevalence is reported to be 0,1 index case for 100,000 [2] . To date more than 167 causative mutations have been reported, and patients from
Europe are usually compound heterozygous for mutations in di� erent regions of the gene [3] .

Foot drop, often unilateral, starting in the second or third decade of life, is the � rst sign and is followed by the involvement of the posterior thigh
compartment. However, teenage onset (second decade) is rare, GNE myopathy being considered an adult onset myopathy. Upper extremities can
show � nger � exors weakness and successively proximal muscles weakness. Full-blown phenotype consists of a scapuloperoneal syndrome. Sparing of
quadricipital strength and trophism is pathognomonic of this disorder. Nevertheless, variable quadriceps involvement in reported in 5% of cases and
the recognition of phenotypic variants is frequent [4] . As a general rule quadriceps sparing is not unique to GNE myopathy as it has also been
reported in patients a� ected by a non-GNE related myopathy [5] .

Most of the GNE patients become wheelchair-bound within 12 years in average [6] . CK levels are usually normal or mildly elevated.
Muscle biopsies typically show the presence of rimmed vacuoles, and electron microscopy studies con�rm the presence of autophagic material

associated with tubulo� lamentous inclusions of 18–21 nm in diameter found both inside nuclei or next to autophagic material [6] . Rimmed vacuoles,
although characteristic, are not exclusive of GNE myopathy, and in� ammatory in � ltrates have been rarely reported in GNE myopathy, which create
confusion with sporadic Inclusion-Body-Myopathy.

Here we report on two Italian brothers with an age di � erence of 8 years presenting highly discordant clinical features associated with GNE
myopathy.

P1 is the elder brother and reported lower limbs distal weakness from age 32 causing stumbling episodes. Examination at 37 years of age showed
bilateral foot-drop, waddling gait, distal lower limb (MRC 3) and milder proximal upper limb weakness (MRC 4). Muscle MRI of lower limbs revealed
� bro-fatty substitution of the posterior thigh compartment with quadriceps sparing ( Fig. 1A), and of the anterior leg compartment involving pre-
ferentially tibialis anterior muscles. Examination at 44 years of age revealed severe leg weakness (MRC 2), and milder arm weakness (MRC 3-4). Gait
remained possible with a cane. Serum CK kinase level was normal. Electromyography showed discrete myopathic features on proximal muscles.
Nerve conduction studies, as well as respiratory and cardiac functions were normal.

P2 was � rstly referred to another center at age 25 due to leg weakness and atrophy. An initial diagnosis of polymyositis was done based on a
muscle biopsy presenting mild endomysial in� ammatory in � ltrates (not shown). A therapy with corticoids was started, without any improvement.
Serum CK level were normal and myositis antibodies were negative. Due to progression of his symptoms extending to the proximal muscle of the
lower limbs, the patient was referred to our center. Clinical examination at 27 years revealed bilateral foot-drop with stepping gait and scapular
winging with deltoid and bicipital muscles weakness quoting MRC 3; quadriceps muscle strength was normal and there was severe weakness of
tibialis anterior muscles quoting MRC 3. EMG showed a myopathic pattern predominant in the distal muscles of the lower limbs, and in the proximal
muscles of the upper limbs. MRI of lower limbs performed at 29 years revealed di � use fatty in� ltration of hamstring muscle with respect of
quadriceps muscle (Fig. 1B). In legs there was fatty in� ltration of tibialis anterior muscles and to a lesser extent of gastrocnemius. The course was
progressive with loss of ambulation at 30 years. A recent examination at 36 years showed a wheelchair-bound patient. Arm elevation was severely
reduced to 30° and di� use weakness of both proximal (biceps and triceps) and distal muscles of upper limbs (wrist � exors and extensors) quoting
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MRC 2 was found. There was hand weakness and atrophy and� nger weakness. In contrast, quadriceps muscle strength was almost completely
respected (MRC 4). ROTs were absent. Severe contractures of elbow, wrist,� ngers, knees and ankles were found. Cardiac workup including EKG and
echocardiography was normal.

Both patients underwent a deltoid muscle biopsy performed at 37 years in P1 and 32 in P2. Muscle samples disclosed the presence of rimmed
vacuoles in about 5% of � bers. The vacuoles were single or multiple (Fig. 2A). There was no di� erence in the amount of connective tissue content. In
contrast P2 showed greater � ber size variation with the presence of small groups of atrophic � bers, often vacuolated (Fig. 2B). By electron mi-
croscopy the vacuoles contained di� erent compartments � lled with autophagic material, cellular debris, and myelinic structures ( Fig.2C).

Exome sequencing was performed for both siblings and revealed two compound heterozygous mutations inGNE. The � rst one a� ecting the kinase
domain p.(Tyr706His) (NM_01128227.2(GNE):c.2116T > C) and the second located in the epimerase domain p.(Arg277Gln)
(NM_001128227.2(GNE):c.830G > A). Segregation studies were available only in the mother that harbored the p.(Arg277Gln) at heterozygous
state. Both mutations were previously reported as pathogenic [7,8] . The p.(Arg277Gln), originally reported as p.(Arg246Gln) has previously been
described in GNE patients from Bahamas, Taiwan, and Italy [9] . Further analysis of the exome data revealed di� erent heterozygous sequence
variants in known myopathy genes in both siblings. P1 exclusively carried variants in SLC22A5p.(Val481Ile), SGCDp.(Lys32Glu), and DNAJB6 p.
(Phe114Asp), while P2 was found to harbor variants in COL6A2 p.(Arg380Cys), CHRNA1 p.(Glu286Gly), and DYSFp.(Ser1558Phe) and p.(Ar-
g1620His). These variants of unknown signi� cance might contribute to the phenotypic variability within the family.

The particularity of this GNE family consists in discordant clinical manifestations among the two brothers with P2 being wheelchair bound at
30 years after 5 years from disease onset. Age at onset di� ered of 7 years but both patients started with ankle dorsi � exion weakness at age 32 in P1,
and 25 in P2. The distribution of weakness was similar in both patients spreading to proximal muscles of lower limbs and successively upper limb
girdle. Hand and � nger weakness was evident only in P2 and appeared at the same time as the shoulder involvement. In contrast, P1 conserved

Fig. 1. Muscle MRI studies from P1 and P2.
(A) and (B) presence of a di� use fatty degeneration of all posterior thigh compartment muscles.

Fig. 2. Muscle morphological studies from P1 and P2.
(A) Deltoid muscle biopsy at 37 years frozen section stained with Gomori trichrome technique. Rimmed vacuoles at di � erent stage of formation (indicated by yellow arrows).
(B) Deltoid muscle biopsy at 32 years; frozen section stained with Gomori trichrome technique. Signi � cant variation of the � bers size diameter. Clusters of atrophic� bers, some of them
mildly angulated. Atrophic � bers showed cytoplasmic (indicated by yellow stars) or subsarcolemmal (indicated by an arrow) rimmed vacuoles.
(C) Electron microscopy from P2. Cross section showing a myo� ber harbouring subsarcolemmal and cytoplasmic vacuolization. The vacuoles contained di� erent compartments � lled with
autophagic material, cellular debris, and pseudo-myelinic structures. Scale bar correspond to 10 � m. (For interpretation of the references to colour in this � gure legend, the reader is
referred to the web version of this article.)
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normal hand strength and � ne � ngers movements allowing him to perform wood carving activities, his principal occupation.
Another major di � erence was the presence of contractures. Severe contractures of ankles, elbows, wrists, and� ngers were present in P2, while

P1only showed elbow contractures.
GNE myopathy can have a rapid or slow progression [10,11] but interfamilial clinical discordance has been rarely reported. Ro et al. [11]

described phenotypic variability in two siblings where the elder brother presented slow disease progression with tibialis anterior weakness and
una� ected quadriceps, while the younger sister showed prominent proximal weakness leading to loss of gait in a four years' time period. Inter-
estingly, the two Italian sisters reported by Stober et al. [9] carrying the p.(Arg277Trp) missense mutation a � ecting the same amino acid at position
277 in our patients p.(Arg277Gln), showed clinical variability with one patient wheelchair-bound at 34 years of age and the other still ambulant late
in life.

A recent study demonstrated that sialic acid de� ciency is associated with oxidative stress leading to muscle atrophy and weakness in GNE
myopathy [12] . Unknown epigenetic or environmental factors could be responsible for a di � erent response to oxidative stress responsible for the
clinical discordance in our patients.

As a whole clinician must be alerted about GNE myopathy intrafamilial clinical discordance both for prognostic advice and patients enrollment in
future clinical trials.
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2.3 Mutations in novel genes 

To date, 35 congenital myopathy genes have been described (http://www.musclegenetable.fr).  

Next generation sequencing panels provide a rapid and accurate analysis of known myopathy 

genes but failed to identify the causative genes in many patients, suggesting that myopathy 

genes remain to be discovered. We therefore performed exome sequencing on molecularly 

undiagnosed patients. 

The identification, validation and characterization of novel myopathy genes allows the 

establishment of novel diagnosis protocols to improve genetic counseling and provides the 

possibility of prenatal or pre-implantation diagnosis. Moreover, novel myopathy genes 

highlight new pathways relevant for muscle structure and function and represent potential 

therapeutic targets.  
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2.3.1 Publication 12: Recessive MYPN mutations cause cap myopathy with occasional 

nemaline rods (Lornage et al. 2017) 

Background  

Cap myopathy is a rare congenital myopathy characterized by the peripheral accumulation of 

Z-line remnants and thin filaments in muscle fibers (Fidzianska et al. 1981). The patients 

usually present with hypotonia at birth and subsequently develop a slowly progressive weakness 

of facial, respiratory, and limb muscles. Causative mutations have been identified in TPM2, 

TPM3, ACTA1 and NEB, all coding for thin filament proteins (De Paula et al. 2009; Ohlsson et 

al. 2008; Piteau et al. 2014; Hung et al. 2010; Kiiski et al. 2019; Lehtokari et al. 2007; 

Tajsharghi et al. 2007). The exact molecular mechanisms underlying cap myopathy are 

unknown, but the occurrence of the disease may be related to defects in muscle maturation 

(Fidzianska 2002) and/or actin-binding (Marttila et al. 2012). 

Aim of the study  

The aim of the study was to identify the genetic cause of the disease in two families with 

molecularly undiagnosed cap myopathy.  

Results  

We described three patients from two unrelated families with an early-onset myopathy. The 

clinical course of the disease was slowly progressive with predominant weakness of the limb-

girdle and distal muscles. The muscle biopsies showed numerous peripherally-placed and well-

delimited structures corresponding to caps, as well as rods in about 2% of the fibers. To 

investigate the genetic cause of the disease, exome sequencing was performed and revealed 

homozygous MYPN mutations in all affected individuals. MYPN encodes the Z-line protein 

myopalladin, implicated in sarcomere integrity (Bang et al. 2001). The patients from family 1 

carried a homozygous nonsense mutation (c.2653C>T p.(Arg885*)), and analysis of muscle 

extracts by reverse transcription and western blot demonstrated a strong reduction of the mRNA 

and protein levels. The patient from family 2 harbored a homozygous splice site mutation 

(c.3158+1G>A). Minigene experiments revealed the absence of wild-type transcript and the 

appearance of two abnormally spliced mRNAs containing premature stop codons resulting from 

the activation of two cryptic donor sites. In summary, both MYPN mutations impair mRNA 

stability and presumably lead to nonsense mediated mRNA decay. Accordingly, 

immunofluorescence detected significantly less myopalladin signals on patient muscle sections 
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compared to controls, and the residual myopalladin was found to accumulate in the caps 

together with its interacting partner alpha-actinin-2. 

Conclusion  

Dominant MYPN mutations were previously reported in patients with cardiomyopathy 

(Purevjav et al. 2012; Duboscq-Bidot et al. 2008; Meyer et al. 2013) and our results show that 

specific MYPN mutations cause congenital cap myopathy through a different mode of 

inheritance.  

Contribution 

I identified the MYPN mutations in both families, verified the segregation, performed the 

quantitative and functional experiments, and wrote the publication with other authors. 
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Congenital myopathies are phenotypically and geneti-
cally heterogeneous. We describe homozygous trun-
cating mutations in MYPN in 2 unrelated families with
a slowly progressive congenital cap myopathy. MYPN
encodes the Z-line protein myopalladin implicated in
sarcomere integrity. Functional experiments demon-
strate that the mutations lead to mRNA defects and to
a strong reduction in full-length protein expression.
Myopalladin signals accumulate in the caps together
with alpha-actinin. Dominant MYPN mutations were
previously reported in cardiomyopathies. Our data
uncover that mutations in MYPN cause either a cardiac
or a congenital skeletal muscle disorder through differ-
ent modes of inheritance.

ANN NEUROL 2017;00:000–000

Congenital myopathies define a clinically and geneti-
cally heterogeneous group of muscle diseases charac-

terized by neonatal or early onset hypotonia and/or mus-
cle weakness with structural defects on the muscle
biopsy.1,2 Cap myopathy is a rare congenital myopathy,
characterized by the presence of peripherally placed, well-
delimited areas resembling a cap in muscle fibers. Caps
are filled with thin filaments and segments of Z-lines.3

Although causative mutations inTPM2, TPM3, and
ACTA1 have been associated with cap myopathy,4–7 sev-
eral patients are still devoid of genetic diagnosis,

precluding familial counseling and better patient health
care. In an effort to identify additional implicated genes,
we discovered recessive mutations inMYPN (myopalla-
din) in patients with congenital cap myopathy with occa-
sional rods.

Myopalladin is a sarcomeric 145 kDa protein locat-
ed at the Z-line, with homology to palladin and myoti-
lin.8,9 It binds to the EF hand region of alpha-actinin, to
the SH3 domain of nebulin, and to the cardiac ankyrin
repeat protein.9,10 Heterozygous mutations inMYPN
were reported in dilated, restrictive, or hypertrophic car-
diomyopathies (Mendelian Inheritance in Man #615248)
without skeletal muscle involvement.11–13

Patients and Methods

Patients
We describe 3 adult patients with cap myopathy from 2 unre-
lated families of different ethnic backgrounds. Patients 1 and 3
underwent open muscle biopsy of the deltoid muscle at 34 and
44 years, respectively. Sample collection was performed with
written informed consent from the patients, according to the
Declaration of Helsinki. DNA storage and usage was
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institutional review board approved (DC-2012-1693). Because
facial features are part of the clinical picture, Patients 1 and 2
have kindly consented to use of their clinical photographs

without masking of their faces. Patient 3 was seen in 1993 and
not available to give consent, so facial features are masked to
prevent identification.

FIGURE 1.
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FIGURE 1: Characterization of patients. Clinical features: (A–D) Patient 1. (A) Pectus excavatum, shoulder girdle asymmetric
amyotrophy, and weakness with deficit in arm elevation. (B) Elongated face, ptosis of left eye, tubular nose, and asymmetric
facial weakness. (C) High-arched palate. (D) Finger extensors weakness. (E, F) Patient 2. (E) Severe facial weakness, elongated
face, low-set ears, and tubular nose. (F) Asymmetric deficit in arm elevation, marked obesity. (G) Patient 3 with elongated
face, tubular nose, low-set ears, pectus excavatum, amyotrophy of shoulder girdle and pectoral muscles, and atrophic legs. (H)
Whole body magnetic resonance imaging of Patient 1 with Dixon method (iterative decomposition of water and fat with echo
asymmetry and least-squares estimation). At the head level (1–4), fatty infiltrations of the tongue are visible (white arrows) ,
whereas masticatory muscles are normal. At the scapular girdle level (5–7), muscles are thin and slightly atrophic without fatty
infiltrations. At the trunk level (8–11), major fatty infiltrations of the latissimus dorsi (curved arrow) and an asymmetric deformi-
ty of the chest with a shrunken space between sternum and spine are seen. Rotator and extensor muscles of the back at the
lumbar area (10, 11) are either infiltrated with fat or atrophic. At the pelvic girdle level (12), muscles are thin and infiltrated
with fat. At the thigh level (13), slight atrophy and fatty infiltration are visible, and the sartorius (black asterisk) and the gracilis
(black arrow) are the most atrophic and fat-infiltrated muscles. At the level of the lower leg (14), fatty infiltrations are especial-
ly seen in the peroneus muscles (white asterisk) . Light microscopy: (I–L) Caps and (M–O) rods in Patient 1 and Patient 3
muscles. Caps are intensively stained with modified Gomori trichrome (mGT) (I,K), periodic acid–Schiff (J), and nicotinamide
adenine dinucleotide–tetrazolium reductase (NADH-TR) techniques (L). Presence of cytoplasmic fuchsinophilic inclusions corre-
sponding to rods with mGT staining (M, N); areas containing rods are devoid of oxidative NADH-TR activity (O). (P) Adenosine
triphosphatase pH 9.4 demonstrates type 1 fiber uniformity. (Q–S) Electron micrographs from Patient 1 and Patient 3 muscles
showing well-delimited caps filled with thin filaments, sarcomere fragments, and cellular debris. (S) Presence of a fiber contain-
ing a cap next to a fiber with cytoplasmic rods.

TABLE. Clinical Features of Patients with MYPN Mutations

Characteristic Family 1, Patient 1 Family 1, Patient 2 Family 2, Patient 3

Gender F M M

Age at onset Birth 3 months Early childhood

Initial symptoms Mild hypotonia,
swallowing difficulties,
lower limb contractures

Swallowing difficulties,
delayed motor
development

Upper limb weakness

Disease course Slowly progressive Progressive (wheelchair-
bound at age 49 years)

Slowly progressive

Age at examination 34 50 44

Clinical features Asymmetric facial
weakness; shoulder,
hip-girdle, axial, and
milder tibial muscle
weakness; neck extensors
and flexors
(MRC 4), proximodistal
weakness
(3–4), finger extensor (2)

Severe asymmetric facial
weakness; severe asymmet-
ric shoulder, hip-girdle,
and axial muscle weakness;
severe finger extensors and
flexors; radial and inteross-
eous hand muscles (MRC
3), pelvic girdle (1–2),
distal leg muscles (1–2)

Facial, shoulder, hip-girdle, axial,
severe finger extensors and flexors
and tibial muscles weakness; neck
flexors (MRC 2), abdominal
muscle (2–3), proximodistal
weakness (2–3)

Respiratory
involvement

Reduced forced expiratory
volume 57%
and NIV; recurrent respi-
ratory infections

Recurrent respiratory
infections

Reduced vital
capacity 46%

Cardiac examination Normal Mild cardiac involvement:
asynchronous myocardial
contraction, mild thicken-
ing of heart muscle,
tachycardia

Normal

EMG Myopathic Myopathic Myopathic

EMG5 electromyography; F5 female; M5 male; MRC5 Medical Research Council scale for muscle strength; NIV5 noninvasive ventilation.
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Morphological Analysis
For histochemical techniques, 10mm-thick cryostat sections
were used. Photographs were obtained with a Zeiss AxioCam

HRc linked to a Zeiss Axioplan Bright Field Microscope and
processed with Axio Vision 4.4 software (Carl Zeiss, Oberko-
chen, Germany). Antimyopalladin (gift of Dr Labeit9 and anti–

FIGURE 2.
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alpha-actinin (EA-53; Sigma, Saint Louis, MO) antibodies were
used for immunohistochemistry.

Exome Sequencing
Exome sequencing was performed for Patients 1 and 3 with the
SureSelect Human All Exon 50Mb Capture Library v5 (Agilent,
Santa Clara, CA) and paired-end sequenced on a HiSeq 2500
(Illumina, San Diego, CA). Confirmation of variants and segre-
gation was performed by Sanger sequencing. No pathogenic
variants were detected in any genes previously linked to muscu-
lar diseases.

Splicing Studies
A genomic DNA fragment encompassingMYPN exons 15 to 17
was amplified and cloned into pcDNA3.1 (Invitrogen, Carlsbad,
CA) and the Patient 3 c.31581 1G> A mutation affecting the
exon 16 donor site was introduced by site-directed mutagenesis
(Stratagene, San Diego, CA). Wild-type and mutant constructs
were transfected by Lipofectamine 3000 (Thermo Fisher Scientif-
ic, Waltham, MA) into COS-1 and HeLa cells. Total RNA was
extracted after 24 hours and analyzed by reverse transcriptase
polymerase chain reaction (RT-PCR).

Quantitative PCR
RNA was extracted from deltoid muscle samples of Patient 1
and age-matched controls using the Precellys 24 homogenizer
(Bertin Technologies, Montigny-le-Bretonneux, France). Rela-
tive expression ofMYPN was measured with SYBR Green PCR
Master Mix (Qiagen, Hilden, Germany) on a LightCycler 480
Real-Time PCR System (Roche, Basel, Switzerland) using
humanMYPN- andHPRT1-specific primer sets.

Western Blot
Myopalladin was detected in total muscle protein extracts of
Patient 1 with an antibody targeting its N-terminus
(ab57853; Abcam, Cambridge, MA). Immunoblots were

visualized using the SuperSignal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific) on an Amersham Imager
600 (GE Healthcare Life Sciences, Chicago, IL). Loading
was verified with the stain-free technique (trichloroethylene,
Sigma).

Results

Common Clinical Findings in MYPN Patients
A clinical summary is provided in the Table. Patients 1
and 2 from Family 1 are siblings born to healthy consan-
guineous French parents as previously described,14 and
Patient 3 from Family 2 was born to consanguineous
African parents from Mauritania. Initial symptoms were
neonatal hypotonia and swallowing difficulties for
Patients 1 and 2, and upper limb weakness from early
childhood for Patient 3. Patients 1 and 2 showed asym-
metric facial weakness. All patients displayed skeletal
deformities and progressive limb girdle, axial, and distal
weakness involving finger flexors and extensors, and
tibialis anterior muscles (Fig 1A–G). Serum creatine
kinase levels were normal, and electromyography was
myopathic in all patients. Patients 1 and 3 had respirato-
ry involvement. Cardiac workup including electrocardi-
ography (EKG) and echocardiography were normal for
Patients 1 and 3. In Patient 2, EKG revealed sinus tachy-
cardia, increased QRS duration, and left axis deviation,
and echocardiography at 48 years disclosed asynchronous
myocardial contraction, mild thickening of heart muscle,
and anterior pericardial detachment interpreted as conse-
quences of hypertensive state.

Whole body magnetic resonance imaging of Patient
1 revealed a globally thin muscle bulk, and prominent
fatty infiltrations in the tongue, latissimus dorsi, pelvic

FIGURE 2: MYPN mutations, segregation, and impact. (A) Pedigree from consanguineous Families 1 and 2 and chromatophero-
grams. Patients 1 and 2 are homozygous for the c.2653C >T (p.Arg885*) nonsense mutation in exon 13, and Patient 3 is homo-
zygous for the c.3158 1 1G>A essential splice site mutation in intron 16 (p.Gly1049Glyfs*31 and p.Arg1053Arg*1). Unaffected
relatives are heterozygous (dots); neither parent from Family 2 was available for sequencing. (B) Because muscle from Patient
2 was unavailable for RNA extraction, minigene constructs harboring the mutation found in Patient 2 were transfected in COS-
1 cells, and the reverse transcriptase polymerase chain reaction (RT-PCR) product from exons 15 to 17 was migrated on an
agarose gel. MUT 5 c.3158 1 1G>A construct; UT 5 untransfected; WT 5 wild-type construct. The wild-type fragment was
detectable in cells expressing the wild-type construct, whereas 2 abnormal fragments were found in cells expressing the
mutant minigene. (C, D) Sanger sequencing of control amplicon (C) and of mutated amplicons (D) confirmed the disruption of
the canonical donor site in Patient 2 and the usage of 2 cryptic donor sites producing 2 aberrant RNA species containing either
a shorter exon 16 leading to a frameshift (p.Gly1049Glyfs*31), or part of intron 16 encompassing an in-frame stop codon
(p.Arg1053Arg*). No wild-type RNA was detected for the mutant. Similar results were obtained after construct transfection in
HeLa cells (not shown). (E) Left: Western blot showing myopalladin level (arrow) in muscle extracts from Patient 1 compared to
age-matched controls, detected with an anti-N-terminal antibody (epitope aa 61-171). Full-length myopalladin (around 145
kDa) is strongly decreased in the patient. The star indicates unspecific signals or uncharacterized shorter myopalladin isoforms
similar in both control and patient. Right: Total proteins labeled with the stain-free technique were used as a loading control.
(F) Relative quantification of myopalladin mRNA level from Patient 1 muscle by quantitative RT-qPCR using primers located in
50 (exons 10–11) and in 3 0 (exons 14–15) of the mutation. The level of myopalladin mRNA is decreased to 10% in both cases (2
independent experiments). (G) Upper panels: Immunostaining with an anti-myopalladin N-terminal antibody shows a homoge-
neous striated pattern of myopalladin at the Z-line in the control (left) and decreased striated pattern and significant accumula-
tion inside the caps (middle) and rods (right) in Patient 1 muscle. Middle panels: Coimmunostaining of myopalladin and alpha-
actinin in control muscle. Myopalladin and alpha-actinin colocalize at the Z-line. Bottom panels: Coimmunostaining of myopalla-
din and alpha-actinin in Patient 1 muscle. Alpha-actinin concentrates in the caps.
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girdle, lower limbs (especially sartorius, gracilis, and per-
oneus), and extensor muscles of the dorsal and lumbar
areas (see Fig 1H).

Biopsies from MYPN Patients Display Caps and
Rods
Morphological investigations of muscle by light and elec-
tron microscopy revealed subsarcolemmal caps in 5 to
10% of the fibers. Caps were intensively stained with
modified Gomori trichrome (mGT), periodic acid–
Schiff, and nicotinamide adenine dinucleotide–tetrazoli-
um reductase (see Fig 1I–L), and did not stain with
adenosine triphosphatase and succinate dehydrogenase
(not shown), suggesting that they lack mitochondria. In
about 2% of myofibers, mGT staining uncovered fuchsi-
nophilic inclusions consistent with clusters of cytoplasmic
rods disposed in a rosette/garland fashion. Areas contain-
ing rods were devoid of oxidative activity (see Fig 1M–
O). Marked type 1 fiber predominance or uniformity
and mild fiber size variability, common features associat-
ed with congenital myopathies, were also observed in all
patients (see Fig 1P).

Electron microscopy demonstrated the presence of
peripherally placed and well-demarcated caps (see Fig
1Q, R) containing accumulated thin filaments, Z-line
fragments, and cellular debris. Clusters of cytoplasmic
rods harboring the typical Z-line lattice structure were
also identified (see Fig 1S).

Exome Sequencing Identified MYPN Mutations
By exome sequencing, we identified homozygousMYPN
mutations in both families: a c.2653C> T (p.Arg885*) non-
sense mutation in Family 1 and the c.31581 1G> A muta-
tion affecting the essential donor splice site of exon 16 in
Family 2. Each variant is listed once in the ExAC database at
the heterozygous state (0.00082%). Both variants were
homozygous in all affected family members and heterozy-
gous in the available healthy family members (Fig 2A).

The impact of the c.31581 1G> A variant on splic-
ing was tested through a minigene experiment. In contrast
to cells transfected with the wild-type minigene, the inclu-
sion of the variant causes the appearance of 2 splice prod-
ucts revealing the disruption of the canonical donor site
and the usage of 2 cryptic donor sites producing 2 aber-
rant RNA species (see Fig 2B–D). One cryptic site resides
within exon 16 and generates a frameshift from amino
acid 1049 (p.Gly1049Glyfs*31), and the other site located
in intron 16 leads to the inclusion of an intronic sequence
containing an in-frame stop codon p.Arg1053Arg*.

To assess the impact of the p.Arg885* nonsense muta-
tion of Family 1 on protein stability and to verify the poten-
tial presence of a 885-amino-acid myopalladin fragment,

we performed Western blot analysis of muscle extracts from
Patient 1. We observed a strong reduction of full-length
1,320-amino-acid myopalladin and no signal correspond-
ing to the putative 885aa fragment (see Fig 2E). Moreover,
MYPNmuscle RNA was found strongly reduced to around
10% of the normal level by quantitative RT-PCR, strongly
suggesting nonsense-mediated mRNA decay as the cause of
decreased full-length protein (see Fig 2F).

Z-Line Proteins Accumulate in the Caps
Immunolabeling of Patient 1 muscles revealed decreased
Z-line staining and accumulations of myopalladin inside
the caps and rods (see Fig 2G), suggesting the presence
of either remaining truncated myopalladin concentrated
at the caps or uncharacterized myopalladin isoforms
devoid of the mutated sequence. Coimmunostaining of
myopalladin and its binding partner alpha-actinin dem-
onstrated colocalization at the Z-line in control muscle
and decreased Z-line staining of alpha-actinin that accu-
mulates within the caps in the patient (see Fig 2G). The
intermediate filament desmin also intensively labeled the
caps (not shown).

Discussion
Here we describe a new cap myopathy due to recessive
MYPN mutations and resulting in myopalladin deficien-
cy. Our patients presented with a slowly progressive con-
dition involving asymmetric weakness, an unusual feature
in congenital myopathies. Myopalladin and its interactor,
the Z-line marker alpha-actinin, were found accumulated
in both caps and rods, supporting an important role of
myopalladin in the structural maintenance of Z-line and
sarcomere.9,10

Our patients are clinically and histologically similar
to cap myopathy caused by tropomyosin genes muta-
tions.15 TPM1 mutations are associated with familial
hypertrophic cardiomyopathy, and mutations inTPM2
and TPM3 cause cap and nemaline myopathies.7,16,17

We hereby show that similarly to tropomyosin-related
disorders, mutations inMYPN can cause either a cardio-
myopathy or a congenital cap myopathy. Recently, bial-
lelic MYPN mutations have been reported in a child-
hood-onset, slowly progressive nemaline myopathy with
intranuclear rods.18 All our patients presented typical
caps as main histologic lesion and occasional rods dis-
posed in a peculiar rosette/garland fashion in the myo-
fiber cytoplasm. Intranuclear rods were not observed. We
therefore proposeMYPN as a new gene responsible for
cap myopathy. DominantMYPN mutations were previ-
ously linked to cardiomyopathies, and the p.Arg885* var-
iant was also reported in 1 patient with hypertrophic car-
diomyopathy at the heterozygous state.13 Our patients
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and their heterozygous family members failed to show
overt cardiomyopathy at the age of examination. The
minimal cardiac alterations observed in Patient 2 seem to
be related to obesity and hypertension, but an incom-
plete penetrance of the p.Arg885* mutation cannot be
excluded. Functional analyses ofMYPN-related cardio-
myopathy mutations in transfected rat cardiomyocytes
and in a knockin Q526XMypn mouse suggested a
dominant-negative effect rather than a haploinsufficiency
as the underlying mechanism.11,19

In conclusion, our findings reveal that mutations in
MYPN cause recessive congenital cap myopathy.
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(Lornage et al. 2019) 

Background  

Core myopathy is histologically characterized by the focal absence of oxidative activity in the 

muscle fibers. Three subtypes of core myopathy have been described so far. Central core disease 

(CCD) is characterized by well-delimited areas with absence of oxidative activity and running 

along all the length of the fiber. Multiminicore disease (MmD) is defined by poorly-delimited 

cores spanning only to a limited zone of the longitudinal fiber axis, and dusty core disesae 

(DucD) is recognizable by the presence of cores surrounded by a reddish-purple material on 

modified Gomori trichrome staining (Dubowitz and Pearse 1960; Engel, Gomez, and Groover 

1971; Garibaldi et al. 2019).  

Aim of the study  

The aim of the study was to identify the genetic cause of the disease in two families with a new 

form of core myopathy. 

Results  

We studied two patients with neonatal hypotonia and a progressive disease course involving 

muscle weakness and respiratory distress. The morphological and ultrastructural analyses of 

muscle biopsies revealed a distinctive pattern with the presence of small structured cores and 

jagged Z-lines, that we t�H�U�P�H�G���³�0�X�O�W�L�S�O�H���V�W�U�X�F�W�X�U�H�G-�&�R�U�H���'�L�V�H�D�V�H�´�����0�V�&�'���� Exome sequencing 

of both affected individuals identified heterozygous mutations in ACTN2, encoding alpha-

actinin-2, an actin-crosslinking protein localized at the Z-line and specifically expressed in 

skeletal muscle and heart. Alpha-actinin-2 is composed of three main domains, an N-terminal 

actin-binding domain, an elongated rod composed of four spectrin repeats, and a C-terminal 

part composed of two EF-hands domains (Ribeiro Ede et al. 2014). The missense mutation 

identified in patient 1 and the in-frame deletion detected in patient 2 reside in close proximity 

within the rod domain. Functional analyses were performed on the missense mutation and 

showed that alpha-actinin-2 p.(Leu727Arg) localized to the Z-line in differentiated myotubes, 

and retained its ability to dimerize in transfected cells. Modelling of the disease was performed 

in zebrafish and mice by exogenous expression of the wild-type (control) or mutated protein. 

Mutant zebrafish were smaller than controls, and showed altered myofiber architecture and 

motor deficits. AAV -transduced murine muscles developed muscle weakness, core myopathy 

and Z-line defects, similar to the defects observed in the patient biopsies. Taken together, the 
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experiments in the animal models confirmed the pathogenicity of the mutation at the 

histological and physiological level. 

Conclusion  

Alpha-actinin-2 deficiency has been shown to lead to sarcomeric defects in both skeletal muscle 

and heart in zebrafish (Gupta et al. 2012), thereby highlighting the crucial role of alpha-actinin-

2 in striated muscles. Dominant ACTN2 mutations have previously been described in patients 

with dilated and hypertrophic cardiomyopathies (Chiu et al. 2010), and our results show that 

distinct ACTN2 mutations are the cause of MsCD. 

Contribution 

I identified the ACTN2 missense mutation and verified the segregation in the family members. 

I also performed all functional experiments in the cell and mouse models, and wrote the 

publication with other authors. 
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Abstract
The identi“cation of genes implicated in myopathies is essential for diagnosis and for revealing novel therapeutic targets. 
Here we characterize a novel subclass of congenital myopathy at the morphological, molecular, and functional level. Through 
exome sequencing, we identi“ed de novo ACTN2 mutations, a missense and a deletion, in two unrelated patients present-
ing with progressive early-onset muscle weakness and respiratory involvement. Morphological and ultrastructural analyses 
of muscle biopsies revealed a distinctive pattern with the presence of muscle “bers containing small structured cores and 
jagged Z-lines. Deeper analysis of the missense mutation revealed mutant alpha-actinin-2 properly localized to the Z-line 
in di�erentiating myotubes and its level was not altered in muscle biopsy. Modelling of the disease in zebra“sh and mice 
by exogenous expression of mutated alpha-actinin-2 recapitulated the abnormal muscle function and structure seen in the 
patients. Motor de“cits were noted in zebra“sh, and muscle force was impaired in isolated muscles from AAV-transduced 
mice. In both models, sarcomeric disorganization was evident, while expression of wild-type alpha-actinin-2 did not result 
in muscle anomalies. The murine muscles injected with mutant ACTN2 displayed cores and Z-line defects. Dominant ACTN2 
mutations were previously associated with cardiomyopathies, and our data demonstrate that speci“c mutations in the well-
known Z-line regulator alpha-actinin-2 can cause a skeletal muscle disorder.

Keywords ACTN2�· Alpha-actinin-2�· Congenital myopathy�· Core myopathy�· Z-line�· Nemaline myopathy

Introduction

Congenital myopathies are a group of heterogeneous genetic 
diseases usually associated with neonatal or early-onset 
hypotonia and muscle weakness, and�they are characterized 
by distinctive alterations on muscle biopsies [13, 33, 40]. 
Although approximately 30 causative genes are known to 
date (www.muscl egene table .fr), nearly half of the patients 

with congenital myopathies do not have a molecular diag-
nosis despite routine access to next-generation sequencing, 
suggesting the implication of yet unidenti“ed genes. The 
identi“cation of novel causative genes is a prerequisite to 
understand the pathophysiological mechanisms underlying 
muscle dysfunction, and can suggest new and alternative 
therapeutic targets.

Congenital myopathies are classi“ed into distinct sub-
groups based on characteristic histopathological features on 
muscle biopsies. Most patients fall into one of the three main 
groups encompassing centronuclear myopathy with numer-
ous “bers containing internal or centralized nuclei, nemaline 
myopathy showing protein aggregates or rod inclusions, and 
core myopathy with “ber areas devoid of oxidative activity 
[40, 42]. Central core disease (CCD) is characterized by 
well-delimited cores running along the longitudinal myo“ber 
axis, while multiminicore disease (MmD) typically displays 
multiple, poorly de“ned, small cores spanning only a limited 
zone on the longitudinal axis of the muscle “ber [9, 12, 14].
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Here we describe a peculiar form of core myopathy with 
ultrastructural Z-line alterations caused by mutations in 
ACTN2, encoding alpha-actinin-2 (MIM*102573).

ACTN1, ACTN2, ACTN3, and ACTN4 form an evolution-
ary conserved gene family with di�erent tissue-speci“c 
expression pattern [32]. ACTN3 is expressed in skeletal 
muscle and ACTN2 is expressed in both skeletal and cardiac 
muscle. ACTN3 de“ciency is common in humans and in”u-
ences athletic performances [35], and dominant mutations in 
ACTN2 have been reported to cause dilated or hypertrophic 
cardiomyopathy (MIM #612158 [6]).

Alpha-actinin-2 is one of the major components of the 
Z-line. It is active as a dimer, allosterically regulated by 
phosphoinositides [5, 38], and is essential for the integrity 
of the contractile apparatus through a multitude of interac-
tions. Notably, it binds and crosslinks actin “laments, and 
anchors many cytoskeletal and sarcomeric proteins such as 
myopalladin [1], myotilin [41], muscle LIM protein [31], 
and the giant proteins titin [11, 26] and nebulin [34]. Moreo-
ver, alpha-actinin-2 is believed to make a link between the 
sarcomere and the membrane through interactions with 
vinculin [30], integrins [36], and the dystrophin complex 
[21]. Alpha-actinin-2 is also involved in the regulation of 
ion channels [8, 28], gene expression [23], and signalling 
cascades [39, 46], making it a multitasking protein with a 
central role in skeletal muscle physiology. Indeed, alpha-
actinin-2 de“ciency in the zebra“sh was shown to result in 
sarcomeric defects, con“rming its crucial role for the forma-
tion and/or maintenance of sarcomeres [19].

This report describes ACTN2 mutations as the cause of 
a congenital myopathy with numerous structured cores and 
jagged Z-lines as the main and speci“c histological hall-
mark, and we evidence our “ndings by functional investiga-
tions in cell and animal models. Exogenous expression of 
mutant alpha-actinin-2 in mice and zebra“sh induced muscle 
weakness and a histopathology corresponding to the unique 
structural aberrations characterizing the patient biopsies. 
The implication of ACTN2 in a skeletal muscle disease and 
the peculiar histopathology de“ne an additional class of core 
myopathy.

Materials and�methods

DNA sampling

Sample collection was performed with written informed 
consent from patients P1 and P2 according to the declara-
tion of Helsinki and its later amendments. DNA storage and 
usage was approved by the institutional review board (DC-
2012-1693 and 12-N-0095).

MRI

Whole-body MRI in P1 was performed on a 3T magnet sys-
tem using the Dixon method to obtain T1- and T2-weighted 
scans. Images were then post-processed with multiplanar 
reconstructions and 3D volume rendering. Analysis was 
performed for a selection of 100 muscles manifesting atro-
phy and fatty in“ltrations as described previously [4]. 3D 
volume rendering images allowed a global analysis in hori-
zontal position. Lower extremity MRI in P2 was performed 
on a 3T Siemens Magnetom Verio system using the Dixon 
method to obtain T1 and STIR-weighted scans.

Exome sequencing and�analysis

Library preparation and exome capture were performed with 
the SureSelect Human All Exon 50�Mb Capture Library v5 
(Agilent, Santa Clara, USA) for P1 and his healthy family 
members, and with the Nextera Rapid Capture (Illumina, 
San Diego, USA) for P2 and her healthy parents, and sam-
ples were paired-end sequenced on a HiSeq�2500 (Illu-
mina). Sequence data were aligned to the GRCh37/hg19 
reference genome, and variants were “ltered considering 
their frequency in gnomAD (http://gnoma d.broad insti tute.
org/) and in our in-house database containing 1550 exomes 
and genomes. The mutations were numbered according to 
GenBank NM_001103.3 and NP_001094.1 with +1 corre-
sponding to the A of the ATG translation initiation codon. 
Con“rmation of variants and segregation was performed by 
Sanger sequencing. P1 was heterozygous and P2 homozy-
gous for the common p.(Arg577*) ACTN3 variation.

Morphological studies

For P1, open deltoid muscle and radialis muscle biopsies 
were, respectively, obtained at 9 and 45�years of age. Con-
ventional histological and histochemical techniques on 
10�µm cryostat sections encompassed haematoxylin and 
eosin (H&E), Gomori trichrome (GT), nicotinamide adeno-
sine dinucleotide…tetrazolium reductase (NADH-TR), suc-
cinate dehydrogenase (SDH), and myosin adenosine triphos-
phatase (ATPase pH 9.4) reactions. Digital photographs 
were obtained with a Zeiss AxioCam HRc linked to a Zeiss 
Axioplan Bright Field Microscope and processed with the 
Axio Vision 4.4 software (Zeiss, Oberkochen, Germany).

For P2, open muscle biopsy of the quadriceps was 
obtained at 19� years of age. Digital photographs were 
obtained with a Zeiss AxioCam MRc5 linked to a Zeiss 
Imager Bright Field Microscope and processed with the 
AxioVision software (Zeiss).

Murine tibialis anterior muscles were sampled in isopen-
tane cooled in liquid nitrogen, and transversal or longitudinal 
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cryosections (8 �m) were “xed and stained with H&E, SDH, 
and GT. Images were acquired with the Hamamatsu Nano-
Zoomer 2HT slide-scanner (Hamamatsu, Hamamatsu city, 
Japan).

Electron microscopy

The P1 patient biopsies were “xed with glutaraldehyde 
(2.5%, pH 7.4), post “xed with osmium tetroxide (2%), 
dehydrated, and embedded in resin (EMBed-812, Elec-
tron Microscopy Sciences, Hatfield, USA). Ultra-thin 
sections were stained with uranyl acetate and lead citrate, 
and observed using a Philips CM120 electron microscope 
(Philips, Amsterdam, Netherlands) and photo-documented 
using a Morada camera (Soft Imaging System, Münster, 
Germany). EM was not available for P2.

Murine TA muscles were “xed in 4% PFA and 2.5% glu-
taraldehyde in 0.1�M phosphate bu�er (pH 7.2) overnight at 
4�°C and processed as previously described [7]. Images were 
recorded on a Philips CM12 electron microscope (Philips).

Three dpf zebra“sh larvae were “xed in formaldehyde-
glutaraldehyde-picric acid in cacodylate bu�er overnight at 
4�°C, followed by osmication and uranyl acetate staining. 
Subsequently, embryos were dehydrated in a series of etha-
nol washes and embedded in TAAB Epon (Marivac Ltd., 
Halifax, Canada). Sections (95�nm) were cut with a Leica 
UltraCut microtome (Leica, Wetzlar, Germany), picked up 
on 100-�m Formvar-coated copper grids, and stained with 
0.2% lead citrate. Sections were viewed and imaged with a 
Philips Tecnai BioTwin Spirit electron microscope (Philips) 
at the Harvard Medical School Electron Microscopy Core.

Cell culture, transfection, and�di�erentiation

The pEGFP-ACTN2 construct was a kind gift from Johannes 
Hell (Addgene plasmid #52669) [20]. The patient•s muta-
tion was introduced by site-directed mutagenesis using the 
QuikChange II kit (Strategene, San Diego, USA). C2C12 
cells were transfected with wild-type and mutant constructs 
using Lipofectamine 3000 (Thermo Fisher Scientific, 
Waltham, USA), and “xed after 24�h. For di�erentiation, 
cells were plated on a BD  Matrigel’  Basement Membrane 
Matrix (Becton…Dickinson, Franklin Lakes, USA) 24�h 
before transfection, and serum-free di�erentiation medium 
was applied on con”uent cells. Myotubes were “xed at day 
8, and immunolabelling was performed as described below.

Immunolocalization

For immunohistochemistry, transverse muscle sections were 
frozen in isopentane, and longitudinal sections were “xed 
at 4�°C in 4% PFA for 24�h and incubated overnight in 30% 
sucrose at 4�°C. Myoblasts and myotubes were “xed during 

20�min in 4% PFA. Permeabilization was performed with 
PBS-Triton 0.2% and saturation with FCS 10% in PBS. Fol-
lowing primary and secondary antibodies were used: rabbit 
anti-alpha-actinin-2 (ab68167, Abcam, Cambridge, UK), 
mouse anti-vinculin (V9131, Sigma, St. Louis, USA), Alexa 
Fluor 488 or 594 goat anti-mouse or anti-rabbit antibod-
ies (Invitrogen, Carlsbad, USA). Images were taken using a 
SP5-UV confocal microscope (Leica).

Protein studies

For western blot, total muscle lysates were prepared in a 
bu�er containing 50�mM Tris, 100�mM NaCl, 1�mM EGTA, 
0.5% NP-40, 0.5% Triton-X100, 0.1% SDS, 1�mM DTT, 
1�mM PMSF, and a mix of protease inhibitors (Complete 
EDTA-free, Roche, Basel, Switzerland). For human mus-
cles, 50�µg of protein extracts were loaded on a 10% SDS-
PAGE gel. For murine muscles, 5�µg of protein extracts were 
loaded on 4…15% Mini-PROTEAN®TGX’  precast protein 
gel (Biorad, Hercules, USA). Following primary and sec-
ondary antibodies were used: rabbit anti-alpha-actinin-2 
(ab68167, Abcam), rabbit anti-alpha-actinin-3 (ab68204, 
Abcam), mouse anti-actin (homemade), mouse anti-beta-
tubulin (homemade), mouse anti-GAPDH (MAB374, 
Millipore, Burlington, USA), and horseradish peroxidase 
(Jackson immunoresearch Europe, Cambridgeshire, UK). 
Membranes were revealed with the Supersignal west pico 
kit (ThermoFisher Scienti“c), and all immunoblots were 
visualized on an Amersham Imager 600 (GE Healthcare 
Life Sciences, Chicago, USA).

Domain predictions and�3D protein modeling

Alpha-actinin-2 protein domains were annotated using Inter-
Pro [15] and the scheme was designed using IBS (Illustrator 
for Biological Sequences) [27]. The crystal structure data 
of human alpha-actinin-2 was obtained from the PDB data-
base (4D1E) [38]. Molecular graphics and analyses were 
performed with the UCSF Chimera package. Chimera is 
developed by the Resource for Biocomputing, Visualiza-
tion, and Informatics at the University of California, San 
Francisco (supported by NIGMS P41-GM103311) [37]. 
Structure was edited by adding arginine rotamers from the 
Dunbrack library [10].

Zebra�sh experimentation

Zebra“sh (Danio rerio) from the wild-type Tuebingen line 
were bred and maintained according to standard procedures 
[45]. Embryos were collected by natural spawning, staged by 
hours (hpf) or days (dpf) post fertilization [24], and raised at 
28.5�°C in egg water. All animal works were performed with 
approval from the Institute animal care and user committee.
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For mRNA overexpression, full-length human ACTN2 
cDNA optimized for expression in zebra“sh was synthe-
sized by Euro“ns and cloned into a pCSDest destination vec-
tor (created by Nathan Lawson) using Gateway technology 
(Invitrogen). Mutagenesis to incorporate the substitution was 
performed using the GENEART kit (Invitrogen). Wild-type 
and mutant mRNA was synthesized in�vitro using mMessage 
mMachine SP6 kit (Ambion, Austin, USA).We titrated the 
mRNA (50…250�ng) and injected 100…200�pg into embryos 
at the 1-cell stage, and subsequent phenotypic analyses were 
performed at 3 dpf.

For western blot, zebra“sh larvae were homogenized in 
bu�er containing Tris…Cl (20�mM, pH 7.6), NaCl (50�mM), 
EDTA (1�mM), Nonidet P-40 (0.1%) with complete protease 
inhibitor cocktail (Roche Applied Sciences, Indianapolis, 
USA). Primary antibodies were rabbit anti alpha-actinin-2 
(4B3, Sigma) and mouse anti-�-actin (A5441, Sigma) [2]. 
Protein bands were quanti“ed using Quantity One software 
(Biorad).�Zebra“sh swimming behavior was quanti“ed using 
the Daniovision activity monitoring system (Noldus, Lees-
burg, USA). Single mRNA-injected larvae or uninjected 
controls were placed into 24-well plates. After a 10-min 
acclimation to the dark, larvae were stimulated by light 
exposure for 20�min. Swimming behavior was recorded over 
the entire 20�min period with an infrared light source and 
total distance travelled was quanti“ed. Three independent 
trials were performed with larvae from di�erent clutches, 
examining > 300 larvae within each group.

Whole-mount phalloidin staining for “lamentous actin 
was performed on 3 dpf zebra“sh larvae as described previ-
ously [3]. Brie”y, larvae were “xed overnight in 4% PFA at 
4�°C, then washed 2 × 10 min in PBS, 2 × 10 min in PBS-T 
(0.1% Tween-20), 1 × 60 min in PBS-TR (2% Triton X), and 
2 × 5�min in PBS-T. Larvae were blocked in PBS-T contain-
ing 5% goat serum for 1�h at RT, and incubated with Alexa 
Fluor 488 phalloidin (A12379, Invitrogen) overnight at 
4�°C. Larvae were washed 4 × 15�min in PBS-T before being 
mounted in 70% glycerol and visualized using a UltraVIEW 
VoX spinning disk confocal microscope (Perkin Elmer, 
Waltham, USA).

Mouse experimentation

C57B6/J mice were purchased at 3�weeks of age from 
Charles River (L•Arbresle, France), and housed in a temper-
ature-controlled room and in ventilated cages. Experiments 
were conducted on males according to the French and Euro-
pean legislation on animal care and experimentation.

ACTN2 cDNA was cloned into the plasmid pAAV-MCS 
(Stratagene, La Jolla, USA) containing the CMV immedi-
ate early enhancer and promoter, the human growth hor-
mone poly-adenylation signal and the AAV serotype 2 
inverted terminal repeats (ITRs). An empty vector without 

ACTN2 cDNA was used as control. pAAV expressing plas-
mids were co-transfected with pHelper (Stratagene) and 
pAAV2/9 packaging plasmid (PENN vector core) into a 
HEK293T-derived cell line using Polyethylenimine trans-
fection reagent. AAV serotype 9 vectors were harvested 
48�h after transfection from cell lysate treated with 100�U/
mL Benzonase (Merck, Darmstadt, Germany). They were 
puri“ed by iodixanol gradient ultracentrifugation, dialyzed 
and concentrated using AMICON Ultra-15 100�K in DPBS 
supplemented with 0.5�mM MgCl2. Viral titers were deter-
mined by Q-PCR using the LightCycler480 SYBR Green I 
Master (Roche).

AAV injections were performed in 15 male C56B6/J 
mice. They were anesthetized by intraperitoneal injection 
of ketamine (20�mg/mL), and tibialis anterior muscles were 
injected with 20 �L wild-type, mutant, or control AAV2/9 (5 
×  1012 VG/mL). Mice were analyzed 4�weeks post injection 
as it was shown to be an adequate timing for AAV expres-
sion and appearance of morphological defects in skeletal 
muscle [7].

For in�situ muscle force measurements, mice were anes-
thetized intraperitoneally with pentobarbital (50�mg/kg), and 
the distal tibialis anterior tendon was attached to the force 
transducer (Aurora Scienti“c, Aurora, Canada). The abso-
lute maximal force was measured after tetanic stimulation of 
the sciatic nerve with a pulse frequency from 25 to 125�Hz. 
The speci“c maximal force was calculated by dividing the 
maximal force through the tibialis anterior muscle weight.

Results

Clinical description

P1 is the third child born to healthy non-consanguineous 
parents. First concerns arose during the neonatal period with 
moderate hypotonia and sucking di�culties. Cardiomegaly 
and heart failure were diagnosed at the age of 2 months, and 
disappeared by the age of 6�months following treatment with 
corticosteroids and digitalins. Subsequent cardiac follow-up 
was normal. The patient achieved independent ambulation 
from 20�months of age. He was examined at 9�years of age 
by one of us (MF) and followed for 38�years at the Myology 
Institute (Paris). At 9�years of age, the patient presented 
with di�use muscle atrophy and extraocular muscle weak-
ness. He underwent Achilles tendon release surgery at age 
14�years, and a dorsal kyphoscoliosis was surgically cor-
rected at 16�years of age. The patient lost ambulation at the 
age of 17�years. At the age of 35�years, respiratory insuf-
“ciency with a vital capacity reduced to 37% required night 
ventilation, which was later replaced by a tracheostomy. 
The last clinical examination at the age of 45�years revealed 
generalized atrophy, bilateral ptosis, ophthalmoparesis, 
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mild facial weakness, nasal speech and high-arched palate 
(Fig.�1a, b). There was profound proximal and distal muscle 
weakness (2…3/5 MRC grade), and axial weakness of neck 
”exor and extensor (2/5 MRC grade) (Fig.�1c…e). Contrac-
tures of elbows, knees, and ankles were also noted, and deep 
tendon re”exes were absent. Creatine kinase (CK) levels 
were repeatedly within the normal range. Whole-body MRI 
revealed a signi“cant involvement of the tongue, temporal 
muscles, lateral pterygoids and masseters with preservation 
of the medial pterygoids (supplementary Fig. S1a-s).

P2 is the “rst child born to healthy non-consanguineous 
parents. Neonatal and infancy periods were unremarkable, 
and initial concerns arose when the patient was unable to 
jump or run as fast as her peers at the age of 7�years. By 
13�years of age she noticed di�culty ascending stairs, by 
24�years of age she began using a walker, by 27�years of 
age she has been using a wheelchair for long distances, and 
by 32�years of age she noticed upper extremity proximal 
weakness. CK levels were repeatedly within the normal 
range. Examination at the age of 40 revealed symmet-
ric, bilateral facial weakness with a transverse smile and 

minimal forehead movement, and a mildly high-arched 
palate. Ptosis or ophthalmoparesis were not noted. There 
was atrophy of the deltoids, the quadriceps, and the dis-
tal gastrocnemius muscles, with reduced strength in neck 
”exion, arm abduction, hip ”exion, and hip extension 
(2/5 MRC grade), as well as in hip adduction (3/5 MRC 
grade). She was able to take steps independently with 
marked swaying (lateral leaning toward the leading leg). 
Deep tendon re”exes were reduced throughout the bilateral 
upper and lower extremities. There was evidence of spinal 
rigidity, mild thoracic scoliosis and mild contractures of 
the shoulders (on external rotation). Pulmonary function 
testing revealed a forced vital capacity (FVC) of 68% pre-
dicted upright and 65% predicted supine. Echocardiogram 
was normal. Lower extremity muscle MRI revealed atro-
phy, fatty in“ltration and increased T1 signal throughout 
the muscles of the upper leg with relative sparing of the 
center of the rectus femoris muscles (Supplementary Fig. 
S1t, u). In the lower leg muscles, there was strikingly 
increased T1 signal of the soleus muscle bilaterally and 
the central portion of the medial gastrocnemius muscle on 

Fig. 1  Photographs of P1. a Mild bilateral ptosis. b High-arched palate. c Upper extremity hypotrophy and pectus excavatum. d Residual arm 
”exors force. e Profound leg weakness
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the left with evidence of fatty in“ltration of the remaining 
muscles.

In summary, P1 and P2 presented with an early-onset 
and progressive myopathy clinically manifesting with 
signi“cant muscle atrophy, facial weakness, contractures, 
and respiratory involvement, with a more severe disease 
progression and ocular involvement for P1.

Histochemical analyses revealed a�unique circular 
arrangement of�numerous small cores

P1 was biopsied twice at the age of 9 and 45�years, and P2 
was biopsied at the age of 19�years. Histological analyses 
of the P1 deltoid muscle biopsy performed at 9�years of 
age revealed “ber size variability, type 1 “ber predomi-
nance, and single “bers with centralized nuclei (Fig.�2a, 
b). Oxidative NADH-TR and SDH reactions uncovered an 
exceptional aspect of the intermyo“brillar network with 
numerous small cores often in apposition to each other, 
and sometimes forming a circular arrangement beneath 
the sarcolemma (Fig.�2a…d; arrows). These cores also 
appeared slightly darker on ATPase stain (Fig.�2b; arrow). 
Analysis of the P1 radialis muscle biopsy performed at 
45�years of age con“rmed marked “ber size variability 
and type 1 “ber predominance (95%), and also disclosed 
increased connective tissue (Fig.�2e, Supplementary Fig. 
S2a). Oxidative enzyme reactions revealed the presence 
of •coresŽ with sharp edges in type 1 “bers. Many “bers 
exhibited a di�use structural disorganisation (Fig.�2f, Sup-
plementary Fig. S2b), and scattered atrophic “bers were 
also observed (Fig.�2e, Supplementary Fig. S2a).

Histochemical analyses of the P2 quadriceps muscle 
biopsy performed at the age of 19 revealed striking simi-
larities to the P1 deltoid muscle biopsy including the pres-
ence of internalized nuclei and numerous and peripheral 
small cores (Fig.�2g, h). Some protein aggregates were 
also observed (Supplementary Fig. S2c).

Taken together, P1 and P2 presented with similar clini-
cal and histopathological features, and the remarkable 
arrangement of contiguous and subsarcolemmal cores was 
indicative of a new class of core myopathies.

Ultrastructural studies reveal jagged Z-lines 
with�spiky edges

Electron microscopy of the P1 deltoid muscle biopsy per-
formed at the age of 9�years uncovered numerous structured 
cores extending over a large number of sarcomeres, and 
spanning almost the whole width and length of the “bers. 
Within the cores, the Z-lines manifested a particular zigzag 
appearance to a greater or lesser extent. Centralized or inter-
nalized nuclei were also observed (Fig.�3a).

Ultrastructural analysis of the P1 radialis muscle biopsy 
performed at the age of 45 con“rmed the presence of struc-
tured cores containing abnormal Z-lines. The jagged Z-lines 
gradually become serrated and merge into spiky edges of 
signi“cant amplitude resembling a saw blade (Fig.�3b,c). 
The A and M bands were unaltered, and only the M band 
appeared slightly less marked (Fig.�3c). We also observed a 
number of “bers with internalized or pyknotic nuclei, as well 
as areas with sarcomeric bifurcation (Fig.�3b, c; arrow). On 
transverse muscle sections, numerous “bers showed areas 
of dispersed Z-line material (Supplementary Fig. S3), dem-
onstrating a disruption of the myo“brillar organisation with 
preservation of the double square lattice of the Z-line [25]. 
Cross-sections through the sarcomere illustrated the normal 
regular distribution of the “laments forming a hexagonal 
lattice (Fig.�3d).

Identi�cation of�de novo ACTN2 mutations

To identify the genetic cause of the muscle disorder, we 
performed exome sequencing on DNA samples from both 
index patients P1 and P2 and their una�ected family mem-
bers (Fig.�4a, b). Following “ltering and ranking of the data-
sets through our in-house bioinformatics pipeline [17], no 
pathogenic mutation in known muscle disorder genes was 
detected. Instead, we identi“ed two de novo mutations in 
exon 18 of ACTN2: a heterozygous missense mutation in 
P1 (c.2180T > G, p.Leu727Arg), and a heterozygous in-
frame deletion of 33 nucleotides in P2 [c.2194_2226del; 
p.(Ala732_Ile742del)]. None of the mutations were listed 
in the public gnomAD database quoting human DNA vari-
ants form almost 140,000 exomes and genomes, or in our 
in-house database containing more than 1500 exomes. The 
presence of the mutations in the patients and the absence of 
the mutations in the healthy family members were con“rmed 
by Sanger sequencing.

ACTN2 encodes alpha-actinin-2, which is composed 
of two actin-binding calponin-homology domains, a 

Fig. 2  Skeletal muscle histopathology of P1 at 9 and 45� years, and 
P2 at 19�years of age. P1 transversal muscle sections from the deltoid 
biopsy performed at 9�years of age (a…d) and from the radialis mus-
cle biopsy performed at 45�years of age (e, f). a HE staining reveals 
“ber size variability, centralized nuclei, and cores (black arrow). b 
ATP staining (pH 9.4) shows type 1 “ber predominance. The sub-
sarcolemmal cores appear slightly darker (arrow). c, d NADH and 
SDH reactions unravel numerous small cores in a circular arrange-
ment beneath the sarcolemma (arrows). e HE staining con“rms “ber 
size variability and nuclear internalization, and reveals an increase of 
connective tissue. f NADH shows numerous muscle “bers with well-
delimited cores and a di�use structural disorganisation in several “b-
ers. P2 transversal sections from the quadriceps biopsy performed at 
19�years of age (g, h). g HE staining revealed internalized nuclei. h 
NADH reactions demonstrated several small cores mainly located at 
the periphery of the “bers

�
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rod domain of four spectrin repeats in tandem, and two 
 Ca2+-binding EF-hands (Fig.�4c). The p.Leu727Arg sub-
stitution and the p.(Ala732_Ile742del) deletion affect 
conserved amino acids in the fourth spectrin repeat, and 
neither the nucleotide transversion nor the 33 nucleotides 
deletion is predicted to impact on splicing. Heterozygous 
ACTN2 mutations were previously associated with car-
diomyopathy [6, 18, 31, 44] (Fig.�4c). None of the eight 
reported cardiomyopathy mutations were found to reside 
within the fourth spectrin repeat, and none approximates 
the Leu727 and Ala732 to Ile742 residues on the resolved 
protein structure (Fig.�4c). In silico replacement of leucine 
727 by arginine suggests that the arginine most probably 
interferes with neighboring amino acids, leading to steric 
hindrance (Fig.�4d). Arginine is also likely to alter the 
hydrophobic environment constituted by leucine 727 and 

the surrounding residues. The deletion from alanine 732 to 
isoleucine 742 is predicted to shorten a helix in the fourth 
spectrin repeat and may impact on the orientation of the 
structure. Moreover, as the p.(Ala732_Ile742)del deletion 
was identi“ed after the completion of the following func-
tional experiments, cell and animal work were focused on 
the p.Leu727Arg missense mutation.

The p.Leu727Arg mutation does not�impact 
on�alpha-actinin-2 stability, dimerization, 
and�localization

To assess if the identi“ed p.Leu727Arg mutation impacts on 
the alpha-actinin-2 level in the patient muscle, we performed 
immunoblotting. Western blot on muscle extracts revealed a 
comparable alpha-actinin-2 band of the expected size around 

Fig. 3  Progressive ultrastructural muscle alterations of patient P1. 
Longitudinal muscle sections of the deltoid biopsy (a) and the radialis 
biopsy (b, c), and transversal sections of the radialis biopsy (d). a The 
muscle “ber is fully occupied with structured cores, one next to the 
other, which extend almost along the full length of the “bers. Elec-
tron microscopy of the cores shows centralized nuclei and Z-lines 

with zigzag appearance (zoom on the top right corner). b, c Bifur-
cation and transition of zigzag Z-lines towards jagged Z-lines with 
sharp edges resembling a saw blade in contiguous myo“brils (arrow). 
d High-magni“cation image showing the scattering of Z-line material 
at di�erent points. Note, however, the normal regular distribution of 
“laments which forms a typical hexagonal lattice
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100�kDa in the P1 patient muscle and age-matched controls 
(Fig.�5a, supplementary Fig. S4), demonstrating that the 
ACTN2 missense mutation has no major e�ect on splicing 
and does not signi“cantly alter protein stability. We next 
assessed the potential impact of the p.Leu727Arg mutation 
on alpha-actinin-2 homodimerization. In transfected HeLa 
cells, wild-type alpha-actinin-2 comparably immunoprecipi-
tated with wild-type and mutant alpha-actinin-2, demonstrat-
ing that the identi“ed ACTN2 mutation does not interfere 
with the protein dimerization properties (Supplementary 
Fig. S5).

Alpha-actinin-2 and alpha-actinin-3 are both expressed 
in human skeletal muscle, and it was previously shown that 
alpha-actinin-3 de“ciency is compensated by ACTN2 upreg-
ulation in both human and mouse [29, 35]. To investigate 
if the identi“ed p.Leu727Arg mutation in”uences ACTN3 
expression, we probed alpha-actinin-3 through western blot 
on P1 muscle extracts. In contrast to the controls, no signal 
was detectable in the patient•s muscle (Fig.�5b). ACTN3 is, 
however, exclusively expressed in type 2 muscle “bers in 
humans, and the histopathological “ndings of type 1 “ber 
predominance in our patient most probably accounts for the 
absence of alpha-actinin-3 in the biopsy as P1 is heterozy-
gous for the common ACTN3 p.(Arg577*) variation.

Finally, we assessed a potential impact of the 
p.Leu727Arg mutation on the intracellular alpha-actinin-2 
localization in transfected cells. In di�erentiated C2C12 
muscle cells, both wild-type and mutant alpha-actinin-2 
were found to form a striated pattern consistent with a Z-line 
localization (Fig.�5c). We also observed a normal co-locali-
zation of the known alpha-actinin-2 interactor vinculin and 
actin in myoblasts, at the focal adhesion and stress “bers, 
respectively (Supplementary Fig. S6a,b).

Taken together, our protein studies suggest that the 
p.Leu727Arg mutation does not signi“cantly impact on 
ACTN2 mRNA splicing, and does not a�ect the stability or 
the intracellular localization of alpha-actinin-2.

The p.Leu727Arg mutation severely impairs 
zebra�sh muscle structure and�function

Alpha-actinin-2 human leucine 727 is highly conserved in 
all vertebrate species. To evaluate the physiological impact 
of the alpha-actinin-2 p.Leu727Arg mutation on skeletal 
muscle structure and function, we performed overexpres-
sion experiments in the zebra“sh model. ACTN2 wild-type 
mRNA-injected “sh were indistinguishable from uninjected 
controls. In contrast, injection of mutant human ACTN2 
mRNA into 1-cell zebra“sh embryos resulted in smaller 
myotome and dorsal curvature (phenotype scored in Fig.�6a, 
b). Western blot analysis showed equal levels of wild-
type and p.Leu727Arg alpha-actinin-2 in zebra“sh larvae 
(3dpf) (Supplementary Fig. S7). While healthy developing 

zebrafish embryos typically hatch from their protective 
chorions by 2…2.5 dpf (97.2 ± 1%), only a small fraction of 
p.Leu727Arg-injected zebra“sh hatched from their chorion 
(12.6 ± 7%, p < 0.05) and required manual dechorionation 
for imaging. Hatching defects were also reported in other 
zebra“sh models of muscle diseases and re”ect early motor 
defects [43]. Birefringence assays on axial skeletal muscles 
of live zebra“sh embryos showed a reduction in birefrin-
gence only in zebra“sh injected with p.Leu727Arg mRNA 
(Fig.�6a). The motor function was quanti“ed by measuring 
the total distance travelled by control, wild-type and mutant 
mRNA-injected “sh. Zebra“sh expressing p.Leu727Arg 
alpha-actinin-2 displayed a signi“cant reduction in the total 
swimming distance (724.6 ± 83.3�mm) in comparison to the 
wild-type injected “sh (2489.2 ± 119.1�mm) or uninjected 
controls (2411.4 ± 94.7�mm), demonstrating a mutational 
impact on muscle function (Fig.�6c).

We also examined the skeletal muscle architecture of 
the injected zebra“sh. Whole-mount immunostaining with 
phalloidin revealed a close proximity of adjacent myo“b-
ers in the controls, whereas p.Leu727Arg-injected zebra“sh 
exhibited gaps between overall smaller myo“bers (Fig.�7a). 
To identify potential ultrastructural defects in subcellular 
compartments of skeletal muscle, we performed transmis-
sion electron microscopy at 3 dpf. Longitudinal muscle 
sections showed signi“cant myo“brillar disarray lacking 
normal actin…myosin organization in p.Leu727Arg-injected 
zebra“sh as compared to the highly organized myo“brillar 
structure in ACTN2 wild-type injected or uninjected con-
trol zebra“sh (Fig.�7b). In accordance with the “ndings on 
the patient muscle biopsies, the myo“bers of p.Leu727Arg-
injected “sh showed areas with abnormal Z-lines.

The p.Leu727Arg mutation induces structured cores 
and�causes muscle weakness in�mice

To further validate and characterize the impact of the alpha-
actinin-2 p.Leu727Arg mutation on muscle function at later 
stages of muscle development and in a di�erent model, 
we performed AAV-mediated ACTN2 overexpression in 
3-week-old mice and analyzed muscle force and muscle 
structure�4�weeks post injection. Tibialis anterior muscles 
injected with wild-type or mutant human ACTN2 showed 
a twofold increased alpha-actinin-2 level as compared to 
control muscles injected with empty AAV (Fig.�8a), while 
the alpha-actinin-3 and actin levels remained unchanged 
(Supplementary Fig. S8a,b). Using a force transducer, we 
detected a signi“cantly reduced maximal and speci“c force 
of p.Leu727Arg-injected tibialis anterior compared to mus-
cles injected with empty AAV or wild-type ACTN2, respec-
tively (Fig.�8b…d).

Immunofluorescence on longitudinal tibialis anterior 
sections demonstrated an abnormal Z-line organization 
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in muscles injected with mutant ACTN2 (Fig.�8e). Histo-
chemical analyses on transversal muscle sections from 
mice expressing mutant ACTN2 revealed the presence of 
cores (Fig.�9a, b, Supplementary Fig. S9), while none of 
these features were observed in the AAV-empty and AAV-
ACTN2 wild-type injected controls. We further investi-
gated the muscle structure by electron microscopy, and we 

detected an abnormal Z-line architecture in tibialis anterior 
expressing p.Leu727Arg alpha-actinin-2 but not in the con-
trols (Fig.�10). The Z-lines in p.Leu727Arg injected tibialis 
anterior were enlarged with a zigzag appearance, and were 
sometimes split (Fig.�10d), in accordance to zebra“sh mus-
cles expressing the p.Leu727Arg alpha-actinin-2 and to the 
histopathological observations on the patient•s biopsies. 

In summary, the mouse and zebra“sh models recapitu-
lated the structural defects observed in the P1 biopsies with 
strikingly jagged Z-lines, and both animal models mani-
fested muscle weakness, representing the main clinical fea-
ture in the patients with ACTN2 mutations.

Fig. 4  ACTN2 mutations. a, b Pedigrees of the families with de 
novo ACTN2 missense mutations. c Representation of alpha-
actinin-2 domains and structure (PDB 4D1E) showing the position 
of the novel mutations (in pink or red) and of the mutations previ-
ously described in cardiomyopathies (in orange). d Prediction of the 
replacement of leucine 727 (in pink) by arginine in the 3D structure 
of alpha-actinin-2. All rotamers (possible conformations) of arginine 
at position 727 were added to the wild-type structure to illustrate the 
potential interference with the neighboring residues. Neighboring 
hydrophobic residues are in cyan

�

Fig. 5  Impact of the ACTN2 p.Leu727Arg mutation on protein sta-
bility and localization. a SDS-PAGE of age-matched controls and 
patient muscle protein extracts probed with antibodies against alpha-
actinin-2 and anti-beta-tubulin showed bands of similar size and 
signal intensity. b SDS-PAGE of age-matched controls and patient 

P1 muscle protein extracts revealed with antibodies against alpha-
actinin-3 and beta-tubulin showed strong reduction of alpha-actinin-3 
in the patient•s biopsy. c Comparable localization of eGFP-alpha-
actinin-2 wild-type and mutant in transfected and di�erentiated 
C2C12 myotubes (day 8 after start of di�erentiation)
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Discussion

This study describes a congenital myopathy characterized 
by multiple structured cores and distinctive jagged-Z-lines 
in muscle “bers caused by dominant ACTN2 mutations. We 
provide clinical, histological, ultrastructural, and genetic 
data, and evidence the pathogenicity of the missense muta-
tion through muscle function experiments in zebra“sh and 
mouse models.

A unique core myopathy: clinical, histological, 
and�ultrastructural hallmarks

Both patients presented with early-onset muscle weakness 
and a progressive course of disease resulting in partial or 
complete loss of ambulation. P1 presented with a more 
severe disease progression with an additional ocular involve-
ment. Clinical heterogeneity has frequently been described 
in patients with congenital myopathies and may relate to the 
genetic background or non-genetic environmental e�ects. 

Muscle biopsies from both patients revealed a highly similar 
picture with type 1 “ber predominance and multiple struc-
tured cores forming a circular arrangement beneath the 
sarcolemma. Predominance of type 1 “bers is a frequent 
feature in congenital myopathies and may contribute to the 
muscle weakness in combination with the overall reduced 
expression of alpha-actinin-3, a�“ber type 2-speci“c muscle 
function modi“er. A detailed ultrastructural comparison of 
both P1 biopsies performed in childhood and adulthood sug-
gested a progression of the lesions, as the degree of Z-line 
jagging was distinctively more pronounced in the second 
biopsy and taking an aspect of a saw blade. In CCD, struc-
tured or unstructured cores are usually unique with a cen-
tral or eccentric position. In some cases, two or even three 
cores may coexist in the same “ber, but never contiguously. 
It should be noted that abnormal or multiple sarcoplasmic 
reticular triads are frequently found at their periphery [40]. 
In MmD, the cores are boundless, smaller, encompassing 
only a few sarcomeres, and the disorganized “laments pre-
sent a rather transversal orientation. Minicores can also be 

Fig. 6  Expression of p.Leu727Arg ACTN2 in zebra“sh results in 
functional and morphological defects. a Representative zebra“sh 
larvae injected with 100…200� pg of p.Leu727Arg ACTN2 mRNA 
exhibit structural muscle defects at 3 dpf. Imaging under polarized 
light revealed highly reduced birefringence in p.Leu727Arg zebra“sh 
as compared to controls, re”ecting an impaired muscle integrity 
and indicating an abnormal organization of the muscle. b Distribu-
tion of normal and abnormal (smaller myotome and dorsal curva-
ture) phenotype in zebra“sh larvae injected with p.Leu727Arg or 

wild-type ACTN2 mRNA. c Quanti“cation of the distance travelled 
by p.Leu727Arg or control zebra“sh larvae at 3 dpf. The plots dis-
play the individual values obtained for each animal, their mean and 
standard deviation. Normal distribution of the data was assessed with 
the Shapiro…Wilk normality test. Groups were compared using either 
one-way ANOVA followed by Bonferroni•s post hoc comparison test 
(a) or using non parametric tests (c) (Kruskal…Wallis followed by 
Dunn•s post hoc test), **p < 0.01; **** p < 0.0001



513Acta Neuropathologica (2019) 137:501…519 

1 3

found in healthy muscle following reactive exercise [16] or 
after muscle injury, and they are only considered as patho-
genic if found in great numbers and exclusively in type I 
“bers. Taking into account the unique histopathology of 
multiple structured and contiguous cores in the biopsy of 
our patients, we propose the term •Multiple structured Core 
DiseaseŽ (MsCD) to describe this novel entity in the group 
of core myopathies.

ACTN2 mutations: cardiomyopathy vs myopathy

Alpha-actinin-2 is expressed in skeletal and cardiac muscle 
[2], and heterozygous ACTN2 mutations have previously 
been associated with hypertrophic or dilated cardiomyopa-
thy, without any reported motor or skeletal muscle involve-
ment. To date, eight mutations were reported, and all are 
missense mutations a�ecting conserved amino acids [6, 18, 
31, 44]. The mutations are evenly distributed and found in 
the calponin-homology domains, as well as in some spectrin 
repeats and in the EF-hands. The spectrin domain muta-
tions p.Thr495Met and p.Glu628Gly were found in spec-
trin domains 2 and 3, respectively. A subset of the cardio-
myopathy-related ACTN2 mutations has been investigated 
experimentally. The very N-terminal p.Gln9Arg mutation 
was shown to disrupt the interaction with the muscle LIM 
protein, and the calponin-homology domain mutations 

p.Gly11Val and p.Ala119thr interfered with actin binding 
[22]. The resolved protein structure of alpha-actinin-2 shows 
that none of the cardiomyopathy-related mutations a�ect 
residues in close proximity to the myopathy-related alpha-
actinin-2 mutations described here. Moreover, leucine 727 
and alanine 732 to isoleucine 742 reside within the same 
alpha-helix and replacement by arginine or deletion of 11 
amino acids may have di�erent chemical and/or structural 
impacts compared to the cardiomyopathy mutations, and 
thereby underlies the diverging pathomechanisms resulting 
in either skeletal muscle or a cardiac disorder. We can, how-
ever, not exclude that the myopathy-related p.Leu727Arg or 
p.(Ala732_Ile742del) mutations might also result in cardiac 
involvement at later stages or on a di�erent genetic back-
ground. It should be noted that P1 manifested cardiac insuf-
“ciency in the neonatal period that disappeared by the age 
of 6�months following symptomatic treatment.

Insight into�the�pathogenesis

Through exome sequencing, we identified the de novo 
ACTN2 c.2180T > G (p.Leu727Arg) and c.2194_2226del 
(p.(Ala732_Ile742del)) mutations as the genetic cause of 
MsCD. ACTN2 is highly expressed in skeletal muscle, and 
the identi“ed mutations are not listed in the SNP databases. 
The pathogenicity of the ACTN2 mutations can be inferred 

Fig. 7  Expression of p.Leu727Arg in zebra“sh results in skeletal 
muscle disorganization. a Whole-mount phalloidin staining dem-
onstrates smaller somites with profound spacing between adjacent 
myo“bers in p.Leu727Arg-injected zebra“sh larvae (3dpf). Scale bar: 

2 µm. b Ultrastructural evaluation by transmission electron micros-
copy at 3 dpf shows extensive sarcomeric disorganization and Z-line 
jagging (arrowhead) in p.Leu727Arg-injected zebra“sh larvae. Scale 
bar: 500�nm



514 Acta Neuropathologica (2019) 137:501…519

1 3

Fig. 8  Functional and structural defects in mouse tibialis anterior 
with the p.Leu727Arg ACTN2. a SDS-PAGE of tibialis anterior 
muscle extracts probed with antibodies against alpha-actinin-2 and 
beta-tubulin. Quanti“cation of alpha-actinin-2 overexpression shows 
a twofold overexpression in the muscles injected with AAV encoding 
the wild-type or p.Leu727Arg alpha-actinin-2. b Weight of tibialis 
anterior muscles is similar for all tested conditions. c Maximal and d 
speci“c muscle force of tibialis anterior expressing the p.Leu727Arg 
mutation is reduced. e Longitudinal tibialis anterior muscle sections 

stained for alpha-actinin-2 reveals proper localization at the Z-line of 
both wild-type and mutant proteins but abnormal Z-line organization 
in the mutant-injected muscle. The plots display the individual values 
obtained for each animal, their mean and standard deviation. Normal 
distribution of the data was assessed (Shapiro…Wilk normality test). 
Groups were compared using either one-way ANOVA followed by 
Bonferroni•s post hoc comparison test (a, c, d) or using non-para-
metric tests (b) (Kruskal…Wallis followed by Dunn•s post hoc test), 
*p < 0.05; **p < 0.01
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Fig. 9  Characterization of histological features in mouse tibialis ante-
rior muscles. a Transversal sections (serial sections) showing large 
disorganized regions (SDH) in muscle expressing the p.Leu727Arg 
mutation. b Transversal sections (serial sections) of the muscles 

expressing the p.Leu727Arg mutation. Some cores revealed with 
SDH staining are stained darker with H&E (arrows). The stars show 
the corresponding “bers in the di�erent panels
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from the patient analyses and our animal experimentation 
results. It has previously been shown that alpha-actinin-2 
de“ciency results in sarcomeric defects in zebra“sh [19], 
demonstrating the essential role of alpha-actinin-2 in the 
integrity of the contractile apparatus in skeletal muscle. Here 
we exogenously expressed human p.Leu727Arg ACTN2, and 
the injected zebra“sh manifested both functional and struc-
tural muscle defects including abnormal Z-lines. We also 
performed AAV-mediated human ACTN2 overexpression in 
murine tibialis anterior, and the muscles injected with the 
p.Leu727Arg construct developed less force than the con-
trols and displayed cores and jagged Z-lines. Taken together, 
the animal models recapitulated the major muscle features 
of human ACTN2-related myopathy at both the clinical and 
the histological level. Moreover, both animal models provide 
faithful tools to investigate further therapeutic approaches. 
Our cell experiments disclosed that the Z-line protein alpha-
actinin-2 p.Leu727Arg forms a striated pattern as expected 
and still binds the tested interactors. The abnormal Z-line 

architecture observed in the P1 muscle biopsy and in the 
animal models, however, demonstrates that the p.Leu727Arg 
mutation impacts on the integrity of the Z-line, potentially 
through untested or unknown function/interactors. The dis-
ease progression might thereby result from the accumulative 
mechanical stress acting on the Z-line over time, leading to 
the abnormal Z-line architecture, and representing the main 
reason for the progressive muscle weakness observed in the 
patients.

Conclusions

Here we describe a unique congenital myopathy at the clini-
cal, histological, morphological, and genetic level. We iden-
ti“ed the “rst ACTN2 mutations associated with multiple 
structured Core disease (MsCD), characterized by unique 
and distinctive histological features including numerous 

Fig. 10  Muscle ultrastructural defects caused by mutated ACTN2 
overexpression in mice. Longitudinal sections from tibialis ante-
rior muscles from injected mice. a Control mouse muscle injected 
with empty AAV. b Ultrastructure of muscle overexpressing alpha-

actinin-2 wild-type is similar to control muscles. c Zigzagging 
appearance of the Z-lines in muscles overexpressing the p.Leu727Arg 
ACTN2 mutation (arrow). d Split Z-line in muscle overexpressing the 
mutation (arrow)
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contiguous structured cores and jagged Z-lines with spiky 
edges, and we demonstrated pathogenicity in zebra“sh and 
mouse. This work provides insight into pathogenic altera-
tions of the Z-line architecture and will improve the molecu-
lar diagnosis for patients with rare muscle disorders.
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2.3.3 Investigation of the pathogenicity of the ACTN2 c.302A>G p.(Asn101Ser) mutation  

Introduction 

We recently reported two families with Multiple structured Core Disease (MsCD) caused by 

dominant ACTN2 mutations (Lornage et al. 2019). MsCD is characterized by early-onset 

muscle weakness, respiratory involvement and multiple structured-cores on muscle biopsy. 

Within the MYOCAPTURE project, I identified another ACTN2 mutation in a family with 

different clinical and histological features. I performed functional analyses to assess the impact 

of the mutation, and preliminary results are presented and discussed in the following 

paragraphs. Except otherwise stated, the materials and methods are similar to those previously 

published (Lornage et al. 2019).  

Clinics and histology 

The family has seven affected members over two generations exhibiting severe distal 

retractions, sensory troubles, muscle cramps, and increased muscle fatigability (Fig R2a). Two 

patients also manifested a cardiomyopathy. Muscle biopsies were performed for all affected 

family members and histological analyses showed nemaline rods as the main hallmark. 

Exome sequencing identified an ACTN2 mutation 

To identify the genetic cause of the muscle disease, we performed exome sequencing of all 

family members. Filtering and ranking of the datasets were performed using our in-house 

bioinformatics pipeline, and we identified a dominant ACTN2 mutation, which was not present 

in the public gnomAD database. The ACTN2 c.302A>G p.(Asn101Ser) missense mutation was 

found in all affected members, either at the heterozygous or at the homozygous state (Fig R2a). 

The presence and segregation of the ACTN2 mutation was verified by Sanger sequencing. 

ACTN2 encodes alpha-actinin-2, a protein composed of two actin-binding domains, a rod 

domain comprising four spectrin repeats, and two EF-hands (Fig R2b). The ACTN2 c.302A>G 

p.(Asn101Ser) mutation affects a residue located in the actin-binding domain. Heterozygous 

ACTN2 mutations were previously reported in patients with cardiomyopathy (Chiu et al. 2010; 

Girolami et al. 2014; Mohapatra et al. 2003) and in patients with MsCD (Lornage et al. 2019). 

On the resolved 3D protein structure, the Asn101 residue is located in close proximity to 

Ala119, mutated in cardiomyopathy (Fig R2c,d). 
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Fig R2: ACTN2 mutation and segregation, and localization of the affected residue  
a Pedigree of the family with ACTN2 c.302A>G p.(Asn101Ser) missense mutation and 
chromatopherograms. b,c Representation of alpha-actinin-2 domains (b) and resolved protein structure 
(c) showing the position of the novel mutation (in pink), of the previously-reported myopathy mutations 
(in blue) and of the cardiomyopathy mutations (in orange). Protein domains highlighted in yellow: 
calponin homology domains, in green: spectrin repeats, and in pink: EF-hand domains. d Replacement 
of the asparagine 101 by a serine on the 3D protein structure and zoom. 



49 
 

Mutant Asn101Ser alpha-actinin-2 forms a striated pattern in C2C12 myotubes 

In order to assess the impact of the ACTN2 c.302A>G p.(Asn101Ser) mutation on the alpha-

actinin-2 localization, I performed experiments in the cell model. I transfected C2C12 

myoblasts with constructs coding for eGFP-tagged wild-type or Asn101Ser alpha-actinin-2 and 

differentiated the myoblasts into myotubes. Comparison of the intracellular organization of 

wild-type and mutant alpha-actinin-2 revealed a similar striated pattern of wild-type and mutant 

proteins presumably corresponding to the Z-line (Fig R3). 

 

Fig R3: Impact of the ACTN2 c.302A>G p.(Asn101Ser) mutation on alpha-actinin-2 
localization 
Transfected and differentiated C2C12 showed a comparable localization of wild-type and mutant eGFP-
tagged alpha-actinin-2. 

Mutant Asn101Ser alpha-actinin-2 shows a reduced ability to bind actin 

In skeletal muscle, alpha-actinin-2 is located at the Z-line and binds actin filaments through its 

N-terminal calponin homology domains (Fig R2b) (Maruyama and Ebashi 1965; Hemmings, 

Kuhlman, and Critchley 1992). To compare the ability of wild-type and mutant alpha-actinin-

2 to bind actin, I performed pull-down experiments in transfected C2C12 cells. 

Immunoprecipitation using eGFP-tagged wild-type alpha-actinin-2 as a bait revealed the 

presence of actin in the precipitated fraction, confirming that alpha-actinin-2 and actin interact. 

The Leu727Arg MsCD eGFP-alpha-actinin-2 mutant was similarly able to bind actin. In 

contrast, mutant Asn101Ser eGFP-alpha-actinin-2 did not immunoprecipitate actin, showing 

that the mutant has a reduced ability to bind actin and demonstrating that the asparagine to 

serine substitution at position 101 interferes with actin recruitment (Fig R4a). I next 

investigated whether the impaired interaction between Asn101Ser alpha-actinin-2 and actin 
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impacts on the intracellular localization and organization of actin.  In C2C12 cells exogenously 

expressing alpha-actinin-2, fluorescent phalloidin revealed F-actin filaments. Actin fibers of 

comparable organization were also observed in C2C12 cells expressing mutant Asn101Ser 

alpha-actinin-2, indicating that the Leu101Ser mutation does not significantly disturb the 

intracellular actin localization (Fig R4b).  

 

Fig R4: Impact of the Asn101Ser mutation on actin recruitment and localization 
a Immunoprecipitation experiments showed that actin is efficiently bound by wild-type and Leu727Arg 
alpha-actinin-2, but not by the mutant Asn101Ser. b C2C12 myoblasts transfected with wild-type or 
mutant alpha-actinin-2 exhibited a comparable actin fiber organization.  
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Mutant Asn101Ser alpha-actinin-2 dimerizes with the wild-type 

Alpha-actinin-2 is active as an antiparallel homodimer assembling predominantly via the rod 

domain (Fig 2b) (Ribeiro Ede et al. 2014; Sjoblom, Salmazo, and Djinovic-Carugo 2008). In 

order to investigate the ability of Asn101Ser alpha-actinin-2 to dimerize with the wild-type, I 

performed immunoprecipitation experiments. In co-transfected HeLa cells, GFP-tagged wild-

type alpha-actinin-2 precipitated untagged wild-type alpha-actinin-2, and the same result was 

obtained with GFP-tagged wild-type alpha-actinin-2 and untagged mutant Asn101Ser alpha-

actinin-2. This result demonstrates that the Asn101Ser mutation does not impair the interaction 

with wild-type alpha-actinin-2 or the ability of the protein to form stable homodimers (Fig 5). 

 

Fig R5: Impact of the Asn101Ser mutation on alpha-actinin-2 dimerization 
Immunoprecipitation experiments showed that eGFP-tagged wild-type alpha-actinin-2 is efficiently 
bound by untagged wild-type (right) and Asn101Ser alpha-actinin-2 (left). 

AAV -mediated intramuscular expression of Asn101Ser alpha-actinin-2 does not 

generate functional or histological defects 

Apha-actinin-2 is highly conserved across species with an asparagine residue at position 101 in 

human and mouse. To assess the physiological effect of the Asn101Ser alpha-actinin-2 

mutation on muscle structure and function, we performed virus-mediated overexpression 

experiments in the mouse model. AAV2/9 coding for wild-type or mutant alpha-actinin-2 were 

injected into the tibialis anterior (TA) muscles of three-week-old wild-type mice. An empty 

AAV was used as control. The exogenous alpha-actinin-2 expression was verified by western 

blot, and I observed a two to three fold increased protein level in muscles injected with wild-

type or mutant alpha-actinin-2 compared with injected control (Fig R6a). Four weeks post 

injection, I analyzed the impact of the mutation on TA function and structure. To assess muscle 

function, I performed in situ muscle force measurements of the injected TAs. The maximal 

force after electrical stimulation was similar in muscles exogenously expressing wild-type and 

Asn101Ser alpha-actinin-2, and calculation of the specific force by taking into account the TA 
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weight confirmed that wild-type and Asn101Ser injected TAs were comparably able to generate 

force (Fig R6b-d). Histochemical analyses on transversal TA sections from mice expressing 

the Leu101Ser alpha-actinin-2 mutant showed that the organization of the myofibers was 

maintained. Rods, typically observed in patients with nemaline myopathy, were not seen 

(Fig R7). Overall, the AAV-mediated alpha-actinin-2 overexpression of the Asn101Ser mutant 

in the TA of mice did not measurably impair the muscle contractibility or structure.  

 

 

Fig R6: Impact of the AAV-mediated Asn101Ser alpha-actinin-2 expression on the TA alpha-
actinin-2 level and muscle force 
a SDS-PAGE and quantification demonstrated a two to threefold increase in alpha-actinin-2 level in 
muscles injected with AAVs encoding wild-type or mutant alpha-actinin-2 compared to empty controls. 
b Force transducing experiments revealed a similar TA maximal force in muscles expressing wild-type 
or mutant alpha-actinin-2. c,d TA muscles injected with AAVs coding for wild-type or Asn101Ser alpha-
actinin-2 showed a comparable TA weight and specific force. The plots display the individual values 
obtained for each animal, their mean and standard deviation. Normal distribution of the data was 
assessed with the Shapiro-Wild normality test. Groups were compared using one-way ANOVA followed 
�E�\���7�X�N�H�\�¶�V post hoc comparison test.  
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Fig R7: Impact of intramuscular AAV-mediated Asn101Ser alpha-actinin-2 expression on TA 
muscle histology  
Transversal sections of AAV-injected TA muscles were stained with succinate dehydrogenase (SDH), 
hematoxylin eosin (HE) or modified Gomori trichome (mGT). The overall muscle structure was 
comparable in TAs expressing wild-type or Asn101Ser alpha-actinin-2. 
 

Systemic and early AAV -mediated expression of Asn101Ser alpha-actinin-2 generates 

muscle weakness in mice 

We showed that injections of an AAV coding for Asn101Ser alpha-actinin-2 in the TA of three-

week-old mice had no measureable impact on TA structure and function, potentially indicating 

that the Asn101Ser alpha-actinin-2 mutation has not effect on skeletal muscle maintenance. To 

investigate a potential pathogenic effect of the Asn101Ser mutation on earlier developmental 

stages, I systemically injected one-day-old mice with AAVs coding for wild-type, Leu727Arg 

and Asn101Ser alpha-actinin-2, and an empty AAV was used as a control. All mice were 

analyzed at twelve weeks of age. The maximal force after electrical stimulation was similar in 

muscles exogenously expressing wild-type and mutant alpha-actinin-2. However the specific 

force, calculated by taking into account the TA weight, was reduced for Leu727Arg and 

Asn101Ser alpha-actinin-2 mutants compared to wild-type and empty controls (Fig R8). 

Histochemical analyses on transversal TA sections from mice expressing wild-type or 

Asn101Ser alpha-actinin-2 revealed a comparable overall muscle structure and fiber 

distribution. Noteworthy, expression of Leu727Arg alpha-actinin-2 induced the formation of 

cores, thereby confirming the pathogenicity of the Leu727Arg MsCD mutation (Fig R9). 

Overall, the systemic AAV-mediated Asn101Ser alpha-actinin-2 expression did not 

significantly impact on the TA muscle structure, but interfered with proper force generation of 

TA. 
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Fig R8: Impact of systemic AAV-mediated Asn101Ser alpha-actinin-2 expression on TA 
muscle force 
a The maximal force values were comparable in TAs injected with AAV encoding wild-type or mutant 
alpha-actinin-2. b The TA weight was mildly increased in muscles expressing Leu727Arg and 
Asn101Ser alpha-actinin-2. c Specific muscle force was lower in mice exogenously expressing 
Leu727Arg and Asn101Ser mutant alpha-actinin-2 compared to wild-type and empty controls. The plots 
display the individual values obtained for each animal, their mean and standard deviation. Normal 
distribution of the data was assessed with the Shapiro-Wild normality test. Groups were compared using 
one-�Z�D�\���$�1�2�9�$���I�R�O�O�R�Z�H�G���E�\���7�X�N�H�\�¶�V���S�R�V�W���K�R�F���F�R�P�S�D�U�L�V�R�Q���W�H�V�W���� 
 

 

Fig R9: Impact of the systemic injection of an AAV encoding Asn101Ser alpha-actinin-2 on 
TA muscle histology 
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