
 1 

Ca
2+

 handling abnormalities in early-onset muscle diseases: 

novel concepts and perspectives 

 

Susan Treves
1,2*

, Heinz Jungbluth
3,4,5

, Nicol Voermans
6
, Francesco Muntoni

7
 and 

Francesco Zorzato
1,2

 

1. Departments of Biomedicine and Anesthesia, Basel University Hospital, 

4031 Basel, Switzerland. 

2. Department of Life Sciences, general pathology section, University of 

Ferrara, 44100 Ferrara, Italy. 

3. Department of Paediatric Neurology, Neuromuscular Service, Evelina 

Children’s Hospital, St Thomas’ Hospital, London, United Kingdom. 

4. Randall Division for Cell and Molecular Biophysics, Muscle Signalling 

Section, King’s College, London, United Kingdom. 

5. Department of Basic and Clinical Neuroscience , IoPPN, King’s College, 

London, United Kingdom 

6. Department of Neurology, Radboud University Medical Centre, Nijmegen, 

The Netherlands.  

7. Dubowitz Neuromuscular Centre, Institute of Child Health, University 

College London, United Kingdom 

 *To whom correspondence should be sent: Susan Treves LAB 408 ZLF, 

Departments Anesthesia and Biomedicine, Hebelstrasse 20, 4031 Basel, 

Switzerland. Tel. +41612652373, E-mail: susan.treves@unibas.ch 

 

  

© 2016. This manuscript version is made available under the Elsevier user license

http://www.elsevier.com/open-access/userlicense/1.0/

http://ees.elsevier.com/yscdb/viewRCResults.aspx?pdf=1&docID=1470&rev=0&fileID=28883&msid={ABF4C340-3BCE-463D-8005-78371F7737E7}


 2 

ABSTRACT 

The physiological process by which Ca
2+

 is released from the sarcoplasmic 

reticulum is called excitation-contraction coupling; it is initiated by an action potential 

which travels deep into the muscle fiber where it is sensed by the dihydropyridine 

receptor, a voltage sensing L-type Ca
2+

channel localized on the transverse tubules. 

Voltage-induced conformational changes in the dihydropyridine receptor activate the 

ryanodine receptor Ca
2+ 

release channel of the sarcoplasmic reticulum. The released 

Ca
2+ 

binds to troponin C, enabling contractile thick-thin filament interactions. The 

Ca
2+ 

is subsequently transported back into the sarcoplasmic reticulum by specialized 

Ca
2+ 

pumps (SERCA), preparing the muscle for a new cycle of contraction. Although 

other proteins are involved in excitation-contraction coupling, the mechanism 

described above emphasizes the unique role played by the two Ca
2+ 

channels (the 

dihydropyridine receptor and the ryanodine receptor), the SERCA Ca
2+ 

pumps and the 

exquisite spatial organization of the membrane compartments endowed with the 

proteins responsible for this mechanism to function rapidly and efficiently. Research 

over the past two decades has uncovered the fine details of excitation-contraction 

coupling under normal conditions while advances in genomics have helped to identify 

mutations in novel genes in patients with neuromuscular disorders. While it is now 

clear that many patients with congenital muscle diseases carry mutations in genes 

encoding proteins directly involved in Ca
2+ 

homeostasis, it has become apparent that 

mutations are also present in genes encoding for proteins not thought to be directly 

involved in Ca
2+ 

regulation. Ongoing research in the field now focuses on 

understanding the functional effect of individual mutations, as well as understanding 

the role of proteins not specifically located in the sarcoplasmic reticulum which 

nevertheless are involved in Ca
2+ 

regulation or excitation-contraction coupling. The 

principal challenge for the future is the identification of drug targets that can be 

pharmacologically manipulated by small molecules, with the ultimate aim to improve 

muscle function and quality of life of patients with congenital muscle disorders. The 

aim of this review is to give an overview of the most recent findings concerning Ca
2+ 

dysregulation and its impact on muscle function in patients with congenital muscle 

disorders due to mutations in proteins involved in excitation-contraction coupling and 

more broadly on Ca
2+ 

homeostasis. 
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1 INTRODUCTION 

1.1 The sarcoplasmic reticulum and Ca
2+

 regulation. 

The sarcoplasmic reticulum (SR) is a specialized intracellular membrane 

compartment present in striated muscles and almost completely dedicated to Ca
2+ 

regulation. The SR can be subdivided into different functional domains that are each 

enriched in specific Ca
2+

 handling and structural proteins. The transverse tubules (T-

tubules) are invaginations of the plasma membrane and contain the voltage sensing 

dihydropyridine receptor (DHPR). The portion of the SR terminal cisternae 

membrane facing the T- tubules is called junctional face membrane and contains the 

ryanodine receptor Ca
2+ 

release channel (RyR1), regulatory and structural proteins 

such as JP-45, triadin and junctin as well as a number of other proteins that are part of 

the RyR1 Ca
2+ 

release channel macromolecular structure [1-4]. In skeletal muscle, the 

triad, i.e. the structure formed by the T-tubule and two sarcoplasmic reticulum 

terminal cisternae is the membrane domain directly involved in excitation-contraction 

coupling. Figure 1 illustrates the main protein components of the excitation-

contraction coupling machinery in mammalian skeletal muscle. 

The sarcoplasmic/endoplasmic reticulum Ca
2+

 ATPase (SERCA) is the main 

protein of the longitudinal sarcoplasmic reticulum, accounting for >70% of its total 

protein content. SERCAs belong to class P-type ATPases and are responsible for 

replenishing the SR with Ca
2+

 after its release following excitation- contraction 

coupling [2,4,5]. In striated muscle, SERCA activity can be modulated by two small 

regulatory proteins, sarcolipin and phospholamaban [5,6]. Sarcolipin decreases the 

affinity of SERCA1a and SERCA2a for Ca
2+ 

thereby inhibiting its
 
re-uptake in the SR 

and diminishing the SR Ca
2+

 stores. In humans it is expressed in both fast and slow 

twitch muscles as well as in cardiac muscle [7,8]. Phospholamban, which is expressed 

in cardiac and slow twitch muscles, acts as an inhibitor of SERCA2a when present in 

the unphosphorylated form, but upon phosphorylation by PKA its inhibitory effects 
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are abolished [9,10]. Interestingly sarcolipin and phospholamban share ~30% identity 

and have been proposed to bind to the same domain on SERCA2a [5,6,11].  

Myoregulin is a recently identified skeletal muscle-specific micropeptide sharing 

structural similarities with sarcolipin and phospholamban. Myoregulin interacts with 

SERCA1 and by so doing decreases the pump’s activity [12]. Its deletion in mice 

enhances Ca
2+

 handling and improves exercise performance, suggesting that 

myoregulin plays an important physiological role in regulating skeletal muscle Ca
2+ 

homeostasis. 

 

1.2 Excitation-contraction coupling 

Excitation-contraction coupling (ECC) is the process whereby an electrical 

signal generated by an action potential is converted into a chemical gradient, that is, 

an increase in the myoplasmic [Ca
2+

], leading to muscle contraction [13,14]. Efficient 

ECC relies on a highly sophisticated subcellular architecture, where voltage sensing 

L-type Ca
2+

 channels (DHPRs) lie opposite RyR1 in a highly organized conformation 

resembling a checkerboard, with every other RyR1 tetramer facing four DHPRs 

arranged in a characteristic square shape called a tetrad [15, 16]. The DHPR is a 

macromolecular complex made up of at least five subunits present in a 1:1:1:1:1 ratio, 

including Cav1.1 (or 1.1), the channel pore that interacts through its II-III loop with 

the RyR1, as well as the 2, ß,  and ∂ subunits [17]. Several diseases have been 

linked to mutations in CACNA1S, the gene encoding Cav1.1, including some forms of 

hypokalemic periodic paralysis and malignant hyperthermia [18-20]. 

The RyR1 is a huge macromolecular complex of >2.5 MDa made up of 4 

homotetramers of ≈565 kDa each that assemble into a functional Ca
2+ 

release channel. 

The first 4000 amino acids make up the large cytoplasmic domain that contains 

binding sites for various modulators, while the last 1000 amino acids constitute the 

carboxy terminal pore-forming domain [21-22]. Dominant and recessive mutations in 

RYR1, the gene encoding the RyR1, are associated with a range of early-onset 

neuromuscular disorders including the core myopathies central core disease (CCD) 

and multi-minicore disease (MmD), congenital fiber type disproportion, (CFTD) 

centronuclear myopathy (CNM), exertional rhabdomyolysis/myalgia as well as the 

pharmacogenetic disorder malignant hyperthermia (MH) [23-26].  
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Aside the RyR1, the junctional sarcoplasmic reticulum is enriched in several 

other proteins including the structural proteins triadin and junctin, as well as minor 

constituents such as JP-45, junctate and humbug, mitsugumin-29, SRP-27/TRIC-A 

and junctophilin-1 [4, 27-29]. These minor constituents play a role in the fine 

regulation of Ca
2+

 release from the SR or are involved in maintaining the structural 

integrity of the Ca
2+

 release machinery. Another major constituent of the junctional 

SR is the high capacity, low affinity Ca
2+

 binding protein calsequestrin. In the 

presence of millimolar Ca
2+

 (that is, at a concentration similar to that present at rest in 

the lumen of the SR), calsequestrin polymerizes and forms a mesh-like structure in an 

area adjacent to the RyR1 where it acts as the principal SR Ca(2+) storage protein. 

[29-31]. The luminal domain of junctin interacts directly with calsequestrin and 

together with triadin forms a complex that is thought to have a dual role: (i) 

maintaining calsequestin adjacent to the RyR1 and (ii) sensing the amount of Ca
2+

 in 

the lumen of the SR [31, 32]. Two isoforms of calsequestrin have been identified: 

calsequestrin1 that is predominantly expressed in fast twitch skeletal muscles and 

calsequestrin 2 that is expressed in cardiac and slow twitch muscle. Mutations in 

CSQ2 (the gene encoding calsequestrin 2) have been linked to catecholaminergic 

polymorphic ventricular tachycardia (CPVT), sudden cardiac arrest and heart failure 

[33,34] and will not be discussed in this review, whereas mutations in CSQ1 (the gene 

encoding calsequestrin 1) have been implicated in rare cases of malignant 

hyperthermia and vacuolar aggregate myopathy [35,36].  

 

2.1 Pathological consequences of mutations in genes encoding 

proteins directly involved in ECC  

2.1.1 Disorders associated with RYR1 mutations 

The first mutation identified in RYR1, the gene encoding the skeletal muscle 

RyR1, was linked to Malignant Hyperthermia Susceptibility (MHS), a 

pharmacogenetic disorder triggered by halogenated anesthetics and by the muscle 

relaxant succinylcholine [37]. Since this initial discovery in the early 90s, more than 

200 mutations have been identified in patients with a variety of inherited myopathies 

including MHS, exertional rhabdomyolysis/myalgia and a range of congenital 
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myopathies including CCD, as well as subgroups of MmD, CNM and CFTD [23-26]. 

Because of the sheer size of the RYR1 gene which spans 106 exons and >15 kb DNA, 

initial mutation searches were confined to hotspot domains originally implicated in 

autosomal dominant MHS and CCD. However, thanks to technical advances in DNA 

sequencing and genome analysis, a more systematic examination of the RYR1 gene 

became possible and revealed that mutations, especially recessive ones, can affect the 

entire coding region of the RYR1 gene. The calculated frequency of RYR1 mutations 

is approximately 1:3000 making it one of the most commonly mutated genes 

associated with neuromuscular disorders [38-40]. A number of reviews concerning 

the frequency, disease associations and functional impact of RYR1 mutations have 

been published in recent years and the reader is referred to these for a more in depth 

description (for example see [12-24,41-45]. The disease phenotype resulting from 

RYR1 mutations largely depends on their location within the RYR1 coding sequence 

and whether the mutations are dominant or recessive. Dominant mutations are more 

commonly associated with the MHS or exertional rhabdomyolysis and CCD 

phenotypes, while most cases of MmD, CNM and CFTD are associated with 

recessive mutations. From a general point of view, dominant RYR1 mutations affect 

the biophysical properties of the Ca
2+

 channel while the mode of action of recessive 

mutations has been more difficult to decipher.  

For gain-of-function dominant MHS-linked mutations that render the Ca
2+

 

channel hypersensitive and thus more prone to be in the open conformation, the 

amino acid substitutions induce local protein misfolding or affect the intersubunit 

domain-domain interfaces; the resulting tetrameric channels are deregulated leading 

to a leak of Ca
2+

 into the cytoplasm or to an excessive amount of Ca
2+

 release from 

the SR [22, 24, 46-49]. This results in a number of direct effects in the muscle fibers 

including a higher resting cytosolic [Ca
2+

], a shift in the sensitivity to activating 

signals (depolarization, pharmacological stimulation) or greater depolarization-

induced Ca
2+

 influx, all of which can lead to a hypermetabolic state which is the 

underlying feature of MHS.  

Dominant mutations associated with CCD induce weak muscles either because 

they render the RyR1 channels less efficient at transporting Ca
2+

, or because they lead 

to intraluminal SR Ca
2+ 

store depletion [50,51]. Although understanding precisely the 

functional impact of the mutation is important in order to develop an appropriate 
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pharmacological approach, both types of mutations lead to changes in the biophysical 

properties of the RyR1 and cause weak muscles because Ca
2+ 

is not available to bind 

to the contractile proteins and initiate contraction.  

Two important aspects concerning the effects of dominant RYR1 mutations 

still require clarification. One relates to the protomer composition of the Ca
2+

 channel 

in individuals carrying dominant RYR1 mutations, while the other is related to 

secondary downstream effects. It is very difficult, if not impossible, to establish the 

exact protomer composition of the RyR1 protein complex in individuals carrying 

dominant RYR1 mutations. A variation in the proportion of protomers encoded by 

wild type and mutated alleles within the tetrameric RyR1 Ca
2+

 channel complex will 

undoubtedly affect the biophysical properties of the Ca
2+

 channel [52], possibly 

contributing to the phenotypic variation seen in patients carrying the same RYR1 

mutations. The primary defects in Ca
2+ 

regulation
 

caused by dominant RYR1 

mutations will also lead to secondary downstream effects in the muscle fibers, such as 

increased release of inflammatory cytokines, mitochondrial abnormalities, 

modifications due to the excessive generation of reactive oxygen and nitrogen species, 

and changes in transcriptional regulation, including those that are dependent on 

activation of the Ca
2+

–sensitive NFAT transcription factors [50,53,54]. An example of 

such an effect is illustrated in figure 2, showing that in myotubes from patients with 

CCD carrying dominant RYR1 mutations, the nuclear to cytoplasmic ratio of NFATc1 

is higher than in myotubes from control individuals, under resting non-stimulated 

conditions. Furthermore, the nuclear to cytoplasmic ratio of NFATc1 increases 

dramatically after KCl-induced depolarization (Fig. 2 A and B) [53]. Moreover, even 

in the absence of inflammatory conditions (as suggested by the lack of upregulation of 

the C-reactive protein, a marker of inflammation) the serum content of pro-

inflammatory cytokines such as IL-6 is chronically elevated in individuals carrying 

dominant RYR1 mutations (panel C), but the functional consequences of such changes 

are largely unknown. 

From figure 2 it is also apparent that the control and MmD (expressing 

recessive RYR1 mutations) groups are more similar in their serum IL-6 levels and this 

is probably linked to the functional effect of the mutations. Indeed, in myotubes from 

patients with recessive RYR1 mutations no dysregulation of Ca
2+ 

homeostasis was 

detected [55]. This result is puzzling since muscle biopsies from the same patients 



 8 

show significant depletion of RyR1 protein, which should lead to a pronounced 

reduction of the amount of Ca
2+ 

released following RyR1 activation [55-57]. In a 

recent study we addressed the pathophysiology of recessive RYR1 mutations and in 

particular the epigenetic mechanism(s) responsible for bringing about such a drastic 

decrease of RyR1 protein in the muscles of patients [55]. Interestingly, most patients 

harboring recessive RYR1 mutations exhibit a 6-16 fold increase in class II histone de-

acetylase protein content (HDAC-4 and HDAC-5) and hypermethylation of (at least) 

a CpG island within the RYR1 gene. Class II HDACs can bind to and sequester the 

muscle transcription factor mef-2 [58], thus one would expect that an increase in 

HDAC-4/5 expression would prevent the transcription of mef-2 dependent genes. The 

transcription of miR-1 and miR-133 has been shown to be mef-2 dependent [59] and 

the 5’ region of the RYR1 contains a mef-2 binding domain [60]. Furthermore, since 

miR-22 and miR-124 have binding sites within the 3’UTR of the RYR1 their 

transcription may be linked to that of their binding partner RYR1. These results are 

compatible with and explain our findings in muscle biopsies of patients with recessive 

RYR1 mutations who not only showed reduced RyR1 protein levels, but also reduced 

myomesin content (a mef-2 dependent protein) and a significant down-regulation of 

muscle specific micro RNAs including miR-22, miR-124, miR-1 and miR-133 [55]. 

Our working hypothesis is illustrated in figure 3 where it is shown that the down-

regulation of RyR1 is a consequence of the activation of a pathological epigenetic 

loop in skeletal muscle. These results are novel and will require further investigations 

in animal models, but if confirmed they will open new pathways for the treatment of 

muscle disorders which would then not target directly the primary genetic defect, but 

the downstream effects (in this case methylation and HDAC activation) which are 

hyperactivated in patients with neuromuscular diseases due to recessive RYR1 

mutations and possibly also in patients with neuromuscular disorders due to mutations 

in other genes, increasing the significance of these findings.  

2.1.2 Disorders associated with CACNA1S mutations  

In skeletal muscle, the RyR1 and DHPR constitute a signaling complex 

whereby orthograde (or forward) coupling between the two complexes activates Ca
2+

 

release from luminal SR stores via the opening of RyR1 channels, while retrograde 

signaling from the RyR1 back to the DHPR regulates the magnitude of the L-type 

inward Ca
2+

 current from the extracellular space into muscle cells carried by the 
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DHPR [13,14,21]. In primary myotubes, depolarizing stimuli that do not substantially 

deplete SR Ca
2+ 

stores can rapidly activate extracellular Ca2+ entry by a mechanism 

called excitation coupled Ca
2+

 entry (ECCE) that occurs through a complex made up 

of RyR1 and DHPR, the latter having dual functions not only as the voltage sensor for 

EC coupling but also as an L-type Ca2+ channel [61,62]. Experimental evidence 

supporting a pathogenic role of enhanced ECCE in MHS was provided by 

Cherednichenko et al. [63] in mice knocked in for the RYR1 p.R163C mutation. 

Studies on skeletal muscles from these mice demonstrated: (i) that they exhibited 

enhanced depolarization-induced Ca
2+

 entry, (ii) that this influx of Ca
2+

 did not occur 

via store activated Ca
2+

 entry, but via ECCE and (iii) that it is sensitive to dantrolene, 

the drug that is clinically used to revert MH reactions. Increased ECCE in myotubes 

from patients with dominant RYR1 mutations was also observed by Treves et al. [53] 

providing further experimental evidence that pathological dysregulation of Ca
2+

 

homeostasis is not only caused by effects on the RyR1 Ca
2+

 release, but also by 

alteration of extracellular Ca
2+

 influx into skeletal muscles. 

Although more than 50% of MHS cases are caused by RYR1 mutations that 

render the Ca
2+ 

channel hypersensitive, rare mutations either at the heterozygous or 

homozygous state have been identified in CACNA1S, the gene encoding the 1.1 

subunit of the DHPR [18-20,64]. The presence of the CACNA1S p.R174W mutation 

affects Ca
2+

 homeostasis by altering the regulation of the RyR1 by Cav1.1. The RyR1 

becomes leaky, resulting in an increased resting cytosolic [Ca
2+

] and partial depletion 

of SR Ca
2+

 stores. Though no studies on Ca
2+

 influx or altered ECCE were performed 

on cells carrying this mutation, the increased resting [Ca
2+

] was insensitive to 

nifedipine suggesting that, at least in this case, the pathological effect is due to the 

lack of inhibition of RyR1-mediated Ca(2+) leak by the DHPR at rest [65]. Similar 

conclusions were reached when studying the effects of the CACNA1S p.R1086H 

mutation in myotubes, although in the latter case the CACNA1S mutation results in 

the enhanced sensitivity of the RyR1 to activation by both endogenous and exogenous 

activators [66].  

 

2.1.3 STAC3 mutations and Native American myopathy 

The first indication that patients with Native American myopathy, a peculiar 

myopathy affecting the Native American Lumbee population, may have a defect in 
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Ca
2+

 regulation was the finding that they have an increased susceptibility to 

Malignant Hyperthermia, in the absence of RYR1 mutations [67]. Many individuals 

with Native American myopathy however, present a phenotype that is reminiscent of 

that of patients with RYR1 mutations, including progressive scoliosis, short stature 

and dysmorphic features resembling RYR1-related King Denborough syndrome (KDS 

[67, 68]. The first report regarding the underlying molecular mechanism of this 

disorder was the identification of the recessive STAC3 p.W284S mutation in patients 

with Native American myopathy. Subsequently genetic characterization of a 

spontaneous zebrafish mutant showing defective swimming revealed that it carried a 

point mutation in the fish homologue of STAC3. The mutation disrupted a splice 

donor site, leading to the inclusion of intron 4 and a premature stop codon and to the 

absence of the stac3 protein from skeletal muscle [69 and Muntoni et al, personal 

observation]. The ECC mechanism of these mutant fish was severely compromised as 

shown by the reduced Ca
2+

 transients in both fast and slow twitch muscles, but there 

were no changes in the architecture of the T-tubules or SR membranes, even though 

Stac3 forms a complex with the DHPR and RyR1.  

Stac3 KO mice die soon after birth because of breathing impairment [70,71]; 

muscles from newborn mice exhibit a decrease in muscle mass, centrally located 

nuclei and importantly, no contraction and no Ca
2+

 release in response to 

depolarization. Skeletal muscles from Stac3 KO mice respond normally to the RyR1 

pharmacological agonist 4-chloro-m-cresol, indicating that RyR1 function is normal 

[71]. These results indicate that the absence of Stac3 affects the voltage sensing and  

L-type Ca2+ channel DHPR but not the SR Ca
2+ 

channels, a result that was confirmed 

recently when it was shown that in skeletal muscle Stac3 is required for surface 

expression of Cav1.1 [72]. Clearly much remains to be investigated on how defects in 

STAC3 cause such a strong muscle phenotype and are linked to MHS.  

2.1.4 CASQ1 mutations and vacuolar aggregate myopathy 

Calsequestrin 1, the Ca
2+

 storing protein of skeletal muscle, is a low affinity 

high capacity Ca
2+

 binding protein present in the lumen of the SR. At luminal resting 

[Ca
2+

] calsequestrin forms polymers that are thought to make available large amounts 

of Ca
2+

 in close proximity to the RyR1. In the past two years, two reports have 

appeared linking one mutation in CASQ1 to vacuolar aggregate myopathy [35,73]. 
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Patients carrying the heterozygous CASQ1 p.D244G mutation, affecting a residue that 

lies within the Ca
2+

 binding domain of calsequestrin 1, have a mild myopathy, suffer 

from muscle cramps, elevated CK levels, reduced muscle strength and fatigue. From a 

functional point of view, muscle fibers isolated from these patients show (i) decreased 

Ca
2+

 release following caffeine administration, (ii) increased glycogen content and 

mis-oriented SR junctions, (iii) an increase by approximately 25% of calsequestrin 1 

content and (iv) a lower content of polymerized calsequestin [35,73]. Interestingly a 

report on the physicochemical properties of wild type and p.D244G mutated CASQ1 

showed that the mutation reduces the Ca
2+

 binding properties of calsequestrin 1 and 

causes it to form large aggregates in vitro [36].  It should be pointed out that all the 

patients identified so far were heterozygous for the causative CASQ1 mutation, while 

the functional studies were performed on homozygous mutated calsequestrin 1 

molecules. Thus it is likely that the mild phenotype of the patients may be due to the 

presence of wild type calsequestrin 1 molecules within the SR. Of interest, CASQ1 

KO mice exhibit heat intolerance leading to an MH-like phenotype, enhanced 

oxidative stress, mitochondrial damage and reduced levels of releasable Ca
2+

 [74,75]. 

2.2 Congenital myopathies due to mutations in genes involved in Ca
2+

 

entry pathways and SR Ca
2+ 

uptake 

Skeletal muscle fibers express two distinct mechanisms of extracellular 

calcium entry: (i) calcium entry activated by depletion of sarcoplasmic reticulum 

stores (Store Operated Calcium Entry, SOCE) [76-78] and (ii) Ca
2+

 entry via the 

voltage sensing DHPR 1.1 subunit, also referred to as ECCE (see section 2.1.2 

where disorders associated with CACNA1S mutations are described), which is 

triggered either by a train of action potentials or by prolonged depolarization 

[61,62,79]. 

2.2.1 Disorders of SOCE: tubular aggregate myopathy 

Dominant mutations in STIM1 and ORAI1 have been linked to muscle 

disorders classified as tubular aggregate myopathy. This group of myopathies 

comprises rare, slowly progressive disorders causing either weakness or stiffness of 

proximal muscles [80-84]. STIM1 and ORAI1 encode respectively stromal interacting 

protein 1 (Stim1) and Orai1 or Calcium Release Activated Ca
2+ 

Influx channel 
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(CRAC), proteins that are ubiquitously expressed and play a major role in SOCE [85]. 

Remarkably, recessive loss-of-function mutations are associated with immune 

deficiency syndromes characterized by T-cell dysfunction [80,81].  Two different 

models have been proposed for the activation of SOCE, one is slow and occurs in 

most cells, while the other is rapid and occurs in skeletal muscle. In resting conditions, 

Stim1 binds Ca
2+

 and is distributed throughout the ER membrane, while Orai1 

channels are localized on the plasma membrane. Upon Ca
2+

 store depletion, Ca
2+

 

unbinds from Stim1 causing its re-localization to ER punctae adjacent to the plasma 

membrane. The latter event leads to the recruitment of Orai1 into the plasma 

membrane domain associated with ER punctae, and the conformational coupling of 

Stim1 to Orai1 results in the activation of SOCE. This process is slow, requiring tens 

of seconds to develop in non-muscle cells [85]. In patients with loss of function 

mutations in STIM1 and ORAI1 Ca
2+ 

influx in T cells is severely affected, resulting in 

impaired T-cell proliferation [80,81,86].  

Evidence that depletion of Ca
2+

 from the SR activates Ca
2+

 entry in skeletal 

muscles was unambiguously provided by Kurebayashi and Ogawa [76], who 

demonstrated that store depletion activated Ca
2+

 influx is sensitive to Ni
2+

 and 

resistant to nifedipine and that it is inhibited by membrane depolarization. These 

results suggest that the properties of this Ca
2+ 

influx pathway
 
are similar to CRAC 

channels and some transient receptor potential canonical (TRPC) channels.
 
TRP 

channels are a family of relatively non-selective cation channels predominantly 

expressed on the plasma membrane
 
that are often part of signaling complexes. There 

are 7 TRP subfamilies encoded by 28-30 genes; members of the TRPC  subgroup play 

a role in Ca
2+

 influx.
 
Using an elegant experimental approach Launikonis and Rios 

[87] provided experimental results supporting a role for SOCE in mammalian skeletal 

muscles. They showed that in isolated rat EDL, SOCE: (i) is activated by release of 

Ca
2+ 

from the SR but does not require complete depletion of Ca
2+ 

stores; (ii) its rate of 

activation is independent of the magnitude of the Ca
2+

 transient; and (iii) occurs 

rapidly, requiring less than 1 second following Ca
2+

 release from the SR. This rapid 

SOCE activation in skeletal muscle is most likely due to the lack of Stim1 re-

localization from the SR/ER membrane to the plasma membrane because of its pre-

clustering at the junctional SR membrane close to Orai1 prior to store depletion [87]. 

Thus Stim1 and Orai1 are likely (but probably not the only) candidates to mediating 
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SOCE in mature mammalian skeletal muscles. A link between mutations in proteins 

mediating SOCE and myopathies was unequivocally provided (i) by the creation of a 

STIM1 KO mouse model, (ii) the identification of dominant mutations in STIM1 and 

ORAI1 in patients with tubular aggregate myopathy and (iii) the finding that the 

absence of Orai1 not only leads to immunological defects but also to a subtle 

myopathic phenotype. Homozygous STIM1 KO is almost always neonatally lethal, 

the few surviving pups being substantially smaller, with reduced body weight and 

having weak fatigable muscles [88]. Histological examination of muscles from KO 

mice revealed an increase in the number of centrally located nuclei, swollen 

mitochondria and small atrophic fibers; such changes were accompanied by 

biochemical modifications of the SR with a significant reduction in SERCA1 

expression. Myotubes prepared from wild type, heterozygous and homozygous KO 

mice responded differently to depletion of intracellular Ca
2+

 stores, with myotubes 

from the latter almost completely failing to activate Ca
2+ 

influx. Force measurements 

on muscles isolated from heterozygous KO mice confirm that lack of Stim1 causes 

diminished force development after tetanic contraction and increased susceptibility to 

fatigue [88]. It should be mentioned however, that in mouse muscles STIM1 

expression peaks at embryonic day 8.5-15.5 and muscles from KO mice express low 

levels of MyoD, of MyHC and SERCA. Such a result is compatible with the 

hypothesis that this myopathy may be due to a defect of skeletal muscle development. 

In human myotubes, Stim1-mediated SOCE is required for cell differentiation [89], 

supporting the idea that the severe phenotype of STIM1 KO mice may be due to a 

maturation or developmental block, whereby muscle cell precursors 

(myoblasts/myotubes) are incapable of developing into mature muscle fibers.  

Patients with Orai1 deficiency have a complex phenotype characterized by 

immunodeficiency, ectodermal dysplasia, a defect of dental enamel calcification and 

subtle histological features suggestive of a congenital myopathy [90]. Interestingly, a 

similar combination of symptoms was observed in a genetically unresolved patient 

with a histopathological diagnosis of MmD, reported before the identification of the 

Orai1 gene [91]. Cells isolated from patients carrying mutations causing reduced 

Orai1expression display impaired Ca
2+

 influx while in zebrafish lack of Orai1 leads to 

loss of skeletal (and cardiac) muscle integrity and myofibrillar disruption [92]. 
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Dominant gain of function mutations in STIM1 and ORAI1 are more 

frequently encountered in patients with skeletal muscle involvement. Specifically, 

they have been identified in several patients with childhood or adult onset tubular 

aggregate myopathy [82-84, 93, 94] as well as patients with Stormorken syndrome 

[95,96] a rare disorder characterized by prolonged bleeding, thrombocytopenia/ 

thrombocytopathy, asplenia, intellectual disability, mild hypocalcemia, muscle fatigue 

and tubular aggregate myopathy.  Muscle weakness is generally only mild in the 

adult-onset cases and some of the patients with an ORAI1 mutation presented only 

with exertional cramps [97]. Similarly, the phenotype of patients with STIM1 

mutations includes cases with (post-exercise) myalgia, fatigability, and calf 

hypertrophy without muscle weakness [98]. Interestingly, most STIM1 mutations 

identified in patients are located within the NH2 terminal EF hand Ca
2+

 binding 

domain of Stim1, leading to a constitutively active molecule that oligomerizes and 

clusters at ER/PM junctions independently of Ca
2+ 

store depletion. Theoretically, such 

Stim1 molecules should activate Ca
2+

 influx independently of how full the 

intracellular Ca
2+ 

stores are, a hypothesis confirmed in cells carrying STIM1 mutations, 

which exhibit dysregulation of Ca
2+ 

homeostasis characterized by a high resting 

[Ca
2+

] and Ca
2+

 entry independent of store depletion [84, 93, 94, 96].  

In summary, recent experimental evidence unambiguously supports a role of 

SOCE in normal muscle development. Furthermore, dominant mutations in two 

players of SOCE lead to a myopathy characterized by the accumulation of tubular 

aggregates deriving from the SR. Nevertheless many questions remain unanswered, in 

particular the mechanism(s) linking STIM1 and ORAI1 mutations to accumulation of 

protein aggregates, how constitutively active Ca
2+ 

influx is not compensated by 

increased activity of Ca
2+

 pumps and extrusion mechanisms and whether alteration of 

Ca
2+ 

influx leads to a chronic activation of the Ca
2+ 

dependent phosphatase calcineurin 

leading to nuclear localization of NFAT.  

2.2.2 Brody’s disease 

Brody’s disease is a rare inherited myopathy due to diminished SERCA1 

activity caused by mutations in its encoding gene ATP2A1 [99]. Since a number of 

patients do not have causative ATP2A1 mutations however, it is now apparent that 

there is genetic heterogeneity in Brody’s disease [100,101]. Consequently it has been 
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proposed to distinguish patients with ATP2A1 mutations (“Brody disease”) from 

patients with reduced SERCA1 activity without ATP2A1 mutations (“Brody 

syndrome”) [102,103]. Reduced SERCA1 activity results in delayed muscle 

relaxation due to the prolonged increase of the myoplasmic [Ca
2+

] following muscle 

contraction [104]. Two types of SERCA1 are expressed in muscles:  SERCA1 

predominantly expressed in type 2 fast-twitch skeletal muscle and SERCA2 

predominantly expressed in type 1 slow-twitch and cardiac muscles. Brody’s disease 

is due to modifications of SERCA1 only, and accordingly, no cardiac complications 

have been reported. Since SERCA1 is only present in fast-twitch muscle fibres, 

impaired relaxation specifically occurs after phasic exercises (alternate contraction 

and relaxation). In contrast, tonic activity (such as maintaining posture) requires slow-

twitch motor-unit activation, and remains unaffected as it predominantly recruits type 

1 fibres.  

 Functional studies on muscle samples from humans with Brody’s disease 

have demonstrated that some patients exhibit reduced levels of SERCA1 protein 

content [105,106], while in other cases the levels of SERCA1 protein are unaltered, 

but there is a significant reduction (up to 80%) in the Ca
2+

 pumping activity both in 

homogenates of muscle samples and in myotubes explanted from patients 

[99,106,107]. Chianina cattle pseudomyotonia, a disease similar to Brody’s disease 

affecting cattle, is caused by the homozygous ATP2A1 p.R164H mutation [108]. The 

mutation leads to protein instability and therefore reduced SERCA1 expression. 

Pharmacological inhibition of the ubiquitin/proteasomal system rescues the mutated 

SERCA1 protein as well as its enzymatic activity [109]. Such results suggest potential 

pharmacological treatments for patients with Brody’s disease due to mutations 

leading to decreased protein stability. 

Analysis of the behavior of zebrafish with a naturally occurring mutation in 

acc
dta5

 (the zebrafish homologue of ATP2A1) provides a useful and sensitive model of 

Brody’s disease [110]. Accordion (acc) mutants fail to coil their tails normally after a 

touch-evoked stimulus. In contrast, its trunk muscles contract simultaneously to 

shorten the trunk resulting in a pronounced dorsal bend, which might be considered 

the correlate of a cramp. Subsequent muscle relaxation is significantly slower in acc 

than in wild type zebrafish larvae, corresponding to delayed relaxation in patients. 

Therefore the acc zebrafish mutant is considered a valuable model for the genetic and 

phenotypic evaluation of Brody’s disease and related disorders [110].   
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2.3 ECC defects in congenital myopathies due to mutations in genes 

not directly involved in Ca
2+

 homeostasis 

2.3.1 SEPN1 related myopathy  

Selenoproteins are a group of proteins mediating diverse cellular functions 

including the maintenance of the cellular redox status and scavenging reactive oxygen 

species. As their name indicates, members of this family of proteins contain the 

unusual amino acid selenocysteine. Recessive mutations in SEPN1, the gene encoding 

Selenoprotein N (SelN), are commonly associated with a subgroup of MmD, CFTD, a 

congenital form of desmin-related myopathy and/or Rigid Spine Muscular dystrophy 

(RSMD1), early-onset myopathies with a varying but usually severe axial 

involvement with scoliosis and respiratory failure. In contrast to RYR1-related MmD, 

extraocular involvement is not a typical feature.  To date more than 40 SEPN1 

mutations have been identified, many of them predicted to result in a truncated 

protein or in diminished levels of SelN expression [111-113]. SelN is expressed in the 

endoplasmic reticulum of all cells, particularly in fetal tissue [114], making the 

mechanistic link between the pathophysiology of SEPN1 mutations and 

neuromuscular disorders difficult to unravel. A first indication connecting SEPN1 

mutations to alterations of Ca
2+ 

homeostasis was provided by Arbogast et al. [115] 

who demonstrated increased stress due to increased reactive oxygen and nitrogen 

species in myotubes from patients with SEPN1-related myopathies. More importantly, 

Ca
2+

 homeostasis was severely impaired as indicated by: (i) a 30% increase in the 

resting cytosolic [Ca
2+

], (ii) a 50% reduction in the caffeine-induced peak Ca
2+

 

response and (iii) a significant depletion of the SR intracellular Ca
2+

 stores. Such an 

effect was putatively attributed to a RyR1 dysfunction due to secondary modification 

by free radicals. These findings are supported by a study by Jurynec et al., who 

injected zebrafish eggs with morpholino oligonucleotides targeted to the exon intron 

junction of the SEPN1 zebrafish homologue [116]. The resulting Sepn1 morphant fish 

display reduced swimming activity, sarcomeric disorganization and importantly, 

decreased ryanodine binding capacity and a diminished responsiveness of RyR1 to the 

environmental redox potential, indicating that loss of SelN leads to a deficit of RyR1 

regulation [117]. In order to understand in greater detail the role of SelN in muscle 
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physiology, a mouse SEPN1 KO model was created (Sepn1-/-) [118]. Surprisingly, 

under normal housing conditions such mice displayed no overt phenotype, showed no 

alteration of muscle function, their muscles exhibited normal ultrastructural 

organization and there were no changes in the expression levels of RyR1 and Cav1.1 

[119], though they did display a pronounced reduction of the satellite cell population 

[118]. Interestingly, following chronic challenging physical exercise, Sepn1-/- mice 

showed an obvious phenotype characterized by muscle rigidity and kyphosis 

indicating that in mice muscle use and/or environmental stressful conditions are 

necessary for the myopathy to develop [119]. In a recent study Marino et al. showed 

that the redox activity of SelN protects the ER from peroxides generated by the ER 

thiol oxidase protein ERO1. Furthermore, they identified SERCA2 as a redox target 

of SelN providing evidence of its role in regulating ER/SR Ca
2+

 levels [120]. 

Clearly much remains to be investigated concerning the pathophysiological 

mechanism(s) underlying SEPN1-related myopathies and in particular more 

mechanistic insight into its effects on Ca
2+

 homeostasis need to be provided. Studies 

aimed at investigating whether the absence of SelN leads to alterations of RyR1 

function due to changes of its redox status, or secondary posttranslational 

modifications are particularly important as they may reveal mechanisms potentially 

amenable to pharmacological treatment.  

2.3.2 MTM1, BIN1 and DNM2 related disorders 

Mutations in MTM1, the gene encoding the lipid phosphatase myotubularin 1, 

are the underlying cause of X-linked myotubular myopathy (XLMTM), a severe form 

of CNM characterized by generalized muscle weakness, with severe axial, respiratory 

and bulbar muscle involvement [121]. Typically symptoms are already evident at 

birth and affected males usually die within the first year of life without respiratory 

support. Myotubularin 1 specifically dephosphorylates phosphatidylinositol-3-

phosphate (PI(3)P) and phosphatidinylinositol-3,5-bisphosphate (PI(3,5)P2) to 

produce PI and PI(5)P respectively [122]. In humans 14 genes encoding for different 

myotubularin isoforms have been identified and most members of this family play 

important roles in membrane trafficking, movement of intracellular vesicles, 

autophagy and phagocytosis. Though myotubularin 1 is ubiquitously expressed, 

mutations in the MTM1 gene result in a selective skeletal muscle phenotype. Studies 



 18 

by Dowling et al. [123] on myotubularin knock down morphant zebrafish suggest that 

the specific muscle involvement is due to the lack of expression in muscle of 

myotubularin related proteins (MTMRs). Such proteins compensate for the lack of 

myotubularin’s enzymatic activity in other tissues. Although a wide range of 

pathogenic mechanisms have been suggested in association with myotubularin 1 

deficiency, in the present review we will only focus on mechanisms relevant to Ca
2+

 

homeostasis and ECC.  

Two experimental animal models have greatly advanced our understanding of 

how the absence of myotubularin 1 affects muscle function: the Mtm1 KO mouse 

[124] and the mtm morpholino knock down zebrafish [123]. In both animal models 

the most obvious pathological changes occurring in muscle are the presence of 

centrally located nuclei with an abnormal appearance, fiber type 1 hypotrophy, 

abnormal T-tubules and atypical distribution of triads. Muscles from morphant 

zebrafish show reduced ECC with severely impaired muscle contraction evoked by 

stimuli above 10 Hz [123]. Interestingly, tibialis anterior muscles from asymptomatic 

Mtm1 KO mice at three weeks of age show no changes in expression of proteins 

involved in Ca
2+

 homeostasis. However, the tibialis anterior muscles from Mtm1 KO 

mice at five weeks of age show a significant decrease in the protein content of RyR1 

and Cav1.1. Concomitantly there is a significant increase in the content of the ß1 

subunit of the DHPR [124]. The latter protein is necessary for proper targeting of the 

1.1 subunit onto T-tubules [125]. Detailed studies on intracellular Ca
2+

 homeostasis 

showed no difference in the resting [Ca
2+

], nor in the size if the intracellular Ca
2+

 

stores, however the peak [Ca
2+

] evoked by depolarizing pulses was strongly reduced. 

These results support the hypothesis that MTM1 mutations lead to changes in muscle 

function by affecting the expression of the two main Ca
2+ 

channels involved in ECC, 

but shed no light on the mechanisms linking myotubularin to the observed changes.  

An interesting hypothesis supported by experimental evidence is that the lipid 

composition of the membranes in which the DHPR and RyR1 are embedded is 

important for their function. Indeed, by confocal immunohistochemistry Dowling et al. 

showed that myotubularin localizes to T-tubules and its distribution overlaps with that 

of the DHPR [123]. Along the same lines, in an elegant report Berthier et al. [126] 

recently demonstrated that PI(4,5)P2, another member of the PI family, is not only a 

constituent of T-tubules, but that its depletion represses electrically evoked Ca
2+
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release. These results suggest that this lipid may either interact with the RyR1 or 

affect the activity of the voltage sensor. Although PI(4,5)P2 is not a substrate of 

myotubularin 1, alterations in phosphoinositide metabolism due to the accumulation 

of some PIPs may alter the lipid composition of the membrane compartments 

involved in ECC. The absence of myotubularin 1 should theoretically cause an 

accumulation of membrane PI(3)P and PI(3,5)P2 and increased levels of the latter 

lipids negatively affect muscle function by decreasing the size of intracellular Ca
2+

 

stores [127]. While studying the effect of loss of MTMR14, a PI(3,5)P2 lipid 

phosphatase expressed in heart and skeletal muscle, Shen et al. [127] showed that (i) 

PI(3)P, PI(5)P and PI(3,5)P2 directly bind to the RyR1 protein; (ii) PI(3,5)P2 activates 

the RyR1 and (iii) PI(3,5)P2 promotes the open conformation of the RyR1 leading to 

Ca
2+

 induced Ca
2+

 release and depletion of Ca
2+

 from SR stores. While Rodríguez et 

al. [128] showed that microinjection of 100 µM PI(3,5)P2 and PI(3) P but not PI(5)P 

significantly elevates the resting [Ca
2+

], all three phospholipids decrease the 

frequency of spontaneous Ca
2+

 release events in skinned fibers, providing further 

evidence that RyR1 function is sensitive to its phospholipid environment. These 

results are interesting but not altogether compatible with the findings of Al Qusari et 

al. [124], who showed that the skeletal muscles from Mtm1 KO mice have normal 

intracellular Ca
2+

 stores and normal resting Ca
2+

 levels and only show a severe 

reduction of electrically evoked Ca
2+

 transients.   

Muscle function has also been extensively studied in a mouse model knocked 

in for MTM1 p.R69C (c.205C>T) [129], a mutation associated with a less severe form 

of myotubular myopathy [130,131]. The MTM1 p.R69C mutation putatively affects 

the binding domain of PI(3)P/PI(3,5)P2 but not its catalytic domain and should 

therefore result in a phosphatase binding less substrate leading to a hypofunctional 

enzyme. Detailed genetic investigations provided evidence that exon skipping 

occurred in the mouse model since no full length myotubularin 1 protein was present; 

furthermore the muscle levels of PI(3)P were similar in Mtm1 KO mice and mice 

knocked in for the mutation, making the interpretation of the less severe phenotype 

difficult to explain. These observations suggest that aside, its lipid phosphatase 

activity, myotubularin 1 may have other functions and may directly regulate the 

activity of proteins involved in ECC, thereby contributing to the pathogenesis of 

myotubular myopathy.  
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Milder forms of CNM have been associated with dominant and recessive 

mutations in BIN1 and DNM2, encoding the functionally related proteins dynamin 2 

and amphiphysin 2, respectively [132-135]. Dominant mutations in DNM2 are 

associated with defective tubular membrane structures [134,135] most likely because 

they alter the function of amphiphysin 2 [134]. Amphiphysin 2 is ubiquitously 

expressed but the skeletal muscle isoform contains a PI binding domain and is 

localized to the T-tubules where it plays an important role in T- tubule biogenesis 

[136]. Acute down regulation of Bin1 by siRNA in mouse flexor digitorum brevis 

muscle fibers recapitulates T-tubule disruption as seen in the muscles of affected 

patients [132]. Furthermore, murine muscles knocked down for Bin1 show profound 

alterations in Ca
2+

 homeostasis, including depletion of intracellular Ca
2+

 stores, 

reduced membrane current in response to depolarizing pulses leading to a reduced 

Ca
2+

 transient and fewer sparks. Not unexpectedly, these results confirm that changes 

in the organization of T-tubules lead to functional changes in ECC. Though patients 

with BIN1 mutations are usually less severely affected than patients with MTM1 

mutations and may develop a child or adult onset congenital muscle diseases 

[133,137], it should be mentioned that the type of mutation plays an important role in 

the phenotype of the patient and that, contrary to patients who generally do not have 

heart disease, Bin1 KO mice die shortly after birth because of a hypertrophic 

ventricular cardiomyopathy.  

3  Conclusions and outlooks 

The past decade has seen enormous progress in our knowledge concerning the 

pathophysiological mechanisms underlying congenital myopathies; the identification 

of the genetic causes and the functional characterization of mutations in genes 

involved directly or indirectly in Ca
2+

 regulation and ECC have greatly advanced our 

understanding of these diseases. The challenges for the upcoming years will be to 

improve the muscle function and thus the quality of life of affected patients either by 

specifically targeting the genetic defect, as is now being attempted in a preclinical 

model of MTM1, or by devising pharmacological strategies aimed at targeting 

alternative signaling pathways or pathological loops that are activated in the muscles 

of affected individuals. The increasing availability of different animal models with 

targeted mutations will considerably facilitate the development of experimental 
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therapies and the identification of biomarkers that could be used to monitor disease 

progression in affected patients. 
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Abbreviations: Cav1.1, alfa 1 subunit of the dihydropyridine receptor; CCD, central 

core disease; CNM, centronuclear myopathy; DHPR, dihydropyridine receptor; ECC, 

excitation contraction coupling; ECCE, excitation coupled calcium entry; ER, 

endoplasmic reticulum; HDAC, histone de-acetylase; MmD, Multi minicore disease; 

MH, malignant hyperthermia; MHS, malignant hyperthermia susceptibility; RyR1, 

ryanodine receptor; SERCA, sarcoplasmic(endoplasmic) reticulum Ca
2+

 ATPase; 

SelN, selenoprotein N; SOCE, store operated calcium entry; SR, sarcoplasmic 

reticulum; STIM1, stromal interacting molecule; T-tubules, transverse tubules. 

Acknowledgements 

This work was supported by grants from the Swiss National Science Foundation (SNF 

N° 31003A-146198), the OPO Stiftung (Grant reference number 2013/14-0036), the 

Myotubular myopathy Trust Foundation (Grant reference number 12KCL01), 

Telethon Italy (Grant N° GGP14003). The support of the Department of Anesthesia 

Basel University Hospital is gratefully acknowledged. FM wishes to acknowledge the 

support of the MRC Neuromuscular Centre and of the National Institute for Health 

Research Biomedical Research Centre at Great Ormond Street Hospital for Children 

NHS Foundation Trust and University College London. 



 23 

References 

[1] Peachey LD. The sarcoplasmic reticulum and transverse tubules of the frog’s 

sartorius. J Cell Biol 1965; 25S: 209–231. 

[2] Saito A, Seiler S, Chu A, Fleischer S. Preparation and morphology of 

sarcoplasmic reticulum terminal cisternae from rabbit skeletal muscle. J Cell 

Biol 1984; 99:875–885. 

[3] Costello B, Chadwick C, Saito A, Chu A, Fleischer S. Characterization of the 

junctional face membrane from terminal cisternae of sarcoplasmic reticulum. J 

Cell Biol 1986; 103: 741–753. 

[4] Treves S, Vukcevic M, Maj M, Thurnheer R, Mosca, Zorzato F. Minor 

sarcoplasmic reticulum membrane components that modulate excitation–

contraction coupling in striated muscles. J Physiol 2009; 587: 3071-3079. 

[5] MacLennan DH, Asahi M, Tupling AR. The regulation of SERCA-type 

pumps by phospholamban and sarcolipin. Ann. NY Acad. Sci 2003; 986: 472-

480. 

[6] Asahi M, Sugita Y, Kurzydlowski K, De Leon S, Tada M, Toyoshima C, 

MacLennan DH. Sarcolipin regulates sarco(endo)plasmic reticulum Ca2+-

ATPase (SERCA) by binding to transmembrane helices alone or in association 

with phospholamban. Proc Natl Acad Sci U S A. 2003; 100:5040-5045. 

[7] Tupling AR, Asahi M, MacLennan DH. Sarcolipin overexpression in rat slow 

twitch muscle inhibits sarcoplasmic reticulum Ca2+ uptake and impairs 

contractile function. J Biol Chem 2002; 277:44740-44746. 

[8] Odermatt A, Becker S, Khanna VK, Kurzydlowski K, Leisner E, Pette D, 

MacLennan DH. Sarcolipin regulates the activity of SERCA1, the fast-twitch 

skeletal muscle sarcoplasmic reticulum Ca2+-ATPase. J Biol Chem 1998; 

273:12360-12369. 

[9] Asahi M, McKenna E, Kurzydlowski K, Tada M, MacLennan DH. Physical 

interactions between phospholamban and sarco(endo)plasmic reticulum Ca2+-

ATPases are dissociated by elevated Ca2+, but not by phospholamban 

phosphorylation, vanadate, or thapsigargin, and are enhanced by ATP.  J Biol 

Chem 2002; 275:15034-15038. 

[10] Frank K, Kranias EG. Phospholamban and cardiac contractility. Ann Med 

2002; 32:572-578. 

http://www.ncbi.nlm.nih.gov/pubmed/12692302
http://www.ncbi.nlm.nih.gov/pubmed/12692302
http://www.ncbi.nlm.nih.gov/pubmed/12692302
http://www.ncbi.nlm.nih.gov/pubmed/12237298
http://www.ncbi.nlm.nih.gov/pubmed/12237298
http://www.ncbi.nlm.nih.gov/pubmed/12237298
http://www.ncbi.nlm.nih.gov/pubmed/9575189
http://www.ncbi.nlm.nih.gov/pubmed/9575189
http://www.ncbi.nlm.nih.gov/pubmed/10809745
http://www.ncbi.nlm.nih.gov/pubmed/10809745
http://www.ncbi.nlm.nih.gov/pubmed/10809745
http://www.ncbi.nlm.nih.gov/pubmed/10809745
http://www.ncbi.nlm.nih.gov/pubmed/11127935


 24 

[11] Asahi M, Nakayama H, Tada M, Otsu K. Regulation of sarco(endo)plasmic 

reticulum Ca2+ adenosine triphosphatase by phospholamban and sarcolipin: 

implication for cardiac hypertrophy and failure. Trends Cardiovasc Med 2003; 

13:152-157. 

[12] Anderson DM, Anderson KM, Chang CL, Makarewich CA, Nelson BR, 

McAnally JR, Kasaragod P, Shelton JM, Liou J, Bassel-Duby R, Olson EN. A 

micropeptide encoded by a putative long noncoding RNA regulates muscle 

performance. Cell 2015; 160: 595-606. 

[13] Schneider MF, Chandler WK. Voltage dependent charge movement of 

skeletal muscle: a possible step in excitation-contraction coupling. Nature 

1972; 242: 244–246. 

[14] Rios E, Pizarro G.  Voltage sensor of excitation contraction coupling in 

skeletal muscle. Physiol Rev 1991; 71: 849–908. 

[15] Franzini-Armstrong C, Jorgensen AO. Structure and development of E-C 

coupling units in skeletal muscle. Annu Rev Physiol 1994; 56: 509–534. 

[16] Franzini-Armstrong C, Protasi F. Ryanodine receptors of striated muscles: a 

complex channel capable of multiple interactions. Physiol Rev 1997; 77: 699-

729. 

[17] Catterall WA. Voltage gated calcium channels. Cold Spring Harb Perspect 

Biol. 2011; 3: a003947, doi: 10.1101/cshperspect.a003947. 

[18] Matthews E, Labrum R, Sweeney MG, Sud R, Haworth A, Chinnery PF, 

Meola G, Schorge S, Kullmann DM, Davis MB, Hanna MG. Voltage sensor 

charge loss accounts for most cases of hypokalemic periodic paralysis. 

Neurology 2009; 72:1544-1547.  

[19] Toppin PJ, Chandy TT, Ghanekar A, Kraeva N, Beattie WS, Riazi S. A 

report of fulminant malignant hyperthermia in a patient with a novel mutation 

of the CACNA1S gene. Can J Anaesth 2010; 57:689-693. 

[20] Monnier N, Procaccio V, Stieglitz P, Lunardi J. 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 1997; 60:1316-1325. 

[21] Ramachandran S, Chakraborty A, Xu L, Mei Y, Samsó M, Dokholyan NV, 

Meissner G. Structural determinants of skeletal muscle ryanodine receptor 

gating. J Biol Chem 2013; 288:6154-6165. 

http://www.ncbi.nlm.nih.gov/pubmed/25640239
http://www.ncbi.nlm.nih.gov/pubmed/25640239
http://www.ncbi.nlm.nih.gov/pubmed/25640239
http://www.ncbi.nlm.nih.gov/pubmed/19118277
http://www.ncbi.nlm.nih.gov/pubmed/19118277
http://www.ncbi.nlm.nih.gov/pubmed/20431982
http://www.ncbi.nlm.nih.gov/pubmed/20431982
http://www.ncbi.nlm.nih.gov/pubmed/20431982
http://www.ncbi.nlm.nih.gov/pubmed/9199552
http://www.ncbi.nlm.nih.gov/pubmed/9199552
http://www.ncbi.nlm.nih.gov/pubmed/9199552
http://www.ncbi.nlm.nih.gov/pubmed/9199552
http://www.ncbi.nlm.nih.gov/pubmed/23319589
http://www.ncbi.nlm.nih.gov/pubmed/23319589


 25 

[22] Van Petegem F. Ryanodine receptors: allosteric ion channel giants. J Mol 

Biol 2015; 427: 31-53. 

[23] Hwang JH, Zorzato F, Clarke NF, Treves S. Mapping domains and mutations 

on the skeletal muscle ryanodine receptor channel. Trends Mol Med 2012; 

18:644-657. 

[24] Treves S, Jungbluth H, Muntoni F, Zorzato F. Congenital muscle disorders 

with cores: the ryanodine receptor calcium channel paradigm. Curr Opin 

Pharmacol 2008; 8:319-326. 

[25] Jungbluth H, Dowling J J, Ferreiro A, Muntoni F, RYR1 Myopathy 

Consortium. 217
th

 ENMC International workshop: RYR1-related myopathies, 

Naarden, The Netherlands 29-31 January 2016. Neuromuscul Disord 2016: 

pii: S0960-8966(16)30250-4. doi: 10.1016/j.nmd.2016.06.001. 

[26] Klein A, Lillis S, Munteanu I, Scoto M, Zhou H, Quinlivan R, Straub V, 

Manzur AY, Roper H, Jeannet PY, Rakowicz W, Jones DH, Jensen UB, 

Wraige E, Trump N, Schara U, Lochmuller H, Sarkozy A, Kingston H, 

Norwood F, Damian M, Kirschner J, Longman C, Roberts M, Auer-Grumbach 

M, Hughes I, Bushby K, Sewry C, Robb S, Abbs S, Jungbluth H, Muntoni F. 

Clinical and genetic findings in a large cohort of patients with ryanodine 

receptor 1 gene-associated myopathies. Hum Mutat 2012; 33: 981-988. 

[27] Weisleder N, Takeshima H, Ma J. Immuno-proteomic approach to excitation-

-contraction coupling in skeletal and cardiac muscle: molecular insights 

revealed by the mitsugumins. Cell Calcium 2008; 43:1-8. 

[28] Zhao X, Yamazaki D, Kakizawa S, Pan Z, Takeshima H, Ma J. Molecular 

architecture of Ca2+ signaling control in muscle and heart cells. Channels 

2011; 5: 391-396. 

[29] Guo W, Campbell KP. Association of triadin with the ryanodine receptor and 

calsequestrin in the lumen of the sarcoplasmic reticulum. J Biol Chem 1995; 

270: 9027-9030. 

[30] Lee KW, Maeng JS, Choi JY, Lee YR, Hwang CY, Park SS, Park HK, 

Chung BH, Lee SG, Kim YS, Jeon H, Eom SH, Kang C, Kim do H, Kwon KS. 

Role of Junctin protein interactions in cellular dynamics of calsequestrin 

polymer upon calcium perturbation. J Biol Chem 2012; 287: 1679-1687. 

[31] Zhang L, Kelley J, Schmeisser G, Kobayashi YM, Jones LR. Complex 

formation between junctin, triadin, calsequestrin, and the ryanodine receptor. 

http://www.ncbi.nlm.nih.gov/pubmed/25134758
http://www.ncbi.nlm.nih.gov/pubmed/23069638
http://www.ncbi.nlm.nih.gov/pubmed/23069638
http://www.ncbi.nlm.nih.gov/pubmed/18313359
http://www.ncbi.nlm.nih.gov/pubmed/18313359
http://www.ncbi.nlm.nih.gov/pubmed/22473935
http://www.ncbi.nlm.nih.gov/pubmed/22473935
http://www.ncbi.nlm.nih.gov/pubmed/18061662
http://www.ncbi.nlm.nih.gov/pubmed/18061662
http://www.ncbi.nlm.nih.gov/pubmed/18061662
http://www.ncbi.nlm.nih.gov/pubmed/21712647
http://www.ncbi.nlm.nih.gov/pubmed/21712647
http://www.ncbi.nlm.nih.gov/pubmed/7721813
http://www.ncbi.nlm.nih.gov/pubmed/7721813
http://www.ncbi.nlm.nih.gov/pubmed/22123818
http://www.ncbi.nlm.nih.gov/pubmed/22123818
http://www.ncbi.nlm.nih.gov/pubmed/9287354
http://www.ncbi.nlm.nih.gov/pubmed/9287354


 26 

Proteins of the cardiac junctional sarcoplasmic reticulum membrane. J Biol 

Chem 1997; 272: 23389-23397. 

[32] Goonasekera SA, Beard NA, Groom L, Kimura T, Lyfenko AD, Rosenfeld A, 

Marty I, Dulhunty AF, Dirksen RT. Triadin binding to the C-terminal luminal 

loop of the ryanodine receptor is important for skeletal muscle excitation 

contraction coupling. J Gen Physiol 2007;130: 365-378. 

[33] Priori SG, Chen SR. Inherited dysfunction of sarcoplasmic reticulum Ca2+ 

handling and arrhythmogenesis. Circ Res 2011; 108: 871-883. 

[34] Faggioni M, Knollmann BC. Calsequestrin 2 and arrhythmias. Am J Physiol 

Heart Circ Physiol 2012; 302: H1250-1260. 

[35] Rossi D, Vezzani B, Galli L, Paolini C, Toniolo L, Pierantozzi E, Spinozzi S, 

Barone V, Pegoraro E, Bello L, Cenacchi G, Vattemi G, Tomelleri G, Ricci G, 

Siciliano G, Protasi F, Reggiani C, Sorrentino V. A mutation in the CASQ1 

gene causes a vacuolar myopathy with accumulation of sarcoplasmic 

reticulum protein aggregates. Hum Mutat 2014; 35: 1163-1170. 

[36] Lewis KM, Ronish LA, Ríos E, Kang C. Characterization of Two Human 

Skeletal Calsequestrin Mutants Implicated in Malignant Hyperthermia and 

Vacuolar Aggregate Myopathy. J Biol Chem 2015; 290: 28665- 286674. 

[37] MacLennan DH, Duff C, Zorzato F, Fuji J, Philips, Korneluk RG, Frodis W, 

Britt BA, Worton RG. Ryanodine receptor gene is a candidate for 

predisposition to malignant hyperthermia. Nature 1990; 343: 559-561. 

[38] Snoeck M, van Engelen BG, Kusters B, Lammens M, Meijer R, Molenaar JP, 

Raaphorst J, Verschuuren-Bemelmans CC, Straathof CS, Sie LT, de Coo IF, 

van der Pol WL, de Visser M, Scheffer H, Treves S, Jungbluth H, Voermans 

NC, Kamsteeg EJ, RYR1-related myopathies: a wide spectrum of phenotypes 

throughout life. Eur J Neurol 2015; 22:1094-1112. 

[39] Colombo I, Scoto M, Robb SA, Maggi L, Gowda V, Cullup T, Yau M, 

Phadke R, Sewry C, Jungbluth H, Muntoni F, Congenital myopathies: natural 

history of a large pediatric cohort. Neurology 2015; 84: 28-35. 

[40] Dlamini N, Voermans NC, Lillis S, Stewart K, Kamstee EJ, Drost G, 

Quinlivan R, Snoeck M, Norwood F, Radonovic A, Straub V, Roberts M, 

Vrancken AF, Van der Pol WL, de Coo RI, Manzur AY, Abbs S, King A, 

Lammens M, Hopkins PM, Mohammed S, Treves S, Muntoni F, Wraige E, 

Davis MR, van Engelen B, Jungbluth H. Mutations in RYR1 are a common 

http://www.ncbi.nlm.nih.gov/pubmed/21454795
http://www.ncbi.nlm.nih.gov/pubmed/21454795
http://www.ncbi.nlm.nih.gov/pubmed/22198169
http://www.ncbi.nlm.nih.gov/pubmed/25116801
http://www.ncbi.nlm.nih.gov/pubmed/25116801
http://www.ncbi.nlm.nih.gov/pubmed/25116801
http://www.ncbi.nlm.nih.gov/pubmed/?term=Korneluk%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=1967823
http://www.ncbi.nlm.nih.gov/pubmed/?term=Frodis%20W%5BAuthor%5D&cauthor=true&cauthor_uid=1967823
http://www.ncbi.nlm.nih.gov/pubmed/?term=Britt%20BA%5BAuthor%5D&cauthor=true&cauthor_uid=1967823
http://www.ncbi.nlm.nih.gov/pubmed/?term=Worton%20RG%5BAuthor%5D&cauthor=true&cauthor_uid=1967823
http://www.ncbi.nlm.nih.gov/pubmed/1967823
http://www.ncbi.nlm.nih.gov/pubmed/1967823
http://www.ncbi.nlm.nih.gov/pubmed/23628358


 27 

cause of exertional myalgia and rhabdomyolysis. Neuromuscul Disord 2013; 

23:540-548. 

[41] Treves S, Anderson AA, Ducreux S, Divet A, Bleunven C, Grasso C, 

Paesante S, ZorzatoF. Ryanodine receptor 1 mutation, dysregulation of 

calcium homeostasis and neuromuscular disorders. Neuromuscul Disord 2005; 

15: 577-587. 

[42] Jungbluth H, Sewry CA, Muntoni F. Core myopathies. Semin Pediatr Neurol 

2011; 18: 239-249. 

[43] Jungbluth H, Gautel M. Pathogenic mechanisms in centronuclear myopathies. 

Front Aging Neurosci 2014; 6:339. doi: 10.3389/fnagi.2014.00339. 

[44] Klinger W, Rueffert H, Lehmann-Horn F, Girard T, Hopkins PM. Core 

myopathies and risk of malignant hyperthermia. Anesth Analg 2009; 

109:3113-3115. 

[45] Betzenhauser MJ, Marks AR. Ryanodine receptor channelopathies. Pflügers 

Arch 2010; 460:467-480. 

[46] Kimlicka L, Lau K, Tung CC, Van Petegem F. Disease mutations in the 

ryanodine receptor N-terminal region couple to a mobile intersubunit interface. 

Nat Commun 2013; 4:1506. doi: 10.1038/ncomms2501. 

[47] Yang T, Ta TA, Pessah IN, Allen PD. Functional defects in six ryanodine 

receptor isoform-1 (RyR1) mutations associated with malignant hyperthermia 

and their impact on skeletal excitation-contraction coupling. J Biol Chem 

2003; 278:25722-25730. 

[48] Girard T, Urwyler A, Censier K, Müller CR, Zorzato F, Treves S. Genotype-

phenotype comparison of the Swiss malignant hyperthermia population. Hum 

Mutat 2001; 18:357-358. 

[49] Feng W, Barrientos GC, Cherednichenko G, Yang T, Padilla IT, Truong K, 

Allen PD, Lopez JR, Pessah IN. Functional and biochemical properties of 

ryanodine receptor type 1 channels from heterozygous R163C malignant 

hyperthermia-susceptible mice. Mol Pharmacol 2011; 79: 420-431. 

[50] Ducreux S, Zorzato F, Müller C, Sewry C, Muntoni F, Quinlivan R, Restagno 

G, Girard T, Treves S. Effect of ryanodine receptor mutations on interleukin-6 

release and intracellular calcium homeostasis in human myotubes from 

malignant hyperthermia-susceptible individuals and patients affected by 

central core disease. 2004; J Biol Chem 279: 43838-43846. 

http://www.ncbi.nlm.nih.gov/pubmed/23422674
http://www.ncbi.nlm.nih.gov/pubmed/23422674
http://www.ncbi.nlm.nih.gov/pubmed/12732639
http://www.ncbi.nlm.nih.gov/pubmed/12732639
http://www.ncbi.nlm.nih.gov/pubmed/12732639
http://www.ncbi.nlm.nih.gov/pubmed/21156754
http://www.ncbi.nlm.nih.gov/pubmed/21156754
http://www.ncbi.nlm.nih.gov/pubmed/21156754
http://www.ncbi.nlm.nih.gov/pubmed/15299003
http://www.ncbi.nlm.nih.gov/pubmed/15299003
http://www.ncbi.nlm.nih.gov/pubmed/15299003
http://www.ncbi.nlm.nih.gov/pubmed/15299003


 28 

[51] Avila G, O'Brien JJ, Dirksen RT. Excitation--contraction uncoupling by a 

human central core disease mutation in the ryanodine receptor. Proc Natl Acad 

Sci USA 2001; 98: 4215-4220. 

[52] Xu L, Wang Y, Yamaguchi N, Pasek DA, Meissner G. Single channel 

properties of heterotetrameic mutant RyR1 channels linked to core myopathies. 

J Biol Chem 2008; 283: 6321-6329. 

[53] Treves S, Vukcevic M, Jeannet PY, Levano S, Girard T, Urwyler A, Fischer 

D, Voit T, Jungbluth H, Lillis S, Muntoni F, Quinlivan R, Sarkozy A, Bushby 

K, Zorzato F. Enhanced excitation-coupled Ca2+ entry induces nuclear 

translocation of NFAT and contributes to IL-6 release from myotubes from 

patients with central core disease. Hum Mol Genet 2011; 20: 589-600. 

[54] Durham WJ, Aracena-Parks P, Long C, Rossi AE, Goonasekera SA, 

Boncompagni S, Galvan DL, Gilman CP, Baker MR, Shirokova N, Protasi F, 

Dirksen R, Hamilton SL. RyR1 S-nitrosylation underlies environmental heat 

stroke and sudden death in Y522S RyR1 knockin mice. Cell 2008; 133:53-65. 

[55] Rokach O, Sekulic-Jablanovic M, Voermans N, Wilmshurst J, Pillay K, 

Heytens L, Zhou H, Muntoni F, Gautel M, Nevo Y, Mitrani-Rosenbaum S, 

Attali R, Finotti A, Gambari R, Mosca B, Jungbluth H, Zorzato F, Treves S. 

Epigenetic changes as a common trigger of muscle weakness in congenital 

myopathies. Hum Mol Genet 2015; 24: 4636-4647. 

[56] Zhou H, Rokach O, Feng L, Munteanu I, Mamchaoui K, Wilmshurst JM, 

Sewry C, Manzur AY, Pillay K, Mouly V, Duchen M, Jungbluth H, Treves S, 

Muntoni F. RyR1 deficiency in congenital myopathies disrupts excitation-

contraction coupling. Hum Mutat 2013; 34:986-996. 

[57] Clarke NF, Waddell LB, Cooper ST, Perry M, Smith RL, Kornberg AJ, 

Muntoni F, Lillis S, Straub V, Bushby K, Guglieri M, King MD, Farrell MA, 

Marty I, Lunardi J, Monnier N, North KN. Recessive mutations in RYR1 are a 

common cause of congenital fiber type disproportion. Hum Mutat 2010; 

31:E1544-1550. 

[58] Miska EA, Karlsson C, Langley E, Nielesen SJ, Pines J, Kouzaridesm T. 

HDAC4 deacetylase associates with and represses the MEF2 transcription 

factor MEF2 transcription factor. EMBO J. 1999; 18: 5099–5107. 

[59] Liu N, Williams AH, Kim Y, McAnally J, Bezprozvannaya S, Sutherland LB, 

Richardson JA, Bassel-Duby R, Olson E. An intragenic MEF2-dependent 

http://www.ncbi.nlm.nih.gov/pubmed/11274444
http://www.ncbi.nlm.nih.gov/pubmed/11274444
http://www.ncbi.nlm.nih.gov/pubmed/18394989
http://www.ncbi.nlm.nih.gov/pubmed/18394989
http://www.ncbi.nlm.nih.gov/pubmed/20583297
http://www.ncbi.nlm.nih.gov/pubmed/20583297


 29 

enhancer directs muscle-specific expression of microRNAs 1 and 133 Mef2 

and myomesin. Proc Natl Acad Sci US. 2007; 104: 20844-2084 

[60] Schmoelzl S, Leeb T, Brinkmeier H, Brem G , Brenig B. Regulation of 

tissue-specific expression of the skeletal muscle ryanodine receptor gene. J 

Biol Chem 1996; 271: 4763–4769. 

[61] Cherednichenko G, Hurne AM, Fessenden JD, Lee EH, Allen PD, Beam KG, 

Pessah IN. Conformational activation of Ca2+ entry by depolarization of 

skeletal myotubes. Proc Natl Acad Sci USA 2004; 101: 15793-15798. 

[62] Bannister RA, Pessah IN, Beam KG. The skeletal L-type Ca2+ channel is a 

major contributor to excitation-coupled Ca2+ entry. J Gen Physiol 2009; 133: 

79-91. 

[63] Cherednichenko G, Ward CW, Feng W, Cabrales E, Michaelson L, Samso M, 

López JR, Allen PD, Pessah IN. Enhanced excitation-coupled calcium entry in 

myotubes expressing malignant hyperthermia mutation R163C is attenuated 

by dantrolene. Mol Pharmacol. 2008; 73:1203-1212. 

[64] Carpenter D, Ringrose C, Leo V, Morris A, Robinson RL, Halsall PJ, 

Hopkins PM, Shaw MA. The role of CACNA1S in predisposition to 

malignant hyperthermia. BMC Med Genet 2009; 10:104. doi: 10.1186/1471-

2350-10-104. 

[65] Eltit JM, Bannister RA, Moua O, Altamirano F, Hopkins PM, Pessah IN, 

Molinsli TF, Lopez JR, Beam KG, Allen PD. Malignant hyperthermia 

susceptibility arising from altered resting coupling between the skeletal 

muscle L-type Ca2+ channel and the type 1 ryanodine receptor. Proc Natl 

Acad Sci USA 2012; 109: 7923-7828. 

[66] Weiss RG, O’Connell KM, Flucher BR, Allen PD, Grabner M, Dirksen RT. 

Functional analysis of the R1086H malignant hyperthermia mutation in the 

DHPR reveals an unexpected influence of the III-IV loop on skeletal muscle 

EC coupling. Am J Physiol Cell Physiol 2004; 287: C1094-C1102. 

[67] Stamm DS, Aylsworth AS, Stajich JM, Kahler SG, Thorne LB, Speer MC, 

Powell CM. Native American Myopathy: Congenital Myopathy With Cleft 

Palate, Skeletal Anomalies, and Susceptibility to Malignant Hyperthermia. 

Am J Med Genet 2008; 146A: 1832- 1841.  

[68] Dowling JJ, Lillis S, Amburgey K, Zhou H, Al-Sarraj S, Buk SJ, Wraige E, 

Chow G, Abbs S, Leber S, Lachlan K, Baralle D, Taylor A, Sewry C, Muntoni 

http://www.ncbi.nlm.nih.gov/pubmed/15505226
http://www.ncbi.nlm.nih.gov/pubmed/15505226
http://www.ncbi.nlm.nih.gov/pubmed/18171728
http://www.ncbi.nlm.nih.gov/pubmed/18171728
http://www.ncbi.nlm.nih.gov/pubmed/18171728
http://www.ncbi.nlm.nih.gov/pubmed/19825159
http://www.ncbi.nlm.nih.gov/pubmed/19825159


 30 

F, Jungbluth H. King-Denborough syndrome with and without mutations in 

the skeletal muscle ryanodine receptor (RYR1) gene. Neuromuscul Disord 

21:420-427  

[69] Horstick EJ, Linsley JW, Dowling JJ, Hauser MA, McDonald KK, Ashley-

Koch A, Saint-Amant L, Satish A, Cui WW, Zhou W, Sprague SM, Stamm 

DS, Powell CM, Speer MC, Franzini-Armstrong C, Hirata H, Kuwada JY. 

Stac3 is a component of the excitation-contraction coupling machinery and 

mutated in Native American myopathy. Nat Commun 2013; 4:1952. doi: 

10.1038/ncomms2952. 

[70] Reinholt BM, Ge X, Cong X, Gerrard DE, Jiang H. Stac3 is a novel regulator 

of skeletal muscle development in mice. PLoS One. 2013; 23;8:e62760. doi: 

10.1371/journal.pone.0062760.  

[71] Nelson BR, Wu F, Liu Y, Anderson DM, McAnally J, Lin W, Cannon SC, 

Bassel-Duby R, Olson EN. Skeletal muscle-specific T-tubule protein STAC3 

mediates voltage-induced Ca2+ release and contractility. Proc Natl Acad Sci 

USA 2013; 110:11881-11886. 

[72] Polster A, Perni S, Bichraoui H, Beam KG. Stac adaptor proteins regulate 

trafficking and function of muscle and neuronal L-type Ca2+ channels. Proc 

Natl Acad Sci U S A. 2015; 112:602-606. 

[73] Di Blasi C, Sansanelli S, Ruggieri A, Moriggi M, Vasso M, D'Adamo AP, 

Blasevich F, Zanotti S, Paolini C, Protasi F, Tezzon F, Gelfi C, Morandi L, 

Pessia M, Mora M. A CASQ1 founder mutation in three Italian families with 

protein aggregate myopathy and hyperCKaemia. J Med Genet 2015; 52: 617-

626. 

[74] Dainese M, Quarta M, Lyfenko AD, Paolini C, Canato M, Reggiani C, 

Dirksen RT, Protasi F. Anesthetic- and heat-induced sudden death in 

calsequestrin-1-knockout mice. FASEB J 2009; 23:1710-1720. 

[75] Michelucci A, Paolini C, Canato M, Wei-Lapierre L, Pietrangelo L, De 

Marco A, Reggiani C, Dirksen RT, Protasi F. Antioxidants protect 

calsequestrin-1 knockout mice from halothane- and heat-induced sudden death. 

Anesthesiology. 2015; 123:603-617. 

[76] Kurebayashi N, Ogawa Y. Depletion of Ca2+ in the sarcoplasmic reticulum 

stimulates Ca2+ entry into mouse skeletal muscle fibres. J Physiol 2001; 

533:185-199. 

http://www.ncbi.nlm.nih.gov/pubmed/23736855
http://www.ncbi.nlm.nih.gov/pubmed/23736855
http://www.ncbi.nlm.nih.gov/pubmed/23626854
http://www.ncbi.nlm.nih.gov/pubmed/23626854
http://www.ncbi.nlm.nih.gov/pubmed/23818578
http://www.ncbi.nlm.nih.gov/pubmed/23818578
http://www.ncbi.nlm.nih.gov/pubmed/25548159
http://www.ncbi.nlm.nih.gov/pubmed/25548159
http://www.ncbi.nlm.nih.gov/pubmed/26136523
http://www.ncbi.nlm.nih.gov/pubmed/26136523
http://www.ncbi.nlm.nih.gov/pubmed/19237502
http://www.ncbi.nlm.nih.gov/pubmed/19237502
http://www.ncbi.nlm.nih.gov/pubmed/26132720
http://www.ncbi.nlm.nih.gov/pubmed/26132720
http://www.ncbi.nlm.nih.gov/pubmed/11351027
http://www.ncbi.nlm.nih.gov/pubmed/11351027


 31 

[77] Pan Z, Yang D, Nagaraj RY, Nosek TA, Nishi M, Takeshima H, Cheng H, 

Ma J, Dysfunction of store-operated calcium channel in muscle cells lacking 

mg29. Nat Cell Biol 2002; 4:379-383. 

[78] Yarotskyy V, Dirksen RT. Temperature and RyR1 regulate the activation rate 

of store-operated Ca2+ entry current in myotubes. Biophys J 2012; 103: 202-

211. 

[79] Nakai J, Dirksen RT, Nguyen HT, Pessah IN, Beam KG, Allen PD. 

Enhanced dihydropyridine receptor channel activity in the presence of 

ryanodine receptor. Nature 1996; 380: 72-75. 

[80] Picard C, McCarl C-A, Papolos A, Khalil S, Luthy K, Hivroz C, LeDeist F, 

Rieux-Laucat F, Rechavi F, Rao A, Fischer A, Feske S. STIM1 mutation 

associated with a syndrome of immunodeficiency and autoimmunity. New 

Eng J Med 2009; 360: 1971-1980. 

[81] Feske S, Gwack Y, Prakriya M, Srikanth S, Puppel S-H, Tanasa B, Hogan P 

G, Lewis R S, Daly M, Rao A. A mutation in Orai1 causes immune deficiency 

by abrogating CRAC channel function. Nature 2006; 441: 179-185. 

[82] Nesin V, Wiley G, Kousi M, Ong EC, Lehmann T, Nicholl DJ, Suri M, 

Shahrizaila N, Katsanis N, Gaffney PM, Wierenga KJ, Tsiokas L. Activating 

mutations in STIM1 and ORAI1 cause overlapping syndromes of tubular 

myopathy and congenital miosis. Proc Natl Acad Sci USA 2014; 111: 4197-

4202. 

[83] Hedberg C, Niceta M, Fattori F, Lindvall B, Ciolfi A, D'Amico A, Tasca G, 

Petrini S, Tulinius M, Tartaglia M, Oldfors A, Bertini E. Childhood onset 

tubular aggregate myopathy associated with de novo STIM1 mutations. J 

Neurol 2014; 26:870-876. 

[84] Walter MC, Rossius M, Zitzelsberger M, Vorgerd M, Müller-Felber W, Ertl-

Wagner B, Zhang Y, Brinkmeier H, Senderek J, Schoser B. 50 years to 

diagnosis: Autosomal dominant tubular aggregate myopathy caused by a novel 

STIM1 mutation. Neuromuscul Disord 2015; 25: 577-584. 

[85] Peinelt C, Vig M, Koomoa DL, Beck A, Nadler MJ, Koblan-Huberson M, 

Lis A, Fleig A, Penner R, Kinet JP.  Amplification of CRAC current by 

STIM1 and CRACM1 (Orai1). Nat Cell Biol 2006; 8:771-773. 

[86] Fuchs S, Rensing-Ehl A, Speckmann C, Bengsch B, Schmitt-Graeff A, 

Bondzio I, Maul-Pavicic A, Bass T, Vraetz T, Strahm B, Ankermann T, 

http://www.ncbi.nlm.nih.gov/pubmed/8598910
http://www.ncbi.nlm.nih.gov/pubmed/8598910
http://www.ncbi.nlm.nih.gov/pubmed/24591628
http://www.ncbi.nlm.nih.gov/pubmed/24591628
http://www.ncbi.nlm.nih.gov/pubmed/24591628
http://www.ncbi.nlm.nih.gov/pubmed/24570283
http://www.ncbi.nlm.nih.gov/pubmed/24570283
http://www.ncbi.nlm.nih.gov/pubmed/25953320
http://www.ncbi.nlm.nih.gov/pubmed/25953320
http://www.ncbi.nlm.nih.gov/pubmed/25953320
http://www.ncbi.nlm.nih.gov/pubmed/16733527
http://www.ncbi.nlm.nih.gov/pubmed/16733527


 32 

Benson M, Caliebe A, Folster-Holst R, Kaiser P, Thimme R, Schamel W W, 

Schwarz K, Feske S, Ehl S. Antiviral and regulatory T cell immunity in a 

patient with stromal interaction molecule 1 deficiency. J Immun 2012; 188: 

1523-1533. 

[87] Launikonis BS, Rios E. Store operated Ca2+ entry during intracellular Ca2+ 

release in mammalian skeletal muscle. J Physiol 2007; 583: 81-97. 

[88] Stiber J, Hawkins A, Zhang ZS, Wang S, Burch J, Graham V, Ward CC, Seth 

M, Finch E, Malouf N, Williams RS, Eu JP, Rosenberg P. STIM1 signaling 

controls store-operated calcium entry required for development and contractile 

function in skeletal muscle. Nat Cell Biol 2008; 10:688-697. 

[89] Darbellay B, Arnaudeau S, König S, Jousset H, Bader C, Demaurex N, 

Bernheim L. STIM1- and Orai1-dependent store-operated calcium entry 

regulates human myoblast differentiation. J Biol Chem 2008; 284: 5370-5380. 

[90] McCarl CA, Picard, C, Khalil S, Kawasaki T, Röther J, Papolos A, Kutok J, 

Hivroz C, Ledeist F, Plogmann K, Ehl S, Notheis G, Albert MH, Belohradsky 

BH, Kirschner J, Rao A, Fischer A, Feske S. ORAI1 deficiency and lack of 

store-operated Ca2+ entry cause immunodeficiency, myopathy, and 

ectodermal dysplasia. J Allergy Clin Immunol 2009; 124: 1311-1318. 

[91] Gordon CP, Litz S. Multicore myopathy in a patient with anhidrotic dysplasia. 

Can J Anaesth 1992; 39: 966-968. 

[92] Völkers M, Dolatabadi N, Gude N, Most P, Sussman MA, Hassel D. Orai1 

deficiency leads to heart failure and skeletal myopathy in zebrafish. J Cell Sci 

2012; 125: 287-294. 

[93] Böhm J, Chevessier F, Maues De Paula A, Koch C, Attarian S, Feger C, 

Hantaï D, Laforêt P, Ghorab K, Vallat JM, Fardeau M, Figarella-Branger D, 

Pouget J, Romero NB, Koch M, Ebel C, Levy N, Krahn M, Eymard B, Bartoli 

M, Laporte J. Constitutive activation of the calcium sensor STIM1 causes 

tubular-aggregate myopathy. Am J Hum Genet 2013; 92: 271-278. 

[94] Endo Y, Noguchi S, Hara Y, Hayashi YK, Motomura K, Miyatake S, 

Murakami N, Tanaka S, Yamashita S, Kizu R, Bamba M, Goto Y, Matsumoto 

N, Nonaka I, Nishino I. Dominant mutations in ORAI1 cause tubular 

aggregate myopathy with hypocalcemia via constitutive activation of store-

operated Ca²⁺ channels. Hum Mol Genet 2015; 24: 637-648. 

http://www.ncbi.nlm.nih.gov/pubmed/18488020
http://www.ncbi.nlm.nih.gov/pubmed/18488020
http://www.ncbi.nlm.nih.gov/pubmed/18488020
http://www.ncbi.nlm.nih.gov/pubmed/19088073
http://www.ncbi.nlm.nih.gov/pubmed/19088073
http://www.ncbi.nlm.nih.gov/pubmed/20004786
http://www.ncbi.nlm.nih.gov/pubmed/20004786
http://www.ncbi.nlm.nih.gov/pubmed/20004786
http://www.ncbi.nlm.nih.gov/pubmed/22302996
http://www.ncbi.nlm.nih.gov/pubmed/22302996
http://www.ncbi.nlm.nih.gov/pubmed/23332920
http://www.ncbi.nlm.nih.gov/pubmed/23332920
http://www.ncbi.nlm.nih.gov/pubmed/25227914
http://www.ncbi.nlm.nih.gov/pubmed/25227914
http://www.ncbi.nlm.nih.gov/pubmed/25227914


 33 

[95] Morin G, Bruechle NO, Singh AR, Knopp C, Jedraszak G, Elbracht M, 

Brémond-Gignac D, Hartmann K, Sevestre H, Deutz P, Hérent D, Nürnberg P, 

Roméo B, Konrad K, Mathieu-Dramard M, Oldenburg J, Bourges-Petit E, 

Shen Y, Zerres K, Ouadid-Ahidouch H, Rochette J. Gain-of-Function 

Mutation in STIM1 (P.R304W) Is Associated with Stormorken Syndrome. 

Hum Mutat 2014; 35: 1221-1232. 

[96] Misceo D, Holmgren A, Louch WE, Holme PA, Mizobuchi M, Morales RJ, 

De Paula AM, Stray-Pedersen A, Lyle R, Dalhus B, Christensen G, 

Stormorken H, Tjønnfjord GE, Frengen E. A dominant STIM1 mutation 

causes Stormorken syndrome.  Hum Mutat 2014; 35: 556-564. 

[97] Nesin V, Wiley G, Kousi M, Ong EC, Lehmann T, Nicholl DJ, Suri M, 

Shahrizaila N, Katsanis N, Gaffney PM, Wierenga KJ, Tsiokas L. Activating 

mutations in STIM1 and ORAI1 cause overlapping syndromes of tubular 

myopathy and congenital miosis. Proc Natl Acad Sci U S A. 2014; 111:4197-

4202. 

[98] Böhm J, Chevessier F, Koch C, Peche GA, Mora M, Morandi L, Pasanisi B, 

Moroni I, Tasca G, Fattori F, Ricci E, Pénisson-Besnier I, Nadaj-Pakleza A, 

Fardeau M, Joshi PR, Deschauer M, Romero NB, Eymard B, Laporte J. 

Clinical, histological and genetic characterisation of patients with tubular 

aggregate myopathy caused by mutations in STIM1. J Med Genet. 2014; 

51:824-833. 

[99] Voermans NC, Laan AE, Oosterhof A, van Kuppevelt TH, Drost G, 

Lammens M, Kamsteeg EJ, Scotton C, Gualandi F, Guglielmi V, van den 

Heuvel L, Vattemi G, van Engelen BG. Brody syndrome: a clinically 

heterogeneous entity distinct from Brody disease: a review of literature and a 

cross-sectional clinical study in 17 patients. Neuromuscul Disord 2012; 

22:944-954. 

[100] Odermatt A, Taschner PE, Khanna VK, Busch HF, Karpati G, Jablecki 

CK, Breuning MH, MacLennan DH. Mutations in the gene-encoding 

SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+ 

ATPase, are associated with Brody disease. Nat Genet. 1996; 14:191-194. 

[101] Odermatt A, Barton K, Khanna VK, Mathieu J, Escolar D, Kuntzer T, 

Karpati G, MacLennan DH. The mutation of Pro789 to Leu reduces the 

activity of the fast-twitch skeletal muscle sarco(endo)plasmic reticulum Ca2+ 

http://www.ncbi.nlm.nih.gov/pubmed/25044882
http://www.ncbi.nlm.nih.gov/pubmed/25044882
http://www.ncbi.nlm.nih.gov/pubmed/24619930
http://www.ncbi.nlm.nih.gov/pubmed/24619930
http://www.ncbi.nlm.nih.gov/pubmed/22704959
http://www.ncbi.nlm.nih.gov/pubmed/22704959
http://www.ncbi.nlm.nih.gov/pubmed/22704959
http://www.ncbi.nlm.nih.gov/pubmed/8841193
http://www.ncbi.nlm.nih.gov/pubmed/8841193
http://www.ncbi.nlm.nih.gov/pubmed/8841193
http://www.ncbi.nlm.nih.gov/pubmed/10914677
http://www.ncbi.nlm.nih.gov/pubmed/10914677


 34 

ATPase (SERCA1) and is associated with Brody disease. Hum Genet. 

2000:106:482-491. 

[102] MacLennan DH. Ca2+ signalling and muscle disease. Eur J Biochem. 

2000; 267:5291-5297. 

[103] MacLennan DH, Abu-Abed M, Kang C. Structure-function 

relationships in Ca2+ cycling proteins. J Mol Cell Cardiol. 2002; 34:897-918. 

[104] Karpati G, Charuk J, Carpenter S, Jablecki C, Holland P. Myopathy 

caused by a deficiency of Ca2+-adenosine triphosphatase in sarcoplasmic 

reticulum (Brody's disease). Ann Neurol 1986; 20: 38-49. 

[105] De Ruiter CJ, Wevers RA, Van Engelen BG, Verdijk PW, De Haan A. 

Muscle function in a patient with Brody’s disease. Muscle Nerve 1999; 

22:704-711. 

[106] Benders AA, Veerkamp JH, Oosterhof A, Jongen PJ, Bindels RJ, Smit 

LM, Busch HF, Wevers RA. Ca2+ homeostasis in Brody's disease. A study in 

skeletal muscle and cultured muscle cells and the effects of dantrolene an 

verapamil. J Clin Invest 1994; 94: 741-748. 

[107] Vattemi G, Gualandi F, Oosterhof A, Marini M, Tonin P, Rimessi P, 

Neri M, Guglielmi V, Russignan A, Poli C, van Kuppevelt TH, Ferlini A, 

Tomelleri G. Brody disease: insights into biochemical features of SERCA1 

and identification of a novel mutation. Neuropathol Exp Neurol 2010; 69:246-

252. 

[108] Drögemüller C, Drögemüller M, Leeb T, Mascarello F, Testoni S, 

Rossi M, Gentile A, Damiani E, Sacchetto R. Identification of a missense 

mutation in the bovine ATP2A1 gene in congenital pseudomyotonia of 

Chianina cattle: an animal model of human Brody disease. Genomics 2008; 

92:474-477. 

[109] Bianchini E, Testoni S, Gentile A, Calì T, Ottolini D, Villa A, Brini M, 

Betto R, Mascarello F, Nissen P, Sandonà D, Sacchetto R. Inhibition of 

ubiquitin proteasome system rescues the defective sarco(endo)plasmic 

reticulum Ca2+-ATPase (SERCA1) protein causing Chianina cattle 

pseudomyotonia. J Biol Chem 2014; 289:33073-33082. 

[110] Olson BE, Sgourdou P, Downes GB. Analysis of a zebrafish 

behavioral mutant reveals a dominant mutation in atp2a1/SERCA1. Genesis 

2010; 48: 354-361. 

http://www.ncbi.nlm.nih.gov/pubmed/10951187
http://www.ncbi.nlm.nih.gov/pubmed/12234762
http://www.ncbi.nlm.nih.gov/pubmed/12234762
http://www.ncbi.nlm.nih.gov/pubmed/?term=Karpati%20G%5BAuthor%5D&cauthor=true&cauthor_uid=2943216
http://www.ncbi.nlm.nih.gov/pubmed/?term=Charuk%20J%5BAuthor%5D&cauthor=true&cauthor_uid=2943216
http://www.ncbi.nlm.nih.gov/pubmed/?term=Carpenter%20S%5BAuthor%5D&cauthor=true&cauthor_uid=2943216
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jablecki%20C%5BAuthor%5D&cauthor=true&cauthor_uid=2943216
http://www.ncbi.nlm.nih.gov/pubmed/?term=Holland%20P%5BAuthor%5D&cauthor=true&cauthor_uid=2943216
http://www.ncbi.nlm.nih.gov/pubmed/8040329
http://www.ncbi.nlm.nih.gov/pubmed/8040329
http://www.ncbi.nlm.nih.gov/pubmed/8040329
http://www.ncbi.nlm.nih.gov/pubmed/20142766
http://www.ncbi.nlm.nih.gov/pubmed/20142766
http://www.ncbi.nlm.nih.gov/pubmed/18786632
http://www.ncbi.nlm.nih.gov/pubmed/18786632
http://www.ncbi.nlm.nih.gov/pubmed/18786632
http://www.ncbi.nlm.nih.gov/pubmed/25288803
http://www.ncbi.nlm.nih.gov/pubmed/25288803
http://www.ncbi.nlm.nih.gov/pubmed/25288803
http://www.ncbi.nlm.nih.gov/pubmed/25288803


 35 

[111] Okamoto Y, Takashima H, Higuchi I, MatsuyamaW, Suehara M, 

Nishihira Y, Hashiguchi A, Hirano R, Ng A R, Nakagawa M, Izumo S, Osame 

M, Arimura K. Molecular mechanism of rigid spine with muscular dystrophy 

type 1 caused by novel mutations of selenoprotein N gene. Neurogenetics 

2006; 7: 175 -183. 

[112] Tajsharghi H, Darin N, Tulinius M, Oldfors A. Early onset myopathy 

with a novel mutation in the selenoprotein N gene. Neuromuscul. Disorders 

2005; 15: 299 -302. 

[113] Zorzato F, Jungbluth H, Zhou H, Muntoni F, Treves S. Functional 

effects of mutations identified in patients with Multiminicore disease. IUBMB 

Life 2007; 59:14-20. 

[114] Petit N, Lescure A, Rederstorff M, Krol A, Moghadaszadeh B, Wewer 

UA, Guicheney P. Selenoprotein N: an endoplasmic reticulum glycoprotein 

with an early developmental expression pattern. Hum Mol Genet 2003; 12: 

1043-1053. 

[115] Arbogast S, Beuvin M, Fraysse B, Zhou H, Muntoni F, Ferreiro A. 

Oxaditavie stress in SEPN1- related myopathy: from pathophysiology to 

treatment. Ann Neurol 2009; 65: 677-686. 

[116] Jurynec MJ, Xia R, Mackrill JJ, Gunther D, Crawford T, Flanigan KM, 

Abramson JJ, Howard MT, Grunwald DJ. Selenoprotein N is required for 

ryanodine receptor calcium release channel activity in human and zebrafish 

muscle. Proc Natl Acad Sci USA 2008; 105:12485-12490. 

[117] Deniziak M, Thisse C, Rederstorff M, Hindelang C, Thisse B, Lescure 

A. Loss of selenoprotein N function causes disruption of muscle architecture 

in the zebrafish embryo. Exp Cell Res 2007; 313: 156-167. 

[118] Castets P, Bertrand AT, Beuvin M, Ferry A, Le Grand F, Castets M, 

Chazot G, Rederstorff M, Krol A, Lescure A, Romero NB, Guicheney P, 

Allamand V. Satellite cell loss and impaired muscle regeneration in 

selenoprotein N deficiency. Hum Mol Genet 2011; 20: 694-670. 

[119] Rederstorff M, Castets P, Arbogast S, Lainé J, Vassilopoulos S, 

Beuvin M, Dubourg O, Vignaud A, Ferry A, Krol A, Allamand V, Guicheney 

P, Ferreiro A, Lescure A. Increased muscle stress-sensitivity induced by 

selenoprotein N inactivation in mouse: a mammalian model for SEPN1-related 

myopathy. PloS One 2011; 6: e23094 doi: 10.1371/journal.pone.0023094. 

http://www.ncbi.nlm.nih.gov/pubmed/18713863
http://www.ncbi.nlm.nih.gov/pubmed/18713863
http://www.ncbi.nlm.nih.gov/pubmed/18713863
http://www.ncbi.nlm.nih.gov/pubmed/21131290
http://www.ncbi.nlm.nih.gov/pubmed/21131290
http://www.ncbi.nlm.nih.gov/pubmed/21858002
http://www.ncbi.nlm.nih.gov/pubmed/21858002
http://www.ncbi.nlm.nih.gov/pubmed/21858002


 36 

[120] Marino M, Stoilova T, Giorgi C, Bach A, Cattaneo A, Auricchio A, 

Pintol P, Zito E SEPN1, an endoplasmic reticulum-localized selenoprotein 

linked to skeletal muscle pathology, counteracts hyperoxidation by means of 

redox-regulating SERCA2 pump activity. Hum Mol Genet 2015; 24: 1843- 

1855. 

[121] Laporte J, Hu LJ, Kretz C, Mandel JL, Kioschis P, Coy JF, Klauck SM, 

Poustka A, Dahl N. A gene mutated in X-linked myotubular myopathy defines 

a new putative tyrosine phosphatase family conserved in yeast. Nat Genet 

1996; 13:175–182. 

[122] Hnia K, Vaccari, I., Bolino A, Laporte J Myotubularin 

phosphoinositide phosphatases: cellular functions and disease 

pathophysiology. Trends Mol Med 2012; 18: 317-327. 

[123] Dowling JJ, Vreede AP, Low SE, Gibbs EM, Kuwada JY, Bonnemann 

CG, Feldman EL. Loss of myotubularin function results in T-tubule 

disorganization in zebrafish and human myotubular myopathy. PLoS Genet. 

2009 Feb;5(2):e1000372. doi: 10.1371/journal.pgen.1000372. 

[124] Al-Qusairi L, Weiss N, Toussaint A, Berbey C, Messaddeq N, Kretz C, 

Sanoudou D, Beggs AH, Allard B, Mandel JL, Laporte J, Jacquemond V, Buj-

Bello A. T-tubule disorganization and defective excitation-contraction 

coupling in muscle fibres lacking myotubularin lipid phosphatase. Proc Natl 

Acad Sci U S A 2009; 106: 18763–18768. 

[125] Chien A J, Zhao X, Shirokov R E, Puri T S, Chang C F, Sun D, Rios E, 

Hosey M M .Roles of a membrane-localized beta subunit in the formation and 

targeting of functional L-type Ca2+ channels. J Biol Chem 1995; 270: 30036-

30044. 

[126] Berthier C, Kutchukian C, Bouvard C, Okamura Y, Jacquemond V. 

Depression of voltage-activated Ca2+ release in skeletal muscle by activation 

of a voltage-sensing phosphatase. J Gen Physiol 2015; 145: 315-330. 

[127] Shen J, YuWM, BrottoM, Scherman JA, Guo C, Stoddard C, Nosek 

TM, Valdivia HH, Qu CK. Deficiency of MIP/MTMR14 phosphatase induces 

a muscle disorder by disrupting Ca2+ homeostasis. Nat Cell Biol 2009; 

11:769-776. 

[128] Rodriguez EG, Lefebvre R, Bodnar D, Legrand C, Szentei P, Vincze J, 

Poulard K, Bertrand-Michel J, Csernoch L, Buj-Bello A. Phosphoinositide 

http://www.ncbi.nlm.nih.gov/pubmed/19197364
http://www.ncbi.nlm.nih.gov/pubmed/19197364


 37 

substrates of myotubularin affect voltage-activated Ca2+ release in skeletal 

muscle. Eur J Physiol 2014; 466:973–985. 

[129] Pierson CR, Dulin-Smith AN, Durban AN, Marshall ML, Marshall JT, 

Snyder AD, Naiyer N, Gladman JT, Chandler DS, Lawlor MW, Buj-Bello A, 

Dowling JJ, Beggs AH Modeling the human MTM1 p.R69C mutation in 

murine Mtm1 results in exon 4 skipping and a less severe myotubular 

myopathy phenotype. Hum Mol Genet 2012; 21: 811- 825. 

[130] Herman GE, Kopacz K, Zhao W, Mills PL, Metzenberg A, Das S. 

Characterization of mutations in fifty North American patients with X-linked 

myotubular myopathy Hum Mutat 2012; 19:114-121. 

[131] Biancalana V, Caron O, Gallati S, Baas F, Kress W, Novelli G, 

D'Apice MR, Lagier-Tourenne C, Buj-Bello A, Romero NB, Mandel JL. 

Characterisation of mutations in 77 patients with X-linked myotubular 

myopathy, including a family with a very mild phenotype. Hum Genet. 2003; 

112:135-142. 

[132] Tjondrokoesoemo A, Park KH, Ferrante C, Komazaki S, Lesniak S, 

Brotto M, Ko JK, Zhou J, Weisleder N, Ma J. Disrupted membrane structure 

and intracellular Ca²⁺ signaling in adult skeletal muscle with acute knockdown 

of Bin1. PLoS One. 2011; 6(9): e25740. doi: 10.1371/journal.pone.0025740. 

[133] Fattori F, Maggi L, Bruno C, Cassandrini D, Codemo V, Catteruccia 

M, Tasca G, Berardinelli A, Magri F, Pane M, Rubegni A, Santoro L, 

Ruggiero L, Fiorini P, Pini A, Mongini T, Messina S, Brisca G, Colombo I, 

Astrea G, Fiorillo C, Bragato C, Moroni I, Pegoraro E, D'Apice MR, Alfei E, 

Mora M, Morandi L, Donati A, Evilä A, Vihola A, Udd B, Bernansconi P, 

Mercuri E, Santorelli FM, Bertini E, D'Amico A. Centronuclear myopathies: 

genotype-phenotype correlation and frequency of defined genetic forms in an 

Italian cohort. J Neurol 2015 262: 1728-1740. 

[134] Gibbs EM, Davidson AE, Telfer WR, Feldman EL, Dowling JJ. The 

myopathy-causing mutation DNM-S619L leads to defective tubulation in vitro 

and in developing zebrafish. Dis Model Mech 2014; 7: 157-161. 

[135] Durieux AC, Vignaud A, Prudhon B, Viou MT, Beuvin M, 

Vassilopoulos S, Fraysse B, Ferry A, Lainé J, Romero NB, Guicheney P, 

Bitoun M. A centronuclear myopathy-dynamin 2 mutation impairs skeletal 

http://www.ncbi.nlm.nih.gov/pubmed/12522554
http://www.ncbi.nlm.nih.gov/pubmed/12522554
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tjondrokoesoemo%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Park%20KH%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ferrante%20C%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Komazaki%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lesniak%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brotto%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ko%20JK%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zhou%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Weisleder%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ma%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21984944
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fattori%20F%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Maggi%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bruno%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cassandrini%20D%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Codemo%20V%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Catteruccia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Catteruccia%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Tasca%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Berardinelli%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Magri%20F%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pane%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Rubegni%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Santoro%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ruggiero%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fiorini%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pini%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mongini%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Messina%20S%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Brisca%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Colombo%20I%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Astrea%20G%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fiorillo%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bragato%20C%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moroni%20I%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pegoraro%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=D%27Apice%20MR%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Alfei%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mora%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morandi%20L%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Donati%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Evil%C3%A4%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Vihola%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Udd%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bernansconi%20P%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Mercuri%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Santorelli%20FM%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bertini%20E%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/?term=D%27Amico%20A%5BAuthor%5D&cauthor=true&cauthor_uid=25957634
http://www.ncbi.nlm.nih.gov/pubmed/25957634
http://www.ncbi.nlm.nih.gov/pubmed/25957634
http://www.ncbi.nlm.nih.gov/pubmed/25957634
http://www.ncbi.nlm.nih.gov/pubmed/20858595


 38 

muscle structure and function in mice.  Hum Mol Genet 2010; 15: 4820-4836. 

[136] Adam J, Basnet N, Mizuno N. Structural insights into the cooperative 

remodeling of membranes by amphiphysin/BIN1. Sci Rep 2015; 5: 15452. 

Doi:10.1038/srep15452. 

[137] Böhm J, Biancalana V, Malfatti E, Dondaine N, Koch C, Vasli N, 

Kress W, Strittmatter M, Taratuto AL, Gonorazky H, Laforêt P, Maisonobe T, 

Olivé M, Gonzalez-Mera L, Fardeau M, Carrière N, Clavelou P, Eymard B, 

Bitoun M, Rendu J, Fauré J, Weis J, Mandel JL, Romero NB, Laporte J. 

Adult-onset autosomal dominant centronuclear myopathy due to BIN1 

mutations. Brain. 2014; 137:3160-3170. 

 

 

 

  

http://www.ncbi.nlm.nih.gov/pubmed/25260562
http://www.ncbi.nlm.nih.gov/pubmed/25260562


 39 

 

FIGURE LEGENDS 

 

Figure 1: Schematic representation of the protein components of skeletal muscle 

sarcoplasmic reticulum (reproduced from [4]). The DHPRs (2) in the transverse 

tubules face the RyR1s (1) on the terminal cisternae junctional face membrane. The 

structural proteins triadin (TRISC, 5) and junctin (6) are shown to interact with the 

carboxy-terminal domain of the RyR1 and with the luminal calcium binding protein 

calsequestrin (CSQ, 3). The luminal domain of JP-45 (7) interacts with calsequestrin 

while its cytoplasmic domain interacts with the DHPR. The SERCA pumps (4) are on 

the longitudinal sarcoplasmic reticulum; the minor protein components junctate (8), 

mitsugumin- 29 (MG-29, 9) and junctophillin (11) are also indicated. Red spheres 

represent Ca
2+

 ions; yellow spheres represent K
+
 ions. 

 

Figure 2: Prolonged depolarization induces nuclear translocation of NFAT and 

may be linked to increased level of circulating IL-6. A. Myotubes from a control 

and CCD individual were untreated or treated with 500 µM ryanodine and incubated 

with 60 mM KCl for 20 seconds and then with Krebs Ringer for a total of 5 minutes 

at 37°C. Cells were fixed and processed for immunofluorescence. Images (60X TIRF 

objective) show epifluorescence using anti-NFATc1 Ab (green) and DAPI (blue) for 

nuclear staining. Bar =30 µm. B. Bar histograms showing the nuclear to cytoplasmic 

NFATc1 fluorescence intensity in cells from 3 different control individuals (n ranged 

between 25-35 individual cells) and 2 different CCD individuals (n ranged between 

32-38 individual cells) in untreated cells (white bars) and cells treated with 60 mM 

KCl plus 2 mM Ca
2+

 for 20 seconds and then incubated with Krebs Ringer for 5 min 

(light grey) or 30 min (dark grey). The area over the nucleus was selected using the 

DAPI image and transferred to the NFATc1 fluorescence image using the “transfer 

region option” of the Metamorph software package. Average fluorescent intensity in 

nuclei and region excluding nuclei were calculated with Metamorph. *P<0.03 

compared to controls (from [53]). C. Plot of (logarithmic) serum concentrations of IL-

6 in different groups of patients. Each symbol represents the mean triplicate IL-6 

value obtained from a single individual. P values were statistically significant 

between controls and MHS individuals and control and CCD patients. 
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Figure 3 Cartoon depicting how mutations in RYR1 may lead to a decrease in 

RyR1 content. Recessive mutations in the RYR1 gene are accompanied by epigenetic 

modifications leading to DNA hyper-methylation and HDAC-4/HDAC-5 over-

expression. This causes mef-2 sequestration thereby inhibiting transcription of genes 

regulated by mef-2, including the RYR1 and muscle-specific miRs. A decrease in 

RyR1 would severely affect muscle excitation-contraction coupling since this calcium 

channel is a central player in this mechanism, releasing the calcium necessary for 

muscle contraction from the sarcoplasmic reticulum. 
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