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ABSTRACT 

 

Herculean strength has always fascinated humans. Several studies have suggested that 

muscular strength is a trait proposing that genetic factors contribute to the development of an 

increased strength phenotype. Most male French-Canadian settlers that came to Quebec during 

the French Regime (1608-1760) were soldiers chosen by merchants for their strength. This may 

have influenced the relative increase in carrier frequencies of certain alleles related to muscle 

strength that have been passed down through generations in Quebec. We recruited several 

French-Canadian families with individuals presenting a muscle disorder that we have called the 

Strongman trait (ST). Affected individuals present with a familial and personal history of 

superior strength, which is accompanied by myalgia, prolonged contractions and weakness after 

repetitive contractions as negative symptoms, and superior muscle strength and mass as positive 

findings. We identified an autosomal dominant mutation segregating in two families in an 

uncharacterized gene called DC-STAMP Domain Containing 2 (DCST2). By further exploring 

the function of DCST2, we found that it is localized to the sarcoplasmic reticulum (SR) and 

forms puncta that lie juxtaposed to the transverse-tubules (TT) in the I-band. We observed that 

DCST2 formed larger puncta in the muscle of a ST patient and it often colocalized with stromal 

interaction molecule 1 (STIM1) and ATPase sarcoplasmic/endoplasmic reticulum Ca2+ 

transporting 1 (SERCA1), a finding that was rarely observed in control muscles. We performed 

an unbiased approach through a proximity biotinylation (BioID) assay to identify some DCST2’s 

proximity interactors. Several proteins of the endoplasmic reticulum (ER) were identified as well 

as important proteins involved with cellular calcium handling. Two of the proteins involved with 

calcium handling with the highest scores in the BioID were STIM1 and coiled-coil domain 

containing 47 (CCDC47 or calumin). Considering that these two proteins have been described to 

have important roles as calcium sensors influencing ER calcium replenishing through the store-

operated calcium entry (SOCE), we then performed cellular calcium assays to identify if the 

mutation in DCST2 could have an effect on cellular calcium transients. We observed that ST 

differentiating myoblasts elicited lower SR calcium release and we confirmed that this effect is 

probably due to a defective SERCA activity that is unable to properly reuptake calcium ions 

from the cytosol back to the SR. We also detected lower extracellular calcium entry by 
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measuring calcium-release calcium activated (CRAC) channels activity. This result indicated 

that STIM1 is partially dysfunctional to allow proper extracellular calcium entry through the 

CRAC channels. We also detected that ST myoblasts presented a greater number of larger 

DCST2 puncta and that this number tended to increase when cells were exposed to calcium 

deficit stress. These larger DCST2 puncta also contained STIM1 and SERCA1 suggesting that 

DCST2 is probably involved in the dynamics of STIM1-SERCA1 multi-protein complex 

formation. DCST2-L759P found in the ST cells appears to lead to an improper complex 

formation impacting cellular calcium transients. We showed that ST patients that do not carry 

DCST2 mutations presented overlapping clinical and pathological (larger DCST2 puncta) 

features as ST patients carrying a DCST2 mutation, underlining that they could be used to 

support the ST diagnosis in a clinical setting. This thesis presents the original description of the 

ST phenotype and the identification of its first causal gene while concluding that calcium 

handling dysfunctions are responsible for this new Herculean myopathy. 
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RÉSUMÉ 

 

La force herculéenne a toujours fasciné les êtres humains. Plusieurs études suggèrent que 

la force musculaire est un trait et que des facteurs génétiques contribuent au développement d’un 

phénotype de force accrue. Durant le Régime français (1608-1760), la majorité des colons 

Canadien français qui arrivèrent au Québec furent des soldats choisis par les marchands 

intéressés par leur force physique. Ceci pourrait avoir eu une incidence sur l’augmentation 

relative de la fréquence de porteurs de certains allèles liés à la force musculaire et transmis à 

travers les générations au Québec. Nous avons recruté plusieurs familles canadiennes-françaises 

avec des individus qui présentent un trouble musculaire que nous appelons le trait de l’homme 

fort (THF). Les individus atteints présentent une histoire personnelle et familiale de force accrue. 

Celle-ci s’accompagne de symptômes négatifs tels que la myalgie, des contractions prolongées et 

une faiblesse aux contractions répétées, et de symptômes positifs, tels qu’une force et masse 

musculaire supérieure. Nous avons identifié des mutations autosomiques dominantes ségrégant 

dans deux familles dans un gène de fonction inconnue appelé DC-STAMP domain containing 2 

(DCST2). En explorant la fonction de DCST2, nous avons découvert qu’il se localise dans le 

réticulum sarcoplasmique (RS) et qu’il forme des puncta juxtaposés aux tubules transverses dans 

la bande-I du sarcomère. Nous avons observé que DCST2 forme des puncta plus larges dans le 

muscle d’un patient HF et qu’il est fréquemment colocalisé avec la molécule d’interaction 

stromale 1 (STIM1) et l’ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1 

(SERCA1) ; trouvaille rarement observée chez les contrôles. Nous avons complété un essai non-

biaisé de BioID pour identifier des interacteurs à proximité de DCST2. Plusieurs protéines du 

réticulum endoplasmique (RE) ont été identifiées ainsi que des protéines importantes liées au 

contrôle de l’homéostasie calcique cellulaire. Deux de ces protéines avec le score le plus élevé 

étaient STIM1 et coiled-coil domain containing 47 (CCDC47 ou calumin). Étant donné que ces 

deux protéines sont connues d’avoir des rôles clés qu’influencent le remplissage de calcium du 

RE à travers de l’entrée du calcium dépendant de la libération des réserves (ECDLR), nous avons 

décidé de procéder à des essaies de calcium afin de savoir si la mutation dans DCST2 pourrait 

influencer l’homéostasie calcique cellulaire. Nous avons observé que les myoblastes en 

différentiation d’un patient avec le THF évoquèrent moins la libération du calcium du RS et nous 
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avons confirmé que cet effet est probablement dû à une dysfonction partielle au niveau de 

l’activité SERCA qui n’est pas en mesure de pomper le calcium du cytosol vers le RS. De plus, 

nous avons détecté une entrée diminuée de calcium extracellulaire en mesurant l’activité de 

canaux de calcium activés par le calcium (ACCAC). Ce résultat nous a indiqué que STIM1 a 

aussi une dysfonction partielle diminuant l’entrée du calcium extracellulaire. Nous avons de plus 

observé que ces mêmes myoblastes ont présenté une quantité plus élevée de puncta plus larges et 

que ce nombre a tendance à augmenter lorsque les cellules sont exposées au stress d’un déficit en 

calcium. Ces puncta plus larges de DCST2 contenaient également STIM1 et SERCA1, ce qui 

suggère que DCST2 est probablement impliqué dans la dynamique de la formation du complexe 

multi-protéique de STIM1-SERCA1. La protéine DCST2-L759P trouvée chez les patients avec 

le THF semble être liée à la formation erronée d’un complexe protéique qui cause un impact 

dans l’homéostasie calcique cellulaire. Nous avons démontré également que les patients avec le 

THF qui ne présentent pas de mutations dans DCST2 présentent un chevauchement des 

caractéristiques cliniques et pathologiques (puncta plus larges de DCST2) tout comme les 

patients ayant la mutation dans DCST2, soulignant le fait que ces données pourront être utilisées 

pour appuyer le diagnostic des patients avec le THF dans un milieu clinique. Cette thèse 

présente la description originale du phénotype du THF et l’identification du gène responsable de 

la maladie et conclue que la dysfonction au niveau de l’homéostasie du calcium est responsable 

de ce nouveau phénotype qui cause une myopathie herculéenne.  
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PREFACE 

 

This thesis is written according to the guidelines of the McGill University Graduate and 

Postdoctoral Studies Office. It is presented in the manuscript-based format for a Doctoral thesis. 

The studies described herein were performed under the supervision of Dr. Bernard Brais. This 

thesis provides important advances on two main subjects related to the new Herculean myalgic 

disorder called the Strongman trait: i) the identification and characterization of a new mutation in 

a gene of unknown function, and ii) the clinical and pathological characterization of the 

Strongman trait.  

 This thesis is composed by five chapters. Chapter 1 contains a general introduction 

reviewing important literature information relevant to this thesis. Chapter 2 presents one 

manuscript describing the characterization of a new Herculean myalgic trait and the impact of its 

casual mutation. This first manuscript was submitted to Brain. Chapter 3 is a manuscript in 

preparation, to be submitted once a few remaining results are obtained. It describes the clinical 

and molecular overlaps in patients carrying or not the mutation found on chapter 2. Chapter 4 

presents a broad discussion of the previous chapter, and finally Chapter 5 provides the general 

conclusion and future directions.  
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imaging and quantification, interpreted data and wrote the paper. X.A. and R.R. screened the 

variant in the ST patients and performed some of the immunofluorescent labeling. T.T. and R.H. 

provided age-match control muscle biopsies and contributed to the analyses of the biopsy results. 

J.K. provided skeletal muscle sections stained with H&E, Gomori Thricome and NADH. E.K.O 
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evaluated clinically the ST patients and performed the muscle biopsies. B.B. recruited and 

evaluated clinically ST patients, designed the experiments, interpreted data, coordinated the 

study and wrote the paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



23 
 

Original Contribution to Knowledge 

  

The work described in this thesis provides meaningful contributions to a better 

understanding of the clinical and molecular basis of a new Herculean myalgic muscle disorder: 

the Strongman Trait (ST).  

Chapter 2 shows original data about a new dominant mutation in two French-Canadian 

families presenting a new Strongman trait in DCST2, a gene of uncharacterized function.  We 

demonstrate for the first time the localization of DCST2 in skeletal muscle and myoblasts, and 

the effect of the mutation in the dynamics of DCST2 puncta formation. All the localization data 

and western blot data for DCST2 was generated with a new proprietary polyclonal DCST2 

antibody that was validated and showed to have specific activity. In addition, we provide 

information about some of DCST2’s binding partners. Moreover, we show that this novel 

DCST2 mutation can influence important cellular calcium handling mechanisms explaining in 

part the signs and symptoms present ST patients. Together our original results demonstrate that 

the Strongman trait is a new myopathy and that it should be considered as a diagnosis in 

individuals with negative workups presenting with myalgia, prolonged contractions and reduced 

endurance, prominent muscles and personal and familial history of supra normal strength. 

Chapter 3 describes common clinical and pathological features in Strongman trait 

patients between patients whether or not they carry or not a DCST2 mutation. We show that in 

the muscle of these DCST2 negative patients, the size, number and content of the DCST2 puncta 

can serve as a shared confirmatory finding for all ST cases despite the underlining mutation. 
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CHAPTER 1: General Introduction 

 

Herculean strength has been a subject of fascination in the history of mankind. French-

Canadian celebrities like Victor Delamarre or Louis Cyr are just some examples of individuals 

that became very popular due to their power performances, which went far beyond normal 

strength 1,2. Moreover, Louis Cyr had a daughter who was also known to be very strong, 

supporting the hypothesis that muscular strength is a hereditary dominant trait 1. The French-

Canadian population has frequently been the source of studies for genetic diseases due to its 

founder effect 3,4. One can speculate that, since a large fraction of male immigrants during the 

French Regime (1608-1760) were soldiers or men chosen by merchants to transport heavy goods, 

that many may have had above average muscle mass and strength 5. This historical emigration 

bias may have favoured the introduction of certain alleles related to muscle strength and make 

them, centuries later, more frequent in the French-Canadian population. In this thesis, we took 

advantage of having access to a very large French-Canadian family and a large cohort of patients 

presenting familial symptoms of muscle pain accompanied by superior muscle strength to 

identify a first gene for a Strongman trait. 

In Chapter 2, I focus on the identification and characterization of an original mutation in 

the DCST2 gene found in two French-Canadian families presenting with what we describe as the 

new Strongman trait. I start this chapter with an introduction on the description of the clinical 

spectrum of the patients that were selected for this study, following by the identification and 

validation of a mutation in the DCST2 gene. We report that this gene codes for a protein of 

unknown function that localizes to the I-band of skeletal muscles in enlarged puncta with 

proteins that play important roles in calcium handling. We show that the DCST2 mutation leads 

to a perturbation of calcium levels that may explain the clinical phenotype 

In Chapter 3, I present evidence that quantification of DCST2 and SERCA1 positive 

puncta in muscle can be used to support the diagnosis of the Strongman trait in cases that do not 

carry a DCST2 mutation.  
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1.1 Skeletal muscle properties 

1.1.1 Skeletal muscle structure and composition 

Skeletal muscle is a highly organized tissue responsible for generating voluntary 

movements, present since early in evolution from invertebrates to vertebrates. Moreover, it is 

involved in posture, breathing, various metabolic pathways and immunological response in 

higher vertebrates. In humans, the skeletal muscle represents approximately half of the total body 

weight and thus considered the most abundant tissue of the human body 6,7. 

Skeletal muscle tissue is mainly composed of polygonal elongated multinucleated cells 

that are called myofibers (or muscle fibers) which can reach up to 100 m2 in diameter and 30 

cm in length. During development, embryonic myoblasts fuse to several other myoblasts to form 

multinucleated myofibers. These multiple nuclei ensure the production of large amounts of 

proteins and enzymes necessary for muscle contraction. Within the cytosol of each myofiber, 

there are numerous thin cylindrical striated structures called myofibrils that contain the 

contractile unit of the skeletal muscle: the sarcomere (figure 1.1). Within each sarcomere present 

in the myofibrils, we can find the main myofibrillar proteins myosin and actin. Myosin 

constitutes the thick filaments and actin constitutes the thin filaments, and the interaction 

between these two proteins will generate muscle contraction, which will be discussed later in this 

section 6,7. 

Every skeletal muscle is enclosed by three layers of connective tissue that provide 

structure to the muscle, as well as compartmentalize muscle fibers within the muscle. Each 

muscle is wrapped by a dense connective tissue sheath called the epimysium. Bundles of 

myofibers, called fascicles, are surrounded by fibrous sheaths that are called the perimysium that 

also contain blood vessels, lymph vessels and nerves. Furthermore, each muscle fiber is enclosed 

by a thin connective layer of collagen and reticular fibers called the endomysium that also 

contain capillaries and nerve fibers (figure 1.1). All the nutrients needed to support the muscle 

fibers come from these capillaries. This highly organized connective tissue has a key role in 

ensuring the integrity of the muscle’s structure by contributing to its tensile strength and 

resistance to stretching 6,8.  
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Muscles are historically classified according to their color (red or white) and type of 

contraction (fast or slow) due to the different biochemical properties. Myofibers present distinct 

metabolic and structural phenotypes that are the basis of their classification into three major 

types: Type 1 are slow twitch fibers that generate low mechanical power output, are fatigue 

resistant and rely on aerobic metabolism; Type 2X are fast twitch fibers that generate high 

mechanical power output, are quickly fatigable and rely on glycolytic metabolism; while Type 

2A are intermediate twitch fibers that generate high power output and are fatigue resistant 9,10.  

Today various techniques are used to differentiate fiber types: histochemical staining for 

myosin ATPase, myosin heavy chain isoform identification, and biochemical identification of 

metabolic enzymes 11. These techniques assess different myosin isoforms associated with 

different physiological properties. Moreover, these techniques allowed the observation that 

myofibers might co-express different myosin isoforms at the same time (i.e. MHC1 and MHC2A 

or MHC2A and MHC2X) 10,12.   

The phenotype of these different fiber types is defined according to the type of motor 

neuron innervation. A motor unit is comprised of an -motor neuron that lies in the anterior horn 

of the spinal cord and all the muscle fibers it innervates. Every muscle fibers of a motor unit 

have similar metabolic and structural characteristics. Motor units can be divided into groups 

based on the contractile and fatigue characteristics of the myofiber. Based on contractile speed, 

motor units are classified as slow-twitch or fast-twitch. The fast-twich motor units are further 

subdivided into fast-twitch fatigue-resistant, fast-twitch fatigue-intermediate, and fast-twitch 

fatigable 9,10.  

Despite the fact that the types of myofiber and motor neurons are well-established, these 

units are plastic indicating that they can change in response to different stimuli (i.e., hormonal, 

level of activity, injury) 9. 
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1.1.2 Skeletal muscle contraction 

Skeletal muscle contraction is a complex phenomenon that is only possible due to 

exceptional orchestrated machinery composed by the neuromuscular junction (NMJ), the 

sarcotubular system, and the cross bridges (figure 1.2 and 1.3) 6,7. 

The NMJ is composed of three types of cells: the nerve ending of the -motor neuron, the 

muscle fibers, and the perisynaptic Schwann cells. The presynaptic nerve terminal at the distal 

end of the α-motor neuron harbours synaptic vesicles containing acetylcholine, synaptic vesicle 

associated apparatus and mitochondria. The postsynaptic terminal of the NMJ is composed of a 

large cluster of nicotinic acetylcholine receptors on the muscle fiber surface that form the motor 

endplate. In order to increase the surface area of the endplate several invaginations named 

postsynaptic folds are formed and nicotinic acetylcholine receptors are localized all over these 

folds. The clusters of receptors perfectly mirror the shape of the presynaptic terminal for efficient 

transmission of acetylcholine at the synaptic cleft. Around every synapse, there are perisynaptic 

Schwann cells providing trophic support to the NMJ 13,14. 

Once acetylcholine is released from the presynaptic nerve terminal, it binds to the 

acetylcholine receptors at the NMJ causing an endplate potential. Nicotinic acetylcholine 

receptors are ligand-gated inward-rectifier channels meaning that once they are activated they 

allow sodium ions to pass the plasma membrane leading to sarcolemma depolarization. This 

depolarization triggers an action potential that travels along a very organized network of 

membranes composed of the transverse tubules (or T-tubules) that are invaginations of the 

sarcolemma that runs transversally to the long axis of the muscle fiber, and the sarcoplasmic 

reticulum (SR) membrane that form the sarcotubular system (figure 1.2). This action potential 

activates dihydropyridine receptors (DHPR) localized to the T-tubules which in turn bind to 

ryanodine receptors (RYR) localized to the terminal cisternae of the SR 15,16. DHPR and RYR 

mechanical coupling forms the triad or calcium release units (CRUs) that are composed of T-

tubules flanked by two terminal cisternae of the sarcoplasmic reticulum (SR) 17. The name CRU 

describes exactly what happens once these units are formed: RYR opens and releases calcium 

from the sarcoplasmic reticulum raising the level of cytosolic free calcium 15,17. This rise in 

cytosolic calcium together with adenosine triphosphate (ATP) availability will lead to muscle 

contraction 15,16.  
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Once calcium is released from the SR to the cytosol, it binds to troponin, which through 

its interaction with tropomyosin exposes a myosin binding site on actin filaments. In the 

presence of ATP, the myosin head attaches to actin and pulls the thin filament along the thick 

filament, allowing the sarcomere to shorten 13,18. While calcium and ATP are present, the myosin 

heads will bind to actin molecules, pull, release, and reattach; this process is known as cross-

bridge cycling (figure 1.3) 18. This whole process, starting with the action potential leading to 

muscle contraction, is known as excitation-contraction (EC)-coupling 14,18. 

While the rise of free calcium in the cytosol leads to muscle contraction, its removal leads 

to muscle relaxation. A key protein responsible for the removal of cytosolic calcium back to the 

SR is the ATPase Sarcoplasmic/Endoplasmic Reticulum Ca2+ Transporting (SERCA) 19,20. 

 

1.1.3 Skeletal muscle strength and determinants 

Muscular strength is defined as “the maximal force capabilities of a muscle or muscle 

group that can be exerted against a resistance in a particular movement pattern and at a defined 

velocity of movement” 21. It is important to understand that muscular strength must be 

distinguished from muscular power and endurance 21.  Power can be expressed by work divided 

by time while endurance is the ability to maintain a muscle contraction or repetitive contractions 

for a prolonged period to a defined endpoint 21,22.  

The force generated by a muscle fiber depends on the amount of cross-bridge activity. 

Some of the main factors influencing modifications of the kinetics of actomyosin interactions 

are: ATP, calcium and availability of binding sites on the thin filament 21,23. Mitochondria are the 

powerhouse of the cell, being responsible for producing the ATP needed for contraction 21. Any 

dysfunction leading to decreased ATP production will cause reduced attachment of the myosin 

head to actin and will impact muscle contraction 24,25. The same is true for calcium, once there is 

any dysregulation in SR calcium release there will be an impact in muscle contraction16,19. The 

availability of binding sites on the thin filament can be influenced by the amount of muscle mass 

or myofibers of a specific muscle 18,26. Atrophied muscles presenting with decreased myofiber 

cross-sectional area are weaker, in part because they have less binding sites on the thin filament 
24,26. The contrary is also true; hypertrophied muscles with increased myofiber cross-section area 
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have more binding sites on the thin filament and consequently, they are stronger 26. Recent 

studies have also proposed that post-translational modifications of myosin or actin could 

influence cross-bridge activity as well 23,27. 

Muscle mass is the result of a dynamic balance between protein synthesis and 

degradation 28. Some strategies have been proposed to positively influence this balance, and one 

of them is resistance training. Resistance training is defined as a type of exercise that requires the 

body’s musculature to move against an opposing force 23. Resistance training is described to 

induce muscle hypertrophy that in turn leads to increased muscle strength 22,29.  

Multiple metabolic and physiologic changes are induced by exercise 30. During the past 

decade, muscle cells have been identified as cells with a high secretory capacity 31. Earlier 

studies suggested that cytokines or other peptides that are produced, expressed, and released by 

muscle fibers exert endocrine effects 32. It was proposed that these cytokines and peptides should 

be classified as myokines 32. These myokines can exert their effects on signalling pathways 

within the muscle itself 33. The main signalling pathways known to be activated during muscle 

hypertrophy will be reviewed in more details in the following section.  

 

1.2 Regulation of muscle mass 

1.2.1 Myostatin  

Myostatin (MTSN) is one of the major regulators of muscle mass. Loss of function 

mutations in MTSN have been reported to cause increased muscle mass in several species 

including dog 34, sheep 35, cattle 36 and pig 37. MTSN has drawn attention of myologists from all 

over the world after the publication of a case report about a hypermuscular infant carrying a 

homozygous recessive frameshift mutation in exon 1 of MTSN 38. All animal models presenting a 

lack of MTSN expression present muscle hypertrophy due to increased cross-sectional area of 

myofibers and/or hyperplasia, and decreased fat content 34-37. However, the impact of MSTN on 

muscle strength is a subject of broad discussion. Some studies have reported some animal 

models presenting increased strength 39,40, while others have even reported that some of these 

models are weaker 41-43. Despite the variation found in different models, several studies continue 
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to focus on pharmacological approaches to inhibit MTSN in an effort to rescue muscle mass to 

treat muscle diseases 44-46.  

MTSN, also known as growth and differentiation factor 8 (GDF8), is a member of the 

transforming growth factor beta (TGF) superfamily 47,48. It codes for a 375 amino-acid inactive 

protein that is submitted to post-translational modifications to become active 49. Once translated, 

it is cleaved forming a N-terminal propeptide and a C-terminal mature fragment. MTSN is 

produced and secreted by myofibers, conferring an endocrine, paracrine and autocrine activity 49. 

The mature fragment of MSTN homodimerizes, binds and activates activin type II receptor 

(ACVR2B and to a lesser extent ACVR2A) at the plasma membrane 48. These receptors are 

subjected to subsequent autophosphorylation leading to the recruitment and activation of the low 

affinity type I receptor for Activin ALK-4 or ALK-5 48. Once activated, these receptors 

phosphorylate the transcription factors SMAD family member 2 and 3 (SMAD2 and SMAD3) 48. 

These in turn interact with SMAD4 and translocate to the nucleus targeting the transcription of 

specific genes which are implicated in the loss of muscle mass 48. Conversely SMAD7 acts as a 

negative regulator of MSTN by downregulating its expression and by interfering in the formation 

of SMAD2-3/SMAD4 complex 50.  

The process described above is known as the canonical MSTN pathway, and in addition 

to that there is also a non-canonical MSTN pathway 50. MSTN can also inhibit serine-threonine 

protein kinase AKT and activate forkhead box O (FoxO) signaling pathway that will be reviewed 

with more details in the following section 50 

 

1.2.2 IGF1/AKT/mTOR  

The insulin-like growth factor 1 – phosphoinositide-3-kinase – AKT / protein kinase B – 

mammalian target of rapamycin (IGF1–PI3K–AKT/ PKB–mTOR) pathway is a major positive 

regulator of muscle growth 51. Several gain and loss-of-function genetic models have supported 

the crucial role of IGF1 pathway in skeletal muscle mass regulation 51. A rodent model 

presenting a muscle-specific inactivation of IGF1 receptor presents with reduced muscle growth 

due to decreased myofiber number and size 52. On the other hand, overexpression of a muscle-

specific IGF1 leads to muscle hypertrophy and increased muscle strength 53.  
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IGF1 is known to activate two distinct molecular pathways, the mitogen-activated protein 

kinase/ extracellular signal regulated kinase (MAPK/ERK) and the PI3K–AKT pathway 14,54. 

Activation of the MAPK/ERK pathway has been described to cause no change in hypertrophy 

whereas specific activation of PI3K–AKT pathway induces increased muscle mass. IGF1 is 

produced and secreted by the liver and skeletal muscles 54,55. Additionally, it also has an 

endocrine, paracrine and autocrine activity in several tissues 54. 

Once IGF1 binds to insulin-like growth factor 1 receptor (IGF1R) at the plasma 

membrane, it activates its intrinsic tyrosine kinase leading to autophosphorylation and creating 

docking sites for insulin receptor substrate (IRS), which is also phosphorylated by IGF1R 51. 

Phosphorylated IRS then acts as docking site to recruit and activate PI3K which phosphorylates 

membrane phospholipids generating phosphoinositide-3,4,5-triphosphate (PIP3) from 

phosphoinositide-4,5-biphosphate (PIP2) 54. PIP3 recruits two kinases, phosphoinositide-

dependent kinase 1 (PDK1) and AKT, and the subsequent phosphorylation of AKT by PDK1 

leads to AKT activation 54,56. AKT acts as an inhibitor of protein degradation by phosphorylating 

and repressing transcription factors of the FoxO family, and stimulates protein synthesis via 

mTOR and glycogen synthase kinase 3b (GSK3b) 56. FoxO factors regulate the transcription of 

the ubiquitin ligases atrogin-1, also called muscle atrophy F-box (MAFbx) and muscle ring 

finger 1 (MuRF1) 57. These proteins are known to ubiquitylate myosin and other muscle proteins 

that consequently, are degraded via the ubiquitin-proteasome system (UPS) 57. FoxO factors are 

also required for the transcriptional regulation of the microtubule-associated protein 1 light chain 

3 (LC3), which together with BCL2 apoptosis regulator (BCL2)/ adenovirus E1B interacting 

protein 3 (BNIP3) are necessary for triggering the autophagy-lysosome pathway 57. 

AKT does not activate mTOR directly, instead it inhibits the tuberous sclerosis complex 

(TSC) proteins 1 and 2, which act as a GTPase activating protein (GAP) to inhibit the small G 

protein Ras homolog enriched in brain (Rheb) which activates mTOR signaling 58. mTOR can 

form two different protein complexes, the rapamycin-sensitive mTOR complex 1 (mTORC1) 

when bound to Raptor, and the rapamycin-insensitive mTOR complex 2 (mTORC2) when bound 

to Rictor 58. mTORC2 is required for AKT phosphorylation and activation. mTORC1 

phosphorylates S6 kinase (S6K), which in turn phosphorylates the ribosomal protein S6 and 

other factors involved in translation initiation and elongation, thus stimulating protein synthesis 
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58. mTORC1 also activates eukaryotic translation initiation factor 4E (eIF4E) by phosphorylating 

the inhibitory eIF4E-binding proteins (4EBPs) 58. 

AKT also promotes protein synthesis by phosphorylating and inactivating GSK3b, thus 

releasing the GSK3b-dependent inhibition of the eukaryotic translation initiation factor 2B 

(eIF2B) 51,56 

In summary, the IGF1–PI3K–AKT/ PKB–mTOR pathway has a profound effect on both 

protein synthesis and degradation in ways that, once activated, it has a positive effect on muscle 

mass while its inhibition leads to loss of muscle mass. 

 

1.2.3 Calcineurin  

Calcineurin (CnA), also known as protein phosphatase 3, is a serine/threonine 

phosphatase that is activated by sustained increased levels of intracellular calcium 59. CnA is a 

heterodimeric complex composed of a catalytic A subunit and smaller calcium-binding 

regulatory B subunit 60. The three 59–62 kDa isoforms of the catalytic CnA subunit have been 

identified that arise from separate genes: CnAα, CnAβ, and CnAγ 60. CnAα and CnAβ are 

abundant in a wide variety of tissues including skeletal muscle. In contrast, CnAγ is 

predominately located in the testis and brain as a result of differential gene expression 60. 

Although the downstream effectors of CnA have not been fully elucidated, CnA signaling is 

known to be important for proper function of both cardiac and skeletal muscle 61.  

In skeletal muscle, CnA participates in a variety of processes including myoblast 

recruitment and myotube differentiation 62, fiber type specification 63,64, recovery from muscle 

injury 65 and dystrophic muscle damage 66.  

Some studies show that overexpressing CnA is sufficient to induce hypertrophy of 

muscle fibers 67,68. Additionally, transgenic mice with decreased levels of CnA exhibit reduced 

fiber size demonstrating a role for CnA in hypertrophy 69. In contrast, mice with either global or 

muscle-specific CnA depletion subjected to muscle hypertrophic growth by mechanical overload 

or IGF-1 stimulation do not show defects in muscle growth 70. However, these mice did show 

impairment in overload-mediated fiber-type switching. These studies suggest that CnA is 
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important for muscle growth and remodeling, however different animal models may lead to 

different levels of perturbation of CnA action and diverse compensatory mechanisms associated 

with the experimental approach 67. 

 

1.2.4 Cross-talks affecting myostatin/IGF1/calcineurin pathways 

The pathways reviewed above are the main known pathways directly involved with 

muscle mass regulation. However, specific players of these pathways can have their activities 

influenced by other pathways’ cross-talks 28,51.  

β2-adrenergic agents have well-known anabolic effects on skeletal muscles 71. Androgens 

potently stimulate muscle growth: testosterone loss in male mice decreases muscle Igf1 mRNA, 

AKT phosphorylation and the rate of myofibrillar protein synthesis 72. Muscle hypertrophy 

induced by β2-adrenergic agents, such as clenbuterol or formoterol, is accompanied by a 

significant increase in AKT phosphorylation and is completely blocked by rapamycin (mTORC1 

inhibitor) 71. A pathway linked to mTOR activation involves neuronal nitric oxide synthase 

(nNOS) 73. When activated in myofibers by functional overload, nNOS generates nitric oxide 

(NO) and causes peroxynitrite dependent activation of the transient receptor potential cation 

channel subfamily V member 1 (TRPV1), located in the sarcoplasmic reticulum 73. The resulting 

increase in intracellular calcium induced by TRPV1 triggers activation of mTOR 73. Wnt family 

member 7A (WNT7A), an extracellular protein involved in muscle growth, acts on myofibers by 

activating the PI3K–AKT pathway via its frizzled class receptor 7 (FZD7) 74. Furthermore, 

mTOR is also activated by mechanical stimulation via an AKT-independent pathway involving 

phosphatidic acid and activated phospholipase D 75,76. 

PPARG coactivator 1 alpha 4 (PGC1α4) is involved in muscle growth as shown by the 

finding that mice with skeletal muscle specific transgenic expression of PGC1α4 show increased 

muscle mass and strength 77. In cultured muscle cells, PGC1α4 was found to induce IGF1 and 

repress MSTN, thus promoting myotube hypertrophy, which was blocked by an IGF1 receptor 

inhibitor 78. Myotube growth induced by treatment with clenbuterol was also blunted by PGC1α4 

knockdown 79. 
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Insulin and IGF-1 also have an effect on CnA since they induce calcium dynamics 

through both calcium influx and release from IP3R and RYR-operated stores 80. Moreover, 

another hormone-like signaling molecule, prostaglandin F2, increases intracellular calcium 

concentration, activating nuclear factor of activated T cells 2 (NFATc2) and inducing muscle cell 

growth and nuclear accretion 81. These studies suggest that molecularly diverse stimuli may 

converge at recruiting calcium signaling to implement muscle growth 82. 

 

1.2.5. Satellite Cells 

Satellite cells were first described by Mauro (1961) as cells positioned at the outside 

boundary of the myofiber sarcolemma 83. Satellite cells are a distinct cell population underneath 

the basal lamina in charge of proper postnatal muscle development and repair 84,85. Satellite cells 

are quiescent in resting adult muscle, but once there is tissue damage or a growth stimulus, these 

cells become activated (also known as myoblasts) and proliferate massively producing the 

myogenic progenitors needed for muscle growth and regeneration 84,85. At these times, myoblasts 

exit cell cycle, differentiate and fuse to existing myofibers or form newly regenerating myofibers 
84,85. 

The issue of whether satellite cell proliferation and fusion contributes to muscle growth 

caused by exercise has been the subject of debate 86. Myoblast fusion is essential for muscle 

growth during early stages of muscle differentiation 84. For example, myotube growth in culture 

is impaired when myoblast fusion is inhibited, either during formation of the nascent myotube or 

during the transition from nascent to mature myotube 86. Muscle growth during early postnatal 

development is also accompanied by a continuous increase in the number of myonuclei resulting 

from satellite cell fusion 85. On the other hand, muscle hypertrophy at late postnatal stages takes 

place without a significant contribution of satellite cell fusion 86. Similarly, myonuclear number 

is not increased during muscle growth upon reloading of previously atrophied muscles 87. 

Satellite cell proliferation and fusion were not detected during muscle hypertrophy induced by a 

muscle-specific, inducible and constitutively active AKT1 transgene 88. 

A recent detailed study concluded that satellite cells play little or no role in MSTN/ 

activin A signaling in vivo, based on the finding that satellite cell and myonuclear number were 



35 
 

unchanged in hypertrophic muscles after injection of soluble ACVR2B 89. Muscle hypertrophy 

induced by overexpressing follistatin also occurs in mice lacking syndecan 4 or paired box 7 

(PAX7), which have compromised satellite cell function or number, respectively 90. Another 

recent study reported that recruitment of satellite cells is not required for muscle hypertrophy, 

because hypertrophy was unchanged in mice in which more than 90% of satellite cells were 

ablated by diphtheria toxin A using an inducible PAX7–diphtheria toxin A transgene 91. 

It is likely that satellite cells are activated and contribute to hypertrophy when an acute 

stimulus is involved leading to muscle damage. In contrast, more gradual exercise, or reloading 

of immobilized muscles, does not trigger satellite cell activation and fusion. 

 

1.3 Inherited muscular disorders causing prominent muscles 

Many genetic muscle disorders lead to muscle weakness and wasting, but only a subset also 

show some degree of muscle hypertrophy and muscle pain. In the following section, I will cover 

several aspects related to known muscle disorders that can lead to positive effects on muscle 

strength and mass by reviewing inherited muscular disorders causing prominent muscles. 

 

1.3.1 McArdle disease 

 McArdle disease is characterized by a glycogen storage deficiency caused by autosomal 

recessive mutations in the glycogen phosphorylase, muscle associated (PYGM) gene 92. PYGM 

catalyzes and regulates the breakdown of glycogen to glucose-1-phosphate during 

glycogenolysis and its activity is absent in patients with McArdle disease 93. Patients present 

accumulations of subsarcolemmal glycogen, which they are unable to degrade 93. PYGM 

metabolic pathway is necessary for the generation of ATP during physical activity 94. The 

absence of myophosphorylase activity causes exercise intolerance, mainly in the form of acute 

crises of early fatigue and contractures 93. Symptoms can start early in childhood, but in most 

cases the disease is not correctly diagnosed until late 30s 95.  
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Patients with McArdle disease can present with such variable phenotype. For this reason, 

clinical severity is classified into four categories according to the Martinuzzi scale 96: “0 = 

asymptomatic or virtually asymptomatic (mild exercise intolerance, but no functional limitation 

in any daily life activity); 1 = exercise intolerance, contractures, myalgia, and limitation of acute 

strenuous exercise, and occasionally in daily life activities; no record of myoglobinuria, no 

muscle wasting or weakness; 2 = same as 1, plus recurrent exertional myoglobinuria, moderate 

restriction in exercise, and limitation in daily life activities; 3 = same as 2, plus fixed muscle 

weakness, with or without wasting and severe limitations on exercise and most daily life 

activities”. In a study describing the clinical phenotype of 45 genetically confirmed McArdle 

patients, muscle hypertrophy is observed in 24% of patients 95. Mild muscle wasting and 

weakness is seen only in patients over 40 years of age. Moreover, 99% of the patients have high 

creatine kinase (CK) levels 95. Typical findings in morphological analysis of muscle biopsies 

include subsarcolemmal glycogen blebs and absent phosphorylase staining 95. 

Most patients present a clinical feature known as “second wind” which is the marked 

improvement in tolerance to aerobic dynamic exercise (e.g., brisk walking), with disappearance 

of the tachycardia and undue fatigue that were triggered by the start of exertion 97. This 

phenomenon is attributed to the improved delivery of extra-muscular glucose and fatty acids to 

the working muscle that occurs due to a switch to alternative fuel substrates required for aerobic 

metabolism. After the second wind, most patients can almost double their work effort 95.  

 

1.3.2 Non-dystrophic myotonias 

Myotonia is a term used to describe a skeletal muscle disorder caused by disturbances in 

the membrane potential of the myofiber. Patients with myotonia will present a delayed response 

to muscle relaxation upon voluntary or mechanically or electrically stimulated contraction 98. 

Myotonia itself is not considered as a disease, but rather a symptom of several different 

neuromuscular disorders 99.  

In non-dystrophic patients, myotonia happens as a painless prolonged contraction right 

after use of a muscle 100. Mutations in the skeletal muscle sodium (SCN4A) and chloride 

(CLCN1) channels were described to cause non-dystrophic myotonia, which are also called as 
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channelopathies 101. Non-dystrophic myotonias can be classified in three different but sometimes 

overlapping categories: myotonia congenita, paramyotonia congenita, and sodium-channel 

myotonia 101. These entities present some differences in clinical features, electromyography 

(EMG) and gene defects 100. They are referred to as non-dystrophic myotonias because they 

present no progressive weakness, wasting or dystrophic histopathology 101. Another class of 

myotonic disorders are the dystrophic myotonias which consist of myotonic dystrophy type 1 

(DM-1) or the classical Steinert’s form of myotonic dystrophy, proximal myotonic 

myopathy/myotonic dystrophy type 2 (PROMM/DM-2), and proximal myotonic dystrophy (a 

more severe variant of DM-2) 102. These disorders will be reviewed in more detail later in this 

section. 

Patients with myotonia congenita carry mutations in the CLCN1 gene. They have a 

muscular appearance, and action and percussion myotonia that decrease with repeated 

contractions 103,104. Inheritance can be dominant or recessive, the latter being more severe 104.  

Patients carrying mutations in the SCN4A gene have more diverse dominant inherited disorders, 

ranging from mild myotonia that does not affect daily activities, to severe muscle stiffness or 

episodes of paralysis 101. Patients with paramyotonia congenita experience cold temperature 

sensitivity, worsening of myotonia upon repetitive contractions, and episodic weakness 101. On 

the other hand, patients with sodium-channel myotonia have variable cold sensitivity and no 

episodic weakness 101. Patients with hyperkalemic periodic paralysis can present myotonia, but 

episodic weakness is the main dominant feature 101.  

Mutations found in SCN4A gene in non-dystrophic myotonias are believed to cause a 

gain-of-function in the channel activity 100. Once action potential is triggered by an influx of 

cations through acetylcholine receptors that depolarizes the end-plate region above the threshold, 

sodium channels open to initiate inward sodium flux, triggering further depolarization and 

opening of more sodium channels 100. These currents propagate the action potential along the 

surface sarcolemma and T-tubule system 100. Although sodium channels open in response to 

depolarization, they quickly close again (fast inactivation) and can only re-open after 

repolarization (recovery from inactivation) 100. Previous studies showed that SCN4A mutations 

lead to a poor inactivation of the channel resulting in repetitive discharges upon mild 

depolarization, or weakness upon severe depolarization 100.  
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CLCN1 is a type of chloride channel (ClC1) in skeletal muscle that plays an important 

role in membrane repolarization following muscular contraction 100. Mutations found in CLCN1 

gene in non-dystrophic myotonias are believed to cause a loss-of-function in the channel activity 
100. Cells carrying these mutations lose the ability of preventing the after-depolarization caused 

by T-tubule potassium accumulation 100. 

In general, non-dystrophic myotonias are not life-threatening, however patients can 

present significant lifetime morbidity because of the stiffness and pain caused by the myotonia, 

and in some rare cases, an infantile form can cause respiratory distress. 

 

1.3.3 RYR1 related myopathies 

 Ryanodine receptor 1 (RYR1) related myopathies are a very broad class of disorders 

ranging from extremely mild and non-progressive to very severe and lethal conditions 105. Some 

of these disorders include central core disease, multiminicore disease, core–rod myopathy, 

centronuclear myopathy, and congenital fiber-type disproportion. New clinical phenotypes have 

emerged and include malignant hyperthermia, RYR1 rhabdomyolysis-myalgia syndrome, 

atypical periodic paralysis, congenital neuromuscular disease with uniform type 1 fibers, and 

late-onset axial myopathy 105. From all of those listed above, muscle hypertrophy has been 

reported in malignant hyperthermia, RYR1 rhabdomyolysis-myalgia syndrome and late-onset 

axial myopathy 105; and will be briefly reviewed below.  

Malignant hyperthermia is a dominant pharmacogenetic trait caused by a hypermetabolic 

response leading to increased heat generation due to volatile anesthetic agents administration, 

and in some rare cases, to stressors like vigorous exercise and heat 106. Not only have mutations 

in RYR1 have been associated with malignant hyperthermia, but recent studies also identified 

mutations in the calcium voltage-gated channel subunit alpha1 S (CACNA1S) leading to the same 

phenotype 106. Most of the individuals with malignant hyperthermia present no clear phenotypic 

changes without anesthesia meaning that it is impossible to diagnose such a disorder without 

exposure to the specific trigger 106. Some key clinical features to diagnose the susceptibility to 

this condition include an unexplained raise of expired carbon dioxide, muscle rigidity, 

rhabdomyolysis, hyperthermia, tachycardia, acidosis and hyperkalemia 106.  
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Rhabdomyolysis-myalgia syndrome with dominant heterozygous RYR1 mutations 

without the malignant hyperthermia trait was first described in 2002 107. They identified 14 of 39 

families with unresolved exercise-induced rhabdomyolysis/myalgia carrying mutations in RYR1 
107. In 2018, another study described a cohort with 22 patients from 20 families with similar 

symptoms and RYR1 mutations 108. These studies suggest that RYR1 aberrations can be a 

frequent cause of exercise-induced rhabdomyolysis and/or myalgia. Some patients with this 

disorder have muscle hypertrophy and muscle strength can vary from normal to increased 108. 

Patients basal CK levels also vary from normal to elevated 108. Patients also complain of 

progressive painful muscle cramps, but without compromising weakness. In general, symptoms 

are triggered by physical activity 108.  

Late-onset axial myopathy with dominant heterozygous mutations in RYR1 were first 

described in 2013 109. Patients described in this study presented predominant axial muscle 

involvement, variable degrees of lumbar hyperlordosis, scapular winging and/or camptocormia 
109. They also had myalgia and CK levels were normal or moderately elevated 109. Muscle 

imaging showed involvement of the lower paravertebral muscles and the posterior thigh 109. 

Some patients of this study reported that before the onset of this disorder, they had a better 

physical performance than their peers or had even been involved with intense physical labor, 

resulting in muscle hypertrophy 109.  

Histopathological findings of muscle biopsies of patients with these disorders revealed 

similar mild features: increased variability in type 1 fiber size, increased internal nuclei and mild 

unevenness on oxidative enzyme staining. A few cases presented central cores and multi-

minicores, but no correlation between these features and one of these disorders has been 

observed 43,106,109.  

RYR1 is a major calcium ion channel of the skeletal muscle 110. It is a six 

transmembrane-homotetrameric protein located to the SR 110. It has 106 exons and codes for a 

565 kDa amino acid protein 110. Upon neuromuscular action potential, DHPR activates RYR1 

which undergoes a conformational change resulting in RYR1 interdomain interaction followed 

by calcium release from the SR that leads to EC-coupling 14. RYR1 is regulated by several 

different processes including protein-protein interactions, protein-ligand interactions, and post-

translational modifications 110. Mutations found in RYR1 gene are believed to result in constant 
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calcium leak at rest leading to defective EC- coupling and increased mitochondrial oxidative 

stress 110. 

 

1.3.4 Brody disease and syndrome 

Brody disease is an inherited muscle disorder characterized by an increasing impairment 

of muscle relaxation during exercise due to markedly reduced calcium uptake in the sarcoplasmic 

reticulum (SR) 111,112. The main clinical feature of progressive stiffness of the exercised muscles 

leads to painless or only mildly painful cramping that predominantly involves the legs, arms and 

eyelids 111-114. Myalgia and cramps have been described, and recurrent attacks of exertional 

rhabdomyolysis may also occur 113,115,116. Symptoms usually resolve after a few minutes of rest, 

and they may worsen in the cold 115-117. Serum CK is normal or slightly increased, and no 

myotonic discharges are recorded by electromyography 111,117-119.  

Muscle biopsies may show fiber size variation with atrophy of type 2 fibers and increased 

central nuclei, whereas no morphologic changes are observed in the triads and in the tubular 

elements of SR by electron microscopy 112,113,116. Biochemical studies have demonstrated a 

marked reduction of calcium ATPase activity in the muscle 112,113,115,117. In 1996, mutations in 

the sarcoplasmic/endoplasmic reticulum Ca2+-ATPase 1 (ATP2A1 or SERCA1) gene were found 

to cause Brody disease 120.  

SERCA1 is a membrane-bound protein that pumps calcium from the cytosol to the SR 

and is coupled to utilization of ATP. The catalytic and transport cycle begins with the activation 

of the enzyme by high-affinity binding of 2 calcium ions, followed by ATP utilization to form a 

phosphorylated enzyme intermediate. The dissociation of ADP and the isomerization of the 

phosphoenzyme then promote displacement of calcium and, finally, the hydrolytic cleavage of 

Pi. The protein contains 994 aa arranged in 10 helical segments (M1-M10) within the 

transmembrane region; 3 headpiece domains (N, P, and A domain) project from the cytosolic 

surface of the membrane. SERCA1 is only present in fast-twitch muscle fibers (type 2), so it is 

suggested that the impaired relaxation specifically occurs after phasic exercise (alternate 

contraction and relaxation) 112,117.  
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Some have proposed to distinguish patients with reduced SERCA1 activity and ATP2A1 

mutations (Brody disease) from patients with reduced SERCA1 activity without ATP2A1 

mutations (Brody syndrome) 55. Brody syndrome patients generally suffer from (exercise-

induced) muscle stiffness and delayed muscle relaxation; however, only a few muscle groups are 

involved, and onset is in adolescence or adulthood 55. 

The differences between Brody disease and Brody syndrome raise the question whether 

Brody syndrome is a separate entity or an epiphenomenon of other underlying diseases with a 

final common pathway of altered calcium transport. Of all previously described conditions, 

Brody Syndrome is the one that has the most clinical overlap with Strongman trait, the subject of 

this thesis.   

 

1.3.5 Rippling muscle disease 

Rippling muscle disease (RMD) is a rare, generally benign myopathy with signs and 

symptoms of muscular hyperexcitability. The clinical symptoms are muscle stiffness, muscle 

hypertrophy, slowness of movements after rest, exercise-induced muscle pain, and cramp-like 

sensations. Muscle taps and passive stretching induce involuntary contractions of muscle fibers 

that roll over the muscle surface, which gives rise to the name of the disease 121,122. 

Taps on the muscles also evoke percussion-induced rapid contraction (PIRCs) or, if 

performed with a reflex hammer, a localized myoedema, also termed muscle mounding. These 

three key features are the classical features of RMD: rippling muscles, PIRCs and myoedema 123.  

Genetic studies have revealed that many cases of RMD are caused by mutations in the 

gene encoding caveolin-3 (CAV3) that lead to its reduced expression in the sarcolemma. In 

addition to RMD, CAV3 defects can lead to other skeletal muscle disease phenotypes—namely, 

limb girdle muscular dystrophy, distal myopathy, and hyperCKemia (a disorder involving 

elevated serum levels of CK), and familial hypertrophic cardiomyopathy 121,122. In addition, the 

same CAV3 mutation can be linked to different clinical phenotypes, often within the same 

family. RMD has an autosomal dominant mode of inheritance, although evidence suggests that 

an autosomal recessive and more severe variant of RMD exists 121,122. 
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On EMG, rippling muscles are electrically silent, and the mechanism underlying this 

phenomenon is not fully understood 121,122. Local contraction in one portion of a fiber stretches 

and thereby activates neighboring sarcomeres, which in turn stretches and activates sarcomeres 

further along the fiber 121,122. Alternatively, action potentials generated and propagated in an 

aberrant tubular system, which would be silent on EMG, could play a part in the 

pathophysiological mechanism of rippling 121,122. 

Caveolin is a 150 aa-long protein which acts as a structural determinant of plasma 

membrane caveolae 124. It is thought to operate as a multifunctional scaffold through associations 

with several partners. In skeletal muscle, CAV3, the striated muscle isoform 124, has been shown 

to interact with a number of proteins including beta-dystroglycan 125, dysferlin 126, nNOS 127, 

PI3K 128, Src-kinase 129 and phosphofructokinase 130 and is thought to play a role in 

developmental processes 131,132.  

A pool of CAV3 is localized to T-tubules of adult skeletal muscle 124. Recently, the 

consequences of expressing the P104L dominant negative mutant form of caveolin-3 (Cav-

3P104L), responsible for human type 1C limb-girdle muscular dystrophy, was evaluated in 

primary cultured myotubes and skeletal muscle fiber 133,134. They observed an almost complete 

depletion of endogenous CAV3 and a strong reduction of the density of the voltage-dependent L- 

type calcium current 133,134. They postulated that CAV3 may interact directly or indirectly with 

DHPR and that the observed reduction of calcium current in CAV3 deficient muscle cells could 

result from a loss of this interaction  133,134.  

Cardiac CAV3 has been shown to be part of a macromolecular complex comprising the 

β2-adrenergic receptor, G-proteins, protein kinase A and the Cav1.2 pore-forming subunit of the 

cardiac L-type Ca2+ channel 135. Caveolin-3 was also shown to co-immunoprecipitate with 

skeletal muscle RYR1 136.  

 

1.3.6 Other muscular dystrophies with skeletal muscle hypertrophy 

ANO5 anoctaminopathies are a group of autosomal recessive skeletal muscle disorders 

with variable clinical features caused by mutations in anoctamine 5 (ANO5 or TMEM16E)  
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137,138. These disorders can be divided in three main categories: limb-girdle muscle dystrophy 

type 2L (LGMD2L), Miyoshi muscular dystrophy 3 (MMD3) and asymptomatic hyper-CK-emia 
10,138,139. Some patients with LGMD2L and asymptomatic hyper-CK-emia can present muscle 

hypertrophy that can be asymmetric or not, more frequently of the calves 139 LGMD2L is the 

most frequent of the ANO5 presentation characterized by late adult onset, slowly progressing 

asymmetric weakness and atrophy of proximal muscles, high CK levels, and myopathic features 

on muscle histology and EMG 137,140. Little is known about ANO5 function. It is part of the 

transmembrane protein family 16 (TMEM16) in which ANO1 (or TMEM16A) and ANO2 (or 

TMEM16B) have been described to have a calcium-activated chloride channel activity while 

ANO6 acts as a calcium-dependent phospholid scramblase 141. As for the other members of the 

family, no such consensus on their functional roles has been shown yet. A recent study showed 

that overexpressed ANO5 presents a phospholipid scrambling activity as well as a non-selective 

ion transport activity 142. A previous study showed an Ano5-deficient mouse model presented 

reduced capacity to repair the sarcolemma, delayed regeneration after injury and defective 

myoblast fusion, features that recapitulate what is observed in patients with LGMD2L and 

MMD3 143. How the phospholipid scramblase activity and/or non-selective ion transport activity 

could be linked to the features observed in patients with anoctaminopathies or in the Ano5-

deficient mice is still a subject for further investigation.  

Myotonic dystrophy is the most common adult onset muscular dystrophy characterized 

by an autosomal dominant progressive myopathy with multisystemic features. It is primarily 

characterized by myotonia and progressive muscle weakness as well as cardiac conduction 

defects, posterior iridescent cataracts, and endocrine disorders 102,144. Myotonic dystrophy exists 

in two defined forms: DM1, also known as Steinert’s disease; and DM2, also known as proximal 

myotonic myopathy. Both are inherited in an autosomal dominant fashion 102,144.. DM1 is caused 

by a CTG expansion in the 3’ untranslated region of the dystrophia myotonica protein kinase 

(DMPK) gene, while DM2 is caused by a CCTG expansion located within intron 1 of the cellular 

nucleic-acid- binding protein (CNBP, formerly zinc finger protein 9, ZNF9) gene (102,144. 

Although DM1 and DM2 have similar symptoms, they also present different features making 

them clearly separate diseases. One of these differences is that in DM2 patients exhibit 

hypertrophy of calf and thigh muscles, which on histologic examination is true hypertrophy with 
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enlargement of muscle fibers 145. Moreover, DM2 presents milder clinical features when 

compared to DM1 102,144. 

The DM1 and DM2 gene discoveries were perplexing because DMPK and ZNF9 have no 

functional connections yet the clinical features are similar 102,144. Experimental evidence supports 

an RNA gain-of-function mechanism in which expanded CUG/CCUG-containing transcripts 

accumulate in the cell nuclei as foci, also called ribonuclear inclusions, and are responsible for 

the pathologic features common to both disorders 102,144. The mutant RNAs form imperfect 

double-stranded structures which lead to the deregulation of several RNA binding factors, 

including the muscle blind‐like proteins (MBNLs), CUG-binding protein 1 (CUGBP1), 

heterogeneous nuclear ribonucleoprotein H (hnRNP H) and Staufen Double-Stranded RNA 

Binding Protein 1 (STAU1) proteins 144. Thus, the misregulation of alternative splicing caused 

by the deregulation of several splicing regulators clearly plays a central role in the development 

of important DM symptoms144. Among the symptoms of DM, myotonia, insulin resistance and 

cardiac problems are correlated with the disruption of the alternative splicing of the muscle 

CLCN1, of the insulin receptor (IR) and of the cardiac troponin T (TNNT3), respectively. 

However, there is no direct evidence of a cause–effect relationship between symptoms and 

missplicing 102,144. 

 

Despite all the efforts made so far to identify the pathology of individuals that have mild 

inherited adult onset muscle disorders associated with prominent muscles, there is still a great 

number of patients that end up without a clear diagnostic. In the following chapters, I will 

provide significant data on a new Herculean myalgic muscle disorder, which impairs important 

regulators of calcium handling of the skeletal muscle.  
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Figures 

 

 

 

Figure 1.1 Schematic of skeletal muscle structure. Each skeletal muscle is involved by the 
epimysium. Every muscle contain bundles of myofibers are called fascicles and those are 
covered by the perimysium. Each myofiber are covered by the endomysium. Reproduced from 
OpenStax CNX (https://cnx.org/contents/FPtK1zmh@15.1:bfiqsxdB@6/10-2-Skeletal-Muscle). 
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Figure 1.2 The Sarcotubular System. Each myofibril is involved by an organized network of 
membranes: the t-tubules (in gray) that are localized to both extremities of the I-band; the 
sarcoplasmic reticulum (in blue) that spreads all over the I and A-band juxtaposing the t-tubules; 
the mitochondria (in green) that is localized in pairs just next to the Z-disk. 
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Figure 1.3 Contraction of a Muscle Fiber. Once there is an action potential, the t-tubules are 
depolarized and the sarcoplasmic reticulum releases calcium to the sarcoplasm. Actin and 
myosin form the cross-bridges triggering contraction. The calcium ions that remain in the 
sarcoplasm will continue to bind to troponin, and if there is ATP available, the muscle fiber will 
continue to contract. Reproduced from OpenStax CNX 
(https://cnx.org/contents/FPtK1zmh@15.1:EtWWcJM-@10/10-3-Muscle-Fiber-Contraction-
and-Relaxation) 
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RATIONALE, HYPOTHESIS AND OBJECTIVES 

 

 There is a vast literature describing the regulation of muscular strength and mass in 

physiological conditions, however, very few studies have addressed this subject in the context of 

inherited muscular disorders. In fact, very few of these disorders are associated with generalized 

hypertrophy or are accompanied by true Herculean strength. A better characterization of 

individuals with large muscle mass, above average strength and myalgia is a fertile field of 

investigation where disease and trait intersect or could be seen to form a spectrum. The 

association of myalgia, muscle hypertrophy and known myopathies was one of the elements that 

convinced us that we could uncover new genetic conditions if we focused our recruitment on 

individuals who met the following minimum selection criteria: observed muscle hypertrophy, a 

personal and familial history of superior strength and myalgia. In other words, once we formed a 

cohort of myalgic patients that appear to suffer from inherited myopathic conditions, we first 

hypothesized that new causal genes are responsible for the ST. Therefore, the first objective of 

this thesis was to characterize clinically and pathologically ST and identify a first causal gene 

by studying a large French-Canadian family.  

   

 Despite being able to identify and validate a variant in the DCST2 gene and to show that 

the mutation was having an effect in the dynamics of DCST2 puncta formation, we were still 

unable to predict how this mutation would impact ST muscle since DCST2 is a gene with 

unknown function. We then hypothesized that the DCST2 ST mutation leads to a perturbation 

in a pathway involved in force generation causing prolonged powerful contraction leading to 

fatigue and weakness after repeated contractions. The second objective of this thesis was to 

start to establish the localization and physiological role of DCST2 in muscle.  

 

DCST2 mutation was found in only two French-Canadian families indicating that the 

causative genes in the remaining families could be involved in the same pathological mechanism 

as DCST2. We hypothesized that ST patients that do not carry DCST2 mutations would share 

similar pathological findings as ST patients that carry DCST2 mutations.  The third objective 

was to explore common pathological findings shared by ST patients carrying or not a 

DCST2 mutation that could serve to support a ST diagnosis. 
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PREFACE TO CHAPTER 2 

 

 The Brais laboratory specializes in identifying new mutations that cause neuromuscular 

diseases. Dr. Brais recruited a cohort of patients who presented at the neuromuscular clinics 

presenting symptoms that had never been characterized before. Patients suffered from muscle 

pain, cramps and reduced endurance as well as increased muscle strength and mass. These 

patients were recruited for further genetic studies. Chapter 2 describes the genetic, molecular and 

pathological characterization of this new form Herculean myalgic muscle disorder.  
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CHAPTER 2: A mutation in DCST2 causes a Strongman trait by dysregulating 

skeletal muscle calcium handling  

 

Short running title:  

Mutated DCST2 causes a Strongman trait 
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Abstract 

Herculean strength has always fascinated humankind. Through history, muscle force has often 

been considered a familial trait. The relatively small French-Canadian founder population of 

Quebec has been a hot bed for strong men of international reputation.  To search for genes that 

could influence strength, we recruited a set of 12 families whose probands consulted for muscle 

pain and fatigue despite having above average muscle mass and a personal and family history of 

superior strength. In particular we investigated a large French-Canadian family of 20 affected 

individuals presenting a dominant Strongman trait. Affected individuals displayed above average 

strength, muscle hypertrophy, prolonged contractions and a variable degree of myalgia. We 

mapped the strongman trait locus to chromosome 1q21.3-q23.3 and uncovered a c.2276T>C 

(p.Leu759Pro) dominant missense mutation that segregated in two strongman trait families in the 

DC-STAMP Domain Containing 2 (DCST2) gene. Using a proximity-dependent biotinylation 

(BioID), we identified potential DCST2 interactors that localize to the endoplasmic reticulum 

including four proteins involved in calcium handling: STIM1, CCDC47, LMAN1 and ITPR3. 

DCST2 forms large puncta in strongman trait skeletal muscle localized to the I-band in proximity 

to the T-Tubules that contain the calcium sensor stromal interaction molecule 1 (STIM1) and the 

calcium transporter sarco/endoplasmic reticulum Ca2+-ATPases (SERCAs). In differentiating 

strongman trait myoblasts, the depletion of sarcoplasmic reticulum calcium stores led to an 

increase in the number and size of large DCST2 puncta over time and a decrease in calcium 

transients. We show that DCST2 is implicated in calcium handling in differentiating myoblasts 

and that larger and more abundant strongman trait DCST2-L759P puncta are associated with a 

partial loss of function of store-operated calcium entry and SERCA dependent sarcoplasmic 

reticulum calcium reuptake. The significant increase in size and number of DCST2-L759P 

puncta containing STIM1 and SERCAs in strongman trait muscle suggest that it is related to a 

compensatory response to dysregulated calcium handling that is likely responsible for the 

increased strength and associated weakness after repeated contractions. The relatively high minor 

allele frequency of 0.06487% (1:1542) for the DCST2 mutation suggests that it may be a 

frequent cause of muscle hypertrophy, superior strength and myalgia in humans.  

 

Key words: Strongman trait; DCST2; calcium; SOCE   
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Abbreviations: DCST2 = DC-STAMP Domain Containing 2; STIM1 = sensor stromal 

interaction molecule 1; SERCAs = calcium transporter sarco/endoplasmic reticulum Ca2+-

ATPases; CCDC47 = Coiled-Coil Domain Containing 47; LMAN1 = Lectin Mannose Binding 

1; ITPR3 = Inositol 1,4,5-Trisphosphate Receptor Type 3. 
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Introduction 

The number of genes associated with neuromuscular disorders is expanding at a fast pace largely 

due to progress in next generation sequencing. However, contemporary neurogenetics is still 

facing considerable challenges in identifying new entities with milder and more variable intra-

familial muscle symptoms that are often not associated with recognized electrophysiological or 

pathological findings 55,111,122,137,146. Familial muscle hypertrophy associated with superior 

strength poses such a diagnostic challenge. True muscle hypertrophy defined as increased muscle 

mass has been documented in several myopathies, but is also observed in patients consulting for 

myalgia, cramps, prolonged contractions (myotonia) and muscle fatigue with a negative 

laboratory investigation 55,111,122,137,146. In some myopathies, the increased size of certain muscles 

corresponds to fatty replacement referred to as pseudohypertrophy, which is usually associated 

with muscle weakness as seen in Duchenne muscular dystrophy (DMD) 147. The list of hereditary 

myopathies associated with muscle hypertrophy and increased strength has been expanding, and 

includes: McArdle disease caused by recessive mutations in myophosphorylase (PYGM) 148, non-

dystrophic myotonias caused by mutations in the chloride voltage-gated channel 1 (CLCN1) or 

the sodium voltage-gated channel alpha subunit 4 (SCN4A) genes 149,  mutations in ryanodine 

receptor 1 (RYR1) associated with malignant hyperthermia susceptibility and other RYR1 related 

myopathies 108,150,151, Brody disease caused by mutations in ATPase sarcoplasmic/endoplasmic 

reticulum Ca2+ transporting 1 (SERCA1) 55 and rippling muscle disease caused by mutations in 

caveolin 3 (CAV3) 122. The most widely publicized human mutation associated with muscle 

hypertrophy occurs in myostatin (MSTN), but only a single pediatric case has been reported to 

date 38. Although Mstn knockout animal models show overall hypertrophied muscles, they 

present with a variable increase in muscle strength 41,152. We have used a personal and familial 

history of supra-normal strength as means to cluster a group of patients with hypertrophied 

muscles who consulted for myalgia, cramps and fatigue, but with negative work-ups, to search 

for new genes causing a dominant Strongman Trait (ST), and identified a first mutation in the 

DCST2 gene involved in calcium handling in skeletal muscle.  
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Materials and methods  

Family recruitment 

 All participants underwent detailed examination by experienced neurologists. Sample collection 

was performed with written informed consent approved by the ethics board of the Montreal 

Neurological Institute according to the Declaration of Helsinki. DNA was isolated from 

peripheral blood lymphocytes using Gentra Puregene blood kit (Qiagen) according to the 

manufacturer’s protocol. Specific consent was provided to print modified self-portraits that 

ensure confidentiality of individual I:III.  

 

Genotyping and linkage analysis  

Genotyping was first performed on 15 family members (family I) using the Illumina 

OmniExpress v1.2 SNPs chip containing 700K markers (Illumina, CA, USA). The SNPs chip 

was run at the McGill University and Genome Quebec Innovation Centre (Montreal, QC, 

Canada). Fine mapping of candidate regions on all 42 samples was performed using the 

microsatellite markers: D1S442, D1S498, D1S2343, D1S2345, D1S2715, D1S2777, D1S2624, 

D1S2771, D1S2707, D1S484 and D1S2844. Two-point and multipoint parametric linkage using 

a dominant mode of inheritance was computed using MLINK v2 153 and Simwalk2 v2.90 154 

respectively . 

 

Exome and Sanger sequencing  

Whole exome sequencing was performed on five individuals indicated with asterisks on pedigree 

of family I at the Perkin Elmer facilities. Exons were captured using the Agilent SureSelect 

50Mb capture kit (v4) and the sequencing was performed on an Illumina HiSeq2000. Data 

analysis was performed via Perkin Elmer webportal. Whole exome sequencing results were 

aligned to the Human reference genome (UCSC genome browser Hg19) using Burrows-Wheeler 

Alignment Tool (BWA v.0.6.2) 155. Duplicates were marked using Picard tools and Genome 

Analysis Toolkit (GATK v.1.6) 156 was used for base-quality recalibration, local sequence 

realignment for indels optimization, and variant filtering to minimize base calling and mapping 

errors. Variant calling was performed using GATK Unified Genotyper. Finally, variants were 

annotated using GATK. We obtained high quality sequencing results, with an average of 98% of 

the reads mapping to the reference sequence and more than 60% of the nucleotides covered at 
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30X or more. Variants were validated by Sanger sequencing at McGill University and Genome 

Quebec Innovation Centre (Montreal, Quebec, Canada). The p.Leu759Pro was found in 3 

unrelated participants of 1209 Care4Rare Canada Consortium WES which included trios and 

some larger families. None had been recruited for a muscle phenotype and information on 

ethnicity was not available on all individuals. The genotyping of 96 unrelated French Canadian 

participants without a ST from different regions of Quebec did not uncover a carrier.  

 

Muscle biopsy 

Four controls and one patient (individual I:XV, Family I) were subjected to muscle biopsies. A 

biopsy of the left vastus lateralis at the mid-thigh level was taken using the modified Bergstrom 

needle technique with suction 157. A ~200mg sample of muscle was obtained and portioned out 

for the various analyses described as follows: ~50 mg of muscle was used for myoblast cell 

culture, two ~40 mg muscle biopsies were immediately snap frozen in liquid nitrogen for protein 

and RNA extraction; other ~70 mg of solid pieces of muscle were mounted with the muscle 

fibers in transverse and longitudinal orientation on specially engineered plastic blocs in 

Tragacanth gum and frozen in liquid isopentane cooled in liquid nitrogen. All samples were 

stored at −80◦C until analysis. 

 

Skeletal muscle morphology analysis  

Three muscle biopsies from patient I:XIX were previously analyzed in clinical pathology 

laboratories and no tissue was left for analysis at the launch of this study. In the clinical 

laboratories, the sections were reacted or stained by the following methods: H&E, modified 

Gomori Trichrome, cytochrome C oxidase, succinate dehydrogenase, acid phosphatase, ATPase 

reacted sections at pH 4.3, 4.6 and 9.4, periodic acid Schiff, and myophosphorylase. 

Immunostaining for desmin and actin was also performed. 

 

Cell lines 

Control and patient myoblasts were established from muscle biopsies, sorted, immortalized, 

propagated, and fused as described previously 158. Myoblasts were grown in Sk MAX media 

(Wisent Bioproducts) complemented with Sk MAX supplement and 20% fetal bovine serum 

(FBS). Myoblasts differentiation was induced by exposing cells to 2% horse serum (HS) in 
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Dulbecco's modified Eagle's medium (DMEM) media. HEK293 Flp-In T-REx cell lines were 

grown in high‐glucose DMEM supplemented with 10% FBS, at 37°C in an atmosphere of 5% 

CO2. 

 

DCST2 cDNA cloning, mutagenesis, and transfection 

Wild-type DCST2 cDNA was amplified from pENTRY-223.1-hDCST2 plasmid (DNASU). 

Purified PCR products and pcDNA6V5hisB empty vector were digested with BamHI and XhoI 

(NEB). After gel extraction, the digested construct and vector were ligated and transformed into 

DH5α competent cells and plated on ampicillin lysogeny broth (LB) agar plates. Plasmid DNA 

extracted from bacterial clones was sequenced for the insert. BirA*-FLAG constructs were 

generated using Gateway cloning into the pDEST5-BirA*-FLAG-N-ter vector. Mutated DCST2-

L759P construct (missense T>C at the position c.2276) was produced by site-directed 

mutagenesis using the QuikChange II kit (Stratagene, Agilent Technologies, Santa Clara, CA). 

Control myoblasts and HEK293 Flp-In T-REx cells were transfected with wildtype and mutated 

DCST2 plasmids with Lipofectamine 3000 (Life Technologies) as indicated by the manufacturer.  

 

Western blotting 

Total cell and tissue protein lysates were prepared in RIPA buffer followed by sonication. 

Protein quantification was performed using the DC colorimetric assay (Bio-Rad). Homogenates 

were run on a NuPAGE Bis-Tris gel (Life Technologies) and transferred onto a nitrocellulose 

membrane (Bio-Rad). Immunoblots were probed with the following primary antibodies: anti-

DCST2 was raised against the C-terminal peptide CGQPQDEGDMENT, at position 602-614aa 

(MediMabs in-house rabbit), anti-STIM1 (310954, BD Biosciences), anti-SERCA1 (MA3-912, 

ThermoFisher), anti-FLAG (F1804, SigmaAldrich), anti-biotin (200-002-211, Jackson 

Immunoresearch), anti-Calumin (HPA029674, SigmaAldrich), anti-IP3R (D53A5, Cell 

Signaling), and anti-actin (Ab3280, Abcam). 

 

Immunofluorescence 

Cells were plated on coverslips prior to labeling. They were fixed in PBS containing 4% 

paraformaldehyde for 10 min at room temperature (RT) and kept in PBS at 4°C until used. Cells 

were permeabilized in 0.1% Triton in PBS, rinsed 3×5 min with PBS, and then blocked in horse 
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serum (HS, 5%) in PBS for 30 min at RT. Cells were incubated 1 hour with the primary antibody 

diluted in 3% HS in PBS, washed in PBS 3×5 min and then incubated for 1 hour with the 

appropriate secondary antibody diluted in 3% HS in PBS with donkey polyclonal anti-rabbit 488, 

donkey polyclonal anti-mouse 555 or donkey polyclonal anti-rat 647 (Jackson Immunoresearch). 

Coverslips were mounted with ProLongTM Gold antifade reagent with DAPI (ThermoFisher). 

Primary and secondary antibodies were mixed together during the incubation for double staining 

experiments. Primary antibodies used were V5 (R960-25, ThermoFisher), KDEL (ab50601, 

Abcam), DCST2 (MediMabs in-house antibody), p62 (sc28359, Santa Cruz), LAMP2 (ab5631, 

Abcam), and ubiquitin (39365, Cell Signaling). Cell cytoskeletal F-actin was labeled with Alexa 

Fluor™ 488 Phalloidin (ThermoFisher).  

Ten micron-thick serial cross and longitudinal sections of control and patient muscle were cut in 

a cryostat at -22°C and mounted on lysine-coated slides (Superfrorst Fisherbrand). Human 

muscle sections were immunolabeled as follows: sections were fixed with 4% paraformaldehyde 

(PFA) for 15 minutes, blocked and permeabilized with a TBS solution containing 5% normal 

donkey serum (NDS), 0.25% Triton and 0.1M glycine for 1 hour, incubated overnight with 

primary antibodies, incubated with secondary antibodies for 1 hour and mounted. Primary MHCs 

antibody cocktail that was composed of a mouse IgG2b monoclonal anti-MHC type I (BA-F8, 

1:25), mouse IgG1 monoclonal anti-MHC type IIa (SC-71, 1:200), mouse IgM monoclonal anti-

type 2x MHC (6H1, 1:25) and a rabbit IgG polyclonal anti-laminin (L9393, Sigma), the 

immunolabeling was done as described previously 159. All primary antibodies targeting MHCs 

were purchased from the Developmental Studies Hybridoma Bank (DSHB, University of Iowa, 

IA). DCST2 (MediMabs in-house antibody) was double labeled with SERCA1 (MA3-912, 

ThermoFisher), STIM1 (310954, BD Biosciences), RYR1 (MA3-925, ThermoFisher), DHPR 

(MA3-920, ThermoFisher), OPA1 (612606, BD Biosciences), and desmin (M0760, Dako).  

 

Confocal imaging 

Stained cells or tissue slides were imaged using 20x or 60x objectives on a Zeiss LSM 710 laser 

scanning microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada; McGill Life Sciences 

Imaging Facility) using Zeiss LSM acquisition software. Images were processed using Zen 2009 

Image Browser software (Carl Zeiss, Jena, Germany) or Fiji software. Sister cultures were used 

in all experiments in which comparisons were made. Images for quantification were captured 
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using the same parameters to allow comparisons to be made between conditions. For the 

quantification of MHCs in muscle biopsies, images were acquired with Stereo Investigator 

software (MBF Bioscience) and quantitative and morphometric data were obtained by analyzing 

images with ImagePro Plus software (Media Cybernetics, Inc.). Myofiber cross-sectional area 

(CSA) was obtained by measuring between 200 and 300 myofibers per individual. For 

quantification of large puncta in differentiating myoblasts treated or not with thapsigargin (TG), 

only compact DCST2 puncta with an area of at least 1 μm2 were considered. Large DCST2 

puncta were counted in 200-500 cells from control and patient’s myoblasts in differentiation for 

2 days. Determination of the area of the large DCST2 puncta from these cells was done by 

creating maximum projections of stacking images to produce images containing whole cell 

bodies. Puncta larger than 0.8 μm2 were measured, 20-30 puncta were analyzed per group. 

Quantification of DCST2 puncta number and area in control and patient’s muscle sections was 

done counting only the puncta that were larger than 0.06 um2. DCST2 puncta area was 

determined using Fiji software using its “particle analysis” tool. Analysis of DCST2 and 

SERCA1 or STIM1 colocalization in skeletal muscle tissue was done with the Fiji software: 

merged images were split, thresholded and binarized; the “Image calculator” plug-in from Fiji 

combined DCST2 and SERCA1 or STIM1 images through the “subtract” operation option 

creating a new image with just puncta that colocalized the two proteins. White pixels from the 

generated images were measured for quantification of DCST2 and SERCA1 or STIM1 

colocalization. 

 

BioID assay 

DCST2 was N-terminally tagged with BirA*-FLAG and integrated stably in HEK293 Flp-In T-

REx (Invitrogen) cells for tetracycline inducible expression. Induction of expression, in vivo 

biotinylation and purification of biotinylated proteins followed by their identification by mass 

spectrometry on a Thermo Orbitrap Elite mass spectrometer were performed in biological 

duplicates, essentially as described previously 160. Data were searched using Mascot and 

Comet161 against the human and adenovirus complements of the RefSeq database (v57) 

appended with common contaminants, and the peptides were combined into proteins using 

iProphet 162. Only proteins identified with an iProphet probability ≥ 0.95 and ≥ 2 unique peptides 

were further considered. Data scored against a total of 37 negative controls expressing the BirA* 
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tag alone and non-transfected cells using SAINTexpress 163 v3.6.1 with default options and 2-

fold control compression; data were sorted by decreasing fold change compared to the control. 

 

Calcium handling assays 

Cells were plated on glass bottom dishes coated with poly-D-lysine at a density of 1E5-2E5 

cells/dish. Prior to recording, cells were loaded with 5 μM Fura-2 AM (Molecular Probes) + 

0.1% Bovine Serum Albumin (BSA) for 40 min and then washed for 30 min with the 

extracellular solution containing in mM: 152 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 10 

glucose, pH 7.4, at 37°C in 5% CO2. During recording, the cells were constantly perfused with 

the extracellular solution. Fluctuation of intracellular calcium levels was measured using single-

cell microfluorescence. Cells were selected using an inverted TE2000-U microscope (Nikon) 

equipped with 40X oil-immersion objective [CFI super(S) fluor, Nikon]. Fura-2 was excited at 

340 nm and 380 nm every second and emission at 510 nm was detected with a high-resolution 

cooled CCD camera (Cool Snap-HQ, Roper Scientific/Photometrics) interfaced to a PC. Changes 

in intracellular calcium levels were determined by the ratio of fluorescence at 340 nm and 380 

nm (340/380 ratio) calculated using the Metafluor 7.0 software (Molecular Devices). For each 

cell, net increase in intracellular calcium was determined by subtracting the baseline ratio from 

the peak ratio of the response (∆F=F-Fo), divided by the baseline (∆F/Fo). All experiments were 

conducted at room temperature. Store-operated calcium signaling was induced in cultured 

HEK293 cells and differentiating myoblasts (differentiated for 2 or 5 days) by applying or not 1 

μM of the SR/ER Ca2+ ATPase blocker thapsigargin (Tocris) for 7 min in calcium-free perfusion 

solution. Ca2+ transients were also elicited by application of 100 mM KCl for 15 seconds.  

 

Statistical analysis 

Comparisons in which just control and patient samples were analyzed were made using unpaired 

two-tailed Student’s t-test with Welch’s correction. Statistical analysis of the number of DCST2 

puncta on different time points of TG treatment (Fig. 2.3H) and quantification of calcium levels 

on TG-evoked or KCl calcium depletion in control and patient’s differentiating myoblasts (Fig. 

2.3A, C, Supplementary Fig. 2.7A) were done using one-way ANOVA test for multiple 

comparisons with Fisher’s LSD test. Significance was established at P<0.05. P values are 

specified in the figure legends. 
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Data availability  

Raw exome sequence and BioID data are available from the corresponding author on 

request. Raw exome sequence data is not publicly available since they contain 

information that could compromise research participant privacy. The authors confirm that 

the data supporting the findings of this study are available within the article and in its 

supplementary materials. 
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Results 

Clinical features and genetic analysis 

We recruited the families of a cohort of 12 cases who consulted for muscle pain (myalgia), 

muscle cramps, decreased endurance and preserved large muscle bulk (despite a relatively low 

level of physical activity), with a family history of above normal strength in at least two 

members including the probands. The largest family included 20 variably symptomatic 

individuals out of 42 examined. We considered individuals that presented at least two of the 

three following signs as carrier of the Strongman trait (ST): large muscles, prolonged delayed 

muscle relaxation following percussion (with no electrical activity: pseudomyotonia) in multiple 

muscles in the cases that had EMGs, and deltoid weakness after 20 contractions (Fig. 2.1A, 

Family I; Table 2.1). The age of onset in the most symptomatic males in this family was 

adolescence, with variable severity of negative symptoms. The mean age of onset in the 12 

probands was 31 (13-50) with 50% being males. In family I, the proband (I:XIX) sought medical 

attention at age 26 because of severe post-activity myalgia reported as muscle soreness and 

sustained muscular contractions that interfered with his construction work. He had a clear 

personal and family history of above-average strength. For example, as a young man he had 

successfully lifted the back of a car and turned it 270° by himself. Muscle hypertrophy in this 

family is illustrated by self-portraits of a cousin at age 16 and 20 (Fig. 2.1A and 2.1B, individual 

I:III). The proband’s electromyograms were repeatedly normal, and three muscle biopsies were 

interpreted as normal for routine stains. Similarly, the muscle biopsies of the other 11 family 

probands were also considered normal with no evidence of ongoing dystrophic process or 

excessive glycogen storage as seen in McArdle disease 148. The following genes associated with 

cramps, myalgia and muscle hypertrophy were screened by a next generation gene panel 

(Medical Neurogenetics, LLC) or whole exome sequencing (WES) sequencing: CLCN1, SCN4A, 

ATP2A1, CAV3, RYR1, MSTN, ANO5, and LMNA 38,55,111,122,137,146. Linkage analysis using a 

combination of SNPs and microsatellites markers mapped the mutated gene to chromosome 

1q21.3-q23.3 with a maximum LOD score of 8.6 (D1S2345-D1S2844: 11.4Mb) (Fig. 2.1C). 

WES was performed on five participants (Fig. 2.1A, Family I). Out of the four rare shared 

nucleotide variants, only DCST2’s (NM_144622) c.2276T>C (p.Leu759Pro, rs201399069) 

variant segregated appropriately and was predicted as potentially pathogenic by SIFT, PolyPhen, 

Mutation Taster and CADD (Fig. 2.1D). Screening of the entire DCST2 coding sequence in 11 
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unrelated ST cases from the same region identified one additional ST family carrying this variant 

(Fig. 2.1A, family II). The leucine at position 759 is conserved from old-world monkeys to 

primates (Fig. 2.1E). The Genome Aggregation Database (gnomAD) reports an allele frequency 

of 0.06487% (1:1542), in a range compatible with a variably penetrant dominant trait. This is in 

accordance with our observation that carriers rarely seek medical attention, as in family I, where 

only the proband, and an aunt and uncle consulted for muscle symptoms (the last two consulted 

for spasmodic dysphagia). Though carried by 3 unrelated individuals with no known muscle 

condition out of 1209 in the Care4Rare WES database, it was not found in 96 unrelated FC 

individuals from different regions of the province of Quebec without a ST phenotype. We could 

obtain only a single needle quadriceps biopsy of an affected ST cousin (Fig. 2.1A, I:XV), which 

showed normal gross morphology using standard stains, but a decrease in type 1 myofiber cross-

sectional area (CSA) and a minor increase in type 2X myofibers compared to three sex and age-

matched controls (Supplementary Fig. 2.1).  

 

DCST2 localization and protein partners in myoblasts and muscle 

Very little is known about DCST2. It is the least studied of a group of four proteins that belong 

to a family that share six predicted transmembrane domains and a DC-STAMP-like protein 

domain: Dendrocyte Expressed Seven Transmembrane Protein (DCSTAMP), Osteoclast 

Stimulatory Transmembrane Protein (OCSTAMP), DCST1 and DCST2 (Fig. 2.1F). DCST2’s 16 

exons code for a 773 amino acid-long, 86 kDa protein. To date, only a non-coding variant in 

DCST2 (rs905938) has been associated with increased human height 164. The Genotype-Tissue 

Expression (GTEx) portal shows that DCST2 is ubiquitously expressed at low levels in most 

tissues. In immortalized control human myoblasts transfected with wildtype V5-tagged DCST2, 

it partially colocalizes with the ER marker KDEL (Fig. 2.2A) while the mutated V5-tagged 

DCST2-L759P forms large puncta (Fig. 2.2B). To assess DCST2 endogenous localization and 

expression, we produced with MediMabs Inc an in-house DCST2 polyclonal rabbit antibody 

(Supplementary Fig. 2.2). In human differentiating myoblasts, endogenous DCST2 protein 

expression appears on day 1 and peaks on day 2 (Supplementary Fig. 2.3A and 3B). Larger 

DCST2 puncta are significantly more abundant in ST differentiating myoblasts (Fig 2.2C and 

2.2D). In transverse sections of normal adult human skeletal muscle, DCST2 is found in the 

cytoplasm with some subsarcolemmal and perinuclear localization in all fiber types (Fig. 2.2E). 
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On longitudinal sections of control human muscle, DCST2 follows a striated pattern and is found 

in proximity, though almost never colocalizes, with: stromal interaction molecule 1 (STIM1, 

sarcoplasmic reticulum, SR), SERCA1 and 2 (SR), RYR1 (terminal cisternae of the SR), desmin 

(Z-disk) and optic atrophy protein 1 (OPA1, mitochondria) (Fig. 2.2F and 2.2G). The DCST2-

rich striae are usually flanked by the T-tubules (TT) dihydropyridine receptor (DHPR)-positive 

striae (Fig. 2.2F and 2.2G). These results demonstrate that DCST2 localizes to the SR in the I-

band in proximity to the TT. The most dramatic observation in ST muscle was the presence of 

larger DCST2 puncta on longitudinal sections (Fig. 2.2H-2.2J). Furthermore, the larger DCST2 

puncta can contain both STIM1 and SERCA1, in particular in ST muscle, as best shown in the 

binary colocalization analysis (Fig. 2.3A-2.3D). A comparing of the levels of expression between 

two controls and the ST muscle biopsy show that DCST2 is relatively more abundant in the ST 

muscle while SERCA1 and the short and long isoforms of STIM1 appear less abundant in the ST 

muscle (Supplementary Fig. 2.3C). On the other hand, in differentiating myoblasts we did not 

observe any major differences in protein levels of DCST2, STIM1 and SERCA1 between ST 

cells and a control myoblast line (Supplementary Fig. 2.3A and 2.3B). 

 

To identify potential DCST2’s protein’s interactions we took an unbiased approach, and 

performed an in vitro proximity-dependent biotinylation assay (BioID) 165. HEK293 Flp-In T-

REx cells, that do not express DCST2 endogenously, were transfected with a tetracycline-

inducible DCST2-BirA vector (Supplementary Table 2.1, Supplementary Fig. 2.4). The 211 

proteins detected as high-confidence proximity partners (FDR ≤1% against 37 negative controls 

– see Methods) and with high enrichment over the controls (Fold Change ≥ 3.15) were highly 

enriched in ER proteins (p=6.43e-30; Panther GO-Slim Cellular Component), involved in protein 

folding (p=3.32e-4; Panther GO-Slim Biological Process) and also enrich preys calcium 

homeostasis (p=1.40e-4; Panther GO-Slim Biological Process). Based on our hypothesis that the 

ST patients have stronger and longer contractions due to a prolonged increase in intracellular 

muscle calcium during contraction, we further studied two of the four calcium binding proteins 

that were in the top 10 DCST2 proximity interactors: calumin (CCDC47), STIM1, lectin 

mannose binding 1 (LMAN1), and inositol 1,4,5-trisphosphate receptor type 3 (ITPR3). Though 

little is known of calumin, it has been described as a new calcium binding protein in the ER 

negatively influencing calcium-release calcium-activated (CRAC) channels activity 166. Bi-allelic 
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mutations in calumin cause a recessive disorder characterized by woolly hair, liver dysfunction, 

dysmorphic features, and global developmental delay (OMIM618268) 167, and its dysregulation 

is also linked to diabetic cardiomyopathy 168. We observed a major decrease of calumin level in 

the ST patient skeletal muscle (Supplementary Fig. 2.3C), but no major differences in expression 

in ST myoblasts (Supplementary Fig. 2.3A and 2.3B). Calumin is distributed in a striated pattern 

in the skeletal muscle but we could not perform a colocalization with DCST2 since both 

available antibodies were generated in rabbits (Supplementary Fig. 2.5A and 5B). STIM1 has 

been extensively studied and is a sensor of low ER/SR calcium which oligomerizes and activates 

ORAI1 channels at the TT to allow extracellular calcium entry to replenish intracellular calcium 

stores 160,169-171. We observed that STIM1 was present more often in the larger DCST2 puncta in 

ST muscle sections (Fig. 2.3C and 2.3D, Supplementary Table 2.1). Since STIM1 and SERCA1 

are dynamic partners 172 and can be present in large DCST2 puncta (Fig. 2.3A-2.3D), we 

hypothesized that DCST2-L759P could influence both store-operated calcium entry (SOCE) and 

SR SERCA-dependent calcium reuptake.  

 

DCST2 plays a role in calcium handling 

To explore the role of DCST2 in cellular calcium handling, we performed measurements of free 

intracellular calcium in BioID HEK293 Flp-In T-REx lines with tetracycline-inducible DCST2 

or DCST2-L759P expression and in differentiating human ST and control myoblasts. To assess 

SOCE activity, we measured calcium responses upon treatment with thapsigargin (TG), a 

SERCA inhibitor, which induces depletion of SR calcium stores, resulting in activation of 

STIM1 and opening of ORAI1-containing CRAC (calcium release-activated calcium) channels. 

This was followed by the addition of 2 mM extracellular calcium ions to evoke a rise in the 

levels of cytoplasmic calcium. The DCST2-L759P-expressing HEK293 cells displayed lower ER 

calcium release upon TG treatment and no change in CRAC response (Supplementary Fig. 

2.6A). Although ST myoblasts exposed to TG also had lower SR calcium release, they showed 

lower CRAC activity (Fig. 2.4A and 2.4B) which likely corresponds to endogenous expression 

of DCST2 in these lines. To confirm that the decrease in calcium release by the SR is not due to 

a defective SR/ER calcium leak, we opted to trigger the calcium release using a different 

mechanism. We measured calcium responses following membrane depolarization using KCl, and 

observed lower levels of SR calcium release in ST cells (Fig. 2.4C and 2.4D). We also observed 
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that differentiating ST myoblasts show significantly lower basal intracellular free calcium levels 

than controls (Supplementary Fig. 2.6B). Together, these results suggest that DCST2-L759P 

leads to decreased calcium levels in the SR. To assess if low SR calcium levels in ST cells could 

be due to a defective calcium uptake mechanism, we repeated the same experiment to measure 

SOCE activity as previously, but without the SERCA inhibitor TG. We incubated differentiating 

myoblasts in calcium-free media followed by re-addition of extracellular calcium, and observed 

significantly higher intracellular calcium levels in the ST cells (Fig. 2.4E and 2.4F) suggesting 

that DCST2-L759P is impacting SERCA activity and causing a delay in SR calcium reuptake 

leading to a rise cytoplasmic calcium. Strikingly, TG treatment quickly leads to a significant 

increase in number and size of DCST2 puncta in ST cells, while this occurs more gradually in 

control cells (Fig. 2.4G-2.4I). Furthermore, SERCA1 and STIM1 are found in large DCST2 

puncta in both ST and control myoblasts, including the very large puncta only observed in ST 

cells (Fig. 2.5). ORAI1 does not colocalize with DCST2 puncta, but can be observed close to 

DCST2 puncta (Fig. 2.5). The large DCST2 puncta (area > 6μm2) do not appear to be 

nonfunctional aggregates, since they are observed in control and ST myoblasts and are not 

positive for p62 and LAMP2 (markers of autophagy) or ubiquitin (Supplementary Fig. 2.7). 

Together our data show that DCST2 forms larger puncta with STIM1 and SERCA1 when there 

is a low ER/SR calcium level. In ST cells, we observed that DCST2 forms even larger puncta, 

but since these were present in only ~15% of cells and that most cells display decreased calcium 

transients, the large DCST2 puncta may correspond to the cell’s effort to increase calcium entry, 

which is less efficient in ST cells.   
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Discussion 

We show that DCST2 plays a role in calcium handling in myoblasts and that the ST mutation 

leads to an increase in the clustering of STIM1 and SERCA1 in large DCST2-positive puncta. 

What is still unknown is how an apparent decrease in baseline calcium concentration in the SR of 

differentiating ST myoblasts can lead to muscle hypertrophy and increased strength in ST mature 

myofibers. The increase in DCST2 puncta size and their more frequent STIM1 and SERCA1 

content in ST muscle suggests that either these larger complexes may correspond to the cell’s 

effort to counteract the partial loss of calcium replenishing through SOCE or alternatively that 

mutated DCST2 interferes with dynamic puncta dissociation leading to the SOCE dysfunction 

and SERCA clustering. Since DCST1 has been reported to be an E3 ubiquitin-ligase 173, it is 

tempting to speculate that DCST2 could play such a role, and when mutated impact 

ubiquitination of key components of the puncta. DCST2 localization to the I-band may 

correspond to its participation in the newly identified calcium entry units (CEUs) 170. These units 

correspond to STIM1-rich SR specialized tubular structures that surround lateral extensions of T-

tubules and are thought to be a specialized site of SOCE activity to replenish intracellular 

calcium stores. CEUs have been shown to increase in abundance with exercise, supporting the 

idea that the higher requirement of calcium with repeated contractions leads to their enlargement 

to ensure higher calcium influx through an ORAI1-STIM1-dependent mechanism. Though more 

histological work is needed to confirm that DCST2 puncta are indeed localized to CEUs and that 

in ST muscles the CEUs are larger, the increased size and STIM1 content of ST DCST2 puncta 

favors this hypothesis. Furthermore, the increased SERCA content of ST DCST2 puncta could 

support the concept that this proximity leads to a compensatory increase of free cytosolic 

calcium through SOCE while compromising the rapid reuptake of calcium after every 

contraction by interfering with SERCA function. The relative increase in clustering of SERCA in 

partially functional ST puncta could lead to a relatively slower calcium reuptake after contraction 

that could explain the prolonged contractions due to free cytoplasmic calcium while the 

decremental strength observed in ST patients with each contraction could correspond to a decline 

in the absolute concentration of SR calcium. More work is needed to establish how mutated 

DCST2 leads to a Strongman phenotype, but there is growing evidence that calcium handling 

dysfunctions that impact SR calcium release and reuptake could lead to larger muscles and 

increased strength 43,80,108.  
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Increased strength associated with enlarged skeletal muscles has been observed in different 

myopathies directly or indirectly associated with changes in muscle calcium handling. Muscle 

hypertrophy and increased strength has been described in certain non-dystrophic myotonias 

caused by mutations in the SCN4A and CLCN1 genes coding respectively for sodium and 

chloride channels subunits 101. Those mutations lead to prolonged depolarization ensuing 

prolonged increased intracellular calcium associated with prolonged contractions 101. In Brody 

disease caused by recessive SERCA1 mutations, the associated slower SR calcium reuptake and 

prolonged contractions clinically manifest as larger muscles, though not always increased 

strength 55,120. In Brody syndrome, despite the large muscles and fatigue, patients do not carry 

SERCA mutations but some have a clear clinical overlap with ST with larger muscles, myalgia 

and often increased strength 55. The most dramatic calcium handling disorder is malignant 

hyperthermia susceptibility caused by dominant mutations in RYR1 where prolonged increased 

intracellular calcium levels are elicited upon exposure to certain anesthetics 108,174. It can lead to 

death due to respiratory arrest and increased body temperature 108,174. RYR1 dominant mutations 

are increasingly observed in cases of rhabdomyolysis and myalgia in which muscle hypertrophy 

is a frequent finding 108. Together, these myopathies support the concept that mutations which 

affect calcium handling lead to prolonged increased intracellular calcium levels and ensuing 

contractions are associated with increase strength and muscle hypertrophy as observed clinically 

in DCST2 ST cases. In contrast, SOCE dysfunction in skeletal muscle diseases has been 

associated with increased SOCE activity and high intracellular calcium levels leading to muscle 

weakness caused by dominant mutations in STIM1 and ORAI1 in certain tubular aggregate 

myopathies 175.  In the Strongman trait a combination of SOCE and SERCA dysfunctions may 

lead to the positive and negative features of the condition. Clinically the presence in patient 

muscles of more abundant large puncta positive for DCST2, STIM1 and SERCA1 and 2, would 

support this hypothesis. Sequencing of DCST2 and other candidate genes in patients with muscle 

hypertrophy and myalgia should be performed by gene panel next generation sequencing. If 

negative, patient myoblasts can be tested electrophysiologically and analyzed histologically for 

puncta size after thapsigargin to further support the diagnosis. The relatively high carrier 

frequency of 1:1542 for the c.2276T>C (p.Leu759Pro) DCST2 mutation in the Gnomad database 

suggests that it may be a frequent cause of dominant Herculean, often painful, myopathy. 
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Furthermore, many dominant families with overlapping phenotypes are still without a genetic 

diagnosis suggesting that novel mutations in other genes coding for proteins involved in muscle 

calcium handling remain to be uncovered. 
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Table 2.1: Clinical Data on sixteen ST cases with full examination 

Number I:I I:II I:III I:V I:VI I:VII I:VIII I:X I:XII I:XIV I:XV I:XVI I:XVIII I:XIX I:XX II:I

Age 50 30 23 70 45 47 68 59 61 57 36 64 59 34 35 27 

Sex F F M F M M F F F F M M F M F M

Above average strength  +  +  +  +  +  +  +  +  +  +  +  +  -  +  +  +

Weakness after repetitive 

movement  +  +  +  +  +  +  +  +  +  -  +  -  +  +  +  + 

Myalgia post-activity  +  +  +  +  +  +  +  +  +  +  +  +  -  +  +  +

Large muscle bulk  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +

Deltoid Fatigability  +  +  +  +  +  -  +  -  -  +  +  +  +  +  -  +

Superior Strength  +  +  +  +  +  +  +  -  +  +  +  +  +  +  +  +

Pseudomyotonia  +  +  +  +  +  +  +  +  -  +  +  +  +  +  +  +

Proximal Weakness  -  -  -  -  -  -  +  -  +  -  -  -  +  -  -  -

Abbreviations: F, female; M, male; +, present; -, absent. 
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Figure 2.1. A mutation in DCST2 gene causes Strongman Trait (ST) in two French-

Canadian families. (A) Pedigree of families I and II with ST cases carrying mutations in 

DCST2; the DNA of individuals indicated with asterisks were submitted to whole exome 

sequencing (WES).  (B) Photograph of family member I: III at age 16 (left) and 20 while 

bodybuilding (right). (C) Multipoint linkage analysis of chromosome 1 in family I; red line 

represents the position of DCST2. (D) Chromatogram for the c.2276T>C (p.Leu759Pro) variant. 

(E) Relative conservation of the C-terminus of DCST2 in old-world monkeys and primates; red 

open rectangle indicates the position of the mutation (Leu759Pro); conserved amino acids are 

highlighted in green. (F) Predicted structure and domains of DCST2. 
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Figure 2.2 DCST2-L759P forms larger puncta in myoblasts and skeletal muscle tissue. (A) 

Confocal image of human immortalized control myoblasts transfected with DCST2-V5-His 

labeled with α-V5 (green) and α-KDEL (ER marker, red) antibodies; bottom panels show 

zoomed regions indicated by white dotted squares. (B) Same as in A, but transfected with 

DCST2-L759P-V5-His. (C) Confocal image of differentiating myoblasts in differentiation 

labeled with α-DCST2 antibody (red), phalloidin (green) and DAPI (blue) from a human control 
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(left) and patient (right) cell lines. (D) Quantification of large DCST2 puncta in control and ST 

myoblasts. Data are presented as mean (± SD) of ~500 cells for each group, 3 different sister 

cultures were used; statistical analysis (unpaired t-test) is indicated (****P<0.0001). (E) 

Confocal images of transverse sections of human control (left) and ST (right) skeletal muscle 

labeled with DCST2 in red. (F) Confocal images of longitudinal sections of human skeletal 

muscle labeled with DCST2 in red and markers of intracellular proteins in green: STIM1, 

SERCA1, SERCA2, RYR1, DHPR, OPA1 and desmin; Scale bar: 2 μm. (G) Graphic 

representation of the sarcotubular system around the I-band of the sarcomere on the left, and 

representation of DCST2 localization with respect to other markers. (H) Confocal images of 

longitudinal sections of control (left) and ST patient (right) skeletal muscle showing larger 

DCST2 puncta in red. (I) Number of DCST2 puncta in control and ST patient’s muscle; Data are 

presented as mean (±S.D). (J) Average of DCST2 puncta area in control and ST muscle; Data 

are presented as mean (±S.D); statistical analysis by unpaired t-test (****P<0.0001). 
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Figure 2.3 Larger DCST2 puncta colocalize with SERCA1 and STIM1 more frequently in 

ST muscle. (A) Confocal images of longitudinal sections of control and ST skeletal muscle 

labeled with DCST2 in red and SERCA1 in green; Binary indicates threshold binarized merged 

images; and Colocalization indicates binarized images of DCST2 and SERCA1 showing only 

area of colocalization for two the proteins labeled; Scale bar: 2 μm. (B) Quantification showing 

the mean of white pixels per m2 of the colocalized DCST2 and SERCA1 puncta in the control 

and ST patient’s muscle; data are presented as mean (± SD); Statistical analysis, unpaired t-test 

(*P=0.0477). (C) Same as in A, but with STIM1 colabeling. (D) Same as in B, but with 

colocalized DCST2 and STIM1 puncta. Statistical analysis by unpaired t-test (**P=0.049).  
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Figure 2.4 ST cells display altered calcium handling and higher abundance of large DCST2 

puncta. (A) Summary data showing the average of calcium responses evoked by TG-evoked 

calcium depletion and calcium add-back in control and ST patient’s differentiating myoblasts. 

Data are presented as mean (± SEM) of three independent assays, statistically significant 

differences by one-way ANOVA for multiple comparisons (**P<0.01). (B) Representative traces 

of SOCE using TG followed by calcium add-back. (C) Summary data showing the average of 

KCl-evoked calcium responses of control and ST patient’s differentiating myoblasts; Data are 

presented as mean (± SEM) of three independent assays, statistically significant differences 

assessed by one-way ANOVA for multiple comparisons (**P=0.0031, ****P<0.0001). (D) 

Representative traces of calcium responses evoked by KCl-induced depolarization. (E) Summary 

data showing the average of calcium responses after re-admission of extracellular calcium (2 

mM) in control and ST patient’s differentiating myoblasts. Data are presented as mean (± SEM) 

of three independent assays, statistical analysis by unpaired t-test (***P=0.0002). (F) 

Representative traces of calcium responses evoked by calcium add-back (2 mM). (G) Control 

(left) and patient’s (right) fixed differentiating myoblasts labeled with DCST2 (in red) and DAPI 
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(in blue) before (no TG) and after treatment with TG for 4 and 8 minutes; large DCST2 puncta 

are indicated by white arrows. (H) Quantification of large DCST2 puncta in control and patients 

differentiating myoblasts at different time points during TG treatment; Data are presented as 

mean (± SD) from three different sister cultures; Statistically significant differences established 

by one-way ANOVA for multiple comparisons (***P<0.001, ****P<0.0001). (I) Greater 

abundance of larger DCST2 puncta in patients differentiating myoblasts compared to controls 

treated with TG for 4 minutes; Data are presented as mean (± SD) from three different sister 

cultures. Statistically significant differences established by one-way ANOVA for multiple 

comparisons (**P=0.0058).  
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Figure 2.5 Larger DCST2 puncta contain both SERCA1 and STIM1.  Maximum projection 

of stacking confocal images obtained from control and patient’s differentiating myoblasts treated 

with TG and double labeled with DCST2 (in red) and SERCA1 (in green, left panel), DCST2 (in 

red) and STIM1 (in green, panel at the middle), DCST2 (in red) and ORAI1 (in green, right 

panel). Both wildtype and ST DCST2 puncta larger than 1μm2 contain SERCA1 and STIM1, and 

are in proximity with ORAI1. The lower panel shows a similar sequestration of SERCA1 and 

STIM1 in the largest DCST2 puncta only observed in ST cells; At the top of each image, the 

stacking images are showed 90 degrees on Z-plan; white dotted squares indicate regions of 

interest (ROI) used to produce zoomed images displayed on the right side of each maximum 

projection image. Scale bars on original images: 2 μm 
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Web Resources 

UCSC, https://genome.ucsc.edu/ 

SIFT, https://sift.bii.a-star.edu.sg/ 

PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/ 

Mutation Taster, http://www.mutationtaster.org/ 

Gnomad, http://gnomad.broadinstitute.org/ 

Uniprot, https://www.uniprot.org/ 

GTEx, https://gtexportal.org/home/ 

Prohits, https://prohits-web.lunenfeld.ca/ 

PHYRE2 Protein Fold Recognition Server, https://www.sbg.bio.ic.ac.uk/phyre2/ 
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Supplementary material 

 

Supplementary Table 2.1 DCST2 BioID: List of DCST2 proximity interactors with 

Bayesian False Discovery Rate <0.01 

Prey  PreyGene  Spec  FoldChange 

NP_055862.1  EMC1  119|133  1260 

NP_001949.1  EEF1A2  68|68  680 

NP_055422.1  UBXN4  46|53  445.5 

NP_064583.2  CCDC47  90|89  402.75 

NP_060917.1  EMC3  34|36  350 

NP_055488.1  EMC2  31|33  320 

NP_003147.2  STIM1  32|31  315 

NP_064539.1  EMC7  28|27  275 

NP_005561.1  LMAN1  25|29  270 

NP_002215.2  ITPR3  20|28  240 

NP_001123952.1  VRK2  24|23  235 

NP_056417.2  TOR1AIP1  22|25  235 

NP_060672.2  MACO1  21|22  215 

NP_055929.1  ANKLE2  20|26  207 

NP_776152.1  PDZD8  18|23  205 

NP_002818.1  PTPN1  21|18  195 

NP_065698.1  JPH1  19|18  185 

NP_006058.1  EMC8  16|21  185 

NP_940953.2  MIA3  19|17  180 

NP_620409.1  VANGL1  17|23  180 

NP_060244.2  CDKAL1  15|20  175 

NP_001107.2  ADCY9  14|15  145 

NP_000932.3  POR  10|17  135 

NP_659471.1  TOR1AIP2  17|10  135 

NP_006546.1  YKT6  15|14  130.5 

NP_003934.1  STBD1  13|13  130 

NP_065068.1  VANGL2  9|17  130 

NP_004883.3  SEC22B  11|14  125 

NP_060221.2  SMPD4  12|13  125 

NP_689677.1  TMEM199  13|9  110 

NP_001736.1  CAMLG  13|9  110 

NP_057538.1  EMC4  11|11  110 

NP_003625.2  NIPSNAP1  10|11  105 

NP_996261.1  EMC10  11|10  105 

NP_055995.4  SYNE2  12|9  105 

NP_004630.3  BAG6  10|11  105 
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NP_849193.1  STT3B  10|10  100 

NP_001123356.1  TEX264  10|10  100 

NP_076424.1  DDRGK1  9|10  95 

NP_005756.2  ATP6AP2  9|10  95 

NP_110416.1  HM13  11|8  95 

NP_004827.4  EIF2AK3  8|10  90 

NP_001120676.1  HMOX2  7|11  90 

NP_775741.1  MMGT1  8|10  90 

NP_853553.1  AUP1  10|8  90 

NP_001231595.1  STX5  10|10  90 

NP_057105.2  UBE2J1  7|11  90 

NP_037520.1  PREB  9|9  90 

NP_001673.2  ATP2B1  10|10  90 

NP_057190.2  SCFD1  10|9  85.5 

NP_001174.2  ATP6AP1  8|9  85 

NP_001129671.1  GRAMD1A  7|10  85 

NP_060979.2  LRRC59  9|8  85 

NP_001136277.1  SLC6A8  10|7  85 

NP_002941.1  RPN1  31|33  82.29 

NP_001132913.1  BCAP31  9|7  80 

NP_001073141.1  FNDC3A  7|8  75 

NP_002802.2  PSMD7  9|6  75 

NP_060939.3  TEX2  7|8  75 

NP_056993.2  NBAS  6|9  75 

NP_003092.4  SOAT1  9|6  75 

NP_940932.2  MXRA7  8|7  75 

NP_001041675.1  CLCC1  29|35  72 

NP_116106.2  GPAT3  5|9  70 

NP_060557.3  NDC1  6|8  70 

NP_001072989.1  KTN1  111|118  66.48 

NP_001035938.1  ACBD5  6|7  65 

NP_060069.3  VEZT  6|7  65 

NP_776186.2  RABL3  8|5  65 

NP_058626.1  STX18  5|8  65 

NP_001026884.3  INF2  7|6  65 

NP_115733.2  CCDC115  4|8  60 

NP_055428.1  FAF2  6|6  60 

NP_001093422.2  ITPR1  5|7  60 

NP_001243390.1  SLC12A2  4|8  60 

NP_001258708.1  PSMD6  7|5  60 

NP_658988.2  SMCR8  5|6  55 

NP_004222.2  ATP6V1F  6|5  55 

NP_003038.2  SLC9A1  5|6  55 
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NP_001165906.1  RAB3GAP1  7|4  55 

NP_036313.3  FKBP8  7|4  55 

NP_001008389.1  CISD2  7|4  55 

NP_006658.1  PGRMC1  5|6  55 

NP_056480.1  AAAS  6|5  55 

NP_073572.2  ACBD3  5|5  50 

NP_001191006.1  UBE4A  7|3  50 

NP_057113.1  DHRS7  5|5  50 

NP_002778.1  PSMA2  5|6  49.5 

NP_001036041.1  RRBP1  50|52  48.32 

NP_006450.2  ERLIN1  22|28  45 

NP_005834.4  STAM2  5|5  45 

NP_005207.2  DDOST  4|5  45 

NP_001129243.1  RPN2  6|14  45 

NP_444280.2  SNAP47  4|5  45 

NP_065911.3  STIM2  3|6  45 

NP_848934.1  GPAT4  4|5  45 

NP_005796.1  PSMD14  5|4  45 

NP_056106.1  DNAJC16  4|5  45 

NP_009145.1  SEC63  4|5  45 

NP_055569.1  PTDSS1  6|3  45 

NP_001229971.1  HLA‐C  4|5  45 

NP_004729.1  VAPB  18|17  45 

NP_001166028.1  GOLGA3  9|14  41.4 

NP_002731.4  PRKCI  4|4  40 

NP_110382.3  TMX1  4|4  40 

NP_434698.1  TRIM13  3|5  40 

NP_079508.2  REEP4  5|3  40 

NP_002789.1  PSMB6  4|4  40 

NP_060142.3  TRPM7  2|6  40 

NP_788276.1  CDK5RAP3  2|6  40 

NP_001737.1  CANX  17|18  39.38 

NP_060855.2  LSG1  21|18  39 

NP_009057.1  VCP  60|54  38 

NP_066565.1  NMT1  4|4  36 

NP_002107.3  HLA‐A  4|3  35 

NP_002785.1  PSMB2  4|3  35 

NP_079430.3  SUN1  11|11  33 

NP_065779.1  ESYT2  6|11  30.6 

NP_077306.1  SLC27A3  3|3  30 

NP_001177921.1  SLC33A1  3|3  30 

NP_057133.2  EMC9  3|3  30 

NP_116231.2  TMEM209  3|3  30 
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NP_683877.1  PSMA1  3|3  30 

NP_002861.1  RAB13  3|3  30 

NP_002858.2  RAB3B  3|3  30 

NP_004466.2  FLOT2  3|3  30 

NP_068747.1  SPCS3  2|4  30 

NP_068708.1  ST7  2|4  30 

NP_006816.2  CKAP4  46|48  28.2 

NP_056163.1  TMEM131  3|2  25 

NP_065143.2  ATP13A1  3|2  25 

NP_003225.2  TFRC  2|3  25 

NP_002202.2  ITGB1  2|3  25 

NP_071760.2  DNAJC1  3|2  25 

NP_002782.1  PSMA6  2|3  25 

NP_005379.3  PDCL  2|3  25 

NP_085153.1  LNPK  2|3  25 

NP_008910.2  SLC39A7  3|2  25 

NP_694546.1  PSMC4  22|28  23.68 

NP_002797.3  PSMC6  14|22  23.14 

NP_003565.4  VAPA  29|17  21.79 

NP_001161086.1  LEMD3  12|13  20.45 

NP_113622.1  TMUB1  2|2  20 

NP_001278.1  CLCN7  2|2  20 

NP_689695.2  C19orf25  2|2  20 

NP_219488.1  TMEM259  2|2  20 

NP_003031.3  SLC4A2  2|2  20 

NP_060729.2  TTC17  2|2  20 

NP_115497.4  MAGT1  2|2  20 

NP_002781.2  PSMA5  2|2  20 

NP_001242983.1  C9orf72  2|2  20 

NP_057033.2  GET4  2|2  20 

NP_963920.1  USP33  2|2  20 

NP_001182257.1  RAB9A  2|2  20 

NP_036221.2  ABCB10  2|2  20 

NP_006274.2  TACC1  45|43  17.6 

NP_006311.2  PGRMC2  26|38  16.94 

NP_004777.1  TXNL1  20|26  16.56 

NP_004448.2  ACSL3  6|12  16.2 

NP_848927.2  MTDH  40|48  15.84 

NP_000373.1  ALDH3A2  22|29  15.83 

NP_001124197.1  PSMB5  3|4  15.75 

NP_060738.2  WDR41  5|5  15 

NP_005650.2  UFD1  2|3  15 

NP_076950.1  DDX50  6|12  14.73 
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NP_003130.2  SRPRA  27|28  14.56 

NP_001198.2  BTF3  10|11  14.54 

NP_065825.1  MIB1  4|4  14.4 

NP_002798.2  PSMD1  31|37  13.91 

NP_057227.2  NSFL1C  45|46  13.88 

NP_057457.1  WWOX  66|57  12.58 

NP_002793.2  PSMC1  22|25  12.09 

NP_079010.2  CLMN  6|6  12 

NP_006149.2  NEFL  4|4  12 

NP_009106.1  ERLIN2  32|40  11.57 

NP_008878.3  SRP72  12|8  11.25 

NP_002806.2  PSMD11  9|7  11.08 

NP_065892.1  OSBPL8  26|28  11.05 

NP_001007215.1  CACYBP  7|17  10.8 

NP_683704.2  OSBPL9  6|2  10.29 

P05784  Krt18  5|4  10.12 

NP_001189398.1  NIPSNAP2  10|10  9.47 

NP_002807.1  PSMD12  6|7  9 

NP_001138238.1  DNAJC7  4|6  9 

NP_001531.1  HSPB1  3|3  9 

NP_064555.2  NCLN  2|4  9 

NP_002796.4  PSMC5  32|36  8.27 

NP_060391.2  NPLOC4  6|5  8.25 

NP_067026.3  SRPRB  4|7  8.25 

NP_002795.2  PSMC3  17|21  7.77 

NP_001934.2  DSG2  4|5  7.36 

NP_005852.2  STUB1  3|5  7.2 

NP_005021.2  PLK1  4|3  7 

NP_065147.1  DDX24  4|7  6.6 

NP_002808.3  PSMD13  8|7  6.14 

NP_000108.1  EMD  39|36  6.08 

NP_000692.2  ATP1A1  16|12  6 

NP_036546.2  RAB3GAP2  5|8  5.85 

NP_079330.2  VCPIP1  42|44  5.69 

NP_002849.1  ABCD3  24|26  5.56 

NP_001135770.1  SQSTM1  54|63  5.29 

NP_001185946.1  LRRC49  13|16  5.22 

NP_065941.2  CIP2A  21|22  5.09 

NP_002287.2  LBR  86|94  4.94 

NP_055205.2  SND1  11|8  4.5 

NP_066390.1  HIST1H2AE  12|10  4.3 

NP_002801.1  PSMD4  8|11  3.98 

NP_004773.1  SNAP29  11|11  3.88 
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NP_002794.1  PSMC2  21|22  3.79 

NP_002799.3  PSMD2  29|24  3.7 

NP_005564.1  LMNB1  15|13  3.15 
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Supplemental Figure 2.1. ST patient has smaller type 1 myofibers, but slightly larger type 

2X fibers. (A) Myosin Heavy Chains (MHC) staining of transverse sections of human control 

skeletal muscle (upper panel) and of ST patient (lower panel); MHC labeling: type 1 myofibers 

are labeled in blue, type 2B are labeled in red and type 2X in green. Scale bar: 100 μm.  (B) 

Frequency distribution of type 1 myofiber cross-sectional area (CSA) with three age-match 

controls and one ST affected patient. (C) Same as in B, but with type 2A myofibers. (D) Same as 

in B and C, but with type 2X myofiber. (E). Percentage of the different fiber types found in the 

muscle of three controls and of one ST affected patient.  
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Supplemental Figure 2.2. Specificity testing of an in-house antibody produced against 

human DCST2. (A) Schematic representation of DCST2 structure and domains with the region 

of DCST2 antibodies epitopes represented in red (in-house antibody, by MediMabs) and orange 

(Aviva antibody). (B) Western blot of protein lysates prepared from myoblasts in differentiation 

at different time points and human skeletal muscle labeled with α-DCST2 Aviva antibody; 

Endogenous DCST2: 86 kDa. (C) Same western blot as in b, but labeled with in-house α-DCST2 
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MediMabs antibody. (D) Western blot of protein lysates from myoblasts submitted to DCST2 

knockdown using 2 different DCST2 iRNAs. (E and F) Densitometry analyses of figure E 

showing a loss of expression in the samples submitted to DCST2 knockdown. (G) Co-

immunolabeling of cells overexpressing DCST2-V5 protein with α-V5 antibody and in-house α-

DCST2 antibody. 
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Supplemental Figure 2.3. DCST2 is expressed in differentiating myoblasts. (A) Western blot 

of protein lysates prepared from human control immortalized myoblasts line labeled with α-

DCST2, α-STIM1, α-SERCA1, α-Calumin, α-IP3R and α-Actin antibodies. (B) Same as in a, but 

with ST myoblasts. (C) Western blots with protein lysates from muscle biopsies of two control 

individuals and one SP patient labeled for DCST2, SERCA1, Calumin, STIM1 and actin. 
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Supplemental Figure 2.4. Expression of BirA-FLAG-DCST2 for BioID assay. Western blot 

analysis of protein lysates of HEK293 Flp-In T-REx cells expressing BirA-FLAG-DCST2 

labeled with α-DCST2 antibody (left), α-flag antibody (middle), or with α-biotin antibody 

(right). 
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Supplemental Figure 2.5. Calumin localization in human skeletal muscle. Confocal images 

of longitudinal sections of human skeletal muscle labeled with Calumin in red and several 

markers of intracellular membranes in green as follows: DHPR (a T-tubules marker); RYR1 (a 

marker of terminal cisternae of the SR); and SERCA1 (a marker of longitudinal cisternae of the 

SR of type 2 fibers) in a control (A) and in a ST patient (B). 
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Supplemental Figure 2.6. DCST2 ST mutation influences SR calcium levels causing a 

major impact on calcium transients. (A) Summary data showing the average of TG-evoked 

calcium depletion and calcium add-back in HEK293 Flp-In T-REx cells induced or not to 

overexpress DCST2 or DCST2-L759P; Data are presented as mean (± SEM.) of three 

independent assays, statistically significant differences (one-way ANOVA for multiple 

comparisons) are indicated (****P<0.0001). (B) Summary data showing the average of basal 

intracellular calcium levels of control and patient’s differentiating myoblasts; Data are presented 

as mean (± SEM) of three independent assays, statistical analysis, unpaired t-test 

(****P<0.0001). 
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Supplemental Figure 2.7. Large DCST2 puncta are not non-functional protein aggregates. 

Maximum projection confocal images of control (upper panel) and ST (lower panel) myoblasts 

treated with TG and labeled with DCST2 in red and p62 in green (on the left), LAMP2 (at the 

middle) and ubiquitin (on the right).  
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PREFACE TO CHAPTER 3 

 

 Despite being successful in identifying the first mutated gene in two ST families, there 

are still several ST cases that do not carry DCST2 mutations. Considering that ST is not a rare 

disorder and that it is constantly misdiagnosed, it is of crucial importance to find better ways of 

identifying this disease. In Chapter 3, we aimed to explore the key clinical features and 

biomarkers of the ST.  
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CHAPTER 3: Enlarged skeletal muscle DCST2 positive puncta as a marker of the 

Strongman trait 
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Abstract  

Objective: In this study, we aimed to establish if Strongman Trait (ST) cases that do not carry 

DCST2 mutations have on immunolabeling the same larger DCST2 positive puncta in their 

skeletal muscle biopsies as ST patients carrying DCST2 mutations.  

Methods: Three patients meeting our clinical diagnostic criteria for ST had muscle biopsies. 

Immunolabeling for DCST2, SERCA1 and STIM1 was completed and the size of DCST2 

positive puncta was assessed in ST cases and controls.  

Results: All three ST patients had a personal and family history of above normal strength. On 

examination, these patients presented muscle hypertrophy, prolonged muscle contraction 

following percussion in at least two muscles, and deltoid weakness after 20 rapid contractions. 

We observed a significant increase in the size of DCST2 puncta that contain SERCA1 and 

STIM1 in the ST muscles compared to controls. 

Conclusions: We propose that the presence of larger DCST2 puncta containing SERCA1 and 

STIM1 can be used to support the clinical diagnosis of the ST in cases that do not carry a DCST2 

mutation.  
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Introduction  

The diagnostic odyssey of patients consulting for muscle pain and fatigue with large muscle 

mass (despite a low level of physical activity) often leads to no clear diagnosis even upon 

extensive investigations. Muscle hypertrophy and/or increased strength can be present in a few 

myopathies, such as: McArdle disease caused by recessive mutations in myophosphorylase 

(PYGM) 148, non-dystrophic myotonias caused by mutations in the chloride voltage-gated 

channel 1 (CLCN1) or the sodium voltage-gated channel alpha subunit 4 (SCN4A) genes 149,  

mutations in ryanodine receptor 1 (RYR1) associated with malignant hyperthermia susceptibility 

and other RYR1 related myopathies 108,150,151, Brody disease caused by mutations in ATPase 

sarcoplasmic/endoplasmic reticulum Ca2+ transporting 1 (SERCA1) 55 and rippling muscle 

disease caused by mutations in caveolin 3 (CAV3) 122. Muscle pathology combined to next 

generation gene panel testing will in some cases confirm a diagnosis, but in not all cases. We 

have recently mapped to chromosome 1 a mutation in DCST2 causing a new type of Herculean 

myalgic disorder which we called the Strongman trait (ST) in two French-Canadian families 

(Conte et al. submitted to Brain). Patients with this mutation present above average strength, 

muscle hypertrophy, prolonged contractions, myalgia and fatigue. Since DCST2 mutations were 

not uncovered in most patients of our ST cohort, we hypothesized that ST patients displaying 

clinical overlap may share the DCST2 pathological phenotype which consists of an increase in 

the size of DCST2 positive puncta that often contain SERCA1 and STIM1. 
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Materials and Methods 

Patient recruitment 

All participants underwent detailed examination by experienced neurologists. Sample collection 

was performed with written informed consent approved by the ethics board of the Montreal 

Neurological Institute. DNA was isolated from peripheral blood lymphocytes using Gentra 

Puregene blood kit (Qiagen) according to the manufacturer’s protocol. Previous 

histopathological on muscle biopsies and EMG results were reviewed on three ST cases. 

 

Mutation analysis 

PCR products of DCST2 exons 1 to 15 were sent to McGill University and Genome Quebec 

Innovation Center for sequencing, using a 3730XL DNA Analyzer (Applied Biosystems, Foster 

City, CA, USA). Mutation detection analysis was performed using SeqMan v.4.03 (DNASTAR 

Inc., Madison, WI, USA).  

 

Skeletal muscle morphology analysis 

The three muscle biopsies were first studied in clinical pathology laboratories. The standard 

stains performed in the clinical laboratories included: H&E, modified Gomori Trichrome, 

cytochrome C oxidase, succinate dehydrogenase, acid phosphatase, ATPase reacted sections at 

pH 4.3, 4.6 & 9.4, periodic acid Schiff, and myophosphorylase. Immunostaining for desmin and 

actin was also performed. 

 

Immunofluorescence 

Ten micron thick serial cross and longitudinal sections were cut in a cryostat at -22°C and 

mounted on lysine coated slides (Superforst). Primary MHCs antibody cocktail composed of a 

mouse IgG2b monoclonal anti-MHC type I (BA-F8, 1:25), mouse IgG1 monoclonal anti-MHC 

type IIa (SC- 71, 1:200), mouse IgM monoclonal anti-type 2x MHC (6H1, 1:25) and a rabbit IgG 
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polyclonal anti-laminin (L9393, Sigma) were used for immunolabeling as described 

previously159. All primary antibodies targeting MHCs were purchased from the Developmental 

Studies Hybridoma Bank (DSHB, University of Iowa, IA). For DCST2, SERCA1 and STIM1 

labeling, human muscle sections were immunolabeled as follows: sections were fixed with 4% 

paraformaldehyde (PFA) for 15 minutes, blocked and permeabilized with a TBS solution 

containing 5% normal donkey serum (NDS), 0.25% Triton and 0.1M glycine for 1 hour, 

incubated overnight with primary antibodies, incubated with secondary antibodies for 1 hour and 

mounted. DCST2 (in-house rabbit antibody) was double labeled with SERCA1 (MA3-912, 

ThermoFisher), or STIM1 (310954, BD Biosciences). 

 

Confocal imaging 

Stained tissue slides were imaged using 20x or 60x objective lenses of a Zeiss LSM 710 laser 

scanning microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada; McGill Life Sciences 

Imaging Facility) using Zeiss LSM acquisition software. Images were processed using Zen 2009 

Image Browser software (Carl Zeiss, Jena, Germany). Images for quantification were captured 

using the same parameters to allow comparisons to be made between conditions. For the 

quantification of MHCs in the muscle biopsies, quantitative and morphometric data were 

obtained by analyzing images with ImagePro Plus software (Media Cybernetics, Inc.). Myofiber 

cross-sectional area (CSA) was obtained by measuring between 200 and 300 myofibers per 

individual. Analysis of DCST2 and SERCA1 colocalization in skeletal muscle tissue was done 

with the Fiji software: merged images were split, thresholded and binarized; the “Image 

calculator” plug-in from Fiji combined DCST2 and SERCA1 images through the “subtract” 

operation option creating a new image with just puncta that colocalized the two proteins. White 

pixels from the generated images were measured for quantification of DCST2 and SERCA1 

colocalization. 
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Results 

Clinical presentation 

Three patients meeting the clinical criteria for the Strongman Trait (ST) were recruited for this 

study. Patients were seeking medical attention because of severe myalgia often accompanied by 

prolonged muscular contractions or cramps, and weakness after repeated or prolonged 

contractions, which together interfered with their daily living. Patients DNA were screened by a 

next generation gene panel (Medical Neurogenetics, LLC) and were tested negative for 

mutations in the following genes that can be associated with cramps and muscles hypertrophy: 

CLCN1, SCN4A, ATP2A1, CAV3, RYR1, MSTN, ANO5, PLIN1, and LMNA38,55,111,122,137,146. 

These patients were also negative for the missense at the position c.2276T>C in DCST2 gene 

(Table 3.1). 

Patient 1 is a French-Canadian male (fig. 3.1b) who had a long history of above average strength 

and muscle hypertrophy. He presented at age 37 with increased myalgia and fatigue that forced 

him to stop working as a truck driver. He described the pain as muscle burning and heaviness 

with some cramps. He mentioned having episodes of severe fatigue in the past, but he now had 

constant fatigue. CK levels were usually normal with a highest value at 97 U/L. EMG showed 

prominent muscle membrane irritability on needle insertion. He presented large muscle bulk and 

had a personal and family history of above-average strength. He reports starting to have muscle 

cramps at the age of 25. At age of 37, his symptoms were severe enough to lead him to 

permanent disability.  On examination, he presents large muscle mass for his level of physical 

activity. He has superior strength on first contraction, but significant weakness after 20 

contractions of the dominant deltoid. He also has percussion myoclonus in muscles of his four 

extremities. The rest of the neurological exam is normal. Gene panel sequencing did not uncover 

any causal mutation. 

Patient 2 is a French-Canadian male who presented in clinics at age of 46 with a 4-year history of 

myalgia that he also described as muscle burning that increased after physical activity. He has a 

history of superior strength and athletic performance since youth. Since the age of 43, his 

increasing cramps and myalgia in his upper and lower extremities has led him to permanent 

disability. He has had episodic fasciculation in his upper and lower extremities. His associated 
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extreme fatigue has further limited his daily activities. He has superior muscle mass for his very 

limited level of activity. His initial contractions are extremely powerful, but his deltoid weakens 

after 20 contractions. Percussion myoclonus is easily elicited in all four limbs. EMG and CK 

were normal. Gene panel sequencing did not uncover any causal mutation. 

Patient 3 is a 52-year-old French-Canadian female who first consulted at age of 50 for severe 

post-activity muscle pain, cramps and fatigue that made it impossible for her to return to her 

occupation. She presented with hypertrophied calves and spontaneous muscle fasciculation. She 

states that she was 36 the first time she had a significant episode of muscle pain.  She reported 

being very active and stronger than the average when she was young. On exam, she presents 

large muscle bulk. Her first contractions are strong, but she significantly weakens after 20 

contractions of the deltoid. She demonstrated percussion myotonia in three limbs. EMG was 

normal.  Gene panel sequencing did not uncover any causal mutation. 

 

Muscle biopsies 

Histological analysis of the three ST patients muscle biopsies revealed no gross abnormalities 

and normal myofibers morphology (Fig. 3.1a). No inflammation, fibrosis, necrosis, adipocyte 

infiltration, centralized nuclei, or fiber splitting were observed. Analysis of the cross-sectional 

area (CSA) of the different fiber types showed that patient 1 presented smaller type 1 and slightly 

larger type 2X myofibers compared to age-match controls (fig. 3.1 c-d). 

Immunofluorescent labeling of skeletal muscle cross-sections showed that DCST2 forms larger 

puncta in the muscle of all ST patients when compared to controls (fig. 3.2 a-b). Co-staining 

analysis showed that larger DCST2 puncta were frequently positive for SERCA1 or STIM1 in 

the ST muscles (fig. 3.2 a-b). To better analyze DCST2 large puncta, we performed 

quantification analysis of DCST2 staining on longitudinal sections of patient 3’s biopsy. We 

observed that DCST2 forms significantly larger puncta that often colocalize with SERCA1 in the 

muscle of the ST patient than in the controls (fig. 3.2 c-d). 
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Discussion 

The pathological comparison of muscle biopsies from three ST cases that do not carry DCST2 

mutations suggests that the presence of larger DCST2 positive puncta may be used as 

pathological evidence to support the ST diagnosis. Our histological findings suggest that there is 

a common mechanism of action causing the symptoms in the ST patients that carry or not a 

missense mutation in DCST2 (Conte et al, submitted to Brain). As in the biopsy of a patient that 

carries a DCST2 mutation, all three ST cases in this study display normal muscle morphology 

with only mild changes in type 1 and 2X cross-sectional area. Furthermore, these ST patients 

also present significantly larger DCST2 puncta that colocalize more often with STIM1 and 

SERCA1 than in controls. We hypothesize that the yet to be identified mutated gene in these 

negative DCST2 ST patients are either direct partners of DCST2 or involved in the dynamics of 

the puncta formation that are clearly important for normal cellular calcium handling. Such larger 

puncta have been observed in other calcium handling disorders such as Tubular aggregate 

myopathy (TAM) caused by gain of function mutations in STIM1 or ORAI1. On cross sections 

of patients with TAM, these large puncta contain STIM1108 and SERCA1171. Although in these 

publications the puncta were not measured, they seem to be larger than the ones observed in the 

ST muscle. We think that in TAM the much larger STIM1 and SERCA1 complexes play a role 

in increasing intracellular calcium transients, and thus impacting negatively the myofiber 

development and maintenance, which is not the case in ST. Since the majority of ST patients 

seen in clinic have a negative work-up (including the sequencing of DCST2), this study suggests 

that quantifying the size of DCST2 puncta and performing the colabeling of STIM1 and SERCA 

with DCST2 in particular on longitudinal muscle sections may help support the ST diagnosis. 

This is an important discovery since most of the most affected ST cases cannot continue to work 

because of their myalgia, cramps and severe fatigue. In this study, we explored the histological 

findings that may lead to a firmer diagnosis and shorten the diagnostic odyssey for ST patients 

until a final genetic diagnosis is arrested.  
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Figures and Tables 
 

Table 3.1: Clinical features on three ST cases with full examination   

Patient number 1 2 3 

Age       

Sex M M F 

Above average strength +  +  +  

Weakness after repetitive movement + + +  

Myalgia post-activity + + + 

Large muscle bulk + + + 

Deltoid Fatigability + +  + 

Superior Strength  +  + + 

Pseudomyotonia + +  + 

Proximal Weakness  - -  -  

Abbreviations: F, female; M, male; +, present; -, absent.   
        

. 
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Figure 3.1| ST patients with no mutation in DCST2 present normal muscle morphology. A. 
Skeletal muscle cross-sections of patient 1 stained with H&E (left), gomori thricome (middle), 
and NADH (right); scalebar: 50 uM. B. Photograph of patient 1. C.  Skeletal muscle cross-
sections stained MHCs of a control (left), patient 1 (middle) and patient 2 (right). D. Mean of 
myofiber CSA of different fiber types of patient 1 and 2 age-match controls.   
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Figure 3.2. DCST2 forms large puncta that can colocalize with SERCA1 and STIM1 in the 
muscle of ST patients that do not carry DCST2 mutations. A. Transverse sections of control 
and patients 1 and 2 muscles colabeled with DCST2 in red and SERCA1 in green. B. Same as in 
A, but with STIM1 in green. Scalebar: 5 μm C. Confocal binarized images of longitudinal 
sections of control (left panels), DCST2-L759P positive ST patient (middle panels) and DCST2-
L759P negative ST patient (right panels) skeletal muscle labeled with DCST2 in red and 
SERCA1 in green; “DCST2 SERCA1” label indicates thresholded, binarized and merged 
images; and “Colocalization” indicates binarized images of DCST2 and SERCA1 showing only 
area of colocalization for two the proteins labeled; Scale bar: 2 μm. D. Quantification showing 
the mean of white pixels per m2 of the colocalized DCST2 and SERCA1 puncta in the control 
and ST patient’s muscle; data are presented as mean (± SD); Statistical analysis, unpaired t-test 
(*P<0.05). 
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CHAPTER 4: General Discussion 

 

4.1 Summary 

The main goal of this thesis was to characterize clinically and molecularly a new type of 

Herculean myalgic muscle disorder called the Strongman trait (ST). This study contributes to the 

neuromuscular field by showing how a DCST2 mutation found in two ST families affects the 

protein content of DCST2 puncta as well as cellular calcium handling. It also provides support 

that ST should be considered a new muscle trait that is clinically and genetically variable but that 

may share significant pathological and physiological overlap. In Chapter 2, we describe two ST 

families carrying the same dominant mutation in the DCST2 gene that are associated with larger 

DCST2 puncta that decrease significantly the activity of SOCE and SERCA dependent SR 

calcium reuptake, important calcium handling regulators in skeletal muscle.  In Chapter 3, we 

described the clinical and pathological features of muscle biopsies on three individuals with ST 

that do not carry a DCST2 mutation and show that these patients share clinical and pathological 

features with ST patient positive for the DCST2 mutation. These results can be used to support a 

ST diagnosis. We describe a new variable neuromuscular trait and its first casual gene, while 

defining pathological diagnostic findings that will shorten the diagnosis odyssey of patients 

while providing an original inroad on the molecular basis of muscle hypertrophy and Herculean 

strength as a familial trait.  

 

4.2 Possible roles of DCST2 in skeletal muscle 

4.2.1 Is DCST2’s structure a clue to its function? 

It is still not completely known what the functions of the other members of the DC-

STAMP-like domain family are, making it difficult to speculate about DCST2’s role. DCST2 

belongs to a family of four proteins that share six predicted transmembrane domains and a DC-

STAMP-like protein domain: dendrocyte expressed seven Transmembrane protein (DCSTAMP), 

osteoclast stimulatory transmembrane protein (OCSTAMP), DCST1 and DCST2 173,176,177. 

DCSTAMP, OCSTAMP and DCST1, and now by our work also DCST2, were shown to be ER 
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and/or Golgi proteins 173,176,177. Previous studies about DCSTAMP showed its involvement in 

osteoclast fusion and myeloid differentiation through the nuclear factor of activated T cells 1 

(NFATc1)/Ca2+ axis activation, but the molecular mechanism mediating this process remains 

unknown 176,178. Moreover, OCSTAMP has been described to increase osteoclast and foreign 

body giant cells formation 177,179. DCSTAMP and OCSTAMP proteins have been extensively 

used as markers of the processes mentioned above, however, their functions are still poorly 

understood. Prior to our work on DCST2, no other studies had shown a link between the other 

proteins of the DC-STAMP protein-domain family and cellular calcium transients to date.  

DCST1 is a paralog of DCST2 with 19.76 % amino acid conservation (Uniprot BLAST). 

It does not have an N-terminal intra-luminal proline-rich domain as DCST2 (Uniprot). DCST1 

lies next to DCST2 in a head to tail orientation on chromosome 1 in humans (UCSC genome 

browser) suggesting an ancient duplication. DCST1 was found to have an E3 ubiquitin-ligase 

role by interacting with and promoting ubiquitination of signal transducer and activator of 

transcription 2 (STAT2), leading to reduced STAT2 expression and attenuated activation of the 

interferon stimulated genes induction pathway 173.  

Spaetzle-processing enzyme 42 (SPE-42) is an orthologue of DCST2 in Caenorhabditis 

elegans which also contains DC-STAMP-like domain and a putative really interesting new gene 

(RING)-finger domain 180. A previous study showed that SPE-42 mutations affect fertilization in 

worms, but no molecular studies have been published so far 179. Sequence analysis of SPE-42 

predicts that the Zn++ ions of the predicted RING-finger domain are coordinated by eight 

cysteines (C4C4 pattern), unlike most E3 RING-fingers, which generally include a histidine in a 

C3HC4 arrangement 180. However, the authors of this study say that they cannot rule out an E3 

ligase-like function for SPE-42. The eight cysteines in the predicted RING-finger of SPE-42 are 

conserved in DCST2 (data not shown) raising the possibility that these proteins might have a 

similar function, but more studies are required to address this question. DCST2 large puncta are 

negative for markers of autophagosomes and ubiquitin indicating that DCST2 might not have an 

E3 ubiquitin-ligase activity, but further work is necessary to exclude this possibility. Analysis 

done with PHYRE2 Protein Fold Recognition Server (a webportal that does modeling of 

membrane proteins based on the protein homology) aligned with a high confidence specific 

residues of DCST2 predicted RING-finger with another E3-ubiquitin ligase called: ring finger 
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protein 25 (RNF25, confidence score of 92.1) and with RING/U-box C3HC4 domain 

(confidence score of 90.4). 

RING-fingers are structural domains, held together by the coordination of two Zn++ ions 

by the side chains of nearby cysteine, histidine or aspartic acid side chains 181,182. These motifs 

are most commonly found in E3 ubiquitin protein ligases where they facilitate ubiquitination of 

target proteins 183,184. E3 RING-finger proteins simultaneously interact with a substrate and an 

ubiquitin-conjugated E2 enzyme, allowing transfer of ubiquitin to the substrate by the E2 185. 

Although examples of RING-fingers in proteins that are not E3s may exist, functional data 

support an E3 ligase activity for almost half of the 300 predicted human RING-finger proteins; 

the rest either have not been examined or no alternative molecular mechanism of action has been 

assigned 184. Some RING-finger proteins like BRCA1 associated RING domain 1 (BARD1) do 

not possess intrinsic E3 ligase activity, but are instead part of a multi-protein complex that does, 

in this case the BRCA1 DNA repair associated (BRCA1)-BARD1 heterodimer 186,187. Other 

RING-fingers like TNF receptor associated factor 6 (TRAF6) must form homodimers in order to 

interact with E2 ligases 185. Multi-subunit RING domains like the cullin RING ligase superfamily 

includes the SCF complex, consisting of S-phase kinase-associated protein 1 (SKP1), cullin and 

F-box protein, and the more elaborate anaphase-promoting complex/cyclosome (APC/C) 188,189. 

RING E3s mediate protein quality control by ubiquitinating an array of misfolded and 

unassembled proteins, as well as those whose levels must be regulated 190,191. In the ER, the 

mammalian ER associated degradation (ERAD) RING E3s autocrine motility factor receptor 

(AMFR) and synoviolin (SYVN1) tag proteins with polyubiquitin chains and, thereby, direct 

them for cytosolic degradation through proteasomes 192. Some substrates (i.e., cytochrome P450 

3A4, the cystic fibrosis transmembrane conductance regulator, and others) are targeted by ERAD 

E3s 193,194.  

SYVN1 is a protein with a very similar domain structure as DCST2 (Figure 4.1). It is 

formed by 617 amino acids that code for a protein with 67 kDa (Uniprot). It has an intraluminal 

N-terminus, six transmembrane domains, that is followed by one RING-finger domain type 

C3HC4, and one proline-rich domain at the intraluminal C-terminus (Uniprot). Several studies 

have been published regarding SYVN1 activity as a RING E3 ligase: it has been implicated in 

arthropathies including rheumatoid arthritis 195 and has substrates that include p53 196 and others. 
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Omura and collaborators (2008) focused in the function of the other domains of SYVN1, and 

interestingly they found that SYVN1 lacking the proline-rich domain only ubiquitinates G 

protein-coupled receptor 37 (GPR37, a known substrate), while wild type SYVN1 promotes the 

ubiquitination and degradation of GPR37 197. Furthermore, they also showed that the 

transmembrane domain of SYVN1 is involved in the translocation of GPR37 from the ER to the 

cytosol197.  

Considering all of what has been discussed above, there is a high likelihood that DCST2 

is a new E3-ubiquitin ligase with some specificity in skeletal muscle and that it might be 

implicated in the regulation of the activity of proteins involved in calcium handling. This subject 

will be discussed in more details in the following section.  

 

4.2.2 DCST2: a new protein implicated in the dynamic STIM1/ORAI1 multiprotein 

complex? 

The generation of force for movement is the main function of skeletal muscle and 

calcium is one of the key players regulating this process 19. To generate contraction, the myofiber 

TTs are rapidly depolarized by an end-plate generated action potential 14,19. The highly organized 

network of membranes composed by the TTs and the SR that form the sarcotubular system allow 

a rapid propagation of the membrane depolarization and ensuing activation of DHPR at the TTs 

followed by its binding to RYR at the terminal cisternae of the SR 14. This coupling between 

DHPR and RYR are the basis of the calcium release units (CRUs) and lead to the massive 

release of calcium from the SR to the cytosol 198. This rise in free cytosolic calcium levels 

generates muscle contraction and its removal from the cytosol back to the SR makes the muscle 

relax 19. SERCAs have an important role relaxing the muscle since it is the SR ATPase calcium 

pump that reuptakes free cytosolic calcium back to the SR 20. This event is known as the EC-

coupling and any perturbation impacting calcium transients during this process will have a 

profound effect in muscle function 19. Mutations in RYR1 and DHPR have been previously 

described to cause diseases like malignant hyperthermia susceptibility, central core disease and 

minicore myopathy; all of which cause a dysregulation of SR calcium release 19.  
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The SR is the main organelle in charge of calcium storage for proper muscle contraction 

but it relies on a machinery regulating entry of extracellular calcium for its refilling 199. The 

SOCE is a crucial mechanism for extracellular calcium entry and counts on two key proteins in 

the muscle: STIM1 and ORAI calcium release-activated calcium modulator 1 (ORAI1). STIM1 

is a calcium sensor in the ER/SR, which oligomerizes and activates ORAI1 channels once it 

senses low luminal calcium levels, allowing calcium to enter the cytosol from the extracellular 

space 200. In skeletal muscle, this event happens at the newly described dynamic calcium entry 

units (CEUs) localized in ORAI1-rich TT lateral extensions that are surrounded by STIM1-rich 

SR cisternae that increase in abundance with repetitive muscle activity 170,200. During 

contractions, calcium entering the intracellular space through these channels is pumped into the 

SR by SERCAs 201. Mutations in STIM1 and ORAI1 have been previously described to cause 

tubular aggregate myopathy (TAM) further confirming that SOCE has an important role in 

skeletal muscle function 202. SERCAs have key roles during EC-coupling for muscle relaxation 

and during SOCE for SR calcium refilling 20. Not surprisingly, mutations in SERCA1 have also 

been described to cause Brody disease, a myopathy in which SERCA1 presents decreased 

calcium pump activity 120. Taking into consideration our calcium assay results presented in 

chapter 2, DCST2 appears to play an important role in influencing SR calcium levels by both 

influencing extracellular calcium entry and SERCA dependent SR calcium reuptake. Despite the 

fact that DCST2 plays a role in the same pathway, mutations in SERCA, STIM1 and ORAI1 

cause different clinical symptoms than the ones observed in ST patients and the reasons for this 

remain to be explored. 

One of our preliminary results by two-dimensional polyacrylamide gel electrophoresis 

(2D-PAGE) with protein lysates of myoblasts overexpressing DCST2-V5 support that DCST2 

can be present in three different size complexes (see appendix 2 supplemental figure 1A) 

suggesting that it may interact with itself and other proteins to form large functional complexes. 

DCST2 molecular weight is 86 kDa, but we see one complex that could correspond to a dimer at 

around 170 kDa, and other two larger complexes around 350 kDa and 500 kDa. When relabeling 

the same membrane with an antibody against STIM1, we observe that STIM1 is part of the same 

complexes as DCST2 in the 350 kDa and 500 kDa complexes (appendix 2 supplemental figure 

1B) further supporting that STIM1 is one of DCST2’s partners. 
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By overexpressing wildtype DCST2 in HEK293 cells, we observe an increase in SR 

calcium release while the overexpression of DCST2-L759P causes the opposite effect when 

compared to not overexpressed controls. Despite that, HEK293 cells do not display modified 

extracellular calcium entry (or CRAC activity) upon wildtype or mutated DCST2 

overexpression, whereas we observe a decreased CRAC response in ST myoblasts. This is 

probably because HEK293 cells do not express DCST2 endogenously, as opposed to 

differentiated myoblasts, indicating that the protein expression profile of these two lines might 

influence cellular calcium transients. DCST2’s effect on cellular calcium handling corroborates 

with our BioID results in which we observe that wildtype DCST2 is a proximity interactor of 

STIM1. Despite the fact that we have not observed SERCAs as a prey in our DCST2 BioID 

results, we hypothesize that DCST2 might cause an indirect impact on SERCAs activity by 

binding STIM1. Indeed, it was previously observed that STIM1 is SERCA1 binding partner172. 

This way DCST2 would be impacting extracellular calcium entry by dysregulating STIM1 

activity and SR calcium refilling by indirectly decreasing SERCAs activity (Figure 4.2).  

 

4.2.3 DCST2-L759P in ST muscle  

I would like to propose one hypothesis to explain why the increase in DCST2 puncta size 

and their more frequent STIM1 and SERCA1 content could be taking place in ST muscle: 

DCST2-L759P interferes in the dynamics of puncta formation leading to SOCE dysfunction and 

SERCA clustering. I think that the larger DCST2 puncta formation is related to the cell’s effort 

to compensate the decreased SR calcium store levels through SOCE activation (Figure 4.2). 

This hypothesis is based on the potential effect of the amino acid change on DCST2’s 

protein structure. DCST2-L759P is localized in the predicted intra-luminal C-terminus proline-

rich domain of the protein, which are domains known to be implicated in protein binding 203. The 

whole DCST2 proline-rich stretch is predicted to be “disordered” by several programs. “Intrinsic 

disorder” is a very specific term in protein structure, and refers to regions of proteins that do not 

have a fixed secondary or tertiary structure, such as alpha-helix or beta-sheet 204. Disordered 

regions are often involved in protein-protein interactions, with the regions becoming ordered (i.e. 

structured) upon contact with the other protein 204. We think that DCST2-L759P is impacting the 
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proline-rich domain in a way that it becomes more prone to protein-protein interactions. This 

would explain why in the muscle biopsy as well as in myoblasts of the ST patient we observe 

that DCST2 forms larger puncta. In these puncta, DCST2-L759P could be interfering in the 

dynamics of STIM1-ORAI1 complex formation leading to SOCE dysfunction and SERCA 

malfunction because of DCST2’s interaction with STIM1, a known SERCA binding partner.  

To explain the consequences of this effect of DCST2-L759P on STIM1 and SERCA1, we 

have to take a closer look to the results we obtained with the calcium measurements as well as 

the quantification of large DCST2 puncta in differentiating myoblasts. During the calcium 

assays, we observe that the majority of the ST cells respond with decreased calcium transients 

upon SR calcium release. However, we observe that only about 15% of the ST cells present large 

DCST2 puncta and this number is smaller if there is no SERCAs inhibition. Since most of the 

cells present defective SR calcium release and that only a fraction present large DCST2 puncta, 

we could speculate that the large puncta are formed to compensate the decreased SR calcium 

store levels. 

  

4.3 Importance of a new diagnostic tool for mild adult onset muscle diseases 

4.3.1 Strongman trait: a new skeletal muscle trait or disease? 

According to Bircher (2005), the definition of health and disease should be considered as 

the following: “Health is a dynamic state of wellbeing characterized by a physical, mental and 

social potential, which satisfies the demands of a life commensurate with age, culture, and 

personal responsibility. If the potential is insufficient to satisfy these demands the state is 

disease”205. Following this definition, I will consider a disease as any process which will cause a 

negative effect in a system or tissue of an organism and that will lead to a decreased quality of 

life. On the other hand, I will consider a trait as an observed variation in a specific character of 

an organism which can be manifested by genetics and environmental factors 206. 

Regulation of muscle mass and function is considered a trait since it depends on both 

genetics and environmental factors such as resistance training and nutrition (American College 

of Sports Medicine, 2009). In humans, skeletal muscle mass, fiber numbers, fiber size, and 
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strength vary greatly. Females on average have a lower muscle mass than males 207 which can 

partially be explained by low levels of the male sex hormone testosterone, which promotes 

muscle hypertrophy 208. Humans have over 600 muscles and within muscles the number of fibers 

and their cross sectional area differs greatly 209. An earlier study of 1,121,088 males aged 16–25 

years showed that 5% of individuals could extend their leg either with a maximal force of either 

<333N or more than 805N 210, highlighting the large variation of strength. Muscle mass and 

function are additionally lost during normal aging 211 which has been termed sarcopenia 212. In 

summary, muscle mass and function variables vary greatly in human populations and decline 

with normal aging. 

Recent genetic studies have proposed that rare variants with high penetrance are a 

common cause of monogenic Mendelian disorders while complex traits caused by variants with 

higher frequency often have variable penetrance 213. Here we report a variant in the DCST2 gene 

in ST patients with a low frequency and variable penetrance. I propose that the Strongman trait is 

both a trait and a disease in which individuals carrying the ST mutation who have done physical 

work or sports throughout their lives will be the ones displaying positive symptoms (increased 

muscle strength and hypertrophied muscles) during their adolescence and negative symptoms 

(incapacitating myalgia and cramps) usually after 30 years of age. Carriers who are sedentary or 

that are mildly active will not present clear symptoms. Women with ST also tend to be less 

symptomatic than men. This clearly represents the fact the ST has a large clinical spectrum (from 

mild to severely affected) which can lead to decreased quality of life for more symptomatic 

individuals. This study reinforces the need for ST patients to have a clear diagnostic at very early 

stages, since any kind of physical activity will cause deleterious effects in these individuals. 

    

4.3.2 Regulation of strength and muscle mass in ST 

We were able to demonstrate that DCST2 mutation led to a modified cellular calcium 

handling and this would explain why ST patients present delayed muscle relaxation. However, 

we are still unable to demonstrate how this mutation leads to stronger contractions and muscle 

hypertrophy. 



119 
 

It has been previously speculated that the prolonged contractions of such muscles caused 

by delayed relaxation observed in non-dystrophic myotonias and in Brody disease would result 

in muscle hypertrophy because of greater energy utilization and limitation of fat deposition 55. 

Previous studies also hypothesized that RYR1 mutations may lead to muscle hypertrophy and 

possibly improved physical performance due to increased muscle excitability 108. I also 

hypothesize that the prolonged contractions of muscles in the ST patients induce similar effects 

that lead to muscle hypertrophy.  

Our results show that the muscles of SP patients display a decrease in type 1 myofiber 

and a slight increase in type 2X cross-sectional area. These results are not enough to explain why 

ST patients develop muscle hypertrophy, but one possibility could be that ST patients present 

myofiber hyperplasia instead of myofiber hypertrophy, meaning that these patients probably 

have muscles with a greater number of myofibers. Unfortunately, we are unable to prove this 

hypothesis with only histological analysis since we are limited to a small region of a muscle 

biopsy. Only by doing a magnetic resonance imaging (MRI) could we confirm that the 

hypertrophied muscles are due to an increase in muscle mass due to myofiber hyperplasia. 

Nonetheless, finding specific controls that would match not only for age and sex, but genetic 

background would be challenging to generate enough results for comparison.  

MTSN KO animal models show that animals have hypertrophied muscles and increased 

myofibers cross-sectional area, however this increase in muscle mass does not necessarily reflect 

an effect on muscle strength 41,42. Together, these studies confirmed the hypothesis that muscle 

mass is not the only feature directly related to muscle strength indicating that other key elements 

are at play. A recent paper studying a rodent KO model of MSTN (compacting, cmpt mouse) 

showed that these animals present hypertrophied muscles but decreased muscle strength when 

compared to controls 43. They showed that these animals have a deficiency in SOCE activity 

displaying lower SR calcium release as well as lower extracellular calcium entry. Probably the 

calcium transients elicited in these animals is not enough to reach the optimal cross-bridge 

activity thus leading to weaker contractions. These results suggest that if these animals had 

appropriate intracellular calcium transients, they could have normal or even increased strength. 

Unlike cells expressing DCST2-L759P, the cmpt mouse muscles do not show any 

difference in the regulation of SERCA activity. In the ST cells, we believe that the longer 
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calcium transients caused by the defective SERCA reuptake would be the key reason for stronger 

contractions, and this could explain the difference in strength between myostatin KO models and 

ST.   

Another mouse model of muscle hypertrophy is the transgenic overexpressed IGF1 mice 
53,80. These animals have increased myofiber cross-sectional area, a rise in the number of 

myofibers (hyperplasia) and increased muscle strength 53. A study in 2014 showed that 

differentiating myoblasts from this mouse model also showed reduced intracellular calcium 

transients after stimulation with caffeine, KCl and acetylcholine, but no data has been published 

showing SOCE or SERCA activity in those cells to date 214. Another earlier study showed that 

one of the reasons in which these mice have increased muscle mass could be due to the 

activation of calmodulin-calcineurin pathway 80. In rat skeletal myocytes, IGF1 enhances charge 

movement by activating DHPR gene expression and thus increasing intracellular calcium 

transients 80. The sustained increased levels of intracellular calcium activate the transcription 

factors nuclear factor of activated T-cells (NFAT), myocyte enhancer factor (MEF2) and 

guanine-adenosine-thymine-adenosine (GATA) that increase the transcriptional response of 

IGF1 related genes leading to muscle hypertrophy 80.  

In summary, studies with murine models presenting muscle hypertrophy showed that 

these animals exhibited altered calcium transients as observed in ST cells. It is evident that 

skeletal muscle calcium handling plays a key role in the regulation of muscle strength and mass 

but more studies are necessary to address the main molecular players implicated in this process.  

  

4.3.3 Addressing myalgia in ST patients  

Myalgia is a symptom that can happen due to overuse, injury or stretch injury, but it can 

also be caused by diseases or medications 215. In several muscular disorders, myalgia is caused 

by sarcolemmal disruption and release of myofibrillar content to the bloodstream leading to a 

rise of CK levels 215, however, this is not true in the ST.  

Previous studies evaluating sensations of muscle fatigue and pain in humans and mice 

were able to narrow down which metabolites produced during contractions are linked to muscle 
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pain 216,217. During contractions, there is the production of protons, lactate, and ATP in the 

myofiber. They found that there is no single metabolite eliciting muscle pain, all generated 

metabolites are necessary to achieve such effect 216,217.  

In ST patients, incapacitating myalgia happens only after some level of muscle activity. 

We observe that in general, individuals that carry DCST2 mutations and are not physically active 

display very mild symptoms. In the muscle of ST patients, the continuing contractions caused by 

the delayed relaxation could be responsible for causing an increase in the levels of those 

metabolites that could explain why these patients experience post-activity muscle pain.  

Nevertheless, we cannot discard that other pain mechanisms are at play. For example, glutamate 

plays an important role in peripherally-mediated pain signaling to the central nervous system 

(CNS). The glutamatergic system provides excitatory neurotransmission throughout the CNS, 

and dysfunction of this system seems is correlated with several disorders such as schizophrenia, 

depression, and pain states 218. Alternatively, the high tensile strength generated by ST cases also 

appears to cause increased muscle tendon pathology that are also quite painful.   

 

4.3.4 Overlaps and differences of Strongman symptoms 

 As discussed previously, symptomatic ST individuals will often show up at the 

neuromuscular clinics complaining of muscle pain, cramps and decreased endurance. These ST 

patients present prolonged delayed muscle relaxation following percussion that is silent on 

EMGs and with no associated pathological signs on the muscle morphology that would 

correspond to muscle damage. One of the subtle abnormalities observed in ST muscles is muscle 

membrane irritability on EMG. Furthermore, at the morphological level, nicotinamide adenine 

dinucleotide (NADH) staining shows more linear and less punctate staining. However these are 

all nonspecific signs that are often not taken into account as biomarkers. Moreover, ST 

symptoms can vary greatly from one patient to another making diagnostics even more 

challenging. Unfortunately, data on increased, rather than decreased, muscle strength has not 

been used as a biomarker to help physicians identify muscle disorders since only descriptions on 

muscle weakness or no effect on muscle strength have been explored so far. Although no effort 
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has been made to evaluate how certain myopathies can influence positively on muscle strength, 

we can find information on muscle mass. 

Several overlaps and differences can be observed between muscle disorders that lead to 

prominent muscles and ST. Some of the main common overlaps include easy gain of muscle 

mass (muscle hypertrophy), exercise intolerance, and no pathological signs on muscle 

morphology. Some of the main differences include increased muscle strength and incapacitating 

post-activity myalgia. Two approaches should to be taken into consideration when evaluating 

individuals with this profile: 1- Consider personal and familial history of increased muscle 

strength, and 2- Define the level of personal physical activity. It is also important to consider that 

when evaluating familial history of ST individuals, relatives who are sedentary or that are only 

mildly active might present none or very mild symptoms meaning that a negative familial history 

of increased muscle strength should not be enough to discard the diagnostics. Defining the level 

of activity of the patient is important to confirm if the myalgia is caused by any kind of physical 

activity.  

If we consider all myopathies in which patients present true muscle hypertrophy, we can 

classify them in 4 groups: Group 1- Myopathies affecting muscle membrane excitability: non-

dystrophic myotonias (CLCN1 and SCN4A) and myotonic dystrophy type 2 (ZNF9);  Group  2- 

Myopathies affecting calcium handling: RYR-related myopathies (RYR1) and Brody disease 

(SERCA1); Group 3- Myopathies affecting sarcolemma stability: rippling muscle disease 

(CAV3) and anoctaminopathies (ANO5); and Group 4- Metabolic myopathy caused by glycogen 

storage deficiency: McArdle disease (PYGM). The ST with mutations in DCST2 should be 

added to the group 2 considering its effect in cellular calcium transients.  

Molecularly speaking, all four groups share a common feature: increased cytosolic 

calcium transients. Increased membrane excitability caused my mutations in CLCN1, SCN4A and 

ZNF9 lead to increased SR calcium release thus longer cytosolic calcium transients upon 

contraction. Mutations in RYR1 lead to a “leaky” channel activity leading to increased cytosolic 

calcium transients. Loss of function mutations in SERCA1 lead to decreased uptake of calcium to 

the SR leading to longer cytosolic calcium transients with contraction. Loss of function 

mutations in CAV3 and ANO5 cause decreased membrane stability leading to calcium leaking 

from the plasma membrane to the cytosol. Despite the fact that McArdle disease is considered a 



123 
 

metabolic myopathy, two previous studies showed a deficiency in SERCA1 in the muscle of 

patients with McArdle disease 219 and in the muscle of a mouse model of McArdle disease 220 

proposing that these results explain at least in part the muscle fatigability and stiffness during 

exercise in this condition. And finally mutations in DCST2 cause decreased extracellular calcium 

entry and decreased SERCA activity leading to longer cytosolic calcium transients upon 

contraction.  

 

4.3.5 Biomarkers of ST 

ST is a new myopathy and as such needs not only clinical criteria but also pathological 

and genetic tests to support or confirm the diagnosis. Despite being able to identify a few 

pathological markers, the best way to assess if a patient has the ST would be by genetic testing. 

With this study, we highlight the importance of adding DCST2 to the next generation sequencing 

panel of genes known to cause myopathies. However, as mentioned previously, several ST 

patients do not carry DCST2 mutations.  

We have identified a few potential morphological biomarkers in muscle and myoblasts of 

suspected ST cases that carry or not a DCST2 mutation: 1- Presence of smaller type 1 and larger 

type 2X myofibers; 2- Larger DCST2 puncta on muscle sections and in differentiating 

myoblasts; 3- Presence of SERCA1 and STIM1 in the larger DCST2 puncta; 4- Decreased SR 

calcium uptake and extracellular calcium entry in differentiating myoblasts. Unfortunately, the 

techniques used to verify biomarkers 2, 3, and 4 are not routinely done in pathological facilities 

today, meaning that at least a few of these techniques should be implemented as routine tests for 

patients presenting myalgia, cramps, reduced endurance but also increased muscle strength and 

mass. Minimally, DCST2 and STIM1 and/or SERCA1/2 co-staining of longitudinal slides of 

fibers should be performed to assess puncta size, number and colocalization. For DCST2 we 

have generated the best polyclonal antibody available to date to complete this type of studies.  
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Figures 

 

 
*TM = Transmembrane domain 

** Light blue TM = Diverse literature, HDR1 might have 5 or 6 TMs. 

 

Figure 4.1 Comparison of protein domain structure of DCST1, DCST2 and synoviolin 
proteins. All the three proteins present 5-6 transmembrane domains and a RING-finger domain 
indicating that these proteins could have a similar mechanism of action. 
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Figure 4.2 Proposed model for WT DCST2 and DCST2-L759P activity in skeletal muscle. 
Once there is an action potential and membrane depolarization in a myofiber, calcium is released 
from the SR to the cytosol to generate contraction. If the contraction is long or repetitive enough 
to empty SR stores, STIM1 is activated and bind to CRAC channels at the plasma membrane. 
CRAC channels are then activated and open, allowing calcium from the extracellular milieu 
enter the cell. SERCA in turn pumps this calcium to the SR replenishing the previously emptied 
stores. In the presence of DCST2-L759P, we observe a partial dysfunction of the CRAC 
channels and SERCA activity. This dysfunction is accompanied by an increase in the size of 
DCST2 puncta that contain STIM1 and SERCA1. We propose that DCST2 is implicated in the 
dynamics of STIM1-SERCA1 puncta formation and that DCST-L759P causes a negative impact 
in the formation of these puncta.  
 

 

 

 

 



126 
 

CHAPTER 5: Conclusion and Future Directions 

 

5.1 Conclusion 

Several studies show that muscular strength is a hereditary trait, however these studies 

have only explored this subject in athletes so far. A few muscle disorders have been described to 

cause true muscle hypertrophy, but no studies have addressed if these conditions lead to 

increased strength. The work described in this thesis presents the clinical and molecular 

characterization of a new dominant Herculean myalgic condition we have labeled the Strongman 

trait (ST). We showed that a mutation in DCST2 was found in two French-Canadian families 

with ST presenting muscle pain, cramps and decreased endurance as negative symptoms, and 

increased muscle strength and mass as positive symptoms. Despite the unknown function of 

DCST2 when we started this work, we showed that it is localized to the SR in the skeletal 

muscle. Our results demonstrated that DCST2-L759P forms larger puncta in the ST muscle and 

myoblasts, and that these larger puncta contain SERCA1 and STIM1. This colocalization is 

associated with a perturbation of cellular calcium handling in patient myoblasts which we 

hypothesize in the adult skeletal muscle lead to hypertrophy and superior strength but also 

activity induced fatigue and pain. Results on muscle biopsies of ST patients that do not carry 

DCST2 mutations showed that DCST2 also forms larger puncta that is positive for SERCA1 and 

STIM1 pointing to a common pathological mechanism in ST patients and confirming that these 

larger puncta can be used as pathological markers supporting the ST diagnosis. Altogether, our 

findings provide the characterization of a new mutation in a gene of unknown function causing a 

new myopathy. The data presented in this thesis opens the way to an understanding of the 

pathophysiological mechanisms underpinning the ST.  

 

5.2 Future directions 

To address the function of DCST2, I would propose to explore the role of DCST2 as an 

E3 ubiquitin ligase regulating the activity of key proteins responsible of cellular calcium 

handling. To do so, it would also be important to determine DCST2’s binding partners in the 

skeletal muscle by doing immunoprecipitations with DCST2 and without the mutation followed 

by identification of partners through mass spectrometry. Once these partners are confirmed, in 

vitro E3 ligases assays using purified DCST2 and binding partners can confirm the E3 ligase 
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activity, a method previously described by Boutell et al (2002)221. Another approach to be 

considered would be by identifying proteins that have their expression altered in DCST2 KO 

models using an unbiased methodology, like stable isotope labeling with amino acids in cell 

culture (SILAC), as previously described by Zaglia et al (2014)222 and Lang et al (2017)223. 

These proteins would also serve as clues to identify potential candidate genes to be screened in 

ST patients that do not carry DCST2 mutations. In addition, ST patients should continue to be 

recruited for genetic studies by doing WES/WGS. Furthermore, by RNAseq analysis, new 

candidate genes could be identified through mRNA extracted directly from patients’ skeletal 

muscle biopsies, and thus providing a deep overview of changes observed in specific transcripts 

as well as pathogenic SNPs. The fact that patients carrying or not DCST2 mutations exhibit same 

clinical features and larger DCST2 puncta on muscle sections indicate that the cellular phenotype 

could also serve as a potential diagnostic tool for this condition. Myoblasts from ST patients 

negative for DCST2-L759P should be assessed for quantification of large puncta as well as for 

calcium handling assays to help confirming the ST diagnostic. These assays could be used to 

explore new pharmacological treatments that can reverse this cellular ST phenotype. 

The generation of a model of ST would also be of great interest in order to explore 

potential therapeutic approaches to treat this disorder. The proline-rich domain of the DCST2 

protein (where the DCST2 mutation lies) is conserved only in primates, and this fact adds a 

significant challenge to the generation of an animal model. However, with the recent advances 

on gene editing using CRISPR-Cas9 technology, the development of an animal model becomes 

more feasible as described previously by Shen B et al (2014)224 and Dorado B et al (2019)225.  
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APPENDIX 

 

Appendix 1: Significant contributions to other projects 

 

a) Peer-reviewed articles: 

 

Vihola A, Luque H, Savarese M, Penttilä S, Lindfors M, Leturcq F, Eymard B, Tasca G, 

Brais B, Conte TC, Charton K, Richard I, Udd B. Diagnostic anoctamin-5 protein defect in 

patients with ANO5-mutated muscular dystrophy. Neuropathol Appl Neurobiol. 5, 441-448 

(2018) 

T.C.C. assisted in the production of one of the ANO5 monoclonal antibodies presented in this 

study. 

 

Larivière R, Gaudet R, Gentil BJ, Girard M, Conte TC, Minotti S, Leclerc-Desaulniers K, 

Gehring K, McKinney RA, Shoubridge EA, McPherson PS, Durham HD, Brais B. Sacs 

knockout mice present pathophysiological defects underlying autosomal recessive spastic 

ataxia of Charlevoix-Saguenay. Hum Mol Genet 3, 727-39 (2015) 

T.C.C. generated the results of the analysis of the skeletal muscles. 

 

b) Articles under review or in preparation: 

 

Robertson R, Conte TC, M Dicaire MJ, Rymar VV, Sadikot AF, Bryson-Richardson R, 

Lavoie JN, O’Ferrall E, Young JC, Brais B. BAG3P215L/KO mice as a model of BAG3P209L 

myofibrillar myopathy. Manuscript in preparation. 

T.C.C. established mouse colony and generated preliminary data on skeletal muscle 

histology and immunolabeling.  
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Appendix 2: Two-dimensional PAGE (2D-PAGE) of myoblasts overexpressing DCST2-V5  

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Supplemental Figure 1. DCST2 forms 3 different complexes in differentiating 
myoblasts. A. Two-dimensional BN-PAGE/SDS-PAGE electrophoresis analysis of 
differentiating myoblasts overexpressing DCST2-V5 and labeled with anti-V5, anti-SDHA, anti-
Core 2 and anti-Cox I. DCST2 molecular weight is 86 kDa. B. Same membrane as in A, but 
labeled with anti-STIM1 antibody. 
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