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ABSTRACT 

 Skeletal muscles make up a large proportion of total body mass and act as very 

important reserves of energy substrates that are needed to support critical organ function. 

Muscle mass is determined by the balance between protein synthesis and protein degradation; 

enhanced degradation under catabolic conditions leads to loss of muscle mass, or atrophy. 

Protein degradation inside muscle fibres is regulated by the ubiquitin-proteasome, calpains, 

caspases, and autophagy-lysosome proteolytic pathways. Autophagy is the mechanism that 

removes cytoplasmic proteins and damaged cellular organelles. Autophagy is generally 

thought of as a pro-survival process, although excessive activation can result in severe losses 

in muscle mass. Recycling of proteins and organelles by autophagy is accomplished through 

the formation of double membrane vesicles called autophagosomes that surround damaged 

components and deliver them to lysosomes for degradation and recycling. Autophagy is 

regulated at the transcriptional levels mainly by forkhead box protein O (FoxO) transcription 

factors and at post-transcriptional level by the protein kinase B (AKT) and mammalian target 

of rapamycin (mTOR) pathways. 

 To identify novel FoxO-dependent genes that regulate autophagy in skeletal muscles, 

we performed pilot experiments on atrophic models in mice which revealed the presence of an 

uncharacterized gene whose expression is significantly upregulated in FoxO-dependent 

manner in atrophic muscles. This gene is known as D230025D16Rik in mice and C16orf70 in 

humans. Experiments by our collaborators on C. elegans revealed that this gene promotes 

autophagy and survival, hence named MYTHO (Macroautophagy regulator and YouTH 

Optimizer). They showed that MYTHO expression is significantly elevated in skeletal muscles 

of mice undergoing acute starvation (24 hours). Moreover, using bioinformatic tools, we found 

that MYTHO expression in skeletal muscles is significantly increased in mice in catabolic 

conditions such as cancer cachexia. This thesis addresses the expression and functional 
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importance of MYTHO in the regulation of skeletal muscle mass, function, and autophagosome 

formation under basal conditions. 

 To study the functional importance of MYTHO in skeletal muscle mass and function, 

we used a loss-of-function approach in which adeno-associated viruses (AAVs) expressing 

short hairpin RNA targeting murine MYTHO (shRNA-MYTHO) were injected into limb 

muscles of wild type C57BL/6J adult male mice. Knockdown of MYTHO expression in 

skeletal muscles for three months was associated with an increase in muscle mass but 

significant decrease in muscle contractility. Histological examination of muscle sections 

showed significant increase in the number of relatively small size fibres which contained one 

or more central nuclei and the presence of few necrotic fibres infiltrated by inflammatory cells. 

MYTHO knockdown was also associated with a decrease in the levels of type IIA myosin 

heavy chain (MyHC) isoform and increased neonatal MyHC isoform expression. Transmission 

electron microscopy (TEM) examination of muscles with MYTHO knockdown revealed 

significant accumulation of tubular aggregates structures and abnormally shaped 

intermyofibrillar mitochondria. These results suggest that MYTHO plays an important role in 

the regulation of skeletal muscle fibre integrity as well as sarcoplasmic reticulum. Our results 

also indicate that MYTHO is an essential regulator of skeletal muscle homeostasis through yet 

to be determined mechanisms. 
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RÉSUMÉ 

 Les muscles squelettiques représentent une grande proportion de la masse corporelle 

totale et agissent comme des réserves très importantes des substrats énergétiques nécessaires 

pour soutenir les fonctions essentielles de multiples organes. La masse musculaire est 

déterminée par l’équilibre entre la synthèse des protéines et la dégradation des protéines ; une 

augmentation de la dégradation des protéines lors de conditions cataboliques conduit à une 

perte de masse musculaire, ou atrophie. La dégradation des protéines à l’intérieur des fibres 

musculaires est régulée par le système ubiquitine-protéasome, les calpaïnes, les caspases et la 

voie lysosome-autophagie. L’autophagie est le mécanisme responsable de l’élimination des 

protéines cytoplasmiques et des organites cellulaires endommagés. L’autophagie est un 

processus nécessaire à la survie, bien qu’une activation excessive puisse entraîner 

d’importantes pertes de masse musculaire. L’autophagie est régulée au niveau transcriptionnel 

par les facteurs de transcription forkhead box protéine (FoxO) et au niveau post-

transcriptionnel par les voies régulées par la protéine kinase B (AKT) et la cible chez les 

mammifères de la rapamycine (mTOR). 

 Pour identifier de nouveaux gènes sous le contrôle de FoxO qui régulent l’autophagie 

dans les muscles squelettiques, nous avons réalisé des expériences pilotes sur de modèles 

d’atrophie chez la souris qui ont révélé la présence d’un gène non caractérisé dont l’expression 

est significativement augmentée de manière dépendante de FoxO dans les muscles atrophiés. 

Ce gène est connu sous le nom de D230025C16Rik chez la souris et C16orf70 chez l’humain. 

Les expériences de nos collaborateurs sur C. elegans ont révélé que ce gène régule positivement 

l’autophagie et la survie, d’où le nom de MYTHO (Macroautophagy regulator and YouTH 

Optimizer). Ils ont également montré que l’expression de MYTHO est significativement 

augmnetée dans les muscles squelettiques des souris exposées à une jeûne de 24 heures. De 

plus, à l’aide d’outils bio-informatiques, nous avons constaté que l’expression de MYTHO 
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musculaire est augmentée de manière significative chez les souris atteintes de cachexie causée 

par le cancer. Cette thèse s’intéresse à la caractérisation de l’expression et de l’importance 

fonctionnelle de MYTHO dans la régulation de la masse musculaire squelettique, de la fonction 

et de la formation d’autophagosomes dans des conditions basales. 

 Pour étudier l’importance fonctionnelle de MYTHO dans la régulation de la masse et la 

fonction in vivo des muscles squelettiques, nous avons utilisé une approche de perte de fonction 

dans laquelle des virus adéno-associés (VAA) exprimant un ARN court en épingle à cheveux 

ciblant MYTHO ont été injectés dans les muscles des membres de souris mâles adultes de type 

sauvage C57BL/6J. La réduction de l’expression de MYTHO pendant trois mois a causé une 

augmentation de la masse musculaire et une diminution significative de la contractilité 

musculaire. L’examen histologique de coupes musculaires a révélé une augmentation 

significative du nombre de fibres relativement petites de taille présentant un ou plusieurs 

noyaux centraux et la présence de quelques fibres nécrotiques infiltrées par des cellules 

inflammatoires. La déplétion de MYTHO a également induit une diminution de l’expression 

des chaines lourdes de myosine de type IIa et une augmentation de l’expression des chaines 

lourdes de myosine néonatales. L’examen en microscopie électronique des muscles déplétés 

en MYTHO a révélé une accumulation significative des structures d’agrégats tubulaires et des 

mitochondries inter-myofibrillaires anormales. Ces résultats suggèrent que MYTHO joue un 

rôle important dans la régulation de l’intégrité des fibre musculaires squelettiques, incluant 

celle réticulum sarcoplasmique. Nos résultats indiquent également que MYTHO est un 

régulateur positif de la contractilité des muscles squelettiques par des mécanismes qui restent 

encore à déterminer.  
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SECTION 1: INTRODUCTION AND LITERATURE REVIEW 

1.1. Introduction 

 The mammalian muscular system is composed of three types of muscles: skeletal, 

cardiac, and smooth muscles. The skeletal muscle, a specific type of striated muscle tissue, is 

a heterogeneous collection of specialized cells, myofibres, grouped within connective tissue 

(1). In humans, skeletal muscles account for around 40% of the body mass, 60% of the body’s 

protein stores, and are mainly responsible for breathing, movement, postural support, heat 

maintenance and are a central component of the body’s metabolism (2). 

 The combination of loss of muscle mass and strength is a common clinical feature found 

in a variety of acute or chronic, and often overlapping, conditions: diabetes, cancer cachexia, 

chronic kidney disease (CKD), infections, weakness related to critical illness, neuromuscular 

disorders, chronic heart failure (CHF), disuse, microgravity and age-related muscle wasting 

represent some of the many phenotypes (3-5). It is a major challenge to address the prevalence 

and healthcare costs of muscle atrophy as a general condition. Attempts to estimate its 

prevalence can widely range from 5% up to 50% as it is directly proportional to age and, 

certainly, sarcopenia is a key factor that gives rise to muscle atrophy in general (6). Although 

recent consensus definition of sarcopenia (2-5) differs from the largely accepted definition of 

the age-related decline in lean body mass (7), in the final analysis, loss of skeletal muscle mass 

and strength bring tremendous biopsychosocial consequences on quality of life and associated 

morbidity and mortality. A meta-analysis and systematic review, with 58,404 individuals over 

60 years old, found an overall prevalence of loss of muscle mass in the world of 10% (8). Direct 

healthcare costs and indirect socio-economic implications are markedly high. In the USA, 

public health costs with sarcopenia were $18.5 billion, occupying nearly 1.5% of total 

healthcare budget in the year 2000 (6, 9). A recent systematic review demonstrated a trend 

toward a more important use of healthcare resources in the sarcopenic population world wide 
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(10). However, due to the heterogeneity of the studies investigated—among other biases, the 

definition of sarcopenia itself on each one of those studies analyzed is fairly a matter of 

discussion (11), there is still a great demand for more precise assessments on the topic regarding 

economic analysis. Another major cause of muscle atrophy is CKD, the prevalence of this 

condition, only in Canada, was around 3 million adults in 2009 (12); in the USA, approximately 

20 million in 2003 (13) and muscle atrophy occurs virtually in the totallity of these individuals, 

regardless of the age. In addition, individuals suffering from CHF show an increased 

prevalence of loss of muscle mass and muscle function, and in older adults with CHF the 

prevalence can reach up to 20% (14). Other important examples of muscle wasting conditions 

worth to mention, with special interest since the surge of the coronavirus disease 2019 

(COVID-19) pandemic, are the intensive care unit-acquired weakness (ICUAW) and COVID-

19 itself. ICUAW occurs in critically ill patients resulting in sustained impairment long after 

the intensive care unit (ICU) stay, and as much as 40% of critically ill patients may experience 

this condition (15). Moreover, COVID-19 long-term consequences are beginning to be clarified 

but it has been already demonstrated that it can affect directly and indirectly mainly the 

cardiorespiratory and neuromuscular systems, as well as mental health (16). Particularly in 

older adults, the isolated feature of intense myalgia on hospital admission due to COVID-19 is 

shown to be associated with abnormal lung images and poor outcomes (17). The 

pathophysiology of muscle injury in COVID-19 is attributable to many factors like cytokine 

storm, disease severity, mechanical ventilation, prolonged ICU stays, malnutrition, myotoxic 

drugs and polipharmacy. But the precise mechanisms, even in milder cases, as well as the long-

term sequelae of the direct effects of coronavirus in the muscle cells of disease survivors remain 

unclear (17). Ultimately, skeletal muscle health and muscular homeostasis are important 

determinants of quality of life and longevity, with major socio-economic impacts at the 

individual, family and community levels. Skeletal muscle loss and its functional consequences 
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constitute a serious public health issue. Efforts to mitigate the underlying conditions should be 

an essential item of public health policies world wide. 

 On the other hand, translating basic scientific research to clinical practice, and to public 

health gains, constitute another important and major challange in the biomedical research. 

Although there is still a gap of knowledge on several relevant issues in the field of skeletal 

muscle dysfunction, much progress has been achieved. In this sense, autophagy is an essential 

biological process involved in skeletal muscle health and disease that has been intensively 

investigated. Skeletal muscle mass is regulated by the balance between protein synthesis and 

protein degradation, and autophagy is among four pathways which are responsible for protein 

degradation inside skeletal muscle fibres. It is an intracellular degradation process by which 

proteins, organelles, and other cytoplasmic structures are engulfed into vesicles, delivered to 

lysosomes, and eventually digested and recycled (18, 19). A tight regulation of autophagy is 

essential for the maintenance of homeostasis, so that insufficient or excessive organelles 

degradation do not result in undesirable cellular damage and tissue dysfunction (19, 20). Over 

the last decades, despite many progresses on the discovery of autophagy-related genes, much 

remains unrevealed. Better knowledge on autophagy and its regulation in the skeletal muscle 

tissue may represent the possibility of novel diagnostic and overall therapeutic approaches for 

many conditions.  

 Our laboratory has an active cooperation with Dr. Marco Sandri's research group 

(University of Padua, Italy) for the past several years. A few years ago, that group investigated 

the functional importance of FoxO transcription factors in regulating skeletal muscle atrophy 

by generating transgenic mice with muscle selective deletion of FoxO1, FoxO3, and FoxO4 

transcription factors (FoxO1,3,4 KO). Sandri’s group compared muscle gene expression elicited 

by acute starvation in wild type (WT) and FoxO1,3,4 KO mice (21). They reported that FoxO1,3,4 

KO mice are resistant to starvation-induced atrophy and that FoxO transcription factors control 
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several stress-response pathways. Such findings represent major breakthroughs in our overall 

understanding of the regulatory importance of FoxO in muscle autophagy, but many of their 

transcriptional targets, upstream regulators, and interacting partners remain to be elucidated. 

Sandri’s group identified one FoxO-dependent protein whose expression was upregulated in 

skeletal muscles of WT mice but not in FoxO1,3,4 KO mice in response to acute starvation: a 

protein encoded by D230025D16Rik gene in mice and C16orf70 in humans. During the 

preparation of this thesis, two relevant in vitro studies addressed this novel gene (22, 23) and 

despite important advances, much remains to be clarified about the function and expression of 

this gene. In our particular interest, in skeletal muscles. 

 This thesis is focused on describing the phenotype of D230025D16Rik knockdown 

(KD) in the mouse skeletal muscle. The possible importance of this protein, designated as 

MYTHO, in the regulation of skeletal muscle mass, autophagy and contractile function will be 

discussed. 

 

1.2. Skeletal muscle: structure and classification 

 The skeletal muscle is a heterogeneous collection of specialized cells called myofibres, 

grouped within sheaths of connective tissue (1). It is a type of striated muscle tissue where 

mature myofibres develop through fusion of myoblasts, the muscle precursor cells, giving it its 

multinucleated characteristic (24). The highly organized structure of the myofibres gives to the 

tissue the striated characteristic, each of the myofibres contain a high concentration of 

myofilament proteins, organized into myofibrils within the sarcoplasm. The myofibrils are 

composed of a recurrent histological pattern called sarcomere, the basic contractile unit of 

skeletal muscles. These structures are separated from each other by dark lines, the Z disks. 

Contraction, at the basic unit level, occurs through a highly organized and reversible coupling 

between the myofilament proteins, actin and myosin. The sarcoplasmic reticulum (SR) and 
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mitochondria surround the myofibrils, as well as other essential organelles to contractility and 

cell survival (1). 

 There are 3 types of muscles in mammals, skeletal, cardiac and smooth muscles. A 

mixture of fibre types is found in skeletal muscles, which can be classified based on structural 

and functional aspects. They are categorized based on the subtypes of myosin heavy chain 

(MyHC) that they express. In mouse muscles, four major fibre types with distinct MyHC 

composition are found: type I, IIA, IIB, and 2X. These subtypes are classified as slow-twitch 

(type I) or fast-twitch (type IIA, IIB and 2X) based on the velocity of the fibre shortening on 

contraction (24, 25). Slow-twitch muscle, with a denser capillary network and rich in 

myoglobin, mitochondria and oxidative enzymes, are specialized to perform continuous 

activity, also called red muscles. While fast-twitch muscle, with fewer mitochondria and 

myoglobin, are characterized by a glycolytic metabolism and specialized for phasic activity, 

identified in general with white muscles (24). 

 Slow-twitch fibres develop a lower contractile force relative to fast-twitch fibres, but 

the contraction may be maintained for a longer period. Therefore, the higher the oxidative 

capacity, the more fatigue-resistant the fibre. The type IIA fibres, however, which contain high 

concentration of mitochondria and capillaries but are also rich in glycolytic enzymes, are 

classified as oxidative glycolytic fibres. This metabolic capacity gives them a dual 

characteristic, fast and fatigue resistant (24, 26). In human, type IIX fibres are not only the 

skeletal muscle fastest fibres as well as the most easily fatigued, they rely mostly on glycolytic 

metabolism (26). Though not expressed in humans, type IIB fibres are the fastest of the four 

isoforms and they are found in muscles of small mammals such as rodents (24, 26). 
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1.3. Regulation of skeletal muscle mass 

 Skeletal muscle mass is controlled by a balance between protein synthesis and protein 

degradation. Under healthy conditions, progressive exercise training and adequate nutrition, 

for example, can result in a net gain in protein synthesis, increasing the size of the pre-existing 

muscle fibres, promoting hypertrophy (27). By contrast, atrophy is the result of muscle protein 

loss when protein degradation exceeds protein synthesis, decreasing the size of the pre-existing 

fibres, a very common issue in clinical practice. Such findings may be observed in various 

catabolic states, including acute or chronic conditions like sepsis, cachexia, heart failure, 

chronic obstructive pulmonary disease, renal failure, AIDS, neuromuscular disorders, 

prolonged bed rest and ageing (5, 27). 

 

1.3.1. Protein synthesis 

 The most important pathways that promote skeletal muscle protein synthesis are the 

AKT/FoxO transcription factor pathway and the mammalian target of rapamycin complex 1 

(mTORC1) pathway. In vitro and in vivo studies have identified protein kinase B (AKT) a 

serine⁄threonine kinase, as a crucial regulator of protein synthesis in both hypertrophy and 

atrophy conditions (28, 29). The energy status of the cell, the high extracellular availability of 

amino acids, glucose and other nutrients are important regulators of these pathways. It is well 

established that growth-promoting stimuli such as insulin and insulin-like growth factor 1 

(IGF-1) activate AKT through the phosphatidylinositol 3-kinase pathway (PI-3K) (28). Active 

AKT phosphorylates glycogen synthase kinase 3 beta (GSK-3b), releasing its inhibition of an 

essential factor for protein synthesis, the eukaryotic initiation factor 2 (eIF2) (30, 31). AKT 

also phosphorylates and inactivates FoxO transcription factors (like FoxO1, FoxO3 and 

FoxO4) and keep them in the cytosol through direct interaction with the docking protein 14-3-

3 (32). In addition, AKT activates mTORC1, another important nutrient-sensing kinase, 
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resulting in the promotion of protein synthesis, cell growth and proliferation. mTORC1 

activates the ribosomal protein S6 kinase beta-1 (p70-S6K) and inhibits translation of initiation 

factor 4E-binding protein 1 (4E-BP1), thereby releasing the inhibitory effect of 4E-BP1 on 

protein synthesis (31, 33). 

 

1.3.2. Protein degradation 

 Under catabolic conditions, there is a state of enhanced skeletal muscle proteolysis, 

which can be beneficial in the early phases of acute illnesses, as free amino acids provide other 

tissues with substrates for vital cellular processes (34, 35). However, sustained protein 

degradation in either acute or chronic conditions results in muscle atrophy, such as in sepsis, 

trauma, cancer, diabetes, disuse, COPD, cardiac and renal failure, leading to increased 

severeness of disease (5). Loss of muscle mass in these various disease states is mostly due to 

the breakdown of contractile proteins (36, 37). There is also evidence that these chronic 

conditions are also associated with a prolonged inhibition of IGF-1/PI-3K/AKT pathway inside 

skeletal muscle fibres which triggers the removal of the inhibitory effect of this pathway on 

FoxO transcription factors. Activation of these factors leads to transcription upregulation of 

two muscle-specific ubiquitin E3 ligases (Trim63 and Fbxo32), important enzymes involved 

in the process of recognition of protein substrates to be degraded, and several other autophagy-

related genes (38, 39). Muscle protein degradation is regulated by four pathways: the calpains, 

the caspases, the ubiquitin-proteasome (UP) and the autophagy-lysosome (AL) pathways. The 

first three are responsible for degradation of myofilament proteins while the AL pathway is 

primarily responsible for the degradation of long-lived cytoplasmic proteins and organelles 

(35, 40). 

 Among many other functions, the calpains and caspases pathways are essential for 

skeletal muscle proteolysis as they can disrupt the rigid structure of the contractile apparatus 
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(41, 42). Calpains are Ca2+-dependant cysteine proteases activated in response to sudden 

increases in intracellular Ca2+ concentration (43). These enzymes have their conformation 

changed by Ca2+ and this will activate a catalytic domain, giving them the property of cleaving 

specific proteins (41). In myofibres, three main calpain isoforms can be detected including m-

calpain and μ-calpain (universally expressed), and the muscle-specific, calpain 3 (41). These 

enzymes release myofilament proteins by cleaving the sarcomeric components responsible for 

structural integrity of the contractile unit, like titin and nebulin (44). Under normal conditions, 

calpains are mostly inactive and are tightly regulated by an endogenous inhibitor, calpastatin 

(43). In acute disease states or in response to cellular damage, calpains are activated providing 

the cell immediate availability of metabolic substrates; however, a sustained activation of this 

pathway can lead to unregulated proteolysis, generalized tissue damage, and cell death (44, 

45). The role of the calpains have been confirmed under different modes of stress in skeletal 

muscle. In sepsis, for example, studies have documented increased calpain activity as an 

important consequence of reduced activity of the calpains inhibitor, calpastatin (46) and such 

condition greatly contributes to the decline in force-generating capacity (47). Disuse and 

rehabilitation models showed overexpression of muscle-specific calpastatin and slow the 

progression of muscle wasting (48) but also the calpains role in skeletal muscle remodelling 

due to exercise training (49). More recent evidence suggests that calpains have many other 

functions in skeletal muscle fibres including regulation of cell signalling by altering specific 

protein biological function. For example, they influence mitochondrial function by generating 

calpain-truncated proteins, like the calpain-mediated cleavage of the BCL-2 family member, 

Bid, resulting in its truncated form known as tBid. In cardiac myocytes, tBid can translocate to 

the mitochondria and recruit Bcl-2-associated X protein (BAX), leading to permeabilization of 

the mitochondrial membrane and increased reactive oxygen species (ROS) production. They 
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also contribute to membrane repair in skeletal muscles and are involved in the conformation of 

triad junctions (50). 

 The cysteine-aspartate proteases, known as the caspases, are another family of enzymes 

with an important role upstream of the UP pathway. Caspases are mainly activated during the 

process of apoptosis, where they contribute through a series of proteolytic cleavages to break 

up the structural and functional elements of the cell (42). Insulin-resistance and cytokine 

upsurges are present in many catabolic states, and activate apoptotic and caspase pathways in 

different tissues, including skeletal muscle (51, 52) Caspase 3, the terminal protease in the 

caspase pathway, contributes mainly to nuclear apoptosis. Activation of caspase 3 has been 

described in different skeletal muscle wasting conditions such as cancer cachexia, ventilator-

induced muscle weakness, and neuromuscular disorders (53-55). In addition, denervation-

induced muscle atrophy was prevented by caspase 3 knockout (56). Nonetheless, myofibres 

are multinucleated cells, and caspase 3 activities may be insufficient to induce cell death. In 

this regard, by cleaving contractile proteins, caspases may contribute to myofibre remodelling 

and myofibre weakness (57). In addition, caspase-cleaved actin fragments have been found in 

atrophying muscles of diabetes and chronic uremia animal models (51). Altogether, these 

evidence suggest that caspase 3 activation may lead to contractile dysfunction in skeletal 

muscle in different catabolic conditions. Although not the focus of our study, it is opportune to 

emphasize the importance of such findings on protein degradation, aiming to explore more this 

field in prospective analyses. 

 

1.4. Ubiquitin-proteasome pathway 

 The UP pathway is a system dedicated for proteolysis of a variety of proteins and it is 

commonly accepted as the main proteolytic system targeting myofibrillar proteins (58, 59). It 

is characterized as an adenosine triphosphate (ATP)-dependant pathway, composed of two 
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distinct and successive phases: covalent addition of ubiquitin to the target proteasomal 

substrates and degradation of the tagged substrate by the 26S proteasome (60). This process of 

tagging proteins destined for the proteasome is known as ubiquitination and requires a 

sequential action of three enzymes. First, ubiquitin is catalyzed, in an ATP-dependant way, by 

the E1-ubiquitin activating enzymes. This activated ubiquitin molecule is then transferred to 

the E2 ubiquitin-conjugating enzymes, that transports ubiquitin to the E3 ubiquitin-ligating 

enzymes. The E2-E3 enzyme pair will determine what type of protein the ubiquitin machinery 

is targeting. The E3 ligases will add covalently ubiquitin to lysine residues (K48), the most 

abundant ubiquitination site, of targeted proteins (61). The process is replicated until the 

substrate contains a tetramer of ubiquitin as the minimum signal for efficient targeting (62, 63), 

and the polyubiquitylated protein is ready to be recognized and degraded by the proteasome 

(35) –– although some studies have been challenging this paradigm more recently, as 

monoubiquitination was revealed as having proteolytic roles as well (64, 65). 

 The 26S proteasome responsible for the degradation phase is composed of a proteolytic 

cylindrical core, 20S, and two regulatory caps, 19S protein complex. The 19S caps recognizes, 

binds the ubiquitin-tagged proteins, and eventually removes the ubiquitin chain before the 

translocation of the substrate to the 20S core. To promote the substrate translocation into the 

core, the 19S caps employs ATPase activity to unfold the target protein and opens the central 

channel. Inside the 20S proteasome, substrates are cleaved into small peptides by the 20S core 

subunits. These oligopeptides are then released to the cytoplasm to be finally degraded into 

free amino acids by other peptidases (35, 58). 

 In skeletal muscles, it has been reported that two main E3 ligases are significantly 

upregulated in several models of muscle atrophy (35, 66, 67). One of these two ligases is known 

as Muscle Atrophy F-box containing protein (MAFbx/Atrogin-1) which is encoded by the 

Fbxo32, and the second E3 ligase is known as Muscle RING Finger containing ligase (MuRF-
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1) and is encoded by Trim63 gene (66). In mice lacking Fbxo32 or Trim63, it was possible to 

prevent denervation-induced muscle atrophy, indicating their critical roles in this model of 

muscle atrophy (66). Both ligases execute very similar catalytic reactions, but they have 

different protein targets. For instance, Atrogin-1 targets especially MyoD protein, which is a 

master regulator of myoblast differentiation, and eIF3f protein, which is involved in protein 

synthesis (68, 69). MuRF-1selects mainly sarcomeric proteins such as titin, myosin light chain 

(MyLC) and MyHC (70-72). 

 Different catabolic stimuli can trigger activation of skeletal muscle proteasome activity. 

For instance, oxidative stress seems to have an important role, as mouse myoblasts exposed to 

elevated levels of ROS had significant activation the proteasome and upregulation of ubiquitin, 

E2 activating and E3 ligating enzymes (73). In rat myotubes, hypoxic stress also activates the 

proteasomal degradation of myofilaments and upregulation of Fbxo ligase (Atrogin-1) (74). 

Finally, pro-inflammatory cytokines particularly, tumor necrosis alpha (TNF-α) strongly 

activates proteasome activity and triggers significant upregulation of Trim63 and Fbxo32 

expressions through the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-

κB) pathway activation (75, 76). 

 

1.5. Autophagy-lysosome pathway 

 The two major pathways by which protein degradation occurs in eukaryotic organisms 

are the UP and the AL pathways. Autophagy is a well conserved process throughout evolution 

by which cells can break down and recycle organelles, bulk portions of cytoplasm and long-

lived proteins (18, 77). There are two main phases in this pathway where cytosolic material is 

first delivered to the lysosomal lumen and then, degraded by lysosomal enzymes (40). At basal 

levels, intracellular homeostasis is maintained through a number of processes and autophagy 

has a central role, preventing the accumulation of damaged and dysfunctional organelles and 
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proteins (18). However, in response to a myriad of stimuli such as microbial pathogens, cellular 

stress and nutrient deprivation, it can be promptly activated far above normal levels (19). To 

achieve and maintain homeostasis, autophagy must be tightly regulated, as insufficient or 

excessive degradation of cytoplasmic components can be highly deleterious to the cell (19). 

 There are three main classes of autophagy known in mammalian cells: microautophagy, 

chaperone-mediated autophagy (CMA) and macroautophagy. In microautophagy, small 

cytosolic portions are engulfed by the lysosome, the microautophagic vesicle membrane is 

degraded and its content, digested by hydrolases (78). The level of microautophagy, however, 

as well as its role in skeletal muscle remain largely unknown (18, 20). CMA targets soluble 

cytosolic proteins, acting on substrates with a specific pentapeptide sequence, KFERQ (18, 19, 

79, 80). The chaperone-substrate complex interacts with the lysosomal-associated 

transmembrane protein 2A (LAMP2A), leading to protein unfolding and translocating them 

into the lumen, where they are digested by the lysosomal hydrolases (81). Many cellular 

stressors as prolonged starvation, exposure to cytotoxic substrates and oxidative stress can 

strongly induce CMA, and failure to activate this type of autophagy may lead to accumulation 

of dysfunctional proteins (81). Nevertheless, it is not well stablished the real contribution of 

CMA in skeletal muscle loss and homeostasis (18, 20). 

 The main type of autophagy in skeletal muscle is macroautophagy, often referred as 

autophagy. This pathway targets organelles, protein aggregates and other long-lived 

cytoplasmic components for degradation in the lysosome (18, 19). The transport of the 

substrates to the lysosome is done by double-membrane vesicles, the autophagosomes (82). 

The process is highly inducible in response to any sort of stress, acting primarily as a protective 

mechanism (19, 82, 83). Autophagy responds to environmental signals through a tight-

regulated process which involves the expression of several autophagy-related genes (ATGs) 
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(83). ATGs were first described in yeast, but it led to the detection of their orthologs in higher 

eukaryotes (84). 

 Autophagy is initiated by the uncoordinated-51-like-kinase (ULK1) complex 1. This 

complex is under positive control of the AMP-activated protein kinase (AMPK) pathway and 

negative control by the mTORC1 pathway (85). mTORC1, a nutrient-sensing kinase, is 

regulated by several cues, amino acids, glucose, and other cell energy status, and promotes 

protein synthesis, cell growth and cell proliferation (86, 87). AMPK responds to modifications 

in the intracellular AMP/ATP ratio, also working as an energy sensor (82, 88). The interaction 

of proteins ULK1, ATG13, FIP200 and ATG101 leads to formation of the ULK1 initiation 

complex and the integration of inhibitory or stimulatory signals received from mTORC1 and 

AMPK will respectively determine its activity (18, 82, 85). Under nutrient abundant conditions, 

mTORC1 phosphorylates and inactivates ULK1 complex by acting in multiple serine residues 

and thereby prevents its interaction with AMPK, and the result is the inhibition of autophagy 

(85, 89). Under nutritional distress or starvation, with high levels of AMP and low levels ATP, 

AMPK is activated and removes mTORC1 from the ULK1 complex (85, 90). Such dissociation 

activates ULK1, which phosphorylates ATG13 and initiate autophagosome formation (82). 

After this first process, the autophagosome biosynthesis occurs through the phases of 

nucleation, elongation and maturation (83). The nucleation phase is characterized by the 

phagophore formation, a double membrane vesicle that elongate (91). A critical component at 

this stage is the BECLIN1 complex, formed by the interaction of class III phosphatidylinositol 

3-kinase (PI3KC3), VPS15, UVRAG, ATG14L and BECLIN1 protein (92). This complex 

assembly activates PI3KC3 to increase the production of phosphatidylinositol-3-phosphate 

(PI3P) and these phospholipids recruit additional ATG proteins required for the 

autophagosome formation (77, 93). 
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 The next step is the elongation of the pre-autophagosome, promoted by two ubiquitin-

like conjugation systems. Where LC3 and ATG12 act as ubiquitin-like molecules, while ATG7 

and ATG10 enzymes, respectively, act as E1-like and E2-like enzymes (94). In the first 

pathway, ATG7 enzyme activates ATG12. Then, ATG10 couples ATG12 to ATG5, leading to 

the formation of a dimeric conjugate which binds to ATG16L protein (94, 95). The newly 

formed trimeric complex is translocated to the phagophore and will work on the membrane 

elongation (94). The second conjugation pathway requires the microtubule-associated protein 

1 light chain 3 (LC3), initially as its intact precursor, pro-LC3. The cysteine protease ATG4 

cleaves the precursor creating its cytosolic form: LC3B-I. Then, LC3B-I is conjugated with 

phosphatidylethanolamine (PE) through ATG7, ATG3, and the ATG16L complex. This 

process is known as the lipidation of LC3-I, producing LC3B-II, which is translocated to the 

phagophore and is integrated to the expanding membrane (94, 96). After its complete 

formation, most of the proteins required for the autophagosome nucleation and elongation are 

separated from the vesicle, but LC3B-II persists in its association with the mature 

autophagosome (97, 98). Because of its integration into autophagosome membrane, LC3B-II 

protein is widely accepted as a marker of autophagosome formation (96, 98, 99). Following its 

completion, the autophagosome is transported through microtubules to the centrosome, a 

compartment where the lysosomes are concentrated (100). The autophagosome docks and fuses 

with the lysosome generating the autolysosome (94, 97). This is the maturation phase, where 

the cargo is digested into monomers by lipases, proteases and nucleases. Eventually, the 

degraded produces are recycled back into the cytoplasm, providing the cell with vital substrates 

(101). 
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1.6. Autophagy and skeletal muscle function 

 All eukaryotic cells require basal levels of autophagy to sustain homeostasis and can 

dramatically upregulate this process in response to cellular stress to various degrees (77). 

Muscle wasting is common finding in clinical practice, and both the UP and the AL pathways 

are greatly increased in atrophying muscles. As previously described, the activation of these 

pathways is finely modulated by a complex network involving the FoxO transcription factors 

(40). Autophagy at basal levels is an essential process for maintaining muscle mass and its 

functional properties (102). 

 The generation of mice with muscle-selective deletion of Atg7 gene revealed several 

morphological abnormalities that are associated with inhibition of muscle autophagy. These 

include decreased myofibre size, misalignment of the sarcomeric Z-bands, and the 

accumulation of damaged organelles and protein aggregates (20). There are also functional 

consequences of Atg7 deletion in skeletal muscles including decreased absolute and specific 

force-generating capacity (21). It has also been reported that muscle-selective deletion of 

autophagy triggers a compensatory upregulation of the proteasome proteolytic activity (20). 

As this pathway cannot degrade those protein aggregates and organelles, over activation of UP 

pathways could not rescue the phenotype (21). By preventing an increase in oxidative damage, 

and inhibition of apoptosis, basal muscle autophagy contributes to the survival of myofibres. 

This protective role can be partially explained by the recycling of damaged and damaged 

organelles and proteins aggregates (102). 

 Various murine models of muscle atrophy have been used to study the relationship 

between atrophy and autophagy. Denervation models are quite effective in generating loss of 

muscle mass, followed by a marked reduction in mitochondrial content as well as an increase 

in mitochondrial dysfunction, particularly augmented ROS production, compromised 

respiration and increased permeability (103, 104). Findings that could be explained, at least in 
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part, by a rapid activation of the autophagy pathways in general and selective removal of 

dysfunctional mitochondria by the autophagy pathway (mitophagy) (104-106). Sepsis models 

can also induce dramatic muscle wasting, loss of function, and adaptations in mitochondrial 

bioenergetics (107). Sepsis triggers a decrease in the mitochondrial respiration rates in limb 

and ventilatory muscles, and reduction in the levels of the electron transport chain subunits 

(108-110). Importantly, clinical studies have shown that sepsis-induced mitochondrial 

dysfunction is related to disease severity and patient survival (111, 112). In addition, Mofarrahi 

et al reported significant morphological abnormalities in muscle mitochondria associated with 

dysfunctional opening of the permeability transition pores and reduced mitochondrial 

biogenesis (113). These abnormalities were associated with induction of the autophagic flux, 

increased number of autophagosomes, enhanced LC3B protein lipidation, and upregulation of 

several autophagy-related genes such as LC3B, BECLIN-1, PI3KC3, LAMP2A, ATG14L, 

ATG4B and ATG12. These results suggest that mitophagy is essential recycling mechanism of 

damaged mitochondria in skeletal muscles of septic mice (113). Another model in which 

skeletal muscle atrophy is associated with increased autophagy, and upregulation of several 

autophagy-related genes, is acute starvation. Studies have shown a significant increase in the 

autophagosome formation and LC3B lipidation in skeletal muscle of acutely starved mice (39, 

114). Moreover, this model exemplifies an intriguing characteristic of skeletal muscle 

autophagy, namely, that although acute starvation elicits transient activation of the autophagy 

pathway in most tissues, lasting only a few hours, in skeletal muscle the autophagic flux can 

be detected days after the acute starvation (40, 114). 

 As any other biological process, there is an optimal level of autophagy in order to 

maintain homeostasis. Autophagy has been demonstrated as an essential evolutionary 

mechanism in the clearance of damaged organelles and its balance is tightly regulated. An 

exaggerated removal of cytoplasmic contents results in dramatic loss of skeletal muscle mass, 
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as well as an insufficient activation of the autophagic activity may lead to an excessive 

accumulation of damaged organelles, uncontrolled cellular injury and tissue dysfunction (19, 

20, 40, 102). Altogether, these data support strong evidence of the importance of autophagy in 

regulating muscle mass balance in healthy and atrophying skeletal muscle. 

 

1.7. FoxO transcription factors and MYTHO 

 Some members of the FoxO family of transcription factors (FoxO1, FoxO3a, FoxO4) 

have been identified as key regulators of the activity of the ubiquitin-proteasome and the AL 

pathways. These two pathways are involved in the breakdown of myofilaments and recycling 

of damaged organelles (39, 40). Specifically, FoxO transcription factors regulate the expression 

muscle-selective ubiquitin E3 ligases Trim63 (MuRF1) and Fbxo32 (Atrogin-1) expression, 

collectively referred as ‘atrogenes’ (27, 38). The expression of these two E3 ligases increase 

significantly in several catabolic conditions such as and starvation, uremia, denervation, 

amyotrophic lateral sclerosis, cancer, and immobilization (27, 38, 115). Other transcription 

factors that are also involved in MuRF1 expression including NF-κB (76). FoxO1 inhibits the 

inhibitory effect of IGF-1 on Fbxo32 expression leading indirectly to upregulation of Fbxo32 

(29). In addition, FoxO3a directly binds to the Fbxo32 promoter and increases its transcription 

in mouse skeletal muscles (38) and blocking FoxO3a activity prevents the induction of Fbxo32 

expression during starvation or corticosteroid administration (116). With respect to FoxO4, 

there is evidence that it enhances Fbxo32 expression in response to TNF-α exposure in vitro 

(117). Moreover, TNF-α-induced activation of FoxO1 and upregulation of Fbxo32 

upregulation occur concomitantly with AKT inhibition (29, 32). Altogether, these data indicate 

that the FoxO family regulate and are regulated at variable degrees, by catabolic and anabolic 

signals. 
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 In normal muscle, FoxO transcription factors are phosphorylated by AKT and remain 

bound to 14-3-3 proteins in the cytosol. Disruption of phosphorylation triggers mobilization to 

the nucleus, where FoxO factors transcribe several autophagy-related genes. It has been 

reported that FoxO transcription factors co-ordinately activates the autophagic and proteasomal 

pathways in ventilatory and limb muscles (39, 118, 119). FoxO transcription also regulates 

several rate-limiting proteins associated with these pathways, including LC3, p62/SQSTM1, 

BECLIN1, ATG12, GABARAPL1, BNIP3 and Fbxo32 (38, 39, 120). 

 Sandri's group investigated FoxO-dependent atrogenes by comparing gene expression 

in skeletal muscles of WT mice undergoing muscle atrophy mediated by starvation to those 

expressed in skeletal muscles of mice with the muscle-selective FoxO1,3,4 KO (21). They 

reported that FoxO1,3,4 KO mice are resistant to starvation-induced atrophy and that FoxO 

transcription factors control several stress-response pathways such as unfolded protein 

response, ROS detoxification, and DNA repair and translation. They also found that the 

expression of two ubiquitin E3 ligases (MUSA1 and SMART) is regulated by FoxOs inside 

muscle fibres. 

 To identify novel proteins that regulate autophagy, Sandri's group compared the 

transcriptomes of limb muscles of WT and FoxO1,3,4 KO mice exposed to 24 hours of acute 

starvation (unpublished results). Their analysis was focused on novel transcripts that have an 

open reading frame (orf), conserved across species, and have autophagy related LC3-

interacting regions (LIRs) or GABARAP interaction motifs (GIM) in the coding sequence. 

They identified one FoxO-dependent candidate, that was upregulated in skeletal muscles of 

WT mice but not in FoxO1,3,4 KO mice. This candidate is D230025D16Rik and the ortholog is 

annotated as C16orf70 in humans. Based on pilot studies performed in the nematode 

Caenorhabditis elegans, they found that this protein is somehow involved in the autophagy 

regulation and promotes survival, therefore named MYTHO (Macroautophagy regulator and 
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YouTH Optimizer). Bioinformatic analyses of the protein structure suggest that it may interact 

directly with WIPI2 protein, which is a protein required for the autophagosome formation. 

Further analysis also confirmed that MYTHO is indeed a highly conserved gene across species. 

 Our assessment of D230025D16Rik gene expression using Ensembl 

(https://ensembl.org/) (121) revealed that two of the six reported MYTHO mRNA splicing 

variants (SV) have the same transcript type protein coding: mRNA D230025D16Rik-201, 

which encodes for a 47-48 kDa protein (Isoform-201) and a shorter one, mRNA 

D230025D16Rik-203, that encodes for a 13 kDa protein (Isoform-203). The other four mRNA 

SV are: mRNA D230025D16Rik-202 and mRNA D230025D16Rik-205, both with same type 

of transcript, nonsense-mediated mRNA decay (NMD); and mRNA D230025D16Rik-204 and 

mRNA D230025D16Rik-206, both having intron retention (IR) as mode of splicing. 

Importantly, our preliminary analysis of the expression of these isoforms in C2C12 myoblasts 

using selective PCR primers revealed that the isoform 203 is relatively not as bundant, only 

4% comparing with the other SV with the same mode of splicing, isoform 201. Therefore, we 

focused our studies on the Isoform-201, encoding a 47-48kDa protein. Other databases reported 

this protein as one of unknown function but conserved throughout eukaryotes, that the human 

ortholog, C16orf70, localizes in nuclear speckles and Golgi apparatus, and that it is expressed 

in all tested cell types (22). Very recently, while the preparation of our work, an ortholog of 

human C16orf70, KinkyA protein, was identified in Dictyostelium (a bacterivore protist 

naturally found in the soil microflora) and was reported to interact directly with breast 

carcinoma-amplified sequence 3 protein (BCAS3), and that KinkyA-BCAS3 complex plays an 

important role in early phagosome formation (22). Another recent study in which BCAS3 and 

C16orf70 were individually deleted or overexpressed in HeLa and HEK293 cells revealed the 

presence of BCAS3 and C16orf70 proteins in phagophore assembly site (23). In addition, at 
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least one clinical study has identified that the unknown gene C16orf70 is altered in some forms 

of schizophrenia (122). 

 

1.8. Aims of this study 

 The main aim of this thesis is to evaluate the expression and the functional importance 

of MYTHO in regulating skeletal muscle mass, structure, and contractile function under basal 

conditions. We hypothesize that MYTHO is essential for autophagosome formation and 

determines muscle fibre size and function in healthy skeletal muscles. To achieve these aims, 

we will use a loss-of-function approach to downregulate MYTHO protein levels in limb 

muscles of mice by injecting adeno-associated viruses (AAVs) expressing MYTHO short 

hairpin RNA (shRNA), a powerful technique of RNA interference (RNAi) — also referred as 

gene silencing. Autophagy, fibre size, and contractile function of limb muscles will be 

measured 12 weeks after AAV injection. 
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SECTION 2: MATERIALS AND METHODS 

2.1. Animal procedures and AAV injection in skeletal muscle  

 All experiments were approved by the Research Ethics Board of the Research Institute 

of the McGill University Health Centre and are in accordance with the principles outlined by 

the Canadian Council of Animal Care. Adult (approximately 10-week-old) male WT C57/Bl6j 

mice (Charles River Laboratories, Saint-Constant, QC) were used for our experiments. All 

mice were group housed under standard 12:12h light/dark cycle with food and water available 

ad libitum. All AAV used in the present study were purchased from Vector Labs (Burlingame, 

CA, USA) and were of Serotype I, a serotype with a proven tropism for skeletal muscle cells. 

After a 7-day acclimatization period, an AAV containing a U6 promoter, a sequence coding 

for a shRNA targeted the product of the 230025D16Rik gene (the gene coding for MYTHO) 

was injected intra-muscularly (i.m.) (25μl per site; 1.5 × 1011 gc) into the right tibialis anterior 

(TA) and gastrocnemius (GAS) muscles. This AAV is hereafter referred as AAV-shRNA-

MYTHO. A control AAV containing a scrambled shRNA targeting sequence under the control 

of the U6 promoter was injected into the contralateral leg. This AAV is hereafter referred as 

AAV-shRNA-Scrmb. Injections were carried out under general anaesthesia using (2.5 to 3.5%) 

isoflurane. 

 

2.2. Tissue collection 

 Twelve weeks after the injection of AAVs, mice were anaesthetized with isoflurane and 

subsequently sacrificed by cervical dislocation. The TA and GAS from both legs were carefully 

removed and weighed. The TA were frozen in liquid nitrogen and stored (-80°C) for 

immunoblotting and quantitative real-time PCR experiments. 
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2.3. Immunoblotting 

 Frozen skeletal muscle tissues, approximately 15-30mg were homogenized in an ice-

cold lysis buffer (50mM Hepes, 150mM NaCl, 100mM NaF, 5mM EDTA, 0.5% Triton X-100, 

0.1 mM DTT, 2 µg/ml leupeptin, 100 µg/ml PMSF, 2 µg/ml aprotinin, and 1 mg/100 ml 

pepstatin A, pH 7.2) using Mini-beadbeater (BioSpec Products) with ceramic bead at 60Hz. 

Muscle homogenates were kept on ice for 30 min with periodic agitation and then were 

centrifuged at 5000 g for 15 min at 4°C, supernatants were collected, and pellets were 

discarded. The protein content in each sample were determined using the Bradford method. 

Aliquots of crude muscle homogenate were mixed with Laemmli buffer (6X, reducing buffer, 

#BP111R, Boston BioProducts) and subsequently denatured for 5 min at 95°C. Equal amounts 

of protein extracts (20 µg per lanes) were separated by SDS-PAGE, and then transferred onto 

polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories) using a wet transfer 

technique. The total proteins on membranes were detected with Ponceau-S solution (Sigma 

#P3504). Membranes were blocked in PBS + 1% Tween® 20 + 5% bovine serum albumin 

(BSA) for 1 hour at room temperature and then incubated with the specific primary antibodies 

(Table 1) overnight at 4°C. Membranes were washed in PBST (3x5 min) and incubated with 

HRP-conjugated secondary anti-rabbit or anti-mouse secondary antibodies for 1 hour at room 

temperature, before further washing in PBST (3x5 min). Immunoreactivity were detected using 

enhanced chemiluminescence substrate (ECL) (Pierce™, Thermo Fisher Scientific) with the 

ChemiDoc™ Imaging System. The optical densities (OD) of protein bands were quantified 

using ImageLab software (Bio-Rad Laboratories) and normalized to loading control (Ponceau-

stained PVDF membranes or GAPDH). Immunoblotting data are expressed as relative to AAV-

shRNA-Scrmb. 
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2.4. RNA extraction and quantitative real-time PCR 

 Total RNA was extracted from frozen muscle samples using a PureLink™ RNA Mini 

Kit (Invitrogen Canada, Burlington, ON). Quantification and purity of RNA was assessed using 

the A260/A280 absorption method. Total RNA (2 μg) was reverse transcribed using a 

Superscript II® Reverse Transcriptase Kit and random primers (Invitrogen Canada, 

Burlington, ON). Reactions were incubated at 42°C for 50min and at 90°C for 5min. Real‐time 

PCR detection of mRNA expression was performed using a Prism® 7000 Sequence Detection 

System (Applied Biosystems, Foster City, CA). Cycle threshold (CT) values were obtained for 

each target gene. ΔCT values (normalized gene expression) were calculated as CT of target 

gene minus CT of the geometric means of three housekeeping genes (18S, β-Actin, Cyclophilin 

and Gapdh). Relative mRNA level quantifications of target genes were determined using the 

threshold cycle (ΔΔCT) method, as compared to AAV-shRNA-Scrmb. The primer sequences 

for all genes are found in Table 2. 

 

2.5. Muscle sections for histology analysis 

 TA samples were mounted in tragacanth (Sigma-Aldrich #G1128) on plastic blocks and 

frozen in liquid isopentane cooled in liquid nitrogen and stored at -80°C. Samples were cut into 

10µm cross-sections using a cryostat at -20°C then mounted on lysine coated slides 

(Superfrost), as described in (123, 124). Cross-sections were brought to room temperature, 

rehydrated with PBS (pH 7.2), then blocked with goat serum (10% in PBS). They were then 

incubated with primary polyclonal anti-laminin rabbit IgG antibody (Sigma-Aldrich #L9393) 

for 1 h at room temperature. Sections were then washed three times in PBS before being 

incubated for 1 h at room temperature with an Alexa Fluor® 594 goat anti-rabbit IgG antibody 

(A-11037, Invitrogen, Waltham, MA). Sections were then washed three times in PBS and slides 

were cover slipped using ProLong™ Gold Antifade Mountant with DAPI as a mounting 
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medium. Slides were imaged with a Zeiss fluorescence microscope (Zeiss Axio Imager 2). 

Median distribution of minimum Feret diameters and centrally located nuclei were analyzed 

using ImageJ (NIH, Bethesda, MD) (125). Sections were also stained for IgG to examine 

necrotic myofibres. 

 

2.6. In situ determination of fibre typology 

 TA muscle sections were immunolabeled for MyHC types IIA and IIB, as previously 

described (123, 126). Cross-sections were brought to room temperature, rehydrated with PBS 

(pH 7.2), then blocked with goat serum (10% in PBS). They were then incubated for 1 h at 

room temperature with the following primary antibody cocktail: mouse IgG1 monoclonal anti-

MyHC type IIA (SC-71), mouse IgM monoclonal anti-MyHC type IIB (BF-F3, 1:200), and 

rabbit IgG polyclonal anti-Laminin (Sigma-Aldrich #L9393). Sections were then washed three 

times in PBS before being incubated for 1 h at room temperature with the following Alexa 

Fluor® secondary antibody cocktail: Alexa Fluor® 594 goat anti-mouse IgG1 (y1) (A-21125), 

Alexa Fluor® 488 goat anti-mouse IgM (A-21042,1:500), and Alexa Fluor® 488 goat anti-

rabbit IgG (A-11008). They were then washed three times in PBS and slides were cover slipped 

using Prolong™ Gold (P36930) as a mounting medium. Images were captured using a Zeiss 

Axio Imager M2. All MyHC-targeting primary antibodies were purchased from the 

Developmental Studies Hybridoma Bank (DSHB) at the University of Iowa. 

 

2.7. Transmission electron microscopy 

 Small strips prepared from white GAS fibres were fixed in 2% glutaraldehyde buffer 

solution in 0.1 M cacodylate, pH 7.4, then post-fixed in 1% osmium tetroxide in 0.1 M 

cacodylate buffer. Tissues were dehydrated using a gradient of increasing concentrations of 

methanol to propylene oxide and infiltrated and embedded in EPONTM at the Facility for 



 39 

Electron Microscopy Research at McGill University. Ultrathin longitudinal sections (60 nm) 

were cut with a Reichert-Jung Ultracut III ultramicrotome (Leica Microsystems), mounted on 

nickel carbon-formvar coated grids, and stained with uranyl acetate and lead citrate. Sections 

were imaged using a FEI Tecnai 12 transmission electron microscope at 120 kV and images 

were digitally captured using an AMT XR80C CCD camera system. 

 

2.8. In situ assessment of muscle contractile function 

 To determine skeletal muscle contractile function, animals were anesthetized with an 

intraperitoneal injection of a ketamine-xylazine cocktail (ketamine: 130 mg/kg; xylazine: 20 

mg/kg). Anesthesia was maintained with 0.05 ml supplemental doses, as needed. A Dynamic 

Muscle Control and Analysis Software (DMC/DMA) Suite was used for collection and data 

analysis (Aurora Scientific, Aurora, ON). The distal tendon of the left TA muscle was isolated 

and attached to the arm of a 305C-LR dual-mode muscle lever with 4.0 surgical silk, as 

previously described, with minor modifications (124, 127, 128). The partially exposed muscle 

surface was kept moist and directly stimulated with an electrode placed on the belly of the 

muscle. Optimal muscle length and voltage was progressively adjusted to produce maximal 

tension and length was measured with a microcaliper. The pulse duration was set to 0.2 ms for 

all tetanic contractions. Force-frequency relationship curves were determined at muscle 

optimal length at 10, 30, 50, 70, 100, 120, 150 and 200Hz, with 1 min intervals between 

stimulations to avoid fatigue. At the end of each experiment, mice were sacrificed, and muscles 

were carefully dissected, weighed, and frozen in liquid nitrogen or in isopentane pre-cooled in 

liquid nitrogen. In situ muscle force was normalized to muscle mass. 
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2.9. Statistical analyses 

 All statistical analyses were performed using GraphPad Prism 9.1. When only one 

variable was compared between AAV-shRNA-Scrmb and AAV-shRNA-MYTHO injected 

muscles, differences were tested using paired bilateral student t-tests. When multiple variables 

were compared, differences between the AAV-shRNA-Scrmb and AAV-shRNA-MYTHO were 

analyzed using two-way repeated measures analysis of variance (ANOVA) if there were no 

missing values or using mixed-effects analysis if there were missing values. Corrections for 

multiple comparisons following ANOVA or mixed-effects analysis were performed by 

controlling for the false discovery rate using the two-stage step-up method of Benjamini and 

Krieger and Yekutieli. p-values <0.05 and q-values<0.1 were considered statistically significant. 

The exact numbers of animals within each group in all figures are indicated in figure legends. 

All data in bar graphs are presented as mean ± SEM. 
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SECTION 3: RESULTS 

3.1. Verification of MYTHO knockdown in limb muscles 

 To study the functional importance of MYTHO in skeletal muscle under basal 

condition, we performed i.m. injections of an AAV containing a shRNA targeting 

D230025D16Rik to knockdown (KD) MYTHO expression in WT C57BL/6J male mice 

(Figure 1). MYTHO KD was initiated at 10 weeks of age to avoid potential impact on skeletal 

muscle development. Figure 1 depicts the experimental procedures and protocols. One 

hindlimb muscles were injected with AAV-shRNA-MYTHO while the contralateral muscles 

received AAV-shRNA-Scrmb. As highlighted in Figure 2&3, muscles that were injected with 

AAV-shRNA-MYTHO into the TA and GAS resulted in significant decrease in MYTHO 

mRNA and protein levels relative to contralateral leg injected with AAV-shRNA-Scrmb 

(Figures 2&3). 

 

3.2. Effects of MYTHO knockdown on muscle mass, muscle histology and fibre size 

 Examination of skeletal muscle mass at 12 weeks post AAV injection revealed 

significant increase in muscle mass in TA muscles injected with AAV-shRNA-MYTHO 

(Figure 4). We next assessed histology on skeletal muscle with either AAV-shRNA-Scrmb or 

AAV-shRNA-MYTHO. As shown in figure 5, examination of TA histology 12 weeks post 

AAV injection revealed significant increase in the number of relatively small fibres containing 

one or more central nuclei in TA muscles with MYTHO KD (Figure 5). None of these centrally 

nucleated fibres were detected in the TA muscles injected with AAV-shRNA-Scrmb (Figure 

5). 

 Total number of muscle fibres in muscles with MYTHO KD increased significantly 

relatively to those injected with AAV-shRNA-Scrmb however, minimum Feret diameters were 

not affected by MYTHO KD (Figure 6). These results suggest that despite the increase in the 
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number of relatively small fibres with central nuclei, total TA fibre size was not different 

among muscles with MYTHO KD and those injected with AAV-shRNA-Scrmb (Figure 7), 

suggesting that some fibres in TA muscles injected with AAV-shRNA-MYTHO have larger 

size compared to those with intact MYTHO. This was indeed the case with respect to fibres 

with minimum Feret diameters between 60 to 75 µm (Figure 7). 

 To investigate whether MYTHO KD triggered skeletal muscle fibre necrosis, we 

detected mouse immunoglobulins inside muscle fibres using an anti-mouse secondary antibody 

(Figure 8). We reasoned those necrotic fibres have leaky cell membranes allowing the entry of 

plasma into muscle fibres. While no positive fibres were detected in muscles injected with 

AAV-shRNA-Scrmb, several fibres in muscles injected with AAV-shRNA-MYTHO were 

positive for mouse immunoglobulins suggesting that these fibres are undergoing necrosis 

(Figure 8). 

 

3.3. Effects of MYTHO knockdown on muscle fibre type 

 We observe in Figure 9 the effects of MYTHO KD on fibre type distribution in the TA 

muscle based on the expression of various MyHC isoforms. Muscles injected with AAV-

shRNA-MYTHO elicited significant decrease in the proportion of type IIA and a significant 

increase in the proportion of type IIB but had not influence on the proportion of type IIX fibres 

and type IIA/IIX hybrid fibres (Figure 9). In addition, MYTHO KD triggered significant 

decrease in minimum Feret diameters of type IIX fibres and an increase in minimum Feret 

diameters of type IIB fibres while minimum Feret diameters of type IIA and IIA/IIX fibres 

were not affected by MYTHO KD (Figure 9). 
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3.4. Effects of MYTHO knockdown on markers of muscle fibre regeneration 

 To investigate whether fibre necrosis associated with MYTHO KD is associated with 

muscle fibre regeneration, we detected mRNA levels of four markers of muscle regeneration 

(myogenesis): embryonic myosin heavy chain (Myh3), neonatal myosin heavy chain (Myh8), 

transcription factor MyoD and transcription factor Myogenin. Figure 10 indicates that mRNA 

levels of Myh8, but not Myh3, increased significantly in TA muscles injected with AAV-

shRNA-MYTHO relative to those injected with AAV-shRNA-Scrmb. In addition, MYTHO 

KD fibres elicited significant increase in mRNA levels of Myogenin, but not MyoD levels 

(Figure 10). 

 

3.5. Effects of MYTHO knockdown on muscle ultrastructure 

 Transmission electron microscopy (TEM) images of white GAS muscles injected with 

AAV-shRNA-Scrmb are demonstrated in Figure 11. Normal mitochondrial, SR, and T-tubule 

morphology were observed. However, in GAS muscles injected with AAV-shRNA-MYTHO, 

abnormal tubular aggregates and dilated SR were frequently observed (Figure 12 A, B & D). 

In addition, abnormally shaped intermyofibrillar and subsarcolemmal mitochondria were also 

detected (Figure 12 B & F). Finally, large accumulation of glycogen (black arrows in C) and 

lamellar bodies (white arrows in E & F) were also detected in muscles with MYTHO KD. 

 

3.6. Effects of MYTHO knockdown on the autophagy pathway 

 To assess the effects of MYTHO KD on the autophagy proteolytic pathway, we first 

measured mRNA expression of various autophagy-related genes in the TA muscles. Then, we 

evaluated the changes in LC3B protein lipidation using immunoblotting and assessed changes 

in protein levels of p62/SQSTM1 and BNIP3 (marker of mitophagy). Figure 13 depicts changes 

in the expression of genes involved in various steps of autophagosome formation. The 
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expression of two members of the Beclin1 complex (Beclin1 and Vps34) decreased 

significantly in response to MYTHO KD. No significant changes in the expression of Wipi2, 

Sqstm1, Gabarapl1, Lc3b, Bnip3, and the lysosome Cathepsin L were observed in response to 

MYTHO KD (Figure 13). 

 Immunoblotting for LC3B protein revealed significant increase in the intensity of 

LC3B-I (cytosolic) protein, no changes in LC3B-II (lipidated form) protein levels, and a 

significant decrease in LC3B-II/LC3B-I ratios (index of autophagosome formation) in response 

to MYTHO KD (Figure 14). Neither BNIP3 protein levels nor those of p62/SQSTM1 protein 

were affected by MYTHO KD (Figures 14 and 15). 

 

3.7. Effects of MYTHO knockdown on muscle contractility 

 Measurements of TA in situ force-frequency relationship revealed that muscles injected 

with AAV-shRNA-MYTHO generated significantly lower isometric force at a given 

stimulation frequency relative to those with intact MYTHO (Figure 16). 
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SECTION 4: DISCUSSION 

 The main observations associated with twelve weeks of MYTHO KD in mouse limb 

muscles are: 1) Increased muscle mass; 2) The presence of a relatively large number of small 

fibres with centrally located nuclei; 3) The presence of necrotic fibres which contained 

immunoglobulins; 4) Changes in fibre type distribution manifested as a decrease in proportion 

of type IIA fibres and an increase in the proportion of type IIB fibres; 5) Induction of markers 

of muscle regeneration; 6) Significant ultrastructural changes with tubular aggregates, dilated 

SR, abnormally shaped mitochondria and the presence of lamellar bodies; 7) Decreased basal 

autophagy as indicated by the decline in LC3B-II/LC3B-I ratios; and finally 8) Significant 

decrease in skeletal muscle contractility. 

 To our knowledge, the current study is the first to examine functional significance of 

MYTHO in skeletal muscles. As previously mentioned, our collaborators, Dr. Sandri’s 

research group, have identified C16orf70 (D230025D16Rik, in mice) as a FoxO-dependent 

gene which is significantly induced in several models of skeletal muscle atrophy in mice. This 

identification was achieved by comparing limb muscle transcriptomes of acutely starved WT 

mice to those of transgenic mice with FoxO1,3,4 KO (21). C16orf70 is highly conserved across 

species, from C. elegans to humans with 95% of homology of the amino acid sequence between 

mice and humans. Studies on C. elegans by Sandri’s group revealed that knocking down 

T01G9.2 (the annotated MYTHO ortholog in nematodes) resulted in decreased movement, 

dramatic reductions in life span and inhibition of autophagy (Sandri, personal communication). 

As previously described, based on these findings, Sandri’s creative group named this gene with 

the acronym derived from Macroautophagy regulator and Youth Optimizer. To assess the 

functional importance of MYTHO in regulating skeletal muscle function, we used loss-of-

function approach. In this case, a particularly powerful technique of gene silencing (a type of 

RNAi) in which AAVs expressing shRNA for MYTHO were injected into limb muscles of 
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adult mice, while the contralateral muscles were injected with AAVs expressing scrambled 

shRNA sequence. The main advantage of the experimental design of our study is that each 

animal is its own control, with muscles from one leg exposed to the experimental treatment 

(downregulated MYTHO) and the contralateral leg used as a control (normal MYTHO). 

Figures 2 and 3 indicate that we have successfully decreased MYTHO mRNA and protein 

levels in the TA and GAS muscles twelve weeks post AAV injection. Importantly, using 

similar experimental procedures, our groups have previously shown that such intra-muscular 

injections of serotype 1 AAVs result in the transduction of virtually all TA, GAS and EDL 

fibres (129-132). In pilot experiments, we observed significant decrease in muscle MYTHO 

protein levels even three- and six-weeks post injection. These observations suggest that the use 

of AAVs expressing shRNA for MYTHO is an appropriate loss-of-function approach to 

evaluate the functional importance of this gene in regulating skeletal muscle function. 

 To evaluate the functional role of MYTHO protein in regulating autophagy in skeletal 

muscles, we measured mRNA expression of several autophagy-related genes and monitored 

protein levels of LC3B, p62/SQSTM1 and BNIP3. We found that Beclin1 and Vps34 (both 

members of the BECLIN1 complex) mRNA levels decreased significantly in limb muscles 

injected with AAV-shRNA-MYTHO. Moreover, MYTHO KD elicited a significant increase 

in the cytosolic form of LC3B (LC3B-I), with no changes in the lapidated form (LC3B-II), and 

a significant decrease in LC3B-II/LC3B-I ratio (index of autophagosome formation) in 

response to MYTHO KD. BECLIN1 and VPS34 are essential for autophagosome formation 

and a decrease in LC3B-II/LC3B-I ratio is generally interpreted as decreased incorporation of 

LC3B protein into autophagosome membrane when autophagy is impaired (99). Our results 

suggest that MYTHO KD is associated with decreased skeletal muscle autophagy. The 

mechanisms through which MYTHO regulates autophagy are not clear. We propose two 

possible mechanisms through which MYTHO regulates autophagy. 
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 First, we speculate that MYTHO interacts with WIPI2, a protein essential for 

autophagosome formation from phagophores, and with LC3B, a protein involved in 

autophagosome membrane structure. In addition, we suspect that MYTHO interaction with 

WIPI2 and LC3B proteins is essential for the elongation step of autophagosome formation 

(Figure 17). WIPI2 functions as a PI3P effector, bridging PI3P production with recruitment of 

the ATG16L complex for LC3B (133). MYTHO has been identified in two independent 

screens as an interactor of WIPI2/ATG18 (134, 135). Our analysis of MYTHO interactome, 

using the Biophysical Interactions of ORFeome-derived complexes—BioPlex network 

(https://bioplex.hms.harvard.edu/) (136), revealed that MYTHO is likely to interact with 

several proteins, including WIPI2 (Figure 18). Our proposal that MYTHO interacts with LC3B 

is because MYTHO contains several WD40 domains and putative LIR motifs (Figure 19). 

WD40 domains provide protein-protein interaction platforms; several autophagy-related 

proteins contain this domain (137). LIR motifs are essential for protein-LC3 interactions and 

are present in members of the basal autophagy apparatus and in autophagy cargo receptors 

(138). Future studies should be dedicated to investigating the direct interactions between 

MYTHO, WIPI2, and LC3B and the importance of this interaction to autophagosome 

formation. 

 Second, during the completion of our experiments, Kojima and colleagues (23) 

published a study in 2021 indicating that C16orf70 and BCAS3 form a complex, which is 

essential for phagophore formation during both non-selective and selective autophagy. They 

used in silico structural modelling, mutational analyses in cell cultures and in vitro 

phosphoinositide-binding assays and concluded that WD40 repeat domain of human BCAS3 

directly binds PI3P. They also reported that overexpression of BCAS3-C16orf70 complex 

influences the recruitment of several core autophagy proteins to the phagophore assembly site. 

These results indicate that BCAS3 and MYTHO play critical roles in autophagosome 
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formation. Another study that supports important roles for BCAS3 and MYTHO in the 

regulation of autophagy was published in 2020 by Yamada and Schaap (22) who identified 

KinkyA and DDB_G0272949, homologs of C16orf70 and BCAS3, respectively, as genes 

involved in spore formation in Dictyostelium, a species of soil-dwelling amoeba. These authors 

also reported that autophagic activity as evaluated by the efficiency of Atg8 delivery to 

lysosomes was impaired when either KinkyA or DDB_G0272949 were deleted in 

Dictyostelium. Our analyses of D230025D16Rik and C16orf70 protein interactomes using the 

Biological General Repository for Interaction Datasets (BioGRID) (https://thebiogrid.org/) 

(139) and GeneMANIA (https://genemania.org/) (140) indicate that MYTHO protein physically 

interacts with BCAS3 protein (Figures 20 and 21). It should be emphasized that the findings 

of Kojima et al. were made in cultured cells and those of Yamada and Schapp were in 

Dictyostelium. Whether the interaction between MYTHO and BCAS3 occurs in in vivo settings 

and regulates autophagosome formation in skeletal muscles remain to be investigated. 

Currently, there is no published studies documenting the presence and functional importance 

of BCAS3 protein in skeletal muscle fibres. 

 Another interesting observation in our study is the presence of relatively large number 

of small diameter fibres containing one or more central nuclei in muscles with MYTHO KD. 

This observation suggests that downregulation of MYTHO expression compromised muscle 

fibre integrity and led to fibre necrosis; and that necrosis was followed by activation and 

differentiation of satellite cells into new muscle fibres. This proposal is based on the well-

established sequential events that are triggered by injury and necrosis of mature skeletal muscle 

fibres. These events include infiltration and phagocytosis of myofibre debris by macrophages, 

revascularization of injured muscle, activation, and proliferation of muscle precursors (satellite 

cells), differentiation and fusion of satellite cells, and finally myotube formation and 

innervation (141, 142). Two more observations support the proposal that fibre necrosis 



 49 

developed in muscles with MYTHO KD, namely, the presence of few fibres that stained 

positively for mouse immunoglobulins (leaky cell membrane) indicating these fibres were 

undergoing necrosis, and the upregulation of Myh8 which under normal conditions is 

transiently expressed during fetal development and disappears shortly after birth. However, 

this MyHC isoform is re-expressed during muscle regeneration and is considered as a specific 

marker of regenerating fibres in muscle pathologies (142, 143). The mechanisms through 

which downregulation of MYTHO expression by AAV-shRNA-MYTHO causes fibre necrosis 

and regeneration remain unclear. We propose three possible explanations. 

 First, it is possible that inhibition of basal autophagy in fibres with MYTHO KD could 

have triggered fibre necrosis. Masiero et al. (102) assessed muscle phenotypical changes 

associated with muscle-selective deletion of Atg7 in mice and found several spots of myofibre 

necrosis and degeneration, they suggested that these findings could be associated to inhibition 

of autophagy. However, these authors also concluded that necrotic fibres in Atg7 deficient 

muscles were rare and scattered between normal myofibres (102). We believe that the 

contribution of autophagy inhibition to the development of fibre necrosis in muscles with 

MYTHO KD may have been relatively small. 

 The second possible mechanism behind the development of fibre necrosis in response 

to MYTHO KD is the development of tubular aggregates which were evident on examination 

under TEM. Tubular aggregates originating from the SR have been described in aged skeletal 

muscles and in several neuromuscular disorders such as Duchenne muscular dystrophy, 

alcohol- and drug-induced myopathies, inherited myasthenia, and in genetic muscle diseases 

(tubular aggregate myopathies) (144-147). Boncompagni et al. (148) proposed that tubular 

aggregates are the consequence of swelling of the SR cisternae extending into longitudinally 

oriented tubules. There is also a consensus that in patients with tubular aggregate myopathies, 

SR swelling is the result of excessive cytosolic or intraluminal Ca2+ levels and that aggregates 
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contain several proteins involved in storage and update of Ca2+ such as SERCA, STIM1, 

Ryanodine receptor type 1, and Sarcolumenin are localized to tubular aggregates (145, 149, 

150). There is also evidence that excessive oligomerization of STIM1 (the main Ca2+ sensor in 

the SR) can trigger the formation of tubular aggregates (149). In addition, cytoskeletal proteins 

such as Spectrin, Dystrophin, Desmin and heat shock proteins have also been detected in 

tubular aggregates (150, 151). Tubular aggregates and the formation of lamellar bodies 

associated with MYTHO KD are similar to those detected in skeletal muscles of mice deficient 

in Carboxyl Terminus of Hsc70-Interacting Protein (CHIP) (144). Schisler and colleagues 

proposed that alterations of heat shock proteins that normally interact with CHIP might have 

contributed to the build-up of toxic oligomers and tubular aggregate in CHIP KD muscles 

(144). These observations suggest that MYTHO may interact with proteins involved in Ca2+ 

homeostasis, cytoskeletal proteins and heat shock proteins, and that decreased MYTHO protein 

levels in fibres with MYTHO KD might have disrupted intracellular Ca2+ homeostasis and 

triggered the accumulation of these proteins into SR tubular aggregates. One of these proteins 

is Ataxin-3 (Atxn3) which is predicted to directly interact with MYTHO (Figures 20 and 21). 

Ataxin 3 is a deubiquitinating enzyme localized at the endoplasmic reticulum (ER) and is 

involved in the phenomenon of retrotranslocation of misfolded proteins from the ER to the 

cytosol where they are eliminated by the proteasome. Retrotranslocation of misfolded proteins 

requires a complex consisting of p97 ATPase, Ufd1, and Npl4. There is evidence that Ataxin 

3 promotes P97-associated deubiquitination and facilitates the transfer of polypeptides from 

p97 to the proteasome; and that mutation or decreased Ataxin 3 activity leads to accumulation 

of misfolded proteins in the ER and the development of ER stress (152). Ataxin 3 is also 

involved in the regulation of Ca2+ homeostasis of the ER and mutation or decreased activity of 

this protein causes major disruption of Ca2+ intracellular homeostasis (153). The direct 
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association of MYTHO with Ataxin 3 in skeletal muscles and the influence of MYTHO KD 

on Ataxin 3 and deubiquitination activity remain to be investigated in future studies. 

 Third, it is possible that the development of fibre necrosis in muscles with MYTHO KD 

is the result of mitochondrial defects. We detected significant number of abnormally shaped 

intermyofibrillar and subsarcolemmal mitochondria in muscles with MYTHO KD. Indeed, 

enlarged and abnormally folded mitochondria localized within or near dilated SR and T-tubules 

structures were detected in the intermyofibrillar regions in response to MYTHO KD (Figure 

12). Abnormally shaped mitochondria were also evident in the subsarcolemmal space (Figure 

12). The exact cause of these morphological mitochondrial abnormalities and the implication 

of these morphological defects to overall muscle mitochondrial function including respiration 

and ROS production remain to be investigated. It is possible that morphological anomalies of 

mitochondria are primary defects triggered by MYTHO KD or they could be a secondary 

development due to the formation of tubular aggregates that can compress intermyofibrillar 

mitochondria. But the findings of major morphological abnormalities detected specifically in 

subsarcolemmal mitochondria suggests that they may be also a primary response to MYTHO 

KD. 

 In addition to the development of tubular aggregates and mitochondrial morphological 

abnormalities, we detected the presence of lamellar bodies (also known as myeloid bodies, 

lysosomal lamellar bodies or onionoid bodies) in the GAS muscles with MYTHO KD (Figures 

12 & 22). Early observations by Bonilla and colleagues (154) have indicated that lamellar 

bodies are organelles which consist of concentric lamellae, are present in the periphery of 

skeletal muscles, and are largely composed of phospholipids and proteins (154). In a 

subsequent study, Reasor (155) concluded that lamellar bodies are dysfunctional lysosomes 

that fail to degrade phospholipids due to inhibition of lysosomal phospholipase A and C; and 

that several cationic amphiphilic drugs such as chloroquine, that inhibit lysosomal function, 
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elicit the formation of lysosomal bodies. Under normal physiological conditions, the main 

function of the lamellar bodies, particularly in lung and bronchial epithelial cells, is to supply 

specialized lipid components such as dipalmitoylphosphatidylcholine (DPPC) one of the main 

components of pulmonary surfactant. However, relatively large number of lamellar bodies have 

been detected in various cells in pathologies such as atherosclerosis, and degenerated nerve 

fibres and neurons (156). It has also been reported that oxidative stress elicited by inhibition of 

glutathione synthesis triggers the formation of lamellar bodies and disruption of mitochondrial 

function in lung cells (157). In skeletal muscles, lamellar body formation is associated with the 

muscle atrophy and oxidative stress elicited by inhibition of glutathione synthesis (158). In 

cultured muscle cells, lamellar body formation is significantly induced by deprivation of the 

amino acid leucine which also elicits severe oxidative stress (159). These observations suggest 

that the presence of lamellar bodies in GAS muscles with MYTHO KD might be an indicator 

of the development of oxidative stress. Future studies should be allocated to documenting the 

indices of oxidative stress such as ROS levels, protein oxidation, products of lipid peroxidation 

as well as the levels of antioxidant enzymes and non-enzymatic antioxidants such as 

glutathione. 

 Another interesting observation in our study is the effect of MYTHO KD on skeletal 

muscle contractility. We measured in situ TA muscle contractility by stimulating the muscle at 

different frequencies and monitoring the generated isometric tension. Despite the increase in 

overall muscle weight, TA specific isometric tension at a given stimulation frequency was 

significantly lower in muscles injected with AAV-shRNA-MYTHO (Figure 16), indicating 

that MYTHO KD leads to decreased muscle contractility. This observation could be attributed 

to several factors. 

 First, loss of mature fibres due to necrosis, followed by regeneration, is expected to be 

associated with a decrease in specific force generation simply because regenerated fibres are 
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relatively small in diameter, express neonatal MyHC isoform, and generate less specific tension 

relative to fully mature muscle fibres. Second, development of tubular aggregates in muscles 

with MYTHO KD is likely to disrupt normal SR functions including the release of Ca2+ from 

the SR in response to excitation waves delivered through the T-tubules (excitation-contraction 

coupling) which leads to decreased muscle contractility, particularly in response to low 

stimulation frequency. Third, mitochondrial morphological defects associated with MYTHO 

KD are likely to impair normal mitochondrial respiration and proper supply of ATP required 

for interaction of myosin and actin. Decreased ATP production thereby impairs normal energy 

supply needed for proper myofibrillar protein interactions.  

 In summary, the present study provided novel information regarding the functional 

importance of MYTHO protein in the regulation of skeletal muscle structure and function. I 

conclude that MYTHO plays important roles in the integrity of skeletal muscle fibres as 

evidenced by the development of fibre necrosis and the significant decrease in contractility in 

response to MYTHO KD in murine limb muscles. We also found MYTHO KD causing 

mitochondrial abnormalities and accumulation of tubular aggregates and lamellar bodies. 

Finally, we propose that MYTHO plays an important role in the regulation of basal autophagy 

in skeletal muscle fibres. 
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SECTION 6: TABLES 

Table 1: Antibodies used for immunoblotting experiments to detect protein expression of 
various genes in the TA muscles. 

Antibody Source Catalog Dilution Analysis 

Rabbit anti-C16orf70 
(MYTHO) 

Abcam 181.987 1:1000 WB 

Rabbit anti-LC3 Cell Signaling 12.741 1:1000 WB 

Rabbit anti-p62/SQSTM1 Novus Biologicals Inc. Clone 2C11 1:1000 WB 

Mouse anti-BNIP3 Sigma-Aldrich B-7931 1:1000 WB 

Rabbit anti-GAPDH Cell signaling 2.118 1:2500 WB 

Goat anti-rabbit IgG Abcam Ab 6.721 1:5000 WB 

Goat anti-mouse IgG Abcam Ab 6.728 1:5000 WB 
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Table 2: Primers used for quantitative real-time PCR experiments to detect mRNA expression 
of various genes in the TA muscles. 

Gene Forward primer (5’-3’) Reverse primer (3’-5’) 

D230025D16Rik 
(Mytho) 

CGCTCCTACCATTGAGCAAA CCTCGGAAGTTGAGGTGGAA 

Lc3b CGATACAAGGGGGAGAAGCA ACTTCGGAGATGGGAGTGGA 

p62/Sqstm1 GCACCTGTCTGAGGGCTTCT GCTCCAGTTTCCTGGTGGAC 

Bnip3 TTCCACTAGCACCTTCTGATGA GAACACCGCATTTACAGAACAA 

Gabarapl1 GAGGACCACCCCTTCG CGGAGGGCACAAGGTACTTC 

Wipi2 TTGATGCAAGTGGGACCAAG GGAGCAGATGCTCACACACC 

Cathepsin L CGGGTTGCCTAGAAGGACAG ACAGCCCTGATTGCCTTGAT 

18S TGCGGTTTAGCGTCGGTGTC CCAAGTGGCCAAAGCGTA 

β-Actin AACCGTGAAAAGATGACCCAG CACAGCCTGGATGGCTACGTA 

Cyclophilin GCGTCTCTTCGAGCTGTTT CTGGCACATGAATCCTGGAA 

Gapdh AAGAAGGTGGTGAAGCAGGCG ACCAGGAAATGAGCTTGACAA 
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SECTION 7: FIGURES 
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SECTION 8: FIGURE LEGENDS 

Figure 1: Experimental procedures and protocols. The panel provides information on the 

location and timing of AAV-shRNA-Scrmb and AAV-shRNA-MYTHO i.m. injections for 

knocking down MYTHO (D230025D16RIK, in mouse). The AAVs were serotype 1, a serotype 

with a proven tropism for skeletal muscle cells (U6 refers to the promoter). Mice were 

euthanized 12 weeks post AAV injection and limb muscles were collected for various analyses. 

 

Figure 2: Representative MYTHO immunoblotting in tibialis anterior (TA) muscle lysates 

collected 12 weeks post AAV injection. Injection of AAV-shRNA-MYTHO significantly 

decreased the expression of MYTHO protein relative to contralateral TA injected with AAV-

shRNA-Scrmb. Ponceau staining indicate equal loading across lanes. 

 

Figure 3: Successful MYTHO KD using i.m. AAV injections in skeletal muscles of mice. A, 

B: qPCR analysis of MYTHO expression levels in the tibialis anterior (TA) and the 

gastrocnemius (GAS) muscles injected with either AAV-shRNA-Scrmb or AAV-shRNA-

MYTHO. C: Quantification of MYTHO protein content in TA muscles using immunoblotting. 

Data in bar graphs are presented as means ± SEM. Individual animal values are shown as block 

dots. *P<0.05, compared to AAV-shRNA-Scrmb. 

 

Figure 4: The impact of MYTHO KD on skeletal muscle mass. A: Representative image 

demonstrating that muscles injected with AAV-shRNA-MYTHO are bigger than muscles 

injected with AAV-shRNA-Scrmb (scale bar = 5mm). B, C: Quantification of TA and GAS 

muscle mass. Results in bar graphs are presented as means ± SEM. Individual animal values 

are shown as block dots. *P<0.05, compared to AAV-shRNA-Scrmb. 
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Figure 5: Representative cross sections of TA muscles injected with AAV-shRNA-Scrmb 

(upper left) and AAV-shRNA-MYTHO (upper right and bottom left) and were stained for 

laminin protein (red staining) and for nuclei (DAPI, blue staining). Notice the number of 

small fibres with one or more central nuclei in muscles injected with AAV-shRNA-MYTHO. 

Bottom right: means ± SEM of centrally nucleated fibres in the TA muscle samples. *P<0.05, 

compared to AAV-shRNA-Scrmb. 

 

Figure 6: Left: Means ± SEM of total number of muscle fibres in TAs injected with AAV-

shRNA-MYTHO and AAV-shRNA-Scrmb. *P<0.05, compared to AAV-shRNA-Scrmb. 

Right: Means ± SEM of median values of minimum Feret diameters of TAs injected with 

AAV-shRNA-MYTHO and AAV-shRNA-Scrmb. Individual muscle values are shown as 

black dots.  

 

Figure 7: Means ± SEM of minimum Feret diameters of TAs injected with AAV-shRNA-

MYTHO and AAV-shRNA-Scrmb. Number of animals indicated in bars, where applicable. 

*P<0.05, compared to AAV-shRNA-Scrmb. 

 

Figure 8: A: Representative images of cross sections of TAs injected with AAV-shRNA-

MYTHO and AAV-shRNA-Scrmb. Scale bar 100 µm. DAPI (blue staining) and anti-mouse 

IgG secondary antibody (red staining). Fibres identified with arrows were positively stained 

with anti-mouse IgG. B: Quantification of IgG-positive fibres per muscle section. *P<0.05, 

compared to AAV-shRNA-Scrmb. 

 

Figure 9: A: Representative images of cross sections of TA muscles injected with AAV-

shRNA-MYTHO and AAV-shRNA-Scrmb stained with three antibodies selective to type 
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IIA, IIB, and IIX of MyHC protein isoforms. B: Means ± SEM of proportions of type IIA, 

IIX, IIA/IIX, and IIB in the TA muscles injected with AAV-shRNA-MYTHO and AAV-

shRNA-Scrmb. *P<0.05, compared to AAV-shRNA-Scrmb. C: Means ± SEM of minimum 

Feret diameters of type IIA, IIX, IIA/IIX, and IIB in the TA muscles injected with AAV-

shRNA-MYTHO and AAV-shRNA-Scrmb. *P<0.05, compared to AAV-shRNA-Scrmb. 

 

Figure 10: Means ±SEM of mRNA levels of embryonic (Myh3) and and neonatal (Myh8) 

MyHC isoforms, MyoD and Myogenin transcription factors in TA in response to injections of 

AAV-shRNA-Scrmb and AAV-shRNA-MYTHO. *P<0.05, compared to AAV-shRNA-

Scrmb. 

 

Figure 11: Representative TEM images of white GAS muscles injected with AAV-shRNA-

Scrmb. Top panel is showing magnified images of intermyofibrillar mitochondria, T-tubule 

and sarcoplasmic reticulum. Bottom panels are showing normal morphology of these 

structures. 

 

Figure 12: Representative TEM images of white GAS muscles injected with AAV-shRNA-

MYTHO. A, B & D: Accumulation of tubular aggregates and dilated sarcoplasmic reticulum. 

B & F: Abnormally shaped intermyofibrillar and subsarcolemmal mitochondria. C: Black 

arrow indicates glycogen spots. E & F: White arrows indicate lamellar bodies. 

 

Figure 13: Means ± SEM of mRNA levels of various autophagy-related genes in the TA 

muscles injected with AAV-shRNA-MYTHO. Values are expressed as fold from those 

measured in TA injected with AAV-shRNA-Scrmb. *P<0.05, compared to AAV-shRNA-

Scrmb.  
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Figure 14: Representative immunoblots and means ± SEM of LC3B, GAPDH, and BNIP3 

protein levels in TA muscles injected with AAV-shRNA-Scrmb and AAV-shRNA-MYTHO. 

*P<0.05, compared to AAV-shRNA-Scrmb. NS refers to non-significant. 

 

Figure 15: Representative immunoblots and means ± SEM of p62/SQSTM1 protein levels 

in TA muscles injected with AAV-shRNA-Scrmb and AAV-shRNA-MYTHO. Also shown 

is MYTHO protein blot, to indicate the degree of KD. 

 

Figure 16: Means ± SEM of in-situ isometric tension generated by TA muscles in response 

to various stimulation frequencies. It should be noted that TA contractility was measured in 

one hindlimb for a given animal. *P<0.05, compared to AAV-shRNA-Scrmb. 

 

Figure 17: Proposed mechanism through which MYTHO regulates the elongation step of 

autophagosome formation. 

 

Figure 18: Predicted MYTHO (C16orf70) interactome as revealed by BioPlex webtool. 

Highlighted in blue color are proteins involved in autophagosome formation. 

 

Figure 19: Structure of MYTHO protein showing WD40 domains and LIR motifs. 

 

Figure 20: MYTHO (C16orf70) protein interactome based on BioGRID webtool. Note that 

MYTHO physically interacts with BCAS3 protein. 

 

Figure 21: MYTHO (C16orf70) protein interactome based on GeneMANIA webtool. Note that 

MYTHO protein physically interacts with BCAS3 protein.  
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Figure 22: Lamellar bodies (black arrows) detected in white GAS muscle with MYTHO 

knockdown. Note the onion shaped structures localized in the intermyofibrillar space in this 

example. Also note that the lamellar body on the left is fully formed while the one on the right 

is in the process of being fully developed. 

 

 
 


