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ABSTRACT

Loss of skeletal muscle mass and function is a common clinical feature and poor
prognostic indicator in various pathological conditions. A promising therapeutic approach of
regenerative medicine for repair of skeletal muscle is through the delivery of cellular therapies
targeting regulators of muscle regeneration, a process known as myogenesis. However, not all
the proteins involved in this process have been identified. Of note, the uncharacterized gene
D230025D16Rik in Mus musculus or C160rf70 in Homo sapiens, now termed MYTHO, has
never been studied within the context of skeletal muscle growth and repair. This study provides
the first assessment of the role of MYTHO in myogenesis. MYTHO expression is upregulated
during differentiation and has both a nuclear and cytosolic localization during myogenesis. The
role of MYTHO in a C2C12 murine model of myoblast differentiation was assessed by using
a loss-of-function approach (transfection with siRNA oligos). MYTHO knockdown (MY THO-
KD) leads to early activation of the myogenic program through induction of transcription
factors MyoD1 and MyoG and late markers of differentiation MyHC and MCK, as determined
by RT-gPCR analysis. MYTHO-KD leads to hypertrophic myotube formation as indicated by
significant increases in fusion and differentiation indices and pro-differentiation genes Mymk,
Mymx, Igfbp5, and Fgf21. Furthermore, MYTHO-KD reduces the proliferation capacity of
myoblasts as indicated by cell number, BrdU incorporation and MTT assays, but flow
cytometry shows that it does not affect cell cycle distribution. A microarray-based
transcriptome profiling of MYTHO-KD myoblasts revealed marked increases in pathways
related to muscle growth, differentiation, and development; and finally. Finally, proteomic
screenings of MYTHO-associated proteins indicated that ATAD2, BCAS3, and the Septin
family of proteins are probable interactors of MYTHO within the context of myogenesis.
Altogether, these findings highlight, for the first time, the potential negative effects of MYTHO

on myogenesis. The mechanistic investigations stemming from the present study will provide



further insight into the novel role played by MYTHO during skeletal muscle growth and repair.
This thesis, therefore, opens up new avenues for the identification of novel therapeutic targets

for prevention and potential treatment of loss of skeletal muscle mass and function.



RESUME

La perte de masse et de force musculaire sont des probléemes courants qui ont un
impact négatif sur la santé globale. La perte de masse musculaire peut avoir des
conséquences néfastes sur la sante, notamment en augmentant le risque de chutes, de
fractures, de limitations fonctionnelles et de perte d'autonomie. 1l est donc important de
prévenir et de traiter la perte de masse musculaire afin de maintenir une santé optimale et une
qualité de vie. Une approche thérapeutique prometteuse est la medecine régénérative visant a
réparer le tissu musculaire endommage en ciblant des régulateurs de la régénération
musculaire, un processus connu sous le nom de myogenése. Cependant, toutes les protéines
impliquées dans ce processus n'ont pas encore été identifiees. Il est important de noter que le
gene non caractérisé D230025D16Rik chez la souris ou C160rf70 chez I’Homme, désormais
appelé MYTHO, n'a jamais été étudié dans le contexte de la croissance et de la réparation
musculaire squelettique. Cette étude examine le réle de MYTHO dans la régulation de la
myogenése. En utilisant des cellules C2C12, on rapporte que I'expression de MYTHO est
régulée a la hausse pendant la différenciation et que la protéine MYTHO présente une
localisation nucléaire et cytosolique. L'inhibition de MYTHO (MYTHO KD) via une
approche de perte de fonction (transfection avec des oligonucléotides d'ARNSsi) entraine une
activation précoce du programme myogénique par 1’induction des facteurs de transcription
MyoD1 et MyoG ainsi que des marqueurs tardifs de différenciation MyHC et MCK.
L'inhibition de MYTHO induit une hypertrophie des myotubes, telle que rapportée par
I’augmentation significative de 1’index de fusion et de différenciation. De plus, I'inhibition de
MY THO réduit la capacité de prolifération des myoblastes, comme montré par le nombre de
cellules, I'incorporation de BrdU et les essais MTT, mais la cytométrie en flux ne montre
aucune affectation au niveau de la distribution du cycle cellulaire. En utilisant une analyse

transcriptomique, on rapporte que I'inhibition de MYTHO augmente plusieurs voies de



signalisation associees a la croissance, a la différenciation et au développement musculaires.
De plus, nos expériences en protéomiques suggerent que MYTHO est associees a diverses
protéines, notamment ATAD2, BCAS3 et la famille de protéines Septin. Dans I'ensemble, ces
découvertes mettent en évidence, pour la premiére fois, les effets négatifs potentiels de

MY THO sur la myogenése. Les investigations mécanistiques issues de cette étude
contribueront a une meilleure compréhension du réle novateur de MYTHO dans la croissance
et la réparation musculaire squelettique. Ces résultats ouvrent de nouvelles perspectives pour
I'identification de nouvelles cibles thérapeutiques visant a prévenir et traiter la perte de masse

musculaire et les dysfonctionnements musculaires squelettiques.
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SECTION 1: INTRODUCTION AND LITERATURE REVIEW

Skeletal muscle in health and disease

In the mammalian body, there are three types of muscles: skeletal, cardiac, and smooth
muscles. Skeletal muscle is striated, bound to connective tissue, and composed of myofibers
along with multiple different cell types that contribute to skeletal muscle homeostasis,
including satellite cells, fibroblasts, lymphocytes, and many others. Skeletal muscles contain
several bundles of muscle fibre rich with vascularization and innervation [1]. These bundles of
muscle fibres are incredibly complex and possess many structural and functional features
unique to skeletal muscle tissue.

Structurally, skeletal muscles are attached to skeletal elements, such as bones and
tendons, and are broadly classified into two different fibre types. They are classified on the
basis of functionality, as specified by their respective biochemical environment and
physiological capacities [2]. First, there is a slow twitch (type 1) skeletal muscle that function
to support long distance endurance activities like marathon running. Secondly, there is fast
twitch (type Il) skeletal muscle that support quick, powerful movements such as sprinting or
weightlifting. Furthermore, in mice, type Il fibres can be classified into three major subtypes,
such as types IIA, 11X, and IIB. These subtypes are classified based on expression levels of
myosin heavy chain (MyHC). Another feature distinguishing fibre type is metabolic properties.
For example, type | and 1A fibres are considered oxidative, whereas type 11X and 1IB fibres
are glycolytic. The presence of these fibres in skeletal muscle across different regions of the
body is dependent on localized function, as determined by the level of exertion and type of
innervation [3].

As observed in their unique structural features, skeletal muscles are incredibly dynamic
and multifaceted. As such, skeletal muscles function to generate force and movement. Indeed,

skeletal muscles are considered the effector organs of the locomotor system because of their
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contractile properties [4]. Their contractile functions, which are rapid and voluntary, are
stimulated by motor neurons upon the release the neurotransmitter acetylcholine at the
neuromuscular junction [5]. In response to nerve stimulation, calcium, a signalling molecule
released from the sarcoplasmic reticulum, interacts with troponin to initiate a coordinated
movement with tropomyosin, whereby both elements move off the active site on the actin
filament [6]. Consequently, this action allows for myosin heads to attach to active sites on actin.
Thereafter, adenosine triphosphate (ATP) enables myosin to pull the actin filament toward the
centre of the sarcomere. The release of an additional ATP molecule allows for the release of
the myosin head and its subsequent binding to an actin site located closer to the Z-line [7]. The
collective contraction of thousands of sarcomeres allows the muscle to contract through an
attach-pull-release action which is repeated for multiple cycles until stimulation of the muscle
stops [8]. The actomyosin contractile system is an evolved biomechanical model of motility
which enables animals to interact with their environment in a dynamic nature, such as through
physical movement and breathing.

In addition to their roles in facilitating movement, skeletal muscles make up a large
proportion of total body mass and act as very important reserves of the energy substrates that
are needed to support critical organ function. Indeed, skeletal muscles compose up to 40-50%
of whole-body mass in healthy individuals [9], contain 50-75 % of all body proteins [10], and
play vital roles in basic functions such as thermogenesis, endocrine signalling, and metabolism
through regulation of protein, glucose, and lipid homeostasis. Given that the growth or the loss
of muscle mass can influence general metabolism, locomotion, eating, and respiration [11], the
maintenance of skeletal muscle mass is therefore an important determinant of quality of life.

The central mechanism regulating muscle mass and fibre size is protein turnover, the
process by which the protein reservoir within skeletal muscles undergoes synthesis and

degradation [12]. In most cases, muscle hypertrophy (i.e., enlargement of individual muscle
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fibres) is caused by increased protein synthesis and decreased protein degradation, while
muscle atrophy (i.e., decrease in muscle mass and fibre size) results from decreased protein
synthesis and increased protein degradation [11].

Skeletal muscles demonstrate an incredible ability to alter their structural properties in
response to the organism’s homeostatic demands. Such plasticity is capacitated by the vast
amounts of proteins harboured in skeletal muscles which can be modified to serve multiple
functions. Skeletal muscle plasticity is exemplified by their functional capacity to adapt to
stimuli in the form of load-induced stressors, substrate supplies, and environmental
stressors[13]. In turn, their dynamic nature is adaptable and can take on various physiological
forms, as observed in many pathological conditions where skeletal muscle structure, size, and
composition are significantly altered.

Decline in skeletal muscle mass and function can lead to a poor prognosis in patients
suffering from various diseases, such as cancer [14], chronic obstructive pulmonary disease
[15], type 2 diabetes [16], heart failure [17], chronic kidney disease [18], immobility [19],
sepsis [20], multiple sclerosis [21], neuropathies [22], osteoarthritis [23], and neuromuscular
disorders [24]. Furthermore, skeletal muscle weakness, a major problem for many aged
individuals, is defined as the loss of skeletal muscle function which can cause difficulties in
performing normal daily functions, such as buying groceries, making the bed, or walking [25].
Such a loss of skeletal muscle mass and function is observed in sarcopenia (loss of muscle
tissue as a natural part of the aging process) [26], which often leads to frailty — a risk factor for
injury due to falls and immobility associated with bed rest [27].

As the maintenance of skeletal muscle health is an important determinant of quality of
life [28], a decline in the maintenance of skeletal muscles can therefore lead to poor health
outcomes, as observed in individuals experiencing skeletal muscle weakness [29-31]. Indeed,

individuals with skeletal muscle weakness can experience a multitude of health and wellness
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issues that contribute to a poorer quality of life, and, ultimately, morbidity and mortality [32-
35]. Addressing the prevalence and burden on healthcare costs of muscle weakness in older
adults is a growing challenge for many countries [36-39], including Canada [40]. Indeed, by
2030, it is estimated that individuals 65 years old or older will comprise almost 25% of
Canada’s population [41]. This is combined with the fact that up to 35% of older Canadians
suffer from frailty [42]. Consequently, there is an urgent need to identify effective therapeutic
strategies with immediate application for the treatment and potential prevention of loss of

skeletal muscle mass and function.

Skeletal muscle repair and regeneration: Therapeutic opportunities

A promising therapeutic avenue appears to be through the delivery of cellular therapies
targeting regulators of skeletal muscle regeneration. Indeed, the natural capacity of skeletal
muscles to regenerate in response to injury stimuli makes them an ideal target for cell therapy
[43]. Muscle regeneration involves the process of skeletal muscle stem cell (satellite cell)
activation, proliferation, differentiation, and fusion into myofibers [44-46]. This process —
myogenesis — is necessary for growth, repair, and maintenance of skeletal muscle mass and
function throughout life (Figure 1) [47].

Upon injury, adult skeletal muscle cells do not divide as they are structurally highly
differentiated; rather, these tissues hold a reservoir of quiescent satellite cells that are activated
and undergo proliferation, differentiation, and fusion in order to repair injured muscle fibers
(Figure 2). A common in vivo model for assessing the regenerative capacity of skeletal muscle
is through injection of cardiotoxin (CTX), a myonecrotic agent typically extracted from Naja
mossambica mossambica [48]. Further, intramuscular injection of glycerol has also been used
as a method to induce muscle injury and regeneration [49]. In fact, satellite cells will repair and
form new multinucleated myofibers within weeks [50]. First identified under electron

microscopy in 1961 [51], satellite cells were named as such due to their sublaminar location
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and association the plasma membrane of myofibers [52]. Since their identification, satellite cell
biology has been studied quite extensively, with most efforts being placed into characterizing
the dynamic interplay between satellite cells and their environment (stem cell niche). Indeed,
the dynamic interplay between intrinsic signals within satellite cells and extrinsic cues
originating from the stem cell niche largely regulates satellite cells during skeletal muscle
regeneration [52].

Skeletal muscle injury leads external factors, such as inflammatory cells, stromal cells,
trophic signals, and extracellular matrix (ECM) components to assist satellite cells through the
regeneration process [53]. Intrinsically, satellite cell activation is marked by a transition from
a GO (quiescent state) to G1 (cell growth) phase of cell cycle [54]. Cell cycle re-entry is
achieved through activation of cyclin dependent kinases and suppression of their inhibitors.
Upon activation, satellite cells will give rise to proliferating myogenic precursor cells, known
as myoblasts [55]. Proliferation is defined as the process by which a cell grows and divides to
produce two daughter cells, leading to the exponential increase in the number of cells in a tissue
[56]. Exposure of myoblasts to mitogenic factors, such as insulin-like growth factor, results in
the dephosphorylation of FoxO1, a member of the highly conserved family of the FoxO
transcription factors, which leads to reduction in the levels of cyclin-dependent inhibitors, such
as p27 [57, 58]. Mitogenic factors also stimulate the progression from late G1 to S (DNA
synthesis) phase of the cell cycle [59, 60]. Indeed, in response to mitogen growth factors
binding to the tyrosine kinase receptor, retinoblastoma protein (pRb) is able to control the
restriction point in the late stage G1-phase [61]. The phosphorylation of pRb is controlled by
cyclin D-associated cyclin-dependent kinases (cdks) and cdk inhibitors, such as p21 and p16
[62, 63]. Progression into G2 (cell growth) phase is further orchestrated by growth factor-
mediated and MyoD1-dependent activation of myogenic pathways and coincides with

myoblast formation and proliferation. Here, cell cycle inhibitors such as p21 and p27 are
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downregulated, which allows myoblasts to remain in a proliferative state, rather than
transitioning to another phase of the cell cycle or exiting the cell cycle altogether [64].

Growth factor deprivation causes proliferating myoblasts to irreversibly withdraw from
cell cycle and acquire an apoptosis-resistant phenotype [65]. This process is regulated by
cyclin-dependent kinase inhibitors, such as p21, p19, and p57, which instruct myoblasts to
undergo differentiation by facilitating cell cycle withdrawal [66-68]. Thereafter, myoblasts will
begin to differentiate to form mature myocytes [69, 70]. Differentiation is broadly defined as
the process by which a stem cell changes from one type to a differentiated one, typically a
cellular state that is more specialized and tissue-specific [71]. This step of the myogenic lineage
progression is characterized by the expression of MyoD1 and Myf5 transcription factors, which
facilitates the transition from the quiescent, undifferentiated progenitor cells to the mature
myocytes. Precisely, MyoD1 regulates the expression of Cdc6, a gene involved in making
chromatic accessible for DNA replication, thereby allowing cell cycle entry [54, 72]. By
establishing an open chromatin structure, MyoD1 functions to inhibit stem-cell self-renewal by
signaling for expression of genes involved in myogenesis [73].

As myocytes fuse into myotubes, they continue to develop and mature by becoming
multinucleated structures. Here, Myogenin orchestrates late differentiation by encoding for
muscle-specific transcription factors [74, 75]. Additionally, Myomaker (Mymk) and
Myomixer-Myomerger-Minion (Mymx), two well-known muscle-specific fusogenic proteins
specifically expressed during myocyte fusion, follow a similar expression pattern as Myogenin
[76-81]. Moreover, the fusion of myocytes and formation of myotubes during late
differentiation requires permanent inhibition of cell cycle re-entry. In this step, pRb expression
plays is critical for the inhibition of DNA synthesis and commitment to the myogenic cell
lineage, which coincides with induction of late differentiation markers such as myosin heavy

chain (MyHC), a motor protein, and muscle creatine kinase (MCK), an enzyme [82] (Figure 2).
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The skeletal muscle community has reached a consensus about the fact that the
discovery and characterization of the myogenic factors involved in regulating myogenesis was
enabled by the creation of the C2C12 murine myoblast cell line [83]. The original C2C12 cell
line was derived from primary myoblast cultures of 2-month-old mice in 1977 by Yaffe and
Saxel at The Weizmann Institute of Science in Israel [84, 85]. Since then, the C2C12 myoblast
cell line has served as a valuable in vitro model for identifying and characterizing the
underlying mechanisms of myoblast proliferation, differentiation, and fusion into myotubes
[86]. The C2C12 cell line demonstrates rapid differentiation when exposed to low serum
conditions [87], whereas, when exposed to high serum conditions, it demonstrates rapid
proliferation [88]. Therefore, the phenotypic stability of the C2C12 cell line makes it an ideal
model for studying novel genes involved in the regulation of myogenesis.

To study novel genes involved in the regulation of myogenesis, researchers have
developed robust protocols involving a variety of genetic manipulation techniques known as
“loss-of-function” experimental models. In these models, genetic manipulation techniques can
be used to silence the expression of target genes, which is known as knocking down [89]. This
can be achieved by using RNA interference (RNAI), a process where mRNA encoded by the
target gene is degraded by double-stranded RNA (dsRNA) [89]. As such, characterizing the
role of novel genes involved in myogenesis using a loss-of-function approach in C2C12
myoblasts is a valuable tool for identifying novel therapeutic targets involved in skeletal muscle

growth and repair.

On the origins of Mytho, a novel FoxO-dependent gene

The characterization of myogenesis-related genes, and their functions, is essential for
the understanding of molecular mechanisms that regulate satellite cell activation, proliferation,
differentiation, and fusion into myofibers. One gene that demonstrates potential to play a role

in myogenesis was recently identified in transcriptomic screenings performed by Dr. Marco
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Sandri’s research group, which revealed a novel gene that was downregulated in a triple
Forkhead Box O transcription factors 1, 3 and 4 muscle-specific knockout (Fox01,3,4™) mice
under acute starvation conditions [90]. Preliminary and currently unpublished experiments
from Sandri’s research group showed that this gene plays important roles in autophagy
(recycling of dysfunctional proteins and organelles) and longevity. Hence, this gene,
D230025D16Rik or C160rf70, has been termed MYTHO, which stands for Macroautophagy
and YouTH Optimizer.

MYTHO is highly conserved in various species; for example, both the nematode,
Caenorhabditis elegans and the flowering plant, Arabidopsis thaliana have ~95% amino acids
sequence similarity with humans. The human ortholog of MYTHO is C160rf70 (chromosome
16 open reading frame 70) and it belongs to UPF0183 family of proteins. MYTHO has a length
of 422 amino acids and a molecular weight of 47.5 kilo dalton (kDa). Our bioinformatic
assessment of MYTHO using Ensembl (https://ensembl.org/) revealed two functional murine
isoforms, D230025D16-201 and D230025D16-203 (Figure 4), with MYTHO isoform
D230025D16-201 being more abundant than D230025D16-203 at the mRNA level in C2C12
(Figure 5). Furthermore, MYTHO contains several WD40 repeats (also known as WD or beta-
transducin repeats) and putative light chain 3 (LC3)-interacting region (LIR) motifs (Figure
3B). WD40 domains provide various protein-protein or protein-DNA interaction platforms
[91], which, in turn, enable proteins to have diverse functions, such as in signal transduction or
in transcriptional regulation of genes involved in apoptosis, autophagy, and the cell cycle [92].
Moreover, LIR motifs are essential for protein interactions pertaining to autophagy [93].

In a study published in the journal Autophagy, Yamada and Schaap (2020) studied a
genetic lesion in a deeply conserved gene of unknown function, named KinkyA (KnkA), which
is the Dictyostelium ortholog of D230025D16Rik. In their study, the authors provided

experimental evidence for the essential role KnkA plays in spore autophagy and differentiation
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by utilizing a loss-of-function approach [94]. The authors also experimentally confirmed, for
the first time, that KnkA interacts with BCAS3 (microtubule associated cell migration factor),
a protein interaction detected previously in various proteomic screenings [95-97]. A subsequent
study published in Autophagy by Kojima et al. (2021) reported that C160rf70 and BCAS3 form
a complex that associates with the phagophore assembly site during autophagy [98]. Due to
their reported findings, C160rf70 and BCAS3 have been termed PHagosome Assembly
Factors 1 and 2 (PHAF1/PHAF2), respectively. In a reciprocal human open reading frame
(ORF)eome v1.1 screening, MYTHO was found to have potential interactions with ataxin-3, a
protein implicated in the pathophysiology of cerebellar Purkinje cell (PC) degeneration [99].
Further investigations revealed that MYTHO may be implicated in the pathophysiology of
spinocerebellar ataxias (SCAs), a group of inherited neurodegenerative diseases, by
influencing the cytotoxicity of pathogenic ataxin-1 [100]. Recent protein-protein detection
screenings relevant to neurodegeneration also detected an interaction between MYTHO and
ataxin-3 [101]. Furthermore, whole genome methylation analyses of schizophrenia patients
with complete remission and control male pool before treatment determined that C160rf70 is a
differentially methylated region (DMR) [102].

Recently, our group (Leduc-Gaudet, Franco-Romero, et al. (2023)) is the first to
explore the functional importance of MYTHO in skeletal muscles in vivo. Indeed, Leduc-
Gaudet and colleagues established the short term and prolonged depletion models by knocking
down MYTHO (MYTHO-KD) expression using AAV-mediated transduction of MYTHO
small hairpin RNAs (sh-RNA) oligos in mouse skeletal muscle for various durations of 3-, 6-,
12-, and 20 weeks. Interestingly, short-term depletion of MYTHO in mice attenuated muscle
atrophy caused by fasting, denervation, cancer cachexia and sepsis, while prolonged MYTHO
depletion resulted in excessive muscle growth, impaired muscle contractility, and several

severe myopathic features, such as inflammation, degeneration/regeneration, and tubular

22



aggregates [103]. Based on these observations, the authors established that MYTHO is a key
player in the maintenance of skeletal muscle homeostasis, mainly by regulating autophagy,
skeletal muscle mass, and integrity.

To address the mechanisms underlying muscle hypertrophy and myopathic features
induced by MYTHO-KD, Leduc-Gaudet and colleagues performed microarray analyses on
GAS muscle samples obtained three- and twelve weeks post MYTHO-KD. Interestingly,
prolonged MYTHO-KD altered the expression of several genes involved in skeletal muscle
growth and development, such as ones associated with tissue regeneration and cell
differentiation pathways. In light of this observation, our research team questioned whether
MYTHO plays a role in regulating formation, growth, and development of skeletal muscle

tissue (i.e., myogenesis).

Aims of this study

To further explore the link between MYTHO and myogenesis, we set out to
characterize the involvement of MYTHO in a C2C12 model of myoblast differentiation. To
assess the functional role of MYTHO during myogenesis, we utilized an siRNA loss-of-
function approach to decrease the expression of MYTHO during a 7-day time-course of C2C12
myoblast differentiation. Moreover, will used a variety of experimental methods to assess the

uncharacterized role of MYTHO during myogenesis.
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SECTION 2: MATERIALS AND METHODS

Cell Culture

The C2C12 cell line (CRL-1772™, ATCC, Manassas, VA, USA) was sustained by
passaging and culturing on a standard 50mm non-treated petri dish (101IRR, Thermo Fisher
Scientific, Saint-Laurent, QC, Canada) in growth media consisting of Dulbecco’s Modified
Eagle’s Medium (DMEM) (Gibco, 41966029, Thermo Fisher Scientific, Saint-Laurent, QC,
Canada) containing 10% fetal bovine serum (Life Technologies, 16010-159) and
antibiotic/antimycotic (Life Technologies, 15240-062). Passaging is initiated by the splitting
of a maximum of 70% confluent cells. The cells were incubated at 37 °C with 7.5% CO. until
they reached the desired confluence for transfection (80-90%). All experiments were conducted
on C2C12 under passage 10. To induce differentiation, the cells must reach 100% confluence
before switching to differentiation medium consisting of DMEM, 2% Horse Serum (16050130,
Thermo Fisher Scientific, Saint-Laurent, QC, Canada), and antibiotic/antimycotic. The cells

were replenished with fresh differentiation medium daily for 7 days.

siRNA-mediated RNAi

C2C12 cells were seeded in either 12-well plates (150628, Thermo Fisher Scientific,
Saint-Laurent, QC, Canada) for PCR analysis, 6-well plates (140675, Thermo Fisher Scientific,
Saint-Laurent, QC, Canada) for immunoblot analysis, or 35 mm petri dish, 14 mm Microwell
(MaTek Corporation, Ashland, MA, USA) plates for immunofluorescence staining. The
number of cells plated was 15 x 10% and myoblasts were transfected with Lipofectamine™
RNAIMAX Transfection Reagent (13778075, Thermo Fisher Scientific, Saint-Laurent, QC,
Canada) at around 90% confluence. The concentration for both control (AM4611, Ambion,
Thermo Fisher Scientific, Saint-Laurent, QC, Canada) and MYTHO (4390771, Ambion,

Thermo Fisher Scientific, Saint-Laurent, QC, Canada) siRNAs was 20nM. For 12-well plates,
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275 puL of DMEM (without serum) was added to each well. In one Eppendorf tube, 10 uL of
Mytho siRNA and 1500 pL of GIBCO Opti MEM (31985062, ThermoFisher Scientific, Saint-
Laurent, QC, Canada) were mixed for 5 min. In another Eppendorf tube, 40 uL of RNAIMAX
and 1500 pL of GIBCO Opti MEM were mixed for 5 min. Subsequently, both solutions were
transferred into one Eppendorf tube and mixed thoroughly. After 20 min, 125 pL of the solution
was added into each well. The same procedure was followed for negative control (scramble
siRNA) condition. The cells were incubated for a minimum of 12 hours before addition of 500
uL of Full DMEM. Forty-eight hours after transfection, cells were switched to differentiation

medium.

Immunoblot

C2C12 myaoblasts were harvested by aspirating medium and adding 200 pL of fresh
BLB lysis buffer (50 mM Hepes, 150 mM NaCl, 100mM NaF, 5 mM EDTA, 0.5% Triton X-
100, 0.1 mM DTT, 2 pg/mL leupeptin, 100 pg/mL PMSF, 2 pg/mL aprotinin, and 1 mg/100
mL pepstatin A, pH 7.2). The 6-well plates were then placed on a shaker until the mixture of
cells and BLB lysis buffer reached a viscous consistency. Each mixture was transferred to a
corresponding Eppendorf tube. Mixtures were centrifuged at 5000 G for 5 min at 4 °C to
remove debris from lysate mixture. The supernatants were collected, and the pellets were
discarded. To determine the total protein concentration of each sample, a Bradford assay
technique was performed using Coomassie Blue G-250 reagents (Bio-Rad, Hercules,
California, United States) according to manufacturer’s instructions. Concentrations were
measured on a Tecan Infinite M200 Plate Reader using 595 nm absorption setting (Tecan,
Maénnedorf, Switzerland). A 1 pg/pL mix was prepared using crude homogenate samples, 6X
SDS sample buffer (J61337.AC, Thermo Fisher Scientific, Saint-Laurent, QC, Canada), and

H>0. The samples were boiled for 7 min at 95 °C.
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Equal amounts of denatured protein extracts (30 pg per lane) and 7 puL of molecular
weight ladder (Bio-Rad, Hercules, California, United States) were loaded on 10-well tris-
glycine sodium dodecyl sulfate polyacrylamide (SDS-PAGE) 8-16% Mini-PROTEAN®
TGX™ Precast Protein gels (4561104, Bio-Rad, Hercules, California, United States) and
separated by electrophoresis (164-5050 PowerPacTM Basic Power Supply, Bio-Rad, Hercules,
CA) at 70V and 300mA for 2 hours. A wet transfer technique was employed using
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, Saint-Laurent, QC,
Canada) in the presence of a power supply (PowerPacTM Basic Power Supply, Bio-Rad,
Hercules, CA) at 70V and 300mA for 2 hours at 4 °C.

After the transfer, a Ponceau-S stain technique was conducted to detect the total protein
on the membrane. The membrane was placed in the Ponceau S staining solution (#P3504,
MilliporeSigma, Darmstadt, Germany) for 5 min on a shaker, followed by a light wash with
H>0 to remove excess Ponceau S reagent. The membrane was imaged on a ChemiDoc™ XRS+
Imaging System (Bio-Rad, Hercules, California, United States). The membranes were blocked
in Phosphate-buffered saline (PBS) + 1% Tween® 20 (P9416-50ML, MilliporeSigma,
Darmstadt, Germany) + 5% bovine serum albumin (BSA) (23210, Thermo Fisher Scientific,
Saint-Laurent, QC, Canada) on the shaker for 45 min at room temperature, followed by
incubation with specific primary antibodies overnight at 4 °C on the shaker (See Appendix).
On the next day, the membranes were washed in 10% PBST (3 x 5 min), followed by a 45 min
incubation at room temperature with horseradish peroxidase (HRP)-conjugated secondary anti-
rabbit antibody (See Appendix). The membranes were washed in 10% PBST (3 x 5 min) before
imaging. The membranes were placed in Pierce™ ECL Western Blotting Substrate (32209,
Thermo Fisher Scientific, Saint-Laurent, QC, Canada) for 5 min before immunoreactivity
detection on a ChemiDoc™ XRS+ Imaging System (Bio-Rad, Hercules, California, United

States) using the auto exposure setting.
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Immunofluorescence Staining

Transfected C2C12 myoblasts cultured in 35 mm petri dish, 14 mm Microwell were
washed with 1X PBS (10010072, Thermo Fisher Scientific, Saint-Laurent, QC, Canada) at
approximately 1 mL for each well. The cells were fixed in room temperature 4%
paraformaldehyde/PBS (30525-89-4, MilliporeSigma, Darmstadt, Germany) at approximately
1 mL for each well at room temperature for 10 min. Then, cells were washed with room
temperature 1X PBS for 5 min x 2. After this step, the fixed cells were kept in 1X PBS at 4 °C
if the staining was to be performed at a later date. To proceed with the staining, the cells were
permeabilized in 0.2% Triton/PBS (28314, Thermo Fisher Scientific, Saint-Laurent, QC,
Canada) for 5 min. The cells were then washed with 1X PBS quickly prior to blocking.

To block for non-specific binding, the cells were incubated in 5% Normal Donkey
Serum (NDS)/PBS (approximately 150 pL per well) for 1 hour. Then, primary MF20 antibody
(2 pg/mL) in 5% NDS/PBS was applied at 150 pL per well for 1 hour at room temperature
(See Appendix). The plates were covered in tin foil to minimize exposure to light. After 1 hour,
the cells were washed with PBS for 5 min x 3. The secondary antibody, goat anti-mouse-IgG-
FITC (See Appendix) and DAPI (4',6-diamidino-2-phenylindole) (D1306, Thermo Fisher
Scientific, Saint-Laurent, QC, Canada) were diluted 1:300 in 5% NGS/PBS. The cells were
incubated at room temperature for 1 hour. The cells were subsequently washed with 1X PBS
for 10 min x 3 before imaging. Images were taken using a Zeiss LSM 700 laser scanning
confocal microscope and processed on ZEN lite Digital Imaging Software (Carl Zeiss,

Oberkochen, Germany).

Cell Proliferation Analysis

Forty-eight hours after transfection with MYTHO siRNA and control siRNA, cell
proliferation was measured by 5-Bromo-2"-Deoxyuridine (BrdU) and Thiazolyl Blue

Tetrazolium Bromide (MTT) assays. For the BrdU incorporation assay, cells were trypsinized,
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re-suspended and counted. 2 densities of cells were plated in 96-well plates with full growth
media (2 X 10° cells/mL and 4 X 10* cells/mL in 100ul/well). Two types of controls were used
to ensure the validity and specificity of the experiments: (i) control, where cells were added
but not incorporated with BrdU reagent and (ii) blank, where only culture media was added.
Cells were incorporated with 20 uL of 1X BrdU reagent for 24 h before they were fixed and
proceeded with detection protocol that was provided with BrdU ELISA Kit (ab126556, Abcam,
UK). Each technical replicate was verified 3 times spontaneously.

For the MTT assay (V13154, ThermoFisher Scientific, Saint-Laurent, QC, Canada),
MYTHO siRNA and control siRNA were plated for assay at 24, 48-, 72-, 96-, and 120-hours
post plating. A concentration of 10 uM UO126 was applied 24 hours post plating. The growth
medium was removed at each timepoint and replaced with 0.5 mg/mL MTT in DMEM medium
(without phenol red) for 3.5 hours. After removing the MTT solution, myoblasts were lysed
with 4 mM HCI and 0.1% NP-40 in isopropanol and optical density was measured using a Tecan

Infinite M200 Plate Reader at 590 nm absorption setting.

Cell Cycle Analysis

Forty-eight hours after transfection with MYTHO siRNA and control siRNA, cells
were washed once with 1x PBS and fixed in 70% ethanol at 4°C overnight. The following day,
cells were resuspended with 1x PBS and incubated with propidium iodide (P1) in the presence
of RNase A at 37°C for 30 minutes, and then DNA content was analyzed using the FACSAria
Fusion flow cytometer (Becton Dickinson, NJ) with the FACSDiva software at the RI-MUHC

Centre for Translational Biology Technology Platforms.

Transcriptome Analysis

Forty-eight hours after transfection, samples were harvested for microarray Affymetrix

Mouse Clariom S Array (Affymetrix Onc., Santa Carla, CA, USA). RNA preparation and
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hybridization were performed according to the manufacturer’s protocol. All microarray
analyses were performed by the Canadian Centre for Computational Genomics (C3G; Genome
Quebec). Pre-processing of raw gene expression data of 22,206 mouse genes was conducted in
the Transcriptome Analysis Console (TAC) 4.0.1. To identify differential expression between
scramble and MYTHO KD C2C12 myoblasts, the R package limma was used [104]. Benjamin-
Hochberg method was used to correct nominal p-values for multiple testing. Genes showing
an FDR < 0.05 were considered significantly differentially expressed.

All the significantly differentially expressed genes from the microarray were inputted
into Metascape online software to identify pathways and biological processes that were
significantly altered [105]. Metascape first converted inputted identifiers into Human Entrez
Gene ID. Input identifiers were mapped into human based orthologs on the latest NCBI
Homologene. All statistically enriched Geno Ontology terms, accumulative hypergeometric p-
values, and enrichment factors were calculated and used for filtering. The remaining significant
terms were then hierarchically clustered into a tree based on Kappa-statistical similarities
among their gene memberships.

For each given gene list, pathway and process enrichment analysis was carried out with
the following ontology sources: Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway
(https://lwww.genome.jp/kegg/),  Gene  Ontology  (GO) Biological Processes
(http://geneontology.org/), Reactome Gene Sets (https://reactome.org/), Comprehensive
Resource of Mammalian Protein Complexes (CORUM) (https://mips.helmholtz-
muenchen.de/corum/), and Transcriptional Regulatory Relationships Unraveled by Sentence-
based Text Mining (TRRUST) (https://www.grnpedia.org/trrust/ontology). Terms with a p-
value < 0.01, a minimum count of 3, and an enrichment factor > 1.5 (the enrichment factor is
the ratio between the observed counts and the counts expected by chance) are grouped into

clusters based on their membership similarities. P-values are calculated based on the

29



accumulative hypergeometric distribution, and g-values are calculated using the Benjamini-
Hochberg procedure to account for multiple testing. Kappa scores are used as the similarity
metric when performing hierarchical clustering on the enriched terms, and sub-trees with a
similarity of > 0.3 are considered a cluster. The most statistically significant term within a
cluster is chosen to represent the cluster. All heat maps were generated using the following
website: https://software.broadinstitute.org/morpheus/. The Ingenuity Pathway Analysis (IPA)
was performed using IPA Analysis MatchExplorer NUL for Network Analysis according to

software instructions (830018, Qiagen, Germantown, MD, USA).

Immunoprecipitation

C2C12 were seeded in 50mm petri dishes until reaching 80-90% confluence. Three
samples were harvested: at the myoblast phase, 12 hours after addition of differentiation
medium, and at 5 days after addition of differentiation medium. Cells were washed once with
PBS before addition of fresh RIPA buffer (sodium chloride (5 M), Tris-HCI (1 M, pH 8.0),
nonidet P-40, 10% sodium deoxycholate, 10% SDS) with protease and phosphatase inhibitors
(#5872, Cell Signaling, MA). Samples were centrifuged at 7000 RPM for 25 min and
supernatant was transferred to a new Eppendorf tube. A volume of 30 uL of pre-washed
Dynabeads™ (10001D, ThermoFisher Scientific, Saint-Laurent, QC, Canada) was added to
the samples and then placed on a rotator at 4°C for 1 hour. Subsequently, samples were
centrifuged at 15000 RPM for 1 min, and the supernatant was transferred to a new Eppendorf
tube. Samples were incubated with either Recombinant Anti-C160rf70 (ab181987, Abcam, UK)
or isotype control Normal Rabbit IgG antibody (#2729, Cell Signaling, MA) overnight at 4°C.
The antibodies were added at a concentration of 10 puL per 1 mL of sample lysate. The
following day, samples were washed with HNTG buffer (50 mM HEPES (pH 7.5), 150 mM
NaCl, 0.1% Triton X-100 and 10% (vol/vol) Glycerol) with protease and phosphatase

inhibitors (#5872, Cell Signaling, MA), including a series of centrifugations at 15000 RPM for
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30 seconds. Samples were analyzed using the EVOQ Triple Quadrupole mass spectrometer
(Bruker Daltonics, MA, USA) at the RI-MUHC Centre for Translational Biology Technology

Platforms. Proteomics data was visualized using Scaffold Viewer 5.3.0 software.

Quantification and statistical Analysis

The optical densities (OD) of the protein bands were quantified using ImageLab
software (Bio-Rad Laboratories) and normalized to loading controls (GAPDH or B-Tubulin).
Immunoblotting data are expressed as relative to control siRNA. The quantification of
Myogenin positive cells was calculated as the percentage of the number of Myogenin
expressing myoblasts over the total number of myoblasts. The fusion index was manually
calculated as the percentage of the number of myosin heavy chain expressing myotubes with
greater than 2 nuclei divided by the total number of nuclei. The differentiation index was
manually calculated as the percentage of the number of nuclei in myotubes expressing myosin
heavy chain divided by the total number of nuclei in a field.

All statistical analyses were performed using GraphPad Prism (Prism 8, GraphPad
Software, CA, USA). An unpaired T test was performed to compare the effect of MYTHO
SiRNA and control siRNA on the expression of MYTHO and myogenesis-related genes. This
test was followed up with a post-hoc analysis correction by a two-stage linear step-up
procedure of Benjamini, Krieger, and Yekutieli method to correct false discovery rate (Desired

FDR (Q) 1.00%) with correction for multiple samples.
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SECTION 3: RESULTS

Expression pattern and localization of MYTHO throughout myogenesis

To study the functional importance of MYTHO throughout myogenesis, we set out to
characterize the mRNA and protein expression patterns and localization of MYTHO
throughout differentiation. As depicted in Figure 7 A&B, MYTHO expression is elevated when
differentiation is induced through deprivation of growth factors. Furthermore, MYTHO mRNA
levels are also induced in response to differentiation, while remaining constant across the
differentiation time course (Figure 8).

To determine the localization of MYTHO throughout myogenesis, we performed
immunofluorescence staining for MYTHO in myoblasts and myotubes. In myoblasts, MYTHO
protein displayed a nuclear localization, while in myotubes, MYTHO protein appeared to have

a positive signal in both the nucleus and cytoplasm (Figure 9).

Verification of MYTHO knockdown in C2C12

To study the functional importance of MYTHO during differentiation, we transfected
C2C12 myablasts with siRNA oligos targeting D230025D16Rik to knockdown (KD) MYTHO
expression over a 7-day time course of differentiation. The siRNA oligos targeting
D230025D16Rik are selective for the Mytho murine isoform D230025D16-201, as shown in
Figure 6 showing mRNA levels of Mytho murine isoforms D230025D16-201 and
D230025D16-203 in C2C12 myoblasts transfected with MYTHO siRNA oligos. To confirm
transfection efficiency over a 7-day time course of differentiation, we first evaluated the mMRNA
level of MYTHO in response to transfection with Mytho siRNA and control siRNA at day 0,
1, 3, 5, and 7 of differentiation. Mytho mRNA levels were significantly downregulated in
response to transfection with siRNA-Mytho oligos, as compared to transfection with scramble

SiIRNA oligos, at each time point over a 7-day time course of differentiation (Figure 10C) (P <
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0.05). To evaluate the transfection efficiency at the protein level, we evaluated the expression
of MYTHO by immunoblot (Figure 10A). Figure 10B shows that we achieved a 50% reduction
in the level of MYTHO protein content at day 0 (P < 0.05). To further confirm our knockdown
approach, we visualized MYTHO protein in control and MYTHO-KD myoblasts by
immunofluorescence. Figure 10D depicts representative images of MYTHO in the nuclei of
control myoblasts, whereas MYTHO-KD myoblasts exhibit a reduction in positive MYTHO

signal.

Effects of MYTHO knockdown on the myogenic program

To investigate the effect of MYTHO knockdown on the myogenic program, we
detected the expression of four myogenic genes: myoblast determination protein 1 (MyoD1),
Myogenin (MyoG), myosin heavy chain 1 (MyHC1), and muscle creatine kinase (MCK) in
response to transfection with sSiRNA-Mytho oligos at each time point over a 7-day time course
of differentiation. All four myogenic genes were significantly upregulated in response to
MYTHO knockdown at day O (Figure 11). The effect of MYTHO knockdown on all four
myogenic genes became less pronounced over the time course of differentiation (i.e., day 1, 3,
5,and 7).

As compared to transcription factor MyoD1, which had less than a 1-fold increase on
day 0, transcription factor Myogenin exhibited nearly a 10-fold increase day 0. To evaluate
whether the increase in Myogenin was consistent at the protein level, we performed
immunostaining for Myogenin at day 0. Figure 12 A&B show that transfection with siRNA-
Mytho oligos led to a significant increase in the number of Myogenin positive myoblasts (i.e.,
myoblasts expressing Myogenin) at day 0, indicating an early activation of the myogenic

program.
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Effects of MYTHO knockdown on myotube formation

To visualize the phenotype of MYTHO-KD cells that display an early commitment to
the myogenic program, we employed an immunofluorescence staining for MyHC1, a marker
of late differentiation, in response to transfection with sSiRNA-Mytho oligos at day 0 and day 1
of differentiation. Confocal microscopy images revealed that myotubes formed at day O in
response to transfection with siRNA-Mytho. On day 1, large, multinucleated myotubes formed
in response to the transfection with siRNA-Mytho, while myoblasts transfected with sSiRNA-
Control did not appear to form any myotubes, as indicated by the lack of MyHC1 signal (Figure
13).

We quantified the effect of MYTHO-KD on the rate of myotube fusion by calculating
the fusion index (i.e., the number of myosin heavy chain expressing myotubes with greater than
2 nuclei divided by the total number of nuclei) in response to transfection with SIRNA-Mytho
oligos at day 0 and day 1 of differentiation. As shown in Figure 14A, the fusion index was
significantly increased on day 0 and day 1. To quantify the effect of MYTHO-KD on the
differentiation of myoblasts into myotubes, we calculated the differentiation index (i.e., the
number of nuclei in myotubes expressing myosin heavy chain divided by the total number of
nuclei in a field) in response to transfection with siRNA-Mytho oligos at day 0 and day 1 of
differentiation. Like the fusion index, we also detected an increase in the differentiation index
at day 0 and 1, as shown in Figure 14B.

To assess potential mechanistic targets mediating the effect of MYTHO-KD on the
formation of large, multinucleated myotubes at early time points of myogenesis (i.e., day 0 and
day 1), we detected the expression of genes known to promote myotube growth and formation:
Myomaker (Mymk), Myomixer (Mymx), Fibroblast growth factor 21 (Fgf21), and insulin like
growth factor binding protein 5 (Igfbp5). As depicted in Figure 15, all four myogenic genes

were significantly upregulated in response to MYTHO-KD at day 0.
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Effects of MYTHO knockdown on cell proliferation

To evaluate the effects of MYTHO-KD on the proliferative phase of myogenesis, we
employed cell counting and BrdU incorporation assay. Cell counting revealed a significant
decrease in MYTHO-KD as compared to control myoblasts (Figure 16A). Supporting this
finding, a quantitative analysis of C2C12 myaoblast proliferation using the MTT assay revealed
a decrease in the proliferation capacity of MYTHO-KD myoblasts (Figure 16B). BrdU
incorporation assay also revealed a reduction in the proliferative capacity of MYTHO-KD
myoblasts (Figure 16C).

To assess whether the reduction in cell proliferation observed in MYTHO-KD
myoblasts was caused by an early withdrawal from the cell cycle, we performed an analysis of
cell cycle through RT-qPCR of various cell cycle genes and flow cytometric quantitation of
DNA content by DNA-binding fluorochrome, propidium iodide (PI). While an RT-gPCR
screening of cell cycle genes revealed a significant reduction in the mRNA level of CyclinD1
(CCND1) (Figure 16D), a flow cytometric quantitation of DNA content by Pl did not reveal
any significant differences between MY THO-KD and control myoblasts with respect to the G,

S and G stages of cell cycle (Figure 16E).

Effects of MYTHO knockdown on the myoblast transcriptome

To evaluate the effects of MYTHO-KD on the myoblast transcriptome, we employed a
microarray-based transcriptome analysis at 48-hours post-transfection with siRNA-Mytho
oligos. A Principal Component Analysis (PCA) of the output from our Affymetrix Mouse
Clariom S Array of Mytho siRNA and control siRNA samples was carried out to reduce the
dimensionality of our dataset while preserving maximum variation (Figurel7A). Figure 17B
demonstrates the efficiency of our siRNA-based transfection approach as Mytho is the second

most downregulated gene detected in our microarray. The heatmap in Figure 18 further
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supports this, while also showing the top 50 significantly differentially expressed genes in
response to transfection with siRNA-Mytho oligos.

Among the top 50 significantly expressed genes, various promoters of differentiation
and negative regulators of proliferation were significantly upregulated, such as muscle-specific
transmembrane fusogenic protein Myomaker (Mymk), insulin like growth factor binding
protein 5 (Igfbp5), Growth differentiation factor 11 (Gdf11), and the well-characterized long
non-coding RNA H19 Imprinted Maternally Expressed Transcript (H19) (Figure 18 & 20). To
further evaluate the top significantly upregulated and downregulated genes in response to
MYTHO-KD, we employed a gene ontology (GO) analysis of our microarray dataset. The GO
analysis of 218 upregulated and 170 downregulated genes (p<0.05) showed marked
enrichment of gene sets involved in regulation of cellular response to growth factor stimulus,
stem cell differentiation, and myotube differentiation involved in muscle regeneration (Figure
19).

Finally, to elucidate the potential transcription factors regulating the transcriptional
changes in response to transfection with sSiRNA-Mytho oligos, we employed a Transcriptional
Regulatory Relationships Unraveled by Sentence-based Text mining (TRRUST) analysis,
which identified transcription factors MyoD1 and Myogenin as the top candidates (Figure 21).
Further supporting this, an Ingenuity Pathway Analysis (IPA) of differentially expressed genes
identified several networks that are transcriptionally regulated by MyoD1 and Myogenin

(Figure 22).

Identification of MYTHO interactome

To identify potential proteins that interact with MYTHO across myogenesis, we
employed an immunoprecipitation technique combined with mass spectrometry screening of
protein-protein interactions in three distinct phases of myogenesis: (1) myoblasts in serum rich

medium; (2) myoblasts exposed to low serum conditions for 12 hours; and (3) day 5 myotubes.
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As shown in Figure 23A&B, MYTHO interacts with the Septin family (Septin -2, -5, -
6, -7, -8, -9, -10, -11), Microtubule associated cell migration factor (BCAS3), and ATPase
family AAA domain containing 2 (ATAD2) in myoblasts in serum rich medium and myoblasts
exposed to low serum conditions for 12 hours. After 5 days in differentiation medium, the
interaction with ATAD2 was not detectable, while the interaction with the Septin family of
proteins and BCAS3 remained positive, suggesting that MYTHO may interact with ATAD2

exclusively in myoblasts rather than differentiated myotubes.
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SECTION 4: DISCUSSION

The main observations of this study are: 1) MYTHO expression is upregulated during
differentiation and has both a nuclear and cytosolic localization during differentiation of
myoblasts into myotubes; 2) MYTHO-KD leads to early activation of the myogenic program
through induction of transcription factors MyoD1 and Myogenin and late markers of
differentiation MyHC and MCK; 3) MYTHO-- KD leads to hypertrophic myotube formation
as indicated by significant increases in fusion and differentiation indices and pro-differentiation
genes Mymk, Mymyx, Igfbp5, and Fgf21; 4) MYTHO-KD reduces the proliferation capacity of
myoblasts but does not affect cell cycle distribution; 5) transcriptome profiling of MYTHO-
KD myoblasts revealed marked increases in pathways related to muscle growth, differentiation,
and development; and finally 6) proteomic screenings of MYTHO-associated proteins
indicated that ATAD2, BCAS3, and the Septin family of proteins are probable interactors of
MY THO within the context of myogenesis.

To our knowledge, the current study is the first to examine the functional role of
MY THO during myogenesis. Our investigations address the unmet clinical need for cellular
therapies with immediate application in the prevention and potential treatment of diseases
associated with loss of skeletal muscle mass and function. Translational research efforts into
mechanisms of muscle regeneration continue to face major limitations in identifying and
characterizing novel and innovative therapeutic targets. Therefore, the primary motivation of
this study was to identify and characterize a novel gene involved in myogenesis with potential
for therapeutic application in conditions of loss of skeletal muscle mass and function.

To characterize the expression pattern and localization of MYTHO throughout
myogenesis, we measured the mRNA and protein levels and visualized an immunostaining of
MYTHO during a differentiation time course. The mRNA and protein levels of MYTHO

follow a similar pattern, whereby differentiation induces Mytho expression. An
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immunostaining of MYTHO revealed a nuclear localization in myoblasts and a
nuclear/cytoplasmic localization in myotubes. According to the Human Protein Atlas, the
predicted localization of MYTHO is intracellular, where it mainly localizes to the nuclear

speckles, nucleoli fibrillar center, and, to a lesser extent, the cytosol [106]. As well, UniprotKB
reports localization to the Golgi apparatus https://www.uniprot.org/uniprot/Q9BSU1. MYTHO is

reported to have over 60 binary interactions [95, 107], In line with Human Protein Atlas reports,
our results confirm the nuclear localization of MYTHO in myoblasts, while in myotubes,
MY THO had a nuclear and cytoplasmic localization.

To assess the functional importance of MYTHO in regulating myogenesis, we
employed a loss-of-function approach using an RNAiMax-mediated transfection with selective
D230025D16-201 siRNA oligos. Using this approach, we achieved a significant reduction in
the MRNA and protein levels of MYTHO. While the reduction in MYTHO mRNA and protein
levels were only around 50%, we were able to detect differences at the transcriptomic and
protein levels between myoblasts transfected with Mytho oligos and control oligos, in addition
to phenotypical differences. These observations suggest that the use of an RNAi-mediated
transfection with siRNA oligos for MYTHO is an appropriate loss-of-function approach to
evaluate the functional importance of this gene in regulating myogenesis.

The observation that MYTHO-KD is associated with upregulation of mRNA
expression of MyoD1, MyoG, MyHC1, and MCK indicates that MYTHO has a potential role in
regulating the myogenic program. To evaluate if this effect is detectable at the protein level,
we employed an immunofluorescence staining of Myogenin and found a higher percentage of
Myogenin positive cells in response to MYTHO KD. Collectively, these results suggest that
the presence of MYTHO is necessary for proper induction of the myogenic program, and that
a loss-of-function of MYTHO is sufficient to induce early activation of the myogenic program.

Acute depletion of MYTHO was sufficient to induce hypertrophic myotubes early in the
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differentiation time course, as indicated by significant increase in the fusion and differentiation
indices, suggesting that MYTHO may play an important role in regulating the formation and
growth of myotubes. To support this finding, we detected an increase in the expression of genes
known to promote differentiation and fusion of myoblasts into myotubes (Mymk, Mymx, Fgf21,
Igfbp5) [76, 80, 108-110]. To evaluate whether MYTHO has a role in myogenesis beyond its
effects on myoblast differentiation, we evaluated whether MYTHO-KD is associated with
changes in myoblast proliferation. Interestingly, we found that MYTHO-KD resulted in a
significant decrease in the proliferation capacity of myoblasts but did not influence the cell
cycle. Collectively, these results suggest that MYTHO is a novel regulator of myoblast
proliferation, differentiation, and fusion into myotubes. More specifically, the observations
reported in the study suggest that MYTHO has a repressive role during myogenesis,
specifically by regulating growth and differentiation.

The findings of the present study build on the recent work of Leduc-Gaudet et al. (2023),
who described the crucial role of MYTHO in regulating growth of adult skeletal muscle [103].
The present study further demonstrates the role played by MYTHO in regulating growth, as
we show that MYTHO-KD influences myotube size. To investigate the mechanisms
underlying early activation of the myogenic program, accelerated differentiation, and myotube
hypertrophy induced by MYTHO KD, we employed a microarray-based transcriptome analysis
at 48 hours after transfection with siRNA-Mytho oligos. Interestingly, various pathways were
enriched in response to MYTHO KD, such as regulation of cellular response to growth factor
stimulus and stem cell differentiation, which suggests that MYTHO may play a regulatory role
in these pathways during myogenesis. Furthermore, genes that have previously been reported
to be involved in muscle cell growth and development are upregulated in response to MYTHO-
KD [111-120], indicating that endogenous expression of MYTHO is important in regulating

myogenic commitment to differentiation. Collectively, these observations indicate the
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involvement of MYTHO in reprogramming the transcriptome during differentiation, possibly
as part of the mechanism underlying muscle cell specification and commitment.

To further explore the potential mechanisms underlying the regulatory role of MYTHO
during myogenesis, we employed immunoprecipitation and mass spectral analyses to identify
the MYTHO interactome. The proteomic screening revealed possible protein-protein
interactions with BCAS3, the Septin family, and ATAD2 proteins. The interaction of MYTHO
with BCAS3 was previously reported in other studies, thereby confirming the accuracy of our
proteomic screening [94, 98]. This study is the first to report an interaction between MYTHO
and BCAS3 in myoblasts and myotubes, which suggests that this interaction may be conserved
across different cell types and states. BCAS3 has a well-characterized role in breast cancer
progression [121, 122], cardiovascular development [123, 124], and has even been reported to
cause a neurodevelopmental disorder when loss-of-function mutations occur in humans [125].
However, the role of BCASS in the regulation of myogenesis has never been studied. Therefore,
the interaction of MYTHO and BCAS3 requires further examination in order to identify a
potential regulatory partnership during myogenesis.

The Septin family is regarded as the fourth element of the cytoskeleton [126, 127], with
diverse roles such as regulation of cell shape, cell migration, vesicle trafficking, and receptor
signaling [128, 129]. Recent observations from Gdnczi and colleagues reveal the novel role of
Septin 7 in the regulation of skeletal muscle architecture and morphology, including adult
myofibers and C2C12 myoblasts [130]. Indeed, Génczi and colleagues report that knockdown
of Septin7 in C2C12 cells resulted in improper myoblast differentiation and fusion into
myotubes, suggesting a novel role for Septin7 in the regulation of myogenesis. Recently, Septin
7 was reported to interact with Numb, a well-characterized regulator of Notch signaling and
cell fate [131, 132], in C2C12 myotubes [133]. Numb has previously been reported to play a

role in the regulation of skeletal muscle contraction [134], satellite cell proliferation during
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muscle regeneration [135], and the formation of a complex with MyoD1 during nandrolone
treatment [136]. In addition to interacting with Septin 7, liquid chromatography (LC)/mass
spectrometry (MS)/MS analysis performed by Gasperi et al. (2023) also indicated a potential
interaction of Numb with Septin 2, 9, and 10 [133], suggesting that Numb may form a complex
with the Septin family. As such, the interaction of MYTHO and Septin7 requires further
examination in order to identify a potential regulatory partnership during myogenesis.

The protein-protein interaction between ATAD2 and MYTHO was not detected after 5
days of differentiation was ATAD2, but the association of these proteins was detected in
myoblasts, indicating a potential partnership between MYTHO and ATAD?2 in the regulation
of early myogenesis. ATAD2, which stands for ATPase Family AAA Domain Containing 2,
has been characterized as a transcriptional co-activator and epigenetic reader of newly
synthesized histone di-acetylation-marks during DNA replication [137]. The function of
ATAD? is well-characterized in cancer as it has been described as an oncogene capable of
reprogramming the genome in the context of malignant cell transformation and cancer
aggressiveness [138, 139]. While there are currently no studies on the role of ATAD2 within
the context of myogenesis, data mining analyses reveal that ATAD2 may be involved in
satellite cell activation and proliferation as microarray data from day 3 cardiotoxin-injury
samples reveal ATAD2 is among the top differentially expressed genes [140]. This indicates
that ATAD2 could potentially be involved in early stages of myogenesis, during satellite cell
activation, myoblast proliferation, and possibly in preparing myoblasts for proper
differentiation and fusion. Indeed, according to CycleBase ATAD2 is in the top 20 genes
expressed in the S phase (DNA replication) of cell cycle [141], indicating that it may prepare
the genomic landscape to cope with the demands of differentiation. Interestingly, ATAD2 was
identified as one of the top progressively up-regulated genes during dedifferentiation (i.e.,

transient process by which cells become less specialized and return to an earlier cell state within

42



the same lineage) [142]. The interaction between MYTHO and ATAD2 within the regulation
of satellite cell activation, proliferation, and differentiation warrants further investigation.

In summary, this study characterized MYTHO as a novel regulator of proliferation,
differentiation, and fusion of myoblasts into myotubes. MYTHO knockdown is indeed
sufficient to induce early commitment to the myogenic program and cause formation of
hypertrophic myotubes. Whether MYTHO is involved in the process of satellite cell activation,
proliferation, differentiation, and fusion into adult skeletal muscle fibers in vivo will require
further studies. Our observations lay the groundwork for future research into the novel
mechanisms by which MYTHO regulates muscle regeneration. Understanding the role of
MYTHO throughout the different phases of myogenesis and the proteins involved in this
pathway will have a major impact on identification of innovative therapeutic targets for
prevention and potential treatment of loss of skeletal muscle mass and function associated with
aging, injury, and disease. Since the role of MYTHO in contributing to the pathophysiology of
disease is unknown, there is a novel opportunity to leverage the growing understanding of
MY THO for identification of diseases associated with pathways in which MYTHO is involved.
Toward this end, we propose that MYTHO is a novel regulator of myogenesis that should be

further characterized in pre-clinical models.
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SECTION 6: TABLES

Table 1. List of primers used for RT-qPCR.

Gene Forward primer (5’-3’) Reverse primer (3°-5’)
18S TGCGGTTTAGCGTCGGTGTC CCAAGTGGCCAAAGCGTA
Mytho CGCTCCTACCATTGAGCAAA CCTCGGAAGTTGAGGTGGAA
CyclinAl  ATGATCTCCCCTGCCTCAGC CCTGCTGATGTGGCCAATGAG
CyclinD1 TGACTGCCGAGAAGTTGTGC CTCATCCGCCTCTGGCATT
CyclinEl CCGTCTTGAATTGGGGCAATA GAGCTTATAGACTTCGCACACC
Fgf21l TCCTGGGTGTCAAAGCCTCT ATCCTGGTTTGGGGAGTCCT
lgfbp5 AAGAGCTACGGCGAGCAAAC CAGCTTCTTTCTGCGGTCCT
GAPDH  AAGAAGGTGGTGAAGCAGGCG  ACCAGGAAATGAGCTTGACAA
MCK ACGAGAACCTCAAGGGTGGA CACGGACAGCTTCTCCACTG
MyHC CTTTGCTTACGTCAGTCAAGGT  AGCGCCTGTGAGCTTGTAAA
MyoD1  TCTCTGCTCCTTTGCCACAA AGTGCTCTTCGGGTTTCAGG
Myogenin  GCACTGGAGTTCGGTCCCAA TATCCTCCACCGTGATGCTG
Myomaker CAAACTGCTCCTGCCTACCC GGGAGAACGCCACAAAGAAC
Myomixer AGGCTCTGCTGAGCTGTCTG GGCCCAATCTCTCCTTCCTC
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Table 2. List of antibodies used for immunoblotting and immunofluorescence staining.

Antibody Source/Product no. Dilution

Mouse anti MF20 (MyHC) DSHB AB_2147781 2 pg/mL
Goat anti-mouse 1gG ThermoFisher F-2761 1:300
Rabbit anti-C160rf70 ThermoFisher PA5-59483 1:100
Recombinant Anti-C160rf70 Abcam ab181987 1:1000
Goat anti Rabbit IgG Abcam #ab6721 1:5000
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SECTION 8: FIGURE LEGENDS

Figure 1: Satellite cell activation, proliferation, differentiation, and fusion into new myofibers.

The figure was created with BioRender.com.

Figure 2: Myogenic lineage progression is characterized by differential expression patterns of
myogenic regulatory factors and paired box proteins. The figure was created with

BioRender.com.

Figure 3: A: The sequence alignment of MYTHO and conservation among species (Homo
sapiens, Rattus norvegicus, Mus musculus). Performed using ClustalW and the image was
produced using Easy Sequencing in Postscript (ESPript 3.0; http://www.espript.ibcp.fr); B:
Bioinformatic predicted binding domains of MYTHO protein showing WD40 and LIR motifs.

C: Predicted protein structure of MYTHO, retrieved from the I-TASSER database [143].

Figure 4: Visualization of six Mytho mRNA splicing variants (SV) using Ensembl

(https://ensembl.org/), including mMRNA D230025D16Rik-201 encoding for a 47-48 kDa

protein, MRNA D230025D16Rik-203 encoding for a 13 kDa protein, and four mRNA splicing
variants: mMRNA  D230025D16Rik-202, mRNA  D230025D16Rik-205, mRNA

D230025D16Rik-204 and mRNA D230025D16Rik-206.

Figure 5: gPCR analysis of Mytho isoform 201 and 203 expression levels in C2C12 myoblasts

using selective PCR primers. Results in bar graphs are presented as means + SEM.
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Figure 6: Selective knockdown of isoform 201 using si-RNA-mediated RNAIMAX
transfection with oligos targeting D230025D16-201. Results in bar graphs are presented as

means = SEM.

Figure 7: A: Representative immunoblot of MYTHO protein levels at day 0, 1, 2, 3, 5, and
7 of differentiation. B-tubulin was used as a loading control. B: Visualization of MYTHO

protein level across myogenesis.

Figure 8: Means +SEM of mRNA levels of Mytho at day 0, 1, 3, 5, and 7 of differentiation.

Figure 9: Representative immunofluorescence staining of MYTHO on day 0, 1, and 3 of

differentiation.

Figure 10: A&B: Representative immunoblot and mean £ SEM of MYTHO protein level at
day 0 in response to transfection with MYTHO siRNA and control siRNA. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a loading control. C. Means + SEM of
MRNA levels of Mytho on day 0, 1, 3, 5, and 7, of differentiation in response to transfection
with MYTHO siRNA and control siRNA. D. Representative immunofluorescence staining of

MYTHO at 48 hours post transfection with MYTHO siRNA and control siRNA.

Figure 11: Means + SEM of mRNA levels of various myogenesis-related genes at 48 hours

post transfection with MYTHO siRNA and control siRNA.
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Figure 12: A. Representative immunofluorescence images of Myogenin at 48 hours post
transfection with MYTHO siRNA and control siRNA. B. Means + SEM of the number of

Myogenin positive myoblasts.

Figure 13: Representative immunofluorescence images of MyHCL1 at day 0 and day 1 of

differentiation in response to transfection with MYTHO siRNA and control siRNA.

Figure 14: A. Means = SEM of the fusion index calculation of day 0 and 1 myotubes in
response to transfection with MYTHO siRNA and control siRNA. B. Means + SEM of the
differentiation index calculation of day 0 and 1 myotubes in response to transfection with

MYTHO siRNA and control siRNA.

Figure 15: Means = SEM of mRNA levels of various differentiation-promoting genes at 48

hours post transfection with MYTHO siRNA and control siRNA.

Figure 16: A. Means = SEM of the number of cells at 48 hours post transfection with
MYTHO siRNA and control siRNA. B. MTT assay used to determine cellular proliferation
of proliferating myoblasts in response to transfection with MYTHO siRNA and control
SiRNA across a time course of 24, 48, 72, 96, and 120 hours. C. BrdU incorporation assay
used to determine cellular proliferation of proliferating myoblasts in response to transfection
with MYTHO siRNA and control siRNA. D. Means + SEM of mRNA levels of various cell
cycle genes at 48 hours post transfection with MYTHO siRNA and control siRNA. E.
Quantification of cell cycle distribution at 48 hours post transfection with MYTHO siRNA

and control siRNA analyzed by flow cytometry.
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Figure 17: A. PCA from microarray of Mytho siRNA and control siRNA samples. B.

Volcano plot of top differentially expressed genes.

Figure 18. Heatmap from microarray showing Mytho siRNA and control siRNA gene
expression signatures. Colors indicate relative expression levels; red indicates high

expression and blue indicates low expression.

Figure 19. Top five upregulated (red) and downregulated (blue) pathways upon MYTHO

knockdown (MYTHO-KD) as identified through GO enrichment analysis.

Figure 20. Heatmap highlighting selected significantly upregulated genes known to be

involved in muscle cell growth and development.

Figure 21. TRRUST analysis of 218 upregulated genes revealing transcription factors

MyoD1 and Myogenin as the top candidates.

Figure 22. Differentially expressed genes involved in interacting with MyoD1 and
Myogenin directly or indirectly in response to transfection with MYTHO siRNA are listed

in the IPA network. The brightness of color is related to the fold change.

Figure 23. A. Identification of potential MYTHO-associated proteins in myoblasts,

myoblasts deprived of growth factors for 12 hours, and day 5 myotubes. B. Visualization of

interacting of MY THO-associated proteins.
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