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Lay Abstract

Protein arginine methyltransferases (PRMTSs) are responsible for many
important functions in skeletal muscle. However, significant knowledge gaps exist
with respect to PRMT expression and activity during conditions of muscle
remodeling. Therefore, the purpose of this Thesis was to investigate PRMT biology
throughout skeletal muscle development. Mouse muscle cells were employed to
examine characteristics of PRMT1, -4, and -5 at numerous timepoints during
myogenesis. PRMTs exhibited distinct patterns of gene expression and activity
during muscle maturation. A PRMT1 inhibitor (TC-E) was utilized to investigate
the role of this enzyme during myogenesis. Muscle differentiation was impaired in
TC-E-treated cells, which coincided with reduced mitochondrial biogenesis and
respiratory function. Altogether, these results suggest a PRMT-specific pattern of
expression and activity during myogenesis. Furthermore, PRMT1 plays a crucial
role in skeletal muscle differentiation via a mitochondrially-mediated mechanism.
Our study provides a more comprehensive view on the role of PRMTs in governing

skeletal muscle plasticity.
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Abstract

Despite the emerging importance of protein arginine methyltransferases
(PRMTSs) in regulating skeletal muscle plasticity, the biology of these enzymes
during muscle development remains poorly understood. Therefore, our purpose was
to investigate PRMT1, -4, and -5 expression and function in skeletal muscle cells
during the phenotypic remodeling elicited by myogenesis. C>Ci2 muscle cell
maturation, assessed during the myoblast stage, and during days 1, 3, 5, and 7 of
differentiation, was employed as an in vitro model of myogenesis. We observed
PRMT-specific patterns of expression and activity during myogenesis. PRMT4 and
-5 gene expression was unchanged, while PRMT1 mRNA and protein content were
significantly  induced. Cellular monomethylarginines and  symmetric
dimethylarginines, indicative of global and type Il PRMT activities, respectively,
remained steady during development, while type I PRMT activity indicator
asymmetric dimethylarginines increased through myogenesis. Histone 4 arginine 3
(H4R3) and H3R17 contents were elevated coincident with the myonuclear
accumulation of PRMT1 and -4. Collectively, this suggests that PRMTSs are methyl
donors throughout myogenesis and demonstrate specificity for their protein targets.
Cells were then treated with TC-E 5003 (TC-E), a selective inhibitor of PRMT1 in
order to specifically examine the enzymes role during myogenic differentiation.
TC-E treated cells exhibited decrements in muscle differentiation, which were

consistent with attenuated mitochondrial biogenesis and respiratory function. In
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summary, this study increases our understanding of PRMT1, -4, and -5 biology
during the plasticity of skeletal muscle development. Our results provide evidence
for a role of PRMT1, via a mitochondrially-mediated mechanism, in driving the

muscle differentiation program.
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1. Introduction to Protein Arginine Methyltransferases

The epigenetic and post-translational modifications of proteins are critical
to the proper functioning of mammalian cells. In particular, methylation of protein
arginine residues play a crucial role in numerous cellular processes, such as cell
signalling, as well as in many steps of the gene expression pathway, including
transcriptional activation, mRNA processing, and post-translational control
(Bedford & Clarke, 2009). Indeed, the occurrence of methylation is on par with that
of phosphorylation and ubiquitylation (Larsen et al., 2016), which emphasizes the
ubiquity and importance of the methyl mark. Protein arginine methyltransferases
(PRMTSs) are a family of enzymes that catalyze the transfer of a methyl group from
S-adenosyl-L-methionine to a guanidino nitrogen atom of arginine residues of
target proteins. These enzymes deposit key activating or repressive marks on their
protein targets, which for example, alter the behaviour of downstream signalling
cascades. Nine PRMTs have been identified, generally termed PRMT1-9, although
recently other enzymes have been suggested to be included in the family (Blanc &
Richard, 2017). All PRMTs catalyze the formation of monomethylarginine (MMA)
residues on their protein targets (Fig. 1). Type | PRMTs subsequently deposit a
second methyl group onto the same terminal guanidino nitrogen atom of arginine,
thus producing the asymmetric dimethylarginine (ADMA) mark, while the type Il
enzymes synthesize symmetric dimethylarginines (SDMASs) by depositing the

second methyl group onto the other terminal guanidino nitrogen atom of arginine.
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PRMT], -2, -3, -4, -6, and -8 are classified as type | enzymes, whereas PRMT5, -7,
and -9 are considered type Il. PRMTs are dysregulated in the most prevalent
diseases of Western society, including cardiovascular disease, cancers, and diabetes
(Yang & Bedford, 2012; Wei et al., 2014). It is therefore critical to increase our
understanding of the tissue expression and functions of this enzyme family in order
to beneficially impact the health and disease status of Canadians.

By utilizing genetic and pharmacological technologies, such as PRMT
knockout mice and specific enzyme agonists and antagonists, advances have been
made to better understand the functions of PRMTs. In mammals, PRMT1 is the
predominant PRMT as it performs over 80% of methyltransferase activity within
the cell (Wei et al., 2014). As such, PRMT1 is the primary enzyme responsible for
generating MMA and ADMA. Full body deletion of PRMT1 is embryonic lethal,
as a loss of this enzyme induces genomic instability. There are at least seven
different isoforms of PRMTL1, which are formed through complex alternative
splicing in the 5-end of the pre-mRNA (Goulet et al., 2007). PRMT1 is found
ubiquitously throughout the body (Wei et al., 2014), including the cellular level
where this enzyme can be situated at the plasma membrane, within the cytosol, as
well as in nuclei (Iwasaki & Yada, 2007).

PRMT2 and -3 are not as well-defined within the literature as the other

PRMT members. PRMT2 expression is shown to increase in hypoxic conditions,
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Figure 1. Classification of methylated arginines. The protein arginine
methyltransferase (PRMT) family utilize S-adenosyl-L-methionine (SAM), a
methyl donor, to deposit one or more methyl groups onto L-Arginine (Arg with
guanidino group as displayed on the left). Three types of methylated arginine
species exist in mammalian cells — monomethylarginine (MMA), asymmetric
dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA). PRMTs
generate methylated arginine residues by the conversion of SAM to S-
adenosylhomocysteine (SAH). The formation of MMA refers to a single methyl
group that is placed on the terminal nitrogen atom and is catalyzed by type I, Il, or
11 PRMTs. Type | PRMTs include: PRMTL, 3, 4, 6, 8. Type Il PRMTs include
PRMTS5, 7, and 9. PRMTY7 is the sole type 1ll PRMT, which only generates MMA
marks. Interestingly, PRMT7 can function as either a type Il or type Il enzyme
depending on its target substrate. ADMA refers to two methyl groups being
placed on the same terminal nitrogen atom of the guanidine group and is catalyzed
by type | PRMTs. SDMA refers to two methyl groups placed on each of the
terminal nitrogen atoms and is catalyzed by type 1l PRMTs.
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while its expression is observed to decrease in high glucose conditions (Yildirim et
al., 2006).Notably, PRMT2 functions as a transcriptional repressor and promotes
apoptosis by blocking the IkappaB-alpha nuclear export. Moreover, mice lacking
PRMT?2 exhibit reduced serum leptin levels and are resistant to dietary-induced
obesity (Iwasaki et al., 2010). Among this family of enzymes, PRMT3 is unique for
its zinc-finger domain (Frankel & Clarke, 2000). This enzyme is known primarily
to interact with ribosomal proteins such as the S2 protein of the small ribosomal
subunit which is involved in formation of the translation initiation complex
(Swiercz et al., 2007).

PRMT4 and -5 function are extensively studied within the literature.
PRMT4, also known as coactivator-associated arginine methyltransferase
(CARML1), is known for its transcriptional co-activator function (Blanc & Richard,
2017), as one of its roles is to activate steroid receptors within the nucleus. This
type | enzyme also methylates histone 3 arginine 17 (H3R17) and histone 3 arginine
26 (H3R26). Interestingly, PRMT4-deficient mice are smaller in size when
compared to their wild-type littermates and die shortly after birth (Yadav et al.,
2003). Moreover, a knockout of PRMT5 in embryonic stem cells is embryonic
lethal (Tee et al., 2010). PRMTH5 binds to cooperator of PRMT5 (COPR5) in the
nucleus and preferentially methylates histone 4 arginine 3 (H4R3) and histone 3
arginine 8 (H3R8). This enzyme is known to be involved in methylating a number

of Sm proteins which mediate catalysis of pre-mRNA splicing (Neuenkirchen et al.,
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2008). In the nucleus, both PRMT4 and -5 are known to form a complex with
SWI/SNF ATP-dependent chromatin remodeling proteins (Dacwag et al., 2009).
This complex is involved in producing alterations to the nucleosome structure,
which is one way of regulating transcription.

PRMT6 is predominantly found in the nucleus and is responsible for
methylating histone 3 arginine 2 (H3R2) (Bedford & Clarke, 2009). PRMT6-
mediated methylation plays a role in regulating embryonic stem cell fate by
maintaining a balance between pluripotency and differentiation (Blanc & Richard
2017). PRMTTY plays a role in transcriptional regulation, as well as in splicing. More
recently, it was shown that PRMT?7 expression decreased with age and obesity
(Jeong et al., 2017). A lack of PRMT7 in mice caused decreased oxidative
metabolism and exacerbated age-related obesity. PRMT8 is a membrane-bound
protein (Blanc & Richard, 2017). This distinct enzyme is found in limited types of
tissues and is distributed mainly in the brain (Bedford & Clarke, 2009). PRMT9 has
been identified as a non-histone methyltransferase (Yang et al., 2015). This type Il
enzyme regulates alternative splicing by methylating spliceosome-associated
proteins. On balance, PRMTSs have the capacity to modify histone and non-histone
proteins to activate, repress, and/or alter cellular pathways. As such, this family of
enzymes is crucial at influencing gene expression and thus pose to be potential

targets for therapeutic applications.
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2. Myogenesis

Skeletal muscle is one of the largest organs in the human body that serves
in a multitude of functions such as maintaining posture and producing movement.
(Shiozu et al., 2015). As a major site of glucose storage and consumption, this tissue
is also among the most metabolically important tissues (Meyer et al., 2002). It is an
intricately organized tissue composed of long multinucleated myofibers that have
matured from either myotubes or secondary fibers (Bentzinger et al., 2012).
Skeletal muscle contains myogenic stem cells called satellite cells which confer the
robust regenerative potential necessary for an adaptive response to muscle damage
(Hawke & Garry, 2001; Grounds et al., 2002). As such, skeletal muscle is a highly
plastic organ as it possesses the ability to remodel in response to various
physiological and pathological traumas such as injury or intense exercise.

The production of new muscle as a regenerative process or during
development is defined as myogenesis. Myoblasts derived from embryonic stem
cells or satellite cells traverse the stages of proliferation, differentiation and finally
terminal fusion to form or repair multinucleated myofibers (Fig. 2A). The host of
intracellular and extracellular signalling cascades that modulate myogenesis affects
the expression and activity of transcriptional regulators, regulatory RNAs, and
chromatin-remodeling factors. A timeline for many of these signalling and
expression changes has been well-established and will be discussed in this review.

Furthermore, the myogenic process is similar in the developmental (embryogenic)
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and regenerative contexts, but exhibits notable incongruencies that may make
different models of myogenesis more or less optimal depending on research
demands. The merits of regenerative and embryogenic animal models as well as in
vitro manipulation of C>Ci> immortalized cells will also be addressed in this
section.
The myogenic regulatory factors

The myogenic regulatory factors (MRFs) are muscle regulatory genes that
are vital to the formation and maintenance of skeletal muscle. MRFs belong to the
basic helix-loop-helix of transcription factors that are tightly regulated in a spatial
and temporal fashion during myogenesis (Fig. 2B). Myf5 (Braun et al., 1989),
myogenin (Braun et al., 1989; Edmondson & Olson, 1989), MRF4 (Kassar-
Duchossoy et al., 2004), and MyoD (Davis et al., 1987), all of which belong to the
MRF family, are exclusively expressed in muscle cells. The expression of each
MREF differs in the timing and stage of myogenesis, which reflects the underlying
differences in the roles of each enzyme in muscle cell commitment and

differentiation (Bentzinger et al., 2012). MyoD and Myf5 are the earliest MRFs to
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Figure 2. Molecular characterization of myogenesis. A. Schematic illustration
of muscle differentiation from myoblasts to terminally differentiated myotubes.
First, mononucleated myoblasts align and begin to fuse as myocytes during early
differentiation. Next, myocytes fuse into multinucleated myotubes during late
differentiation. B. Graphical depiction of the sequential expression of transcription
factors that regulate the progression of myogenesis. Expression of paired box 7
(Pax7), myogenic factor 5 (Myf5), and myogenic differentiation (MyoD) is at its
highest during the myoblast stage. As myoblasts transition to become myocytes,
Pax7 and Myf5 expression is down-regulated. Next, myocytes begin to fuse and
form myotubes as the expression of myogenin (MyoG) and myogenic regulatory

factor 4 (MRF4) is upregulated, all while MyoD expression progressively decreases.
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be expressed during myogenesis and induce satellite cells to commit to the
myogenic program. Moreover, these MRFs have the ability to transform a selection
of cell types, such as fibroblasts, into muscle phenotypic cells that are capable of
fusing into myotubes (Davis et al., 1987). Myogenin and MRF4 are more directly
involved in the differentiation process and trigger the expression of myotube-
specific genes (Bentzinger et al., 2012). Our broadened understanding about the
regulation of MRFs are due, in part, to the ability to analyse robust in vitro and in
vivo models of myogenesis, which have permitted a time-dependent examination
of the complexities of this process.
Models of myogenesis

Mouse Embryogenesis. This system has been extensively utilized to
examine the mechanisms of skeletal muscle gene regulation for over many decades
(Buckingham & Rigby, 2014). Myf5 expression is first activated in the dorsomedial
portion of the somite at day 8 postcoitum (dpc) (Ott et al., 1991). Approximately
12 hours later, transcription of the myogenin gene is turned on and remains
detectable throughout fetal development (Sassoon et al., 1989). The importance of
myogenin is highlighted by myogenin knockout mice that exhibit perinatal lethality
due to a failure to form myofibers as a result of a disruption of myoblast
differentiation (Hasty et al., 1993). MyoD expression is first detected
approximately 9.75 dpc in the hypaxial somitic domain and continues to be

expressed throughout development (Sassoon et al., 1989). In the limb bud, the

10
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temporal appearance of these transcription factors is slightly different.
Although Myf5 expression is again detected first, it is followed very quickly
by MyoD and myogenin, which are detected from day 10.5 onward. MRF4
expression is detected transiently between days 10 and 11 and from day 16 onward,
becoming the predominant MRF expressed in mature muscle (Hinterberger et al.,
1991).

Utilizing embryonic models allows for observation of very early
morphogenetic cues that are unique to developing muscle and are not recapitulated
in adult myogenesis (Wang & Conboy, 2010). Furthermore, an advantage of
studying this model is its rapid development and its accessibility for visualization
throughout the entire developmental process. Live optical imaging constitutes an
effective tool for tracking cell movements and cell fates in real time (Vergara &
Canto-Soler, 2012). However, technology for manipulation of gene activity via
targeted mutagenesis ‘knock-out’ or gene replacement ‘knock-in’ in embryo is less
sophisticated than other models of myogenesis and require more research to
develop these transgenic technologies (Yen et al., 2014).

Skeletal Muscle Regeneration. Skeletal muscle regeneration is initiated by
satellite cells that are located beneath the basal lamina of myofibers and are required
for the growth and regeneration of skeletal muscle (Bischoff & Heintz, 1994;
Chargé & Rudnicki, 2004). Muscle tissue repair following damage consists of two

separate phases - degeneration followed by regeneration (Karalaki et al., 2009).

11
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Degeneration can be induced by local physical or chemical trauma, resulting in
necrosis of myofibers. In response to the damage and degeneration, quiescent
satellite cells become activated and re-enter the cell cycle in order to generate
myoblasts that will participate in myofiber repair. New muscle fibers are then
formed when these myogenic cells differentiate via the induction of MRF4 and fuse
to existing damaged fibers. This model of myogenesis is commonly used to
examine cellular and molecular responses activated in response to muscle damage.
It permits targeted manipulation of gene expression with high spatiotemporal
resolution and over a broad range of developmental stages (Karalaki et al., 2009).
A drawback to utilizing this model is the translatability of the initial muscle damage
in animal models, and the extrapolation of the effects to human muscle (Cibelli et
al., 2013).

C2Cr2immortalized cell line. The C2C12 muscle cell line, derived from thigh
muscle of C3H mice (Yaffe & Saxel 1977), is also commonly used to study
myogenesis. This model of myogenesis is a highly reproducible and relatively
inexpensive model for investigating skeletal muscle biology in the absence of
confounding influences. Some advantages of using this model of myogenesis
include effective delivery of exogenous oligonucleotides via transfection or
transduction, permissive conditions for pharmacological treatments, as well as
time-efficiency in comparison to in vivo studies of skeletal muscle (Cornall et al.,

2012).

12
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C2Ca2 cells have an indefinite myogenic potential (immortalised), as the
cells continuously undergo mitotic divisions and expand rapidly when cultured in
ideal conditions (Cornall et al., 2012). As a result, these cells do not readily respond
to apoptotic signals and continue to replicate and divide beyond the life span of
healthy cells typically found in vivo. Therefore, on balance, C>Ci2 cells are an
effective tool to examine mechanisms of skeletal muscle plasticity under highly
controlled and reproducible conditions.

3. The role of protein arginine methyltransferases in skeletal muscle

Our knowledge of the roles that PRMTs play in skeletal muscle
development and regeneration is largely undefined. The literature examining
arginine methyltransferase function and activity in myogenesis primarily concern
PRMT]1, -4, -5, and -7 (Chen et al., 2002; Iwasaki and Yada 2007; Kim et al, 2011;
Paul et al., 2012; Blanc et al., 2017). Most studies in this area have utilized in vitro
models of myogenesis to show that the mRNA and protein levels of these enzymes
are expressed in proliferating myoblasts, as well as at all stages of differentiation
(Chen et al., 2002; Kim et al., 2011; Paul et al. 2012; Wang et al., 2012; Blanc et
al., 2017). However, additional research must be done to clarify unknown, and in
some cases conflicting, temporal and spatial aspects of PRMT expression during
myogenesis.

The first evidence associating the PRMT family with skeletal muscle

plasticity, specifically myogenesis, arose from the identification of PRMT4 as a

13
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glucocorticoid receptor-interacting protein 1 (GRIP1) binding protein (Chen et al.,
2000). Indeed, work in George Muscat’s laboratory demonstrated that PRMT4 and
GRIP1 together formed part of a functional complex that coactivated myogenic
transcription factors. These initial findings led to an investigation that revealed that
this methyltransferase was responsible for coactivating the transcriptional activity
of myocyte enhancer factor-2C (MEF2C) via GRIP1 (Chen et al., 2002).
Subsequent work has demonstrated that PRMT4 is required for the late stages of
myogenesis, as it is necessary for the binding of SWI/SNF Brgl ATPase chromatin
remodeling enzymes and myogenin to the myogenin promoter (Dacwag et al.,
2009; Mallappa et al., 2011). However, it should be pointed out that there are some
conflicting data that have alluded to low PRMT4 expression throughout
myogenesis (Kim et al., 2010). Interestingly, recent in vivo data from Michael
Rudnicki’s laboratory indicate that muscle progenitor cells deficient in PRMT4
proliferate poorly (Kawabe et al., 2012). Furthermore, mice with a targeted ablation
of PRMT4 in satellite cells display deficiencies during muscle regeneration in
response to Tamoxifen treatment. This is the result of an absence in PRMT4-
mediated methylation of Pax7, since the interaction between PRMT4 and Pax7
appears to be required for the activation of the myogenic determination gene Myf5
and the regulation of asymmetric cell division (Kawabe et al., 2012). PRMT4 may
also play an important role in metabolic disease, as its expression and

methyltransferase activity may regulate the gene program involved in glycogen

14
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metabolism in skeletal muscle (Wang et al., 2012). In addition, PRMT4 protein
levels appear to be elevated in dystrophic skeletal muscle in vivo, and its expression
can be altered via acute exercise (Ljubicic et al., 2012).

PRMTS5 has multiple binding partners, and similar to PRMT4, the enzyme
functions as a transcriptional coactivator for gene activation and repression events.
Interestingly, these two PRMT members have been shown to have both cooperative
and differential functions during the muscle differentiation program. PRMT4 and-
5 modify the transcriptional activity of myogenic genes through association with
the Brgl ATPase subunit of SWI/SNF chromatin-remodeling enzymes (Dacwag et
al. 2009). While PRMT5 is required for early gene expression, it is dispensable for
late gene expression (Dacwag 2009). PRMT5 symmetrically dimethylates histone
3 arginine 8 (H3R8) at the myogenin promoter (Dacwag et al, 2006) and is essential
for cell proliferation (Paul 2012). After demonstrating that cooperator of PRMT5
(COPR5) binds to PRMT5 and histone 4, Paul and colleagues showed that C2C12
cells that lack COPR5 expressed very low levels of myosin heavy chain 1 and failed
to form differentiated myotubes (2012). As such, the PRMT5-associated protein
COPR5 is responsible for coordinating the expression of cell cycle regulators in
order for differentiation to proceed.

More recent studies from Thomas Braun’s group have examined PRMT5
function in vivo. The authors found that PRMT5 has a prominent role in murine

adult muscle stem cell (MSC) proliferation in response to muscle injury (Zhang et

15
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al., 2015). Indeed, this enzyme is required for satellite cell expansion, and is also
needed to replenish the MSC niche during aging (Zhang et al., 2015). While the
mechanisms by which these functions are carried out remain elusive, the authors
provide evidence suggesting that co-repression of the cell cycle repressor p21 by
PRMTS5 is involved (Zhang et al., 2015). Notably, in contrast to its importance
during mature muscle regeneration, PRMT5 does not appear to have a role during
mouse embryonic myogenesis (Zhang et al., 2015). Interestingly, this does not
seem to be the case for embryonic myogenesis in zebrafish, where the loss of
PRMTS5 leads to abrogation of MyoD and Myf5 expression and abnormal somite
phenotypes (Batut et al., 2011). Thus, regardless of some species-specificity in
PRMTS5 function, PRMT5 has a well-established role early in the myogenic process.
Most notable among these are its involvement in the proliferation of activated
MSCs and the induction of myogenic determination (Batut et al., 2011; Dacwag
2007; Zhang 2015).

The role of PRMT1 during myogenesis is only beginning to emerge. The
general physiological importance of this family member is highlighted by the fact
that PRMT1-null mice die prenatally (Pawlak et al., 2000; Yu et al., 2009). PGC-
la, known as the master regulator of energy metabolism, is methylated by PRMT1
at three C-terminal arginine residues. This modification is necessary for PGC-1a to
induce endogenous target genes important for mitochondrial biogenesis (Teyssier

et al., 2005). The ablation of PRMT1-mediated PGC-1a methylation disrupts its
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ability to cooperatively enhance transcriptional activation by nuclear receptors, and
to induce genes encoding mitochondrial proteins (Teyssier et al., 2005). The
interaction between PRMT1 and PGC-1a provided early evidence for a potential
role of this enzyme in muscle plasticity, since PGC-1a is a master regulator of
muscle phenotype maintenance and remodeling.

The first report of PRMT1 biology in muscle revealed that the enzyme
regulates the IR/IRS-1/P13-K pathway involved in glucose transport in L6 skeletal
muscle cells (Iwasaki & Yada, 2007). The discovery that PRMT1 transcript levels
are induced by acute exercise, and that PRMTL1 protein content is elevated in
dystrophic skeletal muscle further hinted at some involvement of this molecule in
muscle plasticity (Ljubicic et al., 2012). Moreover, PRMT1 can be found in the
cytoplasm and myonuclei of myoblasts before, during, and after fusion (Kim et al.,
2011; Blanc et al, 2017), perhaps suggesting its multifunctional role in various sub-
compartments of the cell. Blanc and colleagues (2017) recently provided insight on
target substrates and functions of PRMT1 in muscle. These researchers reported
that a loss of PRMTL1 in MSCs disrupted the myogenic differentiation program,
which led to an impaired ability for the muscle to regenerate in vivo (Blanc et al.,
2017). Mechanistically, PRMT1 induces the transcriptional co-activator Eyal,
which promotes the activity of Six1, a transcription factor responsible for regulating

muscle stem cell fate, and required for MyoD expression (Blanc et al., 2017).
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More recently, PRMT7 was added to the list of PRMT family members
involved in myogenesis. Blanc et al. (2016) demonstrated that PRMT7-deficient
MSCs display premature senescence and a delay in differentiation, coincident with
a reduction in the size of the MSC pool. Mechanistically, PRMT7 along with
PRMTS5, regulates the presence of Cdknla at the DNMT3b locus, which is critical
for MSC expansion and regeneration (Blanc et al., 2016). Therefore, PRMT7 is
ultimately required to preserve MSC regenerative and self-renewing capacity
(Blanc et al., 2016). PRMT?7 has also been found to regulate PGC-1a expression
and PGC-1a transcriptional coactivator activities in skeletal muscle. Jeong and
colleagues (2016) observed that whole body PRMT7-null mice had a reduced
oxidative capacity and a decreased energy expenditure that the authors suggest may
have contributed to the exacerbated age-related obesity seen in the PRMT7 " mice.

In summary, efforts have been made in recent years to elucidate the
molecular mechanisms by which PRMTs regulate skeletal muscle plasticity,
particularly how these enzymes mediate myogenesis. A better understanding of the
PRMT family during muscle development and regeneration will provide insight on
what factors determine, maintain, and remodel skeletal muscle biology.

4. Mitochondrial biogenesis during muscle differentiation

Mitochondria are well known for their role in the regulation of energy
metabolism, but are also critical to the regulation of cell growth and differentiation.

The conversion of myoblasts to mature muscle fibers requires adaptations to the
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structure of the mitochondrial network and mitochondrial content during
differentiation (Fortini et al., 2016; Sin et al., 2016). Indeed, mitochondrial
mass/volume, mtDNA copy number, and mitochondrial respiration markedly
increase as muscle differentiation proceeds (Remels et al., 2010; Wagatsuma &
Sakuma, 2013). Mitochondrial enzyme activity is also elevated, which accompanies
a metabolic shift from glycolysis to oxidative phosphorylation as the major source
of energy at later stages of myogenic development (Remels et al. 2011; Wagatsuma
& Sakuma, 2012). This shift towards a more oxidative status occurs coincident with
the increased expression of peroxisome proliferator-activated receptor gamma
coactivator l-alpha (PGC-la), a key upstream regulator of mitochondrial
biogenesis and the oxidative phenotype (Calvo et al., 2008). PGC-1a interacts with
a variety of transcription factors and nuclear receptors in the promoter region of
genes such as nuclear respiratory factor-1 (NRF-1), which controls the transcription
of mitochondrial genes involved in encoding the complexes found in the electron
transport chain (Kelly & Scarpulla, 2004). Possibly due to increased energetic
demands, AMP-activated protein kinase (AMPK) is also upregulated during
differentiation (Fortini et al., 2016). The activities of PGC-1a, myogenin, MEF2,
and MyoD are all potentiated by AMPK directly or indirectly, and contribute to the
expression of a more oxidative metabolic profile (Ljubicic et al., 2012; Fortini et

al., 2016; Hood et al., 2016).
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Inhibitor studies have demonstrated the importance of mitochondrial
function and activity for myogenesis (Rochard et al., 2000; Seyer et al., 2006). In
particular, inhibition of mitochondrial activity by selectively blocking protein
synthesis in the organelle has been associated with decreased proliferation and
impaired fusion of different myogenic cell lines (Rochard et al., 2000; Seyer et al.,
2006). To characterize the regulatory pathways involved in the inhibition of cell
differentiation, Rochard and colleagues (2000) treated an avian myoblast cell line
(QM7) with chloramphenicol, a drug that inhibits the translation of 4 out of 5
mitochondrial respiratory chain complexes. They reported that myogenin
expression was downregulated when mitochondrial activity was impaired. Further
work revealed cellular myelocytomatosis oncogene (c-myc) as a target of
mitochondrial activity which is also involved in the regulation of myogenin
expression (Seyer et al. 2006).

Recent in vivo data have extended our knowledge of the potential role of
mitochondria in myogenesis. Not surprisingly, muscle regeneration is impaired
when mitochondrial protein synthesis is inhibited with chloramphenicol
(Wagatsuma et al., 2011). In the presence of chloramphenicol, regenerating skeletal
muscle exhibited poor repair with small myofibers and an increased amount of
connective tissue. Interestingly, mitochondrial biogenesis-related genes such as
mitochondrial transcription factor A (Tfam) and NRF-1 follow a similar pattern of

expression with that of the early MRF genes such as MyoD and myogenin during
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muscle regeneration. Therefore, these data suggest that mitochondrial content and
metabolism may play a role in regulating the onset of differentiation in vivo. In line
with these findings, Freyssenet’s laboratory showed that skeletal muscle
regeneration was accompanied by a robust stimulation of mitochondrial biogenesis.
This was evident by elevated levels of citrate synthase activity, PGC-1 mRNA and
Tfam protein (Duguez et al., 2002). Not long after, the same laboratory further
demonstrated that mitochondrial biogenesis is tightly regulated during cell cycle
progression, namely upon the induction of differentiation. They proposed that
control of mitochondrial biogenesis during myogenesis might be regulated by the
production of hydrogen peroxide and calcium via a mitochondria-to-nucleus
retrograde signaling pathway (Jahnke et al., 2009).

Recently, Fukamizu’s laboratory demonstrated that PRMT1-null worms
had compromised oxidative phosphorylation (OXPHOS) function (2017). These
PRMT1 mutants exhibited lower ATP production and reduced basal respiration and
respiratory capacity, indicating a dysfunction of the electron transport chain. In line
with their findings, they also reported that PRMTZ1-null worms had higher reactive
oxygen species (ROS) production in mitochondria. The authors also speculated that
the mitochondrial defects were due to low levels of asymmetric arginine
dimethylation by PRMT1 on mitochondrial proteins. Though this study provides
valuable insight on the involvement of PRMTL1 in mitochondria, the physiological

significance of the data is at the whole-body level and much remains elusive with
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respect to the role of PRMT1 in mitochondria specifically in skeletal muscle. Along
these lines, in COS-7 cells, PRMT1 has been shown to methylate PGC-1a at the C-
terminal region and modulate the expression of cytochrome ¢ and estrogen-related
receptor alpha (ERRa) genes, which are important for driving mitochondrial
biogenesis (Teyssier et al., 2005).

Other PRMT family members such as PRMT4 and -7 have also been
implicated in mitochondrial regulation. Wang and colleagues (2016) demonstrated
that malate dehydrogenase 1 (MDH1) was a substrate of PRMT4, which is
responsible for regulating mitochondrial respiration and redox balance.
Interestingly, they found that PRMT4 activity was inhibited by high levels of ROS,
which suggests that PRMT4 may function as a ROS sensor to modulate MDH1
activity. PRMT?7 has also been shown to regulate PGC-1a expression by activating
p38/ATF2, which subsequently augments mitochondrial biogenesis and oxidative
muscle metabolism (Jeong et al., 2016). Furthermore, the blunted expression of
succinate dehydrogenase subunit b and Mtcol in PRMT7-deficient C.C12 cells
illustrate the role that PRMT7 plays in the transcription of mitochondrial genes.
Notably, the muscle of whole-body PRMT7 deficient mice exhibited a reduced
endurance capacity and less oxidative fibers. Overall, the evidence suggest that the
PRMT family has integral functions in regulating mitochondrial biogenesis and
function, but more research must be done in skeletal muscle to fully appreciate the

role of these enzymes in mitochondrial biology.
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Study Objectives

Several PRMT members have been implicated as influential factors in
regulating skeletal muscle plasticity. Despite their emerging importance however,
knowledge gaps exist with respect to PRMT expression and activity during the
conditions of skeletal muscle remodeling evoked during myogenesis. Further
investigation of PRMT biology in skeletal muscle would contribute to our
understanding of the molecular mechanisms that mediate muscle phenotype
maintenance and remodelling. Thus, the purpose of this Thesis was to: 1) examine
PRMT]1, -4, and -5 expression and activity during skeletal muscle development;
and 2) determine the role of PRMT1 during myogenesis. We hypothesized that each
PRMT would exhibit distinct patterns of expression and activity, and that these
would be dynamic during myogenesis. Furthermore, we anticipate that PRMTL1 is

essential for optimal development to occur during muscle maturation.
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Abstract

Protein arginine methyltransferases mediate skeletal muscle glucose
metabolism, oxidative capacity, and regeneration in response to cytotoxic injury.
Despite the emerging importance of PRMTs in regulating skeletal muscle plasticity,
the biology of these enzymes during muscle development remains poorly
understood. Therefore, the purpose of this study was to investigate PRMTL1, -4, and
-5 expression and function in skeletal muscle cells during the phenotypic
remodeling elicited by myogenesis. C2C12 muscle cell maturation, assessed during
the myoblast stage, and during days 1, 3, 5, and 7 of differentiation, was employed
as an in vitro model of myogenesis. We observed PRMT-specific patterns of
expression and activity during myogenesis. PRMT4 and -5 gene expression was
unchanged, while PRMT1 mRNA and protein content were significantly induced.
Cellular methylarginine species levels, indicative of PRMT activities, increased
during development. Targeted histone arginine methylation was elevated in a
PRMT-specific manner, coincident with the myonuclear accumulation of PRMT
proteins. Collectively, this suggests that PRMTs are methyl donors throughout
myogenesis and demonstrate specificity for their histone and non-histone targets.
Cells were then treated with TC-E 5003 (TC-E), a selective inhibitor of PRMTL1 in
order to specifically examine the enzymes role during myogenic differentiation.
TC-E treated cells exhibited decrements in muscle differentiation, which were

consistent with attenuated mitochondrial biogenesis and respiratory function. In

47



M.Sc. Thesis — N.Y. Shen; McMaster University — Kinesiology

summary, this study increases our understanding of PRMT1, -4, and -5 biology
during the plasticity of skeletal muscle development. Our results provide additional
evidence for a role of PRMTL, via a mitochondrially-mediated mechanism, in

driving the myogenic program.

Introduction

Protein arginine methyltransferases (PRMTs) are key regulators of
important cellular events such as signal transduction, as well as transcriptional
activation and repression (Bedford & Clarke, 2009; Cha & Jho, 2012). These
enzymes methylate arginine residues by transferring methyl groups from S-
adenosyl-L-methionine to terminal guanidino nitrogen atoms of targeted proteins
(Kim et al., 2011). As a result of PRMT activity, three different methylarginine
species are generated, including monomethylarginine (MMA), symmetric
dimethylarginine (SDMA), and asymmetric dimethylarginine (ADMA) marks on
target proteins (Wei et al., 2014). It has recently been demonstrated that the
occurrence of arginine methylation is comparable to phosphorylation and
ubiquitylation (Larsen et al., 2016), demonstrating the importance of this relatively
less understood modification. PRMTs are classified in two groups based on their
methylated arginine products: type | PRMTs (i.e., PRMTL, -2, -3, -4, -6, and -8)
produce MMA and ADMA, while type Il PRMTs (i.e., PRMTS5, -7, and -9) generate

MMA and SDMA. The importance of PRMT1, -4, and -5 has been demonstrated
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through mice knockout models where ablation of these enzymes is incompatible
with life (Pawlak et al., 2000; Yadav et al., 2003; Tee et al., 2010). Furthermore,
dysfunction of these PRMTSs has been implicated in the most prevalent diseases of
Western society, namely cardiovascular disease, diabetes, and cancer (Bedford &
Clarke, 2009; Yang & Bedford, 2012). For example, overexpression of PRMTL1 is
linked to lung cancer, while aberrant expression levels PRMT4 and -5 are observed
in breast tumors (Wei et al., 2014). Therefore, expanding our understanding of these
enzymes will likely have critically important health implications.

Though the presence of arginine methylation in skeletal muscle was first
reported almost five decades ago (Reporter & Corbin, 1971), only recently have
studies emerged implicating roles for PRMTs in muscle biology. The expression
and activities of PRMTs are altered throughout myogenesis, which is a robust
example of the skeletal muscle remodeling process. However, when these
adaptations occur, and to what extent they occur, remain unclear. Reports of
PRMT1, -4, -5, and -7 levels during skeletal muscle development have varied from
no detected expression (Kim et al., 2011), to constitutively expressed (Chen et al.,
2002; Kim et al., 2011; Wang et al., 2012), to unchanged (Blanc et al., 2017), to
increased (Blanc et al., 2016). Along these lines, the activities of these enzymes
throughout myogenesis have also differed between studies. For example, while
work from Anthony Imbalzano’s laboratory demonstrated that PRMT4 was only

required for late myogenic gene expression (Dacwag et al., 2009), recent data from
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Kawabe et al. (2012) showed that PRMT4 methylation regulated Pax7
transcriptional activity, which was necessary for the induction of the early gene
Myf5. Furthermore, reconciling conflicting reports of PRMT5 function during
distinct phases of the myogenic program presents additional challenges to achieving
clarity with respect to PRMT activity during skeletal muscle development (Dacwag
et al., 2007; Dacwag et al., 2009; Batut et al, 2011; Kim et al. 2011; Zhang et al.,
2015). Altogether, critical aspects of PRMT biology during myogenesis, such as
gene expression and function, are still undefined.

On balance, the conflicting literature on PRMT expression and activity
during myogenesis may be due to differences in the PRMTs examined,
experimental timecourse utilized, as well as models of muscle differentiation
employed in these studies. These inconsistencies make it difficult to elucidate
PRMT biology in skeletal muscle. A comprehensive examination of PRMT1, -4,
and -5 expression and function throughout a complete timecourse of myogenesis is
required in order to clarify and expand our knowledge of the roles of PRMTs in
skeletal muscle plasticity. Thus, the purpose of this study was to examine PRMT1,
-4, and -5 expression and function during the conditions of skeletal muscle
remodeling evoked during myogenesis. We hypothesized that PRMT expression
and activity would be dynamic during muscle development, and that these
alterations would exhibit enzyme-specific patterns. A secondary objective,

designed to complement a study identifying a critical role for PRMTL1 in muscle
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regeneration that was published during the preparation of this manuscript (Blanc et
al., 2017), was to test the requirement of PRMTL1 for the progression of skeletal
muscle differentiation. We anticipated that the function of PRMT1 during muscle

maturation would indeed be essential for optimal muscle development to occur.

Methods

C2C12 muscle cell culture. Commercially available C2C12> mouse myoblasts
(American Type Culture Collection, Manassas, USA) were used in this study. C2C12
cells were grown in the presence of growth media (GM), which was comprised of
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen Life Technologies,
Burlington, Canada) supplemented with 10% fetal bovine serum (Invitrogen Life
Technologies), and 1% penicillin/streptomycin (Invitrogen Life Technologies). The
cultured dishes were maintained in a 5% CO> atmosphere at 37 °C. Myogenic
differentiation was induced when ~90% cell confluence was attained, after which
GM was replaced with differentiation media (DM; DMEM supplemented with 2%
horse serum and 1% penicillin/streptomycin; Invitrogen Life Technologies). Cells
were grown in DM for 7 days, with DM changed every 48 hrs. Five experimental
timepoints were employed to characterize myogenesis in vitro. The first was the
myoblast (MB) stage, which was when cells reached ~90% confluence. The second
to fifth timepoints occurred throughout the fusion and growth of myotubes (MT),

including day 1 (D1) MT (24 hrs after the transition from GM to DM), day 3 (D3;
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72 hrs after the GM to DM switch), day 5 (D5; 120 hrs), and day 7 (D7; 168 hrs).
At the specified timepoints, C2C12 cells were washed three times with Dulbecco’s
Phosphate Buffered Saline (PBS; Hyclone, South Lake, Utah) and processed for
subsequent analyses.

Drug treatments. C>Ci2 myoblasts were cultured until reaching ~90%
confluence and then induced to differentiate in media treated with vehicle (VEH;
DM supplemented with dimethyl sulfoxide (DMSO); Invitrogen Life
Technologies) or treated with TC-E 5003 (TC-E; DM supplemented with (volume;
final concentration) 2.1uL; 0.1 uM TC-E 5003; Tocris, Bristol, United Kingdom),
a PRMT 1-specific antagonist (Bissinger et al., 2011). Four experimental timepoints
were employed to examine skeletal muscle differentiation, including D1, D3, D5,
and D7, after which cells were washed three times with PBS and prepared for
analyses.

Whole cell protein extraction. Cells were scraped in ice-cold RIPA buffer
(Sigma-Aldrich, Oakville, Canada) supplemented with cOmplete Mini Protease
Inhibitor Cocktail (Roche, Laval, Canada) and PhosSTOP (Roche). Samples were
sonicated (Fisher Scientific) 5 X 3 sec on ice at 100% power. The samples were
spun at 20,000 x g for 15 min. The protein concentrations of the supernates were
determined using the Pierce bicinchoninic acid (BCA) Protein Assay kit (Thermo-

Scientific, Rockford, USA) using bovine serum albumin (BSA) as the standard.
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Cell fractionation. Nuclear fractions were isolated from C,Cy2 cells at the MB
stage as well as at D1, D3, D5, and D7 of muscle differentiation according to
procedures as described previously (Dimauro et al., 2012), with modifications.
Briefly, 500 puL of STM buffer was added to each sample tube and the solution was
then homogenized on ice using sonication at 100% power for 10 X 2 sec, with 30
sec in between each bout. An additional 200 pL of STM buffer was added before
the samples were spun. After centrifuging at 800 x g for 15 min, the supernatant
and pellet (PO) were separated. The pellet (PO) was resuspended in 1000 pL of STM
buffer, vortexed for 15 sec and then centrifuged at 500 x g for 15 min. The nuclear
pellet (P1) was then suspended in 250-400 pL mL of STM buffer and spun at 100
x g for an additional 15 min while the supernatant was discarded. The sample was
again separated and the pellet (P5) was kept. 400 puL of NET buffer was added to
the tube before vortexing and then placed on ice for 30 min. The sample was then
sonicated at 100% power for 10 X 2 sec with 30 sec in between bouts. The sample
was spun at 9000 x g for 30 minutes before being separated and the supernatant was
kept and labelled as the nuclear fraction. Protein concentrations of the cellular
fractions were determined using the BCA Protein Assay Kit.

Immunoblotting. For whole cell lysates, 20-50 pg of cellular protein was
loaded into each lane of 10% or 12.5% polyacrylamide gels and resolved by SDS-
PAGE. For nuclear fractions, 40 pg of protein was loaded into each lane. Gels were

transferred onto nitrocellulose membranes (Bio-Rad, Mississauga, Canada) and
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stained with either Ponceau S (Sigma-Aldrich, Oakville, Canada) or Amido black
(Sigma-Aldrich, Oakville, Canada) to confirm equal loading across samples (Fortes
et al.,, 2016). Membranes were washed with Tris-buffered Saline-Tween 20
[(TBST) (25 mM Tris-HCI (pH 7.5), 1 mM NacCl, and 0.1% Tween 20)] and
blocked with 5% skim milk in TBST solution for 1 hr. Membranes were
subsequently incubated in 5% milk-TBST with primary antibodies overnight at
4 °C on a compact digital rocker (Thermo-Scientific). The antibodies used were:
myogenin (M3559; Dako, Santa Clara, USA), PRMT1 (P1620; Sigma-Aldrich),
PRMT4 (A300-421A; Bethyl, Montgomery, TX), PRMT5 (07-405; EMD
Millipore, Massachusetts, USA), histone 2B (H2B; 8135, Cell Signaling
Technology, Massachusetts, USA), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; ab9483; Abcam, Toronto, Canada), histone 4 arginine 3 (H4R3; 39705,
Active Motif, Carlsbad, USA ), H3R8 (ab130740, Abcam), H3R17 (ab8284,
Abcam), H4 (ab10158, Abcam), H3 (ab1791, Abcam), MMA (8015, Cell Signaling
Technology), ADMA (13522, Cell Signaling Technology), SDMA (13222, Cell
Signaling Technology), PGC-1a (AB3242; EMD Millipore), and total oxidative
phosphorylation (OXPHQOS) cocktail (ab110413; Abcam). After incubation, the
blots were washed 3 X 5 min in TBST, and appropriate horseradish peroxidise-
linked secondary antibodies were applied. The bound antibodies were visualized by

enhanced chemiluminesence (Bio-Rad, Mississauga, Canada) and the membrane
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was imaged with Alpha Innotech imaging equipment (Alpha Innotech, San Leandro,
USA). ImageJ (NIH) was employed for densitometry.

Immunofluorescence imaging. Cells were cultured on three 15 mm glass
cover slips that were inserted at the bottom of individual 35 x 10 mm? dishes. At
each experimental time point, cells were washed three times with PBS and fixed
with 4% paraformaldehyde for 30 min. After fixation, cells were washed again in
PBS and incubated in 0.25% triton X in PBS for 5 min. Following the incubation,
blocking was performed with 10% goat serum for 60 min. Subsequently, cells were
incubated with embryonic myosin heavy chain (eMHC) primary antibody
(Developmental Studies Hybridoma Bank, lowa, USA) overnight at 4 °C. The next
morning, cells were washed in PBS and incubated in secondary antibody (Alexa
fluor goat anti-mouse 594, 1:500 dilution prepared in 1% BSA) for 60 min.
Following incubation, the cells were washed in PBS and 4',6-diamidino-2-
phenylindole (DAPI; 1:20,000) was applied and incubated for 5 min. Cells were
then washed and the coverslips were carefully removed from the plate. Coverslips
were mounted using DAKO fluorescence mounting media (Agilent Technologies,
USA). Three images were taken from each coverslip. The images were viewed
using a fluorescence microscope (Nikon Instruments Canada, Mississauga, ON) at
20X magnification. Myotube length and width were determined by calculating the
average of the five longest and widest myotubes using 4x4 eMHC stained

immunofluorescence images. The fusion index was calculated by identifying the
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percentage of eMHC positive cells that had two or more myonuclei. The area
fraction was calculated by determining the percentage of eMHC positive cells
relative to the total surface area of the image. Cell metrics were determined using
Nikon Eclipse Ti-E software (ver. 4.4.2).

RNA isolation and reverse transcription real-time polymerase chain reaction
(RT-gPCR). Total RNA was extracted from C.Ci» cells using TRIzol reagent
(Invitrogen Life Technologies) according to the manufacturer’s protocol. After
treating with Turbo DNasel (Invitrogen Life Technologies) for 30 min, RNA was
further purified with RNeasy columns (Qiagen, Toronto, Canada). RNA
concentration and integrity (i.e., A260/A230) was measured using a Nanodrop
instrument (Thermo-Scientific) before being reverse transcribed into cDNA.
Superscript 111 (Invitrogen Life Technologies) was used to synthesize cDNA from
total RNA, according to the manufacturer’s instructions. Target CDNA levels were
compared by gPCR in reactions containing either SYBR green (Roche Diagnostics,
Meylan, France) or GoTag gPCR Mastermix (Promega, Wisconsin, USA), forward
(F) and reverse (R) primers, and cDNA. gPCR was conducted over 45 cycles of
95 °C for 15 sec and 60 °C for 1 min, preceded by an initial 95 °C for 10 min. The
AACT method was used to calculate the expression of the genes of interest with the
average of 18S ribosomal RNA (18S), glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), and 40 S ribosomal protein S11 (RPS11) utilized as the internal control

(Manzano et al., 2011; Hildyard and Wells, 2014). Primers utilized in this study
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were as follows: myogenin forward (F) 5’-GCAAGGTGTGTAAGAGGAAG-3’,
reverse (R) 5-TGTGGGAGTTGCATTCACTG-3’; PRMTI F 5’-
GCCTGCAAGTGAAGAGGAAC-3’, R 5’-CTCAGGACTGGTGGAGAAGC-3’;
PRMTA4 F 5’-ACCACACGGACTTCAAGGAC-3’, R 5’-
CTCTTCACCAGGACCTCTGC-3’; PRMTS5S F 5’-
TCTCCCCACCAGCATTTTCC-3’, R 5-TGGAGGGCGATTTTGGCTTA-3’;
GAPDH F 5- AACACTGAGCATCTCCCTCA-3’, R 5’-
GTGGGTGCAGCGAACTTTAT-3"; 18SF 5°- GTAACCCGTTGAACCCCATT-
3, R 5’- CCATCCAATCGGTAGTAGCG-37; RPS11 5’-
CGTGACGAACATGAAGATGC-3’, R 5°- GCACATTGAATCGCACAGTC-3.

Mitochondrial Respiration. At each timepoint of interest, C2C1> cells were
washed with PBS and removed from the 100 mm x 20 mm culture plate using
trypsin-EDTA. Two culture plates were combined together and the sample was
centrifuged at 100 x g at room temperature for 3 min. The supernatant was discarded
and the pellet was resuspended in mitochondrial respiration medium (MiR05)
which contains: 0.5 mM EGTA, 10 mM KH2PO4, 3 mM MgCl. - 6H20, 60 mM
potassium lactobionate, 20 mM HEPES, 20 mM taurine, 110 mM sucrose, and 1
g/L BSA. Cells were subsequently counted using trypan blue and a hemocytometer
(Invitrogen). Samples were treated with 3 pug/108 cells/ml digitonin for 5 min at
37 °C on a digital rocker. Following permeabilization, samples were centrifuged at

800 x g for 3 min. The permeabilized cells were resuspended in MiR05 buffer and
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were used for determination of mitochondrial oxygen (O2) consumption at 37 °C
using the Oroboros Oxygraph-2 K (Oroboros Instruments Corp., Innsbruck,
Austria). The cells (1 x 10° cells/chamber) were placed into separate sealed
chambers and the following substrates were added (volume; final concentration):
glutamate (5ul; 5mM), followed by malate (4ul; 2mM), ADP (20ul; 5mM),
cytochrome c¢ (5ul; 10uM), pyruvate (5ul; 5mM), and succinate (20ul; 20mM). The
rate of O2 consumption was recorded and expressed as picomoles/second/million
cells using DatLab software (Oroboros Instruments Corp.).

Statistical Analyses. A one-way ANOVA with Bonferroni post-hoc test and
student t-tests were used to identify differences between means during the
myogenesis timecourse experiments. A two-way ANOVA with Bonferroni post-
hoc tests was used for analysis of the PRMT1 inhibition experiments. Statistical
analyses were performed on the raw data sets prior to the conversion to -fold
differences. Sample sizes for all experiments were n = 3-6, with each n being the
mean of two or three independent observations. Statistical significance was

accepted at p < 0.05. Data in graphical summaries are presented as mean + SEM.

Results
C2C12 myogenesis. To begin our characterization of PRMT expression and
function during myogenesis, we first sought to confirm the progression of muscle

development throughout the experimental timecourse. To this end, we examined
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cell morphology, eMHC expression, as well as myogenin transcript and protein
levels, which all represent established histological and molecular markers of
myogenesis (Hawke & Garry, 2001; Yin et al., 2013). Qualitative assessment of
light microscopy images indicates that the C2Cy cells progressed morphologically
from mononucleated MBs to robust MTs as expected throughout the differentiation
timecourse (Fig. 1A, left column panels). In situ immunofluorescence detection of
eMHC also demonstrated the advancement of the myogenic program (Fig. 1A, right
column panels), as expression of the enzyme increased coincident with the fusion
and growth of MTs throughout the 7-day timecourse. Furthermore, mMRNA and
protein levels of the myogenic regulatory factor myogenin increased as expected
during the differentiation protocol (Fig. 1B, C), which is indicative of typically
progressing myogenesis. Myogenin mRNA content was ~1.5-fold higher after D3
relative to the MB stage (p < 0.05). Myogenin protein content was significantly
greater at all differentiating timepoints in comparison to the MB stage.

PRMT gene expression throughout myogenesis. We next endeavoured to
examine the gene expression of PRMT1, PRMT4, and PRMT5 during the
differentiation timecourse by measuring mRNA and protein levels of the enzymes.
PRMT1 transcript levels were ~2-fold higher (p < 0.05) at D5 compared to all
preceding timepoints, and returned to baseline by D7 (Fig. 2A). Both PRMT4 and
PRMT5 mRNA levels remained unchanged throughout myogenesis (Fig. 2A). The

protein content of these enzymes followed their mMRNA patterns of expression and
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were constitutively expressed across the timecourse (Fig. 2B, C). In contrast,
PRMT1 protein expression was significantly higher by D3 of differentiation, as
compared to earlier timepoints, and remained elevated 2-2.2-fold until D7 (Fig. 2B,
C).

PRMT activity during skeletal muscle development. To determine the global
activity of PRMTs during myogenesis, we utilized immunoblotting to probe for
MMA, ADMA, and SDMA levels, which are established markers of PRMT activity,
type | PRMT activity, and type Il PRMT activity, respectively (Bedford & Clarke,
2009; Blanc & Richard, 2017). ADMA content was increased by ~1.7-fold (p <
0.05) at D3, as compared to the MB stage, and remained elevated (Fig. 3A, B). In
contrast, cellular MMA and SDMA levels did not change throughout myogenesis
(Fig. 3A, B).

To examine PRMT-specific methyltransferase activities, we measured the
methylated arginine levels of their histone targets. Asymmetric arginine
dimethylation of H4R3 and H3R17, as well as symmetric arginine dimethylation of
H3R8, are specific and exclusive methylation targets of PRMT1, PRMT4, and
PRMTS5, respectively (Di Lorenzo & Bedford, 2011; Blanc & Richard, 2017). The
myonuclear subfractions employed in this analysis were isolated with a high level
of purity, as indicated by the presence of the nuclear protein H2B, and the absence
of the cytosolic molecule GAPDH (Fig. 4A). We first assessed myonuclear PRMT

content during myogenesis since specific methyltransferase functions are
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dependent, in part, on the subcellular localization of the enzymes. Myonuclear
PRMT1 and -4 accumulated throughout differentiation, demonstrating levels that
were ~1.5-2.1-fold higher (p < 0.05) at D5 and D7 compared to MB (Fig. 4A, B).
Nuclear PRMT5 content remained unchanged. Total H4 and H3 levels did not
change over the course of muscle development (Fig. 4C). Histone methylation
status, expressed as the methylated form of the histone relative to the total amount
of the protein, significantly increased during myogenesis for H4R3 and H3R17,
reaching levels that were ~1.9-fold greater at D7 compared to MB (Fig. 4D). In
contrast, H3R8 methylation status remained unchanged across myogenic
development.

PRMT1 function in myogenesis. In an effort to elucidate the role of PRMT1
in myogenesis, we employed the specific PRMT1 antagonist TC-E 5003 (TC-E;
Bissinger et al., 2011) to inhibit PRMT1 methyltransferase function during muscle
differentiation. TC-E treatment did not affect cellular H4 content, which remained
unchanged throughout myogenesis (Fig. 5A). TC-E completely blocked the
increase in H4R3 methylation status that occurred with myogenic development (Fig.
5A, B). H4R3 methylation levels were significantly blunted by ~25% at D3-D7,
thereby confirming the efficacy of the inhibitor.

Light microscopy images revealed smaller and less robust myotubes in the
TC-E treated condition as compared to the VEH-treated cells (Fig. 6A). To further

provide evidence of the role of PRMT1 on muscle development, cellular
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morphology was quantitatively examined between the VEH and TC-E-treated
conditions using eMHC and DAPI fluorescence analyses. As expected, there was a
progressive increase in myotube fusion, length, width, and surface coverage (i.e.,
area fraction) across the experimental timecourse in the VEH-treated cells (Fig. 6B-
F). This was also observed in the TC-E condition. However, TC-E treatment
resulted in significant ~20-40% attenuations in all morphology metrics, which were
observed at timepoints ranging from D3 to D7 of differentiation.

Effects of PRMTL1 inhibition on mitochondrial biogenesis and function. To
understand the potential mechanisms underlying the differentiation defects
observed in PRMT1-inhibited cells, we examined the effects of TC-E on
mitochondrial biogenesis and oxygen consumption. Indeed, mitochondrial content
and function are required for optimal myogenic progression ( Larsson et al., 1998;
Collu-Marchese et al.,, 2015). Protein levels of representative subunits of
mitochondrial electron transport chain complex | (ClI), CIIl, and CV were
attenuated by ~20-40% (p < 0.05) in D3-D7 cells in response to PRMTL1 inhibition
(Fig. 7A, B, D, E). In contrast, CIl expression was similar between VEH and TC-E
treatment conditions throughout myogenesis (Fig. 7A, C). PRMT1 inhibition also
resulted in the significant reduction by 25-40% in the protein content of PGC-1a, a
master regulator of muscle mitochondrial biogenesis (Jornayvaz & Shulman, 2010),

during D3-D7 of differentiation (Fig. 7A, F).

62



M.Sc. Thesis — N.Y. Shen; McMaster University — Kinesiology

Finally, to further investigate the role of PRMT1 in mitochondrial biology,
organelle respiration was measured during the timecourse of muscle development
in the presence or absence of the PRMT1-specific antagonist. TC-E treatment did
not affect CI- or CI+ClI-driven mitochondrial oxygen consumption in D1
differentiated cells (Fig. 8A, E, F). However, there was a ~20-35% reduction (p <
0.05) in oxygen consumption in D3-D7 TC-E-treated cells following the addition
of the Cl substrate pyruvate, as compared to VEH-treated cells (Fig. 8B-E). PRMT1
inhibition also significantly attenuated succinate/CI+CIl supported mitochondrial

respiration at D5 and D7 of myogenesis (Fig. 8D, F).

Discussion

The purpose of the current study was to provide a more comprehensive
characterization of PRMT biology throughout the process of skeletal muscle
differentiation. Our data revealed PRMT-specific patterns of expression and
activity during myogenesis, which suggest individualized contributions for each
enzyme to the muscle development process. Moreover, complementary
assessments of PRMT1, -4, and -5 function indicate that PRMT methyltransferase
activity in muscle is substrate specific, depending in part, on the subcellular location
of the protein target. Since PRMT1 expression and activity were particularly
responsive to myogenic cues, we inhibited its methyltransferase activity in order to

elucidate its role in skeletal muscle differentiation. Muscle cells in which PRMT1
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activity was knocked down exhibited differentiation defects that were associated
with attenuated mitochondrial biogenesis and respiratory function. Thus, extending
recent work implicating the requirement of PRMTL1 in skeletal muscle regeneration
invivo (Blanc et al., 2017), our results demonstrate that PRMT1 is necessary during
differentiation in order to evoke complete myogenic development. Moreover, the
negative effects of PRMTL1 inhibition on myogenesis are at least partially
mitochondrially-mediated. This study enhances our understanding of PRMTL1, -4,
and -5 biology during the plasticity of skeletal muscle development, as well as
provides additional mechanistic evidence for a role of PRMTL1 in driving the
myogenic program.

Previous studies have demonstrated that several members of the PRMT
family are expressed during skeletal muscle cell development, including PRMT1, -
4, -5, and -7 (Chen et al, 2002; Wang et al., 2012; Paul et al., 2012; Blanc et al.,
2017). Unfortunately however, a coherent understanding of PRMT transcript and
protein levels during myogenesis has been difficult to achieve due, in part, to the
disparate models and timing utilized thus far. Therefore, we sought to address this
knowledge gap by clarifying PRMT gene expression via the employment of a
standardized, comprehensive timecourse of CCi> skeletal muscle cell
differentiation. Our data revealed a measure of PRMT-specificity with respect to
gene expression during myogenesis. PRMT1 was induced at the mRNA and protein

levels, while PRMT4 and -5 remained unchanged. PRMTL1 followed a similar
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pattern of expression as the myogenic regulatory factor myogenin, which suggests
a common upstream regulator. A candidate may be Eyal, which affects myogenin
expression (Le Grand et al., 2012), and was recently demonstrated to be part of a
myogenic pathway involving PRMT1 (Blanc et al., 2017). However, our data
contradict this recent study by Blanc and colleagues (2017), where the authors
observed that PRMT1 mRNA and protein content were similar between
proliferating and differentiating isolated primary muscle stem cells. The
discrepancy between their results and those of the current study may be attributed
to differences in cell type and/or duration of the myogenic timecourse utilized. In
line with our findings, previous studies reported that PRMT4 and -5 transcript and
protein levels were constitutively expressed during early and later points of skeletal
muscle development (Chen et al., 2002; Kim et al., 2011; Wang et al, 2012).
Constitutive expression of PRMTS5 appears to be consistent with its roles in both
the proliferative and differentiation phases of skeletal muscle development
(Mallappa et al., 2011; Zhang et al., 2015). The differential expression pattern that
we observed between PRMTSs during myogenesis is likely due, in part, to unique,
PRMT-specific upstream regulatory mechanisms. Little has been documented
regarding for example, the transcriptional control of PRMTSs, particularly in skeletal
muscle. Thus, future work that more clearly defines the events governing PRMT

gene expression in muscle is warranted.
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We utilized two complementary approaches to investigate PRMT function
during myogenesis. We first examined global PRMT activity by assessing total
cellular MMA, ADMA, and SDMA levels. The MMA mark is a measure of non-
specific PRMT activity, while the accumulation of ADMA and SDMA marks are
indicative of type | and type Il PRMT function, respectively (Bedford & Clarke,
2009; Dhar et al., 2013). Furthermore, since PRMT1 and PRMT5 catalyze the
majority of ADMA and SDMA producing reactions, respectively (Tang et al., 2000;
Di Lorenzo & Bedford, 2011; Dhar et al., 2013), the appearance of these marks
generally reflects the activities of these enzymes. A notable caveat is that relative
PRMT activities have not yet been elucidated in skeletal muscle. We observed an
increase in ADMA levels coincident with unchanged amounts of MMA and SDMA
methylarginine species during the progression of muscle differentiation. The
significant upregulation in ADMA content was consistent with the rise in PRMT1
protein content. Previous evidence supports the idea that enzymatic activities of
PRMTs are altered during muscle development (Kim et al., 2011; Kawabe et al.,
2012; Blanc et al., 2017). For example, Kim and colleagues (2011) showed that
hnRNP A1, an established target of PRMT1, was methylated to a greater degree
during and after myoblast fusion, as compared to before fusion. It is interesting to
note here that, similar to our PRMT4 results, others have also reported alterations
in PRMT activity during myogenesis that are independent from any lack of change

in PRMT content (Kim et al., 2011). Certainly, activation of PRMTs may be
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facilitated by a number of mechanisms in this scenario, including the subcellular
translocation of existing enzymes to the appropriate compartment, as well as
stimulatory protein-protein interactions or posttranslational modifications (Chen et
al., 2002; lwasaki & Yada, 2007; Kawabe et al., 2012).

We isolated myonuclei and assessed the targeted methyltransferase activities
of PRMT]1, -4, and -5 throughout the experimental myogenic timecourse. The
ADMA marks on H4R3 and H3R17, as well as the SDMA deposited on H3R8, are
specifically and exclusively catalyzed by PRMT, -4, and -5, respectively (Bedford
& Clarke, 2009; Di Lorenzo & Bedford, 2011). We found that the elevation in
targeted PRMT activities generally reflected the increased nuclear accumulation of
the enzymes. Moreover, the myonuclear accretion of PRMTL1 along with the
elevation in H4R3 methylation status was consistent with the increased cellular
PRMT1 and ADMA levels during muscle development. Nuclear PRMTS5 levels
mirrored its histone methyltransferase activity during differentiation, which
remained unchanged. These data are consistent with cellular SDMA levels, which
are most likely driven by PRMT5. (Di Lorenzo & Bedford, 2011). Interestingly,
while cellular PRMT4 content remained unchanged during differentiation, we
observed a specific subcellular redistribution of PRMT4 within myonuclei, which
corresponded with increased H3R17 methylation status. Previous studies have
identified histone arginine methylation, such as the modifications of H3R8 and

H4R3, as an important step in the activation of genes that are permissive for
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myogenesis (Dacwag et al., 2007; Blanc et al., 2016). Furthermore, numerous non-
histone nuclear PRMT targets, including GRIP-1, Pax7, and p21, serve to facilitate
the myogenic program (Chen et al., 2002; Kawabe et al., 2012; Zhang et al., 2015).
It must also be highlighted that each PRMT has many putative arginine methylation
targets, and each member can have differential preferences for its targets (Di
Lorenzo & Bedford, 2011). For instance, the interaction between PRMT5 and
COPRS5 causes PRMTH5 to alter its specificity to preferentially methylate H4R3 over
H3R8 (Lacroix et al., 2008). Altogether, our data suggest that PRMTSs are active
methyl donors throughout myogenesis and demonstrate specificity for their histone
and non-histone targets in skeletal muscle.

Relative to other PRMTs, PRMT4 and -5 expression and function during
myogenesis have been extensively studied (Bentzinger et al., 2012; Chen et al.,
2002; Dacwag et al., 2009; Dacwag, et al., 2007; Paul et al., 2012; Wang et al.,
2012). Work from George Muscat’s laboratory was the first to demonstrate a role
for PRMTs, specifically PRMT4, in potentiating myogenesis, clearly supporting a
positive function of arginine methylation in mammalian differentiation (Chen et al.,
2002). By contrast, there are few reports that have directly assessed the necessity
of PRMT1 throughout skeletal muscle development. Current evidence supports the
involvement of the enzyme in 1) mediating glucose uptake into skeletal muscle cells
(lwasaki & Yada, 2007), 2) methylating lamin C2, an intermediate filament that

forms the essential structure of myonuclear lamina (Kim et al., 2011), and 3)
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regulating muscle regenerative capacity (Blanc et al., 2016). In an effort to expand
our understanding of the myogenic functions of PRMTL1, the enzyme that accounts
for the majority (>80%) of arginine methyltransferase activity (Wei et al., 2014),
we pharmacologically inhibited PRMT1 and evaluated its impact on myogenesis.
TC-E possesses high specificity for PRMT1, as compared to other arginine and
lysine methyltransferases (Bissinger et al., 2011). Furthermore, the compound
demonstrated potent anticancer activity and inhibition of androgen-dependent
transcription in MCF7a and LNCaP cells, indicative of attenuated PRMT1 function.
In skeletal muscle cells, TC-E treatment was able to completely block the
differentiation-associated increase in PRMT1 activity, as evidenced by H4R3
methylation status, indicating that the drug successfully inhibited PRMT1. Our data
demonstrating that TC-E treatment significantly attenuated various morphological
metrics of C,Cy, differentiation reveals that PRMT1 activity is required for the
optimal progression of the myogenic program. These results confirm recent work
by Blanc and colleagues (2017) who showed that PRMT1 is essential to successful
muscle regeneration in vivo in response to cytotoxic injury. Our work also builds
on, and extends these in vivo data by demonstrating that inhibition of PRMT1
exclusively during and after the onset of differentiation, as compared to initiating
the knockout prior to the myogenic stimulus (i.e., cardiotoxin injury), reveals a role

for the enzyme specifically during muscle differentiation.
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Mitochondrial biogenesis is necessary for the myogenic program to proceed
under both in vitro and in vivo conditions. For example, myoblasts that lack
mitochondrial DNA fail to differentiate into myotubes (Herzberg et al., 1993).
Moreover, skeletal muscle regeneration is characterized by a nearly 5-fold increase
in mitochondrial content during the onset of muscle differentiation (Duguez et al.,
2002). We suspected that a potential mechanism linking PRMT1 inhibition to the
observed differentiation defects was mitochondrially-mediated. Our rationale was
based on previous studies implicating PRMT1 (Sha et al., 2017; Teyssier et al.,
2005) and arginine methyltransferase activity (Rhein et al., 2013) in mitochondrial
biogenesis and function. Indeed, Teyssier et al. (2005) very elegantly demonstrated
more than a decade ago that PRMT1 methylates PGC-1a, a master regulator of
muscle plasticity and mitochondrial biogenesis, which directly stimulates the
transcriptional function of the coactivator. More recent work from Sha and
colleagues (2017) showed that PRMT1 is almost entirely responsible for depositing
the ADMA mark on mitochondrial proteins, and that PRMT1 knockdown resulted
in reduced mitochondrial respiratory activity, ATP synthesis, as well as a
significant elevation in oxidant production. Consistent with these reports, we
observed that PRMT1 inhibition led to attenuated mitochondrial biogenesis and
function in skeletal muscle cells. Although we were unable to resolve the OXPHOS
complex IV subunit with a reliable degree of confidence, representative protein

subunits from complexes I, 111, and V were significantly lower in the TC-E-treated
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cells during days 3-7 of differentiation. Interestingly, the rise in complex Il content
during myogenesis was unaffected by PRMT1 inhibition. The OXPHQOS protein
content data were reflected by results from the mitochondrial oxygen consumption
trials, which demonstrated attenuated organelle respiratory function when PRMT1
activity was blunted. It is likely that complex Il was largely spared due, in part, to
its composition being solely dependent on nuclear DNA-encoded subunits, as well
as to its dedicated assembly apparatus (Rutter et al., 2010).

PGC-1a levels were also blunted as a function of PRMTL inhibition in
skeletal muscle. The coactivator stimulates the transcription of mitochondrial genes
located in nuclear and mitochondrial genomes by for example, interacting with
nuclear respiratory factor 1 and mitochondrial transcription factor A (Tfam),
respectively (Hood et al., 2016; Scarpulla, 2008). Notably, PGC-la also
participates in an autoregulatory positive feedback loop driving its own expression
(Handschin et al., 2003), as well as contributes to the transcriptional activation of
Tfam (Wu et al., 1999). It is therefore reasonable to posit that the attenuated PGC-
lo expression in response to PRMTL inhibition caused a dysregulation in Tfam
expression and/or function. The expression of mitochondrial DNA (mtDNA) genes
encoding OXPHOS subunits is critical for maintaining proper function of the
organelle, as evidenced by the considerable impairments caused by mtDNA
mutations (Scarpulla, 2008). Thus, although speculative, our results suggest that

PRMT1 inhibition likely affects mitochondrial content and function via decrements
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in PGC-1a content and/or activity, with particular consequence on events occurring
within the organelle.

In summary, our results demonstrate that the expression and activities of
PRMT1, -4, and -5 display differential responses during skeletal muscle
development. Indeed, PRMTL1 biology was particularly responsive to myogenic
cues. We also show that inhibition of PRMT1 in skeletal muscle cells results in
morphological deficiencies, as well as decrements in mitochondrial biogenesis and
respiratory function. Thus, complementing recent in vivo work (Blanc et al., 2017),
this investigation supports a critical role for PRMTL1 specifically in the optimal
progression of muscle differentiation. This study enhances our understanding of
PRMT biology during skeletal muscle plasticity elicited by myogenesis and
identifies a mitochondrially-mediated mechanism that links PRMT1 inhibition to

defects in skeletal muscle development.
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Figure Legends

Figure 1. Timecourse of skeletal muscle differentiation. A) Light microscope
images (left column panels) of C>Ci2 myoblasts (MB), and day 1 (D1), 3 (D3), 5
(D5), and 7 (D7) myotubes (MT). Immunofluorescence images (right column
panels) of muscles cells throughout the differentiation timecourse stained with
4’ 6-diamidino-2-phenylindole dihydrochloride (DAPI; blue) and
embryonic myosin heavy chain (eMHC; red). Scale bar = 200 pum. B)
Representative immunoblot (above) depicting myogenin levels throughout the
experimental timecourse. Ponceau S stain (below) indicates equal loading between
samples. C) Graphical summary of myogenin mRNA (gray line) and protein (black
line) expression levels across the timecourse of myogenesis. Data are displayed as
relative to MB levels. n =5; *, p < 0.05 vs. MB mRNA content; *, p <0.05 vs. MB

protein content.

Figure 2. Protein arginine methyltransferase gene expression during
myogenesis. A) Protein arginine methyltransferase 1 (PRMT1), PRMT4, and
PRMT5 mRNA expression in MB, and D1, D3, D5, D7 myotubes displayed relative
MB levels. B) Typical PRMT1, PRMT4, and PRMT5 immunoblots and amido
black loading control image. C) Graphical summary of PRMT protein content

throughout C,C1> myogenesis. n = 3-4; *, p < 0.05 vs. PRMT1 levels in MB.
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Figure 3. Global PRMT activity throughout myogenesis. Representative A)
monomethylarginine (MMA), asymmetric dimethylarginine (ADMA), and
symmetric dimethylarginine (SDMA) immunoblots at MB, and D1, D3, D5, and
D7 stages of differentiation. A typical amido black stain is also shown to indicate
consistent loading between samples. B) Graphical summary of MMA, ADMA, and
SDMA species, expressed relative to MB levels. n=5-7; *, p <0.05 vs. MB ADMA

content.

Figure 4. Specific PRMT methyltransferase activity during skeletal muscle
differentiation. A) Representative PRMT1, PRMT4, PRMTS5, histone 2B (H2B),
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) immunoblots, as well
as an amido black image of myonuclear lysates isolated from MB, D1, D3, D5, and
D7 C2Ci cells. B) Graphical depiction of myonuclear PRMT protein levels
throughout myogenesis, expressed relative to the MB stage. *, p < 0.05 vs. MB
PRMT1 content; *, p < 0.05 vs. MB PRMT4 content. C) Typical immunoblots of
histone 4 arginine 3 (H4R3), H3R17, H3R8, total H4 and H3 protein content from
MB, as well as D1, D3, D5, and D7 myotubes. A representative amido black stain
is presented below. D) Graphical summary of histone arginine methylation status
throughout myogenesis, depicted as the methylated form of the histone relative to
the total histone amount, expressed relative to MB levels. *, p <0.05 vs. MB H4R3

content; *, p <0.05 vs. MB H3R17 content. n = 4-7.
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Figure 5. PRMT1 inhibition during myogenesis. A) Representative H4R3 and
H4 immunoblots, as well as amido black stain at C,Cy» differentiation days 1, 3, 5,
and 7 in the vehicle (VEH) and TC-E 5003 (TC-E) treatment conditions. B)
Graphical summary of H4R3 methylation status in the VEH and TC-E conditions
expressed relative to levels in VEH D1. n = 5; *, p < 0.05 vs. VEH at the same

timepoint; #, p < 0.05 main effect of time in the VEH.

Figure 6. Effect of PRMTL1 inhibition on the progression of myogenic
differentiation. A) Light microscopy images of C>.C1> muscle cells at D1, D3, D5,
and D7 of differentiation in the VEH (left column) or TCE condition (right column).
B) Immunofluorescence images stained with eMHC (red) and DAPI (blue) of VEH-
(left column) and TCE-treated cells (right column). Scale bar = 200 um. Graphical
summaries of C) myotube fusion index, D) myotube length, E) width, and F)
myotube surface area of VEH- and TCE-treated cells across the experimental
timecourse. n = 3-5; #, p < 0.05 main effect of time in the VEH and TC-E
conditions; , p < 0.05 main effect of treatment; *, p < 0.05 vs. VEH at the same

timepoint.

97



M.Sc. Thesis — N.Y. Shen; McMaster University — Kinesiology

Figure 7. Effect of PRMTL1 inhibition on mitochondrial biogenesis during
muscle development. A) Representative immunoblots of mitochondrial complex |
(CD), CII, CIll, CV, peroxisome proliferator-activated receptor y coactivator 1-a
(PGC-1a), as well as amido black stain, in VEH- and TC-E-treated cells across the
differentiation timecourse. Graphical summaries of B) CI, C) Cll, D) Clll, E) CV,
and F) PGC-1a protein content expressed relative to the levels in VEH D1 cells. n
= 4; #, p < 0.05 main effect of time in the VEH and TC-E conditions; {, p < 0.05

main effect of treatment; *, p < 0.05 vs. VEH at the same timepoint.

Figure 8. Effect of PRMT1 inhibition on mitochondrial respiration. Graphical
summaries of rates of mitochondrial oxygen consumption in A) D1, B) D3, C) D5,
and D) D7 cells with the substrates malate and glutamate (Mal + Glut), ADP,
cytochrome ¢ (Cyto c), pyruvate (Pyr), and succinate (Succ) in VEH and TC-E
treatment conditions. E) Cl and F) CI + CII oxygen consumption values across the
differentiation timecourse in the two experimental conditions. n = 3-5; #, p < 0.05
main effect of time in the VEH and TC-E conditions; ¥, p < 0.05 main effect of

treatment; *, p < 0.05 vs. VEH-treated cells.
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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