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Lay Abstract

Coactivator-associated arginine methyltransferase 1 (CARM]1) is an enzyme that
alters the activity of other proteins. CARMI1 plays an important role in several tissues,
however, little is understood about its function in skeletal muscle. Recent research suggests
that CARMI could be involved in the process of skeletal muscle wasting and weakness,
termed muscle atrophy. Therefore, we aimed to study the effects of short-term
pharmacological CARM1 inhibition on skeletal muscle mass, function, and atrophy in adult
mice. Our observations show that treatment with a CARM1-inhibiting compound was very
effective at reducing CARMI1 activity in muscle. CARM1 inhibition did not affect muscle
mass, but it did decrease muscular endurance, particularly in male mice. Suppressed
CARMI activity had no impact on muscle wasting or molecular atrophy signalling
following a period of denervation-evoked muscle disuse. Collectively, we demonstrate that
short-term CARMI inhibition impacts muscle performance without affecting the

maintenance and plasticity of muscle mass.
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Abstract

Coactivator-associated arginine methyltransferase 1 (CARMI) catalyzes the
methylation of arginine residues on target proteins critical for health and disease. The
purpose of this study was to characterize the effects of short-term, pharmacological
CARMI inhibition on skeletal muscle size, function, and atrophy. Adult mice (n = 10-
11/sex) were treated with either a CARMI1 inhibitor (150 mg/kg EZM2302; EZM) or
vehicle (Veh) via oral gavage for 11-13 days and muscle mass, function, and exercise
capacity were assessed. Additionally, we investigated the effect of CARMI1 suppression on
unilateral hindlimb denervation (DEN)-induced muscle atrophy (n = 8/sex). We report that
CARMI inhibition caused significant reductions in the asymmetric dimethylation of known
CARMI substrates but no change in CARM1 protein or mRNA content in skeletal muscle.
Reduced CARMI1 activity did not affect body or muscle mass, however, we observed a
decrease in exercise capacity and muscular endurance in male mice. CARMI
methyltransferase activity increased in the muscle of Veh-treated mice following 7 days of
DEN and this response was blunted in EZM-dosed mice. Skeletal muscle mass and
myofiber cross-sectional area were significantly reduced in DEN compared to contralateral,
non-DEN limbs to a similar degree in both treatment groups. Furthermore, skeletal muscle
atrophy and autophagy gene expression programs were elevated in response to DEN
independent of CARMI1 suppression. Collectively, these results suggest that short-term,
pharmacological CARMI1 inhibition in adult animals affects muscle performance in a sex-
specific manner but does not impact the maintenance and remodeling of skeletal muscle

mass during conditions of neurogenic muscle atrophy.
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1. Skeletal muscle
1.1: Introduction to skeletal muscle

Skeletal muscle comprises approximately 40% of total body weight and contains 50-
75% of all body proteins in mammals (Frontera & Ochala, 2015). In addition to its role in
locomotion and posture, skeletal muscle is essential for the regulation of whole-body
metabolism, maintenance of core temperature, and serving as the body’s reservoir for
amino acids (Baskin et al., 2015). Skeletal muscle also releases myokines and metabolites
that may facilitate exercise-induced adaptations in other body tissues, such as the brain and
liver (Delezie & Handschin, 2018). The remarkable plasticity of skeletal muscle in response
to various stressors, such as exercise and disease, renders it vital for organismal health and
survival. Indeed, in conditions where skeletal muscle mass and function are compromised,
such as cancer cachexia and sarcopenia, there is an associated decrease in lifespan (Baskin
et al., 2015; Kalyani et al., 2014). It is therefore critical to improve our understanding of
the intricacies of skeletal muscle biology. In this review, we will discuss the morphology
and cellular biology of skeletal muscle and outline the mechanisms that contribute to
skeletal muscle atrophy with a focus on the role of coactivator-associated arginine
methyltransferase (CARM1).

Skeletal muscle is made up of hundreds to thousands of multinucleated and highly
vascularized cells, called muscle fibres, that extend the entire length of the muscle. Each
muscle fibre is enveloped by the sarcolemma and contains hundreds to thousands of
myofibrils. The myofibril is composed of myofilaments that form sarcomeres; the smallest

contractile unit of the muscle. Also within each muscle fibre is a network of transverse
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tubules that propagate electrical impulses deep into the muscle to ultimately trigger
contraction (Block et al., 1988). Additionally, mitochondria are located throughout the
sarcoplasm and within the intermyofibrillar space to generate the energy needed for muscle
contraction (Dahl et al., 2015). In healthy, developed skeletal muscle fibres, myonuclei are
located at the periphery of the fibre and meet the transcriptional demand in the surrounding
region, referred to as the myonuclear domain (Cadot et al., 2015). Within the skeletal
muscle, several other cell types exist. For instance, muscle stem cells or satellite cells
typically reside between the sarcolemma and basal lamina; adjacent to myonuclei (Mauro,
1961). When activated by myogenic factors or mechanical stimuli, satellite cells proliferate
and/or differentiate into myoblasts that fuse together to form new muscle fibres or into
existing fibres to allow the muscle to grow, repair, and regenerate in response to damaging
conditions (Snijders et al., 2015). Moreover, infiltrations of adipocytes and connective
tissue are also present within skeletal muscle (Purslow, 2020; Vettor et al., 2009).

A muscle contraction is initiated when an action potential arrives at the
neuromuscular junction, triggering the release of acetylcholine (ACh) from the motor end
plate into the synaptic cleft (Bagshaw, 1993). ACh initiates depolarization within the
sarcolemma and spreads into the transverse tubules that project into the interior of the
muscle fibre. The depolarization of the tubules triggers the release of calcium ions from the
sarcoplasmic reticulum. Upon release, calcium ions bind troponin found on the actin
filament, causing the displacement of tropomyosin which exposes the active site of actin
(Zot & Potter, 1987). The myosin heads are then able to bind to actin to form cross bridges

and use stored energy to pull actin towards the centre of the sarcomere, releasing adenosine
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diphosphate (ADP) simultaneously. Next, adenosine triphosphate (ATP) attaches to the
myosin head and causes its release from actin. When the ATP is hydrolyzed, the myosin
head returns to its resting position. If calcium ions remain bound to tropomyosin, the cross-
bridge cycling is repeated (Fitts, 2008). Altogether, the collective and continuous
shortening of the sarcomeres within each myofibril through excitation-contraction coupling

induces skeletal muscle contraction.

1.2: Skeletal muscle plasticity

There are four unique types of fibres in murine skeletal muscle: Type I, Ila, IIx, and
IIb. Each muscle fibre type has unique properties and can be classified based on the
expression of different myosin heavy chain (MHC) isoforms, contractile speed, and
metabolic capacity (Zierath & Hawley, 2004). Type 1 fibres express MHCI, have slow
contractile speed, and primarily rely on oxidative metabolism (Schiaffino, 2010). The three
different type II fibres (expressing MHCIla, MHCIIx, and MHCIIb) vary in their
contractile speed and metabolic capacity. Type Ila fibres are slow twitch and more
oxidative, whereas, type IIb have the fastest contractile speed and are the most glycolytic,
and type IIx are an intermediate between Ila and IIb (Schiaffino, 2010). Additionally, a
shift in the predominant MHC profile within a fibre can allow it to express two isoforms of
MHC simultaneously, termed hybrid fibres (e.g.: MHCI and MHCIlIa) (Staron & Pette,
1993). The heterogeneity that exists between skeletal muscles within the body is partially
due to the unique distribution of the fibre types within each muscle. For example, the
proportion of type I, Ila, IIx, IIb, and hybrid fibres in murine gastrocnemius (GAST) is:

0%, 21%, 15%, 56%, and 8%, compared to the soleus (SOL): 31%, 49%, 12%, 5%, and
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3% (Bloemberg & Quadrilatero, 2012). Importantly, these distributions are approximations
and can fluctuate under various conditions of skeletal muscle remodeling.

Skeletal muscle is a uniquely malleable tissue that can adapt to different stimuli. For
instance, chronic endurance exercise can induce a shift towards a slower, more oxidative
profile with a larger percentage of type I and Ila fibres (Blaauw et al., 2013). By contrast,
prolonged muscle disuse typically causes a shift towards a faster, more glycolytic
phenotype (Ciciliot et al., 2013). The maintenance of the skeletal muscle phenotype is
dependent on the coordination of several intracellular signalling pathways that govern
cellular processes. Notably, peroxisome proliferator-activated receptor-y coactivator-1la
(PGC-1a), a transcriptional co-activator, is well-known as the master regulator of
mitochondrial biogenesis (Fernandez-Marcos & Auwerx, 2011). PGC-1a is involved in the
regulation of nuclear and mitochondrial genes responsible for shifting a fibre towards a
more oxidative phenotype (Ljubicic et al., 2014). The overexpression of PGC-1a causes a
dramatic increase in the proportion of type I fibres, greater mitochondrial biogenesis, and
greater fatty acid oxidization in skeletal muscle (Cheol et al., 2008; Lin et al., 2002; Zhang
et al., 2017). Alongside PGC-1a, several other genes, including calcineurin (CN), p38
mitogen-activated protein kinase (p38), AMP-activated protein kinase (AMPK), are key

mediators of the skeletal muscle phenotype (Ljubicic et al., 2014).
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2. Skeletal muscle atrophy
2.1: Introduction to skeletal muscle atrophy

Skeletal muscle atrophy is the loss of muscle mass and contractile function that
results in a reduction in strength. Muscular atrophy can be caused by genetic disorders such
as Duchenne muscular dystrophy (Duan et al., 2021), or acquired conditions such as cancer
cachexia (Argilés et al., 2014), corticosteroid use (Bodine & Furlow, 2015), and many other
chronic illnesses (Allen et al., 2016; Barreiro & Jaitovich, 2018). Regardless of the
etiology, skeletal muscle atrophy is associated with an increased risk of morbidity and
mortality, as well as a reduced quality of life (Chang et al., 2018; Kress & Hall, 2014;
Pedersen & Saltin, 2015; Schols et al., 2005). Currently, the treatment for muscle atrophy
includes nutritional supplementation and exercise as no effective pharmacological
treatment exists to prevent muscle wasting (Furrer & Handschin, 2019).

Muscle fibres are unique cell types because the cytoplasm is filled with contractile
proteins that are tightly surrounded by organelles like mitochondria and myonuclei.
Therefore the volume or size of a muscle fibre is highly dependent on the quantity and
function of these proteins (Sartori et al., 2021). In conditions of atrophy, there is a net
decrease in proteins in muscle fibres that results in the shrinkage of these cells. Conversely,
in response to anabolic stimuli, such as resistance exercise (Phillips et al., 1997), fibre size
grows due to an increase in newly formed proteins. Therefore, the balance between protein
synthesis and protein breakdown defines muscle fibre size, measured as cross-sectional
area (CSA). Yet, it is becoming evident that the cellular processes and signalling pathways

that regulate protein turnover within skeletal muscle are interconnected. For instance, while
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exercise promotes the synthesis of new proteins, it simultaneously increases the
degradation of dysfunctional organelles via autophagy (Grumati et al., 2011). The
mammalian target of rapamycin complex 1 (mTORCI1) signaling axis, known for initiating
protein synthesis, is also activated in denervation-induced muscle atrophy (Castets et al.,
2019). In fact, recent work demonstrates that hyperactivation of mTORCI initiates
proteolysis during catabolic conditions (Kaiser et al., 2022). However, the above studies
were conducted in rodent models and given the discrepancy that exists in the regulation of
skeletal muscle protein turnover between rodents and humans, it is unclear whether these
novel findings translate to the human population (Phillips et al., 2009). Therefore,
investigating the processes that mediate protein turnover (discussed in more depth in
sections 2.3 and 2.4) in skeletal muscle is critical to our understanding of atrophy and for
the development of targeted therapies under muscle-wasting conditions.

The various catabolic conditions evoke similar mechanisms to induce muscle
atrophy, however, some differences also exist. Lecker et al. were the first to identify a
common set of genes, termed atrogenes, that are differentially expressed across four
conditions of atrophy: fasting, diabetes, uremia, and cancer cachexia (Lecker et al., 2004).
A follow-up study demonstrated that ~80% of the previously identified atrogenes are also
differentially expressed in muscle 3-days post-denervation (Sacheck et al., 2007). Among
these atrogenes are those involved in the initiation of the ubiquitin-proteasome system
(Mitch & Goldberg, 1996) and autophagy (Zhao et al., 2007). However, the induction of
the molecular atrophy program varies across the conditions. Despite the significant overlap

in the expression of atrogenes between denervation, unloading, and fasting, the expression
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of the forkhead box O (FOXO) transcription factors varied significantly (Brocca et al.,
2017). Additionally, fibre type-specific atrophy varies between catabolic stimuli. Systemic
conditions such as cachexia and fasting, often target type II fibres, whereas in disuse-
induced or neurogenic atrophy type I fibres atrophy preferentially (Ciciliot et al., 2013).
The remainder of the review will focus on neurogenic muscle atrophy and its contributing

cellular processes while appreciating that significant overlap exists.

2.2: Neurogenic muscle atrophy

Neurogenic muscle atrophy, also known as denervation-induced atrophy, is a form
of muscle wasting caused by direct damage to the peripheral nervous system. In humans,
neurogenic atrophy occurs as a response to an injury (e.g. spinal cord injury) or diseases
(e.g. amyotrophic lateral sclerosis (ALS)) (Ehmsen & Hoke, 2020). In mice, we can model
neurogenic atrophy through nerve dissection or crush, most commonly of the sciatic nerve
(Sacheck et al., 2007). Denervation of the sciatic nerve elicits more severe muscle loss than
other models of disuse such as hindlimb suspension and immobilization (Bodine et al.,
2001). The elimination of neuronal activity travelling to the muscle fibre inhibits its ability
to contract and ultimately causes atrophic, angular fibres (Ehmsen & Hoke, 2020). Early
work demonstrates that the loss of muscle mass following nerve sectioning is directly
proportional to the increase in protein breakdown (Goldberg, 1969), however, recent
research highlights that denervation-induced proteolysis is accompanied by a decline in
protein synthesis (Kobak et al., 2021). Additionally, denervation has distinctive effects
across different muscles. For example, the SOL atrophies more quickly, and to a greater

extent than the GAST at 3 and 7 days post-nerve section (Stouth et al., 2018, 2020). This
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discrepancy could be explained by the differential response to denervation between type |
and II fibres since type I fibres experience more robust atrophy (Ciciliot et al., 2013;
Ehmsen & Hdoke, 2020). Additionally, after 50 days of denervation there is a dramatic shift
to a faster, more glycolytic phenotype in both the SOL and extensor digitorm longus (EDL),
a predominantly fast-twitch muscle (Patterson et al., 2006). Similarly, spinal cord injuries
in humans often lead to a complete disappearance of type I fibres (Ciciliot et al., 2013).
Collectively, these data indicate the severe impact of short and long-term denervation on
fibre type-specific atrophy.

The drastic changes that occur in response to denervation in muscle fibres are
accompanied by alterations in other cell types. An elegant study by Borisov et al.
demonstrates the substantial remodeling of the microvascular network over 18 months
following nerve dissection in rats (Borisov et al., 2000). They observed a linear decrease in
capillary-fibre ratio over 12 months and development of significant perivascular fibrosis
that contributed to the devascularization of the muscle fibres such that after 18 months,
over 40% of fibres were completely avascular (Borisov et al., 2000). Moreover, muscle
stem cells, termed satellite cells, have the capacity to proliferate and differentiate into
myotubes in response to injury, yet their role in neurogenic atrophy remains unclear. Recent
work showed that satellite cell content was unchanged in muscles 3-, 7-, and 15-days
following denervation (Madaro et al., 2018). However, previous studies demonstrated an
increase in satellite cell content in the early weeks post-denervation, followed by a steady
decline in chronically denervated muscle (Borisov et al., 2005; W. Liu et al., 2015; Viguie

et al., 1997). Interestingly, when satellite cells are genetically depleted in muscle, it
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exacerbates denervation-induced atrophy (W. Liu et al., 2015). These data highlight that
neurogenic atrophy induces changes in different cell types that are detrimental to skeletal
muscle fibres. Several local and systemic processes and signalling networks govern the

responses in muscle and non-muscle cells to muscle atrophy.

2.3: Ubiquitin-proteasome system

The ubiquitin-proteasome system is a well-established, multi-step process that
regulates protein breakdown. The polyubiquitination of a target protein allows it to be
recognized by the 26S proteasome and subsequently degraded (Dantuma & Bott, 2014). It
was established that activation of the ubiquitin-proteasome system results in the
degradation of proteins in denervated muscle (Medina et al., 1995; Wing et al., 1995). In
the following years, two ubiquitin ligases were identified that regulate muscle atrophy,
muscle atrophy F-box (MAFbx) and muscle RING finger 1 (MuRF1) (Bodine et al., 2001).
MuRF1 and MAFbx are elevated in skeletal muscle during various catabolic conditions
and have been extensively studied since their discovery (Bodine & Baehr, 2014). MuRF1
ubiquitinates several contractile proteins including myosin heavy chains and troponin,
whereas MAFbx catalyzes the degradation of proteins involved in protein synthesis (Cohen
et al., 2014). The genetic knockout of each of these ligases partially attenuates the loss of
skeletal muscle mass 14 days following denervation in mice (Bodine et al., 2001).
Transcription factors, FOXO1 and FOXO3 regulate the expression of various atrogenes,
including MuRF1 and MAFbx. Muscle-specific knockout of FOXOs prevents the
denervation-induced increase in MuRF1 and MAFbx and mitigates skeletal muscle atrophy

(Milan et al., 2015). Additionally, in muscle biopsies from patients with ALS, MAFbx

10



M.Sc. Thesis — Erin K. Webb; McMaster University — Kinesiology

protein and mRNA content are significantly increased, however, MuRF1 expression was
unchanged (Léger et al., 2006). The importance of the ubiquitin-proteasome system in
neurogenic atrophy is evident, however, additional cellular mechanisms function

synergistically to contribute to skeletal muscle atrophy.

2.4: Autophagy-lysosome system

Autophagy is the other major proteolytic system that is activated during skeletal
muscle atrophy (Sandri, 2013). During the process of autophagy, proteins, organelles
and/or other macromolecules, are engulfed into the autophagosome and delivered to the
lysosome where they are degraded (Klionsky et al., 2021). Briefly, unc-51-like kinase
(ULK) is activated by the suppression of mMTORC1 or by the activation of AMPK to initiate
autophagosome formation (J. Kim et al., 2011). The maturation of the autophagosome
involves the conversion of microtubule-associated protein 1A/1B-light chain 3 (LC3-I) into
LC3-II. Proteins such as sequestosome 1 (p62), flag structures that need to be degraded and
the mature autophagosome carries that cellular cargo to the lysosome where it fuses and
degrades the intravesicular contents (Mulcahy Levy & Thorburn, 2020). Autophagy is
required for the healthy functioning of the cell as it removes damaged or dysfunctional
cellular components. In fact, it is a necessary process for the preservation of skeletal muscle
mass and quality (Masiero et al., 2009). Although in catabolic conditions, the autophagy-
lysosome system is hyperactivated (Deval et al., 2001; Tassa et al., 2003). A seminal study
by Zhao et al. demonstrated that FOXO3 initiates protein degradation through the ubiquitin-
proteasome, as well as, autophagy-lysosome systems (Zhao et al., 2007). The autophagy-

lysosomal system is thought to be primarily responsible for the degradation of organelles

11
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and sarcoplasmic proteins, whereas the ubiquitin-proteolysis targets contractile proteins
(Cohen et al., 2014; Ehmsen & Hoke, 2020). Denervation-induced turnover of
mitochondria is attributed to enhanced degradation of the mitochondria via autophagy (i.e.,
mitophagy) and blunted organelle biogenesis (O’Leary et al., 2012; Triolo et al., 2022).
The hyperactivation of autophagy during neurogenic atrophy may be important for the
maintenance of skeletal muscle health during catabolic conditions, but additional research

1s needed to further elucidate its role.

3. CARM1I in skeletal muscle
3.1: Protein arginine methyltransferases

Protein arginine methyltransferases (PRMTs), are a family of enzymes that catalyze
the methylation of target proteins (Bedford & Clarke, 2009; Guccione & Richard, 2019;
Yang & Bedford, 2013). Specifically, PRMTs employ S-adenosylmethionine (SAM) as a
methyl donor and initiate the transfer of methyl groups onto guanidine nitrogen atoms of
arginine residues of proteins to produce monomethylarginine (MMA) marks. The
subsequent generation of asymmetric dimethylarginine (ADMA) and symmetric
dimethylarginine (SDMA) is catalyzed by type I and type II PRMTs respectively (Bedford
& Clarke, 2009). PRMT1 — 4, PRMT6, and PRMTS are type I PRMTs, whereas PRMTS
and 9 are classified as type II PRMTs. The methylation of target proteins affects their
activity, localization, and/or stability and ultimately regulates cellular processes such as
gene expression, mRNA splicing, and cell cycle progression (Guccione & Richard, 2019).

Notably, although there is 20-50% structural homology in the amino acid sequence of the

12
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PRMT family (Frankel et al., 2002), each enzyme has unique characteristics and
localization that influence its methylation activity. For instance, PRMT3 is located
exclusively in the cytosol and has a small number of targets (Frankel & Clarke, 2000),
whereas PRMT1 has a wider range of substrate specificity and is responsible for
approximately 85% of protein arginine methylation activity in mammalian cells (Tang et
al., 2000). However, there is some redundancy between the methyltransferase function of
these enzymes. When PRMTT is genetically knocked out of cells, there is a compensatory
increase in MMA marks, highlighting the substrate scavenging capacity amongst the
PRMT family (Dhar et al., 2013). These enzymes are critical to cell biology, thus further

research exploring their function is warranted.

3.2: The importance of CARM1

CARMI, also known as PRMT4, belongs to the PRMT family of enzymes. As its
name suggests, CARM1 was first identified as a transcriptional co-activator in a genetic
screening of a mouse embryo, where it was noted to have homology with a previously
discovered family of enzymes, PRMTs (D. Chen et al.,, 1999). CARMI regulates
transcription activation by methylating histone proteins, H3R17, H3R26, and H3R42, and
non-histone proteins such as transcription factors and other co-activators (Guccione &
Richard, 2019; Stallcup et al., 2003; Yang & Bedford, 2013). CARMI is expressed
ubiquitously throughout the body and is indispensable to cell development (Suresh et al.,
2021). In fact, the whole-body genetic knockout (KO) of CARMI in mice results in
perinatal lethality due to breathing failure (Yadav et al., 2003). These CARM1 KO mice

are smaller than their wildtype littermates and display phenotypes that indicate impaired
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development including decreased chondrocyte proliferation and reduced adipocyte
differentiation (Ito et al., 2009; Yadav et al., 2003, 2008). Importantly, CARM1 enzyme-
dead knock-in mutant mice display the same phenotype, indicating that the
methyltransferase function of CARMI is essential to its role in embryonic development (D.
Kim et al., 2010). Moreover, CARM1 has unique substrate specificity from other PRMTs
as it prefers methylating within proline-glycine-methionine and proline-rich motifs (Cheng
et al., 2007; Shishkova et al., 2017). There are currently 26 known and validated CARM1
substrates that regulate various cellular processes, including SWI/SNF chromatin
remodeling complex BAF155 (BAF155) and poly(A)-binding protein 1 (PABP1) (Suresh
et al., 2021). Recently, several studies have highlighted new roles of CARMI1 in cellular
biology such as mediating autophagy (Suresh et al., 2021). Given that autophagy is a critical
mechanism involved in skeletal muscle atrophy, investigations into the role of CARMI in

skeletal muscle are needed.

3.3: CARM1 in skeletal muscle biology

CARMI is emerging as a regulator of skeletal muscle biology. The first study to
investigate CARM1 biology in muscle demonstrated that CARMI1 is necessary for
differentiation as a transcriptional co-activator for myocyte enhancer factor-2C (MEF-2C)
in C2C12 cells (S. L. Chen et al., 2002). Subsequent cell culture experiments demonstrated
that CARM1 is also important for later stages of myogenesis through its role in mediating
the transcription of myogenin (Dacwag et al., 2009). Since then, in vivo studies have also
shown the importance of CARMI in regeneration (Blanc & Richard, 2017; Kawabe et al.,

2012). Around the same time, Ljubicic et al. found that CARM1 is elevated in dystrophic
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Figure 1: CARMI1 biology in skeletal muscle. 1. CARMI1 is present in both murine and human
skeletal muscles. CARMI interacts with important regulators of skeletal muscle biology, AMP-
activated protein kinase (AMPK) and peroxisome proliferator-activated receptor-g coactivator-1a
(PGC-1a). 2. CARMI is located primarily in the cytosol but is also found at the sarcolemma and
has the lowest relative subcellular expression in myonuclei. 3. CARMI influences satellite cell
activation through regulation of Myf5 via Pax7. 4. Skeletal muscle CARMI1 activity increases
following acute exercise in mice, and its protein content is elevated after acute and chronic exercise
in humans. 5. Denervation-induced atrophy increases CARMI1 enzymatic activity, mRNA levels
and protein content in muscle. 6. CARMI protein content is elevated in the skeletal muscle of
dystrophic mice and exercise increases CARMI1 mRNA expression. 7. Mice with a skeletal
muscle-specific CARM1 knockout (CARM1 mKO) have lower muscle mass and function,
however following denervation, muscle mass loss is attenuated. Adapted from vanLieshout and
Ljubicic, 2019.

tissue, a catabolic condition of heightened remodeling (Ljubicic et al., 2012). Notably,
CARMI is the most abundant PRMT expressed in the skeletal muscle of humans
(vanLieshout et al., 2019) and rodents (Wang et al., 2012). Recent work provides additional
insight into the role of CARMI in mediating skeletal muscle plasticity. vanLieshout et al.
demonstrated that CARMI1 protein content and methyltransferase activity increase

following acute exercise in both human and rodent skeletal muscle (vanLieshout et al.,

15



M.Sc. Thesis — Erin K. Webb; McMaster University — Kinesiology

2018, 2019). Furthermore, CARMI1 interacts with master regulators of skeletal muscle
phenotype, AMPK and peroxisome proliferator-activated receptor-y coactivator-la (PGC-
la) and alters AMPK-PGC-1a signal transduction (Stouth et al., 2020; vanLieshout et al.,
2018). The development of skeletal muscle specific CARM1 knockout (CARM1 mKO)
mice has provided additional insight into the role of CARMI1 in skeletal muscle biology.
CARMI mKO mice have reduced skeletal muscle mass, CSA, and impaired grip strength
compared to wildtype littermates (Stouth et al., 2020; vanLieshout et al., 2022). We
recently demonstrated that in skeletal muscle protein arginine methylation occurs at the
same frequency as serine and threonine phosphorylation, and lysine ubiquitination
(vanLieshout et al., 2022), post-translational modifications that are well characterized in
skeletal muscle phenotype plasticity (Egan & Zierath, 2013; Furrer & Handschin, 2019;
Sartori et al., 2021). Additionally, CARM1 mKO mice exhibited altered transcriptomic and
arginine methylproteomic signatures that characterize remodeled skeletal muscle
phenotype (vanLieshout et al., 2022). Altogether, these studies highlight the importance of
CARMI in the maintenance and remodeling of skeletal muscle.

Understanding CARM1 expression and function is also of interest in the context of
skeletal muscle wasting and weakness. Previous work in non-muscle cells demonstrated
that CARM1 mediated the transcription and activation of autophagy-related genes (Shin et
al., 2016; Yu et al., 2020). We (Stouth et al., 2018, 2020) and others (Y. Liu et al., 2019)
recently found that denervation augments skeletal muscle CARMI expression and
methyltransferase activity. Interestingly, when Liu and colleagues knocked down skeletal

muscle CARMI content by ~50%, there was a preservation of muscle mass 4-weeks post-
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denervation and mitigation of the molecular atrophy program (Y. Liu et al., 2019). CARM1
mKO mice also demonstrate a blunting of muscle mass and CSA loss during neurogenic
disuse atrophy (Stouth et al., 2020). In both studies, the reduction or complete absence of
CARMI1 mitigates the activation of the ubiquitin-proteasome and autophagy-lysosome
systems (Y. Liu et al., 2019; Stouth et al., 2020). These findings illustrate a potential role
of CARMI in neurogenic skeletal muscle atrophy in mice. However, the translation of these
recent results to the human condition is challenging. The investigations were nonetheless
timely as several small molecule PRMT inhibitor compounds are currently undergoing pre-
clinical and clinical trials for various types of cancers and blood disorders (Hwang et al.,
2021; Wu et al., 2021). We aim to capitalize on the recent synthesis of a robust, specific,
and orally bioavailable small molecule CARMI1 inhibitor compound, EZM2302 (EZM;
Epizyme Inc. (Drew et al., 2017; Greenblatt et al., 2018; Mookhtiar et al., 2018)), as an

additional, clinically relevant tool to explore CARM1 biology in skeletal muscle atrophy.
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4. Study Objectives

The overarching purpose of this study was to characterize the effects of
pharmacological CARMI1 inhibition on skeletal muscle mass, function, and atrophy. The
specific objectives of this thesis were to 1) determine the effectiveness of orally bio-
available CARM1 inhibiting compound, EZM?2302, at reducing CARM1 methyltransferase
activity in skeletal muscle, 2) assess how short-term, pharmacological CARM1 inhibition
affects skeletal muscle function and exercise capacity, and 3) investigate the impact of
reducing CARMI1 methyltransferase activity on skeletal muscle mass, CSA, and the
activation of the molecular atrophy-autophagy program during neurogenic skeletal muscle
atrophy. We hypothesized that the inhibition of CARM1 would modestly impair skeletal
muscle function, as well as attenuate the loss of skeletal muscle mass and blunt the

activation of atrophy signalling during neurogenic skeletal muscle disuse atrophy.
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Abstract

Coactivator-associated arginine methyltransferase 1 (CARMI) catalyzes the
methylation of arginine residues on target proteins critical for health and disease. The
purpose of this study was to characterize the effects of short-term, pharmacological
CARMI inhibition on skeletal muscle size, function, and atrophy. Adult mice (n = 10-
11/sex) were treated with either a CARMI1 inhibitor (150 mg/kg EZM2302; EZM) or
vehicle (Veh) via oral gavage for 11-13 days and muscle mass, function, and exercise
capacity were assessed. Additionally, we investigated the effect of CARMI1 suppression on
unilateral hindlimb denervation (DEN)-induced muscle atrophy (n = 8/sex). We report that
CARMI inhibition caused significant reductions in the asymmetric dimethylation of known
CARMI substrates but no change in CARM1 protein or mRNA content in skeletal muscle.
Reduced CARMI1 activity did not affect body or muscle mass, however, we observed a
decrease in exercise capacity and muscular endurance in male mice. CARMI
methyltransferase activity increased in the muscle of Veh-treated mice following 7 days of
DEN and this response was blunted in EZM-dosed mice. Skeletal muscle mass and
myofiber cross-sectional area were significantly reduced in DEN compared to contralateral,
non-DEN limbs to a similar degree in both treatment groups. Furthermore, skeletal muscle
atrophy and autophagy gene expression programs were elevated in response to DEN
independent of CARMI1 suppression. Collectively, these results suggest that short-term,
pharmacological CARMI1 inhibition in adult animals affects muscle performance in a sex-
specific manner but does not impact the maintenance and remodeling of skeletal muscle

mass during conditions of neurogenic muscle atrophy.
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Introduction

Coactivator-associated arginine methyltransferase 1 (CARM]1) belongs to a family
of enzymes known as protein arginine methyltransferases (PRMTs) that catalyze the
transfer of methyl groups onto arginine residues of target proteins. Specifically, CARM1
(also known as PRMT4) catalyses the addition of a single methyl group onto a terminal
nitrogen atom of an arginine to synthesize a monomethylarginine (MMA) modification
and/or a second methyl group to create an asymmetric dimethylarginine (ADMA) mark.
The addition of methyl groups to arginine residues on histone and non-histone proteins may
modify their physical and chemical properties to ultimately alter their activity and/or
subcellular localization (Bedford & Clarke, 2009; Guccione & Richard, 2019). Arginine
methylation occurs in human cells at the same frequency as other better understood, post-
translational modifications such as phosphorylation and ubiquitination (Larsen et al., 2016)
and is required for several cellular processes (Bedford & Clarke, 2009; Guccione &
Richard, 2019). In fact, the whole-body genetic deletion of CARMI1 results in perinatal
lethality in mice (Kim et al., 2010; Yadav et al., 2003). Moreover, in a cohort of over
141,000 participants, zero loss-of-function mutations in CARM1 were identified, which
suggests that CARMI1 is required for survival in humans as well (Jamet et al., 2022;
Karczewski et al., 2020). Collectively, these data demonstrate that CARMI1 plays critical
roles in cell biology.

We recently demonstrated that in skeletal muscle, the prevalence of protein arginine
methylation occurs on par with the extent of serine and threonine phosphorylation, and

lysine ubiquitination (vanLieshout et al., 2022), post-translational modifications that are
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much more studied and better understood to affect muscle phenotype maintenance and
plasticity (Egan & Zierath, 2013; Furrer & Handschin, 2019; Sartori et al., 2021).
Furthermore, we observed that CARMI1 skeletal muscle-specific knockout (mKO) mice
exhibited altered transcriptomic and arginine methylproteomic signatures with molecular
and functional outcomes confirming remodeled skeletal muscle contractile and
neuromuscular junction characteristics, which presaged decreased exercise tolerance
(vanLieshout et al., 2022). Thus, CARM1 has emerged as an important regulator of skeletal
muscle plasticity (vanLieshout & Ljubicic, 2019). This is not surprising since: 1) CARM1
is the most highly expressed PRMT transcript in rodent (Wang et al., 2012) and human
(vanLieshout et al., 2019) skeletal muscle, and 2) CARMI1 interacts with master regulators
of skeletal muscle phenotype AMP-activated protein kinase (AMPK) and peroxisome
proliferator-activated receptor-y coactivator-1a (PGC-1a) (Stouth et al., 2020; vanLieshout
etal., 2018) and alters the activity of the AMPK-PGC-1a signaling axis (Stouth et al., 2020;
vanLieshout et al., 2022).

Given its role in skeletal muscle remodeling, regeneration, and repair (vanLieshout
& Ljubicic, 2019), understanding CARM1 expression and function are of interest in the
context of skeletal muscle wasting and weakness. We (Stouth et al., 2018, 2020) and others
(Liu et al., 2019) have previously found that denervation (DEN) augments muscle CARM1
expression and methyltransferase activity concomitant with expected neurogenic disuse-
induced muscle loss. Interestingly, in adult mice where skeletal muscle CARM1 content is
transiently knocked down, as well as in CARM1 mKO animals, there is a preservation of

muscle mass post-DEN and mitigation of the molecular atrophy program (Liu et al., 2019;
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Stouth et al., 2020). These findings were timely, as several small molecule PRMT inhibitor
compounds are currently undergoing pre-clinical and clinical trials for various types of
cancers (Hwang et al., 2021; Q. Wu et al., 2021). However, the impact of pharmacological
CARMI inhibition on skeletal muscle biology is unknown. Thus, the purpose of the present
study was to characterize the effects of CARM1 methyltransferase inhibition in adult mice
(Drew et al., 2017; Greenblatt et al., 2018; Hwang et al., 2021; Mookhtiar et al., 2018) on
skeletal muscle mass, function, and atrophy. We hypothesized that global, pharmacological
CARMI inhibition would modestly impair skeletal muscle function, as well as attenuate
the loss of mass and activation of atrophic signaling during neurogenic-disuse skeletal

muscle atrophy.

Methods

Animals. Young, (12-16-week-old) healthy female and male mice of C57BL6J/129
background were housed in an environmentally controlled room and provided food and
water ad libitum. Following experiments, mice were euthanized via cervical dislocation
and the gastrocnemius (GAST), soleus (SOL), quadriceps (QUAD), tibialis anterior (TA),
triceps (TRI), and extensor digitorum longus (EDL) muscles, as well as liver, were
harvested. GAST, QUAD, TA, and TRI muscles were weighed and immediately flash
frozen in liquid nitrogen, while SOL and EDL muscles were weighed and mounted in
optimum cutting temperature compound (OCT; Fisher Scientific; Hampton, NH, USA) and

frozen in isopentane cooled in liquid nitrogen. All tissues were stored at -80 °C until
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analysis. All mice were housed and cared for according to the Canadian Council on Animal
Care guidelines in the McMaster Central Animal Facility.

Pharmacological inhibition of CARMI. Male and female mice were randomized
into either vehicle (Veh) or EZM2302 (EZM; Epizyme, Cambridge, MA, USA) treatment
groups. The Veh [0.5% sodium carboxymethyl cellulose (Sigma Aldrich; St. Louis, MO,
USA) in ddH>O] and EZM (150 mg/kg) solutions were prepared weekly and stored
according to the manufacturer’s suggestions (Drew et al., 2017). Mice were treated BID at
12-hour intervals via oral gavage for the duration of each study.

Evaluation of skeletal muscle function, exercise capacity, and locomotor
behaviours. Male and female mice received either Veh or EZM for 11 days (n =4-5 animals
of each sex per group) or 13 days (n = 5-6 mice of each sex per group). On the 8" and 9t
days of treatment, mice underwent a brief familiarization for each in vivo functional test
(detailed below). On the 10" day of treatment, functional assessments were completed on
all mice. The animals treated for 11 days were euthanized on the 11" day approximately
24 hours after the cessation of the final test, while the cohort of remaining mice performed
a single bout of treadmill running on the 11" day to assess exercise capacity and their
tissues were collected on the 13™ day, approximately 48 hours after the treadmill run.

Mice underwent forelimb and all limb grip strength measurements (Aartsma-Rus &
van Putten, 2014) by pulling on a grid-grip dynamometer (Columbus Instruments;
Columbus, OH, USA). On the testing day, each mouse performed 3 successive pull
attempts and was then returned to their cage for a rest period of 1 minute. This was repeated

5 times, for a total of 15 attempts. Maximum grip strength was determined by taking the
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average of the 3 highest successive values out of the 15 pulls recorded and normalizing to
body weight in grams. Fatigue was determined by calculating the decrement between the
average of the first 2 series of attempts (1 +2 +3 =A,4 + 5+ 6 = B) and the last 2 series
of pulls (10 + 11 +12=C, 13 + 14 + 15 = D) using formula (C + D)/(A + B).

Rotarod testing was performed to evaluate motor coordination (Aartsma-Rus & van
Putten, 2014). During data collection the mouse was placed on the rotarod, which
accelerated from 5 to 45 rpm over 300 seconds, followed by an additional 300 seconds at
45 rpm. The time and speed at failure were recorded. The test was performed 3 times for
each animal and the best of these trials was used for statistical analysis.

The hang test examined mice for balance and muscular endurance (Aartsma-Rus &
van Putten, 2014). For this test, mice were placed on a metal cage lid and once the mouse
grasped the lid, it was inverted and held in the same position for the duration of the test.
The time at failure was recorded. The mice performed 3 trials and the best time (i.e., longest
duration before falling) of these 3 trials was used for statistical analysis. If a mouse fell off
within 3 seconds of hanging from the cage, the test was restarted, and that trial was not
counted.

Movement behaviour was measured using an open-field Opto-Varimex-5 Auto-
Track (Columbus Instruments; Columbus, OH, USA) (Tatem et al., 2014). Mice were
placed into the centre of the open-field and underwent a 1-hour data collection session in a
quiet environment without disruption. A variety of activity measures were recorded,

including distance travelled, average speed and resting time.
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For the assessment of exercise capacity, mice were challenged with a single bout of
exhaustive exercise on a motor-driven rodent treadmill (Columbus Instruments; Columbus,
OH, USA). The exercise protocol began at 15 metres/minute and increased by 5
metres/minute at the 10- and 20-minute marks. The incline began at 5° and increased by
5° at the 30-, 40- and 70-minute marks. If mice could continue running beyond 90 minutes,
the speed was increased by 5 metres/minute every 5 minutes until exhaustion, which was
determined by the cessation of exercise despite probing with a soft bristle brush for 5
seconds (Saleem et al., 2014).

Denervation (DEN) experiments. Male and female mice received either Veh or
EZM for 11 days (n = 8 animals of each sex per group). On the 5" day of treatment,
unilateral sectioning of the sciatic nerve was performed. This model of neurogenic muscle
atrophy evokes a rapid and robust remodelling of skeletal muscle in the DEN limb, while
also allowing for use of the contralateral, innervated limb to serve as an intra-animal control
(CON). Mice were subjected to 7 days of DEN, and on the 11" day, animals were
euthanatized, and tissues were weighed and collected.

Surgery was performed as previously described (Stouth et al., 2018, 2020). Briefly,
mice were anesthetized by isoflurane inhalation (Fresenius Kabi; Bad Homburg, HE,
Germany) before surgery and continued to receive isoflurane via nose cone for the duration
of the surgery. Prior to the operation, a 5 mg/kg subcutaneous injection of carprofen
(Zoetis; Lincoln, NE, USA) was given subcutaneously for post-operative analgesia. A 1-2
cm skin incision was made in the posterior thigh musculature and blunt dissection was

employed to expose the sciatic nerve. Unilateral DEN of the lower limb was induced by
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excising a ~ 0.5 cm section of the sciatic nerve in the right hind limb. The overlying
musculature was sutured with silk (Ethicon Inc.; Somerville, NJ, USA), and the skin was
secured using veterinary staples (Mikron Precision Inc.; Gardena, CA, USA). The mice
recovered in their cage on a heating pad and were weighed and monitored daily.

Protein extraction and quantification. A portion of frozen GAST muscle (~30 mg)
was mechanically crushed with a tissue pulverizer (Cellcrusher; Cork, Ireland) in a liquid
nitrogen bath and placed in RIPA buffer (Sigma Aldrich; 20 mL of RIPA per 1 mg muscle
weight) supplemented with a protease and phosphatase inhibitor cocktail (Roche; Laval,
QC, Canada). 1 stainless steel ball was added into each sample tube and then loaded into a
pre-cooled Tissue Lyser (Qiagen; Toronto, ON, Canada) and run for 5 bouts of 30 seconds
at a frequency of 20.0 1/second. The ball was then removed using clean tweezers and
samples were sonicated for 5 x 5 seconds at maximum power. Following this, samples were
spun in a centrifuge at 14,000 g for 10 minutes at 4 °C. The resulting supernates were then
collected and a bicinchoninic assay (BCA; Thermofisher Scientific, Toronto, ON, Canada)
was performed to determine protein concentration. All samples were diluted with 4X
loading buffer and ultra-pure water to a final concentration of 2 pug/uL.

Western blotting. Samples (20 pg) were separated on a 4-20% Criterion TGX
precast protein gel (Bio-Rad Laboratories; Mississauga, ON, Canada) for 55 minutes at 200
V. Afterwards, proteins were transferred onto nitrocellulose membranes using a Trans-Blot
Turbo transfer system (Bio-Rad Laboratories). Subsequently, a Stain-Free image of the
membrane was obtained using ChemiDoc MP Imaging System (Bio-Rad Laboratories) to

verify equal sample loading. Membranes were placed in blocking solution [5% BSA in 1X
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Tris-buffered saline with 1% Tween-20 (TBST)] for 1 hour at room temperature, then
incubated overnight at 4 °C with primary antibodies. Blots were then washed in 1X TBST
for 3 x 5 minutes and incubated in the appropriate secondary antibody for 75 minutes at
room temperature. Next, membranes were washed in 1X TBST buffer for 3 x 5 minutes
again prior to applying luminol-based enhanced chemiluminescence reagent (Bio-Rad
Laboratories) for visualization. Finally, membranes were imaged using ChemiDoc MP
Imaging System and densitometry was performed on Image Lab software (Bio-Rad
Laboratories).

The following primary antibodies were used: CARM1 (1:5,000; A300-421A;
Bethyl Laboratories; Montgomery, TX, USA), ADMA)-marked CARMI substrates
[CARMI substrates; 1:1,000; a kind gift from Dr. Mark Bedford, MD Anderson Cancer
Center, University of Texas (D. Cheng et al., 2018)], ADMA-marked SWI/SNF complex
subunit (m-BAF155; 1:1,000; 94962; Cell Signaling, Danvers, MA, USA), AMDA-marked
polyadenylate-binding protein 1 (m-PABPI; 1:1,000; 3505S; Cell Signaling), PABP1
(1:1,000; 4992S; Cell Signaling), peroxisome proliferator-activated receptor gamma
coactivator-la (PGC-1a; 1:1,000; AB3242; EMD Millipore, Darmstadt, HE, Germany),
complexes [-V of mitochondrial oxidative phosphorylation (OXPHOS; 1:1,000; ab110413;
Abcam, Cambridge, UK), muscle RING-finger protein-1 (MuRF1; 1:200; AF5366; 140
R&D Systems, Minneapolis, MN, USA), muscle atrophy F-box (MAFbx; 1:1,000;
AP2041; ECM Biosciences, Versailles, KY, USA), ubiquitin-binding protein 62 (p62;
1:1,000; PO067; Sigma Aldrich), BCL2 interacting protein 3 (Bnip3; 1:1,000; 3769S; Cell

Signaling), microtubule-associated protein 1A/1B-light chain 3 (LC3;1:1,000; 4108S; Cell
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Signaling), phosphorylated 4E-binding protein-1 (p-4EBP1Th37/46: 1:1000; 2855S; Cell
Signaling), 4EBP1 (1:1,000; 9452S; Cell Signalling), p- ribosomal protein s6 (565233236
1:1,000; 22118; Cell Signaling), and s6 (1:1,000; 22178S; Cell Signaling).

RNA isolation and real-time polymerase chain reaction (RT-qPCR). RNA was
isolated from frozen, powdered GAST muscle. All samples were homogenized in 1 mL of
Trizol reagent (Invitrogen; Carlsbad, CA, USA) using stainless steel lysing beads and
placed in the Tissue Lyser (Qiagen) to run for 5 bouts of 30 seconds at a frequency of 20.0
1/second. Homogenized samples were then mixed with 200 mL of chloroform (Thermo
Fisher Scientific; Waltham, MA, USA), agitated vigorously for 15 seconds and centrifuged
at 12,000 g for 10 minutes. The upper aqueous (RNA) phase was purified using the E.Z.N.A
Total RNA kit (VWR International; Radnor, PA, USA) as per the instructions provided by
the manufacturer. RNA concentration and purity were determined using the NanoDrop
1000 Spectrophotometer (Thermo Fisher Scientific). RNA samples were then reverse
transcribed into cDNA using a high-capacity cDNA reverse transcription kit (Thermo
Fisher Scientific) according to the manufacturer instructions. All individual RT-qPCRs
were run in triplicate 6 mL reactions containing GoTaq qPCR Master Mix (Promega;
Madison, WI, USA). Data were analyzed using the comparative CT method (Schmittgen
& Livak, 2008). TBP and GAPDH were used as control housekeeping genes for all
experiments, as the average of their CT values did not change between experimental
conditions (data not shown). The following primers (Sigma Aldrich) were used in this

study: CARMI1 F-CAACAGCGTCCTCATCCAGT, R-
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GTCCGCTCACTGAACACAGA, fibroblast growth factor-binding protein (FGFBP1) F-
ACACTCACAGAAAGGTGTCCA, R-CTGAGAACGCCTGAGTAGCC.

Immunofluorescence microscopy. SOL muscles stored in OCT were sectioned into
10 mm slices on a cryostat (Thermo Fisher Scientific) at -20 °C. Prior to staining, samples
were air dried for ~30 minutes and subsequently incubated in 10% goat serum in PBS to
prevent non-specific binding. Staining of myosin heavy chain isoforms (MHC) was
performed as previously described (Bloemberg & Quadrilatero, 2012) using primary
antibodies against MHC 1 (BA-F8), MHC Ila (SC-71), and MHC IIb (BF-F3)
(Developmental Studies Hybridoma Bank, Iowa City, IA, USA), followed by isotype-
specific fluorescent secondary antibodies (Invitrogen, Carlsbad, CA, USA). This allowed
for the identification of type I, type Ila, type IIb, type IIx and hybrid muscle fibres. All
slides were viewed with the Nikon Eclipse Ti Microscope (Nikon Instruments,
Mississauga, ON, Canada), equipped with a high resolution Photometrics CoolSNAP HQ2
fluorescent camera. Images were captured and analyzed using the Nikon NIS Elements AR
3.2 software. All images were obtained with the 20x objective. For each sample, all fibres
of every type were counted to obtain fibre type percentage. The fibres within a pre-
determined region of interest (which excluded exterior and elongated fibres) were manually
circled to determine fibre-type specific cross-sectional area (CSA). Investigators
performing counting and circling were blinded to the experimental conditions.

Statistical Analyses. All statistical analyses were completed on Prism. A two-way
analysis of variance (ANOV A) was performed to examine main effects of treatment (EZM

vs. Veh) and sex (male vs. female), as well as any interactions between variables, for
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protein content, muscle mass, and functional measures in Figures 1 and 2. In Figures 3, 7,
and 8, when there was no difference in percentage change in protein or mRNA content
between male and female mice in response to DEN, male and female data were pooled to
increase our statistical power to detect true effects of experimental conditions.
Subsequently, a two-way ANOVA was completed to investigate the main effects of
treatment and DEN, and interactions between variables. A three-way ANOVA was
performed to examine the main effects of treatment, sex, and DEN (CON vs. DEN) and
interactions between variables, for body and muscle mass in Figure 4. In Figures 5 and 6,
a two-way ANOVA was completed separately in male and female mice to assess main
effects of DEN and treatment, as well as interactions between variables. Sidak multiple
comparisons tests were performed when main effects and/or interactions were identified.
Statistical differences were considered significant if p < 0.05. Data are presented as mean

+/- SEM.

Results

Pharmacological CARMI1 inhibition reduces CARMI1 methyltransferase activity in
skeletal muscle. To examine the effects of global, pharmacological CARMI1 inhibition on
skeletal muscle biology, adult male and female mice (n = 10-11/sex) were treated with
either EZM (150 mg/kg) or Veh compound for 11-13 days (Figure 1A). On the 10% day of
treatment, a variety of functional tests were completed on all mice. The animals treated for
11 days were euthanized on day 11, while the cohort of remaining mice performed a single

bout of treadmill running on day 11 to assess exercise capacity and their tissues were
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Figure 1: EZM inhibits CARMI1 in skeletal muscle. (A) Experimental design for the first arm of
this study. (B) Typical Western blots of CARM1, CARMI1 substrates, m-BAF155, m-PABP1, and t-
PABP1 protein in GAST muscles of male and female mice after 11-13 days of daily Veh or EZM (150
mg/kg) treatment. A stain free image of the membrane is shown to demonstrate equal sample loading.
Approximate molecular weights (kDa) are displayed at right of blots. Graphical summaries of (C)
CARM1 protein, (D) CARM1 substrates, (E) m-BAF155, (F) m-PABP1, (G) t-PABP1, and (H)
PABP1 methylation status (i.e., the methylated form of the protein relative to its total amount),
expressed relative to the male Veh-treated group. Bar graphs are expressed as mean +/- SEM. Two-

wav ANOVA: * p <0.05 versus Veh: t. main effect of sex. n=10-11.
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collected on day 13. Our pilot experiments demonstrated that 4 days of EZM administration
was effective at significantly decreasing asymmetric dimethylation of arginine residues on
CARM1 substrates by 85% in liver and 70% in skeletal muscle (data not shown). We sought
to investigate CARMI biology in muscle following a longer duration of EZM exposure.
We performed immunoblot analyses of CARM1, and its known targets, including PABPI,
BAF155, and CARMI1 substrates in the GAST muscles of Veh- and EZM-treated male and
female animals. We observed a main effect of sex, where skeletal muscle CARMI1 content
was 25% lower in female versus male mice (Figure 1B, C). CARM1 content was unaffected
by EZM administration. ADMA-marked CARMI substrates and methylated BAF155
levels were decreased (p < 0.05) by 65-80% in EZM-treated male and female mice
compared to Veh-treated animals (Figure 1B, D, E). EZM significantly reduced
asymmetrically dimethylated PABP1 content and PABP1 methylation status (i.e., the
methylated form of the protein expressed relative to the total protein content) by 50-75%
in both sexes versus Veh-dosed mice (Figure 1B, F-H).

Pharmacological inhibition of CARMI1 does not affect body or skeletal muscle mass
but impairs muscle function in a sex-specific manner. Next, we analyzed body mass in
response to EZM administration and found that it was unchanged after 11 days of treatment
(Figure 2A). EZM-treated male mice had significantly reduced GAST muscle mass, as
compared to Veh-treated males, whereas female mice treated with EZM demonstrated a
greater (p < 0.05) GAST mass versus their sex-matched Veh counterparts (Figure 2B).
However, the mass of several other lower limb muscles was not affected by EZM. Grip

strength and grip fatigue were similar between EZM- and Veh-treated mice (Figure 2C-E).
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Figure 2: Daily CARMI1 inhibition impacts skeletal muscle function, exercise capacity, and
movement behaviours. (A) Body mass of male and female mice at zero and eleven days of treatment
with EZM or Veh compound. (B) Mass of gastrocnemius (GAST), tibialis anterior (TA), soleus (SOL),
and extensor digitorum longus (EDL) muscles expressed relative to body mass (mg/g) of male and
female EZM and Veh-treated mice. Maximum (C) all limb and (D) forelimb grip strength expressed
relative to body weight (mN/mg). (E) All-limb grip fatigue (A mN/mg). (F) Maximum run time (s)
during rotarod test. (G) Time to failure (seconds; s) during hang test. (H) Maximum distance travelled
(metres; m) during treadmill exercise. (I-K) Distance travelled (inches; in), average speed
(inches/second; in/s), and resting time (s) in the four experimental groups during a 60-minute open field
tracking period. (L) Representative tracings of movement patterns during open field test. Bars are mean
+/- SEM. Boxes represent 25" and 75" percentiles, line is mean, and bars represent maximum and
minimum. T, main effect of sex; f, sex and treatment interaction #, main effect of treatment; p-values
displayed for Veh vs. EZM. N = 10-11 in panels A-K. n = 5-6 in panel H.

Muscular endurance and coordination were assessed via the hang and rotarod tests
(Aartsma-Rus & van Putten, 2014; Manta et al., 2019). Rotarod performance was similar
across treatment groups and sex (Figure 2F). In contrast, we observed significant main
effects of treatment and sex in the time to failure during the hang test, where EZM-treated
female and male mice fatigued 40-55% earlier than Veh-treated animals (Figure 2G). Male
EZM-treated mice tended to run less (p = 0.08) than Veh-treated male mice during the
treadmill test, whereas exercise capacity was similar between female Veh and EZM groups
(Figure 2H). We next examined the effects of pharmacological CARMI1 inhibition on
locomotor and exploratory behaviours by monitoring the activity of mice during a one-hour
tracking period in an open-field chamber (Gould et al., 2009). EZM-dosed male mice
demonstrated significantly lower movement speed, less distance traveled, and more
sedentary time compared to their sex-matched Veh-treated littermates (Figure 2I-L). In
contrast, there was no difference in open-field parameters between treatment groups in
female mice.

Pharmacological ~ CARMI1  inhibition  attenuates  increased  CARMI

methyltransferase activity following denervation. We sought to explore the impact of

50



*F
* *
*_ *_ *_
I 1 1 1 I I I I I I I I I I I 1
0 o 0 ° W o 1w o | © 1’v o v 9 1 O

>
an
2
o
z
= I
_ (NOD UaA 0} aAeal) (NOD UaA 0} aAjeja.) (NOD UaA 0} aAjejal) (NOD Yo/ 0} aAneal)
s jusjuod uejoid LINYYO jusjuoo uejoid GG | 4vg-w ) Jusjuoo uisjoid Ldavdl  _ uoisseidxs ausb | 49494
= =
= _ —_—
i
z ©
=
)
5 2 A
b7 o
< ©
= 3 *
: g
Ne) o
% ® zZ I I I I 1 1 1 1 I 1 I I 1 1 1
= (e} (=) 0 (=) [t} o © © < N o < () N - o
= olalre © ST 2 (NOD U 0} enneel) (NOD YA 0} anjeel)
N SN , :MMWMM\WMH m>=m_w: Juejud uiajoId | dgvd-W snjejs uonelAulew | davd
=l e g J LINYY
° b o Py — —
m ° m mmv ._h/ [m] L e
K 2158
_ o m 4 o o N~ :0u wn n o N~
A 3l s a ST T TY 9 z >
7] > z Z
.m - = m I - @) m w _._D._
= o| & “18 ns ©a
> Jiuw cCc ==
0 Z I B O © NN
N o %} s|o i ~ > > uwu
s Gifeis Gl g B
(P8 @2 T8 NN
-~ - 0 n T (=)
oS ¢ O c S S2 waioa Fo
(Hgf @ g8 z zE ;39 a°F
S o088 Faao
—_ —_ 5 L E™
< ) © E

51



M.Sc. Thesis — Erin K. Webb; McMaster University — Kinesiology

Figure 3: Pharmacological CARMI1 inhibition attenuates increases in CARM1 methyltransferase
activity following 7 days of denervation-induced neurogenic disuse. (A) Experimental design for the
second arm of this study. (B) Representative Western blots of CARM1, CARMI1 substrates, m-BAF155,
m-PABP1, and t-PABP1 in GAST muscles of the non-denervated, control (CON) and contralateral
denervated (DEN) limbs of Veh- and EZM-treated mice. A stain-free image of the membrane is shown
to demonstrate consistent loading. Approximate molecular weights (kDa) are displayed at right of blots.
Graphical summaries of (C) CARMI, (D) CARMI1 substrates, (E) m-BAF155, (F) m-PABP1, (G) t-
PABPI1, and (H) PABP1 methylation status expressed relative to Veh CON. Graphical summaries of
mRNA expression in GAST muscles of (I) FGFBP1 shown relative to Veh CON. Male and female data
were pooled because there was no significant difference between sexes in the percentage change in these
outcome measures in response to DEN (data not shown). Bar graphs are expressed as mean +/- SEM.
Two-way ANOVA; *, p <0.05 between indicated groups. n = 15-16.

pharmacological CARMI1 inhibition on denervation-induced muscle atrophy. Female and
male mice were pre-treated for 4 days with either EZM or Veh compounds, and on day 5
of treatment, unilateral sectioning of the sciatic nerve was performed (Stouth et al., 2018,
2020) to rapidly evoke neurogenic muscle atrophy in one limb, while maintaining a
contralateral, innervated intra-animal control limb (Figure 3A). The Veh/EZM course
continued for another 7 days, and animals were euthanized on day 11. To investigate
whether CARMI inhibition was effective at mitigating elevations in CARMI
methyltransferase activity following DEN, we immunoblotted CARMI1 and its substrates
in control (CON) and denervated (DEN) GAST muscles of Veh- and EZM-treated male
and female mice. To increase our statistical power to detect effects of EZM treatment and
DEN, male and female data were pooled because there were no significant differences
between sexes in the percentage change of these outcome metrics in response to DEN (data
not shown). CARMI1 protein content was unaffected by DEN in either treatment group,
although it tended to be reduced (p = 0.07) in EZM-dosed mice (Figure 3B, C). ADMA-

marked CARMI1 substrates and BAF155 were significantly elevated 1.6- and 2-fold
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respectively in the DEN muscles of Veh-treated, but not in EZM-treated mice (Figure 3B,
D, E). Similarly, ADMA-marked PABP1 was increased (p < 0.05) 5-fold in DEN GAST
muscle compared to CON in Veh-dosed mice, however, this induction was significantly
attenuated in EZM-dosed mice (Figure 3B, F). Total PABPI levels were 1.6-2-fold greater
(p < 0.05) in DEN versus CON muscles of both groups, with no difference between Veh
and EZM administration (Figure 3B, G). EZM significantly blunted the elevation in PABP1
methylation status observed in DEN muscles of Veh-treated mice (Figure 3H). vanLieshout
and colleagues recently identified several genes that were differentially expressed in the
skeletal muscles of CARM1 mKO mice compared to their wildtype (WT) littermates,
indicating that these transcripts were regulated by CARM1 (vanLieshout et al., 2022).
Specifically, mnRNA levels of FGFBP1 were reduced by ~95% (p < 0.05) in CARM1 mKO
mice. Similarly, here we found that FGFBP1 mRNA expression was significantly 65%
lower in the CON muscle of EZM-treated mice compared to their Veh-treated counterparts
and was decreased (p < 0.05) following DEN in both treatment groups (Figure 31).
Denervation-induced muscle mass loss is unaffected by pharmacological CARM1
inhibition. We investigated the effect of global, pharmacological CARM1 inhibition on
body and skeletal muscle mass in response to DEN-induced muscle atrophy. We found that
EZM-dosed male mice had significantly lower body mass post-DEN versus pre-DEN,
while the other treatment groups exhibited no change in body mass in response to
neurogenic disuse (Figure 4A). There was a 15-20% reduction (p < 0.05) in DEN GAST
muscle mass, expressed relative to body mass, compared to its innervated, contralateral

CON across all groups except the male Veh cohort, which demonstrated a strong statistical
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Figure 4: CARM1 inhibition does not influence denervation-induced muscle mass loss. (A)
Graphical summary of body mass (g) before DEN surgery (0d) and after surgery (7d) in male and
female mice receiving EZM or Veh. Summaries of muscle mass expressed relative to body mass
(mg/g) in (B) GAST, (C) TA, (D) SOL, and (E) EDL in the CON and DEN limbs of mice across the
four experimental groups. Male and female data were pooled because there was no significant
difference between sexes in the percentage change in these outcome measures in response to DEN
(data not shown). Bar graphs are mean +/- SEM. Three-way ANOVA; *, p < 0.05 between indicated
groups; P-values shown when approaching p < 0.05; T, main effect of sex. n = 7-8.
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trend (p = 0.06; Figure 4B). TA muscle mass was significantly reduced by ~15% in the
DEN versus CON limbs in Veh- and EZM-treated mice of both sexes (Figure 4C). DEN
significantly decreased SOL muscle mass in all male mice, however a statistical trend (p <
0.13) for SOL mass reduction in DEN compared to CON legs was observed in female
animals (Figure 4D). EDL muscle mass was not affected by neurogenic disuse (Figure 4E).

Denervation reduces muscle fibre size independent of pharmacological CARM1
inhibition. Next, we examined the influence of DEN on muscle fibre-specific CSA and
fibre type composition distribution to determine whether these factors were affected by
CARMI inhibition. Following 7 days of DEN, SOL muscle fibres appear smaller and more
angular than CON fibres (Figure 5A). In female mice, all fibre types exhibited a significant
decrease in CSA after DEN that was independent of CARMI inhibition (Figure 5A-D).
Similarly, the CSA of myosin heavy chain (MHC) type I, Ila, and IIx DEN fibres in male
mice was also reduced (p < 0.05) relative to CON fibres in both EZM- and Veh-treated
groups (Figure 5A, E-G). The SOL muscles of female mice had the following distribution
of MHC [, IIa, IIx, IIb and hybrid fibres: 48%, 40%, 7%, 1%, 4%, whereas the SOL muscle
of male mice had the following distribution: 37%, 50%, 8%, 1%, 4% (Figure 6A, B). There
was no significant effect of DEN or EZM treatment on fibre type distribution in either sex.
In male and female mice, there was an interaction between DEN and size of MHC 1, Ila,
and IIx fibres, such that a greater percentage of fibres in DEN muscle had smaller CSA

than in CON muscle (Figure 6C-H). In type I fibres of female mice, EZM CON muscles
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Figure 5: Denervation decreases muscle fibre cross-sectional area independent of
pharmacological CARMI1 inhibition. (A) Representative images of immunofluorescence fibre-type
staining of soleus muscles, including laminin (cyan), myosin heavy chain (MHC) type I (blue), MHC
type Ila (green), and MHC IIx (red). Type IIx fibres were unstained and hybrid fibres appear as a
blue/green hybrid. Graphical summary of average cross-sectional area (CSA; um?) of (B) MHC I, (C)
MHC Ila, and (D) MHC Iix fibres of DEN and CON muscle sections from female EZM and Veh-
treated mice. Graphical summary of average CSA of (E) MHC I, (F) MHC Ila, and (G) MHC IIx-
stained fibres of DEN and CON muscle sections from male EZM and Veh-treated mice. Data are
expressed as mean +/- SEM. Two-way ANOVA; *, p < 0.05 between indicated groups; P-values
shown when approaching p < 0.05. n=4.
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Figure 6: CARM1 inhibition does not influence fibre type composition distribution. Pie charts of
fibre type distribution CON and DEN SOL muscles of (A) male, and (B) female EZM and Veh-treated
mice. (C-E) Fibre size distribution of type I, type Ila, and type 1Ix fibres in CON and DEN muscles of
male mice. (F-H) Fibre size distribution of type I, type Ila, and type 1Ix fibres in CON and DEN muscles
of female mice. Data are expressed as mean +/- SEM. Two-way ANOVA for panels A&B; Three-way
ANOVA for panels C-H; &, size and DEN interaction, $, size and drug interaction. n =4

tended to have more large fibres compared to Veh CON, an effect that was not apparent in
the DEN muscles (Figure 6F).

Pharmacological CARMI inhibition affects mitochondrial protein profile in
response to denervation. We then studied, during neurogenic atrophy, the effect of CARM1
inhibition on skeletal muscle PGC-1a, a regulator of mitochondrial biogenesis. PGC-
la content was lower (p < 0.05) in DEN muscles of both EZM and Veh-treated mice
relative to the CON condition (Figure 7A, B). We also examined the expression of
OXPHOS complexes I-V (CI-CV). We observed a significant ~20% reduction in CI content
in DEN muscles compared to CON in both Veh- and EZM-treated groups, however, CIII
and CIV levels were only decreased (p < 0.05) in DEN muscles of EZM-dosed mice, while
CII and CV were similar between all groups (Figure 7C). When the data for CI-CV were
pooled, DEN lowered OXPHOS expression by 10-15% in Veh- and EZM-treated mice, but
the reduction was statistically significant only in the EZM groups (Figure 7C).

Molecular regulators of skeletal muscle mass are elevated following denervation
independently of pharmacological CARM1 inhibition. Finally, we investigated the effects
of pharmacological CARMI inhibition on several molecules that are well-characterized
mediators of skeletal muscle mass. Muscle-specific ubiquitin ligases, MuRF1 and MAFbx,

were significantly upregulated 2-4-fold respectively in DEN relative to CON muscles in
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Figure 7: CARM1 inhibition affects the mitochondrial protein profile in response to denervation.
(A) Typical Western blots of peroxisome proliferator-activated receptor gamma coactivator-la (PGC-
la) and representative subunits of mitochondrial oxidative phosphorylation (OXPHOS) protein
complexes (Complex I-V) in GAST muscles from CON and DEN muscles of Veh and EZM-treated
mice. A stain-free image of the membrane is shown to demonstrate consistent loading. Approximate
molecular weights (kDa) are displayed at right of blots. Graphical summaries of (B) PGC-1a, and (C)
mitochondrial Complex I-V protein levels in CON and DEN limbs of EZM and Veh-treated mice. Data
are expressed relative to vehicle control condition. Male and female data were pooled because there was
no significant difference between sexes in the percentage change in these outcome measures in response
to DEN (data not shown). Bar graphs are mean +/- SEM. Two-way ANOVA; * p < 0.05 between
indicated groups. n = 15-16.

both treatment groups, with no difference between Veh and EZM (Figure 8 A-C). Proteins
that are indicative of autophagy and mitophagy, p62 and BNIP3, were also elevated ~2-
fold (p < 0.05) in DEN muscles and were unaffected by pharmacological CARM1
inhibition (Figure 8A, D, E). We also examined LC3, an autophagosome membrane protein

that is converted from LC3 I to LC3 II during the formation of autophagosomes
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Figure 8: Molecular regulators of skeletal muscle size are elevated following denervation
independent of pharmacological CARM1 inhibition. (A) Representative Western blots of muscle
RING-finger protein-1 (MURF1), muscle atrophy F-box (MAFbx), ubiquitin-binding protein 62 (p62),
BCL2 interacting protein 3 (BNIP3), microtubule-associated protein 1A/1B-light chain 3 (LC3 I and
1), phosphorylated 4E-binding protein-1 (p-4EBP1), total 4EBP1 (t-4EBP1), phosphorylated
ribosomal protein s6 (p-s6), and total s6 (t-s6) in CON and DEN limbs of Veh- and EZM-treated mice.
A representative stain free image of the membrane is shown below to demonstrate equal sample
loading. Approximate molecular weights (kDa) are displayed at right of blots. Graphical summaries of
(B) MURF1, (C) MAFbx, (D) p62, (E) BNIP3, (F) LC3 1, (G) LC3 11, (H) LC3 I/ ratio, (I) p-4EBP1,
(J) t-4EBP1, (K) 4EBP1 phosphorylation status, (L) p-s6, (M) t-s6, and (N) s6 phosphorylation status
in CON and DEN limbs of both treatment groups expressed relative to the Veh CON cohort. Male and
female data were pooled because there was no significant difference between sexes in the percentage
change in these outcome measures in response to DEN (data not shown). Data are expressed as mean
+/- SEM. Two-way ANOVA; *, p < 0.05 between indicated groups. n = 12-16.

(Tanida et al., 2008), in response to DEN and EZM. We found that LC3 I and II were
robustly increased (p < 0.05) in DEN muscles compared to CON to a similar extent between
Veh and EZM groups, however, the LC31I-to-LC3-I ratio was unaffected (Figure 8A, F-
H). Finally, we measured downstream targets of mammalian target of rapamycin (mTOR),
s6 and 4EBP1, as molecular outputs of mTOR activity during neurogenic muscle atrophy.
Phosphorylated and total 4EBP1 levels were significantly greater in DEN versus CON
muscles with no difference between Veh and EZM administration, whereas 4EBPI
phosphorylation status was similar across all groups (Figure 8A, I-K). Phosphorylated and
total s6 were increased more in DEN muscles of Veh-treated mice than EZM-treated mice,
however s6 phosphorylation status was similar between treatment groups (Figure 8A, L-

N).
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Discussion

The purpose of the present study was to further investigate the role of CARMI1 in
the maintenance and plasticity of skeletal muscle mass and function at rest and during
neurogenic muscle atrophy. Our data demonstrate that short-term treatment with an orally
bioavailable, CARMI1 inhibiting compound was effective at reducing CARMI1 activity in
skeletal muscle. The decrease in CARMI1 methyltransferase function corresponded with
impaired muscular endurance and exercise capacity, particularly in male mice, despite only
minimal changes to body mass and muscle mass. DEN augmented the methylation of
CARMI substrates in skeletal muscle of Veh-treated mice, but this response was abolished
in EZM-treated animals. Nevertheless, DEN-induced decreases in skeletal muscle mass and
myofibre CSA occurred to a similar degree in males and females irrespective of CARM1
activity. Accordingly, the molecular muscle atrophy and autophagy programs were
upregulated following DEN independent of CARMI1 methylating capacity. Collectively,
these data demonstrate that pharmacological CARMI1 inhibition markedly reduced
CARMI activity in skeletal muscle while eliciting alterations in muscle and whole-body
physical function in the absence of changes in muscle mass and myofibre CSA.
Furthermore, short-term CARMI1 suppression had no impact on DEN-evoked muscle
atrophy. These findings, along with other recent work (Liu et al., 2019; Stouth et al., 2018,
2020; vanLieshout et al., 2022), together indicate specific spatiotemporal effects of
CARMI content and activity in the maintenance and remodelling of skeletal muscle

biology.
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We employed a novel pharmacological strategy that targets CARMI1 to further
evaluate the role of the methyltransferase in skeletal muscle of adult animals. While not
without drawbacks such as broad, “off-target” tissue pharmacokinetics, this methodology
circumvents the major limitations associated with common genetic approaches utilizing
full-body or skeletal muscle-specific CARMI1 KO (Kim et al., 2010; Stouth et al., 2020;
vanLieshout et al., 2022; Yadav et al., 2003). Furthermore, the CARM1 inhibitor EZM is
orally bioactive, highly specific, and safe in several pre-clinical contexts (Drew et al., 2017,
Greenblatt et al., 2018; Kumar et al., 2021; Veazey et al., 2020; Zhang et al., 2021), and
therefore represents an effective and practical tool compound with significant translational
potential (Q. Wu et al., 2021). EZM directly binds to CARMI1 at the peptide-substrate
binding site to prevent methylation but does not contribute to the degradation of the enzyme
(Zhang et al., 2021). As such, muscle CARMI1 protein content was not different between
Veh- and EZM-treated animals. On the other hand, EZM administration significantly
decreased markers of skeletal muscle CARMI1 activity, including specific BAF155 and
PABP1 methylation and general asymmetric dimethylation of CARM1 substrates, by 55-
80% compared to Veh-treated animals. In fact, this EZM-evoked reduction in GAST
muscle CARMI1 arginine methyltransferase activity was greater than that observed in the
TA muscle of CARM1 mKO mice as compared to age- and sex-matched wild-type
littermates [-40-65% (Stouth et al., 2020; vanLieshout et al., 2022)], which is likely due to
the added inhibition by EZM of CARMI in muscle-resident non-myogenic cells. We also
show that global CARM1 inhibition under basal conditions did not influence body mass in

female or male animals, in agreement with previous studies of healthy and diseased mice
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after varying lengths of treatment (Drew et al., 2017; Greenblatt et al., 2018; Veazey et al.,
2020; Zhang et al., 2021). However, while muscle strength was unaffected by CARM1
inhibition, in contrast, motor performance, movement behaviours, and exercise capacity
were impacted, particularly in male mice. Taken together, these data are not surprising
because: 1) CARMI is critical for maintaining homeostatic cell biology in several, if not
all tissues, including the heart and neurons (Fujiwara et al., 2006; Jamet et al., 2022), which
in addition to skeletal muscle are important for physical performance; 2) Male CARM1
mKO mice exhibit reduced mobility and run time to exhaustion (vanLieshout et al., 2022);
3) CARMI protein and mRNA content were higher (p = 0.07; data not shown) in the muscle
of male mice compared to female mice, although CARM1 activity was similar between
sexes; and 4) Differing sex hormone profiles and known sex-specific influences of CARM1
(H. Cheng et al., 2013; Dubois et al., 2012; Frietze et al., 2008; Ikeda et al., 2019;
Karakashev et al., 2018; Majumder et al., 2006; Peng et al., 2020) likely play a role in the
disparate whole body physiological responses between males and females. In the context
of short-term, pharmacological CARMI inhibition as cancer therapy (Hwang et al., 2021),
a temporary lapse in muscle function and performance may be a negligible side effect for
an efficacious treatment.

Recent studies have investigated CARM1 during conditions of neurogenic skeletal
muscle atrophy (Liu et al., 2019; Stouth et al., 2018, 2020). Our results align with previous
data from Liu et al. (2019), as we observed no effect of DEN on CARMI protein content
in the GAST muscle, but 50% greater CARM1 mRNA content (p < 0.05; data not shown)

7 days post-DEN in both EZM- and Veh-treated mice. Consistent with this, Stouth et al.
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(2018, 2020) observed a significant increase in CARMI protein content in the TA muscle
after 7 days of neurogenic muscle disuse. This nuanced response to DEN between muscles
may be due to different CARMI1 expression patterns observed across specific skeletal
muscles. For instance, in the GAST, PRMT3 and PRMTS appear to be equally expressed
with CARM1, whereas in the SOL, CARM1 is the most abundant PRMT (Wang et al.,
2012), although these analyses have not been completed in the TA. We found that CARM1
protein methylation activity was significantly greater in DEN relative to CON muscle as
previously reported (Stouth et al., 2020), and as expected, this effect was completely
blunted with EZM treatment. However, when investigating the impact of DEN on CARM1
transcriptional target FGFBP1 (vanLieshout et al., 2022), we observed the opposite effect
whereby DEN markedly reduced FGFBP1 levels. This finding is concordant with earlier
work by Taetzsch and colleagues who observed reduced FGFBP1 expression in skeletal
muscles from aged mice and animals with amyotrophic lateral sclerosis (Taetzsch et al.,
2017). Taken together, these data lead us to speculate that the transcriptional function of
CARMI in atrophying skeletal muscle may be decoupled from its protein arginine
methyltransferase activity. The reduction of FGFBP1 in response to DEN is therefore likely
influenced by several factors, including but not limited to CARM1, however, more work is
necessary to accurately define this mechanism.

It has previously been shown that the absence of CARMI in skeletal muscle
partially attenuates the loss of muscle mass and size following DEN (Liu et al., 2019; Stouth
et al., 2020). We therefore hypothesized that pharmacological CARM1 inhibition would

also mitigate neurogenic muscle atrophy. However, neither neurogenic disuse-evoked loss
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of skeletal muscle mass and myofibre type-specific CSA, nor fibre type composition were
attenuated by CARM1 inhibition, even though EZM treatment was effective at blunting the
DEN-induced increase in CARM1 methylation activity in skeletal muscle. Moreover, the
response to DEN of the master regulator of mitochondrial biogenesis, PGC-1a, as well as
the induction of several representative, canonical markers of the atrophy, autophagy, and
muscle protein synthesis programs, was unchanged with CARMI suppression. We
postulate that these disparate findings between CARM1 mKO and EZM treatment are at
least partly due to the lack of CARMI1 in mKO muscles from inception and ensuing
adaptation across the lifespan versus global CARMI1 inhibition only in adult mice. For
instance, CARM1 is important for embryonic development (Torres-Padilla et al., 2007) and
the optimal functioning of muscle progenitor cells (Chang et al., 2018; Kawabe et al.,
2012), which likely contributes to reduced muscle mass in CARM1 mKO compared to age-
matched WT mice (Stouth et al., 2020; vanLieshout et al., 2022) that was not observed with
the CARMI inhibitor course utilized in the current study. In support of this, using a
unilateral TA-specific CARM1 knock down (KD) in mice at 4 weeks prior to DEN, Liu
and colleagues observed no difference in muscle mass between the CARM1 KD TA and
the contralateral control TA muscle at baseline or 2 weeks post-DEN but found attenuation
of mass loss in the CARMI1 KD muscle after 4 weeks of DEN (Liu et al., 2019). Thus, we
hypothesize that pharmacological CARMI1 inhibition could have a similar blunting effect
on muscle atrophy following a longer duration of DEN. In our analyses, we combined male
and female data in the DEN experiments because sex-specific effects of CARM1 inhibition

were not observed under these conditions, which suggests the robust impact of relatively
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short-term DEN may supersede more modest effects of sex. Interestingly, pharmacological
CARMI inhibition contributed to a greater DEN-induced reduction in mitochondrial
oxidative protein complexes, specifically complexes III and I'V. Previous work showed that
CARMI mKO mice have a greater number of grossly distorted mitochondria (vanLieshout
et al., 2022). Taken together, CARM1 may play a role in mitochondrial biology in skeletal
muscle, and this deserves further investigation given the central role of the organelle in
muscle function.

In conclusion, our data demonstrate that pharmacological inhibition of CARM1 is
effective at reducing the methyltransferase activity of the enzyme in skeletal muscle.
Although blocking CARM1 minimally affected body mass or muscle mass, we found a
sex-specific decrease in exercise capacity and muscular endurance such that female mice
were less impacted by CARM1 suppression. Additionally, DEN increased CARM1 activity
in skeletal muscle of Veh-treated mice, but this was completely blunted by EZM
administration. However, the inhibition of CARMI1 had no effect on muscle mass, fibre-
specific CSA, and atrophy-related signalling following 7 days of DEN, in contrast to
previous findings in CARMI1 mKO mice (Liu et al., 2019; Stouth et al., 2020). Future
studies should use an inducible CARM1 mKO model to address this discrepancy between
shorter-term, global pharmacological CARM1 inhibition and the lifelong mKO model.
Importantly, despite the modest effects on performance by pharmacologically blocking
CARMLI, our results indicate that investigations into the use of CARMI inhibition as a

treatment for cancer (Drew et al., 2017; Greenblatt et al., 2018; Hwang et al., 2021;
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Mookhtiar et al., 2018; Suresh et al., 2021; D. Wu et al., 2020; Q. Wu et al., 2021) and its

related sequelae (e.g., cachectic muscle wasting) should continue.
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