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Lay Abstract

Skeletal muscle is a plastic tissue that is capable of adapting to various
physiological demands. Previous work suggests that protein arginine
methyltransferases (PRMTs) are important players in the regulation of skeletal
muscle remodelling. However, their role in disuse-induced muscle plasticity is
unknown. Therefore, the purpose of this study was to investigate the role of
PRMTs within the context of early, upstream signaling pathways that mediate
disuse-evoked muscle remodelling. We found differential responses of the
PRMTs to muscle denervation, suggesting a unique sensitivity to, or regulation by,
potential upstream signaling pathways. AMP-activated protein kinase (AMPK)
was among the molecules that experienced a rapid change in activity following
disuse. These alterations in AMPK predicted many of the modifications in PRMT
biology during inactivity, suggesting that PRMTs factor into the molecular
mechanisms that precede neurogenic muscle atrophy. This study expands our

understanding of the role of PRMTs in regulating skeletal muscle plasticity.
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Abstract

Protein arginine methyltransferase 1 (PRMT1), PRMT4 (also known as
co-activator-associated arginine methyltransferase 1; CARM1), and PRMTS are
critical components of a diverse set of intracellular functions. Despite the limited
number of studies in skeletal muscle, evidence strongly suggests that these
enzymes are important players in the regulation of phenotypic plasticity. However,
their role in disuse-induced muscle remodelling is unknown. Thus, we sought to
determine whether denervation-induced muscle disuse alters PRMT expression
and activity in skeletal muscle within the context of early signaling events that
precede muscle atrophy. Mice were subjected to 6, 12, 24, 72, or 168 hours of
unilateral hindlimb denervation. The contralateral limb served as an internal
control. Muscle mass decreased by ~30% following 168 hours of disuse. Prior to
atrophy, the expression of muscle RING finger 1 and muscle atrophy F-box were
significantly elevated. The expression and activities of PRMT1, CARMI, and
PRMTS5 displayed differential responses to muscle disuse. Peroxisome
proliferator-activated receptor-y coactivator-la, AMP-activated protein kinase
(AMPK), and p38 mitogen-activated protein kinase expression and activation
were altered as early as 6 hours after denervation, suggesting that adaptations in
these molecules are among the earliest signals that precede atrophy. AMPK
activation also predicted changes in PRMT expression and function following
disuse. Our study indicates that PRMTs are important for the mechanisms that

precede, and initiate muscle remodelling in response to neurogenic disuse.
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1. Introduction to Skeletal Muscle

Skeletal muscle constitutes about 40% of total body mass in mammals and
is primarily responsible for locomotion, posture, and other body movements
(1,2,3). All skeletal muscles are composed of multinucleated cells, called skeletal
muscle fibers, which extend the entire length of the muscle. The multiple nuclei in
a skeletal muscle fiber are located at the periphery of the cell just beneath the
sarcolemma, and result from the fusion of myoblast precursor cells. The
sarcolemma, also known as the plasma membrane, encloses each skeletal muscle
fiber. Each muscle fiber contains several bundles of myofibrils, composed of actin
and myosin filaments that form sarcomeres, which extend the length of the muscle
fibers. In addition to sarcomeres, organelles such as mitochondria and glycogen
granules also reside in the cell cytoplasm, which in muscles is called the
sarcoplasm. Along the surface of the sarcolemma are transverse tubules
characterized by invaginations that allow action potentials to quickly penetrate to
the interior of the cell. The sarcoplasmic reticulum surrounds each myofibril and
regulates the calcium ion concentration in the sarcoplasm. According to the
sliding filament theory, sarcomeres shorten when actin and myosin filaments slide
past one another following neuronal stimulation and calcium release into the
cytosolic space (4,5). Sarcomere shortening causes muscle fibers to contract. Thus,
the reduction of sarcomere length is responsible for skeletal muscle contraction

and ultimately locomotion, posture, and other body movements.
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Based on the particular myosin heavy chain isoform that they express,
skeletal muscle fibers can be classified either as slow twitch (type 1) or fast twitch
(type 2). Fast-twitch fibers can be further classified into types 2A and 2X in
humans, while a sub-classification of type 2A, 2X and 2B exists in rodents
(2,6,13,15). In addition to myosin heavy chain isoforms, many other components
contribute to a fiber’s physiological characteristics. Type 1 fibers have the
smallest cross-sectional area (CSA) and contain the greatest capillaries per fiber,
mitochondrial density, satellite cell count, and neuromuscular junction size (2,13).
Furthermore, type 1 muscle fibers are predominantly red in appearance since they
have the greatest abundance of myoglobin and mitochondria. With these
characteristics, type 1 fibers are highly oxidative and possess the greatest
endurance capacity. In contrast, type 2B muscle fibers are white in appearance
and contain the largest CSA along with the fewest capillaries per fiber,
mitochondrial density, satellite cell count, and neuromuscular junction size (2,13).
These myocytes also possess the greatest force generation and contraction
velocity. In addition, 2B fibers are the most glycolytic and fatigue the quickest.
Type 2A, along with hybrid myofibers, display morphological, molecular,
biochemical, and functional characteristics somewhere in the spectrum between
type 1 and 2B fibers.

Skeletal muscles possess varying proportions of different fiber types. For
example, the distribution of type 1, 2A, 2X, and 2B myofibers, respectively, in

murine tibialis anterior (TA), extensor digitorum longus (EDL), soleus (SOL) and
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gastrocnemius (GAST) muscles are as follows: TA = ~0%, ~29%, ~26%, ~45%;
EDL = ~4%, ~17%, ~27%, ~52%; SOL = ~42%, ~49%, ~7%, ~2%; GAST = 4%,
~18%, ~49%, ~29% (15,35). It is important to note that these proportions are
plastic since muscle fibers have the ability to remodel their phenotype in response
to various stimuli (2). A discussion of the skeletal muscle remodelling process
appears below in section 2.

Skeletal muscle fiber type can influence the susceptibility and resistance to
certain neuromuscular diseases and other muscle wasting disorders. For instance,
type 2 fibers in Duchenne muscular dystrophy (DMD) patients are the first
myofibers to degenerate and die, whereas type 1 fibers are more resistant to the
dystrophic pathology (7,8). Similarly, myotonic dystrophy type 2 (DM2) patients
demonstrate preferential type 2 fiber atrophy (9). Likewise, the loss of skeletal
muscle mass and strength due to aging is characterized by greater atrophy of type
2 muscle fibers, as compared to type 1 myofibers (10). In contrast, myotonic
dystrophy type I (DMI) patients display greater type 1 myofiber atrophy in
comparison to type 2 muscle fibers (9). In addition, muscle disuse due to bed rest
and spinal cord injury has been reported to cause more pronounced muscle
wasting in type 1 fibers relative to type 2 (11,12). It remains obscure as to why
certain fiber types are preferentially affected in these, and other conditions.
However, factors such as the differences in sarcolemmal protein composition,
intracellular calcium dynamics, as well as the contractile apparatus may play a

role in muscle fiber type resistance or susceptibility to various muscle diseases
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(14). Furthermore, oxygen transport and utilization capabilities, along with
molecular signalling infrastructure, could all contribute to this intriguing and
important physiologically relevant phenomenon (14). Thus, targeting muscle fiber
type plasticity in order to remodel myofibers to be more pathologically resistant
may be a feasible strategy for treating various neuromuscular diseases and other
muscle wasting disorders.

2. Skeletal Muscle Plasticity

Skeletal muscle is a highly dynamic tissue that continuously remodels in
response to various environmental demands. For instance, a phenotypic shift from
a fast, glycolytic muscle type toward one with slower, more oxidative
characteristics can be initiated with chronic muscle use (16,30). On the other hand,
induction of the fast, glycolytic myogenic program, as well as muscle atrophy, can
be triggered via chronic muscle disuse (17). These adaptations depend on the
chronic activation or inhibition of various intracellular signaling pathways, which
result in altered skeletal muscle gene expression (2,31). Intracellular signaling
molecules such as peroxisome proliferator-activated receptor (PPAR)-y
coactivator-la (PGC-1a), calcineurin (CN), p38 mitogen-activated protein kinase
(p38), AMP-activated protein kinase (AMPK), silent mating type information
regulator 2 homologue 1 (SIRT1), PPARP and tumor suppressor protein p53 play
a role in remodelling skeletal muscle toward a slower, more oxidative phenotype
(16,18,19,20,21,22,23,24,25). In contrast, receptor interacting protein 140

(RIP140), E2F transcription factor 1 (E2F1), nuclear receptor corepressor 1
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(NCoR1), and Baf60c have been shown to promote faster, more glycolytic
characteristics (26,27,28,29,32). Thus, numerous molecules participate in the
coordinated expression of morphological, biochemical and functional
characteristics that define, and remodel, skeletal muscle phenotype (Fig. 1).

3. The Muscle Atrophyv Program

3.1 Skeletal muscle adaptations to disuse

Various models of chronic muscle disuse elicit prolonged reductions in
muscle activity, thereby triggering various adaptations in the muscle tissue itself,
as well as neuromuscular junctions and microvasculature. In addition to reduced
muscle mass, skeletal muscle atrophy is characterized by decreased muscle fiber
CSA and contractile protein content (85,89,91). Other changes include endothelial
degradation, increased capillary density, decreased mitochondrial quantity, higher
levels of intermuscular adipose tissue and connective tissue, as well as increased
expression of type 2 muscle fiber types (85,86,87,89,90,91). Chronic muscle
disuse also results in increased insulin resistance, decreased calcium ion
concentration, degeneration of neuromuscular junctions, nerve terminal disruption,
plus decreased maximal voluntary force production and lower fatigue resistance
(85,88,89,91,92,93). Therefore, adaptations associated with chronic muscle disuse

are structural, physiological, and functional.
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Slower, more Faster, more
oxidative phenotype glycolytic phenotype

RIP140, E2F1, NCoR 1, Baf60c | capillary content

Chronic muscle disuse (e.g., denervation, hindlimb unloading)

Skeletal Muscle Plasticity | fatigue resistance

PGC-la, CN, p38, AMPK, SIRTI, PPARS, p53
Chronic muscle use (e.g., endurance exercise)

AICAR

Figure 1. Overview of skeletal muscle plasticity. Skeletal muscle is a highly
malleable tissue, capable of remodelling its morphological and functional
characteristics, such as capillary density, mitochondrial content, fatigue
resistance, contraction velocity, and pathological resistance. Receptor
interacting protein 140 (RIP140), E2F transcription factor 1 (E2F1), nuclear
receptor corepressor 1 (NCoR1), and Baf60c and chronic muscle disuse (e.g.,
denervation, hind limb unloading) promote a faster, more glycolytic
phenotype (26,27,28,29). In contrast, chronic activation of peroxisome
proliferator-activated receptor-y coactivator-lo. (PGC-1a), calcineurin (CN),
p38 mitogen-activated protein kinase (p38), AMP-activated protein kinase
(AMPK), silent mating type information regulator 2 homologue 1 (SIRT1),
PPARSP and tumor suppressor protein p53 by way of transgenic, physiological
(e.g., endurance exercise), or pharmacologic (e.g., AICAR) mechanisms
foster slower, more oxidative characteristics (16,18,22,24,25). PGC-1a plays
a major role in remodelling skeletal muscle due to its ability to translocate to
the nucleus and co-activate several transcription factors that bind to
promoters of genes indicative of the slow, oxidative myogenic program
(16,22,24). CN indirectly and p38 directly activates upstream transcription
factors of PGC-1a (16,18). Both p38 and AMPK directly stimulate PGC-1a
through phosphorylation, while SIRTI1 directly activates PGC-la via
deacetylation, and RIP140 suppresses PGC-1a (16,32). In addition to PGC-
la, both p38 and AMPK promote mitochondrial biogenesis by activating p53
via phosphorylation (24).
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3.2 Molecular mechanisms of skeletal muscle atrophy

Skeletal muscle mass is regulated by the balance between the rate of
muscle protein synthesis (MPS) and muscle protein breakdown (MPB). Muscle
atrophy occurs when MPB chronically exceeds MPS, and may be induced in a
variety of conditions. In both human and rodent models, it is generally agreed that
MPS rates decline immediately following disuse and remain suppressed for the
duration of disuse (31,33). Notably, the cellular mechanisms responsible for this
decline in MPS are poorly understood. It has been hypothesized that under
conditions of chronic muscle disuse, decreases in MPS are the consequence of
mammalian target of rapamycin complex 1 (mTORCI) inhibition (31). Studies of
several different rodent models of muscle wasting have indicated that MPB also
contributes toward muscle atrophy (31,34). More specifically, accelerated
proteolysis via the ubiquitin-proteasome pathway is primarily responsible for
MPB (34). The second protein degradation pathway, termed the autophagy-
lysosome system, is also activated during muscle atrophy (96). Our understanding
regarding molecules and cellular pathways that drive the skeletal muscle atrophy
program is limited.

Muscle RING finger 1 (MuRF1) and muscle atrophy F-box (MAFbx) are
ubiquitin-protein ligases that selectively bind and mark substrates for
ubiquitination and subsequent degradation by the 26S proteasome (17). Although
only a limited number of specific cellular targets of MuRF1 and MAFbx have

been identified, the evidence clearly demonstrates that these enzymes drive the
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muscle atrophy program (17,83). The class O-type forkhead transcription factors
(FOXO1, FOXO3a) transcriptionally upregulate MuRF1 and MAFbx during
atrophy-inducing  conditions (17). These FOXO enzymes require
dephosphorylation in order to translocate to, and enter, the myonuclei where they
perform their transcriptional activities. AKT-dependent phosphorylation of
FOXO1 at Ser256 prevents its entry into the nucleus (78,117), whereas
phosphorylation by AKT on residues Thr32 and Ser253 also suppresses FOXO3a
activity by cytosolic retention (44). In response to atrophy-evoking conditions,
AKT-induced FOXO phosphorylation is reduced (94). Thus, elevated
ubiquitinated protein content, MuRF1 and MAFbx expression, along with nuclear
localization of FOXO1 and FOXO3a, all mark a shift in protein balance from net
synthesis to net degradation. Recent evidence strongly suggests that PGC-1a, p38
and AMPK play also important roles in the atrophy signaling cascade, and thus in
the muscle atrophy process (Fig. 2).

PGC-1a appears to play a protective role against skeletal muscle atrophy.
Transgenic PGC-1a overexpression can impede muscle wasting (42,43,49). For
example, Sandri et al. and Hindi et al. showed that mice overexpressing PGC-1a
have suppressed FOXO3a action following denervation, and demonstrate an
attenuated muscle wasting response, as compared to wild-type animals (43,52). In
a similar fashion, Cannavino et al. showed that overexpression of PGC-la in
skeletal muscle of transgenic mice significantly blunted the up-regulation of

MuRF1 and MAFbx genes after hind limb unloading in both slow and fast
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Figure 2. Hypothetical pathway for skeletal muscle atrophy. Under
conditions of chronic muscle disuse, p38 mitogen-activated protein kinase
(p38) and AMP-activated protein kinase (AMPK) are activated
(53,54,55,56,57,62,66,67,82). However, interventions of this nature reduce
peroxisome proliferator-activated receptor-y coactivator-laa  (PGC-1a)
expression (37,43). The interaction between p38, PGC-1a, and AMPK remains
to be elucidated. Furthermore, downstream events are currently unclear with
respect to p38. Several studies have found that activation of p38 induces
muscle RING finger 1 (MuRF1) and muscle atrophy F-box (MAFbx)
(57,60,61,63,64,65,69) expression, while others have shown the opposite
outcome (70,71). In response to disuse, the inhibitory effect of PGC-1a and
AKT on forkhead box O3a (FOXO3a) is attenuated (43,94), while augmented
AMPK activation leads to increased FOXO3a transcriptional activity (76,80).
In addition, AMPK activation leads to the inhibition of mammalian target of
rapamycin complex 1 (mTORCI), plus activation of UNC-51-like kinase 1
(ULK1) (76). ULKI is a key initiator of autophagy that is negatively regulated
by mTORCI1 (75). MuRF1 and MAFbx are upregulated via FOXO3a during
atrophy-inducing conditions (17). Increased expression of MuRF1 and MAFbx
leads to the attachment of ubiquitin cofactors to proteins, thus rendering them
targets for the proteasome degradation pathway (17). Therefore, activation of
p38 and AMPK, plus downregulation of PGC-1a leads to increased muscle
protein breakdown, and ultimately muscle atrophy.

10
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muscles (50, 51). When exposed to constitutively active FoxO3a, Brault et al.
reported that PGC-1a overexpression in myotubes blocked the catabolic actions of
FOXO3a (49). A downregulation of PGC-1a has been observed during chronic
muscle disuse (37,43). This disuse-evoked decline in PGC-1a is associated with
enhanced FOXO-dependent loss of muscle mass (43). Thus, PGC-1a expression
is negatively regulated during muscle disuse, while its presence can attenuate
atrophy under these conditions.

Unlike PGC-1a, the influence of p38 on the muscle atrophy program is
relatively unclear. Several studies have reported increased p38 activity in response
to immobilization, hind limb suspension and denervation
(53,54,55,56,57,62,66,67,69). In support of the notion that elevation of p38
activity promotes protein degradation, numerous papers have showed that
induction of MuRFI1 can be blocked by p38 inhibitors and that constitutive
activation of p38 induces MuRF1 gene expression in vivo and in vitro (57,63,65).
Similarly, other studies have demonstrated that activation of p38 is necessary and
sufficient for the up-regulation of MAFbx and that inhibitors of p38 block the up-
regulation of MAFbx and avert muscle wasting in vivo and in vitro (60,61,64,69).
In contrast, Hunter et al. found no change in skeletal muscle p38 activity after 7
days of hind limb unloading (58). Shi et al. did not detect a significant effect of
p38 inhibition on MuRF1 and MAFbx expression in vitro, yet reported that
inactivation of p38 in vivo actually induced profound muscle atrophy (59). In

agreement with Shi et al., studies have shown that inhibition of p38 triggers the

11
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nuclear localization of FOXO3a and subsequent activation of its target genes
(70,71). Furthermore, activation of p38 decreased the expression of MAFbx in
vitro (70). Due to the conflicting data regarding the regulation of MuRF1 and
MAFbx by p38, it remains uncertain whether p38 promotes, or protects against,
protein degradation and atrophy. It is unlikely that these discrepancies are due to
differential subcellular compartmentalization of p38, since it has been shown that
p38 resides mainly in the cytosol in both innervated and denervated muscle (68).
Instead, the conflicting data may be due to different isoforms of p38 playing
distinct functions in response to atrophy or the possibility that p38 function varies
at different times during the muscle atrophy process. Additional research is
clearly necessary to fully define the precise functional role of p38 in response to
catabolic stimuli.

In addition to PGC-1a and p38, AMPK plays a role in mediating atrophy
in skeletal muscle. Several studies have shown that 5-aminoimidazol-4-
carboximide ribonucleoside (AICAR), a pharmacological agent commonly used
to artificially activate AMPK, increases MuRF1, MAFbx, FOXO1 and FOXO3a
gene and protein expression in vitro and in vivo (73,74,76). In support of this,
inhibition of AMPK in vitro has been reported to prevent increased atrogene
expression in response to serum deprivation, as well as AICAR and
dexamethasone treatments (73). Studies investigating various models of atrophy
in vitro, and in vivo further suggest that AMPK mediates muscle protein

degradation (51,79,82,97). For example, Guo et al. showed that AMPKa

12
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phosphorylation levels increased in atrophic muscles after 7 days of denervation,
suggesting AMPKo was activated in response to disuse (82). Additionally,
deletion of AMPKa2 blunted MuRF1 and MAFbx expression, as well as
preserved phosphorylation levels of FoxO3a at Ser253, thus inhibiting FOXO3a
(82). Interestingly, Barthel et al. showed that AMPK activation via AICAR led to
the inhibition of FOXOI, suggesting that FOXO1l and FOXO3a may be
differentially regulated by AMPK (80,81). In addition to the ubiquitin-proteasome
pathway, studies have shown that AMPK can upregulate MPB by activating the
autophagy system. For example, evidence suggests that AMPK directly activates
UNC-51-like kinase 1 (ULKI1), the master regulator of autophagy, through
phosphorylation (75,76,77). Furthermore, AMPK activation leads to the inhibition
of mTOR and subsequently lifts the breaking effect of mTOR on the ULK1
autophagic complex (1,75,76). Evidently, AMPK fosters protein degradation via
the autophagy system and the ubiquitin-proteasome pathway. Thus, PGC-1a, p38,
and AMPK appear to be important players in regulating the skeletal muscle
atrophy program.

3.3 Experimental models of muscle disuse

Beyond the repertoire of cellular and molecular pathways, the rate and
amount of muscle atrophy is governed, in part, by 1) the model of disuse, 2)
muscle physiological function, and 3) muscle fiber type composition (31).

Various models of disuse in humans and rodents include immobilization,

hind limb suspension, bed rest, microgravity, spinal cord injury, spinal cord

13
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isolation, and denervation (31). Comparison of disuse studies in humans and
rodents reveal similar adaptations, including reductions in muscle mass. However,
a clear difference exists in the rate at which atrophy occurs, with loss of muscle
mass in rodents being considerably faster than that observed in humans (33).
Muscle atrophy under conditions of disuse varies significantly depending on the
level of contractile activity (31). For example, the amount of muscle loss is often
greater under conditions of joint immobilization than bed rest and hind limb
suspension (85). It is noteworthy that muscle atrophy is the most pronounced after
denervation, as compared to other models of muscle disuse (3,48). Indeed,
Sacheck et al. reported a more profound loss of muscle mass in response to
denervation compared to spinal cord isolation-induced disuse in rodents (37). This
may be due to the fact that denervation not only prevents muscle contraction, but
also leads to the loss of trophic factors released by innervating motor neurons (3).
However, the consensus in the literature indicates that the lack of trophic, non-
motor factors do not play a significant role in denervation-induced adaptations
(84). This conclusion is based on a wealth of data that demonstrates that all
denervation-evoked changes (e.g., atrophy, fibrillation, acetylcholine sensitivity,
sarcolemmal electrical properties) can be counteracted by chronic electrical
stimulation-induced contractile activity of the denervated muscle, as well as
evidence indicating that complete conduction block in the muscle nerve can cause
denervation-like effects (84). Therefore, the extent of muscle atrophy depends on

the model of disuse.
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3.4 Physiological function of skeletal muscle

Muscles differing with respect to their function also affect the degree of
disuse-related atrophy observed in humans and rodents (31,33). Generally,
extensor muscles of the ankle (i.e. SOL and GAST) atrophy far more rapidly than
the flexor muscles (i.e. TA and EDL) (31,33,36,41). Despite higher levels of
protective PGC-10, the degree of muscle atrophy is generally more pronounced in
slower, more oxidative muscles during unloading or denervation (31,33,36,48).
For example, Roy et al. reported greater atrophy-induced effects in the GAST
than the TA following spinal cord isolation in rodents (38). Furthermore, de Boer
et al. showed a larger impact of atrophy in the GAST versus the TA after 5 weeks
of bed rest in humans (39). Since the ankle extensors are primary postural muscles
that exhibit chronic activation, as compared to the more phasically active ankle
flexors responsible for locomotion (95), the dissimilar response of SOL/GAST
and TA/EDL muscles to disuse likely reflects differences in loading under normal
conditions. Thus, the physiological function of skeletal muscle influences atrophy.

3.5 Muscle fiber type composition

Muscle wasting does not occur similarly in all types of muscle fibers.
During fasting (45), sepsis (46), and cancer cachexia (47), type 2 muscle fibers
display greater atrophy than type 1 myofibers. On the other hand, within a
particular muscle, the reduction of fiber CSA due to disuse is first observed in
type 1, followed by type 2A, 2X and 2B myofibers (31). For instance, Allen et al.

observed that fiber CSA was significantly reduced in type 1, but not type 2,
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muscle fibers of rat soleus muscles after 14 days of spaceflight (40). Unlike
rodents, human muscle exhibits smaller differences between fiber types in their
degree of disuse atrophy (33). For example, no differences were observed in the
degree of fiber atrophy among type 1, 2A, and 2X myofibers following 14 (122)
or 21 days (123) of immobilization in humans. These lack of fiber-specific
differences in human muscle may be due to the possibility that muscle biopsy
samples are too small to adequately detect differences (33). Unlike the muscle
wasting caused by some disease states, disuse atrophy is initiated by a reduction
in muscle contractile activity. Therefore, there is a general understanding that the
degree of atrophy is dependent on the fiber type composition of the affected
muscles.

3.6 Acute molecular responses to muscle disuse

A common limitation of both human and rodent studies is that few data are
available on the intracellular signalling and gene expression events that may
precede any disuse-induced alteration in phenotype (e.g., loss of muscle mass).
Indeed, the majority of studies that investigate the mechanisms of disuse-evoked
muscle remodelling examine the muscles as early as 3-7 days after the
introduction of the disuse stimulus when muscle atrophy is first observed
(50,51,98,100,101,102,106,107,108,109,110,111,112,114,120,121). To increase
our understanding of the upstream cellular events that drive the plasticity of
muscle under these conditions, it is necessary to study muscle biology during the

initial stages of disuse. Notably, Ferreira et al. investigated cell proliferation in
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mice skeletal muscle after 6 hours of hindlimb suspension (72). To our knowledge,
this study marks the earliest published time point examined in rodents after disuse.
The authors found increased proliferation of satellite cells as early as 6 hours after
disuse.

Multiple studies in rodents have demonstrated that MuRF1 and MAFbx
gene expression levels are elevated prior to muscle atrophy (37, 103,104,105,116).
Sacheck et al. found that MuRF1 and MAFbx gene expression were significantly
increased at as early as 1 day of denervation-induced muscle disuse, while muscle
atrophy was observed 2 days later (37). Recent work from Tang et al. revealed
that histone deacetylase (HDAC) 4, HDACS, and myogenin were also activated
prior to denervation-induced muscle atrophy, suggesting that HDAC4, HDACS,
and myogenin may act upstream of, or in concert with, MuRF1 and MAFbx (103).
AMPK has been shown to regulate myogenin expression through phosphorylation
of HDACS (118), indicating that AMPK may help mediate the early upstream
cellular events that drive skeletal muscle plasticity after disuse. Furthermore,
PGC-1a mRNA expression has been shown to decrease by ~80% after 1 day of
denervation (37), indicating that PGC-1a may also play an important role in
muscle remodelling immediately following disuse. Thus, in response to disuse,
there appear to be various signaling and transcriptional events occurring within
the muscle that precede phenotypic remodelling. It is reasonable to assume that at

least some of these processes are required in order for muscle remodelling to take
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place. Further studies are required to elucidate the critical upstream molecules and
events that drive inactivity-induced muscle plasticity.

In studies investigating the early mechanisms of disuse-evoked muscle
remodelling in humans, increased skeletal muscle MAFbx gene expression
following 4-11 days of cast immobilization has been observed, while augmented
MAFbx mRNA following 2 days of unloading has also been noted (99,113).
Furthermore, decreased phosphorylation of AKT has been observed after 2 days
of immobilization (115). Interestingly, work by Gustafsson et al. revealed that the
mRNA levels of MuRF1 and MAFbx were elevated following 3 days of unilateral
lower limb suspension in human participants despite no alterations in
phosphorylated AKT, FOXO1, FOXO3a, and p38 levels (119). These models of
limb immobilization and unloading generally result in a ~10% reduction in CSA
after approximately 21 days of disuse (33). These data suggest that increased
MuRF1 and MAFbx gene expression are among the first indicators of muscle
wasting in humans. Collectively, studies in rodent models and humans point to
numerous molecules that are activated prior to the initiation of muscle atrophy,
which likely play important roles in driving the remodelling process.

4. Protein Arginine Methyltransferases

4.1 Characteristics of Protein Arginine Methyltransferases

Protein arginine methyltransferases (PRMTs) are a family of enzymes that
catalyze the addition of one or two methyl groups to the guanidine nitrogen atoms

of arginine residues on target proteins, thereby altering the stability, localization
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and activity of the marked molecules (124,125,126,127,131,139,158). This post-
translational modification of histones, transcription factors, and other proteins
enables PRMTs to regulate many diverse cellular processes such as gene
transcription, mRNA splicing, DNA repair, signal transduction, protein
subcellular localization, and cell cycle progression (124,127,128,131). PRMTs
are generally ubiquitously expressed and deregulation of these enzymes has been
implicated in the pathogenesis of several different diseases such as cancer (124).

The PRMT family consists of numerous members, all of which use S-
adenosyl-L-methionine (SAM) as a methyl donor (125,126,131,158). SAM is
generated by the enzyme methionine adenosyltransferase (MAT) using the
substrates methionine and ATP (186). All PRMTs utilize SAM and L-arginine to
catalyze the formation of the monomethylarginine (MMA) mark onto target
molecules, which also results in the product S-adenosylhomocysteine (SAH)
(138). Proteins that contain glycine- and arginine-rich (GAR) motifs and/or
proline-, glycine-, and methionine (PGM)-rich regions are major targets for
arginine methylation (124).

Although PRMTs share many common features, they also have their own
unique attributes. Among these, type I PRMTs, including PRMT1, PRMT2,
PRMT3, PRMT4 [also called co-activator-associated arginine methyltransferase 1
(CARM1)], PRMT6, and PRMTS catalyze the deposition of methyl groups on
target arginine residues and produce the asymmetric dimethylarginine (ADMAs)

mark, whereas type II PRMTs, including PRMTS, PRMT7, and PRMT9 generate
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the formation of the symmetric dimethylarginine (SDMA) mark
(124,125,126,127,128). The ADMA and SDMA reactions require MMA and L-
arginine. Of all the PRMTs, PRMT1 and PRMTS are the enzymes primarily
responsible for generating ADMAs and SDMAs, respectively (124,128). Notably,
PRMTT1 is the predominant PRMT in mammalian cells, and carries out ~85% of
total PRMT activity (125,127,128). The complete loss of either PRMTI1 or
PRMTS are embryonic lethal, while CARM1 knockout mice die shortly after birth,
indicating that these enzymes are critical for survival (129,130,132,133,136) (Fig.
3).

4.2 Regulation of PRMT expression and activity

PRMT expression levels are mediated, in part, at the transcriptional level.
For example, studies in vitro and in vivo have shown that signal transducer and
activator of transcription-6, nuclear factor kappa-light-chain-enhancer of activated
B cells, and PPARy are among the factors that control PRMT1 transcriptional
activation (157,159). Furthermore, early growth response-1 and nuclear
transcription factor Y have been identified as transcription factors that bind to
promoters of CARM1 and PRMTS, respectively (160,161). Further studies are
required in order to gain a better understanding of the transcriptional control of
PRMT promoters, as well as whether PRMT expression is regulated at the post-
transcriptional level, for example by spliceosomal processing, nuclear mRNA

export, and/or mRNA stability.
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MAT
A) Methionine + ATP + H,0 msmmm) SAM + P, + PP,

PRMTs

B) Arginine + SAM — MMA + SAH

Type | PRMTs
C) MMA + SAM ) ADMA + SAH

Type II PRMTs
D) MMA + SAM ) SDMA + SAH

Figure 3. Reactions that mediate the synthesis of methylarginine species.
A) Methionine adenosyltransferase (MAT) is the enzyme responsible for the
synthesis of S-adenosyl-L-methionine (SAM), inorganic phosphate (P;), and
pyrophosphate (PP;) using methionine, ATP, and H,O. Notably, SAM is the
donor substrate for methyl group transfer and is produced in the cytosol (186).
Furthermore, the formation of monomethylarginine (MMA), asymmetric
dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA) in
mammalian cells is carried out by a family of enzymes known as protein
arginine methyltransferases (PRMTs) (124,127,138). B) All PRMTs generate
MMA by using arginine and SAM substrates. After methyl groups are added to
compounds, SAM is converted to S-adenosylhomocysteine (SAH) (138,186).
C, D) The subsequent generation of ADMA and SDMA are catalyzed by type I
and type Il PRMTs, respectively (124,127).
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Regulation of PRMT activity can be achieved through post-translational
modification of the enzymes. Post-translational modifications of PRMTs include
automethylation, phosphorylation and glycosylation. Although automethylation
activity has been reported for PRMT1 and CARMI1, the functional impact of this
specific reaction has yet to be fully elucidated (163,164). Recent work has
demonstrated that phosphorylation by as yet unidentified kinases impairs the
methyltransferase activity of PRMT1 and CARMI1 (165,167). Furthermore,

PRMTS catalytic activity has been shown to be disrupted when phosphorylated by
the kinase JAK2 (162). Interestingly, overexpression of N-acetylglucosamine

transferase increases O-GlcNAcylation of CARMI and prevents phosphorylation
of the enzyme (166). These results suggest that post-translational modifications
via phosphorylation generally inhibit PRMT-mediated arginine methylation,
while glycosylation may provide the opposite effect. In any case, there is
currently a gap in the literature regarding the identity of upstream intracellular
signaling molecules that conduct post-translational modifications of PRMTs.
Clearly, more work is needed in this critical area of PRMT biology.

A variety of PRMT-binding proteins can also regulate methyltransferase
activity by inhibition, activation, or even through changing PRMT substrate
specificity. For instance, B-Cell Translocation Gene 1 (BTG1) and BTG2
stimulate PRMTT1 activity towards selected substrates (168). The mechanism by
which this enzymatic activation occurs is not yet completely understood. In

contrast, orphan nuclear receptor TR3, as well as protein phosphatase 2A bind to
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the catalytic domain of PRMT1 to inhibit PRMT1 methyltransferase activity
(169,170), presumably via dephosphorylation in the latter case. In addition, both
the nucleosomal methylation activator complex and the hSWI/SNF complex
further enhance the ability of CARMI1 and PRMTS, respectively, to methylate
histones (142,171).

In addition to post-translational modifications and protein-protein
interactions affecting PRMT activity, PRMT function is also regulated by its
localization within the cell. In various cell types, it is generally accepted that
PRMT1 and PRMTS are predominantly localized in the nucleus and cytosol,
respectively (125). CARM1 however, has been found primarily in nuclei where it
serves as a methylation-mediated transcriptional co-activator (125). Similar to
CARMI, PRMTI can also function as a transcriptional coactivator, whereas in
contrast, PRMTS5 has been identified as a transcriptional repressor (127).
Furthermore, to some extent, all PRMTs have an epigenetic function in nuclei,
which is histone methylation. This epigenetic role of PRMT1, CARMI, and
PRMTS5 methyltransferase activities further distinguishes each enzyme from its
PRMT family counterparts.

PRMT1, CARMI, and PRMTS5 carry out differential post-translational
modifications. PRMT1 catalyzes the asymmetric dimethylation of histone 4
arginine 3 (H4R3), whereas PRMTS carries out symmetric dimethylation of H4R3
and H3R8 (142,143). Importantly, asymmetric dimethylation via PRMTI1

activates H4R3, whereas symmetric dimethylation by way of PRMTS5 results in
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H4R3 repression (127). CARM1 modifies H3R17 by depositing the ADMA mark
(140, 141). For example, in human cancer cells, arginine methylation of H3R17
by CARMI1 occurs coincident with the transcriptional activation of the E2F1
promoter (141). E2F1 has also been found to undergo residue-specific
methylation by PRMT1 and PRMTS (152), making E2F1 an example of a
molecule that is regulating by methylation at multiple stages of the gene
expression pathway. Interestingly, E2F1 is among several proteins targeted by
PRMTs that function to mediate skeletal muscle plasticity (27,18). A limited
number of in vitro studies in muscle cells, as well as numerous other in vitro and
in vivo investigations in non-muscle tissues have shown that PRMT1, CARMI,
and PRMTS5 can stimulate or suppress molecules important for muscle
remodelling by way of their specific methyltransferase activities. For example,
pS3 activity is significantly altered when arginine methylated by PRMT]I,
CARMI, or PRMTS (149,150,151). RIP140 transcriptional corepressor activity is
suppressed by PRMT1 methylation at any one of three specific arginine residues,
including R240, R650, or R948 (145). PRMT1 has also been shown to potentiate
PGC-1a coactivator activity (146,147,148) by methylating arginine residues in the
C-terminal Glu-rich E region of PGC-la, which plays a critical role in the
coactivator function of the enzyme (146). Furthermore, PRMT1 and PRMTS5
mediate the activation of p38, while CARMI has been reported to regulate AMPK
(153,154,155,156). Therefore, in vitro studies in muscle cells, as well as cell

culture and in vivo investigations in non-muscle tissues examining PRMT targets
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and activity, suggest that PRMT1, CARMI1, and PRMTS5 have the potential to
robustly regulate skeletal muscle plasticity in vivo (Fig. 4).

5. Protein Arginine Methvltransferase Biology in Skeletal Muscle

5.1 The role of protein arginine methyltransferases in skeletal muscle

The first investigation of PRMT biology in skeletal muscle was performed
by George Muscat’s laboratory in 2002 (175). The authors detailed the expression
and function of CARM1 during myogenesis of C,C;, mouse skeletal muscle cells
in vitro. The next hallmark paper was by Iwasaki and Yada in 2007, who
examined the role of PRMTI in insulin-stimulated glucose metabolism in L6
myotubes in culture (173). The majority of current research in skeletal muscle
PRMT biology has focused on PRMT1, CARMI, PRMTS5, and PRMT7, with
more recent studies being performed in vivo in rodent models. Relative to other
PRMTs, CARMI mRNA transcripts are expressed to the highest degree in
skeletal muscle, followed by PRMTS5 and PRMTI1 (174). Relative protein
expression and enzyme activity levels between PRMTs in skeletal muscle have
not yet been determined.

PRMT1, CARMI, and PRMTS participate in the regulation of muscle
development. During myoblast fusion, PRMTI1 exhibits the highest
methyltransferase activity (177), while CARMI is required for expressing genes
necessary for the later stages of skeletal muscle differentiation (134,175). Indeed,
inhibition of CARMI has been shown to abrogate the expression of transcription

factors important for initiating differentiation such as myogenin and myocyte
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Figure 4. Putative PRMT targets that regulate skeletal muscle plasticity.
In vitro studies in muscle cells, as well as several other in vitro and in vivo
investigations in non-muscle tissues have shown that protein arginine
methyltransferase 1 (PRMT1), co-activator-associated arginine
methyltransferase 1 (CARMI1), and PRMTS5 target proteins that mediate
skeletal muscle remodelling. For example, PRMT1 has been shown to inhibit
receptor interacting protein 140 (RIP140) and promote forkhead box O1
(FOXOLl), peroxisome proliferator-activated receptor-y coactivator-la (PGC-
la), tumor suppressor protein p53, p38 mitogen-activated protein kinase (p38),
and E2F transcription factor 1 (E2F1) activities
(144,145,146,147,148,149,152,154,155,156). CARMI1 has also been reported
to promote AMP-activated protein kinase (AMPK) and p53 activities
(149,153). Furthermore, PRMTS5 has been found to stimulate p53, p38, plus
inhibit E2F1 activity (150,151,152,156). Thus, PRMT1, CARMI1, and PRMT5
have the potential to play key roles in skeletal muscle plasticity.
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enhancer factor-2C (MEF2C) (175,176). In contrast, PRMTS is required for early
gene expression, suggesting that distinct PRMTs are preferentially active at
different times throughout myogenesis (134,176,180). PRMTS has also been
reported to regulate myogenin, MEF2C, MyoD, and myogenic regulatory factor 5
(Myf5) expression (137,176,178,181). In addition, CARMI1 and PRMTS5 can be
recruited to the promoter of the myogenin gene to further enhance its
transcriptional activation during cell differentiation (183). Notably, these studies
describing the expression and function of PRMTs in muscle development were all
performed in vitro, utilizing rodent muscle cell culture models. Recent
investigations demonstrate that CARM1 and PRMT? are also crucial for muscle
regeneration in vivo. Following injury to skeletal muscle, CARMI1 methylates
Pax7 and is required for the induction of Myf5 transcription during regeneration
(135). Work by Zhang and colleagues (182) showed that PRMTS is required for
proliferation and differentiation of MuSC during recovery from cardiotoxin-
induced muscle damage (182). Thus, PRMT1, CARMI, and PRMTS are
important players in the muscle development and regeneration programs.

PRMT1 and CARMI may also be involved in the adaptive response to
exercise. For example, the first in vivo description of PRMT biology in
mammalian skeletal muscle demonstrated the differential induction of PRMT]I
and CARMI transcript levels after a single bout of exercise (185). The exercise-
evoked increase in PRMT expression was influenced by prior AMPK stimulation.

Additionally, PRMT1 and CARMI serve as important regulators of skeletal
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muscle glucose metabolism (173,174), which is profoundly affected during
exercise. Taken together, these studies highlight a potential role of PRMTs in the
regulation of skeletal muscle plasticity.

5.2 Protein Arginine Methyltransferases as potential therapeutic targets for

neuromuscular disorders

PRMTs may be pharmacologic and/or physiological targets for various
neuromuscular diseases, including acquired and inherited neurogenic disorders,
muscular dystrophies, motoneuron disorders, as well as the sarcopenia of aging.
Among the many characteristics that these conditions share, the progressive
skeletal muscle wasting may be among those affected by PRMT expression and
function. For example, in human embryonic kidney cells, PRMT1-dependent
FOXO methylation inhibits its phosphorylation by AKT, thereby enabling FOXO
nuclear localization (144). Recall that FOXO is a powerful driver of the muscle
atrophy program via its promotion of the ubiquitin-proteasome and autophagy
systems. Furthermore, recent studies have demonstrated that PRMT1 and CARM1
have direct roles in the autophagic signalling pathway (172,179). Although these
studies were not performed in skeletal muscle, the data suggest that PRMTs may
be important mediators of muscle protein metabolism. Interestingly, spinal
muscular atrophy is characterized by abnormally upregulated CARMI in
motoneurons (184), and PRMTI1 and CARMI1 expression content is higher in
dystrophic versus healthy muscle (185). Therefore, interventions that alter the

expression and activity of PRMTs may therefore offer an effective strategy for
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blunting the atrophy associated with various neuromuscular conditions. Further
studies are required in order to define the role of PRMTs in mediating skeletal
muscle plasticity.

6. Study Objectives

6.2 Objectives

Despite the limited number of studies investigating PRMT biology in
skeletal muscle, the evidence strongly suggests that this family of enzymes are
important players in the regulation of skeletal muscle plasticity. However, their
role within the context of disuse-induced muscle remodelling is unknown. Thus,
the objectives of this thesis were to 1) determine whether denervation-induced
muscle disuse alters PRMT expression, localization, and activity in skeletal
muscle, and 2) to characterize the early disuse-evoked signaling events that
precede muscle atrophy. We hypothesized that important metrics of PRMT
biology, including expression, localization, and activity would be altered during
disuse-induced muscle remodelling. Furthermore, we anticipated that these
changes would occur early in the denervation time course within the context of

signaling pathways that mediate muscle plasticity.

29



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

References

Drummond, M.J., Dreyer, H.C., Fry, C.S., Glynn, E.L. & Rasmussen B.B.

(2009). Nutritional and contractile regulation of human skeletal muscle

protein synthesis and mTORCI signaling. J Appl Physiol., 106(4), 1374-84.

2. Egan, B. & Zierath, J.R. (2013). Exercise metabolism and the molecular
regulation of skeletal muscle adaptation. Cell Metab., 17(2), 162-84.

3. Piccirillo, R., Demontis, F., Perrimon, N. & Goldberg, A.L. (2014).
Mechanisms of muscle growth and atrophy in mammals and Drosophila. Dev
Dyn., 243(2), 201-15.

4. Chargg, S.B. & Rudnicki, M.A. (2004). Cellular and molecular regulation of
muscle regeneration. Physiol Rev. 84(1), 209-38.

5. Huxley, A.F. (2000). Cross-bridge action: present views, prospects, and
unknowns. J Biomech., 33(10):1189-95.

6. Talbot, J. & Maves, L. (2016). Skeletal muscle fiber type: using insights from
muscle developmental biology to dissect targets for susceptibility and
resistance to muscle disease. Wiley Interdiscip Rev Dev Biol. 5(4), 518-34.

7. Webster, C., Silberstein, L., Hays, A.P. & Blau, H.M. (1988). Fast muscle
fibers are preferentially affected in Duchenne muscular dystrophy. Cell, 52(4),
503-13.

8. Pedemonte, M., Sandri, C., Schiaffino, S. & Minetti, C. (1999). Early
decrease of IIx myosin heavy chain transcripts in Duchenne muscular

dystrophy. Biochem Biophys Res Commun., 255(2):466-9.

30



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

10.

11.

12.

13.

14.

Vihola, A., Bassez, G., Meola, G., Zhang, S., Haapasalo, H., Paetau, A.,
Mancinelli, E., Rouche, A., Hogrel, J.Y., Laforét, P., Maisonobe, T.,
Pellissier, J.F., Krahe, R., Eymard, B. & Udd, B. (2003). Histopathological
differences of myotonic dystrophy type 1 (DM1) and PROMM/DM2.
Neurology. 60(11):1854-7.

Nilwik, R., Snijders, T., Leenders, M., Groen, B.B., van Kranenburg, J.,
Verdijk, L.B. & van Loon, L.J. (2013). The decline in skeletal muscle mass
with aging is mainly attributed to a reduction in type II muscle fiber size. Exp
Gerontol., 48(5), 492-8.

Gallagher, P., Trappe, S., Harber, M., Creer, A., Mazzetti, S., Trappe, T.,
Alkner, B. & Tesch, P. (2005). Effects of 84-days of bedrest and resistance
training on single muscle fibre myosin heavy chain distribution in human
vastus lateralis and soleus muscles. Acta Physiol Scand., 185(1), 61-9.
Burnham, R., Martin, T., Stein, R., Bell, G., MacLean, I. & Steadward, R.
(1997). Skeletal muscle fibre type transformation following spinal cord injury.
Spinal Cord, 35(2), 86-91.

Qaisar, R., Bhaskaran, S. & Van Remmen, H. (2016). Muscle fiber type
diversification during exercise and regeneration. Free Radic Biol Med, pii:
S0891-5849(16)30004-1.

Ljubicic, V. & Jasmin, B.J. (2013). AMP-activated protein kinase at the
nexus of therapeutic skeletal muscle plasticity in Duchenne muscular

dystrophy. Trends Mol Med., 19(10):614-24.

31



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

15.

16.

17.

18.

19.

20.

21.

Bloemberg, D. & Quadrilatero, J. (2012). Rapid determination of myosin
heavy chain expression in rat, mouse, and human skeletal muscle using
multicolor immunofluorescence analysis. PLoS One. 7(4), €35273.

Lira, V.A., Benton, C.R., Yan, Z. & Bonen, A. (2010). PGC-1alpha
regulation by exercise training and its influences on muscle function and
insulin sensitivity. Am J Physiol Endocrinol Metab., 299(2), E145-61.
Bodine, S.C. & Baehr, L.M. (2014). Skeletal muscle atrophy and the E3
ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am J Physiol Endocrinol
Metab, 307(6), E469-84.

Ljubicic, V., Burt, M. & Jasmin, B.J. (2014). The therapeutic potential of
skeletal muscle plasticity in Duchenne muscular dystrophy: phenotypic

modifiers as pharmacologic targets. FASEB J., 28(2), 548-68.

Chin, E.R., Olson, E.N., Richardson, J.A., Yang, Q., Humphries, C., Shelton,

J.M., Wu, H., Zhu, W., Bassel-Duby, R. & Williams, R.S. (1998). A

calcineurin-dependent transcriptional pathway controls skeletal muscle fiber

type. Genes Dev., 12(16), 2499-509.

Long, Y.C. & Zierath, J.R. (2008). Influence of AMP-activated protein kinase

and calcineurin on metabolic networks in skeletal muscle. Am J Physiol

Endocrinol Metab., 295(3), E545-52.

Jiang, L.Q., Garcia-Roves, P.M., de Castro Barbosa, T. & Zierath, J.R. (2010).

Constitutively active calcineurin in skeletal muscle increases endurance

32



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

22.

23.

24.

25.

26.

performance and mitochondrial respiratory capacity. Am J Physiol
Endocrinol Metab., 298(1), E8-E16.

Scarpulla, R.C. (2008).Transcriptional paradigms in mammalian
mitochondrial biogenesis and function. Physiol Rev., 88(2):611-38.

Akimoto, T., Pohnert, S.C., Li, P., Zhang, M., Gumbs, C., Rosenberg, P.B.,
Williams, R.S. & Yan, Z. (2005). Exercise stimulates Pgc-1alpha
transcription in skeletal muscle through activation of the p38 MAPK pathway.
J Biol Chem., 280(20), 19587-93.

Saleem, A., Carter, H.N., Igbal, S. & Hood, D.A. (2011). Role of p53 within
the regulatory network controlling muscle mitochondrial biogenesis. Exerc
Sport Sci Rev., 39(4), 199-205.

Momken, 1., Stevens, L., Bergouignan, A., Desplanches, D., Rudwill, F.,
Chery, 1., Zahariev, A., Zahn, S., Stein, T.P., Sebedio, J.L., Pujos-Guillot, E.,
Falempin, M., Simon, C., Coxam, V., Andrianjafiniony, T., Gauquelin-Koch,
G., Picquet, F. & Blanc, S. (2011). Resveratrol prevents the wasting disorders
of mechanical unloading by acting as a physical exercise mimetic in the rat.
FASEB J., 25(10), 3646-60.

Seth, A., Steel, J.H., Nichol, D., Pocock, V., Kumaran, M.K., Fritah, A.,
Mobberley, M., Ryder, T.A., Rowlerson, A., Scott, J., Poutanen, M., White,
R. & Parker, M. (2007). The transcriptional corepressor RIP140 regulates

oxidative metabolism in skeletal muscle. Cell Metab., 6(3), 236-45.

33



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

27.

28.

29.

30.

31.

32.

Blanchet, E., Annicotte, J.S., Lagarrigue, S., Aguilar, V., Clapé, C., Chavey,
C., Fritz, V., Casas, F., Apparailly, F., Auwerx, J. & Fajas, L. (2011). E2F
transcription factor-1 regulates oxidative metabolism. Nat Cell Biol., 13(9),
1146-52.

Yamamoto, H., Williams, E.G., Mouchiroud, L., Cant6, C., Fan, W., Downes,
M., Héligon, C., Barish, G.D., Desvergne, B., Evans, R.M., Schoonjans, K.,
& Auwerx, J. (2011). NCoR1 is a conserved physiological modulator of
muscle mass and oxidative function. Cell., 147(4), 827-39.

Meng, Z.X., Li, S., Wang, L., Ko, H.J., Lee, Y., Jung, D.Y., Okutsu, M., Yan,
Z.,Kim, J.K., Lin, J.D. (2013). Baf60c drives glycolytic metabolism in the
muscle and improves systemic glucose homeostasis through Deptor-mediated
Akt activation. Nat Med., 19(5):640-5.

Pette, D. & Staron, R.S. (2001).Transitions of muscle fiber phenotypic
profiles. Histochem Cell Biol., 115(5), 359-72.

Bodine, S.C. (2013). Disuse-induced muscle wasting. Int J Biochem Cell
Biol., 45(10), 2200-8.

Hallberg, M., Morganstein, D.L., Kiskinis, E., Shah, K., Kralli, A., Dilworth,
S.M., White, R., Parker, M.G. & Christian, M. (2008). A functional
interaction between RIP140 and PGC-1alpha regulates the expression of the

lipid droplet protein CIDEA. Mol Cell Biol.,28(22), 6785-95.

34



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

33.

34.

35.

36.

37.

38.

Phillips, S.M., Glover, E.I. & Rennie, M.J. (2009). Alterations of protein
turnover underlying disuse atrophy in human skeletal muscle. J App! Physiol,
107(3):645-54.

Jagoe, R.T. & Goldberg, A.L. (2001). What do we really know about the
ubiquitin-proteasome pathway in muscle atrophy? Curr Opin Clin Nutr Metab
Care.,4(3), 183-90.

Stark, D.A., Coffey, N.J., Pancoast, H.R., Arnold, L.L., Walker, J.P., Vallée,
J., Robitaille, R., Garcia, M.L. & Cornelison, D.D. (2015). Ephrin-A3
promotes and maintains slow muscle fiber identity during postnatal
development and reinnervation. J Cell Biol., 211(5), 1077-91.

Ohira, Y., Yoshinaga, T., Nomura, T., Kawano, F., Ishihara, A., Nonaka, L.,
Roy, R.R. & Edgerton, V.R. (2002). Gravitational unloading effects on
muscle fiber size, phenotype and myonuclear number. Adv Space Res., 30(4),
777-81.

Sacheck, J.M., Hyatt, J.P., Raffaello, A., Jagoe, R.T., Roy, R.R., Edgerton,
V.R., Lecker, S.H. & Goldberg, A.L. (2007). Rapid disuse and denervation
atrophy involve transcriptional changes similar to those of muscle wasting
during systemic diseases. FASEB J., 21(1), 140-55.

Roy, R.R., Zhong, H., Siengthai, B. & Edgerton, V.R. (2005). Activity-
dependent influences are greater for fibers in rat medial gastrocnemius than

tibialis anterior muscle. Muscle Nerve. 32(4), 473-82.

35



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

39.

40.

41.

42.

43.

44,

de Boer, M.D., Seynnes, O.R., di Prampero, P.E., Pisot, R., Mekjavi¢, [.B.,
Biolo, G. & Narici, M.V. (2008). Effect of 5 weeks horizontal bed rest on
human muscle thickness and architecture of weight bearing and non-weight
bearing muscles. Eur J Appl Physiol., 104(2), 401-7.

Allen, D.L., Yasui, W., Tanaka, T., Ohira, Y., Nagaoka, S., Sekiguchi, C.,
Hinds, W.E., Roy, R.R. & Edgerton, V.R. (1996). Myonuclear number and
myosin heavy chain expression in rat soleus single muscle fibers after
spaceflight. J Appl Physiol (1985)., 81(1), 145-51.

Fitts, R.H., Trappe, S.W., Costill, D.L., Gallagher, P.M., Creer, A.C.,
Colloton, P.A., Peters, J.R., Romatowski, J.G., Bain, J.L. & Riley, D.A.
(2010). Prolonged space flight-induced alterations in the structure and
function of human skeletal muscle fibres. J Physiol., 588(Pt 18):3567-92.

Kang, C. & LiJi, L. (2012). Role of PGC-1 « signaling in skeletal muscle

health and disease. Ann N Y Acad Sci., 1271,110-7.

Sandri, M., Lin, J., Handschin, C., Yang, W., Arany, Z.P., Lecker, S.H.,
Goldberg, A.L. & Spiegelman, B.M. (2006). PGC-1alpha protects skeletal
muscle from atrophy by suppressing FoxO3 action and atrophy-specific gene
transcription. Proc Natl Acad Sci USA., 103(44), 16260-5.

Sandri, M., Sandri, C., Gilbert, A., Skurk, C., Calabria, E., Picard, A., Walsh,
K., Schiaffino, S., Lecker, S.H. & Goldberg, A.L. (2004). Foxo transcription
factors induce the atrophy-related ubiquitin ligase atrogin-1 and cause

skeletal muscle atrophy. Cell., 117(3), 399-412.

36



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

45.

46.

47.

48.

49.

50.

51.

Li, J.B. & Goldberg, A.L. (1976). Effects of food deprivation on protein
synthesis and degradation in rat skeletal muscles. Am J Physiol., 231(2), 441-
8.

Tiao, G., Lieberman, M., Fischer, J.E. & Hasselgren, P.O. (1997).
Intracellular regulation of protein degradation during sepsis is different in
fast- and slow-twitch muscle. Am J Physiol., 272(3 Pt 2), R849-56.
Acharyya, S., Ladner, K.J., Nelsen, L.L., Damrauer, J., Reiser, P.J., Swoap,
S., & Guttridge, D.C. (2004). Cancer cachexia is regulated by selective
targeting of skeletal muscle gene products. J Clin Invest., 114(3), 370-8.
Herbison, G.J., Jaweed, M.M. & Ditunno, J.F. (1979). Muscle atrophy in rats
following denervation, casting, inflammation, and tenotomy. Arch Phys Med
Rehabil., 60(9), 401-4.

Brault, J.J., Jespersen, J.G. & Goldberg, A.L. (2010). Peroxisome
proliferator-activated receptor gamma coactivator lalpha or 1beta
overexpression inhibits muscle protein degradation, induction of ubiquitin
ligases, and disuse atrophy. J Biol/ Chem., 285(25),19460-71.

Cannavino, J., Brocca, L., Sandri, M., Bottinelli, R. & Pellegrino, M.A.
(2014). PGC1-a over-expression prevents metabolic alterations and soleus
muscle atrophy in hindlimb unloaded mice. J Physiol., 592(20),4575-89.
Cannavino, J., Brocca, L., Sandri, M., Grassi, B., Bottinelli, R. & Pellegrino,

M.A. (2015). The role of alterations in mitochondrial dynamics and PGC-1 «

37



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

52.

53.

54.

55.

56.

57.

over-expression in fast muscle atrophy following hindlimb unloading. J
Physiol., 593(8),1981-95.

Hindi, S.M., Mishra, V., Bhatnagar, S., Tajrishi, M.M., Ogura, Y., Yan, Z.,
Burkly, L.C., Zheng, T.S. & Kumar, A. (2014). Regulatory circuitry of
TWEAK-Fn14 system and PGC-1a in skeletal muscle atrophy program.
FASEB J., 28(3), 1398-411.

Kato, K., Ito, H., Kamei, K., Iwamoto, [. & Inaguma, Y. (2002). Innervation-
dependent phosphorylation and accumulation of alphaB-crystallin and Hsp27
as insoluble complexes in disused muscle. FASEB J., 16(11), 1432-4.

Hilder, T.L., Tou, J.C., Grindeland, R.E., Wade, C.E. & Graves, L.M. (2003).
Phosphorylation of insulin receptor substrate-1 serine 307 correlates with
JNK activity in atrophic skeletal muscle. FEBS Lett., 553(1-2), 63-7.

Childs, T.E., Spangenburg, E.E., Vyas, D.R. & Booth, F.W. (2003).
Temporal alterations in protein signaling cascades during recovery from
muscle atrophy. Am J Physiol Cell Physiol.,285(2), C391-8.

Machida, S. & Booth, F.W. (2005). Changes in signalling molecule levels in
10-day hindlimb immobilized rat muscles. Acta Physiol Scand., 183(2), 171-9.
Kim, J., Won, K.J., Lee, H.M., Hwang, B.Y., Bae, Y.M., Choi, W.S., Song,
H., Lim, K.W., Lee, C.K. & Kim, B. (2009). p38 MAPK Participates in
Muscle-Specific RING Finger 1-Mediated Atrophy in Cast-Immobilized Rat

Gastrocnemius Muscle. Korean J Physiol Pharmacol., 13(6), 491-6.

38



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

58.

59.

60.

61.

62.

63.

64.

Hunter, R.B., Stevenson, E., Koncarevic, A., Mitchell-Felton, H., Essig, D.A.
& Kandarian, S.C. (2002). Activation of an alternative NF-kappaB pathway
in skeletal muscle during disuse atrophy. FASEB J., 16(6), 529-38.

Shi, H., Scheffler, J.M., Zeng, C., Pleitner, J.M., Hannon, K.M., Grant, A.L.,
Gerrard, D.E. (2009). Mitogen-activated protein kinase signaling is necessary
for the maintenance of skeletal muscle mass. Am J Physiol Cell Physiol.,
296(5), C1040-8.

Jin, B. & Li, Y.P. (2007). Curcumin prevents lipopolysaccharide-induced
atrogin-1/MAFbx upregulation and muscle mass loss. J Cell Biochem.,
100(4), 960-9.

Li, Y.P., Chen, Y., John, J., Moylan, J., Jin, B., Mann, D.L. & Reid, M.B.
(2005). TNF-alpha acts via p38 MAPK to stimulate expression of the
ubiquitin ligase atroginl/MAFbx in skeletal muscle. FASEB J., 19(3), 362-70.
O'keefe, M.P., Perez, F.R., Kinnick, T.R., Tischler, M.E. & Henriksen, E.J.
(2004). Development of whole-body and skeletal muscle insulin resistance
after one day of hindlimb suspension. Metabolism., 53(9), 1215-22.

Adams, V., Mangner, N., Gasch, A., Krohne, C., Gielen, S., Hirner, S.,
Thierse, H.J., Witt, C.C., Linke, A., Schuler, G. & Labeit, S. (2008).
Induction of MuRF1 is essential for TNF-alpha-induced loss of muscle
function in mice. J Mol Biol., 384(1), 48-59.

Doyle, A., Zhang, G., Abdel, Fattah, E.A., Eissa, N.T. & Li, Y.P. (2011).

Toll-like receptor 4 mediates lipopolysaccharide-induced muscle catabolism

39



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

65.

66.

67.

68.

69.

via coordinate activation of ubiquitin-proteasome and autophagy-lysosome
pathways. FASEB J., 25(1), 99-110.

Morales, M.G., Olguin, H., Di Capua, G., Brandan, E., Simon, F., Cabello-
Verrugio, C.. (2015). Endotoxin-induced skeletal muscle wasting is prevented
by angiotensin-(1-7) through a p38 MAPK-dependent mechanism. Clin Sci,
129(6), 461-76.

Paul, P.K., Gupta, S.K., Bhatnagar, S., Panguluri, S.K., Darnay, B.G., Choi,
Y. & Kumar, A. (2010). Targeted ablation of TRAF6 inhibits skeletal muscle
wasting in mice. J Cell Biol., 191(7), 1395-411.

Derbre, F., Ferrando, B., Gomez-Cabrera, M.C., Sanchis-Gomar, F.,
Martinez-Bello, V.E., Olaso-Gonzalez, G., Diaz, A., Gratas-Delamarche, A.,
Cerda, M. & Viiia, J. (2012). Inhibition of xanthine oxidase by allopurinol
prevents skeletal muscle atrophy: role of p38 MAPKinase and E3 ubiquitin
ligases. PLoS One., 7(10), e46668.

Evertsson, K., Fjallstrom, A.K., Norrby, M. & Tégerud, S. (2014). p38
mitogen-activated protein kinase and mitogen-activated protein kinase-
activated protein kinase 2 (MK2) signaling in atrophic and hypertrophic
denervated mouse skeletal muscle. J Mol Signal., 9(1), 2.

McClung, J.M., Judge, A.R., Powers, S.K. & Yan, Z. (2010). p38 MAPK
links oxidative stress to autophagy-related gene expression in cachectic

muscle wasting. Am J Physiol Cell Physiol., 298(3), C542-9.

40



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

70.

71.

72.

73.

74.

Clavel, S., Siffroi-Fernandez, S., Coldefy, A.S., Boulukos, K., Pisani, D.F. &
Dérijard, B. (2010). Regulation of the intracellular localization of Foxo3a by
stress-activated protein kinase signaling pathways in skeletal muscle cells.
Mol Cell Biol., 30(2), 470-80.

Chiacchiera, F., Matrone, A., Ferrari, E., Ingravallo, G., Lo Sasso, G.,
Murzilli, S., Petruzzelli, M., Salvatore, L., Moschetta, A. & Simone, C.
(2009). p38alpha blockade inhibits colorectal cancer growth in vivo by
inducing a switch from HIF lalpha- to FoxO-dependent transcription. Cell
Death Differ. 16(9), 1203-14.

Ferreira, R., Neuparth, M.J., Ascensdo, A., Magalhaes, J., Vitorino, R.,
Duarte, J.A. & Amado, F. (2006). Skeletal muscle atrophy increases cell
proliferation in mice gastrocnemius during the first week of hindlimb
suspension. Eur J Appl Physiol., 97(3), 340-6.

Krawiec, B.J., Nystrom, G.J., Frost, R.A., Jefferson, L.S. & Lang, C.H.
(2007). AMP-activated protein kinase agonists increase mRNA content of the
muscle-specific ubiquitin ligases MAFbx and MuRF1 in C2C12 cells. Am J
Physiol Endocrinol Metab., 292(6), E1555-67.

Nakashima, K. & Yakabe, Y. (2007). AMPK activation stimulates
myofibrillar protein degradation and expression of atrophy-related ubiquitin
ligases by increasing FOXO transcription factors in C2C12 myotubes. Biosci

Biotechnol Biochem., 71(7), 1650-6.

41



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

75.

76.

77.

78.

79.

80.

81.

Lee, J.W., Park, S., Takahashi, Y. & Wang, H.G. (2010). The association of
AMPK with ULKI regulates autophagy. PLoS One., 5(11), e15394.

Sanchez, A.M., Csibi, A., Raibon, A., Cornille, K., Gay, S., Bernardi, H. &
Candau, R. (2012). AMPK promotes skeletal muscle autophagy through
activation of forkhead FoxO3a and interaction with Ulk1. J Cell Biochem.,
113(2), 695-710.

Kim, J., Kundu, M., Viollet, B. & Guan, K.L. (2011). AMPK and mTOR
regulate autophagy through direct phosphorylation of Ulk1. Nat Cell Biol.,
13(2), 132-41.

Calnan, D.R. & Brunet, A. (2008). The FoxO code. Oncogene., 27(16), 2276-
88.

Egawa, T., Goto, A., Ohno, Y., Yokoyama, S., Ikuta, A., Suzuki, M., Sugiura,
T., Ohira, Y., Yoshioka, T., Hayashi, T. & Goto, K. (2015). Involvement of
AMPK in regulating slow-twitch muscle atrophy during hindlimb unloading
in mice. Am J Physiol Endocrinol Metab., 309(7), E651-62.

Greer, E.L., Oskoui, P.R., Banko, M.R., Maniar, J.M., Gygi, M.P., Gygi, S.P.
& Brunet, A. (2007). The energy sensor AMP-activated protein kinase
directly regulates the mammalian FOXO3 transcription factor. J Biol Chem.,
282(41),30107-19.

Barthel, A., Schmoll, D., Kriiger, K.D., Roth, R.A. & Joost, H.G. (2002).

Regulation of the forkhead transcription factor FKHR (FOXO1a) by glucose

42



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

82.

3.

&4.

85.

86.

87.

starvation and AICAR, an activator of AMP-activated protein kinase.
Endocrinology,143(8), 3183-6.

Guo, Y., Meng, J., Tang, Y., Wang, T., Wei, B., Feng, R., Gong, B., Wang,
H., Ji, G. & Lu, Z. (2016). AMP-activated kinase a2 deficiency protects mice
from denervation-induced skeletal muscle atrophy. Arch Biochem Biophys.,
600, 56-60.

Bodine, S.C., Latres, E., Baumhueter, S., Lai, V.K., Nunez, L., Clarke, B.A.,
Poueymirou, W.T., Panaro, F.J., Na, E., Dharmarajan, K., Pan, Z.Q.,
Valenzuela, D.M., DeChiara, T.M., Stitt, T.N., Yancopoulos, G.D. & Glass,
D.J. (2001). Identification of ubiquitin ligases required for skeletal muscle
atrophy. Science, 294(5547), 1704-8.

Midrio, M. (2006). The denervated muscle: facts and hypotheses. A historical
review. Eur J Appl Physiol., 98(1), 1-21.

Clark, B.C. (2009). In vivo alterations in skeletal muscle form and function
after disuse atrophy. Med Sci Sports Exerc., 41(10), 1869-75.

Manini, T.M., Clark, B.C., Nalls, M.A., Goodpaster, B.H., Ploutz-Snyder,
L.L. & Harris, T.B. (2007). Reduced physical activity increases intermuscular
adipose tissue in healthy young adults. Am J Clin Nutr., 85(2), 377-84.

Fitts, R.H., Riley, D.R. & Widrick, J.J. (2000). Physiology of a microgravity
environment invited review: microgravity and skeletal muscle. J App! Physiol

(1985)., 89(2), 823-39.

43



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

88.

&9.

90.

91.

92.

93.

94.

95.

96.

Jackman, R.W. & Kandarian, S.C. (2004). The molecular basis of skeletal
muscle atrophy. Am J Physiol Cell Physiol., 287(4), C834-43.

Thomason, D.B. & Booth, F.W. (1990). Atrophy of the soleus muscle by
hindlimb unweighting. J App! Physiol (1985)., 68(1), 1-12.

Hudson, N.J. & Franklin, C.E. (2002). Maintaining muscle mass during
extended disuse: aestivating frogs as a model species. J Exp Biol., 205(Pt 15),
2297-303.

Zhang, P., Chen, X. & Fan, M. (2007). Signaling mechanisms involved in
disuse muscle atrophy. Med Hypotheses., 69(2), 310-21.

Fahim, M.A. (1989). Rapid neuromuscular remodeling following limb
immobilization. Anat Rec., 224(1), 102-9.

Garbin, L. & Boldrini, P. (1984). Proteolytic activity and calcium
concentration in muscle wasting conditions. Boll Soc Ital Biol Sper., 60(8),
1551-65.

Schiaffino, S., Dyar, K.A., Ciciliot, S., Blaauw, B. & Sandri, M. (2013).
Mechanisms regulating skeletal muscle growth and atrophy. FEBS J.,
280(17):4294-314.

Loughna, P., Goldspink, G. & Goldspink, D.F. (1986). Effect of inactivity
and passive stretch on protein turnover in phasic and postural rat muscles. J
Appl Physiol (1985).,61(1), 173-9.

Sandri, M. (2013). Protein breakdown in muscle wasting: role of autophagy-

lysosome and ubiquitin-proteasome. Int J Biochem Cell Biol., 45(10), 2121-9.

44



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

97.

98.

99.

Jaitovich, A., Angulo, M., Lecuona, E., Dada, L.A., Welch, L.C., Cheng, Y.,
Gusarova, G., Ceco, E., Liu, C., Shigemura, M., Barreiro, E., Patterson, C.,
Nader, G.A. & Sznajder, J.I. (2015). High CO2 levels cause skeletal muscle
atrophy via AMP-activated kinase (AMPK), FoxO3a protein, and muscle-
specific Ring finger protein 1 (MuRF1). J Biol Chem., 290(14), 9183-94.
Wiberg, R., Jonsson, S., Novikova, L.N. & Kingham, P.J. (2015).
Investigation of the Expression of Myogenic Transcription Factors,
microRNAs and Muscle-Specific E3 Ubiquitin Ligases in the Medial
Gastrocnemius and Soleus Muscles following Peripheral Nerve Injury. PLoS
One., 10(12), €0142699.

Chen, Y.W., Gregory, C.M., Scarborough, M.T., Shi, R., Walter, G.A. &
Vandenborne, K. (2007). Transcriptional pathways associated with skeletal

muscle disuse atrophy in humans. Physiol Genomics., 31(3), 510-20.

100.Walsh, M.E., Bhattacharya, A., Liu, Y. & Van Remmen, H. (2015). Butyrate

prevents muscle atrophy after sciatic nerve crush. Muscle Nerve, 52(5), 859-

68.

101.Fjallstrom, A.K., Evertsson, K., Norrby, M. & Tégerud, S. (2014). Forkhead

box O1 and muscle RING finger 1 protein expression in atrophic and

hypertrophic denervated mouse skeletal muscle. J Mol Signal., 9,9.

102.Adhihetty, P.J., O'Leary, M.F., Chabi, B., Wicks, K.L. & Hood, D.A. (2007).

Effect of denervation on mitochondrially mediated apoptosis in skeletal

muscle. J Appl Physiol (1985)., 102(3), 1143-51.

45



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

103.Tang, H., Inoki, K., Lee, M., Wright, E., Khuong, A., Khuong, A., Sugiarto,
S., Garner, M., Paik, J., DePinho, R.A., Goldman, D., Guan, K.L. & Shrager,
J.B. (2014). mTORC1 promotes denervation-induced muscle atrophy through
a mechanism involving the activation of FoxO and E3 ubiquitin ligases. Sci
Signal., 7(314), ral8.

104.Bertaggia, E., Coletto, L. & Sandri, M. (2012). Posttranslational
modifications control FoxO3 activity during denervation. Am J Physiol Cell
Physiol., 302(3), C587-96.

105.Milan, G., Romanello, V., Pescatore, F., Armani, A., Paik, J.H., Frasson, L.,
Seydel, A., Zhao, J., Abraham, R., Goldberg, A.L., Blaauw, B., DePinho, R.A.
& Sandri, M. (2015). Regulation of autophagy and the ubiquitin-proteasome
system by the FoxO transcriptional network during muscle atrophy. Nat
Commun., 6, 6670.

106.Vainshtein, A., Desjardins, E.M., Armani, A., Sandri, M. & Hood, D.A.
(2015). PGC-1 o« modulates denervation-induced mitophagy in skeletal
muscle. Skelet Muscle., 5, 9.

107.Gomes, A.V., Waddell, D.S., Siu, R., Stein, M., Dewey, S., Furlow, J.D. &
Bodine, S.C. (2012). Upregulation of proteasome activity in muscle RING
finger 1-null mice following denervation. FASEB J., 26(7), 2986-99.

108.0'Leary, M.F., Vainshtein, A., Igbal, S., Ostojic, O. & Hood, D.A. (2013).
Adaptive plasticity of autophagic proteins to denervation in aging skeletal

muscle. Am J Physiol Cell Physiol., 304(5), C422-30.

46



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

109.0'Leary, M.F. & Hood, D.A. (2008). Effect of prior chronic contractile
activity on mitochondrial function and apoptotic protein expression in
denervated muscle. J Appl Physiol (1985)., 105(1), 114-20.

110.0'Leary, M.F., Vainshtein, A., Carter, H.N., Zhang, Y. & Hood, D.A. (2012).
Denervation-induced mitochondrial dysfunction and autophagy in skeletal
muscle of apoptosis-deficient animals. Am J Physiol Cell Physiol., 303(4),
C447-54.

111.Singh, K. & Hood, D.A. (2011). Effect of denervation-induced muscle disuse
on mitochondrial protein import. Am J Physiol Cell Physiol., 300(1), C138-45.

112.Tryon, L.D., Crilly, M.J. & Hood, D.A. (2015).Effect of denervation on the
regulation of mitochondrial transcription factor A expression in skeletal
muscle. Am J Physiol Cell Physiol., 309(4), C228-38.

113.Reich, K.A., Chen, Y.W., Thompson, P.D., Hoffman, E.P. & Clarkson, P.M.
(2010). Forty-eight hours of unloading and 24 h of reloading lead to changes
in global gene expression patterns related to ubiquitination and oxidative
stress in humans. J Appl Physiol (1985)., 109(5), 1404-15.

114.Tesch, P.A., von Walden, F., Gustafsson, T., Linnehan, R.M. & Trappe, T.A.
(2008). Skeletal muscle proteolysis in response to short-term unloading in
humans. J Appl Physiol (1985).,105(3), 902-6.

115.Urso, M.L., Scrimgeour, A.G., Chen, Y.W., Thompson, P.D. & Clarkson,

P.M. (2006). Analysis of human skeletal muscle after 48 h immobilization

47



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

reveals alterations in mRNA and protein for extracellular matrix components.
J Appl Physiol (1985).,101(4), 1136-48.

116.Gomes, M.D., Lecker, S.H., Jagoe, R.T., Navon, A. & Goldberg, A.L. (2001).
Atrogin-1, a muscle-specific F-box protein highly expressed during muscle
atrophy. Proc Natl Acad Sci USA., 98(25), 14440-5.

117.8titt, T.N., Drujan, D., Clarke, B.A., Panaro, F., Timofeyva, Y., Kline, W.O.,
Gonzalez, M., Yancopoulos, G.D. & Glass, D.J. (2004). The IGF-1/PI3K/Akt
pathway prevents expression of muscle atrophy-induced ubiquitin ligases by
inhibiting FOXO transcription factors. Mol Cell., 14(3), 395-403.

118.Fu, X., Zhao, J.X., Liang, J., Zhu, M.J., Foretz, M., Viollet, B. & Du, M.
(2013). AMP-activated protein kinase mediates myogenin expression and
myogenesis via histone deacetylase 5. Am J Physiol Cell Physiol., 305(8),
C887-95.

119.Gustafsson, T., Osterlund, T., Flanagan, J.N., von Waldén, F., Trappe, T.A.,
Linnehan, R.M. & Tesch, P.A. (2010). Effects of 3 days unloading on
molecular regulators of muscle size in humans. J App! Physiol (1985).,
109(3), 721-7.

120.Dirks, M.L., Wall, B.T., van de Valk, B., Holloway, T.M., Holloway, G.P.,
Chabowski, A., Goossens, G.H. & van Loon, L.J. (2016). One week of bed
rest leads to substantial muscle atrophy and induces whole-body insulin

resistance in the absence of skeletal muscle lipid accumulation. Diabetes., pii:

db151661.

48



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

121.Dirks, M.L., Wall, B.T., Nilwik, R., Weerts, D.H., Verdijk, L.B. & van Loon
L.J. (2014). Skeletal muscle disuse atrophy is not attenuated by dietary
protein supplementation in healthy older men. J Nutr., 144(8),1196-203.

122.Yasuda, N., Glover, E.L., Phillips, S.M., Isfort, R.J. & Tarnopolsky, M. A.
(2005). Sex-based differences in skeletal muscle function and morphology
with short-term limb immobilization. J Appl Physiol (1985).,99(3), 1085-92.

123.Hortobagyi, T., Dempsey, L., Fraser, D., Zheng, D., Hamilton, G., Lambert, J.
& Dohm, L. (2000). Changes in muscle strength, muscle fibre size and
myofibrillar gene expression after immobilization and retraining in humans. J
Physiol. 524 Pt 1, 293-304.

124.Yang, Y. & Bedford, M.T. (2013). Protein arginine methyltransferases and
cancer. Nat Rev Cancer., 13(1), 37-50.

125.Wei, H., Mundade, R., Lange, K.C. & Lu, T. (2014). Protein arginine
methylation of non-histone proteins and its role in diseases. Cell Cycle., 13(1),
32-41.

126.Cha, B. & Jho, E.H. (2012). Protein arginine methyltransferases (PRMTs) as
therapeutic targets. Expert Opin Ther Targets., 16(7), 651-64.

127.Bedford, M.T. & Clarke, S.G. (2009). Protein arginine methylation in
mammals: who, what, and why. Mol Cell., 33(1), 1-13.

128.Baldwin, R.M., Morettin, A. & Coté, J. (2014). Role of PRMTs in cancer:

Could minor isoforms be leaving a mark? World J Biol Chem., 5(2), 115-29.

49



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

129.Yu, Z., Chen, T., Hébert, J., Li, E. & Richard, S. (2009). A mouse PRMT1
null allele defines an essential role for arginine methylation in genome
maintenance and cell proliferation. Mol Cell Biol., 29(11), 2982-96.

130.Tee, W.W., Pardo, M., Theunissen, T.W., Yu, L., Choudhary, J.S., Hajkova,
P. & Surani, M.A. (2010). Prmt5 is essential for early mouse development
and acts in the cytoplasm to maintain ES cell pluripotency. Genes Dev.,
24(24), 2772-7.

131.Nicholson, T.B., Chen, T. & Richard, S. (2009). The physiological and
pathophysiological role of PRMT1-mediated protein arginine methylation.
Pharmacol Res., 60(6), 466-74.

132.Pawlak, M.R., Scherer, C.A., Chen, J., Roshon, M.J. & Ruley, H.E. (2000).
Arginine N-methyltransferase 1 is required for early postimplantation mouse
development, but cells deficient in the enzyme are viable. Mol Cell Biol.
20(13), 4859-69.

133.Yadav, N, Lee, J., Kim, J., Shen, J., Hu, M.C., Aldaz, C.M. & Bedford, M.T.
(2003). Specific protein methylation defects and gene expression
perturbations in coactivator-associated arginine methyltransferase 1-deficient
mice. Proc Natl Acad Sci USA. 100(11), 6464-8.

134.Dacwag, C.S., Bedford, M.T., Sif, S. & Imbalzano, A.N. (2009). Distinct
protein arginine methyltransferases promote ATP-dependent chromatin
remodeling function at different stages of skeletal muscle differentiation. Mo/

Cell Biol., 29(7), 1909-21.

50



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

135.Kawabe, Y., Wang, Y.X., McKinnell, . W., Bedford, M.T. & Rudnicki, M.A.
(2012). Carm1 regulates Pax7 transcriptional activity through MLL1/2
recruitment during asymmetric satellite stem cell divisions. Cell Stem Cell.
11(3), 333-45.

136.Kim, D., Lee, J., Cheng, D., Li, J., Carter, C., Richie, E. & Bedford, M.T.
(2010). Enzymatic activity is required for the in vivo functions of CARM1. J
Biol Chem., 285(2), 1147-52.

137.Fan, Z., Kong, X., Xia, J., Wu, X., Li, H., Xu, H., Fang, M. & Xu, Y. (2016).
The arginine methyltransferase PRMTS regulates CIITA-dependent MHC 11
transcription. Biochim Biophys Acta., 1859(5), 687-96.

138.Bedford, M.T. & Richard, S. (2005). Arginine methylation an emerging
regulator of protein function. Mol Cell., 18(3), 263-72.

139.Lee, Y.H. & Stallcup, M.R. (2009). Minireview: protein arginine methylation
of nonhistone proteins in transcriptional regulation. Mol Endocrinol., 23(4),
425-33.

140.Wang, H., Huang, Z7.Q., Xia, L., Feng, Q., Erdjument-Bromage, H., Strahl,
B.D., Briggs, S.D., Allis, C.D., Wong, J., Tempst, P. & Zhang, Y. (2001).
Methylation of histone H4 at arginine 3 facilitating transcriptional activation
by nuclear hormone receptor. Science., 293(5531), 853-7.

141.Frietze, S., Lupien, M., Silver, P.A. & Brown, M. (2008). CARM!1 regulates
estrogen-stimulated breast cancer growth through up-regulation of E2F1.

Cancer Res. 68(1), 301-6.

51



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

142.Pal, S., Vishwanath, S.N., Erdjument-Bromage, H., Tempst, P. & Sif, S.
(2004). Human SWI/SNF-associated PRMTS methylates histone H3 arginine
8 and negatively regulates expression of ST7 and NM23 tumor suppressor
genes. Mol Cell Biol. 24(21), 9630-45.

143.Pal, S., Baiocchi, R.A., Byrd, J.C., Grever, M.R., Jacob, S.T. & Sif, S. (2007).
Low levels of miR-92b/96 induce PRMTS translation and H3R8/H4R3
methylation in mantle cell lymphoma. EMBO J. 26(15), 3558-69.

144.Yamagata, K., Daitoku, H., Takahashi, Y., Namiki, K., Hisatake, K., Kako,
K., Mukai, H., Kasuya, Y. & Fukamizu, A. (2008). Arginine methylation of
FOXO transcription factors inhibits their phosphorylation by Akt. Mol Cell.,
32(2), 221-31.

145.Mostaqul Huq, M.D., Gupta, P., Tsai, N.P., White, R., Parker, M.G. & Wei,
L.N. (2006). Suppression of receptor interacting protein 140 repressive
activity by protein arginine methylation. EMBO J, 25(21), 5094-104.

146.Teyssier, C., Ma, H., Emter, R., Kralli, A. & Stallcup, M.R. (2005).
Activation of nuclear receptor coactivator PGC-1alpha by arginine
methylation. Genes Dev., 19(12), 1466-73.

147.Garcia, M.M., Guéant-Rodriguez, R.M., Pooya, S., Brachet, P., Alberto, J.M.,
Jeannesson, E., Maskali, F., Gueguen, N., Marie, P.Y., Lacolley, P.,
Herrmann, M., Juilliére, Y., Malthiery, Y. & Guéant, J.L. (2011). Methyl

donor deficiency induces cardiomyopathy through altered

52



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

methylation/acetylation of PGC-1 « by PRMT]1 and SIRTL1. J Pathol., 225(3),

324-35.

148.Park, M.J., Kim, D.I., Lim, S.K., Choi, J.H., Kim, J.C., Yoon, K.C., Lee, J.B.,
Lee, J.H., Han, H.J., Choi, I.P., Kim, H.C. & Park, S.H. (2014). Thioredoxin-
interacting protein mediates hepatic lipogenesis and inflammation via

PRMT]1 and PGC-1 « regulation in vitro and in vivo. J Hepatol., 61(5),

1151-7.

149.An, W, Kim, J. & Roeder, R.G. (2004). Ordered cooperative functions of
PRMTT1, p300, and CARM1 in transcriptional activation by p53. Cell, 117(6),
735-48.

150.Scoumanne, A., Zhang, J. & Chen, X. (2009). PRMTS is required for cell-
cycle progression and p53 tumor suppressor function. Nucleic Acids Res.,
37(15), 4965-76.

151.Jansson, M., Durant, S.T., Cho, E.C., Sheahan, S., Edelmann, M., Kessler, B.
& La Thangue, N.B. (2008). Arginine methylation regulates the p53 response.
Nat Cell Biol., 10(12), 1431-9.

152.Zheng, S., Moehlenbrink, J., Lu, Y.C., Zalmas, L.P., Sagum, C.A., Carr, S.,
McGouran, J.F., Alexander, L., Fedorov, O., Munro, S., Kessler, B., Bedford,
M.T., Yu, Q. & La Thangue, N.B. (2013). Arginine methylation-dependent
reader-writer interplay governs growth control by E2F-1. Mol Cell., 52(1),

37-51.

53



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

153.Kim, D., Lim, S., Park, M., Choi, J., Kim, J., Han, H., Yoon, K., Kim, K.,
Lim, J. & Park, S. (2014). Ubiquitination-dependent CARM1 degradation
facilitates Notch1-mediated podocyte apoptosis in diabetic nephropathy. Cell
Signal., 26(9), 1774-82.

154.Chang, Y .I., Hua, W.K., Yao, C.L., Hwang, S.M., Hung, Y.C., Kuan, C.J.,
Leou, J.S. & Lin, W.J. (2010). Protein-arginine methyltransferase 1
suppresses megakaryocytic differentiation via modulation of the p38 MAPK
pathway in K562 cells. J Biol Chem., 285(27), 20595-606.

155.Hua, W K., Chang, Y.I., Yao, C.L., Hwang, S.M., Chang, C.Y. & Lin, W.J.
(2013). Protein arginine methyltransferase 1 interacts with and activates p38

« to facilitate erythroid differentiation. PLoS One., 8(3), €56715.

156.Lim, S.K., Jeong, Y.W., Kim, D.I., Park, M.J., Choi, J.H., Kim, S.U., Kang,
S.S., Han, H.J. & Park, S.H. (2013). Activation of PRMT1 and PRMT?5
mediates hypoxia- and ischemia-induced apoptosis in human lung epithelial
cells and the lung of miniature pigs: the role of p38 and JNK mitogen-
activated protein kinases. Biochem Biophys Res Commun., 440(4), 707-13.

157.Liu, L., Sun, Q., Bao, R., Roth, M., Zhong, B., Lan, X., Tian, J., He, Q., Li,
D., Sun, J., Yang, X. & Lu, S. (2016). Specific regulation of PRMT1
expression by PIAS1 and RKIP in BEAS-2B epithelia cells and HFL-1
fibroblasts in lung inflammation. Sci Rep. 6,21810.

158.Poulard, C., Corbo, L., Le Romancer, M. (2016). Protein arginine

methylation/demethylation and cancer. Oncotarget.

54



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

159.Savoia, C., Ebrahimian, T., Lemari¢, C.A., Paradis, P., Iglarz, M., Amiri, F.,
Javeshgani, D. & Schiffrin, E.L. (2010). Countervailing vascular effects of
rosiglitazone in high cardiovascular risk mice: role of oxidative stress and
PRMT-1. Clin Sci (Lond)., 118(9), 583-92.

160.Liu, X., Hao, Y., Wang, L., Li, H., Lu, X., Cao, J., Hu, Y., Mo, X., Peng, X.,
Gu, D. (2014). Functional analysis of single-nucleotide polymorphisms in the
regulation of coactivator-associated arginine methyltransferase 1 expression
and plasma homocysteine levels. Circ Cardiovasc Genet., 7(5), 642-9.

161.Zhang, H.T., Zhang, D., Zha, Z.G., Hu, C.D. (2014). Transcriptional
activation of PRMTS5 by NF-Y is required for cell growth and negatively
regulated by the PKC/c-Fos signaling in prostate cancer cells. Biochim
Biophys Acta., 1839(11), 1330-40.

162.Liu, F., Zhao, X., Perna, F., Wang, L., Koppikar, P., Abdel-Wahab, O., Harr,
M.W., Levine, R.L., Xu, H., Tefferi, A., Deblasio, A., Hatlen, M., Menendez,
S. & Nimer, S.D. (2011). JAK2V617F-mediated phosphorylation of PRMTS5
downregulates its methyltransferase activity and promotes myeloproliferation.
Cancer Cell., 19(2), 283-94.

163.Kuhn, P., Chumanov, R., Wang, Y., Ge, Y., Burgess, R.R. & Xu, W. (2011).
Automethylation of CARM1 allows coupling of transcription and mRNA
splicing. Nucleic Acids Res., 39(7), 2717-26.

164.Gui, S., Wooderchak, W.L., Daly, M.P., Porter, P.J., Johnson, S.J. & Hevel,

J.M. (2011). Investigation of the molecular origins of protein-arginine

55



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

methyltransferase I (PRMT1) product specificity reveals a role for two
conserved methionine residues. J Biol Chem., 286(33), 29118-26.

165.Feng, Q., He, B., Jung, S.Y., Song, Y., Qin, J., Tsai, S.Y., Tsai, M.J. &
O'Malley, B.W. (2009). Biochemical control of CARMI1 enzymatic activity
by phosphorylation. J Biol Chem., 284(52), 36167-74.

166.Sakabe, K. & Hart, G.W. (2010). O-GlcNAc transferase regulates mitotic
chromatin dynamics. J Biol Chem., 285(45), 34460-8.

167.Rust, H.L., Subramanian, V., West, G.M., Young, D.D., Schultz, P.G. &
Thompson, P.R. (2014). Using unnatural amino acid mutagenesis to probe the
regulation of PRMT1. ACS Chem Biol., 9(3), 649-55.

168.Lin, W.J., Gary, J.D., Yang, M.C., Clarke, S. & Herschman, H.R. (1996). The
mammalian immediate-early TIS21 protein and the leukemia-associated
BTG1 protein interact with a protein-arginine N-methyltransferase. J Bio/
Chem. 271(25), 15034-44.

169.Lei, N.Z., Zhang, X.Y., Chen, H.Z., Wang, Y., Zhan, Y.Y., Zheng, Z.H.,
Shen, Y.M. & Wu, Q. (2009). A feedback regulatory loop between
methyltransferase PRMT1 and orphan receptor TR3. Nucleic Acids Res.,
37(3),832-48.

170.Duong, F.H., Christen, V., Berke, J.M., Penna, S.H., Moradpour, D. & Heim,
M.H. (2005). Upregulation of protein phosphatase 2Ac by hepatitis C virus
modulates NS3 helicase activity through inhibition of protein arginine

methyltransferase 1. J Virol., 79(24),15342-50.

56



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

171.Xu, W., Cho, H., Kadam, S., Banayo, E.M., Anderson, S., Yates, J.R.,
Emerson, B.M. & Evans, R.M. (2004). A methylation-mediator complex in
hormone signaling. Genes Dev., 18(2),144-56.

172.L4, S., Yang, P., Tian, E. & Zhang, H. (2013). Arginine methylation
modulates autophagic degradation of PGL granules in C. elegans. Mol Cell.,
52(3),421-33.

173.Iwasaki, H. & Yada, T. (2007). Protein arginine methylation regulates insulin
signaling in L6 skeletal muscle cells.Biochem Biophys Res
Commun.,364(4),1015-21.

174.Wang, S.C., Dowhan, D.H., Eriksson, N.A. & Muscat, G.E. (2012).
CARMI1/PRMT4 is necessary for the glycogen gene expression programme
in skeletal muscle cells. Biochem J., 444(2), 323-31.

175.Chen, S.L., Loffler, K.A., Chen, D., Stallcup, M.R. & Muscat, G.E. (2002).
The coactivator-associated arginine methyltransferase is necessary for muscle
differentiation: CARM1 coactivates myocyte enhancer factor-2. J Biol Chem.,
277(6), 4324-33.

176.Batut, J., Duboé, C. & Vandel, L. (2011). The methyltransferases
PRMT4/CARMI1 and PRMTS control differentially myogenesis in zebrafish.
PLoS One, 6(10), €25427.

177.Kim, S.J., Yoo, B.C., Uhm, C.S. & Lee, S.W. (2011). Posttranslational
arginine methylation of lamin A/C during myoblast fusion. Biochim Biophys

Acta., 1814(2), 308-17.

57



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

178.Dacwag, C.S., Ohkawa, Y., Pal, S., Sif, S. & Imbalzano, A.N. (2007). The
protein arginine methyltransferase Prmt5 is required for myogenesis because
it facilitates ATP-dependent chromatin remodeling. Mol Cell Biol., 27(1),
384-94.

179.Shin, H.J., Kim, H., Oh, S., Lee, J.G., Kee, M., Ko, H.J., Kweon, M.N., Won,
K.J., Baek, S.H. (2016). AMPK-SKP2-CARMI signalling cascade in
transcriptional regulation of autophagy. Nature., 534(7608), 553-7.

180.Paul, C., Sardet, C. & Fabbrizio, E. (2012). The histone- and PRMT5-
associated protein COPRS is required for myogenic differentiation. Cell
Death Differ., 19(5), 900-8.

181.Mallappa, C., Hu, Y.J., Shamulailatpam, P., Tae, S., Sif, S. & Imbalzano,
A.N. (2011). The expression of myogenic microRNAs indirectly requires
protein arginine methyltransferase (Prmt)5 but directly requires Prmt4.
Nucleic Acids Res., 39(4), 1243-55.

182.Zhang, T., Giinther, S., Looso, M., Kiinne, C., Kriiger, M., Kim, J., Zhou, Y.
& Braun, T. (2015). Prmt5 is a regulator of muscle stem cell expansion in
adult mice. Nat Commun., 6,7140.

183.Gao, X., Pan, W.S., Dai, H., Zhang, Y., Wu, N.H. & Shen, Y.F. (2010).
CARMI activates myogenin gene via PCAF in the early differentiation of
TPA-induced rhabdomyosarcoma-derived cells. J Cell Biochem., 110(1),

162-70.

58



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

184.Sanchez, G., Bondy-Chorney, E., Laframboise, J., Paris, G., Didillon, A.,
Jasmin, B.J. & Co6té, J. (2016). A novel role for CARMI in promoting
nonsense-mediated mRNA decay: potential implications for spinal muscular
atrophy. Nucleic Acids Res., 44(6), 2661-76.

185.Ljubicic, V., Khogali, S., Renaud, J.M. & Jasmin, B.J. (2012). Chronic
AMPK stimulation attenuates adaptive signaling in dystrophic skeletal
muscle. Am J Physiol Cell Physiol., 302(1), C110-21.

186.Lu, S.C. (2000). S-Adenosylmethionine. Int J Biochem Cell Biol., 32(4), 391-

5.

59



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

Protein Arginine Methyltransferase Expression, Localization, and Activity

During Disuse-induced Skeletal Muscle Plasticity

Derek W Stouth, Alexander Manta, and Vladimir Ljubicic

Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada,

L8S4L8

60



M.Sc. Thesis — D.W. Stouth; McMaster University — Department of Kinesiology

Abstract

Protein arginine methyltransferase 1 (PRMT1), PRMT4 (also known as
co-activator-associated arginine methyltransferase 1; CARMI), and PRMTS
catalyze the methylation of arginine residues on target proteins. Previous work
suggests that these enzymes regulate skeletal muscle plasticity. However, the
function of PRMTs during disuse-induced muscle remodelling is unknown. Thus,
the purpose of our study was to determine whether denervation-induced muscle
disuse alters PRMT expression and activity in skeletal muscle and to
contextualize PRMT biology within the early disuse-evoked events that precede
muscle atrophy. Mice were subjected to 6, 12, 24, 72, or 168 hours of unilateral
hindlimb denervation. The contralateral limb served as an internal control. Muscle
mass decreased by ~30% after 168 hours of neurogenic muscle disuse. The
expression levels of muscle RING finger 1 and muscle atrophy F-box were
elevated 72 hours post-denervation, occurring during the atrophy anticipation
phase prior to the appearance of muscle loss. The expression, localization, and
activities of PRMT1, CARMI1, and PRMTS5 were also modified, exhibiting
changes in gene expression and activity that were PRMT-specific. Alterations in
peroxisome proliferator-activated receptor-y coactivator-la, AMP-activated
protein kinase (AMPK), and p38 mitogen-activated protein kinase were observed
as early as 6 hours after denervation, which indicate that changes in the
expression and activity of these enzymes are among the earliest signals during

atrophy anticipation. These disuse-evoked alterations in AMPK activation
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predicted changes in PRMT expression and function. Our data demonstrate that
PRMT biology is integral to the mechanisms that precede, and initiate skeletal

muscle plasticity during conditions of neurogenic disuse.

Introduction

Skeletal muscle is a plastic tissue that is capable of adapting to various
physiological demands. For example, chronic muscle disuse can elicit muscle
atrophy, as well as induce a shift toward a faster, more glycolytic phenotype (1).
Conversely, various modes of chronic muscle use, for example exercise training,
can trigger the opposite effect (2). An abundance of intracellular signaling
molecules have been shown to regulate skeletal muscle plasticity. For instance,
stimulation of AMP-activated protein kinase (AMPK), p38 mitogen-activated
protein kinase (p38) and the downstream, transcriptional coactivator peroxisome
proliferator-activated receptor-y coactivator-lo (PGC-1a) promote a shift toward
slower, more oxidative characteristics (2,3,4,5,6). In contrast, activation of
receptor interacting protein 140 (RIP140) in skeletal muscle drives phenotypic
remodelling in the opposite direction (7). Further elucidation of the molecular
mechanisms that govern the maintenance and remodelling of muscle phenotype
will increase our understanding of skeletal muscle biology, and will facilitate the
discovery of therapeutic approaches for myopathies and neuromuscular disorders.

Protein arginine methyltransferases (PRMTs) also have the potential to

mediate skeletal muscle plasticity. PRMTs are a family of enzymes that catalyze
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the methylation of arginine residues on target proteins (8,9). In turn, the stability,
localization and activity of these marked proteins are altered. Thus, this post-
translational modification enables PRMTs to regulate cellular processes such as
signal transduction, DNA repair, gene transcription and mRNA splicing (9,10).
All PRMT enzymes, whether classified as type I or type II, deposit the
monomethylarginine (MMA) mark on their target molecules. PRMTI and
PRMT4 (also known as co-activator-associated arginine methyltransferase 1;
CARM]1) are type I PRMTs, which form asymmetric dimethylarginines (ADMA)
by transferring two monomethyl groups from S-adenosyl-L-methionine to the
same nitrogen atom of arginine residues on target proteins (10,11). PRMTS is a
type II PRMT that generates symmetric dimethylarginine (SDMA) marks on
target substrates (10,11). PRMT1, CARMI1, and PRMT?5 account for over 90% of
cellular methyltransferase activity (12). The complete loss of PRMT1 or PRMTS5
is embryonic lethal, and newborn CARM1 knockout mice die shortly after birth,
which indicates that these enzymes are indispensable for survival (9,10,13).
Studies in non-muscle tissues have shown that PRMTs suppress and stimulate
RIP140 and PGC-1a transcriptional coregulator activities, respectively (14,15), as
well as activate p53 and E2F1 (16,17,18). Previous investigations have
demonstrated the ability of these transcription factors and coregulators to govern
skeletal muscle remodelling (2,6,7,19).

There are few studies that have examined PRMT biology in skeletal

muscle. However, this literature, although limited, supports the assertion that
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PRMTs are important regulators of skeletal muscle phenotype. For example,
PRMT1 has been shown to influence myogenic and insulin-signaling pathways in
cell culture studies (20,21,22), CARMI appears to be critical for muscle
development, regeneration, and glycogen metabolism (23,24,25,26,27,28,29,30),
while recent studies have demonstrated the requirement of PRMTS for
myogenesis and regeneration (21,23,25,29,31,32,33,34). Many of the
investigations of PRMTs in skeletal muscle have been conducted in vitro
employing myogenic and/or muscle cell cultures. The dearth of in vivo studies
currently limits our understanding about the physiological impact of PRMTs.
Ljubicic and colleagues were the first to demonstrate PRMT transcript and protein
levels in mammalian muscle during conditions of phenotypic remodelling in vivo
(35). The authors found differential PRMT1 and CARMI protein expression
between healthy and dystrophic muscle, as well as the induction of PRMT1 and
CARMI transcripts in response to a single bout of exercise. The expression of
PRMTs during conditions of skeletal muscle plasticity in vivo is otherwise largely
unknown. Thus, the purpose of this study was to characterize PRMT1, CARMI,
and PRMTS5 expression and activity during an acute time course of denervation-
evoked skeletal muscle disuse. Moreover, we sought to examine PRMT biology
within the context of early, disuse-induced signaling events that precede muscle
atrophy. We hypothesized that important metrics of PRMT biology, including
expression and activity, would be altered during disuse-induced muscle

remodelling. Furthermore, we anticipated that these changes would occur early in
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the denervation time course within the context of signaling pathways that mediate

muscle plasticity.

Methods

Animal surgery. Male C57BL/6J mice (n = 41; ~30 g body weight; 17-
weeks-old) were purchased from Jackson Laboratory (Bar Harbor, ME). Mice
were housed in an environmentally controlled room (23°C, 12 hour light/12 hour
dark cycle) and provided food and water ad libitum. The animals were
anesthetized by inhalation of isoflurane before surgery and received a
subcutaneous injection of anafen (2mg/kg) 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 denervation of the lower
limb was induced by excising a ~0.5 cm section of the sciatic nerve in the right
hind limb. The overlying musculature was sutured with silk, and the skin was
secured using veterinary staples. Mice were subjected to 6, 12, 24, 72, or 168
hours of unilateral denervation (n=8-9/group) followed by euthanasia via cervical
dislocation. We selected this model of acquired neurogenic muscle disuse because
it elicits rapid, robust, and reproducible remodelling of skeletal muscle, while also
allowing for the use of the contralateral, innervated limb to serve as an intra-
animal control (36, 37, 38). At each experimental time point, the tibialis anterior
(TA), extensor digitorum longus (EDL), and gastrocnemius (GAST) muscles from

both hind limbs were rapidly excised, weighed, and frozen in liquid nitrogen. All
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muscles were then stored at -80°C until subsequent analyses. All protocols were
approved by the Animal Research Ethics Board at McMaster University and were
carried out according to the regulations of the Canadian Council on Animal Care.
RNA isolation and quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR). Total RNA was isolated from the EDL muscles as
described previously (35). All samples were homogenized using 1 mL of Trizol
reagent (HO00007, Invitrogen) in Lysing D Matrix tubes (N00420, MP
Biomedicals) with the FastPrep-24 Tissue and Cell Homogenizer (MP
Biomedicals) at a speed of 6.0 m/s for 40 seconds. Homogenized samples were
then mixed with 200 puL of chloroform (100007, Fisher), agitated vigorously for
15 seconds and centrifuged at 12,000 x g for 10 minutes. The upper aqueous
(RNA) phase was purified using the Total RNA Omega Bio-Tek kit (S00153,
VWR) as per the instructions provided by the manufacturer. RNA concentration
and purity was 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 (V00086, Fisher Scientific)
according to the manufacturer instructions. All individual qRT-PCRs were run in
duplicate 25 pL reactions containing RT SYBR Green qPCR Master Mix
(V00067, Qiagen). Data was analyzed using the comparative Ct method (39). 18S
ribosomal RNA (18S) was used as the internal control gene, as the Cr values for
this gene did not change between non-denervated and denervated muscles within,

as well as between, time points (data not shown). This control Cr value was
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subtracted from the Cr value of the gene of interest [ACt = Cr (target gene) - Cr
(endogenous control)]- The ACt value of the non-denervated muscle was then subtracted
from the ACr value of the denervated muscle [AACt = ACrt (denervated) = CT (non-
denervated)]- Results are reported as fold changes using the AACT method, calculated
as 2T, The primers used were: PGC-la forward (F)-
AGTGGTGTAGCGACCAATCG, reverse (R)-
GGGCAATCCGTCTTCATCCA; muscle RING finger 1 (MuRFl) F-
CACGTGTGAGGTGCCTACTT, R- CACCAGCATGGAGATGCAGT; muscle
atrophy  F-box  (MAFbx) F- TGAGCGACCTCAGCAGTTAC, R-
ATGGCGCTCCTTCGTACTTC; PRMT1 F-CACCTTGGCTAATGGGATGAG,
R- GTGAAACATGGAGTTGCGGT; CARMI1 F-
CAACAGCGTCCTCATCCAGT, R- GTCCGCTCACTGAACACAGA; PRMTS
F- TCTCCCCACCAGCATTTTCC, R- TGGAGGGCGATTTTGGCTTA; 18S F-
AGTTAGCATGCCAGAGTCTGC, R- TGCATGGCCGTTCTTAGTTG.

Whole muscle protein extract preparation. Muscle samples were
processed as described previously (35). Briefly, frozen TA muscle was ground to
a powder using a porcelain mortar and pestle on liquid nitrogen. Muscle samples
were suspended in RIPA buffer (P00178, Sigma), supplemented with cOmplete
Mini Protease Inhibitor Cocktail (G00065, Sigma-Roche Applied Science) and
PhosSTOP Phosphatase Inhibitor Cocktail (G00064, Sigma-Roche Applied
Science). All samples were homogenized in Lysing D Matrix tubes (N00420, MP

Biomedicals) with the FastPrep-24 Tissue and Cell Homogenizer (MP
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Biomedicals) at a speed of 4.0 m/s for 6 X 20 seconds with 5 minutes between
each bout. The lysate was mixed by end-over-end inversion for 60 min at 4 °C
followed by centrifugation at 14,000 x g for 10 min. The supernatant was snap-
frozen in liquid nitrogen, and stored at -80 °C for further analysis. The protein
concentrations of the supernates were determined using the BCA protein assay
(V00072, Fisher).

Isolation of nuclear and cytosolic compartments. Nuclear and cytosolic
fractions were isolated from denervated and control GAST muscles according to
procedures described previously (40), with modifications. GAST muscles were
ground to a fine powder using a Cell Crusher tissue pulveriser (CellCrusher). Next,
STM buffer was added to each sample prior to being homogenized on ice using
sonication (Fisher Scientific) at 100% power for 10 X 2 seconds, with 30 seconds
between each bout. Additional STM buffer was added prior to spinning samples.
After 3 centrifuge steps, the supernatant and pellet were separated, plus each
pellet was re-suspended in STM buffer. Following the third centrifuge step, NET
buffer was added, which was vortexed and then placed on ice for 30 minutes.
Next, the sample was sonicated at 100% power for 10 X 2 seconds, with 30
seconds between each bout. After another series of centrifuge steps, nuclear and
cytosolic fractions were identified, snap-frozen in liquid nitrogen, and stored at -
80°C for further analysis. The protein concentrations of nuclear and cytosolic

fractions were determined by BCA protein assay (V00072, Fisher).
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Western Blot analyses. Proteins extracted from muscle samples were
resolved on 10-12.5% SDS-PAGE gels and were subsequently transferred onto
nitrocellulose membranes. After transfer, membranes were stained with Ponceau
S solution (G00040, Sigma) in order to serve as a loading control. Membranes
were washed with 1 x TBST and blocked with 5% milk-TBST or 5% BSA-TBST
for one hour before being incubated in a primary antibody overnight at 4 °C with
gentle rocking. Antibodies against PRMT1 (07-404, EMD Millipore), CARM1
(A300-421A, Bethyl Laboratories), PRMTS (07-405, EMD Millipore), MMA
(80158, Cell Signaling), ADMA (13522, Cell Signaling), SDMA (13222, Cell
Signaling), histone 4 arginine 3 (H4R3; 39705, Active Motif), H3R17 (ab8284,
Abcam), and H3R8 (ab130740, Abcam) were employed to examine PRMT
expression and function during skeletal muscle plasticity. Antibodies against
ubiquitin (3933S, Cell Signaling), MuRF1 (AF5366, R&D Systems), and MAFbx
(AP2041, ECM Biosciences) were used to identify important markers of skeletal
muscle atrophy (1,41,42). Antibodies against PGC-1a (AB3242, EMD Millipore),
AMPK (25328, Cell Signaling), phosphorylated AMPK (25358, Cell Signaling),
p38 (92128, Cell Signaling) and phosphorylated p38 (9215S, Cell Signaling) were
used because these proteins are critical upstream signaling molecules that mediate
various forms of muscle remodelling (2,3,4,5,6). Histone 2B (H2B; 8135S, Cell
Signaling) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; ab9483,
Abcam) served as markers of purity for nuclear and cytosolic fractions,

respectively. After overnight incubation in primary antibody, blots were washed
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with 1 x TBST and incubated in the appropriate secondary antibody coupled to
horseradish peroxidase with gentle rocking at room temperature for one hour.
Blots were then washed again with 1 x TBST, followed by visualization with
enhanced chemiluminescence (G00069, GE Healthcare Bio-Sciences). Blots were
then developed and analyzed using ImageJ.

Statistical analyses. Differences in expression levels over time were
compared by a 1-way ANOVA and Tukey’s post hoc analysis. Differences
between denervated and contralateral control hind limbs at each time point were
assessed with a Student’s paired t-test. Statistical differences were considered
significant if p < 0.05. Data are expressed as mean = SEM. All statistical
measures were performed on the raw data sets prior to conversion to the —fold
difference values displayed in the graphical summaries. Simple linear regression
was also used to determine the relationships between denervation-induced
changes in AMPK and p38 activation status with changes in inactivity-evoked
alterations in nuclear PRMT1, CARM1, and PRMTS protein expression, cytosolic
PRMT1, CARMI1, and PRMTS5 content, as well as cellular MMA, ADMA and
SDMA levels. Pearson correlation coefficient () effect sizes were classified as

small (r == 0.1), medium (» ==+ 0.3), or large (r =+ 0.5).
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Results

The effects of short-term denervation on the muscle atrophy program. We
first wished to examine the effects of the muscle disuse paradigm utilized in this
study on the skeletal muscle atrophy program. A period of acute denervation-
induced muscle disuse from 6-72 hours had no effect on TA, EDL or GAST
muscle mass (Fig. 1A). However, when compared to the contralateral, non-
denervated control (CON) limb, TA, EDL and GAST muscle mass were
significantly reduced by 32%, 29% and 24%, respectively, in the contralateral
denervated (DEN) limb following 168 hours of disuse. Next, we assessed
ubiquitinated protein levels, as well as the expression of MuRF1 and MAFbx in
order to characterize muscle atrophy signaling. Following 168 hours of
denervation, ubiquitinated proteins in the DEN TA muscle were significantly
elevated by 2.4-fold, relative to the CON TA muscle (Fig. 1B, C). MuRF1 and
MAFbx mRNA content in the DEN EDL muscle increased 2.6-2.8-fold (p < 0.05),
as compared to the CON muscle after 72 hours of denervation (Fig. 1D). MuRF1
and MAFbx protein expression increased 5.1- and 2-fold fold (p < 0.05) in the
DEN TA muscle compared to the CON TA muscle after 72 hours of denervation,
respectively, and 4.4- and 1.9-fold (p < 0.05) after 168 hours of denervation,
respectively (Fig. 1B, E). These denervation-induced increases were greater (p <
0.05) for MuRF1 compared to MAFbx.

Inactivity-induced changes in the expression and activation states of

phenotype modifying signaling proteins. We were particularly interested in
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investigating the impact of an acute denervation timecourse on the expression and
activation of signaling molecules known to be involved in the regulation of
skeletal muscle plasticity. Thus, we examined the levels of PGC-1a, as well as the
expression and activation of AMPK and p38, proteins that are critically important
for muscle remodelling (43). PGC-1ao mRNA content significantly decreased by
77% after 72 and 168 hours of denervation, while PGC-1a protein levels were
reduced by 46% and 52% at 6 and 168 hours, respectively, in the DEN EDL
muscle relative to the CON muscle (Fig. 2A, B). AMPK phosphorylation levels
were decreased by 45% and 32% (p <0.05) after 6 and 12 hours, respectively, and
elevated by 1.9-fold at 168 hours in the DEN compared to the CON muscle (Fig.
2A, C). In contrast, p38 phosphorylation levels were significantly increased early
in the disuse timecourse at 6 and 12 hours by ~2-fold. Total AMPK and p38
protein expression did not change during the experimental time course (Fig. 2A,
D). As such, the activation status of these enzymes (i.e., the phosphorylated form
of the protein relative to the total amount of the enzyme) were similar to the levels
of protein phosphorylation. AMPK activation status was significantly decreased
by approximately 40-54% throughout the first 12 hours and was elevated by 1.7-
fold (p < 0.05) after 168 hours of denervation in the DEN compared to the CON
muscle (Fig. 2E). Following 6 and 12 hours of denervation, the activation status
of p38 increased by 2.0- and 1.9-fold (p < 0.05), respectively, in DEN versus

CON muscle.
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Impact of denervation-induced muscle disuse on PRMT gene expression.
For our initial analysis of PRMT biology in muscle, we investigated the mRNA
and protein expression of PRMTs across the acute timecourse of neurogenic
muscle disuse. PRMT1, CARMI1, and PRMTS5 mRNA expression were
significantly elevated by 4.2-, 1.9-, and 2.6-fold in the DEN EDL versus the
contralateral CON muscle after 72, 6, and 72 hours, respectively (Fig. 3A).
Notably, PRMT1 (p = 0.07) and CARMI1 (p = 0.09) mRNA levels approached
statistical significance with denervation-evoked increases of ~2-fold after 6 and
72 hours, respectively. Following 72 and 168 hours of denervation, PRMT1
protein content significantly increased 3.6-5-fold, CARMI1 protein levels were
augmented by 1.6-2.1-fold (p < 0.05), and PRMTS5 protein expression was
significantly elevated by 1.8-2.9-fold in the DEN TA muscle, as compared to the
CON TA muscle (Fig. 3B, C). These denervation-induced increases were greater
(p <0.05) for PRMT1, as compared to CARM1 and PRMTS.

Cellular localization of PGC-1 « and PRMTs during muscle disuse.

Nuclear and cytosolic levels of PGC-1a and PRMTs were measured in order to
further characterize their expression during acute skeletal muscle disuse. Here, the
GAST muscle was utilized to fractionate myocytes into highly purified nuclear
and cytosolic compartments, as demonstrated in Figure 4A. Generally, in both the
CON and DEN GAST muscles, we found that nuclear PRMT protein expression
was ~85% lower (p < 0.05) compared to the cytosolic PRMT content (data not

shown). Nuclear PGC-1a protein content decreased 33% and 46% (p < 0.05)
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following 6 and 168 hours of denervation, respectively, but were significantly
elevated by 1.6-1.9-fold following 12 and 24 hours of disuse in the DEN versus
CON GAST muscle (Fig. 4B, C). Nuclear PRMT1 expression significantly
decreased by 40% at 6 hours prior to increasing by ~2.8-fold (p < 0.05) after 72
and 168 hours of denervation. This disuse-induced augmentation in PRMT1 was

greater (p < 0.05) versus nuclear PGC-1 « and PRMTS5 at 72 hours, as well as
compared to PGC-1 oo, CARM1 and PRMTS following 168 hours. CARM1 levels

in myonuclei were significantly augmented by 92% at 72 hours, before decreasing
by 32% (p < 0.05) following 168 hours in the DEN relative to the CON GAST
muscle. After 6 and 12 hours, nuclear PRMTS protein content increased 2.5-fold
(p = 0.12) and 2.8-fold (p < 0.05), respectively, in the DEN relative to the CON
GAST muscle, but was significantly reduced by 43% and 63% following 72 and
168 hours of denervation, respectively. After 6 hours, the denervation-induced
elevation was greater (p < 0.05) for nuclear PRMTS, as compared to nuclear

PGC-1 «, PRMT1, and CARMI1. Furthermore, the elevation in nuclear PRMTS5

was significantly greater versus the other PRMTs at 12 hours.

Cytosolic PGC-1a protein content significantly increased 55-60% after 6,
72, and 168 hours in the DEN versus CON GAST muscle (Fig. 4B, D). Cytosolic
PRMTT1 protein expression increased by 2.4- and 4.1-fold (p < 0.05) following 72
and 168 hours of denervation, respectively. These denervation-induced increases
were greater (p < 0.05) for cytosolic PRMT1 versus the levels of other PRMTs at

72 hours, as well as compared to cytosolic PGC-1 «, CARMI1, and PRMTS5
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content after 168 hours. CARMI1 and PRMTS5 protein expression in the cytosol
significantly increased by ~80% after 168 hours in the DEN muscle versus CON
muscle. Summaries of the relative denervation-evoked changes in PGC-la,
PRMT1, CARMI, and PRMTS at the whole muscle level (from data in Figures
2A, B and 3B, C), as well as in the nuclear an cytosolic compartments (from
Figure 4B-D) are displayed in Figure 4E-H.

Effects of neurogenic muscle disuse on skeletal muscle methylarginine
levels. We next examined the contents of MMA, ADMA, and SDMA in skeletal
muscle. These methylarginine marks were utilized as global myocellular
indicators of PRMT, Type I PRMT, and Type II PRMT activities, respectively.
MMA and ADMA content in the DEN TA muscle significantly increased 1.8-2.2-
fold following 72 and 168 hours of denervation relative to the CON muscle (Fig.
5A, B). SDMA content was augmented by 1.3-1.9-fold (p < 0.05) following 24-
168 hours of denervation in the DEN TA versus CON TA muscle.

Relationship between upstream intracellular signalling and PRMT
localization and function. We performed simple linear regression analyses to
determine if disuse-induced alterations in AMPK and p38 activation predicted
changes in metrics of PRMT expression and function. While AMPK activation
status did not predict nuclear CARM1 content (Fig. 6B), AMPK activation levels
accounted for 20% and 40% of the variance (p < 0.05) in nuclear PRMT5 and
PRMT]1 content, respectively, indicating medium (r = + 0.3) to large (r = £ 0.5)

effect sizes (Fig. 6A, C). AMPK activation status predicted cytosolic PRMT
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content with large effect, accounting for 42-63% of the variance. Furthermore,
AMPK activation explained 32-39% of the variance (p < 0.05) in cellular
methylarginine levels, revealing a large effect size (Fig. 6G-I).
Denervation-evoked changes in p38 activation status did not predict
alterations in nuclear or cytosolic PRMT levels (Fig. 7A-F), however a medium to
large effect size was demonstrated between p38 activation and myocellular
methylarginine content, which accounted for 21-29% of the variance (p < 0.05;

Fig. 7G-I).

Discussion

We investigated PRMT biology within the context of early upstream
signalling pathways that mediate disuse-induced muscle remodelling. The data
revealed that denervation-induced muscle disuse evoked rapid changes in AMPK
and p38 activation status, as well as PGC-la expression, and suggest that
alterations in the activity, content and/or localization of these molecules may be
among the earliest signals that mediate adaptations to inactivity. Indeed, changes
in AMPK activation status predicted alterations in numerous metrics of PRMT
expression and function. We found that PRMT1, CARM1 and PRMTS5 content
and activity exhibited differential responses to denervation, suggesting unique
sensitivity to, or regulation by, upstream signalling and transcriptional pathways.
This study supports the notion that alterations in PRMT biology help characterize

an initial period of atrophy anticipation, which includes cellular events that
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precede the muscle atrophy indicative of disuse-induced phenotypic remodelling
(Fig. 8).

Atrogene induction during the period of atrophy anticipation. We first
sought to further characterize the temporal profile of the muscle atrophy program
elicited by muscle denervation. In agreement with other studies, we reported a
~30% decline in muscle mass following 1 week of denervation (44,45,46). The
muscle atrophy program, comprised primarily of the ubiquitin-proteasome system
(47), is largely driven by the E3 ubiquitin ligase atrogenes MuRF1 and MAFbx
(1). We found increased MuRF1 and MAFbx levels at 72 hours post-denervation,
which was followed by downstream elevations in ubiquitinated protein content.
Previous studies have also shown that MuRF1 and MAFbx mRNA induction
precedes muscle remodelling (37,45,48,49). Utilizing an alternative model of
acquired muscle atrophy, Gomes et al. observed increased MAFbx transcripts as
early as 16 hours after food removal (50). Therefore, augmented expression and
function of atrogenes precede, and may be required for, the initiation of skeletal
muscle wasting. Along these lines, inhibiting MuRF1 and MAFbx expression and
activity in fasting and disuse models significantly attenuates muscle loss
(51,52,53,54,55), while MuRF1 and MAFbx muscle-specific knockout mice are
resistant to denervation-induced atrophy (56). Collectively, the data therefore
suggest that elevations in MuRF1 and MAFbx during atrophy anticipation are

required for the initiation of muscle plasticity.
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PGC-1a, AMPK, and p38 are rapidly altered with muscle disuse. PGC-1a,
AMPK, and p38 expression and/or activity are affected during skeletal muscle
atrophy (37,57,58,59,60). Moreover, these powerful phenotype-bending
molecules also participate in mediating disuse-induced remodelling
(61,62,63,64,65). We examined these proteins in an effort to enhance their
temporal resolution during the early stages of muscle disuse. Similar to Sacheck et
al. (37), we found that reduced PGC-lo mRNA expression preceded the
appearance of muscle atrophy. Our data showed that PGC-1a protein content was
significantly decreased after only 6 hours of neurogenic muscle disuse,
independent of changes in PGC-1a mRNA. This suggests that the expression of
the coactivator early in the disuse timecourse is governed, in part, at the post-
transcriptional level. This hypothesis is supported by recent studies demonstrating
that PGC-1a mRNA stability is affected by both muscle phenotype and activity
levels (66,67). Furthermore, rapid changes in PGC-1a protein content within the
context of acute skeletal muscle remodelling have been observed. For example,
whole muscle PGC-1a protein expression was induced ~2.5-fold 3 hours after a
single bout of exercise (68). These data suggest that rapid alterations in PGC-1a
levels are among some of the earliest signals associated with various modes of
skeletal muscle plasticity.

The rapid changes in PGC-1a expression were accompanied by alterations
in the activation status of upstream signaling molecules AMPK and p38. The

initial reduction in AMPK activation during the onset of the atrophy program is in
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agreement with previous studies since inhibition of AMPK has been reported to
prevent increased atrogene expression (57,69). Indeed, MuRF1 and MAFbx
expression levels were not elevated until 72 hours after denervation, which
occurred coincident with a return of AMPK activation status to basal levels. It is
reasonable to speculate that the steady rise in AMPK activation from immediately
following inactivity up to 168 hours post-denervation was due, in part, to altered
levels of AMPK-regulating molecules, such as AMP and ADP, as well as the
activity of upstream kinases and phosphatases (70). In contrast, p38 activation
status was initially elevated at 6 and 12 hours of denervation, and was
subsequently reduced. This behaviour of the kinase was likely mediated by the
progressive change in the cellular milieu, including alterations in mechanical,
metabolic, and oxidative stress (2). Previous studies have also reported increased
p38 activation 1-10 days after disuse in immobilization and hindlimb suspension
models before declining thereafter (58,60,71,72). Since both AMPK and p38
regulate PGC-1a via direct phosphorylation (2), additional work is required to
more clearly elucidate the mechanisms that drive the rapid changes in expression
and function of these proteins during conditions of muscle remodelling.

Muscle disuse elicits alterations in PRMT content, localization and
function. PRMT1, CARMI, and PRMTS5 are emerging players in skeletal muscle
biology (20,23,24,25,31). We found that PRMT gene expression at the mRNA
and protein levels was increased before and during skeletal muscle atrophy. The

magnitude and timing of PRMT induction exhibited a measure of PRMT-
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specificity, which suggests a differential sensitivity to regulatory mechanisms.
This was not surprising since PRMTs possess muscle-specific mRNA levels (28),
and that PRMT1 and CARMI1 respond differently to alternative cues for skeletal
muscle remodelling (35). It is interesting to note that the temporal signature of
PRMT expression during denervation was very similar to that of the muscle
atrophy program (i.e., MuRF1, MAFbx, and protein ubiquitination). This
underscores the possibility that a common pathway controls PRMT expression
and the cellular apparatus required for muscle atrophy. In support of this, PRMT1
has been shown to stimulate FOXO1, which upregulates MuRF1 and MAFbx
transcription during atrophy-inducing conditions (73). Furthermore, protein
degradation is impaired when PRMT1 activity is reduced (22), while CARM1
expression is increased in hepatic cells undergoing atrophy (74). Collectively, the
evidence suggests that PRMTs participate in the advancement from the atrophy
anticipation phase through to atrophy induction. Further studies are necessary to
identify the upstream mechanisms that govern PRMT expression during atrophy
anticipation and initiation.

PRMT1, CARMI1, PRMT5 and PGC-lo intracellular localization is
dynamic during conditions of cellular remodelling (20,24,75,76). We observed
that cytosolic PRMT content generally recapitulated PRMT expression at the
whole muscle level, which reflects the fact that the majority (~85%) of PRMT
protein was found within the cytosolic compartment. In contrast, the timing and

magnitude of nuclear PRMT accumulation was unique between PRMT1, CARMI,
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and PRMTS5. Nuclear PRMT1 followed its cytosolic and whole muscle pattern
throughout the experimental timecourse, whereas nuclear CARMI1 rose at 72
hours during atrophy anticipation and fell to below control levels during atrophy.
PRMTS5 accumulated in the myonuclei very early in the atrophy anticipation
phase, then was significantly reduced coincident with muscle atrophy. This
differential localization profile is likely related to the disparate functions of each
PRMT. For example, while all PRMTs display epigenetic targets in the nucleus,
primarily histones (77), PRMT1 has been shown to mark sarcolemmal proteins
(20), while CARMI targets p53 (16), a protein found in the nuclear, cytosolic, and
mitochondrial compartments in skeletal muscle (78). Moreover, Zhang et al. (33)
recently demonstrated that PRMTS controls proliferation of muscle stem cells by
direct transcriptional repression of the cell cycle inhibitor p21. It is logical to
speculate then that the early nuclear retention of PRMTS played a role in atrophy
anticipation, as satellite cell proliferation occurs rapidly in response to muscle
disuse (79).

Our data show that nuclear and cytosolic PGC-1a localization diverged
throughout the denervation timecourse. Similarly, the activity of AMPK and p38,
which stimulate PGC-1a via phosphorylation (80,81), also displayed inverse
localization patterns. Notably, both AMPK activation status and nuclear PGC-1a
content were reduced at 6 hours post-denervation, which is in line with the idea
that AMPK-mediated phosphorylation of PGC-la is required for enhanced

transcriptional coactivator activity of the enzyme (80). Our data suggest that the
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net sum of PGC-la post-translational modifications by AMPK, p38, and
potentially SIRT1 (82) and others (6,43), combine to determine PGC-la
localization and activity during denervation-induced muscle remodelling.
Although PGC-1a was shown to be a target for arginine methylation by PRMT1
in other cell types (83,84,85), there was little enzyme colocalization in either
myonuclear or cytosolic fractions during the disuse timecourse. More refined
protein-protein interaction analyses are necessary to shed light on the potential
physical connection between PGC-1a and PRMT1 during conditions of muscle
plasticity.

We observed increased MMA, ADMA, and SDMA content after
denervation, collectively indicating an upregulation of global PRMT activity. All
PRMTs catalyze the formation of MMA, while type I PRMTs add an additional
methyl group to produce ADMA, and type Il PRMTs synthesize the SDMA mark.
As such, we employed MMA content as a global marker of all PRMT activity,
ADMA levels as an indicator of PRMT1 and CARMI activities, and SDMA
content as a marker of PRMTS activity. PRMT] is the primary methyltransferase
that produces ADMA and is responsible for approximately 85% of total cellular
arginine methylation activity (10), whereas PRMTS is the major type II PRMT (9).
The utilization of these methylarginine marks as metrics for PRMT activity
should also be considered with the particular tissue context. Specifically, in
skeletal muscle, PRMT1, CARMI1, and PRMTS5 are the most abundantly

expressed PRMTs (28). We report significant increases in MMA, ADMA, and
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SDMA content after 72 and 168 hours of denervation, indicating that PRMT
activity, along with PRMT expression, was augmented at the later stages of the
experimental time course. SDMA content increased earlier, after 24 hours of
denervation, suggesting that PRMTS5 activity is more sensitive to the signals
associated with muscle disuse. Considering that the occurrence of arginine
methylation is comparable to other widespread modifications, such as
phosphorylation (86), it is essential to continue investigating the impact that this
mark has on skeletal muscle phenotypic maintenance and remodelling.

PRMT biology is related to AMPK and p38 activation status during
neurogenic muscle disuse. AMPK and p38 are upstream signalling molecules that
are critically involved in driving skeletal muscle remodelling (2,6). These kinases
exhibited significant, early differences in their activation patterns in response to
muscle disuse, as well as subsequent, steady inverse trends throughout atrophy
anticipation and during the onset of muscle wasting. These findings compelled us
to investigate the potential relationship between AMPK and p38 activation with
PRMT expression and function to ascertain if denervation-induced alterations in
these phenotype-modifying enzymes could predict changes in PRMT biology.
With the exception of nuclear CARMI1 content, the level of AMPK activation
accounted for ~20-65% of the variance in PRMT localization and activity, with
medium to large effect sizes. Interestingly, AMPK had a particularly strong
influence on PRMT1 expression and activity. Although tyrosine phosphorylation

of PRMT1 reduces its activity (87), our data in skeletal muscle introduce the
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possibility that AMPK-mediated phosphorylation of the enzyme may enhance its
methylating activity. Unlike AMPK, p38 activation status demonstrated limited
predictive power, with only PRMT activity showing a significant negative
correlation. It will be important for future studies to examine the potential
interactions between PRMTs and AMPK and p38, as well as whether PRMTs are
in fact phosphorylation targets of these enzymes.

In summary, our data reveal that alterations in PGC-1a, AMPK, and p38
expression and activation are among the earliest signals associated with skeletal
muscle plasticity following acquired neurogenic muscle disuse. Furthermore,
PRMT1, CARMI1, and PRMTS expression, localization, and activity were altered
following denervation-induced inactivity. We also found that AMPK activation
status, and to a lesser extent p38 activation, predict PRMT expression and
function in skeletal muscle. This study provides evidence that alterations in
PRMT biology are important for muscle remodelling throughout the atrophy
anticipation phase, as well as during muscle atrophy elicited by denervation.
Continued investigation of PRMTs in the regulation of skeletal muscle plasticity

1s warranted.
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Figure Legends

Figure 1. Denervation induces muscle atrophy after 168 hours. 4. Tibialis
anterior (TA), extensor digitorum longus (EDL), and gastrocnemius (GAST)
muscle mass from denervated (D) hindlimb compared to the TA, EDL, and GAST
muscle from the contralateral, non-denervated control (C) hindlimb after 6, 12, 24,
72, and 168 hours of unilateral denervation (n = 6-8). * p < 0.05 vs. contralateral,
non-denervated limb. B. Representative blots of ubiquitinated protein content,
along with muscle RING finger 1 (MuRF1) and muscle atrophy F-box (MAFbx)
expression in denervated (D) and contralateral, non-denervated control (C) TA
muscles 6, 12, 24, 72, and 168 hours after unilateral denervation with typical
Ponceau S stain. C. Graphical summary of ubiquitinated proteins. D. MuRF1 and
MAFbx mRNA content in the D EDL muscle compared to the C muscle after
denervation across the experimental time course. £. MuRF1 and MAFbx protein

expression. n= 6-8; * p <0.05 D vs. C; # p < 0.05 vs. MAFbx at same timepoint.

Figure 2. Phenotype modifying protein expression and activation states are
altered with muscle disuse. 4. Representative Western blots of peroxisome
proliferator-activated receptor-y coactivator-la (PGC-1a), phosphorylated AMP-
activated protein kinase (AMPK), total AMPK, phosphorylated p38, and total p38
protein content, plus representative Ponceau S, for C and D TA muscles across the
experimental time course. B. PGC-1oo mRNA and protein content in EDL and TA

muscles, respectively. C. Phosphorylated AMPK and phosphorylated p38 content.
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D. Total AMPK and p38 content. £. AMPK and p38 activation status
(phosphorylated form of the enzyme versus the total amount of the protein) in the

D TA muscle compared to the C muscle after denervation. n=5-8; * p < 0.05 D vs.

C.

Figure 3. Protein arginine methyltransferase 1 (PRMT1), coactivator-
associated methyltransferase 1 (CARM1), and PRMTS5 expression during
denervation. 4. PRMT1, CARMI1, and PRMT5 mRNA content in the D EDL
muscle compared to the C muscle after 6, 12, 24, 72, and 168 hours of unilateral
denervation. B. Representative Western blots of PRMT1, CARM1, and PRMTS5
protein expression with a typical Ponceau S, for C and D TA muscles after 6, 12,
24, 72, and 168 hours of unilateral denervation. C. Graphical summary of PRMT1,
CARMI, and PRMTS protein content. n= 6-8; * p < 0.05 D vs. C; # p < 0.05 vs.

other proteins at same timepoint.

Figure 4. PGC-10, PRMT1, CARM1, and PRMTS cellular localization varies
with disuse. 4. Representative Western blots of histone 2B (H2B) and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) demonstrating purity of
nuclear and cytosolic fractions for 6, 12, 24, 72, and 168 hours of unilateral
denervation. B. Representative Western blots for nuclear and cytosolic PGC-1a,
PRMT1, CARMI1, PRMTS protein content from C and D GAST muscles across

the experimental time course. Ponceau S stains for nuclear and cytosolic fractions
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are also included. C. Graphical summary of nuclear PGC-1a, PRMT1, CARMI1,
and PRMTS protein expression in the D GAST muscle versus the C muscle after
6, 12, 24, 72, and 168 hours of unilateral denervation. D. Graphical summary of
cytosolic PGC-1a, PRMT1, CARMI1, and PRMTS protein expression. Summaries
of nuclear, cytosolic, and whole muscle PGC-1a (£), PRMT1 (F), CARM1 (G),
and PRMTS5 (H) protein levels across the denervation timecourse. Whole muscle
data is redrawn from Figures 2 and 3. n= 5-8; * p < 0.05 D vs. C, # p < 0.05 vs.
other proteins at same timepoint, § p = 0.05 vs. other PRMTs at same timepoint, §

=p <0.05 vs. PGC-1a and PRMTS5 at same timepoint.

Figure 5. Disuse-evoked monomethylarginine (MMA), asymmetric
dimethylarginine (ADMA), and symmetric dimethylarginine (SDMA)
content in skeletal muscle. 4. Representative Western blots of MMA, ADMA,
and SDMA content, plus a representative Ponceau S, for C and D TA muscles
across the experimental time course. B. Graphical summary of MMA, ADMA,
and SDMA content after 6, 12, 24, 72, and 168 hours of unilateral denervation. n=

5-8; *p<0.05Dvs. C.

Figure 6. Relationship between AMPK activation status and PRMT
expression and function in response to neurogenic skeletal muscle disuse.
Linear regression plots of (4) nuclear PRMT1 protein content, (B) nuclear

CARMI protein levels, (C) nuclear PRMTS protein expression, (D) cytosolic
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PRMTT1 protein, (E), cytosolic CARMI1 levels, (F) cytosolic PRMTS5 protein

content, (G) MMA content, (H) ADMA levels, and (/) SDMA content. n= 23-29.

Figure 7. Relationship between p38 activation status and PRMT localization
and activity during denervation-induced muscle remodelling. Linear
regression plots of (4) nuclear PRMT1 protein content, (B) nuclear CARMI1
protein levels, (C) nuclear PRMTS5 protein expression, (D) cytosolic PRMTI
protein, (E), cytosolic CARMI1 levels, (F) cytosolic PRMTS5 protein content, (G)

MMA content, (H) ADMA levels, and (/) SDMA content. n=23-29.

Figure 8. Summary of cellular events associated with disuse-evoked skeletal
muscle remodelling. Denervation-induced alterations in skeletal muscle are
shown along the disuse timecourse with each timepoint marked to scale. Muscle
mass (light grey solid line) denotes the average mass of the TA, EDL, and GAST
muscles. The atrophy program (black solid line) is comprised of the combination
of ubiquitinated protein levels, as well as MuRF1 and MAFbx protein content at
each experimental timepoint. The dark grey solid and dashed lines indicate
AMPK and p38 activation status, respectively. PRMT expression and activity
(black dashed line) includes the average values for all whole muscle PRMT
mRNA and protein content (including PRMT1, CARM1, and PRMTY), as well as
cellular arginine methylation status (including MMA, ADMA, and SDMA). The

events occurring prior to 72 hours of neurogenic muscle disuse precede muscle
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atrophy, and therefore anticipate the subsequent remodelling. Significant skeletal
muscle atrophy takes place sometime between 72-168 hours of denervation-

evoked disuse (shaded area).
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Figure 4 B PGC-la
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Figure 5 A
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Figure 6
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Figure 7
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Figure 8
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