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ABSTRACT

Skeletal muscle atrophy occurs as a secondary result from a number of conditions such as
cancer cachexia, prolonged bed rest, and AIDS. Unfortunately, the cellular and molecular
mechanisms behind atrophy are still poorly understood. It was recently found that the
cellular inhibitors of apoptosis (cIAP1 and clAP2) proteins play vital, yet redundant roles
in the regulation of the NF-kB pathway, which is one of the most significant signalling
pathways correlated with the loss of skeletal muscle mass in a number of conditions. |
asked whether clAP2 plays a role in skeletal muscle atrophy, using a denervation model
which results in a consistent and rapid loss of muscle mass over a matter of days. clAP2”"
and wild-type mice were denervated by removing a small portion of the sciatic nerve in
the mid-thigh region of one limb, while the opposite limb was used as control. Fourteen
days following sciatic nerve denervation, muscle tissue was harvested and the fibre cross-
sectional area measured. | demonstrate that in the clAP2” mice, muscle fibre size was
spared when compared with their wild-type counterparts. To further support this
phenotype, western blot analyses were performed with the muscles collected, which
indicated a reduction in various muscle atrophy markers in the clAP2” mice compared to
wild-type, further supporting the observed protective phenotype. These data suggest that

ClAP2 is a key regulator of skeletal muscle atrophy.
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1. Introduction

1.1 General Background on Skeletal Muscle

Skeletal (striated) muscle is the most abundant muscle and largest organ in the
human body and is responsible for a number of necessary functions, including locomotor
activity, postural behaviour and breathing to name a few (Charge and Rudnicki, 2004).
Given its extreme importance as a requirement for living, the maintenance of this tissue is
essential. Under normal conditions, muscle tissue maintains its mass and function as a
result of a balance between protein synthesis and protein degradation related to anabolic
and catabolic processes, correspondingly (Saini et al., 2009). However, as an outcome of
a number of conditions, the levels of protein degradation sometimes exceed those of
protein synthesis, causing the muscle to waste rather than maintain its size and function,

thus resulting in skeletal muscle atrophy (Saini et al., 2009).

1.2 Skeletal Muscle Atrophy

Most often occurring as a secondary result, atrophy can be induced by several
disease states including cancer (cachexia), sepsis and muscular dystrophies, but also as a
result of conditions including fasting, immobilization, aging and denervation (Saini et al.,
2009; Cohen et al., 2009; Lecker et al., 1999, 2006; Jackman and Kandarian, 2004).
Atrophy is characterized by the reduction in size of the muscle fibre cross-sectional area
and fibre diameter, muscle proteolysis, fibre type switch, and loss of strength and muscle
mass leading to increased fatigue and insulin resistance (Li et al., 2008; Jackman and

Kandarian, 2004; Kandarian and Jackman, 2006; Ferreira et al., 2008; Appell 1990).



Unfortunately, muscle wasting often contributes significantly to patient mortality in
numerous disease states and there are currently no effective treatments, thus making the
importance of research in this field and gaining a better understanding of atrophy quite
evident.

The molecular triggers and signalling pathways leading to skeletal muscle atrophy
vary depending on the root cause or condition of the atrophy. Though it has been well
defined that following muscle disuse, the rate of protein synthesis is severely decreased
and that of protein degradation is increased therefore leading to atrophy (Goldspink et al.,
1986; Loughna et al., 1986; Thomason and Booth, 1989), the upstream signals initiating
these effects are still unclear.

Normally, muscle maintenance occurs as a result of an equilibrium between
protein synthesis and degradation related to equivalent rates of anabolic and catabolic
processes, respectively. When protein synthesis exceeds that of protein degradation, the
outcome is muscle hypertrophy, or growth. Opposing this process, muscles decrease in
size (atrophy) when protein degradation prevails over protein synthesis. Muscle atrophy
resulting from various disease states is often initiated by a number of inflammatory
cytokines, whereas the initiating culprits of disuse atrophy include a decrease in muscle
tension and contractile activity. However, although the triggers causing atrophy may
vary, the outcome of a decrease in muscle mass due to the stimulation of muscle
proteolysis remains the same regardless of the initiator.

There are four known pathways which lead to the process of muscle breakdown,
and these are the ubiquitin-proteasome pathway (Attaix et al., 2005; Cao et al., 2005);

Tisdale, 2005), the lysosomal pathway (Farges et al., 2002; Busquets et al., 2006) the



calpain-calpastatin pathway (Bartoli and Richard, 2005; Costelli et al., 2005; Hasselgreen
et al., 2005) and the apoptosis or programmed cell death pathway (Lee et al., 2004;
Leeuwenburgh et al., 2005; Siu and Alway, 2006). Activation of one or more of these
pathways can explain the muscle wasting that occurs in multiple forms of atrophy,
however, not all pathways are necessarily activated in each condition (Lynch et al.,
2007). Muscle is similar to all other tissues in that the majority of intracellular proteolysis
that occurs does so through the ubiquitin-proteasome pathway (Rock et al., 1994).
Furthermore, it has become well-established that this system is of great importance with
regard to the proteolysis that occurs in muscle as it atrophies (Cao et al., 2005; Lecker,
Solomon, Mitch et al., 1999; Lecker, Solomon, Price et al., 1999). The ubiquitin-
proteasome pathway is primarily defined by the action of enzymes which link the
polypeptide cofactor ubiquitin to protein substrates to target them for degradation
(Glickman and Ciechanover, 2002). There are three distinct components required for the
addition of ubiquitin chains to a protein substrate: an E1 ubiquitin-activating enzyme and
an E2 ubiquitin-conjugating enzyme, which both function in preparing ubiquitin for
conjugation, as well as an E3 ubiquitin-ligating enzyme (Hershko and Ciechanover,
1998). These enzymes work together to carry out this process and although all three
components are necessary, the most important is perhaps the E3 ubiquitin-ligating
enzyme as it is responsible for determining which proteins are to be degraded by the
proteasome and for pairing the activated ubiquitin with the protein substrates. The two
general categories that E3s can be separated into are based on whether they contain either
“homologous to E6-AP carboxyterminus” (HECT) domains, or “Really Interesting New

Gene” (RING ) fingers (Cao et al., 2005; Jackson et al., 2000). HECT-domain E3s are



fairly similar to E2s in that they directly bind to activated ubiquitin, thus functioning as a
part of the enzymatic conjugation cascade (Scheffner et al., 1995) whereas RING-
containing E3s function by catalyzing ubiquitin conjugation in a less direct fashion
(Lorick et al., 1999; Seol et al., 1999).

Interestingly, the majority of E3s contain RING finger domains that are generally
located in a small protein subunit of a much larger complex which displays ubiquitin
ligase activity. Among the E3s of relevance to the process of muscle atrophy is a gene
encoding the Muscle-specific Ring Finger protein 1 (MuRF1) (Bodine et al., 2001).
MuRF1 is a 40 kDa protein containing a RING domain at its amino-terminal end and two
coiled-coil domains in the central region (Centner et al., 2001; Spencer et al., 2000).
MuRF1 has been established to be upregulated in atrophying muscle, consistent with an
essential role in both the development and progression of atrophy (Jones et al., 2004;
Lecker et al., 2004) and thus it is used as one of two definitive markers of muscle
wasting. Similar to MuRF1, muscle atrophy F-box (MAFbx) or Atrogin-1 is the second
muscle-specific E3 ubiquitin ligase that is also induced in atrophying muscle (Gomes et
al., 2001). The MAFbx/Atrogin-1 gene contains a characteristic F-box domain which
places it in the class of E3s known as Skp1-Cullen-Fbox, or SCF complexes (Gomes et
al., 2001), and it is this F-box domain that is responsible for linking the other components
of the E3 complex to the protein targeted for degradation. Notably, both MuRF1 and
MAFbx/Atrogin-1 expression have been found to increase in the early initiation stages of

muscle wasting, therefore making them prime candidates as early markers of atrophy.



Although there has been much interest in atrophy within the past several years,
the cellular and molecular mechanisms behind the process of muscle wasting, specifically

disuse atrophy, are still poorly understood.

1.3 Disuse Atrophy

As stated previously, there are various causes of skeletal muscle atrophy which
can be categorized into two broad areas, namely disease states and disuse conditions.
Although the molecular targets are similar between the different forms, the triggers
initiating muscle wasting vary greatly. Disuse models of atrophy involve inducing the
state of atrophy by physical means such as hind-limb suspension, bed-rest, spaceflight or
denervation. Following the initial physiological stimulus wherein the muscle no longer
weight-bears nor contracts with tension, various molecules and pathways implicated in
disuse atrophy carry out muscle proteolysis (Fig. 1). The significant atrophy that occurs
as a result of muscle disuse is coupled with alterations in contractile properties and
myosin heavy chain expression, along with a shift toward a predominantly glycolytic
pattern of metabolism (Sacheck et al., 2007; Roy et al., 2000; Roy et al., 2002; Huey et
al., 2001). Though it has become well established that in response to muscle disuse, the
rate of protein synthesis decreases while that of protein degradation increases (Goldspink
et al., 1986; Loughna et al., 1986; Thomason and Booth, 1989), the upstream molecules
regulating these modifications are still not well understood.

While the molecular basis of disuse muscle atrophy is not yet well defined, there

are a number of potential triggers and pathways that have been identified to play a role



DISUSE
(e.g. denervation, unloading, bedrest)

TRIGGERS AND SIGNALS
Akt NF-xB
p70S6kinase myostatin
mTOR Glucocorticoids
4E-BP1 Reactive oxygen species
l Protein Synthesis T Protein Degradation
ATROPHY

Figure 1. Flow diagram demonstrating the disuse atrophy cascade that leads to
muscle proteolysis.

Upon muscle unloading, various triggers and signals are activated which in turn lead to a
decrease in protein synthesis and an increase in protein degradation. This imbalance in
protein maintenance leads to skeletal muscle atrophy. (Adapted from Jackman and
Kandarian, 2004)



in the regulation of disuse atrophy. The protein degradation that occurs as a result of
muscle disuse has been linked to the activation of three particular proteolytic pathways,
specifically those involving the Ca®* -dependent calpains (Tidball and Spencer, 2002),
the lysosomal cathepsins (Taillandier et al., 1996) and the ubiquitin-proteasome system
(review by Reid, 2005) (Lynch et al., 2007). However, data demonstrating the potential
role of calpains and calpastatin in disuse atrophy (Taillandier et al., 1996; Tidball and
Spencer, 2002) have been quite ambiguous, therefore signifying the necessity of further
work in order to gain a better understanding of the involvement of these pathways
throughout muscle disuse (Lynch et al., 2007). Common to all forms of atrophy, gene
expression analysis has identified a rapid increase in expression of both MuRF1 and
MAFbx/Atrogin-1 E3 ligases during the first few days of disuse atrophy, supporting the
important role of the ubiquitin-proteasome pathway in the process of muscle proteolysis.
Conversely, mRNA encoding for cathepsins C, D and L has been found to be induced
following 7-14 days of muscle disuse (Stevenson et al., 2003), thus suggesting that
lysosomal proteases come into play only after long-standing periods of disuse.

On a physiological level, disuse atrophy has been found to affect fast- and slow-
twitch skeletal muscle fibres differently. Muscles composed predominantly of slow-
twitch (type I) fibres, as in the soleus, are affected by atrophy to a greater extent
(Thomason and Booth, 1990) than muscles composed primarily of fast-twitch (type 1)
fibres (Bigard et al., 1998) such as the tibialis anterior (TA). Also of interest, normal
weight bearing muscles (those consisting mostly of type |1 fibres) tend to shift toward a
fast-twitch phenotype upon muscle unloading while adopting a faster velocity of

shortening as well as a faster rate of relaxation (Lynch et al., 2007; Bigard et al., 1998;



Stevenson et al., 2003). Although the mechanisms accountable for these phenotypic
changes are currently not known, it is thought to be likely due to both neuronal and
myogenic factors (Lynch et al., 2007). Interestingly, although this change occurs in
muscle fibre composition as a result of disuse atrophy, muscle fatigability remains
unaffected, which could be explained by the fact that there appears to be no change in the
oxidative capacity of the muscle (Lynch et al., 2007; Bigard et al, 1998; Stein and Wade,

2005).

1.4 Denervation-Induced Skeletal Muscle Atrophy

The nervous system is proposed to affect peripheral muscle properties in two
ways, either through the propagation of motor impulses and/or through the release of
chemical factors which perform in parallel to muscle activation (Midrio, 2006). When
this neuromuscular signalling is impaired, the end result is muscle atrophy and in some
cases paralysis, as proper nerve function is imperative for muscle function. The reduction
of neuromuscular function occurs in a number of disuse conditions including unloading,
immobilization and denervation (Jackman and Kandarian, 2008). Denervation can be
described as the loss of nerve supply resulting from motor neuron or chemical death, or
as an outcome of physical injury (Foletta et al., 2011). This model is commonly used to
study disuse atrophy, as the loss of neural innervation to skeletal muscle results in a
number of changes on a biochemical, morphological and functional level which leads to a
rapid and consistent decrease in muscle protein content, as well as a reduction in muscle

fibre size. Thus denervation is a reliable and efficient model of disuse atrophy.



Research has shown that denervation stimulates the degradation of muscle
proteins, most notably contractile protein through the activation of the ubiquitin-
proteasome pathway in addition to the induction of various specific proteases (Furuno et
al., 1990; Goldberg, 1969; Goldberg and Goodman, 1969; Goldspink, 1976). Similar to
other forms of disuse atrophy, Guttman reported in 1948 that all muscles were not
affected equally. For example, the rate of atrophy was more rapid in the soleus (primarily
slow-twitch) than in the EDL (primarily fast-twitch). In addition, it has since been shown
by Patterson et al. (2006) that denervation results in a substantial shift in muscle
phenotype from slow-twitch fibres to a more intermediate phenotype comprised of hybrid
fast-slow fibres (Lynch et al., 2007).

Irrespective of the primary factor leading to the denervation of skeletal muscle,
the result of a decrease in muscle mass as well as altered contractile properties remains
the same and is due to the activation of various signalling pathways, including apoptosis.
Interestingly enough, denervation is one of the only forms of atrophy in which apoptosis
plays a considerable role in the origin of muscle wasting and loss of function. (Lynch et

al., 2007)

1.5 Apoptosis and Skeletal Muscle Atrophy

Apoptosis is a highly regulated process involving the programmed deletion of
cells in response to a number of intrinsic and extrinsic stimuli (Fadeel and Orrenius,
2005). Also referred to as programmed cell death (PCD), the autodestruction of cells
regulated by apoptosis is crucial for the development and maintenance of tissue

homeostasis in multicellular organisms (Leist and Jaattela, 2001; Hu and Yang, 2003).
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Failure of cells to undergo apoptosis, or rather, inappropriate cell death is the basis of
numerous disease pathologies (LaCasse et al., 2008).

Apoptosis was first distinguished from necrotic cell death in 1972 by Kerr and
colleagues. Apoptosis differs from necrosis in that necrosis is an accidental or
pathological form of cell death, whereas apoptosis is a well-orchestrated and highly
regulated pathway leading to the destruction of cells. Whether a cell undergoes necrosis
or apoptosis is to some extent a reflection of the magnitude of the insult (Fadeel and
Orrenius, 2005; Bonfoco et al., 1995; Ankarcrona et al., 1995). There are numerous
biochemical indicators of apoptosis that have been elucidated, including nuclear DNA
fragmentation, chromatin condensation, and activation of caspases. The majority of
morphological changes observed during apoptosis are found to be primarily caused by the
activation of a set of cysteine aspartate specific proteases (caspases) in apoptotic cells
(Fadeel and Orrenius, 2005), thus the apoptotic pathway is often considered a caspase-
mediated mode of cell death.

There have been over a dozen mammalian caspases identified to date, and at least
eight of these play significant roles in the process of apoptosis (Shi, 2002). These eight
caspases involved in apoptosis can be placed into; the initiator caspases (-2, -8, -9 and -
10), characterized by their extended N-terminal prodomain imperative for their function,
and the effector caspases (-3, -6, and 7) whose prodomain sequences contain 20-30
residues (Shi, 2002). All caspases are inactive zymogens when first synthesized in cells;
but during apoptosis they undergo proteolytic activation and are converted into mature
enzymes (Alenzi et al., 2010). Autoactivated initiator caspases are responsible for the

activation of effector caspases, through cleavage at precise internal Asp residues which
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divide the small and large subunits (Shi, 2002). Upon activation, the effector caspases
regulate the proteolytic cleavage of various cellular targets including regulatory proteins,
structural components (actin and nuclear laminin), inhibitors of deoxyribonuclease as
well as a number of other proapoptotic proteins and caspases (Shi, 2002).

Due to the fact that caspases ultimately drive apoptosis, it is crucial that these
proteases are very tightly regulated in order to prevent inappropriate cell death from
occurring. This regulation of caspase activity transpires as a result of the inhibition of
active proteases by various members of the Bcl-2 family as well as the Inhibitor of
Apoptosis Proteins (IAPs). Within mammals, the best recognized mechanism for control
of caspase activation is driven by the members of the IAP family and their direct
interaction with this proteolytic pathway (Eckelman and Salvesen, 2006). The 1APs
encompass a group of highly conserved proteins vital in the regulation of apoptosis (Hu
and Yang, 2003; Deveraux and Reed, 1999). The IAP gene family functions in regulating
the life and death decisions of the cell in response to a number of daily stressors and are
the only known endogenous proteins that control the activity of both initiator and effector
caspases. Of particular interest within this family of IAPs are the cellular IAPs 1 and 2
(clAP1 and clAP2), characterized by their three baculovirus IAP repeat (BIR) domains
which aid in their binding to caspases among other proteins (Fig. 2) (Eckelman and
Salvesen, 2006). BIR motifs are zinc-binding folds of roughly 70 amino acid residues

(Birnbaum et al., 1994; Hinds et al., 1999; Sun et al., 1999) that are essential for the anti-
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Figure 2.
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Figure 2. Domain structure of clAP1 and clAP2.

The domain organization of all eight human IAPs is shown, with the focus on clAP1 and
clAP2. Both clAP1 and clAP2 are characterized by their three BIR domains. They also
each contain a CARD domain located in the linker region between the BIR domains and
the RING zinc finger domain, located at the carboxy terminus.



apoptotic properties of the IAPs (Gyrd-Hansen and Meier, 2010). Both clAP1 and clAP2
contain a unique caspase recruitment domain (CARD) of unknown function, thought to
play a role in protein-protein interactions (Martin, 2001).

While the presence of IAPs in cells is required to avoid unnecessary apoptosis,
their constant expression can lead to a suppression of appropriate cell death, leading to a
number of problems. This issue is successfully controlled by the endogenous presence of
IAP antagonists, in particular, Smac/DIABLO (second mitochondria-derived activator of
caspases, direct IAP-binding protein with low PI1), which is a pro-apoptotic mitochondrial
protein. The characteristic N-terminal motif of AP inhibitors is responsible for confining
Smac to the mitochondria. Upon apoptotic stimuli, the N-terminal domain of Smac is
proteolytically cleaved, an AVPI-containing amino terminus polypeptide is formed (Burri
et al., 2005) and Smac is released into the cytoplasm. Due to the presence of the AVPI
motif, Smac then has the ability to bind to IAPs and prevent IAP-mediated caspase
inhibition, thus promoting apoptosis.

Smac is a member of a particular class of cellular IAP antagonists known as IBM
(IAP binding motif) proteins. These inhibitors contain a characteristic N-terminal motif
which aids in their binding to IAPs. Investigation of the properties of this N-terminal
domain has led to the development of a class of synthetic cancer therapeutics, known as
Smac mimetic compounds (SMCs) which can either bind 1APs in monovalent or bivalent
fashion. The notable difference between these two forms is that the monovalent SMCs
have a single AVPI binding motif and the bivalent compound contains two AVPI binding
motifs joined through a linker (Sun et al., 2008). SMCs induce cell death through their

binding to and inhibition of both clAP1 and 2.

13



Research on the 1AP family has been extensive and is continually moving
forward. Although they were originally thought to be direct caspase inhibitors (Roy et al.,
1997), data has more recently indicated that clAP1 and clAP2 bind to but do not directly
inhibit caspases, thus leaving the true biologic role of these proteins in apoptosis to be
unclear (Eckelman and Salvesen, 2006). Although their biologic role in entirety remains
enigmatic, it is however well established that both clAP1 and clAP2 play crucial roles in
the regulation of the NF-xB pathway; a pathway in which increasing evidence suggests
serves as a key component in the loss of skeletal muscle mass, one of the hallmark

features of atrophy (Li et al., 2008).

1.6 NF-xB Involvement in Skeletal Muscle Atrophy

Although little is known about the systemic and muscle-specific mediators of
denervation-induced atrophy, it is however well-established that the NF-xB pathway is
activated in denervated muscle tissue. Nuclear factor-kappa B (NF-«kB) refers to an
elaborately regulated cellular pathway responsible for the control of a number of
biological processes, including innate and adaptive immunity, cell proliferation, and
apoptosis (Mourkioti et al., 2006; Zarnegar et al., 2008; Bonizzi and Karin, 2004;
Courtois and Gilmore, 2006.). In mammals, the NF-xB family consists of a set of five
members: NF-kB1 (p105/p50), NF-kB2 (p100/p52), RelA (p65), RelB, and c-Rel
(Bonizzi and Karin, 2004; Hayden and Ghosh, 2008). These family members are
characterized by a highly conserved DNA-binding/dimerization domain in which they

share, known as the Rel homology domain (RHD) (Gilmore, 1990). This RHD, within
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itself, mediates the dimerization of Rel/NF-«kB proteins through specific motifs (May and
Ghosh, 1997; Li et al., 2008).

Under normal conditions, NF-kB heterodimers remain latent in the cytoplasm of
most cells, bound by 1kB proteins (Gilmore, 2006). However, activation of the NF-xB
pathway occurs in response to various stimuli, including viral and bacterial infection,
exposure to proinflammatory cytokines (e.g. TNFa), growth factors, mitogens, as well as
to modulators of oxidative and biochemical stress (Li et al., 2008). Depending on the
stimuli presented, a number of signal transduction pathways may be initiated, each of
which involve distinct adaptor and signalling proteins. The majority of these signalling
pathways congregate on the inhibitor of kB (1xB) kinase (IKK) complex that is made up
of two catalytic subunits (IKK-a and IKK-B), and a regulatory subunit (IKK-y/NEMO)
(Li etal., 2008). Depending on the subunits of the IKK complex involved in the
signalling and in turn, the transcription factors involved, there are two pathways which
can be activated; the classical and the alternative pathway (Li et al., 2008). Depending on
which becomes activated, each pathway regulates their own specific sets of target genes
(Li etal., 2008).

Pathological activation of NF-kB occurs in a number of muscle diseases,
including Duchenne muscular dystrophy (DMD), inflammatory myopathies and muscle
atrophy (Peterson and Guttridge, 2008; Monici et al., 2003; Li et al., 2008). As stated in
Li et al. (2008), emerging evidence suggests that NF-«xB is one of the most significant
signalling pathways correlated with the loss of skeletal muscle mass in a number of
physiological and pathophysiological conditions. Activation of the NF-xB pathway in

skeletal muscle results in the degradation of certain muscle proteins, induced
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inflammation and fibrosis, and impeded regeneration of myofibres during and after
atrophy (Li et al., 2008).

The involvement of increased NF-«B activity in skeletal muscle atrophy can be
broken down into three potential mechanisms. First, NF-xB can lead to the increased
expression of a number of proteins involved in the ubiquitin-proteasome pathway,
including MuRF1, that are responsible for the degradation of specific muscle proteins
throughout atrophy. Second, NF-«xB could potentially increase the expression of
inflammation-associated molecules which promote muscle wasting. Third, NF-«B is also
capable of disrupting the process of myogenic differentiation which is likely essential for
the regeneration of skeletal muscle tissue post-atrophy (Li et al., 2008). Various studies
have demonstrated that an increase in NF-kB activity is associated with several forms of
skeletal muscle atrophy, including that associated with muscular dystrophy, cancer
cachexia, sepsis, chronic obstructive pulmonary disease (COPD), diabetes, disuse and
aging (Li et al., 2009). Hunter et al. (2002) established that, in response to hindlimb
unloading, NF-xB DNA-binding and reporter gene activities were both increased in the
soleus muscle of the rat. Specifically, nuclear levels of the NF-xB/1kxB family proteins
p50, c-Rel and Bcl3 were significantly increased when compared to weight-bearing rats
(Li etal., 2009). Furthermore, the role of the NF-xB pathway specifically in denervation-
induced atrophy has recently been further elucidated by Mourkioti et al. 2006. This study
demonstrated that targeted deletion of IKK2 subunit of the IKK complex in mice leads to
an increase in intermediate type fibres, and total cross-sectional area as well as to
increases in specific twitch and titanic forces in the soleus muscle (Li et al., 2009). In

addition, activation of NF-«xB in response to sciatic nerve denervation in muscle-
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restricted IKK2-deficent mice did not lead to loss of skeletal muscle mass and function,
when compared to controls (Mourkioti et al., 2006).

A second transgenic approach in mice was taken by Cai et al. (2004) who also
investigated the role of NF-kB in denervation-induced atrophy, by overexpressing a
super-repressor mutant of the NF-«xB inhibitory protein IkBa (IkBaSR) in skeletal
muscle. They found that, compared to the 9-fold increase of NF-xB in wild-type mice at
14 days following denervation, there was only a 1.5-fold increase in NF-kB activity in
the IkBaSR-expressing hindlimb muscles of the transgenic mice (Li et al., 2009). In
addition, the typical atrophic features of loss of muscle mass and fibre size in response to
denervation were dramatically blunted due to the IkBaSR overexpression (Cai et al.,
2004). These results suggest that NF-kB activity does in fact play a key role in
denervation-induced skeletal muscle atrophy.

With the advancement in our understanding of NF-«xB signal transduction, several
papers have established the important role of both clAP1 and clAP2 in the critical
regulation of this pathway through the cytokine tumour necrosis factor-alpha (TNFa).
TNFa is a pleiotropic cytokine implicated in a number of biologic functions, including
tissue regeneration in response to injury, and in the proper development and functioning
of the immune system (Wajant et al., 2003). TNFa is perhaps the most notable cytokine
involved in the pathogenesis of muscle atrophy, and together with the aberrant activation
of NF-kB, plays a significant role in this condition (Cai et al., 2004; Li et al., 2008).

In the majority of cells, TNFa signals via its receptor TNF-R1, resulting in the
activation of the proinflammatory transcription factor NF-xB (Wajant et al., 2003).

Through the binding of TNF-R1 to TNFa, recruitment of the adaptor protein TNFR-
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associated death domain (TRADD) to the death domain of the receptor is induced. It is by
means of this death domain and amino-terminal region that receptor-interacting protein
(RIP1) and TNFR-associated factor 2 (TRAF2) are recruited, the latter of which clAP1
and 2 are bound to (Varfolomeev et al., 2008).

Mahoney and colleagues (2008) have demonstrated that both clAP1 and clAP2
hold biologically relevant roles in facilitating TNFa-mediated NF-kB activation,
however, complete knowledge of each protein’s individual role is still unknown.
Mahoney and coworkers suggest that perhaps clAP1 acts primarily in the initial
activation of NF-xB, whereas cIAP2 may instead participate in the “fine-tuning” of the
NF-kB response. Also established by both Mahoney et al. (2008) and Varfolomeev et al.
(2008) is that dual loss of both clAP1 and clAP2 severely attenuates TNFa -induced NF-
kB activation, which leads to important questions regarding the individual functions of
each protein. Due to the evidently crucial roles of both clAP1 and 2 in the regulation of
the NF-kB pathway coupled with the increasing evidence of NF-kB’s involvement in
muscle atrophy, our laboratory asked whether these 1APs could also potentially play a
role in muscle wasting. Interestingly, our group recently demonstrated that the genetic
ablation of clAP1 protects against denervation-induced skeletal muscle atrophy in mice
(Mrad et al., unpublished data). Of particular note, clAP2 was found to be upregulated in
the protected muscles of clAP1” mice, leading us to hypothesize that perhaps cIAP2 was
responsible for the protection seen in this model and as a result, could be considered to be

a negative mediator of denervation-induced skeletal muscle atrophy.
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1.7 TNF-like Weak Inducer of Apoptosis

Tumour necrosis factor (TNF)-like weak inducer of apoptosis (TWEAK) is a
proinflammatory cytokine of the TNF superfamily (Chicheportiche et al., 1997).
Although TWEAK was found not to be a particularly strong activator of apoptosis
(Chicheportiche et al., 1997), this TNF family member has since been acknowledged as a
potent muscle wasting cytokine that induces significant muscle atrophy when added to
cultured myotubes or chronically administered in mice (Dogra et al., 2007). As a
multifunctional cytokine, TWEAK has the ability to influence a number of cellular
processes including proliferation, differentiation, migration, angiogenesis, apoptosis and
inflammation (Leng et al., 2011; Winkles, 2008). This cytokine is broadly expressed in a
number of tissues including the pancreas, heart, brain, intestine, ovary, skeletal muscle,
vasculature, liver and kidney (Chicheportiche et al., 1997; Marsters et al., 1998).
TWEAK exerts its function by trimerizing and binding to its receptor, fibroblast growth
factor-inducible 14 (Fn14), after which signal transduction is promoted (Brown et al.,
2003; Tran et al., 2005; Winkles et al., 2005; Saitoh et al., 2003). Fn14 is an inducible
cell-surface receptor associated with a number of intracellular signalling pathways,
including NF-xB (Meighan-Mantha et al., 1999; Feng et al., 2000). Upon activation and
upregulation, Fn14 has the ability to activate the NF-kB pathway by signalling through a
28 amino acid cytoplasmic tail associated with TRAFs. Strikingly, this Fn14/TRAF
complex is capable of inducing long-standing activation of NF-xB by means of biphasic
induction of the canonical and noncanonical pathways (Burkly and Dohi, 2011; Saitoh et

al., 2003).
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Increasing evidence provides support for the hypothesis that the TWEAK/Fn14
system plays a role in normal tissue regeneration and repair following tissue injury, as
verified in acute models of both liver and skeletal muscle injury (reviewed in Burkly and
Dohi, 2011). When this pathway is dysregulated, however, the TWEAK/Fn14 system
leads to progressive tissue damage along with maladaptive remodelling, as observed in
inflammatory disease models (Burkly and Dohi, 2011). As stated previously, TWEAK
has been identified as a potent muscle wasting cytokine (Dogra et al., 2007) and more
recently the same group has elucidated the role of this cytokine in denervation-induced
skeletal muscle atrophy (Mittal et al., 2010). The latter study demonstrated that with
transgenic overexpression of TWEAK, the muscle atrophy that occurs as a consequence
of sciatic nerve denervation is exacerbated, while this loss of muscle mass and function is
rescued as a result of the genetic ablation of TWEAK. Mittal et al. (2010) were also able
to establish that TWEAK in fact functions through NF-kB activation that leads to the
upregulation of the MuRF1 E3 ligase in denervated skeletal muscle. This data coupled
with previous evidence demonstrating the key role of the TWEAK/Fn14 system in
mediating both inflammation and muscle wasting supports this pathway’s key
involvement in skeletal muscle atrophy and potentially in the model used in this
particular research project.

With knowledge of the regulatory roles of both clAP1 and clAP2 in NF-xB
activity, the involvement of NF-xB in muscle atrophy, along with the indication of
TWEAK’s function through the NF-xB pathway in atrophy, it can be hypothesized that
each of these factors may possibly converge to form one of the potential mechanisms

behind denervation-induced skeletal muscle atrophy.
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1.8 Objectives

The goal of this research project is to investigate the role of clAP2 in skeletal
muscle atrophy in order to further understand the intricate mechanisms behind this
debilitating disease state. Elucidating the mechanisms involved in muscle wasting may
lead to treatment measures in the future, impacting on the quality of many lives. Specific
research aims of this thesis include the characterization of the in vivo denervation model
of atrophy in mice deficient in the clAP2 gene, and the analysis of clAP2-loss on the
disuse phenotype. In addition, biochemical characterization of various markers of atrophy
will also be performed in order to further support the phenotype observed following
denervation.

| hypothesized that if clAP2 is physiologically relevant in the protection of
skeletal muscle against atrophy, then the genetic ablation of clAP2 would result in an
increase in muscle wasting that occurs as a result of denervation.

Remarkably, and perhaps initially unexpectedly, my results were found to be the exact
opposite; that is, that the loss of clAP2 led to a protective phenotype in the denervation-

induced atrophy model.
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2. Materials and Methods

2.1 Animal Models

2.1.1 C57BL/6 Mice

4-6 week old male C57BL/6 mice were chosen to use as control mice in this
study. These mice were suitable controls as our clAP2”" mice (outlined below) were
back-crossed with C57BL/6 mice when they were produced. The mice were obtained
from Charles River Laboratories Inc., in Montreal, Canada and transferred into the
University of Ottawa Animal Care and Veterinary Services Facility. They were housed
and bred in proper accordance with the Institutional Animal Care and Use Committee
guidelines and had ad libitum access to food pellets and filtered sterile water. Mice were
selected based on both their age and genotype, and their right hind limbs were denervated
by removing a 3-5mm portion of the sciatic nerve in the mid-thigh region while their
contralateral limbs were used as control. Mice were sacrificed and tissue harvested 7, 14

and 28 days following denervation.

2.1.2 clAP27" Mice

clAP2" mice were generated as described by Conte et al., 2006. Genotypes were
confirmed through PCR analysis using ear notch and tail snip DNA as well as through
western blotting of spleen protein extracts and the RIAP1 antibody which detects both

clAP1 and clAP2.
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2.2 Protein and RNA Sources and Extraction

2.2.1 Denervation

The right hind limbs of both C57BL/6 and cIAP2”~ mice were prepared for
surgery by making a 1 cm incision proximal to the knee on the lateral side of the right leg
along the axis of the femur and isolating the sciatic nerve. A 3-6mm portion of the sciatic
nerve was removed in order to prevent reinnervation. The left limb was used as a control
limb for experimental purposes. Mice were sacrificed at 7, 14 and 28 days post-
denervation by intra-peritoneal administration of 10% sodium pentobarbital in 0.9%
sterile saline followed by cervical dislocation. Muscle tissue was carefully excised from
both denervated and control limbs of the mice along with the spleen, and promptly flash

frozen in dry ice cooled 2-methylbutane and stored in -80°C until further processing.

2.2.2 Protein Extraction

Protein was extracted from TA, soleus, EDL and gastrocnemius control and
denervated muscle tissue obtained from -80°C storage. Muscle tissue was placed in 2 ml
tubes and submerged in whole cell lysis buffer along supplemented with. The submerged
tissue was homogenized using the Polytron tissue homogenizer at full speed for
approximately 5-10 seconds, depending on the size of the sample. Samples were left to sit
on ice for 30 minutes and then placed in a Hettich Mikro 20 Centrifuge for 20 minutes at

4°C at 13,000 rpm. The supernatant was collected and stored at -80°C until assayed.

Protein was extracted from WT and clAP2” primary myotubes in a similar

fashion as with the tissue. Cells were detached from cell culture plates using ice cold
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whole cell lysis buffer and a disposable cell scraper. Cells were transferred into 1.5 ml
tubes using a 1 ml insulin syringe and lysed by extracting and releasing the cell solution
through the syringe tip back into the tube 10 times. Cell lysates were then analyzed for

protein content using a standard BioRad Assay and stored at -80°C for later use.

2.2.3 RNA Extraction

RNA was isolated from rodent gastrocnemius muscle samples using the RNeasy
kit (Qiagen Inc., Missisauga, ON) according to the manufacturer’s protocol. Muscle
tissue was obtained from -80°C storage and submerged in RLT buffer in quantities no
larger than 30 mg each. Tissue was homogenized using the Polytron tissue homogenizer
at full speed for approximately 5-10 seconds. RNA was eluted from spin column
membranes into 50ul RNase-free water which was collected following the first column
passage. RNA concentrations were determined using a spectrophotometer (Eppendorf
Biophotometer, Hamburg, Germany) with an OD reading of 260 nm. Samples were

stored at -80°C until further use.

2.3 Fibre cross-sectional analysis

2.3.1 Tissue sectioning

Muscle tissue was collected at 7, 14 and 28 days post-denervation in preparation
for histology by embedding the tissue in OCT compound and flash freezing in dry ice
cooled 2-methylbutane. OCT-embedded tissue was sliced into 10 um cross-sections using

a microtome cryostat with the inside temperature set at -20°C. Sections were placed
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directly onto histology slides, left to air dry for 1 hour and stored at -80°C until further

processing.

2.3.2 Haemotoxylin and Eosin staining

Muscle tissue sections obtained from -80°C storage were air dried for 15 minutes
at room temperature in preparation for H&E staining. Slides were next placed in a coplin
jar filled with Mayer’s haemotoxylin for 3 minutes, rinsed for 5 minutes in distilled
water, stained in eosin for 80 seconds, and dipped in distilled water until the eosin no
longer streaked. Following the rinse, slides were dipped 8 times in 95% ethanol followed
by another 8 times in 100% ethanol, to dehydrate the tissue sections. Sections were then
equilibrated by dipping the slides in xylenes 5 times each, and then mounted using

permount solution and allowed to dry for 1 hour before analysis.

2.3.3 Measurement of Fibre Cross-Sectional Area

Control and denervated H&E stained slides were observed under an Axioskop
light microscope and pictures were taken using a Zeiss digital camera in both black and
white and colour modes at 20x magnification. Individual cross-sectional muscle fibres

were traced and measured in um? using both Northern Eclipse and Image J software.

2.3.4 Data Analysis

CSA measurement data was transferred into Excel (Microsoft) and the frequency
distribution of control and denervated sections from each individual animal in both
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C57BL/6 and clAP2"" mice were calculated by determining the number of measurements
that fell within the given area ranges. The average fibre CSA of each animal was also
calculated using standard formulae and plotted +/- SEM with statistics generated using

Prism 5.0 (GraphPad Software, San Diego, CA).

2.4 Immunohistochemical Analysis of Fibre Type Composition

2.4.1 Immunofluorescent Staining

Soleus muscle tissue sections were obtained from -80°C storage and prepared for
immunofluorescence by air-drying for 15 minutes at room temperature. Slides were then
placed in a coplin jar, submerged in Phosphate-Buffered Saline (PBS) and incubated at
room temperature with gentle agitation for 3 minutes. After removing slides from PBS,
they were lightly shaken to eliminate any excess PBS from sections and immediately
covered with primary antibody dilution (500 ul total solution per slide: 450 ul PBS-
Triton, 50 ul goat serum, 5 ul anti-mouse MHC-fast antibody). Cover slips were placed
over the antibody-covered slides to prevent evaporation and incubated at 4°C over night
in a humidified chamber. The following day, slides were obtained from 4°C incubation
and washed 3 times in PBS for 5 minutes each in a coplin jar. Sections were covered in
500 ul per slide of fluorescent secondary antibody dilution (490 ul PBS, 1 ul anti-mouse
secondary antibody (Invitrogen), 10 ul DAPI). Cover slips were placed over the slides
and incubated at room temperature for 1 hour in a humidified chamber protected from the
light. Slides were then washed 3 times in PBS for 5 minutes each in the dark and anti-
fade mounting reagent was applied to each slide, covered with cover slips, and allowed to

dry for 1 hour in the dark prior to analysis. Slides were viewed under a fluorescent
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microscope and pictures were taken with an Axioskop microscope and Zeiss camera to

prepare for analysis.

2.4.2 Fibre Type Composition Analysis
The MHC antibody chosen for this experiment (Table 1) detects fast twitch or

type 1l muscle fibres. Images were analyzed and fibres counted using ImageJ software.
Red fluorescent labelled fibres were counted as type 11, and those fibres not stained were

counted as type | or other.

2.4.3 Data Analysis

Fibre count data was transferred into Excel (Microsoft) and the sums of control
and denervated sections of solei muscles from each C57BL/6 and clAP2” mice was
calculated using standard formulae and plotted +/- SEM. Statistics were generated using

Prism 5.0 (GraphPad Software, San Diego, CA).

2.5 Protein Level Analysis of TNF-like Weak Inducer of Apoptosis

2.5.1 ELISA Assay

Serum was collected 7 days post-denervation in 2 ml tubes and immediately
centrifuged in a Hettich Mikro 20 Centrifuge for 20 minutes at 4°C at 13,000 rpm. The
supernatant was collected and stored in 1.5 ml tubes in -80°C until assayed. TWEAK

ELISA was carried out using a RayBio (Norcross, Georgia) Mouse Tweak ELISA Kit,
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following the manufacturer’s protocol. Each sample was run in triplicate and the mean
absorbance in pg/ml was calculated using a SpectraMax (Molecular Devices) plate reader

at a wavelength of 450 nm.

2.5.2 Data Analysis
Mean absorbance data collected from the TWEAK ELISA was transferred into

Excel (Microsoft) and the overall average from both C57BL/6 and clAP2” serum was
calculated using standard formulae and plotted +/- SEM. Statistics were generated using
Prism 5.0 (GraphPad Software, San Diego, CA), however, no there was no statistical

significance to plot.

2.6 Polymerase Chain Reaction and Protein Analysis of Marker of Atrophy Genes

2.6.1 Quantitative Real-Time Reverse Transcriptase Polymerase Chain Reaction

For the analysis of Fn14 mRNA levels in response to denervation, RNA was
extracted as previously described from in vivo models and samples were prepared for
qRT-PCR analysis by obtaining RNA from -80°C and allowing them to thaw on ice.
Tagman real-time Reverse Transcriptase Polymerase Chain Reaction was carried out
employing the use of endogenous GAPDH gene expression as a housekeeping gene. A
master mix was prepared using QuantiTect SYBR Green RT-PCR reagents (Qiagen)

according to the manufacturer’s instructions and modified based on primer optimization.
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2.6.2 Western Blot Analysis

Protein was extracted from in vivo and in vitro models as previously described
and prepared for western blot analysis by removing from -80°C storage and allowing to
thaw on ice. As protein levels were determined by performing a standard BioRad assay
on each sample, the concentrations were used to prepare samples containing 3.5-20 ug of
protein and diluted 1:1 with 2x loading dye containing 3-mercaptoethanol. Samples were
loaded into wells of either 10 or 15 well polyacrylamide gels (10-15%) and run at 120 V

for 1-1.5 hours.

Following the transfer of 1 hour at 400 mA, 0.5 um nitrocellulose membranes
were blocked for 0.5 hours at room temperature with Odyssey blocking buffer.
Membranes were washed with Tris-Phosphate Buffered Saline with Tween (TBS-T) for
45 minutes and promptly incubated with primary antibody overnight at room
temperature. Each membrane was subsequently washed with TBS-T followed by

incubation with species-specific fluorescent secondary antibody.

2.6 Effects of TWEAK on Primary Myotubes

2.6.1 Cell Culture

Primary myoblasts were prepared by euthanizing 4-6 week old female mice through
cervical dislocation and dissecting the lower limb muscles. Cells were maintained in
10cm cell culture plates coated with 10% Matrigel (Sigma) and maintained in complete
DMEM (ATCC) growth media supplemented with 10% horse serum (Invitrogen), 20%

fetal bovine serum (Invitrogen), 10ng/ml FGF (Peprotech), 2ng/ml HGF (Peprotech) and
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penicillin/streptomycin. Growth media was changed every 24 hours and cells passaged
prior to reaching 80% confluence. It is of importance to note that cells were pre-plated on
uncoated cell culture plates for 1 hour approximately every 2 passages in order to

separate the fibroblasts from myoblasts and keep the culture as pure as possible.

Primary myoblasts were differentiated in DMEM supplemented with 10% equine serum
for 48 hours. Myotubes were either left untreated for 24 hours, treated with 100 ng/ml of
mouse recombinant TWEAK (Roche Applied Science) for 24 hours, or pre-treated for 0.5
hours with 500 nm SMC followed by treatment with 100 ng/ml of recombinant TWEAK

for 24 hours. Pictures were taken using an Olympus microscope and camera.
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Table 1. Primary Antibodies Used in Experiments

Antibody Supplier Host Species Dilution
Reactivity
Anti-Gapdh Advanced Mouse Human, mouse, 1:10,000
Immunochemicals rat
Anti-RIAP1 Internally Rabbit Human, mouse, 1:2,000
produced rat
Anti-RIAP3 Internally Rabbit Human, mouse, 1:5,000
produced rat
Anti-p100/p52 Cell Signaling Rabbit Human, mouse, 1:1,000
rat, monkey
Anti-MyoD Santa Cruz Rabbit Human, mouse, 1:1,000
M-318 rat
Anti-MHC Developmental Mouse Mammalian, 1:500
Hybridoma Bank avian,
MF-20 amphibian
Anti-MHC-fast Mouse 1:100
Anti-Laminin Sigma Aldrich Rabbit Human, animal 1:500
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3. Results

3.1 In Vivo Analysis of the Effects of the Loss of clAP2 on Skeletal Muscle Atrophy

3.1.1 Denervation-Induced Skeletal Muscle Atrophy is Rescued by the Loss of
clAP2 7 Days Post-Denervation

To determine whether clAP2 plays a role in skeletal muscle atrophy, I used the
denervation model of disuse atrophy in clAP2”" mice and C57BL/6 controls. | denervated
4-6 week old C57BL/6 and clAP2""mice by removing a 3-5mm portion of the sciatic
nerve in the mid-thigh region of the lower right limb. The left limb was used for control
purposes. Seven days later, TA muscle was harvested and tissue cross-sections were
stained with H&E dyes (Fig. 3). Fibre CSA was analyzed by tracing each individual fibre
and taking measurements of their area. A reduction in average fibre CSA is expected in
muscle tissue following denervation. Also, a shift in fibre size occurs whereby the
number of larger fibres decreases while the number of smaller fibres increases. To
determine whether this shift occurs or is exacerbated in the absence of clAP2, frequency
distribution of fibre CSA was calculated in both non-denervated control (CTRL) and
denervated (DEN) TA muscles of C57BL/6 and clAP2”" mice. As anticipated, C57BL/6
TA fibre measurements displayed a dramatic shift in fibre CSA from predominantly large
fibres pre-denervation, toward a smaller fibre majority post-denervation (Fig 4a).
However, clAP2”" TA did not exhibit this shift in frequency distribution, but instead,
maintained their fibre size (Fig. 4b). Average CSA measurements confirmed that

C57BL/6 TA decreased 42% compared to only 16% in clAP2”" TA. (Fig. 5). The same
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Figure 3. Absence of clAP2 protects TA fibre cross-sectional area from denervation-
induced atrophy 7 days post-denervation.

clAP27 and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the TA muscle 7 days following denervation using a cryostat
microtome and stained with haematoxylin and eosin. Images were taken using an
Axioskop microscope and Northern Eclipse software.
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Figure 4. Fibre cross-sectional area fails to undergo a dramatic shift toward smaller
fibres 7 days following denervation in clAP2” TA compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (A) and clAP2™ (B) TA muscles. n=3 for each group.
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Figure 5. Fibre cross-sectional area is spared 7 days following denervation in clAP2
" TA compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP2”" TA. n=3 for each group. Values represent
mean +/- standard error. * indicates significant difference, with p < 0.01.
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analyses were performed on the SOL muscles (Fig. 6) and the results proved to be very
similar to that of the TA. A significant shift in frequency distribution was observed in
C57BL/6 mice (Fig.7a) compared to a maintenance of larger fibre size in clAP27SOL
(Fig. 7b). The average fibre CSA decreased by 59% in wild-type mice compared to only
a 23% decrease in clAP2" as a result of denervation (Fig. 8). The same analyses were
also performed in EDL muscle. H&E stained photomicrographs revealed a significant
protection in the DEN clAP2” EDL when compared to C57BL/6 (Fig. 9), however, the
protection seemed to be reduced when compared to that seen in both the TA and SOL
muscles. Frequency distribution of fibre CSA measurements verified that in fact, the
protection in clAP2” EDL muscle was diminished compared to previous muscles
analyzed, though the amount of atrophy was in fact still reduced. The expected shift in
fibre CSA following denervation occurred in C57BL/6 EDL (Fig. 10a), yet there
appeared to be a fairly substantial shift in fibre CSA in the clAP2”" mice as well (Fig.
10b), however with a larger number of fibres maintaining a greater area. C57BL/6 EDL
displayed a 43% decrease in average fibre CSA following denervation, while fibres in
clAP2"" EDL decreased in size by 35% (Fig. 11). Taken together, an overall conclusion
can be made that 7 days following denervation, lower limb skeletal muscles are protected

from denervation-induced muscle atrophy in the absence of clAP2.
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Figure 6. Absence of clAP2 protects SOL fibre cross-sectional area from
denervation-induced atrophy 7 days post-denervation.

clAP2" and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the SOL muscle 7 days following denervation using a

cryostat microtome and stained with haematoxylin and eosin. Images were taken using an
Axioskop microscope and Northern Eclipse software.
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Figure 7. Fibre cross-sectional area fails to undergo a dramatic shift toward smaller
fibres 7 days following denervation in clAP2” SOL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
SOL muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (A) and clAP2™ (B) SOL muscles. n=3 for each group.
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Figure 8. Fibre cross-sectional area is spared 7 days following denervation in clAP2
" SOL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
SOL muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP27" SOL. n=3 for each group. VValues represent
mean +/- standard error. * indicates significant difference, with p < 0.01.
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Figure 9. Absence of clAP2 protects EDL fibre cross-sectional area from
denervation-induced atrophy 7 days post-denervation.

clAP27" and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the EDL muscle 14 days following denervation using a

cryostat microtome and stained with haematoxylin and eosin. Images were taken using an
Axioskop miscroscope and Northern Eclipse software.
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Figure 10. Fibre cross-sectional area fails to undergo a dramatic shift toward
smaller fibres 7 days following denervation in clAP2” EDL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
EDL muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (A) and clAP2™ (B) EDL muscles. n=2 for each group.
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Figure 11. Fibre cross-sectional area is spared 7 days following denervation in
clAP2" EDL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
EDL muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP2” EDL. n=2 for each group. Values represent
mean +/- standard error.
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3.1.2 Protection Against Denervation-Induced Skeletal Muscle Atrophy is
Maintained 14 Days Post-Denervation

To further examine the effect of clAP2-loss on denervation atrophy, | analyzed
muscle samples from 14 days following denervation. At this time point, protection was
still evident in clAP27" TAs as compared to controls (Fig. 12). Specifically, the clAP2™
TAs failed to exhibit the shifts in fibre size distribution that were clearly manifested in
the C57BL/6 controls (Fig. 13). Furthermore, a 14-day denervation saw the average CSA
decrease by 57% in the C57BL/6 TAs, as compared to only 27% in clAP27 (Fig. 14); in
essence, the extent of atrophy was reduced by half in the absence of clAP2. clAP27 SOL
muscles also appeared to show the same extent of protection as that of the TAs, observed
by H&E stained photomicrographs (Fig. 15). Correspondingly, the fibre CSA frequency
distribution calculations of solei from both C57BL/6 (Fig. 17a) and clAP2™" (Fig. 16b)
mice displayed similar results to that seen at 7 days post-denervation. C57BL/6 DEN
SOL fibres underwent the expected shift in fibore CSA to an overall smaller average size,
whereas clAP27 SOL fibre CSA was largely preserved. These results were in full support
of the protection observed in clAP2”- H&E stained SOL sections. In addition, average
fibre CSA measurements further confirmed this protection as clAP2”" SOL fibre CSA
only decreased by 26% following denervation, compared to a more significant 46% in
C57BL/6 (Fig. 17). Interestingly, the H&E stained photomicrographs of clAP27" EDL
displayed a more obvious protection against atrophy than that observed 7 days after
denervation (Fig. 18). Fibre CSA frequency distribution graphs demonstrated a clear
reduction in the number of larger fibres found in C57BL/6 DEN EDL (Fig. 19a) whereas

a higher number of fibres maintained their size in clAP2" EDL (Fig. 19b). Average fibre
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Figure 12. Absence of clAP2 protects TA fibre cross-sectional area from
denervation-induced atrophy 14 days post-denervation.

clAP2" and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the TA muscle 14 days following denervation using a

cryostat microtome and stained with haematoxylin and eosin. Images were taken using an
Axioskop microscope and Northern Eclipse software.
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Figure 13. Fibre cross-sectional area fails to undergo a dramatic shift toward
smaller fibres 14 days following denervation in clAP2” TA compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 14 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (a) and clAP2" (b) TA muscles. n=3 for each group.
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Figure 14. Fibre cross-sectional area is spared 14 days following denervation in
clAP2" TA compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 14 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP2” TA. n=3 for each group. Values represent
mean +/- standard error. * indicates significant difference, with p < 0.01
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Figure 15. Absence of clAP2 protects SOL fibre cross-sectional area from
denervation-induced atrophy 14 days post-denervation.

clAP27" and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the SOL muscle 14 days following denervation using a
cryostat microtome and stained with haematoxylin and eosin. Images were taken using an
Axioskop miscroscope and Northern Eclipse software.
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Figure 16. Fibre cross-sectional area fails to undergo a dramatic shift toward
smaller fibres 14 days following denervation in clAP2”- SOL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
SOL muscle collected from mice 14 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (A) and clAP27 (B) SOL muscles. n=3 for each group.
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Figure 17. Fibre cross-sectional area is spared 14 days following denervation in
clAP27 SOL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
SOL muscle collected from mice 14 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP2"" SOL. n=3 for each group. Values represent
mean +/- standard error. * indicates significant difference, with p < 0.01.

49



D14 EDL Muscle

C57BL/6

Control

Denervated

Figure 18. Absence of clAP2 protects EDL fibre cross-sectional area from
denervation-induced atrophy 14 days post-denervation.

clAP27" and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the EDL muscle 14 days following denervation using a

cryostat microtome and stained with haematoxylin and eosin. Images were taken using an
Axioskop miscroscope and Northern Eclipse software.
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Figure 19. Fibre cross-sectional area fails to undergo a dramatic shift toward
smaller fibres 14 days following denervation in clAP2” EDL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
EDL muscle collected from mice 14 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (A) and clAP2”" (B) EDL muscles. n=2 for C57BL/6 group; n=3 for clAP2™"

group.
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CSA measurements, however, clearly displayed the EDL’s protection against
denervation-induced atrophy in clAP2”" mice. These data displayed an evident
preservation of fibre size in clAP2” EDL with a 34% reduction in CSA following
denervation, compared to a decrease of 46% in C57BL/6 fibre CSA (Fig. 20). Taken
together, these results provide sufficient evidence for the significant effects of the
absence of clAP2 on skeletal muscle atrophy in the TA, SOL, and EDL muscles. In
particular, the protection against denervation-induced atrophy that occurs as a result of
the loss of this gene is quite considerable, and is sustained, if not more pronounced, 14

days following nerve injury.
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Figure 20. Fibre cross-sectional area is spared 14 days following denervation in
clAP2" EDL compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
EDL muscle collected from mice 7 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP2"" EDL. n=2 for C57BL/6 group; n=3 for clAP2’
" group. Values represent mean +/- standard error. * indicates significant difference, with

p <0.05.
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3.1.3 Fibre Size Maintenance is Diminished 28 Days after Denervation in the
Absence of clAP2

After determining that the deletion of clAP2 results in a significant preservation
in skeletal muscle against atrophy at both 7 and 14 days post-denervation, | asked
whether this protection would be maintained after 28 days of disuse. To determine
whether clAP27" mice still exhibited this protection after 4 weeks of disuse, | denervated
the animals and excised the TA muscles 28 days later. Fibre CSA was measured using
H&E stained sections from both C57BL/6 and clAP2”" mice. Fibre size distribution
calculations demonstrated that clAP2”" TA (Fig. 21b) maintained their fibre CSA to a
lesser degree than at 7 and 14 days post-denervation. Nonetheless, they did exhibit a
protection against atrophy compared to C57BL/6 (Fig. 21a). Furthermore, average fibre
CSA measurements supported the frequency distribution results as C57BL/6 TA fibre
CSA decreased 68% in size after denervation, compared to a 48% decrease in clAP2”"
TA (Fig. 22). These results suggest that the preservation in skeletal muscle of CIAP2™"-
mice is most substantial during 7 and 14 day periods of disuse, while this level of

protection diminishes after 28 days.
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Figure 21. Fibre cross-sectional area fails to undergo a dramatic shift toward
smaller fibres 28 days following denervation in clAP2” TA compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 28 days post denervation using Northern Eclipse and
Image J software. | measured frequency distribution of fibre cross-sectional area in
C57BL/6 (A) and clAP2™ (B) TA muscles. n=2 for C57BL/6 group; n=3 for clAP2""

group.
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Figure 22. Fibre cross-sectional area is spared 28 days following denervation in
clAP2” TA compared to C57BL/6.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 28 days post denervation using Northern Eclipse and
Image J software. The average cross-sectional area was calculated in both control and
denervated limbs of C57BL/6 and clAP2”" TA. n=2 for C57BL/6 group; n=3 for clAP2"
group. Values represent mean +/- standard error.
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3.1.4  Analysis of Various Markers of Atrophy and IAP Expression by Western
Blot Analysis

The evidence so far suggests that the genetic ablation of clAP2 results in a
protection against atrophy. To establish whether biochemical analyses support these
results, Western blotting analysis was performed to determine the protein levels of a
number of markers of atrophy and the IAPs, in response to denervation. Although a role
for the 1APs in atrophy has not yet been established, our laboratory has found that both
the X-linked inhibitor of apoptosis (XIAP) and clAP1 are consistently induced in
response to denervation, as observed by western blot analysis. XIAP can be detected by
the RIAP3 antibody while clAP1 is detected using the RIAP1 antibody (see Table 1 and
Figure 24, for example). RIAP1 is capable of detecting both clAP1 and clAP2
simultaneously, although the separation of the bands is only 2 kDa. These two proteins
can sometimes be quite difficult to distinguish; however, clAP2 has been documented to
not be expressed in muscle tissue (Mahoney et al., 2008). Therefore, it can be assumed
that the product observed from probing clAP27 muscle samples with RIAP1 is clAP1. To
investigate the expression levels of each XIAP and clAP1 in CTRL and DEN muscle
samples of C57BL/6 and clAP27 animals, gastrocnemius (GAS) lysates were probed
with both RIAP3 and RIAP1 antibodies. Basal levels of XIAP appeared to be lower in
CTRL clAP2”" GAS than in C57BL/6, at both 7 (Fig. 23a, top panel) and 14 days (Fig.
24, 3rd panel from top) post-denervation. XIAP expression did, however, increase after
denervation in both strains of mice and at each time point, as expected (Fig. 23a, top
panel; Fig. 24, 3rd panel from top). Similar results were obtained with clAP1 expression

in that basal levels were lower in clAP27 GAS than in C57BL/6, at both 7 (Fig. 23a, 4th
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panel from top) and 14 days (Fig 24, top panel) following denervation, while induction of

clAP1 occurred to the same extent in DEN samples from each mouse.

The E3 ligase known as MuRF1 is well-established to be a highly inducible
muscle-specific gene, activated in response to atrophy (Bodine et al., 2001; Gomes et al.,
2001; Glass, 2005) and plays a key role in both the development and progression of
muscle wasting. As a result, MuRF1 has been validated as a reliable marker of atrophy.
In order to determine whether MuRF1 expression levels vary between DEN tissue of
clAP27" and C57BL/6 mice, GAS lysates were probed with MuRF1 antibody (see Table
1). As anticipated, wild-type tissue displayed a clear induction following denervation at
both 7 (Fig. 23a, 2nd panel from top) and 14 days (Fig. 24, 4th panel from top). clAP2™"
lysates, however, did not undergo as dramatic an induction of MuRF1 at 7 days post-
denervation (Fig. 23a, 2nd panel from top), and even more strikingly less of an induction
at day 14 (Fig. 24, 4th panel from top). These results indicate that in the absence of
clAP2, MuRF1 fails to upregulate after denervation to the extent as that seen in C57BL/6

mice, a finding that is consistent with a less atrophic phenotype.

Another marker of atrophy that | chose to investigate was the transcription factor,
myogenic differentiation 1 (MyoD). MyoD is a myogenic regulatory factor and has been
shown to be sensitive to both increased and reduced mechanical load and to the absence
or presence of electrical stimulus (Russo et al., 2010; Legerlotz and Smith, 2008).
Various studies have indicated that MyoD levels are affected by denervation atrophy
(Eftimie et al., 1991; Hyatt et al., 2003; Ishido et al., 2004; Russo et al., 2007; Russo et
al., 2010; Wu et al., 2002) and so | asked whether there would be a difference in MyoD

protein expression between cIAP2”" and C57BL/6 after denervation. To answer this
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question, GAS muscle lysates were probed with MyoD antibody (listed in Table 1). The
results demonstrated that MyoD protein expression was degraded 7 days following
denervation (Fig. 23a, 5th panel from top), and more substantially at 14 days (Fig 24, 5th
panel from top) in C57BL/6 gastrocnemius. clAP2” GAS muscle, however, did not show
the same decrease in MyoD at day 7 (Fig. 23a, 5th panel from top) and even less at day
14 (Fig. 24, 5th panel from top). These results were in accordance with those seen by Wu
and colleagues (2002), who found a decrease in MyoD expression as a result of

denervation.

Lastly, I looked at the activity of the alternative (non-canonical) NF-xB pathway
in both clAP27"and C57BL/6 hindlimb muscle before and after denervation through
western blotting. As previously mentioned, constitutive activation of NF-«xB is implicated
in both chronic disease state muscle atrophy and disuse conditions (Li et al., 2008). The
activity of the alternative NF-xB pathway can be detected by examining the processing of
p100 into its mature subunit, p52, which is a crucial activation step. An increase in p100
expression and processing of p52 in both C57BL/6 and clAP2” GAS was consistently
observed 7 days following denervation (Fig. 23b). As well, the levels of p100 and p52
were still maintained 14 days after denervation (Fig. 24). Taken together, these results
suggest that alternative NF-xB activity is indistinguishable in clAP27 skeletal and wild-

type muscle, as a consequence of denervation.
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Figure 23. Representative western blots of GAS muscle 7 days following
denervation.

Tissue lysates from GAS muscle collected from both C57BL/6 and clAP2”" mice 7 days
post-denervation were used to immunoblot for various markers of atrophy. XIAP,
MuRF1, clAP1, and MyoD (A) as well as p100/52 (B) protein levels were investigated
using their respective antibodies through western blot analysis. Gapdh was used as
loading control in both (A) and (B).
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Figure 24. Representative western blots of GAS muscle 14 days following
denervation.

Tissue lysates from GAS muscle collected from both C57BL/6 and cIAP2”" mice 14 days
post-denervation were used to immunoblot for various markers of atrophy. clAP1,
p100/52, XIAP, MuRF1, and MyoD protein levels were investigated using their
respective antibodies through western blot analysis. Gapdh was used as loading control.

61



3.1.5 Absence of clAP2 Protects Soleus Muscle Fibres from Shifting to a Fast
Phenotype 14 days After Denervation

My data thus far demonstrate that there is a clear and evident protection against
denervation-induced atrophy conferred the absence of clAP2. A shift in fibre type is
expected to occur with atrophy (Lynch et al., 2007; Bigard et al., 1998; Stevenson et al.,
2003), from type | fibres to type Il. To determine whether there is a failure of fibre type
switch and thus, a lack of increase in the number of type Il fibres in the absence of
clAP2, immunohistochemical staining was performed on SOL muscle collected after 14
days of disuse (Fig. 25). My results indicate a subtle shift in the percentage of type Il
fibres in C57BL/6 SOL, which was revealed by a 4% increase in the total number of type
Il fibres after denervation (Fig. 26). clAP2” SOL, however, only displayed a 0.2%
increase in type 1l fibres (Fig. 26), indicating an insignificant shift following denervation.
These results suggest that there is a lack of fibre-type shift in response to denervation in
the absence of clAP2, which further supports the protective phenotype observed against

skeletal muscle atrophy in clAP2" mice.
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Figure 25. Loss of clAP2 results in the failure of soleus muscle to undergo the
characteristic increase in fast-twitch fibres following denervation.

clAP27" and C57BL/6 mice were denervated as described previously. Ten micrometer
cross-sections were made of the soleus muscle 14 days following denervation using a
cryostat microtome and immunostained anti-MyHC fast-type and anti-laminin. Images
were taken using an Axioskop microscope and Northern Eclipse software. Data was
analyzed using Image J software.
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Figure 26. Type | fibres are spared in clAP2” SOL 14 days after denervation.

MHC type | fibres (empty fibres in Fig. 24) and type Il fibres (fibres labelled with red in
Fig. 24) were counted in SOL muscle cross-sections collected 14 days after denervation
using Image J software. | calculated the average percentage of type I fibres in both
control and denervated limbs of C57BL/6 and cIAP2” mice. n=3 for both cIAP2"" and
C57BL/6 groups. Values represent mean +/- standard error.
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3.1.6 Verification of Protective Phenotype in clAP2” Mice Compared to Wild-
Type and Heterozygous Littermates

In order to verify that the protection against atrophy seen in clAP27" mice
compared to C57BL/6 was not due to strain differences, clAP2” mice were back-crossed
with C57BL/6 for four generations to produce both wild-type (WT) and heterozygous
(HET) littermate populations. Four-six week old clAP2”", WT and HET mice were
denervated and the TA muscle was excised 14 days after denervation. TA fibre CSA was
measured using H&E stained cross-sections and the average CSA was calculated for both
CTRL and DEN limbs of each strain of mouse. Surprisingly, WT and HET TA fibre CSA
decreased following denervation by nearly the same amount of 53% and 51%
respectively (Fig. 27). In contrast, the fibre CSA was considerably preserved in clAP2”"
mice after denervation, only decreasing by 35% (Fig. 27). These results are important for
three reasons. First, they demonstrate the likelihood that HET littermate populations
could be used as functional replacements for WT littermates in future experiments.
Second, these data also confirm that clAP27" skeletal muscle is significantly protected
against denervation-induced atrophy when compared to WT and HET littermates. Third,
these findings demonstrate that the results observed previously in the comparison of

clAP27 mice to C57BL/6 did not occur due to strain differences.
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Figure 27. Fibre cross-sectional area is spared 14 days following denervation in
clAP2" TA compared to WT and HET littermates.

Fibre cross-sectional area was measured using haematoxylin and eosin stained sections of
TA muscle collected from mice 14 days post denervation using Northern Eclipse and
Image J software. | measured the average cross-sectional area of both control and
denervated limbs in clAP2”", WT littermate and HET littermate TA muscles. n=3 for both
clAP27" and WT groups; n=4 for HET group. Values represent mean +/- standard error.
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3.1.7 Fnl4isnot Induced in Response to Denervation

I next asked what possible mechanisms could be responsible for the protection
seen against muscle atrophy in the absence of clAP2. TWEAK is an established potent
muscle wasting cytokine (Dogra et al., 2007) and its receptor, Fn14, has been found to be
upregulated in response to denervation (Mittal et al., 2010). Taken together, these
findings led me to investigate the TWEAK/Fn14 system and its potential mechanistic role
in the clAP2™" denervation model. I extracted RNA from GAS muscle collected 7 days
following denervation from each C57BL/6 and clAP2” mice and Fn14 mRNA levels
were measured by quantitative real-time PCR (qQRT-PCR) technique (Fig. 28).
Remarkably, Fn14 mRNA levels did not change in clAP2”" GAS after denervation, while
levels increased nearly 5-fold in C57BL/6 (Fig. 28). These results further support the
implication that genetically ablating clAP2 represents a promising approach in preventing
the muscle wasting brought forth from denervation. These findings also suggest a
potential mechanistic role for the TWEAK/Fn14 system in the protection against

denervation-induced atrophy observed in clAP27" mice.

67



5
- 4
[
29 B C57BL/6 CTRL
<5
s 3 m C57BL/6 DEN
S
< g B clAP2-/- CTRL
o £
b ) B clAP2-/- DEN
1
0 1

C57BL/6

Figure 28. Fn14 induction is inhibited in clAP2”" gastrocnemius muscle 7 days
following denervation.

gRT-PCR was performed with RNA extracted from homogenized GAS muscle tissue of
both C57BL/6 and clAP1™ mice, collected 7 days following denervation. mMRNA levels

of Fn14 were measured in both control and denervated GAS muscles of each genotype.
n=2 for C57BL/6 group; n=4 for clAP2”" group. Error bars represent standard error.
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3.1.8 TWEAK Serum Levels are Unaltered in clAP2” Mice

After demonstrating the difference in Fnl14 induction between clAP2™ and
C57BL/6 mice resulting from denervation, | decided to investigate the levels of TWEAK
protein in the serum of each strain of mouse. TWEAK is classified as a key mediator of
denervation-induced skeletal muscle atrophy (Mittal et al., 2010), and after determining
that Fn14 levels were not upregulated in clAP2" mice, | asked whether TWEAK
secretion was affected in the absence of clAP2. To determine whether TWEAK protein
levels varied in clAP2”" mice, serum was extracted from mice 7 days following sciatic
nerve injury and TWEAK protein levels were measured using an ELISA kit. As shown in
Fig. 29, serum levels of TWEAK in clAP2” mice were unchanged compared to those of
C57BL/6 mice, suggesting that the genetic ablation of clAP2 does not cause any change
in TWEAK production. This result coupled with the Fn14 gRT-PCR results suggests that
clAP2-loss seems to be affecting targets downstream of TWEAK, disrupting its

signalling to Fn14.
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Figure 29. TWEAK serum levels show no significant difference in clAP2”
compared to C57BL/6 following hindlimb denervation.

TWEAK ELISA was run on serum collected 7 days post-denervation from both C57BL/6
and clAP27" mice. n=2 for C57BL/6 group; n=4 for clAP2”" group. Values represent
mean +/- standard error.
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3.2 In Vitro Characterization of the Effects of TWEAK on clAP2” Myotubes

3.2.1 clAP2” Myotubes Atrophy in Response to Treatment with Soluble TWEAK

As stated previously, TWEAK has been characterized as a potent muscle wasting
cytokine both in vivo and in vitro (Dogra et al., 2007) and is also implicated to be a
mediator of muscle wasting in response to denervation (Mittal et al., 2010). Dogra and
colleagues (2007) demonstrated that the addition of soluble TWEAK to cultured C2C12
myotubes rapidly induced muscle wasting and degradation of specific muscle proteins,
when compared to control. After determining that Fn14 levels do not increase in response
to denervation in clAP27" gastrocnemius muscle, and that TWEAK serum levels were
approximately equal in both wild-type and clAP2” mice, | decided to investigate the
effects of TWEAK on cultured myotubes lacking clAP2. The results from this
experiment will help to determine whether the observed protection against atrophy is
occurring due to either muscle specific or systemic effects. | reasoned that if clAP2”"
primary myotubes underwent atrophy in response to TWEAK treatment, then the
protection against denervation-induced atrophy observed in vivo, in the absence of
clAP2, is a result of muscle-extrinsic effects. Wild-type and clAP2” primary myoblasts
were grown in 60 mm tissue culture plates and were differentiated into myotubes by
incubating in differentiation media for 48 hours. Culture medium was changed and
incubated an additional 24 hours with or without the addition of soluble TWEAK (100
ng/ml), and with or without pre-treatment with SMCs (prior to the addition of TWEAK).
As expected, wild-type myotubes atrophied in the presence of TWEAK (Fig. 30a), while
they maintained their fibre size when pre-treated with SMCs (Fig. 30a). The latter result

is consistent with previous results in our laboratory (Mrad et al., unpublished data), and

71



occurred as a result of clAP1 degradation by SMCs. Similar to wild-type results, clAP2”
myotubes also underwent a large degree of atrophy in response to treatment with
TWEAK (Fig. 30b) and were protected when pre-treated with SMCs (Fig. 30b). These
results suggest that clAP2”" myotubes in culture respond in the same fashion as wild-type
myotubes when incubated with soluble TWEAK. This is an indication that the protection
against atrophy in the absence of clAP2 is a result of muscle-extrinsic effects rather than

muscle specific effects.
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Figure 30. clAP2™ primary myotubes respond to TWEAK in a similar fashion as
wild-type myotubes.

Wild-type (A) and clAP2” (B) primary myoblasts were differentiated for 2 days (top left
panel) and either treated with 100ng/ml of TWEAK alone for 24 hours (top right panel)
or pre-treated with 500nm of smac mimetic compound for 0.5 hours prior to treatment
with 100ng/ml of TWEAK for 24 hours (bottom panel). Magnification is 20x.
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4, Discussion

Skeletal muscle atrophy is a disease state that occurs in response to a number of
disuse conditions including denervation, unloading and immobilization (Spate and
Schulze, 2004; Glass, 2005; Sandri, 2008). Although the mechanisms behind disuse
atrophy are poorly defined, our lab recently established that the loss of clAP1 protects
skeletal muscle against denervation-induced atrophy (Mrad et al., unpublished data).
Coinciding with this protection, clAP2 was also found to be upregulated in muscle tissue
as detected by Western blot analyses. | therefore asked whether clAP2 would play a role
in disuse atrophy. The results of my thesis demonstrate, for the first time, a novel role for
clAP2 as a key mediator of denervation-induced skeletal muscle atrophy. Furthermore,
Furthermore, the failure of denervation to induce Fn14 in clAP2” muscle suggests that
the protection seen in clAP2”" mice may result from a blunting of pro-atrophy signalling
along the TWEAK/Fn14 axis. Taken together, these results provide sufficient evidence
that the modulation of clAP2 could provide great therapeutic benefit to those burdened

with skeletal muscle atrophy.

4.1 Effects of the Loss of clAP2 on Skeletal Muscle Atrophy

4.1.1 Genetic Ablation of clAP2 Spares Skeletal Muscle Fibre CSA in Response to
Denervation

The data outlined in this thesis were centered primarily around the
characterization of the role of clAP2 in skeletal muscle atrophy. Prior to beginning this
work, | had hypothesized that the loss of clAP2 would result in an increase in the atrophy
that occurs as a result of denervation. Remarkably, however, clAP2-loss resulted in a
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marked protection against atrophy. | determined that in the absence of clAP2, fibre size is
spared by ~50% after denervation when compared to controls. In addition, a specific
marker of atrophy, MuRF1, was appropriately upregulated in C57BL/6 controls and
remained unchanged in clAP2” muscle, further supporting the protective phenotype
observed and thus, demonstrating a clear role for clAP2 in the development and

progression of skeletal muscle atrophy.

The triggers initiating disuse atrophy are poorly understood, and so elucidating
these mechanisms is an important task in order to fully understand this process of muscle
wasting. Previous evidence supports the involvement of the apoptotic pathway in both the
initiation and progression of muscle wasting and loss of function (Lynch et al., 2007). A
role for the IAPs has not yet, however, been identified in atrophy. The significance of
both clAP1 and clAP2 in the regulation of TNFa-mediated NF-kB activation was
outlined in the introductory chapter. Also outlined, was the importance indicated in the
literature of the NF-kB pathway in the loss of skeletal muscle mass involved in muscle
atrophy (Li et al., 2008). Based on this knowledge, coupled with our lab’s previous
findings of cIAP1’s role in atrophy (Mrad et al., unpublished data), the potential for
clAP2 participating in the regulation of muscle wasting in some context seemed

probable.

While the loss of clAP2 provides protection from atrophy in several muscle
groups, this protection varies from muscle to muscle. Both the TA and SOL muscles
displayed the greatest amount of protection against fibre CSA reduction following
denervation. The EDL, however, did not display the same level of reduction in atrophy,
though protection was still observed. These findings are somewhat confusing in that, the
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fibre type composition of the EDL is similar to that of the TA, that is, they each contain
predominantly type Il (fast-twitch) fibres (Augusto et al., 2004). The SOL, however, is
composed primarily of type | (slow twitch) fibres (Augusto et al., 2004). The literature
has reported that type | oxidative fibres are more susceptible to disuse atrophy, as the
increased inactivity largely affects these fibres due to their frequent and long-standing use
during periods of normal activity (Hudson and Franklin, 2002). Type Il fibres, on the
other hand, are glycolytic and thus used less frequently, at a higher intensity and for
shorter periods of time (Symonds et al., 2007). Similar to the individual fibre
susceptibility to atrophy, whole muscles composed primarily of slow-twitch fibres are
known to atrophy more than fast-twitch muscles and extensors more than flexors (Fitts et
al., 2001; Jiang et al., 1992; Ohira et al., 1992; Tischler et al., 1993). Based on this
literature, one would hypothesize that muscles containing primarily type Il fibres (TA,
EDL) would be protected from atrophy on a larger scale than those containing
predominantly type | fibres. The level of protection against denervation, however, could
likely be directly related to which muscles as a whole are impacted on a greater level by
the disuse. If this is the case, then perhaps the explanation as to why the protection in the
EDL is diminished in comparison to the TA and SOL muscles, is that the EDL is an
extensor muscle, and thus is more susceptible to the effects of disuse. Regardless, the
results of this thesis demonstrate a clear and significant protection in clAP2™ fibre CSA

against denervation-induced atrophy.

4.1.2 Absence of clAP2 Protects SOL and Fibres from Undergoing the Fibre-Type
Switch Characteristic of Atrophy
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As briefly described in the introduction, skeletal muscle fibres are classified based
on the type of MHC they express. Fibres containing only one form of MHC are known as
pure fibres, whereas those containing more than one form of MHC are referred to as
hybrid fibres (reviewed in Schiaffino, 2010). Fast-twitch MHC isoforms include type lla,
type Ilb and type I1d (or 11x), whereas slow MHC is denoted as type | (reviewed in
Schiaffino, 2010). During atrophy, a characteristic fibre-type shift occurs in which type |
fibres convert into type Il fibres (Lynch et al., 2007; Bigard et al., 1998; Stevenson et al.,
2003). Fibre-type analysis is often achieved by methods including mATPase
histochemistry, immunohistochemistry, and electrophoretic analysis of MHC isoforms
contained within a fibre (reviewed in Pette and Staron, 2001). Through
immunohistochemical analysis, the results in my thesis do not display a dramatic shift in
C57BL/6 SOL after denervation, thus the lack of fibre-type switch that would be
expected in clAP27 muscle is not significantly apparent. This, however, could be
explained due to the fact that the half-life of MHC has been reported as being
approximately two weeks (Tsika et al., 1987). The modifications in MHC expression may
therefore not have been detectable within my time point after denervation of 14 days, and
so the switch had only just begun at this point. Nonetheless, the small difference that was
observed between cIAP2" and C57BL/6 SOL would likely increase to a more dramatic
difference with a longer period of disuse, as evidence in the literature would suggest
(Midrio et al., 1992; Huey and Bodine, 1998; Mourkioti et al., 2006). Investigating fibre-
type distribution 28 days after denervation would be an interesting avenue to pursue, as it
would likely further support the protective phenotype observed in clAP27" mice against

muscle atrophy.
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4.1.3 Markers of Atrophy are not Induced in Denervated clAP2” Muscle

Loss of clAP2 protects muscle from the morphological and physiological
indicators of atrophy as previously outlined, and my analyses indicate that the protection
applies on a biochemical level as well. The E3 ligase, MuRF1, is normally induced in
muscle upon denervation, indicating the initiation of muscle atrophy. A reduced
induction of MuRF1 supports a less atrophic phenotype, as indicated in several studies
(Mittal et al., 2010; Eddins et al., 2011). Furthermore, the genetic ablation of MuRF1
results in a protection against denervation-induced atrophy (Bodine et al., 2004). In
accordance with these studies, the data presented in my thesis demonstrate a significant
reduction in the upregulation of MuRF1 after denervation in clAP2”" mice. These data
support that of the fibore CSA measurements indicating a marked protection against

atrophy in the absence of clAP2.

MuRF1 is contained in the nuclei of muscle cells and is a gene target of NF-xB
(Cai et al., 2004). As previously described, the NF-xB pathway is one of the most
important pathways involved in skeletal muscle atrophy (Li et al., 2008). In the absence
of clAP2, MuRF1 fails to upregulate compared to control mice, suggesting a disruption
in either the activation of NF-xB, or in its ability to signal its target genes. Canonical NF-
kB activity would thus be an interesting avenue to explore in this experimental model, as
the failure of MuRF1 to upregulate indicates that NF-kB activity could be impaired in the
absence of clAP2.

The process of muscle differentiation is dependent on the activation of a number
of various muscle-specific transcription factors, MyoD being one of them (Stewart and

Ritwegger, 2006; Pownall et al., 2002). MyoD has also been established to be modulated
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in response to both an increase and reduction in mechanical load on the muscle,
implicating a potential role for this transcription factor in muscle atrophy. The literature
basis for this, however, is somewhat confusing as MyoD levels have been reported to
both increase (Eftimie et al., 1991; Hyatt et al., 2003; Ishido et al., 2004; Russo et al.,
2007; Russo et al., 2010) and decrease (Wu et al., 2002) in response to denervation. In
accordance with Wu and colleagues (2002), my results display a decrease in MyoD levels
after denervation in control animals, while these levels are sustained in clAP2” mice.
Due to the contradicting results in the literature, however, it is difficult to take away a
solid conclusion as to how MyaoD is involved in this protection seen against denervation-
induced atrophy. With this said, these results displaying sustained MyoD protein levels in
clAP27 muscle do serve the purpose of supporting the previous data presented in my

thesis.

4.1.4 Involvement of the TWEAK/Fn14 System in the Protection Against Atrophy
in the Absence of clAP2

Although my thesis thus far has clearly demonstrated that mice lacking clAP2 are
significant protected against the atrophy that occurs as a consequence of denervation, the
underpinning mechanisms behind this protection are not clear. A number of mechanistic
possibilities exist; however, one of the most intriguing possibilities is the potential
involvement of the TWEAK/Fn14 system in this protection. Mittal and co-workers
(2010) recently demonstrated that the expression of TWEAK’s receptor, Fn14, is
substantially induced after denervation on both protein and mRNA levels. In accordance
with these results, my data indicated a significant induction of Fn14 mRNA in control

mice after denervation; yet conversely, Fn14 levels are unchanged in clAP2” muscle.
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This result suggests that either TWEAK levels are altered in the absence of clAP2, or that
TWEAK is prevented from activating Fnl14 upon denervation. TWEAK serum levels,
however, were unaltered in clAP2” mice compared to the control, indicating a disruption

in the signalling cascade that leads to Fnl14 activation.

clAP2 has been previously shown to not be expressed in muscle tissue (Mahoney
et al., 2008), however the presence of clAP2 has since been reported by Western blot
analysis using muscle tissue (Mrad et al., unpublished datsa). This evidence of clAP2,
nevertheless, is likely from the presence of non-muscle cells, such as fibroblasts, in the
lysate. The protection against muscle atrophy observed in the absence of clAP2 is
therefore unlikely to be occurring as a result of an effect intrinsic to muscle. To confirm
this, clAP2”" primary myoblasts were tested using an in vitro correlate of denervation
atrophy. The aforementioned results of my thesis indicate that the TWEAK/Fn14 system
is potentially involved in the protective phenotype observed in clAP27 mice. As
previously described, TWEAK is a potent muscle-wasting cytokine that initiates the
degradation of muscle protein through the activation of the ubiquitin-proteasome and NF-
«B pathways (Dogra et al., 2007). In contrast to my in vivo results, clAP2”- myotubes in
culture behaved identically to wild-types, thus confirming that the protection in muscle
was due to an effect of the loss of clAP2 systemically. Furthermore, pre-treatment with
SMCs was able to prevent both wild-type and clAP2” myotubes from TWEAK-induced
atrophy. These results aid in confirming that clAP2 is likely not expressed in muscle
cells, and that any observation of this is likely due to contaminating fibroblasts.
Moreover, these data suggest that the protection against muscle wasting in clAP2™" mice

must be occurring due to systemic effects, rather than muscle-specific effects. Currently,
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systemic effects remain unstudied in the context of denervation atrophy, and so further
investigation into the mechanisms behind a phenomenon such as this will help to further

improve our understanding of skeletal muscle atrophy.

4.15 Conclusions and Future Directions

In conclusion, the loss of clAP2 results in a significant protection against
denervation-induced skeletal muscle atrophy. Although the mechanisms behind this
protection are unknown, my thesis does provide evidence for the potential involvement of
the TWEAK/Fn14 system. Future directions should be aimed toward further
characterizing the roles of the TWEAK/Fn14 and NF-kB pathways in the protection
against atrophy that occurs in mice lacking clAP2. While NF-«B is an established target
of denervation (Li et al., 2008), it isn’t known whether the activation of this pathway is
occurring intrinsically or extrinsically to the muscle. The results of my thesis demonstrate
a clear induction of Fn14 mRNA in control mice, while levels are unaltered in the
absence of clAP2. As well, | established that TWEAK serum levels were comparable
between the two strains of mice, therefore indicating that TWEAK is likely not the
cytokine responsible for inducing Fn14 in this model. Evidence in the literature suggests
that TWEAK and Fn14 may actually function independently from one another (Tanabe et
al., 2003; Polek et al., 2003; Bover et al., 2007), therefore supporting the aforementioned
hypothesis. The question thus remains as to what extrinsic factor is responsible for the
upregulation of Fn14 after denervation. A likely possibility is that sciatic nerve
denervation may lead to the induction of a cytokine other than TWEAK. This particular
cytokine could be responsible for activating a component of the NF-xB pathway whose
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activity is dependent on the presence of clAP2. If this is the case, then the lack of Fnl14
induction in the absence of clAP2 could possibly be explained by the impairment of NF-
kB signalling, as studies indicate the necessity of the NF-kB pathway in facilitating Fn14
induction (Tran et al., 2006). Although the literature suggests that clAP1 and clAP2 play
redundant roles in TNFo-mediated NF-kB signalling (Mahoney et al., 2008), this would
suggest the potential for individual mediating roles of these two proteins in NF-xB
activity. A logical approach in determining whether denervation is in fact inducing a
cytokine responsible for targeting NF-kB and in turn, Fn14, would be to investigate the
levels of various cytokines that are known to activate NF-kB, by gPCR analysis two days
after denervation. Further investigation into both the NF-«xB and TWEAK/Fn14 pathways
may lead to the mechanism of action behind the absence clAP2 and protection against

muscle atrophy.

In addition to mechanistic studies, investigating the role of clAP2 in various
models of atrophy (i.e., cachexia, casting) would be of interest, to verify whether the loss
of this gene protects against a broad spectrum of atrophies. Therapeutically, it would be
of great benefit to uncover a role for clAP2 in other forms of atrophy as well, and |
believe, based on my data, that this is a likely possibility. Regardless of the responsible
mechanism and further potential implications, however, my data indicate a novel role for
clAP2 in denervation-induced skeletal muscle atrophy. Pharmacological inhibition of
clAP2, therefore, could be used as an approach to treat a number of conditions in which

the loss of neural stimulation leads to atrophy and thus, disease progression.
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