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Abstract
Skeletal muscle wasting is a devastating comorbidity associated with a range of acute and
chronic health conditions. TWEAK-Fn14 signalling has been implicated in a number of muscle
wasting models. The function of TWEAK-Fn14, and whether they can be targeted to combat
atrophy or drive muscle growth, remains elusive. This thesis broadly aims to characterise the

role of TWEAK-Fn14 signalling in acute and chronic muscle wasting.

This thesis consists of four results chapters as well as a two-part review of the
literature. Chapter One provides a general overview of muscle homeostasis and is
supplemented by a published review summarising TWEAK-Fn14 signalling in skeletal muscle
with a particular emphasis on methodological inconsistencies and physiological relevance.
Chapter Two is a general methods chapter. Chapter Three details development and
characterisation of an agonistic a-Fn14 antibody using reporter cells and C2C12 myoblasts.
Chapter Four describes unexpected adverse events observed in acute notexin-induced muscle
injury model and argues for greater transparency in animal model usage. Chapter Five shows
the effects of a-Fn14 antibodies on regenerating muscle following notexin-induced injury and
compares these findings to muscle taken from old and chronically low-resistance trained
mice. This chapter highlights the positive-feedback regulation of Fn14 by a-Fn14 antibodies
with an apparent downstream effect on MyoD expression. Finally, Chapter Six explores
adaptations in mitochondrial dynamics and autophagy markers as a function of low-
resistance training in old and chronically low-resistance trained mice. This was pursued after
TWEAK-Fn14 was not found to correlate with these markers of muscle health. Low-resistance
late-in-life exercise is presented here as a promising and realistic intervention in old muscle

health.



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

Overall, this thesis demonstrates a novel agonistic (activating) a-Fn14 antibody which
is capable of activating Fn14 to drive both Fn14 and MyoD gene expression. In conjunction

with in vivo characterisation, this provides insight into physiological roles of TWEAK-Fn14.
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Chapter Summary

This literature review is complementary to the published review, Pascoe et al. (2020),
which forms part of this thesis. Pascoe et al. (2020) is focused on the specific purported roles
of TWEAK and Fn14 signalling in muscle degeneration, growth, and repair, as well as the
myogenic outcomes associated with NFkB, MAPK, and PI3K/Akt signalling. This additional
review provides a brief general introduction to skeletal muscle structure, function, and
homeostasis, and introduces the concept of mitochondrial dynamics. This chapter places the
additional review along with the published review, Pascoe et al. (2020), in context with the

overall thesis. The overall aims of the thesis can be found after the published review.
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1.1. Skeletal Muscle Homeostasis

Skeletal muscle is one of the largest tissue types in the human body, comprising ~40%
of total body weight in average healthy adults (Janssen et al., 2000). Maintenance of skeletal
muscle mass and function is critical for optimal locomotion, postural support, and metabolism
(Jackman & Kandarian, 2004). Skeletal muscle is a highly plastic tissue, adapting dramatically
to changes in stimuli. Muscles contraction produces force and allows the body to move. As
part of this, a normal physiological function of skeletal muscle is to perform lengthening
contractions which can result in acute micro-injuries to muscle fibres, triggering regeneration
and remodelling of tissues to maintain function and they can constantly adapt to changing
demands. Dysregulation of muscle damage or repair mechanisms can result in pathological
muscle wasting. This dysregulation can occur due to insufficient muscle protein synthesis,
excess muscle protein degradation, impaired muscle degradation resulting in accumulation
of non-functional or damaged proteins, or some combination of the aforementioned

(Jackman & Kandarian, 2004).

Loss of muscle mass and function is broadly categorised as muscle atrophy, or muscle
wasting. Muscle atrophy is a comorbidity associated with an array of pathological and
physiological conditions, including but not limited to — injury, immobilisation, malnutrition,
cancer, diabetes, stroke, and ageing (Bonaldo & Sandri, 2013). Dramatic muscle atrophy can
have devastating impacts on an individuals’ quality of life, treatment responsiveness, and
long-term health outcomes. The direct and indirect personal and healthcare burdens imposed
by muscle atrophy are difficult to measure given the widespread prevalence and often
secondary nature of this condition. The healthcare cost of falls in the elderly population —
largely predicted by ageing-related muscle atrophy, or sarcopenia —was $559 million in NSW,

Australia alone in 2006-2007 (Watson et al., 2010). Additionally, the presence of muscle
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atrophy can limit the feasibility and efficacy of treatment options for the primary condition.
This is observed in cancer cachexia — the loss of muscle and fat observed in up to 80% of
cancer patients — which has been shown to not only predict the survival of cancer patients,
but also reduce the efficacy of chemotherapy treatments (Mayr et al., 2018). It is evident that
therapeutics to prevent muscle atrophy and promote muscle regeneration and growth are

desperately needed.

The multi-factorial nature of muscle atrophy is a significant hurdle in identifying and
developing therapeutics. Despite similar clinical and functional presentation, there is a broad
heterogeneity in the underlying biochemical processes and architectural characteristics
observed in distinct forms of muscle atrophy (Sandri, 2013). Further, skeletal muscle is a
heterogeneous tissue which does not respond uniformly to muscle wasting stimuli (Wang &
Pessin, 2013). Experimental techniques that can differentiate the responses of different

skeletal muscle types will be pivotal in understanding the mechanisms of muscle wasting.

1.1.1. Muscle Synthesis
Skeletal muscle synthesis, or myogenesis, occurs during development, growth, and
repair. During development and regeneration, myogenesis is controlled by a tightly regulated
host of transcription factors (Zammit, 2017). Amongst these are paired-box proteins 3 and 7
(Pax3 and Pax7), myogenic differentiation 1 (MyoD), myogenin (MyoG), myogenic factor 5
(Myf5), and myogenic factor 6 (MRF4), the latter four are collectively referred to as the

myogenic regulatory factors, defined by their common basic helix-loop-helix motif.

In early myogenesis, muscle progenitor cells expressing Pax3, Pax7, MyoD, and Myf5,
differentiate into myoblasts, which fuse to become multinucleated myotubes and develop

into muscle fibres (Sabourin & Rudnicki, 2000). Post-development, a subset of progenitor cells
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remain quiescent in the space between the basal lamina and sarcolemma of muscle cells
(Hawke & Garry, 2001). These quiescent cells are named satellite cells and are activated in
response to cellular damage. Upon activation, these satellite cells are able to undergo
asymmetric division to differentiate and develop into myoblasts which fuse with existing
myotubes to regenerate the muscle fibre, whilst still maintaining a pool of quiescent satellite
cells (Le Grand & Rudnicki, 2007). This pro-myogenic pathway is observed following healthy
recovery from muscle injury, such as that occurring with prolonged or loaded eccentric muscle
contractions, which is the same mechanism which allows adaptation of muscle in response to
training, e.g. hypertrophy through progressive resistance training, as in seen in body builders.
Progression of the myogenic program is primarily controlled by the myogenic regulatory
factors (Figure 1.1), with an apparent shift in function between development and post-natal
myogenesis. A comprehensive review of myogenic regulatory factor regulation during
myogenesis, both in development and mature muscle, is provided in Zammit (2017). It should
be noted that hypertrophy has been observed in adult mice depleted of satellite cells in
response to mechanical overload of the plantaris muscle, indicating that muscle growth is not
entirely dependant upon generation of new myotubes (McCarthy et al., 2011). Regeneration
was, however, blunted in those same mice following barium chloride injury indicating that

muscle regeneration is a distinct process from that of muscle growth (McCarthy et al., 2011).
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Figure 1.1. Myogenic regulatory factors driving developmental and post-natal myogenesis. Stages of the
myogenic program, both developmental and post-natal, is shown with cellular processes involved in the
myogenic program indicated in blue on the left and key regulatory genes in orange on the right. A population of
quiescent satellite cells expressing Pax3 and Pax7 is maintained below the basal lamina of skeletal muscle
(Sabourin & Rudnicki, 2000). When activated, by post-natal cellular damage or in the developmental program,
MyoD is upregulated and satellite cells undergo asymmetric division, developing into myoblasts or retaining their
pluripotency as satellite cells (Tapscott, 2005). Myoblasts proliferate under the influence of MyoD, Myf5, and
MyoG before fusing into immature myotubes (Rantanen et al., 1995). Differentiation into mature muscle fibres
is driven by MyoG and MRF4 in the developmental stage (Hasty et al., 1993), with MyoG dispensable in the
regeneration of mature muscle (Meadows et al., 2011). Created with BioRender.com.




TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

Developmental myogenesis requires specification of progenitor cells to the myogenic
lineage followed by differentiation and maturation into myofibers. Viable offspring have been
produced in mice with the single knockdown of any one of Myf5, MyoD, and MRF4, whilst
knockdown of all three failed to produce myoblasts and were embryonically lethal, suggesting
these myogenic regulatory factors are at least partially redundant in early myogenesis
(Rudnicki et al., 1993; Kassar-Duchossoy et al., 2004). Conversely, loss of MyoG during
embryonic development results in failure of myoblasts to further differentiate leading to
neonatal death, indicating an indispensable role of MyoG in embryonic myogenesis (Hasty et
al., 1993). This is distinct from the myogenic program observed in post-natal muscle

regeneration (Figure 1.1).

Adult muscle regeneration can be studied acutely, using a range of injury models, or
chronically, using degenerative phenotypes —such as the mouse model of Duchenne muscular
dystrophy, the mdx mouse, and a range of ageing models. Ex vivo studies show Myf5-null mice
are capable of entering early myogenesis, however myogenic potential is enhanced in Myf5
heterozygotes, suggesting it may act as a primer for transcription of the other myogenic
regulatory factors (Gayraud-Morel et al., 2007; Gayraud-Morel et al., 2012). Upregulation of
the remaining myogenic regulatory factors is a temporally controlled program. Both MyoD
and MyoG are transiently detectable at the protein level following acute injury — first
appearing at 12 hours post-injury and persisting for several days — whilst MRF4 plays no
apparent role in the early regenerative process being undetectable until myoblasts have
already fused and begun maturation (Figure 1.1; Rantanen et al., 1995; Zhou & Bornemann,
2001). Loss of MyoD has been investigated in both acute and chronic regenerative mouse
models and results in an apparent delay of regeneration (Smythe & Grounds, 2001), whilst

loss of MyoG using a recombinant knockdown in the chronically regenerative mdx mouse had
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no effect, suggesting that unlike embryonic myogenesis, MyoG is not essential to the mature

muscle myogenic program (Meadows et al., 2011).

1.1.2. Muscle Degradation
In opposition to myogenesis in the maintenance of muscle homeostasis is muscle
degradation. Physiological muscle degradation is a result of increased protein turnover
relative to protein synthesis. Degradation enables the removal of damaged or defective
proteins and is a source of metabolic energy as breakdown products, such as amino acids, can
be used to generate energy, or are lost from the intracellular environment. Protein turnover
is driven by three key pathways; the ubiquitin proteasome system (UPS), the autophagy-
lysosome pathway, and caspase-mediated proteolysis (Neel et al., 2013; Sandri, 2013; Bell et
al., 2016). The UPS ubiquinates proteins, tagging them for degradation via E3 ubiquitin ligases;
ubiquitinated proteins are then recognised by the 26S proteasome, which encases the
ubiquitinated protein and catalyses its degradation in an ATP-dependent process (Voges et
al., 1999). Pathological muscle wasting is often associated with enhanced UPS activity and an
increase in the abundance of E3 ubiquitin ligase proteins (Sandri, 2013). Autophagy, or ‘self-
eating’, is the process by which defective proteins are sequestered within membrane-bound
vesicles, which, in turn, fuse with lysosomes where the defective protein is degraded and
recycled (Rabinowitz & White, 2010). The autophagy-lysosome pathway is most notably
upregulated in starvation-induced atrophy, as it attempts to compensate for the reduced
metabolic intake by converting muscle mass into essential amino acids and ATP (Rabinowitz
& White, 2010). Conversely, defects in the autophagy-lysosome pathway can result in the
accumulation of defective proteins and has been observed in a number of degenerative

muscle-wasting conditions, including Danon disease and Duchenne muscular dystrophy (Bell
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et al., 2016). Lastly, caspase-mediated proteolysis involves a family of caspases (cysteine-

aspartic proteases) involved in the apoptotic program (Bell et al., 2016)

These pathways are dynamic and importantly, have described roles in myogenesis; UPS is
involved in the regulation of myogenic regulatory factors in the myogenic program and the
energy produced by autophagy-lysosomal degradation is a potential trigger for the activation
of quiescent satellite cells in mature muscle regeneration (Gardrat et al., 1997; Tang & Rando,
2014). Understanding the switch from physiological to pathological muscle degradation will

be essential in targeting muscle atrophy.

1.1.3. Fibre Type Switching
In addition to muscle synthesis and degradation, skeletal muscle exhibits a high degree of
plasticity with regard to fibre type composition. Skeletal muscle is broadly categorised into
two main fibre types — fast and slow twitch — distinguished by their myosin type and metabolic
profiles (Herbison et al., 1982). Slow twitch — also classified as Type | fibres — are oxidative
fibres with a high mitochondrial content. They are slow to fatigue and slow to recover, they
are predominantly observed in muscles with low level but constant energy demands, such as
postural support muscles in the trunk. Fast twitch fibres — further classified as Type IIA and
Type |IB fibres in humans — rely on both oxidative and/or glycolytic metabolic pathways. Type
Il fibres are responsible for rapid and powerful movements and typically fatigue quickly but
also recover rapidly, due to the different fatigue mechanisms that would occur (Allen et al.,
2008). The distinct profiles of fibre types will be addressed in this thesis in broad terms,
though it is important to note there are nuanced differences in metabolic pathway and
fatigability, particularly within the type Il subtypes; a detailed overview of the metabolic

profiles of each muscle fibre type is available in Herbison et al. (1982).
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Fibre type proportion varies dramatically from species to species and muscle to
muscle. In addition to this, fibre type proportion is highly plastic in response to energy
demands. Type | slow twitch fibres are upregulated in endurance athletes, enabling them to
sustain activity over a long duration (Fitts & Widrick, 1996). Type Il glycolytic fibres are
likewise upregulated in athletes with high intensity but short duration energy requirements,
including sprinters and weightlifters. Fibre type shifting is a complex pathway with various
triggers. A key player in fibre type composition is peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) (Lin et al, 2002). PGC-1a is a major driver of
mitochondrial biogenesis; with mitochondrial content being a large determinant of fibre type
based on its metabolic capacity, an upregulation of PGC-1a promotes Type | biogenesis and

hence fibre type switching (Lin et al., 2002).

Fibre type composition is a contributing factor to muscle wasting susceptibility. Type | and
Type |l fibres do not respond uniformly to muscle wasting stimuli, with Type Il fibres more
susceptible to damage (Ciciliot et al., 2013). PGC-1a appears to have protective effects in
response to damaging stimuli, with transgenic PGC-1a expression shown to significantly
reduce TWEAK-induced atrophy both in vivo in C57BL/6 mice and in vitro in cultured
myotubes (refer to accompanying published literature review for further discussion of

TWEAK; Brault et al., 2010; Hindi et al., 2014).

1.2. Mitochondrial Content and Function

As described above, mitochondrial content is a key characteristic of fibre type and plays a
considerable role in dictating the functional profile of skeletal muscle with an ability to
respond rapidly to training stimuli (Holloszy, 1967; Young et al., 1983). Detrimental changes

to mitochondrial content, as well as mitochondrial turnover (a process referred to as

10
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mitochondrial dynamics) and function have been frequently associated with sarcopenia and
dynapenia — age-associated loss of muscle mass and function respectively (Peterson et al.,
2012). The interaction of ageing and exercise training on the content and function of
mitochondria is an emerging field with readily translatable aims. Chapter 6 explores more
comprehensively the existing literature on mitochondrial content and function and examines
these factors as potential correlates of ageing-associated sarcopenia distinct from the

TWEAK-Fn14 pathway.
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Supplementary Review of the Literature

The following literature review, titled "Controversies in TWEAK-Fn14 signaling in skeletal
muscle atrophy and regeneration.", is published in full in Cellular and Molecular Life
Sciences, 77(17), 3369-3381, DOI: 10.1007/s00018-020-03495-x.
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Abstract

Skeletal muscle is one of the largest functional tissues in the human body; it is highly plastic and responds dramatically to
anabolic and catabolic stimuli, including weight training and malnutrition, respectively. Excessive loss of muscle mass, or
atrophy, is a common symptom of many disease states with severe impacts on prognosis and quality of life. TNF-like weak
inducer of apoptosis (TWEAK) and its cognate receptor, fibroblast growth factor-inducible 14 (Fnl4) are an emerging
cytokine signaling pathway in the pathogenesis of muscle atrophy. Upregulation of TWEAK and Fn 14 has been described in
a number of atrophic and injured muscle states; however, it remains unclear whether they are contributing to the degenerative
or regenerative aspect of muscle insults. The current review focuses on the expression and apparent downsiream oulcomes
of bath TWEAK and Fnl4 in a range of catabolic and anabolic muscle models. Apparent changes in the signaling outcomes
of TWEAK-Fn14 activation dependent on the relative expression of both the ligand and the receptor are discussed as a
potential source of divergent TWEAK-Fn14 downstream effects. This review proposes both a physiological and pathologi-
cal model of TWEAK-Fn14 signaling. Further research is needed on the switch between these states to develop therapeutic
interventions for this pathway.

Keywords NFxh - Myogenesis - Proliferation - Differentiation - Muscle loss - Cachexia

Introduction

Skeletal muscle is one of the largest tissue types in the
human body, comprising between 30 and 40% of total body
weight in average healthy adults [1]. Maintenance of skeletal
muscle mass and function is critical for optimal locomotion,
postural support, and metabolism [2]. An emerging topic
in the field of muscle homeostasis is the cytokine, tumour
necrosis factor (TNF)}—Ilike weak inducer of apoptosis
(TWEAK), and its cognate receptor, fibroblast growth factor-
inducible 14 (Fnl4). The TWEAK-Fn14 pathway has been
broadly implicated in the pathogenesis of multiple acute and
chronic muscle wasting conditions, though the precise func-
tion remains elusive. The downstream effects of TWEAK-
Fnl4 signalling have been reported as both catabolic (anti-
myogenic) and anabolic (pro-myogenic). Unsurprisingly, the
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reported signalling pathways of TWEAK-Fn 14 activity are
similarly diverse, As an example, TWEAK-Fn14 has been
shown to signal via both the canonical and non-canonical
nuclear factor kappa-p (NFxB) pathways, as well as the
mitogen-activated protein kinase (MAPK) pathways [3, 4].

This review aims to summarise some of the seemingly
contradictory evidence regarding TWEAK-Fn14 signalling
in the context of skeletal muscle homeostasis with a view-
point to understanding their function in both a physiological
and pathological setting.

Is TWEAK an apoptotic stimulus?

TWEAK is a TNF superfamily (TNFSF) cytokine first
described in 1997 by Chicheportiche et al. [3] as a weakly
pro-apoptotic ligand, as the name suggests. Since then,
TWEAK has been associated with a range of physiological
and pathological cellular responses including proliferation,
migration, differentiation, and inflammation [6]. TWEAK
has been described in two forms; a full length 26 kDa mem-
brane bound form (mTWEAK) and a soluble circulating
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18 kDa cleaved fragment (sTWEAK) [5]. Expression of
TWEAK differs from that of many other TNFSF cytokines
in that it is constitutively expressed in a wide array of tis-
sues; sTWEAK protein has been detected in healthy human
serum at 200-300 pg/ml and both protein and mRNA have
been detected in healthy pancreas, intestine, heart, brain,
lung, vascular, and skeletal muscle [7]. Transient upregu-
lation of both mRNA and protein has been observed in
response 1o injury; inflammatory cells including mac-
rophages and monocytes have been identified as a major
source of TWEAK protein abundance [8, 9].

TWEAK has primarily been described as a promoter of
cell death, both 1n vivo and 1n vitro. The first evidence of
this was in its initial identification as a cytokine capable of
inducing apoptosis in human adenocarcinoma cell lines [5].
Further investigation of this has highlighted the weakness
of TWEAK-induced apoptosis, with cell death occurring
only under specific conditions, where it was necessary to
use sensitive cell lines, prolonged incubation, or high ligand/
receptor concentrations [10]. This draws into question the
physiological relevance of TWEAK as an inducer of apop-
tosis; an argument which is supported by the lack of a death
domain on its cognate receptor, Fnl4, A dose-dependent
effect of TWEAK is supported by the observation that rela-
tively low doses (4—10 ng/ml) induces a proliferative phe-
notype in mammalian epithelial cell line, Eph4, whilst high
doses (100 ng/ml) result in cell death [11]. It is worth noting

that circulating levels of sTWEAK in healthy humans more
closely resemble the low dosage studies, with serum con-
centrations ranging from ~ 500—800 pg/ml [12—14]. These
low dose studies are of course still considerably higher than
reported physiclogical levels. Furthermore, pathological
cohorts often show decreased levels, i.e., severely obhese
(~250 pg/ml), atherosclerotic (~200 pg/ml), and type II
diabetic (~300 pg/ml) [12-14]. Absolute concentrations of
mTWEAK, particularly in skeletal muscle tissue, have yet
1o be described.

Later work focusing on inflammation and repair has
indicated that the physiological functions of TWEAK may
instead be important for acute tissue repair and progenitor
activation [5, 10]. A summary of exogenous TWEAK treat-
ments in varying tissues and species is provided in Table 1.
Jakubowski et al. [15] first suggested the role of TWEAK in
progenitor regulation, demonstrating potent proliferation of
oval cells (liver progenitor cells) in TWEAK transgenic mice
with no effect on mature hepatocytes. Later work has dem-
onstrated similar effects in a range of progenitor cell types.
Ex vivo human aortic smooth muscle cells derived from
the tracheal section of healthy and asthmatic human lung
transplant donors and stimulated with recombinant human
TWEAK showed enhanced proliferation and migration of
smooth muscle cells [16]. Similarly, application of a topical
TWEAK solution to experimental burns on BALB/c mice
accelerated healing by enhancing production of laminin—an

Table 1 Dose and route of exogenous TWEAK administration in various tissues

Study Tissue Dose

Route Outcome

Jakubowski et al. [15]  Cultured NRC-1 (rat cholan-
giocyte-1 cells)

Owval cells from tg TWEAK
rats

25200 ng/ml

Jakubowski et al. [15]

non-tg rats

Up to 14 xmRNA
transcripts relative to

Soluble TWEAK in serum-
free media

TProliferation

Transgenic overcxpression Owval cell hyperplasia

Michaelson et al. [11]  Eph4 mammary epithelial 4—10 ngfml
cells

Michaelson et al. [11] Eph4 mammary epithelial 100 ng/ml
cells

Zhuetal [16] Human aortic smooth muscle 100 ng/ml
cells

Livetal. [17] Full-thickness burns of 20 pgfml
mouse dorsal skin

Grirgenrath et al, [9] C2C12 cells 100 ng/ml

Polek et al, [18] RAW264.7 monocyle/mac-  150~750 ngfml

rophage cells
NB: cells did not express
Fnl4

Fe-TWEAK in media con-
taining 10% serum

Fe-TWEAK in media con-
taining 10% serum

Recombinant human
TWEAK in serum-free
media

Topical application in saline

Soluble TWEAK and soluble
heat-inactivated TWEAK
in media containing 10, 2,
or 0.2% serum

Glutathione S-rransferase-
TWEAK fusion protein
in media containing 10%
serum

tProliferation
| Dilferentiation
Cell death

tProliferation

tMigration

NFkB activation

TInflammatory cell infiliration

tGrowth factor production

TExtracellular matrix in
wound areq

TProliferation

I Termunal differentialion

TDifferentiation
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extracellular matrix component believed to drive prolifera-
tion of skin cells—and differentiation of myofibroblasts [17].
In both those studies, the effects were eliminated by silenc-
ing Fnl4 with siRNA or genetic depletion. One exceplion (o
the proliferative effects of TWEAK are seen in RAW264.7
monocyte/macrophage cells, where high doses of TWEAK
(> 150 ng/ml) induced differentiation [18]. Notably, these
cells were shown to be negative for Fnl4, suggesting an
alternative receptor may be responsible for these TWEAK-
mediated differentiation effect [18]. Tissue-specific out-
comes of TWEAK-Fnl4 activation are highlighted in a
study of gingko flavanol glycosides and ginkgolides—the
active components of Ginkgo biloba—and their ability to
mitigate ischemic reperfusion injury in both the heart and
brain [19]. Interestingly, the Ginkgo biloba downregulated
Fnl4 in the heart but upregulated Fn14 in the brain, both of
which were associated with reduced ischemic reperfusion
injury, suggesting that alternate mechanisms were involved
[19]. The possibility of alternative ligands for Fnl4, which
may explain the differential responses of Fnl4, has been
raised; however, there are currently no putative ligands
identified in the literature. This notion is discussed further
in “Is TWEAK necessary for Fnl4 activation?”. Moving
into a skeletal muscle cellular setting, Girgenrath et al. [9]
demonsirated that TWEAK administration enhanced prolif-
eration of C2C12 myoblasts whilst inhibiting their terminal
differentiation.

The underlying mechanisms of the described effects have
been partially attributed to activation of the NFxB pathway
(discussed further in “What are the signaling pathways of
TWEAK-Fnl47") [16]. The net effect of this is a blockade
of myogenesis. This enhanced proliferative, but impaired
differentiation, effect 1s likely dose-dependent and tissue-
specific and may partially explain the atrophic or anti-myo-
genic effects frequently associated with prolonged TWEAK
signalling seen in chronic inflammatory states.

Dogra et al. [20] further investigated the myogenic out-
comes of TWEAK signalling both in vivo and 1n vitro, again
demonstrating that enhanced or chronic upregulation of
TWEAK resulted in impaired growth, albeit at levels likely
above physiclogical relevance. Working in C2C12 cultured
myotubes, TWEAK was shown to reduce myotube diameter
and enhance ubiquitination of myosin heavy chain in cul-
tured myotubes. Similarly in vivo; both chronic administra-
tion (100 pglkg per week for 4 weeks starting at 3 weeks)
and muscle-specilic transgenic overexpression of TWEAK
resulted in reduced muscle mass in C37B1/6 mice [20].

Further evidence that overexpressed TWEAK is a nega-
tive regulator of myogenesis is seen in a number of chronic
human atrophic disease states. Inclusion-body myositis
(IBM) 1s the most common acquired inflammatory myo-
pathy observed in elderly populations, marked by a failure
of progenitor cells to differentiate, leading to progressive

muscle weakness [21]. Morosetti et al. [21] investigated the
expression and modulation of both TWEAK and Fnl4 in
human ex vivo mesoangioblast cell culture; mesoangioblasts
isolated from IBM patients were shown 1o have increased
TWEAK and Fnl4 relative to healthy controls, Inhibition
of TWEAK by siRNA interference was able to restore myo-
genic differentiation in the same IBM mesoangioblasts,
whilst treatment of mesoangioblasts derived from patients
with dermatomyositis—an inflammatory myopathy without
reduced differentiation potential—with 100 ng/ml human
recombinant TWEAK, resulted in reduced differentiation
rate [21].

Myotonic dystrophy type 1 (DM1) represents a phe-
notypically similar condition to IBM with a distinct bio
chemical mechanism. DM1 muscle wasting is known to be
linked to an expanded allele in the DM protein kinase gene
resulting in an accumulation of RNA; the downstream path-
ways between this toxic RNA accumulation and the clinical
myopathy are poorly understood [22]. Using a DM5 mouse
model of RNA toxicity, Yadava et al. [22] investigated the
effects of TWEAK using both a TWEAK-null/TXMS hybrid,
and by intraperitoneally administering TWEAK, albeit the
shorter soluble form (see “What are the signaling path-
ways of TWEAK-Fn14?" for further detail). As with IBM,
TWEAK-deficiency was shown to reduce pathology and
enhance muscle function, whilst TWEAK administration
exacerbated the DMS35 phenotype.

Finally, Mittal et al. [23] reported similar effects of
TWEAK meodulation in the acute atrophy model of den-
ervation-induced wasting, with transgenic overexpression
of TWEAK exacerbating muscle-specific protein degrada-
tion, and genetic ablation of TWEAK sparing muscle loss
in denervated C57BI6 mouse fibialis anterior muscle,
Importantly, Mittal et al. [23] note that it is the receptor,
Fn14, rather than TWEAK itself, which is most dramati-
cally upregulated in this injury model as measured at the
mRNA level, suggesting a receptor-driven enhancement of
the TWEAK-Fn14 pathway may be driving muscle atrophy.

Is TWEAK necessary for Fn14 activation?

Fnl4, first identified by Wiley et al. [24], currently remains
the only known binding partner of TWEAK. Fnl4 belongs
to the TNF receptor superfamily (TNFRSF), containing the
distinctive motif of cysteine-rich repeats in the extracellular
domain. Whilst most TNFRSF members contain three to
four of these cysteine-rich repeats, Fnl4 contains only one
and 1s the smallest described family member at 102 amino
acids [24]. An additional distinction between Fnl4 and other
TNFRSF members is the lack of a death domain—a cyto-
plasmic motif which enables the induction of apoptosis—an
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ohservation which has confounded and undermined the sup-
posed apoptotic actions of its ligand TWEAK [24].

Fnl4 is a constitutively expressed receptor under nor-
mal physiological conditions in most cell and tissue types,
and is highly inducible under a range of acute and chronic
pathological conditions (Table 2) [6, 25]. Induction of Fnl4
in damaged tissues is poorly understood but has been linked
to a number of growth factors and cytokines, including
TWEAK [10]. Changes in receptor trafficking dynamics
have been proposed to play a role in the apparent upregula-
tion of Fnl4. Gurunathan et al. [4] investigated the post-
translational regulation of Fnl4 in Hel.a cells. As with most
TNFRSF members, turnover of Fnl4 was accelerated in the
presence of its ligand—in this instance, TWEAK-—as the
TWEAK-Fnl4 complex was internalised and degraded by
the lysosome. In addition to this ligand-dependent turnover,
Gurunathan et al. [4] reported a distinct and additive ligand-
independent turnover mechanism, wherein unliganded Fn14
is rapidly shed from the cell surface, or internalised and
degraded. The half-life of unliganded Fnl4 was measured
using cycloheximide to inhibit protein synthesis, with a

half-life of approximately 74 min, indicating a rapid turnover
relative to the average measured half-life of proteins in Hela
cells of 20 h, These findings indicate a constitutive down-
regulatory mechanism may be pivotal in dynamic Fnl4 sig-
nalling. Winer et al. [26] have since identified GABARAP-
mediated autophagy as the likely primary negative-regulator
of Fnl4 under basal conditions in HeLa cells.

The one-to-one nature of TWEAK and Fnl4 as a ligand-
receptor pair is thrown into question by several studies high-
lighting effects of both TWEAK and Fnl4 in the absence
of their counterpart. TWEAK-induced differentiation of
RAW264.7 monocyte/macrophage cells in the absence of
Fnl4 described in “Ts TWEAK an apoplotic stimulus?” sug-
gests an alternative receptor for TWEAK, or TWEAKR2 as
described by Polek et al, [18]. Whilst no alternative ligand
has been identified for Fnl4, there is growing evidence of
TWEAK-independent activation of Fnl4. Whether this is
strictly due to self-association or a putative ligand remains
to be determined.

Dramatic upregulation of Fnl4 as described above may
result in TWEAK-independent signalling via self-association

Table 2 Inducible changes of TWEAK and Fnl4 in a range of human and mouse disease models

Disease model TWEAK

Fnl4

Tissues used

TWEAK-tg fourfold increase in protein levels
[23]
fivefold increase in mRNA levels
[23]
TWEAK-KO

Cancer and cachexia

Unchanged at mRNA level [23]

1.5-fold increase in mRNA [23]

Upregulated on solid tumours [27]

C3TBI6 mouse model, gastrocne-
mius and tibialis anterior muscles

C3TBY6 mouse model, tibialis anfe-
rior muscle

Observed in human tumour samples
27

Human Fnld4-expressing tumours on
C57B1/6 mice induced cachexia
[28]

C26-tumour bearing mice treated
with o=Fnl4 did not develop
cachexia [28]

Denervation Unchanged [23] Six to sevenfold increase in mENA
[23]
Upregulated protein [23]
Cardistoxin Increased mENA Remained ele- Increased mRNA [9]
valed for longer in Fnld-deficient
animals [9]
Unloading Twofold increase in mRNA [29]

Fasting/ starvation

Diabetes

Adeno-associated virus
hased vector expressing
activin A

Circulating TWEAK ~20% lower in
type 1T diabetics [13]

Unchanged in NFkB-KO mice [29]
13-fold increased mRNA [30]

Sixfold increased mRNA in muscle-

specific TRAFG-KO [30]

Unchanged in adipose tissue of
type II diabetes but increased in
adipose tissue of severely obese
subjects [31]

mRENA increased [25)

Tenfold increase in protein [25]

C37BI/6 mouse model, gastrocne-
mius muscle

12945y mouse model, wild-type and
Fuld-deficient

B6129PF2/] mouse model, gastroc-
nemius muscle

Floxed TRAFA and muscle specific
TRAF6-KO mouse model, gastroc-
nemius muscle

Human subjects

C37Bl/6 mouse model
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of the trans-membrane and C-terminal regions of the Fnl4
receptor (see Fig. 1). Brown et al. [32] demonstrated this
using HEK293/NFxB-luciferase reporter cells transfected
with an Fnl4 mutant unable to bind TWEAK, reporting
activation of the NFxB pathway and dimerisation of the
receptor detectable on a non-reducing SDS-PAGE. Ligand-
independent signalling is suggested as a possible mechanism
underlying Fnl4-associated cachexia—the dramatic muscle
and fat loss often developed in cancer patients. Johnston
et al. [28] investigated the effects of Fnl4 antibodies on the
development of cachexia in tumour bearing mice, reporting a
complete blockade of cachexia with the administration of an
antagonistic Fnl4 antibody. Interestingly, they were unable
to replicate these results via inhibition of TWEAK with
TWEAK antibodies, indicating that the role of Fnl4 in the
development of cachexia is likely TWEAK-independent. It
is worth noting that the Fn14 targeted in this disease model
was present on the tumour itself, as opposed to the skeletal
muscle. Administration of the same Fnl4 antibody in an
activin-A induced mouse skeletal muscle atrophy model was

High TWEAK + High Fn14

unable to prevent wasting—and in fact may have slightly
inhibited the regenerative process—indicating that Fnl4
may have tissue-specific functions which vary between dis-
tinet atrophy models, namely muscle atrophy due to cachexia
or due to direct muscle injury [28]. It is unclear what factors
dictate the balance of TWEAK-dependant Fnl4 signalling
vs TWEAK-independent self-association or if they are mutu-
ally exclusive; however, it is likely that these events co-exist
n vive with dose and tissue-specific responses.

Does TWEAK-independent Fn14 signalling promote
myogenesis?

Similar to its ligand, Fnl4 has been associated with both
pro- and anti-myogenic pathways. Given the atrophic phe-
notypes frequently associated with TWEAK overexpression,
it should follow that activation of its cognate receptor will
also correlate with atrophy; however, this is not the case in
the current literature, which will be discussed below, Whilst
Fnl4 is frequently upregulated in acute and chronic muscle

Low TWEAK + High Fn14

TWEAK

Suhm

(
f;?%’%m

predominantly TWEAK-dependant signalling

A

predominantly ligand-independant signalling

Fig. 1 Ligand-dependant and ligand-independent Fnl4 activation:
When bath TWEAK and Fnl4 are highly expressed, e.g., in chronic
inflammatory disease states, wimeric TWEAK 15 able (0 bind the
extracellular domain of Fnld, bringing the C-terminal domains of
Fni4 together and triggering a ligand-dependant activation of the
TWEAK-Fnl4 pathway [24], When Fnl4 is highly expressed with-

out overexpression of TWEAK, Fnl4 clustering occurs due to the
high density of Fnl4 receptors present on the cell membrane [32].
The close proximity of Fnld receptors leads 1o self-association of the
trans-membrane and C-terminal domains of Fnl4 leading to ligand
independent activation of the Fnl4 pathway [32]
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wasting conditions, there is growing evidence that rather
than driving atrophy, it may in fact play an important role
in regenerative signalling via TWEAK-independent self-
association. An overview of human skeletal muscle-based
evidence of TWEAK-Fn14 alteration is provided in Table 3.
Variability in the species and muscle type samples, particu-
larly given the fibre-type specificity of Fnl4, is a further
complication in directly comparing evidence across studies.

Early evidence of Fnl4 involvement in regeneration
was observed in the delayed recovery of Frl4-null mice
following a localised muscle injury created by intramuscu-
lar cardiotoxin injection [9]. Girgenrath et al. [9] reported
a defective inflammatory response with a delayed peak of
inflammatory cell infiltration, along with a reduced prolif-
erative capacity indicated by a decrease in centrally nucle-
ated muscle fibres and reduced embryonic myosin heavy
chain expression. Depletion of Fnl4 using RNA interference
was similarly shown to impair myogenesis in C2C12 myo-
blast cells [38]. Under normal conditions, C2C12 myoblasts
express high levels of Fnl4 protein which is downregulated
upon differentiation into myotubes [38]. RNAI knockdown
of Fnl4 resulted in decreased expression of the myogenic
regulatory factors (MRFs)—a set of transcription factors
essential for myogenic progression—specifically, MyoD and
myogenin, resulting in a significant reduction in myotube
formation and expression of muscle-specific proteins includ-
ing myosin heavy chains and creatine kinase [38]. Dogra
et al. [38] concluded that whilst TWEAK-dependant Fnl4
signalling appeared to inhibit differentiation, Fnl4 was able
to act independently of TWEAK and was in fact required
for the expression of MRFs and by extension, myogenic
differentiation.

A review of TWEAK-Fnl14 signalling by Burkly et al.
[39] highlights the potential regenerative role of Fnld by
comparing the Fnl4 mBENA expression profiles of muscle

biopsies taken from Duchenne’s muscular dystrophy (DM}
patients aged 1.5 months to 5 years. DMD is a progressive
muscle wasting condition, wherein absence of the dystrophin
protein renders the sarcolemma fragile and vulnerable to
damage resulting in repeated rounds of damage and repair
[40]. The regenerative capacity of skeletal muscle is reduced
as the patient ages leading to progressive muscle wasting.
The younger cohort investigated in that dataset (GEO data-
set GSE601 1) would likely be considered pre-symptomatic
with the older individuals representing early onset of the
disease. Burkly et al. [39] note that Fnld4 mRNA expression
was highest in younger DMD patients, suggesting it cor-
relates with regenerative capacity rather than muscle wast-
ing, A striking longitudinal study of fat-free muscle mass
retention in young, healthy, human males following a 21-day
period of energy-deficit at high altitude 1dentified high base-
line levels of Fnl4 mRNA measured from a muscle biopsy
of the vastus lateralis as a correlate of muscle mass retention
[34]. Whilst only correlative, the authors went on to suggest
high levels of Fnl4 may in fact be a protective factor against
muscle atrophy.

Further support for Fnl4 upregulation as a correlate of
remodelling and regeneration is observed in response to
resistance exercise. Healthy muscle readily adapts to changes
1o stimuli; the most physiologically relevant example of this
is the micro-injuries and remodelling which occur following
resistance exercise. A study of monozygotic twins with sell-
reported divergent exercise habits reported increased expres-
sion of Fnl4 mRNA in skeletal muscle of the twin with a
history of chronic endurance training [35]. It is interesting
to note that despite having higher markers of cardiovascular
and pulmonary health, the endurance trained rwin did exhibit
lower muscle size and strength, an effect likely due to the
nature of the cardiovascular endurance training favoured by
the trained twin over a more resistance-heavy program.

Table 3 Human skeletal muscle responses of TWEAK and Fnl4 in various pathologies and exercise interventions

Study Intervention/cohort

TWEAK

Fnl4 Tissues used

Burkly, Dohi [33]  Duchenne's muscular dystrophy (DMD)  NA
patients aged 1.5 months w5 years

Pasiakos et al, [34] Healthy young men exposed to 21-day NA
energy-deficit al high altitude

Bathgate et al. [35] Monozygotic twins with divergent activ-  NA

ity levels

Raue et al. [36] Acute resistance exercise, young
untrained adults

Acure resistance exercise, old untrained
adults

Raue ¢t al. [37] Acute treadmill running

Acute resistance training

Unchanged 12-fold mRNA increase 4 h post-exercise

Unchanged Fnl4 protein detected in some particl-

Unchanged Fnl4 protein detected in all participants

Fnl4 mEMNA higher in youngest DMD
patients

Cuadriceps biopsy

High Fnl4 mRENA correlated with fat-free  Vastws lateralis biopsy
mass relention

Fnl4 mENA higher in chronically active
twin

Vastuy lateralis biopsy

Viastus lateralis biopsy

Unchanged fourfold mRNA increase 4 h post-exercise  Vastus lateralis biopsy

Vastus lateralis biopsy
pants 12- and 24 h post-exercise

Viastus lateralis biopsy
12- and 24 h post-exercise, higher levels

than treadmill running
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Raue et al. [36] investigated the transcriptome of human  a more robust Fnl4 mRNA response which was also detect-
skeletal muscle following acute and chronic resistance exer-  able at the protein level in all six participants, peaking 12 h
cise training. Fnl4 was shown 1o be upregulated ~ 12-fold  posi-exercise. The stronger response elicited by resistance
4 h posi-resisiance exercise in young untrained adulis. Old  exercise — a training mode characterised by micro-injury
adults showed a similar yet blunted response to resistance  and adaptive growth — provides further evidence of Fnl4 as
exercise, with a~fourfold change detected. This blunted  a regulator of normal physiological remodelling in healthy
response correlated with reduced muscle adaptations inold ~ skeletal muscle.
adults and was common to many pre/post resistance exercise
transcriptomic changes. Notably, TWEAK mRNA was not
altered in response to resistance exercise, suggesting that  What are the signaling pathways
Fnl4 levels are the primary regulator of TWEAK-Fnld sig-  of TWEAK-Fn14?
nalling in exercise-induced muscle adaptation. Raue et al.

[36] also describe activation of the NFxB pathway, marked NFkB, MAPK, and PI3K/Akt signalling have all been
by induction of the NFkB-inducing kinase (NIK) and deg-  implicated as downstream targets of TWEAK-Fnl4 activ

radation of NFxB inhibitory molecule, Ikpa, and suggested ity (Fig. 2) [3, 20, 41]. NFxB is broadly categorised mto
that induction of this pathway was via upregulation of Fnl4  two pathways—the canonical (classical) and non-canonical
with downstream effects including the normal physiological — (alternative). Comprehensive reviews of the distinct role
remodelling of muscle. A follow-up study by the same group  in muscle homeostasis each pathway plays are provided in
comparing the regulation of both TWEAK and Fnl4 follow- Bakkar, Guttridge [42] and Enwere et al. [3]; a general con-
ing either resistance exercise or treadmill running similarly sensus in the literature points to canonical signalling as a
showed Fnl4, but not TWEAK, was responsive fo training  promoter of early myogenic proliferation and inhibitor of
in human muscle [37]. Interestingly, treadmill running pro-  differentiation, whilst non-canonical signalling enhances
duced a smaller Fnl4 response at the mRNA level; Fnl4  differentiation and fusion. The balance between canonical
protein was sporadically detected in two of six participanis ~ vs non-canonical NFxB, MAPK, and PI3K/Akt signalling
at 8 h post-run and in a different two participants at 12 and  are likely dose and tissue specific and temporally regulated,
24 h post-run. In comparison, resistance exercise produced  Delineating the specific conditions, wherein each pathway is

TWEAK-Fn14 complex Fn14 self-association

l
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Fig.2 Signalling pathways of Fnl4 activation. TWEAK-dependant 20, 41). Each of these pathways appear to be activated or inhibited in
and TWEAK-independent Fnld signalling has been associated with a dose- and tissue-specific manner with specific and often opposing
MAPK, PI3K/AKL and both canonical and non-canonical NFeB [3, oulcomes associated with each pathway
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active may aid in understanding the role in a switch between
physiological and pathological TWEAK-Fnl4 signalling.

TWEAK is expressed as a type I transmembrane pro-
tein with an N-terminal cytosolic domain, a transmem-
brane domain, and an extracellular C-terminal TNF homol-
ogy domain (THD). When initially describing TWEAK,
Chicheportiche et al. [5] reported a smaller, soluble form
of TWEAK detected in cell culture medium, indicating
the possibility that TWEAK is proteolytically cleaved.
Furin, a pro-protein convertase, was later identified as the
TWEAK-processing enzyme, binding specifically to the
90-93 amino acid residues of a subset of TWEAK within
the Golgi apparatus and cleaving off the C-terminal THD,
which is in turn secreted into the extracellular environment
[43]. This secreted THD domain of TWEAK is referred 1o
as sTWEAK, whilst the full-length membrane bound form
is referred to as mTWEAK. Both sTWEAK and mTWEAK
have been shown to bind Fnl4 and trigger signal transduc-
tion; however, there 1s evidence that the two forms differen-
tially activate the NFxB and MAPK pathways in HT29 and
Hel.a TNFR2 cell cultures [44].

Balance between sSTWEAK and mTWEAK signalling is
one possible basis for the diverse outcomes of TWEAK-
Fnl4 signalling although little work has been done o ade-
quately address the roles of each TWEAK form in skeletal
muscle degeneration and regeneration. Morosetti et al. [21]
reported increased TWEAK abundance in human inclusion-
body myositis skeletal muscle biopsies using both immu-
nohistochemistry and western blotting. It is unclear; how-
ever, If there was a shift in the proportions of mMTWEAK
and sTWEAK and if this has any bearing on the pathology.
Standard western blotting practice includes the centrifuga-
tion and fractionation of samples to remove ‘cellular debris’,
the pitfalls of which include the discarding of significant but
inconsistent quantities of protein, and are addressed fully in
Murphy, Lamb [45] and Murphy et al. [46].

Canonical pathway

The canonical arm of the NFkB pathway 1s characterised
largely by the proteclysis of pl05 to p50; the p50 active
subunit is able to form homo- or heterodimers with several
NFkB family members, with p65 (also called RelA) being
the most extensively described binding partner [42]. Inter-
estingly, homodimerisation of p50, and likewise p32 in the
non-canonical arm, appear to have inhibitory effects on gene
transcription [47]. Downstream elfects of canonical NFxB
signalling are also influenced by a host of post-translational
modifications, co-activators, and co-repressors. It is, there-
fore, not surprising that canonical NFxB signalling has a
diverse range of cellular outcomes.

Despite this, there is evidence of canonical NFxB sig-
nalling as a negative regulator of myogenesis. Bakkar et al.
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[48] generated p65-null mice and noted a two-fold increase
in fibre number and increased myogenic activity relative to
wild-type or p50-null mice, indicating p65 1s a repressor
of myogenesis, The p65 subunit has also been linked with
degradation of peroxisome proliferator-activated receptor
coactivator 1-o (PGC-1w), a key driver of mitochondrial bio-
genesis, and by extension, a regulator of fibre type conver-
sion [49]. It has been suggested that this inhibitory mecha-
nism 18 a driver of slow to fast fibre type conversion [30];
given the enhanced susceptibility of fast fibres to muscle
wasting this may represent a predisposition to muscle atro-
phy in settings with prolonged canonical NFxB signalling.

Blockade of myogenesis is further supported by canonical
NFkB interactions with MyoD—an carly myogenic regu-
latory factor [51]. Degradation of MyoD protein, and thus
reduced myogenic progression, was observed in C2C12
myoblasts following the administration of TWEAK; of
course, extrapolation of this in vitro study to a physiologi-
cal 1n vivo model of TWEAK-Fnl4 signalling should be
approached with care [51].

The apparent inhibitory effect of canonical NFxkB has
also been suggested as a requisite precursor of myogenic
differentiation by promoting myoblast proliferation [48]. It
has been proposed that a shift in canonical to non-canonical
NFkB may be involved in normal physiological TWEAK-
Fnl4 mediated myogenesis. Enwere et al. [32] reported pri-
marily non-canonical NFxB activation under physiological
(low) levels of TWEAK stimulation in newly forming myo-
blasts, suggesting that the primary physiological function
of TWEAK 1s via the non-canonical pathway. Overall, it
appears that aberrations in the canonical to non-canonical
switch may underlie pathological chronic TWEAK-Fnl4
signalling.

Non-canonical pathway

Non-canonical NFkB signalling, also known as the alter-
native pathway, has also been implicated in TWEAK-Fnl4
signalling, albeit largely as a positive regulator of myogen-
esis. As described above, there is evidence of non-canonical
signalling promoting differentiation and fusion of myoblasts
in later stage myogenesis.

Under basal conditions, NFkB-inducing kinase (NIK) is
constitutively degraded by a complex of cellular inhibitor
of apoptosis (cIAP) and TNF-receplor associated faclors
2 and 3 (TRAF2/3) [42]. Activation of the non-canonical
pathway in HT'1080 human fibrosarcoma cells and Daudi
human Burkitt’s lvmphoma cells resulted in translocation
from the cytosol to the membrane and subsequent degrada-
tion of the cIAP-TRAF2/3 complex [53]. In the absence of
cIAP, NIK is stabilised which in turn enables downstream
proteolysis of p100 to p52 [42, 53]. Similar to the canonical
arm, p52 is able to form homo- or heterodimers with other
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NFkB family members, in this instance preferentially bind-
ing RelB to drive transcription [42].

Interactions between the canonical and non-canonical
arms of the NFxB pathway [urther complicate the deline-
ation of their actions. It should be noted that whilst ¢cIAP is
degraded upon activation of the non-canonical arm, it has
been shown to be necessary for the activation of canonical
NFxB. Varfolomeev et al. [53] showed that pre-treatment of
HT 1080 cells, Ramos human Burkitt's lymphoma cells, and
HT29 and Ku812F human chronic myelogenous leukemia
cells with TAP antagonist, BV6, blunted activation of the
canonical signalling pathway. Varfolomeev et al. [53] went
on to conclude that cIAP was essential for activation of the
canonical NFxB pathway by TNFR family members, includ-
ing TWEAK.

Constitutive non-canonical NFxB activation 1s believed
to be present in both ¢/AP-null mice and c/AP-null cultured
myotubes, as indicated by enhanced proteolysis of p100 to
p52 [52]. Interestingly, cfAP-null cultured myotubes exhib-
ited an increase in fusion and fibre size, whilst the 1n vivo
maode] demonstrated enhanced markers of regenerating fibres
following cardiotoxin injury, namely an increase in central-
ised nuclei, In contrast to Varfolomeev et al. [33] assertion
that cIAP degradation inhibits canonical NFkB activation,
Enwere et al. [52] describe a simultaneous activation of both
canonical and non-canonical pathways when clAP is defi-
cient. The actions of the canonical pathway are believed to
delay cell cycle exit and downstream maturation; however,
a small subset of proliferating cells appear to be capable of
overcoming this blockade and are then able to respond to the
differentiation-promoting non-canonical stimulation result-
ing in a net pro-myogenic response. The interplay between
these two pathways, particularly in in vivo models, is clearly
more extensive than once thought, These findings indicate
that in certain circumstances, both canonical and non-canon-
ical NFkB signalling can be pro-myogenic

Whilst the anti-myogenic effects of TWEAK have been
previously discussed, there has been evidence to suggest
that at physiological levels, TWEAK signals preferentially
via the non-canonical pro-myogenic pathway. The pheno-
type described in ¢fAP-null myotubes was recapitulated in
cultured myoblasts stimulated with low doses (10 ng/ml)
recombinant mouse TWEAK, indicating a similar effect—
stimulation of the non-canonical NFxB pathway [52].

In addition to cIAP, NIK can also be cleaved and inacti-
vated by the cysteine-aspartic acid protease, caspase 8 [54].
Caspase 8 is involved in the apoptotic complex called the
ripoptosome, which, in some models has been induced in
TWEAK-Fnl4 signalling [55]. It should be noted; however,
many models of TWEAK implicating the ripoptosome are
cell-based and involve non-physiological concentrations
of ligand. Regardless, activation of caspase 8, and thereby
inhibition of the non-canonical NFxkB pathway is one more

consideration to be made when investigating the downstream
signalling events of TWEAK-Fnl4 activation.

MAPK pathway

The MAPK pathway has also been implicated in TWEAK-
Fnl4 signalling (Fig. 2); albeit with more limited work
available on muscle-specific models. Similar to NFkB,
the MAPK pathway consists of distinct arms—ERKI1/2,
p38, and INK—with similarly diverse downstream out-
comes [56]. Which of these three pathways is activated by
TWEAK-Fnl14 again appears 1o be a tissue- and dose-spe-
cific response.

The myogenic outcomes of MAPK signalling are still
an emerging field; however, there is evidence of temporal
regulation of ERK1/2, p38, and JNK at distinct stages of
myogenesis. ERK1/2 is likely to be involved the early prolif-
erative phase of myogenesis. Jones et al. [57] describe dom-
inant-negative mutants of Raf-1, resulting in inactivation
of the ERK1/2 pathway, as having a deleterious effect on
proliferation in MM 14 muscle satellite cells with no impact
on their fusion and maturation. A similar study looking at
inhibition of the ERK1/2 pathway in L6A1 myoblasts was
in fact shown to enhance differentiation, suggesting that not
only is ERK1/2 not required for differentiation, it is a nega-
tive regulator of late-stage myogenesis [58]. The different
conclusions on the ability of ERK1/2 to regulate differentia-
tion may be attributed at least partially to the use of distinct
cellular models.

JNK has likewise heen linked to early myogenic prolif-
eration. Xie et al. [539] describe a double-negative feedback
loop in C2C12 cells, wherein JNK signalling was both
down-regulated by microRNAs associated with terminal
differentiation, whilst also negatively regulating differen-
tiation. The net effect indicates that INK 1s a negative regu-
lator which must be inhibited for skeletal muscle terminal
differentiation.

Finally, the p38 cascade has been identified as an essen-
tial regulator of myogenesis, with involvement at several
steps of the myogenic program. A thorough review of the
P38 pathway in myogenesis is provided in Keren et al. [60].
Cabane et al. [61] generated several mutants at different
stages of the p38 kinase pathway and noted that without a
fully functional p38 pathway, C2C12 cells were unable to
undergo terminal differentiation, with significant reductions
observed in MyoD and the skeletal muscle specific structural
protein, troponin T. In contrast to this, Jin, Li [62] identified
P38 as a promoter of atrogin-1—an ubiquitin ligase associ-
ated with muscle atrophy—in a lipopolysaccharide-induced
mouse model of muscle atrophy. Keren et al. [60] note that
the role of p38 may be dual, with distinct effects pre- and
post-differentiation, which may explain the somewhat
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counter-intuitive outcomes of p38 signalling in the injury
model described by Jin, Li [62].

Lietal. [41] investigated the effects of TWEAK admin-
istration on C2C12 myoiubes which had been previously
differentiated for 96 h, reporting enhanced activation of
ERK1/2, p38, and INK. Whilst these results indicate that
TWEAK signals via all three arms of the MAPK pathway,
it should be noted that the dose, 100 ng/ml is again far above
the likely physiological range and should be interpreted with
caution. The specific aims of this study were to determine
the mechanism of TWEAK-induced activation of MMP-
9—a matrix metalloproteinase implicated in muscle atrophy
[41]. Whilst all three MAPK pathways and both NFxB path-
ways were activated in response to TWEAK, only inhibition
of the p38 and NFxB were sufficient to prevent TWEAK-
induced MMP-9 activation, indicating that these may be the
primary signalling cascades of TWEAK. Given the diverse
outcomes of p38 activation previously described, and the
non-physiological dose of TWEAK, it is likely that MAPK
involvement in physiological TWEAK-Fnl4 signalling is
again dose- and tissue-specific.

PI3K/Akt pathway

Activation of the PI3 kinase (PI3K) pathway and it’s down-
stream kinase, Akt, have been ideniified as potent inducers
of skeletal muscle hypertrophy by two key mechanisms;
enhancing mTOR-induced protein synthesis and inhibiting
the expression of atrophy-associated genes, MuRF1 and
MAFbx (also called Atrogin-1) [63, 64].

Interaction of TWEAK-Fnl14 activation and the PI3K/
Akt pathway again appears to be a dose- or tissue-dependant
response. A review of TWEAK-Fnl14 as a druggable target
by Wajant [65] highlights some of the inconsistencies in
the described PI3K/AKL signalling ouicomes of TWEAK-
induced signalling in various tissues. Dogra et al, [20]
describe reduced phosphorylation of Akt and enhanced
MuRF1I/MAFbx expression in C2C12 myotubes as early
as 3 h following administration of 10 ng/ml sTWEAK.
Synthesis of MyHC was not reduced by TWEAK,; how-
ever, the overall diameter of the TWEAK-treated myotubes
was shown to be reduced, potentially due to the increased
catabolic effects of MuRF1 and MAFbx [20]. Interest-
ingly, denervation of the gastrocnemius muscle of wild-
type, TWEAK-1g, and TWEAK-KO C57Bl/6é mice showed
comparable reduction of Akt phosphorylation, indicating
that TWEAK was not modulating the PI3K/Akt response
in vivo, potentially due to redundancy in signalling pathways
[23]. Mittal et al. [23] did, however, indicate that TWEAK
induced upregulation of MuRF1 but MAFbx, albeit via
NIkB signalling, and that this was a primary mechanism of
TWEAK in exacerbating denervation atrophy.

@ Springer

In further contrast to the effects observed in C2C12
myotubes, TWEAK has been shown to activate, rather than
inhibit, PI3K/AKL in renal tubular cells, glioma, and osteo-
blastic cells [66—68]. It should be noted that each of these
studies implemented a dose of 100 ng/ml, tenfold greater
than the dose which elicited inhibitory effects in C2C12
myotubes and well above any described physiological lev-
els. It is possible that the contradictory effects of TWEAK
on PI3K/Akt are largely dose dependant. This notion is sup-
ported by a study on the use of TWEAK as a therapeutic
intervention in cardiac reperfusion injury [69]. Yang et al.
[69] describe a dose-dependent reduction in apoptosis and
caspase-3 activity in hypoxic and then re-oxygenated H9C2
cells (rat cardiomyocytes) when treated with 0-1000 ng/ml
recombinant human TWEAK. This effect was attributed to
enhanced activation of the PI3K/Akt pathway at 100 ng/ml,
although unfortunately no dose-response data is shown for
Akt phosphorylation. Yang et al. [6Y] went on to describe a
significant reduction in cardiac reperfusion injury, apoptosis,
and caspase-3 activity in Sprague—Dawley rats pre-treated
with 1 pg TWEAK/100 ul PBS injected directly into the
myocardium.

The outcomes of TWEAK-Fn14 activation on the PI3K/
Akt pathway are in need of further investigation to identify
the mechanistic nature of the diverse outcomes described;
however, the preliminary evidence indicales ihat the distinci
actions of supraphysiclogical levels of TWEAK may be use-
ful in certain therapeutic settings.

Concluding remarks

It is apparent that the signalling pathways and oulcomes of
TWEAK and Fn14 in the context of muscle injury, atrophy,
and repair, are diverse with dose and tissue specific effects.
There is mounting evidence that Fnl4 is indeed an important
regulator of myogenesis, with high levels of Fnl4 serving
as a protective factor against a range of muscular insults
and driving cellular differentiation. Conversely, TWEAK
has been frequently associated with atrophic and inflamma-
tory phenotypes, and often exacerbates models of muscle
wasting and tissue injury. The most likely explanation for
these opposing actions of a putative one-to-one ligand and
receptor pair is dose- and tissue-specific responses and post-
translation processing of TWEAK; however, the possibility
of undescribed secondary receptors or ligands should not
be discounted.

Understanding the regulation and binding of both
TWEAK and Fnl4, particularly in settings ol acute and
chronic inflammation, will provide further insight into their
physiological and pathological roles, and aid in the develop-
ment of therapeutics targeting this pathway.
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Thesis Outline and Aims
The current thesis aims to investigate the role of TWEAK-Fn14 in both acute and chronic
muscle homeostasis as well as the efficacy of targeting the TWEAK-Fn14 pathway in the

prevention or treatment of acute muscle injury with the following studies and aims:

Study One (Chapter 3)

1. To generate and characterise the binding, activity, and myogenic outcomes of a
crosslinked a-Fn14 antibody (a-Fn14 001X):

a. Generate a-Fnl14 001X via sulfosuccinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (Sulfo-SMCC) crosslinking;

b. Confirm the ability of a-Fn14 001X to bind human and mouse derived Fn14;

c. Characterise the ability of a-Fn14 001X to stimulate NFkB activity;

d. Determine the pro- or anti-myogenic outcomes of a-Fn14 001X relative to a-
Fn14 001 and varying concentrations of sTWEAK on proliferating and

differentiating C2C12 mouse myoblasts.

Study Two (Chapter 4 and Chapter 5)

1. Investigate the effects of Fn14 stimulation in an acute injury model
a. Perform, and characterise the recovery from, a notexin-induced acute
myogenic injury in C57BL/6 mice;
b. Determine the effects of a-Fn14 001 and a-Fn14 001X on:
i. Myogenic recovery;
ii. Fn14 and TWEAK expression;

iii. Atrophic and inflammatory markers.
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Study Three (Chapter 5 and Chapter 6)

2. To determine whether TWEAK-Fn14 is a viable target in the prevention or
management of age-associated muscle atrophy
a. Characterise the myogenic and metabolic profiles of old and chronically low-
resistance trained mouse muscle by examining muscle mass, fibre type
composition, activity level, mitochondrial content and dynamics, and atrophic
markers;
b. Determine Fnl14 and TWEAK correlations with the described myogenic and

metabolic profiles of these mice.
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Chapter 2

General Methods and Materials
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Chapter Summary

Methods outlined here are techniques or protocols repeated throughout the thesis. Where a

method is used only in one chapter, the full details are outlined within the methods section

of the relevant chapter.
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2.1. Animals

All procedures were approved by, and conducted in accordance with, the Animal Ethics
Committee of La Trobe University (AEC 15-32, 16-70, 17-68). Additional retrospective samples
were provided by Emer. Prof. Miranda Grounds and Dr Zoe White (University of Western
Australia), Dr Chris van der Poel (La Trobe University), and Dr Alex Addinsall (Deakin

University).

2.1.1. Notexin Injury
Male C57BL/6 mice (16 weeks old, n=36) were used for notexin injury protocol. Mice were
housed in littermate groups prior to injury and individually post-injury as per the NHMRC
‘Guide for the Care and Use of Laboratory Animals’ (National Research Council, 2011) and
local AEC and veterinary advice. Notexin injury was performed by Dr Chris van der Poel
(School of Life Sciences, La Trobe University). C57BL/6 mice (n=36) were placed under
isoflurane anaesthesia (flow rate 2-5%, recovery within 5 minutes) and a small incision (2-3
mm) was made to expose the left and right tibialis anterior (TA) muscles. 40 uL of notexin (10
ug/ml, total 0.4 pg notexin, Latoxan, France) was injected intramuscularly in the right TA
muscle and 40 pL saline injected in the left TA as an internal control. Incisions were closed
with reflex wound clips and mice were subcutaneously administered with buprenorphine
(0.05 mg/kg body weight) whilst still under anaesthesia. Mice were placed on heat pads
during the initial recovery period (average time on heat pad was 10-15 minutes). Additional
buprenorphine and saline fluids were administered subcutaneously throughout the recovery

period in response to the poor body and behavioural condition observed, as prescribed by
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the supervising veterinarians, Dr John Inns and Dr Tara Egan (La Trobe Animal Research and

Training Facility, La Trobe University).

Mice were IP injected with either a-Fn14 001, a-Fn14 001X (20 mg/kg — see Chapter 3
for details of antibody generation; n = 12 for each treatment), or no antibody injection control
(NoAB; n = 12) at 6-hours post-injury, and again at 7 days post-injury, if applicable. Mouse
body weights were recorded daily and core temperatures were monitored in select animals

until stabilised.

Animals were culled by CO, asphyxiation with a secondary kill method of cervical
dislocation at 3-, 7-, or 14 days post-procedure (n = 4 for each treatment at each time point
except a-Fn14 001X 14 days post-injury group where n = 3) and both TA muscles and blood
(via cardiac puncture immediately post-mortem) were collected. Post-injury time points were
selected following assessment of previous notexin and barium chloride injured mouse muscle
samples (see Appendix IV). Blood was centrifuged (16,000g, 10 minutes, 4°C) to separate

plasma from blood cells; plasma was snap frozen in liquid nitrogen.

2.1.2. Dissection
Hind legs were surgically exposed post-mortem and tibialis anterior (TA), extensor digitorum
longus (EDL), soleus (SOL), and gastrocnemius (GAS) were removed as close to the tendon as
possible. Excised muscles were placed in cryotubes and frozen directly in liquid nitrogen, or
coated in OCT (TissueTek) and frozen in 2-methylbutane over liquid nitrogen. Frozen samples

were stored at -80°C until required.

2.2. Old and Chronically Resistance-Trained Mice
Samples from old and chronically resistance-trained mice were provided by Emer. Professor

Miranda Grounds and Dr Zoe White with full experimental and morphological information
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published in Soffe et al. (2016). Young (13 weeks) and old (105 weeks) C57BL/6 mice were
housed in either standard cages (sedentary controls — YOUNG SED n =9, OLD SED n =9) or
voluntary access resistance running wheels under a progressive low resistance training (low
resistance (LR) group —YOUNG LR n =7, OLD LR n = 7) or progressive high resistance training
(high resistance (HR) group — YOUNG HR n = 7) program for 10 weeks. Quadriceps (QUAD)

muscles were collected and stored whole at -80°C.

2.3. Histology
OCT mounted frozen muscles were bisected at the widest point and serial 10 um cryosections
were taken at -20°C and mounted on 1.0-1.2 mm glass microscope slides (Livingstone,

Australia; Knittel, Germany). Slides were stored at -20°C until required.

2.3.1. Haemotoxylin and Eosin
Tissue architecture was assessed using Haematoxylin and Eosin (H+E) staining. Slides were
brought to room temperature and rinsed under running tap water before H+E staining.
Sections were stained with Mayer’s haematoxylin for 40 seconds, rinsed under running tap
water until water ran clear, Scott’s tap water for 15 seconds, standing tap water for 30
seconds, 1% aqueous eosin for 35 seconds, and rinsed again under running tap water until
water ran clear. Slides were dried in 75% ethanol then twice in 100% ethanol, followed by 2
x 2 minutes in xylene, and then mounted with DPX mounting medium. Stained sections were
examined microscopically for markers of injury. Markers of injury were defined as centralised
nuclei, loss of muscle fibre size uniformity, proportion of non-contractile, and infiltration of

inflammatory cells (Spassov et al., 2010).
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2.4. Western Blotting

2.4.1. Sample Preparation
Frozen muscle samples were bisected at the widest point at -20°C and ~20 x 10 um
cryosections from the widest point of the muscle were collected. Excess OCT was removed
when applicable. Sections were placed directly in 150 ul relaxing buffer with SDS loading
buffer (2:1 v/v relaxing buffer: SDS loading buffer; relaxing buffer: 129 mM K*, 36 mM Na*, 1
mM free Mg?* (10.3 mM total Mg?*), 90 mM HEPES, 50 mM EGTA, osmolality 295 + 10
mOsmol/kg H,0; SDS loading buffer: 0.125 M Tris-HCL, 4% SDS, 10% glycerol, 4 M urea, 10%
beta-mercaptoethanol (2-ME), 0.001% bromophenol blue). To aid solubilisation, samples
were incubated at room temperature for one hour, and vortexed for five seconds every 20
minutes during incubation. Resulting solubilised samples, herein after referred to as
homogenates, were frozen at -80°C and thawed before further use. Homogenates were
normalised for total protein content and diluted to approximately 2.5 ug wet weight/ul with
SDS loading buffer (see above). A muscle calibration mix was created by combining equal
volumes of homogenates for all samples within a given study. This calibration curve was run
on all gels for the given study to allow comparison across gels. Normalised homogenates and

muscle calibration mixes were stored at -80°C.

2.4.2. Immunodetection
Homogenates were run on Criterion TGX 4-15% or 10% stain-free gels (BioRad) in
Tris/Glycine/SDS running buffer (BioRad) at 200V for 45 or 60 minutes respectively unless
specified otherwise. All gels included a 4- or 5-point calibration curve ranging from 1 to 16 pl
and PageRuler Plus Prestained Protein Ladder molecular weight markers (ThermoFisher,

Melbourne, Australia). Proteins were transferred to 0.45 um nitrocellulose membrane filter
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using a BioRad transfer system (100 V, 30 minutes) in Tris/Glycine transfer buffer (BioRad)
with 20% (v/v) methanol. Total protein was visualised using UV detection on the gel pre- and
post-transfer, and the nitrocellulose membrane filter post transfer, to confirm successful and
even transfer. nitrocellulose membrane filters were treated with Miser Antibody Extender
(ThermofFisher) for 10 minutes and blocked for at least 1 hour in 5% (w/v) skim milk in tris-
buffered saline with Tween-20 (TBST) with constant rocking before immunodetection.
Primary antibodies were diluted in 1% BSA/ PBST + 0.02% NaNsz and incubated at 4°C overnight
with constant rocking. Secondary antibodies were goat a-rabbit (PIE31460, ThermoFisher),
goat a-mouse (PIE31430, ThermoFisher), or goat a-mouse intact (ab97023, Abcam)
conjugated with horse radish peroxidase diluted in 5% skim milk/ PBST, incubated at room
temperature for 45-60 minutes with constant rocking. Full antibody details are provided in
Appendix lll. Chemiluminescent detection was performed using SuperSignal West Femto
Maximum Sensitivity Substrate (BioRad) on either a ChemiDoc Touch or Chemidoc MP
detection system (BioRad). Relative protein quantification was performed using the low
concentration western blotting technique as described and validated in Murphy et al. (2011).
Quantification was performed only on bands which fell within the calibration curve. Full

details of antibodies used can be found in Appendix IIl.

2.5. Fibre Type Composition by SDS-PAGE

Muscle sections were diluted in myosin heavy chain (MHC) loading buffer (1:1 v/v MHC 2X
loading buffer: relaxing buffer; 2X MHC loading buffer: 0.125 M Tris-HCL, 25% glycerol, 4.6%
SDS, 10% 2-ME, 25% sucrose, 0.001% bromophenol blue; relaxing buffer: 129 mM K*, 36 mM
Na*, 1 mM free Mg?* (10.3 mM total Mg?*), 90 mM HEPES, 50 mM EGTA, osmolality 295 + 10

mOsmol/kg H,0). Resultant homogenates were normalised for total protein content as
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described in Chapter 2, Section 2.4.1. Normalised homogenates were run on SDS-PAGE MHC
Separating Gels (stacking gel: 30% glycerol, 4% acrylamide, 50:1 acrylamide:
N’ethlyenebisacrylamide, 70 mM Tris-HCL pH 6.7, 0.4% SDS, 4 mM EDTA, 0.1% ammonium
persulfate, 0.05% N,N,N’,N’-tetramethylethylenediamine (TEMED); separating gel: 32%
glycerol, 8% acrylamide, 50:1 acrylamide: N’ethlyenebisacrylamide, 0.2 M Tris-HCL pH 8.8,
0.4% SDS, 0.1 M glycine, 0.1% ammonium persulfate, 0.05% TEMED). Gels were run using
MHC gel lower running buffer (0.05 M Tris, 75 mM glycine, 0.05% w/v SDS) and MHC gel upper
running buffer (6X MHC gel lower running buffer with 0.12% w/v 2-ME). Gels were run at 150
V at 4°C for 24 hours then stained with coomassie brilliant blue G250 (Bio-Rad, Gladesville,

NSW, Australia) and imaged using a Chemidoc MP detection system (BioRad).

2.6. Gene Expression

2.6.1. cDNA synthesis
RNA was extracted from cryosections of muscles. Cryosections (~50, wet weight ~2-5 mg)
were placed directly in 250 pl ice cold TRI reagent (Molecular Research Centre, Ohio US) and
homogenised by pipetting then incubated at room temperature for 5 minutes. Phase
separation was induced with 12.5 ul 4-bromoanisole (Molecular Research Centre) and tubes
centrifuged at 12,000 g for 15 minutes at 4°C. Supernatant was removed and added to 125 pl
isopropanol to precipitate RNA. Samples were incubated at room temperature for 15 minutes
then centrifuged at 12,000 g for 10 minutes at 4°C. Pellets were washed twice in ice cold
ethanol before being centrifuged at 8,000 g for 5 minutes at 4°C. Excess ethanol was removed
and pellets air dried for 2-5 minutes before resuspending in 20 pl nuclease-free H,O. Final
RNA concentration and purity was assessed by NanoDrop (ThermoFisher)

spectrophotometry. cDNA was synthesised using an iScript cDNA synthesis kit (BioRad) with

39



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

1 ng of RNA template on a Takara PCR Thermal Cycler with the manufacturers thermal cycling

conditions (Table 2.1).

Table 2.1: iScript cDNA Synthesis Thermal Cycling Conditions

priming 5 minutes at 25°C
reverse transcription (RT) 20 minutes at 46°C
RT inactivation 1 minute at 95°C
hold 4°C

2.6.2. cDNA Quantification
cDNA was quantified using an OliGreen ssDNA Quantification Kit (BioRad) according to

manufacturer’s instructions and used for normalisation of qPCR results.

2.6.3. gPCR

gPCR was performed using iTaq Universal SYBR Green Supermix (BioRad). Approximately 1 ng
cDNA template was added to 20 pl reactions and run on a CFX96 Real Time PCR Detection
System (BioRad) using the manufacturers thermal cycling conditions (Table 2.2). A no
template control (NTC) contained mastermix reagent with no cDNA template. Results were
analysed using the 2t method normalised to the total cDNA content as determined by

OliGreen ssDNA assay.

Table 2.2: iTaq Universal SYBR Green Supermix qPCR Thermal Cycling Settings

Polymerase Activation 30 seconds at 95°C
DNA Denaturation 5 seconds at 95°C
x 40 cycles
Annealing/Extension and 30 seconds at 60°C
Plate Read
Melt Curve Analysis 65°C to 95°C,

0.5°Cincrements for 5
seconds and plate read
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2.7. Cell Culture

Cell culture methods are described in full in Chapter 3.

2.8. Citrate Synthase Activity

Assay protocol is described in full in Chapter 6.

2.9. Statistical Analyses

Results are presented as mean + standard deviation or standard error of mean unless stated
otherwise. Data was analysed using one-way ANOVA, two-way ANOVA, two-tailed paired t-
test, or Pearson r correlation as appropriate and detailed in specific figure legends.
Significance was declared at p < 0.05. All statistical tests were performed using Prism v8

(GraphPad).
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Chapter 3

Generation and in vitro Characterisation of a-Fn14 Antibodies
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Chapter Summary
The following chapter describes the rationale and method of generating a cross-linked a-Fn14
antibody. It details the validation and characterisation of the newly generated antibody in
reporter cell lines and in C2C12 myoblasts. This work lays the foundations for moving forward
with an in vitro assessment of the antibody and attempts investigation of downstream
signalling pathways which are activated in C2C12 myoblasts which could not be confidently
assessed in whole muscle homogenates from notexin-injured mice due to limitations of
commercially available antibodies (see Chapter 4 and Appendix lll). Whilst these assessments
were again limited, they were sufficient to determine that a-Fn14 treatment is able to activate
Fn14 independently of sSTWEAK and provide a basis for ongoing in vivo work. Please refer to
the supplementary COVID-19 Impact Statement (Appendix |) for further clarification of

limitations in this chapter and Appendix Il for preliminary data.
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3.1. Introduction

A pivotal study by Johnston et al. (2015) demonstrated the efficacy of an a-Fn14 antibody in
preserving muscle mass in a cachectic mouse model. Whilst cachexia presents as progressive
skeletal muscle wasting, the underlying basis is rooted in the comorbidity of terminal cancer.
Use of the same antibody intervention in a direct skeletal muscle insult — namely the muscle-
specific upregulation of activin A using a recombinant adeno-associated virus-based vector to
induce atrophy — failed to preserve muscle mass (Johnston et al., 2015). The antibody in
guestion, a-Fn14 001, has been characterised in vitro as an antagonistic (blocking) antibody,
blocking the activation of the TWEAK-Fn14 signalling pathway in HEK293T NFKB-GFP reporter
cells (Johnston et al., 2015). Previous work both in vitro and in vivo has demonstrated that
genetic depletion of Fn14 is in fact detrimental to the development and regeneration of
muscle (Girgenrath et al., 2006; Dogra et al., 2007). C2C12 myoblasts and mouse primary
myoblasts treated with short interfering RNA to suppress Fnl4 both showed marked
reductions in the ability to differentiate into mature myotubes (Dogra et al., 2007). Likewise,
Fn14-deficient 129/sv mice showed delayed recovery following an acute cardiotoxin-induced
injury, marked by a reduction in centrally nucleated fibres and embryonic myosin expression
(Girgenrath et al., 2006). It is apparent from these studies that rather than perpetuating

atrophy, Fn14 may play an important role in the pro-myogenic program.

The conclusions drawn by Johnston et al. (2015) suggest that whilst a-Fn14 001 is an
effective anti-cachectic treatment, it likely acts by blocking Fn14 present on the tumour itself,
thus blocking the release of an unknown factor(s) which in turn induces atrophy. This is in
contrast to exerting effects by directly interacting with Fn14 present on the skeletal muscle.

Given the apparent role of Fn14 in promoting muscle development, it is hypothesised that an
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agonistic (activating) a-Fn14 antibody — in contrast with the likely antagonistic a-Fn14 001 —

may prove beneficial in the direct treatment of injured or atrophic muscle.

The experiments in this chapter aim to generate and characterise an agonistic a-Fn14
antibody. Fn14 belongs to the TNF receptor superfamily (TNFRSF), and is otherwise known as
TNFRSF12A. Antibodies against TNFRSF members are reported to have strong agonistic
properties when oligomerised, whilst their dimeric forms generally exhibit little to no
agonistic activity (Wajant, 2015). In the current study, an oligomeric form of a-Fn14 001,
referred to hereafter as a-Fn14 001X, was generated and characterised in vitro for binding
ability, NFkB activity, and downstream myogenic outcomes in the presence or absence of the

endogenous Fn14 ligand, soluble TWEAK (sTWEAK).
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3.2. Methods

3.2.1. Sulfo-SMCC cross-linkage of a-Fn14 001
The a-Fn14 001 antibody previously generated and described by Johnston et al. (2015) was
cross-linked using SMCC and Sulfo-SMCC (ThermoScientific, USA) cross-linking protocol to
create cross-linked a-Fn14 001 (001X; Figure 3.1). Efficiency of the cross-linking procedure
was assessed using a 4-12% bis-tris NUPAGE gel with MOPS buffer under non-reducing
conditions. Both a-Fn14 001 and a-Fn14 001X were assessed for endotoxin contamination

using Charles River Endosafe PTS (Charles River).
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Figure 3.1: Sulfo-SMCC crosslinking of a-Fn14 001 antibody. Amide-containing a-Fn14 001 is conjugated to
Sulfo-SMICC to generate maleimide-activated a-Fn14 001. The maleimide-activated 001 is then reacted with
sulfhydrl-containing a-Fn14 001 to generate the cross-linked antibody, a-Fn14 001X. Figure adapted from SMCC
and Sulfo-SMCC Protocol (ThermoFisher).

3.2.1.1. Fn14 Binding
Binding of a-Fn14 001 to human and mouse Fnl4 (hFnl14 and mFn14, respectively) has
previously been shown in Johnston et al. (2015). Retention of a-Fn14 001X ability to bind
hFn14 and mFn14 was assessed using mouse embryonic fibroblast (MEF) H-Ras''? cells

expressing endogenous mFn14 and inducible hFn14.
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Induced or non-induced MEF H-Ras"*? cells (1 x 10°) in 1% BSA/PBS were added to 96-
well tissue culture plates and centrifuged at 250 g for 3 minutes to pellet cells. Supernatant
was aspirated and a-Fn14 001X at concentrations ranging from 0.01-0.5 ug/ml (data shown
only for 0.5 ug/ml) were added and incubated for 30 minutes on ice. Plates were centrifuged
at 250 g for 3 minutes and supernatant aspirated followed by three washes with PBS.
Secondary antibody (goat anti-mouse Alexafluor647™, 1:200 in 1% BSA/PBS) was added and
incubated for 30 minutes on ice. Plates were centrifuged at 250 g for 3 minutes and washed

three times with PBS. Pellets were resuspended in 100 pl PBS and assessed by flow cytometry.

3.2.1.2. NFKB Activation Assay
NFkB activation of a-Fn14 001 and a-Fnl14 001X was assessed in HEK293T cells that
endogenously express hFn14 with a stably introduced NFkB-GFP reporter construct (Vince et
al., 2008). Flat-bottom 96 well tissue culture-treated plates were seeded with 1 x 10*
cells/well and allowed to attach for 24 hours. Cells were then incubated overnight at 37°C in
5% CO,, with either no antibody, a-Fn14 001, or a-Fn14 001X at 0.1 pug/ml or 1 pug/ml, and in
the presence of sSTWEAK (0-200 ng/ml). Post-incubation, cells were gently resuspended and

transferred to round bottom 96-well plates for flow cytometry analysis.

3.2.2. In vitro myogenic effects of a-Fn14 001, a-Fn14 001X, and sTWEAK
Myogenic outcomes of a-Fn14 001, a-Fn14 001X, and varying concentrations of sSTWEAK were
determined in C2C12 myoblasts. A combination of a-Fn14 001 and protein-G was used as a
substitute for a-Fn14 001X in cell culture experiments due to limited availability of SMCC-
crosslinked a-Fn14 001. C2C12 mouse myoblast cells were maintained in Gibco Dubecco’s
Modified Eagle Media (DMEM; ThermoFisher, Australia) containing 1% penicillin-

streptomycin and 10% foetal bovine serum (FBS).
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For differentiation assay, 3.5 x 10° cells were seeded in 6 well plates and grown to
~80% confluence. Differentiation was triggered by replacing 10% FBS with 2% horse serum.
Cell cultures were treated with either 1 pg/ml a-Fn14 001, 1 pug/ml a-Fn14 001 with 1 pg/ml
protein-G (ThermoFisher), 1 ng/ml sTWEAK, 100 ng/ml sTWEAK, or 500 ng/ml sTWEAK. Cells
were imaged using light microscopy at 40X magnification to assess myotube growth and
fusion, and subsequently harvested at 48, 72, and 96 hours. Culture media was changed every

two days throughout the assay period.

Lysates were prepared by resuspending cell pellets in SDS loading buffer (0.125 M Tris-
HCl, 4% SDS, 10% glycerol, 4 M urea, 10% B-mercaptoethanol (2-ME), 0.001% bromophenol
blue). Lysates were stored at room temperature for 1 hour, vortexing for 5 seconds every 20
minutes, before storing at -80°C prior to use. A master mix containing equal volumes of lysate
from all samples was created and used as an internal calibration curve run on all western blots

to allow comparison across gels.

3.2.2.1. Differentiation Assay
Differentiation was assessed qualitatively by light microscopy as described above as well as
semi-quantitatively by western blotting of cell lysates for myosin (MF-20, DSHB). Lysates were
subjected to SDS-PAGE using Criterion TGX 4-15% Stain-Free gels (BioRad, Hercules, CA, USA)
in Tris/Glycine/SDS running buffer (BioRad) at 200 V for 45 minutes at room temperature as
per methods described in Chapter 2, Section 2.4. Total protein was visualised using UV
activation followed by light detection and measured with ImagelLab v 5.2.1 software (BioRad).
Specific protein density was measured on Imagelab v 5.2.1 and expressed normalised to total

protein.
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3.3. Results

3.3.1. Cross-linked a-Fn14 001 Quality Control
Efficacy of SMCC crosslinking of a-Fn14 001 to produce a-Fnl4 001X was confirmed by
subjecting samples to non-reducing SDS-PAGE using bis-tris NuUPAGE gels (Figure 3.2). A
prominent band was observed in a-Fn14 001 at ~91 kDa (monomer) along with some faint
lower molecular weight bands at ~64 and ~51kDa, identified as SMCC fragments. The
crosslinked a-Fn14 001X exhibited two prominent bands at ~91 kDa (monomer) and above
the largest marker of 191 kDa (dimer, polymer), in addition to some faint higher and lower
molecular weight bands, identified as SMCC fragments. In addition, the level of contaminating
endotoxin was assessed and determined to be less than the level of assay detection (< 0.05

EU/mg; data not shown).
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Figure 3.2: Efficacy of SMCC crosslinking of a-Fni4 001 to generate a-Fn14 001X. SMCC crosslinking was
assessed by gel electrophoresis under non-reducing conditions. a-Fn14 001 showed a large band close to the 97
kDa marker with some faint bands detected close to the 64 and ~51 kDa markers. a-Fn14 001X showed similar
bands to a-Fn14 001 with additional higher molecular weight bands band above the largest molecular weight
marker of 191 kDa. The density of the presumed monomer and dimer was approximately equal in the a-Fni4
001X sample. Monomer, dimer, polymer all indicated, in addition to SMCC fragments.
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3.3.2. Fnl4 Binding
Binding of a-Fn14 001X to both hFn14 and mFn14 was observed (Figure 3.3). Shift in Alexa-
647A signal was detected in both populations with a greater shift, indicating antibody binding,
detected in induced cells expressing hFn14 as well as endogenous mFn14. Binding was dose-
dependent with greatest shift detected in 0.5 pg/ml antibody (data shown only for 0.5 pug/ml).
Binding of a-Fn14 001 to hFn14 and mFn14 has previously been shown in Johnston et al.

(2015).
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Figure 3.3: Binding of a-Fn14 001X to endogenous mouse Fn14 and induced human Fn14 in mouse embryonic
fibroblast (MEF) H-Ras"*? cells. MEF H-RasV12 cells were induced to express human Fn14 (hFn14). Non-induced
cells express endogenous mouse Fn14 (mFn14) only. Blue histogram shows cells stained with secondary antibody
only, red histogram shows cells stained with a-Fn14 001X (0.5 ug/ml). The shift to the right in the induced
situation indicates a higher degree of antibody binding.
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3.3.3. NFkB Activation Assay in HEK293T NFkB-GFP Reporter Cells
HEK293T NFkB-GFP reporter cells expressing endogenous hFn14 were treated with a range of
sTWEAK concentrations (0, 50, 100, 200 ng/ml), and NFKB activation by addition of a-Fn14
001 and a-Fn14 001X was assessed (Figure 3.4). sSTWEAK alone was shown to induce dose-
dependent NFKB activation, observed as an increase in GFP expression and indicated by a shift
in the blue histograms (Figure 3.4). Red histograms represent the same condition with the
addition of the specified antibody concentration. Activation was effectively countered by a-
Fn14 001 at a dose of 1 pg/ml. Baseline activity of a-Fn14 001X showed moderate increase in
GFP expression in the absence of sTWEAK, addition of sTWEAK failed to induce further

activity.
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Figure 3.4: NFKB activity of a-Fn14 001 and a-Fn14 001X in soluble TWEAK (sTWEAK)-treated HEK293T NFkB-
GFP cells. HEK293T cells with an NFkB-promoter driving GFP expression were treated with varying doses of
STWEAK, a-Fn14 001, and a-Fnl14 001X. Blue histograms show cells plus sTWEAK in the absence of antibody
treatments. Red histograms show a-Fn14 001 or a-Fnl4 001X-coincubated populations superimposed over
equivalent sSTWEAK-only treated populations.

3.3.4. Myogenic Effects in C2C12 Model Cells

3.3.4.1. Differentiation Assay
Differentiation of myoblast cells was assessed using light microscopy of cell cultures and
western blotting for the detection of myosin in cell lysates (Figure 3.5). Formation of

myotubes was detected in media only controls, a-Fn14 001 (1 pg/ml), and the a-Fn14 001X
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mimetic, a-Fn14 (1 pg/ml) with Protein G (1 pug/ml; Figure 3.5A). Myotube formation was also
detected in sTWEAK-treated cell cultures at 1 ng/ml and 100 ng/ml, however 500 ng/ml
showed negligible myotube formation (Figure 3.5B). The differentiation marker, myosin, was
detected in a time-dependent manner in all cell cultures except those treated with sTWEAK

at 100 and 500 ng/ml (Figure 3.5C,D).
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Figure 3.5: Differentiation of C2C12 myotubes treated with a-Fnl4 or soluble TWEAK (sTWEAK). Light
microscopy images of myotube formation in a-Fn14 (A) and sTWEAK (B) treated cell cultures. 0 hour images show
primary myoblasts whilst 96 hour post-differentiation cultures show myotube formation in all cultures except
high dose sTWEAK (500 ng/ml). (C) Myosin expression was detected and expressed relative to total protein
content over 48-, 72-, and 96 hours post-differentiation (n = 1). Myosin expression was observed in a time-
dependent manner in all cultures except 100 ng/ml and 500 ng/ml sTWEAK. (D) Representative blot of myosin
western blot and stain-free image of total protein content. A prominent band was detected above 200 kDa (MF-
20, DSHB, expected molecular weight 223 kDa). Scale bar 450 um.
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3.4. Discussion

3.4.1. Crosslinking Efficacy and Purity
The crosslinked antibody a-Fn14 001X was generated successfully, albeit with less than 100%
efficiency. In-gel analysis of the crosslinked product indicates the presence of monomeric
products which were not removed by further purification, as well as bands at ~50 kDa
potentially indicating release of antibody heavy chain (Liu et al., 2007). In vitro analysis of the
binding and activity profiles of a-Fn14 001X (described below) were determined to be
sufficiently distinct from a-Fn14 001 to proceed with the antibody in vivo without further
optimisation of the cross-linking protocol. Future studies may find that increasing the
efficiency and purity of a-Fn14 001X generation may produce more pronounced agonistic

effects.

3.4.2. Crosslinked Antibody Binds Human and Mouse Fn14
Monomeric a-Fn14 001 has previously been shown to bind with comparable efficiency to both
hFn14 and mFn14 (Johnston et al., 2015). Retention of this binding ability was confirmed using
MEF H-RasV1? cells expressing endogenous mFn14 with inducible hFn14. The crosslinked a-
Fn14 001X showed a greater level of binding in induced cells, although it is not immediately
clear whether this represents greater affinity for hFn14 or simply the greater abundance of
overall Fn14 in the induced cells. These results allow us to move to an in vivo mouse model

with relative confidence that the antibody is intact and retains the Fn14 binding capability.

3.4.3. Crosslinked a-Fn14 001 Activates Fn14 in Absence of sTWEAK
Activity of a-Fn14 001 and a-Fn14 001X were assessed in comparison to the activity of
endogenous ligand, sTWEAK. Baseline activity of sSTWEAK was as expected, with a dose-

dependent response in NFKB activation in HEK293T NFkB-GFP reporter cells. It is important
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to note that the TWEAK stimulant used was in the form of sSTWEAK, and in doses ascending
above and beyond physiological levels. Although physiological serum measurements of
sTWEAK are in the range 500-800 pg/ml in serum of healthy adults (Blanco-Colio et al., 2007,
Kralisch et al., 2008; Maymdé-Masip et al., 2013), the higher concentrations used here are
reflective of the ranges used in the literature and aim to recapitulate acute inflammatory
responses, which though not absolutely quantified are often stated in the literature as
transiently upregulated (Nakayama et al., 2000; Girgenrath et al., 2006). Additionally, the
presence of membrane-bound TWEAK (mTWEAK), which remains poorly characterised in the

literature, is not accounted for in serum concentrations of TWEAK.

Both a-Fn14 001 and the crosslinked variant, a-Fn14 001X, showed considerable
inhibition of sSTWEAK-induced NFkB activity. This indicates that both variants are in some way
preventing STWEAK from binding with Fn14, potentially via spatial inhibition that is enhanced
in the cross-linked form. Monomeric a-Fn14 001 did not show induction of NFkB activity in
the absence of sTWEAK, suggesting that the monomeric form is acting as expected as an
antagonistic antibody. As anticipated, the oligomeric a-Fn14 001X did show a dose-
dependent induction of GFP expression. This is consistent with the previously described
phenomenon of oligomerised antibodies creating agonistic effects in TNFRSF members
(Wajant, 2015). Whether the monomeric form, a-Fn14 001, naturally oligomerises in vivo is a
possibility that cannot be ruled out from these in vitro experiments, however this ability of
the crosslinked form to activate signalling in the absence of sSTWEAK presents an attractive

target for downstream optimisation and use in vivo as an agonistic Fn14 antibody.
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3.4.4. Supraphysiological Dose sTWEAK Blunts C2C12 Differentiation
The impact of sSTWEAK administration on C2C12 differentiation was assessed using qualitative
visualisation and semi-quantitative analysis of MHC density. Given that cell cultures represent
an n of 1, it is not feasible to perform statistical assessment on these results and instead they
are presented as semi-quantitative markers of differentiation. Low level dose of sSTWEAK (1
ng/ml) showed robust formation of myotubes and high levels of MHC expression at both 72-
and 96-hours post-differentiation. The highest dose of sTWEAK (500 ng/ml) displayed
negligible differentiation in both assays. Interestingly, whilst the intermediate dose (100
ng/ml) appeared to display myotube formation under light microscopy, this cell lysate was
found to contain negligible MHC protein. Assuming this finding is reproducible, it is an
important consideration when interpreting prior studies on TWEAK effects in myotubes;
whilst the development may appear morphologically normal, the myotubes may be in some

way immature or defective.

As described above, the doses of sSTWEAK found to inhibit differentiation and maturation
of myotubes in the current study represent supraphysiological doses, though these are
frequently cited in the literature when describing potential physiological roles of TWEAK
(Pascoe et al., 2020). Indeed, the 1 ng/ml dose is the closest approximation to previously
described sTWEAK concentrations in vivo, and under these conditions we see a normal, or
even enhanced, differentiation and maturation of myotubes. These findings indicate that the
role of TWEAK-Fn14 signalling under normal physiological conditions may indeed be as a

promoter of myogenesis.
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3.5. Conclusions

The evidence presented here shows that the generation of a crosslinked variant of a-Fn14
001 was achieved via SMCC crosslinking, however with a portion of monomer remaining in
the preparation. The crosslinked variant, dubbed a-Fn14 001X, retained its ability to bind both
hFn14 and mFn14. Preliminary in vitro reporter assays indicate that a-Fn14 001X activates
NFkB in a manner distinct from both a-Fn14 001 or sTWEAK alone, with a-Fn14 001X
activating NFkB signalling whilst also preventing sTWEAK-induced activity. Future studies
would benefit from refined purification of this crosslinked product to enhance purity,
however given this antibody in its unrefined form was able to elicit activating effects in vitro,

it was determined that this product was sufficient to proceed with for in vivo characterisation.

C2C12 myoblasts treated with an a-Fn14 001X mimetic (a-Fn14 001 plus Protein G),
tolerated higher doses of antibody than sTWEAK ligand, with myotube formation and MHC
expression retained. We also demonstrate here that physiologically relevant levels of sSTWEAK
do not interfere with C2C12 differentiation and maturation as has been previously asserted
and attribute this mischaracterisation of sTWEAK as an apoptotic ligand to the use of
supraphysiological doses. Whilst further characterisation of downstream signalling pathways
was limited (Appendix Il), we were able to demonstrate that a-Fn14 001X is able to bind and
activate Fn14 of human and mouse origin in the absence of sSTWEAK and proceed with in vivo

works to determine the myogenic outcomes of this activity.
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Chapter 4

Adverse Events Encountered in Notexin-Induced Mouse Model of

Skeletal Muscle Injury
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Chapter Summary
The following chapter is presented as an unpublished manuscript describing the unexpected
adverse events which arose following the use of notexin for inducing acute localised necrotic
skeletal muscle injury. These observations and subsequent quality control investigations are
included to provide context for the limitations encountered in downstream analyses of these
samples, as well as to highlight the variability in animal injury model outcomes and reporting.
These variations, in addition to harming animal welfare, are a potential source of confounding
results frequently described in the literature regarding skeletal muscle degradation and
regeneration. This work warrants further examination of the mechanisms behind batch
variability and injury reproducibility, however due to the nature of the concerns, these
experiments must be performed by an external investigator. This collaboration is being
pursued with Dr Peter Houweling (Murdoch Childrens Research Institute) to perform
independent injuries using current notexin and distinct batches using a range of approved

analgesics to examine the consistency of this injury model.

63



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

Abstract
Muscle wasting is a devastating comorbidity associated with an array of chronic and acute
conditions including, but not limited to, injury, diabetes, immobilisation, cancer, ageing, and
muscular dystrophies. The use of animal models which accurately and consistently
recapitulate the clinical and biochemical signatures of human disease is an essential step in

understanding muscle wasting and regeneration.

Notexin is a potent phospholipase A2 toxin derived from Australian Tiger snake
venom, commonly used to induce an acute necrotic phenotype. The current study
implemented a relatively low dose intramuscular injection of notexin solution (40 pl, 10 pg/ml
in saline) in the right tibialis anterior (TA) and 40 ul saline injected in the left TA of C57BL/6
mice. Injuries were performed under isoflurane anaesthesia (2-5% flow rate, recovery within
5 minutes) with buprenorphine (0.05mg/kg) injected subcutaneously as analgesic

immediately post-injury, and during recovery as prescribed by the supervising veterinarian.

Despite apparent recovery immediately post-injury, all mice exhibited poor body and
behavioural condition by 24-hours post-injury, necessitating constant ongoing surveillance
and remedial care. Mice were culled by CO; asphyxiation at days 3, 7, and 14 post-injury and
both TA muscles collected (n=3-4 for each treatment and time point). Tissue architecture and

western blot analyses indicated severe and prolonged muscle necrosis.

The adverse events observed in the current study are incongruous with previously
reported notexin injury models. These results suggest batch variability in the potency of
notexin, as well as highlighting potential shortcomings in the current reporting of animal

injury protocols, with important implications for scientific reproducibility and animal ethics.
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4.1. Introduction

Mature muscle regeneration is studied using a range of acute injury models. Commonly used
experimental models include mechanical injuries — such as cryoinjury (freezing) or crushing —
including denervation or immobilisation, and inducing injury using myotoxic agents — such as
notexin or cardiotoxin. The use of varying injury mechanisms has been shown to alter the
course of regeneration, with distinct biochemical pathways activated in different injury
models (Mahdy et al., 2015). Varied use of animal injury models can produce confounding
data when studying muscle regeneration. It is therefore important to choose an injury model
which accurately and reliably recapitulates the clinical and biochemical signatures of the

human disease being investigated.

Notexin is a basic phospholipase A2 toxin purified from Notechis scutatus (Australian
Tiger snake) venom. Notexin exerts damage by binding to, and hydrolysing, the sarcolemmal
membranes of muscle fibres causing a dysregulation of ionic gradients and pathological
hyper-contracture of the sarcolemma (Dixon & Harris, 1996). This hyper-contracture creates
an uneven increase in tension on surrounding fibres, which in combination with the hydrolytic
weakening of membranes, ultimately leads to widespread degeneration of the muscle
architecture (Dixon & Harris, 1996). This injury model presents a severe traumatic necrotic
phenotype. The regenerative profile of notexin injury has been characterised in several

studies (Whalen et al., 1990; Harris et al., 2000; Brigitte et al., 2010; Head et al., 2014).

The current study implements a dosage of notexin well within the range utilised in
previously published studies. An antibody treatment was administered as part of a larger
study; delineation of these groups is included for full transparency of animal treatment,

however the aims of this treatment are unrelated to the current results and did not impact
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the adverse reactions observed so will not be discussed further. The adverse reactions
encountered highlight potential issues with batch variability in notexin as well as
shortcomings in current reporting of animal injury protocols with implications for scientific

reproducibility and animal welfare.

4.2. Methods

4.2.1. Animals
All procedures were approved by, and conducted in accordance with, the Animal Ethics
Committee of La Trobe University (AEC: 16-70). Male C57BL/6 mice (16 weeks old, n=36) were
used for notexin injury protocol. Mice were housed in littermate groups prior to injury and

individually post-injury.

4.2.1.1.  Notexin Injury
C57BL/6 mice (n=36) were placed under isoflurane anaesthesia (flow rate 2-5%, recovery
within 5 minutes) and a notexin injury was performed as per Chapter 2, Section 2.1.1. 40 uL
of notexin (10 pg/ml, total 0.4 pg notexin, Latoxan, France) was injected intramuscularly in
the right TA muscle and 40 pL saline injected in the left TA as an internal control. Injuries were
performed by Dr Chris van der Poel (Department of Life Sciences, La Trobe University) with
assistance from Ms Laura Jenkinson (Department of Biochemistry and Genetics, La Trobe

University).

Mice were IP injected with either antibody A, antibody B (20 mg/kg; n=12 for each
treatment), or no antibody injection control (n=12) at 6-hours post-injury, and again at 7 days
post-injury where applicable. Mouse body weights were recorded daily; core temperatures

were monitored in select animals until stabilised.
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4.2.1.2. Notexin Quality Control
Quality control was performed on notexin stock solution after unexpected adverse reactions
were observed in treatment mice. Identity and concentration of notexin solution were
confirmed with mass spectrometry, gel electrophoresis (NUPAGE 4-12% bis-tris gel, MES
running buffer), and NanoDrop (ThermoFisher) spectrophotometry. Mass spectrometry was

performed by Dr Pierre Faou of the La Trobe Comprehensive Proteomics Platform.

4.2.2. Histology
Frozen TA muscles were bisected at the widest point and serial 10 um cryosections were taken
at -20°C and mounted on 1.0-1.2 mm glass microscope slides (Livingstone, Australia; Knittel,
Germany). Slides were stored in the dark at -20°C until required. H+E staining was performed
as per Chapter 2, Section 2.3.1 to assess markers of injury, which were defined as centralised
nuclei, loss of muscle fibre size uniformity, proportion of non-contractile, and infiltration of

inflammatory cells (Spassov et al., 2010).

4.2.3. Gel Electrophoresis
Whole muscle homogenates were prepared and subjected to SDS-PAGE as per Chapter 2,

Section 2.4. Details of antibodies used can be found in Appendix Ill.
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4.3. Results

4.3.1. Adverse Reactions to Notexin Injury
All mice recovered from anaesthesia within 5 minutes; all mice with the exception of one
returned to normal behaviour and activity within 10 minutes and were able to be removed
from heat pads and returned to normal individual housing. One mouse with persistent
reduced activity remained on the heated pad and was administered with additional
buprenorphine and saline fluids (subcutaneous injection route) as prescribed by the
supervising veterinarians. Reflex wound clips were found to have fallen off or been manually
removed by several mice; mice with absent wound clips did not appear to exhibit different
activity or behaviours from remaining mice and as such clips were not reattached. By 24 hours
post-injury all mice were experiencing substantial weight and core temperature losses (Figure
4.1). Majority of mice were exhibiting behaviours associated with pain or distress i.e. hunched
posture, poor grooming, reduced exploratory behaviour. Despite having hypothermic core
temperatures, mice did not exhibit shivering. Remedial treatment was provided for all mice
in the form of ongoing buprenorphine analgesia, saline fluids, heat packs, and high caloric
dietary supplement gels under the ongoing supervision of veterinarians, and animal
technician staff (La Trobe Animal Research and Training Facility, La Trobe University). One
mouse was culled for humane reasons on day 2 with a recorded body temperature of 24°C
(normal core temperature 36-38°C). Weight and temperature losses peaked at 1-3 days post-
injury and steadily recovered thereafter; however few animals recovered fully to baseline.
Temperature was not anticipated as an observational metric in the current study, and as such,

the data is an incomplete representation of the hypothermic response.
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Figure 4.1: Body weight and temperature change in C57BL/6 mice following intramuscular notexin injury. All
notexin-injured mice experienced dramatic weight loss (A) and hypothermia (B) that was not correlated with a
specific antibody treatment. Weight loss was most apparent at 2-4 days post-injury and gradually recovered
throughout the remaining experimental period. Temperature monitoring was limited, however, drastic decreases
in core temperature were recorded for all treatment groups at days 1 and 2 post-injury with one mouse
euthanised on day 2 for humane reasons. Remedial care was provided to increase and stabilise body
temperature.

Notexin-injured legs exhibited substantial swelling, as anticipated, and upon
dissection appeared discoloured with yellowish white granular deposits which extended
beyond the TA into the surrounding muscles. Granular tissue was most notable at seven days

post-injury, persisting to a lesser extent in the 14-day post-injury group.

4.3.1.1.  Notexin Quality Control
Concentration of notexin stock solution was measured by NanoDrop (ThermoFisher)
spectrophotometer at 120 ug/ml, indicating that the working 1 in 10 dilution used for
injections was ~12 ug/ml; given the retrospective nature of measuring the notexin quality, a
working solution was not available for analysis. Mass spectrometry detected a single species
at 13,579.5 Da with no notable contaminants; the expected molecular weight of notexin, as
provided by the supplier Latoxan, is 13,574 Da (see Figure 4.2). Confirmation was also

provided by the manufacturer that their internal quality control testing detected no
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anomalies or impurities in the batch used. Electrophoresis under both reducing and non-
reducing conditions likewise showed notexin to resolve slightly above the expected molecular

weight with two smaller products detected under reducing conditions (Figure 4.2).

Non reducing Reducing

A

Notexin lysozyme Notexin lysozyme B

Relative intensity

17 kDa

Notexin = 13.5kDa Lysozyme = 14.3kDa Mass (Da)

Figure 4.2: Gel electrophoresis and mass spectrometry of notexin. Identity of notexin toxin was confirmed using
both gel electrophoresis (A) under reducing and non-reducing conditions, and mass spectrometry (B). Notexin
migrated at approximately the predicted molecular weight with a slightly higher mass observed under non-
reducing conditions. Lysozyme with a known molecular mass of 14.3 kDa is included as an additional marker. No
notable contaminants were detected by mass spectrometry.

4.3.2. Tissue Architecture
H+E staining showed considerable loss of tissue architecture at 3 days post-injury relative to
saline-treated control, with substantial extra-cellular debris and non-contractile tissue (Figure
4.3A, B). Extra-cellular debris was persistent at 7 days post-injury with an increase in
infiltration by suspected inflammatory cells (Figure 4.3C). By day 14 post-injury, muscle fibres
were apparent with heterogeneity in shape and size and ongoing centralised nuclei and
infiltrating inflammatory cells (Figure 4.3D). All notexin-injured muscle remained pathological

relative to saline-treated controls by 14 days post-injury.
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Figure 4.3: Representative images showing progression of tissue architecture recovery following notexin
injury. (A) uninjured saline-injected TA muscle at 3 days post-injection. (B) Notexin-injured TA 3 days post-injury
shows high degree non-contractile tissue and extensive extracellular debris. (C) 7 days post-injury shows
infiltration of suspected inflammatory cells and persistent regions of non-contractile tissue and extracellular
debris. D) 14 days post-injury shows primarily centralised nuclei with persistent infiltration of suspected
inflammatory cells.

4.3.3. Gel Electrophoresis
Notexin-injured TA samples were likewise evidently degraded when run on SDS-PAGE and
visualised on a UV imager for total protein content (see Figure 4.4). Whilst saline control TA
muscle homogenates show clear banding of proteins, with characteristic dense bands
indicative of high myosin and actin content apparent at ~200 and 43 kDa respectively,
notexin-injured samples were frequently lacking these distinct bands and instead appeared

streaky with some apparent low molecular weight bands (see Figure 4.4). This apparent
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degradation was not specific to any antibody treatment and remained persistent at 14 days
post-injury. Loss of total protein compromised the ability to perform further quantitative

immunoblotting for specific proteins in these samples.

M Day 3 Day 7 Day 14 Calibration
NoAB 001 001X NoAB 001 001X NoAB 001 001X
Notexin + + + + + + + + +
—l-
myosin
actin Y - ——— - - R

.

Figure 4.4: Stain-free UV image of notexin injured samples. A representative UV image of total protein at 3, 7,
and 14 days post-saline or post-notexin injury. Notexin injured samples exhibited a loss of characteristic myosin
and, less frequently actin, bands. Degradation was not confined to a specific antibody treatment and was
persistent in some samples at 14 days post-injury.

4.4. Discussion

The severe adverse reaction of experimental mice to a localised notexin muscle injury was
both unexpected and inconsistent with previously published protocols. The dosage and
administration of notexin was well within the parameters of the literature, and in fact much
a smaller dosage (0.4 ug) than many described protocols that used between 0.2 and 8.5 ug
intramuscular injections of notexin (Brigitte et al., 2010; Head et al., 2014; Hardy et al., 2016;
Swiderski et al., 2016). One of the highest doses reported in the literature was used by Hardy

et al. (2016), injecting up to 50 pul of 12.5 umol (total 8.5 pg) notexin solution in 0.9% PBS into
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the TA muscle of C57BI/6 mice. No unexpected adverse reactions were reported with tissue
architecture mostly recovered by 12 days post-injury. The current study used a much lower
dose of 0.4 ug from the same supplier (Latoxan), which not only almost completely degraded
the tissue architecture, as evident in both H+E staining and total protein visualisation of
western blot and largely persistent at 14 days post-injury, but resulted in the euthanasia of
one mouse and extensive ongoing remedial care for the remaining cohort. A similar dose to
the current study was used by Head et al. (2014) who injected 0.2 pg into the extensor
digitorum longus (EDL), a muscle roughly half the size of the TA, of C57BL/6 mice in an attempt
to replicate muscular dystrophy tissue architecture. Again, no adverse reactions were
reported and by 21 days post-injury these mice were no more susceptible to stretch-induced

injuries than uninjured muscle, suggesting minimal persistent damage.

It is worth noting that assessment of tissue regeneration may be varied depending on
the metric used. Hardy et al. (2016) highlighted this issue in a comparative study of four
distinct injury models in C57/BI6 mice. Cryoinjury in that study was performed by exposing
the TA muscle with a small incision and freezing the muscle directly three times for 15 seconds
with a liquid nitrogen cooled rod; whilst the cryoinjury produced the most dramatic injury
phenotype of the tested models, as indicated by histological examination of tissue
architecture, it is interesting to note that satellite cell activation had returned to baseline one
month post-injury but was still elevated three months post-injury in the other models (Hardy
et al., 2016). This is in contrast to other damage markers, such as fibrosis and infiltration of
inflammatory cells, which remained elevated for longer in cryoinjury relative to other models.
These findings highlight the potential to report different recovery progression depending
upon the injury markers measured. Given the specific emphasis of the studies implementing

notexin injury varies, this is a potential source of confounding data around this injury model.
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The hypothermia observed in the current study, coupled with the apparent lack of
shivering response, indicates a potential systemic neurotoxic effect in addition to the localised
muscle injury. Notexin is a known neurotoxin, acting at the presynaptic terminal to inhibit
acetylcholine release (Mollier et al., 1990); acetylcholine has in turn been implicated in
hypothalamic thermoregulation, i.e. shivering (Diaz & Becker, 2010). Notexin is frequently
presented as a localised myotoxic agent; failure to consider the off-target neurotoxic effects

may have profound impacts on the welfare of experimental animals.

A possible source of variation between prior literature and the current study is the
anaesthesia and analgesia employed. Autopsy report provided by Cerberus (Adelaide,
Australia) and interpreted by supervising veterinarian, Dr Tara Egan, on the euthanised mouse
suggested possible insufficient analgesia prior to the injury leading to a ‘wind-up’
phenomenon — a perceived increase in pain perception in response to a chronic pain stimuli,
in this instance muscle necrosis (Herrero et al., 2000). Hardy et al. (2016) and Head et al.
(2014) both performed injuries using an intraperitoneal injection of Ketamine® and Xylazine®,
whilst the current study implemented gaseous isoflurane as per local animal ethics committee
and veterinarian recommendations. Other studies fail to describe any specific anaesthetic or
analgesic usage (Dixon & Harris, 1996; Brigitte et al., 2010; Liu et al., 2015). The
intraperitoneal Ketamine® and Xylazine® may have provided stronger initial analgesia and
prevented the ‘wind-up’ phenomenon which may have contributed to the extreme events
seen in the current study. This is of course a speculative notion based on discussions with
veterinary staff and would require specific testing to confirm. Ongoing administration of
analgesia is not described in either of the aforementioned studies and it is unclear whether
this additional analgesia was not required or simply not reported. Given that muscle necrosis

was present for at least 4 days post-injury in Hardy et al. (2016), it is unlikely that further pain
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management beyond the initial anaesthesia was not required. This omission is a common
trend in the literature and represents a shortcoming in the reporting of animal injury model

protocols.

The use of more than 20-fold greater notexin in prior studies leads us to believe that
pain management was not the sole contributor to the adverse reactions in the current study.
Prior literature and personal correspondence with other researchers experienced in notexin-
injury suggests that natural variation in potency between batches of notexin are at least
partially responsible for the dramatically different responses observed. If varying potency
between equivalent doses of notexin is in fact occurring, then notexin-injury presents an
injury model that is poorly reproducible and is best avoided for both scientific integrity and

animal welfare concerns.
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Chapter 5

Myogenic Effects of a-Fn14 Antibodies in Acute Skeletal Muscle

Injury
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Chapter Summary
The following chapter describes changes in TWEAK-Fn14 in the acute notexin injury model
following a range of Fnl4-targeting antibody interventions, generated and characterised in
vitro in Chapter 3. The primary outcomes of this study were the injury and regenerative
phenotypes following injury, however given the severity of the injury model (described in
Chapter 4), secondary outcomes have been used to approximate the regeneration process
and identify potential targets of the TWEAK-Fnl14 axis. Myogenic regulatory factors,
mitochondrial biogenesis, atrogenes, and structural proteins were each assessed to establish

an overall picture of muscle recovery.

The key finding of these experiments is the positive-feedback loop of Fn14 when
stimulated by our antibody, a-Fn14 001X, and to a lesser extent, a-Fn14 001. Upregulation of
Fn14 was correlated with significant transcriptional upregulation of the master myogenic
regulator, MyoD. Evidence is also provided of prolonged sarcomeric remodelling in a-Fn14
001X-treated mice. Whilst the limitations of the current injury model prevent us from
determining whether this phenomenon results in downstream enhancement of the myogenic
program, it provides valuable insight into the potential mechanistic actions of Fn14 as a
positive regulator of muscle mass and indicates that therapeutic stimulation of Fn14 may be

possible.

Additional samples of 13- and 105-week old and chronically resistance-trained mice
obtained from Emeritus Professor Miranda Grounds (University of Western Australia) and
morphologically described in Soffe et al. (2016) are also included to provide contrast for the
observations made in the primary notexin study and highlight the context-dependent role of

Fn14 in muscle homeostasis.
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5.1. Introduction

TWEAK-Fn14 signalling has been implicated widely in both acute and chronic muscle wasting
phenotypes (Tajrishi et al., 2014b). Given the opposing outcomes associated with TWEAK-
Fn14 activity, there is reason to believe that the effects of TWEAK-Fn14 are largely tissue- and
dose-dependent and signal via diverse pathways (Pascoe et al., 2020). In addition to diverse
TWEAK-Fn14 signalling outcomes, there is a possibility that Fn14 is able to self-associate in
conditions of high receptor density to initiate TWEAK-independent Fn14 activity (Brown et
al., 2013). Differential effects have been observed in TWEAK-inhibition versus antagonistic a-
Fn14 antibodies; Johnston et al. (2015) describe an antagonistic a-Fn14 antibody which is able
to prevent cachexia in tumour-bearing mice which could not be achieved by inhibition of

TWEAK. These findings are supportive of a distinct role for TWEAK-independent Fn14 activity.

The evidence of TWEAK-dependent Fnl4 signalling as a negative regulator of
myogenesis is considerable. Activation of ubiquitination and other catabolic pathways
downstream of TWEAK-dependent Fn14 activity have been shown in a range of models. Dogra
et al. (2007a) investigated the effects of 10 ng/ml TWEAK administration — a reasonably high
dose, albeit still on the lower range of exogenous TWEAK utilised in the literature —on C2C12
myotubes over the course of 24 hours. TWEAK administration was shown to result in smaller
diameter myotubes with increased ubiquitination of muscle-specific proteins, such as MHC,
and enhanced transcript levels of E3 ubiquitin ligases, atroginl and MuRF2 — also referred to
as atrogenes — that peaked after 12 hours TWEAK administration (Dogra et al., 2007a).
Moving to an in vivo model, Mittal et al. (2010a) examined the effects of denervation of the
gastrocnemius muscle of C57BL/6 TWEAK-Transgenic (Tg) or TWEAK-knockout (KO) mice.
TWEAK was found to exacerbate the effects of denervation-induced atrophy via modulation

specifically of MuRF1, with transcript levels elevated in TWEAK-Tg mice and blunted in
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TWEAK-KO mice when compared to wild-type littermate controls (Mittal et al., 2010b).
Interestingly, when genetic ablation of Fn14 itself, rather than the ligand, is performed, the
results vary. Tajrishi et al. (2014a) described an Fn14-KO mouse which showed reduced
sarcopenia — ageing-related muscle atrophy — at 18-months of age relative to wild-type
controls. Whilst it appears that the overall outcome of Fn14 ablation is similar to that of
TWEAK ablation, Tajrishi et al. (2014a) reported no changes to either atroginl or MuRF1
transcripts in their Fn14-KO model, suggesting that the effects of TWEAK are distinct from

those of Fn14.

In contrast to the catabolic actions associated with TWEAK administration, there is a
growing body of evidence to support a pro-myogenic role of Fn14. RNA interference-based
depletion of Fn14 in C2C12 myotubes — which endogenously express high levels of Fn14
during proliferation that is downregulated upon differentiation — results in reduction of
myogenic progression and smaller myotubes (Dogra et al., 2007b). This effect appeared to be
modulated by a reduction in the expression of myogenic regulatory factors — a host of basic
helix-loop-helix transcription factors that drive myogenic progression (Dogra et al., 2007b).
Of the myogenic regulatory factors, MyoD and Myogenin appeared to be the most drastically
impacted (Dogra et al., 2007b). Similar results are again seen in an in vivo setting. Girgenrath
et al. (2006) examined the recovery of Fn14-KO mice following an intramuscular cardiotoxin
injury. When Fn14 was absent, the innate inflammatory response and proliferative capacity
of regenerating muscle was found to be blunted, resulting in a delay of muscle recovery

(Girgenrath et al., 2006).

Interaction of the TWEAK-Fn14 axis with peroxisome proliferator-activated receptory

coactivator 1a (PGC-1a) has also been reported and may have impact on TWEAK-dependent
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or TWEAK-independent Fnl4-associated muscle outcomes. PGC-1a is a primary driver of
mitochondrial biogenesis and may in turn influence fibre-type composition of skeletal muscle,
promoting fast-to-slow switching of fibre types (Lin et al., 2002). Given the increased
susceptibility of fast fibre types to muscle atrophy, potential modulation of PGC-1a is an
important consideration (Ciciliot et al., 2013). Mutually inhibitory roles of PGC-1a with both
TWEAK and Fn14 have been described, wherein TWEAK-KO and Fn14-KO mice show increased
PGC-1a mRNA and were partially spared from denervation-induced atrophy (Hindi et al.,
2014). Overexpression of PGC-1a protein also spared muscle wasting in TWEAK-Tg mice and

reduced expression of Fn14, as well as the atrogenes, MuRF1 and atroginl (Hindi et al., 2014).

Previous studies have focused on TWEAK-Fn14 modulation in the context of skeletal
muscle atrophy by TWEAK administration, antagonistic a-Fnl4 antibodies, or genetic
depletion of either receptor or ligand. To the best of our knowledge, there is no description
of an agonistic a-Fn14 antibody being used to stimulate TWEAK-independent Fn14 activity.
The a-Fnl14 001X antibody generated and characterised in Chapter 3 presents a viable

candidate to investigate the therapeutic outcomes of an agonistic Fn14 antibody.

The current study aims to stimulate Fn14 whilst blocking TWEAK via the use of an
agonistic a-Fn14 antibody, a-Fn14 001X, and assess the potential regenerative effects of
TWEAK-independent Fnl14 activation in a notexin-induced acute skeletal muscle injury.
Muscle architecture, muscle-specific structural proteins, and mRNA expression of myogenic
regulatory factors, atrogenes, and PGC-la were assessed to help determine potential
myogenic or catabolic effects of a-Fn14 001X. Putative downstream signalling molecules,
namely substrates of the NFKB pathway, were also measured in an attempt to delineate the

signalling outcomes of Fn14 activation. A descriptive study of Fn14 in old and chronically
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exercised mouse samples was also investigated to compare and contrast the effects of Fn14

modulation in models of acute injury versus chronic atrophy.

5.2. Methods

5.2.1. Animals
All procedures were conducted in accordance with the National Health and Medical Research
Council and approved by either the Animal Ethics Committee of La Trobe University (AEC: 16-

70) or University of Western Australia.

5.2.1.1.  Notexin Injury
This is as described in Chapter 2, Section 2.1.1 of this thesis. For completeness, it is repeated
here. Male C57BL/6 mice (n=36) were placed under isoflurane anaesthesia (flow rate 2-5%,
recovery within 5 minutes) and a notexin injury was performed. 40 uL of notexin (10 pug/ml,
total 0.4 pg notexin, Latoxan, France) was injected intramuscularly in the right TA muscle and
40 pL saline injected in the left TA as an internal control. Injuries were performed by Dr Chris
van der Poel (School of Life Sciences, La Trobe University) with assistance from Ms Laura

Jenkinson (Dept of Biochemistry and Genetics, La Trobe University).

Mice were IP injected with either a-Fn14 001, a-Fn14 001X (20 mg/kg — see Chapter 3 for
details of antibody generation; n = 12 for each treatment), or no antibody injection control
(NoAB; n =12) at 6-hours post-injury and again at 7 days post-injury for mice in the latest time

point.

Animals were culled by CO, asphyxiation with a secondary kill method of cervical

dislocation at 3, 7, or 14 days post-procedure (n = 4 for each treatment at each time point
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except a-Fn14 001X 14 days post-injury group where n = 3) and both TA muscles were

collected and stored at -80°C.

5.2.1.2.  Uninjured Control Animals
In addition to internal controls of saline-injected contralateral TAs from animals described
above, uninjured control TA muscle was obtained from 6-month old healthy male C57BL/6

mice (n = 5). Muscles were collected as described above and stored at -80°C.

5.2.1.3.  Old and Chronically Resistance Trained Mice
Additional samples were provided by Emeritus Professor Miranda Grounds and Dr Zoe White

with full experimental and morphological information published in Soffe et al. (2016).

Young (13 weeks) and old (105 weeks) C57BL/6 mice were housed in either standard
cages (sedentary controls — YOUNG SED n =9, OLD SED n = 9) or voluntary access resistance
running wheels under a progressive low resistance training program (low resistance (LR)
group — YOUNG LR n =7, OLD LR n = 7) for 10 weeks. Quadriceps (QUAD) muscles were

collected and stored whole at -80°C.

5.2.2. Histology
Frozen TA muscles were bisected at the widest point and serial 10 um cryosections were taken
at -20°C and mounted on 1.0-1.2 mm glass microscope slides (Livingstone, Australia; Knittel,
Germany). Slides were stored in the dark at -20°C until required. H+E staining was performed
as per Chapter 2, Section 2.3.1 to assess markers of injury, which were defined as centralised
nuclei, loss of muscle fibre size uniformity, proportion of non-contractile, and infiltration of

inflammatory cells (Spassov et al., 2010).
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5.2.3. Western Blotting
Whole muscle homogenates were prepared from frozen QUAD and TA samples and subjected
to SDS-PAGE as per Chapter 2, Section 2.4. Fnl4 was detected using Criterion™ 16.5%
Tris/Tricine gels run in Tris/Tricine/SDS running buffer (BioRad). Transfer was as per Chapter
2, Section 2.4 and post-transfer gel was stained with Coomassie Blue R-250 (ThermoFisher)
to detect total protein. Details of antibodies used can be found in Appendix Ill. A muscle
calibration mix was created by combining equal volumes of homogenates from each sample
and used to run the same calibration curve on all subsequent gels. Normalised homogenates

and muscle calibration mix were stored at -80°C.

5.2.3.1.  Pathological Scoring
Degradation of total protein in notexin-injured TA muscles rendered typical quantitative
analysis of western blots for all proteins not possible (see Chapter 4, Figure 4.4). Where
necessary, samples were instead assigned qualitative scores based on their densitometry or
the appearance of proteolysis products. Samples visually similar to healthy saline controls
scored at 0 with increasing scores corresponding to increasing abnormality. Table 5.3 details

the pathological scoring criteria used.
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Table 5.3: Pathological scoring criteria for proteins of interest
Pathological Score
Protein >
0 1 2 3
Fnl4 No Fnl4 detected | Fnl14 detected
Actin | Single band Band detected at Band detected at No actin detected
detected at 43 kDa | 43 kDa plus one 43 kDa plus two
proteolytic product | proteolytic
products
Myosin | Clear band Smeared band No band detected
detected in UV detected in UV in UV Stain Free
Stain Free gel Stain Free gel gel
Desmin | Single band Bands detected at | Single band No desmin
detected at 57 kDa | 57 kDa and detected at detected
~45 kda ~45 kDa
IgG light | No IgG detected IgG detected
chain
CD68 | No CD68 detected | Faint CD68 band | Strong CD68 band | Strong,  smeared
detected at | detected at | CD68 band
~110 kDa ~110 kDa detected at
~110 kDa
pl00- | No p52 detected Faint p52 band | Clear p52 band
p52 detected detected
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5.2.4. gqPCR
gPCR was performed as per protocol described in Chapter 2, Section 2.6. Results were
analysed using the 2 method normalised to the total cDNA content as determined by
OliGreen ssDNA assay. This method means that a housekeeping gene is not required, because

the absolute amount of single-stranded cDNA used in each assay was known.

Notexin-injured TA samples were expressed relative to the mean of uninjured control
muscle from C57BL/6 mice; QUAD muscle from old and LR trained animals were expressed
relative to the mean of YOUNG SED samples. Fn14 primers were designed by Dr Amelia
Johnston (Dept of Biochemistry and Genetics, La Trobe University); MyoD, Myogenin, MRF4,
Myf5, and PGC-1a primers were sourced from PrimerBank (see Appendix Il for full primer
details and relevant optimisation and validation; Spandidos et al., 2008; Spandidos et al.,

2010)

5.2.5. Statistical Analyses
Statistical analyses were performed in Prism v8 (GraphPad). TWEAK and calpain-3 ratios for
notexin-injured samples were analysed by paired Student’s t-test with time-matched
contralateral saline TA from the same animal as an internal control. Proteins which were
assessed with pathological scores were handled as qualitative data and graphed for
visualisation but were not analysed statistically. mRNA was assessed only in notexin-injured
samples by two-way ANOVA with Dunnett’s multiple comparisons post-hoc analyses and
time-matched NoAB used as a control. Old and LR trained mice protein and mRNA samples
were analysed by two-way ANOVA. All two-way ANOVA main effects are annotated alongside

graphs.
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5.3. Results

5.3.1. Adverse Reactions to Notexin Injury
Acute reactions to notexin were severe and unpredicted. Tissues collected from these animals
were severely degraded as observed at both the histological level and SDS-PAGE total protein
content analysis (Figure 5.1; same cohort as mice described and shown in Chapter 4, Figure
4.3, however different representative H+E images are shown here to demonstrate each
antibody condition). H+E staining showed extensive centralisation of nuclei, loss of fibre size
uniformity, regions of non-contractile tissue, and infiltration of inflammatory cells which
remained persistent at 14 days post-injury in all treatment groups (Figure 5.1A). Stain-free in
gel UV imaging of total protein content showed prolonged degradation of cellular proteins as
indicated by a streaking pattern in contrast to the typical banded appearance of whole muscle
homogenates which is seen in saline-injected controls; absence of typical actin and myosin
bands was evident in many injured samples across time points and treatment groups (Figure
5.1B). Full quantitative analysis by western blotting was not possible in these conditions;
qualitative and semi-quantitative western blotting has been used where appropriate. Full

description of these adverse events are detailed in Chapter 4.
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Figure 5.1: Degradation of tibialis anterior (TA) tissue architecture following notexin injury. (A) H+E stains of
saline and notexin-treated (+) TA muscle 14 days post-injury. Tissue architecture remained pathological in
notexin-injured TA across all treatment groups (NoAB = No Antibody; 001 = a-Fn14 001; 001X = a-Fn14 001X)
with persistent centralised nuclei, loss of fibre size uniformity, and infiltration of inflammatory cells (examples
indicated by white arrows). (B) Stain-Free UV image of total protein content on SDS-PAGE gel. Characteristic
myosin and actin bands evident in saline-treated samples are frequently degraded in notexin-injured samples
across time points and treatment groups.

89



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

5.3.2. Fni4 mRNA and Protein Regulation

5.3.2.1.  Fn14 in Notexin Injury
Fn14 was measured at both the protein and mRNA level using semi-quantitative western

blotting and gPCR, respectively (Figure 5.2).

Fn14 mRNA transcript levels in notexin-injured TA from NoAB, 001, or 001X groups
were each assessed using qPCR, normalised to total cDNA and expressed relative to the mean
of uninjured control (uninjured controls excluded from statistical analyses; time-matched
NoAB used as statistical control, Figure 5.2A). Fn14 was transcriptionally upregulated in all
groups at 3 days post-injury, with levels returning towards baseline at 7 days. At 14 days post-
injury, Fn14 mRNA was significantly upregulated in 001X relative to time-matched NoAB (two-
way ANOVA with Dunnett’s multiple comparisons, p < 0.0001). 001 also showed a spike in
mRNA at 14 days post-injury, albeit with a large spread in biological replicates and was not
statistically different from NoAB (two-way ANOVA with Dunnett’s multiple comparisons, p =

0.066).

Fnl4 protein was measured qualitatively due to the severe degradation of total
protein content. Results are expressed as a binary present or absent result coded as present
= 1 and absent = 0 (Figure 5.2B, C). These results are presented cautiously and without
statistical analyses. Fn14 at the protein level is presented to indicate that there was a

detectable increase of protein in notexin-injured muscle.
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Figure 5.2: Fn14 mRNA and protein in notexin-injured tibialis anterior (TA) muscle. (A) Fn14 mRNA was
detected in all notexin-injured samples at all time points. a-Fn14 001X (001X)-treated mice showed significantly
greater Fn14 mRNA at 14 days post-injury relative to time-matched No Antibody (NoAB)-treated mice (two-way
ANOVA with Dunnett’s multiple comparisons, p < 0.0001). a-Fn14 001 (001)-treated mice showed a similar
upregulation at 14 days post-injury, however greater biological variability meant this was not statistically
significant. n = 3-4 per time per treatment (B) Fn14 protein was measured qualitatively by western blot using
pathological criteria outlined in Table 5.3 (where 0 = absent and 1 = present). Fn14 was detected only in notexin-
injured TA; no statistical analyses were performed due to degradation of total protein. (C) Representative blot of
Fn14 and Coomassie stain of total protein content. A band at ~14 kDa was detected for Fn14, notably, only in
notexin-injured muscle (Cell Signaling Technology 4403, expected molecular weight — 14 kDa).
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5.3.2.2. Fn14 mRNA and Protein in Ageing and Exercise
Fn14 was also assessed in old and chronically low resistance-trained mice (Figure 5.3). Fn14
mRNA (Figure 5.3A) was shown to be reduced as a result of ageing and in response to LR
training (two-way ANOVA age effect, p = 0.0028, activity effect, p = 0.0060). No Fn14 protein

was detected in any group (Figure 5.3B, C).
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Figure 5.3: Fn14 mRNA and protein in quadriceps (QUAD) from old and chronically low resistance-trained mice.
(A) Fn14 mRNA was expressed relative to the mean of young sedentary mice and found to be reduced in old (two-
way ANOVA age effect, p = 0.0028) and low-resistance trained mice (two-way ANOVA activity effect, p = 0.0060).
n =7-9, as indicated by separate data points. (B) Representative blot for Fn14 and Coomassie stain of total protein
content. (C) No Fnl4 bands were detected in any group (Cell Signaling Technology 4403, expected molecular
weight — 14 kDa). n = 7-9 as indicated by separate data points.
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5.3.3. TWEAK mRNA and Protein Processing

5.3.3.1.  TWEAK mRNA and Protein in Notexin Injury
Details of TWEAK antibody validation are provided in Appendix lll. TWEAK mRNA was shown
to be elevated in a-Fn14 001X treated mice at 7 days post-injury relative to time-matched
NoAB controls (two-way ANOVA with Dunnett’s multiple comparison, p = 0.0009), however
the absolute transcript level of TWEAK in uninjured controls was found to be low in
abundance with considerable biological variability (Figure 5.4A). Protein bands for membrane
bound TWEAK (mTWEAK) and soluble TWEAK (sTWEAK) were detected with sTWEAK
appearing primarily in notexin-injured samples (Figure 5.4B, C). sSTWEAK:mTWEAK ratio was
shown to be elevated in NoAB and 001X mice at 7 days post-injury relative to contralateral

saline controls (paired t-test, p = 0.0053 and 0.0042 respectively).
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Figure 5.4: TWEAK mRNA and protein in notexin-injured tibialis anterior (TA) muscle. (A) TWEAK mRNA was
elevated in 7 days post-injury a-Fnl4 001X (001X) treated notexin-injured TA relative to time-matched No
Antibody (NoAB) treatment mice (two-way ANOVA with Dunnett’s multiple comparisons, p = 0.0009), however
all samples were within the range of uninjured TA controls (shown in black). No changes were detected in a-Fn14
001 (001) treated mice at any time point. (B) Ratio of STWEAK to mTWEAK proteins was elevated in No Antibody
and 001X treated mice at 7 days post-injury relative to contralateral saline-injected TA controls (paired t-test, p
= 0.0053 and 0.0042 respectively). (C) Representative blot of TWEAK and Stain-Free UV image of total protein
content. Bands were detected at ~26 kDa (mTWEAK) and ~18 kDa (sTWEAK; Abcam 37170, expected molecular
weight — 26, 18 kDa). The total protein was not used for analyses, as here the internal ratio could be assessed
regardless of the total protein present.
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5.3.3.2.  TWEAK mRNA and Protein in Ageing and Exercise
TWEAK mRNA was decreased in muscle from old mice relative to young mice (two-way
ANOVA age effect, p = 0.0368) but no effects of exercise were detected (Figure 5.5A). Overall
abundance of TWEAK mRNA was low in all samples with CT values greater than 30 in all but
two uninjured samples. TWEAK protein was detected only in the form of mTWEAK (Figure

5.5B) which was not found to be altered by age or LR training in mice (Figure 5.5C).
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Figure 5.5: TWEAK mRNA and protein in quadricep (QUAD) muscle from old and chronically low-resistance
exercised mice. (A) TWEAK mRNA was overall of low abundance and was found to be decreased in old mice (two-
way ANOVA age effect, p = 0.0368). (B) Representative blot of TWEAK with Stain-Free UV image of total protein
content. A band was detected for mTWEAK at 26 kDa but no sSTWEAK was detected in any group (Abcam 37170,
expected molecular weight — 26, 18 kDa). (C) No effects of age or LR training were detected in mTWEAK. n = 7-9
as indicated by separate data points.
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5.3.4. Myogenic Regulatory Factors

5.3.4.1. Myogenic Regulatory Factors in Notexin Injury
Western blotting of all myogenic regulatory factors at the protein level failed to generate
reliable and quantifiable specific bands (see Appendix Ill). MRF4, Myf5, Myogenin, and MyoD
mMRNA transcript levels in notexin injured TA NoAB, 001, or 001X groups were each assessed
using qPCR with specific mRNA normalised to total cDNA and expressed relative to the mean
of uninjured control TA as a means of assessing myogenesis (uninjured controls excluded from

statistical analyses; time-matched NoAB used as statistical control; Figure 5.6).

Myf5, MRF4, and Myogenin each showed peaks at 7 days post-injury which returned
towards baseline at 14 days post-injury. a-Fn14 001X-treated mice showed significant
upregulation of Myf5 and Myogenin relative to time-matched NoAB controls at 7 days post-
injury (two-way ANOVA with Dunnett’s multiple comparison, p = 0.0490 and 0.0024

respectively).

MyoD was significantly downregulated in a-Fn14 001X-treated mice relative to time-
matched NoAB controls at 3 days post-injury (two-way ANOVA with Dunnett’s multiple
comparison, p = 0.0468) but upregulated at 14 days post-injury (two-way ANOVA with
Dunnett’s multiple comparison, p = 0.0027). a-Fn1l4 001-treated mice also showed
upregulation of MyoD relative to NoAB time-matched controls at 14 days post-injury (two-

way ANOVA with Dunnett’s multiple comparison, p = 0.0182).
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Figure 5.6: Time course of myogenic regulatory factor mRNA levels in notexin-injured tibialis anterior (TA)
mouse muscle. (A) MRF4 peaked at 7 days post-injury in all treatment groups, no differences were detected
between treatments. (B) Myf5 and (C) Myogenin were upregulated in a-Fn14 001X (001X)-treated mice relative
to time-matched No Antibody (NoAB) at 7 days post-injury (two-way ANOVA with Dunnett’s multiple comparison,
p =0.0490 and 0.0024 respectively). (D) MyoD was downregulated in 001X-treated mice relative to time-matched
NoAB controls at 3 days post-injury (two-way ANOVA with Dunnett’s multiple comparison, p = 0.0468) but
upregulated at 14 days post-injury (two-way ANOVA with Dunnett’s multiple comparison, p = 0.0027). o-Fn14
001 (001)-treated mice also showed upregulated MyoD relative to time-matched NoAB controls at 14 days post-
injury, albeit with greater biological variability (two-way ANOVA with Dunnett’s multiple comparison, p =
0.0182). n=3-4 mice per treatment, per time-point, indicated as individual data points throughout.
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5.3.4.2. Myogenic Regulatory Factors in Ageing and Exercise

Myogenic regulatory factor transcript levels for MRF4, Myf5, Myogenin, and MyoD were
measured in old and LR trained mice (Figure 5.7). Overall effects of age were detected for
MRF4 (Figure 5.7A) and MyoD (Figure 5.7D; two-way ANOVA age effect, p=0.0009 and 0.0076

respectively). Myf5 (Figure 5.7B) and Myogenin (Figure 5.7C) showed no effects of age. No

effects of LR training were detected for any myogenic regulatory factor.
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Figure 5.7: Myogenic regulatory factor mRNA in quadricep (QUAD) muscle from old and low-resistance (LR)
trained mice. MRF4 (A) and MyoD (D) were downregulated in old mice relative to young controls (two-way
ANOVA age effect, p = 0.0009 and 0.0076 respectively). No effects of age or LR training were detected for Myf5
(B) or Myogenin (C). n=7-9 mice per treatment, per time-point, indicated as individual data points.
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5.3.5. Fn14 and MyoD Correlations
MyoD and log transform of Fn14 transcripts were found to be positively correlated for all
treatment groups in notexin-injured TA muscle (Figure 5.8A). Log transform was used to
linearise exponential distribution. No such correlation was observed in QUAD muscle from

ageing and LR training cohorts (Figure 5.8B).
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Figure 5.8: Correlation of MyoD and Fn14 transcripts in notexin-injury and ageing. (A) MyoD mRNA was found
to positively correlate with log transform of Fn14 mRNA in No Antibody (NoAB), a-Fn14 001 (001), and a-Fn14
001X (001X) treatment groups for notexin-injured tibialis anterior (TA) muscle (Each group analysed separately;
Pearson r correlation, r’ = 0.7609, 0.8230, and 0.8500 respectively, p = 0.0002, < 0.0001, and < 0.0001 respectively
and individual lines of best fit shown as per the legend). (B) No correlation was observed in quadriceps (QUAD)
muscle from young or old, sedentary or low-resistance (LR) trained mice.
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5.3.6. Structural Proteins

5.3.6.1. Actin, Myosin, and Desmin
Structural proteins — actin, myosin, and desmin — were assessed qualitatively to determine
regeneration of muscle structure. Actin (Figure 5.9A), myosin (Figure 5.9B), and desmin
(Figure 5.9C) were each shown to be degraded in notexin-injured TA at 3 days post-injury
across all treatments. Whilst NoAB and 001 were largely returned to baseline by 14 days post-

injury, all structural proteins remained pathological, as outlined in Table 5.1, in 001X mice.
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Figure 5.9: Degradation of actin, myosin and desmin in notexin-injured tibialis anterior (TA) muscle.
Pathological scores, using criteria outlined in Table 5.3, of actin (A), myosin (C), and desmin (E) remained above
zero at 14 days post-injury in all a-Fn14 001X (001X)-treated mice whilst mice given no antibody treatment
(NoAB) or a-Fn14 001 (001) had partially returned to baseline. (B) Representative blot of Actin and Stain-Free UV
image of total protein content. Up to 3 bands were detected between 40 and 45 kDa (Sigma A2066, expected
molecular weight — 42 kDa). (D) Representative Stain Free gel with apparent degradation of myosin band. (F)
Representative blot of Desmin and Stain-Free UV image of total protein content. Two prominent bands were
detected at 45 and 57 kDa (Novocastra NCL-L-DES-DERII, expected molecular weight — 57 kDa). n=3-4 mice per

treatment, per time-point, indicated as individual data points throughout
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5.3.6.2. Calpain-3

Calpain-3 autolysis was measured in all samples where calpain-3 could be detected. Presence
or absence of calpain-3 is represented in Table 5.4, where those treatments and time-points
shown in blue having 1 sample where calpain-3 was not present. Specifically, calpain-3 was

absent from 1 of 4 NoAB notexin-injured samples at 3 days post -injury, 1 of 4 from each

treatment group at 7 days post-injury, and 1 of 3 from 001X at 14 days post-injury.

Table 5.4: Samples with detectable Calpain-3.

Treatment No Antibody a-Fn14 001 a-Fn14 001X
Saline | Notexin | Saline | Notexin | Saline | Notexin
Days Post Inju
Day 3 4 0of 4 3of4 40f4 40f4 40f4 4 0of 4
Day 7 4 of 4 3of4 40f4 3of4 40f4 3of4
Day 14 4 of 4 4 of 4 40f4 40f4 40f4 20f3

Of the samples with detectable Calpain-3, percentage of overall Calpain-3 present in the
autolysed form was measured (Figure 5.10). Calpain-3 autolysis was increased in notexin-
injured TA relative to time- and treatment-matched saline controls for 001 and 001X at 3 days

post-injury, all groups at 7 days post-injury, and only in 001X at 14 days post-injury.
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Figure 5.10: Calpain-3 processing in notexin-injured tibialis anterior (TA) mouse muscle. (A) Extent of calpain-
3 autolysis in samples with detectable Calpain-3. Calpain-3 autolysis was elevated in notexin-injured samples
relative to time-matched saline controls. *, **, *** indicate p < 0.05, 0.01, 0.001 respectively in paired t-test. (B)
Representative blot of Calpain-3 and Stain-Free UV image of total protein content. Full-length Calpain-3 was
detected above 95 kDa with a non-specific Calpain-2 band just below. Multiple cleaved Calpain-3 isoforms were
detected below 72 kDa (Novocastra, NCL-CALP2-12A2, expected molecular weight = 94 kDa). The total protein
was not used for any analyses, and so the internal ratio could be assessed regardless of the total protein present.

103



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

5.3.7. PGC-1a
PGC-1a was assessed as a potential downstream target of a-Fn14 antibody treatments and a
measure of mitochondrial biogenesis and precursor to fibre-type switching (Figure 5.11).
Antibodies against PGC-1a have not been reliably validated in our hands so only mRNA
transcript data are presented. Uninjured controls are included as a representative baseline
and were excluded from statistical analyses. A time-effect was detected with transcripts
lowest at 3 days post-injury in notexin-injured TA muscle and returning towards baseline
levels at 7- and 14 days post-injury (two-way ANOVA, days post-injury effect, p < 0.0001). No
significant changes were detected between treatment groups at any time point. There was
considerable biological variability of PGC-1a transcripts, including in the uninjured controls

and there was low overall abundance with CT values most greater than 30.

PGC-1g mRNA

3_
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Z s
ES o © ® Uninjured
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3 7 14
Days Post Injury

Figure 5.11: PGC-1a mRNA in notexin-injured tibialis anterior (TA) mouse muscle. PGC-1a0 mRNA was assessed
by qPCR and expressed relative to the mean of uninjured controls. Overall abundance was low and considerable
biological variability was observed in uninjured controls. Negligible levels were detected in all treatment groups
at 3 days post-injury with all groups appearing normal at 7 and 14 days post-injury (two-way ANOVA, days post-
injury effect, p < 0.0001). No statistically significant differences were detected between treatment groups (two-
way ANOVA, treatment effect, p = -0.9895).
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5.3.8. Infiltration of Immune Cells
Results obtained from several mouse primary antibodies in combination with a goat a-mouse
IgG secondary not specific to intact IgG showed a distinct and repeated non-specific binding
pattern in the notexin-injured samples (Figure 5.12A). These bands were interpreted as
probable non-specific binding to endogenous IgG light and heavy chains. Probing with
secondary goat a-mouse IgG only with no primary antibody confirmed the identity of these
non-specific bands as endogenous IgG (Figure 5.12C). No statistical analyses were performed
due to the qualitative nature of the results, and protein was measured as being present or
absent. IgG appears to be persistent with more intense staining in 001 and 001X mice at 14

days post-injury relative to NoAB controls (Figure 5.12B).
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Figure 5.12: Endogenous IgG in notexin-injured tibialis anterior (TA) mouse muscle. (A) Representative blot of
non-specific band at ~25 kDa (additional band at ~50 kDa not shown) obtained when using several primary
antibodies raised in mouse host in combination with goat a-mouse IgG secondary. (B) Qualitative results of
endogenous IgG detected; IgG present in notexin-injured samples only, with No Antibody and a-Fn14 001-treated
mice returning towards baseline at 14 days post-injury. IgG remained present in all a-Fn14 001X-treated mice at
14 days post-injury. Pathological criteria outlined in Table 5.3. (C) Representative blot of goat a-mouse IgG
secondary with no primary antibody and Stain Free UV gel of total protein content. Band at ~25 kDa (light chain
1gG) shown only, second band at ~50 kDa (heavy chain IgG) also detected. n = 3-4 as indicated by individual data
points.
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Infiltration of macrophages was assessed using western blot analysis of CD68 (Figure 5.13).
Given the qualitative analysis of total protein, no statistical analyses of CD68 were performed.
No discernible difference was detected between NoAB, 001, or 001X, when scored using the

pathological criteria in Table 5.1.
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Figure 5.13: CD68 in notexin-injured tibialis anterior (TA) mouse muscle. (A) Qualitative results of CD68 showed
greater variability in notexin-injured samples across No Antibody (NoAB) and a-Fn14 001-treated mice (001) and
a-Fn14 001X-treated mice (001X), compared with saline at all time points. Pathological criteria outlined in Table
5.3. (B) Representative blot of CD68 and Stain-Free UV image of total protein content. Two bands were detected
at ~110 kDa (Abcam 125212, expected molecular weight — 75 - 110 kDa). n = 3-4 as indicated by individual data
points, although these cannot be discerned in some samples as they are all the same value (indicated by no error

bars).
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5.3.9. Atrogenes

5.3.9.1.  Atrogenes in Notexin Injury
MuRF1 and atroginl each showed a time effect (two-way ANOVA, days post-injury effect, p
<0.0001) with transcript levels lowest at 3 days post-injury, and resembling baseline uninjured
controls by 7 and 14 days post-injury, however all transcript levels were within the range of
uninjured controls (Figure 5.14). Uninjured controls were used as a representative baseline

and were not included in the statistical analyses.
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Figure 5.14: MuRF1 and atroginl in notexin-injured tibialis anterior (TA) mouse muscle. MuRF1 (A) and
atroginl (B) transcripts were temporally regulated, with levels depleted at 3 days post-injury and returning
throughout the time-course of the study (two-way ANOVA days post-injury effect, p < 0.0001). MuRF1 was
upregulated in a-Fn14 001X-treated mice at 7 days post-injury relative to No Antibody time-matched controls
(two-way ANOVA with Dunnett’s multiple comparison, p = 0.0381). All transcripts were found to be within the
range of uninjured controls. n = 3-4 animals per treatment, per time point and indicated by individual data points.

108



TWEAK-Fn14 in Skeletal Muscle Remodelling

5.3.9.2. Atrogenes in Ageing and Exercise

Amy Pascoe

MuRF1 and atroginl each showed considerable biological variability in young sedentary

controls and were found to be downregulated in muscle from old mice (two-way ANOVA age

effect, p = 0.0010 and 0.0011 respectively; Figure 5.15). MuRF1 was additionally found to be

downregulated in muscle from LR trained mice (two-way ANOVA activity effect, p = 0.0302;

Figure 5.15A).
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Figure 5.15: MuRF1 and atroginl in quadriceps (QUAD) muscle from old and low-resistance (LR) trained mice.
MUuRF1 (A) and atroginl (B) were found to be lower in muscle from old mice relative to young (two-way ANOVA
age effect, p = 0.0010 and 0.0011 respectively). MuRF1 was also shown to be lower with low-resistance training

(two-way ANOVA activity effect, p = 0.0302).
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5.3.10. NFkB in Notexin Injury
An NFKB1 antibody capable of detecting p105 precursor and processed p50 subunits failed to
detect validated bands in whole muscle homogenate. NFKB2 was assessed with an antibody
capable of detecting p100 precursor subunit and the processed p52 subunit. Whilst both
subunits could be detected in whole muscle, the presence of strongly reactive non-specific
bands rendered detection of the fainter p100 subunit unreliable. For this reason, qualitative
scoring was instead performed on the p52 subunit (see Section 5.2.3.1 and Table 5.1).
Detection of p52 was primarily in notexin-injured TA and absent from saline-injected
contralateral controls (Figure 5.16). p52 remained pathological across all time points with no

apparent changes in p52 detection between treatment groups.
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Figure 5.16: Processing of p100-p52 in notexin-injured mouse tibialis anterior (TA) skeletal muscle. (A)
Pathological scoring of p100-p52 in notexin-injured mice treated with no antibody (NoAB), a-Fn14 001 (001), or
a-Fn14 001X (001X) using pathological criteria outlined in Table 5.3. (B) Representative blot of p100-p52 western
blot and stain-free image of total protein content. Multiple non-specific bands were detected in addition to the
p100 band above the 95 kDa marker and a p52 band between the 43 and 55 kDa markers (Cell Slgnaling
Technology 4882, expected molecular weight — 100 and 52 kDa). Specific and prominent non-specific bands are
indicated by red arrows. n = 3-4 as indicated by individual data points.
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5.4. Discussion

5.4.1. Notexin Injury Reproducibility is Unreliable
The advanced and prolonged tissue degradation observed in the current study when viewed
in comparison with the published literature indicates a pressing issue in the reproducibility of
notexin injuries. This possibility is discussed at length in Chapter 4 and is reiterated here to
provide context for the limitations on performing quantitative protein analyses in the current
study. Samples of notexin-injured extensor digitorum longus (EDL) mouse muscle provided by
Associate Professor Brad Launikonis (University of Queensland; see Appendix IV) indicated no
lasting biochemical changes at 21 days post-injury, and in combination with the protocols and
time points described in the literature informed the selection of time points in the current
study. It should be noted that the dose administered in the comparative samples described
in Appendix IV was half the dose administered in the current study. Given the TA muscle is
approximately 2-4 times larger than the EDL muscle it is unlikely that this larger muscle is
unable to tolerate a higher dose and as such is not considered to be the sole cause of the
observed discrepancy in injury. Further investigation of batch variability in notexin as well as
adoption of best practice ARRIVE guidelines of animal model reporting in the literature is

needed to resolve this issue (Kilkenny et al., 2010).

5.4.2. Notexin Injury Induces Fn14 Expression
The current study indicates that a localised notexin injury can induce transcriptional and
translational upregulation of Fnl4. This is important to establish given the variability of
muscle injury and regeneration models and provides a basis for targeting Fnl4 in the
pathogenesis of an acute notexin-injury (Hardy et al., 2016). Quantification of protein level

data for the current study was limited by the unexpected severity of total protein
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degradation, as discussed above and in Chapter 4. A band believed to be Fn14 was clearly
detected in notexin-injured samples with apparent temporal regulation, wherein Fn14 peaks
at 7 days post-injury and returns towards baseline as regeneration progresses at day 14.
MRNA measurements provide a more robust quantitative measure of Fn14 regulation in these
samples. In this instance it appears that mRNA and protein do not correlate directly. This is
not unusual given complexities in the transcription, translation, and turnover of these
molecules (Maier et al., 2009). Although a relationship between Fn14 mRNA and protein was
not evident, the specific presence of Fn14 protein only in notexin-injured samples provides
reasonable confidence that upregulation or stabilisation of Fnl4 protein is occurring in

addition to mRNA upregulation.

5.4.3. Fn14 mRNA is Downregulated in Aged Muscle
Fn14 mRNA was also detected in QUAD samples taken from young and old, sedentary or low-
resistance trained mice, however no protein was detected in any group suggesting the
proposed continual turnover of Fn14 protein by autophagy renders its abundance transient,
or that it may be present in amounts below the detection limit in these contexts. In contrast
to prior studies, we showed lower Fn14 mRNA levels in old (24-month old) mice relative to
young (3-month old) controls. Tajrishi et al. (2014a) reported higher Fn14 mRNA from TA
muscle of 18-month old mice relative to 3-month old controls when transcripts were
normalised to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). While we cannot rule
out a difference between 18- and 24-month old mice, which may explain the discrepancy
between studies, it is important to note that normalisation of target mRNA to GAPDH — a
commonly used housekeeping control for both protein and mRNA analyses — may be a flawed
methodology, particularly in aged populations. Wyckelsma et al. (2016) highlight the age and

fibre-type specific differences in GAPDH protein content from human muscle samples. Whole
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muscle homogenates from healthy adults aged 69.4 + 3.5 years contained 30% less GAPDH
than younger counterparts (aged 25.5 + 2.8 years) when normalised to total protein content
(Wyckelsma et al., 2016). When examined as single fibres, type Il (fast-twitch) fibres from
both young and old participants expressed more GAPDH than type | muscle fibre types (slow-
twitch; Wyckelsma et al., 2016). This is particularly relevant when comparing results from
muscles with different fibre-type proportions. The authors concluded that normalisation to
GAPDH may artificially skew findings and total protein or cDNA content should instead be

measured wherever possible.

Ribeiro et al. (2017) also reported higher Fn14 mRNA in soleus muscle from 20-month
old relative to 3-month old control rats. These data were also normalised to GAPDH mRNA
abundance and should be interpreted with caution. The higher Fn14 mRNA in old rat soleus —
a primarily type | muscle — reported by Ribeiro et al. (2017) may in fact reflect an age-
associated loss of type Il fibres — which are known to be more susceptible to atrophy (Lexell,
1995) — and therefore reduced GAPDH (Wyckelsma et al., 2016) artificially elevating

normalised Fn14 mRNA levels.

In addition to normalisation issues, fibre-type specificity of Fn14 mRNA itself should
also be noted when considering discrepancies between studies. Murach et al. (2014) describe
the distribution and inducibility of Fn14 mRNA in gastrocnemius muscle from young cross-
country runners following a tapered running regime and showed that type Il fibres had the
highest degree of inducibility. Trappe et al. (2015) report the same high-level inducibility of
Fn14 mRNA in type Il fibres from an elite sprint runner and concluded that Fn14 played an
important role in muscle growth and remodelling. The specificity of Fn14 upregulation in type

Il fibres indicates that effects of Fn14 modulation are likely to be more physiologically relevant
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in predominantly type Il or mixed fibre muscles. The proposed role of Fn14 as a positive
regulator muscle growth is consistent with the findings presented here, wherein old mice with
reduced mass and hypertrophic potential (Soffe et al., 2016), showed lower Fn14 mRNA

expression.

5.4.4. Notexin-Induced Fnl4 Upregulation is Prolonged and Amplified by a-Fni4
Treatment

Fn14 mRNA was found to be significantly higher in a-Fn14 001X-treated mice at 14 days post-
injury relative to NoAB time-matched controls. Although no statistical analyses could be
performed on Fn14 protein levels, there was persistent Fn14 protein detected in a-Fn14 001X
at 14 days post-injury, whilst NoAB showed no detectable protein at this time point. Together
these findings suggest that stimulation of the Fn14 receptor, which is transiently upregulated
in all notexin-injured muscle, results in a positive feedback loop of ongoing transcriptional

and translational expression of Fn14.

Persistent Fn14 mRNA and protein may be explained by two-fold mechanisms. Protein
turnover rates for Fn14 in Hela cells have been described by Gurunathan et al. (2014) and by
mechanistic computational modelling in Khetan and Barua (2019). Gurunathan et al. (2014)
describe the half-life of unliganded Fn14 protein in Hela cells to be 74 minutes, relatively
short compared to the average protein half-life of 20 hours in that model. This turnover rate
was accelerated by the addition of TWEAK, as the TWEAK-Fn14 complex is internalised and
degraded (Gurunathan et al., 2014). This may explain the lack of Fn14 protein detectable in
saline-treated TA muscle as well as QUAD samples from young and old, sedentary or low-
resistance trained mice, as the constitutive downregulation of both liganded and unliganded

Fn14 maintains baseline levels below detection threshold. It is feasible that the inhibition of
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TWEAK-Fn14 binding by a-Fn14 001X (as described in Chapter 3) and crosslinking of receptors
may help stabilise the Fn14 present on the cell membrane, allowing it to accumulate to a
detectable level. In Khetan and Barua (2019) with computational modelling of TWEAK-Fn14
signalling, they report that both TWEAK-dependent and TWEAK-independent cross-linking of
the Fn14 receptor are able to generate a positive feedback loop to perpetuate Fn14 receptor
expression, and by extension, activation. Both mRNA and protein level data in the current
study support the notion that a-Fn14 001X can crosslink Fnl14 and stimulate a positive
feedback loop of Fn14 upregulation. This has implications not only for development of
potential therapeutic interventions but also provides support for the notion of positive
feedback regulation and how this may contribute to the signalling events associated with

TWEAK-dependent or TWEAK-independent Fn14 stimulation in a range of disease settings.

5.4.5. MyoD is Transcriptionally Upregulated by a-Fn14 Treatment
The myogenic outcomes of the proposed Fnl4 positive feedback loop described above
unfortunately could not be directly ascertained from the current study. The severity of the
injury model rendered the later time points of this study earlier in the regenerative process
than desired, meaning no groups exhibited full recovery. In the absence of histological
evidence of altered recovery, examination of myogenic regulatory factors served as a proxy
of myogenesis given the known temporal regulation of specific myogenic regulatory factors
throughout myogenesis (Chapter 1, Figure 1.1; Zammit, 2017). Higher mRNA levels of
myogenin and Myf5 in a-Fn14 001X-treated mice relative to time-matched NoAB controls at
7 days post-injury suggest an enhancement of muscle differentiation. More strikingly, MyoD
was higher in both a-Fn14 001X, and to a lesser extent a-Fn14 001, relative to time-matched

NoAB at 14 days post-injury. It is possible that the a-Fn14 001 antibody is able to partially
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form multimeric antibodies in vivo and exert similar agonistic effects as a-Fn14 001X (refer to

Chapter 3 for further details).

MyoD plays a broad role in gene expression both during development and in maturity
(Bergstrom et al., 2002), though it is frequently cited as the master regulator of myogenesis
(Wardle, 2019) and has been shown to be indispensable in the shift from proliferation to
differentiation in mouse satellite cells (Yablonka-Reuveni et al., 1999). Further,
overexpression of MyoD in cultured mesoangioblasts taken from human donors with
inclusion body myositis — an ageing-associated muscle wasting disorder characterised by
impaired differentiation — was able to restore myogenic differentiation (Morosetti et al.,
2006). Here, changes in MyoD mRNA were shown to be tightly correlated with changes in
Fn14 mRNA following notexin-injury. Interestingly, no correlations were observed between
Fnl4 mRNA transcripts and MyoD mRNA in QUAD muscle taken from young and old,
sedentary or low-resistance trained mice. This may be due to the lack of detectable Fn14
protein in these samples. It should also be noted that muscle fibre type differences may
contribute given the different muscles utilised in each study, although given that Fn14 was

not detectable in any samples, this would not be influenced by any potential fibre type shift.

The possibility of TWEAK-independent Fnl4 as a positive regulator of myogenesis is not
a novel hypothesis. In addition to the cell and mouse models discussed in the introduction,
high levels of Fn14 mRNA have been correlated with retention of muscle mass in healthy
young men subjected to 21 days of high-altitude and energy-deficient conditions (Pasiakos et
al., 2018). The underlying mechanism of how Fn14 may be protective in these circumstances

is not elucidated, however taken in conjunction with the prior and current evidence, it is likely
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that TWEAK-independent Fn14 is an important regulator of MyoD expression in muscle from

challenged mice or humans.

We propose a model wherein Fnl4 is transiently upregulated by an acute muscle
insult, in this instance notexin-injury. TWEAK-independent stimulation of Fn14, either by an
agonistic a-Fn14 antibody such as 001X or high receptor density, then initiates a positive
feedback loop of Fn14 itself and downstream MyoD. A schematic of this feedback loop is seen

in Figure 5.17.
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Figure 5.17: Proposed positive feedback loop of Fn14 and MyoD. Acute injury results in endogenous
upregulation of the Fnl4 receptor, which can exist as monomeric unliganded Fnl14, or under high density
conditions, may cluster to initiate self-associated signalling. a-Fn14 001 and a-Fnl4 001X are able to bind
multiple Fn14 receptors, indicated as multimeric a-Fn14 bound to Fn14, leading to a downstream upregulation
of both Fn14 itself at the mRNA and protein level, and MyoD at the mRNA levels. Self-associated Fn14 may also
signal via this TWEAK-independent pathway. This perpetuates a positive-feedback loop which may in turn drive
further self-association and TWEAK-independent signalling as well as a myogenic response driven by MyoD.

It is important to note that TWEAK-dependent stimulation of Fn14 has, conversely, been

associated with a blockade of myogenic differentiation via the degradation of MyoD protein
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in C2C12 cells (Dogra et al., 2006). It is possible that when this has been described in previous
studies, the effects were due to the supraphysiological doses of TWEAK that were
administered, being 500 ng/ml, three orders of magnitude higher than reported serum levels
that range 250 — 800 pg/ml, and so that work may not be presenting a physiologically relevant
phenomenon (Blanco-Colio et al., 2007; Kralisch et al., 2008; Maymé-Masip et al., 2013).
Whilst the degradation of MyoD and downstream myogenic differentiation under those
circumstances should be interpreted with caution, it is possible that TWEAK-dependent
degradation of MyoD serves as a protective mechanism to preserve a pool of quiescent
satellite cells, as is the case with calpain-3 mediated degradation of MyoD (Stuelsatz et al.,
2010). It should also be noted that calpain-3 shows prolonged autolytic activation in a-Fn14
001X-treated samples (discussed further in Section 5.4.7) and the possibility of calpain-3
mediated degradation of MyoD protein cannot be ruled out. Instances where TWEAK is
overexpressed, either experimentally or in settings of chronic inflammation, may skew this

potentially protective mechanism towards a pathological inhibition of myogenic progression.

An unfortunate limitation of the current study was the inability to validate an a-MyoD
antibody for use in whole muscle homogenate. This prevented examination of MyoD protein
stability following a-Fn14 001 or a-Fn14 001X treatment and is a valid question for future
research. Should the MyoD mRNA upregulation result in increased MyoD protein expression,
agonistic a-Fn14 antibodies may present a useful therapeutic for diseases such as inclusion
body myositis, where TWEAK and Fn14 are both upregulated but MyoD is deficient (Morosetti

etal., 2012).
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5.4.6. Soluble TWEAK is Expressed in Regenerating Tissue
Both mTWEAK, and it’s furin-cleaved form, sTWEAK (Brown et al., 2010), were detected in
notexin-injured samples. Differential effects of STWEAK and mTWEAK have been described,
with both forms able to activate the non-canonical NFKB pathway but only mTWEAK or an
experimentally oligomerised version of sSTWEAK shown to strongly activate the canonical
NFKB pathway in HT29 (human adenocarcinoma), HT1080 (human fibrosarcoma), and Hela-
TNFR2 cells (Roos et al., 2010). sTWEAK was detected primarily in notexin-injured samples
with only low amounts detected in contralateral saline-injected control muscles. Enwere et
al. (2012) have postulated that the effects of low levels (10 ng/ml) of STWEAK on C2C12
myoblasts preferentially activate the non-canonical NFKB pathway with the outcome of
enhanced myoblast fusion. When taken in conjunction with the observation that Fn14-
inhibition via RNA interference impairs C2C12 myotube formation (Dogra et al., 2007b), it
seems probable that sSTWEAK activation of Fn14 is involved in the development of newly
formed myotubes. Given the presence of sSTWEAK in acutely injured samples and not in the
mature and uninjured samples utilised in the ageing and low-resistance training study, it
appears that this developmental program is recapitulated in regenerating muscle following
acute notexin-injury. Furin, the protease which cleaves mMTWEAK to generate sTWEAK, has
also been shown to be involved in pathological vascular remodelling in cardiac atherosclerosis
in mice (Yakala et al., 2019) lending further support to the role of sTWEAK in tissue

remodelling.

QUAD samples taken from young and old, sedentary or low-resistance trained mice,
which are not acutely injured, had detectable mTWEAK but not sSTWEAK. mTWEAK levels in

these samples were stable with no effects of ageing or low-resistance exercise training,
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leading us to believe skeletal muscle TWEAK levels are not directly involved in age-associated

loss of muscle mass or low-resistance training induced muscle adaptations.

High levels of circulating sSTWEAK have previously been reported in samples from
humans with sarcopenia, which were reduced following lifestyle intervention of whey protein
supplementation and high-resistance training (Li et al., 2019). The authors postulated that in
this model, sSTWEAK was exerting a pro-inflammatory effect. There was no report of the
abundance of muscle TWEAK in that study. The old mice utilised in the current study showed
reduced muscle mass suggesting the animals were sarcopenic, and whilst not measured in
these mice, it is possible that circulating sSTWEAK was also higher than in young mice.
Regardless, the mice did not show an upregulation of intramuscular sSTWEAK suggesting that
if circulating sSTWEAK is elevated it may not infiltrate muscle. Examination of serum and

muscle from sarcopenic and non-sarcopenic individuals may further elucidate this.

5.4.7. Structural Protein Recovery is Delayed by a-Fn14 Antibody Treatment
Whilst examination of H+E stains of notexin-injured samples showed no clear differences
between the degeneration or regeneration of muscle across treatment groups, there is an
apparent alteration in the temporal dynamics of key muscle-specific structural proteins —
namely actin, myosin, and desmin — with delayed recovery of these proteins in a-Fn14 001X-
treated mice at 14 days post-injury. These results are of course qualitative and should be
interpreted with caution, particularly given the small sample size of the treatment groups,
however it may be indicative of a prolonged remodelling response in a-Fn14 001X-treated
mice. This is supported by the prolonged autolysis (activation) of calpain-3 in these mice.
Calpain-3 is a cysteine protease which has been implicated in sarcomere remodelling via

activation of the ubiquitin proteasome (Kramerova et al., 2005). Mutation of the calpain-3
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gene, CAPN3, is a hallmark of Limb Girdle Muscular Dystrophy type 2A (LGMD2A), with
individuals lacking functional calpain-3 showing the most severe phenotype with aberrant
sarcomere regeneration (Hauerslev et al., 2012). As with assessment of myogenic regulatory
factors, due to the severity of the injury model, it is difficult to ascertain whether the net
outcome in this instance is an enhancement of skeletal muscle regeneration. Investigation of
the a-Fn14 001 and a-Fn14 001X antibody in a less aggressive model over a longer time course
is needed to determine myogenic outcomes, however the results presented here suggest
modification of the remodelling response by Fnl14 targeting and it was determined that

repeating the current study with additional mice was not required for this conclusion.

5.4.8. PGC-1a mRNA Was Not Altered by a-Fn14 Antibody Treatment
Given the reported involvement of PGC-la as a downstream target of both TWEAK-
dependent and TWEAK-independent Fnl4 signalling, transcript levels were assessed to
determine potential effects of a-Fn14 001 or a-Fn14 001X on mitochondrial biogenesis in
regenerating tissue. Baseline levels of PGC-1la mRNA were shown to vary considerably in
uninjured TA controls, possibly reflective of the likely higher dependence of this muscle on
glycolytic metabolism given it is predominantly comprised of Type Il glycolytic muscle fibres.
Although notexin-injury initially depleted PGC-1a transcript levels, they recovered to baseline
by 7 days post-injury with all levels remaining within the range of uninjured controls and no
differences detected between treatment groups. Measuring PGC-1a protein is complicated
by the lack of validated antibodies able to measure endogenous PGC-1a in muscle and the
transient nature of mRNA transcripts means a single point-in-time may miss a biologically
relevant change. Assessment of fibre-type in these mice may provide greater insight into the
mitochondrial biogenesis, however prolonged degradation of myosin, discussed above,

renders this unviable in the current study. From the current evidence it appears that neither
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a-Fn14 001 nor a-Fnl4 001X treatment affected mitochondrial biogenesis via PGC-1a

modulation in an acute injury setting.

5.4.9. Inflammation is Prolonged by a-Fn14 Antibody Treatment
Markers of inflammatory cells, specifically macrophages and B-cells, were investigated due to
the known secretion of TWEAK from macrophages (Nakayama et al., 2000) and the detection
of suspected endogenous IgG bands when using a-mouse secondary antibody in western
blotting. Macrophage marker, CD68, was measured in a limited qualitative capacity and did
not show marked changes in response to a-Fn14 antibody treatment, which is consistent with
the lack of altered TWEAK profiles in these samples. The presence of endogenous IgG was,
however, found to be persistent in a-Fn14 001 and a-Fn14 001X-treated notexin-injured TA
at 14 days post-injury, suggesting a prolonged infiltration of B-cells. This effect has previously
been demonstrated as a result of TWEAK-dependent Fn14 activity. TWEAK administration (0.1
ng/ml) was shown to upregulate B-cell maturation and IgG secretion in cultured B-cells
derived from mouse spleen, whilst Fn14 inhibition with an Fnl4-Fc construct attenuated
maturation and secretion in a mouse model of the autoimmune disease, systemic lupus
erythematosus (Min et al., 2016). Autosomal dominant mutations of TWEAK have also been
linked to antibody-deficiency (Wang et al., 2013). Interestingly, B-cells themselves express
high levels of Fn14 (Min et al., 2016) which may contribute to the positive-feedback loop
detected in the current study. Given the activity of a-Fn14 001X is independent of TWEAK
(Chapter 3), with a-Fn14 001 appearing to function similarly in vivo, the current study suggests
that Fn14 may also modulate B-cell development and IgG secretion independent of TWEAK

stimulation.
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5.4.10. Atrogenes Are Not Altered by a-Fn14 Antibody Treatment
Atrogenes, MuRF1 and atroginl were not found to be modified by either a-Fn14 treatment
in notexin-injured TA muscle. Whilst a temporal regulation of these transcripts was observed,
all transcripts were within the range of uninjured controls. Further, even though the range of
biological variability in these controls was large, it was within the variability observed in the
QUAD samples from young sedentary mice investigated, indicating that these atrogenes are

variably expressed at rest.

Modulation of atrogenes, particularly MuRF1, have largely been associated with
TWEAK-dependent Fn14 signalling (Mittal et al., 2010b) and are not always recapitulated in
TWEAK-independent Fn14 models (Tajrishi et al., 2014a). The lack of atrogene involvement in
the current study suggests that the effects of both a-Fn14 001 and a-Fn14 001X are distinct

from those of TWEAK and adds to the evidence presented in Chapter 3.

Both atroginl and MuRF1 were found to be downregulated in QUAD muscle from old
relative to young control mice. This finding was counterintuitive given the role of these
transcription factors in age-associated muscle loss, however a review by Gumucio and
Mendias (2013) highlights inconsistencies in the literature in regards to MuRF1 and atroginl
levels in muscle from old rodents, with some studies reporting increases whilst others report
no change or decreases. MuRF1 mRNA was additionally found to be downregulated in
response to low-resistance training in the current study. Again, the effects of resistance
training on MuRF1 and atroginl gene expression are widely varied in the literature (Gumucio
& Mendias, 2013). The modulation of atrogene gene expressions seen only in old and

chronically trained mice and not in the acutely notexin-injured mice, suggests these genes are
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responsive on a longer timescale and may not play a substantial role in tissue remodelling

following acute muscle injury.

5.4.11. Signalling Pathways
Of the proposed signalling pathways of TWEAK-Fn14 activation — canonical and non-canonical
NFkB, PI3K/Akt, and the JNK, p38, and ERK1/2 arms of MAPK — we were unable to validate
antibodies in these samples, largely due to the profound degradation of total protein in
muscle homogenates (results shown only for NFkB2, the non-canonical arm). Investigation of
downstream signalling pathways of Fn14 activation in a whole muscle setting was severely
limited by both the degradation of total protein and the availability of validated antibodies
for use in whole muscle western blots. We have taken a conservative approach in the
interpretation of signalling pathways from these antibodies in whole muscle; whilst further
detail of the activation profiles of varied Fn14 stimulation is discussed in Chapter 3, it should
be noted that those results taken from a C2C12 model may not be relevant to the in vivo
activity. Further investigation in a less traumatic in vivo model are warranted to delineate the
involvement of each pathway in the modulation of both MyoD and Fn14 itself, however given
the present limitations, it is neither feasible nor meaningful to further pursue investigation of

signalling pathways in the current study.

5.5. Conclusions

Whilst the current study was limited by the unexpected severity of the injury phenotype and
the validation of several antibodies in whole muscle homogenates, we were able to
demonstrate that notexin-injury is capable of inducing Fn14 upregulation at the mRNA and
protein level. This upregulation appears to be stabilised and further upregulated in a positive-

feedback loop (Figure 5.17) by the use of a-Fn14 001 and a-Fn14 001X and may recapitulate
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physiological TWEAK-independent Fn14 signalling (Khetan & Barua, 2019). Whilst the injury
severity prevented full regeneration of the tissue in the timeframe of the current study, MyoD
MRNA was shown to be significantly upregulated and positively correlated with Fn14 mRNA
expression in antibody-treated mice. Whilst these results need further validation in a milder
injury model, they support the notion of Fn14 driving myogenic progression in regenerating
muscle. The current study does indicate a potentially delayed recovery timeline in the a-Fn14
001 and a-Fn14 001X-treated mice, possibly representing a prolonging of the early myogenic
cycle. Whilst there does appear to be a myogenic component of TWEAK-independent Fn14
stimulation, the timing and dose of therapeutic interventions will need refinement.
Investigation of muscle from old and chronically exercised mice showed a reduction of Fn14
mMRNA in muscle from old mice that was not reversed by chronic low-resistance training. Given
the failure of this exercise regime to reverse age-associated loss of muscle mass, the reduced
Fn14 is consistent with reduced myogenic potential. No modulation of either PGC-1a or
atrogenes (atroginl and MuRF1) mRNA was detected in response to these interventions,

further indicating a distinct signalling pathway to TWEAK-dependent Fn14 activity.

To the best of our knowledge, these Fn14 antibodies represent the first instance of an
Fnl14 targeting molecule which opposes the actions of TWEAK whilst retaining agonistic
activity against Fn14. Although previous research has demonstrated the inhibition of these
apparent Fnl4-associated pro-myogenic pathways (Girgenrath et al., 2006; Dogra et al.,

2007b), this is a novel approach to stimulate Fn14 and potentially drive myogenic progression.
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Chapter 6

Changes to Mitochondrial Function and Markers of Autophagy in

Skeletal Muscle of Aged and Chronically Resistance-Trained Mice
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Chapter Summary
The following chapter details changes in the mitochondrial content and function, fibre type,
and autophagic intermediates of old and chronically resistance-trained mice obtained from
Emeritus Professor Miranda Grounds (University of Western Australia) and morphologically
described in Soffe et al. (2016). These changes were initially investigated as a function of
altered TWEAK-Fn14 signalling which was anticipated in old and exercised skeletal muscle.
Alterations of Fn14 and TWEAK, as described in Chapter 5, were not found to correlate with
changes described in this chapter. Statistical analyses detailing these tests can be found in
Appendix V. For this reason, no further investigation was performed on the interaction of the
TWEAK-Fn14 axis with mitochondrial function or autophagic intermediates in the context of
ageing and resistance training. The changes that were detected in these animals are instead
described here as a function of resistance training as a positive intervention in skeletal muscle

dynapenia — the loss of muscle function associated with ageing.
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6.1. Introduction

Sarcopenia and dynapenia are defined as age-related declines in muscle mass and function,
respectively, which are not a secondary result of a concurrent disease or disability
(Brzeszczynska et al., 2017). The biochemical mechanisms underlying sarcopenia and
dynapenia are not well-defined and are likely multifactorial and modified by a number of
environmental factors, including activity level. Reduction in mitochondrial content and
dynamics is one phenomenon that has been frequently associated with age-related muscle
declines (Joseph et al., 2012; Peterson et al., 2012a), although this may be dependent on the
fitness level of aged individuals as a decline is not always evident, at least in humans

(Wyckelsma et al., 2017).

Skeletal muscle mitochondrial content refers to the total pool of mitochondria and is
closely linked with muscle fibre type (Pette & Spamer, 1986). Slow twitch — also classified as
Type | fibres — primarily utilise oxidative metabolic pathways and have a high mitochondrial
content (Pette & Spamer, 1986). Fast twitch fibres — further classified as Type lIA, 1IB, or lIX
fibres — rely on both oxidative and/ or glycolytic metabolic pathways (Pette & Spamer, 1986).
Fibre type composition is responsive to various triggers, such as age, activity level, and
training status and as such is considered dynamic over prolonged periods of weeks to years

(Qaisar et al., 2016).

A key player in fibre type switching is peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1a) (Lin et al., 2002). As mentioned in previous chapters,
PGC-1a is a major driver of mitochondrial biogenesis and a promoter of fast to slow type fibre
switching (Lin et al., 2002). Previous reviews have concluded that ageing has been associated

with reductions in mitochondrial content in both rodent and human skeletal muscle (Peterson
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et al., 2012b), however there is considerable disagreement in the literature which may be
explained at least in part by the widely varied methodologies that have been implemented.
The precise role of PGC-1a in the context of sedentary or active ageing is still poorly defined.
This is likely due to the difficulty in validating antibodies for a-PGC-1a and measuring
endogenous levels of PGC-1a protein levels in muscle. Reduced PGC-1a protein has been
reported in muscle from sedentary aged humans (Safdar et al., 2010; Joseph et al., 2012),
however a direct comparison of vastus lateralis muscle from young (18-30 years) and aged
(59-76 years) sedentary humans showed no change in PGC-1a protein abundance (Lanza et
al., 2008). Given the increased susceptibility of fast twitch fibres to atrophy (Ciciliot et al.,
2013), reductions in PGC-1a — and thus reductions in the relative content of slow-twitch
muscle fibres — may present a risk factor for muscle wasting. In a cross-over study, Lanza et
al. (2008) went on to describe a higher abundance of PGC-la protein in age-matched
endurance-trained adults in both young and aged population, albeit with a more pronounced
difference in muscle from young adults. These findings indicate that sedentary behaviour may
have a largerimpact on PGC-1a protein abundance than age. A concise review of the potential
implications of PGC-1a alteration in sarcopenia is provided in Ji and Kang (2015), who
concluded that aged individuals may still benefit from physical activity to drive mitochondrial
biogenesis via PGC-1a. It must be noted, however, that endogenous measures of PGC-1a
protein in muscle are notoriously difficult and must be interpreted with caution. Given these
limitations and that PGC-1a is under transcriptional control (Knutti et al., 2001), assessment

of mMRNA may provide good insight into PGC-1a in the context of ageing and exercise.

Maintenance of a healthy mitochondrial pool underpins mitochondrial function and
occurs via the process of fusion and fission, collectively known as mitochondrial dynamics

(Chen & Chan, 2004). Fusion refers to the merging of mitochondria to exchange contents and
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compensate for damaged mitochondrial proteins, whilst fission allows division of a
mitochondrion with a specific outcome being segregation of damaged components for reuse

via fusion or disposal via mitophagy (Figure 6.1) (Chen & Chan, 2004).

FISSION FUSION

s 25T
X_ i

@ DRP1

@ MID49
@ OPA-1
@ MFN-2

Figure 6.1: Mitochondrial fission and fusion. Fusion refers to the merging of mitochondria to form single larger
organelles. The outer membrane fusion is mediated by MFN-2 and the inner membrane by OPA-1 (Koshiba et al.,
2004, Chan, 2006). Fission refers to the splitting of mitochondria, primarily to remove damaged components for
downstream mitophagy. The process is mediated by DRP-1 which is recruited by a host of proteins including
MiD49 (Palmer et al., 2011) (figure created with BioRender.com).

Mitochondrial fusion is orchestrated by several dynamin-like GTPase proteins. Mitofusin-2
(MFN-2) is the predominant mitofusin protein expressed in skeletal muscle, which facilitates
the fusion of the mitochondrial outer membrane (Koshiba et al., 2004). Fusion of the inner
membrane is in turn facilitated by optic atrophy-1 (OPA-1) (Chan, 2006). Mitochondrial

dynamics proteins, MiD49 and MiD51, have been identified as recruiting proteins which

136



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

facilitate the fission of mitochondria by dynamin-related protein 1 (DRP1) (Palmer et al.,

2011).

It has been previously reported that MFN-2 is downregulated in muscle from aged
rodents and may indicate a reduced ability to maintain a healthy mitochondrial pool
(Sebastian et al., 2016). Human studies have demonstrated the opposite effect whereby a
greater abundance of both MFN-2 and MiD49 in whole skeletal muscle homogenates from
active older adults was reported, which interestingly decreased in response to 12 weeks of
high intensity interval training (HIIT) (Wyckelsma et al., 2017). HIIT was also shown to enhance
mitochondrial content in active older adults as measured by mitochondrial markers,
cytochrome c¢ oxidase subunit IV (COXIV) and NADH dehydrogenase [ubiquinone] 1 a
subcomplex subunit 9 (NDUFA9), as well as Blue Native PAGE analysis of the individual
complexes (Wyckelsma et al., 2017). Together these findings suggest overall mitochondrial
function may be improved with exercise training in aged humans. The authors interpreted
these results to indicate that a compensatory mechanism of upregulating mitochondrial
dynamics to maintain a healthy mitochondria pool is present in active but untrained older
adults (Wyckelsma et al., 2017). In addition to these markers of mitochondrial content, the
enzymatic activity of citrate synthase — regulating a key step in the citric acid cycle — can be
assayed to help determine the overall mitochondrial content and oxidative capacity of
muscle. Mice subjected to voluntary resistance wheel running initiated at 15 months of age
for 34 weeks were shown to have greater citrate synthase activity relative to their sedentary

counterparts (White et al., 2016).

Another factor to consider when discussing mitochondrial content and turnover in

skeletal muscle is the role of autophagy and mitophagy. Autophagy, or ‘self-eating’, is the
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system by which damaged and degraded proteins and organelles are broken down and their
components recycled, thus protecting the cell against harmful accumulation of damaged
proteins and preserving energy and nutrients (Glick et al., 2010). Mitophagy specifically refers

to the autophagy of mitochondria (Ashrafi & Schwarz, 2013).

Assembly of the autophagosome is an initial step in autophagy and is a tightly
regulated process controlled by numerous regulatory and binding proteins and results in a
vesicle forming around targeted proteins (Glick et al., 2010). AMP-activated protein kinase
(AMPK) serves as a primary energy-sensing molecule detecting when a cell is undergoing
periods of stress including starvation or hypoxia and is implicated in formation of
autophagosome (Herzig & Shaw, 2018). AMPK phosphorylates Unc-51-like kinase (ULK), a key
regulatory protein in autophagosome assembly that has been described as a requisite step in
autophagosome formation (Lee et al., 2010; Egan et al., 2011). Acute, intense exercise,
sufficient to utilise ATP stores at a greater rate than they can be repleted and thus elevating
levels of AMP, is able to activate AMPK (Hardie & Carling, 1997). This exercise-induced
response has been shown to be blunted in extensor digitorum longus (EDL) muscle from aged

rats indicating an impairment of this energy-sensing system (Reznick et al., 2007).

Autophagy is often assessed by measuring the conversion of LC3BI to LC3BII
(Mizushima & Yoshimori, 2007). LC3B (microtubule-associated protein light chain 3) is
proteolytically cleaved by Atg4 to LC3BI, which is then further processed by Atg7 to produce
LC3BIlI which assists in autophagosome formation (Maruyama & Noda, 2018). Measuring
LC3BIl accumulation is complicated by the fact that it too is degraded by autophagy and is not
a measure of autophagic flux (Mizushima & Yoshimori, 2007). Measurement of the

accumulation of p62 — a substrate of LC3BII — in addition to LC3BII itself provides a more
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concise measure of autophagic flux, or alternatively, in animal studies, the use of lysosomal
protease inhibitors can be used in conjunction with LC3B and p62 measurements to more
accurately assess autophagy flux (Mizushima & Yoshimori, 2007). It should be noted that
inhibitors are not without their limitations. Some inhibitors, such as leupeptin, work by
inhibiting proteases including calpains and it is therefore difficult to be certain what effects

they have on autophagy alone or with other cellular processes (Yang et al., 2013).

The mixed effects of ageing and exercise on autophagic flux are briefly reviewed in
Kim et al. (2017). Whilst some studies indicate an accumulation of LC3BIl and p62 in sedentary
29 month old rats (Baehr et al., 2016), others indicate no change in these measures in skeletal
muscle from humans aged 7815 years (Distefano et al., 2017) or in mice aged 23 months
(White et al., 2016). Compared to a group of aged-matched in 18-20 month old Sprague-
Dawley rats, late-life chronic resistance exercise intervention in the form of nine weeks of
weight-loaded ladder climbing was shown to both have lower loss of muscle mass as well as
lower LC3BII:LC3BI ratios and p62 accumulation (Luo et al., 2013). These findings again
suggest that sedentary behaviour, as opposed to ageing solely, may be a greater risk factor

for defective autophagy and possibly autophagic flux.

The link between exercise and maintaining, or even restoring, mitochondrial content
and function during ageing is not new. Holloszy (1967) first described the use of a strenuous
forced treadmill running program to enhance mitochondrial content and enzymatic activity
in 9-month old rats, and later showed a similar effect in 24-month old rats using a forced
swimming regime (Young et al., 1983). Ongoing work in this field is comprehensively reviewed
in Kim et al. (2017) and indicates that whilst exercise is commonly accepted as an important

factor in healthy ageing, the exact mechanisms and more practically, the sufficient

139



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

prescription of type, intensity, and duration require further investigation. The individuals who
stand to benefit the most from these kinds of exercise interventions often have a history of
sedentary behaviour, exhibit reduced muscle mass, and have reduced propensity or tolerance
for exercise. For these reasons, understanding the threshold of exercise required to induce

positive adaptations is essential.

The current study aims to determine whether a late-life intervention of voluntary
resistance wheel running in C57BL/6 mice, previously described in Soffe et al. (2016) as
insufficient to restore muscle mass, is sufficient to independently restore or preserve

mitochondrial content, function, and dynamics and autophagic intermediates.

6.2. Methods

6.2.1. Animals
All experiments were conducted in accordance with the National Health and Medical
Research Council, Australia and approved by the Animal Ethics Committee of University of
Western Australia. Samples for the current study were provided by Emer. Professor Miranda
Grounds and Dr Zoe White with full experimental and morphological information published
in Soffe et al. (2016). Young (13 weeks) and old (105 weeks) C57BL/6 mice were housed in
either standard cages (sedentary controls — YOUNG SED n =9, OLD SED n = 9) or voluntary
access resistance running wheels under a progressive low resistance training (low resistance
(LR) group — YOUNG LR n = 7, OLD LR n = 7) or progressive high resistance training (high
resistance (HR) group — YOUNG HR n = 7) program for 10 weeks. Quadriceps (QUAD) muscles

were collected and stored whole at -80°C.
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6.2.2. Western Blotting
Whole muscle homogenates were prepared from frozen QUAD samples and subjected to SDS-
PAGE as per Chapter 2, Section 2.4. Full details of antibodies used can be found in Appendix
[ll. Mitochondrial abundance was determined using COXIV (Cell Signaling Technology 4844),
fusion and fission were assessed with OPA-1 (BD Biosciences), MFN-2 (generated by Prof.
Mike Ryan — Monash University), and MiD49 (Prof. Mike Ryan). Autophagy was assessed using
LC3BI and LC3BII (Sigma L7543), p62 (Abcam 56416), pAcetyl-CoA (Cell Signaling Technology
3661), Acetyl-CoA (Cell Signaling Technology 3676), AMPKa (Cell Signaling Technology 2532),
and ULK (Abcam 128859). A muscle calibration mix was created by combining equal volumes
of homogenates from each sample and used to run the same calibration curve on all

subsequent gels. Normalised homogenates and muscle calibration mix were stored at -80°C.

6.2.3. Fibre Type Composition
Muscle fibre type composition was assessed using a method previously described (Xu et al.,

2017) and detailed in Chapter 2, Section 2.5.

6.2.4. qPCR
gPCR was performed as per protocol described in Chapter 2, Section 2.6. Full primer details
are found in Appendix Ill. Results were analysed using the 2 method normalised to the total
cDNA content as determined by OliGreen ssDNA assay. This method means that a
housekeeping gene is not required, because the absolute amount of single stranded cDNA

used in each assay was known.

6.2.5. Citrate Synthase Activity Assay
Citrate synthase activity was assayed in whole muscle homogenates. Cryosections from QUAD

muscle were collected as described in Chapter 2 and placed directly in 200 ul relaxing buffer
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(see Chapter 2, Section 2.2.1.). Homogenates (equivalent to ~ 0.5 mg wet weight tissue) were
added to 200 pl final volume citrate synthase activity assay solution (100 mM Tris-HClI,
100 uM 5,5'-dithiobis-2-nitrobenzoic acid (DTNB), 30 uM Acetyl CoA lithium salt, 500 uM
oxaloacetic acid, pH 8.3) in Corning® 96-well flat bottomed clear plates (Sigma-Aldrich,
Australia). Absorbance at 412 nm was measured every 15 seconds for 3 minutes and reagents

only samples used as a baseline.

Given that reliable muscle weight could not be determined from cryosections, it was
necessary to determine mass used via total protein measurement against a calibration curve
of known muscle mass. Total protein was measured by adding 2:1 v:v SDS loading buffer (see
Chapter 2, Section 2.2.1) to homogenates and run on a 4-15% Criterion TGX Stain-Free gel
alongside a calibration curve with known amounts of whole muscle homogenate with UV

images analysed in Imagelab.

Citrate synthase activity was calculated with the following formula.

. " _. _.
Units _ AAbs X min where £ = 136 mM tem?t
mg e XL(cm)xmg tissue

6.2.6. Statistical Analyses and Graphs
Results are presented as mean * standard deviation unless stated otherwise. Effects of age
and LR exercise were analysed using two-way ANOVA; effects of LR and HR in young mice
were assessed using a one-way ANOVA as HR training was not performed on old mice. This
statistical approach is in line with previously published methodologies for this cohort of
animals (Soffe et al., 2016) Significance was declared at p < 0.05. All statistical tests were
performed using Prism v8 (GraphPad). Individual mice are consistently colour-coded across

separate graphs.
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6.3. Results

6.3.1. Running Activity Levels
Data from pooled weekly running distances for each exercise cohort showed decreased
voluntary exercise capacity in old LR animals relative to young LR and a reduction in running
distance for all groups as the study progressed (Figure 6.2A). Young HR animals also showed
reduced running distance compared to young LR. The area under the curve (AUC) was
calculated for individual mice in the young and old LR cohorts with young mice running further

than their old counterparts (unpaired t-test p = 0.0093; Figure 6.2B).
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Figure 6.2: Voluntary running activity levels. (A) Average weekly distance (km) for each training intervention
throughout the time course of the study (figure adapted from Soffe et al. (2016)). Older low-resistance training
mice ran consistently shorter distances than young low-resistance mice. All groups ran shorter distances as the
study progressed and resistance increased. Young high-resistance mice ran comparable distances to young low-
resistance mice but demonstrated steeper drop-off rate in average distance as the study progressed.(B) Area
under curve of individual mouse cumulative running distance from young and old low-resistance-trained mice
(data adapted from Soffe et al. (2016)). Old mice ran significantly less than younger counterparts (unpaired t-
test, p = 0.0093).
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6.3.2. Body Weight and Muscle Mass
Body weight and QUAD muscle mass were each measured and expressed relative to the
length of the tibia bone to account for age and biological variability in animal size (Figure 6.3).
Normalised body weight (Figure 6.3A) was not altered in old mice relative to younger
counterparts; LR exercise resulted in a reduction in body weight at both ages (two-way
ANOVA activity effect, p = 0.0014). HR training resulted in greater reductions in body mass in
young mice (one-way ANOVA linear trend, slope =-2.093, p <0.0001). Normalised QUAD mass
(Figure 6.3B) showed an overall reduction in muscle mass in old mice (two-way ANOVA age
effect, p < 0.0001) which was not reversed by LR exercise. Young mice showed a linear
increase in muscle mass in response to LR and HR training (one-way ANOVA linear trend, slope

=9.17, p = 0.0044).
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Figure 6.3: Body weight and quadriceps muscle mass. (A) Body weight normalised to tibia bone length (figure
adapted from Soffe et al. (2016)). Body weight was reduced in low-resistance-trained mice relative to sedentary
controls (two-way ANOVA activity effect, p = 0.0014). Body weight reduction was enhanced in high-resistance-
trained young mice (one-way ANOVA test for linear trend, slope = -2.093, p < 0.0001). (B) Quadriceps muscle
mass normalised to tibia bone length was reduced in old mice (two-way ANOVA age effect, p < 0.0001). An overall
effect of low-resistance training was detected, however no post-hoc changes were detected in old sedentary vs.
old low-resistance muscle mass. A linear trend in young mice relative to increasing resistance level was detected
(one-way ANOVA test for linear trend, slope = 9.171, p = 0.0044).
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6.3.3. Mitochondrial Content and Activity
Mitochondrial content was assessed by analysing the relative abundance of COXIV protein in
QUAD muscle (Figure 6.4). Two-way ANOVA showed both young and old mice had increased
COXIV abundance in LR groups relative to SED (p = 0.0052). This effect was more pronounced
in response to higher resistance training, with young HR significantly higher than young SED
(p = 0.028), and a linear trend detected between young SED, LR, and HR animals (slope =
0.237, p = 0.011). Citrate synthase activity as a measure of overall mitochondrial content was
unchanged in young LR and HR animals relative to age-matched SED controls, with no linear
trend detected (Figure 6.4). An overall effect of LR exercise was, however, observed in young
and old animals, with citrate synthase increased in LR-trained mice (Figure 6.4). Ageing

showed no overall effect on citrate synthase activity.
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Figure 6.4: Mitochondrial protein content and activity. (A) Representative blot of COXIV western blot and stain-
free image of total protein content. A single band was detected just below 17 kDa (Cell Signaling Technology
4844, expected molecular weight — 17 kDa). (B) COXIV protein normalised to total protein content. An overall
effect of low-resistance (LR) training was seen relative to sedentary (S) controls (two-way ANOVA activity effect,
p =0.0052); this effect was enhanced in young high-resistance (HR)-trained mice (one-way ANOVA test for linear
trend, slope = 0.2365, p = 0.011). (C). Citrate synthase activity showed an overall increase following LR training
(two-way ANOVA activity effect, p = 0.029) but no effect of ageing or HR training in young mice (one-way ANOVA,
p = 0.476).

Correlations were performed between citrate synthase activity and either cumulative running
distance or COXIV protein abundance for both young and old LR mice (Figure 6.5). Significant
correlation was only detected between citrate synthase activity and cumulative running

distance for old mice (Pearson r>=0.848, p = 0.0032).
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Figure 6.5: Citrate synthase activity correlations. Citrate synthase activity correlation with cumulative running
distance in young (A) and old (B) low-resistance (LR)-trained mice. Significant positive correlation was seen only
in old mice (Pearson r’ = 0.8484, p = 0.0032). Citrate synthase activity correlation with COXIV protein abundance
in young (C) and old (D) mice showed no significant correlations.

6.3.4. Fibre Type
QUAD muscle from all groups was found to be predominantly type IIB, with a shift towards
the more oxidative IIA/IIX phenotype in response to resistance exercise (Figure 6.6). Types IIA
and lIX showed poor resolution and were grouped together for analyses. Type | fibres were

below detection limits. Young mice showed a more oxidative phenotype (more IIA/IIX fibres)
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following resistance training (one-way ANOVA with Tukey’s multiple comparisons young SED
v young LR p =0.0010, young SED v young HR p < 0.0001), with a linear trend (slope -7.533, p
< 0.0001 for type IIB fibre content) corresponding to higher resistance. No effects of ageing
were detected by two-way ANOVA, however an overall effect of LR exercise was seen across

both age groups (p < 0.0001).
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Figure 6.6: Fibre type distribution. Fibre type was assessed using Coomassie gel staining of individual MHC
isoforms. Representative blot positive control sample demonstrates achievable resolution; type | was below
detection limits in these quadriceps samples and types IIA and IIX were not able to be fully resolved. No overall
changes in fibre type distribution were detected between age groups. Low-resistance (LR) training produced an
overall shift towards type IIA/X relative to sedentary (SED) controls (two-way ANOVA activity effect, p < 0.0001).
A linear trend was detected in young mice relative to resistance level (HR = high-resistance; one-way ANOVA test
for linear trend, slope = -7.533, p < 0.0001 for type lIB fibre content).
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Transcript levels of PGC-1a were assessed by gPCR and expressed relative to the mean of
young sedentary controls (Figure 6.7). Considerable biological variability was detected in
young LR mice that was not seen in other groups. An overall reduction was detected in old
mice (two-way ANOVA activity effect, p = 0.0091) that was not prevented or reversed by LR

training.
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Figure 6.7: PGC-1a mRNA. PGC-1a was assessed by qPCR. An overall reduction in old mice was detected (two-
way ANOVA age effect, p = 0.0091), however no effects of exercise were detected in any group. Young low-
resistance-trained mice showed considerable biological variability relative to other groups.

6.3.5. Mitochondrial Dynamics
Mitochondrial fission protein, MiD49, was found to be higher in young LR animals relative to
age-matched SED controls (p = 0.035; Figure 6.8A, B). Interestingly, this was not the case in
young HR mice, with no changes detected between young SED and young HR. Young LR mice
also had higher abundance MiD49 than age-matched HR training animals (p = 0.024). No

linear trend was detected in young animals in response to increasing resistance training. No
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effects of ageing were detected, however an overall greater response to LR training was

detected in both age groups (two-way ANOVA activity effect, p = 0.0066; Figure 6.8A, B).

Mitochondrial fusion marker, OPA-1, showed a linear increase in response to
resistance exercise in young mice (slope = 0.243, p = 0.031; Figure 6.8C, D). OPA-1 was lower
in old animals (two-way ANOVA age effect, p =0.0138), however LR training resulted in higher
OPA-1 in both young and old mice (two-way ANOVA activity effect, p = 0.0042). MFN-2

showed no effects of ageing or exercise across all groups and resistance levels (Figure 6.8E, F).
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Figure 6.8: Mitochondrial fission and fusion. Representative western blots and stain-free gel images of total
protein content for MiD49 (A), OPA-1 (C), and MFN-2 (E). A specific band for MiD49 was detected below 55 kDa
(top band of representative blot, antibody generated by Prof. Mike Ryan — Monash University, expected
molecular weight — 49 kDa). Doublet bands were detected for OPA-1 at ~95 kDa (BD Biosciences, expected
molecular weight — 111 kDa). A single band just below 95 kDa was detected for MFN-2 (antibody generated by
Prof. Mike Ryan, expected molecular weight — 86 kDa). (B) MiD49 showed an overall increase following low-
resistance (LR) training relative to sedentary (S) controls (two-way ANOVA activity effect, p = 0.0066) that was
not enhanced by high-resistance (HR) training in young mice. (D) OPA-1 was decreased in old mice (two-way
ANOVA age effect, p = 0.0042) but increased following LR training (two-way ANOVA activity effect, p = 0.014). A
linear trend was detected relative to increasing resistance levels in young mice (one-way ANOVA test for linear
trend, slope = 0.02432, p = 0.031). (F) No overall effects were detected in MFN-2 due to ageing or exercise.
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6.3.6. Autophagy

The total AMPKa and ULK proteins were measured as a general marker of autophagosome
assembly (Figure 6.9). No effects of ageing and either LR or HR training were present for total

AMPKa and ULK proteins.
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Figure 6.9: AMPKa and ULK. Representative western blots for AMPKa (A) and ULK (C) with stain-free gel image
of total protein. AMPKa specific band was detected below 72 kDa (Cell Signaling Technology 2532, expected
molecular weight — 6 3kDa). Single band for ULK was detected above 130 kDa (Abcam 128859, expected
molecular weight — 150 kDa. No effects of ageing or exercise were detected in AMPKa (B) or ULK (D).
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Phosphorylation of AMPKa and ULK were not quantified as these antibodies did not produce
consistent validated bands. A proxy of AMPKa and ULK activity was measured in the form on
Acetyl-CoA phosphorylation (Figure 6.10). Normalised pAcetyl-CoA to total Acetyl-CoA was
not altered due to ageing or training status (Figure 6.10A), however absolute measurement
of pAcetyl-CoA relative to total protein (Figure 6.10B, C) was reduced in old mice (two-way
ANOVA age effect, p = 0.011). Total Acetyl-CoA relative to total protein (Figure 6.10D, E) was
trending lower in old mice but did not reach significance (two-way ANOVA age effect, p =

0.056).
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Figure 6.10: Phosphorylation of Acetyl-CoA. Representative western blots of pAcetyl-CoA (B) and Acetyl-CoA (D)
with stain-free images of total protein content. A single band was detected above 180 kDa for both pAcetyl-CoA
(Cell Signaling Technology 3661, expected molecular weight — 280 kDa) and Acetyl-CoA (Cell Signaling
Technology 3676, expected molecular weight — 280 kDa). Whilst no overall changes were detected in pAcetyl-
CoA/Acetyl CoA (A), absolute levels of pAcetyl-CoA (C) were reduced in old mice (two-way ANOVA age effect, p =
0.011). Absolute Acetyl-CoA (E) was approaching, but did not reach, significant reduction in old mice (two-way
ANOVA age effect, p = 0.0560).
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Processing of LC3BI to LC3BIl as measured by both LC3BII:LCBI ratio and total LC3BIl were
higher in old animals (two-way ANOVA age effect, p = 0.014; Figure 6.11). No effects of

exercise were detected across age groups and resistance level.
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Figure 6.11: LC3B conversion. Representative western blot of LC3B (B) with stain-free images of total protein.
LC3BI and LC3BIl isoforms were detected as a doublet at ~17 kDa (Sigma L7543, expected molecular weight — 14
and 16 kDa). Conversion of LC3BI to LC3BIl was measured as both a ratio of LC3BII:LC3BI (A) and absolute LC3BII
(D). Both ratio and absolute measures showed an increase in old mice (two-way ANOVA age effect, p =0.014 and
0.013 respectively). (C) LC3BI remained stable across age and exercise interventions.
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Two forms of p62 were detected — a full length band at ~62 kDa and a shorter isoform at ~48
kDa. Accumulation of full length p62 showed no overall effects of age or exercise (Figure
6.12A, C). The suspected cleaved p62 product (Figure 6.12A, C) was significantly higher in old
mice (two-way ANOVA age effect, p = 0.0022). A downward trend in cleaved p62 was
observed in response to increased levels of resistance training in young mice only (one-way

ANOVA test for linear trend, slope = -0.47, p = 0.0013).
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Figure 6.12: p62 accumulation and cleavage. Representative western blot of p62 (A) with stain-free images of
total protein; representative blots taken from two separate blots due to later processing of young HR samples. A
double band for p62 was detected above and below 55 kDa (Abcam 56416, expected molecular weight — 62 kDa,
proposed cleavage product — 48 kDa (Sanchez-Garrido et al., 2018; Zhao et al., 2020)). No age or exercise effects
were detected in full length p62 accumulation (B), however cleaved p62 (C) was significantly upregulated in old
mice (two-way ANOVA age effect, p = 0.0022). A downward trend was also detected in cleaved p62 in young
mice in response to increasing resistance level training (one-way ANOVA test for linear trend, slope = -0.47, p =
0.0013).
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6.4. Discussion

6.4.1. Mitochondrial content and activity are not reduced in old mice
Mitochondrial content and activity as measured in the current study showed no differences
in old mice relative to their younger counterparts. These results are congruent with the
measured fibre-type proportions of the QUAD muscle, with predominantly type IIB in both
young and old sedentary mice with comparable shifts towards faster IIA/X following low-
resistance training. Our findings are largely consistent with the previous literature which
posits that when young and old cohorts are matched for activity levels, apparent age-induced

effects are negated (Lanza et al., 2008).

PGC-1a is notoriously difficult to reliably and accurately quantify at both the gene and
protein level given its transient nature, lack of validated antibodies, and varying normalisation
methods (discussed further in Section 6.4.2). In addition to this, claims regarding the role of
PGC-1q, particularly in ageing, are further confused by the wide citation of a since-retracted
paper. Wenz et al. (2009) reported a protective effect of PGC-1a overexpression in ageing
which has since been retracted (National Academy of Science, 2016), but it’s inclusion in
widely cited reviews mean that this assertion is still prevalent in the literature. PGC-1a data

is presented here for completeness and with acknowlegement of these limitations.

PGC-1a transcript levels were lower in old compared with young mice in the current
study. This trend was not reversed by low-resistance training, and overall did not reflect a
change in muscle fibre type distribution or mitochondrial content. These results are
somewhat unexpected but are not entirely at odds with previous literature. A review by
Peterson et al. (2012a) indicates that whilst PGC-1a is a key driver of mitochondrial

biogenesis, it is not always linked with a change in fibre type composition. Implications of
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reduced PGC-1a in the old cohort in the wider context of this study are not clear, however
higher mitochondrial content in the absence of greater PGC-1la may indicate changes in

mitochondrial turnover and stability, a possibility that is discussed at length below.

6.4.2. Old mice are metabolically responsive to low-resistance training
Old mice in the current study exhibited a reduced propensity for exercise and blunted
hypertrophic response to chronic low-resistance training. Soffe et al. (2016) detailed the
running habits of each cohort and noted both young exercise groups exhibited two running
peaks throughout the night, whereas older mice showed only an initial activity peak and then
ceased activity. The reasons for this distinct exercise pattern are not clear but it was suggested
this is reflective of an overall reduced endurance capacity or blunted testosterone response,
both of which are important considerations when prescribing exercise to aged humans.
Despite this, these mice exhibited comparable metabolic adaptations to low-resistance
training as their younger, more active counterparts. Extrapolation from younger high-
resistance-trained mice suggests that resistance level is a key determinant in the higher COXIV
content and fibre-type shifting. Citrate synthase instead shows a plateau, and in old mice
correlates with volume rather than resistance level of training. Lack of correlation between
cumulative running distance and citrate synthase activity in young mice may be explained by
increased propensity for running in the younger cohort resulting in a plateau of citrate

synthase adaptation.

A higher potential for mitochondrial fission in low-resistance-trained mice was
indicated by upregulation of fission marker, MiD49, and suggests an enhanced turnover rate
of damaged mitochondrial components. It is unclear whether this indicates an increase in

mitochondrial damage necessitating higher turnover, or simply a more efficient machinery
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with no overall increase in damage. This trend was not continued in high-resistance exercise,
with comparable levels of MiD49 detected in sedentary and high-resistance-trained young
mice. Wyckelsma et al. (2017) previously postulated that higher MiD49 in active older humans
relative to younger counterparts was a compensatory mechanism in response to a less
healthy aged mitochondrial pool, although that was seen along with an increase in MFN-2
also which was not the case in the current study. The subsequent decreased MiD49 following
HIIT training of those active but untrained aged adults reported by Wyckelsma et al. (2017)
may explain the high-resistance results shown in the current study. That is, a sufficiently high
intensity exercise protocol may improve the overall health of the mitochondrial pool and

reduce the need for fission and subsequent mitophagy.

Mitochondrial fusion proteins, MFN-2 and OPA-1, showed differential changes in the
current study. No overall changes were detected in MFN-2 as a result of ageing or exercise.
This finding is in contrast with previous studies of MFN-2 in aged mouse muscle. Sebastian et
al. (2016) reported a lower MFN-2 in skeletal muscle of 22-month-old sedentary mice
compared with muscle taken from 6-month-old controls. Studies of muscle biopsies taken
from elderly sedentary humans have however shown no changes in MFN-2 protein compared
with muscle from younger counterparts (Joseph et al.,, 2012). One potential source of
variation is the normalisation of prior measurements to the housekeeping protein, tubulin.
Murphy and Lamb (2013) have previously raised concerns regarding the usage of apparently
stable proteins which may in fact be altered with ageing or other confounding factors.
Variability between model organisms and the target organism, as well as between similar
model organisms, indicate the need to interpret and extrapolate independent results

cautiously.
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OPA-1 showed an overall lower content in old mice which was responsive to both low-
and high-resistance training. It must be noted that OPA-1 is involved in distinct pathways
other than mitochondrial fusion and the likelihood of these changes reflecting a true increase
in fusion must be interrogated. A review of acute and chronic exercise interventions of varying
intensity in both rodent and human subjects show no instance of increased OPA-1 in the
absence of changes in MFN-2 (Trewin et al., 2018). Further, Song et al. (2009) demonstrated
that mitochondrial fusion is a sequential and distinct process wherein MFN-2 mediated fusion
of the outer mitochondrial membrane precedes OPA-1 mediated fusion of the inner
membrane. Changes in both MFN-2 and OPA-1 are more frequently reported in studies
involving high-intensity exercise in both rodents and humans (Trewin et al., 2018); it is
plausible that the voluntary exercise utilised in the current study is below the intensity
threshold to upregulate fusion. Taken in conjunction with the lack of changes detected in
MFN-2, we suggest that OPA-1 variation in the current study is reflective of a distinct function
outside of mitochondrial fusion. Frezza et al. (2006) describe a fusion-independent function
of OPA-1 in the remodelling of mitochondrial cristae, which confers protection against
apoptotic disassembly. Lower abundance of OPA-1 described in sedentary, but not active,
aged humans have been correlated with muscle mass (Tezze et al., 2017). It is possible that
the lower OPA-1 we detected in old mice, and the subsequent higher content in low-
resistance-trained mice, are reflective of changes in the fusion-independent remodelling of
cristae. Whilst our intervention was not sufficient to restore muscle mass, the increased OPA-
1 may indicate a shift towards a less atrophy-susceptible muscle phenotype in old mice and

warrants further investigation.

Reduced susceptibility to atrophy is also supported by a reduction in the proportion

of type IIB fibres. Fast and slow fibre types are differentially preserved, with fast fibres more
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susceptible to wasting in most forms of muscle atrophy; the proposed underlying mechanisms
of this are succinctly reviewed in Ciciliot et al. (2013). A shift towards slower muscle
phenotypes in old active mice is an indication that old mice maintain their muscle plasticity,
albeit without inducing anabolic remodelling. The lower abundance of faster fibre types may

be beneficial in preserving muscle mass over a longer time course.

The changes in mitochondrial content, function, and turnover described here, whilst
modest, provide an encouraging perspective on exercise interventions in ageing. Although
previous studies have demonstrated similar responses in old rodents, the exercise
interventions utilised have often relied on strenuous, exhaustive exercise (Young et al., 1983)
or were initiated prior to the onset of sarcopenia (White et al., 2016). The ability for
sarcopenic muscle to adapt to moderate levels of low intensity exercise provides a valid

translational option for interventions in older, sedentary humans.

6.4.3. Mitochondrial content and activity are lower in sedentary mice
Changes observed due to LR and HR training in the current study are arguably best framed as
changes observed due to sedentary behaviour. Both young and old sedentary mice in the
current study exhibited lower COXIV protein abundance, citrate synthase activity, and faster
fibre type distributions. Whilst it is encouraging to note that old mice maintain plasticity in
their ability to adapt to low-resistance training, the key risk factor observed for impaired
mitochondrial content and function is a sedentary lifestyle (Booth et al., 2012; Whitham &
Febbraio, 2016). The implications for this are two-fold. The work presented here adds support
to the body of evidence that sedentary behaviour is a major risk factor for metabolic disease
in all individuals, but particularly in the more vulnerable cohort of sarcopenic older adults. In

addition to this, the dysregulation of mitochondrial content and activity observed in
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sedentary young mice raise issues with the current standard housing option for experimental
animals. Using sedentary mice as a baseline control, particularly when investigating muscle
mass and metabolism, is overlooking the pathological dysregulation present in this model. Xu
et al. (2018) additionally detail perturbations to calcium-handling and glycogen metabolism

in sedentary rats versus rats housed with voluntary access running wheels.

Biological variability in the uptake of voluntary running was observed in this study and
previous voluntary running models (Xu et al., 2018). Whilst having to account for this
confounding factor adds a level of complexity in study design, using a housing model which
enables mice to partake in their natural running behaviours will likely have benefits in
establishing a healthier metabolic baseline. Additionally, the conditions routinely imposed on
experimental rodents are known to induce stress, with broad physiological implications which
can be at least partially mediated by allowing rodents a perception of control over their
environment (Gaskill & Garner, 2017). Enriching their environment with voluntary-access
running wheels is thus an important ethical consideration which may also reduce confounding
variables. It should be noted that exercised mice are often housed individually for data
collection purposes, however this too poses behavioural changes and ethical concerns;
markers of depression are evident in individually housed female mice (Martin & Brown, 2010)
and male mice preference social contact over environmental enrichment, including nesting
materials (Van Loo et al., 2004). Experimental design should be adjusted to take these

considerations into account.

6.4.4. Autophagy is altered in old mice
Compared to young, non-exercised mice, total AMPK and ULK were not different in old or

exercised mice in the current study. The activation of each of these kinases was not directly
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measured due to an inability to confidently validate antibodies for the phosphorylated form
of each protein. Phosphorylation of Acetyl-CoA, a substrate of AMPK, was measured instead,
as an indirect measure of AMPK activation. Whilst no overall changes were detected in the
ratio of pAcetyl-CoA to total Acetyl-CoA across groups, there was significantly less pAcetyl-
CoA relative to total protein in old mice. Total Acetyl-CoA relative to total protein was likewise
approaching to be significantly less in old mice. Acetyl-CoA has been proposed as a master
regulator of autophagy, with depletion of cytosolic Acetyl-CoA associated with induction of
autophagy (Marifio et al., 2014). The subcellular localisation of Acetyl-CoA was not measured
in the current study but may provide further insight into the outcomes associated with

reduced Acetyl-CoA and pAcetyl-CoA in old mice.

Both LC3BII:I ratio and total LC3BII relative to total protein were reduced in old mice.
Measurements of LC3B as a marker of autophagic flux are notoriously difficult in models
lacking adequate inhibitors, as was the case in the current retrospective study. Mizushima
and Yoshimori (2007) provide a succinct review of the limitations and best practice for
interpreting LC3B data in such a situation. Whilst it cannot be ascertained whether the
increased LC3BIl detected is due to an increase in autophagy or a block in the subsequent
degradation of LC3BII itself, it can be said that there is an alteration of autophagic flux due to
ageing. The accumulation of p62, a substrate of LC3B, occurs when there is suppression of
autophagy and can be used to more accurately assess flux (Bjorkoy et al., 2009). Two distinct
isoforms of p62 were detected in the current study — both a full-length variant at ~62 kDa as
expected, as well as a shorter isoform at ~48 kDa. This shorter p62 product has been described
previously as a cleavage product following caspase-8 activation (Sanchez-Garrido et al., 2018;
Zhao et al., 2020). Sanchez-Garrido et al. (2018) proposed that this cleaved form of p62 serves

a differential function to full-length p62 in a human-donor derived skin fibroblasts cell model;
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cleaved p62 was shown to enhance the ability of leucine-availability to stimulate cellular
growth via the mTORC pathway. Whilst no overall changes were observed in full length p62
in old mice relative to young controls, the shorter isoform was significantly increased in
muscle from old mice. It is unclear from the current study whether this indicates an
accumulation of p62 due to defective autophagic flux or if it serves an ulterior purpose, such
as an upregulation of the metabolic-sensing function described by Sanchez-Garrido et al.
(2018). Interestingly, the mTORC pathway has been paradoxically implicated as a driver of
sarcopenia in ageing rats (Joseph et al., 2019); it is possible that accumulation of this cleaved
p62 product may represent one mechanism by which mTORC is pathologically active in old

rodents.

6.4.5. Lowe-resistance training is not sufficient to correct autophagy changes in old mice
Whilst the voluntary low-resistance training utilised in the current study was able to generate
detectable changes in proteins related to mitochondrial content, function, and dynamics, it
was unable to reverse the age-associated perturbations detected in autophagic
intermediates. Although it is optimistic to observe preservation of mitochondrial plasticity in
old mice, it is true that most of the baseline defects could be attributed to sedentary
behaviour rather than an inherent mitochondrial dysfunction present in old mice. This was
not the case with autophagic flux changes which were associated primarily with ageing. It is
possible that a more intense or prolonged intervention is necessary to prevent or counteract
these changes. White et al. (2016) describe such a study, wherein C57BL/6 mice were subject
to voluntary resistance wheel exercise from the age of 15 months (approximate middle-age)
and sustained for 34 weeks. Unlike the current study, these old mice showed preservation of
muscle mass in the hindlegs. Autophagy was shown to be increased in that intervention as

indicated by increased LC3BII:LC3BI ratios following exercise with no associated increase in
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p62 accumulation (White et al., 2016). Direct comparison between that and the current study
are however complicated by slight variation in the assessment of these autophagic flux
markers, e.g. soluble LC3B vs. total LC3B. Given the already complex and indirect nature of
these measurements, we are hesitant to directly compare these autophagic flux changes,
however given the hypertrophic response it is likely that this intervention that occurred at the

earlier age has more widespread outcomes.

Although potential changes in autophagosome assembly and autophagic flux are
evident in old mice, they do not appear to be strongly impacted by low-resistance training.
Limitations of the current study design make it difficult to ascertain whether these changes
are due to autophagic upregulation or impaired degradation of autophagic substrates
(Mizushima & Yoshimori, 2007). A downward trend of p62 accumulation in younger mice in
response to increased resistance levels suggests that higher resistance training may be

necessary to counteract the age-associated changes seen in the current study.

6.5. Conclusions

Overall, the current study demonstrates that low-resistance exercise training initiated late in
life following a history of sedentary behaviour is sufficient to induce adaptations in
mitochondrial content, and fibre type, but not on markers of autophagy. These changes occur
independently of muscle hypertrophy, which is blunted in old mice relative to their younger
counterparts. Encouragingly, the changes observed in low-resistance-trained old mice are
present despite a reduced capacity or willingness to partake in voluntary low-resistance
training relative to young mice. This work highlights the necessity of adequate housing to
enable experimental mice to partake in voluntary exercise, as current standards model

pathological sedentary behaviour. Most importantly, this work has positive implications for
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the efficacy of moderate exercise interventions in older sedentary humans, whom often have

reduced exercise tolerance.
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Chapter 7

Concluding Remarks and Future Directions
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This thesis aimed to explore the role of TWEAK-Fn14 signalling in both acute and chronic
damaged skeletal muscle. Chapter 3 showed the successful generation of a crosslinked a-
Fn14 antibody which was characterised in vitro to act as an agonistic activator of Fn14
independently of TWEAK stimulation, a novel finding for Fn14 antibodies. A major limitation
in characterising the activity profile of a-Fn14 001X was the inability to validate antibodies
against substrates of the NFkB pathway. Whilst this information would provide meaningful
mechanistic insight into TWEAK-Fn14 signalling, the information which can be derived from
in vitro characterisation is inherently limited in its translation to in vivo models, or more
importantly, humans. Characterisation of signalling substrates associated with TWEAK-Fn14
would be best explored in in vivo models that were not as severely degraded as the ones

obtained in the current thesis research.

Despite limitations in characterising the signalling pathway substrates, downstream
utilisation of a-Fn14 001X, and to a lesser extent, a-Fn14 001, in the acute notexin-injury
model served to demonstrate the positive-feedback regulation of Fn14 and a relationship
with the master regulator of myogenesis, MyoD, as described in Chapter 5. Although the
severity of the injury model examined precluded further conclusions on the ability of this
antibody to alter the recovery timeline following notexin-injury, changes in MyoD expression
and several muscle-specific structural proteins were sufficient to indicate that Fn14 is active
in the skeletal muscle remodelling pathway following acute injury. This conclusion is in line
with previous work on Fn14 in skeletal muscle remodelling (Raue et al., 2012; Raue et al.,

2015; Pasiakos et al., 2018).

The severity of the injury model itself raised important ethical and reproducibility

guestions regarding the use of animal injury models (Chapter 4). A simple PubMed search
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shows that when compared to other myotoxic agents such as barium chloride or cardiotoxin,
publications featuring notexin usage have tapered off in the last few years. The reasons for
this are not clear from the literature but may be in part due to unpredictability in the injury
model causing notexin to fall out of favour. Further work is warranted in this area to elucidate
the precise cause of the unexpected adverse results and inform the selection of injury models
in future research, as well as reconcile previous results obtained from varying models.
Particular attention should be paid to the anaesthesia and analgesia utilised. Information on
the use of anaesthesia and analgesia in animal models is currently limited by shortcomings in
the reporting of methods used in animal research which often omit this crucial information.
The findings in Chapter 6 also highlight the harmful impacts of sedentary behaviour which is
frequently inadvertently modelled in experimental animals and argues for provisions for more

suitable and natural housing, including access to voluntary exercise and social enrichment.

Examination of TWEAK and Fnl14 in muscle taken from old and chronically low-
resistance trained mice provided insight into the role of this pathway in aging-associated
muscle atrophy. In the current study, no significant correlations were observed between
either TWEAK or Fn14 and the muscle mass of the mice. We concluded that TWEAK-Fn14 was
unlikely to play a major role in the loss of muscle mass in these animals and that TWEAK-Fn14
were not responsive to low-resistance exercise intervention. Chapter 6 therefore shifted
focus and instead was an exploration of mitochondrial content and dynamics, as well as
autophagy, as functions of aging and exercise intervention. Encouragingly, low-resistance
exercise initiated late in life was shown to induce adaptations in fibre type, mitochondrial
content, and mitochondrial dynamics similar to those observed in their younger and more
active counterparts. Although independent of TWEAK-Fn14, this finding is relevant to the

current thesis as a means of understanding how skeletal muscle remodelling occurs in chronic
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atrophy, in this instance, aging. It also highlights the pathological outcomes of chronic
sedentary behaviour which are likely to play a major role in what is often perceived or
interpreted as aging-associated changes. Despite exhibiting adaptations in fibre type and
mitochondria, old mice showed age-associated changes in autophagy markers which were
not impacted by low-resistance exercise training. These findings are an important step
towards optimising exercise prescription as intervention for aged and chronically sedentary
humans. Future work should incorporate functional testing of muscle to determine how

impactful these adaptations are.

Overall, this thesis demonstrated a role of Fn14 signalling in the remodelling of
skeletal muscle following acute muscle injury. TWEAK and Fn14 were not determined to be
major drivers of chronic aging-associated muscular atrophy in the context of this study,
however the work shown here highlights sustained adaptability of aged skeletal muscle in
response to low intensity interventions which may be missed when assessing muscle mass
alone. The novel antibody intervention described in this thesis is capable of activating Fn14
independently of TWEAK. Whilst further work is needed to optimise this antibody and fully
characterise the downstream myogenic outcomes, it provides valuable insight into the
regulatory mechanisms of Fn14 in vivo, namely a positive feedback loop which may drive

expression of key myogenic regulatory factors.
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COVID-19 Impact Statement
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This appendix details interruptions to working conditions in Melbourne, Victoria during the
COVID-19 pandemic and acknowledges gaps in the thesis that resulted from restricted access

to the laboratory during this time.

Stage 3 restrictions (stay at home orders, only four reasons to leave home including
exercise, essential work or study, caregiving, and shopping for necessities) was imposed in
Melbourne from 237 March — 1%t June and again from 9t July. | was granted limited access to
the lab facilities starting 5™ August, however this coincided with introduction of stage 4
restrictions (stay at home orders with 8pm-5am curfew and reduction in essential worker
classifications) due to a second wave of infections in Melbourne with a proposed expiry date
of 13t September, this stage of restrictions has since been extended to 28™ September. At
this time, it was decided that my return to the lab was classed as ‘not essential’ according to

Department of Health and Human Services guidelines.

The gaps identified in this thesis represent incomplete data that could not be pursued
further in a timely manner. Appendix Il includes these preliminary findings which are absent
from Chapter 3 and Chapter 5. These data are incomplete and under normal circumstances
would warrant further exploration. It is presented here cautiously to illustrate the direction
that was intended for this research. Whilst this data would present a more complete picture,
we do not believe that the absence alters the overall findings of this thesis and does not justify

a return to lab facilities during the COVID-19 pandemic.
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Appendix Il

Preliminary Data
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Appendix Summary
This appendix outlines incomplete experiments or omitted data that could not feasibly be
pursued in the current restrictions resulting from COVID-19 in Melbourne, Victoria (Appendix
I). The data shown here is not suitable for inclusion in the main thesis but is presented here

for context and completeness.

181



TWEAK-Fn14 in Skeletal Muscle Remodelling Amy Pascoe

Il.a. Introduction

These preliminary experiments attempt to characterise the distinct NFkB signalling pathways
in C2C12 myotubes treated with sTWEAK, a-Fn14 001, or the a-Fn14 001X mimetic (a-Fn14
001 plus Protein G), shown here in a western blot where n = 1. The data set of C2C12 cells
differentiated with 500 ng of sTWEAK was not included on the initial blot due to space
limitations and could not be repeated due to lab access restrictions. Whilst these data may
provide a more complete picture of the activity of TWEAK-Fn14 signalling, it is unlikely to alter
the outcomes observed in vivo in Chapter 5. It should also be noted that C2C12 myotubes and
other in vitro skeletal muscle models are heterogenic in their transcriptomic and metabolic
profiles (Abdelmoez et al., 2020). For this reason, the insights provided would be at best an

approximation and were determined not worth pursuing further at this time.

Also presented here is cell count data for C2C12 proliferation experiments from
Chapter 3. These data represent an n of 1 and, as above, is inherently limited in its translation
to in vivo models but is included for context and completeness. The cell count data could not
be included in its current form in the main body of the thesis and is shown here as

supplementary to the differentiation data presented in Chapter 3.

Finally, the lack of positive control on the representative blot of Fn14 protein in old
and chronically exercised muscle (Chapter 5, Figure 5.3B) is acknowledged as an omission that

could not be repeated due to restricted lab access.
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11.b. Methods

Il.b.i. €2C12 Proliferation Cell Count
For proliferation assay, 1.5 x 10° cells were seeded in six-well tissue culture plates and
cultured at 37°C under 5% CO; in DMEM containing 1% penicillin-streptomycin and 10% FBS
and either 1 ug/ml 001, 1 pg/ml 001 plus 1 pg/ml Protein-G (ThermoFisher), 1 ng/ml sTWEAK,
100 ng/ml sTWEAK, or 500 ng/ml sTWEAK. Cells were harvested and cell numbers counted to

measure proliferation rate at 24, 48, and 72 hours.

Proliferation was assessed using live and total cell count from each time point described
in Chapter 3. Cell count was determined using a TC20 Automated Cell Counter (BioRad) with
Trypan Blue stain. Live cell percentage was verified by visual inspection under light
microscopy. Representative images of plated cells at each time point were also captured by

light microscopy prior to harvesting (Figure 11.1).

I.b.ii. NFkB Activation in C2C12 Cells
Involvement of non-canonical NFkB was assessed by western blotting of total p100-p52
relative to total protein in C2C12 homogenates described in Chapter 3. Activation of non-
canonical NFkB was assessed by measuring conversion of p100 to p52. Canonical NFkB was
assessed using p105/p50 in proliferating C2C12 homogenates described in Chapter 3. Lab
access restrictions prevented assessment of p105/p50 in differentiating C2C12 homogenates,
however given the limited translatability of C2C12-derived data to mouse models, and
further, to humans, we determined that this data would be desirable however not essential

(discussed further in Appendix Il).
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Il.c. Results

ll.c.i. Proliferation Assay
Semi-quantitative assessment of C2C12 proliferation cultured with varying concentrations of
sTWEAK and/or a-Fn14 001 or a-Fnl4 001X mimetic (a-Fnl14 001 plus Protein G) was
performed by light microscopy and automated cell counting with Trypan Blue (Figure 11.1). All
conditions showed time-dependent increases in cell density with 72h microscopy showing a
mixture of proliferating myoblasts, apoptotic cells, and immature myotubes. A modest
increase in proliferation was observed in a-Fn14 001 and a-Fn14 001 plus Protein G treated

cultures.
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Figure I1.1: Proliferation of C2C12 myotubes treated with a-Fn14 or soluble TWEAK (sTWEAK). Light microscopy
images of myoblast proliferation in a-Fn14 (A) and sTWEAK (B) treated cell cultures. 24-hour images show scarce
myoblasts whilst 72-hour cultures show densely packed myoblasts with immature myotubes beginning to form.
72-hour cultures in all conditions show non-adherent cells. (C) Cell count of total cells in cultures across time
points for indicated treatments (001 = a-Fn14 001; TW = TWEAK) at indicated concentrations. (D) Live cell counts
as determined by Trypan Blue stain. Scale bar 450 um.
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Il.c.ii. NFKB Activation in C2C12 Model Cells
Involvement and activation of the non-canonical NFkB pathway was assessed by measuring
both total p100-p52 relative to total protein as well as p100 conversion to p52 (Figure 11.2 and

Figure 11.3). Due to these experiments representing an n of 1, no statistical analyses have been

performed.

In proliferating cells, a general trend of total p100-p52 decreasing in a time-dependent
manner was detected. Total p100-p52 was highest in proliferating cells treated with 500 ng
sTWEAK at all time points which did not decrease with incubation time. The conversion of
p100 to p52 was likewise seen to decrease in a time-dependent manner with prolonged

processing again seen in the 500 ng sSTWEAK condition.
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Figure 11.2: p100-p52 in proliferation C2C12 myoblasts treated with soluble TWEAK (sTWEAK) and a-Fnl4
antibodies. (A) Total p100-p52 expressed relative to total protein abundance. (B) Percentage of total p100-p52
converted to p52. (C) Representative blot of p100-p52 and Stain-Free UV image of total protein content. p100
was detected above below 130 kDa and p52 subunit was detected below the 55 kDa marker (CST 4882, expected
molecular weight = 120 kDa and 52 kDa respectively). 001 = a-Fn14 001, 001X = a-Fn14 001X, TW = TWEAK, G =
Protein G.
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Differentiating cells showed a lower baseline of p100 to p52 conversion in media-only

treated cells. A similar trend of increased total p100-p52 and increased p100 to p52

conversion was again seen in 100 ng sTWEAK cells. 500 ng sSTWEAK treated differentiating

cells were omitted from this blot
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Figure 11.3: p100-p52 in differentiating C2C12 myoblasts treated with soluble TWEAK (sTWEAK) and a-Fn14
antibodies. (A) Total p100-p52 expressed relative to total protein abundance. (B) Percentage of total p100-p52
converted to p52. (C) Representative blot of p100-p52 and Stain-Free UV image of total protein content. p100
was detected above below 130 kDa and p52 subunit was detected below the 55 kDa marker (CST 4882, expected
molecular weight = 120 kDa and 52 kDa respectively). 001 = a-Fn14 001, 001X = a-Fn14 001X, TW = TWEAK, G =

Protein G.
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II.d. Discussion

ll.d.i. sTWEAK and a-Fn14 Treatments Do Not Prevent Proliferation
These cell count data, though limited by lack of repetition, suggest that the ability of C2C12
myoblasts to proliferate is not impaired by the addition of either sSTWEAK of a-Fnl4
antibodies. This is relevant in establishing the pro- or anti-myogenic outcomes of these
molecules endogenously or in the downstream in vivo treatment of mice. It cannot, however,
be determined from this work whether these molecules have an enhancing effect on the
proliferation rate of myotubes, as has often been asserted of exogenous TWEAK treatments

on various tissues in the literature (Jakubowski et al., 2005; Chen et al., 2012; Zhu et al., 2017).

Il.d.ii. Supraphysiological Dose sSTWEAK Strongly Activates Non-Canonical NFkB
Whilst no antibody tested in this study could consistently detect the canonical NFkB
substrates, p105-p50, the non-canonical substrate, p100-p52 was able to be detected and
measured in C2C12 lysates. The involvement of p100-p52 signalling appears to be greater in
differentiated cells, as is expected given the apparent role of non-canonical NFkB signalling in

muscle homeostasis and mitochondrial biogenesis in mature muscle (Bakkar et al., 2008).

Supraphysiological doses of sSTWEAK, frequently utilised in the literature when assessing
the outcomes of TWEAK-Fn14 activation, were able to strongly activate the non-canonical
NFkB arm. It should be noted that the delineation of canonical and non-canonical is not as
straightforward as once postulated, with involvement of typically canonical and non-
canonical substrates reported in both arms of NFkB signalling (Shih et al., 2011). Additional
data on typically canonical substrates, p105-p50, may further elucidate detrimental effects of

these treatments on myogenesis given the inhibition of differentiation associated with this
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pathway (Straughn et al., 2018). However, the value of pursuing the direct substrates to

determine pathway involvement is limited without more robust mechanistic models.

What these data doe suggest is that TWEAK-dependent activation of NFkB, whether it be
canonical or non-canonical, is robust when using supraphysiological doses of sSTWEAK ( > 100
ng/ml) when compared to the more physiologically relevant dose of 1 ng/ml (Pascoe et al.,
2020). This further highlights the need to critically assess the methodology of previous

characterisation of TWEAK-Fn14 signalling when considering the physiological translation.

Il.d.iii. a-Fn14 001 and a-Fn14 001X May Activate Fn14 Independently of sTWEAK
The data shown here, supplementary to that shown in Chapter 3, primarily aimed to illustrate
that a-Fn14 001X is able to act as an agonistic antibody which can activate Fn14 signalling in
the absence of TWEAK. The NFkB activation data here is a preliminary attempt to measure
this substrate activation as a following experiment to the reporter HEK293T NFkB-GFP cells
shown in Chapter 3. Although this was not fully achieved, the activation profile in C2C12 cells
of both a-Fn14 001 and a-Fn14 001X appears similar to that of physiological levels of sSTWEAK
(1 ng/ml). Unlike the data generated from the reporter cells, where a-Fn14 001 behaved in a
more inhibitory manner, both a-Fn14 001 and a-Fn14 001X show a similar profile in these
preliminary experiments. This further suggests that a-Fnl4 001 may naturally form
multimeric antibodies in vivo which mimic the actions of a-Fn14 001X. These data, in
combination with the data presented in Chapter 3, formed sufficient basis to proceed with in

vivo use of this antibody as an agonist Fn14 antibody.
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Appendix Il

Antibodies and Primers
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Appendix Summary
The following appendix includes a table of primers and antibodies utilised in this thesis.
Troubleshooting efforts undertaken to improve the quality of muscle homogenates used in
western blotting are outlined as well as detailing validation work on MyoD and TWEAK

antibodies.
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[ll.a.Antibody details
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Table IIl.1: Antibody details. Full details of primary antibodies used for western blotting. CST, Cell Signaling
Technologies; HRP, horse-radish peroxidase.

Protein Product ID Dilution Secondary
Actin Sigma A2066 1:300
Fnl4 CST 4403
Provided by Mike Ryan
MFN-2 o
(Monash University) 1:500
) Provided by Mike Ryan
MiD49 o
(Monash University) Goat a-Rabbit
pAcetyl-CoA CST 3661 HRP-conjugated
Acetyl-CoA CST 3676 (PIE31460,
AMPKa CST 2532 ThermoFisher)
CD68 Abcam 125212 1in 20,000
1:1000
COXIv CST 4844
LC3B Sigma L7543
p100/p52 CST 4882
ULK Abcam 128859
TWEAK Abcam 37170 1:2000
N Novocastra NCL - 100 Goat a-Mouse intact
alpain- : .
p CALP?-12A2 HRP-conjugated
(ab97023,
Novocastra NCL-L-DES- i
Desmin 1500 ThermoFisher)
DERII .
1in 20,000
Myosin MF-20 DSHB 1:26 Goat a-Mouse
- HRP-conjugated
OPA-1 BD Biosciences 612606
1:1000 (PIE31430,
ThermoFisher)
p62 Abcam 56416
1in 20,000
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Table 1l.2: Primer sequences: Primer sequence details used for qPCR. Primer Bank ID cited where applicable

(Spandidos et al., 2010)

Target Primer Sequence Source
Forward CGACCTGCCTGTGTGCTTAC (Kweon, Lee et
Atroginl
Reverse CTTGCGAATCTGCCTCTCTG al., 2019)
Forward AGAAGATGCCGCCGGAGAGAA
mFn14 designed by
Reverse ATGAATGGACGACGAGTGGGC Amelia Johnston
Forward AGAGGGCTCTCCTTTGTATCC
MRF4 6678984al
Reverse CTGCTTTCCGACGATCTGTGG
Forward | AGCTGAGTAACTGCATCTCCATGC
MuRF1 (Nagarajan et al.,
Reverse TTCTCGTCCAGGATGGCGTA 2019)
Forward AAGGCTCCTGTATCCCCTCAC
Myf5
Reverse | TGACCTTCTTCAGGCGTCTAC 6678982al
Forward CCACTCCGGGACATAGACTTG
MyoD
Reverse | AAAAGCGCAGGTCTGGTGAG 6996932al
Forward | GAGACATCCCCCTATTTCTACCA
Myogenin
Reverse GCTCAGTCCGCTCATAGCC 136542472l
Forward | TATGGAGTGACATAGAGTGTGCT
PGC-1a
Reverse CCACTTCAATCCACCCAGAAAG 238018130c1
Forward GTGTTGGGATTCGGCTTGGT
TWEAK 7305059al
Reverse GTCCATGCACTTGTCGAGGTC
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[ll.c. Optimisation of muscle homogenates

Initial western blotting showed extensive streaking of samples when viewed on UV Stain-free
gel image with poor resolution of distinctive skeletal muscle homogenate bands (Figure
[11.1A). Removal of excessive OCT mounting media from frozen whole muscle samples and
preparation of new homogenates vastly improved the appearance of UV Stain-free gels and
eventual western blot images. After removal of excess OCT, several notexin-injured samples
remained streaky on UV Stain-free gel image suggesting a widespread degradation of proteins

which could not be improved with optimisation (Figure I1l.1B).
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Figure Ill.1: Optimisation of whole muscle homogenates used for western blotting. (A) Before and after removal
of OCT cutting media. (B) Whole muscle homogenates with excess OCT removed, notexin-injured samples showed
streaking and loss of distinct protein banding after optimisation (highlighted in red boxes).
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lll.d.  Unsuccessful MyoD validation

MyoD is a 34 kDa protein. Several MyoD antibodies were tested on a panel of skeletal muscle
samples comprising human pre- and post-acute resistance exercise, mdx dystrophic mice at
28, or 70 days age, and 28-day old wild type mice. The only antibody which produced
detectable bands was CST 138212 (Figure Ill.2). The band detected was at approximately 43
kDa and closely followed the appearance of the dense band on the stain-free total protein
gel. This band is likely largely comprised of actin and is frequently detected as a non-specific

band in our hands. For this reason we were unable to quantify MyoD at the protein level.

Day 3 | Day 7 | Day 14
M NoAB| 001 | 001X | NoAB| 001 | 001X | NoAB | 001 | 001X
Notexin - + - + - + - 4+ - 4+ - + - 4+ - 4+ - 4

43 kDa a-MyoD

Figure lll.2: Representative blot and stain-free UV image of Cell Signaling Technology 13812 a-MyoD antibody
validation. A single band was detected at ~43 kDa in mouse tibialis anterior (TA) muscle treated with notexin or
saline injection and either no antibody (NoAB), a-Fni4 001, or a-Fni4 001X at 3, 7, and 14 days post-injury
(expected molecular weight = 34 kDa). Band was observed to mirror the size and appearance of the characteristic
dense band apparent at ~43 kDa, comprised largely of actin protein, in whole skeletal muscle homogenates.
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lll.Le. TWEAK antibody validation

Successful validation of a TWEAK antibody was achieved and detailed below. Following this
validation, both mTWEAK and sTWEAK were identifiable by western blot. Figure IIl.3 is
representative of an initial western blot performed on notexin and saline injected TA muscle
homogenates and probed for TWEAK (Abcam 37170, 1:2000 in 1% BSA/PBST + 0.2% sodium
azide). Multiple bands were detected at approximately 26, 34, 55, and 130 kDa. Bands at 34-
and 130 kDa were detected primarily in notexin-injured samples 3 days post-injury and are
suspected to be multimeric TWEAK or non-specific binding associated with early
inflammatory response. Band at 55 kDa was apparent primarily in saline controls and
returned to notexin-injured TA late in the recovery timeline. It is possible that this band is
indicative of non-specific binding to a protein, or proteins, which were degraded in the initial
notexin injury. Expected molecular weight for TWEAK is 26 kDa for full-length membrane
bound TWEAK (mTWEAK) and 18 kDa for cleaved soluble TWEAK (sTWEAK) (Chicheportiche

et al., 1997).
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Day 3 | Day 7 | Day 14 | calibration
Noab| 001 | 001X | noab | 001 |O001X | noab | 001 | 001X | | 1 2 4 8 16
Notexin -+ - + - 4+ - 4+ - + - 4+ - 4+ - + i

130 |
95
72

55
43

34
26

17

—— - - — ——— — - w G

Figure I11.3: Full western blot of TWEAK (Abcam 37170) in notexin-injured tibialis anterior (TA) mouse muscle.
Multiple bands were detected at 26, 34, 55, and 130 kDa. Expected molecular weight for TWEAK is 18 and 26
kDa (soluble and membrane bound forms, respectively). 34, 55, and 130 kDa bands were selected as potential
multimers for further investigation.
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In order to better visualise potential bands at 26 and 18 kDa (the expected molecular
weights for mTWEAK and sTWEAK respectively), membranes were cut between 34 and 43
kDa and imaged separately (Figure Ill.4). When imaged separately, an additional band was
detected at ~18 kDa predominantly in notexin-injured samples and this was deemed to be

STWEAK.

34kDa
26kDa

17kDa

Figure 111.4: Western blot of TWEAK (Abcam 37170) below 43 kDa in notexin-injured tibialis anterior (TA)
mouse muscle. When probed and imaged separately, an additional band at 18 kDa was detected that appeared
primarily in notexin-injured TA.
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To confirm the identity of the above western blot results as either genuine multimeric
forms of TWEAK or non-specific binding, bands were excised from a 4-15% criterion TGX gel.
Samples were run in duplicate with one half of the gel processed for mass spectrometry by
the La Trobe University Comprehensive Proteomics Platform and the duplicate samples
processed as a confirmatory western blot. Western blot of the excised bands and their
corresponding molecular weight is shown in Figure 1ll.5. Results from mass spectrometry
identified numerous muscle-specific proteins but failed to identify TWEAK (TNFSF12 Mus
musculus NCBI Gene ID: 21944). It was determined that the overall abundance of TWEAK in
whole muscle homogenate was below the detection limits of mass spectrometry and as such
it was decided to proceed only with western blot validation.
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Figure 1ll.5: Western blot of suspected TWEAK bands excised for mass spectrometry. Bands of interest to be
excised and analysed by western blot are indicated in red.
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Further validation was performed using samples provided by Dr Stefan Wette (La
Trobe University). Figure IIl.6 shows the lower portion of western blot performed on C57BL/6
mouse skeletal muscle and liver homogenates. A prominent band at 26 kDa is observed in the
skeletal muscle sample, believed the be mTWEAK, whilst a band at 18 kDa believed to be
sTWEAK is the predominant isoform in liver. Furin, the enzyme responsible for the conversion
of mMTWEAK to sTWEAK (Brown et al., 2010) is abundant in the liver (Dubois et al., 2001). This

provides support to these two bands representing mTWEAK and sTWEAK.

M Liver | Muscle
34kDa
26kDa |+ mTWEAK

17kDa sTWEAK

Total Protein
n (Stain-free Gel)
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Figure 111.6: TWEAK (abcam 37170) validation in mouse liver and skeletal muscle homogenates. Representative
western blot and stain-free UV image of total protein. 26 kDa band believed to be mTWEAK was detected strongly
in skeletal muscle homogenate, 18 kDa band believed to be sTWEAK was the predominant isoform in liver.
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Finally, fractionation of the mouse whole muscle homogenate into its soluble and
insoluble components (fractionation performed by Dr Stefan Wette, technique described
previously in Wette et al. (2017)). Figure I1l.7 shows bands indicative of mMTWEAK and sTWEAK
at 26 and 18 kDa, respectively in whole muscle (W). Insoluble fraction (I) shows the vast
majority of the 26 kDa band, as is expected of mMTWEAK whilst the 18 kDa band is present only
in the soluble (S) fraction. Notably this fractionation is not completely clean with some
MTWEAK detected in the soluble portion, however this in conjunction with the other
validation data provides reasonable confidence to go forward with this antibody when

characterising TWEAK.

M
34kDa

26kDa mTWEAK
17kDa sTWEAK

Figure I11.7: TWEAK (abcam 37170) antibody testing in fractionated mouse skeletal muscle. W = whole muscle
homogenate with multiple bands detected including both 26 kda (nTWEAK) and 18 kDA (sTWEAK), | = insoluble
portion shows primarily 26 kDa band, S = soluble portion shows some residual 26 kDa band as well as the 18 kDa
STWEAK band.
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Appendix IV

Validation of Injury Timeline
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Appendix Summary
The following appendix details the selection of notexin injury timeline points using samples
provided by Dr Brad Launikonis (University of Queensland) and the validation of injury
regenerative markers using barium chloride (BaCly) injured samples provided by Dr Chris van

der Poel (La Trobe University) and Dr Alex Addinsall (Karolinska Institutet).
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IV.a. Notexin Timeline Assessment

The following samples were kindly provided by Dr Brad Launikonis and are published in Head
et al. (2014). Mice (C57BL/10, 6 m.o., n = 5) were anaesthetised with ketamine (0.1 mg/ g
body weight) and xylazine (20 pg/ g body weight) and the extensor digitorum longus (EDL)
muscle was exposed with a 1 cm incision. Notexin (0.2 ug) was administered directly into the
EDL via intramuscular injection. Contralateral EDL was surgically exposed but not injected as
an internal control. Injection site was sutured, and mice were returned to individual housing
for 21 days prior to euthanasia and tissue collection. Muscles were frozen over liquid nitrogen

and stored at -80°C prior to use.

EDL samples were prepared in accordance with western blotting technique described
in Chapter 2. Total protein and actin content were assessed by Coomassie staining and
western blotting respectively (Rabbit a-Actin antibody, Sigma A2066) as an overall measure
of muscle regeneration (Figure IV.1). Notexin-injured EDL protein content was determined to
be comparable to contralateral controls at 21 days post-injury. From this observation and
previously published time-points, mice in the present study were collected at a final time-
point of 14 days post-injury with the intention of capturing muscle which is just approaching

full regeneration.
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Days post-injury 21
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Figure IV.1: Actin and myosin content in notexin-injured tibialis anterior (TA) mouse skeletal muscle 21 days
post-injury. Both myosin, visualised by Coomassie stain of post-transfer gel, and actin, visualised by western blot,
show comparable levels in notexin-injured TA and saline-treated contralateral control leg.

IV.a.i. Validation of Regenerative Markers
Following the development of unexpected adverse events (detailed in Chapter 4), additional
injured muscle samples using an alternative injury mechanism were acquired from Dr Chris
van der Poel (La Trobe University) and Dr Alex Addinsall (Karolinska Institutet). C57BL/6 mice
were injected with BaClyintramuscularly in the tibialis anterior (TA) muscle. Mice were culled
and TA muscles were collected at 3 (n=2), 7 (n = 3), and 14 (n = 4) days post-injury. TA muscles

were prepared for western blotting and qPCR as described in Chapter 2.

Expression of Fn14 was assessed at both the protein and mRNA level to confirm
upregulation and return to baseline following acute injury (Figure IV.2). Fn14 mRNA was
measured in SV40 H-Ras'2 Ms6 mouse embryonic fibroblast (MEF) Fn14 knock outs (Fn14-)

and wild-type controls (Fn14+), as well as uninjured C57BL/6 TA controls (n = 3), and the three
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post-injury time points (3D, 7D, and 14D). Fn14 transcripts were detected at negligible levels
in Fn14- cells relative to Fn14+. Uninjured TA muscle showed low baseline Fn14 mRNA which
was increased ~6-fold at 3 days post-injury. Fn14 transcripts had returned to baseline by 7
days post-injury. Fn14 protein was similarly temporally regulated. Uninjured TA showed non-
detectable levels of Fnl4 with a sharp induction by 3 days post-injury. Fn14 protein
abundance gradually decreased over 7- and 14 days post-injury without fully returning to
uninjured levels. From these results it was determined that Fn14 could be transcriptionally
and translationally upregulated within 3 days following an acute necrotic injury and that

mRNA would return towards baseline with protein expression persisting for longer.
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Figure IV.2: Fn14 mRNA and protein abundance following barium chloride (BaClz)-induced skeletal muscle
injury in mouse tibialis anterior (TA). (A) Fn14 mRNA abundance in uninjured (Ul), 3-, 7-, and 14 days post-injury
with Fn14 positive and negative control cell lines. (B) Representative blots of Fn14 and stain-free total protein.
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Structural proteins, actin and desmin, were measured using quantitative western
blotting as described in Chapter 2 (Figure 1V.3). Actin was shown to be degraded at 3 days
post-injury with a gradual return to baseline levels by day 14. Desmin was expressed at low
abundance in uninjured controls and not detectable at 3 days post-injury. Upregulation of
desmin beyond baseline was observed at day 7, with a gradual decline at day 14 without
returning to baseline. These results were used as a comparative study to assess recovery

progression in notexin-injured samples.
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Figure IV.3: Structural protein recovery following barium chloride (BaClz)-induced skeletal muscle injury in
mouse tibialis anterior (TA). Representative blot and stain-free gel image of Actin (A) and Desmin (B) in uninjured
(Ul), 3-, 7-, and 14 days post-injury.
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E3 ubiquitin-ligases, Atrogin-1 and MuRF-1, were measured at the mRNA level using
gPCR as described in Chapter 2 (Figure IV.4). Both Atrogin-1 and MuRF-1 were expressed at
low levels in uninjured TA. Transcriptional upregulation was observed in 3 and 7-day post-
injury samples for both ligases with peak upregulation at day 14. As this was the latest time
point available it was not determined how long transcripts remained upregulated in acutely

injured muscle.
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Figure IV.4: Atroginl and MuRF1 expression following barium chloride (BaClz)-induced skeletal muscle injury
in mouse tibialis anterior (TA). mRNA levels of Atrogin1 (A) and MuRF1 (B) normalised to total cDNA in uninjured,
3-, 7-, and 14 days post-injury.
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Appendix V

Statistical Correlation Tests
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Appendix Summary
This appendix shows the statistical correlation tests between TWEAK-Fn14 and quadriceps
muscle mass performed on the muscle from old and chronically low-resistance trained mice
described in Chapter 5 and Chapter 6. These correlations showed that the TWEAK-Fn14 axis
was not correlated with muscle mass in these mice and was not responsive to exercise
intervention. For this reason, Chapter 6 focuses on the role of mitochondria and autophagy

in old and exercised mice.
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V.a.Fn14 mRNA correlation with quadriceps mass

- 200+
2
= £ 150-
n = o0 ®
L © e
2 100- ”e o
s hr o young sed
ow
S 2 50-
S old LR
o
O 1 I 1 1
0.0 0.5 1.0 15 2.0
Fn14 mRNA/ cDNA
(a.u.)

Figure V.1: Correlation between Fn14 mRNA and normalised quadriceps muscle mass in old and chronically
low-resistance (LR) trained mice.

Table V.1: Pearson co-efficient tests of Fn14 mRNA correlation normalised quadriceps muscle mass in old and
chronically low-resistance (LR) trained mice. Significant but weak correlation was seen only in Young Sedentary
(SED) mice.

Young SED Young LR Old SED Old LR

Pearson r

r 0.6988 0.4857 -0.2863 -0.3108
95% confidence interval 0.06473 to 0.9309(-0.4215 to 0.9070|-0.8246 to 0.5241/-0.8621 to 0.5774
R squared 0.4883 0.2359 0.08198 0.09660
P value

P (two-tailed) 0.0362 0.2692 0.4918 0.4975
P value summary * ns ns ns
Significant? (alpha = 0.05) Yes No No No
Number of XY Pairs 9 7 8 7
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V.b. TWEAK mRNA correlation with quadriceps muscle mass
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Figure V.2: Correlation between TWEAK mRNA and normalised quadriceps muscle mass in old and chronically
low-resistance (LR) trained mice.

Table V.2: Pearson co-efficient tests of TWEAK mRNA correlation normalised quadriceps muscle mass in old
and chronically low-resistance (LR) trained mice. No significant correlations were detected.

Young SED Young LR Old SED Old LR

Pearson r

r 0.4235 0.2110 0.1976 -0.2350
-0.5891 to -0.8395to

95% confidence interval -0.3348 to 0.8489| -0.6444 to 0.8319 0.7920 0.6294

R squared 0.1794 0.04454 0.03903 0.05525

P value

P (two-tailed) 0.2560 0.6496 0.6119

P value summary ns ns ns

Significant? (alpha =

0.05) No No No

Number of XY Pairs 9 7 7
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V.c. TWEAK protein correlation with quadriceps muscle mass
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Figure V.3: Correlation between membrane-bound TWEAK (mTWEAK) protein and normalised quadriceps
muscle mass in old and chronically low-resistance (LR) trained mice.

Table V.3: Pearson co-efficient tests of membrane-bound TWEAK (mTWEAK) protein correlation normalised
quadriceps muscle mass in old and chronically low-resistance (LR) trained mice. No significant correlations were

detected.
Young SED Young LR Old SED Old LR

Pearson r

r 0.1495 0.1672 0.4334 0.4895
-0.3906 to -0.4174 to

95% confidence interval -0.5713 to 0.7401| -0.6702 to 0.8174 0.8718 0.9079

R squared 0.02235 0.02797 0.1878 0.2396

P value

P (two-tailed) 0.7010 0.7201 0.2834 0.2649

P value summary ns ns ns ns

Significant? (alpha =

0.05) No No No No

Number of XY Pairs 9 7 8 7
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