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Abstract

Depletion of Nicotinamide adenine dinucleotide (NAD), a critical cofactor in
biochemical reactions, is ascribed to metabolic dysfunction and poor quality of
life. The NAD* consuming enzyme Poly-(ADP-ribose) polymerase 1 (PARP1)
generates ADP-ribose (ADPR), applied as a form of post-translational
modification termed Poly (ADP-ribosyl)ation (PARylation), crucial for genome
maintenance. However, recent work has ascertained further roles including

energy homeostasis and cellular identity.

This work aimed to identify PARP1 mediated PARylation within skeletal
muscle myoblast cell lines that undergo myogenesis into myotubes. PARP1
PARylation was inhibited at the start of myogenesis to ascertain its dynamics
and impacts throughout myogenesis. Further downstream impacts of PARP1
inhibited differentiated myotubes were investigated using proteomic and
transcriptomic approaches. PARP1 and PAR dynamics within tissues of mice

subjected to various metabolic challenges were also assessed.

While not fundamental for myotube development, myotubes subjected to
PARP1 inhibition at the start of myogenesis exhibited impacts on expression
of genes and proteins key for structure and function, and additionally, the
transcriptional response to glucocorticoids. These underscore PARP1 impacts
in pathways mutual to actions of glucocorticoids, which act as regulators of

skeletal muscle mass, myogenesis and atrophy, as well as protein metabolism.

Overall, this work highlights how PARP1 mediated PARylation impacts
skeletal muscle homeostasis — mechanisms crucial to mass maintenance and

endocrine response.
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Chapter 1 General Introduction

This thesis will investigate molecular mechanisms of the nicotinamide adenine
dinucleotide (NAD) consuming enzyme Poly-(ADP-ribose) polymerase 1
(PARP1) within skeletal muscle tissue and cells. Fundamental roles of skeletal
muscle include contributions to overall metabolic health and whole-body
homeostasis. It helps determine basal energy metabolism and organism
locomotion. NAD is an enzyme cofactor and REDOX molecule present mainly
as oxidized (NAD™) or reduced (NADH) and is a rate-limiting cofactor for critical
processes including glycolysis and formation of the post-translational
modification ADP-ribosylation. Ratios of NAD*/NADH have been reported
within skeletal muscle subcellular components and impacts on cellular
bioenergetics, REDOX states and substrate utilization in response to stress
have been described !. Declines in NAD* have been ascribed to aging and
age-associated metabolic disorder phenotypes 2. Given that PARP1 levels and
activity are increased in aging tissues 3, it has been implicated in the
exacerbation of cellular NAD* decline. Whilst PARPL1 roles in genome repair
and stability are well-studied, elucidation of any nongenomic roles PARP1
plays in skeletal muscle would help provide new avenues for PARP1 targeted

therapeutic development in ameliorating skeletal muscle decline.

1.1. Skeletal Muscle

Skeletal muscle is a contractile tissue composed of an intricate mix of multi-
nucleated fibres known as myofibres, embedded within a connective tissue
matrix and subsequently integrated within neural and vascular networks “.
Accounting for up to 50% of total body mass and 50 to 75% of all body proteins
in healthy adult individuals, skeletal muscle is for most humans, the largest

organ in the human body. Amongst the plethora of functions such as

2
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locomotion and glucose metabolism, skeletal muscle has crucial implications
for whole body metabolic homeostasis. This is a result of its contributions to
nutrient storage, basal metabolic rate and thermogenesis for maintenance of
core body temperature °. Its functional significance is evident in aging
individuals who experience natural declines in skeletal muscle mass and
contractile force of these tissue, which can be clinically diagnosed as
sarcopenia or further exacerbated by a whole-body wasting condition known
as cachexia . Consequently, skeletal muscle is a sensitive organ whereby its
health is dependent on a multitude of factors such as diet and lifestyle, as well
as exposure to endocrine/paracrine hormones such as glucocorticoids,
androgens and estrogens. Therefore, maintenance of healthy skeletal muscle
mass and function is necessary for an optimal quality of life. Currently, nearly
1.7 billon people experience musculoskeletal dysfunction alongside non-
communicative chronic ill health. This makes preservation of muscle function
and tissue mass a key health priority across the globe. However, no current
medication exists that can positively impact muscle mass. There is therefore,

an urgent unmet need to generate new potential therapies to intervene.

1.1.1. Structure and function

Skeletal muscle is one of the three main muscle types that typically exhibit as
multi-nucleated and cylindrical shaped cells called myofibres. These are
proximally attached to bones to enable voluntary movement controlled by the
somatic nervous system ’, with the other two types being smooth and cardiac
muscle. Within skeletal muscle, each individual myofibre is coated with a layer
of connective tissue known as the endomysium. These fibres are further

bundled tightly as fascicles which are subsequently wrapped by another layer
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of tissue known as the perimysium. An outer layer of connective tissue, the
epimysium, surrounds the entire muscle structure and is responsible for the
reduction of friction against other muscles and bones 48 (Fig. 1.1).

Muscle fibre

Blood vessels —————2 N (cell)
Perimysium ‘ ()
Epimysium
Fascicle

(wrapped by
perimysium)

Endomysium
(between fibres)

Figure 1.1. Overview of skeletal muscle structure

The epimysium is a layer of connective tissue which wraps around each muscle in the body
that is tightly bundled into muscle fibres within the perimysium. Individual fibres are then
sheathed within the endomysium. Subsequently, these connective tissues are proximally
attached to bones via the muscle tendon %2,

Myofibres are further composed of filaments termed myofibrils that
subsequently extend across the entire fibre. Myofibrils are further composed
of myofilaments which are subdivided into either thin or thick filaments. Thin
filaments are composed of an actin-tropomyosin-troponin muscle protein
complex, while thick filaments are predominantly composed of myosin 1,
Each of these filaments are surrounded by the sarcoplasmic reticulum that is
fundamental for skeletal muscle contraction and other signalling process
through their calcium (Ca?*) ion storage capacity *. The subsequent parallel
arrangement of thin and thick filaments within the myofibrils forms the
sarcomere, and repeated alignments of sarcomeres gives rise to the

characteristic striated appearance of skeletal muscle and collectively entails
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muscle contraction 4. The sarcomere is then further split into regions based on
appearance — the A-band, also known as the anisotropic region and the I-band,
which is a lighter isotropic region. Each individual sarcomere unit is then
divided by a Z-line (Fig. 1.2).

Sarcolemma

Nuclei

| Myofibril

Actin Ilband“ Aband |band

filament
M-line

Myosin
filament

Sarcomere 4

Figure 1.2. Simplified representation of individual myofibres

Myofibres are arranged in an intricate matrix. Individual myofibrils are composed of thick and
thin myofilaments that are aligned in parallel to one another forms the sarcomere which is
fundamental for voluntary muscle contraction.

Skeletal muscle is the predominant component of the musculoskeletal system
that is fundamental for whole body locomotion, physiological respiration,
posture and stability. These functions are dependent on voluntary muscle
contraction, which occurs through a series of excitation-coupling events
mediated by motor neuron inputs from the somatic nervous system 2. Action
potentials travel across the span of the muscle cell membrane known as the
sarcolemma induces the depolarisation of t-tubules and release of Ca?* ions
from the sarcoplasmic reticulum into the sarcoplasm of muscle cells 3. Within
the sarcoplasm, Ca?* ions interact with Troponin C, causing a conformational
change in the actin-tropomyosin-troponin complex filaments that exposes
actin for interaction with head groups of myosin filaments to form an actin-

myosin cross bridge 2. Adenosine triphosphate (ATP) binds to the myosin

5
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heads, causing dissociation of the cross bridge and hydrolyses ATP into
adenosine diphosphate (ADP) and inorganic phosphate (Pi). This induces a
further conformational change in the angle of the myosin head and formation
of an actin-myosin bond, which enables movement along the actin filament
and shortening of the sarcomere in an event termed as the power stroke to
ultimately result in muscle contraction. Subject to further ATP and Ca?*
availability within the sarcoplasm, ATP binds to the actin-myosin cross bridge
and this event is repeated, allowing filaments to slide over each other. This
molecular mechanism of muscle contraction is known as the ‘sliding filament

theory’, processes highly conserved across mammalians 1416 (Fig. 1.3).

r_’ Ca?*-troponin interaction \

Formation of actin-myosin

m cross bridge

@
1\‘9
ATP hydrolysis Power stroke
Myosin resets and reprimed Actin filament movement

for cross brdige formation m ADP + Pi dissociation
ADP + Pi rebinding

4\ )

ATP binding
Dissociation of cross bridge

Figure 1.3. The sliding filament theory

Interaction of actin and myosin units occur via a cross bridge following the binding of Ca?* ions
to troponin C. Confirmational changes within myosin heads and sarcomere shortening
following the release of ADP and Pi causes the power stroke which allows movement of actin
filaments relative to myosin to drive muscle contraction. Subject to availability, ATP can bind
and dissociate the cross bridge to reset the contraction cycle.
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1.1.2. Skeletal muscle fibre types

Skeletal muscle exhibits distinct cell and fibre types with differing structural,
functional and energetic properties for adaptions to day to day activities 1.
Fibre types are classified based on the differential expression profiles of the
myosin heavy chain (MYH) isoforms, MYH1, MYH2, MYH4 or MYH7 1819
(Table 1.1). Subsequently, three fibre types have been described in humans:
Type 1, Type 2A and Type 2X (or Type 2B in rodents). Type 1 fibres,
commonly referred as slow-twitch oxidative fibres, derive energy from
oxidative metabolism and aerobic respiration 2°. In contrast, Type 2X or 2B
fibres, also known as fast-twitch glycolytic fibres, rely primarily on glycolysis
for energy generation, and Type 2A fibres are fast-twitch oxidative fibres that
are an intermediate between that of Type 1 and Type 2X or 2B fibres 7 (Table
1.1). Generally, fibre types are mixed within an individual muscle, which is
dependent on a variety of factors such as activity. For example, postural
muscles are mainly comprised of slow-twitch fibres that are involved in low
intensity steady state activities such as walking and maintenance of posture.
On the other hand, phasic muscles are comprised of a higher composition of
the glycolytic fast twitch Type 2X or 2B fibres and are involved in activities of
greater intensities and explosive movements including weightlifting and
sprinting 2%. Type 2A intermediate fibres pre-dominantly make up muscles
involved in activities that require more energy than posture maintenance but

less than that of explosive movements (Table 1.1).

Subsequently, the fibre type with the highest contribution to an individual
muscle defines the metabolic profile of that muscle. For example, Type 1 slow-

twitch oxidative fibres have a greater degree of mitochondria and aerobic
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respiratory enzymes, increased myoglobin concentrations and greater
capillary supply for oxidative phosphorylation 192223 and are slow to fatigue.
On the other hand, the Type 2X or 2B fast-twitch glycolytic fibres possess
greater levels of glycogen due to their dependence on glycolysis as an energy
source. Consequently, these fibres fatigue quickly in comparison to Type 1
slow-twitch oxidative fibres due to their lower mitochondria content and
myoglobin concentration 24 (Table 1.1). Factors including dietary, lifestyle and

age can influence the outcome of fibre type composition within the muscle 2°2¢

and fibre types can undergo switching 1°27:28,

Fibre type
Properties Type 1 Type 2A Type 2X Type 2B
. Creatine Creatine Creatine
Major . . phosphate,
Triglycerides phosphate, | phosphate,
storage fuel glycogen, lveoaen lvcogen
triglycerides glycog glycog
U High Fairly high Intermediate Low
resistance
Myosin
heavy chain MYH7 MYH2 MYH1 MYH4
isoform
Forcg Weak Moderate Strong Very
production strong
Cont_ractlon Slow Intermediately Fast Very fast
time fast
Mitochondria High High Low Low
Cailiy Good Good Poor Poor
supply
Criskilve High High Intermediate Low
capacity
GIyCOIYt'C Low Intermediate High High
capacity
Oxidative- . .
At Oxidative/ | glycolytic/ | C'Yeoltic/ | Glycolytic/
ctivity type X acute acute
aerobic long-term . :
: anaerobic anaerobic
anaerobic

Table 1.1. Muscle fibre types in humans and rodents ¢
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1.1.3. Myogenesis

During mammalian embryonic development, the development of skeletal
muscle begins in the lateral plate and paraxial somatic mesoderm 2°3°, This is
succeeded by a cascade of events where the somite segregates to form the
dermomyotome where subsequent involution of these cells gives rise to the
myotome 2°. Skeletal muscle myogenesis is a differentiation process where
myofibres are formed, beginning from the initial commitment of mesodermal
progenitor cells to myoblasts. This is succeeded by the terminal differentiation
of myoblasts into myotubes and finally, myofibres (Fig. 1.4). This is dependent
on differential expression of myogenic regulatory factors (MRFs) such as
myogenic factor 5 (MYF5), myogenic differentiation protein 1 (MyoD) and
paired box transcription factors Pax3 and Pax7, which are initially expressed
at the early myoblast stage and fundamental for muscle differentiation
commitment. Subsequent myogenic progression results in the decreased
expression of these factors while terminal skeletal muscle differentiation
factors such as myogenin, MRF4 and MYH3, as well as muscle proteins such
as Troponin Type 1 (TNNTL1), begin to increase in expression (Fig. 1.4).
Additional studies have demonstrated that the MRFs themselves are not the
sole mediators of successful myogenesis and subsequent skeletal muscle
phenotype 3%, and the process itself is also mediated by input from other
signalling pathways such as Notch %2, These suggest the dynamic nature of
myogenesis as well as the presence of compensatory mechanisms and

proteins in sustaining proper myogenic trajectory following loss of MRFs 3.
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Figure 1.4. Myogenesis

An overview of skeletal myogenesis. The process is tightly regulated through the MRFs from
the initiation of the commitment of progenitor cells into myoblasts to the alignment, fusion and
terminal differentiation into multi-nucleated myotubes.

Formation of individual myofibres is dependent on alignment and fusion of
multiple progenitor myoblasts that themselves, are products of muscle residing,
self-renewing myogenic precursors called satellite cells 34 These cells are
capable of re-entering proliferative cycles, entailing regenerative repair in
response to skeletal muscle injury, disease or exercise in the adult skeletal
muscle through fusion with damaged myofibres 4. In healthy adults, these
satellite cells, derived from Pax3/Pax7 embryonic progenitors 3, reside within

the basal lamina, a membrane composed of laminin and collagen proteins,
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where they remain predominately quiescent until activation 3436, Activated
satellite cells subsequently express MRFs and myogenic proteins 3738,

enabling them to proliferate and generate myoblasts (Fig. 1.4).

1.1.4. Energy metabolism in skeletal muscle

Skeletal muscle contributes to approximately 30% of resting metabolic rate 53,
which can increase to 90% in response to intense activities such as exercise.
This underscores its ability to mediate metabolic adaptions in response to
duration and intensity of activities or other energetic demands and metabolic
stress 3940, Examples of metabolic adaptions include modulated mitochondrial
biogenesis and function, glucose mobilisation, blood flow and muscle fibre
type switching 2541, In events of high energy demand, efficient replenishment
of energy stores within the skeletal muscle to sustain contraction and activity
performance is required. Within humans, skeletal muscle possess glycogen
stores 4?43 that can be tapped upon for maintenance of energy balance and
mediating adaptions in response to perturbation events such as exercise,
varying food intake and fasting through processes such as glucose uptake,

glycogenolysis and gluconeogenesis 443

Skeletal muscle mainly derives energy from three substrates: glucose, amino
acids and fatty acids. Fatty acids are the preferential source of energy in
sedentary adult skeletal muscle. During sustained increased energetic
demands, glucose is primarily used as the first line of energy source, followed
by fatty acids and amino acids 444°. Additional factors including hormonal and
neuronal stimuli can also alter the type of substrate utilised 4647 (Fig. 1.5).
Depending on individual substrate availability, interchangeable utilization is
possible — this is termed as metabolic flexibility.

11
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Figure 1.5. Processes of substrate utilisation within skeletal muscle

Skeletal muscle derives energy from three main substrates. In response to energetic demand,
ATP can be generated rapidly via creatine phosphate. Energy can also be derived from three
main substrates 1) glycogen through glycogenolysis, 2) glucose from the bloodstream through
uptake by glucose transporters into muscle or directly from glycogenolysis, which enters
glycolysis to produce pyruvate and 3) fatty acid uptake from the bloodstream that is -oxidised
to form acetyl-CoA. Collectively, pyruvate and acetyl-CoA serves as substrates for the TCA
cycle to yield additional ATP. In response to sustained physical activities, greater quantities of
ATP can be produced via aerobic respiration in a process termed oxidative phosphorylation.
In prolonged exercise and caloric restriction, ketone bodies produced via ketosis and amino
acids from muscle catabolism serve as substrates to continuously fuel the TCA cycle.

1.1.4.1. Creatine phosphate breakdown
Increased energetic demand causes ATP utilisation to exceed production.

Creatine kinase is an ADP sensor enzyme that catalyses the reversible
transfer of phosphate groups from ATP to creatine to yield creatine phosphate
(PCr), which serves as an energy store to support short-term energy
supplementation during initial stages of increased activity demand €. Constant
hydrolysis of ATP yields ADP that is consequently detected by creatine kinase

12
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which catalyses hydrolysis of PCr to yield phosphate groups that are added to
ADP to form ATP 4°. During reduced energy demand, creatine kinase
catalyses the re-phosphorylation of creatine to regenerate creatine phosphate
.. Consequently, high creatine kinase levels serve as a marker for brain as

well as skeletal and cardiac muscle damage/dysfunction .

1.1.4.2. Glycogenolysis
Sustained periods of intensive activity diminishes PCr stores. In response, a

switch over to glucose metabolism for energy source occurs. Glycogenolysis
is the process where glycogen stores are broken down to yield glucose for
supplement of energy demand. First, PCr diminishment causes the activation
of glycogen phosphorylase, which catalyses the breakdown of glycogen
branches to release glucose-1-phopshate. Glucose-1-phosphate is
subsequently converted into glucose-6-phosphate by phosphoglucomutase
which is used as a substrate for glycolysis. Periods of prolonged intense
activities eventually causes depletion of glycogen stores, resulting in reliance

on alternative sources of fuel such as fatty acids and amino acids 3.

1.1.43. Glycolysis
Anaerobic glycolysis within the cytosol results in the generation of ATP via the

sequential degradation of glucose into pyruvate that is catalysed by a series
of enzymes (Fig. 1.6). Subsequently, two molecules of ATP are generated
following glycolysis of a single glucose molecule. Lactate dehydrogenase
further catalyses the conversion of pyruvate into lactate and NAD*, entailing a
glycolytic flux that is essential for constant ATP generation 2. Additionally,

pyruvate can alternatively be used as a substrate for construction of the amino

13
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acid alanine in a reaction that is catalysed by alanine transaminases as well

as being a substrate for hepatic gluconeogenesis 3.
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Figure 1.6. Glycolysis

Glycolysis is a multi-step process catalysed by a series of enzymes to ultimately result in the
breakdown of glucose into pyruvate. Pyruvate then serves as substrates for energy generation
either via the TCA cycle or is conversion into lactate that is dependent on oxygenated
conditions.

In contrast, aerobic glycolysis takes place predominantly within the
mitochondria. Fundamentally, this process sees pyruvate being converted into
acetyl coenzyme A (Acetyl-CoA) by the pyruvate dehydrogenase complex or
alternatively, carboxylated into oxaloacetate by pyruvate carboxylases.
Subsequently, both Acetyl-CoA and oxaloacetate are used as substrates for
the tricarboxylic acid (TCA) cycle, where NAD" is reduced to NADH and flavin
adenine dinucleotide (FADH2) is produced °%°°. NADH is paramount for
oxidative phosphorylation to subsequently yield greater ATP generation, with

approximately 30 molecules being generated per molecule of glucose 6.
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1.1.4.4. Fatty acid oxidation
Fatty acids can also be utilized as a source of energy, initiated by the

catabolism of triglycerides stored in adipose tissues, catalysed by lipases in a
process termed lipolysis to yield glycerol and free fatty acids. Subsequently,
these free fatty acids enter circulation where they are transported in plasma
lipoproteins to skeletal muscle and other cells, where they can be directed
towards oxidation, esterified into complex lipids or remain in their free state
within cells >’. The process of fatty acid oxidation begins with fatty acids
reacting with coenzyme A (CoA) to yield acyl-CoA. This is succeeded by
formation and elongation of acyl-CoA chains which then get broken down in a
process termed [-oxidation, subsequently vyielding acetyl-CoA %8
Concomitantly, FADH> and NADH are also produced as by-products of this
process and subsequently utilized in the electron transport chain, while acetyl-

CoA enters and fuels the TCA cycle for energy generation.

1.1.45. Ketosis and protein catabolism of muscle
Ketosis is a metabolic state elevated during periods of prolonged caloric

restriction, exercise or low carbohydrate intake. Within the liver, a diversion of
oxaloacetate to gluconeogenic pathways occurs, causing formation and
release of ketone bodies such as acetoacetate, B-hydroxybutyrate and
acetone for energy generation via the TCA cycle >°. When carbohydrates and
fatty acids are depleted, amino acids such as alanine are then derived from
muscle proteins to serve as substrates for gluconeogenesis and TCA cycle for
energy generation %61, Prolonged protein catabolism is detrimental for overall
health due to resulting skeletal muscle atrophy 2, and indicates the presence

of disorders such as cancer-associated cachexia 3.
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1.1.5. Oxidative phosphorylation

Oxidative phosphorylation is the process of ATP generation that occurs
through the mitochondrial electron transport chain °¢. Glucose or pyruvate
products obtained following the metabolism of the aforementioned substrates
described are first metabolised in the TCA cycle to yield carbon dioxide (CO>),
NADH and FADH:. This is succeeded by a cascade of step-wise mechanisms
in which electron donors and acceptor intermembrane protein complexes
located within the inner mitochondrial membrane mediate the transfer of
electrons from NADH and FADH3, and eventually onto oxygen where water is
produced. The constant generation of hydrogen ions throughout this process
across the membrane and into the intermembrane space causes a build-up of
a potential energy gradient after which hydrogen ions flow down via this
gradient, back into the membrane, and through ATP synthase to drive the
activity of this enzyme to produce ATP through the phosphorylation of ADP 6
(Fig. 1.7). This flow of hydrogen ions is known as the proton-motive force and
serves to maintain constant ATP synthase activity. Subsequently, oxidative
phosphorylation yields approximately 36 ATP molecules per molecule of

glucose .
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Intermembrane space

Figure 1.7. Oxidative phosphorylation

The inner mitochondrial membrane possess a variety of intermembrane complexes: Complex
I (NADH dehydrogenase, ubiquinone, complex Il (succinate dehydrogenase), complex Il
(ubiquinol-cytochrome C reductase), complex IV (cytochrome C oxidase) and ATP synthase.
These complexes work to drive oxidative phosphorylation through the step-wise transfer and
donation of electrons for reduction of O into H20. Throughout, hydrogen ions are generated
into the intermembrane space that creates an energy gradient resulting in the backflow of
hydrogen ions into the inner mitochondrial membrane and through ATP synthase that drives
the energy generation of ATP via ADP phosphorylation.

Although oxidative phosphorylation is a fundamental metabolic process, one
of the by-products produced is reactive oxygen species (ROS). ROS
accumulation is detrimental to cellular stability due to protein oxidization and
inducing Deoxyribonucleic Acid (DNA) mutations. Generally, ROS is rapidly
cleared through its conversion to hydrogen peroxide and subsequently water,
as well as through antioxidant defences within the cell such as the peroxidases
and superoxide dismutase enzymes, as well as the vitamins C and E °®,
Consequently, ROS accumulation has been associated to a multitude of

conditions including chronic inflammation and poor aging 67:68.
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1.1.6. Molecular adaptations to exercise in skeletal muscle

Amongst improvements in mental health, bone health, sleep improvement,
cardiovascular health and basal metabolic rate, exercise promotes protein
synthesis, thus reducing age-associated decline of skeletal muscle %70, This
translates into reduced risk and better management of metabolic disorders
including type 2 diabetes mellitus, sarcopenia and obesity. Exercise induces
whole proteome and genome changes associated with metabolism within
skeletal muscle. These include players involved in key signalling pathways
associated with myogenesis (MyoD, myogenin), glucose (Glucose transporter
(GLUT) 4 (GLUT4), cAMP response element-binding protein (CREB)) and lipid
(Forkhead box protein O1 (FOXO1), Peroxisome proliferator-activated
receptor (PPAR) gamma coactivator 1l-alpha (PGC1a)) metabolism,
angiogenesis (Vascular endothelial growth factor (VEGF), Hypoxia-inducible
factor 1-alpha (HIF1a)), as well as mitochondrial transcriptional genes (PPAR,
(Nuclear Respiratory Factor) (NRF) 9. Additionally, global metabolome
changes with regards to metabolites associated with ATP, NAD, branched
chain and ketogenic amino acid and glucose metabolism pathways have been
demonstrated — more importantly, trained versus untrained state muscle
exhibited differential metabolite changes "*. Roles for the skeletal muscle
secretome in mediating training adaptations, including myokines and
cytokines, have also been described 2. These illustrate the metabolic plasticity
and adaptive processes in skeletal muscle following repeated stimulation and

underlie the significance of exercise in general health and wellbeing (Fig. 1.8).
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Figure 1.8. Adaptations of skeletal muscle to exercise

Skeletal muscle exhibits plasticity and initiates adaptative responsiveness to exercise. These
can modulate global proteome and genome expression changes in regulators of pathways
including include repair and building of muscle through increased myogenesis, enhanced
basal metabolic rate and blood vessel formation. Additionally, metabolite and secretome
profiling identifies changes in response to exercise which are predominantly associated with
energy associated pathways.

One major molecular adaption of skeletal muscle in response to exercise is
via the modulation of mitochondria function. Mitochondria possess their own
DNA (mtDNA), coding for 37 genes and 13 subunit proteins crucial for overall
function and oxidative phosphorylation 374, Events such as caloric restriction
and exercise have been shown to influence overall mitochondria number
within skeletal muscle ">~77, implying presence of adaptions through
mitochondrial modulation. Mechanistically, mitochondria biogenesis induced
in response to exercise or caloric restriction within skeletal muscle occurs

through post-transcriptional and translational modifications of PGC1aq, the
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primary transcriptional coactivator regulating a plethora of mitochondria
biogenesis genes 8. PGC1a can be induced by 1) the transcriptional factors
p38 mitogen-activated protein kinase (MAPK) and Activating transcription
factor 2 (ATF2) ’°, 2) phosphorylation by AMP-activated protein kinase
(AMPK) & and, 3) deacetylation by the NAD* consuming enzyme sirtuin 1
(SIRT1) . Subsequently, PGC1a deacetylation causes nuclear activation of
Mitochondrial transcription factor A (TFAM), NRF1 and NRF2 to initiate

mitochondrial biogenesis 2 (Fig. 1.9).

Dysfunctional mitochondria as a result of mtDNA damage by ROS
accumulation or declines in oxidative capacity are selectively cleared in a
process termed mitophagy. This necessitates replacement of lost
mitochondria, making mitochondria biogenesis a fundamental process in
mitochondrial homeostasis. An imbalance in healthy and functional
mitochondria are large contributors into the aetiologies of aging and other
aberrant conditions including Parkinson’s, autoimmune disease, diabetes and
cardiovascular diseases 887, It is therefore paramount that cofactors and
molecules such as NAD* and FADH: crucial for driving fundamental energy
generating processes including the TCA cycle and oxidative phosphorylation
are constantly available and replenished via the metabolism of substrates and

regulation of their consumption by consuming enzymes.
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Figure 1.9. Mitochondrial adaptations by skeletal muscle in response to exercise
Modulation of mitochondria function is one of the major adaptations undertaken by skeletal
muscle in response to exercise. Mechanistically, these changes occur primarily through
induction of mtDNA genes and mitochondrial biogenesis for formation of new mitochondria via
activation and upregulation of PGC1la, the master transcriptional regulator of mitochondria.
PGC1la can be activated by 1) p38 MAPK-mediated phosphorylation of ATF2, 2) direct
phosphorylation by AMPK or 3) deacetylation by SIRT1. Collectively, the augmented
mitochondrial adaptations result in increased oxidative capacity of skeletal muscle and
subsequently, basal metabolic rates.
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1.2. NAD”

1.2.1. History and discovery

Fundamental to all cells, NAD was initially identified as “cozymase” at the turn
of the 20th century. This heat-stable factor was first identified within low
molecular weight fractions of yeast elevating fermentation . Subsequent
success in isolation and characterization unravelled that it was composed of
two mononucleotides: nicotinamide mononucleotide (NMN) and Adenosine
monophosphate (AMP) & (Fig. 1.10). Significance of NAD" in metabolism was
truly appreciated by the Pellagra epidemic in the 1900s, a condition that
manifested in profound disease including characteristic dermatitis
(photosensitive), diarrhoea, dementia and death. Subsequently, it was
established that dietary absence of the essential amino acid tryptophan and

vitamin B3 from dietary sources was the main cause of this condition .
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Figure 1.10. NAD*
The molecular structure of NAD* is composed of phosphate groups that attach adenine to

ribose to form an AMP group, as well as NAM to form an NMN group.
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Further work detailed NAD as a cofactor contributing to REDOX reactions
either via the donation or acceptance of electrons catalysed by
oxidoreductases to entail the existence of 2 forms: oxidized as NAD", or
reduced into NADH & (Fig. 1.11). The ratio between these species are critical
for key metabolic processes including nutrient uptake, where both forms are
utilized for the coupling of the TCA cycle and oxidative phosphorylation for
energy generation °!, processes which have been discussed previously in

Section 1.1.5.

Aside from the aforementioned NAD species, its phosphorylated form,
nicotinamide adenine dinucleotide phosphate (NADP*) can be produced in a
reaction catalysed by NAD kinases using a phosphate group from ATP .
NADP* can also be reduced into NADPH as part of the pentose phosphate
pathway, which subsequently acts a reducing agent in metabolic pathways
including nucleic acid and lipid biosynthesis °2. More importantly, NADPH
plays dual roles in ROS balance and oxidative stress defence, where NADPH
oxidases use NADPH to produce ROS 3, while also serving as the donor of

reductive power for a plethora of ROS detoxifying enzymes %,
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Figure 1.11. NAD is a cofactor in REDOX biology

As a molecule, NAD can be presented in two forms: NAD* or NADH. NAD* which accepts
electrons from molecules is reduced to NADH, while NADH that donates electrons to target
molecules becomes oxidized into NAD*.

Supplementary to REDOX contributions, NAD* also acts as a rate-limiting co-
substrate for a number of protein and Ribonucleic Acid (RNA) modifying
enzymes — these include the Poly-(ADP-ribose) polymerases (PARPS),
sirtuins (SIRTSs), cyclic ADP-ribose (cCADPR) synthases and the ecto-ADPR
transferases (ARTCs). Through studies dating back more than a century, we
now understand NAD* and its derivates to be critical in driving numerous
biochemical reactions as a cofactor for energy metabolism and contributes
towards cell and tissue homeostasis. Acquiring an understanding of its
generation and breakdown has been fundamental in developing a greater
understanding of metabolic processes and pathological disorders that are

ascribed to NAD* imbalance.
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1.2.2. The biosynthesis of NAD"

Three pathways of NAD* biosynthesis within mammals have been identified:
Salvage, de novo, and Preiss-handler (Fig. 1.12). The major pathway is the
salvage pathway. This physiological pathway begins via recycling of the NAD*
precursor nicotinamide (NAM) that is released as a by-product following NAD*
utilization by consuming enzymes. NAM is subsequently converted into NMN
in a reaction catalysed by NAM phosphoribosyltransferases (NAMPTS)
through the consumption of ATP. NMN, in the final step, is then converted into
NAD* by NMN adenylyl transferases (NMNATS), again requiring ATP 2%, In
addition, Nicotinamide riboside (NR) (or referred to as vitamin B3) that is a
precursor of NAD*, can also be converted into NMN via phosphorylation as

part of the NAM riboside kinase (NMRK) 1 and 2 pathways %998,

The beginning of the de novo and Preiss-handler pathways are dependent on
dietary supplementation of vitamin B3 derived NAD* precursors (Fig. 1.12).
For the former, which some might refer to as the kynurenine metabolic
pathway, tryptophan is converted into quinolinic acid that is subsequently
converted into Nicotinic Acid (NA) Mononucleotide (NAMN) by quinolinate
phosphoribosyltransferases (QPRTs). NMNAT then catalyses the conversion
of NAMN into Nicotinate adenine dinucleotide (NaAD) which is finally
converted by NAD synthases (NADSs) into NAD* 9%, The Preiss-handler
pathway on the other hand, utilizes NA, which is converted into NAMN by
Nicotinate phosphoribosyltransferases (NAPRTs) °%°. This NAMN is
subsequently converted into NAD™ in the same manner as just described. In
recent times, evidence has been presented that NAD* biosynthesis pathways

can switch between 1%, and compensate for one another 9195101,
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Figure 1.12. NAD" biosynthesis pathways

Three pathways exist for the biosynthesis of NAD*. The salvage pathway is the major NAD*
biosynthetic pathway, where NAD* cleavage by the by the major NAD* consuming enzymes
PARPs, SIRTs, cADPR synthases or the ARTCs releases nicotinamide as a by-product that
is subsequently recycled through the NAMPT and NMNAT enzymes to regenerate NAD".
Supplementation with nicotinamide riboside can also feed into this pathway. The de novo
pathway involves the use of tryptophan to generate NAM from quinolinic acid and
subsequently NAD*, while the Preiss-handler pathway involves the supplementation of
nicotinic acid that is then converted into nicotinic acid mononucleotide and subsequently NAD*
by the same group of enzymes in the final stages of the de novo pathway. Abbreviations:
AFMID, Arylformamidase; 3HAO, 3-Hydroxy- anthranilate 3,4-dioxygenase; IDO: Indoleamine
2,3-dioxygenase; KMO, Kynurenine 3-monooxygenase; KYNU, Kynureninase; Trp,
Tryptophan
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1.2.3. NAD* compartmentalization

NAD?* levels also exhibit subcellular compartmentalization. For example, the 3
isoforms of mammalian NMNATs are localized to different subcellular
components, with NMNATL1 in the nucleus, NMNAT2 in the cytoplasm and
Golgi apparatus, and NMNAT3 in the mitochondria 9192103 Evidence of
compartmentalization is further supported by the presence of comparable
NAD" levels between cytosol and nuclear fractions °1:1%4. Mitochondrial NAD*
levels, on the other hand, are distinctively higher in comparison to those within
nuclear and cytosol fractions 192194 and cytosol NAD* production exerts
influence over mitochondrial NAD* %4 Factors that alter the subcellular
distribution of NAD* include cell type, cellular state and growth conditions 1%,
exerting differential overall metabolic profiles. For example, higher
mitochondrial NAD* levels have been ascribed to the ability of the
mitochondria to uptake NAD* precursors 106-108 a5 well as NAD itself 108109,
indicating the existence of a mitochondria-based NAD™* transporter. Indeed, a
novel mammalian NAD* mitochondrial transporter, SLC25A51, has been
identified to govern NAD* import into the mitochondria 1%, corroborating
previous observations of NAD* in the mitochondria. On the other hand, distinct
compartmentalised pools allow effective sharing of NAD* between NAD*
consuming enzymes such as PARP1 that are localized to different subcellular
components, as well as maintaining metabolic balance of NAD*/NADH within

essential TCA cycle and oxidative phosphorylation processes.
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1.2.4. NAD* boosting and precursor supplementation

Aberrant NAD* biosynthesis pathways result in accelerated poor aging and
increased prevalence of metabolic disorders. It's well-established that NAD*
levels decline in humans with age 219, This is exacerbated by age-related
gradual decline in overall skeletal muscle mass. The repercussions of skeletal
muscle loss depletes body’s capabilities for aerobic respiration and energy
expenditure, processes detailed in Section 1.1.4. This is in contrast to the
white adipose tissues that contain relatively few mitochondria, beginning to
increase in mass to compensate for skeletal muscle loss %1%, Subsequently,
the depletion of NAD* by consuming enzymes exceeds NAD™ biosynthesis. In
theory, declines in NAD* subsequently predispose aging individuals to
debilitating conditions such as insulin resistance, obesity, Parkinson’s disease
and increased susceptibility to pathogenic infection, all of which have been
documented 91:106.112-116 _ thjs trend suggests that NAD* decline is a cause

and consequence of age-related disorders.

While one strategy to counter age-related NAD™* decline is via regular physical
activity and incorporation of protein-rich diets for skeletal muscle preservation
69,70 'boosting of NAD™* has also emerged in recent years as a viable candidate
for therapy. Such strategies include 1) direct supplementation of NAD* or its
precursors 10117 2) inhibition of NAD* consuming enzymes 18120 and 3)
modulating activity of players within NAD* biosynthesis pathways 21123,
Supplementation has been described in fruit flies, rodent, mouse and
nematode models °1:106.107.124 ‘and crucially, in humans as well without adverse
effects 110:117.125126 However, it's worth noting that excess NAD* in the healthy

phenotype seemingly does not significantly perturb central metabolic activity
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127128 ‘More recently, a novel precursor based on a reduced form of NR, known
as NRH, was developed and demonstrated significantly greater potency than
NR in increasing NAD* levels, which could pave the future for oral intake of

NAD* precursors for therapy 129130,

The pharmacological and genetic inhibition of the major NAD" consuming
enzymes (further discussed in Section 1.3) such as PARPs and cADPR
synthases, have been largely useful in boosting NAD* — for the former, there
is substantial consensus that PARP inhibition entails positive metabolic
benefits and overall wellbeing 151317135 and is also implicated as a pioneer
therapeutic for the treatment of cancers 135136, Currently, PARP inhibitors such
as Olaparib and Rucaparib have been approved for therapeutic use in ovary,
prostate and breast cancers 11°120, | jkewise, inhibition of the cADPR synthase
CD38 has demonstrated comparable efficacy as with PARP inhibition 124137.138
and inhibitors such as Isatuximab are undergoing phase 1/2 clinical trials for

the treatment of multiple myeloma 3,

Similarly, the overexpression of NAMPT has been successful in increasing
overall NAD* levels 40-142 and is metabolically beneficial 14%143, However, its
overexpression is also associated with increased cancer progression 44-146,
making its inhibition a viable therapeutic target in this regard. Subsequently,
pharmacological compounds such as P7C3 1?2123 and SBI-797812 2! have
been developed and demonstrated relatively high efficacy in elevating NAD*
levels through enhanced activation of NAMPT. Similarly, NMNAT
overexpression boosts NAD™ levels in tandem with precursor administration

113147 ‘mediating metabolically beneficial effects 142:148-152,
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1.3. NAD' consuming enzymes

As outlined in Section 1.2.1, NAD* also serves as a co-substrate for certain
enzymes. Cleavage of NAD* by these enzymes releases NAM and ADP-
ribose (ADPR) (Fig. 1.13) — NAM is subsequently recycled for regeneration of
NAD* as outlined in Section 1.2.2, while ADPR is applied as in a site-specific
manner as a form of post-transcriptional or post-translational modifications
onto target substrates, altering their biological activities. Henceforth ADPR

serves important functions as a signalling moiety.
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Figure 1.13. NAD" cleavage

Cleavage by the NAD* consuming enzymes occurs at the glycosidic bond as depicted in the
red line. This releases NAM and ADP-ribose as by-products. NAM is subsequently recycled
as part of the NAD* salvage pathway to regenerate NAD* while ADP-ribose is applied onto
target substrates for modulation of downstream signalling pathways such as DNA damage
repair, calcium signalling and metabolism.

Subsequently, decades of assiduous research have resulted in identification
of families of enzymes that majorly consume NAD*. These enzymes thus
compete for the intracellular NAD* pool, necessitating further study towards
understanding its competition between enzymes. Therefore, it should be
considered that consumption of NAD* by a specific enzyme has an influence

on the activity of other NAD* dependent enzymes.
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1.3.1. PARPs - family and enzymoloqy

Following the initial discovery of ADPR in the late 1960s 1°3-156 work was
succeeded by the discovery of the multi-domained PARPs and their ability to
apply ADPR onto target proteins as a form of post-translational modification
through NAD* consumption 1°6-1%%. New knowledge has unravelled specific
sites in which ADPR monomeric units can be attached onto target substrates,
and these include Thr, Glu, Asp, Lys, Arg, Cys or Ser residues %°. Attachment
of a single ADPR molecule, known as mono-ADP-ribosylation (MARylation),
serves as the initiation step and can be succeeded by subsequent elongation
and branching of Poly-ADPR (PAR) chains, known as Poly (ADP-ribosyl)ation
(PARylation). PAR chains involve the formation of ribose-ribose linkages
between MAR units, usually joined together by a 2",1"-glycosidic bond.
PARylation is reversible and regulated through the rapid catalytic degradation
of PAR chains by degrading enzymes such as PAR-glycohydrolase (PARG)
and ADP-ribosylhydrolase 3 (ARH3) 61, PAR chains can also be stabilized by
macrodomain-containing proteins such as MacroH2Al1l.1 to prevent rapid
degradation and subsequently preventing excess NAD* consumption 162 (Fig.

1.14), and PAR and PARylated substrates can be transferred to the cytosol

163
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Figure 1.14. PARylation by PARP1

PARP1 enzymatically applies ADPR as a form of post-transcriptional or translational
modification onto target substrates through the consumption of NAD*. Attachment of a single
ADPR monomer sequentially initiates the further addition of ADPR to yield Poly-ADPR (PAR)
chains. These chains can subsequently elongate and branch out, in a process termed Poly
(ADP-ribosyl)ation (PARylation). The extent of PARylation is a key determinant in the
magnitude of signalling processes it regulates. Subsequently, PAR mediated signalling events
are regulated by the PARG and ARH3 enzymes that catalyse the hydrolysis of PAR chains
while the macrodomain containing proteins such as MacroH2A1.1 stabilizes the chains.
Collectively, these regulatory events are fundamental for maintaining overall NAD™* availability.

17 and 16 members comprise the PARP enzyme family in humans and mice
respectively (Table 1.2). Interestingly, the majority of PARP activity, basal or
stimulated, is exerted by either PARP1 (85 — 90%) or PARP2 (10 — 15%), most
of which are localized to the nucleus, making these 2 members the most
commonly studied forms. Cytoplasmic and mitochondrial PARP activity have
also been presented 4167 and NAD* levels within these subcellular
compartments can mediate PARP activity in another subcellular compartment
168 Thus far, only PARP1, PARP2, PARP5a (Tankyrase 1) and PARP5b/6
(Tankyrase 2) exhibit PARylating activity while remaining members exhibit
MARYylating activity except for PARP13, which is catalytically inactive €°.
Within the catalytic domain of PARylating members lies a characteristic and
highly conserved NAD™ binding pocket composed of a set of residues (H862,

Y896 and E988) which form the His-Tyr-Glu (HYE) triad, a signature critical
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for NAD" binding and PARYylating activity 64170, Aside from PARylating target
substrates, PARPs are capable of auto-PARYylating themselves for regulation
of intrinsic activity. The extent of PARylation is far-reaching in the modulation
of cellular signalling pathways, with well documented roles in DNA repair,
genome stability, inflammatory and immune response, and emerging roles in
cellular differentiation programmes, glucose metabolism and skeletal muscle

physiology 91165,
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PARP Localization Activity Biological processes
Aging / Infection & Immunity /
Differentiation / DNA repair /
. Chromosome structure / RNA
HARGES Nucleus PARylation metabolism / Metabolism /
Transcription / Proteasome
degradation / Cell cycle
DNA repair / Chromosome
PARP2 Nucleus PARylation structure / Metabolism /
Transcription / Cell cycle/
Inflammation
PARP3 Nucleus PARylation DNA repair / Cell cycle
Nucleus /
PARP4 Exosomes / Cell MARYylation Cancer biology / Vault biology
membrane
Nucleus / Infection & Immunity / Cell
PARP5a . . cycle / Metabolism / Mitotic
Telomeres / Golgi PARylation 4 )
(Tankyrase 1) spindle formation / Telomere
/ Cytoplasm ;
maintenance
Nucleus / . .
PARP5b Telomeres / Golgi PARylation Metabolism / In_flammatlon /
(Tankyrase 2) Telomere maintenance?
/ Cytoplasm
PARP6 Cytoplasm* MARYylation Cell proliferation
n . .
PARP7 Nucleus /* MARylation Infection & Immunlty /
Cytoplasm Transcription
PARPS8 Undefined MARYylation Undefined
Nucleus / Cell Cell migration / Tumour
PARP9 membrane / MARYylation . gratic .
. biology / Infection & Immunity
Cytoplasm
PARP10 Nucleus / MARylation Cell prollfgratlon / Inft_act_lon &
Cytoplasm Immunity / Transcription
PARP11 Undefined MARYylation Undefined
PARP12 Cytoplasm MARylation Ce Immgnlty / RNA
metabolism
PARP13 Cytoplasm Inactive Ce Immgnlty / RNA
metabolism
Nucleus / Cell Metabolism / Transcription /
PARP14 MARylation RNA metabolism / Tumour
membrane X
biology
PARP15 Cytoplasm MARylation RNA metabolism / Tumour
biology
Cell membrane /
PARP16 Endoplasmic MARylation Unfolded protein response
reticulum

*potentially identified localization

Table 1.2. PARP family of enzymes 6>171
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1.3.2. PARP1 structure and function in genome maintenance

The founding PARP family member, PARP1 is an approximately 113 kDa
protein comprised of 1014 amino acids °. It is a constitutive nuclear and
mitochondria enzyme, and is composed of 7 major domains (Fig 1.15). Roles
for PARP1 in DNA damage repair including pathways of base excision repair,
the repair of single and double-strand breaks, as well as of stalled replication
forks have been well-defined 172, These primarily occur via the PARylation of
substrates including DNA repair proteins, histones, chromatin remodelers,
transcription factors and signal transduction elements 72, Furthermore,
PARP1 roles independent of PARylating activity have also been described

through direct binding to nucleic acids 73>-17® and transcription factors 176.

1.3.2.1. Zinc finger domains
A key domain of PARP1, the 3 Zinc Finger (ZF) domains making up the N-

terminal domain (NTD) of PARP1 together govern the initiation of the DNA
damage response pathway. ZF1 and ZF2 recognize, bind and self-assemble
into damaged or nicked sites and this process is independent of ZF3 170.177.178,
In contrast, ZF3 was discovered and characterized much later than ZF1 and
ZF2, where ZF3 organizes DNA-damage dependent PARP1 binding and
catalytic activity for allosteric activation of PARP1 17918  Mutations in ZF
domains results in the abolishment of DNA-damage dependent binding and
activation of PARP1 181182 Between ZF2 and ZF3 also lies a nuclear
localization signal (NLS) and a caspase cleavage site 1’9, although the former
Is seemingly dispensable in the context of DNA-binding and catalytic activity
183 The caspase cleavage site on the other hand is subjected to cleavage by

caspases 3 and 7 during apoptosis into a DNA binding and catalytic fragment
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for PARP1 auto-modification ¥4, Consequently, caspase mediated PARP1
cleavage is ascribed to a range of neurological disorders including Parkinson’s

and Alzheimer’s disease 115185,

1 93113 203 233 273 385 476 530 645 662 779 1014
ZF1 ZF2 NLS ZF3 BRCT ~ WGR HD ART
L e J L ~ J L v J
DNA binding domain Automoadification Catalytic domain
domain

Figure 1.15. Domain structure of PARP1

The seven major domains of PARP1 collectively serve in the activation and auto-regulation of
this enzyme. Zinc fingers (ZFs) 1, 2 and 3 form the DNA-binding domain for recognition and
initiation of DNA damage repair pathways, and the enzyme’s ability to self-assemble into
damaged DNA sites is conferred by the nuclear localization signal (NLS). The BRCT domain
is fundamental for DNA damage repair factor recruitment as well as the enzyme’s auto-
PARylation for intrinsic regulation of its activity, and is also a potential target for PARP1
inhibitory therapeutics. The WGR, HD and ART sub-domains collectively form the catalytic
domain to facilitate NAD* binding and subsequent PARP1 activation and PAR chain
generation.

1.3.2.2. Breast Cancer Associated 1 C-terminal domain
The Breast Cancer Associated 1 protein has been widely recognized as an

important tumour suppressor protein. However, it was subsequently
documented to possess a C-terminal domain (BRCT), and BRCT domains
have been identified in other proteins to modify protein-protein interactions
thereafter, specifically in those associated with DNA stability and repair 8. In
PARP1, the BRCT domain possesses auto-modification sites which entail
PARP1 auto-PARylation and is predominantly the major site for this. This
crucial process entails PARP1 mediated recruitment and interaction with DNA
repair proteins such as X-ray Cross Complementing Group 1 (XRCC1) and 8-
oxoguanine-DNA glycosylase (OGG1) that is PAR dependent for the
activation and regulation of PARP1 18-188 \While dispensable for global DNA
damage repair 819 functional roles of this domain which extend beyond
DNA repair have been documented, including protection from mutagenic

effects arising from diversification of antibody genes in B-cells °°, DNA
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mismatch repair 1°!, and BRCT domain targeting PARP1 inhibitors for

improved selectivity 12,

1.3.2.3. Tryptophan-Glycine-Arginine domain
The Tryptophan (W)-Glycine (G)—Arginine (R) (WGR) rich domain of PARP1

spans approximately 90 amino acids. The WGR domain facilitates interdomain
contact between PARP1 and damaged DNA for PARP1 binding and
subsequent activation 170193, Specifically, the W589 residue is paramount for
PARP1 dissociation from DNA breaks to facilitate PARP1 accumulation for
efficient repair 1%. The pharmacological compound Salidroside acclaimed for
neuroprotective and anti-inflammatory effects, exhibits its anti-oxidative stress
effects through activation of PARP1 via the WGR domain in hematopoietic
stem cells 1%, Interestingly, the WGR domain of PARP1 enables activation in
a RNA-dependent manner %, which explains PARP1’s ability to regulate
transcription amongst a plethora of its other functions in cellular homeostasis.
Aside from this, the WGR domain is also implicated in other signalling
cascades driving DNA damage repair, such as interaction with Homeodomain-
interacting protein kinase 2 (HIPK2) and heat shock protein (HSP) 70 kDa

(HSP70) 17,

1.3.2.4. Catalytic domain
The catalytic domain of PARP1 is further composed into 2 sub-domains — the

Helical Subdomain (HD) and the ADP-ribosyltransferase (ART) domain. The
HD is a helical structure that possesses auto-inhibitory properties. In its folded
state, it selectively blocks the binding of NAD* to the NAD* pocket located
within the ART domain 193198 while unstimulated PARP1 exhibiting low basal
activity can be ascribed to the HD providing access to low NAD* binding during

DNA damage repair 1%, Recognition of damaged DNA sites induces a step-
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wise reaction initiated by the ZF domains and interdomain contact between
the WGR and damaged DNA that results in the destabilisation of the HD to
expose the NAD™ binding pocket, resulting in PARP1 activation and ART
activity (Fig. 1.16). Complete deletion of HD from PARP1 results in activation
in the absence of DNA damage 1°3. While activity remains somewhat similar
to wild-type (WT) PARP1 activated in the presence of DNA damage ', it can
be suggested that the repercussions from HD deletion translates into a rapid

depletion of intracellular NAD* stores due to persistent activation.

)

RS DNA damage
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Figure 1.16. PARP1 mediated PARYylation in the DNA damage repair response

PARP1 can facilitate base excision, nucleotide excision and double strand break repairs of
DNA. The domains of PARP1 allow recognition and self-assembly into damaged DNA sites
and initiate PARylation of substrates and itself to result in the recruitment of DNA damage
repair factors such as XRCCL1. Abbreviations: PCNA, proliferating cell nuclear antigen; DDB1,
DNA damage-binding protein 1; DDB2, DNA damage-binding protein 2; RBX1, ring-box 1.
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The ART domain of PARPL1 is predominantly recognized as the catalytic core
of the enzyme and highly conserved across PARP family members. It is
composed of a donor site and acceptor loop, and within this donor site lies the
HYE triad signature as detailed in Section 1.3.1. The H862 and Y896 residues
are required for NAD* binding while the E988 residue mediates NAD*
positioning and subsequent catalysis 1%°. The significance of these residues
have been underscored in mutation studies. H862 mutation results in
catalytically inactive PARP1 2%, while E988 mutations abolishes PARP1’s
ability to elongate PAR chains 179200, More recently, a T910A mutation was
identified in a patient exhibiting resistance to the therapeutic PARP1 inhibitor
Olaparib 2%, highlighting challenges and a remit for development of novel
PARP1 inhibitors to target different regions of PARP1. The acceptor loop, on
the other hand, contributes to PARP1 activity by serving to initiate, elongate
and branch PAR chains by binding to the target proteins %°, and residues

implicated in normal function include M890 and Y896 2%,

1.3.3. PARP1 roles in transcription requlation and RNA metabolism

Given PARP1 roles in genome maintenance as detailed in Section 1.3.2,
emerging studies have implicated roles for transcriptional control by this
enzyme that is mediated by, or independently of, its PARylating activity. For
example, PARP1 can act as a nucleosome binding protein that maintains open
regions of chromatin at promotor regions 2%, PARP1 can also facilitate the
binding of the pioneer transcriptional factor SRY-box 2 (Sox2) to nucleosomes
within intractable chromatin regions 2%, and also coregulate transcriptional
factors 175:176:205-210 (Fig_ 1.17). Chromatin remodelling, a fundamental process

that modulates chromatin conformational changes to permit accessibility for
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DNA-binding factors as well as transcriptional factors, is regulated by PARP1.
Specifically, PARP1 exerts its role in this regard through regulation of the
histone proteins and chromatin remodelling complexes and enzymes. Notably,
the H1 histone is a substrate of PARP1 mediated PARylation, an event that
result its dissociation from chromatin, causing chromatin decondensation to
promote immediate early gene expression 211213, Furthermore, the four core
histone (H2A, H2B, H3 and H4) proteins have also been documented as
targets of PARP1 mediated PARylation %1224, PARP1 also mediates the
recruitment of the histone PARylation factor 1 (HPF1) complex by acting as a
histone chaperone to promote chromatin reassembly as part of the DNA
damage response 21216, More recently, HPF1 has been demonstrated to
regulate the length of PAR chains generated by PARP1 and also converts
PARP1 into a NAD* hydrolase to result in hydrolysis of ADPR 27, PARylation
by PARP1 also mediates recruitment of chromodomain-helicase-DNA-binding
protein 1-like (CHDI1L) to trigger chromatin relaxation 2829 These imply
PARP1 mediated roles in modulation of chromatin structure and subsequently,

transcriptional control and gene regulation.
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Figure 1.17. PARP1 roles in transcriptional requlation

Mechanisms of transcriptional regulation by PARP1. PARP1 can 1) modulate chromatin
machinery and open chromatin regions for binding of DNA-binding factors, 2) bind directly to
transcriptional factors, 3) PARylate histones and chromatin proteins to initiate chromatin
remodelling and 4) bind directly to promotor and enhancer regions on DNA to modulate
transcription. These mechanisms can occur independently of its catalytic activity.

Subsequently, PARP1 has been demonstrated to directly bind to RNA 220-222
and this is contributed by all PARP1 domains 223. Further studies
demonstrated that PARP1 utilizes a unique combination of domains for its
binding to RNA, and domains that exert greater influence in PARP1’s ability to
bind RNA include its ZF3 and the C-terminal end 17224, PARP1 also plays
fundamental roles in RNA metabolism, from biogenesis (transcription, splicing,
and polyadenylation) to modifications, stability, export, and ribosome
assembly. This regulation occurs either through its direct binding to its binding
partners (DNA, RNA, protein) and/or through PARYylation or PAR recognition

by target molecules 22°,
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1.3.4. PARP1 in the mitochondria

PARP1 mediated PARylation also plays roles in the regulation of signalling
networks controlling mitochondrial activity and health. While there is
substantial consensus for PARP1 mediated PARylation in the nucleus and
cytosol, mitochondrial roles for PARP1 and the PAR it deposits remain to be
fully documented, but emerging. Recently, mitochondrial PARP1 presence
and PARylating activity was corroborated and fundamental for mtDNA
transcriptional regulation 7. The hyperactivation of PARP1 due to oxidative
stress and DNA damage is known to be antagonistic to overall mitochondria
health, including distorted morphologies, increased mitochondrial ROS
accumulation and subsequently reduced efficiencies of oxidative
phosphorylation and ATP generation 2?6, Excess PARP1 mitochondrial activity
is also detrimental to mtDNA integrity 2’. The degradation of PAR chains have
also been identified to trigger AMP-dependent mitochondrial energy failure 228,
Subsequently, depletion, pharmacological inhibition, or loss of function
mutations of PARP1 promotes mitochondrial biogenesis and repair 132:229.230,
Additionally, PARP1 regulates transcriptional factors that themselves
regulates the expression of mitochondrial complexes and proteins. For
example, hypoxia-inducible factors (HIFSs) are activated in response to hypoxia
and oxidative stress, and activation of PARP1 serves to promote activity of
HIFs 23! Consequently, HIFs mediate the activation of transcriptional
programmes to suppress glycolysis and subsequently, energy generation.
Given PARP1 is a major consumer of NAD*, and observations that NAD" is
subcellularly compartmentalized (outlined in Section 1.23), recent studies

have shown that mitochondrial NAD* exerts control over nuclear PARP1
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mediated PARylation %8, Furthermore, PARP1 activity impacts activity of other
NAD* dependent enzymes in the mitochondria. This is evident with SIRT1,
which is activated in response to elevated NAD* levels to subsequently
deacetylate and activate transcriptional factors that drive mitochondrial
biogenesis such as FOXO1 and PGC1a 196131132 and augment mitophagy 2°2.
This implies that mitochondrial dysfunction by PARP1 can occur as a cause

and consequence of its activity.

1.3.5. Metabolic and aging implications of PARP1

PARP1 also exerts influence over metabolic regulation. Roles for PARP1 have
been demonstrated in circadian rhythms through the PARylation of the
heterodimer CLOCK-BMAL1, master genes in circadian regulation 233, and
PARP1 null mice have increased activity and higher energy expenditures at
night 131, PARP1 activity also drives the translocation and transcription of
Nuclear factor kappa B (NF-kB) 24235 and this subsequently mediates
expression of pro-inflammatory genes such as Tumour Necrosis Factor Alpha
(TNFa) and Interleukin 6 (IL6) 2%, Direct regulation of pro-inflammatory genes
such as Nuclear Factor of Activated T cell (NFAT) and Yin Yang 1 (YY1) by
PARP1 have also been reported 22723, whilst PARP1 null mice have exhibited
inflammatory resistance 2%°. Consequently, PARP1 itself can hold influence
over severity of pathogenic infection and efficiency of immune system

response 116,

The suppression of PARP1 activity and its expression, as well as NAD*
precursor supplementation, are protective against age associated and high fat
diet-induced obesity 106131240 Administration of PARP inhibitors in mice

improves glucose uptake, insulin sensitivity and exercise performance 2.
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Furthermore, PARP1 null mice also have significant reductions in serum
triglyceride and free fatty acid levels ?'. These studies further highlight PARP1
and SIRT1 NAD* dependent crosstalk, whereby increased SIRT1 activity is
protective against the obesity phenotype 106131240 |n contrast, inhibition of
SIRT1 activity results in exacerbated obesity phenotypes 242243 implying
PARP1 exerts negative metabolic impacts via SIRT1. PARP1 also has
plausible roles in cholesterol metabolism in models of atherosclerosis although

the mechanisms that underlie this remain elusive 244,

1.3.6. PARP1 in differentiation

Involvement of PARPL1 in differentiation of various cellular models was initially
described in bone-marrow derived cells such as monocyte/macrophages,
neutrophils and erythroids 245247, Further studies have since demonstrated
PARP1 as regulating differentiation of a broader spectrum of tissues including
adipocytes, skeletal muscle, osteoclasts and oligodendrocytes 176:205.206,210,248
These are mediated by PARP1’s abilities to regulate gene expression,
modulate chromatin structure and mitochondrial activity that themselves are

events that occur during differentiation.

Adipogenesis, the differentiation of preadipocytes into mature adipocytes is
dependent on the transcription of adipogenic genes such as PPARy2 and
C/EBPB, which are targets of PARP1 mediated PARylation 20924° PAR
deposition subsequently impedes adipogenesis in pre-adipocytes in a nuclear
NAD* dependent manner 10320° and PARP1 null 129/Sv mice presented
hypersensitivity to diet-induced obesity and heightened insulin resistance 2.
Interestingly, PARP1 null C57BL/6J mice are leaner due to reduced white
adipocyte mass, although high fat diets increased hepatic lipid accumulation
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241 Similar results were observed in C57BL/6J mice treated with PARP
inhibitors 131240, These strain-specific findings underscore the diversity the
PARPL1 plays in signalling pathways, and also further implies roles for PARP1
in adipocyte modelling within the context of adipogenesis and body fat

accumulation.

During myogenesis, PARP1, independent of its catalytic activity, is able to bind
to regulatory regions of the muscle genes p57 and myogenin, interfering with
their targeted transcription by MyoD for initiation of myogenesis 6. Following
myogenesis, PARP1 levels are reduced in fully differentiated myotubes
compared to undifferentiated myoblasts, and this is also important for
conferment of oxidative stress resistance in the differentiated myotube 252, It
can therefore be inferred that the degradation of PARP1 is seemingly
important with regards to driving the myogenic transcriptional programme.
Recent work has also demonstrated that MyoD driven transdifferentiation of
fibroblasts into myoblasts causes an increase in PARP1 mediated nuclear
PAR deposition 2°7. These emerging works suggest that PARP1 exerts
impacts over myogenesis through the regulation of genes associated with
myogenesis, which currently in this regard, is MyoD, and as a consequence,

impacts on overall metabolism.

1.3.7. SIRTs

SIRTs derive their name from Silent Information Regulator 2 (SIR2), which
was first identified in the late 1970s in Saccharomyces cerevisiae 2°? with
subsequent homologs later identified 2°3. It was subsequently discovered that
SIR2 was a NAD* consuming enzyme possessing ADP-ribosylation activity 25

and able to mediate deacetylation of histones 2°°, Furthermore, SIR2 was able
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to prolong lifespan in yeast 2%, laying the foundation for its implications in
whole body metabolism and wellbeing. To date, 7 mammalian SIRTs have
been identified which are ubiquitously expressed and localized to different

subcellular compartments (Table 1.3). All members possess a conserved

catalytic domain entailing a NAD* binding pocket for activity 2°7.

SIRT Localization Activity Alternate activity
SIRT1 Nucleus / Deacetylation ADP-ribosylation
Cytoplasm
SIRT2 Cytoplasm Deacetylation Delipoylation
Nucleus / : :
SIRT3 Mitochondria Deacetylation Undefined
SIRT4 Mitochondria | Deacetylation Delipoylation / ADP-ribosylation
SIRT5 Mitochondria | Deacetylation Desuccinylation / Demalonylation
SIRT6 Nucleus Deacetylation ADP—rlbosyIatlon/_ Demyrlstoylatlon/
Depalmitoylation
SIRT7 Nucleolus Deacetylation Undefined

Table 1.3. SIRT family of enzymes

Generally, SIRTs catalyse target protein deacetylation at Lys residues through
the hydrolysis of NAD* to yield O-Acetyl-ADPR (OAADPr) and NAM alongside
the resulting deacetylated substrate (Fig 1.18). OAADPr can be subsequently
hydrolysed by ARH3 into ADPR 2°8, Like ADPR, OAADPr accumulation can
also modulate homeostatic processes including chromatin and transcription
regulation as well as Ca?* signalling through interaction with binding partners
such as transient receptor potential cation channel, subfamily M, member 2

(TRPM2) and MacroH2A1.1 2°.

Although predominantly protein deacetylases, some members of the SIRT

family also possess alternate catalytic activities. Additionally, some SIRTs are
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also able to translocate to different subcellular compartments. SIRT1 (nuclear
and cytoplasmic), SIRT4 (mitochondria) and SIRT6 (nuclear) exhibit ADP-
ribosylating activity 260261; SIRT3 (nuclear and mitochondria) exerts
deacetylation activity only 261.262; SIRT2 (cytoplasmic) and SIRT4 possess
delipoylation activity 263; SIRT5 (mitochondria) possesses desuccinylation and
demalonylation activities 2%, SIRT6 also exerts demyristoylation and
depalmitoylation activities 260265, Alternate activity for SIRT7 (nuclear) has yet
to be ascertained, although its deacetylation activity is crucially involved in
transcription during ribosomal biogenesis 26 (Table 1.3). Nevertheless, SIRTs
are crucial in a plethora of whole body metabolic processes and beneficial

aging 81,133,260_

t|mu us 8@
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Figure 1.18. SIRT mediated consumption of NAD*

Caloric restriction and pharmacological compounds can result in the activation of SIRTs such
as SIRT1 to consume NAD* to deacetylate target substrates, releasing OAADPr and NAM in
the process. OAADPr can be hydrolysed into ADPR in a reaction catalysed by ARH3, while
NAM can be recycled via salvage pathways for NAD* regeneration. NAM can also act as an
inhibitor of SIRT1 activity. SIRTs have documented roles in metabolic homeostasis including
calcium signalling, mitochondrial function and glucose metabolism.

1.3.8. cADPR synthases

Beyond PARPs and SIRTs, another family of NAD* consumers are the CADPR
synthases, also referred to as ADP-ribosyl cyclases. Upon stimulation, CADPR

synthases catalyse synthesis of CADPR from NAD™ to yield NAM as a by-
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product that is subsequently recycled. cADPR is a crucial molecule in second
messenger signalling for the regulation of Ca?* signalling which is substantially
pertinent and far reaching, controlling critical processes such as
neurotransmitter release, immune response, muscle contraction and insulin

release 257 (Fig. 1.19).

Stimulus

Glycohydrolysis

/
Cyclisatk “ cADPR—=_ > ADPR
Hydrolysis

Figure 1.19. cADPR synthesis from NAD*

Neurotransmitters such as acetylcholine and intracellular increases cause the activation of the
cADPR synthase enzymes. These enzymes display multifaceted roles, where it can either 1)
act as cyclases to generate cADPR directly from NAD*, 2) catalyse the hydrolysis of CADPR
into ADPR or 3) act as a NAD* glycohydrolase to directly produce ADPR from NAD*. The type
of activity exhibited is dependent on pH. Consequently, cADPR is crucial for Ca?* signalling
including muscle contraction and neurotransmission.

In mammals, CD38 are ubiquitously expressed transmembrane proteins that
can function as receptors or enzymes. Its dominant expression on the surface
of many immune cells such as natural killer and B cells 26826° has rendered
interest in its role in pathological studies and immunomodulation since its
discovery. Studies have also reported CD38 diverse roles in cardiac injury,
obstructive pulmonary disease and oxytocin response 137:270271 | jke SIRTS,
CD38 possesses multi-functional enzymatic activity, acting as a NAD?'
glycohydrolase (NADase), generating ADPR from NAD* or, hydrolyses

cADPR into ADPR. In the presence of NA, CD38 can also mediate the
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hydrolysis of NADP into NA-ADP in a reaction that is dependent on pH 258,
Interestingly, despite being the major contributor of cADPR activity in
mammalian cells, only a minor amount of total product produced by CD38
following NAD" incubation is CADPR, whereas ADPR comprises the majority
271 Consequently, its utilization of 100 NAD* molecules to generate a single
cADPR molecule therefore renders CD38 a major NAD* consuming enzyme
in mammals 192117, Notably, CD38 can mediate NR and NMN degradation
before their entry into the cell and is upregulated in tissues of the aging
phenotype 2. Therefore, not only does CD38 impacts activities of other NAD*
consuming enzymes and overall NAD* homeostasis, it further exacerbates

age-related NAD* decline as well.

CD157, a homolog of CD38, is another member of cCADPR synthases and also
exhibits NADase activity. Unlike CD38, however, CD157 is: 1) significantly less
efficient in cADPR synthesis 9268, 2) predominantly expressed within tissues
of the gut and lymphoid %272, and 3) unable to hydrolyse cADPR to ADPR *1°,
Like CD38, CD157 is implicated in a plethora of immunomodulatory processes,

notably the migration, adhesion and extravasation of leukocytes 272,

Sterile alpha and TIR motif-containing 1 (SARML1) is another recently
discovered NAD* consuming enzyme, possessing a Toll/Interleukin 1 receptor
(TIR) catalytic domain. Although SARM1 is mainly expressed in neurons, its
TIR domain is able to partake in Toll-like receptor signalling for modulation of
immune response 273, The TIR domain utilises NAD* to produce ADPR and
NAM, as well as cADPR. This process of NAD* utilization by SARM1 manifests

into axon destruction during neuronal injury 274275 and destruction is
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attenuated by SARM1 deletion 124275276 sypplementation of NR and NAMPT

or NMNAT overexpression 142150,

1.3.9. ARTCs

ARTCs degrade NAD* in a similar fashion as PARPSs for the transfer of ADPR
groups specifically, onto Arg residues of target proteins 2. ARTC1 was the
first mammalian ARTC identified within the rabbit skeletal muscle as a
membrane-associated ARTC 278, Subsequently, five mammalian ARTCs have
been identified. Humans, however, possess a pseudo ARTC2 gene, thereby
expressing only four of the ARTCs as a result, while murine ARTC2 exists in
2 allele variants, ARTC2.1 and ARTC2.2 7. ARTCs 1 — 4 are ecto-enzymes
anchored via a glycosylphosphatidylinositol tail to the outer membrane, and
ARTCS is secreted to the extracellular space ?’7. ARTCs 1, 2 and 5 possess
a characteristic Arg (R)-Ser (S)-Glu (E) (RSE) triad signature which have been
corroborated to exert NAD* binding and Arg-specific MARylation activity while
ARTC3 and ARTC4 do not possess this triad, rendering them catalytically

inactive 279.280,

Amongst the catalytically active ARTCs, ARTC1 and ARTC2 are the most well-
studied. ARTC1 is predominantly expressed in airway cells as well as in
skeletal and cardiac muscle 281283, |n skeletal and cardiac muscles, ARTC1
basally MARylates Arg residues of a number of proteins on the cell surface
and extracellular space associated with cell adhesion, muscle contraction, and
regulation of signal transduction, and its functional significance was
underscored with ARTC1 null mice exerting muscle weakness 223, ARTC1 also
has roles in endoplasmic reticulum stress response via the MARylation of

glucose-regulated protein of 78 kDa/immunoglobulin heavy-chain-binding
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protein (GRP78/BiP) 284, Other substrates of ARTC1, including integrin a7,
fibroblast growth factor 2 (FGF2) and platelet-derived growth factor-BB

(PDGF-BB) have been identified 285-288,

In contrast, the murine ARTC2, initially identified as RT6 as an alloantigen, is
expressed within T cells, natural killer cells and macrophages 22%-2°1, This,
together with studies of ARTC1 in airway cells controlling inflammatory
response, strongly imply roles for these catalytically active ARTCs in
immunomodulatory response. To date, the functional characterisation of
ARTCS5 and its associated substrates remains relatively elusive. Nevertheless,
the presented studies suggest that ARTCs also exert dynamic influence over

different aspects of physiology.

1.4. Glucocorticoids

Glucocorticoids (or cortisol in humans, corticosterone in rats/mouse) are a
major class of steroid hormones with pleiotropic physiological effects. They
serve as ligands for the ubiquitously expressed glucocorticoid receptor (GR)
to subsequently modulate cellular phenotypic and inflammatory status.
Mineralocorticoid receptors (MR), while not as ubiquitously expressed as their
GR counterparts, can also bind glucocorticoids with higher affinities. The
pharmacological use of glucocorticoids have attracted tremendous interest in
understanding the molecular mechanisms of GR mediated signalling and
mammalian transcriptional regulation due to their anti-inflammatory effects
and sensitivity within tissues. In humans, GR is encoded by the NR3C1 gene
and two main isoforms exist: GRa comprised of 777 amino acids and GRB

comprised of 742 amino acids 2°?. GR is composed of 4 major domains: the
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NTD, the DNA binding domain (DBD), the hinge region and the ligand binding

domain (LBD) (Fig. 1.20).

1 421 486 528 777
GRa NTD DBD ,Hinge LBD

1 421 486 528 742
GRB NTD DBD , Hinge LBD

Figure 1.20. Domain structure of the two main glucocorticoid receptor isoforms in
humans

Two GR isoforms exist from alternative splicing. Both isoforms possess four distinct domains:
the N-terminal domain (NTD), DNA binding domain (DBD), hinge domain and the ligand
binding domain (LBD). The NTD entails the recruitment of transcriptional coregulators and
machinery. The DBD domain is highly conserved, and is comprised of two zinc finger motifs
which also allow dimerization between other GR partners. The flexible hinge region possesses
nuclear localization sequences, and the LBD fundamentally serves for glucocorticoid binding
and activation of GR. GR[3 possesses a shorter LBD and is consequently unable to bind
glucocorticoids, rendering this isoform catalytically inactive, but still able to contribute to
glucocorticoid actions.

Subsequently, GRa is perceived to be the main isoform in mediation of
glucocorticoid effects due to 1) its major abundance amongst other isoforms
and 2) GRP possessing a shorter LBD, restricting its ability to bind
glucocorticoids 2?2, However, GRB actions have been documented to influence

GRa activity 24,

1.4.1. Mechanisms of GR activation by glucocorticoids

Glucocorticoids are typically produced and secreted in response to stress.
Activation of the hypothalamus—pituitary—adrenal axis (HPA) following release
of corticotropin-releasing hormone initiates the subsequent synthesis and
release of adrenocorticotropic hormone to the adrenal glands where
glucocorticoids are synthesised and secreted 2°°. The paracrine and endocrine
effects of glucocorticoids are mediated by the corticosteroid-binding globulins
(CBG) which bind, transport and release glucocorticoids into cells.

Glucocorticoid bioavailability is mediated by two enzymes: 113-hydroxysteroid
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dehydrogenase 1 (HSD11B1) and 2 (HSD11B2) (Fig. 1.21). The former
activates, while the latter enzyme catalyses oxidation to consequently

inactivate glucocorticoids 2%.

HSD11pB2

Cortisol
(Active)

HSD11B1

Cortisone
(Inactive)

Figure 1.21. Requlation of glucocorticoid bioavailabilit

In humans, glucocorticoids can be metabolized into two forms. The inactive form, cortisone,
is reduced and activated by HSD1131 into the active form, cortisol. Conversely, active cortisol
is oxidized by HSD11f2 back into inactive cortisone.

Basally, GR resides primarily in the cytoplasm, kept inactive by a complex of
chaperone and HSPs as well as immunophilins 2°42%7, Upon glucocorticoid
binding, this complex dissociates from GR, permitting the receptor’s activation
and translocation from the cytoplasm into the nucleus via a nuclear pore 2%,
Within the nucleus, GR recognizes specific glucocorticoid response elements
(GRE) on DNA, and exerts genomic effects by 1) tethering itself to transcription
factors, 2) recruitment of transcriptional coactivators or corepressors (Fig.
1.22). These genomic effects can be mediated by GR as a monomer, dimer

or tetramer 2%,
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Figure 1.22. Mechanisms of classical GR activation

Inactive GR is predominantly localized within the cytosol that is held within an inactive
multimeric complex with other proteins such as heat shock proteins. Upon glucocorticoid
binding to the GR, this complex dissociates, permitting the translocation of activated GR into
the nucleus to initiate genomic responses by 1) tethering with other transcriptional factors (TF)
to result in the recruitment of transcriptional co-regulators, 2) directly binding to glucocorticoid
response elements (GRE) or negative GRE (nGRE) and 3) exhibiting composite binding via
binding to both GREs and transcriptional factors. GR can exert these genomic effects either
as monomeric or tetrameric forms. GR can also exhibit nongenomic effects.

1.4.2. Nongenomic effects of GR activity

GR activation by glucocorticoids also exerts nongenomic effects, which occur
independently of transcription. These can occur by three established
mechanisms: 1) non-specific glucocorticoid interaction with cell membranes,
2) glucocorticoid interaction with cytosolic GR, and 3) glucocorticoid
interaction with membrane-bound GR 3. Some processes regulated by
nongenomic GR effects include Ca?* signalling 3%°-303 and immune cell

response 304-307,

Notably, nongenomic GR effects have been observed in the mitochondria.

First, presence of GR has been documented in the mitochondria 3%
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Additionally, GR binding sites within mtDNA display homology to GRE, and
induction of mitochondrial oxidative phosphorylation gene expression
following GR activation has been documented 3%°. These suggest that
glucocorticoids themselves can directly regulate mtDNA, and consequently,

mitochondrial homeostasis in a nongenomic fashion.

1.4.3. Metabolic repercussions of long-term glucocorticoid response

Largely documented side effects of long-term glucocorticoid administration are
associated with metabolic dysfunction phenotypes collectively classified as
Cushingoid features, some of which are abdominal obesity, dyslipidemia,
cervical fat deposits, insulin resistance and hyperglycemia 31°-313, Notably,
glucocorticoid deleterious effects disrupt glucose metabolism. Within the
pancreas, chronic glucocorticoid exposure induces apoptotic mediated 3 cell
death and subsequent failure of insulin secretion 314318 In adipose tissue,
glucocorticoids promote lipodystrophies where visceral adipose tissue mass is
increased concomitantly with a decline in subcutaneous fat 319320, Additionally,
glucocorticoids also promote lipolysis and release of free fatty acids that are
transported in circulation and deposited into other organs of metabolic
importance such as the liver and skeletal muscle 31°32° as well as
downregulate the glucose transporters GLUT1 and GLUT4, reducing glucose
uptake 3! to exacerbate metabolic dysfunction. Within the liver,
glucocorticoids can also induce insulin resistance through inhibition of the
insulin receptor pathway whilst promoting activity of enzymes and pathways
of gluconeogenesis which manifest in a hyperglycaemic phenotype 322323,
Crucially, dexamethasone treatment compromised structural and functional

integrity within hepatocyte mitochondria mediated by alterations in mtDNA,
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increased ROS accumulation and dysfunctional pathways of energy
generation 324, While short-term glucocorticoid therapy might be effective,
these studies necessitate a remit for further understanding and development

of alternative forms of non-steroidal treatments for long-term therapy.

1.4.4. Impacts of glucocorticoids on skeletal muscle

Skeletal muscle is also a target of glucocorticoid mediated effects. The
application of dexamethasone at the myoblast stage enhances subsequent
myogenesis 3257327 However, administration of glucocorticoids in fully
differentiated myotubes results in an upregulation of skeletal muscle atrophy
factors such as MuRF1, atroginl and myostatin to induce myopathy 326:328-331,
As detailed in Section 1.4.3, the deleterious impacts of chronic glucocorticoid
exposure within skeletal muscle also pertain to glucose homeostasis via
suppression of insulin-induced GLUT4 transporter translocation 332 and
glycogen synthase to inhibit glycogenesis 333, Clinically however, intermittent
glucocorticoid treatments improve outcomes of skeletal muscle regeneration
following injury 334 These paradoxical effects on skeletal muscle further
underscore the short-term beneficial effects of glucocorticoids, necessitating
mechanistic study into fully utilizing the benefits of glucocorticoid therapy in

this organ.
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1.5. Thesis Rationale

PARP1 is well-established as an enzyme that facilitates DNA damage repair
through its consumption of NAD™ for PARylation and regulation of substrates.
Significant advancements have also demonstrated roles for PARP1
independent of its catalytic activity in biological processes too, including
myogenesis ® and chromatin remodelling 2°3294, In tandem with its
PARylating activity, this enables PARP1 to modulate biological outcomes in
the regulation of tissue-specific gene expression, with documented roles in
almost every organ of the human body (Fig. 1.23).
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Figure 1.23. Documented roles for PARP1 in human organs
PARP1 actions have impacts on whole body metabolic homeostasis.

57



Chapter 1 General Introduction

Mounting evidence is emerging for roles of PARP1 in the skeletal muscle.
Studies employing strategies that downregulate PARP1 activity results in
enhanced metabolic phenotypes and functional performance 31133251335
While roles for PARP1 mediated PARylation have already been described in
differentiation programmes, detailed in Section 1.3.6, knowledge of this
process in skeletal muscle myogenesis remain, undefined. Additionally,
processes such as inflammation and transcriptional regulation are mutual

between PARP1 and glucocorticoid actions.

This work seeks to deepen our understanding and appreciation of PARP1
mediated PARylation in skeletal muscle myogenesis, physiology and potential
mechanisms delineating glucocorticoid response outcomes. In order to
address this fundamental question, the work utilizes strategies to modulate
PARP1 activity at the induction of myogenesis. This would be supplemented
with further work exploring the proteome and transcriptome of skeletal muscle
to give broader perspectives into the physiological impacts of PARP1 catalytic
activity modulation. Understanding these impacts would serve to provide a
basis for PARP1 inhibition as a potential form of therapy in maintenance of

skeletal muscle mass during aging and disease.
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1.6. Hypothesis

We postulate that skeletal muscle myogenesis and function are impacted by
PARP1 mediated PARylating events. Further to this, we hypothesize that
PARP1 has roles in governing glucocorticoid response within skeletal muscle

and may mediate the effects of glucocorticoid exposure.

1.7. Aims

The work in this thesis seeks to address the following research questions.

1. Establish dynamics and impacts of PARP1-mediated PARylation in
skeletal muscle myogenesis trajectory using protein analysis
techniques and preliminary assessment of myotube development
(Chapter 3).

2. Understand how inhibition of PARP1 activity at the induction of
myogenesis affects subsequent muscle function by exploring the
muscle proteome and transcriptome (Chapter 4).

3. Investigate mechanisms whereby the skeletal muscle response to
glucocorticoids occurs via a PARP1-dependent mechanism (Chapter
4).

4. Characterise the dynamics of PARP1 and PAR deposition in mice
subjected to metabolic challenge using high fat diet and knockout (KO)
of genes associated with glucocorticoid and NAD* metabolism (Chapter

5).
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Chapter 2

Materials and Methods

60



Chapter 2 Materials and Methods

2.1. Tissue culture

2.1.1. C2C12 and LHCN-M2 cell lines

The murine myoblast cell line C2C12, an eminent cellular model for skeletal
muscle research, was purchased from the American Type Culture Collection
(VA, USA). This cell line was derived following serially passaged myoblasts

from the thigh muscles of C3H/HeJ mice 70 hours after crush injury 33,

LHCN-M2 was purchased from Evercyte GmbH in Austria. This cell line was
derived from satellite cells within the pectoralis major of a 41-year-old
Caucasian heart transplant donor. These human myoblasts were subjected to
immortalization via viral transduction of retroviruses expressing lox-hygro-
hTERT (LH) and Cdk4-neo (CN) cloned into a pBABE vector backbone.
Following characterisation, M2 was the designated clone number selected for
further passaging due to its exemplary myotube formation amongst the other

clones, giving rise to the cell line name LHCN-M2 3%,

2.1.1.1. Proliferation and cell line maintenance
Cell lines were grown and maintained in 75 cm?, (or T75) tissue culture flasks

in the growth media (GM). For the C2C12 cell line, this was composed of
Dulbecco’s Modified Eagle’s Medium (DMEM) 25 mM glucose (Lonza, UK)
supplemented with 10% (v/v) foetal bovine serum (FBS) (Thermo, UK) and 1%
Penicillin/Streptomycin (P/S) (Thermo, UK). In contrast, the LHCN-M2 GM
was composed of a 4:1 ratio of DMEM and Medium 199 (Sigma-Aldrich, UK)
supplemented with 15% FBS, 200 mM HEPES (Thermo, UK), 0.03 pug/ml zinc
sulfate (Sigma-Aldrich, UK), 1.4 pg/ml vitamin B12 (Sigma-Aldrich, UK), 0.055
ng/ml dexamethasone (Sigma-Aldrich, UK), 2.5 ng/ml hepatocyte growth

factor (Proteintech, UK), 10 ng/ml basic fibroblast growth factor (Sigma-Aldrich,
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UK) and 1% P/S. This composition was selected in accordance to established

protocols 337

Regular passaging of cells was performed when the confluency was
approximately 70%. The cells were washed with 1x phosphate buffered saline
(PBS) solution and trypsinized using TrypLE solution (Thermo, UK) for 5
minutes. GM was added to stop trypsinization and cells were pelleted by
centrifugation at 1000 RPM for 5 minutes at room temperature (RT) and
resuspended in fresh GM before being subsequently split into fresh flasks at
the desired split ratios, or plated into culture plates for further experiments.
Both cell lines were constantly maintained in a humidified incubator at 37°C
supplied with 5% CO.. Cells used for the experiments throughout this thesis

were at a maximum passage number of 15, after which they were discarded.

2.1.1.2. Differentiation induction
Upon cells reaching 70 — 80% confluency, cells were differentiated by

switching them from the GM into the differentiation medium (DM). For C2C12
myoblasts, the DM was composed of DMEM 25 mM glucose supplemented
with 2% horse serum (HS) (Thermo, UK) and 1% P/S; for LHCN-M2 myoblasts,
the DM was composed of a 4:1 ratio of DMEM and Medium 199 supplemented
with 2% HS and 1% P/S. Subsequently, myoblasts were left to differentiate for
a total of 6 days, sufficient for the development of mature myotubes (Fig. 2.1).

Fresh DM changes were performed every other day.
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Myoblasts > Myotubes
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Figure 2.1. Myogenic differentiation of C2C12 and LHCN-M2 myoblasts
Myoblasts were seeded in growth media and differentiation was induced via replacement with

the differentiation medium. Myoblasts were allowed to differentiate where they align and
subsequently fuse together to form multi-nucleated myotubes within 6 days of differentiation.

2.1.1.3. Cryopreservation and thawing
Cryopreservation of cells were performed to ensure sufficient stocks. To do

this, confluent cells were trypsinized in a similar fashion as per regular
passaging as detailed in Section 2.1.1.1. Before centrifugation, cells were
counted on a haemocytometer. Following centrifugation, cells were
resuspended in the freezing media which was composed of their respective
GM + 10% Dimethyl sulfoxide (DMSO), in a volume that yielded a
concentration of approximately 500,000 cells/ml. 1 ml was distributed into each
cryovial. Cryovials were then packed into a freezing container (commonly
known as ‘Mr Frosty’) (Nalgene, UK) and stored at -80°C. This freezing
container, which also contains isopropanol, allows cells to be frozen at a
steady state rate of 1°C/min to prevent shock freezing and subsequently poor
viability upon future use. Frozen cryovials were then transferred to liquid

nitrogen until use.

For thawing of frozen cell stocks, frozen cryovials were placed into a 37°C
water bath. The thawed cells were quickly transferred into a tube containing
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their respective GM pre-warmed to 37°C and centrifuged at 1000 RPM for 5
minutes at RT, resuspended in fresh GM and transferred into a fresh T75
tissue culture flask. Cells were returned to the incubator and allowed to grow
until approximately 70% confluency before being subjected to passaging as

detailed in Section 2.1.1.1.

2.1.2. Cell treatments

Treatments detailed below were performed during differentiation induction,
unless stated otherwise. Treatments were diluted in DM and left for 24 hours
before washout and replaced with fresh DM and myoblasts were left to

differentiate as detailed in Section 2.1.1.2.

2.1.2.1. PARP inhibitors
The PARP inhibitors BYK204165 (Tocris, UK) and PJ34 (MedChemEXxpress,

NJ, USA) were reconstituted in DMSO. These compounds were diluted in DM
to working concentrations of 10 uM. These concentrations were selected
based on previous studies as the optimal concentration used to treat skeletal
muscle cells with minimal impacts on cellular viability 2°*, DMSO was used as

the vehicle control.

2.1.2.2. Nicotinamide Riboside
NR (Chromadex, CA, USA) was dissolved in 1x PBS to create the stock

solution which was filter sterilized. The working concentration used was 0.5
mM with 1x PBS used as the vehicle control. This concentration was selected
based on previous studies as the minimal concentration required to induce the
greatest elevation in NAD* levels in C2C12 myoblasts 1%. 1x PBS was used

as the vehicle control.
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2.1.2.3. FK866
FK866 is a NAMPT specific inhibitor that results in NAD* depletion. It was

dissolved in DMSO to yield the stock solution of 100 mM, and a working
concentration of 50 nM was used. This concentration was selected based on
previous studies as the optimal concentration based on a dose-response
curve without compromising cellular viability 3. DMSO was used as the

vehicle control.

2.1.2.4. Low glucose differentiation media
DMEM powder (Sigma-Aldrich, UK) was dissolved in water according to the

manufacturer’s instructions. 4 mM L-glutamine (Thermo, UK), Sodium
bicarbonate (Sigma-Aldrich, UK) and 1% Sodium pyruvate (Thermo, UK), 2%
HS and 1% P/S/G were added and the medium was filter sterilized. A stock of
filter sterilized 1M D-(+)-Glucose (Sigma-Aldrich, UK) was added accordingly
to the media to achieve the desired concentration to make up the low glucose

DM which was replaced every other day of differentiation.

2.1.25. Dexamethasone
Dexamethasone is a synthetic glucocorticoid that exerts preferential binding

to GR, and does not undergo conversion between active and inactive forms
by HSD11B1 and HSD11B2 unlike endogenous glucocorticoids 33°. The stock
solution was made by dissolving in ethanol, and a working concentration of 1
UM was used. This concentration was selected based on previous studies as
the highest concentration that maintained cellular viability and proliferation

rates in comparison to control groups 32°.

65



Chapter 2 Materials and Methods

2.1.3. Transfection of small interfering RNA

Small interfering RNA (siRNA) is a synthetic class of double stranded RNA
that specifically targets a particular mRNA for degradation after transcription,
subsequently inhibiting translation. The work in thesis utilised either Silencer™
Select Negative Control No. 1 scrambled siRNA (Thermo, UK) or a selection
of SiRNAs targeting PARP1 (IDs: s62055, s62053, s62054) (Thermo, UK). For
transfection, cells were seeded at approximately 100,000 cells/well in 6 well
culture plates in GM and left into the incubator for at least 3 hours to allow cell
adherence. For siRNA transfection, two separate tubes were set up — tube A
was composed of 4 pl of the siRNA diluted to a concentration of 0.5 pg/ul and
246 pl of Opti-Mem serum and antibiotic free media (Thermo, UK). Tube B
was composed of 4 ul of the transfecting reagent Lipofectamine 2000 (Thermo,
UK) and 246 pl Opti-Mem serum free media. Both tubes were incubated
separately for 5 minutes at RT before being mixed and incubated for a further
30 minutes at RT to allow siRNA complexes to form. Cells were first washed
with 1x PBS and 1 ml of the transfection mix was added. Transfected cells
were returned to the incubator for 24 hours, after which the transfection mix
was replaced with fresh GM. Transfected cells were further incubated for 24

hours to enable optimal siRNA effects on translation.

2.2. Animal tissue collection

Animal tissues were kindly donated from the laboratory of Gareth Lavery at
the Institute of Metabolism and Systems Research within the University of
Birmingham, UK. Experimental animals were sacrificed by cervical dislocation
at the end of in vivo experimental timepoints. Confirmation that circulation was

fully ceased was made before initiation of tissue dissection and collection. The
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muscle groups such as the soleus, quadriceps, tibialis anterior (TA) and
gastrocnemius, as well as other tissues of metabolic importance such as the
liver and heart were collected. All tissues were snapped frozen in liquid

nitrogen and stored in -80 °C until use.

2.3. Molecular Biology techniques

This section details the methodologies used to assess changes in gene

expression.

2.3.1. RNA isolation

RNA was extracted using TRIzol Reagent (Life Technologies, UK). This
reagent is the most effective and widely used in the initial cell harvesting
process for RNA extraction due to its ability to maintain RNA integrity through
inhibition of RNA degrading enzymes known as ribonucleases (RNases),
dissolving cellular components and denaturing proteins to obtain optimal yield
and RNA purity that is free from contaminants following isolation. For optimal
RNA vyields and quality, all surfaces and pipettes were wiped down with
RNAase AWAY™ surface decontaminant (Thermo, UK) prior to initiation of
harvesting and isolation. Filter tips were also used throughout the processes

which will be detailed below.

In a 6 well plate, cells at the end of experimental timepoints were washed with
1x PBS. 1 ml of TRIzol reagent was added and the wells were rinsed by
pipetting up and down to ensure maximal disruption and harvesting of cells.
Harvested lysates can be used immediately for RNA isolation or can be stored

in -80 °C until use.
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Subsequent RNA isolation was performed using the phenol-chloroform
method. For each sample, 200 pl of chloroform per 1 ml of TRIzol lysate was
added and mixed by vortex for 30 seconds which was incubated for 5 minutes
at RT to enable phase separation. This was then centrifuged at 12,000 g for
10 minutes at 4°C, after which the upper aqueous phase was carefully
collected with minimal disruptions to the other phases and transferred to a
fresh microcentrifuge tube for further isolation. To this, 500 pl of ice-cold
isopropanol was added and mixed by inverting the tube. This was then
centrifuged at 12,000 g for 10 minutes at 4°C to form the RNA pellet. The
supernatant was carefully discarded and the pellet was washed via
resuspension in 75% ethanol before re-centrifugation at 7,500 g for 5 minutes
at 4°C. The supernatant was carefully discarded and washing was repeated
once more. After discarding the supernatant, tubes were left open to air dry
the RNA pellet in a fume hood for 10 minutes. Finally, the RNA pellet was
resuspended in 20 ul of nuclease free water (NFW). RNA was stored at -80 °C

until use.

2.3.2. RNA quantification

RNA quality and yield was measured using Nanodrop (Thermo, UK). 1 pl of
the NFW used to resuspend the RNA pellet in Section 2.3.1 was used as a
blank to remove background interference during sample measurement. 1 pl
each isolated RNA sample was then used to assess RNA quality and yield,
with the measuring arms cleaned in between measurements. The resulting
yield was presented in a concentration of ng/ul, and quality was presented on
the absorbance ratios between wavelengths 260 and 280 nm — ratios

between 1.80 to 2.00 was determined as of sufficient quality and integrity.
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2.3.3. cDNA synthesis

2 Mg of each quantified RNA sample was diluted to a final volume of 20 pl with
NFW. This was then subjected to reverse transcription to obtain
complementary DNA (cDNA), using a High-Capacity cDNA Reverse

Transcription Kit (Thermo, UK) according to the manufacturer’s instructions.

A master reverse transcription mix was first prepared. This was composed of
2 Ml of reverse transcription buffer, 0.8 pl of deoxynucleotide triphosphates
(dNTPs), 2 ul of random primers, 1 ul of reverse transcriptase enzyme and 4.2
pl of NFW to yield a final volume of 10 pl. This was added to 10 pl of the diluted
RNA sample to yield a reaction volume of 20 pl. Reverse transcription was
performed on a PCR thermal cycler (Applied Biosystems, UK), at the following
settings: 25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 minutes and
followed by an indefinite holding cycle at 4°C till collection. cDNA was stored

at -20°C until use.

2.3.4. Quantitative Polymerase Chain Reaction (QPCR)

Real-time PCR, or commonly referred to as quantitative PCR (gqPCR) is a
powerful and highly sensitive molecular biology technique that assesses the
transcriptional level of a gene of interest. Differential temperature cycles result
in amplification of the gene of interest, during which three phases of
amplification occurs — the first being the geometric phase whereby maximal
amplification occurs cycle-to-cycle, followed by the linear phase where
amplification efficiency begins to decline due to reduced reagent availability
within the PCR mix and finally, the plateau phase where little to no

amplification occurs.
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The components used in a typical gPCR reaction mix entail the generation of
a fluorescent signal that is detected and quantified, with the fluorescence
intensity proportionate to the levels of the gene of interest amplified. Relative
guantitative data of gqPCR comes from the fluorescent signal that is emitted
during the geometric phase. Typically, a threshold level would be set where
the gPCR reaction reaches a fluorescent intensity value that is above
background levels. Subsequently, the number of cycles required for a gene of
interest to intersect this threshold level is reported as the threshold cycle (Ct)
value. Ct values correlate to the amount of amplified gene of interest products,
whereby lower Ct values indicate high levels of amplified product and higher

Ct values indicate low levels of amplified product.

2.3.4.1. Chemistries of gPCR
Two well-known fluorescence-based chemistries are used in gPCR to detect

amplified products. The first, the TagMan sequence probes, which are
composed of a fluorophore and quencher which are present on the 5’ and 3’
end respectively, binds complimentary to the gene of interest. Following
denaturing of cDNA strands during the PCR process, the Tag polymerase
enzyme within the qPCR mix initiates the primer hybridization process —
presence of the gene of interest consequently causes the binding of the
TagMan sequence probes. Subsequent amplification by Taq polymerase
cleaves the fluorophore from the quencher to then emit the fluorescence signal.
The amount of signal emitted can be monitored in real time and is presented

in the form of an amplification plot (Fig 2.2).

70



Chapter 2 Materials and Methods
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Figure 2.2. gPCR amplification plot

The amplification plot details the number of cycles needed for a gene of interest to be amplified
to above a set threshold based on the fluorescent intensity value that is emitted by gPCR
chemistries used, presented as the Ct value. The curve of the plot also provides an indication
of assay quality, producing a linear curve of amplification that eventually plateaus off due to
reduced amplification efficiencies.

SYBR green is another chemistry that can be used, which is a double stranded
DNA (dsDNA) binding dye. As PCR progresses, forward and reverse primers
specific for the gene of interest bind and the resulting amplified PCR product
presents itself as a dsDNA that is rapidly detected and bound by SYBR green
to produce the fluorescent signal. Like the TagMan sequence probe chemistry,
the increase in SYBR green mediated fluorescence signal can be monitored

in real time and presented via the amplification plot (Fig 2.2).

Although simpler and cheaper in its application, SYBR green binds to any
dsDNA that arise due to off-targeting of primer pairs used and contaminating
DNA, increasing risk of false positive signals due to non-specific binding.
These can be offset via a confirmatory step to determine if the PCR amplicon
bound by SYBR green is indeed the gene of interest. At the end of the gPCR

run, the temperature is cooled to permit SYBR green binding to amplified PCR
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products, increasing fluorescence signal. This is succeeded by a rise in
temperature where the fluorescence signal begins to decline due to SYBR
green dissociation as the dsDNA PCR products denature, creating a peak of
fluorescence intensity against temperature plotted as a melt curve (Fig. 2.3).
Because only a single pair of primers for a single gene of interest is used for
each qPCR reaction, it is therefore expected that only a single melt curve peak
exists. Additional gPCR reaction controls such as a no cDNA or use of RNA
that is not reversibly transcribed can also be set up to give confidence in cDNA
purity and reaction component integrity. Presence of multiple melt curve peaks
within a sample should warrant further investigation and mitigations such as
reassessment of primer pair specificity, reagent and cDNA integrity should be
considered.

Melt Curve Plot
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Figure 2.3. gPCR SYBR green melt curve

The melt curve provides an indication of the quality and specificity of primers used in SYBR
green based gPCR. Only one peak should be presented, which delineates that the PCR
amplicon is free from contaminants and is indeed amplified from the gene of interest.
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2.3.4.2. Preparation of qPCR reactions and experimental procedures
cDNA from reverse transcription as detailed in Section 2.3.3 was diluted 1:3 in

NFW. gPCR reactions were set up on MicroAmp Optical 384 well or 96 well
reaction plates (Thermo, UK). qPCR reaction mixes were dependent on the
type of chemistry used. For TagMan sequence probe chemistry, TagMan™
Universal PCR Master Mix (Thermo, UK) was used according to the kit's
instructions. 384-well plate assays utilised a qPCR TagMan mix composed of
10 pl TagMan™ master mix buffer, 1 yl TagMan™ gene expression assay
primers, 1 ul of the diluted cDNA and 8 pl of NFW to yield a reaction volume
of 20 pl. For 96-well plate assays, a qPCR TagMan mix was composed of 25
Ml TagMan™ master mix buffer, 2.5 yl TagMan™ gene expression assay
primers, 1 ul of the diluted cDNA and 21.5 pl of NFW to yield a reaction volume

of 50 pl.

For SYBR green based gPCR, PowerUp™ SYBR™ Green Master Mix
(Thermo, UK) was used according to the kit’s instructions. For both 384 and
96 well plate assays, 20 pl gPCR reaction mixes were prepared, composed of
10 yl PowerUp™ SYBR™ Green Master Mix buffer, 2.5 ul forward primer, 2.5

ul reverse primer, 1 pl of the diluted cDNA and 4 pl NFW.

For both gPCR based chemistries, each sample for each gene of interest was
prepared in duplicates or triplicates. Plates were sealed with Adhesive PCR
plate seals (Thermo, UK) and run on QuantStudio™ 7 Flex Real-Time PCR
System (Applied Biosystems, UK). 18S was used as the housekeeping gene
throughout. Running cycles were set up according to the kit instructions of the
chemistry used. List of gene probes and primer pairs used in the work for this

thesis can be found in Appendix A.
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2.3.4.3. Interpretation and analysis
To calculate relative fold change in gene expression following gPCR, 2-4ACt

method was used. First, the Ct values across replicates for a gene of interest
and the 18s housekeeping gene was averaged. The ACt value of a gene of

interest was obtained as follows:
ACt = Ct (gene of interest) — Ct (18s housekeeping gene)

Subsequently, the AACt values were calculated for comparison of relative fold
change of a gene of interest between different treatment groups. This is

determined as follows:

AACt = ACt (treated sample gene of interest) — ACt (control sample gene

of interest)

Application of the formula 2-22t subsequently yields the fold change in gene

expression of the particular gene of interest.

2.3.5. Chromatin immunoprecipitation (ChlP)

Chromatin Immunoprecipitation (ChlP) is an experimental technique that aims
to investigate protein-DNA interactions to reveal insights into delicate
pathways of gene regulation and expression. These can include transcription
factors, promotors, DNA binding sites, co-regulatory proteins, modified

histones, polymerases and chromatin-modifying enzymes.

ChIP was performed using ChIP-IT High Sensitivity® kit (Active Motif, CA,
USA) according to the kit's instructions. The typical ChlIP process involves a
multitude of steps (Fig. 2.4) — first, samples are fixed with a complete cell
fixation buffer that contains formaldehyde, which maintains cross-links

between DNA and associated proteins. Fixated cells are subsequently
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harvested, washed with PBS before being lysed and homogenised in the
chromatin preparative buffer to release the chromatin. Subsequently,
chromatin is sheared into smaller fragments by sonication and eluted, which
is incubated with an antibody specific for the DNA-binding protein of interest
to form the chromatin immunocomplex. Subsequent incubation with Pierce™
ChiP-grade Protein A/G Magnetic Beads (Thermo, UK) with rotation results in
the immunoprecipitation of this complex that is eluted to yield the ChiIP DNA.
Cross-links are then reversed and any remaining protein is digested, and DNA
is purified a final time before analysis for gene of interest with gPCR as detailed

in Section 2.3.3.

Cross-link protein to DNA in Break open cells and Add primary
living cells with formaldehyde. shear DNA by sonication. antibody of interest.

'}\)‘ [o" .b o -b‘
o L L | et
> > B\ 3 X .x;/l , \_ N S ‘ Q’-‘ Q /.'
, A 2 . A
| \
ol L | [ 1 ! Jol I
| _d
| =3 ;,
[ 0
N\ %Cé& “\\ \ 1 ﬁ\m
T N X - W X ;:\‘\ \ Q:. T ]
b S BN 5% B S 57
=" [ Ll ‘ = I“\.-;T‘TNT
Reverse cross-links, digest Hista:choimati Fosei Capture antibody-bound

with Proteinase K, and DNA purify. column and save flow-through protein/DNA complexes and wash
DNA is now ready for analysis. using ChlP Filtration Columns.

Figure 2.4. An overview of the chromatin immunoprecipitation process

Intact cells are first fixated in a formaldehyde buffer to cross-link and maintain DNA-protein
interactions. DNA is sheared into smaller fragments following cell lysis and incubated with an
antibody specific for the protein of interest to form the chromatin immunocomplex. This
complex is subsequently immunoprecipitated using Protein A/G beads which are then
washed. The cross-links are then reversed and the resulting ChIP DNA is cleaned to remove
any proteins and other potential contaminants before being subjected to downstream
analytical processes such as gPCR or whole genome analysis 4%,
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2.3.6. RNA sequencing (RNAseq)

RNA sequencing (RNAseq) is an indispensable transcriptome-wide analytical
technique. It allows assessment for differential gene expression, splicing of
MRNAs and post-transcriptional modifications, permitting comparative
analysis between conditions (eg. gene KO, pharmacological treatments). This
allows connection between the transcriptome and subsequent protein

functionalities.

2.3.6.1. RNAseq sample preparation
RNA was first extracted as detailed in Section 2.3.1 at the end of experimental

timepoint. Following isolation, the RNA was subject to a further clean-up
process by column purification using the RNA Clean & Concentrator Kit (Zymo
Research, CA, USA) according to the kit’s instructions. For assessment of
RNA integrity, cleaned up RNA samples were analysed on a 2100 Bioanalyzer
Instrument (Agilent Technologies, UK), with samples having achieved at least
an RNA integrity number of > 9.5. At least 500 ng per sample was aliquoted

and diluted to 20 pl with NFW for RNAseq sample preparation.

2.3.6.2. Sequencing and post-processing
Sample quality control, poly-A enrichment library preparation and sequencing

at 20 million read pairs per sample were conducted by Novogene Inc in
Cambridge, UK. Data was returned as FASTQ format files. All RNAseq data
and downstream analysis was conducted by the bioinformatics team within
Nottingham Trent University. Reads were first mapped using the kallisto RNA-
seq quantification program, developed based on pseudoalignment of reads
and fragments and utilising a combination of the transcriptome de Bruijn graph

constructed with k-mers present in the transcriptome, allowing analysis of
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unaligned pair-end RNA-seq reads with greater efficiency that other programs

such as TopHat2 340,

Further expression analysis was conducted using R in RStudio (MA, USA)
using the Bioconductor package. Data was summarized to genes using
tximport and normalized using edgeR. For accounting of variance, the limma
package with its voom method was used 3%, and differentially expressed

genes were subsequently identified.

2.3.6.3. Gene set enrichment analysis
While RNAseq analysis itself is powerful in understanding differential

transcriptional expression, these only give a superficial understanding into
how these differential changes affect overall functionality of pathways. Gene
set enrichment analysis provides a deeper insight into understanding a group
of differentially expressed genes and the biological functions they exert over
342 For the work in this thesis, g:Profiler was used. Differentially expressed
genes identified from RNAseq were uploaded into g:GOSt, one of the tools
available within g:Profiler. Subsequently, this maps the uploaded differentially
expressed gene sets to known information sources such as Gene Ontology,
Reactome and Esembl, which documents their functions and detects
statistically significant enriched processes and pathways 343, These findings
can then be presented as a representative dot plot of pathway enrichment, or

collectively as a Manhattan plot.
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2.4. Protein analytical techniques

This section details the methodologies used to assess changes in protein

expression.

2.4.1. Protein extraction

All protein extraction procedures were performed on ice to minimise protease

activity which would otherwise reduce protein yields.

2.4.1.1. Cells
For whole cell lysis, cells grown in 6 well plates were first washed with 2 ml

ice-cold 1x PBS. PBS was aspirated and 125 pl of RIPA lysis buffer (50 mM
Tris pH 8.0, 150 mM sodium chloride (NaCl), 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS, 1% NP-40) supplemented with 1x Pierce™ EDTA-free
protease inhibitor cocktail (Thermo, UK) was added and cells were scraped
using cell scrapers, with the lysates collected into a clean microcentrifuge tube.
Lysates were incubated on ice for 30 minutes to enable maximal lysis, and
subsequently clarified through centrifugation at 12,000 RPM for 15 minutes at
4°C. The resulting supernatant was transferred into a clean microcentrifuge

tube. If not used immediately, lysates were stored at -80°C.

2.4.1.2. Tissues
Protein extraction from tissues was performed via homogenisation using

TissueLyser LT (Qiagen, Germany). Per tissue sample, a TissueLyser LT
stainless steel bead was dispensed into a 2 ml microcentrifuge tube containing
300 — 400 pl of RIPA lysis buffer and approximately 30 mg of tissue. Tissues
were homogenized at a setting of 50 Hz for 3 minutes in the first instance. If
visible chunks were observed, additional lysis buffer was added and

homogenization was repeated. Upon complete homogenization, lysates were
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incubated on ice for 30 minutes. The stainless steel beads were removed and
lysates were clarified through centrifugation at maximum speed for 30 minutes
at 4°C to permit maximal pelleting of debris. The resulting supernatant was
then transferred into a clean microcentrifuge tube. If not used immediately,

lysates were stored at -80°C.

2.4.2. Protein quantification

Total protein concentration was quantified using the DC™ protein assay kit
(Bio-Rad, UK). For this, 5 ul of protein standards, samples and a blank (lysis
buffer only) were each added into a clear bottom 96 well plate, in triplicates. A
working reagent A solution was prepared by mixing reagent A with reagent S
in a 1:50 ratio. 25 pl of this working solution was added to each well, followed
by 200 ul of the protein assay reagent B, which was incubated at RT for 15
minutes for colorimetric changes to develop. Plates were then read at a
wavelength of 750 nm using the Infinite® 200 PRO plate reader (Tecan,

Switzerland) to obtain the absorbance values.

Protein quantification is a colorimetric based assay, where the concentration
of known protein standards such as Bovine serum albumin (BSA) is associated
to its corresponding absorbance values emitted at a certain wavelength.
These values are then used to plot a standard curve and the line of equation
is used to determine the concentration of unknown samples in pg/pl based on

the average of their corresponding absorbance values (Fig. 2.5).
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Figure 2.5. A typical protein assay standard curve

The curve is generated based on the absorbance values emitted by a set of protein standards
(e.g. BSA) with known concentrations. These values are also used to create the equation of
straight line based on the formula y = mx + ¢, which is then applied to solve for the unknown
protein concentration of a sample based on the absorbance value it emits.

2.4.3. Western blotting

2.4.3.1. Sample preparation
At least 20 ug of protein per sample would be used for western blot. For one

sample, 10 ul of 2x Laemmli sample buffer (0.125 mM Tris-HCI pH 6.8, 4%
sodium dodecyl sulfate (SDS), 0.004% bromophenol blue, 10% 2-
mercaptoethanol, 20% glycerol) was added to the amount of lysate in pl
required for 20 pg and topped up to 20 ul with lysis buffer. These values can
be multiplied or adjusted for higher protein load as required for an experiment
to yield a sample master mix where every 20 ul yields 20 pg of protein.
Prepared samples were then boiled at 96°C for 15 minutes to allow protein
denaturation. Thereafter, samples were loaded onto prepared gels

immediately or stored in -20°C until required.
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2.43.2. Gel preparation
For the first phase of western blot, prepared protein samples would be first

loaded onto SDS—polyacrylamide gel electrophoresis (SDS-PAGE) fixed
percentage (v/v) acrylamide gels. SDS-PAGE is a process that serves to
resolve and separate denatured proteins within the sample by their respective
molecular weights. Components within the sample buffer enable this process:
SDS is a detergent that confers upon proteins negative charges, allowing
proteins to migrate and separate down the SDS-PAGE gel when an electrical
field is applied, while bromophenol blue serves as a tracker dye to indicate the

position of the protein samples whilst migrating down the gel.

A typical SDS-PAGE gel is composed of two layers, the stacking layer and the
resolving layer. The stacking layer serves exclusively for loading of protein
samples, while the resolving layer not only separates, but also influences the
speed in which proteins of various molecular weights within a sample migrate
and separate: heavier molecular weight proteins migrate slower down the gel
compared to lighter molecular weight proteins, and they would be confined to
the upper regions of the resolving layer. In contrast, the lighter molecular
weight proteins migrate faster and would be confined to the lower regions or
potentially run out of the gel altogether. The speed in which these proteins
migrate and separate is dependent on the percentage of the acrylamide used
to make the SDS-PAGE gel: lower molecular weight target proteins require a
higher acrylamide percentage to impede their speed of migration and
separation, preventing them from running out of the gel. Similarly, higher
molecular proteins require a lower acrylamide percentage to facilitate their

migration and separation.
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All gels were made using ProtoGel reagents (National diagnostics, UK) and
SDS-PAGE apparatus (Bio-Rad, UK). Table 2.1 outlines the composition of a
typical SDS-PAGE fixed percentage (v/v) acrylamide gel. The resolving layer
was first prepared and poured into the gel plates — ethanol was then added to
remove any bubbles and straightens the resolving layer. Upon polymerisation
of the resolving layer, ethanol was washed off with water and the stacking
layer was prepared and poured. Either 10 or 15 well gel combs were inserted
into the stacking layer and allowed to polymerize. Prepared gels were either

used immediately or kept in distilled water at 4°C until use for no more than a

week.
Resolving gel (%)
Component 8% 10% 12% 15%
Acrylamide (30%) 2.67 mi 3.33 mi 4 ml 5ml
Neseliving Eier 2.5 ml 2.5ml 2.5 ml 2.5 ml
(4x)
0 .
1.5% Ammonium 0.5ml 0.5ml 0.5 ml 0.5 ml
persulfate
H20 4.33 ml 3.67 ml 3ml 2ml
TEMED 10 10 10 ul 10 ul
Component Stacking gel
Acrylamide (30%) 0.6 ml
Stacking Buffer (4x) 1.25 ml
1.5% Ammonium 0.2 ml
persulfate
H20 2.6 ml
TEMED 15l

Table 2.1. Fixed percentage acrylamide gel composition
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2.4.3.3. Western blotting
Prepared gels were loaded onto SDS-PAGE gel tanks (Bio-Rad, UK). A 10x

resolving buffer (250 mM Tris, 1.92 M Glycine, 1% (w/v)) was diluted to 1x and
poured to completely fill the inner chamber, as well as the outer chamber up
to the point that was demarked on the tank. Combs were carefully removed
and samples were loaded alongside a Prestained Protein Ladder (Abcam, UK)
for identification of protein molecular weights. The gel tank was connected to
a power supply (Bio-Rad, UK) and gels were run at 90V until samples entered
the resolving layer, where the voltage was then increased to 120V and
migration was allowed to take place until the bromophenol blue tracker dye

was diffused out of the gel.

Proteins were then transferred from the gel onto polyvinylidene fluoride (PVDF)
membranes. Prior to use, PVDF membranes were quickly soaked and
activated in methanol. Transfer was performed using a Trans-Blot Turbo

Transfer System (Bio-Rad, UK) according to the manufacturer’s instructions.

Transferred membranes were then subjected to the blocking step to prevent
non-specific binding by antibodies. This was performed by incubating
membranes in a blocking solution with rocking for at least 1 hour at RT. The
blocking solution was composed of 5% (w/v) BSA diluted in 1x Tris-buffered
saline with Tween 20 (TBST) (20 mM Tris, 150 mM NacCl, 0.2% Tween 20).
The primary antibodies were then added directly into the blocking solution at
the desired dilutions. A table of primary antibodies used are provided in
Appendix B. Membranes were then incubated overnight on rocking at 4°C.
Membranes were washed with 1x TBST for 10 minutes with rocking at RT. 1x

TBST was then discarded and replaced with fresh 1x TBST and washing was
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repeated two more times for a total of three washes. Membranes were then
incubated with either anti-rabbit or anti-mouse secondary antibodies
conjugated to horseradish peroxidase (HRP) (Dako, Denmark) at a 1:10,000

dilution with rocking for 1 hour at RT and the washing steps were repeated.

For development of western blots, the enhanced chemiluminescence (ECL)
based detection system was utilized, using the Pierce™ ECL Substrate kit
(Thermo, UK). The ECL substrate was added onto the membrane and bands
were visualized using the G:BOX Chemi XX6 system (Syngene, UK), with
exposure times automatically determined by the system. For selected blots,
guantification of bands were performed using ImageJ densitometry and

normalized to those of the loading control protein.

2.4.4. Protein immunoprecipitation (IP)

Similar to ChIP (outlined in Section 2.3.5), protein immunoprecipitation (IP) is
a fundamental assay for determining protein-protein interactions. First, protein
extraction from cells or tissues and quantification was performed as outlined
in Section 2.4.1 and 2.4.2. Per sample, 20 pl of Pierce™ ChlIP-grade Protein
A/G Magnetic Beads was dispensed with a cut pipette tip into a 1.5 ml
microcentrifuge tube. 400 ul of RIPA lysis buffer was added and the beads
were washed by gently inverting the tube until they returned into solution. The
beads were then pelleted using a magnetic rack and the supernatant was

removed. Washing was repeated once more.

The volume of lysate in ul that yielded between 500 ug to 1 mg of protein was
calculated and added to the washed beads. If necessary, this was topped up

with RIPA lysis buffer to at least 400 ul. This was then incubated on rotation
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for 20 minutes at RT to pre-clear the lysates, which is fundamental to further
minimise non-specific binding. Beads were then pelleted and the pre-cleared
lysate was transferred to a fresh microcentrifuge tube. 5 ul of the antibody
detecting the protein of interest was added and this was incubated overnight
on rotation at 4°C to form the immunocomplexes. 20 pl of washed magnetic
beads were directly added and incubated on rotation for 20 minutes at RT to

immunoprecipitate the immunocomplexes.

Immunoprecipitated beads were subsequently pelleted and the supernatant
was discarded. Beads were washed for five times on ice and 20 pl of 1x
Laemmli sample buffer was added directly to the beads. The tube was flicked
to dislodge the beads into solution, briefly centrifuged and boiled at 96°C for
15 minutes to denature the antibodies and release the protein of interest.
Magnetic beads were pelleted and the supernatant was loaded for SDS-PAGE

and western blotting as detailed in Section 2.4.3.

2.4.5. Unbiased proteomics

Like RNAseq, various proteomic analytical tools have been developed to give
insights into proteome changes between different conditional groups in cells
or tissues, further complementing transcriptome and genome wide analyses.
Unbiased proteome profiling is predominantly performed using Liquid
chromatography coupled with mass spectrometry (LC-MS). This subsequently
identifies peptides that can be quantified to the overall abundance level of

proteins.

For this procedure, cells were directly scraped on ice-cold 1x PBS at the end

of experimental timepoints and pelleted through centrifugation at 1000 RPM
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at 4°C. The supernatant was discarded and the cell pellet was resuspended
directly in ice-cold RIPA lysis buffer supplemented with 1x Pierce™ EDTA-free

protease inhibitor cocktail and stored immediately at -80°C.

Samples were sent to the Nottingham Trent University Biological Mass
Spectrometry & Clinical Proteomics facility led by David Boocock and Clare
Coveney. These were analysed on a TripleTOF® 6600+ System instrument
(SCIEX, MA, USA) with samples analysed using both Sequential Window
Acquisition of All Theoretical Mass Spectra (SWATH-MS) in data-independent
acquisition mode and information-dependent acquisition (IDA) modes for
guantitation and spectral library generation respectively. IDA data was
searched together using ProteinPilot 5.0.2 to generate a spectral library and
SWATH data was analysed using Sciex OneOmics software extracted against
the locally generated library. Normalization, log fold change and p-value

determination was performed on Microsoft Excel as outlined 344,

2.5. Histological analytical techniques

This section details the methodologies used to characterise changes in cellular

morphology and localization of target proteins.

2.5.1. Immunofluorescence

Cells were grown in coverslips that were housed in 12 well cell culture plates.
At the end of the experimental timepoint, coverslips were rinsed with 1x PBS,
fixed with 4% paraformaldehyde (PFA) (Sigma-Aldrich, UK) and permeabilized
with 0.1% Triton X-100 (Sigma-Aldrich, UK) and subjected to blocking for 1
hour at RT. The blocking solution was composed of 10% goat serum diluted

in 1x PBS (Life Technologies, UK). Coverslips were then incubated in primary
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antibodies diluted in blocking buffer overnight in darkness at 4°C. Coverslips
were rinsed in 1x PBS for three times before incubation with AlexaFluor®
secondary antibodies and the DAPI nuclear dye (Thermo, UK) for 1 hour at
RT. Coverslips were mounted with Aqua/Poly-Mount (Polysciences) on slides
and allowed to set. Imaging was performed using the EVOS™ M7000 Imaging

System (Thermo, UK).

2.5.2. Giemsa-Jenner staining of myotubes

Cells were grown and differentiated on 6 well plates as outlined in Section
2.1.1. The Giemsa-Jenner staining protocol for myotubes was employed as
described 3%. Cells were washed with 2 ml 1x PBS that was aspirated before
subjected to fixation with 1 ml methanol for 5 minutes. Methanol was
subsequently aspirated and plates were left to air dry in a fume hood for 10

minutes, covered with their lids and stored until staining.

For the staining procedure, fixed cells were first stained with 1 ml Jenner
staining solution (Alfa Aesar, UK) diluted 1:3 in 1 mM sodium phosphate pH
5.6 for 5 minutes at RT and washed with distilled water. Wells were then
incubated with 1 ml Giemsa staining solution (Alfa Aesar, UK) diluted 1:20 in
1 mM sodium phosphate pH 5.6 for 10 minutes at RT and washed with distilled
water and left to air dry. All wells belonging to the same experiment(s) were
stained simultaneously with the same batch of diluted staining solutions. Cells
were imaged using a camera attached to an inverted microscope (Olympus,
Japan) in three randomly selected regions. Similarly, all wells for a single
experiment were photographed simultaneously using the same microscope
settings. Subsequently, protein-rich myotube fibres presented themselves as

dark/deep purple while the nuclei stained shallow purple/pink (Fig. 2.6).
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Figure 2.6. Giemsa-Jenner staining of C2C12 myotubes

The staining method is capable of revealing dark and denser myotube structures and the nuclei
that resides within them. These denser structures start to manifest approximately 3 days
following differentiation induction amongst the lightly stained myoblasts. Myotube size and
numbers are also increased by day 6 of differentiation.

2.5.2.1. Myotube fusion index scoring
Captured images were processed in ImageJ. The number of nuclei within

stained myotubes and the total number of nuclei in the entire field was
manually scored using ImagedJ’s multipoint tool. Myotube fusion index was

calculated as a percentage of myotube nuclei over total number of nuclei.

25.2.2. Myotube density
Images taken were at a resolution of 2048 x 1536 pixels in red-green-blue

(RGB) format and converted to grayscale. The histogram function within
ImageJ (windows ctrl + H) was used to determine the myotube density of a
given image. The range of 255 gray tones was represented on the x-axis of
the resulting generated histogram, while the y-axis presented the number of
pixels attributed to each tone. Subsequently, the mean number of pixels
attributed to tones 0 — 75 (darker tones) was calculated between replicates to
obtain the myotube density. Images with dense myotubes naturally presented
greater number of pixels attributed to the darker tones and henceforth, greater

myotube densities.
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2.6. NAD*/NADH measurement assay

The NAD*/NADH colorimetric assay was derived from the protocol as
described 198346, Cells were grown in 12 well cell culture plates for this assay.
At the end of experimental timepoints, cells were washed with 1x ice-cold PBS.
For NAD*" measurement, cells were lysed and scraped in 150 pl of 0.6 N
perchloric acid; for NADH measurement, cells were lysed and scraped in 150
pl of 0.25 M potassium hydroxide (KOH) diluted in 50% ethanol. Lysates were
clarified through centrifugation at 12,000 RPM for 15 minutes at 4°C. The
supernatant was transferred to a clean microcentrifuge tube. For subsequent
protein quantification and normalization, pellets from NAD* lysates were

stored at -80°C.

For NAD" measurement, lysates were diluted 1:10 in ice-cold 100 mM sodium
phosphate pH 8.0; for NADH measurement, lysates were diluted 1:5 in 100
mM sodium phosphate pH 8.0. For both measurements, 5 ul of each NAD
standard, samples and a blank (1x PBS). The cycling mix was then prepared,
composed of 8.4 ml H.O, 1 ml 1M sodium phosphate pH 8.0, 20 ul BSA (50
mg/ml), 100 ul 1M NAM, 200 ul ethanol, 10 pl 10 mM flavin mononucleotide,
10 pl 20 mM resazurin, 110 ul alcohol dehydrogenase (10 mg/ml) and 110 pl
diaphorase (1 mg/ml). 95 pl of the cycling mix was then added to the wells.
Subsequently, plates were read using a plate reader at an excitation
wavelength 544 nm and emission wavelength at 590 nm for 0 to 20 minutes
at 5 minute intervals. During this process, the enzymes within the cycling mix
utilize NAM to catalyse the rapid synthesis and resynthesis of CADPR from
NAD* and NAD* from cADPR, during which each cycle produces a molecule

of highly fluorescent resorufin (Fig. 2.7).
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Figure 2.7. Cycling assay schematic for the NAD*/NADH measurement assay

cADPR synthases mediate the conversion of cADPR into NAD* in the presence of high
levels of NAM. NAD™ is then directed into the into a coupled enzymic cycling reaction using
a cycling mix where the presence of ethanol and alcohol dehydrogenase reduces NAD™ into
NADH. Concomitantly, the diaphorase enzyme utilises resazurin to cycle NADH back to
NAD", releasing resorufin as a by-product that is fluorescent which can be measured in a
plate reader.

The resulting absorbance values corresponded to resorufin accumulation. The
average absorbance values per standard and sample obtained at 20 minutes
was used to subtract values obtained at O minutes. These values were then
used to plot a standard curve of known NAD concentrations, and the line of
equation was used to determine NAD* and NADH concentrations of unknown
samples. To further normalize for protein content, pellets collected from NAD*
lysates were resuspended in 100 pl RIPA lysis buffer and protein quantification
was performed as detailed in Section 2.4.2, and the pMol concentration of
NAD* or NADH was divided by the total protein from the NAD™ pellet to yield

the NAD* and NADH concentrations in in pMol/ug.
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2.7. Statistical analysis

All data obtained was compiled, copied into, and analysed using GraphPad
Prism 9 software. Student’s unpaired t-test was used for comparison between
control and treatment groups. For multiple comparisons between 2 or more
treatment groups to a common control, Ordinary one-way analysis of variance
(ANOVA) with Dunnet’s multiple comparisons test was used for determination
of significance. AACt values from qPCR experimental procedures calculated
as detailed in Section 2.3.4.3 were used for statistical analysis. Statistical
significance was demonstrated by * p<0.05, ** p<0.01, *** p<0.001, and data

was presented as mean * the standard error of mean (SEM).
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3.1. Introduction

Aside from locomotive functions, skeletal muscle has crucial implications in
whole body metabolic homeostasis due to its contributions to nutrient storage,
basal metabolic rate and thermogenesis °. Its importance is evident in aging
individuals who experience natural decline in skeletal muscle mass that
consequently pre-disposes them to metabolic disorders — this necessitates
maintenance of healthy skeletal muscle mass for improved quality of life.
During myogenesis, formation of individual myofibres is dependent on
alignment and fusion of progenitor myoblasts that themselves, are products of
muscle residing, self-renewing myogenic precursors called satellite cells,
capable of re-entering proliferative cycles, entailing regenerative repair in
response to skeletal muscle injury, disease or exercise 2. Current
understanding of the myogenic process and impacts of endocrine mediated
signals, exogenous factors and underlying health status in influencing these
processes remains to be ascertained 62347348 Such gaps in knowledge are
reflected in the lack of clinical interventions aimed at myopathy. There are no
current tools available to prevent or reverse the decline in muscle functional
traits manifested in conditions including cachexia, sarcopenia and obesity

related muscle loss.

The role of NAD* within skeletal muscle has expanded over recent years with
the discovery of NAD* consuming enzymes that are involved in various cellular
functions from DNA repair to calcium signalling. PARP1 is one of the major
NAD™ consuming enzymes that catalyses the formation of ADPR from NAD?,
which is subsequently covalently attached onto target proteins. This is

succeeded by subsequent elongation and branching of PAR chains in a
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process termed PARylation. PARP1 mediated PARylation has well-
established roles in DNA damage repair response — this has seen PARP
inhibition successfully applied to a range of cancers in the context of synthetic
lethality. In parallel, studies have identified the potential roles for PARP1 over
skeletal muscle metabolism and differentiation 131.132.176.251 Notably, PARP1 is
downregulated during differentiation, a process shown to enhance resistance
to oxidative stress in myotubes 251, Recent work has demonstrated PARP1 to
transcriptionally influence expression of the archetypal skeletal muscle MRF
MyoD, negatively regulating its ability to bind to target genes such as

myogenin and KvDMR1 176,

PARP1 inhibitors have been applied for alleviation of inflammation in non-
communicable chronic diseases including myopathy. This necessitates further
understanding of PARP1 activity modulation in myogenic trajectory and

subsequent impacts on preservation of skeletal muscle mass and function.

In this chapter, we used the murine and human muscle myoblast cell lines
C2C12 and LHCN-M2, capable of differentiating into multinucleated myotubes,
to better understand the dynamics of PARP1 mediated PARylation and NAD*
balance during myogenesis. We also sought to investigate the impacts of

PARP1 inhibition on overall myogenic trajectory.
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3.2. Materials and Methods

3.2.1. Cell culture and treatments

All work was carried out in C2C12 and LHCN-M2 cell lines. Cell culture

protocols are detailed in Section 2.1.1.

3.2.1.1. Cell plating
C2C12 or LHCN-M2 myoblasts were seeded into 6 well plates in GM at a

seeding density of approximately 150,000 cells/well. The cells were cultured

in DM for 5 days with the media changed every other day.

3.2.1.2. Pharmacological treatments
The PARP inhibitors BYK204165 and PJ34 were treated at working

concentrations of 10 uM. NR was diluted to a working concentration of 0.5 mM.
FK866 was diluted to a working concentration of 50 nM. All treatments were

performed concomitantly with differentiation induction of myoblasts.

3.2.1.3. C2C12 Low glucose differentiation medium
Glucose-free DMEM powder was dissolved according to the manufacturer’s

instructions and subsequently filter sterilized. 2% HS, antibiotics and filter
sterilized glucose were added to make up differentiation medium with glucose

concentrations of 6.25, 12.5 and 25 mM.

3.2.2. Protein analysis

Western blot analysis was conducted on protein lysates harvested in RIPA
lysis buffer supplemented with 1x Pierce™ EDTA-free protease inhibitor
cocktail. Proteins were loaded onto 10 or 12 % acrylamide gels run at 90 V
(stacking) and at 120 V (resolving). Separated proteins were transferred to
PVDF membranes and blocked with 5% BSA for 1 hour at room temperature,

after which incubation with primary antibodies: PAR, PARP1, MyoD, Myogenin,
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TNNT1, a-tubulin and GAPDH antibodies was performed overnight at 4°C.
Anti-rabbit or mouse secondaries were used before visualisation using ECL.
Detailed methodologies are delineated in Section 2.4.3 and primary antibody
details can be found in Appendix B. Selected western blots which were further
analysed was performed via densitometry using ImagedJ software’s gel

analyser feature, with measurements normalised to loading control intensities.

3.2.3. Immunofluorescence

At the end of the experimental timepoint, cells initially seeded on coverslips
were rinsed with 1x PBS, fixed with 4% PFA, permeabilized with 0.1% Triton
X-100 and blocked with 10% goat serum for 1 hour at room temperature. Cells
were then incubated in primary antibodies: PAR and MyoD, diluted in blocking
buffer overnight at 4°C. Secondary antibodies and DAPI nuclear dye were
incubated for 1 hour at RT. Coverslips were mounted with Aqua/Poly-Mount

on slides and allowed to set prior to imaging.

3.2.4. NAD*/NADH measurement assay

NAD* was measured in lysates extracted in 0.6 N perchloric acid as described
349 Briefly, standards or samples in phosphate buffer were combined with the
cycling mixture composed of 2% ethanol, 100 pg/ml alcohol dehydrogenase,
10 pg/ml diaphorase, 20 uM resazurin, 10 uM flavin mononucleotide, 10 mM
nicotinamide and 0.1% BSA, in 100 mM phosphate buffer pH 8.0. Resorufin
accumulation was evaluated by reading excitation at 544 nm and emission at
590 nm using the Infinite® 200 PRO plate reader. Detailed methodologies for

this assay can be found in Section 2.6.
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3.2.5. Giemsa-Jenner staining

Differentiated myotubes were subject to Giemsa and Jenner staining as
described 3%. Briefly, cells were washed with 1x PBS and fixed in 100%
methanol for 5 minutes. Jenner staining solution diluted in 1 mM sodium
phosphate was added for 5 minutes, washed out in distilled water, and
incubated for 10 minutes in Giemsa staining solution diluted in 1 mM sodium
phosphate and washed out. Stained myotubes were visualised using an
inverted microscope with a digital camera attachment, and 3 randomly
selected regions of a 6 well plate were imaged. Myotube fibres were identified
by deep purple colours while nuclei appeared shallow purple/pink. Myotube
fusion index was scored as a percentage of nuclei incorporated into myotubes
over the total number of nuclei counted using ImageJ software. Images taken
were at a resolution of 2048 x 1536 pixels in RGB format and converted to
grayscale before application of ImageJ’s histogram analysis, and the mean
number of pixels attributed to tones 0 — 75 (darker tones) was calculated

between replicates to obtain the myotube density.

3.2.6. Statistical analysis

Students t-test or ANOVA statistical comparisons were used with the
Graphpad Software Inc. Prism version 9. Data are presented as mean + SEM
with statistical significance determined as *. P< 0.05, **. P<0.01, ***. P<0.001.
Differences between two groups were determined using unpaired t-test
compared treatments or genotypes. For multiple comparisons between 2 or
more treatment groups to a common control, Ordinary one-way analysis of
variance (ANOVA) with Dunnet’'s multiple comparisons test was used for

determination of significance.
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3.3. Results

3.3.1. PARP1 and PARylation dynamics during myoblast to myotube

differentiation

PARP1 mediated PARylation during myogenesis has been reported to exert
influence on phenotypic characteristics such oxidative stress resistance in fully
differentiated myotubes 76251, This would suggest that the modulation of
PARP1 mediated PARylation during myogenesis has profound effects on both
the process and phenotypic outcomes following differentiation. Knowledge in
this regard remains limited and this would serve to better understand its
implications in development and maintenance of skeletal muscle mass. To
investigate whether PARP1 mediated PARylation is connected to myogenic
transition, we first sought to ascertain the dynamics of PARP1 and PAR during
the differentiation of the murine myoblast cell line C2C12 over 6 consecutive
days (Fig. 3.1A). To do this, whole cell lysates of C2C12 myoblasts prior to
differentiation induction in reduced serum media (Day 0) and daily from the
induction of differentiation (Days 1 — 6) were harvested and subjected to
immunoblotting analysis. Basally (Day 0), myoblasts express total PARP1 and
PAR at a detectable level. Subsequently, we observed that total protein levels
of PAR were dynamic, reaching zenith within day 1 and nadir by day 5 of
myogenesis. Levels of PARP1 were also significantly reduced in differentiated
myotubes, in line with observations from previous studies 1762%1, These data
suggest that PARP1 mediated PARYylation is associated with the initiation of
myogenesis and indicates elevation in NAD* driven PARP1 PARYylating activity.
Total levels of MyoD and Myogenin, the MRF family members of proteins

driving skeletal muscle differentiation, also decreased and increased
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respectively over days of myogenesis, implying the establishment of myogenic
commitment in myoblasts (Fig. 3.1A). These observed trends were also
observed in the human myoblast cell line LHCN-M2 (Fig. 3.1B). Subsequent
guantification reveal the significant increase in total PAR levels on Day 1 post

differentiation induction (Fig. 3.1C).
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Figure 3.1. Analysis of PARP1 and PARylation dynamics during myogenesis

Western blot analysis shows levels of PARP1 and total PAR in differentiating (A) C2C12s (B)
Quantification of Western blots shown in (A) for PAR and PARP1 throughout days of
myogenesis. Western blot analysis of differentiating (C) LHCN-M2s (D) Quantification of
Western blots shown in (C) for PAR and PARP1 throughout days of myogenesis

All data are normalised to loading control protein and are the mean + SEM

C2C12s n=3, LHCN-M2s n=3
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3.3.2. Modulation of PARP1 mediated PARylation during myogenesis

The PAR dynamics in differentiating myoblasts prompted us to further
investigate the catalytic role of PARP1 during this process by utilising
experimental approaches to modulate PARP1 activity (Fig. 3.2). To that end,
C2C12s during myogenic induction were pharmacologically treated with the
PARP1 inhibitors PJ34 or BYK204165. PJ34 is a broad spectrum PARP
inhibitor that targets other members of the PARP family of enzymes, as well
as the PARylating Tankyrases, albeit to a lesser extent 3%, BYK204165 is a

highly specific and selective inhibitor for PARP1 352,
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Figure 3.2. Modulation of PARP1 activity using PJ34 in differentiating myoblasts
Western blot analysis shows levels of PARP1 and total PAR in early-stage differentiation PJ34
treated (A) C2C12s (B) Quantification of western blots shown for PAR. Western blot analysis
in PJ34 treated (C) LHCN-M2s (D) Quantification of western blots probed for PAR

All data are normalised to loading control protein and are the mean + SEM, C2C12s n=3,

LHCN-M2s n=3
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We assessed PAR levels as well as subsequent impacts on differentiation
trajectory. As shown, ablation in total PAR protein levels in PJ34 (Fig. 3.2) and
BYK204165 (Fig. 3.3) treated groups corroborates each of the compound’s
specificity and efficacy. Notably, PJ34 treated groups across days of
differentiation exhibited slightly elevated PARP1 expression (Fig. 3.2A, C),
suggesting compensatory mechanisms in differentiating myoblasts and
underscoring significance of PARylation during the myogenic process — this
could be ascribed to accumulation of PARP1 as a response to its inhibition
and auto-PARylation which remains to be elucidated. Notably, MyoD levels
are consistent with an indication of myogenic commitment following PARP
inhibition — however, levels of the muscle specific protein TNNT1 and the MRF
Myogenin were seemingly downregulated by the end of the myogenic
timepoint. Accordingly, these trends were also observed in differentiating
LHCN-M2 myoblasts (Fig. 3.2C, D & Fig. 3.3B). These trends indicate that
PARylation by PARP1 exerts influence over proteins that are known to be
differentially expressed during myogenesis. Furthermore, suppression of PAR
levels is further supported in immunofluorescence experiments in day 1
differentiating C2C12s treated with PJ34, where nuclear localization of PAR
was observed, giving merit for PARylation in driving the myogenic

transcriptional programme (Fig. 3.4).
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Figure 3.3. Modulation of PARP1 activity using BYK204165 in differentiating myoblasts
Western blot analysis shows levels of PARP1 and total PAR in early-stage differentiation
BYK204165 treated (A) C2C12s and (B) LHCNM2s

C2C12s n=3, LHCN-M2s n=3
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Figure 3.4. Immunofluorescence of PJ34 treated C2C12 myoblasts

Immunofluorescence analysis shows levels of PAR in day 1 differentiating C2C12 myoblasts
treated with PJ34.
C2C12s n=3

We next sought to modulate energy availability in differentiating C2C12s to
better understand implications for PAR and subsequent effects on myogenic
trajectory. Given NAD* serves as the rate-limiting substrate for PARP1
PARylating activity, C2C12s were either supplemented with NR, the precursor
substrate for NAD* synthesis or FK866, a highly specific non-competitive
inhibitor of the NAMPT enzyme which partakes in NAD* biosynthesis
pathways. While no significant changes were observed in the extent of
PARylation following NR supplementation (Fig. 3.5A), PAR levels in FK866

treated differentiating C2C12s were suppressed in similar fashion to PARP1
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pharmacologically inhibited differentiating C2C12s (Fig. 3.5B). These further
support NAD* driven PARP1 PARylating activity during myogenesis.
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Fiqure 3.5. Effects of NAD* modulation on PARP1 and PAR dynamics during C2C12

myogenesis
C2C12s during differentiation induction were treated with (A) NR and (B) FK866,

All data are normalised to loading control protein and are the mean + SEM
C2C12s n=3

To further establish the impact of energy status during myogenesis, C2C12s
were also differentiated in differentiating media of varying glucose
concentrations — intriguingly, we observed plasticity in PAR levels in this
regard, with significantly increased levels observed in glucose deprived
conditions up to Day 3 of myogenesis (Fig. 3.5C), after which notable cell

death was observed in lower glucose concentrations. Collectively, these data
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suggest that PARP1 mediated PARylation is dynamic and exerts plasticity in

response to cellular energetic status during myogenesis.

A Differentiation (Day) B
1 3
Glucose 357125 25 625 125 25 4-
(mM) o0
140 34 *

BRRRE G
= ‘v - -y

24 °
100-..---- PARP1 .
0_
50 .“.“dTubulin 25.0 12.50 6.25

Glucose (mM)

PAR
(Relative to alpha-Tubulin)

Figure 3.6. Impacts on PARP1 and PAR dynamics during C2C12 myogenesis in glucose
deprived environments

C2C12s during differentiation induction were subjected to (A) varying concentrations of
glucose within differentiation media (B) Quantification of western blots probed for PAR as
presented in (A).

All data are normalised to loading control protein and are the mean + SEM

C2C12s n=3

3.3.3. NAD* dynamics during myogenesis

Given that total PAR protein levels diminish over the days of myogenesis, we
postulated that this was due to NAD™* depletion that consequently results in
low NAD* availability for PARP1 to utilise for PAR generation. C2C12s were
treated with PJ34 during differentiation induction. Extracts for NAD* and NADH
measurement were collected daily for each day of differentiation and subjected
to a fluorometric assay based measurement 346, Both vehicle and PJ34 treated
C2C12s exhibited a linear trend whereby NAD* and NADH levels increased
throughout days of differentiation (Fig. 3.7). Intriguingly however, PJ34 treated
groups exhibited lower levels of NAD* (Fig. 3.7A), suggesting compensatory
mechanisms of NAD* buffering in response to excess bioavailability following

PARP inhibition. Collectively, these give merit that myogenesis is an
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energetically expensive process in initiation, maintenance, and proper

myotube development, and the diminishment of PARP1 is rather, as a

consequence of its subsequent degradation by the end of myogenesis rather

than depletion of NAD* due to PARylating activity.
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Figure 3.7. NAD dynamics during myogenesis
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C2C12s were treated with PJ34 during differentiation induction and measured for (A) NAD+
throughout days 1 to 5 of myogenesis, (B) on day 6 of myogenesis, (C) NADH throughout
days 1 to 5 of myogenesis, (D) on day 6 of myogenesis, (E) total NAD(H) throughout days 1
to 5 of myogenesis and (F) on day 6 of myogenesis
All data are normalised to total protein levels and are the mean + SEM

C2C12s n=3
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3.3.4. Early-stage PARP1 inhibition does not affect myogenic trajectory

Next, we sought to investigate if the inhibition of PARP1 PARylating activity
exerted impacts over myogenesis in C2C12s. To do this, C2C12s were treated
with either BYK204165, PJ34 or FK866 during differentiation induction. Cells
were fixed on days 0, 1, 3 and 6 of differentiation, and subsequently subjected
to a duo staining method of Giemsa-Jenner as described 3. Visually,
formation of myotubes was observed to be not impaired regardless of
treatments (Fig. 3.7A). However, upon further assessment of myotube
features, including the fusion index and myotube density, the inhibition of
PARP1 does exert influence — while fusion index and myotube densities
exhibited a linear trend whereby both increased across all treatments
throughout myogenesis, further comparison with vehicle treated groups
delineated decreases in both features in day 6 myotubes (Fig. 3.7B, C). These
data suggest that while PARP1 is not the sole mediator of myogenesis, where
myotube fusion and development can still occur during its inhibition, it does
however suggest that the reduction in the aforementioned features could
associate PARP1 activity during myogenesis to influence the phenotype of the

developed myotube.
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Figure 3.8. Giemsa-Jenner staining of myotubes

C2C12s during differentiation induction were treated with either (A) BYK204165, PJ34 or FK866
and stained (B) ImageJ quantification and ordinary one-way ANOVA with Dunnet’s multiple
comparisons analysis was performed for total nuclei (C) myotube fusion index and (D) myotube
density

All data are presented as mean + SEM

C2C12s n=3
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3.4. Discussion

The aim of this work was to identify the influence of PARP1 mediated
PARylation over the trajectory of skeletal muscle myogenesis. To achieve this,
we utilized PARP1 activity modulation strategies including broad spectrum and
highly specific PARP1 inhibitors as well as energy availability modulation to
ascertain the dynamics of PARP1 and PAR. PARP1 is the cell's dominant
source of PAR and has been shown as a transcriptional regulator of key MRFs

including MyoD and KvDMR1 178,

Mounting evidence have suggested an association between PARP1 and
skeletal muscle physiology — particularly, the inhibition of PARP1 entails a
plethora of positive metabolic benefits, including enhanced exercise
performance, increased energy expenditure, enhanced mitochondrial function
and resistance to oxidative stress 31133251335 However, the dynamics of PAR
applied by PARP1 remain to be elucidated, particularly within the remits of
myogenesis. In line with published studies, we first demonstrate that PARP1
expression is reduced in the differentiated myotube following myogenesis 252,
We also observe a fluctuation in PAR dynamics, with an initial surge in total
PAR within Day 1 which gradually diminishes over the myogenic timepoint.
Given that PAR functions as a post-translational modification implicated in
transcriptional regulation and cellular signalling, combined with the nature of
the myogenic process that is dependent on the simultaneous downregulation
and upregulation of myogenic-specific proteins including the MRFs, and input
from other signalling pathways such as Notch 3235 we hypothesized that
modulation of PAR levels through modulation of PARP1 within the cell would

impact the myogenic trajectory. However, the PARP1 modulation paradigms
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utilised in this chapter on a whole did not affect myoblast to myotube formation
despite considerable suppression of total PAR levels. These observations
were unsurprising, given the emergence of studies suggesting the physical
presence of PARP1 rather than its catalytic PARylating activity holds greater
exertion over the myogenic trajectory 6. Fundamentally, our findings explored
that the process of development and myotube fusion is not entirely dependent

on PARP1 mediated PARYylating activity.

Interestingly, our data also demonstrate PARP1 accumulation in differentiating
myoblasts treated with PARP1 inhibitors during myogenic induction. These
findings suggest that PARP1 is indeed the major determinant of total PAR
levels during myogenic induction and its upregulation following
pharmacological inhibition implies compensatory mechanisms in myogenesis
that remain to be unravelled. Low levels of PARP1 in fully differentiated
myotubes are associated with conferment of oxidative stress resistance 2!
and driving the myogenic transcriptional programme 17¢, underlying the
importance of this trend. However, the mechanisms which underlie PARP1
degradation throughout myogenesis remain elusive. Auto-PARylation of
PARP1, as well as the degradation of PAR chains by PAR-binding proteins,
has been well-defined for regulation of PARYylating activity *°. Subsequently,
PARP1 degradation has been documented in a ubiquitin-proteasome
dependent manner 35435 although this has yet to be elucidated in skeletal
muscle, further obfuscating knowledge in this regard. Thus far, muscle
biopsies of aging individuals have increased basal PARP1 expression that is
attenuated with exercise 3°, and its deletion is associated with isotype

switching to type | fibers, subsequently improving insulin tolerance and
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endurance 1. These studies suggest the presence of undefined mechanisms

that regulate PARP1 expression within skeletal muscle.

Our data also reflect the fluctuating levels of NAD*/NADH during myogenesis,
and increased NAD* availability following PARP1 inhibition exerts little
consequence on the myogenic trajectory. Given that SIRT1, another NAD*
consuming enzyme, has been shown to antagonize skeletal muscle
myogenesis 356357 our observations suggest mechanisms that repress SIRT1
activity during myogenic events with increased NAD* availability in early-stage

PJ34 treated differentiating myoblasts.

I's been demonstrated that adipogenesis, the process where pre-adipocytes
differentiate into mature adipocytes, is regulated by PARP1. Nuclear PARP1
activity results in PARYylation of pro-adipogenic transcriptional genes to inhibit
adipogenesis, and is dependent on competition between the cytoplasm and
nucleus for NAD* availability mediated by increased glucose uptake during
differentiation 193299 with low glucose levels inhibiting the process altogether
103 Similarly, low glucose levels inhibit myogenesis 3%, as well as excessive
levels (> 60 mM) 38, Subsequently, studies utilising global PARP1 null mouse
model paradigms have implied PARP1 mediated NAD* consumption exerts
influence over the metabolic plasticity of cells and consequently, mitochondrial
function 13713333 We show that PARP1 mediated PARylation displays
plasticity in response to glucose availability during myogenesis, with low
glucose levels increasing PAR accumulation. This suggests a rather delicate
balance for glucose metabolism in response to initiating and sustaining
myogenesis through a PARylation dependent mechanism. Indeed,
Hexokinase II, which catalyses the first step of glucose metabolism for
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glucose-6-phosphate production has been demonstrated to possess PAR
binding properties to result in inhibition of glycolysis %3¢, Based on our data,
the increased PARYylation in myogenesis at lower glucose levels support the
hypothesis that both PARP1 and PAR hold important influence as metabolic

sensing and nutrient responsive processes crucial for sustaining myogenesis.

In summary, this work shows the full extent of PARP1 and the PAR it applies
during myogenesis. While the modulation of PARP1 activity to suppress PAR
accumulation during myogenesis is not fundamental for successful myotube
development, we demonstrate that the PAR applied by PARP1 during
myogenesis is metabolically sensitive and has potential implications in the

outcome of the developed myotube phenotype.
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4.1. Introduction

Clinical interventions to alleviate age associated skeletal muscle decline
usually involve a dual paradigm of lifestyle changes including incorporation of
dietary and exercise routines to promote protein metabolism and muscle
function. However, loss can be exacerbated by multi-factorial conditions such
as sarcopenia. Consequently, loss and dysfunction of skeletal muscle are
associated causes and consequence of metabolic dysfunction. While clinical
strategies aid to impede rate of skeletal muscle decline, no current therapies

exist to completely ameliorate this.

PARP1, the enzyme that catalyses PARylation, has demonstrated roles in
skeletal muscle physiology. In aging individuals, PARP1 expression is
increased across tissues including skeletal muscle 23, which is subsequently
associated with increased risk of metabolic dysfunction due to depleted NAD*
balance. Differential regulation of PARP1 and PARYylation in skeletal muscle
of varying exercise training status has been observed — basal PAR and PARP1
levels are elevated in aged muscle that decreases with exercise
supplementation; on the other hand, young untrained muscle exhibited
increased PAR and PARP1 levels following exercise in comparison to young
trained muscle groups 3°, suggesting exercise modulates chronically stressed
events governed by PARP1 in the aging phenotype. While mechanisms
underpinning these trends remain unclear, these provide insights into potential
avenues for PARP1 as a target in age-associated muscle decline. Prudently,
studies have shown PARP1 inhibition or its deletion bolsters skeletal muscle
function, including exercise performance, protection against diet-induced

obesity, and enhancement of mitochondrial metabolism 134132 More
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importantly, these studies demonstrate mechanisms of a NAD*/PARP1/SIRT1
crosstalk axis, where PARP1 inhibition increases NAD™* bioavailability to
increase SIRT1 activity. Activated SIRT1 consequently drives the activation of
pro-oxidative metabolic genes such as PGC1a by deacetylating them 8182131,
SIRT1 has also been shown to deacetylate and further reduce PARP1 activity
133361 This knowledge has translated into development of SIRT1 activators
such as Quercetin and Resveratrol, as well as NR, as forms of therapy to drive

SIRT1 activation 106.362

GRs are ubiquitously expressed receptors that bind the steroid hormones
glucocorticoids secreted in response to stress to consequently modulate
cellular phenotypic and inflammatory status. While prescribed as forms of
therapy, chronic exposure of glucocorticoids induces dysfunctions in tissues
of metabolic importance such as liver and adipose tissue 2°*. In skeletal muscle,
documented deleterious effects include the inhibition of both glucose uptake
through the downregulation of GLUT transporters and impairment of insulin
signalling pathways, as well as glycogen synthesis via inhibition of the
glycogen synthase enzymes to exacerbate a hyperglycaemia phenotype 332333,
Within the remits of skeletal muscle development, conflicting studies on effects
of glucocorticoid exposure exist — GR agonists such as dexamethasone
promote protein catabolism and muscle atrophy 326:330340.341 "'On the other hand,
in vitro application of dexamethasone to myoblasts promotes their
differentiation 325-327, Glucocorticoids are also prescribed intermittently for
skeletal muscle injury recovery and performance enhancement 36%:363, This, as
a result, impedes efforts to delineate clear mechanisms of GR signalling

impacts in skeletal muscle physiology.
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While studies on GR in inflammation are well-established, PARP1 also has
demonstrated roles in inflammation, albeit to a lesser extent. Inhibition of
PARP1 has been shown to repress the induction of pro-inflammatory genes
such as NF-kB 2**, and has also been used for alleviation of inflammation in
non-communicable chronic diseases including myopathy. In relation to GR
signalling, PARP1 null mice exhibit elevated serum cortisol %4, as well as part
of the Top2B complex, regulates GR mediated transcription of target genes in

adrenal cells 3%,

In the previous chapter, we have demonstrated that the depletion of PARP1
mediated PARYylation exerts minimal impacts on proper myotube development.
In this chapter, we seek to better understand the implications of PARP1
mediated PARylation in skeletal muscle, specifically, the phenotype impacts
of myotubes initially differentiated in the presence of PARPL1 inhibition.
Concomitantly, we also aim to establish PARP1 influence in GR transcriptional
response within skeletal muscle and impacts on regulation of skeletal muscle

mass and physiology.
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4.2. Materials and Methods

4.2.1. Cell culture and treatments

All work in this chapter was carried out in the C2C12 myoblast cell line. Cell

culture protocols are detailed in Section 2.1.1.

42.1.1. Cell plating
C2C12 myoblasts were seeded into 6 well plates in GM at a seeding density

of approximately 100,000 cells/well. The cells were cultured in DM for 5 days

with the media changed every other day.

4.2.1.2. Pharmacological treatments
Myoblasts were treated with either vehicle controls or the PARP inhibitors

BYK204165 (Tocris) and PJ34 (MedChemExpress) at working concentrations
of 10 uM. Dexamethasone (Sigma-Aldrich) treatment was performed at 1 uM.
All treatments were performed in the DM during differentiation induction, after
which treatments were washed out after 1 day. Fresh differentiation medium
was then added and myoblasts were allowed to differentiate for the time

desired.

4.2.1.3. Transfection of siRNA
C2C12s were seeded at a density of 100,000 cells/well in 6 well cell culture

plates and incubated for at least 3 hours to allow adherence. The siRNA
transfection mix was composed of Lipofectamine 2000 (Thermo Fisher) and
0.5 pg/ul of siRNA PARP1 sequence or scrambled siRNA control sequence
(Thermo Fisher). Transfection was conducted in Opti-Mem (Thermo Fisher)
serum and antibiotic free media and incubated for 24 hours, after which the
transfection mix was replaced with fresh medium and incubated for a further

24 hours.

117



Chapter 4 PARP1 impacts on muscle phenotype and
glucocorticoid response

4.2.2. Protein analysis

Western blot analysis was conducted on protein lysates harvested in RIPA
lysis buffer supplemented with 1x Pierce™ EDTA-free protease inhibitor
cocktail. Proteins were loaded onto fixed percentage acrylamide gels run at
90 V (stacking) and at 120 V (resolving). Separated proteins were transferred
to PVDF membranes and blocked with 5% BSA for 1 hour at room temperature,
after which incubation with primary antibodies: PAR, PARP1, MyoD, Myogenin,
GR, a-tubulin, B-actin or GAPDH antibodies was performed overnight at 4°C.
Anti-rabbit or mouse secondaries were used before visualisation using ECL
detection method. Detailed background and methodologies can be found in
Section 2.4.3, and primary antibody details can be found in Appendix B.
Selected western blots which were further analysed was performed via
densitometry using Imaged software’s gel analyser feature, with

measurements normalised to intensities of the housekeeping protein blotted.

4.2.2.1. Immunoprecipitation (IP)
Harvested protein lysates were subjected to IP assay. A detailed outline of this

is presented in Section 2.4.4. Briefly, lysates were first pre-cleared in A/G
magnetic beads. At least 1 mg of pre-cleared protein lysate per sample was
incubated with 5 pl of GR or IgG antibody controls overnight on rotation at 4°C
to form immunocomplexes. This immunocomplex was then incubated with A/G
magnetic beads for 20 minutes on rotation at room temperature for
immunoprecipitation, washed in RIPA lysis buffer and eluted by boiling at 95°C
in 1x Laemmli sample buffer. Elutions were then subjected to western blot

analysis as described.
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4.2.3. RNA analysis

RNA was harvested using Trizol and extracted using chloroform and
isopropanol precipitation. Gene expression data was subsequently analysed
using gPCR, with a detailed outline in Section 2.3.4. Gene probes used were
PARP1, PARP2, SIRT1, PARG and NAMPT, and the primer pairs can be
found in Appendix A. All genes were referenced to 18S as the housekeeping

gene during analysis.

Samples designated for RNAseq were further assessed for quality using the
Agilent bioanalyzer with all samples having a RNA integrity number of > 9.5.
RNAseq library preparation and sequencing were conducted by Novogene

Inc., UK.

4.2.4. Chromatin immunoprecipitation

ChIP assay of PARP1 or IgG antibodies was performed on harvested cells
using the ChIP-IT high sensitivity kit (Active Motif, CA, USA) according to the

manufacturer’s instructions.

4.25. Unbiased proteomics

Unbiased mass spectrometry was carried out at Nottingham Trent University’s
core proteomic facility, on a SCIEX TripleTOF 6600 instrument with samples
analysed in both SWATH (Data Independent Acquisition) and IDA (Information
Dependent Acquisition) modes for quantitation and spectral library generation
respectively. Briefly, cells were directly scraped on ice-cold 1x PBS and
pelleted through centrifugation at 1000 RPM at 4°C. Cell pellets were

resuspended directly in ice-cold RIPA lysis buffer supplemented with 1x
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Pierce™ EDTA-free protease inhibitor cocktail and stored immediately at -

80°C until analysis.

4.2.6. Data analysis

4.2.6.1. RNAseq data processing
RNAseq data processing and downstream mapping were conducted by the

bioinformatics team at Nottingham Trent University. Reads were mapped
using the kallisto RNAseq quantification program 3%, Analyses were carried
out using R in RStudio and Bioconductor. Briefly, transcript quantification data
was summarized to genes by tximport and normalized using edgeR.
Normalized and filtered data were variance stabilized with voom function from

limma and differentially expressed genes were identified with limma.

4.2.6.2. Gene set enrichment analysis
Gene set enrichment and pathway analysis of differential expressed genes

and proteins was conducted using g:Profiler for identification of functionally
enriched and over-represented pathways 366, Detailed methodology on this

can be found in Section 2.3.6.3.

4.2.6.3. SWATH-MS data analysis
IDA data was searched together using ProteinPilot 5.0.2 to generate a spectral

library and SWATH data was analysed using Sciex OneOmics software
extracted against the locally generated library as described previously. Log
fold change and P-values were calculated as described 3*4. Further details can

be found in Section 2.4.5.

4.2.6.4. Statistical analysis
All statistics were carried out using the GraphPad Prism 6 software. Students

T-test or ANOVA statistical comparisons were used with the Graphpad
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Software Inc. Prism version 9. Unpaired t-Test compared treatments or
genotypes. AACt values from qPCR experimental procedures calculated as
detailed in Section 2.3.4.3 were used for statistical analysis. Data are
presented as mean + SEM with statistical significance determined as *. P<0.05,

**, P<0.01, ***. P<0.001.

4.3. Results

4.3.1. Early stage PARP1 inhibition shifts the resulting myotube

proteome

In the previous chapter, we revealed that suppression of PARP1 mediated
PARylation during myogenesis does not impact myotube development. Based
on the findings that myotube features such as fusion index and density were
decreased following early-stage PARP1 inhibition, we decided to investigate
the full description of early-stage PARP1 inhibition during differentiation over
the muscle proteome. To that end, we first subjected daily harvested lysates
of day 1 to day 6 differentiating C2C12 myoblasts treated with PJ34 during
differentiation induction to unbiased SWATH-MS analysis. This subsequently
recovered peptides which were aligned to 2911 identified proteins differentially
expressed from day 1 to day 6 of myogenesis in PJ34 treated differentiating
C2C12 myoblasts (Fig. 4.1A). Further examination of day 1 PJ34 treated
lysates revealed differentially expressed proteins to be functionally associated
with documented roles of PARP1 in chromosome biology - these
downregulated proteins (> 1.5 fold change) included PTMA (-2.14 fold change;
p=1.1), CBX6 (-1.59 fold change; p =5.1), STIM2 (-2.37 fold change; p =8.1)
and HDACG6 (-1.90 fold change; p = 2.8) (Fig. 4.1B). These observations
corroborate PARP1 dictating chromatin features, a canonical feature in
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initiation of differentiation transcriptional programmes across tissues.
Subsequently, the downregulated proteins from day 2 differentiating
myoblasts treated with PJ34 shifted towards functions associated with skeletal
muscle including MYMK (p = 2.6), TNNT1 (-1.60 fold change; p = 2.7), SCD2
(p = 3.3) and GYS1 (p = 2.8) — these were consistently observed across day
3 to day 6 lysates treated with PJ34 (Fig. 4.1B). Additionally, notable proteins
fundamental to acquisition of skeletal muscle phenotype and contractility were
reduced in PJ34 treated differentiating lysates, including TNNT3, TNNT2,

MYMK, MYL1, MYL4.
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Day 2

-log2 Pvalue

Figure 4.1. PARP1 requlates the proteome on each day of myogenesis

C2C12s during differentiation induction were treated with PJ34 (A) Heatmap showing 2,911
detected proteins in muscle samples + PJ34 over days of differentiation (B) Volcano plots
showing differentially abundant proteins in presence of PJ34 on each day of the 6 days of
differentiation. Downregulated proteins are green (>-1.5 fold change), upregulated are red
(>1.5 fold change). Arrows highlighting named proteins.

C2C12s n=3

To further corroborate our results presented in the previous chapter that
demonstrate an increase in PAR levels within 24 hours of myogenesis, we
sought to corroborate if this event has impacts over the differentiated myotube
phenotype and the extent of PARP1 catalytic activity involvement. To do this,
C2C12 myoblasts were treated with BYK204165 during differentiation
induction which was washed out after day 1 and replaced with fresh DM.
Lysates were harvested after 6 days of differentiation and subjected to
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unbiased proteomic analysis. This subsequently detected 2921 proteins, of
which 180 were differentially expressed in BYK204165 treated differentiating
lysates (Fig. 4.2A, B). Of the downregulated proteins, these again included
muscle contractile proteins including TNNT1 (-1.31 fold change) MYL4 (-1.86
fold change), TNNT3 (-1.53 fold change) MYL1 (-1.81 fold change) and MYH3
(-1.83 fold change) (Fig. 4.2B). These proteome induced changes were
consistent with our unbiased proteomic analysis of PJ34 treated differentiating
lysates (Fig. 4.1). Further gene set enrichment analysis of these differentially
expressed proteins revealed functional pathways over-represented to
biological processes governing actin binding, cytoskeletal protein binding,
cytoskeletal motor binding, troponin binding, actin filament binding and

structural constituent of muscle (Fig. 4.2C).
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Figure 4.2. Specific PARP1 inhibition during early-stage differentiation induces shifts
in resulting C2C12 myotube proteome

C2C12s during differentiation induction were treated with BYK204165 and allowed to
differentiate for 6 days before lysate harvest (A) Heatmap representing differential abundance
of proteins + BYK204165 (B) Volcano plot of differential protein expression shown with
downregulated proteins marked green and upregulated proteins marked red (C) g:GOSt gene
set enrichment analysis of differentially expressed proteins identified in myotube lysates +
BYK204165.

C2C12s n=3

4.3.2. PARP1 holds influence over the myoblast transcriptome

To further complement the presented proteomic data in differentiating C2C12
myoblasts, we sought to unravel PARP1 impacts on the C2C12 transcriptome.
To that end, we conducted RNAseq on undifferentiated C2C12s that were
subjected to siRNA transient knockdown of PARP1 (siPARP1) (Fig. 4.3A).
Because PARPL1 is a major NAD* consuming enzyme, accounting for up to 90%
of cellular NAD* driven PARylation, we also investigated impacts on NAD*

homeostasis in sSiPARP1 C2C12 myoblasts based on the expression profiles
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of PARP2, PARG, NAMPT and SIRT1, which are key players in NAD*
homeostasis and subsequently, NAD* dependent PARylation (Fig. 4.3B).
Conversely, no changes were observed in the expression of these genes,
implying siPARP1 exerted minimal impacts on the subsequent expression of

these players.
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Figure 4.3. siRNA mediated knockdown of PARP1 does not impact expression of key
NAD* metabolism players

C2C12s were seeded and subjected to knockdown of PARP1 (A) qPCR and western blot
comparative analysis of PARP1 in samples transfected with Scrambled or PARP1 siRNA
(siPARP1) (B) qPCR analysis of key players within NAD* biosynthesis pathways as well as
NAD* consuming enzymes.

All data are normalised to loading controls and are the mean + SEM

C2C12s n=5
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When compared to scrambled siRNA sequence controls following RNAseq,
SiPARP1 presented 123 uniquely expressed gene transcripts (FPKM > 0.5) in
comparison to 51 in scrambled controls (Fig. 4.4A). These changes imply that
PARP1 already exerts transcriptional influence in the myoblast, consistent with
observations observed in gene regulatory programmes specific to different cell
types 2%, Furthermore, we also identified the NR3C2 gene, which codes for

the glucocorticoid binding MR as being downregulated.

Further to these initial findings, gene set enrichment analysis of these
differentially expressed genes revealed overrepresentation of pathways
pertaining to metal ion binding and endopeptidase activity which are
fundamental for excitation-contraction coupling and protein catabolism
respectively — these molecular functions were observed to be upregulated in
siPARP1. (Fig. 4.4B). There was further enrichment into pathways governing
muscle structure differentiation and metabolism, including molecular pathways
regulating NAD* binding events, actin binding events, cytoskeletal structural
organization and phosphatase activity, all of which collectively serve as
integral determinants of cellular identity. A selection of these genes are

presented (Fig. 4.4C).

127



Chapter 4 PARP1 impacts on muscle phenotype and
glucocorticoid response

A 81 i.: NS

[ J
Lims1 ° Log, FC
I | [ ] p-value
Fam1 49a ® p-value and log, FC

Log, fold change

B Fold Enrichment
0 5 10 15 20

structural constituent of cytoskeleton
ubiquitin-specific protease
protein-cysteine S-palmitoyltransferase
phosphoprotein phosphatase

phosphatase

actin binding

protein serine/threonine phosphatase

GTPase

phosphatidylinositol

Term

NAD binding
Actin binding Phosphatase Activity
1 I 1
250 —ARPC3 PPP1CA PPP1CB ____PPP2R5A
& . 000" poy aod e
30 o 0
oo 30
= 150 E 20 o £, 000
& 100 -

q\
&£

£

Cytoskeletal Structure NAD binding
ITGB2

FKPM
F

P e

S g $ e

Figure 4.4. siRNA mediated knockdown of PARP1 is sufficient to induce shifts in the
transcriptome of undifferentiated C2C12s

C2C12s were seeded and subjected to knockdown of PARP1 and harvested for RNAseq (A)
Representative volcano plot showing differential gene expression from scrambled and
siPARP1 samples (B) Gene set enrichment analysis of differentially expressed genes
identifies enrichment in processes associated to skeletal muscle cellular identity and
architecture (C) Representative gene expression levels identified from RNAseq governing
functionally enriched processes — transcript levels expressed in fragments per kilobase of
transcript per million reads mapped (FPKM).

C2C12s n=3
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However, also suppressed were pathways and metabolic processes
regulating fundamental metabolism including pantothenate metabolism,
palmitoylation and mitochondrial import; in contrast, upregulated processes by
SsiPARP1 were associated with immune cell adhesion, autophagosome, cell
adhesion and REDOX regulation (Fig. 4.5A). Further gene set enrichment
analysis reported shifts in major pathways of hypoxia regulation (NES 1.5, P
Value 0.001, myogenesis (NES 1.3, p = 0.052) and TNFa via NF-kB (NES -
1.3, p =0.039) (Fig. 4.5B). PARP1 regulation of hypoxia, as is interaction with
the NF-kB immune signalling cascades, have been documented 234367,
Moreover, these features are also commonly reported as being regulated by

glucocorticoid signalling 2%

To further identify the major transcriptional processes governed by PARP1 and
PAR inhibition during day 1 of differentiation, we conducted RNAseq on PJ34
treated 24 hour differentiating myoblasts compared to vehicle controls (Fig.
4.5C). Gene set enrichment analysis revealed suppression of pathways
regulating assembly of the skeletal muscle myofibrils and muscle stretch.
Additionally, suppression of the phosphorylation of RNA polymerase C-
terminal may suggest global shifts in transcriptional rates as a consequence
of reduced PARP1 activity within the genome. These data confirm the dynamic
nature of PAR in skeletal muscle and a background of transcriptional
coordination in this tissue is influenced by PARP1. Put together, our data show
that PARP1, independent of its catalytic PARylating activities, exert influence

over the myoblast transcriptome.
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Figure 4.5. Gene set enrichment analysis of siPARP1
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C2C12s were seeded and subjected to knockdown of PARP1 and harvested for RNAseq, and
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(A) Enriched processes in siPARP1 samples following gene set enrichment analysis for global
metabolism processes (B) Enrichment plots of gene set enrichment analysis in siPARP1
samples for hypoxia, myogenesis and TNFa via NF-kB (C) Reactome dot plots demonstrating
differences in pathway enrichment of early-stage PJ34 treatment of C2C12s differentiating for
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4.3.3. PARP1 and glucocorticoid receptor interactions in differentiating

C2C12s
We observed the NR3C2 gene which codes for the glucocorticoid binding MR,
to be downregulated in siPARP1 C2C12 myoblasts. Studies on PARP1 and
GR activity over the years have demonstrated their mutual roles over
homeostatic processes including inflammation and glucose metabolism. GR
activity, as mentioned in the introduction to this chapter, also holds influence
over skeletal muscle physiology and there is emerging evidence pertaining to
PARP1 regulating GR mediated transcription 4365 Together with our
proteomic and transcriptomic findings in siPARP1 C2C12 myoblasts, we
postulated that PARP1 has potential roles in glucocorticoid response in
skeletal muscle. We first assessed interactions between PARP1 and GR —
C2C12s were treated with dexamethasone during differentiation induction and
lysates were harvested on each day of myogenesis for 5 days. Intriguingly, we
observed a reduction in total PAR levels (Fig 4.6A, B) in a similar fashion to
our previously presented findings where C2C12s were treated with PARP

inhibitors during differentiation induction (Fig. 3.2 and Fig. 3.3).
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Figure 4.6. Characterisation of PARP1, PAR and glucocorticoids
C2C12s were seeded and treated with 1 uM dexamethasone during differentiation induction (A)
Western blot analysis of lysates collected on each day of differentiation (B) Quantification of
western blots for PAR and PARP1 between treated groups (C) Protein immunoprecipitation
assay of dexamethasone treated 24 hour differentiating C2C12s (D) Chromatin
immunoprecipitation assay of dexamethasone treated 24 hour differentiating C2C12s (E)
Western blot analysis of C2C12s treated with either dexamethasone, PJ34 or a combination of
both during differentiation induction over days 1, 3 and 6 of differentiation.
All data are normalised to loading controls and are the mean + SEM

C2C12s n=3
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To corroborate potential interactions, we performed IP assay in lysates of 24
hour differentiating C2C12 myoblasts treated with dexamethasone. This
subsequently revealed however, no physical interaction between PARP1 and
GR (Fig 4.6C). Given both PARP1 and GR roles in transcriptional control, we
also conducted ChIP of these lysates — this consequently revealed a 30-fold
enrichment in PARP1 binding (= 3.2 SEM) to GREs on the MT2 promoter
region in response to dexamethasone treatment (Fig. 4.6D). The absence of
PARP1 binding to nGRESs suggests that the recruitment of PARP1 is occurring
independent of GR activity, leading us to infer a transcriptional basis for GR-
PARP1 interaction in governing skeletal muscle phenotype and the
glucocorticoid transcriptional response. Furthermore, we also demonstrate a
synergistic relationship between both the inhibition of PARP1 activity and
dexamethasone treatment upon PAR levels during myogenesis (Fig. 4.6E) —
here, in accordance with our initial proteomic analyses, we also show that
PJ34 treated differentiating myoblasts display downregulation in muscle
specific proteins including myogenin. Consequently, a dual treatment of
PARP1 inhibition with PJ34 and dexamethasone rescues this downregulation.
This finding, at least based on myogenin levels, is in agreement, with previous
studies that demonstrate dexamethasone treatment enhances myogenesis
326327 and further underscores the potential for glucocorticoid treatment

impacts during myogenesis to manifest via a PARP1 mechanism.
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4.3.4. PARP1 partially governs the qlucocorticoid transcriptional

response

To gain better insights into GR-PARP1 transcriptional paradigms, RNAseq
was conducted on siPARP1 C2C12 myoblasts subjected to 24 hour
dexamethasone treatment. Respectively, this yielded 4791 differentially
expressed genes (Fig 4.7A). These differentially expressed genes were
associated with mediators of glucocorticoid signalling as we expected (Fig.
4.7B, C) — specifically, we identified activation of canonical glucocorticoid
genes including SerpinA3N (9.50 fold change; 5.22x% FDR), HIF3A (7.40 fold
change; 4.29x1° FDR) and Mt2 (3.97 fold change; 9.07x?* FDR). A selection
of genes is presented (Fig. 4.7D). This initial finding suggests that PARP1
impacts chromatin level organisation and contractile protein expression during
differentiation, but is dispensable for the archetypal glucocorticoid activated

transcriptional response.
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Figure 4.7. Differentially expressed genes in siPARP1 C2C12s following
dexamethasone treatment

C2C12s were seeded, transfected with scrambled or sSiPARP1 siRNA, then treated with 1 uM
dexamethasone and harvested for RNAseq (A) Representative table and Venn diagram of
differentially expressed genes between scrambled and siPARP1 C2C12s treated with
dexamethasone (B) Volcano plot of differentially expressed genes in scrambled siRNA
transfected C2C12s treated with dexamethasone (C) Volcano plot of differentially expressed
genes in siPARP1 C2C12s treated with dexamethasone (D) Representative gene expression
levels of canonical GR signalling players identified from RNAseq analysis — transcript levels
expressed in Log fold change and false discovery rate (FDR)

All data are presented as the mean + SEM

C2C12s n=6
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Glucocorticoid actions and response are determined by activated GR binding
to GREs that entail recruitment of transcriptional co-activators and co-
repressors to regulate transcription or directly binding to other transcriptional
factors in a tethering mechanism. Subsequently, genes targeted by GR
activation entails them as mediators of glucocorticoid response. Crucially, we
identified 86 differentially expressed genes that were not induced following
dexamethasone treatment in the siPARP1 myoblasts compared to their
scrambled controls (Fig. 4.8A), with a selection of these genes presented (Fig.
4.8B). These 86 genes were subjected to g:GOSt functional profiling within the
g:Profiler program, revealing enrichment for gene ontological processes and
functions associated to skeletal muscle physiology including calcium release
(Padj. 1.49x107?), as well as biological processes including striated muscle
differentiation (Padj. 1.03x10®) and cellular development (Padj. 3.34x10°).
Furthermore, enrichment of the cellular compartment forming the thin filament
of the myofibril was recorded (I band (FDR 5.06x10%) and Z disc (FDR
5.59x107)). Further mapping for these 86 genes for transcription factor motifs
generated enrichment for key regulatory factors of muscle including Pax4, a
regulator of muscle protein turnover (Padj. 4.67x103), LKLF (Padj. 5.72x103),
PTF1 (Padj. 8.84x10°) and myogenin (Padj. 8.98x1073). Finally, human
phenotype mapping identifies this gene cohort as being characteristic of
skeletal muscle dysfunctions including proximal muscle weakness, muscular
dystrophy and Gowers sign (childhood muscle weakness) (Fig. 4.8C) 3,
Subsequent application of these genes to transcriptional profiling using the
ARCHS4 database reveals further MRFs including MyoD and MYF6, while

ENCODE gene set enrichment identifies MyoD (Fig. 4.8D). These data
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indicate there are a subset of genes regulated by glucocorticoids in skeletal
muscle which are also regulated by PARP1, that contribute towards muscle

homeostasis.
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Figure 4.8. siPARP1 causes loss of expression in _glucocorticoid response genes
associated to skeletal muscle physiology

C2C12s were seeded, transfected with scrambled or siPARP1 siRNA, then treated with 1 uM
dexamethasone and harvested for RNAseq (A) Venn diagram of genes positively regulated
by glucocorticoids in scrambled and siPARP1 C2C12s (B) Representative gene expression
levels of GR response mediating genes identified from RNAseq analysis — transcript levels
expressed in log fold change and FDR (C) Manhattan plot using g:GOSt produced using the
86 genes whose response to dexamethasone is lost in sSiPARP1 myoblasts. Plot shows
overrepresented processes by molecular function (red), biological process (orange), cellular
compartment (green), transcription factors (blue) and human phenotype (purple) (D)
Application of transcriptional profiling of MRFs differentially expressed in dexamethasone
treated siPARPL1 cells using ARCHS4 and ENCODE database.

All data are presented as the mean + SEM

C2C12s n=6
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Finally, to examine broader functional impacts in siPARP1 following
glucocorticoid exposure in skeletal muscle, the wider cohort of differentially
expressed genes from our RNAseq data were subjected to functional
enrichment analysis. This gave us further insight into the GR associated
biological and molecular processes that were either retained or modulated.
Additionally, to gain a better insight into impacts in siPARP1 myoblasts
following short-term glucocorticoid exposure, we also conducted RNAseq on
C2C12 myoblasts treated with dexamethasone for 2 hours. Here, we observed
an enrichment of processes central to initiation of glucocorticoid signalling as
well as other cellular pathways activated by glucocorticoid stimulus, all of
which remained unchanged in siPARP1 (Fig. 4.9A). This supported earlier
findings presented that suggested no significant impacts on the induction of
canonical GR target genes (Fig. 4.7D). In contrast, we also observed
enrichment of glucocorticoid mediated responses that were subsequently lost
— these were associated with skeletal muscle function and development, as
well as structural organisation (Fig. 4.9B). Subsequently, we observed
enrichment of processes associated with GR mediated signalling which were

increased in siPARP1 (Fig. 4.9C).
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Figure 4.9. Functional profiling of the wider cohort of differentially expressed genes in
SiPARP1 C2C12 myoblasts treated with dexamethasone for 2 hours

C2C12s were seeded, transfected with scrambled or siPARP1 siRNA, treated with 1 uM
dexamethasone and harvested for RNAseq. Identified differentially expressed genes were
subjected to gene set enrichment analysis for functionally enriched processes that were (A)
Retained (B) Downregulated and (C) Upregulated

C2C12s n=6

On the other hand, the cohort of differentially expressed genes following 24
hours dexamethasone treatment in SIPARP1 C2C12 myoblasts revealed shifts
from enrichment in pathways ascribed to skeletal muscle development to
pathways governing phenotype, including cell division, mitochondrial
metabolism and genome stability (Fig. 4.10 A, B). Fundamentally, an

enrichment in proteasome-mediated ubiquitin dependent catabolism, the
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classical pathway in glucocorticoid induced muscle atrophy, was observed to
be decreased in siPARP1 and implies a role for PARP1 in the outcome of
glucocorticoid mediated side effects in skeletal muscle. We also observed an
enrichment of pathways associated with NF-kB signalling, NAD* kinase
activity and viral infection, which were increased in siPARP1 (Fig. 4.9C). Given
that PARP1 has roles in infection and immunity 6, this suggests that the
prescription of glucocorticoid based therapy could potentially predispose
individuals to greater risk and morbidity in pathogen induced myositis via a
PARP1 dependent mechanism. Collectively, our data reveal that initiation of
canonical GR signalling following glucocorticoid binding occurs independently
of PARP1. However, the subsequent mediation of glucocorticoid response,
based on GR response gene expression profiles and functional profiling, is
dependent upon PARP1. As the use of glucocorticoids in skeletal muscle
therapy continue to remain contentious, it is reasonable to suggest that the
outcome of glucocorticoid treatments occur via a PARP1 mechanism that

certainly necessitates further investigation.
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Figure 4.10. Functional profiling of the wider cohort of differentially expressed genes

in sSiPARP1 C2C12 myoblasts treated with dexamethasone for 24 hours

C2C12s were seeded, transfected with scrambled or siPARP1 siRNA, treated with 1 uM
dexamethasone and harvested for RNAseq. Identified differentially expressed genes were
subjected to gene set enrichment analysis for functionally enriched processes that were (A)

retained (B) downregulated and (C) upregulated
C2C12s n=6
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4.4. Discussion

PARP1 mediated PARylation events have been demonstrated to exert greater
and direct influence on the differentiation of other tissues, including adipocytes
103209240 pligodendrocytes 248 and osteoclasts 2°6:3%9, Knowledge on these
events in skeletal muscle differentiation remains hitherto limited. However it
seems the presence of PARPL, rather than its catalytic activity, influences
skeletal muscle differentiation to a greater extent 176, At the transcriptional level,
PARP1 associates with the regulatory regions of genes to subsequently
interfere with their targeting by the MRF MyoD to inhibit transcription and
induction of myogenic genes associated with the differentiation programme 176,
This led us to postulate roles for PARP1 mediated PARYylation events during
early-stage differentiation in subsequent determination of developed myotube
phenotype. Using proteomic and transcriptomic approaches, we demonstrate
that PARP1 exerts influence over the transcriptional regulation and protein
abundance of genes associated with overall skeletal muscle phenotype in
C2C12 myoblasts, and also further demonstrate that changes also occur as a
consequence of early-stage PARP1 activity modulation during differentiation.
Specifically, changes in expression of genes and proteins in subsequent
developed myotubes are associated with skeletal muscle function, including
glucose metabolism, muscle contraction and structural organization.
Consequently, we also observe differential expression of genes mediating
overall glucocorticoid response in skeletal muscle, which implies roles for a
PARP1-GR paradigm in the effects of chronic glucocorticoid exposure in
skeletal muscle including conditions of myopathy and steroid-induced diabetes.

Put together, our proteomic, transcriptomic and biochemical studies
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demonstrate interplay between PARP1 mediated PARylation, skeletal muscle
phenotype and glucocorticoid response. This suggests any potential role for
PARP modulation as a tool for sustaining muscle function must be carefully
considered in relation to the ability of the tissue to repair and replace muscle

fibres.

4.4.1. Developed myotube phenotype is determined by early stage

PARP1 mediated PARylation events during myogenesis

Suppression of PARP1 elicits beneficial metabolic effects which include
enhanced exercise performance, increased energy expenditure, enhanced
mitochondrial function and resistance to oxidative stress 1317133251 Additionally,
PAR and PARP1 levels are dynamically and differentially regulated during
exercise between aged untrained and aged trained muscle 2* — crucially,
knowledge of these trends with regards to skeletal muscle development
remains limited. Thus far, a previous study demonstrated the ability of PARP1
to block the MRF MyoD mediated transcription of myogenic genes during
myogenesis by physically binding to the regulatory regions of these genes,
indicating that PARP1 PARylating activity is not essential for proper myotube
development 7. To that end, we postulated that the PARP1 mediated PAR
accumulation occurring in day 1 of myogenesis exerts a greater consequence
on the developed myotube than on its development. In this regard, we
observed in C2C12 myoblasts treated with PARP inhibition during myogenic
induction, differentially expressed genes and proteins that were predominantly
associated with skeletal muscle functions including glucose metabolism and
contractility. Through use of the broad spectrum PARP inhibitor PJ34 and the

PARPL1 specific inhibitor BYK204165, which both yielded similar trends, we
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showed that these expression profile changes are indeed related to PARP1
mediated PARYylation that occurs within the first day of myogenesis. We also
found that downregulation of PARP1 alone in undifferentiated C2C12
myoblasts is sufficient to cause shifts in the skeletal muscle transcriptome, and
subsequent functional profiling revealed biological and molecular processes
that were enriched were similar to those of early-stage PARP1 inhibition during
myogenesis. Further insight into which substrates are PARylated within the
first day of myogenesis where PAR levels are at its highest will be useful in
unravelling downstream signalling pathways that determine myotube
phenotype which are regulated by PARylation. However, existing evidence
suggests that MyoD could be a potential target — a recent study by Bisceglie
et al. presented an increase in nuclear PARP1 mediated PARYylation activities
in the myoblast following successful MyoD driven transdifferentiation from
fibroblasts 2°7. Our data also show that the expression of MRFs such as
myogenin and muscle-specific proteins including the troponins are governed
by PARPL1 inhibition — it is therefore probable that PARP1, through direct
interaction or enzymatic application of PAR chains, coregulates their mRNA
transcription. Incidentally, impacts over troponin expression by PARP1 may
be relevant in cardiac muscle °, and our data show reduced levels of
myogenin in C2C12 myoblasts treated with PJ34 during differentiation
induction (Fig. 4.6E). Taken together with our results, these suggest that both
PARP1 itself and its PARYylating activity hold influence over the skeletal muscle
phenotype, and further underscores PARP1’s role as a multifaceted protein
being able to bind to nucleic acids as well catalysing the PARylation of target

substrates 173-175,
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4.4.2. PARP1 partially governs qglucocorticoid transcriptional response

in skeletal muscle

Evidence for PARPL1 in the regulation of GR mediated transcriptional response
has been presented in other cells 3. Furthermore, cortisol levels in PARP1
null mice are increased *%4. Our transcriptomic analysis of siPARP1 C2C12
myoblasts reveals changes in expression of the NR3C2 gene which codes for
MR (Fig. 4.4A) — while not as ubiquitously and predominantly expressed as its
GR counterpart, MR can also bind glucocorticoids with higher affinities 2%.
Furthermore, we demonstrated pathways commonly classified as
glucocorticoid controlled including hypoxia, myogenesis and TNF response
through NF-kB were shifted in the siPARP1 myoblasts (Fig. 4.5B). In this
regard, since PARP1 has perceived roles in the NF-kB mediated inflammatory
response 234, and the anti-inflammatory effects of glucocorticoids manifest
through the suppression of NF-«B, this suggests that glucocorticoid mediated
effects occur via PARPL. In this regard, the NF-«kB pathway has been
implicated in differentiation programmes of other tissues, including
myogenesis 296371372 _ notably, PARP1 and its PARylating activity are key
determinants in osteoclast differentiation and bone modelling via a NF-kB
dependent transcription of /L1 2% and glucocorticoid induced osteoporosis is
a consequence of the inhibition of IL1 production 373, Put together with our
findings, these certainly provide plausibility for PARP1 exertions over
glucocorticoid mediated outcomes in skeletal muscle turnover via regulation

of NF-kB which warrants further investigation.

Given roles for glucocorticoids in skeletal muscle myogenesis and myopathy,

as well as shared roles with PARP1 in other cellular processes such as
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inflammation and transcriptional regulation, we further explored the potential
for glucocorticoids and PARPL1 in skeletal muscle myogenesis. Interestingly,
we first showed that addition of dexamethasone, a synthetic GR activator
during C2C12 myogenic induction, suppresses the PARP1 mediated PAR
accumulation in day 1 of myogenesis, implying that this event is also sensitive
to endogenous signal hormones (Fig. 4.6A). However, glucocorticoid use in
skeletal muscle has remained albeit ambiguous — chronic glucocorticoid
exposure has been demonstrated to induce skeletal muscle myopathy 326:330,
while the in vitro application of dexamethasone to myoblasts promotes their
differentiation 325-327, However, this has been obfuscated by other studies that
posited factors including cell confluency as well as the type of glucocorticoid
receptor agonist applied can impact glucocorticoid mediated outcomes in
differentiation 374, In our presented data at least, we show, through the
expression of myogenin, that dexamethasone application is capable of
reversing the downregulation of this MRF protein following PARP inhibition

(Fig. 4.6E), supporting the notion that dexamethasone enhances myogenesis.

By examining the transcriptomic changes in 24 hour dexamethasone treated
siPARP1 C2C12 myoblasts, we observe that the expression of GR canonical
target genes such as FKBP5 that dissociates from ligand bound GR to allow
its translocation into the nucleus, remained intact (Fig. 4.7D). This suggests
that genes directly regulated by GR actions are not dependent on PARP1.
Further g:GOSt analysis shows that the 86 genes in siPARP1 that fail to induce
following dexamethasone treatment are ascribed to skeletal muscle
physiology with diverse molecular functions (Fig. 4.8). Of particular note, these

included two players involved in muscle remodelling — RYR1 possesses MyoD
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regulatory elements and governs calcium signalling critical for excitation-
contraction coupling, and its mutations are associated with a plethora of
congenital myopathies 37, and TRIM72, an E3 ligase within the ubiquitin-
proteasome system, has been demonstrated to antagonise myogenesis of
C2C12s %% and is a target for PARP1 mediated MARylation in myocardial
injury 37, These suggest that PARP1 exerts influence over outcomes of
glucocorticoid response genes in skeletal muscle; furthermore, PARP1 has
demonstrated involvement in myopathy 2°8, and so does chronic glucocorticoid
exposure 326330 These could imply mechanisms for PARP1 in the
transcriptional pathways that result in glucocorticoid induced myopathy,
warranting broader studies in this regard. Already, studies have presented
PARP1 influence over glucocorticoid responsiveness of Gonadotropin-
releasing hormone receptors 38, and our current study illustrates that
glucocorticoid mediated impacts on skeletal muscle occur through PARP1 and

its PARYylating activity.

In summary, this work further underscores that PARP1 holds influence over
skeletal muscle phenotype, with regards to the outcome of differential
expression of genes and proteins in developed myotubes subject to early-
stage inhibition of PARP1 mediated PARYylation activity during differentiation
induction. We also demonstrate PARP1’s role as a transcription factor given
that its reduction is sufficient to induce changes in the myoblast transcriptome.
We also reveal that as a consequence of its activity inhibition or
downregulation in expression, PARP1 also partially governs skeletal muscle
glucocorticoid transcriptional response. This provides further basis for PARP1-

GR transcriptional interactions in skeletal muscle physiology, and potentially,
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avenues for therapeutic strategies for ameliorating glucocorticoid induced side
effects. While PARPL1 inhibition mediates beneficial effects in fully developed
muscle tissue due to increased NAD* availability, potential negative impacts
over myogenic mechanisms and efficacy of glucocorticoid therapies implies

that using PARP inhibitors as therapy should be assessed on risk:benefit ratio.
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Chapter 5

Preliminary in vivo characterisation of
PARP1 mediated PAR and
glucocorticoid receptor dynamics

150



Chapter 5  Invivo characterisation of PARP1 mediated PAR-GR dynamics

5.1. Introduction

ADPR and PAR are signalling moieties that are generated through the
consumption of NAD™ that then serves as post-translational and transcriptional
modification molecules onto target substrates and key signalling players in
whole body processes including DNA repair and cellular death and
differentiation pathways. Combined with the importance of NAD* as a cofactor
in a plethora of biochemical reactions, metabolic regulation of ADPR and PAR
generation and stability is associated with conditions including diabetes,
inflammation, glucocorticoid sensitivity, pathogenic infection, differentiation

and exercise performance 116:131.132.165.189.335,

NAD* is synthesized through three main pathways: salvage, de novo and
preiss-handler. The type of pathway utilized is dependent on the substrate and
each pathway involves intricate steps catalysed by a series of enzymes. For
example, external supplementation of NR is catalysed by the NRK enzymes
into NMN that undergoes further conversion to yield NAD*. The importance of
these enzymes have been detailed in KO studies within skeletal muscle,
demonstrating absence of NR metabolism into NAD*, implying that specific
enzymes are required for metabolism of external precursor supplements .
Similarly, the overall balance of NAD in its different forms are mediated by
enzymes that directly catalyse its reduction, oxidation or phosphorylation, or
released as by-products of metabolic processes — for example the hexose-6-
phosphate dehydrogenase (H6PD) mediates the oxidation of glucose-6-
phosphate during glycolysis and releases NADPH in the process to
consequently modulate NADP*/NADPH balance 37°. Fundamentally, H6PD

deletion results in perturbation of glucocorticoid homeostasis — deletion and
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resulting NADPH decrease has been demonstrated to switch HSD1131
activity to oxidative, resulting in inactivation of glucocorticoids in a condition
known as apparent cortisone reductase deficiency 380381 causing
hyperactivation of the HPA axis 37° and glucocorticoid insensitivity to impair
glucose and lipid metabolism within the liver and adipose tissue 382383, |n the
skeletal muscle, H6PD deletion is ascribed to skeletal muscle myopathies —
effects which are independent of the enzyme’s role in glucocorticoid

metabolism 384,

Given the nature of ADPR and PAR generation from the consumption of NAD",
it is therefore evident that both molecules also exert far reaching and
potentially indirect effects on pathways it might not necessarily exert influence
over through alterations of NAD balance. The work in this final chapter seeks
to culminate and bridge findings from the previous chapters. Specifically, we
attempt to characterise impacts on PARP1, its mediated PARylation and GR
expression within tissues of metabolic importance harvested from mice
subjected to metabolic perturbations such as high fat diet and gene KO. These
findings collectively serve to give a holistic understanding and potential future
directions of studies pertaining to PARP1 and GR interactions in governing

skeletal muscle as well as whole body metabolism.
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5.2. Materials and Methods

5.2.1. Mouse models

C57/BL6J mouse models with age ranges from to 12 to 52 weeks used for
work in this chapter were from the laboratory of Gareth Lavery at the Institute
of Metabolism and Systems Research within the University of Birmingham, UK.
Work was approved by and performed under British Home Office Guidance
Act 1986. Mouse were housed in standard cages according to gender in 22°C
and 12:12 hour light/dark cycle environments. Mice were fed ad libitum with

standard chow.

5.2.1.1. NRK2 transgenic mice
Skeletal muscle specific NRK2 overexpressing mice, also known as NRK2

transgenic (NRK2.Tg), were generated by utilization of the Cre-Lox
recombination system. NRK2 is encoded by the NMRK2 gene. The transgenic
NMRK2 allele within NRK2.Tg mice is spliced into the ROSA26 locus on
chromosome 6 within the mouse genome. Subsequently, a LoxP flanked stop
codon is present to inhibit transcription of the transgene — however, the
presence of the Cre recombinase results in deletion of the stop codon, allowing

constitutive transcriptional activation and protein production of NRK2.

5.2.1.2. NRK2 knockout mice
NMRK2 KO mice obtained from the Jackson Laboratory in Maine, USA. These

were generated using the Knockout Mouse Phenotyping Program (KOMP2)
and the ZEN-UB1 Velocigene cassette. Homologous recombination was
performed to insert the cassette into the coding exons of the NMRK2 gene to

impair its transcription. This construct was transfected into embryonic stem
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cells which were injected into blastocysts and implanted into mice and bred.

Genotyping was performed to corroborate heterozygous deletion of NMRK2.

5.2.1.3. HSD11B1 knockout mice
HSD1181 KO mice were generated via the Cre-Lox recombination system

using a vector targeting the catalytic domain of HSD 7131 that was cloned into
pBluescript SK(+) containing a thymidine kinase cassette. Constructs were
electroporated into mouse embryonic stem cells, screened and expanded
before injection into blastocysts and implanted into mice and bred. Genotyping

was performed to corroborate deletion of HSD1181 384,

5.2.1.4. H6PD knockout mice
H6PD KO mice were obtained from the European Conditional Mouse

Mutagenesis Program in Munich, Germany. These mice were generated using
a splice acceptor-B-galactosidase/neomycin phosphotransferase fusion gene-
bovine growth hormone polyadenylation sequence (SA-Bgeo-pA) reporter
cassette system in tandem by a flippase recognition target sequence. These
were subsequently subjected to Flp and Cre recombinase expression systems
to generate Actal-Cre transgenic mice to generate skeletal muscle specific
H6PD KO mice. Genotyping was performed to corroborate successful deletion

of H6PD 3%,

5.2.2. Mouse model treatments

5.2.2.1. Oral NR supplementation
Mice were orally supplemented with NR via drinking water, to which

nicotinamide riboside chloride was added at a concentration of 5 g/L and

regularly replaced.
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5.2.2.2. High fat diet
Mice were fed with a High fat chow diet that composed of 42% or 60% of total

daily caloric intake for 16 weeks. Mice were periodically weighed for linear

weight gained over the course of the diet.

5.2.3. Animal tissue collection

At the end of experimental timepoints, tissue dissection of muscle groups and
metabolic importance was performed after animal sacrifice. Muscle groups
included the soleus, quadriceps, hamstrings, TA and gastrocnemius, while
other metabolically pertinent tissues included the heart, liver, kidney and
lungs. Tissues collected were immediately snap frozen in liquid nitrogen and

stored in -80 °C until use.

5.2.4. Protein extraction from tissues

Protein extraction from tissues was performed via homogenisation using
TissueLyser LT (Qiagen, Germany). The protocol is further detailed in Section
2.4.1.2. Briefly, 30 mg of tissue was cut and transferred to a microcentrifuge
tube containing RIPA lysis buffer supplemented with 1x Pierce™ EDTA-free
protease inhibitor cocktail and a TissueLyser LT stainless steel bead. Tissues
were homogenized until no visible chunks were observed. Lysates were
incubated on ice for 30 minutes and centrifuged at maximum speed for 30
minutes at 4°C. The supernatant was transferred into a clean microcentrifuge

tube and stored at -80°C until use.

5.2.5. Protein analysis

Western blot analysis was conducted on protein lysates harvested in RIPA
lysis buffer supplemented with 1x Pierce™ EDTA-free protease inhibitor

cocktail. Proteins were loaded onto fixed percentage acrylamide gels run at
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90V (stacking) and at 120V (resolving). Separated proteins were transferred
to PVDF membranes and blocked with 5% BSA for 1 hour at room temperature,
after which incubation with primary antibodies: PAR, PARP1, GR or GAPDH
antibodies was performed overnight at 4°C. Anti-rabbit or mouse secondaries
were used before visualisation using ECL detection method. Detailed
background and methodologies are delineated in Section 2.4.3, and primary

antibody details can be found in Appendix B.

5.25.1. Immunoprecipitation (IP)
Homogenized tissue lysates were subjected to IP assay. A detailed outline of

this is presented in Section 2.4.4. Briefly, lysates were first pre-cleared in A/G
magnetic beads. At least 1 mg of pre-cleared protein lysate per sample was
incubated with 5 ul of PAR or IgG antibody controls overnight on rotation at
4°C to form immunocomplexes. This immunocomplex was then incubated with
A/G magnetic beads for 20 minutes on rotation at room temperature for IP,
washed in RIPA buffer and eluted by boiling at 95°C in 1x Laemmli sample

buffer. Elutions were then subjected to western blot analysis as described.

5.3. Results

5.3.1. Validation of PAR immunoprecipitation assay

PAR and PARPL1 has been well characterized to be expressed at low levels
basally and induced only under stimuli conditions such as DNA damage. To
that end, we performed an IP assay using PAR antibodies to identify basal
PAR levels within the quadricep muscles of mice subjected to 42% and 60%
high fat diets. We corroborated in whole cell tissue lysates that PAR levels
exhibit low detection — subsequently, application of a IP assay for PAR in

these lysates was successful and specific for PAR detection, supported by
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an 1gG negative control (Fig. 5.1). We also find that within these tissues, no
significant change in PAR dynamics between chow and both high fat diets

within the quadriceps.
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Figure 5.1. Characterisation of a PAR IP assay

Mice subjected to various percentage high fat diets were sacrificed and the quadricep muscles
were dissected and homogenized into protein lysates. 1 mg of lysate input was used for the
PAR IP assay, and all of the resulting elutions were used for protein analysis.
n=2

5.3.2. NRK2.Tg mice exhibit increased levels of PAR

We next assessed PAR and PARP1 dynamics within the NRK2.Tg mice. The
TA muscle group within WT and NRK2.Tg mice were dissected at 4 hour
intervals for 24 hours that were housed in 12:12 hour light/dark cycle
environments. Given NMRK2’s role in NAD* biosynthesis, we postulated that
its deletion would deplete NAD* bioavailability for PAR synthesis by PARP1.
Consequently, IP assay revealed that PAR levels were slightly elevated in
NRK2.Tg groups — furthermore, total PARPL1 levels were seemingly elevated
in transgenic groups during conditions of light and diminished in conditions of
darkness, and this trend was also observed with regards to cleaved PARP1
levels (Fig. 5.2). This finding suggests mechanisms for circadian based

cleavage of PARP1. In comparison with our earlier findings within the
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guadricep muscle groups, these suggest that PAR might be differentially
regulated amongst different tissue groups.
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Figure 5.2. PAR IP in the TA muscle group of NRK2.Tg mice

NRK.Tg and WT mice were sacrificed every at 4 hour intervals and the TA muscle group was
dissected and homogenized into protein lysates. 1 mg of lysate input was used for the PAR
co-IP assay, and all of the resulting elutions were used for protein analysis. Abbreviations:
cPARP1, cleaved PARP1; Trg, Transgenic

n=2

5.3.3. NMRK2 KO high fat diet challenged mice

To assess impacts of NMRK2 KO on high fat diet, muscle and metabolic
tissues were dissected from WT and NMRK2 KO mice fed with 60% high fat
diet and subjected to PAR IP assay. As with previous trends, we find that only
the quadricep muscle groups exhibit detectable PAR following
immunoprecipitation amongst the other tissues (Fig. 5.3). Furthermore, we
identify WT high fat diet fed mice induced PAR accumulation that was
diminished in NMRK2 KO mice fed with high fat diet. These suggest that
diminished NAD* bioavailability by NRMK2 KO did exert impacts on PAR
synthesis — furthermore, we also observed increased cleaved forms of PARP1
within the quadriceps and soleus muscle groups, as well as the heart and

kidney — given that cleaved PARP1 forms serve as an indication of apoptotic
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pathway activation 115184185 thjs finding gives merit that metabolic dysfunction
as a repercussion of high fat diet driven apoptosis highly likely occurs through
PARP1. We also find that GR expression within the tissues in both WT and
NMRK2 KO mice remained relatively unchanged following high fat diet
challenge, and similar to PAR trends, its expression is dynamic across tissues,
with significant expression within the liver and minimal expression within the
kidney. Notably, we also observed dynamic trends of PARP1 cleavage in
association with GR expression profiles across tissues, where increased GR
expression within the liver exhibited lower levels of cleaved PARP1, while low
GR expression within the heart exhibited higher levels of cleaved PARPL1. This
indicates potential GR involvement in PARP1 cleavage during PARP1 driven

apoptotic signalling events that like PAR, is dynamic across tissues.
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Figure 5.3. PAR levels are induced by high fat diet mice through NMRK2 dependent
NAD* generation
WT and NMRK2 KO mice were subjected to high fat diet for 16 weeks were sacrificed and

tissues were dissected and homogenized into protein lysates. 1 mg of lysate input was used
for the PAR IP assay, and all of the resulting elutions were used for protein analysis.
Abbreviations: cPARP1, cleaved PARP1; Gast, Gastrocnemius; Sol, Soleus; TA, Tibialis
Anterior

n=2
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5.3.4. PAR levels are potentially influenced by HSD1181 mediated

glucocorticoid regulation

We next sought to assess how glucocorticoid bioavailability can impact on
PAR and PARP1 dynamics. Tissues from HSD1131 KO mice were subjected
to PAR IP. Remaining consistent with our previous observations, the
guadricep muscles exhibited discernible PAR levels in WT mice that was
diminished following HSD11B31 KO, suggesting a plausible relationship
between glucocorticoids and PAR synthesis. Additionally, we find that PARP1
levels are seemingly elevated in HSD11B1 KO across tissues, while GR
expression trends remained relatively unchanged between both groups (Fig.
5.4). These collectively support our findings from the previous result chapters
pertaining to PARP1 and GR interactions as potential determinants of overall
glucocorticoid transcriptional response and PARP1 does not directly impact
GR expression. Given HSD11B1’s roles in GR biology, it further suggests a

relationship between GR and PARP1 and the PAR it deposits.
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Figure 5.4. PAR levels are potentially influenced by HSD1181 mediated control of
glucocorticoid availability

52 week old WT and HSD11B1 KO mice were sacrificed and tissues were dissected and
homogenized into protein lysates. 1 mg of lysate input was used for the PAR IP assay, and all
of the resulting elutions were used for protein analysis. Abbreviations: cPARP1, cleaved
PARP1; Quad, Quadriceps; Sol, Soleus; TA, Tibialis Anterior

n=2

5.3.5. H6PD has no discernible impact on PAR and GR dynamics

Given H6PD roles in glucocorticoid and NADP homeostasis, we finally sought
to characterise the impacts of H6PD deletion on PAR and PARP1 dynamics.
Tissues of HEPD KO mice fed with NR were dissected and subjected to PAR
IP. Consequently, the differing PAR dynamics across different tissues
presented challenges in identification of specific trends (Fig. 5.5). However,
we observed that the deletion of HG6PD increased levels of cleaved PARP1
within the heart, implying plausible roles for H6PD mediated regulation of
PARPL1 driven apoptosis, most likely due to increased NAD availability from
NR supplementation. Like the deletion of HSD11B31, we did not observe

significant impacts on overall GR expression within the tissues examined,
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further implying that PARP1 plays potential roles in glucocorticoid response

through the regulation of response genes rather than regulation of GR

expression.
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Figure 5.5. H6PD deletion does not impact PAR dynamics

52 week old WT and H6PD KO mice supplemented with NR were sacrificed and tissues were
dissected and homogenized into protein lysates. 1 mg of lysate input was used for the PAR
IP assay, and all of the resulting elutions were used for protein analysis. Abbreviations:
cPARP1, cleaved PARP1; Hams, Hamstring; SC, Subcutaneous fat; TA, Tibialis Anterior
n=2

5.4. Discussion

Emerging evidence has been presented of PARP1 and GR interactions. While
PARP1 has been linked to regulation of GR mediated transcriptional signalling
events %, the mechanisms behind this remain to be unravelled, particularly in
an in vivo setting. Specifically, whether PARP1 regulates glucocorticoid levels
and GR expression either through direct binding or via PARYylating catalytic
activity have yet to be defined. Unravelling these trends would further
underscore PARPL1 roles in metabolism. In addition with previous studies and
the results presented in the previous chapter of this thesis, this would further

understanding on the mechanistic impacts of glucocorticoids on regulation of
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skeletal muscle metabolism and mass. Therefore, the focus of this chapter
was to provide preliminary insights into the plasticity of PAR and PARP1
expression dynamics and how these impact GR expression in mice exposed

to various metabolic stimuli changes and challenges.

NMRK2 is a fundamental NAD" generating enzyme through utilisation of
external NAD* precursor supplementation. While studies have shown that it is
dispensable for overall NAD* homeostasis in skeletal muscle %, it does
present roles for itself in auxiliary NAD" generation during conditions of
metabolic stress °7. Additionally, its upregulation has been ascribed to
myopathy models °” and response to muscle injury 8. To this end, we first
demonstrate within the TA muscle group of NRK2.Tg mice which have
constitutive activation and expression of NMRK2 to exhibit fluctuations in
PARP1 expression levels in a circadian dependent manner (Fig. 5.2). While
roles for PARP1 in circadian biology have been identified in fed and fasted
states, PARP1 expression levels remained minimally impacted in light/dark
cycles — in contrast however, PAR accumulation was seemingly regulated by
light/dark cycle, implying PARP1 PARYylating activity to be circadian 233, This
observation presents potential impacts on NAD* balance and subsequent
metabolic processes that utilizes NAD* throughout the day 387388,
Furthermore, NRK2.Tg mice exhibited increased NAD* within the TA and
soleus muscle groups during active hours 38°. To better understand how
constitutively induced NMRK2 affects PARP1 mediated PAR accumulation,
we utilized a verified and optimized PAR IP protocol that was performed within
the quadricep muscle group of mice subjected to high fat diet (Fig. 5.1).

Consequently, we show that the TA muscle group of NRK2.Tg mice exhibits
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minimally detectable PAR — while it is well-known that PAR at basal levels are
relatively low in the absence of stimuli such as DNA damage and feeding
172,233,354 this observation suggests that PAR levels are not only dynamic
across subcellular components, but also tissues. To further corroborate this,
we analysed tissues from mice subjected to NRMK2 deletion and high fat diet
and demonstrate that PAR levels are dynamic and maximally detected within
the quadricep muscle group (Fig. 5.3). While PARylation has been most
certainly reported within other tissues, our findings in this context suggest, at
least through observations within the quadricep muscle group, that NMRK2
deletion does reduce PARP1 mediated PAR accumulation during conditions
of high fat diet. However, given that NMRK1 has been shown to compensate
for NMRK2 reduction with regards to NAD* salvage %, the degree of influence
the NMRK kinases have on the extent of PARP1 mediated PAR accumulation

remains to be ascertained.

Currently, the influence of PARP1 on glucocorticoid bioavailability and vice
versa remains to be established. Assessment of tissues within HSD11p1 KO
mice revealed within the quadricep muscle group, a reduction of PAR levels.
Given that PARP1 and GR have mutual roles in inflammatory regulation
136,236,294 and evidence that PARP1 regulates activities of a plethora of nuclear
receptors including GR within endocrine sensitive tissues 6°3%, one could
speculate a paradigm whereby PARP1 and GR activity act antagonistically of
one another. However, this is unlikely to be the sole cause for these
observations, as we found that GR expression levels were minimally impacted
throughout the findings in this study in tissues with reduced PAR levels

following gene knockout or metabolic perturbation. Additionally, while PARP1
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mediated PARylating activity has been shown to influence proteasome
mediated degradation of the substrates it targets 3°13%?2 and GR being
subjected to proteasomal targeting 3%, delineating GR as a target of
PARylation would be a fundamental first step towards testing this theory as
well as its regulation. Exploring insights into PARP1 null mice subjected to
cortisol supplementation would also be a viable strategy. Subsequently, the
deletion of H6PD exhibited no significant impacts on PAR trends across
tissues, although this could be well ascribed to challenges presented in the IP
assay in the extrapolation of unstimulated PAR levels across tissues.
Alternative approaches to supplement IP analysis of basal PAR levels such as
autoradiography and in vivo reporter based systems which have been
successfully applied 2333%4, could prove useful in clarifying these trends. Given
roles for HGPD in both NADP and glucocorticoid metabolism, our results
suggest that potential direct PARP1 and GR interactions do not occur through
H6PD - rather, our results show that H6PD deletion has potential impact on
PARP1 driven apoptotic pathways within the heart through the observation of
increased cleaved PARP1 (Fig. 5.5). In line with this, mechanistic studies of
PARP inhibitors have shown that reduction of H6PD levels induces apoptosis
and further sensitizes cancer cells to PARP inhibitor treatment 3%, Within the
skeletal muscle, H6PD deletion also causes an upregulation NMRK1 to
compensate for NAD* depletion %, and this could possibly elevate PARP1
activity and activation of apoptotic pathways. Consequently, the overall
consequence of NAD™ bioavailability on the activities of other NAD* consuming
enzymes including SIRT1 that antagonizes PARP1 activity warrants further

investigation. Collectively, the preliminary findings in this chapter reveal that
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PAR levels are dynamic across different tissues, and suggest that PARP1
plays roles in glucocorticoid response through modulation of GR target genes
rather than directly regulating GR expression and glucocorticoid metabolism.
These provide potential avenues and strategies worth exploring for

understanding PARPL1 roles in GR physiology.
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Integrity of cellular homeostasis is dependent on the function of cellular
signalling pathways. Post-translational modifications such as ADP-ribosylation
and PARylation as presented throughout this thesis are critical events
implicated in DNA damage repair and the control of differentiation programmes
including myogenesis as well as subsequent metabolic function in paracrine
tissues. Application of post-translational modifications often require substrates
that are utilized by the catalysing enzyme. In this regard, PARP1 is a major
NAD* consuming enzyme that catalyses the PARylation of target substrates,
and NAD" itself is a critical biochemical molecule vital for cellular metabolism
where it is utilized in REDOX reactions including glycolysis and the
mitochondrial electron transport chain. Given the diversity of NAD* consuming
enzymes, research has been invested into understanding not only how NAD*

is synthesised but also how it is consumed by these enzymes 116:173.269,283

The PARP family of enzymes have been extensively studied in this regard.
Specifically, research into these enzymes is generally motivated by
addressing 2 key research questions — first, the role of PARPs in whole body
homeostasis and second, the extent of their activities on NAD* bioavailability
and crosstalk with other NAD* consuming enzymes such as SIRTs and how
this impacts overall metabolic integrity. The work in this thesis seeks to bridge
and address these research questions to build up on existing knowledge on
PARP1 within the skeletal muscle, an organ serving as a major determinant of

overall metabolic integrity.

168



Chapter 6 Final Discussion

Previous work has delineated that PARP1 physical presence independent of
its PARYylating activity plays a greater role in the regulation of skeletal muscle
myogenesis 1’6, The work in this thesis corroborates the involvement of
PARP1 mediated PARylating activity in myogenesis — first, we elucidate
PARP1 PARylating activity, where the early-stage PAR accumulation that
occurs within 24 hours of myogenic induction, is dynamic and metabolically
sensitive. This observation is further supported by transiently elevated NAD
levels during myogenesis, suggesting mechanisms to meet energy demands
from both myogenesis and elevated PARP1 PARylating activity. The findings
also support recent reports of PARP1 mediated PARylation in the
transdifferentiation of fibroblasts into myoblasts 2°7. Future work into
unravelling substrates that are PARylated during the onset and progression of
myogenesis would serve to appreciate the functional significance of these

PAR dynamics.

Consistent with previous observations that PARP1 PARylating activity does
not impact myotube development in C2C12s, we demonstrate that critical
processes during myogenesis such as myotube fusion can still occur, but
these events are reduced. This was further supported through observations
that expression of the MRF Myogenin was reduced in myotubes subjected to
PARP1 inhibition during myogenic induction. Depletion of NAD* for reduced
PARP1 mediated PAR accumulation consequently exerted the greatest
impact on myotube fusion events — however, this could be also attributed to
the repercussions of broad NAD* depletion rather than impacts on PARylation

In myogenesis.
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Subsequently, we find via proteomic and transcriptomic analysis that
modulation of PARP1 PARylating activity during the onset of myogenesis
induces changes in the expression of genes and proteins associated with
skeletal muscle function in the developed myotube — these include glucose
metabolism, muscle contraction and structural organization. Further work
demonstrated that the overexpression of PARP1 hinders myogenesis
altogether 176251 — complementary to these, our work further implies that
PARP1 mediated PARylating activity is dispensable for successful
myogenesis but rather exerts impact on developed myotube phenotype. This
is further evident in two contexts: first, in vivo PARP1 deletion alone is not
embryonically lethal 3 and second, adult PARP1 null mice are healthy under
basal conditions, and have increased metabolic capacities, energy

expenditure and exercise performance 13132,

Consistent with our observations of reduced PARP1 in differentiated myotubes,
studies have ascribed this phenomenon to be required for oxidative stress
resistance 2°! and also, driving the MyoD mediated activation of the myogenic
transcriptional programme 176, PARP1 reduction is also implicated in the
differentiation programmes of other tissues such as adipogenesis and
osteoclastogenesis 2%620° However, mice with PARP1 deletion are more
sensitive to ionizing radiation 2%, highlighting the multifaceted role PARP1 as
an important enzyme in cellular integrity. Hitherto, the mechanisms
underpinning degradation of PARP1 throughout myogenesis remain to be
elucidated. However, emerging studies have documented PARP1 degradation
being mediated by the ubiquitin-proteasome system to facilitate biological

processes including cardiac remodelling 37, ameliorating oxidative stress in
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umbilical cells 3% and also, for DNA damage response 34, E3 ligase enzymes,
which catalyze the final transfer of ubiquitin molecules onto target substrates,
exist in skeletal muscle, and these include MuRF1 and MAFbx which are
associated with muscle atrophy 329331, Additionally, absence of proteasomal
activity impairs skeletal muscle differentiation of C2C12 myoblasts 3%. This
collectively gives merit for PARP1 being degraded in this manner during
myogenesis (Fig. 6.1A). The inhibition of the proteasome in undifferentiating
C2C12 myoblasts causes accumulation of PARP1 (Fig. 6.1B), and conversely,
proteasome inhibition at various myogenesis timepoints induced a
dedifferentiation based on lower myogenin expression levels, corroborating
previous observations 3%° (Fig. 6.1C). However, given that PARP1 was
capable of undergoing degradation, it could be speculated that serum levels
which differ between proliferating and differentiating paradigms could possibly
act as a ‘switch’ for PARP1-targetted ubiquitination, a phenomenon that has
been recently presented for PARP2 4%  Pput together, mechanistic
investigation into pathways of PARP1 degradation in maintenance of skeletal

muscle mass and myogenesis are avenues warranting further study.
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Figure 6.1. PARP1 is ubiquitinated in undifferentiating but not differentiating myoblasts
Understanding mechanisms of PARP1 degradation within C2C12 myoblasts (A) Schematic
paradigm of the ubiquitination of PARP1 for subsequent proteasome degradation (B) Western
blot analysis of undifferentiated C2C12s treated for 2 hours with the proteasome inhibitor
compound MG132 and (C) differentiating C2C12s treated with MG132 for 6 hours at various
days of myogenesis
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PARP1 has roles in poor ageing, and one of the hallmarks includes age-
associated skeletal muscle decline exacerbated by sarcopenia. In contrast,
chronic glucocorticoid exposure in skeletal muscle also induces conditions of
metabolic dysfunction, including myopathies 326:328-331 |nformation on PARP1
and GR interactions are relatively elusive — however, elevated circulatory
cortisol levels are observed in mice with PARP1 deletion %4 and further in vitro
work reveals PARPL1 playing regulatory roles in GR mediated transcriptional
signalling 36°. Given that both PARP1 and GR also play mutual roles in the

inflammatory response, this prompted us to investigate a basis for PARP1-GR
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interactions in skeletal muscle. We established that PARP1l, at a
transcriptional level, is recruited to GREs in a similar fashion to canonical
initiation of GR transcriptional signalling following dexamethasone treatment
during onset of myogenesis. Furthermore, dexamethasone treatment in
combination with PARP1 inhibition during early-onset myogenesis revealed a
rescue of myogenin expression in differentiated myotubes, supporting
observations that dexamethasone application enhances subsequent

myogenesis 325327,

Further RNAseq analysis of undifferentiated siPARP1 C2C12s subjected to
dexamethasone treatment was sufficient to induce transcriptomic shifts in the
myoblast transcriptome, of which, canonical genes of GR signalling remained
unchanged. Through further utilization of gene set enrichment analysis, the
work within this thesis also revealed for the first time that the differentially
expressed gene sets underpinning the aforementioned transcriptome shifts
were enriched in processes associated with mediators of glucocorticoid
response and skeletal muscle function, and these were further aligned to a
plethora of processes in skeletal muscle physiology that spanned across
molecular and biological processes as well as muscle architecture and
structure. An alignment with muscular dystrophy phenotypes was also
observed with these differentially expressed gene sets, and given how chronic
glucocorticoid exposure is associated with these dysfunctions, our results
collectively show for the first time that within the skeletal muscle, PARP1 and
its PARYylating activity does influence the outcome and effects of glucocorticoid
exposure through the regulation of downstream response genes of GR

signalling in pathways of muscular atrophy. This supports reported work for
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PARP1 involvement in the regulation of glucocorticoid responses within

Gonadotropin-releasing hormone receptors 378, as well as muscular myopathy

208

A key limitation within this thesis is that the work was mostly carried out in in
vitro systems. While in vitro work is fundamental in ascertaining specific cell-
type responses and pathways, as well as the ease of application in research
methodologies, the aim of the work presented in this thesis was to further
knowledge on human health and disease, as well as improving and pioneering
treatment strategies and outcomes. In this regard, we attempted to circumvent
and supplement our in vitro findings through tissues kindly donated by the
laboratory of Gareth Lavery at the University of Birmingham. Our preliminary
findings from these tissues corroborated our findings that PARP1 and its
mediated PARylation was indeed dynamic across different tissues.
Consequently, we also demonstrate that basal PARylation was minimally
detected which required use of IP assays — in agreement with previous studies
which reported higher PAR detection within larger muscle groups %6131 we
demonstrate that our IP PAR assay was specific. However, this itself still
presented challenges in ascertaining PAR dynamics in tissues that displayed
low levels of PAR, which were observed in smaller muscle groups including
the TA and the soleus during our study. It is therefore vital to gain a holistic
view over different muscle groups to strengthen findings presented throughout
this thesis. However, the rapid turnover and tight regulation of PAR physiology
in vivo presents further complexities and this has been evidently present 401,
Given that measurement of PAR levels are a more accurate representation of

PARPL1 activity rather than expression levels of the enzyme alone, in vivo
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approaches have been developed to provide clarity in PAR dynamics 233394,
Utilization of mouse models expressing such systems for PAR tracking and
detection would prove useful in strengthening translatability of findings within
the work in this thesis and appreciate the roles of PARP1 PARylating activity

within the skeletal muscle.

Put together, the work in this thesis is summarized in Figure 6.2. Through
employment of proteomic, transcriptomic and biochemical approaches, we
demonstrate novel roles for PARP1 mediated PARylation in skeletal muscle,
ascertaining that PARylation exerts less influence over the trajectory of
myogenesis, but rather, greater influence on overall developed myotube
phenotype, one of which includes glucocorticoid response. This suggests any
potential role for PARP modulation as a tool for sustaining muscle function
must be carefully considered in relation to the ability of the tissue to repair and

replace muscle fibres.
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Figure 6.2. Dynamics of PARP1 and PARylation in skeletal muscle physiology

The work and models used within this thesis identified that PARP1 driven PARylation of
substrates is increased during the onset of skeletal muscle myogenesis. Modulation strategies
used to diminish this PAR accumulation revealed greater impacts on subsequently developed
myotube phenotype rather than myogenic progression itself. Phenotypic characteristics that
were affected included genes and proteins enriched to processes including glucocorticoid
response, metabolic and biological processes such as glucose metabolism and calcium
signalling. These genes and proteins were also aligned to human muscular dysfunction
phenotypes, suggesting that PARP1 mediated PARylation during myogenesis has
downstream impacts on developed skeletal muscle health and physiology.
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Appendix A — qPCR gene probes and

primer pairs

Gene qPCR chemistry Figiae n;égﬁgl&a&%%”%)/ Primer
NAMPT TagMan MmO00451938_m1

PARE SYBR Reverse: GGCCAGCATCGTGTAGATGA.
| o | pomcevesmerecinen
SIRT1 SYBR Forward: GGCTACCGAGACAACCTCCTG

Reverse: AGTCCAGTCACTAGAGCTGGCG
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Appendix B — Primary antibodies

g Catalogue A
Antibody Source number Host Dilution
B-actin CST 4967 Rabbit 1:1000
GAPDH Abcam ab9485 Rabbit 1:1000
GR CST 3660 Rabbit 1:1000
MyoD Santa Cruz | o 4774460 Mouse 1:1000
Biotechnology
Myogenin Abcam ab1835 Mouse 1:5000
PAR Merck- MABE1031 Rabbit 1:1000
Millipore
PARP1 Actif Motif 39559 Rabbit 1:1000
TNNT1 Abcam ab155028 Rabbit 1:5000
a-tubulin _Santa Cruz sc-5286 Mouse 1:1000
Biotechnology
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The ADP-ribosyltransferase, PARP1 enzymatically generates and applies the post-translational modification, ADP-Ribose (ADPRL
PARP1 roles in genome maintenance are well described, but recent work highlights roles in many fundamental processes induding
cellular identity and energy homeostasis. Herein, we show in both mouse and human skeletal muscle cells that PARP1-mediated
PARylation is a regulator of the myogenic program and the muscle transcriptional response to steroid hormones. Chemical PARP1
modulation impacts the expression of major myocellular proteins, including troponins, key in dictating muscle contractile force.
Whilst PARP1 in absence of DNA damage s often assumed to be basally inactive, we show PARylation 1o be acutely sensitive to
extracellular glucose concentrations and the steroid hormaone class, glucocorticoids which exert considerable authority over muscle
tissue mass. Specifically, we find during myogenesis, a transient and significant rise in PAR. This early-stage differentiation event, if
blocked with PARP1 inhibition, reduced the abundance of important muscle proteins in the fully differentiated myotubes. This
suggests that PAR targets during early-stage differentiation are central to the proper development of the muscle contractile unit.
We also show that reduced PARP1 in myoblasts impacts a variety of metabolic pathways in line with the recorded actions of
glucocorticolds. Cumrently, as both regulators of myogenesis and muscle mass loss, glucocorticoids represent a clinical conundrum.
Our work goes on to identify that PARP1 influences transcriptional activation by glucocorticolds of a subset of genes critical to
human skeletal muscle pathology. These genes may therefore signify a regulatory battery of targets through which selective
glucocorticoid modulation could be achieved. Collectively, our data provide clear links between PARP1-mediated PARylation and
skeletal muscle homeostatic mechanisms crucial to tissue mass maintenance and endocrine response.

Cell Death Discovery (2023)%133; hitps://doi.org/10.1038/s41420-023-01420-2

INTRODUCTION however, the impacts of PARylation in skeletal muscle remain

PARP1 irreversibly cleaves NAD™, producing nicotinamide for re-
salvage and monomeric ADP-Ribose (ADPR) units. ADPR functions
as a signaling molety through site-specific attachment to target
molecules, attering their biological activity. ADPR units can be
maono- or poly-elongated: the latter produces poly-ADPR (PAR)
chains, in a process termed PARylation [1). To date, PARP1,
alongside PARPZ and the tankyrases, are capable of performing
PARylation. Recent studies of PARylation have revealed roles
andillary to the well-characterized genome repair. For example,
PARP1 activity has been shown to govem fundamental processes
including adipogenesis, RNA stability, and transdifferentiation
[2-6].

The conserved and constitutive nature of PARP1 and PARylation
underlies the variety of documented actions. Emerging studies
implicate PARP1 within skeletal muscle metabolism and myogen-
ess (4, 7-9]. For example, in myogenic progression, down-
regulation of PARP1 in fully formed myotubes is required for
oxidative stress resistance [9]. More recent work has demonstrated
PARP1 binding to regulatory regions of the MYOD target muscle
genes p57 and myogenin [4). These works demonstrate PARP1 ako
exerts myogenic influence independent of its PARylating activity,

poorly characterized. Despite this incomplete understanding,
PARP inhibitors have been sug for alleviation of inflamma-
tion in non-communicable chronic diseases including myopathy.

Herein, we used transcriptormic and protecmic analyses to
explore PARP1-mediated PARylation during myogenic progres-
sion. We show PARP1 and the PAR it applies during myogenesis
are dynamic, and sensitive to both hormonal status and metabaolic
demand. Early-stage muscle cell differentiation sees a transient
rise in PARylation that holds influence over the fully developed
myotube. This indicates that the molecular targets of PARP1
during eary-stage differentiation are pivotal in determining the
functional quality of the muscle fiber. We also demonstrate that
PARP1 holds impacts over the skeletal muscle transcriptional
response to glucocorticoids, steroid hormones with governance
over muscle protein synthesis and metabelic rate. We identify a
subset of genes that are critical t muscle mass and contractile
function that are co-regulated by PARP1. These results reveal
whilst PARP1 inhibition mediates beneficlal effects in fully
developed muscle tissue, the potential for negative impacts exists
for muscle differentiation and steroid hormone activation. There-
fore, the use of dinically available PARP inhibition should be
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Fig. 1 PARP1 and PARylation are dynamic during myogenesis. A Western immuncblotting of differentiating C2C12 myoblasts probed for
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e of n=4). B Quantification of MYOG, PAR,

and PARP1 present ower

(representativ
differentiation. Each bar represents means + 5.0 (7 =4) **P<0.001. C Western immunoblotting of differentiating LHON-M2 human myoblasts
probed for MYOG, PAR, PARP1, Myogenin, and Alpha-Tubulin (representative of n=4). D Quantification of PAR and PARP1 present over

differentiation. Each bar represents means+ 5.0 (n = 4) **P <0.001.

subject to greater consideration for impacts on the whole-body
muscle mass.

RESULTS

PARP1-mediated PARylation is dynamic during skeletal
muscle differentiation

Molecular assessment of PARP1 and PAR during myogenesis
remains limited. Given PARP1 non-enzymatically regulates the
myogenic regulatory factor MYOD [4], we hypothesized that
enzymatically driven PARylation also contributes to myogenic
transition. To address this, C2C12 myoblasts were differentiated
and interrogated for PAR and PARP1 levels on each day of
differentiation. We report that levels of PAR were dynamic during
myohblast alignment and fusion, reaching peak within day 1 and
nadir by day 5 of differentiation (Fig. 1A, B). Identical dynamic
regulation of PAR and PARP1 abundance was recorded in the
human muscle cell line LHCN-M2 (Fig. 1C, D). Total levels of
myogenin also increased, demonstrating the establishment of
myogenic commitment in these myoblasts (Fig. 14, C). Together,
these data indicate, at least in mammals, a conserved process of
PAR regulation driven by PARP1 that is associated with the
initiation of the myogenic program.

PARylation in skeletal muscle myogenesis is metabolically
sensitive

Conventionally, PARP1 is regarded as inactive in the absence of
genotoxic siress. However, several studies have demonstrated that
both PARP1 and PARylation are fundamental to a variety of
biological processes [1]. As such, we explored the response of
PARP1 and PAR to conditions of NAD" excess or deficit during
myogenesis. The NAD" precursor nicotinamide ribeside (NR) is
bipavailable to human skeletal muscle and can directly generate
NAD* [10]. However, we find that NR supplementation of
myobilasts during differentiation induction did not alter the levels
of day 1 PAR accumulation (Fig. 2A, B). In contrast, we find NAD*

SPRINGER NATURE

depletion through specific NAMPT inhibition with FKBG6 reduced
day 1 PAR levels and myogenin expression, supporting an
association of the enzymatic product of PARP1 with myogenic
progression (Fig. 2C, DL We also found PAR during myogenesis to
be regulated by the external cellular enwironment, with a dose-
dependent increase in PAR in response to glucose deprivation
(Fig. 2G, H) and is sensitive t© steroid hormone levels following
exposure to the glucocorticold receptor (GR) agonist dexametha-
sone (Fig. 2E F). Collectively, these data show that PARP1-
mediated PARylation ks active in differentiating myoblasts and
exerts plasticity. Moreover, we find a synergistic interaction of
both the inhibiion of PARP1 with the inhibitor PJ34 and
dexamethasone reatment during differentiation induction upon
subsequent PAR abundance (Fig. 21, J). Together, these data show
PARP1 and PAR in skeletal muscle to be basally detected and
responsive o the changing cellular environment. This implies PAR
in skeletal muscle is a signaling motif with potential roles o play
in the variety of pathways governing muscle homeostasis,

Modulation of PARylation during early-stage myogenesis

To modulate PAR generation, we applied the broad-spectrum
PARP inhibitor PJ34 during differentiation induction and demon-
strate significant reduction of eady-stage PAR accumulation in
both murine and human skeletal muscle cells {H% 3A-D). PJ34
reatment also significantly increased cellular NAD™ (Supplemen-
tary Fig. 1AL To further investigate if the transient day 1 PAR
accumulation is a determinant of developed myotube functional
quality, we also assessed levels of Troponin T1 (TNNT1), a subunit
of the sarcomere. This was reduced in myotubes exposed to PJ34
during eardy-stage differentiation and suggests PARylation is
required for proper thin filament assembly (Fig. 3A, C). These
PAR trends were also replicated using Rucaparib (Supplementary
Fig. 2A, B). Inhibition of PARP1 with PJ34 is also shown by
immunofluorescence, with the day 1 PAR accumulation impaired
in the PJ34-treated differentiating myoblasts (Fig. 3EL To identify
the major ranscriptional processes govemed by PARP1 inhibition,
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we conducted RNAseq on PJ34 treated early-stage differentiating
C2C12 myoblasts compared to vehicle controls (Fig. 3F). Gene
Ontology analysis revealed suppression of pathways regulating
assembly of the skeletal muscle myofibrils and detection of

Cell Death Discovery (2023)9:133
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muscle stretch, a table of differentially expressed genes is
provided (Supplementary Table S1). Additionally, in line with
documented actions of PARP1 in transcriptional regulation [11]
suppression of the phosphorylation of RNA polymerase Il suggests
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Fig. 2 PARP1 and PARylation in differentiating myoblasts are sensitive to changes in metabolism. A, B Western immunoblotting of
differentiating myoblasts differentiated in +nicotinamide riboside (NR} (0.5 mM) {representative of n = 4) probed for PAR, PARP1, MYOD, and
Alpha-Tubulin. C, D Western immunoblotting of differentiating myoblasts differentiated in + NAMPT specific inhibitor FKB66 (50 nM)
(representative of n=4) probed for PAR, PARF1, Myogenin, and Alpha-Tubulin, ***F< 0.001. E, F Westemn immunoblotting of differentiating
myoblasts differentiated in tdexamethasone (1 pM) probed for PAR, PARP1, MYOD and Alpha-Tubulin (representative of n=4, **P <001
G, H C2C12 myoblasts differentiated in differentiation medium containing different glucose concentrations before lysate harvest and
immunoblotted for PAR, PARP1, Hexokinase Il, and Alpha-Tubulin (representative of n=3, *P<Q.05). I, ] Western immunoblotting of
differentiating myoblasts differentiated in +dexamethasone (1 pM), PARP inhibitor PJ34 (10 pM) or both in combination (representative of

2:3, <005, P <0.01).

-

global shifts in transcriptional rate as a result of reduced PARP1
activity. Collectively, these data confirm the dynamic nature of
PAR in skeletal muscle and a background of transcriptional
coordination during early-stage differentiation.

Differentiating skeletal muscle and impacts of PARP1 upon
the proteome

To gain insight into proteomic changes during differentiation
regulated by PARP1-generated PAR, we subjected lysates of
differentiating myoblasts reated with PJ34 (Fig. 3A) to unbiased
SWATH-MS analysis. These recovered peptides aligned with 2911
identified proteins expressed from day 0 to day 6 of differentiation
+P)34 (Fig. 4A). Examination of PJ34 weated day 1 differentiating
Iysates revealed differentially abundant proteins associated with
documented roles of PARP1 in chromosome biclogy, and down-
regulated proteins (>1.5 fold change) included CEBPZ (-2.70 fold
change, Pvalue 0.04), CBX6 (—1.59 fold change Pvalue (L05), STIM2
(—2.37 fold change, Pvalue 0.004) and CON1B (—2.09 fold change
Pvalue 0.03) (Fig. 4B). These data describe muscle PARP1 as
dictating chromatin features, consistent with regulation of
transcriptional programs across tissues [12). Subsequently, down-
regulated proteins from PJ34 reated day 3 differentiating lysates
shifted towards association with skeleal muscle functions
including MYL4 (—168 fold change Pvalue 0.10), and TNNN
(—1.60 fold change Pvalue 0.11) (Fig. 4B). Proteins fundamental to
skeletal muscle phenotype and contractility also shift in PJ34
treated day 5 differentiating lysates, including TNNT1 (-3.35 fold
change, Pvalue 0.05), INSR (-4.36 fold change P value 0.04). A
tabular list of differentially abundant proteins is provided
(Supplementary Table 52).

Proper myoblast differentiation requires PARP1 activity

PJ34 is a broad PARP inhibitor that can target other members of
the PARP family of enzymes, including the ADP-ribosylating
tankyrases [13]. Given this, we sought 1o explore the observed
proteomic changes and challenge the extent of day 1 PARP1
mediated PARylation over myogenesis. To do this, we also treated
C2012 myoblasts with the highly specific PARP1 inhibitor
BYK204165 [14] during differentiation induction. We assessed
levels of PAR as well as subsequent impacts on differentiation
trajectory and observed ablation in total PAR protein levels in
BYK204165 treated groups (Supplementary Fig. S1B). Myoblasts
wene treated on day 1 with BYK204165 for 24 h before washout
and subsequently left to differentiate for 6 days with media
changed every 48h (Fig. 5A) Lysates were harvested and
subjected to unblased SWATH-MS analysis. This detected 2921
proteins, of which 180 were significantly differentially expressed in
BYK204165-treated differentiating lysates (Fig. 58 and Supple-
mentary Table S3). Of the downregulated proteins, these again
included muscle contractile proteins including TNNT1 (-1.31 fold
change), MYL4 (—1.86 fold change), TNNT3 (—1.53 fold change),
MYL1 (—181 fold change) and MYH3 (—1.83 fold change) (Fig. 5C).
Pathway overrepresentation analysis of these samples reveals
these proteins associated to biological processes governing actin
binding, cytoskeletal protein binding, cytoskeletal motor binding,
troponin binding, actin filament binding and structural constituent
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of muscle (Supplementary Fig. S1C). These observations reflect our
SWATH-MS analysis of PJ34-treated differentiating lysates (Fig. 4B)
and highlight the importance of PARP1-mediated PARylation
events that take place on day 1 of differentiation. To better
understand how PARylation during eady-stage differentiation
influences the fully differentiated myotube, we employed Glemsa-
Jenner staining of C2C12 myoblasts treated with either PJ34 or
BYK204165 during differentiation induction. Cells were fixed on
day 6 of differentiation and subjected to an unbiased method of
quantification of myogenic differentiation [15). This analysis
revealed subsequently reduced fusion index of myotubes reated
with PI34 (2015+6415D) and BYK204165 (2494+3.21 S0}
(Fig. 5D). These suggest PAR elevation at early-stage differentia-
tion impacts myocyte fusion and PARylation targets during early-
stage differentiation are critical to the proper formation of the
muscle sarcomere, impacting the overall number of contractile
units per fiber.

Reduction of PARP1 impacts the myoblast transcriptome

The muscle differentiation program is transcriptionally regulated
by myogenic regulatory factors, some of which have been shown
o be influenced by PARP1 [4]. However, the broader elements of
PARP1 roles in the musce wanscriptome remain elusive. To
provide insight, we conducted RNAseq on undifferentiated C2C12
myoblasts transfected with siRNA-mediated knockdown of PARPT
(siPARPT) (Fig. 6A-C). As PARP1 is a major NAD* consuming
enzyme, accounting for up to 909% of cellular PARylation [16], we
examined by qPCR, impacts of siPARPT on the expression of PARP2,
PARG, NAMPT, and SIRTI, genes involved in NAD" dependent
homeostasis (Fig. 60). No significant changes were observed in
the expression of these genes. Additionally, RNAseq of siPARPT
myoblasts showed the glucocorticoid binding pariner NR3C2 gene
which codes for the mineralocorticoid n (MR), as being
significantly downregulated (Fig. 6E and Supplementary Table 54).
Gene Set Enrichment Analysis of the siPARPT differentially
expressed genes revealed that consistent with PARP1 established
DNA damage repair response functions, the double-strand break
repair process was the major deregulated process (Fig. &€, F). Also
suppressed, were pathways and metabolic processes regulating
fundamental metabolism including pantothenate metabolism,
palmitoylation, and mitochondral import. Gene Set Enrichment
Analysis also reported shifts in major pathways of hypoxia
regulation (Nomalized Enrichment Score (NES) 1.5, Pualue
0.001), myogenesis (NES 1.3, P value 0.052), and TNF-a via NF-«B
(MES =13, P wvalue 0.039). PARPI regulation of hypoxia, as is
interaction with the NF-xf immune signaling cascades, has been
documented [17, 18]. Moreover, these features are reported as
being regulated by glucocorticoid signaling [19].

Reduced PARP1 impacts the glucocorticoid transcriptional
response

Finally, as we show PARylation as being a glucocorticold-sensitive
post-translational modification (Fig. 20, E), as well as NR3C2 (MR)
being downregulated in siPARP1 C2C12 myoblasts (Fig. 6E), and
glucocorticoid signaling being a determinant of muscle turnover
[19-22], we set out o test if PARP] influences the glucocorticald
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Fig 3 Modulation of PARylation during myogenesis. A Western immunoblotting of differentiating C2C12 myoblasts differentiated in +PARP
inhibitor PJ34 (10puM) probed for PAR, PARP1, Troponin 1 (TNNT1), and Alpha-Tubulin (representative of n = 4). B Quantification of PAR and
PARP1 during differentiation. Each bar represents means+ S.D (representative of n =4). C Western immunoblotting of differentiating LHCN-
M2 myoblasts differentiated in +PARP inhibitor PJ34 (10 uM) probed for PAR, PARP1, TNNT1, and Alpha-Tubulin (n = 4) ¥P <0.05,**P< 0.01, and
**pP < 0.001. D Quantification of PAR and PARP1 in human myoblasts during differentiation. Each bar represents means+ SD (representative
of n=4). E Immunostaining of PAR (red), DAPI (purple), and MYOD (green) in differentiating C2C12 myoblasts (n = 4). F Dot plot of gene
ontology (GO) overrepresentation analysis of C2C12 myoblasts differentiated in +PARP inhibitor PJ34 (10pM) (n=3) on day 1 of
differentiation. The x axis shows the gene ratio which represents the percentage of genes enriched in a term. The y axis represents the
enriched pathways: size of the node represents the number of enriched genes in the term.

1118

activated transcriptional program. To do this, we treated siPARPT
and scrambled transfected C2C12 myoblasts with dexamethasone
for 24 hours. RNA was collected and sequenced for differential
gene expression. We found that siPARPT myoblasts retained the
ability to upregulate genes in response to dexamethasone,
sharing activation of typical glucocorticoid-regulated genes

Cell Death Discovery (2023)9:133

including SerpinA3N (9.50 fold change; 522x10™® False Dis-
covery Rate (FDR), HIF 3a (7.40 fold change; 429 x 10~ '° FDR) and
Mt2 (397 fold change; 9.07 x 10~** FDR). However, we observed
that the expression of 86 glucocorticoid-induced genes was lostin
dexamethasone-treated siPARPT myoblasts (Fig. 7A, B and
Supplementary Table S5). A tabular selection of these is presented
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Fig. 4 The PARP1-regulated proteome in differentiating

o
Log2FC

skeletal muscle. A Heatmap showing 2911 detected proteins in differentiating

C2C12 myoblasts differentiated in + PARP inhibitor PJ34 (10 uM) over days 0, 1, 2, 3, 4, 5, and 6 of differentiation (n = 3 per condition).
B Volcano plots showing differentially abundant proteins in presence of PJ34 on each day of the 6 days of dlﬁ!mnﬂation Downregulated
proteins are green (>~1.5 fold change), upregulated are red (>1.5 fold change). Arrows denote named

for scrambled and siPARPT myoblasts alongside classically
glucocorticoid-activated genes (Fig. 7B), and the full list is
provided (Supplementary Table S5). This cohort of genes,
differentially regulated by dexamethasone in scrambled controls
but not siPARPT myoblasts, were subjected to functional profiling
using g:Profiler [23]. This revealed enrichment for gene ontological
processes and functions of significance to skeletal muscle
physiology including calcium release (Padj. 1.49 x 107%), as well
as biological processes including straited muscle differentiation
(Padj. 1.03x107% and cellular development (Padj. 3.34x 1079
(Fig. 7Q). Furthermore, enrichment of the cellular compartment
forming the thin filament of the myofibril was recorded (I band
(FDR 5.06 x 10~%); Z disc (FDR 5.59x 10~%)). Mapping of these 86
genes for transcription factor motifs generated enrichment for key
regulatory factors of muscle including Pax4, a regulator of muscle
protein turnover [24] (Padj. 467 x 1073), LKLF (Pad}. 5.72 x 107%),
PTF1 (Pad). 884 x 10™3) and myogenin (Padj. 8.98 x 10~?). Finally,
human phenotype mapping identifies this gene cohort as being
characteristic of skeletal muscle pathology including proximal
muscle weakness, muscular dystrophy and Gower’s sign [25).
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These data indicate there are a subset of genes regulated by
glucocorticoids in skeletal muscle which are also dependent on
PARP1.

DISCUSSION

Herein, we demonstrate PARP1 and PARylation as being
dynamically regulated during murine and human skeletal muscle
differentiation. Specifically, we detail a conserved early-stage PAR
accumulation that occurs within 24 h of myogenic induction that
is both active and metabolically sensitive. We also show PARP1
may have roles in the cellular response to glucocorticoids, via
regulation of a cohort of genes required for functional skeletal
muscle.

PARP1 and PARylation are dynamic during skeletal muscle
myogenesis

Suppression of PARP1 elicits beneficial metabolic effects which
include enhanced exercise performance, increased energy expen-
diture, enhanced mitochondrial function, and resistance to

Cell Death Discovery (2023)9:133
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Fig 5 PARP1-mediated PAR events on Day 1 impact the myogenic trajectory. A Schematic representation of the PARP inhibitor treatment
protocol during C2C12 myoblast differentiation. B Heatmap representing differential abundance of proteins within samples differentiated in
+PARP1 specific inhibitor BYK204165 (10 pM) (Vehicle n =7, BYK204165 n =6). C Volcano plot of SWATH-LCMS lysates recovered from day 6
differentiated C2C12 myoblasts differentiated in + PARP inhibitor PJ34 (10 pM). Differential protein abundance shown with downregulated
proteins marked green and upregulated proteins marked red. D Myotube fusion index of differentiating myoblasts differentiated in +PARP
inhibitor PJ34 (10 pM) or +PARP1 specific inhibitor BYK204165 (10 uM) (n = 3). Cells were fixed on days 1, 3, and 6 of differentiation. Upper
panel shows days 1, 3, and 6 fusion index, lower panel shows day 6 fusion index. Each bar represents means £ S.D (n=3) **P<0.001,
*P<001.E Representathe photographs of Jenner-Giemsa stained differentiating myoblasts over days 1, 3, and 6 of differentiation (n = 3).

oxidative stress [7-9, 26]. Additionally, PARP1 and PAR levels are major energy source during myogenesis, which has been reported
dynamically and differentially regulated in response to exercise  in embryonic stem cells and induced pluripotent stem cells
between aged untrained and aged trained muscle [27]. Our results [29, 30]. Initiation of myogenesis upregulates the muscle-restricted
establish PAR deposition by PARP1 as well as its auto-PARylation  gene NMRK2, and this switch increases NAD* biosynthesis to drive
occurring within the first 24 h of myogenesis, supporting recent ~ PARP1 activity [311. While the molecular recipients of the
work showing PARP1-mediated PAR deposition following MYOD-  differentiating day 1 PAR accumulation are yet to be identified,
driven transdifferentiation of fibroblasts into myoblasts [28]. This existing evidence indicates MYOD is a likely target. Our data also
increased PAR accumulation could be ascribed to metabolic  show that this PAR accumulation is sensitive to changes in
pathway shifts from glycolysis to oxidative phosphorylation as the ~ metabolism. Notably, we observed higher PAR levels in glucose-
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C2C12 myoblasts (n = 4) ***P <0.001. B Western immunoblotting of protein lysates collected from scrambled and siPARP! C2C12 myoblasts
(n = 5). € Quantification of scrambled and siPARP] transfections by western blotting (n = 5). D gPCR of Scrambled control and siPARPT cDNA
for PARP1, PARP2/PARP2, PARG, NAMPT, and SIRT1 transcripts. Scrambled (n=5) and siPARP1 (n=4). E Representative volcano plot of
differential gene expression following RNAseq of scrambled and siPARP1 C2C12 myoblasts. F Gene set enrichment analysis (GSEA) of pathways

over and under-represented in RNAseq data of siPARPI C2C12 myoblasts. G Enrichment plots of GSEA in siPARPI C2C12 myoblasts for hypoxia,
H myogenesis and, | TNFa via NF-«B.

deprived conditions during myogenesis. However, PAR levels are within myogenesis, that the troponins are also governed by PARP1

induced in conditions of high glucose levels and fed states (7, 32].
These energetic requirements of day 1 differentiating myoblasts
are likely specific to this point of myogenesis. This similarly has
been found with autophagy and mitochondrial biogenesis which
also upregulate PAR on day 1 [33, 34]. We also demonstrate that
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inhibition. It is therefore probable that PARP1, either through the
direct or enzymatic application of PAR chains, coregulates their
mRNA transcription. Incidentally, impacts over troponin expres-
sion by PARP1 hold relevance for cardiac muscle [35]. Given the
nature of PARP1 PARylating activity, we also showed NAD*
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Molecular function (red), Biological process (orange), Cellular compartment (green), Transcription factors (blue), and Human phenotype

{purple).

precursor supplementation did not significantly impact PAR
dynamics. This is possibly due to buffering mechanisms in
response to NAD™ avallability [36), the specific inhibition of
PARP1 was successful in reducing PAR supported via observed
increases in NAD* (Supplementary Fig. 1A).

PARP1-mediated PARylation contributes to myogenesis

We postulated that PARP1-mediated PAR accumulation occurring
on day 1 of myogenesis is to an extent, not dependent on
myotube formation, but rather exerts consequences for the
developed myotube. Using the broad-spectrum PARP inhibitor
PJ34 and the PARP1-specific inhibitor BYK204165, we show that
the expression profile changes are indeed related to PARP1-
mediated PARylation on the first day of myogenesis. We ako
found downregulation of PARPT alone in undifferentiated C2C12
myoblasts was sufficlent 1o cause shifts in the muscle transcrip-
tome, and subsequent biclogical processes comparable to those
of early-stage PARP1 inhibition during myogenesis. Further insight
into which substrates are PARylated within the first day of
myogenesis where PAR disposition is at its highest will be useful in
defining downstream signaling. In this regard, nuclear PARP1-
mediated PARylating activities are increased in the myoblast
following successful transdifferentiation from fibroblasts, provid-
ing merit for this [28]. It is, however, likely that site-specific
PARylation of key myogenic regulators occurs, although this
remains to be tested, once performed, it would reveal specific
amino acid sequences serving t impact the myogenic protein
activity and the continual process of muscle turnover. With
regards to skeletal muscle, the myogenic transcriptional regulator
Yin Yang1 (¥¥1) has been directly shown to be both a recipient of
PARylation by PARP1 [37], and regulated by the immunomodu-
latory NF-&EB pathway during myogenesis [38]. Crosstalk between
PARP1 and NF-B has been reported in several cell and tissue
types [17, 39, 40]. Therefore, itis probable that a greater level of
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coordination between the NF-kB pathway and PARylation exists
and remains to be explored in skeletal muscle. Another direct
recipient of PARylation and regulator of myogenic progression is
the transcription factor CCAAT/enhancer binding protein beta (Cf
EBPb), which has been demonstrated to be PARylated during
adipogenesis [2, 3). Given CEBPb roles in satellite cells, the
myocyte, and its interactions with MYOD [41-43], there is
potential for C/EBPb PARylation in muscle tissue. Additional
mechanisms of both PARP1 and catalytic PAR control are also mot
discounted and exert influence over 3D chromatin organization
[44, 45). However, it should be noted that PARP2 which ako
contributes o PAR accumulation, has demonstrated roles in
myogenesis and skeletal muscle structure [46). Collectively, our
presented results suggest that both PARP1 and its PARylating
activity hold influence over the skeletal muscle phenotype, and
further underscores PARP1's role as a multifaceted protein being
able to bind to nucleic acids as well catalyzing the PARylation of
target substrates [1, 47, 48].

PARP1 exerts influence over skeletal muscle glucocorticoid
transcriptional response

Evidence for PARP1 in regulation of GR-mediated transcriptional
response has been presented in other cells [49). Furthemore,
PARP1 null mice have increased cortisol levels [50]. Our
transcriptomic analysis of siPARPT (2C12 myoblasts reveals
differentially expressed changes in the N3RC2 gene coding for
MR, and while not as ublquitous as its GR counterpart, MR can also
bind glucocorticoids with higher affinities [19]. Moreover, we
demonstrate pathways commonly dassified as glucocorticoid
controlled, including hypoxia, myogenesis, and TNF-a response
through NF-kB, being shifted in siPARPT myoblasts (Fig. 6g, h, i)
Because PARP1 has documented roles in the NF«B pathway for
control of inflammatory response [17] and the mechanism of anti-
inflammatory effects of glucocorticoids involves the repression of
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Fig. 8 PARP1-driven PARylation targets during early-stage differentiation and is central to proper development of the contractile unit.
PARP1 in myoblasts also influences transcriptional regulation of glucocorticoids. These actions highlight the importance of NAD+ availability

and PARylation to skeletal muscle.

NF-kB, it is plausible that this glucocorticold-mediated effect
occurs via PARP 1. Furthermore, NF-«B has also been implicated in
differentiation programs of other tissues, induding myogenesis
[38, 39, 51]. In this regard, PARP1 and its PARylating activity exert
influence over osteoclast differentiation and bone remodeling via
NF«B dependent transcription of L-18 [39], and glucocorticoid-
induced osteoporosis is a consequence of the inhibition of IL-1
production [52). Furthermaore, as with PARP1, the suppression of
NF-kB is fundamentl for driving myogenesis [38, 51], while
dexamethasone treatment at the myoblast stage enhances
myogenesis [20-22]. Concurrently, we demonstrate that applica-
tion of dexamethasone during differentiation induction of
myohbiasts reduces PAR levels [Fig. 2D) indicating glucocorticoids
have impacts on PARP1-mediated PARylating activity. Recent
studies have demonstrated that the tumor susceptibility gene
TSG101 binds to and enhances GR transcriptional activity [53] and
similarty, PARP1 drives enzymatic activity for DNA damage-
induced IKK-NF-«E activation [54). Therefore, we speculate a
similar paradigm in which glucocorticoids can regulate PARP1-
mediated PARylation within the skeletal muscle via PARP1
interacting parmers. Together with our findings, there is
suggested the potential for PARP1 and GR interactions for
influencing glucocorticoid-mediated outcomes and muscle
turnowver.

By examining the transcriptomic changes in siPARPT C2C12
myobilasts treated with dexamethasone, we observe that the
expression of glucocorticold canonical target genes such as FKBPS
remained intact (Fg. 7B). We observed differential expression in a
cohort of genes whose response following dexamethasone
treatment was lost in siPARP! myoblasts. These imply that PARP1
exerts influence over glucocorticold transcriptional response in
skeletal muscle. Furthermore, PARP1 has demonstrated involve-
ment in myopathy [55), as does chronic glucocorticold exposure
[21, 56]). These indicate potential for PARP1 roles in the
transcriptional pathways manifesting glucocorticold-induced myo-
pathy, necessitating broader ies. PARP1 mediates the
glucocorticold responsiveness of Gonadotropin-Releasing Hor-
mone receptors [57], and here our findings demonstrate aspects
of glucocorticold-mediated impacts on skeletal muscle may occur
through PARP1. However, it should also be appreciated that
differential expression of glucocorticold response genes could
potentially be regulated by downstream events who themselves
are impacted by siPARPT. Further investigation into direct GR and
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PARP1 interactions within the skeletal muscle would therefore
establish clearer links into the extent PARP1 holds over overall
glucocorticoid response.

Collectively, our studies demonstrate further potential for
PARylation actions in skeleml muscle physiclogy and response
o glucocorticoids (Fig. 8). While this mig'lzﬁmwde novel avenues
for PARP inhibition in amelioration of chronic glucocorticoid-
induced side effects, potential negative impacts over skeleml
muscle wmover and repair should be considered.

MATERIALS AND METHODS

Cell culture

The murine muscle myoblast cell line C2C12 was purchased (ATCC, VA,
UsA) and maintained in proliferation media, composed of Dulbecco’s
Modified Eagle’s Medium (DMEM) 25 mM glucose (Lonza, UK} supplemen-
ted with 10% fv/v) fetal bovine serum (FBS) (Thermg, UK) and 1% Penicillin/
Streptomycin (P/S) (Therma, UK). Upon cells reaching 70-80% confluence,
the differentiation medium, composed of DMEM 25mM glucose supple-
mented with 2% horse serum (H5) (Thermo, UK) and 1% P/S5, was added to
induce differertiation. The myablasts were allowed to differentiate for
& days with fresh differentiation medium added every other day, sufficient
far the successful development of mature myotubes. The human muscle
myobiast cell line LHOM-M2 (Evercyte, Germany) was grown in profiferation
media as described [58], composed of a %1 ratio of DMEM and Medium
199 (Sigma-Aldrich, UK} supplemented with 15% FBS, 200 mM HEPES
(Thermo, UK}, 0.03 po/mi zinc sulfate (Sigma-Aldrich, UK), 1.4 pg/ml vitamin
B12 (Sigma-Aldrich, UK}, 0.055 pg/m| dexamethasone (Sigma-Aldrich, UK},
25ng'ml hepatogyte growth factor (Proteintech, UK), 10 ng/ml basic
fibrobl ast growth factar (Sigma-Aldrich, UK) and 1% F/S. The differentiation
media of LHON-M2 was composed of a 41 ratio of DMEM and Medium
199 supplemented with 2% HS and 1% P/S. LHON-M2 differentiation was
perfarmed similarly to C2C12 myoblasts.

Cell treatments

Myablasts were treated with either vehicle controks or the PARP inhibitars
BYK204165 (Tocris, UK) and PJ34 (MedChemExpress, M., USA) at working
concentrations of 10 pM, as well as Rucaparib (Selleck Chemical) treatment
at a working concentration of 1pM Treatments with nicotinamide
riboside (NR) {Chromadex, CA, USA} were performed at 0.5 mM, FK8565
Sigma-Aldrich, UK} at 50nM, and dexamethasone at 1 pM. All treatments
were diluted in the differentiation medium and peformed during
differentiation induction of myoblasts, after which treatments were
washed out after 1 day (24 h} of differentiation and replaced with fresh
differentiation medium, and myoblasts were left to differentiate a
described.
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Transfection of silencing RNA

Cells were seeded at an approximate dersity of 100,000 cellsfwell in six-
well cell culture plates and incubated for at least 2 h to allow adherence.
The siRNA transfection mix was composed of Lipofectamine 2000 {Therma,
UK} and 0.5 pg/pl of siRNA PARP1 predesigned fram three pooled siRNA
PARP1 sequences (Merck, UK} or scrambled siRWNA control sequence
(Merck, UK. Transfection was conducted in OptiMem serum and
antibioticfree media {Thermo, UK} and incubated for 24 h, after which
the transfection mix was replaced with fresh medium.

RMNA extraction and quantitative PCR
Cells were washed with 1x PBS and harvested in TRizol Reagent (Life
Technologies, UK). Total RNA was isalated using chloroform extraction and
isopropanol precipitation. RNA clean-up and purification were conducted
using a column purification kit (Zymo, Germany] according to instructions
and quantity was measured by Nanodrop. Samples designated for RNAseq
were further assessed for quality using the 2100 Bicanalyzer Instrument
(Agilent Technologies, UK} with all samples having at least an RMA integrity
number of =95

For quantitative PCR (qPCR), reverse transcription was perfarmed an
extracted RNA using a High-Capacity cONA Reverse Transcription Kit
({Therma, UK} according to the manufacturer's instructions. cDNA was
added to TagMan™ Universal PCR Master Mix (Thermao, UK} with the
appropriate primer pairs as follows: PARP1 forward: CCTGAACAACGCA-
GACAGC, PARPI reverse: CGTTGTGOGTGGTAGCATGA, PARP? forward:
GGAAGGCGAGTGCTAAATGAA, PARP2 reverse: GGAAGGCGAGTGCTAAAT-
GAA, NAMPT forward: CGCCATCTCCTTGAATGA, NAMPT reverse: GLAC-
CACTAATCATCAGACC, PARG forward: GTGCCAGTTTCGATCOGTAGA, PARG
reverse GGUCAGCATCGTGTAGATGA, SRTT forward: GGCTACCGAGA-
CAACCTCCTG, SRTT reverse: AGTOCAGTCACTAGAGCTGGECG. Reactions
were performed in 384 well plates and conducted using QuantStudio™ 7
Flex RealTime PCR System (Applied Bicsystems, UK} in single-plex
format. All reactions were normalized to 185 RNA (MC™) (Applied
Biosystems, UK). Data were collected as Ct values and used to obtain
AACE values, and subsequently expressed as fald change + standard error
of the mean (5.0

RNAseq

Library preparation and sequending were conducted by Novogene Inc, UK,
original fastq files can be found on EBI Array Express E-MTAB-12343. Reads
were mapped using the kalisto RMAseq quantification program [59].
Analyses were camied out using R in RStudio and Bioconductor. Briefly,
transcript quantification data were summarized to genes by tximport and
narmalized using edgeR. Normalized and filtered data were variance
stabilized with voom function from limma and differentially

genes were identified with limma. Functional enrichment of differential
expressed genes was conducted using g-Profiler [60].

Cell lysis and western blotting

For whalecell lysis, cells were first washed in icecold 1x PBS and
subsequently scraped in RIPA buffer {(SOmM Tris pH 8.0, 150 mM Nadl,
0.5% [w/v} sodium deoxycholate, 0.1% (w'v) SDS, 1% NP-40) supple-
mented with 1x Pierce™ EDTA-free protease inhibitor cocktail (Thermo,
UK} and incubated on ice for 30min. Lysates were clarified by
centrifugation at 12,000rpm for 15 min at 4°C. The supernatant was
recovered and stored at -B0°C until use. Total protein concentration was
determined by detergent-compatible protein assay (Bio-Rad, UK)
according to the kit's instructions.

Total proteins were loaded and resolved on fixed percentage acrylamide
SDSPAGE gels and subsequently transferred onto PVDF membranes using
Trans-Blot Turbo Transfer System (Bio-Rad, UK). Membranes were blocked
with 5% bovine serum albumin (B5A) diluted in 1% TBS-T and incubated
with primary antibodies owemight at 4°C PARP1 (395859, Active-Matif,
Belgium), PAR (MABE1021, Merck Millipore, UK), MYOD {sc-377460, Santa
Cruz Biotechnology, Inc, USA), Hesokinase Il {ab227198, Abcam, UK),
Myogenin (ab1835, Abcam, UK), NF-kB {8242, Cell Signalling Technology,
UK}, a-Tubulin (sc-5286, Santa Cruz Biotechnalogy, Inc, USA), and
subsequently with HRP-conjugated anti-mouse or anti-rabbit secondary
antibodies (Dako, Denmark} for 1h at room temperature. Blots were
developed with Pierce™ EQL Western Blotting Substrate {Thermao, UK) and
visualized using the GBOX Chemi XX6 system (Syngene, UK). Bands were
measured using Image J densitometry and normalized to those of koading
cantrals.
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Immunoflucrescence

Cells grown on coverslips were rinsed with 1x PBS and fixed with 4% PFA
{Thermo, UK). Permeabilization was performed with 0L1% Triton X100
{Sigma-Aldrich, UK} and Bocked with 10% gaat serum (Life Technalogies,
UK). Coverslips were incubated with primary antibodies overnight at 4°C,
before incubation with secondary antibodies and DAPI nuclear dye
(Therma, UK} far 1 h at room temperature. Coverslips were mounted on
slides and allowed to set prior to imaging.

Unbiased proteomics

Unbiased mass spectrometry was carried out on a SCIEX TripleTOF 6600
instrument with samples analyzed in both SWATH {Data Independent
Acquisition} and ID# (information Dependent Acquisition) modes for
quantitation and spectral library generation respectively. IDA data were
searched together using ProteinPilot 5.0.2 to generate a spectral library
and SWATH data was analyzed using Sciex OneOmics software extracted
against the locally generated library. Log fold change and statistical
analysis were calculated 2 described [60].

MAD* measurement

MAD™ was measured in lysates extracted in 06N perchlaric add as
described [61). Briefly, standards or samples in phosphate buffer were
combined with the cycling mixture composed of 2% ethanol, 100 pg/ml
alcohol dehydrogenase, 10pg/ml diaphorase, 20pM resazuring 10 pM
flavin mononucleotide, 10mM nicatinamide and 0.1% BSA, in 100mM
phasphate buffer pH 8.0, Resarufin accumulation was evaluated by reading
excitation at 544 nm and emission at 590 nm.

Giemsa-Jenner staining of myotubes

Cells stained during differentiation time pairts were performed as
described [15]. Briefly, cells were fwed in methanol and stained with
Jenner(Alfa Aesar, UK} diluted in 1 mM sodium phosphate pH 5.6, followed
by Giemsa (Alfa Aesar, UK} diluted in 1 mM sodium phosphate pH 5.6. Cells
were imaged wing a camera attached to an inverted microscope. Protein-
rich myotube fibers presented themselves as dark/desp purple while
nudeistained shallow purple/pink. Total number of nudei per image was
manually scared and the number of nuclei inside myotubes was expressed
as a percentage of total nudei to abtain the fusion index.

Statistical analysis

Students t test ar ANOVA statistical comparisons were used with the
Graphpad Software Inc. Prism version 9. Western blots were quantified by
densitometry using imagel. Data are presented as mean 50D with
statistical significance determined as *P<0.05, *P< 001, ***P<0.001.
Differences between two groups were determined using unpaired t-test
compared treatments or genotypes. Statistical analysis derived from gPCR
data was determined using AACt values throughout

DATA AVAILABILITY

The datasets generated for this study are svailable on request to the corresponding
auwthor. RNAseq files ane availsble at Array Express_

CODE AVAILABILITY
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