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Abstract

Sarcopenias agerelated muscle loss amdanagement is complex. The mechanisms
underpinning ageelated decline in muke health include defective muscle
regeneration and deterioration of neuromusqguiactions microRNAs are small
non-coding RNAs that regulate expression of gesrad aramplicatedin the

regulation of muscleUsing bioinformatics and small RN#eq fromhuman
myoblasts, we detectadiR-19%-5p to be upregulated in age and \wasdicted to
regulate genes associatgith sarcopenia. Therefore, we used C2C12 cells as
myogenic model and NSB4 cells as a neurdike modelin vitro, and adult and old
C57BL/6 mice (adult & months, old 224 months)n vivoto determine the effect

of miR-199a5p overexpression and inlftilon on muscleOur datain vitro,

indicatal the negative role of m#299a5p on myogenic differentiation and myotube
size of C2C12 cells. Inhibition of miR99a5pin C2C12 also partially restored
myotube atrophy resulting frotmnicamycirinduced stresof myotubesand

increased mitochondrial activity. We found ER stress protein GRP78 upregulated
with miR-199a5p overexpressiom vitro. We also observed neuronal growth
protein GAP43 to be differentially expressedsitro with miR-199a5p

overexpressio. Luciferase assay identified these as likely targets of 18i%5p.

We found,in vivo, that miR199a5p inhibition did not significantly affect muscle
size but did improve muscle force. We examined the neuromuscular junction and
found miR199a5p overepression contributed towards increased instance of
abnormal morphology and fragmentation, and with 1h&a5p inhibition this was
somewhat reversed. Adult mice treated with fiB®a5p exhibited reduced
expression of GAP43 neuronal growth protein. Inraide, we also found
significantly differentially expressed autophagy markers with-a®Ra5p
overexpression. Using a model of muscle regeneration in adult and old mice, we
found no significant changes to muscle size or function. We can conclude that
upregulated miR199a5p may lead to muscle logg a compromised neuromuscular
junction, potentially driven by dysregulated rlR9a5p targets, although more

work is needed to precisely understand the nature of this relationship.
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Introduction

1 Introduction

1.1 Skeletal muscle overview

Skeletal muscle is a vital component to the musculoskeletal syateinthe largest

organ in the bodyand is responsible for wide variety of functi¢hs2). Skeletal

muscle serv&to connect the skeletal system (i.e., bone to lvtanendon) and

provide force to produce movement, stabilise body posture, assist in respiration,
thermoregulation, and major metabolic functions such as storing glucose and amino
acids(3). The huma body contains more than 600 individual musthesare part of

the three main muscle types: skeletal, smooth, and cq®&)jagith skeletal muscle
functioning through conscious, purposeftdntractionsnnervated by the somatic
nervous systentSkeletal muscles are highly organised tissues enveloped in a
connective tissue sheath called the epimysium. A skeletal muscle itself is comprised
of bundles of muscle fascicles, that are themselves surrounded by a connective tissue
called the perimysium. Ehdascicle is made up of smaller bundles of myofibres
(muscle fibres). The muscle fibres themselves are surrounded by a cell membrane

called the sarcolemm(&igurel.11).

Myofibres are composed of long filaments running in parallel to each other and are
made up oMmyosin (hick) andactin thin) filaments in a structured organisation of
proteins called mydbrils. Myofibrils are surrounded by a network of tubes called the
sarcoplasmic reticulum (SR), which is the specialised endoplasmic reticulum (ER) of
the muscle, and is responsible for storage, reabsorption of calcium ionsrdusoig
relaxation, and tease of calcium ions during contracti@). Flanking the SR are
transverse tubules {fObules) which are tubes located throughout the sarcolemma and
are responsible fgropagatingaction potentials into the fibre. Myofibrils can further

be broken down into repeating contractile subunits callexmbs®eresThe sarcomere
represents the fundamental contractile unit of the muscle. Many sarcomeres run along
the length of the myofibre, and during contraction, these functional units shorten to

allow for contraction of the muscl€&igurel.12) (7).

Sarcomeres are small functional units, approximately 2um in length and are bordered
by the Zdiscs, which serve as anchor points for the thin actin filaments and delineates
one sarcomere from the next. The centre of the sarcomere is defined as the M line

which divides the sarcomere in half, and contains the thicker myosin filaments, the
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entirety of this area where only myofilaments exist is known as the H band (2). The
striated appearance of muscle fibres that is visually observed is characterised by
alterrating light | bands, where there are only actin filaments, and dark A bands
wherein actin and myosin filaments over(&p. The myosin and actin filaments work

i n conjuncti on wi-dctminwahich ansheroacting ipthedidc,e i n s :
myomesin which serves to assemble thick filaments into sarcomeres, desmin which
contributes to sarcomere alignment, titin, which serves as a giant structural protein
that runs in parallel with the thick and thin filaments conngche Zdisc and Mline

to form acontinuous filament, and myosin binding proteins (MyBRH) that

function to align and connect thick and titin filaments, and aid in the assembly of the
filaments into precise lengtl{S). Dystrophin a cytoskeletal protein, serves to

enhance stctural stability othe muscle membrar{é). The thin actin filaments

contain actin, tropomyosin, and tropon{&s |, and ), in addition they provide active
sites for myosin heads to bind during the process of muscle contraction. The thick
myosin filaments are composed of myosin with globular heads that serve to form
crossbridges with thin filaments, binding at the activeesion actin filament).
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. Muscle fibre
Fasciculus

Myofibril

Muscle fibre

Nucleus Actin

Figure 1.1.1 The structure of skeletal muscle is highly organisedskeletal muscle
connects the skeletal system at tendinous junctions. Thousands of skeletal muscle
fibres are connected together by tissue sheaths, and bundles of fibres together form
the fasciculus. Each muscle fibre is composed of myofibrils, whicloagefilaments

of threadlike proteins that are critical for muscle contraction. Surrounding myofibrils
are the sarcoplasmic reticulum which is the storage site for calcium and are located
alongside the Tubules, which are responsible for transmittingaacpotentials and
initiating contraction. (Figuradapted andedrawn from(4)).
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Figure 1.1.2 The sarcomere is the functional unit of contractionThe sarcomere
represents the repeating contractile subunit of the muscle fibre. The sarcomere is
bordered by the discs where thin actin filaments bind, and the centre M line serves
as the binding sitbor the thick myosin filaments. The area of overlapping actin and
myosin filaments is referred to as the A band. The H zone is defined as the area
containing myosin filaments only, and the | band is defined as the area where there
are only actin filamentg~igure redrawn frong4)).

1.2 Mechanism of muscle contraction

Muscle contraction requires a highly-oadinated sequence of events. The process of
muscle contraction is referred to as the sliding filamesthanism of contractioms

the filamentous proteins slide past one another resulting in the shortening of the
sarcomere. When a muscle contracts, the simultaneous contraction of all the
sarcomeres along the muscle result in the shortening of the entire iff)skMeascle
contraction occurs at the sarcomere following stimulation at the nerve end resulting in
the propagation of action potentials along thifules and subsequent release of
intracellular C&". The C&" interacts with troponins, physically moving the tropenin

tropomyosin complex and allowing for the myosin heads to attach to thebaading

4
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sites forming the myosin crossidge. This binding triggers the power stroke, which

pulls the thin actin filaments centrally, shortening the filbigyrel.2.1) (10).

Contraction first is initiated when action potentials travelling along the nerve reach
the motor neuron and depolarisation of the presynaptic membrane occurs, opening
voltage gated Cachannelg8). The inward release of €aat the NMJ releases
acetylcholine (ACh) which diffuses to the paginaptic motor end plate and the gated
ion channels in these receptors open and membrane depolarisation7e3ulihe
action potential transmits along the sarcolemma in wawe foroughout the T

tubules, coupled to the release ofQans from the SR10). This process wherein

the action potentials are converted to contraction is referred to as exeitation
contraction coupling10). When the action potentials reaclk garcolemma, they

travel through the -fubules and are transmitted deep into the muscle. Tthbules
contain specialised receptors, called dihydropyridine receptors, located next to the SR
(9). When depolarisation of thetlibules occurs, dihydropgine receptorsindergoa
conformational change that physically intesagith calcium channelen the SR

called ryanodine receptors, which are responsible for releasfigr@a the SR. The
released C4 binds to troponin C and the troportimpomyosincomplex changes in
confirmation, allowing myoshtinding sites to form crodsridges with the newly

exposed crosbridge binding sites on act{®).
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A

Tropomyosin Acti
i _ ctin Cross-bridge binding site
}Actm

filament Tropomyosin
Troponin{ Actin binding site

Myosin cross bridge

Troponin

cross bridge

Cross-bridge M.usgle fipre duri.ng relaxation: actin
binding site binding site physically blocked by
troponin-tropomyosin complex

Muscle fibre stimulated: SR
released Ca2+ binds with
troponin, pulling troponin-
tropomyosin complex to
expose cross-bridge binding
site

Binding of actin-myosin forms cross-bridge and
triggers power stroke, pulling actin filaments
inward during contraction

Figure 1.2.1 Sliding filament model of contraction.Muscle contraction occurs at

the sarcomere following stimulation at the nerve end resulting in iottiafithe

sliding filament model of contraction. A) The relaxed muscle fibre is characterised by
the blocking of the crosisridge binding site to the myosin head by the troponin
tropomyosin complex. BPropagation of action potentials along thtubules and
subsequent release of intracellular’Clainds to troponin C to pull on troponrin
tropomyosin complex, exposing the actin binding sites allowing for binding of myosin
heads and crodsridge formation, and initiation of power stroke and contraction.
(Figureadapted andedrawn from (4)).

One step of the contraction cycle requires one cycle of adenosine triphosphate (ATP)
hydrolysis(4). Between each cycle of contraction in the slidiitgment model, the
process begins with myosin attached to actin witlio& presence of ATP, this short
stationary phase is known as rigor confirmation. Next, a single ATP binds to the
myosin head, creating a confirmational change at the actin binding site, thus releasing
the myosin head from actin filament. Additionallye tmyosin lever arm is

repositioned further along the actin filament, ATP is then hydrolysed yielding
adenosine diphosphate (ADP), and one inorganic phosphate molecule bound to the
myosin head. This creates a weak confirmational change that contactsrthe act
filament and releases the inorganic phosphate, which initiates the power stroke and

generates the force of contraction on actin as myosin is returned to its original
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position and the ADP molecule is released. This brings the mgosimconfirmation

back to the beginning of the cycle and return to rigor confirmaido®).

1.2.1 Control of the skeletal muscle contraction system

Skeletal muscle contraction is controlled by the nervous system and involves sensory
and motor nerve fibreR). Nerves contain both myelinated and woyelinated
sectionsand skeletal muscle innervation results from large axons that travel out to
innervate myofibre§2). Muscles are innervated by the outbranches of nerves at the
muscle where many points of contact on the muscle surface are made. A single moto
neuron and the associated muscle fibres being innervated are referred to as a single
motor unit (7). Different motoneurons have different numbers of associated muscle
fibres that they innervate, and there exists differences in patterns of NMJ innervation
in vertebrate¢11). Human NMJs differ from other species in that they are

sigrificantly smaller and contain extensive junctional folding compared to mouse
NMJs which are larger in size and contain fewer junctional fdldly Regardless of

the differences between species, all NMJs have a nerve end, a synapse between the
muscleand motor neuron, and the motor endplate on the muscle. The entirety of this
complex is referred to as the NMJ. This is the key site for skeletal muscle contraction
as it is where the muscle interfaces with nerves and where the stimulus for contraction

originates after receiving nerve signals from the briigyrel1.22) (8,9).
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Myelin sheath

Motor neuron axon

Neuromuscular junction

Skeletal muscle cross-section

Figure 1.22 Gross skeletal muscle crossection highlighting the NMJ. Motor

neurons contain myelinated and unmyelinated segments that terminate in the NMJ.
The terminal end of the motor neuron interfaces with the muscle at the motor end
plate. The NMJ serves to begin the sequences of events leading to muscle contraction
whenan action potential reaches the nerve terminal of the Kiugure redrawn from

(12)).

The NMJ is composed of three main sections: thespnaptic nerve terminal, the
postsynaptic motor end plate, and the synaptic cleft between the nerve terminal and
motor end plat€l3). The presynaptic terminal islefined agshe unmyelinated arez

nerve branches that terminate in active zones which contain calcium channels,
potassium channels, endoplasmic reticulum, mitochondria, and synaptic vesicles. The
synaptic vesicles store approximately 10,000 molecules of the neurotransmitter
acetylcholire (ACh), which is synthesised in the {mgnaptic terminal from acetyl
coenzyme A (acetyl CoA) and choline and is the key neurotransmitter at the NMJ
(14).
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When an action potential reaches the terminal end of the neuron, calcium channels
open and aimflux of C&" in the nerve terminal leads to ACh being released from the
synaptic vesicles by exocytosis into the synaptic cleft space. Diffusing across the
synaptic cleft, ACh binds to nicotinic receptors concentrated at the junctional folds of
the sarctemma of the target muscle. The ACh receptors are themselves gated ion
channels, that open upon binding to ACh, allowing for the influx of Na+ into the
muscle. The subsequent decrease in membrane potential is strong enough to allow for
propagation of theation potential over the muscle membrane throughout the T

tubules, resulting in contractiama the sliding filament modell(2) (13). The

membrane is repolarised as ACh is metabolised into choline for future ACh synthesis,

and acetate by acetylcholinesterésg).

Axon

Voltage-gated
calcium channels

' & Synaptic vesicle
Axon terminal containing

\ > £ acetylcholine

% Active zone

=
Synaptic cleft

"-\f’-%\/

Muscle % st
membrane ] ° N -
. ® o ‘
> Junction folds
Acetylcholine k
Acetylcholinesterase Acetylcholine receptors

Figure 1.23. Cross section of the NMJThe NMJ is the site where skeletal muscles
interact with the nervous system. Transmission of an action potential from nerve to
muscle initiatesa sequence of events that results in muscle contraction. The NMJ is
composed of a prgynaptic axon terminal, a synaptic cleft and a{sgsiaptic motor
endplate on the muscle that contains junctional folds. The terminal end of the nerve
contains ACh in gyaptic vesicles(Figure redrawn fronf15)).
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1.3 Skeletal muscle fibre types

The structure and function of skeletal muscle largely depends on fibre type. The

differences between types of fibres results from characteristic differences in metabolic

type, neural input, and contraction ratg8). The contractility of skeletal nsgle is

determinedy expression of myosin heavy chain (MyHC) isofofhig). Myosin is

composed of two MyHC that form the myosin filament, each MyHC has a head (N

terminal) and tail (&@erminal), and at the heddlil junction each MyHC interacts with

two myosin light chains: a regulatory and essential (My{d®). Both MyHC and

MyLC have multiple isoform$19). Rodent skeletal muscle contains seven MyHC

isoforms, and are classified typically by type, there are two developmental isoforms
(MyHC-embryonic, MyHGp er i nat al ) expressed in develop
adult i sod wims hidn mdHag ByeiG-lIb,(MYCHIL), and

MyHC-b/ sl ow i n Otype (19 Humanshkeletal musdtleccontaimsu s c | e s

the same isoforms except for MyH®, which appears in roden$9i 21).

Regulation of MyHC isoforms occurs through varyingnstii such as physiological,
mechanical neurological and hormonal, among ot{iéts The speed of contraction

is corelated with the ATPase activity associated with the MyHC in the mdsole
Although a muscle might predominately contain dbeesftype, two or more MyHC
isoforms can be present in the same fibre, forming hybrid f{la@®sFurther, while
there exist similarities across species, MyH€has been detected in humans only at
the mRNA level in a small subset despite humarss@ssing the encoding gene and

has only been otherwise observed in rod €%

10
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Table 1.3.1 MyHC isoforms in skeletal muscle

Gene MyHC Fibre type Species | Chromosome | Ref
Myh7 MyHC- Type |, slow, | Rodent, | 14 (19,22)
MYH7 b/ s | o]andcardiac | Human
Myh2, MyHC-Ila | Type Il, fast | Human, | 17 (19,21)
MYH2 intermediate | Rodent
Myhl, MyHC-IIx | Type Il, fast | Human, | 17 (19,21)
MYH1 glycolytic Rodent
Myh4, MyHC-IIb | Type I, Rodent | 17 (19 21)
fastest
glycolytic
Myh3, MyHC- Developing | Human, |17 (19,21)
MYHS3 embryonic | muscles Rodent
Myh8, MyHC- Developing | Human, |17 (19,21)
MYHS8 perinatal | muscles Rodent

The metabolic needs of the muscle are unique to each fibre type. The type | fibres
require a network of vasculature, and myoglobin to store oxygen. In contrast, type Il
fibres functionby primarily utilising anaerobic lactic acid fermentation to generate
ATP (23,24) Muscle types are closely correlated to metabolism as each type is
associated with ATPase activity and thus ATP production speed is closely related to
fibre type. ATP production is regulated by cellular respiration and is the critical
source of energy fahe cells. The process of ATP production begins first through
glycolysis producing two molecules of pyruvate for each molecule of glucose. This
process yields two molecules of ATP by enzymlessphofructokinasé (PFK1) and
pyruvate kinase and two redudddDH electron carrier moleculg25). The fate of
pyruvate depends upon the presence of oxygen; if oxygen is present pyruvate will
enter the mitochondria and begin the process of aerobic respi23ijpmn the

presence of oxygen, pyruvate lecules are oxidized by the pyruvate dehydrogenase
complex, forming one acet@@oA molecule which is then fully oxidized to yield

carbon dioxide and reduced electron carriers in the tricarboxylic acid (TCA) cycle
(25). Upon completing the TCA cycl&he total yield is two molecules of carbon
dioxide, one equivalent of ATP, three carrier molecules of NADH, and one carrier
molecule of FADH2. These carrigroleculedransfer electrons to the electron
transport system (ETSyenerating a proton motor farin the mitochondria

producing 32 molecules of ATP per glucose molecule. This process is referred to as

oxidative phosphorylation and is the primary source of ATP for type | muscle fibres

11
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(23,24) If oxygen is not sufficiently present, pyruvagamains in the cytoplasm and is
converted to into lactate by the enzyme lactate dehydrogenase, the reaction of which
also involves the oxidation of NADH to NAD+. NAD+ is an essential cofactor for
glycolysis and thus allows glycolysis to begin agaifurther produce ATR23). As

this process takes place in the absence of oxygen is it referred to as anaerobic
respiration and is the primary source of ATP for faster fibres such as typs the
process of anaerobic respirationmschfaster than oxidtive phosphorylation

however, anaerobic metabolism of glucose yields a net gain of 2 ATP, so while it is

much faster it is far less efficie(®23).

Type | fibres, found in both humans and rodents, are notably smaller than type I
fibres and are db to maintain sustained contractions for longer periods of time than
other fibre types. Type | fibres are highly enriched with capillaries, myoglobin, and
mitochondria, allowing them an increased supply of oxygen for subsequent ATP
production by aerobic etabolism (22). Type Il fibres are also found in humans and
rodents, and can be subdivided into type lla, type llb, and type lIx. Type lla, which
arealso calledntermediate fibreautilise oxidative metabolism like in type I, but
contain less myoglobijrihese fibres are characterised by a hybrid phenotype that
allows for faster force production than type I fibres and increased resistance to fatigue
compared to other type Il fibré24). Type llb is only seen in rodents and is the
fastest MyHC isofan (19). Both humans and rodents contain type lIx fitwigch

are characterised by being much larger than type |, and much quicker at producing
contractionslue to their use of anaerobic glycolysis for ATP productiat). While

these fibres are capable of much higher force and are capable of firing quickly, they
fatigue at a faster rate due to build of cytosolic acidification and bgroducts

(lactak, inorganic phosphate) which accumulate within the muscle and inhibit
contraction(26). Human skeletal muscle contains all three fibre types, (MyHC

b/ s | o ws;lla, MyHB-X), however some muscle groups appear composed of
predominately one type ovanother. For example, the human diaphragm is made up
of approximately 55% type |, 21% type IIA, and 24% type IIX (22), whereas the
human soleus (SOL) muscle of the lower limb is composed of an average of 80% type
| fibres (23).

Motor control of muscleilbres is also key to their function. Muscles are innervated by

Umotar neurons and are clustered in motor neuron pools in the spinal column, and all

12
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of the motor neurons in the same pool innervate a particular muscle forming a one
muscle to one motor poobnfirmation(27). Each muscle fibre in a muscle is

innervated by a single matoeuron, however a singteotor neurorcan innervate

many muscle fibres. This combinationmbtor neurorand the corresponding muscle
fibres that are innervated form thetor unit, and the number of fibres innervated by

a motor unit is the innervation ratio. Smaller muscle groups involved in fine motor
movements will have smaller ratios (a singletor neurorwill innervate 16100

fibres), thus enabling greater contnohereas muscles controlling gross motor
movements will have higher innervation ratios (singkgor neuronnnervating 1000

or more fibres)27). When a nerve signal is sentrtmtor neuros to execute a

function, the order of neuron recruitment peds in and orderly fashion from
smallermotor neuroas to larger, due to the smaller membrane area and corresponding
fewer numbers of ion channels and a larger input resistance. Smaller synaptic currents
can therefore be sufficient to reach firing thredsah smallemotor neuroas first

before largemotor neuror will reach firing threshol@7). With respect to muscle

fibre types, smalnotor neuros innervate slovtype | fibres, intermediate sizaotor
neurors innervate type lla fasttermediatdibres, and largemotor neuros innervate

the fastest fibres type 1Ix/27).

Table 1.32. Summary of skeletal muscle fibre types

Fibre type | Species | Energy Force Fatigue Ref
metabolism | production resistance
Type | Human, | Aerobic Low High (23,25,28)
Rodent, | Oxidative
Type lla | Human, | Oxidative Intermediate | Intermediate | (19,28)
Rodent | Glycolytic
Type llb | Rodent | Anaerobic Highest Lowest (19,23 25)
Glycolytic
Type lIx | Human, | Anaerobic High Low (19,23 25)
Rodent | Glycolytic

1.4 Development of skeletal muscle

Skeletal muscle development begins during embryogenesis in which the paraxial
mesoderm begins to segment and give rise to compartments that ultimately form
muscle, the dermomyotome and sclerotome. These compartments give rise to

components of the musculad&tal system, including skin, muscle, and b.
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The formation of muscle in the developing embryo progresses in waves that are in
turn correlated with expression of genes throughout that are critical for skeletal
muscle function in adulthod@®0). As muscle is made up of multinucleated
myofibres, each myofibre is itself formed by the fusion of mononuclear myoblasts
forming multinucleated myotubes. This step is critical for not only developing
muscle, butilso duringmuscle repair in adultloal (31). The process begins by the
activation of myogenic progenitor cells into myoblasts capable of fusion and
proliferation. Skeletal muscle progenitor cells are known as satellite cells and are
resident along the basal lamina of the muscle fibine differentiation and specificity
of differentiation is regulated my myogenic regulatory factors (MRF), the drive cell

fate towards myogenic lineag82).

Stem cell Progenitor cell Myoblast Myofibres

- - Embryonic Wave
7 E9.5 to E14.5
A A
~ =

: ¥ ét =) Foetal Wave
‘,*' Sy = L E14.5 to E16.5

Proliferating juvenile satellite cells

Late foetal and
post-natal wave

E16.5 to adulthood

Myf5
Myod

Mrf4

Desmin

Myosin

Figure 1.4.1 Progression of myogenesidlyogenesis involves primary myogenesis
to establish the basic muscle pattern (embryonic and foetal waves) and secondary
myogenesis that allows for growth and maturation ofateu@). Adult myogenesis
involves for repair of damaged muscle by muscle progenitor cells (satellite cells).
Embryonic myogenesis is linked to expression of muscle specific genes that are
necessary for development (Bffigure adapted/redrawn fro(80)).
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Primary fusion refers to mammalian myogenesis that occurs during embryonic
development, as well as muscle regenerdteinvolves myoblastnyoblast fusion

to form multinucleated cellandmature myotubes. In secondary fusion, mononuclear
myoblasts fuse with previously formed multinucleated myotubes to increase the
number of myonuclei along the muscle which increases cytoplasmic and protein
synthesis yielding increased muscle §&2). Secondary fusion is predominant as it
occurs in development as well as adulthood in the growth and maintenance of
myofibres(31,32)

1.5 Molecular mechanisms of muscle maintenance

Maintaining muscle homeostasis is a key component tovéell health of the
organism. Homeostasis of skeletal muscle requires a complex and dynamic
equilibrium. The plasticity of muscle allows it respond dynamically and change in
response to outside factors such as ageing and in diséasee plasticity als

allows for hypertrophy with use or changes in metabolic archite@ndsthe

molecular mechanisms that control these abilities is com@ledetal muscle
homeostasis depends on a fine balance between muscle hypertrophy, atrophy, and
regeneration. Muselhypertrophy and atrophy are both independent, but overlapping,
processes controlled by specific signature pathways and transcriptional pragram
(33). During ageing and disease states, the balance between anabolic and catabolic

processes in museis altered resulting in a loss of muscle mass and fun@g)84)

The primary anabolic pathway in muscle protein synthesis is the activation of
serine/threonine kinase AKT by phosphoinositiddrgase (PI13k/Akt), which

upregulates mechanistic target of rapamycin (MTOR) and is itself regulated by factors
such as growth factors like IGE but also exercise, hormones and amino acid intake
(35,36) The Akt pathwayalsocontrolsthe Forkheadox O (FoXO) members 1, and

3, (FoxO1,Fox0O3) by inhibiting transcriptional activityAkt phosphorylation of

FoxO represses transcriptional actiwig promoting nutear export and cytosolic
localisation(37). FoxOs have been linked to protein degradation andhigtdy

expressed in skeletal mus¢Bs).

The mTOR signalling pathway is a primary transducer of anabolic signalling in
muscle and is required for cell growth, proliferation, and suppression of autophagy

(39). IGF-1 plays a central role in this process and can functionibafitro andin
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vivo to manage processes such as proliferation, differentiation, and hypertrophy. IGF
1 binds to receptor IGER which activates the PIAkt kinase pathway and
subsequently phosphorylates and activates the mTOR pathieayoting protein
synthesis and preventing protein degradatiogurel.6.1) (40,41)

Skeletal muscle catabolism is activated by ubiquitin proteasome system pathway
(UPS) under the control 6foxO and nuclear factekappa B (NFo B(#2,43)(Figure

1.6.1). Interestingly, these pathways are a part of physiological responses to stimuli
such as exercise, however their dysregulation can result in muscle wasting. For
example, NFe B a c t i \pattofiadaptationof mascle to different stressors,

such as mechanical stress, however its persistent activation has been associated with
muscle wasting through the UPS pathw4). Other important catabolic pathways
include the myostatin pathwd¥5,46) and autophagitysosomal proteolysiéi7).

Autophagy and the autophagic pathways associated with muscle breakdown is an
important component of skeletal muscle health in addition to other proteolytic
pathways mentioned. Autophagy ygaan important role in many cell processes
myofibrillar proteins are mainly degraded by the UPS, whereas dysfunctional
organelles, and protein aggregates are degnadeditophagy. Autophagyvolves

the creation of autophagosomes, which serve to sequester cytoplasmic debris, and the
fusion with lysosomes to allow for lysosomal degradation by hydro{d&¢sBoth
uncontrolled and reduced autophagy are associated with detrimentstalgkeiscle,
therefore autophagy can contribute to atrophy during catabolic conditions, but
homeostatic autophagic flux is needed for myofibre sur¢@l In mammalian

cells, the mTOR and Raptor complex, mTOR@dgatively regulates autophagy
wherasAMPK is a positive regulataid9). Atrophy related protein breakdown is
mediated by atrogenes under control of Fok@rel.6.1). Several autophagy genes
under the control of FoxO3 have been demonstrated to code for autophagic processes,
such ad.C3, ATG12, andBNIP3 (48). Ageing has beedemonstrated to impact

autophagy proteins such a3@5, ATG7, and EECLIN1 which are downregulated in
ageing, and UK 1, BECLIN1 and LC3 are downregulated in osteoarthritis, an age
related joint diseas@8). Dysregulation of autophagproteins in ageing is believed

to contribute to deficits in the autophagy machinery. This has been obsehbat

mice and human@!9).
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Figure 1.5.1. Autophagy involves a stefby-step sequence of evente degrade

cellular debris. The ULK/ATG1 complex initiates autophagosome formation and is

the mediator of autophagy upon activation. The ULKGA complex receives signals

from mTOR to drive downstream autophagy proteins. The P13BTC8omplex

assists in forming the nucleated phagophore, which elongates and matures. The
autophagosome fuses with lysosomes to form the autophagolysosome, and the
contents and inner membrane are degraded. The resulting contents of amino acids and
fatty acids are sent back to the cytoplasm for reuse in cellular metab@ligore
adapted/redrawn froifb0)).

Selective autophagy, such as autophagy leading to bieakafomitochondriai(e.,
mitophagy), has been suggested to lead to increase in reactive oxygen species (ROS)
production(51), which in turn has been proposed to contribute to misssin both

ageing (sarcopenia) and disease. Moreover, oxiddgpendent protein alterations

have been observed in people with muscle (48} It is suggested ROS may lead to
dysregulation of autophagy. Autophagy is also important for satellitesttiness,

and ageing is associated with reduced satellite cell stemness and increased satellite

cell senescencd9).
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1.6 Hypertrophy, atrophy, and regeneration of muscle

1.6.1 Muscle fibre hypertrophy

Muscle hypertrophy is defined as increased myofibre &izadults, the maintenance

of muscle mass requires a balance between muscle protein synthesis, and muscle
protein breakdown, the direction of which depends largely on growth factors,
hormones, cytokines, and nutrients that serve to push the balantemaei anabolic
(growth) or catabolic (atrophy) directigh2). The major pathway regulating protein
synthesis and anabolism is mMTOR: TORC1 complex (ImMTOR/TORC1), which is
activated by upstream regulators like KFEBHGF1 acts by binding to its reptor,

tyrosine kinase receptor (IGER), which in turn increases activation of downstream
PI13k/Akt pathway. Downstream target okiis mTOR, which regulates cell growth

and promotes muscle hypertrophy and an increase in protein synthesis by activating
S6,a ribosomal proteib3). Akt also interacts with phosphorylation of glycogen
synthase kinase b ( GSK3b), and during hypertrophic
phosphorylated, and its activity is inhibited, leading to activation of elF2B and
transcriptionab ¢ t i vcatenm(d1). Additionally downstreanare FoxO1, and
FoxO3,which are implicated irskeletal muscle differentiation and fibre type

specification(54).

Activation can also occur through crosstalk with other pathways such as transforming
growth factor beta (TGHB )52), and also interacts with the atrophy signalling

pathways such as myostatin, which decreases phosphorylatidt afdupregulates
atrophy mediatorsatroginl, and MuRFL, components of thdPS (55). Hypertrophy

is marked by an increase in muscle cross sectional area and increase in volume and
mass. Exercise has been shown to beatito the maintenance of muscle mass,
especially during agein@®6). Exercise has been shown to positively impact protein
synthesis, mitochondrial qualif$7), as well as insulin sensitivi§s8), which are all

impacted by agein(p9).
1.6.2 Muscle fibre atrophy

Atrophy, or loss of muscle, occurs when muscle protein breakdown exceeds the rates
of muscle protein synthesis, yielding a net loss of muscle mass. This can occur as a
result of many diseases as well as inactivity, denervation, immobilisation, and nutrient

deficiencies and contributes to overall poor health, loss of strength, and increased
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frailty (53). The loss of muscle mass through any means is also correlated with
metabolic disease such as diabetes, and poor recover from illness or injury (e.qg.,
cachexia), and further contributes to general musculoskeletal decline by increasing
fracture risk and bone strend®8). Atrophy is characterised by decreased protein
content, fibre size, force production and fatigue resistance. As seen with hyfmertro
muscle atrophy can result from several different molecular triggers. The main
pathways believed to activate the muscle degradation system include the UPS
pathway, and the autophafysosome pathwaf60). The UPS is responsible for
degrading danged proteins and is important in muscle atrophy. The majority of
proteins are degraded by the 26S proteasome through covalent attachment of a multi
ubiquitin chain(61). Proteins undergo enzymatic change and are ubiquinated through
the effect of E1 hbiquitin-activating enzyme, E2 ubiquiticonjugating enzyme, and

E3 ubiquitinprotein ligase$61). Key to the regulation of protein degradation include
atrogenesmuscle specific E3 ligases, muscle atropHyok (MAFbx)/Atrogin1, and
MuRF1, which ae increased during muscle atrog#). There are other E3 ligases
involved in muscle atrophy and denervation induced atrophy including, muscle
ubiquitin ligase of th&kp, Cullin, Fbox containing $CH complex in atrophi
(MUSAL), specific for mscle atrophy and regulated by transcription (SMART).
Transcription factor, FoxQegulates ubiquitin ligase expression and the
phosphorylation by Akt results in exportation from the nucleus to the cytoplasm,
when Akt is downregulatedoxO is transportedtthe nucleus where it increases

expression of ubiquitin ligas€61).

Autophagy is also another important proteolytic pathway that plays a key role in the
removal of damaged organelles and misfolded and damaged proteins. Autophagy
regulation overlps with IGF1 signalling pathways mTORiediated inhibitory
phosphorylation of unc5like kinasel (ULK1), and FoxO3mediated induction of
autophagyrelated genegtl). The balance of proteolytic systems is required to ensure
muscle homeostasis. Ithelieved changes in expression of genes driving these
systems has been shown to disrupt normal regulation of downstream protein

breakdown resulting in increased breakdown and atr{g®ly
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Figure 1.6.1 Hypertrophy and atrophy signalling pathways.|IGF-1 binds to its

receptor, IGFLR, which then activates PI3K and converts PIP2 to PIP3 at the inner

plasma membrane, promad the activation of the Akt pathway. Akt activates protein
synthesis by downstream targets of mMTORC1, S6, and elF4E as well as activating
downstream t arcgtenin,andelF2B G\t KaBhfways dan also supress

the UPS by inhibiting FoxO mediatiari E3 ligases. Cytokines suchas TNF i ndu c e
theNFe B pat hway | eading to activation of th
for Smad4, a mediator ofthe T&F si gnal l ing pat hway which h.
through myostatin signalling. Molecules thabmote muscle hypertrophy are shown

in green, molecules inhibiting protein synthesis are shown in blue. Dotted lines denote
potential pathways in skeletal musdleigure redrawn fron41)).

1.6.3 Muscle fibre regeneration

Skeletal muscle has the unique ability to regenerate new muscle fibres after injury or
damage. Muscle can be susceptible to mechanical trauma as well as (@2gpd$e

repair process is mediated largely by satellite cells, the residestie stem cell,

which are quiescent in adult muscle until they are activated following ifsgiiré

1.6.2) (63). The quiescent salite cell resides in a niche between the sarcolemma and
basal lamina and have differing gene expression profiles to active satellite cells,
predominantlyPAX7, PAX3 CDH15 SDC4, CD34, ITGA7, andCXCR4 and absent
expression oMYQD (64). Satellite cells are activated in response to specific signals

such as muscle damage, exercise, or diséatiee case of mechanical trauma,
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necrosis of the damaged fibres begins shortly after the iffigurel.6.3).

Traumatic injury causes an influx of calcium into the muscle following disruption to
the sarcolemma and basal lam{f&). Excess cytoplasmic calcium activates

proteases and hydrolases and further releases hepatocyte growth factor (HGF) from
the tracellular matrix which activates satellite cells by inducing mTORCL1 activation
Go to Galert (64) (Figurel.6.2). Shortly after the initial injuryneutrophils appeaot

remove damaged muscle cells while also secretingnfleonmatory chemicals such
asl-6,TNFFU, chemoki nes s uc lgrowtsfacOr€sudthasIGRCCL 2, an
1, VEGF, FGH65). This drives monocytes and macrophages to the site which are
further important for muscle regeneration. Muscle regeneration involves two types of
macrophages: M1 primflammatory macrophages appear finstlgromote cell lysis,
removal of cellular debris and stimulate increased myoblast proliferation; M2
macrophages act after M1 and are-amftammatory cells that promote myotube
formation and attenuates the inflammatory pro¢eS$ Macrophage inftration is

critical in early phases of muscle regeneration to remove damaged myafitees.
polarisation of M1 to M2nacrophage is induced loytokines and growth factars

such as IE4, IL-10, and TGFb, additionally, CCAT/enhancer bindingroteins

(C/EBP of which CHOP isa memberhas been shown to be important for the

induction of M2 polarisation in the context of muscle regenerd@6én

After activation, satellite cells generate a subpopulation of myoblasts that can either
differentiate or selfenew to keep a consistent pob satellite cells. Activated

satellite cells expre9dYCD and increased expression of cell cycle genes, as well
they decreas€D34 production, allowing the cells to migrate easier to the site of
injury (67,68) The satellite cells dividing become myogenic precursor cells, and
produce myogenic regulatory factors (MRF), the most important of which for muscle
areMYOD andMYF5, the expression of both MRFs is critical to myogenic precursor
differentiation(68).
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Figure 1.6.2 Satellite cell activation and differentiation. Satellite cells are quiescent
in adult muscle but become activated in response to extrinsic signaltiegwhich
they reenter the cell cycle and begin proliferating. Activated satellite cells show
different expression profiles of MRF&-igure adapted frort63)).

The final step to muscle fibre regeneration after injury is the fusion of satellite cells.
The cells can fuse with existing fibres or form new myotubes by forming small new
filaments that can recruit more cells to increase the size of the tube and further
increase contractile protein express{68). Revascularisation also must occur for the
success of regeneration and the formation of new vasculature indicates early signs of
normal regeneration, secretion of VEGF at the injury site. The final mark of
successful regeneration is reinnervation of the fibres and is characterised by newly
formed NMJs at the remaining axons and AChR clusters on the regenerated muscle
fibres(69). The regeneration process is also possible in the case of denervatien of
muscle, however the success of this process relies heavily on the age and status of the
organism as older animals have been shdawademonstrate defective reinnervation

as well as the speed in whitltereinnervation occur&/0).
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Figure 1.6.3. The main phases of rascle regeneration following injury. Skeletal
muscle can repair itself following injury, largely due to satellite cell activation and
inflammatory action. The main phases of muscle regeneration following injury are
degeneration of the damaged fibres and necfolétsved byincreased inflamnteon
resulting inattraction ofneutrophils and macrophagésil pro-inflammatory and M2
antrinflammatory and satellite cell activation. Satellite cells fuse to form myofibres,
and the myotubes are revascularized and reinnervated upon regeneration of the
muscle.(Figure adapted fror(65)).

1.7 Mitochondrial homeostasis in skeletal muscle

Mitochondria are adaptive organelles that are critical to the regulation of skeletal
muscle metabolism aratlaptin response to exercise, ageing and disease.
Mitochondria contairanouter membrane, an intermembrane space, an inner
membrane, and the inneitochondrial matrix. The inner membrane is the site of
ATP production and the location of mitochondrial DNA, and contains folds called
cristae which serve to increase surface éréa In addition to energy prodtion,
mitochondria also serve astorage site for calcium, with calcium populating the

intermembrane space and the mitochondrial md@#&. Within skeletal muscle,
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there are two main types of mitochondria; adjacent to the sarcolemma are the
subsarcolemmal mitochondria which asykn providing ATP for membrane active
transportas well agene transcriptio(73). The second type of mitochondria are
located between myofibrils near thdi#es of the sarcomere called intermyofibrillar
mitochondria and are active in providiAg P to contractile proteins to facilitate
contraction. Further, they play a role in calcium signalling in the muscle due to their

proximity to the Ftubules and sarcoplasmic reticul (#3).

Mitochondria will adapt in response to stimuli like exerdigancreasing biogenesis
through activationof PGA U and activation of mitophagy,
turnover and maintain a healthy pool of mitochondtey to driving ATP synthesis
through the ET%73). Dysfunctional mitochondria are believiedbe highly involved

in the functional decline of muscle seen with ageing.-Agd@ted mitochondrial
dysfunction includes increased oxidative damage, decreased mitochondrial volume,
and decreased mitochondrial biogen€s#. Under normal conditios, mitochondria
generate ATP through the TCA cycle and the E3&tionl.3). The ETS is

composed of multipolypeptide complexed/jlin the inner membrane of the
mitochondria and electrons are received from carriers, NADH and FADH2 which are
generated during the TCA cydlé4). During ageing, mitochondria undergo changes
including reduced enzyme activity, altered respiration and decay in mitochondrial
DNA (74). Additionally, the mitochondria experience phenotypic changes such as an
abnormally rounded, large shape, which nsdkemmaoreresistant to autophady5s).

The ageing process also alters the inner membrane, shortening cristae and
homogenising the inner mitochondrial compartments. These structural changes occur

in addition to reduced mitochondrial contevithin skeletal muscléz4).

1.8 The role of ER s#ss signalling in skeletal muscle

The ER is another key membrabeund organelle responsible for the folding,
processing, and pesitanslational modification of proteins, and is critical pootein
quality control, calcium homeostasis, as well as lipid emolesterol biosynthesis
(73,76) In skeletal muscle, the ER is distinguished as specific to muscle as the SR.
The SRis a membranous network throughout the cytoplagmingto the nuclear
membrane and detects and transmits cellular signadéspiidper folding and

trafficking of proteins is crucial for cell function, and disruptions toSReesults in
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accumulation of misfolded proteins and protein aggregates in the lumenSR the

normal conditions, foldases, and chaperones maintain ppoptein folding, with

incorrectly folded proteins getting degraded through autophagy or ER associated

protein degradation (ERALY7). If misfolded proteins continue to accumulate, the

unfolded protein response (UPR) will be triggered in attempts to restore ER folding
capabilities. There are three main arms of the UPR: protein kirke &doplasmic

reticulum kinase (PERK), activatrtranscription factor 6 (ATF6), and inoskHol
requiring enzy (8. Atlbaseliney dhapergné fRofein,glucose

regulated protein 78 (GRP78)bound to each of the three main sensors, maintaining

an inactive stateout upon accumulatioof misfolded proteins, GRP78 is released

from all threemain stress pathwayand each become activated with ATF6, and

PERK being activated before | RE1XKBP1I RE1U a:
MRNA to XBP1s which has many target genes thatali to restore ER function.

Both ATF6 and PERK promote ER adaptations
dual role in transmitting survival and papoptotic signalling77). Chronic ER stress

results in a persistent UPR and induction of inflammaaeogely mediated by Jun

NH2-terminal kinase (JNK), and nuclear factoma p p a -afb ) ( \Whi ch ar e
downstream of | RE1U. This ultimately | eads
such as IREHependent decay of mRNAs (RIDD), C/EBP homologous protein

(CHOP) pro-apoptotic Beell lymphoma 2 (BCE2) family members (Bim/Bak),

caspasd 2, and JNK79). CHOP has been demonstrated to induce apoptosis through
mitochondriadependent pathway as downstream of CHOP are a category e2 BCL

proteins that are locakd to the outer membrane of the mitochondria called-BH3

only proteins regulate cell apopto§so).

Ageing impacts the ER stress signalling pathways in several ways including
decreased chaperone protein (GRP78) concentration seen in aged mieetiand

such as calnexin and calreticulin; the downregulation of calnexin has been suggested
to sensitise cells to apoptosis and downregulated calnexin has been obsagestl in
rats(77). Other proteins such as CHOP have been shown to be uprdguititeage

in rodents, and elevated CHOP could be associated with increased sensitivity to
oxidative damagér7). These ageelated changes to ER stress response, notably the
UPR have consequences for skeletal muscle, although the mechanismsyate not

clear, however in mice, ER stress has been associated with increased anabolic
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resistance, or a reduced response to hypertrophic stimuli, and ER stress has been
associated with impaired mTOR activity in C2C12 c€flg). As ageing demonstrates
both a reduced capacity to manage ER stress and a blunted anabolic response to
hypertrophy, it is likely uncontrolled ER stress has a role in sarcopenia, although this
relationship still remains uncleéf7). The ageing process is correlated with inseea
instances of misfolded proteins and accumulation of protein aggregates, as well as
increased oxidative stre®1). As mitochondria are sources of ROS that can

stimulate celisignalling pathways and apoptosis. Evidence suggests dysfunctional
mitochondria increase oxidative stress that inhibits function of the UPR, negatively
affecting cell survival and may play a ratethe pathogenesis of some
neurodegenerative disea$8%). The ER stress signalling pathway is thus tightly
correlated with ageing skeletal muscle as it is involved in critical pathways controlling

skeletal muscle homeostaérs,81)
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Figure 1.81. The ER stress response initiates the UP®a three transmembrane

proteins. The UPR is mediated by disassociation of GRP78 from PERRKE 1 U, and
ATF6. Activated PERK phosphorylates el F2U .
| RE1U activation similarly gets activated
also activates other downstream targetssNB, and JNK whi ch | eads t
of pro-survival mRNA. Following release of GRP78, ATF6 is transported to the Golgi

apparatus where it is cleaved into active ATwBich regulates expression of key

downstream genes involvedtime UPR.(Figure adapted frortv'7)).
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1.9 Skeletal muscle idisease

1.9.1 Sarcopenia

The consequences of ageing are inevitable and are characterised by large declines in
musculoskeletal health including decreases to muscle mass and muscle strength. This
agerelated loss of muscle and strength referred to as sarcopgeaisignificant cause

of frailty and a contributor to mortality in the aged population worldwide eld88y
Diagnosis of sarcopenia is currently based on a reduction in lean body83)ass

Declining muscle mass, estimated at up to a 40% decrease in theartissal area

of the lower limb muscle between 20 and 80 years of age, is a significant contributor
to impairments in mobility59). The rate of muscle loss during ageing hanbe

reported at 2% loss per year after age 50, with women reported to lose muscle mass

at slower rates than men (59)

Sarcopenia is underpinned by progressive pathophysiological changes, which
ultimately disturb muscle homeostasis. Among proposed meamsapissarcopenia,
progressive myofiber atrophy (with type Il muscle fibres potentially more susceptible
to atrophy than type | fibres), alterations in satellite cell biology and therefore
defective regeneration, adipose tissue infiltration, and chron@nnfation have

been propose(B2,84,85)

Degeneration of neuronal cells and changes to neuromuscular junction morphology,
similarly as in neuromuscular disorders such as amyotrophic lateral sclerosis (ALS),
also plays a role in mediating thesoof muscle during ageirt§5i 89). At a cellular

level, satellite cell senescence and defective autophagy have been suggested to be
important players in muscle wasti(f3,76)and sacopeniaandhave been discussed
comprehensivg in a review by Larssoet al. (87).

1.10 Mechanisms of muscle atrophy

1.10.1 Muscle protein homeostasis

Muscle hypertrophy and atrophy are both independent, but overlapping, active
processes controlled by specific signature pathways and transcriptional pré@®@ams
During ageing and in disease, the balance between anabolic and catabolic processes in
muscle is altered, resulting in a loss of muscle mass and fulf@g2g@b6,90) The

MTOR signalling pathway is a primary transducer of anabolic signalling in muscle
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and is required for cell growth, proliferation, and autophagy suppression (segion

(39), and t has been suggested that the reduced mTOR signalling in sarcopenia
contributes to insulin and anabolic resistance following stimuli such as mechanical
stress, insulin, and increased nutrient availab{88,91) Imbalanced protein

synthesis and degradation result in either muscle hypertrophy, such as during
resistance exercise, or atrophy, such as in sarcopenia, respectively. While the net loss
of muscle may result in similar clinical presentation, défeces exist in the

underlying mechanisms contributing to muscle loss.

1.10.2 Senescence

As mentioned, autophagy is a key component to maintaining homeostasis for skeletal
muscle, and dysregulation is associated with increased ROS, the elevation of which is
thoudht to be associated with cellular senescd@@g Senescent cells have been
suggested to contribute to muscle wasting through a senesassugated secretory
phenotype (SASRP3). It has been demonstrated that removal of senescent cells can
restore tissue homeostasis during ageing, therefore suggesting that targeted removal
of senescent cells may provide new therapeutic opportunities for sarc(@®nia

While senescence is mainly associated with mitotic aelfgicativesenescence in

skeletal muscle, a postmitotic tissue, is debatable. Some reports demonstrated
elevated levels of senescerassociated proteins in skeletal muscle from old mice

(95). Interestingly, it has been shown that satellite cells undergo semes@sulting

in their decreased regenerative potential, which may also contribute to sarcopenia
developmen(76). Other forms of senesceng®ucing stimuli also exidioth

intracellular, andcextracellulay and likely have aimpact on skeletal muscle in

ageng. For example, oxidative stregg)cogene activation, and tumour suppressor

loss are responsible for straaslucedsenescenc6). Further, it is likely miR

mediated changes assaied with ageinguch as changes to miR biogenesis proteins
could contribute to senescen@s).

1.10.3 Muscle regeneration

Adult skeletal muscle regeneration is largely dependent on satellite cells, the muscle
stem cell populatiof97). Satellite cell availability and functionality determines
regeneration and changes in satellite cell number have been demonstrated with ageing

in both human and rodent stud{@8i 102) Moreover, satellite cells from older
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individuals show a tragtriptional profile switch, dysregulated autophagy, in addition

to reduced regenerative poten(i3 106). It has been recently demonstrated that
satellite cells undergo irreversible senescence during ageing, thus contributing to the
reduced rgenerative potential of muscle in older individuals, thus satellite cells may
be key to sarcopenia developmém@?2) It has to be noted that satellite cells have

been shown to be dispensable in muscle hypertr(fdi), butsatellite cells in
sarcopenia have been suggested to be negligible fore regeneration byl@8prs
thus,the degree to which satellite cells contribute to the development of sarcopenia

remains to be established.

1.10.4 Fibro-adipogenic progenitor cells

A population of meenchymal progenitor cells capable of differentiation into both
adipocytes and fibroblasts, and resident in the interstitial space of the skeletal muscle
fibres has been recently described. These cells calleddibpmgenic progenitors
(FAPs), are charaerised by expression of markers such as platidaved growth

factor receptor A (PDGFRI) , Scal (CbD34 FAPs areethoughtmode key
for successful muscle regeneration and repair in healthy and young indiith@)ls
During muscle regeneration, FAPs proliferate and release signals, sueh,as IL
stimulate satellite cell differentiatidid09,110) This regenerative potential might be
also enforced by the differentiation of FAPs into fibreltda as fibroblasts are
necessary for connective tissue repair of the extracellular nf@fjxHowever, a

fibrotic scar may be formed during defective regeneration, and subsequent adipose
tissue infiltration. This fatty degeneratiaor myosteastas, of the muscle is a
characteristic of sarcopenic musc{82,109)

Myosteastosiand fibrosis are mediatata TGFb and -BDSFBnal |l i ng
pathways and by the activation of senescence markers such as p21'"¥d jn16
myofibroblastg111,112) Uncontrolled activation and differentiation of FAPs into
fibroblasts and adipocytes during muscle wasting has also been shown, resulting in
infiltration of fatty tissue and fibrotic scars, limiting the proper regatnen and

repair of the musclél09,113) Agerelated changes in the function of FAPs may be a

yet undescribed mechanism contributing to sarcopenia development.
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1.11 microRNA as regulators of molecular mechanisms of muscle

The control of signallingpathways regulating muscle hypertrophy, atrophy and
regeneration occurs on the gene expression level. Among gene expression regulators
arenoncodi ng RNAs, and one c| ascedingRNAs mal |
are microRNAs (miRNAs/miRs}-ound in aninals, plants and some virusesiRs
negatively regulate gene expression gamtscriptionally(114) miRs regulate gene
expression through degradation of mMRNA transcripts or inhibiting translation and are
involved in critical cell processes. The human genome is reported to have 2600
mature miRg115)and it is believed miRs are predicted to reguté of the human
genome at the translational level, suggesting a role for miRs in modulating many

physiological processes such as apoptosis, proliferation, and differentict®h17)

1.11.1 miR biogenesis: canonical pathway

As mentioned, miRs aghort endogenous sequences of sisgland RNA

molecules, and they are located throughout the genome and they are encoded by their
own set of genes and are an integral component of the cell genetic programme, many
are also evolutionarily conservétil8) Many miR genes are noncoding genes and

the only transcriptional product is the miR, and others, the miR is located in the
untranslated region (UTR), or within artrion o a protein coding gen@ 16).

Roughly half of identified miRs are irigenic and processed from introns and few
exons, and the other half are intergenic transcribed independent from the host gene
and regulated by their own promoter. In some cases, miRs are transcribed in clusters
to form a miR family(116) The biogegasis of a miR can be through canonical and

non-canonical pathwayd=(gure1.111).

The canonical miR maturation process begins with miR genes being transcribed in the
nucleus by enzymes, RNA polymerase Il or RNA polymerase |l toyseygtimary

mMiRNA (pri-miR) (119) Most miRs are polyadenylated and capped, which is
characteristic of RNA polymerase Il transcription. The next steps include the cleaving
of the primiR by the endonuclease enzyme Drosha in conjunction with itssRNA
binding protein, DiGeorge Syndrome Ghrosomal Region 8 (DGCRS8), which

contains two doublstrarded RNAbinding domaing119) On average, the human
pri-miR contains a 3®ase pair hairpin stem, two singdanded flanking regions up

and downstream of the hairpin, and a terminal id&®). The doublestranded stem
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and flanking regions are vital for DGCRS8 binding and Drosha cleail&jg This
resulting precursor miR is called the R, that is next activelgxported with the

use of ATP to the cytoplaswia Exportin5 and Raselated nuclear protein/GTP
binding nuclear protein RAN (RaBTP)(116). In the cytoplasm, the second
processing step occurs whereby the endonuclease, Dicer along with its associated
binding RNA protein tranactivation responseNRA-binding protein (TRBP), cleaves

off the loop sequence releasing the mature rRiBure1.111).

The product of this cleavage is an RNA dupleained bythe direction of the miR

strand, thus the 5p st r amiihacpmmbeseasftreom t he
3p strand arises frohte 30 end of the sequence. Both s
a complex with Argonaute proteins4l(AGO1-4) in humas inan ATRdependent

manner(122). Whether the 5p or 3p strand is incorporated intdiN&-induced

silencing complex (RISC) asmature miR varies. TRBP serves to identify the
thermodynamic stability of the 56 end, or .
into the AGO/RIE compex as the guide strar{d22). The second strand (passenger

strand) is typically degradedtf@ough might be incorporatedttRISC in some

circumstance§l116) One example is mi#34 in humans, where both miBib-5p and

miR-34b-3p are found in relatively equal proportions and target specific mMRNAs

(123) Both 5p and 3p strands can be selected as the guide strand depending on tissue

type, cell type or biological state, and both 5p and 3p strands may have different

biological functiong122,124) As the two strands have complementary base phaés,

individual miR strands contain different seed sequences; the seed region spans from
nucleotides B canonically and is a key site of DNA target recogni{itizd, 125)

After the miR duplex is loaded into the RISC complex, AGO protein is\za to

remove the passenger strand by endonucleolytic enzyme afti2@y Passenger

strand are generally unwound passively in an Afdependent mann€t26)

Ultimately, the mature guide miR in the RISC complex then acts by binding to
complementary mRNA sequences. This occurs usually by target recognition within
the seed region of the miR, although complementary binding to the mRNA can occur
along anyregion of the sequen¢&16)
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Figure 1.111. miR biogenesisThe canonical generation of a mature miR begins in
the nucleus by transcribing miR genes to generatermiMNA. The primiRNA is
processed by Drosha abGCR8 to generate a pmiR that is actively exported to

the cytoplasnvia Exportin5 and RaiG TP. In the cytoplasm, Dicer and TRBP cleaves
the hairpin loop to yield the miR duplex that is loaded into an AGO prdheirguide
strand is selected, and pasger strand is degraded. The AGO and guide strand form
the RISC complex that then can bind to its complementary target mMRNA(S). The
result of this binding is translational repression or otherwise target degradgien.
canonical pathways exist such astmoms which are produced from introns at exon
junction sites of MRNA. Mirtrons bypass Drosha and are instead the precuirsisr
formed by splicing machinery and lariat debranching enzyiRigure adapted from
(122)).

1.11.2 miR biogenesisnoncanonical pathways

In addition to the canonical miR biogenesis pathway, there existsammmical miR
biogenesis pathways. The first major rzanonical pathway characterised and most

common is known as the mirtron class of miRs, which are miRsrh&iaated in
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introns(116,127) The mirtron pathway generatesnéR through the splicing of

short introns with hairpin potential by ribonucleic protein spliceos@8), and this

splicing generatesandni near product forming a | ariat
intron is joined at the 306 branchpoint. Hy:
enzyme yields a prmiR that can then be transported to the cytoplasrifcer

processing as with the canonical pathyb37).

While the canonical pathway and the mirtron pathway ultimately converge at the
Dicer enzyme, Dicemdependent biogenesis of miRs has been demons{dteyl

The most welknown and unsual of these occurs with mi#51, a unique miR that

has its dominant nucleotides extend across the terminal loop, a feature unigue to miR
451. The stem sequence of the-pniR is shorter (17 bageairs) than what is required

for Dicer, which, at minimunmeeds >19 basgairs and a sufficient-3 nucleotide
overhang at the 36 end to be a suitable su
premiRs have a longer stem than is required by Dicer. An additional consideration
that separates miB51is the pdect basepairing, where typically there will be several
unpaired nucleotides that are thought to aid in the unwinding and degradation of the
passenger strand of the miR dup{&f9). Ultimately, while the majority of miRs

follow the canonical biogeesis pathway, other biogenesis pathways exist that can
generate fully functional miRs.

1.11.3 miR-mediated gene regulation

As stated irl.11.1 the miRAGO/RISC complex usually binds to its target mRNA to
suppress gene expression. Most studies show miRs bind to the complementary
sequence at the 3' UTR to induce mRNA deadenylation and decapping, although
binding sites have also been demonstrated to éqsbeoter regions as well as the
56UTR and c @16) Inadditiore miR bindiag sites determine the effect
of the mi R on gene expression. It is belie
coding regions serve to reduce gene expressiote Wimding at the promoter region
has been shown to induce transcription, although more research is needed to fully
understand theseechanismgFigure1.112) (122) In additionto the canonical
repression and degradationtafget mMRNA by small neooding RNA such as miRs,
gene activatiorcan also be inducedamely by small activating RNAs (saRNAhe

mode of action proposed for saRNA depends on the complentegtariat t he 56 en.
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the intended target. Blseedsequence is similar in canonical miR tranizaal
repsression in that ti28nt position defines the seed sequeimilar to canonical
miR mechanism of action, the saRMAoaded into the AGO2 protein, that is then
able tounwind the double strand RN#ndsubsequently enter the nucleus where it
fomrs the assembly of the RNIAduced transcriptional activiation, similar to the
RISC complex that is involved in supressm&NA target translatio(iL29). There is
increasing evidence miRs may atstdivate gene expressiahrough targetinghe
promoter regionor AU-rich elements in the UTRBf the target gengl30).

LT 3’uTRmRNA cleavage
mature miR —_—
incorporated mp ——0uy .&)
p T Translational repression

into RISC

aaaaa
<Ly

—  (Jmsc))
P Translational activation

5 UTR

Figure 1.112. miR mechanisms ofmRNA target interactions. Themature miR
sequence is first incorporated into the ARTSC complex. Perfect complementarity
with miR target induces mRNA degradation via enzymagavage and degradation
or translational repression of the mRNA targeiR-mediated activation of mRNA
targets can also be inducéBigure adapted frorfil31)).

As stated, there are different methods in which miRs regulate gene expression. One of
the main is through gene silencing by the miR/RISC complex binding to
complementary sequences on the mRNA called miR response elements (MRE). A
fully complementary miR:MRbinding activates AGO2 endonuclease activity and
subsequent mMRNA cleavir{@22). In the majority of animal cells, the miR:MRE
interactions are not completely complementary, and most MREs contain central
mismatches with their miR complement whichyaets the cleavage by AGO2

activity; usually, functional MRE interaction occurs via the 5' seed region of the

MRNA (125) The RISC formation also involves the recruitment of the GW repeat
containing protein GW182 (TNRC6& in humans), which recruitffector proteins,
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poly(A)-deadenylase complexes PAIRAN3 and CCRANOT which initiate
poly(A)-deadenylation. Interaction between GW182 and polgiAdling protein C
(PABPC) also promotes deadenylat{@32). After this, decapping proteins, such as
DCP1/DCP2122) and DDX6(133), following this, exoribonuclease XRNJ)
facilitates (BNTHNecdaaigns af translatiomal repression and
MRNA degradation and whether these pathways act sequentialipdtaneously is

still unclear.

While most evidence has shown miRs negatively regulate gene expression, some
studies have demonstrated upregulation of gene expression by miRs. This has been
seen in quiescent cells like oocy{@84). Other examplemclude miRs binding to the
566UTR of mRNAs encoding ri bos o(tBa)lOtherr ot ei n
proposed mechanisms include RNA activation (RNAa) a process of transcriptional
activation where the interaction of the miR on the prommetgion triggers the

recruitment of transcription factors and RNA polymerase Il to activate gene
transcription(134) Many miRs have been reported to promote or maintain gene
expression in both human and mouse cell I{d8§) This mechanisrhas only

recently been discovered; however, but it has been shown to require the basic
components of miRnediated gene regulation: AGO, Dicer and Drosha enzymes,
enriched RNA polymerase Il at target si{&86). Groupsof genes can also be

regulatel by miRs as the 28 nucleotide seed sequence required for target recognition
can be shared ldifferent miRs however, other locations within the sequeade 3 6 or
506 UTRSs, thamomater regiomaysbebinding locations for miRgsherefore

it is likely many miRs can regulateaups of genes, either alone orcimoperation

with other miRg131)

1.12 Skeletal muscle and the role of miRs

The role of miRs has been implicated in the development and regulation of muscle
homeostasi§l37). By influencing expression of multiple target genes, miRs provide
a responsive mechanism that enables cells to react to changes withimnhediate

or surrounding environment. Given their role as novel regulators of gene expression
and their vast deregulation in a variety of pathophysiological conditions, miRs are

emerging as molecular regulatory mechanisms of ageing and sarcopenia.
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1.12.1 miRs inmuscle development and regeneration

Myogenesis occurs during development as well as in adulthood during muscle
regeneration. The cells involved in myogenesis include muscle progenitor cells from
within the myotome, satellite cells, and adult skeletal neustem cell$138)
Musclespecific miRs have been described, such ashiRiR-133, miR206, also
call ed A my o mlOR ®iR4L86, and ohiRAABI(1RI 142). The role of

miRs in myogenesis has been demonstrated in Dicer, a key enzymfe

maturation, knockout mice, which show delayed myogenesis and satellite cells unable
to reach terminal differentiatiaf143,144) Several miRs have been associated with
both muscle development and disease; for example, the expresBiaX®and

PAX7, key transcription factors in early myogenesis, is regulated by2®@Rn
myogenesis during development and adult skeletal muscle regenétd@oh45)

Both miR-1 and miR133 have been shown to control the SWI/SNF subunit
composition (chromatin remodelling complex) during development and didetge
148) and miR208b and miR499 have been demonstrated to regulate myofiber type
composition(149) Satellite cell depletion, senescence, and functional decline have
been proposed to be associated with the development of sarctf@n@heunget

al. (144)have demonstrated that mice with satellite cells depleted of Dicer show
reduced muscle regenerative capacity and premature muscle wasting. In a different
study, the Le7 family of miRs, a regulator of cellular proliferation and expression of
Pax7, a key myogenesis transcription factor, was upregulated in muscle of older
peope and has been suggested to play an important role in satellite cell functional
decline during agein{B4). Finally, exogenous administration of miR-133, and

206 by local injection has been shown to accelerate muscle regeneration after injury
in rats, suggesting that miRNAs might be used as a therapeutic strategy against

muscle damaggL50).

1.12.2 miRs regulating muscle hypertrophy and atrophy

miRs have been shown to maintain muscle homeostasis in adulthood, including
control of muscle hypertghy and atrophy as well as muscle adaptation to exercise,
which are all disrupted during agei(ib1,152) Changes in miRs levels in muscle,
for example, miRL33 or miR206, are associated with a myriad of -agkated
degenerative pathologiesicluding muscle atrophy and ageif3#,82,158156).

Several miRs have been shown to be differently expressed in the muscle of older
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humans and rodentand several miRs have been reported to have roles in
myogenesisThese miRs have been observed in both humans and mice, and include
Let-7, miR-1, miR-18a, miR16, miR19b,miR-20a, miR21, miR23a, miR27a3p,
miR-29, miR106a, miR133a, miR133b, miR143, miR146a, miR1813 miR-206,
mMiR-208b,miR-378, miR486, miR499, miR-969, and miRL99a5p (Appendix J).

Some of the miRs downregulated in muscle of aged mice, such as38i&d miR

181, have been shown to regulate muscle hypertrophy or atrophy through regulation
of anabolic pathways andr&1, respectivelf157 161) Sirt-1 plays an important

role in regulating autophagy. Autophagy has been demonstrated to play a key role in
maintaining muscle mass, neuromuscular communication, as well as stem cell
stemnes$162 164). Anabolic resistance, a process waliractersed during

sarcopenia and immolsétion, is the inability to effectively initiate protein synthesis
following the ingestion of protein or exerci€s5,166) Several miRs have been

shown to be upregulated following exercise and followirgein ingestion(167

170) Drummondet al.(168) have shown decreased expression of-thigkpression

in the muscle of younger, but not older, individuals following exercise, whereas the
primary but not mature mi233a and miR206 transcripts were differentially

regulated in the muscle of young and olpgeople. These data suggest that the lack of
change in miRL expression in the muscle of older people following exercise and
protein ingestion may contribute to anabolic resistance dageqmg With more data
emerging on the capability of miRs to regaelatuscle mass, it is possible that miR

based approaches could be developed into therapeutic approattiedsitre (171)

1.12.3 miRs and neuromuscular communication

Deterioration of neuromuscular communication is an important aspect of muscle
wasting in both ageing and disease. The expression of mMIRNA2&a@RNd miR

29b has been shown to be increased in skeletal muscle dgeigy and in disease,
these miRs havieeen associated with the disruption of the mitochondeiaked gene
expression in the musc{82,187,198)and further, miRR06 has also been shown to

be upregulated in a mouse model of A2B8) ALS is the most common
neurodegenerative disease in adults, characterized by muscle atrophy, denervation,

and paralysis. miRR06 deficiency in these mice aterates the progression of the
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diseas€208). Interestingly, the authors suggest that changes inr2iiRexpression

are a part of compensatory mechanism aiming at improving neuromuscular
degeneration rather than a part of a mechanisms drivindeabeneratioig174). This
proposed mechanism is associated with retrograde transport from muscle to nerve.
Another study investigating communication from muscle to nerve demonstrated that
myofibers can release exosomes, membranous vesiclesidf5&atm in diameter

with roles in ceHlto-cell communication, which contain milRk74) The miR content

of these vesicles was reported to change after denervation. More importantly, miRs
contained within exosomes released from myofibers were taken athéaycell types
and this was associated with changes in miR and its target levels in the recipient
cellg174) It remains to be established whether rbésed interventions can restore

neuromuscular interactions during ageing.

1.12.4 miRs and cellular s@scence

While muscle is a postmitotic tissue, and theretaiés areunlikely to undergo
replicativesenescence|d and senescent satellite cells have been demonstrated in
mice (76). Our group has demonstrated an important role of tiRin reguléing

satellite cell senescence during ag€i2@b) Downregulation of miRL43 in satellite

cells from old mice was associated with increased cell viability; however, this was at
the cost of cellular senescence, suggesting MiRdownregulation inatellite cells
duringageingmay be a part of a compensatory, rather than causative, mechanism
(205)

Another miR, miR29, has been charactsil as a senescenedated miR. miR29 is
increased in the skeletal muscle duraggeingand enhances cellular senescence by
targeting distinct pathways involved in muscle growth and satellite cell proliferation,
includingIGF-1, p85, and Bmyb (198). However, miR29 seems to have an

antifibrotic activity in multiple tissue€l97)and the loss of mi29 in myoblasts
contributes to the pathogenesis of Duchenne muscular dystrophy by promoting
myoblast transdifferentieon into myofibroblast$199). As the importance of

senescence in skeletal muscle functional deterioration remains to be established, the
potential of miRs targeting senescessociated genes as therapeutics for sarcopenia

remains elusive.
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1.12.5 miR involvement in regulation of mitochondrial dynamics

The function of skeletal muscle, an enedgmanding tissue, is highly associated
with mitochondria. Changes in mitochondrial dynamics have been previously
reported, and it has been suggested that dysturattmitophagy and mitochondrial
generation may be key to muscle atrofhy). Several miRs have been shown to

regulate the mitochondrial homeostasis and cellular metabisi221,222)

For example, miF696 has been shown to targeroxisome proliferateactivated
r ece moactivatord U (-PGC, a transcription factor k.
biogenesis, and its downstream effectors; pyruvate dehydrogenaseXkeage

cytochrome c oxidase subunit 11 (COXIY219). Overexpression of mH&96 led to

decreased fatty acid oxidati¢219). Another study has shown miRB3adeficient

mice have decreased mitochondrial mass and exercise tolerance and lower levels of

PGG1 U a n d (LRORFhenotypically thigs similar to sarcopenia, suggesting a

role for miR133a in maintaining mitochondrial dynamics in skeletal muscle.

Furthermore, Russedt al (187)demonstrated disrupted mitochondrial homeostasis

with a decrease in the levels and activity of PGC, NRF COXI1 V, and ERRU
the mouse model of ALS. Another miR, 3, has been shown to be upregulated in

mouse models of ALEL87,208) and the overexpression of miE in wild-type mice

has been associated with mitochondrial dysfunctionlai to the animal models of

ALS, suggesting eegulatory effecof miR-23in muscle wasting during ALE.87)

However, a different study found mif3a to decrease the expression of Atrelyin

and Murfl, ubiquitin lig;ses upregulated in models of muscle atrophy, with 23R
overexpression protecting against glucocortigadiliced atrophy186) In addition,

miR-23 expression is decreased in other models of atrophy in rat and C2C12

myotubegq188). This sugests that the mechanisms responsible for the different

models of atrophy may differ, which is in line with data by Soeted (33)

demonstrating that miR function is context dependent in different models of muscle

atrophy.
1.12.6 miRs and FibreAdipogenic progenitors

Interestingly, miRs have also been shown to regulate the functionality of FAPs. For
example, fibroblasts growth fact@rhasbeen shown to induce mif9a expression in

FAPs and in myogenic progenitors, which in turn stimulated myoblasts proliferation
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(200). It has also been reported that activation of the expression of myomiRs can
block adipogenesis of FAPs and enhancscateuregeneratio(l46). Moreover, miR

23a overexpression has been shown to reduce lipid accumulation within the skeletal
muscle by inhibiting the differentiation of PDGRR+ pr ogeni tor cel |'s
(189,223) MyomiRs have alsbeen shown to regulate FAP functional phenotype in
dystrophic mice through regulation of BAF subunits, part of the SWI/SNF chromatin
remodelling complex146) Interestingly, regulation of BAF subunits has also been
demonstrated during embryonic ngemesig148). These data suggest that miRNAs
may serve potent therapeutic tools against fibrosis and fatty degeneration during
sarcopenia and disease by regulating FAPs. Clearly, miRs are one of the important
mechanisms underlying muscle atrophyd envestigation of miRassociated

mechanisms of muscle wasting will be important to understanding their full role in the

progression of sarcopenia and potential in the design of future therapeutics.

1.13 miRs as potential therapeutics

Current interventions fasarcopenia and other muselasting disorders, such as
cachexia, focus on progressive resistance training, orexigenic drugs, and anabolic
agentg224) Recently, a dual activitype 1l receptor (ActRIIA/ActRIIB) antibody
inhibitor to myostatin haseen shown to enhance muscle hypertrophy in (2i28),
although challenges remain with respect to human clinical (#aks) Other

interventions focus on either: anabolic pathways, as in androgen hormone
replacement and growth hormone s¢agogues such as ghrelit24), or on

inhibitory pathways such as in myostakhitocking therapies, angiotensin receptor

bl o c k e radrenoreceptbr blockin@24,226) These options are being evaluated
as potential treatments for aneehting muscle loss, however, few clinically validated
options exist, demanding a need for further investigation. Moreover, the development
of novel therapies for muscle wasting is somewhat slowed down by the lack of robust
and reliable nofinvasive biomekers of muscle wasting, with creatine kinase being

the most commonly used asg2y7)

Due to theirelativestability in biofluids; miRshave been shown to be stable in
serum and plasma for up to 48 hours at room temper@8andreported changes

in circulating miR levels in various muscle disorders, miRs have been proposed novel
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biomarker of muscle wasting (reviewed(#27,229). Furthermore, as miRs are small

molecules with limited immune concerns, they are promifiegapeutic candidates.

Investigation into miR therapies to treat challenging diseases remains an area of
ongoing exploration. Two approaches are currently being used to modulate miR
activity: synthetic doublstranded miRs or virddased miR delivery to overexpress
miRs and chemally modified antagomir (AM) oligonucleotides to inhibit miR
function(230). Several companies have developed or are working toward miR
pharmaceuticals in different fields of medical research, including cancers, metabolic
diseases, neurologicalsgiases, cardiovascular disease, inflammatory diseases, and
others(209), but few miR therapies have gained clinical trac({ibs8)

There have been thousands of raigsociated patents filed in the US and Europe, and
Asia, and patents have lveiled for several different diseases and tar234)

Several miRbased therapies have entered clinical anecjnecal phases, and one
miR-based therapeutic, the compound SPC3649 (Miravirsen), an inhibitor ef22iR
against hepatitis C virySantaris Pharma), has entered a phase Il of clinical trial
(232,233) Miravirsen was reported to be well tolerated with no divsiting toxic
effects or treatment discontinuations due to adverse e{&®43 The miR34 mimic
based drg (MRX34) for treatment of liver cancer is currently in clinical phase |, and
other miRbased therapeutics are in the preclinical s{286,235) Some current pre
clinical studies include miR5, and miR195 for the treatment of pestyocardial
infarction and miRL55 for the treatment of amyotrophic sclerosis, and-B¥R for

cardiometabolic diseagd31)

These studies provide encagmgevidence that pharmacological modulation of miR
activity is feasible in human patients. Howeveryessremain with the use of miR
based therapies, particularly stability of RNA dr@@31)as well as effective delivery
to certain sites such as tumour sites in the case of ebased miR therapeutics
(236).

Identifying miR targets of intesst remains an area of critical investigation, and the
heterogeneity of miRNA expression continues to remain a challenge to the
progression of mMiIRNA pharmaceutic§®37) Ensuring the specificity of targets will
also continue to be a challengeimiting the potential of unwanted efarget effects

and toxicity(238) New methods for improved miR target validation and
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characterization of offarget effects are needed to progress the development of miR
based therapeutics. Suitablelivery systems, including tisspecific delivery, that
allow for stability and safety are also concerns facing current research in miR
therapeutics. Other issues remain to be resolved, such as understanding-téeriong
effects of modulating miR aciiy in vivo, establishing efficacy and safety of miR
based therapeutics in human patients, and modelling of pharmacokinetics and

pharmacodynamics of these molecules.

Dysregulated miRs in muscle ageing and multiple disorders associated with muscle
wasting ndicate they could be viable therapeutic targets for muscle loss. Several
issues may impede this development. It appears that changes in miR expression in
muscle, as well as miR function, can vary depending on the disease underlying
muscle wasting. Moreovgfew studies have investigated miR targets and potential
off-targets in muscle and other tissues following systemic miR mimic/antagomir
delivery. Indeed, functional studies of miRs in skeletal muscle dageggor

disease are still in their infancy esmpared with miR research in diseases such as
cancer. With local delivery not feasible due to the size of muscle tissue; tissue
specific delivery will be very important for muscle therapies to avoid delivery of miR
mimics/antagomiRs into other tissuesgls as liver or lungs when using systemic
delivery. Therapies for muscle wasting will also require careful optimization of

sufficient but safe doses of miR mimics/antagomiRs.

In summary, the rapidly expanding number of functional miR studies in muscle
provides a basis for development of rdildsed approaches for improvement of

muscle mass and function. Despite large numbers of patents filed for therapeutic use
of miRs in different disorders, very few patents have been filed to usdasi&
approaches for@atment of muscle wasting, and none have been filed for sarcopenia.
Much remains to be learned about the function of miRs in muscle wasting due to
ageing or disease, and the optimal delivery systems for efficient and safe
manipulation of MiRNA activity wllbe key in development of miBased therapies

for muscle loss.

1.14 Hypothesis

The levels of miRs are dysregulated in skeletal muscle during ageing and disease.

miRs regulate multiple signalling pathways simultaneously. We hypothesise that
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modulatingalteredmiR levels to physiological levels of miRs in skeletal muscle
during ageing and disease will improve muscle mass and strength threugh re
balancing the activity of the molecular networks regulating muscle homeostasis,
therefore maintaining muscle mass atrdrggth in ageing and disease.

1.14.1 Objectives

Theobjectivesof this study where:

I.  Characterise changes in miR: target interactions in sarcopenia using omics and
bioinformatic approaches.
[I.  Validate novel miR: target interactions disrupted during agewgdésease
vitro using immunoassays, as well as-BFCR to analyse relative gene
expression changes and western blotting to determine protein expression
changes.
[ll.  Providein vivo proof-of-principle for therapeutic potential of novel miR®%:-

5pinhibitor (antagomiR) for loss of muscle mass and function.
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Materials and methods

2 Materials and methods

2.1 List of materials, equipment, and reagearged in this project

Name Company Cat Number
100 bp DNA ladder NE Biolabs N3231
25X dNTP Mix (100 mM) ThermoFisher | 4368814
2-Propanol Merck 19516
3PRIMEG/02 48 x 0.2ml, 3 PrimeG | Techne 9394509
Gradient Thermal Cycler

4 Njdignidino-2-phenylindole Merck 268298
(DAPI)

Acrylamide/Bis-acrylamide, 30% Merck A3699
solution

Agarose Ultrapure Thermo Fisher | 16500
AmershamE Protran® Western Cytiva GE10600002
blotting membranes, nitrocellulose

Ammonium persulfate Merck A3678
Ammonium Persulfate Merck A3678
Barium chloride Merck 342920
Bovine Serum Albumin BSA Merck A2153
Cell Counting Kit-8 Merck 96992
Cell culture flask, T-175 Sarstedt 83.3912
Cell culture flask, T-25 Sarstedt 83.3910
Cell culture flask, T-75 Sarstedt 83.3911
Cell culture plate, 12 well Sarstedt 83.3921
Cell culture plate, 24 well Sarstedt 83.3922
Cell culture plate, 6 well Sarstedt 83.3920
Cell culture plate, 96 well Sarstedt 83.3924
Cell scraper, 2position blade, size: S, Sarstedt 83.3950
handle length: 24 cm, blade length:

1.35 cm, sterile

Chloroform isoamyl alcohol mixture | Supelco 25666
DMEM -high glucose Merck D5671
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Dimethyl Sulfoxide

Dulbecco's Modified Eagle's
Medium/Nutrient Mixture F -12 Ham
Dulbecco's Phosphate Buffered
Saline

Electric Pestle

Epredia 125 ML OCT embedding
cryo-embedding Matrix

Ethanol

EVOS M5000Imaging System
EVOS M7000Imaging System
F-12 media

Fast SYBRE Green Master Mix

Foetal Bovine Serum

Film, free of DNase/RNase, material:

PO, transparent, optimisedfor g°PCR
Fisher BioReagent& EZ-RunE
Pre-stained Rec Protein Ladder
Glycerol

Glycine

GSM Grip-Strength Meter for mice
and rats

Horse Serum

Hydromount

Laminin
Leica CM3050 S Cryostat

Met hanol 099. 9%
Mini Gel Tank and Blot Module Set
Minimum Essential Medium Eagle
miRcury LNA RT Kit

Merck
Merck

Merck

VWR
Epredia

Merck

Thermo Fisher
Thermo Fisher
Gibco

Applied
Biosystems
Merck
Sarstedt

Fisher
Bioreagents
Merck
Merck

Ugo Basile

Merck
National
Diagnostics
Merck

Leica
Biosystems
Merck

Thermo Fisher
Merck

Qiagen
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miRcury LNA SYBR Green PCR Kit
(4000)

miRvanaE miRNA Isolation Kit,
without phenol

miScript Il RT Kit

N, N, NNj, NNj
Tetramethylethylenediamine
Nanodrop 2000

Odyssey® Fdmaging System

omniPAGE Mini Vertical Protein
Electrophoresis System

OwlE EasyCastE B2 Mini Gel
Electrophoresis Systems

PCR plate half skirt, 96 well,
transparent, Low-Profile

PCR single tube, 0.5 ml, Biosphere®
plus

Penicillin-Streptomycin
Phosphatase Inhibitor

Ponceau S

PowerEas& 90W Power Supply
(115 VAC)

Protease Inhibitor

Protein Assay Dye Reagent
Concentrate

Random Hexamers (50 uM)
REDTag® ReadyMixE PCR
Reaction Mix

Retinoic Acid

RiboLock RNase Inhibitor (40 U/uL)
RiboLock RNase Inhibitor (40U/uL)
RIPA Lysis Buffer, 10X

Qiagen

Thermo Fisher

Qiagen
Merck

Thermo Fisher
LI-COR
Biosciences
Cleaver
Scientific

Thermo Fisher

Sarstedt

Sarstedt

Merck
Merck
Merck

Fisher Scientific

Merck
Bio Rad

Thermo Fisher
Merck

Thermo Fisher
Thermo Fisher
Thermo Fisher
Merck

a7

339347

AM1561

218160
T9281

N/A
OFG1025

VS10

B2

72.1981.232

72.735.100

P4333

P0044

P350410G

PS0090

P8340
5000006

N8080127
R2523

10552611
EO0384
EO0381
20-188
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RNAsefree water

SeesawRocker Large 230V

Sense Beta Plus Microplate Reader
Serological pipette, 10 ml

Skeletal muscle cell GM
supplemental pack

Skeletal Muscle Cell Growth
Medium

Sodium Dodecyl Sulfate
StepOnePlug€ RealTime PCR
System

SuperScriptE 1l Reverse
Transcriptase kit (includes 5X First-
Strand Buffer and 0.1 M

DTT)

SYBRE Safe DNA Gel Stain
Transfer Pipette

Triton X -100

Trizma® base

Trizma® hydrochloride

TRIzolE Reagent

TrypLE E Express Enzyme (1X) no
phenol red

Tween 20

2.2 C2C1l2and NSG34immortalised mouse myoblasts

Merck
Stuart
Hidex
Sarstedt
Merck

Merck

Merck
Applied
Biosystems

Thermo Fisher

Thermo Fisher
Sarstedt
Merck

Merck

Merck

Thermo Fisher

Thermo Fisher

Merck

3098
51900632
425311
86.1254
C-39360

C-23060

L3771
4376600

18064014

S33102
86.1171
T8787
T1503
T3253
15596018
12604013

P9416

C2C12 arean immortalised myoblast line established from an adult C3H nlegse

limb muscle(239,240) C2C12 cells were used to investigate the early stages of

myogenesis and the effects of miBn these cells.
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2.21 C2C12

Myogenicin vitro assays were performed using C2C12 mouse myobFkigis¢
2.21) gifted by Dr Howard Fearnhead (University of Galway) were used to assess

miR influence on muscle hypertrophy and atrophy.

2.2.2 NSG34

NSG-34 (motor neuron enriched, embryonic mouse spinal célslwith mouse
neuroblastoma) cell$-(gure2.21) gifted by Dr Brian McDonagh (University of
Galway), to assess miR effect on nerve and nelikercells. All cells were cultured

in T-75 flasks for a period of-3 days or until cells reacde&0-80% confluency.

Figure 2.21. C2C12 and NSG34 are capable of differentiation.C2C12 and NS€E
34 cells were used in experiments as modelsuscle cells, and nerve/neuron cells.
Top L-R undifferentiated C2C12 cells and differentiated C2C12 cells stained with
MF20 antibody. Bottom {R undifferentiated NS&4 cells and BlIlI Tubulin stained
differentiated NS€34 cells Scale 300 pm.
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2.3 Human primay myoblasts

Primary human iyoblastswereisolated from biopsies obtained fradult(n=6, 30
+2.8 years of agegnd old(n=6,69 +5 years of agégjJuman female donorall

donors had BMI values <25ull information on donors is presented3i2.1

2.4 Cell culture media
2.4.1 C2C12 proliferation and differentiation

C2C12cells were cultured in standardgromte di um compri sed of
Modified Eagles MediuniDMEM) High glucose 4.5g/L (Merck D6429)

supplemented with 10% foetal bovine serum (FBS) (Merck F7524) and 1%
penicillin/streptomycin (P/S) (Merck P4333; as described in Golj@Mbksallet al,
2012(137)). The cells wee passaged eve+3 days, maintained &0%-70%

confluence

C2C12 myoblast differentiatiomas done byulturing the cellsn DMEM High
glucosesupplemented with 2% horse serum (HS; Méd270 and 1% P/Sonce

reached0% confluency

2.4.2 NSG-34 growth andlifferentiation

NSGC-34 proliferationwas achieved by culturing NS& cellsin 10% DMEMHigh
glucose 1% P/S as described f62C12growth (2.4.1). Differentiation assays were
performed with DMEM and Nutrient-E2 Ham mix in a 1:1 ratio, with additional
media components being added: 1% serum (HS or FBS), 1% minimum essential
medium, 1%P/S, and 1 uM altrans retinoic acid. Differentiation was performed
when the cells were allowed to reach 6@98%6 confluence. Upon reaching
confluency, the media was changed to the appropriate volume of DM, and the cells
were allowed to culture for 7 day differentiate.

2.4.3 Humanprimarymyoblast culture medium

Human myoblasts were cultured in a skeletal muscle growth medium (Merck C
23060) supplemented with the skeletal muscle cell GM supplemental pack (Merck C
39360). This medium contains supplementsauitire additives for skeletal muscle

cells to support growth and culture conditions
1 FoetalCalf Serum 0.05 ml / ml
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Fetuin (Bovine) 50 pg / ml

Epidermal Growth Factor (recombinant human) 10 ng / mi
Basic Fibroblast Growth Fact@recombinant humart) ng / ml
Insulin (recombinant human) 10 pg / ml

Dexamethasone 0.4ug / ml

= =4 48 -4 -4

The media for human cells above was created by mixing the ingredients in a sterile

tissue culture biosafety Il cabinet and storing at 4°C.

2.5 Cell culture

For cellculture,all work was performed in elass llbiological safety cabinet and all
items (e.g., flasks, pipettors etc) were cleaned with 70% ethanol (ETOH) prior to
being brought inteabinetworkspaceCells were seeded atdensity of

approximately 4000 cells énnto T-75 culture flasks. For all experiments using
C2C12 cells, standardell plates (0.3 x 10well!) and 12well plates (0.1 x 10

cells well') were usd: 6-well plate = 9.6 crhwell* 12-well plate = 3.5 criwvell ™.

Cells were cultured in GM and incubated in a 5% 02, 5% CO2 atmosphere at 37°C.
Replacement medium passgingof cells was performed every3days, with
dissociation of cells for reeeding or freezing performed when cell growth had

reached approximately 7080% confluence.

Forpassgingof cells,dissociation was achieved using TrypLE Express (Life
Technologies 1260813), a recombinant microbial produced trypsin replacement
enzyme, according to the following protochbist the reagentarere warmedo
37°C:Cel I cul ture medium, Dul beccob6s phosphat
TrypLE Express Enzyme (1XYhemediawas removedrom flask using sterile
strippette and discaetl Next, cellswere washedavith PBS 3 mlfor T-75 flask Next,
the PBS wasspirate, and dispos® and1 ml of TrypLE Express (75) was added
and rotatd throughout thélask. The TrypLE was swirledaround the bottom of the
dish to wash the cells, then remdwemediately.The flask was ioubatel in sterile
culture incubator37°C with 5% CO) for approximatelys minutes.Next, theflask
was sharply tappeoh bottom to dissociate cell®nce the cellsverelifted and
mobile,10 ml of growth medium (FBS containingas addedo the flask, and cells
were then seeded in new7b flask, or wellplates for assay€ell seeding
concentration dependent on assay to be perfofirene2.5.1).
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Table 2.5.1. Experiment layout for miR transfections

Experiment

Nr cells

Transfection

Sample
collection/staining

Differentiation

10,000/well (6-well
plate) or 75000/well
12-well plate

Day 1 (Day 0 -
plating); Treatment
+DM

Day 5 MF20 staining

Proliferation Ki67

Proliferation MTT

50,000/well 12-well
plate

| 10,000/well 96-well

plate

Day 1 (Day 0 —
plating); Treatment
+DM

Day 1 (Day 0 -
plating); Treatment
+DM

Day 2 ki67 staining

Day 2/3 MTT assay,
spectrophotometer

Viability 50,000/well 12-well | Day 1 (Day0-— Day 3/5 Ethidium
plate plating); Treatment | bromide/acridine
+ DM; also can use Orange staining,
5nM TNF, IL6, IL1 or | photographs on
H202 — 50uM to fluorescent
induce cell death microscope
Myotube 100,000/well (6-well | Day 5 (Day 0 — Day 8
atrophy/hypertrophy | plate) or 75000/well | plating, Day 1 —DM)
12-well plate
RNA As above for Day 1 (undiff), Day 5 | 48-72h after Day 1
undifferentiated or | (diff)
differentiated cells
Protein As above for Day 1 (undiff), Day 5 | 48-72h after Day 1

undifferentiated or
differentiated cells

(diff)

2.5.1 Cell expansion

Culture media was replaced everg 2lays. C2C12 cells were split and passaged at
70-80% confluency to prevent unplanned differentiation of cells into terminally
differentiated myotubes. NS84 cells were cultured as C2C12 cells, with medium

changecevery 23 days and splitting and pasgngperformed at 80% confluence.

2.5.2 Laminin coating for human myoblast cultures

Coating ofplastic cell culturesurfaces with laminin was performadculture vessels
for the purposef culturing human myoblast€ells were cultured in eitherd5, or
T-75 flaks. Additionally, laminin coated culture platesed subsequently in
immunostaining for the purpose loigh-resolutionvisualisation of specific
processdgproteirs. Cells were seeded in either-&2ll or 6-well platesPrior to cell
seedingglass cover slips of the appropriate size for the Welble2.52) were

placed in the plate, and albver slipswvere coated with a final concentration of 10
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eg/ ml of |l aminin (Merck Aldrich L2020) 1in
minutes befag plating the cellsThe laminin was then removed completely prior to

seeding the cells.

Table 2.5.2 Culture dish sizes and volume of laminin

Culture vessel Area (per well) | Volume of 10 pg/ml
laminin

35 mm dish 10 cnt 1ml

60 mm dish 20 cn? 2 mi

100 mm dish 60 cn?t 4 ml

24-well plate 2 cn? 200 pliwell

12-well plate 4 cny 500 pl/well

6-well plate 10 cnt 1 ml/well

T-25 25 cnt 3 ml/well

T-75 75 cnt 5 mliwell

2.5.3 Cell differentiation

Cells used in all experiments were capable of differentiation into mature myotubes
(terminally differentiated multinucleatednuscle cellsC2C12 celly or neurorike

cells (NSG34 cells). For differentiation assays, cells differentiation was initiated
upon 7080% confluency. Culture medium was changed to differentiation medium
(DM) optimal for each of the different cell types ug@d?). The cells were

differentiated within 57 days depending on the qugldf the cells and differentiation
speed of the cells. Flasks/wells containing cells for differentiation were first cultured
in growth conditions until the required confluency and the media was then removed

and cultures were supplied with the required woduof DM and cultured as described

previously @.5).
2.5.4 Cryopreservatioand thawing of cells

To cryopreserve cellfor later use and to generate a stock line of cells for

experimentscells were detached from the culture media u3iypLE, the collected

cell pellet washext esuspended in a 90% FBS/10% DMSO freezing solution at a

ratoof 0.5 ml of freezing medi umellpwere 1x10 c

aliquoted intacryotubesat a density of 1x10 cells per
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defrosted Cryg’C freezing container (Nalgene 520001). This container was
quickly transferred to eB0°C freezer to achieve-a°C/minute rate of cooling. After

24 hours, the cryotubes were then transferred to liquid nitrogen fotdomgstorage.

Thawing and fating of previously cryopreserved cells was perforiagdirst adding
appropriate volume of growth medium to a flask. The cells were next quickly
removed from cryostorage and brought to the biosafety cabinet to thaw before being
added to the culture flasKhe flask was then gently rotated to evenly disburse cells
andimmediately incubatkin sterile culturencubator 87°C with 5% CO)

for approximately 4 hours to allow cells to adhere to flddter cells have adhered,
themedia containing DMS@as removed antl0 ml of fresh growth medium (FBS

containing)was addedo the flask, anflask was therultured as normal.

2.6 Treatment of cells with R mimics or antagomiRs

To examinethe function of MR in muscle or nerven vitro, cells were transfected at
undfferentiatedor differentiatedstates with miR mimics or antagomiR$niR mimics
arechemicallysynthesisedRNA molecules that function to imitate endogenous miRs
Chemical modifications and sequence changes can be included to increase the
stability of the mimic AntagomiRs(AM) aresimilarly chemicallymodified
oligonucleotides that serve to bloekdogenous miRs by specific compleraey
binding.For these experimenta] miR mimics used fobothin vitro andin vivowere
modified with cholesteretonjugated chemistries by thenanufacturer with

cholesterol passive strands gftsphothioateno di f i ed nucO-eoti des, a
methylation modified nucleotides to increase stability. The sequences were custom
designedA saamblednon-specificcontrol AM seqience (Scrjvas useds control

for transfections.

2.6.1 Sequences of miR and antagomiR mimics

Description miR sequences

Scrambled (Scr) control 50
CUCGUUCCUGGUCGUCACCAGLEB 06

miR-199a5p 50

MIiRIDIAN mimic based on mmu CCCAGUGUUCAGACUACCUGUUCG
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miR-199a5p MIMAT0000229 36

antagomiR199a5p 50
GAACAGGUAGUCUGAACACUGGG
36

All miR/AM mimicswere diluted with RNasé r e e wat er accordi

guideto producea stock solution of 100 uM. To produce working concentrations,
aliquots ofmiR, antagomiRand Scrcontrolmimics were diluted to 200 nM milof
medium, and 100 nM milof medium for miRmimics Concentrations ahiR and
antagomiR mimic$or bothin vitro andin vivo experimentsveredecided based on
previous latoptimisationby the Whysall lal§241), and miR hcubation times were
alsodecided based upon previous lab deden the Whysall lal§241) Forin vitro
experimentsphenotype measurements were performed as describedhli®2.5.1.
For in vivoexperimentsnvolving sarcopenia, IV miR delivenyas delivered ir2
injectionsover3 weeks (dagl, 10) and formuscle regeneration experiments, 1V
miR delivery wagdelivered in 3 injections over 4 weeks (ddy8, 15 to account for
the increased turnover observed in muscle regeneration andwof@allconsistent

dosing of miR mimics.

2.7 Immunostainingdf cellsin vitro following miR transfection

Immunostaining was used & ameans of detecting specific targets of interest in
samples. These targets have relevance toutarsmd neuromusculageing and

disease.

2.7.1 Antibodiesand staingised for all immunostaining

Antibody Manufacturer Cat Number

2H3 (neurofilament marker) Developmental Studies |AB2314897
Hybridoma Bank

Alexa Fluor 488nM (highly Thermo Fisher A21042
sensitive greerfluorescent dye)
Alexa Fluor 647nM conjugate  [Thermo Fisher B35450

(highly sensitive redfluorescent

dye)
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Anti -beta 11l Tubulin antibody  |Abcam ab7751
Anti -CHOP Cell Signalling L63F7
Goat anti-Mouse IgM (Heavy  [Thermo Fisher A21042

chain) CrossAdsorbed
Secondary Antibody, Alexa
FluorE 488

IRDye® 680LT Goat anti-Mouse [Li-COR 92668020
IgG Secondary Antibody

IRDye® 800CW Goat anti Li-COR 02632211
Rabbit IgG Secondary Antibody

MitoTracker E Green FM Merck M7514
Myosin Heavy Chain MF20 Developmental Studies [MF20-C
antibody Hybridoma Bank,

Anti -SV2 (synaptic vesicle Developmental Studies |AB2315387
marker) Hybridoma Bank

Anti -VDAC (voltage-dependent (Cell Signalling D73D12
anion channe)

\Wheat Germ Agglutinin (WGA), [Vector Labs FL-1021
Fluorescein

Hoechst 33342 Dye Merck

4 Njdianidino-2-phenylindole  [Merck 268298
(DAPI)

2.7.2 Immunostaininggeneralprotocol

The basic procedure for immunostaining cells was perfoamseaimethod of detecting
specific protein targets of interest in samples. Immunostaining was performed on cells
and tissues. Antibodies used in the immunaostgi protocols in these experiments

were tagged with fluorophorés visualise where the antibody bin@sl2) The basic
procedure for immunostaining was performed by fieshoung all media from the

wells. The cellswere next washedith PBS for 5 minutesThe samples weneext

fixed byincubding cells with icecold methanol for 5 mintes Thecellswere next

washed 3imes for 5 minutes in PB%ollowing this, the samples webkckedusing

an appropriatélocking solutiorto limit nonspecificantibody bindinggenerally 1%
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BSA, 10%HS, 0.3M glycine in PBST (PBS+ 0.1% Tween B)ckedfor 30

minutes to 1 hourAfter blocking,primary antibog: (1:500in diluted 2% blockwas
added and incubat&ti24 hours (4°C)Cells were next ashed 3 times for 5 minutes.
The secondary antibodgl:2000in diluted blocR was next added and incubated,
covered,atroom temperaturéor 45 minutes to 1 hour. Cells were next agaashed
3times for 5 minutebefore incubation witDAPI: 1:10,000n PBS). Cells were

finally washedfor 5 minuteslf coverslipswere usegdthey were nexinountedon

glass slides with hydromount and allow to dry overnight at room temperature before

storageat 4°Candlmaging

2.7.3 MF20 immunostaining

TheMF20 antibodycan be used to detect myosirheavy chains, which are a marker
of myogenicdifferentiationin skeletal muscl€243) MF20 immunostainingvas
performed on C2C1eells to visualise the differentiation capabilities of the cells
when transfected with miR mimicBIF20 positive stained cells were assessed by
myotube diameter, overall area, dndion capabilities to determine the effect of miR

treatment on size and mogenic potential

To perform MF20 stainingll media was removed from wells, and briefly wadhy

gently pipetting a small volume of cold PBS against the wall of the well to rinse all

excess medial'’he PBS was removed and fixed in ice cold, 100% methanol for 5

minutes. The methanol was theamovedand the samples blocked in 10% horse

serum in PBSor 1 hour on a rockeat room temperature. The block was then taken

off and the samples were incubated for 2 hours with primary antildé@

( 1: 5 0 Ohorsenser@nRi®4B¥ The primaryantibodywasrecoveredand the

cells were washed 3 times for 5 minutes in PBS before the secqadtnyouse

488, (1:2000 in (2%)) was added and all owe
temperature for 45 minutes. The secondarybodywasremovedand thewells were

washed 3 timas for 5 minutes in PBS once more before a final incubation for 10

minutes covered at room temperature with DAPI (1:10,000 in PBf)wells were

washed once more for 5 minutes in PBS, cov.
each well sufficiently and sted in 4°C untilmaging All Imagingwas performed

within three weeks to ensure the best images possible.
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2.7.4 MitoTracker Greerstaining toassessnitochondria

TheMitoTracker Green staiis one of several mitochondria sgecdyes tolabel
mitochondrialproteins. MitoTracker Green &fluorescent dyased tdbind free thiol
groups of cysteine residues belonging to mitochondrial proteilgeggm on f i x e d
cdls(244) The main output for analysis is fluorescence is mean or median
fluorescence intensityvhich allows for image analysis to be performed and

comparisons made between control and-tnéated groups.

The MitoTracker Green protocol was performed by firstmaklrgn k s 6 Bal anced
Salt Solution (HBSSL1 litre):

Component Amount Concentration
SodiumChloride(mw: 58.44g/mol) 8¢ 0.14M
Potassium Chloridémw: 74.55g/mol) 0.4¢g 0.005M
Calcium Chloridgmw: 110.98g/mol) 0.149 0.001M
Magnesium Sulphate 0.1g 0.0004M
Heptahydratémw: 246.47g/mol)

Magnesium Chloride 0.1g 0.0005M
Hexahydratémw: 203.30g/mol)

Sodium Phosphate Dibasic 0.069g 0.0003M
Dihydrate(mw: 177.99g/mol)

Potassium Phosphate 0.069g 0.0004M
Monobasigmw: 136.09g/mol)

D-Glucose (Dextrosgmw: 180.16g/mol) 19 0.006M
SodiumBicarbonatgmw: 84.01g/mol) 0.35g 0.004M

Working in biosafetyll cabinet at all times untimaging the media was first
removed from celland wastedin sterileHBSSfor 3 minutesNextHoechst dye
(1:10,000 in HBSSyvas addedncubatel in tissue culture incubator for 5 minutes.
The Hoechsstainwasthenremovel andcellswerewasledin HBSS quicklyNext
theMitoTracker Green (1:10,000 in HBS8ye was added and the plateubatel in
tissue culture incubator for 30 minut&nally, thedye was removedndwells
washedin HBSSfor 1 minute FreshHBSSwas adde@ndlive cdls were imaged

usingthe EVOS microscope.
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2.7.5 Tubulin staining of NSE€34 differentiated cells

Tubulin stainng was performed odifferentiated NS€34 cells toassess the effect of
miR treatment on neuron growth as b1l I |  Tu b ubiomarkemi@@y be wused
neural cell differentiatiof245), andanti-b 11l Tubulin antibody staining can be used

as a neuronal marker in cells.

ForNSG34 cell s, the protocol f olbyfibtl I I Tubul i
removing all media from wells and then rinsing gently in PB&nples were next

fixedin methanol for 5 minute®efore being washed in PB§ainfor 3 minutes

After this, samples wergockedin 10% HS in PBS for 380 minutes omocker at

lowest speed\ext, the block was removed apdmary antibody b1 I I  Tubul i n
(2:750 in 2% block) was added and allowed to incubate for 2 hboesprimary

antibody was recovered, and the cells washa@&s for 5 minutes in PBS. Next, the
secondary antibody, arlat (1:2000 in 2%lock) was added and incubated for 60

minutes covered at room temperaturke secondary was then removed, and the

samples wergvash 3times for5 minutes in PBS, coverdmkfore being stained with

DAPI (1:10,000 in PBS) 5 minutes, coveré&ihally, samples were wash2dimes

for 5 minutes in PBS, coverdmbfore being imaged with the EVOS microscope

Imagingsystem.
2.8 Immunostaining of muscle tissues

Muscle tissues which wemyopresered and cryosectioned were stained to
determinesffect of miR or antagomiR diissues at the muscle level. Morphological
changes to fibre size, as well as changegead|to muscle regeneration and damage
can be visualised and assessed to deterimypertrophy or atrophy of the muscle.
Staining was also performed to assess NMJ characteristics and the effect of miR

treatment on NMJ morphology.

2.8.1 Wheat Germ Agglutinin (WGA) fibre staining

The size of mascle fibres of micavasassessedsing WGALto investigate the effects
of miR treatment on muscle fibre si2§GA sections were cut crosgctionally to
provide a view at thelbres from this orientation. WGA staining allows for
visualisation of membranes and reiavithin the muscleThe pra@edure for WGA
staining was performed by first taking samples2@, after which they must not be

allowed to go back into lower temperatur8amples were allowed to airy for 510
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minutes, and each section was marked wittydrophobic pen to create a barrier
around the sectio® quick wash in PBS was performed before fixing the samples in
ice-cold methanol for 5 minutes. Slides were then blocked in PBS containing 10%
FBSfor 10 minutes. Next, slides were incubated with WGA (1:2000 in PBS), and
DAPI (1:10,000 in PBShor 30 minutes covered. Finally, 3 washes for 5 minutes each
were performed with PBS before mounting cover slip with hydromount. From here all

samples kept a@red and at 4°C.

2.8.2 Neuromuscular junction (NM3tainingof longitudinal muscle sections

Longitudinal sections were taken and then stained for specific neuromuscular
components of interegd examine the effect ohiR treatment on the neuromuscular
junction and related structures. As the NMJ runsgthe muscle longitudinally,
cross sections are insufficient flonagingof the NMJ, and longitudinal sections must
be made to visualise the nerve and the NiMhe correct anatomical position

Sections were made with a cryostat (Leica) as describzd 56

The procedure for NMJ staining of longitudinal sections was performed by first
allowing sectiongo airdry for 5 mins, and then marking the contours of sections with
a hydropholz barrier pen. Slides were themshedwith PBS3 times for 5 minutes at
room temperatuteand nexpermeabilisd and blocledwith PBS containing 1%
Triton-X, 4% BSA, 1% goat/donkey serum (depending on secgnuzeded for 2

hours at room temperatufeollowing blocking,slides werencubatel with primary
antibodies (made up t0%block solution) overnight at 4°C (paxonal

neurofilament marker 2HB 1:50; SV2 synaptic markér1:50).Slides were kept
covered.The next daythe slides were wash&times forl0 minutes with PB&nd
thenincubatd with secondary antibodig§488nm)-1:1000 in same block as primary)
and incubated covered f@rhours at room temperatu@amples were agamashed3
times for10 minutesn PBS Next,the samples were incubated wilbungarotoxin
conjugate 647 (1:500 in same blak primay/secondaryfor 1 hour at room
temperatureFinally, slides were washed 3 times for 10 minutes with PBS and glass

cover slips were moued with hydromount.

2.9 RNA isolation

RNA was isolated frongells and tissues (skeletal musdeiatic nerve)RNA

isolations were performed witlitieer a TRIzol/chloroform method arells or
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utilising a manufacturer k{fmiRvana)for the isolation of total RNArom mouse
tissue. The miRvana kit was used to isolate RNA from sketaiacle and to yield

the most amount of RNA possible.

2.9.1 RNA isolation from cells using TRIzakloroform method:

All work with TRIZol and chloroformwas performed in a biosafefiyme cabinet and

all equipment was cleaned with ETOH 70% prior to use to avoid potential RNAses

and contaminant®lates containing cells from culture roomerebroughtto fume

hood along with TRIzol and chlorofornihe medium wasesmovel andTRIzol was

addeddirectly to the cells in the platesml T75 flask0.5 ml/well T25 flaskor 6-well

plate0.3 ml/well12-well plate Using a ell scraperall the cells from the plateere

scraped into the TRIzol anchhsferedto a new labelled 1.5 ml Eppendaorie well

for each sample tub€hloroformwasadded o each of t he-wellubes (20
pl at e, and -welp@te)ant thdulbewas ahakergorously by hand for

15 secondbefore beingncubate for 5 minutes at room temperatuiighe samples

were then centrifuged at maximum spé€es,000RCFYor 1530 minutes in a 4°C

centrifuge. Theaqueous phase wWiRNA was tansferedinto a neweEppendorfThe

RNA was precipitatet y addi ng 100% i sopropanol to the
6-we | | pl ate or f hwelsplate)andidcudatbgatraomm f or a 12
temperature for 230 minutedefore another 15 minutes iAG centrifuge at max

speedThe supernatant wasmoveal anddiscaded. The RNA was then washiey

addi ng 100 ¢ landeertrifugead 615 ©00dn aa 47 © for 2 minuteBhe

supernatantvas next removeds above, and centrifugdudiefly i 15,0009 4°C for 30

secondsThe tubes were thatlowedto air dry for 510 minutes at room temperature.

The RNA was t hen s usfpeewatbessdmpis werelfitallye | of RNa:

assessed with the NanoDrop2000 spectrophotometer.

2.9.2 RNA isolation protocol using miRvana kit

RNA isolation protocol with miRvana kit utilising kit componemtas performed to
provideincreased purity and yield of total RNA from tissue samples such as skeletal
muscle and nervérior to beginning, akurfacesand pipettors were cleaned with
ETOH 70% o RNAse AWAY to disinfect surfaces from potential RNAses and other

contaminants.
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The protocol for miRvana RNA isolation is the same for both cells and tissues. First,
Acid-Phenol:Chloroformwas added in golume that is equal to the lysate volume
before the addition of the miRNA homogenate additive. Volunsesl werel00¢l|
volumefor 12 or 6well plate, 30&I volumefor muscle tissueThe sample was next
vortexedfor 30-60 secondand centrifuged at room temperatfwe5 minutes at
10,000g Next, theaqueous top phaseastransferredo a steile Eppendorioting
volume recoveredandadd chloroform to aqueous phase, E0@er 500¢ | of
agueous phas&he sample was thencubaté 5-10 minuten iceand then
centrifugal at max speed for 15 minutes at 4T®etop phasevas saved and
removedor next step# heating block was used pre-heatEppendorf of RNasé&ee
water to 95°CThe isolation was then followed lglding ethanol in the amount of
1.25x the volume of the aqueous ph&s®.each sampl&, filter cartridgewas placed
in akit collection tube for eactube.Thelysate/ethanamix was pipettedip and
down and adedinto the filter cartridgecentrifuged for 15 secondat 10,000 RE.
The flowthrough was discardednd repead until all the mixturepassedhrough the
filter. The ollection tubewasreusedor washing steps\iext, 600¢l of Wash
Solution 1was addedo filter cartridge and centrifugdor 10 secondsandan
additional500¢! of Wash Solution 2/8vas repeated with anoth&s second
centrifuge After discarding the last flosthrough from the last wasthe column was
spun oncemore to ensure all materiaiastaken through the columihefilter
cartridgewas added ta new collection tube artDO¢l| of pre-heated95°) waterwas
added The tube was thecentrifuged quicklythrough to collect the elution in the
collection tube and stodeat-20°C. The RNA concentrationsvere then bheckedon
theNandDrop2000spectrophotometer.

2.9.3 NanoDrop2000 assessment of RNA quality

All RNA samplesused in experimentisere tested using a NanoDrop2000
spectrophotometdor quality. Purification was confirmed using absorbance ratios.
Both 260/280 and 260/230 demonstrate the purity of the RNA in the sample. The
absorbance ratio 260/280 was used as a means of detecting protein contamination:
when O 2.0, i t i n dyithe abscebancepratio 260/230R Wh&n s |

62

mi

a |



Materials and methods

smaller than 2.0, indicates contamination potentially caused by organic compounds

absorbing at 230n1{246).

2.10 cDNA synthesis from isolated RNA

RNA was then used to create cDNA for gPCR applications; cDNA synthesisAINRN

was performed using 500 ng RNA and SuperScript Il (Thermo Fisher Scientific), and

cDNA synthesis(microRNA) was performed using 100 ng RiAmMIRCURY LNA
RT kit. Both applications were subsequently used for qPCR.

2.10.1 cDNA synthesisor mMRNA cDNA:

All work was done on ice, and all materials and reagents were kept on ice throughout

the experimenin PCRgrade tubesDNA reaction tubgsach samplevas generated

with500 ng of RNA i n inhi&leasdree BHAQ To thig,1a € Iv ool fu me

random hexamemsas addedThe master mixwas prepared, with 10% overage for
pipetting. For each reactiothe following was prepared

Reagent Volume (per reaction)
RT Buffer 4 ¢ |
DTT 2 ¢l
dNTP 1 ¢l
Superscript Il 1 ¢l
Ribolock 1 ¢l

Samples were next run thermocyclemat 65° for 10 minutes, then pausand
immediately place on icefor the addition of the master mix at a volume af per
reaction The programmewasresumedandrun at 42° for 60 minute&lpon
completion, the samples wetiduted1 0 X ( 180 ¢ | dbBt2@until wse d

2.10.2 cDNA synthesis fomiRCURY miR cDNA

RNA yields were used for cDNA synthesiEmiRs. Due to miRsmallsize, special

considerations need to be taken befaréher techniques such as qPCR are
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performed.To ensure good quality cDNA synthesis of miRs,fiBCURY LNA RT

Kit was used to provide a singitep solution tgenerating miR cDNA.

TheUniSp6 RNA spiken was resuspendeh initialuseby addi ng 80 ¢l
free water to the tuhevhich was then mixely vortexing andgundown.The

aliquot was incubate20i 30 min on ice to completely dissolve the RNA spikeThe
template RNA and 5miRCURY RT Reaction Buffewere next thawedn ice.

RNasefree watemwas thawedt room temperature (1L85°C)Ilmmediately before use

(not earlier as the enzyme s temperature sensithe)lOXxmiRCURY RT Enzyme

was removed from the freez&ach sample template wadjastedto provide RNA at

a concentration @ n @nd a PCR tube was used for each reacliba reverse

transcription master miwas then prepareah iceas follows:

Reagent Volume (per reaction)

5x miIRCURY RT buffer 2¢l

RNAse free water 45¢l

MIRCURY RT Enzyme mix 1¢gl

synthetic RNA spike in 0.5¢l

10ng RNA 2¢l

After the master mix wathoroughlymixed,1 0 €| o f wasaddédeeaachmi X

reaction tubeUsing a thermocycleiBPrime) the samples were run as follové§:
minutes at 42 followed by5 minutes at 95(to inactivate reverse transcriptase).
Immediately cool to dandadd 590¢| of H20 prior to useSamples werstored at
20°.

2.11 Realtime quantitative PCRRT-qPCR)

Realtime quantitative polymerase chain reaction (QP@&9 used to detect and

guantifygene expression of miR targets with relevance to skeletal muscle and nerves.

Changes in gene expression, (increase or decrease) in response to different

treatments can measurieg measuring cellulacthanges at thenRNA level
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Table 2.111. List of primer sequences used for g°PCR

Gene Sequence
18s F 5 0CGG CTA CCA CAT CCA AGG AAGQ
30
18s R 5 0CCC GCT CCC AAGATCCAACTA 3 0
Acvr2a F 5 DAAG ATG GCC TACCCTCCTGI3 06
Acvr2a R 5 0GGT GGT CCT GGG TCTTGA GT-3 6
Acvr2b F 5 0CCC ACTTCAGGACAAGCAGT3 0
Acvrzb R 5 0GGC AGC AAT GAACTGCAACA3 ©
AtgS F 5 OTCA GCT CTT CCT TGG AAC ATC AQ
30
Atg5 R 5 0TCT GCAGTC CCATCCAGAGG 3 06
B2M F 5 ® GGA GAATGG GAAGCC GAACAI 3 0
B2M R 590 TCT CGATCC CAGTAGACGGT 36
Cav2 F 5 DGAT CCC CAC CGG CTC AAC3 0
Cav2 R 5 DCAC CGG CTC TGC GAT CA3 o
Chop F 5 0CTGCCTTTCACCTTGGAGAC-3 06
Chop R 5 0CGTTTCCTGGGGATG AGATA-3 0
Cox IV F 5 dTTC TTC CGG TCG CGA GCAE3 o
CoxIVR 5 0GCT CTG GAA GCC AACATT CT GE3 @
Cox1lF 5 ® CACTAATAATCG GAG CCCCAI 30
Cox1 R 50TTCATCCTGTTCCTGCTCCT 36
Gap43 F 5 0 AGG CTCATAAGGCTGCGACA 30
Gap43 R 50CTGGGG CTGCATCGGTAGTA3 06
Grp78 F 5 0CGAGTC TGC TTCGTGTCTCC3 6
Grp78 R 5 0CAC ACC GAC GCAGGAATAGG 3 0
Hdac9 F 5 DAGC AAT AAG GAA AAG GCT GG GAIT
30
Hdac9 R 5 DATC AGAAGG GCTGACGGTT3 6
LC3B F 5 8 CAT GCC GTC CGAGAAGACCT 30
LC3B R 5 9 CGC TCT ATAATC ACT GGG ATCTT
GGi 30
Nd1l F 5 9 CCTATCACCCTT GCCATCAT 36
Nd1l R 5 0 GAG GCTGTT GCT TGT GTGAC 3 0
Nrfl F 50GCACCTTTG GAG AATGTGGT 3 6
Nrfl R 50CTGACGCTGGGTCATTITGT 30
Nrf2 F 5 0 TGG GCC CTG ATG AGG GGC AGT G
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30
Nrf2 R 5 ® TCC GCC AGC TAC TCC AGG TTG G
306
p62F 5 ® GAG GCA CCC CGA AAC ATGG 3 6
pP62R 5 dACT TAT AGC GAG TTC CCA CCA3 &
PgctU F 5 dTTC CAC CAA GAG CAA GTATi 3 6
PgctU 5 §CGC TGT CCC ATG AGG TATT 3 &
S29 F 5 ® ATG GGT CAC CAG CAG CTC TA 3 6
S29R 5 ® GTATTT GCG GAT CAG ACC GT 3 &
Sirt-1 F 5 dGAT GAC AGA ACG TCACAC GG3 6
Sir-1 R 5 DACA AAA GTA TAT GGA CCT ATC
CGG 36
Smarcdl F 5 §TGC AGG GAC CTC AAG ACGA3 6
Smarcdl R 5 §CCC AGG GCT TGC TCT AAC TE3 6
Tom20 F 5 ® AGT CGA GCG AAG ATG GTGG 3 &
Tom20 R 5 GCC TTT TGC GGT CGAAGTAG 3 6
Xbpl F 5 dGAA CCA GGA GTT AAG AAC ACG 3 6
Xbpl R 5 DAGG CAA CAG TGT CAG AGT CG3 &
MiRCURY primers
Snord68 YP00203911
UniSp6 YP00203954
miR-199a5p YP00204494
miR-199a3p YP00204536
miR-199b5p YP00204152

2.11.1 Standard RIGPCR procedure

All reagents and procedunesre kepon iceat all times.The primers weréiluted in
H20 from stock primers 1:10 to achieve working concentraiédnmaster mix was

created to include 10% volume overage

Reagent Volume

10uM Primer F 0.30.5¢l
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10uM Primer R 0.30.5¢l
2X FAST SYBR Green 5ul

ThePCR plate (on icelas loadedvith the required volume ahaster mix5.6-6 ul)
for each well in which a reactiomasto take placeSamplesvereloaded in triplicate
or duplicateNext5 ¢l of diluted cDNAwas addedio eachreactionwell. Each new
group of cDNA should have housekeeping geneanprior to running first target
gene of interest to ensure cDNA quality (S29, B2M, S18, Up Ebte platewas
coveredwith PCR optical filnand therspun for 830 seconds in PCR plate spinner.

The run method for standard gPCR was as follows:

Set run in StepOne Plus PCR macHd210 mins40 cycle annealin§5° 10 se¢h8-
64° (default 60) 15 sec72° 20 secMelt curve55° to 95’ in 0.5 increments and

thenplate read

Melt curve data was recorded and assesedsure primer specificity for each plate

Analysisof RT-gPCR was performed utilisingpmpasative G methodand relative

guantification Housekeeping genels,2 MindS29were usd andassessed

graphically toensure a stableaseline reference gemeith £2 cycles being used as

the cutoff rangefor housekeeping Ct valudsor analysist he di fference in t
values between the experimental and control sangges ¢ wascalculated. The

fold-change in expression of the gene of interest between the two savapksgual

to 2®®C This method was used for all RJPCR experiments.

2.11.2 gPCRprotocolfor miRsusingmiRCURY kit

Forsome applicationsniRCURY gPCR was used to detect miR levels in samples.
This kit utilises specific sequences that are designed for the miR target of interest,

which was usetb get increased specificity.

As with other gPCR applicationall reagents and sample®re kept a ice.Primers
were initially diluted on first usby spinning down and suspending in 200f

nucleasdree waterA mast er mi x was prepared using ma

Reagent Volume
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2X miRCURY SYBR Green 5¢l

PCR Primer Assay lel
ROX Dye 0.5¢l
RNasefree H20 0.5¢l

Themast er mi x ( 7otedivolumesare foréSeepOne RCR machines only
as per manufacturer spee&s added to atkaction wellsand3 ¢l of diluted cDNA

was addedo wells, loading samples in duplicate or triplicatbe plate was covered
inoptical PCR adhesive film andwspin plate spinner for 30 secondsdter this, the

plate was rumsing a special run methad follows:

Step Time Temperature

Initial activation 2 min 95°

2-step cycling

Denaturation 10 sec o5°

Annealing & Extension 60 sec 56°

Number of cycles 40X

Melt curve 60°-95° (0.5° increments)

Analysiswas performed usingtandardyene gPCRinalysis techniques prewisly

mentioned.

2.11.3 Visualisation ofPCRproductsusing gel electrophoresis

Agarose gel preparation for electrophoresés perbrmed bymixing 3g Agarose
powderandl50 ml TrisBorateEDTA (TBE).The solutionwasmicrowavel for 1.5-2
minutesto dissolve the agarose powder in the bufiefore beingtirredand alloved

to cool slightly.Next, SYBR s af e ( 1: a8 ad@e@andthe $olliton veas ) )
stirredrapidly to distributeThe mixture was then pour@uto the agarose cuvette and
the required comiwas inserted andlowedto set for 1 hourThe combswere next
removed ard the tank was filledvith running 1X TBE bufferThe wells were then
loaded byaddingl . 5 ¢-1L00 bpfladderdnto first weland thersample web

with samplePCR producin 1 1 vealdme. The gel wasllowed torunat 120V forl

hour 20 minutebefore being imaged on thkeCOR Odyssey Fc 600n(Blue)

channel.
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2.12 Muscle tissue processitig vivo.

2.12.1 Processing of frozen muscle

From previously dissected, frozen muscle tig9U& or GAS), whole muscle samples
can be broken down and used for protein and RNA analysisdstigate the effects

of miRs at protein and gene levels respectively.

The basic protocol for processing frozen muscle tissue was performed by first
assembling the required toofterilescalpel, spatula, forceps, ceramic mortar,
ceramic pestle, and samples on dryiicbam cooler boxUsing forcepsthe muscle
was held in place amgiscalpelwas usedo shave the tissue down as much as
possible working inside nortar, within cooler of dry iceNext, a pre-chilled pestle
was usedo pound slices of muscle tissue into a fine powdgismall as possible.
Musclepowderwas dividedn half; half wasscrapé with spatulanto a sterile
Eppendorf to later use for protein applicatighgure2.121).

Figure 2.121. Processing of frozen muscle tissue using handheld methd&tozen
muscle samples were pulverised using a chilled mortar and pestle, and the powdered
muscle was therpéit in half for protein and RNA applications.

The emaining half of muscleas scrapethto sterile Eppendoidnd processed as

follows:
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1 For TRIzol method, adsi1 ml of TRIzol. This volume is sufficient for
typical amounts of muscle.
1 For miRvanit, place in Eppendorf with 50€- 1 ml of kit-providedCell

Disruption Buffer Homogenise using motorised disruptor.

Samplesverethenfrozenat-80°C until later use or proceedto RNA isolation
method required and continue as protocol.

2.12.2 RNA isolation from musclesing TRIzol

TheTRIzol RNA isolation proceswas performed on musdby first cleaningall

work surfaces and pipettors with 70% ETOH or RNase AWAY prior to beginting.
muscle store@vasin RNAlater,musclewas rinsedvith water, and therguickly
frozenin dry ice orisopentane/LN2Previously frozen muscle was processed as
described ir2.12.1 Volumes of for muscle tissugere as follows:

1 1 ml TRIzol/ sample
T 200 ¢l chloroform for 1 ml of TRI zol

First, chloroformwas addedo each ofthe TRIzet ont ai ni ng tubes; 200
chloroform for 1 ml of TRIzqlthe tube was theshaken vigorously by hand for 15
secondsand thenncubate for 5 minutes at room temperatuamples were then
centrifugeal at 15,000RCF (maximum speed) for33 mi n u tThesaqueotis 4 e C.
phase with the RNAvas transferrethto a newclean Eppendotbeing careful not to

take the medium while phase as it contains proteins such as RNases that degrade
RNA. The RNA was then precipitatéy adding 100% isopropanol to the aqueous
phase (500 ¢ |andtlarbeiny incubatedt Rdnet@Tpgrature for 15

30 minutesSamples were nexentrifuge at 15,00RCFat 4°C for 15 minuteand

the supernatant was removed and discartieedRNA was then washeloly adding

100 ¢l of adiéstrifugdaahl®d @A0BCFat 4°C for 2 minutesThe

supernatant was removed oraggin,and the sample centrifuged for 30 seconds to
remove excess ETOH. The sample welenwadto air dry for 510 minutes at room
temperaturgbefore beingesuspened in1 0 ¢ | efree wRtélr Hasnarop2000

was usedo assess RNA qualignd all samples were kept-80°C.

70



Materials and methods

2.13 (246)Protein Isolation

2.13.1 Basic procedure fgsrotein isolatiorof cells and tissues

Protein isolation is a critical step in dyging miR influence on protein levels in cells
and tissuesAll the steps for protein extraction were carried out on ice, to prevent

proteasesd activity and preserve protein c

Reagents:
1 RIPA Lysis Buffer 1X 0.5M TrisHCI, pH 7.4, 1.5M NacCl, 2.5%
deoxycholic acid, 10% NBRO, 10mM EDTA
Protease Inhibitor Cocktail [l per 1000ul of Buffer]
Phosphatase Inhibitor il per1000ul of Buffer]
Electric Pestle
ETOH 70%
Cell Scraper

=A =4 =4 -4 =4

Procedurdor isolation of protein from celiwas performed by firgemoung all

media from wellsandthen washingells briefly with cold PBS to remove all
remaining mediaThe PBS was then removed, aoetcold RIPA 1X buffer
supplemented with protease inhibifér1000)and phosphatase inhibit(i:1000)was
added Forcells, 80100l of RIPA buffer to be used fd@-well platesbased on
confluency.For tissues, 500 pl to 1ml of RIPA was used based ofiuarnof muscle
used. For cells in platessing a new cell scraper for each condition (e.g., Scr)miR
thecells werescrapeé andcollecedinto a sterile Eppendorf for each replicate.
Thecell suspensiowas then homogenisddr 30 seconds on ice using handheld
electricpestle.Tissues samples were homogenised similarly within the Eppendorf and
on ice until well homogenéxl. The Eppendois were thercentrifuged at 4°C for 5
mins at 12000g/RCF hesupernatant containing isolated proteias transferred to a

new sterileEppendorf and stored &0°.

2.13.2 Protein quantification assay (Bradford)

The Bradford protein assay is used to measure the concentration of total protein

within a sample and was usedpimvide consistency across samples.

71



Materials and methods

Reagents:
1 Bradford Reagent (Diluted 1:4 #20)

1 Protein Standards (Stock BSA 10 mg/ml, diluted 1:100920 before
making standard dilutions)

T Protein Samples (Diluted 1:5A01000 inH20)
The protein quantification assay was performegigpaing the proteinsamples
1:500-1:1000 in new Eppend®&fThe BSA standards were then prepared by diluting
the stock BSA 1:1000 in H2Beforecreating the following list of standards:

Standard H20(ul) BSA(ul)

0 1000 0
1 900 100
2 800 200
3 700 300
4 600 400
5 500 500
6 400 600
7 300 700
8 200 800
9 100 900
10 0 1000

Next, following dilutions, 10Qul of previously diluted Bradford reagewas loaded

into each well of a 96vell plate.The standards were next loaded in quadruplicate at a
volume of 100 pin the top rowsA, B, C, D, running from left to rightNext,100 pl

of diluted samplavas loaded to thibottom four rows of the platé, F, G, H, in
guadruplicateand running from left to rightNext, the plate was loaded into the Hidex
plate reader and read at 595rhe data was next put into excel whereah be

analysed.

The absorbance of the BSA standard was plotted.bEst fit of the dataas
determinedising the equation "y=mx" where y = absorbance at 595 nm and x =
protein concentratiofFigure2.131 Representative imagé BSA standardBSA
standards wergraphedand protein content of Bradford assay was ttempared
against standards to quantify proteontent in the sample.

72



Materials and methods
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Figure 2.131 Representative image bBSA standard. BSA standards were
graphedand protein content of Bradford assay was tt@npared against standards
to quantify proteircontent in the sample.

It was ensured tline passdthrough (0,0)and the data for the standard curve were
correct for the calculationgigher R value denotes tighter fit to lin&he sample

with lowest protein contentas selectedndtherest of the samplesere diluted to
theto the same level of concentration of proteinvith the lowest valueThe original

samples werdiluted with Laemmlibuffer to get them all to the same concentration.

Laemmli Sample Buffer (4X)
1.25 mI1M Tris pH 6.8

3.0 ml glycerol
1.0 ml 20% SDS
1.0 ml b-mercaptoethanol (BME)

5mg bromophenol blue
Total volumewas broughto 10 ml withMQ-H20 and sored ati 20°C.

2.14 Westernblot

Western blot was usdd detect levels of specific proteinsasample. Gel
electrophoresis is used to separate proteins by molecular weight, ayed the then
be transferred to a membrane and incubated with various antibodies to detect protein

changes as a result of miR treatment.

2.14.1 Westerrblot reagents:

10X (Running) Buffer (pH 8)3was made by combining0.3g, Tris Basel44.0
g Glycing 10.0g SDSanddissolvMng materials intotal volume up to 1,006 with
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MilliQ -H20 (MQ). The buffer was nexdtored at 4°C anddiluted before use
1:10(2X, 200ml + 900ml).

Resolving Buffer(1.5M TrissHCI, pH 8.8)was made by dissolving Tris base in 80 ml
of MQ-H20. ThepH was adjusted to 8.8 with HCI. Total volume was brought to 100
ml with MQ and stored at 4°C

Stacking Buffer (0.5 M TrigHClI, pH 6.8)was made by addingris HCI dissolved in

60 ml MQ-H20, next,the pH was adjusted to 6.8 with HCI. Total volume was
brought to 100 ml with MQ and stored atz4°

Ammonium Persulfate (APS$yas added to aid in gel polymerisatiod,G® APS
working solution was made by dissolvii@mgammonium persulfaten 1 ml MQ-

H20; made just prior to casting gels

Stacking gel (4%)
1 3.05ml H20
1 0.65mlAcrylamide/Bis 30%
1 1.25ml Stacking Buffer
1 0.05ml 10% SDS
1 25pl10% APS
1 5-7 ul Tetramethylethylenediamine (TEMED)

Gel was made bgnixing components just prior to casting in gel to prevent premature

polymerisation.

The following(Table2.141, Figure2.141) wereused to provide consistent gel

percentages for repeated experiments requiring specific molecular weights.
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Table 2.141. Volumes of gel reagents fotwo gels by gel percentage

Gel %

10

11

12

14

Water

(ml)

8.5
7.9
7.47
7.05
6.5
6.07
5.65
5.09
4.67

3.69

30%

Acrylamide/B  Buffer (ml)

is (ml)

1.82
2.38
2.8

3.22
3.78
4.20
4.62
5.18
5.60

6.58

Resolving

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

75

10%
SDS
(mi)

0.140
0.140
0.140
0.140
0.140
0.140
0.140
0.140
0.140

0.140

10%
APS
(mi)

0.090
0.090
0.090
0.090
0.090
0.090
0.090
0.090
0.090

0.090

TEMED
(mi)

0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

0.020
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Figure 2.141. Gel percentages and molecular weight guide

Ponceau S Stawas made fostaining membranes for total protein loadifbe stain
was made witl.1 % Ponceau in 5% acetic acMembranes wergcubate in a
small volume (13 ml) until bandsverevisible. The membraneseve then washed

vigorouslywith methanolcontaining transfer bufféo remove stain.

Transfer buffe(25 mM Tris pH 8.3, 192mM Glycine)

10X Transfer (500miyas made by dissolving2g Glycineandl5g Tris Basén
H2Ofor 1X concentration (500mD00 ml Methanolas comimed wittb0 ml 10X
transfer buffeand topped up to 500 ml with M20

Tris-Buffered Saline (TBS)
TBS was made by combinir®) mM Tris, with150 mM NaC{pH 7.4.

10X TBS(1L)
A 10X TBS solution was made my dissolviagg Tris Base88g NaClin 800-900m|
of MQ-H20pH to 7.4and then topping up to 1 litre.

TBST 1X
TBS-T 1X was made by combinir@)0 ml MQH20 with 100 ml 10X TBSand.5
ml Tween 20

76



Materials and methods

10% (w/v) SDS
Made mydissohing 10gSDS(Lauryl Sulphate) i@0mlwater with gentlestirring.
The total wadroughtto 100 ml with MQH20 andstored at room temp.

Block 3% Milk (100ml)
Blocking solution was made by addi8dg evaporated milk powdar 80ml TBST,
and thertopping up to 100 ml with TBST.

2.14.2 Gel preparation fowesterrblot applications:

First, glasgasting plates weressemblednd watertight seal wansuredy adding

water and examining for leaks. This was done as the resolving gel was beindAmade.
gel percentage thatomld facilitate the size of the proteins of interest was used for
each proteinStandard gel percentage was 12% with a 4% stackinypen casts
wereset and sealethalf the gel mixwas addedio each cast/platé small bit of

butanol and wate200 ul) mix was added to the top of each gel to create an even line
and prevent evaporatiomhe resolving gelvasset for 1 hourAfter theresolving gel

set, the top of the gel was rinsed with HAWe stacking gel (4%)vas aldedto each

cast. After loading stacking geherequired combsvere inserteéndallowed to set

an additional 30 minutesAfter thestacking gel has sdghe gelwasloaded and

run. The running tank wafilled with 1X running bufferThe combswerecarefully
removedandsamples weraded righto left starting with molecular weight ladder.
Typical volume for molecular weight markei581.Sample volume to load per well
20-30¢ gThe gel was therun at 80wntil into the resolving gel (approximately-30

45 mins) and then adjusted to 120v. Total gel time was an additional 2 hours after
adjusting to 120vGels were run until samples reached bottom of the cast for
complete gel rurAfter the run, theasts wer@pened, and the gel was removed under

running deionised water prior to the transfer.

2.14.3 Gel transfer (semdry) and blotting procedure:

A total of 6 filter papers and one blotting membrane were used p&igeamount

required is dependent on type of traansind equipment. Three above and three below
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the gel and membrar{€igure2.14.2) were used to ensure a good confirmation and

transfer of proteins.
Three filter papers

Gel (MW oriented on left side)

[T T

PVDF/Nitrocellulose

Three filter papers

[TTT]

Figure 2.1426 Sandwi ¢c hé |-drygel transfefr. A total of& different
filter papers were used for each gel to ensure sufficient contact between surfaces.

The stack was assembled and placed itrdresfer uni{Cleaver Scientific) and the
entirety was sufficientlgovered withe small amount of transfer buffer 1’Khe stack
was as: 3 filter papers, membrane, gel, 3 filter papers, and covestgtiith a small
amount of transfer buffer. Ensuringiascompletely saturated with buffahe stacks
were then rolled with a roller to remove bubbEach gel was run at 100 mA per gel
for 60to 75 minutesAfter run completion membranes wemgextincubated in

ponceau stain for appro¥-2 mins.After incubating in ponceamembranes were
thenimaged to maintaias a representation of protein loadamyl tobe used for
imageanalysisThemembranevas then rinsedith deionised water and small

amount of transfer bufféo remove residual ponceau. Membranes were then blocked

for 1 hourat room temperature on a rocker with 3% milk in TBS

Membranes were nekticubatedn primary antibody overnight in cold room on
rocker. Primary antibody 1:1000 diluted in blockhe following day 3x10-minute
washes in fresh TBS$ were performed, and the membranes were imextbated
rocker for 1 hour at ambient temperature and covered with the appropriate (anti
mouse or amtrabbit, etc.) secondary antibody dilutedliBS-T. Fluorescence AB
(Li-Cor) 1:10,00601:25,000 (ket covered from light.)Next the secondary was
removed an8x 5-minutewashes in fresh TB$ were performedrinally, the
membrane was covered in an additiax&8Iml of TBS T and kept coveredt 4C

until imaging
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2.14.4 Imagingblots using LICORand ImageStudioLite

All western blot images were obtained using &00R Odyssey Fimagingsystem

and Image Studio Lite softwafe5.25) Exposure times were set at 10 minutes for all
Imagingruns.Images were then exported H§ files. All subsequent image analysis
was performed with ImageJ, by performignsitometryas describelly Staelet al
(247). All data were normalised to ponceau stain of total protein prior to statistical

analysis.
2.15 Procedures and methods forvivo experiments

2.15.1 Animals used for experiments

All experiments described here were approved byithgersity of Liverpool Animal
Welfare and Ethical Review Body (AWERB) and performed in accordance with UK
Home Office guidelines under the UK Animals (Scientific Procedures) Act, E96

by the National University of Irelah Galway Animal Welfare BodyAWB) and in
accordance with the guidelines set by the Hditiducts Regulatory Authority
(HPRA; project authorisation P01

Mice used in all experiments were wilghe C57BI/6 males obtained from Charles
River (Margate), maintained under specpiathogn free conditions. All animals

were housed in polypropylene cagesiod Attermates. Animals were kept on

standard 1zhour light/dark cycles at 21+€°andfed standard RM1 maintenance diet
ad libitum(No.1; Special Diet Services, Witham UHKachtreatment group had B0
mice; power analysis was performed aS&wijanekWhysallet al (160). For each
experiment, n =3 biological replicates per group, unless stated otherwise. Ages for
mice were defined as adult®months old. old: 124 months old, unless stated

otherwise.

Ageing of micewas performed to provide a murine model of sarcopdne
C57BL6/J miceat approximatel24 months oldvere used aswuscle loss is
significant at this ageOld micewere used a$he simplest andhost representative
model of ageing248). Delivery of miRs was performed as described in section
2.15.4 Barium chloridenjectionwas used to injure the muscle of the gastemius

muscle to provide a murine model of muscle regeneration.
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2.15.2 Dissection and tissue collection

Mice were culled by amssthetic overdose and cervical dislocatienekks after the

first treatment, and tissues were immediately collected. Each lower limb muscle,
organs and sciatic nerves were removed and weighed. Samples were either frozen at
80°C for later sample procesgiRNA and protein isolation) or placed in OCT and

snap frozen in isopentane/LN2 for later histology

2.15.3 The role 0ofmMiR-19% in NMJ homeostasia vivo

Manipulation of miRsn vivowas used to assess the effect of miR treatment on
skeletal muscleral the neuromuscular junctiofio manipulatamiR-19%:-5p levels,
mice were injected with either: Scr contnmliR-19%-5p mimic, or antagmiR-19%:-
5p mimic, at a concentration of 2mg/kg bodyweight every other week during the
experimental period. Alinimics were delivered intravenously by tail vein injection

under general anaesthesia as desgripection2.15.9.

2.15.4 Intravenous (IV) injectiong vivo

Injections were performed in vivo to deliver miR mimic agents to the animal via
intravenous injection of the tail weiThe following materials were readied prior to

the procedure:

A Sterile PBS

A Isoflurane anaesthesia
A 30g insulin needle (1/3/8 inch)
A 1ml insulin syringe

A PPE: Fully gowned, goggles.

All miRs were injected each at 0.5mg/kg dose (total dose 2mg/kg BW)ytbuzhe

50ul, or sterile PBS saline solution as negative control. The animal to be injected was
first placed within the induction box to induce general anaesthesia (oxygen flowmeter
to 0.8 to 1.5 L/min. 3% to 5% Isoflurane for induction). After confirmatammal

was asleep via pedal reflex, the animal was placed on maintenance anaesthesia 0.4 to
0.8 L/min. Isoflurane vaporiser to 2 to 2.5%). The animal was then moved to a nose
cone mask and the tail was palpated to locate the lateral tail veins. Thadaiiem
straightened with the neinjecting hand, and the needle was inserted bevel facing up

at an approximate 3@egree angle into either the right or left tail vein. Once the
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needle was inserted, the needle was briefly aspirated to ensure the loctten o

injection, and upon confirmation, the substance was slowing injected into the vein.

Coccygeal Vertebra

Lateral Vein

Ventral Artery

Figure 2.151. Cross section of mouse talighlighting lateral tail veins for IV
injection.

Once the injection was complete, the needle was removed and disposed of in sharps
bin. The animal was then given oxygen to recover if required, and then placed in the
warming incubator forecovery, or until the animal could be returned to the animal

holding room.

2.15.5 Assessmemf tissuedollowing miR deliveryin vivo.

Assessment dfssues followingn vivoexperiments was performedter 3 weeksor
the sarcopenia model, and after 4 weeks for the regeneration nogoi@yide data

on skeletal muscle and the resporsa®iR manipulationTissues were assessed by
histology,using cryosections taisualisethe muscleHistology of skeletal muscles
and joints was performed as followgsvisualise and assess skeletal muscle

morphology

Skeletal musclke(gastrocnemius, tibialis anterior, and quadriceps)e first
dissectedMuscleswere cut in half laterally, covered in OCT compound and then
immediately snap frozen in isopentane/L,N2Zhey were to be used for sectioning
For each animal the muscles from one hindlimb vpeoeessed for histology whilst
the other was used for downstream applicatiohs. Samples were kept-&0° until

sectioningMuscles were cryosectioned (transverse) a0 f8m thickness using a
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cryostat (Leica)2.15.6. Serial sections were collected usgigss slideand allowed
to air dry. On completion of sectioning, slides were froze2@C until further
staining.Sections were neftked using ice cold methanahd stained with WGA and
DAPI as describeth 2.8.

2.15.6 Cryosectioning of muscle tissue

Sectioning of frozen muscle tissue was performed to vesutdemuscle both cross
sectionally and longitudinallgFigure2.152). The fibres were theimmungcstained to
assess the changes to the muscle with the inttaoh of miR mimic omantagomiR
mimic. The protocolfor thecryosectioning of muscle was perfordiy first

obtaining the required safety equipment, lab coat, gloves, and optionaligs@iant
gloves.Care was taken to ensube sliding windowwas notopen for long at any
point to avoid accumulation of moisture and to ensure maintenance of proper chamber
temperature-21 to-23°C). The samples were firstmovel from the-80 freezer and
left inside the cryostat for at least 30 minutes to allow the samples to come to the
temperature in the cryostaR/~23°C). After this point samples can only bekat-

20 degreedJsing OCT compoud, the samples were oriented on the cutting blocks
and coated in OCT to hold them in place before being allowed tafgatidhe
cryostat.Thetissuewas then scurely attached tihe block before mounting the block
onto the specimen head inside the cryodtakt, thelesired section thicknessas

selectedCross sections wetakenusing3-1 0 e m t hi ckness for muscl e
(WGA/NMJ).

Figure 2.152 Section examples of muscle tissu8keletal muscle from mice was
cryosectionedn different orientations. Cross sections (L) and longitudinal sections
(R) were taken for histology.
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Once accurately aligned, the tissuastrimmed (by choosing TRIM option) at higher
thickness (e.g., 20 um) until the area of inteveasreachedl he anttroll platewas

used forcollecting good quality sectionSectioning was then begly slowly

turning the handwheab yield full slices of the tissue hE section was adhered to the
glass slide by touching the surface to the section taking care not to move or tear the
section. Sections wetakenfrom entire muscle belly, including near
origins/insertions, and main belly of musdlestandard light microscope (located in
the vicinity d the cryostatwvasused to quickly assess the quality of sections prior to
commencing full muscle sectioninBamples were then kept-20° until they were

stained and imaged.

2.16 Target seletion of miRs

All target searches were performed through the MIENTURNET Taolyets for

miRs were predicted using TargetSca® @ (https://www.targetscan.org/vert_$0/

and miRWalk (http://zmf.umm.usheidelberg.de/apps/zmf/mirwalk2/) using mouse
and human searches and broadly conserved miR target site settings. MiRBase
database (Release 22.1) wasdit search and compare miR sequenoagss

otherwise stated.

2.17 Statistical analyis

Statisticaldata are represented as mean + SEdM.comparisons of means between
two groups, i(e., adult and old}249)in humans and mice (secti@f), data
normality was assesseding GrapRad prismand for all normally distributed data
an unpaired (as theveereno pairwise comparisongjyo-tailed Student's-test was
performed using Prism version 5.03 software package for Windows (GraphPad

Software www.graphpad.com with p-value < 0.05onsidered as statistically

significant. Thedata that wasound tonotbenormally distributedvas analysed using
nonparametric analysi®n GraphPadsde<xribed in(249)

For comparisons between three or more groups, (sedi8rs 3, 6.3), normality was
assessednd for all normally distributed dai@ oneway analysis of variaze
(ANOVA) was performedNon-parametrianalyses were performed in instances of
data that was not normally distribut€édheway ANOVA was used taomparaneans
of threegroups, with one treatment varialf19) (miR treatment), as we were only

interested in the effect of miR99 overexpression or inhibitioA Du n n e #ebtd s

83

post


https://www.targetscan.org/vert_80/
http://www.graphpad.com/

Materials and methods

was performed to compare the treatment groups-t8i&k and AM199) with the
control group (Scr). Adult and old mice were analysedsgply to ensure treatments
were only compared within age groups. @veey ANOVA analyss for gPCR,

protein and image analysis were performed using GraphPad Prism versionith03

pvalues O 0.05 considered statistically sicf

2.18 Microscopiclmaging

2.18.1 Immunostaining microscopy

Imagesof well platesflasks, and slides were all created using the EVOS microscope
Imagingsystem. The EVOS M5000, and EVOS M7338temgThermo Fisher)

were used foimaging Fluorescence microscojgr immunostaied sectionsvas

alsoperformed using these systems, and etilitheEVOS GFFight cube

(AMEP4951) EVOS DAPI light cube (AMEP4950pr EVOS CySHight cube

(AMEPA49569, to image green, blue, or red channels, regpmdygt Images were taken

at 10Xor 40X magnification At least 5 images were takpar each imagémages

were exported aslIF files. Semiautomated quantification followed by manual

correction was performed using ImageJ for the purpose of meectien analysis

(WGA). MF20 immunostaining was quantified using ImageJ to manually count

myotubes containing 2 or more nuclei, and the threshold tool and line tool were used

to calculate area, and diameter, respectively. For-B&Enmunostaining, ImageJ

was used along with the free Imaged ONeuri:
Statistics were calculated usingeneay A NOVA wi t h-teRwnnett ds pos
compare Scr controls to mil99 and AM199 treatment. All statistics were

performed as descell in2.17.

2.18.2 Western blot

Western blotsvere imaged using the {COR Odyssey Fc imager, using 700/800nm
channels depending on secondary antibody species. Exposure time was set at 10
minutes for each blot. Intensity of bands was determined against total protein as
determined by quantificatiorf ponceau stain, and normalised. Statistics were
performed usingonray ANOVA and -tést(descebedi®ls). p o st
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3 Changes to miR19%:-5p expression levels in ageing

3.1 Introduction

The consequences of ageing include progressive muscle atrophy, loss of functional
capacity, and diminished regenerative capabilitiasnolecular changes; many of
which might be driven by changing miR levék$0) As mentioned previously

(1.11), miRs have been demonstratedptay key roles in maintaining homeostasis of
all major body systems, and it is likely the ageing process is correlated to miR levels
disruption seen in aged organisms. Upregulation or downregulation of miRs,
especially specific miRs driving transcriptadimegulation of key ageing genes control
muscle, oxidative stress, neurodegeneration, and inflamn{@s@) Gene

dysregulation and the associated musculoskeletal chawgdsas muscle loss,

ultimately leads to increased incidences of frailtgl e@duced functional capacity.

Gene transcript expression profiling show differentially expressed genes associated
with ageing include metabolism, mitochondrial function, and cellular senescence
(151). It has been proposed that one of the driving fact@geing is modifications

to mMRNA processing. Gene enrichment data has also shown that the most robust
pathways associated with ageing involve mRNA binding, mRNA processing and
RNA splicing (298). It has therefore been reported that miRs may possiblynetkga
modification levels of genes that control splicing; miRs have been shown to regulate
proteins encoding for mMRNA stability, translation, and splicing (29&vious
studiesfrom our groupshow miR and mRNA expression profiling performed on the
tibialis anterior (TA) muscle of adult and old mice demonstrated miRs upregulated

and downregulated in muscle during ag€ihg8)

Other miRs with roles in muscle such as Alila, miR133a, niR-26a, miR499

have demonstrated roles in muscle during ageing with consequences étateg
genes likeSirtl (158). The role oimiR-199a5p has been observed in cardiac muscle
to regulateautophagyhrough targetinghtg5 in cardiac muscland ncreased miR
expression was related to myocardial hypertrof@ml) The role oimiR-199a5p has
been studied little in skeletal muscle, however current literature suggestO8aR
5pexpression is induced in muscular dystrophy and has been iekaisf a regulator
of theWnt signalling pathway, a highly conserved pathway and one of the central

mechanisms regulating tissue morphogenesis during embryogenesis an(RE&xjair
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Further literature supportly/sregulatedniR-199a5p gene in mices associated with
increased incidence sbmeneurodevelopmental abnormalitigb3). Despite these
data, there remains a lack of knowledgemR-199a5pin ageing muscle and

neurons.

We hypothesised #tmiR-199a5p wouldbe upregulatediuring ageing, and
upregulated miRL99a5p woulddysregulatéargets thatvould be associated with
mitochondria, myogenesis, and autophaalyof which are critical to muscle in
ageing To assess thisn this chapter we aimed ttetermine th@otentialeffects of
miR-199a5p changes in expression in ageing through bioinformatic analy&es.
used human primary myoblasistained fom female donors of young and old ages
and performed smaRNA seqiencingto obtain a list of differentially expressed
miRs. Wethen performed an explomy investigatiorinto severabf the

differentially expressethiRsthat were altered with ageingf which miR199a5p
wasone of the selectellVe selected this miRecause itvas shownn the literaturgo
exhibit altered expression dystrophic muscl€252), aswell asin neurodegenerative
diseasssuch as Alzheimés diseas€254), andALS (255), and therefore we aimed
to elucidate if this miR may hbelevant in regulating neuromuscular biolpgg the

nerve and muscle are both potentiafigulated by miRL99a5p.

We then ran miRL99a5p through bioinformatic search tools and databases to
determinewhich pathways and targets would be the most impatigdg age related
muscle loss (sarcopenit) better understand which targets would be the best

candidates for fuhter exploration.

Thesedatawere usedo inform subsequent experiments and further identify potential
gene targets ahiR-199a5p bothin vitro (chapter4, and chapteb) andin vivo
(chapter6). Muscle biopsies from adult and oldstus lateralisnuscles were used to
assess the selection of miRs that are dysregulated in ageing ofmRid99a5pis

a candidate and to determine subsequent miR targets of interest

The potential effeabn skeletal muscle and neuromuscular homeostesisassessed
by investigating function of predicted target genes of1#Ra5p in the context of

skeletal muscle (TAand sciatic nerves, in both humans and in mice.
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3.2 Materials and methods

3.2.1 Human samples

Human samples and primary myoblasts were obtaigdor Ana SorianoAll
experimentation involving human tissue described herein was approved in advance by
University of Liverpool, University Hospital Aintree Hospital and Southwest Wales
Research Ethics Committee (Approval No: 13/WA/03Bkperiments were

performed according to good practice guidance. The University of Liverpool acted as
the ethics sponsor for this study. All donges/einformed consent for the enrolment

of this study. The musclaiopsieswere isolated fronthe quadriceps muscles of

healty females with normal BMlI,there were nainderlying conditiongnd with no

known confoundingfactors(BMI <25): adult: 30 £2.8 years old and aged: 69 5

years oldSample information is presented aple3.21). From the isolated

biopsies primary myoblasts were isolated from each donor and cultured as described
in 2.5. Cells where characteriséy as described by Soriamb al (256) Cells were

cultured until passage number 5 (P5) to ensure sufficedhtiumbers for small RNA
seq.To detect changes in microRN&pression, we used the balandegdign of

groups: healthy adult and older women with nu underlying health issues or
medication. We deemed 1i&ld differences in miRNA expression as biologically
important based on our da{®8%,158). Based on our primary outcome: miRNA
expression changes during ageing, n=6 in each group was deemed sufficient to detect
these changes (power 90%, familise alpha=0.05).

Table 3.21. Muscle sample donor information

Donor ID Age (years) Gender BMI
Young 1 36 Female <25
Young 2 28 Female <25
Young 3 32 Female <25
Young 4 34 Female <25
Young 5 32 Female <25
Young 6 31 Female <25
Old1 68 Female <25
Old 2 74 Female <25
Old 3 68 Female <25
Old 4 64 Female <25
Old 5 66 Female <25
Old 6 63 Female <25
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3.2.2 Muscle digestion

Tissue digestion of biopsy samples was performed as described by Sbr@no
(256). Briefly, a250 mM CaCl2vorking enzymatic solution was first made using
277mg of stock CaCl2 in 10mL 1x DPB&nd thenifteredwith a 0.2 pum filter
membraneandworking solution of 1.5/mL of collagenase D, 2.4 U/mL of Dispase II
and 2.5 mM CacCl2 in seruiinee DMEM (Dulbecco's Modified Eagle's Mediumas
also made prior toasnple digestion. The muscle biopsy samples were digested as
follows: following sample collectior2mL of collagenaseispaseCaCl2 solution per
18- 19 mg of muscle tissugas used. Theusclewas washedn 70% ethanol, wash
with fresh DPBS, and pladen a new dish with 1mL of enzymatic solutidrne
musclewas next cuinto small pieces (approximately >0.5 frwith sterile scissors
or a surgical scalpddefore tansfering the sample into &alcontubewith the
remaining 1 mL of the collagenadespaseCaCl2solution The tissuavas then
incubatedat 37°Cfor 40 minwith agitation.Growthmedium was next added and
pipettedup and dowrand thenifteredthrough a 70um cell strainefhe solution was
centifuged at 443 x g for 5 min at RT to pellet the cefiapernatanivas discarded,
and the cell pellet was dissolvedrfl2 media (Ham's-#2 Nutrient Mix), 20% FBS,
10% HS 1%pls,  1-gtutathine and 2.5 ng/mL of F&F(Recombinant human
basic FibroblasGrowth Factor).

3.2.3 Primary cell culture

Before seeding of cells, culture surfaces were coatedlWijily/mL of laminin in 1x

DPBS (Dulbecco's Phosphate Buffered Salasjlescribed i2.5.2 A total 0of5.50 x

10* cells in totalwere platedlirectly on the laminin coated vessel and incuthéae

24hin a 37 °C, 5% CQincubator.Thecellswere visualisedinder the brighfield

microscope (100X total magnification) the following daydthe mediachangedo

freshF12 medi a with 20% FB-8lutamin®@&d 2bShg/mLiofo P/ S,
FGFb. The media was changed ever 2lays until appearance of groups of cells

forming. At firs passage, the media was changed to primary human culture medium

as described i8.4.3 and then cells were cultured as previously describ2dbin

3.2.4 RNA isolationand small RNAseq

RNA was isolatedrom primary human cells as described in secB@from human

primary cells at passagess3In shortthe medium was removed and TRIzol was

89



Changes to miRL9%:-5p expression levels in ageing

added directly to the cells in the plates: 1ml T75 fl@sk,ml/well T25 flask or @vell

plate,0.3 ml/well 12well plate. Using a cell scraper, all the cells from the plate were

scraped into the TRIzol and transferred to a new labelled 1.5 ml Eppena®itell

for each sample tube. Chloroform-wellas added
pl at e, an d2wellpte)ard thé tabe was shaken vigorously by hand for

15 seconds before being incubated for 5 minutes at room temperature. The samples

were then centrifuged at maximum speed (15,000RCF) f@01%inutes in a 4°C

centrifuge. The aqueous phase WRINA was transferred into a new Eppendorf. The

RNA was precipitated by adding 100% isopr o
6-we | | pl ate or f hwelsplate)amdocubdtéddiroeml f or a 12
temperature for 230 minutesThe supernatant walsenremoved and discarded. The

RNA was then washed 80%ethanol and centrifugednd he supernatant was next

removed as above, and centrifuged briéfly5,000g 4°C for 30 seconds. The tubes

were then allowed to air dry forB) minutes at room tempeua¢. The RNA was

t hen suspende dfree watear@lassessedavith the NaneDeop2000
spectrophotometer.

SmallRNA sequencing wagerformedusing the lllumina HiSeq 4000 at 2 x 150
base pair (bp) paireend sequencing, generating data from >286UMters per lane.
An RNA-Seq library from submitted total RNA sample was performed using the
NEBNext® small RNA library preparation kifequencing was performed at the
Centre for Genomic Researdtt,theUniversity of Liverpool

(https://www.liverpool.ac.uk/genoni@search) Analysis of differentially expressed

miRs was performed in collaboration with Dr Simon Moxon, University of East
Anglia UK.

MaturemiR sequences were downloaded from miRBase (v22.1
mirbase.org/ftp.shtmiin FASTA format.To alignsRNA reads, the FASTA format
miRBase sequence files were made-resiundant using java code and Uracil bases
(V) were changed to thymine (T). Small RNA readsenanverted from FASTQ to
FASTA format and then processed to trim sequencing adaptors using the Perl script
ARemove @5aThdficsr8dbhasewere recognised dee adapter sequence.
The processed reads were then aligned to the processed mature miR sequences
allowing zero mismatches using PatM&$8) (parameters:s-e 0-g 0 and-s-e 1-g

0). Custom java code was used to parse the alignment files aexhggean aligned
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read count table across all samples. The DE&28@) method within iDER260)
(version 91) was used for normalisation of counts between samples and differentially

expressed (DE) miRs using default settings.

Data were assesd using pairwise comparisomsidcorrelation heatmaps and

principal component analysis (PCA) plots were visualised using the Clustvis web tool
(261) DE miRs were extracted by applying the thresholg-ealue< 0.05 generated
using the BenjamiiiHochberg metho(262), and an absolute value of log2 fold

change of 1.0 (Jlog2FC| > 1, equating tofald change)263) data were assessed for
normalityand statistics were performed as describel 1.

3.2.5 cDNA synthesis and RGPCR

Muscle tissu@nd sciatic nervesereprocessed for RNA as described?ii2.1 RNA

was isolated using TRIzol/chloroform standard RNA isolation protocol and RNA
purity was assessed on a Nanodrop 2000 spectrophotometer as described in 2.9.
Synthesis of cDNA was performed using SuperScript 11 {800ng RNA) RT-qPCR

was performed using FAST SYBR Green Master Mix (Applied Biosystems 4385612).
Rel ati ve expmeodobulimor S22 and wae calbulated using delta
delta Ct methodandchanges in relative expression wdrenanalysedStatistics

were perbrmed aglescribedn 2.17. An in-depth RFqQPCR protocol is listed i8.11

Primer sequences are listedliable2.111.

3.2.6 Identification of miR199a5p predicted targstand pathways

Target genes of miR99a5p were found usinylIENTURNET
(http://userver.bio.uniromal.it/apps/mienturhediveb tool for miRNAtarget

enrichment and network analysis u s i -miR-199dbgda as t he search ter
Validated gene targets were selected using the miRTarBase tool in MIENTURNET,

with threshold for the minimum nureb of miRNA-target interactons et t o A10 t o
determine at least one interaction requitbdgshold for the adjustedvalue (FDR)

set at A0. 050, and filter by ev199Emce set
were found using TargetScan 8ttps://www.targetscan.org/vert 3@ obtain a list

of predicted targets. Predicted targets were then entered into the following databases:
'GO_Molecular_Function_2021GO_Cellular_Component_2021',
'GO_Biological_Process 202Reactome_20223 Pant er _ 20160,

OWi ki Pat hway 'REGG P02H Humamodletermine relevant
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pathways affected by miR99a5p. We used both predicted targets and validated
targetsapproach dre toabias of validated targetbeing validated most commonly
within the context of cancemnd this approach would risk missing biologically
relevant targets in muscle ageifdnerefore, we looked at both predic{aiyh
confidencelnd validated targets to probe fargets that are relevant to

neuromuscular biology.

3.3 Results

3.3.1 miR-199a5p is Ppregulated during ageing in humans

Primary myoblasts from human quadriceps were processed for RNA and small RNA
seq was performed. The results demonstrated several miRs were differentially
expressed during ageinge determined a set of miRs downregula{édble3.31),

and upregulatedr@ble3.3.2) with age. Of the miRs upregulated with age, ri#®a

5p was found to bapregulatedp<0.05)in old primary human myoblast§he

heatmap of differentially expressed miRs in adult and old primary myoblasts shows
clear delineation in miR expression in rlR9a5p, and a significant upregulation

was observed acroadl old muscle cellsKigure3.3.1).
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Table 3.3.1 Downregulated miRs in old human primary myoblasts.

miRNA baseMean log2FoldChange | IfcSE stat p-value p-adj
hsa-miR-431-5p 93.86403712 -1.70432318: 0.368834832 -4.620830346 3.82207E-06 0.000654848

hsa-miR-410-5p 24.22861923 71.7953926651 0.460438 -3.899314715 9.64653E-05 0.012395794

hsa-miR-503-5p 47.03010978 -1.451842707 0.394688852] -3.678448735 0.000234657 0.02010227

hsa-miR-132-5p 287.5697033  -1.488294941 0.456273558 -3.261847888 0.001106885| 0.051900891

hsa-miR-493-3p 7280.729975 -1.350581131 0.416574399 -3.242112656 0.001186471 0.051900891

hsa-miR-487a-3p| 30.34296835 -1.318549122 0.410354449 -3.213195631 0.001312668 0.051900891

hsa-miR-133b 63.10349027 -1.784606078  0.604652661 -2.951456584  0.00316279  0.085641714
hsa-miR-370-3p 29369.207 -1.251400738  0.417093741 -3.000286543  0.002697257  0.085641714
hsa-miR-27a-5p 3224.83283 -0.994205662 0.335847139 -2.960292185  0.003073474  0.085641714
hsa-miR-3911 3.39341761 -1.807877204  0.635024451 -2.846941093  0.004414153  0.098646723
'5‘:“"““'122‘5' 27.66321469 -1.421450392  0.496514632 -2.862857006 0.0041984  0.098646723
hsa-miR-139-3p |  17.73754363 -1.534481649 0.561516335 -2.732746233  0.00628087  0.128861021
hsa-miR-188-5p |  29.28232568 -1.464472067 0.540794334 -2.708001868  0.006768964  0.128861021
hsa-miR-4435 5411242305 -1.46099215  0.567141352 -2.576063524  0.009993228  0.138210364
hsa-miR-675-5p |  103.5950518 -1.244604089  0.483183819  -2.57583975  0.009999698  0.138210364
hsa-miR-345-5p |  164.8757033  -1.22114247 0.461589338 -2.645517061 0.008156617  0.138210364
hsa-miR-143-3p |  178062.9739 -1.181853312 0.460398041 -2.567025065  0.01025752  0.138210364
hsa-miR-432-5p |  347.7006519 -0.963371677  0.370730058 -2.598579897  0.009361026  0.138210364
hsa-miR-500a-3p  272.3613067 -0.941212681 0.357141494 -2.635405568 0.008403681  0.138210364

Table 3.32 Upregulated miRs in old human primary myoblasts

miRNA baseMean log2FoldChange IfcSE stat p-value p-adj
hsa-miR-1246 93.28803616 3.878436425 0.51721394 7.498708223] 6.44498E-14 3.31272E-11]
hsa-miR-204-5p 609.2070917 2.567177395 0.520502148 4.93211681 8.13432E-07 0.000209052
hsa-miR-195-5p 152.8930537 1.315358159|  0.346247253 3.798898463 0.000145341 0.014941015
hsa-miR-4773 4.631283674 2.131378364] 0.594566481 3.584760379 0.000337388 0.021677168
hsa-miR-196b-5p 1672.589699 1.195487926/ 0.330511384] 3.617085471 0.000297939 0.021677168
hsa-miR-26a-5p 344776.5212 1.27172803| 0.363577162 3.49782154 0.000469075) 0.026789389
hsa-miR-29¢-3p 15.92770053 1.453673488 0.451291901) 3.221137989 0.001276827 0.051900891
hsa-miR-1262 7.994847915| 1.663948154 0.535894288| 3.104993264 0.001902834 0.069861176|
hsa-miR-3613-5p 1256.196998 1.186277621 0.389085155| 3.048889445 0.00229689 0.078706761
hsa-miR-1255a 103.4673282 1.460113994 0.494757965( 2.951168242 0.003165744| 0.085641714
hsa-miR-26a-2-3p 126.8479317 1.213172746| 0.425720567| 2.849692592 0.00437615| 0.098646723|
hsa-miR-34a-5p 460.8103641 0.814286258/  0.282841305 2.878951006 0.003990003 0.098646723
hsa-miR-505-5p 20.89779269 1.379214608 0.489290165 2.818807136 0.004820247, 0.103233626
hsa-miR-34c-3p 17.6329105 1.463874187|  0.540042732 2.71066362 0.006714871 0.128861021
hsa-miR-217 22.13980589 1.22017217| 0.471669875 2.586919867| 0.009683811 0.138210364
hsa-miR-664a-3p 216.2947115 1.144087063| 0.440470577| 2.597419947 0.009392701 0.138210364
hsa-miR-26b-5p 2428.405853 1.122610343| 0.437456684) 2.566220577 0.010281342 0.138210364
hsa-let-7a-5p 388168.0934 1.100124993| 0.413019098| 2.663617735 0.007730535| 0.138210364
hsa-miR-539-5p 22.82356084 1.032802675 0.398098165( 2.594341712 0.009477224 0.138210364
* |hsa-miR-199a-5p 100122.6382 0.712147809 0.278253275( 2.559351046 0.010486779| 0.138210364
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Figure 3.3.1. Heatmap of differentially expressed miRs in adult and old skeletal
muscle.Muscle from older people shows differential expression (upregulation and
downregulation) of several miRs. Expression of fi#®a5p (red arrow) was shown
to be upregulated in okkeletal muscle as determined by small R8&%. Red

arrond miR-199a5p; p value<0.05.
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3.3.2 miR-199a5p targets genes associated with ER stress, mitochondria, and

neuronal regulation.

The free webtool MIENTURNEThttp://userver.bio.uniromal.it/apps/mienturhet/

was used to search published databases for validated and predicted targets of miR

199a5p. The miRtarbase seartool 9.0(264)results showed miR99a5p has

validated targets involved in: UPR regulation (Atf6, Grp78), activin receptor

signalling (Acvrlb), neuron regulation (F§f2 ) , oxi datliU)eg satnrdess ( Hi
mitophagy (Becnl) among othdgi&able3.3.3). A Targetscan search walso

performed with Targetscan version 8ais://www.targetscan.org/vert_ 3@

compile a list of predicted miH99a5p targets based off of conserved seed sequences

to increase the amount of potential targétee results of this search showed 634

predicted targets. Targets included mitochondrial biogenesis gené,Bgc act i vi n
receptors, Acvrlb, Acvr2a, Acvr2b, and ER stress marker H&pgi'® (Table

3.34). Additional predicted targets included Smarcdl involved in neuronal
differentiation(265), and Wnt2, a Wnt family member with multiple roles including
myogenesi§266) Wnt2, Acvrlb, and Grp78 were observed in both validated and
predicted targetd/alidated miR targets searched using miRtarbase through the
MIENTURNET tool include Atf6,and Hspa5 (Grp78), associated with the UPR
(Table3.3.3). Other validated targets include mitochoneigsociated targets Hif U
associated with oxidative stremsd Becnl associated with mitophagy. Also present is
Tgf-b2 associ at ed wlargetscan &0maoused fo sgompile & list of.

all predicted gene targets of mi®9a5p in humangTable3.34), based on seed

sequence of miR99a5p and the gene. Results of this search showed predicted

targets include ER stress marker Hspa5 (Grp78)1Pgc, as wel |l as acti vi
Acvrlb, Acvr2a, Acvr2b. Other relevant predicted targets include Wnt2, and

Smarcd1.
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Table 3.3.3. miRtarbase validated miR-199a5p targets

miRTarBase
has-miR-199a-5p
microRNA Target Gene
EZH2 DRAM1
IKBKB BECN1
LIF MAFB
JUNB WNK1
DDR1 NFKB1
EDN1 ACVR1B
MAP3K11 CDH2
HIF1A SNAI1l
SMARCA2 GSK3B
CD44 FZD4
TMEM54 WNT2
SMAD4 JAG1
SULT1E1l HK2
GPR78 KRAS
ERBB2 SMAD3
UNG ETS1
CAV1 CCR7
SIRT1 PDE4D
HSPAS TGFB2
ATF6 PIK3CD
ERN1 SETD2
KL CLTC
APOE RAB21
DNAJA4 0OSCP1
ERBB3 PIAS3
CDH1 PSMD9
PTGS2 CDKN1C
LIN7A ITGA3
ARHGAP12 FZD6
CTSC MAP4K3
RND1 TGFBR1
NECTIN1 SLC27A1

(264)
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Table 3.34. Predicted target genes of miRL99a5p

ZNF776 PREPL GCNT2 UBE2Q1 UNG PAOX MARCH7 ATP1A2 PNP MAPRE2 EXTL3 EMC10 RGP1 ATG4D
ZNF439 USP37 AKAP1 SORL1 NAA40 SLC35E4 OSR1 CDH2 KIAA1324lUBALD2 ZNF738 SIRT1 SERPINEIDENND2C
ZNF544 CLK2 FAM222B SRRM4 RGMA  SH3PXD2RNF11 MANEAL SRL CHCHD4 CCDC176 MARK4 PCDH17 PRPF40A
ZNF791 ZNF300 ALS2 OSTM1 GRB10 WBP11 ZNF516 REEP2 HIPIR CDKN1B NUFIP2 KLHL29 ABTB2 TMEM245
ZNF788 SMARCDIGPR89B NOTUM FAM188A PLEKHH1 FPGS PAK4 PTGIS PPFIBP1 GPR124 SUCO ADAMTSLENN1
ZNF627 DEPDC1BMAGT1 ETV6 ZNF528 MGAT3 SAT1 R3HDM1 PPL EIF5B KLHL6  FSTL4 TANC2 PPP4RIL
ZIK1 MINPP1 SLC24A3 PPP6C CCNL1 RPS6KA5 LARGE ST6GAL1 SLC36A4 RAB21 CEP85L BEND3 HIFIAN ARHGAPI
ZNF772 RBBP4 ZNF846 MYH9 GNG5 CRYBB3 NPAS2 RFFL NOTO PHACTR4PPP1R12AZNF652 USP31  PLXNA2
ZNF709 RORB B3GNT1 ZNF415 RALGAPATMEM123ZCCHC4 ARHGAPI1®I6PR WDR44 ACVR2B MIER3  RSF1 SEC24C
ZNF584 HIF1A TGFB2 MINOS1-NZFYVE27 RGMB PKN2 SMARCEIACVR2A CREBRF LASP1  ADD3 TENM4 FOXC2
ZNF625 DDX3Y ZNF329 ITGA4 KCND3 MFHAS1 KPNA4 ZNF512B DDX3X ANK3 GRIK3 EMC7 MON1B JPH3
ZNF256 THUMPDS3EPB41L1 HHIP LYSMD3 JAG1 DRAM1 WNT7B RAB10 ITGA3 MBDS5 CELF2 CNOT6L SNX6
ZNF547 ACER2 ZNF233 NBL1 SNAIL STOX2 SLC9A8 ZEB1 ANKRD130MEM215 PURA NFIL3 DONSON zBTB18
MAP3K11 IKBKB VPS26A ZNF148 DPP8 SLC35A3 HSPA12A ULK3 NCOA2 ZNF629 HEATR3 GOSR1 PACRGL TET2
LIN7C ZNF618 FLRT3  FAM76B NTNG1 PDE7A RBM23 MTMR3 DEPDC5 CHN2 MAPK4  ZNF667 PTPN9  APPBP2
PVRL2 ZNF641 CCDC43 SLAMF8 AP1Gl1 YAF2 CAPRIN1 CDH8 ETS2 MCFD2 PRDM16 PARP12 C170rf85 ACTG1
ZNF561 BTRC GJA5 AUTS2 GPRC5A MPP5 FAM178A RANBP10 RGS10 EHD4 MAP2 DDI2 CA12 TAOK1
DDR1 SLC24A4 PODXL ONECUT2HSPAS5 STON2 RLIM WNK3 MAML3 MINK1  KIAA2018 MAP4K3 CABP7 ITFG3
RP11-139(TMEM135 FZD6 SLC25A37CACNB2 FAM126B EXOC8 KIT PLXNB1 ZNF654 RBM24 SLC35B3 BTG1 USP27X
ZNF23  ZBTB37 ANGEL2 ZFP9l PPP1R9A TERF2  NAB2 KIAA0355 DESI1 GPD2 DLC1 SULT4A1 ZBED4 TRMTIL
BCAM SMARCALARF6 PPMIL MYEF2 MAP3K5 LARP4 CRIM1 ATG14 ACVR1B KLHL3  TM9SF3 ZNF480 ZNF784
SHOC2 CLIP1 PPP1R2 ZNF394 CCDC120ZNF704 TSPAN3 CBL AGO3 GSK3B TIMM10 BCAP29 CBX5 MATN2
HAPLN1 TRPM4 FAM107B ARHGEFSFZD4 ZNF710 KIAA1109 SRSF1  LIMD2 E2F6 TMEM178 CDKN1C GRHPR SET
ZFP2 FXR1 ACPT FSD1 SRRM1 POU3F1 RANBP2 MEF2D AMN MFSD6 UBQLN4 KLHL23 NCKAP1 PRDMS5
TST LAMC1 ARHGAPIROCK1 PPARGCI1BTBDY9 NAALADLPOGK PARVA TTC9 RANBP3 ZSCAN29 IST1 KIAA1958
MYRF EPB41L3 TAF9B KANK2 CLTC LRP4 PNPLA6 SP2 SMARCA4DERL2 PLXND1 CECR2 GINM1 GIT1
CELSR1 FAM169A GPR89A SOX4 CDKN2AIKPNB1 ~ UHMK1 COL8A1 SNTB1 TAB3 HDLBP  FUT9 PTPMT1 ITCH
GPR63 SLC35E1 RASSF2 ARHGAPZESGALNAPBRM1 RAB27B CD276 DST FBXO30 RIN2 NLRC3 INTS8 YIPF2
CDCA7L FBX033 TMEM66 RRAGC EVX2 ABCA1 BTBD3 CSRNP2 FAM179A CCBL2 FBXO9 KIAAQ753 EIF2B2 SWAP70
NSG1 RGS17 METTL21ASNN WNT2 NFE2L1 TSPAN5 GANAB GATAD2BNLK ARHGAPZATXN7 TSPYL1 Cil5o0rf6l
RAD23B ZMAT2 UBL3 RFESD MICAL3 RIMS1 RHEB ZNF226 STRN BROX CSNK1D PMP22  YIPF6 AIP
ZBTB42 TIGDS GPR89C KLF9 BAAT E2F3 CSDC2 ATP2B2 BLCAP ATP13A2 SPRED3 ERLIN1 MAPK8 TRIP4
CRYBG3 XPOT ABHD17CAFTPH  IL23R ATXN3  ITGA8 AL590483 LMAN2  FIGN AKAP13 RNF38 FCHSD1 MRPL22
RBM47 SRGAP3 ASRGL1 SLC24A2 GRIP1 C18orf25 TBC1D8 ARID2 RAD54L2 KIAA0040 SLC46A1 WDTC1 TSR2 P2RX7
PDPN RFX3 SLC25A23NUPL1  IPO8 ARIH2 PVRL1 MAX WDR76 OTX1 SPRYD7 XYLT1 AHSA2 DDX6
HMCN1 STAG1 CCNJ ARHGEF12BCC1 HOXB6 RTN4RL2 HAS2 ZNF706 PAXBP1 USP19 RASSF3 ZBTB20

MGAT4B CLCN3 LEPREL1 AGO1 SACS TENM2 ZNF286B BCL7A CNOT6 PLXNC1 ZBTB5 DNAJB5 ZNF703

MAB21L1 ZCCHC2 SUN1 SYT14  JUNB RB1 UBE2G1 NFYA PRR14L AQP11 RRP15 WIPI2 DDX5

FP15737 MN1 S0S2 CAV1 ETS1 NAA15 VGLL2  KLF12 MKL2 HSPA4 NCOR1 DYRKIA ZC2HCIC

LCOR HSPBAP1 C1GALT1 EXOSC3 MUC21 RAD51L3-FER NIPAL3 ADRBK2 CCDCB88CSOX6 NCSTN DUSP14
RP11-122,STRADB RAB9B ZSWIM4 PAX3 USP46  PXN TXNRD1 TLN1 PDE4D ABCC5 ZNF24  SP1
ARHGAPZYEGFA MARCH8 ERBB4 CYLC2 WAPAL RBPMS PPM1B SARIA TOX3 ANKRD52 HLF TMEMG63B

ZNF225 GMEB1 NINL MYOS5A ACHE MIOS ATXN7L1 CTNNA2 TBL1XR1 APMAP INO80OD STX4 GPR180

TSPAN6 EPHA7 CACUL1 ZBTB8A ZNF594 ADAMTSEUBAP1 CEP72 FANCA STK4 KIAA0226 RUNX1T1 COL5A3

ECE1 CLOCK ZNF579 GBP1 SORCS3 PHTF2  PAN3 UBN2 ZDHHC21FKBP5 ZNF740 DENNDG6ASEMA3F

SULF1  PI4KA BICC1 PCYOX1 HGF RNMTL1 TBC1D14 CDC73 MRPS25 TMED8 ZNF614 HOXA7 TRAF3

3.3.3 miR-199a5p predicted target genes are associated with neuronal homeostasis

and Wnt signalling.

We nextanalysed the list of predicted target genes and compared them across
currently published databases to identify cellular, molecular, and biological functions
of thepredicted target® elucidatethe potential areas of miR99a5p regulation

The results of these searches showed-h8B8a5p predicted targets are associated

with cellular components related to activin receptor comptarsGolgi apparatus.
Molecular function analysis highlighted tguotein kinase activity as well as protein
serine/threonine kinase activity. Biological process analysis highlighted Wnt

signalling, phosphorylation, neuron differentiation, and apoptégisife3.3.2).
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Other pathway analyses (Panther, Reactome, WikiPathways, and KEGG) similarly

showed that miRL99a5p predicted target genes are associaied\Wnt signalling

and binding, mTOR signalling pathway, and calcium pathways. Further predicted

target genes are associ at e dFigwe3t38). Ne&xt,zhei mer
these database&O_Molecular_Function_2021GO_Cellular_Component_2021',
'GO_Biological_Process 202Reactome_202ZKEGG_2021 Humaniere

combined, and thealidatedmiR-199a5p targetghat wereobtainedwere searched to

determine the most significant pathways that are related to the target list. Significantly

affected pathways included tauotein kinase activity, Wnt signalling and mTOR

signalling. Other pathwayaffected by miR199a5p targets included regulation of

phosphorylation, calcium transport, and nervous system developfngumte3.34).

98



Changes to miRL9%:-5p expression levels in ageing

GO_Cellular_Component_2021
A trans-Golgi network membrane (GO:0032588)

recycling endosome (GO:0055037)
cytoplasmic stress granule (GO:0010494)
endosome membrane (GO:0010008)
trans-Golgi network (GO:0005802)

RISC complex (GO:0016442)

focal adhesion (GO:0005925)
cell-substrate junction (GO:0030055)
activin receptor complex (GO:0048179)
NSL complex (GO:0044545)

0 1
-log.o(Adjusted P-value)

B GO_Molecular_Function_2021
tau-protein kinase activity (G0:0050321)

protein serine/threonine kinase activity (GO:0004674)

PDZ domain binding (GO:0030165)

tau protein binding (GO:0048156)

ATPase binding (G0:0051117)

nuclear import signal receptor activity (GO:0061608)

mMRNA binding (GO:0003729)

ubiquitin protein ligase binding (G0O:0031625)

frizzled binding (G0:0005109)

peptide alpha-N-acetyltransferase activity (GO:0004596)
1 2
-log,o(Adjusted P-value)

C GO_Biological_Process_2021

whnt signaling pathway (GO:0016055)
phosphorylation (GO:0016310)

regulation of small GTPase mediated signal transduction (GO:0051056)
positive regulation of apoptotic process (GO:0043065)
peptidyl-threonine phosphorylation (GO:0018107)

mammary gland development (GO:0030879)

positive regulation of nucleic acid-templated transcription (G0:1903508)
neuron differentiation (G0:0030182)

regulation of endothelial cell development (G0:1901550)

peptidyl-threonine modification (G0:0018210)

[} 1 2
-log o(Adjusted P-value)

Figure 3.32. miR-199a5p predicted targets are associated with activin receptor
complex formation, kinase activity, and Wnt signalling.The predicted target genes

of miR-199a5p were searched in over 200 databases. GO cellular function, molecular
function, and biologial process analysis demonstrated +hf®a5p is associated

with Golgi apparatus and activin receptor (A). Further associated witHLB8R5p

was tauprotein kinase activity and protein serithgeonine kinase activity (B) as well

as Wnt signalling, apopsts, and neuron differentiation (Q)hareshold for minimum
target i nipeahaoke iadustedlpdd|puyléd géne: pathway ratio

6 0 .. BOR&0.05.
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Figure 3.3.3. Pathway analysis of predictedniR-199a5p target genesPredicted
target genes ahiR-199a5p were input into databases to determine significant
pathwaysPathways related to Wnt signalling, calcium signalling, insulin signalling
and mTOR signalling pathways (A,B,C,D) were found to be associated with miR
199a5p predicted target genes. Also associated with- i9®a5p predicated targets
are cancer and Alzheeer disease (A,B,D)lhreshold for minimum target interactions
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Figure 3.34. Combined database pathway analyses shawiR-199a5p is

predicted to regulate genes involved in mTOR signalling, phosphorylation, and

nervous systemA search ofvalidatedmiR-199a5p target genes across multiple

gene pathwadatabases showed the most significant pathways affected by predicted

target genes. The predicted target genes are involved in nervous system development

(A,C), Wnt signalling (B), phosphorylation (B,C,), mTOR signalling (C), and calcium

transport (B)Thr eshol d f or mi ni mum a@laueg ed 0 .i InG &,r aadji
pvalue 60. 106, gene: pathway ratio 60.056.

As we had observed these changes to miR expression in human muscle cells, we next
wanted to determine the effect of miR expression in young and old nsee ib
these changes would persist in mice during agein
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3.3.4 miR-199a5p is upregulated in skeletaluscle during ageing in mice, and its

targets are differentially expressed in ageing.

We next aimed to determine the effect of ageing on-b8B8a5p in skeletal muscle

of mice, to assest mice also exhibited increased expressiomi-199a5p with

age.The TA muscle and sciatic nerves of adult and old mice were processed for RNA
as described i8.12.2 and RFqPCR for miRs was performed as describe®. irl.

The results of RIGPCR for miR199a5p expression in adult and old mice showed

that miR199a5p expression is significantly upregulated in skeletal muscle of old

mice as compared to adult mice. The expression of18B&5p in sciatic nerves

showed no significant differences between adult@d mice, although a noticeable
nonsignificant increase in mi99a5p expression was observed in adult mice

sciatic nervesHigure3.3.5).
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Figure 3.35. miR-199a5p expression is increased in skeletal muscle of old mjce
but not the sciatic nerve TheTA and sciatic nerves of adult and old miwere
processed for RNA and RGPCR for miRs was performed. A) The results showed
miR-199a5p expression is significantly upregulated in the skeletal muscle of old
mice as compared to adult mice. B) Expression of-tiBa5p in sciatic nerves of
adult andold mice showed no statistically significant differences, although a non
significant increase in miR99a5p expression was observed in adult mice as
compared to old micddult T 6 months old; old 24 months old male C57BL6/J
mice. qPCREXxpression relative to Rnu6 is shown. r&=&Error bars show SEM
<0. 05 Steastdent 6s t

We nex aimed to determine the effect of age on the expression of some of the miR
199a5p predicted target genes that were previously determined in the TA miiscle o
adult and old mice. R§PCR analyses showed the expression ofh8iBa5p
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predicted target genes and genes associated with processes regulated by these genes
during ageing of skeletal muscle. In Nd1, there was a significant downregulation in
expressionn old mice compared to adult mideigure3.3.6). Expression of predicted
target genePgc1 Uwasnot significantlydownregulategin old mice compared to

adult mice. Similarly, Hdac9 was shown torim# significant. ER stress related target,
Grp78, was not significantly different, and Chop gene esprasvas similarly not
significantly different(Figure3.3.6). All othertargets(Acvr2a, Cav2, Tom20, Gap43,

Tof-b 2 , Nrf 2, Sirt)showedrosignlidant differerees.c d 1

As miR-199a5p predicted target genes include genes assouwidtiecieuron, and

NMJ homeostasis, we also looked at gene expression in the sciatic nerves of adult and
old mice. Our results showed a significant increase in mMRNA expression of Hdac9 in
the sciatic nerve of old mice as compared to adult nkigri(e3.3.7). PredictedniR-
199a5ptarget genePgce1 Uwasnot significan, in sciatic nerves obld mice

compared t@adult mice Target gene, Grp78, showed no differences in expression, in
adult or old sciatic nerves. Gap43 expresswas not significary different compared

to controls(Figure3.3.7).
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Figure 3.36. Nd1, miR-199a5p predicted target wasdifferentially expressed in

aged skeletal muscleRT-qPCR of skeletal muscle from adult and old mice show
significantly lower mRNAexpression of Nd1 in old mice compared to adult mice.
Predicted mitochondrial targetgene Plgt) e x pr es s inmdmieeas | ower
although not significantly. ER stress genes (Grp78, Chop) showed no significant
differences in expressioAdult i 6 months old; old 24 months old male C57BL6/J

mi ce. gqPCR: EXx p r-micgoglobalinis shewn.an+8i Brrer bdrso b 2
slowWSEMp<0. 05 Stestdent 6s t
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Figure 3.37. Hdac9, associated with NMJ wasdifferentially expressed in aged
sciatic nerve.RT-gPCR of sciatic nerves from adult and old mice show significantly
increased mRNAxpression oHdac9in old mice compared to adult mice. PhdJ
expression wakigherin old mice although not significantly. ER stress genes (Grp78,
Chop) showed no significant differences in expressatthough Chop was noticeably
higher in old nervesAdulti 6 months oldoldi 24 months old male C57BL6/J mice.
gPCR: EXx pr es s ime&nglobuin na3t6.i Evrar bats ghovl ZEM. *
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3.4 Discussion

This chapter aimed toentify the effect of age on the expression of differentially
expressed miRin human and mice skeletal muscle. We also aimed to determine the
predicted targets and pathways that could be potential drivers of the changes to
skeletal muscle and NMJ in ageing. Our results showed1®8&5p is upregulated

in ageing in skeletal mukcamong several miRendmiR-199a5p is predictedto
regulategenesassociated with mitochondria, ER stress, autophagy, and neuron
regulation. Pathway analyses further show Wnt signalling, neuron regulation, and

autophagy as miR99a5p-associated target pathways.

3.4.1 miR-199a5p is upregulated in ageing in humans

The results of the small RN#eq showed miRs are differentially expressed during
ageing(Table3.31, Table3.32). Of the miRs found to be upregulated with ageing,
miR-199a5p was found to be upregulatedaged musclebut not sciatic nerveMany
miRs have been demonstrated to play key roles in sarcopenia by action through
various mechanism4d.71), and therefore it was necessary to determine which miRs
are affected by ageing. The expression of 18Ra5p in muscle as shown by
heatmagFigure3.3.1) clearly demonstrated the expression of fa®a5p is

affected by age and is upregulatéék have selected several miRs for further
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exploration, and as miR99a5p was predicted tregulatemuscle it was choseor

further inquiry.

3.4.2 miR-199ab5p targets genes associated with ER stress, mitochondria, and

neuronal regulation

Next, we aimed to determine the validated and predicted gene targets-29&aBp

to determine genes that may be dryvthe phenotypic changes observed in

sarcopenic muscld@he results of this analysis showed genes regulated byl889R

5p associated with ER stress and the UPR (Atf6, Chop, G(pB®@)269). ER stress

is associated with sarcoperfi&y) and neurodegenerati@g®70). Also found to be a
validated target associated witlitochondria(271)and autophagg272)was Hit1 U

(273). Further targets associated with riR9a5p are predicted to regulate neuronal
homeostasislgf-b 2(274,275) activin receptor signalling (AcvrlB276,277) Also

of note were targets associated with autophagy/mitophagy (B&r), ). Many of
these pathways, such as the UPR, are also involved in extensive crosstalk with other
pathways identified here such as mitochondrial and autog@a@y and ER stress

and adtvin receptorg279). We also found predicted targets that agreed with the
validated targets, which included Grp78 and Acvrlb. Other predicted targets that
correlated with previously found validated targets included mitochondrial(Rgg ,
neuron (Srmarcdl), and Wnt signalling (Wnt2). These data collectively suggest that
miR-199a5p may regulate skeletal muscle and nerve homeostasis through acting on

targets corresponding to mitochondria and ER stress pathways and target genes.

3.4.3 miR-199a5p predicted target genes are associated with neuronal homeostasis

and Wnt signalling.

Predicted targegeneswverenext searched in bioinformatics databases to determine

target networks that may be regulated by fhf®a5p. We found miRL99a5p to be

highly correlated with Wnt signalling pathways, autophagy, and neuron regulation
(Figure3.34). The results of GO pathway analysis showed the most significant

molecular functions associated with mlR9a5p target genes included tawotein

kinase activity, which has key roles in neurons and neuronal cytoskeleton stabilisation
anditsdysregulato i s associ at ed w280) Bioldgicat hei mer 6 s
processes of target genes of riiBOa5p determined to be significant were Wnt

signalling, apoptosis regulation and neuronal differentiatogufe3.3.4). The most

106

di



Changes to miRL9%:-5p expression levels in ageing

significantly impacted pathways were shown to be related to mTOR signalling, Wnt
signalling, and nervous system development. These pathways agree with previous
pathway and genarget searches, which further indicates Wnt signalling, and the
nervous system are regulated by rli®9a5p. Activin signalling has been recognised
to act alongside the canonical Wnt pathway as-actiwator(281) The results of
multiple pathway malyses show overall miR99a5p likely regulates Wnt signalling
and neuronal homeostasis. The Wnt pathway has been shown prewioagtyto be
affected by miR1L99a5p in dystrophic muscle, wherein mi®9a5p was shown to
negatively affect myogenic ddrentiation(252), theefore these data suggest miR
199a5p dysregulation in ageing may be affectinghibeneostasis of the NMJ which
could be contributing to degeneration

3.4.4 miR-199a5p is upregulated in skeletal muscle during ageing in.mice

Following the information that mi#299a5p is upregulated in human skeletal muscle,
we next aimed to determine the effect of age on-#Ba5p in skeletal muscle and
sciaticnerve of mice. Our results demonstrated fhf#®a5p is significantly

upregulated in the skeletal muscle of old mice compared to adult mice as determined
by RT-gPCR. The expression of miE99a5p was not significantly different in sciatic
nerves of old miceompared to adult mice, although the expression was noticeably
lower (Figure3.35). This agrees with our human data that shows-28Ba5p is
upregulated in aged skeletal mugdable3.32). These data may have besffected

by our smaller sample size.

Based on the predicted target genes we had previously identified in human muscle, we
next used RIGPCR to determine expression levels of genes associated with predicted
miR-199a5p targets in adult and old mice in both skeletal muscle and sciatic nerves.
Our data showed expression of mitochondrial transport gene encoded by mitochondria
(282), Nd1 was significantly reduced in old skeletal muscle compared to adult muscle
(Figure3.36). ReducedND1 gene content has been correlated with sarcopenia in
humang283) It is believed that mitochondrial mutations and accumulation of

defective mitochondria with age are associated with sarcopenia in both humans and
rodents(284i 286). No other genes were found to demonstrate significantly different
expression irskeletal muscle in adult or old mide.sciatic nerves, Hdac9 was found

to be significantly upregulated in old mice compared to adult nriceife3.3.7). The
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expression of Hdac9 is associated with denervation epi$p8é288) and is

associated with the mTOR, which is associated with-tiBa5p gene targets
(Figure3.34) (289) These data suggest miR9a5p regulates Hdac9, which has

roles in regulation of reinnervation of muscle endplates, and Hdac9 was shown to
inhibit reinnervation in the soleus muscle of mice following nerve tra(28a)

Taken together with theath found in published databases, we can conclude miR
199a5p is upregulated in ageing in skeletal muscle of both humans and mice and is
likely a regulator of NMJ interactions by targeting NMJ specific gene targets, ER
stress and mitochondria, the dysredian of which may be a contributing factor in

the development of sarcopenia.
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4  The role of miR-199a5p in muscle andneuronal homeostasisn vitro

4.1 Introduction

Sarcopenias defined as ageelated loss of muscle mass and muscle fun¢g60)
andappears to be almost inevitable, with declining muscle fibres beginning at
approximately 50 years of agend avaried prevalence betweenl3% for people

aged 6070 years and 150% for those 80 years and ab@86). In addition to

skeletal myofibre atrophy associated with ageing, deterioration of the NMJ, the
synaptic connection between the motor nerve teahrand the postsynaptic muscle
membrane, has been observed with ageing. Human and animal studies have shown
axonal denervation, reinnervation and remodelling during ageing as well as NMJ

fragmentation with ageingbservedn rodent model$291)

Sameof these changes are associatgtth loss of motor unit$42,292) Degeneration

of axons and motor neurons is a consequence of ageing and results in skeletal muscle
atrophy and an abnormal NNKI2). One of the potential drivers of these NMJ

changes are dysregulation of miRs associated with skeletal ni288)eAn
individual 6s initial muscl e mass appears
developing sarcopenia. Muscle mass &ated by the number of muscle fibres and

the size of the fibres. The decline in muscle mass and strength in people after the age
of 450, appears primarily due to | oss of
remaining fibreg1,294) Data clearlyndicate that in ageing humans and rodents, loss

of motor neurons also accompanies the loss of muscle {8¢26,295298), with a

2550% reduct i on -inator redrans ocournny with ageif@9o))

Progressive loss of mscle mass and function with ageing is also associated with
alterations in NMJ morphology, similar to those in neurodegenerative disorders, such

as ALS(300 302) NMJ maintenance is a dynamic process: NMJs undergo re

modelling postnatally and N34 can regenerate following muscle injury, however this
process is disrupted during ageing; for example, NMJs in muscle fibres of old mice

show a variety of alterations including axonal swelling, sprouting, synaptic

detachment, withdrawal of axons from fEysaptic sites and fragmentation of the
AChRs(290,303,304)

The reduced interaction between muscle and nerve has been proposed to play a

crucial role in the ageelated loss of muscle mass and function. However, the
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molecular mechanisms derlying NMJ deterioration are not well understood. Most
approaches to improve muscle function in older humans/rodents aim to improve the
function of the residual muscle fibres through exercise and/or dietary interventions,
but no address the mechanistatises of neuromuscular deterioration. It also remains
unknown whether changes occurring in muscle, nerve, or both, initiate the
deterioration of neuromuscular interactions in ageing, however it is clear that
functional muscle: nerve communication is keyrtaintaining muscle mass and
function. It is therefore important to understand key mechanisms related to

neuromuscular deterioration, to design effective therapeutics.

Molecular mechanisms of neuromuscular deterioration are complex, still, factors

contributing to neuromuscular deterioration during ageing have been described, such

as changes in the expression of neurotrophic faf®a@r803,305)Advances in high
throughput o6éomicsd approaches havandhi ghl i gl
protein expression in skeletal muscle and nerve during ageing, however functional
approaches are still lackir{j71,227,306308). Changes in gene expression and

proteins with known roles in neuromuscular homeostasis: Foxo3, Sirtl, Hdac9 and

mTOR, Atroginl, NGF, BDGF,IGFand TGB si gnal ling, as well a
been associated with muscle and nerve degeneration in sarc(p@nja03,305)

Many of these genes are predicated/validated targets of a group of miRs, robust post
transcriptional regulators of gene expressjoi e expression of miRs, e.g., miR

378 or miR143(205,309)has also been shown to change in muscle and nerve during
ageing(82,171,174,300,308)

In humansmiR-199a5p has also been shown to be upregulategimodegenerative
diseasesuch as multiple system atrophy, a synucleinop&h@), as well as ALS
(311) Dystrophic muscle has also been associated with elevated38&5p in
human muscl€252,312) Upregulated miRL99a5p may contribute to NMJ damage

and atrophyof the associated skeletal muscle.

ThemiR-199a5p family is among miRs predicteathd expressed in skeletal muscle as
well as in the nerve. The family is comprised of rRli®9a (MmiR199a5p
(MIMAT0000231) and miR199a3p (MIMAT0000232)) and miRL99b (miR199b

5p (MIMAT0000263) and miRL99b-3p (MIMAT0004563) miRbase,
http://www.miRbase.®@)). The role of miR199a5p specificallyhas been implicated
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in the homeostasis of skeletal and smooth musaleh as in cell proliferation of
human smooth muscle cells through the Wnt path{8ag), upregulation in

cardiotoxin models of skeletatuscle regeneration in mice has also been observed,
with miR-199a5p suggested to play a role in development of fibr(@sid) Skeletal
muscle also appears to be correlated with-i®Ra5p; sitka deer muscle of aged
deer is characterised by uprégad miR199a5p, and associated with downregulated
ACTNS, a protein component of skeletal muscldi&s(315) There also appears to
be regulatory roles for m#299a5p in cardiopulmonary diseases and-egjated
disordersFor example, upregulan of miR-199a5p has been demonstrated in
patients with idiopathic pulmonary fibrosis, a disease in which lung transplant is the
only option(316), cardiovascular hypertropl{$17), and cancers such as remall

cell lung cance(318).

The miR199 family including miR199a5p has also been shown to be important in
the development of spinal cord in mi&419), andthe levels omiR-199a5p have

been correlated with disease progression in multiple sclerosis, suggesting an
importance in neurodegenerati(@20) A link that hasalsobeen observed between
mMiR-199a5p and osteoarthritis, with the mpRaying anegativerole in chondrocyte
proliferation and survival by way of MAPK@21). This suggesta role for niR-
199a5p innerve, muscle, and cartilage by mlR9a5p, all three of which play
critical roles in skeletal muscle homeostakiswever, the role of mi99a5p is

regulating neuromuscular homeostasis is unknown.

We hypothesisedpregulatedniR-199a5p would negatively regulate myogendsis
vitro. To determine the role of m#299a5p on myogenesji# vitro, miR-19%:-5p
mimic overexpression and/or miR inhibitor, antagR-199a5p was usedWe aimed
to determine the effect of miB99a5p on myogenesis in C2C12 myoblasts, and
hypertrophy or atrophy in differentiated C2CddllsusingimmunostainingGiven

the literature supporting the role of miR®9a5p in neuronal homeostasis, we aimed
to assess the effect wfiR-199a5p on neuronal cell§ heeffects ofmiR-199a5pon
muscle (C2C12) and nerve (NS32) cells(Chapter »were investigatetb determine
myogenic differentiation, size, and area as well as the effect of mget iateraction

throughgene expressioand proteirexpressioranalysis.
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4.2 miR-199a5pin vitro materials and methods

4.2.1 Cells and cell culture

In vitro assessments were performed using C2C12 mouse mydblagitsally
derived from satellite cells from the thigh muscle ofrmé@nthold female mouse
(322) qifted by Dr Howard Fearnhead (NUIG) and NS€ (motor neuron enriched,
embryonic mouse spihaord cells with mouse neuroblastonsaeb.2.]) cells gifted
by Dr Brian McDonagh (NUIG), to assess muscle or nerve, ragplcitC2C12cells
areused as a model of skeletal musmds andare easily dferentiated in culture
(323). NSG-34 cellsareused in the literature as a relevant model for the study of
motor neuronsind can be differentiated in culture. Thdture conditions and

differentiation of NSE34 cells was taken from published protod@24)

All cells wereseeded before passage numbera2sl werecultured in standard

growth conditions and in a growthedium comprised of DMEMi-glucose
supplemented with 10% FBS and 1% penicillin/streptomycin (p/s) (as described in
(256). For cell differentiation assays, C2C12 myoblasts were cultured in DMEM
supplemented with 2% HS and 1% p/s using the gameth conditions as

previously described in secti@¥.1 For additionaln vitro assessmenta NSC-34

cells, see chaptés.

4.2.2 miR-199a5p mimic and inhibitor sequense

All cells used for in vitro experiments (C2C12, NSC34gre transfected with
cholesterolconjugated miR mimics: mi299ab5p at a final concentrain of 100nM
antagomiR199a5p (AM-199), or antagomiRscrambled control sequen(®a) at a

final concentration of 200nMs optimised by the Whysddb (241) Mimics used

were chemically modified by the manufacturer with cholesi&hl) onpassive

strands and phosphothioddleo nds wer e i ncluded at 56, and
stability. Cholesterol modifications were added by the nfacturerto improve

delivery to the cellsAll bonds were 20-methyl bonds for increased stability.
The sequences were as follows

Scr 5'
MmC.*mMA.*mMU.mC.mC.mA.mMU.mC.mA.mMC.mU.mC.mA.mMC.mU.mC.mC.mA.mU.
*mC.*.mA.* . mU.3-Chl 3'
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mMiR-199a5p- 5 -OMiRIDIAN mimic based on mnmumiR-199a5p MIMAT0000229

antagomiR199a5p- 5' mG(*)mA (*ymAMC mAMGMG mMUmAMG mUmCmuU
MGMAMA mCmAmMC (*)mU(*) mG(*)mG (*)mG (3Chl) 3'

Transfections were performed as describe?l in

4.2.3 Cell CountngKit-8 assay

Cell Counting Kit8 was used to determine the effect of Mi#9a5p overexpression

on C2C12 proliferation. A total of 1000 cells were added to-a@l6plate, 100l of
growth medium was added and allowed to incubate for 4 hours. After 4 hours, half of
the sarples were to be exposed to hydrogen peroxid®©{}; wells were treated with
1mM H20- for 10 minutes in a sterile incubator at 37°/5%QGter H.O» treatment

if needed, cells were replaced with new medium and treated with miR mimic or
antagomiR as desced in2.6.1, and allowed to incubate for 72 hours. After this
incubation, a standard curve was plated. 10ul of the @@Ksay reagent was added

to each well, and the absorbance was read at 450nm btidie microplate reader.

Samples were normalised prior to analysis.

4.2.4 ER stressaissay

The accumulation and progression of the UPR has been implicated in skeletal muscle
health(325,326) Along with skeletal muscle homeostasis, ER stress has also been
implicated in the integrity of the NMB25) We hypothesisedhatdysregulated NMJ

and skeletal muscle homeostasiay be associated with disrupted ER stress response
linked to several miRL99a5p target geneg.unicamycin was used to induce ER
stresdn vitro, in order to investigate the effect of slseonC2C12 muscle cells
Tunicamycin has been shown to be an effective inducer of ER strégs® in
hepatocytes and adipocyt@27), as well as in C2C12 cel(828) For ER stress
experiments, C2C12 celgeredifferentiated as desceld andreatedas described in
(329 briefly, cells wereexposed taunicamycinfor 8 hours at a concentration of
2.5ug/ml, followed by replacement fsésh differentiation mediurandScr and AM

199 treatment was delivered at a concentratid206hM mI of medium, and 100nM
mlt of medium formiR-199a5p mimic Following a 48hour incubation period,

MF20 immunostaining and quantification was perforneedetermine the effect of
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mMiR-199a5p overexpression and inhibition on C2C12 cells exposed to tunicamycin

induced ER stress

4.2.5 In vitro immunostaining

MF20 immunostining was performed as previously descriBeti3To visualise
myosin heavy chaim C2C12 cells. Briefly, C2C12 cells were seeded (50,000
cells/well) into standard 1&ell plates(Scr n=4, miR199a5p n=4, AM199 n=4) At
~70% confluencyfresh differentiation medium was added and then miRs were
transfected (day 1) and the MF20 staining was performed on day 5 (growth
conditions), or day 8 (differentiated myotubes treated on dé@yahje2.5.1). Cells
were transfected with 200nM of Scr, 100nMneR-199a5p, or 200nMAM-199

MF20 assays were performed by washing the wells in PBS for 5 minetaixing
samplesiniceold MeOHbr 5 mi nutes. Wells were then b
PBS) for 60 minutes at RT on arocker. Aftards pr i mar y adlutedbody: MF
1: 500 ingrsolutidn(2%HS)) was added and incubated at RT for 1 hour. Wells

were then washed for 5 mins, 3 time$BS Next,secondary antibody was added

(1:2000in blocking solution and incubated at Rifi darknesgor 45 minutes. Finally,

the wells were washed again in PBS and samples were stained witi( DAFR000

in PBS) in darkness for 10 minutésiages wes obtained using the EVOS M5000

and M7000magingSystemsEach group contained 4 replicates and a total of 5

images were taken per well.

4.2.6 RNA isolation

For RNAisolation from C2C12ells,cells werecollected 48 hours after transfection.
TRIzol was added and cells were stoegeB0° for later RNA processing. RNA was
isolated using TRIzol/chloroform standard RNA isolation protocol and RNA purity

was assessed on a Nanodrop 2000 spectrophototestibed ir2.9.3

4.2.7 cDNA synthesis an&T-qPCR

Synthesis of cDNA was performed using SuperScripsihg100-500ng RNA RT-
gPCR was performed usimgiRCURY LNA SYBR Green for miRs (UNISP6
YP00203954, SNORD6&P00203911, hsaiR-199a5p: YP00204494, hsaiR-
199b5p: YP00204152) andAST SYBR Green Master Mifor genesRelative

expressiorwas analysed usintye deltadelta Ct method anelxpressed tb 2
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microglobulin or S29 (MRNA) and Rn@ and/or Snordéb1/Snord68 (miR).A
detailed method is provided th10for cDNA synthesis, and.11for RT-gPCR.
Primer sequences for RJPCR are listed inTable2.111. List of primer sequences
used for qPCRHousekeeping gen&R9, andb 2 Mereused and analysed as
described ir2.11

4.2.8 Protein isolation fronC2C12cells

For protein collection from cells, isolates were collected 48 hours after transfection.
Collected isolates were immediately placed in 1X RIPA buffer (Merck8&)
supplemented with protease inhibitor (1:1000; Sigma P8340) and steB8&} &ir

later proein quantification andlVestern blotting.

4.2.9 Protein quantification and/estern blot

For protein quantification and/estern blot, cells were lysed in 1X RIPA buffer and
protein concentrations were calculated using Bradford reagent (Bio Rad 5000006) and
BSA standards as described2ri4 Blotting was performed using protein lysates
diluted in Laemml:. buf f er | 16% polyacB/l@nesidg of pr o
gels. Proteins were transferred to nitrocellulose membrane&i{&Bciences

10600002) using a serdry blotter (Cleaver Scientific). Subsequently, membranes

were stained with Ponceau S (0.1 % Ponceau in 5% acetic acid) to visualise and
confirm equal protein loading. Membranes were blocked in 5% milk inTBS 1

hour at room temperature, and following, washed 3x10 minutes iRTEBS

Membranes were incubated with primary antibodies (#3000 antibodies table

listed in supplemental) overnight at 4°C. Membranes were then washed il aB$
incubated with fluorescémsecondary antibodies; goat argbbit and goat antnouse

and images were obtained using Odysseintagingsystem (LiCor).

4.2.10 Luciferase assay and reporter constructs

Luciferase assy was performed with the assistance of Dr K. Whysall using protocol
asdescribed in GoljanekVhysallet al 2012(323). Each experiment had triplicate
samples and was carried out four times using two independent plasmid preparations of
each reporter. Protein was extracted dftansfection48 hourdater.Luciferase

activity was measured using a multilabel counter (ViEtand normalised to Renilla
luciferase. Relative reporter activity for miR treated cells was obtained by

normalisation to nomiR-treated WT or mutant constructs, respectivBhatistics
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were performed usingorgay ANOVA wi t h-tefdwith p<6.05t 6 s post

considered statistically significant.

4.2.11 Image analysis

Image analyses of MF20 assays were performed as described in ®b@n2017
(256)using ImageJ softwar&éroughmanually counnhg nuclei within myotubes for

fusion index (fusion indeks shown as the percentage of nuclei contained within
myotubes to the total number of nuclei in each field of view), and area was calculated
using the threshold parameterobtain the minimum effective area for each

condition

Western blot images weretaimed using Odyssey Fmagingsystem (LiCor), and
guantification was performed using ImageJ and normalised to Ponceau S stain by

densitometry of total Ponceau in that sample lane.

Mitochondrial quantification performed using MitoTrack&dwas done by

guantifying mean fluorescent intenséyea of the Red channel and dividing that
number by the total number of nuclei present within the image. This was performed
with ImageJand Excel.

4.2.12 Statistical analysis

All data are represented as mean + SEMeway ANOVA was used to compare

means othet hr ee gr ou p s .-testwaPperformed td coOnsparg tbes t

treatment groupa1{iR-199a5p, and AM-199) with the control group (Scr). Omeay

ANOVA analyses for gPCR, protein and image analysis were pegfbusing

GraphPad Prism version 5.03, wittvpa | ues O 0. 05 conscand.er ed st

4.3 Results

4.3.1 miR-19%:-5pregulates myogenesis vitro in C2C12mouse myoblasts.

To investigate the effect ofiR-199a5pin vitro, C2C12 myoblasts were first &ted
with miR-199a5p mimic or AM-199mimic, or scrambled antagomir control (Scr) as
described ir2.6.1 Verification of miR199a5p upregulation and downregtion by
mimic or antagomiR was performed by gIPCR for miRsFigure4.31). The results

demonstrated miR99a5p treatment results in significant upregulation of rh#®a
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5p in C2C12 cells, further, inhibition by AKI99 resulted in significant

downregulation of miRL99a5p compared to Scr contr@Figure4.3.1).

Immunostaining of treated C2C12 cells with MF20 myosin heavy chain antibody
revealed inhibitory effectsfaniR-199a5p as compared to Scr controls.
Quantification of MF20 immunostaining demonstrated thi#r-199a5p treated
C2C12 myoblasts formed smaller myotubes (diameter) with fewer nuclei (fusion
index) (Figure4.3.2). Moreover, miR199a5p-treated myoblasts proded very small
myotubes containing-2 nuclei,although no significant differences wexeservedn

overall myotube are@Figure4.3.2).

Next, differentiated C2C12 myotubes were treated mifR-199a5p, AM-199, or

Scr control to assess the effect of miR overexpression or inhibition on differentiated
C2C12 cells. Immunostaining of treated C2C12 myotubes with MF20
immunostaining revealed iiditory effects ofmiR-199a5p as compared to Scr
controls. C2C12 myotubes treated witiR-199a5p were characterised by smaller
myotube diameter as comparedSitr control(Figure4.3.3). Myotubes treated with
AM-199 contained more nuclei (fusion indecompared to miRL99a5p
overexpressionHigure4.3.3). Further, myotube area wamgnificantlyreduced in
miR-199a5p treated myotubes as compared to the Scr control gratipmiR-199a

5p overexpression demonstrating a reduced myotube area and thinner myotubes

compared to Scr controls but not AM9 (Figure4.33).

miR-199a-5p
c - } = {
5 0.015 r o sor
ﬁ ;‘E O miR199
£ 0.010 A AM199
X ()
)
g 0.0051 _Q.eo_
20
© A
Q
o 0.000

Figure 4.3 1. Treatment of C2C12 myoblasts with miR199a5p mimic or AM -
199 results in upregulated and downregulated levels of m#R99a5p,
respectively, as compared to Scr controlC2C12 cells were treated with mi®%-
5p mimic or antagonik-19%:-5p, and RNA wassolated 48 hours lateRT-qPCR
datashowed miR199a5p mimic significantlyupregulated miRL99a5p expression,
and antagomiR treatment significantly lowered mi#9a5p expression in C2C12
cells.N= 3, error bars show SEM, expression relative to-Rimshown. Onevay
ANOVA wi t h D-estwas perfamsed. fj @<6.@5.
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Figure 4.32. miR-19%-5p regulates myogenesis in C2C12 mouse myoblasts
C2C12 myoblasts showed decreased diameter size and foidooving treatment
with miR-199. Inhibition of miR199usingAM-199had no effect on myogenic
differentiation as compared to Scr contas,indicatd by quantification of MF20
(which detect myosin heavy chain, a myogenesis mairkenunostaining by ImageJ.
Representative images are shown, green: MF20, blue: DAPI; n=#4a8tagomik
scrambled, miRL99T miR-199a5p mimic; AM-1991 antagomR to miR-199a5p.

Error bars show SEM; ¥*p<0.050Oneway ANOVA wi t h-te@8calmet t 6s

bar 275 pm.
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Figure 4.3.3. miR-19%-5p negatively regulates myotube growthDifferentiated
C2C12 cells werdreatedwith miR-199,AM-1990r Scr control and then stained with
MF20 antibody which detects myosin heavy chain, a marker of myogenesis
Overexpressionf miR-19%-5p resulted in significantlglecreased diameter, and
fusionindexof myotubesascompared t&cr control Area of myotubes was
decreased in myotubes treated with O mimic as compared to Scr control.
Green: MF20, blue: DAPI; n=&cri antagomiR scrambled, miRL99T miR-199a

5p mimic;AM-1991 antagomR to miR-199a5p. Error bars show SEM;-*p<0.05
Oneway ANOVA wit h-tefd SBcalelmat2v5um. post
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4.3.2 miR-199a5p inhibition reduces C2C12 celimber

CCK-8 CCK-8 H202

1.51
2.04 O Scr

, ™ : O miR199
1.51 Oooo 1.04 ‘% % AA A AM199
2ol 5B R 2 3
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0.0 . . . 0.0 T T T

Figure 4.34. miR-199a5p does not affectell numberin the presence of H202
but reduces proliferation in growth conditions. Cell Counting Kit8 (CCK-8) was
used to determine the effect of miR9a5p oncell numbeiin normal and stressed
(H202 1mM) condition. A)Cell number waseduced with miRL9%-5p inhibition as
compared to Scr controls in normal growth conditionsC8l) numbemwas not
affected by miR199 overexpressioor inhibition in the presence of.B> Arbitrary
units shown; n¥2. Scri antagomiR scrambled, mMEA97 miR-199a5p mimic;
AM-19971 antagomiR to miRL99a5p. Error bars show SEM;i*p<0.05. Onevay
ANOVA with Diestnett ds post

4.3.3 miR-19%-5pregulatel the expression &R stress markeGrp73, in C2C12

cells

To determine mechanism of action of riR%:-5p, we used target prediction
databases to characterise RriiBa-5ptarget genes. Targanhcluded Grp78 and Atf6
related to ER stress, and these targets are supported by the literatii@3{33ds
well as our bioinformatic analyses (s&8). We therefore explored expression of
genes of the three activating arms of the ER stress patRERK IRE-1 Uand
ATFG.

The overexpression of miR99 in C2C12 myoblasts showed moderate
downregulation oATF6 protein levels as compared to $ortrols, however this was
not significant Figure4.35). CHOP protein levels showed a trend towards
upregulation following miRL99 treatmentowever no significant changes were
observedFigure4.35). A significant increase in levels of ER strestated protein,
GRP78, was observed following miB®9 overexpression as compared to both Scr
control and AM199 treatment was observdedure4.35). The mRNA levels of
Atf6, Chop and Grp78 were not altered by inhibition or overexpression ofLOtE
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5p, which is not entirelgurprising given that miRs can regulate gene expression at
protein level without affecting mRNA levelBigure4.35). Additionally, Xbp1

splicing was arigsed as one of the arms of ER stress pathway-IX$plicing was
mildly enhanced following miRL99 inhibition as compared to Scr control, however
this was not significant. A variability among the replicates was observed which
suggest the need to furthespdore this aspect of mi29%:-5p function (Figure4.35).
Together these data suggests that-d®Ra5p may regulate the PERK arm of the ER
stress response through GRP78 upregulatiorpassiblesubsequent CHOP

activation.
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Figure 4.35. Overexpression of miR199 led to increased expression of ER stress
related protein, GRP78A) C2C12 cells were treated withiR-19%5n AM-199, or
Scr control Overexpression of miR99 resulted in significant increase in the protein
level of GRP78 compared to both miR inhibition by AM9, and Scr controAn
increase trend was seen in CHaml decrease in ATF6 protein leviaiowing miR-
199 overexpressigralthough this was not statistically significaB} No sgnificant
changes in relative expression of Atf6, Chop, or Grnpéée observed by gPCR)
Xbpl splicing was not alterddllowing miR-199 overexpression or inhibition.
Arbitrary units shown fokWestern blot quantification; gPCR: expression relative to
S29 is shown; n=3. StrantagomR scrambled, miRL99T miR-199a5p mimic;
AM-19971 antagomir to miR-199a5p. Error bars show SEM;1*p<0.05 Oneway
Diestnett 0s

ANOVA with
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Next, to further explore the potential regulation of GRP78 and CHOP modulation by
miR-199a5p, C2C12 myoblasts were exposed to tunicamycin as descrilzed.ih
Immunostaining of myoblasts showed higher percentage of myoblasts positively
stained for ER stress protein CHOP following rii®9 overexpression and Al¥B9
treatment led to a decrease in the number of CidQdttive cells in the presence of

tunicamycin as compared to Scr control treated with tunicamizajuie4.3.6).

Scr Scr miR199 AM199

-Tunicamycin
+Tunicamycin

Chop 3 Scr
37 .
= —J
o7 L
T
ot
14 =
0 T T T i
-T +T

Figure 4.3.6. Overexpression oimiR-19%-5p in C2C12cellsresults in an
increased number of CHORpositive cells C2C12 myotubes were exposed to
tunicamycin, and then treated with Scr, riiB%-5p, or AM-199. Quantification of
CHOR-expressing cells show tunicamycin significantly upregulated Cp@iRive
cellswith miR-19%-5p treatment Representative images are shown; red: CHOP,
blue: DAPI; n=4. Sci antagomiR scrambled, miE991 miR-199a5p mimic; AM-
1997 antagomiR to miRL99a5p. Error bars show SEM;-*p<0.05 Oneway
ANOVA wit h  Du n n gesttSéale bap 2¥5uin. Ratiéo cells positive for
CHOP.

4.3.4 miR-19%:-5p inhibition significantly ameliorate theeffects of tunicamycinon
C2C12 myotubes

To determine whether miR99-mediated regulation of proteinslated to ER stress,
we next investigated whether inhibition of raiR%-5p may rescue myotube atrophy
associated with tunicamycin treatment. C2C12 cells were first treated with

tunicamycin to induce ER stregbis resulted in myotube atrophy as quaetifby
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significantly diminished myotube diameter as comparesicrocontrol Figure4.3.7).

MF20 immunostaining and quantification demonstratedmiR-19%:-5p, in the

presence of tunicamycin, significantly reducegotubediameteras compared t8cr
controls, in the presence of tunicamycin, further, inhibition of41®Ra-5p resulted

in significantly increased diameter as compared to Scr conFigjsr€4.3.7). Area

was not statistically significantly different between tunicamycin tregtedps
(Figure4.37). Fusion index was found to be significantly lower in r1i88a-5p

treated myotubes as compared to Scr controls, and 8®reatmentppeared to
ameliorate the effects of tunicamycin through preservation of myotube diameter, and
fusion (Figure4.37).
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Figure 4.3.7. Inhibition of miR -19%-5p in C2C12 myotubessignificantly

ameliorated the effect of tunicamycinon diameter. A) C2C12 myotubes were
exposed to tunicamycin followdsy Scr, miR19%-5p, or AM-199 treatmenta non
tunicamycin treated Scr control was also ug&dVIF20 immunostaining

demonstrated thamiR-19%-5p enhances negative effects of tunicamycin on myotube
diameter and fusion index as compared to Scr cor@jddverexpression of mi99

in tunicamycin treated cells resulted in significantly reducedtabhe diameter and
fusion andAM-199 ameliorated the effects of tunicamycin through preservation of
myotube diameter, and fusion. Representative images are shown; green: MF20, blue:
DAPI; n=4. Scii antagomiR scrambled, miE991 miR-199a5p mimic; AM-1997
antagomiR to miRL99a5p. Error bars show SEM; *p<0.05 Oneway ANOVA

wi t h Du n #testtS¢al@ bar 3y Dsnt
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4.3.5 miR-19%-5pdid not signifcantlyregulatemitochondrialbiogenesis

To investigate the effect of milR99 overexpression or inhibition on mitochondrial
function, C2C12 myoblasts were treated with Scr control -h88 orAM-199and
nextstained with MitoTrackeMitoTracker Red is a fluorescent dye that stains
mitochondriain cells and accumulates in mitochondria dependent on membrane

potential; it is used to label active mitochondria for quantification on fixed (@2l

mMiR-199a5p treatment led to no significant change in mitochondrial content as
compared to Sacontrols, whereas inhibition of miR9%-5p by AM-199 led to
increased mitochondrial activity as compared to 118Ra-5p overexpression and Scr
controls as determined by quantification of MitoTracker stainfigufe4.3.8).

Since MitoTracker Red staining indicated a potential enhancement of mitochondrial
function in C2C12 myoblasts treated with AM9, we next investigated

mitochondrial functon using Seahorse analyser through measuring oxygen
consumption rate (OCR) of the cells on a pladésed live cell assay (this experiment
was performed with assistance from Ms Maria Borja Gonzalez). Treatment with AM
199 led to improved mitochondrial maxafrespiration in C2C12 myoblasts as
compared to Scr controlgigure4.3.9). miR-199 treatment did not significantly

affect OCR when compared to Scr cotdr

Together, this suggests that mlR9a5p inhibition may lead to improved
mitochondrialactivity. We therefore investigated the expression of genes associated
with mitochondrial dynamics and content, as well autophagy including miR targets:
Pgel ({330) a regulator of mitochondrial biogenesis. Other genes of interest
included:Atg5 a key autphagy protein that is involved in autophagic vesicle
formation as well as mitochondrial quality control after oxidative dan(@@);

Lc3b, a marker of autophagic fl(832) Coxl, which is involved in electron

transport, and is encoded hretmitochondrial genome, hence considered a marker of
mitochondrial content333), Tfam,a mitochondrial protein necessary for ATP
production from oxidative phosphorylati¢d34), andNrf2, which has roles in

antioxidant regulatioi(335).

The expression of mitochondrial marker Caxicoded by the mitochondrial genome,
and mitochondrial biogenesis marker Pigtiyasincreased followingAM-199

treatment, as compared to Scr colgy however this was not statistically significant
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(Figure4.3.10). Overexpression of miR99 did not significantly affect expression
levels of either ColorPgel U compar ed t 0-198kad noeftectonr ol s . mi
the expression of Atg5, Lc3b, Tfam, or NriZgure4.3.10).
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Figure 4.38. miR-199 affects mitochondrialactivity in C2C12 myoblastsC2C12

cells were treated with Scr control, miR9 mimic or AM199 inhibitor. Theravas

no difference seen between miR9 overexpression or Scr control. The inhibition of
miR-199 by AM-199 resulted in significant increased mean fluorescence compared to
both miRoverexpressioandScr contras. Representative images are shown red
MitoTracker, blue DAPI, n=4. Scii antagomiR scrambled, miO9T miR-199a5p
mimic; AM-19971 antagomiR to miRL99a5p. Error bars show SEM;-*p<0.05

Oneway ANOVA. Scale 40x75um.
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Figure 4.39. Inhibition of miR -199%-5p has a positive effect on mitochondrial
respiration. Seahorse bioanalysis of mitochondrial function was asse&ked 99
treatmented to enhana@mitochondrial function. This was specifically seen in
parameters of maximal respiration, and spare respiratory capacity in C2C12
myoblasts as compared to Scr controls.iSantagomiR scrambled, miRI9T miR-
199a5p mimic; AM-1991 antagomiR to miRL99a5p, n=3.
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