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Abstract

Loss of skeletal muscle mass and function is a common co-morbidity of a number of
chronic diseases including chronic obstructive pulmonary disease (COPD) and a range
of critical illnesses as well as in ageing, affecting the quality of life of these individuals.

However, the mechanisms by which this occurs have not been completely elucidated.

Previous studies in the group identified changed in the levels of several microRNAs in
the quadriceps of COPD patients. We focused on the microRNAs that showed the
largest and most significant increased expression between patients and controls. One
of the elevated microRNAs was miR-542-3p, which was chosen after performing a
bioinformatics analysis and saw interesting predicted targets in the muscle wasting
context. MIiR-542-3p was also found to be elevated in the quadriceps muscle of
sarcopenic patients. In this thesis, we aimed to determine if miR-542-5p was also
elevated in those two cohorts and if a similar pattern for miR-542-3p/-5p was seen in
critical illness such as patients with intensive care unit acquired weakness (ICUAW).
We also aimed to identify the molecular pathways by which these miRNAs contributed

to muscle impairment or dysfunction.

miR-542-3p/5p levels were found elevated in COPD and sarcopenic patients but more
markedly elevated in patients with ICUAW. In vitro, miR-542-3p decreased the
expression of mitochondrial (MRPS10) and cytoplasmic (RPS23) ribosomal proteins and
reduced 12S and 18S ribosomal RNA (rRNA) suggesting mitochondrial and cytoplasmic
ribosomal stress. miR-542-3p/-5p promoted the nuclear accumulation of phospho-
SMAD2/3 and suppressed expression of SMURF1, SMAD7 and PPP2CA which are
inhibitors of the system, indicative of increased TGF-P signalling. In vivo, miR-542 over-
expression caused muscle wasting in the targeted muscle, decreased mitochondrial
function, 12S rRNA and 18S rRNA levels and SMAD7 expression, consistent with the
effects of the miRNA in vitro. In patients with ICUAW similar results were observed, the
expression of 12S and 18S rRNA and SMURF1, SMAD7 and PPP2CA were reduced,
suggesting mitochondrial and cytoplasmic ribosomal stress and increased TGF-f

signalling.
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TUG Timed up and go test

TUNEL Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick end-labelling

TwQ Twitch strength quadriceps

UTR Untranslated region

VO2max Maximal rate of oxygen consumption

XPOS5 Exportin-5
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CHAPTER 1: Introduction

1.1 Skeletal muscle overview

Skeletal muscle is the most abundant tissue in the body, accounting for up to 40% of
total body mass and is one of the three types of muscle tissue found in mammals. The
other muscle types, cardiac and smooth muscle, differ from skeletal muscle in

structure and function (Table 1) (1).

Table 1- Differences between the three types of muscle.

TYPE OF MUSCLE

CARDIAC SMOOTH SKELETAL
Variable, but mostly
attached to bones.
LOCATION Heart Airways, vessels There: are some
Hollow organs exceptions such as
facial muscles and
tongue.
CELL Single nucleus Single nucleus Multinucleated
CHARACTERISTICS Lightly striated Non-striated Heavily striated
Involuntary Involuntary Voluntary
FUNCTION Pumps blood around Slow contrac.tlon and Rapid contraFtlon
the body relaxation and relaxation
Peristalsis Movement

The main role of skeletal muscle is to generate force and so enable the movement or
provide support of parts or all of the body. Such movement is important in locomotion,
postural support and ventilation (2). In addition to providing movement skeletal
muscle has a major role in homeostasis for example contributing to thermoregulation

(2) and the regulation of circulating glucose levels (3).

Mammalian skeletal muscle is first formed during embryogenesis by myogenesis. This
process occurs within the mesoderm after the formation of the three germ layers
(ectoderm, mesoderm and endoderm). During the neurula stage the neural plate
transforms into the neural tube (the precursor to the central nervous system) (4). At

the same time, the cells adjacent to the neural tube (the paraxial mesoderm) give rise
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to the somites and these subdivide into sclerotomes, myotomes and dermotomes. The
sclerotomes give rise to the axial skeleton, the myotomes give rise to skeletal muscle
(5) and dermatomes to dermal tissue (skin and connective tissue) (6). Some myotome
cells become committed muscle cell precursors (myoblasts) in response to paracrine
factors and start to synthesise transcription factors such as MyoD or Myf5 (7) and
divide in the presence of growth factors, primarily fibroblast growth factors (1). As the
growth factors levels decrease, myoblasts stop dividing, align and fuse to form
multinucleated myotubes (8). Myotubes then fuse to form muscle fibres (9,10). The
described process is known as skeletal muscle myogenesis. In addition to the
generation of skeletal muscle from the somites, some muscle is formed from other
embryonic structures such as the cranial somitomeres. The cells in these cranial

somitomeres go on to form some of the head skeletal muscle (11).

Each myofibre is surrounded by a cell membrane termed sarcolemma and contains
many myofibrils, composed of contractile proteins, predominantly myosin and actin,
which are organised in discrete functional units called sarcomeres. Sarcomeres are
responsible for generating force and are repeated along the length of myofibrils giving
skeletal muscle its particular striated appearance (12). The fibres are arranged in the
muscle into small bundles known as fascicles. Surrounding the fascicles and separating
them is the perimysium, which is a connective tissue that extends becoming the
epimysium until the fascia. The fascia is another connective tissue, which separates the
numerous muscle fibres belonging to a skeletal muscle from adjacent muscles or other

tissue (13).

In mammals, there are 4 types of skeletal muscle fibre each type being identified by
the isoform of myosin heavy chain (MHC) that it expresses. As no agreement has been
made in the scientific community whether extraocular muscle should be considered as
skeletal muscle, we will not consider it as the 5™ type of skeletal muscle in this thesis.
The different MHC isoforms expressed in the fibres; Type |, lIA, IIX and 1IB, have specific
contraction kinetics and metabolic requirements such that the function of a muscle is

governed by the type(s) of fibres that it contains (Table 2).
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Table 2- Characteristics of the different muscle fibres types.

TYPE OF MUSCLE FIBRES

TYPE | TYPE IIA TYPE lIX TYPE IIB
Contraction time Slow Moderately fast Fast Very fast
Size of motor neuron Small Medium Large Very large
Activity used for Aerobic Long-term Short-ter.m Short-ter.m
anaerobic anaerobic anaerobic
Force production Low Medium High Very high
Capillary density High Intermediate Low Low
Mitochondrial . . .
density High High Medium Low
Oxidative capacity High High Intermediate Low
Glycolytic capacity Low High High High
Resistance to fatigue High Fairly high Intermediate Low
Creatine phosphate Creatine Creatine
Major storage fuel Triglycerides phosp ’ phosphate, phosphate,
glycogen
glycogen glycogen

Briefly, Type | fibres are red in colour, due to increased myoglobin, and have high
numbers of mitochondria which confers resistance to fatigue. Therefore, Type | fibres
can produce repeated low-impact contractions and obtain ATP though aerobic
metabolic cycle (14). Conversely, Type Il fibres are whiter in colour due to lower levels
of myoglobin and fewer mitochondria, which results in relatively rapid fatigue. Type Il
fibres are therefore responsible for short and high impact movements (14). However,
the three Type Il fibres vary in MHC kinetics and mitochondrial content consequently
have differences in fatigue resistance. For example, fibres 11X and IIB have fewer
mitochondria so are easily fatigable while Type IIA fibres have more mitochondria and

exhibit intermediate fatigue resistance (14).

However, there are some species differences between fibres characteristics. For
example, relative to mitochondrial content, in humans the fibre type with highest
content of mitochondria is Type |, followed by Type IIA > Type lIX, whereas in mouse
the fibre with the highest content in mitochondria is Type IIA > Type IIX > Type | and
Type 1IB (15). These species differences need to be taken into account in the design

and interpretation of experimental studies.
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An individual muscle is rarely composed of a single fibre type with the proportion of
each fibre varying in relation to the function of the muscle. For example, the flexor
digitorum profundus muscle which is in charge of flexing the fingers has a high
proportion of Type Il fibres as its role requires speed rather than fatigue resistance
(16). On the other hand, the soleus muscle requires high fatigue resistance, therefore
it is composed of around 80% Type | and 20% Type Il (17). However, some muscles
require both fatigue resistance and strength such as the diaphragm, which in adult

humans is composed of equal proportions of slow fibres and fast fibres (18).

Muscle phenotype is plastic and specific muscles can change fibre proportion
dependent on the demand placed on the muscle as a consequence of different
physiological and pathological conditions including training, hypoxia and age (18). For
example, some studies have shown that high intensity training over short periods of
time such as using high velocity isokinetic contractions and ballistic movements
(sprints, bench press throws) induces a fibre shift, increasing Type Il fibres and
decreasing Type | fibres (19). On the other hand, training focusing on longer duration
activity and higher volume endurance contributes to the shift from Type Il to Type |
fibres (20). Several mechanisms have been proposed to be involved in this fibre shift
such as neurotrophic factors, electrical activity and hormones playing a role in the
change of the contractile phenotypes (20). However, further research is needed. Buller
et al. stated that nerves from fast and slow twitch muscles send out different signals
that can change muscle fibres from fast to slow and vice versa (21). They proved this
hypothesis by transplanting nerves from one fibre type to another and they proposed
that the electrical signals and/or neurotrophic factors that nerves send could be

altered (e.g. with exercise) determining the fibre type.

Another of the causes that may contribute to the fibre-shift is the fact that Type Il
fibres are more prone to atrophy than Type | fibres provoking an overall increase of
Type | fibres. Therefore, muscle immobilization seems to lead to a decrease in fibres,
particularly Type Il fibres. For example, MacDougall et al. showed that after 5-6 weeks
of muscle immobilization by elbow cast, there was a decrease in fibres, which affected
the Type Il fibres to a greater extent than the Type | fibres leading to an increase in the

proportion of Type | fibres in the muscle (19).
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1.2 Skeletal muscle homeostasis: balance between muscle loss and

synthesis

In the absence of major environmental changes (starvation, disuse, etc.), muscle mass
is maintained in healthy adults by balancing the mechanisms that promote muscle loss
(apoptosis, protein degradation by ubiquitination/caspases or by autophagy) with
those that promote muscle synthesis (satellite cell recruitment and protein synthesis)
(22). The activity of these mechanisms is controlled by a number of different growth
factors and signalling pathways that interact. Principal amongst these growth
regulators are insulin-like growth factor-1 (IGF-1) (23) and myostatin (MSTN) (24)
which promote muscle synthesis and muscle degradation respectively. Both of these
pathways affect multiple aspects of muscle protein turnover by regulating both
myofibrillar protein synthesis and/or degradation as well as satellite cell proliferation

and activation.

The balance of synthetic and degradative processes that normally maintains muscle
mass can change allowing the muscle to adapt to altered physiological or
environmental stimuli, resulting in a change of phenotype by, for example, altering size
or mass. Some studies have shown that in human skeletal muscle the increase in
essential amino acids and insulin after food ingestion activates mTOR signalling and
promotes protein synthesis (23). However, under inflammation, the MSTN-SMAD2/3
pathway is activated acting as a negative regulator of protein synthesis. Under
inflammation, cytokines promote muscle degradation by activating FOXO transcription

factors such as FoxO3 which activate the expression of atrophy related genes.

The individual mechanisms involved in regulating muscle mass are discussed in the

following sections.
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1.2.1 Mechanisms leading to muscle loss
1.2.1.1 Proteolysis

Increased protein breakdown is thought to be a significant contributor to the loss of
muscle protein and therefore to muscle loss. This occurs by two major mechanisms the
ubiquitin/proteasome pathway and the activity of caspases. Of these most studies

have focussed on the proteasomal pathway that is initiated by protein ubiquitination.
1.2.1.2 Ubiquitination

The role of the ubiquitin/proteasome pathway in muscle was firstly identified by an
elevation of atrogin-1 and muscle ring finger-1 (MuRF-1), both ubiquitin ligases, in

muscle in response to a range of atrophic stimuli (25,26).

Further studies on these proteins have suggested that they are also increased in the
muscle of patients with a range of diseases including COPD, chronic heart failure (CHF)
and ICUAW (27-31). However, although increased MuRF-1 and atrogin-1 are
consistently reported in ICUAW (32,33), the increase of these factors in chronic
diseases such as COPD and CHF is not consistent as some reports indicate no or
opposite changes in patients compared to control. For example, quadriceps atrogin-1
protein was decreased and no change in MuRF-1 protein levels was reported between
COPD patients and controls (34). In HF mice model, an increase in atrogin-1 mRNA but
not in MuRF-1 mRNA was seen in the vastus lateralis of mice (35). However, we have
to consider that it is also likely that the increase in proteolysis that is required to get

the sort of slow atrophy seen in many forms of wasting is too low to be measurable.

The proteasomal pathway is also known to be activated by several atrophic stimuli
such as inactivity and inflammation (36) that are also present in COPD and ICUAW
patients. Moreover, in vivo atrogin-1 and MuRF-1 knockout confers resistance to
atrophy in response to denervation (37) suggesting they play a key role in the

proteasomal pathway.

As described above, MuRF1 and atrogin-1 are components of the

ubiquitin/proteasome pathway. The ubiquitin/proteasome machinery is complex and
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the first step of this system consists of an ATP dependent ligation of ubiquitin to an E1
enzyme (38). The ubiquitin is then transferred to an E2 enzyme (ubiquitin-conjugating
enzyme) (39). E3 enzymes (ubiquitin ligases) are needed to bind to E2 and the target
protein to catalyse the transfer of ubiquitin from E2 to the target protein. Both MuRF1
and atrogin-1 are E3 ligases and as such confer substrate specificity. Once
monoubiquitination has occurred, the target protein is poly-ubiquitinated, causing it to
be targeted to the proteasome and degraded (40). Proteins involved in this process
also contribute to muscle wasting. For example, ZNF216, is a protein that recognises
ubiquitinated proteins and delivers them to the proteasome during muscle atrophy.
Mice deficient in ZNF216 are more resistant to muscle atrophy during denervation
than normal mice and showed an accumulation of poly-ubiquitinated proteins in the
muscle (41). The ubiquitination process is reversible as polyubiquitin chains can be

removed by ubiquitin-specific processing proteases (USPs) (42).

The targets of Atrogin-1 and MuRF-1 include many key cytoskeletal proteins including
myosin light-chain-2, troponin |, troponin T1, troponin T3, titin, telethonin, myotilin
and nebulin (43,44). Witt SH et al. also identified the interaction of MuRF-1 with 11
enzymes essential for ATP synthesis such as mitochondrial ATP synthase and
cytoplasmic creatine kinase suggesting it could regulate energy metabolism (43).
Moreover, Atrogin-1 controls the half-life of MyoD (a key transcription factor in muscle
differentiation) in skeletal muscle (45) and overexpression of a mutant MyoDK133R
lacking atrogin-1 mediated ubiquitination prevented atrophy of mouse primary
myotubes and skeletal muscle fibres in vivo (46). Atrogin-1 also targets elF3f
(-eukaryotic initiation factor 3F- a protein involved in protein synthesis) in skeletal
muscle (46) suggesting that increased atrogin-1 may impair protein synthesis (47,48).
The transcriptional control of these two E3 enzymes is regulated differently; atrogin-1
levels are up-regulated by FoxO (49) whereas MuRF-1 transcription is controlled by the

activation of NF- kB (nuclear factor kB) (50).

Other E3 ligases are also activated during atrophy to promote breakdown of other
proteins, contributing to catabolism. For example, TRAF6 is important in activating the
ubiquitin-proteasome system by promoting ubiquitination of its target proteins (51).

TRAF6-mediated ubiquitination is essential for activation of several signalling pathways

26



including the JNK, AMPK, FoxO3 and NF-kB pathways (52). Consistent with a role for
TRAF6 in skeletal muscle atrophy, starved TRAF6 knockout mice had reduced levels of
poly-ubiquitinated proteins and had almost no Lys63-polyubiquitylated proteins in
their muscle. Moreover, TRAF6 knockout mice seem to be resistant to muscle atrophy
caused by cancer, starvation or denervation (51-53). Moreover, TRAF6—/- mouse
embryonic fibroblasts showed the decrease of some atrophy activators such as MAFBX,

MuRF1, p62, LC3B, Beclin1, Atg12, and Fn14.

As the ubiquitination pathway is complex, de-regulation of the system in any of the
four main steps could lead to muscle wasting (54). The four main events which have
been shown to be de-regulated in atrophy are: 1) augmentation of ubiquitin
conjugation to protein in the muscle, which, for example, has been shown to be
induced by starvation through TRAF6. 2) Increased ATP-dependent activity of the
proteasome. In rats with chronic renal failure an increased expression of genes
encoding proteins of the ATP-dependent ubiquitin-proteasome pathway was
associated with increased muscle proteolysis (55) and a similar observation was made
in rats suffering from diabetes mellitus (56), suggesting that the stress of these
diseases can dysregulate this step. 3) Increased transfer of ubiquitin from E2 to the
target protein; for example, some mutations in UBE2A enzyme have increased its
activity by three-fold, compared to the wild type enzyme (57), increasing proteolysis
and contributing to muscle wasting. 4) Overexpression of ubiquitin, E2, E3 or
proteasome subunits. It has been shown that several different stresses can increase
components of the proteasome pathway. For example, 14 days leg immobilization
increases 20S Proteasome and atrogin-1 expression (58) and 0-10 days immobilization
increases MuRF1 mRNA (59). Similarly, ubiquitin protein was increased in the muscle
of patients 1-25 days after admission to ICU (60). In non-pathological states some de-
regulation can also occur due to fasting, vitamin D deficiency, ageing and hyperthermia

leading to an increase of an E2 enzyme expression (UBE2B) (61).

The ubiquitin/proteasome pathway has other functions apart from degrading proteins
to reduce total protein content as it contributes to the regulation of specific pathways

such as the TGF-B signalling pathway as will be described later.
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1.2.1.3  Autophagy

Autophagy is a regulated process that degrades damaged or unwanted cell
components and therefore plays an important role in the size reduction of skeletal
muscle. Autophagy occurs at a low rate constitutively where it contributes to cellular
housekeeping but it can be activated by stimuli such as cellular stress, starvation and in
response to cytokines (62). This process is mainly a non-selective degradation
pathway; however, removal of specific organelles can also occur as exemplified by the
removal of mitochondria via mitophagy. There are three different systems of
autophagy (Figure 1) according to how the autophagic cargo is delivered to the
lysosomes:  macroautophagy, chaperone-mediated autophagy (CMA) and

microautophagy.

Macroautophagy is the main pathway to eliminate damaged cell organelles or proteins
that are no longer required (63) and is induced by the activation of a complex including
Vps34 (64,65), Beclin 1 (also known as Atg6) (64,66), Vps15 (67), Ambral (68) and
Atgl4d (66,69). The initial step in macroautophagy is the formation of a double
membrane and the regulatory complex (containing Vps34, Beclin 1, Vps15, Ambral
and Atgl4) recruits LC3 on the membrane of the nascent autophagosome (2). For
mitophagy, a specific form of macroautophagy, PINK1 recruits parkin to mitochondria,
promoting ubiquitination of outer mitochondrial membrane proteins. p62 recognizes
these ubiquitinated proteins and recruits autophagic vesicles (70,71). Bnip3 and Bnip3L
are known to directly bind to LC3, recruiting a growing autophagosome to the

mitochondria (72,73).

In atrophy, mitochondria are removed through autophagy during fasting and
denervation (14,74). Alterations in mitochondrial number, morphology or function can
lead to mitophagy to eliminate defective organelles, which in turn can increase muscle
atrophy. A reduced number of mitochondria has been reported in the quadriceps
fibres of COPD patients (75). Moreover, in other muscle wasting conditions a decrease
in mitochondrial biogenesis and function has also been reported for example in both
heart and skeletal muscle in heart failure patients (76) and in the muscle of ageing

humans (77).
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As described above there are other autophagy systems including microautophagy and

CMA but unlike macroautophagy their function in skeletal muscle it is still unknown.

Microautophagy consists of direct engulfment of cytoplasmic material into the
lysosome by invagination of the lysosomal membrane. Some studies indicate that
microautophagy can contribute to glycogen uptake into lysosomes in skeletal muscle
when macroautophagy is blocked (78,79). CMA is a very specific and complex pathway.
Proteins damaged by reactive oxygen species (ROS) or other agents expose a KFERQ
motif, a specific amino acid sequence that is recognised and bound by the Hsc70
chaperone to form a CMA- substrate/chaperone complex. This chaperone interacts
with Lamp2a receptor on the lysosome to deliver the damaged protein (2). However,
in fasted rats an activation of CMA and an increase in protein breakdown was seen in
the liver and the heart but not in skeletal muscle so its role in muscle homeostasis and

atrophy is still unknown (79).
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Figure 1- Protein degradation and organelle removal in skeletal muscle via autophagy.

(A) During macroautophagy, a regulatory complex (Beclinl, Vsp34, Vspl5, Ambral and Atgld) is
responsible for LC3 recruitment into the nascent autophagosome. Proteins that need to be degraded
are labelled with polyubiquitin chain and delivered to the autophagosome by p62 protein. A form of
macroautophagy is mitophagy which consists on the removal of mitochondria via the PINK-parkin
complex and Bnip3 factors. (B) Microautophagy consists on direct engulfment of small parts of the
cytoplasm into lysosomes. In skeletal muscle, glycogen is taken up and broken down by this method.
(C) CMA plays a role in removing proteins that are damaged (e.g. by ROS). Damaged proteins expose a
KFERQ amino acid motif, which is recognised by the chaperon Hsc70 and delivered to the lysosome via
Lamp2a receptors interaction. Source: doi: 10.1242/dmm.010389 and permission was obtained (2).
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1.2.1.4 Apoptosis

From the three muscle loss mechanisms, apoptosis in skeletal muscle is the least well
defined. However, the fact that apoptosis is increased in the skeletal muscle of
patients with a number of diseases such as chronic heart failure (80), skeletal muscle
denervation (81), muscular dystrophy and skeletal muscle atrophy due to limb
immobilization (82) measured by DNA fragmentation in gel electrophoresis or by
terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end-

labeling (TUNEL) suggests it plays an important role in muscle loss.

Mechanistically, apoptosis also known as programmed cell death occurs as a response
to death-inducing signals such as ROS, nitrogen species, impairment in calcium
regulation and modification of the abundance of B-cell lymphoma (Bcl)-2 family such
as Bax, Bad, Bcl-2 and Bcl-xl (83). Following these signals, the activated mitochondrial
apoptotic pathway promotes cell death (84). Protein-cleaving enzymes such as
caspases, which are cysteine-dependent aspartate-directed proteases, play a main role
in the initiation (caspase-8, -9, -12) and execution of apoptosis (caspase-3, -6, -7) by
cleaving multiple cellular targets (85). For example, caspase-3 is known to degrade
filamentous actin (86). Other factors contributing to apoptosis independent of
caspases are apoptosis-inducing factor and endonuclease G from mitochondria which

are responsible for DNA fragmentation (84).
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1.2.2 Mechanisms involved in the gain of muscle
1.2.2.1 Protein synthesis

One of the major contributors to muscle growth is new protein synthesis, a process
that occurs on the ribosomes and is modulated in response to a variety of stimuli such
as activity, disease and nutrition. In cells, there are two types of ribosomes,
cytoplasmic ribosomes, which are found free in the cytoplasm or on the external
membrane of the endoplasmic reticulum and mitochondrial ribosomes, which are
found in the matrix of mitochondria (87). Both types of ribosomes vary slightly in their
structure, although both are formed by two major components: the small ribosomal
subunit, which reads the RNA and is less stable, and the large subunit, which creates
polypeptides chains by attaching amino acids together. Each of the subunits is
composed of one or more rRNA molecules and multiple ribosomal proteins (88) as
described later in the introduction. However, the ratio rRNA/ribosomal protein differs
between the two types of ribosomes as there is less rRNA in mitochondrial ribosomes

(89).

The initiation of cytoplasmic protein synthesis occurs with the formation of the 43S
pre-initiation complex. This complex contains the small ribosomal subunit together
with some additional initiation factors including elF3 and elF4. The mRNA is loaded
into this complex as part of a second complex containing multiple elFs and along with
the initiator tRNA (met-tRNA) in combination with elF2-GTP to form the 48S pre-
initiation complex (Figure 2). Formation of both the elF2-GTP-met-tRNA and the
mRNA-elF complexes is controlled by signalling pathways such that the formation of
the pre-initiation complex marks a main regulatory step in protein synthesis. Initiation
of translation in mitochondria is more similar to that which occurs in bacteria. This
process also requires the formation of a pre-initiation complex containing the small
ribosome subunit, the met-tRNA™® bound to mitochondrial initiation factor 2-GTP and
the RNA (90). In both cases once the pre-initiation complex has formed the large

subunit joins the complex to form the initiation complex.
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Figure 2- Schematic diagram of the initiation of transcription in eukaryotes.

Initiation of transcription starts with the formation of the 43S pre-initiation complex via the assembly of
the ternary complex with the 40S ribosomal subunit (to which elF1A and elF3 are already attached). The
binding of the mRNA to form the 48S pre-initiation complex requires other initiation factors elF4E, 4G,
4A and 4B. Finally, the binding of the 60S ribosomal subunit, which requires elF5 and GTP, occurs
allowing protein synthesis to begin. Adapted from (91).

One significant difference in this step between the ribosome types is how the
ribosome enters the mRNA. As mitochondrial transcripts are often polycistronic,
ribosomes can bind the mRNA directly at the translation start site (92). However,
eukaryotic mRNAs are monocistronic forcing the ribosomes to bind the mRNA though
the 5’ end (a methylated guanine residue) and move downstream to the translation
site (in a process called scanning) (93). The recognition of the initiation site is done in
the mitochondrial ribosomes by complementary base-paring on the 3’ terminus of the
16S rRNA (92) while in cytoplasmic ribosomes for the ribosome to recognize the 5’ CAP

of an mRNA several protein factors are required. For example, elF-3, a factor
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associated to the 40S subunit interacts with elF-4F which binds to the 5 CAP of the

mRNA (93).

An enzyme called aminoacyl tRNA synthetase is the responsible for attaching amino
acid (aa) to the 3’ end of the tRNA using ATP, activating the tRNA (90). During the
elongation step, with the exception of the first tRNA, which enters into the P site, the
following tRNAs enter the ribosome and hybridise to the mRNA in the A site (entry
site) carrying the appropriate aa and binding of the GTPase EF-G promotes the
cleavage of the petidyl-tRNA bond in the P site and the formation of a new peptide
bond between the growing polypeptide and the amino group in the amino acid-tRNA
in the A site. The elongated peptidyl-tRNA is then moved from the A site to the P site
and the newly deacylated tRNA moves from P site to the E site (exit site) by GTP
hydrolysis (Figure 3) (90). Finally, the termination step is reached when a stop codon is
reached by the ribosome and the polypeptide is released. The main difference in this
termination step between the mitochondrial and cytoplasmic ribosomes is due to the
genetic code, while UAA, UAG and UGA are read as stop codons by the cytoplasmic
ribosomes (94), mitochondrial ribosomes read as stop codons AGA and AGG but not
UGA, which encodes for tryptophan in mitochondria (95). There is also another aa
coding difference, while AUA encodes for isoleucine it encodes for methionine in

mitochondria (96).
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Figure 3- Schematic diagram of mRNA translation.

The binding of met-tRNA™* into the P site initiates mRNA translation. The complex formed by an
incoming tRNA and EF-GTP enters the A site and the codon-anticodon pairing activated the GTPase,
provoking the release of the aminoacyl end of the tRNA from EF. The tRNA binding also causes
conformational changed in the rRNA that helps the transfer of the peptide chain onto the A-site tRNA.
The translocation of the deacylated tRNA from the P site to the E site and of the peptidyl-tRNA from the
A site to the P site occurs due to GTPases and EF. The deacylated tRNA in the E site is released when the
next aminoacyl-tRNA binds to the A site. The elongation step finished when the ribosome meets a stop
codon, releasing the polypeptide. Adapted from (90).

It is important to note that ribosomes in the mitochondria are responsible for the
synthesis of only 13 key proteins needed in oxidative phosphorylation. These proteins
form part of complexes | (NADH dehydrogenase), complex Il (cytochrome b-c1) and
complex IV (cytochrome c oxidase) and the ATP synthase but not complex Il, which is

entirely encoded in the nucleus and synthesised in the cytoplasm (97).
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1.2.2.1.1 Regulation of protein synthesis

The best studied signalling pathways that stimulate protein synthesis in adult muscle
are those activated by IGF-1 and insulin. These pathways are the phosphatidylinositol
3-kinase/Akt (P13K/AKT) pathway and the Ras-Raf-MEK-ERK pathway (98) (Figure 4).

Activation of PI3K promotes the phosphorylation of PIP2 to PIP3 leading to the
activation of 3-phosphoinositide-dependent kinase 1 (PDK1) (37). Activated PDK1
phosphorylates AKT a protein kinase with multiple targets in the protein synthetic and
protein breakdown pathways. AKT activates protein synthesis by phosphorylating and
inactivating glycogen synthase kinase 3 beta (GSK3B) and tumour suppressor protein
tuberous sclerosis 1 (TSC1) and 2. This latter phosphorylation releases the inhibition of
mammalian target of rapamycin complex 1 (mTORC1) thereby promoting the
phosphorylation and activation of ribosomal protein S6 kinase beta-1 (S6K1) (99) and
the inhibition of 4E-BP1. Activated S6K1 phosphorylates its substrate, the ribosome
protein S6 (RPS6) which is part of the 40S ribosomal subunit, and phosporylation of 4E-
BP1 results in dissociation of 4E-BP1 from the initiation factor elF4E and thus in de-

repression of the latter protein (100) thereby promoting protein synthesis.

Activated AKT also blocks FoxO transcription factors by phosphorylation which causes
their sequestration in the cytoplasm (101) so that they cannot enter the nuclei and
activate growth suppression and apoptosis related genes (102). Consistent with the
promotion of protein synthesis and inhibition of protein breakdown, the inhibition of
PI3K and the expression of a dominant-negative AKT reduce the size of myotubes in
culture (103). In vivo, muscles from mice that lack both AKT1 and AKT2 are smaller
than those from control animals (104). Moreover, AKT activation in rat muscle
prevents atrophy in response to denervation (105). Consistent with these data,

sarcopenia was also partly prevented in transgenic mice over-expressing IGF-1 (106).

The other pathway that gets activated by anabolic stimuli is the Ras-Raf-MEK-ERK
pathway. This pathway gets activated when an extracellular mitogen such as IGF-1
binds to the membrane receptor allowing Ras to exchange the GDP to GTP (107). Ras-
GTP then activates Raf to start of a protein phosphorylation cascade in which Raf

phosphorylates and activates MAP2K, which phosphorylates and activates MAPK (108),
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which (like mTORC1) phosphorylates 40S ribosomal protein S6 kinase which
phosphorylates RPS6 (109). MAPK also phosphorylates and activates MAPK-interacting
kinases (MNK) (110), leading to the phosphorylation and activation of CREB. Apart
from RPS6 and CREB, MAPK can also activate Myc. Myc activates the transcription of
genes that are important for the cell cycle as well as increasing the expression of
ribosomal RNAs (110). However, its role in muscle mass has been less described than
PI3K/AKT pathway.
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Figure 4- Signalling pathways involved in protein synthesis regulation.

Growth factors, hormones or cytokines can act through receptor tyrosine kinases to activate Ras
GTPases and PI3K. Ras activates the Raf-Mek-Erk kinase pathway. Erk stimulates protein translation via
p90RSK which phosphorylates elF4B increasing its mRNA binding activity. Erk inhibits the activity of TSC1
and TSC2 leading to stimulation of mTOR complex 1. PI3K activation leads to Akt pathway stimulation
where Akt activates mTORC1 by inhibiting its inhibitor PRAS40. Activated mTORC1 phosphorylates S6Ks,
which phosphorylates elongation factor kinase eEF2K which activates eEF2, promoting translation
elongation. Activated mTORC1 also inhibits elF4E inhibitory binding proteins via phosphorylation,
promoting cap-dependent translation. Source: doi:10.1038/nrc2824 and permission was obtained (111).
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1.2.2.1.2 Ribosomes synthesis and turnover

After activation of the anabolic pathways, protein synthesis takes place in the
ribosomes, therefore the synthesis and turnover of these organelles can have an

impact on protein translation.

The production of both ribosomal subunits (small and large) is carried out in the
nucleolus under strict regulation to achieve proper cellular proliferation and growth
(112). The majority of this process is conserved between eukaryotic organisms, from
yeast to human (113). Ribosomal biogenesis starts by the transcription of ribosomal
DNA by RNA polymerase | to obtain the 47S precursor ribosomal RNA transcript which
is processed by small nucleolar ribonucleoproteins to generate 28S, 18S and 5.8S
rRNAs. These rRNAs are assembled with the appropriate ribosomal proteins to form
the small subunit (containing the 18S rRNA) and the large subunit (containing the 28S
and 5.8S rRNAs) which are separately exported to the cytoplasm to undergo final
processing and to become the mature 40S and 60S ribosomal subunits, respectively
(114). Efficient ribosomal biogenesis is essential to translation but because it requires
high levels of energy (ATP) under stress conditions such as nutrient deprivation or
hypoxia, ribosomal biogenesis is decreased as a strategy to preserve cellular energy,
leading to ribosomal or nucleolar stress (114). Conversely in response to exercise there
is a marked increase in ribosomal biogenesis. For example, increased markers of
ribosomal biogenesis such as total RNA (115), S6K1 levels and RPS6 phosphorylation
(116) was observed after resistance exercise in the vastus lateralis muscle of middle-

aged and young individuals respectively.

Under stress stimuli such as lack of nutrients (117), muscle disuse (118) or disease such
as diabetes mellitus, renal failure and cancer (117), ribosomal biogenesis is impaired
causing a reduction in ribosome number to ensure cell viability, a process known as
ribosomal stress. One of the effects of ribosomal stress has been shown to be p53
activation (119). Under normal physiological conditions, p53 levels are kept low due to
ubiquitination by HDM2 which is an E3 ubiquitin ligase (in mice the gene is Mdm?2).
However, in response to ribosomal stress there is an accumulation of free ribosomal

protein RPL11, which can bind to HDM2 and cause it to dissociate from p53. This
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sequestration of HDM?2 therefore suppresses the ubiquitination and destruction of p53
leading to an increase in p53 activity (119). Consistent with this observation a
reduction of RPs can cause p53 activation as demonstrated by knocking down RPS6
leading to a reduction in the formation of the 40S small ribosomal subunit, increased

free RPL11 and thereby activation of p53 (120).

In mice lacking RPL29, a decrease in cell proliferation and protein synthesis was
reported (121) suggesting that ribosomal stress or impairment in ribosomal biogenesis

could also impair protein synthesis.
1.2.2.2 Satellite cell recruitment

Satellite cells are myogenic cells that play an important role in adult skeletal muscle
growth and repair through a process termed satellite cell recruitment (122). During
this process, the quiescent satellite cells that are between the myofibre plasmalemma
and the basal lamina surrounding the fibres are activated, commit to myogenic cell
lineage, proliferate and differentiate into myoblasts to fuse to established myofibres,
increasing the number of nuclei in the fibre to repair an injury (9,10). To preserve the

II'

satellite “pool”, satellite cells divide asymmetrically so that some of the daughter cells
can differentiate and fuse with the myofibres and others can return to the quiescent
state so that they are available for future rounds of regeneration (10). It is known that
the number of satellite cells per myofibre or cross-sectional area varies between
muscles. For example, the extensor digitorum longus (EDL) muscle which has mainly
Type |l fibres contains fewer satellite cells than the soleus muscle which contains
mainly Type | fibres (10). The importance of satellite cells in atrophy has been
suggested by a study which found an increase in the number of senescent satellite cells
in vastus lateralis biopsies from COPD patients with Global initiative for chronic
obstructive lung disease (GOLD) llI-IV (for further explanation see 1.3.1 section)
compared to healthy controls (123). The number of satellite cells has also been
reported to decline with age (124) suggesting the role of these cells on muscle mass
maintenance. Other studies have also suggested that satellite function declines with

age (125). Trying to elucidate the satellite cell requirement with age, Murach et al.

designed a study with young and old mice using a Pax7¢®R-R26RP™ model where
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muscle hypertrophy was induced with mechanical overload (126). Data showed that
satellite cells are not required for hypertrophy measured by fibre cross sectional area
in fully grown adult mice whereas they do play an important role in young mice. They
determined that myonuclei in adult mice had the transcriptional capacity to contribute
to hypertrophy in the absence of satellite cell/fibre fusion (127). These data may
suggest that in patients suffering from sarcopenia, protein synthesis may be decreased
(either by impaired translation and/or anabolic resistance) rather than an inability to

adapt to the absence or decrease of satellite cells, impairing muscle regeneration.
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1.3 Skeletal muscle atrophy in disease

Skeletal muscle atrophy is a co-morbidity of a wide range of diseases such as COPD
(128), cancer, heart failure, diabetes, critical care (33), pulmonary arterial hypertension
(PAH) and acquired immune deficiency syndrome (AIDS). Moreover, skeletal muscle
wasting also occurs during ageing. The loss of muscle mass and function reduces
quality of life of those patients by decreasing their ability to perform their normal daily
tasks and it is associated with increased mortality (129,130). These associations with
quality and quantity of life are well demonstrated in studies of COPD, where muscle
strength and endurance as contributors to physical performance, and muscle mass are
associated with increased mortality and poorer quality of life scores (130). Muscle
wasting also occurs rapidly in acute diseases such as critical illness where it extends
weaning from mechanical ventilation (131) and is associated with mortality and long-

term disability (33).

1.3.1 Chronic obstructive pulmonary disease

COPD, one of the chronic diseases where muscle wasting is a common comorbidity, is
the most common chronic lung disease in adults and globally it is estimated that it
caused 3 million deaths in 2015 (132). COPD is characterised by persistent airflow
limitation and airway and parenchymal inflammation and, in the western world, is
primarily caused by cigarette smoke. Patients are classified in GOLD stages or grades
according to their airflow limitation, in COPD patients with forced expiratory volume in

1 second (FEV1)/ Forced vital capacity (FVC) ratio < 0.70 (133) (Table 3).

Table 3- COPD classification based on post-bronchodilator FEV1.

COPD classification based on airflow limitation

GOLD 1 Mild FEV: > 80% predicted
GOLD 2 Moderate 50% < FEV; < 80% predicted
GOLD 3 Severe 30% < FEV; < 50% predicted
GOLD 4 Very Severe FEV1 < 30% predicted
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However, the systemic complications of COPD make airflow limitation a simplistic and
incomplete way of classifying disease severity. Therefore, a new assessment tool has
been proposed which classifies patients in A-D groups (134). This new assessment tool
takes into account the exacerbation history as well as general symptoms such as
coughing, and chest pain assessed by the COPD Assessment Test (CAT) and
breathlessness by the Modified British Medical Research Council (mMRC)

Questionnaire (Table 4).

Table 4- COPD patients’ new assessment: ABCD.

COPD classification based exacerbation

Group Exacerbation mMRC CAT
A 0 or 1 not leading to hospital admission 0-1 <10
B 0 or 1 not leading to hospital admission 22 210
(o > 2 or 2 1 leading to hospital admission 0-1 <10
D > 2 or 2 1 leading to hospital admission 22 210

The myopathy accompanying COPD affects approximately 30% of patients and is
characterised by skeletal muscle wasting and weakness due to a reduction in fibre size
and muscle mass (135). A shift from a predominance of Type | (oxidative) fibres to a
predominance of Type IIA (more glycolytic) fibres is also very common in COPD
affecting more than 50% of moderate to very severe patients (136). The combined
effect of muscle atrophy and fibre shift is a marked decrease in exercise performance
and quality of life as well as increasing mortality. Surprisingly, for patients with
moderate or severe COPD, reduced muscle mass and strength are better predictors of
mortality than the standard clinical measurement of FEV1 and more recently it has
been demonstrated that loss of Type | fibre proportions is also an independent risk
factor for death in COPD patients (137). Hence, mechanisms involved in regulating
muscle phenotype in disease such as increased inflammation, oxidative stress or
inactivity that have already been described in COPD patients (138) and to contribute to

muscle wasting are of significant interest.

41



1.3.2 Intensive care unit acquired weakness

ICUAW or intensive care unit acquired paresis (ICUAP) is a complication in critical
illness that is increasing in occurrence and that reduces patient survival (139). The
reported incidence of this condition varies depending on the cohort of patients
examined and ranges from 25% to 100% (33). For example, from a study performed in
France, it is estimated that more than 25% of patients admitted to ICU who are
intubated for more than 7 days develop ICUAW (131). ICUAW is characterised by
skeletal muscle weakness and wasting (both limb and respiratory muscles) resulting in
a range of physical disabilities from mild loss of muscle function to complete muscle
paralysis and inability to wean from mechanical ventilation (140). The myopathy
accompanying ICUAW affects both muscle mass and muscle exercise capacity by
disrupting the muscle architecture organization. There is a significant decrease of thick
myosin filaments with disruption of both the actin:myosin ratio (141,142) and
myofilament organization in patients compared to healthy controls (143,144). Atrophy
of both Type | and Il fibres is present on ICUAW muscle (145) but fast Type Il fibres
were reported to waste quicker in muscle biopsies taken from seven critically ill
patients (146). This data suggests that, as mentioned earlier, Type Il fibres are more
susceptible to atrophy. One potential contributor to the greater sensitivity of Type Il
fibres to atrophy is their higher myosin:actin ratio compared to Type | fibres as MuRF-1
(ubiquitin ligase), is known to target preferentially myosin filaments contributing to

their degradation (32).
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1.3.3 Sarcopenia

Sarcopenia is the age-associated loss of skeletal muscle mass and function and is
associated with disability, morbidity and mortality. The prevalence of sarcopenia varies
worldwide but is estimated to be from 3% to 30%. Sarcopenia leads to a loss of muscle
mass of 30-50% in individuals between the ages of 40 and 80 years old and the average
annual decline in functional capacity has been reported to be around 1-2% per year
after the age of 50, increasing to 3% per year after the age of 60 (147). Sarcopenia can
be described as a decrease in anabolism and/or an increase in catabolism together
with a loss of regeneration capacity of the muscles (148). Consistent with decreased
anabolism, growth hormone, IGF-1 and androgens are reduced in ageing. As shown by
Chakravarthy MV et al. IGF-1 is key in regulating satellite cell proliferation in old
skeletal muscle. In this study immobilizing the gastrocnemius muscle of aged rats (25
to 30-month-old) caused a decrease in the proliferative potential of the satellite cells.
However, administration of IGF-1 to the atrophied gastrocnemius muscle for two
weeks rescued 46% of the lost muscle mass and increased the proliferation potential

of the satellite cells (149).

The increase in catabolism that occurs during ageing may be a consequence of an
increase in inflammatory activity reflected by an increase in TNF-a and interleukins (IL-
6 and IL-1) as cytokines become dysregulated (150). A cross-sectional study of older
people has shown an association between high levels of IL-6 and TNF-a with low
muscle mass and strength (151) and with low physical performance (152,153). These
data together with experimental studies showing that administration of IL-6 and TNF-a
in rats causes muscle breakdown (154,155) suggest that inflammation may contribute

to muscle loss and muscle weakness in ageing.

Supporting the loss of regenerative capacity, the loss of both satellite cell number and
their ability to fuse with muscle fibres in sarcopenia have been reported (156). Other
factors likely to contribute to sarcopenia that occur with age are a reduction in activity
and dietary protein intake together with hormonal changes that lead to a loss of

muscle fibres, and its replacement with fat (157).
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1.4 Mitochondria in atrophy

Mitochondria are organelles with an inner and an outer membrane, with the matrix
inside the inner membrane. Mitochondria possess their own genome and their main
function is producing ATP as a consequence of oxidation of carbon substrates with
molecular oxygen as the final electron acceptor (158). The oxidation of these carbon
substrates occurs via the tricarboxylic acid (TCA) cycle with the electrons passed
through the electron transport system (ETS). The energy from the TCA is transferred to
the coenzymes NAD+ and FADH which have a high reduction potential (tendency to
acquire electrons) so they get reduced to NADH and FADH; (159) (Figure 5). The
energy is transferred in the form of electrons to the ETS, which contains four different
complexes (I-1V) embedded in the inner membrane of the mitochondria. The electrons
are transferred to molecules between the complexes and each movement is a
reduction-oxidation reaction in which electrons move to a lower energy state until
they reach complex IV where O is the final acceptor (159). The energy released in
transferring electrons along the ETS to molecular oxygen is used to transport hydrogen
ions out of the matrix creating a proton gradient and a membrane potential that
allows ATP synthesis as the protons re-enter the matrix via complex V (ATP synthase).

This overall process is called oxidative phosphorylation (OXPHQOS) (159).

During OXPHOS, the bulk production (around 90%) of ROS is generated. The
production of ROS can be part of normal metabolism as they are produced by
macrophages in the presence of bacterial invasion and other cell types in response to
xenobiotics or cytokines. ROS are critical to cell survival as they directly interact with
critical signalling molecules in a variety of cellular processes such as proliferation and
survival (MAP kinases, PI3 kinase, PTEN, and protein tyrosine phosphatases), ROS
homeostasis and antioxidant gene regulation (thioredoxin, peroxiredoxin, Ref-1, and
Nrf-2), mitochondrial oxidative stress, apoptosis, and aging (p66Shc), iron homeostasis
through iron—sulfur cluster proteins (IRE-IRP), and ATM-regulated DNA damage
response (160). An excess of ROS or oxidants could lead to oxidative stress in a cell, but
mitochondrial oxidant scavenging, for example by detoxifying enzymes and non-

enzymatic antioxidants, prevents cellular oxidative damage almost completely (161).
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Figure 5- Electron transfer system in the mitochondria.

Electron transfer along the complexes I-IlV embedded in the inner membrane of the mitochondria
generates a proton gradient causing hydrogen ions to flow back into the mitochondrial matrix via the
complex V, producing energy in the form of ATP. Adapted from (77).

Due to their function, mitochondria need to be dynamic and be able to adjust to
cellular requirements through biogenesis and turnover, including fission, fusion or
autophagy. For example, exercise training promotes mitochondrial biogenesis to meet
the increased muscle energetic demand (77) whereas a reduction in mitochondrial
number often accompanies loss of activity (162). However, some studies define
mitochondria as a reticulum along the length of the muscle fibre instead of single
organelles, but as there is no consensus in this thesis we considered mitochondria as

single entities (163).

Impaired mitochondria are thought to play an important role in muscle atrophy,
particularly in muscle functional decline, since mitochondria are the main producers of
cellular energy in the form of ATP. For example, in studies of the effect of ageing, ATP
measured by NMR was around 50% lower in the gastrocnemius-soleus of elderly (70+2
years old) study participants compared to young participants (27+2 years old) (164).
Similarly, a 50% ATP reduction in the quadriceps muscle of elderly was seen compared
to young individuals (165). Changes in mitochondria during ageing or chronic diseases

have also been reported including accumulation of mutations in mitochondrial DNA,
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decreased mitochondrial activity, and impairment in mitochondrial respiration (77).
These changes can lead to a reduction in mitochondrial density (166,167) and to
mitochondrial dysfunction the latter of which increases the production of ROS and
cellular oxidative stress. Consistent with such dysfunction, in ageing and in conditions
including acute muscle atrophy or sarcopenia an excessive ROS generation, a defective

oxidant scavenging or both have been reported (168-170).

ROS, including Oz and H;0,, occur as a result of premature exit of electrons from the
complex |, Il and Ill of ETS, with complexes | and Ill known to be the major sites of
mitochondrial superoxide generation (77). ROS cause oxidation of cellular components
such as lipids and mitochondrial DNA (mtDNA) leading to mutations as the DNA repair
mechanisms are weaker than those of nuclear DNA promoting further mitochondrial
and cellular dysfunction (171). Age seems to also impact mtDNA and its integrity. For
example, some studies reported a decrease of mtDNA in skeletal muscle with age (172)
and several studies have shown that mtDNA damage such as deletions and oxidative
damage, single point mutations, rearrangements and tandem duplications can occur

both with ageing and in myopathies (173,174).

Mutations in mtDNA are important as the mtDNA encodes for 13 proteins all of which
are involved in OXPHOS, encoding part of complexes |, lll, IV and V as well as 22 tRNAs
and 2 rRNAs (12S and 16S). Between 1,000 and 10,000 copies of mtDNA are found in
mammalian cells. The 13 proteins essential for OXPHOS complexes are translated by
mitochondrial ribosomes but the mitochondrial ribosomal proteins (MRPs) and
complex Il from the ETS are all encoded in the nucleus (175) perhaps explaining why

complex Il activity is less susceptible to ageing (176,177) than the other complexes.

Consistent with the importance of mtDNA mutations, a decrease in the transcription of
mitochondrially encoded components of the ETS complexes in older individuals has
been reported. For example, a decrease of complex | and complex IV activity was
found in elderly human skeletal muscle (178). Consequently, a decrease in ATP
synthesis in myopathies and in ageing have been reported with one study identifying a

50% reduction in oxidative capacity per unit muscle volume and a 30% reduction per
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unit mitochondrial volume (165). Interestingly, there is an association between

physical inactivity and mitochondrial function decline (179).

Mutation and loss of transcription of ETS proteins translated in the mitochondria are
not the only mechanisms that lead to mitochondrial dysfunction. Other mechanisms
including mutations of the mitochondrial ribosomal proteins can also lead to the same
outcome. For example, a mutation in the gene encoding MRPS16 was found in a
patient with agenesis of the corpus callosum (a congenital neuronal disorder) and lactic
acidosis. The patient had decreased complex | and IV activity in muscle and reduced
12S rRNA (180). Similarly, a mutation in MRPS22 was identified in patients with
antenatal skin oedema, cardiomyopathy and hypotonia which also resulted in a
decrease in complex | and IV activity and a reduction in 12S rRNA. Transfection of
patients’ cells with wild-type MRPS22 cDNA lead to an increase in mitochondria

respiration and an increase in 12S rRNA levels (181).
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1.5 TGF-B ligands in muscle

The TGF-B superfamily contains a wide range of factors, including isoforms of TGF-B (1-
3), bone morphogenic proteins (BMPs 1-20), growth differentiation factors (GDFs),
leftys (1 and 2), activins (A and B), inhibins (A and B), nodal, and Mullerian inhibiting
substance (182). In skeletal muscle, some of the most relevant molecules playing a role
in TGF-B pathway are MSTN also known as GDF-8, GDF-15 and TGF-B1 and their roles

are described below.

MSTN is a negative regulator of muscle growth, inhibiting activation, differentiation
and self-renewal of satellite cells (183-185) and muscle regulatory factor expression as
well as promoting protein degradation in myofibres (186). Mutations in the MSTN
gene, causing down-regulation of the gene or non-functional protein, are associated
with an increase in muscle mass due to hyperplasia (increased cell number) and
hypertrophy (increased cell size) (187-189). For example, naturally occurring mutations
in the MSTN gene in Belgian Blue and Piedmontese cattle lead to a hyper-muscular
phenotype (190). Moreover, deletion of the MSTN gene in mice causes a phenotype
similar to the muscular hypertrophy in cattle (191,192). This phenomenon has been
described as well in sheep (187) and humans (193), as the MSTN gene is well
conserved across species. An increase in MSTN levels has been associated with muscle
wasting as it causes a reduction in myogenic gene expression (MyoD and Pax3) and an
increase in the expression of genes involved in ubiquitin-mediated proteolysis such as
atrogin-1, MuRF-1, and E214k. MSTN also inhibits protein synthesis by inhibiting AKT
phosphorylation in the IGF-1/PI3K/AKT pathway (194) which further contributes

toward muscle wasting.

GDF-15 also known as macrophage inhibitory cytokine-1 (MIC-1) is a cytokine which
gets induced in response to stress such as inflammation, oxidative stress and hypoxia
and seems to promote muscle wasting. For example, the injection of cancer cells
transfected with GDF-15 into the flanks of immunodeficient mice to establish
xenografted tumours resulted in weight loss after 6 weeks that could be inhibited by a
GDF-15 neutralising antibody (195). Moreover, GDF-15 caused myotube atrophy in
vitro (196). In patients on the ICU with established ICUAW, circulating GDF-15 levels
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(196) and muscle GDF-15 levels were markedly elevated (30). Similarly, in two COPD
cohorts muscle mass associated with circulating GDF-15 (197). The effects of GDF-15
have been suggested to occur via appetite suppression as well as via direct effects on

the muscle.

TGF-B1 is expressed during myogenesis and regulates the fibre type of the surrounding
myotubes. In the absence of TGF-B1, myotubes develop into slow fibres while, when
TGF-B1 is expressed by adjacent connective tissue, myoblasts develop into fast fibres
(198). In fetal myoblasts, TGF-B1 inhibits differentiation (199) and, in adult muscle,
TGF-B1 inhibits regeneration by reducing satellite cell proliferation, myofibre fusion,
and expression of some muscle-specific genes. In addition, TGF-B1 triggers the
conversion from myogenic cells into fibrotic cells after damage (200) so could be

involved in a transient inflammatory response to muscle damage (201).

TGF-B family ligands are synthesised as inactive precursors that are cleaved
intracellularly into the active peptide and a non-covalently bound latency associated
peptide (LAP) or pro-peptide. The mature protein is secreted either as an inactive
form, still associated with the LAP (in the case of TGF-B1, a latent transforming growth
factor-binding protein-4 binds TGF-B1-LAP complex causing its secretion (202)) or in
the active form (e.g. activin). Proteins secreted in the inactive form are activated by
removal of the LAP. In TGF-B1, this occurs by proteolysis (via thrombin, plasmin,
plasma transglutaminases or endoglycosylases) or by physical interaction of LAP with

other proteins (203).

1.5.1 Canonical pathway

TGF-B receptors (TGFBR) complexes are heterotetramers of two types of subunit, type
| and type Il receptors, for which 7 and 5 different types respectively have been
described. TGF-B1 can bind to a type | receptor (normally activin receptor-like kinase 5
(ALK 5)) and type Il (normally TGFBR-II). Once the ligand/receptor complex is formed, a
dimer of type | receptors and a dimer of type Il receptors aggregate to form the

heterotetramer complex. The type Il receptor, which has a constitutively active serine
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threonine kinase domain, phosphorylates and activates the type | receptor, which also
contains a serine threonine kinase domain (204,205). Adaptor proteins recruit SMAD
(small mother against decapentaplegic) transcription factors termed receptor
regulated SMADs or R-SMADs such as SMAD2 and SMAD3. Members of the TGF-$
superfamily are classified in two groups depending on the use of R-SMADs. The TGF-f3
group including TGF-, activin, nodal, and MSTN (GDF-8), uses R-SMADs 2 and 3 for
signalling while the BMP group, comprising BMPs and several other GDFs, uses R-

SMADs 1, 5 and 8.

R-SMADs have three defined structural domains: a Mad homology 1 (MH1) domain at
the N-terminus which provides the DNA binding specificity, the Mad Homology 2
(MH2) domain at C-terminus that is responsible for interaction with the receptor,
SMAD complex formation and interactions with DNA binding partners, and the linker
region which contains Serine/threonine resides that are phosphorylated by various
kinases and a motif which interacts with E3 ubiquitin ligases that inhibit SMAD activity.
Activation of R-SMADs requires phosphorylation by the type | receptor of two serine
residues in the C-terminal domain (206), initiating the canonical signalling pathway

(Figure 6).
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Protein synthesis

Figure 6- Scheme of the TGF-B pathway: Canonical (blue) and non-canonical (white background).
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BMP ligands bind to BMP receptors (BMPR), heterotetramers formed by two subunits
of type | (BMPR1A or ALK-3, BMPR1B or ALK-6, and ACVR1A or ALK-2) and two type Il
(BMPR2, ACVR2A, and ACVR2B) receptors (207). BMPR signals thought
phosphorylation of SMAD1, 5 and 8. Phosphorylated R-SMADs bind to the common
mediator SMAD (co-SMAD), SMAD4, and translocate to the nucleus to act as

transcription factors where they activate downstream gene transcription (208).

Several molecules are responsible for modulating the TGF-B pathway including
inhibitory SMAD proteins, phosphatases and ubiquitin ligases. The main inhibitory
SMADs are SMAD7, SMAD6 and Smad nuclear-interacting protein 1 (SNIP1). SMAD7
regulates both (TGF-B and BMP signalling), competing with R-SMADs for interaction
with type | receptor, whilst SMAD6 only regulates BMP signalling by competing with
SMAD4 binding to SMAD1. SNIP1 binds the transcriptional coactivator CBP/300,
blocking its interaction with SMAD4 and p65/RelA, thereby, inhibiting TGF-B and NF-kB

signalling (209).

Several phosphatases can also modulate R-SMADs. Since phosphorylation sites in R-
SMADs are on serine/threonine (S/T) residues | will focus on the 3 categories of S/T
phosphatases: the phospho-protein phosphatase family (PPP), the protein
phosphatase Mg2+/Mn2+-dependent (PPM) family and the transcription factor IIF-
interacting CTD phosphatase (FCP) family (206). The PPP family proteins are normally
trimeric containing a structural, a regulatory and a catalytic subunit. One member of
this family known to regulate TGF-B3 signalling is the PP2A complex where PPP2CA is
the catalytic subunit. This protein was reported to dephosphorylate the C-terminal
domain of SMAD3 but not SMAD2 in response to hypoxia leading to a decrease in the
transcription of the SMAD3-activated genes (210). The PPM family are monomeric and
the prototypic member PPM1A, also known as PP2Ca, was reported to
dephosphorylate SMAD2 and SMAD3 in the C-terminal domain (211). Finally, the FCP
family are also monomeric proteins and the family contains the Small C-terminal
domain S/T phosphatases (SCPs) (212). SCP1 and SCP2, also known as CTDSP1 and
CTDSP2, dephosphorylate SMAD2 and SMAD3 in the linker domain thereby enhancing
TGF-B signalling (213).
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An alternative to reducing active protein levels by dephosphorylation is to destroy the
protein completely. As targeted protein destruction is achieved by ubiquitination,
several components of the ubiquitin/proteasome pathway also contribute to the
regulation of TGF- signalling. For example, SMURF1, an E3 ubiquitin ligase, associates
with TGFBR type | via SMAD7 resulting in ubiquitination and turnover of TGFBR and
SMAD7. SMURF1 can also induce ligand-dependent and independent ubiquitination
and degradation of SMAD1 and SMADS through binding to the linker region (214).
R-SMAD linker region ligand-induced phosphorylation by MAPK or nuclear kinases such
as CDK8 and CDK9 leads to impairment of nuclear localisation. Moreover, linker
phosphorylation of SMAD3 triggers polyubiquitylation by the ubiquitin ligase NEDD4L

and further proteasome-mediated degradation (215).

1.5.2 Non-canonical pathways

In addition to SMADs signalling, TGF-B binding to its receptor activates a number of
other intracellular pathways to modulate downstream cellular responses (216). Such
non-canonical pathways include mitogen-activated protein kinase (MAPK), PI3K/AKT
and Rho-like GTPase signalling pathways which are described below and are

represented on Figure 2.

The MAPK family includes isoforms of extracellular signal-regulated kinases (ERKs) (1

and 2), p38 (a, B, v and 8), and c-Jun N-terminal kinase (JNK) (1-3).

The ERK pathway is activated by TGF-p induced phosphorylation of tyrosine residues
on both type | and type Il TGF-B receptors and/or ShcA. The activation of ShcA leads to
formation of a ShcA/Grb2/Sos complex which can activate Ras, leading to activation of
c-Raf, MEK and ERK. ERK can phosphorylate receptor-activated SMADs such as SMAD1,

2 and 3 in the linker region inhibiting the nuclear accumulation of the SMADs (216).

The INK/p38 pathway also gets activated in response to TGF- family signalling

through the interaction between TGF-B receptors and TRAF6 inducing the poly-

ubiquitination of TRAF6 followed by recruitment of TGF-B-activated kinase 1 (TAK1)

(216). TAK1 is one of the MAP3Ks that activates MAP kinase kinases (MKK) such as
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MKK3/6 and MKK4 leading to p38 and JNK activation, respectively (216). Activated
IJNK/p38 together with SMADs modulate apoptosis. JNK/p38 can also phosphorylate
receptor-activated SMADs in the linker region inhibiting SMAD nuclear accumulation
(217). Activation of the JNK pathway leads to the activation of the transcription factor
c-Jun which can interact with TGIF (a nuclear transcriptional corepressor- TG-
interacting factor) to repress SMAD?2 activity. This interaction between c-jun and the R-
SMAD blocks the recruitment of p300/CBP required for SMAD2 transcriptional activity

as demonstrated in vitro in COS-7 cells (monkey fibroblast from kidney tissue) (218).

Another non-canonical pathway activated by TGF-f3 family signalling is the PI3K/AKT
pathway. Upon TGF- stimulation, association between TGF-B type | receptor and p85,
the regulatory subunit of PI3K, occurs promoting AKT activation. The PI3K/AKT
pathway regulates translational responses by a downstream effector of ATK, mTOR,
thereby regulating protein synthesis trough phosphorylation of S6K (216) potentially

contributing to skeletal muscle hypertrophy.

Lastly, the Rho-like GTPase signalling pathway is activated by TFG-B which causes
down-regulation of RhoA protein, an important mediator of skeletal muscle
differentiation that increases MyoD expression (219). The RhoA down-regulation
occurs via Par6é which gets phosphorylated by TGF-B receptor type Il and activated
leading to SMURF1 (E3 ligase) and PKCT (an effector of the Cdc42/Racl-Par6 polarity
complex) recruitment which ubiquitinylates and promotes RhoA turnover in skeletal
muscle cells (220). However, TGF-B has been reported to increase RhoA expression in

smooth muscle cell lines (221).
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1.6 MicroRNAs

MicroRNAs are small (21-25 nucleotides) non-coding ribonucleic acids (RNAs) present
in the genomes of plants, animals and some viruses (222). They were originally
identified through a genetic screen to identify the development regulating gene lin-4 in
C. elegans (a nematode) in 1993 (223). Experimentally, they found that lin-4 did not
encode a protein but expression of lin-4 negatively regulated LIN-14 protein levels.
Two lin-4 transcripts of approximately 22 and 61 nucleotides were identified and these
contained sequences complementary to the 3’UTR region of lin-14 RNA suggesting that
lin-4 regulated lin-14 translation via an antisense RNA-RNA interaction, establishing a
new regulation level for protein expression. Following on from this initial discovery and
the demonstration that microRNAs were also present in other organisms (224), an
increasing research effort has identified the mechanisms by which these regulators are

synthesised and elucidated their function.

MicroRNAs are transcribed by RNA polymerase Il or lll from independent genes from a
microRNA-specific promoter, from introns of protein-coding genes or from the exons
of non-coding RNAs (e.g. H19) (Figure 7). The initial transcript, described as a primary
microRNA (pri-microRNA), can be several kilobases long (225) and may contain several
microRNA precursors. Pri-microRNAs are processed by a complex containing Drosha, a
ribonuclease Il endonuclease (RNase 1), and Pasha (DGCRS8), an essential co-factor for
microRNA processing. Drosha cleaves the pri-microRNA to produce a pre-microRNA of
70 nucleotides. These pre-microRNAs are double-stranded RNAs containing a hairpin
loop (226), which are exported from the nucleus to the cytoplasm by exportin-5 (XPO5)
(227). In the cytoplasm, a second RNase lll, Dicer, cleaves the hairpin loop to obtain an
approximately 20 nucleotide microRNA duplex. One strand of the duplex is degraded
and the other, representing the mature microRNA, is incorporated into the RNA-
induced silencing complex (RISC) (228). Depending which of the arms of the precursor
is integrated in RISC, microRNAs are named -5p (from the 5' arm) or -3p (from the 3'
arm) (229). By complementary base pairing, this complex identifies and binds mRNA
targets (225) and in most cases this interaction decreases the half-life or rate of
translation of the mRNA. Consequently, microRNAs regulate cell phenotype ‘fine-
tuning’ the proteome and it is estimated that 60% of genes are regulated by
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microRNAs (230). MicroRNA target recognition appears to differ between plants and
animals. In plants, there is a complementary binding of the whole microRNA with the
3’UTR of target mRNAs, making target prediction quite straightforward (231). In
animals, the binding occurs between a “seed sequence” (the region spanning the 2"
and the 8™ nucleotides at the 5 end of the microRNA), and the pairing is often
imperfect. Therefore, each microRNA is thought to regulate tens to hundreds of genes
simultaneously due to redundancy in complementary sequences between targets and
microRNAs (222) and each target can also be regulated by multiple microRNAs.

However, many of the target predictions remain to be experimentally validated (232).
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Figure 7- MicroRNA biogenesis.

The microRNA biogenesis starts with the production of the pri-miRNA by RNA polymerase Il or lll and
further cleavage by the Drosha-DGCRS8 in the nucleus to obtain the pre-miRNA. The latest is exported to
the cytoplasm by the complex Exportin-5, Ran and GTP. In the nucleus, the pre-miRNA is cleaved by the
complex Dicer and TRBP (double-stranded RNA binding protein) to obtain the mature miRNA. One
strand of the mature miRNA is degraded and the other is loaded together with Ago2 to RISC to silence
target mRNA through cleavage, translational repression or deadenylation. Adapted from (233)
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A specific group of microRNAs are restricted to -or much more highly expressed in-
muscle and are known as myomiRs. This group includes miR-1, miR-133a, miR-133b,
miR-206, miR-208a, miR-208b and miR-499. Some myomiRs are transcribed as bi-
cistronic transcripts (e.g. miR-1/miR-133a and miR-206/miR-133b) (234). Modification
of expression levels of these microRNAs was associated with decreased muscle
function in both cardiac and skeletal muscle (235). The importance of microRNAs in
skeletal muscle was identified in 2005, when it was shown that deletion of miR-1 in
drosophila caused incomplete skeletal muscle growth during early development
leading to premature death (236). Later studies in mammals confirmed important roles
for the myomiRs in muscle as miR-206 knockout mice exhibited a delay in muscle
recovery after denervation (237). Other microRNAs are also present in muscle but are
not tissue-restricted and are widely or ubiquitously expressed. However, these miRNAs

also play important roles in controlling skeletal muscle homeostasis.

Emerging evidence suggests that a change in metabolic demands in skeletal muscle
such as exercise alters microRNA expression which may contribute to the muscle
adaptation to the new metabolic demand. For example, miR-208b and miR-499 are
essential to establish and/or maintain the Type | fibre phenotype as knockout mice for
each of them resulted in muscle with significantly more Type Il fibres, leading to
reduced exercise capacity when the mice were subjected to forced running (238).
Acute bouts of endurance exercise in mice significantly increase the levels of miR-181,
miR-1 and miR-107 by 37%, 40% and 56%, respectively, and reduce miR-23 expression
by 84% in skeletal muscle. The reduction in miR-23 increases Pgc-1a so is likely to
contribute to increased mitochondrial biogenesis following exercise (239). Similarly, in
untrained human participants, 60 min of endurance exercise increased the levels of
miR-1 and miR-133 in the vastus lateralis. However, the elevation of these miRs was
not seen after post-training suggesting that microRNA levels are very sensitive to

muscle activity (240).

MicroRNA expression in skeletal muscle has been reported to be altered in several
diseases including Duchenne’s muscular dystrophy (DMD), myotonic dystrophy (DM)
and amyotrophic lateral sclerosis (ALS) (241-243). For example, miR-206 was up-

regulated in the diaphragm of mdx mice (animal model for DMD), which was the most
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dystrophic muscle in these animals (244). Moreover, miR-206 was also found to be
upregulated in the muscle of DMD patients (245). Similarly, miR-31 was increased in
the skeletal muscle and isolated myoblasts from DMD patients and it was reported
that this miR repressed dystrophin expression, a protein required for sarcolemmal
integrity (246). In addition to miR-206, other microRNAs including miR-210 and miR-
335 were up-regulated in muscle biopsies of patients with DM type 1 (247-249). In
patients with amyotrophic lateral sclerosis, several microRNAs including miR-206, miR-
23a, miR-29b and miR-455 are up-regulated in the skeletal muscle. As miR-23a
represses Pgc-1la the increase in this microRNA may contribute to the mitochondrial

dysfunction in the skeletal muscle of these patients (242).

MicroRNA changes have also been reported in diseases studied in this thesis which
result in muscle wasting: ICUAW and COPD (250). In the rectus femoris muscle of
patients with ICUAW a decrease in the levels of miR-1, miR-133a and miR-499 by 39%,
38% and 27%, respectively, was found. Interestingly, miR-181a is also suppressed in
these patients, and like miR-1 and miR-499 which target the ligand myostatin (251)
and the receptor activin IIB (252), this microRNA also reduces TGF-B signalling by
targeting SMAD7. Therefore, a decrease of these microRNAs could lead to a removal
of a level of inhibition of the TGF-B signalling pathway causing a sensitization of the
muscle of COPD and ICUAW patients to TGF-B signalling and consistent with this
suggestion the ICUAW patient biopsies had increased CYR61 mRNA levels and
increased localization of p-SMAD2/3 into the nuclei (30). Another microRNA that
targets inhibitors of the TGF-B signalling is miR-424 (253) which targets SMAD7 and
SMURF2.

In skeletal muscle of COPD patients, a reduction in miR-1 was observed whereas no
change in miR-133 and miR-206 levels was found (254). One other finding from this
study was an inverse correlation of miR-499 with muscle mass in the patients.
However, a reduction in the expression of these microRNAs in COPD has not been
universally reported as other studies have shown increased myomiR expression in
COPD patients. The reasons for this discrepancy are not clear but may be due to the
choice of controls or other factors relating to physical activity or disease severity

(255,256).
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As further described in Chapter 3, our preliminary data identified several microRNAs
that were differently expressed in the quadriceps of COPD patients compared to
controls. The up-regulated microRNAs included both -3p and -5p forms of miR-542.
Moreover, the expression of miR-542-3p was associated with lung function and
physical performance in a COPD cohort (162). A similar association of miR-542-3p with
physical performance in older people was also identified. Bioinformatics analysis
(presented in Chapter 3) predicted that miR-542 would target a number of proteins or
pathways associated with the maintenance of muscle mass and muscle wasting
including mitochondrial and cytoplasmic ribosomal proteins and the TGF-B and IGF-1
pathways suggesting functional consequences of the altered microRNA expression.
Together with the expression data this bioinformatic analysis prompted us to

investigate further the expression and function of miR-542 in the context of atrophy.

In order to interpret results between the most commonly used in vitro cells, C2C12
myoblasts, and human data it is useful to know the mature sequence of these
microRNAs (Table 5). Human and mouse miR-542-3p have the same mature sequence

whereas human and mouse miR-542-5p do not share the same sequence.

Table 5- miR-542 accession number and mature sequence for human and mouse.

miR-542 information

MicroRNA Accession Mature Sequence

hsa-miR-542-3p MIMAT0003389 UGUGACAGAUUGAUAACUGAAA

mmu-miR-542-3p MIMAT0003172 UGUGACAGAUUGAUAACUGAAA

hsa-miR-542-5p MIMATO0003340 UCGGGGAUCAUCAUGUCACGAGA

mmu-miR-542-5p MIMAT0003171 CUCGGGGAUCAUCAUGUCACGA
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1.7 Thesis aims and hypothesis

miR-542-3p and miR-542-5p were identified as being up-regulated in COPD patients
compared to a control healthy group in a previous array and their role in muscle
atrophy has not yet been explored. Moreover, the pathways that miR-542-3p/-5p are
predicted to target (TGF-B and IGF-1 signalling and both cytoplasmic and mitochondrial
ribosomal proteins) have been shown to be of importance in maintaining muscle
homeostasis. Therefore, the work presented in thesis was designed to examine the
role of both miR-542-3p and miR-542-5p in TGF-B signalling and ribosomal protein
synthesis in the context of skeletal muscle wasting in relation to acute and chronic
myopathies such as ICUAW and COPD as well as ageing. Thus, the main hypotheses of

this thesis can be stated as follows:

miR-542-5p expression will associate with muscle function.

miR-542 expression will be increased in patients with established ICUAW.
miR-542-3p and miR-542-5p will decrease mitochondrial protein synthesis.
miR-542-3p and miR-542-5p will decrease ribosomal biogenesis.

miR-542-3p and miR-542-5p will increase TGF-B signalling.

vV V V V V V

Increased miR-542-3p and miR-542-5p will cause muscle wasting.
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CHAPTER 2: Materials and methods

2.1 MATERIALS

All reagents were purchase from Thermo Scientific unless otherwise stated.

Water used to prepare solutions was MilliQ purified unless differently specified.

2.1.1 Preparation of DNA plasmids

2.1.1.1 1% Luria Broth (LB) agar plates
2.5g of agar powder were diluted in 250mL of LB media and pH was adjusted to 7.2.
After the mixture was autoclaved and the temperature was below 60°C, 250uL of
10mg/mL of antibiotic (ampicillin) were added for the selection of the desired bacteria.
Around 20mL of LB agar mix was poured into each 100mm petri dish and allowed to

set.

2.1.1.2 Ampicillin solution

0.05g of ampicillin were dissolved in 5mL of H,0 to obtain a 10mg/mL stock solution.

2.1.2 Protein synthesis experiment

2.1.2.1 50mM Sodium Bicarbonate pH 9.6
4.2g of NaHCO3 were dissolved in H,0 and the pH was adjusted to 9.6 with 5M NaOH.

Water was then added to make up a 1000mL solution.

2.1.3 Fixing and Staining

2.1.3.1 1x Phosphate buffered saline (PBS)
8g of NaCl, 0.2g of KCl, 1.44g of NazHPOa, 0.24g of KH,PO4 (Sigma, USA) were dissolved
in 800mL of H,0 and pH was adjusted to 7.4. H,O was added to make up 1000mL of

solution followed by sterilization via autoclaving.
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2.1.3.2 1x Phosphate buffered saline supplemented with 0.05% Tween 20 (PBST)
1mL Tween 20 (Sigma, USA) was added to 1999mL of 1X PBS.

2.1.3.3 4% paraformaldehyde (PFA) in PBS
4g of PFA (Sigma, USA) in 80mL of H,0 were heated to 60°C followed by the addition
of NaOH until PFA was dissolved. 10mL of 10X PBS were added and pH adjusted to 7.4

using 5M HCL. H,0O was added to make up a 100mL solution.

2.1.3.4 5% Bovine serum albumin (BSA) in PBS (BSA-PBS)

5g of bovine serum albumin (Sigma, USA) were dissolved in 100mL of 1X PBS.

2.1.4 Western Blotting

2.1.4.1 2x Igepal NP40 buffer
Lysis buffer was made by mixing 8.76g of NaCl, 10mL NP-40, 50mL of 0.5M EDTA and
1.21g Tris (Sigma, USA) in water followed by adjusting the pH to 7.3 and the solution
was brought to a final volume of 500mL with H,O. To avoid proteolysis and
dephosphorylation, protease inhibitor cocktail and phosphatase inhibitor (Sigma, USA)

were added to the mix 1% (v/v), before use.

2.1.4.2 2x SDS protein sample buffer
4mL 10% Sodium dodecyl sulphate (SDS), 1mL Tris-HCI (1M, pH 6.8), 2mL glycerol and
0.5mL 1% bromophenol blue were dissolved in 10mL of H,O. Before use, 10%

mercaptoethanol (v/v) was added to the mixture.

2.1.4.3 Resolving gel
Two different resolving gels were used so the concentrations of each reagent were

adjusted appropriately as detailed in Table 6.

Table 6- Concentration of reagents used in 10 and 15% resolving gels.

H.O 4.02mL 2.3mL
30% (w/v) Acrylamide:0.8% (w/v) Bis-Acrylamide 3.33mL 5mL

1.5M Tris-HCl pH 8.8 2.5mL 2.5mL
10% SDS 100pL 100puL
10% APS 50uL 50uL
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2.1.4.4 Stacking gel
The stacking gel was made up from 2.11mL H,0, 0.83mL of 30% (w/v) Acrylamide:0.8%
(w/v) Bis-Acrylamide, 1.26mL of 0.5M Tris-HCl pH 6.8, 50uL 10% SDS, 25uL 10% APS

and 5pL of TEMED to give a final gel containing 5% Acrylamide.

2.1.4.5 10x Running buffer
30.3g of Trizma® Base, 140.4g of glycine and 10g of SDS were dissolved in H,0, pH was
adjusted to 8.3 with 5M HCI and final volume made up to 1L.

2.1.4.6 10x Transfer buffer
24.7g of Trizma® Base and 112.6g of glycine were dissolved into 1L of H,0. H,0 was

used to dilute the buffer to 1x.

2.1.5 Agarose gel

2.1.5.1 0.5x Tris-borate-EDTA (TBE) buffer
108g of Tris base, 55g of boric acid and 40mL of 0.5M EDTA (pH 8) were mixed in H,0
and made up to 1L. To prepare a 0.5x working solution from the 10x stock, we mixed

the 10x stock with H,0 in 1/20 (v/v) ratio.

2.1.6 cDNA dilutions

2.1.6.1 0.1x Tris/EDTA (TE)
10x TE was prepared by mixing 10mM Tris-HCl, pH 8.0 with 1mM
ethylenediaminetetraacetic acid (EDTA) (Sigma, USA). To obtain 0.1X, the solution was
diluted 1/100 with H-0.
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2.2 METHODS

2.2.1 In vitro experiments

2.2.1.1 Cell culture

Immortalised mouse skeletal myoblast C2C12 (257) cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) which was supplemented with 10% (v/v)
foetal bovine serum (FBS) (GE Healthcare, UK), penicillin (100U/mL) and streptomycin
(100mg/mL) at 37°C in humidified 5% CO2, 95% atmospheric air (standard incubation).
Immortalised human skeletal myoblast cells isolated from the pectoralis major muscle
of a 41-year-old male Caucasian heart-transplant donor, LHCN-M2 (258), were grown
in skeletal muscle growth media (PromoCell, Germany) supplemented with 20% (v/v)
FBS at standard incubation conditions. Cells were maintained at sub-confluent levels
by trypsinisation every 2-3 days (split ratio 1:5 for C2C12 and 1:4 for LHCN-M2)
(257,258).

2.2.1.2 Preparation of DNA plasmids
Plasmids used were obtained from bacterial transformation and DNA extraction and
purification. For this purpose, 40uL of competent E. Coli (Biolab, UK) were mixed with
5uL of the plasmid of interest and incubated on ice for 15 minutes. The sample was
heat shocked at 42°C for 90s to promote uptake of the DNA by bacteria. The mix was
then placed on ice for 2 minutes followed by the addition of 500uL of LB broth. 200uL
of bacteria were plated on to LB-agar plates containing ampicillin (100ug/mL) (Sigma,
USA) and incubated at 37°C overnight. Single colonies were picked using a sterile
pipette tip and inoculated into 3mL of LB broth containing 30uL of 10mg/mL ampicillin.
Samples were incubated at 37°C overnight under agitation. QlAprep SPIN Miniprep Kit
(Qiagen, UK) was used to lyse cells and purify plasmid DNA according to the
manufacturer’s instructions. DNA quantification was performed using a Nanodrop

spectrophotometer (ND1000, Wilmington, USA).

2.2.1.3 microRNA transfection
C2C12 and LHCN-M2 cells were seeded at a density of 5x10* cells/mL (seeding 6250
cells in a 96-well plate well and scaling it for the appropriate growth area). 24 hours
later, cells were observed using an optical microscope to ensure confluence was
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between 60-80% for transfection. For a single 96-well plate well, 0.5puL of 20uM
mirVana microRNA mimics in 12.5uL of Opti-MEM and 0.5uL Lipofectamine 2000 in
12.5ul of Opti-MEM were mixed and incubated for 15min. 100uL of serum-free DMEM
per well were added to the mixture. Growth media was removed, cells were washed
twice with serum-free DMEM and 125pL of the reaction mixture were added to each
well. Cells were then placed into the incubator at 37°C and 5% CO, for 4h.
Transfection media was removed and replaced with DMEM + 10% FBS for C2C12 cells
or skeletal muscle growth media + 20% FBS for LHCN-M2 cells, and returned to the
incubator for the required length of time. Volumes were scaled up when necessary. A

list of the mirVana microRNA mimics used for transfection is provided in Table 7.

Table 7- microRNAs used for cell transfection.

Mature ID Species Mature microRNA sequence

mirVana® microRNA

Random sequence microRNA mimic
Mus musculus
Scrambled . molecule that does not produce
Homo sapiens . e
identifiable effects on any gene.

mmu-miR-342-3p Mus musculus UGUGACAGAUUGAUAACUGAAA
hsa-miR-542-3p Homo sapiens
hsa-miR-542-5p Homo sapiens UCGGGGAUCAUCAUGUCACGAGA

Anti-miR™ microRNA Inhibitor

Antagomls-mmu—rﬁlR—542—3p Mus muscq/us UGUGACAGAUUGAUAACUGAAA
AntagomiR-hsa-miR-542-3p Homo sapiens
AntagomiR-hsa-miR-542-5p Homo sapiens UCGGGGAUCAUCAUGUCACGAGA

2.2.1.4 Transfection of DNA plasmids

Cells were seeded at a density of 5x10* cells/mL in 6 (2mL/well) or 96 (0.125mL/well)
well culture plates as appropriate for the experiment. Two different experiments were
performed: 1) DNA plasmid after microRNA transfection (the majority) or 2) DNA
plasmid without microRNA transfection (pCAGGS-EGFP-miR-542 and pCAGGS-EGFP). In
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the former experiments, 24h after miR transfection, cells were transfected with DNA
plasmids whereas in the latter 24h after seeding, cells were observed under the optical
microscope to ensure confluence was between 60-80% to proceed to transfection. The
process that follows was the same for the two types of experiments. For a single 96-
well plate well, 0.4pg of plasmid DNA was added to 20uL of Opti-MEM and incubated
at room temperature for 15min together with a second mix containing 2uL of
Lipofectamine and 20uL of Opti-MEM. 165uL of serum-free DMEM were then added to
the reaction mixture per well and mixed. Growth media was removed and cells were
washed twice with serum-free DMEM before adding 200uL per well of the final
transfection mix. Cells were then incubated at 37°C and 5% CO: for 4.5h before the
transfection media was removed and replaced with the appropriate growth medium
according to the manufacturer’s instructions. Volumes were scaled up when necessary.

A list of the plasmids used for transfection is provided in Table 8.

Table 8- Plasmids used for luciferase assays in vitro and in vivo.

Plasmid Functional Vector
gene
pCDNA.3 Empty vector - Promega
. Susumu Itoh
p(CAGA)1,-luc Luciferase pGL3 e —
PRL-TK Luciferase pRL Promega
B
TGBR truncated TGBR pGL3 B. Garfield
truncated
pCAGGS-EGFP EGFP pCAGGS D. Lori
pCAGGS-EGFP-miR-542 EGFP-miR-542 | pCAGGS R. Farré Garrds
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2.2.2 Protein synthesis experiment

2.2.2.1 Puromycin experiment
Human myoblasts were seeded at 5x10* cells/mL in a 24 well plate. After 24h,
myoblasts were serum and leucine starved for 2h, culturing myoblasts in Dulbecco’s
Modified Eagle’s Limiting Media (DMEM-LM) at 37°C in humidified 5% CO2, 95%
atmospheric air. Media was changed to serum free skeletal muscle growth media
containing leucine for 45min before puromycin was added to a final concentration of
100ng/mL (Sigma, USA) and incubation was continued for 30min at 37°C. LHCN-M2
myoblasts were harvested and protein was quantified as detailed in Protein extraction

section 2.2.11.1.

2.2.2.2 Puromycin enzyme-linked immunosorbent assay (ELISA)
Protein extracts were diluted to 300ng/pL. 100uL of 50mM sodium bicarbonate pH 9.6
(Sigma, USA) were added per well into a 96-well plate followed by the addition of
1uL/well protein extract (300ng). A standard curve containing 1200, 600, 300, 150, 75
and 37.5ng of protein as well as a blank were prepared in the plate to allow
guantification. The plate was incubated at 37°C in humidified 5% CO,, 95%
atmospheric air for 2h, and then washed once with PBS. To block non-specific
interactions, 200uL of 5% BSA in PBS were added to each well and incubated for 30min
at room temperature. After blocking, 100uL of mouse anti-puromycin (Millipore, USA)
were added at 1:10000 in PBS 1x containing 5% BSA and the reaction was incubated
for 1h. After two 1x PBS washes, protein was incubated with 100uL of anti-mouse
secondary antibody (GE healthcare, UK) at 1:1000 in blocking solution for 1h at RT.
After four 1x PBS washes, 100uL of the reaction substrate, tetramethylbenzidine (TMB)
(Sigma, USA), were added and when a blue colour had developed 100uL of stop
solution (Sigma, USA) were added and absorbance was measured at 450nm in a plate

reader (BioTek, USA).
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2.2.3 Luciferase reporter assay

The luciferase assay was used to determine TGF-f activity as the plasmids used for this
experiment have a CAGA1, promoter which contains 12 tandem copies of the
sequence “CAGA” which constitutes a SMAD binding element. SMAD2/3-SMAD4
binding to this promoter region increases firefly luciferase gene expression (Figure 8).
To account for variable transfection efficiency the dual-luciferase® reporter assay
system (Promega, UK) was used consisting of measuring the activities of two
luciferases from a single sample. Therefore, cells were co-transfected with a pRL-TK
vector which is a Renilla luciferase control reporter vector that it is constitutively

expressed.
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Figure 8- Schematic representation of luciferase assay.

Cells are transfected with the dual reporter system, as there is simultaneous expression and
measurement of two individual reporter enzymes. The experimental reporter used had a binding region
(CAGA sequence) for SMADs. Binding of SMADs resulted in firefly luciferase gene expression. Therefore,
firefly luciferase expression correlated with SMAD binding. Less or no SMAD on the system, results in
less or no expression of the firefly luciferase gene. On the other hand, the control reporter expression is
regulated by a constitutively active promoter.

Cells were seeded at a density of 5x10* cells/mL in a 96 well plate (0.125mL/well). 24h
later cells were transfected with miRVana microRNA mimics as described above and
allowed to recover for 24h. The cells were transfected with luciferase reporter vectors:
1.5pug/mL of p(CAGA)12-luc (0.094ug in a 96-well plate well) and 0.5ug/mL of pRL-TK
construct (0.094pg in a 96-well plate well) using Lipofectamine as described in section

2.2.1.4. Cells were allowed to recover overnight in complete growth medium before
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being washed twice with serum free (SF) DMEM, treated if necessary with inhibitors
and then stimulated with ligand at the appropriate concentration in SF medium as

described in the appropriate figure

legends. After washing with PBS (1x), cells were lysed with 50uL of 1x Passive Lysis
Buffer (Promega, UK) with shaking on a horizontal shaker for 15min. To quantify
luciferase activity, 10uL of lysed cells were placed into a well of a white 96-well
polystyrene plate (Costar, UK) followed by the addition of 50uL of a 1:1 luciferase
assay substrate and luciferase assay buffer mix. Firefly luciferase activity was measured
using a Lumimark plate-reader (Bio-Rad, UK). 50uL of 1:50 Stop Substrate and Stop and
Glo buffer (Promega, UK) were added to each well to quench Firefly (Photinus pyralis)
luciferase activity followed by the measurement of the control Renilla (Renilla
reniformis) luciferase activity using the same parameters. Firefly luciferase activity was

normalised to Renilla luciferase activity.

2.2.4 Mitochondria assays

2.2.4.1 Cell fractionation
Cell fractionation was performed from half of the TA muscle of the mice using a
mitochondria isolation kit for tissue (ThermoFisher Scientific, UK). After extraction,
samples were weighed and from each muscle we used approximately 20mg. Samples
were kept on ice at all times. TA muscles were washed twice with 2mL of 1x PBS and
the tissue was cut in a Petri dish and put with tweezers in the neck of a pre-chilled
collector tube of a dounce homogeniser. Next, 400uL of BSA and Reagent A solution
were added to the tube. The latter solution was made fresh containing 4mg/mL BSA in
Reagent A and 1 tablet of protease inhibitor cocktail (Roche, UK) in 10mL. Rupture of
cells was achieved by 10 strokes with Dounce homogeniser A and 40 strokes with
Dounce homogeniser B (Sigma, USA). Disrupted cells were transfered from the
collector tube to a microcentrifuge tube and 400uL of Reagent C were added followed
by tube inversion. Samples were centrifuged at 700x g for 10min at 4°C and the
obtained pellet corresponding to the nuclear fraction that was stored at -80°C. The

supernatant was transfer to a new microcentrifuge tube and centrifuged at 12.000x g
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for 15min at 4°C. The supernatant corresponded to the cytoplasmic fraction that was
stored at -80°C and the pellet corresponded to the mitochondrial fraction. The
mitochondrial pellet was dissolved in 100uL of PBS and protein was measured as

described in section 2.2.10.3 and functional analyses were performed immediately.

2.2.4.2 Complex | activity
Complex | activity was analysed using the complex | enzyme activity microplate assay
kit (Abcam, UK). In each well of the plate, 20ug of extracted mitochondria were added,
previously dissolved in incubation solution and made up to 200pL, and the plate was
incubated for 3h at RT. The solution was removed by turning the plate over and 300uL
of 1x Buffer solution were added to each well. The wells were emptied and rinsed
again with 1x Buffer solution. After removing the Buffer, 200uL of Assay Solution were
added to each well. In each ELISA strip, the Assay Solution contained 1.67mL of 1x
Buffer, 84uL of 20x NADH and 17ulL of 100x Dye. The plate was placed in a Lumimark
plate-reader (Bio-Rad, UK) and measurements were taken at RT and at 450nm at
intervals of 1min for 30min and shaking between readings. In order to plot the data,

we calculated the mOD per min.

2.2.5 Membrane potential assays
2.2.5.1 MitoTracker® Red CMXRos staining

MitoTracker® Red CMXRos is a red-fluorescent dye which passively diffuses across the
plasma membrane and accumulates in a membrane potential dependent manner in
active mitochondria. When entering in actively respiring cells, the dye is oxidised and
sequestered in the mitochondria where its mildly thiol-reactive chloromethyl moiety
(Figure 9) reacts with thiols on proteins and peptides to form an aldehyde-fixable
conjugate. MitoTracker® Red CMXRos is retained in cells after aldehyde-based fixation
and after permeabilisation. As staining of the nucleus with 2-(4-amidinophenyl)-1H -
indole-6-carboxamidine (DAPI) was needed to quantify mitochondrial staining per cell,

MitoTracker® Red CMXRos was our dye of choice. Other conventional fluorescent dyes
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such as rhodamine 123 or tetramethylrosamine were discarded as they are not

resistant to cell fixation.

Figure 9- Chemical structure of MitoTracker® Red CMXRos.

Cells were seeded at a density of 4x10% cells/mL in a 96 well plate (0.125mL/well). The
cells were transfected with miRVana microRNA mimics 24h later as described in
section 2.2.1.3 and then allowed to recover for 24h. Growth media was removed and
cells were washed with PBS (1x). 125uL of 250nM MitoTracker® Red CMXRos dissolved
in growth media were added to each well and incubated for 15min at 37°C. After
washing twice the cells with PBS (x1), cells were fixed with 50uL 4% paraformaldehyde
(PFA) (Sigma, USA) for 10min at RT. After washing cells twice with PBS-T (0.05%
Tween), cells were incubated with 50uL of 1xPBS with 0.3% Triton X-100 detergent
(Sigma, USA) for 15min to permeabilise the cell membranes. Cells were washed twice
with PBS-T and the nuclei stained with 50uL 1:10000 DAPI in PBS-T (1x) for 1 min. Cells
were washed with PBS-T then observed by fluorescence microscopy (Zeiss Anxiovert
200M inverted, Carl Zeiss microimaging, Germany). The excitation maximum of
MitoTracker® Red CMXRos is 579nm and emission maximum is 599nm, therefore a
rhodamine filter set was used. MitoTracker® Red CMXRos stock solution was dissolved
in dimethyl sulfoxide (DMSO) (Sigma, USA) to a final concentration of 1mM. Product

was kept at —20°C and protected from light until used.

2.2.5.2 JC-1 staining
JC-1is a cationic carbocyanine dye (Figure 10) which accumulates in mitochondria
in a membrane potential dependent manner. The positive charge of the dye allows
passive diffusion and accumulation in the negatively charged interior of

mitochondria. In a monomeric form, the dye fluoresces in the green region of the
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spectrum. When the dye aggregates inside mitochondria it forms J-aggregates which
have a different fluorescence spectrum (red region). These characteristics allow the
measurement of a ratio which confers sensitivity to the method as well as accounting

for any variation in dye concentration and cell number between samples.
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Figure 10- Chemical structure of JC-1.

Cells were seeded at a density of 2.4x10% cells/mL in a 96-well plate (0.125mL/well).
24h later cells were transfected as previously described with miRVana microRNA
mimics and were allowed to recover overnight. Growth media was removed and cells
were washed with PBS (1x). 125ulL of 10uM JC-1 solution (Thermofisher, UK) dissolved
in growth media were added to each well and incubated for 15min at 37°C. After
washing the cells twice with PBS (x1), PBS was added to cells and dye intensities
(monomer as green and potential-dependent aggregates in red) were quantified.
Fluorescence intensity was measured at paired excitation and emission wavelengths of
485/530nm for green fluorescence and 530/590nm for red fluorescence using a plate
reader (CytoFluor® Applied Biosystems, US). The stock solution was prepared by
dissolving the lyophilized JC-1 product in DMSO to a final concentration of 15mM and
was kept protected from light at —20°C until used. The ratio between red and green

emission (590/530) reflects the mitochondrial membrane potential.
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2.2.6 Proliferation assay

Cells were seeded at a density of 500 cells per well in a 96-well plate. A total of three
plates were prepared, Plate A, B and C. After 24h cells were transfected with the
microRNAs of interest and 24h (for plate A), 48h (for plate B) and 72h (for plate C) after
transfection cells were fixed and stored at 4°C before assay. The day prior to fixation
different cell densities were seeded in each plate to obtain a standard curve, consisting
of 0, 500, 1000, 2000, 4000, 6000, 10000 and 20000 cells per well. The assay consisted
of removing PBS from fixed cells and adding 100uL of the Dye Binding Solution to each
well (2.2 mL 5x Hank’s balanced salt solution (HBSS) buffer to 8.8mL distilled H,0 were
mixed with 22uL CyQUANT® NF Dye Reagent) (CyQUANT® NF Cell Proliferation Assay
Kit, Invitrogen, UK). The mix was incubated at 37°C for 60min before reading the
fluorescence in a CytoFluor® plate reader (Applied Biosystems, US) according to the
manufacturer’s instructions. Measurements were taken using 485nm as the excitation
wavelength and 530nm as emission wavelength. Four reads per well were taken and

an empty well and a well just with Dye Binding solution were used as controls.

2.2.7 RNA extraction
2.2.7.1 RNA extraction from cells in a 96-well plate using a kit

In experiments carried out in 96-well plates, 125uL of cells at 5x10* cells/mL were
seeded per well. For harvesting, a CellAmp Direct Prep Kit for RT-PCR (Takara Bio
Europe/Clontech, France) was used. Growth medium was removed and 125uL of
CellAmp Washing Buffer was added to each well. After removing the Washing buffer,
50uL of the Processing Solution (49:1, Cell Amp Processing Buffer and DNAse | for
Direct RNA prep, respectively) were added per well and incubated for 10min at RT. The
cell lysate was then incubated for 5min at 75°C to stop the reaction then placed on ice.
RNA was quantified using a NanoDrop spectrophotometer (ND1000, Wilmington, USA)
and RNA purity was determined using the 260/280nm absorption ratio which gives

information about presence of protein in the sample and 260/230nm ratio which gives
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information about extraction reagents contamination. In both ratios, an outcome of 2

is used as an indicator of pure RNA. RNA was stored at -80°C.

2.2.7.2 RNA extraction from cells in a 6-well plate using phenol-chloroform

method

In experiments carried out in 6-well plates, cells were seeded at 5x10* cells/mL using
2mL per well. The extraction was carried out using the phenol-chloroform method.
Cells were washed twice with cold PBS(x1). Cells were lysed in 500ul Trizol Reagent on
ice with vigorous scrapping, the lysate was transferred to a 1.5mL microcentrifuge tube
and thoroughly vortexed to enhance cell membrane breakdown. 100puL of chloroform

were added to the sample, mixed by vortexing and let settle at RT for 3min.

The samples were centrifuged at 12,000x g for 20min at 4°C to ensure separation of
the RNA containing phase (upper agueous phase) and this supernatant was transferred
to another microcentrifuge tube without disturbing the protein layer underneath. To
precipitate RNA, 250uL isopropanol were added and the samples were mixed and
incubated overnight at -80°C. Samples were centrifuged as above to precipitate the
RNA pellet. The supernatant was removed and the pellet washed twice with 500puL of
75% ethanol. The ethanol was removed and pellet was allowed to air dry until the
ethanol had evaporated. The RNA was dissolved with 30uL RNAse-free H,O and RNA

guantified as above and stored at -80°C.
2.2.7.3 RNA extraction from tissue using phenol-chloroform method

Between 0.1 and 0.2g of frozen muscle were transferred to CKD-14 ceramic beaded
tubes (Qiagen, Germany) and 500uL of Trizol were added to each sample.
Homogenisation of the sample was performed under rapid agitation of the sample
2x20 sec cycles at 5000x g using a Precellys 24 Tissue homogeniser (Stretton Scientific,
UK) which allowed the beads to crush and breakdown the tissue. Agitation cycles were
repeated if needed. Samples were centrifuged at 5000x g at 4°C for 3min to allow the
removal of the insoluble fraction and the supernatant was transferred to another
microcentrifuge tube. 100uL of chloroform were added to each sample and RNA

extraction from that step continued as described in section 2.2.7.2.
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2.2.7.4 RNA extraction from adhesive cup

Extraction from adhesive cups (Carl Zeiss, Germany) was achieved using the RNeasy®
Micro Kit (Qiagen, Germany). 300uL of lysis buffer were added to the cup and vortexed
for 1h. The content was transfer to a 1.5mL microcentrifuge tube and extraction was

carried out as described in the manufacturer’s instructions.

2.2.8 cDNA synthesis
2.2.8.1 cDNA synthesis using Omniscript reverse transcription for RNA analysis

150ng of total RNA were diluted in RNAse-free H,0 to obtain an 11-pL-solution and
denatured at 65°C for 5min then cooled on ice for 2min. 9uL of cDNA mastermix
(Qiagen, UK) containing 2uL 10x reverse transcription buffer, 1uL 5nM dNTPs, 3.5uL
RNAse-free H,O, 0.5uL reverse transcriptase (Ominiscript), 1uL 0.1M DTT, 0.5uL
random hexamer primers, 0.5uL RNAse inhibitor (Ribolock) were added and the
samples were incubated at 42°C for 2h. The cDNA was diluted with 180uL of RNAse-
free H,0 and stored at -80°C.

2.2.8.2 cDNA synthesis using megaplex reverse transcription with

preamplification for microRNA analysis

150ng of total RNA were diluted in RNAse-free H,O to obtain a 3-pL-solution in PCR
tubes. Four and a half microliters of reverse transcription mastermix (Qiagen, UK)
containing 0.8uL 10x Megaplex reverse transcription primers (Pool A), 0.2uL 100nM
dNTPs with dTTP, 1.5uL 50U/uL multiscribe reverse transcriptase, 0.8uL 10x reverse
transcription Buffer, 0.9uL 25mM MgCl,, 0.1uL 50 U/uL RNAse inhibitor, 0.2uL RNAse-
free H,0O were added to each tube and were incubated on ice for 5min. Samples went
through 40 cycles of 16°C for 2min, 42°C for 1min and 50°C for 1s before being heated
at 85°C for 5min then held at 4°C. To increase the quantity of desired cDNA a
preamplification step was performed. 2.5 uL of cDNA were added to 22.5uL of
preamplification mastermix consisting in 12.5uL 2x TagMan PreAmp Master Mix, 2.5uL

10x Megaplex PreAmp primers (Pool A), 7.5uL RNAse-free H,O and mixed. Samples
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were heated at 95°C for 10min, followed by 55°C for 2min and 72°C for 2min. Samples
underwent 12 cycles of 95°C for 15s and 60°C for 4min, followed by an inactivation of
the enzyme at 99.9°C for 10min. Samples were diluted with 75uL of 0.1x TE pH 8.0
then stored at -80°C.

2.2.8.3 cDNA synthesis using megaplex reverse transcription without

preamplification for microRNA analysis

Between 300 and 500ng of total RNA were diluted in RNAse-free H,O to obtain a 3-uL-
solution in PCR tubes. A reverse transcription primer pool was made by adding 2.5uL of
the reverse transcription primers of interest and 1x TE solution to make a total volume
of 1000pL. In each tube 12uL of reverse transcription mastermix (Qiagen, UK)
containing 6L reverse transcription primer pool, 0.3uL 100mM dNTPs with dTTP, 3pulL
50U/uL multiscribe reverse transcriptase, 1.5uL 10x reverse transcription Buffer,
0.19uL 20U/uL RNAse inhibitor, 1.01uL RNAse-free H,O were added. Samples were
incubated at 16°C for 30min, then at 42°C for 30min and finally at 85°C for 5min before

being held at 4°C. Samples were stored at -80°C.

2.2.9 Primer validation

Primer sequences were selected from the literature or designed to specifically amplify
the gene of interest and validated through sequencing. To determine whether a set of
primers was specific, 3uL of a pooled cDNA sample were mixed with 17uL of
mastermix containing 10uL FAST sybr (Qiagen, UK), 5ulL sterile H,O and 2uL of 2uM
forward and reverse primer mix (Sigma, USA). DNA was amplified using a 50-cycle PCR
of 95°C for 10min initially, then 95°C for 10s and a 30s annealing/extension at different
temperatures around primer melting temperatures. PCR products were analysed by
electrophoresis on a 2% (w/v) agarose gel containing SYBR safe to confirm product

sizes and exclude primer-dimer formation.
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2.2.9.1 Agarose gel

Depending on the number of samples and the product size, different percentage or
size of agarose gels were required (Bioline, UK). The required amount of agarose was
added to the appropriate volume of 0.5xTBE followed by the addition of SYBR Safe
(diluted to 1:10000 final) before microwaving the mix until the agarose had dissolved
(for a 1.5% gel 1.13g of agarose and for a 2% gel 1.5g of agarose were dissolved in
75mL of 0.5xTBE). The solution was allowed to cool and poured into a tray. The gel was
left to solidify before being submerged in 0.5xTBE in the gel tank. Samples were mixed
with 5x loading buffer (Bioline, UK) and the gel was run for 1h at 80V. Standard DNA
ladders (Bioline, UK) were run alongside the samples to help identify the size of the

product.

2.2.10 Real Time quantitative polymerase chain reaction (qPCR)
2.2.10.1 gPCR using FAST sybr for RNA analysis

SYBR green is a dye which binds to the minor groove of double stranded DNA,
therefore specificity lies with sequence specific primers. Consequently, SYBR green can
bind to non-specific amplicons as well as the desired product. Detection is measured

by an increase in fluorescence due to dye binding.

gPCR was carried out in a 7500 FAST gPCR machine (Applied Biosystems, UK) using
gPCR SYBR green reagents (Qiagen, UK). Desired regions of DNA were amplified using
primers listed in Table 9. In a 96-well plate, 3uL of cDNA were mixed with 17uL of
mastermix containing 10uL FAST sybr, 5uL sterile H,0 and 2ulL of 2uM forward and
reverse primer mix. Plates were sealed with MicroAmp optical adhesive film and
centrifuged at 200x g for 1min to help mixing and to remove air bubbles. Samples were
heated to 95°C for 5 minutes and underwent 40 cycles of 95°C for 10 seconds followed
by 65°C for 30 seconds (259). In order to further exclude non-specific binding a melt

curve was performed.
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To process the data, for each gene the baseline and the threshold were set up
manually and when appropriate kept constant between different PCR plates. The Cr
(threshold cycle) mean value of two gPCR replicates for each sample was normalised
against the appropriate housekeeping genes and negative water control was added for
every analysed gene. Cr is a relative measure of a target mRNA concentration in the
sample and it is the intersection between the set threshold line and the amplification
curve. Normalisation was carried out using the AACT method (260). When several
housekeeping genes were used for data normalisation the geometric mean of those
was calculated. Exclusion criteria were melt curve showing non-specific amplification

or inconsistency between duplicates.

Table 9- Forward and reverse sequences of primers used in qPCR using FAST sybr.

Primer forward sequence Primer reverse sequence
B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT
CTDSP1  GACCCCAGTCCAATACCTGC TCACTGGCTTGAAGGAGCTG
CTDSP2  GCCAGTCAAGTTCCTCCACT GTCCCTGGGATCTGGTAGAA
CYR61 ACTTCATGGTCCCAGTGCTC TGCTGCATTTCTTGCCCTTTT
CYTB TAGCAATAATCCCCATCCTCCATATAT ACTTGTCCAATGATGGTAAAAGG
GDF-15 TGCCCGCCAGCTACAATC TCTTTGGCTAACAAGTCATCATAGGT
GAPDH  GGTGGTCTCCTCTGACTTCAACA GTTGCTGTAGCCAAATTCGTTGT
HPRT GCTATAAATTCTTTGCTGACCTGCTG  AATTACTTTTATGTCCCCTGTTGACTGG
MSTN ACATGAACCCAGGCACTGGT GGTTGTTTGAGCCAATTTTGC
PPP2CA TGGTGGTCTCTCGCCATCTA CATTGGACCCTCATGGGGAA
SMAD7 TCGGACAGCTCAATTCGGAC GGTAACTGCTGCGGTTGTAA
SMURF1 TCGTGAGTTTATTGCATATGTAACA CTTCCCACTGTTTTTATCACTGA
STRN ATCTAGAAGTGCAGGCGATGG CTATTGGGCCTCTTCACCCCC
TGF-61 CCTGGCGATACCTCAGCAA CCGGTGACATCAAAGATAACCA
128 AAACTGCTCGCCAGAACACT CATGGGCTACACCTTGACCT
16S GCTAAACCTAGCCCCAAACC TTGGCTCTCCTTGCAAAGTT
188 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
28S ACGGCGGGAGTAACTATGACT CTTGGCTGTGGTTTCGCT
B2m CCGTCTACTGGGATCGAGAC GCTATTTCTTTCTGCGTGCAT
Cyr61 GGATGAATGGTGCCTTGC GTCCACATCAGCCCCTTG
Cytb TGTTCGCAGTCATAGCCACA TGGGATGGCTGATAGGAGGT
Gdf-15 GGCTGCATGCCAACCAGAG TCTCACCTCTGGACTGAGTATTCC
Gapdh ACTCCACTCCACGGCAAATTCA CGCTCCTGGAAGATGGTGAT
Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA
Pomla  TCACCCAGGCTCATGGAAAC TTGGCTACGAGGAGAGGACA
Smad7  TCGGACAGCTCAATTCGGAC GGTAACTGCTGCGGTTGTAA
Smurfl TGAGGAGAGGAGAGCCAGAC CGCCTGTAGAGCCTTGCAGA
Strn CGATGGAACCGACTGGGAAA CTATTGGGCCTCTTCACCCC
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128 AAACTGCTCGCCAGAACACT CATGGGCTACACCTTGACCT

16S GCTAAACCTAGCCCCAAACC TTGGCTCTCCTTGCAAAGTT
185 GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG
28S TGCCATGGTAATCCTGCTCA CCTCAGCCAAGCACATACACC

2.2.10.2 gPCR using TagMan universal PCR master mix for microRNA analysis

Tagman detection is based on a single stranded probe which is sequence specific and
has been modified to contain a fluorescent tag on a terminal nucleotide and a
quencher tag on the opposite end of the probe to absorb fluorescence. After binding
to the region of interest the probe is cleaved by the 5’-exo-nuclease activity of the Taq
polymerase and this separates the fluorophore from the quencher allowing the
fluorescence to be detected. Therefore, TagMan provides high specificity and
sensitivity but the probes increase the cost of each reaction. Tagman based gPCR was
used for microRNA detection to maintain specificity as microRNAs are very small in

size.

gPCR was performed using a 7500 FAST qPCR machine using a 96-well plate. 1.5uL of
cDNA were mixed with 18.5uL of mastermix containing 10uL 2x TagMan Universal PCR
Master mix -No uracil-N-glycosylase, 6.5uL nuclease-free H,O and 2uL of 20x specific
forward and reverse primer mix that also contained the probe (Applied Biosystems,
USA). The 96-well plate was centrifuged at 200x g for 1min. Samples were heated to
50°C for 2min and to 95°C for 10min before undergoing 40 cycles of 95°C for 15s
followed by 65°C for 1min.

Data processing was carried out as described in 2.2.10.1. A list of the analysed
microRNAs and housekeeping genes can be seen in Table 10. Exclusion criterion was

inconsistency between duplicates.

Table 10- MicroRNA probes and primers used for Tagman PCR.

hsa-miR-542-3p
hsa-miR-542-5p
ue
mmu-miR-542-3p
mmu-miR-542-5p
ue
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2.2.11 Protein extraction
2.2.11.1 Protein extraction from cells

C2C12 and LHCN-M2 cells were seeded at a density of 1x10° cells/mL in a 6-well plate
(2mL/well) and transfected 24 hours later with mirVana microRNA mimics. After
incubation for 48 hours at 37°C, the medium was removed and cells were washed
twice with cold 1x PBS. Cells were scraped in 1mL of ice-cold 1x PBS then incubated on
ice for 5min. The suspension was transferred to a microcentrifuge tube and
centrifuged for 2min at 300x g at 4°C. The supernatant was discarded and the pellet
was resuspended in a mix of 100uL of 1x lysis buffer (Cell Signaling, USA) and 1:100
protease inhibitor cocktail (Sigma, USA) and left for 10min on ice. To remove cell
debris, the lysate was centrifuged as described above and the supernatant containing
the protein was transferred to a clean microcentrifuge tube. Samples were stored at

-80°C.
2.2.11.2 Protein extraction from tissue

Between 0.1 and 0.2g of frozen TA or quadriceps muscle were transferred to CKD-14
ceramic beaded tubes and homogenised in 200uL 2x Igepal NP40 buffer (Sigma, USA)
with Protease and Phosphatase inhibitor cocktail (100:1:1) (Sigma, USA). The inhibitor
cocktail was added to NP40 buffer before the experiment to avoid loss of activity.
Homogenisation was achieved by rapid agitation of the samples 2x20 sec cycles at
5000x g using a Precellys 24 Tissue homogeniser (Stretton Scientific, UK) which allowed
the beads to crush and breakdown the tissue. Agitation cycles were repeated if
needed. Samples were centrifuged at 10000x g at 4°C for 5 min to allow the removal
of the insoluble fraction (cell debris) and supernatant (soluble protein fraction) was

collected and stored at -80°C.
2.2.11.3 Protein quantification

Determination of protein concentration of the samples was performed using the DC™
Protein Assay (Bio-Rad, USA). In a 96-well plate well, 3uL of the sample were mixed
with 20uL of Reagent S and Reagent A solution (1:50). 200uL of Reagent B were further

added to the well and incubated under agitation for 15min. Absorption was read at
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750nm in a micro-plate reader (Bio-Tek, USA) and sample concentration was calculated
against the standard curve. Standards were prepared with BSA dissolved in cell lysis

buffer used for protein extraction at 0, 0.125, 0.25, 0.5, 0.75, 1, 1.5 and 2 mg/mL.

2.2.12 Western blotting
2.2.12.1 SDS-Polyacrylamide gels electrophoresis

Separation of proteins by their molecular weight was performed by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Polyacrylamide gels with a
10% or 15% resolving gel and 5% stacking gel were prepared as described in section
2.1.4. 5uL of TEMED were added to the resolving and stacking gel immediately prior to
their use as this reagent initiates polymerisation. The resolving gel mix was poured into
a 1mm glass plate cast covered with a layer of water saturated butanol while allowing
polymerisation. Once polymerisation was complete, the butanol was washed off with
water and 2.5mL of the stacking gel solution was set above the resolving gel with the
appropriate comb to create loading wells. Samples were diluted 5:1 with sample buffer
(2x SDS) and heated at 95°C for 5min to denature proteins. Samples were loaded into a
gel tank (Bio-Rad, USA) in 1x Running Buffer at 120V until the ladder had run though

the resolving gel and was properly separated.
2.2.12.2 Protein transfer, blocking and antibody incubations

Proteins from the gel were transferred to a PVDF membrane (Bio-Rad, USA) (previously
activated with methanol) using semi-dry transfer technique in a semi-dry transfer cell
(Bio-Rad, USA) at 20V for an appropriate length of time dependent on the size of the
protein of interest. 1x transfer buffer containing 20% methanol was used to soak the

filter paper-gel-PVDF membrane-filter paper sandwich.

After the transfer, the membrane was washed with distilled water and stained with
Ponceau S (Sigma, USA) to confirm protein transfer. The membrane was blocked by
incubation in 1x TBST containing 5% milk for 1 hour at RT under agitation. The

membrane was washed twice with 1x TBST and incubated with primary antibody in

81



blocking solution at RT for 1 hour under agitation. 2 washes with 1xTBST were
performed followed by incubation with the secondary antibody in blocking solution at
RT for 1 hour under agitation. The antibody working concentrations used can be found
in Table 11. The membrane was washed twice with 1x TBST and protein detection was
carried out with ECLPlus detection kit as described in the manufacturer’s instructions.
An Ettan DIGE imager (GE healthcare, UK) was used to obtain images. Image analysis

was performed in Image J software (National Institutes of Health, USA).

Standard ladder (Bio-Rad, USA) was used to check that the protein band appears at the
predicted molecular weight to control for primary antibody specificity. Secondary
specificity was checked by incubation of the membrane with secondary antibody

without primary blotting to guarantee that no signal was observed.

Ponceau red staining (after transfection) or Amido black staining (after blot
developing) were used to control for protein loading and transfer efficiency.
Membranes were briefly incubated with the staining solution then rinsed with 1x TBST
for Ponceau or with de-staining solution for Amido Black and scanned. The bands from
the protein of interest were normalised against the Ponceau or Amido Black staining

scanned image by Image J.

Table 11-Antibodies and working concentrations used for Western Blotting and immunostaining.

. Working Protein

UL concentration size (KDa) Company
Goat anti-SMAD7 1/200 46 Santa Cruz
Rabbit anti-SMURF1 1/200 86 Life .

technologies

Goat anti-P-SMAD2/3 1/50 58 Santa Cruz
Rabbit anti-CYTB5 1/500 38 Pierce
Rabbit anti-MRSP10 1/500 21 Pierce
Rabbit anti-RPS23 1/100 16 Novus
Mouse anti-puromycin 1/10000 - Millipore
Polyclonal goat anti-rabbit 1/3000 - Dako
Polyclonal rabbit anti-goat 1/3000 - Dako
Polyclonal sheep anti-mouse 1/10000 - GE Healthcare
QEXFHJ,FLI)UN 488 goat anti-rabbit 1/500 Invitrogen
,IAgIZx(aH-FFLI)uor 568 goat anti-rabbit 1/500 Jiesa
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2.2.13 Immunoprecipitation

In transfected cells, SMAD7 protein expression was low and protein detection was not
possible by Western blot. To increase the SMAD7 concentration in the sample we
performed an immunoprecipitation. Pre-equilibration of protein A/G PLUS-Agarose
beads (Santa Cruz Biotechnology, Germany) consisted of centrifuging 150uL of beads
at 200x g for 5min at 4°C. The supernatant was discarded and the beads were washed
three times with 750uL of 1x PBS by centrifuging at 200x g for 1min at 4°C. After the
final centrifugation, the beads were resuspended in 300uL of PBS. Pre-clearing of the
sample was performed at 4°C for 2h by adding 20uL of pre-equilibrated beads to 60uL
of cell lysate or 5ug of muscle homogenate and to facilitate mixing in the rotating
wheel 400uL of 1x PBS were also added. In parallel, 100uL of pre-equilibrated beads
were blocked with 1mg/mL BSA during 2h at 4°C under rotation. Blocked beads were
washed with 25uL 1x PBS three times and they were collected by centrifugation at
500x g at 4°C for 1min. The pre-cleared sample was centrifuged at 500x g at 4°C for
1min and the supernatant was transferred to a microcentrifuge tube containing the
20uL of blocked beads. 5uL of primary antibody (rabbit anti-SMAD7 antibody H-79,
Santa Cruz) were added and samples were incubated overnight at 4°C on a rotating
wheel. Immunoprecipitates were collected by centrifugation at 200x g for 5min at 4°C
and supernatant was discarded. The pellets were washed four times with 1x PBS and
finally diluted in 20uL of 1x PBS. The beads were diluted 1:1 with sample buffer (1x
RSTB containing 2% mercaptoethanol) then analysed by Western blotting as described
in section 2.2.12. To assure specific binding, a different anti-SMAD7 antibody (goat,

P20, Santa Cruz) was used in the Western blot.

2.2.14 Immunostaining for p-Smad-2/3 localisation

After treatment, cells were washed twice with 1x PBS then fixed with 4% PFA followed
by 2 washes with 1x PBST (0.05% Tween). Cells were incubated with 1xPBS containing
0.3% Triton X-100 detergent (Sigma, USA) for 15 minutes at RT and washed twice with
1x PBST. After 1 hour incubation with a blocking solution of 1x PBST containing 5%
BSA, the primary antibody (p-SMAD2/3) (Table 11) in blocking solution was added to

83



cells for 1 hour at RT. The cells were washed 3 times with 1x PBST then incubated with
secondary antibody in blocking solution for 1 hour at RT. Cells were then incubated in
1x PBST supplemented with DAPI (stock solution of 5mg/ml diluted 1:10000 in 1xPBS)
to stain nuclei, then washed a final two times in 1x PBST. Images were taken under 20x
objective and the immunofluorescent signal was analysed using a Zeiss Axiovert 200
microscope and Velocity software (Perkin EImer, USA). Using Image J software, a macro
was used to detect the blue nuclei, create a mask and measure the average of green or
red (p-SMAD2/3) intensity in each nucleus, and thereby determining the mean
fluorescence per nucleus. All parameters such as thresholds, exposure times and

brightness were kept constant for all image acquisitions.

2.2.15 Hypoxia treatment

C2C12 and LHCN-M2 cells were seeded at a density of 5x10* cells/mL in 6-well plates
(2mL/well) and were left to recover overnight. Cells were incubated under hypoxia (2%
02) or normoxia (16% 03) at 37°C and 5% CO, for 48h (C2C12) or 48h, 72h and 96h
(LHCN-M2). RNA was extracted and miR-542-3p and miR-542-5p levels were measured
as described above (Sections 2.2.7.2 and 2.2.8.3).

2.2.16 In vivo experiments
2.2.16.1 Insert miR-542 immature sequence in pCAGGS-EGFP vector
2.2.16.1.1 Preparation of miR-542 immature sequence insert

Forward and reverse primers for a 500bp DNA fragment containing the entire pri-miR-
542 sequence were designed including a restriction enzyme site for Bglll at the
beginning of each primer to allow for cloning of the miR-542 sequence into the 3’-UTR
of the EGFP in pCAGGS-EGFP vector. The miR-542 sequence was obtained from
Ensembl: Gene-sequence (http://www.ensembl.org/index.html) and Bglll was chosen
because no restriction sites for this enzyme were found in the vector nor in miR-542

sequence. miR-542 sequence amplification was performed by PCR from mouse
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genomic DNA obtained from C2C12 cells. Genomic DNA was obtained by seeding
C2C12 cells at a density of 5x10* cells/mL in 6-well plates (2mL/well) and allowing
them to recover and grow overnight. Cells were washed with 1xPBS and incubated
with 800uL of lysis buffer (200mM Tris-HCl pH 7.5, 25mM EDTA pH 8.0, 250mM Na(l,
0.5% SDS) at 37°C for 1h. Cell lysates were transferred to microcentrifuge tubes and
8uL of Proteinase K solution (10mg/mL) (Sigma, USA) and 2uL RNAse solution
(10mg/mL) (Qiagen, Germany) were added into each tube and samples were mixed
and incubated at 50°C for 1h. 280uL of saturated NaCl were added to the samples and
vortexed for 5 min. Samples were centrifuged at 6000x g for 10min and the
supernatant was transferred to another microcentrifuge tube. 600uL of isopropanol
were added and the samples were mixed and then incubated for 3min before
centrifuging at 6000x g for 3min. The pellet was washed with 1mL of 70% ethanol and
the samples were centrifuged at 6000x g for 10min. The pellets were allowed to air-dry
before being resuspended in 80uL of 1xTE. Quantification of DNA was performed using
a Nanodrop spectrophotometer (ND1000, Wilmington, USA). The genomic DNA was
then amplified by PCR using Taq polymerase because it adds a 3° A-overhang to the
end product needed for the ligation with PGEM-T vector.

0.25uL of mouse genomic DNA template (10-100ng) was mixed in a PCR tube with
19.75ulL of mastermix containing 2uL 4uM miR-542 forward primer, 2pL 4uM miR-542
reverse primer, 0.8uL dNTPs, 0.1uL Tag polymerase (Qiagen, Germany), 2uL 10x Taq
Buffer and 12.85uL ddH;0. Samples were denatured at 94°C for 5min before
undergoing 25 cycles of 94°C for 30s, 60°C for 30s and 72°C for 30s. Samples were
heated at 72°C for 10min and were held at 4°C. Samples were kept at -80°C.

2.2.16.1.2 TA cloning into a pGEM-T vector

TA cloning relies on the lack of proof reading ability of some DNA polymerase, such as
Tag polymerase, which results on the non-removal of the extra nucleotide it adds. In
the majority of the cases, it adds an adenine (A) overhang in the 3’ of each end of the
PCR product. The 3’-A on each end of the product facilitates the direct cloning through
hybridisation into a linearized cloning vector which contains a 3’ thymine overhang on

each end.
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The PCR product obtained before was run on a 2% agarose gel after adding 5x loading
dye (Bioline, UK). The gel was run at 80V for 90-120 min. miR-542 sequence bands
were visualized under UV light (ChemiDoc XRS+, Bio-Rad, USA) and were extracted
using a scalpel and put into a microcentrifuge tube. Immediately after, DNA extraction
was performed with a Mini Elute Gel Extaction kit (Qiagen, Germany) consisting of
adding into the microcentrifuge tube 3 volumes of QG buffer per volume of gel.
Samples were heated at 50°C for 10min, vortexing every 2min. 1 volume of
isopropanol was added and samples were inverted. The mixture was placed into an
extraction column before centrifuging at 3500x g for 1min at RT. 500uL of QG buffer
were added to the column and samples were centrifuged at 3500x g for 1min. 750uL of
PE Buffer were added to columns and the samples allowed to stand for 5min before
centrifuging at 3500x g for 1min. The DNA was eluted into a new microcentrifuge tube
by adding 20uL of EB Buffer into the column, allowing the column to stand for 1min
before centrifuging at 3500x g for 1min. A further 10ulL of EB Buffer were added to the
column and the same process as before was repeated. 30uL of miR-542 DNA were kept

on ice for use.

Ligation of the miR-542 sequence and PGEM-T was performed by mixing into a 0.2-mL
PCR tube 5uL of 2x Rapid Ligation Buffer, 1uL of pGEM-T vector (50ng), 1uL of gel
extraction product (a molar ratio of 1:3 vector:insert was used), 1uL of T4 DNA Ligase

and 2ulL nuclease-free water. The reaction was incubated overnight at 4°C.

E. Coli were transformed with the ligated miR-542 and pGEM-T vector and the plasmid
was obtained as described in section 2.2.1.2. However, before spreading the
transformed bacteria on the LB-Agar Ampicillin plates, plates were prepared for blue-
white screening (261) by spreading 40uL of 0.1 ™M Isopropyl B-D-1-
thiogalactopyranoside (IPTG, Sigma, USA) and 16uL of 50 mg/mL 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (X-gal, Sigma, USA) on top of each LB-Agar Ampicillin
plate and allowing 30min for absorption. Only white colonies were picked for further
screening. Blue-white screening is a technique that allows a rapid detection of
recombinant bacteria containing a plasmid and a sequence of interest. The technique
is based on E. Coli carrying the lacZ deletion mutation which contains the w-peptide,

while the plasmids used for transfection carry the lacZa sequence which encodes for
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the a-peptide, which are the first 59 amino acids of B-galactosidase enzyme (261).
Neither of the peptides is functional by itself. However, when they are expressed
together they form a functional B-galactosidase enzyme. Therefore, if the insert is
ligated in the vector, it causes the disruption of lacZa gene preventing the production
of functional B-galactosidase. If the insert is not present, the enzyme is produced and
X-gal hydrolysis occurs producing galactose and an indigo compound that turns
colonies blue. Purified plasmids were digested with Bglll restriction enzyme to release
the insert from the vector. miR-542 pGEM-T digestion consisted on mixing 2uL of 10x
Buffer (3.1), 1pL of restriction enzyme (Bglll), 0.5uL of BSA, 4uL of plasmid and 12.5uL
of nuclease-free water in a microcentrifuge tube and incubating the solution at 37°C

for 90min.

To confirm the size of the insert, digests were run in a 2% agarose gel. Plasmids
positive for miR-542 sequence of the correct size were Sanger DNA sequenced by
Beckman Coulter Genomics (UK) using the forward T7 promoter sequencing primer (as

PGEM-T contains a T7 promoter).
2.2.16.1.3 Cloning into the mammalian expression vector (pCAGGS-EGFP)

To facilitate ligation between the mammalian expression vector and the miR-542
purified and digested insert, pCAGGS-EGFP plasmid was cut by Bglll restriction enzyme
and the 5’ phosphates were removed with calf intestinal alkaline phosphatase (CIAP,
New England BiolLabs, UK) to reduce self-ligation. Digestion of the pCAGGS-EGFP
plasmid was carried out by mixing in a microcentrifuge tube 5uL of 10x Buffer (3.1),
5uL of restriction enzyme (Bglll), 2.5uL of BSA, 16uL of plasmid, 5uL of CIAP and 16.5uL
of nuclease-free water and incubating the mixture at 37°C for 90min followed by a
phosphatase deactivation step at 65°C for 20min. Ligation was performed at 4°C
overnight in 0.2-mL PCR tubes containing a molar ratio of 1:3 vector:insert with 50ng
of cut plasmid, 1uL of T4 DNA ligase, 2uL of Ligase Buffer T4 DNA and nuclease-free
water to make a 10-puL reaction. E. Coli were transformed with the ligated miR-542 and
pCAGGS-EGFP vector and the plasmid was obtained as described in section 2.2.1.2. The
orientation of miR-542 insert was checked by restriction enzyme digestion (using

Hindlll and EcoNI). The size of the products was determined by agarose gel
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electrophoresis and compared to the expected sizes (Figure 11). Vectors with an insert
in the correct orientation were sent for Sanger DNA sequencing by Beckman Coulter
Genomics (UK) using the miR-542 forward primer and miR-542 reverse primer
separately (primers used to amplify mouse genomic DNA). Sequencing confirmed the

correct pCAGGS-EGFP-miR-542 vector had been obtained.

- W W

50bp 100bp 1 2 3 4 5 6 7 8 50bp 100bp 9 10 11 12 Ctr

Figure 11- miR-542 orientation check in pCAGGS-EGFP vector.

Products of the pCAGGS-EGFP and miR-542 ligation were digested and run on an agarose gel to
determine orientation. The expected size bands if the insert orientation was correct were 573 bp
(squared in green) and 5169 bp whereas opposite insert orientation would produce 2 bands at 866 bp
and 4876 bp. Therefore samples 2, 4, 5, 8, 10 and 12 were sent to be sequenced.

2.2.16.2 Mouse preparation and electroporation

All in vivo work was performed under the project license PPL 70/8297 and in
accordance with the Animals Scientific Procedures Act 1986. Home Office licensed me
with Personal License (PIL number: IDF691606) to carry out regulated procedures on

living animals.

2.2.16.2.1 Mice description
Six-week old male mice of the C57BL/6 strain were used. Once received in the facility,
up to 5 mice were kept in an individually ventilated cage (IVC) and allowed to

acclimatise for 1 week. Health monitoring and handling was carried out daily.
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2.2.16.2.2 Mouse preparation
The day that the procedure was carried out mice were weighed to determine the
correct amount of anaesthesia given by intraperitoneal (IP) injection. 5ulL/g of
Hypnorm/Hypnovel (H/H) (Janssen Animal Health, UK and Roche, UK, respectively) mix
were injected in each mouse. H/H mix was prepared by mixing 1:1 v/v Hypnorm and
water and separately 1:1 v/v Hypnovel and water. Finally, both solutions were mixed
1:1 v/v to obtain the H/H mix. When mice lost pedal reflex, both back legs were shaved
using a small trimmer (WAHL, USA) and 25uL of 0.4U/uL bovine hyaluronidase (Sigma,
USA) were injected into both TAs. Hyaluronidase is an enzyme that breaks down
hyaluronan, a component of the extracellular matrix, which facilitates DNA
electroporation by improving penetration of the tissue by the injected DNA (262).
Animals were returned to a cage which was placed half on a heat mat at 37°C and

were allowed recovery for 2h.

2.2.16.2.3 Electroporation
Animals were anaesthetised via inhalation with isofluorane (IsoFluo, USA) using 5%
anaesthetic for induction and 2-3% for maintenance of anaesthesia in oxygen. 25uL of
1ug/uL plasmid were injected in the TA of mice with an insulin syringe, pCAGGS-EGFP
(control vector) in the left leg and pCAGGS-EGFP-542 in the right leg. Plasmids were
diluted to the appropriate concentration with ddH;0. Tweezerodes were placed side
to side the TA and the distance between the tweezerode plates was measured so that
the appropriate voltage could be applied. Electrocardiography (ECG) gel (Parker
Laboratories, USA) was used on the top of the tweezerodes to facilitate current
transmission in the skin. Electroporation was performed at 175V/cm, pulse length of
20ms and 10 pulses 1Hz (ECM830 Electro Square Porator, BTX, USA) (263). Immediately
after electroporation, animals were removed from anaesthesia and placed in a cage
which was placed half on a heat mat at 37°C to allow recovery. Animals showed no

signs of altered behaviour and were fed with normal chow.

2.2.16.3 Refinements
Following electroporation, animals were constantly observed and checked for signs of
dehydration or lameness until full recovery, if dehydration was observed sodium

chloride 0.9 % was given subcutaneously or if lameness was observed temgesic

89



(analgesic) was provided, respectively. 30G needles were used for the H/H IP. When
animals were submitted to the first anaesthesia, eye ointment (Lacri-lube, Allergan,
UK) was applied to their eyes to help lubricating and moistening the eyes and avoid

dryness.

2.2.16.4 Processing samples
3 days after electroporation, mice were humanely killed by cervical dislocation using as
a confirmation method the permanent cessation of the circulation. Immediately after
sacrifice the TA muscles were excised and weighed. TA muscles were mounted on a
cork leaning the bottom against a needle. A minimal amount of cryo-embedding
media, Optimal Cutting Temperature compound (OCT) (Tissue-Tek, NL), was placed at
the bottom of the TA to fix the muscles onto the cork and they were snap frozen using
isopentane chilled in liquid nitrogen. This technique consists of placing liquid nitrogen
in a Dewar flask and lowering a stainless steel container of isopentane (Sigma, USA)
into the liquid nitrogen using tongs (adapted from (264)). When freezing, isopentane
becomes white and opaque and can be taken out of the liquid nitrogen. TA muscles
embedded onto the cork were placed into the nitrogen-cold isopentane and then

wrapped up with foil and placed into liquid nitrogen and stored at -80°C.

2.2.16.5 Sectioning
The cork containing the TA was fixed onto a metal block with OCT allowing sectioning.
Sectioning of the TA muscles was performed starting from the top of the muscle
towards the base fixed on the cork. The microtome (Bright Instruments, UK) was
placed on a cryostat at -20°C and the freezing shelf was set to -30°C. Sections were cut
in 10um thickness using a 5° angled knife from 5 evenly spaced levels (adapted from
(263)). A representative section from each of the 5 levels was captured onto a frost-
free glass slide, obtaining a total of 5 slides to be used for histological purposes. 10-15
sections from levels 3 and 4 were captured onto a polyethylene naphthalate
(PEN) membrane slides for mRNA and microRNA analysis and this was repeated 4
times per muscle. The subsequent 40 sections from each level were divided into two
different microcentrifuge tubes for mRNA and protein analysis and stored at -80°C
(Figure 12). The slides were allowed to air dry for 15min before storage at -80°C until

use. This chosen sectioning approach allowed the analysis of protein and
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RNA/microRNA from the same region of each muscle (or levels) as the electroporation
efficiency is unequal through the muscle. This technique allowed us to analyse the

areas with highest electroporation efficiency.

B . ._.
Protein
D extraction

Level 5 Levell |:> miRNA/ RNA
extraction

PEN slides

Glass slides

Figure 12- Schematic representation of TA sectioning.

TA muscle (D) was attached to a cork base (B) through OCT embedding (C). The cork base was then
attached to a metal cylinder (A) applying also OCT in the base of the cork. The metal cylinder was then
placed in the microtome and sections from different levels were taken and either placed on slides or on
microcentrifuge tubes. From each sample, we had 4 different sampling methods: 2 collection
microcentrifuge tubes for protein or microRNA/RNA extraction and two types of slides, glass slides or
PEN slides for laser capture.

2.2.16.6 Laser-capture microdissection (LCM)

PEN sections were submerged for 30s in cold RNAse free water to remove any
remaining OCT surrounding the muscle section. To minimise RNA degradation, sections
were dehydrated with alcohol by submerging the samples in increasing concentrations
of alcohol (70% ethanol for 30s, 90% ethanol for 30s and 100% ethanol for 30s). The
PALM laser capture microdissection system (Carl Zeiss, Germany) with a 20x objective
and a fluorescein isothiocyanate (FITC) filter was used to select fluorescent, positive
electroporated fibres (265). This approach was selected because electroporation

efficiency was less than 50%, thus it allowed us to only select the fibres that have been
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transfected with our control and treated vectors and to compare gene expression
more precisely. Fibres of interest were laser-captured using RoboLPC mode on the
PALM Robo software (Carl Zeiss, Germany). 600 regions of interest were marked and
the laser option was switched on to produce the cuts after optimising the energy and
focus (values were around 48 and 70, respectively). An opaque, adhesive cup
microcentrifuge tube was placed on the top of the sample and the selected fibres were
catapulted into the cup using a laser pulse. RNA was extracted as described in section

2.2.7.4.

2.2.17 Data analysis

Statistical analysis was performed in Graphpad® Prism Version 5.0 software (GraphPad
Software, USA). Data are expressed as meant SEM or median and 10-90 percentiles or
inter-quartile range (IQR) depending on whether the data were normally or non-
normally distributed, respectively. Normality was assessed by Kolmogorov-Smirnov
test, d’Agostino and Pearson omnibus normality test and Shapiro-Wilk normality test.
For analysis including multiple groups, an ANOVA analysis was performed. For
statistical analysis of gPCR, data was log transformed to equalise variance and
Student’s T-Test for normally distributed data or Mann-Whitney U test for non-
normally distributed data were used. Correlations analysis was performed using the
Pearson correlation test to identify linear associations, or using the Spearman test for
non-linear correlations. For in vivo data, comparison between groups was performed
using ANOVA analysis and differences between two groups were further analysed
using Paired-t-test (normally distributed data) or Wilcoxon matched-pairs signed rank

test (not normally distributed data). p<0.05 was considered statistically significant.

92



CHAPTER 3: Clinical observations of miR-542-3p &

miR-542-5p in muscle wasting diseases

3.1 Rationale

Skeletal muscle wasting is a common comorbidity in a range of acute and chronic
diseases. A wide range of mechanisms have been studied to try to understand the
mechanisms driving this wasting examining the contribution of both intracellular and
extracellular factors. For example, our group has analysed the expression and activity
of several pathways including the signalling pathways regulated by myostatin and GDF-
15 (30,266). Recently, the group has started to investigate the role of microRNAs as
they can target multiple components of different pathways so could regulate several
different pathways leading to atrophy. Moreover, microRNA expression is altered in
response to muscle use and disease for example in response to exercise (240,267-270),
and in primary myopathies (241). Previous studies in patients with muscle dysfunction
as a consequence of chronic disease have also shown changes in microRNA expression.
For example, in COPD patients, miR-1 levels are suppressed in quadriceps of COPD
patients compared to controls and miR-499 levels associate with fat free mass index
(FFMI) (250). This decrease in miR-1 is associated with an increase in one of its targets,
HDAC4, a change that may contribute to the reduction in MHCI and to a fibre shift
from a predominance of slow fibres to a predominance of fast fibres. Having
established that muscle of COPD patients had an altered microRNA expression profile,
our group performed a microRNA screen to identify differences in microRNA
expression in the quadriceps of COPD patients with a low fat free mass index (LFFMI)
compared to those with a normal FFMI (NFFMI). This study showed that quadriceps
expression of miR-675 was different between LFFMI and NFFMI patients, being higher
in LFFMI patients (271) and negatively associated with muscle mass, but no association
was found in healthy individuals. Re-analysis of the screen data comparing COPD
patients as a whole group with controls, identified eighteen microRNAs that were
differentially expressed in the COPD patients, six microRNAs were up-regulated in the

patients compared to controls, 5 of which were derived from a single cluster on the X
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chromosome (miR-542-3p and -5p, miR-424-3p and -5p, miR-450a and miR-450b), and
12 microRNAs were down-regulated in the COPD patients compared to controls,

including miR-210 (162).

Analysis of microRNA expression in a larger cohort of patients suffering from muscle
wasting showed that miR-542-3p expression was associated with lung function and
physical performance in COPD patients as well as in a healthy older cohort

(experiments performed by Dr Jen Lee).

COPD is primarily a disease of the lungs in which a chronic obstruction of the lung
airflow interferes with normal breathing and it is not fully reversible. However, it also
has systemic complications that include a loss of exercise capacity (272). As a
consequence, measurements of disease severity include both measurements of lung
function and exercise performance. Lung function measurements include
measurements of airflow obstruction, lung volumes and gas diffusion. These
measurements analyse different components of the lung impairment. To quantify gas
diffusion the transfer factor for carbon monoxide (TLco) is measured (273,274). This
analysis determines the ability of carbon monoxide to diffuse from the alveoli into the
blood and is primarily a measure of emphysema. A related parameter is the oxygen
partial pressure (tension) in arterial blood (Pa0) (275). Large airway obstruction is
determined by measuring FEV; after taking a breath with a maximal inspiratory effort
and is also considered to be an important measure of pulmonary function (276,277).
The FEV1/FVC ratio, also known as Tiffeneau-Pinelli index, is used in the diagnosis of
obstructive and restrictive lung disease (278,279). It represents the proportion of a
person's vital capacity that they are able to expire in the first second of forced
expiration. FEV1/FVC=0.7 is used as a cut off value, for the diagnosis of restrictive lung
diseases with airflow obstruction at lower values and normal airflow at higher values
(280). To analyse exercise capacity, several measurements can be used. The six-minute
walk (6MW) test measures the distance an individual is able to walk over a total of six
minutes on a hard, flat surface and has been used extensively to measure muscle
exercise tolerance in chronic respiratory disease (281) and heart failure (282) as well as
in other populations suffering from muscle loss such as the healthy elderly population

(283,284). Similar tests include the 3m walking test in which the time that takes to
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walk 3m at normal walking speed is measured. The timed up and go test (TUG) is a
simple test used to assess a person's mobility and requires both static and dynamic
balance. It uses the time that a person takes to rise from a chair, walk three meters,
turn around, walk back to the chair, and sit down. The TUG test is used frequently in
the elderly population, as it is easy to perform and can generally be completed by most
older adults (285). FFMI which is calculated as fat-free body mass in kg divided by the
square of the height in meters has been shown to accurately determine the nutritional
status of subjects and Luo Y. et al. found correlations between low FFMI and several
parameters such as frequent exacerbation, decreased pulmonary function, older age,
6MW test and worsened dyspnoea in COPD (286). Muscle strength can be quantified
as a volitional manoeuvre using the maximal voluntary contraction (MVC) test which is
the maximum force which a subject can produce in a specific isometric exercise or it
can be measured using a non-volitional manoeuvre by electrical or magnetic
stimulation of peripheral nerves to provoke muscle contractions (Twitch strength, Tw)

with the resulting force is measured (287).

Since Dr Jen Lee showed that miR-542-3p expression was associated with lung function
and physical performance in COPD patients as well as in a healthy older cohort, in this
chapter we aimed to determine whether miR-542-5p was also associated with the
same parameters in these cohorts and whether miR-542-3p/5p expression was

elevated in patients with established ICUAW.

3.2 Hypothesis

The above rational suggested the following hypothesis:

1) miR-542-3p and miR-542-5p expression would be elevated in the quadriceps of
patients suffering from muscle wasting.
2) Increased miR-542-5p levels would associate with poor lung capacity and

physical performance.
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3.3 Results

3.3.1 miR-542-5p levels are increased in COPD patients and associate with

reduced lung function

Previous work in the group had shown that miR-542-3p was increased in a large cohort
of COPD patients (Figure 13, A) and was associated with reduced lung function as

shown by TLco (Figure 14, A), PaO; (Figure 14, C) and FEV1 (Figure 14, E).

To determine whether miR-542-5p was also elevated in the muscle of COPD patients
we analysed its expression in patients and controls and found a 6-fold increase
(p<0.001) in the quadriceps of the COPD patients (both sexes and all GOLD grades)
(Figure 13, B), whereas miR-542-3p only showed a 4-fold increase. Interestingly, a
strong association was found between miR-542-3p levels and miR-542-5p levels in the
COPD cohort (Figure 13, C), suggesting that miR-542-5p would also associate with
reduced lung function. As expected, miR-542-5p also inversely correlated with TLco%
predicted (r=-0.62, p<0.001, Figure 14, B) and PaO; (r=-0.38, p<0.001, Figure 14, D).
miR-542-5p also inversely correlated with FEV1 measurements in the patients (r=-0.59,
p<0.001, Figure 14, F). Both miR-542-5p and miR-542-3p were more tightly correlated

with TLco measurements than with PaO; or FEV1.
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Figure 13- miR-542-3p/5p are increased in patients with COPD.

miR-542-3p/5p were quantified in quadricep biopsies from COPD patients (n=52) and healthy age-
matched controls (n=16). miR-542-3p data were generated by Dr Jen Lee. Box and whiskers plot showing
that the expression of miR-542-3p (A) and miR-542-5p (B) are increased in patients compared to
controls (whiskers to 90% with outliers shown). There is an association between miR-542-5p expression
and miR-542-3p expression in the COPD cohort (C). Patients are shown as filled circles, controls as open
circles. Correlations were analysed by Pearson’s test as data had a linear association, showing p and r
values. miR-542-3p and miR-542-5p levels were normalised to U6 and RNU48.
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Figure 14- miR-542-3p/5p associated with lung function in patients with COPD.

miR-542-3p/5p were quantified in quadriceps biopsies from COPD patients (n=52) and healthy age-
matched controls (n=16). miR-542-3p data were generated by Dr Jen Lee. miR-542-3p/5p expression
was inversely correlated with lung function measured as TLco % predicted (A-B) and as pO2 (C-D). miR-
542-3p/-5p levels also inversely associated with FEV1 measurements (E-F). Patients are shown as filled
circles, controls as open circles. Correlations were analysed by Pearson’s test as data had a linear
association, showing p and r values. miR-542-3p and miR-542-5p levels were normalised to U6 and
RNU48.
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3.3.2 miR-542-5p associate with reduced physical performance in COPD

patients

As previous work in the group had shown that miR-542-3p was associated with
reduced physical performance in COPD patients as shown by 6MW distance %
predicted (Figure 15, A), MVC % predicted (Figure 15, C) and TwQ % predicted (Figure

15, E) we analysed if miR-542-5p also associated with these parameters.

miR-542-5p was inversely associated with the exercise capacity measurement (6MW
distance % predicted) (r=-0.59, p<0.001, Figure 15, B) and with strength assayed both
as a volitional manoeuvre (maximal voluntary contraction as a % of predicted, MVC%,
Figure 15, C-D) and as a non-volitional manoeuvre (as twitch quadriceps force, TwQ%,
Figure 15, E-F). Stronger associations were seen between miR-542-5p and in MVC
(r=-0.43, p<0.001, Figure 15, D) than TwQ (r=-0.29, p=0.024, Figure 15, F). In this
cohort, miR-542-3p/-5p expression was not higher in patients with a low FFMI
compared to those with a normal FFMI, nor in weak patients compared to those with a
normal strength (data not published). The physical performance measurement that

correlated most strongly with miR-542-5p and miR-542-3p levels was 6MW test.
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Figure 15- In COPD patients miR-542-3p/5p levels are increased and associated with muscle
physiology.

miR-542-3p/5p was quantified in quadriceps biopsies from COPD patients (n=52) and healthy age-
matched controls (n=16). miR-542-3p data were generated by Dr Jen Lee. miR-542-3p/5p were inversely
correlated with 6MW test (A-B) and strength as MVC % predicted (C-D) and as TwQ (E-F). Patients are
shown as filled circles, controls as open circles. Correlations were analysed by Pearson’s test as data had
a linear association, showing p and r values. miR-542-3p and miR-542-5p levels were normalised against
U6 and RNU48.
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3.3.3 miR-542-5p levels inversely associated with physical performance in a

cohort of older people

Previous work in the group had shown that quadriceps expression of miR-542-3p was
associated with reduced physical performance in a cohort of older people (population
susceptible to muscle loss). Samples were obtained from the Hertfordshire sarcopenia
study (HSS) (288,289) and associations were found with 6m TUG test (Figure 16, A) and
3m gait speed test (Figure 16, C). However, no association was found with FFMI (Figure
16, E). Interestingly, miR-542-3p levels were elevated in the patients defined as having

sarcopenia (Figure 17, A).

To determine if miR-542-5p was also associated with these parameters in this cohort,
we quantified its expression in the same samples. Consistent with the observations in
the COPD patients there was a strong association between miR-542-3p levels and miR-
542-5p levels in the HSS cohort (Figure 17, C), which raised the hypothesis that miR-
542-5p might also associate with reduced physical performance. As expected,
increased expression of miR-542-5p also associated with poorer physical performance
as indicated by longer times to complete the 6m TUG test (r=0.30, p=0.019, Figure 16,
B). Moreover, miR-542-5p also directly associated with a slower 3m gait speed (r=0.41,
p=0.001, Figure 16, D), suggesting an association with quadriceps function. Although
miR-542-5p was not associated with FFMI in the HSS participants (r=-0.25, p=0.05,
Figure 16, F), it was elevated in those defined as having sarcopenia (p=0.012, Figure 17,
B). miR-542-5p was more tightly correlated with the 3m gait speed test whereas miR-
542-3p was more tightly correlated with the TUG test. Finally, a larger increase in miR-
542-5p was seen in patients defined as having sarcopenia (6.7-fold increase, compared

to 2.7 fold increase seen for miR-542-3p levels).
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Figure 16- miR-542-3p/5p are associated with physical performance in healthy older individuals.

miR-542-3p and miR-542-5p were quantified in quadriceps biopsies from male participants in the HSS
study. miR-542-3p data were generated by Dr Jen Lee. In these individuals miR-542-3p [A] and miR-542-
5p [B] were directly associated with slower 6m and slower 3m gait speed test [C-D]. No association was
seen between miR-542-3p or miR-542-5p levels and FFMI [E-F]. Correlations were analysed by Pearson’s
test as data had a linear association, showing p and r values. miR-542-3p and miR-542-5p levels were
normalised to U6 and RNU48.
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Figure 17- miR-542-3p/5p are elevated in sarcopenia.

miR-542-3p and miR-542-5p were quantified in quadriceps biopsies from male participants in the HSS
study. miR-542-3p data were generated by Dr Jen Lee. miR-542-3p/-5p were elevated in patients
presenting sarcopenia compared to not sarcopenic [A-B]. There is an association between miR-542-5p
expression and miR-542-3p expression in the HSS cohort [C]. Correlations were analysed by Pearson’s
test as data had a linear association, showing p and r values. miR-542-3p and miR-542-5p levels were
normalised to U6 and RNU48. Box and whiskers plots showing whiskers to 90% with outliers shown.
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3.3.4 miR-542-5p levels inversely associated with lung function in a cohort of

older people

As miR-542-5p was associated with lung function in COPD patients we compared
quadriceps expression of miR-542-5p with available measurements of FEV1 in the HSS
cohort. The lung function measurements were not performed at the same time as the
quadriceps biopsies having been taken 3-9 years previously but were the only

measurements of lung function available for the HSS cohort.

Comparison of quadriceps expression of miR-542-5p with these historical values of
lung function showed an inverse association between the miR levels and FEV1%
(r=-0.39, p=0.002, Figure 18, B). miR-542-5p levels were also increased in patients with
airflow obstruction compared to normal airflow (p<0.001, Figure 18, H), consistent
with a role for lung function, hypoxia or oxidative stress in increasing miR-542-5p
expression in the quadriceps. Indeed miR-542-5p levels did showed a greater increase
in patients with airflow obstruction than miR-542-3p, around 10-fold increase and 1.5-
fold increase, respectively. However, unlike miR-542-3p, miR-542-5p was not increased
in people with a history of smoking (Figure 18, D) nor in individuals with self-reported
asthma (Figure 18, F). miR-542-3p data, which was previously obtained in our group, is

shown with the only purpose to help comparing miR-542-5p data.
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Figure 18- miR-542-3p/5p are associated with lung function in healthy older individuals.

miR-542-3p/-5p were quantified in quadriceps biopsies from male participants in the HS study. miR-542-
3p data were generated by Dr Jen Lee. An association between miR-542-3p [A] and miR-542-5p [B] was
seen with FEV1 % predicted. miR-542-3p expression was increased under smoking [C] and asthma
conditions [E] compared to non-smokers and non-asthmatic individuals. No difference was seen in miR-
542-5p expression under those two conditions [D, F]. Both miR expression was increased in patients
with airflow obstruction compared to normal airflow [G-H]. Correlations were analysed by Pearson’s
test as data had a linear association, showing p and r values. miR-542-3p and miR-542-5p levels
were normalised against U6 and RNU48. Box and whiskers plots showing whiskers to 90% with outliers

shown.
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3.3.5 miR-542-3p and miR-542-5p levels are increased in patients with ICUAW

and associate with days of ICU stay

To determine whether miR-542-3p or -5p were increased in other conditions where
muscle dysfunction occurs we determined their expression in quadriceps biopsies from
patients with established ICUAW. This disease was chosen as our group had previously
seen similar changes in the expression of myomiRs to those we have observed in
COPD. In these patients there was a marked elevation of both miR-542-3p and -5p
(20 fold, p<0.001 and 50 fold, p<0.001 respectively, Figure 19, A-B) and miR levels
directly associated with length of ICU stay (miR-542-3p: r= 0.58, p=0.014; miR-542-5p:
r=0.57, p=0.016, Figure 19, C-D). Together with the data from the COPD patients, these
data suggest that miR-542-3p and -5p may be associated with the loss of muscle mass
in response to diseases in which oxidative stress and inflammation are thought to be
contributory factors. However, data regarding oxidative stress, inflammation, lung
function and physical performance were not obtained for this cohort so associations

with miR-542 levels could not be examined.
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Figure 19- In patients with ICUAW miR-542-3p/5p levels are increased and associate with length on
ICU.

miR-542-3p/5p were quantified in quadriceps biopsies from patients (n=17) with established ICUAW and
pre-operative controls (n=7). Box and whiskers plots showing that the expression of miR-542-3p (A) and
miR-542-5p (B) are increased in patients compared to controls (p<0.001 and p<0.001 respectively,
whiskers to 90% with outliers shown). In patients with ICUAW, miR-542-3p (C) and miR-542-5p (D)
expression were positively correlated with length of ICU stay. Correlations were analysed by Pearson’s
test as data had a linear association, showing p and r values. miR-542-3p and miR-542-5p levels were
normalised against U6.

107



3.3.6 miR-542-3p expression is increased under hypoxia in vitro

The associations between miR-542-3p/-5p and lung function seen in patients with
COPD and from the HSS cohort suggest that a driver for expression of these miRs could
be hypoxia. To analyse this hypothesis, human myoblasts were cultured under hypoxic
(2% 02) or normoxic conditions for 48, 72 and 96h and miR expression was quantified
by TagMan PCR. An elevation of miR-542-3p expression was seen in hypoxic compared
to normoxic myoblasts at 96h (p=0.0303, 1.2-fold increase, Figure 20, A). However,
miR-542-5p expression was not elevated in response to hypoxia (p=0.4687, Figure 20,

B).
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Figure 20- miR-542-3p expression is elevated under hypoxia in vitro.

LHCN-M2 myoblasts were cultured and incubated under hypoxia or normoxia for 96h. miRs levels were
measured by Tagman PCR and an elevation of miR-542-3p was seen in hypoxic myoblasts compared to
normoxia [A]. No difference was seen in miR-542-5p levels [B]. Scatter dot plot shows mean signalt
SEM from n=3 independent experiments with 2 [A] and 3 [B] repetitions in each. Statistical analysis was
performed using unpaired t-test as samples were normally distributed. miR-542-3p and miR-542-5p
levels were normalised against U6.
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3.3.7 Bioinformatic analysis predicts important targets for miR-542-3p and

miR-542-5p in muscle wasting context

The elevation of miR-542 in conditions associated with muscle wasting and the strong
association of miR-542 expression in the patients’ quadriceps with physical
performance suggest that the elevation of this microRNA may have functional
consequences. Previous studies on the role of miR-542-3p showed that it targeted
survivin and induced growth arrest (290). Whilst reduced regeneration is a feature of
muscle wasting, to inhibit cell proliferation the microRNA would have to be expressed
in the satellite cells and myoblasts. Given that miR-542-3p an -5p were readily
detectable in the biopsies, it seems likely that the associations between muscle
physiology and microRNA expression described above are from the levels of microRNA
expressed in differentiated muscle rather than satellite cells suggesting that the
microRNA has effects other than on cell proliferation. Therefore, to contribute to the
muscle pathophysiology that occurs in the patient groups studied the microRNAs
would need to regulate components of the protein synthetic, protein degradation
pathways and/or affect energy metabolism. It is likely there is interplay between these
systems but the fact that the associations of miR-542-3p/-5p levels are stronger with
physical performance than with strength suggests that associations with energy
metabolism may be the more important ones in the context of the studies so far.
However, the fact that microRNAs have multiple targets and that the pathways may

cross-talk makes the study of microRNA effects very complex.

To determine possible targets of miR-542-3p/-5p involved in promoting skeletal
muscle atrophy we performed bioinformatic analysis using miRwalk 2.0 (291). miRwalk
uses 12 algorithms to detect a pairing between the microRNA seed and the 3'UTR
region of a possible mRNA target. To reduce the number of targets and increase
specificity, targets had to be predicted by at least 4 algorithms to be considered. The
list of targets generated by this method included a striking number of ribosomal
proteins from both cytoplasmic and mitochondrial ribosomes. Indeed around 21% and
27% of cytoplasmic and 22% and 32% of mitochondrial ribosomal proteins were
predicted to be targeted by miR-542-3p and miR-542-5p respectively (Table 12, A).
Moreover, miR-542-3p had previously been shown to promote ribosomal stress in cells
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and to activate p53 by targeting the ribosomal proteins (292). By reducing the
available ribosomes this approach would suppress maximal protein synthesis a
common feature of muscle wasting. A similar effect on mitochondrial ribosomal
proteins would not only suppress mitochondrial protein synthesis but reduce energy
supply. Given the association of these microRNAs with physical performance measures
that have some endurance requirement to a greater extent than those that are more

limited to measurements of strength, mitochondrial targets were of great interest.

Secondly, we focused on TGF-B signalling as the bioinformatics analysis predicted a
number of possible targets of the miR (Table 12, B) in this pathway which is known to
contribute to atrophy in studies both by our group and others. For example, GDF-15
was shown to associate with muscle mass in COPD and to promote muscle wasting in
vivo (197) and also suppresses the expression of microRNAs leading to an increased
sensitivity of muscle cells to TGF-B in ICUAW (30). The predicted targets of miR-542 in
the TGF-B pathway include a number of inhibitors of the pathway including CTSP
proteins, PPM1A and PP2A proteins which de-phosphorylate SMAD proteins as
described in the introduction. These are not the only pathways predicted to be
targeted by the microRNAS that could contribute to atrophy but there was insufficient

time to analyse all the potential pathways.
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Table 12- Potential pathways and RNA targets of miR-542-3p/-5p.

miR-542-3p/-5p target important pathways that could contribute to muscle wasting according to
miRwalk predictions. Several ribosomal proteins from both the small and the large ribosomal subunit
and both from mitochondrial and cytoplasmic origin are potential targets for miR-542-3p/-5p. Targeting
is specie specific so differences are seen between mouse and human predicted targets [A]. Molecules
from the TGF-B pathway are also predicted targets of those microRNAs including inhibitors of the
signalling system [B].

MITOCHONDRION CYTOPLASM
miR-542-3p miR-542-5p miR-542-3p miR-542-5p
Large Large Large Large Large Large Large Large
subunit subunit subunit subunit subunit subunit subunit subunit
MRPL1 MRPL10 MRPL3 MRPL11 RLP3L RPL10 RPL5 RPL10L
MRPL4 MRPL18 MRPL10 MRPL14 RPL7 RPL15 PRL7L1 RPL15
MRPL11 MRPL19 MRPL11 MRPL17 RPL18A RPL22 RPL15 RPL22
MRPL15 MRPL23 MRPL14 MRPL20 RLP21 RPL22L1 RPL18A RPL22L1
MRPL16 MRPL30 MRPL15 MRPL27 RPL22 RPL23A RPL22 RPL24
MRPL17 MRPL35 MRPL16 MRPL28 RPL35A RPL27A RPL27A RPL27A
MRPL19 MRPL49 MRPL17 MRPL32 small RPL28 RPL36AL RPL28
subunit
MRPL20 MRPL51 MRPL19 MRPL33 PRS1L3 RPL32 RPL37 RPL32
MRPL35 MRPL52 MRPL21 MRPL33 RPS2 RPL36A small RPL34
subunit
Small
MRPL40 . MRPL33 MRPL34 RPS13 RPL39 RPS1 RPL35A
subunit
Small
MRPL46 MRPS2 MRPL35 MRPL35 RPS15A . RPS9 RPL36A
subunit
MRPL50 MRSP10 MRPL36 MRPL40 RPS17 RPS3A RPS15A RPL36A-H
MRPL53 MRPS12 MRPL38 MRPL42 RPSA RPS14 RPS18 RPL37
MRPL55 MRPS18B MRPL40 MRPL43 RPS20 RPS24 RPL39
Sma”. MRPS18C MRPL41 MRPL44 RPS21 RPS25 RPL41
subunit
Small
MRPS7 MRPS23 MRPL45 MRPL49 RPS23 RPSA .
subunit
MRPS9 MRPS25 MRPL49 Small' RPS27L RPS3
subunit
MRPS23 MRPS25 MRPL50 MRPS2 RPS28 RPS15A
MRPS25 MRPS26 MRPL55 MRPS6 RPS21
MRPS27 small MRPS10 RPS24
subunit
MRPS2 MRPS11 RPS27A
MRPS9 MRPS16 RPS27L
MRSP10 MRPS18B RPS29
MRPS21 MRPS18C
MRPS23 MRPS25
MRPS24 MRPS27
MRPS25 MRPS35
MRPS34 MRPS36
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TGF-B PATHWAY PREDICTED TARGETS

miR-542-3p miR-542-5p
__Mous  Wumav _ mouss  humav

CTDSP1 CTDSP2 CTDSP1 CTDSP1
CTDSP2 CTDSPL CTDSPL CTDSP2
CTDSPL CTDSPL2 CTDSPL2 CTDSPL
CTDSPL2 PPM1A PPM1A CTDSPL2
PPM1A PPP2CA PPP2R4 PP2A
PPP2R1A PPP2R1A PPP2R5C PPM1A
PPP2R1B PPP2R1B PPP2RSE PPPR2C
PPP2R3A PPP2R3A SMAD2 SMAD2
SMAD2 SMAD2 SMAD3 SMAD3
SMAD3 SMAD3 SMAD7 SMAD7
SMAD4 SMURF1 SMURF1 SMURF1
SMAD7 SMURF2 SMURF2 SMURF2
SMURF1 SNIP1 SNIP1 TGFB2
SMURF2 TGFB2 TGFB TGFBR3

SNIP1 TGFBR3 TGFBR1

TGFA TGFBR2
TGFB

TGFBR1

TGFBR2

TGFBR3
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3.4 Discussion

3.4.1 Main findings

The data presented in this chapter show that miR-542-5p expression is increased in the
guadriceps of COPD patients and associated with physical performance in this disease
measured as 6MW distance, MVC or TwQ. Moreover, this microRNA is also associated
with physical performance in normal elderly individuals (HSS cohort) similar to
previous findings on miR-542-3p, suggesting that miR-542 may promote muscle
dysfunction. The data also showed an association between quadriceps miR-542-5p
levels and lung function impairment measured as TLco, PaO2 and FEV1% in COPD and
by FEV1% in the HSS cohort. Together these data suggest that stress in the lung could
increase miR-542 in the muscle and the factors likely to contribute to this increase
include inflammation, oxidative stress and hypoxia all of which can occur in response
to COPD, smoking and asthma. Furthermore, these same factors are likely to
contribute to the increase in miR-542-3p and miR-542-5p seen in patients with ICUAW.
Despite the proposed effects of miR-542-3p/5p on muscle atrophy, there was no
association of these microRNAs with FFMI. A possible explanation for this lack of
association is the regeneration rate of each patient which could mask the effects of
miR-542. A previous study showed that FFMI in stable COPD patients is associated with
microRNAs that regulate regeneration (271) an observation in line with the findings of
Theriault et al. who showed reduced regeneration in cachectic COPD patients (123).
However, the fact that the associations found between muscle mass and microRNAs
were only observed in the COPD disease population and not in the general population
suggests that these effects can be due to the imbalance that the stress of the disease
confers to these individuals. Moreover, depending on each individual, sensitivity to
stresses such as TGF-B signalling and their ability to regenerate which may be

determined by genetics and epigenetics, individuals will lose muscle in different rates.
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3.4.2 How might miR-542 contribute to muscle dysfunction in disease?

The bioinformatic analyses identified a range of potential pathways by which miR-542
may regulate muscle phenotype. These pathways regulate protein synthesis, protein
breakdown and energy metabolism. Of these, energy metabolism may be of particular
importance because of the stronger association of miR-542 with physical performance
parameters that have an endurance component than purely with strength or with

muscle mass. Therefore, we decided to firstly focus on the energetic pathways.

In the literature, there are a number of studies investigating the contribution of
mitochondrial number or dysfunction to muscle wasting. Mitochondrial number has
been shown to be reduced in the vastus lateralis muscle of patients with COPD (293).
Moreover, abnormal mitochondrial function such as decreased oxidative capacity and
increased ROS production has been described in locomotor and respiratory muscles of
COPD patients (75,294). Similarly, an approximate 50% reduction in aerobic ATP
synthesis was seen in the skeletal muscle of patients with ICUAW compared to healthy
controls in addition to reduced levels of the mitochondrial complexes (295).
Mitochondrial dysfunction has also been studied in the context of ageing and
decreased mtDNA and several mitochondrial proteins such as NADH dehydrogenase,
pyruvate dehydrogenase alpha 1, ubiquitous mitochondrial creatine kinase, citrate
synthase and isocitrate dehydrogenase 2 were decreased in older people leading to
decreased ATP production (296,297). Although mitochondrial impairment has been
described in several situations where muscle wasting also occurs, the mechanism
describing how and why this impairment occurs has still not been described.
Furthermore, dysfunctional mitochondria are likely to lead to a decrease in ATP in the
cell. As energy is essential for protein synthesis this reduction may contribute to

muscle loss.

Mitochondrial dysfunction is not the only mechanism leading to reduced protein
synthesis nor is it the only mechanism that may be regulated by miR-542. For example,
reducing the number of available ribosomes will inhibit maximal protein synthesis as
will inhibiting the activity of the IGF-1 pathway. Conversely increasing the sensitivity of

the TGF-B pathway would increase myostatin dependent atrophy. All of these
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mechanisms have been suggested to contribute to wasting in COPD and/or ICUAW. It
is also possible that miR-542 may contribute to the regulation of a number of other
mechanisms that lead to muscle loss. Such mechanisms include reduced sensitivity to
androgens or increased sensitivity to inflammatory signalling (298,299). However, we

did not identify any clear components of these pathways in the bioinformatics analysis.

As mentioned above, it is still unknown what causes the increase in miR-542
expression under the conditions of the studied diseases and ageing. Some of the
factors that the three cohorts (COPD, ICUAW and HSS) shared were inflammation and
hypoxia. However, despite inflammation being considered a possible cause for the miR
increase, no association was seen between miR-542 levels and plasma levels of
inflammatory cytokines in the COPD cohort suggesting that systemic inflammatory
load at least does not cause the increase in miR-542 (data not shown). Hypoxia has
recently been shown to increase the expression of miR-424 another microRNA from
miR-542 cluster (300,301) and a study has shown that in human fibroblasts miR-542-5p
is increased by oxidative stress causing DNA damage (302). As hypoxia and oxidative
stress are known to be associated with both COPD and ICUAW these support a role for
hypoxia in the expression of miR-542 in the patients together with my observations of
elevated miR-542-3p in response to hypoxia in vitro. However, further studies are
needed to understand the precise mechanism driving increased miR-542-3p as there
was no associated increase in miR-542-5p. Increased ROS in the muscle thereby
promoting oxidative damage could also be caused by mitochondrial dysfunction. As
mentioned earlier, reduced mitochondrial number and mitochondrial dysfunction have
been previously demonstrated in the quadriceps of patients with COPD (303), in
ICUAW (295) and in the ageing population (304) and are thought to be important
contributors to the loss of physical performance on these patients. These impairments
could also lead to a decrease in protein synthesis. Therefore, the role that miR-542-
3p/-5p plays in energy production affecting protein synthesis and on the TGF-B
pathway are of interest from the point of view of muscle loss and the aim of the
following chapters is to elucidate some mechanisms that could help understand the

muscle wasting process.

115



3.5 Conclusions

In conclusion, this chapter identified miR-542-5p to be elevated in several diseases
which have muscle wasting as a co-morbidity. In COPD patients and in the elderly
population in the Hertfordshire sarcopenia study the expression of microRNA was
inversely associated with physical performance and lung function. Both miR-542-3p
and miR-542-5p levels were also elevated in the quadriceps of patients with ICUAW
compared to age-matched controls. Bioinformatic analysis showed that the microRNA
targeted pathways and proteins related to the promotion of muscle dysfunction
including mitochondrial and cytoplasmic ribosomal proteins and components of the

TGF-f signalling system that will be analysed in the subsequent chapters.
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CHAPTER 4: Mechanism of the role of miR-542-3p and

miR-542-5p in cytoplasmic and mitochondrial ribosomal stress

4.1 Rationale

Reduced exercise capacity has been identified in patients with COPD and other chronic
diseases and is caused by a reduction in both muscle mass and energy supply. These
processes are often considered separately with muscle mass regulated by the net
result of anabolic and catabolic processes, and energy supply determined by the
number and function of mitochondria. However, these processes are connected as
muscle protein synthesis requires energy from mitochondria and mitochondrial
turnover requires new protein synthesis and mitophagy (305). In addition to the
balance of these various processes, fibre proportion also contributes to exercise

capacity as described in Chapter 1.

Consistent with such a role for energy production in protein synthesis and the
maintenance of muscle mass, mitochondrial myopathies commonly have atrophy as a
comorbidity as it is seen in Leigh syndrome (306) and mitochondrial DNA depletion
syndrome (307). Furthermore, a loss of mitochondrial function is a common
characteristic observed in patients with chronic diseases (135,308) where there is
muscle dysfunction. Indeed mitochondrial dysfunction has been proposed as a major
cause of muscle wasting both in ICUAW (295,309) and in age related sarcopenia

(148,161).

In addition to mitochondrial dysfunction, several studies have shown anabolic
resistance in the ageing population (310), which is a reduction in muscle protein
synthesis in response to anabolic stimuli. Immobilisation which typically occurs in
patients with ICUAW was also reported to promote anabolic resistance (311).
Consistent with these observations, in COPD patients an imbalance between
catabolic/anabolic factors was also described (312). This anabolic resistance is
consistent with mitochondrial function being impaired in these patients reducing the

energy supply available for protein synthesis. Moreover, in the ageing population
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anabolic stimulators such as insulin or branched chain amino acids had impaired ability
to initiate protein translation compared to young individuals (313). Other observations
have shown that in older individuals the mTOR signalling pathway seems to be
decreased compared to younger individuals, suggesting decreased protein synthesis
(314). As mentioned in Chapter 1, other factors inhibiting muscle anabolism have been
identified. For example, in ageing population increased levels of NF-kB, TNFa and IL-6
which are known to repress mTOR signalling have been observed (314). Other
identified mechanisms are reduced IGF-1 levels and insensitivity to IGF-1, which have
been identified in COPD patients (29,315). Moreover, the muscle of ageing individuals
requires higher doses of amino acids to activate protein synthesis. Therefore, diet
plays an important role in anabolic resistance as the elderly might need to increase
protein intake and distribute it throughout the day to promote protein synthesis.
Decreased exercise while ageing is another factor that contributes to anabolic

resistance as exercise is known to stimulate protein synthesis (316).

Protein synthesis occurs on the ribosomes of either the cytoplasm or the mitochondria
and as explained in Chapter 1 both types of ribosomes have different features (Figure
21) and translate different proteins. Due to this key role in protein synthesis, ribosomal
biogenesis and functionality are likely to be important in the context of atrophy. Given
the contribution of microRNAs to the control of cell phenotype, microRNAs are likely
to contribute to the regulation of both ribosomal and mitochondrial biogenesis.
Consistent with this suggestion, there are a number of studies implicating microRNAs
in the control of mitochondrial function and a small number of studies looking at their
contribution to ribosomal biogenesis and the control of protein synthesis. The
microRNAs involved in mitochondriogenesis include miR-696 which is known to
regulate expression of PGC-1a, an important activator of mitochondrial biogenesis
(317). Moreover, miR-696 expression is dependent on exercise suggesting a reduction
in the expression of this microRNA could occur as a consequence of inactivity in
patients with COPD and ICUAW as well as in sarcopenia. However, this microRNA was
not identified by the screen of COPD patients described in Chapter 3. miR-210 has
been shown to lead to mitochondrial electron transport chain dysfunction by targeting

key mitochondrial components, including cytochrome c oxidase assembly protein
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(COX10) and iron-sulphur cluster scaffold (ISCU), in hypoxic human placenta (318).
However, in the muscle of COPD patients, miR-210 is suppressed suggesting that it
does not contribute to mitochondrial dysfunction in this disease (162). In mice, miR-
494 impaired mitochondrial biogenesis by targeting mitochondrial transcription factor
A (mtTFA) and Forkhead box j3 (Foxj3). The latter protein is a transcriptional activator
of the myogenic transcription factor MEF2C which is involved in the regulation of adult
muscle fibre type identity and skeletal muscle regeneration (319). Consistent with such
a role, the miR-494 levels were suppressed in the muscle of mice following endurance
exercise training regime (7x 15-min bouts separated by 5min rest for 7 days) and an
increase in mitochondrial content was seen (320). However, again miR-494 was not

deregulated in the muscle of COPD patients.

Several microRNAs have been shown to target cytoplasmic ribosomes suggesting a role
for these microRNAs in the control of protein synthesis. In C2C12 myotubes, miR-10a
was reported to regulate ribosomal synthesis. Interestingly rather than suppressing the
expression of its targets this microRNA appears to enhance the expression of the
ribosomal proteins RPS6, RPS9, RPS16 by interacting with the 5’UTR of the mRNAs
(321). However, analysis of the existing dataset for COPD patients failed to identify any
change in miR-10a compared to controls. A role for miR-542-3p in cytoplasmic
ribosomal synthesis was described by Wang, Y. et al (292). miR-542-3p was shown to
suppress the expression of small ribosomal proteins leading to an increase of free
RPL11 which acts as a positive regulator of p53 by binding to and inhibiting MDM?2, an
inhibitor of p53. As part of this ribosomal stress response, they showed that miR-542-
3p also reduces 18S ribosomal RNA, which is part of the small ribosomal subunit
(Figure 21). However, in this study they did not focus directly on studying protein
synthesis but it is likely that a mechanism that impairs ribosomal biogenesis could also

impair protein synthesis.

Together these data show that microRNAs can contribute to both ribosomal and
mitochondrial biogenesis. Of these, the only microRNA identified by the screen as
altered appropriately in the muscle of COPD patients was miR-542. Furthermore, we
have identified in the previous chapter that this microRNA potentially targets

mitochondrial ribosomal proteins as well as cytoplasmic ribosomal proteins. This
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observation raises the possibility that this microRNA may promote mitochondrial
ribosomal stress and thereby promote mitochondrial dysfunction. Such a role for miR-
542 would help to explain the associations of miR-542 with muscle function described

in the previous chapter.

A B
EUKARYOTIC RIBOSOME MITORIBOSOME
Large subunit (60S)
285 rRNA (4700nt) Large subunit {395)
55 rRNA (120nt) 55 proteins
49 protelns
80S
Small subunit {40S) Small subunit (285)
[, 185 rRNA(1900nt) 125 rRNA (954nt)
33 proteins 30 proteins

Figure 21- Cytoplasmic and mitochondrial ribosomal subunits.

[A] Cytoplasmic or eukaryotic ribosomes (80S) are made up of 2 subunits, a large subunit (60S) which
contains 28S rRNA, 5.8S rRNA, 55 rRNA and 49 proteins, and a small subunit (40S) containing 18S rRNA
and 33 proteins. [B] Mitoribosomes or mitochondrial ribosomes (50S) also have 2 subunits, a large
subunit (39S) which contains 16S rRNA and 55 proteins, and a small subunit (28S) containing 12S rRNA
and 30 proteins.

In this chapter, therefore we aimed to determine whether miR-542-3p/-5p could
impair cytoplasmic and mitochondrial ribosomal biogenesis and promote ribosomal

stress in muscle cells in vitro.

4.2 Hypothesis

The above rationalisation leads to the following hypotheses:

1) miR-542-3p and miR-542-5p would target key mitochondrial ribosomal proteins
in skeletal muscle causing a disruption of mitochondrial activity.
2) miR-542-3p and miR-542-5p would target cytoplasmic ribosomal proteins in

skeletal muscle inducing ribosomal stress and impairing protein synthesis.
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4.3 Results

4.3.1 miR-542-3p targets mitochondrial ribosomal proteins in vitro

In the previous chapter, miR-542-3p was predicted to target a significant number of
mitochondrial ribosomal proteins (Table 12) including MRPS10 (Mitochondrial
Ribosomal Protein $10), which forms part of the small 28S subunit of the mitochondrial
ribosome. We therefore determined the effect of miR-542-3p on MRPS10 expression
by transfection in LHCN-M2 cells. Quantification of Western blots of cell extracts
prepared 48h after transfection with the microRNA mimic showed a reduction in
MRPS10 in miR-542 transfected cells compared to controls (p=0.0222, 2-fold decrease,
Figure 22, A-B). The impairment in MRPS10 expression maybe caused by a direct

repression of MRPS10 translation or RNA degradation by miR-542-3p.
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Figure 22- Mitochondrial ribosomal protein is down-regulated by miR-542-3p.

Protein was extracted from LHCN-M2 myoblasts 48h after transfection with scrambled (Scr) or miR-542-
3p (3p). As predicted by miRwalk, miR-542-3p decreased MRPS10 levels compared to scrambled treated
myoblasts. A decrease of 2-fold by miR-542-3p was seen in MRPS10. Bar chart shows mean signalt SEM
from n=3 independent transfections. Statistical analysis was performed using One-sample t-test.
Ponceau staining was used as a loading control.
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4.3.2 Mitochondrial ribosomal RNA levels are decreased by miR-542-3p and
miR-542-5p in vitro

The demonstrated decrease in MRPS10 together with the importance of mitochondrial
ribosomal proteins for the maturation of rRNAs suggests that the inability to produce
ribosomes would lead to ribosomal stress. Therefore, to determine the effect of miR-
542 on mitochondrial rRNA levels, the expression of these rRNAs was quantified. 12S
rRNA expression was reduced in miR-542-3p transfected LHCN-M2 myoblasts
compared to control cells (p=0.0011, Figure 23, A). 16S rRNA levels were also reduced
in the same samples (p=0.0054). The effects of miR-542-5p on mitochondrial ribosomal
RNA were also determined as this miRNA is also predicted to target mitochondrial
ribosomal proteins. Transfection of LHCN-M2 cells with miR-542-5p also decreased
mitochondrial rRNAs, 12S (p<0.0001, Figure 23, A) and 16S rRNA (p<0.0001).
Moreover, a significant reduction was also seen in the 12S:16S ratio (miR-542-3p:
p=0.0257; miR-542-5p: p=0.0108, Figure 23, B) as the reduction in 12S rRNA expression
was greater than that of 16S rRNA. Co-transfection with the antagomiR did not rescue
the reduction in rRNA caused by miR-542 but did rescue the reduction in the 12S:16S
ratio (for further discussion see Appendix 1). As the 12S rRNA is stabilised by the
formation of the small ribosomal subunit, these data are consistent with mitochondrial

ribosomal stress due to impairment in the mitochondrial ribosomal biogenesis.
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Figure 23- miR-542-3p /-5p decrease levels of 12S and 16S rRNA in LHCN-M2 myoblasts.

LHCN-M2 myoblasts were transfected with scrambled (Scr), miR-542-3p (3p), miR-542-5p (5p), miR-542-
3p together with antagomiR-542-3p (3p + A) and miR-542-5p together with antagomiR-542-5p (5p + A).
48h later RNA was extracted and rRNA levels were measured by gPCR. [A] miR-542-3p and miR-542-5p
transfected myoblasts showed a down-regulation of 12S and 16S rRNA levels compared to control cells.
[B] A decrease in 125:16S [A] ratio was observed in miR-542-3p/-5p transfected cells. Normalisation of
the data was performed against hypoxanthine guanine phosphoribosyltransferase (HPRT), and p2-
microglobuline (B2M). The results are based on at least n=6 samples repeated in 3 independent
experiments. Scatter dot plots show mean signalt SEM and statistical analysis was performed using

unpaired t-test as the data were normally distributed.
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4.3.3 miR-542-3p decreases CYTB protein levels in vitro

To determine whether the mitochondrial ribosomal stress induced by miR-542-3p was
sufficient to reduce mitochondrial protein translation we determined the levels of a
mitochondrialy encoded protein, cytochrome b (CYTB). CYTB is one of the 10 proteins
forming mitochondrial complex lll. This complex transfers electrons from ubiquinol to
cytochrome C and CYTB plays an essential role as part of the electron transport chain.
Transfection of miR-542-3p into LHCN-M2 myoblasts reduced CYTB protein levels
compared to transfection with a scrambled oligonucleotide (p=0.0418, 1.3-fold
decrease, Figure 24, A-B). Decreased levels of CYTB expression may be caused by the
direct effect of the miR, repressing CYTB translation or promoting degradation, or by
an impairment of mitochondrial ribosomal biogenesis caused by miR-542-3p reducing
mitochondrial protein synthesis. However, as there is no evidence for miR-542-3p
entering the mitochondria nor for CYTB being targeted by the microRNA the latter

explanation seems more reasonable.
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Figure 24- Mitochondrial protein synthesis is down-regulated by miR-542-3p.

Protein was extracted from LHCN-M2 myoblasts 48h after transfection with scrambled (Scr) or miR-542-
3p (3p). (unt) denotes cells that were not transfected. miR-542-3p decreased the mitochondrially
encoded CYTB protein levels in myoblasts compared to scrambled treatment. Bar chart shows mean
signalt SEM from n=3 independent transfections. Statistical analysis was performed using One-sample t-
test. Ponceau staining was used as a loading control.
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4.3.4 Mitochondrial membrane potential is reduced by miR-542-3p and miR-
542-5p in vitro

Mitochondrial ribosomal stress is likely to affect the expression of all 13 proteins
encoded by the mitochondria that are required for the proper function of complex |,
[, IV and V. It seems likely therefore that mitochondrial ribosomal stress would lead to
mitochondrial dysfunction, decreasing ATP synthesis. Another effect of such
mitochondrial dysfunction might be a reduction in membrane potential. Therefore, the
effect of miR-542-3p was determined on membrane potential measured using
Mitotracker Red (Figure 25, A-B) and JC-1 (Figure 25, C) staining. Mitotracker Red
staining in LHCN-M2 was reduced 48h after miR-542-3p/-5p transfection compared to
scrambled transfection (p=0.0152 and p=0.0411, respectively). Moreover, fluorescence
was restored to control levels by co-transfection with the antagomiR-542-3p/-5p.
Uptake of the dye by the myoblasts is dependent on both mitochondrial number and
membrane potential. Therefore, to control for the number of mitochondria, 12S DNA
was quantified and normalised to 185 DNA. We also measured 16S DNA and we
obtained 12S:16S DNA ratio to ensure that there was no deletion of 12S rRNA as both
12S and 16S rRNA are encoded by the mitochondrial chromosome. There was no
significant difference between the groups indicating that mitochondrial content was
unchanged (Figure 25, D) thereby suggesting that the reduction was due to a reduction

in membrane potential.

To further confirm the membrane potential was reduced, we measured JC-1
membrane-potential-dependent accumulation in mitochondria. At low concentrations
JC-1 is a monomeric dye that emits at ~525nm (green), however after accumulation in
the mitochondria in the form of J-aggregates that occurs dependant on membrane
potential the dye emission shifts to ~590nm (red). Therefore, mitochondrial
membrane potential was extrapolated from the quantification of the red/green
fluorescence intensity ratio. This analysis showed a reduction in red/green intensity
ratio in LHCN-M2 myoblasts after 48h of miR-542-3p/-5p transfection compared to
scrambled transfection (p<0.0001 for both). Moreover, the red/green intensity ratio
was returned to control levels by antagomiR-542-3p/-5p transfection consistent with a
miR-542 dependent reduction in membrane potential. Both analyses showed a bigger
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reduction in mitochondrial membrane potential by miR-542-3p compared to miR-542-

5p.

DAPI MITOTRACKER SUPERFOSITION

AntagomiR-542-3p

miR-542-5p Scrambled

miR-542-3p
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Figure 25- miR-542-3p/-5p inhibit mitochondrial function in vitro by decreasing membrane potential.

LHCN-M2 cells were transfected with scrambled mimic (scr), miR-542-3p (3p), miR-542-3p in the
presence of its antagomiR (3p + A), miR-542-5p (5p), or miR-542-5p in the presence of its antagomiR (5p
+ A). Transfected miR-mimic levels were kept constant in all experiments by co-transfection with scr.
48h after transfection, membrane potential measured by Mitotracker Red [A, B] and JC-1 staining [C]
showed a reduction by miR542-3p/-5p. Both of these effects were reversed by the antagomiR. The
results are based on n=3 independent experiments with 2 samples in each treatment for Mitotracker
red and 6 samples in each treatment for JC-1 staining. [C] DNA was extracted from LHCN-M2 myoblasts
48h after miR-542-3p or scrambled transfection. 12S, 16S and 18S rRNA DNA were measured and
12S/18S and 12S/16S ratio were analysed. No significant differences were observed. The results are
based on n=4 samples. Box and whiskers plot show 10-90 percentiles and outliers as dots and statistical
analysis was performed using Mann Whitney test as samples were not normally distributed.
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4.3.5 Mitochondrial ribosomal RNA subunits are down-regulated in patients

suffering from muscle wasting (COPD and ICUAW)

To determine whether miR-542-3p dependent mitochondrial ribosomal stress may
contribute to muscle wasting, we measured the 12S:16S rRNA ratio in quadriceps
samples from the COPD and ICUAW cohorts. RNA was extracted from samples of COPD
patients (n=84) and age-matched healthy controls (n=26) and from patients with
ICUAW (n=18) and controls (n=7) and 12S and 16S rRNA expression was analysed by
gPCR. In both cohorts a reduction of 12S and 16S rRNA was seen in patients compared
to controls (COPD: 12S rRNA, p<0.0001 and 16S rRNA, p=0.0005; ICUAW: 12S rRNA,
p<0.0001 and 16S rRNA, p=0.0002) (Figure 26, A-B). These data therefore showed
consistency with elevated miR-542-3p/-5p levels measured in patients compared to
controls and to in vitro data. Moreover, the 125/16S ratio was also reduced in patients
compared to controls in both COPD (p<0.0001, Figure 26, C) and ICUAW (p=0.0380,

Figure 26, D) cohorts.
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Figure 26- Mitochondrial ribosomal stress in patients with COPD and ICUAW.

12S and 16S rRNA levels were measured in RNA extracted from quadriceps muscle biopsies from 2
different cohorts of patients and showed a decrease in both 12S and 16S levels in COPD and ICUAW
patients compared to controls [A,B]. 125/16S ratio was also decreased in patients of both cohorts
compared to controls [C-D]. Box and whiskers plots show 10-90 percentiles and outliers as dots and
statistical analysis was performed using Mann Whitney test as the data were not normally distributed.
Scatter dot plots show mean signalt SEM and statistical analysis was performed using unpaired t-test as
the data were normally distributed. 12S and 16S rRNA levels were normalised against HPRT in COPD
cohort and against geomean of HPRT and Beta-2-Microglobulin (B2M) in ICUAW cohort.
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4.3.6 miR-542-3p/-5p levels associate with levels of mitochondrial ribosomal

subunits in patients suffering from muscle wasting (COPD and ICUAW)

To study the role of miR-542-3p/-5p in mitochondrial ribosomal stress further, we
analysed the associations of 12S and 16S rRNA in patients with COPD and ICUAW. This
analysis showed a weak negative correlation between levels of miR-542-3p/-5p and
12S or 16S rRNA in both cohorts. These associations were only seen when both
patients and controls were taken into account when performing the analysis in the two
cohorts. miR-542-3p expression was associated more strongly with 12S rRNA levels in
both cohorts (p=0.0045, r=-0.362 in COPD and p=0.003, r=-0.5787 in ICUAW) (Figure
27, A-B) than it was with 16S rRNA (p=0.0494, r=-0.2549 in COPD and p=0.0229,
r=-0.4623 in ICUAW) (Figure 27, E-F). miR-542-5p also associated with a reduction of
12S rRNA levels in patients in both cohorts (p=0.0034, r=-0.3688 in COPD and
p=0.0269, r=-0.4512 in ICUAW) (Figure 27, C-D) but did not associate with 16S rRNA in
COPD patients (p=0.0588, r=-0.2433) (Figure 27, G) or in patients with ICUAW
(p=0.1856, r=-0.2797) (Figure 27, H) suggesting a stronger effect of the miRs on the
small mitochondrial ribosomal subunit than on the large ribosomal rRNA and again

consistent with ribosomal stress.
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Figure 27- Associations between miR-542-3p/-5p and reduced rRNA in patients with COPD and
ICUAW.

12S and 16S rRNA levels in the quadriceps of patients with COPD and ICUAW and the corresponding
controls were measured together with miR-542-3p and miR-542-5p levels. Associations were found
between miR-542-3p/-5p levels and a decrease of 12S rRNA levels in both cohorts [A-D]. Associations
were also seen between miR-542-3p and a reduction in 16S rRNA levels in both cohorts [E-F]. No
association was seen between miR-542-5p and a decrease in 16S rRNA in patients with COPD [G] nor
with ICUAW [H]. Correlations were analysed by Spearman correlation when data did not have a linear
association or by Pearson’s test when data had a linear association showing p and r and p and r values,
respectively. 12S and 16S rRNA levels were normalised against HPRT in COPD cohort and against
geomean of HPRT and Beta-2-Microglobulin (B2M) in ICUAW cohort. miR-542-3p and miR-542-5p levels
were normalised against U6.
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4.3.7 miR-542-3p targets cytoplasmic ribosomal proteins in vitro

miR-542-3p has previously been shown to promote ribosomal stress by inhibiting the
expression of a number of cytoplasmic ribosomal proteins (292). To confirm that the
same effects could occur in skeletal muscle cells, we examined the role of the
microRNA on the expression of RPS23 (Ribosomal Protein S23), a protein forming part
of the 40S subunit of cytoplasmic ribosomes together with 18S rRNA. Transfection of
LHCN-M2 myoblasts with miR-542-3p caused a reduction in the expression of RPS23

compared to transfection with the scrambled microRNA (p=0.0031, Figure 28, A-B).

A B
3p ) Scr Unt
' 1.5
S
<
- p=0.0031
£ —
[
§ 1.0 1
o
m
N
7]
o
oc
—  0.5-
i ——— é’
©
£
o
2
0.0 T
Scr 3p

Figure 28- Cytoplasmic ribosomal protein down-regulation by miR-542-3p.

Protein was extracted from LHCN-M2 myoblasts 48h after transfection with scrambled (Scr) or miR-542-
3p (3p). (unt) denotes cells that were not transfected. As predicted by miRwalk, miR-542-3p decreased
RPS23 levels [A] compared to scrambled treated myoblasts and quantification showed 1.33-fold
decrease. Bar chart shows mean signalt SEM from n=3 independent transfections. Statistical analysis
was performed using unpaired t-test as the data were normally distributed. Ponceau staining was used
as a loading control.
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4.3.8 Cytoplasmic ribosomal RNA levels were decreased by miR-542-3p and

miR-542-5p in vitro

To determine whether this reduction in ribosomal protein expression was sufficient to
cause cytoplasmic ribosomal stress, the expression of 185 and 28S rRNA was
determined under the same conditions as above. In these experiments there was a
reduction in 18S rRNA (1.1 fold, p=0.0120, Figure 29, A) and a smaller reduction in 28S
rRNA levels (1.06 fold, p=0.0177, Figure 29, A) in miR-542-3p transfected cells
compared to control cells (consistent with the cytoplasmic ribosomal stress shown by
Wang, Y et al.) (322). The effect of the microRNA was greater on the 18S rRNA than on
the 28S rRNA leading to a reduction in the 18S:28S ratio (Figure 29, B) in miR-542-3p
transfected cells compared to control cells (p=0.0249). miR-542-5p also showed similar
effects decreasing 18S (p=0.0005) and 28S rRNA (p=0.0014) compared to control
myoblasts (Figure 29, A). miR-542-5p also decreased the 18S:285 rRNA ratio
(p=0.0053). The reduction in 18S and 28S rRNA levels was rescued by co-transfecting
the myoblasts with miR-542-3p/-5p antagomiR. The decrease in 18S/28S ratio was
rescued by both miR-542-3p/-5p antagomiR, accordingly (further discussion in
Appendix 1).
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Figure 29- miR-542-3p /-5p decrease 18S and 28S levels of rRNA in LHCN-M2 myoblasts.

LHCN-M2 myoblasts were transfected with scrambled (Scr), miR-542-3p (3p), miR-542-5p (5p), miR-542-
3p together with antagomiR-542-3p (3p + A) and miR-542-5p together with antagomiR-542-5p (5p + A).
48h later RNA was extracted and rRNA levels were measured by qPCR. [A] miR-542-3p/-5p transfected
myoblasts showed a down-regulation of 18S and 28S rRNA. [B] A decrease in 185:28S ratio was observed
in miR-542-3p/-5p transfected cells. The results are based on at least n=6 samples repeated in 3
independent experiments. Scatter dot plots show mean signalt SEM and statistical analysis was
performed using unpaired t-test as the data were normally distributed. Normalisation of the data was
performed against hypoxanthine guanine phosphoribosyltransferase (HPRT) and P2-microglobuline

(B2M).
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4.3.9 miR-542-3p and miR-542-5p suppress protein synthesis in vitro

Reduced ribosomal content is likely to reduce the maximal protein synthetic capacity
of the cells. The effect of the microRNA was therefore determined on protein
synthesis using puromycin incorporation. Puromycin is a molecule that resembles the
3’end of the aminoacylated tRNA allowing it to enter the ribosome, to bind and be
added to the nascent amino acid chain causing premature translation termination.
Puromycin incorporation into nascent proteins can then be determined using an ELISA
to measure de novo protein synthesis. Myoblasts transfected with either miR-542-3p
or miR-542-5p then cultured in the presence of 20% FCS (to promote maximal protein
synthesis) had reduced puromycin incorporation into protein (p<0.0001, 1.9-fold
decrease and p=0.0016, 1.4-fold decrease, respectively, Figure 30) compared to
scrambled treatment suggesting that de novo protein synthesis was reduced by the

microRNAs.
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Figure 30- Protein synthesis is decreased by miR-542-3p and miR-542-5p in vitro

LHCN-M2 myoblasts were transfected with miR-542-3p/-5p or scrambled and 48h later were incubated
with puromycin. The ELISA data showed a decrease of protein synthesis by miR-542-3p/-5p compared to
scrambled treatment. Scatter dot plot shows mean signalt SEM from n=3 independent experiments
with a minimum of 4 repetitions in each. Statistical analysis was performed using unpaired t-test as the
data were normally distributed.
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4.3.10 Cytoplasmic ribosomal RNAs are down-regulated in patients suffering

from muscle wasting (COPD and ICUAW)

To determine whether miR-542-3p contributes to muscle wasting by causing
cytoplasmic ribosomal stress and promoting anabolic resistance we measured 18S and
28S rRNA levels in COPD and ICUAW cohorts. RNA was extracted from samples of the
quadriceps of COPD patients (n=84) and age-matched healthy controls (n=26) and
from patients with ICUAW (n=18) and controls (n=7) and 18S and 28S rRNA expression
was analysed by gPCR. In COPD patients, 18S rRNA levels were constant between
patients and controls (p=0.1637) while a reduction in 28S levels was seen in patients
(p=0.0002) (Figure 31, A). However, in patients with ICUAW a reduction of 18S rRNA
(p=0.0111) but no difference in 28S rRNA (p=0.3543) compared to controls was
observed. Moreover, there was a reduction in 185/28S ratio in ICUAW patients
compared to controls (p<0.0001, Figure 31, D). However, opposite to the in vitro data,
in COPD patients there was an increase of the 185/28S ratio in comparison to controls

(p=0.0198, Figure 31, C).

Other mechanisms might be altering 185/28S ratio. For example, in mice inoculated
with intestinal bacteria it was shown that inflammation positively correlated with a
decrease in 28S rRNA and with muscle mass (323). Therefore, the increase in 185/28S
ratio seen in COPD patients could be driven by a reduction in 28S rRNA due to
inflammation and consistent with this hypothesis moderate associations between
decreased 28S rRNA and circulating interleukins such as IL5 (p=0.0002, r=-0.3236) and
IL6 (p=0.0123, r=-0.3042) were observed in the COPD cohort (Figure 31, E, F).
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Figure 31- rRNA levels in patients with COPD and ICUAW and associations with interleukins.

18S and 28S rRNA levels were measured in 2 different cohorts. A decrease in 28S rRNAs in COPD
patients was seen compared to controls [A] while patients with ICUAW only had decreased levels of 18S
rRNA [B]. A decrease in 185/28S ratio in ICUAW patients [D] but an increase in COPD patients [C] was
seen compared to controls. Circulating levels of interleukins in the COPD cohort associated with a
decrease of 28S rRNA suggesting inflammation might be driving this effect [E-F]. Box and whiskers plots
show 10-90 percentiles and outliers as dots and statistical analysis was performed using Mann Whitney
test as samples were not normally distributed. Scatter dot plots show mean signalt SEM and statistical
analysis was performed using unpaired t-test as samples were normally distributed. Correlations were
analysed by Spearman correlation as data did not have a linear association. 18S and 28S rRNA levels

were normalised against HPRT in COPD cohort and against geomean of HPRT and Beta-2-Microglobulin
(B2M) in ICUAW cohort.
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4.3.11 LHCN-M2 myoblasts under hypoxia decreased the levels of

mitochondrial and cytoplasmic ribosomal subunits in vitro

In Chapter 3 it was shown that hypoxia increased miR-542-3p expression. If miR-542
promoted both mitochondrial and cytoplasmic ribosomal stress and a reduction in 12S
and 18S rRNA levels, it would therefore be expected that hypoxia may also suppress
these rRNA levels. Therefore, expression of the mitochondrial and cytoplasmic rRNAs
was quantified in LHCN-M2 myoblasts under conditions of normoxia or hypoxia.
Consistent with the effects of miR-542-3p, 12S rRNA (p<0.0001) was decreased by
hypoxia and there was no significant effect on the large rRNA subunit, 16S (p=0.4907,
Figure 32, A). Similarly, 18S rRNA levels were decreased (p<0.0001) under hypoxia as
well as the large rRNA subunit, 28S (p=0.0021, Figure 32, B).
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Figure 32- Hypoxia drives down-regulation of 12S and 18S rRNA levels in vitro.

RNA from LHCN-M2 myoblasts was extracted after 96h of incubation under normoxia or hypoxia.
Decreased levels of [A] 12S and [B] 18S and 28S rRNA were observed in myoblasts incubated under
hypoxia. However, hypoxia did not affect 16S rRNA levels in myoblasts. Scatter dot plots show mean
signalt SEM from n=3 independent experiments with 3 repetitions in each. Statistical analysis was
performed using unpaired t-test as samples were normally distributed. Normalisation of the data was
performed against hypoxanthine guanine phosphoribosyltransferase (HPRT) and Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH).
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4.3.12 miR-542-3p increases GDF-15 expression in vitro in a positive feedback

manner

Another hallmark of ribosomal stress is an increase in the activity of p53 as described
in Chapter 1. A p53 response gene that is important in muscle wasting is GDF-15. We
therefore hypothesised that miR-542-3p would increase the expression of GDF-15.
Consistent with this hypothesis, transfection of LHCN-M2 with miR-542-3p caused an
increase in GDF-15 mRNA expression (p=0.0136, Figure 33, A) compared to scrambled
transfection, suggesting activation of p53. This effect was reversed by transfecting the
cells with antagomiR-542-3p (p=0.0017). However, there was no effect due to miR-
542-5p transfection (p=0.1927, Figure 33, B). The reason for the lack of apparent
activation of p53 by miR-542-5p even though it causes a reduction in 18S rRNA
suggests either that the effect on ribosomes is insufficient or that differences in targets
inhibit the activation of GDF-15. One possibility consistent with this suggestion comes
from bioinformatics analysis showing that 4 of the 9 databases predict p53 as a target
of miR-542-5p, raising the possibility that the microRNA may suppress p53 expression
and indirectly suppress GDF-15 levels even in case of ribosomal stress. Conversely only
one of the 9 databases predicted that p53 is a target of miR-542-3p making it less likely
to be a real target. However, there was insufficient time available to confirm targeting

of p53 by miR-542-5p.

We further analysed GDF-15 RNA levels in LHCN-M2 incubated for 96h under hypoxia
and normoxia. Hypoxic myoblasts showed increased GDF-15 levels compared to
normoxic cells (p<0.0001, Figure 33, D), consistent with hypoxia elevating miR-542-3p
levels. However, time did not allow us to confirm that this effect was dependent on

p53.

To determine whether GDF-15 could increase miR-542-3p in a positive feedback loop,
we measured miR-542-3p levels in LHCN-M2 myoblasts 48h after the addition of GDF-
15 (50 ng/mL) (Figure 33, C). This treatment caused an increase in miR-542-3p

expression in myoblasts compared to treatment with the vehicle (p=0.0360).
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Figure 33- GDF-15 RNA up-regulation by miR-542-3p/-5p in vitro and positive feedback.

RNA from LHCN-M2 myoblasts was extracted after 48h of being transfected with scrambled (Scr), miR-
542-3p (3p), miR-542-5p, miR-542-3p and antagomiR-542-3p (3p + A), angatomiR-542-3p (A-3p), miR-
542-5p (5p) and antagomiR-542-5p (5p + A), angatomiR-542-5p (A-5p). An increase in GDF-15 RNA
levels was seen in miR-542-3p transfected myoblasts [A] but no effect was shown by miR-542-5p [B]. [C]
LHCN-M2 were seeded in 96 well plates and treated 48h with GDF-15 (50 ng/mL). RNA was extracted
and miR-542-3p levels were measured and found to be increased by GDF-15 treatment compared to
control. [D] RNA from LHCN-M2 myoblasts was extracted after 96h of incubation under normoxia or
hypoxia. Increased GDF-15 RNA levels were observed in myoblasts incubated under hypoxia.
Transfected miR-mimic levels were kept constant in all experiments by co-transfection with scr. Box and
whiskers plots show 10-90 percentiles and outliers as dots from n=3 independent experiments with 6
repetitions in each. Statistical analysis was performed using Mann Whitney test as the data were not
normally distributed. Scatter dot plots show mean signalt SEM from n=3 independent experiments with
at least 3 repetitions in each. Statistical analysis was performed using unpaired t-test as samples were
normally distributed. Normalisation of the data was performed against HPRT, GAPDH and B2M. miR-
542-3p was normalised against U6.
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4.4 Discussion

4.4.1 Main findings

In this chapter, we have shown that miR-542-3p targets the expression of both
mitochondrial and cytoplasmic ribosomal proteins in vitro (MRPS10 and RPS23,
respectively). As a result of this targeting, the microRNAs induce ribosomal stress in
both compartments as shown by a reduction of 12S and 185 rRNA. In the
mitochondria, the ribosomal stress leads to mitochondrial dysfunction as the proteins
forming part of the electron transport chain and ATP synthase cannot be synthesised
as efficiently leading to a reduction in membrane potential. Moreover, decreased
ribosomal biogenesis also seems to decrease mitochondrial protein synthesis as shown
by reduced CYTB protein levels by miR transfection. In the cytoplasmic compartment,
there is a decrease in de novo protein synthesis in vitro and an increase in GDF-15

levels, a transcriptional target for p53.

Consistent with these data, hypoxia, a condition that increases miR-542-3p, caused
similar changes in 12S and 18S rRNA and an increase in GDF-15 RNA levels. Moreover,
in patients with COPD and ICUAW there is also evidence of mitochondrial and
cytoplasmic ribosomal stress. For example, there was a reduction of 125/16S rRNA
ratio in patients with COPD and ICUAW and associations between 12S and miR-542-
3p/-5p were found. The 185/28S rRNA ratio was also decreased in ICUAW patients
compared to controls. These results suggest that miR-542 is a novel contributor to

atrophy and muscle dysfunction.

4.4.2 miR-542 promotes mitochondrial ribosomal stress

As described in Chapter 1, mitochondrial dysfunction has been suggested to be an
important contributor to muscle wasting in several conditions. The data presented in
this chapter identify mitochondrial ribosomal stress in response to elevated miR-542 as
a potential key regulator of atrophy. The reduced ability of the muscle to synthesise
the proteins encoded by mitochondria would explain the larger reduction in the
activity of complexes |, Ill and IV compared to the activity of complex Il that has been
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identified in a number of studies. For example, in the skeletal muscle of patients with
COPD (308), heart failure (76) and acute disease such as patients with ICUAW (324) a
decrease in activity was measured, especially in complex I, lll and IV. However,
complex Il activity was found to be relatively preserved in these patients compared to
controls. Furthermore, in the study by Gifford JR et al. measurement of complex Il
activity in the skeletal muscle of COPD patients was not different from controls (325).
Similarly, protein extracted from skeletal muscle of patients with ICUAW indicated
decreased protein levels in complex Ill and IV but no change in complex Il (295). In
ageing, similar patterns have been described with a drop of complexes Ill, IV and V
activity in humans (176,326-329) but no difference in complex Il activity. However,

some studies fail to observe such complex activity changes (330-332).

Mitochondrial stress measured as a reduction in 12S rRNA has also been reported in
other diseases and was attributed to mitochondrial ribosomal protein (MRP)
mutations. MRP impairment was shown to decrease mitochondrial activity which is
consistent with miR-542-3p targeting MRPs and decreasing mitochondrial complex
activities. For example, a mutation in MRPS16 was found in an incidence of agenesis of
the corpus callosum, a birth defect with incomplete brain development, and was
associated with decreased 12S rRNA as well as complex | and IV activity and with
increased lactic acid production suggesting that anaerobic glycolysis was used to
produce ATP as a result of mitochondrial dysfunction (180). Moreover, some patients
with antenatal mitochondrial diseases (skin oedema, hypotonia, cardiomyopathy and
tubulopathy) suffer from a mutation in MRPS22 leading to decreased levels of this
protein. It has been shown that transfection of MRPS22 cDNA in the cells of those
patients restored MRPS22 levels, rescued 12S rRNA levels and restored mitochondrial
respiratory chain complexes indicating MRPs play an essential role in mitochondrial

function (317).

Whilst our data support a role for miR-542 in hypoxia dependent suppression of
mitochondrial function it is possible that other factors also contribute as studies have
shown that short term treatment of cells and animals with severe hypoxic stimuli can
also modify mitochondrial function and 12S rRNA expression. For example, a hypoxia

dependent reduction in 12S rRNA has been shown in rats (comparing coronal sections

145



of 6h induced-ischemic and control brain) (333) and in chondrocytes in culture under
oxidative stress generated by the hypoxanthine-xanthine oxidase system (334).

However, a reduction in the 12S:16S ratio has not been described in those cases.

4.4.3 The role of mitochondria in exercise performance

Mitochondrial ribosomal stress leading to mitochondrial function impairment could
also lead to reduced exercise capacity since endurance is related to both number and
function of mitochondria in skeletal muscle (335). Therefore, the observed
mitochondrial ribosomal stress could explain the association between miR-542
expression and 6MW described in the previous chapter. Patients with COPD, ICUAW or
older individuals have been reported to have fewer mitochondria in their muscles,
therefore are more prone to fatigue. Killian et al. firstly reported the limitation in
exercise performance in COPD patients. In this study, they reported that 40% of the
patients terminated the exercise due to leg fatigue and 30% stated equality between
the leg fatigue and the shortness of breath (336). The importance of mitochondria in
muscle endurance was also shown in COPD patients where muscle performance
correlated with mitochondrial oxidative capacity (337). Moreover, the increase in miR-
542 levels observed in those diseases could also cause mitochondrial ribosomal stress
leading to decreased ATP production. ATP is essential for muscle plasticity and to allow
the muscle to adapt to increasing levels of exercise, situations that trigger an increase
in protein synthesis in skeletal muscle. Therefore, the correlation seen between
increased miR-542 levels and decreased 6MW distance indicates that patients with
higher levels of the miR have a poorer exercise capacity, probably due at least in part
to mitochondrial ribosomal stress which causes a decrease in ATP production.
Moreover, impairment in ATP synthesis could cause increased production of ROS,
leading to increased inflammation thereby contributing to atrophy (135). A decrease in
ATP together with an increase in ROS (338) has been reported in sarcopenic patients,
consistent with the decline of the maximal rate of oxygen consumption (VO2max) and

resting oxygen observed on those patients (339).
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4.4.4 miR-542 suppresses protein synthesis

The data presented extend a previous study showing that miR-542-3p can cause
cytoplasmic ribosomal stress and we showed that this is accompanied by a reduction
in maximal protein synthesis, which could lead to anabolic resistance. Volpi et al. firstly
demonstrated anabolic resistance in skeletal muscle protein synthesis (MPS) in the
elderly by comparing the increased MPS rates of the young controls versus the
unchanged rates in the older individuals after consumption of an amino acid and
glucose mix (340). Similarly, in older people a lower increase in skeletal MPS was
observed compared to young controls after amino acid feeding under insulin clamping
conditions (around 40% less) and in response to acute exercise (around 30% less)
(341). Anabolic resistance has also been described as a consequence of immobility
which leads to a decrease in MPS. One study measured the stimulated protein
synthesis in muscles of immobilised legs and compared it to non-immobilised legs after
amino acid infusion. A decrease in protein synthesis was reported in the immobilised
leg, even when amino acids were infused at higher rates (311). These data suggest that
the increase in miR-542-3p levels seen in those patients could contribute to the
anabolic resistance by decreasing the number of available ribosomes and thereby
maximal protein synthetic rate. As seen in this chapter, hypoxia, which induces miR-
542 transcription, also leads to ribosomal stress suggesting it could cause anabolic
resistance. Consistent with this hypothesis, a study performed in rats under normoxic
or hypoxic conditions for 7 days showed that hypoxia impairs mTOR signalling and
enhances muscle loss in the soleus muscle of those animals after injury. These data
suggested that protein synthesis could be impaired under those conditions together

with satellite cell activity (342).

4.4.5 miR-542-3p elevates GDF-15 expression in muscle

miR-542-3p has been reported to activate p53 by inducing cytoplasmic ribosomal
stress (292), suggesting an additional mechanism by which miR-542-3p may regulate
muscle mass. GDF-15, which is reported to be a biomarker for acute exacerbations in

COPD (343), is a transcriptional target for p53. For example, in COPD patients the
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circulating levels of GDF-15 inversely correlated with the rectus femoris cross-sectional
area and exercise capacity in two separate cohorts (197). Moreover, increased levels of
circulating GDF-15 in the plasma and increased levels of mRNA in the muscle were
observed in other diseases where muscle wasting is observed, such as in patients with
ICUAW (30). Consistent with a role for GDF-15 in atrophy, GDF-15 treatment of mouse
myotubes (C2C12) increased the expression of muscle atrophy-related genes such as
MuRF-1 and atrogin-1 and down-regulated the expression of some muscle-restricted
microRNAs including miR-1, miR-133a and miR-499, which have been shown to repress
TGF-B signalling (30). In vivo, overexpression of GDF-15 in the tibialis anterior muscle
of mice caused wasting compared to the control contralateral muscle (197). Therefore,
perhaps by activating p53 and thereby increasing GDF-15 levels, miR-542-3p could be
inducing another mechanism promoting wasting. Consistent with miR-542 being
elevated by hypoxia, previous studies also reported increased levels of GDF-15
expression by hypoxia or oxidative stress in multiple cell types such as cardiomyocytes,

hepatocytes and macrophages (344-348).

4.4.6 Critique of the method

The in vitro experiments described were performed using C2C12 mouse myoblasts and
LHCN-M2 human myoblasts however primary cells or immortalised cell lines from
patients could have been used to perform the experiments and might have provided a
better insight into the mechanism of the disease. However, there was no guarantee of
preserving the epigenetics of the patients and the circulating signalling from the
plasma could not have been reproduced so we considered that the approach we have

taken is valid to answer our hypothesis.

The clinical data used in this chapter comes from clinical observations from cross-
sectional studies therefore we cannot prove a causal link between miR-542-3p/-5p and
reduction in ribosomal RNAs and proteins in the patients. However, associations found
in two different cohorts (COPD and ICUAW) together with our in vitro data suggest a
possible mechanism of action that could be confirmed by an animal model and the use

of antagomiRs in the model.
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4.5 Conclusions

In conclusion, in this chapter we analysed the role of miR-542-3p/-5p in mitochondrial
and cytoplasmic ribosomal stress as contributing factors in muscle wasting. We
propose that increased miR-542-3p/-5p leads to a reduction in mitochondrial
(MRPS10) and cytoplasmic (RPS23) ribosomal proteins resulting in ribosomal stress. In
the mitochondria, ribosomal stress causes mitochondrial dysfunction whereas in the
cytoplasm, it leads to a reduction in maximal protein synthesis and activation of the
expression of GDF-15. Together these activities lead to anabolic resistance and a
reduction in energy provision resulting in reduced muscle mass and function (Figure

34).
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Figure 34- Proposed mechanism of action of miR-542-3p/-5p in cytoplasmic and mitochondrial
ribosomal stress

miR-542-3p/-5p target ribosomal proteins which leads to the decrease of ribosomal biogenesis resulting
in ribosomal stress, which causes a decrease in mitochondrial activity. Therefore, the total amount of
ATP produced is decreased and it is likely to contribute to decreased exercise performance and anabolic
resistance seen in patients.
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CHAPTER 5: Regulation of SMAD2/3 signalling
by miR-542-3p and miR-542-5p

5.1 Rationale

Signalling through the TGF-B pathway has an important role in skeletal muscle by
reprograming gene expression, controlling myoblast proliferation and inhibiting
myogenic differentiation (349). Indeed, a number of in vivo studies have identified the
TGF-B family ligands, TGF-B1 and MSTN, as playing a key role in regulating muscle mass
and pathogenesis (349). For example, MSTN knockout (Mstn™~) mice have increased
muscle mass and strength together with reduced fat compared to wild type mice
(350). Moreover, the reduction in MSTN seems to have a beneficial effect in ageing by
reducing sarcopenia as shown by a comparison between 24 months Mstn™~ and wild-
type mice where Mstn”~ mice lost less muscle mass (351). Similarly, treatment of
fibrillin-1 deficient mice with a neutralising TGF-B1 antibody rescued muscle
regeneration (352) suggesting that TGF-B1 impaired myoblast proliferation leading to
poor regeneration. The relevance of TGF-B signalling to muscle wasting has also been
shown in man as several studies have implicated the TGF-B pathway in muscle wasting.
In COPD patients, the levels of MSTN in serum were increased compared to controls
and inversely associated with muscle mass in male patients (353). Similarly, high serum
levels of MSTN were also seen in old individuals with muscle wasting compared to
individuals with a normal muscle mass suggesting MSTN contributes to sarcopenia

(354).

As described in the introduction, microRNAs are key regulators of cell phenotype and,
therefore unsurprisingly, the TGF-B signalling can be regulated by microRNAs targeting
key components of the pathway (234,355-357). Some of these microRNAs have been
shown to be dysregulated in conditions associated with muscle wasting. Moreover,
miR-1 levels were suppressed in the quadriceps of COPD patients compared to
controls. miR-1 has been predicted to target HDAC4, which targets follistatin.
Follistatin is known to bind and inactivate myostatin suggesting that decreased miR-1

could activate myostatin activity in an indirect manner in those patients.
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Other microRNAs that can target a TGF- B ligand are miR-744 (358) and miR-122 (359),
which target TGF-B1.

MicroRNAs targeting the receptors of the TGF-f signalling pathway include miR-302,
which targets the TGF-3 type Il receptor leading to down-regulation of TGF-B signalling
(360), miR-181b supresses Alk5 and modulated SMAD-dependent and independent
TGF-B signalling in A549 cells (adenocarcinomic human alveolar basal epithelial cells)
(361) as well as promoting cell proliferation by targeting the cell cycle regulator p27 in
hepatocytes (362) which could induce fibrosis. In agreement with this suggestion,
elevated levels of this miR were found in the serum of patients suffering from liver

fibrosis and cirrhosis (362).

Some microRNAs reduce TGF-B pathway by targeting SMAD protein levels: miR-145
negatively regulates SMAD3 (363) leading to a down regulation of pro-inflammatory
cytokines in airway smooth muscle cells in COPD (364). miR-146 targets SMAD4 in
hepatic stellate cells and human dermal fibroblasts (365,366) and miR-346 targets both
SMAD3 and SMAD4 in mouse kidney cells (367). miR-24 indirectly decreases the
expression of total SMAD2, SMAD3, and p-SMAD2 by targeting Tribbles-like protein-3
(Trb3) and also inhibits the TGF-B-induced expression of miR-21 in vascular smooth
muscle cells (368). miR-26a decreases levels of SMAD1 and SMAD4 promoting
differentiation of myoblasts in mice. Moreover, an inhibition of miR-26a in the tibialis

anterior muscle delayed regeneration in vivo (369).

Other microRNAs target inhibitory components within the pathway and are likely to
increase TGF-B signalling and thereby can promote TGF-§3 signalling so contribute to
some pathological processes including fibrosis. miR-21 targets SMAD7 (370) and
consistent with a contribution of miR-21 to TGF-B signalling, miR-21 is increased in
patients with fibrosis where SMAD7 levels are reduced. Furthermore, both SMAD7
and miR-21 levels return to normal following treatment with bortezomib, an anti-
fibrotic drug (370). Similarly, miR-424 targets the 3'UTR of SMAD7, SMURF1 and
SMURF2 but only decreases SMURF2 protein levels in HEK293 cells (human embryonic

kidney cells) (253). The observation that miR-424 levels are increased in the quadriceps
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of COPD patients compared to controls suggests that there may be an increase in

TGF-B activity in these patients (371).

The data presented in Chapter 3 showed increased miR-542 levels in COPD patients
and in those with established ICUAW as well as a negative association of miR-542
expression with muscle performance. Furthermore, bioinformatic analysis presented in
that chapter predicted that this microRNA targeted a number of components of the
TGF-B signalling system including inhibitors of the system (SMAD7 and SMURF1),
proteins from the PP2A complex (PPP2CA) which dephosphorylate SMAD2/3 after
activation, and other phosphatases such as CTDSP1, CTDSP2 and PPM1A. Therefore,
the main aim of this study was to determine whether miR-542-3p/-5p could regulate
TGF-B signalling. To determine their role in SMAD activation we analysed their effects
in vitro in both C2C12 (mouse) and LHCN-M2 (human) myoblasts, followed by
quantifying the identified targets in quadriceps biopsies from patients with COPD or
ICUAW.

5.2 Hypothesis

The above rational prompted the following hypothesis:

1) Increased miR-542-3p and miR-542-5p levels will increase the activity of the
TGF-B pathway in skeletal muscle by reducing the expression of a set of

inhibitory components of the SMAD signalling system.
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5.3 Results

5.3.1 miR-542-3p and miR-542-5p increase SMAD dependent luciferase activity

in the absence of added ligand in vitro

To determine the effect of miR-542-3p on SMAD reporter luciferase activity and to
identify an appropriate concentration of the ligand, C2C12 cells were transfected with
the miR-mimic and the reporter components as described in Chapter 2. C2C12
myoblasts were used as they are an extensively studied cell line and results are easily
comparable with the literature. Cells were treated with 0, 0.5, 1, 5ng/mL TGF-B1 for 6h
and luciferase activity was determined (Figure 35). TGF-B1 increased luciferase activity
at all concentrations with the greatest increase at 5ng/mL (approximately 5-fold). In
the absence of added TGF-B1, miR-542-3p increased luciferase activity 1.5-fold but in
the presence of TGF-B1, miR-542-3p reduced luciferase activity compared to a
scrambled control (Figure 35). As the effects of miR-542-3p on TGF-B1 dependent
luciferase activity were greatest at 5ng/mL this concentration was chosen for

subsequent experiments.
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Figure 35- Dose response of TGF-B at 6h activation period in C2C12.

C2C12 cells were transfected with scrambled (Scr) or miR-542-3p (3p) miR-mimics and 24h later were
transfected with CAGA12 and pRL-TK reporter vectors. Cells were treated for 6h with TGF-B1 at the
indicated concentrations to assess which was the minimal concentration of the ligand where a clear
activation response was obtained. The results are based on n=6 samples repeated in 3 independent
experiments. Firefly luciferase activity was normalised to Renilla luciferase activity. Bar chart shows
mean normalised signalt SEM and unpaired t-test was used to perform the statistical analysis as data
were normally distributed.
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To confirm the effects of miR-542-3p, the experiment was repeated in the presence
and absence of an antagomiR using 5ng/mL TGF-B1. These experiments again showed
that in the absence of added ligand, miR-542-3p increased luciferase activity by 2-fold
(p=0.0018) (Figure 36) and that miR-542-3p suppressed luciferase activity in cells
stimulated with 5ng/mL TGF-B1, 2-fold (p<0.0001). Both effects of the microRNA were
reversed by co-transfecting myoblasts with the antagomiR. On its own, the antagomiR

did not affect luciferase activity in the presence or absence of added TGF-B1.
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Figure 36- miR-542-3p increases basal level of TGF-f signalling in C2C12.

C2C12 cells were transfected with scrambled (Scr), miR-542-3p (3p), miR-542-3p miR-mimics and
antagomiR-542-3p (3p + A) and antagomiR-542-3p (A) and 24h later were transfected with CAGA12 and
pRL-TK reporter vectors. Cells were treated with BSA (vehicle) or stimulated with 5ng/mL TGF-B1. An
increase in the basal levels of TGF-B signalling was observed in unstimulated and miR-542-3p
transfected cells. However, a reduction of the signalling was seen in the presence of the miR and TGF-B1
ligand. Transfected miR-mimic levels were kept constant in all experiments by co-transfection with scr.
Firefly luciferase activity was normalised to Renilla luciferase activity. Box and whiskers plot shows 10-90
percentiles of normalised luciferase activity signal and outliers as dots. Statistical analysis was
performed using Mann Whitney test as the data were not normally distributed.

To determine whether miR-542-3p had a similar effect in human myoblasts the
experiment was repeated using LHCN-M2 myoblasts. We also determined the effects
of miR-542-5p on TGF-B activity in this cell line. Consistent with the previous
experiments, in the absence of added TGF-B1 miR-542-3p and miR-542-5p increased
luciferase activity by almost 2-fold (p=0.0003 by miR-542-3p and p=0.0017 by
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miR-542-5p) in LHCN-M2 cells (Figure 37) and this effect was reversed by addition of
the corresponding antagomiR. Furthermore, both miRs suppressed ligand stimulated
luciferase activity at 5ng/mL TGF-B1 (p=0.0226 by miR-542-3p and p=0.0002 by miR-

542-5p) in an antagomiR reversible manner.
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Figure 37- miR-542-3p and miR-542-5p increased basal SMAD2/3 activity in LHCN-M2.

LHCN-M2 myoblasts were transfected with scrambled (Scr), miR mimic miR-542-3p (3p) [A]/ miR-542-5p
(5p) [B], miR-542-3p and antagomiR-542-3p (3p + A), miR-542-5p and antagomiR-542-5p (5p + A) and
antagomiR (A) and 24h later were transfected with CAGA12 and pRL-TK reporter vectors. After 24h
myoblasts were treated with BSA (vehicle) or with 5ng/mL TGF-B1 for 6h. An increase in the basal levels
of TGF-B signalling was observed in non-stimulated cells and in the presence of miR-542-3p/-5p
(p=0.0003 and p=0.0017, respectively). However, transfection of the cells with antagomiR-542-3p/-5p
(3p+A)/(5p+A) reversed the effect of the miRs. Transfected miR-mimic levels were kept constant in all
experiments by co-transfection with Scr. The results are based on n=6 samples repeated in 2
independent experiments. Firefly luciferase activity was normalised to Renilla luciferase activity. Box and
whiskers plot show 10-90 percentiles of normalised luciferase activity and outliers as dots. Statistical
analysis was performed using Mann Whitney test as the data were not normally distributed.
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5.3.2 miR-542-5p increase p-SMAD2/3 nuclear localisation independent from
TGF-B ligand in vitro

The increase in the basal luciferase activity seen in the previous experiment suggested
that in the absence of added ligand miR-542-5p could promote the phosphorylation of
SMAD2/3 leading to its accumulation in the myoblast nucleus. To determine whether
this microRNA increased nuclear p-SMAD2/3, cells were transfected with miR-mimic
and the presence of p-SMAD2/3 was assessed by immunofluorescence. To account for
any effect of the miR on cell proliferation, average fluorescence of p-SMAD2/3 per
nucleus was determined. This assay showed a ligand independent increase in nuclear
p-SMAD2/3 in LHCN-M2 cells 48h after transfection with miR-542-5p compared to
scrambled oligonucleotide (p<0.0001) (Figure 38, A-B). Consistent with the luciferase
assay data, after 6h of TGF-B1 stimulation miR-542-5p transfected cells showed

decreased levels of SMAD activity compared to control cells (p<0.0001).
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Figure 38- miR-542-5p increases p-SMAD2/3 accumulation in the nuclei.

LHCN-M2 myoblasts were transfected with scrambled (Scr) and miR-542-5p (5p) miR-mimic and cultured
for 48h. Later, myoblasts were treated for 6h with serum free or medium containing 5ng/mL TGF-B1
then fixed and stained for p-SMAD2/3 and DAPI. Firefly luciferase activity was normalised to Renilla
luciferase activity. [A] Box and whiskers plots show 10-90 percentiles of mean fluorescence in the nuclei
from cells transfected with miR-mimic or scrambled control (3 independent experiments) show an
increase in p-SMAD2/3 nuclear localisation in inactivated cells transfected with miR-542-5p in
comparison to scrambled transfected cells. Outliers are shown as dots. Statistical analysis was
performed using Mann Whitney test as the data were not normally distributed. [B] Images show DAPI
staining for nuclei (blue), p-SMAD2/3 staining only (red) and merge of p-SMAD2/3 staining with DAPI.
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To determine whether the miR-542 dependent increase in p-SMAD2/3 in the absence
of exogenous ligand was due to increased ligand expression, we measured TGF-B1 [A]
and MSTN [B] mRNA in LHCN-M2 myoblasts 48h after transfection with miR-542 and
scrambled oligonucleotides. This analysis showed a decrease in mRNA levels of both
ligands by the microRNA (p<0.0001) compared to scrambled control, suggesting that
the increase seen in p-SMAD2/3 nuclear localisation is independent of endogenous
ligand expression (Figure 39, A-B). Transfection with antagomiR showed a partial

reversal of the effects of the microRNA.
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Figure 39- miR-542-3p decreases TGF-B1 and myostatin RNA expression.

RNA was extracted from LHCN-M2 myoblasts 48h after transfection with scrambled (Scr), miR-mimic
miR-542-3p (3p) and miR-542-3p and antagomiR-542-3p (3p + A) and analysed from the expression of
TGF-B1 and myostatin. A reduction in TGF-B1 and myostatin RNA levels was seen in miR-542-3p
transfected myoblasts (p<0.0001). Box and whiskers plots show 10-90 percentiles and outliers as dots
from n=3 independent experiments with 6 repetitions in each. Statistical analysis was performed using
Mann Whitney test as the data were not normally distributed. Gene normalisation was performed
against the geomean of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Hypoxanthine
phosphoribosyltransferase (HPRT) and beta-2-microglobulin (B2M).
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Some studies have shown receptor independent mechanisms of SMAD
phosphorylation such as via the four and a half LIM domain protein (FHL1) which binds
to CK 6 and promotes SMAD phosphorylation (266). Therefore, to determine whether
the effects of miR-542 were receptor dependent, LHCN-M2 myoblasts were
transfected with a dominant inhibitory form of the TGF-$ type Il receptor (TGFBIIR)
and luciferase expression was analysed. Transfection of the inhibitory form of TGFBIIR
prevented activation of TGF-B signalling in response to ligand activation compared to
transfection with the empty vector (pCDNA.3) indicating a disruption in TGFBIIR
functionality (Figure 40). miR-542-5p did not elevate basal SMAD activity in the LHCN-
M2 myoblasts transfected with a dominant inhibitory TGFBIIR receptor (p=0.8882).
However, an increase in TGF-B signalling was seen in the presence of miR-542-5p and
pCDNA.3 (p=0.0012) in the absence of the ligand suggesting that the receptor is

needed for the miR dependent SMAD activity increase.
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Figure 40- TGF-B receptor complex is required for SMAD phosphorylation in the presence of
miR-542-5p.

LHCN-M2 myoblasts were transfected with miR-mimic miR-542-5p or scrambled oligonucleotide
followed 24h later by transfection of the luciferase reporter system together with an expression vector
for a dominant inhibitory TGFBIIR receptor or an empty control (pCDNA.3). In the presence of the
truncated receptor, miR-542-5p did not elevate the basal luciferase activity but did increase basal
luciferase activity in cells transfected with pCDNA.3 in comparison to scrambled transfected cells. The
results are based on n=2 independent experiments with 6 samples in each. Firefly luciferase activity was
normalised to Renilla luciferase activity. Box and whiskers plot shows 10-90 percentiles of normalised
luciferase activity and outliers as dots and statistical analysis was performed using Mann Whitney test as
data were not normally distributed.
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5.3.3 miR-542-3p/-5p effects on TGF-B signalling are time dependent

To further examine the effect of miR-542 in the presence of added ligand we
performed a time course of the luciferase response in human myoblasts. In the
absence of miR-542, luciferase activity did not increase until 1h after TGF-B1 (5ng/mL)
activation and this SMAD dependent increase in activity is still observed at 4h.
However, in the presence of miR-542, the luciferase activity increase was significant
30min after activation, but plateaued by 2h. As a result, in the presence of miR-542 at
30min after TGF-B1 addition there is a significantly higher SMAD activity than in the
absence of miR-542 (p=0.0033) (Figure 41, A). To confirm the results observed in the
standard curve, we measured nuclear p-SMAD2/3 2h after TGF-f1 addition (a time
where there is no difference in luciferase activity between scrambled and miR
transfection). This assay showed ligand independent increase of nuclear p-SMAD2/3 in
LHCN-M2 cells 48h after transfection with miR-542-3p (Figure 41, B-C) or miR-542-5p
(Figure 41, D-E) compared to scrambled (p<0.0001). In the presence of TGF-B1, there
is a small difference in SMAD activation between miR-542-3p/-5p or scrambled treated
myoblasts. However, it is possible that the statistical difference observed is due to the

large amount of data points collected.
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Figure 41- miR-542-3p/-5p effects of TGF-B signalling are time dependent.

LHCN-M2 myoblasts were transfected with scrambled (Scr), miR-mimic miR-542-3p (3p) [B-C] and miR-
542-5p (5p) [D-E] and cultured for 48h. [A] Luciferase assay was performed after 5ng/mL TGF-B1
stimulation for the indicated times, showing an increase of SMAD activity after 30min of activation in
the presence of miR-542. [B-E] 48 h after transfection myoblasts were treated during 2h with SF or TGF-
B1 and stained for p-SMAD2/3 and DAPI. Images show DAPI staining for nuclei (blue), p-SMAD2/3
staining only (red [C] or green [D]), and merge of p-SMAD2/3 staining with DAPI. Plots of mean
fluorescence in the nuclei showed an increase in p-SMAD2/3 nuclear localisation in cells transfected
with miR-542-3p/-5p in comparison to scrambled transfected cells in the absence of added ligand. The
results are based on n=6 samples repeated in 3 independent experiments. Firefly luciferase activity was
normalised to Renilla luciferase activity. Bar chart shows mean normalised signalt SEM and unpaired t-
test was used to perform the statistical analysis as data were normally distributed. Box and whiskers
plots show 10-90 percentiles. Statistical analysis was performed using Mann Whitney test as data were
not normally distributed.
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5.3.4 miR-542-3p and miR-542-5p target inhibitors of TGF-B signalling in vitro

As described in Chapter 3, bioinformatic analysis predicted that miR-542-3p/-5p would
target a number of components of the TGF-B/SMAD signalling pathway that suppress
the production of p-SMAD2/3 by inhibiting the receptor complex (SMAD7, SMURF1) or
by promoting SMAD2/3 dephosphorylation (components of the Protein phosphatase 2
-PP2A- complex, PPM1A, CTDSP1 and CTDSP2). We chose to analyse first, the effect of
miR-542-3p/-5p on SMAD7 (which inhibits TGF-f type | receptor function) and SMURF1
(a ubiquitin ligase which localises SMAD7 to the plasma membrane, making it essential

for SMAD?7 activity and also promotes TGF- type | receptor degradation).
5.3.4.1 Effect of miR-542 on SMAD7 and SMURF1

As shown in Chapter 3, Table 12 [B] some miR-542-3p and miR-542-5p targets differ
between mouse and human as miR-542-3p targets SMURF1 in both species but only
targets SMAD7 in the mouse whereas miR-542-5p targets both genes in both species.
Transfection of C2C12 myoblasts (mouse) with miR-542-3p and miR-542-5p mimics
reduced SMAD7 protein levels by more than 40% (p<0.0001 and p=0.0184,
respectively) (Figure 42, A-B) whereas in LHCN-M2 cells (human) only the miR-542-5p
mimic reduced the expression of SMAD7 by approximately 50% (p=0.0152) (Figure 42,
C-D), consistent with the proposed specificity. SMURF1 protein levels in LHCN-M2 cells
transfected with miR-542-3p appeared to be reduced by 50% (p=0.0019) (Figure 42, E)
in comparison with scrambled oligonucleotide transfected cells. However, the anti-
SMURF1 antibody produced a number of bands on Western blots in addition to one at
the correct molecular weight suggesting that it was not specific. Consequently, these
data are not conclusive of a reduction in SMURF1. Therefore, to further analyse the
effect of miR-542 on these TGF-B signalling inhibitors, we measured RNA levels of
SMAD7 and SMURF1 in miR-542-3p [F] and miR-542-5p [G] transfected human
myoblasts. This analysis showed no difference in SMAD7 RNA levels between miR-542-
3p and scrambled transfected LHCN-M2 cells (p=0.3715). SMURF1 RNA levels were
down regulated by miR-542-3p (p=0.0377) suggesting miR-542-3p promotes SMURF1
RNA degradation consistent with the protein analysis. miR-542-5p treated myoblasts
had decreased levels of SMAD7 and SMURF1 RNA compared to scrambled treated cells
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(p=0.0009 and p=0.0067, respectively). AntagomiR co-transfection only rescued

SMAD7 RNA in miR-542-5p transfected myoblasts, for a potential explanation, see
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Figure 42- SMAD7 and SMURF1 are targeted by miR-542-3p/-5p.

SMAD7 was immunoprecipitated from C2C12 and LHCN-M2 myoblasts 48h after transfection with
scrambled (Scr), miR-mimic miR-542-3p (3p) and miR-542-5p (5p). Cells cultured for the same length of
time but not transfected are denoted (Unt). As predicted by miRwalk, in mouse both miR-542-3p and
miR-542-5p decreased SMAD7 levels [A-B] but in human only miR-542-5p targets SMAD7 [C-D]. miR-
542-3p in human seem to target SMURF1 [E]. SMURF1 RNA levels were down-regulated by miR-542-3p
[F] in human myoblasts whereas no effects were seen in SMAD7 RNA levels [F]. miR-542-5p decreased
both SMAD7 and SMURF1 RNA levels in human myoblasts [G]. Bar charts and scatter dot plots show
mean signalt SEM from n=3 independent transfections. Statistical analysis was performed using
unpaired t-test as data were normally distributed. For SMURF1 [E], Amido Black staining was used for
controlling for loading. In [F] and [G], each of the 3 independent experiments had 6 repetitions. Gene
normalisation was performed against the geomean of GAPDH, HPRT and B2M.
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5.3.4.2 Effect of miR-542 on protein phosphatases

After demonstrating that miR-542-3p/-5p could target SMAD7 and SMURF1, we
determined whether the PP2A complex was also targeted. miR-542-3p and miR-542-5p
were predicted to target several components of the PP2A complex (Chapter 3, Table
12, B). Primers were therefore designed for the 5 most highly expressed PP2A
components in skeletal muscle according to Gene Atlas (https.//www.ebi.ac.uk). The
PP2A complex is a trimer made up from a structural, a regulatory and a catalytic
subunit. Predicted miR-542-3p/-5p targets were identified in each subunit type:
structural (PPP2R1A), regulatory (STRN, PPP2R3A and MOB3B) and catalytic (PPP2CA).
MOB3B, PPPR3A and PPP2R1A primers produced multiple bands but there was
insufficient time to design new primers and repeat the experiment. However, the
primers designed for STRN and the catalytic subunit PPP2CA produced single bands of
the correct size and amplified the correct gene as demonstrated by sequencing. To
determine whether miR-542-3p/-5p targeted these components we quantified PPP2CA
and STRN mRNA in LHCN-M2 myoblasts transfected with either miR-542-3p/miR-542-

5p or scrambled mimic.

Transfection of LHCN-M2 cells with miR-542-3p reduced both PPP2CA and STRN mRNA
(p<0.0001 and p=0.0084 respectively) (Figure 43, A-B). The suppression of PPP2CA was
partially reversed by co-transfection with the antagomiR (p=0.0338) but that of STRN
expression was not (p=0.6938), see Appendix 1 for explanation about the antagomiR
effect. As hypoxia increases the expression of miR-542-3p, we also analysed PPP2CA
and STRN RNA levels in LHCN-M2 incubated for 96h under normoxia or hypoxia. Both
PPP2CA and STRN RNAs were reduced in hypoxic compared to normoxic cells
(p<0.0001) (Figure 43, C-D). Similarly, miR-542-5p transfection also reduced both
PPP2CA and STRN mRNA (p=0.0129 and p<0.0001, respectively) (Figure 43, E-F). The
effect of the microRNA was not inhibited by antagomiR co-transfection (p=0.9254 and

p=0.9377, respectively), see further explanation in Appendix 1.
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Figure 43- miR-542-3p and miR-542-5p target PPP2CA and STRN in vitro.

[A] RNA from LHCN-M2 myoblasts was extracted after 48h of transfection with scrambled (Scr), miR-
mimic miR-542-3p (3p) or miR-542-5p (5p) and miR-542-3p and antagomiR-542-3p (3p + A) or miR-542-
5p and antagomiR-542-5p (5p + A). A reduction in PPP2CA [A] and STRN RNA levels [B] was seen in miR-
542-3p transfected myoblasts. Similarly, miR-542-5p also decreased PPP2CA [E] and STRN [F] RNA levels
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compared to scrambled transfected myoblasts. RNA from LHCN-M2 myoblasts was extracted after 96h
of incubation under normoxia or hypoxia. Decreased levels of PPP2CA [C] and STRN [D] RNA were
observed in myoblasts incubated under hypoxia (p<0.0001). Transfected miR-mimic levels were kept
constant in all experiments by co-transfection with Scr. Box and whiskers plots show 10-90 percentiles
and outliers as dots from n=3 independent experiments with 6 repetitions in each. Statistical analysis
was performed using Mann Whitney test as the data were not normally distributed. Scatter plots show
mean signalt SEM from n=3 independent experiments with 3 [C-D] or 6 [E-F] repetitions in each.
Statistical analysis was performed using unpaired t-test as data were normally distributed. Gene
normalisation was performed against the geomean of GAPDH, HPRT and B2M.

miR-542-3p/-5p were also predicted to target other SMAD2/3 phosphatases apart
from the PP2A complex including PPM1A, CTDSP1 and CTDSP2. To determine whether
miR-542-3p/-5p targeted these phosphatases we quantified their RNA levels in miR-
542-3p/-5p or scrambled mimic transfected human myoblasts. The three sets of
primers were designed and sequencing showed that the amplified product by PPM1A
primers was not correct. Therefore, we only measured CTDSP1 and CTDSP2 RNA
expression, showing no difference between the treatments (miR-542-3p, p=0.8868 [C]
and p=0.8211 [E], respectively, and miR-542-5p, p=0.4583 [D] and p=0.1391 [F],
respectively) (Figure 44). The antagomiR effects are further discussed in the

Appendix 1.
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Figure 44- miR-542-3p/-5p do not target CTDSP1 or CTDSP2 in vitro.

RNA from LHCN-M2 myoblasts was extracted after 48h of transfection with scrambled (Scr), miR-mimic
miR-542-3p (3p) or miR-542-5p (5p) and miR-542-3p and antagomiR-542-3p (3p + A) or miR-542-5p and
antagomiR-542-5p (5p + A). No difference was seen in CTDSP1 [A-B] and CTDSP2 [C-D] RNA levels
between miR-542-3p/-5p transfected cells compared to control cells. Transfected miR-mimic levels were
kept constant in all experiments by co-transfection with Scr. Box and whiskers plot shows 10-90
percentiles and outliers as dots from n=3 independent experiments with 6 repetitions in each. Statistical
analysis was performed using Mann Whitney test as data were not normally distributed. Scatter plots
show mean signalt SEM from n=3 independent experiments with 3 repetitions in each. Statistical
analysis was performed using unpaired t-test as samples were normally distributed. Gene normalisation
was performed against the geomean of GAPDH, HPRT and B2M.
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5.3.5 miR-542-3p and miR-542-5p did not increase p-SMAD2/3 in the presence
of TGF-B ligand in vitro

The effects of miR-542 on SMAD7, SMURF1 and SMAD phosphatase expression
suggest that the increase in SMAD dependent luciferase activity occurs as a result of a
reduced ability to turn off SMAD signalling together with either increased basal
SMAD2/3 phosphorylation in the absence of added ligand or a sensitised response to
the low levels of ligand present in the culture medium. This observation explains the
increased luciferase activity in the absence of exogenous ligand but not the reduction

in luciferase activity in the presence of TGF-1.

A suggestion for this effect is that as p-SMAD2/3 levels in the nucleus were higher in
the presence of miR-542, it was not possible to elevate them further, as any such
response would be dominated by the effect of TGF-B1 on SMAD degradation.
Activation of the TGF-B pathway includes activation of TAK1 promoting
phosphorylation of the SMAD2/3 linker region after TGF-B receptor dependent C-
terminus phosphorylation. This TAK1-dependent double phosphorylation leads to
SMAD2/3 ubiquitination by NEDD4L and degradation. SMAD2/3 degradation can also

occur through calpain (proteolytic enzyme) (372).

To determine whether increased/early degradation caused the reduction in luciferase
activity 6h after TGF-B1 addition, the effect of the dual specific proteasome/calpain
inhibitor MG132 (10uM) was determined in the presence and absence of added TGF-
B1. Consistent with previous results, miR-542-5p increased luciferase activity in the
absence of added ligand (p<0.0001). In the presence of TGF-B1, miR-542-5p decreased
luciferase activity compared to scrambled treatment (p=0.0062). However, in the
presence of MG132 and TGF-B1, there was no difference between miR-542-5p and
scrambled treatment (p=0.0598) (Figure 45, A). The fold change in luciferase activity in
the absence of added ligand between a) miR-542-5p and scrambled transfection and b)
miR-542-5p and scrambled transfection in the presence of MG132, was no different.
Similarly, in the presence of added ligand, no difference in the luciferase fold change
was seen between the same two groups (Figure 45, B). Therefore, these data were not

conclusive.
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Figure 45- MG132 effects on TGF-p pathway are inconclusive.

LHCN-M2 myoblasts were transfected with miR-mimic miR-542-5p or scrambled oligonucleotide. 24h
later, LHCN-M2 were transfected with the luciferase reporter system and next day cells were activated
with TGF-B in the presence of MG132 (a proteasome inhibitor). [A] In the presence miR-542-5p,
increased SMAD dependent luciferase activity was seen without activation of the system. In the
presence of TGF-B1, miR-542-5p decreased SMAD activity. However, in the presence of MG132 and TGF-
B1 no difference in luciferase activity was seen between miR-542-5p and scrambled treatment. [B] No
effect was seen by MG132 treatment as there was no difference in the luciferase fold change between
miR-542-5p and scrambled transfected myoblasts with the presence or absence of MG132. Similarly, no
effects by MG132 were seen when the cells were activated. Firefly luciferase activity was normalised to
Renilla luciferase activity. The results are based on at least n=6 samples repeated in 2 independent
experiments. Box and whiskers plot show 10-90 percentiles of normalised luciferase activity and outliers
as dots. Statistical analysis was performed using Mann Whitney test as the data were not normally
distributed.
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To determine whether inhibition of TAK1 would prevent the reduction in SMAD
dependent luciferase in the presence of TGF-B for 6h, the effect of the TAK1 inhibitor
((5Z)-7-Oxozeaenol) (1.5uM) was determined in human myoblasts. (5Z)-7-Oxozeaenol
alone had no effect on luciferase activity measured in cells transfected with the
scrambled control. In the presence of (5Z)-7-Oxozeaenol and absence of added TGF-
B1, miR-542-3p (Figure 46, A) increased SMAD activity (2.2 fold, p=0.0002) compared
to control cells. Furthermore, in the presence of the TAK1 inhibitor and TGF-§, an
increase in SMAD activity was seen by miR-542-3p compared to scrambled. A similar
pattern of changes was seen in miR-542-5p transfected cells. However, in the presence
of TGF-B and TAK1 inhibitor, a trend towards increased luciferase activity was seen in
miR-542-5p transfected cells compared to controls, but it did not reach statistical

significance (Figure 46, B) (p=0.0567).

In order to analyse the relative effect of the miR in the presence of the TAK1 inhibitor
compared to its absence we analysed the luciferase activity fold difference (i.e.
comparing [(scr with TAKi)/(scr no TAKi)] with [(miR with TAKi)/(miR no TAKi)]). In the
absence of added ligand there was no activity fold change between a) miR-542-3p and
scrambled transfection and b) miR-542-3p and scrambled transfection in the presence
of TAK1 inhibitor. However, in the presence of added ligand, a difference in the
luciferase fold change was seen between the same two groups, showing an increase of
TGF-B signalling in the presence of TAK1 (p=0.0002, Figure 46, C). Focusing on miR-542-
5p, no luciferase activity fold change increase was seen in the absence of added ligand
between a) miR-542-5p and scrambled transfection and b) miR-542-5p and scrambled
transfection in the presence of TAK1 inhibitor. Similarly, in the presence of added
ligand, a difference in the luciferase fold change was seen between the same two
groups, showing an increase of TGF-B signalling in the presence of TAK1 (p=0.0022,
Figure 46, D), suggesting an increased/early breakdown of p-SMAD2/3 causing the
reduction in luciferase activity in the absence of TAK1. In both series of experiments,
the overall activation of the signalling by TGF-B1 was decreased by TAK1 inhibition, as

has previously been reported (373).
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Figure 46- Degradation of p-SMAD2/3 is promoted by TAK1 signalling.

LHCN-M2 myoblasts were transfected with miR-mimic miR-542-3p/miR-542-5p or scrambled
oligonucleotide followed 24h later by transfection of the luciferase reporter system. 24h later, cells
were activated with TGF-B for 6h in the presence of a TAK1 inhibitor ((5Z)-7-Oxozeaenol). In the
presence of TAK inhibitor and under serum free, miR-542-3p [A] and -5p [B] treated cells increased
SMAD dependent luciferase activity compared to control treated myoblasts. In the presence of TAK1
inhibitor and TGF-B stimulated cells, miR-542-3p [A] treated cells increased luciferase signal whereas
miR-542-5p treated cells showed a similar luciferase activity than the scrambled treated cells. Both, miR-
542-3p [C] and miR-542-5p [D] transfected myoblasts under the presence of TAK1 inhibitor showed an
increase in SMAD dependent luciferase activity compared to scrambled treated myoblasts. The results
are based on at least n=6 samples repeated in 2 independent experiments. Firefly luciferase activity was
normalised to Renilla luciferase activity. Box and whiskers plots show 10-90 percentiles of normalised
luciferase activity and outliers as dots. Statistical analysis was performed using Mann Whitney test as
the data were not normally distributed.
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5.3.6 Increased TGF-B signalling in patients suffering from muscle wasting

(COPD, ICUAW or older population)

The observation that miR-542-3p/-5p can modulate the TGF-B signalling pathway in
vitro and are increased in the quadriceps muscle of COPD and ICUAW patients raise

the possibility that TGF-B signalling is also increased in these diseases.

TGF-B signalling was indirectly measured by quantifying CYR61 gene expression as its
transcription is known to be induced by the TGF-B pathway (374,375) and has been
previously used as a marker of TGF- activity (30,376). The CYR61 translational product
is an extracellular matrix-associated signalling protein of the CCN family involved in
inflammation and tissue repair, playing an important role in chronic inflammatory
diseases. Elevation of CYR61 mRNA levels were previously shown in patients with
established ICUAW (30) (p<0.0001, Figure 47, B). Therefore, we determined whether
CYR61 mRNA was also elevated in COPD patients and in the cohort of older individuals.
RNA was extracted from samples of the quadriceps of COPD patients (n=89) and age-
matched healthy controls (n=27) and CYR61 expression was analysed by gPCR.
Expression of CYR61 was higher in COPD patients compared to controls (p=0.0484,
Figure 47, A). However, no correlation was found between CYR61 and miR-542-3p
(p=0.8521, r=0.02893) or miR-542-5p (p=0.9711, r=0.005562) in the COPD patients
(results not shown). In patients with ICUAW, a strong direct correlation was found
between CYR61 expression and miR-542-3p (p< 0.0001, r=0.8163, Figure 47, C) but no
correlation was seen with miR-542-5p (p= 0.1715, r=0.3477, Figure 47, D). In the
samples from a cohort of healthy older people from the HSS CYR61 levels were
increased in the sarcopenic individuals (n=5) compared to the non-sarcopenic

individuals (n=62) (p=0.0241, Figure 47, E).
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Figure 47- CYR61 levels in COPD, ICUAW and older people cohort.

CYR61 mRNA levels were measured in quadriceps samples from 3 different cohorts of people. There was
an increase of expression in COPD [A] and ICUAW patients [B] as well as in sarcopenic individuals [E]. In
ICUAW patients there was a strong direct association between miR-542-3p and CYR61 mRNA levels [C].
No other associations were seen between miR-542-3p/-5p and CYR61 RNA levels in the other cohorts.
Scatter plots show mean signalt SEM and statistical analysis was performed using unpaired t-test as the
data were normally distributed. Correlations were analysed by Pearson’s test as data had a linear
association showing r values. Gene normalisation was performed against HPRT the COPD cohort and the
geomean of HPRT and B2M in the ICUAW cohort.

175



5.3.7 Down-regulation of inhibitors of TGF-B system in ICUAW patients

The patients with ICUAW had the largest increase in the expression of miR-542-3p/5p
and have previously been shown to have increased nuclear p-SMAD2/3 (363).
Therefore, the expression of SMAD7, SMURF1 and PPP2CA was measured in samples
from ICUAW patients to determine whether there were consistent changes in the
expression of these inhibitors of the TGF-§ signalling pathway, with those observed in
vitro. Quantification of immunoprecipitated SMAD7 (Figure 48, A) showed a reduction
in protein level in the quadriceps muscle of ICUAW patients (p=0.0017, Figure 48, B)
compared to controls. Insufficient protein was available for the analysis of other
proteins, but the in vitro analysis had shown reductions in mRNA for these potential
targets so we measured them in those patients. RNA levels of both SMAD7 and
SMURF1, were down-regulated in the quadriceps of patients with ICUAW compared to
age-matched controls (p=0.0470 and p=0.0334, respectively). Similarly, mRNA levels of
PPP2CA were reduced in patients with ICUAW compared to controls (p=0.0340) (Figure
48, C).
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Figure 48- SMAD?7 protein expression and SMAD7, SMURF1 and PPP2CA RNA levels are decreased in
patients with ICUAW.

[A] SMAD7 protein was immunoprecipitated from quadriceps biopsies from patients with established
ICUAW or from controls and the intensity of the signals was quantified [B]. There was a significant
reduction in SMAD7 protein in the quadriceps of the ICUAW patients [A]. [C] RNA levels of SMAD?7,
SMURF1 and PPP2CA were measured and found to be decreased in patients with ICUAW in comparison
to controls. Bar chart shows mean signalt SEM from n=6 patients with ICUAW and n=7 age matched
controls. Scatter dot plots show mean signalt SEM from n=18 patients with ICUAW (except for SMAD7
which has n=17 as a data point was discarded as the SD from two duplicates was too high) and n=7 age
matched controls. Statistical analyses were performed using unpaired t-test as the data was normally
distributed. Gene normalisation was performed against the geomean of HPRT and B2M.
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5.4 Discussion

5.4.1 Main findings

The current study shows that miR-542-3p and miR-542-5p promote the accumulation
of p-SMAD2/3 in the nuclei of cells in the absence of added ligand in a receptor
dependent manner, as demonstrated by the transfection with the dominant inhibitory
TGFBIIR receptor. Analysis of potential targets showed that miR-542-3p/-5p target
inhibitors of the SMAD signalling system suggesting that SMAD7, SMURF1, PPP2CA and
STRN down-regulation contribute to the elevation of p-SMAD2/3 activity in the
absence of exogenous ligand. Data obtained from skeletal muscle biopsies from
patients with ICUAW, COPD and sarcopenia were consistent with the in vitro results.
An increase in CYR61 expression was observed in both COPD patients and in individuals
with sarcopenia. CYR61 gene transcription is elevated by TGF-B signalling activation
(375) and has already been shown to be up-regulated in patients with ICUAW (30).
Moreover, an association was found between CYR61 gene expression and miR-542-3p
in patients with ICUAW suggesting that this microRNA may contribute to the increase
in CYR61 levels. Finally, in the ICUAW cohort where the highest levels of miR-542-3p/
-5p were measured, SMAD7 mRNA and protein levels were down-regulated in patients
compared to age-matched controls. Moreover, SMURF1 and PPP2CA RNA levels were
also down-regulated in patients with ICUAW. Together these data suggest that
increased miR-542 in the muscle of patients with ICUAW, COPD or sarcopenia
stimulates the TGF-B/MSTN signalling system either causing the ligand independent
activation of SMAD signalling or sensitising the system to low levels of ligand. It

therefore seems likely that miR-542 contributes to muscle wasting in these diseases.

5.4.2 Mechanism of SMAD2/3 activation

The most surprising observation presented in this chapter is the activation of SMAD2/3
signalling by miR-542 in the absence of added ligand. As described in Chapter 1, SMAD
signalling is controlled by both activators and inhibitors of the phosphorylation of

SMAD proteins. The simplest explanation of the presence of p-SMAD2/3 in the nuclei
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of miR-542 transfected cells, therefore, is the targeting of proteins that inhibit
phosphorylation of SMAD2/3 or promote their dephosphorylation by the microRNAs.
However, the data do not really answer the question of why the phosphorylation
occurs in the first place. The increased phosphorylation could be attributed either to a
low rate of phosphorylation that occurs spontaneously in the absence of the ligand or
to the phosphorylation that occurs in response to low levels of ligand in the culture
medium following transfection but prior to the assay. Another possibility is that the
phosphorylation occurs though a ligand independent route via an alternative
mechanism. However, the data show that the receptor is required for SMAD2/3
phosphorylation to occur, therefore, receptor independent mechanisms such as
phosphorylation by CKd or other intracellular kinases seem unlikely. The fact that
TGF-B activity was measured 48h following miR transfection may have allowed
p-SMAD2/3 accumulation in the nuclei from any or a combination of those
mechanisms. Apart from the TGF-B dependent mechanism mentioned above, there
are TGF-B independent mechanisms that act via TGF- receptor such as betaglycan
that increases TGF-B signalling via the activation of p38 pathway (377). Betaglycan,
also known as TGF-B type Il receptor, has been suggested to play a limited role in the
direct regulation of TGF-B signal transduction due to its short cytoplasmic tail and the
absence of signalling motifs (378). The data presented showed increase p-SMAD2/3 in
the nuclei, but phosphorylation of SMAD2/3 does not occur by p38 pathway, which
instead modulates SMAD signalling once the activation has occurred so the betaglycan
mechanism also seems unlikely in this situation. Therefore, it seems more likely that
the mechanism contributing to SMADs phosphorylation is due to TGF-B signalling
activation as a consequence of TGF-B1 or MSTN. The endogenous levels of those
ligands were measured in vitro and their expression decreased due to microRNAs
transfection (Figure 39). Therefore, it is likely that the ligands were present in the
serum added to the cell media and despite being at low concentrations they could
activate the system during the 48h gap from when the cells were transfected until
when the analysis was performed. After SMAD phosphorylation, miR-542 targeting of
the phosphatases would reduce SMAD dephosphorylation, promoting the
accumulation of p-SMAD2/3 in the nuclei. To further validate this hypothesis, the

experiments could be repeated in myoblasts cultured in the presence of TGF-B1 and
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MSTN neutralising antibodies to block the activity of any protein present in the cell
culture media. Considering the function of some of the miR-542 targets, which are the
main inhibitors of the TGF-B pathway such as SMAD7, SMURF1 and PP2A complex
components (PPP2CA), it seems likely that miR-542 targeting all of them provides a
biological mechanism for the increase in p-SMAD2/3 nuclear localisation. However, to
confirm this mechanism, and to identify the relative importance of each target,
luciferase assays performed in LHCN-M2 myoblasts transfected with a single siRNA, or
a combination of siRNAs against the identified targets (siSMAD7, siSMURF1, siPPP2CA

and/or siSTRN) would need to be performed.

5.4.3 Time course of SMAD signalling

Under normal conditions in the body, ligand concentration increases progressively
allowing time for the cells to adapt. However, under the assay conditions used, a high
concentration of ligand was added suddenly. Therefore, the times where we observed
a difference on pSMADs levels on the luciferase assay could represent an artificial
time, needing more time in a physiological condition to see a similar change. One of
the effects of miR-542 described in this chapter is to shorten the apparent time course
of the response to TGF-B1, thereby potentially suppressing TGF-B activity. However, it
seems likely that this is an artefact of the system being studied as mentioned above.
For example, the presence of p-SMAD2/3 in the nuclei of miR-542 transfected cells in
the absence of added ligand raises the possibility that the pool of cytoplasmic
SMAD2/3 is reduced. As a result, less SMAD2/3 may be available to be phosphorylated
in response to the addition of ligand. However, this suggestion is not completely
consistent with the observation of the apparent earlier activation of luciferase activity
in miR-542 transfected cells seen at 30min after the ligand addition. Alternatively, the
fact that some SMAD2/3 is already phosphorylated may indicate it is available for
degradation. TGF-B stimulation has been shown to promote SMAD degradation
through a number of other pathways including p38 and Jun N-terminal kinase (JNK),
mitogen-activated protein kinase (MAPK), Ras-Erk, PI3K-Akt and GTPases (RHOA and
CDC42) (379). In this study, we determined the effect of TAK1 inhibition as TAK1 has
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been shown to promote degradation of p-SMAD2/3 following TGF-f3 stimulation by
promoting phosphorylation of SMAD2/3 in the linker region (206). Consistent with this
proposal, the data suggest that TAK1 signalling promotes the degradation of p-
SMAD2/3 in the presence of TGF-B1l. However, further experiments need to be

performed to elucidate the role of TAK1 signalling in p-SMAD2/3 degradation.

5.4.4 Increased p-SMAD2/3 in the muscle of wasting patients

The observation that miR-542 activates the TGF-B signalling system in vitro raises the
possibility that it also modulates TGF-B signalling in the muscle of humans. Having
showed that both miR-542-3p and miR-542-5p expression are elevated in the muscle
of patients with ICUAW, COPD and sarcopenia, it is possible that it promotes muscle
wasting in these diseases by activating atrophy through the TGF-B system. The
potential for such a role for miR-542 is supported by the following two observations.
Firstly, the expression of several targets which are inhibitors of SMAD signalling such as
SMAD7, SMURF1 and PPP2CA are reduced in patients with ICUAW compared to
controls suggesting an effect of the microRNAs on the TGF-B pathway. Secondly, the
expression of CYR61, a TGF-B induced gene, is increased in all the conditions. Despite
the fact that genes normally respond to more than one signalling system, the CYR61
RNA increased together with a previous demonstration of increased nuclear
p-SMAD2/3 in patients with ICUAW (30) suggests that TGF-B activity is elevated in
these patients. Consistent with our data, other studies have also reported an increase
in CYR61 RNA levels in COPD patients (380,381) and have shown that ageing elevates
CYR61 expression promoting fibroblast senescence (382). Our data suggest the
possibility that the elevation of miR-542 levels seen in patients either sensitises the
cells to the increase in MSTN or TGF-B1 or causes a ligand independent increase in
p-SMAD2/3 causing an atrophic effect on the muscles. However, this question remains
to be determined as our experiments only suggested that the TGF-B receptor was
needed for the increase in p-SMAD2/3. To elucidate this question, the luciferase assay

should be repeated under the presence of antibodies against MSTN and TGF-B1 in
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order to block TGF- signalling activation by the ligands. In this detailed experiment, an

increase in p-SMAD2/3 would suggest that it occurs in a ligand independent manner.

5.4.5 TGF-B signalling and other members of the miR-542 cluster

As described in Chapter 3, 5 out of 6 of the microRNAs elevated in the quadriceps of
COPD patients were derived from the genomic region surrounding miR-542
(chromosome Xg26.3). This DNA adjacent to miR-542 contains miR-450a, miR-450b-5
and miR-450b-3p, and within 7KB of these there is the miR-424-503 locus. miR-424 and
miR-503 are separated by 383 bases on the genome and are transcribed as part of a
single host gene. The expression of these microRNAs is tightly correlated with that of
miR-542 in the samples analysed in this thesis (383) raising the possibility that miR-542
is also transcribed as part of the same host gene. However, multiple efforts to identify
a single transcript have proven unsuccessful. A study has identified miR-542-3p and
miR-542-5p to be induced by miR-424-503 expression but they found that miR-542
levels were much lower (384). Therefore, it remains unclear if there is more than one
promoter or two distinct promoters that are similarly regulated. Functionally, there are
some similarities in activity as miR-424 and miR-503 have also been shown to regulate
TGF-B signalling by supressing SMAD7 expression (253). Furthermore, the expression
of miR-424 and miR-503 are promoted by TGF-B pathway raising the possibility of a
positive feedback loop (368).

5.4.6 Other roles of miR-542-3p

There are other potential mechanisms by which the increase in miR-542-3p could
contribute to muscle wasting. For example, miR-542-3p has been reported to function
as a tumour suppressor by targeting survivin and thereby promoting cell cycle arrest.
Consistent with such a role, the expression of miR-542-3p is decreased in patients with
some cancers (290,385,386). As myoblast proliferation is an important part of muscle
regeneration and the maintenance of muscle mass, miR-542-3p may limit myoblast

proliferation and suppress regeneration. However, miR-542-5p is not predicted to
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target survivin and proliferation assays showed no effect in LHCN-M2 transfected with
miR-542-5p compared to scrambled transfected cells (See Appendix 2). The data also
do not show whether miR-542 expression was elevated in the satellite cells and

myoblasts in patients.

5.4.7 Critique of the method

The clinical data presented in this chapter come from cross-sectional studies.
Therefore, even though miR-542-3p/-5p was found to be elevated in 3 different
cohorts and associated with muscle wasting, disease severity and skeletal muscle
dysfunction this does not prove that miR-542-3p/-5p promotes muscle mass loss in the
patients. To be able to demonstrate the effect of miR-542-3p/-5p a generation of an
appropriate animal model and the use of antagomiRs in the model would be required.
A longitudinal study would also further validate the role of miR-542-3p/-5p in muscle
wasting. However, the fact that similar associations are seen in 3 different cohorts
suggests that the associations are robust and together with the biological observations
seen in vitro and in patients, provide evidence of a role of miR-542-3p/-5p in TGF-B
signalling. The in vitro data have been produced using two different cell lines, C2C12
mouse myoblasts and LHCN-M2 human myoblasts. Other cell lines might have been
used and could be considered to be more specific such as primary cell lines from COPD
patients. However, the advantages of using immortalised cell lines from patients might
be limited as in vitro studies are artificial systems used to study biological processes.
For example, in vitro cell lines are in contact with fetal calf serum which is enriched in
growth factors whereas cells in patients are separated from the plasma by a layer of
endothelium. Moreover, plasma itself is also distinct from serum being less enriched in
growth factors particularly in adults. However, in vitro studies were designed to
determine whether the microRNAs could regulate the pathways in a muscle cell type.
Having demonstrated that the proposed miR effect can occur in vitro, the next step is
to evaluate whether it could regulate the same pathways in muscle in vivo (see
Chapter 6). This approach then implies that regulating these microRNAs may be an

appropriate mechanism to controlling muscle mass.
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5.5 Conclusions

In conclusion, this chapter evaluated the role of miR-542-3p/-5p in regulating the
TGF-B pathway and thereby contributing to muscle wasting. We suggest that the
increase in miR-542-3p/-5p leads to suppression of SMAD7, SMURF1 and parts of PPCA
complex (PPP2CA and STRN) decreasing intracellular inhibition of TGF-B signalling and
contributing to an increase in SMAD2/3 dependent signalling (Figure 49).
Experimentally, we have not been able to prove PPM1A and CTDSP1 as miR-542
targets neither their contribution to alter TGF- signalling, despite being predicted as

miR-542 targets.

TGF-f receptor

L ——
l SMAD2/3 I | SMAD2/3 IIII
hsa-miR-542-5p

hsa-miR-542-3p

PP
Complex

PPM1A SMADZIB SMADZ/S

5MAD4
CTDSPL

SMAD degradation

Figure 49- Proposed mechanism of action of miR-542-3p/-5p in the TGF-f pathway.

SMURF1 and PP2A complex are targeted by both miR-542-3p/-5p whereas SMAD7 is only targeted by
miR-542-5p in humans. The decrease of the inhibitors of the system could drive the increase in
p-SMAD2/3 that binds to SMAD4 and translocates to the nucleus. However, if p-SMAD2/3 is double
phosphorylated in a linker region by MAPK it is then degraded by ubiquitylation. Experimentally, we
have not been able to proof PPM1A and CTDSP1 as miR-542 targets neither their contribution to alter
TGF-B signalling.
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CHAPTER 6: Effects of miR-542 in vivo via

the development of a mouse model

6.1 Rationale

The data presented so far in this thesis has identified miR-542 as a potential key
regulator of muscle mass in patients. Furthermore, potential mechanisms by which this
microRNA may cause muscle wasting and dysfunction have been described. However,
clinical data from human cohorts show correlation but not causation of the microRNA
effects and results seen in vitro cannot be extrapolated to conclude that similar
changes would occur in vivo since the whole organism presents more complexity as
well as signalling interactions that do not occur in vitro. As there is currently no
method to modulate miR-542 expression in humans, it is therefore necessary to use an

animal model to demonstrate that the microRNA can cause muscle wasting in vivo.

There are several approaches to achieve over-expression of the microRNA in muscle.
The two main approaches considered were generation or acquisition of an over-
expressing miR-542 mouse strain or gene delivery. The generation of transgenic mouse
strains has the advantage that there is minimal inter-individual variability so an
enhanced reproducibility. However, from a practical point of view it also confers
several disadvantages such as cost and overproduction of mice (387) which does not
agree with the 3Rs principles of humane experimental techniques. As no transgenic
miR-542 mouse strain was available and its generation would have taken too long and

been too expensive this option was not possible.

There are a number of potential gene delivery techniques, which use either viral or
nonviral methods (388). Viral delivery requires cloning the DNA of interest into a viral
vector such as adenovirus, adeno-associated virus, herpes virus, pox virus, human
foamy virus, lentivirus or retroviruses which have been modified by deleting regions of
their genome to avoid their replication, prevent the production of infectious particles
and increase the amount of target DNA that can be inserted (389). Replication and

amplification of the viral vector is achieved by the host cellular machinery using a
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packaging cell line. The main advantages of this method are high transfection
efficiency and stability. However, the use of viruses also has several disadvantages
such as high cytotoxicity, immunogenicity which leads to inflammation, insertional
mutagenesis, limitation in transgenic capacity size and cost (390). Furthermore, not all
viruses target the appropriate tissue restricting the choice of virus for any particular
application. In the case of skeletal muscle, the current virus of choice as a gene
delivery vector is adeno-associated virus (AAV) such as AAV serotype 8 (AAV-8) and
AAV-9 because targeting occurs in dividing and non-dividing cells, transduction is

highly efficient and persistent and there is low immunogenicity (391-393).

Nonviral methods of DNA transfer confer several advantages compared to the viral
methods as they are less immunogenic, the size of transfected DNA is not limited and
they are cost-effective. However, the transfection efficiency of these systems is lower
than viral methods (388). Skeletal muscle has the ability to take up and express naked
plasmid DNA following intramuscular injection, and expression from the plasmid has
been shown to persist at least for 2 months (394,395). However, the main limitation of
this technique is the poor transfection efficiency achieved (approximately 1% of fibres
become transfected) limiting its use for experimental and therapeutic applications
(262). To overcome this limitation several strategies have been developed. For
example, transfection efficiency of naked DNA plasmid has been improved 2-fold after
7 days of the injection by using 150 mM sodium phosphate rather than saline as the
administration buffer, which helps to reduce plasmid degradation (396). An alternative
method of inhibiting DNA degradation is by co-injection of aurintricarboxylic acid (ATA)
(a DNAse inhibitor) in the presence of 150 mM sodium phosphate, obtaining 2.5-fold
enhanced gene expression compared to injection in the absence of ATA in skeletal

muscle (397).

Another methodology used to increase the uptake of naked DNA following injection is
electroporation. This method consists of applying a series of controlled electric pulses
across the muscle. These pulses induce a voltage across the cell, which facilitates the
transport of charged molecules (Figure 50) (398). Therefore, electroporation increases
transgene expression in mouse tibialis anterior 5 days after gene transfer by 12-fold

(obtaining a transfection efficiency of up to 17%) and reduces inter-individual
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variability compared to injection of plasmid alone (262). However, electroporation has
a major drawback, particularly in muscle wasting studies, which is tissue damage due
to the high voltage (262,399). The need to limit damage and enhance transfection
efficiency in skeletal muscle was addressed by several groups and it has been found
that pre-treatment of mouse TA muscles with hyaluronidase and electroporation using
50% v/v saline as a vehicle for plasmid DNA increases transgene expression after 5
days of the gene transfer and reduces muscle damage (262,399). Hyaluronidase
catalyses the hydrolysis of hyaluronan, which is a component of the extracellular
matrix, resulting in decreased hyaluronan viscosity and thereby increasing tissue
permeability. Pre-treatment of 0.4U/uL hyaluronidase 2h before electroporation
increased transfection efficiency by ~10 fold in mouse TA but in this study lower
transfection was achieved by electroporation only in comparison to other studies.
Hyaluronidase treatment alone followed by plasmid injection does not improve

transfection (262).

Electroporation has become a widely used method for the transient expression of
genes in skeletal muscle (a literature search of Pubmed using the terms
“electroporation, gene expression and mouse” returns 1566 hits) indicating that it is a
widely accepted method of gene transfer. Consequently, considering the advantages
and disadvantages of the different techniques, plasmid injection followed by
electroporation and pre-treatment with hyaluronidase was chosen as the method for
over-expressing miR-542 as it provided a balance between cost and time efficiency,

medium transgene expression and low cytotoxicity.
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Figure 50- Schematic representation of DNA injection followed by electroporation used in in vivo
experiments.

Mouse TA is injected with hyaluronidase followed by DNA pCAGGS-EGFP-542 or control plasmid
injection and electroporation. Electroporation was performed at 175 V/cm applied in ten 20ms squared
wave pulses at 1Hz. The voltage produced across the muscle fibres facilitates the uptake of charged
molecule such as DNA.

6.2 Hypothesis

Results presented in Chapters 3, 4 and 5 generated the following hypotheses:
1) Over-expression of miR-542 in muscle would cause muscle wasting in vivo by:

1.1) Causing mitochondrial and cytoplasmic ribosomal impairment by

targeting ribosomal proteins.

1.2) Increasing TGF-B pathway activity by targeting inhibitors of the

pathway.
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6.3 Results

6.3.1 Predominant miR-542-5p expression from pCAGGS-EGFP-542 vector in

vitro

To overexpress miR-542 in mice, we generated a vector (pCAGGS-EGFP-542)
containing an EGFP cDNA followed by 500bp of the miR-542 gene including the hairpin
region contained within the 3’-UTR of the EGFP under the control of a strong promoter
(the CAGS promoter) thereby allowing identification of positive transfected fibres
using fluorescence. As a control vector we used pCAGGS containing only the EGFP
region (400). To confirm miR-542 expression, C2C12 mouse myoblasts were
transfected with the miR-542 or control plasmid and both miR-542-3p and miR542-5p
levels were analysed by Tag-PCR and EGFP levels were visualised under a fluorescence
microscope at different time points (4h, 8h, 12h, 24h, 48h and 72h). microRNA
quantification showed an increase in the expression of miR-542-5p form (Figure 51, A)
but no marked increase of miR-542-3p compared to control at all the time points
(except at 48h, p=0.0109) analysed in the cells transfected with pCAGGS-EGFP-542.
The greatest increase (10 fold) in miR-542-5p levels compared to control was observed
at 24h after transfection. Elevated expression of miR-542-5p (approx. 2-fold) was still

detectable 72h after transfection.

The presence of EGFP allowed identification of transfected cells in the presence and
absence of the microRNA (and quantification of these cells, Figure 51, B). A different
expression profile was seen between myoblasts transfected with the control plasmid
(pCAGGS-EGFP) or the miR plasmid (pCAGGS-EGFP-542, Figure 51, C). Whereas control
plasmid induced an increase in EGFP levels over time, miR-542 plasmid increased EGFP
translation in the first 12h but this was followed by a decrease at 24h (p=0.0175) and a
progressive decline in EGFP until EGFP expressing cells were almost undetectable at
72h (p=0.0017). This reduction in the proportion of cells expressing detectable EGFP
could be due to reduced cell viability or proliferation, a reduction in protein synthesis

or a combination of these effects.
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Figure 51- pCAGGS-EGFP-542 vector leads to an increase in miR-542-5p levels in vitro.

C2C12 were transfected with pCAGGS-EGFP-542 or pCAGGS-EGFP and miR-542-3p/-5p levels and EGFP
protein levels were measured at 4h, 8h, 12h, 24h, 48h and 72h. An increase of the miR-542-5p form was
observed over time in vitro being the highest increase at 24h after transfection [A]. EGFP protein levels
were observed under the fluorescence microscope and showed an increase over time on pCAGGS-EGFP
transfected myoblasts but a decrease after 12h of transfection in myoblasts transfected with pCAGGS-
EGFP-542. Bar charts show mean signal £ SEM from n=4 independent transfections. Statistical analysis
was performed using unpaired t-test as samples were normally distributed. miR-542-3p and miR-542-5p
levels were normalised against U6.
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6.3.2 miR-542-3p/-5p expression from pCAGGS-EGFP-542 vector in vivo

To confirm expression from pCAGGS-EGFP-542 in vivo, we measured miR-542-3p/-5p
levels at an early time point after electroporation. In the first experiment, the dose of
anaesthetic administered was too high as the mouse strain used was more susceptible
to the anaesthetic than that used by the group from which we obtained the protocol
(262). Therefore, mice did not fully recover and 4h after transfection they were
humanely killed and used to determine microRNA expression at this time point. RNA
was extracted from the whole TA and showed an increase in miR-542-5p levels in the
miR-542-5p expressing TA compared to the control TA (p=0.0173, Figure 52). However,
no difference in miR-542-3p levels was seen between the two TAs, consistent with the

in vitro results shown in Figure 51.

miR-542-3p miR-542-5p

p=0,0173

Log normalised miRs (AU)
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Il pCAGGS-EGFP

Il pCAGGS-EGFP-542

Figure 52- miR-542-3p/-5p expression of pCAGGS-EGFP-542 in vivo.

miR-542-3p and miR-542-5p expression from pCAGGS-EGFP-542 were measured at 4h after
electroporation. miR-542-5p levels were up-regulated in miR-542 expressing TAs compared to PCAGGS-
EGFP control TAs. Bar chart shows mean signalt SEM from n=3 mice. Statistical analysis was performed
using unpaired t-test as samples were normally distributed. miR-542-3p and miR-542-5p levels were
normalised against U6.
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6.3.3 miR-542 induces wasting in vivo and electroporation efficiency

varies along the TA muscle

To analyse the effect of miR-542 in vivo, we electroporated pCAGGS-EGFP-542 into the
right TA and pCAGGS-EGFP on the left TA of the mice. Three days after electroporation
the mice were humanely killed and the TAs were dissected out and weighed.
Electroporation of the miR-542 plasmid into the TA caused a rapid reduction in muscle
weight of about 20% compared to the contralateral muscle expressing EGFP alone
(p=0.0028, Figure 53, A), suggesting that elevated miR-542 caused muscle wasting. To
confirm miR-542 levels were increased after 72h of electroporation, we measured
both miR-542-3p and miR-542-5p levels in the TAs. Laser capture microdissection of
the samples was performed to restrict the analysis to the positively electroporated
fibres. In these samples, miR-542-5p was undetectable by Taq PCR, however, an
increase of miR-542-3p was seen in the miR-542 electroporated TA compared to the
control leg (p=0.0254, Figure 53, B) suggesting a change in the processing of the

microRNA over time.

To determine electroporation efficiency after 3 days of the plasmid injection, TAs were
sectioned (as detailed in Chapter 2) and the percentage of positively electroporated
fibres was counted under a fluorescent microscope. To account for differential
transfection away from the site of injection along the length of the TA, the muscle was
divided into 5 equal regions. This analysis showed that the highest electroporation
efficiency (around 40%) was in level 4, close to the site of plasmid injection (Figure 53,
C). Moreover, electroporation efficiency was more successful in the outside part of the
TA than in the centre, possibly due to the fact that higher current reached the outside
of the muscle compared to the inner part or due to damage provoked by the needle

(Figure 53, D).
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Brightfield

Figure 53- pCAGGS-EGFP-542 electroporation drives muscle wasting in vivo and its transfection
efficiency varies within the muscle length and depth.

[A] TAs were weighed after dissection and a 20% reduction in mass was seen in TAs electroporated with
miR-542 vector compared to the contralateral TAs electroporated only with the EGFP plasmid, (n=15
mice generated in 3 independent experiments of 5 mice per experiment). miR-542-3p and miR-542-5p
expression from the pCAGGS-EGFP-542 plasmid was measured at 72h after electroporation and
normalised to U6. [B] miR-542-3p levels were increased in the miR-542 expressing TA compared to the
control leg (n=4 mice from a single experiment). Electroporation efficiency was proven unequal along
the muscle being higher in the middle-down part lengthwise where the vectors injection took place [C]
and also higher in the external area of the muscle [D] as current during electroporation might be more
intense or the area less damaged due to the plasmid injection (n=10 mice from 2 separate experiments
n=5 mice per experiment). Scatter dot plot and bar charts show mean signal + SEM and statistical
analysis was performed using paired t-test as samples were normally distributed.
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6.3.4 miR-542 induces fibre diameter and area decrease in vivo

To further analyse the effects of miR-542 on muscle in vivo, fibre diameter and area of
transfected (fluorescent) and non-transfected (non-fluorescent) fibres were measured
in both the miR-542 and the EGFP-control electroporated TAs at level 4. There was a
10% decrease in the diameter of the pCAGGS-EGFP-542 transfected fibres compared to
both the non-transfected fibres from the same muscle and the pCAGGS-EGFP control
fibres from the contralateral TA (p=0.0015). There was no significant difference in
diameter between the non-transfected fibres of the two TAs (p=0.2380) (Figure 54, A).
As expected, fibre area was also reduced (17%) on the pCAGGS-EGFP-542 transfected
fibres compared to both non-transfected fibres from the same muscle and the
pCAGGS-EGFP transfected fibres (p<0.0001). No significant difference was observed in
fibre area between the non-transfected fibres of the two TAs (p=0.2609) (Figure 54, B).

Binning of the transfected fibres into defined fibre size ranges identified a leftwards
shift towards smaller fibres, observed in both fibre diameter (Figure 54, C) and area
(Figure 54, D) of the pCAGGS-EGFP-542 electroporated TA compared to pCAGGS-EGFP

expressing TA.
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Figure 54- Fibre diameter and area are decreased in miR-542 positively electroporated fibres in vivo.

Using fluorescence microscopy, positively electroporated fibres from both TAs of each animal were
detected and diameter and area were measured using Image J software. [A] A mean for all the fibre
diameters counted per TA was obtained per animal and showed a decrease in the pCAGGS-EGFP-542
electroporated TA compared to the control TA. [B] Similarly, a mean for all the fibre areas counted per
TA was obtained per animal and showed a decrease in the pCAGGS-EGFP-542 electroporated TA
compared to the control leg. Transfected fibre measurements were split in ranges and proportions were
obtained showing an increase in small fibres and a decrease in big fibres in miR-542 expressing TA
compared to control TA in both fibre diameter [C] and fibre area [D] graphs. Scatter dot plots and bar
charts show mean signal + SEM and statistical analysis was performed using paired t-test as samples
were normally distributed. Results are based on n=2 independent experiments with 5 mice in each
repetition.
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6.3.5 miR-542 causes mitochondrial impairment in vivo

To analyse the effects of miR-542 on mitochondrial function and protein content,
mitochondria were prepared from the whole TA (detailed in Chapter 2), quantified by
Bradford assay and analysed for complex | activity and membrane potential.
Quantification of mitochondrial complex | activity (the first component of the electron
transport chain) showed a marked reduction in the muscles expressing miR-542
compared to those expressing the control vector (p=0.0286, Figure 55, A). Similarly, JC-
1 staining of the mitochondria showed a reduction in mitochondrial membrane
potential in the muscles expressing miR-542 (p=0.0214, Figure 55, B). To determine
whether miR-542 caused mitochondrial ribosomal stress we measured 125 and 16S
rRNAs levels in the samples collected by laser capture microdissection. 125 rRNA levels
were reduced in the pCAGGS-EGFP-542 transfected fibres compared to pCAGGS-EGFP
transfected fibres (p=0.0080) but no difference was seen in 16S rRNA levels (p=0.1051)
(Figure 55, C). Another measurement of mitochondrial dysfunction was the decrease in
Cytb RNA (p=0.0414, Figure 55, D) in the muscles expressing miR-542 compared to
those expressing the control vector, suggesting decreased mitochondria or that the
microRNA could also cause cytoplasmic ribosomal stress decreasing the translation of
mitochondrial transcription factors. Together these data suggest that over-expression

of miR-542 leads to mitochondrial dysfunction and mitochondrial ribosomal stress.

198



A B
25 1.5
p=0,0008
® o
£ 201 : -~
o 15 g < p=0,0214
° ® o o
E o 1.0 %
z 5 7 =
£ 104 5 2. 5 E
= D%
< 54 [ | )
S
0 T T 0.5 T T
A3 Vv A ‘v
é"( & & RS
J Q , A3
S A3 A3
o° <L 13
& ©° & d
Q ?’0 Q v.(:>
9
Q 9)
C
12S rRNA 16S rRNA
5 4
= ) .
3 p=0,0414
< <
= < [ X J
<« p=0,0080 z 3
z 44
x 4 ° < %
- p=0,1051 ; .
° | ] o)
- Q
€ o | ° u =
T 'ﬁ. ©
2 o : "
[ | s 1+
gﬂ | | ] c
- ")
o
-
2 T T T T T 0 T T
Vv Vv
& o & o & &
< QQ < QQ R’
(;') Q’e 6") Q,O 0‘(
¥ o’ ¥ o’ © o
N ° < o <~ &
& & N &
Q ] Q

Mitochondria were isolated from the mice TA and complex | activity [A] and membrane potential (JC-1
assay) [B] were determined. Muscles expressing miR-542 had reduced complex | activity and decreased
JC-1 staining suggesting decreased membrane potential. Positively electroporated fibres were selected
by laser capture and RNA levels were quantified. Decreased 12S rRNA levels [C] were seen in TAs
expressing miR-542 compared to control TAs but there was no difference in 16S rRNA levels [C]. Cytb
RNA [D] was decreased in muscles expressing miR-542 compared to control. Scatter plots show mean
signal £ SEM and statistical analysis was performed using paired t-test as samples were normally
distributed. Results are based on n=1 independent experiments with 5 mice with the exception of
complex | activity measurements for which there was only sufficient protein to perform the assay to

Figure 55- miR-542 causes mitochondrial activity and ribosomal biogenesis impairment in vivo.

four mouse samples. Normalisation of the genes was performed against Hprt, Gapdh and B2m.
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6.3.6 miR-542 causes cytoplasmic ribosomal stress in vivo

Cytoplasmic ribosomal stress has previously been identified as a response to miR-542
in vitro in Chapter 4. The effect of miR-542 was therefore determined on 18S and 28S
rRNA levels in the samples isolated by laser capture microdissection. 185 rRNA levels
were down-regulated in fibres expressing miR-542 compared to those only expressing
EGFP (p=0.0213, Figure 56, A) whereas there was no significant reduction in 285 rRNA
levels (p=0.0663, Figure 56, A) suggesting that over-expression of miR-542 can lead to

cytoplasmic ribosomal stress in vivo.

To determine whether miR-542 could cause sufficient ribosomal stress to lead to p53
signalling activation, we measured Gdf-15 RNA levels in the same samples. Gdf-15 RNA
expression was increased in the pCAGGS-EGFP-542 electroporated TA compared to

control TA (p=0.0052, Figure 56, B), consistent with activation of p53 signalling.
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Figure 56- miR-542 causes cytoplasmic ribosomal stress in vivo.

Decrease in 18S rRNA [A] and increased Gdf-15 RNA levels [B] in transfected fibres expressing miR-542
were seen compared to EGFP expressing fibres suggesting ribosomal stress. Scatter dot plots show
mean signal £ SEM and statistical analysis was performed using paired t-test as samples were normally
distributed. Results are based on n=1 independent experiments with 5 mice. Normalisation of the genes
was performed against Hprt, Gapdh and B2m.
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6.3.7 miR-542 increases TGF- signalling in vivo

Having demonstrated in the previous chapter that miR-542 can modulate TGF-
signalling in vitro, we investigated whether increased miR-542 modulated the same
pathway in vivo. As previously, TGF-B signalling was indirectly measured by quantifying
the expression of Cyr61 in transfected fibres isolated by laser capture microdissection.
Increased Cyr61 RNA levels were observed in miR-542 transfected fibres compared to
EGFP-expressing fibres (p=0.0253, Figure 57, A), suggesting increased TGF-$ pathway

activity.

The effect of miR-542 was determined on the expression of the SMAD pathway
inhibitors described previously including components of the Pp2a complex (the
catalytic subunit Ppp2ca and the regulatory subunit Strn), Pom1a, Smurfl and Smad?7.
This analysis showed a decrease in Pom1a (p=0.0204, Figure 57, B) and in Smurf1 levels
in pCAGGS-EGFP-542 transfected fibres compared to pCAGGS-EGFP fibres (p=0.0357,
Figure 57, C). Strn levels were detected in all the fibres expressing EGFP but not in
most of the fibres expressing miR-542 suggesting that Strn was also reduced. To allow
statistical comparison, in samples where Strn was below the detectable levels it was
assumed that the Cr value was 40 (this would be above the actual Cr so assumes a
higher concentration) and they were normalised. This analysis confirmed a decrease in
Strn levels in fibres expressing miR-542 (p=0.0119, Figure 57, D). Ppp2ca levels were
undetectable by PCR in both TAs and there was no difference in Smad7 RNA
(p=0.2586, Figure 57, E) between the TAs. Quantification of SMAD7 protein showed a
reduction in protein levels (Figure 57, F) in the TA expressing miR-542 compared to the

control TA (p=0.0041, Figure 57, G).
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Figure 57- TGF-B signalling was increased by miR-542 in vivo.

Increased Cyr61 RNA was seen in the fibres expressing miR-542 compared to fibres expressing only EGFP
suggesting increased TGF-B activity [A]. Pom1a [B], Smurfl [C] and Strn [D] inhibitors of TGF-B pathway
were down-regulated in miR-542 transfected fibres compared to EGFP transfected fibres. Despite no
differences in Smad7 RNA level were seen between legs [E], a decrease in SMAD7 protein level was
observed in miR-542 electroporated TAs compared to control TAs [F-G]. Scatter dot plots show mean
signal £ SEM and statistical analysis was performed using paired t-test as samples were normally
distributed. Results are based on n=1 independent experiments with 5 mice, however for some genes
we could only get detectable values in 4 of the mouse samples. Normalisation of the gene expression
was performed against Hprt, Gapdh and B2m.
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6.4 Discussion

6.4.1 Main findings

This in vivo study shows that over-expression of miR-542 in mouse TA induces
detectable wasting within 72 hours of electroporation as demonstrated by the 20%
reduction in muscle mass of the miR-542 expressing TA compared to the control TA.
Consistent with muscle loss, a 10% decrease in fibre diameter and 17% decrease in
fibre area were seen in the miR-542 expressing TA compared to control TA.
Electroporation efficiency was variable along longitudinal and cross-sectional axes of
the TA. Consistent with the results from Chapter 3, mitochondrial functional
impairment was observed in the miR-542 expressing TA as demonstrated by a
decrease in complex | activity and a decrease in membrane potential. These effects
were accompanied by a decrease in 125 rRNA consistent with mitochondrial ribosomal
stress. miR-542 expression also seemed to promote cytoplasmic ribosomal stress
causing a down-regulation of 185 rRNA and an increase of Gdf-15. Decreased Cytb RNA
levels could also suggest a decrease in cytoplasmic protein synthesis, decreasing the
translation of mitochondrial transcription factors such as TFAM or simply a reduction

in number of mitochondria.

Consistent with results from Chapter 4, miR-542 elevated the expression of Cyr61 RNA
suggesting an increase in TGF- pathway activity. This interpretation was strengthened
by a decrease in the expression of Pomla, Strn and Smurfl RNA, together with a

decrease in SMAD7 protein levels.

6.4.2 Expression of miR-542-3p/-5p from pCAGGS-EGFP-542 plasmid in vitro

and in vivo

Both in vitro and at the early time point (4h) in vivo data showed that the major form
of miR-542 expressed from pCAGGS-EGFP-542 was miR-542-5p, whereas, at the later
time point in vivo (72h) the -3p form predominated. Unfortunately, little is known
about the control of the microRNA strand selection process. However, microRNA-3p/

-5p ratio is known to vary dependent on cell type and developmental stage as well as
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changing in response to disease stages suggesting that it is a finely regulated process
(401). Therefore, differences in miR-542-3p/-5p expression between the in vitro and in
vivo experiment could be attributed to differences in cell developmental stage since
C2C12 are myoblasts whereas in vivo the transfected cells are myofibres. Moreover, in
vitro myoblasts are in contact with serum containing a lot of growth factors whereas in
vivo muscle fibres are in the presence of plasma, which contains a lower concentration
of growth factors which need to diffuse through the endothelium to reach the fibres.
However, this argument does not explain the differences in miR-542 strand selection
seen between different time points 4h and 72h in vivo. It is known that several
molecules could play a role in strand selection such as argonaute, DICER,
transactivation response RNA-binding protein, protein activator of dsRNA-dependent
protein kinase and Xrn-1/2 (401). However, their mechanism of action remains to be
elucidated. Several thermodynamic features have also been reported to affect strand
selection. For example, the strand with weakest binding at its 5’-end is more likely to
become the guide strand (incorporated in DICER complex). The guide strand has also
been suggested to have more uracils at the 5-end and an excess of purines
(adenosines and guanines) (401). If we check those features in miR-542, we see that
miR-542-5p strand has a single uracil at the 5’-end and the total number of purines is
11 whereas miR-542-3p strand has 2 uracils at the 5’-end and 14 purines in total.
Consequently, miR-542-3p might be more likely to become the guide strand agreeing
with the higher levels of miR-542-3p seen at 72h in vivo. However, the literature does
not help to explain changes in strand selection with time. Changes in guide strand
selection have been reported in the context of diseases stage (401) suggesting that

miR-542 expression could change as atrophy develops in the mouse muscles.

Visualization and measurement of the expression of pCAGGS-EGFP-542 plasmid in vivo
showed a main drawback of the gene delivery technique. Transfection efficiency varied
along both the longitudinal and horizontal axes of the TA. Higher electroporation
efficiency levels were seen in level 4 (near the bottom of TA) probably as a result of
being closer to the plasmid injection site. Horizontally, the more external fibres of the
muscle were transfected. This is likely to be the consequence of the damage caused by

the needle during plasmid injection promoting inflammation and protein degradation
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on the injured site. Another explanation could be the fact that the current applied by
the electrodes was diminished when reaching the muscle fibres in the inner part of the

TA.

6.4.3 Muscle wasting is promoted by miR-542 in vivo

Transfection of miR-542 plasmid in vivo induced a rapid (3 days after electroporation)
and marked (20%) reduction in muscle mass and fibre size showing that increased
levels of miR-542 can drive muscle atrophy. Compared to other studies analysing
molecules pro-muscle wasting, miR-542 effects are more dramatic in terms of
provoking muscle mass loss in a short period of time. For example, electroporation of a
MSTN plasmid in mouse TA resulted in a 10% decrease of muscle mass 14 days after
MSTN plasmid injection and electroporation (266). Similarly, electroporation of a GDF-
15 vector in mouse TA resulted in less than a 10% loss of muscle mass after 14 days of
the injection (197) suggesting miR-542 plays an important role in muscle wasting.
Consequently, these data suggest that an up-regulation of this microRNA could have a
similar effect in humans, driving atrophy in the clinical conditions which have elevated

miR-542 levels.

Several disease studies have shown that loss in muscle mass for example in sarcopenia
involves a decrease in muscle fibre size known as atrophy and in muscle fibre number
or hypoplasia (148). In COPD patients, a significant reduction in skeletal muscle mass
and cross-sectional areas has also been reported together with fibre atrophy (138) but
despite having identified in Chapter 3 higher levels of miR-542 in both of those patient
groups (sarcopenia and COPD) compared to controls, miR-542 expression does not
associate with muscle mass in COPD patients. However, an association was found in
the acute settings of admission to the ICU following surgery (162) between miR-542
and muscle loss suggesting that while miR-542 is a drive to atrophy other factors must
be important in determining how muscle responds to wasting. For example, the
regeneration rate of muscle, which mainly depends on satellite cells and myogenic
progenitors, can have an important role in regulating muscle loss and this process

might be independent of the effects of miR-542.
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Moreover, other microRNAs can also affect the muscle response to atrophy. For
example, in patients with COPD an increase in the maternally imprinted microRNA
miR-675 was seen in low FFMI compared to normal FFMI patients, whereas there was
reduced expression of the paternally imprinted miR-518e. Moreover, an association
was found between low FFMI and an altered methylation of the imprinting control
region of miR-675 host gene (H19) in these patients, suggesting that the epigenetic

control of this locus may contribute to a susceptibility to a low FFMI (271).

6.4.4 Increased mitochondrial and cytoplasmic ribosomal impairment by miR-

542 in vivo

miR-542 expression in mouse muscle fibres caused a reduction in mitochondrial
function in vivo shown by decreased complex | (NADH:ubiquinone oxidoreductase)
activity and decreased membrane potential (shown by JC1 staining) compared to
control fibres. These data are consistent with in vitro results and data obtained from
patient biopsies shown in Chapter 3. Consistent with miR-542 causing mitochondrial
ribosomal stress, we showed a reduction in 125 rRNA in miR-542 transfected mouse
fibres compared to control contra-lateral leg. Similar results were obtained from in

vitro and patient data.

Supporting the role for miR-542 promoting ribosomal stress, 185 rRNA was down-
regulated in mouse miR-542 expressing fibres compared to the control fibres indicating
an impairment of cytoplasmic ribosomal biogenesis by the miR. These results are
consistent with the in vitro and the patient data presented in Chapter 4. Finally, Gdf-15
RNA levels were up-regulated in the pCAGGS-EGFP-542 transfected mouse fibres
compared to pCAGGS-EGFP transfected fibres which fits with a p53 activation and a
mitochondrial and cytoplasmic ribosomal stress as shown previously by in vitro and

patient data in Chapter 4.
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6.4.5 Increased TGF- signalling by miR-542 jn vivo

Data from this chapter suggests that increased expression of miR-542 contributes to
muscle wasting by increasing TGF-B signalling in the absence of exogenous ligand
measured as increased Cyr61 RNA. This finding is consistent with both in vitro results

and data obtained from the ICUAW cohort in Chapter 5.

Some clinical trials have aimed to target TGF-B signalling to reduce muscle wasting, for
example by blocking MSTN, as a treatment for patients with ICUAW
(www.clinicaltrials.gov reference NCT01321320). However, circulating levels of MSTN
did not increase in patients admitted to the ICU following aortic surgery (196).
Therefore, the relevance of the results presented in this chapter is that miR-542 can
repress TGF-B inhibitors in vivo leading to increased TGF-B activity bypassing the need

for an increase of the ligands such as MSTN or TGF-B1.

6.4.6 Critique of the method

The experiments performed in this chapter relied on the over-expression of miR-542 in
the muscle of mice by electroporation. The analysis of transfection efficiency
measured by the proportion of EGFP fluorescent fibres showed that transfection was
variable along the TA, being higher in the lower part of the muscle on the longitudinal
axis close to the site of plasmid injection. Uniform transfection is obviously an ideal
situation and it might be possible to increase uniformity using two injections in the TA
to deliver the plasmid rather than a single one which could enhance electroporation
efficiency. However, the downsides of multiples injections should also be considered
as the penetration of the injection in the muscle causes tissue damage that can lead to
increased inflammation masking the effects of the microRNA. Similarly,
electroporation efficiency was also higher in the external area of the muscle as current
during electroporation might be more intense. Therefore, increasing number of pulses
and lowering voltage to prevent damage could be tested to ensure better
electroporation efficiency throughout the cross-sectional area of the TA. To overcome

the limitations of uneven miR-542 expression throughout the muscle, we selected the
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longitudinal level with the highest miR-542 expression (level 4) and we selected single
positive electroporated fibres from cross-sectional areas from both TAs (miR-542
expressing and control) using laser capture microdissection. This approach allowed us
to analyse gene expression in transfected fibres only and reduced the problem
associated with variable transfection as well as allowing us to increase sensitivity and
to measure smaller changes in RNA levels due to miR-542 expression. There is,
however, one advantage to the fact that not all fibres were transfected and that is we
were able to determine the effect of transfection on fibre size within the same muscle.
This is important when determining the effect of genes that may alter muscle function,
as fibre diameter is highly dependent on activity and could be affected by differential

muscle usage with one limb being favoured over the other.

The data also provide evidence for cytoplasmic ribosomal stress but to demonstrate
that ribosomal stress impairs de novo protein synthesis in vivo we would need to
measure protein synthesis. Protein synthesis has been widely studied by measuring
radioactive isotope (e.g. *H-phenyalanine or *S-methionine) or stable isotope (e.g. *N-
lysine, *C-leucine or [ring-*C6]-phenylalanine) incorporation into proteins. However,
radioactive isotopes are difficult to use in animals and are too hazardous for routine
human use. Stable isotopes studies require a calculation of fractional protein synthesis
that need to be performed in a controlled environment [33]. An alternative tracer is
deuterated water (?H;0), which has been successfully used to measure protein
synthesis rates in mice, rats, fish and humans. After 2H,0 intake, *H atoms equilibrate
within the body H atoms in body water and become incorporated into the C-H bonds
of nonessential amino acids. Protein synthesis rates can therefore be measured by
protein isolation, degradation and quantification of 2H incorporation into nonessential
amino acids, most often alanine, by mass spectrometry (MS). 2H,0 can easily be
incorporated into the drinking water (402). However, time and the current Home

Office licence did not allow the performance of these experiments.
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6.5 Conclusions

In conclusion, this chapter evaluated the role of miR-542 in vivo identifying miR-542 as
a contributing cause for muscle wasting. We suggest that miR-542 promotes a
reduction in fibre size leading to a loss of muscle mass. The mechanisms contributing
to this wasting (Figure 58) are cytoplasmic ribosomal stress (leading to increased Gdf-
15 expression and presumably suppressing protein synthesis), mitochondrial ribosomal
stress (leading to mitochondrial dysfunction) and increased TGF-f signalling (leading to

activation of the atrophy pathways).
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Figure 58- Schematic representation of miR-542 effects in vivo.

miR-542 expressing TA had decrease mitochondrial activity shown by complex | activity and JC-1 assay,
increased mitochondrial and cytoplasmic ribosomal stress shown by down-regulation of 125 and 18S
rRNA and up-regulation of Gdf-15 compared to control TA. miR-542 electroporation causes the down-
regulation of inhibitors of the TGF-p pathway (Ppm1a, Strn and Smurfl RNA and SMAD7 protein levels)
compared to control TA. All the above mention effects lead to increase muscle wasting shown as a
reduction in muscle mass and fibre size in miR-542 expressing leg compared to the counter-leg.
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CHAPTER 7: Discussion and further work

7.1 Summary of obtained results

This thesis has examined two main mechanisms, protein synthesis and TGF-8
signalling, by which miR-542-3p/-5p contribute to muscle wasting in the context of
chronic disease (COPD), acute disease (ICUAW) and normal muscle loss due to ageing.
The work in Chapter 3 showed that miR-542-3p/-5p were over expressed in different
cohorts of patients suffering from diseases associated with muscle wasting, such as
patients with COPD, in ICUAW and older individuals with sarcopenia, compared to age-
matched controls and associated with poor exercise performance and poor lung
capacity suggesting that these microRNAs could contribute to muscle dysfunction.
Results from the bioinformatic analysis suggested several mechanisms by which miR-
542 could affect muscle homeostasis. In the fourth chapter, a novel mechanism by
which miR-542-3p/-5p could impair protein synthesis was studied. This data showed
that these microRNAs decreased mitochondrial ribosomal protein synthesis leading to
mitochondrial ribosomal stress and mitochondrial dysfunction in vitro. miR-542-3p/-5p
also seem to impair cytoplasmic ribosomal biogenesis leading to ribosomal stress seen
as decreased rRNA levels. Similar observations were seen in vivo shown by decreased
mitochondrial complex | activity and membrane potential and in patients as
demonstrated by decreased mitochondrial and cytoplasmic ribosomal rRNA (in
particular the 12S rRNA). Therefore, there is the possibility that ribosomal stress could
be occurring in patients with myopathies contributing to muscle wasting by impairing

protein formation needed for muscle growth.

In Chapter 5, a novel role for miR-542-3p/-5p in TGF-B signalling was determined. The
TGF-B pathway has previously been reported to be activated in a range of conditions
where muscle loss occurs. The in vitro studies presented here, showing targeting of
these miRs to inhibitors of the TGF-B system, together with the data from the patient
samples, showing increased p-SMAD2/3 nuclear localisation and CYR61 mRNA levels
and decreased SMAD7 levels in patients compared to controls, suggests that these

microRNAs could be contributing to this signalling increase and ultimately contributing
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to muscle wasting. Finally, in Chapter 6, the contribution of miR-542-3p/-5p to muscle
wasting was analysed in vivo by injection of a pCAGGS-EGFP or pCAGGS-EGFP-542 in
mouse TA followed by electroporation. Striking results were obtained showing
consistency with previous chapters, and showing both mitochondrial ribosomal stress
and decreased mRNA levels of TGF-B signalling inhibitors in miR-542 expressing
muscles. Moreover, decreased fibre diameter and muscle mass loss 3 days after miR-
542-3p/-5p electroporation were seen. Together these results highlight the potential

of further study of miR-542-3p/-5p as a possible target to prevent muscle wasting.

7.2 Muscle mass and function regulation: genetics and epigenetics

matter

Skeletal muscle is continually turning over with muscle protein being regularly made
and removed by the basic muscle growth mechanisms including protein synthesis,
mitochondriogenesis and satellite cell recruitment and breakdown mechanisms such
as proteolysis, autophagy and apoptosis. There is also a rate of mitochondrial turnover
continuously occurring in the muscle. Under normal conditions in healthy adults these
processes are in balance but dysregulation of these systems in disease or with

increased age can cause muscle wasting.

In patients with diseases such as COPD and ICUAW where muscle wasting occurs
several environmental conditions could be contributing to the balance between
protein synthesis and degradation such as reduced activity, intermittent hypoxia,
oxidative stress or inflammation which have already been shown to provoke a muscle
stress response. As we have observed that miR-542-3p/-5p is elevated on these
patients compared to appropriate controls and shown that increased miR-542 causes
muscle wasting in vivo, we compared miR-542 levels to the environmental factors
mentioned above to try to identify if any of these conditions was triggering the rise in
these miRs levels. However, within the COPD dataset there was no association of miR-
542-3p/-5p with plasma levels of inflammatory cytokines suggesting that systemic
inflammatory load at least does not cause the increase in miR-542-3p/5p (data not
shown). Hypoxia has been shown to increase the expression of miR-424 (403) another
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microRNA from this cluster, which is consistent with a role for hypoxia in the
expression of miR-542 in the conditions studied here. This suggestion is also supported
by the association of miR-542-3p/-5p with pO2 in the COPD patients and a previous
study showing that miR-542-3p is elevated by hypoxia (404).

The fact that increased miR-542 expression in mice reduced muscle mass but does not
associate with FFMI in the COPD cohort (data not shown) could be seen as a
contradiction but there are a number of possible explanation for these observations.
Firstly, as the promoter used to drive miR-542 expression in mice is very strong, the
increase in miR-542 following electroporation may be much larger than the changes
observed in patients. However, the increase measured was not proportionately larger
than we observed in patients with ICUAW. Secondly, previous studies have shown that
miR-542-3p targets survivin (290), a reduction of which would promote senescence of
transfected satellite cells and proliferating myoblasts cells, thereby reducing
regeneration and leading to the loss of muscle in response to electroporation.
However, if this was the predominant mechanism of muscle loss in the mice the size of
the untransfected fibres in the miR-542 expressing leg would be expected to be similar
to that of the transfected fibres. The other explanation is that the elevation of miR-
542-3p/-5p in COPD patients is a response to chronic stimuli rather than a transient
response. There is therefore a significant time for the muscle to adapt, for
regeneration to inhibit significant muscle loss and this response may vary between
individuals complicating the association of the microRNA with muscle mass. Apart from
environmental conditions, genetics and epigenetics factors also contribute to muscle
homeostasis. From these factors, one of the most important appears to be the ability
to regenerate muscle under stress conditions. As mentioned in Chapter 3, in COPD
patients it was found that muscle mass was associated with microRNAs that regulate
regeneration (271) suggesting that muscle wasting depends on the regeneration rate
of each patient. An alternative confounding factor would be differences in the

sensitivity of individuals to the effects of miR-542.

Evidence for such variation in regeneration and the response to signalling come from
other studies into the role of microRNAs in muscle wasting performed within the

group. For example, the associations of miR-675 expression with FFMI in COPD would
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be consistent with a difference in regenerative capacity that contributes to wasting
under disease conditions. MiR-675 is known to inhibit cell proliferation and to promote
myoblast differentiation (405). Consequently, in patients with intrinsically higher miR-
675 expression the balance of satellite cell activation, myoblast proliferation and
differentiation may be biased towards a greater commitment to differentiation either
reducing any proliferative phase of the regenerative response or reducing the satellite
cell pool. Expression of the microRNAs from the C19MC cluster is lower in patients
with a low FFMI and these microRNAs seem to be associated with maintenance of the
pluripotent phenotype of stem cells (406). This observation is consistent with the idea
of differences in the balance of proliferation and differentiation in satellite cells but
their role and levels of expression remain unstudied in satellite cells. That neither miR-
675 nor miRs from the C19MC are associated with FFMI in normal healthy individuals
suggests that there needs to be some stress for their association with FFMI to be

important.

Evidence for differential sensitivity to the effects of miR-542 comes from the
association of miR-422a with muscle strength in the COPD cohort. This microRNA
inhibits the production of SMAD4 as well as of MLH1. The reduction of SMAD4 would
lead to reduced activity of SMAD2/3 so reduces the effects of increased miR-542 on
TGF-B/MSTN signalling. The reduction in MLH1 would also limit the effects of miR-542
through its effects as a p53 co-activator as the ribosome stress induced by miR-542

promotes p53 activity.

The results described in this thesis have identified that under the studied stress
conditions (COPD, ICUAW and sarcopenia) miR-542 levels are elevated and appear to
increase the atrophic signalling in muscle. As shown in Chapter 4, miR-542 causes
cytoplasmic and mitochondrial ribosomal stress which it is known increases p53
activation. Ribosomal stress could lead to a reduction in muscle mass by impairing
protein synthesis which may reduce regeneration rates and could lead to increased
protein breakdown to supply needed amino acids to the body or increased autophagy
as described by Artero Castro et al. (407). As autophagy appears to occur as a result of
ribosomal stress, this could drive us to think that maybe also mitophagy occurs.

Following this hypothesis, miR-542 could indirectly affect mitochondrial content as a
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combined result of protein synthesis impairment and increased mitophagy but further
studies are needed to confirm this suggestion. However, miR-542 can also directly
affect mitochondria in terms of activity as it targets mitochondrial ribosomal proteins
essential for the synthesis of mitochondrial encoded proteins. A lack of translation of
those proteins can result in mitochondrial dysfunction and a potential decrease of ATP
synthesis in muscle. In turn, decreased ATP production can lead to a reduction of
protein synthesis which is a process that requires energy. Therefore, there is a direct
effect between reduced protein synthesis and reduced mitochondrial activity and vice

versa.

7.3 Ribosomal stress as a contributor to muscle wasting

Reduced mitochondrial number and mitochondrial dysfunction have been previously
demonstrated in the quadriceps of patients with COPD (303) and ICUAW (295), and are
thought to be important contributors to the muscle dysfunction in these patients. The
mitochondrial dysfunction also increases the production of reactive oxygen species in
the muscle thereby promoting oxidative damage. Mitochondrial loss and/or
dysfunction also occur in skeletal muscle in heart failure (76,408) and in ageing (304)
suggesting that maintenance of mitochondrial function is an important part of muscle
homeostasis. Indeed, the mitochondrial theory of ageing hypothesises that
mitochondrial dysfunction is key to the ageing process (409). In ageing, there is a
preferential loss of activity of electron transfer complexes that contain mitochondrially
encoded proteins compared to the activity of complex Il which is encoded solely by
nuclear genes (410). As the synthesis of complexes I, Ill and IV requires the co-
ordinated production of both mitochondrially translated and cytoplasmically
translated proteins, mitochondrial ribosomal stress (as demonstrated by the reduction
in 12S rRNA and MRPS10) would inhibit normal electron transfer complex formation.
Consistent with this suggestion miR-542-3p /-5p reduced mitochondrially encoded
CYTB5 protein (a component of Complex Ill) in cells and Complex | activity in the
muscle of mice. miR-542 also reduced mitochondrial membrane potential in vitro and

in vivo suggesting reduced mitochondrial efficiency. It therefore seems likely that the
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increase in this microRNA contributes to the mitochondrial dysfunction seen in COPD
and in ICUAW patients as well as in ageing. Moreover, in ICUAW patients who had the
biggest increase in miR-542-3p/-5p expression, we observed the largest decrease in
the 12S:16S ratio even though there was also a decrease observed in samples from
COPD patients. Our data therefore indicate that mitochondrial ribosome stress is a

contributory factor to muscle dysfunction in these diseases.

The data also show that miR-542-3p/-5p can promote cytoplasmic and mitochondrial
ribosome stress and increase the expression of GDF-15 in muscle cells. Cytoplasmic
ribosome stress suggests that there is a reduction in the total number of functional
ribosomes and therefore a limit on maximal protein synthetic capacity. This
observation is consistent with the anabolic resistance seen in sarcopenia. Furthermore,
this response may contribute to the marked loss of muscle mass we observed in

muscles over-expressing miR-542 in vivo.

7.4 TGF-B pathway contributing to atrophy

Changes in the expression of microRNAs that regulate the activity of the TGF-B
signalling system is a common theme in the wasting associated with COPD and ICUAW.
For example, in both LFFMI COPD patients and ICUAW patients we have found a
suppression of miR-1 and miR-499 (30,250). These microRNAs inhibit the production
and bioavailability of MSTN (251,411,412) as well as being predicted to inhibit the
expression of components of the signalling pathway. Therefore, a suppression of their
expression will increase TGF-B activity by removing a level of inhibition. Similarly, the
increase in miR-542-3p/-5p described in Chapter 5 will also remove a level of inhibition
of the TGF-B signalling pathway. Consistent with our observation that miR-542 reduces
the expression of SMAD7, recent data has shown that other microRNAs expressed
from the miR-424-503 polycistron also inhibit the production of SMAD7 and promote
TGF-B signalling (413). As these microRNAs were also increased in the COPD trial
cohort they are likely to contribute to an increase in pSMAD2/3 signalling in these
patients. Furthermore, as these microRNAs are also regulated by TGF-§3 signalling it is

possible that they form part of a positive feedback loop (414). Consequently, there is
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likely to be a marked sensitization of the muscle of COPD and ICUAW patients to TGF-3
signalling. Whether the same changes in sensitivity to TGF-f are seen in normal
healthy ageing remains to be established, but the association of miR-542-3p/-5p with
physical performance in the HSS cohort provides at least some support for the

suggestion.

7.5 General limitations

The study is primarily a cross sectional analysis demonstrating elevation of miR-542-
3p/-5p in 3 different conditions associated with muscle wasting (COPD, ICUAW and
sarcopenia) and the association of these microRNAs with disease severity and skeletal
muscle dysfunction. Therefore, we cannot demonstrate that elevation of the
microRNA increases mitochondrial/cytoplasmic ribosomal stress, increases TGF-B
signalling or promotes the loss of muscle mass in humans. However, the consistency
of the observations across several human diseases suggests that elevation of this
microRNA is a common component of muscle dysfunction. Furthermore, the over-
expression of this microRNA in cells and in mice caused a reduction in mitochondrial
function and muscle mass suggesting that this microRNA can promote wasting at least
in animal models. Furthermore, by demonstrating increased SMAD signalling in
response to the microRNA and the appropriate effects of these microRNAs on target
proteins in vivo and in vitro, we provide biological plausibility for our observations.
Moreover, we demonstrate that there is increased expression of a TGF-B responsive
gene (CYR61) in ICUAW and COPD patients consistent with an increase in the activity of
the signalling pathway as well as showing reduced expression of SMAD7 in ICUAW

patients.
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7.6 Clinical implications and future work

The results derived from this thesis identify miR-542-3p/-5p as potential therapeutic
targets in patients with COPD, ICUAW or ageing healthy people to control muscle
wasting. The therapy could consist on a sponge of antagomiRs for miR-542-3p/-5p and
maybe also other microRNAs from the same cluster which may target similar pathways
or it could be based on suppressing the mechanisms driving the expression of these
microRNAs. However, in vitro studies should be made transfecting myoblasts with a
microRNA sponge which contains the complementary binding sites to microRNA seed
region allowing the blockage of the whole family of microRNAs (415) to determine
whether they could reverse the effects of miR-542-3p/-5p. Injection of antagomir-542-
3p/-5p to a muscle wasting animal model could be used to assess and quantify the
ability of these antagomiRs to reverse muscle wasting, measuring fibre diameter and
overall muscle weight. rRNA expression and complex | activity could be also measured
to assess ribosomal stress and RNA levels and protein expression of inhibitors of TGF-3
signalling could be compared between antagomiR treatment, miR treatment and
untreated groups. On the other hand, to induce the suppression of microRNA
expression, several studies need to be performed to identify the appropriate gene
promoter and determine how it gets activated. Moreover, data in the group has shown
that the propensity of muscle wasting could be detected by their miR-542 levels. For
example, miR-542 levels in patients prior to aortic surgery were higher in patients who
lost more than 10% of their rectus femoris cross sectional area (RFcsa) in the 7 days
following surgery than inthose who lost less than 10% RFcsa (162) suggesting that a
therapy could be given to potential wasters prior to major surgery. Moreover, miR-
542 levels could be measured in pre-operative individuals and used to stratify patients
between high or low risk of muscle atrophy so that high risk patients could receive
different diets (high in amino acids) and more intense rehabilitation. The fact that the
clinical implications could potentially benefit both acute and chronic wasting is not an
isolated case as many pathways such as IGF-1 or GDF-15 have been described to play a
role in both (196,197,256). Moreover, in both cases reduced protein synthesis

suppression and mitochondrial dysfunction have been reported.
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7.7 Conclusions

Expression of miR-542-3p/-5p is increased in patients with COPD and with ICUAW as
well as in older individuals who have smoked or suffered from asthma or suffer from
sarcopenia. In both COPD patients and in older individuals miR-542-3p/-5p expression
is associated with physical performance. We propose that this increase in miR-542-
3p/-5p leads to mitochondrial ribosomal stress, which impairs oxidative capacity, and
suppresses inhibitors of TGF-f signalling such as SMAD7, SMURF1 and PPP2CA
expression leading to increased basal SMAD2/3 dependent signalling. Consequently,
miR-542-3p/-5p promotes muscle mass loss and muscle dysfunction in response to the

physiological stress of disease.
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Appendix 1

AntagomiR addition to some of the in vitro experiments seems not to have fully
reversed the effect of the microRNA. The reason why that occurs is not entirely clear

but some potential explanations are given below.

The efficiency with which the antagomiR recognises the microRNA can vary between
the -3p and the -5p strand which could explain why in some cases the antagomiR-542-
3p has reversed the effect of the miR-542-3p but the antagomiR-542-5p could not do
so such as PPP2CA (Figure 43) and CTDSP1 (Figure 44) RNA.

In other cases, none of the antagomiRs has been able to reverse the action of the
microRNA such as 12S, 16S (Figure 23) rRNA as well as SMURF1 (Figure 42) and STRN
(Figure 43) RNA. Depending on how much microRNA is needed freely to trigger those
responses, it is possible that the small amount of free microRNA is enough to provoke
a decrease in the target. Moreover, the spread in the samples of some experiments
could also be one of the causes for not having identified a potential reverse action by
antagomiR. This reason could explain why when we ratio 125/16S and 185/28S rRNA
values we see how the antagomiR reverses the effect of the microRNA which did not

happened with 12S and 16S (Figure 23) rRNA.
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Appendix 2

miR-542-3p is known to target surviving and to affect cell growth (290). miR-542-5p
was not predicted to target surviving, but to determine that it was not affecting cell
growth we performed a proliferation assay. No changes in proliferation were seen in

LHCN-M2 transfected with miR-542-5p compared to scrambled transfected cells.
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Figure 59- miR-542-5p does not affect proliferation in vitro.

LHCN-M2 myoblasts were transfected with miR-542-5p or scrambled as control and cell number was
counted at different time points: [A] 24, [B] 48 and [C] 72h. Untreated myoblasts were used as a control
of the effect of transfection in proliferation. No effect on proliferation at any of the time points was
seen due to miR-542-5p transfection compared to scrambled transfection in vitro. However, the
transfection technique seems to decrease cell proliferation compared to untreated cells in all the time
points.
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