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Abstract 
 

Post-natal growth of skeletal muscle is a dynamic, complex and often overlooked phase 

of growth; it involves careful co-ordination and integration of multiple cell types within 

muscle tissue to accommodate the enormous growth that muscle fibres (myofibres) have 

to undergo. The genetic regulation involving protein-coding genes has been well 

described, but the relative novelty of regulatory non-coding RNAs (ncRNAs), 

especially long ncRNAs, means that their expression during this stage of development 

is undefined. Thus far, studies on ncRNAs have predominantly focused on myogenesis 

in vitro using cultures of C2C12 murine myoblasts to observe ncRNA expression during 

proliferation and differentiation of myoblasts to form myotubes. During post-natal 

growth of limb muscles in mice, there is also proliferation and fusion of myoblasts into 

myofibres up until 3 weeks (hyperplasia), followed by elongation and widening of 

myofibres without additional myoblast proliferation and assimilation (hypertrophy).  

 

The first part of this thesis investigated ncRNA expression during post-natal growth in 

the skeletal muscle of hind limbs of normal C57Bl/6J mice at 2 days and 2, 4, 6 and 12 

weeks after birth. These analyses encompassed the early period of myoblast 

proliferation, differentiation and fusion into myofibres, and the cessation of myoblast 

proliferation and fusion around 3 weeks with growth mainly by hypertrophy thereafter. 

These in vivo data were compared to the in vitro expression of ncRNAs during 

proliferation and differentiation of C2C12 myoblasts and subsequent fusion and 

maturation of myotubes. Generally, ncRNA expression patterns were similar in vivo and 

in vitro during myoblast proliferation and fusion, with the exception of miR-206. 

Additionally, the in vivo results identified several ncRNAs that were upregulated during 

the period of hyperplasia (including miR-1, miR-133a and Neat1), while some 

(including Meg3 and miR-206) were rapidly downregulated during this phase of growth. 

Patterns of ncRNA expression could be corresponded with different aspects of growth 

kinetics.  

 

These results led to the in vivo investigation of ncRNA expression during altered post-

natal growth dynamics of dystrophic muscle in the mdx mouse model for the childhood 

disease, Duchenne Muscular Dystrophy (DMD). The growth trajectories of juvenile 

mdx muscles are similar to wild type normal C57Bl/10Scsn (C57) muscles until 3 

weeks post-natally, when the switch from hyperplasia to hypertrophy occurs for C57 
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mice, and the acute onset of dystropathology manifests only in mdx mice. Analysing 

ncRNA expression patterns in C57 and mdx mice before, during and after the onset of 

mdx myonecrosis (2, 4 and 6 weeks after birth, respectively) revealed that levels of 

miR-1, miR-133a and linc-MD1 were significantly different between C57 and mdx mice 

during this period of necrosis and regeneration. Of particular interest is the fact that 

miR-206, Meg3 and Sra were differentially expressed in mdx muscle prior to the onset 

of myonecrosis, which has never been shown before. The use of the amino acid taurine 

(which reduces myonecrosis in mdx mice) returned readouts of linc-MD1, miR-1 and 

miR-133a to C57 levels in taurine treated mdx mice, indicating that these ncRNAs may 

be useful as biomarkers to monitor treatment efficacy.  However, taurine treatment also 

caused alterations in ncRNAs that were not aberrantly expressed between C57 and mdx; 

in order to examine if this was affecting their expression during myogenesis, primary 

cultures of C57 and mdx skeletal muscles were examined.  

 

Taurine treatment of the cultured muscle cells (myoblasts and myotubes) had no effect 

on ncRNA expression during myogenesis in C57 derived cells, and only altered the 

expression of 3 ncRNAs in mdx cultures: Meg3, miR-1 and miR-133a. The data indicate 

that mdx myoblasts are more sensitive to taurine treatment (than C57) but also that the 

other ncRNAs in mdx muscles that were affected by taurine treatment in vivo were not 

altered directly by taurine during the in vitro myogenesis of mdx primary cultures. 

 

Collectively, these studies indicate the usefulness of some ncRNAs as readouts of 

skeletal muscle growth kinetics, as well as biomarkers of mdx disease progression and 

taurine treatment efficacy. These novel studies pave the way for future experiments to 

expand knowledge of the important regulatory roles of many ncRNAs in skeletal 

muscle biology, of interest to industry (e.g. Meat & Livestock), sports medicine and 

human health, ageing and disease.  
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Chapter 1: Literature Review 

1.1 Skeletal muscle  
 
Skeletal muscle is one of the most crucial tissues of the human body, making up 30-

50% of body mass; therefore, its proper formation, growth and maintenance is vital 

throughout every phase of life. Not only does it have major mechanical and postural 

roles that allow for walking, talking and breathing, but it is also a significant 

metabolically active organ responsible for glucose homeostasis and the production of 

energy (in the form of ATP) and heat (Barnard & Youngren 1992; Koopman, Ly & 

Ryall 2014). The size of the muscle cells (myofibres) can be drastically altered 

throughout the lifespan of an individual either by hypertrophy (increased size) or 

atrophy (decreased size) in response to environmental stimuli; these include frequency 

and intensity of muscle use (or lack thereof) (Shavlakadze & Grounds 2006) or 

stimulation by secreted factors such as hormones and growth factors (Chargé & 

Rudnicki 2004). This plasticity in size is accompanied by changes in the metabolic 

response of skeletal muscle, which can lead to positive feedback loops to further 

increase muscle size/performance or accelerate muscle wasting. This is particularly 

evident in the altered sensitivity of different signalling pathways and metabolic changes 

seen in young, growing muscle (Shavlakadze et al. 2010) and with age-related muscle 

atrophy, known as sarcopoenia (Koopman, Ly & Ryall 2014), as well as after exercise 

(Holloszy & Coyle 1984; Sinacore & Gulve 1993; Egan & Zierath 2013) or in certain 

disease states such as cachexia (Petruzzelli & Wagner 2016), diabetes (Barnard & 

Youngren 1992) or Duchenne Muscular Dystrophy (DMD) (Radley-Crabb et al. 2014; 

Rybalka et al. 2015).  The interactions between age, diet, hormones, exercise and 

disease can all play a collaborative role in determining the size and efficiency of 

muscle, as the structure of skeletal muscle is such that dynamic remodelling can occur 

at any stage of life. 

 

1.1.2 Skeletal muscle structure 

Muscle is surrounded by a thick layer of connective tissue (fascia) and is comprised of 

collectively smaller compartments that are all ensheathed by collagenous extracellular 

matrix (ECM) produced by fibroblasts. Beneath the fascia, and also surrounding the 

whole muscle, is another thinner layer of connective tissue called the epimysium. 

Contained within the epimysium are smaller bundles (or fascicles) of myofibres that are 
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enveloped by a layer of connective tissue called the perimysium. Within the fascicles, 

yet another layer of connective tissue, known as endomysium, envelops individual 

myofibres that are bounded by a cell membrane called the sarcolemma. Between the 

sarcolemma and the endomysium is a specialised basement membrane (Campbell & 

Stull 2003; Schiaffino & Partridge 2008). 

 

Myofibres are very long individual cells containing multiple peripherally located post-

mitotic nuclei (Frontera & Ochala 2015). Generally, each nucleus is responsible for 

genetic control of the cytoplasm in its vicinity; this is known as the myonuclear domain 

(Hall & Ralston 1989; Frontera & Ochala 2015). Within the cytoplasm of myofibres 

(sarcoplasm), bundles of myofibrils are located; these myofibrils contain a plethora of 

contractile proteins, including actin and myosin, which are further organised into 

sarcomeres (Au 2004). The interactions of actin and myosin in sarcomeres are 

responsible for producing myofibre contractions. The sarcomeres are tethered to the 

ECM through a large protein complex containing dystrophin and a horde of other 

proteins (Ehmsen, Poon & Davies 2002). The ECM provides some structural rigidity to 

the muscles and is essential for the mechanical transmission of force along the muscle 

as a whole to generate movement (KjÆR 2004; Grounds, Sorokin & White 2005). The 

ECM contains a complex network of many proteins to facilitate this 

mechanotransduction and also acts a scaffold to sequester a multitude of proteins 

involved in cell signalling (Thorsteinsdóttir et al. 2011).  

 

In order to generate a muscle contraction, the myofibre needs an electrical stimulus in 

the form of an action potential transmitted by a motor neuron. Motor neurons terminate 

within the endomysium and branch into axon terminals; these axon terminals supply 

single myofibres at specialised regions of sarcolemma called the motor end plate 

(Noback et al. 2005). The connection between the motor neuron axon and a myofibre is 

termed the neuromuscular junction (NMJ), and a single motor neuron along with all the 

myofibres it supplies is termed the motor unit (Sherwood 2011).   

 

In order to undergo contraction, skeletal muscle needs to produce ATP. However, 

different muscles throughout the body have distinct energy requirements depending on 

the intensity and duration of muscle contraction required. For example: postural 

(otherwise known as “tonic”, “slow” or “red”) muscles such as soleus can sustain 

prolonged, generally low intensity contraction and are rich in mitochondria and 
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myoglobin, while muscles required for powerful, short-term contractions (i.e.: “phasic”, 

“fast” or “white” muscles) are easily fatigued (Needham 1926). These muscles can be 

generally characterised as either Type I (slow twitch) or Type II (fast twitch); Type II 

fibres can be further subdivided into Type IIA and Type IIB and other categories. Each 

fibre type is categorised based on contraction characteristics and subsequent 

adaptations, such as mitochondrial content, to facilitate their mode of action (Schiaffino 

& Reggiani 2011).  

 

Type I fibres produce ATP via oxidative metabolism and therefore have high numbers 

of mitochondria, myoglobin and oxidative enzymes. Type IIB fibres produce ATP via 

glycolysis and therefore require less mitochondria and myoglobin and also have 

abundant glycogen stores as well as glycolytic enzymes. Type IIA fibres are somewhat 

of an intermediate fibre; they undergo aerobic metabolism (and hence contain more 

mitochondria than Type IIB fibres) as well as anaerobic metabolism (Zierath & Hawley 

2004; Korthuis 2011). All of the myofibres contained within a single motor unit are 

generally identical in fibre type, reflecting their adaptation to their required function 

(Pette 1985). Myofibres can undergo mitochondrial and enzymatic remodelling to 

accommodate altered metabolic demands; this is determined by neural control, with 

adaptations after exercise to produce a shift towards a slow twitch phenotype (Pette 

1985; Zierath & Hawley 2004). 

 

Capillaries have an intimate association with myofibres to ensure a consistent supply of 

blood and oxygen (see Figure 1.1). Individual myofibres can be encompassed by several 

capillaries, which are located in the endomysium surrounding the myofibre, running 

parallel to the fibre to allow maximum gas exchange (Borg & Caulfield 1980; Zierath & 

Hawley 2004). Capillary density is variable, but is directly related to the oxygen 

requirements of the myofibre: Type I fibres are supplied with a rich capillary network to 

facilitate their aerobic metabolism, while Type IIB myofibres have the lowest oxygen 

dependence and hence have fewer adjacent capillaries (Folkow & Halicka 1968; Mackie 

& Terjung 1983).  

 

Capillaries are also closely associated with quiescent skeletal muscle precursor cells 

(known as satellite cells) that are located between the sarcolemma and the basement 

membrane (Mounier, Chrétien & Chazaud 2011).  Satellite cells appear to be 

preferentially located close to capillaries, and the number of satellite cells has been 
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found to correlate with the number of capillaries associated with a myofibre (Christov et 

al. 2007). This close relationship facilitates cross-talk between satellite cells and 

endothelial cells to allow concurrent signalling for angiogenesis and myogenesis to 

occur with appropriate stimuli (Latroche et al. 2015).  

 
Figure 1.1: Transverse section of skeletal muscle stained with H&E  
(A): Cross section showing myofibres (M) surrounded by connective tissue perimysium (CT), which 
contains blood vessels (BV). (B): Higher power magnification shows peripherally located nuclei (N) 
within a myofibre, as well as the close relationship between myofibres and capillaries (* indicates empty 
capillaries, while arrows show red blood cells).  
(Taken from Ross & Pawlina, 2006).  
 
The juxtaposition of different cell types within skeletal muscle creates complex 

interactions and niches that are all linked via structural or signalling cascades. This 

allows muscle tissue to be especially dynamic and adaptable in the face of varying 

environmental and developmental cues.  

 

1.1.3 Skeletal muscle formation 

Skeletal muscle is formed during embryogenesis in a tightly regulated process. Muscle 

progenitor cells are derived from the somites in the embryo, specifically from the 

central region of dermomyotomes (Chargé & Rudnicki 2004; Relaix et al. 2006). Two 

closely related transcription factors from the paired domain homeobox family, Pax3 and 

Pax7, have been found to stimulate progenitor cells to develop down the myogenic 

pathway (Relaix et al. 2006; Dey, Gagan & Dutta 2011). Expression of the Pax genes is 

critical for upregulating the expression of other transcription factors known as myogenic 

regulatory factors (MRFs). Concomitant with the expression of the MRF Myf5, Pax3 

expression is responsible for inducing the expression of MyoD, which causes skeletal 

muscle differentiation (Maroto et al. 1997; Relaix et al. 2006) as well as the migration 

A B#
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of muscle precursor cells to the limbs (Tajbakhsh et al. 1997; Olguin et al. 2007). 

Proliferating muscle progenitor cells that express MyoD and Myf5 are termed 

myoblasts. MyoD causes myoblasts to initiate expression of myogenin (MyoG) and 

Mrf4, which results in terminal differentiation of the myoblasts (Carvajal & Rigby 

2010). MRFs also induce the expression of myocyte enhancer factor 2 (MEF2) which in 

turn regulates MRFs in a positive feedback loop to induce differentiation of the 

myoblasts (Liu, Kang & Derynck 2004). This results in the production of myospecific 

genes including muscle creatine kinase (MCK) and myosin heavy chain (MHC) (Chargé 

& Rudnicki 2004; Eisenberg, Kunkel & Alexander 2009). Myoblasts then fuse to form 

a multinucleated cell, a myotube, which undergoes rapid elongation and hypertrophy, 

further differentiation and innervation until it forms a mature myofibre, as indicated in 

Figure 1.2 (Grounds & Shavlakadze 2011). It is important to note that the external 

environment of the ECM plays a crucial in vivo role in directing cellular proliferation, 

migration, differentiation and survival (Thorsteinsdóttir et al. 2011). 

 

However, not all muscle progenitor cells will ultimately become myofibres. There 

remains a subclass of myoblast cells that have increased expression of Pax7, which 

inhibits the production of MyoD. This in turn prevents the production of MyoG and 

hence prevents muscle differentiation (Olguin et al. 2007).  These undifferentiated cells 

are seen under the basement membrane of muscle, but as distinct entities that are not 

encompassed by the myofibre membrane (Mauro 1961). These cells are known as 

satellite cells, which are responsible for providing a reservoir of progenitor cells that 

can be used to increase muscle size during post-natal development (Moss & Leblond 

1971; White et al. 2010), or following injury related necrosis in adult muscle (Grounds 

& McGeachie 1987; Grounds & Yablonka-Reuveni 1993). 

 

It is the balance between expression levels of Pax7 and the MRFs in activated satellite 

cells that determines whether they will differentiate or remain as satellite cells; if Pax7 

is predominantly expressed, the MRFs will be inhibited and the cell will remain as an 

undifferentiated satellite cell, but if MRF expression is high, Pax7 will be suppressed 

and the cells will be directed down the myogenic pathway (Gagan, Dey & Dutta 2012). 

When satellite cell activation occurs, there may be asymmetric division to provide 

myoblasts committed to forming new muscle, as well as a Pax7 positive reservoir of 

undifferentiated, self-renewing satellite cells (Olguin et al. 2007; Chang & Rudnicki 
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2014), although the extent to which this occurs in vivo in regenerating muscles is 

unclear. 

 

 
Figure 1.2: Diagram illustrating the formation of muscle (myogenesis).  
Muscle precursor cells (myoblasts) undergo proliferation before they differentiate and fuse together to 
form multinucleated myotubes. These myotubes can incorporate further myoblasts before undergoing 
rapid hypertrophy and maturation to form a myofibre. Some myoblasts do not differentiate and remain as 
a pool of muscle precursor cells in the form of satellite cells located under the basement membrane. 
(Taken from Grounds & Shavlakadze, 2011).  
 

1.1.4 Post-natal skeletal muscle growth 

In mice, the number of myofibres is fixed around birth and post-natal growth is 

governed by the increase in size of existing myofibres rather than the formation of new 

ones (Rehfeldt et al. 2000). This means that myofibres formed during embryogenesis 

have an extraordinary amount of subsequent growing to do until the animal reaches full 

size and maturity; this is even more astounding considering that myofibres are 

technically single cells. This dynamic growth is achieved, as shown in Figure 1.3, by a 

period of initial incorporation of new myonuclei, supplied by satellite cells, that fuse 

into existing myotubes/myofibres (hyperplasia), and a second phase of hypertrophy 

alone (without addition of new myonuclei), where increased net protein synthesis 

results in the increased myofibre length and cross sectional area (hypertrophy) (White et 

al. 2010).  

 
 

Proliferation	
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Figure 1.3: Post-natal growth of mouse myofibres from the extensor digitorum longus (EDL) 
skeletal muscle.  
There is a highly linear, significant increase in myofibre cross sectional area from mid-belly EDL sections 
from birth to 60 days post-natally (A), with an accompanying increase in myofibre length (B) that slows 
down after ≈21 days. Correspondingly, myonuclei incorporation into myofibres (by myoblast fusion) 
increases rapidly until ≈21 days and then ceases (C). Myofibre volume (solid line) increases in a linear 
fashion (D). Myonuclear domain (calculated by dividing mean total myofibre number by mean number of 
myonuclei per myofibre, represented by the dotted line) also increases linearly (D).  
(Taken from White et al., 2010). 
  

 

During normal post-natal growth of mouse limb muscles, both processes occur 

concurrently until 3 weeks after birth. It appears that fusion of myoblasts and addition 

of myonuclei occurs mainly at the ends of these rapidly growing myofibres (Allouh, 

Yablonka-Reuveni & Rosser 2008; Gu et al. 2016). After 3 weeks, the fusion of 

myoblasts (hyperplasia) is minimal and growth is mainly by hypertrophy only until 

maturity (White et al. 2010). This means that as myofibres accumulate intra-

cytoplasmic proteins and enlarge with age (hypertrophy) without increasing the 

numbers of myonuclei per myofibre (hyperplasia) the area of cytoplasm that is 

controlled by a single nucleus, known as the myonuclear domain, increases dramatically 

with post-natal growth (Wada, Katsuta & Soya 2003).  

 

The number of satellite cells per myofibre gradually decreases post-natally in mice until 

myonuclear accretion ceases at around 3 weeks; at this point, satellite cells become 

quiescent and their numbers stabilise (White et al. 2010). However it has been noted 

B A 

C D 
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that their numbers decrease with increasing age (Hawke & Garry 2001). The amount of 

hypertrophy that can occur post-natally is thought to be limited by the myonuclear 

domain; nonetheless, excessive loading of mature skeletal muscle can stimulate satellite 

cell activation and further hyperplasia/hypertrophy of myofibres (Kadi et al. 2004; Kadi 

et al. 2005). Under normal conditions there is little to no myonuclear turnover: in the 

absence of skeletal muscle necrosis caused by traumatic injury (accidental, experimental 

or surgical), disease, or some forms of excessive exercise, satellite cells remain 

quiescent and no new myonuclei are incorporated into myofibres (Yin, Price & 

Rudnicki 2013).  

 

Muscle growth during early post-natal life in mice is accompanied by a plethora of 

other changes. Most occur within the first 3 weeks of post-natal development including: 

the maturation of neuromuscular junctions (NMJs) on myofibres (Gan & Lichtman 

1998; Walsh & Lichtman 2003), a rapid increase in capillary numbers with maturation 

of vascularisation (Kostallari et al. 2015), modulation of the ECM by fibroblasts 

(Chapman, Meza & Lieber 2016), and myosin heavy chain (MHC) isoform changes that 

are associated with myofibre type innervation and determination (Agbulut et al. 2003; 

Wirtz et al. 1983). Behavioural modifications also occur, including instigation of 

weaning with a marked change in diet and hence metabolism (Curley et al. 2009) and 

increased ambulation and muscle loading (Latham & Mason 2004).  

 

1.1.5 Duchenne Muscular Dystrophy (DMD)  

Given all of the complex and varied processes that occur during post-natal growth, as 

well as the immense growth that myofibres have to undergo in this phase of 

development, it is no wonder that many muscular diseases manifest during this time.  In 

humans, there is a group of inherited muscle disorders that are all characterised by 

progressive muscle wasting and weakness. They are collectively termed the muscular 

dystrophies, but vary in genetic causes, time of onset and disease progression (Mercuri 

& Muntoni 2013).  While some of the muscular dystrophies are asymptomatic until 

adulthood, the majority of them are diagnosed during early childhood and are often 

more severe (Davies & Nowak 2006).   

 

The most common of the muscular dystrophies is Duchenne Muscular Dystrophy 

(DMD). This is a lethal, X-linked childhood disease that affects 1 in 3500 male births. 

The DMD gene mutation was originally discovered through cDNA screening of DMD 
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boys, and subsequently the dystrophin protein was identified (Hoffman, Brown Jr & 

Kunkel 1987; Koenig et al. 1987). Given the large size of the dystrophin gene (over 

2Mb) it is statistically more prone to spontaneous mutations that can lead to muscular 

dystrophies, with varying degrees of disease severity based on the type of mutations, 

that can result in an abnormal or absent dystrophin protein in DMD boys (Monaco et al. 

1988). 

 

  
Figure 1.4: Location of the dystrophin protein in the dystrophin associated protein complex 
(DAPC) linking actin contractile proteins within the myofibre to the extracellular matrix  
(Taken from Nowak & Davies, 2004).  

 

Dystrophin is a large cytoskeletal protein that links one of the contractile proteins, actin, 

to the ECM through a complex of assorted proteins called the dystrophin associated 

protein complex (DAPC) at the sarcolemma (Nowak & Davies 2004) (Figure 1.4). 

DMD patients are known to have sarcolemmal abnormalities (Mokri & Engel 1975), 

and since dystrophin is necessary for mechanical support and stabilisation of the 

membrane during myofibre contraction, without dystrophin myofibres are susceptible to 

contraction induced sarcolemmal damage and resultant myofibre necrosis (Petrof et al. 

1993; Davies & Nowak 2006). 

 

Along with membrane instability, calcium homeostasis is disrupted in the absence of 

dystrophin and eventually myofibres undergo necrosis (Deconinck & Dan 2007). 

Skeletal muscle can undergo regeneration, but relentless bouts of necrosis that result in 

accumulation of fibrosis eventually overwhelm its regenerative capabilities, and 

myofibres are gradually replaced by fibrotic and fatty tissue (Blake et al. 2002). This 

leads to a progressive loss of skeletal muscle mass and function.  
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vesselassociated fetal stem cells known as ‘mesoangioblasts’
have been shown to provide widespread rescue of dystrophy in 
α-sarcoglycan-negative mice after femoral artery delivery; more-
over, lentiviral transduction of mesoangioblasts isolated from
dystrophic mice before injection gave similarly optimistic results
(Sampaolesi et al, 2003).

Aminoglycoside antibiotics
Between 5% and 15% of DMD cases are caused by premature
stop codons, and so the use of aminoglycoside antibiotics (for
example, gentamycin and negamycin), which promote trans-
lational readthrough of stop codons, has been investigated.
Despite hopeful results in mdx mice (6% dystrophin-positive
fibres, Arakawa et al, 2003; 10–20% of normal dystrophin levels,
Barton-Davis et al, 1999), no dystrophin expression has been
achieved in human studies of DMD and BMD patients and a repli-
cation of the mdx results have not been forthcoming (Dunant et al,
2003). Recent cell-culture experiments using eight different
patient mutations indicate that some sequences are better suppressed
by aminoglycosides than others (Howard et al, 2004).

Precise correction of the mutation
The precise correction of a dystrophin mutation can occur through
the use of short fragments or chimaeraplasts (double-stranded
RNA–DNA chimaeric oligonucleotides), which are designed to
contain the correct nucleotide. Unfortunately, intramuscular injec-
tions of chimaeraplasts have produced limited dystrophin protein in
the GRMD dog and mdx mouse, with dystrophin-positive cells
restricted to the area surrounding the injection site. Advances
include high conversion efficiencies in mdx muscle precursor cells
in vitro (2–15%, Bertoni et al, 2002) and induced exon skipping,
which led to a range of functional transcripts, protein expression
and localization (Bertoni et al, 2003). A 603-bp PCR product cor-
rected the mutant base in 15–20% of mdx myoblasts, but despite
the persistence of the corrected nucleotide for 3–4 weeks, the 
transfected cells lost viability and did not express any full-length
dystrophin transcript (Kapsa et al, 2001).

Antisense oligonucleotides
Antisense oligonucleotides can sterically inhibit gene expression
by hybridizing to target mRNA sequences at sites such as
exon–intron boundaries, translation inhibition codons and
sequences downstream of the initiation codon. The identification
of revertant fibres in dystrophic muscle that express the dystrophin
protein by exon skipping has guided the use of antisense oligo-
nucleotides for the genetic therapy of DMD (van Deutekom & van
Ommen, 2003). Researchers have tried to redirect dystrophin
splicing to exclude an exon that contains a premature stop codon
(for example, exon 23 in the mdx mouse model), in an effort to
restore the reading frame and to produce a slightly shorter, but
hopefully partially functional protein. Successful skipping has
been demonstrated in cultured mdx myotubes (Wilton et al, 1999),
the mdx mouse (Lu et al, 2003), and cultured muscle cells derived
from DMD patients (Aartsma-Rus et al, 2003). Hyaluronidase-
enhanced electrotransfer delivery of antisense olignucleotides has
been shown to result in dystrophin expression in 20–30% of fibres
in the tibialis anterior muscle of the mdx mouse after one injection
(Wells et al, 2003). Recent investigations into double-exon and
multi-exon skipping (skipping of numerous successive exons) have
enhanced the technique to treat a greater number of dystrophin
mutations with the same antisense oligonucleotides (Aartsma-Rus
et al, 2004). 

Proteasome inhibitors
Bonuccelli and coworkers (Bonucelli et al, 2003) explored the use
of proteasome inhibitors as a therapy for DMD on the premise that,
in the absence of dystrophin, members of the DAPC are degraded
through an unknown pathway that leads to their reduction in dys-
trophic muscle. Continuous systemic treatment of the proteasome
inhibitor MG-132—using a subcutaneously implanted osmotic
pump over eight days—resulted in decreased damage of the muscle
membrane and improved muscle integrity. The dystrophin protein
present at the plasma membrane after treatment lacked the C-termi-
nal domain due to the presence of the nonsense mutation in exon
23, and hence was a truncated form. These findings corroborate the
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DMD boys often appear normal at birth and in early childhood; however, with increased 

movement and the beginning of ambulation, it becomes apparent that developmental 

milestones are delayed (Jennekens et al. 1991). Muscle weakness progresses in the first 

decade until eventually the boys are wheelchair bound, usually by their early teens. 

Eventually death occurs, predominantly as a result of cardiac or respiratory failure 

(Mercuri & Muntoni 2013). There is no cure for DMD, thus research into the 

mechanisms behind and prevention of muscle necrosis is crucial.   

 

1.1.6 The mdx mouse model of DMD 

The predominantly used animal model for studying DMD is the mdx mouse. This 

mouse was originally discovered in a colony of C57BL/10ScSn mice where a 

spontaneous X-linked mutation, which resulted in elevated serum levels of muscle 

enzymes accompanied with histological evidence of myonecrosis, created a murine 

equivalent of human DMD (Bulfield et al. 1984). Some researchers have contested that 

the mdx mouse is not comparable to DMD due to its “milder” phenotype; indeed, unlike 

DMD patients, the mdx mouse does survive to adulthood and displays considerably less 

severe dystropathology (Partridge 2013; McGreevy et al. 2015).  Some protocols call 

for exercising of adult mdx mice in order to exacerbate muscle necrosis to better mimic 

the DMD phenotype (Fraysse et al. 2004; Radley-Crabb et al. 2012).  

 

However, if one considers that DMD is a childhood disease and then examines the post-

natal development of the mdx mouse, the similarities of the mouse model to this human 

disease become much more evident.  For the first 3 weeks post-natally, mdx myofibre 

dynamics are very similar to their normal wild type (WT) counterparts (albeit mdx 

myofibres contain slightly fewer myonuclei) and mdx mice show no overt 

dystropathology (Duddy et al. 2015). However at 3 weeks, when WT myofibres 

undergo the switch from hyperplasia to hypertrophy alone, there is a sudden and severe 

onset of myonecrosis in mdx mice (Grounds et al. 2008; Radley-Crabb et al. 2014; 

Duddy et al. 2015).  By 4 weeks, 30-80% of mdx muscles show necrosis of myofibres, 

with an accompanying influx of inflammatory cells to remove dead tissue followed by 

early signs of myogenesis. Myogenesis and regeneration occur until about 6 weeks, 

after which time necrosis subsides to low levels by 8 to 12 weeks (Radley-Crabb et al. 

2014). Unlike in WT C57 mice, satellite cells in mdx mice remain activated throughout 

the post-natal period to replace damaged muscle tissue; this seems to diminish with age, 

resulting in decreasing turnover of satellite cells throughout the life of an mdx mouse 
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(McGeachie et al. 1993).  Therefore, while the disease pathology decreases in mdx mice 

with age, the overwhelming myonecrosis and regeneration during the post-natal period 

means that the mdx mouse is analagous to DMD boys in the early stages of growth.  

 

1.1.7 Treatment options for DMD 

Despite the enormous amount of research into DMD, the exact cause of myonecrosis 

remains enigmatic. Subsequently, treatment is limited to managing symptoms and 

corticosteroids are currently the most widely used pharmaceutical intervention (Ryder et 

al. 2017). However, while corticosteroids such as prednisone and deflazacort have 

beneficial effects in maintaining muscle mass and function (though effects can vary 

between individual boys), there are a multitude of undesirable side effects including 

weight gain, cataracts, hirsuitism and behavioural changes (Gloss et al. 2016; Matthews 

et al. 2016).  

 

There are several experimental gene therapies being explored that target mRNA 

transcription and aim to restore some form of functional dystrophin. These include use 

of aminoglycoside antibiotics or ataluren/translarna to override premature stop codons 

in the dystrophin gene, and exon-skipping agents such as eteplirsen and drisapersen; 

these methods restore a truncated form of dystrophin that can improve DMD outcomes 

(Guiraud & Davies 2017; Reinig, Mirzaei & Berlau 2017). However, these treatments 

are not widely available yet for routine clinical use.  

 

Without a current cure for DMD, much of the disease management is concerned with 

improving secondary consequences of the absence of dystrophin. DMD is characterised 

by high levels of inflammation concurrent with increased oxidative stress; through 

many studies in mdx mice, oxidative stress has been implicated in exacerbating 

dystropathology (Whitehead, Yeung & Allen 2006; Kim et al. 2013; Terrill et al. 2013). 

Consequently, treatments with anti-inflammatory and anti-oxidant drugs have had some 

success in improving mdx muscle function (Radley et al. 2007; Guiraud & Davies 

2017). Recently, our laboratory has also established that before the onset of 

myonecrosis (at 18 days) mdx skeletal muscles are deficient in the amino acid taurine, 

and treatment of mdx mice with taurine reduces both myonecrosis and markers of 

inflammation, and furthermore improves muscle function (Terrill, Grounds & Arthur 

2015; Terrill, Grounds & Arthur 2016). The recent interest in taurine has built upon 
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other studies that have shown consistent benefits of taurine in mdx mice (De Luca et al. 

1998; De Luca, Pierno & Camerino 2015; Capogrosso et al. 2016). 

 

As indicated, many molecular pathways are implicated in skeletal muscle growth, and 

in the onset and severity of myonecrosis. Recently, further layers of complexity have 

been added to the regulatory pathways both in normal and diseased muscle with the 

discovery of non-coding RNAs (ncRNAs). 

1.2 Non-coding RNAs 
 
Early genomic studies suggested that humans, despite their complexity, share 

approximately the same number of genes as a mouse (Antequera & Bird 1993).  It was 

also proposed that the complexity of both prokaryotes and eukaryote invertebrates 

increased as gene number did, but clearly this did not apply to more advanced 

eukaryotes such as mammals. Thus, it was assumed that there was a limit to the number 

of genes that could be contained within a genome (Bird 1995). It was already known 

that there were small proportions of non-coding DNA flanking genes that were 

necessary for regulating the protein coding portions, including transcriptional initiation 

and termination (Jacob & Monod 1961). It was hypothesised that eukaryotic complexity 

increased through progressively more intricate combinations of transcription factors and 

alternative usage of the non-coding promoter regions of DNA (Levine & Tjian 2003) or 

through alternative splicing of mRNA to produce different proteins (Graveley 2001). 

The remaining non-coding portion of the genome was dubbed “junk DNA” (Ohno 

1972), and was thought to be somewhat of a hangover of evolution, comprised of 

defunct but not deleterious gene duplications. However with the explosion of genome 

sequencing technologies, two important and perplexing discoveries were made: first, 

that less than 2% of both of human and mouse genomes encode protein (Venter et al. 

2001; Waterston et al. 2002); and second, that both genomes are pervasively transcribed 

(Birney et al. 2007; Hangauer, Vaughn & McManus 2013; Yue et al. 2014).  

There were already well-characterised non-coding RNAs (ncRNAs) such as transfer 

RNA (tRNA) and ribosomal RNA (rRNA) that were known to have important 

functional roles in protein translation, but it was always assumed that their significance 

was merely in producing the proteins that would then be responsible for gene regulation 

(Morris & Mattick 2014). The discovery that higher eukaryotes have a 

disproportionately high amount of transcribed, yet non-protein-coding RNA (Figure 
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1.5), raised the provocative possibility that it was perhaps RNA interactions that were 

also responsible for dictating an organism’s complexity. 

 

 
Figure 1.5: Schematic showing the ratio of non-coding to total genomic DNA in a range of 
increasingly complex organisms.  
The proportion of non-coding DNA in an assortment of genomes increases from prokaryotes (black) to 
vertebrates (red). Homo Sapiens (far right X axis) have the highest percentage of non-coding DNA 
relative to genome size.  
(Taken from Taft, Pheasant & Mattick, 2007). 
 
In the last 20 years, it has been discovered that many of these ncRNAs are expressed in 

specific tissues, and in a developmentally regulated fashion, suggesting they are much 

more than just transcriptional noise (Mattick & Makunin 2006). Further investigations 

showed that these ncRNAs have genetic signatures that imply important functions, such 

as: the conservation of their promoters, their chromatin signature, their regulation by 

certain transcription factors, and their aberrant expression in many diseases (Mattick 

2009). This knowledge has shed some light onto previously overlooked RNA studies, 

and resulted in the discovery and classification of different classes of regulatory 

ncRNAs.  
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1.3 MicroRNAs (miRNAs) 
 
The first identification of miRNAs occurred in 1993, when analysis of the lin-4 gene 

that is crucial for temporal control of embryonic development in the nematode worm 

Caenorhabditis elegans, found that it did not encode a protein product (Lee, Feinbaum 

& Ambros 1993). This gene instead produced two transcripts, one of 22 nucleotides and 

one of 61 nucleotides, which contained sequences that were complementary to regions 

in the 3′ UTR region of the lin-14 gene in which there was thought to be a negative 

regulatory element (Wightman et al. 1991). Further studies in plants (Waterhouse, 

Graham & Wang 1998) and C. elegans (Fire et al. 1998) indicated that the introduction 

of sense/anti-sense RNA pairs resulted in gene silencing. Hence, it was discovered that 

endogenously expressed, small ncRNAs (termed microRNAs, or miRNAs) could affect 

gene expression by targeting mRNAs (Zeng, Yi & Cullen 2003). It is now recognised 

that miRNAs are an extensive family of ncRNAs that are ≈22 nucleotides long and act 

at the post transcriptional level to affect gene expression (Bartel 2004; Mattick & 

Makunin 2006). The discovery of these molecules and their functions has led to many 

forays into establishing more complex and complete genetic pathways and, as a result, 

miRNAs are probably the best documented of the small ncRNAs. 

 

1.3.1 miRNA synthesis and mode of action  

The transcription of miRNA “genes” can occur from several regions of the genome. 

They can be found in clusters of 2-7 genes, implying poly-cistronic transcription (Lee et 

al. 2002), but most are found as individual genes that are located in the intronic regions 

of protein coding genes, in the introns (and occasionally exons) of long non-coding 

transcripts or on the antisense strand of a protein coding gene (Bartel 2004; Rodriguez 

et al. 2004; Kapranov, Willingham & Gingeras 2007). The fact that miRNAs can be 

transcribed from within protein coding genes or long non-coding RNA “genes” suggests 

that they may be expressionally linked to these genes.  

Transcription of miRNAs from DNA occurs via RNA polymerase II (Lee et al. 2004) 

into long primary miRNAs (pri-miRNA). These pri-miRNAs undergo processing in the 

nucleus by the RNase III enzyme Drosha, which results in the formation of ≈70 

nucleotide long stem-loop structures of pre-miRNAs, or precursor miRNAs (Lee et al. 

2003; Bartel 2004). These pre-miRNAs are exported from the nucleus via the receptor 

exportin-5 to the cytoplasm, where they undergo further cleavage by the enzyme Dicer 
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to produce the functional single stranded 22-nucleotide-long form (Lee et al. 2004; 

O'Rourke et al. 2007).  

Once mature miRNA is produced, it is incorporated into the RNA-induced silencing 

complex (RISC) (Bartel 2004; Mattick & Makunin 2006). The RISC targets mRNA 

transcripts by complementary base pairing of the “seed sequence” of the miRNA 

(nucleotides 2-7 at the 5′ end of the miRNA) to the target mRNA (Lewis, Burge & 

Bartel 2005; Gagan, Dey & Dutta 2012). Depending on the degree of complementary 

base pairing between the miRNA and mRNA, there can be one of two effects: 

translational inhibition, or degradation of the mRNA, both of which will prevent 

production of the target mRNA protein (Gregory et al. 2005; Selbach et al. 2008; Bartel 

2009). If the degree of complementary base pairing between the miRNA and mRNA is 

perfect, then degradation of the mRNA will occur, whereas if the base pairing is 

partially complementary, translational inhibition is the main outcome (Kim et al. 2006; 

Townley-Tilson, Callis & Wang 2010). One miRNA can target multiple mRNAs (thus 

making miRNAs attractive targets for drug development), and conversely several 

miRNAs can target a single mRNA (Nie et al. 2015).  
 

1.3.2 miRNA roles in muscle development 

Recently the roles of miRNAs in development have been investigated by several 

studies, and it has been concluded that they are indeed essential regulators of 

embryogenesis. Dicer null mutants in mouse and zebrafish embryos show arrested 

growth and a failure to develop, ultimately resulting in lethality; this suggests that 

deficits in miRNA production can have a huge impact on normal vertebrate 

development (Bernstein et al. 2003; Wienholds et al. 2003). In situ inactivation of Dicer 

in skeletal muscle further verified its importance, with decreased levels of muscle 

specific miRNAs observed and a corresponding decrease in muscle mass and abnormal 

myofibre morphology; death occurred soon after birth (O'Rourke et al. 2007).  

Muscle specific miRNAs (or myo-miRs) that have been identified include miR-1, miR-

133a, miR133b, and the skeletal muscle specific miR-206 (Sempere et al. 2004; 

McCarthy & Esser 2007; O'Rourke et al. 2007; Williams et al. 2009). Due to their mode 

of action, potential gene transcript targets of these miRNAs can be identified through 

bioinformatics and then verified using various methods. 

It is now known that miR-133 plays a role in inducing cell proliferation, while miR-1 
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and miR-206 have an opposing effect by causing withdrawal of the cell cycle, and hence 

stimulating myotube differentiation and the formation of myofibres (Townley-Tilson, 

Callis & Wang 2010; Deng, Chen & Wang 2011; Koutsoulidou et al. 2011). When 

satellite cells are activated, production of MyoD is initiated. This in turn stimulates the 

synthesis of miR-206, which subsequently suppresses Pax7 production; this results in 

increased production of MyoD and other MRFs and hence the differentiation of muscle 

cells (Chen et al. 2010; Dey, Gagan & Dutta 2011). It has also been suggested that miR-

1 (Chen et al. 2010) may have a similar role to miR-206 in Pax7 inhibition (Dey, Gagan 

& Dutta 2011; Nie et al. 2015). 

Other target transcripts of miR-206 include connexin43 (Cx43), the p180 subunit of 

DNA polymerase alpha (Pola1), follistatin-like 1 (FSTL1) and utrophin (Utrn) 

(Eisenberg, Kunkel & Alexander 2009; Williams et al. 2009; Dey, Gagan & Dutta 

2011). Inhibition of Pola1 reduces synthesis of DNA and hence instigates 

differentiation of muscle cells by inhibiting further proliferation (Kim et al. 2006; Dey, 

Gagan & Dutta 2011). By preventing the production of cellular components such as 

utrophin and follistatin-like 1, proliferation could also potentially be constrained 

(Rosenberg et al. 2006). Cx43 is a gap junction channel that is essential for the fusion of 

myoblasts during the embryonic formation of muscle, but it is sharply downregulated in 

late embryogenesis and immediately following birth, parallel to the withdrawal of 

redundant nerves from muscle fibres. Along with miR-206, miR-1 is suggested to 

support Cx43 inhibition (Anderson, Catoe & Werner 2006; McCarthy 2008).  

Binding sites for miR-1 are found in the 3′ UTR of the histone deacetylase 4 (HDAC4) 

transcript. HDAC4 has been shown to prevent skeletal myoblast differentiation by 

inhibiting the transcription factor MEF2. Repression of HDAC4 via miR-1 would 

therefore result in decreased satellite cell proliferation, and direction of cells to form 

myotubes (Chen et al. 2006; Townley-Tilson, Callis & Wang 2010). Unlike miR-206 

and miR-1, miR-133 inhibits differentiation and instead promotes continued cell 

proliferation by targeting serum response factor (SRF), a transcription factor involved in 

cell differentiation (Soulez et al. 1996; Chen et al. 2006; McCarthy & Esser 2007; 

Deng, Chen & Wang 2011). 
 

Multitudes of other miRNAs have been identified as having roles in differentiation and 

proliferation, as well as fibre type determination and fibrosis in skeletal muscle (Nie et 

al. 2015).  
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1.4 Long non-coding RNAs (lncRNAs) 
 
In the same way that the focus on gene regulation shifted to miRNAs, attention is now 

being given to another class of non-coding RNAs, long non-coding RNAs (lncRNAs). 

LncRNAs are arbitrarily defined as any ncRNA over 200 nucleotides long (Mercer et 

al., 2009); however, they can be several kilobases long (Furuno et al., 2006; Ponting, 

Oliver & Reik 2009; Gibb, Brown & Lam 2011; Wang et al. 2011).  

LncRNAs were first discovered in 1989 after observations that the H19 gene in mice 

seemed unusual, as it did not have a long open reading frame (ORF). It was 

subsequently discovered that H19 was not translated, and yet was under transcriptional 

control both temporally and in a tissue specific manner (Brannan et al. 1990).  This was 

rapidly followed by the discovery of the XIST gene (X inactive specific transcript) that 

did not encode an mRNA, but rather a ncRNA that was involved in X chromosome 

inactivation (Brown et al. 1991). However the discovery of miRNAs in 1993 somewhat 

overshadowed lncRNAs; as a result lncRNAs are less well documented than their 

miRNA counterparts, but they are gathering more recognition as important gene 

regulatory molecules.  

1.4.1 LncRNA synthesis 

These ncRNA molecules can be transcribed from lncRNA “genes” located in intergenic 

regions, in the introns of protein coding genes, proximal to telomeres or antisense to 

protein coding genes (Guttman et al. 2009; Clark & Mattick 2011). Analogous to 

mRNAs, lncRNAs are expressed in a tissue- or temporally-controlled manner as they 

can be regulated by transcription factors (Cawley et al. 2004; Guttman et al. 2009). 

LncRNAs are also synthesised by RNA Polymerase II and have histone markers located 

in their promoter regions (Guttman et al. 2009; Khalil et al. 2009). LncRNAs can 

undergo mRNA-like processing, such as the addition of a 5′ cap and polyadenylation 

(Guttman et al. 2009), as well as miRNA-like processing whereby a lncRNA can be 

spliced into smaller ncRNAs by Drosha (Wang et al. 2011). 

1.4.2 LncRNA roles in gene regulation 

Similar to miRNAs, lncRNAs can control gene expression at the post-transcriptional 

level by inhibiting the translational machinery, or by affecting mRNA stability, 

processing or splicing (Amaral & Mattick 2008; Clark & Mattick 2011; Wang et al. 

2011). However, lncRNAs mostly act at the transcriptional level to affect gene 

expression both positively and negatively (see Figure 1.6); this is supported by multiple 
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verified mechanisms of lncRNA action, as well as the fact that most lncRNAs are found 

localised to the nucleus (Clark & Mattick 2011; Wang et al. 2011). Furthermore, 

ncRNA activity can be in “cis” or in “trans” to activate or repress gene expression 

(Whitehead, Pandey & Kanduri 2009; Wang & Chang 2011; Wang et al. 2011).  

Cis acting lncRNAs affect gene expression in the vicinity of where they are transcribed. 

A well-documented example of this is found in X chromosome inactivation involving 

the previously mentioned lncRNA Xist. X-inactivation occurs during very early 

development of females, since each nucleus contains two X-chromosomes and one of 

these is randomly silenced around the time of gastrulation: this does not occur in males 

since only one X-chromosome is present. Xist is transcribed from the inactive X 

chromosome and coats this same chromosome, which recruits the polycomb repressive 

complex 2 (PRC2). This in turn results in histone methylation, and hence transcription 

of that X chromosome will be silenced (Ponting, Oliver & Reik 2009; Nagano & Fraser 

2011). Xist also creates a nuclear compartment that excludes RNA polymerase II into 

which the rest of the inactive X chromosome localises (Chaumeil et al. 2006). The role 

of lncRNAs in gene silencing on a smaller scale are important for imprinting of certain 

gene alleles that depend on maternal or paternal inheritance (Ponting, Oliver & Reik 

2009; Wilusz, Sunwoo & Spector 2009). 

Trans acting lncRNAs however can have regulatory effects on multiple genes 

throughout the genome, as well as on genetic elements that are not in close proximity to 

their transcription site. An example of this is the regulation of mammalian homeobox 

(HOX) transcription factor genes, which are crucial during embryonic development. 

There are four HOX gene loci located on different chromosomes, and it has been 

discovered that as well as containing the HOXA, HOXB, HOXC and HOXD genes, 

hundreds of ncRNAs are encoded within these loci. One of these lncRNAs, HOTAIR 

(HOX transcript antisense RNA) is transcribed from within the HOXC locus on 

chromosome twelve, but it acts to repress the HOXD gene cluster on chromosome 

seven in trans (Gupta et al. 2010).  This occurs by interaction of HOTAIR lncRNA with 

PRC2 and subsequent chromatin modifications mediated by the PRC2/HOTAIR 

complex at the HOXD gene locus (Whitehead, Pandey & Kanduri 2009; Chen & 

Carmichael 2010; Wang et al. 2011). 

Another trans-acting lncRNA is the long intergenic non-coding RNA (lincRNA) p-21. 

LincRNA-p21 is activated by p53 in the event of DNA damage and has a generally 
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repressive effect, as knockdowns of lincRNA-p21 have shown derepression of hundreds 

of genes. This suggests that lincRNA-p21 plays a large regulatory role at several sites in 

the genome. LincRNA-p21 switches off these genes by binding to the protein hnRNP-K, 

which interacts with repressive histone remodelling complexes (Huarte et al. 2010; 

Nagano & Fraser 2011). Activation of lincRNA-p21 favours cell death instead of cell 

cycle arrest after p53 activation. 

 

 

Figure 1.6: Diagram indicating various roles and interactions of lncRNAs and miRNAs in 
regulation of gene expression at multiple levels from DNA to protein   
Blue arrows represent the transcription and maturation of various types of RNA (to either regulatory 
ncRNA, or translation to protein). Green lines represent inhibitory processes, and black lines indicate 
variable effects, i.e.: either positive (+) or negative (-) regulation. Three modes of action of lncRNAs are 
also shown: lncRNAs that act as a decoy for either miRNAs (preventing them from targeting mRNAs) or 
other regulatory proteins to sequester them away from their targets; lncRNAs that act as a guide to 
designate regulatory protein towards specific regions of DNA; and lncRNAs that act as scaffolds to 
assemble multiple proteins into a complex.  
(Taken from Morceau et al., 2013).  
 

These examples of lncRNA mediated gene regulation portray the importance of 

lncRNAs as scaffolds for certain proteins, as well as their role in recruiting the histone-

remodelling complex to facilitate subsequent histone methylation and gene silencing. 

LncRNAs can also act as transcriptional co-activators or co-repressors, and can be 

involved in the regulation of the expression of other ncRNAs (Wilusz, Sunwoo & 

Spector 2009). In the event of heat shock, lncRNAs have also been found to bind to 

RNA Polymerase II and prevent it from initiating transcription (Mariner et al. 2008).  

The importance of lncRNAs is further emphasised by the dire consequences of their 

Int. J. Mol. Sci. 2013, 14 14757 
 

 

Figure 4. Scheme of regulations involving lncRNAs and miRNAs, influencing 
transcription, maturation or translation processes and example of interaction between 
lncRNAs, DNA, proteins and miRNAs. Blue arrows correspond to physiological 
maturation of RNA. Green lines correspond to inhibition processes and dotted black lines 
correspond to variable regulations (positive or negative depending on the mechanism).  
(í) Negative effect; (+/í) negative or positive effect. 

 

Signal: Expression of these lncRNA can be used as a marker of intracellular signaling or response 
to stimuli, as it can induce responses via transcription of RNA without translation or posttranslational 
modifications. More a tool than a mechanism, these lncRNAs essentially serve as biomarkers. This 
archetype therefore concerns all lncRNA with a strong relationship in spatiotemporal response, such as 
rapid reaction to temperature changes regulated by lncRNAs COLDAIR and COOLAIR [97,98] or 
imprinting controlled by Xist. 

Decoy: In molecular decoy, lncRNA compete with another nucleotide sequence or structure for the 
binding of a TF, chromatin modifier, or other regulatory factor such as miRNA thereby preventing the 
miRNA to inhibit translation of their targets [99,100]. These lncRNAs are therefore considered 
negative regulators of effectors. 

Guide: The third archetype is the guide RNA, which can be described as a connection between 
lncRNAs and proteins, further guided by the lncRNA to a target. This pattern of regulation stems from 
the observation that lncRNAs are able to induce changes in gene expression in cis (neighboring) or 
trans (distant) genes. Target proteins recognized by the lncRNA may be repressor or activator 
complexes, or TFs, with the final goal of controlling the expression of a target gene, causing changes 
in the epigenome, whether the control takes place in cis or in trans. 
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dysregulation; many lncRNAs are implicated in the development and progression of 

certain cancers (Gibb, Brown & Lam 2011; Wapinski & Chang 2011).  Neat1 and 

Malat1 are two lncRNAs that have been consistently identified as molecular signatures 

of a multitude of cancers (Fujimoto et al., 2016; Chen et al., 2017; Li et al., 2017b; Sun 

et al., 2017a; Sun et al., 2017b), while more recently another lncRNA, Tug1, has also 

been found to be a useful diagnostic and prognostic tool in cancer patients (Li et al., 

2017a; Wang et al., 2017).  

 

1.4.3 LncRNAs in muscle development 

While less is known about lncRNAs during muscle formation and development, 

increasing evidence indicates that they are important regulators of muscle specific 

genes. To date, most studies have focused on their roles in vitro during differentiation of 

myoblasts to myotubes, with little data available for their in vivo expression.   

Microarray analysis has shown a 3.3-fold upregulation of Neat1 during the 

differentiation of C2C12 myoblasts and fusion together to form myotubes (Sunwoo et 

al. 2009).  Increased expression of Neat1 is also seen during fetal bovine skeletal 

muscle development (Lehnert et al. 2007) and in porcine pre-natal myogenesis (Tang et 

al. 2007). Malat1 is also upregulated during the differentiation of myoblasts to form 

myotubes in both C2C12 and human primary myoblast cultures; additionally, this 

lncRNA is downregulated with overexpression of myostatin (Watts et al. 2013), a 

negative regulator of myogenesis and muscle mass that has attracted much attention 

recently (Hennebry et al. 2017).   

Many lncRNAs are associated with MRFs. An example of this is seen in the regulation 

of MyoD by the non-coding steroid receptor RNA activator (Sra) (Lanz et al. 1999; 

Caretti et al. 2006). Sra together with the proteins p68 and p72, forms a co-activation 

complex and stimulates expression of MyoD, leading to muscle cell differentiation 

(Wang et al. 2011). Additionally, this lncRNA acts as a scaffold for many nuclear 

receptor proteins (especially steroid hormone receptors, as its name would suggest) to 

stimulate transcription (Leygue 2007). 

MyoD is also associated with the lncRNAs LncMyoD (Gong et al. 2015) and Munc 

(Mueller et al. 2015). LncMyoD is activated by MyoD and negatively regulates genes 

involved in proliferation, stimulating differentiation of myoblasts to form myotubes 
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(Gong et al. 2015). Munc expression is also implicated in myotube formation, as it 

stimulates mRNA expression of several MRFs including MyoD, and it also acts to 

enhance non-myogenic gene expression (Mueller et al. 2015). 

As previously mentioned, lncRNAs can also mediate the regulation of other ncRNAs. 

For example, lncRNAs can bind to miRNAs via complementary base pairing, forming a 

double stranded DNA complex; this will prevent the miRNAs from regulating their 

target mRNAs (Wilusz, Sunwoo & Spector 2009). This mechanism is seen in the role of 

the competing endogenous (ce) lncRNA, linc-MD1, which is present in both murine and 

human myoblasts (Cesana et al. 2011). Linc-MD1 contains binding sites for miR-133 

and miR-135, and prevents them from inhibiting MAML1 and MEF2C respectively, 

resulting in myoblast differentiation.  

Another lncRNA that is not enriched in skeletal muscle per se, but is vital for normal 

skeletal muscle formation, is Meg3. Maternal deletion of this imprinted ncRNA results 

in perinatal death and gross skeletal muscle defects (Zhou et al. 2010). Expression of 

this lncRNA is also lost in some cancers (He et al., 2017).  

 

1.4.4 Paraspeckles  

The eukaryotic nucleus contains many subnuclear bodies that, although membraneless, 

are distinct entities within this organelle that often localise to specific regions and have 

known functions, including gene regulation (Zhao, Bodnar & Spector 2009). NcRNAs 

have been implicated in the formation and maintenance of these subnuclear bodies 

which include nucleoli, Cajal bodies, nuclear speckles, and the recently identified 

paraspeckles (Fox et al. 2002).   

Two lncRNAs have been identified as having high nuclear expression. These lncRNAs, 

found less than 70kb apart on chromosome 11 in humans, were termed Neat1 and Neat2 

(Hutchinson et al. 2007).  Neat2 (nuclear enriched autosomal transcript 2) had 

previously been identified as a transcript from an unknown gene that was significantly 

upregulated in metastatic tumours, and hence had been named Malat1 (metastasis-

associated lung adenocarcinoma transcript 1) (Ji et al. 2003). It was thought that this 

ncRNA localised to nuclear speckles, which are subnuclear bodies that contain localised 

pre-mRNA splicing factors and are involved in the processing of newly synthesised 

mRNAs (Lamond & Spector 2003; Zhao, Bodnar & Spector 2009). As it was known 
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that nuclear speckles contained poly-A RNAs, the discovery of the fact that Malat1 is a 

highly conserved transcript that is both enriched in the nucleus and contains a poly-A 

tail suggested that it might play an important role in the architecture of nuclear speckles 

(Hutchinson et al. 2007). However, while Malat1 does indeed localise to these 

subnuclear bodies, reduced expression of Malat1 does not affect nuclear speckle 

integrity, and hence its role in nuclear speckles is not vital; additionally, Malat1 

knockout mice show no obvious phenotype (Clemson et al. 2009; Eissmann et al., 2012; 

Nakagawa et al. 2012).  

 

In 2002 a novel subnuclear body was discovered localised adjacent to nuclear speckles. 

These structures, consequently termed paraspeckles, were initially found to contain 

three proteins: PSPC1 (paraspeckle component 1), RBM14 (also known as PSP2: 

paraspeckle protein 2, SIP or CoAA) and NONO (also known as p54nrb: 54-kDa nuclear 

RNA- and DNA- binding protein), and later SFPQ (splicing factor proline/glutamine 

rich, also known as PSF: polypyrimidine tract-binding protein-associated splicing 

factor) (Fox et al. 2002; Fox, Bond & Lamond 2005). These proteins were found to 

have RNA binding domains, and upon inhibition of RNA polymerase the proteins were 

found to dissociate from paraspeckles; this suggested the involvement of RNA in 

paraspeckle formation (Fox et al. 2002).  

1.4.4.1 Paraspeckle proteins 

The core proteins of paraspeckles are considered to be NONO, SFPQ and PSPC1, 

which are all members of the DBHS (Drosophila behaviour, human splicing) family. 

These proteins contain conserved RNA recognition motifs (RRM) and are encoded by a 

single gene in invertebrates such as Drosophila melanogaster, where the protein NONA 

(an orthologue of NONO) is responsible for regulating behaviour and eye development 

(Jones & Rubin 1990; Fox, Bond & Lamond 2005). SFPQ is involved in pre-mRNA 

splicing (Patton et al. 1993), and NONO  has been implicated in the control of circadian 

rhythm (Brown et al. 2005). Both proteins have also been associated with 

transcriptional regulation (Shav-Tal & Zipori 2002). NONO has been found to interact 

with both SFPQ and PSPC1 (Peng et al. 2002; Fox, Bond & Lamond 2005).  

As well as the core paraspeckle proteins, a number of accessory proteins localise to 

paraspeckle foci. One of the original proteins found in paraspeckles, RBM14, has been 

found to be a “coactivator activator” (hence its synonym CoAA) that interacts with 

thyroid receptor binding protein (TRBP) to induce transcription (Iwasaki, Chin & Ko 
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2001). Another protein, cleavage factor Im (CF Im), which is responsible for pre-mRNA 

splicing, partially co-localises with PSPC1 in foci that overlap with paraspeckles 

(Dettwiler et al. 2004).    

1.4.4.2 RNA in paraspeckles 

With the discovery of paraspeckles came the knowledge of their dependence on RNA, 

shown by the dissolution of paraspeckles upon blocking RNA Polymerase activity in 

HeLa cells (Fox et al. 2002). Treatment of cells with RNase showed similar results 

(Fox, Bond & Lamond 2005). In 2005, Ctn RNA was found to localise to paraspeckle 

foci and interact with the core paraspeckle proteins (Prasanth et al. 2005). The Ctn RNA 

transcript is produced from the mCAT2 gene (mouse cationic amino acid transporter 2), 

which, through alternative promoter use, also produces mCAT2 mRNA.  The mCAT2 

protein is important in regulating amino acid transport involved in the nitric oxide 

pathway, which is involved in inflammation, mitochondrial biogenesis and muscle 

metabolism (Reid 1998; Prasanth et al. 2005; Bond & Fox 2009; Tengan, Rodrigues & 

Godinho 2012). mCAT2 mRNA is known to be present in skeletal muscle (MacLeod 

1996). Ctn RNA contains the same protein-coding exons as mCAT2 mRNA, but it has a 

differing 3′UTR containing inverted SINE repeats, resulting in the formation of double 

stranded RNA stem-loop structures through imperfect complementary base pairing. 

This double stranded RNA is targeted in the nucleus by RNA editing enzymes known as 

ADARs (adenosine deaminases that act on RNA), which results in the deamination of 

adenosine to inosine in that RNA (Bass & Weintraub 1988; Bass 2002). It was already 

known that A-to-I edited RNA was retained in the nucleus by NONO and hence it was 

discovered that Ctn RNA was sequestered in the nucleus by forming a complex with 

paraspeckles (Zhang & Carmichael 2001; Prasanth et al. 2005).  However, should the 

cell become stressed, the 3′UTR of Ctn RNA can be cleaved to release an mRNA 

molecule into the cytoplasm that is translated to produce the mCAT protein. 

Paraspeckle mediated retention of Ctn RNA ensures that there is a readily available 

supply of RNA to produce mCAT, ensuring cells can respond rapidly to changing 

environmental stimuli. 

 

Despite the discovery of the localisation of Ctn RNA to paraspeckles, and the insight it 

provided into paraspeckle function, it was clear that it was not the RNA involved in 

paraspeckle formation, as knockdown of Ctn did not affect paraspeckle architecture 

(Prasanth et al. 2005). The discovery of the nuclear enrichment of Neat1 and its 
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localisation to distinct foci near nuclear speckles led to the hypothesis that Neat1 could 

be a structural component of paraspeckles (Hutchinson et al. 2007).  This was 

confirmed by several studies that showed knockdown of Neat1 caused disruption of 

paraspeckles, while overexpression of Neat1 increased the number of paraspeckles 

present in HeLa cells (Clemson et al. 2009; Sasaki et al. 2009; Sunwoo et al. 2009). 

Unlike Ctn RNA, Neat1 is not A-to-I edited, insinuating that it is not an RNA that is 

retained by paraspeckles and is indeed involved in their construction (Sunwoo et al. 

2009) (Figure 1.7).  

The Neat1 gene is found only in mammalian species (Stadler 2010). Two isoforms of 

Neat1 are transcribed from the Neat1 gene locus; a longer isoform termed Neat1_v2 

(also known as MENβ), and a shorter isoform known as Neat1_v1 (MENε). In humans 

these isoforms are 22.7kb long and 3.7kb respectively, with shorter homologues of 

20.7kb and 3.17kb long found in mice (Sasaki et al. 2009; Sunwoo et al. 2009).  

Neat1_v1 is broadly expressed across a range of tissues, while Neat1_v2, which has 

been co-precipitated with NONO and SFPQ, is only highly expressed in a small subset 

of tissues in which paraspeckles are present (Sasaki et al. 2009).   

Upon knockdown of endogenous isoforms of Neat1, ectopic expression of Neat1_v1 

and a form of Neat1_v2 lacking the last 10kb at its 3′ end were inadequate to re-

establish paraspeckles (Sasaki et al. 2009). However, Neat1_v2 expression was able to 

establish paraspeckles in Neat1 knockout mice, while Neat1_v1 expression failed to do 

this (Naganuma et al. 2012).  Additionally, Neat1_v2 is found in the middle of 

paraspeckles while Neat1_v1 is located around the periphery of paraspeckles (Souquere 

et al. 2010).  From this information it has been hypothesised that Neat1_v2 is the 

principal isoform of Neat1 involved in paraspeckle architecture, with Neat1_v1 

recruited as a consolidating factor.  

Another ncRNA has been reported to be produced from the Neat1 locus known as 

trophoblast non-coding RNA (tncRNA) (Sunwoo et al. 2009).  TncRNA has been found 

to suppress the production of major histocompatibility antigens (MHCs) in trophoblast 

cells (Peyman 1999; Geirsson et al. 2003). This could potentially explain why Neat1 

expression and paraspeckle formation increase after the differentiation of human 

embryonic stem cells into trophoblasts (Chen & Carmichael 2009). 

Examination of levels of Neat1_v1 and Neat1_v2 in vivo indicates that Neat1_v2 

expression is less widespread than that of Neat1_v1, and that paraspeckles are only 
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present in a subset of tissue types expressing high levels of Neat1_v2, such as surface 

gastric epithelial cells (Nakagawa et al. 2011). 

 

  

Figure 1.7: Diagram showing the Neat1 gene locus on human and mouse chromosomes and how the 
2 isoforms are arranged in paraspeckles 
(A) The Neat1 gene locus is located on human chromosome 11 and mouse chromosome 19. Both 
transcribed isoforms of Neat1 are represented, showing the shorter isoform (Neat_v1) is identical to the 
5′ end of the longer isoform (Neat1_v2). Another nuclear enriched lncRNA, Malat1, is also indicated 
(Taken from Fox & Lamond, 2010). (B) The longer isoform, Neat1_v2, is necessary for paraspeckle 
formation and interacts with NONO protein (indicated in green), while the shorter isoform associates with 
other paraspeckle proteins at the periphery of paraspeckles.  

1.5 NcRNAs in muscle disease  
 
Given their complex and varied roles at multiple levels of gene regulation, it is no 

surprise that ncRNA dysregulation is associated with many disease states. This makes 

them attractive molecules to use as both biomarkers for pathological states, and as 

potential targets for disease treatment.  

 

Some of the previously mentioned ncRNAs are aberrantly expressed in DMD. The 

skeletal muscle specific miR-206 is upregulated in both mdx muscle and DMD skeletal 

muscle, while miR-1 and miR-133a are downregulated (Greco et al. 2009). Newly 

regenerated myofibres contain increased expression of miR-206, while its knockdown 

inhibits satellite cell activation and myofibre formation and exacerbates the 

dystropathology (Yuasa et al. 2008; Liu et al. 2012). The lncRNA linc-MD1 is found 

localised to regenerated myofibres, and it is greatly reduced in myoblast cultures from 

DMD patients that subsequently show impaired differentiation (Cesana et al. 2011).  

 

The University of Western Australia 

Paraspeckles 
•  Subnuclear structures found only in mammalian cells  
•  Comprised of 35 proteins (7 essential, including NONO) 
•  Most proteins contain RNA binding domains 
•  Multifunctional: roles in transcriptional regulation, RNA processing, splicing 
•  Architectural role for lncRNA NEAT1 

 - Two isoforms 
 - Shorter NEAT1_v1 and longer NEAT1_v2 (paraspeckle essential) 
    

finding that human embryonic stem cells have
little or no detectable NEAT1 RNA and do not
show paraspeckles (Chen and Carmichael,
2009). However, hESCs do express all three
DBHS proteins, and hESCs also express mRNAs
containing A-to-I edited inverted repeats.
Critically, within hESCs these A-to-I edited
RNAs are not exclusively retained in the nucleus,
instead they also appear in the cytoplasm.
When the hESCs are induced to differentiate,
NEAT1 is expressed and paraspeckles appear.
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While many ncRNAs are significantly regulated in myogenesis in vitro, there is little 

information available on their expression during in vivo myogenesis throughout the 

post-natal growth period. While several ncRNAs are differentially expressed in DMD or 

mdx muscle, there is no information on their expression during the acute onset of the 

dystropathology in mdx mice and disease progression; furthermore, identification of 

aberrantly expressed ncRNAs in mdx muscle is often in adult tissue, which is not an 

accurate representation of this post-natal myopathy that is pronounced during growth.  

As more data emerge on the many pathways in which ncRNAs interact (with other 

ncRNAs, mRNAs, and proteins) we propose that these ncRNAs could represent useful 

molecular readouts of the genetic events occurring in skeletal muscle. Not only could 

they enhance our understanding of normal regulation of post-natal growth, they may 

also help to elucidate mechanisms behind the dystropathology that manifests initially 

during this growth period.



 

  27 

 1.6 Aims and Hypothesis 
 

Overall aim: To characterise the expression of a broad range of ncRNAs in normal and 

dystrophic muscles during the crucial post-natal growth of murine skeletal muscle, and 

to correlate ncRNA patterns with known cellular and molecular events during this 

growth phase. 

 

Specific aims: 

Aim 1: Characterise expression of ncRNAs, including lncRNAs and miRNAs, during in 

vitro myogenesis in cultured C2C12 mouse skeletal muscle cells (Chapter 3). 

Aim 2: Characterise expression of ncRNAs, including lncRNAs and miRNAs, in vivo 

during normal post-natal growth of C57Bl/6Jmouse skeletal muscle from birth to 

adulthood and compare in vitro and in vivo readouts (Chapter 3). 

Aim 3: Compare the expression of ncRNAs between normal WT (C57Bl/10ScSn) and 

dystrophic mdx skeletal muscles in vivo before, during and after the acute onset of 

myonecrosis in mdx muscles (Chapter 4).  

Aim 4: Observe the effects of beneficial taurine treatments on the patterns of ncRNA 

expression in vivo in mdx mice (Chapter 4). 

Aim 5: Observe the effect of taurine treatment on ncRNA expression in vitro during 

myogenesis in primary cultures of mdx and WT myoblasts (Chapter 5).  

  

 

It is hypothesised that ncRNA expression patterns will correlate to various growth 

kinetics of skeletal muscle formation, growth or regeneration.  
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Chapter 2: Materials and Methods 

2.1 Mice and tissue collection 

2.1.1 General animal work  

All animal experiments were conducted in strict accordance with the National Health 

and Medical Research Council (NHMRC) Code of practice for the care and use of 

animals for scientific purposes (2004), and the Animal Welfare act of Western Australia 

(2002), and were approved by the Animal Ethics committee at the University of 

Western Australia  (Animal Ethics Committee Approval number RA/3/100/1436). 

Animals were obtained from the Animal Resource Centre (ARC) in Murdoch, Western 

Australia, and were housed in the Pre-Clinical Facility (PCF) at the University of 

Western Australia campus. Mice were maintained on a 12-h light/dark cycle, under 

standard conditions with free access to water and chow.  

2.1.2 Taurine treatment 

Taurine was obtained from Sigma-Aldrich.  The 2 methods used were optimised to 

ensure maximum taurine consumption depending on the stage of development and 

feeding habits.  

2.1.2A Taurine treatment of mdx mice from 14 days after birth 

For Experiment 2A, Chapter 4, mdx mice were treated with taurine from 14 days of age 

after birth (Terrill, Grounds & Arthur 2016) well before the onset of dystropatholgy and 

before weaning. Dams and pups had access to soft chow at 14 days, with taurine-treated 

mdx mice receiving 4% taurine in their soft chow. Food was changed every 2 days and 

weighed to measure food consumption. Mice were sampled at 22 days of age after 8 

days of taurine treatment. 

2.1.2B Taurine treatment from 3 weeks to 6 weeks 

For Experiment 2B, Chapter 4, all pups were weaned at 18 days and then were given 

either regular water or 2% taurine solution in drinking water for 24 days (Terrill et al. 

2016). Water ingestion was monitored twice weekly. Mice were sampled at 6 weeks of 

age. 

2.1.3 Animal sacrifice and tissue collection  

Mice aged 2 days (Chapter 3) were sacrificed by decapitation under terminal 

anaesthesia. All other mice were sacrificed by cervical dislocation while under terminal
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 anethesia (2% v/v Attane isoflurane, Bomac, Australia, 400ml NO2 and 1.5l O2). For 

RNA analyses (Chapters 3, 4, 5), gastrocnemius, quadriceps and heart muscles were 

dissected out and frozen immediately in liquid nitrogen before storage at -80°C.  

For generation of primary tissue cultures (Chapter 6), the muscle precursor cells were 

obtained from individual myofibres isolated from the Extensor Digitorum Longus 

(EDL) muscles that were dissected out as described below (section 2.2.2). 

2.2 Cell culture  
 
In order to examine expression patterns of the RNAs specifically in skeletal muscle 

cells throughout myogenesis (without the complication of the presence of many other 

cell types present in growing muscle tissue in vivo), in vitro models of myotube 

formation were used including the commonly used C2C12 immortalised mouse 

myoblast cell line, and primary skeletal muscle cell cultures from mdx and WT mice. 

The cell source and preparation of all cell culture experiments are described below. 

2.2.1 Immortalised C2C12 murine skeletal muscle cell line culture 

C2C12 murine skeletal muscle cells (Yaffe & Saxel 1977) were initially purchased from 

the ATCC (American Type Culture Collection; Manassas, USA).  Cells were incubated 

at 37°C and 5% CO2 either in 6 well plates for RNA analyses, or on collagen (Gibco) 

coated glass coverslips for paraspeckle imaging.  All procedures were performed under 

sterile conditions in a cell culture hood, with solutions warmed in a 37°C water bath 

before use (where appropriate). 

 

C2C12 cells were resurrected from cryopreserved stocks that had been stored in liquid 

nitrogen in freeze medium; freeze medium consisted of proliferation medium 

[Dulbecco’s Modified Eagle’s Medium (DMEM; Invitrogen) supplied with 1% (v/v) 

penicillin/streptomycin, 20% (v/v) fetal bovine serum (FBS; Invitrogen)] and 10% (v/v) 

dimethyl sulfoxide (DMSO; Sigma-Aldrich). Cells were thawed rapidly by continually 

adding 1ml of warmed proliferation medium, aspirating, and transferring to a 15ml 

Falcon tube. When all cells were thawed, the transferred medium was centrifuged at 

1500 rpm for 5 minutes at room temperature. The supernatant was discarded and cells 

were resuspended in 12ml proliferation medium before being transferred to a T75 flask; 

the flask was incubated at 37°C and 5% CO2. Proliferation medium was replenished 

every 2 days until cultures reached 80-90% confluence.  
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2.2.2 Primary cell culture  

Wild type (WT) control (C57Bl/10ScSn) and dystrophic mdx (C57Bl/10ScSnmdx/mdx) 

mice were used to generate primary skeletal muscle cell cultures by isolation of 

individual myofibres from EDL muscles as a source of satellite cells (Shefer & 

Yablonka-Reuveni 2005). 

 

Before dissection of the whole EDL muscle, all plasticware and glassware was coated 

with 5% bovine serum albumin (BSA; Gibco) (heat inactivated at 60°C for 30 minutes 

before filtering through a 0.45µm syringe filter) in PBS to prevent myofibres adhering 

to the equipment.  All reagents were obtained from Gibco unless otherwise stated.  

After sacrifice, hind limbs of mice were sprayed with 70% ethanol. An incision was 

made around the distal end of the paw, and overlying skin was removed from paw to 

knee to expose the tendons of the EDL (indicated by arrows in Figure 2.1A). External 

fascia were removed, with care taken to not damage the underlying muscle. Tendons of 

the EDL were then carefully cut proximal to their insertions on the base of the third 

phalanx of digits two to five (Figure 2.1B). The EDL tendons were located lateral to the 

annular ligament from beneath the tibialis anterior (TA) and were carefully looped out 

(Figure 2.1C). The TA tendon was cut at its distal end, and the tendon carefully gripped 

to ease the muscle away from the underlying musculature and bone (Figure 2.1D), 

whilst still holding on to the EDL tendon. The TA muscle was removed, and the 

proximal EDL tendon was exposed and cut as close to its origin as possible. The whole 

EDL muscle was placed in 0.2% collagenase (Collagenase Type 1, Sigma)/DMEM 

solution at at 37°C and 5% CO2 for 90 minutes. Following initial digestion, the excess 

collagenase solution was removed and the muscle was placed in warmed DMEM in a 

BSA coated Petri dish, and incubated for another 20 minutes at 37°C. 
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Figure 2.1: Dissection of the EDL muscle from a 6 week old mouse.  
 

A stereo dissecting microscope was placed in a laminar flow cabinet, and using a wide 

mouthed glass Pasteur pipette (cut with a diamond pen before heat polishing, and coated 

with 10% BSA) and a rubber pipette filler, the whole muscle was gently triturated by 

bathing it with DMEM. Once the whole muscle began to dissociate, a smaller diameter 

Pasteur pipette was used to transfer individual myofibres to fresh DMEM in a new BSA 

coated Petri dish under the microscope. The myofibres underwent two more “washes” 

(transferred into new DMEM filled Petri dishes) to remove debris, dead myofibres and 

fibroblasts.  

EDL$

TA$

A B 

C D 
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The clean myofibres were plated into a Matrigel (Sigma Aldrich) coated T75 flask 

containing plating medium [DMEM/F12 medium supplemented with 2% 

penicillin/streptomycin (v/v), 20% FBS (v/v), 10% HS (v/v) and 0.01% basic fibroblast 

growth factor (bFGF; 10ng/µL, Sigma Aldrich) (v/v)]. Cultures were incubated at 37°C 

and 5% CO2; satellite cells subsequently migrated off of the myofibres and proliferated 

to produce myoblast cultures. Plating medium was changed every 2 days until cultures 

reached 80-90% confluence.  

 

2.2.3 General cell culture conditions 

When the myoblast cultures reached 80-90% confluence, they were plated out for 

experimental procedures. The T75 flasks were washed 3 times with sterile PBS before 

2ml of accutase (Gibco) was added; flasks were then incubated at 37°C to dissociate 

cells from the matrigel. After 5 minutes, flasks were checked under a microscope to 

confirm that cells were detached. Warmed proliferation medium [DMEM F12 for 

primary cultures/DMEM for C2C12, supplemented with 10% FBS (v/v), 1% 

penicillin/streptomycin (v/v)] was added to the flask to stop the accutase reaction. The 

cell solution was topped up with proliferation medium to an appropriate volume to 

subsequently plate out adequate 6 well plates/coverslips at equal density.  Cultures were 

incubated at 37°C and 5% CO2 and medium was changed every 2 days. When cells 

reached 70-80% confluence, the medium was removed and cells were either washed 

with PBS and frozen for RNA analysis or fixed for immunohistochemistry (for the 

myoblast time point).Other cultures that were used to study myoblast differentiation, 

fusion and myotube formation were changed to low serum differentiation medium 

[DMEM/F12 for primary cultures, DMEM for C2C12 cultures; supplemented with 2% 

HS (v/v), 1% penicillin/streptomycin (v/v)]. The time point when differentiation 

medium was introduced was considered ‘day 0’. Medium was subsequently changed 

every 2 days, and cells fixed or frozen at 2, 4 and 6 days.  

2.2.4 Paraspeckle detection 

2.2.4.1 Coating of glass coverslips for C2C12 cultures to be immunostained  

Collagen solution (0.1%) was diluted with PBS to obtain a working solution of 0.01% 

concentration. Glass coverslips were placed in culture dishes and coated with the diluted 

collagen solution before being left under a UV light for 20 minutes to cross link the 

collagen and sterilise the coverslips. The dishes and coverslips were rinsed with sterile 

PBS before introducing cells and medium as above.  
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2.2.4.2 Immunostaining 

The C2C12 cells were fixed in 4% paraformaldehyde (PFA) in PBS for 10 minutes at 

room temperature before washing 3 times with PBS. All samples were permeabilised by 

incubating in PBS/1% triton-X100 (Sigma Aldrich) for 10 minutes before thoroughly 

washing with PBS 6 times. All samples were incubated with previously described anti-

NONO monoclonal antibody (Souquere et al. 2010) diluted 1:500 in PBS/0.05% tween 

for one hour. Samples were washed 3 times with PBS/0.05% tween for 5 minutes at a 

time. Incubation with the secondary antibody followed (anti-mouse FITC conjugate, 

Jackson Immunoresearch) diluted 1:250 in PBS/0.05% tween. Samples were then 

washed for 5 minutes with PBS/0.05% tween 3 times.  DAPI (4',6-diamidino-2-

phenylindol, 5mg/ml)(Sigma Aldrich) was diluted 1:15000 in water and slides were 

incubated in the DAPI dilution for 1 minute prior to rinsing in PBS. Coverslips were 

mounted onto glass slides with Vectashield mounting medium (Vector labs) before 

imaging using a Nikon Inverted Microscope TE 300 with the filters for green 

fluorescence (to visualise NONO staining) and blue fluorescence (to visualise DAPI 

nuclear staining). Images were captured with a Photometrics CoolSNAP ES camera 

(Roper Scientific) using the NIS elements software.  

2.2.5 Taurine treatment of primary cultures  

Taurine was dissolved in medium (proliferation or differentiation, depending on the 

time point) in order to ensure that the addition of taurine to treated cells did not cause 

dilution of the medium. A taurine concentration of 20mM was chosen based on 

previous studies that showed this concentration produced the most beneficial effects ex 

vivo (Bakker & Berg 2002). When cells were plated out from the T75 flask, treated 

myoblasts were dosed with 20mM taurine dissolved in proliferation medium for 24 

hours before RNA extraction. All other cultures were untreated to allow normal 

proliferation, and when the cultures reached 70-80% confluence and the medium was 

changed to differentiation medium, treated cells were then dosed with 20mM taurine 

dissolved in differentiation medium. Taurine treatment was re-administered every 2 

days when the medium was changed.  

 

2.3 RNA expression analyses 

2.3.1 RNA extraction 

For the 2 day and 2 week old mice from Chapter 3, and the 2 week old mice from 
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Chapter 4, quadriceps muscles were pooled with gastrocnemius to increase RNA yields 

due to small muscle size. For all other time points, gastrocnemius muscles were used.  

Muscles were crushed under liquid nitrogen using a mortar and pestle and transferred to 

a 2ml microcentrifuge tube. QIAzol lysis buffer (Qiagen) was then added to the 

powdered muscle before homogenizing for 15 seconds using a TissueRuptor (Qiagen). 

For cultured cells, wells were washed twice with PBS, then 700µL of QIAzol was 

added to each well before using a cell scraper (Fisher Biotec) to dissociate the cells. The 

lysed cells were then transferred into a 2ml microcentrifuge tube and vortexed for 1 

minute. 

After lysing, all samples were left at room temperature for 5 minutes. Chloroform was 

added to the microcentrifuge tubes, followed by shaking for 15 seconds. The 

homogenate was then left at room temperature for 3 minutes. All samples were 

homogenised at 12000xg for 15 minutes at 4°C.  Following centrifugation and 

separation of phases, the upper aqueous phase was transferred to a new microcentrifuge 

tube and 1.5x volume of 100% ethanol was added. Samples were mixed by pipetting, 

and 700µL of the sample was transferred to an RNeasy Mini spin column  (Qiagen) in a 

2ml microcentrifuge tube. The tube was centrifuged at 8000 g for 15 seconds at room 

temperature, and flow through was discarded. The spin column was washed with 700µL 

of Buffer RWT from the miRNeasy Mini kit (Qiagen) and centrifuged at 8000xg for 15 

seconds at room temperature. Two subsequent washes with 500µL of Buffer RPE 

occurred with centrifugation in between each wash; the first centrifugation was at 

8000xg for 15 seconds at room temperature, and the second was 8000xg for 2 minutes 

at room temperature. The spin column was transferred to a new microcentrifuge tube, 

and 30µL of Rnase-free water was pipetted directly onto the centre of the membrane. 

The spin column was incubated for 2 minutes at room temperature before centrifugation 

at 8000xg for 1 minute at room temperature. The elution was then analysed for RNA 

purity and concentration.  

2.3.2 RNA quantification  

RNA was analysed using a NanoDrop 2000 spectrophotometer (Thermo Fisher 

Scientific). An A260:280 ratio between 1.8 and 2.1 indicated RNA was of sufficient 

quality to undergo further analysis, and a concentration value was also obtained. Total 

RNA of a consistent amount (1µg for C2C12 and in vivo samples, and 0.5µg for 

primary culture samples due to lower RNA yields) was used for reverse transcription. 
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2.3.3 Reverse transcription 

Total RNA was reverse transcribed using the miScript II reverse transcription (RT) kit 

(Qiagen). A standard quantity of RNA was used for all reactions to be analysed within 

the same RT- qPCR runs (1µg for C2C12 and all in vivo samples, and 0.5µg for primary 

culture samples). Reactions mixes consisted of 4µL miScript HiFlex Buffer, 2µL 

Nucleics Mix, 2µL miScript Reverse Transcriptase Mix, variable volumes of RNA 

template to make up either 1µg or 0.5µg RNA, and a variable final volume of water 

added to make up to 20µL. HiFlex Buffer was used in order to transcribe all RNA so 

that miRNAs, lncRNAs and mRNAs could all be detected from the same RT product. 

The RT reaction was performed at 37°C for 60 minutes, 95°C for 5 minutes and then 

held at 4°C. For every RT reaction run, a control was included that had ddH20 instead of 

reverse transcriptase enzyme (to include in future RT-qPCR runs to ensure no DNA 

contamination or carry over). RT products were diluted after the reactions prior to 

qPCR analysis.   

 

2.3.3 RT-qPCR 

PCR reactions were set up containing 5µL Qiagen SYBR Green PCR Master Mix, 2µL 

ddH2O, 1µL forward primer, 1µL reverse primer and 1µL cDNA template. A negative 

control was run using 1µL of ddH2O instead of DNA template as well as the no reverse 

transcriptase control. Each PCR had 40 cycles, and PCR conditions are summarised in 

Table 2.1. Primers were used at 5µM concentration, and primer sequences are 

summarised in Tables 2.2 (A and B). 
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2.3.4 RT-qPCR analysis 

Melt curve analysis was performed during RT-qPCR to ensure product purity (see 

Figure 2.2). 

 
Figure 2.2: Example of an RT-qPCR melt curve indicating a single product was amplified. 
 

In every q-PCR run, a series of 10-fold dilutions of the target gene/ncRNA product was 

run alongside the samples. Arbitrary concentrations were designated to the serially 

diluted standards, from which Rotorgene software calculated a standard curve; unknown 

samples that fell within the curve were designated relative concentrations accordingly. 

To account for differences in cell numbers between samples, results were standardised 

against the geometric mean of two reference genes (Hs_Snord95_11 and Hs_RNU6-

2_1; Qiagen) that were consistently expressed between samples.  

 

 

Table 2.1 RT-qPCR cycling conditions 

STEP TIME TEMPERATURE 

Initial activation 15 minutes 95°C 

3 Step Cycling:   

Denaturation 15 seconds 94°C 

Annealing 30 seconds 55°C 

Extension 30 seconds 70°C 
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Table 2.2A: Designed primer sequences (manufactured by GeneWorks) 

LncRNA Primer sequence 

Linc-MD1 Forward: 5′ -GCAAGAAAACCACAGAGGAGG-3′  

Reverse: 5 -GTGAAGTCCTTGGAGTTTGAG-3′  LncMyoD Forward: 5′ -CTGAAGGACACAAGGTGGCTT-3′  

Reverse: 5′ -AACTGAGGCTCCCAGTAAGA-3′  
Malat1 Forward: 5′ -ATGTCTCCATGGGGAATGAG-3′  

Reverse: 5′ -TATGCAGCTTTTCATCAGTAGGA-3′  
Munc Forward: 5′ -CCACATCCATCGGCAGCATA-3′   

Reverse: 5′ -GGGACACGAAGACCAGCATA-3′   
Neat1_v1 Forward: 5′  -ACCCTTTTTCATGGGGGTAG-3′  

Reverse: 5′  -GCTGGATGGAGGCTTGTTTA-3′  
Neat1_v2 Forward: 5′ -GCTCTGGGACCTTCTGACTCT-3′  

Reverse: 5′ -CTGCCTTGGCTTGGAAATGTAA-3′  
Tug1 Forward: 5′ -AAGTGAACTACGTCCCGTGC-3′  

Reverse: 5′ -TGGTCCACTGGAATGGTGTC-3′  

 

 

 

Table 2.2B: Qiagen primers and catalogue numbers  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Primer 

name 

Catalogue 

number 

miRNA 

primers 

miR-1 MS00005873 

miR-133 MS00001869 

miR-206 MS00032305 

lncRNA 

primers 

Sra QT00120022 

Meg3 QT00161658 
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Figure 2.3: Location of designed primers on lncRNAs 
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Chapter 3: Results 1 

Time course study of ncRNA expression during post-natal growth of 
mouse skeletal muscle and comparison to myogenesis in vitro using 
the C2C12 murine myoblast model 

3.1 Overview 

Post-natal growth of mice is characterised by 2 phases: initial proliferation of myoblasts 

that fuse into existing myofibres (hyperplasia) that ceases at 3 weeks, followed by rapid 

elongation and broadening of myofibres after protein synthesis and accumulation 

(White et al. 2010; Duddy et al. 2015). This chapter investigates ncRNA expression in 

vivo during post-natal growth in the skeletal muscle of hind limbs of normal C57Bl/6J 

mice at 2 days and 2, 4, 6 and 12 weeks after birth. This encompasses the early period 

of myoblast proliferation, differentiation and fusion into myofibres, and the cessation of 

myoblast proliferation and fusion around 3 weeks with growth mainly by hypertrophy 

thereafter. These in vivo data are compared to the in vitro expression of ncRNAs during 

proliferation and differentiation of C2C12 myoblasts and subsequent fusion and 

maturation of myotubes. 

 

The results of this chapter are presented as a paper that was published in 2016 and are 

formatted according to the journal specifications. 

 

• Butchart, L. C., Fox, A., Shavlakadze, T. & Grounds, M. D. 2016. ‘The long 

and short of non-coding RNAs during post-natal growth and differentiation of 

skeletal muscles: Focus on lncRNA and miRNAs’. Differentiation. 

 

I completed 90% of the experimental work (Dr Jessica Terrill and Dr Tea Shavlakadze 

assisted with animal work and sampling) and was largely responsible for the writing 

(with editing and assistance from co-authors) and submission of the paper. I have 

presented this work as an oral presentation at various local and international 

conferences (see Appendix 1). 

 

. 
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This work and its presentation at the Australia GAGE Muscle conference led to a 

collaboration that resulted in another publication. I contributed approximately 30% of 

the work towards this paper – I provided the RNA and also assisted with the drafting 

and editing of the paper. These results are presented as a paper that was published in 

2017 and are formatted according to the journal specifications. 

 

• Lamon, S, Zacharewicz, E, Butchart, L.C, Orellana, L, Mikovic, J, Grounds, 

MD & Russell, AP 2017, ‘MicroRNA expression patterns in post-natal mouse 

skeletal muscle development’, BMC Genomics, vol. 18, no. 1, p. 52.  
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a b s t r a c t

Post-natal growth of skeletal muscle is a dynamic process involving proliferation and fusion of myoblasts
with elongating myofibres (hyperplasia of myonuclei) until 3 weeks post-natally in mice, with ongoing
differentiation and further increases in myofibre size mostly by hypertrophy until about 12 weeks of age.
The expression of mRNAs that control these events are well described, but little is known about the
in vivo roles of non-coding RNAs (ncRNAs), including both microRNAs (miRNAs) and the lesser-studied
long non-coding RNAs (lncRNAs). We analysed expression patterns for a broad range of lncRNAs (in-
cluding Neat1,Malat1, Sra, Meg3, LncMyoD and linc-MD1), miRNAs and mRNAs in muscles of normal male
C57Bl/6J mice at 2 days and 2, 4, 6 and 12 weeks after birth. These post-natal patterns were compared
with expression of these RNAs during classic C2C12 myogenesis and differentiation in tissue culture. This
overview of RNAs during post-natal skeletal muscle growth provides a novel focus on ncRNAs during this
often overlooked growth period, with many potential applications to normal muscle growth in humans
and livestock, and to childhood muscle disorders.

& 2016 International Society of Differentiation. Published by Elsevier B.V. All rights reserved.

1. Introduction

Skeletal muscle formation, differentiation, growth and main-
tenance involving myogenesis has been extensively studied during
embryogenesis and using myogenic cells in tissue culture, and
many of the transcription factors and pathways of gene regulation,
and associated proteins involved have been identified. Myoblasts
proliferate to expand cell numbers and then fuse to form multi-
nucleated myotubes that undergo further differentiation; this
process occurs in tissue culture and in vivo (during embryogenesis,
growth and also regeneration) but only in vivo do myotubes and
myofibres become innervated and fully mature. New myofibres
form during embryogenesis, but this ceases around birth, and
there is no change in the number of myofibres after 7 days in EDL
muscles of mice (White et al., 2010). During post-natal growth in
mice, the increasing size of the elongating myofibres (as bones
lengthen) initially involves myoblasts proliferating and fusing with
myofibres to increase the number of myonuclei per myofibre
(hyperplasia of myonuclei) combined with increased net protein
content (hypertrophy) up until 3 weeks of age. After this time, a
period of (slower) growth occurs that is predominantly hyper-
trophy; however, low-level fusion of myoblasts into myofibres can
continue up until about 5 weeks post-natally (Fiorotto et al.,

2002), and some low-level incorporation of satellite cells into
myofibres has been reported in varying degrees (dependent on the
muscle) well into adulthood (Keefe et al., 2015). However, the
extent of turnover or addition of myonuclei in normal mature
myofibres is rather controversial. The period of hypertrophy is
reduced after 6 weeks and essentially ceases by about 12 weeks of
age (White et al., 2010): summarised in Fig. 1.

While much attention has focused on expression of mRNAs that
code for proteins, our understanding of the genetic hierarchies and
transcriptional networks involved in myogenesis has recently ex-
panded to include regulatory non-coding RNA (ncRNA) molecules.

Early microarray analyses indicated that some miRNAs are
enriched in muscle; these include miR-1, miR-133a and the ske-
letal muscle specific miR-206 (Sempere et al., 2004). These miR-
NAs are up-regulated under the influence of MyoD and MyoG
during both human and murine skeletal muscle differentiation in
cultured cells (Koutsoulidou et al., 2011; Rao et al., 2006). MiR-1
and miR-206 have been implicated in supporting myogenic dif-
ferentiation, while miR-133 stimulates cell proliferation through
post-transcriptional regulation of specific mRNAs (Chen et al.,
2006, 2010).

Another class of ncRNAs involved in regulating gene expression
is the long non-coding RNAs (lncRNAs) that are arbitrarily defined
as any ncRNA over 200 nucleotides in length (Gibb et al., 2011;
Ponting et al., 2009; Wang et al., 2011). LncRNAs have been less
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intensively studied and appear to have a greater diversity of reg-
ulatory strategies. LncRNAs can act as a scaffold for certain reg-
ulatory proteins, or recruit the histone remodelling complex which
facilitates histone methylation and gene silencing; they can also
act as transcriptional co-activators or co-repressors, and can be
involved in the regulation of other ncRNAs, or indeed other small
ncRNAs may even be produced from the processing of lncRNAs
(Cesana et al., 2011; Kung et al., 2013; Wilusz et al., 2009).

One lncRNA that is up-regulated during myogenesis is Malat1
(metastasis associated lung adenocarcinoma transcript 1), which
was first identified by its up-regulation in metastatic lung cancer
(Ji et al., 2003). While its role is still unclear,Malat1 is up-regulated
during differentiation of both human and murine myoblasts in
tissue culture (Watts et al., 2013). Concomitant with this is the up-
regulation of another nuclear enriched lncRNA, Neat1, which
shows a 3.3 fold increase in myotubes compared with myoblasts in
cultured C2C12 mouse skeletal muscle cells (Sunwoo et al., 2009).
Other lncRNAs associated with myogenesis include steroid re-
ceptor RNA activator (Sra), which co-activates MyoD (Caretti et al.,
2006; Lanz et al., 1999), leading to muscle cell differentiation
(Wang et al., 2011); LncMyoD, which is itself activated by MyoD
(Gong et al., 2015), together with linc-MD1, which regulates miR-
133 (Cesana et al., 2011), to further enhance differentiation; and
Meg3 (maternally expressed 3), an imprinted, maternally ex-
pressed lncRNA with tumour suppressor functions.

To date, the relatively few studies of ncRNAs in skeletal muscle
have focused on myogenesis in tissue culture (in vitro) and muscle
development in utero; most investigations of ncRNA expression
in vivo have been dedicated to pathological conditions of mature
muscles such as atrophy, muscular dystrophies and cachexia.
LncRNAs have been suggested as therapeutic targets for these (and
other) disease states (Khorkova et al., 2015), yet little is known
about the expression of these molecules across normal growth
periods.

Our study investigates the changes in expression patterns and
roles of RNAs in vivo during post-natal skeletal muscle growth,
from day 2post-natally to 12 weeks of age in male C57Bl/6J mice,

for key lncRNAs (Neat1 variants, Malat1, Sra, Meg3, LncMyoD and
linc-MD1), miRNAs (miRs -1, -133a, -206) and also mRNAs for
various proteins involved in ncRNA interactions, muscle differ-
entiation and innervation (Drosha, MyoD, MyoG, Igf1r, Agrn, Utrn
and Cav3). These comprehensive in vivo data for myofibres and
muscle tissue are compared with studies of in vitro myogenesis
using the skeletal muscle C2C12 mouse cell line (myoblasts and
myotubes) grown in tissue culture.

2. Results

2.1. Expression of lncRNAs in C2C12 myogenic cells (myoblasts and
myotubes) in vitro and post-natal growing muscle tissue in vivo
(containing myoblasts, myofibres and other cell types)

A range of muscle-associated lncRNAs was analysed. Data are
presented first for the expression levels of the nuclear localised
Neat1 variants (v1 and v2) and for Malat1, along with visualisation
of nuclear paraspeckles.

The RT-qPCR results for relative RNA expression levels in vitro
of the nuclear lncRNAs Neat1_v1, Neat1_v2 and Malat1 are shown
in Fig. 2A. Expression of the Neat1 variants (v1 and v2) was rela-
tively constant during in vitro myoblast proliferation, differentia-
tion and fusion to form myotubes; the only notable change was
significant up-regulation of Neat1_v2 (p¼0.0104), the para-
speckle-essential variant of Neat1, between 4 day myotubes and
mature 6 day myotubes (Fig. 2A, ii). Malat1 showed a constant,
significant up-regulation during myoblast differentiation and
myotube maturation (Fig. 2A, iii).

The presence of Neat1_v2 RNA is associated with the assembly
of proteins to form paraspeckles in the nucleus. This aspect was
investigated using antibodies to the protein NONO in paraspeckles
(Souquere et al., 2010). Bright foci of NONO protein, indicating the
presence of paraspeckles, were not seen in myoblasts (Fig. 2B, ii),
but upon differentiation were present in the nuclei of mature
myotubes (Fig. 2B, iii).

Fig. 1. Hyperplasia of myonuclei and hypertrophy of myofibres in growing post-natal limb muscles in mice. Simple representation of changes in numbers of myonuclei
within individual myofibres (resulting from myoblasts fusing with growing myofibres), myofibre cross-sectional area (CSA) and myofibre length during post-natal growth of
mouse skeletal muscle. Time points analysed in this study (2 days, and 2, 4, 6 and 12 weeks post-natally) are indicated on the X-axis by ✖. The large box summarises events
in growing myofibres between 3 and 12 weeks after birth (after addition of most myonuclei has ceased).

L.C. Butchart et al. / Differentiation 92 (2016) 237–248238
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In vivo expression of both Neat1 variants showed similar ex-
pression patterns (Fig. 2C, i and ii) in muscles from male C57Bl/6J
mice. The abundance of both Neat1_v1 and Neat1_v2 increased
throughout growth with highest levels at 6 weeks and a significant
decrease by 12 weeks (when growth has essentially ceased in
adults). Expression levels for Malat1 (Fig. 2C, iii) showed no sig-
nificant changes between any ages.

Expression levels were also measured in vivo for lncRNAs that are
not localised to nuclear structures but are known to interact with

muscle-related proteins. Expression of RNA for Sra showed no reg-
ulation in vivo (Fig. 3A). LncMyoD showed a gradual but significant
increase (p¼0.0444) between 2 weeks and 6 weeks during the hy-
pertrophy only growth period (Fig. 3B). However, expression of RNA
for Meg3 was rapidly downregulated ("10 fold) by 2 weeks in
comparison to in vivo 2 day old muscle, and no subsequent sig-
nificant changes were seen during growth (Fig. 3C) while linc-MD1
showed a similar but more gradual expression pattern, with sig-
nificant differences between 2 days and 12 weeks seen (Fig. 3D).

Fig. 2. Paraspeckles and associated lncRNAs and proteins. Expression levels in vitro of the lncRNAs Neat1_v1 (i), Neat1_v2 (ii) and Malat1 (iii) in cultured C2C12 muscle cells
(A) and post-natal quadriceps mouse muscle (C). Immunostained nuclei of various cultured cells (B) to detect the paraspeckle protein NONO (green) overlaid with DAPI
staining of DNA (blue) show foci of NONO protein, indicating the presence of paraspeckles (white arrow) in the nucleus of a HeLa cell, which was used as a positive control
(i), but not in C2C12 myoblast nuclei (ii). Paraspeckles were first detected as distinct fluorescent points in the nuclei of C2C12 myotubes (iii). For all RT-qPCR results (2A and
2C), the Y-axis shows arbitrary values relative to Hs_SNORD96A_11 (see Methods). All tissue culture experiments were repeated 4 times (N¼4). Two technical replicates
were run for all samples. All data are mean7s.e.m. Means without a common letter differ significantly (i.e.: pr0.05, one-way ANOVA with Tukey tests). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

L.C. Butchart et al. / Differentiation 92 (2016) 237–248 239
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2.2. Expression of miRNAs in vitro and in vivo

Since miRNAs require processing by several proteins before they
are functionally active, mRNA levels of the miRNA processing protein
Drosha were analysed (Fig. 4) both in vitro (A, i) and in vivo (B, i). The
highest expression in vitro was in proliferating myoblasts, with a
gradual but significant decrease during differentiation and initial
fusion of myoblasts to form myotubes (Fig. 4A, i). Expression was not
significantly different at any postnatal age (Fig. 4B, i).

The in vitro RNA quantification results for C2C12 cells (Fig. 4A)
showed that miR-1 and miR-133a were both low in myoblasts and
significantly up-regulated during differentiation and fusion, with miR-
1 peaking in 4 day old myotubes and markedly decreasing by 6 days
(Fig. 4A, ii), while miR-133a showed a similar expression pattern but
with lower magnitude changes (Fig. 4A, iii). A different pattern was
seen for the in vitro expression of miR-206, which only showed a
significant increase by 4 days post-fusion; this increase continued in
6 day myotubes (Fig. 4A, iv), opposing the decreased expression of
miR-1 and miR-133a seen between 4- and 6-day old myotubes.

The in vivo expression for miR-1 and miR-133a (Fig. 4B, ii and
iii) increased significantly from day 2–4 weeks after birth and re-
mained constant once myoblast fusion (and hyperplasia of

myonuclei) has ceased (at !3 weeks) during the growth phase.
However, miR-206 showed an inverse expression pattern to both
miR-1 and miR-133. Levels of miR-206 RNA were highest at day
2 but significantly decreased by 2 weeks with a further significant,
albeit smaller, decrease by 4 weeks and then remained constant
until 6 weeks post-natally during growth only by hypertrophy)
(Fig 4 B, iv). The levels of miR-206 were again significantly down-
regulated between 6 and 12 weeks post-natally, a time when
muscle has greatly reduced growth. It is noted again that that
cessation of hyperplasia of myonuclei (due to myoblast fusion with
existing myofibres) and maturation of innervation and NMJs oc-
curs around 3 weeks.

2.3. Expression of mRNAs for various proteins in vitro and in vivo

A range of mRNAs that code for proteins implicated as targets
for lncRNAs and miRNAs in skeletal muscles, or that are involved
in muscle differentiation and growth, was examined. The in vitro
mRNA data are not shown for brevity and because many of these
have already been well documented in previous studies.

The in vivo results have been grouped according to functional
similarity of the mRNAs examined. First shown are mRNAs for two
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Age groups

R
N

A
 a

m
ou

nt
 a

rb
itr

ar
y 

va
lu

e

2 d
ay

2 w
ee

k

4 w
ee

k

6 w
ee

k

12
 w

ee
k

0

2

4

6

8

10 A

B

AB AB
AB

SRA in vivo

Age groups

R
N

A
 a

m
ou

nt
 a

rb
itr

ar
y 

va
lu

e

2 d
ay

2 w
ee

k

4 w
ee

k

6 w
ee

k

12
 w

ee
k

0.0

0.5

1.0

1.5

A
A A

A
A

MEG3 in vivo

Age groups

R
N

A
 a

m
ou

nt
 a

rb
itr

ar
y 

va
lu

e

2 d
ay

2 w
ee

k

4 w
ee

k

6 w
ee

k

12
 w

ee
k

0

1

2

3
A

B
B B B

Age groups

R
N

A
 a

m
ou

nt
 a

rb
itr

ar
y 

va
lu

e

2 d
ay

2 w
ee

k

4 w
ee

k

6 w
ee

k

12
 w

ee
k

0

5

10

15

20

AB

A

B

ABAB

LncMyoD in vivo

Fig. 3. Expression levels of the lncRNAs: Sra (A), LncMyoD (B), Meg3 (C) and linc-MD1 (D) in vivo in murine quadriceps muscle. Y-axis represents arbitrary units all relative to
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without a common letter differ significantly (i.e.: pr0.05, one-way ANOVA with Tukey tests).
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well-described myogenic transcription factors, MyoD and MyoG
(Fig. 5A, i and ii). MyoD showed decreased expression between
2 and 4 weeks postnatally, with relatively stable expression after
this age. MyoG however was significantly down-regulated be-
tween 2 days and 2 weeks (p¼0.0061); its levels then remained
constant between week 2 and week 6, during which time muscle
continues to grow, but was again significantly decreased between
6 weeks and 12 weeks post-birth during cessation of growth.

The membrane associated proteins lamin A (LmnA), caveolin 3
(Cav3) and IGF1 receptor (Igf1r) were also examined at the RNA
level. These mRNAs were all high immediately following birth in
2 day samples, and then all significantly down-regulated by
2 weeks of age (Fig 5, B). LmnA and Cav3 RNA levels remained
constant during the following growth period of the muscle, while
Igf1r was further down-regulated between 2 and 4 weeks, during
the switch from hyperplasia of myonuclei and hypertrophy of
myofibres to hypertrophy-only (that occurs around 3 weeks).

As mentioned previously, maturation of the NMJ also occurs
around 3 weeks of post-natal age, and therefore two RNAs in-
volved in this aspect were also examined. Agrin (Agrn) (Fig. 5C, i)
and utrophin (Utrn)(Fig. 5C, ii) both showed sustained high ex-
pression after birth; both were then significantly down-regulated
between 2 and 4 weeks when the NMJs become mature (Fig. 5).

3. Discussion

Escalating amounts of information emphasise the complex
network of interactions between all forms of RNA and some pro-
teins, to regulate gene transcription and translation into proteins.
This paper is focussed on describing in vivo changes in expression
patterns of ncRNAs and known associates at the RNA level during
post-natal skeletal muscle myogenesis, differentiation and growth
using the mouse model. The known and hypothesised roles of
these ncRNAs is briefly summarised in Fig. 6.

It is recognised that these patterns are only the first step for
future understanding of function and mechanism of action of
lncRNAs. The interpretation and significance in vivo are likely to

change over time as new information becomes available in this
rapidly changing field; however, this is the first study to classify
such a broad range of RNA expression under normal growth con-
ditions. Our in vivo data indicate that RNA expression followed one
of four general patterns (Fig. 7).

Generally, RNA levels decreased, either gradually after 2 weeks
(A) such as linc-MD1, MyoD, MyoG and Igf1r, or rapidly between
2 days and 2 weeks (B), exemplified by miR-206, Meg3 and LmnA.
However, Sra and MALAT-1 lncRNAs remained stable during post-
natal growth (C), as did LncMyoD (with the exception of a slight
increase in expression at 6 weeks). Several RNAs showed increased
expression during the phase of hyperplasia of myonuclei and dif-
ferentiation, with stable RNA levels during the predominantly
hypertrophy (with minimal myonuclear hyperplasia) phase of
growth (D) as seen for Neat1 variants, miR-1 and miR-133a. For
simplicity, results of ncRNAs will be discussed individually, as
these findings are novel and little is known about their role during
post-natal muscle growth, while mRNA data are grouped accord-
ing to the functional roles of each associated protein during
changes in muscle dynamics.

3.1. Expression levels of lncRNAs

3.1.1. Nuclear-enriched lncRNAs
In vitro: Previous experiments have shown up-regulation of

both variants of Neat1 and Malat1 during C2C12 myogenic differ-
entiation (Sunwoo et al., 2009; Watts et al., 2013). Our results
concur with these data, with the exception of the expression of
Neat1_v1 (the shorter variant of Neat1), which did not show sig-
nificant up-regulation between proliferating myoblasts and ma-
ture 6 day old myotubes. However, through knockdown and
overexpression studies, Neat1_v2 has been identified as the
paraspeckle essential isoform; therefore our data showing the
appearance of paraspeckles upon differentiation of myotubes
corroborates these previous studies (Nakagawa et al., 2011; Sou-
quere et al., 2010).

In vivo: Neat1 has previously been reported as up-regulated in
pre-natal bovine and porcine skeletal muscle (Lehnert et al., 2007;
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Fig. 4. RNA expression levels of the miRNA processing protein, Drosha (i), and of muscle specific miRNAs: miR-1 (ii), miR-133a (iii) and miR-206 (iv) for C2C12 cells in vitro
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Tang et al., 2007), and it was hypothesised that this up-regulation
was due to the increased myonuclear accumulation in myofibres
during development (Lehnert et al., 2007). Since Malat1 and Neat1
are both nuclear-enriched lncRNAs, if the increase in expression of
Neat1 (v1 and v2) that we observed post-natally in the first
2 weeks was due to an increase in myonuclei (hyperplasia) then it
would be expected that Malat1 would also be significantly up-
regulated; however, this was not the case. Therefore, any changes
in amounts of these nuclear Neat1 RNA variants are likely due to
an increase in nuclear RNA expression, rather than purely a re-
flection of the increase in myonuclei.

Malat1 localises to structures known as nuclear speckles, which
are sub-nuclear bodies containing pre-mRNA processing proteins
(Hutchinson et al., 2007). However, depletion of Malat1 in vitro
does not affect the integrity of nuclear speckles, suggesting this
lncRNA is not vital for their formation (Clemson et al., 2009;

Nakagawa et al., 2012); additionally, Malat1 knockout mice do not
show any obvious phenotype (Eissmann et al., 2012). The effect of
Malat1 seems to be to encourage cell proliferation; indeed, its
name comes from its tumorigenic properties when up-regulated
in lung cancer (Metastasis Associated with Lung Adenocarcinoma
Transcript 1) (Ji et al., 2003). Additionally, Malat1 shows up-reg-
ulation during differentiation of both murine and human muscle
cell cultures, while its inhibition reduces myoblast proliferation in
C2C12 cultures (Watts et al., 2013) and prevents their differ-
entiation into myotubes (Han et al., 2015). Our results concur with
these findings, showing up-regulation of Malat1 RNA during cell
proliferation and differentiation in vitro. Recent findings have been
published that suggest that miR-133 targets both Malat1 and SRF,
and that Malat1 acts as a competing endogenous (ce) RNA to bind
miR-133 (Han et al., 2015). The upregulation of Malat1 in vitro
between 4 and 6 day old myotubes is reflected in the
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Fig. 5. Expression levels in vivo of mRNA for various proteins, including myogenic transcription factors MyoD (A, i) and MyoG (A, ii), membrane-related proteins LmnA (B, i),
Cav3 (B, ii) and Igf1r (B, iii), and neuromuscular junction proteins Agrn (C i) and Utrn (C, ii) in post-natal quadriceps mouse muscle. Y-axis represents arbitrary units relative to
Hs_SNORD96A_11 (see Methods). N¼4–6 mice per group. Two technical replicates were run for all samples. All data are mean7s.e.m and means without a common letter
differ significantly (i.e.: pr0.05, one-way ANOVA with Tukey tests).
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corresponding downregulation of miR-133. Malat1 expression
in vivo did not change significantly during post-natal growth while
miR-133a was upregulated; however, miR-133a has multiple tar-
gets, and may well still be responsible for effecting tight regulation
of Malat1 as well as other molecules in order to prevent excessive
myoblast proliferation and fusion during the phase of hyperplasia
of myonuclei during the first 3 weeks of post-natal muscle growth.

Neat1 has been examined during embryonic muscle formation
in livestock, but not during post-natal muscle development of
mice. Our results show that both variants of this lncRNA are up-
regulated during post-natal growth in mice; however, the para-
speckle essential variant, Neat1_v2, increases more gradually than
Neat1_v1 during the phase when numbers of myonuclei increase
(2 days to 4 weeks). Neat1_v1 is the more broadly expressed var-
iant across a range of tissues, while Neat1_v2 expression is more
restricted and synonymous with the presence of paraspeckles
(Nakagawa et al., 2011). These enigmatic sub-nuclear bodies are
found in most cultured cells, but Neat1 up-regulation has also

been seen during certain “high stress” responses such as viral in-
fection with rabies or encephalitis in mice (Saha et al., 2006), or
HIV infection in humans (Zhang et al., 2013) as well as in the
brains of heroin abusers (Michelhaugh et al., 2011). It is proposed
that the role of paraspeckles in these situations may be to allow
cells to respond to the pressures exerted by such “abnormal” sti-
muli. However, Neat1 has also been found to be upregulated in
pigs after exercise (Jensen et al., 2012). Since paraspeckles can be
nuclear receptacles for regulatory proteins such as transcription
factors (Hirose et al., 2013), the increase in Neat1 variants may
reflect the formation of paraspeckles and subsequent retention of
regulatory proteins during the post-natal switch from fusion of
myoblasts with young myofibres (hyperplasia) to predominantly
hypertrophy only.

3.1.2. Other LncRNAs
Nothing has been reported about the expression patterns of Sra,

LncMyoD, Meg3 or linc-MD1 during post-natal growth of skeletal

Fig. 6. The known and suggested roles of (A) miRNAs and (B) lncRNAs during myogenesis (★ indicates the processes of innervation and myofibre maturation that occur
in vivo).
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muscle in mice. We showed no significant regulation of Sra RNA
in vivo, although multiple variants of this RNA are produced: these
variants are either regulatory ncRNA, or code for Sra protein
(Leygue, 2007). The coding variants can regulate the expression of
the non-coding variants, and vice versa (Colley and Leedman, 2011;
Hube et al., 2011). The primers that we used for the RT-qPCR de-
tect three variants of the Sra transcript, and do not distinguish
between the coding and non-coding forms. Therefore, while Sra
levels appear to remain unchanged, it is possible that there could
be a change between the ratio of coding and non-coding variants
during muscle fusion in vivo.

LncMyoD has been shown to be upregulated during differ-
entiation of myotubes in vitro, as well as during muscle re-
generation and differentiation after cardiotoxin injury by pre-
venting the translation of proliferative mRNAs (Gong et al., 2015).
We therefore would expect to see high levels of LncMyoD during
the first 2 weeks postnatally when myoblasts are actively pro-
liferating and differentiating; however, LncMyoD remained rela-
tively stable across the growth span, even peaking in expression at
6 weeks. However, knockdown of this lncRNA has been shown to
decrease levels of hundreds of muscle-related mRNAs (Gong et al.,
2015), and therefore it is likely that its role in postnatal growth is
more complex than merely controlling differentiation.

Meg3 has previously been examined during post-natal muscle
development in pigs where it showed, as in mice, a relatively high
expression after birth, followed by a rapid decrease (albeit at a
later stage of growth) between day 90 and day 120 post-natally
(Oczkowicz et al., 2010). In mice, the post-natal down-regulation
of Meg3 between 2 days and 2 weeks might reflect the transition
from growth of myofibres through hyperplasia of myonuclei to
predominantly hypertrophy of myofibres during this time, and the
progressively reduced requirement for this tumour suppressor
lncRNA (Zhou et al., 2012). We observed that after 2 weeks of age
there was little change in Meg3 expression, with a non-significant
decrease between 2 and 4 weeks followed by constant expression;
this could indicate its importance for a maintenance role for the
large numbers of post-mitotic myonuclei (and/or quiescent sa-
tellite cells).

Linc-MD1 is another lncRNA that has been found to be upre-
gulated upon myogenic differentiation (Cesana et al., 2011; Legnini
et al., 2014). However, as with lncMyoD, its expression was not
highest during the first 2 weeks postnatally, although it did de-
crease gradually (but significantly) from 2 to 12 weeks. This

decrease coincides with the increase in expression of miR-133a
across the postnatal growth span; this is likely due to a feedback
loop where increased miR-133a results in cleavage of linc-MD1 to
form miR-133b (Legnini et al., 2014). Again, these results empha-
sise the complexity of these lncRNA molecules and the multiple
roles they may be playing beyond differentiation of myoblasts.

3.2. Expression levels of miRNAs

To date, RNA studies during post-natal muscle growth have
focused predominantly on microarray data and have not specifi-
cally addressed miRNA expression patterns during the post-natal
switch from hyperplasia of myonuclei to hypertrophy of myofibres
and subsequent maturation of muscle. In tissue culture, miRNAs
have been examined extensively in C2C12 cells, but usually com-
paring expression between proliferating myoblasts and mature
myotubes. Our combined data compare the changing miRNA pat-
terns in vivo across the entire post-natal growth span, with the
progression of myogenesis in culture.

In vitro: The up-regulation of the so-called “myomiRs” (miR1,
133a and 206) during C2C12 differentiation has been documented
in several studies (Chen et al., 2006; Dey et al., 2011; Huang et al.,
2011; Kim et al., 2006). Our analyses of miRNA expression during
C2C12 differentiation, fusion and myotube maturation confirm
these prior results, and allow us to compare muscle cell fusion in
vitro with the situation in vivo during post-natal growth. MiR-1
and miR-206 are known to inhibit myoblast proliferation, while
miR-133a has the inverse function, inhibiting differentiation and
hence encouraging cell proliferation; however all three myomiRs
show similar expression patterns with steady and significant in-
creases in RNA from myoblasts to 4 day C2C12 myotubes. The si-
milar patterns of miRNAs with opposing functions could reflect
the heterogeneous mix of proliferating and differentiating cells
within these fusing muscle cultures and their respective tran-
scriptional outputs. Additionally, miR-1 and miR-133a are located
on the same chromosomes in mice, and their transcription is
governed by the same myogenic regulatory factors, therefore their
expression is similarly regulated (Luo et al., 2013). As miR-206 was
the only miRNA that showed an increase in expression between
4 day and 6 day old myotubes, this suggests that, while it has the
same role as miR-1 in encouraging differentiation, it may be re-
sponsible for a later stage of differentiation and maturation of
myotubes.

In vivo: While miR-1 and miR-133 showed similar expression
patterns during post-natal skeletal muscle growth (again, due to
their similar transcriptional regulation), miR-206 showed an in-
verse regulation. The high expression of miR-206 at 2 days in vivo,
followed by rapid down-regulation, suggests that this miRNA is
important in utero during skeletal muscle embryogenesis. Ad-
ditionally, miR-206 is proposed to regulate the formation of the
NMJ (McCarthy, 2008), and hence its high expression levels during
very early post-natal growth, with no change after 4 weeks, could
indicate a role during maturation of NMJs. For miR-1, the in-
creasing expression from birth up until 4 weeks supports a role for
enhancing differentiation of myoblasts and their subsequent fu-
sion with existing myofibres. The increased expression of miR-133
is likely due to increased expression in satellite cells/myoblasts, to
suppress differentiation in order to maintain a reservoir of quies-
cent skeletal muscle progenitor (stem) cells. Such myogenic stem
cells are essential for situations of muscle regeneration in response
to necrosis of mature myofibres (Grounds, 2014).

Clearly, the inverse expression pattern of miR-206 compared
with miR-1 and miR-133 in vivo is in stark contrast with the si-
milar expression patterns of all three miRNAs in vitro. Since there
is evidence that miR-206 plays a role in regeneration of the NMJ
(Williams et al., 2009), a situation that is not represented in

Fig. 7. Line diagram summarising 4 general patterns for RNA expression in mouse
muscles between 2 days and 12 weeks after birth. Changes between 2 time points
are indicated simplistically as a straight line, although the precise timing and
pattern of the change over this interval (e.g. between 2 days and 2 weeks) is not
known *¼ relative cessation of hyperplasia of myonuclei by 3 weeks of age, with
increased myofibre size after this age due mainly to hypertrophy (see text).
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cultured muscle cells, as well as encouraging satellite cell differ-
entiation in mature muscles regenerating after experimental in-
jury (Liu et al., 2012), these miRNAs may have very different roles
in vitro and in vivo; this emphasises the need to examine these
miRNAs further in vivo to elucidate other roles for them.

3.3. Expression levels of mRNAs coding for proteins

A complex network of proteins that are important for myo-
genesis, differentiation, growth, innervation and mechanical
function during post-natal growth is associated with these ncRNAs
(as summarised in Fig. 6). In order to obtain a broad perspective on
RNA expression patterns during this critical post-natal growth
period that includes the switch from hyperplasia of myonuclei to
hypertrophy of myofibres around 3 weeks of age, associated
changes in membrane dynamics, and maturation of the NMJs (as
indicated in Fig. 1), we also examined expression patterns for
several mRNAs, to help elucidate potential roles for ncRNAs during
these changes. Three main areas of interest were investigated:
proliferation and differentiation of myogenic cells, structural and
functional changes of the sarcolemma, and the formation and
maturation of NMJs.

As miRNAs are involved in all of these processes, one of the
mRNAs coding for a protein that is essential for miRNA processing,
Drosha, was examined. The observation that expression of Drosha
mRNA was constant across the time of post-natal growth is not
surprising, since Drosha is responsible for processing all miRNAs
(not just the myoMiRs) and therefore this essential protein needs
to be constantly expressed.

Post-natal myogenesis: Another protein related to the produc-
tion of myoMiRs is MyoD (Fig. 6). This transcription factor induces
the transcription of miR-1, -133 and -206 (Ge and Chen, 2011); in
turn, MyoD is transcribed under the influence of the lncRNA Sra
(Caretti et al., 2006; Hube et al., 2011). As well as having a clear
connection to ncRNAs that control myogenesis, MyoD itself is one
of the key MRFs involved in myogenesis along with MyoG, and
steady down-regulation of these classic muscle transcription fac-
tors has been shown up until 3 weeks post-natally (Beilharz et al.,
1992; Eftimie et al., 1991). In our study, as expected, MyoD was
down-regulated between 2 and 4 weeks post-natally. Since MyoD
is responsible for the activation and proliferation of myoblasts,
MyoD is a good indicator of myogenesis. MyoG mRNA decreased
between 2 days and 2 weeks, followed by constant low expression
from 2 to 6 weeks with further down-regulation by 12 weeks (to
reach low levels as seen in adult muscle). Myogenin is associated
with terminal muscle differentiation, which could account for its
later stage of down-regulation compared with MyoD.

Membrane-associated proteins and mechanosensing LmnA: A
major function of skeletal muscle is the generation of mechanical
force and biomechanical sensing. Responses occur at many levels
from the cell membrane (sarcolemma) through to the nucleus,
thus we examined RNA expression for one protein in the nuclear
lamina (lamin A) as well as one protein in the sarcolemma (ca-
veolin 3/Cav3). The nuclear lamina is a network of proteins that
includes type A and type B lamins; type B lamins are encoded by
individual genes and are widely expressed, while type A lamins (A,
AΔ10, C and C2) are encoded by a single LMNA gene, and are
developmentally regulated (Cohen et al. 2013; Sullivan et al.,
1999). Mutations in the LMNA gene can affect multiple tissues and
result in a range of diseases, including a variety of muscular dys-
trophies (Cohen et al., 2013). Lamin-A deficient mice show normal
embryonic development and have no obvious phenotypic ab-
normalities at birth; however, their post-natal development is
grossly defective, specifically in cardiac and skeletal muscle and
adipose tissue (Kubben et al., 2011). Myofibres of lamin-A deficient
mice are smaller (hypotrophic) and show a reduced number of

myonuclei compared with wild-type mice, suggesting defective
activation and fusion of myoblasts during post-natal development
(Cohen et al., 2013; Kim and Zheng, 2013; Kubben et al., 2011).
Expression of LmnA RNA was high in 2 day old muscle, with rapid
down-regulation between 2 days and 2 weeks postnatally. The
drop in LmnA transcription by 2 weeks of age may be associated
with the large numbers of myoblasts fusing with myofibres in-
itially and relative cessation of fusion by 3 weeks of age when
numbers of myonuclei stabilise (White et al., 2010).

Another important mechanosensing and signalling protein in
skeletal muscles is caveolin 3 (Cav3) that is localised in many ca-
veolae across the sarcolemma. Caveolae are small invaginations of
the plasma membrane that are essential for expansion of the
sarcolemma during muscle contraction and are involved in mul-
tiple signalling pathways (Smythe and Rando, 2006); they contain
many proteins, but Cav3 expression is restricted to muscle cells.
Our data show that Cav3 mRNA expression in muscle is high in-
itially, with rapid down-regulation (!50%) by 2 weeks after birth,
as also occurred for LmnA, indicating that these membrane pro-
teins are crucial to establish membrane stability around the time
of birth but rapidly down-regulate to adult levels within 2 weeks.
Cav3 has been linked to muscle hypertrophy (Parton and del Pozo,
2013); during post-natal growth, the sarcolemma must rapidly
expand in area as the myofibre lengthens; e.g. length can increase
4 fold over the first 3 weeks from about 1000 to 4000 mm (White
et al., 2010). The decrease in Cav3 mRNA might be accounted for
by a fixed number of caveolae with a very high density in the
newborn myofibres, with caveolae density decreasing as the sar-
colemma surface area increases (with an associated decrease in
number of caveolae/volume of sarcoplasm). Or, alternatively, the
dynamics of Cav3 turnover (and gene expression) are greatly re-
duced, even if additional caveolae continue to be added to the
expanding sarcolemma.

During postnatal growth, the dynamic properties of the sar-
colemma are altered to accommodate myoblast fusion (Blondelle
et al., 2015), and growing and mature myofibres differ in their
response to growth stimuli (Grounds and Shavlakadze, 2011). This
is exemplified by the differing effects of IGF on hypertrophic sig-
nalling in skeletal muscle depending on the stage of myofibre
maturation; IGF1 is a potent stimulator of hypertrophy, but acts
mainly on growing muscle, with a lesser effect seen on normal,
mature myofibres (Shavlakadze et al., 2010). Our data indicate that
this change in signalling response may be partially due to down-
regulation of the sarcolemmal IGF1 receptor (Igf1r) from birth until
4 weeks. There is a slight increase in Igf1r RNA expression between
4 weeks and 6 weeks, as muscle is still elongating rapidly by hy-
pertrophy during this time, but expression is reduced as muscle
reaches maturity at 12 weeks post-natally. Igf1r patterns are in-
verse to those of miR133a and this is not un-expected, as miR133a
negatively regulates Igf1r mRNA (Huang et al., 2011).

Maturation of myofibre innervation: Another key stage of post-
natal muscle growth is the maturation of the NMJ. Agrin protein is
involved in the formation of NMJs (Burden, 2011): agrin induces
and stabilises proteins accumulating on the post-synaptic muscle
membrane (sarcolemma), including acetylcholine receptors
(AChRs), and can be neural or muscular in origin (Burgess et al.,
1999; McMahan et al., 1992). Total Agrn mRNA in the somatosen-
sory cortices of mouse brains is high post-natally, but decreases to
low adult levels by 3 weeks post-birth (Li et al., 1997), similar to
the timing of down-regulation of agrin RNA levels in our muscle
study, with high RNA levels at birth that decreased between 2 and
4 weeks during the period of NMJ maturation. Utrophin protein is
associated with the sarcolemma and is initially high along the
length of developing myofibres, but localises predominantly to the
NMJ upon maturation (Ohlendieck et al., 1991; Perkins et al.,
2001). Utrn shows a similar pattern of mRNA regulation to Agrn,

L.C. Butchart et al. / Differentiation 92 (2016) 237–248 245



Chapter 3 

 50 

and both of these proteins are indicators of NMJ maturation during
the first 3 weeks of post-natal growth. There is complex regulation
of Utrn expression by miR-206, that can either repress or activate
Utrn (Amirouche et al., 2013), therefore as miR-206 levels decrease
after 2 weeks, Utrn RNA levels remain stable, allowing for the
consistent expression of this functional protein.

4. Conclusions

This comprehensive overview of RNAs during post-natal skeletal
muscle growth provides a novel focus on ncRNAs and their potential
roles during this critical growth period. The comparison of the in vivo
expression patterns with those during the classic model of myo-
genesis in tissue culture, provides valuable insight into the equiva-
lence and differences between cellular events in these two situations;
while in vitro work is very convenient and informative, our study
emphasises the need for further investigations into the role of
ncRNAs during in vivo skeletal muscle formation, differentiation and
vital post-natal growth. The associated in vivo changes in vascular
development, neuromuscular maturation, as well as complex mod-
ulation of the extracellular matrix during this rapid growth and
maturation of skeletal muscle tissue, also needs to be considered.
Greater insight into interactions between the many forms of RNAs
and proteins that regulate muscle growth and maintain homeostasis,
is of central importance to livestock industries related to improve-
ment of meat quality and production using molecular approaches
(Hou et al., 2012; Li et al., 2012) and to clinical muscle disorders. For
example, many ncRNAs have been identified in cases of aberrant
muscle growth and muscle atrophy, including genetic diseases as
Duchenne muscular dystrophy (Neguembor et al., 2014; Twayana
et al., 2013), inflammatory conditions like cachexia (Soares et al.,
2014) and age-related muscle wasting (Drummond et al., 2011);
therapeutic modulation of many ncRNAs by exercise has recently
been demonstrated (Zacharewicz et al., 2014). The ncRNAs are likely
to represent viable therapeutic targets, or useful readouts of treat-
ment efficacy or disease progression. This study of the complex roles
of ncRNAs during the important and often overlooked phase of post-
natal growth of skeletal muscle, lays the groundwork for more in-
tricate explorations in order to better understand the elegant fine
tuning of genetic events during muscle formation, differentiation,
growth and homeostasis.

5. Materials and methods

5.1. Cultured myogenic cells

The classic murine skeletal muscle C2C12 cell line was obtained
from ATTC, Manassas, USA (Catalogue number CRL#1772). Myo-
blasts were initially grown in proliferation medium that consisted
of Dulbecco's Modified Eagle's Medium [(DMEM) Invitrogen]
supplemented with 10% fetal bovine serum [(FBS) Invitrogen] and
penicillin-streptomycin (Invitrogen), at 5% CO2 and 37 °C. When
myoblasts reached 70–80% confluence (E5 days following plat-
ing) the growth medium was changed to fusion medium (as above
except supplemented with 2% horse serum instead of 10% FBS),
whereupon myoblasts differentiated and fused to form myotubes.
Fusion medium was replaced every second day. After various time
in culture, cells were either fixed in 4% paraformaldehyde before
immunostaining, or used for RNA extraction.

5.2. Animal studies

Male C57BL/6J mice were obtained from the Animal Resource
Centre (Murdoch, Western Australia) to provide 5 groups aged

2 days and 2, 4, 6 and 12 week old mice (n¼6–8 per group; it
should also be noted that 2 day old mice were not sexed, and
muscles of two animals were pooled per sample analysed). Ani-
mals were housed at the University of Western Australia under
standard conditions with unrestricted access to food and water. All
animal experiments were conducted in accordance with the
guidelines of the National Health and Medical Research Council
Code (2004), and the Animal Welfare act of Western Australia
(2002), under approval from the Animal Ethics committee at the
University of Western Australia. Mice aged 2 days were sacrificed
by decapitation while all other mice were sacrificed by cervical
dislocation under anaesthesia (2% v/v Attane isoflurane; Bomac
Animal Health Pty Limited, Hornsby, Australia). The quadriceps
and other muscles from all animals were dissected out and im-
mediately snap frozen in liquid nitrogen and stored at "80 °C.

5.3. Immunostaining of the paraspeckle protein NONO

After fixation, cells were permeabilised with 1% triton-X100
(Sigma) in PBS for 10 min, thoroughly rinsed with PBS six times
and incubated with anti-NONO monoclonal antibody (Souquere
et al., 2010) diluted 1:500 in PBS/0.05% tween-20 for one hour.
Cells were washed with PBS/0.05% tween-20 and the primary
antibody was detected with anti-mouse FITC conjugate secondary
antibody (Jackson Immunoresearch) diluted 1:250 in PBS/0.05%
tween-20. Samples were then washed for 5 min with PBS/0.05%
tween-20 three times. Nuclei were stained with DAPI (4′,6-dia-
midino-2-phenylindol, Sigma). Slides were mounted with Vecta-
shield mounting media (Vector labs) and covered with coverslips.
HeLa cells were used as positive controls. All samples were viewed
under a Nikon Eclipse 90i microscope; Photometrics Cool Snaps ES
camera and Digital Optics Vþþ v.4.0 software were used to cap-
ture images.

5.4. RNA analysis

For tissue-cultured cells, after aspiration of the culture med-
ium, the cells were lysed directly in the cell-culture dish with
Qiazol Lysis Reagent (Qiagen) for RNA extraction. Whole frozen
muscles were ground in liquid nitrogen using a mortar and pestle
before lysis in Qiazol. For the in vivo analyses, limb muscles were
pooled for each of the day 2 neonatal mice (due to their small size)
whereas only quadriceps muscles were used at all older ages (one
quadriceps per mouse analysed).

RNA extraction from cultured cells and muscle tissue was
performed using the miRNeasy Mini kit (Cat. #217004, Qiagen) as
per the manufacturer's instructions. RNA concentration and purity
was quantified using a NanoDrop 1000 Spectrophotometer before
undergoing reverse transcription using a miScript II kit (Qiagen,
catalogue #218161) with miScript HiFlex buffer. qPCR was per-
formed on a Rotor-Gene 6000 (Qiagen) using a Quantitect SYBR
Green PCR Kit and QuantiTect or miScript Primer assays shown in
Table 1 (Qiagen). Primers for MALAT-1 and the Neat1 _v1 were
obtained from Geneworks, while primers for Neat1_v2 were ob-
tained from Integrated DNA Technologies (Table 2). PCR conditions
were as follows: initial activation at 95 °C for 15 min, followed by a
3-step cycle of 15 s at 94 °C, 30 s at 55 °C, and 30 s at 70 °C for 40
cycles. Melt curve analysis was performed using the RotorGene
software to ensure PCR product purity. Results were standardised
to levels of Hs_SNORD96A_11, a small nucleolar RNA that is con-
served across species (Qiagen, catalogue #MS00033733). This RNA
was not significantly regulated either in vitro or in vivo (data not
shown).

L.C. Butchart et al. / Differentiation 92 (2016) 237–248246



Chapter 3 

 51 

5.5. Statistical analyses

One-way ANOVA was used to compare the PCR data with re-
spect to multiple time points for myogenic cells types or mouse
ages. Significant differences between individual groups were es-
tablished using Tukey's multiple comparisons test, with p values
o0.05 considered statistically significant.
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Abstract

Background: MiRNAs are essential regulators of skeletal muscle development and homeostasis. To date, the role
and regulation of miRNAs in myogenesis have been mostly studied in tissue culture and during embryogenesis.
However, little information relating to miRNA regulation during early post-natal skeletal muscle growth in mammals
is available. Using a high-throughput miRNA qPCR-based array, followed by stringent statistical and bioinformatics
analysis, we describe the expression pattern and putative role of 768 miRNAs in the quadriceps muscle of mice
aged 2 days, 2 weeks, 4 weeks and 12 weeks.

Results: Forty-six percent of all measured miRNAs were expressed in mouse quadriceps muscle during the first
12 weeks of life. We report unprecedented changes in miRNA expression levels over time. The expression of a
majority of miRNAs significantly decreased with post-natal muscle maturation in vivo. MiRNA clustering identified 2
subsets of miRNAs that are potentially involved in cell proliferation and differentiation, mainly via the regulation of
non-muscle specific targets.

Conclusion: Collective miRNA expression in mouse quadriceps muscle is subjected to substantial levels of
regulation during the first 12 weeks of age. This study identified a new suite of highly conserved miRNAs that are
predicted to influence early muscle development. As such it provides novel knowledge pertaining to post-natal
myogenesis and muscle regeneration in mammals.

Keywords: MiRNAs, Skeletal muscle, Myogenesis, Growth, Cell differentiation, Cell proliferation

Background
Skeletal muscle development (myogenesis) and homeosta-
sis are regulated by a continuum of external and internal
cell signals that activate or repress gene expression. These
processes are fine-tuned by the joint action of transcrip-
tion factors [1, 2], DNA methylation [3, 4], histone modifi-
cation [5] and non-coding RNAs that include micro
(miRNAs) and long (lncRNAs) forms [6, 7]. The role of
lncRNAs has been scarcely described when compared to
miRNAs; the latter playing an essential part in the control
of cellular processes via transcriptional regulation [8–12].
Our study is focussed on miRNAs, which are small

20–24 nucleotide non-coding RNA molecules. In

miRNA nomenclature, the species is denominated by
the first 3 letters of the miRNA; where hsa defines a hu-
man miRNA, mmu defines a mouse miRNA and dre de-
fines a zebrafish miRNA. MiRNAs bind to specific sites
on the 3’UTR of their target transcripts and repress their
translation into a functional protein [13–17]. This
repression predominantly occurs by degradation of the
target mRNA [15] but also by directly inhibiting protein
translation. In some cases, it has been reported that
miRNAs also stabilize their target mRNAs [18]. The
current estimation is that more than a third of the
mRNA pool possesses at least one miRNA target [19].
MiRNAs bind to mRNA 3’UTR regions on the basis of
partial or full sequence homology [11, 13] and putative
miRNA target sequences can be identified using freely
available bioinformatics tools [20–22]. MiRNAs play a
major role in the maintenance of skeletal muscle homeo-
stasis in health and disease conditions [23]. Over the last
decade, studies in tissue culture and embryogenic
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models have established that miRNAs are essential regu-
lators of myogenesis. However, the role and regulation
of miRNAs during post-natal skeletal muscle develop-
ment in mammals has not been comprehensively
described.
In mice, a rapid 7–8 fold increase in body mass occurs

during the first 3 weeks of post-natal life. About half of
this increase is due to accretion in skeletal muscle mass
[24]. Murine post-natal muscle growth almost exclu-
sively relies on an increase in the size of muscle fibres
(hypertrophy) rather than an increase in fibre number,
which ceases around birth [25, 26]. Post -natal murine
skeletal development consists of 2 main growth phases
with a transition around 3 weeks of age, as represented
in Fig. 1. In the first 3 weeks, muscle precursor cells
(also known as myoblasts or satellite cells) proliferate

and fuse with the rapidly elongating myofibres to pro-
vide new myonuclei (hyperplasia) (Fig. 1a) [26, 27]. From
3 to 8 weeks of age, rapid hypertrophy results in a 3-fold
increase in the myofibre size [26]. This increase in sarco-
plasmic volume continues until at least 14 to 28 weeks
of age [27]. Early autoradiography studies tracking the in
vivo kinetics of myoblast proliferation and fusion in
healthy muscles of mice aged 6–8 weeks confirmed that
most satellite cells were quiescent at this age [28]. The
reason for this striking transition from hyperplasia to
hypertrophy during muscle growth is not known and
has not been widely investigated in other species (dis-
cussed in [29]).
At the molecular level, mammalian myogenesis is a

finely regulated process controlled by a series of muscle
specific transcription factors known as myogenic

Fig. 1 Graphical representation of key events during postnatal skeletal muscle growth (a) and indication of different types of cell nuclei within
mature muscle tissue (b) a In mice, skeletal muscle post-natal development is comprised of 2 main growth periods. Until 3 weeks of age (left
panel), satellite cells proliferate, followed by the incorporation of newly generated myonuclei into myofibres, resulting in hyperplasia. The rate of
proliferation and fusion gradually declines during this period. After 3 weeks of age (right panel), the proliferation of satellite cells ceases and there
is no additional incorporation of myonuclei into the myofibres. Past 3 weeks of age, muscle growth therefore results from hypertrophy only. By
3 weeks of postnatal age, the neuromuscular junction (NMJ) and innervation have matured and the vascular system and the extra-cellular matrix
(ECM) are considered developed. b Longitudinal section of adult mouse limb muscle stained with haematoxylin and eosin. Histology shows that the
bulk of the mature myofibre is occupied by sarcoplasm filled with contractile proteins, with muscle nuclei located at the surface of the myofibre. The
interface with the interstitial connective tissue shows a blood vessel and various cell types within the extracellular matrix

Lamon et al. BMC Genomics  (2017) 18:52 Page 2 of 13



Chapter 3 

 55 

 

regulatory factors (MRFs). The early regulators myogenic
differentiation 1 (Myod1) and myogenic factor-5 (Myf5)
facilitate the commitment of satellite cells to the myo-
genic fate, while myogenin (Myog/Myf4) and myogenic
factor-6 (Myf6) are essential for muscle cell differenti-
ation and muscle fibre formation [30]. In addition, the
paired box transcription factors (Pax3/Pax7) act up-
stream of Myod1 to regulate the entry of satellite cells
into the myogenic programme [31, 32]. MiRNAs play a
role in multiple aspects muscle growth [33], including
development, metabolism and repair. MRFs are involved
in the transcriptional regulation of muscle enriched miR-
NAs (myomiRs), including miR-1, miR-133 and miR-
206, and regulatory feedback loops have been identified
between miRNAs and MRFs in muscle cells [26, 34–36].
Recently, our group reported the expression levels of
these 3 myomiRs during post-natal muscle growth [12].
Gene expression profiling of post-natal myogenesis re-
cently identified new genes involved in the regulation of
satellite cell activation, proliferation and fusion including
ephrin-related molecules. These findings suggest that
myomiRs and other miRNAs may regulate more targets
in skeletal muscle [37].
To date, the expression levels of a large range of

miRNAs in post-natal skeletal muscle development in
vivo has not been investigated. This study is the first
to examine the expression pattern of 768 miRNAs
and their putative gene targets and function during
post-natal development of the mouse quadriceps
muscle, specifically at 2 days as well as 2, 4 and
12 weeks of age.

Methods
Mouse muscle samples
All animals (male C57BL/6J normal mice) were obtained
from the Animal Resource Centre, Murdoch, Western
Australia. Mice were housed at the University of West-
ern Australia pre-clinical facility under standard condi-
tions, with ad libitum access to food and drinking water.
Experiments were conducted in strict accordance with
guidelines outlined in the National Health and Medical
Research Council Code of practice for the care and use
of animals for scientific purposes (2004), and the Animal
Welfare act of Western Australia (2002). All animal ex-
periments were approved by the Animal Ethics commit-
tee at the University of Western Australia (RA/3/100/
1436). Mice aged 2, 4 and 12 weeks (n = 6 per age group)
were sacrificed by cervical dislocation under terminal
anaesthesia (2%v/v Attane isoflurane, Bomac, Australia).
Eight 2-day old mice were sacrificed by decapitation,
and due to the small muscle size the hind limb muscles
from 2 animals were pooled, resulting in n = 4. All
muscles were dissected out and snap frozen in liquid
nitrogen before being stored at −80 °C.

RNA extraction and reverse transcription
Total RNA was extracted from the quadriceps muscle
using the miRNeasy miRNA and total RNA purification
kit (Qiagen Inc., Chadstone, VIC, Australia) according to
the manufacturer’s protocol. Total RNA concentration
was assessed using the Nanodrop1000 Spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA). For
miRNA analysis, RNA (350 ng) was reverse transcribed
using the Taqman microRNA Reverse Transcription
(RT) kit and Megaplex RT Primers, Rodent Pool A and
Pool B v3.0 (Life Technologies, Mulgrave, VIC,
Australia). The RT reaction consisted of 2.7 mM dNTP,
0.3 U/μL RNase inhibitor, 3 mM MgCl2, 10 U/μL Multi-
Scribe enzyme, 1x buffer and 1x primers. The RT condi-
tions consisted of 40 cycles of 16 °C for two min, 42 °C
for one min and 50 °C for two min, followed by 5 min at
85 °C to stop the reaction then cooled to 4 °C. For gene
analysis, first-strand cDNA was generated from 500 ng
RNA in 20 uL reaction buffer using the High Capacity
cDNA Reverse Transcription Kit (Life Technologies); 1x
RT buffer and random primers, 8 mmol/L dNTP and
2.5 U/μL MultiScribe™ RT enzyme. The RT protocol
consisted of 10 min at 25 °C, 120 min at 37 °C, 5 min at
85 °C then cooled to 4 °C.

Single-strand DNA quantification
RNA was treated with DNase I Amplification Grade
(Life Technologies) and first-strand cDNA was generated
as described above. cDNA was then treated with RNase
H (Life Technologies) according to the manufacturer’s
protocol. Single-strand DNA was quantified using the
Quant it OliGreen ssDNA Assay Kit (Life Technologies)
according to the manufacturer’s instructions and used
for mRNA PCR normalization.

Real-time PCR
Real-time PCR was carried out using a Stratagene
MX3000 thermal cycler (Agilent Technologies, Santa
Clara, CA). mRNA levels were measured using 1x SYBR®
Green PCR Master Mix (Life Technologies) and 5 ng of
cDNA. The PCR conditions were 1 cycle of 10 min
at 95 °C; 40 cycles of 30 s at 95 °C, 60 s at 60 °C,
60 s at 72 °C; 1 cycle (melting curve) 60 s at 90 °C,
30 s at 55 °C, 30 s at 95 °C. mRNA levels were nor-
malized to cDNA input. All primers were used at a
final concentration of 300 nM. Primer sequences are
presented in Table 1.

MiRNA screening
MiRNA expression in the samples was assessed using
the TaqMan Array Rodent MicroRNA A + B Cards v3.0
(Applied Biosystems, Mulgrave, VIC, Australia). Collect-
ively, these cards allow for the accurate quantitation of
768 mouse and rat miRNAs. The cards also contain 3

Lamon et al. BMC Genomics  (2017) 18:52 Page 3 of 13



Chapter 3 

 56 

 

candidate endogenous controls that are specific to
mouse and can be used for normalisation and an irrele-
vant miRNA that serves as a negative control and en-
sures that there is no non-specific amplification of
targets. The results from the Megaplex were then ana-
lysed using ExpressionSuite Software v1.0 (Applied Bio-
systems) and the data were normalized using the global
normalization function included in the software, a
technique that more accurately represents biological
variation than a selected number of endogenous controls
[38, 39]. Global normalisation applies a constant scaling
factor to every measurement in a qPCR well, so that
they all have the same median intensity. Because a con-
stant scaling factor is applied, the global normalisation
does not change the relative expression of individual
miRNAs in each well, while accounting for biological
and methodological variations. For individual miRNA
expression levels, Ct values were then transformed
into arbitrary units (AU) using the following equation:
AU=(1/2)Ct1010 and expressed relative to the mean
value of the latest time point each miRNA was
expressed at.

Statistical analysis
A first exploratory analysis of the data revealed a large
number of miRNAs with outlier Ct values. Therefore,
robust regression (M-estimation with scale parameter
estimated using the median method) was used to esti-
mate the linear trend in Ct values with time. For miR-
NAs with no significant trend on time, Kruskal-Wallis’
test was used to compare Ct values between times.
Given the exploratory nature of the study, we chose not
to correct for multiple comparisons to minimize the risk
of false negative results.
With the aim of identifying groups of expression pat-

terns versus time, quadratic models including time and
time2 were adjusted using the same robust approach. A
hierarchical clustering algorithm based on the Ward’s
minimum variance criterion was used to group the pre-
dicted Ct profiles into clusters. All regression analyses
were performed with SAS software, version 9.3 (SAS
Institute, Cary, NC).
In addition to the regression models, the individual

expression levels of the MRFs, a subset of miRNAs

including some myomiRs as well as the top-ranked miR-
NAs of each cluster (see below) were calculated. Arbi-
trary unit values were analyzed using a one-way analysis
of variance (ANOVA) using GenStat v16 [40]. Diagnostic
plots of residuals and fitted values were checked to
ensure homogeneity of variance (a key assumption for
ANOVA). The significance level was set at p < 0.05.

Bioinformatics
For each selected cluster, the top cellular functions and
miRNA-mRNA target interactions were determined
using Ingenuity System Interactive Pathway Systems
(version 18488943). Stringency was set at ‘highly pre-
dicted’ and ‘experimentally validated’. The software uses
its own internal algorithm and other databases, includ-
ing TarBase, TargetScan and miRecords, as well as find-
ings published in the literature. Ingenuity pathway
analysis (IPA) was used to generate figures depicting the
relationship between miRNAs and predicted target
mRNAs involved in cell cycle and proliferation, cell
differentiation and organismal development. Individual
target predictions were made using miRwalk [22].

Results
MiRNA expression levels during skeletal muscle
development
The cut-off for the relevant level of expression of each
miRNA was set at Mean (Ct) < 32 for each specific time
point, as recommended by the manufacturer. Out of the
768 miRNAs measured, 415 (54%) were considered not
expressed in mouse quadriceps muscle and were there-
fore excluded from further analysis. 310 miRNAs (40%)
were expressed at all time points, 42 miRNAs (5%) were
expressed at 2 or 3 time points, while one miRNA
(0.1%) was expressed at the 2-day time point only
(Additional file 1).
Linear trends in Ct values were assessed using a robust

regression model. Out of the 310 miRNAs expressed at
all time points, 205 (66%) presented a significant linear
trend in their Ct values over time. For 150 miRNAs the
Ct values increased over time (i.e. their expression levels
logarithmically decreased), while for 55 miRNAs the Ct
values decreased over time (i.e. their expression levels
logarithmically increased). The top-50 positive slopes

Table 1 Details of mouse primers for PCR analysis
Gene GenBank accession # Forward primer (5’-3’) Reverse primer (5’-3’)

Myf5 NM_008656.5 CACCACAACCAACCCTAACCA ACTCTCAATGTAGCGGATTGC

Myf6 NM_008657.2 GGTACCCTATCCCCTTGCCA GGGAGTTTGCGTTCCTCTGA

Myod1 NM_010866.2 CTGCTTCTTCACGCCCAAA CTGGAAGAACGGCTTCGAAAG

MyoG NM_031189.2 TCCATCGTGGACAGCATCAC CAATCTCAGTTGGGCATGGTTT

Pax3 NM_008781.4 AAACCCAAGCAGGTGACAAC CTAGATCCTCCTCCTCT

Pax7 NM_011039.2 GAGTTCGATTAGCCGAGTGC GTCGGGTTCTGATTCCACAT
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and the 50 negative slopes are individually reported in
Fig. 2. A comprehensive list of all significant slopes is
displayed in Additional file 2.
The expression pattern of 37 miRNAs that did not

present a linear trend showed significant changes be-
tween times when applying a non-parametric test
(Kruskal-Wallis’ test; Additional file 3). Overall, 238 out
of 310 miRNAs (77%) displayed a significant change
over time.

Expression levels of myomiRs with time
MyomiRs are expressed in muscle cells (skeletal and
cardiac) [33, 41]. The individual expression levels of the
myomiRs mmu-miR-1-3p, mmu-miR-133a-3p and hsa-
miR-206 are reported in Fig. 3. MiR-133a and miR-1
both significantly increased with time (main effect of
time, p < 0.001 and p < 0.01, respectively), while miR-206
expression significantly decreased with time (main effect
of time, p < 0.001).

MiRNA clustering
MiRNA expression profiles were classified in 10 clusters
using the predicted Ct values from a robust quadratic
model (Additional file 4). The 2 clusters that presented
the largest changes in predicted Ct values over time (re-
ferred to as cluster A and cluster B) were considered to
have the highest biological relevance and were selected
for bioinformatics analysis (Fig. 4). Cluster A included

44 miRNAs that were moderately expressed, with Ct
values between 27 and 32 PCR cycles for the 2-day age
group. The typical Ct profile for this cluster corresponds
to expression levels that decrease during the first 4 weeks
of life and remain mostly stable from 4–12 weeks. In
contrast, cluster B included 28 miRNAs with higher
initial expression levels that were detected between 23
and 26 PCR cycles for the 2-day age group. Their pre-
dicted expression levels generally displayed a gradual
decrease over the whole period studied. The predicted
Ct values for all miRNAs from cluster A and B are
provided in Additional file 5.

Ingenuity system interactive pathway systems analysis
Core analysis was performed on all miRNAs comprised
in a specific cluster. “Cellular Development” and “Cellu-
lar Growth and Proliferation” were the 2 highest ranked
Molecular and Cellular Functions returned for cluster A,
with p-values respectively comprised between 3.49E-02
– 1.8E-03 and 3.49E-02 – 6.3E-05. In contrast, the miR-
NAs included in cluster B were significantly associated
with the regulation of Organismal Development (p =
3.62E-02 – 3.28E-07) and Skeletal and Muscular Disor-
ders (p = 7.5E-03 – 1.7E-03).
Target analysis was completed on all miRNAs included

in cluster A and cluster B (Additional file 6). A list of
predicted and validated mRNA targets for the 44 miR-
NAs from cluster A and the 28 miRNAs from cluster B

Fig. 2 Statistically significant slopes (ΔCt/ΔDays) estimated using a robust regression model. The top-50 significant positive slopes (upper panel)
and the top-50 significant negative slopes (lower panel) are represented. Positive slopes indicate that the expression of miRNAs decreases over
time. Negative slopes indicate that the expression of miRNAs increases over time
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was generated using Ingenuity software prediction algo-
rithms. Putative gene targets were considered for further
analysis if they were returned as either “highly predicted”
and/or “experimentally observed”. For each cluster, the list
of genes was then sorted on the basis of the molecular
pathways that were associated with each gene, and genes
were categorized using the following key words: “cell cycle

and proliferation”, “cell differentiation”, “organismal devel-
opment” and “skeletal muscle”. Cell cycle and organismal
development were the most highly ranked cellular pro-
cesses predicted to be targeted by the miRNAs in clusters
A and B. For cluster A, 7% and 5% of all predicted gene
targets were associated with cell cycle and organismal de-
velopment, respectively, while these categories both repre-
sented 3% of the genes predicted to be targeted by the
members of cluster B. Muscle specific genes only repre-
sented a very minor proportion of the predicted targets
for both clusters (Table 2).
Following this, the genes known to regulate cell cycle

and proliferation, cell differentiation and organismal
development were selected to generate the figures illus-
trating the predicted role of the top-ranked miRNAs of
each cluster in the proliferation, differentiation and de-
velopment signalling cascades during the first 12 weeks
of age (Fig. 5). The top-ranked miRNAs for clusters A
were mmu-miR-18a-5p, mmu–miR-31–5p, mmu-miR-
130b–5p, mmu-miR-199a–5p, mmu-miR-200c–5p and
mmu-miR-224–5p. The top-ranked miRNAs for cluster
B were mmu-miR-134–5p, mmu-miR-136–5p, mmu-
miR-214–3p and mmu-miR-295–5p.

Fig. 3 MyomiRs expression levels over time. Box-plots of miRNA expression levels of the myomiRs mmu-miR-1-3p (a), mmu-miR-133a-3p (b) and
hsa-miR-206 (c) in mouse quadriceps muscle at 2 days, 2 weeks, 4 weeks and 12 weeks after birth. **, main effect of time, p < 0.01. ***, main effect
of time, p < 0.001. The data are reported as mean ± SEM

Fig. 4 MiRNA clusters. X-axis: time [days], Y-axis: average predicted
Ct value of all miRNAs of cluster A and B under a quadratic model in
time (robust regression). The data are reported as mean ± standard
deviation (SD)
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Individual expression levels of the top-ranked miRNAs for
each cluster and muscle specific predicted targets
The individual expression levels of the top-ranked miR-
NAs of each cluster are depicted in Fig. 6 (a and b). For
each miRNA, individual predictions were conducted to
investigate putative muscle-specific gene targets includ-
ing Pax3, Pax7, Myog, Myod1, Myf5 and Myf6 (Table 3).
Of the 10 miRNAs of interest, 9 had at least one highly
predicted muscle-specific target.

Gene expression levels of myogenic regulatory factors
(MRFs) during skeletal muscle growth
The MRF genes, including Myod1, Myf5, Myf6 and Myog,
and Pax genes, including Pax3 and Pax7, are the 2 major
families of genes orchestrating the myogenesis process.
All the miRNAs identified in our screening were predicted
to target at least one of these genes. The gene expression
levels of Myod1, Myf5, Myf6, Myog, Pax3 and Pax7 were
assessed in the quadriceps muscle of male C57BL/6J mice
during post-natal muscle development (2 days to
12 weeks). Myog (73-fold), Myf5 (12-fold), Pax7 (6.3-fold)
and Myod1 (2.6-fold) displayed significant decreases be-
tween 2 days and 12 weeks after birth (main effect of time,
all p < 0.05). There was no effect of time on Myf6 and
Pax3 expression levels (Fig. 6c).

Discussion
In this study, we describe for the first time the collective
and individual expression patterns of a subset of 768
miRNAs in mouse quadriceps muscle tissue during the
first 12 weeks of post-natal life. We report unprece-
dented changes in the miRNA expression levels over
time, supporting the hypothesis that miRNAs play an
essential role in the regulation of cellular processes
underlying skeletal muscle formation and maturation.
Stringent statistical and bioinformatics analysis con-
firmed the putative role of these miRNAs in the regula-
tion of the proliferation, differentiation and development
pathways, mainly via the regulation of gene targets that
were not specifically linked to skeletal muscle, but to the
development of a variety of tissues. The additional gen-
etic regulation exerted by lncRNAs [12] falls outside the
scope of this study.

Over the last 2 decades, miRNAs have emerged as im-
portant regulators of molecular processes in cells in general
[8–11] and in skeletal muscle in particular [12, 23, 33].
MiRNA detection is commonly achieved using real-time
quantitative PCR, with commercially available PCR-based
miRNA arrays allowing the simultaneous quantification of
hundreds of miRNAs [42, 43]. While a lack of consensus
exists around the most suitable normalization strategy
for single miRNA PCR analysis [44], the use of PCR-
based miRNA arrays allows for the normalization of
the individual cycle threshold (Ct) values to the
geometric mean of the whole miRNA pool, a process
referred to as global normalization [45]. Global
normalization rules out the occurrence of false-positive
results due to a lack of stability of a single normalization
miRNA over different times and conditions. This advan-
tage is particularly relevant in a growth model as extreme
as the one used in this study.
MiRNAs can be specifically enriched in certain tissues

[46] and myomiR is the term referring to the miRNA
species that are highly expressed in skeletal and cardiac
muscle [41, 47]. These miRNAs are involved in the regu-
lation of all fundamental biological processes in the
muscle, including growth, development, metabolism and
repair [33]. MiR-1, miR-133a and miR-206 were amongst
the 3 first identified myomiRs, with miR-1 and miR-133a
being part of a bicistronic cluster on the same chromo-
some [36]. Their role in myogenesis has been well de-
scribed in vitro using gain— and loss-of-function
studies. MiR-1, miR-133a and miR-206 are highly con-
served between species. Our study respectively reported
a 4-fold and 3-fold increase in mmu-miR-1a-3p and
mmu-miR-133a-3p expression levels over the first
12 weeks of age. MiR-133a and miR-1 respectively
promote myoblast proliferation and differentiation via
the repression of Srf and Hdac4 [36]. In contrast, the ex-
pression of hsa-miR-206, an indirect activator of Myod1
[48], decreased by 40-fold between birth and 12 weeks
of age. Similar to miR-1, miR-206 promotes satellite cell
differentiation and suppresses cell proliferation by dir-
ectly targeting the Pax7 3’UTR [48], suggesting a re-
duced need to engage stem cells into the myogenic fate
during the later stages of muscle growth. This is in line

Table 2 Biological classification of predicted mRNA targets
Biological classification of predicted mRNA targets Cluster A

[number of targets, %]
Cluster B
[number of targets, %]

Cell cycle 56, 6.5% 15, 3.1%

Development 39, 4.5% 14, 2.9%

Differentiation 14, 1.6% 9, 1.9%

Skeletal muscle 2, < 0.5% 1, < 0.5%

Others 751, 87.1% 440, 91.8%

mRNA transcripts predicted to be targeted by the miRNAs members of cluster A and cluster B were grouped on the basis of the cellular functions they are
associated with (key words used: “cell cycle and proliferation”, “cell differentiation”, “organismal development” and “skeletal muscle”)
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Fig. 5 Graphical representation of the relationships existing between the top ranked miRNAs and their target genes. Top-ranked miRNAs for cluster A
(upper panel) and B (lower panel) and their predicted gene targets within the proliferation, cell cycle and organismal development pathways. Cell cycle
regulators are shown in orange. Cell development regulators are shown in blue. Cell differentiation regulators are shown in green
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with the in vivo pattern of cessation of satellite cell pro-
liferation and fusion by 3 weeks of age in mice [26].
Beyond the highly expressed myomiRs, we report that

46% of all measured miRNAs were expressed in mouse
quadriceps muscle over the first 12 weeks of life. The ex-
pression levels of a majority of miRNAs decreased with

age, as the incidence and amplitude of many regulative
processes become less important. Statistical analysis
followed by miRNA clustering allowed the isolation of 2
subsets of miRNAs displaying common expression pat-
terns that were selected for bioinformatics analysis. The
predicted expression levels of the members of cluster A

Fig. 6 Expression levels of the top-ranked miRNAs of cluster A (b) and B (b) and MRFs and Pax family members over time (c). a Box-plots of
miRNA expression levels of mmu-miR-18a-5p, mmu-miR-31-5p, mmu-miR-130b-3p, mmu-miR-199a-5p, mmu-miR-200c-3p, mmu-miR-224-5p in
mouse quadriceps muscle at 2 days, 2 weeks, 4 weeks and 12 weeks after birth. ***, main effect of time, p < 0.001. ****, main effect of time, p < 0.0001.
The data are reported as mean ± SEM. b Box-plots of miRNA expression levels of mmu-miR-134-5p, mmu-miR-136-5p, mmu-miR-214-3p, mmu-miR-
296-5p in mouse quadriceps muscle at 2 days, 2 weeks, 4 weeks and 12 weeks after birth. ***, main effect of time, p < 0.001. ****, main effect of time,
p < 0.0001. The data are reported as mean ± SEM. c Gene expression levels of Pax3, Pax7, Myod1, Myf5, Myf6 and Myog at 2 days, 2 weeks, 4 weeks and
12 weeks after birth were measured by qPCR. Gene expression data were normalized to single-strand DNA content. A main effect of time was reported
for Pax7, Myod1, Myf5, and Myog (all p < 0.05). The data are reported as mean ± SEM
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were below or close to the 32 Ct limit of detection be-
tween 4 and 12 weeks of age. These miRNAs may there-
fore be involved in the regulation of very early cell
processes, and conceivably play an even more important
role in pre-natal (foetal and embryonic) muscle forma-
tion and growth. Accordingly, cellular development,
growth and proliferation were the highest ranked mo-
lecular functions returned for cluster A. In contrast, the
members of cluster B were consistently expressed from
week 4 to week 12 and were strongly linked to organis-
mal development. This suggests that, in addition to the
development of the muscle fibre itself, these miRNAs
may regulate the development of other cell components
in the growing muscle tissue (see Fig. 1). Indeed, it is im-
portant to acknowledge that other cell types outside the
myofibre contribute to the dynamics of muscle growth.
These are associated with neuromuscular function
(nerves and Schwann cells), vascularization (endothe-
lium, smooth muscle and bone-marrow derived cells)
and formation of the extracellular matrix (ECM), whose
components are largely produced by fibroblasts [49].
While skeletal muscle fibres represent about 95% of the
volume of muscle tissue, much of this consists of sarco-
plasm containing large contractile proteins with rela-
tively sparse myonuclei (see Fig. 1b). Furthermore, the
number of nuclei associated with adult myofibres only
represent about half of all nuclei present in muscle tissue
[50, 51]. The other 50% of nuclei outside the myofibre
are within different types of mononucleated cells associ-
ated with the nervous and the vascular systems (see Fig.
1b), as well as the interstitial connective tissue contain-
ing various cells, including fibroblasts. Although in adult
muscle tissue, myofibres are patently the most transcrip-
tionally active cell type [52], the transcriptome activity of
muscle tissue includes the combined expression of the
myogenic nuclei, plus the various non-myogenic nuclei,

in a ratio that may vary with development. Thus, these
aspects must be considered when interpreting patterns
of gene expression, especially related to miRNAs. Finally,
other miRNAs from cluster B have also been signifi-
cantly associated with muscular disorders in adults, indi-
cating that these miRNAs are presumably more active at
the level of the post-natal than the pre-natal developing
muscle.
Sparse literature exists around the top-ranked miRNAs

identified in this study and their role in the cell prolifer-
ation and differentiation processes. Although not se-
lected for bioinformatics analysis in this study, the top-3
miRNAs displaying an increase in expression with age
were members of the miR-29 family of miRNAs (mmu-
miR-29a, rno-miR-29c# and mmu-miR-29c), supporting
the important role played by this miRNA cluster in the
myogenesis process. MiR-29a inhibition downregulates
MyoD and upregulates cyclin-dependent kinase 6 (Cdk6)
expression in C2C12 myoblasts, therefore delaying cell
differentiation [53]. In contrast, miR-29 is upregulated in
the muscle of aged when compared to young rodents.
Corroborating our findings, miR-29 electroporation into
the muscle of young mice suppressed cell proliferation
and accelerated aging [54]. Several additional gene tar-
gets have been identified for the miR-29 family of miR-
NAs, including Akt3 [55] and Ring1 and YY1 binding
protein (Rybp) [55], a negative regulator of myogenesis.
Amongst the top-ranked miRNAs of cluster A, mmu-
miR-199a– 5p (homologous to hsa-miR-199a–5p and
dre-miR-199a–5p) regulates myogenic differentiation
acting downstream of Srf; the latter targets multiple
differentiation and proliferation factors within the Wnt
signalling pathway. Hsa-miR-199a-5p expression is in-
creased in human dystrophic muscle and overexpressing
dre-miR-199a-5p in zebrafish muscle leads to major and
lethal disruption of the myofibers [56]. In line with our

Table 3 Predicted muscle-specific gene targets for the top-ranked miRNAs of cluster A and B
miR ID Cluster Highly predicted target Moderately predicted target Homology with human miRNA

mmu-miR-18a-5p A Pax7 hsa-miR-18a-5p

mmu-miR-31-5p A Pax3, Myf5, Pax7 hsa-miR-31-5p

mmu-miR-130b-3p A Myod1 hsa-miR-130b-3p

mmu-miR-199a-5p A Pax3 Pax7, Myod1 hsa-miR-199a-5p

mmu-miR-200c-3p A Myf5 hsa-miR-200c-3p

mmu-miR-224-5p A Myod1 Pax7 First nt different from hsa-miR-224-5p

mmu-miR-134-5p B Pax7 Myf5 hsa-miR-134-5p

mmu-miR-136-5p B Pax3 Myog Last nt different from hsa-miR-136-5p

mmu-miR-214-3p B Pax7 Pax3 hsa-miR-214-3p

mmu-miR-296-5p B Pax7 hsa-miR-296-5p

Muscle-specific gene targets for the top-ranked miRNAs of cluster A and B were predicted using the miRNA/gene prediction tool in miRwalk v.2.0 [22]. A target was
considered as “highly predicted” when returned positive by at least 3/4 prediction software and as “moderately predicted” when returned positive by 2/4 prediction
software. The last column displays the name of the corresponding human miRNA. All miRNAs identified in this study were perfectly or highly homologous between
mouse and human
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observations, hsa-miR-31-5p (homologous to mmu-miR-
31-5p) expression is increased in regenerating [57] and
dystrophic muscle [57, 58] and positively regulates the
proliferation of vascular smooth muscle cells [59]. Hsa-
miR-31-5p directly targets the 3’UTR of human Hdac4
and Nrf1 [60], as well an evolutionary conserved sequence
of dystrophin 3’UTR [61]. Therefore, it likely plays a
multifaceted role in the regulation of skeletal muscle de-
velopment. The other members of miRNA cluster A have
received little attention, especially in skeletal muscle. Hsa-
miR-18a-5p (homologous to mmu-miR-18a-5p) enhances
cell apoptosis in human keratinocytes in vitro [62] and
stimulates the protein expression of the vascular smooth
muscle cell differentiation markers Acta2 and Tagln [63]
and mmu-miR-224-5p negatively regulates mouse adipo-
cyte differentiation [64]. This suggests that mmu-miR-
18a-5p and mmu-miR-224-5p may play roles in the early
stages of the skeletal muscle tissue development, including
vascular and adipocyte differentiation.
In contrast, the top-ranked miRNAs of cluster B have

been relatively well described in skeletal muscle. Next-
generation sequencing (NGS) technology revealed that
mmu-miR-136-5p is decreased in gastrocnemius muscle
from mice aged 6 and 24 months [65] and targets Rybp.
This corroborates our results where mmu-miR-136-5p
expression levels decrease by close to 80-fold between
the age of 2 days and 12 weeks in mouse quadriceps
muscle. In porcine skeletal muscle, the homologous ssc-
miR-214-3p is highly expressed in the foetal stages (em-
bryonic day 90) when compared with post-natal levels
(post-partum day 120) [66]. This is in line with our find-
ings in mouse muscle, where expression levels at
12 weeks of age were 14-fold greater than at 2 days.
Mmu-miR-214-3p inhibits proliferation and promotes
differentiation of the immortalized C2C12 mouse myo-
genic cell line in vitro [67]. Supressing mmu-miR-214-
3p expression maintains C2C12 myoblasts in an active
cell cycle and inhibits myogenic differentiation [68]. Our
data also show that mmu-miR-214-3p is highly predicted
to target Pax7 and we propose that it may act as a nega-
tive regulator of myoblast proliferation in vivo by dir-
ectly regulating the Pax7/Myod1 pathway. Of interest,
all 4 top-ranked miRNAs in cluster B were predicted to
target one of the Pax gene family members with a high
degree of certainty, potentially indicating a similar role
for mmu-miR-134-5p, mmu-miR-136-5p and mmu-miR-
296-5p. Mmu-miR-296-5p overexpression almost totally
suppresses the utrophin-A protein in C2C12 myoblasts
[69]. Utrophin is a cytoskeletal protein with similarities
to dystrophin. Utrophin is initially expressed by all myo-
nuclei and is located around the entire sarcolemma dur-
ing foetal and early post-natal myofibre growth.
However, by 3 weeks of age, utrophin protein expression
is restricted to beneath the NMJ [70]. The expression

pattern observed for mmu-miR-296-5p (down regulated
by 25-fold between 2 days and 12 weeks of age) supports
a potential role as an utrophin suppressor during myofibre
maturation. Finally, mmu-miR-134-5p (down regulated by
close to 100-fold between 2 days and 12 weeks of age) has
not been described in skeletal muscle. It enhances differ-
entiation in mouse embryonic stem cells [71] and also
promotes cell proliferation while preventing the induction
of differentiation and apoptosis in neuronal progenitor
cells [72]. Whether mmu-miR-134–5p has a similar role
in the muscle remains to be elucidated.
This study is the first to assess the expression levels of

a large pool of miRNAs in an in vivo model of muscle
development. A similar array has been previously con-
ducted in a mouse model of muscle regeneration [73]
and several miRNAs, including mmu-miR-18a-5p, mmu-
miR-136-5p, mmu-miR-31-5p and mmu-miR-199a-5p,
were similarly regulated as observed in our study.
Muscle regeneration may display similarities with post-
natal muscle development, although adult skeletal
muscle tissue possesses quiescent stem cells that differ
from developing tissues in aetiology and properties [74].

Conclusion
In conclusion, collective miRNA expression is subjected
to substantial levels of regulation in mouse skeletal
muscle tissue over the first 12 weeks of age. This study
identified a suite of highly conserved miRNAs that are
predicted to control muscle cell proliferation and differ-
entiation pathways with a high degree of certainty. The
specific role of these miRNAs in skeletal muscle devel-
opment, maturation, function and disturbed homeostasis
now requires expansion to a range of muscles in a range
of species and experimental validation in vivo.
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Chapter 4: Results 2 

Novel changes in ncRNA expression during post-natal growth of 
dystrophic muscle in mdx mice, and their response to taurine 
treatment 

4.1 Introduction 
As seen from Chapter 3, striking in vivo differences in ncRNA expression patterns were 

identified during different phases of myogenesis and early post-natal growth in normal 

muscle of young C57Bl/6J mice from 2 days to 12 weeks after birth with a focus on 

lncRNAs (Butchart et al. 2016) and miRNAs (Lamon et al. 2017).  

 

The pattern of cellular events in limb muscles of dystrophic mdx mice, a classic model 

of the lethal childhood disease Duchenne Muscular Dystrophy (DMD), is very different 

to that seen in normal mice, with an acute onset of dystropathology around 3 weeks of 

age. Up to 3 weeks of age the events appear similar for mdx and normal mice. Before 

discussing the dystropathology, it is useful to reiterate the sequence of events that 

occurs in post-natal limb muscles of normal mice. The number of myofibres is fixed 

around birth and post-natal growth occurs via an initial phase of hypertrophy combined 

with hyperplasia of nuclei within the myofibres (fusion of myoblasts with existing 

myofibres) up until 3 weeks, and a second phase of hypertrophy alone (without addition 

of new myonuclei), where increased net protein synthesis results in the increased 

myofibre length and cross sectional area (hypertrophy) (White et al. 2010). The first 3 

weeks of post-natal development of mouse limb muscle also involves major changes in 

other important cellular components, including: the maturation of neuromuscular 

junctions (NMJs) on myofibres (Shi, Fu & Ip 2012) with increased ambulation and 

muscle loading (Latham & Mason 2004), a rapid increase in capillary numbers with 

maturation of vascularization that is also vital for muscle function  (Kostallari et al. 

2015), modulation of the extracellular matrix (ECM) by fibroblasts (Chapman, Meza & 

Lieber 2016), and instigation of weaning with a marked change in diet and hence 

metabolism (Curley et al. 2009).
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This transitional age of 3 weeks is also when pronounced dystropathology first 

manifests in mdx limb muscles as a massive wave of myofibre necrosis, although the 

precise reasons for this acute commencement of dystropathology are unclear (Radley-

Crabb et al. 2014). Consequently, in mdx muscle the “hypertrophy only” phase is 

drastically altered, with bouts of necrosis and regeneration (including inflammation and 

all aspects of new muscle formation) also occurring during this crucial time of muscle 

growth (Duddy et al. 2015). The combination of many factors changing at the critical 3 

weeks of post-natal age may account for this sudden onset of myonecrosis (although 

there is no direct evidence to confirm this). Given the multi-regulatory roles of ncRNAs 

during development and their differential expression during different phases of normal 

post-natal growth (Chapter 3), it was hypothesised that there would be different 

expression patterns of ncRNAs during myonecrosis of mdx muscles, compared with 

normal wild type (WT C57Bl/10ScSn) muscles. It was also of particular interest to look 

at the pre-necrotic stages from birth to 3 weeks to determine if there were any intrinsic 

differences between ‘relatively intact’ mdx and normal muscles. 

 

Recently our laboratory has shown that young mdx mice aged 18 days are deficient in 

the amino acid taurine (potentially due to weaning) and it was proposed that this 

deficiency may exacerbate myofibre necrosis and inflammation in mdx muscle (Terrill, 

Grounds & Arthur 2015). In support of this, it was shown that increased taurine 

availability to pre-weaned mdx mice (from 14 days of age) reduced the acute onset of 

myonecrosis (Terrill, Grounds & Arthur 2016). Furthermore, taurine treatment during 

the period of peak necrosis and regeneration (3-6 weeks) improved skeletal muscle 

function in mdx mice, and reduced markers of inflammation (Terrill et al. 2016). 

However, the precise mechanisms for the beneficial protective effects of taurine are still 

under investigation. This chapter explores whether taurine might be exerting some of its 

protective effects in dystrophic muscle through molecular regulation at the ncRNA 

level. Accordingly, the lncRNA Tug1 (Taurine Upregulated Gene 1), so named because 

of its increased expression in response to taurine (Young et al., 2005) has been added to 

the cohort of ncRNAs analysed.   

 4.2 Materials and methods 
General materials and methods are described in detail in Chapter 2.  

All experiments were carried out on dystrophic mdx (C57Bl/10ScSnmdx/mdx) and non-

dystrophic normal WT C57 (C57Bl/10ScSn) mice (the parental strain for mdx). All 
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animal experiments were conducted in strict accordance with the National Health and 

Medical Research Council (NHMRC) Code of practice for the care and use of animals 

for scientific purposes (2004), and the Animal Welfare act of Western Australia (2002), 

and were approved by the Animal Ethics committee at the University of Western 

Australia  (Animal Ethics Committee Approval number RA/3/100/1436).  

4.2.1: Time course of normal (WT) and mdx ncRNA expression (Study 1) 

For the 2 week time point, male and female pups were used and gastrocnemius and 

quadriceps muscle were pooled (due to small size); for the 4 and 6 week time points 

male mice were used and only gastrocnemius was analysed. For each group, n=4-8.  

4.2.2 The effect of taurine treatment on ncRNA expression in mdx mice (Study 2) 

Taurine was obtained from Sigma Aldrich (St Louis, MO, USA). For the different age 

groups, taurine delivery was based on treatment methods used in our laboratory that are 

shown to be most effective at increasing taurine content in skeletal muscle for those 

particular ages (Terrill et al. 2016; Terrill, Grounds & Arthur 2016). All litters of mice 

used contained approximately equal proportions of males and females, with no 

observable differences between sexes (data not shown).  For each group, n=4-8. 

Analyses were performed on gastrocnemius muscle.  

4.2.2A: Short-term taurine treatment of pre-weaned juvenile mdx mice from 14 days, 

and sampled at 22 days (Study 2A): Mdx mice were treated with taurine from 14 days 

of age after birth (Terrill, Grounds & Arthur 2016) well before the onset of 

dystropathology and before weaning. Mothers and pups had access to soft chow at 14 

days, with taurine-treated mdx mice receiving 4% taurine in their soft chow. Pups were 

sampled at 22 days of age. 

4.2.2B: Longer-term taurine treatment of mdx mice from weaning (18 days) before 

sampling at 6 weeks (Study 2B): All pups were weaned at 18 days and then were given 

either no treatment or 2% taurine solution in drinking water for 24 days (Terrill et al. 

2016). Mice were sampled at 42 days of age (6 weeks). 

 

4.2.3 RNA extraction and analysis 

All reagents were obtained from Qiagen unless otherwise stated.  

4.2.3.1 Isolation of RNA from whole muscle:  For the in vivo analyses, gastrocnemius 

and quadriceps muscle were pooled for 2 week old mice (due to their small size) 
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whereas only gastrocnemius muscle were used at all older ages. All muscle were 

crushed under liquid nitrogen before being homogenised in Qiazol lysis buffer using a 

TissueRuptor homogeniser. RNA extraction (including small RNAs) was performed 

using the miRNeasy Mini kit as per the manufacturer’s instructions. RNA concentration 

and purity was quantified using a NanoDrop 1000 Spectrophotometer before 

undergoing reverse transcription using a miScript II kit with miScript HiFlex buffer.  

RT-qPCR was performed on a Rotor-Gene 6000 using a Quantitect SYBR Green PCR 

Kit and either QuantiTect or miScript Primer assays or Primer-BLAST designed 

primers manufactured by Geneworks. Results were standardised to the geometric mean 

of Hs_SNORD96A_1 and Hs_RNU6-2_1.  

4.3 Results 

4.3.1 NcRNA expression changes during post-natal growth 

Expression patterns of 12 ncRNAs were examined during C57 and mdx post-natal 

skeletal muscle development to identify differences in regulatory RNA expression 

between normal and dystrophic muscle.  

 

Six lncRNAs showed no significant regulation in mdx muscle across the post-natal 

growth span (Figure 4.1A); these include LncMyoD (Figure 4.1Ai) Neat1_v1 (A.ii), 

Neat1_v2 (A.iii), Munc (A,iv), Malat-1 (A,v) and Tug1 (A,vi). Additionally, all of these 

ncRNAs except for Neat1_v2 showed no significant differences in their expression 

between age-matched WT C57 and dystrophic mdx muscle. However, in C57 muscle 

Neat1_v2 expression was gradually up-regulated with age, with a significant increase 

seen between 2 and 6 weeks (p=0.0128). This up-regulation was not seen in mdx 

muscle, resulting in significantly lower Neat1_v2 RNA levels in mdx (compared with 

age matched WT) muscle at 6 weeks, after the major onset and resolution of necrosis 

and regeneration (Figure 4.1A.iii). The remarkably stable expression of these ncRNAs 

suggests they are not regulating the changes in growth kinetics of normal muscle 

development, or the dystropathology of mdx.  

 

However, all other ncRNAs showed significantly different expression profiles between 

normal and mdx muscle. These variances were seen in two distinct phases: either during 

the active necrosis and regeneration phase in mdx mice from 4 to 6 weeks (Figure 

4.1B), or at 2 weeks in the pre-necrotic phase before the acute onset of dystropathology 

(Figure 4.1C).  
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NcRNAs that were only differentially expressed between C57 and mdx muscle during 

the phase of active necrosis and regeneration that occurs only in mdx mice, include linc-

MD1, miR-1 and miR-133a. While linc-MD1 (Figure 4.1B, i) was expressed at similar 

levels for C57 and mdx mice at 2 weeks of age, in normal muscle levels of this ncRNA 

significantly decreased by 4 weeks and remained stable from 4 to 6 weeks. In mdx 

muscle, linc-MD1 levels also changed significantly between 2 and 4 weeks, however 

with inverse expression to that seen in C57 muscle. This lncRNA increased by 4 weeks 

in mdx muscle and remained significantly higher at 6 weeks (than for C57) during the 

phase of necrosis and regeneration (p=<0.0001). This 4-fold upregulation of linc-MD1 

in mdx suggests that this lncRNA is likely involved in the regulation of necrosis and 

regeneration.  

 

Two miRNAs also showed significant differences between normal C57 and mdx muscle 

after 2 weeks. In C57 muscle, miR-1 (Figure 4.1B, ii) and miR-133a (Figure 4.1B, iii) 

both showed significant up-regulation between 2 and 4 weeks and remained high from 4 

to 6 weeks. At 6 weeks, miR-1 (Figure 4.1B, ii) expression was significantly lower in 

mdx mice compared with age matched C57 mice, while miR-133a (Figure 4.1B, iii) 

levels were significantly lower in mdx mice during the entire period of necrosis and 

regeneration (4 to 6 weeks). In mdx muscle, this upregulation of expression was lost; 

both miRs remained consistently expressed during the post-natal growth period, and this 

stunted expression is indicative that they may be involved in mdx dystropathology.  

 

Of particular interest is the differential regulation of 3 ncRNAs between C57 and mdx 

muscle at 2 weeks, before the onset of necrosis (Figure 4.1C) when the dystrophic mdx 

myofibres are still relatively intact. Although in both strains Meg3 was significantly 

down-regulated between 2 and 4 weeks and subsequently remained stable from 4 to 6 

weeks (Figure 4.1C, i) Meg3 expression was notably lower (~40%) in mdx muscle at 2 

weeks (compared with C57) (p=0.0062). Expression of miR-206 (similar to Meg3) 

decreased significantly between 2 and 4 weeks post-natally in both strains (Figure 4.1C, 

ii), and remained stable between 4 and 6 weeks post-natally: however, at 2 weeks, miR-

206 expression was notably higher (~55%) in mdx muscle (compared with C57). 

 

Expression of the lncRNA Sra (Figure 4.1C, iii) was significantly lower (~50%) at 2 

weeks in mdx compared with C57 muscle  (p=0.0028). However, at 4 weeks Sra levels 
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were comparable for both strains, as expression was downregulated in C57 muscle, 

while mdx levels remained constant between 2 and 4 weeks. At 6 weeks, expression 

levels increased compared with 4 weeks for both strains: for C57 mice, levels returned 

to those at 2 weeks while mdx levels rose significantly, for the first time in the post-

natal growth period (compared with both 2 and 4 weeks of age).   

 

 
Figure 4.1: Comparison of ncRNAs in normal C57 and dystrophic mdx muscles at 3 ages.  
Relative ncRNA expression during post-natal growth of hind limb muscle from wild type (WT) C57 
(white bars) and mdx mice (black bars). All data are mean + s.e.m, significant differences indicated by * 
or # or ^ (i.e. p<0.05, 2 way ANOVA, Fisher’s LSD).* indicates significant differences between age-
matched WT and mdx muscle, # indicates significant differences compared to 2 week old mice of the 
same strain, ^ indicates significant differences compared to 4 week old mice of the same strain. The 
various patterns of expression are grouped as A, B, C and D (see below). For each group, n=4-6 
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As these ncRNAs were not significantly regulated between mdx and C57 during the 

active necrosis and regeneration phase, it seems unlikely that they are involved in the 

mdx disease progression. However, given that their expression in mdx muscle was 

significantly different to normal C57 expression preceding the onset of dystropathology, 

these ncRNAs may be indicative of or contribute to changes that trigger myonecrosis at 

3 weeks of age.   

 

4.3.2 The effect of taurine treatment of mdx mice on ncRNA expression at the 

onset (3 weeks) and stabilisation (6 weeks) of myonecrosis  

The exact mechanisms for the benefits of taurine on dystrophic muscle of young 

growing mdx mice (Terrill et al. 2016)  are unclear. Therefore, to extend our insight into 

its effects on molecular regulation, we investigated the expression patterns of 12 

ncRNAs in response to taurine administration during 2 phases (early and later) of this 

critical time of growth and acute onset of dystropathology.  

 

The early administration of taurine to very young mdx mice from 14 days of age (Exp 

2a) did not affect levels of the 12 ncRNAs in mdx muscle sampled at 22 days (3 weeks) 

of age (Figure 4.2, A-D). Furthermore,  relative amounts of 10 of the 12 ncRNAs 

examined were not significantly different between C57 or mdx muscle at 3 weeks of 

age (Figure 4.2, A-D). The exceptions to this were miR-1 and miR-133a, where 

expression levels for mdx muscle (both untreated and taurine-treated) at 22 days of age 

were significantly lower (~50%) compared with untreated C57 muscle (Figure 4.2E).  

 

When taurine was administered for 3 weeks from 3-6 weeks of age (throughout the 

period of necrosis and regeneration), it significantly affected expression patterns for all 

ncRNAs examined (Figure 4.2, B-E), with the exception of Malat-1 (Figure 4.2A). 

Malat-1 was not differentially expressed between strains, treatment or age groups; this 

stable expression was consistent with results seen across the post-natal period in the 

time course study (Figure 4.1A, v). Data for the ncRNAs that showed changes with 

taurine treatment are grouped together, and discussed below, dependent on the nature of 

the expression pattern exhibited (Figure 4.2, B-E).  

 

Five ncRNAs, Tug1, Munc, both isoforms of Neat1, and Sra1 were all significantly 

upregulated in muscle at 6 weeks of age for untreated C57 and mdx mice, compared 
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with their 3 week counterparts (Figure 4.2B; i-v), with no difference in expression 

between untreated C57 and mdx muscle at 6 weeks. However, taurine treatment of mdx 

mice (from 3 to 6 weeks) dramatically prevented the age-related increase, and levels for 

these ncRNAs were unchanged from those of all mice aged 3 weeks (Figure 4.2B; i-v).  

 

 

 
Figure 4.2: Impact of taurine treatment on ncRNA expression in mdx muscle at 2 ages 
Relative ncRNA expression in hind limb muscle of mice at 3 and 6 weeks of age for untreated WT C57  
(white bars) and mdx mice (black bars), and taurine treated mice (grey bars) for 2 separate experiments. 
All data are mean + s.e.m, significant differences indicated by * or # (i.e. p<0.05, 2 way ANOVA, 
Fisher’s LSD), n=4-6. * indicates significant differences between age-matched controls, # indicates 
significant differences compared to 3 week old animals of the same strain and treatment. Within age 
matched animals, * indicates p≤0.05, ** indicates p≤0.01, *** indicates p≤0.001, **** indicates 
p≤0.0001. The various patterns of expression are grouped as A, B, C, D and E (see below). For each 
group, n=4-6.  
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Inverse expression patterns were seen for 2 ncRNAs, LncMyoD and miR-206 (Figure 

4.2C). Their levels at 6 weeks for untreated C57 and mdx mice were significantly lower 

than at 3 weeks and taurine treatment of mdx mice (for 3 weeks) caused a significant 

increase in these ncRNAs at 6 weeks, to reach levels comparable to those in the juvenile 

(C57 and mdx) mice aged 3 weeks (Figure 4.2C).  

 

There were only 2 lncRNAs, Meg3 and Linc-MD1, that were significantly differentially 

expressed between untreated C57 and mdx mice at 6 weeks, with both significantly 

upregulated in mdx muscle compared with C57 muscle (Figure 4.2D; i & ii). Meg3 

expression was upregulated in both untreated strains at 6 weeks compared with 3 weeks, 

although this was more pronounced (≈45% greater) in mdx muscle (Figure 4.2D; i). In 

contrast, there was no upregulation of linc-MD1 in untreated C57 muscle between 3 and 

6 weeks, while its expression in mdx doubled in this time; subsequently, mdx 

expression of linc-MD1 was fourfold higher than C57 at 6 weeks (p=0.0003) (Figure 

4.2D; ii).  

 

Taurine treatment of mdx mice had a striking impact on down-regulation of expression 

of both Meg3 and linc-MD1 at 6 weeks. This reduced expression was very pronounced 

for Meg3, with taurine treatment causing levels to decrease significantly lower than 

levels of C57 muscle at 6 weeks; subsequently, Meg3 expression in 6 week old treated 

mdx mice was similar to 3 week old mice (Figure 4.2D; i). However, taurine treatment 

of mdx mice caused more restrained downregulation of linc-MD1 to return its levels to 

those seen in normal C57 skeletal muscle at 6 weeks. This identifies linc-MD1 as a 

potential biomarker of taurine efficacy at restoring the mdx phenotype to its WT 

counterpart.  

 

Only 2 ncRNAs, miR-1 and miR-133a, were differentially expressed between C57 and 

mdx mice at 3 weeks of age, with expression in mdx muscle ≈50% of that seen in C57.  

Taurine treatment had no effect on mdx expression of these miRNAs at 3 weeks of age 

(Figure 4.2E; i & ii). Between 3 and 6 weeks of age, levels of miR-1 and miR-133a both 

followed similar patterns, showing significant down-regulation in C57 and mdx muscle. 

However, the pattern of down-regulation of miR-1 was much more dramatic in C57 

muscle than in mdx, meaning both genotypes showed similar expression at 6 weeks 

with mdx levels only slightly less than C57 (p=0.14). Taurine treatment significantly 



Chapter 4 

 75 

increased expression of miR-1 in mdx muscle compared to untreated mdx of the same 

age, but to levels that were comparable, albeit slightly higher than C57 expression.  

 

The expression of miR-133a followed a similar pattern between C57 and mdx from 3 to 

6 weeks; in both genotypes, expression was significantly lower at 6 weeks compared to 

3 weeks, and mdx expression was consistently and significantly lower than C57. 

However, with taurine treatment, miR-133a levels in mdx mice were significantly 

boosted to levels comparable to C57. Thus along with linc-MD1, these 2 miRNAs 

appear to be molecular readouts that are consistent representatives of the benefits 

of taurine treatment in improving other mdx measures to those of C57. 

4.4 Discussion 
This study demonstrates that (i) there are inherent transcriptional differences for 3 

ncRNAs between dystrophic mdx muscle and their normal C57 age-matched controls 

during the early stages of post-natal growth (2 weeks).  This is of particular interest as 

this precedes overt dystropathology in mdx muscle, and thus could contribute to the 

initiation of the dystropathology. Additionally, (ii) 3 ncRNAs that are differentially 

expressed between mdx and C57 during the period of muscle necrosis, inflammation 

and regeneration were identified. Significantly, (iii) taurine administration to mdx mice 

from 3-6 weeks of age (during the period of acute necrosis and regeneration) returned 

the expression of these 3 ncRNAs to levels seen in normal C57 controls.  

 

These analyses of dystrophic mdx limb muscles specifically addressed the postnatal 

ages from 2 to 6 weeks, since the massive bout of myonecrosis that occurs in limb 

muscle of dystrophic mice at 3 weeks (and consequent regeneration) complicates the 

cellular events and molecular regulation during this phase of postnatal growth between 

the dystrophic and normal strains (see diagram in Figure 4.3).  

 

The in vivo time course analysis (at 2 ,4 and 6 weeks postnatal ages) revealed no 

significant differences between age groups, or between strains for RNA levels of 

LncMyoD, Neat1_v1, Malat1, Munc, and Tug1. For them to show no differential 

expression between two very different phases of muscle growth and 

development/damage indicates that their roles in skeletal muscle are either minimal, or 

unrelated to myogenesis. 
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4.4.1 Differences in ncRNA expression in pre-necrotic mdx muscle at 2 weeks.  

Interestingly, there were 3 ncRNAs, Meg3, miR-206 and Sra,that showed differential 

expression in very young mdx muscle (at 2 weeks) before the visible onset of necrosis 

(with no differences at the later ages). These results are particularly noteworthy as this 

suggests inherent differences in molecular regulation for the young dystrophic muscle, 

before the complications of overt dystropathology. Meg3 is known to have tumour 

suppression functions, acting as an inhibitor of cellular proliferation (Zhou, Zhang & 

Klibanski 2012). Since this lncRNA was significantly downregulated in mdx skeletal 

muscle (compared with C57) at 2 weeks; this may indicate that mdx muscle has an 

enhanced proliferative capacity. However, if this is the case, then it appears that these 

myoblast nuclei are not incorporated in myofibres (Duddy et al. 2015). 

 
Figure 4.3: Diagrammatic representation of differing events in growing limb muscle of normal and 
dystrophin deficient mdx myofibres at 3 weeks postnatally in mice.  
In normal myofibres (i.e: in C57Bl/10ScSn mice), satellite cells become quiescent by 3 weeks and further 
growth is mainly by hypertrophy only. In mdx mice, myofibres undergo contraction-induced damage, 
leading to necrosis of the myofibre. Satellite cell activation to form myoblasts (1A) is associated with an 
influx of inflammatory cells that remove debris but also concurrently increase oxidative stress (1B); 
satellite cells/myoblasts proliferate and fuse to form myotubes (2) which then fuse with the existing 
myofibre to mature and replace the damaged tissue (3). These processes occur initially from 3-6 weeks in 
mdx muscle, with repeated bouts of necrosis and regeneration requiring continued myogenesis to replace 
damaged muscle.  
 

Mdx mice are known to have impaired glucose tolerance (Stapleton et al. 2014), and 

independently, the downregulation of Meg3 has been shown to impair glucose tolerance 



Chapter 4 

 77 

(You et al. 2016).  Given that Meg3 expression is not significantly different between 

any other ages of mdx and age matched wild type, this may indicate that perturbed 

metabolism before the onset of necrosis plays a role in the dystropathology.  

 

The other lncRNA that was dysregulated in mdx muscle pre-necrosis was Sra. This 

lncRNA was originally investigated as it is a co-activator of MyoD (Caretti et al. 2006). 

However, the results showed significantly lower expression of Sra in dystrophic muscle 

at 2 weeks of age, despite the fact that MyoD expression is similar between mdx and 

C57 animals before the onset of myonecrosis (Beilharz et al. 1992). This is likely due to 

the fact that Sra interacts with a host of other factors besides MyoD (reviewed in 

Leygue 2007). Dystrophic muscle is reported to have an increased concentration of 

glucocorticoid receptors (Dubois & Almon 1984), and Sra is known to regulate steroid 

hormone receptor-mediated transcription, hence its name Steroid receptor RNA 

Activator (Lanz et al. 1999). Therefore, lower levels of Sra seen in mdx mice implies 

that their skeletal muscle may have ineffective and hence aberrant transcription with 

pathways controlled by steroid hormones. Additionally, Sra knockdown is known to 

affect insulin sensitivity and glucose uptake (Xu et al. 2010; Foulds et al. 2010). This 

can in turn affect mitochondrial activity and the production of reactive oxygen species 

(ROS) (Vadlakonda et al. 2013). This supports the hypothesis that increased ROS can 

contribute to the dystropathology (Terrill et al. 2013) and again suggests that perturbed 

metabolism in mdx muscle could contribute to the onset of myonecrosis.  

 

The myoMiR, miR-206, was significantly higher in mdx muscle at 2 weeks post-natally 

when compared to normal C57 tissue. This myoMiR stimulates terminal myogenic 

differentiation as well as inhibiting Pax7 expression, resulting in satellite cell 

differentiation (Kim et al. 2006; McCarthy 2008). Utrophin has been identified as a 

target for repression by miR-206; however, in muscular dystrophy, utrophin may 

compensate for the absence of dystrophin in an attempt to ameliorate the effects of 

dystropathology. High levels of miR-206 in mdx therefore seem counter-intuitive, but it 

has been proposed that under certain cellular stress, such as increased ROS, miR-206 

may be ineffective at inhibiting utrophin expression (McCarthy 2008). This miRNA is 

identified as localised to regenerated fibres in mdx skeletal muscle (Cacchiarelli et al. 

2010). This study shows that miR-206 was expressed at slightly higher levels in mdx 

during the necrosis/regeneration phase (4-6 weeks) but the lack of significance may be 

due to the fact that a general readout of widespread expression is obtained in overall 
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muscle tissue, and this miRNA may be highly expressed only in pockets of regenerated 

tissue in mdx.   

 

 

4.4.2 Differences between normal and mdx muscle at 4 and 6 weeks.  

Several ncRNAs, including linc-MD1 showed differences between the growing C57 and 

mdx muscle aged 4 and 6 weeks (i.e., after the onset of necrosis/regeneration in mdx 

muscle). Linc-MD1 is expressed at low levels in mature, differentiated myofibres, but 

upregulated in dystrophic muscle in newly regenerated myofibres (Cesana et al. 2011). 

This lncRNA controls late differentiation of myogenic cells through its “sponging” 

action of miR-133 and miR-135, miRNAs that stimulate myoblast proliferation through 

repression of the 2 myogenic factors MAML and MEF2C that are required for 

differentiation (Cesana et al. 2011). These results show that indeed, in normal muscle 

linc-MD1 expression is significantly lower during the hypertrophy only phase of growth 

(4-6 weeks) during which no differentiation of myoblasts would be required. However 

in mdx mice, given that after 3 weeks, myoblasts would continually be required to 

differentiate and fuse to replace damaged myofibres, it is not surprising that linc-MD1 

expression is significantly higher in mdx compared to normal C57muscle. Additionally, 

linc-MD1 can stabilise the expression of HuR protein and HuR mRNA is another target 

of miR-133. HuR protein itself is responsible for stabilising many mRNAs, including 

the mRNAs of many muscle regulatory factors (MRFs) including MyoD and MyoG 

(von Roretz et al. 2011) as well as other ncRNAs (Legnini et al. 2014). Therefore high 

linc-MD1 expression may allow for increased production of HuR protein, which in turn 

stabilises many mRNAs required for continued myogenesis in mdx muscle.  

 

The muscle-specific miRNAs, miR-1 and miR-133a were also differentially expressed 

between strains at 4 and 6 weeks. Results from Chapter 3 shown that these ncRNAs are 

expressed significantly higher in the hypertrophy only phase of normal myofibres from 

4 to 6 weeks when compared to the hyperplasia and hypertrophy phase at 2 weeks 

(Butchart et al. 2016) and this was confirmed by our colleagues (Lamon et al. 2017). 

However, this upregulation is lost in mdx muscle, with levels of both miRNAs 

remaining constant across the growth span. Given the complexity of their roles, and the 

multiple targets that they both regulate (Horak, Novak & Bienertova-Vasku 2016), this 

apparent loss of normal expression is likely due to the bouts of necrosis and 
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regeneration occurring in mdx myofibres, resulting in a complex mix of proliferating 

and differentiating cells in the whole muscle.  

 

 

 

4.4.3 Effect of taurine treatment on ncRNA expression.  

These results indicate that ncRNAs that are differentially expressed between post-natal 

growth of normal C57 mice and mdx dystrophin-deficient mice may be involved in 

myogenesis/differentiation, or glucose metabolism and insulin sensitivity.   

 

Our group and others (see Chapter 1, Section 1.1.7) have shown that taurine treatment 

of mdx mice has a beneficial effect on dystrophic skeletal muscle. Of specific interest is 

the observation that early treatment (from weaning) reduces the severity of myonecrosis 

at the onset of dystropathology as well as reducing inflammation (Terrill, Grounds & 

Arthur 2016), while taurine intake during the period of myonecrosis and regeneration 

improves muscle function and decreases inflammation (Terrill et al. 2016). In the 

present study, when mdx mice were treated with taurine from 14 days (pre-weaning) up 

until the onset of necrosis in mdx mice (3 weeks), no differences were seen between 

untreated and treated mdx muscle for expression levels of ncRNAs. At both 18 and 22 

days, mdx muscle is not actually deficient in taurine (Terrill, Grounds & Arthur 2015; 

Terrill, Grounds & Arthur 2016), but when taurine content of skeletal muscle is 

increased, markers of inflammation are decreased and myonecrosis is greatly reduced 

(Terrill, Grounds & Arthur 2016). This points to oxidative stress and inflammation 

being key instigators in the onset of myonecrosis; therefore the surplus of taurine in 

treated mdx mice may be exerting its effects through reduction of oxidative stress, 

rather than at a transcriptional level.   

 

The prior studies with taurine suggest that its protective anti-oxidant influence continues 

when mice are treated at a later stage from the onset of myonecrosis to its ablation (3-6 

weeks), with treated mdx mice showing improved muscle function as well as decreased 

inflammation (Terrill et al. 2016). Using tissues from these same mdx and C57 mice (in 

Study 2b) the expression of the majority of the ncRNAs examined did not differ 

between C57 and untreated mdx muscle, however taurine treatment of mdx mice caused 

altered expression of these ncRNAs. We postulate that these ncRNAs may not be 

directly involved in the dystropathology, and that taurine treatment is altering their 
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expression in non-muscle roles that have a secondary benefit to reduce dystropathology 

and improve skeletal muscle function. Of note is the fact that the lncRNA Tug1 showed 

no response in skeletal muscle to taurine treatment, despite previously being shown to 

be upregulated in murine retinal cells after taurine exposure (Young et al., 2005). This 

lncRNA is indispensable for rodent retinal development yet appears to have no 

significant regulation between normal and dystrophic muscle, nor with taurine 

treatment; this therefore emphasises the tissue-specific response that lncRNAs can have.  

 

However, for Study 2b there were 4 ncRNAs that had altered expression in taurine 

treated mdx animals in the direction of, or equivalent to, C57 levels. Meg3 interacts 

with p53 (He et al. 2014; Zhu et al. 2015), therefore decreased levels of Meg3 result in 

decreased levels of p53, and increased levels of Bcl-xL protein (Liu et al. 2015). This 

implies that with taurine treatment, there is less mitochondrial-induced apoptosis in 

skeletal muscle, and hence less myonecrosis. In addition, Meg3 upregulation is 

associated with insulin resistance through upregulation of FoxO1 (Zhu et al. 2016). 

Therefore these results suggest the possibility of both decreased cell death, and 

improved glucose tolerance in taurine treated mdx mice (or otherwise improved muscle 

metabolism).  

 

In addition, the lncRNA Linc-MD1 showed decreased expression in taurine treated mdx 

mice, with levels returning to those seen in C57 controls. As linc-MD1 has been 

identified in newly regenerated myofibres (Cesana et al. 2011), its lower expression in 

taurine treated mdx muscle confirms taurine’s efficacy at reducing necrosis and hence 

the need for regeneration. Two of the myoMiRs, miR-1 and miR-133a, were both 

returned to control C57 levels in taurine treated mdx mice. Again, this is likely due to 

the decreased myogenesis occurring in the dystrophic muscles because of a decrease in 

myonecrosis.  

 

Study 1 identified 3 ncRNAs that were differentially expressed between C57 and mdx 

mice during the period of necrosis and regeneration (Linc-MD1, miR-1 and miR-133a). 

Taurine treatment throughout this period of post-natal growth (3-6 weeks) corrected 

levels of these ncRNAs comparable to expression in normal C57 muscles, emphasising 

both the effectiveness of taurine in ameliorating dystropathology and the use of these 

particular ncRNAs as molecular readouts of treatment efficacy. This study also 

suggested that pathways involved in glucose metabolism are perturbed in mdx muscle, 
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as well as mitochondrial pathways and oxidative stress; this is likely due to the 

increased energy expenditure required by mdx muscle during muscle necrosis and 

regeneration (Radley-Crabb et al. 2014). Thus, in addition to its well-documented 

effects on channels, membrane properties and other parameters of muscle fibres (De 

Luca, Pierno & Camerino 2015), taurine may be affecting additional pathways 

(potentially through improvement of metabolism/oxidative capacity/fibre type) to 

improve muscle function and reduce myonecrosis in mdx mice.
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Chapter 5: Results 3 
 

Differences in ncRNA expression during myogenesis between primary 

cultures of C57 and mdx muscle cells during myoblast proliferation, 

differentiation and fusion of myotubes  

5.1 Introduction 
From the in vivo studies comparing ncRNA expression patterns in growing dystrophic 

mdx and normal C57 muscles (Chapter 4), we identified that many of the ncRNAs that 

were altered by taurine treatment were expressed at similar levels in both untreated mdx 

and C57 muscle, suggesting that they were not involved in the dystropathology itself. In 

these instances, taurine treatment of mdx mice appeared to be directing ncRNA 

expression away from the norm. However, for 3 ncRNAs that were aberrantly expressed 

in mdx muscle during the period of necrosis and regeneration, the beneficial taurine 

treatment shifted expression of these ncRNAs to C57 control levels. This implies a 

direct role for these ncRNAs in some aspect of the mdx dystropathology.  Tissue culture 

studies were undertaken in this Chapter to clarify the relationship of these ncRNAs to 

events specifically during myogenesis of dystrophic mdx muscles, as explained below.  

 

Skeletal muscle tissue is comprised of myogenic cells along with a heterologous mix of 

cell types including blood vessels and nerves, fibroblasts, adipocytes and immune cells 

(KjÆR 2004; Gillies & Lieber 2011). Therefore while the fundamental mdx 

dystropathology manifests as necrosis of myofibres, this process involves cross-talk 

between a multitude of cell types: immune cells to mount an inflammatory response and 

remove necrotic tissue, extensive signalling between satellite cells and blood vessels to 

co-activate myogenesis and angiogenesis, and the re-innervation of newly regenerated 

muscle (Ceafalan, Popescu & Hinescu 2014). The ECM also plays an important role in 

skeletal muscle regeneration, not just as a scaffold but also for directing, sequestering 

and regulating key signalling molecules and the migration of cells (Karalaki et al. 2009; 

Grzelkowska-Kowalczyk 2016). The ECM itself also undergoes extensive remodelling 

during muscle regeneration; however, in the case of DMD, with increasing bouts of 

regeneration the ECM can become increasingly fibrotic and stiff, and infiltrated by fatty 
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deposits (Thomas, Engler & Meyer 2015; Karalaki et al. 2009; Grzelkowska-

Kowalczyk 2016). As well as inhibiting muscle function due to the importance of the 

ECM in force production, this fibrotic environment can also inhibit further successful 

myogenesis (Grzelkowska-Kowalczyk 2016).  

The in vivo differences observed between mdx and C57 and ncRNA expression may 

therefore indicate molecular differences in a multitude of systems. Additionally, the 

beneficial effects of taurine on dystropathology (Terrill et al. 2016) and shifting ncRNA 

expression towards normal C57 levels could be affecting a plethora of pathways and 

cell types. Therefore, in order to ascertain if taurine is acting directly on skeletal muscle 

and the process of myogenesis, the confounding effects of other cell types were 

removed by the use of primary muscle cell cultures obtained from normal C57 and 

dystrophic mdx mice to investigate:  

1. If the ncRNA differences seen between mdx and C57 muscles in vivo are 

inherently myogenic in origin 

2. If the same changes in ncRNA expression with taurine treatment in vivo are 

observed in vitro 

5.2 Materials and methods 
Materials and methods are described in detail in Chapter 2 with the preparation of 

primary cultures specified in section 2.2.2.  All animal experiments were conducted in 

strict accordance with the National Health and Medical Research Council (NHMRC) 

Code of practice for the care and use of animals for scientific purposes (2004), and the 

Animal Welfare act of Western Australia (2002), and were approved by the Animal 

Ethics committee at the University of Western Australia  (Animal Ethics Committee 

Approval number RA/3/100/1436). 

5.2.1 Primary cell culture.  

In brief, primary cell cultures were obtained from the extensor digitorum longus (EDL) 

muscle of 6 week old male mdx and WT mice. Mice were sacrificed at by cervical 

dislocation while under terminal anesthesia (2%v/v Attane isoflurane Bomac Australia) 

and the whole EDL muscle was dissected out as per previous studies to obtain cultures 

of single myofibres (Shefer & Yablonka-Reuveni 2005). Myofibres were grown in 

Matrigel coated T75 flasks in 10% horse serum/20% fetal calf serum in DMEM/F12 for 

5 days to allow satellite cells to proliferate. Cells were then trypsinised and plated out in 

Matrigel coated 6-well plates or coverslips in DMEM/F12 with 10% HS/20% FCS. 
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Proliferating myoblasts were dosed with 20mM taurine in DMEM/F12 plus 10 ng/µL 

bFGF for 24 hours before RNA extraction. Remaining cultures were allowed to reach 

80% confluence before changing medium to 2% HS in DMEM/F12 for differentiation, 

and half were dosed with 20mM taurine. Medium was replaced every 2 days (+/- 

taurine) and cultures were frozen for RNA extraction after 2, 4 and 6 days of 

differentiation.  

 

5.2.2 RNA extraction and analyses.  

All reagents were obtained from Qiagen unless otherwise stated. RNA extraction 

(including small RNAs) was performed using the miRNeasy Mini kit as per the 

manufacturer’s instructions. RNA concentration and purity was quantified using a 

NanoDrop 1000 Spectrophotometer before undergoing reverse transcription using a 

miScript II kit with miScript HiFlex buffer. RT-qPCR was performed on a Rotor-Gene 

6000 using a Quantitect SYBR Green PCR Kit and either QuantiTect or miScript 

Primer assays or Primer-BLAST designed primers manufactured by Geneworks. 

Results were standardised to the geometric mean of Hs_SNORD96A_1 and Hs_RNU6-

2_1.  

5.3 Results 

5.3.1 Time course of ncRNA expression in C57 and mdx primary muscle cultures.  

Most of the ncRNAs examined were expressed at similar levels in myoblasts of mdx 

and C57 cultures. In C57 cultures, 3 ncRNAs showed down-regulation across the period 

of myoblast proliferation, differentiation and myotube formation: LncMyoD (Figure 

5.1A, ii), linc-MD1 (Figure 5.1A, ii) and miR-206 (Figure 5.1B). Expression of all of 

these ncRNAs was highest in C57 myoblasts with significant decreases in expression as 

myotubes were formed and matured. Mdx myoblasts showed ≈50% lower expression of 

LncMyoD compared with C57 myoblasts, but this lncRNA still showed similar 

expression patterns in both cultures, with significant down-regulation during early 

formation of myotubes at 2 days post fusion, followed by constant expression. While 

linc-MD1 levels were also significantly higher in C57 myoblasts compared to mdx 

myoblasts, down-regulation of this lncRNA in C57 cells was much more gradual than 

LncMyoD; expression dropped between myoblasts and 2 day old myotubes, then 

remained constant until it declined again in 6 day old myotubes. This expression pattern 

was lost in mdx cultures and its levels remained constant across the time span. 
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Expression of miR-206 in C57 cultures was similar to LncMyoD and linc-MD1 in that it 

decreased significantly during differentiation and fusion of myotubes. Not only was 

miR-206 expression almost 13-fold lower in mdx myoblasts compared to C57, it was 

also still significantly lower in mdx cultures 2 and 4 days post fusion. Unlike LncMyoD 

and linc-MD1, miR-206 showed a significant increase in expression during the 

maturation of mdx myotubes at 4 days post fusion, until it reached levels comparable to 

C57 in 6 day myotubes cultures.  

 

For the remaining miRNAs, miR-1 and miR-133a, expression in C57 cultures peaked 

during the formation of myotubes and remained constant at 2 and 4 days post fusion, 

before dropping at 6 days (Figure 5.1C, i and ii), whereas their expression in mdx 

cultures was altered. This increase in miR-1 and miR-133a levels was not seen with the 

formation of mdx myotubes, resulting in significantly lower levels in fusing mdx 

myotube cultures. Furthermore, in 6 day old mdx cultures (when expression in C57 

myotubes was dropping), expression of these myoMiRs in mdx myotubes increased. 

 

Expression of Meg3 in C57 cultures (similar to miR-1 and miR-133a) increased in 

fusing myotubes at 2 and 4 days post-differentiation before dropping in 6 day old 

myotubes (Figure 5.1 C). Expression of Meg3 in mdx cultures was equivalent during 

proliferation and also increased concurrently with the C57 surge during early fusion of 2 

day myotubes; unlike the consistent expression in C57 cultures, Meg3 levels continued 

to increase in 4 day myotubes, and remained high in mature 6 day mdx myotubes. Sra 

expression (Figure 5.1D) in C57 cultures showed the same increase in expression 

during formation of myotubes, followed by a further upregulation in 6 day old 

myotubes. Its expression in mdx was equivalent right up until the maturation of 

myotubes at 6 days, where instead of increasing as in C57 cultures, Sra expression 

began tapering off.  

 

In summary, C57 expression of ncRNAs seemed to follow three patterns: a gradual 

decline during the differentiation and fusion of myotubes (as for LncMyoD, linc-MD1 

and miR-206, Figure 5.1A); a surge in expression during the formation of myotubes at 2 

and 4 days post fusion (as for miR-1, miR-133a and Meg3, Figure 5.2B); or an increase 

during both the formation and maturation of myotubes (as for Sra, Figure 5.2C). 

Expression of these ncRNAs in mdx cultures differed; generally, when the expression 

pattern showed a decrease during myotube formation in C57 cultures, expression in 
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corresponding mdx cultures was either dampened (lower expression in myoblasts) or 

unchanged (Figure 5.2A,B). When RNA levels in C57 cells peaked at 2 and 4 days 

during active myotube fusion, expression of the same ncRNAs in mdx was either 

delayed, with no increase until 6 days post fusion (Figure 5.2B, C), or it was 

exaggerated and continued to rise in mature 6 day myotubes (Figure 5.2D,i). When 

expression continued to increase in mature C57 myotubes, the same expression was not 

maintained in mdx myotubes, and instead Sra decreased (Figure 5.2D, ii).  



Chapter 5 

 87 

 

Figure 5.1: Relative expression of ncRNAs in vitro during myogenesis of primary cultures derived 
from C57 (white bars) and mdx (black bars) EDL muscles.  
Shown during proliferation of myoblasts (MB) and myotubes (MT) formed 2, 4 and 6 days post induction 
of fusion. All data are mean + s.e.m, significant differences indicated by *, #, ^ and $ (i.e. p<0.05, 2 way 
ANOVA, Fisher’s LSD). * indicates’’’’’ significant differences between genotypes at the time point, # 
indicates significant differences compared to myoblasts of the same genotype, ^ indicates significant 
differences to 2 day myotubes of the same genotype, $ indicates significant differences to 4 day myotubes 
of the same genotype The various patterns of expression are grouped as A, B and C (see below). For each 
group, n=3.  
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Figure 5.2: Representation of the expression patterns of ncRNAs in C57 (white circle) and mdx 
(black circle) cultures from proliferating myoblasts to 6 day myotubes.  
Times at which expression is significantly different between cultures is indicated by white boxes and is 
either during proliferation (A), proliferation of myoblasts and fusion of myotubes (B), fusion of myotubes 
(C) or maturation of myotubes (D).  
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5.3.2 Effect of taurine treatment on ncRNA expression in primary muscle cultures  

Overall, ncRNA expression in both C57 and mdx muscle cultures was remarkably 

unaffected by taurine treatment (Figure 5.3). There were however 3 ncRNAs that 

showed regulation when treated with taurine, but only in mdx dosed cultures, and only 

at specific time points (Figure 5.4). Tug1 once again showed no significant changes in 

skeletal muscle cells treated with taurine.  

Of the miRNAs, miR-1 and miR-133a showed a significantly higher expression only in 

taurine treated mdx myoblasts (Figure 5.4A). At every other time point, taurine had no 

effect on their expression and their levels remained similar to untreated mdx cultures. 

Meg3 expression also showed upregulation with taurine treatment in mdx cultures, but 

only during the formation of myotubes at 2 and 4 days post differentiation (Figure 

5.2B), suggesting Meg3 might be involved in myoblast fusion during myotube 

formation. 

 
Figure 5.3: Relative ncRNA expression for mdx (solid black bars) and mdx taurine treated (black 
diagonal bars) muscle cultures. 
Shown during proliferation of myoblasts and myotubes formed 2, 4 and 6 days post induction of fusion. 
All data are mean + s.e.m, n=3. Taurine had no significant effect on ncRNA expression.  
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Figure 5.4: Relative ncRNA expression for mdx (solid black bars) and mdx taurine treated (black 
diagonal bars) muscle cultures.  
Shown during proliferation of myoblasts and myotubes formed 2, 4 and 6 days post induction of fusion. 
All data are mean + s.e.m, significant differences indicated by *. (p≤0.05) or ** (p≤0.01), 2 way 
ANOVA, Fisher’s LSD). n=3. 
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formation (miR-1, miR-133a and miR-206) and maturation (Meg3 and Sra) may 

represent the lag in C57 differentiation kinetics compared with mdx.  

However, of particular interest is the striking difference in levels of Meg3 in mature (6 

day) myotubes between C57 and mdx cultures. At no point did this lncRNA decrease in 

expression in mdx cultures, therefore the very rapid drop in Meg3 expression in C57 

myotubes represents a divergence in expression patterns that cannot be explained by 

C57 expression being delayed compared to mdx counterparts. This may therefore 

represent a difference in the phenotype of myotubes upon maturation between C57 and 

mdx, potentially due to a metabolic difference, but it also may reflect the role of Meg3 

as a tumour suppressor lncRNA to switch proliferation off in these cultures. The latter 

explanation for the high levels of Meg3 in the 6 day mdx myotubes might reflect fewer 

myonuclei in growing myotubes, and accord with observations of juvenile mdx muscles 

in vivo that prior to the overt appearance of dystropathology, mdx growth lags behind 

C57 and mdx myofibres are smaller and hypotrophic (fewer myonuclei) than their WT 

counterparts (Duddy et al. 2015).  

 

The role of taurine in improving the mdx phenotype is indubitably complex. However, 

from in vivo results (Chapter 4) and these in vitro results, it does appear that mdx 

myoblasts are particularly sensitive to taurine treatment, since the same increase in 

expression of miR-1 and miR-133a seen in mdx muscle in vivo with taurine treatment 

was observed in cultures of taurine treated myoblasts (Figure 5.3). Additionally, during 

the fusion of cultured myoblasts into myotubes, taurine increased expression of Meg3. 

Although the effects of taurine on Meg3 expression in vitro are inverse to those seen in 

Although the effects of taurine on Meg3 expression in vitro are inverse to those seen in 

vivo (where there was a marked decrease in Meg3 expression with taurine at 6 weeks of 

age, Figure 4.2.D), this lncRNA is clearly responsive to taurine in mdx muscle cells, 

and its roles certainly warrant further investigation.  

 

It is noted that a full paper that combines the data from Chapters 4 and 5, with 

additional novel data related to transfer RNAs (another form of ncRNAs) is now under 

review: see manuscript in Appendix 3.  
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Chapter 6: General Discussion 
 

6.1 Overview  
 
Post-natal growth of skeletal muscle is an incredibly dynamic and often overlooked 

phase of development. The sheer magnitude of broadening and elongating that a single 

myofibre has to undergo once it is formed requires enormous plasticity, but also enough 

structural integrity to carry out increasing force production. Many of the transcription 

factors and other regulatory proteins involved in controlling skeletal muscle formation 

(during embryogenesis, growth, experimentally induced regeneration of adult muscles 

and in tissue culture) have been identified, but given that ncRNAs are known to be 

important regulatory molecules, it is perhaps surprising that their roles in the early post-

natal growth phase of muscle development have not been investigated.  This thesis 

describes the expression patterns for a broad range of ncRNAs, including a novel focus 

on lncRNAs, that have previously been identified in regulating either C2C12 

differentiation, muscle differentiation during embryogenesis, or known to interact with 

myogenic regulatory factors, but have not had their expression classified across defined 

growth patterns. This general discussion summarises and explores the findings from 3 

studies that used differing systems of muscle differentiation and growth to observe the 

correlation of ncRNA expression with changes in growth kinetics. The main findings of 

the various studies are summarised below, and an integrated discussion follows: 

 

(1) Time course studies of normal C57Bl/6J muscles during early post-natal growth 

in vivo (Chapter 3) revealed 4 general patterns of expression for a variety of 

RNAs. Generally, RNA levels decreased, either gradually after 2 weeks (linc-

MD1, MyoD, MyoG and Igf1r) or rapidly between 2 days and 2 weeks (miR-206, 

Meg3 and LmnA), though some remained stable (Sra, Malat-1 and LncMyoD) or 

increased during the phase of hyperplasia and differentiation, before plateauing 

during the predominantly hypertrophy phase of growth (Neat1 variants, miR-1 

and miR-133a).  

(2) A comparison of dystrophic mdx and normal C57 muscles during post-natal 

growth in vivo (Chapter 4) showed innate differences in ncRNA expression 

between these strains. It is not surprising that ncRNAs expression is altered in 

mdx muscles after the acute onset of necrosis and dystropathology at 3 weeks of 
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postnatal age, where there are vastly divergent cellular events (associated with 

necrosis and regeneration) and hence disparate growth kinetics between the two 

genotypes. However, the identification of differential expression of ncRNAs in 

younger mdx muscle that are ‘relatively intact’ prior to the onset of 

dystropathology is completely novel. In addition, taurine treatment of mdx mice 

had the ability to alter the expression of most of the ncRNAs examined, but only 

if the treatment was administered during the period of necrosis and regeneration; 

additionally, taurine altered expression of some ncRNAs in mdx mice that were 

not originally dysregulated between C57 and mdx. 

(3)  Tissue culture studies of myogenesis using primary muscle cells from 

dystrophic mdx and normal C57 muscles (Chapter 5) showed that the same 

ncRNAs that were dysregulated between these strains (from Chapter 4) were 

also expressed differentially between genotypes during myogenesis in vitro.  

However, sometimes the pattern of dysregulation was inverse to that seen in 

vivo. Taurine treatment only affected the expression of 3 ncRNAs. However, it 

did not affect any of these ncRNAs at the time points that they were 

differentially expressed between untreated mdx and C57 cultures, with the 

exception of Meg3 where it increased the magnitude of difference.  
 

6.2 Expression of ncRNAs during normal post-natal growth of 

skeletal muscle  (Chapter 3) 
Many studies have indicated the importance of ncRNA expression for normal muscle 

formation. However, due to the relative novelty of these regulatory molecules, 

observations of their expression have been predominantly limited to in vitro studies of 

myogenesis in C2C12 cultures, or through studies of muscle formation during 

embryogenesis (Nie et al. 2015).  However in C2C12 models, few time course studies 

have been performed across the whole period of differentiation and fusion, instead 

focusing on proliferating myoblasts versus mature myotubes. As the process of in vivo 

post-natal growth involves an amalgamation of proliferating and differentiating 

myoblasts as well as fusion with myofibres, it seemed prudent to examine expression 

levels of choice ncRNAs at multiple time points during the process of C2C12 

differentiation, and then compare them to in vivo expression patterns of ncRNAs to 

post-natal muscle differentiation and growth. For the most part, the expression patterns 

of ncRNAs were fairly similar in vitro and in vivo, with the exception of the important 
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myoMiR, miR-206.  This emphasises the need to exercise caution when translating in 

vitro results using the immortalised C2C12 mouse muscle cell line to in vivo situations, 

where the reality is that there are multiple cell types, and thus many more possible 

interactions. Given that many of the ncRNAs examined in this thesis also have roles 

outside myogenesis, including metabolism, their expression profiles will likely differ 

according to the metabolic demands of the muscle, and thus differ between fibre types.   

It must also be noted that the introns of myosin heavy chain (MyHC) genes contain 

miRNAs (208a, 208b and 499) that regulate fibre type specification (van Rooij et al., 

2009; Nie et al., 2015) and the lncRNA linc-MYH also regulates fast-twitch fibre 

specialisation (Sakakibara et al., 2014). While these ncRNAs were not investigated in 

this thesis, it is highly likely that they will interact with and affect other muscle-related 

ncRNAs.  

 

The identification of ncRNAs that are differentially expressed between the phases of 

hyperplasia and hypertrophy raises interesting possibilities of perhaps extending or 

enhancing post-natal growth. For example, miR-1, miR-133a and Neat1 all showed 

upregulation during the hyperplastic phase, with stable expression during hypertrophy; 

if their roles during muscle differentiation can be confirmed through further studies, 

they could represent potential targets for accelerating muscle growth. An example of 

this is the Texel sheep, where a SNP in the 3′ UTR of myostatin mRNA creates a 

binding site for miR-1 and miR-206; this causes inhibition of myostatin (a negative 

regulator of muscle growth), and subsequent hypertrophy of muscle (Clop et al. 2006). 

Myostatin knockout mice have also recently shown altered ncRNA expression that can 

have effects on post-natal hypertrophy and muscle regeneration (Hitachi & Tsuchida 

2017). The importance of these ncRNA molecules in regulating post-natal muscle 

growth could have huge implications for the meat and livestock industry, but also in 

regulating muscle hypertrophy of mature muscle (for example, after exercise), or even 

preventing loss of muscle mass with age.  
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6.3 Expression of ncRNAs during post-natal growth of dystrophic 

mdx muscles, including the effect of taurine (Chapter 4) 
After establishing that ncRNAs, including lncRNAs, did indeed show regulation during 

normal post-natal growth of C57Bl/6J mouse muscles, the next step was to examine 

them in a model where growth kinetics are severely altered, using the dystrophic mdx 

mouse model of the severe childhood disease DMD. The growth trajectories of the mdx 

mouse are similar to wild type C57 until 3 weeks post-natally (when the switch from 

hyperplasia to hypertrophy occurs for normal WT mice, and the dystropathology 

manifests in mdx mice) (Duddy et al. 2015).  NcRNAs that are dysregulated have 

previously been identified in both adult mdx mice and DMD boys; these include linc-

MD1 (Cesana et al. 2011) and miR-1, miR-133a and miR-206 (Greco et al. 2009; 

Cacchiarelli et al. 2010). Results from my novel time course study of juvenile mdx and 

normal C56Bl/10ScSn (WT) muscles (Chapter 4) concur with these published studies. 

Prior to the onset of myonecrosis, levels of miR-1, miR-133a and linc-MD1 are 

consistent between C57 and mdx muscle, but during the period of necrosis and 

regeneration linc-MD1 is significantly upregulated in mdx muscle, while the myoMiRs 

are notably reduced. Of particular interest is the fact that miR-206 was significantly 

upregulated in mdx muscle even before the onset of visible dystropathology at 2 weeks; 

additionally, Meg3 and Sra lncRNAs were notably lower in juvenile mdx muscle prior 

to the onset of myonecrosis, indicating intrinsic differences of regulation in ‘relatively 

intact’ dystrophic myofibres, which has never been reported before. These new ncRNA 

data raise fundamental questions concerning the molecular regulation of myogenesis in 

the absence of dystrophin and the properties of mature dystrophic myofibres. 

  

The benefits of taurine treatment to reduce myonecrosis in juvenile mdx mice have 

previously been described by our laboratory (Terrill et al. 2016). In my study of taurine 

treated muscles from the same cohorts of juvenile mdx mice, levels of the ncRNAs linc-

MD1, miR-1 and miR-133a were returned to normal C57 levels, indicating that these 

ncRNAs may be useful as biomarkers to monitor treatment efficacy, as well as useful to 

understand the mode of action of taurine. Further investigations into their roles might 

also lead to the identification of new molecular targets and the development of 

additional therapies for protecting mdx muscles from dystropathology.  

 

However, taurine treatment also caused alterations in levels of ncRNAs that were not 

aberrantly expressed between untreated C57 and mdx muscles.  In order to examine if 
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taurine was affecting their expression specifically during myogenesis in dystrophic 

muscles, primary cultures of skeletal muscles were examined. 

6.4 NcRNA expression in primary cultures derived from C57 and 

mdx satellite cells (Chapter 5) 
Time course studies during tissue culture of C57 and mdx derived myoblasts revealed 

inherent differences in ncRNA expression between the two genotypes during the 

formation of myotubes. All of the ncRNAs expressed differentially in vitro were also 

significantly different between C57 and mdx in vivo (Chapter 4), with the addition of 

LncMyoD. This is encouraging and endorses the use of primary muscle cell cultures as a 

model with similarities to in vivo parameters. However, the difference in expression 

between in vitro and in vivo results were sometimes inverse to each other, indicating 

that although the regulation of or by ncRNAs is altered in mdx myogenesis, when other 

cell types are involved the interactions of ncRNAs become more complex.  

 

It is significant that taurine treatment of cultures had no effect on ncRNA expression in 

C57 derived muscle cells, and only altered the expression of 3 ncRNAs in mdx cultures: 

Meg3, miR-1 and miR-133a. This result indicates that mdx myoblasts and myogenesis 

are more sensitive to taurine treatment (than C57), and also that the other ncRNAs that 

were affected by taurine treatment in vivo (Chapter 4) were not altered directly by 

taurine in the muscle; an important distinction. 

 

The observation that Meg3 expression was decreased in vivo with taurine treatment 

(Chapter 4), while it was significantly upregulated in vitro (Chapter 5), suggests that 

while Meg3 expression can be sensitive to taurine treatment, it may be regulated via 

other methods in vivo. However, miR-1 and miR-133a both showed upregulation in 

taurine treated myoblasts and these ncRNAs were also upregulated in vivo with taurine 

treatment, indicating that these two ncRNAs are particularly and directly sensitive to 

taurine treatment in mdx myoblasts, regardless of other cell types present.   

 

From these results, it appears that taurine treatment can alter ncRNA expression in mdx 

muscle both directly and indirectly. These novel preliminary observations related to 

ncRNA expression patterns in dystrophic muscles, and the response to taurine 

treatment, open up new possibilities to explore regarding basic molecular regulation of 
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myogenesis and the impact of taurine in dystrophic muscles with many potential 

therapeutic implications 

6.5 Limitations and future directions 
It is acknowledged that the ncRNAs examined in this thesis are not an exhaustive list of 

those that are important regulators of myogenesis, but they were chosen to give a broad 

scope of RNA readouts. Additionally, as many of these ncRNAs have only been 

recently classified, information about their roles and regulation is lacking. This is a 

rapidly expanding field and it is likely that in the coming years, additional ncRNAs will 

be identified that have important and new roles in regulating muscle growth, and more 

details will emerge about their functions that could elucidate the molecular processes 

occurring in skeletal muscle post-natally. Due to time restrictions, the complexity of 

interactions of the ncRNAs examined could not be investigated further, but this novel 

work has now identified several ncRNAs that are of interest, both during normal muscle 

growth, and in dystrophic pathology manifestation. Ideally, using methods such as 

RNA-Seq to identify other ncRNA molecules that are regulated during various stages of 

muscle growth, more comprehensive RNA regulatory pathways will be generated. 

 

Furthermore, while taurine treatment yielded interesting results as far as ncRNA 

readouts are concerned, it is difficult to deduce what the results mean without additional 

studies. Further analyses will be undertaken to examine the effects of taurine on 

proliferation and differentiation indices to correlate with ncRNA readouts for the paper 

combining Chapter 4 and 5. However, a more direct method to manipulate RNA 

expression in vitro such as RNAi  (or genetically modified mouse models) to over- or 

under-express the ncRNAs of interest could aid in interpretation of the ncRNA roles, 

which could then potentially be translated to clinical studies and help to analyse the 

effects of taurine treatment on the dystrophic phenotype through the use of ncRNAs as 

molecular signals. Given the intricate and sometimes inverse regulation of ncRNAs in 

vitro compared to in vivo (where there are a variety of other cell types), ideally further 

studies need to be undertaken to illuminate what the roles of ncRNAs are during in vivo 

muscle growth. Additionally, it is likely that ncRNA expression differs between 

progenitor satellite cells and myonuclei located within mature myofibres and thus their 

roles in these two states should be examined. Ultimately, in vivo roles and effects of 

ncRNA expression are the most important, especially in the context of clinical 

translation. 
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NcRNAs, including some of the cohort examined in this thesis, have already been 

proven to be useful readouts of both diagnostic and prognostic outcomes of many 

cancers (Bhan et al., 2017; Grimaldi et al., 2017).  This has led to explorations of their 

roles in other disease states, including neuromuscular disorders (Erriquez et al., 2013; 

Hruska-Plochan et al., 2015; Nie et al., 2015; Kwok & Tay, 2017). The fact that many 

ncRNAs are expressed in a tissue- or disease-specific manner makes them attractive as 

potential biomarkers, and also ideally as prospective therapeutic targets. Due to their 

modes of action, miRNAs have been deemed to be appealing agents to target for 

aberrant gene expression: either through miRNA replacement or inhibition, normal gene 

expression can be restored (Rupaimoole & Slack, 2017). MiRNA-based pre-clinical 

trials are already underway (Christopher et al., 2016; Rupaimoole & Slack, 2017). 

Given the relative deficiency of information about lncRNAs and their roles, they have 

received less attention as therapeutic foci, but this is rapidly changing. Antisense 

oligonucleotide targeting of a lncRNA reduced pathological features in mice with 

myotonic dystrophy (Wheeler et al., 2012), and silencing of the lncRNA Chast 

prevented cardiac hypertrophy in mice (Viereck et al., 2016). The complexity of 

lncRNAs means that their manipulation is much more complex, but also that the impact 

of using them as therapeutic agents may be more significant.   

 

 

The significance of ncRNAs in muscle development should not be underestimated; this 

thesis has provided novel baseline data identifying several ncRNAs for further 

investigation, as well as promising molecules and pathways for prospective future 

targeting and therapeutic interventions. If the ncRNAs studied in this thesis can be 

elucidated as either a cause or effect of the various muscle dynamics, then they present 

much potential as targets to manipulate, either directly or indirectly, through treatments 

such as taurine.   
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dystrophic mouse skeletal muscle 
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INTRODUCTION 
 
Non-coding RNAs (ncRNAs) are known to be important 
regulators of gene expression, yet their role in post-natal 
skeletal muscle growth is uncertain. This dynamic period of 
development involves satellite cell (myoblast) proliferation, 
differentiation and fusion with existing myofibres up until 3 
weeks post-natally in mice. At 3 weeks, fusion ceases in 
normal mouse development but myofibres continue to 
increase in cross-sectional area (Fig 1A) and length (Fig 1B) 
until adulthood. 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
          
              Fig. 1: Post-natal growth of normal mouse skeletal muscle showing (A)           

 increase in myofibre cross-sectional area and  (B) increase in myofibre 
 length (White et. al, 2010). 

 

In the mdx mouse model of Duchenne Muscular Dystrophy 
(DMD) however, dystropathology manifests from 3 weeks of 
age; this is characterised by muscle necrosis and 
subsequent regeneration, the exact cause of which is not 
fully understood. This disease also manifests during early 
post-natal development in humans, with progressive muscle 
wasting eventually resulting in death. 
 
The ultimate goal of much DMD research is to prevent the 
onset of myonecrosis and the subsequent cascade of events 
that lead to the impairment of muscle structure and function. 
In order to do this, we need to better understand the genetic 
events preceding the onset of necrosis. As ncRNAs regulate 
gene expression at multiple levels, they could be a useful 
readout of regulatory events during the progression of 
pathology.  
 
We are attempting to discern putative roles for ncRNAs 
in muscle development using the mdx mouse model.  

CONCLUSIONS!!
We!have!iden*fied!ncRNAs!that!are!differen*ally!expressed!in!mdx!muscle!

compared!to!C57!controls!in!the!pre>necro*c!period!of!post>natal!growth!(Meg3,-
Sra-and!miR$206)!and!during!necrosis!and!regenera*on!(Linc3MD1-and!miR$133a).!
!!!

Further!research!into!the!role!of!lncRNAs!in!skeletal!muscle!during!post>natal!

growth!may!help!us!understand!the!regulatory!events!underpinning!myofibre!

necrosis!in!mdx!mice,!and!could!help!in!the!development!of!targeted!therapeu*c!

interven*ons!to!slow!or!prevent!the!onset!of!dystropathology.!!

APPROACH 
 
We examined “myogenic” miRNAs and “muscle associated” lncRNAs during normal 
post-natal growth of C57 mice; this includes satellite cell proliferation, differentiation and 
fusion with existing myofibres up until 3 weeks (Fig 2A). This was then compared with 
mdx mice, where dystropathology manifests at 3 weeks; myofibres undergo a wave of 
necrosis and regeneration, requiring continued proliferation and differentiation of satellite 
cells after 3 weeks to replace damaged muscle (Fig 2B). 
We aimed to establish if ncRNAs involved in proliferation and differentiation were 
differentially expressed in in mdx mice: 
1.  Before the onset of myofibre necrosis in mdx muscle (2 weeks) 
2.  During active necrosis and regeneration in mdx muscle (4 weeks) 
3.  After stabilization of necrosis (6 weeks) 
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Fig.2:,Dynamics!of!post>natal!growth!of!mouse!skeletal!muscle!in!normal!C57!mice!(A)!and!(B)!in!mdx!mice.!,

RESULTS-

•  Meg3,&Sra&and!miR>206!were!all!differen*ally!expressed!in!mdx!

muscle!(compared!to!C57!controls)!even!before!the!onset!of!

necrosis!at!3!weeks!

•  Candidates!in!the!ini*a*on!of!dystropathology?!

•  Linc.MD1&and!miR.133a&were!differen*ally!expressed!in!mdx!

muscle!(compared!to!C57!controls)!during!necrosis!and!

regenera*on!

•  Markers!of!disease!progression!and/or!!treatment!efficacy?!

Scale = 1mm 

H&E, α$laminin,

2,weeks,

4,weeks,

8,weeks,

B,

B,

A,

Y!axis!represents!rela*ve!RNA!amount!compared!to!2!

reference!genes.!All!data!are!mean!+!s.e.m,!significant!

differences!indicated!by!*!(i.e.!p<0.05,!2!way!ANOVA,!Fisher’s!

LSD),!n=4>6.!*!indicates!significant!differences!between!age>

matched!controls,!#!indicates!significant!differences!compared!

to!2!week!old!animals!of!the!same!strain,!^!indicates!significant!

differences!compared!to!4!week!old!animals!of!the!same!

strain.!

!

CONCLUSIONS-

Table,1:,Various!ncRNAs!examined!and!their!roles!in!muscle!!
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Appendix 3: Manuscript under review  
 

Additional publication resulting from this PhD research  

It is noted that a full paper that combines the data from Chapters 4 and 5, with 

additional novel data related to transfer RNAs (another form of ncRNAs) has recently 

been completed and is now under review. Title page and abstract are provided below.  

 

Butchart L, Terrill JR, Rossetti G, White R, Filipovska A, Grounds MD.   Expression 

patterns of regulatory RNAs, including lncRNAs and tRNAs, during postnatal growth 

of normal and dystrophic (mdx) mouse muscles, and their response to taurine treatment. 

International Journal of Biochemistry and Cell Biology. Submitted October 31, 2017. 
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Abstract      

Post-natal skeletal muscle growth in mice is very rapid and involves complex 

changes in many cells types over the first 6 weeks of life. The acute onset of 

dystropathology also occurs around 3 weeks of age in the mdx mouse model 

of the human disease Duchenne Muscular Dystrophy (DMD). This study 

investigates (i) alterations in expression patterns of regulatory non-coding 

RNAs (ncRNAs) in vivo, including miRNAs, lncRNAs and tRNAs, during early 

growth of skeletal muscles in normal control C57Bl/10Scsn (C57) compared 

with dystrophic mdx mice from 2-6 weeks of age. Since the amino acid taurine 

has many benefits and reduces disease severity in mdx mice, this study also 

(ii) determines the impact of taurine treatment on these expression patterns in 

mdx muscles at the onset of dystropathology (3 weeks) and after several 

bouts of myonecrosis and regeneration (6 weeks). These studies reveal 

inherent differences in vivo for levels of 3 ncRNAs between C57 and mdx 

muscles before the onset of dystropathology. Taurine treatment of mdx mice 

only altered ncRNA levels when administered from 18 days to 6 weeks of age, 

but a deficiency in tRNA levels was rectified earlier in mdx skeletal muscles 

treated from 14 days to 3 weeks. Myogenesis in tissue culture was also used 

to (iii) compare ncRNA expression patterns for both strains, and (iv) the 

response to taurine treatment. This revealed intrinsic differences in ncRNA 

expression patterns during myogenesis between strains, as well as increased 

sensitivity of mdx ncRNA levels to taurine treatment.  

 

  




