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Abstract
Duchenne muscular dystrophy (DMD) is a progressive muscle wasting disorder caused
by absence of functional dystrophin protein. This thesis describes investigations into the
role of small non-coding RNAs in both DMD pathology, and as potential therapeutic
molecules.

MicroRNAs (miRNAs) are a class of small RNAs that regulate gene expression and are
implicated in wide-ranging cellular processes and pathological conditions. This study has
compared differential miRNA expression in proximal and distal limb muscles,
diaphragm, heart and serum in the mdx dystrophic mouse model relative to wild-type
controls. Global transcriptome analysis revealed muscle-specific patterns of differential
miRNA expression as well as commonalities between tissues, including previously
identified dystromirs. miR-1, miR-133a and miR-206 were found to be highly abundant
in mdx serum, suggesting that these miRNAs are promising disease biomarkers. Indeed,
the relative serum levels of these miRNAs were normalised in response to peptide-PMO
mediated dystrophin restoration therapy. This study has revealed further complexity in
the miRNA transcriptome of the mdx mouse, an understanding of which will be valuable
for the development of novel DMD therapeutics and for monitoring their efficacy.

Myostatin is a secreted growth factor that negatively regulates muscle mass and is
therefore a potential pharmacological target for the treatment of muscle wasting disorders
such as DMD. This study describes a novel myostatin inhibition approach in which small
interfering RNAs (siRNAs) complementary to a promoter-associated transcript induce

4

transcriptional gene silencing (TGS) in cultured myotubes. Silencing was sensitive to
treatment with the histone deacetylase inhibitor Trichostatin A, and the silent state
chromatin mark H3K9me2 was enriched at the myostatin promoter following siRNA
transfection, suggesting epigenetic remodelling underlies the silencing effect. These
observations suggest that long-term epigenetic silencing may be feasible for myostatin
and that TGS is a promising novel therapeutic strategy for the treatment of muscle
wasting disorders.

The work in this thesis therefore demonstrates the potential of small RNAs as therapeutic
agents and as disease biomarkers in the context of DMD.
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1 Introduction
1.1 Duchenne Muscular Dystrophy
Duchenne muscular dystrophy (DMD) is an X-linked, recessive, fatal disorder caused by
loss-of-function mutations in the DMD gene [1,2]. DMD is the most common muscular
dystrophy and affects 1 in 3,500 live male births. Disease progression is characterised by
progressive myofibre degeneration, muscle wasting, fibrosis and loss of ambulation.
Degeneration of cardiac muscle and the diaphragm result in cardiac and/or respiratory
failure with subsequent fatality in the second or third decade of life. The much less severe
myopathy, Becker muscular dystrophy (BMD), is also caused by DMD mutations. In
BMD, mutations result in in-frame, internally deleted dystrophin transcripts which are
translated into a truncated dystrophin protein which retains partial functionality [3].

The DMD gene, located on the X chromosome, is ~2.4 megabases in size and therefore
the largest protein-coding gene in the human genome. The spliced full-length dystrophin
mRNA is ~14 kb and consists of 79 exons [4]. A number of dystrophin protein isoforms
are encoded by this locus although here we shall be concerned only with the largest
isoform (427 kDa) which is involved in DMD pathophysiology [5]. Dystrophin protein is
comprised of four main regions. (a) The N-terminal domain binds to cytoskeletal F-actin
[6]. (b) The central rod domain binds actin [7] and neuronal nitric oxide synthase (nNOS)
[8]. Four hinge regions in the rod domain contribute to the flexibility of the dystrophin
protein [9]. (c) The cystein-rich domain binds to β-dystroglycan at the sarcolemma [10].
(d) The C-terminal domain binds α-, β- and γ-syntrophins [11–13]. Dystroglycan and
syntrophin proteins make additional protein-protein contacts and consequently,
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dystrophin acts as an organizing centre for the dystrophin-associated protein complex
(DAPC, also known as the dystrophin-associated glycoprotein complex, DGC) at the
sarcolemma [14]. The DAPC has been implicated in signaling functions [15].

Dystrophin is localised to the sarcolemma of muscle fibres where it acts as a mechanical
link between the actin cytoskeleton and the extracellular matrix and, as such, is important
for the transmission of contractile force [16,17]. Similarly, it has also been proposed that
dystrophin acts as a shock absorber due to the elastic nature of the central rod domain in
order to protect against contraction-induced stress [18]. Loss of functional dystrophin at
the sarcolemma and concomitant DAPC disruption leads to wide ranging cellular
pathologies. These include; myofibre necrosis, impaired signaling activities (e.g. NO)
[19,20], loss of sarcolemmal integrity [21–23], irregular calcium homeostasis [21,24–26],
increased oxidative stress [27], chronic cycles of degeneration and regeneration leading
to satellite cell depletion [28] and inflammation [29].

The mdx mouse is the most widely used animal model of DMD and as such is the focus
of much of the work presented in this thesis. A single nucleotide polymorphism in exon
23 of the murine Dmd gene results in a premature termination codon leading to a
truncated and non-functional dystrophin protein [30]. Although the mdx mouse exactly
copies the genetic defect leading to DMD, mdx mice show less severe pathology than
DMD patients.
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1.2 Therapeutic Approaches to DMD
1.2.1 Conventional Pharmacology
As DMD is characterised by a wide range of pathological processes there are a multitude
of potential pharmacological targets. For example, drugs which reduce inflammation or
fibrosis may slow disease progression. Corticosteroids such as prednisone and deflazacort
have been shown to be effective in the treatment of DMD patients and are the only drugs
currently in clinical use [31,32]. Long-term administration of these drugs has been shown
to prolong ambulation by two years and to reduce scoliosis [33], although their
mechanisms of action are not well understood. Additionally, many patients discontinue
corticosteroid treatment due to unwanted side-effects which include weight gain,
hypertension and behavioural problems [34]. An alternative pharmacological approach is
to restore dystrophin expression by promoting ribosomal read-through of premature
termination codons using compounds such as the aminoglycoside antibiotic Gentamicin
and the synthetic compound Ataluren (PTC124). 10-15% of DMD patients have
mutations that induced premature termination of translation and so are amenable to a
read-through approach [3,35]. These compounds work by inducing incorporation of an
amino acid at a stop codon thereby continuing translation of the dystrophin mRNA.
Efficacy of these drugs has been limited in clinical trials with a maximum of ~20%
dystrophin restoration observed [36,37]. Results with Gentamicin have been highly
variable, with some patients showing no dystrophin restoration. Furthermore, a recent
trial of Ataluren in DMD and BMD patients was discontinued as insufficient
improvement in a test of muscle function was attained. Consequently, pharmacological
treatments for DMD are currently insufficient.
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1.2.2 Cell Therapy
Cell therapy is the delivery of cells to treat a disease. In the case of DMD, injection of
cells carrying the wild-type dystrophin gene complements dystrophin deficiency in
dystrophic patients or animal models. The delivered cells differentiate to form new
dystrophin-positive muscle fibres and thus restore function to diseased muscle. One
approach to DMD cell therapy is myoblast transplantation. Myoblasts are derived from
healthy donors and expanded in cell culture before being re-introduced into diseased
tissue. Although initial pre-clinical studies showed promise [38], myoblast transplantation
in patients has been less successful [39]. Injected myoblasts tend to fuse with myofibres
at the site of injection and so systemic delivery of myoblasts has so far not been possible.
In addition, as myoblasts are derived from a donor they are allogenic and therefore
delivery must be accompanied by immune suppression in order to avoid rejection of the
transplanted cells. An alternative to myoblast transplantation is the use of stem cells. A
number of different types of stem cell have the potential to adopt a myogenic
differentiation program. These include muscle-derived stem cells [40], muscle sidepopulation cells [41,42], mesoangioblasts [43,44] and CD133+ progenitor cells [45,46].
An advantage of these types of therapies is that the transplanted stem cells do not
accumulate at the site of injection and so can be delivered systemically.

1.2.3 Gene Therapy
Gene therapy is the delivery of nucleic acids to treat or manage disease. This includes
classical gene replacement approaches whereby an exogenous transgene encoded by a
plasmid or virus is administered to complement a deficiency in an endogenous gene and
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RNA-based approaches such as gene silencing and splice modulation. As such, much of
the work presented in this thesis falls into this latter category.

1.2.4 Gene Replacement Therapy
Classical gene therapy approaches to DMD have focused on the delivery of either fulllength dystrophin cDNA (~13kb) or internally deleted forms of dystrophin;
minidystrophin (~6 kb) [47] and microdystrophin (~4 kb) [48]. A major advantage of the
latter form of truncated dystrophin is that they are small enough to be delivered by adenoassociated virus (AAV) which shows good muscle tropism. Transgenic animals
expressing these three forms of dystrophin on a dystrophin null background show
histological improvement, improved muscle function and restoration of the DAPC at the
sarcolemma of muscle fibres [49,50]. However, internally deleted forms of dystrophin
were not as effective as full length dystrophin in ameliorating dystrophic pathology.

Although adenoviral vectors have the capacity to deliver full length dystrophin, their poor
muscle tropism and the high prevalence of anti-viral antibodies in the general population
mean they are unlikely to be effective gene therapy vectors for DMD. Conversely, AAV
vectors have been used to deliver truncated dystrophin cDNAs in mice, dogs and nonhuman primates successfully [47,51–53]. However, an anti-viral response was observed
in the canine model and dystrophin restoration in the non-human primate model was
reduced following a second administration of the AAV vector. Furthermore, in a human
trial of AAV-delivered microdystrophin a T-cell response against dystrophin epitopes
was detected which limited the effectiveness of dystrophin restoration [54].

18

1.2.5 Exon Skipping
Exon skipping therapy (also called splice correction) is an RNA-based approach whereby
expressed or synthetic oligonucleotides influence pre-mRNA splicing patterns. In the
case of DMD, exons containing disease-causing mutations can be alternatively spliced so
as to generate an in-frame transcript lacking one or more exons. Oligonucleotides act to
mask splicing signals at a desired exon and thereby ‘hide’ that exon from the splicing
machinery. The exon is subsequently removed by splicing along with the adjacent
introns. This results in an internally deleted dystrophin protein molecule that retains
partial functionality. Whereas the N- and C-terminal domains of dystrophin are required
for functionality, the rod domain of dystrophin consists of many redundant domains.
Indeed, a BMD patient has been reported who lacks exons 17-48 and has only very mild
symptoms [55]. Consequently, the loss of one or more exons in the rod domain is
frequently well tolerated with only a minimal loss of dystrophin protein function. The
exon skipping approach can thus be thought of as inducing a BMD-like phenotype.
Clinical trials have so far been promising using 2′-O-methyl phosphorothioate and
phosphorodiamidate morpholino oligonucleotides (PMOs) that target exon 51 of the
human dystrophin mRNA [56,57] and further trials are currently underway. Skipping
exon 51 would result in restoration of the dystrophin mRNA reading frame in as many as
13% of patients [3]. As PMOs are uncharged molecules they can be conjugated to
cationic cell penetrating peptides in order to improve cellular uptake and confer targeting
to muscle tissues. Pre-clinical studies in mdx mice have shown that peptide-PMO
(PPMO) conjugates are highly effective at restoring dystrophin protein in skeletal muscle
and, more recently, in the heart [58,59]. An alternative delivery approach is to utilise
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AAV vectors to deliver expressed exon skipping effectors. The U1 and U7 small nuclear
RNA (snRNA) molecules are modified so that they target a mutant exon. AAV1 delivery
of U7 and U1 snRNA genes targeting Dmd exon 23 in the mdx mouse have been shown
to induce dystrophin restoration lasting 3 months [60] and 1 year [61] after injection
respectively. Whereas AAV vectors enable long-term dystrophin restoration following a
single injection, repeat administration of these viral vectors is problematic as discussed
above.

A multi-exon skipping approach in which multiple exons are skipped is a possible
alternative approach that may be able to treat a large number of patients. A bioinformatics
study of potential single- and multi-exon skipping strategies predicted that as many as
63% of DMD patients could be treated by skipping of exons 45 to 55 [62]. However,
attempts to achieve multi-exon skipping experimentally in cell culture have shown only
minimal success as multiple different alternative dystrophin isoforms are generated with
only a minority having the desired exon 45-55 deletion. Current exon-skipping
technologies are therefore not sufficient to induce efficient multi-exon skipping [63].

1.2.6 Utrophin Up-Regulation
Utrophin (dystrophin-related protein) is a close homologue of dystrophin (80% identical
sequence) that is expressed in skeletal muscle early during development but in adult
myofibres is restricted primarily to the neuromuscular and myotendinous junctions [64].
It has been proposed that expression of utrophin could compensate for dystrophin loss as
it is up-regulated in the muscle of DMD patients and mdx mice [65,66]. Similarly,
transgenic over-expression of utrophin in mdx mice ameliorates the dystrophic phenotype
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[67], whereas mice in which both dystrophin and utrophin are absent (double knock-out,
dko mice) exhibit much more severe pathology than mdx mice and rarely live beyond
three months [68]. Pre-clinical studies of utrophin up-regulation are promising [69–71]
although these strategies have so far been unable to completely restore the wild-type
phenotype [72].

1.3 Myostatin
Myostatin (Mstn) or growth differentiation factor-8 (GDF-8) is an endogenous, secreted
protein from the transforming growth factor-β (TGF-β) superfamily that negatively
regulates skeletal muscle growth and differentiation [73]. Myostatin knock-out mice are
significantly larger (2-3 fold) than wild-type animals and exhibit widespread skeletal
muscle hyperplasia and hypertrophy [73,74]. Conversely, transgenic mice overexpressing myostatin show the reverse phenotype of reduced musculature and myofibre
size [75]. Loss of function or deletion mutations in the myostatin gene result in increased
musculature (the double-muscling phenotype) in cattle (Belgian Blue and Piedmontese)
with a 20% increase in muscle mass [76–78]. Similarly, a child presenting with severe
muscular hypertrophy was found to have inactivating mutations in both myostatin alleles
[79]. In addition to conservation of function between cattle, mice and humans, sequence
comparison shows that the C-terminal, biologically active region of myostatin is
conserved between humans and mice [73,78]. These observations led to the suggestion
that myostatin blockade might be of therapeutic benefit with respect to muscle wasting
disease such as DMD.
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1.3.1 Myostatin Pathway
The 1.6 kb myostatin promoter contains conserved muscle specific transcription factor
binding sites and consequently myostatin is expressed almost exclusively in skeletal
muscle [80]. The 3.1 kb myostatin mRNA transcript encodes a 55 kDa propeptide which
is cleaved to generate the 20.5 kDa mature protein which subsequently homodimerises.
Myostatin exhibits several features typical of TGF-β superfamily members. The 55 kDa
immature translated myostatin consists of a 24 amino acid N-terminal signal sequence
which targets myostatin for secretion, the latency associated peptide (LAP) and the Cterminal mature myostatin peptide. A dibasic proteolytic processing/cleavage site (with
amino acid sequence RSRR at position 240-243) resides between the LAP and mature
myostatin. The mature myostatin peptide contains 9 conserved cysteine residues with
defined spacings that form a disulphide bonded cysteine-knot structure when two mature
peptides dimerise. [73]. The myostatin dimer circulates in the blood in complex with the
LAP and other regulatory factors including FLRG (follistatin-related gene) and GASP-1
(growth differentiation factor associated protein-1) which inhibit myostatin signaling
function [81,82]. Myostatin is believed to be activated through proteolytic cleavage of
the LAP by a BMP/tolloid family metalloproteinase which causes the myostatin/LAP
complex to dissociate [83]. Activated myostatin binds to the activin receptor IIB (Acvr2b
or ActRIIB) which subsequently heterodimerises with a co-receptor (activin receptor type
IIa) and initiates an intracellular signaling cascade. As a result, Smad2 and Smad3
become phosphorylated and complex with Smad4. The Smad complex translocates to the
nucleus where it regulates a battery of genes [84–86] (Fig. 1.1).
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Figure 1.1 The myostatin pathway.
Myostatin circulates in the blood in an inactive complex with latency associated peptide
(LAP). (a) Myostatin is activated by proteolytic cleavage of LAP by a member of the
BMP/tolloid family metalloproteinase. GASP-1 antagonises myostatin signaling by
blocking the site of proteolysis. (b) The active myostatin dimer binds to the activin
receptor type IIb (Acvr2b). Other ligands also signal through Acvr2b (e.g. GDF11). (c)
Acvr2b dimerises with Acvr2a. (d) Acvr2b phosphorylates Acvr2a. (e) Acvr2a
phosphorylates Smad2 and Smad3. (f) Phosphorylated Smad2 and Smad3 form a
complex with Smad4. (g) The Smad complex translocates to the nucleus and (h)
facilitates changes in gene expression. The net effect of these changes is to signal
withdrawal from the cell cycle, promotion of differentiation and inhibition of myocyte
proliferation.
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1.3.2 Myostatin Inhibition
A number of studies have demonstrated both increased musculature and functional
improvement in animal models (specifically the mdx mouse model of DMD) upon
inhibition of myostatin [87–92]. Transgenic mice lacking both myostatin and dystrophin
show both increased musculature and functional improvement in strain gauge and grip
strength performance relative to mdx mice. Histological assessment of these animals
shows reduced replacement of myofibres with fatty and fibrotic tissue indicating reduced
myofibre degeneration [93]. In addition, myostatin blockade has also been shown to be
associated with reduced fibrosis and fat deposition [93], reduced necrosis [87] and the
stimulation of satellite cell proliferation [94–97]. The latter point is somewhat
contentious, as Amthor et al. recently demonstrated that satellite cells elicit little or no
influence on hypertrophy in the case of loss of myostatin in an in vitro model [98]. This is
potentially beneficial as it had been previously suggested that continuous myocyte
proliferation as a consequence of myostatin blockade might result in depletion of the
satellite cell pool and exacerbate disease pathology.

Consequently, a myostatin blockade strategy may be able to reverse some of the disease
pathophysiology

in

the absence of effective treatments

for

the underlying

dystrophinopathies in DMD and BMD or may serve as an adjuvant therapy in
combination with putative gene replacement/exon skipping strategies in the future.
Although current therapeutics research has focused on DMD, myostatin blockade could
be of potential clinical benefit in other muscle wasting diseases e.g. sarcopenia, agerelated muscular atrophy, HIV/cancer associated cachexia.
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1.4 Small RNA-Mediated Post-Transcriptional Gene Silencing
1.4.1 RNA Interference
RNA interference (RNAi), also known as post-transcriptional gene silencing (PTGS), is a
homology-dependent gene silencing pathway in which small RNA effector molecules
induce either degradation of mRNA transcripts or repression of mRNA translation.
Endogenous RNAi is primarily mediated through the microRNA pathway (discussed in
more detail below). RNAi has been used extensively in the study of gene function and
holds much promise as a therapy for a wide-range of diseases. Typically, small
interfering RNAs (siRNAs) are used to elicit RNAi. siRNAs are double stranded RNA
molecules ~21 bp in length. The archetypal siRNA consists of 19 bp of double stranded
sequence with two nucleotide 3′ single-stranded RNA or DNA overhangs. One strand of
an siRNA is incorporated into the RNA binding protein AGO2, the so called ‘catalytic
engine of RNAi’, and a component of the RNA induced silencing complex (RISC)
[99,100]. RISC is then guided by the siRNA to complementary mRNA transcripts in the
cytoplasm. The target transcript is then catalytically cleaved by the ‘slicer’ activity of the
RISC component Argonaute 2 (AGO2) [101] at a position 10 nucleotides from the 5′ end
of the siRNA. The effect of silencing by PTGS is short-lived, typically declining over a
period of ~7 days with peak silencing observed between 24 and 72 hours in cell culture
experiments [102,103]. Silencing is also dependent on the abundance of siRNA
molecules, the concentration of which is reduced by the activity of cellular RNases and
diluted by successive rounds of cell division.
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1.4.2 MicroRNA
MicroRNAs (miRNAs) are small RNA sequences (21-23 nucleotides) that are
endogenous RNAi effectors [104]. Typically, miRNAs are derived from longer primarymiRNA (pri-miRNA) transcripts that are transcribed by RNA polymerase II (RNAPII).
Pri-miRNAs can either be intergenic non-coding transcripts or the mRNAs of proteincoding genes (with the miRNA sequences contained within one or more introns). PrimiRNA transcripts are progressively processed by the Drosha/DGCR8 complex (in the
nucleus) and then Dicer (in the cytoplasm) to generate the precursor-miRNA (premiRNA) hairpin and mature miRNA species respectively. Following Dicer cleavage, one
strand of the miRNA hairpin is loaded into AGO2. The mature miRNA sequence
(analogous to one strand of an siRNA) guides RISC to its mRNA targets in the cytoplasm
where it binds, typically in the 3′ untranslated (UTR) region, to form an imperfect duplex
and induce translational repression and/or mRNA decay [105–108] (Fig. 1.2). Similarly,
miRNAs with complete sequence complementarity to an mRNA can act like siRNAs and
induce ‘slicing’ of the target transcript as opposed to translational repression or slicerindependent mRNA decay [109]. As miRNAs can induce silencing with only partial
complementarity to a target transcript (i.e. multiple mRNA:miRNA mismatches are
tolerated) each miRNA can bind to multiple mRNA targets. Similarly, each mRNA 3′
UTR contains multiple potential miRNA binding sites. Consequently, miRNAs can act as
master regulators of gene expression by regulating families of transcripts with related
functions [110]. Individual miRNAs have been implicated in a wide variety of
physiological

and

pathophysiological

processes

and,

as

such,

are

potential

pharmacological targets [111].
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1.4.3 MicroRNA Theraeutics
In instances when the activity of a miRNA is a causitive factor in pathology, strategies
which antagonise miRNA activity are desirable. These fall in to two broad categories; (1)
small oligonucleotide miRNA inhibitors and (2) expressed miRNA sponges. Conversely,
miRNA replacement therapy can be utilised to correct a miRNA deficiency, or to
modulate an endogenous protective pathway (Fig. 1.2).
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Figure 1.2 The microRNA pathway and targets for therapeutic intervention.
Schematic showing the miRNA pathway whereby primary miRNA (pri-miRNA)
transcripts are progressively processed to generate the mature miRNA species. Firstly, a
complex of Drosha and DGCR8 (DiGeorge Syndrome critical Region 8) cleaves the primiRNA transcript to produce the precursor miRNA (pre-miRNA) in the nucleus. Export
of the pre-miRNA hairpin from the nucleus is facilitated by Exportin-5. In the cytoplasm,
the pre-miRNA is cleaved by Dicer generating a ~21 basepair RNA duplex. Dicer is part
of the RNA induced silencing complex (RISC) along with Argonaute 2 (AGO2) and TAR
RNA Binding Protein 2 (TRBP). One strand of the duplex is loaded into AGO2 and the
other strand (labelled miRNA*) is subsequently degraded. RISC is then guided to
complementary target mRNAs and induces translational repression or mRNA decay.
Approaches for miRNA replacement therapy and miRNA antagonism are indicated.
miRNA mimics enter the miRNA pathway at various stages. Expressed pri-miRNA and
pre-miRNA mimics enter at the Drosha and Dicer clevage steps respectively. Conversely,
mature miRNA mimics (either bulged duplexes or completely complementary small
interefering RNAs, siRNAs) enter RISC directly without prior processing. Anti-miRNA
oligonucleotides or antagomirs bind to mature miRNA species in the cytoplasm and
induce degradation or sequestration of the target miRNA. Similarly, oligonucleotides can
bind to target mRNAs and mask a miRNA binding site. Expressed miRNA sponges are
transcripts containing multiple miRNA binding sites which compete with endogenous
mRNAs for miRNA binding.
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1.4.4 MicroRNA Antagonism
There are numerous examples of miRNAs that promote pathology in human disease and
are consequently therapeutic targets. For example, many viruses express specific miRNA
genes [112], or are dependent upon host cell miRNAs for viral replication [113]. One
promising application of miRNA inhibition is in the treatment of cancer, as miRNAmediated gene regulation has been implicated in tumorigenesis and metastasis [114]. For
example, inhibition of miR-10b in a mouse mammary tumor model resulted in a
reduction in lung metastasis [115]. Anti-miRNA technologies are currently the most
advanced miRNA-based therapeutic strategy with the most commonly used approach
being anti-miRNA oligonucleotides (AMOs). These are single-stranded oligonucleotides
consisting of the reverse complement sequence of a target miRNA that function by either
degrading

or

sequestering

the

target

miRNA.

Alternatively,

oligonucleotides

complementary to target mRNAs block miRNA binding at individual recognition sites
[116]. This target masking strategy allows for the inhibition of specific miRNA:mRNA
interactions.

AMOs contain extensive chemical modification to both the oligonucleotide backbone
(e.g. phosphorothioate linkages) and the ribose sugar (e.g. substitution at the 2′-hydroxl
with O-methyl or O-methoxyethyl groups) in order to improve nuclease stability, reduce
clearance and increase bioavailability. The incorporation of locked nucleic acid, LNA,
bases results in an increase in the Tm of AMOs and favours binding to RNA over DNA
[117]. Similarly, the nucleic acid analogue; peptide nucleic acid (PNA) has also been
utilised to antagonise miRNA activity [118,119]. The conjugation of AMOs with
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lipophilic moieties, such as cholesterol in the case of antagomirs, results in improved
cellular uptake [120,121] (Fig. 1.3). At the time of writing the most advanced antimiRNA therapy is currently in Phase IIa clinical trials. Miravirsen, developed by Santaris
Pharma A/S to treat chronic Hepatitis C Virus (HCV) infection, is a 15mer LNAmodified phosphorothioate antisense oligonucleotide inhibitor of miR-122. Endogenous
miR-122 is required for HCV viral replication [113] and antagonism of this miRNA was
shown to reduce viremia in a chronically infected chimpanzee model with no evidence of
toxicity [122].

The effects of AMOs are transient as they are dependent on the presence of the effector
molecule. Consequently, expressed miRNA decoys or sponges have been developed in
order to elicit longer-term miRNA inhibition [123]. These virus or plasmid-encoded
transcripts contain multiple miRNA target sites and compete with endogenous target
mRNAs for miRNA binding. miRNA sponges have been used successfully to inhibit
miR-9 in highly malignant 4T1 cells leading to suppression of metastasis [124].
Expressed miRNA inhibitors are an alternative therapeutic modality to the use of AMOs
although, as they will likely require viral vector-mediated delivery in vivo, they are
subject to the limitations and risks associated with classical gene therapy [125].

miRNA inhibition strategies are not limited to diseases in which aberrant miRNA
expression is a causative factor in the pathology. In the case of DMD, loss of function
mutations in the gene which encodes the dystrophin protein leads to progressive muscle
weakness and are ultimately fatal. miR-31 is highly up-regulated in dystrophic muscle
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and acts to suppress translation of dystrophin mRNA. This interaction is clinically
relevant as the activity of miR-31 limits the efficacy of efforts to restore dystrophin
protein expression by exon skipping therapy. Inhibition of miR-31 using a miRNA
sponge in combination with exon skipping was shown to be more effective at restoring
dystrophin than exon skipping alone [126]. This study demonstrates that modulating
miRNA activity can be an effective means of boosting the expression of therapeutically
relevant genes.
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Figure 1.3 Chemistry of anti-miRNA oligonucleotides.
(a) Examples of nucleic acid chemistries utilised in anti-miRNA oligonucleotides; RNA,
locked nucleic acid (LNA), peptide nucleic acid (PNA), phosphorothioate RNA (PS
RNA), and RNA with O-methyl (2′-OMe) or O-methoxyethyl (2′-O-MOE) substitutions
at the 2′ carbon of the ribose sugar. (b) Design of a generic antagomir. Nucleotides have
O-methyl modifications at the 2′ position (light grey circles). The terminal nucleotides are
LNA chemistry (dark grey circles) with phosphorothioate (PS) backbones (dotted lines).
Additionally, the oligonucleotide has a cholesterol group conjugated to the 3′ terminus.
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1.4.5 MicroRNA Replacement Therapy
MicroRNA mimics are synthetic or expressed oligonucleotides that mimic the function of
endogenous miRNAs. As miRNA expression is frequently dysregulated in tumors [127]
and some miRNAs have been shown to have tumor suppressive functionality [128],
miRNA mimics are potential anti-cancer therapeutics. For example, adenovirus-mediated
delivery of an expressed miR-26a mimic resulted in inhibition of tumor progression in a
murine hepatocellular carcinoma model [129]. Conversely, miRNA mimics can be used
to modulate pathophysiological processes. miR-29 is known to regulate fibrosis by
suppressing the expression of collagens, fibrillins and elastin [130]. miR-29 expression is
reduced in dystrophic muscle leading to fibrogenesis in DMD. Consequently, treatment
with a synthetic miR-29 mimic was capable of reducing fibrosis and improving pathology
in the mdx mouse [131].

Considering that AMOs are required only to bind mature single stranded miRNAs with
high affinity and specificity there are relatively few constraints on what chemical
modifications can be incorporated in oligonucleotide design. Conversely, synthetic
miRNA mimics have much more stringent requirements on chemical composition as
RISC incorporation, which is essential for function, is sensitive to backbone chemistry.
Synthetic miRNA mimics must primarily consist of RNA nucleotides with relatively few
chemical modifications tolerated. As such, the development of therapeutic miRNA
mimics has lagged behind that of anti-miRNA technology. Additionally, the delivery of
synthetic miRNA mimics is subject to the same delivery obstacles as small interfering
RNAs (siRNAs) (reviewed here [132]).
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1.4.6 MicroRNA-Mediated Transgene Inactivation
Classical gene therapy typically involves the delivery of DNA encoding a therapeutic
transgene to treat or manage disease. Transgene expression in professional antigenpresenting cells (APCs) can lead to immune-related vector clearance and consequently
limit therapeutic efficacy. To address this problem, Brown et al. engineered a lentiviral
vector expressing a GFP reporter to contain miRNA target sites complementary to miR142-3p (which is highly expressed in immune cells) in its 3′ UTR. This strategy restricted
GFP expression to non-hematopoietic cells and resulted in stable transgene expression in
the desired target tissues [133]. A similar approach has been used with respect to
adenovirus-mediated oncolytic virotherapy for cancer. In this case, high expression levels
of the adenoviral E1A protein in hepatocytes results in acute liver toxicity. To abrogate
this toxicity, miRNA target sites for a liver-specific miRNA, miR-122, were inserted in
the 3′ UTR of the viral transgene. Mice treated with these miRNA-restricted adenoviral
vectors showed reduced viral replication in the liver and almost no liver toxicity [134].
Thus, by taking advantage of endogenous miRNA regulation, the expression of
therapeutic transgenes can be fine-tuned to minimise toxic off-target effects.
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1.4.7 MicroRNAs in Muscle Biology
Many miRNAs show tissue-specific expression [135] and a number of miRNAs are
primarily expressed in skeletal and cardiac muscle, some of which have been implicated
in muscle physiology (so-called ‘myomirs’). The myomirs miR-1, miR-133 and miR-206
are the best studied. These miRNAs are generally regarded as ‘muscle specific’ as they
are almost exclusively found in adult skeletal and cardiac muscle and have been
implicated in the regulation of muscle physiology through the regulation of their cognate
mRNA targets [136,137]. miR-1 and miR-133 are found within miRNA clusters at two
genomic loci in the mouse genome; miR-133a-1 and miR-1-2 on chromosome 2 and
miR-133a-2 and miR-1-1 on chromosome 18. These loci produce polycistronic primarymiRNA transcripts which encode both mature miRNAs. The miR-1/miR-133a promoter
on chromosome 2 has been shown to drive skeletal and cardiac muscle specific
expression of a DsRed reporter gene [136]. Conversely, expression of miR-206 is
restricted to skeletal muscle [137]. miR-206 is transcribed with miR-133b on a single
primary transcript (miR-133b differs from miR-133a by one nucleotide at the 3′ end)
[137].

In the C2C12 murine myoblast cell line (which faithfully replicates skeletal muscle
differentiation by forming multinucleated myotubes when cultured in reduced serum
conditions) the expression of these myomirs correlates well with differentiation. miR-1,
miR-133 and miR-206 are present at low levels or undetectable in undifferentiated
C2C12 myoblasts but are up-regulated upon differentiation [138]. A similar correlation
between myogenesis and myomir expression was also observed in myoblasts derived
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from human foetal tissue [139]. Expression of these myomirs is thus indicative of
commitment to a myogenic differentiation program.

Transcription of muscle-specific miRNAs has been shown to be regulated by
transcription factors involved in muscle growth and development [140–142]. For
example, serum response factor (SRF) (with the coactivator myocardin) activates miR1/miR-133 expression [143]. SRF is itself regulated by miR-133 and therefore forms a
negative feedback loop controlling expression of miR-1/miR-133 polycistrons [144].
Similarly, ChIP-on-chip analysis has shown that the muscle-specific transcription factors
MyoD and myogenin bind to myomir promoters in differentiated C2C12 cells [140].

Despite their common biosynthetic origins, the mature species of miR-1 and miR-133
promote opposing biological functions. miR-1 promotes myogenesis (differentiation)
whereas miR-133 represses myogenesis and promotes proliferation of progenitor cells.
Over-expression of miR-1 in C2C12 cells leads to enhanced myogenesis as exemplified
by up-regulated myogenic factors (i.e. MyoD, Mef2 and skeletal α-actin) whereas overexpression of miR-133 results in the inhibition of myogenesis (i.e. reduced levels of
myogenin and myosin heavy chain, MHC) and increased proliferation [137,144].
Conversely, antagonising miR-1 activity slows differentiation whereas inhibiting miR133 promotes differentiation [144]. Transgenic over-expression of miR-1 in mouse heart
results in premature differentiation characterised by reduced mitotic activity (without
apoptosis) leading to developmental arrest at E13.5 [143]. Similarly, forced expression of
miR-1 in HeLa (non-muscle) cells alters their transcriptional profile to become more
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muscle-like [145]. However, miR-133 has been shown to repress the splicing factor
neuronal polypyrimidine tract-binding protein (nPTB) and thus influencing alternative
splicing of multiple other mRNAs. Consequently, upon miR-133 up-regulation, a cell
will adopt a muscle-specific pattern of splicing indicative of myogenic differentiation
[138]. This suggests that miR-133 can promote both myoblast proliferation and
differentiation to some extent.

The histone deacetylase HDAC4 epigenetically suppresses a number of genes that are
required for myogenesis [146]. miR-1 represses expression of HDAC4 which derepresses myogenic factors such as Mef2. miR-1 has also been shown to promote
differentiation of cardiac myocytes through regulation of the phosphatase and tensin
homolog (PTEN)/Akt pathway [147].

miR-206 is related to miR-1 as 18 out of 21 nucleotides (including the seed sequence) are
identical. Perhaps unsurprisingly, miR-206 acts in a similar manner to miR-1 by
regulating many of the same target mRNAs and thereby promoting differentiation [148].
However, miR-206 knock-out mice do not appear to show a defect in myogenesis
suggesting there is a degree of functional redundancy between these myomirs [149]. miR1 and miR-206 both act to suppress the paired box proteins PAX3 and PAX7 which are
expressed in satellite cells where they act to inhibit terminal differentiation [150–152].
miR-206 has also been shown to regulate expression of the p180 subunit of DNA
polymerase α, thereby inhibiting DNA synthesis and promoting cell cycle withdrawal
(and subsequently differentiation) [137]. Interestingly, miR-206 has also been shown to
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repress expression of the therapeutically relevant genes; utrophin and follistatin-like 1 (a
component of the myostatin pathway) [153]. The potential therapeutic relevance of these
myomirs is exemplified in a recent study in which local injection of double-stranded
miR-1, miR-133 and miR-206 mimics improved muscle regeneration in rat skeletal
muscle injury model [154].

Other miRNAs have also been found to be implicated in muscle processes. miR-181 is
required for terminal differentiation of myoblasts [155]. miR-181 represses expression of
Hox-A11 (which is an inhibitor of differentiation). Similarly, the muscle–enriched miR486 promotes differentiation through regulation of the phosphoinositide-3-kinase
(PI3K)/Akt pathway [156]. Conversely, miR-155 inhibits differentiation by repressing
MEF2A expression. As myoblasts progressively differentiate miR-155 expression
decreases [157].
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1.5 Small RNA-Mediated Transcriptional Modulation
The utility of small RNAs to modulate the transcription of specific target genes in
mammalian cells is an exciting recent development with implications for our
understanding of endogenous transcriptional control, the development of novel RNAbased therapeutics and the study of gene function. Both transcriptional gene silencing
(TGS) and transcriptional gene activation (TGA) have been reported. TGS is a potent and
specific RNA-mediated, homology-dependent gene silencing pathway in which small
RNA molecules homologous to gene promoters either induce epigenetic changes at the
targeted locus, or sterically inhibit procession of RNA polymerase, thus achieving
silencing at the transcriptional level. Conversely, small RNAs targeting promoters can
also induce transcriptional gene activation (TGA). Although the mechanistic details of
this process are less well understood, several reports suggest that TGA is operative
through targeting of promoter overlapping antisense RNA transcripts which leads to the
reversal of endogenous epigenetic silencing. Non-coding RNA transcripts appear to be
involved in both transcriptional silencing and activation processes.
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1.5.1 Mechanisms of Transcriptional Gene Silencing
Although TGS is relatively well understood in Schizosaccharomyces pombe, Drosophila
and Arabidopsis (reviewed in refs. [158–161]), until recently it was not known to occur in
mammals. Multiple studies now show that small RNAs complementary to target
promoters silence gene expression at the level of transcription. Two competing models
have emerged to explain these observations. In the RNA:RNA model, the small RNA
effector molecule targets a sense promoter-associated RNA (pRNA) and recruits an
epigenetic remodelling complex to the target promoter in order to induce heterochromatin
formation and promoter DNA methylation. Conversely, the RNA:DNA model posits that
the small RNA effector molecule interacts directly with chromosomal DNA. The binding
of small RNAs to DNA occurs either by DNA:DNA:RNA triplex formation or by binding
to single-stranded sequences that are susceptible to transient melting, most notably at the
site of transcription initiation where RNA Polymerase II (RNAPII) mediates local DNA
unwinding. Although these two models were initially in competition, it now seems that
both models may be true under different specific circumstances. Here we refer to
silencing by the RNA:RNA model as Epigenetic-TGS and silencing by the RNA:DNA
model as Antigene-TGS.

1.5.1.1 Epigenetic-TGS
Epigenetics is the study of mitotically and meiotically heritable changes in gene
expression that are not coded in the DNA itself [162]. Here we are primarily concerned
with two kinds of epigenetic modification. (1) Direct chemical modification of DNA
nucleotides. Specifically, methylation of cytosine at CpG dinucleotides, which is
associated with gene silencing in mammals. (2) Post-translational modifications of
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accessory proteins that regulate the accessibility of DNA to the transcriptional machinery.
Eukaryotic genomic DNA is packaged with histone proteins to form the dynamic
polymer chromatin. Genomic DNA wraps around a histone protein octamer in 1.67
superhelical turns to form a structure called a nucleosome. The N-terminal tails of
histones H3 and H4 protrude from the nucleosome core structure and undergo extensive
post-translational modification. The pattern of histone tail modifications regulates the
transition between transcriptionally active (euchromatin) and the transcriptionally silent
(heterochromatin) conformations and is known as the histone code. For example, the
methylation of lysine 9 (H3K9me2) and lysine 27 (H3K27me3) on the N-terminal tail of
histone H3 results in chromatin compaction which reduces the accessibility of DNA to
transcription factors and RNA polymerase [163]. Consequently, the histone code greatly
expands the information content of the genome [164]. The dual mechanisms of DNA
methylation and silent state chromatin formation are functionally linked such that
methylation of histone H3K9 directs DNA methylation (as in the case of pericentromeric
chromatin) [165] and conversely, the Polycomb protein Enhancer of Zeste Homologue 2
(EZH2) (which tri-methylates H3K27) has been shown to directly influence DNA
methylation [166]. The patterns of CpG methylation and histone tail modifications are
inherited as somatic cells divide and, in some cases, in the germ line [167].

Epigenetic-TGS (RNA:RNA model) is a homology-dependent gene silencing pathway in
which small RNA effector molecules targeting low-copy-number promoter transcripts
recruit the RNA Induced Transcriptional Silencing (RITS) to the target promoter. RITS
acts to induce silent state chromatin formation and, in some cases, de novo promoter
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DNA methylation. These epigenetic modifications at the target promoter potentially
result in long-term, stable gene silencing (Fig. 1.4). The first study to report small RNAmediated TGS by Morris et al. showed that targeting the Eukaryotic Elongation Factor 1α
(EEF1A1) promoter with a small interfering RNA (siRNA) resulted in silencing of both
an integrated GFP transgene driven by the EEF1A1 promoter and endogenous EEF1A1
expression. Silencing was sensitive to the histone deacetylase inhibitor trichostatin A
(TSA) and the DNA methyltransferase inhibitor 5′-azacytidine (5-azaC) which implied
that epigenetic remodeling at the EEF1A1 promoter was responsible for the observed
silencing effect. Methylation of the EEF1A1 promoter was also detected by methyl
specific digestion [168]. Subsequent studies showed that treatment with promotertargeting siRNAs results in enrichment of the silent state chromatin modifications
H3K9me2 and H3K27me3 as measured by chromatin immunoprecipitation (ChIP) both
for EEF1A1 [169] and for other promoters (Table 1.1).

The induction of targeted epigenetic changes enables long-term therapeutic gene
silencing. To this end, Hawkins et al. showed that targeting the Ubiquitin C (UBC)
promoter for 2-3 days with a tetracycline induced shRNA was sufficient to induce longterm gene silencing (~30 days) [170]. Similarly, Suzuki et al. showed that transient
transfection of an siRNA targeting the HIV-1 5′ LTR was able to suppress HIV
replication for 31 days in the HeLa-derived MAGIC-5 cells [171] and, building on this
work, Yamagishi et al. were able to silence HIV mRNA transcription and viral
replication for up to 1 year using a retrovirus-expressed shRNA in a T-cell line (Molt-4)
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[172]. Collectively, these studies suggest that long-term, targeted gene suppression by
TGS may be possible in a therapeutic context.

Cytosine methylation has been reported in the case of a number of mammalian promoters
targeted for epigenetic-TGS [168,170,173–175]. Conversely, other studies have shown
that TGS can occur in the absence of DNA methylation [176]. A study by Kim et al.
demonstrated TGS of transforming growth factor β receptor II (Tgfbr2) in rat hepatic
stellate cells (SBC10) following lentiviral transduction. Short hairpin RNAs (shRNAs)
targeting the Tgfbr2 promoter induced dense methylation of CpGs and non-CpG
cytosines. DNA methylation and silencing were alleviated in the presence of 5-azaC and
the strength of silencing was found to correlate with the degree of promoter methylation.
Tgfbr2 inhibition was only observed 7 days after transduction suggesting that promoter
DNA methylation is a pre-requisite for silencing [173]. This relatively late appearance of
DNA methylation may explain some of the discrepancies between studies. Alternatively,
it may be that persistent targeting is required to induce DNA methylation as an shRNA,
but not an equivalent siRNA, induced cytosine methylation at the Tgfbr2 promoter [173].
Conversely, Ting et al. showed that siRNAs targeting the CDH1 promoter (E-cadherin)
induced TGS in the absence of promoter methylation as demonstrated by bisulfite
sequencing. In addition, the same effect could be reproduced in cells deficient in the de
novo DNA methylation machinery suggesting that DNA methylation is not required for
TGS [176]. Taken together, these studies suggest that there is redundancy between the
epigenetic mechanisms of TGS (i.e. heterochromatin formation and promoter DNA

46

methylation). Consequently, the ability to induce targeted promoter methylation may be
cell-type dependent or gene specific.
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Figure 1.4 A Model of Transcriptional Gene Silencing In Mammalian Cells.
(a) Promoter-associated RNA (pRNA) is transcribed from the promoter region of a
hypothetical gene locus upstream of the transcription start site (TSS). (b) A promotertargeting siRNA or antisense RNA recruits the RNA-induced transcriptional silencing
complex (RITS) which includes a histone deacetylase (HDAC1), a histone
methyltransferase (EZH2) and a de novo DNA methyltransferase (DNMT3A) to the
targeted promoter. (c) Replacement of H3K9 and H3K27 acetyl groups with di- and trimethyl modifications (and in some cases methylation of promoter DNA) results in
transcriptional silencing of the target locus.
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1.5.1.1.1 RITS Components
The RITS complex which facilitates epigenetic-TGS is analogous to RISC that is
involved in post-transcriptional gene silencing (and contains the RNA binding protein,
Argonaute 2 (AGO2)) [101,177]. In Arabidopsis and fission yeast, Argonaute proteins
are involved in TGS and constitute part of the RITS complex. Notably, in S. pombe the
RITS complex contains Argonaute 1 (AGO1) [178,179]. These observations led
researchers to hypothesise a role for AGO1 in mammalian TGS. Subsequently, Kim et al.
showed that the presence of AGO1 is required for TGS in HEK293T cells [180]. AGO1,
a close homologue of AGO2, lacks the catalytic amino acid residues (the DDH motif
[181]) required for ‘slicer’ functionality and thus does not cleave target RNA [182].
However, several studies have detected enrichment of AGO2 at the promoters of genes
targeted for TGS by ChIP and the RISC component TRBP was enriched at the RASSF1A
promoter following treatment with a promoter-targeting siRNA suggesting the
involvement of other components of the RNAi machinery in mammalian TGS [180].
Initiation of TGS requires the deacetylation of histone N-terminal tails. The involvement
of histone deacetylases (HDACs) has been demonstrated indirectly through sensitivity of
silencing to treatment with TSA and directly through ChIP and RNAi depletion
experiments [170,183]. Similarly, the histone methyltransferases (HMTs); EHMT2
(formerly G9a) and EZH2, which methylate H3K9 and H3K27 respectively, have been
similarly implicated in mammalian TGS [170,180]. The de novo DNA methyltransferase
DNMT3A co-immunoprecipitates with H3K27me3 [169], HDAC1 [184,185], the histone
methyltransferases SUV39H [186] and EZH2 [187], in addition to binding siRNAs in
vitro [188]. Furthermore, inhibition of DNA methyltransferases by treatment with 5-azaC
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or an siRNA against DNMT3A abrogates TGS [170,174,176,189,190]. Expression of
DNMT1 was required for maintenance of long-term silencing [170].

1.5.1.1.2 Promoter-Associated RNA
Next generation sequencing and RNA tiling array technologies have revealed that
transcription from mammalian genomes is much more prevalent than once thought
[191,192]. Transcription is observed in both sense and antisense orientations and
divergent transcription is frequently observed at promoters [193–196]. Non-coding RNA
(ncRNA) transcripts that overlap the 5′ and 3′ termini of genes have been described
previously as promoter-associated RNAs and termini-associated RNAs respectively
[197]. Furthermore, depletion of the exonucleolytic RNA exosome reveals ubiquitous
unstable promoter-associated transcripts [198]. Han et al. showed the existence of a
pRNA at the EEF1A1 promoter which was spliced and polyadenylated and could be
considered an mRNA transcript with an extended 5′ untranslated region (5′-UTR). The
EEF1A1 pRNA could be recovered after streptavidin pull down when HEK293T cultures
were treated with a biotinylated siRNA, thus demonstrating direct physical association
between the TGS effector siRNA and the pRNA target transcript [199]. Epigenetic-TGS
has been shown to be dependent on the presence of pRNA for a number of different
promoters as determined by antisense oligonucleotide and RNAi depletion experiments
(Table 1.1). There are several examples of pRNAs acting as cis-regulatory elements that
influence the transcription of their respective downstream promoters [200–202]. As such,
pRNAs may directly associate with the chromatin from which they are transcribed.
Alternatively, pRNAs may be indirectly tethered to their respective promoter chromatin
by association with RNAPII rather than by direct binding to chromatin. In either case the
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pRNA is retained in the proximity of the promoter for the downstream gene and acts as
an ‘RNA signature’ for the associated locus.
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promoter
EEF1A1

effector
siRNA

cell line
HEK293FT

RASSF1A

HeLa

CCR5

shRNA
(stable
transfection)
siRNA

CDH1

siRNA

HCT116,
MCF-7

UBC

siRNA
shRNA
(stable
transfection)

HEK293GT

Tgfbr2

shRNA
(lentiviral
transduction)
siRNA
asRNA
shRNA
(retroviral
transduction)

SBC10

SIV 5′ LTR

siRNA
miRNA
siRNA

HEK293,
TZMb1
MAGIC-5,
CEMx174

PLAU

siRNA

PC3, DU145

VEGFA

shRNA

Txnip

siRNA
(combination
of two)
siRNA

C166,
Intramuscular
injection
retinal EC,
Intravitreal
injection
SiH3, CaSki
Intratumoral
injection
jurkat

HIV1 5′
LTR

HPV16
E6/E7
IL2

shRNA

HEK293T

MAGIC-5,
IG5, TZMb1

evidence
TSA/5-azaC sensitive.
Promoter methylation.
H3K9me2 enrichment.
pRNA dependence.
AGO1, EZH2 and TARBP2
enrichment.
Promoter methylation.
H3K9me2, AGO1 enrichment.
Promoter methylation.
H3K9me2 enrichment.
Silencing in methylation
deficient cell line.
No promoter methylation.
H3K9me2, H3K7me3, AGO1
enrichment.
G9a, DNMT3A, HDAC1 and
AGO1 dependence.
pRNA dependence.
Promoter methylation.
5-aza-dC sensitivity.
Promoter methylation.

ref
[168,169,199]

H3K9me2, H3K27me3,
HDAC1 enrichment.
Reduced NF-κB and Sp1
binding.
TSA, α-amanitin sensitive.
Promoter methylation.
Ago1, DNMT3a and HDAC1
dependent.
TSA sensitive.
HDAC1 enrichment.
H3K9me2, H3K27me3
enrichment.
5-azaC and TSA sensitive.
Promoter methylation.
TSA/5-azaC sensitive.

[169,183,171,1
75,172]

H3K9me2, H3K27me3 and
nucleosome enrichment.

[205]

Reduced association of p300
suggesting closed chromatin
formation.
H3k9me3 enrichment.
No promoter methylation
detected.
Promoter methylation.
5-azaC sensitivity.
Loss of H3Ac.

[206]

[180,189]
[180]
[176]

[170]

[173]

[203]
[204]
[174]

[207–209]
[210]
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ENOS

siRNA
(19 and 27nt)
proposed
endogenous
siRNA

HeLa

RDINK4/ARF

siRNA

HEK293T

MTAP
CDKN2A
(p16)
RUNX3

shRNA
siRNA

MEF
HEK293T

H3K9me3 enrichment.

[213]
[215]

shRNA
(stable
transfection)
siRNA
shRNA
(stable
transfection)
tiRNA mimic

SGC7901

Not 5-azaC sensitive.

[216]

Promoter methylation.
5-azaC sensitive.

[190]

Loss of CTCF binding.

[217]
[218]

[215]

β-actin-Ig-μ
minigene

HAEC

cDNA microarray confirms
specificity of silencing.
H3Kme enrichment.
Sodium butyrate and TSA
sensitive.
Sensitive to 3′hExo.
H3K9me3, AGO1/AGO2
enrichment.
pRNA dependent.

[211]
[212]

[213,214]

FN1

siRNA

MCF-7,
SiHa, Caco2,
U87MG
MCF-7, THP1
T47D,
MCF-7
Hep3B, HeLa

POLR3D

miR-320

HEK293

HOXD4

siRNA
miR-10a

TBCEL

HCT116

AGO1/AGO2 enrichment.

[215]

HCT116

AGO1/AGO2 enrichment.

[215]

HCT116

AGO1 enrichment.

[215]

CDCA8

miR-17-5p
miR-20a
miR-17-5p
miR-20a
miR-17-5p
miR-20a
miR-17-5p
miR-20a
miR-let-7f

MCF-7,
MDA-MB231,
MCF10A,
HepG2,
HeLa, A549
HCT116

H3K27me3 enrichment.
Loss of RNAPII.
H3K9me2, H3K27me3,
enrichment.
TSA, 5-aza-dC, BIX sensitive.
AGO1, AGO2, HP1α
dependent.
H3K27me3, AGO1, EZH2
enrichment.
H3K27me3 enrichment.
Dicer, AGO1, AGO3
dependent.
Promoter methylation.
pRNA involvement.
5azaC sensitive.
AGO1/AGO2 enrichment.

WI38

[222]

CDC2

miR-let-7f

WI38

H3K27me3, AGO2
enrichment.
H3K27me3, AGO2
enrichment.

MYC

CDKN1A
(p21)
PGR

RASA2
RHPN2
WHSC1

siRNA

[219]

[220]
[221]

[222]
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Table 1.1 Studies Reporting Epigenetic-TGS.
Studies in which small RNA-based effectors silence gene expression with associated
epigenetic changes. ‘Enrichment’ and ‘Loss of’ indicates that the described proteins were
enriched or reduced at the effector target site as measured by chromatin
immunoprecipitation. ‘Dependent’ indicates that the reported effect was abolished or
reduced when the described genes were down-regulated by siRNAs or antisense
oligonucleotides. ‘Sensitive’ indicates that the reported effect was abolished or reduced
when cultures were treated with the chemical inhibitors described (i.e. TSA and sodium
butyrate (inhibitors of histone deacetylases), 5-azaC and 5-aza-dC (inhibitors of DNA
methyltransferases), BIX (inhibitor of histone methyltransferases specifically targeting
H3K9) and 3′hExo (digests siRNAs).
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1.5.1.1.3 Non-Promoter-Targeting TGS
Several studies have demonstrated TGS or TGS-like effects through targeting nonpromoter regions and these are noteworthy ‘exceptions that prove the rule’. The
observation that siRNAs can direct promoter chromatin remodelling raises the question as
to whether similar effects can be seen in non-promoter regions. Several studies have now
shown that this is the case. A study by Bühler et al. showed that a small RNA species
produced from intron 4 of an Immunoglobulin (Ig) minigene driven by the β-actin
(ACTB) promoter induced transcriptional silencing in HeLa cells [212]. Enrichment of
methylated H3K9 was observed at the minigene promoter and the silencing was sensitive
to treatment with TSA and sodium butyrate suggesting the involvement of histone
deacetylases. Interestingly, a neomycin resistance gene found on the same plasmid as the
Ig minigene was also silenced. This suggested that the induced heterochromatic region
had spread upstream from the small RNA target site in intron 4 to silence the minigene
promoter and the upstream neomycin cassette.

In some cases, non-promoter transcripts may be present in close proximity to promoters
as a result of the formation of higher order chromatin structures [223]. A recent study by
Yue et al. showed that the human progesterone receptor (PGR) could be silenced by
siRNAs that target downstream of the 3′ terminus of the gene and are therefore not
complementary to either the mRNA or the promoter. Chromosome conformation capture
(3C) analysis showed that the locus formed a gene loop structure whereby the promoter
region and the 3′ terminal region were found to be in close proximity in threedimensional space. Additionally, ncRNA species were identified at both termini and were
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found to associate with AGO2 as determined by RNA immunoprecipitation (RIP) and
ChIP. Consequently, the siRNA was indirectly targeting the PGR promoter through
interaction with a promoter-proximal ncRNA [224].

Epigenetic control of splicing has also been shown in a study by Alló et al. In this case,
an intron-targeting siRNA induced local heterochromatin formation within the coding
region of the fibronectin gene (FN1) and consequently influenced alternative splicing
[219]. The formation of a local closed chromatin region resulted in slowed RNAPII
procession and preferential inclusion of an alternatively spliced exon proximal to the
siRNA target site.
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1.5.1.2 Antigene-TGS
Antigene-TGS (RNA:DNA model) is the use of oligonucleotides to inhibit transcription
through direct interaction of the effector molecule with chromosomal DNA by either
DNA:DNA:oligonucleotide triplex formation or by the oligonucleotide binding to
exposed single stranded DNA (e.g. at the transcription start site, TSS) [225,226]. The
effector oligonucleotide acts to sterically hinder RNA polymerase procession and
consequently induce transcriptional gene silencing. Janowski et al. showed that siRNAs
(which they term antigene RNAs (agRNAs) as they are designed to target DNA) that
target the transcription start site of the PGR B-promoter induce transcriptional inhibition.
Functional agRNAs were found to overlap the -9 to +2 region that was predicted to form
an open complex during transcription initiation. This region constitutes an
oligonucleotide target site where the two strands of DNA are transiently separated in
order to permit transcription initiation. Inhibition by agRNAs was highly potent with an
IC50 of 2.5 nM and similar results were seen in the case of the Major Vault Protein
(MVP), the Androgen Receptor (AR) and Cyclooxygenase-2 (COX2) genes indicating the
effect is observable for TATA-containing and TATA-less promoters. No promoter DNA
methylation was observed (up to 5 days post transfection) for any of these genes studied
[227]. Similarly, for an agRNA targeting just upstream of PGR TSS (-26 to -7) no TSA
[228] or 5-azaC [227] sensitivity, DNA methylation or substantial changes in histone
H3K4, H3K9 or H3K27 methylation were observed [227]. Taken together these results
suggest a non-epigenetic mechanism of silencing. PNA [229], LNA [230,231] and other
chemically modified mixmer oligonucleotides [232] were also shown to silence PGR in a
similar manner.
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Similar results were reported in a study by Napoli et al. who targeted the transcription
start site of the MYC promoter with an siRNA [233] (Table 1.2). Interestingly, this study
also showed that the presence of a promoter transcript was required for silencing. The
role of this transcript in this mechanism of silencing is unclear. Despite early reports of
antigene-TGS failing to show any evidence of epigenetic involvement in silencing, a
recent study targeting the PGR promoter did show enrichment of silent state chromatin
modifications [224]. Additionally, the expression of AGO2 was shown to be required for
PGR silencing which points towards an RNA:RNA interaction [234]. Consequently, the
degree to which agRNAs target chromosomal DNA or RNA remains an open question.
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promoter
PGR

effector
agRNA
agPNA
agLNA
agENA

cell line
T47D

AR

agRNA
agLNA
agENA
agRNA
agRNA
agRNA
siRNA

T47D

MVP
COX2
HTT
MYC
HPA

siRNA
shRNA

T47D
T47D
T47D
PC3,
DU145 and
LNCaP
PC3
EJ
SGC-7901

evidence
Not TSA sensitive. No histone
changes. No promoter methylation.
AGO1 and AGO2 dependent.
AGO1 and AGO2 enrichment.
AGO1 and AGO2 associate with a
PGR antisense transcript as
measured by RIP.
Conflicting evidence of epigenetic
changes [224].
AGO1 and AGO2 dependent. No
promoter methylation.

AGO1 and AGO2 dependent.
No histone changes.
pRNA dependent.
Loss of RNAPII, TFIIB
No histone changes or DNA
methylation detected.
AGO1 and AGO2 dependent.

ref
[227,229,228,
235,232,230,
231]

[227,228,231]
[227]
[227]
[228]
[233]
[236]

Table 1.2 Studies Reporting Antigene-TGS.
Studies in which small RNA-based effectors targeted to transcription start sites silence
gene expression in the absence of epigenetic changes. ‘Enrichment’ and ‘Loss of’
indicates that the described proteins were enriched or reduced at the effector target site as
measured by chromatin immunoprecipitation. ‘Dependent’ indicates that the reported
effect was abolished or reduced when the described genes were down-regulated by
siRNAs or antisense oligonucleotides. ‘Sensitive’ indicates that the reported effect was
abolished or reduced when cultures were treated with the chemical inhibitors described
(i.e. TSA (inhibitor of histone deacetylases).
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1.5.2 Transcriptional Gene Activation
Small RNAs have also been shown to activate gene expression (Table 1.3). Although
some groups have termed this phenomenon RNA activation (RNAa), here we use the
term transcriptional gene activation (TGA) as recent reports suggest that the effect is
closely related to epigenetic-TGS. The first evidence that small RNAs could activate gene
transcription came from the Functional Annotation of the Mammalian Genome
(FANTOM) consortium [195]. Pairs of overlapping sense and antisense transcripts were
identified and targeted with siRNAs and both concordant (i.e. both transcripts were
silenced) and discordant (i.e. the target transcript was silenced but the expression of the
overlapping transcript increased) modes of regulation were observed. Separately, Li et al.
showed that siRNAs targeting the CDH1 (E-cadherin) promoter induced sequence
specific, long-lasting (~13 days) gene activation in human cells. 2-10 fold induction was
observed and 1 nM siRNA was sufficient to induce silencing. RNAi experiments
demonstrated that AGO2 was indispensable for gene activation and silencing was
associated with a loss of H3K9 methylation. Similarly, CDKN1A (p21) and VEGFA
(vascular endothelial growth factor A) could also be activated following transient
transfection with promoter-targeting RNA duplexes [237]. Morris et al. investigated these
results further and demonstrated that siRNAs targeting the p21 promoter induced PTGS
of an antisense transcript leading to gene activation through the reversal of an
endogenous TGS mechanism. In this case the antisense transcripts themselves were
shown to be directing epigenetic silencing [238] (Fig. 1.5). Similarly, Modarresi et al.
have shown that targeting an antisense RNA overlapping the Bdnf (brain-derived
neurotrophic factor) gene using antisense oligonucleotide gapmers (which degrade the
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target RNA) results in abrogation of epigenetic silencing with consequent gene activation
[239].
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promoter
CD97
CDH1

effector
siRNA
siRNA

CDKN1A

siRNA

PR

siRNA

TF7D, MCF-7

MVP
LDLR
VEGFA

siRNA
siRNA
siRNA
shRNA
(lentiviral
tranduction)
siRNA
miR-205
miR-205
miR-373
siRNA
siRNA
siRNA
antagoNAT

MCF-7
HepG2
Hela, COS1, WES,
CCSMC, C166,
IM injection

IL10
IL24
IL32
CDH1
CSDC2
OCT4
BDNF

GDNF
EPHB2
p53
PAR4
NKX3-1
Ccnb1

CXCR4

antagoNAT
antagoNAT
siRNA
siRNA
siRNA
siRNA
miR-744
miR-1186
miR-366d-3p
siRNA

KLF4

siRNA

NANOG
WT1

siRNA
siRNA

cell line
Hepa1-6
PC-3, DU-145,
5637, COS1, WES,
MCF-7, MDA-MB453
PC-3, Hela, COS1,
WES, MCF-7

THP1
PC3
PC3
PC3
PC3, HCT116
MCF-7
N2a
HEK293T
ICV injection
HEK293T
HEK293T
COS1, WES
WES
COS1, WES
NIH/3T3, TRAMP
C1
Primary rat stem
cells
DuPro, PC3,
DU145
NCCIT
HepG2

comments
AGO2 dependent.

Bidirectional transcription
regulates silencing and
activation
AGO2 enrichment.
AGO2 dependent.
In vivo transcriptional upregulation.
Enhancer targeting.

Loss of H3K27me3,
EZH2.
In vivo transcriptional upregulation.

H3K4me3, RNAPII, AGO1
enrichment.

ref
[195]
[237,240–
242]
[237,238,24
1]
[235,243]
[243]
[244]
[205,237,24
1,245]
[246]
[247]
[247]
[248]
[248]
[249]
[239]

[239]
[239]
[241]
[241]
[241]
[241,250]

[241]
[251]
[252]
[253]
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Table 1.3 Studies Reporting TGA.
Studies in which small RNA-based effectors induce transcriptional gene activation.
‘Enrichment’ and ‘Loss of’ indicates that the described proteins were enriched or reduced
at the effector target site as measured by chromatin immunoprecipitation. ‘Dependent’
indicates that the reported effect was abolished or reduced when the described genes were
down-regulated by RNA interference. ‘Sensitive’ indicates that the reported effect was
abolished or reduced when cultures were treated with the chemical inhibitors described
(i.e. TSA (inhibitor of histone deacetylases)). ‘antagoNAT’ refers to anti-natural
antisense transcript oligonucleotides (i.e. LNA gapmers and LNA mixmers).
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Building on previous work targeting the PGR promoter, the Corey lab demonstrated that
when the sequence of a silencing siRNA was shifted by a single nucleotide, it induced
potent and specific activation of PGR mRNA and protein expression in T47D and MCF7
breast cancer cells. Importantly, PGR is differentially expressed in these two cell lines. In
T47D cells, which express high levels of PGR, gene activation was relatively modest.
However, in MCF7 cells, which express low levels of PGR, the observed activation was
as much as 18 fold. These results suggest that the gene activation is dependent on cellular
context and that cells that already express the targeted gene at high levels may be less
susceptible to TGA. Gene activation was reversed by treatment with TSA and resulted in
reduced H3K9 and H3K14 acetylation and increased di- and tri-methylation of H3K4
implicating chromatin conformation changes in gene activation. Similarly, a 4 fold
induction in MVP gene expression was observed following treatment with siRNAs [243].
Further work showed that antisense transcripts overlapping the PGR promoter are the
targets for activating siRNAs. These antisense transcripts are spliced, polyadenylated,
span a 70,000 kb region of genomic DNA and are present at levels 10 to 1,000 fold lower
than the PGR mRNA. Direct association of the siRNAs was determined by biotin pull
down, and pan-Argonaute RIP showed recruitment of AGO to the antisense RNA [234].
A combination of RNAi depletion and RIP for all 4 human AGO proteins demonstrated
that AGO2 is involved in siRNA-mediated PGR transcriptional silencing and activation
[237].
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Figure 1.5 A Model of Transcriptional Gene Activation in Mammalian Cells.
(a) A natural antisense transcript (NAT) directs epigenetic silencing at a hypothetical
promoter through recruitment of the Polycomb Repressive Complex 2 (PRC2) which
contains the histone methyltransferase Enhancer of Zeste 2 (EZH2). (b) Targeting the
NAT with siRNAs or antisense oligonucleotides (e.g. LNA gapmers/mixmers) alleviates
endogenous epigenetic repression and results in transcriptional activation.
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1.5.3 The Practical Application of Transcriptional Modulation
Methods for facilitating epigenetic-TGS and TGA are discussed here [254] and the use of
agRNAs and agPNAs here [255]. Typically, the target gene promoter is targeted within
200 bp upstream of the transcription start site. Some studies have specifically targeted
CpG dinucleotides [204]. There is, as yet, no consensus on TGS/TGA effector design
criteria as some researchers have utilised conventional siRNA design rules [237] to good
effect, whereas other have shown highly functional siRNAs that score poorly [171] based
on Reynolds criteria [256].

Small-RNA mediated transcriptional modulation requires delivery to the nucleus which
can be achieved in a number of ways. In actively cycling cells it is likely that dissolution
of the nuclear membrane during cell division is sufficient to allow small RNA effector
molecules to enter the nucleus. Similarly, lentiviral transduction facilitates nuclear
membrane permeabilisation [257]. Generally, mammalian TGS studies have used
relatively high (>50nM) siRNA concentrations, presumably in order to achieve effective
nuclear concentrations of siRNA. This suggests that, in the absence of a dedicated
nuclear-targeting strategy, nuclear delivery may be achieved through passive diffusion
from the cytoplasm to the nucleus (thus high oligonucleotide concentrations in the
cytoplasm are required). Nuclear targeting has also been achieved through non-covalent
complexing of siRNA with nuclear-targeting peptides such as MPG [169,258].

TGS/TGA can be induced by small interfering RNA (siRNA) molecules or viral/plasmid
expressed short hairpin RNA (shRNA) precursors [189]. The siRNA antisense strand
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alone is sufficient to induce TGS [169] and, to this end, ~21mer expressed antisense
RNAs (asRNAs) have also been shown to induce TGS [169,175]. The use of expressed
asRNAs may be preferable to shRNAs in two respects. Firstly, there is no corresponding
sense strand to mediate off-target effects, and secondly, transcription alone generates the
mature antisense species in the nucleus, whereas shRNAs must be transcribed, exported,
diced and imported back into the nucleus for functionality.

Recently, Hwang et al. demonstrated that a hexanucleotide motif is sufficient to direct
miR-29b to the nucleus. The same nuclear-targeting effect was observed when the
sequence was incorporated into a synthetic siRNA targeting luciferase [259]. The
potential for this sequence motif to direct siRNAs to the nucleus may be highly useful in
the design of TGS effectors. However, a word of caution is warranted as Liao et al.
detected no nuclear enrichment of RNAs carrying the hexanucleotide motif using a deep
sequencing approach [260].

Chemical modification of TGS/TGA effector oligonucleotides offers a potential means of
enhancing nuclear delivery. For example, phosphorothioate-substituted oligonucleotides
are primarily located in the nucleus following transient transfection [261]. Similarly, a
recent study has shown that chemical addition of a 2,2,7-trimethylguanosine cap to
antisense oligonucleotides improves their nuclear accumulation [262]. These simple
modifications may enhance nuclear delivery, although it remains to be seen as to whether
chemical alteration reduces the functionality of the TGS/TGA effector molecule.
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1.5.4 Potential for Off-Target Effects
The main technologies utilised to induce TGS and TGA (primarily siRNAs and shRNAs)
are chemically identical to those used for conventional RNAi and so can potentially
mediate similar off-target effects. Indeed, the requirement for high concentrations of
siRNA to induce TGS/TGA means that potential off-target effects must be considered
carefully [169,258]. siRNAs completely or partially complementary to non-target
mRNAs will induce mRNA slicing or translational repression respectively [263].
Furthermore, siRNAs and shRNAs can, in some circumstances, induce non-specific gene
silencing by activation of the interferon response [264,265]. The presence of long doublestranded RNA [266], specific immunostimulatory sequence motifs [267,268] or 5′triphosphates that result from in vitro transcribed RNAs [269] are markers of viral
infection and so have the potential to induce the interferon response. As with
conventional RNAi, care must be taken to avoid these immunostimulatory effects when
designing oligonucleotides for TGS/TGA.

Weinberg et al. showed that an asRNA targeting the HIV-1 5′-LTR, which activated
expression of proviral mRNA transcription, was actually functioning via the off-target
down-regulation of a general transcriptional suppressor [270]. This study indicates that
care must be taken to validate the specificity of interactions in studies of transcriptional
modulation. Similarly, a study by Moses et al. showed that intended transcriptional gene
silencing of VEGFA was, in fact, a sequence-dependent off-target effect [271]. This study
also provided evidence that TGS in a previous report [169] may also be due to nonspecific effects. The authors emphasised the need to mutate the small RNA target
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sequence within the targeted promoter as a means of ensuring specificity. However,
experiments of this type, whilst potentially informative, suffer from two technical
difficulties. Firstly, mutations in the promoter sequence may adversely affect target gene
transcription. And secondly, cloning the target promoter upstream of reporter genes may
result in loss of endogenous ncRNA regulation and thereby not accurately model the
transcriptional landscape of the target gene.

Conversely, a thorough study by Suzuki et al. showed highly specific TGS of HIV-1
replication by a promoter-targeting shRNA. Scrambled and mismatched controls did not
suppress viral transcription, and other genes involved in viral entry showed no change in
expression. Furthermore, the shRNA failed to silence HIV-2 (which does not contain the
complementary shRNA target site) and genes with similar regulatory elements in their
promoters (i.e. NF-κB binding sites) were similarly unaffected. Additionally, no
interferon induction was observed. Taken together this study shows that sequencespecific on-target TGS is possible in the case of HIV-1 with no observed off-target
effects [272].

One strategy to enhance the potency of conventional PTGS is to utilise a pool of siRNAs
(typically 2-4) targeting different regions of the target mRNA, so called combinatorial
RNAi. This approach has the advantage of exhibiting high levels of knockdown with
minimal off-target effects as the siRNAs converge on the same target mRNA but are
individually at relatively low concentration. To this effect, Ting et al. showed that
combining two promoter-targeting siRNAs induced higher levels of knockdown relative
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to treatment with each individual siRNA alone [176]. This suggests that combinatorial
TGS may be a means of maximising potency while minimising off-target effects.

Heterochromatin has been shown to propagate following induction by small RNA
effectors [183]. Spreading of heterochromatin to upstream genes has been observed in at
least one report of mammalian TGS [212]. This presents an additional source of potential
off-target effects as heterochromatin spreading may result in the silencing of genes
adjacent to the target locus. In addition, small RNAs with complementarity to non-target
promoters may mediate off-target TGS and/or TGA. Equally, siRNAs intended to silence
genes by RNAi may potentially elicit off-target TGS/TGA effects.
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1.5.5 Therapeutic Applications of Transcriptional Modulation
1.5.5.1 Human Immunodeficiency Virus
The Human Immunodeficiency Virus (HIV) is a particularly promising target for gene
silencing therapies. PTGS has been utilised to target the HIV RNA genome and
transcribed viral mRNA in order to inhibit viral replication. The high rate of viral
turnover and the error prone nature of HIV reverse transcriptase contribute to the rapid
accumulation of escape mutants to conventional small molecule inhibitor drugs and RNA
interference effectors [273–275]. von Elje et al. showed that the ability of HIV to
accumulate escape mutations was restricted by targeting shRNAs to conserved regions of
the viral genome [276]. Consequently, nucleic acid based therapeutics are a promising
anti-HIV approach as modifying effector molecules to account for escape mutants is
relatively trivial. A combination therapy whereby multiple gene silencing approaches
target several viral genes may limit the capacity of the virus to mutate, analogous with
highly active antiretroviral therapy [277]. TGS offers an additional advantage by
silencing the integrated proviral DNA, therefore inhibiting the viral lifecycle before the
reverse transcription stage and thus limiting the possibility of escape mutations occurring
[171]. An alternative anti-viral strategy is to target host factors that are required for viral
replication or entry, as these are not subject to the same evolutionary pressure as viral
genomes. For example, Kim et al showed that the HIV-1 co-receptor CCR5 promoter is
amenable to silencing by TGS [180].

One of the first reports of HIV TGS was by Suzuki et al. who utilised 21nt duplex
siRNAs targeting tandem NF-κB motifs in the U3 region of the HIV-1 5′-LTR.
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Transfection in MAGIC-5 cells (CCR5-CXCR4 expressing Hela/CD4+ cell line infected
with HIV) resulted in LTR cytosine methylation and the suppression of viral replication
for at least 30 days [171]. Four LTR-targeting duplexes were found to induce differential
CpG methylation with the degree and density of methylation correlating with the strength
of viral suppression. Two subsequent studies showed that (1) treatment with an LTRtargeting siRNA was accompanied by sustained recruitment of RITS components AGO1
and HDAC1, enrichment of the silent chromatin modification H3K9me2 and
rearrangement of nucleosome positioning around the transcription start site within the
integrated provirus [183], and (2) that viral suppression could be maintained for up to one
year [172]. The same group also showed inhibition of simian immunodeficiency virus
(SIVmac251) replication mediated by siRNAs targeting the 5′-LTR upstream of the
transcription start site in two cell lines (MAGIC-5 and CEMx174 (human lymphoid
cells)). The silencing effect induced DNA methylation, enrichment of H3K9me2 and
H3K27me3 and was partially reversed by treatment with TSA and 5-azaC.[204]

In parallel, Weinberg et al. used asRNAs targeting the U3 region of HIV-1 5′-LTR in IG5
cells (which contain an integrated tat-inducible firefly luciferase transgene driven by the
HIV-1 5′-LTR [278]). asRNAs were found to be comparable to equivalent doublestranded siRNAs and directed H3K27 tri-methylation in a RNAPII dependent manner
[169]. Building on this work, Turner et al. developed a mobilisation-competent lentiviral
system to express these HIV-targeting asRNAs. Suppression of viral replication was
observed for up to one month and TGS verified by nuclear run-on analysis, enrichment of
silent state chromatin modifications and CpGs methylation at the HIV-1 5′-LTR. In
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addition silencing was found to be dependent on the presence AGO1, HDAC1 and
DNMT3A [175].

1.5.5.2 Cancer
Cancer refers to a broad group of diseases characterised by the formation of masses of
cells that have lost cell cycle regulation and thus divide uncontrollably (i.e. tumors).
Tumorigenesis is a multi-step process in which the various cellular mechanisms that
restrain cell proliferation are progressively lost [279]. Activating mutations in oncogenes
(i.e. genes which promote proliferation) leading to ectopic expression is one such step.
Conversely, loss-of-function mutation or epigenetic silencing of tumor suppressor genes
(i.e. genes which act to protect against cancer progression) are common features of many
tumors. The silencing of oncogenes and activation of tumor suppressor genes, by TGS
and TGA respectively, have thus been the focus of numerous transcriptional modulation
studies [174,176,180,189,190,207,213–216,237,238,243,280].

One promising anti-cancer TGS target is the plasminogen activator, urokinase (PLAU), a
gene involved in tumor invasion and metastasis. DNA demethylation at the PLAU
promoter leads to increased PLAU expression which is observed in many cancers and
correlates with poor survival [281]. In a study by Pulukuri and Rao, PC3 cells were
transfected with siRNAs that target the PLAU promoter and implanted into
immunodeficient mice. (The lung is a common metastatic site of prostate cancers and
implantation of PC3 human prostate cancer cells into mice induces lung metastasis). Mice
implanted with PLAU promoter-targeting siRNA treated cells showed long-term PLAU
silencing, suppressed primary tumor growth and reduced lung metastasis relative to those
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implanted with control siRNA treated cells [174]. This ex vivo study provided the first
evidence that TGS may be a relevant therapeutic strategy in vivo.

1.5.5.3 Transcriptional Modulation in vivo
To date, four studies have demonstrated transcriptional modulation in vivo. A landmark
study by Turunen et al. demonstrated both TGS and TGA of Vegfa following lentiviral
delivery of shRNAs in a mouse hindlimb ischemia model [205]. Inhibition of Vegfa has
the potential to suppress metastasis by inhibiting tumor vascularisation, whereas
activation of Vegfa could be used to promote neovascularisation as a therapy for
myocardial or peripheral ischemias [282]. The silencing shRNA induced reductions in
H3K4 methylation and acetylation, and increases in methylation of H3K9 and H3K27
consistent with epigenetic silencing. Conversely, treatment with the activating shRNA
resulted in an increase in H3K4 tri-methylation and reductions in H3K9 and H3K27
methylation consistent with transcriptional activation [205]. Other in vivo TGS studies
have utilised local injections of promoter-targeting siRNAs against the human
papillomavirus (HPV) E6/E7 and thioredoxin-interacting protein (Txnip) promoters to
induce in vivo TGS in mouse xenograft tumors [280] and rat retina [206] respectively,
although these reports did not include investigations of epigenetic remodelling. More
recently, in vivo TGA of Bdnf was shown by intracerebroventricular (ICV) injection of
siRNAs and antisense oligonucleotides (which they term antagoNATs) in mouse brain.
The oligonucleotides targeted a natural antisense transcript which overlaps with the Bdnf
locus and recruits Ezh2. Following treatment, a loss of H3K27me3 and Ezh2 was
observed at the Bdnf promoter by ChIP [239].
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1.5.6 Endogenous Epigenetic Modulation
The observation that exogenously introduced small RNAs can utilise cellular machinery
to induce epigenetic changes in gene expression implied that microRNAs (miRNAs)
might be endogenous epigenetic triggers of epigenetic silencing. Kim et al. utilised a
bioinformatic search for miRNA target sites in human promoters 200 bp upstream of the
transcription start site and 10 completely complementary miRNA target sites were
identified. One candidate, miR-320, was found to target the POLR3D promoter and
induced transcriptional gene silencing including promoter enrichment of AGO1, EZH2
and H3K27me3. Low levels of sense transcription were also detected at POLR3D
promoter [220]. Conversely, Place et al. showed miR-373 induces activation of CDH1
and CSDC2 (cold-shock domain-containing protein C2) in PC3 cells [248]. Gene
activation was induced by both mature miR-373 and expressed pre-miR-373 synthetic
double-stranded RNA mimics, was Dicer-dependent and resulted in enrichment of
RNAPII at the CDH1 and CSDC2 promoters. Interestingly, a miRNA with only partial
complementarity to its target promoters has also been shown to induce TGA suggesting
there may be numerous endogenous transcriptional modulation events [247]. These
studies suggest new functions for miRNAs in the regulation of mammalian transcription
in addition to PTGS by transcript degradation and translational repression.
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1.5.6.1 Long Non-Coding RNAs
lncRNAs are a heterogeneous group of RNA transcripts >200 nucleotides in length with
low protein coding potential that are processed in similar ways to mRNAs (i.e. the
majority are spliced and many are polyadenylated). lncRNAs can be sense or antisense
transcripts with respect to a neighbouring protein-coding gene locus, intron-derived, the
products of divergent bidirectional transcription or reside in the space between genes (i.e.
long intergenic non-coding RNAs, lincRNAs). (Fig. 1.6a) Many lncRNAs show distinct
spatial, temporal, cell-type specific and sub-cellular specific expression patterns
suggesting that their transcription is tightly regulated and therefore unlikely to be
transcriptional ‘noise’ [191,283,284]. In addition many lncRNAs show a high degree of
evolutionary conservation consistent with biological function [285]. lncRNAs have been
implicated in a wide variety of cellular processes and are therefore potential drug targets.
Similarly, there are clear parallels between small RNA-mediated transcriptional
regulation and gene regulation by lncRNAs. For example, Yu et al. identified an
antisense transcript at the p15 promoter. Over-expression of portions of the p15 antisense
RNA led to silent state chromatin formation and long-term gene silencing of the p15
tumor suppressor. Levels of the antisense RNA were also found to be inversely correlated
with p15 expression in a variety of cancers. Silencing was reversed by treatment with
TSA and 5-azaC. The same effect was also observed in a Dicer-deficient cell line,
suggesting that the antisense RNA is not processed into smaller siRNA effectors [286].

78

Figure 1.6 Genomic organisation and function of lncRNAs.
(a) Genomic organisation of lncRNAs (blue) with respect to protein coding genes (black).
Arrows indicate the direction of transcription. lncRNAs can be partially or completely
overlapping with protein coding genes, reside within introns (intronic) or the space
between genes (intergenic), or result from bidirectional transcription at promoters. (b)
lncRNAs can interact with other RNA molecules (RNA:RNA homo-duplex), transient
single-stranded genomic DNA (gDNA) regions (RNA:DNA hetero-duplex), form
RNA:DNA:DNA triplexes with gDNA or fold into secondary structures which can
directly bind to chromatin.
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1.5.6.2 lncRNA Function
lncRNAs primarily act as adaptors that mediate interactions between chromatin, proteins
and other RNAs. Two properties of lncRNA molecules enable them to function in this
manner. Firstly, they can bind to DNA or other RNA molecules by (a) complementary
Watson-Crick base-pairing to form hetero- or homo-duplexes, (b) formation of
DNA:DNA:RNA triplexes by Hoogstein and reverse Hoogstein base-pairing, or (c) by
direct RNA recognition of chromatin surface features [287]. Secondly, the inherent
flexibility of RNA permits the formation of complex secondary structures that can
function as binding domains for proteins or small molecules (Fig. 1.6b). The combination
of these properties enables a much wider range of functions than is possible with
miRNAs. Additionally, lncRNAs may also contain multiple binding modules allowing
for complex, multi-functional interactions.

Arguably the most exciting role of lncRNAs is as epigenetic regulators of gene
expression. lncRNAs form riboprotein complexes where the ncRNA acts as a guide that
targets chromatin modifying activities or transcription factors to specific genomic loci.
For example, RepA ncRNA (derived form the 5′ region of Xist transcript) binds PRC2
(Polycomb Repressive Complex 2) and guides it to induce H3K27 tri-methylation and
heterochromatin formation at the Xist promoter. This event initiates the process of Xchromosome inactivation [202]. Similarly, in the case of rRNA genes, a promoterassociated RNA transcript forms a triplex structure at the rRNA promoter and recruits
DNMT3B (DNA (cytosine-5-)-methyltransferase 3 β) in order to induce promoter DNA
methylation and transcriptional gene silencing [200,288]. Thus RepA and the rDNA
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promoter transcript act as guides for epigenetic modifiers in cis (i.e. influencing
neighbouring genes). Conversely, lncRNAs can also function as guides in trans (i.e.
affecting distal genes). For example, lincRNA-p21 is able to guide epigenetic
remodelling at multiple genomic loci via recruitment of hnRNP-k [289].

lncRNAs can also act as RNA scaffolds that remain associated with a chromatin locus
and recruit multiple epigenetic modifiers. As a result, complex changes in chromatin
states can be dynamically coordinated in response to external signals. The lncRNA
HOTAIR, which is transcribed from the HOXC cluster, binds to the HOXD cluster.
HOTAIR associates with the polycomb repression complex PRC2 at its 5′ region [290]
and a complex containing LSD1, CoREST, and REST at its 3′ region [291].
Consequently, the activities of these two complexes (i.e. tri-methylation of H3K27 and
demethylation of H3K4 respectively) are coordinated in order to induce transcriptional
silencing. Similarly, scaffold lncRNAs transcribed from pericentromeric satellite regions
have been shown to associate with SUMOlated-heterochromatin protein 1 (HP1) which
induces further recruitment of additional HP1 molecules and transcriptional silencing
[292]. The epigenetic silencing complexes SMCX and PRC1, and the epigenetic
activating complex WDR5/MLL have also been shown to associate with lncRNAs
[293,294].

Recently, it was shown that lncRNAs can influence the sub-nuclear localisation of
genomic loci. The lncRNA TUG1 was shown to bind methylated Pc2 (a polycomb
component) and thereby direct the accompanying genomic DNA to polycomb bodies
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where it is epigenetically silenced. Conversely, unmethylated Pc2 was bound by another
lncRNA, MALAT1 (also known as NEAT2), which resulted in localisation to
interchromatin granules (ICGs) which are associated with active transcription [295].
Thus, post-translational modification of a non-histone protein is capable of influencing
the sub-nuclear localisation of chromatin through interactions with lncRNAs.

lncRNAs also act as ‘riboregulator’ decoys by binding and sequestering proteins (e.g.
transcription factors and chromatin modifiers) or other RNAs. For example, the lncRNA
Gas-5 (growth arrest-specific 5) forms an RNA secondary structure that binds to the
DNA binding domain of glucocorticoid receptor (GR) and prevents it from interacting
with its DNA target sites, thus repressing GR activity [296]. Additionally, lncRNAs have
been shown to act as endogenous miRNA sponges [297,298] or to mask miRNA binding
sites on target mRNAs [299]. Similarly, MALAT1 alters the sub-nuclear localisation of
the splicing factor SR through sequestration in nuclear speckles [300,301].

lncRNAs also exert non-epigenetic effects on gene expression. Transcription of upstream
lncRNA genes is sufficient, in some cases, to inhibit transcription of downstream genes –
a phenomenon known as transcriptional interference [302]. In the case of the
dihydrofolate reductase (DHFR) locus, a 5′ sense promoter RNA forms a direct
association with DHFR promoter DNA in order to inhibit transcription (in addition to
acting as a decoy for the basal transcription factor TFIIB) [201].
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Where overlapping bidirectional transcription occurs, there is potential for hybridisation
between the pair of sense and antisense transcripts. In the case of β-secretase (BACE1), a
gene involved in the pathophysiology of Alzheimer’s disease (AD), a 3′ overlapping
antisense RNA (BACE1-AS) forms an RNA duplex with the BACE1 mRNA leading to
stabilisation and increased β-secretase expression [303,304]. Additionally, the formation
of double-stranded RNA as a result of overlapping transcription can form substrates for
Dicer leading to the production of endogenous-small interfering RNAs (endo-siRNAs)
capable of silencing complementary target mRNAs [305,306]. Mechanisms of lncRNA
action are summarised in Fig. 1.7.
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Figure 1.7 Mechanisms of gene regulation by lncRNAs.
lncRNAs can act as guides for chromatin modifying activities or transcription factors in
cis; (a) RepA guides PRC2 to the Xist locus resulting in H3K27 tri-methylation and
heterochromatin formation. (b) An rRNA promoter-associated RNA guides Dnmt3b to
the rRNA promoter resulting in hypermethylation of the rRNA promoter and gene
silencing. In addition rRNA pRNA also forms a triplex structure with the rRNA
promoter. lncRNAs can also act as guides in trans; (c) lincRNA-p21 guides hnRNP-K to
multiple sites in the genome and initiates gene silencing events. (d) lncRNAs can act as
scaffolds for epigenetic modifying complexes. The lncRNA, HOTAIR binds both PRC2
and a complex containing LSD1, CoREST and REST to facilitate coordinated H3K27 trimethylation and H3K4 demethylation at the HOXD locus. (e) Differential binding of
lncRNAs TUG1 and MALAT1 to methylated or unmethylated Pc2 targets chromatin to
polycomb bodies or interchromatin granules respectively. (f) lncRNAs can also act as
riboregulator decoys for transcription factors (e.g. Gas-5 sequesters the glucocorticoid
receptor) or miRNAs (e.g. the pseudogene PTENP1 acts as a miRNA sponge to relieve
miRNA repression of PTEN). (g) Overlapping lncRNAs can hybridise with
complementary mRNAs and stabilise them. In the case of the sense-antisense pair
BACE1:BACE1-AS this is, at least in part, achieved by masking a binding site for miR485-5p in the BACE1 3′ UTR. (h) Bidirectional transcription of lncRNAs can generate
substrates for Dicer which are processed into endogenous-siRNAs (endo-siRNAs). These
can induce post-transcriptional gene silencing of complementary target RNAs (e.g. endosiRNAs generated from bidirectional transcription of L1 retrotransposon sites leads to
inhibition of retrotransposition).
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1.5.6.3 lncRNA in Disease
Considering that lncRNAs are involved in a wide variety of gene regulation processes
including epigenetic remodelling and memory, control of transcription and translation
[303], cellular differentiation [307,308], X-chromosome inactivation [309], mono-allelic
expression of imprinted loci [310] and modulation of splicing [301] to name only a few,
it is unsurprising that some lncRNAs are also implicated in human disease. Given that
only a small portion of the genome (~1%) codes for protein, the majority of mutations
occur in non-coding regions [311]. Consequently, lncRNA mutations and misexpression
have been linked to disease [312]. For example, mutations have been identified in
lncRNAs transcribed from ultra-conserved regions in patients with chromic lymphocytic
leukemia (CLL) and colorectal cancer (CRC) [313]. Similarly, expression of HOTAIR is
increased in breast tumors and correlates well with metastasis [314]. Increased levels of
HOTAIR result in retargeting of the PRC2 to novel genomic sites with consequent
changes in gene expression and increased tumor invasiveness. Similarly, MALAT1 was
initially identified due to its association with lung metastasis [315].

In a landmark study by Tufarelli et al. an antisense RNA was shown to be the direct
cause of α-thalassemia in a patient with a rare chromosome rearrangement. In this
instance, the LUC7L promoter was found to be translocated immediately downstream of
the HBA2 (α-globin) gene resulting in transcription of a novel antisense RNA through the
CpG island in the HBA2 promoter. This antisense RNA mediates hypermethylation of the
CpG island leading to epigenetic silencing of HBA2 [316]. This study was the first to

86

demonstrate how misexpression of a non-coding RNA could directly lead to human
disease.

A study by Lewejohann et al. revealed that mice in which the neuron-enriched ncRNA,
BC1, was knocked-out showed no obvious physical or neurological defects relative to
wild-type controls when under normal laboratory conditions. However, mutant mice
exhibited reduced exploratory behaviour, increased anxiety and decreased survival upon
reintroduction into a semi-natural outdoor environment [317]. This study raises the
possibility that ncRNAs may also be involved in complex behavioral phenotypes in
humans, specifically in disorders with cryptic etiologies. Furthermore, the human
homologue of BC1, BC200, is found to be up-regulated in the brains of Alzheimer’s
disease patients and is mislocalised to neuronal cell bodies instead of dendritic spines,
suggesting that it may be involved in disease pathophysiology [318].

1.5.6.4 Crosstalk Between Short and Long RNAs
Whereas the targeting of mRNA sequences with antisense technologies (i.e. siRNAs and
antisense oligonucleotides) for post-transcriptional gene silencing is now commonplace,
in recent years a number of reports have demonstrated that targeting non-coding regions
can also influence gene expression. Specifically, it is now apparent that transcription
occurs at many promoters, enhancers and 3′ gene termini [198,319,320], and that these
transcripts are targets for therapeutic modulation. As described above, studies targeting
promoters with siRNAs reported both gene silencing [168,169,199] and gene activation
[237,243,321]. Tentative mechanistic models have been proposed to explain these
opposing phenomena [238] and long ncRNAs appear to be involved in both processes.
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Sense orientation pRNAs are required for TGS [199]. These rare transcripts may act as
cis-regulatory sequences that remain bound to the promoter chromatin or, alternatively,
they may simply be tethered to the locus by association with RNAPII. There is evidence
that unstable pRNAs may exist at the majority of gene loci [198]. Conversely, natural
antisense transcripts (NATs) are RNA transcripts which overlap a sense protein-coding
gene and often act to regulate the associated loci through the recruitment of histone
modifying complexes and induction of transcriptional silencing. Targeting these NATs
with siRNAs or antisense oligonucleotides (also known as antagoNATs [239]) results in
loss of this epigenetic silencing and consequently, transcriptional gene activation (TGA)
of the sense gene [237–239,321]. It has since been demonstrated that miRNAs can also
act to regulate transcription by TGS and TGA, suggesting that crosstalk between short
and long ncRNA activities is an endogenous mechanism of gene regulation
[220,248,322]. As a result, the use of anti-miRNA oligonucleotides may also be able to
disrupt endogenous networks of epigenetic regulation.

Small RNA-mediated transcriptional regulation permits both silencing and activation of
therapeutic target genes. Targeting promoter proximal transcripts or natural antisense
transcripts allows for gene-specific epigenetic manipulation with numerous potential
therapeutic applications. The majority of transcriptional modulation studies have focused
on the silencing of the HIV-1 provirus [169,171,175,183], silencing of oncogenes
[174,176,190] and the activation of tumor suppressors [237,238] although theoretically
any gene can be targeted. Recent studies targeting vascular endothelial growth factor
(Vegfa) [205] and brain-derived neurotrophic factor (Bdnf) [239] have reported TGS and

88

TGA in vivo suggesting that these are plausible therapeutic strategies. The ability to
regulate genes at the epigenetic level has several advantages over conventional RNAi and
antisense oligonucleotide approaches (which regulate gene expression at the posttranscriptional level). Epigenetic modifications are stable and heritable, meaning that
long-term silencing can be achieved through a single treatment (or short course of
treatments) [172,175,323]. Repeat administration is not required as the silencing or
activation effects are not dependent on the presence of effector molecules. Consequently,
off-target effects are minimised, saturation of endogenous RNA processing pathways is
avoided and the material cost of treatment is greatly reduced.
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1.6 Hypotheses
This thesis investigates the following hypotheses:
1. Differential miRNA expression will vary between mdx tissues.
2. mdx serum miRNA abundance will mirror the expression profile of mdx muscle.
3. Serum miRNA abundance will be normalised in response to antisense
oligonucleotide-mediated exon skipping therapy in the mdx mouse.
4. Small interfering RNA molecules complementary to the myostatin promoter will
induce transcriptional gene silencing of myostatin expression.
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2 Materials and Methods
2.1 RNA Extraction
Total RNA was extracted by guanidinium thiocyantate-acid-phenol-chloroform extraction
using TRIzol reagent as according to manufacturer’s instructions (Invitrogen, Paisely,
UK). Briefly, 0.25 ml TRIzol was added per well of a 24 well plate. Samples were
homogenised and then 50 μl of chloroform was added to each sample. Samples were
vortexed for 15 seconds and then incubated for 15 minutes at room temperature. Samples
were then centrifuged at 12,000 g for 15 minutes at 4°C. The aqueous phase was collect
by careful pipetting and RNA precipitated using 125 μl of isopropanol. 1 μl of RNasefree glycogen (Roche, West Sussex, UK) was added to each sample to maximise RNA
recovery. Samples were mixed by brief vortexing and incubated for 10 minutes at room
temperature before centrifugation at 12,000 g for 10 minutes at 4°C. Supernatants were
discarded and the RNA pellets washed with 0.5 ml of 80% ethanol, vortexed briefly and
centrifuged at 7,500 g for 5 minutes at 4°C. Supernatants were discarded and RNA dried
at room temperature for 25 minutes. RNA samples were re-dissolved in 15-27 μl DEPC
treated water (Fisher Scientific, Loughborough, UK) and stored at -80°. Nucleic acid
samples were quantified using a Nanodrop ND 1000 spectrophotometer (Thermo
Scientific, Loughborough, UK) and sample purity assessed by calculating A260/A280 and
A260/A230 ratios for each sample (Fig. 2.1a). Pure RNA samples have an A260/A280 ratio of
~2 and an A260/A230 ratio >1.8. Samples with ratios that fell substantially below these
crfiteria were re-extracted using the method described above. In addition, RNA integrity
was also assessed by separating RNA samples by agarose gel electrophoresis. Samples
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were considered to be of high integrity if two clear ribosomal RNA bands were present
(18S and 28S) in an approximate ratio of 1:2 (Fig. 2.1b).

Figure 2.1 Assessment of RNA quality and integrity.
(a) Typical nanodrop trace showing a highly pure RNA sample. (b) Two RNA samples
were separated by agarose gel electrophoresis, stained with ethidium bromide and
visualised using a UV transilluminator. Two clear bands are visible which correspond to
28S and 18S ribosomal RNAs indicating high RNA integrity.
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2.2 Preparation of Animal Tissues for Microarray Analysis
All animal experiments were carried out in the Biomedical Sciences Unit, University of
Oxford in accordance to procedures authorised by the UK Home Office. Male C57/B10
and mdx mice (n=4) were sacrificed at eight weeks of age. Whole blood was extracted
using Microvette CB300 capillary serum collection tubes (Sarstedt Ltd, Leicester, UK)
and dissection was performed immediately after. The heart, quadriceps femoris, tibialis
anterior, diaphragm and triceps were dissected and snap frozen in liquid nitrogen-cooled
isopentane. Samples were homogenised using Precellys 24 ball bearing-based tissue
grinder (Bertin Technologies, Paris, France) and RNA extracted using TRIzol reagent
(Invitrogen) as according to manufacturer’s instructions. Genomic DNA was removed by
DNase I treatment with the TURBO DNA-free kit (Ambion, Warrington, UK) where
appropriate. To extract total RNA from serum whole blood samples were placed at 4°C
for 2 hours and then centrifuged at 13,000 rpm for 5 minutes in a bench top
microcentrifuge. The serum supernatant was retained and stored at -80°C until ready for
use. Total RNA was extracted from serum using TRIzol LS reagent (Invitrogen) as
according to manufacturer’s instructions. RNase-free glycogen (Roche) was used as
carrier to improve extraction efficiency.

2.3 Peptide-Conjugate Preparation and Injection
Pip6e peptide (Ac-RXRRBRRXYRFLIRXRBRXRB-OH, with X = aminohexanoyl, B =
-Alanine) was synthesized by standard Fmoc chemistry and purified by reverse-phase
HPLC. The PMO (5'-GGCCAAACCTCGGCTTACCTGAAAT) was purchased from
Gene Tools LLC (Philomath, OR). Pip6e was then conjugated to the PMO through an
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amide linkage at the 3′ end of the PMO, followed by purification by cation exchange
HPLC, desalted and analysed by MALDI-TOF MS. Pip6e-PMO was dissolved in sterile
water and filtered through a 0.22 µm cellulose acetate membrane before use. Pip6e-PMO
conjugate was prepared in sterile saline for intravenous injection (in a total volume of 160
µl). Under isoflurane anaesthesia, 12.5 mg/kg of Pip6e-PMO was administered via the
tail vein of 12 week old male mdx mice (n=4).

2.4 MicroRNA Microarray Analysis
Implementation and analysis of miRNA microarray experiments were designed to
comply with the minimum information about a microarray experiment (MIAME)
guidelines [324]. Each RNA sample was analysed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Wokingham, UK) to assess RNA quality. 1 g of total RNA was
run for each of the 24 samples on Affymetrix GeneChip® miRNA 2.0 arrays
(Affymetrix, Santa Clara, CA) (based on miRBase v15). Labeling and hybridisation were
performed according to standard Affymetrix protocols at the Affymetrix Core facility
BEA, Bioinformatics and Expression Analysis, at Novum, Huddinge, Sweden. The
processing and data analyses were performed in Affymetrix miRNA QCTool as well as in
DNA-Chip Analyzer (dChip) and Excel. The analysis was done according to the
following workflow; BC-CG background adjustment, Quantile normalisation and Median
Polish summarisation. Since the miRNA 2.0 array covers 131 organisms only Mus
musculus transcripts were selected. Group comparisons were performed in dChip
software (www.dchip.org). The criterion for differentially expressed transcripts was set to
p<0.05 (unpaired, two-tailed t-test). For each comparison, transcripts with false detection
signals in at least three of four replicates were removed. False Discovery Rate (FDR)
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estimations were performed by calculating q-values (qvalue R package) from the p-value
lists. The q-value of a test measures the proportion of false positives incurred when
calling that test significant.

Array data were curated so as to remove ambiguous probe sets and ‘dead’ miRNAs. The
array data discussed in this publication have been deposited in the NCBI Gene
Expression Omnibus [325] and are accessible through GEO Series accession number
GSE36257 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36257).

2.5 MicroRNA Quantification by Small RNA TaqMan RT-qPCR
In order to validate the array results reverse transcriptase quantitative polymerase chain
reaction (RT-qPCR) was performed using Small RNA TaqMan Assays (Applied
Biosystems) as according to manufacturer’s instructions. All RT-qPCR studies were
designed to comply with the Minimum Information for publication of Quantitative realtime PCR Experiments (MIQE) guidelines where applicable or practical [326,327].
Briefly, 5 ng of total RNA was reverse transcribed using the TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems) using miRNA-specific stem-loop RT primers as
according to manufacturer’s instructions. For primary miRNA assays, samples were
treated to remove genomic DNA using the Ambion TURBO DNA-free kit as according
to manufacturer’s instructions. 500 ng of DNase-treated total RNA were reverse
transcribed using the High Capacity cDNA Synthesis Kit (Applied Biosystems) as
according to manufacturer’s instructions. qPCR analysis was performed on a StepOne
Plus real-time thermocycler (Applied Biosystems) using TaqMan Gene Expression
Mastermix (Applied Biosystems). Universal cycling conditions were used (95°C for 10
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minutes (hotstart) and then 40 cycles of 95°C for 15 seconds, 60°C for 1 minute). For
small RNA assays 1.33 μl of RT reaction were used in each qPCR reaction. For primary
miRNA assays 2 μl of RT reaction were used for each qPCR reaction. All primer/probe
assays are listed in Table 2.1. For mature miRNA assays data were analysed using the
Pfaffl method [328]. Gene-of-interest expression was normalised to miR-16 expression
for tissue samples and miR-223 expression for serum samples as this miRNA has
previously been used as a reference miRNA in a study of serum dystromirs in DMD
patients [329]. miR-223 expression was highly stable across all experimental samples
(mean Ct = 25.47, SD = 0.28). For primary miRNA assays data were analysed using
relative standard curve method and gene-of-interest expression normalised to PpiB
expression.

miRNA
miR-1
miR-16
miR-21
miR-29c
miR-31
miR-34c
miR-133a
miR-146b
miR-199a-3p
miR-206
miR-221
miR-223
pri-miR-31
pri-miR-34c
pri-206
PpiB

Assay ID
002222
000391
000397
000587
000185
000428
002246
001097
002304
000510
000524
002295
Mm03306874_pri
Mm03306660_pri
Mm03306546_pri
Mm00478295_m1

Table 2.1 List of RT-qPCR assays used in this study.
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2.6 Determination of Exon Skipping by RT-PCR
In order to assess the degree of exon skipping in treated mdx muscles, 400 ng of total
RNA was used as a template in a 50µl Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR) using the GeneAmp RNA PCR kit (Applied Biosystems). RT-PCR of the
dystrophin transcript was performed under the following conditions; 95°C for 20s, 58°C
for 60s and 72°C for 120s for 30 cycles using the following primers: DysEx20Fo (5′–
CAGAATTCTGCCAATTGCTGAG)

and

DysEx26Ro

(5′–

TTCTTCAGCTTGTGTCATCC). 2 µl of this reaction was used as a template for nested
amplification using Amplitaq Gold (Applied Biosystems) under the following conditions;
95°C for 20s, 58°C for 60s and 72°C for 120s for 22 cycles using the following primers:
DysEx20Fi

(5′–CCCAGTCTACCACCCTATCAGAGC)

and

DysEx26Ri

(5′–

CCTGCCTTTAAGGCTTCCTT). PCR products were analysed on 2% agarose gels.

2.7 Western Blotting
Cryosectioned muscle samples were homogenised in lysis buffer (75 mM Tris-HCl (pH
6.5), 10% Sodium Dodecyl Sulphate (SDS) and 5% 2-mercaptoethanol). Samples were
heated at 100°C for 3 minutes before centrifugation and removal of supernatant. Protein
levels were determined by Bradford assay (Sigma-Aldrich, Dorset, UK) against bovine
serum albumin standards. 15 μg of protein was separated by SDS-polyacrylamide gel
electrophoresis on 3-8% Tris-Acetate gels (Novex, Invitrogen). Proteins were
electroblotted onto a PVDF membrane and probed for dystrophin using the DYS1
monoclonal antibody (Novocastra, Leica Microsystems, Milton Keynes, UK). An antivinculin monoclonal antibody (hVIN-1 (V-9131) Sigma) was used as a loading control as
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described previously [330]. A goat anti-mouse antibody conjugated to an infra-red dye
(IRDye 800CW 926-32210D) (LI-COR Biosciences UK Ltd, Cambridge) was used as a
secondary antibody. Western blots were imaged and analysed using the Odyssey Fc
Imaging System (LI-COR Biosciences UK Ltd).

2.8 Immunohistochemistry
Transverse sections of TA muscle (8µm) were collected onto superfrost slides (VWR,
Leicestershire, UK). Slides were air dried and soaked in phosphate buffered saline (PBS)
for 10 minutes before being incubated in 20% FBS and 20% normal goat serum for 2
hours. A simultaneous staining protocol was then performed with primary antibodies
against dystrophin (rabbit polyclonal antibody, Abcam ab15277) and Laminin α-2 chain
(rat monoclonal antibody, Sigma L0663) (20% normal goat serum; 2 hours) and
secondary antibodies Alexa Fluor® 488 (goat anti-rat IgG) and Alexa Fluor® 594 (goat
anti-rabbit IgG) (1 hour). Slides were mounted with Vectashield Hard Set mounting
medium (with DAPI) (Vector Laboratories Ltd, Peterborough, UK). All dilutions and
washes were performed with PBS and incubations were performed at room temperature.
Images were viewed by epifluorescence using a Leica DM IRB microscope and digitally
captured using Axiovision software (Carl Zeiss MicroImaging GmbH, Jena, Germany).
Treated muscle sections were compared to samples from untreated age and sex matched
mdx and C57BL10 mice (n=4).

2.9 Directional RT-PCR
Total RNA was extracted from C2C12 myotubes using TRIzol reagent (Invitrogen) as
according to the manufacturer’s protocol and DNase treated using the TURBO DNase-
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free kit (Ambion/Applied Biosystems). 1 μg of total RNA was then reverse transcribed
using SuperScript III RT (Invitrogen). In order to differentiate between sense and
antisense transcripts cDNA synthesis was primed with either MstnPro-Rev (5′AGCTTGCCCTCGACTGTAAC)

or

MstnPro-Fwd

(5′-

TCCAAGTGGCTTTTTATATTCCA) respectively. Following reverse transcription,
polymerase chain reaction (PCR) was performed with both primers and the amplification
products analysed by agarose gel electrophoresis. Mock reverse transcription controls
(RT-) were performed to demonstrate that product amplification was not due to genomic
DNA contamination. PCR products were gel extracted and sequenced to confirm identity.

2.10 Small Interfering RNA
siRNAs were produced by in vitro transcription using the SilencerTM siRNA construction
kit (Ambion) as according to manufacturer’s instructions or by chemical synthesis
(Eurogentec, Seraing, Belgium). For SilencerTM siRNAs double-stranded T7 promoter
templates were prepared and the sense and antisense RNA strands generated by separate
in vitro transcription reactions. These reactions were combined to hybridise the siRNA
strandes and then treated with DNAse to remove the template and RNase to generate 3′
siRNA overhangs. Unincorporated nucleotides were removed by column clean-up (Fig.
2.2). siRNAs were quantified by nanodrop. Chemically synthesised siRNAs had 3′ dTdT
overhangs. siRNAs designed to target the myostatin sense promoter-associated RNA all
conform to the AA(N19) pattern. All siRNA sequences used in this study are listed in
Table 2.2. Unless otherwise stated non-specific control (NS ctrl) refers to ‘Control
siRNA duplex negative control’ (Eurogentec, catalogue #SR-CL000-005). Additionally,
an siRNA which targets human C-C chemokine receptor type 5 (CCR5) mRNA was used
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as an additional non-specific control produced by in vitro transcription. The sequence of
the PTGS control siRNA was a kind gift from Luis Garcia.

Figure 2.2 Diagram of in vitro siRNA synthesis.
Sense and antisense RNAs are produced by separate in vitro transcription reactions using
double-stranded DNA T7 transcription templates. The two RNA strands are combined
and hybridised. 3′ overhangs are generated by RNase digestion and the preparation
purified by column clean-up.
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siGDF8 antisense
siGDF8 sense
siMstn-P2 antisense
siMstn-P2 sense
siCCR5 antisense
siCCR5 sense
siMstn-P1 antisense
siMstn-P2 sense
siMstn-P3 antisense
siMstn-P3 sense
siMstn-P4 antisense
siMstn-P4 sense
siMM antisense
siMM sense
siScramble antisense
siScramble sense

Sequence
UUACGUUACUAGAGCAUACTT
GUAUGCUCUAGUAACGUACTT
UUCCAAGUGGCUUUUUAUAUU
UAUAAAAAGCCACUUGUAAUU
AAUUAUUCAGGCCAAAGAAUU
UUCUUUGGCCUGAAUAAUUUU
UACUGUAUUCCAAGUGGCUUU
GGCCACUUGGAAUAUAGUAUU
UGAAUCUCGCUGUCAGAGGUU
GCUCUGACAGCGAGAUUUAUU
ACAGUCGAGGGCAAGCUGAUU
GCAGCUUGCCCUCGAUUGUUU
UUCCAAGUUCGGUUUUAUATT
UAUAAAACCGAACUUGGAATT
AGUUCUUGUUACUAUCUAGTT
CUAGAUAGUAACAAGAACUTT

Target
GTATGCTCTAGTAACGTAA
AATATAAAAAGCCACTTGGAA
AATTCTTTGGCCTGAATAATT
AAAGCCACTTGGAATACAGTA
AACCTCTGACAGCGAGATTCA
AATCAGCTTGCCCTCGACTGT
N/A
N/A

Table 2.2 Sequences of siRNAs used in this study.
All sequences are 5′ to 3′.
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2.11 Cell Culture
C2C12 mouse myoblasts were maintained in growth media (GM); Dulbecco’s Modified
Eagle’s Media (DMEM) supplemented with 15% fetal bovine serum (FBS) and
antibiotic/antimycotic (all Invitrogen) and 5% CO2. For differentiation, 24 well cell
culture plates were coated with 0.02% gelatin (Sigma-Aldrich) and UV sterilised. C2C12
myoblasts were seeded (5 x 104 cells/ml) in growth medium and grown overnight. When
confluent, the cells were switched to differentiation media (DM); DMEM supplemented
with 5% horse serum (Invitrogen) and antibiotic/antimycotic. Cells were cultured in DM
for seven days in order to induce differentiation to myotubes.

H2K mdx tsA58 mouse myoblasts [331] were cultured in DMEM supplemented with
20% FBS, 2% chick embryo extract (PAA Laboratories Ltd, Yeovil, UK) and 20U ml-1 γInterferon (Invitrogen) at 33°C and 10% CO2 When confluent, the H2K mdx cells were
switched to differentiation medium and switched to 37°C and 5% CO2 for seven days.

Cells were transfected with RNAiMax (Invitrogen) and INTERFERin (PolyPlus
Transfection, Strasbourg, France) were performed as according to manufacturer’s
instructions. Peptide transfections with PepFect 14 (CePep, Stockholm, Sweden) were
performed as follows. Separate peptide and siRNA solutions were prepared in sterile
water. The mixes were combined in a ratio of 30:1 (peptide:siRNA), mixed gently and
incubated for 30 minutes at 37°C to allow transfection complexes to form. After
incubation, the transfection mixtures were diluted in optiMEM (Invitrogen) to a total
volume of 0.45ml per well (24 well plate). The media was removed from the C2C12
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cultures and the cells washed with PBS (Invitrogen). Transfection complexes in
optiMEM were then added to each well as appropriate and the cultures returned to the
incubator. After 1 hour the cultures were supplemented with 50 μl FBS and after 24 hours
the transfection mixture was removed and replaced with fresh media. For all experiments
mock transfections received transfection reagent/peptide only. Dexamethasone,
Trichostatin A and Lipopolysaccharide (all Sigma-Aldrich) were added to cell culture
medium as appropriate. Cell viability was determined using the MTS assay (Promega,
Southampton, UK) as according to manufacturer’s instructions.

2.12 mRNA Quantification by RT-qPCR
Reverse Transcriptase-Quantitative Polymerase Chain Reaction (RT-qPCR) was
performed as follows. The planning, implementation and reporting of RT-qPCR
experiments were designed to comply with the MIQE guidelines [326,327] as much as
was possible or appropriate. To generate cDNA 2 μg of high quality total RNA was
reverse transcribed using the High-Capacity cDNA Synthesis kit (Applied Biosystems) as
according to manufacturer’s instructions. 20 μl RT reactions were primed using random
primers. Samples were incubated at 25°C for 10 minutes to allow primer extension to
occur and then cDNA was reverse transcribed for 2 hours at 37°C. The reaction was
terminated at 80°C for 15 minutes. Typically 200 ng cDNA was added to each reaction
such that a maximum of 2 μl of RT reaction was added per well. RT-qPCR was
performed on a StepOne Plus Real-Time PCR System (Applied Biosystems) using
TaqMan Gene Expression Mastermix (Applied Biosystems). Relative quantities of target
mRNA were determined using the relative standard curve method. Data were analysed
using the StepOne Software v2.1 (Applied Biosystems). Standard curves were produced
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from serial dilutions of cDNA reverse transcribed from untreated experimental samples.
Universal cycling conditions were used (95°C for 10 minutes (hotstart) and then 40
cycles of 95°C for 15 seconds, 60°C for 1 minute). Typically, gene of interest expression
was normalised to β-Actin expression. TaqMan assays were purchased from Applied
Biosystems and are listed in Table 2.3.

Gene Symbol
Mstn
ACTB
Oas1b
Il-6
Ppib

Assay ID
Mm01254559_m1*
Mm00607939_s1*
Mm00449297_m1*
Mm00446190_m1*
Mm00478295_m1

Amplicon
90bp
115bp
63bp
78bp
82bp

Probe
FAM®/MGB
VIC®/MGB
FAM®/MGB
FAM®/MGB
FAM®/MGB

RefSeq
NM_010834.2
NM_007393.1
NM_001083925.1
NM_031168.1
NM_011149.2

Table 2.3 RT-qPCR TaqMan Primer/Probe assays used in this study.
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2.13 Dual Luciferase Assay
HEK 293 cells were seeded at 50% confluency in 24 well plates and cultured in DMEM
(Invitrogen) supplemented with 10% FBS (Gibco) overnight. Each well was cotransfected with 0.25 µg of plasmid DNA and 100 nM of siRNA in complex with
Lipofectamine 2000 (Invitrogen) as according to manufacturer’s instructions. Cells were
harvested 24 hours post transfection and Firefly and Renilla luciferase activities were
quantified using the Dual-Luciferase Reporter Assay System (Promega) on a 96 well
Victor 3 plate-reader (PerkinElmer Ltd, Beaconsfield, UK).

2.14 Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was performed as described previously with
several modifications [170]. C2C12 myotubes were cultured in 10 cm dishes and siRNAs
transfected with RNAiMax. After 48 hours cells were harvested for ChIP assays.
DNA:histone complexes were crosslinked by addition of 37% formaldehyde (Fisher
Scientific, Loughborough, UK) (to a final concentration of 1%) to the cell culture media
and incubating for 10 minutes at room temperature with shaking. The crosslinking
reaction was terminated by adding glycine (Sigma-Aldrich) to a final concentration of
0.125 M with shaking for 5 minutes. Media was then removed and the cells washed with
cold PBS containing 1/1000 phenylmethanesulfonylfluoride (PMSF) (Sigma-Aldrich).
4ml of PBS containing 1/1000 PMSF was added to each culture and the cells scraped.
The cells were then pelleted, washed with PBS containing 1/1000 PMSF and the pellets
flash frozen in liquid nitrogen for future processing.
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Cell pellets were resuspended in 200 μl C2C12 Lysis Buffer (1% SDS, 10mM EDTA,
50mM Tris-Hcl pH 8) containing 1/1000 PMSF and incubated on ice for 10 minutes.
Nuclei were then pelleted by centrifugation at 5,000 rpm for 5 minutes at 4°C and the
supernatant discarded. The pellet was resuspended in 200 μl C2C12 lyis Buffer and 800
μl C2C12 Lysis Dilution Buffer (0.01% SDS, 1.1% Triton-X 100, 1.2 mM EDTA, 16.7
mM Tris-HCl pH 8, 167 mM NaCl) (both containing 1/1000 PMSF), incubated on ice for
10 minutes and then sonicated to an average length of ~200bp using a Misonix S-1000
cup horn sonicator (Misonix, NY,USA) (pulse amplitude setting: 24, 2 pulses, 90 seconds
on, 105 seconds off). Sonicated chromatin samples were precleared with 30 μl Protein G
Agarose/Salmon Sperm (KPL, MD, USA) and then the samples were aliquoted for each
pulldown and a ‘No Antibody Control’. DNA and histone complexes and
immunoprecipiated with antibodies against H3K9me2 (#07-441, Upstate/Millipore, MA,
USA) and H3K27me3 (#97565, Cell Signalling Technologies, MA, USA). 1 μg of each
antibody was added to each sample and the volume of sample adjusted to 600 μl with
ChIP Lysis Buffer (50 mM Hepes, 140 mM NaCl, 1% Triton-X 100, 0.1% Sodium
deoxycholoate) containing 1/1000 PMSF. The samples were incubated overnight at 4°C
on a rotating platform.

The following day 30 μl of Protein A Dynabeads (Invitrogen) was added to each sample
and incubated on a rotating platform for 15 minutes at room temperature. The tubes were
then briefly centrifuged and the beads pulled down using a magnet. The supernatant from
the ‘No Antobody Control’ was transferred to a clean tube for use as an ‘Input’ sample.
All other supernatants were discarded. The beads were then washed three times with
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ChIP Lysis Buffer, then with ChIP Lysis High Salt Buffer (50 mM Hepes, 0.5 M NaCl,
1% Triton-X 100, 0.1% Sodium deoxycholate) and finally with ChIP Wash Buffer (10
mM Tris pH 6.7, 250 mM LiCl, 1 mM EDTA, 0.5% Triton-X 100, 0.5% NP-40).
Chromatin-antibody complexes were eluted from the beads with 200 μl Elution Buffer
(50 mM Tris pH 6.7, 1% SDS, 10 mM EDTA). Eluates were heated at 65°C for 10
minutes and then 1 μl RNaseA (10mg/ml) (Roche) and 20 μl 5M NaCl were added to
each sample. Cross-linking was reversed by incubation at 65°C for 5 hours. To digest the
protein sample 10 μl 0.5M EDTA, 20 μl 1M Tris-HCl pH 6.5 and 2 μl of Proteinase K
(10mg/ml) (Roche) and incubated for 45°C for 45 minutes. DNA was recovered by
phenol chloroform extraction and resuspended in 30 μl of nuclease free water.
Quantitative PCR was performed on a Mastercycler Realplex real-time thermal cycler
(Eppendorf, NY, USA) using KAPA SYBR Fast SYBR mastermix (KAPA Biosystems,
MA, USA) and the primers; MstnChIP-Fwd (5′-AGATTCATTGTGGAGCAGGAG) and
MstnChIP-Rev (5′-ATATTAGTGCATGTACCGTCCG). The relative standard curve
method was used to compare samples and a five fold dilution of input chromatin DNA
used to prepare the standard curve. Dissociation curve analysis confirmed that only a
single amplification product was generated by the PCR reaction. Sample values were
calculated as background subtracted, fraction of input for each experimental group and
then normalised to the NS control siRNA group.

2.15 Phenol Chloroform Extraction
DNA samples were purified and concentrated by phenol chloroform extraction and
ethanol precipitation. Briefly, one volume of phenol chloroform (pH 7.2) (Ambion) was
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added to an equal volume of DNA sample. Samples were mixed by vortexing and
centrifuged at 12,000 g for 3 minutes. The upper aqueous phase was transferred to a fresh
Eppendorf tube. A second volume of phenol chloroform was added, the sample mixed by
vortexing and separated by centrifugation as described above. The aqueous phase was
again removed. One volume of chloroform was added, the sample mixed and centrifuged
as described above. This step removes phenol contamination. The aqueous phase was
removed and DNA precipitated by ethanol precipitation. Briefly, 0.1 volumes of 3M
sodium acetate (pH 5.2), 2.5 volumes of ice cold 100% ethanol was added to each sample
and mixed by brief vortexing. Samples were incubated at -20°C for at least 1 hour to
precipitate DNA. DNA was pelleted by centrifugation at 12,000g for 10 minutes at 4°C.
Supernatants were discarded and pellets washed with 75% ethanol. Samples were then
centrifuged at 7,500 g for 5 minutes and the supernatants discarded. DNA pellets were air
dried for 25 minutes and then resuspended in an appropriate volume of nuclease free
H2O.

2.16 Statistical Analysis for MicroRNA Studies
Individual comparisons between disease and wild-type samples were tested for statistical
significance using a two-tailed Student’s t test. For comparisons of more than two groups
one-way analysis of variance (ANOVA) and Bonferroni correction post hoc test were
performed using GraphPad Prism 5 (GraphPad Software Inc, La Jolla, CA, USA).
Differences were considered significant at p values below 0.05.
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2.17 Statistical Analysis for Myostatin Studies
All statistical analysis was performed in SPSS v11.5 (IBM Corporation, NY, USA). Data
were assessed for normalcy using the Shapiro-Wilk test and equality of variance by the
Levene’s test. Significance within a data set was determined by one-way ANOVA
(analysis of variance) and significant differences between treatment groups were
determined by post hoc analysis. The Bonferroni correction or the Games-Howell test
were used in the instances of equality and inequality of variance respectively. P values
less than 0.05 were considered significant. Unless otherwise indicated all statistical
comparisons are made against non-specific control siRNA treated cultures (grey bars).
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3 Investigation of Differential MicroRNA Expression in the
mdx Mouse
3.1 Introduction
DMD pathology and the role of miRNAs in regulating gene expression are discussed in
sections 1.1 and 1.4.2 respectively. In DMD, loss of dystrophin protein leads to a range of
cellular pathologies. Given the role of miRNAs as regulators of both physiological and
pathophysiological processes, it is highly likely that they participate in regulating DMDassociated pathologies. This chapter focuses on differentially expressed miRNAs in the
mdx mouse model of DMD.

Gene expression profiling has the potential to identify the sequence of events that leads
from dystrophin loss to dystrophic pathological processes. The discovery that unique
miRNA expression patterns were associated with different tumor types [127] has led to
investigation of miRNA profiles in a wide variety of other diseases. Two major miRNA
profiling studies have identified differentially expressed miRNAs associated with DMD.
However there are considerable differences between the findings of these reports
[332,333] (Table 3.1). For example, Greco et al. showed a ~70 fold increase in miR-31
expression in both mdx and human muscle whereas Eisenberg et al. did not identify this
miRNA as being differentially expressed (in DMD patient biopsies). Conversely, the
most differentially expressed miRNA in the Eisenberg study, miR-146b, was not
significantly changed in the study by Greco et al. The differences in results between these
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studies may be due to the methodologies used (microarray and TaqMan array
respectively) and the assaying of different muscle groups.

This study has investigated miRNA expression in a range of muscle groups and serum in
mdx mice compared with age and sex-matched wild-type controls. miRNA microarray
technology was utilised to perform an initial comparative miRNA analysis between
quadriceps femoris, diaphragm and heart muscles. Array results were validated using
small RNA TaqMan assays and the study expanded to include the triceps and tibialis
anterior muscles, and serum. This study has focused on a set of 11 miRNAs referred to as
‘dystromirs’. This term has been used previously [329] but in this study it is defined more
specifically as meaning miRNAs which have been previously found to be differentially
expressed in DMD patients and/or dystrophic animal models. The dystromirs relevant to
this study are described in Table 3.2.

A comprehensive understanding of miRNA expression in the mdx mouse is important
because; (1) miRNAs are promising biomarkers for non-invasive monitoring of disease
progression and response to experimental therapies, (2) it contributes to the
understanding of the series of molecular events leading from loss of dystrophin to
dystrophic pathology, and (3) it forms the basis for the development of novel miRNAbased therapeutics. The present study is the first to compare differential miRNA
expression in the mdx heart and diaphragm and has directly compared multiple muscles
and serum from the same set of animals. The findings point to an unexpected layer of
complexity in the mdx mouse miRNA transcriptome.
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miRNA

miR-21
miR-31
miR-34c
miR-146b
miR-199a-3p
miR-206
miR-221
miR-223
miR-1
miR-29c

Eisenberg et al. 2007
miRNA microarray
BMD
DMD
various muscles
3.1
11.5

13.0
3.9

3.3

2.9
-6.2

Greco et al. 2009
TaqMan array
mdx
DMD
adductor
various muscles
71.5
6.6

20.1
6.8

8.8

3.9

4.0
-2.7
-6.0

5.2
-3.1
-2.3

Table 3.1 Summary of published DMD related miRNA profiling papers.
The subject of study (i.e. DMD patients, BMD patients or mdx mice), methodology and
type of muscle studied are indicated. Empty cells indicate that a statistically significant
change in miRNA expression was not reported.
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miRNA
miR-1

function
myogenesis

miR-133a

myogenesis

miR-206

myogenesis

miR-21

fibrosis

miR-29c

fibrosis

miR-31

regeneration
regulates dystrophin

miR-34c

regeneration/
degeneration

miR-146b

myogenesis

miR-199a-3p
miR-221

unknown
myogenesis

miR-223

inflammation

evidence
Down-regulated in mdx adductor and DMD patients
[332].
Down-regulated in mdx TA and CXMDJ TA [334].
Down-regulated in mdx gastrocnemius [335].
Highly abundant in mdx serum and DMD patient serum
[329,336].
miR-1 promotes muscle differentiation [136].
Down-regulated in mdx TA and CXMDJ TA [334].
Down-regulated in mdx gastrocnemius [335].
Highly abundant in mdx serum and DMD patient serum
[329,336].
miR-133a promotes muscle proliferation [136].
Up-regulated in mdx adductor and diaphragm and in
DMD patients [332,333,337].
Up-regulated in mdx TA and down-regulated in CXMDJ
TA [334].
Up-regulated in mdx gastrocnemius [335].
Highly abundant in mdx serum and DMD patient serum
[329,336].
miR-206 promotes muscle differentiation [137].
Up-regulated in DMD patients [333].
miR-21 promotes fibrosis [338].
Down-regulated in mdx adductor and in DMD patients
[332,333].
Down-regulated in mdx gastrocnemius [335].
miR-29 regulates collagens and elastin [130].
Expression of miR-29 in mdx gastrocnemius reduces
fibrosis [335].
Up-regulated in mdx adductor and DMD patients [332]
(most up-regulated miRNA in this study).
miR-31 is strongly induced in ischemia damaged
myofibres [332].
miR-31 regulates dystrophin expression [126].
Up-regulated in mdx adductor and DMD patients [332].
miR-34c is strongly induced in ischemia damaged
myofibres [332].
miR-34c promotes cell cycle withdrawal and apoptosis
[339].
Up-regulated in DMD patients [333] (most up-regulated
miRNA in this study).
miR-146 promotes proliferation of C2C12 myoblasts
[340].
Up-regulated in DMD patients [333]
Up-regulated in DMD patients [333].
miR-221/222 is highly up-regulated in terminally
differentiated myoblasts [341].
Up-regulated in mdx adductor and DMD patients [332].
Up-regulated in mdx gastrocnemius [335].
Possible immune infiltrate [342].

Table 3.2 Dystromirs of interest in this study.
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3.2 Results
3.2.1 MicroRNA Microarray Analysis
To identify differentially expressed mature miRNAs associated with the DMD
phenotype, miRNA microarray analysis was performed on quadriceps, diaphragm and
cardiac muscles harvested from 8 week old male C57Bl/10 (wild-type) and mdx mice.
The 8 week timepoint was selected as this is after the initial ‘crisis’ period of necrosis and
before the onset of the majority of secondary pathologies such as inflammation, fibrosis
and fat deposition [343,344]. Statistically significant (p<0.05) changes in mature miRNA
expression were identified across all of the tissues; 188 miRNAs in quadriceps (False
Discovery Rate, FDR = 6%), 181 miRNAs in diaphragm (FDR = 5%) and 64 miRNAs in
heart (FDR = 26%). Analysis of the full miRNA transcriptome reveals widespread
differences between these tissues (Fig. 3.1a). More miRNAs were differentially
expressed in quadriceps and diaphragm compared to heart, in addition, the observed
changes in the heart were generally of lesser magnitude than in quadriceps and diaphragm
(Fig. 3.1b). Overlap between miRNAs commonly differentially expressed across all three
tissues is indicated in the Venn diagram (Fig. 3.1c). For each tissue, there was a subset of
miRNAs found to be differentially expressed only in that tissue suggesting tissue-specific
differences in pathological processes. 18 miRNAs that were significantly differentially
expressed in all three tissues are shown graphically in Fig 3.1d and fold changes listed in
Table 3.3. In addition to the dystromirs listed in Table 3.2, miR-1944, miR-296-3p and
miR-543 showed increased expression, and miR-185, miR-151-5p, miR-151-3p, miR345-3p, miR-139-5p, miR-143, and miR-378* showed decreased expression in all three
mdx tissues. To our knowledge these miRNAs listed above have not been previously
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identified as differentially expressed in miRNA profiling studies of the mdx mouse or
dystrophic patients.
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Figure 3.1 miRNA transcriptome analysis.
Quadriceps, diaphragm and heart tissue from 8 week old C57/Bl10 (wild-type) and mdx
mice (n=4) were harvested and miRNA microarray analysis performed. (a) Heatmap of
whole miRNA transcriptome of all three tissues for all miRNAs with a statistically
significant (p<0.05) change in expression between WT and mdx mice. (b) Scatter plot
showing the relative spread of fold changes across all three tissues. The most upregulated and most down-regulated miRNAs across all of the arrays are highlighted. (c)
Venn diagram showing common changes in miRNA expression between the tissues. (d)
Heatmap showing miRNAs with statistically significant expression changes in all three
tissues. Hierarchical clustering analysis was used to identify patterns of miRNA
expression in the mdx quadriceps, diaphragm and heart. Red signifies an increase in
expression and green, a decrease in expression. Heatmap scale bars indicate log2 fold
changes.
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quadriceps
p-value
q-value

fold

diaphragm
p-value

1.005E-02
1.365E-02
4.135E-03
1.918E-03
3.994E-03
1.918E-03

-1.32
-1.26
1.38
-1.48
-1.39
-2.10

2.217E-03
4.527E-03
2.351E-02
1.401E-02
8.764E-05
1.486E-04

8.525E-03
1.305E-02
3.913E-02
2.702E-02
1.052E-03
1.327E-03

-1.17
-1.27
1.99
-1.33
-1.11
-1.20

3.471E-04
6.808E-06
1.152E-03
4.437E-03
6.265E-03
1.704E-03

4.362E-02
2.937E-03
6.702E-02
1.007E-01
1.010E-01
7.325E-02

3.287E-02
7.887E-04
2.314E-03
2.036E-04
1.303E-03
4.653E-02
4.925E-02
2.762E-03

4.226E-02
3.994E-03
7.759E-03
2.034E-03
5.331E-03
5.054E-02
5.233E-02
8.921E-03

1.43
1.68
2.26
1.51
1.49
1.76
2.80
-1.40

1.292E-02
1.241E-03
1.314E-03
3.400E-05
1.779E-04
8.690E-03
1.255E-04
2.392E-02

2.532E-02
6.060E-03
6.096E-03
7.957E-04
1.431E-03
1.911E-02
1.247E-03
3.913E-02

1.32
1.40
2.40
1.36
1.19
1.77
1.38
1.29

1.187E-02
8.959E-03
2.037E-03
4.348E-04
6.036E-03
4.980E-02
4.116E-02
3.735E-02

1.284E-01
1.152E-01
7.325E-02
4.362E-02
1.010E-01
2.618E-01
2.433E-01
2.427E-01

9.616E-03
1.040E-03
1.869E-02
4.411E-02

1.935E-02
4.707E-03
2.922E-02
4.943E-02

-1.95
-1.26
-1.49
3.02

4.808E-04
1.528E-02
1.330E-05
5.169E-05

2.827E-03
2.878E-02
5.474E-04
9.636E-04

-1.19
-1.21
-1.08
1.31

1.944E-02
1.100E-02
1.266E-02
2.568E-02

1.677E-01
1.284E-01
1.284E-01
1.944E-01

miRNA

fold

miR-139-5p
miR-143
miR-146b
miR-151-3p
miR-151-5p
miR-185

-1.20
-1.28
3.78
-1.79
-1.44
-1.92

3.270E-03
5.950E-03
8.760E-04
1.328E-04
7.052E-04
1.299E-04

miR-1902
miR-1944
miR-21
miR-221
miR-222
miR-223
miR-296-3p
miR-29c

-1.26
2.77
2.45
2.34
2.28
3.58
2.03
-1.97

miR-30a*
miR-345-3p
miR-378*
miR-543

-1.87
-1.70
-1.34
1.72

q-value

fold

heart
p-value

q-value

Table 3.3 Table of fold changes, p-values and q-values for differentially expressed miRNAs common to mdx quadriceps, diaphragm
and heart as measured by miRNA microarray.
The q-value of a test measures the minimum false discovery rate that is incurred when calling that test significicant.
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3.2.2 RT-qPCR Validation of Array Data
In order to validate the results of the miRNA microarray, RT-qPCR analysis was
performed on the same RNA samples used for the arrays. Small RNA TaqMan assays
designed to detect only the mature miRNA species were used for all of the dystromirs in
Table 3.2. All small RNA TaqMan assays were validated by amplifying serial dilutions
of cDNA to produce standard curves. Amplification was linear over the range of cDNA
levels tested (Fig. 3.2). PCR efficiencies were obtained from the standard curve gradients
(Table 3.4) and these utilsed to quantify miRNA expression levels as described in
materials and methods.

In order to determine if inferences drawn from array data can be applied to other tissues,
the study was expanded to include dystromir expression in additional tissues; triceps and
tibialis anterior (TA) muscles (Figs 3.3a-k and fold changes listed in Table 3.5). Serum
was also included as changes in serum miRNA abundance have recently been reported in
the mdx mouse, CXMDJ dog and DMD patients [329,336]. miR-1 and miR-133a were
down-regulated or unchanged in all mdx muscles whereas in serum both miRNAs were
increased by 43.6 fold and 50.6 fold respectively (Figs. 3.3a,f). miR-206 was increased in
all mdx groups measured with a 52.9 fold increase observed in serum (Fig. 3.3i). miRNA21, -31, -34c and -221 were increased in all muscles except the heart (only modest
increases were observed in mdx serum in each case) (Figs. 3.3b,d,e,j). miR-223 was
found to be increased in the skeletal muscles but not in the diaphragm, heart or serum
(Fig. 3.3k). Notably, miR-146b was only significantly increased in mdx quadriceps (Fig.
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3.3g) and similarly, miR-199a-3p was only increased in mdx quadriceps and diaphragm
(Fig. 3.3h).
Generally, the RT-qPCR validation closely matches the miRNA microarray data (Fig.
3.4a,b and Table 3.6). Hierarchical clustering analysis was used to group fold changes
for the respective miRNAs and tissues. As expected, quadriceps, TA and triceps muscles
cluster away from diaphragm and heart. Similarly, all the tissues cluster away from serum
(Fig. 3.4b). In quadriceps and diaphragm, fold changes were highly similar between the
two methodologies used (e.g. in the case of miR-31 expression; 70.9 fold by RT-qPCR
and 74.3 by microarray) with few exceptions. A number of miRNAs were changed in the
same direction between the two methodologies but did not reach significance at the 95%
level as measured by RT-qPCR (i.e. miR-1, miR-29c and miR-133a in quadriceps, and
miR-29c, miR-146b, miR-199a-3p and miR-223 in diaphragm). Interestingly, miR-1 was
significantly decreased in the mdx diaphragm as measured by RT-qPCR (-2.27 fold)
although its expression was unchanged as measured by microarray. In the heart dataset
only miR-206 was significantly increased in mdx heart as measured by RT-qPCR but not
by microarray. No other miRNAs were significantly changed in mdx heart as measured
by RT-qPCR.

The expression of one miRNA (miR-29c) did not match the microarray data. According
to the miRNA microarray miR-29c was increased in mdx heart (1.29 fold, p=0.0373)
although the significance corresponds to a false discovery rate of 0.24 and the possibility
of a false positive cannot be excluded. Similarly, miR-29c expression was not
significantly different as measured by RT-qPCR (Fig. 3.3c and Table 3.5).
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In general, the cycle threshold (Ct) values for all miRNAs measured fell within the range
of 20-30 cycles which was comparable to the reference miRNAs (Ct values around 2526). miR-31 and miR-34c were expressed at low levels (Ct values 30-35) in all the C57
tissues. Raw fluorescence values from the miRNA microarray also indicate low levels of
expression for these miRNAs (data not shown). miR-206 was present at very low levels
in all of the heart samples (Ct values ~35) which is unsurprising given that expression of
miR-206 is generally restricted to skeletal muscle [137].

Interestingly, the abundance of dystromirs in the mdx serum did not match the pattern of
expression observed in the tissues. This was reflected in the clustering analysis which
showed that serum clustered separately from the tissues (Fig. 3.4b). In particular, miR-1
and miR-133a were increased in mdx serum and were either decreased or unchanged in
the mdx muscle tissues. Similarly, miR-206 was highly increased in serum but only
moderately increased in the muscle tissues. Conversely, miR-31, was increased ~50-70
fold in quadriceps, TA and triceps but was only 2.3 fold increased in serum. Other
dystromirs including miR-21, miR-34c, miR-221 and miR-223 followed similar patterns
of differential expression between serum and muscle.
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Figure 3.2 Graphs of standard curves for PCR efficiency calculations.
(a) miR-1, (b) miR-16, (c) miR-21, (d) miR-29c, (e) miR-31, (f) miR-34c, (g) miR-133a,
(h) miR-146b, (i) miR-199a-3p (j) miR-206, (k) miR-221 and (l) miR-223.
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miRNA
miR-1
miR-16
miR-21
miR-29c
miR-31
miR-34c
miR-133a
miR-146b
miR-199a-3p
miR-206
miR-221
miR-223
pri-miR-31
pri-miR-34c
pri-miR-206
PpiB

gradient
-3.617
-3.568
-4.244
-3.75
-3.858
-4.512
-3.75
-3.96
-4.321
-4.114
-3.704
-4.44
-3.324
-3.447
-3.373
-3.447

efficiency (%)
89.015
90.647
72.039
84.794
81.63
66.587
84.782
78.865
70.377
75.016
86.184
67.977
99.918
95.025
84.411
95.025

R2
0.992
0.991
0.996
0.997
0.994
0.960
0.996
0.993
0.996
0.999
0.983
0.998
0.985
0.897
0.998
0.999

Table 3.4 PCR efficiency determinations for all RT-qPCR assays used in this study.
Standard curve gradients, PCR efficiencies and R2 values are shown. PCR efficiencies
were taken into account using the Pfaffl method [328] when calculating fold changes
between samples.
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Figure 3.3 RT-qPCR analysis of dystromir expression.
Tibialis anterior (TA), triceps, quadriceps, diaphragm, heart and serum from 8 week old
C57/Bl10 (wild type, WT) and mdx mice were harvested and small RNA TaqMan reverse
transcriptase quantitative polymerase chain reaction (RT-qPCR) performed to determine
relative expression of the following dystromirs; (a) miR-1, (b) miR-21, (c) miR-29c, (d)
miR-31, (e) miR-34c, (f) miR-133a, (g) miR-146b, (h) miR-199a-3p, (i) miR-206, (j)
miR-221, (k) miR-223. Grey bars represent WT samples and black bars represent mdx
samples. Relative fold changes were determined by the Pfaffl method. Tissue miRNA
expression was normalised to miR-16 and serum miRNA expression normalised to miR223 (consequently serum expression of miR-223 is omitted from panel (k)). All values
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are mean + SEM. *p<0.05, **p<0.01, ***p<0.001. For tissue samples n=4. For WT
serum n=3 and for mdx serum n=4.
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TA
triceps
quadriceps
diaphragm
heart
serum

miR-1
-1.3
-2.0
-1.7
-2.5
-1.4
43.6

miR-21
2.3
2.7
2.5
1.7
1.4
1.4

miR-29c
-1.3
-2.0
-1.4
-1.7
-1.1
3.2

miR-31
49.8
60.5
70.9
6.1
1.2
2.3

miR-34c
3.8
5.0
5.5
4.9
1.6
1.9

miR-133a
-1.1
-1.4
-1.4
-1.1
1.0
50.6

miR-146b
1.2
1.0
1.8
1.3
-1.1
1.2

miR-199a-3p
1.3
1.2
1.5
1.8
1.0
1.7

miR-206
3.9
3.9
4.2
3.5
1.8
52.9

miR-221
2.2
2.8
2.8
1.9
1.2
1.4

miR-223
1.9
2.6
2.5
1.4
1.3
1.0

Table 3.5 Summary of fold changes for all dystromir mdx vs wild-type comparisons as measured by small RNA TaqMan RT-qPCR.
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Figure 3.4 Heatmaps of mdx dystromir expression.
Heatmaps of dystromir expression as determined by (a) miRNA microarray analysis and
(b) small RNA TaqMan RT-qPCR. Hierarchical clustering analysis was used to identify
patterns of miRNA expression across the mdx tissues and serum. Red signifies an
increase in expression and green, a decrease in expression. Heatmap scale bars indicate
log2 fold changes.
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miR-1
miR-21
miR-29c
miR-31
miR-34c
miR-133a
miR-146b
miR-199a-3p
miR-206
miR-221
miR-223

quadriceps
array
RT-qPCR
-1.79
-2.31
2.45
2.54
-1.51
-1.97
74.30
70.93
5.59
5.54
-1.43
-1.13
3.78
1.84
1.74
1.45
1.73
4.20
2.34
2.76
3.58
2.46

diaphragm
array
RT-qPCR
ns
-2.27
2.26
1.68
-1.67
-1.40
4.00
6.09
4.80
4.86
ns
-1.10
1.33
1.38
1.76
1.46
1.39
3.45
1.50
1.87
1.35
1.76

array
ns
2.40
1.29
ns
ns
ns
1.99
ns
ns
1.36
1.77

heart
RT-qPCR
-1.50
1.39
-1.06
1.23
1.62
-1.02
-1.14
1.00
1.85
1.24
1.28

Table 3.6 Validation of miRNA microarray by small RNA TaqMan RT-qPCR.
Comparison of miRNA microarray and small RNA TaqMan RT-qPCR for dystromirs of
interest. Statistically significant (p<0.05) fold changes are indicated in bold. ‘ns’ indicates
that expression was not significantly changed in the array dataset.
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3.2.3 Transcriptional Dystromir Up-Regulation
Mature miRNAs are derived from hairpin structures residing within long primary
transcripts. Often multiple miRNA hairpin structures are found in a single primary
transcript, so-called miRNA clusters. After cleavage by Dicer, only one arm of the
miRNA hairpin is loaded into the miRISC complex. miRISC loading is asymmetric and
depends on the relative thermodynamic stability of the 5′ ends of each strand (i.e. the
strand with most unstable 5′ end is preferentially loaded). Inspection of the miRNA
microarray data revealed that, in many cases, all of the miRNAs from a primary transcript
were concordantly differentially expressed. For example, miR-31 and miR-31* (the
minor miRNA species derived from the 3′ arm of the miR-31 hairpin) were both
increased in mdx quadriceps and diaphragm. Similar results were seen for the major and
minor species of other dystromirs; miR-21, miR-146 and miR-199a (Table 3.7) and for
other non-dystromirs; miR-199b, miR-362, miR-675, miR-501 and miR-532 (data not
shown). Similarly, the miRGen resource [345] was utilised to identify miRNA clusters
within the mouse genome that are differentially expressed in the mdx mouse. Two
differentially expressed dystromir-containing clusters were identified; (1) the miR-34
cluster (i.e. mature miR-34c, miR-34c*, miR-34b-5p and miR-34b-3p all up-regulated)
and (2) the miR-221/miR-222 cluster (i.e. mature miR-221 and miR-222 up-regulated). A
number of other differentially expressed miRNA clusters were identified and are listed in
Table 3.8. Notably, mature miRNAs from the miR-188/miR-532 and miR-296/miR-298
clusters were concordantly up-regulated in both mdx quadriceps and diaphragm.
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The miRNA microarray chips also contained probe sets that detect pre-miRNA hairpins.
Twelve pre-miRNA hairpins were significantly (p<0.05) differentially expressed across
all three tissues (Fig. 3.5a). Each pre-miRNA was differentially expressed in at least two
tissues and two pre-miRNAs, pre-miR-181a-2 and pre-miR-185, were differentially
expressed in all three tissues. Expression of both pre-miR-31 and pre-miR-34c was
increased in mdx quadriceps and diaphragm which matches the observed increases in
mature miR-31 and miR-34c species respectively.

Increases in mature miRNA levels could be due to either, (1) enhanced posttranscriptional Drosha/Dicer processing, or (2), up-regulation of the primary miRNA
transcript. To discriminate between these possibilities RT-qPCR was performed with
primer/probe assays that detect primary-miRNA transcripts for miRs-31, -34c and 206.
Statistically significant increases were detected for all three miRNAs in mdx quadriceps
(Fig. 3.5b). The increases in these pri-miRNAs correlated well with their mature miRNA
counterparts (correlation coefficient = 0.980). Taken together these data suggest that
miR-31, -34c and -206 are up-regulated at the level of transcription.
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primary miRNA
pri-miR-21

pri-miR-31

pri-miR-34

pri-miR-199a

pri-miR-221/222

tissue/mature miRNA
quadriceps
miR-21
miR-21*
diaphragm
miR-21
miR-21*
quadriceps
miR-31
miR-31*
diaphragm
miR-31
miR-31*
quadriceps
miR-34b-3p
miR-34b-5p
miR-34c
miR-34c*
diaphragm
miR-34b-3p
miR-34b-5p
miR-34c
miR-34c*
quadriceps
miR-199a-3p
miR-199a-5p
diaphragm
miR-199a-3p
miR-199a-5p
quadriceps
miR-221
miR-222
diaphragm
miR-221
miR-222
heart
miR-221
miR-222

fold change

p-value

q-value

2.4493
1.3913

2.314E-03
2.199E-02

7.759E-03
3.156E-02

2.2591
1.3626

1.314E-03
1.443E-02

6.096E-03
2.735E-02

74.3002
11.8677

2.731E-06
1.905E-04

2.234E-04
2.034E-03

4.0047
3.2380

7.636E-05
2.239E-05

9.998E-04
7.166E-04

5.5937
1.6915
5.5899
4.1830

1.549E-04
1.122E-02
4.341E-05
1.374E-03

2.034E-03
2.139E-02
1.111E-03
5.527E-03

3.5178
1.5045
4.8033
3.4774

4.347E-05
6.034E-03
2.888E-05
1.631E-03

8.945E-04
1.552E-02
7.957E-04
7.339E-03

1.7414
2.0624

3.254E-04
1.627E-05

2.700E-03
5.706E-04

1.4592
1.8950

1.290E-02
1.091E-04

2.532E-02
1.221E-03

2.3383
2.2782

2.036E-04
1.303E-03

2.034E-03
5.331E-03

1.5050
1.4887

3.400E-05
1.779E-04

7.957E-04
1.431E-03

1.3596
1.1857

4.348E-04
6.036E-03

4.362E-02
1.010E-01

Table 3.7 Concordantly changed mature dystromirs derived from common primarymiRNA transcripts in mdx quadriceps, diaphragm and heart.
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miRNA cluster
miR-188/miR-532

miR-296/miR-298

miR-23a/ miR-27a/miR-24-2

miR-212/miR-132

miR-337/miR-540/miR-665

miR-411/miR-229

miR-668/miR-485

miR-494/miR-679

miR-381/miR-487b

miR-181a-1/miR-181b-1

miR-194-2/miR-192

mature miRNA
quadriceps
miR-188-3p
miR-188-5p
miR-532-3p
miR-532-5p
diaphragm
miR-188-3p
miR-188-5p
miR-532-3p
miR-532-5p
quadriceps
miR-296-3p
miR-298
diaphragm
miR-296-3p
miR-298
quadriceps
miR-23a
miR-23b
miR-27a
miR-27a*
miR-24-2*
quadriceps
miR-212
miR-132
quadriceps
miR-337-5p
miR-540-3p
miR-665
quadriceps
miR-411
miR-299
miR-299*
quadriceps
miR-668
miR-485
diaphragm
miR-494
miR-679
diaphragm
miR-381
miR-487b
heart
miR-181a
miR-181b
heart
miR-194
miR-192

fold change

p-value

q-value

1.2212
2.2865
1.3996
1.4263

1.201E-02
3.339E-02
3.888E-03
1.593E-04

2.216E-02
4.269E-02
1.084E-02
2.034E-03

1.5233
2.4893
2.1782
2.3233

1.320E-03
1.604E-06
6.645E-04
6.357E-04

6.096E-03
3.554E-04
3.612E-03
3.522E-03

2.0259
2.7240

4.925E-02
4.491E-03

5.233E-02
1.167E-02

2.7955
4.5096

1.255E-04
3.366E-05

1.247E-03
7.957E-04

1.1932
1.0453
1.4646
1.3656
1.3405

4.526E-05
1.900E-02
3.842E-05
2.526E-02
4.360E-02

1.111E-03
2.922E-02
1.111E-03
3.463E-02
4.909E-02

1.7539
1.8865

2.185E-02
3.823E-03

3.156E-02
1.084E-02

-2.1507
-1.6626
-1.7477

3.797E-04
1.685E-02
4.509E-02

2.824E-03
2.872E-02
4.985E-02

-1.5651
-1.8541
-2.4882

3.637E-02
4.517E-03
2.881E-02

4.531E-02
1.167E-02
3.852E-02

-1.3369
-2.9339

8.698E-03
6.571E-06

1.794E-02
3.037E-04

1.4014
1.4012

3.591E-05
3.599E-03

7.957E-04
1.139E-02

4.0546
2.2198

3.379E-04
4.176E-03

2.295E-03
1.280E-02

-1.1496
-1.1949

3.738E-02
1.535E-03

2.427E-01
7.325E-02

-1.2899
-1.2749

1.176E-02
3.668E-02

1.284E-01
2.427E-01
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Table 3.8 Concordantly changed mature miRNAs derived from common miRNA clusters
in mdx quadriceps, diaphragm and heart.
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Figure 3.5 Differential expression of precursor-miRNAs and primary-miRNAs.
(a) Statistically significant changes in precursor-miRNA (pre-miRNA) expression in mdx
quadriceps, diaphragm and heart (n=4). Hierarchical clustering analysis was used to
identify patterns of pre-miRNA expression in the mdx quadriceps, diaphragm and heart.
Red signifies an increase in expression and green, a decrease in expression. Heatmap
scale bars indicate fold changes. (b) Changes in primary-miRNA expression in mdx
quadriceps for pri-miR-31, pri-miR-34c and pri-miR-206 as measured by RT-qPCR.
Relative values were determined using the relative standard curve method and primarymiRNA expression normalised to PpiB. Values are mean + SEM, n=4, *p<0.05,
**p<0.01.
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3.2.4 Pip6e-PMO Treatment Partially Normalises Serum Dystromir
Abundance
Circulating miR-1, miR-133a and miR-206 have been proposed as serum biomarkers for
the progression of DMD [329,336]. In order to determine if the serum levels of these
dystromirs responded to antisense oligonucleotide-mediated exon skipping therapy,
twelve-week-old mdx mice were treated with a single 12.5 mg/kg tail vein injection of
Pip6e-conjugated phosphorodiamidate morpholino oligonucleotide (PMO). (This
conjugate is a novel variant of Pip5e-PMO that had previously been demonstrated to
induce skipping of exon 23 from the mature dystrophin transcript to restore restoration of
dystrophin protein expression and muscle function [59]). Treated mice were harvested
two weeks after injection and tibialis anterior, quadriceps, heart and diaphragm muscles
collected along with sera. Comparisons were made against age-matched wild-type and
non-treated mdx controls. Treated animals showed a partial normalisation of the high
serum levels of miR-1 (18.1 fold to 3.6 fold), miR-133a (32.3 fold to 3.8 fold) and miR206 (65.9 fold to 10 fold) observed in the mdx mouse (Figs 3.6a-c). In all cases serum
dystromir abundance was reduced to levels close to wild-type controls. Restoration of
dystrophin protein expression by Pip6e-PMO treatment was confirmed in all muscles
analysed by immunofluorescence (representative image of restoration in the tibialis
anterior shown in Fig. 3.7) and by the detection of mature dystrophin transcripts lacking
exon 23, as determined by RT-PCR (Fig. 3.8a) and western blot (Fig. 3.8b).
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Figure 3.6 Pip6e-PMO treatment normalises serum dystromir abundance.
12 week old mdx mice were injected with a single 12.5 mg/kg dose of Pip6e-PMO
intravenously and harvested 2 weeks later. Serum samples were analysed for the
expression of (a) miR-1, (b) miR-133a, and (c) miR-206 by small RNA TaqMan RTqPCR. miRNA levels were normalised to miR-223 expression and fold changes presented
relative to the wild-type C57 average. Values are mean +/- SEM, n=4, *p<0.05.
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Figure 3.7 Pip6e-PMO treatment restores dystrophin expression in mdx tibialis anterior.
Representative immunofluorescence images of tibialis anterior muscle showing
restoration of dystrophin at the sarcolemma in mdx mice following treatment with Pip6ePMO. Samples were co-stained with laminin to indicate muscle fibres.
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Figure 3.8 Pip6e-PMO treatment restores dystrophin mRNA and protein expression.
(a) RT-PCR shows skipping of dystrophin exon 23 in tibialis anterior, heart, quadriceps
and diaphragm. (b) Western blot showing restoration of dystrophin protein in tibialis
anterior muscles of mdx mice treated with Pip6e-PMO. Dystrophin expression was
normalised to vinculin protein levels. Dystrophin quantification (as a percentage of C57
control) is indicated underneath each lane.
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3.3 Discussion
This study has characterised differential miRNA expression between different muscle
groups and serum of the mdx mouse. This study is the first to provide a complete profile
by microarray analysis of miRNA expression in the mdx heart and diaphragm, tissues
which are central to the dystrophic pathology and disease progression in DMD patients.
The use of miRNA microarray analysis has enabled the detection of the maximum
number of miRNAs possible (miRBase v15) whereas TaqMan Array Card technology is
limited to 381 miRNA assays. Generally, the mdx diaphragm and heart show less
differential miRNA expression, both in number of differentially expressed miRNAs and
in the magnitude of fold changes, reflecting a lower level of degeneration in the
diaphragm and heart in mice of this age. This is consistent with what is already known
about the natural history of disease progression [346]. In addition, by assaying different
tissues from the same animals this study has shown that there are important differences
between the skeletal muscle groups themselves. In general, quadriceps, tibialis anterior
and triceps muscles show similar levels of differential dystromir expression. However,
significant changes in the expression of miR-146b and miR-199a-3p were not observed in
all tissues. (Figs. 3.3g,h and Table 3.5). Differential expression between tissues is one
explanation for contradictions between previous reports. For example, differential
expression of miR-146b has been reported by some investigators [333] but not others
[332]. One of the first studies of miRNA expression (also in the 8 week old mdx mouse)
showed that miR-206 expression was increased in the mdx diaphragm but not in the
soleus or plantaris muscles [337]. The reported 4.5 fold increase in miR-206 expression
in diaphragm is closely matched by our study (4.7 fold increase). However, the previous
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study suggested that miR-206 was up-regulated in diaphragm but not in hindlimb on
account of the diaphragm being the most severely affected mdx muscle. Our results do
not support this conclusion as we have detected increased miR-206 expression in two
hindlimb mdx muscles (tibialis anterior and quadriceps) and in the mdx forelimb (triceps).
In all of these cases the increase in miR-206 expression is moderately higher than in the
diaphragm. To reconcile the differences between these studies, we note that the study by
McCarthy et al. utilised semi-quantitative PCR and image quantification from PAGE
gels, which is a much less quantitative and sensitive methodology than small RNA
TaqMan RT-qPCR. Alternatively, a lack of increase in miR-206 expression in the mdx
soleus and plantaris may represent further complexity in the mdx muscle transcriptome.

The most differentially expressed miRNA of all array datasets was miR-31 (~70 fold
increase). This is consistent with the study by Greco et al. which showed similar
magnitude fold change in the adductor muscles of mice of the same age and in DMD
patient biopsies (from the quadriceps femoris) [332]. Interestingly, Eisenberg et al. did
not report miR-31 as being differentially expressed in a microarray study of patients with
diverse muscle disorders (including DMD and BMD) [333]. We have observed high
levels of miR-31 across all of the skeletal muscles studied. This is encouraging as
antagonism of miR-31 activity has recently been proposed as a synergistic therapeutic
strategy to exon skipping-mediated dystrophin restoration [126].

Our results are consistent with those reported by Yuasa et al. who profiled miR-1, miR133 and miR-206 in the TA muscle of mdx mice and the CXMDJ dystrophic dog model
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[334]. Similarly, two recent studies have identified miR-486 as down-regulated in mdx
skeletal muscle [156,347]. We have confirmed this result as miR-486 expression was
reduced 1.3 fold (p = 0.0002) in the mdx quadriceps dataset only. miR-486 is encoded
within the ankyrin gene and has been shown to regulate components of the PTEN/AKT
pathway and in doing so influences cell cycle kinetics [347].

In general, microarray and RT-qPCR validation data were in close agreement. Those
minor differences observed between the miRNA microarray and RT-qPCR data are likely
to be due to the increased sensitivity of the RT-qPCR assays, and to the high false
discovery rate in the heart array dataset. Methodological differences may be one reason
for some of the variations in dystromir expression reported previously [332,333,337]. We
have calculated PCR efficiencies for all of the TaqMan assays used in this study by
performing standard curves on serial dilutions of cDNA (Figs 3.2a-k and Table 3.4).
Importantly, in all cases the PCR efficiencies were less than 100%. We therefore utilised
the Pfaffl method [328] (which corrects for sub-optimal PCR efficiencies) to calculate
relative changes in gene expression as opposed to the Livak (ΔΔCt) method [348] (which
assumes 100% PCR efficiency). Not correcting for PCR efficiency results in an
overestimation of the differences between samples and underlines the importance of
validating assays used in studies of gene expression.

Multiple lines of evidence point to transcriptional up-regulation of dystromirs in the mdx
mouse. Firstly, mature miRNAs that are derived from the same primary transcript are
concordantly differentially expressed. Secondly, increases in the pre-miRNA hairpins are
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detected in the case of miR-31 and miR-34c, and lastly, pri-miRNA levels are increased
for miR-31, -34c and -206. A previous report has shown that epigenetic silencing is
responsible for changes in the expression of certain miRNAs in the mdx mouse as a result
of impaired nitric oxide signalling and consequent HDAC2 activation [335]. It remains to
be seen if a similar mechanism is operative for the dystromirs we have investigated.

Several studies have identified miR-1, miR-133a and miR-206 as being highly enriched
(~50 fold) in the serum of mdx mice and DMD patients relative to controls [329,336].
Intriguingly, despite the significant up-regulation of these miRNAs in serum, this pattern
of expression is not reciprocated in skeletal muscles (i.e. miR-206 is only increased ~4-10
fold and miR-1 and miR-133a are generally decreased or not significantly changed in the
skeletal muscles but all three miRNAs are ~50 fold increased in serum). Similarly, the
patterns of expression of other dystromirs did not generally correlate between the muscles
and serum. This incongruence between the miRNA expression profile of muscle and
serum suggests that mdx-enriched extracellular miRNAs do not simply ‘leak’ from
damaged muscle due to impaired sarcolemmal integrity; otherwise the serum profile
would be expected to reflect the muscle profile. The non-random distribution of
extracellular miRNAs suggests that they may constitute a specific biological response.
We speculate that miR-1, miR-133a and miR-206 are actively released from dystrophic
muscle and are protected from RNase-mediated degradation by either encapsulation in
microvesicles [349] or in complex with proteins such as Argonate 2 [350]. We speculate
that these extracellular miRNAs function to drive muscle regeneration in response to
muscle damage or to the dystrophic condition through cell-to-cell communication.
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This study has shown that systemic administration of a single dose of an antisense
oligonucleotide-mediated exon skipping therapy resulted in partial normalisation of the
circulating dystromirs that are highly enriched in mdx serum. This is consistent with a
previous report that utilised a virus-mediated exon skipping strategy. The same study also
showed that patients with the less severe Becker Muscular Dystrophy (BMD) showed
intermediate levels of serum dystromirs between DMD and healthy [329]. These serum
dystromirs show promise as disease biomarkers that could be used to non-invasively
monitor the effectiveness of experimental therapies in DMD patients. Currently, serum
creatine kinase (CK) is used as a biomarker for muscle damage. In contrast to CK, serum
miRNAs have been shown to change little in response to exercise [336] and correlate
better with disease severity [329]. A possible limitation of this approach is that the levels
of serum dystromirs in dystrophic mice and DMD patients are highly variable, as
observed here and in a previous study [329]. This variability may mean it is difficult to
detect changes in serum miRNA levels due to minor improvements in therapeutic
outcomes.

This study has demonstrated muscle-specific changes in miRNA expression and indicates
that methodological differences are a plausible explanation for the contradictions between
previous miRNA investigations in the mdx mouse and DMD patients. The observation
that the miRNA expression varies between tissues (even between skeletal muscles) is
indicative of differential pathological processes occurring between these tissues. This
unexpected level of complexity will need to be considered with regards to the
development of novel miRNA-based therapies for treating DMD and the use of serum
biomarkers for monitoring the efficacy of experimental treatments.
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4 Small RNA-Mediated Epigenetic Myostatin Silencing
4.1 Introduction
The myostatin signaling pathway is a promising pharmacological target for the treatment
of muscle wasting conditions such as DMD (see section 1.3.2). Previous studies have
demonstrated that the combination of myostatin blockade with dystrophin restoration in
mdx mice resulted in a greater functional improvement than either treatment alone [351].
Consequently, A number of strategies have been utilised to achieve myostatin blockade
including myostatin neutralising antibodies [352], endogenous myostatin antagonists
(myostatin propeptide [87], follistatin [89] and soluble Acvr2b (the myostatin receptor
[353])), destructive exon skipping [354] and RNA interference (RNAi) [355]. A common
limitation of all of these strategies is that they induce transient inhibition of myostatin
signalling and so repeat administration would be required for therapy. Whereas the
majority of these approaches are experimental, an anti-myostatin antibody developed by
Wyeth Pharmaceuticals (Stamulumab) has reached phase I/II clinical trials. However,
development of this therapy was discontinued due to a lack of muscle function
improvement in treated patients. There is therefore a need to develop novel approaches to
targeting the myostatin pathway.

An alternative to the canonical RNAi pathway is transcriptional gene silencing (TGS)
[168,170] (discussed in detail in section 1.5.1.1). TGS is a homology-dependent gene
silencing pathway mediated by small interfering RNAs (siRNAs), viral/plasmid
expressed short hairpin RNAs (shRNAs) [189] or expressed antisense RNAs (asRNAs)
[169,175] with complementarity to target gene promoters. These small RNA effector
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molecules target low copy-number promoter-associated RNA transcripts [199] in order to
recruit chromatin remodelling factors [169] to the complementary promoter and, in some
cases, induce promoter DNA methylation [189,199]. As epigenetic changes are stable and
heritable, long-term silencing of therapeutically relevant genes may be possible. A
number of TGS studies have demonstrated long-term gene silencing in cell culture [170–
172,175]. The aim of this work is to demonstrate the feasibility of silencing myostatin
expression by TGS. The results of this chapter show that myostatin expression is silenced
by a promoter-targeted siRNA and that the silencing involves epigenetic remodelling of
the myostatin promoter. This study thus opens up a new therapeutic avenue in the
treatment of muscle wasting disorders.

4.2 Results
4.2.1 Detection of Myostatin Promoter-Associated RNA
Previous studies have shown that TGS in mammalian cells requires the presence of
promoter RNA transcripts. The database of transcription start sites (DBTSS) [356] and
UCSC genome browser [357] resources were used to identify the myostatin transcription
start site (TSS). To characterise transcription at the myostatin promoter, directional RTPCR was performed using primers that amplify a 153 bp region upstream of the
annotated TSS in a strand-specific manner (Fig. 4.1a). Transcripts were detected in both
sense and antisense orientations indicating the presence of promoter-associated RNA at
the myostatin promoter. PCR amplicons were sequenced to confirm identity (data not
shown). Reverse transcriptase minus (RT-) control PCR reactions failed to amplify ruling
out genomic DNA contamination (Fig. 4.1b).
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Figure 4.1 Detection of myostatin promoter-associated RNAs.
(a) Schematic of myostatin promoter showing annotated transcription start site and
hypothetical promoter-associated RNA transcript (pRNA). Position of TATA box and
location of RT-PCR amplicons are indicated. (b) Detection of pRNA at the myostatin
promoter in sense and antisense orientations by directional RT-PCR. RT- controls do not
amplify indicating no genomic DNA contamination.
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4.2.2 RT-qPCR Assay Validation
Preliminary experiments showed that myostatin was expressed at relatively low, but
readily detectable, levels in C2C12 myotubes. Consequently, the maximum
recommended amount of input total RNA was used in the RT reaction (2 μg) and the
maximum amount of RT reaction used in the qPCR reaction (2 μl in a 20 μl reaction).
This was to ensure that the myostatin cDNA amplification fell within the Ct range of 2535. (Statistical power to detect fold changes decreases above 35 cycles). To validate the
RT-qPCR assays used in this study, standard curves were produced by two-fold serial
dilutions of cDNA from untreated C2C12 cultures and amplified as described in section
2.12 (Fig. 4.2). Both assays were linear over the range of input cDNA amounts assayed
and did not reach the limit of quantification within the range of values measured for all
experiments (Ct standard deviations < 0.5). R2 values were high (0.998 for Mstn and
0.999 for β-Actin (ACTB)). PCR efficiencies were sub-optimal (82% for Mstn and 84%
for ACTB). Consequently, the relative standard curve method [358] was used to compare
samples while taking into account PCR inefficiencies. As such, a cDNA standard curve
was included on every RT-qPCR plate. The low PCR efficiencies are most likely due to
the high input RNA in the RT reaction and/or the presence of RT components in the
qPCR reaction leading to a small degree of PCR inhibition.

The Mstn assay was designed to amplify only mature mRNA. This was confirmed by
observing that no amplification was detected in RT minus controls (Fig. 4.3a).
Conversely, the ACTB assay has the potential to amplify genomic DNA. This was
confirmed as amplification was detected in the RT minus control for the ACTB assay
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(Fig. 4.3b). However, ACTB RT minus amplification was ~14 cycles later than RT plus
amplification indicating that β-Actin mRNA is over 10,000 fold more abundant than
genomic DNA. Genomic DNA was thus not considered to be significantly affecting the
results.

Typically β-actin (ACTB) was used to normalise myostatin expression although studies
were also performed using peptidylprolyl isomerase B (Ppib) as a reference gene with
similar results (data not shown). No template controls (NTCs) were included on every
plate analysed. No NTC amplification was observed in any experiment described
indicating the absence of contamination of samples or reagents with PCR amplicons.
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Figure 4.2 RT-qPCR assay validation.
Standard curves for (a) Mstn, and (b) ACTB RT-qPCR assays. Gradients, y-intercept,
PCR efficiency and R2 values are indicated.
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Figure 4.3 Reverse transcriptase minus controls for Mstn and ACTB RT-qPCR assays.
RT+ and RT- samples for (a) Mstn and (b) ACTB RT-qPCR assays.

161

4.2.3 Promoter-Targeting siRNAs Induce Transcriptional Silencing of
Myostatin
Four siRNAs targeting the myostatin sense promoter-associated RNA (Fig. 4.4a) were
synthesised by in vitro transcription, transfected into differentiated C2C12 myotube (MT)
cultures and myostatin expression assessed by RT-qPCR. An mRNA-targeting siRNA
that induces post-transcriptional gene silencing of myostatin was used as a positive
control (PTGS control). One siRNA, siMstn-P2, was found to significantly reduce
myostatin mRNA levels by 50% (Fig. 4.4b). This level of silencing was observed in at
least 20 independent transfections under similar conditions (i.e. 100 nM siRNA in
differentiated myotube cultures) and found to be highly reproducible (mean knockdown =
48%, SD = 11.5%).

Reduction in myostatin expression was observed relative to two unrelated non-specific
control siRNAs (including an in vitro transcribed siRNA (siCCR5) which targets the
human C-C chemokine receptor type 5) (Fig. 4.5a). In addition, transfection with two
further control siRNAs; one with the siMstn-P2 sequence scrambled (siScrambled) and
the other with the central four nucleotides of siMstn-P2 inverted (siMM), did not
significantly reduce myostatin expression (Fig. 4.5b). Negligible batch-to-batch variation
was observed between different siRNA preparations (Fig. 4.5c) and no significant
cellular toxicity was observed between any of the siRNA treatments (Fig. 4.5d).
Myostatin silencing was further confirmed using a chemically synthesised siMstn-P2
(Fig. 4.6a). Additionally, promoter-targeted silencing was dose-dependent although
significant myostatin knockdown was only observed at siRNA concentrations of 50 nM
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and 100 nM (Fig. 4.6b). Conversely, maximal silencing by the PTGS control siRNA was
observed at 10 nM (data not shown).

Previous studies have suggested that delivery of siRNA to the nucleus is essential to
induce TGS and that nuclear targeting peptides were required to facilitate this delivery.
[168,169,180]. However, in this study silencing was observed with both conventional,
commercially available transfection reagents (INTERFERin and RNAiMax) and with a
stearylated transportan-10 derived peptide (PepFect14) that had previously been shown to
effectively deliver splice-switching oligonucleotides to the nucleus [359] (Fig. 4.6c).
Statistically significant knockdown of myostatin was also observed in H2K mdx cells (a
murine myoblast cell line that carries a mutation in dystrophin exon 23 [331]) indicating
that the silencing effect is not restricted to the C2C12 line (Fig. 4.6d). Taken together,
these data suggest that myostatin is susceptible to siRNA-directed TGS.

Given that TGS and PTGS occur via different mechanisms, we hypothesised that cotransfection of TGS and PTGS siRNAs would act in a combinatorial manner to improve
maximal myostatin gene silencing. Transfection of a combination of 50 nM siMstn-P2
and 50 nM PTGS control siRNA was compared against 100 nM of each individual
siRNA or a non-specific control siRNA. The combination of the two siRNAs gave the
greatest knockdown (87%) (Fig. 4.6e).
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Figure 4.4 Screen of myostatin promoter-targeting siRNAs.
Schematic of myostatin promoter showing annotated transcription start site and
hypothetical promoter-associated RNA transcript (pRNA). Position of TATA box and
siRNA target sites are indicated. (b) Promoter-targeting siRNAs (blue bars) were
transfected in differentiated C2C12 myotubes and myostatin expression assessed by RTqPCR. Results were normalised to a non-targeting control siRNA (NS ctrl, grey bar) and
a coding sequence-targeting siRNA that silences myostatin by post-transcriptional gene
silencing (PTGS ctrl, black bar) was used as a positive control for transfection. Values
are mean + SEM, n=3, * p<0.05, ** p<0.01.
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Figure 4.5 Validation of specific myostatin silencing.
(a) siMstn-P2 knocks down myostatin expression relative to two non-specific siRNA
controls; NS ctrl (Eurogentec) and siCCR5 (produced by in vitro transcription). There is
no significant difference between control siRNA and mock (transfection reagent only)
control. (b) siMstn-P2 knocks down myostatin expression relative to a scrambled siMstnP2 sequence control (siScrambled) and an additional control using the siMstn-P2
sequence with the central four nucleotides inverted (siMM). (c) Comparison of two
separate batches of siMstn-P2 produced by in vitro transcription on separate days with
different siRNA yields. (d) Toxicity of siRNA treatments was assessed by MTS assay.
No significant differences were observed between any treatment groups. Values are mean
+ SEM n=3 for (a) and (b) and n=6 for (c), ** p<0.01 *** p<0.001.
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Figure 4.6 Promoter-targeting siRNAs silence myostatin expression.
(a) C2C12 MT cultures were transfected with in vitro transcribed (silencer) and
chemically synthesised (synthetic) promoter-targeting siRNAs (siMstn-P2). (b) Dose
response of siMstn-P2 over the range of 25-100 nM, (c) H2K mdx MT were transfected
with siMstn-P2. (d) Similar results are obtained in C2C12 MT cultures independent of
transfection reagent used. (e) Transfection of a mixture of 50 nM siMstn-P2 and 50 nM
PTGS control results in higher levels of silencing than either siRNA alone at 100 nM. All
values are mean + SEM, n=3, * p<0.05, ** p<0.01, ***p<0.001.
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4.2.4 Determination of Strand Selection Asymmetry
All siRNAs were designed so as to bias strand selection towards the guide strand by
incorporating a mismatched nucleotide into the passenger strand and thermodynamically
destabilising the 5′ end of the guide strand [360,361]. This method has been used to
maximise siRNA potency. Similarly, asymmetric strand selection is involved in miRNA
processing and miRNAs have been shown to be associated with the various human
argonautes equally [362], which suggests that the rules that apply to RISC loading in
post-transcriptional gene silencing are likely also applicable to RITS loading in
transcriptional gene silencing. In order to assess asymmetric strand selection, the target
sites complementary to the guide and passenger strands of siMstn-P2 were cloned
downstream of the Renilla luciferase (RLuc) transgene in the psiCheck2.2 vector (which
also carries a firefly luciferase transgene (Luc)). The luciferase constructs were then cotransfected with siMstn-P2 in HEK293 cells and RLuc activity measured (normalised to
Luc expression) (Fig. 4.7a). siMstn-P2 was found to down-regulate the sense target of the
guide strand by 81% whereas the antisense target of the passenger strand was downregulated by only 25% (not statistically significant) (Fig. 4.7b). These results indicate
that siMstn-P2 is capable of post-transcriptional silencing and that the mismatch included
in the design of the siRNA successfully biases strand selection towards the guide strand.
Strand selection bias is important for minimising off-target effects, particularly in the
case of targeting promoters as a passenger strand may interact with transpromoter natural
antisense transcripts thereby directing off-target transcriptional gene activation [234,363].
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Figure 4.7 The antisense strand of siMstn-P2 is preferentially loaded into RISC.
(a) Diagram of experimental design. Sense (on-target) and antisense (off-target) target
sequences were cloned into the 3′ untranslated region of psiCheck2.2. These constructs
were separately cotransfected with siMstn-P2 or non-specific control siRNA in HEK293
cells and renilla and firefly luciferase activities measured 24 hours later. (b) Relative
luciferase expression for transfections with the on-target and off-target constructs. Values
are mean + SEM, n=3, **p<0.01.

172

4.2.5 Myostatin Silencing is Independent of Interferon Induction
In contrast with chemically synthesised siRNA molecules, small RNAs generated by in
vitro transcription from T7 promoters are tri-phosphorylated at the 5′ terminus and
therefore have the potential to induce non-specific knockdown by activating the
interferon response [269]. In order to investigate this possibility, C2C12 myotube cultures
were transfected with all relevant siRNAs. After 48 hours total RNA samples were
reverse transcribed and levels of the interferon-induced genes 2′,5′ oligoadenylate
synthase 1b (Oas1b) and interleukin-6 (Il-6) by RT-qPCR. Treatment with 15 μg/ml
lipopolysaccharide (LPS) was used as a positive control for interferon induction.
Statistically significant induction of Oas1b and Il-6 was observed with the in vitro
transcribed siRNAs (siMstn-P2 and siCCR5) but not with chemically synthesised siRNAs
(Fig. 4.8a,b). The stability of the reference gene transcript (β-Actin) was unaffected by
transfection with in vitro transcribed siRNAs (Fig. 4.8c). These results indicate that in
vitro transcribed SilencerTM constructed siRNAs induce expression of interferonstimulated genes whereas chemically synthesised siRNAs do not.
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Figure 4.8 Myostatin silencing is independent of interferon induction.
Treatment of C2C12 MT cultures with in vitro transcribed, SilencerTM siRNAs (blue
bars), induces expression of (a) Oas1b and (b) Il-6, whereas chemically synthesised
siRNAs (grey bars) do not. Values are mean + SEM, n=3, **p<0.01, ***p<0.001. (c)
Raw cycle threshold (Ct) values for β-Actin (ACTB) for the experiment depicted in (a)
and (b) indicating high reference gene stability. Values are mean Ct + SD, n=3. LPS,
lipopolysaccharide.
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4.2.6 Myostatin Silencing is Sensitive to Dexamethasone
Dexamethasone has previously been shown to induce expression of myostatin via a
glucocorticoid receptor-mediated mechanism [364]. We confirmed this result in
differentiated C2C12 myotubes, however, dexamethasone did not induce myostatin
expression in undifferentiated C2C12 myoblasts (Fig. 4.9a). As dexamethasone treatment
induces transcriptional activation of myostatin we hypothesised that this effect would
antagonise silencing by a promoter-targeting siRNA. Pre-treatment of C2C12 cultures
with dexamethasone for 1 week pre-transfection resulted in abrogation of silencing by
siMstn-P2 relative to cultures that were not dexamethasone treated (Fig. 4.9b). The
positive control PTGS siRNA was unaffected by dexamethasone treatment. Taken
together these data suggest that myostatin silencing by the promoter-targeting siRNA
occurs at the level of transcription and operates by a mechanism distinct from
conventional RNA interference.
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Figure 4.9 Myostatin silencing: sensitivity to dexamethasone treatment.
(a) C2C12 MB and MT cultures were treated with dexamethasone for 24 hours or 7 days
respectively and myostatin expression measured by RT-qPCR. (b) Effect of
dexamethasone treatment on silencing by siMstn-P2 in C2C12 MT. All values are mean
+ SEM, n=3, **p<0.01, ***p<0.001, + = 100 nM. MB, myoblasts. MT, myotubes.
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4.2.7 Epigenetic Myostatin Silencing
Acetylation of Histone H3 lysine residues 9 and 27 is associated with transcriptionally
active chromatin. Consequently, deacetylation of these residues is a necessary first step in
the process of silent state chromatin formation. In order to determine whether siMstn-P2
induces epigenetic gene silencing, transfections were performed in the presence of the
histone deacetylase (HDAC) inhibitor trichostatin A (TSA). siRNA transfected cultures
were treated with a range of TSA concentrations (50 nM to 5 μM) and for each
experimental condition myostatin expression was normalised to the non-specific control.
Silencing by siMstn-P2 was found to be sensitive to TSA concentrations above 500 nM
whereas silencing by the PTGS control siRNA was largely unaffected (Fig. 4.10a).
Treatment with TSA was found to activate basal myostatin expression at low
concentrations and was toxic at high concentrations, which is consistent with other
reports [362] (Fig. 4.10b,c). The observation that myostatin silencing by siMstn-P2 was
abrogated by treatment with TSA at concentrations that activate myostatin expression in
one case (500 nM) and are highly toxic in another (5 μM) is evidence that these factors
are not confounding the results.

To investigate whether changes in chromatin structure are involved in myostatin silencing
we performed chromatin immunoprecipitation analysis (ChIP) using antibodies against
the silent state histone modifications; dimethyl-Histone H3 lysine9 (H3K9me2) and
trimethyl-Histone H3 lysine27 (H3K27me3). Enrichment of H3K9me2 was detected at
the myostatin promoter following treatment with siMstn-P2 although no change in
H3K27me3 was detected (Fig. 4.10d). Sensitivity of silencing to TSA treatment and
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changes in H3K9 methylation suggest that epigenetic remodelling at the myostatin
promoter underlies the observed silencing effect. ChIP qPCR primers were validated by
amplifying serial dilution of input chromatin DNA to perform a standard curve (Fig.
4.11a) and dissociation curve analysis confirmed that only a single amplification product
was generated by the PCR reaction (Fig. 4.11b).
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Figure 4.10 Epigenetic effects are involved in myostatin transcriptional gene silencing.
(a) C2C12 MTs were transfected with siRNAs in the presence or absence of trichostatin
A and myostatin expression measured by RT-qPCR. Effects of increasing trichostatin A
concentration on (b) basal myostatin transcription as measured by RT-qPCR and (c) cell
viability as measured by MTS assay. (d) Chromatin immunoprecipitation with antibodies
against H3K9me2 and H3K27me3 of C2C12 MT cultures transfected with siMstn-P2 or
non-specific control siRNA. All values are mean + SEM, n=3 for (a),(b) and (d) and n=6
for (c). *p<0.05, **p<0.01, ***p<0.001. + = 50 nM, ++ = 500 nM, +++ = 5 μM.
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Figure 4.11 Validation of qPCR for chromatin immunoprecipitation analysis.
(a) Standard curve and (b) melt curve analysis for myostatin promoter ChIP qPCR assay.
NTC, no template control.
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4.3 Discussion
This study has demonstrated that siRNAs complementary to the myostatin promoter
induce silencing of myostatin mRNA expression. Promoter-associated RNAs were
detected at the myostatin locus and the sense-orientation transcript is the predicted target
for the siRNA (although we have not shown a direct association between these two RNA
species). Silencing was abrogated by treatment with the histone deacetylase inhibitor,
TSA. Conversely, the PTGS control siRNA, which silences myostatin by acting upon the
mature mRNA, was unaffected by TSA treatment. These results suggest that silencing
with a promoter-targeting siRNA occurs by a different gene silencing pathway from
conventional RNA interference. The results are consistent with other studies of TGS
although we have not shown direct evidence of silencing at the level of transcription.

Interestingly, the combination of TGS and PTGS siRNAs resulted in higher levels of
silencing than either strategy alone suggesting that the two silencing pathways can
operate in a complementary manner. We and others have shown that, following transient
transfection of TGS effectors, target genes are typically silenced by ~50% which is
considerably less than with conventional RNAi. However, the level of silencing is
expected to increase over time as the chromatin at the target locus becomes progressively
more compacted and the promoter DNA methylated. These silencing kinetics were
observed in studies that looked at long-term knockdown by TGS [170,172,183].
However, in the case of myostatin, even relatively low levels of silencing (27% protein
reduction) have been shown to result in significant functional changes in muscle mass
(10% increase) suggesting that high levels of silencing are not required for a
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therapeutically relevant effect [355]. The demonstration of protein level silencing will be
required to advance TGS as a therapy although, in this study, we were unable to
consistently detect myostatin protein in cultured cells by western blot.

Several of the early studies to report TGS in mammalian cells utilised siRNAs produced
by in vitro transcription [168,169,180]. siRNAs produced in this manner have the
potential to elicit off-target gene silencing via induction of the interferon response [269].
These non-specific events are either due to a gene being directly regulated by interferons,
or as a result of global mRNA down-regulation, following activation of RNase L. We
investigated this phenomenon by measuring expression of two interferon-induced genes
(Oas1b and Il-6) following siRNA transfections in order to ensure specific myostatin
silencing by siMstn-P2. We have shown that in vitro transcribed siRNAs induce highly
statistically significant increases in expression of interferon-stimulated genes. However,
the findings that; (1) silencing is observed with a synthetic siMstn-P2 in the absence of
induction of the interferon-stimulated genes, (2) silencing occurs relative to an in vitro
transcribed control siRNA (siCCR5) and (3) the stability of the housekeeping transcript
(β-Actin) is unaffected by transfection with in vitro transcribed siRNAs, suggests that
myostatin silencing is not the result of off-target silencing due to interferon induction and
activation of RNase L, but is rather a target-specific silencing effect.

Treatment of cultures with dexamethasone abrogated the effects of promoter-targeting
siRNAs suggesting that silencing occurs at the level of transcription. As expected, the
PTGS control siRNA was unaffected by dexamethasone treatment. Given that the
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majority of DMD sufferers receive corticosteroid treatments this may limit the
effectiveness of a TGS approach to silencing myostatin in patients.

Promoter-specific silencing was reversed in the presence of the HDAC inhibitor, TSA,
consistent with previous studies that have shown that HDAC1 is required for TGS
[170,183]. Similarly, we have detected a modest enrichment of the silent state chromatin
modification, H3K9me2, following transfection with a myostatin promoter-targeting
siRNA as reported previously [169,170,172,180,183]. These results are indicative of an
epigenetic silencing process. Interestingly, enrichment of H3K27me3 was not detected.
Hawkins et al. have shown by RNAi depletion experiments that Enhancer of zeste
homologue 2 (EZH2), a histone methyltransferase that methylates histone H3 lysine27, is
not essential for TGS. This suggests that epigenetic silencing can occur in the absence of
H3K27 methylation and that there is a degree of redundancy between silent state histone
modifications [170].

The detection of a promoter transcript involved in epigenetic regulation of the myostatin
locus suggests that this may constitute part of an endogenous mechanism of gene
regulation. Several studies have identified endogenous small RNAs (microRNAs) with
complementarity to target gene promoters that induce TGS [322,220,221]. Long antisense
RNAs have also been linked to epigenetic control of gene expression [249,363] and have
been found to bind chromatin-remodelling factors [365]. Recently, a long non-coding
RNA (lncRNA) has also been implicated in myogenesis by acting as a competitive

186

inhibitor for microRNAs involved in muscle differentiation [297]. However, the role of
lncRNAs, microRNAs and pRNAs in epigenetic silencing is still not well understood.

This study adds to the growing literature that suggests small RNAs can direct TGS in
mammalian cells and confirms that TGS occurs in mouse cells consistent with previous
reports [205]. Several studies have demonstrated TGS in the absence of epigenetic
changes,

so-called

antigene

TGS

[227,233].

These

studies

generally

utilise

oligonucleotides targeting transcriptional start sites and are speculated to involve direct
interaction between the oligonucleotide and chromosomal DNA. Our data are more
consistent with studies which have found a role for epigenetic changes involved in
silencing and therefore lend credence to the idea that there are at least two distinct TGS
mechanisms (epigenetic-TGS and antigene-TGS).

The use of TGS in animal models has so far been limited to three studies. Turunen et al.
demonstrated that TGS of vascular endothelial growth factor (Vegfa) is possible in mouse
muscle following lentiviral transduction [205]. Similarly, local injection of promotertargeting siRNAs against the human papillomavirus (HPV) E6/E7 and thioredoxininteracting protein (Txnip) promoters results in TGS in mouse xenograft tumors [280] and
rat retina [206] respectively. Although these studies are highly promising, the general
application of TGS in vivo has not yet been fully explored and may present its own
unique obstacles. For instance, the relative abundance of promoter transcripts is likely to
differ between cell culture models and live animals and may affect the efficacy of a TGS
approach. Despite the paucity of in vivo studies the therapeutic application of TGS is a
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promising alternative to RNAi, which is dependent on the presence of RNAi effectors
that are gradually degraded within the cell or dispersed between daughter cells following
cell division (effectively halving their concentration). Repeat administration is therefore
required to elicit long-term silencing by siRNAs. Conversely, TGS effectors induce longterm silencing that is inherited following cell division and maintenance of silencing is not
dependent on the presence of effector molecules [170]. A single treatment (or short
course of treatments) may be sufficient to induce long-term gene silencing, hence repeat
administration of TGS effectors is not required [170,171]. Consequently, TGS based
therapies may require a small number of high doses to elicit an effect. The overall dose
will thus be lower with TGS-based therapies as opposed to conventional RNAi, meaning
lower toxicity of treatments and greatly reduced material costs. In addition, it has been
shown that saturation of endogenous RNA processing pathways can lead to acute toxicity
in vivo [366]. As TGS does not require repeat administration this risk is greatly reduced.
Epigenetic silencing of myostatin by TGS is therefore a promising novel therapeutic
strategy in the treatment of muscle wasting disorders.
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5 Discussion
5.1 Summary of Results
The work presented in this thesis has explored aspects of small RNA biology in the
context of DMD pathophysiology and therapeutics. Small RNAs are regulators of gene
expression and, as such, they modulate the gene networks underlying cellular pathologies
and can potentially be exploited as novel therapeutics. Firstly, we have performed the
most thorough investigation of differential miRNA expression in the mdx mouse to date
which improves upon previous studies. Through the use of high density miRNA
microarray technology we have been able to detect differentially expressed miRNAs that
were not identified previously. Similarly, we have provided evidence that some of the
conflicting results reported in previous studies are due to inter-muscle variations and
differences in methodology. Our results have confirmed that miR-31 is highly expressed
in all mdx skeletal muscles investigated, which bodes well for anti-miR-31 therapeutics.
We have also observed a stark contrast in the miRNA expression profiles of mdx muscles
and serum which is evidence against the passive release of miRNAs as a result of muscle
damage. Consistent with previous reports, we have shown that the dystromirs miR-1,
miR-133a and miR-206 are highly abundant in the serum of mdx mice. Furthermore, this
study is the first to demonstrate that effective peptide-PMO conjugate-mediated
dystrophin exon-skipping results in partial normalisation of circulating dystromir
abundance, suggesting that they are promising non-invasive disease biomarkers. This
work has also explored a novel therapeutic approach to the treatment of muscle wasting
disorders such as DMD. We have shown that an siRNA complementary to the myostatin
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promoter induces silencing of myostatin expression in C2C12 and H2K mdx myotubes.
We have demonstrated the reproducibility, specificity and dose dependence of this
silencing effect. We have also investigated, and ruled out, off-target silencing as a result
of induction of the interferon response. Sensitivity of the silencing effect to the histone
deacetylase inhibitor trichostatin A and enrichment of the silent state chromatin mark
H3K9me2 at the myostatin promoter following treatment implicate epigenetic
remodelling as the cause of silencing consistent with numerous reports of TGS in
mammalian cells. This study has demonstrated the feasibility of myostatin TGS as a
novel therapeutic strategy targeting myostatin in cell culture.

5.2 MicroRNA Biology of DMD
One aspect of miRNA biology that we did not explore in this study is how differential
miRNA expression varies with time. We have proposed that differential degeneration
between tissues is an explanation for the differences in muscle miRNA expression
profiles. For example, relatively few changes were observed in the heart, which shows
little degeneration at this stage in the progression of mdx pathology. Future studies of mdx
miRNA expression should address this issue by performing analyses at various stages in
the natural history of disease progression. Future studies will also investigate the
relationship between differential miRNA expression and histopathology in order to
further understand the role of miRNAs in mdx pathophysiology. The differences observed
between quadriceps, diaphragm and heart suggest that differential miRNA expression is
likely to reflect pathophysiological processes rather than as a direct result of loss of
dystrophin itself. This is supported by the normalisation of serum dystromirs following
dystrophin restoration. Consequently, it is likely that these results may also provide
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insights into the process of muscle regeneration in the context of other myopathies,
muscle injury and aging.

This work constitutes part of the first step in understanding the role of miRNAs in DMD
pathophysiology. We, and others, have identified numerous miRNAs that are
differentially expressed in the mdx mouse and DMD patients [332,333]. However, as yet,
the functions of these miRNAs are not well understood. As miRNAs can potentially
influence the expression of many target mRNAs [367] it will be important for future
studies to identify the relevant target genes which are mediating disease processes.
Several miRNA target prediction algorithms are available online, although these typically
return thousands of potential miRNA:mRNA targets [368–370]. As yet there is no
consensus as to which algorithm performs best [371] and the number of experimentally
validated targets in TarBase is relatively small [372]. Determining which miRNA:mRNA
interactions are contributing to disease pathology is also not trivial. Studies which
validate miRNA targets typically focus on a small number of targets and so potentially
miss the ‘bigger picture’. There is therefore a need to investigate the effects of differential
miRNA expression on a global scale. High-throughput Sequencing of RNA – Crosslinking Immunoprecipitation (HITS-CLIP) has been shown to one method of directly
determining miRNA:mRNA interactions [373]. Similarly, proteomics approaches using
mass spectrometry might also be used to determine all of the target genes regulated by
specific miRNAs.
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The function of miR-29c, a dystromir investigated in this work, has been relatively well
studied. The work of van Rooij et al. has shown that miR-29 regulates cardiac fibrosis
through the repression of fibrogenic mRNAs (i.e. collagens, fibrillins and elastin) [130].
In the dystrophic condition, miR-29c expression decreases and repression of genes that
promote fibrogenesis is lost. Consequently, a miRNA replacement therapy using a
synthetic miR-29 oligonucleotide mimic was recently shown to inhibit fibrogenesis and
alleviate pathology in the mdx mouse [374]. This study underlines the importance of
miRNAs in disease pathology and how their manipulation can be exploited by for
therapy. miRNA-based therapies are currently in development for a wide variety of
diseases with some in late stage clinical trials (e.g. inhibition of miR-122 as a therapy for
chronic HCV infection [122]) and it is likely that the resulting technological advances
will have direct relevance for the anti-miRNA therapies for DMD (e.g. inhibition of miR31 to improve exon skipping-mediated dystrophin restoration [126]). Similarly, miRNA
mimics of miR-29 and miR-486 are also potential therapeutic approaches to DMD by
inhibiting fibrosis or promoting myogenesis respectively [347]. A thorough
understanding of the role of miRNA expression in DMD pathophysiology is likely to
reveal other novel therapeutic targets. It is also possible that miRNA therapies targeting
pathological processes in DMD may be also be relevant to other diseases. For example,
fibrosis and inflammation are common features of multiple disease conditions.
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5.3 MicroRNAs as Serum Biomarkers for DMD
Exon skipping therapies are steadily advancing towards the clinic with early clinical trial
results looking highly promising [56,375]. However, the current methods for determining
the efficacy of experimental therapies require biopsy of patient muscles, which is highly
invasive. In addition, repeated patient biopsies will be required in order to monitor
dystrophin restoration over time. Consequently, there is an urgent need for non-invasive
disease biomarkers for DMD. This study, and others, have shown that the extracellular
dystromirs miR-1, miR-133a and miR-206 show promise as DMD biomarkers as they are
strongly up-regulated in mdx mice and DMD patient sera and show normalisation
following dystrophin restoration [329]. Interestingly, only modest dystrophin restoration
was observed in muscle (i.e. 5-13% of WT dystrophin protein levels in Pip6e-PMO
treated tibialias anterior). This may go some way to explain why only partial
normalisation of serum dystromirs was observed. Additionally, these results suggest that
serum miRNAs may be highly sensitive biomarkers given their large changes in
abundance in response to low level dystrophin restoration (and at only 2 weeks postinjection). Importantly, although extracellular miRNAs have previously been shown to be
promising cancer biomarkers [376,377] they are not currently in clinical usage.

It remains to be seen as to whether these extracellular miRNAs are involved in regulating
muscle physiology. I propose a model in which active secretion of these dystromirs
promotes muscle regeneration following muscle damage. The role of these dystromirs in
myogenesis is already well established [137,144]. In addition, miR-1 and miR-133a are
primarily expressed in skeletal and cardiac muscle, and miR-206 restricted to skeletal
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muscle [137], suggesting that these extracellular dystromirs are unlikely to originate in
non-muscle tissues. It has also been reported that these miRNAs are expressed at very
low levels in undifferentiated myoblasts and that their expression increases as these
cultures progressively differentiate [332]. This suggests that extracellular dystromirs
probably originate from mature muscle rather than from the satellite cells. This is
supported by Yuasa et al. who showed that miR-206 is primarily expressed in
regenerating fibres by fluorescence in situ hybridisation [334].

miRNAs are readily detectable in serum and plasma and show remarkable stability
considering the RNase activity present in these fluids [376,377]. Extracellular miRNAs
are known to be released in lipid membrane-bound vesicles (e.g. microvesicles,
exosomes, [378,379] apoptopic bodies [380]), protein complexes (e.g. Argonaute 2 [350],
nucleophosmin-1 [381]) or in lipoprotein complexes (e.g. high-density lipoprotein) [382].
The sequestration of extracellular miRNAs in lipid vesicles or in complex with
(lipo)proteins provides an explanation for their insensitivity to RNase-mediated
degradation.

Whether or not these miRNAs are able to silence target mRNAs in recipient cells is an
open question. Several reports have shown that circulating miRNAs are taken up by
target cells where they are biologically active [20,21,26], and exosomes have recently
been shown to deliver exogenous siRNA cargoes [384]. Similarly, Kuwabara et al.
showed that cell-to-cell transfer of miR-1 and miR-133 can induce silencing of luciferase
miRNA sensors in cell culture [385]. Interestingly, local injection of muscle-specific
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miRNAs has been shown to enhance muscle regeneration in injured rat muscle [154].
Furthermore, forced expression of miR-1 in HeLa (non-muscle) cells alters their
transcriptional profile to become more muscle-like [145]. Taken together, these studies
suggest that extracellular miRNAs can induce phenotypic changes in recipient cells.

In summary, I hypothesise that: (1) Dystromirs are actively secreted from dystrophic
muscle. (2) Extracellular dsytromirs originate from mature muscle cells. (3)
Encapsulation in exosomes or formation of protein/lipoprotein complexes protects
extracellular dystromirs from RNase-mediated degradation. (4) Circulating dystromirs
can influence gene expression in recipient cells. (5) Cell-to-cell transfer of dystromirs
promotes muscle regeneration. Future work must test these predictions.

Aside from miR-1, miR-133a and miR-206, none of the other 9 dystromirs studied were
suitable as serum biomarkers in mdx mice. Interestingly, miR-1 and miR-133 have also
been found to be enriched in patient serum following myocardial infarction suggesting
they are also biomarkers of cardiac damage [385]. It will be interesting to see if cardiac
specific miRNA biomarkers can be identified such that skeletal muscle degeneration and
dystrophic cardiomyopathy can be monitored independently.

5.4 Myostatin Transcriptional Silencing
An appraisal of recent discoveries reveals a new vision of genome biology in which RNA
plays a central role. ncRNA transcripts are found throughout the genome and act to
regulate the expression of genes at the epigenetic level. Targeting these transcripts with
small RNAs presents exciting opportunities for the development of molecular therapies
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and the study of gene function. Consequently, the development of epigenetic-TGS and
TGA approaches has opened up the epigenome to molecular medicine.

Inhibition of myostatin signalling is a promising therapeutic approach in the treatment of
muscle wasting disorders. In contrast with other studies, we have targeted myostatin for
epigenetic silencing which is theoretically permanent. The combination of myostatin TGS
with dystrophin exon skipping has the potential to expand the effectiveness of current
experimental therapies. Indeed, proof-of-principle combination of myostatin blockade by
RNAi with exon skipping has already been demonstrated [126]. Additional future work
includes studies to determine whether promoter-targeting siRNAs can indeed induce
long-term silencing of myostatin expression. Determination of long-term silencing in the
case of myostatin would be a logical next step to the work presented in this thesis.
Previous studies that have demonstrated long-term TGS have passaged cultured cells over
a period of one month or one year [170,172,183]. As we have used differentiated C2C12
myotubes, passage of cells is not possible. In order to demonstrate long-term silencing of
myostatin cultures would need to be maintained for ~45 days with resulting technical
difficulties.

At time of writing only a handful of studies have reported in vivo transcriptional
modulation although the results are highly promising [205,206,239,280]. The successful
translation of transcriptional modulation from cell culture studies to the in vivo setting
may be dependent on similar expression levels of the ncRNA target transcripts between
cultured cells and tissues. The low abundance of these target RNAs may be a limiting
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factor for treatment efficacy given that many are highly unstable [198]. Similarly, the
delivery of charged oligonucleotides (i.e. siRNAs) to skeletal muscle is a significant
obstacle to the development of TGS therapeutics for muscle wasting disorders.

While myostatin is an attractive therapeutic target, cell culture studies targeting myostatin
are subject to a number of other technical difficulties. Myostatin is expressed at very low
levels in undifferentiated myoblasts. In order to consistently detect myostatin C2C12
cells were switched to differentiation medium for 7 days. In this study we were unable to
consistently detect myostatin protein in cultured cells by western blot. Antibodies against
myostatin are notoriously poor. These difficulties relate to the low expression levels of
myostatin (particularly in cultured cells), the secretory nature of the protein and its close
homology with other TGF-β superfamily transcription factors. Similarly, low levels of
myostatin expression meant that levels of nascent myostatin RNA could only be detected
at background levels and so nuclear run-on analysis and direct determination of silencing
at the levels of transcription was not possible.

Mechanistic details of TGS have not been fully elucidated. These include the relative
kinetics of histone remodelling and promoter methylation, the differential roles of
Argonaute proteins and a complete description of RITS components. However, due to the
difficulties associated with working with myostatin it is likely that these questions will be
best answered using other experimental systems.
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5.5 Further Therapeutic Targets for Transcriptional Modulation
A number of other genes are promising targets for transcriptional modulation. Transgenic
mouse models in which the expression of other components in the myostatin pathway
were modulated resulted in animals with phenotypes similar to the myostatin null mouse
thereby identifying them as potential therapeutic targets. Transgenic expression of a
dominant negative mutant of the myostatin receptor, Acvr2b, resulted in an increase in
skeletal muscle mass of up to 125% [353]. Acvr2b acts as an integration point for other
signals relating to the repression of myocyte proliferation (e.g. GDF-11) [386] and so
targeting Acvr2b by TGS might provide advantages over and above myostatin inhibition.
Conversely, a combinatorial approach targeting both myostatin and Acrv2b may provide
additional functional correction. In addition to FLRG and GASP-1, follistatin also acts as
an endogenous myostatin antagonist [387]. Up-regulation of follistatin is therefore an
alternate means of inhibiting myostatin signalling [387]. Follistatin is known to inhibit
the signalling function of a wide range of TGF-β ligands. Over-expression of follistatin in
transgenic mice resulted in an increase in muscle mass of up to 327% [353]. This massive
increase is likely to be the result of perturbing multiple ligands involved in regulating
myogenesis which is encouraging in that a large increase in muscle mass can be obtained
using a single strategy but discouraging in that the risk of potentially harmful off-target
effects is increased. Similarly, up-regulation of utrophin is an established therapeutic
strategy for the treatment of DMD [65,66]. Current utrophin up-regulation studies have
focused on the use of small molecules although TGA is another potential approach.
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5.6 Concluding Remarks
The work in this thesis has contributed to our understanding of the miRNA biology of
DMD. It has identified novel differentially expressed miRNAs in the mdx mouse which
may be involved in pathophysiological processes or potential therapeutic targets. I have
demonstrated the potential of circulating dystromirs as disease biomarkers as they are
highly up-regulated in mdx serum and are normalised by antisense oligonucleotidemediated exon-skipping. Additionally, I have demonstrated the feasibility of epigenetic
silencing of myostatin by transcriptional gene silencing. This novel approach expands the
possible experimental molecular therapies for DMD.
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