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Abstract
!

Skeletal muscle is a remarkable organ system that is required for almost

all animal life. In vertebrates, skeletal muscle can alter its functional and
molecular characteristics in response to pathologic and physiologic stimuli.
Additionally, adult muscle retains the ability to regenerate following injury,
activating progenitor cells much like the process of muscle formation during
embryonic development. Much work has been done to characterize the changes
in gene expression that occur during regeneration, and this knowledge has been
invaluable in treatment of muscle wasting diseases, such as Duchenne Muscular
Dystrophy. Further expanding the complexity of gene expression changes is the
discovery that most genes are subject to post-transcriptional regulation by
microRNAs (miRNAs). In this thesis, I present two data chapters that explore
miRNA function during skeletal myogenesis. In the first, I discuss a novel method
for the measurement of miRNA activity using bioluminescent imaging in vivo.
This study provides future investigators with a tool to follow the activity of
miRNAs during muscle remodeling in vivo. In the second, I present a miRNA
expression profiling experiment that identified the down-regulation of an
abundant miRNA family, miR-30. I also go on to show that these miRNAs play a
key molecular role in the process of myogenesis by regulating epigenetic,
transcriptional and post-transcriptional control of gene expression.
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Chapter I: Introduction
Skeletal Muscle
!

The existence and evolution of metazoan animal life is absolutely dependent on

an ability to move, enabling species to evade predators, find food and mate. While
some primitive animal species including sea sponges remain immobile or sessile
throughout the majority of their life cycle, the vast majority of animal species depend on
locomotion to survive. In higher order metazoans including vertebrates, locomotion is
carried out by contractile tissue called striated muscle (named for its microscopic
appearance), which exerts force on anchored endo- or exo-skeletal structures to
produce movement (Seipel and Schmid, 2005). In mammals, striated skeletal muscle is
the largest organ by mass (Daniel et al., 1977) and is highly specialized not only for
locomotion but also plays critical roles in respiration (Merrell and Kardon, 2013),
mastication (Qin et al., 2002) and metabolism (Bassel-Duby and Olson, 2006). Within
mammalian striated skeletal muscle, the contractile fibers (myofibers) are syncytial
structures resulting from the fusion of multiple myogenic cells, thus containing many
myonuclei as well as the assembled contractile units (sarcomeres) within a single
continuous cytoplasm (Ehler and Gautel, 2008).
!

In order for myofibers to differ in their structure, molecular makeup and

contractile characteristics, muscle groups contain a spectrum of myofiber types ranging
from fatigue-resistant “slow” myofibers to glycolytic “fast” myofibers (Schiaffino, 2010).
The contractile characteristics of an individual myofiber can partly be attributed to the
makeup of contractile proteins within the sarcomeres (myosin heavy chains), as
different isoforms of these proteins have very different kinetic activities (Bottinelli et al.,
1

1991). Interestingly, while myofiber number, size and types are established during
development, adult skeletal muscle retains a striking ability to adapt to pathological and
physiological stimuli and undergo structural, molecular and functional remodeling.
These processes are showcased by studies showing muscle fiber hypertrophy in
response to resistance training (McCall et al., 1996) and a shift towards “slower” fiber
types in response to endurance training (Andersen and Henriksson, 1977). While
skeletal muscle remodeling in the adult is a topic of intense investigation with respect to
health and disease, a complete understanding of skeletal muscle begins with the
formation of skeletal muscle (myogenesis) during development.

Developmental Myogenesis
!

The formation of skeletal muscle begins with the establishment of a middle layer

of the primitive embryo (mesoderm), during an invagination of cells called gastrulation.
This mesoderm layer later gives rise to many internal organs and tissues including the
heart, circulatory system, gonads, kidneys, skeleton, endothelial cells, and skeletal
muscle. Limb and trunk skeletal muscle progenitor cells (myoblasts) appear during
midgestation (from days E9-E12 in the mouse) from the segmented paraxial mesoderm
(somites) forming in a rostral-caudal progression on each side of the neural tube (Braun
and Gautel, 2011). While the cells from different anatomical locations give rise to
different muscles and vary slightly in their transcriptional and epigenetic programs of
myogenesis, here I will generalize the process as it occurs for mouse limbs as an
example of developmental myogenesis.

2

!

The myogenic gene program is orchestrated largely by the activity of

transcription factors and epigenetic regulators. These factors are responsible for
ordered activation of genes required for myogenesis, facilitating the migration,
proliferation, fusion and differentiation of myoblasts. Important among these factors is a
family of basic helix-loop-helix domain-containing transcription factors named the
myogenic regulatory factors (MRFs) which include myogenic factor 5 (MYF5), myogenic
differentiation 1 (MYOD), myogenin (MYOG), and myogenic factor 6 (MYF6, also known
as MRF4) (reviewed in (Sabourin and Rudnicki, 2000)). Genetic ablation studies in mice
have shown that MyoD, Myf5 and Mrf4 function are absolutely required for embryonic
skeletal muscle formation (Kassar-Duchossoy et al., 2004), although the exact genetic
hierarchy remains unclear. Upstream of and in parallel with the MRFs is a myriad of
other factors that initiate the myogenic gene program both cell-autonomously via the
paired box-containing transcription factors paired box 3 (PAX3) (Goulding et al., 1991)
and paired box 7 (PAX7) (Jostes et al., 1990) and non cell-autonomously via signaling
molecules including sonic hedgehog (SHH), fibroblast growth factors (FGFs), and
canonical WNT proteins.
!

Thus, during primary myogenesis a wave of migrating cells emerging from the

dorsal aspect of the somites is specified to the skeletal muscle lineage by upstream
factors and secreted signals (SHH, FGFs, WNTs, PAX3) which then directly activate the
expression of MRFs responsible for myogenic determination (MYF5 and/or MYOD)
(Maroto et al., 1997). These cells then exit the cell cycle, express the myogenic
differentiation factor MYOG, down-regulate MYF5 and MYOD, and fuse into
multinucleate myofibers expressing structural proteins including sarcomeric myosin
3

heavy chains. In addition to primary myogenesis, a distinct population of PAX3/PAX7dependent, proliferating cells contributes to subsequent rounds of fetal and postnatal
myogenesis (Relaix et al., 2005). Eventually these cells adopt a location just outside the
myofiber membrane of mature myofibers, but beneath the basal lamina (the satellite cell
niche), and become the major source of muscle progenitor cells in the adult.

Adult Myogenesis
!

In adult mammals, skeletal muscles have a remarkable ability to regenerate

following injury, such that an injured muscle can appear histologically indistinguishable
from uninjured muscles after just a few months of regeneration. Many studies have
used various animal models of injury (i.e. crush injury, freeze injury or chemical injury) to
better understand this process and significant progress has been made in
understanding the cellular and molecular details of mammalian muscle regeneration.
Although many of the important factors are shared between adult and developmental
myogenesis, the processes differ substantially and a complete understanding of adult
myogenesis will likely be invaluable in the treatment of muscle disease. While muscle
regeneration after injury is a complex process involving many cell types (myoblasts,
fibroblasts, immune cells, etc.) and interactions thereof, here I will focus specifically on
the myogenic cells.
!

Regeneration of skeletal muscle can be ascribed to a population of cells initially

described as satellite cells by observation of their close association with the myofiber
membrane (Figure 1.1) (Mauro, 1961). Under an electron microscope, a satellite cell
appears as a small oblong cell containing a “striking paucity of cytoplasm relative to its
4

Figure 1.1: Satellite cell morphology. (Adapted from Mauro, A. The Journal of Biophysical
and Biochemical Cytology, 1961) Electron micrograph of transverse section of rat sartorious
muscle. Satellite cell (center) is shown sandwiched between the myofiber plasma membrane (mp)
and basement membrane (bm). Satellite cell plasma membrane is also shown (sp). Magnification:
22,000X

nucleus” (Mauro, 1961). Satellite cells first appear during embryonic development when
the basement membrane surrounding myofibers forms (Feldman and Stockdale, 1992;
Hartley et al., 1992). Following birth, the numbers of satellite cells declines from ~30%
of total nuclei to ≤ 5% in the adult (Dhawan and Rando, 2005). These cells, while
normally mitotically and metabolically quiescent, can become activated to re-enter the
cell cycle, after which they undergo rapid proliferation and entry into the myogenic gene
program (mediated again by MRFs). In addition to myofiber repair and de novo myofiber
5

formation, the satellite cell population retains the ability to self-renew and return to
quiescence. This population of cells can indeed be described as bona fide adult stem
cells, as studies have shown that even a single satellite cell transplanted into irradiated
host muscle is capable of extensive regeneration and self-renewal (Collins et al., 2005;
Sacco et al., 2008). Additionally, the observation that satellite cell numbers in adult
muscle are maintained at ≤ 5% of total nuclei even after multiple rounds of injury
suggests that self-renewal is a tightly regulated process (Dhawan and Rando, 2005).
Thus, the molecular regulation of self-renewal and quiescence is a topic of intense
investigation as it relates to many tissue-specific adult stem cell populations, and has
important implications in tissue maintenance and repair.
!

Quiescent satellite cells express a variety of markers that have been

useful for their characterization and isolation, including PAX7 (Seale et al., 2000),
M-cadherin (MCAD) (Irintchev et al., 1994), CD34 antigen (CD34) (Beauchamp
et al., 2000), integrin-⍺7 (ITGA7)(Sacco et al., 2008) and syndecan 3/4 (SDC3/
SDC4) (Tanaka et al., 2009). Following activation by external signals and entry
into the cell cycle, the paired box transcription factor PAX7, which is expressed in
the vast majority of hindlimb quiescent satellite cells, is rapidly down-regulated
(Seale et al., 2000). PAX7 has been of particular interest to the field of adult
muscle regeneration, as Pax7 mutant mice display a nearly complete lack of
satellite cells, and severely compromised postnatal muscle growth and
regeneration (Seale et al., 2000). While studies of adult myogenesis have
provided invaluable insight into the molecular regulation and function of satellite

6

cells, it remains to be seen if the capacity for regeneration and self-renewal can
be harnessed to restore homeostasis in diseased and aging muscle.

Muscle Disease
!

While there are many different types of muscle diseases, a shared feature

of most is a loss of muscle mass (muscle wasting). Patients with muscle disease
most commonly present with muscle weakness including difficulty with standing
up, walking, or lifting objects- all of which can be attributed to muscle wasting.
Muscle disease can generally be broken into three categories: 1) those for which
the genetic cause is known, 2) those for which there is no known genetic cause,
and 3) those that arise as a secondary effect of another (primary) pathologic
disorder. For those diseases with known genetic causes, the most common are
the muscular dystrophies, caused by mutations in a variety of muscle proteins.
This group also includes the congenital myopathies, mitochondrial diseases and
myosin storage myopathies. The diseases with no known genetic cause include
inflammatory and autoimmune disorders, where the patient’s immune system
attacks muscle tissues, such as polymyositis and dermatomyositis. Lastly,
cachexia is a type of muscle wasting that can occur as a result of primary
pathologies such as cancer and HIV infection.
!

Duchenne Muscular Dystrophy (DMD), the most common and severe form

of genetic muscular dystrophy, is caused by mutations in the X-linked dystrophin
gene. Dystrophin forms an important component of the dystrophin-associated
protein complex (DPC), which acts as a structural link between the myofiber
7

cytoskeleton and extracellular matrix, as well as a transmembrane signaling
complex. Importantly, dystrophin connects actin filaments to the sarcolemmabound DPC, which is linked to the extracellular matrix (Kapsa et al., 2003). A lack
of dystrophin protein causes a mechanical disconnect and destabilization of the
DPC, resulting in a defective sarcolemma, pathologic increases of intracellular
calcium, and decreases in intracellular metabolites (Allen et al., 2010). In DMD
patients, these events cause widespread myofiber necrosis, followed by
insufficient regeneration, invasion of fibrotic and adipose tissue, and muscle
wasting. DMD boys are symptomatic by ages 2-6, and are usually confined to a
wheelchair by 9-12 years of age. Eventually, DMD patients die in their late teens
or early 20s from cardiac and respiratory failure (Tidball and Wehling-Henricks,
2004).
!

Similar to DMD patient biopsies, dystrophic mdx4cv (Chapman et al.,

1989) mouse muscle lacks functional dystrophin expression (Im et al., 1996), is
marked by the presence of degenerating/regenerating myofibers with variable
diameters and centrally located nuclei, as well as an accumulation of adipose,
fibrotic, and immune cells (Figure 1.2) (Judge et al., 2006; Li et al., 2008). While
the regenerative response mounted by satellite cells in response to degenerating
myofibers is initially robust, upon fusion and differentiation the newly repaired
myofibers will again express the same mutant dystrophin allele, and the fibers
will again begin to degenerate. Interestingly, the nearly normal lifespan in mice
lacking dystrophin has been attributed to many factors, most notably the
compensatory expression increase of a dystrophin paralogue (utrophin) (Khurana
8

WT!
mdx4cv !

*!

Figure 1.2: Mdx4cv hindlimb muscle morphology. Transverse sections of H&E
stained 3-month old male wild-type C57Bl/6 (WT) and mdx4cv gastrocnemius muscles.
In WT muscles, myofibers are evenly sized and nuclei (blue) are located at the periphery
of each fiber. In dystrophic mdx4cv muscle, abundant centrally nucleated fibers
(arrowheads) and areas of infiltrating fatty and fibrotic tissue (asterisk) are visible.

and Davies, 2003), and increased telomere length and replicative potential in
satellite cells (Sacco et al., 2010).
!

Historically, treatment of DMD patients has been limited to conventional

therapies including corticosteroids, physiotherapy, surgery, and assistive
ventilation (Khurana and Davies, 2003). These, treatments, however, have not
increased the lifespan of DMD patients past the third decade. Along with a
number of promising pharmacological therapies, clinical trials are underway
9

using gene therapies developed in dystrophic mice, including antisense
oligonucleotide-mediated exon skipping (Fletcher et al., 2006; Wu et al., 2010),
recombinant adeno-associated virus (rAAV)-mediated gene replacement
(Gregorevic et al., 2009), and plasmid DNA (pDNA)-mediated gene replacement
(Bushby et al., 2009).
!

While these trials represent a step towards curing DMD, there are many

complications and limitations to each. One approach has garnered increasing
attention after several groups have shown that systemic delivery of a targeted
antisense oligonucleotide can facilitate exon-skipping and production of a
shortened, but functional, dystrophin protein in most muscle groups. This
approach is limited, however, as only a small percentage of DMD patients have a
mutation amenable to correction by exon skipping (Aartsma-Rus and van
Ommen, 2009). Similarly, rAAV-mediated gene replacement has achieved
effective expression of functional “mini-dystrophins” in dystrophic mice but is
complicated by immune recognition of viral proteins (Gregorevic et al., 2006;
Tang et al., 2010). Lastly, intravascular delivery of pDNA expressing full-length
dystrophin eliminates viral protein recognition, but achieving expression in all
muscles, including the heart and diaphragm, remains challenging (Pichavant et
al., 2011; Zhang et al., 2010). Collectively, these results point to the need for
continued studies in model systems such as the mdx4cv mouse for alternative
approaches to reducing DMD severity. Additionally, the discovery of microRNA
(miRNA) dysregulation in dystrophic muscle has led to intense interest in miRNAmediated gene regulation, and the possibility exists that select genes contributing
10

to DMD pathology are subject to post-transcriptional regulation by miRNAs
(Eisenberg et al., 2007).

microRNAs
!

miRNAs are short (19-23 nucleotides) endogenous non-coding RNAs that

post-transcriptionally repress gene expression by base pairing with target sites in
the 3’-untranslated regions (3’-UTRs) of target mRNAs, leading to translational
inhibition followed by deadenylation, and/or mRNA decay (Djuranovic et al.,
2012). The first miRNA to be described, lin-4, was identified as the small RNA
gene product of a locus that controls developmental timing in Caenorhabditis
elegans. The authors hypothesized that by binding to repeated complementary
sequences in the lin-14 3’-UTR, lin-4 could reduce the levels of LIN-14 protein
(Lee et al., 1993), and this was indeed shown to be true.
!

miRNAs are either transcribed as pri-miRNAs under the control of their

own promoters or are hosted within introns of other genes. The pri-miRNA
transcripts are then processed first in the nucleus by the Microprocessor complex
to liberate the pre-miRNA hairpins (Lee et al., 2003). Following export from the
nucleus by exportin 5 (Yi et al., 2003), the pre-miRNAs are further processed by
the RNAse III activity-containing enzyme Dicer to remove the terminal loop and
result in a ~22 nucleotide miRNA duplex (Bernstein et al., 2001). The mature
miRNA ‘guide’ strand is then loaded into the RNA-induced silencing complex
(RISC), which is the effector complex for silencing and is composed of the
miRNA bound to an argonaute protein (AGO2). RISC, along with the GW182
11

paralogues TNRC6A, TNRC6B, and TNRC6C (Jakymiw et al., 2005; Zipprich et
al., 2009) form a scaffold for recruitment of translational inhibition machinery and
mRNA deadenylation/decay proteins. This complex is then guided to its targets
largely by nucleotides 2-8 at the 5’ end of the miRNA, termed the “seed”
sequence.
!

miRNAs are expressed in nearly every cell type and are important in

almost all biological processes, including development, differentiation,
proliferation, cell death, and metabolism (Eulalio et al., 2008a; van Rooij et al.,
2008). More specifically, miRNAs play crucial roles in both vertebrate and
invertebrate muscle development. For example, Drosophila melanogaster miR-1
is required for normal larval muscle development (Sokol and Ambros, 2005), and
miRNAs are required for normal skeletal muscle development in mice (O'Rourke
et al., 2007; Rao et al., 2009; Zhao et al., 2007). These findings highlight the
importance of miRNAs in establishing and maintaining muscle function and hint
at their potential as therapeutic targets. !
!

In addition to the finding that miRNAs as a whole are essential to proper

muscle formation, individual miRNAs have been shown to play key roles in
myogenesis, including miRNAs with muscle-specific or muscle-enriched
expression patterns. For example, muscle-specific miR-206 promotes
differentiation of myoblasts (Dey et al., 2010; Kim et al., 2006) and miR-133
promotes myoblast proliferation (Chen et al., 2006). Furthermore, a group of
intronic miRNAs (miR-499, miR-208a and miR-208b) that are located within
myosin heavy chain genes controls the establishment and adaptation of muscle
12

fiber types (van Rooij et al., 2009). miRNAs are attractive as therapeutic targets
due to their ability to regulate many (often functionally related) targets, their
tissue-restricted expression patterns, and the ability to inhibit or activate their
function in vivo (Small et al., 2010). While several miRNAs have been studied as
potential therapeutic targets in DMD models (Liu et al., 2012), a complete
understanding of miRNA dysregulation and function is a prerequisite for clinical
progress, and will require the further commitment of talented investigators using
cutting edge techniques. Indeed, several studies have shed light on miRNA
dysregulation in DMD, and this topic will be covered more in Chapter III.
!

In this thesis I will present two data chapters which are unified by the

desire to both improve methods for the study of miRNAs in skeletal muscle and
to understand the expression and function of miRNAs that are regulated during
myogenesis and disease. In Chapter II, I will discuss a novel method for the
measurement of transcriptional activity in vivo, which I also show is adaptable to
the measurement of miRNA activity in vivo. This method will be useful to
investigators performing longitudinal studies of physiological and pathological
muscle remodeling. In Chapter III, I present miRNA expression profiling data from
mdx4cv and WT mice generated using deep sequencing of miRNAs (miRNAseq). This dataset data allowed me to identify a down-regulation of the miR-30
family miRNAs (miR-30a-5p, miR-30b, miR-30c, miR-30d and miR-30e) and to
further show that expression of this miRNA family is regulated during myogenesis
in vivo and in vitro. Using bioinformatic approaches and molecular cloning, I then
show that the miR-30 family promotes myogenesis and regulates gene
13

expression by targeting factors important at the epigenetic, transcriptional and
post-transcriptional levels. I
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Chapter II: Measuring microRNA reporter activity in skeletal
muscle using hydrodynamic limb vein injection of plasmid DNA
combined with in vivo imaging
As published in Guess, et al. Skeletal Muscle. 2013 and Yeung, et al. Nucleic
Acids Research. 2012.

Introduction
!

Skeletal muscle displays a remarkable ability to remodel in response to

pathologic and physiologic stimuli ((Daugaard et al., 2000; Haddad et al., 1993;
Porter et al., 2002) and reviewed in (Bassel-Duby and Olson, 2006)). How
changes in gene expression mediate these processes by transcriptional and
post-transcriptional regulation has been heavily studied in the context of
diseased, hypertrophic, and regenerating skeletal muscle (Cesana et al., 2011;
Farina et al., 2012; Mahadevan et al., 1992). While recent studies have greatly
enhanced our understanding of these dynamic processes, measuring
transcriptional and post-transcriptional changes that occur in vivo is challenging
and this has limited the experimental avenues available. Additionally, the
discovery of post-transcriptional regulation by microRNAs (miRNAs) in skeletal
muscle has increased the complexity of these processes.
!

miRNAs are a type of short, non-coding RNA that post-transcriptionally

regulate gene expression. miRNAs function by guiding the RNA-induced
silencing complex (RISC) to target mRNAs, dictated by base pairing to target
sites primarily in their 3’-untranslated regions (3’-UTRs). miRNAs can down15

regulate the expression of several to hundreds of target genes by repressing
translation and/or destabilizing target mRNAs (Bazzini et al., 2012; Djuranovic et
al., 2012). miRNAs are required for normal skeletal muscle development in mice
(O'Rourke et al., 2007), and several miRNAs have been shown to be differentially
regulated during hypertrophy (McCarthy and Esser, 2007), acute exercise
(Safdar et al., 2009), regeneration after injury (Yuasa et al., 2008), and in the
remodeling that occurs in response to genetic muscle disease (Eisenberg et al.,
2007; Gambardella et al., 2010; Liu et al., 2012; McCarthy et al., 2007).
!

In particular, miR-206 is expressed specifically in skeletal muscle, and is

highly expressed in regenerating fibers (Yuasa et al., 2008). miR-206 has been
shown to promote terminal differentiation of myoblasts by regulating the
expression of genes including connexin 43 (Gja1)(Anderson et al., 2006),
utrophin (Utrn)(Rosenberg et al., 2006), paired-box 3 (Pax3) (Boutet et al., 2012),
paired-box 7 (Pax7) (Dey et al., 2010) and DNA polymerase α (Pola1)(Kim et al.,
2006). In humans and mice, miR-206 resides in an intergenic genomic region
and is co-transcribed with miR-133b as a unique primary transcript. In contrast,
miR-499 is transcribed and processed out of an intron in the sarcomeric myosin
heavy chain 7b (Myh14) gene.
!

miR-499 is a cardiac and skeletal muscle-specific miRNA, termed a

“myomiR” by its location within an intron of the sarcomeric myosin heavy chain
7b gene (similarly, the myomiRs miR-208a and miR-208b reside within the alpha
myosin heavy chain (Myh6) and beta myosin heavy chain (Myh7) genes,
respectively) (van Rooij et al., 2009). These myomiRs are of particular interest to
16

skeletal muscle biology, as they have been shown to play an important role in
regulating gene expression patterns during the establishment of fiber types. In
particular, miR-499 controls the establishment of type I slow fibers by repressing
the expression of the SOX6 and PURB transcription factors (van Rooij et al.,
2009).
!

Many of these studies rely on data obtained from transgenic mouse

studies, and ex vivo sample analysis—both currently invaluable to the study of
miRNAs. The study of miRNA regulation in skeletal muscle, however, would
benefit from a system that enabled rapid, reproducible, longitudinal in vivo
reporter assays, at a fraction of the cost of transgenic mouse production and
analysis, and with fewer animals needed than ex vivo studies.
!

Several studies have shown that stable gene expression can be achieved

in post-mitotic myofibers in vivo by the introduction of plasmid DNA (pDNA)
(Aihara and Miyazaki, 1998; Fabre et al., 2006; Sebestyen et al., 2006; Wolff et
al., 1990). Unlike viral DNA vectors, pDNA is non-immunogenic (Sebestyen et al.,
2006), easily manipulated, and relatively inexpensive to produce. Methods for
introducing naked pDNA into myofibers include intramuscular injection (Wolff et
al., 1990), electroporation (Aihara and Miyazaki, 1998; Deleuze et al., 2002), and
more recently, hydrodynamic limb vein (HLV) injection (Hagstrom et al., 2004;
Suda and Liu, 2007). While these methods all result in efficient myofiber
transduction, only HLV injection is minimally damaging to the muscle (Toumi et
al., 2006), enabling studies of muscle remodeling to take place in the absence of
widespread myofiber regeneration. Moreover, HLV injection results in more
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widespread pDNA distribution than intramuscular injection or electroporation,
which are limited to the site of injection, or single muscle groups, respectively
(Aihara and Miyazaki, 1998; Wolff et al., 1990).
!

In vivo bioluminescent and fluorescent imaging (BLI) of genetically

encoded reporters has been a useful tool in murine xenograft studies including
cancer (Kim et al., 2009a), chondrogenic differentiation (Vilalta et al., 2009), viral
infection (Luker and Luker, 2008), and even in studies of miRNA biogenesis and
post-transcriptional regulation (Kim et al., 2009b; Lee et al., 2008). All of these
studies, however, have relied on the expression of reporter genes in cells
cultured in vitro, and none have demonstrated the ability to quantify skeletal
muscle reporter gene expression in situ. I therefore developed a novel system
using HLV injection of reporter pDNA into skeletal muscle in combination with in
vivo BLI in order to quantify both transcriptional regulation of promoter elements,
and post-transcriptional regulation by miRNAs. Before testing, I anticipated that
animal-to-animal variation in injection efficiency would confound true changes in
reporter expression. While several groups have reported the utility of Renilla
luciferases as a normalizer in in vivo reporter studies (Bhaumik and Gambhir,
2002; Vilalta et al., 2009), I found that the fast kinetics and requirement for
intravenous substrate delivery made this approach technically challenging. To
solve this problem, I employed a dual-reporter approach consisting of a highefficiency click-beetle luciferase from Pyrophorus plagiophthalamus (CBG99)
(Miloud et al., 2007), and the far-red fluorescent protein mKATE (Shcherbo et al.,
2007) for signal normalization. mKATE has been shown to have a maximum
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emission wavelength (635 nm) that is optimal for tissue penetration, and to have
high pH and photostability, making this an ideal protein for in vivo BLI.
!

As a proof of principle, I measured miR-499 and miR-206 promoter

activity, with the latter being tested in a longitudinal study of regenerating muscle.
I also measured miR-206 miRNA activity and show that the activity measured
using this technique reproduces the levels obtained from qRT-PCR
measurements. I believe this technique will prove useful in the quantification of
real-time transcriptional and post-transcriptional regulation.

Results
HLV injection does not induce myofiber regeneration
!

Prior to employing HLV to deliver miRNA reporters for miR-206 activity, it

was important to determine whether the injection technique itself would induce
muscle regeneration and consequently increase the levels of miR-206. To test
this, I performed HLV injection on wild-type C57Bl/6 (WT) mice using saline only
and compared miR-206 expression to animals injured with barium chloride.
miR-206 levels decreased slightly (P = 0.02) on the third day after saline
injection, likely due to residual edema from the high-volume injection, but
remained unchanged (day 7 animals trended towards a 1.7-fold increase, P =
0.051) on subsequent days (Figure 2.1b). Conversely, barium chloride injury
strongly induced miR-206 approximately 11-fold (P = 0.0003) as previously
reported (Yuasa et al., 2008), suggesting that HLV injection does not activate a
widespread program of muscle regeneration.
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Figure 2.1: miR-206 levels after HLV injection. (A) Schematic depiction of HLV
injection of pDNA followed by in vivo BLI. (B) miR-206 expression in 3-4 mo. old C57Bl/6
(WT) animals receiving either HLV injection of saline solution or BaCl2 injury sacrificed at
the indicated time points, normalized to sno202. Relative levels measured in the right
(treated) gastrocnemius are displayed as mean values normalized to contralateral
controls. n = 3 or 4 animals/group, error bars = SEM, *P≤0.05, **P≤0.001.
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Reporter expression is well distributed and is quantifiable using in vivo imaging
!

To test the muscle distribution of reporter pDNA, we next injected WT mice

with 100 μg/animal of pCMV-eGFP. After 7 days, we performed
immunofluorescence on fixed cryosections and found that GFP expression was
visible in the sarcoplasm of myofibers in the gastrocnemius, soleus, and tibialis
anterior (TA) muscles (Figure 2.2). To determine injection efficiency, we
quantified GFP positive myofibers and found that 7.7%, 15.9% and 6.1% of fibers
in the soleus, gastrocnemius, and TA, respectively, expressed the reporter. We
also observed an absence of centrally located nuclei in GFP-positive myofibers,
further supporting the finding that HLV injection itself causes minimal muscle
injury. Next, I tested whether reporter gene expression can be quantified from
both bioluminescent and fluorescent reporters using in vivo imaging. To this end,
I injected either 100 μg each of pCBG99-Luc-Control and pcDNA-mKATE, or
pcDNA-mKATE alone into the right hindlimbs of WT mice and collected images 7
days later using BLI. The signal was easily visible and localized to the hindlimb
skeletal muscle for both reporters, although mKATE background signal was
frequently observed from the ventilation nosepiece and/or the distal parts of the
hindlimb (Figure 2.3). I also found that mKATE fluorescence did not bleed into
the luciferase channel, making it ideal for in vivo use in combination with CBG99luciferase.
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Figure 2.2: Reporter distribution. Reporter expression after HLV injection. Left
column: GFP epifluorescent signal displayed as inverted grayscale image, percentages
are an average of GFP positive fibers for indicated muscles. Right column:
immunostaining for laminin (red) and epifluorescence for GFP (green) and DAPI (blue)
to show distribution of GFP positive myofibers in indicated muscles. n = 1 animal, scale
bars = 100μm.
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Figure 2.3: Reporter detection using in vivo BLI. Mice injected with pcDNAmKATE (top) or pcDNA-mKATE and pCBG99-Luc-Control (bottom). Data
collected using Cy5.5 excitation/emission filters is shown in left column, and
after D-luciferin injection in right column.

In vivo measurement of promoter activity
!

Following isolation and in vitro validation of an upstream regulatory region

for Myh7b/miR-499 (data not shown), I decided that this was an ideal candidate
for in vivo promoter activity testing. To test if HLV combined with in vivo BLI can
be used to measure promoter activity in vivo, I injected WT animals using the
HLV technique. 7 days following injection of 100 µg pcDNA-mKATE along with
either a minimal promoter control (minTATA) or the Myh7b/miR-499 promoter
construct (m7b-6.2/luc), ROI analysis indicated significantly higher (P < 0.01)
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normalized reporter activity in the animals receiving m7b-6.2/luc construct when
compared to minTATA controls (Figure 2.4), indicating that the Myh7b/miR-499
promoter region was indeed active in skeletal muscle.
!

Ideally, use of HLV followed by in vivo BLI would allow us to follow the

same cohort of animals longitudinally during muscle remodeling, muscle disease,
or regeneration after injury. Given that miR-206 is highly expressed and robustly
up-regulated during skeletal muscle regeneration after injury ((Yuasa et al., 2008)
and Figure 2.1b), I tested miR-206 promoter activity during regeneration after
barium chloride injury. Animals were injected with 100 µg of luciferase reporter
pDNA containing either minTATA control or a 200 base pair miR-206 regulatory
region previously identified in the lab (K. Barthel). Two hours following injection,
animals received either barium chloride injury or PBS control injections. By
imaging longitudinally, I found a striking increase (P = 0.005) in luciferase signal
on day 3 post-injection in the miR-206 + injury group when compared to miR-206
control (Figure 2.5a). This is in agreement with the promoter being activated to
drive production of the pri-miR-206 transcript before the observed peak of mature
miR-206 on day 7. Additionally, ROI analysis showed that there was no difference
in luciferase signal between minTATA + injury and minTATA control animals
(Figure 2.5b), indicating that the increase in signal seen for the miR-206 + injury
group was not likely a result of enhanced plasmid uptake or general increases in
transcription and/or translation following injury.
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Figure 2.4: In vivo imaging of the m7b-6.2/luc construct activity in skeletal muscle.
(A) Bioluminescent images of a representative individual mouse co-injected with either
m7b-6.2/luc or the minimal TATA promoter luciferase control (minTATA) and the internal
control (pcDNA-mKate). (B) Quantification of photons emitted is displayed as Luc activity
normalized to mKate activity in the graph. Data presented are means of two mice ± SD.
*P≤0.01.
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Figure 2.5: miR-206 promoter activity during muscle regeneration. (A) Representative
animals from miR-206 control and miR-206 + Injury groups shown on indicated days postinjection. n = 4 animals/group were injected with 100 µg pDNA/construct and injured with
barium chloride 2 hours post-injection. (B) Quantification of luciferase signal from all animals
shows a significant (P=0.005) increase in photons/sec/cm2/st for miR-206 + Injury animals
compared to miR-206 Control. Mean values displayed with error bars = SEM.
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In vivo miRNA activity measurement
!

In order to measure miRNA activity in vivo, I inserted two perfectly

complementary miRNA binding sites downstream of the CBG99 luciferase coding
sequence, creating pCBG99-2x-miR-206. I next co-injected 100 μg of pcDNAmKATE along with either pCBG99-2x-miR-206 (left hindlimbs) or pCBG99-LucControl (right hindlimbs) into WT or dystrophic mdx4cv mice. 7 days later, I
measured the signal using in vivo BLI followed by ROI analysis (Figure 2.6b). To
ensure that I minimized the effect of differential plasmid distribution and injection
efficiency, the same region size was used for quantification in all animals, and the
luciferase signal was normalized to mKATE. After normalizing, the
CBG99:mKATE ratio from left hindlimbs was compared to control right hindlimbs.
In agreement with a 5-fold increase in miR-206 expression in mdx4cv animals by
qRT-PCR (P = 0.0001) (Figure 2.6a), the normalized bioluminescent signal in the
left hindlimbs of mdx4cv mice was reduced by 3.3-fold (P = 0.02) (Figure 2.6c).
While the decreased average signal in WT animals did not reach significance (P
= 0.15), the downward trend is likely due to the high abundance of miR-206 in
skeletal muscle, and the decreased miR-206 reporter signal in mdx4cv animals is
due to increased miR-206 expression. Given that miR-206 is highly expressed in
the regenerating fibers of dystrophic mice (Yuasa et al., 2008), this result
suggests that pDNA injected using HLV is also expressed in these fibers. To test
this, I injected mdx4cv animals with 100 μg of pCMV-eGFP and collected tissues
for immunofluorescence 7 days later. As expected, I found GFP expression in
small, desmin positive, regenerating myofibers with centrally located nuclei
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Figure 2.6: Quantification of miR-206 reporter activity in mdx4cv mice
(A) miR-206 expression measured in gastrocnemius muscles of 3 mo. old
mdx4cv animals in comparison to WT. miR-206 expression is normalized to
sno202. n = 4 animals/group, mean values displayed with error bars = SEM,
**P≤0.001. (B) BLI of mdx4cv animals showing CBG99 luciferase and mKATE
expression. Left hindlimbs are co-injected with pCBG99-2x-miR-206 and pcDNAmKATE, right hindlimbs co-injected with pCBG99-Control and pcDNA-mKATE (C)
ROI analysis of (B). The same region size was used for all animals. n = 4
animals/group, mean values displayed with error bars = SEM, *P≤0.05.
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(Figure 2.7, arrowheads), indicating that the decrease in luciferase signal
measured using BLI likely corresponds to a loss of luciferase activity in these
fibers.

mdx4cv!
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WT!
DAPI!

GFP

Desmin

DAPI!

Figure 2.7: Reporter expression in regenerating mdx4cv fibers. pCMV-eGFP injected
mdx4cv (left column) and WT (right column) gastrocnemius sections showing desmin
immunostaining (red), GFP epifluorescence (green), and DAPI (blue) demonstrate GFP
expression in regenerating fibers. Upper row images were taken using 10X objective lens,
lower row with 20X objective. Scale bars = 100μm.
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Discussion
!

Several groups have reported the safety and efficacy of pDNA injections

using HLV for gene therapy approaches (Hagstrom et al., 2004; Sebestyen et al.,
2006; Suda and Liu, 2007). I found this technique to also be useful in studies
requiring minimally damaging introduction of genetically encoded reporters into
skeletal muscle and have used it in combination with BLI and ROI analysis to
analyze Myh7b/miR-499 promoter activity in vivo (Yeung et al., 2012). I also
found that this technique induces minimal muscle regeneration as assessed by
miR-206 induction, and to my knowledge this is the first report of using an in vivo
transfection method which does not induce myofiber regeneration for luciferase
reporter studies.
!

!

The distribution of GFP positive myofibers after HLV injection that I

have seen is similar to that reported by Wooddell, et al. (Wooddell et al., 2011)
although the percentage of transfected fibers I report is lower. This may be due to
decreased sensitivity of detecting a fluorescent reporter (GFP) versus a
colorimetric stain (β-galactosidase). Similar to this report, I find the highest
percentage (15.9%) of transfected myofibers in the posterior lower leg
(gastrocnemius) muscles and the lowest percentage (6.1%) in the anterior lower
leg muscles (TA) (Figure 2.2). Additionally, others have observed reporter gene
expression up to 49 weeks after HLV injection (Wooddell et al., 2011), suggesting
that this method could be used for longer-term regulatory studies, provided that
the luciferase and mKATE signals follow similar expression profiles.
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!

Indeed, I found that HLV followed by BLI and ROI analysis was an

appropriate method for measuring reporter activity during muscle regeneration
induced by barium chloride. Given the lack of injury caused by the HLV injection
itself (Figure 2.1b), the detection of reporter pDNA expression in regenerating
fibers (Figure 2.7), as well as the ability to detect luciferase activity by BLI up to
28 days post-injection (Figure 2.5), this method may prove ideal for the
measurement of transcriptional and post-transcriptional changes during the
muscle remodeling associated with hypertrophy, atrophy, degeneration,
regeneration, aging, and disease.

Conclusion
!

In summary, hydrodynamic limb vein injection of plasmid DNA reporters into

skeletal muscle followed by bioluminescence imaging is a useful technique for
studies of gene regulation. Here, I show that it is possible to measure microRNA
activity in myofibers in situ, without activation of a regeneration response. This
technique has the added benefit of reducing the cost associated with producing
transgenic animals for skeletal muscle studies, and will likely allow reduced
animal numbers and decreased variability in future experiments by enabling
longitudinal studies of the same animal cohort.
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Materials and methods
Plasmid construction
A 6.2kb genomic region upstream of the first exon of the mouse Myh14 gene was
cloned from C2C12 genomic DNA with AccuPrime™ Supermix II (Invitrogen) into
pGL3-basic (Promega) to generate the m7bp-6.2/luc construct. For the 2xmiR-206 activity reporter, two perfectly complementary miR-206 binding sites
were inserted between the Xba1 and Fse1 restriction sites downstream of the
CBG99 stop codon in pCBG99-Control (Promega) using annealed
oligonucleotides (Supplemental Table 2). pcDNA-mKATE was a kind gift from
Amy Palmer (University of Colorado at Boulder), and pCMV-eGFP from Stephen
Langer (University of Colorado at Boulder). To construct pGL3-miR206-200bp, an
amplicon from C2C12 genomic DNA (Supplemental Table 2) was digested with
KpnI and NsiI and inserted between the KpnI and PstI sites of p3APP-Luc, a
derivative of pGL3-basic containing the TATA box sequence: 5’AGGGTATATAAT
upstream of the firefly luciferase gene (Hua et al., 1998). pGL3-minTATA was
described previously (Cheung et al., 2007). Briefly, the existing TGFβ-responsive
elements in p3APP-Luc were excised by digesting with KpnI and PstI, the 3’
overhangs were blunted with Klenow enzyme treatment, and the plasmid was
religated to generate pGL3-minTATA.

Hydrodynamic limb vein injection
All animal experiments were performed using protocols approved by University of
Colorado and Colorado State University Institutional Animal Care and Use
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Committees (IACUC). Mice were injected according to a protocol modified from
Hagstrom, et al. (Hagstrom et al., 2004). Briefly, after sedation with 1-4% inhaled
isoflurane, a tourniquet was secured around the upper hindlimb to restrict blood
flow for 1-2 minutes prior to injection, and 2 minutes after injection. The hindlimb
was first cleaned with 70% ethanol, and an incision was made with surgical
scissors on the medial surface of the leg to expose the great saphenous vein
(Figure 2.1a). A ½ inch 30-gauge needle connected by catheter to a syringe was
then inserted in an anterograde direction into the vein. Endotoxin-free pDNA
isolated using Endofree® Plasmid Maxi Kit (Qiagen) and diluted in sterile saline
solution (volume determined according to the formula: 1 + (((body weight in
grams-25)/25)x1/2) mL) was delivered at a rate of 7 mL/min by a programmable
syringe pump (KD Scientific). 2 minutes after the injection was completed, the
tourniquet was released and the incision was closed with nonabsorbable 6-0 silk
suture (Davis-Geck). Mice recovered on a 37°C heat block and were monitored
for adverse effects.

Barium chloride injury
To induce muscle degeneration, mice were first anesthetized with 1-4% inhaled
isoflurane, and the right hindlimb was shaved. After cleaning the area with 70%
ethanol, the right gastrocnemius was injected with 50 μL of a 1.2% barium
chloride solution in normal saline using a 27-gauge insulin syringe. Mice
recovered on a 37°C heat block and were monitored for adverse effects.
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In vivo bioluminescent and fluorescent imaging
Animals were anesthetized using 1-4% isoflurane prior to imaging and placed in
the chamber of an IVIS® 100 in vivo imaging system (Caliper Biosciences)
housed at Colorado State University’s Animal Cancer Center (Fort Collins, CO,
USA). mKATE fluorescent signal was then collected using sequential mode with
a 1s exposure time and the Cy5.5 excitation/emission filter set. Animals were
then removed from the imaging chamber and injected with 200 μL of 30 mg/mL
D-luciferin intraperitoneally. 10 min following substrate injection, bioluminescent
signal was collected for 1 minute using the open filter mode (Figure 2.1a).
Images were analyzed using LivingImage® software (PerkinElmer) and photons/
sec/cm2/steradian were quantified using region-of-interest (ROI) analysis. Mice
recovered from anesthesia on a 37°C heat block.

Immunofluorescence
Muscles for immunofluorescence were frozen in liquid nitrogen-cooled
isopentane and mounted in Tissue-Tek® O.C.T. (Sakura Finetek). 12 μm thick
cryosections were fixed in 4% paraformaldehyde for 10 minutes at room
temperature, then blocked for 1 hour with 5% goat serum in phosphate buffered
saline (PBS) and 0.1% Triton X-100. Following blocking, sections were stained
with anti-laminin at 1:500 (Sigma L-9393, produced in rabbit) or anti-desmin at
1:20 (Sigma D-8281, produced in rabbit) overnight at 4°C. After washing several
times in PBS with 0.1% Triton X-100, anti-rabbit Texas red secondary antibody
was applied at 1:100 dilution for 1 hour at 37°C (Jackson 711-075-152). After
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washing again in PBS with 0.1% Triton X-100, sections were counterstained with
300nM 4',6-diamidino-2-phenylindole (DAPI) for 5 minutes at room temperature
(Sigma D-9542), and mounted using Fluoromount G (Southern Biotech).

Quantification of injection efficiency
To determine HLV injection efficiency, percentages of GFP positive fibers were
quantified using immunofluorescence on lower hindlimb sections from pCMVeGFP injected animals. Following imaging on an inverted epifluorescent
microscope (Nikon Eclipse TE2000), GFP, laminin, and DAPI images were
merged to produce a composite (ImageJ software). GFP positive fibers were
counted when GFP signal across a myofiber was greater than background levels.
Total fiber number was counted using laminin staining to demarcate fiber
boundaries. Percentages are reported as an average of GFP positive fibers for
10 fields of view for the gastrocnemius, and 5 fields each for soleus and tibialis
anterior (TA).

qRT-PCR
To measure miRNA expression, total RNA was first isolated from snap frozen
skeletal muscles using TRI Reagent® (Molecular Research Center). 7 ng total
RNA per reaction was reverse transcribed and PCR amplified on a CFX96
thermocycler (Bio-Rad) using Taqman® miRNA assays (Invitrogen). Relative
miRNA expression was determined using the 2-ΔΔCt method (Livak and
Schmittgen, 2001), using sno202 as a reference gene.
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Statistical analysis
For qRT-PCR experiments, relative miR-206 expression values were compared
to controls (for Figure 2.1, controls were uninjured/uninjected contralateral limbs
for each time point, for Figure 2.4 controls were WT animals) using an unpaired
student’s t-test. For BLI measurements, statistics were performed by comparing
mean normalized photons/sec/cm2/steradian (CBG99/mKATE) of pCBG99-2xmiR-206 injected hindlimbs, to mean normalized photons/sec/cm2/steradian of
pCBG99-Control injected hindlimbs for mdx4cv and WT animals using an
unpaired student’s t-test.
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Chapter III: Characterizing the role of miR-30 family microRNAs
during skeletal myogenesis

Introduction
!

Duchenne Muscular Dystrophy (DMD) is a lethal muscle degenerative

disease that affects 1 in 3500 males (Emery, 1991) and is caused by mutations in
the cytoskeletal protein dystrophin. While many therapeutic strategies are
currently being developed to treat DMD (reviewed in (Guglieri and Bushby,
2010)), the disease remains uncured. DMD is characterized by constant,
contraction-induced myofiber degeneration followed by a regenerative response
consisting of: activation of quiescent satellite cells, proliferation of the resulting
myogenic precursor cells (myoblasts), and terminal differentiation and fusion of
myoblasts into myofibers. Eventually, this regenerative response is exhausted,
leading to progressive muscle loss and weakness (reviewed in Khurana and
Davies, 2003). Thus, strategies aimed at increasing satellite cell activation,
myoblast proliferation, or enhancing differentiation may be beneficial to the
treatment of DMD.
!

microRNAs (miRNAs) are short, endogenous non-coding RNAs that post-

transcriptionally repress gene expression by promoting translational repression
and/or mRNA decay, resulting in decreased protein expression (Djuranovic et al.,
2012). Primary miRNA transcripts containing one or several ~70 nucleotide-long
pre-miRNA hairpins are transcribed in the nucleus by RNA polymerase II or III
(Borchert et al., 2006; Lee et al., 2004). Following transcription, the primary
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miRNA transcripts are bound by the Microprocessor complex (made up of
DROSHA/DGCR8), which utilizes RNAse III activity to excise the pre-miRNA
hairpins (Lee et al., 2003). Following binding and export from the nucleus by
exportin 5 (Yi et al., 2003), pre-miRNAs are bound by another RNAse III activitycontaining enzyme (DICER1) which removes the terminal loop, resulting in a ~22
nucleotide-long RNA duplex (Bernstein et al., 2001). The ‘guide‘, or active strand
of this duplex is then incorporated into the RNA-induced silencing complex
(RISC), made up of the miRNA and an argonaute (AGO2) protein (Meister et al.,
2004). RISC is then guided to target sites located primarily in the 3’-untranslated
regions (3’-UTRs) of mRNA target genes, with complementarity at nucleotides
2-8 at the 5’ end of the miRNA (the “seed”) providing most of the pairing
specificity (reviewed in (Bartel, 2004; Filipowicz et al., 2008)).
!

In addition to miRNAs and argonaute proteins, several components of

cytoplasmic granules known as P-bodies (also GW-bodies) are required for
miRNA repression. P-bodies are ribonucleoprotein complexes that are sites of
mRNA translational repression and degradation (Eulalio et al., 2007). Indeed, Pbodies are enriched for the presence of miRNAs, repressed mRNAs, and
argonaute proteins (Liu et al., 2005). Importantly, the P-body component GW182
has been shown in D. melanogaster to interact with argonaute proteins, and to
be required for miRNA repression (Till et al., 2007). In mammals, the GW182
paralogues TNRC6A, TNRC6B, and TNRC6C have been shown to be present in
P-bodies and required for efficient miRNA-mediated repression (Jakymiw et al.,
2005; Meister et al., 2005; Zipprich et al., 2009).
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!

miRNAs have been shown to be essential for both embryonic myogenesis

(O'Rourke et al., 2007) and adult myogenesis after injury (Cheung et al., 2012).
In addition to the finding that miRNAs as a whole are essential to proper muscle
formation, individual miRNAs have been shown to play key roles in myogenesis,
including species that regulate satellite cell quiescence (miR-489, (Cheung et al.,
2012)), promote proliferation (miR-133, miR-27 (Chen et al., 2006; Huang et al.,
2012)), promote myoblast differentiation (miR-206, miR-1 (Kim et al., 2006; Liu et
al., 2012)), and regulate fiber type switching (miR-499, miR-208a, miR-208b (van
Rooij et al., 2009)).
!

While several studies have previously profiled miRNA expression in

dystrophic human (Eisenberg et al., 2007) and mouse muscle samples (Greco et
al., 2009) using microarrays, advances in deep sequencing technology have
increased the sensitivity, dynamic range, and reproducibility of miRNA expression
profiling (Git et al., 2010). Deep sequencing provides both the sensitivity to detect
low abundance miRNA species and specificity to distinguish between miRNAs in
the same seed family. While these studies have provided important insight into
differentially expressed miRNAs in dystrophic muscle, I hypothesized that using a
high-throughput sequencing approach would identify additional differentially
expressed miRNAs and provide insight into DMD pathology.
!

The pre-miR-30a hairpin was originally isolated and cloned from HeLa cell

RNA (Lagos-Quintana et al., 2001), and was later shown to be a member of a
miRNA seed family containing miR-30a-5p, miR-30b, miR-30c, miR-30d, and
miR-30e (Lagos-Quintana et al., 2002). miR-30 family miRNAs are conserved in
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vertebrates and are highly expressed in kidney (Agrawal et al., 2009), lung
(Caruso et al., 2010) cardiac (Rao et al., 2009) and skeletal muscle tissue (Olson
et al., 2010). Numerous functions have been described for the miR-30 family,
including regulation of fibrosis, apoptosis, and hypertrophy in cardiomyocytes
(Jentzsch et al., 2011; Li et al., 2010), regulation of pronephros development in
the kidneys (Agrawal et al., 2009), as well as the regulation of epithelial-tomesenchymal transition in hepatocytes (Zhang et al., 2012). Interestingly, little
has been published about the role of the miR-30 family in skeletal muscle. In
zebrafish, Ketley et al. recently showed that the miR-30 family promotes a fast
muscle phenotype during embryonic muscle development and that inhibition of
the miR-30 family in zebrafish embryos increased the percentage of slow fibers
(Ketley et al., 2013). In another recent publication, Soleimani et al. proposed that
miR-30-mediated regulation of the transcriptional repressor SNAI1 facilitates
entry into the myogenic gene program and promotes differentiation of primary
mouse myoblasts (Soleimani et al., 2012). Together, these results indicate that
the miR-30 family may play roles in both adult and developmental myogenesis,
but a detailed in vivo study in mice has yet to be done.
!

By deep sequencing small RNAs from wild-type C57Bl/6 (WT) and

dystrophic mdx4cv gastrocnemius muscles, I found the miR-30 family miRNAs to
be coordinately down-regulated when compared to WT. Given the high
abundance in skeletal muscle and differential expression, I decided to further
investigate the function of miR-30 family miRNAs during mammalian myogenesis
and disease. My results indicate that the miR-30 family may function as key
40

regulators of myogenesis by promoting myoblast terminal differentiation and
restricting proliferation. In addition, I identify Smarcd2, Snai2 and Tnrc6a as
direct miR-30 targets that may be responsible for the miR-30 family’s functions.
These findings may have important implications in the treatment of muscle
disease.

Results
miRNA sequencing reveals reduced miR-30 family expression in mdx4cv animals
!

In order to identify miRNAs important in myogenesis, I hypothesized that,

as dystrophic muscle is undergoing constant cycles of degeneration/
regeneration, miRNAs differentially expressed between dystrophic and healthy
muscle may represent miRNAs important in myogenesis. I thus performed highthroughput small RNA sequencing (miRNA-seq) on RNA isolated from the
gastrocnemius of 3-month old male WT and mdx4cv animals. This mixed fibertype muscle group was chosen as it displays most of the features of dystrophic
pathology (Figure 1.2), and avoids skewing the results for a fiber-type specific
expression profile. Following RNA isolation and cDNA library construction, 2
animals each of mdx4cv and WT were sequenced, and the data were aligned to
the mouse genome (mm8) using the stand-alone small RNA sequencing analysis
tool miRanalyzer (Hackenberg et al., 2011) (Supplemental Table 1). Due to
animal-to-animal variability and the unreliability of using P-values for 2 replicates,
I averaged the normalized read counts for each group and selected the top 300
most abundantly cloned miRNAs (Figure 3.1a). Confirming my data set, I found
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that miR-206 and miR-21, which have been previously shown to be up-regulated
in dystrophic mice (Ardite et al., 2012; Liu et al., 2012), were up-regulated 18and 8-fold, respectively. Interestingly, I also found that the normalized read
counts for the entire miR-30 family were strikingly reduced in mdx4cv animals
(Figure 3.1b). The miR-30 miRNAs belong to the same seed family and thus
share identical seed sequences (Figure 3.1c) and likely regulate an overlapping
set of targets. While the miR-30 family includes 5 mature miRNAs (miR-30a-5p,
miR-30b, miR-30c, miR-30d and miR-30e), for this study I have focused on
miR-30a-5p, miR-30b and miR-30c (“miR-30a/b/c”) to represent miRNAs from
each of the three primary miR-30 transcripts (Supplemental Figure 3.1). In
addition to experimental simplicity, the selection of these three family members
was due to sequence similarity of miR-30a-5p, miR-30d and miR-30e (differing
by only one nucleotide each) (Figure 3.1c). In order to confirm these results, I
performed qRT-PCR on a larger (n = 4) cohort of animals, and similarly found a
marked reduction in the levels of miR-30a/b/c in the dystrophic gastrocnemius,
soleus, and tibialis anterior (TA) muscles (Figure 3.2).

miR-30a/b/c expression increases during myogenesis
!

To test if the reduction in miR-30 family miRNA expression found in

dystrophic muscle can be attributed to expression changes in the myoblasts
themselves or is a result of other non-myoblast cell types, I measured miR-30a/b/
c expression during C2C12 myoblast differentiation in vitro. Following withdrawal
of serum from the medium, I observed significant increases in miR-30a-5p (~1.5
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Figure 3.1: miRNA-seq reveals reduced miR-30 family miRNAs in mdx4cv muscles. RNA
isolated from 3-month old C57Bl/6 (WT) and mdx4cv gastrocnemius muscles (n = 2/group) was
adapter-ligated, reverse-transcribed, and PCR amplified to produce a cDNA library for
sequencing using the Illumina platform. Following sequencing, reads were aligned and counted,
then normalized to total miRNA reads. (A)Scatterplot shows the top 300 most abundantly cloned
miRNAs. Note miR-206 and miR-21 (red, overexpressed in mdx4cv) and miR-30 family (green,
down-regulated in mdx4cv). (B) Normalized read counts of miR-30 family miRNAs displayed
relative to C57Bl/6. (C) Alignment of miR-30 family miRNAs shows positions conserved in all
miR-30 family members (bold) seed sequence (underlined) and positions that differ from
miR-30a-5p (red).
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Figure 3.2: qRT-PCR validation of reduced miR-30 family miRNA expression.
RNA from whole gastrocnemius, soleus, and tibialis anterior muscles of 3-month old
WT and mdx4cv animals validates down-regulation of miR-30a-5p, miR-30b and
miR-30c. n = 4 animals/group, error bars = SEM, *P≤0.05, **P≤0.001 compared to WT.

44

fold), miR-30b (~2 fold) and miR-30c (~2 fold) expression as differentiation
progressed (Figure 3.3), indicating that the miR-30 family is expressed in
myoblasts and may contribute to differentiation in vitro. Given the decreased
miR-30 family expression in dystrophic muscle which is undergoing constant
cycles of degeneration/regeneration, I wanted to examine miR-30 family
regulation during regeneration after actute injury. Accordingly, I performed barium
chloride injury in the gastrocnemius muscles of WT animals to test regeneration
after injury in vivo and measured miR-30 family expression levels in comparison
to uninjured contralateral controls. Barium chloride is an established model of
muscle degeneration that induces widespread necrosis of myofibers and
subsequent regeneration (Caldwell et al., 1990). By day 3 post-injury,
degenerating fibers surrounded by numerous mononuclear (presumably
leukocytes and macrophages) cells are visible, as well as small diameter,
centrally nucleated myofibers surrounded by vast interstitial spaces. (Figure
3.4a). By day 7 post-injury, these immature myofibers have grown in diameter
and by day 14 the interstitial spaces have shrunk and myofibers are nearly back
to uninjured sizes despite the persistence of centrally located nuclei. During this
period, miR-30 family expression reaches a minimum on day 3 post-injury (~4-5
fold reduction in miR-30a/b/c) (Figure 3.4b), and then begins to increase towards
uninjured levels on days 7 and 14, again indicating a correlation between high
miR-30a/b/c levels and muscle differentiation during adult myogenesis.
!

Given these dynamic expression changes during adult myogenesis,

changes in miR-30 family expression could also be expected during
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Figure 3.3: miR-30 expression increases during in vitro myoblast differentiation.
(A) Relative miR-30a-5p, miR-30b and miR-30c (miR-30a/b/c) expression levels
measured using Taqman qRT-PCR (normalized to sno202) indicate increased expression
during C2C12 differentiation. Error bars = SEM, *P≤0.05 compared to day -2 for each
miRNA. (B) Schematic indicating differentiation time course. GM = growth medium, DM =
differentiation medium.

developmental myogenesis. To find out whether high miR-30a/b/c expression is a
generalized feature of myogenesis or exclusively a feature of adult myogenesis, I
isolated limb buds from WT 15.5 days post-coitum embryos and compared the
levels of miR-30a/b/c expression to those in the adult gastrocnemius. Again I
found high levels of miR-30a/b/c expression in the fully mature, adult tissue and
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low levels (~10 fold lower on average for miR-30a/b/c) in the developing muscle
(Figure 3.5), indicating that increased miR-30a/b/c expression is a feature of both
adult and developmental myogenesis.
!
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Figure 3.4: miR-30a/b/c are decreased after injury, then return towards uninjured levels
during regeneration. (A) H&E stained transverse sections of BaCl2-injured tibialis anterior
muscles from 3-month old WT animals shows degeneration/regeneration timecourse. (B)
Taqman® qRT-PCR of miR-30a/b/c from BaCl2-injured WT gastrocnemius muscles. After
reaching a minimum on day 3 post-injury, miR-30 levels begin to return towards uninjured
levels on days 7 and 14. Expression displayed as injured (R) gastrocnemius relative to
uninjured contralateral (L) controls, normalized to sno202. Error bars = SEM, *P≤0.05,
**P≤0.001 compared to uninjured controls for a given miRNA at the indicated time.

47

Hindlimb Development
Relative Expression

40
30

miR-30a-5p
miR-30b
miR-30c

*
**

20

*
10
5
4
3
2
1

A

15

du .
lt 5d
G pc
as
tr
oc
A
du 15.
lt 5d
G pc
as
tr
oc
A
du 15.
lt 5d
G pc
as
tr
oc

0

Figure 3.5: miR-30a/b/c expression increases during developmental myogenesis. qRTPCR of miR-30 a/b/c from WT 15.5 days post-coitum (dpc) embryo limb buds indicates lower
relative levels of expression than WT adult gastrocnemius muscles. miR-30 family expression
displayed relative to 15.5 dpc miR-30a-5p levels, normalized to sno202. Error bars = SEM,
*P≤0.05, **P≤0.001 compared to 15.5 dpc levels for given miRNA.

miR-30a/b/c expression is reduced during muscle disuse atrophy
!

The observation that miR-30a/b/c expression increases during both C2C12

myoblast differentiation in vitro and during hindlimb development in vivo indicates
that high miR-30 levels are associated with myotube hypertrophy in vitro and
increases in muscle mass during development in vivo. To test if the opposite is
also true, I utilized a hindlimb suspension (immobilization) model of muscle
disuse atrophy. During hindlimb suspension, muscle atrophy occurs along with
decreases in myofiber cross-sectional area (Haida et al., 1989) and protein
synthesis (Booth and Seider, 1979). As shown previously in Hanson, et al., calf
complex muscle weights decreased significantly following 14 days of hindlimb
suspension (Figure 3.6). While miR-30c was never significantly reduced during
48

Calf Weight/ Body Weight

200

Hindlimb Suspension

150

*

*

*

3

7

14

100

50

0

Day 0

1

Figure 3.6: Data adapted from Hanson, A., et al. Muscle & Nerve, 2013.
Hindlimb suspension causes calf complex muscle atrophy. Hindlimb suspension
was performed on WT animals (n = 7/group) for the indicated number of days. Wet
muscle weights and body weights were measured post-mortem. Error bars = SEM,
*P≤0.05 relative to day 0 controls.

the experiment, miR-30a/b levels decreased significantly by day 3 (P ≤ 0.05), and
were reduced by a maximum of ~30% on day 7 (Figure 3.7).

miR-30 family miRNAs promote a myogenic program in vitro by increasing
myogenin expression and decreasing proliferation
!

To gain insight into whether increased miR-30 family miRNA expression

promotes or is merely correlated with myogenesis, I performed gain-of-function
experiments. Before transfecting cells and performing phenotypic analysis, I first
optimized C2C12 myoblast transfection and found that 24 hours following
transfection of synthetic pre-miR-30a-5p, mature miR-30a-5p levels increased
dose-dependently when compared to a scrambled pre-miR control at equivalent
concentrations (Supplemental Figure 3.2). Thus, I transfected C2C12 myoblasts
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Figure 3.7: miR-30ba/b are reduced in the calf complex during muscle disuse
atrophy. WT animals (n = 4/group) were subjected to the hindlimb suspension model of
muscle disuse atrophy and sacrificed at the indicated time points. Taqman® qRT-PCR
was normalized to sno202, and displayed relative to day 0 controls. Significant
decreases are shown for miR-30a-5p on days 3, 7 and 14, and miR-30b on days 1, 3, 7
and 14. Mean values displayed with error bars = SEM. *P≤0.05 relative to day 0 controls.

with an equimolar mix of synthetic pre-miR-30a-5p, pre-miR-30b and premiR-30c at 10nM final concentration. Following 24 hours in culture, the
transfected myoblasts were fixed and stained for a well-known marker of
differentiation, MYOG (an MRF responsible for promoting muscle-specific gene
expression and differentiation in lineage-committed myoblasts). Following
quantification of MYOG+ nuclei, I found a striking 65% increase (P = 5e-5) in
MYOG positive cells (Figure 3.8), indicating that miR-30 promotes terminal
differentiation. During myoblast differentiation, multipotent progenitor cells
commit to the myogenic lineage, proliferate, then withdraw from the cell cycle
prior to fusion. I thus wondered whether ectopic miR-30 family miRNA expression
could decrease the proportion of proliferating cells. To this end I transfected
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proliferating C2C12 with a representative synthetic miR-30 family member,
miR-30a-5p, then performed 5-ethynyl-2’-deoxyuridine (EdU) proliferation
analysis. In comparison to a scrambled pre-miR control at equivalent
concentrations, EdU incorporation was reduced dose-dependently by 10% and
15% (P ≤ 0.05) in 10nM and 50nM transfected cells, respectively (Figure 3.9),
indicating that high miR-30 family expression reduces the proportion of
proliferating cells in vitro.

Putative direct miR-30 family targets include epigenetic, transcriptional, and posttranscriptional regulators of gene expression
!

To identify direct miR-30 family targets that are responsible for the function

of the miR-30 family during myogenesis, I first utilized TargetScan (Garcia et al.,
2011) to identify predicted targets. To narrow the candidate target list as well as
gain insight into the biological processes and pathways that may be regulated by
the miR-30 family, I took the 1133 predicted targets and performed gene ontology
(GO) analysis using the Database for Annotation, Visualization and Integrated
Discovery (DAVID) (Huang et al., 2008). When sorted for P-value, the functionally
annotated biological processes that are most enriched in the list of predicted
miR-30 family targets include the regulation of transcription, gene expression,
and macromolecule synthesis (Figure 3.10). From these categories, I then
selected 6 candidate genes that have been previously shown to be involved in
myogenesis (Table 3.1), including Nfyb, a subunit of the NF-Y transcription
complex important in regulating proliferation during myogenesis (Gurtner et al.,
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Figure 3.8: miR-30a/b/c promote differentiation of myoblasts in vitro. (A) Fluorescence and
brightfield microscopy of C2C12 myoblasts transfected with the indicated synthetic pre-miRs at
10nM final concentration. 24 hours after transfection, cells were stained with 4’-6-diamidino-2phenylindole (DAPI) and anti-MYOG antibodies (red). Scale bars = 200µm. (B) Quantification of
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Figure 3.9: miR-30a-5p decreases proliferation cells in vitro. (A) Fluorescence microscopy
of C2C12 myoblasts transfected with the indicated constructs at 10nM final concentration and
pulsed for 2 hr. with 5-ethynyl-2’-deoxyuridine (EdU). Cells were then fixed and stained with
DAPI and Alexa-555 (EdU). (A) Quantification of EdU+ cells transfected with either pre-miRcontrol or pre-miR-30a-5p at the indicated concentrations. Error bars = SEM, *P≤0.05
compared to pre-miR-control.
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Figure 3.10: Predicted miR-30 family targets are enriched for regulators of gene
expression. Predicted miR-30 targets (TargetScan) are shown sorted by P-value for enriched
biological processes. Most significant biological processes include regulation of transcription,
gene expression, and macromolecule biosynthesis.

Gene Symbol

Alias

Predicted miR-30
sites

3’-UTR length (kb)

Nfyb

NF-Y

1

2

Ppargc1a

Pgc-1

3

4

Runx1

AML-1

2

4.2

Smarcd2

Baf60b

1

0.9

Snai2

Slug

1

1.2

Tnrc6a

GW182

4

2.3

Table 3.1: Candidate miR-30 family target genes

2003), Ppargc1a (Pgc-1a), a transcription factor that regulates mitochondrial
biogenesis in muscle (Handschin et al., 2007), Runx1 (AML-1) a subunit of the
core binding factor CBF and transcriptional repressor of myogenesis (Philipot et
al., 2010), Smarcd2 (Baf60b), a SWI/SNF chromatin remodeling complex subunit
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shown to be important in muscle differentiation (Goljanek-Whysall et al., 2012),
Snai2 (Slug), a transcriptional repressor important in muscle differentiation
(Soleimani et al., 2012), and Tnrc6a (GW182), an argonaute binding partner and
key factor required for all miRNA-mediated repression (Liu et al., 2005). To
further sort these candidates, I measured the expression levels of their mRNAs in
mdx4cv skeletal muscles by qRT-PCR, including Galnt7 as a positive control
miR-30 target (Gaziel-Sovran et al., 2011). If miR-30 directly regulates the
expression of these candidates at the mRNA level, one could expect derepression in mdx4cv muscles where miR-30 family expression is reduced. While
no change was observed for Nfyb and Ppargc1a, I found that Runx1, Smarcd2,
and Tnrc6a were increased in their expression in the gastrocnemius muscles,
and that Snai2 trended towards an increase (P = 0.07) (Figure 3.11), indicating
that these may be direct miR-30 targets. While Nfyb and Ppargc1a may still be
regulated at the translational level, the following experiments follow up on genes
that changed at the mRNA level.

Tnrc6a, Smarcd2, and Snai2 are regulated by miR-30a/b/c
!

To validate direct regulation of Runx1, Smarcd2, Snai2, and Tnrc6a by

miR-30a/b/c, I cloned the full length 3’-UTRs containing miR-30 target sites from
C2C12 genomic DNA and inserted the fragments downstream of the Renilla
luciferase coding sequence in psiCHECK™-2. I then transfected these constructs
into C2C12 cells along with synthetic pre-miR-30a/b/c or control pre-miR, and
measured the luciferase signal following 24 hours in culture. Interestingly, I found
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Figure 3.11: A subset of candidate miR-30 target genes are up-regulated in mdx4cv
muscles. qRT-PCR measurement of indicated mRNAs performed on cDNA prepared from
3-month old mdx4cv muscles. Values displayed as fold change compared to WT animals for
the same muscle group, normalized to 18S. Galnt7 was included as a positive control
miR-30 target. Error bars = SEM, *P≤0.05, **P≤0.001 compared to WT.

the highest level of repression for Tnrc6a, with ~50% and ~60% reductions in
activity for 0.5nM and 5nM pre-miR-30a/b/c, respectively (Figure 3.12).
Additionally, I found significant (P ≤ 0.05) ~50% reductions in luciferase activity
for Smarcd2 and Snai2, further supporting the notion that miR-30a/b/c promotes
myogenesis by targeting factors important in regulating gene expression.

miR-30 family miRNAs increase protein synthesis
!

TNRC6A (a mammalian GW182 paralogue) has been shown to be

required for efficient miRNA-mediated repression (Eulalio et al., 2008b; Nishi et
al., 2013), as have TNRC6B and TNRC6C (Meister et al., 2005; Zipprich et al.,
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Figure 3.12: miR-30a/b/c regulates the expression of Tnrc6a, Smarcd2, and Snai2. Full
length 3’-UTRs inserted into the luciferase reporter plasmid psiCHECK™-2 were transfected into
proliferating C2C12 myoblasts along with the indicated concentration of pre-miR-30a/b/c or premiR-control. 24 hours following transfection, cells were lysed and the Renilla luciferase signal
was normalized to the Firefly internal control. Values are displayed as fold change relative to
mock for each construct. Galnt7 is again included as positive control for miR-30 regulation. Error
bars = SEM, *P≤0.05, **P≤0.001 compared to pre-miR-control.

2009). After finding that the Tnrc6a 3’-UTR was repressed ~60% by miR-30a/b/c
overexpression, I wondered if miR-30 regulation was conserved in the other two
members of the Tnrc6 family and so searched for miR-30 sites in the 3’-UTRs of
Tnrc6b and Tnrc6c. Interestingly, I found 2 conserved miR-30 sites each in the
3’-UTRs of Tnrc6b and Tnrc6c, indicating that miR-30 family miRNAs may play a
key role in regulating global miRNA-mediated repression. If miR-30 family
miRNAs control miRNA repression by targeting Tnrc6 family proteins, I could
expect that high levels of miR-30 would repress Tnrc6a, Tnrc6b and Tnrc6c
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levels resulting in global de-repression of miRNA targets and increased protein
synthesis. To test if high miR-30 family miRNA levels increase protein synthesis, I
performed a 3H-tyrosine pulse assay on differentiated C2C12 myotubes. In order
to achieve miRNA overexpression throughout the myotubes, I utilized
adenoviruses expressing miR-30a (ad-miR-30a) or the miR-30b/d (ad-miR-30b/
d) cluster, with empty adenovirus (ad-empty) serving as an infection control. After
normalizing to protein content, I found a significant ~2-fold increase (P ≤ 0.05) in
protein synthesis in the ad-miR-30b/d cells when compared to ad-empty (Figure
3.13), suggesting that the miR-30 family encourages differentiation by repressing
the Tnrc6 family and de-repressing miRNA targets, thereby increasing protein
synthesis. Although there was no difference in the ad-miR-30a infected group,
this could be a dosage effect resulting from having two miR-30 family members
expressed in the ad-miR-30b/d infected cells and only one in the ad-miR-30a
infected cells.

miR-30 family inhibition in vivo
"

To investigate the role of the miR-30 family in myogenesis and interrogate

the outcome of miR-30 family inhibition in vivo, I decided to test miR-30 family
inhibition using a locked nucleic acid (LNA)-modified, antisense DNA
oligonucleotide designed to be partially complementary to the entire miR-30
family. Based on studies from other groups, LNA modified oligonucleotides can
be designed to target multiple miRNA family members and can be delivered in
vivo to result in perduring miRNA inhibition across multiple tissues (Obad et al.,
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Figure 3.13: miR-30b/d overexpression increases protein synthesis.
3H counts per minute (CPM) normalized to µg protein, relative to ad-empty
infected cells. C2C12 cells were infected at a multiplicity of infection (MOI)
of 50 48 hours after inducing differentiation, and pulsed with 3H-tyrosine for
2 hours. Cycloheximide (CHX) treated cells included as a negative control
for protein synthesis. Error bars = SEM, *P≤0.05

2011; Porrello et al., 2011). Prior to in vivo testing, I tested a 16-mer DNA/LNA
oligonucleotide directed against the miR-30 family (antimiR-30) in vitro. To
exclude the possibility of nonspecific effects caused by transfection of a DNA/
LNA oligonucleotide, I included a control oligonucleotide with identical chemistry
directed against a C. elegans miRNA (antimiR-control). 24 hours after
transfecting C2C12 myoblasts with increasing concentrations of antimiR-30 or
antimiR-control, I isolated RNA and measured the levels of miR-30a/b/c.
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AntimiR-30 dose-dependently reduced the expression of miR-30a/b/c when
compared to antimiR-control at the same concentrations, indicating that
antimiR-30 successfully inhibits the function of representative miR-30 family
members (Figure 3.14). While antimiR-30 did not inhibit miR-30a/b/c equally,
miR-30b was repressed most efficiently, with a ~5-fold reduction in expression
(P ≤ 0.001), followed by miR-30c at ~4-fold (P ≤ 0.05) and miR-30a-5p at ~3-fold
(P ≤ 0.05). While these data suggest that antimiR-30 is more effective at reducing
miR-30b and miR-30c expression, the observed difference is also in agreement
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Figure 3.14: antimiR-30 inhibits miR-30a/b/c in myoblasts in vitro.
Taqman qRT-PCR of miR-30a/b/c normalized to sno202 shows dosedependent decrease in expression 24 hours following transfection. Values
displayed are normalized to antimiR-control transfected cells at the indicated
concentrations. Error bars = SEM, P≤0.05, **P≤0.001 compared to antimiRcontrol transfected cells.
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with miR-30b and miR-30c being expressed at higher levels than miR-30a-5p in
skeletal muscle (Supplemental Figure 3.3).
!

For in vivo testing, 8-week old mdx4cv mice were injected with antimiR-30

or antimiR-control at 25 mg/kg subcutaneously (s.q.) daily for the first 3 days,
then weekly until day 30 (days 10, 17 and 24) (Figure 3.15a). A subset (n = 1/
group) received Evan’s blue dye 24 hours prior to sacrifice to identify necrotic
fibers. In agreement with the in vitro data, antimiR-30 treatment ablated miR-30b
and miR-30c expression in the gastrocnemius (P ≤ 0.001) , but resulted in a more
modest ~60% reduction in miR-30a-5p levels (P ≤ 0.05) (Figure 3.15b).
Surprisingly, I did not find any deficits in body weight gain during the 30 days of
treatment, nor did I find any differences in post-mortem muscle weights (Figure
3.16). However, Evan’s blue dye staining in one animal/group indicated that there
were more necrotic fibers in the antimiR-30 injected animal than the antimiRcontrol injected animal (Figure 3.17, asterisks), raising the possibility of increased
myofiber necrosis in antimiR-30 injected animals. I also observed the presence of
degenerating fibers (asterisk) and interstitial mononuclear cells (arrowheads) on
H&E stained sections, again indicating the possibility of dysregulated
degeneration/regeneration in antimiR-30 injected animals. Lastly, I measured the
expression of Tnrc6a, Tnrc6b and Tnrc6c in the gastrocnemius, TA, and soleus
muscles by qRT-PCR to determine if miR-30 family inhibition de-repressed target
gene expression. I found a significant increase in Tnrc6b expression in the
gastrocnemius (P = 0.02) and trends towards increases in the TA (P = 0.13) and
soleus (P = 0.1) as well (Figure 3.18). I also found non-significant increases in
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Figure 3.15: In vivo antimiR-30 treatment reduces miR-30a/b/c expression. (A)
Schematic showing time course overview of in vivo antimiR experiment. 8-week old mdx4cv
animals (n = 4/group) received 25 mg/kg antimiR injections subcutaneously on days indicated
with black arrows. Red arrow indicates Evan’s blue dye administration. Animals sacrificed on
day 30. (B) Expression of miR-30a/b/c in gastrocnemius muscles of antimiR-30 injected
animals on day 30 normalized to sno202, displayed as relative to antimiR-control injected
animals. Error bars = SEM, P≤0.05, **P≤0.001 compared to antimiR-control.

Tnrc6a and Tnrc6c expression in the gastrocnemius, but unfortunately animal-toanimal variability would require a larger n to confirm this.

Discussion
miR-30 family expression
!

Studies have shown that miR-30 family miRNAs are broadly expressed

across mammalian tissues (Lagos-Quintana et al., 2002; Sempere et al., 2004)
but also that miR-30 family expression is enriched in the kidneys (Agrawal et al.,
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Figure 3.16: Muscle and body weights are unchanged after antimiR-30
treatment. (A) Percent change in body weight from day 0 to day 30 of treatment
normalized to tibia length for n = 4 animals is displayed. Error bars = SEM. (B)
Muscle weights normalized to body weight at day 30 of treatment for tibialis anterior
(TA), gastrocnemius, and soleus. Error bars = SEM.
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Figure 3.17: Histology of antimiR-30 injected animals indicates possibility of
dysregulated degeneration/regeneration. After 30 days of antimiR treatment, Evan’s
blue dye indicates an increase in necrotic fibers (asterisks) in the TA of animals receiving
antimiR-30 (n = 1). H&E stained sections of the same muscles show necrotic fibers in
antimiR-30 injected animal (asterisk) and interstitial mononuclear cells (arrowhead).
Scale bars = 400 µm.

2009), heart (Rao et al., 2009), and lungs (Caruso et al., 2010). In this study I
found that the miR-30 family is the 5th most abundant miRNA family in skeletal
muscle, behind miR-1/206, let-7, miR-143, miR-21, and miR-26a (3.6% of all
miRNA reads from WT gastrocnemius) (Supplemental Figure 3.4).
!

Here I show that the expression of miR-30 family miRNAs is reduced in

dystrophic mdx4cv skeletal muscles. While it is likely that miR-30 family miRNAs
are expressed in several muscle cell types, including vascular endothelial cells
(Jiang et al., 2013), adipocytes (Zaragosi et al., 2011) and fibroblasts (Duisters et
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Figure 3.18: Tnrc6 family member expression after antimiR treatment. qRTPCR measurement of Tnrc6 family members performed on cDNA prepared from
antimiR treated muscles. Values displayed as fold change relative to antimiRcontrol treated animals (dotted line) for the same muscle group, normalized to 18S.
Error bars = SEM, *P≤0.05 compared to antimiR-control.

al., 2009), my studies indicate that miR-30a/b/c expression is abundant and
increases during myoblast differentiation in vitro. Additionally I found that
miR-30a/b/c expression decreases drastically following injury in vivo. During
development I found that miR-30a/b/c expression is reduced in hindlimbs
compared with adult skeletal muscle, supporting the finding that miR-30a/b/c
expression is higher in fully mature muscle than in developing, regenerating, or
diseased muscle. Interestingly, I also found decreased levels of miR-30a/b/c in
muscles subjected to hindlimb suspension, a model of disuse atrophy.
!

While Greco et al. performed a thorough miRNA expression profiling

experiment on mdx mice which identified a down-regulation of miR-30a-5p,
miR-30c and miR-30e (Greco et al., 2009), several factors could account for the
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observed lack of down-regulation of miR-30b and miR-30d. To begin with, Greco
et al. used the more traditional mdx mouse model, which expresses a dystrophin
allele containing a nonsense mutation in exon 23, whereas the mdx4cv
dystrophin allele (Chapman et al., 1989) contains a nonsense point mutation in
exon 53, leading to fewer dystrophin-positive revertant fibers, the expression of
fewer shortened dystrophin transcripts and possibly a milder phenotype (Im et
al., 1996). Lastly, different methods were used for miRNA expression profiling
(deep sequencing vs. qPCR), which may differ in the differentially expressed
species identified. In addition to miRNA expression profiling in mice, Eisenberg et
al. has carried out extensive profiling on human DMD patient biopsies (Eisenberg
et al., 2007) which identified down-regulation of miR-30c, suggesting that miR-30
family down-regulation may be conserved in human muscle disease.
!

I also show that miR-30a/b/c are up-regulated during C2C12 myogenesis,

an observation that has also been made for miR-30a-5p and miR-30c by Marzi et
al. using qRT-PCR expression profiling (Marzi et al., 2012). Collectively, my
observations validate and expand those made by other groups, and indicate that
miR-30 family expression is correlated with differentiation and that decreased
levels correlate with undifferentiated and proliferating states.

miR-30 family function and targets
!

While no consensus has been reached on the miR-30 family’s molecular

role, numerous targets have been identified and miR-30 family miRNAs have
been heavily studied in many tissues. Interestingly, only one publication has
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directly interrogated the role of the miR-30 family in vertebrate skeletal muscle.
By using miR-30 targeting morpholinos, Ketley et al. have shown that ablating
miR-30 expression in Zebrafish results in defective embryonic myogenesis, with
an increase in slow fiber and decrease in fast fiber numbers compared to WT
controls. The authors attribute the observed disruption of embryonic myogenesis
to regulation of the hedgehog transmembrane receptor smoothened, which when
elevated results in abnormal patterning of muscle fibers (Ketley et al., 2013).
While smoothened is not predicted to be a conserved miR-30 family target in
mice, the possibility exits that miR-30 family miRNAs play a critical role in the
regulation of embryonic muscle development, and I show here that the levels of
miR-30a/b/c increase during embryonic development (Figure 3.5). Additionally,
my observations of miR-30 family effects on protein synthesis, proliferation and
differentiation in vitro are supportive of a hypothesis that miR-30 family miRNAs
regulate embryonic myogenesis in mammals as well as Zebrafish.
!

In agreement with my observations, Soleimani et al. proposed that

removal of the repressive SNAI1/2 proteins by increased miR-30a-5p and
miR-206 promotes differentiation in primary mouse myoblasts by switching from
a repressive transcriptional complex to one that includes MYOD. Once SNAI1/2
expression is reduced, MYOD gains access to muscle-specific promoter regions
and is able to increase the expression of pro-differentiation MYOG. In addition to
validating the Snai2 3’-UTR as a miR-30a/b/c target (Figure 3.12), I further
confirm these results by showing that overexpression of miR-30a/b/c increases
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the percentage of MYOG-expressing cells compared with scrambled miR-control
(Figure 3.8).
!

While I did not observe any gross muscle phenotypes after miR-30 family

inhibition in vivo, several factors could complicate the analysis of these results.
To begin with, based on the Zebrafish experiments by Ketley et al. miR-30 family
function may be more important during embryonic myogenesis and thus
expression during adult myogenesis may not be required. If this is not the case, it
may be that the cycles of degeneration/regeneration in mdx4cv animals at 8
weeks of age are insufficient to reveal the requirement for miR-30 family miRNAs
during the 30-day treatment period. While this period was chosen to encompass
a time frame in which a given fiber could go through this cycle once, it may be
that an insufficient proportion of myofibers are degenerating/regenerating at once
to detect differences in muscle weight or morphology. Lastly, it may be that my
choice of control oligonucleotide masks true effects of miR-30 inhibition. Given
that the Tnrc6 family regulates all miRNA-mediated repression, and is regulated
by miR-30a/b/c, it is reasonable to envision a scenario where miRNA
incorporation into RISC is perturbed by competition with antimiR-control, and that
this scenario would give similar results to increased Tnrc6 family expression in
the presence of antimiR-30.
!

Transcriptional, post-transcriptional and epigenetic regulation of gene

expression are the most highly enriched GO terms in the set of predicted miR-30
family targets. Many of the studies published on various miR-30 family functions
indeed report the regulation of transcription factors (Agrawal et al., 2009; Li et al.,
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2010; Soleimani et al., 2012; Wu et al., 2012), indicating that the generalized
function of miR-30 may be to control the switch from one cellular state (i.e.
proliferating, differentiating, senescent, quiescent, etc.) to another by acting as a
global gene expression ‘switch.’ Therefore, by repressing the set of miR-30
targets present in the given cellular milieu while at the same time reducing the
extent of other miRNA-mediated repression, miR-30 family can repress a current
gene expression pattern, and pave the way for a change in cellular state (Figure
3.19). In agreement with this argument, the validated miR-30 targets include the
epigenetic SWI/SNF component Smarcd2, the transcription factor Snai2, and the
post-transcriptional miRNA pathway component Tnrc6a. While others have
identified Tnrc6a as a miR-30 family target (Hand et al., 2009), I am the first to
propose Tnrc6b and Tnrc6c as putative miR-30 family targets as well, suggesting
that the miR-30 family may have a profound effect on miRNA-mediated
regulation. This observation also raises the intriguing possibility that miR-30
mediated regulation of the miRNA pathway is a mechanism not specific to
muscle cells, but rather a mechanism in all cells expressing miR-30 to
antagonize the expression of all miRNA-regulated targets.

Conclusion
!

In summary, skeletal muscle in dystrophic mdx4cv mice has reduced

expression of miR-30 family miRNAs. I also show that miR-30a/b/c expression
increases during differentiation in vitro, and that miR-30a/b/c are decreased in
regenerating muscle. Given these observations, the decreased expression in
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Figure 3.19: Model of miR-30 family regulation of myogenesis. Expression of miR-30
family miRNAs during myogenesis reprograms the epigenetic, transcriptional and posttranscriptional network by reducing the expression of SMARCD2 and SNAI2. Additionally,
miR-30 family reduces miRNA-mediated repression and enhances protein synthesis by
targeting the Tnrc6 family.

dystrophic muscle is likely a consequence of the increased proportion of
regenerating fibers. Using molecular cloning and bioinformatics, I show that
miR-30a/b/c promote differentiation and restrict proliferation in vitro, likely by
regulating gene expression at the epigenetic (Smarcd2), transcriptional (Snai2),
and post-transcriptional (Tnrc6a) levels.
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Materials and Methods
Animal care
!

All animal experiments were performed using protocols approved by

University of Colorado Institutional Animal Care and Use Committees (IACUC).
C57Bl/6J animals were obtained from The Jackson Laboratory, and mdx4cv
(B6Ros.Cg-Dmdmdx-4Cv/J) animals were a kind gift from Dr. Jeffrey Chamberlain
(University of Washington). Animals were housed under standard conditions in a
partial barrier facility and received access to water and chow ad libidum. For
sample collection, animals were sedated using 1-4% inhaled isoflurane and
sacrificed by cervical dislocation.

miRNA cloning and sequencing
!

To prepare the library for Illumina sequencing, small RNAs were isolated

from the gastrocnemius muscles of C57Bl/6 and mdx4cv mice using miRvana
miRNA isolation kit (Ambion). 1 μg of small RNA per sample was then adaptor
ligated, reverse transcribed and PCR amplified following a modified version of
Illumina’s Small RNA Sample Prep v1.5.0. Briefly, small RNAs are first ligated to
a 3’ adapter (miRNA Linker 1, IDT) modified with 3’-terminal dideoxy-Cytosine
and a 5’-Adenylation, using T4 RNA Ligase 2, truncated (New England Biolabs)
in the absence of ATP (to prevent RNA circularization). The RNAs are then
ligated to RNA/DNA hybrid 5’ adapters, using T4 RNA Ligase 1 (New England
Biolabs) in the presence of ATP. These 5’ adaptors contain a three-nucleotide
“barcode” sequence at their 3’ end to mark respective sample libraries. The
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adapter-ligated RNAs are then reverse transcribed and PCR amplified for a total
of 18 cycles using primers complementary to the adapter sequences, with noncomplementary overhangs containing the p5/p7 flow cell sequences. The
fragments are then gel purified from an 8% polyacrylamide gel, and quantified on
a 2100 Bioanalyzer (Agilent). Prior to submission, libraries were validated by
TOPO-cloning (Invitrogen) and conventional Sanger sequencing, to ensure
proper adapter orientation and insert identity. Samples were then multiplexed and
submitted for single-end (36 cycle) sequencing on an Illumina GAII.

Sequencing data analysis
!

Before any downstream analysis, quality assessment of the sequencing

run was performed using the SolexaQA software package (Cox et al., 2010).
Next, the raw fastq file was split into respective biological samples based on the
three-nucleotide barcodes present at the 5’ end using the Galaxy server
(Giardine et al., 2005). These barcodes were subsequently trimmed and the files
were converted to fasta. The split, trimmed fasta files were then used to generate
input files for alignment using the miRanalyzer web tool (Hackenberg et al.,
2011). Briefly, miRanalyzer uses the short read aligner Bowtie (Langmead et al.,
2009) to align short DNA sequences to a given reference genome (miRbase
version 16). Following alignment, reads for each sample were normalized to the
number of mapped miRNA reads, and converted to a percent. C57Bl/6 and
mdx4cv replicates were then averaged to generate expression values.
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qRT-PCR
!

First, total RNA was isolated from snap frozen skeletal muscles using TRI

Reagent® (Molecular Research Center). miRNA expression was measured using
Taqman® miRNA assays (Invitrogen). Unless indicated, sno202 was used as a
reference gene and 7 ng of total RNA per reaction was reverse transcribed. For
mRNAs, primer sequences were chosen to amplify unique sequences and span
exon-exon junctions (Supplemental Table 2). cDNA was produced from 1 µg of
total RNA/sample using random hexamers and Superscript® III (Life
Technologies). Following reverse transcription, cDNA was quantified using
SYBR® Green. For all experiments, relative expression was determined using
the 2-ΔΔCt method (Livak and Schmittgen, 2001) and PCR amplified on a CFX96
thermocycler (Bio-Rad).

Barium chloride injury
!

Barium chloride injury was performed as described previously in Guess, et

al. (Guess et al., 2013). Briefly, mice were anesthetized with 1-4% inhaled
isoflurane, and the right hindlimb was shaved. After cleaning the area with 70%
ethanol, the right gastrocnemius was injected with 50 μL of a 1.2% barium
chloride solution in normal saline using a 27-gauge insulin syringe. Mice
recovered on a 37°C heat block and were monitored for adverse effects.
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Hindlimb Suspension
!

Animals (n = 7/group) were divided into day 0, 1, 3, 7, and 14 day time

points and subjected to hindlimb suspension for the indicated times. Hindlimb
suspension was performed as previously described (Hanson et al., 2013). Briefly,
mice were individually housed and suspended at 30º head-down using a dowel/
swivel apparatus attached to the tail with a biocompatible adhesive, secured to a
wire running the length of the cage. To facilitate movement, a 0.25” wire mesh
floor was placed in the cage. Mice were monitored for health status and adverse
effects of hindlimb suspension. Following sacrifice, wet muscle weights were
measured and samples were snap frozen in liquid N2.

Plasmid Construction
!

Full length 3’-UTRs were cloned from C2C12 genomic DNA with primers

(Supplemental Table 2) that contained non-complementary Xho1 and Not1
restriction sites using AccuPrime™ Supermix II (Invitrogen). Following digestion
of psiCHECK™-2 with Xho1/Not1 (New England Biolabs) inserts were gel
purified and ligated using T4 DNA ligase (New England Biolabs) downstream of
the Renilla coding sequence, before the polyadenylation signal. The resulting
plasmids were transformed into DH5⍺ cells, and insert identity was confirmed
with Sanger sequencing.
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Cell culture, transfections and luciferase assays
!

C2C12 cells were passaged in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 20% fetal bovine serum (FBS), 2 mM L-glutamine
and 100 U/mL penicillin/streptomycin (Life Technologies) For differentiation,
80-100% confluent cells were switched to DMEM supplemented with 2% horse
serum, 2 mM L-glutamine and 100 U/mL penicillin/streptomycin (Life
Technologies). For miRNA knockdown/overexpression, 40-50% confluent cells
were transfected with indicated concentrations of antimiRs (miRagen
Therapeutics), or pre-miRs (Ambion® pre-miR-control [AM17110] or an
equimolar mix of pre-miR-30a-5p [PM11062], pre-miR-30b [PM10986] and premiR-30c [PM11060]) using Lipofectamine® 2000 transfection reagent (Life
Technologies) according to the manufacturer’s instructions. For 3’-UTR reporter
transfections, 0.5 µg of indicated plasmid reporter construct was transfected
along with pre-miRs into 12-well dishes in triplicate. 24 hours following
transfection, cells were harvested and luciferase signals were measured using
the Dual-Luciferase® reporter assay kit (Promega).

Quantification of differentiation and proliferation
!

For differentiation, C2C12 cells were grown on gelatin-coated glass

coverslips and transfected with 10nM pre-miR-control or pre-miR-30a/b/c. 24
hours following transfection, cells were fixed in 4% EM grade paraformaldehyde
and stained with 1:50 anti-MYOG antibodies (Santa Cruz SC-576) and 1:200
Texas red-conjugated anti-rabbit secondary antibodies (Jackson 711-075-152) for
74

one hour each at room temperature. Following antibody staining, coverslips were
then incubated in 300 nM 4',6-diamidino-2-phenylindole (DAPI) for 5 minutes at
room temperature (Sigma D-9542), and mounted using Fluoromount-G™
(Southern Biotech). Images of the stained cells were collected using an EVOS®
FL fluorescence microscope, and 8-10 non-overlapping images were collected/
coverslip. The images were then blindly quantified by counting total DAPI+ nuclei
and MYOG+ nuclei using ImageJ software. Results displayed are representative
of 3 independent experiments.
!

For proliferation assays, cells were electroporated with the indicated

concentrations of Ambion® pre-miR-control (AM17110) or pre-miR-30a-5p
(PM11062) using Amaxa Nucleofector™ (Lonza AG) and plated on glass bottom
96-well imaging plates. 24 hours following electroporation, cells were pulsed with
10 µM 5-ethynyl-2’-deoxyuridine (EdU) for 2 hours , then fixed and stained with
DAPI and Alexa Fluor® 555 according to the Click-iT® EdU imaging kit (Life
Technologies). Images were collected using an ImageXpress Micro XL
(Molecular Devices) automated imaging system. Following imaging, %EdU+ cells
was calculated using ImageJ software for 9 images/well for n = 4 wells.

Protein synthesis
!

To determine rates of protein synthesis, C2C12 cells were grown to

confluence, then switched to differentiation medium. 48 hours following the
induction of differentiation, myotubes were infected with empty adenovirus
(control) or adenoviruses encoding the miR-30a hairpin and the miR-30b/d
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cluster (kind gift of Dr. Eric Olson, UT Southwest) at a multiplicity of infection
(MOI) of 50. Adenovirus production and purification was performed as described
previously (Sommese et al., 2013), using the AdEasy Vector System (Qbiogene).
Briefly, replication deficient adenoviruses were amplified in HEK293 cells. Viral
particles were purified from clarified cell lysates by cesium chloride gradients,
and concentrated virus was stored in glycerol at -20ºC. 48 hours after infection,
cycloheximide (CHX) negative control wells were pre-incubated for one hour with
50 µM CHX to block translation. Following pre-incubation, all wells received 2
µC/mL of 3H-Tyrosine to label newly synthesized protein (CHX wells received 3HTyrosine in addition to CHX) for 2 hours. Cellular protein was then precipitated in
10% trichloroacetic acid (TCA) for 30 minutes on ice, transferred to 1.5 mL
eppendorf tubes, and spun for 5 minutes at full speed. Pellets were resuspended
in 0.5 M NaOH + 0.1% Triton X-100 by incubating for 1 hour at 50ºC. Scintillation
counts were then measured by adding 20 uL of protein sample to 2 mL Ecoscint
(National Diagnostics) + 10 uL of 1 N acetic acid. Counts were collected over one
minute, and normalized to total protein concentration for each sample by
bicinchoninic acid (BCA) assay (Pierce).

In vivo antimiR treatment
!

AntimiR oligonucleotides were synthesized at miRagen Therapeutics

(Boulder, CO). AntimiRs are fully phosphorothiolated, LNA-modified DNA
sequences (16-mer) designed to be complementary to the miR-30 family. Control
antimiRs have identical chemistry but were designed to be complementary to a
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C. elegans specific miRNA sequence. Both compounds were dissolved in sterile
saline solution, and passed through a 0.22 µm syringe filter before use. Animals
were sedated with 1-4% isoflurane prior to injection of 25 mg/kg antimiRs
subcutaneously, and were monitored for adverse side effects. 24 hours prior to
sacrifice, 1 animal/group received a 1% Evan’s blue dye injection
intraperitoneally to mark necrotic myofibers. Following sacrifice, wet muscle
weights were measured and samples were snap frozen in liquid N2.
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Supplemental Information
miRNA name

Avg. C57Bl/6

Avg. mdx4cv

Fold mdx4cv/C57Bl/6

mmu-miR-1

37.31043187

28.05404913

0.75190899

mmu-let-7c

5.040040343

17.0630017

3.385489112

mmu-miR-143

4.107817409

13.55561736

3.299956159

mmu-miR-21

1.147044732

9.263272561

8.075772728

mmu-miR-378

5.753655759

3.231030682

0.561561348

mmu-miR-206

0.456397449

8.393570355

18.39092302

mmu-miR-26a

4.363780441

1.115344165

0.255591266

mmu-let-7f

2.117834583

3.332810036

1.573687607

4.16209549

0.587561826

0.141169713

mmu-let-7b

1.555484652

2.709994264

1.742218581

mmu-miR-133a

3.304896509

0.950023854

0.287459487

mmu-miR-24

2.545681883

1.075113044

0.42232812

mmu-let-7a

2.663115793

0.938023867

0.352227969

mmu-miR-30a

1.897246362

0.307804182

0.162237329

mmu-miR-126-3p

0.945883219

1.166901699

1.233663601

mmu-miR-196a

1.724851155

0.375353365

0.217614931

mmu-miR-29a

1.824259858

0.213378574

0.116967204

mmu-miR-27b

1.710917179

0.257621353

0.150574999

mmu-let-7i

1.187277933

0.538210901

0.453315004

mmu-miR-125b-5p

0.950867814

0.341467856

0.359111804

mmu-miR-181a

0.926728252

0.307226323

0.331517165

mmu-let-7g

0.844700099

0.244961435

0.289998113

mmu-miR-152

0.677316863

0.333672353

0.492638485

mmu-miR-22

0.789658889

0.113121003

0.143252998

mmu-miR-27a

0.597730272

0.240490476

0.402339461

mmu-miR-181b

0.656599902

0.119801236

0.182456982

mmu-miR-16
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mmu-miR-26b

0.660251611

0.091507215

0.138594459

mmu-let-7d

0.596708143

0.085839487

0.143855063

mmu-miR-30d

0.553519225

0.10627255

0.191994325

mmu-miR-30e

0.532202786

0.120701133

0.226795379

mmu-miR-29c

0.532845961

0.074324744

0.13948636

mmu-miR-145

0.189431075

0.41214146

2.175680313

mmu-miR-195

0.422513007

0.164419295

0.389146115

mmu-miR-322

0.385833845

0.187303614

0.485451486

mmu-miR-23a

0.42820001

0.13432223

0.313690394

mmu-miR-30c

0.476779302

0.082914891

0.173906231

mmu-miR-196b

0.194588823

0.349529864

1.796248417

mmu-miR-10b

0.426693863

0.055268618

0.129527568

mmu-miR-142-3p

0.039558069

0.440473891

11.13486846

mmu-miR-101a

0.099842653

0.324171786

3.24682664

mmu-miR-100

0.261653915

0.144618885

0.552710572

mmu-miR-103

0.38197825

0.018179099

0.047591974

mmu-miR-23b

0.300558766

0.084869442

0.282372207

mmu-miR-379

0.157298206

0.225775505

1.435334266

mmu-miR-126-5p

0.243751746

0.111588164

0.457794318

mmu-miR-30a*

0.240727442

0.053043957

0.220348609

mmu-miR-199b

0.184329813

0.098335002

0.533473127

mmu-miR-139-5p

0.242471136

0.012092881

0.049873487

mmu-miR-15a

0.193215402

0.058494237

0.302741066

mmu-miR-101b

0.105001673

0.118274692

1.126407686

mmu-miR-140*

0.093691663

0.048498376

0.517638119

mmu-miR-10a

0.079874018

0.059953978

0.750606758

mmu-let-7e

0.086737102

0.050945341

0.58735351

mmu-miR-93

0.096807112

0.03684468

0.380598897

mmu-miR-30b

0.087622145

0.027232083

0.310789961
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mmu-miR-128

0.044191147

0.070392835

1.59291712

mmu-miR-99a

0.034548262

0.062676462

1.814171196

mmu-miR-191

0.050165627

0.046265887

0.922262705

mmu-miR-181d

0.052959381

0.041077398

0.775639689

mmu-miR-214

0.077634873

0.012056591

0.155298649

mmu-miR-125a-5p

0.064900126

0.022786227

0.351096808

mmu-miR-130a

0.076130313

0.010581806

0.138995964

mmu-miR-98

0.059830268

0.022445687

0.375156054

mmu-miR-652

0.051808554

0.029550565

0.570380041

mmu-miR-148b

0.076514038

0.003449502

0.045083254

mmu-miR-30e*

0.051624715

0.026773018

0.518608528

mmu-miR-425

0.046060717

0.030941505

0.671754736

mmu-miR-15b

0.070060739

0.005396263

0.077022633

mmu-miR-361

0.069092394

0.004861126

0.070356884

mmu-miR-151-3p

0.045918136

0.02476229

0.539270371

mmu-miR-676

0.04044515

0.029121062

0.720013684

mmu-miR-29b

0.054913056

0.014107905

0.256913498

mmu-miR-19b

0.034321436

0.034145063

0.99486113

mmu-miR-486*

0.050530267

0.016195524

0.320511346

mmu-miR-872

0.047548916

0.01800331

0.378627149

mmu-miR-194

0.054658164

0.010275667

0.187998764

mmu-miR-185

0.048556943

0.011819807

0.243421563

mmu-miR-99b

0.032303324

0.020375814

0.630765231

mmu-miR-25

0.030538975

0.019127614

0.626334504

mmu-miR-221

0.026308472

0.02310687

0.878305307

mmu-miR-324-5p

0.044390557

0.003086114

0.069521863

mmu-miR-127

0.023082672

0.021924249

0.94981417

mmu-miR-22*

0.042573182

0.001597349

0.037520085

mmu-miR-7a-1*

0.040777974

0.003307586

0.081112078
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mmu-miR-222

0.032442245

0.011633807

0.358600565

mmu-miR-155

0.029649564

0.013768711

0.464381576

mmu-miR-223

0.005517081

0.036982017

6.703184845

mmu-miR-92a

0.027074046

0.0116975

0.43205586

mmu-miR-28

0.009489233

0.02897215

3.053160397

mmu-miR-497

0.019500546

0.018941886

0.97135159

mmu-miR-542-3p

0.000537864

0.037514245

69.74671197

mmu-miR-378*

0.026119293

0.011722765

0.448816332

mmu-miR-18a

0.02694577

0.01083956

0.402273172

mmu-miR-199a-5p

0.023778446

0.011780558

0.495430101

mmu-miR-1843-5p

0.027334687

0.006182172

0.226165818

mmu-miR-34a

0.00651955

0.025805675

3.95819914

mmu-miR-148a

0.00848222

0.022942663

2.704794593

mmu-miR-107

0.030949809

0.000373871

0.012079905

mmu-miR-186

0.028495937

0.002371432

0.083219997

mmu-miR-342-3p

0.018761261

0.009791324

0.521890512

mmu-miR-149

0.024477741

0.003776335

0.154276301

mmu-miR-423-3p

0.014841423

0.012771539

0.860533318

mmu-miR-190

0.021647191

0.005109744

0.236046525

mmu-miR-122

0.011456415

0.015236258

1.329932385

mmu-miR-151-5p

0.012870888

0.01190312

0.924809602

mmu-miR-193*

0.019667873

0.002897699

0.147331602

mmu-miR-181c

0.014722598

0.007642712

0.519114382

mmu-miR-29a*

0.017430555

0.004828602

0.277019426

mmu-miR-338-3p

0.019546792

0.001514566

0.077484115

mmu-miR-28*

0.015456453

0.005459695

0.353230806

mmu-miR-17

0.011737045

0.008396634

0.715395926

mmu-miR-146b

0.004536358

0.015248077

3.361303404

mmu-miR-451

0.010457726

0.008970477

0.857784613
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mmu-miR-7a

0.004414106

0.014792488

3.351185704

mmu-miR-150

0.01394619

0.004196973

0.300940505

mmu-miR-744

0.01332571

0.004802531

0.360395901

mmu-miR-1839-5p

0.011323988

0.006794718

0.600028695

mmu-miR-532-5p

0.006624016

0.010791454

1.629140516

mmu-miR-301a

0.010137279

0.007161061

0.706408536

0.01134353

0.005587363

0.492559429

mmu-miR-143*

0.015228096

0.000555833

0.036500524

mmu-miR-30c-2*

0.011492413

0.003766122

0.327705087

mmu-miR-140

0.006946805

0.007411025

1.066824931

mmu-miR-34c

0.000342831

0.013915997

40.59147268

mmu-miR-541

0.007177963

0.006802782

0.947731519

mmu-miR-19a

0.004925307

0.008739865

1.774481133

mmu-miR-133b

0.002710905

0.010725329

3.956364562

mmu-miR-423-5p

0.008758092

0.004399099

0.502289624

mmu-miR-365

0.00790921

0.004553911

0.575773121

mmu-miR-136

0.004699652

0.007463975

1.588197141

mmu-miR-484

0.009633816

0.002412555

0.250425654

mmu-miR-31

0.000522314

0.011345675

21.72195578

mmu-miR-382

0.00535945

0.006248828

1.165945771

mmu-miR-1198-5p

0.010050385

0.001540369

0.153264656

mmu-miR-411*

0.000580183

0.010680186

18.4083056

mmu-miR-146a

0.00021101

0.010812966

51.24397558

mmu-miR-331-3p

0.008122562

0.002709016

0.333517483

mmu-miR-434-3p

0.009380881

0.00138179

0.147298517

mmu-miR-183

0.007618959

0.002496414

0.327658132

mmu-miR-376b*

0.005450282

0.004515481

0.828485721

mmu-miR-1959

0.004214368

0.005598654

1.328468218

mmu-miR-335-5p

0.002110201

0.007509402

3.558618689

mmu-miR-20a
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mmu-miR-138

0.006373402

0.003031819

0.475698653

mmu-miR-434-5p

0.007745863

0.00156644

0.202229215

mmu-miR-132

0.005443076

0.003807245

0.699465641

mmu-miR-337-5p

0.003612387

0.005411051

1.497915658

mmu-miR-218

0.004519797

0.004474086

0.989886624

mmu-miR-193b

0.006530981

0.002135444

0.326971357

mmu-miR-324-3p

0.006847948

0.001097691

0.16029485

mmu-miR-1981

0.005485502

0.002145121

0.391052837

mmu-miR-125b-2-3p

0.004414106

0.002792338

0.632594227

mmu-miR-144

0.005134008

0.001869622

0.364164177

mmu-miR-574-5p

0.004484311

0.002490502

0.555381071

mmu-miR-542-5p

0.004140044

0.00274557

0.663174298

mmu-miR-106b

0.002136012

0.004741518

2.219799157

mmu-miR-299*

0.003116522

0.003619638

1.161434869

mmu-miR-501-3p

0.001054888

0.005607253

5.315497361

mmu-miR-204

0.005700896

0.000803378

0.140921423

mmu-miR-142-5p

0.000253169

0.006190238

24.45102668

mmu-miR-674

0.002622095

0.003357311

1.280392458

mmu-miR-101a*

0.001239661

0.004471933

3.607384151

mmu-miR-186*

0.004250545

0.001213265

0.285437588

mmu-miR-362-5p

0.000970569

0.004469246

4.604767709

0.00202551

0.003356235

1.656982527

mmu-miR-409-3p

0.000970569

0.00434937

4.481257157

mmu-miR-182

0.004355012

0.000862778

0.198111576

mmu-miR-9

0.003333514

0.001753241

0.525943905

mmu-miR-455

0.003740461

0.001249282

0.333991327

mmu-miR-411

0.002996399

0.00194273

0.648354916

mmu-miR-340-3p

0.001851211

0.002930758

1.583157769

mmu-miR-3068*

0.001929654

0.002823251

1.463087018

mmu-miR-125b-1-3p
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mmu-miR-328

0.004013938

0.000702318

0.174969762

mmu-miR-33*

0.004503874

0.000202121

0.044877203

mmu-miR-29b-1*

0.003339495

0.001324003

0.396468106

mmu-miR-543

0.000664608

0.003991895

6.006389466

mmu-miR-203

0.002610185

0.002018257

0.773223982

mmu-miR-376c

0.002568398

0.001768561

0.688585282

mmu-miR-29c*

0.00377632

0.000546964

0.144840462

mmu-miR-32

0.00151383

0.002763848

1.82573236

mmu-miR-154

0.000216299

0.003818802

17.655168

mmu-miR-340-5p

0.001519173

0.002330309

1.533932956

mmu-miR-664

0.00311102

0.000711187

0.228602675

mmu-miR-483

0.00056939

0.003131806

5.500279286

mmu-miR-322*

0.002801685

0.000890463

0.317831213

mmu-miR-450a

0.000253062

0.003421549

13.52057749

mmu-miR-379*

0.000506391

0.003162446

6.245068321

mmu-miR-300

0.002774543

0.000879174

0.316871563

mmu-let-7d*

0.002615954

0.000940187

0.359405219

mmu-miR-500

0.001741188

0.00168954

0.970337945

mmu-miR-351

0.001730342

0.001645998

0.951256139

mmu-miR-674*

0.001956316

0.001414849

0.723220984

mmu-miR-193

0.00242637

0.000942337

0.388373125

mmu-miR-192

0.001313027

0.001850003

1.408960173

mmu-miR-421

0.0022572

0.000859015

0.380566757

mmu-miR-224

0.000680478

0.002425455

3.564341873

mmu-miR-127*

0.001782549

0.001307876

0.733711166

mmu-miR-374

0.001566462

0.001508921

0.96326706

mmu-miR-299

0.001829785

0.001208159

0.660273686

mmu-miR-139-3p

0.002062593

0.000963571

0.467164993

0.00206735

0.000958732

0.463749371

mmu-miR-1306
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mmu-miR-144*

0.002805165

0.000195133

0.069562097

mmu-miR-574-3p

0.000975806

0.001974983

2.023950941

mmu-miR-335-3p

0.000885718

0.002056423

2.321757488

mmu-miR-708

0.001898234

0.001034528

0.544994919

mmu-miR-503

0.001461303

0.001429901

0.978510573

mmu-miR-341

0.001423742

0.001445223

1.015087462

mmu-miR-134

0.000464019

0.002351811

5.068354716

mmu-miR-669c

0.00056971

0.002223334

3.902573445

mmu-miR-135a

0.001545782

0.001143114

0.739505757

mmu-miR-532-3p

0.000944173

0.001743296

1.846373293

mmu-miR-433

0.002200236

0.000445903

0.202661573

mmu-miR-320

0.001524675

0.001083177

0.710431005

mmu-miR-210

0.001551072

0.001043397

0.672694597

mmu-miR-671-5p

0.000601023

0.001920152

3.194805484

mmu-miR-208b

0.001266057

0.001207353

0.953632441

mmu-miR-33

0.002274134

0.000182501

0.08025057

mmu-let-7i*

0.001604023

0.000738872

0.460636584

mmu-miR-339-3p

0.001223791

0.001111667

0.90837956

mmu-miR-1944

0.000833245

0.001435007

1.722190674

mmu-miR-345-5p

0.002062699

0.000202121

0.097988732

mmu-miR-431

0.000664502

0.001599231

2.406662147

mmu-miR-214*

0.000537917

0.001635785

3.040960514

mmu-miR-212-3p

0.001075728

0.001097691

1.020416642

mmu-miR-877

0.000812299

0.001357332

1.670976849

mmu-miR-200c

0.001228496

0.000812786

0.661610724

mmu-miR-148b*

0.000817323

0.001212728

1.483780963

mmu-miR-133a*

0.001371482

0.000612008

0.446238664

mmu-miR-10b*

0.000838376

0.001036679

1.236533257

mmu-miR-190b

0.000722743

0.001140695

1.578284874
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mmu-miR-672

0.001371748

0.00048622

0.354453084

mmu-miR-10a*

0.001423476

0.000373871

0.262646363

mmu-miR-188-5p

0.000253275

0.001541175

6.084978685

0.00072269

0.001058987

1.465340404

mmu-miR-511-3p

0.000490521

0.001274547

2.598351957

mmu-miR-3096-5p

0.001265312

0.000480038

0.379383151

mmu-miR-350*

0.000960096

0.00078322

0.81577257

mmu-miR-338-5p

0.001329482

0.000404243

0.304060109

mmu-miR-17*

0.001524888

0.000202121

0.132548243

mmu-miR-369-3p

0.001039125

0.000658508

0.633713832

mmu-miR-184

0.000885772

0.000757955

0.855700048

mmu-miR-132*

0.000511574

0.001061137

2.074257143

mmu-miR-361*

0.000770139

0.00078322

1.016984529

mmu-miR-720

0.001018338

0.000530568

0.521014096

mmu-miR-339-5p

0.000801613

0.00073269

0.914019584

mmu-miR-483*

6.33E-05

0.001465379

23.16233976

mmu-miR-455*

0.000474758

0.001020014

2.14849168

mmu-miR-495

0.000469521

0.001014907

2.161577943

mmu-miR-676*

0.000775323

0.000697211

0.899252711

mmu-miR-3061-5p

0.001234371

0.000202121

0.16374434

mmu-miR-27b*

0.000928676

0.000498853

0.537165714

mmu-miR-191*

0.001371642

5.05E-05

0.0368393

mmu-miR-345-3p

0.001102337

0.000303182

0.275035572

mmu-miR-29b-2*

0.000801825

0.000581099

0.724719605

mmu-miR-24-2*

0.000126638

0.001248746

9.860779681

mmu-miR-145*

0.000833192

0.000534869

0.641951755

mmu-miR-496

0.001139685

0.000227386

0.199516815

mmu-miR-376a

0.000200377

0.001136932

5.673978478

mmu-miR-200b

0.000796216

0.000516592

0.648808801

mmu-miR-499
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mmu-miR-106b*

0.000849434

0.000460417

0.542028144

mmu-miR-493*

0.001171105

0.000126326

0.107868848

mmu-miR-1199

0.001186762

7.96E-05

0.067038249

mmu-miR-1943

0.001007439

0.000253189

0.251319956

mmu-miR-99b*

0.000353357

0.000884281

2.502512507

mmu-miR-487b

0.001034154

0.000202121

0.195445975

mmu-miR-30b*

0.000511681

0.000720595

1.408289963

mmu-miR-330

0.000802038

0.000429508

0.535520126

mmu-miR-124

0.000965439

0.000252652

0.261696058

mmu-miR-1839-3p

0.000796163

0.000404243

0.507738391

mmu-miR-539-5p

0.000970782

0.000217173

0.223709511

mmu-miR-301b

7.38E-05

0.001111667

15.05398879

mmu-miR-380-3p

6.33E-05

0.001086402

17.17207947

mmu-miR-467c

0.000253222

0.000884281

3.492115071

mmu-miR-342-5p

0.000358753

0.000778113

2.168936254

mmu-miR-701

0.000669845

0.00046418

0.692967007

mmu-miR-377

0.000675401

0.000454773

0.673337805

mmu-miR-501-5p

0.000232063

0.000888044

3.826742017

mmu-miR-350

0.000448255

0.000666302

1.486432615

mmu-miR-381

0.000685927

0.000420638

0.613240088

mmu-miR-199b*

0.000706714

0.00038274

0.541577295

mmu-miR-196a-2*

0.000580023

0.000462299

0.797034871

mmu-miR-337-3p

0.000632869

0.000404243

0.638746147

0.00056955

0.000457192

0.802725271

mmu-miR-1843-3p

0.000664555

0.000357475

0.537916759

mmu-miR-125a-3p

0.00053284

0.000480038

0.900904179

mmu-miR-30d*

0.000690898

0.000303182

0.438823089

mmu-miR-3068

0.000458995

0.000496434

1.081566616

mmu-miR-467a

9.49E-05

0.000859015

9.05194887

mmu-miR-664*
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mmu-miR-3057-5p

0.000796269

0.000151591

0.190376443

0.00039028

0.000474931

1.216899865

mmu-miR-675-3p

0.000126638

0.00073269

5.785717438

mmu-miR-30c-1*

0.000400966

0.000450204

1.122798766

mmu-miR-380-5p

0.000690951

0.000155354

0.224840732

mmu-miR-505-5p

0.000342831

0.000497509

1.45118121

mmu-miR-374c*

0.000479835

0.000353712

0.737153764

9.49E-05

0.00073269

7.720779919

mmu-miR-99a*

0.000654028

0.000167987

0.256848978

mmu-miR-369-5p

0.000121295

0.000675171

5.566377311

mmu-miR-27a*

0.000379913

0.000410425

1.080312998

mmu-miR-300*

0.000379913

0.000404243

1.064039989

mmu-miR-669o-5p

0.000295488

0.000480038

1.624561054

6.33E-05

0.000707424

11.18181919

mmu-miR-547

mmu-miR-582-5p

mmu-miR-1983

Supplemental Table 1: miRNA-seq expression data. Raw read counts from miRNA-seq
experiment were normalized to the total number of miRNA reads/sample, then averaged for n = 2
animals for WT and mdx4cv groups. Values displayed are percentage of total reads for that
sample. Top 300 most abundantly cloned miRNAs are displayed.
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Gene

Primer Use

Direction

Sequence

N/A

2x-miR-206

Forward

CTAGACCACACACTTCCTTACATTCCAAAACCACACACTTCCTTACA
TTCCAGGCCGG

N/A

2x-miR-206

Reverse

CCTGGAATGTAAGGAAGTGTGTGGTTTTGGAATGTAAGGAAGTGTG
TGGT

N/A

200bp

Forward

GGGGTACCTTAATTTTCCCCATCCAGGGTG

N/A

200bp

Reverse

CCAATGCATTGCAGCTGCCAGATGAGCAT

Nfyb

qPCR

Forward

GATCCAGCCCCATGATGATA

Nfyb

qPCR

Reverse

TGAAACTTTCTTTTGAACCATTTG

Ppargc1a

qPCR

Forward

GATCCTCGAGTCGGAAGGACGGACGGAACCGGGC

Ppargc1a

qPCR

Reverse

GATCGCGGCCGCCCTTCCTGCTGTGTATCTGGCAACC

Runx1

qPCR

Forward

CTCCGTGCTACCCACTCACT

Runx1

qPCR

Reverse

ATGACGGTGACCAGAGTGC

Runx1

3’-UTR

Forward

CCTACTCGAGCTGAGCGCCATCGCCATCG

Runx1

3’-UTR

Reverse

CCTAGCGGCCGCTAGGTGCTTGTCAAATTGTTTATTTG

Smarcd2

qPCR

Forward

TCCTGGGAGCTTCGAGTAGA

Smarcd2

qPCR

Reverse

CACAAGGCTCTTAAAGAATGATGA

Smarcd2

3’-UTR

Forward

GATCCTCGAGCTGCTCAGGGATTGCCTCCTTCCTTCCT

Smarcd2

3’-UTR

Reverse

GATCGCGGCCGCACCGACTGCAAAAGGTAACAGCAGTCCTC

Snai2

qPCR

Forward

CATTGCCTTGTGTCTGCAAG

Snai2

qPCR

Reverse

CAGTGAGGGCAAGAGAAAGG

Snai2

3’-UTR

Forward

GATCCTCGAGGTGGCGCAACCAGTGTTTACTC

Snai2

3’-UTR

Reverse

GATCGCGGCCGCAGGCGTGGCTATTAACCGTACC

Tnrc6a

qPCR

Forward

ACAAGCCAATTGGTTATTCTCC

Tnrc6a

qPCR

Reverse

GAAATTCTGATGCCAGATATACCC

Tnrc6a

3’-UTR

Forward

GATCCTCGAGTGGCATAGGTATAGACGTAAACTGT

Tnrc6a

3’-UTR

Reverse

GATCGCGGCCGCGATTTGAAGTCATACAGGTTCT

Galnt7

qPCR

Forward

GACAAAAACTGAGCCGTATCG

Galnt7

qPCR

Reverse

TTCTCTATGGCAAACAATCCAC

Galnt7

3’-UTR

Forward

GATCCTCGAGCTGCTCAGGGATTGCCTCCTTCCTTCCT

Galnt7

3’-UTR

Reverse

GATCGCGGCCGCACCGACTGCAAAAGGTAACAGCAGTCCTC

Supplemental Table 2: Primer sequences for qPCR and cloning
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miR-30a!

miR-30c-2!

miR-30b!

miR-30d!

miR-30c-1!

miR-30e!

Mouse chr. 1!

Mouse chr. 15!

Mouse
chr. 4!

Nfyc!

Nfyc!

Supplemental Figure 3.1: miR-30 family miRNAs are expressed from three genomic
loci. Schematic representation of genomic organization of the miR-30 family miRNAs.
miR-30a and miR-30c-2 are located on chromosome 1, miR-30b and miR-30d are located
on chromosome 15, and miR-30c-1 an miR-30e are located in an intron of the Nfyc gene on
chromosome 4.
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Relative Expression

Pre-miR Transfection
pre-miR-control
pre-miR-30a-5p
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Supplemental Figure 3.2: pre-miR transfection results in robust miRNA
overexpression. C2C12 cells were transfected with the indicated concentrations of
pre-miRs and 24 hours later the cells were collected for Taqman® qRT-PCR.
miR-30a-5p expression normalized to sno202 is displayed relative to pre-miRcontrol transfected cells at equal dosages. **P≤0.001 compared to pre-miRcontrol.
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miR-30a-5p
miR-30b
miR-30c

Relative Expression

WT Skeletal Muscle
5

#

**

##

**
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#

**

**

Soleus

TA

**

**

1
0

Gastroc

Supplemental Figure 3.3: miR-30a/b/c levels in 3-month old WT skeletal
muscles. miR-30a/b/c were measured using Taqman® qRT-PCR, normalized to
sno202. Mean values displayed with error bars = SEM. **P≤0.001 vs. miR-30a-5p,
#P≤0.05 vs. miR-30b, ##P≤0.001 vs. miR-30b.
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miRNA Family Abundance
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Supplemental Figure 3.4: miRNA family abundance in WT skeletal muscle.
miRNA family expression from miRNA-seq experiment shows that miR-30 family
miRNAs are 5th most abundantly cloned, conserved miRNA family in skeletal
muscle.
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