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In response to physiological stimuli, skeletal muscle alters its myofiber
composition to significantly affect muscle performance and metabolism. This
process requires concerted regulation of myofiber specific isoforms of sarcomeric
and calcium regulatory proteins that couple action potentials to the generation of
contractile force, and a concordant alteration of myofiber metabolism. This stress
responsive phenotypic shift requires that extrinsic and intrinsic signals
coordinately affect gene regulatory mechanisms to ensure a proper adaptive

response.



Messenger RNA transcripts coding for three myosin heavy chain
contractile proteins, Myh6, Myh7, and Myh7b, encode microRNAs miR-208a,
miR-208b, and miR-499 respectively, within their introns. Here, I demonstrate
through gain and loss of function studies in vivo that this family of microRNAs,
termed MyomiRs, functions in skeletal muscle to promote the conversion of
glycolytic myofibers expressing fast isoforms of contractile proteins, to slow
oxidative myofibers that confer improved muscular performance. The MyomiRs
influence myofiber phenotype by negatively regulating the transcription factor
Sox6, in addition to several other functionally related transcriptional repressors.

Subsequent studies identified Sox6 as a fast myofiber enriched repressor
of slow muscle gene expression. Mice lacking Sox6 specifically in skeletal
muscle have an increased number of slow myofibers, elevated mitochondrial
activity, and exhibit down regulation of the fast myofiber gene program, resulting
in enhanced muscular endurance. This effect on skeletal muscle is mediated by
the direct binding of Sox6 to conserved cis-regulatory elements upstream of slow
myofiber enriched genes, leading to their transcriptional repression.

Collectively, these results identify myosin heavy chain encoded
microRNAs, and their target Sox6, as robust regulators of muscle contractile and
metabolic phenotype, and elucidate a double negative feed-forward regulatory
loop by which functionally related fiber type specific gene isoforms are

collectively  controlled in  response to  physiological  stressors.
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CHAPTER1

SKELETAL MUSCLE FIBER DIVERSITY: ORIGINS
AND FUNCTION

Introduction

The use of active locomotion as a means to seek out nutrients and avoid
noxious stimuli is essential for the survival of many organisms. Simple
prokaryotes and eukaryotes, with their minimal size and often-aqueous
environment, utilize molecular motors, such as cilia and flagella, for movement.
In contrast, animals have complex body plans and are relatively larger in size, and
have evolved specialized skeletal and muscular organ systems for support and
motion. The rudimentary skeletal muscle of simple animals (Martindale, 2005;
Seipel and Schmid, 2005) has further diversified to accommodate for different
contractile and metabolic needs of various muscle groups, and to function as a key
regulator of glucose homeostasis and metabolism (Parrizas et al., 1995).

In 1873, French Scientist Louis Ranvier first documented heterogeneity in
skeletal muscle fiber types, identifying red ‘slow’ and while ‘fast’ myofibers in
dissected rabbit skeletal muscle (Ranvier, 1873). Approximately one and a half

centuries since this seminal observation, muscle fiber types with differing



metabolic and contractile properties have been identified in a range of organisms,
from invertebrates (Wiersma, 1952) to humans, and much work has focused on
characterizing their molecular properties, physiological function, and
developmental regulation. Information garnered from these studies has
profoundly affected the fields of human exercise physiology, cardiology, and
metabolism, and has identified potential avenues for therapeutic treatment of

musculoskeletal disease and type II diabetes.

Biochemical and molecular properties

The sarcomere

The striated appearance of skeletal muscle arises from the tandem
arrangement of individual contractile units termed sarcomeres. Each sarcomere is
composed of thick filaments intercalated between Z-disk-bound thin filaments
(Figure 1.1). Sarcomeric contraction occurs when thick filament myosins bind to
actin thin filaments, and hydrolyze ATP to generate a power stroke (Spudich,
2001). This process is tightly regulated by the calcium sensitive troponin-
tropomyosin complex, which alters its conformation to permit actin-myosin
interactions in response to increased intracellular calcium following motor-neuron
induced depolarization (Bruce Alberts, 2002; Lehman et al., 1994). Multiple
isoforms of contractile apparatus proteins are regulated in a fiber-type specific

manner, and can profoundly influence overall muscle function (Bandman, 1992).



For example, differential expression of myosin heavy chain (Myh) isoforms alters
force-velocity parameters of individual muscle fibers, while alternate
combinations of troponin T, I and C isoforms influence myofiber Ca* sensitivity
(Bottinelli et al., 1991; Geiger et al., 1999). The mechanism by which contractile
and calcium regulatory genes are concordantly regulated to produce a unified

effect on muscle contraction is poorly understood.
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Figure 1.1. Schematic representation of sarcomere contraction in response
to increased intracellular calcium (Harvey Lodish, 2000).

Muscle fiber types
Skeletal muscle is composed of a heterogeneous population of slow and
fast myofibers that display contrasting contractile and metabolic properties. Slow

type I fibers exhibit oxidative metabolism, express slow isoforms of sarcomeric



proteins, and are classically identified by their expression of type I myosin heavy
chain (Myh7 or -myosin heavy chain). In contrast, fast type Ila, IIx/d, and IIb
myofibers utilize glycolytic metabolism, express fast isoforms of contractile
proteins, and are designated by their expression of fast myosin heavy chain
isoforms; Myh2, Myhl1, and Myh4, respectively (Bassel-Duby and Olson, 2006).
While these characteristics are classically used to define muscle fibers in concrete
terms, in reality, myofibers are hybrids that variably express myosin heavy chain
and other sarcomeric protein isoforms along their length (Staron et al., 1987).
Additionally, muscle fiber type content of a specific muscle group is plastic and

can be altered in response to physical or metabolic stress.

Skeletal muscle

Fiber Type: | lla lix/d llb

ATPase activity

Oxidative metabolism

Myosin: Myh7 Myh2 Myh1 Myh4

Figure 1.2. Relationship between muscle fiber type, myosin heavy chain
isoform gene expression, and metabolism.



Muscle fiber type contractile properties

It has long been recognized that slow type I and fast type II muscle fibers
display unique contractile properties. Measurements of muscle performance under
electrical stimulation ex vivo and in vivo have been used to elucidate these
differences (Brooks and Faulkner, 1988; Brooks et al., 1990). Slow skeletal
muscle, rich in type I fibers, generates less contractile force and demonstrates a
slower velocity of contraction compared to fast myofiber enriched muscle. Type 1
myofibers are also able to maintain an higher percentage of their maximal force
during constant stimulation, while fast muscle groups fatigue, and loose the
ability to generate force more rapidly. Last, type I myofibers exhibit improved
recovery after stimulation, and are able to generate a higher percentage of their
maximal force following fatigue when compared to fast type II myofibers.
Cumulatively, these studies demonstrate that regulation of skeletal muscle fiber

type profoundly affects muscle performance.

Transcriptional regulation of myofiber identity

Calcium induced signaling

Chronic muscle stimulation induces a reversible transition in myofiber
phenotype from fast to slow, which occurs in a sequential manner through several
fast myofiber intermediates (type IIb =» type IIx/d = type Ila = type 1) (Pette

and Staron, 2000). Therefore, physical conditions that lead to alterations in the



frequency of muscle stimulation affect muscle fiber type. Endurance exercise
results in the conversion of fast myofibers towards a slow, fatigue resistant
phenotype, while decreased muscle usage results in a loss of slow myofibers
(Allen et al., 2001; Templeton et al., 1988). Persistent muscle stimulation results
in increased calcium transients, which activate the calcium-sensitive signaling
serine/threonine phosphatase calcineurin. In turn, calcineurin dephosphorylates
the transcription factor NFAT to induce its cytoplasmic to nuclear shuttling,
allowing NFAT to transactivate target genes in the nucleus (Crabtree and Olson,
2002). Transgenic over-expression of activated calcineurin in skeletal muscle
was sufficient to induce conversion of myofibers from fast to slow, recapitulating
the phenotype that occurs following an increase in calcium transients (Naya et al.,
2000). Conversely, inhibition of calcineurin by transgenic over-expression of the
inhibitory molecule MCIP1 or pharmacological treatment with the calcineurin
antagonist cyclosporine A, prevents conversion of stimulated skeletal muscle

fibers from fast to slow (Chin et al., 1998; Wu et al., 2001).

Mef2

Myocyte enhancer factor 2 (Mef2) is a member of the MADS family of
transcription factors that is enriched in cardiac and skeletal muscle, and mediates
stress responsive gene expression (Potthoff and Olson, 2007). Under normal

physiological conditions, Mef2 activity in skeletal muscle is repressed by histone



deacetylaces (HDACs) (McKinsey et al., 2001). Stress induced activation of
multiple signaling cascades results in HDAC sequestration in the cytoplasm and
permits Mef2 transcriptional activity. Exercise training in mice induced calcium-
dependent activation of Mef2 activity (Wu et al., 2001). Genetic deletion of Mef2
in vivo demonstrated that Mef2 was partially required for slow myofiber
formation, while transgenic over-expression of a Mef2-VP16 fusion protein
specifically in skeletal muscle was sufficient to drive fast to slow myofiber
conversion (Potthoff et al., 2007). Multiple studies have demonstrated that Mef2
and calcium-induced NFAT activity synergize to directly active the transcription
of genes enriched in slow myofibers (Calvo et al., 1999; Chin et al., 1998;

Crabtree and Olson, 2002).

Thyroid hormone

Thyroid hormone is a powerful regulator of embryonic development and
metabolic homeostasis. Gene expression governing cardiac and skeletal muscle
contractility is strongly influenced by thyroid hormone levels. The hyperthyroid
state is associated with cardiac tachyarrhythmias and an increase in fast myofibers
in skeletal muscle, while the hypothyroid state is associated with cardiac
bradycardia and slow contractile gene expression in skeletal muscle (Baldwin and
Haddad, 2001).  Pharmacological treatment with thyroid hormone agonists

strongly elicited a switch from slow to fast myosin expression in skeletal muscle



(Larsson et al., 1995), while thyroid hormone antagonism or genetic deletion of
the thyroid hormone receptor increased the proportion of slow skeletal muscle
fibers (McAllister et al., 1991; Yu et al., 2000). This effect is mediated, in part, by
the direct action of thyroid hormone receptor on an enhancer upstream of the

Myh7 locus (Wright et al., 1999).

Metabolic regulators of fiber type

Contractile protein isoform expression in a myofiber type strongly correlates
with metabolic properties, suggesting that these two characteristics might be
under the control of common regulatory elements. The peroxisome proliferator-
activated receptor (PPAR) family of nuclear hormone receptors binds to fatty acid
derived ligands and regulates metabolic gene expression (Shulman and
Mangelsdorf, 2005). PPARs and their related transcriptional co-activators, PGC-
laa and PGC-1f, exhibit powerful and distinct roles in myofiber type
specification.

Genetic gain and loss of function experiments demonstrated that PPARS was
necessary and sufficient to drive slow myofiber gene expression (Narkar et al.,
2008; Schuler et al., 2006). Similarly, pharmacological activation of PPARO
increased oxidative metabolism and slow myofiber content in skeletal muscle,
mimicking the effects of exercise training (Narkar et al., 2008). Recent work

demonstrated that the influence of PPAR on skeletal muscle fiber type was due,



at least in part, to a physical interaction with Mef2 that mediated slow myofiber
specific gene expression (Gan et al., 2011).

PGC-1a is a transcriptional co-activator of nuclear hormone receptors that
drives mitochondrial biogenesis and respiration in muscle (Wu et al., 1999).
Transgenic over-expression of PGC-1a was sufficient to drive the formation of
type I myofibers in mice via a Mef2 mediated mechanism (Lin et al., 2002). The
closely related PGC-1f3 was sufficient to promote the formation of type IIx/d
intermediate myofibers by directly regulating the expression of Myhl and
promoting oxidative metabolism (Arany et al., 2007). Interestingly, genetic loss of
both PGC-1 co-activators, either individually or in combination, did not effect the

formation of slow myofibers in vivo(Zechner et al.).

Transcriptional regulation of fast myofiber genes

While the aforementioned regulatory pathways center on the
transcriptional regulation of the slow myofiber gene program, very little is known
about pathways that regulate fast myofiber formation. To date, the only factors
identified to directly promote the formation of fast myofibers in vivo are Eyal and
Six1, which induce a switch towards fast myosin isoform expression and
glycolytic metabolism (Grifone et al., 2004). This effect is mediated by direct
binding of these factors to enhancer elements upstream of fast myofiber enriched

genes, and cooperative activation with the transcription factor Mef3.
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Figure 1.3. Transcriptional regulation of skeletal muscle remodeling

Muscle fiber types and disease

Neurological Disease

The muscle fiber type composition of skeletal muscle is frequently altered
in the setting of musculoskeletal and neurological disease. In healthy skeletal
muscle, myofibers of a similar type commonly share motor neuron input,
designating them as a ‘motor unit’, and are stochastically interspersed with other

fiber types (Buchthal and Schmalbruch, 1980). This random arrangement of
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myofiber types is disrupted during many muscle pathologies, and results from
motor unit denervation, followed by innervation from collateral motor neurons.
Histologically, this leads to fiber type grouping, with myofibers of a given type
arranged in ordered clusters (Karpati and Engel, 1968).

Loss of muscular innervation occurs in a variety of neurological
pathologies and affects type I myofiber distribution. Spinal cord injury reduces
motor neuron input to muscle groups and results in general muscular atrophy.
This reduction in muscle mass is accompanied by a marked reduction in the

proportion of type I myofibers (Figure 1.4), and by a decrease in markers of

Figure 1.4. Loss of type I myofibers following paralysis

Staining for slow myosin in skeletal muscle biopsies from a spinal cord injury patient
(B) and control (A) demonstrates a reduction in type I fibers and marked myofiber
atrophy. Adapted from: (Schiaffino, 2011)
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oxidative metabolism (Biering-Sorensen et al., 2009). In addition to the
disappearance of type I myofibers, patients with spinal cord injury demonstrate an
increase in the proportion of hybrid muscle fibers that express both slow and fast
sarcomeric protein isoforms.

Conversely, several conditions are marked by an increase in type I
myofiber content. Centronuclear myopathy and type I fiber predominance are
clinically characterized by generalized muscle weakness, and muscle biopsy
specimens from these patients demonstrate almost 100% type I myofiber content
(Linssen et al., 1991). In addition, specific congenital mutations in the ryanodine
receptor, a mediator of sarcoplasmic calcium release, lead to a complete
conversion of skeletal muscle to type I myofibers (Sato et al., 2008).

Finally, fast and slow muscle fibers differ in their susceptibility to injury
and repair. Atrophic conditions, such as spinal cord trauma, disuse, aging, and
cachexia lead to a disproportionate reduction in the size of type II fast myofibers
(Fiori et al., 1983; Lexell, 1995). Conversely, resistance training of muscle results
in hypertrophy of type II myofibers, with little change in the size of type I
myofibers (McCall et al., 1996). Transgenic mice that have a higher proportion of
type I myofibers exhibited resistance to denervation induced atrophy, suggesting
that modulation of skeletal muscle fiber type might be a therapeutic avenue for
the preservation of muscle function during atrophic conditions (Sandri et al.,

2006).
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Metabolic disease

Skeletal muscle is a major metabolic organ that plays a key role in glucose
homeostasis. Muscle fiber types differ in their ability to take up glucose from the
blood, due to different rates of GLUT4 glucose transporter translocation to the
plasma membrane in response to insulin signaling (Halseth et al., 2001). This
difference in insulin sensitivity between myofiber types suggests that myofiber
composition of skeletal muscle could profoundly influence whole body glucose
homeostasis.

Type II diabetes is characterized by a dysregulation of blood glucose
levels due to progressive insulin resistance, and often presents in obese, inactive
patients. A correlation between myofiber type content in skeletal muscle, and
diabetes and obesity has been firmly established (Lillioja et al., 1987). Skeletal
muscle of patients with a higher body mass index(BMI) and type 2 diabetes
contained more fast type IIb myofibers (Tanner et al., 2002). As these patients lost
weight and improved overall metabolic parameters, they showed an increase in
type I myofibers.

Similar observations have been made in mouse models of diet-induced
obesity. Genetic mouse models that have more type I muscle fibers in skeletal
muscle, such the PPARS and PGC-1a skeletal muscle specific transgenic mice,
gained less weight and demonstrated improved glucose tolerance when placed on

a high fat diet (Choi et al., 2008; Wang et al., 2004). Interestingly, a mouse model
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that with increased mass of type II fibers due to activated AKT signaling also
showed resistance to high fat diet induced obesity (Izumiya et al., 2008).
Together, these studies suggest that genetic manipulations that increase type I
oxidative fibers or glycolytic fiber mass in skeletal muscle can reduce the

metabolic derangement that results from a high fat diet.

Concluding remarks

Since the initial observation of gross differences in skeletal muscle
phenotype, much insight has been gained into the regulation and functional
significance of myofiber diversity. Transcription factors associated with
developmental gene programs or with the regulation of metabolism have been
shown to influence the contractile and metabolic properties of a muscle fiber.

Several aspects of muscle fiber type biology are poorly understood. First,
very little is known about the factors that regulate fast myofiber formation. One of
the questions that remains is if activation of fast myofiber genes is achieved
through direct transcriptional activation, or if it occurs in response to repression of
the slow myofiber program, or a combination of both mechanisms. Additionally,
it is unclear if the myofiber type transitions that are induced in the gain and loss of
function studies mentioned here are identical. Perhaps the metabolic regulators
primarily induce a metabolic shift that drives compensatory responses in

sarcomeric gene expression, while the developmental and calcium sensitive
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factors drive slow sarcomeric gene expression, accompanied by an indirect shift
in metabolism. It seems likely that there are many points in which the contractile
and metabolic gene programs influence each other via direct or indirect
mechanisms. Investigation of muscle fiber type transitions in a simplified in vitro
system could highlight the differences in the myofiber gene program induced by
each genetic manipulation.

The numerous associations of muscle fiber type regulation in diseased
patients are also of great interest. The correlation of myofiber type with obesity
and glucose tolerance in type 2 diabetes is intriguing, however the causal role of
this relationship needs to be scrutinized. Studies of mice containing
predominantly type I myofibers suggest a causal role for muscle fiber type in
glucose homeostasis in the setting of obesity. Further investigation of acute
increases in type I myofiber content in the setting of diabetes, through use of
inducible transgenic mice would be useful for understanding the muscle fiber type
— obesity connection. These studies would highlight the potential use of
pharmacological agents to therapeutically alter muscle fiber type for the recovery
of muscle function in musculoskeletal disease, and to promote metabolic

homeostasis in the setting of type II diabetes.



CHAPTER 11

MICRORNAS IN MUSCLE DEVELOPMENT AND
DISEASE

Introduction

The era of modern genomics has brought to light the interesting
observation that neither genome size, nor gene number correlate with the overall
complexity of an organism (Claverie, 2001). The current prevailing theory for the
derivation of organismal complexity from relatively similar numbers of protein
coding genes is that additional gene regulatory mechanisms exist in higher
organisms, allowing for intricate phenotypes (Fickett and Wasserman, 2000;
Struhl, 1999). Regulation of gene expression through non-conding RNAs
(ncRNAs) 1s one such method that is hypothesized to contribute to eukaryotic
complexity (Mercer et al., 2009).

MicroRNAs (miRNAs), small regulatory RNAs, were first identified
through forward genetics in C. elegans as regulators of developmental timing
(Moss et al., 1997; Reinhart et al., 2000). Further studies have identified miRNAs
and other recently identified classes of ncRNAs as powerful regulators of gene
expression during development and disease (Pauli et al., 2011; Salmena et al.,

2011). While these studies have firmly established the importance of miRNA

16
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function, much is still unknown about the mechanisms of miRNA action and their

roles in complex gene regulatory networks.

MicroRNA biogenesis and function

MicroRNAs (miRs) are highly conserved RNAs, 18-25 nucleotides in
length, that regulate gene expression. MicroRNAs are encoded within the genome
as intronic miRs, which are located in and processed from introns of protein-
coding gene transcripts, or as intergenic miRs that are transcribed under the
control of their own promoters. Processing of the primary miR-encoding
transcript (pri-miR) in the nucleus by Drosha produces a pre-miR stem loop 80-
110 nucleotides in length. Exportin 5 facilitates nuclear export of the pre-miR to
the cytoplasm, where it is then processed into a mature miRNA:miRNA* duplex
by Dicer (Bartel, 2004). The mature miRNA is then loaded into the RNA-induced
silencing complex (RISC) which targets the 3’-untranslated region (UTR) of
transcripts to regulate expression. In the current paradigm of microRNA function,
imperfect binding of a miR to its target mRNA prevents translation, while precise
complementary binding results in target transcript degradation. Recent data
suggests that the miRs primarily affect gene expression via subtle changes in
mRNA transcript stability (Guo et al., 2010), thus resulting in small changes in
protein levels (Baek et al., 2008). While the effects of any individual miR on a

single target might be subtle, the combinatorial effects of a miR on multiple
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mRNA targets within a regulatory network can profoundly change the output of a

pathway.

----------
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Figure 2.1. MicroRNAs are processed by Dicer and are incorporated into the
RISC complex to induce gene silencing (van Rooij et al., 2008).

MicroRNAs in skeletal muscle

Several evolutionarily conserved microRNAs display restricted expression
in cardiac and skeletal muscle. The most abundant of these muscle specific miRs
belong to the miR-1/206 and miR-133 microRNA families. MiR-1-1 and miR-1-2
are identical in sequence and are clustered at separate loci with miR-133a-2 and

miR-133a-1 respectively. Both species of miR-133a share a homologous
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sequence. Expression of miR-1-1/133a-2 and miR-1-2/133a-1 primary transcripts
in cardiac and skeletal muscle is governed by the myogenic transcription factors
MyoD, Mef2, and SRF (Liu et al., 2007). MiR-206 differs from miR-1 by 4
nucleotides and is clustered with miR-133b, which differs by 2 nucleotides from
miR-133a. Transcription of the skeletal muscle specific miR-206/133b pri-miR is
regulated by MyoD, which binds to cis-regulatory elements upstream of the miR-
206 locus (Rao et al., 2006). In vitro studies in C2C12 myoblasts identified a role
for miR-1 in promoting muscle differentiation via repression of its target HDAC4,
and elucidated a function for miR-133 in myoblast proliferation by down-
regulation of SRF (Chen et al., 2006). Similarly, over-expression of miR-206 was
shown to promote the differentiation of C2C12 myoblasts in vitro (Kim et al.,
2000).

An essential role for microRNAs in skeletal muscle in vivo was
demonstrated when the RNase-III enzyme Dicer was conditionally ablated from
embryonic skeletal muscle, resulting in perinatal lethality (O'Rourke et al., 2007).
Embryonic skeletal muscle from these mice was hypoplastic and a demonstrated a
significant increase in apoptosis, suggesting that Dicer-mediated processing of
microRNAs was required for normal muscle development.

Several studies have utilized genetic loss of function of elucidate the role
of individual muscle specific miRs in vivo. A subset of mice carrying null alleles

for miR-133a1/133a2 exhibited lethality due to defects in cardiac development
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(Liu et al., 2008). MiR-133a1/133a2 knockout mice that survived to adulthood
suffered from progressive centronuclear myopathy, which resulted from the over-
expression of the miR-133a target gene dynamin-2 (Liu et al., 2011). Mice
lacking miR-206 appeared phenotypically normal; however, these mice displayed
dysfunctional neuromuscular junction reinnervation in response to surgical or

disease-associated denervation (Williams et al., 2009).

Concluding remarks

These studies underscore the general importance of microRNA regulatory
networks in muscle and the roles of individual microRNAs in specific muscle
pathologies. The functions of several other microRNAs that display muscle
specificity, such as miR-1 and miR-133b, remain to be characterized in vivo.
Additionally, other microRNAs with broad expression patterns, such as let-7,
miR-26, and miR-101, are among the most abundantly expressed microRNAs in
skeletal muscle (Nielsen et al., 2010). Genetic studies of these miRs in vivo will
further elucidate the role of microRNAs in skeletal muscle biology. Finally, the
therapeutic knockdown or over-expression of miRs in skeletal muscle remains to
be studied as a means to treat myopathy and denervation atrophy that is associated

with amyotrophic lateral sclerosis (ALS).
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CHAPTER III

MYOSIN-ENCODED MICRORNAS GOVERN
MYOFIBER PHENOTYPE

Abstract

Myosin is a key regulator of muscle strength and contractility. Here we
show that three myosin genes, Myh6, Myh7, and Myh7b, encode related
microRNAs within their introns, which, in turn, control muscle myosin content,
myofiber identity and muscle performance. In skeletal muscle, two slow myosins
and their intronic miRNAs, Myh7/miR-208b and Myh7b/miR-499, respectively,
are co-expressed. MiR-208b and miR-499 are functionally redundant, and play a
dominant role in the specification of muscle fiber identity by activating slow and
repressing fast myofiber gene programs. The actions of these miRNAs are
mediated by a collection of transcriptional repressors of slow myofiber genes.
These findings reveal that myosin genes not only encode the major contractile
proteins of muscle, but also act more broadly to influence muscle function by
encoding a network of intronic miRNAs that control muscle gene expression and

performance.
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Introduction

The heart and skeletal muscle are major contractile organs, whose
performance is regulated by the expression of alternative isoforms of contractile
myosin proteins with unique efficiencies of force generation. In the heart, this is
exemplified by the switch from B-myosin heavy chain (3-MYH) to a-myosin
heavy chain (a-MYH) in response to increased post-natal cardiac demand
(Lompre et al., 1984), and the converse shift from a-MYH to 3-MYH that is
associated with reduced cardiac function during pathological stress remodeling
(Nadal-Ginard and Mahdavi, 1989). In skeletal muscle, myofibers shift their
expression of myosin from fast to slow isoforms in response to chronic electrical
stimulation, endurance exercise, or hypothyroidism (Pette and Staron, 2000). The
transcriptional mechanisms that control myosin switching are poorly understood
and are key to understanding the mechanisms of decreased muscle performance in
the diseased state.

Signature patterns of microRNA regulation have been observed following
a variety of cardiac and skeletal muscle pathologies (Eisenberg et al., 2007; van
Rooij et al., 2006). A recent study identified miR-208a, a cardiac enriched
microRNA encoded within an intron of a-MYH (Myh6), as a regulator of the
cardiac stress response. Remarkably, genetic loss of miR-208a in mice revealed
that this microRNA was required for pathological remodeling during pressure-

overload induced cardiac hypertrophy, and for a thyroid hormone dependant
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switch in sarcomeric contractile machinery (van Rooij et al., 2007). Specifically,
mice lacking miR-208a failed to up-regulate slow contractile genes in response to
pharmacological blockade of thyroid hormone signaling. Subsequent
bioinformatic analysis predicted the existence of miR-208b and miR-499,
microRNAs encoded within the introns of two other myosin heavy chain
isoforms, B-MYH (Myh7) and Myh7b respectively.

Using gain and loss of function genetics in mice, we identified that miR-
208b/499 redundantly mediate a transcriptional regulatory network that reinforces
slow myofiber gene expression in skeletal muscle via a reciprocal negative
feedback loop (van Rooij et al., 2009). In this pathway, miRNAs miR-499 and
miR-208b, intronically encoded within slow myosin heavy chain genes, target a
collection of transcriptional repressors, and promote a fast to slow myofiber type

switch.

Results

A family of miRNAs encoded by myosin genes

MiR-208a is encoded by intron 27 of the mouse a-MHC gene, which is
expressed specifically in the heart (Fig. 3.1A and 3.1B). Because of the important
role of miR-208a in regulating cardiac gene expression in response to stress
(Callis et al., 2009; van Rooij et al., 2007), we scanned other myosin genes for

possible intronic miRNAs. We discovered that intron 31 of the mouse S-MHC
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gene is predicted to encode a closely related miRNA, miR-208b, which has an
identical seed sequence to miR-208a and differs at only three nucleotides in the 3’
region (Fig. 3.1A). miR-208b is co-expressed with S-MHC, showing highest
expression in soleus muscle, which is comprised predominantly of slow type I
myofibers, and lower expression in adult heart (Fig. 3.1B). A third member of
this miRNA family, miR-499, is encoded by intron 19 of the mouse Myh7b gene
(McGuigan et al., 2004), a little studied myosin gene that shares extensive
homology with S-MHC (Fig. 3.1A). Myh7b and miR-499 are highly expressed in
the heart and are enriched in the soleus, compared with gastrocnemius/plantaris
(GP), tibialis anterior (TA), or extensor digitorum longus (EDL) muscles, which
contain predominantly fast myofibers (Fig. 3.1B). We refer to this family of
miRNAs as MyomiRs, because of their location within and co-expression with

their corresponding myosin genes.

Generation of miR-499 and miR-208b null mice

To further explore the functions of miR-499 and miR-208b in vivo, we
generated mutant mice with germ line deletions of the pre-miR regions of the
Myh7b and -MHC introns encoding these miRNAs, respectively. LoxP sites
were introduced into the corresponding intron at both ends of the miR-208b-
coding region (Fig. 3.2A). Breeding of these mice to mice expressing a CAG-Cre

transgene, which is expressed ubiquitously, allowed for deletion of the
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Figure 3.1. Distinct expression patterns of MyomiRs

(A) Schematic representation of the genomic location of the miRNAs present in
the different myosin genes. miR-208a and -208b share a comparable seed region
(nt 2-8) but differ at three bases in their 3’ end (indicated in black). The seed
region of miR-499 overlaps by 6 nt with miR-208 but differs significantly in the
3’ region.

(B) Northern analysis shows that miR-208a expression correlates with the
cardiac-specific expression of a-MHC, while miR-208b parallels the predominant
slow skeletal expression of B-MHC. miR-499 is co-expressed with Myh7b, a
slow myosin that is mainly expressed in the heart and soleus, a slow skeletal
muscle, but not in fast myofibers. Label indicates the mature miRNA.
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corresponding miRNA and its complete absence in homozygous mutant animals
as shown by PCR using primers flanking the loxP site (Fig. 3.2B). miR-208b"
mice were obtained at Mendelian ratios from heterozygous intercrosses and
displayed no overt abnormalities (data not shown).

Mir-499" mice were generated previously in the lab. In these mice,
Myh7b mRNA expression was unaltered in hearts, while there was a decrease in
the soleus as detected by RT-PCR using primers in exons flanking the deletion in
intron 19 (data not shown). Western blot analysis for both a-MHC and 3-MHC,
showed no difference between hearts from wild-type or miR-499" mice, and a
comparable up-regulation in 3-MHC expression in wild-type and miR-499" mice
in response to PTU (data not shown).

Deletion of miR-208b did not alter Myh7 transcript processing as
determined by both RT-PCR using primers in exons flanking the deletion in
intron 31 (Fig. 3.2C), or p-MHC expression by western blot analysis of neonatal
cardiac tissue from miR-208b” mice (Fig. 3.2D). Thus in this MyomiR null mice,
B-MHC and Myh7b host gene expression was not adversely effected, while the
expression of their corresponding intronic miRNAs miR-499 and miR-208b was

successfully ablated.
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Figure 3.2. Generation of miR-208b null mice
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(A) Strategy to generate miR-208b mutant mice by homologous recombination. The
pre-miRNA sequence was replaced with a neomycin resistance cassette flanked by
loxP sites. The neomycin cassette was removed in the mouse germline by breeding

heterozygous mice to transgenic mice harboring the CAG-Cre transgene.

(B) Detection of the miR-208b mutation by PCR. Primers flanking the loxP site in

intron 31 of the b-MHC gene generate PCR products as indicated.

(C) Detection of b-MHC expression by RT-PCR of RNA from hearts of mice of the
indicated genotypes using primers flanking intron 31. Deletion of miR-208b does not

disrupt expression of 3 -MHC.

(D) Detection of B-MHC by western blot analysis of heart from PO mice of the
indicated genotypes, showing that B-MHC expression is not altered by deletion of

miR-208b. GAPDH was detected as a loading control.
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Control of skeletal muscle fiber type by miR-499 and -208b

The cardiac specificity of miR-208a led us to investigate the potential
involvement of miR-208b and miR-499 in the control of skeletal muscle fiber
types. Deletion of either miR-208b or miR-499 did not alter the expression of the
other miRNA in the soleus (data not shown), and fiber type analysis showed little
or no difference in the number of type I myofibers in either of these mutant mice
compared to wild-type (Figure 3.3A).

Wondering whether the homology of miR-208b and miR-499 and their
coexpression in soleus might allow for redundant functions that were masked in
mice with either single gene deletion, we generated miR-208b™; miR-499"
double knockout (dKO) mice. These mice were obtained at predicted Mendelian
ratios from transheterozygous intercrosses and displayed no overt abnormalities.
However, staining of histological sections for myofiber type with metachromatic
ATPase stain and immunohistochemistry against f-MHC showed a substantial
loss of type I myofibers in the soleus of dKO mice (Fig. 3.4A and 3.4B). The loss

of slow myofibers in dKO mice was also evidenced

A WT miR-208b KO miR-499 KO

Soleus

Figure 3.3 Normal fiber type distribution in miR-208b and miR-499 KO soleus muscle.
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Figure 3.4. Control of skeletal muscle fiber type by miR-208b and miR-499
(A) Detection of type I myofibers in soleus of wild-type, miR-208b"/miR-499"
dKO, and MCK-miR-499 transgenic mice by metachromatic ATPase staining.
Scale bar, 500 pm.

(B) Immunohistochemistry for fMHC to identify type I myofibers in the soleus
of wild-type, miR-208b"/miR-499"~ dKO, and MCK-miR-499 transgenic mice.
Scale bar, 500 pm.
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(C) Identification of myosin isoform content of Soleus, EDL, and TA muscles
from wild-type, miR-208b"/miR-499" dKO, and MCK-miR-499 transgenic mice
by gel electrophoresis.

(D) The percentage of type I myofibers within soleus muscles of wild type,
MyomiR mutant, and MCK-miR-499 transgenic mice was determined as shown
in Panel B.

(E) PMHC mRNA levels in skeletal muscle of miR-208b”/miR-499" dKO adult
mice were detected by real time PCR. Loss of MyomiRs in skeletal muscle
results in repression of BMHC.

(F) Expression of slow and fast myofiber genes in soleus, TA and EDL muscles
of MCK-miR-499 transgenic mice compared to their level of expression in wild
type muscles (set at a value of 1), as detected by real time PCR. Transgenic
over-expression of miR-499 is sufficient to up-regulate slow myofiber genes and
repress fast myofiber genes in soleus and EDL.

(G) WT (n = 4) and MCK-miR-499 transgenic (n = 5) mice were subjected to a
regimen of forced running to exhaustion on a treadmill. The time to run to
exhaustion of each mouse is shown. p =0.0039.

by the reduced expression of slow 3-MHC at the protein and mRNA levels (Fig.
34C and 34E), and by a concomitant increase in the expression of faster type
IIx/d and type IIb myosin isoforms (Fig. 3.4C and Fig. 3.5A).

Conversely, forced expression of miR-499 under control of MCK
regulatory elements, was sufficient to induce a complete conversion of all fast
myofibers in soleus to a slow, type I phenotype (Fig. 3.4A, 3.4B, and 3.4C).
Analysis of gene expression in the soleus by real-time PCR also demonstrated an
induction of the slow fiber gene program in response to miR-499 overexpression
(Fig. 3.4F). In the TA and EDL, which contain predominantly fast myofibers, we
observed a pronounced induction of slow myofiber gene expression in MCK-
miR-499 transgenic mice (Fig. 3.4F). Metachromatic ATPase staining of TA and

EDL muscles from MCK-miR-499 transgenic animals also revealed conversion to
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a slower myofiber type (data not shown). Separation of myosin isoforms by gel
electrophoresis indicated a switch from fast type IIb fibers to slower type IIx/d
and type Ila fibers in the EDL and TA of transgenic mice (Fig. 3.4C). This shift in
fiber type was confirmed by real time PCR for fiber-type specific myosins (Figure
3.5B). In contrast, fast myofiber genes were repressed in both soleus and EDL
muscles from MCK-miR-499 transgenic mice (Fig. 3.4F). Even more
remarkable, when mice were subjected to a regimen of forced treadmill running,
the miR-499 transgenic animals ran more than 50% longer than wild-type
littermates, indicative of enhanced endurance resulting from the reprogramming
of fast myofibers to a slower fiber type (Fig. 3.4G). We conclude that miR-208b
and miR-499 redundantly program skeletal myofibers to a slow phenotype at the

expense of fast myofibers.

MyomiR targets and mechanism

To begin to define the mRNA targets of MyomiRs that mediate their
influence on myosin expression and myofiber phenotypes, we used targeting
algorithms (TargetScan) to search for predicted targets that were evolutionarily
conserved and encoded transcriptional regulators implicated in myofiber gene

expression. In addition to the thyroid hormone receptor coregulator Thrapl,
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Figure 3.5. Analysis of myosin expression in skeletal muscle of MCK-miR-
499 transgenic and dKO animals.
(A) Detection of fast skeletal myosin isoform expression in dKO skeletal muscle
by real-time PCR.
(B) Detection of fast skeletal myosin isoform expression in MCK-miR-499
skeletal muscle by real-time PCR.
shown previously to be a target for repression by miR-208a in the heart (Callis et
al., 2009; van Rooij et al., 2007), we identified several transcriptional repressors
among the predicted targets of the MyomiRs (Figure 3.5). These include Sox6,
Purb, and Sp3, each of which has been reported to repress S-MHC expression

(Adolph et al., 1993; Azakie et al., 2006; Gupta et al., 2003; Hagiwara et al.,
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2005; Hagiwara et al., 2007; Ji et al., 2007; Tsika et al., 2004; von Hofsten et al.,
2008); and HP-1f3, a corepressor of MEF2 (Zhang et al., 2002), which activates
slow fiber gene expression (Wu et al., 2000).

The 3 UTR of Sox6 mRNA contains four evolutionarily conserved target
sites for miR-499, one of which is also a predicted site for miR-208 (Figure 3.6).
The 3 UTRs of Purb and HP-1b each contain single conserved predicted target
sequences for miR-499 and miR-208a, while Sp3 contains a conserved miR-208
targeting sequence. We cloned the 3 UTRs of each of these predicted targets
downstream of a luciferase reporter and assayed for repression by miR-208 and -
499 in transfected COS cells. Expression of the MyomiRs repressed wild-type 3’
UTR-luciferase reporter constructs, but had little effect on reporters containing 2
nucleotide mutations in the conserved targeting sequence (Fig. 3.7A). Similarly,
wild-type luciferase reporter constructs were repressed in C2CI12 cells as
MyomiR expression increased over the course of differentiation, while mutated
constructs displayed no change in activity (Fig. 3.7B and 3.7C). Consistent with
previous results, the 3’UTR of Thrap1 displayed repression by both miR-208a and

miR-499 (data not shown).
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Figure 3.6. MyomiR target sites

Predicted targets of MyomiRs are shown
sequences in the 3’ UTRs of mouse mRNAs.

along with the positions of target

To further validate the Sox6 as a potential target of the MyomiRs, we

compared the expression of Sox6 transcripts in MyomiR null tissue. Sox6 mRNA

levels were reduced in skeletal muscles of MCK-miR-499 transgenic mice,

indicative of a destabilizing effect of miR-499 on Sox6 mRNA (Fig. 3.8A). Such

down-regulation of Sox6 suggests that Sox6 mediates, at least in part, the increase

in slow and decrease in fast myofiber gene expression in MCK-miR-499

transgenic mice, as shown in Figure 3 4F.
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Figure 3.7. MyomiRs directly repress predicted target genes.

(A) Luciferase studies of predicted MyomiR target transcripts. Wild-type and
mutant Sox6, Purf3, Sp3, and HP1p 3’UTRs were cloned into a luciferase
reporter plasmid. These constructs were co-transfected into COS-1 cells with
expression vectors for miR-208a or miR-499. Luminescence values were assayed
forty-eight hours post transfection and were normalized to [-galactosidase
activity.

(B) Expression of MyomiRs increases following C2C12 myoblast differentiation.
Relative levels of miR-208b and miR-499 expression were detected by real-time
PCR at days 0 and 5 of C2C12 differentiation.

(C) Wild-type, but not mutant luciferase reporter constructs are repressed by
MyomiRs in C2C12 cells.

Transgenic expression of Sox6 phenocopies MyomiR gene deletions

To further validate Sox6 as potential mediator of MyomiR function, we
generated MCK-Sox6 transgenic mice. MCK-Sox6 mice appeared normal at
birth, however they demonstrated retarded growth at postnatal day 8 and
ultimately died by 28 days of age. Analysis of multiple FO transgenic animals

revealed that over-expression of Sox6 in skeletal muscle strongly repressed -
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MHC and slow Tnnil transcript levels (Fig. 3.8B). Immunohistochemistry for 3-
MHC on skeletal muscle sections revealed a complete loss of type I fibers in
MCK-Sox6 mice (Fig. 3.8C). Thus, over-expression of Sox6 at relatively modest
levels (Figure 3.8B) was sufficient to evoke a myofiber phenotype similar to the
MyomiR dKO mice. This result provides strong support for the conclusion that
the transcriptional repressor Sox6, in part, mediates the actions of MyomiRs on
slow myofiber gene expression.

In contrast, Sox6 did not activate the expression of fast Tnni2 or Tnni3
(Fig. 3.8B), as seen in miR-208b"/miR-499"" dKO mice. The latter findings
suggest that Sox6 mediates the actions of miR-499 and miR-208b on the slow
myofiber gene program, but other targets of these MyomiRs are required for the

activation of fast myofiber genes.

Discussion

This work identifies microRNAs as novel regulators of the slow muscle
gene program, and the MyomiR family as critical effectors of muscle contraction

in the heart and skeletal muscle.

MicroRNA feedback loops
Myosin heavy chain is a key component of the sarcomere that generates

contractile force. This study demonstrates that loci, encoding functional
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Figure 3.8. Sox6 mediates the actions of MyomiRs in skeletal muscle

(A) Real time PCR indicates Sox6 mRNA levels are depressed in skeletal muscle
of MCK-miR-499 mice.

(B) Sox6 mRNA transcript is over-expressed in MyomiR dKO skeletal muscle.
MCK-Sox6 transgenic mice exhibit repression of slow skeletal muscle genes and
unaltered levels of fast skeletal troponin in skeletal muscle. Expression was
measured by real time PCR in total hind limb muscle of MCK-Sox6 transgenic
mice and wild type (WT) controls.

(C) Immunohistochemistry for Type I myosin (BMHC) in the hind limb of MCK-
Sox6 transgenic mice indicates an absence of Type I fibers in the EDL of
transgenic mice as compared to wild-type (WT) littermate controls. Scale bar,
100 pm.

slow myosin proteins, also express microRNAs that evoke other aspects of a slow
contractile phenotype. Thus, the information generated by a single transcriptional

event at the Myh6, Myh7, and Myh7b loci influences both contractile and
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metabolic aspects of muscle phentoype. This positive feed forward system
ensures that a stimulus that promotes slow myosin expression, such as increased
intracellular calcium, effectively and completely regulates all aspects of the
phenotype to elicit an adaptive response. Similar microRNA mediated regulatory
loops have also been recently discovered. MiR-33 cooperates with its host gene
SREBP to promote a cholesterologenic state within a cell by repressing
cholesterol efflux (Najafi-Shoushtari et al., 2010), and miR-218, encoded within
an intron of the ligand Slit2, ensures mutually exclusive ligand-receptor

expression by antagonizing expression of the cognate Robo4 receptor.

MyomiR induced myofiber transitions

We have observed that manipulation of MyomiR levels in the soleus, TA,
and EDL elicits a distinct shift towards the slow phenotype in each muscle. In
addition to up-regulating S-MHC, transgenic expression of miR-499 primarily
drives these muscles to shift one myofiber type slower in the sequential transition
towards a slow myofiber phenotype(Pette and Staron, 1997). We hypothesize that
divergent gene expression profiles, as well as different frequencies of muscle use
between the soleus, TA, and EDL may be responsible for the distinct changes we
observe in response to gain of MyomiR function. Further investigation of the
mechanisms that confer differential responsse to the MyomiRs between muscle

groups could uncover novel myofiber type regulatory mechanisms.
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MyomiRs as common regulators of contraction in heart and skeletal muscle
Finally, this study demonstrates that miR-208b and miR-499 serve a
function in skeletal muscle similar to that of to the closely related miR-208a in the
heart. In cardiomyocytes, miR-208a is the dominant MyomiR that regulates the
expression of the other member of the MyomiR family and slow contractile
genes. In skeletal muscle, miR-499 and miR-208b are redundant, as loss of either
individual microRNA does not effect myofiber type differentiation. It will be of
great interest to determine if the identical effect of the MyomiRs on the
contractile phenotype in heart and skeletal muscle results from a common set of
downstream target genes, or if the pathways have diverged to regulate a unique
set of targets in each tissue. Additionally, identification of the mechanism by
which miR-208a has ascended to a dominant role over other MyomiRs in the
heart could highlight the divergence of the MyomiR regulatory network between

heart and skeletal muscle.

Methods

Gene expression analysis. Whole skeletal muscle was flash frozen in liquid
nitrogen, and total RNA was isolated following tissue homogenization in
Trizol(Invitrogen) according to manufacturers instructions. cDNA was generated

by reverse transcription using random hexamer primers (Invitrogen). Gene
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expression was measured by quantitative real time PCR either with purchased
gene specific Tagman probes (ABI) or primers designed (see supplemental data)

for SYBR green qPCR.

Generation of transgenic mice. A mouse genomic fragment flanking miR-499
was subcloned into a muscle-specific expression plasmid containing the MCK
enhancer and human GH poly(A)+ signal (Sternberg et al., 1988). Genomic DNA
was isolated from mouse tail biopsies and analyzed by PCR using primers specific

for the human GH poly(A)+ signal.

Generation of miR-208b mutant mice. To generate the miR-208b targeting
vector, a 4.9kb region (5’ arm) extending upstream of the miR-208b coding
region was ligated into the pGKneoF2L.2dta targeting plasmid upstream of the
loxP sites and the Frt-flanked neomycin cassette. A 3.5 kb fragment (3’ arm) was
ligated into the vector between the neomycin resistance and Dta negative
selection cassettes. Targeted ES-cells carrying the disrupted allele were identified
by Southern blot analysis with 5° and 3’ probes. Three miR-208b targeted ES
clones were identified and used for blastocyst injection. The resulting chimeric

mice were bred to C57BL/6 to obtain germline transmission of the mutant allele.
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Fiber-type staining. Soleus, GP, TA, and EDL muscles were isolated at 8 weeks
of age and were embedded in a 3:1 ratio of Tissue Freezing Medium to gum
tragacanth. Samples were flash frozen and sectioned on a cryostat-microtome.
Metachromatic ATPase staining was performed as previously described (Ogilvie

and Feeback, 1990).

Forced running. Forced treadmill running of 6 week old wild-type and MCK-
miR-499 transgenic mice was performed as follows. Animals were trained on the
treadmill (Colombus Instruments, 10% incline) for 5 minutes at 7m/min for two
consecutive days. The following day mice were run at 8m/min for 30 minutes,
then 9m/min for 15 minutes, followed by 10m/min for 15 minutes. Finally, speed
was incrementally increased by Im/min every 10 minutes until the mouse
exhibited exhaustion. The end point was reached when a mouse received repeated

electrical stimuli for greater than 5 seconds.

MHC electrophoresis. Myosin was isolated from skeletal muscle and run on
glycerol-SDS-PAGE gels as previously described (Talmadge and Roy, 1993).

Gels were stained with a silver nitrate staining kit(Biorad).

Cell culture, transfection and luciferase assays. A 300-500 bp genomic

fragment encompassing the miR-208a, miR-499, miR-21 or miR-206 coding
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region, were amplified by PCR and ligated into pCMV6. Full length 3 UTRs of
Sox6, Sp3, HP1b, and PURP were cloned into the pMiR-report vector (Ambion).
Cell culture, transfection, and luciferase studies were performed as previously
described (van Rooij et al., 2007), Mutations in the 3’UTRs alter the 2" and 3™
nucleotides of the targeting sequence, and were genereated using QuickChange

Lightning kit (Stratagene).

Immunohistochemistry. Tissue samples were fixed in 4% paraformaldehyde and
embedded in paraffin for sectioning. Deparaffinized sections were permeabilized
with 0.04% Pronase E, then blocked in 0.5% bovine serum albumin/5% normal
goat serum in PBS. NOQ7.54D (1:16000) was used for primary detection of
Type I myosin, and HRP-conjugated secondary (Sigma A8924) followed by DAB
chromagen reaction were used for detection. Samples were then counterstained

with hematoxylin.

Analysis of transgenic animals. Two F1 transgenic lines of MCK-miR-499, and

3 FO transgenic MCK-Sox6 animals were analyzed in this study.

Statistical Analysis. All graphs represent mean values +/- SEM. Asterisk(¥*)

represents p-value<0.05 as calculated by unpaired t-test.



Animal Care. All animal procedures were previously approved by the
Institutional Animal Care and Use Committee at UT Southwestern Medical

Center.
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CHAPTER IV

REGULATION OF MUSCLE GENE EXPRESSION
AND PERFORMANCE BY SOX6

Abstract

In response to physiological stimuli, skeletal muscle alters its myofiber
composition to significantly affect muscle performance and metabolism. This
process requires concerted regulation of myofiber specific isoforms of sarcomeric
and calcium regulatory proteins that couple action potentials to the generation of
contractile force. Here, we identify Sox6 as a fast myofiber enriched repressor of
slow muscle gene expression in vivo. Mice lacking Sox6 specifically in skeletal
muscle have an increased number of slow myofibers, elevated mitochondrial
activity, and exhibit down regulation of the fast myofiber gene program, resulting
in enhanced muscular endurance. In addition, microarray profiling of Sox6
knockout muscle revealed extensive muscle fiber type remodeling, and identified
numerous genes that display novel fiber type enrichment. Sox6 directly represses
the transcription of slow myofiber enriched genes by binding to conserved cis-
regulatory elements. These results identify Sox6 as a robust regulator of muscle

contractile phenotype and metabolism, and elucidate a mechanism by which
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functionally related muscle fiber type specific gene isoforms are collectively

controlled.

Introduction

The Sry-related HMG box (SOX) family of transcription factors is a large
group of proteins with established roles in the regulation of gene expression
during development and disease. Members of the SOX family are defined by the
presence of an HMG box DNA-binding domain, of which they must share greater
than 50% sequence homology (Bowles et al., 2000). This loose classification
criteria has led to the identification of more than 30 Sox genes, which are further
clustered into eight groups, A-H, based on their HMG domain sequence
homology.

The SoxD sub-class is uniquely identified by the C-terminal localization
of their HMG box, and the presence of an N-terminal coil-coiled dimerization
domain. This group is composed of Sox5, Sox6, and Sox13, which exhibit dual
functions as transcriptional activators or repressors (Lefebvre, 2002; Lefebvre et
al., 1998). Sox5 and Sox6 are capable of regulating transcription of their target
genes as homo- or heterodimers (Lefebvre et al., 1998), and have been shown to

play redundant roles during chondrogensis in vivo (Smits et al., 2001). Sox6 null
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mice exhibit failure to thrive and expire within 2 weeks following birth (Smits et
al., 2001), however studies in these mice, as well as in zebrafish, have identified
an important role for Sox6 in embryonic muscle development(Hagiwara et al.,
2005; Hagiwara et al., 2007; von Hofsten et al., 2008).

In the present study, we investigate the function of Sox6 in adult skeletal
muscle. We show that Sox6 is required for fast myofiber maintenance in adult
muscle, as conditional loss of Sox6 leads to conversion of muscle to a slow
myofiber phenotype, resulting in significant changes in skeletal muscle
mechanics. We demonstrate that Sox6 regulation of muscle phenotype occurs
independent of changes in other regulatory factors implicated in fiber type
switching, such as PGC-1o and AMP-kinase (AMPK), and instead results from
direct repression of a constellation of slow isoforms of sarcomeric and calcium
regulatory proteins. Together, these data reveal an important role for Sox6 in the
coordinated regulation of multiple properties of myofiber phenotype that

profoundly effect muscle performance.
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Results

Sox6 is enriched in fast myofibers

Previous work suggests a role for Sox6 in embryonic muscle
differentiation, but the potential functions of Sox6 in adult muscle are unknown,
therefore we asked if Sox6 displays differential expression between muscle fiber
types in adult mice. Comparison of slow myofiber enriched soleus muscle to fast
myofiber enriched tibialis anterior (TA) and extensor digitorum longus (EDL) by
gqPCR revealed that Sox6 mRNA is expressed approximately 3-fold higher in fast
TA and EDL muscle groups (Figure 4.1A). To more thoroughly study the
influence of fiber type on the expression of Sox6 within an individual muscle
group, we utilized transgenic mice that express an active form of the phosphatase
calcineurin under control of muscle creatine kinase (MCK) regulatory elements,
which drives slow myofiber formation in skeletal muscle (Naya et al., 2000).
Expression of Sox6 in slow myofiber enriched MCK-CnA TA muscle was
reduced by approximately 50% when compared to WT TA by qPCR (Figure
4.1B). Based on these results, we conclude that Sox6 is more highly expressed in

fast myofibers.
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Figure 4.1. Sox6 is enriched in fast muscle fibers and affects gross muscle

fiber morphology.

(A) Sox6 mRNA is enriched in muscle groups that predominantly contain fast
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myofibers (TA and EDL) compared to slow myofiber enriched muscle (soleus),
as measured by qPCR.
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(B) Sox6 expression levels are reduced by qPCR in slow fiber containing MCK-
CnA transgenic TA muscle compared to WT fast TA muscle.

(C) Gross examination of adult Sox6 cKO hindlimb muscles demonstrates
increased redness and a reduction in muscle size compared to WT control.

(D) Staining of myofiber cell membranes with wheat germ agglutinin indicates a
reduction in myofiber size in Sox6 cKO TA muscle. Scale bars: 200 pm.

(E) Quantification of myofiber size following wheat germ agglutinin staining
reveals an increase in the proportion of smaller myofibers and a reduction in the
proportion of larger myofibers in Sox6 cKO TA muscle.

(F) Sox6 cKO and WT TA muscle contain a similar number of myofibers.

Loss of Sox6 alters myofiber appearance and morphology

To study the function of Sox6 in skeletal muscle, we bred mice
conditionally targeted at the Sox6 locus (Dumitriu et al., 2006) with mice
expressing Cre-recombinase in post-natal skeletal muscle under the control of
MCK regulatory elements (Bruning et al., 1998). Sox6";MCK-Cre conditional
knockout mice (henceforth referred to as Sox6 cKO) were born at mendelian
ratios and appeared identical to WT littermate controls (data not shown). Analysis
of Sox6 expression in 8-week old cKO mice by qPCR revealed a reduction in
Sox6 transcript levels by 70% in TA and EDL muscles, and by 25% in soleus
muscle (Figure 4.2A). By gross examination, hind limb musculature of adult Sox6
cKO mice was markedly darker and more red in color than that of WT littermates

(Figure 4.1C).
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Figure 4.2. Reduced Sox6 expression and muscle mass in adult Sox6 cKO
mice

(A) Measurement of Sox6 expression in 8 week-old WT and Sox6 cKO mice by
real-time qPCR.

(B) Sox6 cKO TA and GP muscle from 8 week-old mice demonstrate a reduction
in muscle mass.

(C) Grossly, WT and Sox6 cKO hind limb musculature appear identical at P10.

Furthermore, ¢cKO muscle weighed less than WT controls (Figure 4.2B).
Examination of myofiber cross-sectional area by histochemical staining revealed
that fiber size distribution was altered in Sox6 cKO TA muscle, with a shift
toward a reduced cross sectional area relative to WT (Figure 4.1D and 4.1E).

Quantification of total myofiber number revealed that Sox6 cKO TA muscle
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contained a comparable number of individual fibers to WT controls (Figure 4.1F),
indicating that the decrease in Sox6 cKO muscle mass results solely from a
reduction in myofiber size. Importantly, gross morphological changes in Sox6
cKO muscle were absent in young mice at stage P10 (Figure 4.2C, 4.4B, and
4 4C), suggesting that the observed phenotype in Sox6 cKO adult mice is not due

to adverse effects on normal muscle development or early fiber type patterning.

Enhanced muscle performance in Sox6 cKO mice

The altered appearance of Sox6 cKO muscle is consistent with changes
observed in endurance trained muscle (Holloszy and Booth, 1976), leading us to
ask if muscle from Sox6 cKO mice displayed altered mechanical performance.
EDL and soleus muscles were isolated from WT and Sox6 cKO mice, and
physiological performance was assessed ex vivo in a muscle bath. Sox6 cKO
soleus and EDL muscle generated stress comparable to WT controls over a range
of stimulation frequencies (Figure 4.3A). Measurement of shortening velocity
revealed that Sox6 cKO EDL, but not cKO soleus, had a reduced maximal
shortening velocity compared to WT (Figure 4.3B).

We assayed muscle endurance by calculating the time to fatigue; measured
as the length of time for a muscle to fall to a defined percentage of its initial force
under constant stimulating frequency. Remarkably, the time to fatigue for cKO

EDL muscle (50% of initial force) was 50% greater than WT muscle, indicating a
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significant increase in cKO muscle endurance (Figure 4.3C). This pronounced

improvement in physiological performance was also evident in the cKO soleus,

which displayed a 100% increase in the time to fatigue (75% of initial force)

(Figure 4.3C). Sox6 cKO EDL and soleus muscle also demonstrated improved

recovery following fatigue (Figure 4.4D).
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Figure 4.3. Altered physiological performance of Sox6 cKO muscle
(A) A stress-frequency plot of WT and Sox6 cKO EDL and soleus muscle

reveals no difference in stress generation at various frequencies of stimulation.

(B) Measurement of the shortening velocity in WT and Sox6 cKO EDL and
soleus muscle reveals a reduced maximal shortening velocity (y-intercept) in
Sox6 cKO EDL, but not soleus. Lines represent curve fit of data points.
(C) Measurement of time to fatigue (i.e, to 50% of initial force; horizontal
dashed line) for EDL muscle reveals an increase by 50% in Sox6 cKO EDL.
Time to fatigue (i.e, 75% of initial force; horizontal dashed line) measurements
for soleus muscle demonstrate an increase by 100%. These results indicate a
significant improvement in Sox6 cKO muscle endurance. Vertical dashed lines
indicate extrapolation of time to fatigue.
WT (n=4), Sox6 cKO (n=6). (*p<0.05, **p<0.01, ***p<0.001)
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Figure 4.4. Normal fiber type distribution in post-natal Sox6 cKO muscle
and improved recovery of adult cKO muscle

(A) H&E staining of WT and Sox6 cKO TA muscle reveals healthy looking
muscle, with noticeably smaller myofibers in the Sox6 cKO TA at 8 weeks of
age.

(B) Immunohistochemistry against Type I myosin in Sox6 cKO soleus displays
normal fiber type patterning at P10. Slow fibers are stained brown. Scale bar: 400
pum.

(C) Quantification of Type I fibers in the soleus at P10 confirms preservation of
WT fiber type patterning at P10.

(D) Sox6 cKO EDL and soleus generate a greater percentage of initial force than
WT control muscle following fatigue, indicating enhanced recovery. Data points
are a continuation of the plot from Figure 2C. (*p<0.05, **p<0.01, ***p<0.001)
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Increased slow fibers in Sox6 cKO mice

The reduction in maximal shortening velocity and increase in muscle
endurance observed in Sox6 cKO skeletal muscle led us to investigate muscle
fiber type composition in these mice. Immunohistochemistry against type I slow
myosin (B-myosin heavy chain) revealed a dramatic increase in the number of
slow myofibers in several muscle groups from Sox6 cKO mice (Figure 4.5A).
Quantification of the transcript encoding slow type I myosin, Myh7, by qPCR
showed strong up-regulation in both fast and slow muscle groups of Sox6 cKO
mice (Figure 4.5B). Similarly, analysis of muscle myosin isoform content by gel
electrophoresis demonstrated that WT soleus was composed of 50% type I
myosin, while the Sox6 cKO soleus contained nearly 100% slow type I myosin
(Figure 4.5C). Sox6 cKO TA and EDL myosin electrophoretograms showed the
presence of a band representing slow type I myosin, while this band was absent in
WT TA and EDL samples (Figure 4.5C). In addition, Sox6 cKO TA and EDL
lanes showed a shift from predominant expression of type IIb myosin, the fastest
myosin isoform, towards expression of slower type Ila and IIx/d fast myosins.
These changes in fast myofiber content were also evident by qPCR analysis of

fast myosin isoform mRNA expression (Figure 4.5D).
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Figure 4.5. Increased slow myofibers and mitochondrial activity in Sox6
cKO mice

(A) Immunohistochemistry directed against type I slow myosin indicates an
increase in slow myofibers in all muscle groups from Sox6 cKO mice at 8§ weeks
of age. Slow myofibers are stained brown. Scale bar: 400 pm.

(B) Measurement of Myh7, encoding type I slow myosin, by qPCR reveals
significantly increased expression in Sox6 cKO muscle.

(C) Separation of myosin isoforms by gel electrophoresis reveals increased type |
myosin in soleus, TA, and EDL muscle from Sox6 cKO mice. In addition, a
switch from type IIb to type Ila/x fibers is evident in cKO TA and EDL.

(D) Sox6 cKO mice display altered expression of fast myosin isoforms compared
to WT by qPCR.

(E) Western blots for slow skeletal troponin(Tnnil) and myoglobin demonstrate
robust up-regulation of these proteins in TA and GP muscle from Sox6 cKO
mice.

(F) Sox6 c¢KO TA muscle demonstrates increased  succinate
dehydrogenase(SDH) and NADH dehydrogenase(NADH-TR) enzymatic
staining, consistent with an increase in mitochondrial activity in Sox6 cKO
myofibers. Scale bar: 200 pum.
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Next, we asked whether other slow myofiber specific genes might be
regulated in Sox6 cKO mice. By western blot, we observed that the slow skeletal
muscle specific troponin isoform, TNNI1, and slow muscle enriched myoglobin
were both strongly up-regulated in cKO muscle (Figure 4.5E). We also compared
the mitochondrial activity of muscle from Sox6 cKO mice to littermate controls.
Sox6 ¢cKO mice displayed higher levels of succinate dehydrogenase (SDH) and
NADH dehydrogenase (NADH-TR) activity-dependant staining, indicating
increased mitochondrial activity (Figure 4.5F). The up-regulation of slow
myofiber specific gene expression, as well as the heightened mitochondrial
activity in Sox6 cKO skeletal muscle, denotes a substantial increase in the number

of slow type I myofibers.

Microarray profiling of Sox6 mice reveals extensive fiber type switching and
novel myofiber specific gene expression

To more thoroughly analyze the changes that result from loss of Sox6 in
skeletal muscle, we performed microarray analysis on mRNA isolated from WT
and Sox6 cKO TA muscle. Of particular interest, microarray profiling revealed
antithetical regulation of fiber type specific isoforms of sarcomeric components
and ion channels involved in excitation-contraction coupling (Table 4.1). Gene
ontology analysis of transcripts regulated by more than 2-fold in Sox6 cKO TA

demonstrated significant enrichment of genes known to function in skeletal and
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Table 4.1. Opposing regulation of fast/slow myofiber programs in Sox6 cKO TA muscle.

Component Fast Isoform Fold Change Slow Isoform Fold Change
Myosin heavy chain MYH4 0.16 MYH7 4.18
Myosin light chain MYLI1 0.51 MYL2 31.53
Na/K ATPase ATP1B2 0.23 ATP1B1 1.96
Troponin T TNNTS3 0.72 TNNT1 8.20
Actinin ACTN3 0.75 ACTN2 1.74
Actin ACTAI 0.73 ACTC1 10.87
Sarcoplasmic calcium channel ATP2A1 0.88 ATP2A2 13.93

cardiac muscle contraction, as well as genes involved in various metabolic
processes that differ between muscle fiber type (Figure 4.6C and 4.6D).

Given these robust changes in fiber type specific gene expression, we next
investigated if Sox6 cKO mice could be used as a tool to identify new myofiber
enriched genes. We generated a heat map depicting the most highly regulated
genes in Sox6 cKO TA muscle (Figure 4.6A), and identified 26 genes with no
known association with muscle fiber type or muscle function. We next analyzed
muscle fiber type associated expression of these 26 genes in WT mice by
comparing their expression in soleus and TA muscle by qPCR (Figure 4.6B).
Cross referencing these data sets, we determined that Rspo3 (Thds2), Lrrnl, Lrba,
DUPDI and Psatl displayed slow myofiber enriched expression, while Zmynd17,
Smox, Kcnc4, and Modl demonstrated elevated expression in fast myofibers
(Figure 4.6B). The transcripts Sv2b and Chrnal, encoding a neuron specific

synaptic vesicle glycoprotein and the nicotinic cholinergic receptor, were also up-
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regulated in slow muscle, potentially reflecting an increase in the number of

neuromuscular junctions in Sox6 cKO TA and WT soleus muscle.
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Figure 4.6. Microarray and gene ontology analysis of Sox6 cKO muscle
(A) Heat map analysis of genes regulated >5-fold in Sox6 cKO TA by

microarray. Transcripts enriched in fast or slow myofibers are noted. 26 of 49

regulated genes have no known fiber type specificity or function in skeletal

muscle.

(B) 13 transcripts from the microarray heatmap (Figure 4A) display novel fiber

type enrichment in WT mice by comparison of expression in slow soleus muscle
relative to WT fast TA muscle by gPCR.
(C) Gene ontology analysis of all genes up-regulated by 2-fold in Sox6 cKO TA
muscle reveals significant enrichment of genes involved in muscle function and

metabolism.
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(D) Gene ontology analysis of all genes down-regulated by 2-fold in Sox6 cKO
TA muscle indicates enrichment of genes critical for muscle structure/function
and myofiber metabolism.

Sox6 directly represses expression of slow contractile and calcium handling
genes

To elucidate the mechanism by which Sox6 regulates myofiber specific
gene expression, we examined the possibility that Sox6 regulates factors known to
promote slow myofiber gene expression. Pgc-1a, a transcriptional co-activator
sufficient to drive slow fiber formation, was not changed in Sox6 cKO muscle as
detected by western blot (Figure 4.7A). Additionally, levels of phosphoylated
AMPK, a key metabolic regulator of muscle fiber transitions in response to
endurance exercise(Rockl et al., 2007), were unchanged in ¢cKO muscle (Figure
4.7B).

The strong increase in slow muscle fiber gene expression in Sox6 cKO
mice, as well as the enrichment of Sox6 mRNA in fast myofibers led us to
hypothesize that Sox6 acts as a direct repressor of slow myofiber gene expression.
A search for the consensus Sox6 binding motif, AACAAT (Connor et al., 1995),
near the loci of genes significantly regulated in cKO TA muscle by microarray
identified conserved potential binding sites proximal to Myl2, Myl3, Myhl,
Myh7, and ATP2a2 (Fig 4.8A and 4.7E). These loci encode slow muscle specific

regulatory and essential myosin light chains (Myl2 and Myl3), a slow and
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Myl2
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RAT GGAAGAGGTATTTATTGTTCC
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MyI3
MOUSE CCTGGGCTTGAACAATGCCCTCTCCA
RAT CCTGGGCCTGAACAATGCCCTCTCCA
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ORANGUTAN CCTGAGCCTGAACAATGCCCTCCCCA
HORSE CCTGAGCCTAAACAATGCCCTCTCCA

Myh7

MOUSE GCTAGGAAACAATTGGAAGTGGTCGTCATTGTTGTGGCA
RAT GCTAGGAAACAATTGGAAGTGGGCGTCATTGTTGTGGTA
HUMAN GCTAGGAAACAATTGGAAGTGGTCGTCATTGTTATGGCA
ORANGUTAN GCTAGGAAACAATTGGAAGTGGTCGTCATTGTTATGGCA
HORSE GCTAGGAAACAATTGGAAGTGGTCGTCATTGTTATGGCA

ATP2a2

MOUSE TAGGCAATGTTGGCAAAACAATGTCT
RAT TAGGCAATGTTGGCAAAACAATGTCT

HUMAN TAGGCAATGTTGGCAAARACAATGTCT
ORANGUTAN TAGGCAATGTTGGCAAAACAATGTCT
HORSE TAGGCGATGTTGGCAAAACAATGTCT

Figure 4.7. Absence of slow fiber signals and ChIP analysis of Sox6 targets
in Sox6 cKO mice.

(A) PGC-1a expression is not altered in adult Sox6 cKO TA muscle as detected
by western blot.

(B) Phosphorylated and total AMP-kinase levels are not changed in adult Sox6
cKO TA muscle compared to WT by western blot.

(C) Semi-quantitative PCR analysis of anti-Sox6 ChIP chromatin from WT and
cKO TA samples at loci containing conserved Sox6 consensus binding
sequences.
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(D) Semi-quantitative PCR analysis of ChIP chromatin immunoprecipitated with
anti-FLAG antibody and IgG negative control from FLAG-Sox6 transfected
C2C12 cells. (E) The Sox6 binding motifs upstream of 5 target loci are strongly
conserved among mammals.

intermediate isoform of myosin heavy chain (Myh7 and Myhl, respectively), and
the slow fiber specific isoform of the sarcoplasmic reticulum Ca** uptake channel
SERCA (ATP2a2 or SERCA2). To determine if Sox6 is present at these loci in
vivo we performed chromatin immunoprecipitation (ChIP) assays from WT and
Sox6 cKO TA muscle with an antibody directed against Sox6. Both gPCR and
semi-quantitative RT-PCR analysis of ChIP chromatin indicated that Sox6 bound
to all 5 loci in WT TA muscle, but was largely absent in Sox6 cKO TA (Figure
4.8B and Figure 4.7C). ChIP analysis of FLAG-epitope tagged Sox6 in C2C12
myoblasts yielded similar results (Figure 4.7D). In addition, gel shift analysis of
the Sox6 consensus binding sites at all 5 loci revealed that Sox6 specifically
bound to these DNA sequences in vitro (Figure 4.8E and 4.8F). In support of
Sox6 acting as a transcriptional repressor at these loci, transcript levels of Myl2,
Myl3, Myhl, Myh7, and ATP2a2 were all increased in TA muscle from Sox6 cKO
mice (Figure 4.8C). Conversely, in transgenic mice that over-express Sox6
specifically in skeletal muscle (van Rooij et al., 2009), Myl2, Myl3, Myhl, Myh7,
and ATP2a2 mRNA transcripts were all strongly decreased (Figure 4.8D). From
these results, we conclude that Sox6 directly binds to loci encoding slow muscle

fiber enriched genes and effectively represses their transcription.
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Figure 4.8. Sox6 is a direct repressor of slow myofiber genes

(A) Schematic representation of highly conserved Sox6 consensus binding motifs
found near loci encoding slow fiber enriched genes.

(B) Sox6 chromatin immunoprecipitation assay (ChIP) reveals that all 5 loci are
bound significantly more by Sox6 in WT TA muscle compared to Sox6 cKO TA
negative control tissue.

(C) Direct Sox6 target genes are up-regulated in TA muscle from Sox6 cKO
mice as measured by qPCR.

(D) Sox6 target gene transcripts are reduced in hindlimb muscle from MCK-
Sox6 transgenic mice as measured by qPCR.

(E) Gel shift analysis of the palindromic Sox6 binding site upstream of the Myh7
locus. Sox6 binds wild-type (W), but not mutant (M) consensus binding
sequence. The Sox6 binding complex is super-shifted with addition of a-FLAG
antibody.

(F) Gel shift analysis of single Sox6 binding sites near loci for Myhl, Myl2,
Myl3, and ATP2a2 reveals that Sox6 can bind to consensus binding sites in vitro.
(G) Our data suggests a model by which Sox6 represses multiple contractile
genes that collectively contribute to slow muscle fiber contractile properties.
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Discussion

In this work, we demonstrate an essential role for the transcription factor
Sox6 in post-natal muscle fiber type differentiation, and consequently, muscle
performance and metabolism. We show that mice lacking Sox6 in skeletal muscle
display an increased number of slow muscle fibers and exhibit significantly
improved endurance in response to mechanical workload. These changes result, at
least in part, from a loss of transcriptional repression by Sox6 at loci encoding
components of the contractile apparatus and calcium storage machinery that are
specific for slow skeletal muscle.

Our data suggests that Sox6 is a regulator of muscle fiber type
specification that acts in parallel to or downstream of PGC-1a and AMPK to
induce slow myofiber formation. Additional experiments are necessary to
elucidate the regulatory hierarchy that affects Sox6 function, however, our results
are consistent with Sox6 as a target effector of the MyomiR regulatory network,
which is sufficient, and partially required for slow myofiber formation(van Rooij
et al., 2009).

In addition to the regulation of opposing myofiber specific gene profiles,
muscle fiber type remodeling requires regulation of a broad spectrum sarcomeric
components that function in concert to effect contraction. Here, we find that Sox6
regulates Myh7, Myhl, Myl3, and Myl2, that together form the thick filament

myosin motor, and the slow muscle specific, ATP dependent, sarcoplasmic
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reticulum Ca** uptake channel ATP2a2. Thus, Sox6 regulates both sarcomeric and
calcium regulatory components that contribute to the contractile properties of
slow myofibers. Further studies are needed to investigate if other sarcomeric
proteins that affect the dynamics of muscle contraction, such as troponins and
actins, are also directly regulated by Sox6. Additionally, identification of Sox6
targets that promote oxidative metabolism in slow myofibers would further our
understanding of how metabolic and contractile properties of muscle fibers are
co-regulated.

This study raises several important questions regarding the function of
Sox6 in skeletal muscle. Previous in vivo loss-of-function studies of Sox6 have
demonstrated significant functional overlap with the related SoxD family member
Sox5 (Smits et al., 2001). Sox5 is highly enriched in human cardiac and skeletal
muscle tissue (Ikeda et al., 2002), indicating potentially overlapping roles for
Sox5/6 in the regulation of myofiber phenotype. Furthermore, while we
demonstrate transcriptional repression of slow myofiber genes by Sox6, the
possibility that Sox6 also plays an opposing role as a direct transcriptional
activator of fast myofiber specific gene expression necessitates further inquiry.

The phenotype of the Sox6 cKO mouse exhibits a shift in both contractile
and metabolic characteristics of the slow myofiber gene program. It is intriguing
that the direct Sox6 targets identified in this study are all sarcomeric genes that

control contraction. A recent study performed ChIP-Seq in myoblasts and
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identified a similar set of slow, sarcomeric Sox6 target genes (An et al., 2011).
Therefore, the extent to which the increase in oxidative metabolism in Sox6 cKO
is directly mediated by loss of Sox6, or is influenced through indirect mechanisms
is unclear.

Finally, the mechanisms by which Sox6 mediates transcriptional
repression of target genes in skeletal muscle unknown. During oligodendrocyte
development, Sox5 and Sox6 directly compete with the binding of the
transcriptional activator Sox9 to cis-regulatory elements upstream of genes
important for oligodendrocyte maturation (Stolt et al., 2006). In erythrocytes,
SOX6 interacts with BCL11A to induce silencing of the fetal (y) hemoglobin
locus, and activate the transcription of adult () hemoglobin (Xu et al., 2010).
Identification of SOX6 binding partners in skeletal muscle would potentially
provide insight into the repressive mechanism. Additionally, bioinformatic
analysis of nearby conserved cis-regulatory elements in Sox6 enhancers could

identify other factors that cooperate with SOX6 to regulate gene expression.

Methods

MHC electrophoresis. Myosin was isolated from skeletal muscle and run on

glycerol-SDS-PAGE gels as previously described (Talmadge and Roy, 1993).
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SDH and NADH-TR Staining. Fresh frozen sections were incubated in 0.2 M
phosphate buffer (pH 7.6) containing sodium succinate and NBT for 60 minutes
at 37°C (SDH) or in 0.05 M TRIS buffer (pH 7.6) containing NADH and NBT for
30 minutes at 37°C (NADH-TR). Staining was then cleared with acetone and

preserved with aqueous mounting medium.

Gel shift assay. Full length Sox6 cDNA was cloned from skeletal muscle and
placed into pcDNA3.1 vector containing N-terminal FLAG tag. TnT in vitro
translation (Promega) was used to generate tagged Sox6 protein. Double stranded
gel shift probes were radioactively labeled with ATP[y-*P] by PNK and
incubated with Sox6 protein in the presence or absence of cold competitor probes
at room temperature. Mouse anti-FLAG antibody(Sigma) was used to supershift.

Samples were resolved on a 5% native PAGE gel.

Quantification of myofiber size and number. Frozen sections were fixed in
100% ethanol and stained with Alexa594-conjugated wheat germ agglutinin
(Invitrogen) at a concentration of 50ug/mL. Fibers were measured and counted

using ImageJ software.
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Statistical Analysis. All experiments represent an n=3 for WT and Sox6 cKO

samples unless otherwise stated. All graphs represent mean values +/- SEM.

Animal Care. All animal procedures were previously approved by the
Institutional Animal Care and Use Committee at UT Southwestern Medical

Center and at Virginia Tech.

Muscle Bath Measurements. Mice were deeply anesthetized (2 mg xylazine-20
mg ketamine per 100 g of body mass, 1.p.), fast-twitch extensor digitorum longus
(EDL) and slow-twitch soleus muscles were excised, and non-absorbable silk
surgical suture was tied to the proximal and distal myotendinous junctions.
Muscles were incubated at 30°C in an oxygenated (95% O,-5% CO,)
physiological salt solution (PSS; pH 7.6 containing in mM: 120.5 NaCl, 4.8 KCl,
1.2 MgSO,, 20.4 NaHCO,, 1.6 Ca(Cl,, 1.2 NaH,PO,, 10.0 dextrose, 1.0 pyruvate)
as previously described (Grange et al., 2002; Wolff et al., 2006). To obtain the
contractile properties, muscles were fixed between a clamp and arm of a dual-
mode servomotor system (300B, Aurora Scientific) at a resting tension (L) of 1.0
g. Muscle activation was provided by computer-generated electrical stimulation
delivered through closely flanking platinum electrodes. EDL and soleus muscles
were maintained at L, by a stepper motor. The servomotor arm, stepper motor,

and electrical stimulation were controlled by Dynamic Muscle Control software
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(DMC Version 4.1.6, Aurora Scientific) to obtain the position and force output
data from the activated muscles (Wolff et al., 2006).

The protocol to obtain contractile properties consisted of 5 steps: (1) a pre-
twitch and tetanus, followed by a 10 min rest at L ; (2) a stress frequency
protocol, followed by a 5 min rest at L ; (3) a force-velocity protocol, followed by
a 5 min rest at L; (4) a fatigue protocol; and (5) a fatigue recovery protocol. In
step 1, muscles were subjected to three isometric twitches and tetani (150 Hz)
spaced 1 minute apart. In step 2, the muscle was subjected to stimulation at
frequencies of 1, 30, 50, 80, 100, and 150 Hz, with each stimulation lasting 1
second and separated by 1 minute. For step 3, maximal force output was
determined from the 150 Hz tetanus determined at the end of step 2, and then
corresponding shortening velocities were determined after-loaded isotonic
contractions of 5%, 10%, 25%, 50%, 75%, and 90% of this maximal force, using
a tetanic afterload protocol (Brooks and Faulkner, 1988). The force-velocity
relationship was established by plotting the mean isotonic loads (% maximum
force in g) against the peak shortening velocities (mm/s) and fitting with the Hill
equation (GraphPad Prism, GraphPad Software, Inc) as previously described
(Grange et al., 1995). The maximum shortening velocity for each muscle (i.e.,
V....) was determined by solving the fitted Hill equation at zero load load (Brooks
and Faulkner, 1988). In step 4, muscles were fatigued by stimulating at 60 Hz

(EDL) or 100 Hz (soleus) for 800 ms, once every 5 seconds, for a total of 300
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seconds, as previously described (Call et al., 2008). Finally, in step 5, fatigue
recovery was determined by collecting muscle force at 60 Hz (EDL) or 100 Hz
(soleus) at 5, 10 15, and 30 minutes post-fatigue. At the conclusion of the
protocols, muscle length was determined to the nearest 0.1 mm with a
micrometer, muscle mass determined to the nearest 0.1 mg using an A-200D
electronic analytical balance (Denver Instruments, Denver, Colorado) and then

the muscle was snap frozen in liquid nitrogen for subsequent analysis.

Microarray analysis. Pooled triplicate samples of total RNA were analyzed on
an illumina MouseWG-6 v2.0 BeadChip. Relative fold change was then
calculated by comparison of signal intensities. Fold changes greater or less than 2-
fold were subject gene ontology analysis(Ingenuity Systems) with a statistical

threshold of p=0.01.

ChIP assay. Snap frozen TA muscle from WT and Sox6 cKO mice was minced
on ice and fixed with 4% PFA at room temperature for 15 minutes. Samples were
quenched, washed, and dounce homogenized in lysis buffer(EZ ChIP Kkit,
Millipore). Samples were sonicated using a bioruptor (Diagenode) and further
prepared using EZ-ChIP kit(Millipore) according to manufacturers instructions.
Antibody directed against the N-terminus of Sox6(Han and Lefebvre, 2008) was

kindly provided by Dr. Veronique Lefebvre. C2C12 myoblasts were transfected
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with n-terminal tagged FLAG-Sox6. C2C12 ChIP was performed using EZ-ChIP

kit and anti-FLAG antibody(Sigma).

Western Blotting. Protein was isolated from muscle by dounce homogenization
in RIPA buffer containing protease inhibitor cocktail(Roche). Protein
concentrations were determined by BCA Protein assay(Thermo Scientific) and
samples were resolved by SDS-PAGE electrophoresis. Tnnil and myoglobin were
detected by anti-Tnnil primary antibody(sc-8119) at a concentration of 1:1000,
and o-myoglobin primary antibody(Dako) at a concentration of 1:5000.
Appropriate HRP-conjugated secondary antibodies(Biorad) at a concentration of

1:5000 and chemiluminescent reagent(Santa Cruz) were used for detection.

ChIP Primers:

myl3-F GAGGCCTCTGTCTCCCTCTC

myl3-R CTGCTCAAGGGGCTATTTTG

myl2-F CTCCGCCTCACCTACAACTG

myl2-R ACCTCTGGAGAGTTCGAGGA

myh7-F TAAAAGCATTTCCCCCGACT

myh7-R CCTGGAACTCAGACCCTGAA

myhl-F GGGCTCAGTCTCAGTCATGC

myhl-R CAGCAGCCTCGGTGGTAT

ATP2a2-F CTAGATTGTGAAGTGCCATTGAA

ATP2a2-R GACTGGGTTTCTGTCCCTTC

Gel Shift Oligos:

myh7—F GCTAGGAAACAATTGGAAGTGGTCGTCATTGTTGTGGCA
myh7—R TGCCACAACAATGACGACCACTTCCAATTGTTTCCTAGC

myl3-F CCATTCCTGGGCTTGAACAATGCCCTCTCCAGGA



myl3-R

myl2-F

myl2-R

myh1-F

myhl-R
ATP2a2-F
ATP2a2-R
myh7-MUT-F
myh7-MUT-R
myh1-MUT-F
myh1-MUT-R
myl2-MUT-F
myl2-MUT-R
myl3-MUT-F
myl3-MUT-R
ATP2a2-MUT-F
ATP2a2-MUT-R

Sybr Green Primers:

sv2b-SYBR-F
sv2b-SYBR-R
cryba4-SYBR-F
cryba4-SYBR-R
chrmnal-SYBR-F
chrmal-SYBR-R
Psat1-SYBR-F
Psatl-SYBR-R
crybbl1-SYBR-F
crybbl-SYBR-R
VIrd6-SYBR-F
VIrd6-SYBR-R
Lrba-SYBR-F
Lrba-SYBR-R
SIn-SYBR-F
SIn-SYBR-R
Pdrg1-SYBR-F
Pdrg1-SYBR-R
Mod1-SYBR-F
Mod1-SYBR-R
Psdm8-SYBR-F
Psdm8-SYBR-R
Rpl29-SYBR-F

TCCTGGAGAGGGCATTGTTCAAGCCCAGGAATGG
GAGAGGTATTTATTGTTCCACAGCAGGGGCAG
CTGCCCCTGCTGTGGAACAATAAATACCTCTC
TTAAAATAGGAAACAATGTTCAGGTGTTATT
AATAACACCTGAACATTGTTTCCTATTTTAA
AATGTTGGCAAAACAATGTCTGTTACAATA
TATTGTAACAGACATTGTTTTGCCAACATT
GCTAGGAGAGACGTGGAAGTGGTCGTCCGTCTCGTGGCA
TGCCACGAGACGGACGACCACTTCCACGTCTCTCCTAGC
TTAAAATAGGAGAGACGGTTCAGGTGTTATT
AATAACACCTGAACCGTCTCTCCTATTTTAA
GAGAGGTATTTCGTCTCCCACAGCAGGGGCAG
CTGCCCCTGCTGTGGGAGACGAAATACCTCTC
CCATTCCTGGGCTTGGAGACGGCCCTCTCCAGGA
TCCTGGAGAGGGCCGTCTCCAAGCCCAGGAATGG
AATGTTGGCAAGAGACGGTCTGTTACAATA
TATTGTAACAGACCGTCTCTTGCCAACATT

TTCCCAGTTTATCAGCCAGG
TAGTGAGCTTTGCTCTGCCA
GCCCCTCTCCAGCACATATT
TCACAGCTGAGTGTCCCAGT
ACAATCTCACGGTGGTCCTC
CTGTTCTCCTGCTGCTAGGC
CATTTGGGATTTGATGGAGC
ACTACAAAGTGCAGGCTGGG
GGAAGGCAGATTGCTCAAAG
GATCGTCTTCGAGCAGGAAA
GGCGCCTTCAGGATCATA
TCATGGCTCAGCACTCATCT
GCCTCAAGTCATCTTCCCAG
GAGACCATGTGACCGCAAC
CACACCAAGGCTTGTCTTCA
CCCTCAGACTACATTAGGCCC
AAAACCTTTCAGCTCCGGTT
ATGCCTCACCCTAAGACGAA
ATGCCATATTTGGAAGACGC
TCACTTTGGATGTGGGAACA
TGTGTGGAACTCAGCCACTC
TACATGGCCCAACTCAAATG
TCTTGTTGTGCTTCTTGGCA
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Rpl29-SYBR-R
Lrrc2-SYBR-F
Lrrc2-SYBR-R
Smox-SYBR-F
Smox-SYBR-R
kenc4-SYBR-F
kenc4-SYBR-R
opnlmw-SYBR-F
opnlmw-SYBR-R
LOC225594-SYBR-F
LOC225594-SYBR-R
dysfipl-SYBR-F
dysfipl-SYBR-R
LOC383308-SYBR-F
LOC383308-SYBR-R
zymnd17-SYBR-F
zymnd17-SYBR-R
KLK26-F1-sybr
KLK26-R1-sybr
KLK?22-F1-sybr
KLK22-R1-sybr
LRRNI-F1-sybr
LRRN1-R1-sybr
DUPDI1-F1-sybr
DUPDI-R1-sybr
RSPO3-F1-sybr
RSPO3-R1-sybr

GAACCACACCACACACAACC
AGGTGATCCCCACTGACAAC
CTGAGTGACCTGCCACAAGA
CGCCACTGGATTCACAACTT
TGCAGGAGGAAGCCCAGT
CTACCCGATGAATCTCCGTC
GAGGATCCCTACTCATCCCG
GTCTTGGAGGTGCTGGAAAG
GGCCTCCCTACCATCCTACT
ATGTGAAGAGCCTGGAGCAC
CAGTGAAGCTGGACTCCAAA
CTTGGACCACATTCGACAAG
ATGTCAGCCCCGTATTTGAC
CACGAAACACACCACACACA
TTCAGGGCTTTCTTGTGCTT
GTCATGGAATGGCTTCTGGT
GCCCAAAGCATGGTCATAGA
CCCCACAAATGTGTTCCTTT
GTTCCTGATCCTGTTCCCAG
GACTCCCCCGCATAGGTACT
CCTGTTCCTAACCCTGTCCC
CACAGGTCCTTGTGGGAGTT
TCCTCATCCTCCGGCTAGT
GCCGGACTACTACCGAGACA
GCGGTTCTTAGCCACTTGTT
ATCTGAACACGTTGCACAGC

CTTTATGGAATACATTGGCAGC
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CHAPTER V

Conclusion and Further Remarks

In this study, we established that two myosin encoded microRNAs are
necessary and sufficient to promote the differentiation of slow myofibers in vivo.
Furthermore, we show that the direct downstream target gene Sox6 directly
represses the expression of multiple genes that encode components of the
sarcomere in slow myofibers. Thus, the MyomiRs serve as a nexus between slow
myofiber stimuli, such as calcineurin activation by increased intracellular calcium
or the hypothyroid state, to dampen Sox6 activity and promote a slow myofiber
phenotype (Figure 5.1).

Intriguingly, it appears that the in vivo genetic studies of the MyomiR
target Sox6 recapitulate the phenotype observed in the gain and loss-of-function
studies of miR-208b/499. Most microRNAs are hypothesized to act through their
repression of a multitude of mRNA targets, however, in this case it seems that
Sox6 might be the primary target that mediates the effects of MyomiRs on
myofiber phenotype. Direct comparison of the transcriptomes of MCK-miR-499

transgenic and Sox6 cKO skeletal muscle by RNA-Seq could potentially
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implicate Sox6 as the primary downstream effector of the MyomiRs, or identify
other MyomiR targets that influence muscle fiber type contraction or metabolism.

Given the importance of Sox6 as a MyomiR target in skeletal muscle,
further studies are needed to elucidate the role of Sox6 in cardiac muscle. Work in
mice carrying an inversion allele that globally disrupts Sox6 expression suggests
that Sox6 plays a role in cardiomyocyte development and cardiac conduction
(Cohen-Barak et al., 2003). In order to overcome the lethality associated with
global deletion of Sox6, studies utilizing cardiac specific ablation of Sox6
expression in the embryo and adult will be informative of its role in cardiac
function.

Genetic studies in mice have shown that an increase in slow muscle fibers
confers resistance to musculoskeletal and metabolic disease. In the future, we plan
to study the effects of the MyomiR regulatory network on the pathogenesis of
type II diabetes induced hyperglycemia and obesity. Perhaps miR-208b/499
mimic oligonucleotides, or identification and pharmacological inhibition of Sox6
and its binding partners in skeletal muscle could confer a therapeutic shift in
skeletal muscle fiber type. Small molecule inhibitors of the SOX6-BCLI11A
complex have been shown to therapeutically alter hemoglobin expression and to
be efficacious in the treatment of models of sickle cell anemia (Xu et al., 2011).

Our results suggest a significant role for the MyomiR-Sox6 regulatory axis

in the complex phenotypic remodeling of muscle fiber type. This work has
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identified a biologically important feed-forward signaling cascade in skeletal
muscle, and in our future studies of this pathway we aim to further identify
molecular mechanisms underlying fiber type transitions, decode the function of
novel myofiber enriched genes, and understanding the connection between muscle

fiber type and whole body metabolism.

Fast myofiber Slow myofiber Signal
( 4 ca® or yTH)
Myh7 Myh7b Myh7 Myh7b
AR AR BRI A- AR ARHARRA oo AR A A AN A A A i WMMWMM MJMMM/I*M\/IWIW
miR-208b [0 00 miR-499

N

SOX6

Slow contractile and
oxidative phenotype

Figure 5.1 Model of the MyomiR regulatory network in skeletal

muscle.
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