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Abstract

Suppression of Calcineurin Signaling and PGCEXpression During the Chronic Skeletal
Muscle Atrophy Associated with Diabetes Mellitusidlications for Muscle Funtion

By Tiffany K. Roberts-Wilson

Skeletal muscle atrophy frequently indicates a gmognosis for patients with systemic
pathologies, including diabetes mellitus (DM). Tégmatients demonstrate reduced muscle size
as well as decreased strength and endurance, tindidhat a link exists between muscle size
and functional capacity in these conditions. PGGisla transcriptional coactivator that controls
energy homeostasis through regulation of glucos® @ndative metabolism. Both PGGr1
expression and oxidative capacity are decreaseskafetal muscle of diabetic patients and
animals undergoing atrophy, suggesting that P@Qarticipates in the regulation of muscle
mass. This dissertation focuses on elucidatingrtbehanisms that regulate PGG-&xpression
in vivo in a model of DM as well as the potential physgibal effects of PGCd
downregulation.

Our work reveals that suppressed calcineurin (Ggnasing contributes to decreased
PGC-1n expression in chronic DM rat skeletal muscle dmsd may result in a muscle fiber-type
switch from an oxidative phenotype to a more glytiol phenotype. Specifically, we
demonstrate that expression of Cn, a calcium-degegnghosphatase, was decreased in the
skeletal muscle of rats with streptozotocin-induckabetes (STZ-DM) for 21 days. PGG-1
expression is regulated by two Cn substrates, MBR@ NFATc, both of which showed
significantly reduced activity in the same muscM&F2 and NFATc activity as well as PGG-1
expression were also decreased in muscles ofaCnaAnd CnA” mice without diabetes
indicating that decreased Cn signaling, rather ttl@anges in other signaling pathways, were
responsible for decreased PGE-@xpression. These findings demonstrate that Owitgcis a
major determinant of PGCalexpression in skeletal muscle during diabetes asgiply other
conditions associated with loss of muscle mass.al¥e found that STZ-induced atrophy is
associated with fiber type switching from MHCI atieé oxidative phenotype towards MHCII
and the glycolytic phenotype along the MHC generesgion continuum. Furthermore, there
was a preferential decrease in the cross-sectayeal of MHCII fibers in the skeletal muscles of
STZ-DM animals. These results indicate that theosisr muscle atrophy associated with DM
predominantly affects MHCII fibers and that switepifrom MHCI to MHCII may serve as a
mechanism to sustain atrophy. A more thorough wtdeding of the signaling pathways that
regulate protein degradation in different fiberdgpwill be important for the development of
therapies to treat the chronic atrophy associatdd®M and other systemic diseases.
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CHAPTER1

INTRODUCTION



Many common pathologic conditions, including diasetmellitus (DM), are
frequently accompanied by skeletal muscle atrophhich is often the primary
prognostic indicator of mortality in these patierid can result from insulin deficiency
or resistance and is characterized by a varietynetabolic disturbances including
reduced cellular glucose uptake, decreased faitlycx@dation, and increased amino acid
catabolism (Felig, Wahren et al. 1977; DeFronzoptlat al. 1981; Sun, Liu et al. 2008).
Skeletal muscle is the primary site of insulin @stand the principal reservoir for amino
acids making it a most important contributor to vehd@ody metabolism. A loss in
skeletal muscle mass and function is intimatelligdhto the diabetic condition.
DIABETES: ATROPHY AND FIBER-TYPE SWITCHING

Insulin modulates many of the molecular signaliaghgvays that regulate protein
homeostasis in muscle, including the PI3K/Akt, MERK, and NKB pathways.
Defective insulin signaling in skeletal muscle fesun impaired whole body glucose
homeostasis, as well as elevated rates of proegnadation, reduced protein synthesis
and, ultimately, pronounced muscle atrophy. Numeriudies have suggested that DM-
induced muscle weakness results not only from absmgmuscle mass and structure, but

also from the functional alterations that occuthiea muscle.

Whole muscles, such as the gastrocnemius or s@desigiften thought of as fast-
twitch or slow-twich. In reality, these muscles arbeterogeneous mix of fiber-types that
is highly plastic and adaptable. Slow-twitch fibeage defined as expressing MHC
(myosin heavy chain) | and have highly oxidativetabelism. Fast-twitch fibers express

MHCII and are primarily glycolytic. The ratio ofahk:fast fibers can change in response



to contractile activity, neural inputs and funcdemands. There is evidence that fiber-

type switching can also occur in systemic modelatadphy, including DM.

DM patients have demonstrated reduced exerciseatale, as well as impaired
oxygen uptake and reduced oxidative capacity. Thdsservations suggest that there
should be a reduction in the number of MHCI, oxidafibers in DM. However, while
there is evidence that there are a reduced nunfberidative fibers in DM, these have
never been identified as to MHC type (Armstronglli@ck et al. 1975). Nonetheless,
even in the diabetic state, oxidative fibers reteir ability to undergo hypertrophy
under increased loading whereas glycolytic fibersadt (Bassel-Duby and Olson 2006).
These data together suggest that DM may induce-fiijpe switching from MHCI to
MHCII, thus decreasing functional capacity as vesllperpetuating the atrophy process
since glycolytic fibers appear to be more suscéptib wasting during DM. However,
there have been no complete studies performeceagitigle-fiber level. Our studies are
the first to thoroughly examine both phenotypicrades of individual fibers in muscle of
diabetic rats in conjunction with the molecularrgiing pathways that control oxidative

capacity and fiber-type transitions.

THE ROLE OF CN/NFAT/MEF2 SIGNALING
Muscle remodeling has been well studied in the exdnof exercise physiology.

Several lines of evidence indicate that the Cnc{oalrin) — NFAT (nuclear factor of

activated T-cells) pathway is the best candidateafoactivity-dependent mechanism for
maintaining as well as inducing the slow-oxidatfi®er gene program in adult skeletal
muscle. Transgenic mice expressing Cn specifidallgkeletal muscle, under an MCK

(muscle creatine kinase) promoter, demonstratenareased proportion of MHCI and



MHClla oxidative fibers compared to MHCIIb and MHZIglycolytic fibers in several
muscle groups (Chin, Olson et al. 1998). Their Hassalso have increased expression of
myoglobin and of the enzymes responsible for mibociiial oxidative phosphorylation
and lipid metabolism (Chin, Olson et al. 1998). 3dalata suggest that Cn is a key
regulator not only of MHC isoform expression biugaathe corresponding metabolic gene

program.

Cn has also been implicated in muscle hypertrophlyibitors of Cn activity
blocked the hypertrophy that occurs in mice witervading and in &3, mouse muscle
cells with IGF-1 treatment (Chin, Olson et al. 1988inn, Burns et al. 1999). However,
transgenic mice overexpressing Cn do not demoestwgiertrophy (Naya, Mercer et al.
2000). Nonetheless, Cn is activated by the samzucaloscillations that induce muscle
contractile activity, which blunts muscle atrophyee in the face of catabolic signals.
These observations suggest that while Cn alone mo&aybe responsible for inducing
hypertrophy, it is likely involved in muscle adafpda in response to various stimuli.
Thus, suppression of the Cn pathway in systemiditions like DM may contribute to
muscle wasting and sustaining atrophy long-ternr. Sudies examine the activity of the
Cn signaling pathway including NFAT and MEF2 tramsttonal activity in a chronic
model of atrophy.

THE ROLE OF PGC-1a
PGC-1u is likely a major effector protein of the Cn medhregulation of muscle

mass and fiber-type composition. PGE&-% a transcriptional co-activator that regulates
energy homeostasis and is potent regulator of th&CMfiber phenotype in skeletal

muscle. Transgenic expression of PGt muscles that are usually primarily MHCII



results in fiber type switching to a more oxidatiHCI type phenotype, mimicking the
effects of transgenic overexpression of Cn (Lin, ¥ual. 2002). Conversely, skeletal
muscle-specific PGCel knockout mice exhibit a shift from oxidative, MH@bers to
more glycolytic, MHCII fibers accompanied by exseintolerance (Handschin, Chin et
al. 2007). Additionally, Sandri et. al. recently nuenstrated that fasted mice
transgenically overexpressing PGG-&xperienced less atrophy than controls (Sandri,
Lin et al. 2006). Examination of the protective mma&gcism indicated that the enhanced
level of PGC-1 suppressed FoxO3-mediated induction of the musmbeific E3
ubiquitin ligases, MAFbx/AT-1 and MuRF-1, which lealseen highly correlated with the

atrophy phenotype (Sandri, Lin et al. 2006).

PGC-In expression is typically downregulated in numeroausdels of atrophy,
including DM. Our studies are unique because threytlze first to validate the upstream
signaling pathways that regulate PGE&-h vivo in a model of chronic muscle atrophy.
Furthermore, we examined the consequences of DMoome functional properties of
selected muscles that have been linked to PGCFagether, our results suggest that Cn
signaling through PGCel may protect oxidative fibers from wasting. Therefahe Cn
pathway and PGCel may be pivotal regulators of both muscle size dier

composition in systemic models of atrophy, like DM.



CHAPTER?2

BACKGROUND AND SIGNIFICANCE



Skeletal muscle is the largest organ in the bodgprising 40-60% of total mass.
It plays an obvious role in mobility and is fundartadly involved in respiration, speech,
and vision. The importance of muscle mass and gtiness they relate to the activities of
daily living are unquestionable. Muscle also playkey, and yet underappreciated, role
in metabolism. For example, skeletal muscle isrtagor site of insulin action, which
affects not only glucose metabolism, but also ligidd protein metabolism as well
(DeFronzo, Jacot et al. 1981; Sun, Liu et al. 2008 major biological action of insulin
is to regulate blood glucose. This is accomplisipednarily by stimulating glucose
uptake in skeletal muscle while simultaneously hitimg gluconeogenesis in liver and
kidney (Sun, Liu et al. 2008). Defects in the imsw@ignaling pathway in skeletal muscle
have been implicated as a major contributing fatdansulin resistance and, ultimately,
diabetes (Taylor, Accili et al. 1994). As such,edtions in muscle metabolism can

contribute to pathologies associated with many comdiseases.

Skeletal muscle also plays a central role in whimdy protein metabolism by
serving as the principal reservoir for amino acMaintenance of the protein content of
certain tissues and organs, like the brain andthisagssential for survival. These organs
rely on a steady supply of amino acids from the8Ito serve as precursors and maintain
protein homeostasis (Felig, Owen et al. 1969; C4BIY0; Biolo, Zhang et al. 1995). In
the absence of amino acid absorption from the the fasting state), skeletal muscle
serves as the principal reservoir for maintainingol levels of amino acids that are
absorbed by other tissues (Biolo, Zhang et al. 198%portantly, these amino acids also
serve as precursors for hepatic gluconeogenesisvialy for maintenance of plasma

glucose levels in the fasting state (Felig 1973).



Under normal conditions, skeletal muscle protemmdwuer is highly dynamic. In
the fed state, protein synthesis incorporates iedanino acids into muscle protein to
balance or exceed the loss of muscle protein wigadiation. Conversely, muscle protein
degradation exceeds protein synthesis during teentp state. Through this balance
between protein synthesis and protein degradatioiscle mass is maintained (Goll, Neti
et al. 2008). In some pathological conditions, thatance can be perturbed, resulting in a
net depletion of muscle mass. This process is kresvatrophy and, if allowed to persist,
it is incompatible with life. Extensive studies lkeashown that death by starvation occurs
when muscle protein breakdown becomes inadequateatotain the necessary supply
for gluconeogenic precursors due to loss of ovaraks (Keys, Brozek et al. 1950;
Winick 1979). Furthermore, many common chronic aé&s like cardiac failure, cancer,
and diabetes, are frequently associated with sdatetiscle atrophy (Wolfe 2006). While
the mechanisms by which atrophy occurs in thesalitons are poorly understood,
atrophy is the primary prognostic indicator of nadity in these patients. Therefore, an
improved understanding of the cellular mechanisewiliating skeletal muscle protein
breakdown is imperative for developing therapies Jome of the most increasingly
prevalent clinical conditions.

SKELETAL MUSCLE STRUCTURE

The bulk of skeletal muscle protein comprises thetractile apparatus, which is
constructed primarily of the myofibrillar proteinactin and myosin (Fig. 2.1) (Clark,
McElhinny et al. 2002). Polymers of actin boundngbulin form the thin filaments.
Tropomyosin protein dimers coil around the actinecand troponin is also bound to the

thin filaments. Polymers of myosin form the thidafents, which are thought to be
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Figure 2.1.Schematic of human skeletal muscle sarcomere structure and protein

components.



stabilized by binding of C-protein. These myofilarte are bundled into myofibrils,
which are organized as sarcomeres. Sarcomerexfned! as the segment between the
Z-discs, which are the attachment sites for the thiaments. The middle of the
sarcomere, known as the M-line, is the junctiontlod thick filaments. The thick
filaments are connected from the M-line to the Zedby titin. Sarcomeres are the
smallest contractile unit of the muscle and repmatry 10uM along the myofibril.
Myofibrils form the basic structural component ofussle cells or myofibers. The
myofibers are single, multinucleated cells, endiose a membrane called the
sarcolemma, that span the length of the muscle niydiber nuclei are usually localized
around the exterior of the fiber just beneath thecdemma. Several myofibers are
bundled and several of these bundles together d¢sen@ fascicle. Fascicles are
surrounded by connective tissue and several oétbesprise a single, functional muscle
(Clark, McElhinny et al. 2002). When muscle is nejd, however, satellite cells, which
are normally quiescent and reside between the Ieanoea and the basement membrane,
differentiate and fuse to the pre-existing fibevsrégenerate the injured tissue (Mauro

1961). The result is that recently injured, regatieg myofibers have centralized nuclei.

The most basic function of muscle is contractiohiclv takes place at the level of
the single myofiber. Each myofiber is innervated dbgingle nerve but that nerve can
innervate several myofibers to form a motor unfte Btrength of a muscle contraction is
dependent on the number of motor units that aneiited to produce the action. Release
of the stimulatory neurotransmitter acetylcholineni the nerve end results in
depolarization of the sarcolemma and t-tubulesnidtiting the release of intracellular

calcium stores from the sarcoplasmic reticulum ¢®an 1965). The released calcium

10



then binds to troponin C, which resides on the thaments. Troponin C allosterically
modulates tropomyosin, which obstructs myosin bigdsites on the thin filament. A
conformational change in troponin caused by calchinding changes the position of
tropomyosin and allows myosin to bind to actin. Miyohydolyzes ATP and undergoes a
conformational change into a high-energy states &Hows the head group of myosin to
bind to actin, thus forming a cross-bridge betwé#an thick and thin filaments. The
energy stored by myosin is released and ADP andyamic phosphate dissociate from
myosin. The resulting relaxation of the myosin ncale entails rotation of the globular
head, which induces longitudinal sliding of thaifilents, resulting in muscle shortening

and force generation (Sandow 1965; Cooke 2004).

SKELETAL MUSCLEFIBER TYPES
Myofibers can express different isoforms of myo#iat control not only the

contractile properties, but the metabolic propertié¢ the fibers as well (Brooke and
Kaiser 1970; Schiaffino, Sandri et al. 2007). Eighhes encoding MHC (myosin heavy
chain) isoforms have been identified in humans. Ta&® located on chromosome 14.
One of these encodes the isoform which is exprassexa atrial myocardium (Bredman,
Wessels et al. 1991). The other is expressed invehg&icular myocardium and in slow-
twitch skeletal muscle fibers (Lompre, Nadal-Ginatdal. 1984; Saez, Gianola et al.
1987). Slow-twitch muscles are responsible for pastand anti-gravity activities or

sustained endurance type locomotor activities. Steich muscle fibers, which express
MHCI have a significant number of mitochondria amla, a result, rely primarily on

oxidative metabolism. These muscles are often ¢ale “red” muscles, as they are

redder in color than their fast-twitch counter-padue to increased expression of
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myoglobin and increased vasculature. As a redoly-8vitch muscles also carry a higher
oxygen load and are able to sustain aerobic agtiVhe slow contraction of these fibers
is due to reduced ATPase activity associated withQ¥] which makes ATPase staining a
good marker for differentiating slow-twitch fibeflom fast-twitch fibers (Brooke and

Kaiser 1970).

The remaining MHC genes are located on chromosomeTkhree encode the
embryonic, neonatal, and extraocular isoforms wiiéeremaining three encode isoforms
that are expressed in fast-twitch skeletal musitlers (Karsch-Mizrachi, Travis et al.
1989; Karsch-Mizrachi, Feghali et al. 1990; Weis&;Donough et al. 1999; Weiss,
Schiaffino et al. 1999; Smerdu and Erzen 2001)t-tagch fibers are primarily utilized
for movements involving strength and speed bectusg exert quick contractions, but
they also fatigue quickly. These fibers express ohéhree MHCII isforms; MHClla,
MHCIlb, or MHCIIx. Fibers expressing MHClla exhibédn intermediate phenotype.
They are metabolically oxidative like slow-twitcitbérs, but contract at speeds similar to
those of other fast-twitch, glycolytic myofibersdditionally, in humans, MHCIIx gene
transcripts are expressed in fibers that were ifiethtoy marker staining to correspond to
rodent MHCIIb fibers (Smerdu, Karsch-Mizrachi et 8094). Humans also have a gene
for MHCIIb in the cluster on chromosome 17, butakpression in human muscle has not

been confirmed (Horton, Brandon et al. 2001).

The metabolic and functional properties of myofthare actually quite plastic
and can switch phenotype, depending upon which Nedaf@rm is expressed, to adapt to
functional requirements (Bassel-Duby and Olson 2@ihiaffino, Sandri et al. 2007).

The various isoforms of MHC are expressed fromed#ht genes and each one is
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associated with a specific transcriptional prografmmany other genes involved in
prescribing the metabolic and functional propertiéshe myofiber (Bassel-Duby and
Olson 2006). The MHC genes form a continuum of eggpion: MHCl+— MHClla <
MHCIIx/b, meaning that for a MHCI fiber to switcto tMHCIIx/b it must transition

through the MHClla phenotype along the continuueh(&fino, Sandri et al. 2007).

The fiber type composition of muscles is heterogeseand can be affected by
neuronal imput. The speed and pattern of motorimitg and the associated calcium
oscillations translate the functional requiremente the actual myofiber phenotype that
is expressed (Schiaffino, Sandri et al. 2007).alet,ffiber-type switching can be induced
in adult muscle by electrical stimulation studi®ette and Vrbova 1999). Phasic, high
frequency electrical stimulation, resembling thenfi pattern of fast motoneurons,
induces a slow-to-fast switch (Schiaffino and Bainil973). Conversely, tonic, low
frequency electrical stimulation, resembling then§ pattern of slow motoneurons,
induces a transition in the other direction fromtfm-slow (Kirschbaum, Kucher et al.
1990). Thus, fiber-type plasticity and switchingafien a direct result of changes in

neural input as defined by changing functional nesguents on the muscle.

Changing functional requirements can also affecanges in muscle size.
Increased load often results in hypertrophy or ginoaf muscle. Conversely, disuse or
denervation can lead to atrophy or muscle wastidiguse or denervation generally
results in selective wasting of the specific musgteup that is experiencing reduced
functional demands. However, general muscle atragirgss all muscles is a frequent
consequence of many systemic disease states inglutiabetes, cancer, sepsis, and

AIDS when the balance between protein synthesispaotin degradation is perturbed.
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In fact, loss of lean body mass is the primary {@mted of mortality for each of these
conditions (Wolfe 2006).
PROTEIN DEGRADATION

Loss of muscle mass occurs at the single myofénerlland atrophy is a reduction
in the size of each myofiber as opposed to a dser@a the number of myofibers.
Individual myofibers shrink as a result of incredgeotein turnover. Skeletal muscle, in
addition to being very plastic metabolically, is@lery dynamic, turning over 1.5 kg of
total wet weight per day in a delicate balance ketwprotein synthesis and protein
degradation. At that rate of turnover, it is cldaat even small changes in either synthesis
or degradation can have dramatic effects on treedfizthe muscle. Atrophy has typically
been studied in the context of elevated rates ofepr degradation and the cellular

mechanisms regulating protein breakdown are beggta be understood.

THE LYSOSOMAL SYSTEM
Skeletal muscle has three classes of proteins b@sédeir solubility; 1) stroma

proteins, 2) sarcoplasmic proteins, and 3) mydférproteins. Skeletal muscle also has
four proteolytic systems that work coordinately degrade these various classes of
proteins. The stroma proteins constitute 10-15%btafl protein in muscle. These proteins
are insoluble in an aqueous solvent at neutral Phkis group includes collagen,
extracellular matrix proteins, and some membrar@eprs (Goll, Neti et al. 2008).
Stroma proteins are degraded by the lysosomal my$Reoteases in this system, known
as the cathepsins, are located inside membranedbeesicles or lysosomes (Bechet,
Tassa et al. 2005). These proteases function olpfimtaacidic pH and, for this reason,
are not active in the cytoplasm. Therefore, ang ifolr cathepsins in muscle protein

turnover must occur inside lysosomes. Besidesabethat there are very few lysosomes
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present in skeletal muscle cells, myofibrils andfitgments are too large to be engulfed
by lysosomes. However, the lysosomal system id fdealegradation of stroma proteins
that have been taken up by pinocytosis or recaptmiated endocytosis and then
transported by a series of vesicles to the lysos@eehet, Tassa et al. 2005; Goll, Neti

et al. 2008).

THE UBIQUITIN PROTEASOME SYSTEM
Sarcoplasmic proteins constitute 30-35% of totatgin in muscle (Goll, Neti et

al. 2008). These proteins are cytoplasmic andefoex, are very easily targeted for
degradation by the ubiquitin proteasome system. (Eig). The proteasome is a large
proteolytic complex that has two parts; a 20S g@aricle and a 19S regulatory complex
that binds to the 20S particle to form the 26S gasbme. The 20S core particle is a
barrel-like complex of approximately 700-kDa andntaoning 28 different subunits
grouped into two classes;and 3. The 20S patrticle is arranged in four rings ofesev
subunits each. The subunits form the two outer rings and fheubunits form the inner
two rings. Proteolytic activity of the proteasonasides exclusively with th@ subunits
and all of the catalytic sites are located insite tentral cavity of the barrel-like

structure.

Access to the central cavity is restricted by tB& tegulatory particle, which is
involved in substrate recognition and unfoldingotBin molecules cannot enter the
catalytic chamber without first being unfolded. TI@S regulatory particle is composed
of lid and base components. The lid contains epgitypeptides that bind polyubiquitin
chains and remove them from the susbstrate sothlegt can be recycled. The base

contains six homologous ATPases that unfold thggegtides entering the chamber in
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Figure 2.2.The ubiquitin proteasome system. A series of enzymatic steps conjugates a
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an energy-dependent process. In fact, proteasoeghdation is an energy intensive
process. It has been estimated that as many agi®@D0nolecules of ATP may be

required for degradation of a protein via this egs{Goll, Neti et al. 2008).

For a protein to be degraded by the proteasomehain cof four ubiquitin
molecules must be conjugated to the target polygeph a process that also requires
ATP hydrolysis (Goll, Neti et al. 2008). Ubiquitis an 8.5-kDa protein that is highly
conserved between bacteria and mammals. Ubigwtijugation proceeds in a series of
enzymatic steps. The first enzyme is known as theiliiquitin activating enzyme. The
E1l activates a ubiquitin monomer in an ATP-depehdesaction and forms an
intermediate high-energy E1- ubiquitin complex. Huotivated ubiquitin is transferred to
one of a small family of E2 ubiquitin conjugatingzgmes. The E2s then interacts with
one of a very large family of E3 ubiquitin ligatirenzymes. The E3s represent the
specificity component of the ubiquitin proteasongstem and over 500 E3s have been
identified in the human genome. The E3-ubiquitimjogate recognizes a substrate
protein and transfers the ubiquitin to the substrdthe same process, with the same
enzymes, is repeated for each additional ubigaitimomer that is added to the tail of the
elongating ubiquitin chain. The poly-ubiquitinatexlibstrate is recognized by the
proteasome and degraded (Fig. 2.2) (Goll, Neti.&2Q08).

E3 Ubiquitin Ligases

E3 ligases fall into two broad categories. Theytamneither HECT (homologous
to E6-AP carboxy terminus) domains or RING fingenthins, so named for a core of
cysteine and histidine amino acids arrayed in a CBFRING” (Cao, Kim et al. 2005).

HECT E3 ligases are single proteins that bind tlyeto activated ubiquitin; however,
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this is the smaller of the two groups. The vastamyj of E3 ligases fall into the RING
finger class. RING finger E3s catalyze ubiquitimgmation by a less direct mechanism,
by creating a scaffolding complex for transfer ofivaated ubiquitin on the E2 to a lysine
residue on the protein target. RING finger protans typically one subunit of a larger
complex that together demonstrates ubiquitin ligaseity. The prototype of such an E3
is the SCF (Skpl-Cullin-Fbox) complex (Cardozo aRdgano 2004). The F-box
contributes specificity to the complex by bindimgtarget proteins prior to binding to the
Skp protein. Skpl is the bridging protein linkidgetF-box to Cullin, which is the main
scaffolding protein linking Skp to the RING finggomain of Rbx1, a fourth subunit. The
E2-ubiqutin complex then binds to the SCF complexRbx1. However, RING fingers
have also been found in many single subunit E38 asd=8& and MuRF-1(Cao, Kim et
al. 2005).

E3a
The first E3 ligase to be implicated in muscle ptryp was E8&, also called

UBR1(Solomon and Goldberg 1996). &#& a large, 200-kDa, single subunit ubiquitin
ligase that contains a modified RING-H2 domain awets in concert with the ubiquitin
carrier protein, Exy It is thought to recognize substrate proteinst thagin with
unblocked hydrophobic or basic amino acids, comsoeferred to as the N-end rule
(Solomon, Baracos et al. 1998; Solomon, Lecken.et398). The connection between
E3a and muscle atrophy began with the finding that MRNr E24 and E3 are
increased in atrophying muscle (Wing and Banvib®4; Lecker, Solomon et al. 1999).
Furthermore, inhibitors of EBreduced rates of ubiquitin conjugation back totan

levels in cellular extracts from atrophying musg®lomon, Lecker et al. 1998; Lecker,

18



Solomon et al. 1999). These findings implicateda B8 the accelerated ubiquitin

conjugation that occurs during the atrophy process.

More recently, an E8 homologue, named B3, was identified. This protein
shares 60% overall sequence homology witlu BBid was found to be dramatically
upregulated in atrophying muscles of tumor-bearodents (Kwon, Xia et al. 2001,
Kwak, Zhou et al. 2004). Transfection of eithelE® E3xll into muscle cells in culture
markedly increases the rate of N-end rule ubigaiton (Kwak, Zhou et al. 2004).
However, there is at least one other protein withnblogy to E8& in mammalian muscle
tissue and this redundancy makes it difficult tavdidefinitive conclusions regarding the
role of the N-end rule pathway in muscle wastingv@q, Reiss et al. 1998; Kwon, Xia et

al. 2001).

MuRF-1 and MAFbx/AT-1
In 2004, two studies found that transcriptionalresgion of two E3 ligases were

significantly upregulated specifically in skeletaluscle undergoing atrophy. The first
study using tissue from several rat models of &yppncluding fasting and diabetes,
identified the ligases MuRF-1 (muscle specific rfirgger) and MAFbx (muscle atrophy
F-box) (Bodine, Latres et al. 2001). The secondlystused tissue from a denervated
mouse model of atrophy and identified a ligase,ciwhihey named AT-1 (atrogin-1)
(Gomes, Lecker et al. 2001). Subsequent sequeradgsenshowed that AT-1 was 96%
homologous to MAFbx and, therefore, the two studegzarately identified the same gene
in different species and several different atropmydels. Throughout this dissertation,

MAFbx/AT-1 will be referred to as AT-1.
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AT-1 contains an F-box domain suggesting that tRé[@da protein could form
the specificity subunit of a larger SCF complex ((t&s, Lecker et al. 2001). There are no
clear motifs present in the AT-1 sequence to suggkgh proteins it may recognize in
muscle. Nonetheless, it does contain both a PDdibgndomain, implicated in protein-
protein interactions, and a nuclear localizatiogussice (Doyle, Lee et al. 1996; Sandri,
Sandri et al. 2004). Early studies of AT-1 indichthat expression was restricted to
striated and cardiac muscle with induction at 1d&$tr before significant muscle weight
loss occurred (Gomes, Lecker et al. 2001). AT-1ckoat mice demonstrate greatly
reduced atrophy after 14d of denervation; howethes,unchallenged knockout animals
have no obvious phenotype (Bodine, Latres et @1p0These data strongly suggest a
role for AT-1 in the early phases of atrophy. PolgsiAT-1 recognizes key nuclear
regulatory proteins or transcription factors, tairgge them for degradation, which may

lead to a decrease in protein synthesis.

MuRF-1, the second muscle-specific E3 that wastified, is a 40-kDa protein
with a RING-finger at the amino-terminal region atvadb coiled-coil domains in the
central region (Spencer, Eliazer et al. 2000; Bedlmatres et al. 2001; Centner, Yano et
al. 2001). MuRF-1 is also upregulated in variousdats of atrophy (fasting, diabetic,
uremic, etc.) and mice lacking MuRF-1 are protectgainst atrophy, although to a lesser
extent that those lacking AT-1 (Bodine, Latres et2801). Like the AT-1 knockout
mice, the MuRF-1 null mice have no overt phenotypkess challenged by an atrophy-
inducing stimulus. The targets and specific roldvafRF-1 in skeletal muscle remains
unclear but troponin | and myosin heavy chain prot&ve been suggested to be targets

(Centner, Yano et al. 2001).
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TRIM32
TRIM32 has also been implicated in protein degiadain skeletal muscle.

TRIM32 belongs to the tripartite motif (TRIM) fargjlwhich is defined by three linked
motifs including a RING finger, a B-box, and a eadilcoil domain (Kudryashova,
Kudryashov et al. 2005). TRIM32 demonstrates E3juibin ligase activity attributable
to its RING finger (Kudryashova, Kudryashov et 2005). However, unlike the other
E3s discussed above, TRIM32 expression is notictxdrto skeletal muscle. Rather,
TRIM32 has been implicated in diverse pathologioditons. TRIM32 has been
suggested to be an oncogene, but that link remenalear (Albor, El-Hizawi et al. 2006;
Kano, Miyajima et al. 2008). A mutation in the Bx¥odomain of TRIM32 is one of 12
gene mutations that have been linked to BardetiB&ohdrome, which is a multi-
systemic disorder characterized by obesity, diaheatardiac and renal abnormalities,
cognitive impairment, gastro-urinary tract malfotron, and retinopathy (Chiang, Beck
et al. 2006). A mutation near the C-terminal of VBR has been associated with limb-
girdle muscular dystrophy and sarcotubular myopathgth of which are hereditary
disorders (Kudryashova, Kudryashov et al. 2005;gB®tucka et al. 2009; Locke,

Tinsley et al. 2009).

TRIM32 knockout mice display a phenotype similar baman muscular
dystrophies (Kudryashova, Wu et al. 2009). Howeekrser examination of these mice
indicated that the phenotype maybe due to a nenrogefect. Loss of TRIM32 resulted
in atrophy of motor axons (Kudryashova, Wu et @02). As it is known that larger
axons innervate MHCII fibers and smaller axons mate MHCI fibers, Kudryashova et.
al. examined the MHC fiber type composition of #hesice. Consistent with the

reduction in motor axon diameters, they have aneased proportion of MHCI fibers
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compared to control (Kudryashova, Wu et al. 200R)erefore, the mechanism of
TRIM32 on muscle may be primarily through its rahethe nervous system and not
directly through its E3 ubiquitin ligase activity muscle cells.
THE CALPAINS

The proteasomal system is ideal for degradatiosaotoplasmic proteins which
are easily accessible to the ubiquitinating enzyrikksvever, the myofibrillar proteins,
which comprise 55-60% of total protein in musclanmot be directly degraded by the
proteasome (Goll, Neti et al. 2008). Both the miyafiand the thick and thin filaments
are too large to enter the central chamber of theepsome where the catalytic residues
reside. In fact, studies have shown that althohghptoteasome can degrade myosin and
actin, it does not directly act on intact myofibrisuggesting that the rate-limiting step in
degradation of myofibrillar proteins is their redeafrom the myofibril (Solomon and

Goldberg 1996).

Even during atrophy and wasting, it is essentiaduovival that muscle function
be maintained to sustain mobility, respirationjasns etc. To maintain the structural and
functional integrity of the muscle, individual mylaments must remain intact.
Therefore, skeletal muscle atrophy requires thabfingillar proteins be removed from
the myofibril before being degraded to amino acamtherwise, individual myofilaments
would become destabilized and lose the abilitydotiact and create tension. It has long
been proposed that myofilaments can be releasadtfie surface of a myofibril, leaving
a myofibril with a diameter that is smaller by oteyer of myofilaments. This is
consistent with the observations that atrophy tesanlsmaller myofibers, with decreased

diameters and cross-sectional areas, as opposed reduction in the number of
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myofibers. The calpains are thought to be resptmgdr the release of myofilaments
from the surface of myofibrils, because the calpaileave many of the proteins that are
involved in keeping the myofilaments attached (8naihd Dodd 2007; Goll, Neti et al.

2008).

The calpains are a family of 14 different {dependent proteinases, two of
which are expressed in skeletal muscle. Upon aativathe calpains can rapidly cleave
titin and nebulin at the point where these two peftides enter the Z-disk (Goll,
Thompson et al. 2003). The calpains also cleaveiteand filamen, which encircle the
myofibril at the Z-disk and tether it to the samoima (Goll, Dayton et al. 1991). These
cleavages releaseactinin, the principal Z-disk protein, resulting ihe release of thin
filaments from the surface of the myofibril (GdDayton et al. 1991). The calpains also
degrade M-line proteins (Goll, Thompson et al. 199Ais cleavage, together with titin
cleavage, severs the attachments of the thick &fdno the myofibril (Goll, Neti et al.
2008). In the presence of ATP to dissociate thesimyoross-bridge to the thin filaments,
the thick filaments are released from the myofib@hlpain cleavage of troponin and
tropomyosin would facilitate disassembly of thentlilaments into actin monomers.
Further, calpain cleavage of the C-protein wouldiltate disassembly of the thick
filament to myosin monomers (Goll, Neti et al. 2DOBlowever, the calpains do not
cleave proteins into amino acids, but rather makective cuts that produce large peptide
fragments, which are susceptible to degradationelilger the proteasome via the

ubiquitination pathway or the lysosomal systemautophagy.

THE CASPASES
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Caspases are proteolytic enzymes that are actidatedg apoptosis and by other
cell stressors. They can selectively cleave a waré cellular proteins. A relevant
substrate of the effector caspase-3 in muscletis.dCaspase-3 cleaves actin at several
locations, thus producing multiple fragments inahgda characteristic 14-kDa fragment
(Du, Wang et al. 2004). The caspase system becopregulated in numerous models of
atrophy and the 14-kDa actin fragment is now a wetlepted marker of atrophy in both
experimental animals and patients (Du, Wang e2@04). It is likely that subsequent to
myofibril release due to calpain activity, actinfisther processed by caspase-3 prior to

degradation to amino acids by the proteasome.

To summarize the current school of thought, protégradation in skeletal
muscle involves four systems. The “Gdependent calpains release myofibrils from
myofilaments and, possibly, cleave thick and thianfents into myosin and actin
monomers. Caspase-3 then further cleaves actin amtaller fragments. Polypeptide
fragments produced by either the calpains or caspaare now subject to further
degradation to amino acids through either autoptaygy the lysosomal system or the
ubiquitin proteasome system. There are severak lofeevidence in support of this
mechanism. First, the ubiquitin ligasedEBperates based on the N-end rule, recognizing
substrates that have unblocked hydrophobic or basimo acids at the N-terminal
(Lecker, Solomon et al. 1999). However, as the wagbrity of cellular proteins possess
an N-terminal methionine and are acetylated, speizfgets of E@ or how they may be
generated are unclear. A likely mechanism wouldlve upstream proteolytic systems
clipping the muscle proteins to yield free amino¥tmal residues that can be recognized

by E3x. Both the calpains and caspases are candidatdgdaple. As a second example,
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the muscle specific E3 ubiquitin ligase MuRF-1 basn shown to bind to titin at the Z-
disk and M-line regions (Goll, Neti et al. 2008i3 localization positions MuRF-1 for
immediate ubiquitination and proteasomal degradatd titin polypeptides that are
released by the calpains. It is estimated that@®-8f all muscle proteins are ultimately
degraded via the proteasome pathway into amincsawitlich are necessary to sustain
total protein content in other essential organs tike brain and heart (Wolfe 2006; Goll,

Neti et al. 2008).

MOLECULAR MECHANISMSREGULATING PROTEIN HOMEOSTASIS
A number of diverse molecular signals regulate neugcotein turnover. It has

been suggested that a common program of transorgitievents, including increased
expression of components of the ubiquitin proteas@ystem, occurs in response to
various catabolic stimuli (Price 2003; Lecker, Jage al. 2004). Hormones such as
insulin, IGF-1 (insulin-like growth factor) 1, andlucocorticiods influence protein
homeostasis. Insulin and IGF1 play well documentdds in hypertrophy and protein
synthesis.
PI3K/AKT

Binding of either insulin or IGF-1 to their respeet receptors initiates
phosphorylation of the IRS (insulin receptor suditsfy proteins (Fig. 2.3). IRS1 activates
PI3K (phosphatidylinositol-3-kinase), resulting irthe production of PIP3
(phosphatidylinositol-3, 4, 5-triphosphate) from PPI(phosphatidylinositol-4, 5-
bisphosphate). PIP3 provides a docking site at pleesma membrane for the
serine/threonine kinase, Akt. Phosphorylation of Bk PDK1 at the membrane activates
the enzyme which phosphorylates downstream targeteips that mediate cell

proliferation, survival,
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with the PI3K/Akt pathway.
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protein synthesis, and the activity of transcriptifactors. Phospho-Akt activates
MTORC1 (mTOR-raptor complex), which increases tedim initiation and ribosome
biosynthesis in response to growth factors andents (Guertin, Stevens et al. 2006). In
muscle, mTOR and its target, S6 kinase, are aetivhy the PI3K/Akt pathway and are
crucial for muscle growth (Rommel, Bodine et al0200hanna, Sobering et al. 2005).
Muscle hypertrophy in response to IGF-1 can beighedl by treatment with the mTOR
specific inhibitor, rapamycin, in £;, murine muscle cells (Rommel, Bodine et al.
2001). Hypertrophy of rat muscle causedibyivo transfection of constitutively active
Akt is also blocked by the oral administration apamycin, indicating that mTOR is
crucial for muscle growth (Bodine, Stitt et al. 200Many of mMTOR’s actions on muscle
appear to be mediated by the mTOR substrate S6Ki(a6e). S6K knockout mice have
decreased muscle mass and muscle fiber size cothjpavéldtype (Ohanna, Sobering et
al. 2005). Furthermore, primary myoblasts from S&Wockout mice demonstrate

decreased rates of protein synthesis (Mieulet, Retal. 2007).

The PI3K/Akt pathway also regulates the FOXO trapsion factors. There are
four members of the FOXO family, three of which 8h, and 4a) are substrates of Akt.
FOXO6 is consitutively nuclear. Active Akt inacttes the FOXO transcription factors
through phosphorylation, which results in sequéstiaof the FOXOs in the cytoplasm
(Takaishi, Konishi et al. 1999; De Ruiter, Burgeriet al. 2001). The FOXOs are closely
linked to cell growth and numerous target genesteeen identified including the cell
cycle inhibitors, p15, p19, p21, and p27 (Nakad¢akura et al. 2003; Motta, Divecha et
al. 2004; Katayama, Nakamura et al. 2008), the Eypiopmediators, Bim and Bid (Stahl,

Dijkers et al. 2002; Luo, Puig et al. 2007), theéophagy mediators, Bnip3 and LC3
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(Mammucari, Schiaffino et al. 2008), and the musspecific E3 ligases AT-1 and
MuRF-1 (Sandri, Sandri et al. 2004; Stitt, Drujanat 2004). Mice transgenically
overexpressing constitutively active FOXO1 have IBnanuscle mass compared to
wild-type and reduced levels of mTOR, raptor, ahdgphorylated S6K, which are all
important for protein synthesis (Southgate, Netllaé 2007). Active FOXOs also
upregulate AT-1 and MuRF4h vitro, andin vivo, accelerating muscle atrophy (Sandri,

Sandri et al. 2004; Stitt, Drujan et al. 2004).

Glucocorticoids and insulin deficiency reduce thetivity of the PI3K/Akt
pathway. Insulin deficiency directly decreases aligy through the pathway via
decreased ligand binding to the insulin receptduc@corticoids suppress PI3K signaling
via upregulation of the p85 regulatory subunit 8K without a corresponding increase
in the p110 catalytic subunit (Fig. 2.3) (Giorgin@edrini et al. 1997). The result is
competition for binding between free p85 and thgkPholocomplex to phosphorylated
IRS-1 (Giorgino, Pedrini et al. 1997; Zheng, Ohkatal. 2010). However, the effect of
glucocorticoids on the PI3K pathway seems to betifaokted as glucocorticoid
treatment also causes a decrease in IRS-1 praieus, potentially blocking PI3K
induction (Zheng, Ohkawa et al. 2010). When theKPABt pathway is suppressed,
activity of the FOXO transcription factors is inased, which suppresses protein
synthesis via downregulation of mMTOR and accelsrapeotein degradation via
upregulation of the E3 ligases MuRF-1 and AT-1 aadll vas proteins involved in

autophagy.

MEK/ERK
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In muscle, chronically activated glucocorticoidsieate the MEK/ERK pathway,
which is one of four subfamilies of MAPK (mitogentizated protein kinase) pathways
(Fig.2. 3). ERKs (extracellular signal regulatechdges) are activated in response to
extracellular signals. These signals, transducadnegrins, G-protein coupled receptors,
or tyrosine kinase receptors, induce recruitmerthefserine/threonine kinase Raf to the
membrane by Ras. Active Raf then phosphorylatesaatigates MEK, which in turn
activates downstream ERKs. There are two isoformERK in mammals, ERK1 and
ERK2. Both are ubiquitously expressed and thouglhialve distinctive roles based on the
data showing that ERK2 can compensate for ERKInbtivice versa (Pages, Guerin et
al. 1999). However, what distinct roles the two migave remain unclear. The insulin
receptor is a tyrosine kinase receptor that a@s/gahe MEK/ERK pathway signal
transduction through IRS2. Recently, our lab destrated that MEK/ERK activation by
glucocorticoids is likely through a cross-talk maotsm in coordination with the
PI3K/Akt pathway in which downregulation of IRS1,hieh suppresses PI3K/Akt
signaling, resulted in upregulation of IRS2 and MERK signaling (Zheng, Ohkawa et

al. 2010). In this model, glucocorticoids likelygass the activation of Raf and Ras.

The MEK/ERK pathway contributes to the atrophy s Glucocorticoids
activate the MEK/ERK pathway resulting in phosphatipn and activation of the
transcription factor Spl, which subsequently upl@gs ubiqutin transcription
(Marinovic, Zheng et al. 2002; Zheng, Ohkawa e@lL0). First characterized as a factor
that binds to GC boxes in the promoter regions almmalian “housekeeping” genes,

Spl has since been recognized as a complex pnettinmultiple regulatory domains
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that can be modulated by posttranslational modiboa and cofactors (Mitchell and

Tjian 1989; Lee, Suh et al. 2005).

NF«B
The NF (nuclear factomB dependent pathway is activated by glucocorticoids

NFkB is a family of dimeric transcription factors cooged of p50/p105, p52,p100, c-
Rel, Rel A, and Rel B subunits, all of which shamnilarities in the Rel homology
domain at the amino-terminus (Chen and Ghosh 1988¢ Rel homology domain
includes sequences required for DNA binding, digaion, nuclear localization and
inhibitor factor binding. These subunits form honmoers or heterodimers that bind to
specific DNA sequences known a8 sites. The binding affinity of every dimer is
variable depending on the combination of subuniid @eachkB site (Chen and Ghosh
1999). Inactive NKB is normally associated with an endogenous intipikB, in the
cytosol. In response to extracellular stimuiBlis phosphorylated by IKK KB kinase),
which causes the dissociation of theKBHKB complex and the release of activekdBF
(Rayet and Gelinas 1999). KB is upregulated in muscle in response to glucammds,
exercise, immobilization, and cytokines, includimdF-a (Du, Mitch et al. 2000; Li,
Tupper et al. 2003; Ji, Gomez-Cabrera et al. 204@restingly, NKB activation by
exercise can be blocked by as much as 76% by tohsbof ERK, which suggests a
possible link to that pathway and may explain hofkBl is often activated in concert
with the ubiquitin proteasome system in conditiohgtrophy (Ji, Gomez-Cabrera et al.
2004; Ji, Zhang et al. 2004). KB increases transcription of MURF-1 and #2esubunit

of the 20S proteasome particle (Cai, Frantz 2G04).
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CALCINEURIN/NFAT/MEF2 SIGNALING
Cn (calcineurin) is involved in the regulation ofisele size in many conditions. It

has been extensively studied in the field of exser@hysiology and has been shown to
induce muscle hypertrophy when activated by exer@@unn, Burns et al. 1999; Olson
and Williams 2000). The response is due to its tfioncas a sensor of neural activity,
specifically the calcium oscillations that accomparontractile activity. Exercise and
contractile activity have long been known to bltim¢ atrophy that occurs with systemic
conditions. The exact mechanisms regulating musizke in the face of catabolic signals

are unknown, but the Cn signaling pathway is arekeat candidate.

Calcineurin
Cn, so named for its ability to bind calcium andhexpression in the nervous

system, is a C&calmodulin dependent serine/threonine protein phatase (Klee,
Crouch et al. 1979; Klee, Krinks et al. 1983).)ists as a heterodimer of an A catalytic
subunit and a B regulatory subunit and multipldasms of each subunit exist. Skeletal
muscle expresses the CnB1 isoform of the regulagabunit and the Crihand CnA
isoforms of the catalytic subunit. The binding beéw CnA and CnB is very tight, can
only be dissociated under denaturing conditiong] @nnot thought to be a regulated
process (Perrino, Fong et al. 1992). Although CaRonsidered to be the regulatory
subunit since it is essential for high enzymatitvéty of calcineurin, the precise role of
the subunit remains unclear. The CnA subunit hasregulatory domains. A calmodulin
binding domain confers the calcium sensitivity dfetenzyme. In contrast, an
autoinhibitory domain inhibits enzyme activity ihet absence of G&calmodulin by

binding to the catalytic site.
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Several endogenous inhibitors of Cn have beenifdshtThe first was AKAP79,
which was shown to bind and inhibit Cn by scaffolglit away from substrates (Coghlan,
Perrino et al. 1995). CAIN binds directly to Cn andibits its activity through an as yet
unknown non-competitive mechanism (Lai, Burnettlet1998; Sun, Youn et al. 1998).
CHP demonstrates a high degree of homology to QmB li&ely inhibits Cn through
competition for CnA binding (Lin and Barber 1996n] Sikkink et al. 1999). Lastly, the
MCIP proteins are Cn inhibitors that are expresaedhigh levels in skeletal muscle
(Fuentes, Genesca et al. 2000; Rothermel, Vegd. €2080). Interestingly, MCIP1
expression is regulated by Cn and is postulatetetca negative feed-back pathway
(Yang, Rothermel et al. 2000). The physiologicdesoof endogenous Cn inhibitors
remain unknown; however, they have frequently based as experimental tools to
inhibit Cn activity through overexpression or, iretcase of MCIP1, as a read-out of Cn

activity (Fenyvesi, Racz et al. 2004).

The first described function of Cn was in T-celceptor signaling and the
generation of immune responses. NFAT (nuclear facito activated T-cells) is a
modulator of T-cell activation and its activatiola wviuclear translocation was blocked by
the pharmacological agents FK506 and Cyclosporif€#A) (Flanagan, Corthesy et al.
1991). A parallel study discovered that FK506 arglAGnteracted with intracellular
receptors called immunophilins and inhibited Cnivatgt (Liu, Farmer et al. 1991).
Subsequent studies linked the two pathways by dstraimg that Cn is a key regulator
of T-cell activation and that NFAT is a target af Clipstone and Crabtree 1992; Jain,
McCaffrey et al. 1993; McCaffrey, Perrino et al9B). The role of Cn in T-cell signaling

is supported by the clinical use of CsA and FK58&amunosuppressants.
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NFAT
The mammalian NFAT family of transcription factois comprised of five

members. The mechanisms regulating NFATS activigypoorly understood and may or
may not involve Cn (Lopez-Rodriguez, Aramburu et199; Miyakawa, Woo et al.
1999). However, the other four isoforms of NFAT aegulated directly by Cn and are
therefore known as NFATcl-c4 (Mancini and Toker @0QAll four of the NFATc
isoforms are expressed in skeletal muscle but NEA3¢he predominant species. Cn is
constitutively bound to NFATc at a conserved dogksite within the NFAT homology
domain (Mancini and Toker 2009). Active Cn dephasplates NFATc resulting in an
unmasking of a nuclear localization sequence. NFA&¥En translocates to the nucleus
where it binds to target gene promoters and indui@@sscription of a selected set of
genes (Zhu and McKeon 1999; Mancini and Toker 20@%cogen synthase kinas@-3
and casein kinase 1/2 are the major kinases tlmadate NFATc1l nuclear export in
skeletal muscle (Beals, Sheridan et al. 1997; ZBhipasaki et al. 1998; Neal and

Clipstone 2001; Okamura, Garcia-Rodriguez et @420

In vivo reporter studies have shown that NFATc1 is loedliprimarily in the
cytoplasm in the TA (tibialis anterior), a predowurly MHCII muscle, but it is localized
primarily in the nucleus in the soleus, a predomilyaMHCI muscle (Thomson, Porter
et al. 2007). Nuclear translocation of NFATcl ipidly induced in the TA by low-
frequency electrical stimulation (Tothova, Blaautv a. 2006). Furthermore, NFAT
transcriptional activity is higher in oxidative than glycolytic muscles. Constitutively
active NFATcl induces MHCI expression in slow masglbut not in fast muscles even

though it can bind the MHCI promoter in the latteuscles (McCullagh, Calabria et al.
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2004). One reason for this discrepancy may be MBAT is thought to require
interaction with other transcription factors foanscriptional activity. Specifically, the
transcription factor, MEF2 (myocyte enhancer fa@pis thought to work synergistically
with NFATcLl to regulate the MHCI gene program (Waya et al. 2000). In fact, some
known MEF2 gene targets include MHCI, myoglobind @oponin 1(Wu, Naya et al.
2000; Wu, Rothermel et al. 2001).
MEF2

MEF2 proteins are a subclass of the MADS (MCM1,nagas, deficiens, SRF)
family of transcription factors (Shore and Sharod®95). The N-terminal of MEF2
proteins contains a highly conserved MADS-box amdlEeF2 domain, which together
mediate dimerization and DNA-binding (Black and @IsL998; McKinsey, Zhang et al.
2002). The C-termini are highly divergent among ifgrmembers as they are subject to
complex patterns of alternative splicing, which @d@ments their function as
transcriptional activation domains (Martin, Miantoaé 1994). There are four isoforms in
vertebrates, MEF2A-D, which function as homo- otehedimers and have distinct, but
often overlapping functions (Edmondson, Lyons etl@B4). MEF2 is scaffolded away
from its target genes by binding to the class Il AMI3 (histone deacetylases) (Lu,
McKinsey et al. 2000). Contractile activity actigatCaMKII, which phosphorylates the
HDACSs resulting in their export from the nucleusdaytoplasmic sequestration via 14-
3-3 binding (Zhang, McKinsey et al. 2002; McKinsayd Olson 2005). This releases
MEF2 to interact with NFATc and bind target gendésw frequency electrical
stimulation, characteristic of slow fibers, hasmsbown to induce HDAC translocation

to the cytoplasm as well as increase MEF2 trangonal activity (Wu, Naya et al.
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2000). There is evidence, however, that Cn may asghorylate MEF2 and this may

increase the efficiency of binding to target proenst(\Wu, Rothermel et al. 2001).

The Cn/NFAT/MEF2 signaling pathway has been impédain maintaining the
type | fiber phenotype and regulates many of theegdor prototypical type | proteins
such as MHCI, troponin I, and myoglobin (Chin, Qs al. 1998; Bigard, Sanchez et al.
2000; McCullagh, Calabria et al. 2004). Howeventhar facet of the type | phenotype is
increased oxidative capacity and mitochondrial eont The signaling pathways
regulating these genes remain elusive. Recentl{; FR&roxisome proliferator activated
receptory coactivator) &t has been implicated in mediating this componenheftype |
fiber phenotype.

PGC-1a

PGC-1In is a transcriptional coactivator that participatasthe regulation of
skeletal muscle metabolism, particularly energy éostasis and glucose metabolism
(Puigserver and Spiegelman 2003). Transcriptionaktivators mediate the functional
connection between transcription factors and theegg transcription apparatus,
including the polymerase. The coactivators theneselusually exist and function as
multiprotein complexes, which contain proteins tedmate docking on transcription
factors and others that mediate functions neceskaryranscription such as histone
modification and chromatin remodeling. Transcriptfactors themselves have been the
targets of much study when it comes to transcmati@control. However, more recently
we are discovering that transcriptional coactivatmld another level to the complexity of
transcriptional regulation. Indeed, PG@-ldemonstrates a remarkable degree of

regulation in different tissues and physiologidates.
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PGC-1u is part of a very small family of transcriptior@activators that includes
PGC-B and PGC-1 related coactivator. The N-terminusllodfathese proteins contains
a transcriptional activation domain and includes thajor nuclear hormone receptor-
interacting motif. The C-terminal contains an RNi&ding motif and a serine-arginine
rich domain. The presence of a transcriptionalvatibn domain and RNA-processing
motifs in the same molecule is an unusual featdrthe PGC-1 family that is highly
conserved across species. This feature makes thi@1P@mily proteins excellent
candidates for studying integration of pre-mRNAiIgpY and transcription, which have
been suggested to be linkedvivo (Misteli 2000). PGC-a also contains a number of

“docking domains” for transcription factors suchRiBARy and MEF2C.

PGC-In was first identified in BAT (brown adipose tissu#)e primary site of
adaptive thermogenesis, or changes in heat digsipat response to environmental
temperatures. BAT is rich in mitochondria, whicmtan a specific uncoupling protein
(UCP) -1 that is necessary for cold-induced themnegis. UCP-1 gene expression is
highly cold-inducible through the activation of tegmpathetic nervous system and is
mediated byB-adrenoreceptors and cCAMP. Several activated nubtleanone receptors
also play an important role in the differentiatiai BAT and UCP-1 expression,
including the PPARs (peroxisome proliferator adidareceptors). Activation of PPAR
by synthetic ligands promotes differentiation of BAprecursor cells and PPAR
knockout animals do not have BAT, indicating th&ARy is required for formation of
this tissue (Foellmi-Adams, Wyse et al. 1996; Tahnermann et al. 1996; Barak, Nelson

et al. 1999; Rosen, Sarraf et al. 1999). P@Caks identified as a PPARnteracting
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protein expressed preferentially in BAT comparedwioite adipose tissue, which is
mainly involved in energy storage (Puigserver, Wale1998). When mice are exposed
to cold, PGC-i is strongly induced (Puigserver, Wu et al. 199&)ithermore, when a
BAT cell line is treated witl3-adrenergic receptor agonist, PGE&-tiRNA is induced
(Puigserver, Wu et al. 1998). In the thermogengpoase 3-adrenergic receptors and
protein kinase A mediate the induction of PG&L-Wvhich subsequently binds to PPAR
These proteins form a complex with other transwni@l coactivators at the UCP1

enhancer and activate transcription.

Skeletal muscle is the other major tissue involveddaptive thermogenesis and
it expresses high levels of PG@-1Skeletal muscle has a high level of oxidative
metabolism due to a high number of mitochondridebd, mitochondrial biogenesis is an
important component of adaptive thermogenesis. Bx@oto cold temperatures induces
mitochondrial biogenesis and increases uncouplihgespiration. The NRF (nuclear
regulatory factor) transcription factors -1 andrghsactivate several mitochondrial genes
that are encoded in the nucleus including mtTFAdaiondrial transcription factor A),
which translocates to the mitochondria and acts/até@ochondrial DNA replication and
transcription. PGC-d dramatically induces gene expression of NRF-1, RRRnd
MtTFA (Wu, Puigserver et al. 1999). Furthermore,CPt& interacts with NRF-1 to
augment its transcriptional activity (Wu, Puigseree al. 1999). A dominant negative
allele of NRF-1 completely blocks the ability of Eda to induce mitochondrial
proliferation (Wu, Puigserver et al. 1999). Thu§@1a and its associated functions

provide a plausible molecular basis for the coripacbetween environmental and
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hormonal stimuli and mitochondrial biogenesis amdpiration under conditions of

changing energy or thermogenic requirements.

Adaptive thermogenesis and the increased energgneldpre ultimately requires
increased fuel metabolism. PG@-has been shown to stimulate genes required for
increased fatty acid oxidation in adipocytes anarbh@ehman, Barger et al. 2000; Vega,
Huss et al. 2000). The effects of PGE-tn glucose uptake and metabolism are of
particular interest in diabetes because there amerous studies indicating that the rates
of mitochondrial oxidation can affect glucose ugtglRandle, Priestman et al. 1994).
Indeed, PGC-d expression is upregulated in the liver in respotwséasting, insulin
deficiency, and insulin resistance (Herzig, Longakt 2001; Yoon, Puigserver et al.
2001). Exogenous overexpression of PQC-at comparable levels in primary
hepatocytes stimulated expression of the key engymequired for hepatic
gluconeogenesis: PEPCK (phosphoenol pyruvate cgkiotese), fructose-1, 6-
bisphosphatase, and glucose-6-phosphatase (YoasePeer et al. 2001). PGGxAlso
induces gene expression for the insulin-sensitikecoge transporter (GLUT4) and
increases glucose uptake (Michael, Wu et al. 200hjs effect on GLUT4 gene

expression is partially mediated through PGCHi conjunction with MEF2C.

Molecular Mechanisms Regulating PGC-1a
Post-translational Regulation
P38 MAPK
The role of PGC-d in energy metabolism is multi-faceted, therefatas not

surprising that its transcription is complexly réggad. The first pathway that was shown
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to regulate PGCd expression was p38-MAPK. Cytokines are elevatedaichexia, a
chronic state of negative energy balance, whichrdsdarchers to examine how cytokines
stimulate metabolic rates. They found that cyto&jreeich as IL (interleukin) ed IL-1[3,
and TNFx enhance the activity of PGQx1through direct phosphorylation by p38-
MAPK (Puigserver, Rhee et al. 2001). Three residne®GC-Ir (T262, S265, and
T298) are directly phosphorylated by p38-MAPK leagdto increased stability and half-
life (Puigserver, Rhee et al. 2001). Interestinghgse residues fall within a region of the
PGC-Xn protein that plays a regulatory role in binding t@nscription factors,
specifically NRF-1 (Puigserver, Adelmant et al. 2P ocking of transcription factors at
this site causes a conformational change that ematebs recruitment of other
transcriptional effector proteins to the complexhather the p38-MAPK mediated
phosphorylation affects transcription factor dogkior recruitment of other coactivators

remains undetermined.

AMPK
In both BAT and skeletal muscle, PG@-ls regulated by AMPK (AMP-

activated kinase). AMPK directly phosphorylates RGCon T177 and S538 (Jager,
Handschin et al. 2007). T177 is within the domaimeve PPAR docks to PGC-d and
S538 lies within the MEF2C docking domain, whichggests that these AMPK
phosphorylation sites are involved in transcriptiactor docking (Jager, Handschin et al.
2007). Interestingly, PGCelLlhas been shown to mediate its own transcriptiooutih a
feed-back loop (Handschin, Rhee et al. 2003). AMiRKsphorylation increases PGG-1

dependent activation of its own promoter.

Transcriptional Regulation of PGC-1a
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CREB
PGC-1n is induced by cold temperatures in BAT \faadrenergic stimulation of a

CAMP-mediated pathway. In the liver, PG@-induction and subsequent regulation of
gluconeogenesis is also regulated by a cAMP-matligtethway. cAMP induces
phosphorylation of Serl33 in the cAMP response etenbinding protein (CREB) via
PKA (protein kinase A). Activated CREB forms a cdexpwith other proteins (e.qg.,
p300, CREB Binding Protein or CBP) which then bieda cAMP response element
located in the promoter region of the PG&-dene, thus inducing PGQGxXranscription

(Fig. 2.4) (Gonzalez and Montminy 1989; Herzig, gaet al. 2001).

Calcineurin/NFAT/MEF2
Lastly, PGC-tx expression can be regulated by calcium-dependatitways,

including both Cn, and the calcium dependent pnateiase, CaMK (Fig. 2.4). Activated
CaMK catalyzes a variety of protein phosphorylatewents. It activates CREB, which
subsequently induces PG@-1CaMK also mediates the release of MEF2 from an
inhibitory complex, which includes the histone detgtases HDAC1/2 and HDACA4/5.
After phosphorylation by CaMK, the HDACs are expdrtfrom the nucleus. As a

consequence, MEF2 becomes transcriptionally active.

MEF2 and NFAT can also be regulated by Cn via disephosphorylation.
Active MEF2 binds directly to the PGQx1lpromoter to transduce PGG@-Expression
(Czubryt, McAnally et al. 2003). While NFAT aloneeans to have little effect on

induction of PGC-i transcription, co-transfection experiments inadtd GC,, mouse
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Figure 2.4. Transcriptional regulation of PGC-la. cAMP induces PKA
phosphorylation and activation of CREB. CREB canure PGC-t transcription
through a CRE in its promoter. Two parallel calcidependent pathways involving
calcium-calmodulin kinase (CaMK) and calcineurimj@an regulate MEF2 whereas Cn
is the primary pathway that regulates NFAT. The MERd NFAT transcription factors

have been suggested to act synergistically to premBGC-I transcription.
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myotubes suggest that NFAT and MEF2 work synexgllyi to regulate PGC-
la (Handschin, Rhee et al. 2003). PGE&-tontains a MEF2 docking site and co-
activates MEF2 transcriptional activity, resultimga positive feed-back loop maintaining
PGC-In expression (Handschin, Rhee et al. 2003). NFAlke&dy also recruited to the
complex formed between PGG@Bnd MEF2 and participates in the positive feedkbac

loop.
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CHAPTER3

MATERIALS AND METHODS
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MATERIALS
Streptozotocin (STZ) was purchased from Sigma-Aldr(St. Louis, MO).

Commercially available antibodies were used: adiiira(Sigma-Aldrich), anti-Akt and
anti-phospho(Ser473)Akt (Cell Signaling: Danvers,A)M anti-calcineurin pan A
(ChemiconaBillerica, MA), anti-CREB and anti-phospho(Ser133)CREB (CelhS8ligg),
anti-glycogen synthase and anti-phospho(Ser641ggbme synthase (Cell Signaling),
anti-GSK® and anti-phospho(Ser9)GSK3 (Cell  Signaling), anti-laminin
(Developmental Studies Hybridoma Bank, lowa Ci), lanti-MEF2 (Santa Cruz: Santa
Cruz, CA), anti-MHCI (Sigma), anti-MHCII (Sigma),n&MHClla (Developmental
Studies Hybridoma Bank), anti-NFATcl (Abcam: Cardga, MA), anti-PGC-1
(Calbiochem: San Diego, CA), HRP-conjugated dordwety-rabbit 1IgG (Amersham:
Piscataway, NJ)m, and HRP-conjugated goat-anti-mo{d&ckson Immunoresearch
Laboratories: West Grove, PA). Oligo-nucleotide nppis were purchased from
Invitrogen (Carlsbad, CA) for real-time RT-PCR.Rer sequences and references are

listed in Table 3.1.

ANIMALS

STZ-DM RATS
All studies were approved by the Emory Universitgtitutional Animal Care and

Use Committee. Male Sprague-Dawley rats weighin§0~@ were anesthetized using
isoflourane and given a single tail-vein injectmrSTZ (60mg/kg body weight) prepared
fresh in 0.1M sodium citrate buffer, pH4.0; cont(QITL) rats were injected with the

vehicle alone. Chronically diabetic animals wer tlee standard died libitum for
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Table 3.10ligonucleotide primersused for real time RT-PCR.

EEV PRIMER

REFERENCE

[IDHPR 15

5" CATGTAGAAGCTGATGAA 3°

FWD: Sheridan, D et al (2003)
REV: Savignac, Met al (2004)

(MCTP1 4 5 ACGGTGATGTCTTCAGOGAAA 3 5' ATTCGGACACGCTTGAAGCTC 3 [Frank Det al (2007)
MRE4 5 CTACATIGAGOGTCTACAGGACC 3' 5 CTGAAGACTGCTGGAGGCTG 3" |Patapoufian A et al (1995)
PGC-1a 5 ACTGAGCTACCCTTGGGATG 3° 5 TAAGGATTICGGTGGTGACA 3" [Ropers, Jet al (2005)
[UbC 5 GTTAACACCAAGAAGGTC 3' 5 GGAATGCAAGAACTTTATTC 3'  |Marinovie, A et al (2000)

45



21days. At the time of sacrifice, animals were #mezed by an intraperitoneal injection
of ketamine/xylazine, muscles were dissected, amerial blood was collected for
glucose measurements.
STZ-DM TRANSGENIC MICE:
Transgenic mice expressing a NFAT-luciferase (NHAQJ)-reporter gene in all tissues
were created by Dr. J. Molkentin (Cincinnati Chddis Hospital, Cincinnati, OH)
(Bueno, Wilkins et al. 2002; Wilkins, Dai et al.@). Mice weighing between 25 and 30
g were given an interperitoneal injection of STAr{lg/kg body weight) prepared fresh
in 0.1M sodium citrate buffer, pH. 4.0, once dddy four days; CTL mice were injected
with vehicle alone. Blood glucose levels were manatl daily by tail-snip for one week
following the last injection of STZ. Mice with bldaglucose levels more than 200 mg/dL
were considered diabetic. Diabetic mice were fatddrd diet and watexd libitum for
21 days and blood glucose levels were monitoredklydasy tail-snip. At the time of
sacrifice the mice were anesthetized using isofloey muscles were dissected, and
arterial blood was collected for glucose measurésien
CALCINEURIN KNOCK-OUT MICE

Mice lacking the gene for theeisoform of the CnA catalytic subunit were created
by Dr. J. Seidman (Howard Hughes Medical Instititarvard Medical School, Boston,
MA) (Zhang, Zimmer et al. 1996). Mice lacking theng for theB isoform of the CnA
catalytic subunit were created by Dr. J. Molkenf@incinnati Children’s Hospital,

Cincinnati, OH) (Bueno, Wilkins et al. 2002; WillanDai et al. 2004).

MEASUREMENT OFMUSCLE PROTEIN DEGRADATION

RATE OF TYROSINE RELEASE
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The rate of total protein degradation was measunedsolated, mixed-fiber
epitrochlearis muscles as described (Price, Bategl. 1996). Briefly, freshly isolated
muscles were incubated for 2h at’G7in Krebs Ringer Bicarbonate buffer containing
cyclohexamide to inhibit protein synthesis. Freeosine released into the media by
proteolysis was measured fluorometrically (Waalkad Udenfriend 1957). The rate of
tyrosine release was calculated as the nmol tyeos#eased/ mg wet muscle weight/
hour.

ACTIN DEGRADATION

Gastrocnemius muscles for measurement of the &@gment were immediately
snap frozen upon dissection and stored diG8®uscle samples were later homogenized
in 20ul/mg of a hypotonic buffer consisting of 50mM T(jgH7.5), 1ImM EDTA, 1mM
EGTA, 0.5mM DTT, 0.1% NP-40, and complete mini pade inhibitor cocktail tablets
(Roche: Indianapolis, IN). The homogenates werérifeged at 2000xg for 10min af@
and the pellet was resuspended in Laemmli samgferbwvithout dye). The pellet was
then homogenized in a ground glass homogenizeregehtrifuged at 2000 x g for 10
min. The supernatant was used for the subsequahtsés. The protein concentration of
each sample was measured using the Bio-Rad DCipeteay (Hercules, CA) and equal
amounts (50 pg) were separated by SDS-polyacrylangel electrophoresis (SDS
PAGE); equal protein loading and transfer was corédd by Ponceau S staining. The
blot was developed using antibodies generateda@tterminal 14 amino acids of actin,
an HRP-conjugated goat-anti-rabbit secondary adyibee Materials) and standard

chemiluminescence methods.

WESTERNBLOT ANALYSIS
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Muscles to be used for Western blot analysis weagp drozen in liquid nitrogen
upon dissection and stored at ®80 Gastrocnemius muscle samples were later
homogenized in 30/mg of lysis buffer. Two different lysis buffersene used depending
on the stability of the protein of interest. A hypoic buffer consisting of 50mM Tris
(pH7.5), 1ImM EDTA, 1mM EGTA, 0.5mM DTT, 0.1% NP-4@nd complete mini
protease inhibitor cocktail tablets (Roche: Ind@oies, IN) was used for Cn, NFAT,
MEF2, and PGC-d. The samples were subjected to three freeze/tjaleusing liquid
nitrogen and a 3T water bath. The homogenates were centrifugedr@dupernatant
was used for analysis. A buffer consisting of 50idkpes (pH 7.4), 137mM NacCl, 1mM
MgCl,, ImM CaC}, 10mM Na pyrophosphate, 10mM Na fluoride, 2mM EDTIA%
glycerol, 1% NP-40, 2mM N&O, 2mM PMSF, 1Qg/mL aprotinin, 1@ig/mL
leupeptin, and 10mM benzamidine, was used for amabf AKT, CREB, GSK-f3, and
glycogen synthase. Supernatant protein concemtsativere measured using a BioRad
DC Protein Assay Kit (BioRad: Hercules, CA). Pratsamples (50ug) were separated
by SDS-PAGE, transferred to nitrocellulose membsaared blocked in Tris-buffered
saline (pH7.5) containing 5% non-fat milk and 0.I%een-20 (Sigma: St. Louis, MO).
Blots were incubated with primary antibodies (seatdévials; dilutions and washes
according to manufacturer’s instructions) followey a goat-anti-rabbit (1:5000) HRP
conjugated secondary antibody (see Materials) atdcted using chemiluminescence
technology. Equal protein loading and transfer weoafirmed by Ponceau S Red

staining of the membranes.
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Films of the developed immunoblots were scannedguai desktop scanner and
guantitative densitometric analysis was performethg ImageJ software (National
Institutes of Health.

ReEAL-TIME RT-PCR

RNA was isolated from previously snap frozen gastemius muscles using
Trizol Reagent (Invitrogen: Carlsbad, CA) accordinghe manufacturer’s instructions.
RNA (5-1Qug) was treated with DNase and reverse transcrilsgtguM-MLV reverse
transcriptase and random hexamer primers. Real-TR@& was performed using a
BioRad iCycler with target-specific primers (seetdtals; Table 1) and iQ SYBR Green
(BioRad: Hercules, CA); the 18S rRNA was used ammmnalization control. The data
were analyzed for fold chang&ACt) using the iCycler software.
IMMUNOHISTOCHEMISTRY

Gastrocnemius and soleus muscles to be usednfoumnohistochemistry were
immediately mounted in Tissue Tek® O.C.T. compo(®akura Finetek: Torrance, CA),
frozen in liquid nitrogen cooled 2-methylbutaneg atored at -8t for cross-sectioning.
Serial transverse cross-sections (i) were preared from soleus and gastrocnemius
muscles of five control and five STZ rats. For eaabss-section, an origin was randomly
selected from which 100 contiguous fibers were tedinResults were compared using

different origins in several cross-sections.

Serial cross-sections were stained using antikddieletect MHCII (pan) (1:400),
MHClla (1:5), MHCI (1:800), and laminin (1:25) asepiously described (Snow,
McLoon et al. 2005; Snow, Sanchez et al. 2005p¥edld by an HRP-conjugated goat-

anti-mouse secondary (see Materials) and detectigd3y 3’-diaminobenzidine (DAB)
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stain. Laminin immunostaining defined the plasmatearallowing for clear definition of

fiber edges in serial cross-sections.

After identification of fiber type, the first ten INCI fibers and the first ten MHCII fibers
adjacent to the origin were selected for deternonabf CSA. The perimeter of each
fiber of interest was traced using a contour maggioftware program that creates a CSA
map (Neurolucida version 8, Bioscience MicroBrighté, Inc.) that is processed using a
program that calculates CSA (Neurolicida Neuroesgyigprogram). Hybrid MHCI/II
fibers were not included. In the rare cases whercontiguous 100 fibers did not include
ten each of the MHCI and MHCII fiber types, additab contiguous fibers were added to
reach n=10.
ENDOGENOUSNFAT ACTIVITY ASSAY

Luciferase activity in the gastrocnemius musclesaitrol and STZ NFAT-luc
mice was measured using a commercial kit (Promigigatison, WI). Dissected muscles
were immediately snap frozen in liquid nitrogen astdred at -8%C. Later, tissue
samples were homogenized inp®@ng passive lysis buffer and particulate matter
removed by centrifugation. Total protein contenth@ supernatant was measured using a
BioRad DC Protein Assay Kit (Hercules, CA) and blkates were diluted to a
concentration of Ag/uL with passive lysis buffer. Luciferase assay read8QuL) was
added to 10l of supernatant and luminescence was measuredOf@econds using a

luminometer (Turner Biosystems, Sunnyvale, CA).

SINGLE FIBER ANALYSIS

SINGLE FIBER PREPARATION
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Dissected gastrocnemius and soleus muscles todakefas single fiber preparations
were immediately placed in a permeablizing solutbb0% glycerol and pCa 8.0 (Alley
and Thompson 1997) and stored at®€0The muscles were later rinsed and moved to a
relaxing solution of pCa 8.0, which was kept coddQ) for further dissection. Under a
dissecting scope, single fibers were carefullyatad from the whole muscle using a fine

probe.

SINGLE FIBER FORCE ASSAY
Both ends of the single permeabilized fiber wereunted in aluminum foil clips,

which were then attached to the separate poledata transducer and fixed servo-arm
(Permeabilized Fiber System, Aurora Scientific, JnDigital images of each fiber at 40X
magnification were recorded (Nikon high pixel dépsnonochrome camera with NIS
Elements version 2.31 software) pre-contraction jpost-contraction. The images were
used to measure average pre- and post-contractimmorsere length, average fiber
diameter (D), and sarcomere length (SL) at 3 plat@sg the length of the mounted fiber

to ensure fiber integrity.

Specific Force is defined as/€SA where B (mN) is the maximum steady state
force generation as determined by the increaseeadyg state isometric force at saturating
concentrations of G& (pCa 4.0 or 3.8) over baseline at pCa 8.0 and Q8AY) is
derived from fiber diametern([D/2]®) (Donaldson and Kerrick 1975; Donaldson,
Hermansen et al. 1978). A fiber was excluded gfdeclined more than 10% of the
original value or post-contraction sarcomere lervgils not within 0.2um of initial value,

indicating that the integrity of the contractilepapatus was compromised.

SINGLE FIBER MHC-TYPE DETERMINATION
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Fibers removed from mounting clips were dissolved.aemmli sample buffer and
stored at -8C as previously describe (Alley and Thompson 199%tal solubilized
proteins were separated by SDS-PAGE and MHC typa® wetected by either silver
staining or by Western blot. Silver staining of tI&DS-PAGE gel allows for
determination of MHC type based on the differingesi of the different isoforms
(Talmadge and Roy 1993) . Alteratively, for Westblot analysis, the proteins that were
separated by SDS-PAGE were transferred to nitradlosié membranes and blocked in
Tris-buffered saline (pH7.5) containing 5% non+fatk and 0.1% Tween-20 (Sigma: St.
Louis, MO). Blots were incubated with primary awiifies (see Materials; 1:3)0
followed by an HRP-conjugated goat-anti-mouse seéapn antibody (see Materials:
1:10") HRP and detected using chemiluminescence techpd®ugawara, Fujimura et
al. 1999). These methods identify fiber type by phesence of a single MHC isoform
(pure MHC type) or multiple MHC isoforms (hybrid MiHtype); hybrids were identified
by the specific combination of MHC isoforms. Detaration of MHC fiber type was
blinded to force data and if fiber type could netdetermined, the corresponding force
and size data were discarded.

STATISTICAL ANALYSIS.
The analysis used for each data set is given irRésults section. All analyses
were performed using GraphPad Prism version 4.@DlaS8tat version 3.0 (GraphPad

Software, San Diego, CA).
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INTRODUCTION
Diabetes mellitus (DM) is an epidemic public hea#tsue that threatens the health

and quality of life of people globally. DM can rétstuom insulin deficiency or resistance
and is characterized by a variety of metaboliculiznces including reduced cellular
glucose uptake, decreased fatty acid oxidation,dystlnctional mitochondria (Sun, Liu
et al. 2008). Skeletal muscle is a major site efiiim action and loss of insulin signaling
induces muscle atrophy, which leads to reducedtimumal capacity and muscle weakness
(Sun, Liu et al. 2008).

PGC-Xn is a transcriptional coactivator that participatesthe regulation of
skeletal muscle metabolism, particularly energy @ostasis. It controls glucose
transport and is necessary for mitochondrial biegen and the maintenance of the
oxidative phenotype of muscle fibers (Michael, Wale 2001). Skeletal muscles of mice
transgenically overexpressing PG&-Hlave an increased proportion of oxidative fibers
(Lin, Wu et al. 2002). Recently, PGG@has been implicated in the regulation of muscle
mass and protein turnover. Glycolytic fibers exprasiower level of PGCeland they
exhibit a greater degree of atrophy than oxiddfilvers in disease or systemic models of
muscle atrophy (Tiao, Lieberman et al. 1997; Sardn et al. 2006; Sacheck, Hyatt et
al. 2007). In general, PGQxkexpression is lower in skeletal muscles undergoing
atrophy, including those of Type Il DM patients (Mba, Lindgren et al. 2003; Patti,
Butte et al. 2003; Arany 2008). The mechanism efatrophy-related reduction of PGC-

1la in skeletal muscle is unknown.

Given the multi-faceted role of PG@1n energy metabolism, it is not surprising

that the control of its transcription is complexvgral signaling pathways (e.g., MAP
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kinase, cCAMP/PKA) induce PGGCaltranscription by phosphorylating Serl33 in the
CAMP response element binding protein (CREB). Aatdd CREB forms a complex with
other proteins (e.g., p300, CREB Binding ProteirC&P) which then bind to a CAMP
response element located in the promoter regiothefPGC-&r gene (Gonzalez and
Montminy 1989; Herzig, Long et al. 2001). Thuseduction in CREB activity could be
responsible for the reduction in PG@-dluring muscle atrophy. Another pathway known
to regulate PGCd. involves the calcium-dependent phosphatase calemégn). Two
downstream substrates of calcineurin, NFAT and MB&2e been proposed to work in
concert to increase the transcription of prototgpigpe | oxidative muscle fiber genes,
including PGC-#x (Chin, Olson et al. 1998). Importantly, transgegkpression of Cn in
skeletal muscle recapitulated the effects of P@@nlerexpression by inducing a
switching from glycolytic to oxidative fibers (Nayaercer et al. 2000; Olson and
Williams 2000; Lin, Wu et al. 2002). Thus, a set@ossible mechanism that could lead

to down-regulation of PGCellexpression is a reduction in Cn signaling.

In the present study, we found that chronic DM et by a low-dose of
streptozotocin increased skeletal muscle proteigratkation and decreased PGE-1
expression. This led us to examine the possibleharesms that could be responsible for
reducing PGC-a transcription. Our results demonstrate that imsdificiency leads to

suppression of Cn signaling and a resulting deereaBGC-1x transcription.
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RESULTS

RATS TREATED WITH STREPTOZOTOCIN EXPERIENCE SKELETAL MUSCLE ATROPHY
DUE TO INCREASED PROTEIN DEGRADATION.
Streptozotocin (STZ) was administered to rats tuae Type | DM (i.e., insulin

deficiency and hyperglycemia) and cachexia. Aftet 2ays, STZ-rats were
hyperglycemic with significantly smaller body andetwmuscle weights than controls
(Table 4.1). To confirm that increased muscle pnoternover contributed to the lower
muscle mass, total protein degradation was measnriswlated epitrochlearis muscles.
The epitrochlearis is a small, flat, mixed-fibepéymuscle located in the fore-limb. The
size of the muscle allows for extended incubatiores$ after dissection without induction
of necrosis. Additionally, protein degradation satmeasured in the epitrochlearis are
comparable to those of the perfused hind-limb(Ctaré Mitch 1983). Therefore, the rate
measured in the epitrochlearis is representativehadle body protein breakdown. The
proteolytic rate was increased in epitrochlearisces of STZ-treated rats (Fig. 4.1A). A
second independent measure of protein degradaigression of rat ubiquitinupC)
MRNA, was also increased in gastrocnemius musden fETZ-treated rats versus
controls (Fig. 4.1B).
PGC-1a EXPRESSION ISDECREASED IN MUSCLE FROM STZ-TREATED RATS.
Expression of the PGCaltranscriptional co-activator has been reporteddo
downregulated in skeletal muscle of humans withilingesistance or Type || DM (Patti,
Butte et al. 2003). To determine whether PGCi& similarly regulated in skeletal
muscle of rats with chronic diabetes mellitus, waleated PGC-d protein and found it

was decreased in the gastrocnemius muscle of &bfett rats (Fig. 4.2A). The
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Table 4.10verall body weight and muscle weights are reduced in 21day STZ-treated

rats.

CTL STZ
Glucose (mg/dL) 153 +14.7 427 + 29.8*
Initial Body Wt. (g) 157 £5.3 154 +5.9
Final Body Wt. (g) 346 £ 11.7 254 + 8.4*
Gastrocnemius. Wt. (Q) 2.2+£0.08 1.3+.011*
Epitrochlearis. Wt. (mg) 57.1+3.4 39.1+£4.7*

21d DM rats presented with hyperglycemia and sicgitly smaller body and wet
skeletal muscle (gastrocnemius and epitrochleassyhts compared to controls. Mean +

SEM, n=8, P<0.05.
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Figure 4.1 Therate of protein degradation and ubiquitin expression areincreased in
21day STZ-treated rat muscle. (A) Protein degradation was measured in isol
mixed<fiber epitrochlearis skeletal muscles. Muscles froomtrol and 21(STZ-treated
rats were incubated in Kre-Ringer Bicarbonate fer with cycloheximide to inhibi
protein synthesis. Free tyrosine released intomediawas measured fluorometrical
after being converted to a nitrosonapthol derivat(B) Ubiquitin C (rUbC) mRNA in
the gastrocnemius muscles was measured b-time RT-PCRData were normalized f
18S RNA and expressed mean fold increase over control. Data are expreasette

mean + SEM; n=/grouy, P<0.05
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Figure 4.2.PGC-1a expression is decreased in 21lday STZ-treated rat muscle. (A)
PGC-Io protein was evaluated by Western blot analysis.aEquotein loading an
transfer was confirmed kPonceau S staining. n=9/grou<0.05.(B) PGC-In mRNA
in gastrocnemius muscle was measurecreal time RTPCR, normézed to 18S RNA,

and expressed as mean fold change relative toatean8EWVN; n=7/grouy, *P<0.05.
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decrement in PGCel protein appears to result from a pre-translatiomachanism
because PGCelmRNA was also significantly decreased in STZ-&edatat muscle (Fig.
4.2B).
DECREASED PGC-1a TRANSCRIPTION ISNOT DUE TO DECREASED CREB ACTIVITY.
One of the major signaling pathways that requlB®€-1u transcription involves
the cAMP regulatory element binding protein (CREB) a CREB binding element in
the cofactor’'s promoter (Herzig, Long et al. 20@REB is activated by phosphorylation
of Ser 133 by various Gasensing and stress pathways including CaMKII, PigAd
ERK, thus making it relevant in the context of reed insulin-signaling (Mayr and
Montminy 2001). To determine if the reduction iIG®-1a transcription could be
attributed to attenuated CREB activity, we evaldatiee amounts of CREB phospho-
Serl33 relative to total CREB protein. In contrastthe reduction of PGCel, the
amount of activated CREB was markedly increasedot8in STZ-treated rat muscle
compared to controls (Fig. 4.3A). This finding sags that CREB function may be
abnormal in the muscle of STZ-treated rats anduedo evaluate the expression of a
known CREB target. The dihydropyridine receptor @Rj als subunit is expressed
exclusively in skeletal muscle, and its transcaoptis regulated by CREB (Zheng, Wang
et al. 2002). The level of DHRR.s mRNA was decreased in muscles from STZ-treated

rats (Fig. 4.3B).

CALCINEURIN SIGNALING IS DOWN-REGULATED IN MUSCLE FROM STZ-TREATED
RAT.
The calcium-dependent calcineurin (Cn) signalinghway has also been

implicated in regulating PGCedtranscription (Schiaffino and Serrano 2002), prongp
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Figure 4.3 CREB signaling isabnormal in 21day STZ-treated rat muscle. (A)
The phosphorylation (i.e., activation) status of EH in gastrocnemius muscles
control and 21d STZreate(rats was examined by Western blot ana using antibodies
that detect phosphBerl33and total CREB Data are expressed as the mean rati
phosphorylated protein to total protein + SEM. Hguatein loadingand transfer were
confirmed by Ponceau S staining. /group, *<0.05.(B) To evaluate CREB functiol
the amounts of DHFals, a gea target of CREB, were measured in gastrocne
muscles by real time F-PCR. Data are expressed as the mean = SEM; n=@i(

*P<0.05.
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us to investigate its role in regulating PG@&-h our 21d STZ-treated rats. The amount
of Cn catalytic A subunit (CnA) was decreased irsaies from STZ-treated rats (Fig.
4.4). One of the best characterized substratesnofsGhe NFAT transcription factor
family. To determine if NFAT activity was reducasle measured the amount of mRNA
encoding the modulatory calcineurin interactingtgiro MCIP1.4. MCIP1.4 is an NFAT
responsive gene that has been used previouslysag@gate reporter for Cn activity in
skeletal muscle (Yang, Rothermel et al. 2000; FesyvRacz et al. 2004). MCIP1.4
expression was decreased in gastrocnemius of S¥Z(Fag. 4.5A). To determine
whether the reduction in NFAT activity was a resaflta change in NFAT protein, the
amount of NFATcl protein was measured since ithes major subclass of NFAT in
muscle (Olson and Williams 2000). NFATcl proteirpession was not significantly
changed in STZ-rat muscles (Fig. 4.5B). As a waycaonfirming that STZ-induced,
chronic diabetes mellitus attenuated NFAT actiwitymuscle, we compared luciferase
activity in the gastrocnemius muscle of control &I -treated mice expressing a NFAT
responsive luciferase transgene in all tissuesifénase activity was decreased in STZ-

treated mice (Fig. 4.5C).

The activities of NFAT proteins can be regulated dther Cn or glycogen
synthase kinase B3(GSK-3B) which phosphorylates and inactivates the trapson
factors (Beals, Sheridan et al. 1997). In respdos@sulin, GSK-B is inactivated by
AKT-mediated phosphorylation (Cross, Alessi et #94). To exclude the possibility
that DM activated GSK{8 we examined the phosphorylation status of GBKS@r-9.
There was no difference in the level of phosphdegaanzyme or enzyme expression in

STZ-treated and control rat muscles (Fig. 4.6A)cdofirm that GSK-B activity was
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Figure 4.4.Cn catalytic A subunit protein is decreased in 21day STZ-treated rat

muscle. The levels oiCn A subunit (CnA)rotein in gastrocnemius muscles of con
and 21d STZ-treaterhts weremeasured by Western blot analysis usa pan antibody
that recognized alCnA isoform:. Equal protein loadingnd transfer we confirmed by

Ponceau S stainin®ata are expressed as the mean * ¢ n=12grouy, *P<0.05.
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Figure 4. 5NFAT activity isdecreased in 21 day STZ-treated rat muscle. Changes in
Cn activity are reflected in the activity of tharnscription factor NFAT(A) The amount

of MRNA encoding the NFAT target MCIP1.4 in gastremius muscles was measured
using real time RT-PCR. Values were normalized 8 RNA and expressed as mean
fold change relative to control £ SEM; n=8/groujp<0.05.(B) The levels of NFATc1
proteins were evaluated by Western blot analysidOrfgroup, P=0.14(C) Transgenic
mice expressing a luciferase reporter gene underctmtrol of a NFAT-responsive
promoter were injected with STZ (an intraperitoniegction of STZ (55 mg/kg) daily
for four days). After 21d muscle NFAT activity wasaluated by measuring luciferase
activity in lysates prepared from gastrocnemius class Data are expressed as mean

luminesence units + SEM; n=3/grou<0.05.
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Figure 4.6 GSK -3 signaling is unchanged in 21day STZ-treated rat muscle. (A) The
phosphorylation (i.e., inactivation) of GSK3-3n Ser-9 in gastrocnemius muscles was
examined by Western blot analysis using antibotles detect phospho-S9 and total
GSK-33. Data are expressed as the mean ratio of phodptedyprotein to total protein

+ SEM. n= 8/groupP=0.31(B) The phosphorylation of glycogen synthase on Ser-641
also was examined as a downstream target of G5Ke8Bvity by Western blot analysis
using antibodies that detect total and phosphoé8ér-glycogen synthase. Data are
expressed as the mean ratio of phosphorylated iprotetotal protein £+ SEM. n=
8/group;P=0.69(C) Western blot analysis of Akt phosphorylation wasf@rmed using
antibodies that detect total and phospho-Ser-478 B&ta are expressed as the mean
ratio of phosphorylated protein to total proteinSEM: P<0.05. For each experiment

equal protein loading and transfer were confirmgdbnceau S staining. n=7/group.
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unchanged, we measured the levels of glycogen ayatfiGS) phosphorylation at Ser-
641, the canonical target of GSI8:3 There was no difference in either the
phosphorylation status or total protein expresfietween STZ-treated versus control rat
muscles (Fig. 4.6B). We also analyzed the phospdwooy status of Ser-473 in Akt and
found that it was increased slightly but signifitgnn STZ-treated rat muscle (Fig.
4.6C). Together, these results indicate that GBKsignaling was unchanged in STZ-

treated animals.

MEF2 is another transcription factor that can ragpIPGC-iit expression and Cn
has been shown to affect its activity. To evallME-2 activity, the amount of myogenic
regulatory factor 4 (MRF4) mRNA was measured bee@EF2 is its primary regulator
in differentiated muscle cells (Rhodes and Konigck®89; Black, Martin et al. 1995). In
STZ-treated rat muscle, MRF4 mRNA was decreasedivelto control rat muscle (Fig.
4.7A). This response was not due to a change iartimunt of MEF2 protein (Fig. 4.7B).
LOSS OF CALCINEURIN SIGNALING RESULTS IN DECREASED PGC-la

TRANSCRIPTION IN SKELETAL MUSCLE.
To directly examine the relationship between Cmaligg and PGC-d expression, the

level of PGC-tx mRNA was measured in gastrocnemius muscles ofoCnadnd Cn&™"
mice. PGC-f1 expression was drastically reduced in both Cngtrains. Moreover,
NFAT activity, as measured by MCIP1.4 expressioas Wignificantly decreased when
either CnA subunit was absent (Fig. 4.8). MRF4 eggpion, a measure of MEF2 activity,
was also significantly decreased in @¥Amice and tended to be lower in CmA mice

(Fig. 4.8).
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Figure 4.7.MEF2 activity is decreased in 21day STZ-treated rat muscle. (A) The
amount of mMRNA encoding the MEF2 target MRF4 intgasiemius muscles wi
measured using redhte RT-PCR, normalized to 18S RNA amapressed as mean fc
change relative to control £+ SEM. r/group, *<0.05. (B) MEF2A protein in
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blot analysis. Equal protein loadiland transfer wereonfirmed by Poncei S staining.

n=8/group,P=0.74
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Figure 4.8 MEF2 and NFAT signaling and PGC-1a mRNA are decreased in muscles
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normalized to 18S RNA, and expressed as mean fadge relative to control + SE;

n>3/group, P<0.05.
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DiscussION
PGC-1u is a coactivator protein that participates in t@nscriptional regulation

of a variety of genes involved in energy metabolismluding the glucose transporter 4
(GLUT4) and mitochondrial biogenesis (Michael, Wuak 2001; Lin, Tarr et al. 2003;
Rodgers, Lerin et al. 2005; Finck and Kelly 2006ldly, Yang et al. 2006).
Hyperglycemia in Type Il DM patients has been httred, in part, to decreased
expression of PGCel (Patti, Butte et al. 2003; Soyal, Krempler et 2006). Other
complications of Type | and Type Il DM in experint@inanimals include skeletal muscle
atrophy and PGCsdl has been linked to the regulation of skeletal feugmtein turnover
(i.e., muscle mass) and fiber type (Price, Baileyale 1996; Sandri, Lin et al. 2006;
Wang, Hu et al. 2006). Furthermore, atrophy ocquederentially in muscles comprised
predominantly of type Il glycolytic fibers duringND and other systemic disease states
are also associated with loss of muscle oxidatagacity (Sandri, Lin et al. 2006; Phielix
and Mensink 2008). This preferential atrophy cdugdinked to the reduction in PGG@+1
expression since the cofactor helps to maintaintype | oxidative fiber phenotype in

muscle (Lin, Wu et al. 2002).

In the present studies, the levels of PGCptotein and mRNA in skeletal muscle
were decreased in a model of chronic (21d) STZéeduDM. To elucidate the
mechanism regulating PGGrExpression in this system, we first tested whe@RREB-
mediated signaling was altered because CREB is tanpaegulator of PGCel
expression (Puigserver and Spiegelman 2003). Peicadly, the activation state of
CREB was increased in skeletal muscle of 21d S&atéd rats. This led us to examine a

relevant downstream target of CREB, DHPIR. DHPRi1s forms the L-type calcium
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channel in the T-tubules and is a voltage sens@xoitation-contraction (EC) coupling
(Pietri-Rouxel, Gentil et al.). A recent report damstrated that knock-down of DHBRs
results in the induction of muscle atrophy (Pi&auxel, Gentil et al.). In our study,
DHPRols mRNA was decreased in muscles from STZ-treadts] a finding that is
suggests that CREB-mediated transcription is ababr8everal proteins are known to
interact with CREB to mediate its activity, incladi p300 or CBP (Gonzalez and
Montminy 1989). One or more of these interactingt@ns could be altered in skeletal
muscle of STZ-treated rats, which would result ysfdnctional CREB signaling and

decreased expression of downstream targets likeR2H® and PGC-1a.

The Cn/NFAT/MEF2 signaling pathway has been linkedhe maintenance of
overall muscle mass. Cn activity, which is indubsgdexercise or other stimuli that raise
intracellular calcium, activates two relevant dotssam substrates, MEF2 and NFAT
(Bassel-Duby and Olson 2006; Schiaffino, Sandale2007). These transcription factors
regulate the expression of genes involved in maartee of overall muscle mass and the

oxidative fiber phenotype, including PGG@-1Fig.9) (Bassel-Duby and Olson 2006).

Since, NFAT can be inactivated by phosphorylatigntie kinase GSK{8 we
examined Akt/GSK-8 signaling and found no evidence that the pathway agivated
in STZ-treated rats. Although phosphorylation oft Ak Ser-473 was slightly elevated,
the increase did not seem to be physiologicallguaht with regard to GSKB3signaling
or suppression of protein degradation. Tong etregdorted similar paradoxical findings
involving increased atrophy-related responses thespaugmented levels of

phosphorylated Akt (Tong, Yan et al. 2009).
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In muscles of STZ-treated rats, extensive evidera® found to indicate that the
decrease in CnA protein was the primary cause efréduction in overall pathway
signaling. The role of Cn in the regulation of PG&-gene expression was confirmed
when PGC-t mRNA was found to be lower in the muscles of @A and Cn4~"~
mice. Together, these results suggest three pessibérpretations. First, CroA and
CnAB may have overlapping actions with regard to atitiggNFAT and MEF2. Second,
CnAa and Cn/& may exhibit selectivity for either MEF2 or NFAT dunactivation of
either transcription factor is sufficient to redue&C-In expression regardless of the
activation status of the other protein. Lastly, NE&hd NFAT could act cooperatively to
regulate PGC-@ and inactivation of either protein is sufficiert affect cofactor
expression. Further studies will be necessary g¢bnehate the intricacies of this
mechanism in the context of diabetes. The reductrorPGC-Ii expression may
contribute to the chronic muscle atrophy induced M. This cofactor has been
proposed to protect against atrophy through sed#ffakent mechanisms. First, PG@-1
can antagonize FoxO-dependent transcription of A{Shndri, Lin et al. 2006).
Decreased PGCelprotein could perpetuate atrophy through the &dg50xO inhibition
and subsequent upregulation of AT-1. In light oé ttact that AT-1 mRNA was not
increased in 21 day STZ-treated rat muscle, it doseem other mechanisms are
responsible for sustaining muscle wasting (datashotvn). Second, the loss of PGG-1
could affect oxidative metabolism as PG@-k necessary to maintain the oxidative
muscle fiber phenotype and helps to protect musels against increased oxidative
stress (Lin, Wu et al. 2002; St-Pierre, Drori etZ806). In other studies, we found that
chronic DM reduced the proportion of oxidative MH§pe | fibers relative to glycolytic
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MHC Il fibers in soleus muscles (TKR et al., mamygcsubmitted). Therefore, the loss
of PGC-In may contribute to the progression of muscle atyoply increasing the

number of glycolytic fibers, which are more prore undergo atrophy induced by
systemic pathologic conditions (Tiao, Liebermanakt1997; Acharyya, Ladner et al.

2004). This could account for the perpetuationtad@hy over long periods of time.

In summary, our studies have shown that DM suppsfise Cn/NFAT/MEF2
signaling pathway and that this may perpetuate fawsasting by downregulating PGC-
la expression. Recent reports indicate that incrgasinscle contractile activity through
resistance exercise may help to attenuate the mas@phy process (Fluckey, Dupont-
Versteegden et al. 2002; Alkner and Tesch 2004).flddings suggest that contractile
activity may attenuate chronic wasting by incregsine activation state of Cn or by
activating alternative calcium signaling pathwakattbypass Cn, such as calmodulin-
dependent kinase (CaMK) (Fig. 2.4). Lastly, oumtssprovide a possible explanation
for the myopathy that frequently develops in trdasp recipients who receive Cn
inhibitors as part of their immunosuppressive regimand suggests that these drugs may
make the post-surgical rehabilitation of thesequasi more difficult (Rennie and Wilkes
2005). A better understanding of the role of Cnmascle atrophy will be important for
improving rehabilitation of patients suffering frormystemic disease or receiving

immunosuppressive therapies.
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INTRODUCTION
Skeletal muscle atrophy is a common co-morbiditynainy systemic diseases and is

often an indicator of a poor prognosis for patiefiise hallmark feature of atrophy is
abnormally elevated rates of protein degradatidrt,(®rujan et al. 2004; Nader 2005).
Streptozotocin (STZ) treatment recapitulates dedbemellitus (DM) in rats as the
animals develop insulinopenia resulting in susthihgperglycemia. STZ also induces
skeletal muscle atrophy. Furthermore, recent studave indicated that fast, glycolytic
fibers may be more susceptible to atrophy in thimeic DM model than slow, oxidative
fibers (Sandri, Lin et al. 2006). Preferential vigtof primarily fast or primarily slow
muscles has been observed consistently in thespastal decades. These investigations
were based on whole muscle size, measured proteakdown in whole muscle, and
cross-sectional staining for markers of oxidativestabolism such as succinate
dehydrogenase (Mendell and Engel 1971; DahlmanniscRmann et al. 1986).
Howevever, preferential wasting has never beenedush a single fiber level as defined
by myosin heavy chain (MHC) isoforms. Single fibemalysis may provide critical
insight into how metabolism affects the signalingpgrams controlling atrophy in
systemic conditions like diabetes because the robtalprofiles of the fibers are

coordinated based on MHC isoform expression.

Mammalian skeletal muscles are a variable mix loérfiphenotypes, distinguishable
by their molecular myosin heavy chain (MHC) isofdsin mechanical performance (fast
vs. slow), metabolic properties (oxidative vs. gliytic) (Hilber, Galler et al. 1999; He,
Bottinelli et al. 2000), and contractile activatiproperties (Donaldson, Hermansen et al.

1978). The skeletal muscle fiber type categoriesve primarily from the content and
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properties of the proteins that they contain ardrttost definitive method of identifying
single fiber type is by MHC isoform type (SchiaffinSandri et al. 2007). Separate genes
encode four MHC isoforms in rats: MHCI, MHClla, MH&/d and MHCIlIb. Single rat
muscle fibers display MHC isoform types along a egezontinuum of MHCIl«—
MHCI/lla < MHClla <> MHCIlla/lix/d < MHCIIx/d/llb <~ MHCIIb. Rat fibers can
transform as to MHC isoform/functional type fromds” (MHCI) to “fast” (MHCII) or

the reverse along this continuum (Schiaffino anddreni 1994; Staron, Kraemer et al.
1999). In a single fiber, only one MHC gene is\aat a given time and it coordinates
the expression of a program of genes that deterrgecontractiie and metabolic
phenotype (Pette and Vrbova 1999; McCullagh, Caaditr al. 2004; Schiaffino, Sandri

et al. 2007).

The changes in mMRNA expression of MHC and coordmhaithenotypic genes are
orderly and follow the MHC gene continuum, but laefls mMRNA expression may not
reflect its MHC isoform(s) and coordinated protea&tisa given point in time. The rate
limiting step in fiber MHC isoform type transfornmat is fiber protein turnover, which
may take 2-3 weeks (Goll, Neti et al. 2008). Cleng mRNA levels for different
contractile protein isoforms precede fiber protaimnover by variable time intervals
which makes the time pattern of changes in mRNA&IEwon-predictive of fiber protein
isoform content (Pette and Vrbova 1999). As alteawchange in fiber MHC isoform is
the critical indicator of actual transformationfdfer type rather than changes in mRNA

expression.

In this study, animals were not sacrificed untilddys post-STZ injection in order to

allow time for fiber MHC type switching to manifeas a change MHC isoform. Since
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fast, glycolytic and slow, oxidative muscles arepagdominant MHCII and MHCI fiber
type, respectively, there is reason to believe thatgenetic responses associated with
MHC type may play a role in STZ-induced atrophyheTpurpose of this study was to
determine if MHCII fibers atrophy to a greater extéhan MHCI fibers, irrespective of
muscle of origin, during STZ-induced skeletal maesafrophy and if this is accompanied
by switching of myosin heavy chain (MHC) isoforms the single fiber level. Our
findings demonstrate fiber type switching from MH®@I MHCII in muscles that are
predominantly type | (soleus) accompanied by acteke decrease in the size (cross-
sectional area) of MHCII fibers regardless of measai origin. MHC proteins are long-
lived and 21d is the earliest time point at whid¢targes in MHC fiber-type would be
detectable. The data presented here are likelyatide of the very beginning of the
fiber-type transition. These data suggest thathia thronic DM model muscle fibers
switch to a phenotype that is more susceptibletrimphy, thus potentially perpetuating

skeletal muscle wasting.

RESULTS

STZ REDUCED BODY WEIGHT BY ELEVATING PROTEIN BREAKDOWN IN SKELETAL
MUSCLE.
Initially, all of the 6 wk-old rats had normal pitaa glucose levels and similar

body weights. By the time of sacrifice, 21 daystpogection, the STZ treated rats were
severely hyperglycemic and significantly smallearttCTL (Fig. 5.1A and B). Elevated
abundance of the actin fragment in the gastrocrermfuSTZ rats confirmed that the
noted difference in size was partially due to iased protein degradation (Fig. 5.1C).

The 14kDa actin fragment detected is generateddayvage of full length actin by
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Figure 5.1.STZ-treated rats have elevated blood glucose, decreased body mass,
increased protein degradation. (A.) Blood glucose levels confirmed that STZ-treate
rats were severely hyperglycemic (392 + 25mg/dL{hattime of sacrifice compared to
CTL (134 £ 18mg/dL). (B.) Initially all animals we approximately 160g at the time of
injection. At the time of sacrifice, STZ-treatedsrdad decreased body mass (251 + 6g)
compared to CTZ (336 £ 13g). (C.) Protein levelshef 14kDa actin fragment, which is
generated by caspase-3 cleavage of full lengtim,aate elevated in STZ-treated animals

~1.5X compared to CTL. *P<0.05. All data are Mea8EM, n=7.
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caspase-3 and is frequently used as a marker tdiptoreakdown in skeletal mucle (Du,
Wang et al. 2004).

STZ DID NOT AFFECT SPECIFIC FORCE OR STRUCTURAL INTEGRITY OF FIBERS.

No significant difference in single fiber specifiorce (R/CSA) was observed in STZ-
treated rats vs. CTL for any fiber type (Fig. 5.28}able specific force values indicate
that the integrity of the contractile apparatus waantained in fibers of STZ-treated
animals, which was confirmed by pictures taken otinted fibers post- contraction (Fig.
5.2B). The sarcomere length of the mounted fibees wlecreased as a result of
contraction, but STZ-treated fibers did not diffien CTL (Fig. 5.2B).

STZ CAUSED MUSCLE FIBER TYPE SWMITCHING FROM MHCI TO MHCII.

STZ SOL muscles demonstrated a trend of fiber tgpiching from MHCI to
MHCIIx/d+b fibers compared to CTL (Fig. 5.3A). Tlkeemwas approximately a 9%
reduction in the number of MHCI fibers, ~7% increas the number of MHClIa fibers,
and ~2% increase in the number of MHCIIx/d+b fib¢Fsg. 5.3A). These data are
consistent with a fiber-type switch along the geastinuum. A chi square trend analysis
was used to analyze histogram data of all the fijpees from a pool of 500 fibers from
five rats per treatment group. GAST muscles fronh @hd STZ-treated rats were similar

with respect to MHC fiber type proportions (Fig3B).

STZ CAUSED A PREFERENTIAL REDUCTION OF CSA OF MHCI | FIBERS.
In SOL muscle MHCI is the predominant fiber typedatmose fibers do not

demonstrate a significant decrease in CSA in thisleh (Fig. 5.4A and B). Only the
MHCII fibers in the SOL are significantly smalleFig. 5.4B). In the GAST muscle,

which is predominantly MHCII, both MHCI and MHCliblers demonstrate a significant
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Figure 5.4 MHCII fibers are more susceptible to STZ-induced atrophy than MHCI
fibersin both the soleus and gastrocnemius. (A.) SOL and GAST from CTL and STZ-
treated rats were immunostained for MHCI. Decre&384 was apparent in STZ-treated
rats. Cross-sections are shown at 20X magnificaiiBr) Soleus muscle sections were
analyzed for CSA based on MHC type. MHCII fibercmased significantly. *P<0.05.
(C.) Similar analyses were performed using GAST clayswhich also contained
significantly smaller MHCII fibers as well as MH@bers. However, the decrease was
significantly greater for MHCII than MHCI fibers'#<0.001), indicating that MHCII
fibers are more susceptible to wasting. *P<0.03al2ae mean + SEM , n=10 fibers per

mouse from four mice.
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decrease in CSA (Fig. 5.4B and C). However, the MH@ophy significantly more (-
757unf) than the MHCI (-1228ufi (Fig. 5.4C). These data indicate that MHCII fiber
are more susceptible to the muscle wasting thabrapanies STZ-induced insulin

deficiency than MHCI fibers.
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DiscussION
The results of this study indicate that the skéletascle wasting that accompanies

systemic diseases like DM is selective at the sirfgder level and that fiber type
switching may perpetuate chronic atrophy. Numesiudies have suggested preferential
atrophy of glycolytic myofibers in systemic diseasedels based on changes in whole
muscle size or rates of protein degradation (Sahdriet al. 2006). Others have found
decreased CSA selectively in glycolytic myofibeeséd on staining with markers for
mitochondrial content (Armstrong, Gollnick et a@7b). This study demonstrates for the
first time that atrophy in a model of STZ-inducedsulin deficiency occurs
predominantly in fast, glycolytic myofibers as dggted by MHC isoform Il irrespective

of the muscle of origin.

Metabolism has been implicated as having a majerincthe atrophy that occurs
with systemic diseases like diabetes. In facthengkeletal muscle of diabetic patients
there is a perturbation not only of glycolytic metism (decreased glucose uptake) but
also of oxidative metabolism (accumulation of IgigPan, Lillioja et al. 1997). Different
muscle fiber types are characterized by glycolgtioxidative metabolism, expressing
specific gene programs associated with their unigatabolic properties. These
metabolic gene programs are coordinated by the et that is being expressed in the
fiber. Therefore, studying the mechanisms of atyaphsingle fibers may provide
insights into how the specific metabolic properadfect the signaling pathways
responsible for protein degradation in various dors, without the possible

complications of a mixed fiber type population. lkerimore, single fiber analysis would
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help to delineate the roles of intrinsic musclenalgng pathways versus those of other

cell populations within the muscle (immune cellaseulature, etc.).

Decreased CSA of myofibers in STZ-treated rats isoasequence of increased
protein degradation, manifested as an increaseeitevel of a 14-kDa actin fragment in
STZ GAST muscles. The rate of proteolysis, measasetyrosine release, and ubiquitin
expression are also upregulated in these muscleap(€r 4, Fig. 4.1) indicating an
overall increase in protein degradation. Specdicé (B/CSA) was unchanged in muscle
from STZ-treated rats compared to controls dematisg that STZ-induced atrophy
does not affect the force generating function & tontractile apparatus (Donaldson,
Hermansen et al. 1978). Therefore, the decreaggoss force (F) generation in STZ-
treated animals is wholly a result of decreased CI3¥&se results suggest that prevention
of increased myofibrillar protein degradation in KHifibers is critical to the success of

any therapy for atrophy associated with insulinaiency.

Fiber type switching from MHCI, which are more stant to wasting in this model,
to MHCII may perpetuate chronic atrophy. Previouslgs reported changes in oxidative
capacity of fibers, based on mitochondrial stashsing STZ-induced atrophy in rats
(Armstrong, Gollnick et al. 1975; Armstrong anduano 1977) but oxidative capacity of
a population of fibers can change in the absenca diange in MHC gene expression
(He, Bottinelli et al. 2000; Schiaffino, Sandri &t 2007). This is the first study to

demonstrate MHCI to MHCII fiber type switching iT&-induced atrophy.

Previous studies that have identified MHC isoforrpression patterns in animal

models have used fiber counts from entire microgchglds of muscle cross-sections to
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compare fiber numbers or relative proportions béfitypes. However, this methodology
is impractical for clinical studies, which mustyeln muscle biopsies where the number
of fibers is severely limited. In this study we idate a methodology using 100
contiguous fibers in a cross-section for fiber-bypiln control animals, the proportions of
MHCI and MHCII fibers was similar to those reporfgetviously indicating that a count
of 100 contiguous fibers is sufficiently represeintof the fiber type composition of the
whole muscle (Song, Ryder et al. 1999; Buhl, Jessenl. 2001). Futhermore, this
analysis demonstrated a significant trend in changene expression in the direction of
MHCI to MHCII in the SOL muscle of STZ-treated ratsd is the first demonstration of
MHC fiber type switching in a model of chronic gihy associated with insulin

deficiency.

The results of this study suggest that skeletalcheustrophy occurs preferentially in
MHCII fibers in this model of DM and may be similéo other systemic diseases.
Furthermore, overall muscle wasting in patientsegigmcing chronic atrophy may be
perpetuated by fiber-type switching from MHCI to I@H. Further understanding of the
differences in cellular signaling mechanisms regygpproteolysis in MHCI and MHCII
myofibers is necessary to development of succetisbuhpies for atrophy associated with

chronic insulin deficiency and other systemic déssa
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Diabetes mellitus (DM) is a common disease thatiBaantly affects quality of
life and shortens life expectancy. The establigb&tthology of DM is impaired cellular
glucose uptake, resulting in persistent hyperglyaet@keletal muscle is closely linked
with the development of DM as it is the major syster glucose uptake and utilization.
However, the pathophysiological mechanisms of Dbbalause tremendous changes in
skeletal muscle in terms of mass, functional cdpaand metabolism. Skeletal muscle
atrophy results in smaller individual fibers anilpatients exhibit reduced strength,
endurance, and muscle functional capacity (Sun,etial. 2008). Studies also indicate
that fiber-type switching occurs with atrophy ahdttoxidative fibers are more resistant
to DM-induced atrophy than glycolytic fibers (Armmtg, Gollnick et al. 1975; Vondra,
Rath et al. 1977; Hegarty and Rosholt 1981; LitHaldgarde et al. 1981; Krotkiewski,
Bylund-Fallenius et al. 1983; He, Watkins et al02) These studies suggest a close
relationship between muscle fiber size and comipositalthough the signaling
mechanisms allowing for cross-talk between the tare poorly understood, the
transcriptional co-activator PGQxlappears to play a pivotal role in regulating the
oxidative metabolism of muscle fibers and has begplicated in maintaining muscle
size. A recent study by Sandri et. al. demonstrabted muscle specific transgenic
overexpression of PGCalblocked denervation-induced atrophy by antagogiFnxo-
dependent upregulation of AT-1 and MuRF-1 (Sandim, et al. 2006). Furthermore,
PGC-Tn is thought to be an integral signaling componeitdted to glucose uptake and
utilization both in the liver and in skeletal muscAdenoviral overexpression of PGC-
la in primary hepatocytes stimulated expression of gkyconeogenic enzyme genes,

including PEPCK, fructose 1,6-bisphosphatase, atgtoge-6-phosphatse (Yoon,
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Puigserver et al. 2001). In both@, (mouse) and L6 (rat) cultured myotubes, adenoviral
overexpression of PGCalincreased GLUT4 gene expression and stimulateldl lbhasal
and insulin-stimulated glucose transport (Micha#l et al. 2001). These two roles of
PGC-Io make it especially relevant in the context of DMjare hypoinsulinopenia and
hyperglycemia contribute to structural and fundtilothanges in muscle. In fact, PG@G-1
has previously been shown to be downregulated werak models of muscle atrophy
including DM (Sandri, Lin et al. 2006). However,raiudies are the first to evaluate both
the signaling mechanisms regulating PGCdnd the potential physiological effects of

its downregulation in muscla vivo during chronic atrophy.

CELLULAR MECHANISMS REGULATING PGC-Tn IN STZ-DM

CREB SIGNALING ISABNORMAL IN STZ-DM
PGC-In expression can be regulated by the transcriptctof CREB. In

canonical signaling models, CREB is activated bggporylation by PKA at Ser133 in
response to elevated cAMP. In our STZ-induced D&, r&REB phosphorylation in
skeletal muscle is increased significantly (ChapferFig. 4.3), whereas PGQ@r1l
expression is decreased, suggesting that CREB tigh@omajor transcription factor
regulating PGC-4 in skeletal muscle during STZ-DM (Chapter 4). ®iere, we
examined another known gene target of CREB, DHPiR\@roPyridine Receptorj¢ls,
and found it to be transcriptionally downregulatedwell (Chapter 4, Fig. 4.3). These
data indicate that CREB signaling is abnormal amsl transcriptional activity
misregulated in this model. Besides phosphorylabigrPKA, CREB has several other

levels of regulation.

Ca®* Regulation of CREB
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Several lines of evidence purport that CREB is latgd by C&' signals in addition to
CAMP (Sheng, McFadden et al. 1990; Dash, Karl etl@91; Sheng, Thompson et al.
1991). In vitro studies indicated that CaMKIV can phosphorylateEBRat Serl33;
however, this mechanism seems to be less effeatiweévo (Dash, Karl et al. 1991;
Sheng, Thompson et al. 1991; Matthews, Guthrid.et94; Sun, Enslen et al. 1994).
More recent studies indicated that’Caignals can destabilize the CREB:CBP (CREB
binding protein) complex through secondary phosylation events, suggesting that the
effect of C4&" signaling on CREB activity is through a mechanisther than Ser133
phosphorylation (Kornhauser, Cowan et al. 2002)e&d, evidence exists to implicate
the bZIP (basic leucine zipper) domain in mediat®BEB association with a &a
regulated cofactor (Sheng, Thompson et al. 1994)th& TORC (transducer of regulated
CREB) coactivator proteins are known to interadghvihe bZIP domain, they are likely

candidates for this role.

TORC proteins regulate CREB in response to Ca?*-signaling
There are three TORC family members (TORC1-3) theate identified in a

screen for modulators of CREB activity and all gharN-terminal coiled-coil domain
that associates with the CREB bZIP domain (Conkrigbanettieri et al. 2003).
Overexpression of TORC1 and and TORC2 in HEK-298& ¢educed several cCAMP-
responsive genes and co-expression of a domingitive CREB polypeptide blocked
the induction, indicating that TORC is a direct mlador of CREB activity (Conkright,
Canettieri et al. 2003). Furthermore, TORC potta CREB activity independently of
Serl133 phosphorylation by PKA, suggesting thaeftresents a second level of CREB

regulation (Conkright, Canettieri et al. 2003).
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A 2004 study by Screaton et. al. elaborated onrote of C&*-driven TORC-
dependent activation of CREB (Screaton, Conkrighdle2004). In this study, TORC2
was found to be sequestered in the cytoplasm thraighosphorylation-dependent
interaction with the scaffolding protein 14-3-3.d8phorylation at Serl71 by SIK (salt
inducible kinase) 2 prompted nuclear export of TQRBy masking the nuclear
localization sequence and was the major phosptawylaite involved in the interaction
with 14-3-3 (Fig. 6.1). Cyclosporine A, a Cn inhdoi interfered with dephosphorylation
of TORC2 at Serl71and blocked CREB target geneaitin (Screaton, Conkright et al.
2004). These data suggest that the activation oEECRy C&" signaling is likely
mediated by the Cn pathway, through dephosphooylatf TORC allowing for its

nuclear translocation and co-activation of CRER)(B.1).

Studies in primary mouse myotubes have shown tiatTORCs are potent
inducers of PGC-d expression (Wu, Huang et al. 2006). Adenoviralrexpression of
all three TORCs in myotubes increased PQGC-g&xpression, PGCel driven
mitochondrial biogenesis, and oxidative capacityi(Wuang et al. 2006). Therefore, the
TORCs are likely candidates as central mediatorisotti cCAMP and C& regulation of

PGC-1n and oxidative capacity in muscle.

Future Directions for Cn-dependent TORC regulation of CREB
Our lab has recently initiated studies to deteemimhether the incongruity

between PGCd transcription and CREB phosphorylation (Fig. 4.3) due to
downregulation of TORC. Preliminary experimentsicate that TORCL1 protein levels
are decreased in muscle from STZ-rats as well agatémuscle cells treated with

glucocorticoids. It will be important, given thattwe TORC localizes to the nucleus, to
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Figure 6.1 Phosphorylation-dependent regulation of TORC. Phosphorylated TORC is
sequestered in the cytoplasm through its interastioh 14-3-3. Upon dephosphorylation

by Cn, TORC can translocate to the nucleus and tiveade CREB dependent

transcription of PGCd.
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separate nuclear and cytoplasmic fractions of T@dr@ive a clearer picture of activation
status. Furthermore, cytoplasmically sequesteredR@Qs targeted for proteasomal
degradation. Proteasome inhibitors can be used6irrdt muscle cells treated with
glucocorticoids to determine whether there is iase@l TORC protein turnover. |If
TORC protein is being degrade, blocking the praisses should result in a buildup of
polyubiquitinated TORC protein that can be easilgtedted by western blot.
Concurrently, a series of luciferase reporter stsidin L6 cells will be used to determine
whether overexpression of TORC can rescue P@Cekpression in the face of
glucocorticoid treatment and whether knock-downT@QRC inhibits CREB-dependent
regulation of PGC-d transcription. Furthermore, a CHIP (chromatin inmowu

precipitation) assay in the same cells will deteenivhether TORC and CREB are
present at the same CRE-site in the P@Mbmoter, thus indicating a direct
mechanism. These experiments would determine if-BWEresults in downregulation of
TORC activity, thereby reducing its ability to cot@ate CREB to drive PGCel

transcription.

As TORC is regulated by Cn signaling, and Cn #gtils lower in STZ-DM rat
muscle (Fig. 4.4), a decrease in TORC functionad@ubvide a plausible explanation for
the reduction in CREB transcriptional activity digspncreased CREB phosphorylation.
Decreased Cn signaling could contribute to incrégg®osphorylation and cytoplasmic
sequestration of TORC. It would be interesting xameine TORC protein levels and the
ratio of cytoplasmic: nuclear TORC in the muscleCoiA-/- mice or in rats treated with
cyclosporine A as compared to control. Furthermdtuweiferase reporter assays in L6

cells co-expressing activated Cn could reveal wdre®n can induce CREB-mediated
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expression of PGCel These experiments would determine if decreasedi@maling
inhibits TORC activity, effectively blocking CREB-ediated PGC-d transcription in

STZ-DM.

Potential role for Cn and TORC regulation of CREB in DM and transplant patients
In our rat model of STZ-induced DM, both Cn signgliand CREB activity

(independent of its phosphorylation state) are efeswd (Fig. 4.3 and 4.4). These data
support the hypothesis that decreased Cn actiggylts in cytoplasmic sequestration of
TORC and subsequent decreased CREB activity inskieéetal muscle of these rats.
Interestingly, in the course of our studies werapiged to recapitulate the effect of Cn
suppression observed in STZ-DM using cyclosporindréatment, but the animals
became hyperglycemic, thus complicating the inttgiron of results. Further review of
the literature revealed that the use of cyclosgork and other Cn inhibitors as
immunosuppressive therapies is frequently assatiaith the development of pancreatic
B cell failure and new-onset DM in organ transplpatients (Filler, Neuschulz et al.
2000; Al-Uzri, Stablein et al. 2001). The effect 8h on TORC may provide an

explanation for this phenomenon.

Elevations in blood glucose, such as occur aftealspestimulate insulin release
from pancreati@ cells. A number of hormones like GLP (glucagorelieeptide) 1, are
induced by elevations in blood glucose levels tadubate 3 cell gene expression, thus
preventing inappropriate insulin release when giedevels are low. CREB is thought to
mediate the effects of GLP-1 and other glucoseadiigg hormones on the pancreggic
cells (Hui, Nourparvar et al. 2003). In fact, trgesic mice expressing a dominant

negative CREB polypeptide i cells develop DM due to reduced IRS2 expression, a
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direct target of CREB (Jhala, Canettieri et al. 200 hese findings, taken together, lead
to the hypothesis that cyclosporine A treatment #ied subsequent suppression of Cn
signaling in patients may result in decreased ruclBORC and decreased CREB
activity. This, in turn, would lead to a loss olugbse-regulated insulin release fr@m

cells, development of hyperglycemia, and ultimatedyv-onset DM.

Future Directions for cyclosporine A and TORC
Hyperglycemia in transplant patients is a frequede-effect of cyclosporine A

treatment is often considered “the lesser of twdsewhen confronted with the
alternative of organ rejection. Nonetheless, thestents also develop new-onset DM
and muscle atrophy post-surgically, which can bmihtribute to future organ damage.
Previously unknown perturbations in metabolism andrgy homeostasis caused by Cn
suppression may be major contributors to both neseb DM and muscle atrophy in
these patients. A more complete understanding ef ghysiological effects of Cn
suppression is critical to improve post-surgicahagement of transplant patients. To this
end, it will be important to understand Cn regalatof TORC-mediated CREB activity
in pancreati cells. Real-time RT-PCR or gene arrays of mRNAxfrthe pancreas of
cyclosporine A treated animals would be useful étedmining whether cyclosporine A
inhibits transcriptional expression of CREB-regethtgenes that are known to be
involved in the insulin response. If so, furtheralysis could determine whether
misregulation of these genes is caused by defle@&REB phosphorylation at S133 or by
downregulation of TORC. If the deficiency is attribble to TORC, it may be possible to

overexpress or activate Cn to rescue the phenotygstly, future experiments should
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determine how suppression of Cn, TORC, and CREBstrptional activity affect

glucose metabolism in skeletal muscle as wellf ssthe major site of insulin action.

CN SIGNALING ISSUPRESSED IN STZ-DM
In addition to its proposed role in regulating TORGn signaling through the

transcription factors NFAT and MEF2 has also biegplicated in regulation of skeletal
muscle differentiation, hypertrophy, and fiber-typpecification (Olson and Williams
2000). Cn is activated by sustained low-amplitudéciom waves like those that are
produced by endurance exercise-type contractilévigct Activated Cn drives the
expression of a subset of genes which control tHeéCM oxidative muscle fiber
phenotype. As such, Cn has long been thought o& &ensor of neural signaling
associated with contractile activity and a mastgutator of muscle adaptation (Bassel-
Duby and Olson 2006). Our results are consistettt this theory; they also suggest that
the primary effector of muscle adaptation in reggoto Cn signaling may be PG@-1
(Chapter 4). Cn signaling through NFAT and MEF2 meins MHCI muscle fibers
through transcription of “slow”-type myofibrilligoroteins like troponin | (Chin, Olson et
al. 1998; Schiaffino, Sandri et al. 2007). Howevbe MHCI fiber phenotype also has a
metabolic component. Muscle-specific Cn transgemae had an increased proportion of
MHCI fibers that demonstrated a corresponding diidagphenotype, yet it was unclear
how Cn regulated the metabolic gene program (Nisigacer et al. 2000). The answer to
this puzzle became clearer when it was learnedtthasgenic mice expressing PG@G-1
specifically in muscle had the same phenotype @<Cii transgenic mice (Lin, Wu et al.
2002). PGC-ii, through its role as a transcriptional co-activatlsives genes that are

involved in mitochondrial biogenesis and fatty aoxidation, which are hallmarks of
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MHCI, oxidative muscle fibers. Considered altogettirese data suggest that PG&L-1
mediates the effects of Cn signaling on the metalgaine program associated with type |
muscle fibers. In fact, PGCallikely represents a convergence of several siggali
pathways and coordinates the diverse genetic pregthat regulate fiber type plasticity

and adaptation.

Future Directions for Cn regulation of PGC-1a
Previously, in vitro co-transfection studies indicated that NFAT doest n

transduce PGCadl transcription alone but rather acts synergistjcallith MEF2
(Handschin, Rhee et al. 2003). MEF2 alone was tabieansduce PGCel, but the effect
was enhanced when cells were transfected to ceesgxgMFAT (Handschin, Rhee et al.
2003). PGCa was also shown to co-activate MEF2, thus formingpaitive feed-back
loop driving its own expression (Handschin, Rhealef003). All of these studies were
performed in @C;, mouse muscle cells and it remains to be proved dhadf these
transcriptional regulators interactvivo. Using adenoviral vectors to overexpress tagged
forms of these various proteins in the hindlimb obes of animals as well as PG@G-1
luciferase constructs, it may be possible to chiarae the individual roles of MEF2 and

NFAT in mediating the effects of Ch on PG@-éxpression.

PHYSIOLOGICAL IMPACT OF SUPPRESSEP GC-I0 EXPRESSION INSTZ-DM

MUSCLE FIBERS TRANSITION FROM MHCI TO MHCI I IN STZ-DM
Given that PGC-d and Cn signaling drive the MHCI gene program and

transgenic overexpression of either is sufficienhtrease the proportion of MHCI fibers
in skeletal muscle, it follows that in STZ-rats, avé we found decreased Cn signaling

and PGC-ti(Chapter 4), there would be fewer MHCI fibers. bctf we observed a
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decreased proportion of MHCI fibers, and a corragptg increase in the proportion of
MHCII fibers, in the soleus muscle of STZ-rats (Ptea 5, Fig. 5.3). The soleus is
primarily composed of MHCI fibers. A similar fibéype switching phenomenon was not
observed in the gastrocnemius muscle, which is gnilyncomposed of MHCII fibers,
possibly because there are so few MHCI fibers tgirbavith. Importantly, this is
consistent with the observation that diabetic pasidhave reduced oxidative capacity in
skeletal muscle as well as decreased resistarfeéigae (Lithell, Lindgarde et al. 1981,
He, Watkins et al. 2001).
MHCII FIBERS ARE MORE SUSCEPTIBLE TO ATROPHY IN STZ-DM

Our studies also demonstrate that MHCII fibers arere likely to undergo
atrophy than MHCI fibers in 21d STZ-rats (ChapterFig. 5.4). These findings are
consistent with observations by others that oxigatiibers are more resistant than
glycolytic fibers to atrophy associated with sysiediseases(Armstrong, Gollnick et al.
1975; Sun, Liu et al. 2008). Clearly, this phenoorerf fiber-type switching from
MHCI to MHCII and preferential wasting of MHCII fdys has implications for the
strength, functional capacity, and endurance of palents. However, the physiological
implications of fiber-type switching may extendthe actual mechanisms of perpetuating
chronic atrophy. One can imagine a model in whieh MHCII, glycolytic fibers would
waste first upon initiation of the atrophy processl result in an immediate observable
decrease in muscle size. However, subsequent tifperswitching would reduce the
number of atrophy-resistant MHCI, oxidative fibeasd provide a new population of
MHCII, glycolytic fibers. These new MHCII fibers wdad then waste, thus maintaining

atrophy long-term (Figure 6.2). This prolonged neisdrophy provides a constant
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Figure 6.2Hypothetical model showing therole of fiber-type switching in sustaining
skeletal muscle atrophy. In systemic disease, initial atrophy signals indaitephy
primarily in the MHCII fibers. To compensate foigtoss, MHCI fibers switch to
MHCII. Changes in PGCdl expression likely contribute to this switching pess. The

new population of MHCII fibers then wastes furthgerpetuating muscle atrophy.
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source of amino acids and other energy precurgonsare vital organs in conditions of
systemic disease.
THE LINK BETWEEN FIBER-TYPE AND ATROPHY

Atrophy in systemic diseases does not occur acudlgile the signals that
initiate the process may be acutely modulatedathephy continues over a long period,
sometimes years, in the progression of diseasest dddhe animal atrophy models that
have been studied to date are acute models, deratmgtsevere atrophy in short periods
of time. However, many myofibrillar proteins, likke MHCs, have much longer half-
lives and fiber-type switching cannot be observedhiese models. Moreover, many of
the “atrogene” transcriptional programs that hagerbidentified in acute models, such as
the ubiquitin ligases AT-1 and MuRF-1, are liketylde involved in the initiation of the
atrophy process but recent studies utilizing chratrophy models have demonstrated
that these effectors return to basal levels withibddays after the stimulus (Sacheck,
Hyatt et al. 2007). In sharp contrast, PG expression in these models decreased over
the first several days and remained suppressedighomt the course of the study
(Sacheck, Hyatt et al. 2007). In our model, PGCekpression was suppressed at 21d
post-stimulus, but AT-1 mRNA was unchanged and MARBRNA was significantly
suppressed (Chapter 4 and data not shown). Intaglstubiquitin gene expression was
substantially increased, indicating a continueddrfee new ubiquitin protein to maintain
atrophy (Chapter 4, Fig. 4.1). These data indit@é some prototypical “atrogenes” may
be initiators of atrophy but they are not requitedsustain the process (Attaix and

Baracos 2010). We propose that suppression of P&G@ntl other pathways involved in
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muscle fiber metabolism and energy homeostasis lmayecessary for maintaining the

atrophy process.

The connection between skeletal muscle atrophyseade pathology and energy
homeostasis is often overlooked but the relatignghiay prove to be the key to
understanding how atrophy occurs in these conditiSReletal muscle serves as the main
amino acid reservoir for other organs and increasascle protein breakdown is likely to
be an adaptive response under conditions of peduemergy metabolism such as DM,
sepsis, cancer, etc. Therefore, the signaling pathwhat coordinate muscle adaptation
to energy requirements are excellent candidateméatiating sustained atrophy after the

initial stimulus and “atrogene” programs have sdédi

Future Directions for PGC-1a and fiber-type in skeletal muscle atrophy
PGC-1u is a nexus of energy homeostasis and muscle @tastnd, therefore, is

likely to play a major role in chronic muscle athgp(Puigserver and Spiegelman 2003).
We have shown that PGQrlexpression is decreased in skeletal muscle fro&-[SV
rats and that this decrease is accompanied by-tfper switching. Our lab is now
developing adenoviral vectors to overexpress pmeidike PGC-ft and Cn,in vivo in
the hind-limbs of STZ-DM rats. This experimentak®m will allow us to determine
whether overexpression of PG@-tan rescue the fiber-type switching phenotype et w
as whether overexpression of constitutively ac@recan return PGCell expression to
basal levels and block the fiber-type switchinggess. Lastly, both Cn signaling and
PGC-1n are induced by exercise. It would be interestmgnvestigate whether exercise
could rescue both Cn signaling and PGCekpression in STZ-DM rats, thus blocking
the fiber-type switch and attenuating atrophy.
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Our findings also raise the question of whetheomty induces fiber-type
switching, does the switch precede atrophy, orhgotivo events occur simultaneously?
The observation that expression of AT-1 and MuRB-induced early in atrophy and
returns to basal while PG@xITemains suppressed would suggest that the atsighgls
initiate the switch. PGCdl regulation by FOXO, which also regulates AT-1 &maRF-

1, also supports this hypothesis. However, tranisgewerexpression of PGGalcan
block atrophy through antagonism of FOXO-depend@amntscription of AT-1 and MuRF-

1 (Nakae, Kitamura et al. 2003; Sandri, Lin et 2006). These data suggest that the
opposite is true, that fiber-type switching precedsrophy. A first step towards
answering this question would be time-point assaygetermine the expression profiles
of acute atrophy markers (AT-1, MuRF-1, ubiquitiemd fiber-type specific proteins
(MHCs, troponins, PGCdl). The results of these time-course studies wouldigy
adenoviral expression studies in which PGCvould be overexpressed in the muscle
before and after STZ-induction of DM. Animals thetere infected before STZ
administration should maintain PG@-Expression levels even after induction of DM. If
these animals atrophied to the same extent asnibx that were infected after, it would
support the hypothesis that the atrophy signatgteithe fiber-type switch. However, if
the animals that were infected prior to STZ adntiatgon atrophy less, it would indicate
that either the fiber-type switch precedes theatdn of atrophy or is a parallel, but
completely separate, event. While these experim&otdd not provide any definitive
evidence, they would help to determine which sderiarmost likely and to direct future

experiments.

CONCLUSIONS
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Skeletal muscle atrophy is a primary prognosticaatbr of mortality for patients
with DM, organ failure, or even advanced age. Aton these contexts is not sudden,
but rather progresses slowly rendering structfwalctional, and physiological changes in
skeletal muscle. The structural effects of atroptych as decreased size, strength,
mobility, etc., have long been of interest. Howevbe physiological ramifications are
often overlooked, especially in the context of @yéa disease state which often presents

more urgent complications.

Atrophy is an adaptive response. Studies in mechhnmodels, such as
denervation or unloading, often take this concefii account and discuss atrophy as an
adaptive response to decreased functional requimsm&keletal muscle is a highly
metabolic tissue and requires vast amounts of grtergnaintain. If it is not being fully
utilized, such as when functional demands are rdiuten it is logical, energetically, to
decrease the size of the muscle tissue. Similarlgystemic conditions like DM, energy
homeostasis is already perturbed. Therefore, masaehy is likely an attempt to buffer
the energy imbalance by both decreasing the eneeyand, through fiber-type
switching from oxidative to glycolytic, and maimiag the amino acid content of other
more critical organs, by degradation of muscle ggrotWhen the skeletal muscle has
atrophied to the point that it can no longer butferse effects, the diaphragm no longer
has the strength to support breathing, other orags to fail as they no longer have a

supply of amino acids for protein synthesis, aredghtient succumbs to their condition.

In order to improve the prognoses for these patjenis critical that we develop a
better understanding of the relationship betwearg@nhomeostasis and muscle atrophy.

The Cn signaling pathway mediates muscle adaptatioesponse to functional demands
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and PGC-t is a key regulator of metabolism in multiple tissuFurthermore, the work
presented here has demonstrated that P&(S-the primary effector of muscle metabolic
adaptation in response to Cn signaling. Therefihiis, pathway is an excellent starting
point for further investigation into muscle atropihythe context of systemic disease. The
role of Cn signaling in this process is doubly imtpat because of the implications for
immunosuppressive therapies in organ transplanergat Overall these studies have
broad-reaching clinical implications for developitigerapies for long-term systemic

atrophy.
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