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Abstract

Skeletal muscle can perceive cellular energy status and substrate availability and
demonstrates remarkable plasticity in response to environmental changes. Nonetheless, how
skeletal muscle and its resident stem cells (satellite cells; SCs) sense and respond to nutrient flux
remains largely undefined. The dynamic post-translational modification O-GlcNAcylation has
been shown to serve as a cellular nutrient sensor in a wide range of cells and tissues, yet its role in
skeletal muscle and SCs remains unexplored. Here, we ablated skeletal muscle O-GIcNAc
transferase (OGT), and thus O-GIlcNAcylation, and found the knockout mice exhibited enhanced
glucose uptake, insulin sensitivity, and resistance to high-fat diet induced obesity. Additionally,
mKO mice had a 3-fold increase in circulating levels of interleukin-15 (IL-15), a potent anti-
obesity cytokine, potentially through epigenetic regulation of ///5 by OGT. To further investigate
if there was a causal relationship between OGT ablation and the lean phenotype, we generated
muscle specific OGT and interleukin-15 receptor alpha (IL-15ra) double knockout mice (mDKO).
As aresult, nDKO mice had blunted IL-15 secretion and minimal protection against HFD-induced
obesity. Together, these data indicate the skeletal muscle OGT-IL15 axis plays an essential role in

the maintenance of skeletal muscle and whole-body metabolic homeostasis.

As satellite cells (SCs) play an indispensable role in postnatal muscle growth and adult
regenerative myogenesis, we investigated the role of O-GlcNAcylation in SC function. To this
end, we conditionally ablated OGT in SCs (cKO) and found ¢cKO mice had impaired SC

proliferation, in vivo cycling properties, population stability, metabolic regulation, and adult



regenerative myogenesis. Together these findings show that SCs require O-GlcNAcylation,

presumably to gauge nutritional signals, for proper function and metabolic homeostasis.

Another critical yet often neglected player in myogenesis are mitochondria. Traditionally
depicted as a power plant in cells, mitochondria are critical for numerous nonconventional, energy-
independent cellular process. To investigate the role of both mitochondrial energy production and
alternative mitochondrial functions in myogenic regulation, we ablated ATP synthase subunit beta
(ATP5B) and ubiquinol-cytochrome c reductase (UQCRFS1) in C2C12 myoblasts to disrupt
mitochondrial ATP production and mitochondrial membrane potential, respectively. Ablation of
UQCRFSI, but not ATP5B, impaired myoblast proliferation, although lack of either gene
compromised myoblast fusion. Interestingly, addition of the potent myogenic stimulator IGF-1
rescued ATP5B fusion but could not override UQCRFS1 knockout effects on proliferation or
differentiation. These data demonstrate mitochondrial ATP production is not the “metabolic

switch” that governs myogenic progression but rather an alternative mitochondrial function.

In summary, skeletal muscle and their resident stem cell population (SCs) both use O-
GlcNAcylation, feasibly to sense and respond to nutritional cues, for the maintenance of metabolic
homeostasis and normal physiology. A deeper understand of both muscle and SC metabolic

regulation may provide therapeutic targets to improve global metabolism and muscle growth.
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General Audience Abstract

Skeletal muscle is responsible for approximately 20% of basal energy expenditure and 70-
90% of insulin-mediated glucose disposal, and as such changes in skeletal muscle metabolism and
insulin sensitivity have profound impacts on whole body metabolism. Skeletal muscle is a plastic
tissue that can perceive nutrient availability, which permits metabolic adaptations to environmental
changes. Deletion of the nutrient sensing pathway O-GIlcNAcylation in skeletal muscle (mKO)
protected mice from high-fat diet induced obesity and ameliorates whole-body insulin sensitivity.
Skeletal muscle can secrete myokines to elicit endocrine effects on other tissues in the body, and
as such, we proposed perturbation of this nutrient sensing pathway in skeletal muscle alters
myokine secretion to elicit responses in other metabolically active tissues to support its energy
requirements. Indeed, circulating levels of interleukin-15, a potent anti-obesity myokine, increased
3-fold in mKO mice. To determine the contribution of IL-15 to the mKO phenotype, we used a
genetic approach to blunt IL-15 secretion from skeletal muscle (mDKO), which partially negated
the lean mKO phenotype. Our findings show the ability of skeletal muscle to “sense” changes in
nutrients through O-GlcNAcylation is necessary for proper muscle and whole-body metabolism.
Moreover, this nutrient sensing mechanism is also important for proper muscle stem cell function,
also known as satellite cells (SCs). Loss of O-GlcNAcylation in SCs impairs their ability to
regenerate muscle after injury, which can be attributed to a reduced capacity to proliferate and an
inability to maintain a healthy SC population. Interestingly, SCs lacking O-GlcNAcylation have a
greater mitochondrial content. Using a myoblast cell line, we investigated the contribution of

mitochondria to myogenesis, the formation of muscle, and found mitochondrial energy production



is dispensable in the myogenic process. Our studies show skeletal muscle and SCs rely on highly
integrated signaling cascades that sense and respond to intrinsic metabolic changes and extrinsic

nutritional cues to function properly.
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Chapter 1. Review of Literature

Introduction

Beyond its fundamental function of locomotion and thermogenesis, skeletal muscle plays
an essential role in whole body metabolic equilibrium. In healthy individuals, skeletal muscle
represents about 40% of body mass, is responsible for roughly 20% of basal energy expenditure
(Zurlo et al., 1990), and accounts for 70-90% of insulin mediated glucose disposal (DeFronzo et
al., 1981; Shulman et al., 1990). As a result, modulation of skeletal muscle metabolism and insulin
sensitivity has been proven to be an effective means of alleviating metabolic disorders (Izumiya et
al., 2008; Meng et al., 2013; Song et al., 2013). Skeletal muscles are composed of a heterogeneous
population of muscle cells with distinct metabolic characteristics (Holloszy, 1967) and
demonstrate enormous plasticity to adapt to changing external stimuli including activity, load,
nutritional factors, and external conditions. For example, endurance exercise or resistance training
increases metabolic demand and subsequently increases skeletal muscle mitochondrial content and
oxidative capacity (Donges et al., 2012; D1 Donato et al., 2014). Contrarily, conditions associated
with the onset of obesity such as excessive calorie intake in combination with a reduction in
workload decrease oxidative capacity (Mootha et al., 2003) are hallmark initiators of metabolic
syndrome and poor insulin sensitivity (Simoneau et al., 1995). However, diabetic and obese
patients subjected to an exercise training regime have improved insulin sensitivity, albeit
significantly blunted compared to healthy individuals (Rosholt et al., 1994; Han et al., 1997;
Fueger et al., 2004). Overall, greater muscle oxidative capacity can provide protection against
metabolic disorders, attenuate age-related muscle atrophy, and alleviate metabolic defects
associated with some myopathies (Conley et al., 2000; Wang et al., 2004; Wenz et al., 2008; Wenz

et al., 2009; Ljubicic et al., 2011). Therefore, the dynamic interplay between a set of highly



coordinated and integrated signaling cascades that respond to extrinsic and intrinsic stimuli are

crucial for the regulation of skeletal muscle metabolism, and therefore whole-body metabolism.

Skeletal muscle metabolism

Skeletal muscle has the remarkable ability to adjust its energy expenditure according to
energy demands. Within milliseconds, muscle can increase its energy expenditure 100-fold to
transition between resting and active states (Sahlin et al., 1998). Despite these large fluctuations
in energy demands, ATP concentrations remain relatively constant (Arnold et al., 1984; Heineman
and Balaban, 1990), which depicts the striking precision of cellular energy production systems to
equal demand. This metabolic control is governed by intricate signaling and feedback loops that

relay cellular energy status to alter metabolic pathways within the cell.

Skeletal muscle metabolism is a series of complex biochemical processes that converts
nutrients into chemical energy in the form of adenosine triphosphate (ATP). There are several
metabolic pathways found in muscle cells that have different subcellular locations and substrate
utilization with varying longevity. For brief, rapid mobilization of ATP, the phosphagen system is
a reversible reaction that catalyzes the degradation of phosphocreatine by creatine kinase to
produce brief supplies of ATP (PCr + ADP < Cr + ATP). Additionally, the enzyme adenylate
kinase collaborates with the phosphagen system to contribute to short-term energy buffering (2
ADP < 1 ATP + 1 AMP). Adenylate kinase is also an important contributor to reporting cellular
energy status by translating relatively small changes in the ATP:ADP ratio into large changes in
AMP concentrations. The concentration of cellular AMP is a sensitive indicator of cellular energy
status, and small increases are potent allosteric activators of several key enzymes in glycolysis to
increase ATP production. These temporary energy buffering systems maintain ATP levels until

other energy production systems are fully active.



Glycolysis converts glucose into pyruvate through a series of enzymatic reactions and can
upregulate 100 times faster than oxidative phosphorylation (Pfeiffer et al., 2001). Large glycogen
stores in muscle allow for rapid mobilization of glucose-1-phosphate by glycogen phosphorylase
to fuel glycolysis, which is the predominate energy source during high-intensity exercise (Katz et
al., 1986; Hargreaves and Richter, 1988). Alternatively, glucose transporter type 4 (GLUT4)
permits plasma glucose uptake, although rate of uptake is limited by the transport of GLUT4 to
the cell surface (Zisman et al., 2000). Translocation of GLUT4 vesicles can be stimulated by
insulin in response to high blood glucose levels after feeding, however, its translocation is impaired
with insulin resistance and/or diabetes (Zorzano et al., 1996; Zierath et al., 1998; Tremblay et al.,
2001). Alternatively, contractile activity from acute exercise can stimulate GLUT4 translocation
in an insulin-independent manner (Hayashi et al., 1997; Kennedy et al., 1999; Jessen and
Goodyear, 2005). Once within the cells, glucose is rapidly phosphorylated by hexokinase to
produce glucose-6-phosphate (G6P) to prevent its outward diffusion and maintain the
concentration gradient for continued glucose influx. In either case of glycogen breakdown or
glucose uptake, G6P can then stem into anabolic (pentose phosphate pathway), metabolic signaling
(hexosamine biosynthetic pathway), or catabolic (glycolysis) pathways depending on cellular

demands.
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Figure 1-1. Major metabolic pathways in skeletal muscle. Glucose or glycogen can be
metabolized through glycolysis to yield pyruvate, which can be converted to acetyl-CoA by
pyruvate dehydrogenase (PDH) or converted to lactate by lactate dehydrogenase (LDH).
Alternatively, the glycolytic intermediates glucose-6-phosphae (G-6-P) or fructose-6-phosphate
(F-6-P) can be redirected to the pentose phosphate pathway, for biosynthetic processes, or to the
hexosamine biosynthetic pathway, for metabolic signaling. If pyruvate is converted to acetyl-CoA,
it can feed into the tricarboxylic acid cycle (TCA) to be fully oxidized, providing the reducing
equivalents NADH and FADH,, or exit the cycle to contribute to biosynthetic processes. Fatty
acids or amino acids can also feed into various points of the TCA cycle for oxidation or anaplerosis.
Abbreviations: HK = hexokinase; PFK = phosphofructokinase.

The pentose phosphate pathway (PPP) emanates from the glycolytic intermediates G6P
and fructose-6-phosphate (F6P) for synthesis of metabolites that are imperative for skeletal muscle
anabolism including ribulose-5-phosphate for nucleic acid synthesis, erythrose-4-phosphate for
aromatic amino acid synthesis, and NADPH for reductive biosynthesis reactions such as

lipogenesis. The two enzymes glucose-6-phosphate dehydrogenase (G6PDH) and 6-



phosphogluconate dehydrogenase (6PGDH) are often used to assess PPP activity because they
catalyze the first committed step in the PPP and the final step that produces ribulose 5-phosphate,
respectively. Activity of the PPP is quite low in skeletal muscle compared to other tissue types
(Battistuzzi et al., 1985), which is not surprising considering skeletal muscle is a terminally
differentiated tissue. However, regenerating muscle, 24 hrs after damage, increases G6PD and
6PGDH activity 9-fold compared to the undamaged controls (Wagner et al., 1978). Further, the
skeletal muscle-specific overexpression of AKT1 induces muscle hypertrophy (Izumiya et al.,
2008), which is accompanied by a 3.5- and 2.3-fold increase in G6PD and 6PGDH transcripts,
respectively (Wu et al., 2017). These results collectively suggest greater PPP flux augments

skeletal muscle growth.

The hexosamine biosynthetic pathway (HBP) is a metabolic signaling pathway that diverts
about 2-3% of cellular glucose from glycolysis (Marshall et al., 1991). It originates from the
glycolytic intermediate FOP and is catalyzed by the rate-limiting enzyme glutamine: fructose 6-
phosphate amidotransferase (GFAT), which converts F6P and glutamine to glucosamine-6-
phosphate and glutamate. The subsequent steps of the HBP generate uridine diphosphate N-
acetylglucosamine (UDP-GIcNAc). Collectively, UDP-GIcNAc is indicative of the cellular
nutrient flux by integrating carbohydrate, lipid, nucleotide, and protein metabolism (Slawson et
al., 2010; Hanover et al., 2012; Ruan et al., 2013). As such, levels of UDP-GIcNAc correspond to
cellular nutrient status, and conditions of nutrient excess or scarcity are respective stimulants or
inhibitors of UDP-GIcNACc synthesis. Ultimately, UDP-GIcNAc is the donor substrate for the post-
translational modification, O-GlcNAcylation, which modifies cell behavior according to

fluctuating nutrient conditions (Harwood and Hanover, 2014).



On the other hand, once F6P 1is converted to fructose-1,6-bisphosphate by
phosphofructokinase (PFK), it is committed to glycolysis and then undergoes a sequential, multi-
step conversion to pyruvate. Pyruvate can then be converted to lactate by lactate dehydrogenase
(LDH) or acetyl CoA by pyruvate dehydrogenase (PDH). During periods of rapid glycolytic flux,
or in anaerobic conditions, pyruvate is converted to lactate which can then be shuttled to the liver
for hepatic gluconeogenesis to replenish glycogen stores (Brooks, 1986). Alternatively, pyruvate
can be transported into the mitochondrial matrix for oxidation but must first traverse the outer
mitochondrial membrane, presumably though the porin channel (Huizing et al., 1996), and the
inner mitochondrial membrane, through the mitochondrial pyruvate carrier (Bricker et al., 2012;
Herzig et al., 2012). Once inside the matrix, PDH converts pyruvate into acetyl-CoA to power the
TCA cycle, or less frequently pyruvate carboxylase converts pyruvate into oxaloacetate to support
anaplerosis. As PDH is the major link between glycolysis and the TCA cycle, it is an important
molecular switch that controls the transition between the two metabolic pathways and is tightly
regulated via phosphorylation. A balance between pyruvate dehydrogenase kinases (PDKs) and
pyruvate dehydrogenase phosphatases (PDPs) regulate the pyruvate dehydrogenase complex
(PDC) in response to nutritional status. Pyruvate dehydrogenase kinase-4 (PDK4) is largely found
in skeletal muscle (Bowker-Kinley et al., 1998) and has an increased activity during periods of
starvation or high fat feeding (Wu et al., 1998; Holness et al., 2000; Jeoung et al., 2006; Jeoung
and Harris, 2008), which suggests PDK4 plays an important role in dietary regulation of

carbohydrate oxidation.

Once converted to acetyl-CoA, it can be fully oxidized in the TCA cycle to produce the
reducing equivalents NADH and FADH> for ATP synthesis, or its intermediates can exit the cycle

through biosynthetic processes. Although the TCA cycle is often referred to as a “cycle”, implying



a unidirectional and defined series of reactions, there are many entry and exit points that allow for
both catabolic and anabolic processes in response to different energy demands. During anabolic
conditions, TCA intermediates can be shuttled from the mitochondrial matrix into the cytosol for
fatty acid, amino acid, and nucleotide synthesis (Ahn and Metallo, 2015). Contrarily, high energy
demands provoke catabolic processes, and intermediates undergo multiple oxidation steps to
supply the electron transport chain (ETC) with reducing equivalents (NADH and FADH>) to

replenish ATP stores through oxidative phosphorylation.

Not surprisingly, the TCA cycle is tightly coupled to energy demand through complex
feedback loops. Accumulation of NADH is a potent inhibitor of all TCA cycle regulatory enzymes,
and as such, malfunctions in the ETC inhibit the TCA cycle (Martinez-Reyes and Chandel, 2020).
Similarly, high ATP concentrations or accumulation of TCA cycle intermediates inhibit several
TCA enzymes. Conversely, high energy demands increase AMP levels, which is an allosteric
activator of the regulatory TCA cycle enzymes. While allosteric regulation provides dynamic
feedback to keep the TCA cycle in-check, it is also governed by other signaling pathways that
provide another layer of regulation. In skeletal muscle, mitochondria are largely found anchored
to the sarcoplasmic reticulum (SR) (Boncompagni et al., 2009), which allows for bidirectional
signaling between the two organellar systems. More specifically, the calcium released from the SR
during muscle contraction can be sequestered by mitochondria, which subsequently stimulates the
TCA cycle and mitochondrial ATP production by activating pyruvate dehydrogenase, o-
ketoglutarate dehydrogenase, isocitrate dehydrogenase, and the FiFo-ATPase (McCormack and
Denton, 1979; McCormack et al., 1990; McCormack and Denton, 1993; Hansford, 1994). The
parallel activation of muscle contraction and mitochondrial metabolism simultaneously initiates

muscle contraction and ATP production to match energy demand with energy supply effectively



(Korzeniewski, 2007). In summary, skeletal muscle metabolism is tightly regulated through a
series of complex biochemical processes orchestrated by a hierarchy of catabolic and anabolic

events.

Mitochondria bioenergetics and dynamics

Although mitochondria are frequently denoted as the powerhouse of the cell, they also play
a central role in metabolic signaling (Hansford and Zorov, 1998; Bohovych and Khalimonchuk,
2016; Martinez-Reyes and Chandel, 2020), reactive oxygen species production/signaling and
scavenging (Skulachev, 1996; Aon et al., 2010; Brand, 2010), cell death (Goldstein et al., 2000),
ion and metabolite transport (Palmieri and Pierri, 2010), iron-sulfur protein biogenesis (Nuth et
al., 2002; Bulteau et al., 2004; Yoon and Cowan, 2004), and calcium homeostasis (Deluca and
Engstrom, 1961; Vasington and Murphy, 1962; Rottenberg and Scarpa, 1974). Mitochondria have
two membranes, the porous outer mitochondrial membrane (OMM) and selective inner
mitochondrial membrane (IMM), which give rise to the inner membrane space (IMS) and
mitochondrial matrix. Residing in the IMM, electron transport chain complexes transfer electrons
from reducing equivalents to electron acceptors through several redox reactions that are coupled
with the transfer of protons from the matrix to the IMS, generating an electrochemical gradient
(Figure 1-2). The mitochondrial membrane potential, or electrochemical gradient, is harnessed for

ATP production but is also the driving force for its other central metabolic roles.

Four transmembrane protein complexes and two electron carriers are the basis for
generating the mitochondrial membrane potential (Figure 1-2). Through a series of redox
reactions, electrons are transported from complex to complex while pumping protons from the
matrix to the IMS. Complex I (CI) and Complex (II) oxidize the electron carriers NADH or

FADH,, respectively, to reduce the electron carrier ubiquinol. In the process, CI pumps protons



across the IMM whereas CI does not. Complex III (CIII) and Complex IV (CIV) then catalyze the
electron transfer from ubiquinol to cytochrome ¢ and from cytochrome c to oxygen, respectively,
to produce water and pump protons. Protons in the IMS can then re-enter the matrix through the
F1Fo ATPase, also known as Complex V (CV), where the energy generated from protons flowing
down a concentration gradient is harnessed to phosphorylate ADP to produce ATP, termed
oxidative phosphorylation. The majority of proton re-entry is coupled to ATP production,
however, alternative routes of re-entry exist that bypass CV, such as uncoupling proteins to
produce heat or the nicotinamide nucleotide transhydrogenase to replenish the NADPH pool for

biosynthetic processes (Figure 1-2).
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Figure 1-2. The electron transport chain and generation of the electrochemical gradient. The
electron transport chain (ETC) consists of four transmembrane protein complexes (CI-CIV) and
two electron transfer carriers, ubiquinone and cytochrome c. The electron donors, NADH and
FADH,, are oxidized by Complex I (CI) or Complex II (CII), respectively, to reduce the first
electron carrier ubiquinone to ubiquinol. Although both CI and CII transport electrons, CI also
pumps four protons into the IMS while CII does not pump protons. Complex III (CIII) catalyzes
the transfer of electrons from the first electron carrier to the second (ubiquinol to cytochrome c)
and pumps four protons into the IMS. Complex IV (CIV) catalyzes the transfer of electrons from
cytochrome c to the terminal electron carrier oxygen to produce water and pumps protons. In
normal physiological conditions, proton re-entry into the matrix largely occurs through the FiFo
ATPase, coupling the electrochemical gradient to ATP production. However, there are alternative
re-entry points that are uncoupled from ATP production, such as uncoupling proteins (UCPs) to
produce heat and the nicotinamide nucleotide transhydrogenase (NNT) to replenish NAPDH pools
for biosynthetic processes and reactive oxygen species scavenging.



Although ETC complexes are routinely simplified as linear complexes in numerical order
with a 1:1 ratio of complexes, their stoichiometry varies considerably (Schagger and Pfeiffer,
2001). Within the IMM folds, or cristae, complexes can be found as freely floating or in super-
assembled structures known as supercomplexes. In mammalian cells, supercomplexes are largely
composed of a combination of CI, CIII, and CIV, whereas the contribution of CII and CV to the
formation of supercomplexes remains poorly understood (Acin-Perez et al., 2008). Their
formation, although not comprehensively understood, have been suggested to play a role in
complex stability (Acin-Perez et al., 2004; Diaz et al., 2006), electron transport efficiency (Bianchi
et al., 2004), and control of ROS production (Ghelli et al., 2013; Maranzana et al., 2013).
Interestingly, supercomplex formation varies with exercise (Greggio et al., 2017), indicating

supercomplexes may be an adaptive mechanism to meet increased energy demands.

In skeletal muscle, mitochondria are quite responsive to a range of intermittent and
continuous stimuli including exercise (Menshikova et al., 2006), nutritional factors (Mishra et al.,
2015), aging (Coggan et al., 1992; Cooper et al., 1992; Short et al., 2005), and disease (Simoneau
et al., 1995; Mootha et al., 2003; Patti et al., 2003) to name a few. Mitochondrial adaptations
include the ability to alter their abundance, ETC activity (oxidative capacity), coupling, and
structure. Of those, the most rapid and fluid response is the alteration of structure (Eisner et al.,
2014), which allows for dynamic mitochondrial remodeling to adapt to the cellular environment
(Glancy et al., 2015). Mitochondrial dynamics are a coalition of fusion and fission events that are
important for mitochondrial biogenesis, stress mitigation, and quality control by enabling the
removal of damaged mitochondria (mitophagy; Figure 1-3). Fusion is mediated by mitofusion
proteins (Mfnl and Mfn2) and optic atrophy protein 1 (Opal) to fuse the inner and outer

mitochondrial membranes, respectively (Koshiba et al., 2004; Meeusen et al., 2004; Meeusen et
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al., 2006; Song et al., 2009). Deletion of Mfn1 and Mfn2 in skeletal muscle decreases oxidative
capacity, reduces mitochondrial DNA abundance (mtDNA), reduces muscle mass, and eventually
leads to lethality (Chen et al., 2010). On the other hand, fission events require the translocation of
dynamin-related protein 1 (Drp1) from the cytosol to wrap around the outer membrane and cleave
it (Ji et al., 2015; Kalia et al., 2018; Fonseca et al., 2019). Although there are other proteins
involved in fission, loss of Drpl inhibits fission and results in hyperfusion of mitochondria
(Fonseca et al., 2019). Skeletal muscle specific ablation of Drp1 results in muscle atrophy, altered
mitochondrial morphology, and impaired mitochondrial respiration (Favaro et al., 2019).
Together, the maintenance of proper mitochondrial fusion and fission is essential for skeletal

muscle homeostasis.

Mitochondrial dynamics also permit a fluid response to changing nutritional factors.
Muscle cells isolated from the extensor digitorum longus (EDL) incubated in media containing
acetoacetate for 24 hours, an oxidative substrate, have greater connectivity than those treated with
glucose for the same amount of time. As a result, elongated mitochondrial networks are
predominant in oxidative fibers and have high rates of fusion, whereas a greater proportion of
punctate mitochondria are found in glycolytic fibers (Mishra et al., 2015). Moreover, in conditions
of nutrient deprivation, mitochondria elongate by downregulating fission events to protect against
mitophagy and maximize energy production (Gomes et al., 2011). Collectively, the rate of fusion
and fission events determine mitochondrial interconnectivity and permit dynamic metabolic

adaptations.
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Figure 1-3. An overview of mitochondrial dynamics. Skeletal muscle mitochondria form a
dynamic network that is constantly adapting to changing external and internal stimuli. Punctate
mitochondria can fuse together to form an interconnected network permitting an increase in
oxidative capacity, dispersal of mitochondrial damage to promote survival, or an exchange of
mitochondrial content (mtDNA and metabolites). Contrarily, mitochondria can undergo fission to
remove damaged mitochondria through mitophagy, facilitate mitochondrial trafficking, or adapt
to metabolic changes.

Mitochondria are also a key regulator of cytosolic free Ca’*concentrations and Ca?'-
mediated signaling (Nicholls, 1978; Nicholls and Scott, 1980). Calcium enters the matrix through
the mitochondrial calcium uniporter (MCU) (Baughman et al., 2011; De Stefani et al., 2011) and
Ca?" efflux is mediated by the Na*/Ca2" exchanger (NCLX). The ability of mitochondria to
sequester Ca®" is pivotal in skeletal muscle glucose oxidation (Gherardi et al., 2019), substrate
utilization (Kwong et al., 2018), and activation of several TCA enzymes (McCormack and Denton,
1979; McCormack et al., 1990; McCormack and Denton, 1993). Deletion of the MCU, and
therefore the majority of mitochondrial Ca®" uptake, in skeletal muscle induces atrophy, impairs
glucose oxidation, and alters substrate preference (Mammucari et al., 2015; Kwong et al., 2018;
Gherardi et al., 2019). Contrarily, MCU overexpression results in profound skeletal muscle

hypertrophy through the activation of PGC-1a and PI 3-kinase/Akt pathway (Mammucari et al.,
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2015) highlighting the importance of mitochondrial Ca?" signaling in the regulation of skeletal

muscle mass.

Regulators of skeletal muscle growth and metabolism

Skeletal muscle growth is orchestrated by a hierarchy of complex anabolic and catabolic
biological processes that dictate the rate of protein accretion. Skeletal muscle is composed of a
heterogenous population of muscle cells (myofibers) with varying metabolic characteristics and
rates of myofibrillar, mitochondrial, and sarcoplasmic protein turnover. Myofibers can be
classified according to predominate type of energy metabolism (glycolytic or oxidative
metabolism) and speed of contraction (fast or slow). Slow-twitch muscle fibers have a greater rate
of protein synthesis than fast-twitch fibers which can be attributed to duration of contraction and
mitochondrial abundance, as mitochondrial proteins have higher fractional synthesis rates than
myofibrillar proteins (Jaleel et al., 2008). However, slow fibers also have high rates of protein
degradation, presumably due to a high mitochondrial content prone to damage from reactive
oxygen species, that has a net result of low rates of protein accretion (Lewis et al., 1984) and
relatively small fiber size. Therefore, metabolism is a contributing factor to muscle accretion rate
and can be exploited to manipulate growth rate and efficiency of substrate utilization.

The two major regulatory pathways of protein accretion are the insulin-like growth factor
1 (IGF-1) / phosphoinositide-3-kinase-Akt (PI 3-kinase-Akt) / protein kinase B (PKB) /
mammalian target of rapamycin (mTOR) pathway and the myostatin pathway, which are
respective positive and negative regulators of protein synthesis. Binding of IGF-1 to its receptor
activates PI 3-kinase, which phosphorylates phosphoinositide-4,5-biphosphate (PIP2) generating
phosphoinositide-3,4,5-triphosphate (PIP3) to act as a docking site for phosphoinositide-

dependent kinase 1 (PDK1) to activate Akt. Activation of Akt inhibits protein degradation through
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the repression of the forkhead box protein (FOXO) family of transcription factors and stimulates
protein synthesis through the activation of mTOR and glycogen synthase kinase 33 (GSK3p). In
skeletal muscle, loss of the IGF-1 receptor induces muscle atrophy (Mavalli et al., 2010), whereas
IGF-1 overexpression stimulates hypertrophy (Coleman et al., 1995; Musaro et al., 2001; Fiorotto
et al., 2003). Similarly, the activation of its downstream target Akt in skeletal muscle induces
profound hypertrophy (Lai et al., 2004; Blaauw et al., 2009), whereas deletion of the downstream
target mTOR results in impaired postnatal growth and development of severe myopathy (Risson
et al., 2009). Activation of the IGF-1 pathway and its downstream targets are required for efficient

myogenesis and muscle hypertrophy.

On the other hand, myostatin is a negative regulator of muscle growth. Natural mutations
of the myostatin gene have been discovered in in sheep (Clop et al., 2006), cattle (Grobet et al.,
1997; McPherron and Lee, 1997), dogs (Mosher et al., 2007), and humans (Schuelke et al., 2004)
that result in gene disruption and a subsequent increase in muscle mass. In mice, myostatin deletion
results in a 2-fold increase in muscle mass and decreased adipose tissue deposition (McPherron
and Lee, 2002; Hamrick et al., 2006), whereas overexpression of myostatin in skeletal muscle
results in a reduction of muscle mass (Reisz-Porszasz et al., 2003). Myostatin and IGF-1 have a
dynamic interplay that modulates muscle accretion through “tips and balances” between the two
pathways. The PI3K/Akt axis is common to both pathways and permits cross-talk, which is
essential to normal muscle growth and physiology. Overexpression of myostatin downregulates
Akt/mTOR signaling and subsequently decreases protein synthesis (Amirouche et al., 2009).
Contrarily, myostatin deletion increases PKB and mTOR activity (Lipina et al., 2010), although

presence of the IGF-1 receptor is necessary for efficient hypertrophy (Kalista et al., 2012).
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While proper myostatin and IGF-1 cross-talk is essential for muscle growth and
maintenance, just as important is the maintenance of metabolic homeostasis. Highly integrated
signaling pathways that are tightly coupled to nutrient availability and cellular energy status are
responsible for regulating muscle metabolism and protein turnover. The intracellular energy sensor
5’-adenosine monophosphate-activated protein kinase (AMPK) dynamically regulates muscle
metabolism by relaying signals of energetic stress. As ATP is hydrolyzed, AMP levels rise and
decrease the ATP:AMP ratio to activate AMPK, which promotes catabolic processes and
suppresses anabolic processes to replenish ATP stores. As such, activation of AMPK decreases
protein synthesis, an anabolic process, demonstrated by a 45% decrease in skeletal muscle
fractional rate of protein synthesis one hour after injection of the AMPK activating drug AICAR
(Bolster et al., 2002). AMPK activation decreases protein accretion rates by suppressing mTOR
activity and activating FOXO and uncoordinated 51-like kinase 1 (ULK1), regulators of the
autophagy pathway (Lee et al., 2010; Kim et al., 2011). Mutation of the AMPKy3 subunit in mice
(Garcia-Roves et al., 2008) and pigs (Scheffler et al., 2014) results in constitutive activation of
AMPK, which increases mitochondrial biogenesis and enhances oxidative capacity of glycolytic
muscle. Surprisingly, its chronic activation does not impact muscle growth (Carr et al., 2006),
which may be attributed to a compensatory or adaptive mechanism that can override the negative
regulation of AMPK on protein synthesis. In fact, Scheffler et al. (2014) found the AMPKy3R200Q
mutant pigs had an increase in Akt expression, a positive regulator of muscle growth that may
account for the normal growth of these pigs. Nonetheless, skeletal muscle-specific double
knockout of AMPKal and AMPKa?2 increased soleus muscle mass (Lander et al., 2010), which
implicates AMPK as a regulator of muscle mass. As a result, the AMPK pathway has become a

target to counteract metabolic disorders without negatively impacting muscle mass, as an increase
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in oxidative capacity enhances the ability of muscle to combat energetic stress providing protection
against muscle wasting and metabolic diseases (Conley et al., 2000; Wang et al., 2004; Wenz et

al., 2008; Wenz et al., 2009; Ljubicic et al., 2011).

Nutrient Sensing in Skeletal Muscle

Muscle cells can perceive cellular energy status and substrate availability, and as such,
muscle is a plastic tissue that permits metabolic adaptations to environmental changes. During
times of nutrient surplus, such as those after feeding, muscle can “sense” the availability of
substrates and increase protein accretion. Conversely, periods of scarcity results in repartition of
nutrients away from anabolic processes. The dynamic post-translational modification O-linked-[3-
D-N-acetylglucosamine (O-GlcNAc) serves as a widespread nutrient gauge by cycling on and off
O-linked N-acetylglucosamine (O-GIcNAc) moieties to serine and threonine residues of nuclear,
cytosolic, and mitochondrial proteins (Hanover et al., 2012). The donor substrate, uridine
diphosphate N-acetylglucosamine (UDP-GIcNAc), is a product of the hexosamine biosynthetic
pathway (HBP) and its levels reflect the collective cellular nutrient flux by incorporating
nucleotide, carbohydrate, lipid, and protein metabolism. A pair of enzymes, O-GlcNAc transferase
(OGT) and O-GlcNAcase (OGA), are responsible for the respective addition and removal of O-
GlcNAc from target proteins to modify their function to adapt to cellular nutrient abundance.
Collectively, this post-translational modification acts as a nutrient sensing pathway because levels
of UDP-GIcNAc, and thus O-GlcNAcylation, correspond to cellular nutrient status (Walgren et

al., 2003; Housley et al., 2008; Kang et al., 2008).
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Figure 1-4. O-GlcNAc signaling pathway. Figure modified from Hanover et al. (2012). The
hexosamine biosynthetic pathway incorporates metabolites from protein, carbohydrate, lipid,
energy, and nucleotide metabolism to synthesize UDP-GIcNAc, which fluctuates with cellular
nutrient status. O-GIcNAc transferase (OGT) transfers UDP-GIcNAc to any of its thousands of
target proteins and O-GIcNAcase (OGA) removes the O-GIcNAc moiety, known as O-
GlcNAcylation, to modulate protein function. O-GlcNAcylation occurs in a similar manner to
phosphorylation and may be as widespread, but O-GlcNAcylation patterns correlate to cellular
nutrient status and is only mediated through the enzymes OGT and OGA.

A single gene encodes OGT, however, three isoforms originate from alternative splicing.
The two predominant isoforms are nucleocytoplasmic OGT (ncOGT) and mitochondrial OGT
(mOGT), which contains an N-terminal mitochondrion targeting sequence. A short isoform of
OGT exists, but its functionality remains largely unclear. Until recently, global cellular O-

GlcNAcylation has been largely accredited to ncOGT; however, Banerjee et al. (2015) showed the

pyrimidine nucleotide carrier transports UDP-GIcNAc into the matrix and blocking this transporter
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lowers mitochondrial O-GlcNAcylation, which suggests robust O-GlcNAc cycling occurs within
mitochondria. Sacoman and colleagues (2017) were able to knockdown cellular OGT and mOGT
in HeLa cells by targeting unique sequences of the splice variants. Knockdown of mOGT altered
mitochondrial content, function, and membrane potential, however, knockdown of both mOGT
and ncOGT increased mitochondrial content and restored membrane potential. These data suggest
cross-talk between the two isoforms of OGT exist to mediate mitochondrial integrity and function,
yet its relation to nutrient status remains elusive.

Several metabolic enzymes are targets of O-GlcNAcylation. Phosphofructokinase-1
(PFK), a rate-limiting glycolytic enzyme, is inhibited by O-GlcNAcylation resulting in the
redirection of glucose to the pentose phosphate pathway (PPP) in cancer cells (Yi et al., 2012). O-
GlcNAcylation of glucose-6-phosphate dehydrogenase (G6PD), the rate limiting enzyme of the
PPP, increases its activity and glucose flux through the PPP in lung cancer cells (Rao et al., 2015).
Prolonged exposure of cells to glucose enhances cellular O-GIcNAcylation and subsequently
increases glycolytic flux (Marshall et al., 1991; Hanover et al., 1999; Bond and Hanover, 2015).
In cardiomyocytes, Hu and colleagues (Hu et al., 2008) reported several subunits of the electron
transport chain are O-GlcNAcylated in high glucose conditions, which decrease complex activity
and mitochondrial respiration (Hu et al., 2009). Interestingly, removal of O-GlcNAcylation in high
glucose conditions restores mitochondrial function to that of cells exposed to normal glucose.
These data show that elevated glucose availability signals an increase in O-GlcNAcylation of key
regulatory protens to modulate metabolism.

Glucose and glutamine are both considered rate limiting in the hexosamine biosynthetic
pathway, and as such are potent stimulators of UDP-GIcNAc synthesis and thus O-GlcNAcylation

(Walgren et al., 2003; Swamy et al., 2016). Excess free fatty acids also increase UDP-GIcNAc
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levels in rat skeletal muscle, although the subsequent glucose uptake and handling are markedly
different than that stimulated by excess glucose (Hawkins et al., 1997b). Hawkins and colleagues
(1997) suggested a mechanism in which an increase in acetyl-CoA decreases the rate of pyruvate
oxidation and inhibits PFK by an accumulation of tricarboxylic acid intermediates. Unfortunately,
further investigation into these findings have been neglected, and the fundamentals of fatty acids
in O-GlcNAcylation remain poorly defined. However, these data show UDP-GIcNAc levels
increase in response to several nutrients and their downstream metabolic adaptations vary
uniquely.

O-GlcNAcylation has been well documented in skeletal muscle and has emerged to have an
important role in maintaining proper skeletal muscle glucose handling and insulin sensitivity. As
skeletal muscle is the largest metabolically active tissue in the body and is responsible for the
majority of insulin-mediated glucose disposal, skeletal muscle O-GIlcNAcylation has become a
key player in global metabolism. Early investigations in muscle suggested a correlation between
nutrient abundance and insulin resistance in rodents. Indeed, overexpression of GLUT4 in skeletal
muscle results in chronic exposure of muscle to glucose, which is accompanied by greater UDP-
GlcNAc levels and the development of insulin resistance in mice (Buse et al., 1996). Further,
prolonged fatty acids and uridine exposure increase UDP-GIcNAc levels and reduce skeletal
muscle insulin sensitivity (Hawkins et al., 1997a; Hawkins et al., 1997b). Contrarily, ablation of
OGT, and thus O-GIcNAcylation, in skeletal muscle protects mice from high fat diet induced
obesity and insulin resistance (Shi et al., 2018). Collectively, these data document the existence of
intact hexamine biosynthesis signaling and O-GlcNAcylation in muscle and strongly argue that O-
GlcNAcylation is part of the complex nutrient sensing machinery that is critical for skeletal muscle

metabolism and global health.
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Skeletal Muscle as an Endocrine Organ

Skeletal muscle is one of the largest tissues in the body responsible for 70-90% of insulin-
mediated glucose disposal making it a major contributor to global metabolism (DeFronzo et al.,
1981; Shulman et al., 1990; Watt et al., 2006; Bostrom et al., 2012; Funai et al., 2013; Song et al.,
2013). As such, modulation of skeletal muscle metabolism (Izumiya et al., 2008; Meng et al.,
2013) and insulin sensitivity (Song et al., 2013) has been proven to be an effective means of
alleviating metabolic disorders. Further, muscle is also able to secrete cytokines, known as
myokines, to elicit endocrine and paracrine effects on other tissues in the body. Following the
discovery of interleukin-6 as a myokine, research uncovering other myokines surged in attempt to
find new therapeutic approaches to metabolic diseases. The myokine interleukin-15 (IL-15) was
discovered in 1994 due to its structural similarities to interleukin-2 (IL-2) (Grabstein et al., 1994)
and has since emerged as a potent anti-obesity myokine.

Signaling and secretion of IL-15 occurs in a unique manner relying on the formation of
complexes with its high-affinity receptor, interluekin-15 receptor alpha (IL-15ra). Co-expression
of IL-15 and IL15ra results in high levels of IL-15 protein within the cell and culture media;
however, expression of IL-15 alone resulted in low levels of IL-15 expression and an impaired
ability to translocate to the cell membrane (Bergamaschi et al., 2008). Therefore, complexing of
IL-15 and IL-15ra increases stabilty, secretion, and bioavaliabilty of IL-15 (Rubinstein et al.,

2006; Stoklasek et al., 2006; Bergamaschi et al., 2008). Global knockout of IL-15ra increased

muscle oxidative enzymes and reduced adipose tissue mass, initially suggesting IL-15ra is not
necessary for effective IL-15 secretion and modulation of global metabolism (Pistilli et al., 2011).
However, muscle-specific ablation of IL-15ra did not decrease body weight or fat mass and had

minimal impact on muscle oxidative enzymes (O'Connell et al., 2015). The reported differences
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in muscle and whole-body metabolism between the global and muscle specific knockout may be
attributed to the global knockout lacking IL-15rc in the central nervous system. IL-15 can cross
the blood-brain barrier (Wu et al., 2010b) and modulation of IL-15/IL-15ra impacts behavior
including sleep patterns (Kubota et al., 2001), anxiety behavior pathways (Wu et al., 2010a), and
antidepression pathways (Wu et al., 2011), which highlights the profound impacts of central
nervous system IL-15 on the body. The muscle-specific deletion of IL-15ra therefore defined its
importance in modulating muscle and global metabolism (O'Connell et al., 2015), presumably
through the stabilization and secretion of muscle IL-15.

The IL-15 gene encodes for two isoforms that produce identical proteins but have different
signal sequences. The long signal peptide isoform (LSP-IL15) harbours an ineffecient secretory
signal peptide and the short signal peptide isoform (SSP-IL15) is stored intracellularly in the
nucleus and cytoplasm (Tagaya et al., 1997). Replacement of the natural LSP with the efficient
secratory signal peptide of IL-2, driven by human skeletal actin promoter, greatly increased IL-15
expression in skeletal muscle and circulation, which resulted in a profound reduction in fat mass
with minimal impact on muscle mass (Quinn et al., 2009).

Prolonged stimulation of muscle by IL-15 evokes profound changes in muscle metabolism
and reduces adipositiy. Conversely, mice lacking a functional ///5 gene are obese (Barra et al.,
2010). Treatment of muscle with IL-15 increased skeletal muscle glucose uptake and GLUT4
expression (Busquets et al., 2006), suggesting skeletal muscle IL-15 amelorates insulin sensitivity.
Further, admininstration of IL-15 to rat muscle for 7 days decreased white fat 33% and circulating
trigylcerides 20% (Carbo et al., 2001), indicating muscle IL-15 may augment insulin sensitivity
through an increase in fatty acid metabolism and oxidative capacity. Indeed, overexpression of

skeletal muscle IL-15 increases PGCla, SIRT1, and UCP2 expression (Quinn et al., 2013), all
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highly indicative of a shift to a more oxidative phenotype. Additionally, respiratory control ratio
decreased in mice overexpressing skeletal muscle IL-15 (Quinn et al., 2013), which is consistent
with a shift to preferentially utilize fatty acids as a lipid source rather than glucose. While IL-15
has little effect on skeletal muscle accretion (Quinn et al., 2009; Pistilli and Quinn, 2013), it
mobilizes energy substrates from other tissue repositiories to support its needs and subsequently
improve whole body metabolism.

Metabolic and Nutritional Regulation of Satellite Cells

Adult skeletal muscle contains a heterogeneous population of stem cells, known as satellite
cells (SCs), that contribute to postnatal muscle growth, maintenance, and repair (Mauro, 1961;
Moss and Leblond, 1971; Kuang et al., 2007; Lepper et al., 2011). Adult SCs are predominately
in a quiescent state and can activate to support several rounds of proliferation before undergoing
self-renewal or terminal differentiation (Schultz et al., 1978; Snow, 1978). Orchestration of these
behaviors are tightly synchronized by integrated signaling cascades that relay unfolding intrinsic

and extrinsic stimuli.

Intrinsically, metabolic reprogramming is a strong regulator of SC behavior, during which
metabolic shifts occur to accommodate demands of different growth stages. Quiescent SCs have a
relatively low metabolic rate but can be separated into two distinct metabolic populations. The
population with a lower metabolic rate has a delayed cell cycle entry, a slower mitotic rate, and
are less transcriptionally primed for myogenic commitment. Contrarily, the population with higher
metabolic activity are more responsive to activation (Rocheteau et al., 2012). Once activated, SCs
begin to proliferate, accompanied by an increase in glycolysis and glutaminolysis to meet energy
demands and support macromolecule biosynthesis, which is essential for proliferating cells (Lunt

and Vander Heiden, 2011). Within 48 hrs of differentiation, mitochondrial content and oxidative
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capacity increase to shift to a more oxidative metabolism (Moyes et al., 1997; Remels et al., 2010).
Disruption of this shift through inhibition of mitochondrial protein synthesis (Korohoda et al.,
1993; Hamai et al., 1997; Rochard et al., 2000), mitochondrial fission (Bloemberg and
Quadrilatero, 2016), mitochondrial DNA replication (Brunk and Yaffe, 1976; Herzberg et al.,
1993), or inhibition of OxPhos confines myoblast to a proliferative, single cell state and obstructs

myoblast differentiation.

Glucose oxidation is also required for efficient myogenic differentiation and preventing
glucose entry into the TCA cycle through deletion of pyruvate dehydrogenase inhibits
differentiation (Hori et al., 2019). Glucose restriction in myoblasts activates AMPK-activated
protein kinase (AMPK) (Fulco et al., 2008), a cellular sensor of metabolic stress regulated by
changes in AMP and ATP levels. Activation of AMPK with the drug AICAR reduces G1/S cell
cycle progression and inhibits myotube formation (Williamson et al., 2007). On the other hand,
deletion of AMPKal in SCs impairs adult regenerative myogenesis, and SCs lacking AMPKal
transplanted into WT muscles have a diminished myogenic capacity (Fu et al., 2016). In addition
to impaired regeneration, these cells proliferate more slowly in culture (Fu et al., 2015), which was
attributed to the loss of AMPK obstructing Warburg-like glycolysis. In proliferating cells, an
increase in Warburg-like glycolysis is stimulated by AMPK through a decrease in ATP to ADP
ratios to support proliferation, whereas non-proliferating cells have a higher ratio of ATP to ADP
accompanied by greater mitochondrial function (Maldonado and Lemasters, 2014). Collectively,
these findings highlight the importance of AMPK translating cellular energy status to modulate

myoblast metabolism for efficient myogenic progression.

Extrinsically, conditions of nutrient excess or scarcity are also perceived by SCs and alter

their behavior accordingly. High circulating levels of amino acids promote SC lineage progression
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through the mTOR pathway (Dai et al., 2015), a cellular nutrient sensor that regulates protein
synthesis rates. For example, supplementation of lysine, the first limiting amino acid in high
carbohydrate diets (Li et al., 2012; Zeng et al., 2013), increases mTOR activity, which suppress
proteolysis through the autophagic-lysosomal system (Sato et al., 2014) and increases SC
proliferation (Jin et al., 2019). Further, leucine supplementation promotes proliferation,
differentiation, and skeletal muscle regeneration through the mTORCI1 pathway (Pereira et al.,
2014; Dai et al., 2015), and leucine restriction inhibitions differentiation (Averous et al., 2012).
Inhibition of mTOR in myoblasts cultured in high leucine concentrations decreases proliferative
capacity and protein synthesis (Han et al., 2008). Further, disruption of this nutrient sensing
through the conditional deletion of mTOR in adult satellite cells impairs SC proliferation,
differentiation, and muscle regeneration (Zhang et al., 2015). Collectively, these findings show the
mTOR pathway is essential to translate fluctuations in nutrient abundance to modulate myoblast
behavior. In addition to promoting protein synthesis to support myogenesis, mTOR also regulates
myogenesis through the expression of several myogenic regulatory factors including Myf5 and
MyoD (Averous et al., 2012; Hatfield et al., 2015; Zhang et al., 2015), which play a role in SC
activation and transient proliferation (Braun et al., 1992; Rudnicki et al., 1992; Ustanina et al.,
2007), and myogenin, which is required for terminal myoblast differentiation (Hasty et al., 1993;
Nabeshima et al., 1993). Collectively, these findings demonstrate the necessity of adequate

nutrients and mTOR activation for proper SC function.

On the other hand, overfeeding or excessive substrate availability negatively impacts SC
function (Peterson et al., 2008; D'Souza et al., 2015; Fausnacht et al., 2020). For example, high
levels of glucose inhibits myogenic differentiation (Grzelkowska-Kowalczyk et al., 2013) and

induces insulin resistance in C2C12 myotubes, which is accompanied by a decrease in Akt
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phosphorylation (Luo et al., 2019). Activation of the PI3K/Akt pathway is essential for efficient
glucose uptake, and pharmacological activation of Akt rescues myogenic differentiation in cells
exposed to high glucose (Luo et al., 2019), whereas inhibition of PI3K (Tureckova et al., 2001) or
Akt (Luo et al., 2019) recapitulates the high glucose phenotype and inhibits differentiation. These
findings demonstrate the PI3K/Akt pathway can “sense” changes in nutrient concentrations to alter
SC behavior. Alternatively, short-term calorie restriction improves SC function and increases
oxidative metabolism (Cerletti et al., 2012). However, discrepancies in the effectiveness and
response to caloric restriction have been reported in regards to sex, age, and length of restriction

(Boldrin et al., 2017; Abreu et al., 2020).

Summary

Improvements in skeletal muscle metabolism and insulin sensitivity enhances whole-body
metabolism and can ameliorate metabolic diseases. Skeletal muscle plasticity is contingent upon
highly integrated signaling cascades that sense and respond to intrinsic changes in energy status
and extrinsic nutritional cues. Elucidation of these signaling cascades will provide novel
therapeutic targets to regulate skeletal muscle metabolism and alleviate a multitude of metabolic
disorders. Specifically, greater oxidative capacity increases glucose clearance rates, fatty acid
oxidation, and resting metabolic rate (Zampino et al., 2020), which provides substantial protection
against metabolic disorders. However, it is important to consider the consequences on muscle
mass, as oxidative muscles have lower rates of protein accretion and therefore a smaller size. In
contrast, glycolytic metabolism permits greater hypertrophy as glycolytic substrates can “branch
off” as anabolic intermediates for biosynthetic processes, whereas oxidative substrates are
metabolized in the tricarboxylic acid cycle which expels carbon, a counterproductive exchange.

Although glycolytic metabolism permits greater hypertrophy, diminished muscle oxidative
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capacity is detrimental to whole-body metabolism. Nonetheless, enhanced muscle oxidative
capacity can be accompanied by hypertrophy (Scheffler et al., 2014). Therefore, a deeper
understanding of the nutrient responsive pathways, such as O-GlcNAcylation and the PI 3-
kinase/Akt/mTOR pathway, that dictate skeletal muscle metabolism and growth will empower

scientist to improve quality of life and ameliorate metabolic disorders.
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Abstract

Objective

Given that cellular O-GIcNAcylation levels are thought to be real-time measures of cellular
nutrient status and dysregulated O-GIcNAc signaling is associated with insulin resistance, we
evaluated the role of O-GlcNAc transferase (OGT), the enzyme that mediates O-GlcNAcylation,
in skeletal muscle.

Methods

We assessed O-GIcNAcylation levels in skeletal muscle from obese, type 2 diabetic people,

and we characterized muscle-specific OGT knockout (mKO) mice in metabolic cages and

measured energy expenditure and substrate utilization pattern using indirect calorimetry. Whole
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body insulin sensitivity was assessed using the hyperinsulinemic euglycemic clamp technique and
tissue-specific glucose uptake was subsequently evaluated. Tissues were used for histology, qPCR,
Western blot, co-immunoprecipitation, and chromatin immunoprecipitation analyses.
Results

We found elevated levels of O-GlcNAc-modified proteins in obese, type 2 diabetic people
compared with well-matched obese and lean controls. Muscle-specific OGT knockout mice were
lean, and whole body energy expenditure and insulin sensitivity were increased in these mice,
consistent with enhanced glucose uptake and elevated glycolytic enzyme activities in skeletal
muscle. Moreover, enhanced glucose uptake was also observed in white adipose tissue that was
browner than that of WT mice. Interestingly, mKO mice had elevated mRNA levels of //15 in
skeletal muscle and increased circulating IL-15 levels. We found that OGT in muscle mediates
transcriptional repression of ///5 by O-GlcNAcylating Enhancer of Zeste Homolog 2 (EZH?2).
Conclusions

Elevated muscle O-GIcNAc levels paralleled insulin resistance and type 2 diabetes in
humans. Moreover, OGT-mediated signaling is necessary for proper skeletal muscle metabolism
and whole-body energy homeostasis, and our data highlight O-GlcNAcylation as a potential target
for ameliorating metabolic disorders.

Keywords: O-GIcNAc signaling, Type 2 diabetes, N-acetyl-d-glucosamine, Tissue cross talk,
Epigenetic regulation of //15 transcription, Insulin sensitivity
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Introduction

Protein modification by O-linked B-D-N-acetylglucosamine (O-GIcNAc) is a post-
translational event that results in the transfer of a sugar derivative emanating from the hexosamine
biosynthetic pathway to a variety of cellular proteins (Bond and Hanover, 2013). Several lines of
evidence support the notion that the addition and removal of an O-GIcNAc moiety from serine and
threonine hydroxyls by O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA), respectively,
serve as an integrated cellular nutrient sensor. First, the amount of O-GIcNAc-modified cellular
proteins increases in response to elevated nutrient and energy availabilities (Slawson et al., 2010).
Second, the activity of key signaling molecules in the canonical insulin signaling pathway, such
as the B subunit of the insulin receptor, IRS1, IRS2, p85 and p110 subunits of PI3K, PDK1, and
Akt is generally inhibited by OGT-dependent O-GlcNAcylation (Issad et al., 2010; Lefebvre et al.,
2010; Xu et al., 2012; Ruan et al., 2013; Bullen et al., 2014). Third, transcription co-factors such
as FOXOI1 and PGC-1a, which are master regulators of gluconeogenesis and lipid metabolism,
respectively, are targeted by OGT which results in the stabilization of the proteins (Ruan et al.,
2012). Fourth, OGT and the energy sensor AMP-activated protein kinase (AMPK) physically
interact and mutually modify each other's function and/or localization (Bullen et al., 2014; Xu et
al., 2014). Accordingly, dysregulation of cellular O-GIcNAcylation may be involved in the
pathogenesis of a number of metabolic diseases, including obesity and type 2 diabetes (Hanover
et al., 2012; Harwood and Hanover, 2014). This is evidenced by findings showing critical roles of
O-GlcNAcylation status in AgRP and a-CaMKII positive neurons for maintaining whole body

energy balance in mice (Ruan et al., 2014; Lagerlof et al., 2016).

Skeletal muscle is an important metabolic tissue and plays essential roles in locomotion and

thermogenesis, both having significant impacts on global glucose metabolism and insulin
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sensitivity (Watt et al., 2006; Bostrom et al., 2012; Funai et al., 2013; Song et al., 2013). Skeletal
muscle utilizes a highly complex set of intercalated and coordinated signaling mechanisms to
respond to altered environmental nutritional cues (Baskin et al., 2015; Hardie et al., 2016; Ross et
al., 2016). Previous studies have suggested that dysregulated O-GlcNAc signaling in skeletal
muscle is associated with the development of several metabolic diseases. For example, over-
expression of OGT in muscle and adipose tissue causes insulin resistance and impairs glucose
transport, respectively (McClain et al., 2002; Love and Hanover, 2005). In addition,
overexpression of OGA, which eliminates O-GIlcNAcylation, impairs myogenesis and induces
muscle atrophy (Huang et al., 2011; Ogawa et al.,, 2012). These findings suggest that O-
GlcNAcylation may be part of a complex signaling mechanism within skeletal muscle that is
responsible for monitoring cellular nutrient availability and conveying this information to
downstream targets to induce metabolic adaptation. Apart from the studies mentioned above,
however, the precise role of O-GIlcNAcylation in skeletal muscle remains largely unexplored.
Herein, we show that skeletal muscle from type 2 diabetic humans has elevated O-GlcNAcylation
levels compared with matched controls. Moreover, we show that knockout of OGT in skeletal
muscle in mice causes alterations of muscle metabolism that improves whole-body insulin
sensitivity and increases energy expenditure. We propose a mechanism whereby lack of OGT
results in perturbed regulation of ///5 expression, which subsequently drives the observed

phenotype.

Materials and methods

Human Samples

Human skeletal muscle samples were obtained from a previous study (Hojlund et al.,

2009). In short, muscle samples were obtained from the vastus lateralis muscle (Bergstrom needle
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biopsy) before and after a 4-hour euglycemic hyperinsulinemic clamp (40 mU * m™2 * min™!)
under local anesthesia. Muscle biopsy samples were quickly blotted free of blood and frozen in
liquid nitrogen. Muscle lysates were prepared from freeze-dried muscle dissected free of visible
blood, fat, and connective tissue and homogenized as previously described (Birk and
Wojtaszewski, 2006). Lysates were collected from the supernatant of homogenates centrifuged for
20 min at 16,000 g and 4 °C. Total protein content in lysates was analyzed by the bicinchoninic
acid method (ThermoFisher Scientific). Muscle lysates were prepared in Laemmli buffer and
heated for 10 min at 96 °C after which equal amounts of protein were separated by SDS-PAGE.

Proteins were transferred to PVDF membranes and incubated with the indicated antibodies.

Animals

Mice were generated and experiments performed at either the Novo Nordisk Foundation
Center for Basic Metabolic Research, University of Copenhagen, or Virginia Polytechnic Institute
and State University. Muscle specific Ogt deletion was achieved by breeding HS4%;
Ogt+®Y (JaxMice, strain: B6.Cg-Tg(ACTAIl-cre)79Jme/J) males with Ogro"Lf females to
generate HSA" ; Ogt*>*Y (WT) and HSA“" ; Ogt+>®¥ (mKO) mice. Inducible muscle-specific
OGT knockout mice were generated by breeding HSA-rtTA / TRE-Cre (JaxMice, strain B6; C3-
Tg(ACTAI1-1tTA,tetO-Cre)102Monk/J) male mice with Og¢-"Lx? females. All procedures were
approved by the Danish Animal Experiments Inspectorate and complied with the European
convention for protection of vertebrate animals used for scientific purposes (EU Directive
2010/63/EU for animal experiments), or they were approved by Institutional Animal Care and Use
Committee of the Virginia Polytechnic Institute and State University and complied with the
National Institutes of Health guidelines (NIH Publications No. 8023). Mice were group-housed in

an enriched environment with a 12 h light:12 h dark cycle with ad libitum feed (#1310, Altromin
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for mice at University of Copenhagen, and #2918, Envigo for mice at Virginia Polytechnic
Institute and State University) and water in a temperature-controlled (22 °C = 1 °C) room. Mice
used for HFD study were fed Teklad rodent diets (#TD.06414, Envigo) with 60% calories coming
from fat. The fatty acid profile (% of total fat) is as follows: 37% saturated, 47% monounsaturated,
16% polyunsaturated. The control diet was the standard chow (#2918, Envigo). Mice were fed

HFD or normal chow from 4 weeks of age for the indicated weeks.

Whole body metabolic assessment

Whole body metabolic phenotyping was performed at Virginia Tech Metabolic
Phenotyping Core using the TSE LabMaster Indirect Calorimetry System. For acclimation
purpose, mice were housed in a mock LabMaster cage for one week before they were transferred
to recording cages to measure locomotor activity and indirect calorimetry. Mice were fed ad
libitum during the indicated experimental period. Cage activity, energy expenditure normalized to
lean body mass, and respiratory exchange rates were recorded for a 48-h period at the interval of
20 min. Whole body composition was measured by MRI (Minispec Whole Body Composition
Analyzer, Bruker). Rectal temperature was recorded at 4PM using an ETI Microtherma 2 Type T
thermometer (ThermoWorks). The probe was inserted into the anal ducts of the mice (around 2 cm)
when animal was awake in the absence of anesthesia.

Histology and immunohistochemistry

Muscle, WAT, liver, and pancreas were collected from WT and mKO mice and fixed in
10% neutral buffered formalin (0.4% sodium phosphate monobasic, 0.65% sodium phosphate
dibasic, 10% formalin, pH 6.8) overnight. The tissues were then washed twice in 70% ethanol, and
paraffin-embedded. For H&E staining, tissue sections were de-paraffinized with two exchanges of

xylene, rehydrated in 100%, 95%, and 70% ethanol respectively. After a brief wash in water,
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sections were stained in Harris hematoxylin for 8 min, washed in running water for 1 min, soaked
in 0.2% ammonia water for 1 min. After washing in running water for 5 min, the tissue sections
were rinsed in 95% ethanol for 10 s. Sections were then counterstained with eosin solution for
30 s, dehydrated in 95% ethanol, 100% ethanol, and xylene, and mounted for microscopy. For
immunohistochemical staining, paraffin-embedded sections were de-paraftinized and re-hydrated,
and antigen was retrieved by heating the sections in boiling sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween 20, pH 6.0) for 30 min. After cooling down at room temperature for 20 min,
tissue sections were blocked in 5% goat serum for 1 h at room temperature before applying primary
antibodies anti-UCP1 (#10983 Abcam) or anti-succinate dehydrogenase (#14715 Abcam), 1:200
diluted in 5% goat serum. After incubation in the primary antibody overnight at 4 °C, sections
were washed in 1 x PBS three times with 5 min each. The sections were then incubated in Alexa
Fluor 488 conjugated goat anti rabbit IgG (#A-11078 ThermoFisher Scientific) or Alexa Fluor 555
goat anti mouse IgG (#A-21424 ThermoFisher Scientific) highly cross-absorbed antibodies,
respectively, for 1 h at room temperature, washed in PBS, and mounted in fluorescent mounting
medium for microscopy. Images were taken using a Nikon ECLIPSE Ti-E fluorescent microscope
(Nikon Instruments).

Ex vivo EDL and soleus muscle contractility assay

Isolated soleus and extensor digitorum longus (EDL) muscles from male mice (12-16
weeks of age) were used for muscle contractility assays. Muscles were incubated at 30 °C in
oxygenated (95% O2 and 5% CO2) physiological salt solution as previously described in (Wolff
et al., 2006) for Figure IM—P and in (Treebak et al., 2009) for Figure 1Q-T. The buffer was
continuously oxygenated with 95% O2 and 5% CO2 during the incubation period and maintained

at 30 °C. For results shown in Figure IM-P, muscles were set to an initial resting tension of 10 mN
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(optimal length, LO; 300B, Aurora Scientific) and maintained by a stepper motor. Dynamic Muscle
Control software (DMC Version 4.1.6, Aurora Scientific) was used to control the force and
position inputs of the servomotor arm and the stepper motor. For results shown in Figure 1M-0,
the stimulated muscle was subjected to 3 isometric twitches and two tetani (150 Hz) each separated
by 1 min. For Figure 1P, the muscle was subjected to a force frequency protocol consisting of 6
stimulations of increasing frequency (1, 30, 50, 80, 100, and 150 Hz), one min apart. For results
shown in Figure 1Q-T, muscles were incubated in a muscle strip myograph system (820MS, DMT,
Denmark) at a 5-6 mN tension. Muscles were stimulated to contract using the following protocol:
stimulus frequency 100 Hz; stimulus width 0.2 ms; stimulus train duration 1 sec train every 15 sec.
The total stimulation protocol was 9 min.

Hyperinsulinemic euglycemic clamp experiments

The hyperinsulinemic euglycemic clamp was performed in conscious, unrestrained male
mice at 17-19 weeks of age as previously described (Jensen et al., 2016). For the surgical
catheterization, mice were anesthetized with isoflurane (2.5% for induction, 1.5% for
maintenance). Lidocain (7 mg/kg; Xylocain, AstraZeneca, Sweden) and Carprofen (10 mg/kg;
Rimadyl, Pfizer, USA) were administered preoperatively for analgesia. All surgical procedures
were conducted using strictly aseptic techniques. The carotid artery and jugular vein were
cannulated and the catheters were externalized on the back (caudal to the scapulae) with a dual
channel vascular access button (Instech, PA, USA). After surgery, the catheters were locked with
heparinized saline (200 U/mL) and the animals recovered for 6—7 days. Body weight was recorded
before and 24 h after the operation and on the day of the clamp. The inclusion criteria following
surgery were a weight loss of less than 10% and a hematocrit above 35% by day 6-7. All mice

fulfilled these criteria. On the day of the clamp experiment, mice were fasted for 5 h starting at
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7:30 AM (t =—300 min) by placing them in a clean cage with bedding and nesting material, and
free access to water. At t =—120 min the mice were placed in a new cage of ~20 x 20 cm, the
catheters were flushed with heparinized saline (10 U/mL) and the mice were connected to the
infusion lines. A tracer equilibration period was started at t = —90 min by infusion of a 1.2 uCi
priming dose of [3-3H]glucose (Product no. NET331C005 MC; Perkin Elmer, USA) followed by
a constant 0.04 uCi/min infusion of [3-3H]glucose for 90 min. Blood samples were collected for
the assessment of baseline hematocrit level (40 uL) as well as basal glucose levels and turnover
rates at t=—15min (50 uL) and —5 min (100 pL), respectively. The clamp was initiated at
t=0 min with continuous infusions of human insulin (4 mU/kg/min; Actrapid, Novo Nordisk,
Denmark) and washed red blood cells obtained from a donor mouse to compensate for the blood
loss due to repeated sampling (5 pL/min of 50% RBC in 10 U/ml heparinized saline). Blood
glucose was measured every 10 min (Contour XT; Bayer, USA) and euglycemia was maintained
by adjusting a variable infusion of 50% glucose containing 0.06 pCi/uL of [3-3H]glucose tracer.
Between t = 80 and t = 120 min blood samples (50—-100 pL) were collected in 10 min intervals and
processed for determination of [3-3H]glucose specific activity. At t =110 min hematocrit was
measured again to ensure that hematocrit levels were stable. At t =120 min a 12 uCi bolus of 2-
[1-14C]-deoxy-d-glucose (Product no. NEC495250UC; Perkin Elmer, USA) was injected and
blood samples were collected at t = 122, 125, 135, 145, and 155 min, respectively. These samples
were processed for determination of 2-[ 1-14C]-deoxy-d-glucose specific activity. After the final
blood sample, mice were euthanized with a lethal dose of pentobarbital and tissues were collected
and snap-frozen in liquid nitrogen. The tissues were processed for determination of 2-[1-14C]-
deoxy-d-glucose specific activity in order to calculate tissue-specific glucose uptake.

Clamp sample processing and calculations
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Plasma samples were deproteinized with Ba(OH); and ZnSO4, and aliquots of each
supernatant were transferred to 2 scintillation vials. To determine plasma [3-3H]glucose, one of
the aliquots was dried and resuspended in MilliQ water to remove 3H>O and the other was counted
directly (Hidex 300 SL). Supernatants for 2-[1-14C]-deoxy-d-glucose determinations were
counted directly. Total plasma glucose concentration was determined by adding a reaction mix
(200 mM Tris—HCI, 500 mM MgCI2, 5.2 mM ATP, 2.8 mM NADP, and 148 pg of a hexokinase
and G6PDH mixture (Roche, Germany) pH 7.4) to each sample and measuring absorbance at
340 nm. Parameters related to glucose turnover rates (Ra, Rd, endoRa, glycolysis) were calculated
as previously described (Ayala et al., 2006). Tissues were homogenized in ice-cold lysis buffer
(pH 7.4, 10% glycerol, 1% IGEPAL, 50 mM Hepes, 150 mM NaCl, 10 mM NaF, 1 mM EDTA,
I mM EGTA, 20 mM sodium pyrophosphate, 2 mM sodium orthovanadate, 1 mM sodium-
pyrophosphate, 5 mM nicotinamide, 4 UM Thiamet G, and protease inhibitors (SigmaFast)).
Aliquots of each crude homogenate were transferred to two 1.5 mL tubes and deproteinized with
4.5% perchloric acid or Ba(OH); + ZnSOs4. Supernatants were transferred to scintillation vials and
counted to determine 2-[1-14C]-deoxy-d-glucose content. Tissue-specific glucose uptake rates
were calculated as described previously (Ferre et al., 1985).

Insulin and glucose tolerance test

Mice were fasted for four hours before insulin tolerance test (ITT). Bovine insulin (Sigma)
was prepared in sterile saline and intraperitoneally injected at the dosage of 1 U/kg body weight.
Blood glucose level was measured at 0, 15, 30, 60, 90, and 120 min after insulin injection using
OneTouch Ultra2 test strip and glucometer. For glucose tolerance test (GTT), mice were fasted
overnight (16 h) before the experiment, glucose was intraperitoneally injected at the dosage of

2 g/kg body weight, and blood collection and measurement were the same as ITT.

52



Skeletal muscle mitochondrial isolation

Isolation of mitochondria from skeletal muscle was performed as previously
described (Frezza et al., 2007). Briefly, quadriceps femoris and gastrocnemius muscles were
collected in buffer containing 67 mM sucrose, 50 mM Tris/HCI, 50 mM KCI, 10 mM EDTA/Tris,
and 10% BSA (Sigma). Before homogenization, muscle samples were minced with scissors, and
digested in PBS containing 0.05% trypsin (Invitrogen) and 10 mM EDTA (Sigma) for 30 min.
Muscles were homogenized with a Teflon pestle at the speed of 1,600 rpm and mitochondria were
isolated by differential centrifugation.

Respirometry of isolated mitochondria

Mitochondrial respiration was measured using an XF24 extracellular flux analyzer
(Seahorse bioscience) as previously described (Gerencser et al., 2009). Freshly isolated
mitochondria were seeded at 5 pg per well in a Seahorse XF Cell Culture Microplate. Mitochondria
were suspended in a sucrose/mannitol solution containing pyruvate (10 mM) and malate (5 mM).
Mitochondria were mixed for 25 sec before the measurement cycles. Oxygen consumption rates
(OCRs) at basal conditions (state 2), ADP (5 mM) stimulation (state 3), ADP exhaustion (state 4),
oligomycin (2 uM) induction (state 4°), and FCCP (0.3 uM) induction were measured to assess
mitochondrial oxidative capacity. All experiments were performed at 37 °C.

Fatty acid oxidation and PDH activity assay

Fatty acid oxidation was assessed in muscle homogenates as previously described (Frisard
et al, 2010). Briefly, [1-'*C]-palmitic acid (Perkin Elmer) was used as the
substrate, '*CO, production and “C-labeled acid-soluble metabolites were measured by liquid

scintillation counting. Pyruvate dehydrogenase (PDH) activity was assayed using [1-'*C]-
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pyruvate as substrate, enzyme catalyzed release of '*CO; was counted to reflect PDH enzyme
activity.

Citrate synthase (CS) and malate dehydrogenase (MDH) activity assay

CS and MDH activities were determined as previously described (Frisard et al., 2010). CS
activity was determined by the rate of DNTB reduction upon exposure to acetyl CoA, the product
(TNB) is measured spectrophotometrically at 412 nm. Malate dehydrogenase (MDH) activity was
determined by the rate of NADH oxidation in the presence of oxaloacetate and measured at
340 nm.

Western blot analysis

Skeletal muscle samples used in Figure 7, Figure 8 were lysed in RIPA buffer (in mM: 200
NacCl, 20 Tris-Cl at pH 8.0, 1 EDTA, 1 EGTA, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 2.5 sodium pyrophosphate, 1 B-glycerol phosphate, 1 NazVOs, and protease inhibitor
cocktail (Sigma) and protein concentration was determined using a Bicinchoninic Acid (BCA)
Protein Assay kit (Pierce). All other tissue samples were processed using steel bead
homogenization (Tissue Lyser II, Qiagen) in ice-cold lysis buffer (pH 7.4; 10% glycerol; 1%
IGEPAL; Hepes, 50 mM; NaCl, 150 mM; NaF, 10 mM; EDTA, 1 mM; EGTA, 1 mM; sodium
pyrophosphate, 20 mM; sodium orthovanadate, 2 mM; sodium-pyrophosphate 1 mM;
nicotinamide 5 mM; Thiamet G 4 uM and protease inhibitors (SigmaFast, Sigma Aldrich)
according to manufacturer's instructions). Equal amounts of protein were separated using SDS-
PAGE and transferred to PVDF membranes. Antibodies used for Western blot analyses were: anti-
OGT (#SAB2101676 Sigma), anti-O-GlcNAc (#2739 Abcam), anti-ATP synthase 3 subunit (#A-
21351 ThermoFisher Scientific), anti-succinate dehydrogenase A subunit (SDHA) (#14715

Abcam), OGT (#5368 CST), O-GlcNAc (CTD110.6 #9875 CST), OGA (#124807 Abcam),
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Hexokinase II (#2867 CST), PFK1 (#166722 Santa Cruz Biotechnology (SCBT)), PDH (#C54G1
CST), PDH pS293 (#ABS204 Millipore), PDH pS300 (#ABS194 Millipore), ACC pS79/257
(#07-300 Millipore), Insulin receptor B (#3025 CST), IRS1 (#23822 CST), AKT 1/2/3 (#9272
CST), AKT pT308 (#9275 CST), AKT pS473 (#9271 CST), AKT1 (#5298 SCBT), TBC1D4
(#07-741 Millipore), TBC1D4 pS711 (Custom), TBC1D4 pS324 (Custom), ATGL (#2138 CST),
HSL (#4107 CST), HSL pS563 (#4139 CST), GFAT1 (#125069 Abcam), GLUT4 (#PA1-1065
Thermo Fisher).

Metabolomics analysis

OGT mKO (n=10) and WT (n=8) mice underwent a hyperinsulinemic euglycemic
clamp. Following this procedure muscle samples were collected, frozen in liquid nitrogen, and
stored at —80 °C. Whole muscle sample was pulverized under liquid nitrogen and 30 + 3 mg (exact
mass was noted) underwent metabolomics analysis. Methanol at concentrations 50%, 80%, and
100% with water was used for the metabolites extraction from the muscles. Metabolites were
profiled using liquid chromatography combined with mass spectrometry. Following data
bucketing and normalization, student t-test with false discovery rate analysis was performed.
Detailed metabolomics analysis is available in the Supplementary Materials.

Quantitative RT-PCR

Directzol RNA Miniprep Kit (Zymo Research) was used to extract total RNA from skeletal
muscle or adipose tissue. High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher
Scientific) was used to perform reverse transcription. Fast SYBR Green Master Mix (Thermo
Fisher Scientific) and 7500 Fast Real Time PCR System (Thermo Fisher Scientific) were used to
carry out qPC reaction. Primers used in this paper were published elsewhere (Kim et al., 2013).

Quantification was performed using AACT method.
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Muscle extract collection and SVF cell isolation

Muscle extracts were collected by isolating both WT and mKO gastrocnemius muscles and
placing them in DMEM for 2 h at 37 °C with 80rpm agitation. The conditioned media were
collected, and protein concentration determined. The conditioned media were mixed with SVF cell
differentiation media to assess the effect of muscle extracts on SVF cell differentiation. For SVF
cell isolation, inguinal WATSs were collected from adult C57BL/6J mice, minced, and transferred
to digestion medium (Ham's F10 medium containing 500 units per mL collagenase II 10% horse
serum, 1% penicillin/streptomycin, and 0.1% gentamycin) for 1 h at 37 °C with 80 rpm agitation.
To stop the digestion, complete medium (DMEM containing 10% FBS and 1%
penicillin/streptomycin) was added followed by triturating 20 times to generate a homogenous
mixture. The cells were centrifuged at 450 g for 5 min, and the supernatant was discarded. The
pellet containing the SVF cells was re-suspended in complete medium, filtered through a 40 uM
cell strainer, and the throughput was centrifuged. The pellet was re-suspended in complete medium
and plated onto a 15 cm collagen-coated dish. Two hours later the cells were washed with PBS to
remove alternate cell types. After reaching confluence, the cells were re-plated on 12-well
collagen-coated dishes at 1,000 cells per mm?. Twenty-four hours after plating, cells were changed
to induction medium (complete medium containing 5 pg/ul insulin, 1 nM 3,3',5-triiodo-I1-
thyronine, 125 uM indomethacin, 2 pg/mL dexamethasone, and 0.5 mM 3-isobutyl-1-
methylxanthine), mixed with WT and mKO muscle extracts in the presence or absence of IL15
antibody. After 72 h the cells were changed to maintenance medium (complete medium containing
5 pg/pL insulin and 1 nM 3,3’,5-triiodo-1-thyronine) with muscle extracts with or without IL15

antibody. After 96 h, the cells were fixed with 10% formalin, stained with Oil Red O, and imaged.

Immunoprecipitation (IP)
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For IP, gastrocnemius muscles were isolated from mice, minced and homogenized in NP40
lysis buffer (50 mM Tris—HCl, 1% NP40, 150 mM NaCl, 1 mM EDTA) in the presence of 1 mM
PMSF, 1 pug/mL leupeptin, 1 ug/mL aprotinin, 1 pg/mL pepstatin, 1 mM Na3VOs, 1 mM NaF, and
40 uM PUGNACc. Antibodies against O-GIcNAc (Abcam, RL2) and EZH2 (Abcam) were
incubated with 500 pg of total protein overnight at 4 °C with agitation, respectively. The immune
complexes were incubated with protein A beads, washed, and eluted using sample buffer for
further immunoblotting analysis.

Chromatin immunoprecipitation (ChIP)

ChIP was performed as previously described (Nelson et al., 2006). The precipitated
chromatin was purified and DNA was quantified using quantitative RT-PCR. The ChIP-grade
antibodies against O-GlcNAc, EZH2, and H3K27me3 were bought from Abcam. Primers for
the 7/15 promoter were as follows: forward GCC TGT TTG GGA ACA GTA AAC,; reverse CAA
CTT AAA GAT GCT GCC TTA CC.

Statistical analyses

Results are presented as means + SEM. Levene's test for homogeneity of variances was
performed prior to statistical comparisons between groups. Data were logl0 transformed if
Levene's test was significant. In all cases, this was sufficient to obtain equal variance. Comparison
between two groups was performed using Student's 7 test with two-tailed distribution. For
multiple-group comparisons, one-way and two-way ANOV As were used to test for no differences
among the group means. In case of significant interactions, Tukey's multiple comparison test was
performed post hoc. p < 0.05 was considered statistical significant.

Results

Type 2 diabetes is associated with elevated O-GlcNAcylation levels in skeletal muscle
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We hypothesized that increased blood glucose concentrations observed in type 2 diabetic
people would result in elevated O-GlcNAcylation of proteins in skeletal muscle. Vastus lateralis
muscle biopsies were obtained before and after a 4-hour hyperinsulinemic euglycemic clamp from
well-matched lean, obese, and obese, insulin resistant type 2 diabetic patients (Hojlund et al.,
2009). We found that ‘global’ O-GlcNAcylation levels were significantly increased in type 2
diabetic people independent of insulin compared with controls (Figure 2-1A). Moreover, we
quantified protein abundance of key O-GlcNAc-related enzymes OGT, OGA, and
glutamine:fructose-6-phosphate amidotransferase (GFAT), all of which showed no difference in
total protein abundance (Supplementary Figure 2-1 A-C). These data show that O-GlcNAcylation
increases in muscle tissue with blood glucose levels and suggest that skeletal muscle OGT may be
involved in the development of insulin resistance and type 2 diabetes in humans. These data
prompted us to investigate further the role of OGT in skeletal muscle.

Mice lacking muscle OGT have a lean phenotype

To assess the role of OGT in skeletal muscle, we bred male mice harboring Cre recombinase
the expression of which was driven by the human skeletal a-actin promoter (HSA-Cre mice)
with Ogt floxed homozygous female mice to generate muscle-specific hemizygous OGT knockout
(mKO) and wild type (WT) mice. OGT was ablated in skeletal muscle as evidenced by the lack of
OGT protein in tibialis anterior (TA), soleus, and extensor digitorum longus (EDL) muscle of
mKO mice, (Figure 2-1B). Consequently, O-GIcNAcylation levels in these muscles were greatly
reduced (Figure 2-1C). Moreover, levels of O-GlcNAcase (OGA) were significantly reduced in all
three muscles (Figure 2-1D), suggesting a corresponding compensatory mechanism of the
reciprocal cellular O-GIlcNAcylation. Additionally, and as expected, we found no difference in

OGT protein levels in the heart (Supplementary Figure 2-2A). By 12 weeks of age, mKO mice
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had similar body weights compared with WT controls (Figure 2-1E). However, after 12 weeks of
age, mice lacking muscle OGT were significantly smaller than WT mice (Figure 2-1E), yet no
differences in muscle cross sectional area or muscle fiber number were noted in the soleus or EDL
muscles (Supplementary Figure 2-2 B-D). This reduction in body mass was associated with a
reduction in whole-body fat accumulation (Figure 1F), but not lean mass (Figure 2-1G) at 16
weeks of age in mKO compared to their WT littermates. Consistently, muscle weights of TA,
soleus, and EDL did not differ among genotypes at 16 weeks of age (Figure 2-1H). Fat depots,
including the anterior subcutaneous white adipose tissue (AsW), inguinal white adipose tissue
(IngW), and epididymal white adipose tissue (EpiW), but not the brown adipose tissue (BAT),
were greatly reduced in mKO compared to those of WT mice (Figure 2-11,J). This reduction in fat
mass was partly due to smaller adipocytes (Figure 2-1K) and a corresponding browning of white
adipose tissue as assessed by immunohistochemistry analysis for UCP1 (Figure 2-1L). No
differences in Ucpl gene expression in BAT were observed (Supplementary Figure 2-2E). To
assess whether muscle function was impacted by OGT ablation, we assessed muscle contractile
properties. No differences in single-twitch force (Figure 2-1M), half-relaxation time of the single
twitch (Figure 2-1N), or time to peak tension (Figure 2-10) were observed between WT and mKO
EDL muscles. Muscle force of EDL during tetanic contractions increased gradually with
stimulation frequency, but no differences were noted between genotypes (Figure 2-1P). Moreover,
we did not observe any differences between WT and mKO soleus and EDL muscles in terms of
force production during a single tetanic contraction or fatigue-ability during repeated tetanic
contractions (Figure 2-1 Q-T). Collectively, these data show that mKO mice have a lean
phenotype due to a reduction in whole-body fat mass, yet no functional alterations in muscle

growth, development, or function were identified.
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Muscle-specific ablation of OGT enhances energy expenditure

To investigate the mechanism of the lean phenotype in mice lacking OGT in skeletal
muscle, we assessed whole body energy metabolism by indirect calorimetry over a period of 48 h.
Interestingly, we found that mKO mice were less active than WT mice in both light and dark
phases of the day (Figure 2-2A,B). While mKO mice had less cage activity, their energy
expenditure normalized to lean body mass was greater than WT mice (Figure 2-2C,D).
Additionally, mKO mice had a higher respiratory exchange ratio (RER) compared to WT mice
(Figure 2-2E,F), indicating that these mice have greater reliance on carbohydrates than fat for
energy production. Food intake did not differ between genotypes (Figure 2-2G), but water
consumption was greater in the mKO mice (Figure 2-2H). Given mKO mice weigh less than WT
mice from 3 months of age (Figure 2-2E) and have less cage activity (Figure 2-2A,B), we
hypothesized that ablation of muscle OGT caused an increase in energy expenditure in the form
of heat production. Higher rectal temperatures were indeed noted for mKO mice compared to that
of WT mice (Figure 2-2I). Taken together, these findings suggest that skeletal muscle OGT and
O-GlcNAcylation may regulate muscle energy metabolism, which may affect activity and whole-
body energy balance.
Lack of OGT in skeletal muscle affects glucose homeostasis, insulin signaling, and whole-body
insulin sensitivity

To determine how ablation of OGT in skeletal muscle affects the ability of muscle to handle
energy substrates, we performed a hyperinsulinemic euglycemic clamp to assess whole-body
insulin sensitivity. Mice were clamped at 6 mM of blood glucose (Figure 2-3A,B), and mKO mice
displayed a profound increase in glucose infusion rate (GIR) (Figure 2-3C,D). Interestingly, insulin

levels at basal and during the clamp were significantly reduced in the mKO compared to WT mice
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(Figure 2-3E). We found glucose uptake was markedly increased in TA, gastrocnemius, and triceps
from mKO mice compared to WT mice, yet the differences were not consistent among muscles as
there was no difference in glucose uptake in the EDL, quadriceps, and soleus muscles between
genotypes (Figure 2-3F). In white adipose tissues, there were noticeable increases in glucose
uptake in EpiW and IngW (Figure 2-3G). In contrast, brown adipose tissue (BAT) displayed a
50% decrease in glucose uptake, and there was no change of glucose uptake in heart or brain
(Figure 2-3H). Glycogen levels in the liver after the clamp was increased in mKO mice, but skeletal
muscle glycogen levels were not different between genotypes (Figure 2-31). However, liver
glycogen of the non-insulin-stimulated mKO cohort, used as blood donors for the clamped mice,
was also increased (Figure 2-3J). While our data suggest that skeletal muscle and white adipose
tissue are mainly responsible for the enhanced GIR in the mKO mice, the liver may play an
important role in whole-body glucose utilization in these mice. In clamped gastrocnemius muscle,
in which glucose uptake was increased, both total Akt protein abundance and Akt phosphorylation
at T308 and S473 were increased in mKO mice compared to WT littermates (Figure 2-3K). Total
Aktl protein levels did not differ between genotypes (Figure 2-3L), suggesting that the enhanced
level of Akt in the mKO mice is due to increased Akt2 abundance. Interestingly, the difference in
Akt signaling between genotypes was not associated with differences in TBC1D4 phosphorylation
status (Figure 2-3M); however, GLUT4 levels were significantly increased in the gastrocnemius
muscle of the mKO mice compared to WT mice (Figure 2-3N). These data suggest that differences
observed in whole body insulin sensitivity may not be due to classical insulin signaling events in
skeletal muscle but may still be mediated by a larger increase in GLUT4 at the plasma membrane
at a given insulin concentration.

Loss of OGT alters global muscle metabolism
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Because loss of OGT in skeletal muscle resulted in increased energy expenditure and whole-
body insulin sensitivity, we explored metabolic changes in skeletal muscle that could explain the
lean phenotype of mKO mice. To this end, we investigated muscle metabolite levels in the
gastrocnemius of clamped mice. Using an LC/MS-based metabolomics analysis, we identified 41
metabolites that differed between genotypes (Figure 2-4A). Of these, fructose 1,6 biphosphate
(Fru-1,6P) and phosphoenolpyruvate (PEP) were reduced by 52% and 72%, respectively, in mKO
muscle compared to WT muscle (Figure 2-4B). Western blot analyses revealed that hexokinase II
(HKITI) and phosphofructokinase 1 (PFK1) protein levels were unchanged (Supplementary Figure
2-2F,G). However, basal activity of pyruvate dehydrogenase (PDH) in non-insulin-stimulated
gastrocnemius muscle was enhanced in mKO mice compared to WT mice (Figure 2-4C), and
phosphorylation of PDH at S293 and S300 was decreased in clamped gastrocnemius muscle from
mKO mice compared to WT mice (Figure 2-4D). These results indicate that, in response to insulin,
glycolytic flux downstream of PEP is increased or that glucose is shunted into other pathways
upstream of Fru-1,6P. The level of UDP-GlcNAc was upregulated by more than 300% in mKO
(Figure 2-4E,F) compared to WT mice, and this increase was accompanied by a 3-fold
upregulation of GFAT, which is the rate-limiting enzyme in the hexosamine biosynthesis pathway
(HBP) (Figure 2-4G). Together, our data suggest that mKO muscle upregulates activities of both
glycolysis and the HBP at least in clamped mice. However, the importance of the two pathways
for glucose disposal in basal or clamp settings cannot be quantitatively evaluated using the
available data.

Apart from changes in intracellular glucose metabolism, the metabolomics analysis
indicated changes in fatty acid oxidation. Acetyl carnitine level (Figure 2-4H) was upregulated

several fold in mKO mice compared to WT mice, so was the CoA precursor pantothenic acid
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(Figure 2-4I), indicating that mKO mice exhibited increased capacity to shuttle fatty acids from
the cytosol into the mitochondria. This was supported by the finding of
increased Cptla and Cpt1f mRNA  expression (Supplementary Figure 2-2H), although
only Cptla levels were significantly changed. In addition, we found the total level of hormone
sensitive lipase (HSL) to be unaltered, but HSL phosphorylation at S563, a surrogate measure of
HSL activity, was significantly increased in mKO mice compared to WT mice (Figure 2-4J).
Furthermore, adipose triglyceride lipase (ATGL) protein level was upregulated by 1.75 fold in
mKO mice (Figure 2-4K). To assess whether beta-oxidation was altered, we measured fatty acid
oxidation (FAO) in unstimulated gastrocnemius muscle. Interestingly, while there was no
difference in complete fatty acid oxidation between WT and mKO muscles (Figure 2-4L), mKO
muscles contained a significantly higher level of acid-soluble metabolites (ASM) (Figure 2-4M),
a hallmark of incomplete FAO. However, mRNA levels of genes involved in FAO
(i.e., Acadl and Acadm) were not significantly changed (Supplementary Figure 2-2H). Together,
these data indicate that mKO muscle attempts to increase fatty acid oxidation, but increased ASMs
suggest that complete oxidation of fatty acids may be impaired in skeletal muscle of these mice.
OGT ablation alters muscle oxidative capacity

In general, slow-twitch myofibers are enriched with mitochondria, capillaries and
myoglobin, and they predominately use oxidative phosphorylation for ATP production. Fast-
twitch myofibers, on the other hand, are more glycolytic and deposit greater amounts of glycogen
as an energy reserve (Gunning and Hardeman, 1991; Bassel-Duby and Olson, 2006; Richard et al.,
2011). To test whether OGT ablation causes changes in muscle fiber type composition, and thus
oxidative capacity, we measured the expression of myosin heavy chain (MyHC) I (Myh7), Ila

(Myh2), lIx (Myhl), and IIb (Myh4) genes in the gastrocnemius muscle. Type I MyHC gene
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expression was significantly upregulated and type IIb MyHC gene expression was downregulated
in OGT ablated muscle (Figure 2-5A). Consistent with increases in Myh7 expression, the
corresponding protein levels were also elevated in OGT mKO muscles (Figure 2-5A, inset).
Moreover, three-dimensional confocal microscopy revealed that mKO muscle contains more
mitochondria compared to WT muscle (Figure 2-5B), and increased mitochondrial content was
confirmed by an increased mitochondrial DNA to nuclear DNA ratio in the gastrocnemius muscle
(Figure 2-5B). Citrate synthase and malate dehydrogenase activity were also higher in white part
of the gastrocnemius muscle from mKO mice (Figure 2-5C,D). However, when we measured the
abundance of specific proteins in the OXPHOS complexes, we found complex V to be increased
(although not significantly), whereas complex I and IV were reduced significantly in mKO
compared to WT muscle (Figure 2-5E). To test the function of the mitochondria, we isolated
mitochondria from gastrocnemius muscle and measured oxygen consumption rates. We found that
mitochondria from mKO muscle have compromised respiration control ratio of state 3/state 4,
indicating dysfunctional mitochondria (Figure 2-5F). Taken together, we show that dysregulation
of O-GlcNAcylation in skeletal muscle drives muscle to a slower contracting, oxidative phenotype
but perhaps at the expense of properly functional mitochondria.
High-fat diet fails to induce insulin resistance in mice lacking muscle OGT

Because mice lacking OGT in skeletal muscle are leaner, have higher energy expenditure,
and are more insulin sensitive than WT mice, we challenged these mice with a high-fat diet (HFD)
and monitored glucose metabolism and insulin action. WT mice fed a HFD for 24 weeks gained
significantly more weight than the HFD-fed mKO mice (Figure 2-6A). At the end of HFD feeding,
no differences in skeletal muscle fiber size were found, whereas the IngW of mKO mice exhibited

significant browning compared with that of WT mice (Figure 2-6B). In IngW, mRNA expression
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of genes involved in browning was also significantly upregulated (Supplementary Figure 2-21). In
the liver of WT mice lipid accumulation was wide-spread, whereas very little was detected in the
mKO mice (Figure 2-6C). Moreover, hypertrophy of pancreatic islets was evident in the WT mice
but no such obesity-induced pathology was noted in mKO mice (Figure 2-6C). Consistently, blood
glucose levels after a 4-h fast in mKO mice fed 12 (Figure 2-6D) or 22 (Figure 2-6E) weeks of
HFD were significantly lower than in WT controls. In addition, after 22 weeks on the HFD, blood
glucose levels of WT mice did not respond to 16 h of fasting but decreased even further in the
mKO mice compared with the 4 h fast (Figure 2-6E). Results from glucose and insulin tolerance
tests (Figure 2-6 F—I) showing improved glycemic control in the mKO mice, further support the
notion that dysregulation of skeletal muscle OGT may modulate obesity-related phenotypes in
other tissues to regulate whole body insulin sensitivity.
Inducible ablation of OGT in skeletal muscle recapitulates the mKO mouse

To exclude the possibility that the aforementioned observations were simply a consequence
of OGT-mediated defects early in development, we generated inducible muscle-specific OGT KO
(imKO) mice by crossing floxed OGT mice with tetracycline/doxycycline inducible HSA-cre
mouse. Five-month-old adult mice were fed chow containing doxycycline for two weeks to induce
knockout of OGT in skeletal muscle. Approximately six months after OGT ablation, we evaluated
mice with regard to muscle and fat masses, energy expenditure, and insulin tolerance. Western blot
analyses using anti-OGT and O-GlcNAc antibodies confirmed OGT ablation in skeletal muscle
(Figure 2-7A). imKO mice had reduced body weights after OGT ablation (Figure 2-7B). Similar
to mKO mice, imKO mice had normal muscle mass (Figure 2-7C), reduced fat mass (Figure 2-
7D,E) and enhanced energy expenditure (Figure 2-7F). Furthermore, imKO mice were more

insulin responsive than their WT counterparts, as evidenced by glucose (Figure 2-7G) and insulin
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(Figure 2-7H) tolerance tests, respectively. These data show ablation of OGT in adult skeletal
muscle recapitulates the OGT mKO phenotype suggesting that suppression of O-GIcNAc signaling
in skeletal muscle of adult mice promotes an increase in whole body energy metabolism and
reduces adiposity.
OGT ablation results in augmented skeletal muscle Interleukin-15 production

To determine how muscle-specific knockout of OGT affects adipose tissue, we analyzed a
panel of myokines that are known to exert local and systemic effects on adipose tissue function.
Of the six myokines selected, only ///5 and Adipog was significantly up-regulated in mKO muscle
(Figure 2-8A,B). Because circulating IL-15 has well-documented anti-obesity effects (Ye, 2015),
we analyzed serum IL-15 levels and found that circulating IL-15 concentrations in mKO mice
were consistently 2.5-fold higher than WT mice (Figure 2-8C). To investigate a potential
connection between elevated IL-15 and reduced fat mass, we used an in vitro cell culture system
in which stromal vascular fraction (SVF) cells were cultured with muscle extracts from either WT
or mKO mice to evaluate the effect on lipid accumulation. Extracts from mKO muscle inhibited
SVF cell differentiation as evidenced by less lipid droplet formation (Oil-Red-O staining)
compared with muscle extracts from WT mice (Figure 2-8D). However, this inhibition was
released when an IL-15-neutralizing antibody was introduced into the media (Figure 2-8D).
Furthermore, quantitative RT-PCR of the lipogenic genes revealed that Acaca, Fasn, and
Srebflc were significantly reduced in mKO muscle extract-treated SVF cells (Figure 2-8E). These
results show that muscle from mice lacking a functional OGT in muscle produce greater levels of
circulating IL-15 that may affect adipose tissue development and function. Our data also suggest

that OGT may be directly involved in regulating //15gene expression in skeletal muscle.
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At the molecular level, OGT has been shown to repress gene expression epigenetically. It
was shown that O-GlcNAcylation stabilizes histone methyltransferase enhancer of zeste homolog
2 (EZH2), which facilitates the formation of the trimethylation of histone 3 at lysine 27
(H3K27me3) thereby repressing gene expression in human MCF-7 cells (Chu et al., 2014). To
explore the possible existence of a similar mechanism in skeletal muscle, we used co-
immunoprecipitation (Co-IP) to study the interaction of OGT and EZH2. Co-IP results revealed
that OGT can O-GlcNAcylate EZH?2 in skeletal muscle (Figure 2-8F). To assess whether the OGT
and EZH2 interaction has any relevance to ///5 gene regulation, we conducted a chromatin
immunoprecipitation (ChIP) assay. O-GlcNAc, EZH2, and H3K27me3 were all enriched at
the 7/15promoter region (Figure 2-8 G—I). These findings suggest the existence of the OGT-EZH2-
H3K27me3 axis in skeletal muscle, similar to the mechanism responsible for controlling gene
repression in a human adenocarcinoma cell line. These results indicate that the increases in
circulating IL-15 we observed in mKO mice are likely mediated by epigenetic regulation of
the 7115 gene locus.

Discussion

Despite its discovery three decades ago, the physiological significance of O-GlcNAcylation
as a nutrient sensor has only recently been recognized (Hart, 2014). O-GIcNAc is a dynamic
posttranslational modification that is targeted to Ser/Thr residues by O-GlcNAc transferase (OGT)
and removed by O-GlcNAcase (OGA). The substrate for OGT is UDP-GIcNAc, a product of the
hexosamine biosynthetic pathway (HBP). UDP-GIcNAc is an ideal gauge of metabolic status
because levels reflect fluxes through a number of metabolic pathways, especially carbohydrate
metabolism. Based on our finding that O-GIcNAcylation levels were elevated in skeletal muscle

from T2D people, we hypothesized that OGT may be important for nutrient sensing in this tissue
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and for whole body insulin sensitivity. Data presented herein clearly demonstrate that skeletal
muscle OGT is centrally important for maintaining muscle energy homeostasis, mitochondrial
function, and insulin sentivity. Moreover, we show that ///5 gene transcription is epigenetically
controlled by OGT. Thus, given the role of IL-15 in exogenous lipid partitioning (Duan et al.,
2017), OGT in skeletal muscle is important not only for the ability to survey cellular nutrient status
but also for regulation of substrate availability.

OGT mKO mice were markedly more insulin sensitive compared with WT
controls. /n vivo studies involving manipulation of the HBP support this finding. Mice that
transgenically overexpress GFAT in GLUT4 expressing tissues show an opposite phenotype with
decreased whole body insulin sensitivity measured using the hyperinsulinimic euglycemic clamp
technique (Cooksey et al., 1999). Likewise, if OGT is overexpressed using a similar approach,
whole body insulin sensitivity is also decreased, and mice display hyperinsulinemia (McClain et
al., 2002). Thus, manipulation of flux through the HBP appears to affect insulin action, and the
HBP could serve as a potential pharmacological target. Interestingly, not all muscle types from the
OGT mKO mice showed enhanced glucose uptake in response to insulin compared with WT
littermates. We have only analyzed the gastrocnemius muscle from the clamp experiment;
therefore, we are not currently able to explain these muscle type differences. However, it was
recently shown that IL-15 activates the JAK3/STAT3 pathway in skeletal muscle cells, and this
induces glucose uptake (Krolopp et al., 2016). Therefore, we speculate that the responsiveness to
IL-15 may be different between muscle types in OGT mKO mice. Further studies are necessary to
address this intriguing observation.

Based on PDH activity and the level of glycolytic intermediates in the gastrocnemius muscle

in response to insulin, knockout of OGT appears to alter glycolytic flux. Overexpression of OGT
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in SYSY cells decreases glycolysis (Tan et al., 2014), and several proteins within the glycolytic
pathway are known to be O-GlcNAcylated in rat skeletal muscle (Cieniewski-Bernard et al.,
2004) and in HEK293 cells (Hahne et al., 2013). Thus, our data are in line with the idea that OGT
may act as a mediator of this pathway. Moreover, since manipulation of O-GIcNAc signaling
affects mitochondrial function and dynamics in cardiac myocytes (Gawlowski et al., 2012), in
muscle cells in vitro (Wang et al., 2016), and in skeletal muscle (the present study), it is
conceivable that changes in glycolytic flux can be explained in part by changes in the capacity or
efficiency for ATP generation by oxidative phosphorylation.

Lack of discernable histological and functional anomalies in skeletal muscle of OGT mKO
mice argues that OGT may not be requisite for normal muscle function. This is somewhat
surprising given the widely abundant nature of O-GlcNAcylation on structural muscle
proteins (Bond and Hanover, 2013). However, the idea that O-GlcNAcylation is a part of a
complex nutrient-sensing pathway, whereby protein O-GlcNAcylation serves as a niche-based
nutrient sentinel for cells, remains intriguing especially from a whole organismal vantage point.
Indeed, surveying nutrient availability is important in times of both nutrient plenty and scarcity.
Nutrient availability is one of the most effective means of controlling epigenetic events (Hanover
et al., 2012). We show that 7/15 expression is a consequence of OGT ablation in skeletal muscle.
Specifically, we observed nearly a 5-fold increase in skeletal muscle ///5 mRNA expression,
which resulted in a corresponding increase in circulating levels of IL-15 in mKO mice. Given that
O-GlcNAcylation parallels nutrient availability in cells (Arias et al., 2004; Yang et al., 2008) and
that chromatin is a major site of O-GIlcNAcylation (Ozcan et al., 2010; Sakabe and Hart, 2010;
Fujiki et al., 2011; Zhang et al., 2011), we hypothesized that OGT plays a role in the epigenetic

regulation of 7/15 gene expression (Hanover et al., 2012; Lewis and Hanover, 2014). Indeed, OGT
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O-GlcNAcylates EZH2, a key part of the polycomb repressive complex 2 (PRC2), which may
repress //15 expression through H3K27me3 modifications (Hanover et al., 2012). Using co-
immunoprecipitation and chromatin immunoprecipitation assays, we found that OGT, EZH2, and
H3K27me3 localize to /115 promoter sequences and that the increase in muscle-specific IL-15
production is, in part, due to epigenetic modification of the promoter. Moreover, our data are
clearly in line with the repressive effect of OGT on /115 expression in muscle. We cannot exclude
the possibility that OGT ablation results in other yet unknown skeletal muscle permutation(s) that
may directly or indirectly disrupt other cellular pathways that increase muscle energy expenditure
and lead to a leaner phenotype. Nor can we rule out other molecular ‘insults’ that may drive
increases in cytokine production (Rinnov et al., 2014) in our KO mice. Even so, muscle-derived
IL-15 production increases in response to a whole-body energy imbalance (Gleeson, 2000) and
may in part explain a number of the characteristics displayed in mice lacking effective O-GlcNAc
signaling events in skeletal muscle.

IL15 is highly expressed in human skeletal muscle tissue compared to most other tissues of
the body (Grabstein et al., 1994) suggesting a critical role for the growth and maintenance of
skeletal muscle. Recent studies show that IL-15 have little effect on skeletal muscle
accretion (Quinn et al., 2009; Pistilli and Quinn, 2013) and raise the possibility that IL-15 acts as
a means to elicit responses in distal whole body repositories as a means of mobilizing energy
substrates to support its needs. Indeed, IL-15 is now known as a myokine that targets remote tissues
to liberate energy resources (Pedersen et al., 2007). Furthermore, prolonged stimulation of muscle
by IL-15 increases Ppargcla, Sirtl, and Ucp?2 expression, all highly indicative of the conversion
of skeletal muscle to a more oxidative phenotype (Quinn et al., 2013). Congruent with this, OGT

mKO mice were indeed more oxidative than WT mice as evidenced by greater mitochondrial DNA

70



and enzyme contents and greater amounts of type I myosin heavy chain isoform. These data argue
that OGT mKO mice have greater capacity to oxidize energy substrates, which is in line with
calorimetry estimates showing that these mice exhibit greater energy expenditure regardless of the
time-of-day studied.

Despite many similarities between the //15 transgenic model (Quinn et al., 2013) and the
OGT mKO model, they differ on key aspects. OGT mKO mice were more sedentary than controls,
which differs from mice over-expressing ///5 (Quinn et al., 2013). Whether the increase in body
temperature affects the desire to move or whether loss of OGT in tissues somehow keeps animals
from moving requires additional attention. Even so, both models show increases in markers
indicative of enhanced oxidative capacity. Despite this, OGT mKO mice have higher utilization
of glucose relative to fatty acids as evidenced by the higher RER. Increased energy expenditure in
combination with impaired mitochondrial function may account for this phenotype, and our current
thinking is that lack of OGT may increase oxidative capacity but may also result in mitochondrial
insults rendering the mitochondrial machinery impaired.

Mice lacking functional OGT were smaller than their WT littermates. However, this
reduction in weight was not due to decreased muscle mass but rather a 50% reduction in adipose
tissue weight. Curiously, mice receiving exogenous IL-15 experience similar reductions in whole-
body adiposity without reductions in food intake (Carbo et al., 2000; Carbo et al., 2001; Alvarez
etal., 2002). This is also observed in rats administered recombinant IL-15 and mice overexpressing
an /115 transgene (Almendro et al., 2006; Quinn et al., 2009; Quinn et al., 2013). Conversely, those
mice lacking a functional ///5 gene are obese (Barra et al., 2010). Fat cells of OGT mKO mice
were also smaller suggesting OGT ablation in skeletal muscle altered lipogenesis and lipolysis in

adipose tissue, two well-known IL-15 functions (Carbo et al., 2001; Ajuwon and Spurlock, 2004).
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Additionally, inguinal white adipose tissue contained greater levels of UCP1 protein and many
browning marker genes were also upregulated. These data suggest up-regulation of muscle IL-15
in response to OGT ablation in skeletal muscle may be responsible for a leaner phenotype, perhaps
by partitioning substrates away from adipose tissue and/or increasing energy expenditure in
skeletal muscle. To address this thesis further, we subjected mKO mice to a high-fat diet to induce
obesity (Surwit et al., 1988). As expected, over-fed mKO mice were leaner and had improved
blood glucose levels compared to WT controls suggesting ablation of OGT in skeletal muscle
altered whole body glucose tolerance. These findings supported our thesis, as those mice over-
expressing IL-15 are also protected from this type of induced obesity (Quinn et al., 2009). Even
so, however, discrepancies between /115 overexpressing mice and OGT mKO mice are not
surprising given the magnitude of increases observed in overexpressing models and the fact that
OGT ablation likely impacts the function of many cytosolic, nuclear, and mitochondrial
proteins (Hahne et al., 2013).

In preparation of this manuscript, two studies were published on the role of OGT in skeletal
muscle using skeletal muscle-specific OGT KO mice. In one study, no differences in glucose
metabolism were observed between OGT KO and WT (Ida et al., 2017). However, animals used
were 10—12 weeks of age, and, as our data show that the phenotype of muscle-specific OGT KO
mice develops from 12 weeks of age, we believe that the authors simply missed the phenotype of
the mice in that study. This was confirmed in a follow-up study performed by the same authors in
which muscle-specific OGT KO mice were studied at older age (Murata et al., 2018). In that study,
the observed phenotype of the OGT KO mice corroborated our findings of enhanced energy
expenditure, improved whole body insulin sensitivity, and the resistance to obesity in response to

HFD feeding.
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In summary, results of the present study demonstrate a role of OGT in the maintenance of
skeletal muscle energy metabolism and whole-body metabolic homeostasis. Lack of OGT results
in increased whole body energy expenditure, altered muscle substrate utilization, and loss in the
ability of muscle cells to regulate //75 expression. Consequences of increased plasma IL-15 levels
likely include changes in the ability to store and metabolize energy substrates, which improves
whole-body insulin sensitivity and enhances resistance to obesity. From an evolutionary
viewpoint, it makes sense for animals to have a mechanism in place that regulates partitioning of
substrates from energy stores. For instance, during fasting, flux through the HBP would be
reduced. Consequently, UDP-GIcNAc levels would be lowered, which would result in diminished
OGT activity. In turn, the inhibitory effects on //15 expression would be released, allowing an
elevation in circulating levels of IL-15, which would promote mobilization of lipids from adipose
depots. Further studies are needed to fully understand how other whole body and tissue-specific
functions are impacted by OGT ablation in muscle. Moreover, additional work is required to
dissect more precisely the differences observed between mKO mice and models in which
circulating IL-15 levels are elevated.
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Figure 2-1. Mice lacking OGT in skeletal muscle exhibit reduced fat mass but normal skeletal
muscle morphology and contractility. (A) O-GIcNAc levels in human skeletal muscles of lean,
obese, and type 2 diabetic individuals at basal (B) and after a hyperinsulinemic euglycemic clamp
(Insulin (I)). Lane intensities were quantified between 15 and 300 kDa. Sample size of 8¢10 people
per group. Data are mean SEM and analyzed by two-way repeated measures ANOVA; **
indicates p < 0.01. (B) OGT, (C) O-GIcNAc, and (D) OGA immunoblotted in tibialis anterior
(TA), soleus, and extensor digitorum longus (EDL) muscles from WT and mKO mice (n 1/4 4).
(E) Body weights of WT and mKO mice measured at 6, 9, 12, 16, and 30 weeks of age (n 14
6¢10). (FeH) Body composition: fat percentage (F), lean percentage (G), and muscle weights (H)
of TA, soleus, and EDL in 16-week-old WT and mKO mice (n 14 10). (I) Images comparing
abdominal, inguinal (IngW) and epididymal (EpiW) white adipose tissue (WAT) depots from WT
and mKO mice. (J) Quantification of adipose tissue weights expressed as percentage (%) body
weight (n 14 10). (K) Representative micrographs of H&E stained sections from epididymal
(EpiW) and inguinal (IngW) white adipose tissues (WAT) of WT and mKO mice. Scale bar, 100
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mm. The relative size of adipocytes in the EpiW and IngW of mKO mice was expressed as a
percentage of WT (n 14 10). (L) Immunoreactive uncoupling protein 1 (UCP1) in IngW of WT
(left) and mKO (right) mice. Scale bar, 100 mm. (MeO) EDL muscle single-twitch contraction
force (M), time-to-half relaxation tension (T1/2R; n 1/4 10) (N), and time to peak of tension (n 14
10) (O). (P) EDL muscle contractile force in response to increased stimulation frequency (n 14
10). Data normalized to force at 150 Hz. (Q,R) First force train at 100Hz, 1 sec duration in soleus
(Q; n 14 5), and fatigue-ability measured as force produced over consecutive force trains at 100
Hz, 1 sec duration in soleus (R; n 14 5). (S,T) First force train at 100 Hz, 1 sec duration in EDL
(S; n 1/4'5), and fatigue-ability measured as force produced over consecutive force trains at 100
Hz, 1 sec duration in EDL (T; n 1/4 5). Data in B-T are means SEM from 16-week-old male mice.
*p <0.05; **p <0.01; ***p <0.001 compared with WT mice.
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Figure 2-2. OGT mKO mice are less active and have higher whole-body energy expenditure.
(A-F) Cage activity (real-time, A, and tabular, B), energy expenditure per lean body mass (EE)
(real-time, C, and tabular, D) and respiratory exchange ratio (RER) (real-time, E, and tabular, F)
for WT and mKO mice (n 14 10). Measurements were recorded every 20 min using TSE Lab-
Master System. A, C, and E: X-axis represents zeitgeber time, with 0 at lights on. (Gel) Daily food
intake (G) and water consumption (H), and rectal temperatures (I) for WT and mKO mice (n 14
10). Data represent means SEM from 16-week-old male mice. *p < 0.05; **p <0.01; ***p <0.001
compared with WT mice.
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Figure 2-3. Lack of OGT in skeletal muscle affects glucose homeostasis and insulin signaling.
(A-B) Blood glucose levels before and during a hyperinsulinemic euglycemic clamp performed
using 4 mU/kg/min of insulin. (C-D) Glucose infusion rates (GIR) during clamp. (E) Plasma
insulin levels before and during steady state of the clamp. (F) Glucose uptake in skeletal muscles
after steady state. (G) Glucose uptake in adipose tissues after steady state. (H) Glucose uptake in
BAT, heart, and brain after steady state. (I) Glycogen in gastrocnemius, triceps, quadriceps and
liver from clamped mice. (J) Glycogen in gastrocnemius and liver from 5-hour fasted mice. (K)
Immunoblot of Akt and Akt phosphorylation of pS473 and pT308 in gastrocnemius. (L)
Immunoblot of Aktl in gastrocnemius from clamped mice. (M) Immunoblot of TBC1D4 and
TBCI1D4 phosphorylation of, pS324, pT642, and pS711 in gastrocnemius. (N) Immunoblot of
GLUT4 in gastrocnemius. Data represent means SEM from n 14 8el10 mice in each genotype.
Mice were 18-week-old males. *p < 0.05; **p < 0.01; ***p <0.001 compared with WT mice.
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Figure 2-4. Loss of skeletal muscle OGT alters global muscle metabolism. (A) Metabolome
heat map of gastrocnemius muscle from clamped mice. Metabolites were measured using LC-MS.
(B) Glycolytic metabolites from metabolome. Fructose 1 6-bisphosphate (Frul,6P) and
phosphoenolpyruvate (PEP). (C) Pyruvate dehydrogenase (PDH) activity in the gastrocnemius
muscle was assayed with the substrate [1e14C] pyruvate by measuring enzyme-catalyzed release
of 14CO2. (D) Immunoblot of PDH phosphorylation at pS293 and pS300 in gastrocnemius from
clamped mice. (E) Illustration of metabolites and regulation of glycolysis and hexosamine
biosynthetic pathway. (F) UDP-GIcNAc levels from the metabolomics analysis. (G) Immunoblot
of GFATI in gastrocnemius from clamped mice. (H) Acetylcarnitine levels from the metabolomics
analysis. (I) Pantothenic acid levels from the metabolomics analysis. (J) Immunoblot of HSL and
HSL pS563 in gastrocnemius from clamped mice. (K) Immunoblot of ATGL in gastrocnemius
from clamped mice. (L) Complete oxidation of [1e14C]-palmitic acid to CO2 in gastrocnemius
muscle of WT and mKO mice. (M) Incomplete oxidation of [1e14C]-palmitic acid to acid-soluble
metabolites (ASM) in gastrocnemius muscle. Data represent means SEM from n 1/4 8el0, 18-
week-old (Panel A, B, C, F, G, H, I, J, and K) and n 1/4 10, 16-week-old (Panel D, L, and M) male
mice in each genotype. *p < 0.05; **p <0.01; ***p <0.001 compared with WT mice.
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Figure 2-5. Loss of skeletal muscle OGT increases type I myosin heavy chain-containing
fibers but impairs maximal oxidative capacity. (A) Relative mRNA expression of myosin heavy
chain (MyHC) I (Myh7), MyHC Ila (Myh2), MyHC IIx (Myhl), and MyHC IIb (Myh4) in the
gastrocnemius muscle. Inset, immunoreactivity of MyHC I in the gastrocnemius muscles of WT
and mKO muscle. (B) Mitochondrial abundance. Left: three-dimensional confocal images
showing the difference in mitochondria in gastrocnemius muscle cross- sections of WT and mKO
stained with succinate dehydrogenase antibody (left panel). Bar, 5 mm. Right: mitochondrial DNA
(mtDNA) abundance in the gastrocnemius muscles of WT and mKO mice. MteCol DNA was
measured using qPCR and normalized to genomic Nripl DNA. (C-D) Citrate synthase (CS, C)
and malate dehydrogenase (MDH, D) activities in isolated mitochondria (Mito), and red (R.) and
white (W.) portions of the gastrocnemius muscles of WT and mKO mice. (E) Abundance of
mitochondrial complexes in gastrocnemius from clamped mice. (F) Mitochondria were isolated
from WT and mKO gastrocnemius muscle, and oxygen consumption was measured using
Seahorse. Respiration control ratio of state 3/state 4 was calculated based on oxygen consumption
rate (OCR) in each state. Data represent means SEM from n 1/4 10, 16-week-old male mice in
each genotype. *p < 0.05; **p <0.01; ***p <0.001 compared with WT mice.
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Figure 2-6. A high fat diet fails to induce glucose and insulin intolerance in mice lacking
muscle OGT. (A) Weekly (Wk) body weights of WT and mKO mice during 24 wks of HFD. HFD
feeding started at 4 weeks of age. (B) Cross-sections of the tibialis anterior (TA, top row) muscle
and inguinal WAT (IngW, bottom row) of WT (left column) and mKO (right column) mice fed
HFD for 24 wks. (C) Photo micrographs of H&E stained liver (top row) and pancreas (bottom
row) sections of WT (left column) and mKO (right column) mice fed HFD for 24 wks. (D) Blood
glucose levels of WT and mKO mice fed a HFD for 12 wks and fasted for 4 and 16 h, respectively.
(E) Blood glucose levels in WT and mKO mice fed a HFD for 22 wks and fasted for 4 and 16 h,
respectively. (FeG) Glucose (F) and insulin (G) tolerance tests of WT and mKO male mice fed a
HFD for 12 wks (Hel) Glucose (H) and insulin (I) tolerance tests of WT and mKO male mice fed
a HFD for 22 wks. Data represent means SEM from n 14 12 male mice in each genotype. *p <
0.05; **p <0.01; ***p <0.001 compared with WT control mice.
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Figure 2-7. Inducible knockout of OGT in skeletal muscle recapitulates the mKO mouse.
OGT knockout was induced when mice were 5 months old by feeding doxycycline food for
two weeks. Subsequently, mice were fed normal chow for 6 months before analysis. (A)
Muscle from WT and imKO mice were immunoblotted with anti-OGT and -O-GIcNAc antibodies
respectively. Equal amount of total protein was loaded across all the lanes. (B-F) Body weight (B),
muscle mass (C), fat mass (D), fat depots (E), and energy expenditure (EE) (F) were assessed. (G-
H) Glucose tolerance test (GTT) (G) and insulin tolerance test (ITT) (H). Data represent means
SEM from n 1/4 10 male mice in each genotype. *p < 0.05; **p < 0.01; ***p < 0.001 compared
with WT control mice.
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Figure 2-8: OGT Kknockout results in augmented Interleukin-15 production in skeletal
muscle. (A) Expression of myokines in the gastrocnemius muscles of WT and mKO mice fed HFD
for 22 wks (B) IL-15 mRNA expression in skeletal muscles from clamped mice (n 1/4 8e10, 18-
week-old male mice). (C) Serum IL-15 levels in WT and mKO mice fed HFD for 22 wks (n 1/4
10). (D) Oil red-O staining of cultured stromal vascular fraction cells isolated from mouse IngW
and induced to differentiate in the presence or absence of gastrocnemius muscle extracts from WT
(top row) and mKO (bottom row) mice with (right) or without (left) IL15 neutralizing antibodies.
Scale bar, 1 mm. (E) Expression of lipogenic genes in IngW (n 14 10). (F) Immunoprecipitation
was performed using anti-EZH2 and anti-O-GIlcNAc antibodies respectively, and immunoblotted
with O-GlcNAc and EZH2 antibodies respectively. (Gel) Chromatin immunoprecipitation using
antibodies against O-GIcNAc (G), EZH2 (H), and H3K27me3 (I), respectively. Quantitative RT-
PCR was used to quantify IL-15 promoter sequence as detailed in Methods. *p < 0.05, **p <0.01,
*#%p <0.001 compared to WT or corresponding antibody-treated samples.
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Supplementary Figure 2-1. Relative protein abundance measured by Western blot analyses of O-
GlcNAc pathway-related proteins in human skeletal muscles of lean, obese, and type 2 diabetic
individuals at basal and at the end of a hyperinsulinemic euglycemic clamp (i.e., Insulin). (A) OGT
abundance, (B) OGA abundance, (C) GFAT abundance. Sample size of 8-10 people per group
with mean +/- SEM. Statistical analysis was performed by two-way repeated measures ANOVA.

No statistical differences were detected.
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Supplementary Figure 2-2. (A) Immunoblot with anti-OGT in WT and mKO heart (n=5). (B)
H&E staining of mouse soleus and EDL muscle cross sections. Scale bars, 100 um. (C,D) Total
myofiber numbers in soleus (C) and EDL (D) muscles from WT and mKO mice (n=5). (E) Ucpl
mRNA abundance in WT and mKO brown adipose tissue (BAT) (n=10). (F) Immunoblot of HKII
in gastrocnemius from clamped mice (n=8-10). (G) Immunoblot of PFK1 in gastrocnemius from
clamped mice (n=8-10). (H) Relative transcript abundances of genes related to beta-oxidation in
skeletal muscle of WT and mKO mice (n=10). (I) Relative transcript abundances of thermogenic
and brown adipocyte-like genes in IngW of WT and mKO mice (n=10). Data represent means =+
SEM from 18-week-old (Panel B, F, and G) and 16-week-old (Panel C, D, E, H and I) male mice
in each genotype. * p<0.05; ** p<0.01; *** p<0.001 compared with WT mice.
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Chapter 3. Skeletal muscle O-GlcNAc transferase regulates global metabolism partially
through interleukin-15

Abstract

Besides its roles in locomotion and thermogenesis, skeletal muscle plays a significant role
in global glucose metabolism and insulin sensitivity through complex nutrient sensing networks.
Our previous work showed that muscle-specific ablation of O-GlcNAc transferase (OGT) led to a
lean phenotype through enhanced interleukin-15 (IL-15) expression. We also showed OGT
epigenetically modified and repressed the ///5 promoter. However, whether there is a causal
relationship between OGT ablation-induced IL-15 secretion and the lean phenotype remains
unknown. To address this question, we generated muscle specific OGT and interleukin-15 receptor
alpha subunit (IL-15ra) double knockout mice (mDKO). Deletion of IL-15ra in skeletal muscle
impaired IL-15 secretion. When fed a high-fat diet, mDKO mice were no longer protected against
HFD-induced obesity compared to wild-type mice. After 22-wks of HFD feeding, mDKO mice
had an intermediate body weight and glucose sensitivity compared to wild-type and OGT knockout
mice. Taken together, these data suggest OGT action is partially mediated by IL-15. Our work
suggests that interfering the OGT-IL15 nutrient sensing axis may provide a new avenue to
combating obesity and its related metabolic disorders and provide some clarity into how the O-

GlcNACc nutrient signaling pathway leads to a lean phenotype.

Key words: O-GIcNAc signaling, interleukin-15, tissue cross-talk, insulin sensitivity, myokines
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Introduction

Skeletal muscle is a major contributor to whole body metabolism and accounts for 70-90%
of insulin mediated glucose disposal (DeFronzo et al., 1981; Shulman et al., 1990; Watt et al.,
2006; Bostrom et al., 2012; Funai et al., 2013; Song et al., 2013). Skeletal muscle maintains its
mass, functionality, and metabolism through highly integrated signaling cascades to sense and
respond to nutritional cues (Winder et al., 2000; Ebert et al., 2010; Ljubicic et al., 2011; Shi et al.,
2018). The dynamic post-translational modification O-linked-B-D-N-acetylglucosamine (O-
GlcNAc) serves as a widespread nutrient gauge by cycling on and off UDP-GIcNAc, an end
product of the hexosamine biosynthetic pathway (HBP) that integrates carbohydrate, lipid, protein,
energy, and nucleotide metabolism (Slawson et al., 2010; Hanover et al., 2012; Ruan et al., 2013).
Specifically, O-GIcNAc transferase (OGT) and O-GlcNAcase (OGA) are responsible for the
respective addition and removal of UDP-GIcNAc to modify target protein function according to
fluctuating nutrient conditions (Issad et al., 2010; Ruan et al., 2012; Harwood and Hanover, 2014;
Ruan et al., 2014). For example, hyper-O-GlcNAcylation from prolonged exposure to PUGNALCc,
an OGA inhibitor, reduces skeletal muscle glucose disposal and attenuates insulin sensitivity
(Arias et al., 2004). Additionally, chronic exposure of skeletal muscle to glucose, through GLUT4
overexpression, increases muscle UDP-GIcNAc levels and leads to the development of insulin
resistance (Buse et al., 1996). Prolonged fatty acid or uridine exposure also increase muscle UDP-
GlcNACc concentrations and attenuate muscle insulin sensitivity (Hawkins et al., 1997a; Hawkins

etal., 1997b).

As dysregulation of O-GlcNAcylation has been implicated in numerous metabolic
disorders (Hanover et al., 2012; Ruan et al., 2013; Harwood and Hanover, 2014) and modulation

of skeletal muscle metabolism can alter global metabolism (Izumiya et al., 2008; Meng et al.,
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2013), we previously investigated the role of skeletal muscle O-GlcNAcylation in whole body
metabolic regulation. We found skeletal muscle O-GlcNAcylation plays an essential role in
systemic energy homeostasis, and deletion of skeletal muscle OGT (mKO) protects mice from

high-fat diet induced obesity and ameliorates whole-body insulin sensitivity (Shi et al., 2018).

The mKO phenotype bears a striking resemblance to mice overexpressing skeletal muscle
specific interleukin-15 (IL-15). Overexpression of IL-15 in skeletal muscle also increased energy
expenditure, increased expression of muscle oxidative enzymes, and protected mice from HFD
induced obesity and insulin resistance; however, activity level and substrate utilization of these
mice did not resemble mKO mice (Quinn et al., 2009; Quinn et al., 2011; Quinn et al., 2013).
Indeed, mKO mice had a 5-fold increase in /115 expression in skeletal muscle and a 3-fold increase
in IL-15 serum protein concentrations, therefore we hypothesized OGT participates in the
epigenetic regulation of ///5 gene expression (Shi et al., 2018). In fact, EZH2, a key catalytic
component of the polycomb repressive complex (PRC2), is a site of O-GlcNAcylation that may
repress [115 expression through H3K27me3 methylation (Hanover et al., 2012; Chu et al., 2014;
Lewis and Hanover, 2014). We found that OGT, EZH2, and H3K27me3 localized to the 1115
promotor providing strong evidence OGT transcriptionally regulates ///5 expression in skeletal
muscle. However, we were unable to exclude OGT deletion did not perturb other cellular pathways
that may contribute to the lean mKO phenotype. As a result, we aimed to determine if OGT action

on global metabolism is attributed to IL-15 secretion using a genetic approach.

Secretion of IL-15 occurs in a unique manner that relies on the complexing of IL-15 and
its high-affinity receptor, interleukin-15 receptor alpha (IL-15ra) to increase the stability,
secretion, and bioavailability of IL-15 (Rubinstein et al., 2006a; Stoklasek et al., 2006). Co-

expression of IL-15 and IL-15ra in human 293 cells increases secretion and stability of both
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molecules in vitro and in vivo (Bergamaschi et al., 2008). In skeletal muscle, deletion of I1-15ra
reduced IL-15 serum concentrations (O'Connell et al., 2015). Therefore, we generated skeletal
muscle specific OGT and IL-15ra double knockout mice (mDKO) to determine the contribution
of IL-15 secretion to OGT action. After feeding a high fat diet (HFD) for 22-wks, mDKO mice
exhibited an intermediate phenotype between mKO and WT mice corroborating our previous
hypothesis that loss of OGT perturbs ///5 expression and, at least partially, drives the mKO
phenotype and suggests IL-15 may be partially responsible for the lean phenotype observed in

those mice lacking a functional Ogt gene.
Materials and Methods
Animals

Mice were generated and maintained at Virginia Polytechnic Institute and State University
and all experiments were approved by the Institution for Animal Use and Care Committee. Muscle
specific Ogt and 111 5ra deletion was accomplished by breeding HSA™*; Ogt-***'Y; 111 5ra-oxP/LoxP
males (Jax Mice strains: B6.Cg-Tg(ACTAl-cre)79Ime/); B6.129-Ogt™¢"/); C57BL/6-
1115ra™?>14ma[])  with  OgflOP1oxP; 1] 5pqLoXPLoxP females to generate HSAC™"; Ogr-oxP/Y;
1115ra™*Lox? (mDKO) and HSA™"; Ogt**Y; [115ra"*PLoxP (WT) males. Mice were group
housed with a 12 hr light: 12 hr dark cycle with ad libitum feed. At 4-wks of age, mice were fed
Teklad rodent diets (#TD.06414, Envigo) with 60% of calories coming from fat. The fatty acid

profile (% of total fat) is as follows: 37% saturated, 47% monounsaturated, 16% polyunsaturated.

Body Composition

Body composition was determined after 22-wks of HFD using a Bruker minispec LF90

TD-NMR analyzer (Bruker, Billerica, MA).
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Tissue sample collection

Mice were euthanized by carbon dioxide followed by cervical dislocation. Tibialis anterior
(TA) and Gastrocnemius (GA) muscles and inguinal and epididymal white adipose tissue depots

were collected and weighed.

Quantitative RT-PCR

Directzol RNA Miniprep Kit (Zymo Research) was used to extract total RNA from the
gastrocnemius muscle. High-Capacity ¢cDNA Reverse Transcription Kit (Thermo Fisher
Scientific) was used to perform reverse transcription. Fast SYBR Green Master Mix (Thermo
Fisher Scientific) and 7500 Fast Real Time PCR System (Thermo Fisher Scientific) were used to
carry out qPCR reaction. Quantification was performed using AACT method. Primers for OGT,
IL-15ro, and IL-15 were as follows: OGT forward AAG AGG CAC GCA TTT TTG AC; OGT
reverse ATG GGG TTG CAG TTC GAT AG; IL-15ra forward TGT CCA CCT CCC GTA TCT
ATT; IL-15ra reverse AAA GCC AGA GTT ACA GAC ATA CC; IL-15 forward TCT TCA AAG

CAC TGC CTC TTC,; IL-15 reverse CCT CCT GTA GGC TGG TTA TCT.

Serum IL-15 quantification

Serum was collected from mice after 22-wks of HFD feeding. Serum levels of IL-
15/IL15ra complex was determined using IL-15/IL-15R Complex Mouse ELISA kit (Invitrogen,

Carlsbad, CA) according to the manufacturer’s instructions.

Glucose and Insulin Tolerance Testing

Mice were fasted for 4 hrs before insulin tolerance testing (ITT). Bovine insulin (Sigma)

was prepared in sterile saline and intraperitoneally injected at the dosage of 1 U/kg body weight.
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Blood glucose level was measured at 0, 15, 60, 90, and 120 min after insulin injection using
OneTouch Ultra2 test strip and glucometer. For glucose tolerance testing (GTT), mice were fasted
for 16 hrs before experiments were conducted. Glucose was intraperitoneally injected at 2 g/kg

body weight, and blood collection and measurement were the same as ITT.

Statistical Analysis

Results are presented as means £ SEM. Data was analyzed using a student #-test. A p-value
of less than or equal to 0.05 was considered significant. Comparisons were between WT and
mDKO. Red dotted lines represent means from 5 mKO mice for reference and were not included

in statistical analysis.

Results

Deletion of OGT and IL-15ra in skeletal muscle increased muscle 1115 gene expression but
diminished serum IL-15 protein concentrations

To generate OGT and IL-15ra double knockout mice, we bred male mice harboring Cre-
recombinase driven by the expression of the human skeletal a-actin promotor (HSA-Cre mice)
with Ogt and I115ra floxed female mice to generate OGT and IL-15ra muscle-specific double
knockout mice (mDKO). Gene expression of ///5ra (P = 0.011) and Ogt (P < 0.0001) were
significantly reduced in mDKO muscle compared to WT (Fig. 3-1A,B), confirming deletion of
OGT and IL-15ra in skeletal muscle. We also measured /15 gene expression in mDKO muscle to
determine if the simultaneous loss of OGT and IL-15ra recapitulated the dysregulated /75
expression observed in mKO mice. Indeed, 7/15 expression increased 2-fold in mDKO muscle (P
= 0.004; Fig. 3-1C) confirming OGT regulates //15 expression in mDKO skeletal muscle, albeit
concurrent deletion of IL-15ra abated the magnitude of increase observed in mKO mice. In

contrast, circulating IL-15 protein concentration tended to decrease in mDKO mice (P = 0.086;
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Fig. 3-1D). These data indicate the loss of IL-15ra impeded IL-15 secretion into circulation even

though its gene expression was upregulated in skeletal muscle.

Congruent loss of OGT and IL-15ra diminished the protection against HFD-induced obesity
observed in mKQO mice

To test whether OGT action mediated through IL-15 in the context of obesity, we subjected
mDKO mice to 22-wks of a high-fat diet (HFD). Body weights of mDKO mice were reduced
compared to WT mice after 4-wks of HFD feeding; however, mDKO body weights appear to be
greater than muscle-specific OGT single knockout (mKO) mice (Fig. 3-2A). It appeared that
mDKO mice had similar fat depots to WT mice (Fig. 3-2B). Indeed, there were no significant
differences in total fat mass (Fig. 3-2C), inguinal white adipose tissue mass (IngW; Fig. 3-2D), or
epidydimal white adipose tissue mass (EpiW; Fig. 3-2D) between WT and mDKO mice after 22-
wks of HFD feeding, although both WT and mDKO mice appeared to have greater fat
accumulation than mKO mice (indicated by the dotted red line; Fig. 3-2C). Surprisingly, mDKO
gastrocnemius (GA; P = 0.017) and tibialis anterior (TA; P = 0.003) weights increased compared
to WT mice (Fig. 3-2F), although total lean mass did not differ (Fig. 3-2E). Previously, we reported
mKO mice had a higher body temperature that corresponded to an increase in energy expenditure
in mKO mice. Body temperatures of mDKO mice were lower than WT mice (P = 0.012; Fig. 3-
2G) suggesting decreased circulating levels of IL-15 may reverse the enhanced energy expenditure
observed in mKO mice. Collectively, these data indicate the higher energy expenditure and leaner
phenotype in mKO mice may be partially mediated through IL-15, as the decreased circulating IL-

15 levels in mDKO mice negated this phenotype.

Mice lacking OGT and IL-15 exhibited glucose intolerance after HFD feeding
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To investigate whether deletion of OGT and IL-15ra could negate the mKO protection
against metabolic perturbations associated with obesity, we fed the mice a HFD. After 12-wks of
HFD feeding, blood glucose levels were lower in mDKO mice after 4 hrs of fasting compared to
WT (P=0.054; Fig. 3-3A), but there was no difference after 16 hrs of fasting (Fig. 3-3C). Although
WT and mDKO mice had similar blood glucose levels throughout the glucose tolerance testing
(Fig. 3-3B), their blood glucose levels appeared to be higher than mKO suggesting impaired
glucose uptake. Insulin tolerance testing revealed lower blood glucose levels 60 min after insulin

injection in mDKO mice compared to WT (Fig. 3-3D).

After 22-wks of HFD feeding, there were no differences between WT and mDKO blood
glucose levels after 4 (Fig. 3-4A) or 16 hrs (Fig. 3-4C) of fasting. Blood glucose levels of WT and
mDKO mice remained the same throughout glucose tolerance testing, although mDKO mice had
higher blood glucose levels than WT mice 60 min after the glucose injection (Fig. 3-4B). Insulin
tolerance testing at 22-wks mirrored those from 12-wks of HFD feeding. These data indicate
mDKO mice are susceptible to HFD-induced metabolic disorders but still retain some level of

protection from the loss of OGT.

Discussion

Previously, we showed the importance of skeletal muscle O-GlcNAcylation in the
maintenance of whole-body metabolic homeostasis. Ablation of OGT, and thus O-GlcNAcylation,
in skeletal muscle (mKO) resulted in increased energy expenditure, improved insulin sensitivity,
protection against HFD-induced obesity, and dysregulation of muscle interleukin-15 (//15)
expression. We also showed the OGT-EZH2-H3K27me3 axis plays a critical role in the epigenetic
regulation of /715 expression. However, it remains unknown if the increased IL-15 secretion alone

caused the OGT phenotype.
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It is reported that the complexing of I1-15 and IL-15ra increase the stability, secretion, and
bioavailability of IL-15 (Rubinstein et al., 2006b; Stoklasek et al., 2006; Bergamaschi et al., 2008).
Global knockout of IL-15ra resulted in an increase in muscle oxidative enzymes and reduced
adipose tissue mass, initially suggesting IL-15ra is not needed for effective IL-15 secretion and
modulation of global metabolism (Pistilli et al., 2011). However, muscle-specific ablation of IL-
15ra did not decrease body weight or fat mass and had minimal impact on muscle oxidative
enzymes (O'Connell et al., 2015). The reported differences in muscle and whole-body metabolism
between the global and muscle specific knockout may be attributed to the global knockout lacking
IL-15ra in the central nervous system. IL-15 crosses the blood-brain barrier (Wu et al., 2010b)
and modulation of IL-15/IL-15ra impacts sleep patterns (Kubota et al., 2001), anxiety behavior
pathways (Wu et al., 2010a), and antidepression pathways (Wu et al., 2011), which collectively
depict the profound impacts of central nervous system IL-15ra on the body. The muscle-specific
deletion of IL-15ra therefore defined its importance in modulating muscle and global metabolism
(O'Connell et al., 2015), presumably through the stabilization and secretion of IL-15. We targeted
both OGT and IL-15ra in skeletal muscle to generate a model that obstructs IL-15 over-secretion
from skeletal muscle lacking OGT. Mice harboring loxP sites flanking exons 2 and 3 of ///5r«
(O'Connell et al., 2015), that respectively encode the sushi domain and linker region that play a
role in the high affinity binding of IL-15 to IL-15ra (Dubois et al., 1999; Bouchaud et al., 2008),
were used to generate OGT and IL-15ra double knockout mice. We showed that deleting IL-15ra
in skeletal muscle had minimal impact on /15 gene expression within muscle, whereas it impaired
the secretion of IL-15 into circulation. Using this strategy, we found obstruction of IL-15 secretion

partially negated the OGT single knockout phenotype.
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To determine whether the obstruction of IL-15 secretion in mDKO mice could reverse the
lean mKO phenotype, we fed a HFD for 22-wks and found mDKO mice exhibited an intermediate
phenotype between WT and mKO mice. These findings suggest that enhanced IL-15 circulation
contributes, at least in part, to the lean phenotype observed in mKO mice. Although mDKO mice
had greater similarities to WT mice than mKO mice, mDKO mice did not fully recapitulate the
WT phenotype. Although there was no difference in fat mass and minimal differences in glucose
disposal between WT and mKO mice, mDKO mice were markedly different in insulin-stimulated
glucose uptake 60 min after insulin administration. Although circulating levels of IL-15 decreased
in mDKO mice, IL-15 expression in muscle remained elevated which may explain the
discrepancies between mDKO GTT and ITT data given IL-15 is an established activator of the PI-
3-kinase/Akt (Zhao and Huang, 2012; Lai et al., 2013) and Jak/STAT pathways (Johnston et al.,
1995; Krolopp et al., 2016). As perturbations of both pathways have been implicated in the
pathogenesis of metabolic diseases including insulin resistance (Dodington et al., 2018; Huang et
al., 2018), it is possible the increased expression of IL-15 in mDKO muscle may improve glucose
uptake upon insulin administration. These findings suggest IL-15 participates in, but is not the sole
contributor, to OGT global action. However, this is not surprising given OGT has thousands of
known target proteins that regulate a wide range of cellular processes including protein
localization, the cell cycle, signal transduction, mitochondrial bioenergetics, protein degradation,
gene expression, and epigenetic regulation (Love and Hanover, 2005; Zachara et al., 2015). Even
so, it is apparent that IL-15 is a major contributor to skeletal muscle OGT-mediated effects on

local and global metabolism.
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Figure 3-1. OGT and IL-15ra double knockout in skeletal muscle perturbed elevated IL-15

secretion. (A-D) Relative gene expression of (A) IL-15ra, (B) OGT, and (C) IL-15 in the
gastrocnemius muscles of WT and mDKO mice fed a HFD for 22-wks. n = 7 (D) Serum IL-15

levels in WT and mDKO mice fed a HFD for 22-wks. n = 8. Values are means £ SEM. * p <0.05,
Tp <0.08 when compared to WT.
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Figure 3-2. Loss of OGT and IL-15ra in skeletal muscle diminished the lean phenotype
observed in OGT single knockout mice. (A) Weekly body weights of WT and mDKO mice
during 22-wks of HFD feeding. HFD feeding started at 4-wks of age. n=11-14. (B) Representative
images comparing abdominal, inguinal (IngW), and epididymal (EpiW) white adipose tissue
depots from WT and mDKO mice. (C) Rectal temperature of WT and mDKO mice. n =8-11. (D-
E) (D) Lean composition and (E) muscle weights of tibialis anterior (TA) and gastrocnemius (GA)
muscles of WT and mDKO mice after 22-wks of HFD feeding. n=8-11. (F-G) (F) Fat composition
and (G) weights of inguinal (IngW), and epididymal (EpiW) white adipose tissue depots of WT
and mDKO mice after 22-wks of HFD feeding. n = 8-11. Values are means = SEM. * p < 0.05

when compared to WT. Red dotted lines are values from 5 muscle specific OGT knockout mice
(mKO) for reference.
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Figure 3-3. Glucose and insulin tolerance testing after 12-wks of HFD feeding. (A) Resting blood
glucose levels after 16 hrs of fasting in WT and mDKO mice. (B) Glucose tolerance test of WT
and mDKO mice. (C) Resting blood glucose levels after 4 hrs of fasting in WT and mDKO mice.
(D) Insulin tolerance test of WT and mDKO mice. Values are means + SEM. n=12-13. * p <0.05
when compared to WT. Red dotted lines are values from 5 muscle specific OGT knockout mice
(mKO) for reference.
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Figure 3-4. Glucose and insulin tolerance testing after 22-wks of HFD feeding. (A) Resting
blood glucose levels after 16 hrs of fasting in WT and mDKO mice. (B) Glucose tolerance test of
WT and mDKO mice. (C) Resting blood glucose levels after 4 hrs of fasting in WT and mDKO
mice. (D) Insulin tolerance test of WT and mDKO mice. Values are means + SEM. n =7-10. * p
< 0.05 when compared to WT. Red dotted lines are values from 5 muscle specific OGT knockout
mice (mKO) for reference.
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Chapter 4. O-GlIcNAc transferase is required to maintain satellite cell function

Abstract

O-GlcNAcylation is a post-translational modification considered to be a nutrient sensor that
reports nutrient scarcity or surplus. Although O-GlcNAcylation exists in a wide range of cells
and/or tissues, its functional role in muscle satellite cells (SCs) remains largely unknown. Using a
genetic approach, we ablated O-GIcNAc transferase (OGT), and thus O-GlcNAcylation, in SCs.
We first evaluated SC function in vivo using a muscle injury model and found that OGT deficient
SCs had compromised capacity to repair muscle after an acute injury compared to the wild-type
SCs. By tracing SC cycling rates in vivo using the doxycycline-inducible H2B-GFP mouse model,
we found that SCs lacking OGT cycled at lower rates and reduced in abundance with time.
Additionally, the self-renewal ability of OGT-deficient SCs after injury was decreased compared
to that of the wild-type SCs. Moreover, in vivo, in vitro, and ex vivo proliferation assays revealed
that SCs lacking OGT were incapable of expanding compared to their wild-type counterparts, a
phenotype that may be explained, at least in part, by an HCF1-mediated arrest in the cell cycle.
Taken together, our findings suggest that O-GlcNAcylation plays a critical role in the maintenance

of SC health and function in normal and injured skeletal muscle.

Key words: UDP-O-GIcNAc, nutrient sensing, muscle stem cells, regenerative myogenesis
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Introduction

Adult skeletal muscle contains a population of resident stem cells called satellite cells (SCs)
that remain dormant for prolonged periods of time between the basal lamina and sarcolemma of
muscle fibers (Katz, 1961; Mauro, 1961; Schultz et al., 1978). Upon activation by various insults,
SCs undergo a defined path of lineage progression to form new muscle fibers, a process called
muscle regeneration (Moss and Leblond, 1971; Schultz, 1976; Snow, 1978; McCormick and
Schultz, 1994). Briefly, SCs are activated by stimuli, such as muscle injury, proliferate to expand
in number, and differentiate into multinucleated fibers (Schultz et al., 1978; Snow, 1978; Collins
etal., 2005). In the course of adult regenerative myogenesis, a small subpopulation of the activated
SCs re-enter into the quiescent status after injury and renew SC pools (Kuang et al., 2007; Day et

al., 2010; Lepper et al., 2011; Murphy et al., 2011; Sambasivan et al., 2011).

Over the past half century, we have gained extensive insights into SC behaviors in response
to nutrient availability at the cellular level. However, at the molecular level, there remains a gap
in our understanding of how external signals dictate SC homeostasis and how SCs interpret, and
thus adapt their behaviors to, cues from their microenvironment. It has long been observed that
SCs are located in close proximity to blood vessels (Mounier et al., 2011), implying that SCs may
rely on the nutrients, hormones, and other factors to maintain their quiescent status or to support
their activation and proliferation following muscle injury. For example, high circulating levels of
glucose and amino acids have been shown to promote SC lineage progression through the mTOR
pathway (Kim and Guan, 2011; Dai et al., 2015). Further, it has been shown that insulin can
promote SC proliferation through AKT/mTOR pathway (Han et al., 2008) and enhance SC
differentiation through PI3K/AKT (Tureckova et al., 2001) and p38-MAPK pathways (Gonzalez

et al., 2004). Intrinsically, it has been shown that a lack of nutrients may activate the AMP kinase
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(AMPK) cascade by increasing the AMP/ATP ratio, and a loss of AMPK signaling may impair
SC activation, proliferation, self-renewal and muscle regeneration after injury (Hardie et al., 2003;
Fuetal., 2016). Together, these findings suggest that SC behaviors can be governed by the external

stimuli emanated from its niche microenvironment.

UDP-GIcNAc, a product of the hexosamine biosynthetic pathway (HBP), can integrate
carbohydrate, lipid, protein, and nucleotide metabolisms and has been established as a nutrient
gauge in a wide range of cells (Love and Hanover, 2005; Butkinaree et al., 2010). In this sense,
O-GlcNAc cycling on and off the target proteins by O-GIcNAc transferase (OGT) and O-
GlcNAcase (OGA) respectively, can serve as a nutrient sensor for cells to make decisions and
adjust their behaviors accordingly (Hanover et al., 2012). O-GlcNAcylation is critical to maintain
skeletal muscle metabolic homeostasis. For instance, high levels of O-GlcNAcylation has been
linked to insulin resistance; whereas genetic ablation of muscle O-GlcNAcylation protects animals
against high fat diet-induced obesity and insulin resistance (McClain et al., 2002; Shi et al., 2018).
Further, an increase in O-GlcNAcylation by disrupting OGA expression impairs myogenesis in
C2C12 myoblasts in vitro (Ogawa et al., 2012) and induces muscle atrophy in vivo (Huang et al.,
2011). Although these findings highlight the importance of O-GlcNAcylation in muscle and
whole-body glucose and metabolic homeostasis, the functional role of this pathway in SCs remains
largely unknown. Herein we conditionally ablated OGT, and thus O-GlcNAcylation, in SCs and
studied the behavioral changes in SCs. Our findings show that O-GlcNAcylation is required to
maintain SC quiescence under normal physiological conditions and is indispensable in adult
regenerative myogenesis. These findings suggest that O-GIcNAcylation’s role as a nutrient sensing
pathway is universal, in that it is critical not only in metabolically active cells such as muscle

fibers, but also in quiescent cells such as adult muscle stem cells.
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Materials and methods

Mouse Model

Mice were generated and maintained at Virginia Polytechnic Institute and State University
and all experiments were approved by the Institution for Animal Use and Care Committee.
Conditional SC-specific Ogt deletion was accomplished by breeding Pax7<ER*; OgfoPY males
(Jax Mice strain: B6.Cg-Pax7 tm!(cre/ERT2)Gaka /1) with OgrloxPloxP females (Jax Mice strain: B6. 129-
Ogt™m!o"h 1) to generate Pax7"*; Ogf®Y (WT) or Pax7¢ER*; OgfoP’Y (¢KO) males. Conditional
SC-specific Ogt deletion in GFP expressing mice (H2B-GFP, JaxMice strain: B6;129S4-
Gt(ROSA)26Sorm! (MTA*™M2)Jae (C ] | g ] tm(tet0-HISTIH2BIGEP)]ae/ 1) a5 achieved by breeding Pax 7 ER*;
Ogt*PY males with Ogrlo*P1oxP; ROSACFP/GFP females to generate Pax7"*; Ogf*’Y; ROSASTP*
(WT-GFP) or Pax7<ER*; OgfloxP/Y ; ROSAST?* (cKO-GFP) males. Mice harboring conditional
YFP expressing satellite cells lacking Ogt were generated by breeding Pax7"; Ogt'*Y males
with Ogt™*; ROSAYFPYFP females to generate Pax7°FR*; Ogr’Y; ROSAYFP* (WT-YFP), or by
breeding Pax7°"; Ogt'™®Y males with Ogfl®™1oxP; ROSAYFPYFP females to generate Pax7¢TER*;
Ogt*PY: ROSAYFP* (cKO-YFP). Gene deletion was induced by intraperitoneal injection of 10mg
of tamoxifen over a consecutive 5d period. All mice were given at least 14 d after injection before

experiments were conducted unless otherwise stated.

Muscle Damage and Tissue Collection

All mice were injected with tamoxifen intraperitoneally either 14 d before injury or at the
time of injury (time of injection specified in each figure). Mice were anesthetized with isoflurane
and 50 pL or 200 puL of 0.1 mg/mL cardiotoxin from Naja Pallida (EMD Millipore Sigma,
Norwood, OH, USA) was injected into the right tibialis anterior (TA), gastrocnemius (GA), and

soleus muscles. The left TA or GA was used as an undamaged control. Mice were given a 7, 10,
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or 50 d recovery period after injury. Muscles were then isolated, weighed, and frozen in liquid
nitrogen cooled isopentane. Muscles were then transferred to a -80°C freezer and stored until

analysis.

Hematoxylin & Eosin Staining

Ten micron thick sections were cut using a cryostat microtome and placed on saline-coated
slides. Slides were placed in hematoxylin (Sigma-Aldrich, St. Louis, MO) for 6 min followed by
5 min in running deionized water. Slides were immersed in eosin (Sigma-Aldrich, St. Louis, MO)
for 2 sec and rinsed briefly in deionized water. Slides were submerged in 50% ethanol and 70%
ethanol for 10 sec each followed by 30 sec in 95% ethanol and 60 sec in 100% ethanol. Slides
were rinsed in xylene for 7 sec, dried with a kimwipe (Fisher Scientific, Hudson, NH), and

mounted. Images were taken using a Nikon Eclipse 801 (Nikon Instruments Inc., Melville, NY).

Immunohistochemical Staining of SCs

Slides were washed with PBS, fixed with ice-cold 4% formaldehyde for 10 min, washed
in PBS, and permeabilized in 0.2% Triton-X-100 (Sigma Aldrich, St. Louis, MO) for 15 min at
RT. After an additional PBS wash, sections were blocked with 5% goat serum in PBS containing
0.1% Triton-X-100 for 1 hr followed by overnight 4°C incubation with an anti-Pax7 (1:50 DSHB,
Iowa City, IA) primary antibody diluted in blocking buffer. The following day, slides were washed
with PBS and incubated in Alexa Fluor 555 goat anti-mouse IgG (1:1000) and DAPI (1 pg/mL)
for 1 hr at RT. Slides were washed with PBS, dried with a Kimwipe, and mounted. Images were

taken using a Nikon ECLIPSE 8oi fluorescent microscope (Nikon Instruments Inc., Melville, NY).

BrdU Incorporation Assay
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Twenty-four hrs after GA damage, bromodeoxyuridine (BrdU; 100mg/kg BW) was
injected intraperitoneally. Muscle was collected 18 hrs later, paraffin embedded, and 10 micron
thick sections were cut. Sections were deparafinized by submerging in xylene for 3 min twice
followed by an additional 3 min incubation in a 1:1 xylene: ethanol solution. Sections were
rehydrated by submerging in the following for 3 min each: 100% ethanol twice, 95%, 70%, and
50% ethanol. Slides were rinsed and incubated in 10 mM sodium citrate buffer at 95°C for 30 min
and allowed to cool for 20 min. Slides were washed with PBS and treated with 1.5M hydrochloric
acid and allowed to sit at RT for 30 min. Slides were washed twice with PBS and blocked with
5% goat serum for 1 hr at RT. Slides were incubated overnight at 4 °C with an anti-BrdU antibody
(clone G3G4, DSHB, Iowa City, IA) diluted 1:500 in blocking buffer. The following day, slides
were washed with PBS and incubated in blocking buffer containing the secondary antibody Alexa
Fluor 555 goat anti-mouse IgG (Life Sciences Technologies, Eugene, OR; 1:1000) and DAPI (1
pg/mL) for 1 hr at RT. Slides were washed with PBS, mounted, and imaged for analysis. The
number of BrdU positive nuclei were quantified as a percentage of total nuclei as an indicator of

cell proliferation rate.

Single Fiber Isolation and Staining

Gastrocnemius muscles were digested in DMEM (Dulbecco’s modified Eagle’s medium;
high glucose, L-glutamine with 110 mg/mL sodium pyruvate) containing 0.2% collagenase type 1
(Worthington Biochemical Corporation, Lakewood, NJ) for 1 hr at 37°C with 5% CO». Muscles
were transferred to wash medium (high glucose DMEM containing 1% penicillin/streptomycin)
with a large bore pipet coated in horse serum and gently flushed. Fibers were individually
transferred with a Pasteur pipet and washed to remove debris. Fibers were either immediately fixed

with 4% paraformaldehyde for staining or transferred to 10 mm dishes coated in horse serum
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containing culture media (DMEM containing 20% FBS, 1% chicken embryo extract, and 1%
penicillin/streptomycin) for 3 days of incubation. Fixed fibers were washed in PBS, permeabilized
with 0.1% Triton-X-100 in PBS for 10 min and blocked with 5% goat serum in PBS for 1 hr at
RT. Fibers were incubated with anti-Pax7 (1:50 DSHB, lowa City, IA), anti-OGT (1:200, Abcam,
Cambridge, UK), or anti-HCF-1 (1:100, Bethyl Laboratories, Montgomery, TX) antibodies
overnight at 4°C. The following day, fibers were washed with PBS and incubated in secondary
antibodies (1:1000, Alexa Fluor 488 goat anti-rabbit IgG or Alexa Fluor 555 goat anti-mouse IgG)
and counterstained with DAPI (1 pg/ml) for 1 hr at RT. Fibers were washed with PBS, mounted
and imaged using a Nikon ECLIPSE 8oi fluorescent microscope or using the Virginia Tech Fralin

Imaging Facility’s Ziess LSM 800 confocal microscope (ZIESS, Oberkochen, Germany).

Satellite Cell Isolation

Immediately after euthanasia, mice were rinsed briefly in 70% ethanol and muscles from
the hind limbs, lower back, and diaphragm were isolated and transferred to sterile PBS. Muscles
were washed and excess connective tissue, adipose tissue, blood, and hair were removed. Pooled
muscles were then minced with sterile scissors and digested in Ham’s F10 medium (Fisher
Scientific, Hampton, NH) containing 10% horse serum (Invitrogen, Carlsbad, CA) and collagenase
IT (500 units per mL; Invitrogen) in a 15 mL centrifuge tube for 90 min at 37°C under agitation.
Digests were triturated 20 times using a 10 mL serological pipette and centrifuged at 500 X g for
1 min to pellet down the myofibers. Supernatants were discarded, and pellets were suspended in
10 mL washing buffer (Ham’s F10 medium containing 10% HS and 1% penicillin-streptomycin)
(pen/strep, Sigma-Aldrich, St. Louis, MO). Pellets were triturated 10 times and allowed to
incubate for 1 min to allow the clusters of non-digested fibers containing fibroblasts to fall to the

bottom of the tube. Supernatants containing single fiber fragments were then transferred into a
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new 15 mL tube and centrifuged. After centrifugation, supernatants were discarded, 10 mL of
washing buffer was added, and the pellet was triturated again 10 times and centrifuged. This step
was repeated for three times. Fragmented myofibers were then digested in 3 mL of Ham’s F-10
containing 10% HS, 0.5 U/mL dispase (Invitrogen), and 38 U/mL collagenase type II (US
Biological, Salem, MA) for 30 min at 37°C with agitation. After digestion, 10 mL of wash buffer
was added to the digest and satellite cells were liberated from the myofibers by trituration 10 times
with a 20-gauge syringe and centrifuged. Supernatants were filtered through 40-um sterile filters.
The flow-through was centrifuged at 800 X g for 5 min to pellet satellite cells. Supernatants were
discarded, and cells were suspended in 1 mL of Ham’s F-10 containing 20% FBS (Genesee
Scientific, San Diego, CA), 1% pen/strep, and 5 ng/mL basic fibroblast growth factor (Thermo
Fisher Scientific, Gibco, Gaithersburg, MD). Cells were triturated 10 times to disperse and
suspensions were quantified using a hemocytometer. Cells were seeded on collagen-coated 12-
well plates at 0.1 x 10° cells/well for proliferation assays. Plates were incubated at 5% CO> at
37°C.

SC Clonal Assay

SCs were isolated from mice expressing SC-specific yellow fluorescent protein under the
Pax7 promoter and were seeded in growth media (Ham’s F-10 containing 20% FBS and 5 ng/mL
basic fibroblast growth factor) on collagen-coated 12-well plates at 0.1 x 10° cells/well. At the
time of seeding, cells were transfected with 1ug of plasmid DNA, 20nM of ON-TARGETplus
mouse Hcfcl siRNA (Dharmacon, Lafayette, CO), Scrambled Negative Control DsiRNA
(Integrated DNA Technologies, Coralville, IA), or Silencer™ Cy™3-labeled Negative Control
No. 1 siRNA (ThermoFisher Scientific, Waltham, MA) using a LipoJet in vitro transfection kit

(LifeSct LLC, Rockville, MD). The plasmids pCGN-HCF1-C600 and pCGN-HCFI1-WT were
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generously provided by Dr. Herr (Capotosti et al., 2011). Eighteen hours after transfection, cells
were changed to normal growth media and incubated for 7 d. Cells were fixed with 4%
paraformaldehyde and stained with an anti-GFP primary antibody (Cell Signaling Technology,
Danvers, MA) and an Alexa Fluor 555 goat anti-rabbit secondary antibody following the
previously mentioned protocol. Wells were imaged using a Nikon ECLIPSE 8oi fluorescent

microscope and number of SCs per clone were counted.

Flow Cytometry

Pooled red or white muscles were minced and digested in collagenase B and dispase 11
enzymes (Worthington Biochemical Corporation, Lakewood, NJ) for 1 hr at 37C with agitation.
Samples were triturated every 15 min. Digestions were neutralized with FBS and pelleted at 350
x g for 5 min. Digests were stained with CD31-APC, CD45-APC, Scal-APC, and Vcam-1-biotin.
After a brief wash, digests were incubated with a streptavidin-PE-Cy7 conjugated secondary
antibody. Prior to analysis, propidium iodide (selection for dead cells) and calcein violet (selection
for live cells) were added. Samples were analyzed and sorted using FACSAria I (BD Biosciences,

San Jose, CA). Data was analyzed using FlowJo software (FlowJo, LLC, Ashland, OR).

Statistical Analysis

Results are presented as means = SEM. Comparison between two groups was performed
using Student’s t test with two-tailed distribution. For multiple-group comparisons, one-way and
two-way ANOVAs were used to test for no differences among the group means. All statistical

analysis was conducted using JMP Pro (SAS Institute, Cary, NC).
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Results
Loss of OGT impairs adult regenerative myogenesis

To understand the functional role of O-GlcNAcylation in SCs, we bred male mice
expressing Cre recombinase with Ogt floxed females to generate conditional OGT knockout (cKO)
mice. Adult mice were administered tamoxifen, an estrogen analog, for five consecutive days to
induce the deletion of OGT. Ablation of OGT was confirmed by immunocytochemical staining of
SCs on isolated single myofibers (Fig. 4-1A). To evaluate the functional consequences of OGT
ablation in SCs, we injected the tibialis anterior (TA) and gastrocnemius (GA) muscles of WT and
cKO mice with cardiotoxin to induce muscle injury. Satellite cells from conditional knockout mice
exhibited impaired ability to repair muscle damage, as evidenced by a lack of uniform myofiber
formation and few embryonic myosin heavy chain (eMyHC) positive fibers in cKO muscles 7d
post-injury (Fig. 4-1B). Although the majority of eMyHC positive fibers in cKO muscle had a
CSA less than 1,500 pm?, a small percentage of large eMyHC positive fibers were present in cKO
muscle (Fig. 4-1C). Additionally, TA muscle weights were reduced in ¢cKO mice 10d post-injury
(Fig. 4-1D). These results suggest OGT is required for SC function during adult muscle
regeneration. To investigate whether muscle repair was simply delayed rather than compromised
in cKO muscle, we assessed muscle recovery 50d post-injury (Fig. 4-2A). Compared to WT, cKO
mice showed a 62 and 63% reduction in gastrocnemius (Fig. 4-2B) and tibialis anterior (Fig. 4-
2C) muscle mass, respectively. Consistent with reduced cKO muscle mass, damaged GA and
soleus fiber size distribution shifted to the left in cKO mice (Fig. 4-2D,E), which indicates WT
mice have larger fibers than cKO mice. Additionally, loss of OGT in SCs led to a 42 and 69%
reduction in the SC population within the undamaged GA (Fig. 4-2F) and soleus (Fig. 4-2G)

muscles, respectively, suggesting that O-GIcNAc signaling is necessary for maintaining SC
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viability in vivo. Upon muscle injury, SC content was further reduced to 74 and 75% in the GA
(Fig. 4-2F) and soleus (Fig. 4-2G) muscles, respectively. Collectively, these data argue that OGT

1s critical for the maintenance of SC and tissue health.

OGT ablation-induced muscle regeneration defect is time-sensitive

To investigate whether OGT action during SC regenerative myogenesis is restricted to a
certain stage of SC lineage progression, we changed the time window of OGT ablation before
injury (Fig. 4-3A). When tamoxifen was injected at the same time as muscle injury, GA and TA
muscles of the cKO mice recovered to a weight comparable to that of WT mice (Fig. 4-3B,C). In
agreement, fiber size distribution was normal in WT and ¢cKO damaged GA and soleus muscles
(Fig. 4-3D,E). Interestingly, after 50 days of recovery, the SC pool was reduced in both undamaged
and damaged cKO muscles compared to the WT controls (Fig. 4-3F,G). These results suggest that
O-GlcNAcylation 1is critical in the early stages of SC lineage progression as well as SC self-

renewal.

OGT ablation perturbs SC homeostasis in vivo

To gain insight into the role of OGT in SCs under normal physiological conditions, we
employed an in vivo lineage tracing strategy using H2B-GFP mice. These mice harbor a histone
2B-GFP gene allowing for ubiquitous GFP expression in response to doxycycline feeding (Foudi
et al., 2009). The engineered H2B-GFP fusion protein can be retained for up to 72 wks in non-
dividing cells (Foudi et al., 2009), making it a unique tool for studying long-term cell kinetics in
dormant cell types such as quiescent SCs. We fed H2B-GFP mice doxycycline food for 10 wks
(pulse period) to induce GFP expression (Fig. 4-4A). After the pulse period, mice were injected

with tamoxifen to ablate OGT and were then switched to normal food without doxycycline (chase
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period) (Fig. 4-4A). After a 10.5-wk chase period, we isolated SCs and performed flow cytometric
analysis. SCs were identified by the surface markers Vcaml1*® CD45  CD31- Scal™ and further
classified by as either GFP label retaining cells (LRCs) or GFP non-retaining cells (non-LRCs)
(Collins et al., 2005; Orford and Scadden, 2008; Chakkalakal et al., 2012). Using this approach,
the intensity of GFP served as a proxy for SC cycling properties during the chase period. We
showed that cKO SCs from both red and white muscles had a respective 30 and 21% increase in
LRCs compared to WT (Fig. 4-4B,C) suggesting that SCs from muscle of cKO mice divided less
frequently compared to their WT counterparts. Additionally, cKO SC content was reduced by 70
and 50% compared to the WT population from red and white muscle, respectively (Fig. 4-4D).
These data suggest loss of OGT slows SC cycling while dwindling the SC pool, further

demonstrating the importance of OGT in SC population maintenance.

OGT ablation reduces SC expansion after activation

To investigate the role of OGT in SC expansion after activation, we performed a BrdU
incorporation assay in vivo and found that cKO cells have a two-fold reduction in proliferation rate
compared to controls (Fig. 4-5A). We then examined SC behaviors in single muscle cell explant
cultures, a unique ex vivo system in which SCs progress through their lineage within a 3d time
frame while still attached to muscle fibers. Although WT SCs rapidly expanded in number, as
much as 8-fold within 3 days (Fig. 4-5B), this expansion was lost in cKO SCs, with a mere 2-fold
increase in numbers over the same time frame (Fig. 4-5B). This deficiency was evident by day 2
of culture, highlighted by a 50% reduction in BrdU positive cells in cKO explants compared to the
WT controls (Fig. 4-5C). Additionally, isolated cKO SCs exhibited a reduction in the number of
cells per clone after 7d in culture compared to WT SCs (Fig. 4-5D). To determine if cKO SCs are

unable to proliferate due to impaired activation, we quantified the percentage of MyoD/Ki67
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positive SCs immediately after isolation and after 3d of single fiber explant culture. Interestingly,
cKO explants had a profound increase in Pax7"; MyoDKi67" cells immediately after isolation and
on D3 of culture (Figure 4-5E), which indicates cKO SCs are hyperactivated. As metabolic state
plays a role in SC lineage progression (Moyes et al., 1997; Remels et al., 2010), we also assessed
mitochondrial content in SCs immediately after isolation. Indeed, cKO SCs have a greater
mitochondrial content (Figure 4-5F), which presumably hinders the ability of cKO SCs to remain
and/or re-enter a quiescent state (Rocheteau et al., 2012). Together, these findings show that OGT

is required for proper SC activation and proliferation in vivo, ex vivo, and in vitro.

HCF-1 mediates OGT action in SCs

To explore the molecular mechanisms of OGT action, we examined the interaction between
OGT and host-cell factor 1 (HCF1) and its significance in SC division. HCF1 undergoes OGT-
mediated proteolytic cleavage and the resulting products, HCF1IN (Goto et al., 1997; Julien and
Herr, 2003; Tyagi and Herr, 2009) and HCF1C (Julien and Herr, 2004), promote cell cycle
progression through the G1 and M phases of the cell cycle, respectively. These cleaved peptides
are vital for cell cycle progression in cytokine-producing cells, cancer cells and many other highly
proliferative cell types (Goto et al., 1997; Julien and Herr, 2003; Capotosti et al., 2011; Daou et
al.,2011; Lazarus et al., 2013). Hence, we speculated that SCs lacking OGT may not cleave HCF1,
thereby arresting cell cycle progression and thus cell division/expansion. To test this hypothesis,
we first examined whether HCF1 was expressed in SCs. We stained SCs on isolated single fibers
with antibodies against HCF1 and Pax7 and found that HCF1 was abundantly expressed in SCs
(Fig. 4-6A). We then isolated SCs and used siRNA to knock down HCF1 to examine whether lack
of HCF1 can mimic the effect of OGT knockout on SCs. Confirmation of successful plasmid and

siRNA transfection was assessed using a fluorescent tagged negative control Cy3 siRNA and GFP
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plasmid (Fig. 4-6B). Clonal assay revealed that HCF1 knockdown recapitulated the proliferative
defect observed in OGT deficient SCs (Fig. 4-6C). To assess whether the cleaved HCF1 could
rescue proliferation in cKO SCs, we introduced plasmids containing the full length HCF1 protein
or the mature C-terminal HCF1C subunit (pC600) (Capotosti et al., 2011). Plasmid expression was
confirmed with a Western blot to detect HCF1 and Myc-tag expression in C2C12 cell lysates
transfected with the HCF1 WT plasmid (Fig. 4-6D). Expression of pC600 increased SC number
per clone, partially rescuing the proliferative capacity of cKO SCs (Fig. 4-6E). In contrast, the
HCF1 WT plasmid (pWThcr-1) containing the full length, immature HCF1 protein had no effect
(Fig. 4-6E), highlighting the importance of HCF1 cleavage and maturation in SC division. Partial
rescue of SC proliferation by the C-terminal HCF1 may reflect the fact that SCs need both C- and
N-terminal to cycle properly. However, in this case, we could not introduce the HCF1N subunit
because it will not be properly O-GlcNAcylated, and thus not functional, in OGT deficient SCs

(Capotosti et al., 2011).

In summary, these data suggest that OGT, and thus O-GlcNAcylation, is important for SC
function in both quiescent and activated statuses. Loss of OGT disrupts SC viability and function,

thereby compromising its ability to repair adult muscle after injury.
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Discussion

O-GlcNAcylation is regarded as a nutrient sensing pathway in a wide range of cellular
processes in normal physiology as well as diseased circumstances (Butkinaree et al., 2010;
Hanover et al., 2012). Using a genetic approach, we show that O-GlcNAcylation plays an essential
role in SC maintenance and function. There are several lines of evidence that support our
conjecture. First, SCs lacking OGT have compromised ability to regenerate muscles after injury.
Second, our in vivo lineage tracing studies showed that a lack of OGT reduces SC content and
activity (replication) in both red and white muscles. Third, OGT knockout reduces the capacity of
SCs to self-renew. Lastly, the proliferative capacity of SCs is greatly reduced in vivo, ex vivo, and

in vitro in the absence of OGT.

Adult stem cells are quiescent in nature, with minimal transcriptional and metabolic
activities (Schultz et al., 1978). Nonetheless, recent studies show that these cells are metabolically
“active” during quiescence (Cheung and Rando, 2013; Takubo et al., 2013), and metabolic state is
a key regulator of SC behavior. For example, Rocheteau et al. reported a subpopulation of Pax7"
SCs that have a low mitochondrial content, are less primed for myogenic commitment, and have
delayed rates of mitosis compared to the Pax7' population with greater mitochondrial content. As
OGT acts as a cellular nutrient gauge, it is a reasonable assumption that SCs may use OGT as one
of the mechanisms to sense environmental nutrient availability and translate these nutritional
signals into a metabolic response to dictate SC behavior. As shown in our lineage tracing data,
when SCs lack OGT they cycle slower compared to their WT counterparts. This may be a result
of greater mitochondrial content in ¢cKO SCs, as an increase in glycolytic flux is necessary to
support proliferation (Ryall et al., 2015). For example, many critical glycolytic enzymes in cancer

cells including pyruvate kinase (Wang et al., 2017), glucose-6-phosphate dehydrogenase (Rao et
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al., 2015), and phosphofructokinase 1 (Yiet al., 2012) are all O-GlcNAcylated. Because adult stem
cells adopt a glycolytic paradigm, it is reasonable to believe that OGT-mediated O-GlcNAcylation
of key glycolytic enzymes may play an essential role in maintaining stem cell metabolic
homeostasis. Interestingly, OGT represses gene transcription through EZH2-mediated histone 3
trimethylation (Chu et al., 2014), a process adopted by cells to “shut down” selectively the
expression of a wide range of “unnecessary” genes to maintain certain status. Given the critical
role of OGT in glycolysis and epigenetic regulation, it is not surprising to observe that knockout
of OGT, and thus O-GIcNAcylation, dramatically perturbs SC quiescence and cycling properties

in vivo.

In addition to its function in SC quiescence, OGT is also required for SC activation and
proliferation during chemical-induced muscle regeneration. It is reasonable to speculate that when
SCs sense a lack of nutrients from its microenvironment through OGT-mediated O-
GlcNAcylation, they not to divide and/or proliferate, as demonstrated by a lack of BrdU
incorporation in vivo, reduced clonal size in vitro, and decreased SC number in single fiber
explants ex vivo. It is also possible the reduction in SC number is a result of cKO SCs undergoing
apoptosis after an arrest in the cell cycle without OGT-mediated HCF-1 maturation. At the
molecular level, OGT has more than 1,000 substrates (Hanover et al., 2012) across a wide range
of cell types. Hence, we speculate that SCs may utilize O-GIcNAcylation as a nutrient sensing
mechanism to drive DNA replication, protein synthesis, and mitosis. Specifically, we hypothesize
that OGT drives SC cell cycle progression through O-GlcNAcylating and cleaving HCF-1, among
other mechanisms. As evidence, our results show that lack of HCF-1 can recapitulate the
phenotype of OGT deficiency. Furthermore, forced expression of a C-terminal HCF-1 partially

rescues the OGT knockout effect. These data suggest that once activated, SCs, like many other
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cell types, employ O-GlcNAcylation as a sensing mechanism to adapt to nutrient availability and

decide whether or not to proceed through the cell cycle.

Self-renewal is requisite for quiescent adult muscle stem cells but may occur differently
under normal physiological conditions than those situations requiring regenerative myogenesis
(Conboy and Rando, 2002). Kuang et al. showed that SCs lacking the myogenic regulator Myf5
give rise to both Myf5 negative and positive subpopulations in normal adult muscle. Based on
these observations, this group proposed that Myf5 negative SCs represent a progenitor population
of muscle stem cells while the Myt5 positive SCs are a more downstream lineage progression
phenotype (Kuang et al., 2007). Further, Rocheteau et al. classified SCs normal adult muscle into
high- and low-Pax7 expression subpopulations and discovered that the former was not primed for
commitment, strongly suggesting a divergent population of SCs in normal adult muscle. Finally,
Rando’s group proposed that SCs self-renew through asymmetric division where the immortal
DNA template is preferentially segregated to renewed, quiescent SCs (Rando, 2006, 2007). In
contrast, stem cell self-renewal during adult regenerative myogenesis occurs through an obligatory
lineage progression trajectory (Ono et al., 2012). In this case, SCs first become activated, then
withdraw from the cell cycle and revert back to an original quiescent status. In our study, we found
that cKO SCs were hyperactivated and had a greater mitochondrial content, which may prevent
proper self-renewal and contribute to the reduced SC pool in mice lacking OGT under normal
physiological conditions. After muscle injury, SCs number was further reduced in OGT deficient
mice compared to wild-type, and this deficiency was accompanied by a reduction in muscle mass
indicative of a failed muscle regeneration. Further, when we injected cardiotoxin (to induce injury)
and tamoxifen (to induce Ogt knockout) at the same time, muscle mass of the knockout mice was

comparable to that of the wild-type mice even though SC number in fully recovered KO muscle
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was still decreased compared to that of wild-type mice. These data provide strong evidence that

OGT is indispensable for proper SC self-renewal in regenerative myogenesis.

In conclusion, our studies are the first to reveal the critical role of O-GlcNAcylation, a
post-translational modification, in SC function and maintenance. These findings may apply to
other adult stem cells since these cells share similar characteristics such as quiescence, having the
ability to differentiate, and self-renewal. Further analysis of this pathway in other stem cell type
may help find new avenues to improve adult stem cell longevity and its ability to repair the injured

tissues.
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Figure 4-1. Ablation of OGT impairs muscle regeneration. (A) Single myofibers stained with
Pax7 and OGT specific antibodies, counterstained with DAPI. Scale bar = 20um. (B)
Representative H&E stained (top) and eMyHC (red), laminin (green), and DAPI (blue) stained
(bottom) GA muscles 7d after CTX injury. Scale bar = 100um. (C) Histogram of GA muscle fiber
sizes from eMyHC positive fibers 7d after CTX injury. (D) TA muscle weights 10d after CTX
injury. Values represent means £ SEM. n=4. * P < 0.05 when compared to WT. Abbreviations:
TMX = tamoxifen; CTX = cardiotoxin; TA = tibialis anterior GA = gastrocnemius; eMyHC=
embryonic myosin heavy chain.
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Figure 4-2. OGT is critical for maintenance of muscle mass and SC number in adult
regenerative myogenesis. (A) Experimental scheme B-E: muscle was damaged 2-wks after TMX
injection followed by a 50d recovery period. Cardiotoxin was injected into the right tibialis
anterior, gastrocnemius, and soleus muscles. Non-damaged control muscles were collected from
the left leg. (B-C) Representative images and tissue weights of non-damaged (control) and
damaged gastrocnemius (B) and tibialis anterior (C) muscles. (D-E) Histogram of muscle fiber
sizes from damaged (D) gastrocnemius and (E) soleus muscles. (F-G) Quantification of Pax7
positive cells in non-damaged (control) and damaged gastrocnemius (F) and soleus (G) muscles.
Values represent means + SEM. n=4. * P < 0.05 when compared to WT.
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Figure 4-3. Timing is critical for OGT action in muscle regeneration. (A) Experimental scheme
B-E: TMX was injected on the same day as muscle injury followed by a 50d recovery period.
Cardiotoxin was injected into the right tibialis anterior, gastrocnemius, and soleus muscles. Non-
damaged control muscles were collected from the left leg. (B-C) Tissue weights of non-damaged
(control) and damaged gastrocnemius (B) and tibialis anterior (C) muscles. (D-E) Quantification
of Pax7 positive cells in non-damaged (control) and damaged gastrocnemius (D) and soleus (E)
muscles. (F-G) Histogram of muscle fiber sizes from damaged (F) gastrocnemius and (G) soleus
muscles. Values represent means £ SEM. n=4. * P <0.05 when compared to WT.

130



A Doxycycline Normal

Chow TMX Chow
3-week old — injection 5
H2B-GFP consecutive
B Red Muscle

10-wk pulse days 10.5-wk chase
WT cko 120.

OnonlLRC mLRC

] 100 A
: B

GFP Retentionl - GFP Retentia Towr cKO

White Muscle
WT cKO

(0]
o

Percent SCs
o
)

N
o
1

N
o
1

o
o

1207 OnonlRC MLRC

1007 -

o]
o

D
o

Percent SCs
o
o)

N
o

o

120+ mWT 0 cKO
100

105

[0
o

10

(o))
o

103

Yy
o
.

*

Vcam-PE-Cy7

N
o

—103

Relative SC Number

—1030 103 104 'IOS —1030 103 104 105

o

Scal-PerCP-Cy5.5 Scal-PerCP-Cy5.5 Red Muscle  White Muscle

Figure 4-4. O-GlcNAc signaling is necessary for SC cycling and self-renewal. (A) Scheme of
experimental design B-D: 3-wk old mice were fed doxycycline chow for 10-wks (pulse) followed
by 5 days of TMX injections and switched to a normal chow diet (chase). (B, C) Representative
contour plots and quantification of GFP retention in SCs isolated from red (B) and white (C)
muscles after the 10.5-wk chase. (D) Representative contour plots of SC populations isolated from
red muscle and relative abundance of SCs isolated from red and white muscles after the 10.5-wk
chase. SCs were identified by markers Vcaml1*; Scal-; CD45°; CD31". Values are means + SEM.
n=4. *P < (0.05 when compared to WT.
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Figure 4-5. OGT is required for proper proliferation. (A) BrdU incorporation in vivo. (B) SC
number per fiber on D1, D2, and D3 of culture. Myofibers were isolated for culture 3d after final
TMX injection. (C) Quantification of BrdU positive cells on single myofibers after 2d of culture.
(D) Representative image of SC clones after 7d culture. (E) Percentage of Pax7" ; MyoDKi67*
cells immediately after SC isolation and 3d of single fiber explant culture. (F) Mean fluorescent
intensity of Mitotracker Red immediately after SC isolation. SCs were identified by markers
Vcaml*; Scal-; CD45°; CD31". Values represent means + SEM. n=4. * P < (.05 when compared
to WT.
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Figure 4-6. HCF-1 presumably mediates OGT action in SCs. (A) Immunocytochemical
staining of HCF-1 in SCs on single myofibers. (B) Representative images of SCs transfected with
Cy3 siRNA and GFP plasmid. (C) Clonal analysis of isolated SCs from WT (black bars) with or
without HCF-1 knockdown and ¢cKO (white bars) mice. (D) Western blot detecting HCF-1 (left)
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Chapter 5. Mitochondrial ATP production is dispensable in IGF-1 stimulated myogenesis

Abstract

Insulin-like growth factor 1 (IGF-1) is a potent stimulator of myogenesis. Recent findings
suggest mitochondria play an essential role in IGF-1 mediated myogenesis, yet the underlying
mechanism remains largely unknown. We hypothesized OxPhos-dependent and -independent
functions of mitochondria play different roles in the IGF-1 myogenic program. To this end, we
disrupted mitochondrial ATP production (OxPhos) by knocking out ATP synthase F1 [-subunit
(ATP5B) and abolished the mitochondrial membrane potential (A¥m) by ablating ubiquinol-
cytochrome C reductase iron-sulfur subunit (UQCRFS1) in C2C12 myoblasts. Deletion of Atp5f3
decreased ADP-stimulated respiration (P = 0.0001), maintained AWm through uncoupled
respiration, enhanced glucose uptake (P = 0.014), increased lactate production (P = 0.009), and
increased pyruvate entry into the TCA cycle (P <0.0001). However, UQCRFS1 deletion disrupted
A¥Ym and mitochondrial respiration. Ablation of UQCRFSI, but not ATP5f, impaired myoblast
proliferation; nonetheless, lack of either gene profoundly compromised myoblast fusion.
Interestingly, addition of the potent myogenic stimulator IGF-1 only rescued ATP5 fusion and
could not override UQCRFS1 knockout effects on either myoblast proliferation or differentiation.
These data suggest an OxPhos-independent pathway is required for IGF-1 stimulated myogenesis.
Further examination of A¥m related metabolic pathways will shed light on how mitochondria

relay IGF-1 signaling in myogenesis.

Key words: ATP synthesis, myogenic program, IGF-1 signaling, mitochondrial bioenergetics
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Introduction

Myogenesis is a tightly regulated process orchestrated by defined metabolic shifts.
Myoblast proliferation is characterized by an increase in glycolysis, glutaminolysis, and activation
of the pentose phosphate pathway (Ryall et al., 2015) to support the macromolecule biosynthesis
necessary for proliferation. During differentiation, myoblasts undergo metabolic reprogramming
characterized by an increase in mitochondrial content and oxidative capacity (Remels et al., 2010)
(Moyes et al., 1997). Disruption of metabolic reprogramming by inhibiting mitochondrial protein
synthesis (Korohoda et al., 1993; Rochard et al., 2000), mitochondrial DNA replication (Brunk
and Yaffe, 1976; Herzberg et al., 1993), oxidative phosphorylation (Pawlikowska et al., 2006), or
pyruvate metabolism (Hori et al., 2019) impairs differentiation. While accumulating evidence
supports the notion that mitochondria are essential for myogenic differentiation (Herzberg et al.,
1993; Hamai et al., 1997; Rochard et al., 2000; Bloemberg and Quadrilatero, 2016), the
underpinning mechanisms remain largely unknown, partially due to the functional complexity of
mitochondria in a wide range of cellular processes. For example, in addition to their traditional
role as the powerhouse of the cell, mitochondria are an active player in metabolic signaling
(Hansford and Zorov, 1998; Bohovych and Khalimonchuk, 2016; Martinez-Reyes and Chandel,
2020), reactive oxygen species production/signaling and scavenging (Skulachev, 1996; Aon et al.,
2010; Brand, 2010), cell death (Goldstein et al., 2000), ion and metabolite transport (Palmieri and
Pierri, 2010), iron-sulfur protein biogenesis (Nuth et al., 2002; Bulteau et al., 2004; Yoon and
Cowan, 2004), and calcium homeostasis (Deluca and Engstrom, 1961; Vasington and Murphy,

1962; Rottenberg and Scarpa, 1974).

Insulin-like growth factor 1 (IGF-1) is a polypeptide hormone that significantly contributes

to growth, development, and metabolic regulation of most tissues. In skeletal muscle, IGF-1 is a
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potent stimulator of myogenesis by initially stimulating proliferation and then functioning as a
strong inducer of differentiation (Rosenthal and Cheng, 1995; Engert et al., 1996). Myoblast
proliferation is enhanced by IGF-1 stimulation through activation of the phosphatidylinositol 3’-
kinase/Akt (PI 3-kinase/Akt) pathway which facilitates the downregulation of p27%'?! a cell cycle
inhibitor (Chakravarthy et al., 2000). On the other hand, IGF-1 can induce differentiation through
activation of PI 3-kinase/Akt and the downstream activation of mammalian target of rapamycin
(mTOR) and p70S6 kinase to promote protein synthesis and inhibit protein degradation (Rommel
et al., 2001; Tureckova et al., 2001). Several reports have shown IGF-1 (Bijur and Jope, 2003; Li
et al., 2013; Song et al., 2018; Ohwada et al., 2020) or insulin-mediated activation of the PI3-
K/Akt pathway (Yang et al., 2009; Yang et al., 2013) induces phosphorylation and translocation
of Akt to mitochondria. Following translocation, mitochondrial Akt phosphorylates glycogen
synthase kinase-33 (GSK3[3) and the a and -subunit of ATP synthase (ATP5a and ATP5p) (Bijur
and Jope, 2003; Li et al.,, 2013). These modifications presumably modulate mitochondria
metabolism, as GSK3[ phosphorylation (inactivation) removed its inhibition on pyruvate
dehydrogenase (Hoshi et al., 1996) and phosphorylation of ATP5a and ATP5f increased complex
V activity in hepatocytes (Li et al., 2013). In insulin-stimulated C2C12 myoblasts,
pharmacological inhibition of PI 3-kinase reduced Akt phosphorylation and severely blunted
fusion, which was recapitulated with inhibitors of the ETC or inhibitors of mitochondrial protein
synthesis (Pawlikowska et al., 2006). These studies suggest mitochondria play an important
metabolic role in IGF-1 mediated myogenesis, yet how mitochondria mediate IGF-1 action in

myogenesis remains largely unknown.

To determine the metabolic role of mitochondria in IGF-1 mediated myogenesis, we

divided mitochondrial functions into OxPhos-dependent and -independent roles by knocking out
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ATP synthase F'I subunit beta (ATP5B) and Ubiquinol-cytochrome C reductase iron-sulfur subunit
(UQCRFS1), respectively. Atp5b encodes the B-subunit of the ATP synthase catalytic core (F1)
that harbors the catalytic nucleotide binding sites for ATP synthesis. Deletion of ATP5f disrupted
energy production but preserved (membrane potential) A¥Ym through uncoupled mitochondrial
respiration, generating myoblasts that lack the capacity for mitochondrial ATP production
(OxPhos). Ugcrfsl encodes a catalytic core subunit of complex III that contains an iron-sulfur
cluster responsible for receiving and transferring electrons from ubiquinol to cytochrome cl,
respectively. As a result, UQCRFSI is essential for CIII enzymatic activity (Diaz et al., 2012), and
its deletion obstructed AWm, mitochondrial respiration, and energy production. Using this strategy,
we showed that OxPhos is not necessary for IGF-1 mediated myogenesis but an OxPhos-

independent function of mitochondria is imperative.

Materials and Methods

Cell Culture and Treatments

Skeletal muscle C2C12 mouse myoblasts (ATCC CRL-1772) were maintained in growth
media (GM; DMEM containing 10% fetal bovine serum, 1% penicillin/streptomycin, 0.1 mg/ml
normocin) in 5% CO; at 37°C. Treatments include 10 ng/mL LONG R3 IGF-1 human (Sigma-
Aldrich, St. Louis, MO), 0.5 mM nicotinamide mononucleotide (Sigma Aldrich, St. Louis, MO),
and/or 25 uM DS16570511 (Cayman Chemical Company, ANN Arbor, MI). All myoblast

experiments including a treatment were incubated for 18hrs and collected for analysis.

For differentiation studies, when cells reached confluence, media was changed to
differentiation media (DM; DMEM containing 2% horse serum, 1% penicillin/streptomycin, 0.1

mg/ml normocin). Treatments were added on D1 on incubation for 18 hrs followed by the addition
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of fresh DM. Cells that received nicotinamide mononucleotide (NMN) as a treatment were

supplied with 0.5 mM NMN for the remainder of differentiation.

Design and Preparation of seRNA

Guide RNA with minimum off-targets and a high-quality score were designed using the

CRISPR design tool (http://crispr.mit.edu). Targeting sgRNA 1, sgRNA 2, and sgRNA 3 were

designed for exons 1 and 2 of A5 and Ugcrfsl genes. Oligonucleotides ordered from IDT
(Integrated DNA Technologies, Coralville, IA) for each sgRNA were paired, annealed, and cloned
into the pSpCas9(BB)-2A-Puro V2.0 plasmid (Addgene #62988) according to Ran et al. (2013).

Proper insertion of the 20-nt guide sequence was confirmed using Sanger sequencing.

Plasmid Transfection

C2C12 myoblasts were grown to 60-70% confluency in 150 mm dishes and transfected
with PeneFect™ Transfection Reagent (LifeSct LLC, Rockville, MD). Briefly, 13 pg of each
plasmid containing sgRNAs 1-3, totaling 39 ug of plasmid DNA targeting Atp5 S or Ugcrfsl or a
vector control, was combined with 80 pL PeneFect™ and added dropwise to each 150 mm culture
plate. Media was replaced with fresh GM after 18 hrs and cells were incubated for an additional
30 hrs. Puromycin was added to a final concentration of 4 pg/mL and incubated 48 hrs. Selected
C2C12 myoblasts were then replated for experiments and a subset collected for Western blotting

to ensure an absence of ATP5P or UQCRFSI protein.

Western Blotting

Cellular proteins were lysed on ice with sample buffer containing 50 mM Tris-CI pH 6.8,

2% SDS, 10% glycerol, 1% p-mercaptoethanol. Protein concentration was determined using
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Pierce™ BCA Protein Assay Kit (ThermoFisher, Waltham, MA). Cell lysates were separated
using SDS-PAGE, transferred to nitrocellulose membranes, and immunoblotted with primary
antibodies specific for ATP5 (ThermoFisher, Waltham, MA) or UQCRSF1 (Abcam, Cambridge,
UK). Bands were visualized with IRDye fluorescent secondary antibodies (LI-COR Biosciences,
Lincoln, NE) and quantified using LI-COR Biosciences Odyssey imaging system and LI-COR

Image Studio software.

Flow Cytometry

Myoblasts were seeded in 6-well plates at a density of 5x10° cells/ well. The following
day, 2 uM JC-1 (Abcam, Cambridge, UK) and 100 nM MitoTracker DeepRed (ThermoFisher,
Waltham, MA) were added to each well and incubated at 37°C with 5% CO; for 30 min. Myoblasts
were removed using 1:4 diluted trypsin-EDTA (ThermoFisher, Waltham, MA), centrifuged, and
resuspended in PBS containing 3 g/L glucose and 2% fetal bovine serum. Samples were analyzed
and sorted using FACSAria I (BD Biosciences, San Jose, CA). Data was analyzed using FlowJo

software (FlowJo LLC, Ashland, OR).

Mitochondrial Respiration

Myoblasts were seeded in a Seahorse XF Cell Culture 96-well Microplate (Agilent
Technologies, Santa Clara, CA) at a density of 15 x10° cell/well and cultured overnight at 37°C
with 5% CO: in GM. The following day, GM was replaced with XF Media containing 10.5 mM
sodium pyruvate, 10 mM glucose, and 1% GlutaMax. Mitochondrial respiration was measured
using an XF96 extracellular flux analyzer (Agilent Technologies, Santa Clara, CA). Oxygen

consumption rate (OCR) was measured at basal conditions followed by a series of injections
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including 1 pg/mL oligomycin, 2uM FCCP, and 2uM antimycin A. All experiments were

conducted at 37°C. OCR values were normalized to pug of protein per well.

Metabolite Analysis

Myoblasts were seeded in a 6-well plate at a density of 5x10° cells/well and allowed to
grow for two days. After 48hrs, ImL of media was collected from each well, combined with 100uL
of 0.5M perchloric acid, incubated on ice for 15 min, and neutralized with 20 puL of 2M KOH.

Samples were then frozen until analysis.

To determine media glucose concentration, 1.8 mL of glucose buffer containing 6.25%
triethanolamine, 25 mM EDTA pH 7.4, 35 mM MgCl,, and 1.28 mM NADP was added to each 5
mL borosilicate glass tube. Next, 300 uL of 1:6 diluted sample was added to its corresponding
tube, and OD1 was measured spectrophotometrically at 340 nm in triplicate using 96-well plate.
Following ODI1, 35 uL of 1:10 glucose-6-dehydrogenase dehydrogenase (Sigma-Aldrich, St.
Louis, MO) was added to each tube, incubated at RT for 15 min, and OD2 was measured.
Following OD2, 40 uL of 11 mg/mL Na-ATP (Sigma-Aldrich, St. Louis, MO) and 21 uL of 1:10
hexokinase (Sigma-Aldrich, St. Louis,MO) was added to each tube, incubated at RT for 20 min,
and OD3 was measured. Media glucose concentration was determined by subtracting OD3 from
OD1 and calculated using a standard curve. Media glucose concentration was subtracted from the

starting media glucose concentration to determine glucose uptake over 48 hrs.

To determine media lactate concentration, 1.5 mL of lactate buffer was added to each 5 mL
borosilicate glass tube. A 100 pL aliquot of 1:2 diluted sample was added to its corresponding
tube, and OD1 was measured spectrophotometrically at 340 nm in triplicate using 96-well plate.

Following OD1, 35 uL of L-lactic dehydrogenase from bovine heart (Sigma-Aldrich, St. Louis,
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MO) was added to each tube, incubated at RT for 2 hrs, and OD2 was measured. Media lactate
concentration was determined by subtracting OD2 from OD1 and calculated using a standard

curve.

ATP and ADP was separated with an HP Agilent 1100 (Agilent Technologies, Santa Clara,
CA) using an Accucore C18 2.6 um 50 mm x 4.6 mm column (Thermo Scientific, Pittsburg, PA),
detected at 254 nm with gradient separation (Bernocchi et al., 1994; Williams et al., 2008), and

quantified using commercially available ATP and ADP as a standard (Sigma-Aldrich, St. Louis,

MO).

NAD:NADH ratio

Ratio of NAD+ to NADH was determined using NAD/NADH Cell-Based Assay Kit (Item
No. 600480; Cayman Chemical Company, ANN Arbor, MI) according to manufacture’s

instructions.

[U-13Cglglucose Tracing and GCMS Analysis

Myoblasts were seeded on 150 mm dishes and grown until reaching approximately 70%
confluency. GM was then changed to DMEM without glucose or sodium pyruvate, 10 mM [U-
13Cs]glucose (Cambridge Isotope Lab, Tewksburg, MA), 10% FBS, 1% penicillin/streptomycin,

and 0.1 mg/ml normocin. Myoblasts were incubated in the labelled glucose media for 18 hrs.

Cells were then washed and 200 pL of 0.5 M perchloric acid was added to each dish,
scrapped, collected into a centrifuge tube, set on ice for 15 min, and centrifuged at 13,000 X g for
5 min at 4°C. Supernatants were transferred to a new centrifuge tube containing 40 uL of 2 M

KOH and vortexed. Next, 300 uL of 5 M hydroxylamine hydrochloride was added followed by

145



350 uL of 4 M KOH and sonicated for 60 min at 65°C. After the incubation, samples were acidified
with 150 uL of 6 M HCI, saturated with NaCl, and extracted with ethyl acetate. For the first
extraction, 0.8 mL ethyl acetate was added and incubated on a shaker for 15 min followed by
centrifugation. The organic phase was separated with a Pasteur pipette, transferred to drum vials,
and evaporated under N> at 40°C. For the second extraction, 0.6 mL ethyl acetate was added and
incubated on a shaker for 15 min. Supernatants were combined and evaporated to dryness under
N> at 40°C. Equal amounts of MTBSTFA (UCT Special Ties LLC, Bristol, PA) and ethyl acetate
were mixed (1:1), and 20 pL of the mixture was added to samples and incubated at 65°C for 1 hr.
After the incubation, samples were transferred to GC vials and analyzed using an Agilent 7890
Series GC System with a 5975 mass selective detector (Agilent Technologies, Wilmington, DE)
and a 30 m x 0.25 mm x 0.25 um HP-5MS fused silica capillary column (Agilent Technologies,

Wilmington, DE).

BrdU Analysis

Myoblasts were seeded on 24-well plates at a density of 5x10* cells/well. The following
day, BrdU labelling reagent (Invitrogen, Carlsbad, CA) was added at a 1:100 dilution and cultures
were incubated at 37°C for 1 hr. Cells were then washed with ice-cold PBS, fixed with ice-cold
70% ethanol for 5 min at RT, washed with PBS, and incubated in 1.5 M hydrochloric acid for 30
min at RT. Plates were then washed three times with PBS, blocked with PBS containing 5% goat
serum for 1 hr at RT, and incubated overnight at 4°C with a BrdU primary antibody (clone G3G4,
DSHB, Iowa City, IA) diluted 1:100 in blocking buffer. The following day, plates were washed
three times and incubated with Alexa Flour 555 goat anti-mouse IgG (Life Technologies, Eugene,
OR) diluted 1:1000 in blocking buffer for 2 hrs at RT. Nuclei were counterstained with 4°,6-

Diamidino-2-Phenylindole (DAPI) diluted 1:500 in blocking buffer. Plates were washed three
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times and images were collected using a Nikon ECLIPSE Ti-E fluorescent microscope (Nikon
Instruments Inc., Melville, NY). Number of nuclei positive for BrdU was quantified as a percent

of total nuclei as an indicator of cell proliferation rate.
Fusion Index

Myoblasts were seeded on 24-well plates at a density of 2 x 10° cell/well in GM. The
following day, media were changed to DM and cells were allowed to differentiate for 4 days. On
D4, plates were washed with ice-cold PBS once and fixed with ice-cold 100% methanol for 10
min at RT. Plates were then washed, blocked with PBS containing 5% goat serum, and incubated
overnight at 4°C with a myosin primary antibody (MF20; DSHB, Iowa City, IA) diluted 1:100 in
blocking buffer. The following day, plates were washed three times and incubated with Alexa
Fluor 555 goat anti-mouse IgG (Life Technologies, Eugene, OR) diluted 1:1000 in blocking buffer
for 2 hrs at RT. Again, nuclei were stained with DAPI. Plates were washed three times and images
were collected using a Nikon ECLIPSE Ti-E fluorescent microscope (Nikon Instruments Inc.,
Melville, NY). Fusion index was calculated by dividing the number of nuclei within

multinucleated fibers by the total number of nuclei within a field.

Statistical Analysis

Results are presented as means = SEM. Comparison between two groups was performed
using Student’s t-test with two-tailed distribution. For multiple-group comparisons, one-way and
two-way ANOVAs were used to test for no differences among the group means. In the cases of
significant interactions, Tukey’ multiple comparisons test was performed post hoc. P-values less
than or equal to 0.05 were considered statistically significant, while those less than 0.08 were

considered trending.
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Results

Generation of CRISPR/Cas-9-mediated ATPS5 8 and UQCRFS| knockout C2C12 myoblasts

To investigate the roles of OxPhos-dependent and -independent mitochondrial functions in
myogenesis, we used CRISPR-Cas9 to knockout ATP5B and UQCRFSI1 in C2C12 myoblasts.
Guide RNAs were used to target multiple regions of exon 1 and 2 of Atp5bh and Ugcrsf1 (Fig. 5-
1A,C), and gene deletion was confirmed by Western blotting (Fig. 5-1B,D). To evaluate the
functional consequences of ATP53 and UQCRFS1 deletion, we assessed mitochondrial membrane
potential (A¥m) and mitochondrial respiration. Deletion of ATP5f reduced basal respiration but
permitted uncoupled respiration (P < 0.0001; Fig. 5-2A) to sustain AYm (Fig. 5-2C). In contrast,
UQCRFSI1 deletion reduced AWYm (P < 0.0001; Fig. 5-2B), reduced basal respiration (P <
0.0001Fig. 5-2C), and inhibited uncoupled mitochondrial respiration (Fig. 5-2C). Together,
ATP5B deletion preserved A¥Ym but disrupted mitochondrial energy production, whereas

UQCREFSI1 deletion disrupted A¥Ym and subsequently mitochondrial function.

Deletion of ATP5 [ and UQCRFSI evoke unique metabolic responses

To determine how disruption of mitochondrial bioenergetics impacts metabolism, we
assessed various metabolic characteristics. Mitochondrial content was reduced in ATP5 KO and
UQCRFS1 KO myoblasts compared to WT (P < 0.0001; Fig. 5-3A,B). To determine if glycolytic
flux increased to accommodate cellular energy demands, we measured glucose uptake and lactate
excretion by analyzing the culture media after 18 hrs of incubation. Glucose uptake and lactate
excretion were increased in ATP5B KO (P = 0.014, P = 0.009, respectively; Fig. 5-3C,D)
myoblasts compared to WT, indicating an increase in glycolytic flux; however, there was no

difference between UQCRFS1 KO and WT myoblasts (Fig. 5-3C,D). Further, the ratio of ATP to
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ADP was measured as an indicator of glycolytic or oxidative metabolism, as a decrease in
ATP:ADP has been associated with the Warburg effect (Maldonado and Lemasters, 2014). Indeed,
the ratio of ATP to ADP in ATP5B KO myoblasts decreased corresponding to an increase in
glycolytic flux (P = 0.079; Fig. 5-3E). We also measured the cellular NAD*/NADH ratio to
determine if the cellular redox state was altered. The ratio of NAD"/NADH decreased in
UQCRFS1 KO myoblast (P < 0.0001; Fig. 5-3F), which feasibly decreased the availability of

NAD™ for tricarboxylic acid cycle (TCA) redox reactions.

To determine if carbons derived from glucose enter the TCA cycle in KO myoblasts, we
implemented a universally labelled glucose tracing strategy. Myoblasts were incubated with
growth media containing [U-'3C¢]glucose for 18 hrs and collected for analysis to quantify the
contribution of glucose to fluxes through key entry points of the TCA cycle. Fully labelled lactate
and pyruvate increased in ATP5 KO myoblasts compared to WT and UQCRFS1 KO myoblasts
(P < 0.0001; Fig. 5-4A,B). The majority of ATP5B KO pyruvate entry into the TCA cycle
proceeded through pyruvate dehydrogenase, indicated by the predominate form of citrate
containing two '3C carbons (derived from fully labelled acetyl Co-A; Fig. 5-4C). However, ATP5[3
KO myotubes also had isotopic forms of oxaloacetate and malate containing two or three '*C
carbons (Fig. 5-4E,F), which correspond with the increase in citrate containing four or five *C
carbons (Fig. 5-4C). This labelling pattern (oxaloacetate with two or three '3C carbons combining
with the fully labelled 2-carbon acetyl moiety to produce citrate containing either four or five '3C
carbons) indicates some level of pyruvate entry into the TCA cycle through pyruvate carboxylase.
This pattern also explains the presence of a-ketoglutarate containing four '3C carbons in ATP5[3
KO myoblasts (Fig. 5-4D). Collectively, ATP53 KO myoblasts exhibited a predominate utilization

of glucose, not only for fueling glycolysis but for the anaplerosis of TCA intermediates. In contrast,
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UQCRFS1 KO myoblasts did not increase glycolytic flux or glucose oxidation, which may be
attributed to reduced levels of NADH exhibiting an inhibitory effect on glycolytic enzyme activity

(Pena et al., 2015).

Deletion of ATP5 [ and UQCRFS| restricts myoblasts to a single cell state

To determine if the altered metabolism of ATP5B KO and UQCRFS1 KO myoblasts
impacts cell behavior, we evaluated their proliferation and differentiation. To assess proliferation,
we pulsed myoblasts with BrdU and analyzed its incorporation rate. There was no difference
between WT and ATP53 KO myoblasts, although BrdU incorporation in UQCRFS1 KO myoblast
was reduced (P = 0.001; Fig. 5-5A). To assess differentiation, we allowed the cells to differentiate
for 4d and analyzed the fusion index. Both ATP5B KO and UQCRFS1 KO had a reduced fusion
index compared to WT; however, UQCRFS1 KO fusion was significantly lower than ATP58 KO
(P<0.001; Fig. 5-5B,C). Together, these data show inhibition of mitochondrial energy production
restricted myoblast to a proliferative, single-cell state, whereas the loss of membrane potential not

only impaired differentiation but also reduced proliferative capacity.

IGF-1 mediated myogenesis does not require mitochondrial energy production

To understand the metabolic role of mitochondria in IGF-1 mediated myogenesis, we
stimulated WT, ATP5B KO, and UQCRFS1 KO myoblasts with IGF-1 and assessed myoblast
proliferation and differentiation. IGF-1 stimulation increased BrdU incorporation in WT and
ATP5B KO myoblasts (P < 0.0001), while BrdU incorporation in UQCRFS1 KO myoblast
remained unchanged (Fig. 5-6A). Similarly, WT and ATP5P KO fusion index increased after IGF-
1 stimulation (P <0.0001), but UQCRFS1 KO fusion remained unchanged (Fig. 5-6B). These data

show mitochondrial ATP production is not necessary for IGF-1 stimulated myogenesis.
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We also assessed several metabolic characteristics of WT, ATP53 KO, and UQCRFS1 KO
myoblasts stimulated with IGF-1. Glycolytic flux nearly doubled in IGF-1 stimulated UQCRFSI
KO myoblasts compared to non-stimulated UQCRFS1 KO myoblasts, a rate equivalent to ATP5f3
KO myoblasts (P = 0.0002; Fig. 5-6C,D). However, increased glycolytic energy production was
not adequate to rescue UQCRFS1 KO proliferation or differentiation, suggesting adequate energy
supply is not a limiting factor of IGF-1 mediated myogenesis. Nonetheless, NAD* concentrations
remain low in IGF-1 treated UQCRFS1 KO myoblasts (P < 0.0001; Fig. 5-6E), presumably
inhibiting TCA enzyme activity. To alleviate low NAD" concentrations in UQCRFS1 KO
myoblasts, we supplemented the IGF-1 treatment with the NAD" precursor nicotinamide
mononucleotide (NMN). To assess the contribution of glucose to fluxes through key entry points
of the TCA cycle after IGF-1 stimulation with or without NMN supplementation, we implemented
a [U-13Cs]glucose tracing strategy in WT, ATP5B KO, and UQCRFS1 KO myoblasts. The main
effect of treatment was not significant for the intermediates analyzed (Fig. 5-7 A-F) nor were there
any significant interactions between genotype and treatment, indicating the addition of IGF-1 with
or without NMN supplementation did not alter glucose utilization in WT, ATP53 KO, or
UQCRFS1 KO myoblast. Further, IGF-1 stimulated UQCRFS1 KO fusion supplemented with
NMN remained impaired compared to ATP53 KO and WT myotubes (Fig. 5-7G). Collectively,
these data show IGF-1 stimulated myogenesis is not supported greater glucose oxidation or

mitochondrial ATP production.
Mitochondrial calcium uptake is a putative stimulator of IGF-1 mediated myogenesis

To further explore OxPhos-independent roles of mitochondria in IGF-1 stimulated
myogenesis, we investigated mitochondrial Ca®" uptake. Mitochondria Ca®* signaling is pivotal in

skeletal muscle glucose oxidation (Gherardi et al., 2019), substrate utilization (Kwong et al., 2018),
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and activation of several TCA enzymes (McCormack and Denton, 1979; McCormack et al., 1990;
McCormack and Denton, 1993). The mitochondrial calcium uniporter (MCU) is the major site of
entry for Ca?" into the matrix (Pan et al., 2013), and its regulatory subunit M1CUI is a target of
mitochondrial Akt phosphorylation to increase basal mitochondrial Ca®* levels (Marchi et al.,
2019). Therefore, we blocked the MCU, using the cell permeable MCU inhibitor DS16570511
(Kon et al., 2017), in IGF-1 stimulated cells during differentiation. MCU inhibition crippled the
fusion index of WT and ATP5 KO cells (P <0.0001), recapitulating the phenotype of UQCRFSI1
KO fusion (Fig. 5-8A,B). These findings imply mitochondrial calcium uptake may be one of the

key regulators of IGF-1 mediated myogenesis.
Discussion

In skeletal muscle, IGF-1 signaling and activation of its downstream targets is critical for
efficient myogenesis (Coleman et al., 1995; Musaro et al., 2001; Fiorotto et al., 2003; Lai et al.,
2004; Blaauw et al., 2009). Although mitochondria have been suggested to play an important role
in IGF-1 mediated myogenesis (Bijur and Jope, 2003; Pawlikowska et al., 2006; Rotwein and
Wilson, 2009; Santi and Lee, 2010; Chae et al., 2016), their metabolic role in the process remains
poorly defined. To fill this gap, we first examined the role of mitochondria alone in myogenesis
by separating its functions into OxPhos- dependent and -independent roles. To disrupt OxPhos-
dependent functions of mitochondria, we knocked out ATP5f in C2C12 myotubes. ATP5 KO
myoblasts preserved A¥Ym through uncoupled respiration and compensated for the loss of
mitochondrial energy production through an increase in glycolytic flux, which presumably
restricted cells to a single cell state because ATPSf ablation did not impair proliferative capacity
but inhibited fusion. To impede OxPhos-independent roles, we knocked out UQCRFS1 which

resulted in disrupted AYm and minimal mitochondrial respiration. UQCRFS1 KO myoblast
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proliferation and differentiation were severely impaired. As the maintenance of A¥Ym is vital to
mitochondrial integrity and function (Zorova et al., 2018), it is reasonable to assume UQCRFSI
KO myoblast lack nearly all mitochondrial function. Together, these data support the necessity of
mitochondrial function for efficient myogenic progression. However, ATP5B KO fusion can be
rescued with the potent myogenic stimulator IGF-1, which demonstrates mitochondrial ATP
production is not the “metabolic switch” that governs myogenic programs but rather an OxPhos-

independent role of mitochondria.

Next, we investigated OxPhos-independent functions in IGF-1 stimulated myogenesis.
Activation of the PI3-K/Akt pathway through IGF-1 or insulin stimulation induces activation and
translocation of Akt to mitochondria, which can alter glucose oxidation and mitochondrial
respiration (Hoshi et al., 1996; Bijur and Jope, 2003; Li et al., 2013). As deletion of Akt in
myoblasts inhibits myogenesis (Tureckova et al., 2001; Wilson and Rotwein, 2007; Rotwein and
Wilson, 2009; Moriya and Miyazaki, 2018), we hypothesized mitochondria play a regulatory role
in IGF-1 stimulated myogenesis. To better understand OxPhos-independent mitochondrial
functions necessary for IGF-1 mediated myogenesis, we first investigated pyruvate entry into the
TCA cycle because IGF-1 induced translocation of Akt to mitochondria permits removal of
GSK3p inhibition on pyruvate dehydrogenase (Hoshi et al., 1996). Although it is important to note
ATP5B KO myoblast had a drastic increase in pyruvate entry into the TCA cycle compared to WT,
IGF-1 stimulation did not alter the abundance of TCA intermediates derived from glucose in any
genotype. This suggests improved glucose oxidation is not a requirement for IGF-1 stimulated
myogenesis, albeit sufficient pyruvate entry into the TCA cycle is essential (Fulco et al., 2008;
Hori et al., 2019). Although we did not investigate amino acid metabolism, it is important to

acknowledge that perturbations in amino acid flux through the TCA cycle also disturb myogenic
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progression (Girven et al., 2016; Zhang et al., 2020). Moreover, UQCRFS1 KO myoblast
stimulated with IGF-1 had a profound increase in glycolytic flux, which may be attributed to the
ability of IGF-1 to increase lactate dehydrogenase (LDH) activity (Semsarian et al., 1999) and
replenish NAD™ pools for greater glycolytic flux. Although a significant increase in NAD™ to
NADH ratio was not observed in UQCRFS1 KO myoblast treated with IGF-1, their increased
lactate secretion supports this construct. However, they remain unable to efficiently proliferate or
fuse. These data show myoblast lacking mitochondrial function are not simply hindered by a lack

of energy currency but rather the loss of OxPhos-independent mitochondrial function.

Next, we investigated the role of mitochondrial calcium (Ca®") uptake in IGF-1 mediated
myogenesis. The ability of mitochondria to sequester Ca?>" makes them a key contributor to the
regulation of cytosolic free calcium concentrations and Ca*'mediated signaling (Nicholls, 1978;
Nicholls and Scott, 1980). The mitochondrial calcium uniporter (MCU) catalyzes the passive
uptake of Ca?*, driven by the membrane potential (Bernardi, 1999; Biswas et al., 1999), and is the
predominant route of Ca?* influx into the matrix. In skeletal muscle, an increase in mitochondrial
Ca’" uptake by MCU overexpression induced hypertrophy through retrograde activation of IGF1-
Akt/PKB hypertrophic pathways (Mammucari et al., 2015). Anterograde activation of this
pathway has recently been established in tumor cells, in which mitochondrial Akt phosphorylates
the regulatory subunit of MCU, M1CU1, and increases basal mitochondrial Ca®* levels (Marchi et
al., 2019). To determine if mitochondrial Ca?" uptake plays a role in the IGF-1-A¥m axis, we used
DS16570511 to inhibit MCU-mediated Ca?" uptake, which recapitulated the UQCRFS1 KO
phenotype in WT and ATP5B KO myoblast. These data indicate mitochondrial Ca’* uptake is
necessary for IGF-1 mediated myogenesis. Although we were not able to provide direct evidence

of Akt-mediated mitochondrial Ca®* uptake in the IGF-1-A%¥m axis, we demonstrated the necessity
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of a AYm-driven mitochondrial function that is independent of mitochondrial ATP production and
seemingly requires mitochondrial Ca?" uptake. As Ca?" is an extremely versatile signaling
molecule and electron transport chain inhibitors increase cytosolic Ca?* levels in C2C12 myoblasts
(Biswas et al., 1999), we cannot exclude other retrograde Ca®" signaling pathways that may
modulate myogenesis. Nonetheless, further investigation into the role of mitochondrial Ca®*

sequestration in the IGF-1- AWm axis is warranted.

In summary, we are the first to report mitochondrial ATP production is not required for
IGF-1 mediated myogenesis. Rather, an OxPhos-independent function of mitochondria is
indispensable. Further investigation into specific mitochondrial membrane potential-driven
pathways in myogenesis will undoubtedly broaden our understanding of mitochondria not just as
a power plant, but also as a coordinator that mediates a hierarchy of signaling cascades to modulate

myogenic progression.
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Figure 5-1. Generation of ATP5B and UQCRFS1 knockout C2C12 myoblasts. (A, C)
Schematic diagram of guide sequences targeting (A) Atp5f and (C) Ugcrfsl genes. (B-D)
Representative Western blot (top) and relative band intensity (bottom) of (B) ATP5fB and (D)
UQCRSF1 in WT, ATP5B KO, and UQCRFS1 KO myoblasts. Values represent means + SEM of
5 independent cultures.
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Figure 5-2. Assessment of mitochondrial membrane potential (A¥Ym) and respiration. (A-B)
JC-1 fluorescence ratio of (A) ATP5B KO, (B) UQCRFS1 KO, and WT myoblasts. (C) Oxygen
consumption rate was measured under basal conditions with ADP followed by the addition of
oligomycin and FCCP. Values normalized to pg of total cell protein. Values represent means +

SEM. n = 5-8.
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Figure 5-3. Disruption of OxPhos and A¥m alters myoblast metabolism. (A-B) MitoTracker
Deep Red mean fluorescent intensity of ATP53 KO (A), UQCRFS1 KO (B), and WT myoblasts.
(C-D) Quantification of (C) glucose uptake and (D) lactate secretion from 24 hrs of culture. Values
normalized to pg of total cell protein. n=8. (E) Ratio of ATP to ADP and (F) ratio of NAD" to
NADH in ATP5B3 KO, UQCRFS1 KO, and WT myoblasts. Values represent means £ SEM. n =

5-8.

158

UM lactate / pg protein

NAD : NADH ratio

50000 1
45000 A
40000 A
35000 A
30000 ~

Mitotracker MFI

25000 1
20000

450 ~
400
350 -
300 -
250 o
200
150 ~
100 A
50 A

0 1

704
60 A
50 1
40
30 4
20 1

WT

WT

WT

P <0.0001

UQCRFS1
KO

a P =0.0092

ATP58  UQCRFST
KO KO

P <0.0001

ATP5(3 UQCRFS1
KO KO



13 C-Isotopmer Mole Fraction

wu o N
o O O

N W
o O

13 C-Isotopmer Mole Fraction
N
S

13 C-Isotopmer Mole Fraction
N
o

70 1

—_
o o

a

M

M1

Lactate
mWT OATP5KO = UQCRFS1KO

M1

Citrate
mWT OATP5KO B UQCRFS1KO

M2

Oxaloacetate
mWT OATP5KO B UQCRFS1KO

a

a
b

M2

b

M3

°p
_bm2

D

M3

M4

13 C-Isotopmer Mole Fraction

o

13 C-Isotopmer Mole Fraction
S NWAUIO N ® WO

[eNelNeNoNoNoNoNoNe]

~N
o

o O

13 C-Isotopmer Mole Fraction

o O O

o

= N W H U O N
o o

o O

N W A U1 O
o O ©O © ©

Pyruvate
mWT OATP53KO B UQCRFS1KO

M M1 M2 M3

a-Ketoglutarate
mWT OATP58KO B UQCRFS1KO

Malate
mWT OATP58KO B UQCRFS1KO
- a a
b
bd b )
b_b bb 2
M M1 M2 M3 M4

Figure 5-4. Loss of ATP5B, but not UQCRFS1, improves glucose utilization. (A-H) (A)
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fumarate, and (H) malate isotopomer mole fraction resulting from 24hrs of culture with [U-
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Figure 5-5. Disruption of mitochondrial bioenergetics restricts myoblasts to a single cell
state. (A) Quantification of BrdU incorporation. (B) Representative images of myotubes stained
with MF20 and counterstained with DAPI. Scale bar = 50um. (C) Fusion index of ATP5( KO,

UQCRFSI1 KO, and WT myotubes after 4d of differentiation. Values represent means £ SEM. n
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Figure 5-7. IGF-1 stimulation does not alter glucose utilization. (A-F) (A) Lactate, (B)
pyruvate, (C) citrate, (D) a-ketoglutarate, (E) oxaloacetate, and (I) malate isotopomer mole
fraction resulting from 24hrs of culture containing [U-'*Ce]glucose with IGF-1 stimulation with or
without NMN supplementation. (G) Fusion index of myotubes stimulated with IGF-1 and
supplemented with 0.5mM nicotinamide mononucleotide (NMN). NMN wells were supplemented
with NMN for the duration of differentiation. Fusion index was quantified after 4d of
differentiation. Values represent means £ SEM. n = 8-18.
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Figure 5-8. MCU-mediated mitochondrial Ca** uptake is necessary for myoblast fusion. (A)
Representative images of myotubes stained with MF20 and counterstained with DAPI. Scale bar
= 50um. (B) Fusion index of IGF-1 stimulated myotubes with or without MCU inhibition by
DS16570511. Fusion index was quantified after 4d of differentiation. Values represent means +
SEM. Dashed line represents UQCRFSI fusion index average for reference. n = 8.
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Chapter 6. Summary

Skeletal muscle is a highly plastic tissue that can respond to a wide variety of external and internal
stimuli. The scope of this work is aimed at generating a deeper understanding of how skeletal muscle can
sense and respond to different nutrient conditions at a cellular level and the subsequent impact on animal
growth efficiency. Therefore, we first investigated the nutrient sensitive post-translational modification O-
GlcNAcylation in skeletal muscle and satellite cells (SCs), the resident stem cell population of skeletal
muscle. Next, we explored the intrinsic metabolic regulation of myoblasts by investigating the role of
mitochondria in IGF-1 mediated myogenesis. Briefly, we showed O-GlcNAcylation is necessary for the
maintenance of skeletal muscle metabolism, and ablation of O-GlcNAc transferase (OGT) in skeletal
muscle has profound implications on global metabolism. In particular, mice lacking skeletal muscle OGT
(mKO) had greater lipolysis, energy expenditure, and protection against high-fat diet (HFD) induced
obesity. We proposed the lean mKO phenotype was a result of increased interleukin-15 (IL-15) expression
in muscle and circulation. Indeed, concurrent ablation of interleukin-15 receptor alpha (IL-15ra) and OGT
in skeletal muscle (mDKO) largely negated the lean phenotype after HFD feeding. In conclusion, we
showed O-GIcNAcylation is required for proper muscle metabolism and its dysregulation in skeletal muscle
can elicit responses in other tissues to mobilize substrates to support its needs. These findings have
implications on human health, as a target to ameliorate metabolic diseases, and in animal agriculture, as an

indicator of metabolic status of growing tissues or as a target to augment animal growth.

In SCs, we showed O-GlcNAcylation is critical for proper SC function and metabolic homeostasis.
Specifically, proper O-GlcNAcylation is essential for SC population maintenance and adult regenerative
myogenesis. Although we failed to elucidate the mechanism of OGT action on myogenic progression, our
data suggests the OGT-HCF1 axis plays an important role in SC expansion and OGT-mediated perturbation
of SC metabolic state has negative implications on quiescence and/or cell cycle entry. Defining the role of
O-GIcNAcylation in myogenic progression will provide insight into how SCs adapt their biological

processes to correspond to extrinsic nutrient conditions. For example, SCs can “sense” conditions of
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nutrient excess and contribute additional DNA to support an increase in protein accretion. As such, a deeper

understanding of this process will provide valuable information to improve the efficiency of lean growth.

Intrinsically, insulin-like growth factor-1 (IGF-1) and its downstream signaling is required for
proper muscle development. Recent findings suggest mitochondria play a significant role in IGF-1 mediated
myogenesis, yet this mechanism remains undefined. To this end, we deleted ATP synthase F1 beta subunit
(ATP5B KO), to impair mitochondrial energy production, and ubiquinol-cytochrome ¢ reductase iron-
sulfur subunit (UQCRFS1 KO), to disrupt the mitochondrial membrane potential. We showed
mitochondrial ATP production is not essential for IGF-1 mediated myogenesis; however, an energy-
independent function of mitochondria is required. Further investigation revealed IGF-1 stimulation in
ATP5B KO and UCRFS1 KO myoblast increased glycolytic flux but not glucose oxidation in either
genotype. These findings suggest myoblast with disrupted mitochondrial bioenergetics are not restricted by
a lack of energy currency but rather an energy independent function of mitochondria. We also investigated
the role of mitochondria calcium uptake in IGF-1 mediated myogenic progression and found inhibition of
the mitochondrial calcium uniporter, the predominate site of calcium entry into the matrix, negated IGF-1
stimulated fusion to recapitulate UQCFS1 KO fusion. These data suggest the energy independent
mitochondrial function essential to IGF-1 mediated myogenesis may be mitochondrial calcium
sequestration. However, we failed to establish a causal relationship between IGF-1 signaling and
mitochondrial calcium uptake. Regardless, these findings call for further exploration into the role of
mitochondria calcium sequestration in myogenesis. Although we did not fully define the IGFI-
mitochondria axis, this work undoubtably shows an energy independent function of mitochondria plays an

indispensable role in IGF-1 mediated myogenesis.

In summary, skeletal muscle and SCs use highly integrated signaling pathways to relay extrinsic
nutritional cues and intrinsic metabolic changes to adapt its cellular biological processes accordingly. Our
findings show skeletal muscle uses O-GIcNAcylation, presumably to sense changing nutrient conditions,

to maintain metabolic homeostasis. As perturbations to skeletal metabolism have profound implications on
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global metabolism, a deeper understanding of skeletal muscle O-GlcNAcylation will empower scientists to
ameliorate metabolic diseases. Additionally, these findings can be translated to livestock production to
improve the efficiency of animal growth or as a tool to monitor the metabolic status of growing tissues, as
different feeding strategies evoke unique O-GlcNAcylation patterns in bovine skeletal muscle (Apaoblaza

et al., 2020).

In SCs, we showed O-GlcNAcylation is required for proper SC function. As additional DNA
incorporation through SC mediated events supports hypertrophy, further investigation into how SCs use O-
GlcNAcylation to respond to different nutrient and substrate availability would provide valuable
information to animal scientists to develop innovative strategies for improving animal growth. Intrinsically,
we showed an energy independent function of mitochondria is required for IGF-1 mediated myogenesis.
Although further investigation into the IGF1-mitochondria axis is needed, elucidation of this signaling
mechanism will shed light on mitochondria as a mediator of signaling cascades that modulate myogenesis.
In conclusion, these findings call for greater exploration into the signaling pathways that regulate skeletal
muscle metabolism and growth as defining these novel pathways will empower scientists to improve quality

of life in humans and improve the efficiency of animal growth.
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