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ABSTRACT

Skeletal muscle (SKM) is a remarkable tissue that exerts many important functions such as
maintaining posture and mobility, but also plays a major role in metabolism. SKM health is
affected by redox homeostasis, which involves electron transfer between molecules driven by
redox pairs that interconvert between oxidized and reduced states. The antioxidant glutathione
(GSH) and its oxidized disulfide form (GSSG) is one such redox pair that is very abundant in
cells, including muscle stem cells (MuSCs), and therefore generally determines cellular redox
state. The synthesis of GSH is limited by the availability of cyst(e)ine, which mostly enters
cells through the cystine/glutamate plasma membrane antiporter xCT. The goal of this work
was to assess the impact of disrupted cystine import on MuSC health and SKM regeneration
(myogenesis). Specifically, the understanding of the specific metabolic implications induced
by xCT dysfunction, and their consequence on mitochondrial function and myogenesis was
sought. MuSCs from mice harboring a mutation in the Slc7all gene encoding xCT
(Slc7al1%4¥su%) were investigated and findings demonstrated perturbed GSH homeostasis and
higher H,O, production compared to WT. Moreover, Slc7all*“¥s** MuSCs had lower
mitochondrial oxidative function and higher Drpl-mediated mitochondrial fission.
Metabolomics analyses and [U-'3C]-glucose stable isotope tracing showed profound metabolic
reprogramming in Slc7all*'¥"* MuSCs, characterized by lower TCA cycle activity and
increased glucose flux towards de novo serine and cysteine synthesis. Finally, Slc7al1suWsut
MuSCs demonstrated higher differentiation and regeneration rates as evidenced by a higher
fusion index of myotubes at day 2 of differentiation and increased tissue myofiber cross-

sectional area at 21 days post-cardiotoxin injury. Therefore, beyond its established function in
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redox homeostasis, this work unravels a critical metabolic function of xCT in muscle cells,

providing insights that may inform therapeutic strategies for muscular pathologies.
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CHAPTER 1: INTRODUCTION

1.1 Skeletal muscle

With extensive training, humans can generate enough force to lift items weighing several times
their own body weight. This highlights the remarkable power of skeletal muscle (SKM), which
is made possible through the sophisticated coordination between our neuromuscular system
and bones. Several diseases affect the function of SKM, and many treatment options are yet to
be discovered. First, a brief overview on muscle structure, function, and regenerative capacity

is presented.

1.1.1 SKM anatomy

SKM is a contractile tissue under voluntary control and is composed mainly of an arrangement
of elongated multi-nucleated muscle fibers, muscle stem cells, and connective tissue. SKM is
connected to motor neurons via neuromuscular junctions where actional potentials are
transmitted from nerve to muscle, triggering SKM contraction. Within a muscle, which is
surrounded by a layer of connective tissue known as the epimysium, groups of myofibers
bundle together and are further surrounded by connective tissue known as the perimysium

(Figure 1) [1].

Individual muscle cells contain billions of organized protein myofilaments forming
sarcomeres, which are the contractile units of SKM [1]. The two most abundant proteins are
actin and myosin, but there are many other proteins found in SKM like the troponins,
tropomyosin, titin, nebulin, a-actinin, desmin, and dystrophin, that play key roles in generating
contraction, maintaining the integrity of the sarcomere, and cell signaling [2,3]. Dysfunction

in these proteins, for example dystrophin, is often associated with neuromuscular disorders



like Duchenne muscular dystrophy and may result in damage to the SKM structure and

function [4].
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Figure 1. Skeletal muscle anatomy.
A muscle is composed of a bundle of myofiber groups. Each myofiber contains billions of
myofibrils which form sarcomeres, the contractile units of SKM.



1.1.2 SKM function and metabolism

SKM has many functions that can be grouped in 2 main categories: contractile and metabolic.
Contraction is a complex process that involves the concerted effort of multiple proteins and
signaling molecules. Briefly, an action potential in motor neurons reaches the muscle and
triggers the release of calcium into the sarcoplasm (cytoplasm of SKM cells). Calcium binds
and releases troponin C from blocking the active site of actin filaments, allowing the
interaction between actin and myosin ultimately leading to successive sliding of actin and
myosin filaments and the generation of force. Importantly, sliding requires the hydrolysis of
an ATP molecule, making SKM contraction an energetically demanding process. At rest, SKM
contributes about 20% of energy expenditure. While SKM uses more fatty acids than glucose
over a 24 h period, it is responsible for ~80% of postprandial (post-meals) glucose uptake, thus

playing a crucial role in whole-body glucose metabolism [5].

The metabolic characteristics of SKM further differ between fiber types. Indeed, SKM is
heterogenous in its composition, and composed of a selection of fibers such as type I (slow
twitch; oxidative), type Ila (fast twitch; oxidative/glycolytic), and type IIb (fast twitch;
glycolytic) [6]. Moreover, fiber type characteristics vary between species; for example, in
addition to type IIx fibers that are found in mice and humans, mice have type IIb fibers, which
are functionally similar to type IIx fibers, but not identical. Commonly, type II fibers have an
increasingly faster contraction rate and rely more on glycolysis as a source of ATP. Therefore,
type I oxidative fibers have higher mitochondrial content than type Ila, which have higher
mitochondrial content than IIb fibers. Interestingly, type Ila fibers sometimes have equal

mitochondrial content as type I fibers [7,8].



Mitochondria are cellular energetic hubs, responsible for the production of the majority of
cellular ATP by oxidative phosphorylation (OXPHOS), along with various other functions like
interconversion of biosynthetic intermediates, energy sensing, and contributing to cellular
stress responses [9—12]. Importantly, mitochondria are major players in redox homeostasis,

and this will be further examined in the next section.

Mitochondria are dynamic organelles capable of fusion and fission, allowing them to adapt
their morphology to the rapidly evolving cellular environment (Figure 2). Indeed, as is the
case with most biological entities, mitochondrial function is tightly linked to its structure. For
example, preventing mitochondrial fusion is linked to decreased exercise performance [13].
Many proteins are involved in the finely tuned choreography of mitochondrial structural
remodeling. Mitofusin 1 and 2 (Mfn1/2) and Optic Atrophy 1 (OPA1) are the main regulators
of mitochondrial fusion, while Dynamin-related protein 1 (Drpl) is mainly responsible for
mitochondrial fission, but other adaptor proteins such as Fis1, Mff, Mid49, and Mid51 are also
involved in fission [14,15]. Ultimately, these proteins work in coordination to adapt to various

challenging cellular demands, for example throughout SKM regeneration.
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Figure 2. Mitochondrial fission and fusion.
Mitochondria are dynamic organelle that undergo fission, mainly mediated by Drpl, and
fusion, mainly mediated by Mfn1/2 and OPA1.



1.1.3 SKM myogenesis

SKM regeneration, termed myogenesis, is a remarkable property of SKM whereby it is able to
be restored after damage, such as that resulting from exercise training. Myogenesis occurs both
in developing embryos and in adults [16]. This is mainly due to a special population of stem
cells called muscle satellite cells (MuSCs) that reside in a quiescent state beneath the basal
lamina [17]. Upon activation, MuSCs enter the cell cycle to proliferate, and, while a small
subset is used to replenish the MuSC pool, the majority of MuSCs start differentiating and
eventually either fuse with each other to form new myofibers, or more commonly, fuse to

existing myofibers (Figure 3).

At different steps throughout myogenesis, cells express specific transcription factors. For
example, in quiescence and early proliferation, Pax7 is expressed. Proliferating MuSCs are
characterized by the expression of MyoD [18]. In early differentiation, the expression of Pax7
and MyoD is downregulated and Myogenin is expressed, which is considered a marker of
irreversible terminal myogenic differentiation [19]. Finally, fused myotubes express contractile

proteins like myosin heavy chain (MHC).

Myogenesis is accompanied by significant metabolic changes. As the activation of MuSCs is
energetically demanding [20], MuSCs exiting quiescence and entering proliferation switch
from OXPHOS to glycolysis as a major source of ATP production. This metabolic
reprogramming towards an inefficient glycolysis (i.e., less ATP per molecule of glucose) offers
important advantages for cells, including the ability to rapidly synthesize ATP and generate
key metabolic intermediates that are necessary for the synthesis of new molecules [21,22].
Increased amino acid uptake through transporters such as L-type amino acid transporter 1

(LAT1, importing leucine) is also needed to support anabolic processes [23]. Importantly,
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myogenesis and SKM metabolism are tightly regulated and affected by perturbations in
cellular redox, which is a balance between the production of reactive oxygen and nitrogen

species, and their neutralization by antioxidant molecules.
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Figure 3. SKM myogenesis.

The ability of SKM to regenerate is mainly due to quiescent muscle satellite cells (MuSCs)
that are activated, proliferate, and differentiate to form myotubes. Several transcription factors
are expressed at different steps throughout myogenesis.



1.2 Redox homeostasis

Until recently, oxidative stress was seen as purely nefarious for cells, causing damage to DNA,
lipids and proteins, with antioxidant defenses considered as protectors against oxidative
damage. While this is partially true, recent evidence has shown that reactive oxygen species
(ROS) are important signaling molecules especially in the activation of stem cells, and that
cells strive to achieve “redox homeostasis” [24—26]. Oxidative stress is now more accurately
described as a disturbance in redox homeostasis [27]. In fact, redox homeostasis is driven by
redox pairs that interconvert between oxidized and reduced states including NAD'/NADH,
NADP*/NADPH, and GSH/GSSG. Next, a brief overview on ROS, the antioxidant glutathione

(GSH), and the crucial role of cysteine are presented.

1.2.1 Role of ROS

ROS are molecules that are generated as a normal part of aerobic metabolism, and exist
primarily as superoxide anions (O2"), hydrogen peroxide (H>0O>), and hydroxyl radicals (HO")
[25]. In most cell types, the main source of cellular ROS are the mitochondria, and
predominantly the electron transport chain (ETC). About 0.15% of O> forms ROS due to

premature electron flow to Oz primarily through complexes I and III of the ETC [28].

Oxidants primarily exert their effect through the post-translational modification (PTM) of
proteins, specifically by modifying thiol residues (-SH) of cysteine amino acids, leading to
reversible oxidation to sulfenic acid (-SOH), which can be further oxidized to the irreversible
sulfinic acid (-SO2H) or sulfonic acid (-SO3H) [29]. These alterations affect MuSC viability
by promoting apoptosis, and affect myogenesis at the activation, proliferation, and

differentiation stages. At the activation stage for example, ROS have been shown to increase

10



the proportion of MuSCs that undergo self-renewal [30], while at the differentiation stage,
higher ROS formation results in lower mitochondrial ROS production and enhanced muscle
regeneration [31]. Consistently, reductive stress, resulting from the abolition of basal ROS, has
been reported to impede MuSC differentiation [32]. This highlights the dual and complex

nature of ROS signaling and its impact on MuSC health.

To mitigate ROS production, and strive for redox homeostasis, cells rely on a robust

antioxidant defense system.

1.2.2 Cellular antioxidant defense system

Antioxidants are substances that protect target molecules such as proteins, DNA, and lipids by
delaying, preventing, or removing oxidative damage [33]. SKM-specific antioxidants can be
classified as exogenous, such as vitamin C, vitamin E and trace elements, or endogenous, such
as superoxide dismutase (SOD), catalase, thioredoxins, and glutathione (GSH). SOD catalyzes
the dismutation of O™ into H2O> which is then broken down to H>O and O by catalase [19].
Thioredoxins are a family of proteins that participate in the reduction of protein disulfides and
de/glutathionylation by GSH, which is a crucial low-molecular weight antioxidant that will be

examined next.

1.2.3 GSH as a major cellular antioxidant
GSH is a tripeptide made of glutamate, glycine, and cysteine, and is the most abundant cellular
antioxidant. It is synthesized in the cytosol by the actions of glutamate cysteine ligase (GCL)
and glutathione synthetase (GSS), requiring the hydrolysis of 2 ATP molecules [34], and
predominantly (~98%) exists in its reduced form (GSH), rather than its disulfide-oxidized form
(GSSGQG) (Figure 4). Most cellular GSH remains in the cytosol, and about 15% is transported

11



to the mitochondria; however, the absolute mM concentrations are roughly equal in both spaces

[35].

Given the high concentrations of GSH and GSSG in cells, this redox couple generally
determines the redox state of a cell [36]. The protective function of GSH is accomplished
mainly through GSH peroxidases (GPX), which reduce H>O> to H,O while oxidizing GSH to
GSSG. GSH can also reversibly bind to protein cysteinyl residues (prot-SH) in a process
termed glutathionylation (prot-SSQG), thereby protecting these residues against irreversible
oxidative damage such as sulfonylation (prot-SOsH) [37]. In the synthesis of GSH, cysteine,
which is the least abundant amino acid in cells, is the rate-limiting substrate, therefore

constituting a bottleneck in this process [38].
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Figure 4. The import of cyst(e)ine and its role in GSH synthesis.

While cysteine can be imported via ASCT and EAAT, it is mostly present in its oxidized cystine
form in the extracellular space, and is almost exclusively imported to cells via xCT. Cysteine
can also be synthesized from methionine-derived homocysteine and serine. Cysteine can be
used for the synthesis of GSH, proteins, and other important molecules.
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1.2.4 Cyst(e)ine implications in redox homeostasis

Cysteine is a semi-essential amino acid, as it can be obtained from the diet or synthesized from
the essential amino acid methionine. Cysteine has a reactive thiol (-SH) moiety, thus forming
disulfide bridges within proteins and can partake in numerous PTM processes including
sulthydration, cysteinylation, glutathionylation, and nitrosylation [39], which have

unpredictable and sometimes opposing effects on protein function [38,40—42].

Cysteine plays an indispensable role in redox homeostasis, being a component of the
antioxidant GSH, and also a potent antioxidant by itself. As such, cells have developed multiple
mechanisms to ensure a constant supply of cysteine. Cysteine can be synthesized via the
reverse transsulfuration pathway (hereafter referred to as the transsulfuration pathway, TSP)
through the action of cystathionine 3-synthase (CBS) which condenses serine with methionine-
derived homocysteine into cystathionine, and cystathionine y-lyase (CTH), which releases
cysteine [43]. Cysteine can also be imported from the extracellular space via alanine, serine,
cysteine transporters (ASCTs) or excitatory amino acid transporters (EAATs). However, since
cysteine is mostly present in its oxidized cystine form in the blood, cystine is the major route

of uptake through the plasma membrane, exclusively via system x.~ (Figure 4).

System xc is a heterodimer comprised of a heavy chain (4F2hc/SLC3A2) and a light chain
(xCT/SLC7A11). The heavy chain ensures insertion in the plasma membrane while xCT is
responsible for the transport activity. XCT is an antiporter that imports extracellular cystine in
exchange for intracellular glutamate in a Na'-independent but chloride-dependent manner,
which is required for the transport function [44,45]. Imported cystine is rapidly reduced to
cysteine by GSH or thioredoxin reductase 1 (TRR1) [46], and can then be used in the synthesis

of protein and GSH, and other molecules such as coenzyme A and biotin (Figure 4) [38].
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xCT is implicated in health and disease. Cancer cells were shown to upregulate xCT
expression, which correlated with increased tumour resistance to chemotherapy drugs [47].
Similarly, inhibition of XCT by sulfasalazine in cultured breast, prostate, lung, and pancreatic
cancer cells completely inhibits their growth [48], and decreases tumour metastasis in vivo
[49]. xCT is also highly expressed in the central nervous system (CNS) [44]. In fact, xCT ™/~
mice have impaired spatial memory and increased limbic seizure susceptibility [50]. In the
CNS, the implications of XCT in the manifestation of neurological disorders such as
Alzheimer’s diseases, Huntington’s diseases, and epilepsy is related to glutamate toxicity,
where glutamate accumulation in the extracellular space—either due to increased xCT activity
or impairment of systems that remove glutamate—induces the formation of ROS and
contributes to mitochondrial dysfunction and inflammation [51,52]. xCT inhibition also
induces ferroptosis, a form a cell death that involves iron-dependent oxidative damage and

uncontrolled lipid peroxidation [53].

While cystine supplementation proved effective at lowering H>O»-induced mitochondrial
dysfunction in an SKM cell line (C2C12 myotubes) [54], the impact of xCT and dysfunctional

cyst(e)ine uptake on SKM health remains poorly understood.

1.3 Aims and Hypothesis

While the connection between redox homeostasis and muscle function has been described [19],
the effects of antioxidants have yielded inconsistent results in improving muscle function,
hinting at the complex role of redox homeostasis in muscle health [19,55]. Therefore, a more
specific understanding of the roles of cysteine and GSH in muscle metabolism and

regeneration is needed to better address SKM-related pathologies. This laboratory recently
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demonstrated fundamentally important implications of xCT in SKM. Specifically,
dysfunctional xCT altered cellular bioenergetics throughout myogenesis and enhanced SKM
differentiation [56]. However, the specific mechanistic underpinnings were not fully

characterized.

To this end, this work had 3 aims:

1) Assess the impact of XCT dysfunction on GSH redox and mitochondrial bioenergetics
and dynamics in proliferating MuSCs,

2) Determine the specific metabolic implications of xCT dysfunction with respect to
glucose utilization and TSP activity, and

3) Determine the effect of xCT dysfunction on myogenesis.

The hypothesis was that disrupted cystine import causes defective GSH homeostasis, which
drives mitochondrial fragmentation and lowers respiration, leads to increased glucose flux

towards de novo serine synthesis, and leads to increased SKM regeneration.

Findings show perturbed GSH redox, Drpl-mediated mitochondrial fission, and higher
reliance on glycolysis instead of OXPHOS as a source of ATP synthesis in xCT-mutant MuSCs.
Furthermore, along with a broad metabolic reprogramming, cells diverted glucose carbons
away from the TCA cycle towards de novo serine and cysteine synthesis in an attempt to
compensate for lower GSH levels. Finally, xCT dysfunction enhanced myotube differentiation

and SKM regeneration.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Animals

All mouse experiments were conducted according to the principles and guidelines set by the
Canadian Council on Animal Care and were approved by the Animal Care Committee at the
University of Ottawa. Experiments were conducted using primary muscle cells isolated from
the tibialis anterior (TA) of male and female C3H/HeSnJ wild-type (WT) mice and
background-matched Slc7al1%¥s' (xCT”") mice. No sex dimorphism was observed in any
outcome measured and thus experiments were conducted in pooled groups of male and female
mice. Mice were housed under standard conditions, with a controlled temperature of 22-23°C,
humidity levels of 30-60%, and a 12 h light/dark cycle (lights on from 07:00 to 19:00). Mice
were given free access to water and fed a standard diet containing 18% protein and 6% fat
(2018 Teklad Global Diet). Analyses were conducted by investigators blinded to experimental

conditions.

2.2 Mouse primary muscle cell isolation and culture

Skeletal muscles of the hindlimb were rapidly dissected and cleaned from fat and connective
tissue. Muscle tissues were washed with PBS supplemented with 1% antibiotic-antimycotic
(Gibco). Tissues were then treated with an enzymatic cocktail containing 1 mg/ml Dispase 11
and 1 mg/ml Collagenase B (Sigma-Aldrich) and chopped with a sterile razor blade. The slurry
was incubated at 37°C for 30 min and vortexed every 5 min during the incubation. It was then
centrifuged at 500 g for 5 min and pellets were resuspended and transferred into Matrigel-
coated flasks containing DMEM (25 mM glucose, Gibco) supplemented with 20% fetal bovine

serum (FBS), 10% horse serum (Gibco), 2.5 ng/ml B-FGF (Sigma-Aldrich), 1x non-essential
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amino acids (11140050, Gibco), and 1% antibiotic-antimycotic. Fibroblast populations were
eliminated by the differential adhesion method, and primary muscle cell enrichment was
achieved [57]. Primary MuSCs were cultured for 48 h. During the initial 24 h period, the cell
culture medium was supplemented with 50 uM of B-mercaptoethanol (2ME), as it was required
for the survival of xCT-mutant MuSCs. 2ME was removed for the remaining 24 h, except for

the Slc7al 1"+ 2ME condition, which was retained as a rescue treatment.

2.3 Cell proliferation assay

IncuCyteZOOM live cell imaging system from Essen BioScience was used to assay cellular
proliferation. Cells were seeded in 96-well plates (10* cells/well) and treated with 250 nM of
the Incucyte Cytotox green dye (4633, Sartorius) with and without 2ME (50 uM). Cells were
imaged for 48 husing a 10 x objective, with three to four images per well, captured every hour,
and 4 technical replicates for each condition. Cell confluence was measured by phase contrast
microscopy and cell death was assessed by Incucyte Cytotox dye. IncuCyteZOOM2018A

software was used for automated confluence and Incucyte® cell measurements.

2.4 Cystine and glucose uptake in primary muscle cells

Primary MuSCs were plated at 10,000 cells per well in Matrigel-coated 96-well white/clear
bottom plates. Cystine uptake was measured using a cystine uptake assay kit (UP05, Dojindo),
while glucose uptake was measured using a cell-based assay kit (600470, Cayman) following
manufacturers’ instructions. Briefly, for cystine uptake, cells were deprived of cystine for 30
min, then incubated with the cystine analog, selenocystine at 37°C for 30 min. Cells were then
incubated with fluorescein O, O’-diacrylate, and tris(2-carboxyethyl) phosphine for 30 min.

For glucose uptake, cells were deprived of serum for 3 h before the assay. During the last hour,

18



cells were starved of glucose for 30 min, then incubated with 200 pg/ml of 2-(N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl) amino)-2-deoxyglucose (2-NBDG) for 30 min. Cystine and glucose
uptake rates were determined by measuring fluorescence intensity at 490/535 nm and 485/535

nm, respectively, using a BioTek Synergy H1 Multi-Mode Plate Reader (BioTek Instruments).

2.5 GSH and GSSG measurements

Primary MuSCs for each indicated condition were grown in 100 mm Petri dishes, harvested
with trypsin, and then washed with ice-cold PBS. A 1:1 homogenization buffer [125 mM
sucrose, 1.5 mM EDTA, 5 mM Tris, 0.5% trifluoroacetic acid (TFA), and 0.5% meta-
phosphoric acid (MPA) in 50% mobile phase (10% HPLC grade methanol, 0.09% TFA —
0.2um filtered)] was used to homogenize the cells for 20 min on ice. Cell lysates were
centrifuged at 14,000 g for 20 min at 4°C, and supernatants were used for measurements. To
quantify GSH and GSSG levels, an HPLC 1100 Series system (Agilent) equipped with a
Pursuit C18 column (150%4.6 mm, 5 um; Agilent) was employed with a 1 ml/min flow rate
using a UV-visible wavelength detector at 215 nm (Agilent), as previously described [58]. Data
were analyzed using the OpenLab CDS 2.8 software and values were normalized to cellular
protein levels using a bicinchoninic acid (BCA) assay (Pierce BCA Protein Assay, 23225,

Thermo Fisher Scientific).

2.6 Mitochondrial H2O> emission

Mitochondrial H>O; release was measured in cells using the fluorescent probe Amplex Red
(ex/em: 563/587) using a Hitachi F2500 spectrophotometer as previously described [59].
Briefly, 1.5 million cells were incubated in 600 uL of buffer Z (in mM: 110 K-MES, 35 KCl,

1 EGTA, 5 K2HPO4, 3 MgCl2.6H20, and 0.5 mg/mL BSA, pH 7.3 at 4°C) in a 1 cm quartz
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cuvette with magnetic stirring at 37°C supplemented with 1.2 U/mL horseradish peroxidase,
and 20 uM Amplex Red. Cells were permeabilized with 2 ug/uL digitonin. After baseline
readings, the following were added sequentially: 2.5-5 mM malate-glutamate, 5 mM succinate,

10 mM ADP, and 8 uM antimycin-A. Values are reported as arbitrary fluorescence units.

2.7 Cellular bioenergetics

A Seahorse XFe96 Analyzer (Agilent) was used to assess oxygen consumption rates (OCR)
and extracellular acidification rates (ECAR) in primary MuSCs plated at 10,000 cells/well.
Mitochondrial stress tests assessed cellular resting respiration before and following four
consecutive injections: oligomycin (2 pg/mL), FCCP (2.4 uM), combined antimycin A (5.5
uM) / rotenone (7.7 uM), and monensin (20 uM). This allowed determinations of resting, leak-
dependent, and maximal rates of oxygen consumption. These rates were corrected for non-
mitochondrial OCR, measured as antimycin A/rotenone-independent respiration. ATP-linked
OCR was calculated as the difference between resting and leak respiration, and reserve
capacity was determined by subtracting resting OCR from maximal OCR. The injection of
monensin at the end of the injection cycle allowed the measurement of maximal ECAR, which
is a proxy measure of the glycolytic capacity of cells [60]. Beyond resting levels of glycolytic
rates, glycolytic reserve was determined by subtracting resting rates from the maximal rates in

the presence of monensin.

2.8 Citrate synthase activity
Maximal citrate synthase activity as a measure of mitochondrial content was determined in
MuSC lysate samples in the presence of DTNB, as previously described [61]. The change in

the rate of absorbance at 412 nm was measured using a Synergy Mx Microplate Reader
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(BioTek Instruments). The extinction coefficient of 13.6 mM 'ecm ' was used. Values are

expressed per ug cellular protein.

2.9 Cellular protein levels

To measure cellular protein content, RIPA buffer (Millipore) supplemented with a protease
inhibitor cocktail (P8340, Sigma-Aldrich) and phosphatase inhibitor cocktail (78420, Thermo
Fisher Scientific) was used during cell homogenization. A BCA assay (23225, Thermo Fisher
Scientific) was used to measure protein concentrations, as per the manufacturer’s protocol.

Protein samples were kept at —80°C for later use.

2.10 Immunostaining of primary muscle cells

To conduct mitochondrial morphological analyses, cells were cultured in 8-well glass slide
plates (Millipore) coated with Matrigel (Corning). Cells from different conditions were rapidly
washed with 37°C PBS and then fixed with 4% PFA (Sigma-Aldrich) for 15 min. After fixation,
cells were washed twice with PBS and incubated for 2 h at room temperature (RT) in PBS
containing 1% BSA, 0.2% Triton-X (Sigma-Aldrich), and anti-TOMM?20 (1:500, 11802,
Protein Tech). Cells were washed twice with PBS and incubated for 1 h at RT in PBS
containing 1% BSA and a secondary antibody (Alexa Fluor 488 goat anti-rabbit IgG (H+L),
1:500, A-11008, Thermo Fisher Scientific). After 2 washes, cells were incubated for 5 min at
RT with 4,6-diamidino-2-phenylindole (DAPI, 1:1000, Sigma-Aldrich). The polypropylene
wells were removed from the slide before mounting the cells in ProLong Gold antifade reagent
(Invitrogen). Cells were imaged using a confocal microscope (Zeiss LSM880) equipped with

an AiryScan FAST technology 63X/1.4 oil objective. Mitochondrial morphological analyses
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were performed using Mitochondria Analyzer, a three-dimensional mitochondrial analysis

pipeline in Imagel/Fiji [62].

2.11 Western blot analyses

Cell lysate samples were prepared in 1 x Laemmli buffer containing 100 mM DTT. Samples
were separated on SDS-PAGE and then transferred onto PVDF (Bio-Rad) or nitrocellulose
membranes. For glutathionylation, MFN1/2 oligomerization, and DRP1 oligomerization
immunoblots, samples were prepared in 1 x Laemmli without DTT. Membranes were blocked
with 5% BSA in Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at RT. Primary
antibody incubations were overnight at 4°C. The following antibodies were purchased from
Abcam: GPX1 (1:2000, ab22604), GPX4 (1:2000, ab16800), Total OXPHOS (1:1000,
ab110413), and MFN1/2 (1:5000, ab57602). Antibodies from Santa Cruz were: GCL-c
(1:1000, sc-390811), and GSS (1:1000, sc-365863). Antibodies from Protein Tech were: GCL-
m (1:1000, 14241-1), OPA1 (1:2000, 27733-1), PHGDH (1:2000, 14719-1), PSAT1 (1:5000,
10501-1), PSPH (1:2000, 14513-1), CBS (1:2000, 14787-1), CTH (1:2000, 12217-1), GS
(1:2000, 11037-2). Additional antibodies included: Glutathione (1:1000, 101-A, Virogen), and
DRP1 (1:2000, 611113, BD Biosciences). Primary antibodies used against loading controls
were: GAPDH (1:10000, 60004-1-Ig, Proteintech), and Vinculin (1:5000, ab129002, Abcam).
A ChemiDoc™ MP Imaging System (Bio-Rad) was used to visualize protein bands and ImageJ
software was employed to conduct protein band densitometry. The abundance of all target

proteins is presented as normalized to the indicated loading control.

22



2.12 Metabolomic stable isotope tracer analysis (SITA) and LC-
MS

Stable isotope tracing was performed as previously described [63]. Briefly, cells were seeded
in 60 mm dishes to achieve ~75% confluency for 24 h. DMEM was then replaced with
equivalent media without 2ME, FBS, and horse serum, supplemented with 20% dialyzed FBS
for 24 h. Then, an equivalent volume of labelled medium with 25 mM [U-'3C]-glucose (CLM-
1396-1, Cambridge Isotope Laboratories Inc) was added for the indicated time points. Cells
were washed three times with ice-cold 150 mM ammonium formate solution, quenched in 230
uL ice-cold LC/MS grade 1:1 methanol:water solution, and vortexed for 10 s, before adding
220 pL acetonitrile. The collected cells were then homogenized using a bead mill homogenizer
at 4°C for two rounds of 60 s at 30 Hz (Fisherbrand Bead Mill 24 Homogenizer). Homogenates
were incubated with a 2:1 dichloromethane:water solution on ice for 10 min then centrifuged
at 1,500 g for 10 min at 1°C. Water-soluble metabolites were collected from the upper phase,
dried using a refrigerated CentriVap Vacuum Concentrator at —4°C (LabConco Corporation),
and stored at -80°C before LC-MS analyses. Control samples that were not incubated with [U-

13C]-glucose were included in all tracer experiments.

Samples were randomized and re-suspended with 75% acetonitrile, cleared by centrifugation,
and run in negative ESI on a 6545B Q-TOF mass spectrometer (Agilent) equipped with a 1290
Infinity II ultra-high-performance LC (Agilent) using hydrophilic interaction chromatography
(HILIC-Z). Continuous internal mass calibration was executed using signals from purine
[12,000 full width at half maximum (FWHM) resolution] and hexakis (1H, 1H, 3H-
tetrafluoropropoxy) phosphazine (24,000 FWHM resolution). HILIC separation was obtained

using the Poroshell 120 HILIC-Z column (2.1; 100 mm, 2.7 mm; Agilent) and the
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corresponding guard column. The chromatographic conditions and mass spectrometry
acquisition parameters are described elsewhere [64]. The binary solvent system consisted of
10 mM ammonium acetate (pH 9) in water (solvent A) and 100 mM ammonium acetate in 85%
acetonitrile (solvent B), both having 0.1% medronic acid. The gradient for separation started
at 96% B for 1.5 min, then decreased from 96% to 65% B for 6.5 min followed by a 2 min
hold at 65% B, and 7 min of re-equilibration to 96% B. This took the total run time to 17 min
at a 0.25 mL/min flow rate. The injection volume was 10 pL, and the column temperature was

maintained at 35°C.

Mass spectrometry detection was performed in negative ESI full scan mode with a mass range
of 50 to 1000 m/z. The mass spectrometer source conditions consisted of a capillary voltage
of 3000 V. Drying and sheath gas temperatures were set to 200°C and 300°C and flow rates
were set to 10 and 12 L/min, respectively. Nebulizer pressure was set to 40 psi and the
fragmentor voltage was 175 V. Data were acquired in centroid mode at the rate of 3 spectra per
second in the extended dynamic range mode (2 GHz). A target list of metabolites was created
using “MassHunter Pathways to PCDL” software (Agilent). Metabolite retention times were

provided from an in-house database.

2.13 Metabolomic profiling

Samples were collected and run using LC-MS as mentioned in the SITA protocol but without
tracer. All values were normalized to the protein content of parallel plates. Data were analyzed
using Python (Python Software Foundation. Python Language Reference, version 3.8.18.
Available at www.python.org) and R (version 4.2.2.) [65]. All figures were produced using the

matplotlib [66] and ggplot2 [67] libraries. Unless stated otherwise, statistical tests were
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performed through their respective Scipy method [68]. All data and code for these analyses are

available in the GitHub repository: https://github.com/lkenn012/xCT metabolomics

2.14 Analysis of metabolomic profiling data

Hierarchical clustering and several statistical methods were applied after pre-processing the
data from sample groups. Three different feature selection methods were employed for
differential metabolite determination including Welch’s t-test; orthogonal partial least squares
discriminant analysis (OPLS-DA); and significance analysis of microarrays (SAM). Missing
values were imputed according to a limit of detection imputation defined as s of the minimum
value per metabolite feature. Following this, abundance values were logio-transformed and z-
score normalized. Z-score normalized values were used for all statistical analyses except for
significance testing by Welch’s t-test, where the raw values including missing values were

used.

Enrichment plots for metabolite clusters were generated using the Metaboanalyst web server
[69] via over-representation analysis, using all identified metabolites in the dataset as
background (excluding non-specific metabolites such as total hexoses). Agglomerative
hierarchical clustering linkages were determined according to the Ward algorithm applied to
Euclidean distances (maximum cluster distance of 4) for Slc7a11%“¥*"t and WT unlabelled
metabolomics data. Robinson-Fould metrics were computed using the ETE3 Python library
[70] (ete3 version 3.1.3); these metrics estimate the conservation between two clustering

dendrograms based on the proportion of shared linkages between metabolites.
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2.15 Immunostaining of MuSC myogenic markers

Cells cultured in Matrigel-coated dishes were harvested 24 h after plating (myoblasts) and 24 h
after differentiation. 100,000 cells (in 100 pl) were loaded into a double Cytofunnel (Thermo
Fisher Scientific) set on a double Cytoslide (Thermo Fisher Scientific) and centrifuged at
500 rpm for 5 min at RT using a cytocentrifuge (Epredia™ Cytospin™ 4). Cells were fixed
with 4 % paraformaldehyde (PFA, Sigma) for 3 min and quenched with 100 mM glycine
(Biobasic) for 5 min at RT. Cells were washed 3 times with 1 x PBS before staining. Cells were
then permeabilized for 10 min in PBS containing 0.2 % Triton-X (Sigma), blocked in 5 % goat
serum (Sigma), and 2 % BSA-PBS for 30 min, and then incubated for 2 h with Pax7 (1:2 Pax7,
DSHB) at RT. The following day, sections were washed three times with PBS and incubated
in species-specific fluorescent secondary antibodies diluted in PBS containing 4,6-diamidino-
2-phenylindole (DAPI). Cells were washed, then incubated for 1 h with the secondary antibody
Alexa Fluor 568 Goat anti-Mouse IgG1 (1:2000, A-21124, Thermo Fischer Scientific) diluted
in 1x PBS containing DAPI at RT. To assess the S-phase entry, cells were incubated with 1 uM
of 5-ethynyl-2'-deoxyuridine (EdU, Lumiprobe) for 24 h prior to harvesting. A 30-min
incubation with the labeling mix [0.1 uM Sulfo-Cyanine5 azide dye (Lumiprobe), 2 mM
copper (II) sulfate pentahydrate (Sigma), and 20 mg/ml of l-ascorbic acid (Sigma)] were

applied before blocking.

For assessment of differentiation, cells were cultured in 24-well plates and differentiated for
the following intervals: 1 day, 2 days, and 4 days. At each time point cells were fixed with 4 %
PFA (Sigma) for 15 min after 3 washes in PBS. Cells were permeabilized for 15 min in PBS
containing 0.5 % Triton-X and incubated with myosin (1:50, DSHB, MYHIE) overnight at

4 °C. Cells were washed in PBS and then incubated for 1 h with species-specific secondary
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antibodies diluted in 1 x PBS containing DAPI at RT. Wells were filled with PBS and cells
were imaged at 10x on a Zeiss AxioObserver Z1 fluorescent microscope equipped with an

AxioCam MRm CCD camera.

2.16 Muscle injury

Subcutaneous injections of buprenorphine (0.1 mg/kg) were administered 30 min prior
to cardiotoxin treatment. Mice were anesthetized with isoflurane, hindlimbs were disinfected
with ethanol and the left tibialis anterior (TA) muscle was injected with 50 pl cardiotoxin

(10 uM, L8102, Latoxan). Tissues were collected at 21 days post-injury.

2.17 Muscle cross-sectional area determinations
To measure the cross-sectional area (CSA) of myofibers, transverse 14 pm cryosections were
stained with hematoxylin and eosin (H&E). Samples were imaged at 20x using an EVOS FL

Auto 2 microscope (Thermo Fisher Scientific) and analyzed using Cellpose [71] and Imagel.

2.18 Statistics

Unless otherwise mentioned, all data are shown as a mean + standard error of the mean (SEM).
Statistical analyses were conducted using Prism (GraphPad, La Jolla, CA). A two-tailed
Student’s t-test was used to determine statistical significance between WT vs. Slc7al1suVs™,
The statistical significance of primary MuSCs experiments with 3 different conditions (WT,
Slc7al1%“/% and Slc7all**“s“ + 2ME) was determined using one-way ANOVA with Tukey

post hoc tests. P-values < 0.05 were considered statistically significant.
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CHAPTER 3: RESULTS

3.1 Disrupted cystine import alters GSH redox and mitochondrial
bioenergetics and dynamics.

3.1.1 xCT dysfunction perturbs GSH homeostasis
To study how xCT dysfunction impacts MuSC proliferation and metabolism, MuSCs were
isolated from Slc7all1%"¥" and background matched WT mice. Slc7al1%*¥*"t mice have a
spontaneous deletion in the xCT-encoding Slc7all gene spanning from intron 11 through exon
12, resulting in the truncation of the xCT protein at the C terminus [72,73]. Slc7al1%s4t cells
had low viability without f-mercaptoethanol (2ME) supplementation (Figure 5A). 2ME, a
potent reducing agent, reduces extracellular cystine to cysteine, thus bypassing xCT and
allowing the uptake of cysteine via ASCTs and EAATs. Therefore, xCT dysfunction had
profound impacts on MuSC proliferation. To this end, to support proliferation in subsequent
experiments, MuSCs were cultured in the presence of 2ME, which was removed 24 hr before

experimental analyses to unmask the impacts of xCT deficiency on metabolism.

To assess the extent of xCT dysfunction, cellular cystine uptake was measured in MuSCs.
Cystine uptake was 52% lower in Slc7al1%*" compared to WT (Figure 5B). Similarly, WT
cells treated with the xCT inhibitor erastin (10 pM) exhibited a 50% decrease in cellular cystine
uptake. In line with impaired cystine uptake, HPLC measurements demonstrated lower
intracellular levels of GSH, GSH:GSSG, and total GSH, but higher GSSG in Slc7al1s/sx
MuSCs compared to WT (Figure 5C). Slc7a11%*/s" MuSCs that were supplemented with 2ME
had partially restored GSH and GSSG levels, comparable with WT MuSCs. Furthermore,
immunoblotting analysis revealed a trend for lower protein glutathionylation levels in
Slc7al 1'% MuSCs compared to WT (Figure 6A).
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Figure 5. Impact of xCT dysfunction on MuSC proliferation, cystine uptake, and GSH.
(A) Real-time measurement of primary myoblast confluence using an Incucyte live cell imager.
(B) Rate of cystine uptake measured using the fluorescent probe fluorescein O, O’-diacrylate
in WT, Slc7al1%"¥s* and WT + erastin MuSCs. (C) Reduced glutathione (GSH), oxidized
glutathione (GSSG), GSH:GSSG ratio, and total glutathione (GSH + (2 x GSSG)) measured
by HPLC in WT, Slc7al1%"¥s* and Slc7al1*"t + 2ME. Comparisons between groups were
determined using a two-way ANOVA with Tukey post-hoc tests, n = 6 (A); one-way ANOVA
with post hoc Tukey HSD test, n = 5-6 (B-C). Results are presented as mean = SEM, *p <0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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To evaluate the impact of xCT deficiency on mechanisms of GSH biosynthesis, protein levels
of key enzymes involved in GSH synthesis were measured, namely glutamate-cysteine ligase
catalytic (GCL-c) and modifier (GCL-m) subunits and GSH synthetase (GSS).
Immunoblotting analyses showed similar levels of GCL-c, but lower levels of GCL-m in
Slc7al 13" MuSCs compared to WT (Figure 6B). Conversely, GSS levels, which catalyzes
the last step of GSH synthesis by adding glycine, were higher in Slc7al1°*Y** MuSCs compared
to WT, potentially in a failed attempt to compensate for decreased cysteine availability for
GSH synthesis. Finally, H-O- production was measured to determine whether altered cellular
GSH redox affected the susceptibility of Slc7alls"¥*t MuSCs to oxidative stress. Across
various mitochondrial respiratory states, Slc7al1%"¥*" MuSCs exhibited higher H.O: levels
compared to WT cells (Figure 6C). Notably, protein levels of GSH peroxidase 1 (GPX1) and
4 (GPX4) remained comparable between WT and Slc7all®¥®* MuSCs (Figure 6D),
suggesting that increased H2>O: levels are likely not due to lower protein levels of GSH-
dependent antioxidant enzymes, but rather may reflect a limited GSH availability. Collectively,
these findings indicate that the xCT mutation disrupts intracellular GSH levels, likely due to

impaired cystine influx and thus GSH synthesis.
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Figure 6. xCT controls GSH synthesis and OXPHOS-dependent H20: release in
proliferating MuSCs.

(A-B) Immunoblots of WT and Slc7all®*¥s** MuSCs against (A) post-translational
glutathionylation, and (B) GSH synthesis enzymes, glutamate-cysteine ligase (GCL) catalytic
(GCL-c) and modifier (GCL-m) subunits, and GSH synthetase (GSS). (C) Mitochondrial H>O>
emissions in digitonin permeabilized WT and Slc7a11°*¥*t MuSCs. (D) Immunoblots of WT
and Slc7al1%*¥s't MuSCs against GPX1 and GPX4. Comparisons between groups were
determined using a two-tailed Student’s t-test, n = 5-6. Results are presented as mean + SEM,
*p <0.05.
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3.1.2 xCT dysfunction decreases mitochondrial oxidative capacity

Mitochondrial metabolism is of central importance to SKM health. Given that metabolic
processes are redox-sensitive [74], the next aim was to assess mitochondrial respiration and
glycolytic flux using Seahorse XF analyses in WT and Slc7all**¥s MuSCs. Slc7allsu/s«
MuSCs displayed overall lower oxidative capacity with a 42% decrease in resting, a 33%
decrease in leak, and a 50% decrease in maximal oxygen consumption rates (OCR) compared
to WT MuSCs (Figure 7A). Quantification of extracellular acidification rates (ECAR), a proxy
measure of glycolysis, revealed that Slc7al1**"*" MuSCs display a trend for a decrease in
resting and maximal ECAR rates compared to WT MuSCs (Figure 7B). However, when using
the Mookerjee method [75] to evaluate absolute levels of ATP production from glycolysis and
OXPHOS under different metabolic states, it was clear that Slc7al1%¥*“* MuSCs were more
dependent on glycolysis than OXPHOS for ATP production. Specifically, there was a higher
proportion of ATP derived from glycolysis in Slc7al1°"*** MuSCs during resting (Figure 7C)
and maximal (Figure 7D) respiration states. In line with these findings, glucose uptake was
higher in Slc7all"*** than in WT MuSCs, further demonstrating the higher overall

requirements for glucose in xCT-deficient cells (Figure 7E).
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Figure 7. xCT dysfunction leads to impaired cellular bioenergetics.

(A) Oxygen consumption rates (OCR) and (B) extracellular acidification rates (ECAR)
measured in primary WT and Slc7al1%"¥" MuSCs. The contributions of OXPHOS and
glycolysis to ATP production were calculated following the Mookerjee ef al., 2017 method for
(C) Basal and (D) Maximal bioenergetic capacities in WT and Slc7al1*%s"* MuSCs. (E)
Glucose uptake quantified using 2-NBDG in WT and Slc7a11%*" primary MuSCs. (F) Citrate
synthase enzyme activity in WT and Slc7al1%¥s"* MuSCs. The statistical significance of the
differences between groups was determined using a two-tailed Student’s t-test, n =4 (A-D); n
= 6 (E-F). Results are presented as mean = SEM, *p < 0.05, **p < 0.01.
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To determine whether the diminished OXPHOS capacity observed in Slc7al1%¥s* MuSCs
resulted from decreased mitochondrial content, citrate synthase activity and the protein levels
of key OXPHOS proteins were measured. Findings showed that citrate synthase activity
(Figure 7F) and protein levels of OXPHOS complexes I, II, and IV (Figure 8) were lower in
Slc7al 134 compared to WT MuSCs, indicative of decreased mitochondrial content in
Slc7al 13" compared to WT MuSCs. Overall, findings are consistent with the conclusion of

diminished mitochondrial oxidative capacity in Slc7al1*¥*"* MuSCs.
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Figure 8. Lower abundance of mitochondrial OXPHOS complexes in Slc7al1suésut
MuSCs.

Immunoblots of mitochondrial OXPHOS complexes in WT and Slc7al1%¥s't MuSCs. The
statistical significance of the differences between groups was determined using a two-tailed
Student’s t-test, n = 5-6. Results are presented as mean + SEM, *p < 0.05, **p <0.01.
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3.1.3 xCT dysfunction leads to Drpl-mediated mitochondrial fission

The dynamic network structure of mitochondria is redox sensitive and alters mitochondrial
bioenergetics and metabolism. The next aim was thus to investigate how xCT dysfunction
affects mitochondrial structure by staining for TOMM?20, a ubiquitous mitochondrial outer
membrane protein. Quantitative analysis of TOMM20-stained MuSCs revealed that the
mitochondrial network was more fragmented in Slc7a11%*/s" MuSCs compared to WT MuSCs,
as indicated by the lower total branch length per mitochondrion and lower number of branches
per mitochondrion (Figure 9A, B, and C). The fragmented mitochondrial reticulum observed
in Slc7al1%¥s" MuSCs was not attributed to differences in protein levels of the large GTPase
proteins that maintain mitochondrial fusion, including OPA1, and MFN1/2. Moreover, levels
of the fission protein DRP1 were comparable between Slc7al1%'V** MuSCs and WT (Figure
9D). As GSH redox also plays a role in determining MFN1/2 oligomerization [76,77],
immunoblots under non-reducing conditions were performed to preserve disulfide bonds.
Slc7al13's* MuSCs had less MFN1/2 oligomers (between 160 and 250 kDa, Figure 10A)
compared to WT MuSCs, but displayed higher DRP1 oligomerization compared to WT MuSCs
(Figure 10B). In summary, xCT deficiency results in a fragmented mitochondrial network in
MuSCs associated with lower MFN1/2 oligomers and higher DRP1 oligomerization, which

may contribute to impaired mitochondrial oxidative capacity.
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Figure 9. xCT dysfunction leads to fragmented mitochondria but no changes in the
abundance of mitochondrial dynamics proteins.

(A) Immunofluorescence staining of TOMM?20 (green) and DAPI (blue), scale bar = 10 um.
Thresholded TOMM20 signals are shown in white. (B-C) Quantitative morphometric analyses
of TOMM20-staining examining (B) total branch length per mitochondria (um), and (C)
number of branches per mitochondria. Each data point represents a region of interest (ROI)
containing 2 to 3 mitochondria. 2 ROI were imaged and analyzed for each sample, n = 4. (D)
Immunoblots of mitochondrial dynamics proteins in WT and Slc7alls's* MuSCs. The
statistical significance of the differences between groups was determined using a two-tailed
Student’s t-test, n =4 (A-C); n = 5-6 (D). Results are presented as mean = SEM, *p < 0.05.
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Figure 10. Altered oligomerization of mitochondrial dynamics proteins in Slc7a11sv/sut

MuSCs.

(A-B) Immunoblots of (A) MFN1/2 oligomerization, and (B) DRP1 oligomerization in
primary WT and Slc7al1%¥s"t MuSCs. The statistical significance of the differences between
groups was determined using a two-tailed Student’s t-test, n = 6. Results are presented as mean

+ SEM, *p < 0.05.
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3.2 Disrupted cystine import leads to metabolic reprogramming
characterized by increased transsulfuration pathway activity.

3.2.1 Global metabolic alterations in Slc7a115""s** MuSCs
To elucidate the specific metabolic pathways impacted by impaired xCT function, the global
metabolite profiles of WT and Slc7all**¥*" MuSCs under steady-state conditions were
analyzed using ion-pairing LC-MS. Slc7al1%"¥s"* MuSCs had lower levels of GSH, 4,5-
dihydroorotate, uracil, dihydrouracil, and orotic acid, but higher levels of several amino acids
compared to WT MuSCs, including proline, methionine, glycine, glutamine, and branched-
chain amino acids (BCAAs, valine, leucine, and isoleucine) (Figure 11A). Metabolite set
enrichment analyses of the 27 differing metabolites further highlighted major differences
between Slc7al1%*¥*"t and WT MuSCs in the metabolism of BCAAs, pyrimidines, cysteine,
methionine, and GSH (Figure 11B). As anticipated, metabolites involved in endogenous
cysteine biosynthesis, such as serine and methionine, were more abundant in Slc7allseVsu

MuSCs compared to WT (Figure 11C).
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Figure 11. Distinct metabolomic profiles in Sle7a115'Ys"t MuSCs.

(A) Volcano plot of metabolite profiles. (B) KEGG metabolite set enrichment analysis (top 10,
p-value < 0.30) of metabolic pathways altered in Slc7al1%*/st MuSCs. (C) Abundance of
serine, methionine, and GSH (reduced) (relative to WT). Comparisons between groups were
determined using a two-tailed Student’s t-test, n = 6 (C). Results are presented as mean £ SEM,
*p <0.05.
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3.2.2 Lower entry of glucose carbons into the TCA cycle in Slc7a115"/s"
MuSCs

Given the evidence of increased need for glucose in Slc7al1%¥s" MuSCs, stable isotope tracing
analysis (SITA) of [U-'3C]-glucose was performed to elucidate alterations in glucose flux
through specific metabolic pathways. After testing various incubation times following standard
practices [78], a 12-hour incubation with '*C-labelled glucose proved optimal to detect flux
through most metabolic pathways of interest. The integration of °C into the glycolytic
metabolites 3-phosphoglycerate (3PG) and 2-phosphoglycerate (2PG) was similar between
Slc7al1%*"*"tand WT MuSCs (Figure 12A and B). Glucose-derived pyruvate is the major end-
product of glycolysis, which can subsequently be converted to acetyl-CoA by pyruvate
dehydrogenase (PDH) to enter the TCA cycle and give rise to citrate m+2 (in green, Figure
12A), or can contribute to TCA cycle anaplerosis via pyruvate carboxylase (PC) production of
oxaloacetate, giving rise to citrate m+3 (in purple, Figure 12A). Slc7al115**"“MuSCs displayed
trends for elevated amounts of pyruvate m+3 and lactate m+3 compared to WT (Figures 12C)
indicating that pyruvate accumulates instead of entering the TCA cycle. Indeed, the calculated
citrate m+2 / pyruvate m+3 and citrate m+3 / pyruvate m+3 ratios, proxy measures for PDH-
and PC-dependent labelling respectively [79], were lower in Slc7al1*¥*"t MuSCs (Figure
12D). Moreover, Slc7al1%¥s" MuSCs had a lower carbon labelling to TCA cycle metabolites
(Figure 12E), further supporting the conclusion that there is lower utilization of glucose-

derived carbons in the TCA cycle by Slc7al1%Vs" MuSCs.
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Figure 12. Lower glucose flux to TCA cycle in Sle7a115¢s"t MuSCs.

(A) Stable isotope tracing diagram for [U-13C]-Glucose through glycolysis and TCA cycle via
pyruvate dehydrogenase (PDH, green) and pyruvate carboxylase (PC, purple). Labelled
metabolites are coloured orange (higher in Slc7al1%¥st MuSCs), blue (lower in Slc7al15uws®
MuSCs), and black (similar between Slc7al1%¥** and WT MuSCs). (B-C) [U-*C]-Glucose
labelling (12 hrs) to glycolytic intermediate metabolites (B) 3-phosphoglycerate, and 2-
phosphoglycerate, and (C) pyruvate m+3 and lactate m+3 in WT and Slc7al1%s* MuSCs. (D)
Citrate m+2 / pyruvate m+3 and citrate m+3 / pyruvate m+3 ratios of [U-*C]-glucose labelling
(12 hrs) as proxies of PDH and PC, respectively. (E) Relative proportion of labelled TCA cycle
intermediates (citrate, o-ketoglutarate, succinate, fumarate, and malate) derived from [U-13C]-
glucose precursor. The statistical significance of the differences between groups was
determined using a two-tailed Student’s t-test, n = 6. Results are presented as mean + SEM, *p
<0.05, **p <0.01.
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3.2.3 Increased de novo serine and cysteine synthesis in Slc7a11s""s"!
MuSCs

Glucose also serves as a precursor for de novo serine synthesis by converting glycolysis-
derived 3PG to 3-phosphohydroxypyruvate in a reaction catalyzed by phosphoglycerate
dehydrogenase (PHGDH) [80]. De novo serine synthesis is upregulated during times of amino
acid starvation, as serine is a major donor to the carbon pool for one-carbon (1C) metabolism,
linking the folate and methionine cycles with the transsulfuration pathway to support amino
acid metabolism, redox homeostasis, nucleotide biosynthesis, and methylation reactions [81].
Serine 1C metabolism also plays a key role in GSH biosynthesis via endogenous cysteine and
glycine biosynthesis [82] (Figure 13A). Thus, it was hypothesized that Slc7al1"s* MuSCs
would have an increased reliance on glycolytic metabolism to support de novo synthesis of
serine as a compensatory mechanism to restore GSH redox. Consistent with that hypothesis,
Slc7al1%*¥st MuSCs had higher serine m+3 levels (from glycolysis-derived 3PG, [83])
compared to WT, indicating an increased serine biosynthesis from glycolysis (Figure 13B).
Moreover, protein levels of key enzymes involved in de novo serine synthesis (PSAT1 and
PSPH) were higher in Slc7al15*"*"* MuSCs compared to WT MuSCs (Figure 13C). Notably,
WT and Slc7al1%¥s* MuSCs had similar m+2 labelling to glycine, suggesting that glucose-
derived serine is preferentially shunted towards the transsulfuration pathway for cysteine
biosynthesis (Figure 13D). Indeed, while expression of cystathionine B-synthase (CBS),
which catalyzes the conversion of serine and homocysteine to cystathionine, was comparable
between genotypes, the protein level of cystathionine y-lyase (CTH), which converts
cystathionine to cysteine, was higher in Slc7a11%*""* MuSCs (Figure 13E). The levels of GSH
m+2 (derived from glycine m+2 or glutamate m+2 incorporation), and GSH m+4 (derived

from the incorporation of both glycine m+2 and glutamate m+2) were lower in Slc7al1su/s®
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MuSCs (Figure 13F). Conversely, the level of GSH m+3 (derived from cysteine m+3
incorporation) was not different between genotypes, suggesting that transsulfuration pathway

activity in Slc7al1%**" MuSCs resulted in GSH biosynthesis (Figure 13F).
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Figure 13. xCT deficiency promotes de novo serine synthesis.

(A) [U-BC]-glucose labelling through the de novo serine synthesis pathway, and cysteine
biosynthesis via the transsulfuration pathway. Enzymes and labelled metabolites are coloured
orange (higher in Slc7all"¥st MuSCs), blue (lower in Slc7all1%'¥s** MuSCs), and black
(similar between Slc7al1%¥** and WT MuSCs). (B) [U-'3C]-glucose labelling (12 hrs) of
serine m+2 (from gluconeogenesis) and serine m+3 (from glycolysis) expressed as percentage
of total respective metabolite levels. (C) Immunoblot of de novo serine synthesis enzymes
(PHGDH, PSAT1, and PSPH). (D) [U-3C]-glucose labelling (12 hrs) of glycine m+2,
expressed as labelled percentage of total glycine levels. (E) Immunoblot of de novo cysteine
synthesis enzymes (CBS and CTH). (F) [U-13C]-glucose labelling (12 hrs) of GSH m+2 (from
[U-3C]-glucose-derived glycine or glutamate), GSH m+3 (from [U-*C]-glucose-derived
cysteine), and GSH m+4 (from [U-*C]-glucose derived glycine and glutamate). The statistical
significance of the differences between groups was determined using a two-tailed Student’s t-
test, n = 6. Results are presented as mean = SEM, *p < 0.05, **p < 0.01, ***p <0.001, ****p
<0.0001.
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3.3 Disrupted cystine import enhances SKM differentiation

To investigate the impact of disrupted cystine import on myogenesis, immunostaining analyses
were performed in cultured MuSCs and ex vivo myofibers. Immunostaining for cell
proliferation markers showed lower proportions of Pax7" Edu’ cells in proliferating
Slc7al1%'s* MuSCs compared to WT (Figure 14A). Staining for myosin (MYH) revealed
elevated MYH" area in Slc7all®*¥*" MuSCs compared to WT at early differentiation,
indicating a more rapid differentiation in Slc7all1%¥s** MuSCs (Figure 14B). Finally,
hematoxylin and eosin staining in SKM myofibers, 21 days after cardiotoxin damage,
demonstrated increased myofiber cross-sectional area (CSA) in Slc7al1%"¥s** MuSCs compared
to WT (Figure 14C). Collectively, these data are consistent with the conclusion that disruption

in cystine import is related to increased myogenesis.
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Figure 14. xCT dysfunction promotes higher MuSC differentiation rate.

(A) Immunofluorescence analyses of Pax7 (red), EdU+ (purple), and DAPI (blue) in
proliferating myoblasts and myotubes at day 1 of differentiation, scale bar =50 um,
n = 3. (B) Immunofluorescence analyses of myosin (green) and DAPI (blue) in differentiating
myotubes at days 1, 2, and 4 of differentiation. The myosin-positive area as a percent of the
total area analyzed is plotted, scale bar = 150 pm, n = 6. (C) Hematoxylin and eosin (H&E)
staining of muscle sections from TA muscles after 21 days of cardiotoxin injection (21DPI).
Frequency distribution of myofiber cross-sectional area (CSA) and average myofiber CSA are
plotted. Scale bar = 50 um, n = 5-6. The statistical significance of the differences between
groups was determined using a two-tailed Student’s t-test. Results are presented as mean +
SEM, *p < 0.05.
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CHAPTER 4: DISCUSSION

This work provides an important link between cyst(e)ine and muscle health. Disrupted cystine
import via xCT in MuSCs led to perturbations in GSH redox and mitochondrial
structure/function, accompanied by broad metabolic reprogramming marked by increased TSP

activity (Figure 15).

Mitochondria are major sites of cellular ROS production with complexes I and III of the ETC
being the major sites of superoxide release. Superoxide is rapidly converted to H2O2, which
has a longer half-life and can traverse membranes [84]. The proportion of ROS generated from
mitochondrial respiration varies based on the activity of the OXPHOS system [85]. Here,
findings show higher H2O2 emissions and lower GSH levels as a result of disrupted cystine
import, consistent with perturbed MuSC redox homeostasis. Concomitantly, cells had lower
OXPHOS activity and derived a greater proportion of ATP from glycolysis. These findings are
consistent with the possibility that Slc7al1%*¥*" MuSCs downregulate mitochondrial activity
in an effort to restore redox balance. Consistent with this possibility, SITA of [U-'3C]-glucose
showed accumulation of pyruvate and lower TCA cycle entry through both PC and PDH. These
findings are in accordance with previous reports in cancer cells, where ROS stabilized hypoxia
inducible factor la (HIF-1a) even under normal O; concentrations, thereby inducing the
phosphorylation and inhibition of PDH by PDH kinase 1 (PDK1), ultimately leading to lower
pyruvate entry to the TCA cycle [86-88]. This preference for glycolysis observed in cancer
cells was first described by Otto Warburg [89]. While glycolysis is an inefficient way of
producing ATP, it does generate necessary glycolytic intermediates for the biosynthesis of
other molecules via the pentose phosphate pathway (PPP), and in the case of Slc7alls"Wsut

MuSCs, de novo serine and cysteine via the TSP [21].
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Many studies have examined the link between mitochondrial dynamics and cellular
dysfunction in diseases. Indeed, downregulation of OPA1 results in mitochondrial dysfunction
in mouse embryonic fibroblasts (MEFs) [90] and increased susceptibility to apoptosis in HeLa
cells [91]. Patients with heterozygous mutations in Mfn2 have Charcot-Marie-Tooth type 2A,
a disease characterized by muscle atrophy and weakness [92]. Mouse SKM with conditional
deletion of Mfnl and Mfn2 was shown to have impaired respiratory functions [93]. Here,
increased Drpl-mediated fission and lower OXPHOS rates were observed in Slc7allsu/s«
MuSCs, which is in accordance with previous reports showing how mild oxidative stress leads
to mitochondrial fission [94]. Slc7al1*"¥s** MuSCs demonstrated elevated H>O» emissions
across multiple mitochondrial metabolic states. Similarly, previous reports in C2C12 SKM
myoblasts showed that exposure to exogenous H2O; led to mitochondrial fission preceded by
changes in inner mitochondrial membrane potential, and suggested that mitochondrial
depolarization could promote fission [54]. In fact, a growing body of evidence supports the
role of ROS in promoting mitochondrial fission [95-99]. During times of oxidative stress,
protein kinase Co (PKC9) stimulates DRP1 Ser616 phosphorylation, leading to mitochondrial
fission [100]. Mechanistically, GSH seems to play an important yet ambiguous role in
mitochondrial dynamics. For example, in primary human fibroblasts, the inhibition of GSH
synthesis with buthionine sulfoximine (BSO) prompted a decrease in mitochondrial size
accompanied by increased oxidation of molecular probes such as roGFP1 and CM-H>DCF
[101]. In contrast, BSO treatment in HeLa cancer cells prompted GSSG-induced Mfn
oligomerization, leading to mitochondrial hyperfusion [102]. Interestingly, consistent with the
increased Drpl oligomerization in Slc7al1%¥s"* MuSCs, another study in endothelial cells

reported that high ROS induced Drpl oligomerization and subsequently, mitochondrial
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fragmentation [103]. This further suggests that GSH-linked mitochondrial morphological

changes may be cell type and context-dependent.

Additionally, the author of this thesis hypothesizes that mitochondrial fission could play a
beneficial role in preventing a vicious feed forward loop of ROS-induced ROS release by
mitochondrial NADPH oxidases. Other than the ETC, NADPH oxidases are important sources
of ROS production [104,105], as they catalyze the 1-electron reduction of O using NADH or
NADPH [106]. Under certain conditions, mitochondrial ROS generated by the ETC can
stimulate NADPH oxidases; however, the exact mechanism remains unclear [107-110]. Since
some reports describe that mitochondrial fragmentation leads to disrupted respiration [93],
fission could serve as a way to halt further generation of ROS from the ETC and NADPH

oxidases via a positive-feedback loop.

Fusion/fission have been shown to be crucial for adaptation to cellular stress. Interestingly,
fusion was shown to protect mitochondria from autophagy during nutrient—especially amino
acid—starvation [111,112]. This goes contrary to the observations here of increased fission in
MuSCs with disrupted cystine uptake, which speaks to the complexity of mitochondrial
dynamics regulation within the cell. Ultimately, it seems ROS-related signaling prevailed in
this “tug-of-war”, leading to increased Drp1-mediated fission. Finally, although this work (and
many others in the literature) describes decreased OXPHOS with mitochondrial fission, it is
important to note that it is not yet clearly established whether fused or fragmented
mitochondria perform “better” bioenergetically [74]. Therefore, this complex interplay also

relies on other important cellular cues.
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Slc7al 13" MuSCs also demonstrated a remarkable increase in glucose uptake, despite a
trend for lower glycolytic flux and lower OXPHOS and CS activities. Other researchers have
shown that contracting SKM has increased ROS-mediated glucose uptake [113,114]. Higher
glucose uptake could provide Slc7all®*Vs't cells with multiple advantages in response to
impaired cystine uptake. Although overall GSH levels were still lower in Slc7allsu/s«
compared to WT, increased GSH m+3 levels (coming from [U-'>C]-glucose labeled cysteine)
demonstrate that the TSP was partially effective at restoring GSH homeostasis. Therefore, with
limited pyruvate entry to the TCA cycle, and a “pull” of glycolytic carbons into the TSP due
to increased GSH demand, higher glucose uptake might further drive de novo serine synthesis

by “flooding” the TSP pathway according to Le Chatelier’s principle.

A potentially desirable outcome of TSP activity is the generation of hydrogen sulfide (H2S),
which is a gaseous signaling molecule that exerts anti-inflammatory and antioxidant functions
[115]. In mice, NaHS treatment, a H>S donor, proved effective at alleviating some symptoms
of Duchenne muscular dystrophy, which is an incurable (at the time of writing this thesis),
deadly disease caused by a mutation to the gene that encodes dystrophin [116]. Endogenous
H>S is mainly produced by CBS and CTH, both enzymes of the TSP, either as a by-product of
their activities, or in separate reactions catalyzed by these enzymes [117]. Here, Slc7al1su/sut
MuSCs displayed elevated CTH protein levels, which is likely leading to higher endogenous
H>S production. While no H>S measurements were performed in this work, the author
hypothesizes that it could be driving higher differentiation/regeneration rates observed in
myotubes. Indeed, Slc7al1**"*" MuSCs cultured in vitro had lower proliferation and higher
differentiation rates as evidenced by immunostaining, and higher TSP rates as evidenced by

[U-*C]-glucose SITA. Similar effects of H,S enhancing myogenic differentiation were
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recently described in C2C12 myoblasts [118]. However, it is important to note that cells often
behave differently in vivo than in vitro; that C2C12 cells are a transformed mouse muscle cell
line and that TSP-independent systemic adaptive mechanisms could be utilized to compensate
for disrupted cystine uptake in tissues and lead to the observed enhanced myogenesis in
Slc7al1%'¥s* SKM. The importance of TSP enzymes and H,S in vivo is not yet fully known.
This is partially due to the discrepancies in different models; for example, human SKM
expresses similar levels of CBS and CTH relative to liver expression, while mice SKM
completely lack these enzymes compared to liver expression [119]. Strikingly, Slc7al1suvsu
MuSCs clearly demonstrated increased use of TSP enzymes, as evidenced by [U-"*C]-glucose
SITA and increased CTH protein levels. Whether this discrepancy is due to in vitro adaptations
of MuSCs, poor quality analyses of published studies [119-121], or mouse strain differences
[115], is unknown. Ultimately, myogenesis is a complex process and further research is needed

to understand the involvement of the TSP in the context of redox imbalances.
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CHAPTER 5: CONCLUSION

In conclusion, findings highlight the dual role of xCT in regulating redox balance and
metabolic reprogramming in proliferating MuSCs. Slc7al1%¥** MuSCs had a profound
metabolic reprogramming characterized by lower TCA cycle activity and increased glucose
uptake and flux towards de novo serine synthesis. These metabolic changes, driven by lower
GSH levels were accompanied by increased mitochondrial fragmentation and evidence for
faster myogenesis. While GSH levels were partially restored through de novo cysteine
synthesis from glucose, the observed metabolic changes underscore the crucial role of xCT in
muscle metabolism and GSH redox. Muscular dystrophies are complex diseases; however,
novel therapeutic approaches may be derived from the targeting of metabolic pathways in
SKM. For example, a recent study showed how a combined pharmacological-exercise
treatment can potentiate rescue in mice with type I myotonic dystrophy by reversing alternative
splicing events and promoting oxidative metabolism in SKM [122]. Beyond its established
function in redox homeostasis, XCT holds a critical metabolic function in muscle cells,

providing insights that may inform future therapeutic strategies for muscular pathologies.
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