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Summary:

Starvation, a global crisis affecting millions, stems from various factors like poverty, spmaitidt
climate change, particularly impacting lemcome regions. In the medical realntreating
malnourished patients poses complex challenges includdtyessing their unique nutritional needs,
managing complications such as electrolyte imbalances and organ dysfunction, and mittgatiisg

of refeeding syndromea potentially lifethreatening condition characterized by metabolic
disturbances following thereintroduction of nutrition after a period of starvation. In the
pharmaceutical arena, starvation serves as a critical research model for investigating metabolic
adaptations, nutrient sensing pathways, and therapeutic targets implicated in metabolic eliseas
cancer, and aging. By studying the physiological responses to starvation, researchers gain insights into
the molecular mechanisms governing energy metabolism, substrate utilization, and cellular

homeostasis, informing the development of novel pharmagadal agents and therapeutic strategies.

During starvation, the skeletal muscles undergo metabolic changes to adapt to nutrient deprivation.
Initially, glycogen storesire depleted, leading to increased fatty acid oxidation. Muscle protein
breakdown provides amino acids for gluconeogenesis, resulting in muscle wasting. Autophagy is
upregulated to maintain cellular integrity and energy production. These adaptations enseire th
survival of vital organs and energy homeostasis during starvatre regulator of metabolic
processes is the nutriergensitive transcription factor EB (TFEB). TFEB promotes the expression of
genes involved ifatty acid oxidation FAQ (PG@v hPPARG@E t t Ppanga), glucose oxidation

(GO (HKIIHK2 GLUT14c2al, GLUT48c2a4, and IRS2¥s2) and energy production by oxidative
phosphorylation (OXPHOS, compléX.| TFEB may therefore play a role in stiegsiced metabolic
remodelling of the skeletal muscle. Previous research has emphasized TFEB's critical role in
orchestrating cellular responses to nutrient stress, particularly in liver tissue. However, the specific

influence of TFEB on skeletal muscle metabolism during starvajimoity understood.

This study aims to elucidate TFEB's role in skeletal muscle metabolism during starvation for this we
employed bothin vitro and in vivo approaches. Inn vitro studies C2C12 mouse skeletal muscle
myocytes were used to validate TFEB nuclear translocation during starvation. TFEB overexpression and
silencing experiments were conducted in C2C12 cells. Seahorse assays wereamdgserhanges

in cellular respiration and ATP production.

Our research began witlm vitro studies to establish a foundation for understanding TFEB's role in
skeletal muscle metabolism during starvation. Using C2C12 mouse skeletal muscle myocytes, we first
validated TFEB's nuclear translocation under starvation conditions, observing an upoeguilgenes

associated with mitochondrial biogenesis and autophagy. This initial finding prompted us to explore

IX
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the differential impacts of TFEB overexpression versus deletion on metatmmladellingand energy
homeostasis in skeletal myocytes. Employing seahorse assays)alesedcellular respiration, ATP
production rates, and metabolic changes in C2C12 skeletal myoblasts overexpressing TFEB. The results
revealed a striking metabolic shift from oxidative phosphorylation (OXPHOS) to glycolytic respiration,
accompanied by increasaxlerall metabolic activity, higher ATP production, and enhanced maximal
and reserverespiratory capacities. This metabolic reprogramming suggested an improved ability of
skeletal myoblasts to respond to increased energy demands and adapt to stressful conditions like
starvation. Conversely, when we silencEébusing siRNA under starvation conditions, we observed

a trend towards decreased maximal mitochondrial respiration, indicating potential mitochondrial
dysfunction in the absence of TFEB. These compailirigofindings led us to extend our investigation

to in vivomodels, where wexamined the consequences of skeletal musgecific TFEB deletion on
mitochondrial biogenesis and bioenergetics. This comprehensive approach allowed us to bridge the
gap between cellular and organismal levels, providing a more holistic understandiRrgBfsTcritical

role in skeletal muscle metabolism during nutrient deprivation.

The second phase of this study addressed a critical knowledge gap by employing a stimdated

mouse model to compare the metabolic profiles of skeletal muspkcific TFEB knockout (cKO) mice
with those of wildtype (WT) counterparts under physioiogl, fed, and starved conditions. Initially,

the skeletal musckspecific deletion of TfebT{edoF/oxP: MCGCRE oK Q) showed no significant impact on
muscle weight under normal conditions compared to contrdielf™"">: ** WT). However, when
subjected to a 48h starvation period, cKO mice exhibited marked physiological changes.
Comprehensive analyses, including morphological, histological, andPGRTassessments, revealed
that cKO mice experienced greater body weight loss and downregulation of genes invokeyd in
metabolic processes such as fatty acid oxidation, glucose metabolism, and autophagy compared to
their WT counterpartsProteomic and transcriptomic analyses further elucidated the differential
responses of metabolic pathways acrossimas skeletal muscle types following TFEB deletion.
Notably, TFEB deficiency led to disruptions in both glucose and lipid oxidation pathways, reduced
autophagic and mitophagic genes, and ubiquitin ligase genes within skeletal muscles under starvation

condiions.

In summary, this study elucidates the multifaceted role of TFEB in regulating metabolic pathways
within skeletal muscle during starvation. By integrating proteomic and transcriptomic analyses with
functional assessments, we provide compelling evidence Ti#&B is crucial for maintaining energy
homeostasis, mitochondrial function, and metabolic flexibility under nutreprived conditions.
These findings contribute to our understanding of how transcription factors like TFEB orchestrate

cellular response metabolic stressors. Further investigations are warranted to explore the precise

X
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molecular mechanisms through which TFEB regulates these critical processes in skeletal muscle

physiology.
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Zusammenfassung:

Hunger, eine globale Krise, von der Millionen Menschen betroffen sind, ist auf verschiedene Faktoren
wie Armut, Konflikte und Klimawandel zurtickzufiihren und betrifft vor allem einkommensschwache
Regionen. Im medizinischen Bereich stellt die Behandlungremm&hrter Patienten eine komplexe
Herausforderung dar. Dazu gehéren die Berticksichtigung ihrer individuellen Ernahrungsbediirfnisse,
die Bewadltigung von Komplikationen wie Elektrolytstérungen und Organdysfunktionen sowie die
Minderung des Risikos des Real@erSyndroms, eines potenziell lebensbedrohlichen Zustands, der
durch Stoffwechselstérungen nach der Wiederaufnahme von Nahrung nach einer Zeit des Hungers
gekennzeichnet ist. Im pharmazeutischen Bereich dient der Hungertod als wichtiges Forschungsmodell
fur die Untersuchung von Stoffwechselanpassungen, Nahrstoffsensorwegen und therapeutischen
Zielen, die bei Stoffwechselkrankheiten, Krebs und Alterung eine Rolle spielen. Durch die
Untersuchung der physiologischen Reaktionen auf Hunger erhalten die FofScii@icke in die
molekularen Mechanismen, die den Energiestoffwechsel, die Substratverwertung und die zellulare
Homd@ostase steuern, und konnen so die Entwicklung neuer pharmakologischer Wirkstoffe und

therapeutischer Strategien vorantreiben.

Wahrend des Hungerns durchlaufen die Skelettmuskeln metabolische Veranderungen, um sich an den
Néhrstoffentzug anzupassen. Zunachst werden die Glykogenspeicher geleert, was zu einer erhdhten
Fettsaureoxidation fuhrt. Der Abbau von Muskelprotein liefert des@uren fir die Gluconeogenese,

was zu Muskelschwund fuhrt. Die Autophagie wird hochreguliert, um die zelluléare Integritéat und die
Energieproduktion aufrechtzuerhalten. Diese Anpassungen sichern das Uberleben der
lebenswichtigen Organe und die Energiehasiise wahrend des Hungers. Ein Regulator der
Stoffwechselprozesse ist der nahrstoffempfindliche Transkriptionsfaktor EB (TFEB). TFEB fordert die
Expression von Genen, die an der Fettsdureoxidation (FAOMMPGCt t ! wD/ m! £ tt ! wh kt L
Glukoseoxidation (GO) (HKII/HK2, GLUT1/SIc2al, GLUT4/SIc2a4 und IRS2/Irs2) und der
Energieproduktion durch oxidative Phosphorylierung (OXPHOS, Komjeketeiligt sind. TFEB
koénnte daher eine Rolle bei der stressbedingten metabolischen Umstrukturierung des Skelettmuske
spielen. Frihere Forschungsarbeiten haben die entscheidende Rolle von TFEB bei der Steuerung der
zellularen Reaktionen auf Nahrstoffstress, insbesondere im Lebergewebe, hervorgehoben. Der
spezifische Einfluss von TFEB auf den Stoffwechsel der Skelettatuswahrend einer Hungersnot

ist jedoch nur unzureichend bekannt.

Ziel dieser Studie ist es, die Rolle von TFEB im Stoffwechsel der Skelettmuskulatur wahrend des
Hungerns zu klaren. in vitro-Studien wurden C2C1ausSkelettmuskeMyozyten verwendet, um

die TFEBernverschiebung wahrend des Hungers zu validieren. Experimente zur Uberexpression und
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zum Silencing von TFEB wurden in CZzRn durchgefihrt. Mit Hilfe von Seaho&esays wurden

Veranderungen in der Zellatmung und ARi@duktion analysiert.

Unsere Forschung begann rmtvitro-Studien, um eine Grundlage fiir das Verstandnis der Rolle von
TFEB im Stoffwechsel der Skelettmuskulatur wahrend des Hungerns zu schaffen. Anhand ven C2C12
SkelettmuskeMyozyten der Maus konnten wir zunachst die Verlagerung des -KEEB unter
Hungerbedigungen nachweisen und eine Hochregulierung von Genen beobachten, die mit der
mitochondrialen Biogenese und der Autophagie in Verbindung stehen. Dieser erste Befund veranlasste
uns, die unterschiedlichen Auswirkungen deéberexpression und Deletion von TFEB auf den
metabolischen Umbau und die Energiehomdostase in Skelettmuskelzellen zu untersuchen. Mit Hilfe
von Seahorsé\ssays analysierten wir die Zellatmung, die -Ridduktionsraten und die
metabolischen Veranderungen C2C1Xkelettmyoblasten, die TFEB lberexprimieren. Die Ergebnisse
zeigten eine auffallige Verschiebung des Stoffwechsels von der oxidativen Phosphorylierung (OXPHOS)
zur glykolytischen Atmung, begleitet von einer erhdohten Gesamtstoffwechselaktivitét, leiieren
ATPRProduktion und einer verbesserten maximalen und Reséitveungskapazitat. Diese
metabolische Umprogrammierung deutet auf eine verbesserte Fahigkeit der Skelettmyoblasten hin,
auf einen erhohten Energiebedarf zu reagieren und sich Saressledingungen wie Hunger
anzupassen. Umgekehrt beobachteten wir, als Wieb unter Hungerbedingungen mit SiRNA
ausschalteten, einen Trend zu einer verringerten maximalen mitochondrialen Atmung, was auf eine
potenzielle mitochondriale Dysfunktion in Abwesenthan TFEB hindeutet. Diese Uiberzeugenifen
vitro-Ergebnisse veranlassten uns, unsere Untersuchunig aivio-Modelle auszuweiten, in denen wir

die Folgen einer skelettmuskelspezifischen TBEBtion auf die mitochondriale Biogenese und
Bioenergetik untersuchten. Dieser umfassende Ansatz ermdglichte es uns, die Liicke zwischen der
zellularen und der organismisameEbene zu schlieBen und ein ganzheitlicheres Versténdnis der
kritischen Rolle von TFEB im Stoffwechsel der Skelettmuskulatur wahrend des Nétarsgels zu

gewinnen.

In der zweiten Phase dieser Studie wurde eine kritische Wissenslicke geschlossen, indem ein
hungerinduziertes Mausmodell verwendet wurde, um die Stoffwechselprofile von
skelettmuskelspezifischen TREBockoutMausen (cKO) mit denen von Wildtiausen (WTunter
physiologischen, gefitterten und hungernden Bedingungen zu vergleichen. Zunachst zeigte die
skelettmuskelspezifische Deletion von Tfdifefd®™ox”: MCKCRE cK Q) unter normalen Bedingungen
keine signifikanten Auswirkungen auf das Muskelgewich¥@rgleich zu den KontrolleiTfedo*ox®:

*+ WT). Wurden die ck@ause jedoch einer 48tiindigen Hungerperiode unterzogen, zeigten sie
deutliche physiologische Veranderungen. Umfassende Analysen, einschlielich morphologischer,

histologischer und qRPCRBewertungen, zeigten, dass cf@use im Vergich zu ihren WT

Xl
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Pendants einen groReren Kérpergewichtsverlust und eine Herunterregulierung von Genen aufwiesen,
die an wichtigen Stoffwechselprozessen wie Fettsaureoxidation, Glukosestoffwechsel und Autophagie
beteiligt sind. Proteomund Transkriptomanalysen klarten dimterschiedlichen Reaktionen der
Stoffwechselwege in verschiedenen Skelettmuskeltypen nach der Deletion von TFEB weiter auf.
Insbesondere fiihrte der TFRBangel zu Stérungen der Glukesed Lipidoxidationswege, zu einer
Verringerung der autophagischen ungitophagischen Gene sowie der Ubiquitinligd3ene in den

Skelettmuskeln unter Hungerbedingungen.

Zusammenfassend lasst sich sagen, dass diese Studie die vielschichtige Rolle von TFEB bei der
Regulierung von Stoffwechselwegen in der Skelettmuskulatur wahrend des Hungerns aufklart. Durch
die Integration von Proteormund Transkriptomanalysen mit funktiehlen Bewertungen liefern wir
Uberzeugende Beweise daflir, dass TFEB fiir die Aufrechterhaltung der Energiehomdostase, der
mitochondrialen Funktion und der metabolischen Flexibilitat unter Bedingungen des Nahrstoffmangels
entscheidend ist. Diese Ergebnisseagen zu unserem Verstandnis dariber bei, wie
Transkriptionsfaktoren wie TFEB die zellularen Reaktionen auf metabolische Stressfaktoren
orchestrieren. Weitere Untersuchungen sind gerechtfertigt, um die genauen molekularen
Mechanismen zu erforschen, durcledFEB diese kritischen Prozesse in der Skelettmuskelphysiologie

reguliert.
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1. Introduction

1.1 Starvation

Starvation is a severe form of malnutrition resulting from prolonged food deprivation, leading to
critical health issues such as muscle wasting, organ damage, immune system compromise, cognitive
impairment, and eventually mulorgan failure if untreatedlt often arises due to poverty, famine,

war, natural disasters, or medical conditions that hinder nutrient absorption. Addressing starvation
requires careful refeeding to avoid complications and is a significant global health challenge,
particularly in vuherable populations. Preventative measures focus on tackling root causdsas

poverty and improving food security to reduce the 1fi$i5].
1.1.1Starvation leads to critical health issues

Global hunger is driven by poverty, with millions unable to afford land or resources for nutritious food.
Rural populations, particularly leimcome farmers, are highly vulnerable, and thiegarters of the

world's hungry live in these areas. Women andidtein are disproportionately affected, with
malnutrition causing 45% of child deaths under age five in developing countries. Asia aBdauén

Africa are home to the majority of the world's hungry, with conflict and climate change exacerbating
the situdion. Additionally, 23 million scho@lged children in developing countries attend school
hungry each year. Countries like the Democratic Republic of Congo, Ethiopia, and Yemen face the most

severe food crisept, 6-8].

According to the World Health Organization (WHO), every nation is affected by malnufftion
Worldwide, 462 million adults are underweight and around 1.9 billion are overwgyhin addition

to the 159 million stunted and 50 million wasted children, there are an estimated 41 million overweight
or obese children under the age of five. Significant improvements in mother and child nutrition have
been made over the previous two deas] with the number of stunted children declining by ehed.
However, the ability of children to live and thrive continues to be put in jeopardy by the triple burden

of malnutritiont stunting, wasting, and overweigf@].

The potentially fatal outcome of inadequate food intake and/or frequent sickness is child wasting.
Children who areseverelywastinghavea compromised immune systenwhich leads tdongterm
developmental deficits, and are athigher risk of dying. To survive, severely wasting children need

early identification, prompt treatment, and caf®].

In 2022, an estimated 45 million children under five $9.8vere affected by wasting, of which 13.6
million (2.1 percent) were suffering from severe wasting. More than three quarters of all children with

severe wasting live in Asia and another 22 percent live in Affigarel and Figure2).
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Figure2: Percentage of children undeagefive affected by wasting, by country and United Nations stdgion, 20229].

Other conditions apart from poverty and poor food security can often lead to malnutrition and muscle
loss. Elderly people often experience reduced appetite and food intake, which can be due to various
factors including ageelated changes in taste and sheéduced physical activity, and chronic diseases
[10]. Cancer patients and those undergoing chemotherapy also experience appetite loss, nausea, and

changes in taste and smgll1].

Patients with heart failure often experience appetite loss due to factors such as fatigue,
breathlessness, and fluid retentidi2]. These populations are at risk of not meeting their energy

needs, which can lead to muscle degradation (sarcopéb®j)

Our interest lies in understanding the pathophysiological role of wasting during starvation and its

effects on the body.
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1.1.2. Molecular mechanisms that mediate starvation induced muscle wasting/atrophy

Starvationinduced muscle wasting is a complex process involving multiple molecular mechanisms and
signaling pathways. At its core, muscle atrophy occurs when protein degradation exceeds protein
synthesis[14]. During starvation, several key pathways are activated to promote muscle protein
breakdown. The ubiquitiproteasome system (UPS) plays a crucial role, with increased expression of
E3 ubiquitin ligases like MuRF1 and MAFBx/atrdgjth5]. Additionally, the autophaglysosome
pathway is upregulated, involving proteins such as LC3, Beclinl, and[A8§1Pranscription factors,
particularly the FoxO family (especially FoxO3), are central regulators of these catabolic processes,
activating atrogenes and promoting muscle atroghg]. The NF . LI GKglt& | faz2 02y
muscle wasting by directly activating MuRF1 express$iet). Furthermore, the TRAHGediated
pathway regulates multiple atrophrelated processes, including activation of INK, AMPK, Fox03, and
NF¢ .[15]. Mitochondrial dynamics play a role in muscle atrophy, with increased fission and
mitophagy contributing to muscle lo$&5]. The unfolded protein response (UPR) and endoplasmic
reticulum (ER) stress pathways, particularly the ATF4 and-XRE1 branches, have also been
implicated in regulating muscle atroph¥6]. These pathways collectively lead to increased protein
degradation, decreased protein synthesis, and alterations in energy metabolism, resulting in muscle

wasting during starvation.

1.2. Skeletal muscle

In the body, muscle is one of the four primary tissues besides epithelial, connective, and nervous tissue.
The composition of muscle is mainly 75% water, 20% protein, and other substances including inorganic
salts, minerals, fat, and 5% carbohydrates. Bqitotein synthesis and degradation are sensitive to
factors such as nutritional status, hormonal balance, physical activity/exercise, and injury or disease.
The balance between both processes, among others, mainly depends on muscl&magt muscle,
cadiac muscle, and skeletal muscle dine three types of muscles present in the human body, with

skeletal muscle being the main interest of this projdat].

The skeletal muscle is responsible for multiple significant bodily functidegabolically, skeletal
muscle converts chemical energy into mechanical energy, enabling force production and movement
In a metabolic point of view, it includes contribution to basal energy metabolism, serving as storage
for prime substrates such as amino acids and carbohydrates, the production of heat for the
maintenance of core temperature, and the utilization of thajority of oxygen and fuel used during
physical activity and exercisg8]. Upon conditions like starvation, muscles contribut@ the

maintenance of blood glucose levels due to the freeing of amino §t&]sVarious techniques have
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been developed in the last few decades, which are usequantify muscle mass, determine body

composition, and study muscle function novasively.

1.2.1 Structure and physiology:

Different integrated tissues, such as muscle fibres (also known as mydfiberse fibres, satellite

cells, blood arteries, and connective tissues, make up skeletal muscle. The most prevalent component
of skeletal muscle is made up of multinucleated myofibers arranged into burtdtpaé3A) [19, 20]

Each myofiber is surrounded by a plasma membrane called sarcolemmenthedbps every myofiber.

Inside each myofibersthere are many myofibrils, which contain thick (myosin) and thin (actin)
filaments arranged in a structured pattern. The smallest functional unit of the myofiber is the
sarcomere, which is the region between twdirzes, (Zdiscs).A single sarcomere is composed of a
central thick filament band and two lighter thin filament bands on either gtdgure3B)[19, 20] This
organized structure giveskeletal muscle a striated appearance. Two MyHC and four MyLC molecules
form the myosin light chain protein complex thlaildsup thick filaments. Muscle contraction relies

on the interaction between thick and thin filaments. The thick filament is made of myosin, which has
a head that binds actin and ATP, a flexible hinge, and a tail. A regulatory protein, MyLC, attaches to the
hinge. The thin filament consists of two twisted actin chains with myosin binding sites, along with the
NB 3 dzf | (i 2 NE onydsh &nl frofddia. WihedBhenyosin head binds to actin, ATP is used to
produce contractior(Figure 3[19, 20]
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Figure3: The composition of skeletal muscles

(A) The anatomy of skeletal muscles. The major component of skeletal margateultinucleated muscldibers, whichare
organized into bundles. Blood vessels, motor neurons, satellite, ealisconnective tissues are the other components of
skeletal muscle. (B) The organization of myofibers and myofibrils. Myofibers are assembled with a great number of organized
structural proteins called myofibrils. Adapted from Biga et al., 2013.
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Figure4: Structure of a sarcomere.

The sarcomere is the contractile element of myocytes. Myosin originates from #ireeMnd is connected to the Z discs via
titin. It overlaps in the A band with actin, which is directly connected to the Z discs, which allows contraction. WHile the
zoneis free of actin, the | band is free of myosin. Created with BioRender.com.
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Human skeletal muscle fibers are classified into three types based on their different MyHC
compositions: slowwitch type I, fasttwitch type lla, and type II}21] . Unlike humans, rodents have

an additional muscle fibaype known as fastwitch type llb. In mouse skeletal muscle, MyHC type |,
type lla, type lIx, and type llb are encoded by the gévigls7, Myh2, Myhl, and Myh4espectively

[21, 22]. The metabolic activities of these fibers determine their contraction speed.-8lieh type

| fibers rely on oxidative metabolism, resulting in slower contraction and greater fatigue resistance. In
contrast, fasttwitch type Ilb and lIx fibers are faglycolytic fibers with high ATPase activity, leading

to faster contraction speeds but less resistance to fatigue. Type lla fibers contract more slowly than
type llb and lIx fibers and generate ATP through both aerobic and anaerobic metabolism, making them

more fatigueresistant than type llb and lIx fibejal, 22]

1.2.2. Energyproduction, metabolismand release in skeletal muscle

ATP is the form of energy required by all muscle actidie metabolic energy pathway used to
generate ATP and support muscle actions depends on the duration and intensity of the activity. Muscle
fibers utilize three basic energwources stored ATP, anaerobic glycolysis, and oxidative
phosphorylation ATP is rapidly produced through anaeroglgcolysiqlactic acid fermentation) to
sustain muscle actions for a couple of mimst the end products (H lactate) impair muscle function

and are associated with muscle fatigue. Oxidative phosphorylation within ttechaindria supplies

the energy for exercise performed at intensities that can be sustained for longer duration (minutes to
hours). The energy demand of active muscle fibers is met by oxygen delivery through an extensive
capillary network. The density of this capillary network correlates with the metabolic demands of the
muscle fibers it supplig3]. For the utilization of these metaboli@thways,it is important to note
GKFG AG Aa y20 Fy WWHEE 2N y2ySQQ LKSy2YSy2y o t|

points during a single session of exercise depending on the intensity of the effort.

Carbohydrates (plasma glucose and muscle glycogen) and fats (plasma free fatty acids and muscle
triglycerides) are the two main fuels used by the muscle cell to generatAl Psually, amino acids
contribute only with a very small proportion to total energy productidmain, the selection of the
specific fuel depends on the intensity and duration of the exercise. Mostly, at high intensities, glycogen
stores are used as the main fuel of the muscle action. On the other hand, lower intensity and long
duration exercise usethe metabolism of free fatty acids for most of the energy needs. In real life,
most activities activate distinct pathways at different points in time and use a combination of fuels to
produce the ATP needed for muscle actiombe diseaselependent shiftin fuel turnover within

muscle cells is a complex and dynamic process that can significantly impact energy metabolism and
overall muscle function. This shift often occurs in response to various pathological conditions, altering

the balance between carbohyate and fat utilization for ATP generatiofiype 2 diabetes mellitus,
6
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obesity, chronic kidney disease, heart failure, cardiac cachexia, and mitochondrial diseases are

examples of diseases which impact/ influence fuel turnover in muscle cells.

In certain disease states, there is a noticeable shift in fuel utilization by skeletal muscles. For instance,
in type 2 diabetes, insulin resistance impairs glucose uptake, leading to an increased reliance on fat
oxidation even at higher intensities of axese [25]. This shift can result in inefficient energy
production and contribute to exercise intolerance. Similarly, in obesity, there is often an increased
reliance on lipid metabolism due to altered insulin signaling and reduced mitochondrial function. In
contrag, conditions like heart failure are characterized by a decreased ability to oxidize fatty acids,
causing a compensatory increase in glucose utilization. This metabolic inflexibility can exacerbate
muscle fatigue and weakness. Understanding these disdagendent shifts in fuel turnover is crucial

for developing targeted interventions to improve metabolic health and exercise capacity in affected
individuals[26, 27]

1.2.2.1.Glycolysisin skeletal muscle

Glycolysis is a series of enzymatic reactions that occur in the cytoplasm of muscle cells. The process
can be divided into two main phases preparatory phase and payoff phase. Preparatory phase starts
when glucose enters the muscle cell via glucose tranepor(GLUT1 or GLUT4). Hexokinase
phosphorylates glucose to gluceephosphate, using one ATP molecule. Glueggphosphate is
converted to fructoses-phosphate. Phosphofructokinase (PEKjalyseghe conversion of fructose

6-phosphate to fructosel,6-bisphosphate, using another ATP molecule

Payoff phase starts with fructosk6-bisphosphate is split into two threearbon molecules:
dihydroxyacetone phosphate and glyceraldeadphosphate. For each threecarbon molecule

(glyceraldehyde -phosphate):

1 Conversion to 1;disphosphoglycerate produces 1 NADH molecule.

1 1,3bisphosphoglycerate is converted tepBosphoglycerate, generating 1 ATP molecule.

1 3-phosphoglycerate is transformed into phosphoenolpyruvate through a series of reactions.
1 Pyruvate kinaseatalysesthe final step, converting phosphoenolpyruvate to pyruvate and

producing 1 more ATP molecule.

Since glucose is split into two threarbon molecules during earlier steps of glycolysis, the overall yield
per glucose molecule is doubled: The net result of glycolysis is the production of 2 pyruvate molecules,
2 NADH molecules, and a net gain of 2 Aildfecules per glucose molecule (considering the 2 ATP

molecules consumed in the preparatory phagg).
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Glucose Oxidation in Skeletal Muscle

Under aerobic conditions, glucose oxidation continues beyond glycolysis. Pyruvate enters the
mitochondria and is converted to acet@bA by the pyruvate dehydrogenase complex. AgebA
enters the citric acid cycle (Krebs cycle), generating NADH and FNBBER and FADH?2 feed into the
electron transport chain, driving oxidative phosphorylation to produce AT8keletal muscle at rest,
glycolysis provides nearly half of the aceBdA used in the citric acid cycle. During aerobic conditions,
the completeoxidation of one glucose molecule yields approximately 38 ATP molecules (2 from

glycolysis, 2 from the citric acid cycle, and 34 from oxidative phosphoryl§2en30]

1.2.2.2.Mitochondrial energy production via the electron transport chain (ETC)

In mitochondria, energy production begins following food intake. Specific proteins within the ETC
extract highenergy electrons from reduced substrates and facilitate their transfer through a series of
redox reactions, ultimately driving ATP synthesis. Ea@sports the electrons in the inner ien
impermeable membrane. The electrons energy level continuously decreases in this process. The
released energy is used to transport protons from the matrix into the intermembrane space on to the
other side of the mmbrane. The created electrochemical gradient is used for ATP synthesis by ATP
synthase, oxidative phosphorylation, or for the transport of metabolites. The cellular energy utilization
of a glucose molecule in oxidative metabolism is divided into threesst@fycolysis (cytosol), citrate
cycle (matrix) and the oxidative phosphorylation. More than four molecules of ATP are produced. For
this reason, mitochondria’s main function in oxidative metabolism is the cleavage fodri the
starting product and therainsfer of Hto NAD, reducing NAD and producing NADH. NAD is an energy

transport molecule just like ATB1].

NADH is oxidized by atmospheric oxygen in the respiratory chain. For this reason, the hydrogen bound
by NAD is split into electrons and protons but is not directly transferred to oxygen. The two electrons
pass through the electron transport chain, whichnsists of NADH) reductase (complex ),
cytochrome reductase (complex Ill) and cytochrome oxidase (complex 1V), and the transport molecule
ubiquinone[32-34]. Succinate can also be used for oxidation via the succinate reductase (complex II)
instead of NADH, which is rate limiting h¢8®]. Flavins, irorsulfur clusters, heme and copper ions

are electron transporting grougd84, 36] The last complex, ATP synthase (complex V), consists mainly

of FO units forming a proton channé&ligureb).

ATP and pD are produced here from ADP in the last step of the respiratory ¢RENATP can only
leave the ATP synthase when a proton flows along the FO channel istpelnt of the ATP synthase
complex, whichs inthe inner mitochondrial membraneElectron motor force is converted to proton

motor force in the respiratory chain and finally to phosphoryl group transfer potential. ADP and ATP
8
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do not distribute freely across the membrane but can cross it only with the help of the ATP/ADP
translocase. In this process, ATP only enters the mitochondrial interior when ADP exitseanersa

This exchange is energetically costly, which is why a quarter of the energy vyield is required for the
regeneration of the membrane potential. The production of ATP leads to the generation of radical
oxygen, making superoxide dismutase a crucial adapiatiothe planet's oxygemnich atmosphere.

This proteinco@SNIia NI} RAOFtE 2Ee3Sy Ayd2 1ihis NBRdzOAY3
is coupled to phosphorylation of ADP. ADP is simultaneously phosphorylated to ATP unless no electron
flows through the electron chain, making the rate dependent on thelle¥éDP. The speed of the
citrate cycle is regulated using the same pathway. Respiratory control is also known as regulation by
ADP level. Hence, 30 molecules of ATP can be obtained from one molecule of glucose by complete
degradation to C@and HO by miochondria[31].
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Figure5: The electron transport chain. Located in the inner membrane cristae, NaP#dluctase (complex I), cytochrome
reductase (complex Ill), cytochrome oxidase (complex 1V), and the transport molecule ubiquinone transport two electrons,
while pumping Hprotons into the intermembrane space. This creates an electrochemical gradient, causing protons to flow
back into the matrix via the ATP synthase (complex V), which produces ATEar@réhted with BioRender.com.

1.2.2.3.Fatty acid oxidation

Fatty acid oxidation in skeletal muscle is a complex process that plays a crucial role in energy

metabolism, especially during prolonged exercise and fasting conditions.

Fatty acid uptake in skeletal muscle begins with the circulation of fatty acids in the blood, where they
are either bound to albumin or present as triglycerides witlijpoproteins.Lipoprotein lipase (LPL)
hydrolysestriglycerides in the capillaries, releasing free fatty acids. Fatty acids enter muscle cells

through passive diffusion or proteimediated transport, primarily via fatty acid translocase

9



Dissertation Priyanka Voori Giri Introduction

(FAT/CD36), fatty acid transport protein (FATP), and plasma membrane fattpiradiig protein
(FABPpmJ38]. Fatty acids are activatethside the celby acylCoA synthetase to form fatty aegioA

in an ATRlependent stepessential for further metabolisif88].

Mitochondrial transport of fatty acidé O NJ& A ©xidatiordisifagilithted gy the carnitine shuttle

system sincdatty acytCoA molecules cannot directly cross the mitochondrial memhrane
W Carnitine palmitoytransferase | (CPTdpnvertfatty acytCoA to acylcarnitine.

w Acylcarnitine is transported across the inner mitochondrial membrane by carnitine

acylcarnitine translocase.

w Carnitine palmitoytransferase 1l (CPT II) converts acylcarnitine back to fattyGuAlinside

the mitochondria[38, 39]
i -Oxidation

Fatty acid oxidation plays a crucial role in skeletal muscle energy metabolism, particularly during
prolonged exercise and fasting conditiofgegulationof fatty acid oxidation is tightly regulated in
skeletal muscle. Malom@oA, produced during glucose metabolism, inhibits CPT I, reducing fatty acid
oxidation when glucose is abundant. AM&tivated protein kinase (AMPK) promotes fatty acid
oxidation during eergydemanding states. Peroxisome proliferatactivated receptors (PPARS)

regulate the expression of genes involved in fatty acid metabdB&h

In adaptations to exercise and diet, endurance exercise training increases the capacity for fatty acid
oxidation by upregulating key enzymes and transporters. {ffglliets can also induce adaptations

that enhance fatty acid oxidation capacj88]. Obesity is associated with reduced fatty acid oxidation
capacity in skeletal muscle, which may contribute to insulin resistance and metabolic dysf[8&tion
39]. Understanding the intricacies of fatty acid oxidation in skeletal muscle is crucial for developing
strategies to enhance metabolic health and athletic performance. The process involves complex
interactions between various cellular components and is @xfted by factors such as exercise, diet,

and metabolic health status.

1.2.3. Regulation ofmuscle fiber function in myopathiesAdaptation, atrophy, and hypertrophy

Muscle is a highly dynamic and plastic tissue that adjust to diverse loading conditions by changes in
muscle mass and fiber type composition. Changes in protein synthesis and protein degradation mainly
regulate musclenass. An increased protein content and hypertrophy is due to an increase in protein

synthesis or a decrease in protein degradation. Muscle atrophy is a condition where a decrease in

protein synthesis andor an increase in protein degradation will lead to a reduction in protein and
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eventually muscle mass. Atrophy and hypertrophy both take place in physiological conditions, as in a
sedentary lifestyle. Instead, it can also be triggered by pathological conditions as in chronic heart
failure, chronic renal disease, inflammation and ra@dagical disorder$40, 41] The active process of

muscle atrophy is regulated by specific signaling pathways and transcriptional prdgdaad.

1.23.1. Musclefiber adaptation in myopathies

In certain myopathies, muscle fibersndergo adaptive changes in response to mitochondrial
dysfunction. For instance, in a stuaydellingmitochondrial myopathy using zidovudine treatment in
rats, researchers observed a significant shift in fiber type compodiiéh The soleus muscles of

affected rats showed:

1. An increased proportion (256%) of type Il fibers

2. Repression of neonatal myosin heavy chains
3. Enhanced expression of faf#ber isoforms
4, Reduced expression of slefiber transcripts

This fibertype transformation occurred in the absence of regeneration, indicating a direct adaptive
response to mitochondrial impairment. The study also revealed coordinated regulation of transcription

factors known to orchestrate type Il fiber formatidangcluding upregulation of MyoD, Six1, Six2, Eyal,

YR {2EcX FYR R2¢gyNBIdMAGA2y 2F Ye23SyAy FYyR 9ww

1.2.3.2. Atrophy mechanisms in myopathies

Key mechanisms includie muscle atrophy

1. Activation of theUPS

2. Upregulation ofALP

3. Impaired activation of protein synthesis pathways (e.g., mTOR signaling)

In myosinopathies, such as those caused by mutations in MYH2 (encoding fast myosin heavy chain),
selective atrophy of type 2A fibers is observed, accompanied by fatty infiltr@i&dnT his fiberspecific
atrophy highlights the importance of understanding the molecular basis of fiber type susceptibility in

different myopathies.
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1.2.3.3. Hypertrophy andcompensatory mechanisms

In some myopathies, certain fiber types may undergo compensatory hypertrophy. For example, in

Duchenne muscular dystrophy (DMD):

1. Type 1 fibers are relatively spared and mengdergohypertrophy to compensate for the loss
of type 2 fiberd45].

2. This compensatory mechanism is supported by the observation that type 1 fibers in DMD
patients can ceexpress embryonic or fetal myosin heavy chains along with slow myosin heavy chain,

indicating ongoing regeneratidd5].

1.2.3.4. Molecularregulation of fiber type plasticity

Recent studies have revealed several molecular pathways that regulate muscle fiber type plasticity in

response to pathological conditions:

1. MicroRNAs: miR99 and miR08b, which are encoded by myosin genes, play a crucial role in
regulating fiber type identity. Their expression is significantly reduced in muscle atrophy models,
FO02YLI} YyASR o &MHOI&isSoa.a A2y 2F |

2. Epigenetic mechanisms: DNA methylation changes in response to exercise or stress signals can

induce structuralemodellingand longterm functional adjustments in skeletal muscle.

3. Histone deacetylases: HDAC1 and HDAC2 have been implicated in regulating muscle
metabolism and autophagy. Their deletion in skeletal muscle leads to a progressive myopathy

characterized by centraucleated myofibers and altered energy expenditure.

Understanding these specific molecular mechanisms of muscle fiber adaptation, atrophy, and
hypertrophy in myopathies provides potential targets for therapeutic interventions. For instance,
manipulating the expression of certain microRNAs or targeting pegigenetic modifications could

potentially mitigate the fiber typespecific effects observed in various myopathies.

1.2.4. Mitochondrial biogenesis and mitophagyKey metabolic players in skeletal muscle

Mitochondrial biogenesis and mitophagy are critical processes that regulate skeletal muscle
metabolism, function, and adaptation. These complementary mechanisms play pivotal roles in
maintaining mitochondrial health, energy production, and overall musdmédostasis. Here's an
introduction to these key metabolic players in skeletal muscle: Skeletal muscle is a highly metabolically
active tissue that relies heavily on mitochondria for energy production. The dynamic regulation of

mitochondrial content and quay is essential for muscle function and adaptation to various
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physiological and pathological stimuli. Two primary processes govern mitochondrial turnover in

skeletal muscle: mitochondrial biogenesis and mitophagy.

Mitochondrial biogenesis is the process by which cells increase their mitochondrial mass and copy
number. This process is crucial for meeting the increased energy demands associated with exercise,
muscle growth, and adaptation to environmental stressoifse Thaster regulator of mitochondrial
biogenesis is the transcriptional coactivator peroxisome proliferativated receptor gamma
coactivator lalpha (PG@ h [86]. PG@uh O22NRAY Il 1548 GKS SELINBaairzy 2

genes involved in mitochondrial replication, protein import, and respiratory chain assgiéply

Conversely, mitophagy is the selective autophagic degradation of damaged or dysfunctional
mitochondria. This quality control mechanism is essential for maintaining a healthy mitochondrial
network and preventing the accumulation of defective organelles tbatild lead to cellular
dysfunction and oxidative stress. The PINK1/Parkin pathway is aheelcterized mechanism of
mitophagy, where PINK1 accumulates on the outer membrane of damaged mitochondria, recruiting

Parkin to ubiquitinate mitochondrial protes and target them for degradatidi4].

The interplay between mitochondrial biogenesis and mitophagy is critical for skeletal muscle
adaptation to exercise. Endurance exercise has been shown to stimulate both processes, leading to an
overall improvement in mitochondrial function and muscle oida capacity. For instance, a single

bout of exercise can increase P@¢ SELINBaaAz2y FyR FOGAGIGS YA(?2

coordinated response to enhance mitochondrial turnof4s.

Dysregulation of these processes has been implicated in various nretaied pathologies. For
example, impaired mitochondrial biogenesis and excessive mitophagy have been observed in age
related sarcopenia, contributing to the loss of muscle mass andtiitm Conversely, insufficient
mitophagy has been linked to the accumulation of dysfunctional mitochondria in muscular dystrophies
[47].

1.3. Microphthalmia-associated transcription factorMIT) family of transcription factors:

The transcription factor EB (TFEB) belongs to the MIT family, which is a member of the microphthalmia
family of basic heldoop-helixcleucinezipper (bHLHFZip) transcription factorft8, 49] The MIT factor
(MITF) family was identified to have four members, which are TFEB, MITF, transcription factor EC
(TFEC), and transcription factor E3 (TFE3). MITF family members have similar adjacent blasip-helix
helix and leucine zipper domair®HLHZip). In response to various stimuli, it transcriptionally
regulates the expression of multiple gerjd9]. Thetarget genes are regulated by binding to thédx
(CANNTG) at the gene promotdfiqure6a). The MITF/TFE family has diverse effects on cellular
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processes, including organelle biogenesis, proliferation, apoptosis, and nutrient sensing, metabolism,

and stress adaptatiofb0].

ZZ6in rich I A :( LR Lz PrPro rich Tfeb

1 10 44 156 165 288 298 319 366 414 476

(ADm : Ser rich M Itf

224 364 374 518 520

(Aoﬁ u L2= Pro/Arg rich Tfe3

1 260 271 346 399 409 430 472 575

m :Ser rich Tfec

1 192 202 323 341 347

a

Autophagy and lysosomal genes: Anti-oxidant genes:
SOl A/tggb' He’“’;, Ctsd, Hmox1,S0d2, Irs1/2 in ECs
Crsj, Mcoind, Atp6vi Bsl2 in VSMCs Pgcla and
> | Murfl in skeletal muscle

Sox9 in liver
Ny > [Inhibition of NF-xB pathway in ECs
JUG QD27 LT Qi Inhibition of Atf4 and Chop in
A osteoblasts
@Tc c UAc Inhibition of SOCS3-STAT3 in TAMs

Figure6: Schematic representation of functional domains for MITF family members and TFEB target genes.
(a), MITF members contain atBfm transcriptional activation domain (AD), a basic hielop-helix region (bHLH), a leucine

zipper (LZ), as well as a prolineh domain (Preich) or serinerich stretch (Ser) domain. Numbers indicate amino acid
locationin the protein. (b), Diagram illustrating the genes and pathways regulated by TFEB. Besides autophagy and lysosomal
biogenesis genes, TFEB also regulates numerous other genes and pathways.

Abbreviations: ECs, endothelial cells; VSMCs, vascular smooth muscle cells; TAMastatiated macrophages.

Proteins within the MIiT family share an identical basic region essential for DNA binding, along with
highly similar HLH and Zip regions, which play a key role in dimerization. However, beyond these
regions, they are entirely distinct{48]. Dimerization, whether through homodimerization or
heterodimerization, is necessary for effective DNA binding and the successful transcriptional activation
of target genesHowever, the difference between homodimers and heterodimers, as well as the
functional relevance of MiT is still unknowhFEB, MITRnd TFE3 also have a conserved activation
domain, which is needed for their transcriptional activat[di]. The most divergent member of the
family is TFEC, which lacks the activation domain and appears to inhibit transcription rather than

activate it[52].

The palindromic CACGT@®d&x serves as a binding site ioiT membersThismotif isalso recognized
by other bHLFZip transcription factorsjncluding Myelocytomatosisoncogene cellular homolog

(MYQ, MYC Associated Factor MAX, and MAX Dimerization ProteinMAD) proteins [53]. MiT
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proteins also bind the asymmetric TCATGT®BadX sequence, unlike other bHiZip transcription
factors[54]. In vertebrates, all four MiT members are conserndadcontrastjower organism possess

a single MIT orthologue, identified as Mitf in Drosophila melanogastef48] and HLFB0 in
Caenorhabditis elegar$5]. TheseMiT orthologies share aconserved basic regions and HEig
domainsin invertebrates[56], suggesting that mammalian MiT members bind DNAnaanersimilar

to their invertebrate counterparts Interestingly DrosophilaMitf is related to both human MITF and
TFEB56]. Additionally, the various mammalian MiT members have distinct functions, whereas a single
protein appears to fulfill this role in invertebrates. This suggests that the mammalian MiT proteins
underwent functional specialization, with their common ancesteng undergoing multiple rounds of

duplication(Figure6).

1.3.1. Transcription factor EB (TFEB)
TFEB, a transcription factor, was initially identified using a cDNA library in a hurefitige, screened

with a probe sequence from the major late promoter of adenovi&ig. TFEB plays crucial roles in
various biological processes. It is essential for normal placental vascularization, as demonstrated by
Tfebknockout mice, which survive until around embryonic day H9.5 due to defective placental
vascularization58]. In addition to its developmental roles, TFEB increases autophagy and potentiates
leukemic cell differentiatior}59]. In bone formation, TFEB enhances osteoblast differentiation and
osteoblastogenesis by reducing the expression of activating transcription factor 4 (ATF4) and
CCAAT/enhancérinding protein homologous protein (CHOPP]. These findings highlight the

importance of TFEB in cell differentiation, development, and various physiological processes.

1.3.2. TFEB is a master regulator of lysosomal biogenesis and autophagy

Lysosomes are crucial organelles, which are involvedvrralessential cellular processes, including
endocytosis, autophagy and lysosomal exocyto$isey also play an important role in cellular
degradation and recycling system, and are required to maintain proper cell homeo&hsig2]
Lysosomal genesich adHexa Psap Qsd, Gsf, Mcolnl, and Ap6vlh are regulated by TFEB by binding

to the palindromic 1lebase pair motif (GTCACGTGAC) in the gene prorf@8grThe motif is called
Coordinated Lysosomal Expression and Regulation (CLEAR) ebmeetd its enrichmentn the
promoter of lysosomal genes. TFEB directly binds to CLEAR elements and promotes the expression of
the entire network of genes that contains the CLEAR regulatory motif in their promoter (namely the
CLEAR network®3, 64] Accordingly, overexpression of TFEB results in a high number of lysosomes
and higher levels of lysosomal enzymes, thus enhancing lysosomal catabolic #8}itfhese
findings demonstrate that lysosomal biogenesis and function are globally coordinated by

transcriptional regulation.
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Autophagy

TFEB controls the expression of numerous genes involved in various steps of the aulgpbsgmyal
pathway, including autophagosome formation, autophagosdys®some fusion, and lysosomal
function [63, 65] Under nutrientrich conditions, TFEB is predominantly cytoplasmic and inactive.
However, during starvation or cellular stress, TFEB translocates to the nucleus, where it binds to CLEAR
motifs in the promoter regions of target genpt9, 66] This activation leads to increased expression

of autophagyrelated genes (e.gMapllc3b, $jstml) and lysosomal genes (e..ampl, Cathepsing,
enhancing the cell's capacity for autophagy and lysosomal degrad@®or64] TFEB also promotes
lysosomal exocytosis, further contributing to cellular clearance mechaf&rsrhe importance of
TFEB in maintaining cellular health is underscored by its involvement in various pathological
conditions, including neurodegenerative diseases, cancer, and metabolic disorders, where modulation
of TFEB activity has shown therapeuticeputal [65, 68] Overall, TFEB serves as a critical link between
nutrient sensing, autophagy, and lysosomal function, orchestrating a coordinated cellular response to

maintain proteostasis and organelle quality control.

In starvation and physical exercise, known to be englgynanding conditions, a change from anabolic

to catabolic pathwayareinvolved,whichrequires an induction of the lysosorsalitophagic pathway.

Both, transcriptionabnd posttranslationamechanisms areequiredfor such induction. Interestingly,

TFEB overexpression results in the increased degradation of a bulk of autophagy substrates such as
longlived proteins[69], as well as in the clearance of lipid droplets and damaged mitochof&&ja

70], indicating that this transcription factor also plays a role in lipophagy and mitophagy. Lysosomal
exocytosis is also found to be induced by TFEHERB which is a process when lysosomes fuse to the
plasma membrane and secrete their content to the extracellular space. Therefore, TFEB coordinates a
transcriptional program able to control the main cellular degradative pathways and to promote

intracellularclearancg71].

1.3.3. Autophagyindependent effects of TFEB

Emerging evidence indicates that besides autophagy, TFEB also regulates diverse other genes and
signalling pathways, although many studies focused on autoplaggndent effects in different cells

and tissuesFor instance n osteoblasts by inhibiting ATF4 and CH&R.

TFEB promotes cell differentiation. In skeletal muscle, TFEB is activated by Angiotensin Il, leading to
skeletal muscle wastingy transcriptional regulation of museknriched E3 ubiquitin ligase muscle
RING fingerl (MuRF) expressior40]. In vascular endothelial cells (ECs), vascular inflammation is
inhibited by TFEB via the upregulation of antioxidant genes, heme oxygdnddmox1) and

superoxide dismutase &gd2) [72], and inhibition of the nuclear factor kappa B {N8) pathway|73].
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In vascular smooth muscle cells (VSMTBEB binds to theromoter of Bcell lymphoma ZBcl2) as
potent antiapoptotic geng[74]. Taken together, TFEB not only enhances autophagy and lysesome
mediated cellular clearance but also regulates diverse cellular processes largely dependent on

transcriptional modulation of target genes.

1.3.4. Regulation of TFE&tivation

Environmental changes such as heat and starvation can be easily sensed by cells, which leads to
initiation of an adaptive response, which helps the cells to mairttaéir homeostasisTFEB is a key
mediator in cellular adaptation to various stress conditioAs a transcription factpf FEB activity is

mainly determined by subcellular localization, which largely depends on its phosphamgitie [75].

TFEB's activity is regulated through a dynamic phosphoryldémendent mechanism involving
mMTORC1, where under nutrierith conditions, mTORC1 phosphorylates TFEB, leading to its
cytoplasmic sequestration by 4343 proteins, while during starvation, mRC1 inhibition results in

TFEB dephosphorylation, nuclear translocation, and subsequent activation of target genes involved in
various cellular processes, including lysosomal biogenesis and autophagy, through binding to CLEAR

elements in their promoter ragns(Figure7).
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Figure7: The regulation of TFEB activity by phosphorylation. In the condition of nutritional sufficiency, TFEB is isolated

outside the nucleus in an inactive state by phosphorylation and accumulates in the cytoplasm.

TFEB can be phosphorylated by mTORC1 on S122, S142, and S211 (A), by AKT on S467, and by GSK3b on S138, by ERK2 on
S142, and by MAPK4 on S3 (C). The phosphorylated TFEB on S211 is recognized and bound bg-8\Midiitvin atypical

patterns (B). Whenmcountering with starvation or stress, the withdraw of any phosphorylation site is sufficient to induce

TFEB activation and nuclear transpdt §. Calcineurin is stimulated by the LLareleased from the lysosome in MCOLN1
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dependent way and is primarily responsible for the dephosphorylation of TFEB (G). Dephosphorylated TFEB transfers to
nucleus and further initiates the transcription of target genes (E). Refeeding after nutrition deprivation, TFEB initiates
cytoplasmic reloalization in a short time by hierarchical phosphorylation on S142 and S138 (H). (AKT, protein kinase B; ERK2,
extracellular regulated protein kinase 2; GSK3b, glycogen synthase kinase 3b; MAPK4 -acitwgted protein kinase 4;
MTORC1, mammalian targeftrapamycin complex 1; TFEB, transcription facto{EB)

1.3.5. Thephosphorylation of cytoplasmi@FEB

To alter the protein activity, subcellular distribution, and protein interactions {@stslational
modifications, including phosphorylation, acetylation, ubiquitination and SUMOylation,aptaje

The most widely studied signalling for mediating phosphorylation of TFEB is the mammalian target of
rapamycin complex 1 (mTORC1), which is essential for cellular metabolism, growth, and survival via
integration of environmental input into downstream pathys [76]. During sufficient nutritional
supplementation, mMTORCL1 is taken up to the surface of lysosomes and activated by amino acid and
growth factord77, 78] thereby encouraging phosphorylation of TFEB. Serine sites includinfZSlL42
S211[66, 79, 80] and recently discovered S1221] have been found to be responsible for the
phosphorylation of TFEB by mTORCL1 until féigu¢e7A). The inactive form of TFEB is maintained
mainly when YWHA/X8-3 a protein in atypical patterns is recognized followed by binding
phosphorylatingTFEB on S2ZXInd inhibitionof its nuclear translocatiof66, 82](Figure7B). TFEB is

also phosphorylated and inhibited by other factors apart from mTORC1, including protein kinase B
(AKT) on phosphorylation of S4f&38], glycogen synthase kinase 3b (GSK3b) on [843&xtracellular
regulated protein kinase 2 (ERK2) on S142, and mitagtwated protein kinase 4 (MAPK4) on[85
(Figure7C).The activity of TFEB is tightly linked to nutrient availability via protein phosphorylation. In
the presence of nutrients TFEB is phosphorylated by mechanistic target of rapamycin (nTOR) on S142
and S211 serine residues, which play a crucial role in ohitdérg TFEB subcellular localization. When
GKSaS aSNAYySQa INB LK23aLK2NECT |[6657,580] ReCedt.studied Y I Ay
showed that additional, mTQO&ependent (S122)81] or-independent (S138 and S13486],
phosphorylation sites play a role in the modulation of TFEB localization, indicating that other kinases
may also regulate TFEB activity. Accordingly, ERK was also shown to contribute to S142
phosphorylation and modulation of TFEB subcellular localiz§®} Serineto-alanine mutations of

either S142, S138, or S211 induce constitutive nuclear localization and activity g6 F&B 79, 80,

86]. Phosphorylation of S211 has been shown to serve as a recognition site for TFEB bindifg to 14

3 and cytosolic retentiorf66, 80} however, how S142 and S138 phosphorylation affects TFEB
localization is currently unknown. Upon starvation or lysosomal stress, inhibition of mTOR and
concomitant activation of the phosphatase calcineurin by TRP#kdiated lysosomal calcium
release indaes TFEB dephosphorylation. This results in a nuclear localization ofS7FE&found

that nutrient and mTOR dependent hierarchical phosphorylation of S142 and S138, which are

localized in proximity of the nuclear export signal (NES), is necessary to induce TFEB nuclear export
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and inactivation[88]. Strikingly, mutagenesis of three different hydrophobic residues within the
putative NES, namely M144, L147, and 1149, completely impaired cytosolic relocalization of TFEB upon
refeeding, indicating that the integrity of the NES sequence is required-6B Tiuclear expof88]. It

was found that the NE®utants M144A, L147A, and 1149A displayed severely impaired nuclear export

kinetics.
A. Nuclear transfer ofTFEBY dephosphorylation

TFEB activation and nuclear transfer are dependent on the alteration between phosphorylation and
dephosphorylation statusDuring starvation, mMTORCL is inactivated and dissociates from lysosome,
which induces the dephosphorylation of TFEBre7D). Once dissociatefrom YWHA/143-3, TFEB

enters the nucleus for augmenting transcriptional activity of targeted gdf6s 80] (Figure 7E).
Similarly, withdrawal of AKd@r GSK3b by the activation of protein kinase C (PKC), ERK2, and MAP4K3
on TFEB phosphorylation is sufficient to initiate TFEB activation and nuclear trans|{@@ti8&85]
(Figure7F). In addition, activation of AM&ttivated protein kinase (AMPK) promotes the activation of
TFEB by upregulating dephosphorylation and nuclear localization through inhibiting the mTORC1
pathway or independently of mTOR(@89-91]. Calcineurin is a protein phosphatase that removes
phosphate groups from proteins. Calcineurin is a calai@mendent serine/threonine protein
phosphatase that plays a crucial role in various cellular processes, including the regulation of TFEB
activity. Calcineurin is thought to play a role in the dephosphorylation of TFEB, which can be activated
by lysosomal C487] (Figure7G). The effects of calcineurin on TFEB can be promoted by endoplasmic
reticulum stress and reactive oxygen species (ROS) directly or indirectly through mucolipin 1
(MCOLN1), a lysosomal’Cehannel[92, 93]

B. Nuclearexport of TFEBY dephosphorylation

TFEB's activation is determined by its intracellular localization, which involves shuttling between the
cytoplasm and nucleus. Disruption of this process can affect intracellular homeostasis. Recent studies
have revealed that TFEB's cytoplasmic relocadinas regulated by hierarchical phosphorylation of

S142 and S138, occurring rapidly upon refeeding after nutrient deprivation. This suggests that
phosphorylation, rather than dephosphorylation, of nuclear TFEB is the primary mechanism for its
cytoplasmiaelocalization[88] [94]( Figure7H).A highly conserved sequence in thaéddminal region

of TFEB, termed the nuclear export signal (NES), plays a crucial role in TFEB's cytoplasmic relocalization
[88]. Mutation of this NES significantly impairs TFEB's ability to relocate to the cytoplasm. Interestingly,
both S142 and S138 are located near the NES, indicating a potential interplay between these
phosphorylation sites and the NES in regulating TFEB'el&ulbc[88]. The nuclear export of TFEB is

mediated by CRM1 (also known as XP[O4%). Inhibition of CRM1 leads to nuclear accumulation of
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TFEB without affecting mTOR actiyi§]. This suggests that CRM&pendent nuclear export is a key
mechanism controlling TFEB's subcellular localizatiomdependent from mTORMediated

phosphorylation.
C. Other Posttranscriptional Modifications of TFEB

Other posttranscriptional modifications are also involved in the regulation of TBES8des
phosphorylation. For examplacetylation of TFEB a&ite K274 and K279 affects its transcriptional
activity by disrupting dimerization and inhibiting binding to promot@8], which can be reversed by
deacetylation97]. SUMOylation of TFEB at a lysine site can lead to a decreased transcriptional activity
[98]. Furthermore, TFEB activation via ubiqujtimteasome pathway can be facilitated by the

ubiquitination and further degradation of phosphorylated TF&H.

1.3.6. Other functions of TFEB

TFEB induces the expression of PA@Cthe principal regulator of mitochondrial biosynthesis, thus
indicating its role in mitochondria biosynthesig-EB induces the expression of F@Cthe principal
regulator of mitochondrial biosynthesis, thus indicating its role in mitochondria biosyntj&6i.
101](Figure8E). The increased expression of multiple mitochondrial proteins inBG@dependent
manners is also mediated by TFEB. For instance, mitochondrial transcription factor A (TFAM) is a key
factor in direct regulation of mtDNA transcription and can be actiddig nuclear respiratory factor

NRF1 and NRHA02]. Pparagcia knockout mice in skeletal muscle, noted to upregulate the
expression of NRF1, NRF2, and TFAM, and mitochondrial volume as well as density simultaneously
when TFEB was overexpres$#d3]. Recent studies showed that the biogenesis of peroxidases at the
transcriptional level was controlled by TFEBRy(re8F), as shown by significantly reduced levels of
peroxidases due to inhibition of TFEB. Furthermore, the abnormal biogenesis of peroxidases was
alleviated by inhibition of mMTORC104], which could be partly attributed to the counteract of TFEB
inhibition. Additionally, the biosynthesis of autophagosomes and its subsequent fusion with lysosomes

was promoted by TFEBI].
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Figure8: Functions of TFEB.

(A) TFEB is involved in the biogenesis of lysosomes (a), mitochondrial (e), peroxidases (f), and autophagosomes (b). (B) TFEB
participates in multiple types of autophagy, including macroautophagy, microautophagy, and chaperone mediated autophagy
(CMA) by egulating the function of lysosomes. It is also involved in autophagy at various steps, such as the fusion of
autophagosome with lysosome in macroautophagy (a), the localization and trafficking of LAMP2A in CMA (b), and the priming
and clearance of damageditochondria in mitophagy (c). (C) TFEB regulates immune responses in both innate and adaptive
immune systems. TFEB is involved in activation, bactericidal capacity, and production of inflammatory mediators in
macrophages (a). In dendritic cells, TFEBitshthe antigen presentation of MHC class | but enhances the expression of MHC
class Il (b). In T cells, TFEB is related to antibody response in response to the activation of CD40 at cellular gDjfate (c).
modulation of TFEB activity. Lysosomaltpins, such as-¥TPase, cathepsin B, and MCOLNL1, that are induced by TFEB, can
regulate TFEB activity in return (a). mTORC1 is critically involved in the TFEB phosphorylation, which can be actiZ&ed by TF
(b). TFEB is a major regulator of ALP, and lysttsomal damage and autophagy disruption result in TFEB activation (c). TFEB
directly activate PGQCa, and it can be activated in a RG&dependent manner (d). TFEB induces mitophagy by activating
PINK1/Parkin pathway, and its activity is also enharmedtimulating PINK1/Parkin (e). mTORC1, mammalian target of
rapamycin complex 1; CMA, chaperone mediated autophagy;-IRG@eroxisome proliferateactivated receptor g
coactivator 1a; TFEB, transcription factor EB; MHC, major histocompatibility cof@dex)

1.4. Transcription Factor E3 (TFE?3)

TFES, like TFEB, is a ubiquitously expressed protein that regulates expression of target genes through
binding to Eboxes in their promoter region. TFE3 is a protein that binds to the mE3 motif within the
immunoglobulin heawghain enhancer and was impltea in humoral immunity (Beckmann et al.,
1990). TFE3 shares important roles with MiTF in osteoclast development, where both proteins are
functionally redundant[58]. It is also regulated by mT@kediated phosphorylation based on

subcellular localization and involves serine residues that are conserved in TFEB and TFE35(S321)
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80]. Recent discovery suggests that in the MiTF/TFE family TFEB may not be the only member involved
in nutrient sensing, since amino acid sequence alignment revealed that the domain binding between
TFEB and 13-3 is also present in TFEBR5, 106] A new investigation shows that TFE3 also binds
CLEAR elements and induces lysosomal biogenesis and autophagy upon adthatjoAlthough

TFEB and TFE3 are partially redundant in terms of their ability to induce lysosomal biogenesis in

response to starvation, both must be present for a maximal respftG4.
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2. Objective of the thesis:

TFEB is a key regulator of cellular metabolism and autophagy, particularly important for skeletal muscle
health. While TFEB's role in liver tissue during nutrient stress has been studied, its specific impact on
skeletal muscle metabolism during starvati@mains poorly understood. Our study aims to address

the following knowledge gaps:

W The specific effects of TFEB on skeletal muscle metabolism during starvation, particularly its
influence on lipid metabolism, autophagy, and protein degradation pathways.

W The intricate interplay between TFEB and skeletal muscle metabolism under nutrient
deprivation conditions.

W The potential of TFEB modulation to prevent muscle wasting and enhance muscle function
during starvation.

We hypothesize that TFEB plays a critical role in regulating metabolic adaptations in skeletal muscle
during starvation. By investigating these mechanisms, our study aims to identify potential therapeutic
targets for mitigating muscle atrophy and improvinguscle health under conditions of nutrient
deprivation. This research could have significant implications for understanding and treating muscle

wasting disorders and improving muscle function in metabolic diseases.

The function of TFEB has already been investigated in various tissues such as the liver and skeletal
muscle. The focus has often been on its role as a master regulator of autophagic lysosomal pathways
(ALP). More recent studies have shown that TFEB ismligta master regulator of ALP, but also a
nutrient-sensitive transcription factor that promotes the expression of genes involved in FAO, GO and
OXPHOS. TFEB's general role in promoting mitochondrial biogenesis and autophagy is conserved across
cell typesijts regulation and specific functions in muscle cells are closely tied to exercise and contractile
activity. This makes TFEB particularly important for the metabolic adaptations and mitochondrial

remodellingthat occur in muscle tissue in response to physical activity.

Skeletal musckspecific TFEB knockout models are used to investigate the role of TFEB in muscle
metabolism, autophagy, and lysosomal genes These models help elucidate TFEB's involvement in
muscleremodellingand adaptation to metabolic stressors, such nutrient deprivation. The objective of
this research is to demonstrate that skeletal musspecific deletion of Tfeb leads to metabolic

dysfunction and impair of energy homeostasis during starvation
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3. Material and Method:

3.1 Material

3.1.1. Consumables

Tablel: Consumables

Material and Method

Designation

Manufacturer

Adhesive slides (SuperFrost®)

R. Langenbrinck, Emmendingen, D

Cell scraper S

Sarstedt, Niumbrecht, DE

G-Chip Neubauer Chamber

NanoEnTek Inc. KR

Cell Strainers 70um

ThermoFisher Scientific, Waltham,

MA, USA

Qoverslips

R. Langenbrinck, Emmendingen, D

15/50mltubes

Sarstedt, Nimbrecht, DE

Lowbinding MCT (0.65mL, 1.7mL, 2mL)

Sorenson BioScience, Salt Lake (

UT, USA

Medical plasters (Transpang

3M Health Care, St. Paul, MN, USA

Multichannel pipette (200 pl)

Eppendorf AG, Hamburg, DE

MicroAmp® Fast 98/ell Reaction Plate

Life  Technologies  Corporatio

Carlsbad, CA, USA

MicroAmp® Optical Adhesive Film Kit

Life  Technologies  Corporatio

Carlsbad, CA, USA

Micro insert (0.1 ml)

VWR International, Darmstadt, DE

Micro pestles

Eppendorf, Hamburg, DE

Microtiter plates (96well, Fbottom)

Greiner BieOne, Frickenhausen, DE

Pipette tips (16 1000 pl)

Greiner BieOne, Frickenhausen, D

Sarstedt, Nimbrecht, DE
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Material and Method

Designation

Manufacturer

RNase free)

Filtered pipette tips (SurPhob SafeSdaRVBINDING,

Biozym Scientific, Hessis

Oldendorf, DE

Reaction tubes (0.25 ml, 0.5 ml, 1.5 ml, 2 ml)

Eppendorf, Hamburg, DE

Reaction vessels (2 ml)

Invitroger, Life Technologies

Corporation, California, USA

RNaseFree 1.5mL Microfuge Tubes

Bio-Rad Laboratories Gmblk

Munchen, DE

and 12%

TGX Staifrreen FastCast Acrylamide Kit 7.5, 10

Sakura Finetek, Tokyo, JP

Trans Blot® TurboMini-size Transfer Stacks

Bio-Rad
Munchen, DE

Laboratories Gmbk

TC Flask T75 vent cap

Sarstedt, Nimbrecht, DE

TC Plate, standard, F (12 and 6 Well)

Sarstedt, Niumbrecht, DE

Weighing dishes

Carl Roth, Karlsruhe, DE

YA LI A LIEL8YI A LJ& 6 >

Merck Millipore, Darmstadt, DE

3.1.2. Culture media
Table2: Culture media and Chemicals

Designation

Manufacturer

Agilent Seahorse XF DMEM medium, pH 7.4,

Agilent Technologies, InBanta Clara,

USA

DMEM, w: 4.5 g/L Glucose, wGlutamine,

w: Sodium pyruvate, w: 3.7 g/L NaHCO3;

P0403590,
Aidenbach, DE

PANBIotech GmbH

DMEM, w: 1 g/Low Glucose, wQ3lutamine,

w: Sodium pyruvate, w: 3.7 g/L NaHCOS;

P0403590,
Aidenbach, DE

PANBIotech GmbH
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Material and Method

Designation

Manufacturer

RPMI 1640 Medium Modified w/o-Glutamine, w/o

Amino acids, Glucose (Powder)

R901601, US Biological life Science, DE

MEM Amino Acids Solution (50X)

654104, Life Technologies GmbH

NEAA (NotEssential Amino Acid (NEAA) Cell Cul
Supplement (100x))

655673 Life Technologies GmbH

10% dialyzed FBS

F0392, ThermoFisher,
USA

Waltham, M/

Fetal bovine serum (FBS)

F7524, ThermoFisher, Waltham, MA, US

DPBS, w/o: Ca ariMg. P0436500, PAMBiotech GmbH
Aidenbach, DE
Gelatine solution 0,1 % in PBS; P0620410, PAMBiotech GmbH

Aidenbach, DE

Puromycin

P8833 SigmaAldrich, St. Louis, MO, USA

RPMI 1640 Medium Modified w/o-Glutamine,

w/o Amino acids, Glucose (Powder)"

R901601, US Biological Life ScieAdSA

MEM NonEssential Amino Acids Solution (100X)

M7145100ML, ThermoFisher, Walthar
MA, USA

MEM Amino Acids Solution (50X)

M5550-100ML, ThermoFisher, Walthar
MA, USA

Lipofectaminet 2000 Transfection Reagent

11668019, ThermoFisher, Waltham, M
USA
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3.1.3. Buffers and solutions

Table3: Buffers and solutions

Material and Method

Designation

Manufacturer

Running Buffer

25 mM Tris, 192 mM Glycine, 0.1 % (w/v) SDS, pH 3

Transferbuffer

200 ni Ethanol, 200 ra 5*(5x) Transfer buffer1.6 |
Aqua dest.

BIOPS for Oroboros

CaKEGTA (2.77 mM),2BGTA (7.23 mM),

Na&ATP (5.77 mM),  Mgg&I6 HO (6.56 mM) ,
Taurin (20 mM), N&reatinphosphat (15 mM)

Imidazol (20 mM)

Dithiothreitol (DTT) (0.5 mM)

MESHydrat (50 mM)

MiRO06 for Oroboros

Ethylenglycobis(aminoethylether)

b X b Z-tetraBdsigsaure 0.5 mM
MgCtx 6 HO 3mM

Taurin 20 mM

KHPO4 10 mM

Ethanesulfonic acid (HEPES) 20 mM
D-Sucrose 110 mM

Bovines Serum albumin 1lg/

3.1.4. Chemicals and kits
Table4: Chemicals and kits

Designation Manufacturer

p Z-giitlidobis (2nitrobezoic acid) (DTNB) SigmaAldich, St. Louis, Mo, USA
Adenosine 5triphosphate, disodium salt SigmaAldrich, St. Louis, MO, USA
Adenosine 5'diphosphate, potassium salt Merck Millipore, Darmstadt, DE
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Material and Method

Designation

Manufacturer

Agilent Seahorse XF Calibrant

Agilent Technologies, InBanta Clara,

USA

Agilent Seahorse XF Cell Mito Stress Test Kit

Agilent Technologies, InSanta Clara,

USA

Agilent Seahorse XF Rdadine ATP Rate Assay Kit

Agilent Technologies, InSanta Clara,

USA

Agilent Seahorse XF Substrate Oxidation Stress

Agilent Technologies, InBanta Clara,

USA

Agilent Seahorse XF Cell Mito Stress Test kits

Agilent Technologies, InSanta Clara,

USA

Agilent Seahorse XF96 Cell Culture Microplate

Agilent Technologies, InBanta Clara,

USA

Agilent Seahorse XFe96 Extracellular Flux Assay

Bio-Rad Laboratories, Hercules, CA,

USA

Ammonium persulfate (APS)

SigmaAldrich, St. Louis, MO, USA

Antimycin A

SigmaAldrich, St. Louis, MO, USA

Ascorbate sodium salt

Bio-Rad Laboratories, Hercules, CA,

USA

Bovine serum albumin (BSA)

Bayer, Leverkusen, DE

Bradford Reagent

Bio-Rad Laboratories, Hercules, CA, US

Carbonyl cyanide mhlorophenylhydrazone

SigmaAldrich, St. Louis, MO, USA

Clarityn Western ECL substrates

Bio-Rad Laboratories, Hercules, CA,

USA
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Material and Method

Designation Manufacturer

Coenzym Q SigmaAldich, St. Louis, Mo, USA
Coenzyme A (ACoA) Merck, Darmstadt, DE
cOmpletet Roche, Basel, CH

Cytochromes ¢

SigmaAldrich, St. Louis, MO, USA

DAPI

Carl Roth, Karlsruhe, DE

Diethyl pyrocarbonate (DEPC) treated water

Life Technologies Corporation,

Carlsbad, CA, USA

Digitonin

SigmaAldrich, St. Louis, MO, USA

Dithiothreitol (DTT)

Thermo Fisher Scientific, Waltham,

MA, USA

Dulbecco's Modified Eagle Medium (DMEM)

ThermoFisher, Waltham, MA, USA
PANBiIotech, Aidenbach, DE

DL-Octanoylcarnitine HCI

TOCRIS Bioscience, Bristol, GB

EGTA dthylene  dycolbis(2aminoethylether)
N,N,N',N'tetraacetic acid)

SigmaAldrich, St. Louis, MO, USA

Ethylenediaminetetraacetic acid (EDTA)

Carl Roth, Karlsruhe, DE

Eosin

Carl Roth, Karlsruhe, DE

fetal bovine serum

ThermoFisher, Waltham, MA, USA

Fugene®6

Promega Corporation, Madison, WI, US

Glucose

Carl Roth, Karlsruhe, DE

Gum tragacanth

SigmaAldrich, St. Louis, MO, USA

Hematoxylin

Carl Roth, Karlsruhe, DE

FastStart Universal SYBR Green Master (ROX)

Roche Diagnostik GmbH, Mannheim,

DE

Fluorescence Mounting Medium

Dako, Carpinteria, CA, USA
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Material and Method

Designation

Manufacturer

IPTG

SigmaAldrich, St. Louis, MO, USA

Laemmli sample buffer (2x/4x)

Bio-Rad Laboratories, Hercules, CA,

USA

Lipofectaminet 3000

ThermoFisher, Waltham, MA, USA

PenicillinStreptomycin

SigmaAldrich, St. Louis, MO, USA

Phosphatebuffered saline (PBS)

ThermoFisher, Waltham, MA, USA

PhosStop

Roche, Basel, CH

Polybrene

Santa Cruz, Dallas, TX, USA

Precision Plus ProteinDual Color Standard

Bio-Rad Laboratories GmbH,

Minchen, DE

Random primers

Life Technologies Corporation,

Carlsbad, CA, USA

RNase Out Ribonuclease Inhibitor

Life Technologies Corporation,

Carlsbad, CA, USA

Rotenone

SigmaAldrich, St. Louis, MO, USA

Saponin

SigmaAldrich, St. Louis, MO, USA

Sodium azide

SigmaAldrich, St. Louis, MO, USA

Sucrose

SigmaAldrich, St. Louis, Mo, USA

Succinate disodium salt, hexahydrate

SigmaAldrich, St. Louis, MO, USA

SuperScript® Il Reverse Transcriptase

Life Technologies Corporation,

Carlsbad, CA, USA

TEMED

SigmaAldrich, St. Louis, MO, USA

Thiourea

SigmaAldrich, St. Louis, MO, USA
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Material and Method

Designation

Manufacturer

TissueTek® Paraffin

Sakura Finetek, Tokyo, JP

TMPD N,N,N',Nletramethyip-

SigmaAldrich, St. Louis, MO, USA

Phenylenediamine dihydrochloride

Carl Roth, Karlsruhe, DE

Tris(hydroxymethyBaminomethane (TRIS)

Carl Roth, Karlsruhe, DE

Triton X® 100

ThermoFischer Scientific Inc.,

Waltham, MA, USA

TRIzol® Reagent

Thermo Fischer Scientific Inc.,

Waltham, MA, USA

Trypsin EDTA

Carl Roth, Karlsruhe, DE

Tween 20

Carl Roth, Karlsruhe, DE

VectaMount® Permanent Mounting Medium

Vector Laboratories, Inc

Burlingame, CA, USA

X-gal Thermo Fischer Scientific Inc.,
Waltham, MA, USA
Xylene SigmaAldrich, St. Louis, MO, USA
Xylol Carl Roth, Karlsruhe, DE
i -Mercaptoethanol Carl Roth, Karlsruhe, DE
3.1.5. Primer

Table5: Primers- Genotyping PCRMus musculus

Gene

t NAYSNI & Sdj¥ieSy OS op

CRE_A

AGGTTCGTTCACTCATGGA

CRE_B

TCGACCAGIAGTTACCC

Tcfeb forward

GTAGAACTGAGTCAAGGCATACTGG
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Material and Method

Gene

{ NAYSN) & 50Wdy 08 op

Tcfeb reverse

GGGTCCTACCTACCACAGAGCC

Table6: Primer¢ qRFPCR Mus musculus

Gene Primera S |j dzS yoOI80 6 p ¥
Atp5al forward CGGGCTGAGGAATGTTCA
Atp5al_reverse CCAAGTTCAGGGACATACCC

Beclinl forward

GGATGGTGTCTCTCGAAGATT

Beclinl reverse

GATCAGAGTGAAGCTATTAGCACTTT]

Bnip3 forward

CCTGTCGCAGTTGGGTTC

Bnip3 reverse

GAAGTGCAGTTCTACCCAGGAG

Cox4 forward

TCACTGCGCTCGTTCTGAT

Cox4 reverse

CGATCGAAAGTATGAGGGATG

Cptlb forward

GAGTGACTGGTGGGAAGAATATG

Cptlb reverse

GCTGCTTGCACATTTGTGTT

Drpl forward

TCCCAATTCCATTATCCTCGC

Drpl reverse

CATCAGTACCCGCATCCATG

Fis1 forward

AAGGGAGCAAAGAGGAACAG

Fisl reverse

GCCCTCGCACATACTTTAGAG

Fbxo32 forward AGTGAGGACCGGCTACTGTG
Fbxo32reverse GATCAAACGCTTGCGAATCT
Gys1 forward CTGTCCTGTTCGGCTTCCT
Gysl reverse CCACATACGGCTTCTCTTCG

Gys2 forward

CCATCCTCAGCACCATTAGAC

Gys2reverse

GTGACAACCTCGAACAAACTC
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Material and Method

Gene

Primerd S lj dzS yoO8) 6 p W

Hk2 forward

GCCAGCCTCTCCTGATTTTAGTGT

Hk2 reverse

GGGAACACAAAAGACCTCTTCTGG

Malp1Lc3b forward CGTCCTGGACAAGACCAAGT
MalplLc3breverse ATTGCTGTCCCGAATGTCTC
Mfnl forward CATTGCGTTTCGGTTTTCCC

Mfnl_reverse

GAAGGAGCAGTAGGAGTTGAAG

Mfn2_forward

CGAGGCTCTGGATTCACTTC

Mfn2_reverse

CAACCAGCCAGCTTTATTCC

Mitf_forward

AAAAGTCAACCTCTGAAGAGCAG

Mitf_reverse

GCGTAGCAAGATGCGTGAT

mt-Col forward

TCCACTATTTGTCTGATCCGTACT

mt-Col reverse

AGTAGTATAGTAATGCCTGCGGCTA

mt-Cytb forward

CATTTATTATCGCGGCCCTA

mt-Cytb reverse

TGGGTTGTTTGATCCTGTTTC

mt-Nd1 forward

CTAGCAGAAACAAACCGGGC

mt-Nd1 reverse

CCGGCTGCGTATTCTACGTT

mt-Nd4 forward

CCAAACTCCATGAAGCTTCATAGG

mt-Nd4 reverse

GATGATGTGAGGCCATGTGCG

Ndufb8 forward

TCCCTTCCTACCAGCCTGT

Ndufb8 reverse

GAGCAGGAAAACAGGAATGC

Nrfl_forward

TGGAGTCCAAGATGCTAATGG

Nrfl reverse

GCGAGGCTGGTTACCACA

Nrf2_forward

CTCCGTGGAGTCTTCCATTTAC
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Material and Method

Gene Primerd S lj dzS yoO8) 6 p W
Nrf2_reverse TTAGGGCCGTTCTGTTTGAC
Pinkl forward AGCGAAGCCATCTTAAGCAA
Pink1 reverse TGGGACCATCTCTGGATCTT
Ppargclaforward TGAAAGGGCCAAACAGAGAG
Ppargclareverse GTAAATCACACGGCGCTCTT
Ppara forward CTGAGACCCTCGGGGAAC

Ppara reverse

AAACGTCAGTTCACAGGGAAG

Pppargclbforward CCACAGCCCACTTCCAGA
Pppargclbreverse CCAAGAGAGTCGCTTTGTGA
Sdha forward CCCTGAGCATTGCAGAATC

Sdhareverse

TCTTCTCCAGCATTTGCCTTA

Sdhb forward

ACTGGTGGAACGGAGACAAG

Sdhb reverse

CCTCTGTGAAGTCGTCTCTGG

Slc2al forward TTGTTGTAGAGCGAGCTGGA
Slc2alreverse TTCAAAGAAGGCCACAAAGC
Slc2a4 forward GTCGGGTTTCCAGCAGAT
Slc2a4reverse GGCATTGATAACCCCAATGT
Sqstm1 forward AGACCCCTCACAGGAAGGAC
Sqgstmlreverse CATCTGGGAGAGGGACTCAA
Tfam forward CAAAGGATGATTCGGCTCAG

Tfam reverse

AAGCTGAATATATGCCTGCTTTTC

Tfe3 forward

GCTCAAAAGCCAACCCCTAT

Tfe3 reverse

GGTGTGGCCTGCAGTGATA
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Material and Method

Gene Primerd S lj dzS yoO8) 6 p W
Tfeb forward GAGCTGGGAATGCTGATCC
Trim63_forward CCTGCAGAGTGACCAAGGA
Trim63_ reverse GGCGTAGAGGGTGTCAAACT
Tfeb reverse CTTGAGGATGGTGCCTTTGT

Uqcrc2 forward

TGGGCTCTTTGGAATTTACAC

Uqcrc2 reverse TTGGTTGTAGGCAGCATTGA
3.1.6. Antibody
Table7: Antibodies
Designation Manufacturer Cat-Nr. Clone Dilution
_ _ Bethyl
Anti-TFEB rabbit pAB _ A303673A |/ 1:1000
Laboratories
Anti-slowi -MyHCmouse mAB | Abcam ab11083 NOQ7.5.4D | 1:1000
Anti-myosin heavy chain mous
R&D Systems MAB4470 MF20 1:1000

mAB

CH20 (ND®6)

CIt30 (FeS)
Anti-OxPhos mouse mAB Thermo Fischer | 458099 CllitCore 2 1:1000

Civ

C\alpha
Anti-GAPDH mouse mAB CellSignaling 97166 D4C6R 1:10.000
GLUT4 Monoclonal Ab (3G104 Invitrogen MAS5-17176 | 3G10A3 1:1000
LC3B XP Rabbit mAb Cell Signaling 3868S / 1:1000
DYKDDDDK Tag Antibody (A _ , / 1:1000
FLAG®M?2) Cell Signaling 2368S
Anti-rabbit IgG HRP CellSignaling 7074S / 1:10.000
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Designation Manufacturer Cat-Nr. Clone Dilution
Anti-mouse 1gG HRP Cell Signaling 7076S / 1:10.000
Alexa Fluor® 555 Goat An
_ _ _ / 1:100
Rabbit IgG (H+L) Life Technologiey A-21428
Alexa Fluor® 488 Goat An _
_ Life Technologiey A-11008 / 1:100
Rabbit 1gG
3.1.7. Cells
Table8: Eukaryotic cells.
Cell line Organism Tissue Cell type Supplier
Cc2C12 Mus musculus Muscle Myoblast ATCC, Manassd
VA, USA, CRL17
HelLa Homo sapiens | Uterus; Cervix | epithelial cell ATCC, Manassa
VA, USA, CRL17
PLATE Homo sapiens | Kidney Fibroblast Cell Biolabs, Sa
Diego, CA, US/
RV101

3.1.8. Plasmids

Table9: Overexpression plasmids

Plasmid with insert Tag Resistance

pMP71 IRES eGFP internal ribosomall Ampicillin
entry site plus eGF

pMP71 Tcfeb WT fla] N-terminal Flag tag| Ampicillin
IRES eGFP

pcDNA3.1Gterminat Gterminal Flag Ampicillin
Flag

Mm_pMP71_IRES_Flag] N-terminal Flag tag| Ampicillin
FEB_S211A

Mm_pMP71_IRES_Flag] N-terminal Flag tag| Ampicillin
FEB_S211D

Mm_pMP71_IRES_Flag| N-terminal Flag tag| Ampicillin
FEB_S138A/142A

Mm_pMP71_IRES_Flag| N-terminal Flag tag| Ampicillin
FEB_S138D/142D

Mm_pMP71_IRES_Flag| N-terminal Flag tag| Ampicillin
FEB_L147A/I149A

Mm_pMP71_IRES_Flag| N-terminal Flag tag| Ampicillin
FEB_L147F/1149F
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3.1.9. Animals
Tablel0: Test animals
Designation Genotype Supplier
Mice, Male WT, TfeldoxP/loxi65] Zentrale Serviceund Forschungseinrichtun

fur Versuchtiere (ZSFV) Greifswald, DE

Mice, Male cKO,TfeldoxPoxPIMCKCRE | Zantrale Serviceund Forschungseinrichtun
fur Versuchtiere (ZSFV) Greifswald, DE

The mice were kept under standardized conditions, constant room temperature {26°C), humidity
(45%- 65%) and a constant 12h day/12h night cycle. All experimental anaivedsys had free access
to food and water The State Office for Agriculture, Food Safety and Fisheries (LALLF, Mecklenburg

West Pomerania, Germany; permit number 7221.8014/18) approved the animal experiments.

3.1.10. Devices

Tablel1: Devices

Designation Manufacturer

BeadBlaster 24 Microtube Homogenizer Benchmark Scientific, Inc., USA

ChemiDom XRS+ Imaging System Bio-Rad Laboratories, Hercules, CA,
USA

CryoStam NX50 cryostat + microtome ThermoFisher Scientific, Waltham,
MA, USA

Dewar transport vessel KGW Isotherm, Karlsruhe, DE

Exploris 480 mass spectrometer Thermo Scientific, Bremen, DE

Precision Scale (CPA324S) Sartorius, Gottingen, DE

foil sealer SEVERIN Elektrogeréate, Sundern, DE

HERA Freez80°C Heraeus, Hanau, DE

Heraeust incubator Thermo Fisher Scientific, Waltham,
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Designation Manufacturer
MA, USA

Heraeust Frescat 17/21 Centrifuge Thermo Fisher Scientific, Waltham,
MA, USA

HeraSafa clean workbench ThermoFisher Scientific, Waltham,
MA, USA

HistoStam pouring station Thermo Fisher Scientific, Waltham,
MA, USA

Infinite M200 Pro Tecan, Mannedorf, Schweiz, CH

Infrared lamp IL21 Carl Roth, Karlsruhe, DE

Isoflurane Vaporizer (Vapor 19.3) Dragerwerk, Lubeck, DE

Cold light lamp KL 1500 LCD Schott, Mainz, DE

Compact Fluorescence Microscope-30) Keyence, Osaka, JP

Compact Fluorescence Microscope-{B300E) Keyence, Osaka, JP

Magnetic stirrer MR2000, MR3000 Heidolphlnstruments, Schwabach, DE

magnetic stirring bars VWR International, Darmstadt, DE

MicroStar 17R VWR, Darmstadt, DE

Micro-Dismembrator S + accessories Sartorius, Goéttingen, DE

Microscope (Mantis Compact) Vision Engineering, Surrey, UK

Mini-PROETAN® Tetra Electrophoresis Sy Bio-Rad Laboratories, Hercules, CA,

+accessories USA

MiniStar microcentrifuge VWR International, Darmstadt, DE

MiniVent fan (model 845) Harvard Apparatus, Holliston, MA,
USA
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Material and Method

Designation

Manufacturer

Nano Drop 2000 Spectrophotometer

Thermo Fischer Scientific Inc.,

Waltham, MA, USA

surgical instruments

Fine Science Tools, Heidelberg, DE

Oroboros OxygrapiK

Oroboros Instruments, Innsbruck,

Osterreich

PCR Workstation Pro

VWR, Darmstadt, DE

pH meter MP230

Mettler-Toledo, Columbus, OH, USA

Pipettes (PIPATMAN® Classic)

Gilson, Middleton, WI, USA

Pipettes (Research® plus)

Eppendorf, Hamburg, DE

Pipette controller

BaackLab, Schwerin, DE

PowerPa®00/300 (HC, Basic)

Bio-Rad Laboratories, Hercules, CA,

USA

Precision balance Acculab Atilon

Sartorius, Gottingen, DE

ProFlex PCR System

Life Technologies Corporation,

Carlsbad, CA, USA

QuantStudiat 3 Real Time PCR System

ThermoFischer Scientific Inc.,

Waltham, MA, USA

Rocking Platform

VWR, Darmstadt, DE

Rotixa 50 RS

Hettich GmbH & Co.KG, Tuttlingen, DE

Shaking water bath SW22

Julabo GmbH, Seelbach, DE

Seahorse XFe96 ansdy

Agilent Technologies, InBanta Clara,

USA

STP 120 tissue processor

Thermo Fisher Scientific, Waltham,
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Material and Method

Designation

Manufacturer

MA, USA

Thermomixer C

Eppendorf AG, Hamburg, DE

Thermal cycler

Eppendorf AG, Hamburg, DE

Thermomixer comfort

Eppendorf, Hamburg, DE

TransBlot® SD Serbiry Transfer Cell

Bio-Rad Laboratories, Hercules, CA,

USA

Drying cabinet

Memmert, Schwabach, DE

UVWV-1600PC

VWR International Europe BVBA,

Leuven, BE

Vacuum suction system Vacusafe Integra

VWR, Darmstadt, DE

Vortexer Reax 2000

Heidolph Instruments, Schwabach, DE

Rocking shaker Duomax 1030

Heidolph Instruments, Schwabach, DE

Rotina 46R centrifuge

Hettich GmbH & Co.KG, Tuttlingen, DE

3.1.11. Software

Tablel1l2: Software

Designation

Manufacturer

DatLab Software 7.4

Oroboros Instruments, Innsbruck, AT

GraphPad Prism 8.3.0

GraphPad Software, La Jolla, CA, USA

ImageJ LOCI, Madison, WI, USA

ImageLal 6.0.1

Bio-Rad Laboratories, Hercules, CA, USA

Ingenuity® Pathwaknalysis (IPA®)

QIAGEN, Hilden, DE

LabChat8 ADInstruments, UK

MaxQuant 1.5.3.8

Cox Group, MPI of Biochemistry, Martinsried, DE
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Microsoft® Office 2016 Microsoft Corporation, Redmond, WA, USA
QuantStudiat Design & Analysis ThermoFischer Scientific Inc., Waltham, MA, USA
Vevo® LAB 5.6.1 FUJIFILM VisualSonics, Toronto, ON, CA
Wave 2.6.3 Agilent Technologies, In8anta Clara, USA
Zen 3.4 (blue edition) Carl Zeiss Microscopy Deutschland, DE
SnapGene GSL Biotech LLC, Boston

3.2. Methods

3.2.1. Cell biological methods

3.2.1.1 Cell culture condition:

C2C12 (ATCC CGRI72, USA) and HeLa (ATCCZ;CISA) cells were cultivatedDMEM low glucose
(1 g/L)mediumsupplemented witt2 mM Lglutamine,sodium pyruvate, NaHC£10 % FCS (v/v), 100
U/mL penicillin and 10 mghLstreptomycin at 37°C in a 5% G@tmosphere At 70% confluency, cells
were subcultured to a ratio of 1:10.

3.2.1.2. Cell treatments:

C2C12 and Hela cells concentration was determined udieghacytometerand 150,000 cells were
seeded per well in-@vell plates.For experiments involving amino acid starvation, cell culture plates
were rinsed twice with PBS and incubated in amino-&reid RPMI supplemented with 10% dialyzed
FBS for 30, 60 and 90 min according to the experiments. Where indicated, cells were legstinfor

30 min with watersolubilized mix of essential and nessential amino acids resuspended in amino

acidfree RPMI.

3.2.1.3. Sitedirected mutagenesis

Tablel3: Material provided in the QuickChange Il Xite-directed mutagenesis kit
Materials provided Catalog #200522
30 reactions

PfuUltraHigh Fidelity DNA polymerase (2.5W/ 80U

10x reaction buffer pni >
Dpnl restriction enzyme (10 BL) 300 U
Oligonucleotide control primer #1 [3dher (100 ngéL)] 750 ng

5 CCATGATTA CGC CAAGCG CGC AATTAACCC 1
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Oligonucleotide control primer #2 [3dher (100 ngéL)] 750 ng

5 GTG AGG GTT AAT TGC GCG CTT GGC GTA ATC 4

pWhitescript 4.5kb control plasmid (5 nglL) 50 ng
QuikSolution reagent pnsi >
dNTP mig, d onL >
XL16Gold ultracompetent celes(yellow tubes) Mn RLMOp
XL10Goldi -mercaptoethanol mixi (-ME) H PLpn >
pUC18 control plasmid (0.1 me/in TE bufferf) mMnL >

The QuikChandéXL Sitdirected Mutagenesis Kit was adopted. The primers were designed according

to the manufacturer’s protocol.

1. Mutant Strand Synthesis Reaction (Thermal Cycling)

Table14: Cyclingparameters forthe QuikChange Il Xinethod.

Segment Cycles Temperature Time
1 1 95°C 1 min
2 18 95°C 50 seconds
60°C 50 seconds
68°C 1 min/kb of plasmid length
3 1 68°C 7 min

2. Dpn | Digestion of the Amplification Products

3. Transformation of XLXGold Ultra competentells

Table15: Transformation reaction plating volumes reaction type.

Transformation reaction plating Volumeto plate
@2 t dzhe&tba type

pWhitescript mutagenesis contr¢ H p /L >

pUC18 transformation control |5 >L (in 200 >L of NZY+

broth) *

Sample mutagenesis 250>Lon each of two plateg
(entire transformation
reaction)

Transformed coloniewere then picked and th®NA was isolated by performing mini prep. Sanger

sequencing using related primers based on the mutation confirmed the mutations. Successful samples
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were clonedn plasmid pMP74RESGFRand expanded for further us&ecovering bacteriaasgrown
on LB agar plate at 3. Growth conditions depend on thepecificplasmidused Beginan overnight

cultureto prepareplasmid DNA.
3.2.14. Virusproduction:

PlatinumE (PlatE, Cell Biolabs, USA) retroviral packaging cells are based on the 293T aslhiaye

exhibit long stability and can produce high yields of retrovirus [32]-FPlaere cultured in DMEKigh
glucose(4.5 gL glucose)supplemented with10% (v/v) FBS, 2 mMglutamine, 100 U/rh penicillin,

0.1 mg/mL& G NB LJG 2 Y & OlgzNR We GAdykMasticilin andl mantained at 37 °C in an
incubator with 95% humidity and 5 % £@fter reaching a density of about 90 %, FHatells were
subcultured. Therefore, cells in cell culture flask (75 cm?) were washed with PBS and incubated with 2
mL of Trypsin/EDTA at 37 °C for 4 min. After that, Bafhgrowth medium were added to inactivate
trypsin and to suspend the cells. Then cells were centrifuged at 700 x g, 37 °C for 4 min and the pellets

were resuspended and seeded in fresh growth medium in a ratio of 1:5 to 1:10.

For transfection of retroviral expression plasmid pMPRESSFP and the relevant constructs which

express FLAGFEBand its mutants gain in function (TFEB11A, S138A/142A, and L147A/1149A) and

loss in function (TFEB211D, S138D/142D, and L147F/1149F) mutants. 9RtdtE cells were seeded

in each cell culture flask (75 cm32). After 24 h of growth, transfection was performed using

[ ALRFSOUlIYAYS onnn NBIF3ISyd F2tft26Ay3 Y ydzFIl Ol dzNEX
% A U K L of transfecton reagent in DMEM. The mixture was then added into the-Plgrowth

medium without puromycin and blasticidin. 24 h after transfection, reaction was stopped by removing

the medium and replacing with fresh PEtgrowth medium without selective antibiosic48 h after

transfection in PlaE cells, retroviruses were produced and released in the growth medium.
Supernatant consisting of retroviruses was collected, filtered by a 0.45 pm Minisart syringe filter and
concentrated with LentX concentrator accorgid G2 Y I ydzFI OG0 dZNBENRA LINR G2 02
resuspended in DMEM and stored-80 °C. The efficacy of retrovirus for transduction in C2C12 cells

was determined by direct fluorescent GFP detection using a serial dilution of virus suspension.

3.2.15. Transduction of C2C12 cells wigMP7LIRESGFPplagmid:

Retrovirus supernatant was created by transfecting Platisiinpackaging cells with retroviral
expressing constructs of pMPTRESSFP, TfeliFlag and the mutants with Lipofectamine3000,
F2f{t26Ay 3 YI ydzF I OO0 dzMBheBugernatghiwiadNir@estad2Rdrarensductidin 8fNJ H n
C2C12 cells are seeded one day prior to the experiment, with the seeding density adjusted according

to the experimental design. For awll plate, 150,000 cellsere seeded per well in 2 mL of medium,

while for a 12well plate, 60,000 cellgiere seeded per well in 1 mL of mediu®neday after seeding
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the cell culture medium wasreplaced with DMEM, without serum and antibiotics (nicillin-
streptomycin), with 4>g/mL polybrene. To each well 8 (pMP7XIRESSFP control and TFEB or the
mutants) or 100-L of virus supernatant was added. The plates were centrifuged ax8ffor 90 min
at 32 °C. After 8 h incubation at 37 °C, the mediuwas changed to growth medium. The medium

was changed agathe following day24 h after transductionthe starvation treatment wasnitiated.

3.2.1.6. Transfection of Heleells usingruGENE 6

A % 4 A x

I S[ I OStfta 6SNBE GNIryaFSOGSR dzaAy3 CdzD9b9t ¢ 6t NP
under sterile conditions. Prior to transfection, complete growth medium, 1x PBS, and -fe®im

medium (SFM) were prearmed to 37 °C. For each well, a triatdion master mix was prepared by

combining 9 UL FUGENE 6 with 91 pL SFM, gently mixed by inversion (without vortexing), and aliquoted

(100 pL per well) into Eppendorf tubes. Subsequently, 2 ug of plasmid DNA was added to each tube,
gently mixed, and indaated for 30 min at room temperature to allow complex formation. Meanwhile,

the medium from the seeded cells was aspirated, and cells were washed once with 1x PBS before
adding 2 mL of fresh complete medium per well. The transfection mixture was then ddoledise

onto the cells, and the plates were gently swirled to ensure even distribution. Cells were incubated for

Hn K 4G o1 ¢/ AYy | KIAdZYARAFASR FGY24aLKSNB O2yidl Ay

3.2.16. Immunocytochemistry (ICC):

The cells were fixed using 4% PFA for 10 min and then washed in PBS three times for 5 min each.
Subsequently, 0.2% Tritor2¥0 in PBS was added for 5 min. The cells were washed three times for 5
min each with PB¥ (0.1% Tweef0). The blocking step wasiiormed by adding 3% BSA/RPB8n/V)

for 1 h. After blocking, the primary antibody, diluted in 1% BSA/PB®&s added and the cells were
incubated overnight at 4°C. The next day, the cells were washed three times for 10 min each with PBS
T under gentle lsaking in darkness. Then, the secondary antibody, diluted 122000 in 1%
BSA/PBS, was added for 1 h. After removing the secondary antibody, the cells were stained with DAPI
for 5 min to label the nuclei. The slides were washed three times for 1@aah with PBS. Finally,

the slides were allowed to air dry and then mounted witlorescence mounting mediurfvVector H

1000) or ProLong Gold Antifade Mountant (Thermo Fisher).

3.2.1.7. Confocalmicroscopy:

Immunocytochemistry experiments were performed as previously described (e.g. 6.2.1.6). The images
were analysed using Zeiss microscty®M 900. The microscope was operated on the Zeiss 3.4 blue

edition software platform.
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3.2.1.8. Metabolic phenotyping of C2C12 cells wittgilent seahorse

The Agilent Seahorse XFe96 Analyser is ama@sive methodvhich doesn't require penetrating or
damaging the cells being studiéal measuring the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) of living cells in av@ plate. Under optimal culture conditions (37 °C and
physiological pH 7.4), the cells can take up glucose afroi® the cellculture supernatant to maintain
energy metabolism and generate ATP. Using OCR and ECAR, the two most important metabolic
pathways, mitehondrial respiration and glycolysis, candweantified,and conclusions can be drawn
about the ATP production rates. The OCR, the indicator of mitochondrial respiration, is measured using
the oxygen partial pressure in the measuring chamber. When a measurement is pending, the
measuring chamber is closed by kning the measuring cover and the measurement is carried out.
The ECAR, the indicator of glycolytic activity, is determined by pH changes in the cell culture
supernatant. The pH changes are due to the conversion of glucose to lactate by glycolysis, which
involves the release of one H+ per lactate, and the citric acid cycle, which drives the electron transport
chain/oxidative phosphorylation (OXPHOS). Meanwhile; 8Qgenerated, which also leads to
acidification of the cell culture supernatant. Substrates, inhibitors and other substances can be applied
via an injection system, which allows conclusions to be drawn about the activity of various metabolic
pathways in sessful situations. By measuring oxygen partial pressure and pH in real time, changes in

cellular energy production can be quickly detected and thus metabolic phenotypes can be identified.
3.2.2.2.1 Seahorse XFeal-time ATPrate assay kit

Metabolic phenotypes can be identified from altered ATP production rates, which can be influenced
by changes in cellular metabolism. The Agilent Seahorse XHiReaATP Rate Assay is designed to
measure the total ATP production rate in living cells. Beahorse XF ReBime ATP Rate Assay
distinguishes between GlycoATP and MitoATP production rates. The GlycoATP production rate
indicates the ATP produced by the conversion of glucose into lactate in glycolysis. The MitoATP
production rate shows the ATP mhaction generated in the mitochondria in the context of OXPHOS
(Figure9).

At the start of the assay, baseline (basal respiration) vatie@CR and ECAR were measured and

recorded.
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Figure9: Representation of the respiratory chain with complexes | to V and the complex | inhibitor rotenone, complex Il
inhibitor antimycin A and complex V inhibitor oligomycii08].

3.2.2.2.2 Seahorse XEell mito stress test kit

The Agilent Seahorse XF Cell Mito Stress Test allows the identification of metabolic phenotypes that
arise, for example, due to mitochondrial dysfunctidii.the beginning of the assay, after the initial
values(basal respiration) were measured, ATP synthase (complex V) is inhibited with oligomycin. This
decreases the flow of electrons through the electron transport chain, resulting in a reduction in basal
mitochondrial respiration and manifests itself in decreased OCR. The decline in OCR is associated with
reduced respiratiorcoupled cellular ATP production. In a second step, the injection of the decoupler
carbonyl cyanidet(trifluoromethoxy)phenylhydrazan (FCCP) leads to the collapse of the proton
gradient. The electron transport chain (complexeBb/) pumps protons (H+) from the mitochondrial
matrix into the intermembrane space. This creates an electrochemical gradient across the inner
mitochondrial membrane. The gradient represents stored potential en&@?. synthase (complex V)

uses this gradient to produce ATP by allowing protons to flow back into the matrix. The proton gradient
is crucial for mitochondrial function, acting as the driving force fo6P Aroduction. Disrupting this
gradient (as in the assay) provides insights into mitochondrial health and cellular energy metabolism.
As a result, the concentration of H+ ions in the mitochondrial intermembrane space decreases rapidly,
which maximally activates ETC respiration and aims to restore the proton gradient. With the maximum
activation of the ETC, the oxygen consumption by CermpV reaches a maximum. The FCCP
stimulated oxygen consumption rate can then be used to calculate reserve breathingitgapac
(maximalbreathing¢ basalbreathing), which is defined as the difference between maximal breathing
and basal breathing. Free breathing capacity is a measure of the cell's ability to respond to increased
energy demands or stress. Finally, mitochondrial respiration is again comphdtigifed by Rotenone

(complex I inhibitor) and Antimycin A (complex Il inhibitor). This combination completely abolishes
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mitochondrial respiration and allows the calculation of mmitochondrial respiration driven by
processes outside the mitochondria. For example,-mitochondrial respiration is caused by non
mitochondrial NADPH oxidases, various desaturases and dettgifieznizymeg Figure 10 and Figure
11)[108].

Oligomycin FCCP Rotenon & Antimycin A
i

“:-_‘_ Reserve-
Respiration Capacity

ATP-Production

Basal Respiration

Oxygen consumption rate [pmol/min]

Time [min]

Figurel0: Presentation and procedure of the Seahorse ¢l mito stress test kit
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Figurell: Representation of the respiratory chain with complexes | to V and the complex | inhibitor rotenone, complex 11l
inhibitor antimycin A and complex V inhibitor oligomycin. In addition, the decoupler FCCP and its protonophoric effect on
the membrane is showij108].

Tablel16: Results and Calculation of the Seahorse XF Cell Mito Stress Test Kit
Parameter Calculation

Basabreathing [Last rate measurement before oligomycin injection] [non-

mitochondrialrespiratory rate]
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Parameter Calculation

ATP production coupled t( [Last rate measurement before oligomycin injectian[Minimum

respiration rate measurement after oligomycin injection]

H+ (proton) leak [Measurement of minimum rate after oligomycin injection[non-

mitochondrialrespiratory rate]

Maximum breathing [Measurement of maximum rate after FCCP injection[non-

mitochondrialrespiratory rate]

Reserve breathing capacit [Maximum Breathing} [Basal Breathing]

Non-mitochondrial Measurement of the minimum rate after injection

respiration rotenone/antimycin A

Coupling effectiveness [ATP production coupled respiration] / [Basal respiration] * 100

3.2.2. Animal experimental work

3.2.2.1. Experimental setup: Role of TFEB in starvaiitauced stress

The State Office for Agriculture, Food Safety and Fisheries (LALLF, MeckldiestrBomerania,
Germany; permit number 7221-81-014/18) approved the animal experiments. The examination
corresponds to the Guide for the Care and Use of Laboratory Anipdiiished by the US National
Institutes of Health (NIH Publication No.-83, revised 1985and German Animal Welfare Act in its
current version. For the following experiments, musspecificmyocytesTfebknockout mice (cKO,
Tfed>PoR MCKCRE) wergenerated by crossing Tfét5'oP(WT) and MCICRE transgenic mi{@5].
10-12-weekold male mice were used for the experiment. The number of animals were as gollow
(starvation stress: cKO: n=10; WT: n=9; control group: cKO; WAL(=9. The animals were starved

for 48h to monitor the changes in the skeletal muscle caused due to absence of TFEB under starvation

induced stressvith free and unlimited access to wat@figurel?).
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Figurel2: Schematic diagram illustrating thim vivosetup for the animal experiments.

3.2.2.2. Euthanasiagrgan,and tissue removal

The mice were euthanized via cervical dislocation 48h after the commencement of food deprivation.
At the start of the experiment, body weight was recorded at 24 and 48h.skeletal muscles tibialis
anterior (TA), soleus (SOL), gastrocnemius/plantaris (G/P) and extensor digitorum longus (EDL) were
removed fom one legand were snap frozen, whifeom the secondeg,they wereembedded in gum
tagacanth for cryosections. Finally, the tibia was removed for normalization of weights and tail was

removed for cafirmation of the genotype.

3.2.2.3. Oroboros OxygraptD2K- High Resolution Respirometry

The Oroboros Oxygraph2K is a method for quantifying the oxygen concentration in cell suspensions
using a polarographic measurement via a Clark oxygen electrode. The Ox@giptontains two

glass chambers, each with a defined measuring volume of 2 @llark oxygen electrode is attached

to the side of the glass chamber and there is a stirring plate underneath the glass chamber, which uses
a stirrer to ensure optimal mixing in the glass chamber. This avoids diffusion paths. The glass chamber
is sealed atight by a cylinder and allows the application of substances through a narrow opening. The

measurement takes place at a constant temperature of 37 °C.
3.2.23.1. Oroboros Oxygrapi®2Kg Calibration

At the beginning of each test, a-salled air calibration was carried out, which means a-pemt
calibration based on the room air. The background calibratiorcédled background correction) then
took place. The oxygen consumption of the pO2 electradée the oxygerstoring properties of the
measuring chamber are determingd be able to correct them from the measurement data. The

background calibration was automated with the TIP2k in feedback control mode, with a 30 mM
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dithionite solution in phosphate buffer (50 mM, pH 8) being titrated in regular titrations. Detailed
information on the calibration can be found in the Oroboros standard procedure (MiPNet06.03_POS

CalibrationSOP and MiPNet14.06_InstrumentalO2Background).
3.2.23.2. Oroboros Oxygrapi®2K¢ permeabilization of skeletal muscle (TA) fibers

After the skeletal muscle (TA) were removed, part of the TA was used for analysis in the Oroboros
OxygraphO2K. For this purpose, the MiR06 solution was placed in a Petri dish stored on ice. With the

help of two tweezers, the part of the TA in MiRO6 washamnically separated so that the muscle fibers

are pulledapart butremain in their networlike scaffold structure. Good muscle fiber separation can

be observed under the microscope by the fading of the red myoglobin fibers due to the escape of
myoglobinand the removal of remaining blood vessels. The prepared muscle fibers are then placed in

a well containing 2 ml of ieeold BIOPS solution. For chemical permeabilization, the fibers were
transferred to 2 ml of iceold BIOPS buffer solution containing 53 kK Y f Al LRYAYDd | Fi
incubation at 4 °C, the myocardial fibers were swung in MiR06 at 4 °C for another 10 min. After briefly
draining, the muscle fibers onto filter paper, 0.2 mg TA muscle fibers were weighed out and

transferred to the measuringhamber of the Oxygrap®2K.
3.2.2.3.3. Oroboros Oxygrapi©2K- Protocol SUIT006 O2 pfi D022

The measurement of the metabolic and respiratory capacity of TA muscle fibers used in this work was
carried out using a protocol established by the company Oroboros, which is known as "Substrate
uncouplerinhibitor-titration (SUIT) protocol SUDD6 O2 pfb n H (BWIT006 O2 pfi D022 Bioblast

2021). In this protocol, different states of linkage controlPl: E) in the control state of the succinate

pathway are examined by using rotenone, which inhibits complex I.

1) LY GKS 06aSyoOoS 2F !5t FTRRAGA2Y 2F NRBR(GSy2yS
myocardial fibers are in the LEAK state of coupling controlfimsphorylating resting state).

2) To determine the succinatdependent respiration in the LEAK state of the coupling control,
succinate (10 mM) is added.

3) Addition of ADP (4 mM) changes the state of coupling control from LEAK to OXPHOS in
succinatedependent respiration.

4) {dz0aSljdSyid | RRAGAZY 2F O8G20KNRYS O o6mn >ao
membrane integrity.

5) The protonophore carbonyl cyanide-chlorophenylhydrazone (CCCP; 4 uM) is used to
calculate the maximum oxygen consumption via the respiratory chain. Treatment with CCCP
leads to decoupling of the respiratory chain, resulting in leakage of H+ ions frem th

intermembrane space. As a result, ATP can no longer be synthesized. This leads to maximum
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activation of the electron transport chain, transporting maximum H+ ions to the
intermembrane space, which in turn results in maximum oxygen consumption. Due to the lack
of ATP synthesis, the state of coupling control changes from OXPHOS to ET in succinate
dependent respiration.

6) Treatment with the inhibitor Antimycin A (Ama; 2.5 uM) causes inhibition of complex Ill and
decrease of respiratory status to ROX level. Due to the inhibitiocowiplex!, and Il no
electrons can be introduced into the respiratory chain through substrate consumption. The
respiratory state ROX is an expression of -notochondrial cellular respiration and is
subtracted from the previously determined mitochondspecificvaluesas a side reaction
[109].

Table17: Substrate Uncoupler Inhibitor Titration (SUIT) protocol 002 O2 pfi DO06 from Oroboros

Goncentrat
States of  the _ o
_ Coupling control| ion in the
Applied substance electron transfer _
i states measuring
Series path
chamber
1 Rotenon S LEAK (L) 0.5>M
2 Succinat S LEAK (L) 10 mM
3 ADP S OXPHOS (P) 4 mM
4 Cytochrom ¢ S OXPHOS (P) 10 uM
5 CCCP S ET 4 uM
6 Antimycin A ROX 2.5 uM

3.2.23.4. Oroboros Oxygrapi®2K- Protocol SUIH002 O2 pfi DO06

The measurement of the metabolic and respiratory capacity of TA muscle fibers used in this work was
carried out using a protocol established by the company Oroboros, which is known as "Substrate
uncouplerinhibitor-titration (SUIT) Protocol 002 O2 pfi DOOEGUITO02 O2 pfi DO06BIoblast 2021).

1) At the beginning of the SUIT protocol, ADP (D; 7.5 mM) is added into the measurement
chamber, resulting in a kinetic saturation of ADP, which ensures the full capacity of the
OXPHOS. The substrates present in the muscle fibers are consumed in this sg&p, th
establishing an equal starting point of substrates present in the muscle fibers, while the

negative oxygen concentration may slightly increase. When no more endogenous substrates
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2)

3)

4)

5)

6)

7)

8)

9)

are present, the mitochondria are in the ROXPHOS respiratory state, which is reflected in
a stable negative oxygen concentration.

Addition of 0.1 mM malate (M1) leads to saturation of the fatty acid oxidation (FAO) pathway
but not only saturation of the NADH pathway.

For activation of the FAO pathway (F) by octanoylcarnitine (Oct, fatty acid, 0.5 mM) the small
amount of malate (Nsubstrate; 0.1 mM) in step 2 with 0.1 mM is required. Octanoylcarnitine
Aa O2y @SNISR (2 -&iddsidnHNADHyisRconberrtdd bgropléx | and FADH2

by the electrontransferring flavoprotein (CETF), which donates electrons to ubiquinone. With
an intact electrortransferring flavoprotein and an intact complex I, the oxygen flow rate
increases, which leads to a reduction in the oxygencentration in the supernatant/buffer

or similar. The mitochondria are now in thedXPHOS respiratory state

The integrity of the outer mitochondrial membrane is controlled by the addition of cytochrome
C (c, 10 uM). If there were a defect in the outer mitochondrial membrane, the addition of
cytochrome C would lead to a sharp increase in the oxygen flow rate.

Addition of a higher concentration of malate (M2, 2mM) saturates the NADH pathway and the
mitochondria are in the F (M)XPHOS respiratory state.

With the addition of pyruvate (P, 5mM) and the presence of malate, TCA cycling activity is

(partially) restored and the mitochondria are now in the®XPHOS respiratory state.

Malate, pyruvate,and the addition of glutamate (G, 10mM) restore TCA cycle function. By
adding these NADH regenerating substrates, the maximum oxidation capacity of complex | is
achieved. The mitochondria are now in the-BXPHOS respiratory state.

In addition to the F and N substrates, succinate (S, 50 mM) is now added as a complex Il
substrate, which brings the mitochondria into the respiratory state-ENX®HOS. This allows

a statement about the function of complex Il depending on FN.

Addition of glycerol phosphate (Gp, 10 mM) leads to the transfer of electrons via the glycerol
phosphate dehydrogenase complex to ubiquinone in the respiratory chain. As a result, the
mitochondria reach the FNSE&EXPHOS respiratory state.

10) The protonophore carbonyl cyanig@e-chlorophenylhydrazone (CCCP; 0.5 uM) is used to

calculate the maximum oxygen consumption via the respiratory chain. Treatment with CCCP
leads to decoupling of the respiratory chain, resulting in leakage of H+ ions fiem t
intermembrane space. As a result, ATP can no longer be synthesized. This leads to maximum
activation of the electron transport chain, transporting maximum H+ ions to the
intermembrane space, which in turn results in maximum oxygen consumption. Due kacth

of ATP synthesis, the respiratory state in the mitochondria changes from FRISEHOS to
FNSGHET.
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11) Complex | is then inhibited by the inhibitor rotenone (red; 0.5 uM). As a result, only the
electron flow from complex Il via the glycerol phosphate dehydrogenase complex to
ubiquinone is measured and the respiratory state in the mitochondria drops teESGp

12) Treatment with the inhibitor Antimycin A (Ama; 2.5 uM) causes inhibition of complex Ill and
decrease of respiratory status to ROX level. Due to the inhibition of complexes | and Ill, no
electrons can be introduced into the respiratory chain through substc@nsumption. The
respiratory state ROX is an expression of the-motochondrial cellular respiration and is
subtracted from the previously determined mitochondsgpecific valueas a side reactian

13) Ascorbate (As, 2mM) and 12.2) and tetramethylphenylenediamine [Tm; 0.5 mM] are applied
immediately one after the other. Due to the inhibition of complex Il by antimycin A, reduced
cytochrome C is missing as a substrate for complex IV. Tm is thereforedaaplan artificial
electron donor, which, however, autooxidizes under oxygen and is therefore not available. To
prevent this from happening, As is applied, which reduces Tm and thus makes it available as
an electron donof109, 110] The respiratory state in the mitochondria thus increases te CIV
ET.

14) In the last step, complex IV is inhibited with azides (Azd, 200 mM), which in turn leads to a
decrease in the respiratory state, the mitochondria, to ROX. Thus, a statement about the

function of complex IV can be made.

Table18: Substrate Uncoupler Inhibitor Titration (SUIT) Protocol 002 O2 pfi DO06 from Oroboros

Concentrat
States of  the _ o
. Coupling control| ion in the
Applied substance electron transfer .
i states measuring
Series path
chamber
1 Adenosindiphosphat [D] ROX OXPHOS (P) 7.5mM
2 Malate [M1] OXPHOS (P) 0.1 mM
3.1 Octanoylcarnitie [Oct] | F OXPHOS (P) 0.5 mM
3.2 Cytochrone C [c] F OXPHOS (P) 10 uM
4 Malate [M2] F(N) OXPHOS (P) 2mM
5 Pyruvae [P] FN OXPHOS (P) 5 mM
6 Glutamat [G] FN OXPHOS (P) 10 mM
7 Succinag [S] FNS OXPHOS (P) 50 mM
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CGoncentrat
States of the _ _ )
_ Coupling control| ion in the
Applied substance electron transfer _
i states measuring
Series path
chamber
8 Glycerolphospha[Gp] | FNSGp OXPHOS (P) 10 mM
Carbonylcyanign-
9 chlorphenylhydrazoa FNSGp ET 0.5uM
(U]
10 Rotenon [Rot] SGp ET 0.5 uM
11 Antimycin A [Ama] ROX 2.5 uM
12.1 Ascorbae [As] Civ ET 2 mM
Tetramethylphenylendig
12.2 _ CIv ET 0.5mM
min [Tm]
13 Azide [Azd] ROX 200 mM

F: fatty acid oxidation (FAO) pathway, FN: F + N@éhdrating substrates, FNS: FN + succinate as substrate, FNSGp: FNS +
substrate which donates electrons via ubiquinone, SGp: FNSGp + rotenone (complex | inhibitor), ROX: Respiration due to
oxidative sideeactions, CIV: As and Tm as substrates for complex IV, ET: respiratory capacity of the electron transfer pathway

,w
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Figurel3: Representation of the course of the Oroboros measurements.

Representation of a representative respiratory measurement of the permeabilized skeletal muscle fibers created by the
DatLab software version 7.4. The red line indicates the calculated oxygen flow rate of the fibers inside the chambeg. The blu
line repreents the oxygen concentration measured in the chamber. The additions of substrate, decoupler and inhibitor are
indicated by arrows according to the time of their application. The respective OXPHOS and electron transfer states are
included in boxes above ¢hgraph. OXPHOS green; electron transfer blue; ROX black. OXPHOS (oxidative phosphorylation), F
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(fatty acid), N (NADigroducing substrates), S (succinate), Gp (glycerol phosphate), ROX (residual oxygen consumption), CIV
(complex 4).

3.2.2.3. Spectrophotometricanalysis of compleX enzyme activity

The enzyme activity for the electron transport chain (ETC) complékwW@$ quantified according to
Spinazzi's protocdll11]. The measurements were carried out at room temperature with a UV/Vis
spectrophotometer (UM600PC, VWR International Europe BVBA, Leuven, Belgium) and in triplicate
technical execution. The apex of the experimental animals was htoide 250 mM sucrose
homogenization buffer (20 mM Tris, 40 mM KCI and 2 mM EGTA in distilled water, pH 74pfl0 m

this buffer contains 250 mM sucrose which was used on the same day) using homogenized on ice using
a 1 mL conical glags-glass cone grinder. For Cll activity, pug skeletal musclérA, EDL, and SOL)
homogenate was added to a 1 mL cuvette containing potassium phosphate buffer (0.5 M, pH 7.5), fatty
acidfree BSA (0.75 mM), KCN (10 mM), succinate (20 mM) and 80 pdiicBl6rophenolindophenol
(DCPIP). The samples were incubated &3for 10 min. Basal activity measurements were performed

at 600 nm for 3 min prior to the addition of 50 uM decylubiquinone. The reaction was stopped by
FRRAY3 &0GFNIHISR RSOefdzoAljdAy2yS o0pn wasbeEordédK A OK
spectrophotometrically for 3 min and CIl activity was analysed by measuring the reduction of DCPIP.
Simultaneously, malonatimsensitive Cll activity was determined by adding 1M malonate, a specific
inhibitor of ClI, to the reaction mixtureCitrate synthase (CS) activity was measured to account for
mitochondrial density in the samples and to normalize Cll enzyme levels. For the CS activity assay, 5
Mg of skeletal musclér'A, EDL, and SOL) homogenate was placed in a 1 mL cuvette containirg 100

Tris, pH 8.0, 0.2% (v/v) Tritor1RO0, 100 uM 5.5¢dithiobis (2nitrobenzoic acid) DTNB and 300 pM
acetylCoA. The baseline was read at 412 nm for 3 min. The reaction was started by the addition of 10
mM oxaloacetic acid and the increase in absorbaaicél2 nm was observed for 3 min. The enzyme

I QGABAGASE 6SNB Ol £t OdzZt SR dixchyd GKISL SEGRAyOHheRY
Cll activity was expressed as a percentage and normalized to CS ddtithity calculations, WT Fed

was set to 100%.
3.2.3. Molecular biological analyses

3.2.3.1. RNA isolation from skeletal muscle tissue and C2C12 cell line

RNA extraction from skeletal muscle (TA, EDL and SOL) and C2C12 cell line was performed using the
TRIzol® reagent. The skeletal muscle tissue was homogenized witti TRIzol in the BeadBlaster 24
Microtube Homogenizer (settings: 4 m/s, 2 cycles, 1 min, 10paesesbetween cycles) and the
supernatant after brief centrifugation (17,000 g, 1 min, 4 °C) was transfesrachew 1.5 rhtube. In

C2C12 cells 1 ml of TRIzol® reagent was added per well and the lysates were collected in amhew 1.5

tube after ppetting few times for the cells to be detached from the plate. Then the samples were
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stored at-20 °C until the RNA isolation was performed. The sample, consisting of cell/tissue and
TRIzol®, was mixed with 20Q ghloroform and mixed by swirling for three minutes. After
centrifugation at 4 °C and 12,000 g for 15 min, the mixture had separated into three phases. The upper
agueous phase exclusively contains the RNA. The upper agueous RNA phase was transferred into a
new RNasdree 1.5 ni tube. RNA precipitation was performed by mixing the sample with 500 ul
isopropanol and incubating it one for 10 min, or at80°C for 2 h or overnigh&fter centrifugation at

4 °C and 12,000 g for 10 min, the RN&S visible as a white pellet on the side or bottom of the tube.

The supernatant wadecanted,and the pellet was washed twice in 80% ethanol. Between the washing
steps, centrifugation was carried out for 5 min at 4° C and 7,500 g. After the end of the double washing
process, the supernatant was decanted, the remaining supernatant was pipettedfteff brief
centrifugation, the pellet was dried abom temperature and the clear pellet was taken up in RNA

free water. Depending on the size of the cell isolate and tissue piece, the resuspension was carried out
in 1520 pLof RNAasdree water and the subsequent storage-80 °C.

The RNA concentration was measured using a Nano Drop 2000 spectrophotometer. To determine the
RNA concentration, the previously isolated RNA was thawed on ice, vortexed for mixing-aoé 1
the sample was pipetted onto the measuring arm of the spectrophotomeldre purity was

estimated at the ration of 260 nm and 280 rjiri 2].

3.2.32. Reverse transcription (cDNA synthesis)
For the quantification of various gene expressions using quantitativairralPCR (QRFCR), the RNA

was first transcribed into complementary DNA (cDNA). The transcription of RNA into cDNA is carried
out by the enzyme reverse transcriptase. For trangionp 2501000 ng of RNA was transcribed into
cDNA. For this purpose, the RNA was diluted to a volume of 10 yL so that each sample contains the
same amount of RNA. The diluted samples were thach mixed with 2 lof random primer and

incubated for 10 mimt 70 °C in the ProFlex P§Rtem(Figureld). Followingthe incubation, samples
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were placed on ice for 3 mafter whichthe prepared master mix (Tabl&landSuperScript® Reverse

Transcriptasevas added

Hold Stage PCR Stage Melt Curve Stage Infinite Stage

@

Figurel4: qRFPCR cycle
Tablel9: Pipetting scheme of the cDNA synthesis master mix

Reagents Volumenpro sample

5 x First Strand Buffer 4 uL

DTT 0.1M 2L

RNase Out Ribonuclease Inhibitor luL

dNTP 1pL

SuperScript® Reverse Transcriptase luL

After the incubatiorperiod, 9uL of the master mixvas added to each sample. The samples were then

mixed, briefly centrifuge@gain,and placed in a ProFlex PCR systEablg20) for cDNA synthesis.

Table20: PCR cycle of cDNA synthesis

Time Temperature
10 min 20 °C
50 min 42 °C

65



Dissertation Priyanka VoolGiri Material and Method

Time Temperature
5 min 95 °C
K 4°C

After cDNA synthesis was complete, the cDNA was stored@tutil further use.

3.2.3.3. Quantitativereal-time PCR (gRPCR} Relative standard curve method.
After cDNA synthesis, gene expression was quantified in real time usiFgCfRTFor this purpose, the

specific fluorescent dye SYBR Green was used, which intercalates in the ampliconsgatantk

DNA) of the target gene and can be measured as an emission. Using a standard series, the relative
change in gene expression can be quantified. To creatsttredard series, a pool is created from all
samples (10 bper sample), the pool has a concentration of 12.5 hgffhe pool is then further diluted

four times 1:2 to a final concentration of 0.78125 nb/|iThe samples were then diluted to a

concentration of 2.5 ng/u

The Fast Start Universal SYBR Green M@Rt@K) and the respective primer pair were used for the
gRFPCR. The PCR reaction and the-tiea analysis took place in the QuantStudi® RealTime PCR
systen (Figureld).

The program QuantStudioDesign & Analysis Software (Version 1.4.3) was used for the evaluation of
the gRTPCR. For quality control, the melting curve of the PCR products was first examined. With a
specific gRPPCR, only one PCR product is present, and possible primer dimetitrroan also be

ruled out. Thenumberof genes in the samples used was determined by also amplifying the standard
series. To determine the relative gene expression, the respective samples were normalized to the
housekeeping gene gieraldehyde3-phosphate dehydrogenaseGapdl). For the subsequent
presentation of the results, all experimental groups were normalized to the control group

The software GraphPad Prism 8.3.0 was used for the statistical analysis of the datavdyoRkOVA

with Tukey's poshoc test was calculated. Differences of g < 0.05 were considered statistically

significant.
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3.2.34. RNASequencing:

For RNASequencingwe first isolated RNA with Trizol method as described above.,Theal RNA
concentrationwas measuredsing Qubit fluorometeand thequality was evaluated using Tapestation
(Agilent). 27 doubléendexed mRN#ASe(q libraries were prepared using lllumina TruSeq stranded mRNA
library preparation kit. Libraries were pooled together and sequenced on 5 lanes of HiSeq4000 llumina
sequencing platrm in PE 75 modéelhe RNASeq data were recorded arahalyseshy Ms. Tatiana
Borodina and Dr. Sasch Sauer at MDC, Berlin Institute for Medical Systems Biology/Berlin Institute of
Health Scientific Genomics Platform Laboratory of Functional Genomics, Nutrigenomics and Systems

Biology.

3.2.35. Protein extraction from skeletal muscle tissue a@2C1Zells.

For the protein extraction, the C2C12 cells were washed once with cold PBS a2d03d0of RIPA
buffer (Table21) was added per well. Adhering C2C12 cells were mechanically detached using the cell
scrapper and the solution wagansferred to a 1.5 areaction vessel. The reaction vessel containing
the solution was vortex and kept on ice for 30 min and then centrifuge for 10min at 17000 g at 4°C.
After centrifugation the supernatants were transferred to a fresh 1l5reactionvessel, which was

then stored at-80°C for further analysis.

Table21: Pipetting scheme for 50 mRIPA buffer

Chemical Final Concentration
TrisHCI 50mM, pH7.4

NaCl 150mM

NR10 1%

EDTA 1mM
NaDeoxycholate 0.25%

Table22: Pipetting scheme for 1 incell lysis buffer.

Chemical Final Concentration
RIPA buffer 849uL

Complete (25x) 1x

NaVQ 100mM
PhosphoStop (10x) 1x

NaF 500 uM

SDS 10%
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3.2.36. Determination of the protein concentration according to Bradford

The protein quantification was determined using the photometric method according to BRADFORD
(1976), which is based on the complex formation of the triphenylmethane dye Coomassie brilliant blue
G-250 contained in the Bradford reagent with amino acid ligaimdthe proteins and an associated

shift in the absorption maximum from 465 to 595 fbi3].

The concentration of the protein extracts was determined in triplicate in-a&b microtiter plate and
the RIPA buffer used for the protein extractiserved as a blank value. 2 ul of the protein extract was
measured undiluted, diluted 1:5 and diluted 1:10 after adding UBIjli-Q water and 300 uBradford's
solution. The protein concentration was quantified using a protein calibration curve thatreated.

For this purpose, a defined amount of M{Qliwater, RIPA buffer, BSA solution and Bradforderag
was pipetted into a 96vell plate(Table22). The plate was incubated at 37 °C protected from light for

30min and the absorption was measured in a Tecan Infinite M200 without a lid and at 595 nm.

3.2.3.7. Westernblot and protein detection

After the SDSAGE, the western blot was carried out. For this purpose, the proteins separated in the
SDSPAGE from the gel matrix were transferred to a nitrocellulose membrane using the Bli@®s
Turbat RTA Transfer Kit according to the manufacturer's instructionsRBa). The proteins were
transferred by an electric field applied perpendicularly to the polyacrylamide gel, in the direction of
the anode. The proteins were transferred to the hydropholiembrane and immobilized. The

proteins can then bspecifically detected using specific antibodie$4].

The proteins were electrophoreticatsansferred from the gel to the nitrocellulose membrane using a
semidry blotter (TransBlot® SD) at 15 volts for 15 min (PowerPac 200 HC). For optimal transfer, the
membrane, gel and filter paper were briefly equilibrated in transfer buffer cooled tdéf@e use

and the air bubbles that formed during the constructioithe blot sandwictwere smeared out with

a roller.

After electrophoretic transfer, the membrane was briefly washed (1 min) in distilled water to remove
excess buffer. To block unspecific, free binding sites, the membrane was incubated in 3% BSA (in 1x
TBST (Table23) for 1 h at room temperature and 20 rpm on a rocking shaker. After this blocking step,
the membrane was briefly rinsed in TBB&nd incubated overnight at€C and 20 rpm on a rocking
shaker with the respective primary antibody in 1% BSA (in 1 Y.B®e next day, the membrane was
washed 3x 5 min in 1x THBSand shaken in HRBupled secondary antibody (1:10000 in 1x-Tp&r

1 h at RT. This was followed by another three washes for 5 min at 20 rpm on the rocking shaker in 1x

TBST. All antibodies used are presented in detail and with their respective dilutions in section 3.1.6.
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The ChemiDaoc was used for chemiluminescence detection of the proteins and the Glavifgstern

ECL substrate from BRad was used as the substrate for the HRP according to the manufacturer's
specifications. In this reaction, the luminol is oxidized in the presence of hydrogen peroxide by the HRP
coupled to the secondary antibody, resulting detectable light emission (luminescence). The
recordings were made with an automatic expostinee, and the signal was accumulated every second
until the band intengies were saturated. The evaluation was carried out sguaintitatively with the

help of the program ImageLal{ver. 6.0.1). The detected protein was normalized to the housekeeping
protein GAPDH.

Table23: Composition of the required buffers for the western blot.

Chemicals Final Concentration
10x TBS (pH 7,4)

Tris 248 mM

NacCl 1.37 M

KCI 26.8 mM

A. dest
Ix TBST

10X TBS 10%

Tween 20 0.1%

A. dest

3.2.38. Proteome analysis using LS| MS/MS

For sample preparation, 5 pg protein per sample was used (number of animals per group used were:
WT Fed n=6, WT Starved n=4, cKO Fed n=6, cKO Starved n=7). For nucleic acid fragmentation, 0.625 U
of benzonase was used before reduction (2.5 mM DTT ultrgpavérogen, for 15 min at 37 °C) and
alkylation (10 mM iodoacetamide, Sigmddrich Chemie GmbH, Germany, for 30 min at 37 °C)
admitted. Proteolysis was performed with LysC (1:100 for 3 h &C37ollowed by overnight tryptic
digestion at 37°C (bothdm Promega, Madison, WI, USA). The peptides were purified using a bead
based protocol (Blankenburg et al., 2019). The desalted peptidesanaigsedy LCESI tandem mass
spectrometry on an Exploris 480 mass spectrometer (Thermo Scientific, Bremen, Germanyy) in data
independent analysis mode (Supplementary Table S3A). Peptide and protein identification was
performed using a diredDIA algorithm with a Uniprot database limited to mouse entries (02/2021)
implemented in Spectronaut (v. 14.10.201222.47784, Bisgs, Schlieren, Switzerland). We extracted

the quantitative data with Spectronautbased on the MS2 peak areas. Missing values were sathly
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using an indicated retention time (iRT) profiling strategy (minimwwval@e row selection = 0.001).

Only unidentified progenitors weranalysedvith a Q value > 0.001.

lon values were parsed when at least 25% of the samples contained high quality readings. The peptides
were assigned to the proteigroups,and the protein inference was solved by the automated workflow
implemented in Spectronaut. Only proteins with at least two quantified peptides were considered

for further analysis. Protein intensities were calculated as MaxLFQ values. Data were median
normalized at the ion level before statistical analysis at the peptide level after exclfspaptides

with oxidized nethionine was performed using the ROPECA algorithm (Suomi & Elo, 2017). Binary
differences were identified by applying a test statistic optimized for reproducibility (using the ROTS
package). The multipkestswere corrected according to Benjamihiochberg. The variance within the
dataset was visualized by principal component analysis and the differences in protein pattern by
Volcano plots. Dr. Elke Hammeinterfaculty Institute for Genetics and Functional Genomics,

University Medicine Greifswaldupervsed the entire process

3.2.39. Principlecomponent analysigPCA)
PCA can help with an initial assessment of the data and illustrate the variation within groups and

differences between groups. In PCA, a data point is generated for each animal based on the underlying
DAP. The different colors indicate the respective gnm@mnbership. Animals with the same treatment

and the same genotype should be in close proximity to each other and show little overall variation in
the proteome. The further apart the points are, the more the individual animals differ from each other

in their protein composition.

3.2.3.10. Functional classification using Ingenuity® Pathway Analysis (IPA)
Ingenuity®Pathwagnalysis (IPA®, QIAGEN Redwood City, www.giagen.com/ingenuity) was used for
functional classification and analysis of the proteomic data. An adjusteduyg (gvalue) of <0.05 was
selected for the followingfunctional enrichmentanalysis. The IPA upstream regulator analysis
identified upstream transcriptional regulators based on the obsemedein alterationsin the data

set. The results of the calculation were presented-asare, with a score > 2 representing significant

activation and a-score <2 representing significant inhibition of a protetategoryor pathway[115].

3.2.3.11. Histological analyses

For histological analysis and processing, the skeletal muscle (TA, EDL, amds&@ibedded in gum
tragacanth (Sigmdldrich, St. Louis, MO, US#)d shock frozen in liquid nitrogen. Thensgé thick
sectionswere cut with the Epredi® CryoStam NX50 708 cmtome (Thermo Fisher Scientific,

Waltham, MA, USA)placed onadhesion slides (SuperFrost®, R. Langenbrinck, Emmendingen,
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Germany)andstored at¢ 80 °Chy Kirsten Barthel§ hese sections were staingdth hematoxylin and
eosin (H&E), and periodic acid Schiff as described below [P1e)18].

3.2.3.12. Periodicacid-schiff reaction

Periodic shift assay was performed by Kirsten Barthels in AG Felithe periodic acid Schiff reaction,
sections were fixed in xylene (Carl Roth GmbH, Karlsruhe, Germany) for 15 min and then washed with
a descending ethanol series (100%, 96%, 80%, 70%, 50%, 30%, diluted with distilled water)
hydrogenated. To stain folygcogen content, cross sections of the skeletal muscle were stained with
1% periodic acid (Carl Roth GmbH, Karlsruhe, Germany) for 10 min. They were then washed with water
and stained with Schiff's reagent (Carl Roth GmbH, Karlsruhe, Germany) for 15entcellTnuclei

were stained with hemalum (Carl Roth GmbH, Karlsruhe, Germany) for 5 min. After rinsing with
distilled water, the sections were dehydrated with 95% and 100% ethanol (Carl Roth GmbH, Karlsruhe,
Germany) and then with xylene (twice for 5 miRjnally, the sections were fixed with VectaMount®
permanentmountingmedium (Vector Laboratories, Inc., Burlingame, USA) and sealed with cover slips

by Kirsten Barthels
3.2.3.13. Microscope and quantification.

Staining images were captured using a Keyence BioRe@®@Z(Keyence Deutschland GmbH,

Germany). Glycogen content was quantified using ImageJ 1.52 software (http://rsb.info.nih.gov/ij).

3.2.4. Statistics.

In comparisons between two groups, the histological staining of mouse samplesalgsedising an
unpaired ttest. When two groups were compared, the mRNA and WB data aeatysedusing
multiple ttests with FDR (Benjamini, Krieger and Yekutieli's-dtage stepup method). When
comparing four groups, data weemalysedising oneway analysis of variance (omeay ANOVA) with
Tukey's poshoc test. Irmyographyanalysis of muscle foraaeasurementmultivariable linear mixed
regression models/ere usedfor each outcome. Genotype (WT vs. cKO) aiedtment (Fed vs Starv)
wasincluded as fixed factors as well as an interaction term between the two treatment variables.
Furthermore, we also included frequency as a fixed factor as well as interactions with genotype and
treatment respectively. AnimatliD was included as random factor to account for the repeated
measurement design and thus clustered data structure. | used a bacleliarthation procedure to
simplify the models by deleting unnecessary interactierms. In case of significant interactions, all
posthoc comparisons were based on the final interactive model, otherwise on the final main effects
model for each outcome. Progression over increasing frequency was subsequently analysed using
Dunnettlike pairwise comparisons against 2z within each of the four experimental groups

(Genotype, WT vs. cKO and treatment, Fed vs Starv). Pairwise comparisons between the four
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experimental groups were stratified by each frequency. Normality of residuals as well as

homoscedasticity were ensured by visually checking QQ plots and resdfitted plots. The

AAAYATFTAOLI YOS tS@St gl a aSia G 2ised mehn SEM fapaipst 12126 R G |

WT.FED") unless otherwise stated. All statistical analyses were carried out in R version 4.2.2. using
packagesimerTest, -car, -emmeans and -ggplot2. Data were presented as box and whisker plots
showing all data points, Wi boxes indicating median and interquartile range (IQR) and whiskers
indicating minimum and maximum values. Graphs and statistics were generated using the GraphPad
Prism® 8.3.0 program (GraphPad Software, California, USA; version 8.3.@yaylviRearson’s
correlation analysis between the variables of log2 WTrnv@tad and cKO_Starv/Fed or Starv_cKO/WT

or Fed_cKO/WT were performed. The correlation coefficients were interpreted according to Zou et al.,
2003 (Table24). Correlation, classification of Pearson's correlation coefficient. Differences of p<0.05

were considered statistically significant

Note: The sign of the correlation coefficient (i.e. positive or negative) indicates the direction of the

relationship. The absolute value indicates the strength of the correlation.

Table24: Interpretation of the correlation coefficient according to [Zou et al., 2003].

Correlation Coefficient Direction and strength of the
-1.0 Totally negative
-0.8 Strongly negative
-0.5 Moderately negative
-0.2 Weakly negative
0 No association
+0.2 Weakly positive
+05 Moderately posdive
+0.8 Strongly positive
+10 Totally positive
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4. Results

4.1 In-vitro experiments:

4.1.1. Role of TFEB in starvation.

4.1.1.1. Starvation induces TFEB nuclear translocation.
In the presence of nutrienatich conditions, TFEB is phosphorylated by mTOR in the lysosome and

sequestered in the cytoplasm by interacting with YWHABB4proteinsand preventing its nuclear
translocation During starvation or physical exercidds regulatory mechanism is altered. These
conditions trigger the release of calcium from lysosomes through the MCOLN1 channel. This localized
calcium release activatesalcineurin (CaN, a calciunrdependent phosphatase, which in turn
dephosphorylates TFEBephosphorylated TFEBreleased from its cytoplasmic sequestration by 14

3-3 proteins, allowing it to translocate to the nucleus. Within the nucleus, TFEB binds to specific DNA
sequences called CLEAR (Coordinated Lysosomal Expression and Regulation) elements in the promoter
regions of its target genes. This binding event initiates the transcription of genes involved in lysosomal
biogenesis and autophagiiego et al., 2005Consequatly, the increased expression of these genes
enhances lysosomal function and autophagy, enabling the cell to adapt to metabolic stress by

promoting nutrient recycling and energy homeostasis.

To understand this, ICC was performed using C2C12 cells to locate TFEB within theaeli§erent
conditions were examinedlhe cells were starved in DMEM medium without amino acids and 10%
dialyzed FBS and were compared to untreated and fed control cells after 24 h (Fed), where normal
DMEM media with 10% FBS was ugeells were inspected 30, 60, and 90 mfter seeding the cells

for 24h 1 observed TFEB translocatiomo the nucleus already after 30min starvation (~94%), but also
after 60min (~81%&And 90min (~75%g9ompared to fed cell@igurel5A and B)In addition,Tfebgene
expression was assessed by €RJR, revealing an increase after 30 min of starvation, followed by a
gradual decrease after the initial peak at later time points. Based on this analysis, it can be concluded

that TFEB undergoes nuclear translocationmugtarvation(Figurel5C).
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Figurel5: Modulation of TFEB subcellular localization under starvation.

Timelapse analysis of C2C12 cells expressinguifeb starvatior30, 60 and 90 min. (A) Each panel shows left DAPI staining
nucleus, middle TFEB antibody used to stain TFEB and right the merged picture of both. In addition, TFEB levels in conditions
like top untreatedcells after 24K{Fed), starved for amino acids for 30, 60, and 90 min were analysed by confocal microscopy.
(B) Quantificatiorof ICC image by mean +SEM. n = >94 per condition, 3 optical images, ****p<0.0004aysnova with

Tukey post hoc test. (C) (iRCR analysis of C2C12 cells exging3 febgene in fed and starved conditioData are presented

as mean bar plots with standard error and individual data pdimisan +SD)n=3, mRNA data: * g < 0.05 ** q < 0.01 ** q <

0.001 **** q < 0.0001.

4.1.1.2. TFEBranslocatesto the cytosol upon nutrient replenishment
To answemwhether TFEB translocatdack to the cytosol upon refeeding of cells with nutrierigo

different cell linesHela Figure16A and B)and C2C12Hjgurel6C and D)were transfected with
pcDNA3.1 NFLAG mmTcfefor 24 h. Besids the two conditions described above, representing fed
and starved cells, a3efeed conditiorwas examinedvhere the cells were restimulated with amino

acids for 30 min.
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Figurel6. Feeding reversed the effect of starvation andggered TFEBe-translocation tothe cytosol.

(A) Representative fluorescence images of TFEB protein expression in HelLa cells in different conditions: untreated (Fed),
starved for amino acids for 60 min (starvation), or starved and refeeding with amino acids (Refeeding) for 30 min. Each panel
shows DRI staining nucleus (blue, left), Fiagg antibody was used to locate TFEB (red, middle), and merged image of DAPI

and Flagrag TFEB (right). Images were analysed by confocal microscopy. (B) Image analysis of TFEB in HeLa cells. Three optical
fields (n =>170 per condition) weranalysed Data are presented as mean bar plots with standard error and individual data

points (mean £SD). ****p<0.0001, twavay ANOVA with Tukey post hoc test. (C) Tfeb expression in C2C12 cells in conditions
same as mentioned in HelLa cells. (D) QuantificatiofC@&f image by mean +SD. n = >70 per condition 3 optical images,
***xn<0.0001, two-way ANOVA with Tukey post hoc test.

The data confirm that upon starvatior65% and ~92% GFEB translocatedto the nucleus in HelLa
cells(Figure 16A and)Band C2C12 cellgifure 16C and)DrespectivelyAfter refeeding the cells with

amino acids, TFEB translocated back to the cytosol and nuclear levels came back to the basal level.
From these resultst can beconcluded that feeding up or culture of cells in nutrient rich environment

reversed the effect of starvation and TFEB translocate to the cytosol.
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4.1.2. TFEB role in mitochondria biogenesis and autophagjated genesin C2C12 cells during

starvation.

4.1.2.1. TFEB increasPparagcla gene expressiomuring starvation and does ndully reverseto
basallevel when restimulated with nutrients in C2C12 cells.
The next step was to examine the TFEB role in mitochondrial biogenesis during fed, starvation, and

refeeding conditios. qRFPCR waperformed for all the conditions to determingebgene expression
and an increase imfebgene expression upon starvation of cells for 30 min and a gradually decrease
at later time pointswas observed as described abowhen cells were refeeded for 3@in with

nutrients Tfebexpressiorreturnedto the basal levelRigurel7A).
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Figurel7: Examination ofTfebgene expression and its effect on mitochondrial biogenesis upon starvation and refeeding
in C2C12 cells.

(A) mRNA level dffeband (B)Pparagcia in C2C12 cells in different condition like Fed, starved for amino acids for 30, 60,
and 90 min, and restimulation with amino acids for 30 nlata are presented as mean bar plots with standard error and
individual data points (mean +S)=3, mMRNA data: * g < 0.05 ** q < 0.01 *** q < 0.001 **** q < 0.0001.

The expression of th€paragclia gene, a master regulator of mitochondrial biogenesis, was also
examined After starving the cells for 60 min tliparagcia gene expressioimcreasedand the level
became more tharntwo-fold compared to basal level after 90 min starvation. It decreased after

restimulation of cells witmutrients butdid not reachthe samebasal levehgain (Figurel7B).

4.1.2.2. Autophagy genes during starvation and refeeding condition in C2C12 cells.
The role of TFEB in autophagy during starvation and refeeding was also invesfigatestess this,

gRFPCR was performed on related genes using C2C12 cells in fed, starved (30, 60, and 90 min), or

refeeding (30 min) conditionsdaplic3bwas increased in starved cells when compared with fed cells.
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It gradually increased with longer time of starvation and during refeeding, the expressioslighty

decreasedut did not reachthe basal levelKigurel8A).
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Figurel8: Examination of autophagy genes during starvation and refeeding condition in C2C12 cells.
mRNA level of (AYlapllc3b(B) Sgstml, and (ClLamplin C2C12 cells at different conditions like fed, starved for amino

acids for 30, 60, and 90 min, and restimulated with amino acids for 30 Data are presented as mean bar plots with
standard error and individual data points (mean 338, mRNA data: * g < 0.05 ** g < 0.01 *** g < 0.001 **** q < 0.0001.

Sgstml and Lampl were also investigated, and no significant changes in expression were observed
for both gene(Figure18B and C). Therefore, autophagy related genes are increased when Tfeb is

activated in during starvation and shows a trend of decreasing under refeeding.

4.1.3. TFEB overexpression results in more glycolytic and higher energy level in skeletal muscle cells.
Activation of TFEB during starvation led to changes in genes related to mitochondria biogenesis and
autophagy. Therefore, the question arosfether overexpression and deletion of Tfalso leads to
changes in mitochondrial respiration. To answer gjuestion,|l used the Seahorse XF Cell Mito Stress
Test kit in which mitochondrial respiration can be quantified by determining oxygen consumption rate
(OCR) and extracellular acidification rate (ECHR.Mito Stress Test allows us to assess changes in
both basal and maximal respiration, providing valuable insights into mitochondrial dysfunction. By
guantifying these changek¢can draw conclusions about the extent of mitochondrial impaimim&or

the assay, we overexpressddeb by usingpMP7XIRESSFPFLAGTfeb (TfebWT) andTfebgain in
function (S211A, S138A/142A, and L147A/1148AY loss in functionS211D, S138D/142D, and
L147F/1149Fnutants. The assay was also performed with silencing TFEBirgy sSiRNA. This would
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help us understand more deeply, that how Tfeb plays a role in mitochondrial respiration in presences

or absences of its function.

4.1.3.1. TFEBwverexpression and specific mutations enhance mitochondrial respiratory capacity in
C2C12 cells without compromising efficiency
The effects on mitochondrial respiration were assessed 48 h after transducing C2C12 célfelwith

WT and variougfeb mutants. These mutants included gafifunction (GOF) and losd-function

(LOF) variants. The GOF mutants (S211A, S138A/142A, and L147A/1149A) were designed to prevent
phosphorylation at key regulatory sites, thereby enhancing TFEB activity. Convisse®F mutants
(S211D, S138D/142D, and L147F/1149F) were created to mimic constitutive phosphorylation or disrupt
protein structure, lading to reduced TFEB activity. GOF mutations typically alter protein function to
enhance or create new activities, while LOF mutations disrupt protein structure or function, resulting

in reduced or eliminated activity. The effects of these TFEB variantstochondrial respiration were
evaluated using the Seahorse XF Cell Mito Stress Test kit, with results presdfitpdai9.

The analysis revealed no significant change in basal respirafidaiWT cell{Figure19D). However,

cells transduced with TFEB mutants S138A/142A and S138D/142D for 48 h showed a significant
increase in basal respiratidfigurel9). Respiration coupled to ATP production remained unchanged

in TfebWT cells but an increase was observed in cells with the S138A/142A and S138D/142D
mutations(Figurel9E). Proton Lealshowedno significant change, indicating that TFEB overexpression

did not alter proton leakage from the intermembrane space compared to the coffigure19F)

Maximum respiration increased from approximately 80 pmol*sh#fr1 in control cells to about 130
pmol*min-1*FI1 in TFEBverexpressing cells. This increase was also observed in cells with TFEB
mutants (Figurel9G). The spare respiratory capacity, calculated as the difference between maximum
and basal respiration, was elevated in both TE&expressing cells and those with the specified
mutations(SupplementaryS1).

There was a trend towards increased Amitochondrial respiration, which involves NADPH oxidases,
various desaturases, and detoxification enzymes, in -BvEExpressing cells compared to controls
(SupplementaryS2. Significant increases were noted in nonitochondrial respiration for mutants
S211D, S138A/142A, and L147F/18BglementaryS3.

Coupling efficiency, which reflects the effectiveness of ATP production relative to oxygen consumption,
showed no significant differences between TfeBrexpressing, mutant cells, and control cells.

These results indicate that while TFEB overexpression and certain TFEB mutations enhance basal and
maximum respiration, as well as spare respiratory capacity, they do not significantly alter proton leak

or coupling efficiency.
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Figurel9: Tfeboverexpression and febmutants increase maximal respiration.

Classification of the metabolic activity of C2C12 cells in the Mito StressCP€xt2 cells were transduced with Feb
mutants over 48 h (AB, ¢ mitochondrial profileRepresents the group®) basal respiration Hj respirationcoupled ATP
production, §) proton leak, and® maximal respiration were examined. The boxes represent median + SD; *q<0.05;
**0<0.01.

TFEB overexpression and specific TFEB mutations (particularly S138A/142A and S138D/142D)
significantly enhanaémitochondrial respiratory function in several key aspects:

1 Increased basal respiration and ATP productionpled respiration, indicating improved
overall mitochondrial activity and energy production.

1 Enhanced maximum respiration and spare respiratory capacity, suggesting greater
mitochondrial flexibility and ability to respond to increased energy demands.

1 Unchanged proton leak and coupling efficiency, implying that the improvements in respiratory
function are not due to uncoupling but rather to increased mitochondrial capacity or
efficiency.

i Elevated nommitochondrial respiration in some TFEB mutants, pointing to potential effects on
other cellular oxidative processes.

These findings highlight TFEB's role as a key regulator of mitochondrial function, capable of boosting

respiratory capacity without compromising efficiency.
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respond to starvation and refeeding situations.
In this study, the effects of the TFEB gaifunction mutant (L147A/I149A) and les§function

mutant (L147F/I149F) on mitochondrial respiration in C2C12 cells were investigated. These effects
were examined under three conditions: untreated (fed), amaca starvation for 60 min (starvation),

and refeeding with amino acids for 30 min (refedd)Figure20A, B and Cwhich represents the fed
condition, overexpression ofvild-type Tfeband L147A/I149A feb mutant lead to increasel basal
respiration, ATRoupled respiration and especially in maximal respiration when conipabeth the

control and L147F/I1149Ffeb mutant. In contrast, under starvation conditiofFigure 20), cells
exhibited a reduction ibasal respiration, ATlihked respiration and especially in maximal respiration.
Maximal respiratory capacity was estimated by an F&i{dfulated respiration and observed decrease

is a strong indicator of potential mitochondrial dysfunctidihe refeed condition did not affect the
basalrespirationas observed ifrigure20,but produced a reduction in the maximum respiration in
C2C12 cells. Starvation and refeeding decreased mitochondrial respiration of cells, which is a strong
indicator of potential mitochondrial dysfunctioRigure20D, E, F, and (hlence, these outcomes were
corroborated by utilizing Hoechst dye to stain the cell nuclei, providing us with an assessment of cell
viability subsequent to the Seahorse assay presenteignre20H, which shows a trend where a
decrease in cell viabilitwas observedafter 48 h of transduced cells when compared to the control
cells. Conversely, there is a substantial drop in cell viability withiif teleWT group when compared

to the control group, implying that cell survival is negatively impacted by starvation.

With this, itwas observed that mitochondrial respiration of C2C12 adtsreasedinder starvation

and refeeding conditions when transduced witftebWT andTfebmutants.
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Figure 20: Tfeb overexpression andTfeb mutants increase maximal respiration response to fed, starved, and re
condition.

Classification of the metabolic activity of C2C12 cells in the Mito Stres<CP&l2 cells were transduced witfebmutants

over 48 h and then starved without amino acid for 60min (starvation) and then refeeded with amino acid for 30min (refeed).
Representation of mitochondrial profile (A) fed (B) starvation and (C) re{@dbasal respiration, (E) respiratiaroupled

ATP production, (F) protdaak, G) maximal respiratioand (H) hoechst dye stainiimgthe groups were examined. The boxes
represent median + SD; *q<0.05; **q<0;0%*q<0.001; ****q<0.0001.

4.1.3.3.Modulation of TFEB levels C2C12ells alters mitochondrial respiration and cellular
response to nutrient stress: contrasting effects of overexpression and silencing
It is hypothesized that silencing TFEB using siRNA will further decrease mitochondrial respiration in

C2C12 cells under starvation conditions and return to basal levels when refeeded with nutrients,
compared to cells transduced witffebWT andTfebmutants. This decrease is expected to be more
pronounced insiTfebtransfected cells, indicating that TFEB plays a crucial role in regulating
mitochondrial function during nutrient availability changd&herefore, for SIRNA control we used a
scrambled controlsa scrambled siRNA with the same nucleotide composition but a different sequence
(siCrtl) and siRNAfebfor silencingTfeb(siTfel) in C2C12 cells, which was transfected for 72 h. After
72 h the following condition&ere comparedor both groupsuntreated (fed), starved without amino

acid for 60min (starvation), and then refeedeslith amino acid for 3@nin (refeed) Figure21Aand B
representthe mitochondrial profile of C2C12 in different conditions mentioned above wifebis
silenced ATP turnover typically exerts significant control over basal respiration, rapidly adjusting to

meet cellular energy demands. Under normal conditions, increased ATP demand accelerates
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mitochondrial respiration, while decreased demand slows it down, maintaining energy homeostasis.
During nutrient deprivation, such as starvation, reduced substrate availability can lead to decreased
ATP turnover and, consequently, lower basal respiration-igure 21, the basal respirationwas
reduced in siCtrl starvation condition when compared with the fed condition wheresi3 fiebgroup

the basal respiration remain the same in fed and starvation condition. Whereas in siCtrl group upon
refeeding the basal respiratioreturned to the basalevel, but the same was not observed siTfeb
group.Similar resultsvere observedin ATP production coupled respiratioRigure21). Whereas the
maximal respiration is decrease in both starvation and refeeding groups of both siCtilTéalcells
(Figure 21 E) which could indicate thatall mitochondrial functions of the cells were severely
compromisedeading topotential mitochondrial dysfunctionTheseresults were accompanied with
Hoechst dye stainingsshown inFigure21F, whichdemonstrateda decrease in cell viability giTfeb

group during starvation and refeeding condition compategiCtrl group.

With this, itwas concluded that maximal respiratiaves increased by overexpressed TFEB, while the
deletion of TFEB sh®d a trend of decreasingnaximal respiration in mitochondria in skeletal
myoblast C2C12 cellStarvation condition can lead to mitochondrial dysfunction in the presen
absences

of Tfeh With this in vivo modelswvith deleted TFEB skeletal muscle and its role in mitochondrial

biogenesis and bioenergetics statuas investigated
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Figure21: TFEB silencing by siRNA decreases maximal respiration response to fed, starved and refeed col

Classification of the metabolic activity of C2C12 cells in the Mito StressCR&312 cells were transfected with controt (si
Ctrl)andsiTfebfor 72 h and then starved without amino acid for 60min (starvation) and then refeeded with amino acid foe
30min (refeed). Representation of mitochondrial profile dAd B and epresents the groupsd basal respiration,)
respirationcoupled ATP productionE) proton leak, F) maximal respiratiomnd (H) hoechst dye stainingere examined.

The boxes represent median + SD; *q<0.05; **g<0*®1g<0.001; ****q<0.0001.
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4.2. Invivo experiments.
4.2.1.Deletion of TFEB inhibits skeletal muscle strength and contractile function in mice

4.2.1.1. TFERIeletion affects the expression of the MIiT/TFE family members after 48 h of
starvation.
To understand the role of TFEB in skeletal muscle during starvation conditions, mice with a skeletal

musclespecific deletion of Tfeb were generatdd@ifebloxP/loxP; MGKRE; cKO) and wilgpe
littermates (Tfeb loxP/loxP; WT) were used as controls. First, the efficiency of the Tfeb cKO in different
type of skeletal muscle TA, EDL, and SOL was confirmed #BQiR&ndvestern blot Figure22A, B

and C) at fed condition.
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Figure22: Expression offebin WT andTfebknock out mice.

Expression of Tfelm mRNA and protein level in skeletal muscle (A) TA, (B) EDL, and (@jT9%@d. (n=9), and ckked
(n=10) mice.Data are presented as mean bar plots with standard error and individual data points (meamE»Dy.data:
*(<0.05* q<0.01**q<0.001 **** q < 0.0001.

The expression dffebin skeletal muscle was investigated after 48 h of starvatiaexpected, in TA,

EDL, and SOL skeletal muscle the TFEB level was lower in cKO starvation mice when compared with WT
starvation mice at both mRNA and protein. However, slightly higifeb mRNAexpression was
observed in all skeletal muscle types in ei{@ved mice in comparison with the cK€d group Figure

23A, C and E ThismRNAexpression could be from other cells present in the skeletal muscle apart
from myocytesProtein analysis in TA muscle showed a similar trend: starvation increased TFEB protein
content in WT mice, while it was almost absent in cKO mice in both condikmws€23B). In EDL and

SOL muscle were significantly reduced in cKO mice under fed and starved conditions compared to WT

mice, with only a slight difference in WT mi€ggure23D and F).
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Figure23: Transcript and protein level of TFEB in skeletal muscle.

Representing the skeletal muscle TA (A/B), EDL (C/D), and SOL (E/F) and expréfsian wanscript level with gqRPCR

and TFEB protein level with Western blot. Densitometric analysis of protein abundance visualidedteia blot. WT-Fed

(n=9), WTStarved (n=8), ckBed (n=10), and ck8&tarved (n=11) mic& he boxes represent median + SD. Bars represent
mean + SD. mRNA data: * q < 0.05 ** q < 0.01 *** g < 0.001 **** q < 0.0001. Protein data: *p<0.05, **p<0.01, ***p<0.001,
***p<0.0001).
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Figure24: Analysis of MiT/TFE family members in WT affébknock out mice after 48 h of starvation.

To analyse the effect of Tfeb clé® other MiT/TFE family members, gene expression was examined By@QRTor (A) Tfeb,
(B) Tfe3 and (C) Mitf in TA skeletal musé¥d-Fed (n=9), W-Btarved (n=8), ckBed (n=10), and ck&tarved (n=11) mice.
The boxes represent median + SD. Bars represent mean + SD. * g < 0.05 **; *** g < 0.001.

As previously described, Tfeb is a member of the MIiT/TFE family of transcription factors, which
collectively regulatseveral othe same target gene3.ocheck whether the lack of TFEB in the skeletal
muscle is accompanied by a compensatory increase in Tfe3 allitfoexpression, the expression of
both was examined by qRACR. In contrast to the expectations, the data show no change in the
expression offfe3as well adMitf in cKO compared to WT in TA skeletal muscle.

The effect of starvation on MIT/TFE family members \wwagstigated. In WT mice starvation
increasedhe expression ofrfe3andMitf in addition toTfeh whereasthis effect was not observed in

cKO starved micd-{gure24A, B and C). Therefore, deletion of TFEB seems not affect the expression in
Tfe3and Mitf expression in skeletal muscle and the absent TFEB led to reduced induclite3and

Mitf upon starvation.

4.2.1.2. TFEB deletion exacerbates starvatiimduced body weight loss without affecting major
organ weightafter 48 h of starvation.
To study the impact of TFEB depletion on the body weight in starvedni&&) body weights were

recorded after 24h and 48 h of starvation and the data was normalized by tibia length. In both WT and
cKO groups the body weight was decreased upon starvation when compared to fed mice. However,
the effect was even stronger in ckice than in Wstarved mice with 3.31% and 9.32% difference in

body weight at 24 and 48 h respectiveljiqure25A and B).
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Figure25: Effect ofTfebknockout on body weight during starvation.

Change in body weight at 24h (A) and 48 l{BYT-Fed (n=9), W-Btarved (n=8), ckBed (n=10), and ckS&tarved (n=11)

mice were normalized to tibia length and compared (boxes represent median + SD; *p<0.05; **p
<0.01;***p<0.001;****p<0.0001)and the percentagare plotted.

To investigate the effect of TFEB levels on organ weights during starvation, the heart, lung, and liver
weights of WT and cKO mice were measured after 48 h of starv&@@mnparing organ weights of WT

and cKO mice at the same feeding condition, no differences at all were obs@rigute A, B and

Q).
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Figure26: Effect of Tfebexpression on organs of the mice after 48 h of starvation.

Examination of heart, lung and liver weights in WT and cKO mice after 48 h of starvation. (ACBHaaditlung, and liver
weights of WiFed (n=9), W-Btarved (n=8), ck®ed (n=10), and ckS&tarved (n=11) mice were normalized to tibia length
and compared (boxes represent median + SD; *p<0.05; **p <@€d<0.001; ****p<0.0001).
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However, in both WT and cKO mice starvation resulted in a decrease in organ weight with strongest
effects being observed for liver. Hence, starvation but not TFEB absence in skeletal muscle affects

organsweightslike heart, lung, and liver.

4.2.1.3. Effect of TFEB deletion on skeletal muscle after 48 h of starvation.
All four types of skeletal muscteTA SOIL.EDL G/P- were weighted after 48 h starvation and normal

feeding, and data were analysed after normalization by tibia length. Instivation led to weight

loss in all muscle typem Tfeb cKO mice, muscle weights under fed conditions were lower than those

in WT micedxcept forTA), and under starvation, their weights were comparable to those of WT mice.
Specifically, in cKO mice, starvation induced a trend toward weight loss in the SOL muscle and a
significant reduction in the EDL muscle, while no sigmifichanges were observed in the TA or G/P

muscles.

With this, itwas concludedhat TFEB deletion has no effest TA SOL and G/gkeletal muscleveight
(Figure27A, B and D» In contrastreduced muscle weighibservedin the EDL muscleasassociated

with TFEB deletiorF{gure27C).
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Figure27: Effect ofTfebexpression on skeletal muscles during fed and starved condition.

Examination of skeletal muscle weight in fed and starved (48 h) WT ane&R@@Ilmice. (A) TA, (B) SOL, (C) G/P, (D) EDL.
Shown are the skeletal muscle weights of Y&d (n=9), W-Btarved (n=8), ckBed (n=10), and ckS&tarved (n=11) mice.
Data were normaiied to tibia length and compared (boxes represent median + SD; *p<0.05; **p <0.01).

4.2.2.1lmpact of TFEBeletion on metabolic pathways in skeletal muscle following 48 h of
starvation.

4.2.2.1. The TFEB deletion in skeletal muscle shows decrease in metabolic paslaftay 48 h of
starvation.
Analysis of muscle weight&igure27) revealedthat TAmusclemass in Tfeb cKO mice was not

significantly different from that of WT mice, regardless of the feeding condition. Interestingly,
starvation led to muscle wasting in WT mice, but this effect was not observed in Tfeb cKO mice. While
no significant differencén TA muscle mass was observed between WT and cKO mice under fed
conditions, the lack of further muscle loss during starvation in cKO mice suggests a potential role for
TFEB deletion in mitigating starvatioduced muscle wasting. However, this observatiequires
further investigation to confirm whether TFEB deletion directly contributes to a protective effect in
skeletal muscle under starvation conditiod® investigate the pathophysiological effects of TFEB and
its absence in muscle during starvatianmass spectrometric analysis was conducted on proteins
isolated from the TA skeletal muscle of WT and cKO mice under fed amdtd8vation conditions

Four comparisons resulted from the four groups: ‘Bf@rvation vs. WFed (W7¥Starv/Fed), cKO
Starvation vs. ck®ed (cK&btarv/Fed), cK®ed vs. WFed (FeecKO/WT), and ckGtarvation vs.
WT-Starvation (StareKO/WT).

To understandthe cKO effectjhamedthe TFEB effect, the comparison group S&EO/WTwas
comparedwith FedcKO/WT Thegroups cKQStarv/Fedand WT-Starv/Fedvere compared to disclose

the starvationeffect, namedtreatment effect.

In the mass spectrometric analysis, 21898 peptides assigned to 2184 protein groups were identified
and quantified. For the analysis of differentially regulated proteins (DRP), 1855 proteins were selected,
which were quantified with at least two peptideBigure28A). Aprincipalcomponent analysis (PCA)

was carried out on these proteins. The PCA showed distinct clusters for cKO and WT mice as well as
fed and starvatiorireated mice.A high variance was observed among the samples in the cKO
starvation, cK@ed, and W¥ed groups, whereas the WStarvation samples exhibited greater

consistencyFigure28B).

Figure28C displays the number of differenti@gulatedproteins (p<0.0%r q (adjusted pvalue)<0.09
found per comparison group at different thresholds (no FC threshold; FC1.3, FC1.5, and FC2). The

higher number of differentidy abundant proteinsn the compariso'WTvs. cKO compared to Fed vs.
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starvationshows that the TFEB effect is stronger compared with that of the starvation. For the further

analysis of the data, an adjustedvplue of 0.05 with a fold change of 1.3 was used as a filter criterion
(Figure28D).
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Figure28: Results of comparative protein profiling of WT afdebknock out mice at fed and starvation conditions.

(A) Numbers of pptides and proteirs identified and quantifiedusing mass spectrometry (B) represents the PCA plot of all
quantified proteins across all four groups: Vo (n=6), WHtarved (n=4), TFEBOco (n=6), and TFE83starved (n=7). (C)
Represents the number diifferentially regulatedproteins in the four comparison groups at different filter criteniaere PV

is p value and QV is g valy®) Summary table with DRP with different filter criteria across all four groups.
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Correlation analysis was performed on a subset of proteins that showed differential regulation in both
cKQStarv/Fed and WBtarv/Fed comparisongroupsshows the starvation effecshowed a weak
positive correlation (r=0.3264; p<0.000Ejgure 29A), suggesting a similar but muted starvation
response in cKO compared to WAawever, when focusing on proteins with a fold change > 1.3 and p

< 0.05,a strong positive linear relationship, confirmed by a high Pearson correlation coefficient (r=
0.9284; p=0.0001Figure29B).This suggests that for a subset of highly responsive proteins, there is a
common regulation pattern in response to starvation in both genotypes.

The correlation analysis of DRP between the comparison groups ofcB@WT and FedKO/WT

shows the TFEB effect in the experiment. The TFEB effect on gene expression changes
(Starv_cKO/WT _log2_ratio vs Fed_cKO/WT_log2_ratio) showed a moderate positigkation
(r=0.6003; p<0.000Figure29C).When filtering for proteins with fold change > 1.3 and p < Otlo&,

TFEB effect on gene expression changes to pattern of DRP for both comparisons, with a strong positive
correlation (r=0.9220; p=0.000Ejgure29D), indicating a similar effect of TFEB KO in fed and starved

mice for this subset of proteins.
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Figure29: Correlation of the different group comparisons.

Correlation of DRP of the comparisari€OStarv/Fed and WBtarv/Fed, which gives an overview of starvation effect (A and
C) and DRP of the comparis@tarvcKO/WT and FedKO/WT, which gives an overview of the TFEB dfieahd Dafter 48

h of starvation. The Pearson correlation coefficient (r) and Smoaiated pralue are given. (palue < 0.05).
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Figure30: Differentially regulated proteins and number of changes in the fexomparison group after 48 h of starvatiol
Visualization of differences in protein profiles in Volcano plots. Significance of differences is plategll@pvalues on the

y qaxis and the dimension of alteration is shown as log2 fold change on-dhés¥olcano plots of the four comparison
groups after 48 h of starvatiof®) WT-Starv/Fed, and ckStarv/Fed represents the starvation effect in this experiment.
(BFedcKO/WT, and StareKO/WT represent the TFEB effect in this experiment (red: significantly increased; blue significantly
decreasedgrey. not significant; gvalue < 0.05).

To visualize the dimension of regulation, ratios were also visualized by volcanaptigsonstrated

in Figure30. The analysis revealed that starvation had a moderate impact on protein abundance, with
163 proteins (123 decreasing and 40 increasing) differentially abundant in th&t&WFed
comparison and 161 proteins (96 decreasing and 65 increasing) in thStekiBed comparison. This
suggests that starvation affects a similar number of proteins in the skeletal muscle proteome
regardless of FEBexpression(Figure30A). In contrast, the TFEB effect comparison groups showed
more substantial alterations. The FeHO/WT comparison revealed 371 differentially abundant
proteins (279 decreasing and 92 increasing), while the St&@/WT comparison showed 344
differentially abumlant proteins (212 decreasing and 132 increasing). These results indicate that
deletion of FEBhas a more profound effect on the skeletal muscle protedmoéh during normal

feeding as well as during starvati¢ffigure30B).
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Figure31: Number of significantly changed proteins and their cellular localization in Tfeb deletion mice after 4¢
starvation.

Shownare the number of significantly changed proteins and their cellular localization and occurrence in the various
comparisons after 48 h of starvation.

Figure3l illustrates the impact of starvation and TFEB deletion on protein composition in skeletal

muscle across nine cellular compartmeftgtoplasm, mitochondria, nucleus, secreted, endoplasmic
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reticulum, golgi apparatus, lysosome, membrane and sarcoplasmic reticulum). In addition, proteins
GAGK AYONBFaAy3d om0 2N RSONSB I Thdnost pron@unced cYighgey (i &
were observed in the mitochondrial and cytoplasmic compartments, with distinct patterns emerging

between starvation and TFEB deletion effects.

Starvation predominantly affected cytoplasmic proteins, with 62 proteins showing altered levels,
followed by mitochondrial (19 proteins) and endoplasmic reticulum (3 proteins) compartni€gts ¢
31). This suggests a broad metabolic response to nutrient deprivation, primarily involving cytoplasmic

processes.

TFEB deletion, however, had a major impact on mitochondrial proteins. The most striking effect in the
comparison between WT and cKO mice was a substantial reduction in the levels of mitochondrial
proteins, both under normal growth conditions and during rgtdion. Specifically, out of the
differentially expressed proteins, 196 were identified as mitochondrial, representing the largest
change among all compartments. This pronounced effect on mitochondrial proteins aligns with our

previous observations of @ted mitochondrial function in TFERficient muscle.

Interestingly, while starvation affected fewer proteins overall compared to TFEB deletion, it induced
both increases and decreases in protein levels across compartments. In contrast, TFEB deletion

predominantly led to decreased protein levels, particulémlynitochondria.

The lysosomal andolgi apparatus compartments showed the least changes across all conditions,
suggesting that these organelles might be less directly affected by TFEB deletion ereshort

starvation in skeletal muscl&igure31).

In conclusion, these data confiedthat TFEB deletion impacts mitochondrial proteins, and starvation
affects cytoplasmic proteins, prompting further investigation into its effects on cytoplasmic and

metabolic pathways in skeletal muscle.

4.2.3. The TFEB deletion shows an effect on metabolic pathways after 48 h of starvation in
transcriptomic data.

To gain an overview of the role of TFEB during starvation, transcriptomic analysis was also performed
using the same TA muscle tissue paralysedn proteomics. The focus was on determining whether

the absence of TFEB in skeletal muscle leads to alterations in mitochondrial biogenesis, the electron

transport chain, autophaglysosomal pathways (ALP), and glucose metabolism.

A principalcomponent analysis (PCA) was carried out on geqpeession intensities’The PCA showed
distinct clusters for cKk@nd WT mice as well as fed and starvatieated mice The distance between

fed and starvedreated mice was more significant than between cKO and WT rRigar€32A).
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Figure32B showghe number ofgenesregulated in each comparison group analysed gives us an
overview of thedimension of regulatiomupon starvation and the effect of different TFEB levels. For
the further analysis of the data, an adjustedvplue of 0.05 with a fold change of 1.3 was used

exclusively as a filter criteriofrigure32B and C).
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Figure32: Results of comparative protein profiling of WT affdebknock out mice at fed and starvation conditions.

(A) Represents the PCA plot ofdifferential expressed genes (DEG) across all four groupsed/{n=6), Wistarved (n=6),
TFEBKGfed (n=5), and TFBERBOstarved (n=5). (B) Represents the numberddferentially regulatedgenes in the four
comparison groups of upregulated and downregulated genes at different filter crig€)isSummary table with DEG with
different filter criteria across all four groups

4.2.4. Combined analysis of proteomic and transcriptomic data in TA muscle after 48 h of starvation

in TFEB deletion mice

4.2.4.1. Analysis of the biological function.
Itis hypothesized that the deletion of TFEB leads to significant alterations in biological functions related

to metabolism and energy production in skeletal muscle, as observed through combined proteome
and transcriptome analysesThis disruption is expected to manifest in distinct changes in the
regulation of metabolic pathways and energy homeostasis.

Initially, the starvation effect comparison groups from proteomic data were examined. It was observed
that, altered molecules were enriched ifunctions relatedto oxidation of lipid, fatty acid,
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concentration of ATP, glucose tolerance, morbidity or mortality and organismal death-8taTFed
group whereas in ckQtarv/Fed grouphe enrichment analysis revealédrdly any biological function
except glucose metabolism disordefhe figure displagd the strongest effects on biological function

in terms of enrichment analysis of IPA for the TFEB effects comparison gFigmse83, two right

columns).
Proteomics
Biological Functions Starvation effect TFEB effect
° Fed-cKO/WT |Starv-cKO/WT
Cytolysis

Stress response of cells

Concentration of ATP

Oxidation of lipid

Translation of mRNA

Oxidation of fatty acid

Metabolism of nucleic acid component
Metabolism of nucleotide

Metabolism of nucleoside triphosphate
Synthesis of nucleotide

Synthesis of purine nucleotide
Biosynthesis of nucleoside triphosphate
Biosynthesis of purine ribonucleotide
Synthesis of ATP

Modification of reactive oxygen species
Transport of carboxylic acid

Quantity of carbohydrate
Beta-oxidation of fatty acid

Quantity of carnitine

Quantity of reactive oxygen species
Endoplasmic reticulum stress response of cells
Quantity of monosaccharide
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Figure33: Results of the enrichment analysis for biological functions dependent on starvation or Tfeb expression.
Biological functioncategories for which an enrichment @A) differential regulated proteingFC>|1.3|, PV<0.05pr (B)
differential expressed gene¢FC>|1.3|, QV<0.05)n StarvcKO/WT, FedKO/WT, cKtarv/Fed, and WStarv/WT
comparisonsvere observed Comparisons were sorted by important changes based on metabolic pathways and the data is
presented as a heat map. A positivéi D 2 N)predicis activation (red) and a negativéi 0 2 Npinhibit (blue) of the
biological functionGrey is norsignificant, and N/A are not calculated within a significastare.

The proteomics data point teardsan activationof lipid, fatty acid, ATRndglucose relatedunctions

as well asnorbidity or mortalityby starvation in the WIn contrastgene expression dataoint to the

inhibition of mortality relatedfunction, as well as to inhibition of protein turnoverFurthermore,
starvation led to activation of th& dzy” O (guagtity 6f &arbohydratgandautophagy, but a bit less in
Tfeb KO mice than in Wiice (Figure33A and B).

The proteomic data point twardsan inhibition oflipid, fatty acid, amino acid, ATP, and nucleotide
metabolismand activation ofdisorders related to the metabolism disead®s absences of TFEB
StarvcKO/WT group the biological functiois inhibited when compared to the FedKO/WT

comparison groupKigure33A). In the transcriptomic data, it is observehbat functions related to
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