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Abstract

The complex structure of the inner mitochondrial membrane plays a key role in mitochondrial
function. The inner mitochondrial membrane is divided into thebiomedarymembrane and

the cristae membrane, which is characterized by pleomorphic invagifiagoristae
membranes are the main site of oxidative phosphory@XPHOS) as they harbor the
complexes involved in cellular respiration, including compi&xesf Ithe mitochondrial
respiratory chain and ATP synthase. Although the functigf-@T synthase in stabilizing the
cristagimshas been well studied, it remains to be elucidated how the respiratory chain complexes,
whose absence often disrupts cristae morphology and leads to severe metabolic diseases, car
influence the lamellar morphofagf the cristae. To elucidate the potential influence of respiratory
chain complexes on the inner mitochondrial membrane, | investigated the recently identified
mitochondrial translation factor FAM210A, which has been implicated in mitochondrial inner
menbrane remodeling. Using CRISP&S9 gene editing, | was able to show that the absence of

the FAM210A protein leads to a reduction in the abundance of respiratory chain d&tQ)i}¢xes

This reduction in RCC leads to the deegulation of MIC10 from MICOSffecting the
morphology of the inner mitochondrial membrane. ReintroductiolCaDNhto the respiratory

chain complexepleted system restores the-typ@ lamellar cristae membrane phenotype, but

not mitochondrial respiratory function. In summaiyaJe elucidated the role of the protein
FAM210A as a translational factor in HeLa cells and investigated various functional aspects. | have
discovered a previously unknown interdependency between RCC and mitochondrial inner
membrane structure mediated BZ M human cellsl propose a new regulatory axis in which
respiratory chain complexes regulate the abundance of MIC10 and thereby adapt the architecture
of the cristae.
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1 Introduction

olToutes choses sont ditesidgjamme personne n” écoute, il faut toujoars recommence
André Gide Traité dMarcisse

1.1 Mitochondrial membrane structure and dynamics

Mitochondria are multifaceted organelles, wigldgnizeor their involvement in cellular
bioenergetics, apoptotic cell death, stem cell differentiation, autophagy, inflammation,
senescence, immune response and other metabolic and signaling[firoddsss dual

role as the powerhouse of the cell and a signaling hub is reflected in their double membrane
morphology, with a smooth outer mitochondrial memlga(OMM) and a highly
compartmentalized inner mitochondrial membrane ((MlyDre 1). ThelMM structures

further subdivided into two compositionally, functionally and morphologically distinct
subcompartmentgieinner boundary membrane (IBM), which runs in parallel@MM

andthe cristae membrane (CM), which forms highly convoluted invaginations, and harbors

the machinery for celarrespiratior}8-14]
Protein import
and processing

OIMMH C\
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Figure 1 Mitochondrial structure and function The mtochondrial matrix (lumen) ipancipal site of the TCéycle,

mtDNA replication and mitochondrial protein biosynth#sis.enclosed by two membranes: the outer mitochondrial
membrane@MM ) andtheinner mitochondrial membran®ll ). The space between the OMM and IMM is referred to
astheintermembrane spacel®S. ThelMM is further subdivided into inner boundary membi&né ), which runs in
parallel to OMMand cristae membrar@\]). CM and IBM are connected through the structures called cristae junctions
(CJ), which act as a fiision barrier int@nd out ofthe cristae lumehMM shaping into cristae is dependenttan
mitochondrial contact site and cristae organizing si$t€m$) complex, which localizes to @Jd.is a site fomtDNA
maintenance, F&cluster biogenesis,thnainly for oxidative phosphorylation, harboring the respiratory chain complexes
and ATP synthasdumerous other functions have beemibedto mitochondria, such as protein import and processing,
apoptosis, mitophaggrotein quality control and degatian etc.Reproduced with permission from Sprifiddr Nature



1.1.1 Outer mitochondrial membrane

The outer mitochondrial membrane (OMM) envelops the entire organelle and serves as a
platform for interaction and signaling. Several protein complexes essenitiaifondrial
functionality, such as the translocase of the outer mitochondrial membrane (TOM) and the
sorting and assembly machinery (SAM), reside in the OMM. The TOM complex is critical
for the import of nuclesencoded proteins into the mitochonditarecognizes the
mitochondrial targeting sequence (MTS) of the precursor protein, mediates its passage
through the pore, and directs it to the OMM by the SAM corfi@gor to the IMM

through the translocase of the inner mitochondrial membrang 1THa0)}

The OMM alsoharborsessentigbroteinsinvolvedin the establishment ofterorganelle
contact sitegi.e., mitochondri&R contact sitesyyhich areessentiafor mitochondrial
fission and fusiofR1-24] Furthermoreijt is involved in multiple signaling cascéides
oxidative stress and R@nalingcalciumsignaling retrograde and anterogragignal
transduction mitophagy, apoptosistc, extensively reviewed elsewhie 2527),

challengingur currentperception ofmitochondriaas mere@lyt he power house of
1.1.2 Inner mitochondrial membrane

Asmentioned above, the inner mitochondrial memigiisihd) consists otwo functionally
and morphologicallyddinctsubcompartmentshe inner boundary membrane (IBM) and
the cristae membrane (CMJhe IBM harbors mitochondrial import and assembly
machiney, as well aseverailon, ADP/ATP, and small metabolitensporters, that shuttle
them between the mitochondrial matrix and the cytoplsin28, 29]Meanwhilethe
cristae membraneshich louse theespiration machineof the cellare connected to the
IBM through structures called cristae junctionsql@&lke to round openingbatact as a
barrier Theysequesterariousmetabolites in the intercristae spagearticulathe soluble

electon transport chain (ETCarriercytochrome[3, 30]

Cristae membras arenighlydynamic structuréba adapttheir morphologyin response

to various physiological stimuli and pathological condBibr&2]Cristae formation within

the IMM, termed cristae biogenesis, égemaplexprocess involvingpontaneous forces

driven by proteiand lipidinduced membrane curvat{88] andnumerousmodulating

factors, notably the mitochondrial contact site and organizing system (MICOS), the dimeric
FiF-ATP syntlase anthe GTPaseéOPAL (optic atrophy 13437]



Introduction

1.1.2.1 Role of the MICOS complex in the IMM

MICOS is a large heteoigomeric complex, consisting ofQ@0 (IMMT, mitofilin),
MIC27 (APOOL), NIC26 (APOO), NIC25 (CHCHD6), MC19 (CHCHD3), NC13
(QIL1), and NIC10 (MINOS1)30, 38}hat localizes primarily cristae junctiong4, 39
42] The proteins of the MICOS complex form tdistinct subcomplexeshe MIC10
subcomplex, consistingMIC10, MC13, MC26 and MC27, andheMIC60subcomplex,
consisting of MC60,MIC25 and NIC19, wherein both are linked viéa¥9 [34, 4245]
Both subcomplexes show membrane shaping cappBit@] yet their functions are
differert, when it comes to cristae -bamd morphogeneq#9] The MIC60 subcomplex,
named after its core proteinnecessary and sai@intfor cristae junction formatiomhis
functionality of MIC6@s conserveth eukaryotef50-52] and does not require OXPHOS
and/or cardiolipinto fulfill its function[28, 45] When MIC60, which is also the core
component of the MICOS complex, is knocked out, mitochondria exhibit an abnormal
ultrastructure where the cristae junctions are completely losteircelie and the entire
MICOS complex is degradd®](Figure 2).

Mic13-KO

Figure 2. Knockout of different MICOS subunits in HelLa cells results in aberrant cristae morphology
Representative transmission electron microscopy shagesdifferenphenotypes after knockout of different MICOS
subunitsNotably, MIC60 knockout is associated aithlmost complete lasfcristae junction8oth MIC10 and MIC13
showsimilar phenotygswherecristae invaginations are lost, and the cristae membrane runs in plaesl#&itd. Scale
bar: 500 nnfAdapted frgdB] shared underBXC4.0).

Knockout of other MICOS subunits, such as MIC25, MIC26 and MIC27, does not
significantly disrupt mitochondrial ultrastructure, with the majority of mitochondria
exhibiting a lamellar cristalérastructureHigure 2). MIC26 and MIC27 are homologous
apolipoproteins with antagonistic regulation and are not essential for the stability and
assembly of the remaining MICOS subunits. However, they are fegthechonomeric



F.F-ATP synthase assembly and maintenance of cardiolipifp&vekpletion of MIC25
al®o does not significantly affect mitochondrial ultrastruyd@j@igure 2), or the stability
and/or assembly of MICO%4] suggesting that it acts as a peripheral subunit of the

complex.

Mic10-KO

Figure 3: Representative electron tomography 3D reconstruction of wigpe (WT) and MIC10 knockout
mitochondria in HelLa cells. The wild-type mitochondriorshows damellar cristae structure, wheitbe MIC10
knockout shows disorganized cristae which are parallel to the outer mitochondrial medaiptecer§49] shared under
CGBY 4.9.

It has been shown that knockdown of MIC13 results in disassembly of the MICOS complex,
accumulation of the MIC60 subcomplex, and loss of the MIC10mglkcd43]
Furthermore, both MIC10 and MI€knockouts result in a similar aberrant cristae
morphology Figure 2). MIC10, one of thecore proteia of the MC10 subcomplexis

knownto facilitatethe bie and morphogenesis of lamellar crigt@g Due to its glycine

rich motif, MIC10 forms homoligomersand bends the membran&€ag46, 47]Loss of

MIC10 only disrupts the MIC1fubcomplex itselind alsoleads to aberrant cristae
membrane morphology with dikee shaped cristae, dramatically reduced number and
enlargement of C[§9](Figure 3).

WT

MIC10 rescue & (longitudinal section)
n holo-MICOS complex
MIC10 depletion assembly
—
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Figure 4: Model of cristae membrangemodeling in wild-type andMIC10-depletedcells. Reexpressionf MIC10
in MIC10depleted celigsults in rescue of the cristae memtaestetecture, followed by assembly of the-MdE@OS
complex(Figure adapted fd@hshared underBXC4.0).

Reexpression of MIC10 in the MIGd6ficient cells converts the unstructured CM to a
wild-typelike state Rigure 4). Here, the reintroduction of MIC10 and the subsequent



assembly of the heMICOS complex, serves as a switch that facilitates the efficient
conversion of disorganized aberrant cristaeaimellar cristae, providing a new model of
cristae bioand morphogened#9](Figure 4).

Moreovey several studies have indicdlbted MC10interacts withhe RF,-ATP synthase
[49, 55, 56}therebypromoting the stability dafs higherorder assembli@gthin the inner
mitochondrial membraf®7] It is noteworthy thahis function of MIC10 at the site of the
ATP synthaseags nonhecessitatellC10 oligomerizatiofowever, the oligomerization of
MIC10isindispensablier its function at the MICOSomplex and for introducing negative
curvature of the IMM at the cristae juncti@” Thisillustratesa duarole of MC10 in
metabolic adaptation and respiratory grawthddition to itestablishedole within the

MICOS complext cristae junctions
1.1.2.2 Functionality of OPA1 in the IMM

Additionally, evidence indicates that MICOS engages in direct intenatttidhe
mitoclondrial GTPas®©PAL throughits core protein MC60 [58] Neverthelesssome
studies sugget$tatthis interaction is mediatei MIC19[59] OPA1 and MICG60 jointly
regulatehe number and stability of cristae junctiovith OPAL specifically regulating
cristae width36, 49, 60JOPAL,in conjunctionwith F.F-ATP sythase, facilitates the
positioning of MICOS, and therebyfluencing the position afristae junction§49]
Furthermore OPAL plays apivotal role ininner mitochondrial membrane remodeling,
through its involvement in inner membrane fugd8n 6164] Together with mitofusin 1
(MFN1), OPAL imecessatfpr the brmation ofatubular mitochondrial netwojk3, 65]

The observedariabilityin OPAL functionalityvithin the mitochondria is attributed to its
numerous isoforms. EighstnctOPA1 alternative splicing isoforms have been identified,
whichare subjected faroteolytic processing by YME1L1 and OMAL protesesasgting

in the generation oshort (SOPAl1l) and long @OPA1) forms[66, 67] During
mitochondrial depolarization and lossér membrane potential, but not during inhibition
of OXPHOS or glycolysis, increased cleavage€®fAl into SOPAL occursThislead

to severe mitochondrial fragmentation and subsequenttlosgibtilar network68-70}

1.1.2.3 Role of F.iF+-ATP synthase in cristae formation

In addition to its functiom the electron transport chain aseazymehat facilitate TP
formation[71] the dimeric FF-ATP synthasés arrangedn rows at the cristae rims

introducing positive curvature to the cristae membrane and reinforcstgutheral



integrity of thoseristae rim¢$29, 51, 72, 73Furthermore,tiinteracts witlthe MICOS
complex via MIC2755] The deletion of ATP sythase dimerization factors has been
demonstratetb affectiMM morphologyresulting in the disorganization of cristae and the
emergence of various aberrant shapekjdingonion or balloonlike [14, 29, 35]
Moreover the inhibitory factor of ATP synthase (IF1) has Heeronstratetb exert a
deleterious effect on itdigomerizationThe depletion of IFXesults in a reductian
mitochondrial cristae densitgonversely, it®verexpressionhancesATP synthase

dimerization and activify4]

Neverthelesd remains unclear, whether the changes in IMM morphology originate directly
from the depletion of ATP synthase dimerization or from the various effects that follow it,
such as OXPHOS impairment, reduced membrane potential and/or nagxedatian
amongothers[14, 75]



1.2 Mitochondrial bioenergetics

Mitochondrial bioenergetiencompasses multiple endrgysductiorpathways, such as
the citrate cycle, oxidative phosphorylatemd others, whiclare critical in defining
mitochondrial functiom both steadystate and various pathological conditj@6§ The
measurement of bioenergetic aspsash asoxygen consumption rate (OCR) or
extracellulaacidification rate (ECARrovidesnvaluable insights into the collective state
of mitochondria in a celUnderstandinghesebioenergetic processmss essential for
assessing mitochondrial health and funetsomtochondrial disorderseamonghe most
commonmetabolic conditions bothneonataind adult humarjg7, 78]In this chapter

the main bioenergetic process&XPHOS and glycolysiswill be discussdd detailas

theyareclosely related taitochondriafunction and morphology.
1.2.1 Oxidative Phosphorylation(OXPHQOS)

Oxidative phosphorylation (OXPHOS) ascritical procesfor energy production in
eukaryotedts primaryfunction is the production of ATHhe machinery of oxidative
phosphorylatioms a cristaenembranembedded systemsoreferred to as thelectron
transport chain (ETCThis systenpumps the electronsrass the intermembrane space,
generating an electrochemical grathantslater used by thaf-ATP synthase to catalyze
ATP productiorfrom ADP and inorganic phosph§@é, 79]1t comprise$our respiratory
chain protein complexesor RCCs NADH:ubiguinone oxidoreductase (complex ),
succinate dehydrogenase (complex Il), dimeric cytochmmeloreductase (complex
Il ), cytochromec oxidase (complex IV)and two mobileslectron carriers namely
membranéntegrated ubiquinone and soluble cytochoj&®83] In order to generate the
electrochemical gradient, ET@izesthe substrates, i.e., NADH and succjnatgch
originate from th&icarboxylic acid cycle (TCAhe TCAalso known as Krebs cydka
central pathwafpr oxidizing the products of glycolysis and fatty aciebkietation(for
detaikd overviewseeFigure 5).

The OXPHOS machineris distinguished fromther bioenergetics procesdmsits dual
genetic originTheassembly dRCC and ATP synthase are complexgssashat require
a multitudeof cofactors andntricateco-regulation omitochondriaprotein synthesis and

import of nucleaencoded proteins from the cytd8#86]
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Figure 5. Schematic overviewof the Krebs cycle and the electron transport chaifieTC) in mitochondria. The

Krebs cycle, also known asttimarboxylic acid (TCA) cycle, commences with the combination of two molecules of acetyl
CoA with fourcarbon oxaloacetate, resulting in the formation of citrate. This reaction is catalyzed by citrate synthase (CS).
Aconitase 2 (ACO2) catalyzes the caiwerof citrate into isocitrate, which is subsequently decarboxylated into alpha
ketoglutarate (aKG) tthNADHandthetrelease of @@y isocitrate datydmdenaseAIDH3).

AKG is then dec aCohwitk gxbgiutata dehytrogensige complex YOGDH), resulting in the release

of NADH and CO2. The conversion of succi@glA to succinate is mediated by suc€ioy synthetase (SCS), and is

coupled to a single phosphorylation reaction of the TCA, which generates oneAGPPnmlecule. Succinate is
subsequently converted into fumarate via the succinate dehydrogenase (SDH) complex, which constitutes part of complex
II'in the electron transport chain (ETC). Consequently, SDH is the sole enzyme of the OXPHOS systeoivibat is inv

in both the TCA cycle and the ETC, reducing FAD to FABHI thus donating electrons to complex Il. Subsequently,
fumarate hydratase (FH) transforms fumarate into malate, which is then converted into oxaloacetate via malate
dehydrogenase 2 (MDH), agpanied by the reduction of NARo NADH. This final step serves to regenerate
oxaloacetate, which is then available for the continuation of th&legaleduction of NABand FAD occurs during

substrate oxidation, resulting in the generation of thk&&Nind one FADH molecules per cycle. These molecules
subsequently donate electrons to complexes | and Il, respectively. The electrons that are passed on to complexes | and Il
are subsequently used to reduce ubiquinone (Q) to ubiquinol (QH2). Thsnredtien rexidized to Q as it passes

electrons to complex lll. Subsequently, electrons are transferred from complex Ill to the soluble electron carrier
cytochrome(Cyt C). Cyt C then transfers its electrons to complex IV, which subsequentlyepats#sdifinal electron

acceptor, oxygen fDresulting in the formation of watee@)l. While electrons are traversing the electron transport chain
(ETC), complexes |, Ill, and IV are pumping protong @tross the inner mitochondrial membi@vid/), thereby

generating a proton gradient. The resulting gradient is subsequently utilized by the ATP synthase to convert ADP into ATP
by incorporating inorganic phosphate in a process known as oxidative phosphorylation \QXRig@8 froid7],

shared under®&YC4.0).

A comprehensive understanding of the regulatory mechanisms and functional aspects of the
OXPHOS system isrucia) as its dysregulation frequently results in the development of
debilitating linesses, including neurodegenerative disorders, cancer, -sgidtealge
conditions[77, 78] To date, a substantial body of research has been conducted on the
assembly pathwayegulation, and associated diseases of the respiratory chain complexes

and supercomplexes. It is therefofethe utmost importance thabth research and
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diagnostics of mitochondrial fitness be equippedaudthito measure the activity of the
ETC.Onesuch toois the measurement of oxygen consumption rate (OCR), which will be
discussed in detail in the following chapter.

1.2.2 Measurement of mitochondrial respiration in the cell

The measurement of mitochondrial energy metabolism could be a challenging prospect,
given the organelle's inherent complexity and the multiplicity of its functioriaéspits

the existence of numerous methodologies for assessing mitochondrial[8&)&8jthe
measurement of fluxes has been identified as the most reliable and prevalent approach for
intact cellsThis approach enables the gathering of information regarding the respiratory
control of the cell, repany on such aspects as the basal and maximal respiration, proton

leak, norrespiratory capacity, respiratory ATP production, and spare respiratory capacity
[90]
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Figure 6. Overview of the oxygen consumption rate (OCRprofile. The OCR measurement, also referred to as a
mitochondrial stress test, is conducted irtirealand enables the identificatiomitbchondrial dysfunction in intact

cells using the Seahorse XF Analyzer. The initial step involves measuring the basal OCR, which represents the respiration
rate covering the endogenous ATP demand of the cells. Following the addition of oligomybitgreof thie proton

pumping kg subunit of ATP synthase, respiratory ATP production-{iAk&d OCR) is measured. This is the respiration

driving mitochondrial ATP synthesis. Subsequently, the -pratoapling agent FCCP is employed to render the inner
mitochondrial membrane permeable to protons, thereby uncoupling the electron transfer through the electron transport
chain from the proton gradient. Subsequently, a calculation designated as reserve (spare) respiratory capacity can be
performed by subtractjirthe maximal from the basal OCR. Finally;nmitochondrial OCR is determined through the

addition of antimycin A, which blocks electron flux through the electron transport chain at complex Ill, thereby inhibiting
respiratior{Adapted frdet).



The technical developments of the last decade have introducedwaelhpiitebased

method of measuring cell oxygen consumption rate (OCR) in adherent cells using the
Seahorse XF AnalyZ60-93] The reduction of oxygen to water (i.e., oxygen consumption)
represents the terminal reaction in the electron transport chain (ETC). Consequently, its
measurement reflects both the electron flux thriheghespiratory chain and the indirect
measurement of ATP production, which consumes the established proton gradient. The
OCR measurement allows for the tracking of cellular respiration in response to a variety of
chemical effectors, which can be usedvidedcellular respiration into distinct, assessable
moduleg94](Figure 6).

1.2.3 Glycolysis

In comparison to the higheld, lowrate oxidative phosphorylation system, glycolysis is a
low-yield but highiate process of ATP generation in ¢88$ This process results in the
conversion of a single glucose molecule into two molecules of pyruvate, accompanied by the
release of two molecules of ATP. In the context of aerobic glycolysis, pyruvate can be utilized
as an intermediate in the tricarboxylic @0@A) cycle, facilitating the production of
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide YFADH
These electron carriers subsequently feed into the complexes | and Il of the electron
transport chain (ETQJigure 5).

In theory, the oxidation of one glucose molecule should result in the production of 38
molecules of ATP. This is comprised of 34 molecules produced throBHfOS Xtwo
molecules produced through the TCA cycle, and two molecules produced through glycolysis.
However, the actual yield rates of ATP synthesis are dependent on the ¢ subunit of the ATP
synthase #~complex, which determines the number of protons dcatst per three
synthesized ATP molecules, with variations observed among species. The actual ATP yield
per glucose molecule is also influenced by the proton leakage of the IMM and additional
proton loss, which is used for the translocation of subsivatesas pyruvate, inorganic
phosphate, and ADR6]

An alternative pathway is anaerobic glycolysis, whereby pyruvate is converted into lactate in
the cytosol through lactate dehydrogenase. This resultsnoremse of the reducing
equivalent NADand a decrease in ATP production through oxidative phosphorylation. The
increase in NADis wsedto reinitiate the initial step of glycolysis, namely the oxidation of
glucose to glucosephosphate, thereby enabling process to persist for extended periods

[97] This phenomenon, initially described by Otto Warburg, is most commonly referred to
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as the "Warburg effectle observed that rapidly proliferating cells, such as those found in
tumors, consume glucose at a significantly higher rate than normal cells, secreting lactate
rather than oxidizing [@8]

Although the glycolytic pathway is less efficient in terms of ATP production, the rapid flux
of carbonmetabolites, such as glucose and its intermediates, can significantly enhance the
synthesis of ATP in comparison to oxidative phosphoryld@@h.This is highly
advantageous during the process of cell proliferation, as it permits the rapid generation of
ATP within the cytoplasm.

In HelLa cells, the capacity for oxidative phosphorylation is inadequate to sustain aerobic
biosynthesis from glucof@9] In other cancer cell models, the withdrawal of glucose is

often deleterious to their proliferation, as they primaelgnaerobic glycolysis for ATP
synthesi§l00, 101]n addition to rapid ATP productioglycolysis also supports essential
norrmitochondrial pathways, providing intermediates necessary for macromolecular
processes such as the synthesis of ribose and glycerol, the hexosamine pathway, and others
[102]

1.2.4 Measurementof glycolysis in the cell

Although numerous established methods exist for quantifying various aspects of glycolysis,
including the measurement of the activity oflimteng glycolytic enzymes, metabolite
levels, andjlucose tracing, one of the most commosidis the measurement of the
extracellular acidification rate (ECAR) of the surrounding media. This is predominantly due
to the secretion of lactate from the cHIB3] Consequently, ECAR measurement is
frequentlyusedas gproxyfor cellular glycolytic activity.i¥measurement of extracellular
acidification rate (ECAR) can be conducted in conjunction with the assessment of oxygen
consumption rate (OCR) through the use of a Seahorse XF Analyzer, thereby facilitating the
acquisibn of reattime, highthroughput insights into both glycolysis and mitochondrial
respiration. The glycolysis stress test assay is a cons@dmigtinod for investigating the
glycolytic rate in adherent cells. In this assay, glucose, oligomyetlesna)kicose are

added sequentially to assess the corresponding cellular responses and obtain a detailed

metabolic profile of the cells, distinguishing between glycolytic and oxidative metabolic
pathway$97](Figure 7).
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Figure 7: Overview of the extracellular acidification rate profile (ECAR) im glycolysis stress test By employing

the Seahorse XF Analyzer, the glycolytic rate of the adherent cells can be quantified following the introduction of a range
of chemical effectors. Initially, the basal ECAR is quantified, followednsothection of glucose to initiate glycolysis.

The difference in ECAR before and after the addition of the substrate represents the rate of glycolysis. Subsequently,
oligomycin is introduced to inhibit ATP synthase in the electron transport chain (ET&fjermumate oxidative
phosphorylation. This reduction in the ratio of ATP to ADP within the cell serves to elevate glycolysis. The difference in
ECAR before and after the addition of oligomycin indicates the glycolytic reserve capacity of théicgltbeietibdity

to enhance glycolytic activity in response to stress or increased energy-Desand)ldcose-2G) is a substratesad

to inhibit glycolysis, thereby establishing a baseline ECAR measurement that reflects the portion of extracellula
acidification not attributable to glycolysis, otherwise known as nonglycolytic acidification. It should be noted that
nonglycolytic acidification may result from a number of sources, including the diffusiorfromG®@itochondrial

respiration, the perge phosphate pathway, or amino acid metabolism. Therefore, it is essential to account for this in each
measuremeriddapted frddv).
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1.3 Mitochondrial gene expression

oThe capacity to blunder slightly is the real marvel of DNA. Without this special attrib
we would dil anaerobic bacteria and there would be no music.

Lewis Thomas

OXPHOS complexes consist of proteins with dual genetic origin: tnkyraa¢ encoded

in the nuclear DNA, while 13 essential subunits are encoded in the mitodbbiAdrial
(mtDNA) 6 a maternally inherited circular gen¢b@4] Mitochondrial gene expression
entails transcription, replication, RNA processing, and translation, with all corresponding
machineries meticulously adapted toticuemitochondriaénviraament Since the initial
description of human mitochondrial DNA in the scientific literature approximately 60 years
ago[105] there has been significant advancement in our compoehehgs function

within the OXPHOS system and its interaction with the nuclear ggi@&}iEhe correct
assembly of the respiratory chain complexes.Brd THPsynthase is contingent upon the
coordinated biogenesis of subunits encoded by both mitochondrial and nuclear DNA. In
addition to the various mechanidiret regulate the balance between mitochondrial and
nuclear gene expression, such as translational plasticity and the involvement of different
translational activators, the import of nueeaoded proteins also plays a pivota[8dle
Understanding mitochdrial gene expression is not amlycialfor comprehendinghe
bioenergetics of the organelait also for elucidating the mechanisms undethgng

dynamics of mitochondrial ultrastructure.
1.3.1 Spatial organization of mitochondrial genome in the cell

Unlike the nuclear DNA in the cell, the mitochondrial DNA is not wrapped around histones.
Instead, it is packaged into nucleoprotein coegdeled nucleoidsyhich arespatially
distributed throughouthe mitochondrial network of the cell, aacklocaized in the
mitochondrial matribA singlenucleoids gproximatelld00 nm in size arlths a distinct
composition, typically comprising one mtDNA moleculf07] and mitochondrial
transcription factor A (TFAMjhe primaryprotein involved in mtNA packaging108,
109] The ratio of mtDNAto TFAM within a nucleoid serves as a cruniitator of
MtDNA replication activityt has been demonstrated that nucleoids with a low T6AM
MtDNA ratio exhibit high replication activity, while those with a high T6ANDNA
ratio demonstrate the opposite phenomdidg] In addition to TFAM, several other
proteins have beeshown to interact with nucleoids, including mitochondrial RNA
polymerase (POLRMT), transcriptional elongation factor (TEFM), and[adigrs.
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The separation and even distribution of the nucleoids throughout the mitochondrial network
is dependent on the action of DRRédiated mitoandrial fission. In cells lacking DRP1,

which exhibit a hyperfused mitochondrial network, mitochondrial fission is impaired, and
mitochondria assume a bulbous shape. This results in an overclustering of nucleoids, which
appear enlargedecently, it has &e proposed that ATAD3A, an AAXT Pase, may play

an importantrole in nucleoid trafficking. This hypothesis suggests that, together with the
DRPZXdependent mitochondrial fission, ATAD3A may influence the size, morphology and
distribution of nucleoids withcell112] Moreover, the duction in MIC60 levels results

in the enlargement of nucleoids and a reduction in their total number, thereby establishing a
correlation between nucleoid distribution and the formation of abnormal cristae structures
[113]

1.3.2 Mitochondrial transcription and replication

Human mitochondrial DNA ia 16569 bp doublstrandedintron-lesscircular molecule
thatcomprises 22 tRNAByo rRNAs and 13 proteicoding geneld 14](Figure 8). The

two mtDNA strand$ the heavy (H) and the light @gxhibit distincbuoyant densities
due to their different purint-pyrimidineratio content.All the essential regulatory
elements, including the EInd L-strand promoters of the mtDN and theorigin of H
strand replicatio(OriH), are locatedithin thenon-coding region (NCRIFigure 8). The
H-strandis responsible for encoding the majaritthe genetic information storedthin

the mtDNA including thel2S and 16S rRNA and ten mRNAs. The complementary L
strand encodes one mRNA (ND6) and eight tR(RAgire 8). The RNAsreleased during
transcription undergo maturatiowhich involvesa number ofprocessesincluding
polyadenylation of 8nd of rRNAs and mRNAs, addition of CCA trinucleotides to the 3
ends of tRNAsandotheruniquenucleotide modificationltogether, thizonstitutesa
uniguegeneti@apparatus with the capacity to transihetel 3 mitochondri@ncoded genes
into 13 polypeptiddgbat are integral to tlexidative phosphorylation systdrb5, 11p

The ranscription of mtMA is carried out by singdabunit mitochondrial RNA polymerase
(POLRMT), which directly interacts with the pransotvithin the noncoding region
(NCR). Howevetthe initiation of transcription requires the involvement of two additional
factors, namgl mitochondrial transcription factor A (TFAM) and mitochondrial
transcription factor B2 (TFB2M)17, 118]With the assistancef the mitochondrial
transcriptionaklongatiorfactor (TEFM)[119] POLRMT iscapableof transcrilng both

the H and Lstrands of the mtDNA, resulting pmnoduction ofpolycistronidranscripts
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[116, 120]These polycistronic transcripts audsequentlprocessed by RNase P and
ELAC2, whichexcsethe inbetween tRNAsthereby releasinje mRNAs and rRNA
moleculegFigure 8). However, this type of canonical procesdo®s not occuior the
ATP6/ATP8 and CO® genessince there is &RNA interspacindgetween themrhe

precise mechanism of transcript processing at this particular site remains rikijown.

Human mtDNA
16,569 bp

[l HSP-derived genes
LSP/LSP2-derived genes

| tRNA genes

= Mitochondrial
transcript

Figure 8 Organization of human mitochondrial DNA. A schematic representation of the humatochondrial
genome. istrand polycistronic mMRNA transcriptiigtrated byed outer arrow lines) originate at the twsirand
promoers 8 LSP and LSRPZhe H-strand polycistronic mRNA originates at thstridnd promar (HSP).The tRNA
genes (blue an@llow) are indicated on the map with a single amino acjavigittercorresponds the aminoacetylated
residuef the respective tRN@Reproduced with permission from Sprifigef)Nature

Repication of mDNA is initiated at the {dtrand origin of replication (OriH), where

POLRMT binds to synthesize a short RKgplicationprimer that is necessary for
mitochondrial DNA polymerase( P O Lta ipitiate the DNA synthesi§121] The

m tochondri al helicase TWI NKLHI22landdtheds t he
mitochondrial singlstrand DNA binding protein SSBP1 prevents premature reannealing of

the template stranpd/hich hindersstuseas a template for transcript[@d6] In the process
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of mtDNA synthesisthe template #3trand iscontinuouslydisplacedby the newly

synthesizesdtrandjn theso-calledstranddisplacement modptoces$123] Following the

replication of approximately ttrards of the Hstrand, the istrand origin of replication
(OriL) is expos# forming a loop that displac@SBPlandallowsPOLRMT to bind and

synthesizea primer at OriL therebyinitiating L-strand replicatiorsubsequentlgynthesis
of both strandgroceeds concurrentip accordance witie stranetlisplacement model
[116, 124]

1.3.3 Mitochondrial translation

The proteircoding genes arafrslated by a mitochondsigecific translation machinery
into the 13 essential protein subunits oékbetron transport chgB2] Extensive research
conductedover the past two decades bamificantlyadvanced our knowledge about

mitochondrial ribosomes, translational dergs, and their role in the cellular context.

The architecture othe mammalianmitochondrial ribosome, also known the
mitoribosome, differsignificantlyfrom that ofits cytosolic counterpadtie to itshigher
proteinto-rRNA ratio[125] In particularthe human mitoribosomis composed dhree
rRNA molecules (126RNA, 16S rRNA, tRM""Va) and 82 proteins, 36 of whiahe
exclusiveo the mitochondri§l26, 127]The formation of mitoribosome subunits requires
the involvement of a diverse awb@ TPases, methyladeslicase ®NA -binding proteins
and chaperong$16] The small mitoribosome subunit (MtSSU) in mamnrasrsthe
12SrRNA and 30 proteins, w the large mitoribosome subunit (mtLSU) includes the
remaining 52 proteins, the 16S rRNA and tRNA[126] The htest evidendedicates
thattheinitial stages of mitoribosome biogenenisilinteractiondetweemmitochondrial
ribosomal proteingsulting in the formation pfoteinonly subassemblies devoid of rRNA
This suggests that mitochondrial rRNA synthesis may represetitratirajestep in the
assembly of the mitochondrial ribos¢h2s]

The assemblyof the mitoribosome is highly complex procesthat requirescareful
coordinationbetween the import of proteins from the cytosol and thescriptional
processing of rRNAs that are transcribed in the matrix by the mitochondrial transcription
machiney. The mitoribosome assembly process in mammaliafike®fideginat the
nucleoids, which not ongerve ashe site for mtDNA transcription and replication but

also harboa number ohascent mitochondrial ribosome proteinst&NA processing
enzynes[129, 18]
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The translation machinery of mitochondriadilserges greatisom that of thecytosolIn

contrast tdhe cytosolic mMRNAsjammaliamitochondrial MRNAs lack theutranslated

region (5UTR) [131] and for the most part BITR. This distinguishes their translation
initiation from that of cytosolic mMRNAs, which involves unique factors and recognition
mechanism§gl32] The mitochondrial protein mS8TCD3)caps the mRNA and may
facilitate mRNA bindintp the mtSSUWhrough its interaction withuridinerich sequence

within the coding region of the transcrifite precise mechanism by which the mRNA is
engagedand thestart codon is selected remains unclear. However, the absence of the 5'
UTR is essential for translation initiatid33] In cytosolic translationRNAY® is
indispensabldor both initiationand elongatiorstagesIn contrast the mammalian
mitochondriatranslation initiation complex comprisesftimmylated version of tRNA
(fMettRNAM®) and two essential initiatifactors MTIF2 and MTIFBL26, 133{[Figure

9). Nevertheless, the mechanism by which the start codons of the second open reading frame
(ORF) in bicistronic mRNA transcripts, namely ATP8/ATP6 and NII24, are
recognized remains uncleghis is due to the fact th#tese ORFs are situated at a

considerable distance from the 5' end of the mRR&

During the process of elongation, the mitoribosome progresses along the mRNA, facilitating
the translation of the latter into a specific polypeptide chain. Translation elongation
encompasses three principal stages: the selection of the appropriatdesetndidn
(decoding), the formation of the peptide (amide) bond, and the translocation of the mMRNA
tRNA module. The mitochondrial translation elongation factor and GTRa&se \Elkich

is encoded by th&@ UFM gene, facilitates the transport of tRNAs to desembled
mitoribosome, thereby enabling GTP hydretiegiendent codeto-anticodon binding
between tRNA and mRNRA34](Figure 9B).

To prevent frameshifting, the ribosome must reposition the mRNA and tRNAs with each
incoming amino acid. Two elongation factor paralogs facilitate this ptbeess:
mitochondrial translation elongation facd-M1 (MtEFG1) catalyzes the mRNINA
translocation in a GTP hydrolydeppendent manner, while the mitochondrial translation
elongation factor GFM2 (mtEFG2) aids in the recycling of the mitoribfisgBhEigure

9B, C).In humans, the majority of mitochondaatoded proteins are membrane proteins
that are cdranslationally inserted into the lipiidyer by the translocase OXA1, which is in

direct contact with the mitochondrial translation machid@&§] This coupling of
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OXPHOS biogenesis with the mitochondrial translatiachineryensures the efficient
synthes and assembly of proteins that comprise the electron transport chain.
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Figure 9: Overview of mitochondrial translation (A) Mitochondrial translation initiation factor (MTIF3) ensures the
binding of mMRNA beforthe recruitment dfITIF2 and before the decoding of the start codon bytiRiMA. LRPPRC

facilitates the delivery miRNA into the ribosome, interacting with PTCD3, whézhiess acapping and binding factor

of mMRNA at the mtSSU site. (BYFM delivers aminoacylated tRNAghe ribosomeyhile GFM1 facilitates mRNA

tRNA translocatiorThe role of GUFL1 is to initiate the translocation of the mitoribo$GNEITRF1L releases mMRNA,

when the mitoribosomencounters stop codon. MTRFR (recycling factor) and GFM2 work togetdéassemble
mitoribosome subunits. (Mammalian mitoribosomes are responsible for the translation of membrane proteins associated
with the oxidative phosphorylation system (OXPHOS). Given the importance of these proteins, it is essential that the
mitoribosomes are in close proximity to the inner mitochondrial membrane (IMM). The interaction between the
mitoribosome and the IMM is facilitated by cardiolipin and OXALL, an IMM translocase and insertase that facilitates the
integration of proteins intoeHMM (Reproduced with permission from Sprifiges)Nature

Upon reaching the edlan open reading frantiggnslation terminates through recognition

of a stopcodon by ribosomal release factors. These factors bind to the stop codon, thereby
severing the bond between the tRNA and the nascent polypeptide chain in a manner
dependent orGTP hydrolysis. Mitochondrial release factor 1A (MTRF1A/MTRF1L)
facilitates termination at the two canonical stop codons in human mitochondria, UAA and
UAG [137](Figure 9C). However, two mitochondrial mRNAs, CO1 and ND6, possess
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noncanonical stop codons (AGA and AGG, respectively), which encode arginine in
cytosolic traslation. The precise mechanism of translation termination-ednoncal
stop codons remains a topic of debate. However, a recent study suggests that mitochondrial

release factor MTRF1 may play a crucial role in this p[b88§s
1.3.4 Coordinatedgene expressiorand assembly oOXPHOS machinery

In consideration of the dual genetic origimibdchondrial gene expression, approximately

250 nucleaencoded proteins are indispensable for the expression and maintenance of the
mitochondrial genom@&5] In yeastS. cerevisitar instance, more than 900 proteins are
essential for general mitochondrial functid®®] while in humans this number exceeds
1,100{140] The majority of these proteins are encoded in the nuclear DNA and expressed
by the cytosolic transcription and translation machiseayresultthe proper assembly of
OXPHOS and, consequently, mitochondtatfion is dependent on the regulation and
signal transduction between the mitochondria and the nucleus. This necessitates a
sophisticated cros®mmunication between organelles. It has been proposed that ancillary
proteins, such as regulatory translaiwh assembly factors, may regulate mitochondrial
translation levels and OXPHOS complex ass¢hady

Althoughtranscription of nucleaand mitochondrisdncoded genes in ye&stcerevisse

not coupled the coregulation of cytosolic and mitochondrial translatiamotisonly
synchronousbut alsofast and dynamidn yeast the nuclear genome coordinates
mitochondrial and cytosolic translationa unidirectionahannerto ensurehe prompt
synthesisf OXPHOS complexdd41] The precise mechanism by which communication
between the mitochondria and the nucleus occurs remains poorly understood. However,
translational regulation factors may play a crucial role in synchronizing @ridsoli
mitochondrial protein expression through a feedback regulation process. These factors are
responsible for sensing and assessing the rate of OXPHOS assembly in the IMM,
subsequently adapting their activity to increase or decrease mitochondtiah frkz&]a

For example, early OXPHOS auxiliary assembly factors, such as MITRAC12 and
C120RF62, have been demonstrated to regulate the synthesis of complex | and complex
I/IV subunits, respectivel{126]

The question of whether a mechanism of synchronous unidirectional translational regulation,
as observed in yeast, exists in mameralns largely unanswered. This is due to the fact
that the yeast translational regulation factors are not conserved s[M2pdaCO1 is

only one of thdew mammaliariranslational activa®wknownto beresponsible for the
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translation of COX1 (MTCO1ygetthe precisemechanism of its action remaimlear

[143] As previously discussed, mammalian mitochondrial mMRNA lacks the 5' untranslated
region (UTR)[131] whereas yeasttains this mRNA regioherefore, the regulatory
elements, such as translational activators and/or repness@actviaan entirely different
mechanisnil42]

Nuclearencoded OXPHOS subunits are not synthesized imchistoetric balance and
maybe rapidly degradedtliey arenot assembled into the respective comp|&ids 145]

In human cellghese subunitre imported in large excess into mitochondria, indicating that
mitochondrial translatiorepresentsa ratdimiting step inthe assembly of OXPHOS
complexedn this process, mitochondrial translation &ésljtsrate to align with the influx

of nucleatrencoded OXPHOS subunits, a phenomenon known as translational plasticity
[146] A recent proposal suggests that mitochondrial protein translation may regulate nuclear
gene expression and cytosolic protein homeostasis in tBe ge@stigibe’] Nevertheless

if mitoribosome translation is indeed a Hiteiting step in the expression thfe
mitochondrial proteoméhe driving factors regulating the expression of mitochendrial
encoded proteins, as well as the effects of potential depletion of mitochondrial translation

on nucleagene expression, remain largely unexpiormdmmalian cells
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1.3.5 Potential rolesof newly identified IMM factor FAM210A

FAM210A (Family with sequence similarity 210 membashjtiallyidentifiedasa factor
regulating structure and functioh skeletalmuscleand bonein mice[148, 149]The
regulation of FAM210A expression is influenced by two microRNAs/4#R and miR
5743p, which hae beendemonstratetb modulate FAM210A levelsdafacilitate cardiac
remodelingn mice[150] FAM210A s a transmembrane prot@fthe inner mitochondrial
membranelt contairs a mitochondrial targeting sequence (cleavage site af34095a
Domain of Unknown Function 1279 (DUF127%8@h two transmembrane domains

(Supplementary Figureb), and aC-terminalcoiled coil Figure 10.

oup1222

Amphipathic helix

COOH

Figure 10 Schematic represetation of FAM210A protein The amino acids 92 are presented, with the
mitochondrial targeting sequence (amino a@8sdmitted for claritfthe model wagredictedisingAlphaFol@ [151]
and rendered in Chimer§l62] The various predicted protein domains are highlightetbrs, includinmagentar the
coiled coilgreefor the DUF1279 (domain of unknown function 1279), which comprises an amphipathicichgligen
for transmembrane helices, dadk greéor a helix loop.

In adult humang$-AM210A is ubiquitouslexpressed in all orgatm®ughit is particularly
enriched imigh-energydemand tissugsuchastheheart and skeletal muqd/®0] A global
depletion of FAM210A in mice is embryonic lethatyeaheterozygous knockontice
areviableandcagableof reproductiorj148] Mass spectrometry analgimonstratethat
FAM210A has two higtanking interaction partnerATPase family AAA domain
containing protein 3RATAD3A) and mitochondrial translation elongation factef &EF
[150, 153]It has beersuggested that FAM21@#ayinfluence mitochondrial translation
through its interaction with ERU. In mice, overexpression of FAM2Mi#s observed to
increase the expression of mitochondnabed proteins, wheredisknockdown did not
significantlyinfluence their expressi¢tb0] Recent studielsave demonstratdtat the

depletion of FAM210A in murine cardiomyocyesults inaberrant mitochondrial
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morphology, increased reactive oxygen species (ROS) production, perturbed mitochondrial
membrane potentjahnd reduced respiratiomtimately leading theart failure These

findings indicate that FAM210Afunctions as a mitochondrial translation regulator
facilitating mitochondrial homeostasis in the murine[lh&4fAdditionallyFAM210Ahas

been linked t®PA1 in brown adipose tissue (BAWhereit is thought to interaastith
OPAI-processing mitochondrial protease YMHEidrebymodulaingits activity to cleave

OPA1 and OMA1155]

In conclusionFAM210A nay modulate mitochondrial morphology through its suggested
role in mitochondrial translation or its predicted influemtee cleavage of OPA&hose
cleavage is crucial for normal mitochondrial fissamevertheexisting evidence does not
comprehensie elucidate thiunctionalityof FAM210Aand itsimpacton mitochondrial

dynamicsn human cells.
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1.4 Aim of the thesis

The dynamics and the cristae membrane architecture of mitochondria $@&we as
determinants of the organelle's functional capabiliiesm®rphologies ahe cristae
membranes are highly complex and adapt to the metabolic requirements of the cell. The
shape of the cristae is influenced by the MICOS complexi-##elP synthase, and the
GTPase OPAMoreover, the inner mitochondrial meam® contains the respiratory chain
complexes, the precise impact of which on cristae morphology remains a topic of contention.
A novel model of cristae formation has recently been proposed, which suggests that
unstructured cristae membrane precursorsraaeled into lamellar cristae, facilitated by
MIC10 of MICOSNevertheless, the precise mechanism of remodeling nrdaiinsed

and our understanding of the specific factors and commexkeespeciattyeir functional

interdependencthat shapéheinner mitochondrighembrane is limited.

Recent publications have proposed that FAM210A may function as a regulator of
mitochondrial translation, thereby influencing mitochondrial inner membrane dynamics.
Nevertheless, the precise function of FAM2Eddains elusive. For this reason, | set out

to elucidate the role of FAM210A in the morphogenesis of the inner mitochondrial
membrane. To this end, the objective was to study the efédid10Adepletion, with a
particular focus on the functional imgicns for mitochondrial inner membrane
ultrastructure, mitochondrial transcription and translation, and the effect on other relevant
proteins and protein complexes. Ultimately, | sought to examine the impact of the absence
of other proteins exhibiting angous biochemical and phenotypic abnormatties as

TEFM and POLRMTThis was done to ascertain the broader validity of the findings derived
from the study of FAM210A.
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2 Results

ol may not have gone where | intended to go, but¢hdieic kip valvere | intend&d to be.
Douglas Adamghe Long Dark TEane of the Soul

2.1 FAM210A is a novel factor in inner mitochondrial membrane dynamics

Initially, FAM210A was proposed as a potential mitochondrial inner membrane fission factor
by Spier et a[156] In their study, thGuman codosoptimized version dhe bacterial

fission protein FtsZ was fused with a mitochondrigétiag sequenceo facilitate the
protein’s entrynto the mitochondrial matriandwasoverexpressed in human c&tsme

of the proteins that interacted witht$Z in these human cells were identified as potential
candidates for further investigatio my master's thesis research, with FAM210A being one

of them During my CRISPRas9 screen of these proteissdoverethat the FAM210A
knockout cell line exhibits an altered mitochondrial network and unusual inner
mitochondrial membrane morpholpgyaking it an intriguing candidate for further

investigation.
2.1.1 The choice ofthe cell line

TheHela cell line, the first human cell tmdeestablished ialaboratorycell culturein

the early 196Q457] is still widelyusedin molecular and cellular biology researohnd

the globedue to itsdistinctivecharacteristicéleLa cells have been use@ inumber of
significant research studiasluding thelevelopment ahepolio vaccingl58] and more
recent, for the repurposingof thalidomide a sedative that was widely prescribed to
pregnant women in the 1960s, for the treatment of ¢ah8ENotwithstanding their origin

in cancerous tissue, these cells display adequate genomic stabilitindidpenssiblior
ensuring the reproducibility of research findir&f3

The majority oexperiments described in this wweke conducted usitige HeLa CCL2

cell ling[161] This cell lingrovidesan optimal balance for both biochemical experiments
and various types of light microscdpgreovey it has beewidely used due to accessibility
for imaging, various biochemistry techniques, CRT&8B®R genome editing and FACS
sorting [49, 162] and has demonstrated its suitability as amllextmodel for the

investigation of mitochondriaiblogy
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2.1.2 Depletion of FAM210A affects mitochondrial morphology

This subsection provides a detailed descriptiba ohpact of different modes of depletion,

such as CRISPRas9mediated knockout and RNAi knockdown of FAM210A, on the
mitochondrial network and the complex morphology of the inner mitochondrial membrane,
particularly that of the cristae membraBgempbying a range of visualization techniques,
including confocdhser scanningiicroscopy(CLSM) transmission electron microscopy
(TEM), and STED nanoscopy, this study provides a comprehensive overview of the effects

of transient or stableAM210Adepletioron mitochondrial morphology in HeLa cells.
2.1.2.1 FAMZ210Afusion-fission balance of mitochondria

The balance between mitochondrial fission and fusion is critical for cellulaefekaiting

the distribution of mitochondria throughout the cell and ensuengrtioval of damaged
mitochondria by mitophagy. Disruption of this balance can lead to various diseases, including
severe metabolic disorders. To study the effects of FAM210A knockout on mitochondrial
network morphology, used CLSM. The mitochondrial netark was visualized by
Immunostaining against the mitochondrial outer membrane protein TOMMZ20, while the
nucleus and nucleoids were stainedad$idNA antibody.

A _ _ B
¢ s— 104 n=183 n=145
HE Tub wi
B Sho r ube $
B Fr agnta d
R 504

Figure 11 Mitochondrial network in FAM210A knockout cell line(A) Representative confocal microscopy images of
the mitochondrial network and nucleoid/nucleus in-tyjp@ HelLa cells and FAM210A knockeeits The @lls were
immunolabeled against TOMM20 (in greenpagathst dsDNA (in magent&gale bars: 10 um (top frame), 1 um (bottom
frame).(B) Quantification of mitochondrial network morphology in-tyjp@ (WT) HeLa cells and FAM210A knockout
cells The morphologies were evaluated based on the classification into three groups: ttibubes amd fragmented

(n = number of cells).
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The FAM210A knockout cells predominantly exhibited a fragmented mitochondrial network
morphology compared to the wijghe HelLa cell&igure 11A).The qualitative assessment

of mitochondrial network morphology wasraboratecby the quantitative evaluation of
wildtype (n=183) and FAM210A knockout (n=145) cells, with over 60% of the FAM210A
knockout césshowingragmented mitochondrigigure 1B). Furthermorethe qualitative
assessment of mitochondrial nucleoids inditetethere wengo apparent changes in their
distribution Figure 11A).

2.1.2.2 StableFAMZI10A depletion affects mitochondrial ultrastructure

In order to gain further insight into the impact of FAM210A depletion on mitochondrial
morphology, | conducted a detailed investigation into its influence on the inner
mitochondrial membrane architecturiegusransmission electron microscopy (TEM). As
anticipated, the majority of wilgbe mitochondria (approximately 60%) exhibited an orderly
lamellar cristae architecture. In contrast, mitochondria from FAM210A knockout cells

exhibited a predominant abetrenistae morpholod¥rigure 124).

The quantitative evaluation of inner mitochondrial membrane morphology from the TEM
data was based adoubleblind qualitative assessment, wheszach mitochondrion in the
electron micrograph was assigned to a specifi¢-aass {B). This analysis has revealed
that the aberrant morphologyservedn FAM210A knockoutellsis mainly characteed

by the presence a@frc and/or onionlike cristadFigure 12ZC). It is noteworthy thathe

cristae junctions appeared to be still preBaniré 127, arrowheads). Interestingly, the
FAM210A knockout cristae membrane phenogxbgbited similaritie the MIC10
knockout Figure 12A), which has been extensively charactéyzmar research gro{#9]

It is well established that ligidh structures, such as membranes, are difficult to preserve
using chemical fixation meth¢#i&63] However, ntochondrial membranes are protéth

[164166] and thus conventional methods, such as chemical fixation with aldehydes, are
typically wellsuited Figure 12. Nevertheless,ot ensure that the observed inner
mitochondrial membrane phenotype was not inadvertently caused by the chemical fixation
with glutaraldehyde required for TEM, the morphology of the cristae membrane was
independentlyerified using higpresste freezing (HPHpllowed byfreeze substitution.

These two methods combine an immediate physical immobilization of the cell (bsing cryo
fixation) with conventional resin embeddiig. samples for this experiment were prepared

in two wayson carborcoatd sapphire slid@sigure 13A) andascell pellet(Figure 138).

The recorded TEM micrographs corroborated the previous obsefi@tiochemically
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Results

fixed cellgegarding the mitochondrial ultrastructure of FAM210A knockout cells, which
exhibited an ar¢o onionlike cristae architectufagure 12.
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Figure 12 FAM210A knockout exhibits aberrant mitochondrial ultrastructuréA) Representative TEM micrographs

of WT, FAM210A and MIC10 knockou@ells were fixed on ACLAR® FluoropolysRém and subjected to electron
microscopyUltra-thin microtome sections were taken in parallel to the growth surface of the cells. MM@askoiy
provided by Dr. T. Stephai®) A schematic illustratiasf mitochondrial ultrastructure classes used in the quantitative
assessmeffigurel2C) of TEM recordingsomprising five distincategoriesl) WT/lamellar,2) empty (no crista€d)
oniontlike (with and/or without cristae junctiong)arclike ands) other/intermediate(C) Doubleblind quantification

of the detailed cristae morphologwili-type WT), siPOOL scramblesiRNA control, FAM210AiRNA knockdown

(KD) and FAM210A knockout (KO)= number of mitochondrial sections

27



Mitochondria of wildype (WT) samples in bath) and(B) exhibit order lamellar inner membrane architecture, whereas
FAM210A knockou{KO) samples show arand onion like crista¢A) High-pressurerozen wild-type (WT) and
FAM210A knockout (KOleLa cell®n carbon coated sapphire sli@esle bar: 200 n{B) High-pressurérozenwild-

type (WT) and FAM210A knockout (KBg¢Lacells ellet.Scale bar: 500 nm.

To asses mitochondrial ultrastructure in live t@lksformed a liveell superesolution
imaging of FAM210A knockout cellliemitochondrial inner membrawas labelled using
thefluorescent marker PK Mito Orange (PKMtDat featurelw phototoxicity and high
photostabilitythereby enablinttevisualization of cristae structures in live mitochdogria
STED nanoscopjl67] As anticipated, thenaging of FAM210Ariockout mitochondria
revealed aberrant cristaehitecture compared to the wiyide Figure 14, thusvalidating
thefindingspresented abovEigure 12 Figure 13.

FAM2 1KO

Figure 14 Live-cell superresolution imaging reveals aberrant cristae morphology in FAM210A knockoithe
cells were seeded 2ditor toimaging irmanQ@slide 8 well (Ibidi GmbH, German@n the subsequent dadle cells were
treated with 250nM PKMQvhich wathen removedhfter 1h. STED nanoscopy veesformedvithout delaywithinthe
first hour, to prevent cellular stress resulting from temperature fluctuations in the surrounding environment
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Subsequent to the comprehens8/BED nanoscopy an@D TEM visualizabin of
mitochondrial ultrastructurBigure 12 Figure 13, | opted toinvestigatéhe FAM210A
cristae  morphologyhrough 3D electrontomography This approach offera more
comprehensive insight into the structural aspects of the mitochnaoldiding details such
as cristae junctiof$68] through the reconstruction of a thoBmensional image from a

two-dimensional dataset comprising projections at various tilt angles

Figure 15 3D visualization of FAM210A knockout mitochondrion in HeLa cellsCells were chemically fixed and
subjected to electron tomograpRgpresentative tomogram reconstruction is shown out of n=9 d&egetsntation
was done with IMOP169] reconstruction andsualization using Blend&v0]was done by Dr. Peter ligen.

The 3D reconstruction adhe FAM210A knockout mitochondrion, revealed tiratcristae
junctions appear elongatethere they continuoudpan through thentiremitochondrial
slice Figure 15. The cristae membrane morphol@yonsistentith the previously
observedesultsn 2D recordinggFigure 12 Figure 13, exhibiting a mélange of-aand

onionlike phenotypes.
2.1.2.3 siIRNA knockdown of FAMZ210Ahardly affects mitochondrial ultrastructure

To eliminateghe possibility that FAM210A knockout might introduce suppressor mutations
or adaptationas a consequencelofgterm depletion, | decided to perform a transient
depletion of FAM210A protein. Given the profound effects of complete FAM210A
depletion on mitochondrial ultrastructure in HeLa(Egdisre 12 Figure 13, | investigated
whether the shoterm FAM210A reductiahroughsiRNA knockdowrwould haveimilar
effects To knockdown FAM210A | used siRNA pools (siPOOLsITOOLs Biotech
GmbH), as thgaremore effective and haf@veroff-target effects than the conventional

single siRNA approae$s[171] Following a sixlay incubation periagith siPOOLsthe
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knockdown was successtuhereinFAM210A proteirwas undetectab{®upplementary
Figure 1, lane 3

The knockdown of FAM210A haalless sevenenpact than anticipated, contrary to the
effects observed in FAM210A knockout cristae morphology of theistae membrane
in FAM210A knockdown was compardbl¢hat ofthe wildtype control Kigure 16. A
quantitative doubiblind analysisalso demonstratedthat FAM210A hkockdown
predominanyl exhibied lamellar inner mitochondrial membrane morpholaihgugh

therewasanotableincrease in the alike cristae phenotyieigure 12C).

The knockdown of FAM210demonstrated negligible impact on the morphology of the
inner mitochondrial membrane, thereby indicating thplaysa secondary role in
maintainingthe innermitochondrial membrane architecture. This also shows that the

phenotype lbbserved=AM210A knockoutells(Figure 124) is a consequencetbk long

term depletiowf this protein

Figure 16 FAM210A knockdown effects on the mitochondrial ultrastructur&kepresentative TEM micrograjuliis
wild-type (WT), siRNA scrambled control and FAM210A siRNA knockidela cellsCells were fixed on ACLAR®
Fluoropolymef=ilm and subjected to electron microscOjtya-thin microtome sections weristainedn parallel to the
growth surface of the cells. Scale bar: 500 nm.

2.1.2.4 Effects of FAM210AsiRNA knockdown on mitochondrial network

Asthe siRNAmediated knockdown BAM210A did notesult in significant alterations to
mitochondrial ultrastructyreproceeded to examiits effect ormitochondrial network
morphologyFollowing a sixlay knockdown peripthecells were fixed and imnalabeled
against TOMM20 (in green) and dsDNA in magdrigureé 17A). Their network
morphologyvascategorizethto three different classes: tubular, short tubes and fragmented
(Figure 1B). The evaluatiodemonstrated thahe FAM210A siRNA knockdown cells
showeda reductiomn tubular mitochondriaccompanied kan increase in both short tubes
and fragmented class&khoughthe effect of the knockdownléss pronouncetian that
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of the FAM210A knockoFigure 1B), the tendency towardfagmented mitochondrial
networkremains evident in both cases

si RFNAM2 1A
-

n=122 n=132 n=117

El Tubular
B Short tubes
B Fragmented

Figure 17 FAM210AsiRNA knockdown effects on mitochondrial network morphology(A) Representative confocal

microscopy images of mitochondrial network and nucleoid/nucleus-igpeildeLa cellsiRNA control and siRNA

FAM210A knockdownCells were immunolabeled against TOMM20 (in green) and against dsDNA (in Beaenta).

bars: 10 pumtop frame), 3 um (bottom framé) Quantification of mitochondrial network morpholo@ie

morphologies were evaluated based on the classification into three groups: tubular, short tubes and fragmented (n = number
of cells).

2.1.3 Transientre-expression ofFAM210A in FAM210A knockout restores

lamellar cristae structure

To determine whether structural changes to the inner mitochondrial membrane are the result
of cellular adaptation @re permanentmorphologicaklterations| ought to examine
whetherthe transient reexpression of FAM210£ould improvethe morphology of the
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cristae in FAM210A knockout cefisllowing the transient-expression of FAM210A in
FAM210A knockout cells for 48 houtsobserved a considerable improvement and
restoration of mitochondrial ultrastructusfhowing that the FAM210A knockout
phenotypecan be reversed throutjte reintroduction of the proteim conjunction with

my previous findings, this suggested that glththe cristae membrane phenotype in
FAM210A knockout may be a secondary effect, the aberrant cristae morphology does not
originate from DNA loss or efrget mutations that could have occurred during CRISPR
CasQene editing.

o

Figure 18 FAM210A reexpression restores inner mitochondrial membrane morpholody FAM210A knockout
Representative TEM micrographs of ifge (WT), FAM210A knockout, and FAM210A knockout widxpeessed
FAM210A Hela cellFAM210A was transiently osepressed in FAM210A knockout cells for ZBa.ells were fixed
on ACLAR® Fluoropolymefilm and subjected to electron microsctliya-thin microtome sections were taken in
parallel to the growth surface of the cells. Scale bar: 500 nm.

2.1.4 Mitochondrial sub-localization of FAM210Aprotein

As the precise localization of FAM210A remains a topic of gifleatiejective of the next
experiment was to determine the submitochondrial localization of FAM210A in HelLa cells
through the use of supessolution STED nanoscapyowever, recent data obtained
through mitochondrial protease protection assay (commonlgddteas Proteinase K
assay) have indicated that FAM210A localizes to the inner mitochondrial ni@és®rane
155] withits N-terminusresidingin the intermembrane space, #@ad-terminus in the
mitochondrial matrigl55]

To visualize FAM210A, it was overexpressed with afad\lB wiletype HelLa cells for
24 h and then subjected to immunostainifigigure 19. As the plasmid usedh ithe
overexpression in this experiment, was theasathautilized in the previous experiment,
in whichre-expression of FAM210A wdemonstratetb rescue the inner mitochondrial
membrane morpholgdsee chapt@rl.3Figure 18, this result confirmetthat FAM210A
FLAG wasstill functional.
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Using STED nanoscopy, | could shihat MIC60, which localizes to cristae junctions,
circumnavigatethe FAM210AFLAG signalThus the juxtaposition ofthe FAM210A
FLAG and MIC60 sigrnalevealsheir rather nomverlapping natuend the localization of
FAM210A to thenterior of the mitochondrigigure 19. Given thaprevious studies have
shownthatFAM210Ais a membraaprotein thissuggestthat FAM210A localizes to the
inner mitochondrial membranejth a high probability of localizatiom the cristae

membrane based on its juxtaposition to MIEg(e 19.

FAM2 18F L AG FAM2 1AFLAG

Figure 19 Submitochondrial localizationof FAM210A in wildtype HelLa cells. Representative STED nanoscopy
images of wildype HelLa cells with FAM218AAG overexpressed for B4Cells were stained agaimsELAG-tag (in
green) and Mic60 (in magentdje pxtaposition othe FAM210AFLAG and Mic60 sigrelwherein the FAM210A
FLAG signal is positionedthinthebounds oMic60 sighabuggests that the FAM210A protein is likely localized to the
inner mitochondrial membrargeale bar: 3 pum (top frame), 1 um (bottom frame).
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2.1.5 Functional analysis of FAM210A in HelLa cells
2.1.5.1 Lack of FAMZ210A has no influence on mitochondrial transcription

Recent literatuiadicates that FAM210A may play a role in mitochondrial trand@gpn
Howeverthe impact of FAM210A on mitochondrial translation may have originated from
its influence on the transcription proc&éberefore, Investigatethe effects of FAM210A
depletionron mRNA, usingwo differentquantitativéechniquesgPCR and mRNAISH
coupled with STED nanoscopfegPCRresultgevealedhat the levels of mitochondrial
encoded mMRNAs (ATP8, ND2, CYB) amdnucleatencoded mRNAs (SDHB, NDUFB8)

of mitochondrial proteins showed mignificant difference between wlge and
FAM210A knockout cel(&igure 20).

ns ns ns
o ns ns
207 o 0.044 ] m WT
= oIl z EE FAM210A KO
4 0.03-
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Z 2 0.02-
Q
E: 2
p 5 0.01-
0- 0.00-
ATP8 NDUFB8 ND2 SDHB CYB

Figure 20 FAM210A knockout has no influence on mitochondrial and/or nuclear mMRNA in HelLa cellQuantities

of nuclear (SDHB, NDUFB8) and mitochondrial (ATP82NDBYB) mRNA determined by qPCR. There was no
significant difference in mRNA expression (relative to GAPDH) between thypevild/T) and FAM210A knockout
(FAM210A-). ANOVA was performed to determine the statistical significance.

To corroborate the datdtained throughgPCR, mMRNA FISkvas performedsing specific
probes for the COX1 mRNAThis techniquavas combined with immunostaining of
MtDNA (nucleoids) with a dsDNA antibgdgnd TOMM22 a mitochondrial outer
membrane markeand imaged with STED nascopy(Figure 21A). The aitomated
computationalanalysis othe recordedSTED nanoscopy data revealed a significant
difference between the wiippe and FAM210A knockowith respect tehe number of
COX1 mRMA clusters per mitochondriarea. This differena@an be attributetb the
fragmented nature of the mitochondrial netwotkafrAM210Aknockout Figure 21B).
Conveselyno significant differeneeasobserved in the number of COX1 mRNA clusters
per nucleoidindicatinghat the amount of MRNA per nuclemdhains unchangbdtween
thewild-type and FAM210A knockout sampleguyre 21C).Thusthe combined data from
gPCR and mRNA FISHhdicate that depletion of FAM210A has no effect on both
mitochondrial and/or cytosolic transcription.
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Figure 21 STED nanoscopyreveals nosignificant differencein the amount of mMRNA per nucleoid between wild

type and FAM210Aknockout HeLa cells. Acquired STED images were subjected to automated cluster asiatysis
MATLAB softwarg173] COX1m RNA clusters (green) were evaluated regardinguthbir per mitochondrial area
(grey) and per mtDNA/nucleoid (greg®)) Representative STED images of-titee and FAM210A knockout labelled

HelLa cellagainst COX1 mRNA (green)tDNA/nucleoids(magenta) and TOMM20 (gray). Scale han (top and

bottom frames)B) Quantification of COX1 mRNA clusters per mitochondrial area. Figure legend: Box: 25/75 percentile;
whiskers: max/min without outliers; line: median; square: ppedoe: <0,0001C) Quantification of COX1 mRNA
clusters pemtDNA/nucleoid. Figure legend: Box: 25/75 percentile; whiskers: max/min without outliers; line: median;
square: mean-v@alue: 0,0872.

2.1.5.2 Lack of FAMZ210A influences mitochondrial translation

Given thatthe transcription of mitochondrial proteins in FAM210A knoa#loes not
appeato be affectedr{gure 20, Figure 2J), | furtherinvestigatethe potentiainfluence

of the FAM210A depletin the mitochondrial translatiolt. has been proposed that
FAM210A may act as a regulator of mitochondrial translation due to its potential interaction
with EF-Tu, a mitochondrial translation facdB0] In light of the inconclusive nature of
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the daa presented in the literature and the limited scope of the studies, which were
conducted exclusively on murine cardiomyo[}50$ | decided to verify the interaction
partners of FAM210A in HelLa cells, using tandess sectmetry The data indicated

that EF-Tu was among the top 20 potential interaction partners of FAM210A
(Supplementary Figure2, Supplementary Tablel), thereby providing support fis
potential involvement ingéhmitochondrial translation.

To investigate theffects of FAM210A knockout on the mitochondrial translatieivo
radioactive labeling of mitochondrial translation products was perfémsecthethod,

which is commonly employed for the analysis @ichahdrial translation efficiency in
cultured cells, entails the attenuation of cytosolic translation, the incubation of the culture in
a methionindree medium, and the subsequent incubation*#{hmethionine, which is

then detectethroughautoradiogaphy[174]
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Figure 22 [355] methionine labeling reveals depletion of mitochondriaencoded proteins in FAM210A knockout
Shown are levels of mitochondeiatoded eptidesafterin woradioactivdabelling with3%§ methionine Cytosolic
translation was blocked by addif@ig/mL Emetine cells were incubated for\tth [35S] methionine at 3C. Whole
celllysate was émled onto a 108% TrisTricineSDSgradient geDetection using Phosphor Screens and GE Healthcare
Typhoon Scanner.

[**S] methionine labelling revealed that proteins encoded in the mitochondrial genome are
severely downregulated in the FAM2kBAckout sampleF{gure 22 lanes 2, 6). In
contrast, MIC10 and OPA1 knockout samples, which were used as additional controls,
showed normal witypeexpression of mitochondrethcoded proteingigure 22, lanes
2,3,7,8).
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Given the significant impact of FAM210A knockoumitochondriaéncodegbroteinsan
in-depth analysis was conducted to investigate thesttdadgvels of additional respiratory
chain proteins, with particular attention paid to those encoded by the Notédalg the
steadystate levels of mitochondrial respiratoryncpeoteins i(e., NDUFA9, NDUFBS,
SDHA, RIESKE, COX1, COX6A), their assembly factbes, §MIM4, MITRAC12,
C120RF62) and mitoribosome protein markerse.(uL1m/MRPL1, mSl4jnwere
significantly reduced in FAM210A cdlgyifre 23A). In contrast the respiratory chain
proteins remained at wilgbe levels in both OPA1 and MIC10 knockouts.
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Figure 23 Depletion of FAM210A affects nucleaencoded mitochondrial proteins (A) Steadistate western blot
analysis of proteins related to respiratory chain ypddWT), FAM210A, MIC10 and OPA1 knockout HelLa cells,
using whole cell lysa@-CIV: respiratory chain complexes; MR: mitochondir@alaine proteingB) Bluenative PAGE
blotted onto a PVDF membrane, decorated with the markers of respiratory chain coiivpl(ée@ssl48) and ATP

synthase (complex V, laneB09.(*): complex Wimer, (**) and {** ): potentially partially dissociatednplex V core
subunit monomer.

FurthermoreBN-PAGE demonstratethat the complexes of the respiratory chialre

also reduced in FAM210A knockdtig(re 23B). Intriguinglythere does not appear to be

a significant reduction in the amount of ATP synthase (complex V). However, two additional
complex V bands were observed, which may correspaaribiss dissociated stages of the
ATP synthase core subumibnometbased on relative molecular wefglgure 238, lane

10).
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In conclusion these datandicatethat FAM210A plays a role ithe modulation of
mitochondrial translatiomhich consequently affects the abundance of respiratory chain
proteins, both mitochondrigdnd nucleaencodedHowever it remains unclear whether

the observed mitochondrial inner meamler phenotype is a direct consequence of the

respiratory chain protein ablation or if other membrane shaping factors are involved
2.1.5.3 FAMZ210A depletion causes downregulation of MIC10 améIM proteins

As evidenced by the aforementioned ,dtte effect of FAK10A on the inner
mitochondrial membrane morphologppears to bendirect. Given that FAM210A
knockdown Figure 19 did not exhibit the same effects on the cristambrane
morphologyas the knockoFigure 12, andconsidering thdhe respiratory chain proteins
are severely downregulaited~AM210A knockout cell§igure 22 Figure 23), further
investigatiorwasrequired to identify the potential factors contributing to albérant

cristae membramidenotypend fragmented mitochondrial network

To determine whether the obsenatrationsn mitochondrial ultrastructureay have
arisenfrom the changes in protein levddsown to be involvedn cristae membrane
maintenance, | performed a stestdye immuablotting analysig-igure 24). Notably, |
observed a dramatic reduction ofORAl and its associatedATP-dependent
metall@rotease YME1L1 in FAM210A knockdbtgure 24A, lane 4)It can thus be
hypothesized that the absence of H@PIA1 may contribute to the fragmentation of the
mitochondrial network observed in the FAM210A lkowaic

Interestingly, the levels of MIC18 MICOS complex proteinvith a similar cristae
morphology tathe FAM210A knockoutvhen depletedFigure 12, were also reduced
(Figure 24B, lane 4)The quantification of the immunoblotting reveadeceductio of
MIC10to goproximatelyp7% p=0.0004 of the amountobservedn the wildtype sample
(Figure 24C). No other subunit dheMICOS complexxhibited a reduction abundance

in the FAM210A knockout cells. Even MIC26, wiscknown tointeract and form a
complex with MIC1Q49, 175] exhibited a smafthoughnonsignifican} reduction in
abundanceF{gure 24D). Taken together, thed$adings indicate¢hat the depletion of
FAM210Aaffects not only respiratory chain proteinsalsat specifically influences MIC10
of MICOS Therefore the inner mitochondriahner membrane phenotype observed in
FAM210A knockoutells may be a consequence of reduced Migli@lanceather than

adirectresult of depleted respiratory chain prateins
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Figure 24 FAM210A knockout affectseveralproteins of the inner mitochondrial membrane maintenancegA),

(B) Immunoblot analysis of witgpe,siRNA control, SIRNA FAM210A knockdown, FAM210A and MIC10 knockout.
Actin (ACT) and tubulin (TUB) were used as loading con@)IQuantification of MIC10 abundance with ImageJ
Software normalized to WT (100%) *: p-value 00471; ***: p-value 0.0004; **** -yalue <0.0001.

(D) Quantification of MI@6abundance with ImageJt#@fren normalizedo WT (100%)**: p-value 0.0020

2.1.6 Re-expression of LOPAL in FAM210A knockout

As demonstrateah Figure 24A (lane 4) L-OPALlis nearly absent in FAM210A knockout
cells which indicateds overprocessing into theO®A1 isoformgqfor details on OPAl
processingrefer tochapterl.1.2.2 Thereforel investigateavhether reexpression of L
OPA1lwouldrestoremitochondrial network morphologyyen that aimbalance towards
increase®&OPAL results in mitochondrial fragmentation, &mat both S and LOPA1l
isoforms ar@ecessarfpr optimal fusion of membran3, 176178]

To test thishypothesisa noncleavable version &fFOPAL isoform 1(Supplementary
Figure 4) was transiently overexpressedthiss one of the highembundantsoformsin
HelLa cell§178] The noncleavable variant ofF@QPA1 was used in the experimeas
overexpression of cleavable vamauntd result in its complete processing ir@P31 in
FAM210A knockoufThis construct has bepreviouslestablished iour laboratoryand
is highly reliable, ashas been shown to rescue thigochondrial network in OPA1

knockout.Following18 h of overexpression, no improvement in mitochondrial network
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morphologywvas observed in tRAM210A knockoutHigure 25C). Furthermore, elevated
levelsof OPAL1 overexpression appeared to exacerbate tegigineg fragmentation
mitochondrial network in FAM210A knockgfigure 25C, bottom panel)
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Figure 25 Overexpression of EOPALl in FAM210AKO does not restore mitochondrial network morphology

Shown are wiltype(A), FAM210A knockouB), and FAM210A witltransientlyverexpressed@PA1(C)HelLa cells

L-OPAL1 (isoform 1, nenleavable) was overexpressed in FAM210A knockout cells for 18h. Cells were fixed with 8% PFA
and stained against ATP synthase subunit beta (in gresggiasdOPAL (in magentgale bar: {im (all frames).
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Figure 26 L-OPA1 overexpressiomloes notrescue mitochondrial network morphology in FAM210A knockout

Shown ardive-cell recordings oWild-type (WT), FAM210A knockownd FAM210A knockout with transiently
overexpressedQP A1 HelLa cel |l s. Mi t ochondria were visuaA ized wusin
B). FAM210A knockout cells were transfected wi@PIAL (isoformil, cleavab)gagged with HaloTag®&o visualize

OPAZ1-Halo a click reaction with a SiR fluorophore was perf@Bnsecond frameScale bar: 3@ (all frames).

Onelimitation of this methots the presence of endogenous OPAL1 in bothtyyple and
FAM210A knockoutells. The antibody used for immunostaining captures batf IS
OPAL, as it binds to thet€rminal region present in all isofoivikileintensity differences
indicdive of OPAL overexpression were obser¥glfe 25C), the effectiveness of Ron
cleavable HOPA1 overexpression remained uncertaifiurfioer address this limitatjdn
performed liveeell microscopy of transiently overexpresseBA1 (isoform 1, cleable)
tagged with a HaloTag®igure 26). In light of recent advances in OPAL research, which
havesuggestethe significance of the proteolytic cleavage prodessna¢mbrane site for
OPAL1 function, thosdo usethe cleavable version of isoforrRégrettablythe expression
efficiency of this construct was dramatically low, &aited toameliorate mitochondrial
network morphology in FAM210A knockout cells. The presented results of this experiment
maybe explained in various whkiystly, the cleavable version eDPAL isoform 1 has
generally low expressi@condly, the HaloTag®, whiisha relativelyarge tag of 33kDa,

mayinterfere witlithe expression of OPAL Lastly asthis experiment used the cleavable
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version of EOPA1 (isoform 1), inayhave been completely processed H@®A1,which
would defeathe initial experimental qmose.

As demonstrated in previous chaptaesknockoubf FAM210Ahas a substantial impact

on mitochondriamorphologyand alters the abundance of several proteins that are crucial
for the organelle's functionality. In view of these findings, it twasexpected that the-re
expression of OPA1 was unable to compensate for the deficiencies and restore the
morphology of the mitochondrial network.
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2.2 MIC100 a key factor in thecristaeremodeling of respiratory chain
depleted cells

As demonstratedn chapter 2.1 the depletion of FAM210Aesults ina fragmented
mitochondrial network, aberrant cristae architecture, and downregulation of both nuclear
and mitochondrial encoded respiratory chain prodatably MIC10 knockout did not

result in anympairment in the expression levels of respiratory mtodéins However jt

exhibited a similar inner mitochondrial membrane phenotyped was significantly
downregulatedhiFAM210A knockoutThesdindings led me tbypothesize that the-re
expression of MIC1lihaypotentially restore the wilgpe cristae mebrane architectune
FAM210Adepleted cellsFurthermore, OXPHOS levels might determine MIC10
abundance in human cells and thus cristae forniatesastinglyielationship between the
OXPHOSand MIC10subcomplexvas previously suggested in yaéisbugh it has not

been yet investigated in mammalian[8dlls
2.2.1 Re-expression of MIC10 restoresristae morphology in FAM210A knockout

In the literature, MIC10 is well knofen its role irthe coordination of lamellar cristae bio

and morphgenesislo examine whether the morphology of the cristae membrane could be
restored through vexpression of MIC10 in FAM210A knockout caligasmid containing
MIC10, expressed under the control dbaycyclinenducible promoter, was transfected
into these cellsn this constructhe C-terminus of MIC10 was fused with a FLAZA-

EGFP tagpreviously described and usexpablication from our lavatory[49] TheT2A
peptideis seHcleavabld179] releasingcGFP into the cytosdb actas anexpression
reporterSubsequentliy)ICL0FLAG is transported intthe mitochondria, whereiititially

forms aMIC10 subcomplex which then binds to the MIC60 subcomplex thereby
establishing fully assembled MICOS complex.

Following a 7-hour period of MICl@ransientre-expressioin FAM210A knockout cells
treded with 025 pg/mL doxycycline, |1 observed a significant improvement in cristae
morphology Kigure 27A). A quantitative analysis of over 800 mitochondrial sections
revealed that lamellar cristae in FAM210A knockout cells with MIEgprassion
exhibited a twofold inease in lamellar cristae and a twofold decrease inlikanion
morphology compared to the FAM210A knockout coritigli(e 27C). It should be noted

that the transient rexpression of MIC10 resulted in near-type levels of the protein on

average across the cell population. However, it is important to acknowledge that expression
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Results

levels may vary at the singgé leve{Supplementary Figured). This gradual improvement

of the inner mitochondrial membrane morphologputth MIC10 rexpressionis
consistent witlprevias evidence, where the TetOn MIClhtm®duction rescuethe

cristae ultrastructure in MIC10 knockout ¢49% Neverthelessa complete reversion of

the phenotype tthe wild-typestatewas not attained his phenomenon may be attributed

to additional defects in the FAM210A cells, such as the depletion of respiratory chain
proteins and the absence 6OPAL, or the protein expression level variability during
transfection.
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Figure 27. Re-expression of MIC10 in FAM210A knockout partially rescues the cristae membrane morphology

(A) Representative TEM micrographs of wifte (WT), FAM210A knockout, and FAM210A knockout witlxpeessed

MIC10 HeLa cells. MIC10 on a TetOn plasmid was transiently expressed in FAM210A knockout cells for 72h upon adding
0,025.1g/mL doxycycline. Cells resfixed on ACLAR® FluoropolymEilm and subjected to electron microscopy.-Ultra

thin microtome sections were taken in parallel to the growth surface of the cells. Scale ba(B)s5Cartuon
representation of mitochondrial ultrastructure classeis tisedjuantitative evaluatiétigure 27C) of TEM recordings,

comprising five distinct classes: 1) WT/lamellar, 2) empty (no cristae)-[8eo(atin and/or withut cristae junctions),

4) arelike and 5) other/intermedia{€)Doubleblind quantification of the detailed cristae morpholagiditype WT),

FAM210A knockout (KOand FAM210A knockout with-expressed MIC10. n= number of mitochondrial sections.
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