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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 the inner boundary membrane and 

the cristae membrane, which is characterized by pleomorphic invaginations. The cristae 

membranes are the main site of oxidative phosphorylation (OXPHOS) as they harbor the 

complexes involved in cellular respiration, including complexes I-IV of the mitochondrial 

respiratory chain and ATP synthase. Although the function of F1F0-ATP synthase in stabilizing the 

cristae rims has 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, can 

influence the lamellar morphology of the cristae. To elucidate the potential influence of respiratory 

chain complexes on the inner mitochondrial membrane, I investigated the recently identified 

mitochondrial translation factor FAM210A, which has been implicated in mitochondrial inner 

membrane remodeling. Using CRISPR-Cas9 gene editing, I was able to show that the absence of 

the FAM210A protein leads to a reduction in the abundance of respiratory chain complexes (RCC). 

This reduction in RCC leads to the down-regulation of MIC10 from MICOS, affecting the 

morphology of the inner mitochondrial membrane. Reintroduction of MIC10 into the respiratory 

chain complex-depleted system restores the wild-type lamellar cristae membrane phenotype, but 

not mitochondrial respiratory function. In summary, I have elucidated the role of the protein 

FAM210A as a translational factor in HeLa cells and investigated various functional aspects. I have 

discovered a previously unknown interdependency between RCC and mitochondrial inner 

membrane structure mediated by MIC10 human cells. I 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 Introductio n 

òToutes choses sont dites déjà, mais comme personne n´écoute, il faut toujours recommencer.ó 

André Gide, Traité du Narcisse 

1.1 Mitochondrial membrane structure and dynamics 

Mitochondria are multifaceted organelles, widely recognized for their involvement in cellular 

bioenergetics, apoptotic cell death, stem cell differentiation, autophagy, inflammation, 

senescence, immune response and other metabolic and signaling processes [1-7]. Their dual 

role as the powerhouse of the cell and a signaling hub is reflected in their double membrane 

morphology, with a smooth outer mitochondrial membrane (OMM) and a highly 

compartmentalized inner mitochondrial membrane (IMM) (Figure 1). The IMM structure is 

further subdivided into two compositionally, functionally and morphologically distinct 

subcompartments: the inner boundary membrane (IBM), which runs in parallel to the OMM, 

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

the machinery for cellular respiration [8-14].  

 

Figure 1: Mitochondrial structure and function. The mitochondrial matrix (lumen) is a principal site of the TCA cycle, 

mtDNA replication and mitochondrial protein biosynthesis. It is enclosed by two membranes: the outer mitochondrial 

membrane (OMM ) and the inner mitochondrial membrane (IMM ). The space between the OMM and IMM is referred to 

as the intermembrane space or IMS. The IMM is further subdivided into inner boundary membrane (IBM ), which runs in 

parallel to OMM, and cristae membrane (CM). CM and IBM are connected through the structures called cristae junctions 

(CJ), which act as a diffusion barrier into and out of the cristae lumen. IMM shaping into cristae is dependent on the 

mitochondrial contact site and cristae organizing system (MICOS) complex, which localizes to CJs. CM is a site for mtDNA 

maintenance, Fe-S-cluster biogenesis, but mainly for oxidative phosphorylation, harboring the respiratory chain complexes 

and ATP synthase. Numerous other functions have been ascribed to mitochondria, such as protein import and processing, 

apoptosis, mitophagy, protein quality control and degradation etc. (Reproduced with permission from Springer Nature [15]).  

IBM

CJ

TIM

TOM

MICOS

OMM

IMM

IMS

CM
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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 essential for mitochondrial 

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 nuclear-encoded proteins into the mitochondria. It recognizes the 

mitochondrial targeting sequence (MTS) of the precursor protein, mediates its passage 

through the pore, and directs it to the OMM by the SAM complex [16], or to the IMM 

through the translocase of the inner mitochondrial membrane (TIM) [17-20].  

The OMM also harbors essential proteins involved in the establishment of inter-organelle 

contact sites (i.e., mitochondria-ER contact sites), which are essential for mitochondrial 

fission and fusion [21-24]. Furthermore, it is involved in multiple signaling cascades (i.e., 

oxidative stress and ROS signaling, calcium signaling, retrograde and anterograde signal 

transduction, mitophagy, apoptosis etc., extensively reviewed elsewhere [2, 25-27]), 

challenging our current perception of mitochondria as merely òthe powerhouse of the celló.  

1.1.2 Inner mitochondrial membrane 

As mentioned above, the inner mitochondrial membrane (IMM) consists of two functionally 

and morphologically distinct subcompartments: the inner boundary membrane (IBM) and 

the cristae membrane (CM). The IBM harbors mitochondrial import and assembly 

machinery, as well as several ion, ADP/ATP, and small metabolite transporters, that shuttle 

them between the mitochondrial matrix and the cytoplasm [13, 28, 29]. Meanwhile, the 

cristae membranes, which house the respiration machinery of the cell, are connected to the 

IBM through structures called cristae junctions (CJ), slit-like to round openings that act as a 

barrier. They sequester various metabolites in the intercristae space, in particular the soluble 

electron transport chain (ETC) carrier cytochrome c [3, 30].  

Cristae membranes are highly dynamic structures that adapt their morphology in response 

to various physiological stimuli and pathological conditions [31, 32]. Cristae formation within 

the IMM, termed cristae biogenesis, is a complex process involving spontaneous forces, 

driven by protein- and lipid-induced membrane curvature [33], and numerous modulating 

factors, notably the mitochondrial contact site and organizing system (MICOS), the dimeric 

F1F0-ATP synthase and the GTPase OPA1 (optic atrophy 1) [34-37]. 
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1.1.2.1 Role of the MICOS complex in the IMM 

MICOS is a large hetero-oligomeric complex, consisting of MIC60 (IMMT, mitofilin), 

MIC27 (APOOL), MIC26 (APOO), MIC25 (CHCHD6), MIC19 (CHCHD3), MIC13 

(QIL1), and MIC10 (MINOS1) [30, 38] that localizes primarily to cristae junctions [34, 39-

42]. The proteins of the MICOS complex form two distinct subcomplexes: the MIC10 

subcomplex, consisting of MIC10, MIC13, MIC26 and MIC27, and the MIC60 subcomplex, 

consisting of MIC60, MIC25 and MIC19, wherein both are linked via MIC19 [34, 43-45]. 

Both subcomplexes show membrane shaping capability [46-48], yet their functions are 

different, when it comes to cristae bio- and morphogenesis [49]. The MIC60 subcomplex, 

named after its core protein, is necessary and sufficient for cristae junction formation. This 

functionality of MIC60 is conserved in eukaryotes [50-52] and does not require OXPHOS 

and/or cardiolipin to 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 lost in these cells and the entire 

MICOS complex is degraded [49] (Figure 2).  

 

Figure 2: Knockout of different MICOS subunits in HeLa cells results in aberrant cristae morphology. 

Representative transmission electron microscopy images show different phenotypes after knockout of different MICOS 

subunits. Notably, MIC60 knockout is associated with an almost complete loss of cristae junctions. Both MIC10 and MIC13 

show similar phenotypes where cristae invaginations are lost, and the cristae membrane runs in parallel to the OMM. Scale 

bar: 500 nm (Adapted from [49], shared under CC-BY 4.0). 

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 cristae ultrastructure (Figure 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 required for the monomeric 
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F1F0-ATP synthase assembly and maintenance of cardiolipin levels [53]. Depletion of MIC25 

also does not significantly affect mitochondrial ultrastructure [49] (Figure 2), or the stability 

and/or assembly of MICOS [54], suggesting that it acts as a peripheral subunit of the 

complex. 

 

Figure 3: Representative electron tomography 3D reconstruction of wild-type (WT) and MIC10 knockout 

mitochondria in HeLa cells. The wild-type mitochondrion shows a lamellar cristae structure, whereas the MIC10 

knockout shows disorganized cristae which are parallel to the outer mitochondrial membrane. (Adapted from [49], shared under 

CC-BY 4.0).  

It has been shown that knockdown of MIC13 results in disassembly of the MICOS complex, 

accumulation of the MIC60 subcomplex, and loss of the MIC10 subcomplex [43]. 

Furthermore, both MIC10 and MIC13 knockouts result in a similar aberrant cristae 

morphology (Figure 2). MIC10, one of the core proteins of the MIC10 subcomplex, is 

known to facilitate the bio- and morphogenesis of lamellar cristae [49]. Due to its glycine-

rich motif, MIC10 forms homo-oligomers and bends the membrane at CJs [46, 47]. Loss of 

MIC10 only disrupts the MIC10 subcomplex itself and also leads to aberrant cristae 

membrane morphology with arc-like shaped cristae, dramatically reduced number and 

enlargement of CJs [49] (Figure 3).  

 

Figure 4: Model of cristae membrane remodeling in wild-type and MIC10-depleted cells. Re-expression of MIC10 

in MIC10-depleted cells results in rescue of the cristae membrane architecture, followed by assembly of the holo-MICOS 

complex. (Figure adapted from [49], shared under CC-BY 4.0). 

Re-expression of MIC10 in the MIC10-deficient cells converts the unstructured CM to a 

wild-type-like state (Figure 4). Here, the reintroduction of MIC10 and the subsequent 
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assembly of the holo-MICOS complex, serves as a switch that facilitates the efficient 

conversion of disorganized aberrant cristae into lamellar cristae, providing a new model of 

cristae bio- and morphogenesis [49] (Figure 4).  

Moreover, several studies have indicated that MIC10 interacts with the F1F0-ATP synthase 

[49, 55, 56], thereby promoting the stability of its higher-order assemblies within the inner 

mitochondrial membrane [57]. It is noteworthy that this function of MIC10 at the site of the 

ATP synthase does not necessitate MIC10 oligomerization. However, the oligomerization of 

MIC10 is indispensable for its function at the MICOS complex and for introducing negative 

curvature of the IMM at the cristae junctions [57]. This illustrates a dual role of MIC10 in 

metabolic adaptation and respiratory growth, in addition to its established role within the 

MICOS complex at cristae junctions. 

1.1.2.2 Functionality of OPA1 in the IMM 

Additionally, evidence indicates that MICOS engages in direct interaction with the 

mitochondrial GTPase OPA1 through its core protein MIC60 [58]. Nevertheless, some 

studies suggest that this interaction is mediated via MIC19 [59]. OPA1 and MIC60 jointly 

regulate the number and stability of cristae junctions, with OPA1 specifically regulating 

cristae width [36, 49, 60]. OPA1, in conjunction with F1F0-ATP synthase, facilitates the 

positioning of MICOS, and thereby influencing the position of cristae junctions [49]. 

Furthermore, OPA1 plays a pivotal role in inner mitochondrial membrane remodeling, 

through its involvement in inner membrane fusion [23, 61-64]. Together with mitofusin 1 

(MFN1), OPA1 is necessary for the formation of a tubular mitochondrial network [23, 65].  

The observed variability in OPA1 functionality within the mitochondria is attributed to its 

numerous isoforms. Eight distinct OPA1 alternative splicing isoforms have been identified, 

which are subjected to proteolytic processing by YME1L1 and OMA1 proteases, resulting 

in the generation of short (S-OPA1) and long (L-OPA1) forms [66, 67]. During 

mitochondrial depolarization and loss of inner membrane potential, but not during inhibition 

of OXPHOS or glycolysis, increased cleavage of L-OPA1 into S-OPA1 occurs. This leads 

to severe mitochondrial fragmentation and subsequent loss of the tubular network [68-70]. 

1.1.2.3 Role of F1F0-ATP synthase in cristae formation 

In addition to its function in the electron transport chain as an enzyme that facilitates ATP 

formation [71], the dimeric F1F0-ATP synthase is arranged in rows at the cristae rims, 

introducing positive curvature to the cristae membrane and reinforcing the structural 
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integrity of those cristae rims [29, 51, 72, 73]. Furthermore, it interacts with the MICOS 

complex via MIC27 [55]. The depletion of ATP synthase dimerization factors has been 

demonstrated to affect IMM morphology, resulting in the disorganization of cristae and the 

emergence of various aberrant shapes, including onion- or balloon-like [14, 29, 35]. 

Moreover, the inhibitory factor of ATP synthase (IF1) has been demonstrated to exert a 

deleterious effect on its oligomerization. The depletion of IF1 results in a reduction in 

mitochondrial cristae density. Conversely, its overexpression enhances ATP synthase 

dimerization and activity [74].  

Nevertheless, it 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 mtDNA degradation, 

among others [14, 75]. 
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1.2 Mitochondrial bioenergetics  

Mitochondrial bioenergetics encompasses multiple energy transduction pathways, such as 

the citrate cycle, oxidative phosphorylation, and others, which are critical in defining 

mitochondrial function in both steady-state and various pathological conditions [76]. The 

measurement of bioenergetic aspects such as oxygen consumption rate (OCR) or 

extracellular acidification rate (ECAR) provides invaluable insights into the collective state 

of mitochondria in a cell. Understanding these bioenergetic processes is essential for 

assessing mitochondrial health and function, as mitochondrial disorders are among the most 

common metabolic conditions in both neonatal and adult humans [77, 78]. In this chapter, 

the main bioenergetic processes ð OXPHOS and glycolysis ð will be discussed in detail, as 

they are closely related to mitochondrial function and morphology.   

1.2.1 Oxidative Phosphorylation (OXPHOS) 

Oxidative phosphorylation (OXPHOS) is a critical process for energy production in 

eukaryotes. Its primary function is the production of ATP. The machinery of oxidative 

phosphorylation is a cristae membrane-embedded system, also referred to as the electron 

transport chain (ETC). This system pumps the electrons across the intermembrane space, 

generating an electrochemical gradient that is later used by the F1F0-ATP synthase to catalyze 

ATP production from ADP and inorganic phosphate [31, 79]. It comprises four respiratory 

chain protein complexes, or RCCs: NADH:ubiquinone oxidoreductase (complex I), 

succinate dehydrogenase (complex II), dimeric cytochrome bc1 oxidoreductase (complex 

III 2), cytochrome c oxidase (complex IV), and two mobile electron carriers, namely 

membrane-integrated ubiquinone and soluble cytochrome c [80-83]. In order to generate the 

electrochemical gradient, ETC utilizes the substrates, i.e., NADH and succinate, which 

originate from the tricarboxylic acid cycle (TCA). The TCA, also known as Krebs cycle, is a 

central pathway for oxidizing the products of glycolysis and fatty acid beta-oxidation (for 

detailed overview, see Figure 5).  

The OXPHOS machinery is distinguished from other bioenergetics processes by its dual 

genetic origin. The assembly of RCC and ATP synthase are complex processes that require 

a multitude of co-factors and intricate co-regulation of mitochondrial protein synthesis and 

import of nuclear-encoded proteins from the cytosol [84-86].  
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Figure 5: Schematic overview of the Krebs cycle and the electron transport chain (ETC)  in mitochondria. The 

Krebs cycle, also known as the tricarboxylic acid (TCA) cycle, commences with the combination of two molecules of acetyl-

CoA with four-carbon oxaloacetate, resulting in the formation of citrate. This reaction is catalyzed by citrate synthase (CS). 

Aconitase 2 (ACO2) catalyzes the conversion of citrate into isocitrate, which is subsequently decarboxylated into alpha-

ketoglutarate (ǟKG) through the reduction of NAD+ to NADH and the release of CO2 by isocitrate dehydrogenase (IDH3). 

ǟKG is then decarboxylated to succinyl-CoA with oxoglutarate dehydrogenase complex (OGDH), resulting in the release 

of NADH and CO2. The conversion of succinyl-CoA to succinate is mediated by succinyl-CoA synthetase (SCS), and is 

coupled to a single phosphorylation reaction of the TCA, which generates one GTP or ATP molecule. 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 system that is involved 

in both the TCA cycle and the ETC, reducing FAD to FADH2 and thus donating electrons to complex II. Subsequently, 

fumarate hydratase (FH) transforms fumarate into malate, which is then converted into oxaloacetate via malate 

dehydrogenase 2 (MDH), accompanied by the reduction of NAD+ to NADH. This final step serves to regenerate 

oxaloacetate, which is then available for the continuation of the cycle. The reduction of NAD+ and FAD occurs during 

substrate oxidation, resulting in the generation of three NADH and one FADH2 molecules per cycle. These molecules 

subsequently donate electrons to complexes I and II, respectively. The electrons that are passed on to complexes I and II 

are subsequently used to reduce ubiquinone (Q) to ubiquinol (QH2). This reduction is then re-oxidized to Q as it passes 

electrons to complex III. Subsequently, electrons are transferred from complex III to the soluble electron carrier 

cytochrome c (Cyt C). Cyt C then transfers its electrons to complex IV, which subsequently passes them to the final electron 

acceptor, oxygen (O2), resulting in the formation of water (H2O). While electrons are traversing the electron transport chain 

(ETC), complexes I, III, and IV are pumping protons (H+) across the inner mitochondrial membrane (IMM), 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 (OXPHOS) (Adapted from [87], 

shared under CC-BY 4.0). 

A comprehensive understanding of the regulatory mechanisms and functional aspects of the 

OXPHOS system is crucial, as its dysregulation frequently results in the development of 

debilitating illnesses, including neurodegenerative disorders, cancer, and age-related 

conditions [77, 78]. To date, a substantial body of research has been conducted on the 

assembly pathways, regulation, and associated diseases of the respiratory chain complexes 

and supercomplexes. It is therefore of the utmost importance that both research and 
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diagnostics of mitochondrial fitness be equipped with tools to measure the activity of the 

ETC. One such tool is 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 functional roles. Despite 

the existence of numerous methodologies for assessing mitochondrial function [88, 89], the 

measurement of fluxes has been identified as the most reliable and prevalent approach for 

intact cells. This approach enables the gathering of information regarding the respiratory 

control of the cell, reporting on such aspects as the basal and maximal respiration, proton 

leak, non-respiratory capacity, respiratory ATP production, and spare respiratory capacity 

[90].  

 

Figure 6: Overview of the oxygen consumption rate (OCR) profile. The OCR measurement, also referred to as a 

mitochondrial stress test, is conducted in real-time and enables the identification of mitochondrial 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 oligomycin, an inhibitor of the proton 

pumping F0 subunit of ATP synthase, respiratory ATP production (ATP-linked OCR) is measured. This is the respiration 

driving mitochondrial ATP synthesis. Subsequently, the proton-uncoupling 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 subtracting the maximal from the basal OCR. Finally, non-mitochondrial OCR is determined through the 

addition of antimycin A, which blocks electron flux through the electron transport chain at complex III, thereby inhibiting 

respiration (Adapted from [91]). 
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The technical developments of the last decade have introduced a multi-well plate-based 

method of measuring cell oxygen consumption rate (OCR) in adherent cells using the 

Seahorse XF Analyzer [90-93]. 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 through the respiratory 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 used to divide cellular respiration into distinct, assessable 

modules [94] (Figure 6). 

1.2.3 Glycolysis 

In comparison to the high-yield, low-rate oxidative phosphorylation system, glycolysis is a 

low-yield but high-rate process of ATP generation in cells [95]. 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 acid (TCA) cycle, facilitating the production of 

nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). 

These electron carriers subsequently feed into the complexes I and II of the electron 

transport chain (ETC) (Figure 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 through OXPHOS, two 

molecules produced through the TCA cycle, and two molecules produced through glycolysis. 

However, the actual yield rates of ATP synthesis are dependent on the c subunit of the ATP 

synthase F0 complex, which determines the number of protons translocated 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 substrates such as pyruvate, inorganic 

phosphate, and ADP [96].  

An alternative pathway is anaerobic glycolysis, whereby pyruvate is converted into lactate in 

the cytosol through lactate dehydrogenase. This results in an increase of the reducing 

equivalent NAD+ and a decrease in ATP production through oxidative phosphorylation. The 

increase in NAD+ is used to reinitiate the initial step of glycolysis, namely the oxidation of 

glucose to glucose-6-phosphate, thereby enabling the 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 effect." He 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 it [98].  

Although the glycolytic pathway is less efficient in terms of ATP production, the rapid flux 

of carbon metabolites, such as glucose and its intermediates, can significantly enhance the 

synthesis of ATP in comparison to oxidative phosphorylation. [97]. This is highly 

advantageous during the process of cell proliferation, as it permits the rapid generation of 

ATP within the cytoplasm. 

In HeLa cells, the capacity for oxidative phosphorylation is inadequate to sustain aerobic 

biosynthesis from glucose [99]. In other cancer cell models, the withdrawal of glucose is 

often deleterious to their proliferation, as they primarily use anaerobic glycolysis for ATP 

synthesis [100, 101]. In addition to rapid ATP production, glycolysis also supports essential 

non-mitochondrial pathways, providing intermediates necessary for macromolecular 

processes such as the synthesis of ribose and glycerol, the hexosamine pathway, and others 

[102].   

1.2.4 Measurement of glycolysis in the cell 

Although numerous established methods exist for quantifying various aspects of glycolysis, 

including the measurement of the activity of rate-limiting glycolytic enzymes, metabolite 

levels, and glucose tracing, one of the most commonly used is the measurement of the 

extracellular acidification rate (ECAR) of the surrounding media. This is predominantly due 

to the secretion of lactate from the cells [103]. Consequently, ECAR measurement is 

frequently used as a proxy for cellular glycolytic activity. This 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 

acquisition of real-time, high-throughput insights into both glycolysis and mitochondrial 

respiration. The glycolysis stress test assay is a commonly used method for investigating the 

glycolytic rate in adherent cells. In this assay, glucose, oligomycin, and 2-desoxyglucose are 

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

metabolic profile of the cells, distinguishing between glycolytic and oxidative metabolic 

pathways [97] (Figure 7).   
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Figure 7: Overview of the extracellular acidification rate profile (ECAR) in a 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, followed by the introduction 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 (ETC) and attenuate 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 the cells, reflecting their ability 

to enhance glycolytic activity in response to stress or increased energy demand. 2-Desoxyglucose (2-DG) is a substrate used 

to inhibit glycolysis, thereby establishing a baseline ECAR measurement that reflects the portion of extracellular 

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 diffusion of CO from mitochondrial 

respiration, the pentose phosphate pathway, or amino acid metabolism. Therefore, it is essential to account for this in each 

measurement (Adapted from [97]). 
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1.3 Mitochondrial gene expression 

òThe capacity to blunder slightly is the real marvel of DNA. Without this special attribute,  

we would still be anaerobic bacteria and there would be no music.ó 

 Lewis Thomas 

OXPHOS complexes consist of proteins with dual genetic origin: the majority are encoded 

in the nuclear DNA, while 13 essential subunits are encoded in the mitochondrial DNA 

(mtDNA) ð a maternally inherited circular genome [104]. Mitochondrial gene expression 

entails transcription, replication, RNA processing, and translation, with all corresponding 

machineries meticulously adapted to the unique mitochondrial environment. Since the initial 

description of human mitochondrial DNA in the scientific literature approximately 60 years 

ago [105], there has been significant advancement in our comprehension of its function 

within the OXPHOS system and its interaction with the nuclear genome [106]. The correct 

assembly of the respiratory chain complexes and F1F0-ATPsynthase is contingent upon the 

coordinated biogenesis of subunits encoded by both mitochondrial and nuclear DNA. In 

addition to the various mechanisms that regulate the balance between mitochondrial and 

nuclear gene expression, such as translational plasticity and the involvement of different 

translational activators, the import of nuclear-encoded proteins also plays a pivotal role [84]. 

Understanding mitochondrial gene expression is not only crucial for comprehending the 

bioenergetics of the organelle, but also for elucidating the mechanisms underlying the 

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 complexes called nucleoids, which are spatially 

distributed throughout the mitochondrial network of the cell, and are localized in the 

mitochondrial matrix. A single nucleoid is approximately 100 nm in size and has a distinct 

composition, typically comprising one mtDNA molecule [107], and mitochondrial 

transcription factor A (TFAM), the primary protein involved in mtDNA packaging [108, 

109]. The ratio of mtDNA to TFAM within a nucleoid serves as a crucial indicator of 

mtDNA replication activity. It has been demonstrated that nucleoids with a low TFAM-to-

mtDNA ratio exhibit high replication activity, while those with a high TFAM-to-mtDNA 

ratio demonstrate the opposite phenomenon [110]. In addition to TFAM, several other 

proteins have been shown to interact with nucleoids, including mitochondrial RNA 

polymerase (POLRMT), transcriptional elongation factor (TEFM), and others. [111]. 
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The separation and even distribution of the nucleoids throughout the mitochondrial network 

is dependent on the action of DRP1-mediated mitochondrial 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 enlarged. Recently, it has been proposed that ATAD3A, an AAA-ATPase, may play 

an important role in nucleoid trafficking. This hypothesis suggests that, together with the 

DRP1-dependent mitochondrial fission, ATAD3A may influence the size, morphology and 

distribution of nucleoids within cells [112]. Moreover, the reduction 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 is a 16,569 bp double-stranded, intron-less circular molecule, 

that comprises 22 tRNAs, two rRNAs and 13 protein-coding genes [114] (Figure 8). The 

two mtDNA strands ð the heavy (H) and the light (L) ð exhibit distinct buoyant densities 

due to their different purine-to-pyrimidine ratio content. All the essential regulatory 

elements, including the H- and L-strand promoters of the mtDNA, and the origin of H-

strand replication (OriH), are located within the non-coding region (NCR) (Figure 8). The 

H-strand is responsible for encoding the majority of the genetic information stored within 

the mtDNA, including the 12S and 16S rRNA and ten mRNAs. The complementary L-

strand encodes one mRNA (ND6) and eight tRNAs (Figure 8). The RNAs released during 

transcription undergo maturation, which involves a number of processes, including 

polyadenylation of 3' end of rRNAs and mRNAs, addition of CCA trinucleotides to the 3' 

ends of tRNAs, and other unique nucleotide modifications. Altogether, this constitutes a 

unique genetic apparatus with the capacity to translate the 13 mitochondrial-encoded genes 

into 13 polypeptides that are integral to the oxidative phosphorylation system [115, 116].  

The transcription of mtDNA is carried out by single-subunit mitochondrial RNA polymerase 

(POLRMT), which directly interacts with the promoters within the non-coding region 

(NCR). However, the initiation of transcription requires the involvement of two additional 

factors, namely mitochondrial transcription factor A (TFAM) and mitochondrial 

transcription factor B2 (TFB2M) [117, 118]. With the assistance of the mitochondrial 

transcriptional elongation factor (TEFM) [119], POLRMT is capable of transcribing both 

the H- and L-strands of the mtDNA, resulting in production of polycistronic transcripts 
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[116, 120]. These polycistronic transcripts are subsequently processed by RNase P and 

ELAC2, which excise the in-between tRNAs, thereby releasing the mRNAs and rRNA 

molecules (Figure 8). However, this type of canonical processing does not occur for the 

ATP6/ATP8 and COX3 genes, since there is no tRNA interspacing between them. The 

precise mechanism of transcript processing at this particular site remains unknown. [117].  

 

Figure 8: Organization of human mitochondrial DNA . A schematic representation of the human mitochondrial 

genome. L-strand polycistronic mRNA transcripts (illustrated by red outer arrow lines) originate at the two L-strand 

promoters ð LSP and LSP2. The H-strand polycistronic mRNA originates at the H-strand promoter (HSP). The tRNA 

genes (blue and yellow) are indicated on the map with a single amino acid letter, which corresponds to the aminoacetylated 

residue of the respective tRNA (Reproduced with permission from Springer Nature [117]). 

Replication of mtDNA is initiated at the H-strand origin of replication (OriH), where 

POLRMT binds to synthesize a short RNA replication primer that is necessary for 

mitochondrial DNA polymerase-ǡ (POLǡ) to initiate the DNA synthesis [121]. The 

mitochondrial helicase TWINKLE unwinds the mtDNA before POLǡ [122], and the 

mitochondrial single-strand DNA binding protein SSBP1 prevents premature reannealing of 

the template strand, which hinders its use as a template for transcription [116]. In the process 
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of mtDNA synthesis, the template H-strand is continuously displaced by the newly 

synthesized strand, in the so-called strand-displacement model process [123]. Following the 

replication of approximately two-thirds of the H-strand, the L-strand origin of replication 

(OriL) is exposed, forming a loop that displaces SSBP1, and allows POLRMT to bind and 

synthesize a primer at OriL, thereby initiating L-strand replication. Subsequently, synthesis 

of both strands proceeds concurrently, in accordance with the strand-displacement model 

[116, 124]. 

1.3.3 Mitochondrial translation 

The protein-coding genes are translated by a mitochondria-specific translation machinery 

into the 13 essential protein subunits of the electron transport chain [82]. Extensive research 

conducted over the past two decades has significantly advanced our knowledge about 

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

The architecture of the mammalian mitochondrial ribosome, also known as the 

mitoribosome, differs significantly from that of its cytosolic counterpart due to its higher 

protein-to-rRNA ratio [125]. In particular, the human mitoribosome is composed of three 

rRNA molecules (12S rRNA, 16S rRNA, tRNAPhe/Val) and 82 proteins, 36 of which are 

exclusive to the mitochondria [126, 127]. The formation of mitoribosome subunits requires 

the involvement of a diverse array of GTPases, methylases, helicases, DNA-binding proteins 

and chaperones [116]. The small mitoribosome subunit (mtSSU) in mammals contains the 

12S rRNA and 30 proteins, while the large mitoribosome subunit (mtLSU) includes the 

remaining 52 proteins, the 16S rRNA and tRNAPhe/Val [126].  The latest evidence indicates 

that the initial stages of mitoribosome biogenesis entail interactions between mitochondrial 

ribosomal proteins resulting in the formation of protein-only subassemblies devoid of rRNA. 

This suggests that mitochondrial rRNA synthesis may represent a rate-limiting step in the 

assembly of the mitochondrial ribosome [128]. 

The assembly of the mitoribosome is a highly complex process that requires careful 

coordination between the import of proteins from the cytosol and the co-transcriptional 

processing of rRNAs that are transcribed in the matrix by the mitochondrial transcription 

machinery. The mitoribosome assembly process in mammalian cells likely begins at the 

nucleoids, which not only serve as the sites for mtDNA transcription and replication but 

also harbor a number of nascent mitochondrial ribosome proteins and tRNA processing 

enzymes [129, 130].  
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The translation machinery of mitochondria also diverges greatly from that of the cytosol. In 

contrast to the cytosolic mRNAs, mammalian mitochondrial mRNAs lack the 5' untranslated 

region (5' UTR) [131], and for the most part 3' UTR. This distinguishes their translation 

initiation from that of cytosolic mRNAs, which involves unique factors and recognition 

mechanisms [132]. The mitochondrial protein mS39 (PTCD3) caps the mRNA and may 

facilitate mRNA binding to the mtSSU through its interaction with a uridine-rich sequence 

within the coding region of the transcript. The precise mechanism by which the mRNA is 

engaged, and the start codon is selected remains unclear. However, the absence of the 5' 

UTR is essential for translation initiation [133]. In cytosolic translation tRNAMet is 

indispensable for both initiation and elongation stages. In contrast, the mammalian 

mitochondrial translation initiation complex comprises the formylated version of tRNAMet 

(fMet-tRNAMet) and two essential initiation factors MTIF2 and MTIF3 [126, 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 ND4L-ND4, are 

recognized remains unclear. This is due to the fact that these ORFs are situated at a 

considerable distance from the 5' end of the mRNA [126]. 

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 appropriate aminoacylated tRNA 

(decoding), the formation of the peptide (amide) bond, and the translocation of the mRNA-

tRNA module. The mitochondrial translation elongation factor and GTPase EF-Tu, which 

is encoded by the TUFM gene, facilitates the transport of tRNAs to the assembled 

mitoribosome, thereby enabling GTP hydrolysis-dependent codon-to-anticodon binding 

between tRNA and mRNA [134] (Figure 9B).  

To prevent frameshifting, the ribosome must reposition the mRNA and tRNAs with each 

incoming amino acid. Two elongation factor paralogs facilitate this process: the 

mitochondrial translation elongation factor GFM1 (mtEFG1) catalyzes the mRNA-tRNA 

translocation in a GTP hydrolysis-dependent manner, while the mitochondrial translation 

elongation factor GFM2 (mtEFG2) aids in the recycling of the mitoribosome [135] (Figure 

9B, C). In humans, the majority of mitochondrial-encoded proteins are membrane proteins 

that are co-translationally inserted into the lipid bilayer by the translocase OXA1, which is in 

direct contact with the mitochondrial translation machinery [136]. This coupling of 
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OXPHOS biogenesis with the mitochondrial translation machinery ensures the efficient 

synthesis and assembly of proteins that comprise the electron transport chain. 

 

Figure 9: Overview of mitochondrial translation. (A) Mitochondrial translation initiation factor (MTIF3) ensures the 

binding of mRNA before the recruitment of MTIF2 and before the decoding of the start codon by fMet-tRNA. LRPPRC 

facilitates the delivery of mRNA into the ribosome, interacting with PTCD3, which serves as a capping and binding factor 

of mRNA at the mtSSU site. (B) TUFM delivers aminoacylated tRNAs to the ribosome, while GFM1 facilitates mRNA-

tRNA translocation. The role of GUF1 is to initiate the translocation of the mitoribosome. (C) MTRF1L releases mRNA, 

when the mitoribosome encounters a stop codon. MTRFR (recycling factor) and GFM2 work together to disassemble 

mitoribosome subunits. (D) 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 OXA1L, an IMM translocase and insertase that facilitates the 

integration of proteins into the IMM (Reproduced with permission from Springer Nature [116]). 

Upon reaching the end of an open reading frame, translation terminates through recognition 

of a stop-codon 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 on GTP 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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non-canonical stop codons (AGA and AGG, respectively), which encode arginine in 

cytosolic translation. The precise mechanism of translation termination at non-canonical 

stop codons remains a topic of debate. However, a recent study suggests that mitochondrial 

release factor MTRF1 may play a crucial role in this process  [138]. 

1.3.4 Coordinated gene expression and assembly of OXPHOS machinery 

In consideration of the dual genetic origin of mitochondrial gene expression, approximately 

250 nuclear-encoded proteins are indispensable for the expression and maintenance of the 

mitochondrial genome [85]. In yeast S. cerevisiae, for instance, more than 900 proteins are 

essential for general mitochondrial function [139], 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 machinery. As a result, the proper assembly of 

OXPHOS and, consequently, mitochondrial function is dependent on the regulation and 

signal transduction between the mitochondria and the nucleus. This necessitates a 

sophisticated cross-communication between organelles. It has been proposed that ancillary 

proteins, such as regulatory translation and assembly factors, may regulate mitochondrial 

translation levels and OXPHOS complex assembly [126].  

Although transcription of nuclear- and mitochondrial-encoded genes in yeast S. cerevisiae is 

not coupled, the co-regulation of cytosolic and mitochondrial translation is not only 

synchronous, but also fast and dynamic. In yeast, the nuclear genome coordinates 

mitochondrial and cytosolic translation  in a unidirectional manner to  ensure the prompt 

synthesis of OXPHOS complexes [141]. 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 cytosolic and 

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 mitochondrial translation [126]. 

For example, early OXPHOS auxiliary assembly factors, such as MITRAC12 and 

C12ORF62, have been demonstrated to regulate the synthesis of complex I and complex 

I/IV subunits, respectively. [126].  

The question of whether a mechanism of synchronous unidirectional translational regulation, 

as observed in yeast, exists in mammals remains largely unanswered. This is due to the fact 

that the yeast translational regulation factors are not conserved in humans [142]. TACO1 is 

only one of the few mammalian translational activators known to be responsible for the 
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translation of COX1 (MTCO1), yet the precise mechanism of its action remains unclear 

[143]. As previously discussed, mammalian mitochondrial mRNA lacks the 5' untranslated 

region (UTR) [131], whereas yeast retains this mRNA region. Therefore, the regulatory 

elements, such as translational activators and/or repressors, may act via an entirely different 

mechanism [142].  

Nuclear-encoded OXPHOS subunits are not synthesized in a stoichiometric balance and 

may be rapidly degraded if they are not assembled into the respective complexes [144, 145]. 

In human cells, these subunits are imported in large excess into mitochondria, indicating that 

mitochondrial translation represents a rate-limiting step in the assembly of OXPHOS 

complexes. In this process, mitochondrial translation adjusts its rate to align with the influx 

of nuclear-encoded 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 the yeast S. cerevisiae [147]. Nevertheless, 

if mitoribosome translation is indeed a rate-limiting step in the expression of the 

mitochondrial proteome, the driving factors regulating the expression of mitochondrial-

encoded proteins, as well as the effects of potential depletion of mitochondrial translation 

on nuclear gene expression, remain largely unexplored in mammalian cells.  
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1.3.5 Potential roles of newly identified IMM factor FAM210A 

FAM210A (Family with sequence similarity 210 member A) was initially identified as a factor 

regulating structure and function of skeletal muscle and bone in mice [148, 149]. The 

regulation of FAM210A expression is influenced by two microRNAs miR-574-5p and miR-

574-3p, which have been demonstrated to modulate FAM210A levels and facilitate cardiac 

remodeling in mice [150]. FAM210A is a transmembrane protein of the inner mitochondrial 

membrane. It contains a mitochondrial targeting sequence (cleavage site at Val95, [140]), a 

Domain of Unknown Function 1279 (DUF1279) with two transmembrane domains 

(Supplementary Figure 5), and a C-terminal coiled coil (Figure 10).  

 

Figure 10: Schematic representation of FAM210A protein. The amino acids 96-272 are presented, with the 

mitochondrial targeting sequence (amino acids 1-95) omitted for clarity. The model was predicted using AlphaFold2 [151] 

and rendered in ChimeraX [152]. The various predicted protein domains are highlighted in colors, including magenta for the 

coiled coil, green for the DUF1279 (domain of unknown function 1279), which comprises an amphipathic helix, acid green 

for transmembrane helices, and dark green for a helix loop. 

In adult humans, FAM210A is ubiquitously expressed in all organs, though it is particularly 

enriched in high-energy-demand tissues, such as the heart and skeletal muscle [150]. A global 

depletion of FAM210A in mice is embryonic lethal, whereas heterozygous knockout mice 

are viable and capable of reproduction [148]. Mass spectrometry analysis demonstrated that 

FAM210A has two high-ranking interaction partners: ATPase family AAA domain-

containing protein 3A (ATAD3A) and mitochondrial translation elongation factor EF-Tu 

[150, 153]. It has been suggested that FAM210A may influence mitochondrial translation 

through its interaction with EF-Tu. In mice, overexpression of FAM210A was observed to 

increase the expression of mitochondrial-encoded proteins, whereas its knockdown did not 

significantly influence their expression [150]. Recent studies have demonstrated that the 

depletion of FAM210A in murine cardiomyocytes results in aberrant mitochondrial 
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morphology, increased reactive oxygen species (ROS) production, perturbed mitochondrial 

membrane potential, and reduced respiration, ultimately leading to heart failure. These 

findings indicate that FAM210A functions as a mitochondrial translation regulator, 

facilitating mitochondrial homeostasis in the murine heart [154]. Additionally, FAM210A has 

been linked to OPA1 in brown adipose tissue (BAT), where it is thought to interact with 

OPA1-processing mitochondrial protease YME1L, thereby modulating its activity to cleave 

OPA1 and OMA1 [155].  

In conclusion, FAM210A may modulate mitochondrial morphology through its suggested 

role in mitochondrial translation or its predicted influence on the cleavage of OPA1, whose 

cleavage is crucial for normal mitochondrial fission. However, the existing evidence does not 

comprehensively elucidate the functionality of FAM210A and its impact on mitochondrial 

dynamics in human cells.  
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1.4 Aim of the thesis 

The dynamics and the cristae membrane architecture of mitochondria serve as key 

determinants of the organelle's functional capabilities. The morphologies of the cristae 

membranes are highly complex and adapt to the metabolic requirements of the cell. The 

shape of the cristae is influenced by the MICOS complex, the F1F0-ATP synthase, and the 

GTPase OPA1. Moreover, the inner mitochondrial membrane 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 precursors are remodeled into lamellar cristae, facilitated by 

MIC10 of MICOS. Nevertheless, the precise mechanism of remodeling remains ill-defined, 

and our understanding of the specific factors and complexes, and especially their functional 

interdependence, that shape the inner mitochondrial membrane 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 FAM210A remains elusive. For this reason, I 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 effect of FAM210A depletion, with a 

particular focus on the functional implications for mitochondrial inner membrane 

ultrastructure, mitochondrial transcription and translation, and the effect on other relevant 

proteins and protein complexes. Ultimately, I sought to examine the impact of the absence 

of other proteins exhibiting analogous biochemical and phenotypic abnormalities, such as 

TEFM and POLRMT. This was done to ascertain the broader validity of the findings derived 

from the study of FAM210A. 

  

  



 

  Results 

 

24 

 

2 Results 

òI may not have gone where I intended to go, but I think I have ended up where I intended to be.ó 

 Douglas Adams, The Long Dark Tea-Time 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 al. [156]. In their study, the human codon-optimized version of the bacterial 

fission protein FtsZ was fused with a mitochondrial targeting sequence, to facilitate the 

protein´s entry into the mitochondrial matrix, and was overexpressed in human cells. Some 

of the proteins that interacted with mt-FtsZ in these human cells were identified as potential 

candidates for further investigation in my master's thesis research, with FAM210A being one 

of them. During my CRISPR-Cas9 screen of these proteins, I discovered that the FAM210A 

knockout cell line exhibits an altered mitochondrial network and unusual inner 

mitochondrial membrane morphology, making it an intriguing candidate for further 

investigation. 

2.1.1 The choice of the cell line 

The HeLa cell line, the first human cell line to be established in a laboratory cell culture in 

the early 1960s [157], is still widely used in molecular and cellular biology research around 

the globe due to its distinctive characteristics. HeLa cells have been used in a number of 

significant research studies, including the development of the polio vaccine [158], and, more 

recently, for the repurposing of thalidomide, a sedative that was widely prescribed to 

pregnant women in the 1960s, for the treatment of cancer [159]. Notwithstanding their origin 

in cancerous tissue, these cells display adequate genomic stability, which is indispensable for 

ensuring the reproducibility of research findings [160]. 

The majority of experiments described in this work were conducted using the HeLa CCL2 

cell line [161]. This cell line provides an optimal balance for both biochemical experiments 

and various types of light microscopy. Moreover, it has been widely used due to accessibility 

for imaging, various biochemistry techniques, CRISPR-Cas9 genome editing and FACS 

sorting [49, 162], and has demonstrated its suitability as an excellent model for the 

investigation of mitochondrial biology. 
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2.1.2 Depletion of FAM210A affects mitochondrial morphology 

This subsection provides a detailed description of the impact of different modes of depletion, 

such as CRISPR-Cas9-mediated knockout and RNAi knockdown of FAM210A, on the 

mitochondrial network and the complex morphology of the inner mitochondrial membrane, 

particularly that of the cristae membranes. By employing a range of visualization techniques, 

including confocal laser scanning microscopy (CLSM), transmission electron microscopy 

(TEM), and STED nanoscopy, this study provides a comprehensive overview of the effects 

of transient or stable FAM210A depletion on mitochondrial morphology in HeLa cells. 

2.1.2.1 FAM210A fusion-fission balance of mitochondria 

The balance between mitochondrial fission and fusion is critical for cellular health, regulating 

the distribution of mitochondria throughout the cell and ensuring the removal 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, I used CLSM. The mitochondrial network was visualized by 

immunostaining against the mitochondrial outer membrane protein TOMM20, while the 

nucleus and nucleoids were stained with a dsDNA antibody.   

 

Figure 11: Mitochondrial network in FAM210A knockout cell line. (A) Representative confocal microscopy images of 

the mitochondrial network and nucleoid/nucleus in wild-type HeLa cells and FAM210A knockout cells. The cells were 

immunolabeled against TOMM20 (in green) and against dsDNA (in magenta). Scale bars: 10 µm (top frame), 1 µm (bottom 

frame). (B) Quantification of mitochondrial network morphology in wild-type (WT) HeLa cells and FAM210A knockout 

cells. The morphologies were evaluated based on the classification into three groups: tubular, short tubes, and fragmented 

(n = number of cells).  
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The FAM210A knockout cells predominantly exhibited a fragmented mitochondrial network 

morphology compared to the wild-type HeLa cells (Figure 11A).The qualitative assessment 

of mitochondrial network morphology was corroborated by the quantitative evaluation of 

wild-type (n=183) and FAM210A knockout (n=145) cells, with over 60% of the FAM210A 

knockout cells showing fragmented mitochondria (Figure 11B). Furthermore, the qualitative 

assessment of mitochondrial nucleoids indicated that there were no apparent changes in their 

distribution (Figure 11A). 

2.1.2.2 Stable FAM210A depletion affects mitochondrial ultrastructure 

In order to gain further insight into the impact of FAM210A depletion on mitochondrial 

morphology, I conducted a detailed investigation into its influence on the inner 

mitochondrial membrane architecture using transmission electron microscopy (TEM). As 

anticipated, the majority of wild-type mitochondria (approximately 60%) exhibited an orderly 

lamellar cristae architecture. In contrast, mitochondria from FAM210A knockout cells 

exhibited a predominant aberrant cristae morphology (Figure 12A).  

The quantitative evaluation of inner mitochondrial membrane morphology from the TEM 

data was based on a double-blind qualitative assessment, whereby each mitochondrion in the 

electron micrograph was assigned to a specific class (Figure 12B). This analysis has revealed 

that the aberrant morphology observed in FAM210A knockout cells is mainly characterized 

by the presence of arc- and/or onion-like cristae (Figure 12C). It is noteworthy that the 

cristae junctions appeared to be still present (Figure 12A, arrowheads). Interestingly, the 

FAM210A knockout cristae membrane phenotype exhibited similarities to the MIC10 

knockout (Figure 12A), which has been extensively characterized by our research group [49]. 

It is well established that lipid-rich structures, such as membranes, are difficult to preserve 

using chemical fixation methods [163]. However, mitochondrial membranes are protein-rich 

[164-166], and thus conventional methods, such as chemical fixation with aldehydes, are 

typically well-suited (Figure 12). Nevertheless, to 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 

independently verified using high-pressure freezing (HPF) followed by freeze substitution. 

These two methods combine an immediate physical immobilization of the cell (using cryo-

fixation) with conventional resin embedding. The samples for this experiment were prepared 

in two ways: on carbon-coated sapphire slides (Figure 13A) and as cell pellets (Figure 13B). 

The recorded TEM micrographs corroborated the previous observation from chemically 
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fixed cells regarding the mitochondrial ultrastructure of FAM210A knockout cells, which 

exhibited an arc- to onion-like cristae architecture (Figure 12). 

 

Figure 12: FAM210A knockout exhibits aberrant mitochondrial ultrastructure. (A) Representative TEM micrographs 

of WT, FAM210A and MIC10 knockouts. Cells were fixed on ACLAR® Fluoropolymer-Film and subjected to electron 

microscopy. Ultra-thin microtome sections were taken in parallel to the growth surface of the cells. MIC10 KO was kindly 

provided by Dr. T. Stephan. (B) A schematic illustration of mitochondrial ultrastructure classes used in the quantitative 

assessment (Figure 12C) of TEM recordings, comprising five distinct categories: 1) WT/lamellar, 2) empty (no cristae), 3) 

onion-like (with and/or without cristae junctions), 4) arc-like and 5) other/intermediate. (C) Double-blind quantification 

of the detailed cristae morphology in wild-type (WT), siPOOL scrambled siRNA control, FAM210A siRNA knockdown 

(KD) and FAM210A knockout (KO). n= number of mitochondrial sections. 
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Figure 13: Representative TEM recordings of high-pressure frozen wild-type and FAM210A knockout cells. 

Mitochondria of wild-type (WT) samples in both (A) and (B) exhibit order lamellar inner membrane architecture, whereas 

FAM210A knockout (KO) samples show arc- and onion like cristae. (A) High-pressure frozen wild-type (WT) and 

FAM210A knockout (KO) HeLa cells on carbon coated sapphire slides. Scale bar: 200 nm. (B) High-pressure frozen wild-

type (WT) and FAM210A knockout (KO) HeLa cells pellet. Scale bar: 500 nm. 

To asses mitochondrial ultrastructure in live cells, I performed a live-cell super-resolution 

imaging of FAM210A knockout cells. The mitochondrial inner membrane was labelled using 

the fluorescent marker PK Mito Orange (PKMO), that features low phototoxicity and high 

photostability, thereby enabling the visualization of cristae structures in live mitochondria by 

STED nanoscopy [167]. As anticipated, the imaging of FAM210A knockout mitochondria 

revealed aberrant cristae architecture compared to the wild-type (Figure 14), thus validating 

the findings presented above (Figure 12, Figure 13).  

 

Figure 14: Live-cell super-resolution imaging reveals aberrant cristae morphology in FAM210A knockout. The 

cells were seeded 24h prior to imaging in an Ǫ-slide 8 well (Ibidi GmbH, Germany). On the subsequent day, the cells were 

treated with 250nM PKMO, which was then removed after 1h. STED nanoscopy was performed without delay, within the 

first hour, to prevent cellular stress resulting from temperature fluctuations in the surrounding environment. 
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Subsequent to the comprehensive STED nanoscopy and 2D TEM visualization of 

mitochondrial ultrastructure (Figure 12, Figure 13), I opted to investigate the FAM210A 

cristae morphology through 3D electron tomography. This approach offers a more 

comprehensive insight into the structural aspects of the mitochondria, including details such 

as cristae junctions [168], through the reconstruction of a three-dimensional image from a 

two-dimensional dataset comprising projections at various tilt angles.  

 

Figure 15: 3D visualization of FAM210A knockout mitochondrion in HeLa cells. Cells were chemically fixed and 

subjected to electron tomography. Representative tomogram reconstruction is shown out of n=9 datasets. Segmentation 

was done with IMOD [169], reconstruction and visualization using Blender [170] was done by Dr. Peter Ilgen.  

The 3D reconstruction of the FAM210A knockout mitochondrion, revealed that the cristae 

junctions appear elongated, where they continuously span through the entire mitochondrial 

slice (Figure 15). The cristae membrane morphology is consistent with the previously 

observed results in 2D recordings (Figure 12, Figure 13), exhibiting a mélange of arc- and 

onion-like phenotypes.  

2.1.2.3 siRNA knockdown of FAM210A hardly affects mitochondrial ultrastructure 

To eliminate the possibility that FAM210A knockout might introduce suppressor mutations 

or adaptations as a consequence of long-term depletion, I decided to perform a transient 

depletion of FAM210A protein. Given the profound effects of complete FAM210A 

depletion on mitochondrial ultrastructure in HeLa cells (Figure 12, Figure 13), I investigated 

whether the short-term FAM210A reduction through siRNA knockdown would have similar 

effects. To knock down FAM210A, I used siRNA pools (siPOOLs, siTOOLs Biotech 

GmbH), as they are more effective and have fewer off-target effects than the conventional 

single siRNA approaches [171]. Following a six-day incubation period with siPOOLs, the 
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knockdown was successful, wherein FAM210A protein was undetectable (Supplementary 

Figure 1, lane 3).  

The knockdown of FAM210A had a less severe impact than anticipated, contrary to the 

effects observed in FAM210A knockout cristae. The morphology of the cristae membrane 

in FAM210A knockdown was comparable to that of the wild-type control (Figure 16). A 

quantitative double-blind analysis also demonstrated that FAM210A knockdown 

predominantly exhibited lamellar inner mitochondrial membrane morphology, although 

there was a notable increase in the arc-like cristae phenotype (Figure 12C).  

The knockdown of FAM210A demonstrated a negligible impact on the morphology of the 

inner mitochondrial membrane, thereby indicating that it plays a secondary role in 

maintaining the inner mitochondrial membrane architecture. This also shows that the 

phenotype observed FAM210A knockout cells (Figure 12A) is a consequence of the long-

term depletion of this protein. 

 

Figure 16: FAM210A knockdown effects on the mitochondrial ultrastructure. Representative TEM micrographs of 

wild-type (WT), siRNA scrambled control and FAM210A siRNA knockdown HeLa cells. Cells were fixed on ACLAR® 

Fluoropolymer-Film and subjected to electron microscopy. Ultra-thin microtome sections were obtained in parallel to the 

growth surface of the cells. Scale bar: 500 nm.  

2.1.2.4 Effects of FAM210A siRNA knockdown on mitochondrial network 

As the siRNA-mediated knockdown of FAM210A did not result in significant alterations to 

mitochondrial ultrastructure, I proceeded to examine its effect on mitochondrial network 

morphology. Following a six-day knockdown period, the cells were fixed and immunolabeled 

against TOMM20 (in green) and dsDNA in magenta (Figure 17A). Their network 

morphology was categorized into three different classes: tubular, short tubes and fragmented 

(Figure 17B). The evaluation demonstrated that the FAM210A siRNA knockdown cells 

showed a reduction in tubular mitochondria, accompanied by an increase in both short tubes 

and fragmented classes. Although the effect of the knockdown is less pronounced than that 

FAM210A KDWT siRNA control
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of the FAM210A knockout (Figure 11B), the tendency towards a fragmented mitochondrial 

network remains evident in both cases.  

 

Figure 17: FAM210A siRNA knockdown effects on mitochondrial network morphology. (A) Representative confocal 

microscopy images of mitochondrial network and nucleoid/nucleus in wild-type HeLa cells, siRNA control and siRNA 

FAM210A knockdown. Cells were immunolabeled against TOMM20 (in green) and against dsDNA (in magenta). Scale 

bars: 10 µm (top frame), 3 µm (bottom frame). (B) Quantification of mitochondrial network morphology. The 

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

of cells). 

2.1.3 Transient re-expression of FAM210A in FAM210A knockout restores 

lamellar cristae structure 

To determine whether structural changes to the inner mitochondrial membrane are the result 

of cellular adaptation or are permanent morphological alterations, I ought to examine 

whether the transient re-expression of FAM210A could improve the morphology of the 
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cristae in FAM210A knockout cells. Following the transient re-expression of FAM210A in 

FAM210A knockout cells for 48 hours, I observed a considerable improvement and 

restoration of mitochondrial ultrastructure, showing that the FAM210A knockout 

phenotype can be reversed through the reintroduction of the protein. In conjunction with 

my previous findings, this suggested that although the cristae membrane phenotype in 

FAM210A knockout may be a secondary effect, the aberrant cristae morphology does not 

originate from DNA loss or off-target mutations that could have occurred during CRISPR-

Cas9 gene editing. 

 

Figure 18: FAM210A re-expression restores inner mitochondrial membrane morphology in FAM210A knockout. 

Representative TEM micrographs of wild-type (WT), FAM210A knockout, and FAM210A knockout with re-expressed 

FAM210A HeLa cells. FAM210A was transiently overexpressed in FAM210A knockout cells for 48h. The cells were fixed 

on ACLAR® Fluoropolymer-Film and subjected to electron microscopy. Ultra-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 FAM210A protein 

As the precise localization of FAM210A remains a topic of debate, the objective of the next 

experiment was to determine the submitochondrial localization of FAM210A in HeLa cells 

through the use of super-resolution STED nanoscopy. However, recent data obtained 

through mitochondrial protease protection assay (commonly referred to as Proteinase K 

assay) have indicated that FAM210A localizes to the inner mitochondrial membrane [150, 

155], with its N-terminus residing in the intermembrane space, and its C-terminus in the 

mitochondrial matrix [155].  

To visualize FAM210A, it was overexpressed with a FLAG-tag in wild-type HeLa cells for 

24 h and then subjected to immunostaining (Figure 19). As the plasmid used in the 

overexpression in this experiment, was the same as that utilized in the previous experiment, 

in which re-expression of FAM210A was demonstrated to rescue the inner mitochondrial 

membrane morphology (see chapter 2.1.3, Figure 18), this result confirmed that FAM210A-

FLAG was still functional.  

FAM210A KO OE FAM210A in KOWT
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Using STED nanoscopy, I could show that MIC60, which localizes to cristae junctions, 

circumnavigates the FAM210A-FLAG signal. Thus, the juxtaposition of the FAM210A-

FLAG and MIC60 signals reveals their rather non-overlapping nature and the localization of 

FAM210A to the interior of the mitochondria (Figure 19). Given that previous studies have 

shown that FAM210A is a membrane protein, this suggests that FAM210A localizes to the 

inner mitochondrial membrane, with a high probability of localization to the cristae 

membrane based on its juxtaposition to MIC60 (Figure 19).  

 

Figure 19: Submitochondrial localization of FAM210A in wild-type HeLa cells. Representative STED nanoscopy 

images of wild-type HeLa cells with FAM210A-FLAG overexpressed for 24 h. Cells were stained against the FLAG-tag (in 

green) and Mic60 (in magenta). The juxtaposition of the FAM210A-FLAG and Mic60 signals, wherein the FAM210A-

FLAG signal is positioned within the bounds of Mic60 signal, suggests that the FAM210A protein is likely localized to the 

inner mitochondrial membrane. Scale bar: 3 µm (top frame), 1 µm (bottom frame). 
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2.1.5 Functional analysis of FAM210A in HeLa cells 

2.1.5.1 Lack of FAM210A has no influence on mitochondrial transcription 

Recent literature indicates that FAM210A may play a role in mitochondrial translation [172]. 

However, the impact of FAM210A on mitochondrial translation may have originated from 

its influence on the transcription process. Therefore, I investigated the effects of FAM210A 

depletion on mRNA, using two different quantitative techniques: qPCR and mRNA-FISH 

coupled with STED nanoscopy. The qPCR results revealed that the levels of mitochondrial-

encoded mRNAs (ATP8, ND2, CYB) and/or  nuclear-encoded mRNAs (SDHB, NDUFB8) 

of mitochondrial proteins showed no significant difference between wild-type and 

FAM210A knockout cells (Figure 20).  

 

Figure 20: FAM210A knockout has no influence on mitochondrial and/or nuclear mRNA in HeLa cells. Quantities 

of nuclear (SDHB, NDUFB8) and mitochondrial (ATP8, ND2, CYB) mRNA determined by qPCR. There was no 

significant difference in mRNA expression (relative to GAPDH) between the wild-type (WT) and FAM210A knockout 

(FAM210A-/ -). ANOVA was performed to determine the statistical significance. 

To corroborate the data obtained through qPCR, mRNA FISH was performed using specific 

probes for the COX1 mRNA. This technique was combined with immunostaining of 

mtDNA (nucleoids) with a dsDNA antibody, and TOMM22, a mitochondrial outer 

membrane marker, and imaged with STED nanoscopy (Figure 21A). The automated 

computational analysis of the recorded STED nanoscopy data revealed a significant 

difference between the wild-type and FAM210A knockout with respect to the number of 

COX1 mRNA clusters per mitochondrial area. This difference can be attributed to the 

fragmented nature of the mitochondrial network in the FAM210A knockout (Figure 21B). 

Conversely, no significant difference was observed in the number of COX1 mRNA clusters 

per nucleoid, indicating that the amount of mRNA per nucleoid remains unchanged between 

the wild-type and FAM210A knockout samples (Figure 21C). Thus, the combined data from 

qPCR and mRNA FISH indicate that depletion of FAM210A has no effect on both 

mitochondrial and/or cytosolic transcription.  
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Figure 21: STED nanoscopy reveals no significant difference in the amount of mRNA per nucleoid between wild-

type and FAM210A knockout HeLa cells. Acquired STED images were subjected to automated cluster analysis using 

MATLAB software [173]. COX1m RNA clusters (green) were evaluated regarding their number per mitochondrial area 

(grey) and per mtDNA/nucleoid (green). (A) Representative STED images of wild-type and FAM210A knockout labelled 

HeLa cells against COX1 mRNA (green), mtDNA/nucleoids (magenta) and TOMM20 (gray). Scale bar: 1 µm (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: mean. p-value: <0,0001. (C) Quantification of COX1 mRNA 

clusters per mtDNA/nucleoid. Figure legend: Box: 25/75 percentile; whiskers: max/min without outliers; line: median; 

square: mean. p-value: 0,0872. 

2.1.5.2 Lack of FAM210A influences mitochondrial translation 

Given that the transcription of mitochondrial proteins in FAM210A knockout does not 

appear to be affected (Figure 20, Figure 21), I further investigated the potential influence 

of the FAM210A depletion the mitochondrial translation. It has been proposed that 

FAM210A may act as a regulator of mitochondrial translation due to its potential interaction 

with EF-Tu, a mitochondrial translation factor [150]. In light of the inconclusive nature of 

COX1 mRNA mtDNA COX1 mRNA

mtDNA

TOMM22

1 Õm

1 Õm

COX1 mRNA mtDNA COX1 mRNA

mtDNA

TOMM22

WT

FAM210A KO

A

WT FAM210A-/-

0.004

0.006

0.008

0.010

0.012

0.014
B

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

WT FAM210A-/-

25%~75%

Rangewithin 1.5IQR

Median Line

Mean

Outliers

****
ns

C



 

  Results 

 

36 

 

the data presented in the literature and the limited scope of the studies, which were 

conducted exclusively on murine cardiomyocytes [150], I decided to verify the interaction 

partners of FAM210A in HeLa cells, using tandem mass spectrometry. The data indicated 

that EF-Tu was among the top 20 potential interaction partners of FAM210A 

(Supplementary Figure 2, Supplementary Table 1), thereby providing support for its 

potential involvement in the mitochondrial translation.  

To investigate the effects of FAM210A knockout on the mitochondrial translation in vivo, 

radioactive labeling of mitochondrial translation products was performed. This method, 

which is commonly employed for the analysis of mitochondrial translation efficiency in 

cultured cells, entails the attenuation of cytosolic translation, the incubation of the culture in 

a methionine-free medium, and the subsequent incubation with [35S] methionine, which is 

then detected through autoradiography [174].  

 

Figure 22: [35S] methionine labeling reveals depletion of mitochondrial-encoded proteins in FAM210A knockout. 

Shown are levels of mitochondrial-encoded peptides after in vivo radioactive labelling with [35S] methionine. Cytosolic 

translation was blocked by adding 100µg/mL Emetine, cells were incubated for 1h with [35S] methionine at 37°C. Whole 

cell lysate was loaded onto a 10-18% Tris-Tricine SDS gradient gel. Detection using Phosphor Screens and GE Healthcare 

Typhoon Scanner. 

[35S] methionine labelling revealed that proteins encoded in the mitochondrial genome are 

severely downregulated in the FAM210A knockout sample (Figure 22; lanes 2, 6). In 

contrast, MIC10 and OPA1 knockout samples, which were used as additional controls, 

showed normal wild-type expression of mitochondrial-encoded proteins (Figure 22; lanes 

2, 3, 7, 8). 
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Given the significant impact of FAM210A knockout on mitochondrial-encoded proteins, an 

in-depth analysis was conducted to investigate the steady-state levels of additional respiratory 

chain proteins, with particular attention paid to those encoded by the nucleus. Notably, the 

steady-state levels of mitochondrial respiratory chain proteins (i.e., NDUFA9, NDUFB8, 

SDHA, RIESKE, COX1, COX6A), their assembly factors (i.e., SMIM4, MITRAC12, 

C12ORF62), and mitoribosome protein markers (i.e., uL1m/MRPL1, mS14m) were 

significantly reduced in FAM210A cells (Figure 23A). In contrast, the respiratory chain 

proteins remained at wild-type levels in both OPA1 and MIC10 knockouts. 

 

Figure 23: Depletion of FAM210A affects nuclear-encoded mitochondrial proteins. (A) Steady-state western blot 

analysis of proteins related to respiratory chain in wild-type (WT), FAM210A, MIC10 and OPA1 knockout HeLa cells, 

using whole cell lysate. CI-CIV: respiratory chain complexes; MR: mitochondrial ribosome proteins. (B) Blue-native PAGE 

blotted onto a PVDF membrane, decorated with the markers of respiratory chain complexes I-IV (lanes 1-8) and ATP 

synthase (complex V, lanes 9-10). (* ): complex V dimer; (** ) and (*** ): potentially partially dissociated complex V core 

subunit monomer. 

Furthermore, BN-PAGE demonstrated that the complexes of the respiratory chain I-IV are 

also reduced in FAM210A knockout (Figure 23B). Intriguingly, there 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 correspond to various dissociated stages of the 

ATP synthase core subunit monomer based on relative molecular weight (Figure 23B, lane 

10).  
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In conclusion, these data indicate that FAM210A plays a role in the modulation of 

mitochondrial translation, which consequently affects the abundance of respiratory chain 

proteins, both mitochondrial- and nuclear-encoded. However, it remains unclear whether 

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

respiratory chain protein ablation or if other membrane shaping factors are involved.  

2.1.5.3 FAM210A depletion causes downregulation of MIC10 and IMM proteins  

As evidenced by the aforementioned data, the effect of FAM210A on the inner 

mitochondrial membrane morphology appears to be indirect. Given that FAM210A 

knockdown (Figure 16) did not exhibit the same effects on the cristae membrane 

morphology as the knockout (Figure 12), and considering that the respiratory chain proteins 

are severely downregulated in FAM210A knockout cells (Figure 22, Figure 23), further 

investigation was required to identify the potential factors contributing to both aberrant 

cristae membrane phenotype and fragmented mitochondrial network.   

To determine whether the observed alterations in mitochondrial ultrastructure may have 

arisen from the changes in protein levels known to be involved in cristae membrane 

maintenance, I performed a steady-state immunoblotting analysis (Figure 24). Notably, I 

observed a dramatic reduction of L-OPA1 and its associated ATP-dependent 

metalloprotease YME1L1 in FAM210A knockout (Figure 24A, lane 4). It can thus be 

hypothesized that the absence of the L-OPA1 may contribute to the fragmentation of the 

mitochondrial network observed in the FAM210A knockout. 

Interestingly, the levels of MIC10, a MICOS complex protein with a similar cristae 

morphology to the FAM210A knockout when depleted (Figure 12), were also reduced 

(Figure 24B, lane 4). The quantification of the immunoblotting revealed a reduction of 

MIC10 to approximately 57% (p=0.0004) of the amount observed in the wild-type sample 

(Figure 24C). No other subunit of the MICOS complex exhibited a reduction in abundance 

in the FAM210A knockout cells. Even MIC26, which is known to interact and form a 

complex with MIC10 [49, 175], exhibited a small (though non-significant) reduction in 

abundance (Figure 24D). Taken together, these findings indicate that the depletion of 

FAM210A affects not only respiratory chain proteins but also specifically influences MIC10 

of MICOS. Therefore, the inner mitochondrial inner membrane phenotype observed in 

FAM210A knockout cells may be a consequence of reduced MIC10 abundance rather than 

a direct result of depleted respiratory chain proteins.  
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Figure 24: FAM210A knockout affects several proteins of the inner mitochondrial membrane maintenance. (A), 

(B) Immunoblot analysis of wild-type, siRNA control, siRNA FAM210A knockdown, FAM210A and MIC10 knockout. 

Actin (ACT) and tubulin (TUB) were used as loading controls. (C) Quantification of MIC10 abundance with ImageJ 

Software normalized to WT (100%). *: p-value 0.0471; ***: p-value 0.0004; ****: p-value <0.0001.  

(D) Quantification of MIC26 abundance with ImageJ Software n normalized to WT (100%). **: p-value 0.0020. 

2.1.6 Re-expression of L-OPA1 in FAM210A knockout  

As demonstrated in Figure 24A (lane 4), L-OPA1 is nearly absent in FAM210A knockout 

cells, which indicates its overprocessing into the S-OPA1 isoforms (for details on OPA1 

processing, refer to chapter 1.1.2.2). Therefore, I investigated whether re-expression of L-

OPA1 would restore mitochondrial network morphology, given that an imbalance towards 

increased S-OPA1 results in mitochondrial fragmentation, and that both S- and L-OPA1 

isoforms are necessary for optimal fusion of membranes [23, 176-178].  

To test this hypothesis, a non-cleavable version of L-OPA1 isoform 1 (Supplementary 

Figure 4) was transiently overexpressed, as this is one of the higher abundant isoforms in 

HeLa cells [178]. The non-cleavable variant of L-OPA1 was used in the experiment, as 

overexpression of cleavable variant could result in its complete processing into S-OPA1 in 

FAM210A knockout. This construct has been previously established in our laboratory, and 

is highly reliable, as it has been shown to rescue the mitochondrial network in OPA1 

knockout. Following 18 h of overexpression, no improvement in mitochondrial network 
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morphology was observed in the FAM210A knockout (Figure 25C). Furthermore, elevated 

levels of OPA1 overexpression appeared to exacerbate the pre-existing fragmentation 

mitochondrial network in FAM210A knockout (Figure 25C, bottom panel). 

   

Figure 25: Overexpression of L-OPA1 in FAM210A KO does not restore mitochondrial network morphology. 

Shown are wild-type (A), FAM210A knockout (B), and FAM210A with transiently overexpressed L-OPA1 (C) HeLa cells. 

L-OPA1 (isoform 1, non-cleavable) was overexpressed in FAM210A knockout cells for 18h. Cells were fixed with 8% PFA 

and stained against ATP synthase subunit beta (in green) and against OPA1 (in magenta). Scale bar: 5 µm (all frames). 
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Figure 26: L-OPA1 overexpression does not rescue mitochondrial network morphology in FAM210A knockout. 

Shown are live-cell recordings of wild-type (WT), FAM210A knockout and FAM210A knockout with transiently 

overexpressed L-OPA1 HeLa cells. Mitochondria were visualized using 150 nM MitoTrackerÊ Green permeable dye (A, 

B). FAM210A knockout cells were transfected with L-OPA1 (isoform 1, cleavable) tagged with HaloTag®. To visualize 

OPA1-Halo a click reaction with a SiR fluorophore was performed (B, second frame). Scale bar: 10 µm (all frames).  

One limitation of this method is the presence of endogenous OPA1 in both wild-type and 

FAM210A knockout cells. The antibody used for immunostaining captures both L- and S-

OPA1, as it binds to the C-terminal region present in all isoforms. While intensity differences 

indicative of OPA1 overexpression were observed (Figure 25C), the effectiveness of non-

cleavable L-OPA1 overexpression remained uncertain. To further address this limitation, I 

performed live-cell microscopy of transiently overexpressed L-OPA1 (isoform 1, cleavable) 

tagged with a HaloTag® (Figure 26). In light of recent advances in OPA1 research, which 

have suggested the significance of the proteolytic cleavage process at the membrane site for 

OPA1 function, I chose to use the cleavable version of isoform 1. Regrettably, the expression 

efficiency of this construct was dramatically low, and it failed to ameliorate mitochondrial 

network morphology in FAM210A knockout cells. The presented results of this experiment 

may be explained in various way. Firstly, the cleavable version of L-OPA1 isoform 1 has 

generally low expression. Secondly, the HaloTag®, which is a relatively large tag of 33kDa, 

may interfere with the expression of L-OPA1. Lastly, as this experiment used the cleavable 
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version of L-OPA1 (isoform 1), it may have been completely processed into S-OPA1, which 

would defeat the initial experimental purpose.  

As demonstrated in previous chapters, the knockout of FAM210A has a substantial impact 

on mitochondrial morphology and alters the abundance of several proteins that are crucial 

for the organelle's functionality. In view of these findings, it was not unexpected that the re-

expression of L-OPA1 was unable to compensate for the deficiencies and restore the 

morphology of the mitochondrial network.    
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2.2 MIC10 ð a key factor in the cristae remodeling of respiratory chain 

depleted cells 

As demonstrated in chapter 2.1, the depletion of FAM210A results in a fragmented 

mitochondrial network, aberrant cristae architecture, and downregulation of both nuclear 

and mitochondrial encoded respiratory chain proteins. Notably, MIC10 knockout did not 

result in any impairment in the expression levels of respiratory chain proteins. However, it 

exhibited a similar inner mitochondrial membrane phenotype and was significantly 

downregulated in FAM210A knockout. These findings led me to hypothesize that the re-

expression of MIC10 may potentially restore the wild-type cristae membrane architecture in 

FAM210A-depleted cells. Furthermore, OXPHOS levels might determine MIC10 

abundance in human cells and thus cristae formation. Interestingly, relationship between the 

OXPHOS and MIC10 subcomplex was previously suggested in yeast, although it has not 

been yet investigated in mammalian cells [34].  

2.2.1 Re-expression of MIC10 restores cristae morphology in FAM210A knockout 

In the literature, MIC10 is well known for its role in the coordination of lamellar cristae bio- 

and morphogenesis. To examine whether the morphology of the cristae membrane could be 

restored through re-expression of MIC10 in FAM210A knockout cells, a plasmid containing 

MIC10, expressed under the control of a doxycycline-inducible promoter, was transfected 

into these cells. In this construct, the C-terminus of MIC10 was fused with a FLAG-T2A-

EGFP tag, previously described and used in a publication from our laboratory [49]. The T2A 

peptide is self-cleavable [179], releasing EGFP into the cytosol to act as an expression 

reporter. Subsequently, MIC10-FLAG is transported into the mitochondria, where it initially 

forms a MIC10 subcomplex, which then binds to the MIC60 subcomplex, thereby 

establishing a fully assembled MICOS complex. 

Following a 72-hour period of MIC10 transient re-expression in FAM210A knockout cells 

treated with 0.025 µg/mL doxycycline, I observed a significant improvement in cristae 

morphology (Figure 27A). A quantitative analysis of over 800 mitochondrial sections 

revealed that lamellar cristae in FAM210A knockout cells with MIC10 re-expression 

exhibited a twofold increase in lamellar cristae and a twofold decrease in onion-like 

morphology compared to the FAM210A knockout control (Figure 27C). It should be noted 

that the transient re-expression of MIC10 resulted in near wild-type levels of the protein on 

average across the cell population. However, it is important to acknowledge that expression 
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levels may vary at the single-cell level (Supplementary Figure 3). This gradual improvement 

of the inner mitochondrial membrane morphology through MIC10 re-expression is 

consistent with previous evidence, where the TetOn MIC10 re-introduction rescued the 

cristae ultrastructure in MIC10 knockout cells [49]. Nevertheless, a complete reversion of 

the phenotype to the wild-type state was not attained. This phenomenon may be attributed 

to additional defects in the FAM210A cells, such as the depletion of respiratory chain 

proteins and the absence of L-OPA1, or the protein expression level variability during 

transfection. 

 

Figure 27: Re-expression of MIC10 in FAM210A knockout partially rescues the cristae membrane morphology. 

(A) Representative TEM micrographs of wild-type (WT), FAM210A knockout, and FAM210A knockout with re-expressed 

MIC10 HeLa cells. MIC10 on a TetOn plasmid was transiently expressed in FAM210A knockout cells for 72h upon adding 

0,025 µg/mL doxycycline. Cells were fixed on ACLAR® Fluoropolymer-Film and subjected to electron microscopy. Ultra-

thin microtome sections were taken in parallel to the growth surface of the cells. Scale bar: 500 nm. (B) Cartoon 

representation of mitochondrial ultrastructure classes used in the quantitative evaluation (Figure 27C) of TEM recordings, 

comprising five distinct classes: 1) WT/lamellar, 2) empty (no cristae), 3) onion-like (with and/or without cristae junctions), 

4) arc-like and 5) other/intermediate. (C) Double-blind quantification of the detailed cristae morphology in wild-type (WT), 

FAM210A knockout (KO) and FAM210A knockout with re-expressed MIC10. n= number of mitochondrial sections. 
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