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Abstract 
 
Mitochondrial plasticity enables mitochondria to adapt to changing cellular demands through 

continuous remodeling of their morphology, proteome and function. This dynamic equilibrium 

is maintained by constant fusion and fission processes of the organelle. Proteins driving the 

mitochondrial dynamics are Drp1 and Mfn1/2 on the outer membrane (OM) and Opa1 on the 

inner membrane (IM). Mitochondrial plasticity is further controlled by the IM proteases Yme1l 

and Oma1, which influence mitochondrial signaling through substrate cleavage. While Yme1l 

performs constitutive housekeeping cleavage of the fusion-active l-Opa1 into soluble s-Opa1 

at the S2 site, Oma1 acts as a stress-responsive protease and recognizes the S1 cleavage 

site in Opa1. Here, we showed that the expression of only one Opa1 isoform (isoform variant 

1) is sufficient for embryonic and adult development in mice. Yme1l-mediated Opa1 cleavage 

is dispensable in basal conditions and upon metabolic and thermal stress. Additional 

suppression of Oma1-dependent processing through the modification of four amino acids in 

the S1 region of Opa1 also shows no phenotype until adult age.  Nevertheless, we found 

evidence of unhealthy aging due to a lack of the Opa1 isoforms and processing in old age. 

These mild effects appear to be tissue-specific and vary in severity. By an additional 

introduction of an OXPHOS deficiency model, we identified the necessity of Opa1 processing 

by Oma1 for maintaining the balance of biogenesis and mitophagy in order to execute an 

adequate stress response. Mice lacking Opa1 processing fail to undergo compensatory 

cardiac hypertrophy upon Cox10-/-, resulting in a shortened lifespan. Fibroblasts derived from 

these Opa1 mutants show decreased OXPHOS complexes, impaired respiration and reduced 

mtDNA maintenance. The imbalance of l- to s-Opa1 alters mitochondrial distribution within the 

cell, accompanied by a disruption of mitochondria-endoplasmic reticulum (ER) contact sites. 

The lack of Oma1-dependent Opa1 cleavage is associated with a delayed response upon H2O2 

treatment and a reduced interferon-stimulated gene response (ISG response) under basal and 

nucleotide imbalance conditions. Proteomic analysis identified the interactome of s-Opa1 with 

OM proteins involved in fission, mitophagy, and cytoskeletal dynamics, providing an 

explanation for the disrupted mitophagy observed in Opa1-uncleavable hearts. In addition, we 

linked s-Opa1 to mitochondrial translation by identifying a promising interaction partner, 

Fam210a, which might explain the disrupted mitochondrial biogenesis in vivo. Together, our 

finding uncover a central role of Oma1-dependent Opa1 processing in coordinating 

mitochondrial architecture with stress adaptation, energy maintenance and in mitochondrial 

quality control.  
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1 Introduction 

1.1 Mitochondria: Biology of life 

In her endosymbiotic theory, Lynn Margulis postulated that eukaryotic cells evolved 

through the engulfment of archaeobacteria by a pre-eukaryotic cell. This symbiotic 

relationship gave rise to mitochondria that we know today containing double 

membranes, their own genome (mtDNA) and their ability to synthesize proteins 

(Introduction Figure 1)1,2. The inner mitochondrial membrane (IM) additionally forms 

so-called cristae, invaginations that protrude into the matrix and are rich in enzymes 

and other important proteins. Margulis2 argued that mitochondria evolved from a 

symbiotic relationship between an α-proteobacteria and another eukaryotic cell 1.5-2 

billion years ago. Over time, the ancestral host cell and the engulfed bacterium co-

evolved into a highly coordinated endosymbiotic partnership forming modern 

mitochondria, which are present in all human tissues with the sole exception of mature 

erythrocytes. Mitochondrial function is especially crucial in tissues with high energy 

demands such as muscle cells, neurons, sensory cells, and oocytes. The quantity of 

mitochondria varies, typically ranging from 1,000 to 2,000 per cell and constituting 

roughly 25 % of cellular volume, though it can reach up to 36 % in cardiac tissue3-5. 

Their characteristic function is to generate adenosine triphosphate (ATP) via oxidative 

phosphorylation (OXPHOS), which occurs in the cristae of the IM (Introduction Figure 

1). Electrons from nicotinamide adenine dinucleotide hydrogen (NADH), Flavin 

adenine dinucleotide (FADH₂), and 1,5-Dihydroriboflavin-5'-(dihydrogen phosphate) 

(FMNH₂) are transferred through complexes I-IV of the electron transport chain with a 

final ATP production at complex V (see section 1.1.2)6. Beyond energy metabolism, 

mitochondria regulate ion homeostasis, lipid metabolism, and programmed cell death-

pathways7-10. Furthermore, they host both fatty acid β-oxidation (FAO) and the 

tricarboxylic acid (TCA) cycle generating intermediates that supply electrons to the 

respiratory chain11. When mitochondria malfunction, it can lead to a wide range of 

mitochondrial diseases, which are among the most common inherited disorders 

worldwide12. Well-known examples include Kearns-Sayre syndrome (KSS), MELAS 

syndrome (Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like episodes), 

Leber's hereditary optic neuropathy (LHON), and Leigh syndrome. These disorders 

predominantly affect the neuromuscular system, emphasizing mitochondria’s critical 

role in high-energy-demand systems13. 



  Introduction 

13 
 

Mitochondrial inheritance is primarily maternal, as mitochondria from sperm are 

typically eliminated post-fertilisation. Consequently, mutations in mtDNA are chiefly 

transmitted via the maternal lineage14. This feature facilitates the use of mtDNA as a 

molecular marker for tracing maternal ancestry and human migration patterns across 

generations. 

Mitochondria also play a significant role in ageing. With increasing age, mitochondrial 

efficiency declines, manifesting as accumulated mtDNA damage and higher reactive 

oxygen species (ROS) production15. This dysfunction results in diminished ATP 

synthesis, cellular stress, and contributes to aging phenotypes and age-related 

diseases, including Alzheimer’s disease, Parkinson’s disease, heart failure, and type 

2 diabetes mellitus16. Given its central involvement, mitochondrial dysfunction 

represents a promising therapeutic target for age-associated pathologies. 

 

1.1.1 Circular helix: The mtDNA 

Mitochondria contain their own genome, a circular double-stranded DNA molecule. 
This mtDNA is located in the matrix and comprises 16,569 base pairs in humans, 

encoding 13 OXPHOS proteins, 22 tRNAs, and 2 rRNAs17-19 (Introduction Figure 1). 

The remaining approximately 1,100 mitochondrial proteins are encoded in the nucleus 

and must be imported into the mitochondria mostly via a mitochondrial targeting 

sequence (MTS). The number of mtDNA copies per organelle varies depending on the 

cell type and physiological state but rarely exceeds ten. The mtDNA forms nucleoids, 

which are compacted by the TFAM (transcription factor A) protein20. This packaging 

protects the DNA from damage and enables the targeted regulation of transcription 

and replication. The replication of mtDNA occurs independently of the cell cycle and is 

regulated by a special control region (D-loop) performed by the DNA polymerase-g 

(POLg) and the DNA helicase TWINKLE which unwinds the DNA duplex21. 

Transcription initiation is driven by an mtDNA-directed RNA polymerase (POLRMT), 

with TFAM and TFB2M (mitochondrial transcription factor B2) serving as transcription 

factors 22,23. The mitochondrial mRNA is translated by its own mitochondrial ribosomes 

(mitoribosomes) and tRNAs, which are also located in the matrix. Precise regulation of 

mtDNA copy number is crucial for maintaining cell health and is closely related to 
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metabolic demand. Primary mtDNA mutation may occur de novo and are usually 

presented in cells as heteroplasmic. Additionally, defects in mtDNA replication or 

maintenance machinery can generate mtDNA deletions, depletions or point mutations. 

Most of these mtDNA defect lead to a range of mitochondrial diseases varying from 

severe early onset multisystem diseases to mild adult onset pathologies. Clinical 

symptoms usually only appear once a certain threshold of mutated mtDNA molecules 

is reached24. This threshold can range from 60 % to 90 %, depending on the type of 

mutation and the affected tissue. Carriers of pathogenic mtDNA variants often remain 

symptom-free for a long time before the disease manifests, and even among carriers, 

the same mutation can vary in severity due to heteroplasmy, the concurrent presence 

of healthy and defective mtDNA molecules. This phenomenon also plays a role in 

disease inheritance. The number of mtDNA copies sharply decreases in oogenesis, 

the so-called bottleneck effect, resulting in random fluctuations in heteroplasmy in the 

next generation and leading to different disease manifestations in the offspring25. The 

influence of different mtDNA mutations on the human body has not yet been fully 

clarified and requires additional research. 

 

1.1.2 Shuttle-service: The electron transport chain  

The electron transport chain (ETC) is derived from prokaryotic ancestors and 

integrated into eukaryotic cells via mitochondrial endosymbiosis. During the TCA cycle, 

NAD⁺ and FAD are reduced in the mitochondrial matrix, becoming electron carriers. 

Then, they shuttle electrons to the individual respiratory chain complexes (Introduction 

Figure 1)26-28. Complex I (NADH dehydrogenase; CI) oxidizes NADH and transfers the 

electrons to coenzyme Q through catalysis by flavin mononucleotide (FMN) and iron-

sulfur (FeS) clusters. This reaction results in the translocation of 3 to 4 protons from 

the matrix to the IMS. Complex I is the largest ETC complex, comprising 44 subunits, 

the FMN prosthetic group, and eight FeS clusters. The downstream succinate 

dehydrogenase (complex II, CII) participates in both the citric acid cycle and ETC by 

oxidizing succinate to fumarate while transferring electrons via FADH2 to coenzyme Q. 

The complex consists of four subunits and also harbors FeS clusters. The cytochrome 

c reductase (complex III, CIII) is formed by 11 subunits and oxidizes coenzyme QH2, 

transferring electrons to cytochrome c. For each electron transferred, two H⁺ are 
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pumped into the IMS.  Complex IV (cytochrome c oxidase, CIV) comprises 13 subunits 

and an active metal center formed by heme a, heme a3, CuA, and CuB. It oxidizes 

cytochrome c and reduces molecular oxygen to water, using the energy released to 

pump four protons into the IMS. Oxidative phosphorylation takes place at complex V 

(CV), the ATP synthase, which consists of two parts. The F1 part protrudes into the 

mitochondrial matrix, and the Fo part forms a proton channel through the IM. The proton 

gradient generated by the ETC is leveraged in the final step as H+ ions are pumped 

back through the CV channel into the matrix. The voltage difference due to charge 

separation across the membranes (membrane potential or ΔΨ) together with the H+ 

concentration gradient create the electrochemical gradient. The Fo subunit begins to 

rotate and energy is released, which is used by the F1 subunit to synthesize ATP29. In 

the end 3 to 4 protons are used to convert ADP and phosphate into energy-rich ATP. 

Introduction Figure 1: Detailed structure of a mitochondrion and its mtDNA. Schematic illustration 
of a mitochondrion with the outer membrane (OM), inner membrane (IM) and its invagination’s (cristae), 
the intermembrane space (IMS) and matrix with mitochondrial ribosomes and the mtDNA. Close-up of 
the respiratory chain in the cristae tip and the encoded proteins in the mtDNA.  

 

1.1.3 Inhibitors and decouplers of the respiratory chain 

Several inhibitors have been identified that significantly disrupt the functionality of the 

ETC. They all attack at different targets: Rotenone and amobarbital are classic 

complex I inhibitors30,31. They block NADH oxidase activity, thus preventing electron 

transfer from NADH to coenzyme Q.  Other very prominent inhibitors are antimycin A, 

which specifically prevents the transfer of electrons from coenzyme Q to cytochrome 

b in CIII, and oligomycin which directly blocks the proton channel in CV32. All these 

substances usually lead to increased ROS production. When electron transport 
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through the complexes is disrupted, they react with molecular O2, resulting in the 

production of superoxide anions (O2⁻). In a reaction catalyzed by superoxide 

dismutase (SOD), these negatively charged molecules can be further converted into 

hydrogen peroxide (H₂O₂) and hydroxyl radicals (OH·), with potential damaging effects 

in the cell. They can damage DNA, oxidize proteins, or cause lipid peroxidation. 

Usually, oxidative stress leads to increased cell stress and commonly results in cell 

death (e.g. ferroptosis).  

Uncoupling the respiratory chain separates the process of electron transport from ATP 

synthesis. Rather than using the H⁺ stream via the proton channel in the CV, the ions 

flow back into the matrix before, releasing energy in the form of heat33. This mechanism 

is utilized physiologically by the uncoupling protein 1 (UCP1) in brown adipose tissue 

for thermogenesis. Chemical uncouplers such as 2,4-dinitrophenol (DNP) and 

carboxycyanide m-chlorophenylhydrazone (CCCP) bind H+ ions in the IMS and 

transport them back into the matrix bypassing the ATP synthase. These uncouplers 

increase oxygen consumption and a significant loss of energy in the form of heat 

instead of ATP.  

 

1.2 Keep it dynamic: Mitochondrial plasticity  

Mitochondria range in size from 0.5 to 1.5 µm and can be bean-shaped, elongated, or 

spherical34. Mitochondria form a dynamic network that undergoes continuous fusion 

and fission events, spanning the entire cell. Mitochondrial plasticity enables the 

organelles to adapt their structure, function, and distribution in response to cellular 

demands35. These adaptations allow mitochondria to flexibly support cellular energy 

needs, oxidative stress, and metabolic states. Cellular conditions such as nutrient 

excess or dysfunction can disrupt the mitochondrial network and drive fission, enabling 

mitophagy and removal of damaged mitochondria. In contrast, increased fusion can 

be promoted as a protective response to metabolic stress, to increase ATP production 

and to prevent cell death36,37. Thus, the mitochondria morphology is tightly regulated 

by so-called “mitochondria-shaping” proteins38. The dynamin-like GTPases mitofusin1 

(MFN1) and mitofusin2 (MFN2) mediate the outer membrane fusion whereas the optic 

atrophy 1 (OPA1) protein controls the fusion of the inner membrane. Conversely, the 

dynamin-related protein 1 (DRP1) mediates outer membrane fission39-41. Regulation of 
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dynamics goes down to the proteolytic level and is mainly controlled by the proteases 

overlapping activity with m-AAA protease (OMA1) and yeast mitochondrial escape 1 

like (YME1L). They mediate processing of OPA1 in the IM, which is triggered by stress 

signals and posttranslational mechanisms. These processes modulate mitochondrial 

morphology and function, enabling the cell to precisely respond to environmental 

challenges and maintain cellular adaptation (more in section 1.2.1-1.2.3). 

 

1.2.1 YME1L- Master regulator of mitochondrial proteostasis 

The mitochondrial i-AAA protease YME1L is localized in the IM and is a key player in 

protein homeostasis and mitochondrial dynamics42. The homohexameric protease 

features an ATPase domain which couples the ATP hydrolysis to substrate processing, 

as well as a metallopeptidase domain located in the IMS, where YME1L degrades 

numerous mitochondrial proteins, including components of the respiratory chain and 

mitochondrial dynamics machinery, among others43. It degrades unassembled 

respiratory chain subunits such as NDUFB6, COX4, and ND1 and prevents their 

deposition and possibly deleterious effects44. Substrates also include components of 

the TIM23 and TIM22 complexes, such as ROMO1 a part of the TIM23 complex, which 

are responsible for importing proteins into mitochondria45. YME1L also degrades 

proteins like TOM22 and OM45 at the OM to maintain the membrane quality46. One of 

the most studied regulatory functions of YME1L is the proteolysis of OPA1 to ensure 

the balance between fusion and fragmentation of the mitochondria (Introduction Figure 

2)47. Furthermore, YME1L interacts with the scaffold protein SLP-2 (or STOML2) and 

the protease PARL forming the so-called SPY complex48. SLP2 acts as a membrane 

scaffold and anchors PARL and YME1L in the IM. The spatial organization of the 

proteases leads to efficient proteolysis and significantly supports mitochondrial 

integrity. Furthermore, YME1L influences lipid synthesis by targeting PRELI (protein of 

relevant evolutionary and lymphoid interest)-like lipid transfer proteins and proteins 

important for phosphatidylserine synthesis42,49. Conversely, upon hypoxia or nutrient 

starvation, mTOR (mechanistic target of rapamycin) inhibition triggers a signaling 

cascade that eventually leads to decreased PE levels in the IM which promotes YME1L 

proteolysis49,50. YME1L broadly rewires the mitochondrial proteome and metabolic 

function and limits mitochondrial biogenesis by degrading key components of protein 

translocases in the IM and lipid transfer proteins in the IMS51. Loss of YME1L leads to 
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mitochondrial fragmentation due to a lack of OPA1 regulation and by activating OMA1. 

YME1L-/- cells further show significantly increased ROS and reduced ATP production. 

In vivo, deletion of Yme1l  in the whole body is embryonical lethal52. Tissue-specific 

Yme1l-/- in mice lead to different manifestations depending on the target: In neuronal 

cells, Yme1l-/- leads to severe neurodegenerative defects, increased mitochondrial 

fragmentation, increased apoptosis, and a reduced lifespan49,53. Neuronal function is 

severely impaired, leading to motor and cognitive deficits. In the retina of neuron-

specific (Nestin-cre) Yme1l-/- mice the defective proteostasis results in a 

neuroinflammatory response (interferon-stimulated gene response, ISG response). 

This ISG response occurs due to increased mtDNA release and activation of the cGAS-

STING pathway. Sprenger et al. showed that the mtDNA release is based on a 

nucleotide imbalance triggered by pyrimidine deficiencies due to Yme1l-/-, which results 

in an increased incorporation of ribonucleotides into mtDNA and replication stress54. 

In muscles, Yme1l-/- results in muscle atrophy, reduced ATP production, and increased 

ROS production, leading to muscle atrophy55.. In summary, Yme1l is responsible for 

maintaining mitochondrial protein homeostasis, regulating mitochondrial dynamics, 

and controlling mitochondrial signaling, and it targets a wide range of substrates that 

are essential for mitochondrial function. 

 
 

1.2.2 OMA1- The heart of mitochondrial quality control 

The mitochondrial metalloprotease OMA1 is localized to the IM56 and plays a central 

role in the stress response and quality assurance of mitochondria. The structure of 

OMA1 has not yet been fully elucidated, nevertheless homology models suggest that 

OMA1 possesses multiple transmembrane α-helices that form a type of pore or 

reaction chamber in the membrane57. OMA1 is a metallopeptidase of the M48 family 

and possesses a HEXXH zinc motif at its catalytic center. The protease most likely 

forms homo-oligomeric complexes that are embedded in the IM. OMA1 is activated 

upon different stressors such as the loss of membrane potential (ΔΨm), oxidative 

stress, ATP depletion, and impaired protein import via a special N-terminal sensor 

region58. Activation of this region results in a conformational change and 

oligomerisation of the protease into its active form. In addition, OMA1 is 

autocatalytically degraded or degraded by YME1L59 that ensures the reversibility of the 

stress response. In the IM, OMA1 recognizes and cleaves its substrates such as OPA1 
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and DELE1 (Introduction Figure 2)58,60,61. This allows OMA1 to intervene in 

mitochondrial dynamics and actively act in stress signaling cascades. In addition, 

OMA1 regulates mitochondrial fission and mitophagy under certain stress conditions 

via the degradation of PGAM548,62. PGAM5 has been shown to regulate mitophagy, 

however, cleavage via OMA1 only takes place under specific stress conditions such 

as in PARL loss. OMA1 also regulates mitochondrial protein import quality by cleaving 

the chaperone DNAJC15, enabling its degradation by the m-AAA protease AFG3L263. 

This influences the import of OXPHOS proteins and affects mitochondrial protein 

homeostasis. Upon PARL inhibition, OMA1 cleaves mislocalized PINK1 (PTEN-

induced putative kinase 1) proteins, which also supports mitochondrial quality control64. 

Recent studies have described OMA1 a potential “metabolic safeguard” linking it 

activity to the regulation of glucose utilisation and mitochondrial metabolism65. Under 

DNA damage induced stress, the loss of OMA1 led to the accumulation of OXPHOS 

proteins, reduced glycolysis and cell death. Mice lacking Oma1 are viable and fertile, 

but develop obesity and impaired thermogenesis66. In brown adipose tissue, Oma1-

mediated disruption of Opa1 processing leads to enlarged, rather fused mitochondria, 

reduced β-oxidation, and impaired cold adaptation66. White adipose tissue mass 

increases, and the mice develop fatty livers upon high fat diet. Loss of Oma1 in skeletal 

muscle results in reduced expression of nuclear-encoded mitochondrial genes (e.g., 

Sdha, Atp5a), indicating that the resulting changes in mitochondrial dynamics and 

quality control lead to adjustments in gene expression. Oma1 deletion leads to very 

mild phenotype raising the question of its role in cellular function. To tackle this 

question, many studies have crossed Oma1 depleted mice with additional knock-out 

models that show mitochondrial dysfunction.  In hippocampal neurons, deletion of 

Phb2 leads to destabilization of Opa1 and neurodegenerative changes67. Additional 

loss of Oma1 prevents the destabilization of Opa1 and mitigates the 

neurodegenerative effects, demonstrating that active Oma1 plays a harmful role. 

Similar observations were made for Yme1l-/- in cardiomyocytes52. The knockout leads 

to Oma1-dependent fragmentation of the mitochondria and dilated cardiomyopathy. 

The additional deletion of Oma1 prevents Opa1 cleavage and normalizes 

mitochondrial morphology and heart function. However, if Yme1l-/- occurs in the central 

nervous system, additional deletion of Oma1 restores mitochondrial morphology but 

axonal degeneration is worsened53. This study highlights that Oma1 has a dual role 

and is also protective in stress conditions. This was also demonstrated in a cardiac 
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and skeletal muscle-specific Cox10-/- model68. Cox10-/- mice develop early-onset 

cardiomyopathy, skeletal muscle atrophy resulting in early death whereas additional 

loss of Oma1 leads to worsening cardiomyopathy and the overall phenotype. Here, the 

protease is essential for the activation of the mitochondrial integrated stress response 

(ISRmt) via Dele1, which mediates protection against cardiac damage via ferroptotic 

cell death. Overall, findings from various knockout models show tissue- and context-

specific effects of Oma1 showing that the precise balance of Oma1 activity is essential 

for maintaining mitochondrial dynamics and organ function under stressed conditions.

 
Introduction Figure 2: Model of OPA1 processing by YME1L and OMA1. Within the IM, YME1L 
(green) and OMA1 (yellow) cleave OPA1(grey) in steady state resulting in balanced OPA1 processing. 
Upon stress activation, excessive OPA1 cleavage results in imbalanced processing.  

 

1.2.3 A balancing act: l-OPA1 and s-OPA1 

OPA1 is a nuclear encoded protein that is transported into the mitochondria where it is 

embedded in the IM with an N-terminal transmembrane domain. The dynamin-like 

protein is evenly distributed in the IM and is involved in the cristae and the cristae 

junctions (CJs) organization69, the narrowing of the IMS. OPA1 is one of the 

mitochondrial shaping proteins that controls the fusion of the IM in cooperation with the 

mitofusins (MFN1/MFN2 on the OM), thereby enabling the tubular network state of the 

mitochondria70. At the same time, OPA1 stabilizes the cristae structure, interacts with 

MICOS, and thus prevents the opening of CJs and the release of cytochrome c69. 

Through these structural functions, OPA1 directly links the organization of the IM to 

mitochondrial respiration71 by ensuring the efficiency of oxidative phosphorylation and 

protection against stress-induced fragmentation and depolarization (more in 1.2.4) 
69,72. OPA1 has several functional domains: a GTPase domain (motor function), a BSE 

domain (lever), a stalk and a membrane-associated “paddle” region that allows 
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attachment and deformation of the membrane73. The protein assembles into tightly 

coiled helices that attach to the lipid membrane of the inner mitochondrial membrane. 

The binding of OPA1 to specific lipids, such as cardiolipin, supports membrane 

stabilization and promotes fusion efficiency74. OPA1 oligomerizes dynamically, with its 

uncleaved and cleaved form, and assembles into hetero-oligomeric complexes. During 

the fusion process, membrane-bound OPA1 proteins form cis/trans oligomers on 

opposing membranes75. GTP binding induces assembly on membrane tubules, and 

hydrolysis triggers a “power stroke” that reduces the distance between the 

membranes. Repeated GTP cycles cause hemi-fusion of the membranes and pore 

formation in the inner membrane. Cardiolipin interactions and OPA1 oligomers 

stabilize the intermediate states76,77. 

In humans, eight transcript variants encoding different isoforms of OPA1 have been 

found (V1-V8), which differ in the exons 4, 4b, 5 and 5b. Interestingly, only isoforms 1, 

5, 7 and 8 are present in mice which are differently expressed throughout the body. 

OPA1 activity is proteolytically regulated. The long, membrane-bound form (l-OPA1), 

OPA1 is fusion active. Upon specific cutting by the proteases YME1L  and OMA1,  

soluble short fragments (s-OPA1) are created lacking the membrane anchor78. The 

exact function of s-OPA1 remains unclear. In the soluble form, however, the protein is 

no longer capable of membrane fusion. Under physiological conditions, a balance of l- 

and s-OPA1 exists. Recently, it has been shown that the balanced ratio of l- and s-

OPA1 plays a significant role in mediating fusion75. While l-OPA1 alone is sufficient for 

membrane fusion, the process is more efficient and faster with the presence of s-OPA1 

(heterotypic membrane tethering)75. Under stress or in mitochondrial dysfunction, 

OMA1 is activated and processes OPA1 into its short form (disrupted l-/s-OPA1 

balance). The fusion-active l-OPA form is cleaved, and ongoing fission events result in 

mitochondrial fragmentation. In addition to membrane fusion, OPA1 also fulfils many 

other functions. Mutations in the OPA1 gene lead to autosomal dominant optic atrophy 

(DOA) disease in humans which is characterized by ataxia, hearing impairment and 

blindness. OPA1 is essential for embryonic development as the knockout mice die at 

around at embryonic day 979. Heterozygous Opa1+/- mice, analogous to human ADOA, 

show age-dependent progressive degeneration of retinal ganglion cells with optic 

nerve atrophy and loss of visual acuity, while other tissues show only mild or subclinical 

mitochondrial changes57. In addition to membrane fusion, OPA1 controls cristae shape 

and thus OXPHOS function and participates in mtDNA maintenance. In MEFs, the loss 
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of Opa1 leads to highly fragmented mitochondria and a depletion or disorganisation of 

cristae in the form of a “ballooned” matrix space. Opa1-/- MEFs respiration is severely 

affected, with reduced OXPHOS and supercomplex assembly, and the cells rely on 

glycolysis. The mtDNA content is decreased by two-thirds and the mtDNA molecules 

are no longer efficiently distributed in the mitochondria80,81. Re-expression of all 

individual Opa1 isoforms largely restores OXPHOS capacity, respiratory complex 

levels and ATP production, thereby normalizing bioenergetic function82. Also re-

expressing isoform 5 that is only present as s-OPA1 due to continual processing can 

also restore morphology, mitochondrial respiration, and mtDNA levels. However, 

Opa1v5 does not restore mitochondrial fragmentation as l-Opa1 is essential for fusion. 

Nevertheless, the presence of l- and s-OPA1 is required to restore complete cristae 

organisation and mitochondrial dynamics. In vitro studies documented that OPA1 

overexpression is proteotoxic for the cell and results in mitochondrial fragmentation 

and increased apoptosis which further enhances the idea that balanced levels of s- 

and l-OPA1 isoforms are critical83. 
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Introduction Figure 3: OPA1 isoforms and oligomerization during fusion and cristae formation. 
(A-D): Observations from Del Dotto et al. (2017)82 showing that Opa1-/- results in loss of cristae formation 
and the restoration by the integration of the various OPA1 isoforms (Class I: more than four cristae, 
class II:  between two and three cristae, class III: one or no cristae per mitochondrion). Observation of 
overall mitochondrial morphology and mtDNA content in WT and Opa1-/- MEFs with reintegrated 
isoforms 1 to 8. (E): Model of OPA1-mediated fusion. OPA1 oligomerized on the IM creating a 
membrane tube. GTP hydrolysis leads to a conformational change in the quaternary structure resulting 
in membrane curvature at the tip of the tubule allowing easy fusion with the adjacent membrane. 
Adapted from84. (F): Human OPA1 isoforms 1 to 8 harboring the different exons 4, 4b, 5 and 5b. MTS 
is cleaved by MPP protease, and the S1 and S2 cleavage sites are recognized by OMA1 and YME1L.     
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1.2.4 The diverse nature of cristae 

Cristae are the characteristic invaginations of the IM, which greatly increase the 

membrane surface area and form the main site of the respiratory chain and ATP 

synthase.  They are functionally crucial as their shape and density directly determine 

how efficiently a mitochondrion can produce ATP and control signals like cytochrome 

c release85-87. Cristae are not static structures, but rather 3D formations with a complex 

topology. They can appear as stacked lamellae with flat, plate-like membrane folds 

that are densely packed in overlapping leaves, creating a large respiratory surface area 

with a small volume88. In addition, cristae can appear as tubular structures, protruding 

into the matrix in a pipe-like form89. They often split off as they pass through the matrix, 

forming a network system90. Tomography shows that there are smooth transitions 

between lamellar and tubular sections. “Cut-through” cristae are cristae that appear to 

form separate segments in cross sections, but are actually part of a continuous, three-

dimensionally intertwined fold. Additionally, cristae can form lamellar-like structures 

which holes or openings in the membrane sheet90. Depending on the cell type, 

metabolic state, and protein composition, cristae can be dynamically remodelled and 

lengthen or shorten, fuse or divide and open or close their CJs within seconds to 

minutes. The MICOS complex is preferentially located at CJs and defines the position 

and number of them91,92. ATP synthase dimers localize at the cristae tips and enables 

strongly curved crista edges. Together with OPA1 oligomers these proteins form a 

functional network to maintain the cristae integrity.93 Hereby,  l-OPA1 promotes 

lamellar, longer cristae  while s-OPA1 dominance is associated with tubular, vesicular 

cristae morphology94. OPA1-dependent cristae modulation has emerged as a central 

mechanism by which mitochondria flexibly adapt their IM architecture to the energy 

status of the cell. Work by Patten et al. has shown that upon starvation conditions, 

OPA1 oligomerization increases, leading to a narrowing of the cristae lumen, an 

organized stacking of lamellar cristae and a more stable organization of ATP synthase 

dimers and supercomplexes93. These structural adaptations improve the coupling of 

electron transport and ATP synthesis while protecting against uncontrolled cytochrome 

c release and apoptotic sensing. Nevertheless, only l-OPA1-regulated cristae exhibit 

suboptimal adaptation to metabolic stress and are functionally rather inflexible94. Under 

conditions of increased OPA1 cleavage (e.g. cellular stress resulting in OMA1 

activation), the cristae become shorter and more irregular in shape, with a tubular 

appearance94. Tomography studies of s-OPA1-dominant cells also reveal an enlarged 
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cristae lumen and widened CJs, associated with unstable OXPHOS organisation and 

increased cytochrome c release95. Only the balance of l- and s-Opa1 allows stable CJs 

for optimal respiration and dynamic adaptation to external influences.   

 

1.3 Biogenesis and protein synthesis to increase the mitochondrial mass 

Mitochondrial biogenesis needs to be balanced between the transcription and 

translation of genes in the mitochondrial and nuclear genomes to produce all the 

proteins required to increase mitochondrial mass and to replicate mtDNA.  AMPK 

(adenosine monophosphate-activated protein kinase) functions as a cellular energy 

sensor that is activated when cellular energy demand increases96, thereby promoting 

mitochondrial biogenesis. The kinase directly phosphorylates PGC-1α (Peroxisome 

proliferator-activated receptor gamma coactivator 1-alpha) and coactivates NRF1/2 

(Nuclear Respiratory Factor 1 & 2) and TFAM, key regulators of the mitochondrial 

biogenesis. These transcription factors control the expression of genes responsible for 

mitochondrial DNA replication, transcription, protein synthesis, and the assembly of 

respiratory chain complexes. Upregulation of PGC-1α results in gene expression 

involved in oxidative metabolism and glucose uptake97.  Meanwhile, TFAM stabilizes 

mtDNA by packaging it, thereby supporting the recruitment of mitochondrial RNA 

polymerase and other transcription factors. NRF1 and NRF2 activate genes that code 

for mitochondrial respiratory complexes, antioxidants, and import proteins. Majority of 

mitochondrial proteins synthesized in the cytosol need to be imported into the 

mitochondria. This can be done for example via specific import signal sequences that 

allows them to enter the mitochondria through the TOM (translocase of the outer 

membrane) and TIM (translocase of the inner membrane) complexes98-100. 

Chaperones, primarily Hsp70, assist in the proteins' correct folding and integration into 

the compartments. In addition to protein synthesis, lipid synthesis is essential for 

membrane formation. Mitochondria synthesize a subset of lipids, including 

phosphatidylethanolamine (PE) and cardiolipin, that are crucial for the integrity and 

function of the IM101. Other membrane components, such as phosphatidylcholine (PC), 

phosphatidylserine (PS), and phosphatidylinositol (PI), are synthesized in the 

endoplasmic reticulum (ER). The lipids are then transported to the mitochondria via 

membrane contact sites or special lipid transfer proteins, where they are incorporated 

into the membrane102.  
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1.4 Mitochondrial quality control 

Mitochondria use a network of several quality control mechanisms, ranging from 

molecular proteostasis to the removal of entire organelles. These mechanisms interact 

chronologically and hierarchically to minimize damage and, if the initial levels of control 

fail, to selectively eliminate defective mitochondria103. On molecular level, antioxidant 

systems (e.g., glutathione/peroxiredoxin systems) limit oxidative damage to proteins, 

lipids, and mtDNA104. Furthermore, chaperones and mitoproteases such as LonP1 

(Lon protease homolog) and ClpXP (Clp protease ATP-binding subunit clpX-like) within 

the matrix recognize misfolded or damaged proteins and undergo regulatory 

processing105. They serve as first intramitochondrial defense against proteotoxicity and 

are closely linked to higher levels of quality control. By controlling the processing of 

fusion factors like OPA1, YME1L and OMA1 also directly link protein damage to 

fragmentation or stabilization of the network106. Failure or overload of these quality 

control systems leads to the accumulation of misfolded proteins within mitochondria 

and triggers the mitochondrial unfolded protein response (UPRmt)107. This is a distinct 

stress-response form from the UPRER although both share the common goal of 

restoring proteostasis and partially use same signalling cascade108. In mammals, major 

stress signaling is driven by the processing of DAP3-binding cell death enhancer 1 

(DELE1)109. Upon cellular or mitochondrial stress, DELE1 is cleaved by OMA1 during 

the import process, leading to its release back to the cytosol110. The accumulated c-

terminal fragments bind to and activate the heme-regulated eIF2α kinase (HRI) which 

phosphorylates eIF2α, the eukaryotic initiation factor 2α. In basal conditions, eIF2α 

aids in the initiation of mRNA translation. The phosphorylated initiation factor shows 

reduced activity and thus inhibits global protein synthesis. At the same time, it 

specifically promotes the translation of the transcription factor ATF4 (activating 

transcription factor 4). ATF4 translocates to the cell nucleus, where it controls stress 

gene expression by inducing protective genes for amino acid biosynthesis, autophagy, 

and antioxidants. It works together with other transcription factors such as CHOP or 

ATF3 by forming homo- or heterodimers, which leads to various cellular effects111. The 

basal processing of DELE1 in the import process thus serves as a sensor to transmit 

the state of the mitochondria to the cytosol and the cell nucleus. However, 

overactivation of OMA1 can also lead to chronic ISR activity due to excessive cleavage 

of DELE1, which can result in pathological outcomes like neurodegenerative diseases, 

chronic inflammation, metabolic disorders, and cancer112. In general, ISR activation is 
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triggered by various stress stimuli such as ER stress, nutrient deprivation, viral signals, 

and iron and mitochondrial stress via four specialized eIF2α kinases (PERK, GCN2, 

PKR, and HRI), with only the latter being dependent on the OMA1-DELE1 axis113,114. 

For quality control on organelle level, mitochondria can form small compartments 

containing oxidized or misfolded components. These so-called mitochondria-derived 

vesicles (MDVs) are small, 70–150 nm in size, single- or double-membrane vesicles 

that bud off under mild mitochondrial stress. They selectively remove oxidized or 

misfolded proteins and damaged lipids from still functional mitochondria and degrade 

them via the endosomal-lysosomal or peroxisomal pathway115. The formation of these 

vesicles requires coordinated recognition of the damaged compartment by recruiting 

quality control and sorting factors such as the Parkinson's-associated proteins PINK1 

and Parkin or  β-barrel OM proteins like TOM20 (Translocase of outer mitochondrial 

membrane 20) or VDAC1 (voltage-dependent anion channel)116. MDVs are directed to 

late endosomes, lysosomes, or peroxisomes via a SNARE-based fusion. They 

represent an early, sub-organellar quality control route that precedes complete 

mitophagy and maintains the integrity of the mitochondrial network. The mitophagy 

pathway ensures the selective clearance of complete dysfunctional mitochondria, 

maintaining cellular health and mitochondrial quality117,118. It involves a complex 

interplay of sensors, ubiquitin ligases, adaptor proteins, and autophagy machinery that 

together regulate mitochondrial turnover and prevent cellular damage. Mitophagy is 

triggered by cellular stress or the loss of mitochondrial membrane potential. The most 

studied form of mitophagy is the PINK1-PARKIN mediated pathway, where PINK1 

accumulates on the outer mitochondrial membrane, recruiting the E3 ubiquitin ligase 

Parkin119. The ligase tags outer membrane proteins with ubiquitin, marking the 

mitochondria for degradation. Adapter proteins such as p62/SQSTM1, OPTN, and 

NDP52 recognize these ubiquitin tags and link the damaged mitochondria to LC3 

(microtubule-associated protein 1A/1B-light chain 3). During this process, LC3 

undergoes conversion from LC3-I to its lipidated LC3-II form, which is incorporated into 

the autophagosome membrane. The autophagosome engulfs the damaged 

mitochondria and later fuses with lysosomes to enzymatically degrade the contents. 

OM proteins like BNIP3, NIX, FUNDC1, and BCL2L13 already possess LC3-interacting 

regions (LIRs) and can directly recruit autophagosomes without prior ubiquitination 

steps120-122.  
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1.5 Gate keeper: Mitochondria as signaling platform 

As an essential and abundant component of the cell, mitochondria act as central 

signaling hubs. They process signals such as the nutritional status, redox balance or 

proteostasis of the cell and transmit them, for example, by direct contact with other 

organelles. This enables the cell to control its metabolism, stress- and immune 

responses. The ISR and mitophagy are among those pathways, being part of the cell's 

stress and quality control. To adapt to energy and nutrient availability, mitochondria 

use metabolic signaling via AMPK, mTOR, and sirtuin 1 (SIRT1). As already 

mentioned, AMPK controls mitochondrial biogenesis, however it can also promote 

autophagy via the phosphorylation of ULK1 in order to recycle damaged cell 

components123. Via indirect interaction, AMPK can activate SIRT1 by increasing NAD+ 

levels. SIRT1 is an NAD+-dependent deacetylase whose activity also increases 

mitochondrial biogenesis and antioxidant capacity. Both enzymes indirectly inhibit 

mTOR124. mTOR is a central serine/threonine kinase that acts as a molecular sensor 

and regulator for cell growth, metabolism, and survival. It promotes anabolic processes 

and inhibits catabolic ones, allowing cells to grow and divide when energy supplies are 

adequate. mTOR consists of the complexes mTORC1, which activates protein 

biosynthesis and lipid synthesis and inhibits autophagy, and mTORC2, which is 

necessary for cytoskeletal engagement and cell proliferation125.  

ROS, which is generated in mitochondria, can act as a signaling molecule by activating 

the central NF-κB signaling pathway126. In its resting state, NF-κB is bound to an 

inhibitory protein called IκB in the cytoplasm. After stimulation by ROS and other 

mitochondria-derived stimuli, IκB is phosphorylated and subsequently ubiquitinated, 

leading to its proteasomal degradation. This releases NF-κB, allowing it to translocate 

to the cell nucleus, where it activates the transcription of target genes such as pro-

inflammatory cytokines or anti-apoptotic proteins (Bcl-2 family). Furthermore, 

mitochondrial calcium buffering is an essential mechanism for regulating cellular 

energy production and signal transduction. Mitochondria primarily take up calcium ions 

(Ca²⁺) via the mitochondrial calcium uniporter (MCU), stabilized by the adapter protein 

EMRE127. The uptake in turn influences the activity of enzymes in the citric acid cycle 

and increases ATP synthesis. Conversely, the release of Ca²⁺ is controlled by VDAC 

and mPTP (mitochondrial permeability transition pore), which can trigger apoptosis 

and other signals128,129. Calcium can be transferred directly from the ER to the 

mitochondria via so-called mito-ER contact sites mediated by MFN1 and MFN2130. 
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Ca²⁺ release is regulated via IP3R in whereby the heat shock protein GRP75 connects 

IP3R with VDAC, facilitating the cation exchange131.  

Mitochondria can also initiate programmed cell death by releasing mitochondrial 

cytochrome c via BAX/BAK pores (Bcl-2 associated X protein/ Bcl-2 homologous killer) 
132,133. Cytochrome c binds to the adapter protein Apaf-1 and forms an apoptosome 

complex together with ATP. The apoptosome activates caspase-9, the initiator 

caspase, which in turn activates other effector caspases (caspase-3, -6, -7). These 

enzymes catalyze the degradation of cellular proteins and lead to the apoptosis of the 

cell. Together with ATP and ROS production and the generation of NAD+, mitochondria 

can regulate whether the cell needs more organelles and energy, divides, or 

undergoes apoptosis. 

Mitochondria also influence epigenetic programs, primarily by providing key 

metabolites that serve as substrates or cofactors for epigenetic enzymes directly 

affecting DNA methylation and histone modifications in the cell nucleus.  Acetyl CoA, 

derived from glucose metabolism, fatty acid oxidation, and amino acid catabolism, is 

an obligate substrate for histone acetyltransferases134. Elevated acetyl CoA levels 

promote a more open chromatin structure and stimulate growth and differentiation, 

while limiting levels restricts histone acetylation and proliferation135. The metabolites 

α-ketoglutarate, succinate, and fumarate, products from the TCA cycle, are essential 

cofactors for dioxygenases (DNA demethylation) and histone demethylases. High α-

ketoglutarate levels promote demethylation of DNA and histones, whereas succinate 

and fumarate compete with α-ketoglutarate and competitively inhibit these 

dioxygenases135,136. Modulation of mtDNA copy number or OXPHOS defects resulting 

in systematic changes in the metabolome (amino acids, NAD⁺/NADH) are associated 

with changes in DNA methylation and histone marks even before severe bioenergetic 

deficits are measurable137,138. NAD⁺ acts as a co-substrate of NAD⁺-dependent 

deacetylases (sirtuins). The mitochondrial redox status modulates SIRT1/6 in the 

nucleus and SIRT3/4/5 in mitochondria and couples energy status to histone and non-

histone deacetylation, leading to large-scale shifts in DNA methylation patterns and 

transcription programs139. All of these are examples of pathways in which mitochondria 

play a major role.  There are many more, and certainly many that have not yet been 

discovered. 
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1.6 The innate immune response 

 The ISG response is a central component of the innate immune system and provides 

a rapid and effective defense mechanism against viral infections and other 

pathogens140. This response is initiated when pathogen-associated molecular patterns 

(PAMPs), such as viral nucleic acids, are recognized and bound in the cytosol by the 

cyclic GMP-AMP synthase (cGAS)141 which binds cytosolic DNA and catalyses the 

production of the secondary messenger cGAMP (cyclic GMP-AMP). cGAMP 

subsequently activates the ER-associated receptor STING (Stimulator of interferon 

genes), triggering its translocation to the Golgi apparatus. At the Golgi, STING recruits 

and activates TANK-binding kinase 1 (TBK1), which phosphorylates the transcription 

factor IRF3 (Interferon regulatory factor 3). Phosphorylated IRF3 then translocates to 

the nucleus and induces the expression of type I interferons142. Secreted type I 

interferons bind to interferon receptors on the cell surface, thereby activating the JAK-

STAT signalling pathway: The Janus kinases JAK1 and TYK2 phosphorylate STAT1 

and STAT2 (Signal transducer and activator of transcription 1/2), which together with 

IRF9 form the ISGF3 complex143. These complexes bind to specific DNA sequences 

in the nucleus, which in turn leads to the expression of interferon-stimulated genes 

(ISGs). The functions of ISGs are diverse: They inhibit virus replication, block the 

translation of viral proteins, promote apoptosis of infected cells, activate adaptive 

immune responses, and modulate cell proliferation and cell architecture. The ISG 

response is a complex network of genes that work together to put the cell into an 

antiviral state and prevent the spread of infection. Its activation can also be triggered 

by the release of Damage-Associated Molecular Patterns (DAMPS). DAMPS include 

various mitochondria derived molecules like mtDNA, mtRNA, cardiolipin or ROS144. 

For example, when mtDNA from the matrix enters the cytosol, it is recognized by cGAS 

as pathogenic foreign DNA due to its fewer methylated sites and high concentration of 

CpG motifs (resembles bacterial DNA according to the endosymbiotic theory). 

Recognition as “non-self-DNA” triggers an immune reaction and activates the innate 

immune response.  

 

1.6.1 mtDNA escape routes 

Usually, mtDNA is isolated from the cytoplasm and kept from inducing ISG within the 

double membraned mitochondrion. However, under stress conditions, its release can 
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be triggered via different mechanisms. Depending on the type of stress, different 

factors are involved in the release. The mPTP/VDAC route is activated when calcium 

homeostasis is disturbed or oxidative stress increases, resulting in the opening of the 

mPTP in the IM and mtDNA diffusion into the IMS128,145. Next, oligomerized VDAC 

pores allow mtDNA fragments to escape into the cytosol. When apoptosis is initiated, 

BAX/BAK are recruited to the OM and can form large macropores, also known as 

mitochondrial outer membrane permeabilization (MOMP). The IM herniates through 

these macropores, releasing the matrix contents, including mtDNA, into the cytosol146. 

mtDNA can escape into the cytosol when mitochondrial genome maintenance or 

membrane integrity is compromised, particularly in the context of defective 

mitochondrial quality control. Disruption of mtDNA packaging represents one of those 

triggers: Loss of TFAM has been shown to result in unprotected and fragmented 

mtDNA, which can be recognized by cGAS in the cytosol147. A similar phenomenon 

can be observed in MGME1-/- and YME1L-/- models, which induce nucleotide 

imbalance54 resulting in unstable mtDNA fragments as a source for mtDNA release, 

although the exact mechanism of release is not yet known148,149. Altered mitochondrial 

dynamics also contribute to the mtDNA escape. Depletion of MFN 1/2 and OPA1 result 

in increased mitochondrial fragmentation and mtDNA release150,151.  

An additional release mechanism is provided by MDVs152. They carry damaged 

material including mtDNA and transport them to the lysosomes or peroxisomes or for 

disposal or to the plasma membrane. The final destination depends on the cargo of 

the vesicle. It was proposed that sorting nexin 9 (SNX9)-dependent MDVs lead to a 

cytosolic release of mtDNA, although it is not yet clear how the nucleic acid crosses 

the membrane of the vesicle153. In general, the release of mtDNA must be strictly 

regulated, otherwise, a chronic inflammatory response can be triggered in the cell154.  

 

1.7 FAM210A- a key regulator of mitochondrial homeostasis 

FAM proteins (FAM = Family with sequence similarity) represent a group of proteins 

that have been named based on their sequence similarity and play a role in various 

biological processes. They are involved in the regulation of the cell cycle, signal 

transduction, metabolism, and organelle quality control. Some FAM proteins are 

particularly crucial for the function and integrity of mitochondria. These include the 

protein FAM210A. The nuclear-encoded enzyme features an N-terminal mitochondrial 



  Introduction 

32 
 

targeting signal, a transmembrane helix, a C-terminal DUF1279 domain, and a coiled 

coil region, which are important for protein-protein interactions 155,156. FAM210A is an 

integral inner membrane protein, with predicted membrane-spanning domains 

whereby the N-terminus is located in the IMS and the C-terminus is facing towards 

the mitochondrial matrix155. The multicellular and organism-conserved protein is 

primarily expressed in energy-intensive organs like heart, skeletal muscle and brown 

adipose tissue, which indicates its function in energy homeostasis157. Functionally, 

FAM210A intervenes at several junctures of mitochondrial quality control and 

metabolism. In various tissue-specific knockout models (heart, skeletal muscle, brown 

fat), the loss of FAM210A leads to disrupted cristae architecture, reduced 

mitochondrial density and size, decreased respiration and ATP production, as well as 

compensatory activation of mitophagy and stress response (ISR response)155,158,159. 

At the dynamic level, FAM210A indirectly modulates the balance between fusion and 

fission via OPA1 as it interacts with YME1L and promotes the degradation of OMA1155. 

Consequently, excessive OMA1 activity and pathological OPA1 cleavage are limited. 

In the absence of FAM210A, OMA1-mediated OPA1 processing predominates, 

leading to increased fragmentation and cristae loosening, particularly evident under 

stress conditions such as cold exposure or increased metabolic stress. In addition, 

FAM210A functions as a gateway between mitochondrial and cytosolic translation. In 

cardiac and skeletal muscle cells, FAM210A has been shown to interact with 

mitochondrial translation factors such as EF-Tu and ATAD3A, thereby influencing the 

efficiency of mitochondrial protein translation.151,156 In skeletal muscle knockouts, a 

shift in the TCA cycle toward reductive fluxes, accumulation of acetyl-CoA, and 

hyperacetylation of ribosomal proteins have been described, triggering ribosomal 

disassembly and global translation defects158. This positions FAM210A as an 

integrator that couples intramitochondrial organization (cristae, OPA1 status), 

respiratory chain capacity, and proteostasis with cellular protein synthesis. Overall, 

these findings make FAM210A an important mitochondrial key factor whose 

dysfunction can promote muscle atrophy, cardiac dysfunction, and presumably other 

mitochondrial pathologies. 
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1.8 Aims of the thesis 

Proper functioning and regulation of mitochondrial plasticity is essential for cellular 

homeostasis. All players involved must be strictly coordinated and functioning to 

provide an effective response to cellular demands and stress factors. Opa1 processing 

is linked to many physiological conditions, however the physiological relevance is still 

unclear. Prevalent protease deficient models (like Yme1l or Oma1 depletion) are 

difficult to interpret due to pleiotropic effects. We decided to investigate the necessity 

of Opa1 processing without removing the proteases. We questioned the role of 

individual isoforms in vivo and the need for Opa1 alternative mRNA splicing and 

processing. Finally, our aim was to find out the active role s-Opa1. Since the sequence 

and structure of s-Opa1 are highly conserved and all functional domains are located in 

the protein, we wanted to understand the mode of action of the cleaved protein. 

 

To achieve our aims, we have planned the following steps: 

• Characterization of pre-generated knock-in mouse models via CRISPR-Cas9-

mediated genome editing of the Opa1 locus. With the model called Opa1v1 we 

allowed the exclusive full-body expression of the Opa1 variant 1 to investigate 

the consequences of absence of the isoforms 5,7 and 8. Additionally this mouse 

line lacks exons 4b and 5b and thus is missing the Yme1l S2 cleavage site. This 

provided us insight in the importance of the Yme1l-dependent Opa1 processing. 

The additional pre-generated model Opa1v1Δ4 lacks four amino acids at the S1 

cleavage site resulting is loss of Oma1 cleavage. This ensures depleted Opa1 

processing without deactivating the proteases. Aim of this thesis was to analyze 

both mouse models in detail to understand the importance of alternative Opa1 

processing and splicing under basal conditions. 

 
• Challenging Opa1v1 and Opa1v1Δ4 mouse models with mild and severe stress. 

We planned to expose the animals to metabolic and thermal stress through a 

high-fat diet (HFD) and cold shock (4°C). Additionally, we analyzed the role of 

Opa1 isoforms and processing in mitochondrial dysfunction conditions. For this 

purpose, we crossed Opa1v1 and Opa1v1Δ4 lines with a cardiac and skeletal 

muscle–specific depletion of cytochrome c oxidase assembly factor heme 

A:farnesyltransferase (Cox10−/−) and analyzed the resulting effects.   
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• In vitro studies using MEFs generated from the mouse models. To gain more 

mechanistic insights, we generated MEFs with the same genetic background as 

the mice to discover more about the regulation of Opa1 splicing and processing. 

Our main focus was to analyze mitochondrial morphology and dynamics and to 

gain insights into stress-induced pathways. We aimed to discover role of s-Opa1 

by performing rescue experiments and analyzing the active environment of the 

protein.  
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2 Results 

2.1 Opa1 processing is dispensable in mouse development but is protective in 
mitochondrial cardiomyopathy (published article)  

Science Advances, 2024 
 

Sofia Ahola†, Lilli A. Pazurek†, Fiona Mayer, Philipp Lampe, Steffen Hermans, Lore Becker, 
Oana V Amarie, Helmut Fuchs, Valerie Gailus-Durner, Martin Hrabe de Angelis, Dietmar Riedel, 
Hendrik Nolte, Thomas Langer †these authors contributed equally to this work.  

 
Author’s Contribution 
 
This thesis includes several experiments investigating the role of Opa1 processing in 

vitro and in vivo which were mostly published in this paper. Experimental designs and 

procedures were collaborative projects. An overview of the contributors is presented 

in Table 1. 
Table 1: Contributions for the experiments presented in this thesis. 

Experiment Study 
design 

Data 
collection 

Data 
analysis 

Manuscript 
preparation 

Figure in 
manuscript 

Ageing study  LPW LPW LPW LPW 1D,F ; 3A 

Dynamics assay LPW LPW LPW LPW 2E,F 

Morphology  

in vitro 
LPW LPW LPW LPW 

2G  

S 1H 

Electron microscopy 

in vitro 
LPW DR LPW LPW 

2J-K 

Confocal imaging LPW LPW LPW LPW 2L-M 

Cristae analysis FM FM FM, LPW FM, LPW 3G,H 

Thermogenesis 

in vivo 

FM FM, LPW FM, LPW FM, LPW 4H-M 

Opa1 expression 

level 

LPW LPW LPW LPW S 1C 

German mouse 

clinic 

FM GMC GMC SA, LPW Figure S2 

The initials mark contributors for the different projects and phases within the project that are presented in this thesis. 
Lilli Pazurek-Weber (LPW), Fiona Mayer (FM), Sofia Ahola (SA), Dietmar Riedel 

(DR), German mouse clinic (GMC) 
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2.2 Additional data highlighting the role of s-Opa1 (unpublished) 

Mitochondrial dysfunction is one of the hallmarks of ageing, increasing mitochondrial 

stress and the need for quality control mechanisms. Opa1 levels decrease with age160 

which might contribute to age-associated deficiencies. Here we investigated the role 

of Opa1 processing in aged mice by documenting Opa1v1 and Opa1v1Δ4 mice until 

their natural death. We collected insights in the mitochondrial morphology and protein 

state in different tissues and analyzed the role and importance of the short form of 

Opa1 in more detail in MEFs isolated from these mice. 

 

2.2.1 Depletion of Opa1 isoforms and inhibition of Opa1 processing sustains 
mitochondrial morphology but affects healthy ageing 

To investigate the mitochondrial morphology in individual tissues of Opa1v1 and 

Opa1v1D4 mice, we crossed them with a reporter mouse with β-actin cre activated 

expression of YFP targeted to the mitochondrial matrix161. Perfused organs from 64-

week-old mice were conserved in paraffin sections and further analyzed by confocal 

microscopy. Opa1v1 mice only express the Opa1 isoform 1 which harbors the cleavage 

site for Oma1 (S1) but lacks the Yme1l cleavage site (S2). Figure 7A reveals that the 

absence of isoforms 3, 5, and 7 in Opa1v1 mice results in normal mitochondrial 

morphology in heart, soleus muscle, brain, and liver. The same observations were 

made for the Opa1v1Δ4 mice. In the absence of the short form of Opa1, no detectable 

differences in the mitochondrial network were apparent in the individual tissues. This 

data supports the previous findings of WT like mitochondrial morphology in these mice. 

To investigate the role of Opa1 processing in lifespan and age-associated diseases, 

we monitored the mice until humane endpoint and assessed the possible causes of 

death. We documented abnormalities and disease characteristics and plotted them for 

the corresponding genotype (Figure 1H). Up to 50 % of the mice developed 

recognizable tumors whereas a slightly higher tendency is detected in Opa1v1 and 

Opa1v1Δ4 mice. Also, ulcerative dermatitis/hair loss and neurological disorders were 

more apparent in the Opa1-deficient mouse mutants.  Additionally, we observed 

greater occurrence of ocular abnormalities in Opa1v1 and Opa1v1Δ4. Since the 

protein is closely related to optic atrophy, a connection may exist. However, it must be 

noted that optic atrophy does not involve superficial change on the eye, but is only 

recognizable on the optic nerve itself. This area was not documented in our study. 
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Enlarged spleens were frequently found in WT and to almost never appear in the 

isoform and processing mutants. Splenomegaly typically develops when the 

hematopoietic or immune system is under chronic stress. The connection between this 

observation and Opa1 requires further analysis. Furthermore, signs of ascites and liver 

cirrhosis were found in our study. However, no direct correlation between the 

genotypes was observed in these cases (Figure S 5A). In addition to the lifespan (data 

published, Figure 1D,F and 3A), we also analyzed the heart/body weight ratio in very 

old age but detected no significant changes in males nor females (Figure 7C and D). 

Opa1 processing and protein abundance were assessed in heart tissue, comparing 

12-week-old mice with animals at the end of their natural lifespan. In WT, there is a 

clear trend showing that Opa1 levels decrease with age (Figure 7E-H). However, due 

to the high standard deviation, the results are inconclusive, and more animals would 

be needed to refine the result. In the transgenic mice, decrease in Opa1 levels is less 

noticeable. Still, low molecular smears are prevalent in old animals clearly showing 

that the degradation is age associated and is potentially even enhanced in Opa1v1Δ4 

tissues. Nevertheless, this does not seem to have detectable physiological effects to 

the transgenic mice, since there is no significant difference in lifespan. 
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Figure 7: Opa1v1 and Opa1v1Δ4 show no detectable phenotype in different tissues but different 
disease associations in very old age. (A,B): Confocal images of endogenous mitoYFP-tissues in WT, 
Opa1v1 and Opa1v1Δ4 mice. 64-weeks old mice of each genotype (n=3) were perfused and the heart, 
soleus muscle, brain and liver were conserved in paraffin sections. Scale bar 10 µm. (C,D): Opa1v1 and 
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Opa1v1Δ4 mice show similar body weight gain as their WT littermates in very old age (natural death, C: 
males n=9, females WT n=10, Opa1v1 n=12, D: males and WT females n=8, Opa1v1D4 females n=9). 
(E,F): Opa1 expression in heart tissues of WT, Opa1v1 and Opa1v1Δ4 in 12-weeks old mice and after 
natural death (n=3) and (G,H) bar-diagram representation of the relative Opa1 expression in heart 
normalized to vinculin. (I) Bar diagrams of observed age and disease-associated abnormalities in very 
old mice in WTOpa1v1 (female (f) n=21, male (m)=12, grey), Opa1v1 (female (f) n=17, male (m)=18, light 
blue), WTOpa1v1D4 (female (f) n=16, male (m)=17, grey) and Opa1v1Δ4 (female (f) n=20, male (m)=17, 
light violet). 

 

2.2.2  Absence of Opa1 processing results in reduced respiration, OXPHOS    
complex and mtDNA levels 

To investigate the role of s-Opa1 in mitochondrial function, we used WT, Cox10-/-, 

Cox10-/-Opa1v1Δ4 and Opa1v1Δ4 MEFs. All cell lines were derived from WT and 

Opa1v1Δ4 mouse breeding. To obtain cre-independent Cox10-/- lines, we used 

CRISPR/Cas9-mediated gene editing. The WT and Cox10-/- cells show a normal Opa1 

processing pattern, whereas only l-Opa1 accumulates in Cox10-/-Opa1v1Δ4 and 

Opa1v1Δ4 MFEs (Figure 8A). Thus, expression of V1Δ4 results in efficient depletion 

of Opa1 processing in vitro and consequently to the absence of s-Opa1. First, we 

analyzed the levels of individual OXPHOS subunits by SDS-PAGE. As expected, a 

reduced level of the complex IV subunit CoxI was detected in Cox10-/- and  

Cox10-/-Opa1v1Δ4 MEFs. Mitochondrial respiration was accordingly drastically 

reduced in both mutants compared to the WT (Figure 8C). Interestingly, Opa1v1Δ4 

MEFs also showed reduced respiration providing first evidence that Opa1 processing 

supports functional respiration and the abundance of the OXPHOS subunits. Next, we 

analyzed the mitochondrial morphology. While WT and Cox10-/- exhibit an elongated 

network in PKmito ORANGE staining, Cox10-/-Opa1v1Δ4 and Opa1v1Δ4 cells have a 

condensed structure with short-tubules that clusters around the nucleus (Figure 2G, 

Figure 8D and E). Furthermore, qPCR experiments revealed that loss of Opa1 

processing in Opa1v1Δ4 expressing heart results in reduced mtDNA (Figure 6G). 

However, only a tendency towards reduced mtDNA copy number could be observed 

in Cox10-/-Opa1v1Δ4 and Opa1v1Δ4 MEFs (Figure 8H). Hence, mtDNA levels varied 

between the experiments, probably due to differences in the culture condition, leading 

to inconclusive results. We additionally stained the mtDNA with picogreen and counted 

the mtDNA foci in merged z-stack projection (Figure 8D and G). Cox10-/-Opa1v1Δ4 

and Opa1v1Δ4 both showed a clear reduction in mtDNA foci counts. Since Opa1 has 

been shown to co-localize with mtDNA and has been suggested to coordinate their 

replication162 , we studied the mtDNA localization as a response to altered Opa1 
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processing. Lewis et al. (2016)163 demonstrated that efficient replication of mtDNA 

occurs in regions of mitochondrial division that are in close proximity to the ER. 

Notably, mito-ER contact sites are altered in the Opa1v1Δ4 background (Figure 2J-M). 

In addition, the localization of mtDNA is shifted towards the middle and tip of the 

mitochondria compared to WT (Figure 8 F). This implies that lack of processed Opa1 

results in altered mtDNA replication. To further support this hypothesis, we performed 

an mtDNA repopulation assay. First, mtDNA was depleted to a minimum with ddC, with 

an additional recovery phase if 4 days. WT and Cox10-/- MEFs replenished their mtDNA 

levels to their starting levels in the short recovery period, whereas Cox10-/-Opa1v1Δ4 

and Opa1v1Δ4 MEFs struggle to replicate their mtDNA and fail to reach the initial level 

in the given time (Figure 8 I). This provides further evidence that processing of Opa1 

or the presence of s-Opa1 is necessary for functional mtDNA maintenance.   
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Figure 8: Opa1v1Δ4 MEFs have lower respiration and altered mtDNA maintenance with a 
disturbed mitochondrial network. (A): Opa1 processing pattern in WT, Cox10-/-, Cox10-/-Opa1v1Δ4 
and Opa1v1Δ4 MEFs. (B): Abundance of OXPHOS subunits in WT, Cox10-/-, Cox10-/-Opa1v1Δ4 and 
Opa1v1Δ4 (n=3). (C): Oxygen consumption rate normalized to protein level in WT (black), Cox10-/-(red), 
Cox10-/-Opa1v1Δ4 (yellow) and Opa1v1Δ4 (purple). (D): PKmito ORANGE staining of WT, Cox10-/-, 
Cox10-/-Opa1v1Δ4 and Opa1v1Δ4 MEFs in STED microscopy (scale bar 10 nm) with deconvolved 
zoom-in (scale bar 5µm) and picogreen staining. Location of mtDNA foci labeled with T=tip, M=middle, 
I=in between. (E): Bar-diagram representation of morphology of WT (n=19), Cox10-/- (n=23),  
Cox10-/-Opa1v1Δ4 (n=23) and Opa1v1Δ4 (n=42) MEFs in the subgroups elongated, short tubules and 
condensed. (F):  Bar-diagram representation of mtDNA location of WT, Cox10-/-, Cox10-/-Opa1v1Δ4 and 
Opa1v1Δ4 MEFs in the subgroups middle, in between and tip (n=10). (G,H): Bar-diagram of counted 
picogreen stained mtDNA (n=10) molecules and mtDNA copy numbers (n=3) in WT (grey), Cox10-/-
(red), Cox10-/-Opa1v1Δ4 (yellow) and Opa1v1Δ4 (purple). Statistical significance was analyzed using 
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one-way ANOVA. (I): Relative mtDNA copy number of 3 days ddC treated WT (grey), Cox10-/- (red),  
Cox10-/-Opa1v1Δ4 (yellow) and Opa1v1Δ4 (purple) MEFs (n=6). Repopulation was allowed for 4 days 
after treatment.  

 

2.2.3 Complementation with Opa1v5 rescues the mitochondrial network and 
increases the OXPHOS complex abundance and ISG response  

In 2020, Lee et al.164 published that cells which are unable to generate s-Opa1 are 

more sensitive to oxidative stress (e.g. H2O2). Cells expressing only l-Opa1 generate 

more superoxide and are less protected against cellular stress. To test this in the 

processing mutant condition of Opa1v1Δ4, we treated the MEFs with 500 µM H2O2 and 

monitored the cell death process. Contrary to the published results164, l-Opa1-only cells 

(Opa1v1Δ4 and Cox10-/-Opa1v1Δ4) did not exhibit elevated cell death (Figure 9A). 

Rather, Opa1v1Δ4 appeared transiently more protected (Figure 9B). In line with these 

results, when measuring cellular ROS production using mitoSOX dye, Opa1v1Δ4 cells 

had similar ROS levels than WT cells, regardless whether they were growing in 

glucose- or galactose-containing DMEM (Figure 9C). These results clearly challenge 

the notion that s-Opa1 is essential in cell stress protection. Preliminary experiments 

from our lab identified Oma1 as an important player in mitochondrial innate immunity. 

We further investigated if these effects are mediated by Opa1 processing. In the 

Opa1v1Δ4 background we observed a significant downregulation of different ISG-

dependent genes. The genes Ups18, Isg15 and Ifi44 are among the most common 

ISG response genes upregulated in the cell165-167. However, in Cox10-/-Opa1v1Δ4 and 

Opa1v1Δ4 MEFs we observed a strong downregulation of those genes already on a 

basal level (Figure 9D). To confirm these results, we cross-referenced selected ISG-

dependent proteins in our whole proteome data set and were able to recapitulate the 

same pattern (Figure S 5B). Compared to WT, 14 identified proteins in the proteomics 

dataset were significantly downregulated in Opa1v1Δ4 (in comparison, only 4 proteins 

are upregulated). To follow up on the previously generated results, we re-expressed 

Opa1 variant 5 in the Opa1v1Δ4 MEFs via the stable cumate inducible gene 

expression systems. Figure 9F shows the successful integration of Opa1v5 in 

Opa1v1Δ4 MEFs and the dose-dependent expression of Opa1v5. It has been 

demonstrated that Opa1v5 is constantly cleaved by Oma1 and is thereby only present 

as short variant in mitochondria. The reason is not fully understood, but it has been 

assumed that the exon 4b encoded sequence is making the protein highly susceptible 
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to proteolytic cleavage168. Recent findings have shown that exon 4b harbors another 

alternative cleavage site, called S3, which can be recognized by Yme1l creating an 

intermediate band d’ (Figure 9E)168. The western blot resolution in 9F is not enough to 

determine the exact band size and resolve whether we are looking at the band e 

resulting from the Oma1 cleavage or d' by Yme1l. Further evidence is needed to clarify 

the role of S2 and S3 processing in this case.  

To study the role of s-Opa1 in regulating mitochondrial fitness, we checked on the 

morphology of the newly created cell lines. In z-stack images of PKmito ORANGE 

staining, both WT and Opa1v1Δ4+v5 showed an elongated-flat mitochondrial network 

(Figure 9G). The perinuclear clustering of mitochondria in Opa1v1Δ4 MEFs can 

therefore be rescued by re-expression of s-Opa1 (Figure S5D), an important indication 

that s-Opa1 plays an essential role in mitochondrial network organization. Similarly, 

the re-introduction of s-Opa1 partially restored subunit levels of the OXPHOS 

complexes I, III and IV (Figure 9H, S 5E).  However, the maximum respiration capacity 

was not restored in Opa1v1Δ4+v5 and Opa1v1Δ4+v5 cells with 1x cumate.  

We investigated in further experiments how re-expression of s-Opa1 affects the ISG 

response in Opa1v1Δ4 cells. We added 5-FU (5-fluorouracil, nucleotide imbalance 

trigger) and monitored the ISG response. The treatment results in an upregulation of 

the known ISG marker genes and the phosphorylation of Stat1 (Y701P), an upstream 

mediator of the interferon gamma signalling pathway169. Nanostring results show that 

the WT cells actively respond to the 5-FU treatment whereas the basal levels and 

induced ISG response is reduced in Opa1v1Δ4 MEFs (Figure 9K). The Opa1v5-

complemented cells, show a partial rescue of the basal ISG response and a higher 

response to the 5-FU treatment in the Nanostring panel. Additionally, western blot 

confirmed the clear increase of pY701-Stat1 levels upon 5-FU treatment in WT cells 

(Figure 9J) but a blunted phosphorylation in Opa1v1Δ4. By reintegrating the variant 5 

in those cells basal phosphorylation was rescued as well as the increase upon 5-FU 

treatment. This suggests that the mitochondrial dependent ISG response can be 

partially rescued by the addition of s-Opa1. Further experiments are required to 

understand how the presence of s-Opa1 contributes to the mechanism of the ISG 

response. 
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Figure 9: s-Opa1 has an effect on basal ISG response and is needed for a spread mitochondrial 
network and the OXPHOS subunit abundance. (A,B): WT (black), Cox10-/-(red), Cox10-/-Opa1v1Δ4 
(yellow) and Opa1v1Δ4 (purple) MEFs were treated with 500 µM H2O2 and cell death was documented 
for 24 h. Bar-diagram presentation of the timepoints 8 h and 12 h after treatment. Statistical significance 
was analyzed using one-way ANOVA. (C): Measurement of the relative MitoSOX fluorescent intensity 
in the used MEF set in glucose and galactose medium. (D): Measurement of the basal ISG levels in WT 
(black), Cox10-/-(red), Cox10-/- Opa1v1Δ4 (yellow) and Opa1v1Δ4 (purple) of n=3. Statistical significance 
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was analyzed using one-way ANOVA. (E): Illustration of the domain structure of Opa1v1Δ4 and Opa1v5 
and the respective cleavage sites of Yme1l and Oma1. (F): Opa1 levels in WT, Opa1v1Δ4 and 
Opa1v1Δ4+v5 with cumate addition from 0x-2x. (G): Z-stack projection of WT and Opa1v1Δ4+v5 
mitochondrial morphology in PKmito ORANGE staining imaged in STED microscopy. (H): Abundance 
of OXPHOS subunits in WT, Opa1v1Δ4 and Opa1v1Δ4+v5 (n=3). (I): Oxygen consumption rate 
normalized to protein level in WT (black), Opa1v1D4 (purple) and Opa1v1Δ4+v5 without and with 1x 
cumate (green). (J): Levels of phosphorylated Stat-1 (Y701) in WT, Opa1v1Δ4 and Opa1v1Δ4+v5 with 
16 h DMSO or 5 µM 5-FU treatment (n=3) normalized to Sdha. Statistical significance was analyzed 
using one-way ANOVA. (K): Nanostring heatmap of ISG upregulated genes in WT, Opa1v1Δ4 and 
Opa1v1Δ4+v5 with16 h DMSO or 5 µM 5-FU treatment (n=2).  

 

2.2.4  Proximity proteomics analysis reveals FAM210A as a potential specific 
interactor of s-OPA1 

Although the cells engineered with the Opa1v1Δ4 variant served as a powerful loss-

of-function tool of s-Opa1, we next sought to directly assess the functions of s-Opa1 

itself. Hence, we decided to investigate the close environment of the protein through 

APEX2-based proximity labeling proteomics. For this purpose, we took HEK293 cells 

which express MICU1-sOPA1-FLAG-APEX2 or the catalytically inactive protein 

MICU1-sOPA1K301A-FLAG-APEX2 upon addition of tetracycline. After successful 

expression and APEX2-biotin-phenol oxidation, we performed immunoprecipitation 

experiments using antibodies directed against the FLAG-epitope and identified the 

potential interaction partners of s-OPA1 by mass spectrometry (Figure 10 A). A total 

number of 188 significantly enriched proteins were found in MICU1-sOPA1K301A-FLAG-

APEX2 vs. APEX2 and 240 potential interactors for the active s-OPA1 protein vs. 

APEX2 (Figure 10 B). Based on the documented interaction partners of OPA1 from 

the BioGRID database (https://thebiogrid.org/111024/summary/homo-sapiens/opa1. 

html), we highlighted these proteins in dark purple in the volcano plot analysis. Out of 

229 potential interactors from the database, we found 169 in our dataset from which 

41 are significantly upregulated hits which are likely to be s-Opa1 interacting partners. 

Figure 10C gives an overview (blue= significant in both, green= significant in MICU1-

sOPA1-FLAG-APEX2, yellow= MICU1-sOPA1K301A-FLAG-APEX2) of the potential 

candidates for s-Opa interaction partners. We were particularly intrigued by the protein 

FAM210A which came up as an interactor protein hit, with a log2FC of 7.44 exclusively 

in MICU1-sOPA1-FLAG-APEX2 (colored orange). FAM210A has known roles in 

cristae organization, mitochondrial biogenesis and interaction with Yme1l155.  We 

deleted the Fam210a gene in WT MEFs using CRISPR/Cas9 to compare the 

phenotypes with those derived the Opa1v1Δ4 MEFs (Figure 10F). Fam210a levels in 

WT, Opa1v1Δ4 and Opa1v1Δ4+v5 don’t seem to different under basal conditions 

https://thebiogrid.org/111024/summary/homo-sapiens/opa1.html
https://thebiogrid.org/111024/summary/homo-sapiens/opa1.html
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(Figure S 5C). Conversely, the loss of Fam210a does not affect Opa1 levels or OPA1 

processing, however a slight reduction of CoxI and Sdhb levels was detected. This 

goes along with other studies where it was shown that in vivo, Fam210a-/- reduces 

mitochondrial-encoded subunit complex levels158 causing from impaired mitochondrial 

mRNA translation and proteostasis. Nevertheless, mtDNA levels are not affected by 

the loss of Fam210a (Figure S5G). 

In a next step, we analyzed the morphology of the mitochondrial network in STED 

microscopy using PKmito ORANGE staining. Interestingly, Fam210a-/- partially 

mimicked the perinuclear clustering detected in Opa1v1Δ4 cells (Figure 10D). In 

comparison to WT cells, 30 % more condensed mitochondria were found in  

Fam210a-/- MEFs (Figure 10E). This might suggest that Fam210a presence is also 

needed for maintaining the mitochondrial network. Lastly, we investigated the influence 

of Fam210a on the basal and active ISG response. Both untreated and after 16 h of 

5-FU treatment showed no significant changes compared to WT MEFs. Fam210a is 

therefore not required for the ISG response. Further testing is needed to understand 

the physiological role of the interaction between Opa1 and Fam210a proteins and 

whether one protein is essential for the active role of the other.  
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Figure 10: Proximity proteomics revels a potential interaction of s-OPA1 with FAM210A. (A): 
Illustration of the working model for the s-OPA1 proximity proteomics approach with biotinylating via the 
APEX2 protein. (B): Volcano plot of the mass spectrometry data of MICU1-sOPA1K301A-FLAG-APEX2 
vs. APEX2 and MICU1-sOPA1-FLAG-APEX2 vs. APEX2 with indicated significant downregulated (blue) 
and upregulated (pink) proteins. Potential s-OPA1 interactors are marked in purple. (C): List of potential 
interaction partners of s-OPA1 based on the entries of the database BioGRID which are found in the 
proteomics dataset (blue= significant in both, green= significant in MICU1-sOPA1-FLAG-APEX2, 
yellow= significant in MICU1-sOPA1K301A-FLAG-APEX2). (D): Z-stack projection of WT and Fam210a-/- 
mitochondrial morphology in PKmito ORANGE staining imaged in STED microscopy. (E): Bar-diagram 
representation of morphology of WT and Fam210a-/- MEFs in the subgroups elongated, short tubules 
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and condensed (n=10). (F): Western blot analysis of Fam210a, Opa1, OXPHOS cocktail, Vinculin and 
Tubulin levels in WT and Fam210a-/- MEFs (n=2) (G):  Measurement of the basal and induced ISG levels 
via 5 µM 5-FU treatment (16 h) in WT (grey) and Fam210a-/- (yellow) MEFs (n=3). Statistical significance 
was analyzed using one-way ANOVA.  
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3 Discussion 
 
The successful generation of Opa1v1 and Opa1v1Δ4 mice provided us a valuable tool 

to better understand the role of in vivo regulated proteolytic Opa1 processing. In 

combination with cultured MEFs isolated from these mouse lines, we gained insights 

into the basal and stress-induced functions of Opa1 splicing and processing. We were 

able to decouple some phenotypes previously associated with reduced or absent Opa1 

processing in Oma1- or Yme1l-deficient models by manipulating the substrate rather 

than the proteases. We demonstrate that Opa1 processing is not essential for 

embryonic and adult development, but it plays a crucial role in mitochondrial quality 

control and adaptation to stress. Mechanistically, s-Opa1 formation is essential for 

maintaining OXPHOS subunit levels, mitochondrial network structure, mtDNA stability, 

and cellular stress response, including the ISG response. Nevertheless, in vivo, 

reduction of these functions only showed an effect under severe mitochondrial stress. 

The short variant is located at the cristae as an adjustable GTPase-tuner, thereby 

controlling adaptation mechanisms at the IM. In Cox10-/- mice, the lack of proteolytic 

regulation of Opa1 leads to an adaptation defect under severe OXPHOS deficiency. 

Cardiac hypertrophy in skeletal muscle and heart-specific Cox10-/- mice is blocked by 

inhibition of Opa1 processing, and lifespan is reduced by more than 2 weeks 

suggesting a protective effect of hypertrophic growth. Due to the loss of Opa1 

cleavage, mitochondrial proliferation fails in myocytes as the balance between 

mitophagy and biogenesis is disrupted. We found further evidence that the absence of 

Opa1 variants and processing leads to unhealthy ageing. In old age, when 

mitochondrial dysfunction pressure increases, tumors as well as skin and neurological 

diseases tend to accumulate in Opa1v1 and Opa1v1Δ4 mice. This suggests that the 

individual isoforms play a role in specific tissues and that quality control suffers from a 

lack of Opa1 processing, resulting in pathological consequences.  

 
 

Opa1 processing is dispensable in mouse development but is protective in 
mitochondrial cardiomyopathy 

To understand the role of individual Opa1 variants and their processing in a 

physiological context, we generated a mouse model that express only the V1 isoform 

throughout the body via CRISPR/Cas9 genome editing (Figure 1). Due to the absence 
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of exon 5b, V1 lacks the cleavage site for Yme1l. Additional deletion of four amino 

acids (Phe193-Thr197) in the so-called “FRAT” region in exon 5 further impaired the 

Oma1-mediated processing of Opa1 in cultured MEFs (Figures 2B-D, 3). The block of 

processing was complete in the heart and liver as well as in BAT. However, in tissues 

such as the kidney and brain, Opa1 processing could not be completely inhibited 

(Figure 3D). Therefore, it is possible that potential phenotypes are suppressed and are 

not detectable with our models. We focused on the heart as cleavage inhibition was 

clearly visible and the energy-demanding tissue is highly dependent on functional 

mitochondria. Overall, the in vivo models revealed that that embryonic and adult 

development is not affected by the absence of multiple Opa1 isoforms and processing 

(Figure 1B-G, 2A-C). This fact is very interesting in itself, as tissues with a high 

sustained demand on OXPHOS normally use a finely tuned l/s-Opa1 ratio to ensure 

both efficient fusion and precise cristae organization. Notably, all mouse and human 

Opa1 isoforms possess exon 5, which harbors the cleavage site for Oma1 (Introduction 

Figure 3F). The conservation of this cleavage site during evolutions suggests important 

functions of Oma1-mediated proteolysis of the variants. In the mouse heart and 

skeletal muscle, isoforms 1 and 7 are highly expressed170. However, the loss of isoform 

7 (harboring S1 and S2 cleavage sites) showed no effect in our mouse models, 

suggesting that Opa1 cleavage at S1 is sufficient to preserve functionality. Opa1v1 or 

Opa1v1Δ4 mice showed no phenotype associated with mitochondrial dysfunction 

based on defective Opa1 until one year of age (Figure S2). Similarly, impaired Opa1 

processing did not cause additional phenotypes upon increased β-oxidation (in HFD) 

or under cold stress for 12 h (Figure 4). This contrasts Oma1-/- mice or mice lacking of 

Fam210a in the BAT, where the Oma1-stress axis or Fam210a-dependent cristae 

remodeling is defective and global metabolic flexibility is lost66,155. Although the 

phenotypes were attributed to missing or defective Opa1 processing in both models, 

our analysis shows that metabolic adaptation and cold-induced cristae remodeling do 

not depend on Opa1 processing, suggesting that impaired Opa1 processing is largely 

tolerable under mild stress conditions. In contrast, our analysis reveals a protective 

effect of Opa1-processing in cases of severe OXPHOS defects. The tissue-specific 

loss of Cox10, the heme A:farnesyl transferase assembly factor of cytochrome C 

oxidase171, in cardiac and skeletal muscles leads to the disassembly of CIV and 

OXPHOS deficiency in cardiomyocytes.  
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Cox10-/- mice develop early-onset dilated mitochondrial cardiomyopathy with a lifespan 

of approximately 32 days68. Crossbreeding with Opa1v1 results in the same 

pathological picture, demonstrating that the individual isoforms do not play a further 

role in OXPHOS-deficient cardiomyocytes (Figure 5B, D, E). Cox10-/-Opa1v1Δ4 mice, 

on the other hand, develop normally for the first two weeks but are visibly smaller, until 

they abruptly become less active and die shortly thereafter (Figure 5A, B). Cox10-/- 

stress leads to accelerated Opa1 processing by Oma1. It appears that l-Opa1 cleavage 

or the accumulation of s-Opa1 is crucial for undergoing the adaptive process of 

hypertrophy as age-matched Cox10-/- vs. Cox10-/-Opa1v1Δ4 hearts exposed reduced 

heart mass upon depleted processing. Regardless, RNA sequencing results revealed 

that hypertrophic signature genes are upregulated in both mice (Figure 5C-E, 6A). 

Cox10-/-Oma-/- mice also show a worsening of the phenotype, however they were able 

to develop hypertrophic growth. Here, the cause of premature death lies in the lack of 

the Oma1-Dele1 axis, which is essential for ISRmt activation68. Ahola et al.68 identified 

that Cox10-/-Dele-/- mice exhibit the same phenotype as Cox10-/-Oma-/- mice, confirming 

the link that impaired ISRmt activation increases the ferroptotic vulnerability, which 

ultimately leads to their rapid death. The ISRmt response, however, is functional and 

active in Cox10-/-Opa1v1Δ4, as ISR regulated marker genes and lipid peroxides are 

similar to those in Cox10-/- (Figure S3A-D). We found evidence that the lack of 

mitochondrial proliferation in Cox10-/-Opa1v1Δ4 myocytes is based on a disturbed 

balance of mitophagy and mitochondrial biogenesis. We detected autosomal 

structures and lipidated LC3 accumulation, which marks autosomal maturation (Figure 

5G-J). In addition, the autophagy receptor p62 accumulates in heart lysates, indicating 

stalled mitophagy. In heart proteome analysis, we found overall decreased levels of 

mitochondrial proteins in Cox10-/- and Cox10-/-Opa1v1Δ4 hearts compared to WT, 

which were even more pronounced in the processing mutant (Figure 6B). Reduced 

mitochondrial mass already indicates limited hypertrophic cell growth. Bnip3 and 

Bnip3l mitophagy receptors accumulate while the mitochondrial phosphatase Pptc7, 

regulating mitophagy receptor stabilization, is reduced (Figure 6E). These findings 

further support a deregulation of mitophagy in Cox10-/-Opa1v1Δ4 hearts. In addition, 

we identified Opa1v1Δ4-dependent decreased levels of the nuclear respiratory factors 

Nrf1 and Nrf2 and of the estrogen-related receptor alpha (ERRα), as well as reduced 

mtDNA levels in Cox10-/-Opa1v1Δ4 hearts (Figure 6F,G). Taken together, these 

findings indicate additional dysregulation of mitochondrial biogenesis. Furthermore, in 
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ingenuity pathway analysis based on RNA-seq data, Cluh is most downregulated in 

Cox10-/-Opa1v1Δ4 vs. Cox10-/- (Figure S4A). In doing so, the cell further shuts down 

post-transcriptional mitochondrial mRNA support, meaning that fewer mRNAs can be 

transported locally to the mitochondrial surface and translated efficiently. This 

intensifies the breakdown of mitochondrial proteins and the inability to supply new 

mitochondria (biogenesis block), as well as the failure to meet hypertrophic demand. 

These findings indicate additional dysregulation of mitochondrial biogenesis. 

Consistently, gene ontology enrichment analyses of Cox10-/- vs. Cox10-/-Opa1v1Δ4 

heart proteome further revealed that nicotinamide adenine dinucleotide (NAD+) 

metabolism, branched-chain amino acid (BCAA) metabolism, fatty acid oxidation, and 

mitochondrial ribosomes levels are reduced due to the lack of Opa1 processing (Figure 

6C, D). Since BCAA metabolism and oxidation pathways are considered an essential 

source of energy in hypertrophic hearts, this indicates that Cox10-/-Opa1v1Δ4 hearts 

cannot manage the metabolic switch to hypertrophy, preventing hypertrophy and 

increased energy metabolism in myocytes under OXPHOS deficiency. 

 

Loss of Opa1 isoforms and processing is vulnerable in severe stress and in very 
high age 

Our analyses show that Opa1 processing in the heart is critical for the adaptation to 

cellular demands under severe stress, such as OXPHOS deficiency. Notably, we could 

find evidence for functional deficiencies or defective quality control and stress 

adaptation of Opa1v1 and Opa1v1Δ4 in very old age. Although our basic study until 

the age of 64 weeks found no effect, the extended aging study showed that although 

the mice all age similarly, they do so with varying degrees of health (Figure 7I). Our 

long-term studies with mice starting at around 100 weeks of age show a pronounced 

vulnerability for developing diseases and irritations. Initially, we observed age-related 

degradation of Opa1 in the heart172, which was particularly prominent in the mice 

expressing V1Δ4 (Figure 7E-H). However, overall Opa1 levels are only reduced in 

aged WT, which still suggests a more unstable Opa1v1Δ4 protein although the 

expression levels are not affected in old age. The increased incidence of tumors, 

ulcerative dermatitis, ocular abnormalities and evidence of neurological dysfunction in 

old Opa1 mutants also might illustrate that the role of Opa1 cleavage extends beyond 

the described cardiac effects in Cox10-/- background. However, the effects are rather 
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mild and relate to a small cohort (n = 12–21), so the statements should be considered 

with caution. Skin irritations are often a sign of chronic inflammation, based on the fact 

that keratinocytes can no longer cope with the stress173. Similarly, splenomegaly 

associated with mitochondrial diseases often correlates with chronically elevated type 

I IFN and ISG activity174. Interestingly, this disease occurred only sporadically in 

Opa1v1 and was absent in Opa1v1Δ4 (Figure 7I) indicating a dampened systemic IFN 

signature. Without sustained IFN/NFκB drive, the classic myeloproliferative and 

inflammatory stimuli that lead to splenomegaly in old age are absent. This observation 

suggests that the effects of missing Opa1 isoforms and their processing in old age 

may occur in a tissue-specific manner. In conclusion, our findings suggest that loss of 

Opa1 isoforms and of Opa1 processing cause functional impairments with age. 

Considering that mitochondrial diseases usually manifest after a certain threshold has 

been exceeded, it is possible that the Opa1-dependent effects either manifest under 

direct severe stress, such as Cox10 depletion, or only after accumulation in very old 

age. In order to draw specific conclusions, the individual tissues requires closer 

investigation in future experiments.  

 

S-Opa1 guarantees efficient IM communication for mitochondrial network 
distribution  

Several reports show that l-Opa1 is essential for the actual fusion reaction at the IM, 

while s-Opa1 modulates l-Opa1 and fine-tunes the network morphology. Nevertheless, 

the expression of all individual human isoforms in Opa1-/- MEFs restores cristae 

morphogenesis and mtDNA levels82. In contrast, the human Opa1 variants which 

harbor exon 4b (Opa1 variants 3, 5, 6, 8) showing quantitative l-Opa1 cleavage and s-

Opa1 accumulation, do not restore the fragmented mitochondrial network (Introduction 

Figure 3D,F)82. Consistent with the requirement of l-Opa1 for mitochondrial fusion75, 

we show that mitochondrial fusion is not significantly impaired in Opa1v1 and 

Opa1v1Δ4 cells, which lack other Opa1 isoforms and additionally the Oma1 cleavage 

site (Figure  2E,F). Furthermore, we did not observe any impairment of cristae 

formation and density in hearts of the corresponding mouse lines nor in MEFs isolated 

from these mice, indicating that only the long Opa1 variant 1 is sufficient to maintain 

them (Figure 1J,K, Figure 2J, Figure 3G,H). The fact that the cleaved isoforms also 

restore the cristae shows that this is a general Opa1 function and processing does not 
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play a role. However, our TEM analysis does not distinguish between tubular and 

lamellar cristae in our studies. It has been shown that the coexistence of l- and s-Opa1 

is essential for normal cristae morphology93,175, as tubular cristae are decreased in l-

Opa1-dominant cells and less dynamic remodeling takes place. We thus have to 

assume that the cleavage of Opa1 still finetunes cristae formation.  

Exclusive expression of V1Δ4 result in a compromised mitochondrial network in MEFs 

(Figure 8D,E), consistent with a moderately decreased fusion rate in the absence of s-

Opa175. By re-expressing V5 we were able to rescue the perinuclear mitochondrial 

network (Figure 9G, S5D). V5 contains exon 4b and is quantitively converted into s-

Opa1 by Oma1 cleavage (Introduction Figure 3F, Figure 9F)168. In contrast to l-Opa1, 

s-Opa1 lacks the membrane spanning domain and is recruited to membranes by its 

association with l-Opa1 and cardiolipin binding to its paddle domain. Notably, s-Opa1 

indirectly stimulate l-Opa1-GTPase activity by stabilizing and forming hetero-

oligomers75,176. In this way, s-Opa1 promotes the efficiency and range of IM fusion, 

allowing fusion to take place not only near the nucleus but along the entire 

mitochondrial network, which promotes a wide-ranging, continuous network. s-Opa1 

may ensures efficient IM fusion, explaining why re-expression of Opa1v5 specifically 

enables the transition from a perinuclear cluster to a continuous network distributed 

throughout the cell. It remains to be investigated whether increased mito-ER contact 

sites in Opa1v1Δ4 MEFs can also be restored by expression of Opa1 variant v5 (Figure 

2J-M). Mito-ER contact sites are considered as hotspots for fission marking and Ca²⁺ 

transfer131. They mark mitochondrial fission sites and the initiation of mitophagosome 

formation177. Increased Mito-ER contacts may therefore reflect impaired mitochondrial 

fission and, concomitantly, mitophagy which may be halted at an early stage. This 

could explain why we found evidence of autophagic deficiencies in vivo and in vitro, 

leading to limited mitochondrial quality control. Referring to the changed LC3 lipidation 

and p62 levels (Figure 5I,I, Figure S 3K) as well as the accumulation of Bnip3 and 

Bnip3l and the downregulation of Pptc7 in Cox10-/-Opa1v1Δ4 hearts compared to 

Cox10-/- (Figure 6E).  
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S-Opa1 as central mobile cristae partner to ensure translation and OXPHOS and 
mtDNA levels 

Our in vivo data showed that the absence of Opa1 processing under basal conditions 

has no phenotype. Conversely, in isolated MEFs from this model, we detected 

moderately impaired ETC assembly with limited respiration and mtDNA maintenance 

(Figure 8B, C, G, I), which is most likely explained by threshold effects in vivo or altered 

stress conditions in our cultured cells. The re-expression of Opa1v5 shows a partial 

stabilization of OXPHOS complexes but does not restore the OCR (Figure 9H, I, S5E). 

Assuming, that the integration of Opa1v5 promotes IM fusion and network elongation,  

fusion also promotes mixing of mtDNA molecules and distribution of nucleoids across 

the network178, which supports high mtDNA replication rates (and thereby OXPHOS 

subunit levels). Conversely, cristae remodeling can be completely decoupled from 

fusion activity showing optimized respiratory chain supercomplex assembly through a 

defined balance of long and short Opa193. It might be, that this balance is still not given 

in Opa1v1Δ4+v5 cells. Additionally, Opa1v1Δ4 cleavage mutant continues to be 

expressed in this MEF model, which may prevent optimal IM adaptation through 

blocked processing. Cleavage of l-Opa1 might therefore be necessary for successful 

supercomplex formation and respiration. Another possibility is that the elevated 

OXPHOS protein levels, which still don’t reach WT levels, are not enough to guarantee 

supercomplex formation.  

We observed a reduction in mtDNA content dependent on Opa1v1Δ4 in the hearts and 

via nucleoid staining in MEFs (Figure 6G, 8G) what can be the consequence of 

reduced mitochondrial biogenesis due to a lack of Opa1 processing. On the other hand, 

we found decreased ability of mtDNA repopulation upon mtDNA depletion with ddC in 

Cox10-/-Opa1v1Δ4 and Opa1v1Δ4 MEFs (Figure 8I). Silencing of the exon 4b variants 

leads to significant mtDNA depletion, suggesting a disruption of mtDNA replication and 

nucleoid distribution81. It is likely that expression of only isoform V1 is not sufficient for 

mtDNA replication and V5 integration (containing exon 4b) stabilizes the levels in 

cultured MEFs. Opa1v5 could provide additional scaffold structures in the IM, allowing 

nucleoids to be distributed equally along the network and the mtDNA copy number per 

nucleoid and per mitochondrion remains stable. Furthermore, s-Opa1 reintegration 

allows a spread mitochondrial network in Opa1v1Δ4, which supports the maintenance 

of the stoichiometry of the protein components of the mtDNA replisome and mtDNA 
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itself. Evidences that this does not happen in the V1Δ4 expressing cells is shown by 

the mislocalization of nucleoids to the middle and the tip of the mitochondria (Figure 

8D,F). However, this observation might also be explained by altered mito-ER contacts 

and mitochondrial dynamics in Opa1v1Δ4 cells. Studies indicate that the ER marks not 

only fission sites but also mtDNA replication sites on the mitochondria163. This 

demonstrates the dual necessity of s-Opa1 presence in the cell. Restoration of the 

network and contact sites would also be beneficial for mtDNA replication. In the future, 

mtDNA rescue experiments with Opa1v1Δ4+v5 should be performed to provide further 

insight. 

 

Oma1-mediated Opa1 processing in cellular stress adaptation 

Various stress conditions, such as oxidative stress, heat stress, protein stress or 

OXPHOS deficiencies activate Oma1, leading to increased l-Opa1 processing and the 

mitochondrial fragmentation due to ongoing fission events179. This early stress step is 

central for the adaptation of mitochondrial dynamics to outer influences and can affect 

both survival and death. In Opa1v1Δ4 MEFs, l-Opa1 remains stable, ROS production 

is reduced, and we detect moderately delayed H2O2 cell death (Figure 9A,B), 

suggesting that these cells appear to be better protected at the first glance. 

Nevertheless, it can also be interpreted as a sign of an inadequate response to stress. 

The parallels can be seen in the lack of adaptation of hypertrophic growth in vivo, which 

initially seems as protection but ultimately leads to a reduced lifespan with impaired 

stress adaptation. The fact that we see less ROS production in the Cox10-/- and 

Opa1v1Δ4 MEFs presumes a model in which reduced OXPHOS function throttles the 

overall electron flow by relying more on glycolysis, thereby reducing the number of 

potential leakage sites (Figure 9C)180. Galactose culturing forces cells to produce ATP 

predominantly via the mitochondria. In WT cells, this leads to higher OXPHOS 

throughput and thus potentially more electron leakage and ROS production71. In 

Cox10-/- and Opa1v1Δ4 however, OXPHOS is limited, the entire ETC flow is  reduced, 

respectively, even if cells are grown in the presence of galactose as sole carbon 

source181, resulting in less ROS production even when the cells are bioenergetically 

stressed. Nevertheless, this assumption is rather controversial and must be handled 

with caution, as OXPHOS deficiency is typically associated with increased ROS 

production. Taking into account that ROS is mainly generated at complexes I and III182, 



  Discussion 

74 
 

those levels are downregulated in Opa1v1Δ4 MEFs supporting the assumption of 

general lower electron flow (Figure 9H, S5E). It should be noted that ROS production 

is not generally considered as harmful, as they also act a signaling molecules180. In 

Opa1v1Δ4 cells, reduced mitochondrial ROS might attenuates redox-dependent input 

into the NF-κB signaling cascade, which may result in diminished or delayed NF-κB 

activation and consequently a blunted ISG program183,184. NF-κB and cGAS-STING 

are closely connected in the innate immune response: cGAS-STING activates NF-κB, 

and conversely, NF-κB can modulate the strength and duration of STING signals185. In 

fact, Opa1v1Δ4 cells lacking s-Opa1 exhibit a blunted ISG response and lower level of 

phosphorylated Stat1 (Figure 9J,K). We inhibited the thymidylate synthase by 5-FU 

treatment, causing dNTP pools imbalance. This leads to replication stress, single- and 

double-strand breaks, and incorrect repair resulting in DNA fragments and R-loops that 

are released into the cytosol and causing an ISG response which in turn is also 

promoted by ROS-driven membrane damage or pore formation186,187. The suppressed 

basal and active ISG response in the OPA1v1Δ4 cells is consistent with lower ROS 

peaks (lower NF-κB signaling) and more delocalized nucleoids (Figure 8F) bringing 

less mtDNA into the cytosolic space and thus downregulating the IFN tone, while WT 

cells with a normal Oma1-Opa1 stress axis generate more such DAMP signals. 

However, it must be clearly stated that we have not investigated any further evidence 

of reduced NF-κB signaling upon depleted Opa1 processing. Opa1v5 reintegration 

rescues the ISG response to some extent, which may have several causes in the 

processing-deficient background: Broadening the network and distributing nucleoids 

across more tubuli, or generating subtle changes in cristae structure and supercomplex 

organization, which again allow sufficient ROS/mtDNA signals for normal ISG 

activation without excessively damaging the cells. Further investigation is needed to 

determine whether the DAMP release mechanism differs between WT and OPA1v1Δ4.  

In our proximity proteomics data set, MAVS (mitochondrial antiviral signaling protein) 

was another hit in relation to s-Opa1 interaction (Figure 10C). MAVS is an adapter 

protein of the innate immune response that sits on the OM membrane and translates 

antiviral signals into interferon responses. Upon activation, MAVS oligomerizes and 

recruits kinases (e.g., TBK1, IKK), leading to the activation of IRF3/IRF7 and NF-κB188. 

This hit links s-Opa1 to zones where mitochondrial morphology and antiviral stress 

signals are directly coupled. The consistent picture is that Oma1-dependent Opa1 
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processing is important for adjusting the level of mitochondrial stress signals to 

guarantee and adequate response. 

 

The interactome profile of s-OPA1: Fine-tuner at the IM 

Previous cryo-electron tomography and reconstruction data emphasize that the 

central, mechanistically defined partners of OPA1 are cardiolipin, OPA1 oligomers 

themselves, MICOS components, the regulatory proteases YME1L and OMA1 and a 

cooperation with MFN1/2 to ensure the common fusion model72,94,189. For l- and s-

OPA1, there are hardly any known separated interactors. The partners are relevant for 

both forms, with different contributions. S-OPA1 possesses all functional domains of 

large GTPases and its structure is highly conserved76 and to date, s-OPA1 has not 

been assigned a role independent of l-OPA1. Therefore, we created an interactome 

profile of s-OPA1 tagged with APEX2 labeling approximately 20 nm surrounding of the 

protein (Figure 10A and B)190. This study is also limited in the fact that we cannot 

exclude the possibility that l-OPA1 also communicates with the identified interactors, 

or that the interaction only takes place in the (hetero-)oligomeric state. Accordingly, the 

interactors might be specific for OPA1 but not specific for its processed form. 

Nevertheless, our study distinguishes the role of GTPase activity in potential 

interactions by comparing s-OPA1 with s-OPA1K301A, the catalytically inactive form.  

We found 41 significant hits, 22 of them mostly belonging to the top hits, appeared for 

both the active and inactive s-OPA1 tagged protein. 12 hits were exclusively significant 

for the GTPase-active s-OPA1 variant and 8 for s-OPA1K301A. Almost all of these hits 

belong to the low confidence interaction partners (>1 log2FC). The overlap of most top 

hits between s-OPA1 and s-OPA1K301A indicates a GTPase-independent proximity 

defined by membrane association and oligomeric scaffolding rather than by the specific 

GTP reaction. Initially, OPA1 itself was among the most prominent hits in active and 

inactive Opa1 probes, confirming that s-OPA1 forms oligomers (with l- and s-OPA1) to 

ensure efficient fusion and membrane tubulation75. We categorized the other hits into 

5 classes depending on their localization and common function (Figure 10C). The first 

class locates processed s-OPA1 to energy-rich cristae “hubs” indicated by the close 

proximity to tafazzin, a cardiolipin remodeling enzyme associated with Barth syndrome 
191,192, MIC26 (a subunit of the MICOS complex)193, and proteins that are functionally 

coupled to cristae-associated processes (ECH1, ECHB, PRDX3, HADHB)194-196. All 
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four proteins are matrix enzymes involved in fatty acid oxidation/redox control and are 

functionally located close to the IM. However, direct contact with s-OPA1 is not 

possible, which merely reflects the immediate proximity of the OPA1-rich IM to the 

matrix. Recent studies have shown that PRDX3, the major counteractor for H2O2, is 

also present in the IMS, where it plays a key role in limiting H2O2 diffusion into the 

cytosol196. In general, OPA1 is distributed across the entire inner mitochondrial 

membrane and is located both at the inner boundary membrane, which is parallel and 

directly opposite the OM, and at the cristae membrane197. L-OPA1 is anchored in both 

subdomains, while the cleaved s-OPA1 forms remain soluble in the IMS, where it 

continues to interact with the IM at cristae and CJs. The presence of the class 1 

proteins in the s-OPA1 proximity environment suggests that s-OPA1 is preferentially 

located in regions/cristae with high fatty acid oxidation and NADH/FADH₂ production, 

close to β-oxidation hotspots. A possible role of s-OPA1 could be a “structural tuner” 

that controls cristae geometry and supercomplex organization so that β-oxidation run 

efficiently and ROS production is controlled, thereby helping to regulate the functional 

energy space of the cristae.	 

		
The second class comprises a series of OM fission regulating proteins, which 

indicates that s-OPA1 might play an active role in OM dynamics and fission as well. 

Examples include potential interactions with FIS1, MID51 MARCH5, AKAP1, and 

SLC25A46198-202. The first two hits are direct DRP1 receptors (fission receptors). The 

other proteins also modulate dynamics by regulating DRP1 and marking fusion and 

fission events. For example, MARCH5 could determine when and where fission is 

triggered by ubiquitinating OM dynamic proteins. S-OPA1 might simultaneously 

remodel the IM to ensure that these events proceed in an energetically and structurally 

efficient manner199. However, interaction with these OM proteins is primarily plausible 

via shared contact points and substrate-complexes, rather than via direct and stable 

bindings. Nevertheless, there is a strong correlation between the accumulation of s-

OPA1 and network fragmentation. S-OPA1 is primarily described as a co-regulator of 

fusion, although at high concentrations or in the wrong l/s ratio, it actively support 

fission by coupling IM remodeling with DRP1 fission hotspots, thereby promoting 

network fragmentation203. S-OPA1 creates a fusion-incompetent state, thereby 

facilitating fission labeling. This function would explain why s-OPA1 colocalizes with 

the various OM fission proteins.	
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The third class includes numerous mitophagy sensors and proteins from the ubiquitin-

proteostasis system: BNIP3, PINK1, and FKBP8 are all OM proteins that are involved 

in the decision to preserve the organelle, undergo mitophagy, or cell death, thus 

representing typical quality control mechanisms204-206. Another potential s-OPA1 

interactor is YKT6, which is not primarily located on mitochondria but may be indirectly 

functionally coupled with s-OPA1 via autophagy/mitophagy processes. YKT6 forms a 

fusion complex on autophagosomes for lysosome fusion, making it essential for the 

final stage of mitophagy as well207.  These findings are particularly interesting in the 

context that we found evidence for impaired mitophagy and dysfunctional 

autophagosome formation in s-OPA1 depleted hearts and MEFs. Also altered mito-

ER contact sites upon loss of OPA1 cleavage in MEFs indicate, that the generation of 

s-OPA1 could be an essential factor in sustaining controlled mitophagy.  The question 

arises whether s-OPA1 plays an active role in this process or if the OPA1 cleavage 

represents more an upstream event. So far, it has only been shown that the loss of 

the long, membrane-bound OPA1 variant promotes mitophagy by limiting fusion and 

facilitating fragmentation of damaged mitochondria78. Here, a link could be made to 

class 2 proteins and the findings from Anand et al.203, which indicate that s-OPA1 

might also have an active role in the fission process. USP30, PSMD3, and VDAC1 

define which damaged mitochondria are targeted for ubiquitination and mitophagy and 

how easily metabolites, ROS, and possibly mtDNA is entering the cytosol208-210. 

HSPA8 recognizes ubiquitinated or misfolded OM proteins, organizes their 

disaggregation, and supports the recruitment of the autophagy apparatus211. If s-

OPA1 is located directly at such OM domains, it could modulate cristae opening in a 

way that the amount of released material arriving at VDAC1-rich OM regions is 

controlled. This assumption is consistent with the published results that OPA1 limits 

the amount of cytochrome c and other pro-apoptotic factors by keeping CJs narrow94. 

Loss of OPA1 or its stress-induced inactivation leads to BAX/BAK-	 and BH3-	

dependent cristae opening and widening, thereby facilitating increased release of 

cristae	stored material94,212. Hereby, the appearance of l-/ and s-OPA1 is essential for 

efficient cristae remodeling95. Compared to the membrane-bound protein, the 

presence of s-OPA1 makes the cristae more flexible and allows an appropriate 

adaptation to the environment. This assumption can also be linked to the reduced 

H2O2 sensitivity in Opa1v1Δ4 MEFs, which confirms that OPA1-dependent cristae 

remodeling plays a decisive role in cell death signaling95. Thus, s-OPA1 could 
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indirectly determine whether a stressed mitochondrion is classified as still reparable 

or is sent toward mitophagy or if direct cell death takes place.   

	
The proximity analysis identified cytoskeleton-related proteins, such as S100A2, 

RHOA, ARHGAP17, and Myosin XIX in proximity to s-OPA1. These proteins regulate 

actin organization, cell migration and the subcellular distribution of organelles, thereby 

localizing s-OPA1 to areas that control the positioning and shuttling of mitochondria. In 

this context, mitochondrial shape is controlled not only by classical fission and fusion 

factors, but also by actin filaments and motor protein mediated transport processes. 

RHOA and ARHGAP17 actively control the dynamics of the actin cytoskeleton, stress 

fibers, and protrusions213,214, and S100A2 acts as a Ca2+ sensitive protein that can 

modulate RHO signaling pathways and thus influence actin organization and cell 

migration215. The co-presence of Myosin XIX, a motor protein that transports 

mitochondria along actin filaments216, with s-OPA1 suggests functional clusters that 

are closely linked to the actin cortex, protrusion zones, and other contact areas of the 

cell periphery. In this context, s-OPA1 can be interpreted as an integral component of 

a positioning module that couples internal membrane architecture with external 

membrane dynamics and actin-dependent motility. In zones where RHO/actin 

signaling pathways are active, s-OPA1 could ensure that mitochondria fuse efficiently 

and remain functionally competent, to ensure an active distributed throughout the cell 

to the periphery or back to perinuclear regions as needed. However, it should be noted 

that the interaction of s-OPA1 with these proteins can only be explained by OM bridge 

proteins or contact zones and not by direct contacts. For example, so-called actin 

cages often form at mito-ER contact sites, where mitochondria are anchored via OM 

receptors and motors (e.g., Myosin XIX)217. Actin cages, in turn, are an important 

component of quality control and mitophagy, as they trap damaged mitochondria so 

that their contents remain confined218. This observation is also consistent with the 

above-mentioned proteins that actively couple s-OPA1 to mitophagy and the fission 

machinery. 

The fifth class links s-OPA1 with central elements of mitochondrial translation and 

transcription. Particularly striking is the strongly enriched interaction with FAM210A, an 

IM protein that directly intervenes in the control of translation of mitochondria-encoded 

OXPHOS subunits and the maintenance of mitochondrial proteostasis157. In addition, 

this hit was only found in the active s-OPA1-tagged sample and was not detected in s-
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OPA1K301A.   The fact that mitochondrial translation takes place in the matrix makes the 

identification of FAM210A as an IM protein even more interesting, as it links the 

process to the IMS and s-OPA1. FAM210A is enriched in cristae domains, where 

respiratory chain complexes and translation machinery coexist. It is described as a 

scaffold protein in the IM that binds to the mitochondrial elongation factor EF-Tu in the 

matrix, thereby modulating the translation elongation of mitochondrial-encoded 

mRNAs159. Loss of FAM210A results in decreased mitochondrial encoded proteins 

(like OXPHOS complex subunits) and respiration and a lower number of mitochondria 

with less cristae integrity157. We also confirmed lower mtDNA encoded CoxI levels in 

our Fam210a-/- MEFs (Figure 10F). FAM210A remodels cristae by influencing the l/s-

OPA1 ratio via interaction with YME1L which in turn regulates OMA1 activity155. Since 

FAM210A affects the presence of s-OPA1, it might be that the two proteins promote 

each other's functionality. The pronounced spatial proximity of s-OPA1 and FAM210A 

might suggest that s-OPA1-rich cristae domains are preferred platforms for FAM210A-

mediated translation processes. Conversely, FAM210A could indirectly support the 

function of s-OPA1 by ensuring balanced synthesis of mitochondrial-encoded RC 

subunits, thereby creating a bioenergetic state that promotes the formation and stability 

of OPA1 oligomers, cristae compaction, and the integration of import proteins. The 

absence of s-OPA1 in OPA1v1Δ4 cells could mimic a FAM210A-deficient state, 

assuming that one protein needs the other to function. With the loss of the s-OPA1-

FAM210A axis, OPA1v1Δ4 cells might exhibit reduced translation, which is reflected 

in decreased OXPHOS complex levels and respiration. The partial restoration of 

OXPHOS levels in OPA1v1Δ4+v5 could therefore also be explained by a more 

effective translation through re-expressing the co-player (s-OPA1) of FAM210A. 

The additional interactions with CLUH and TDRKH support the colocalization of s-

OPA1 with transcriptional and translational active regions: CLUH is predominantly 

localized in the cytosol, but is closely positioned to mitochondrial surfaces and 

microtubules. It forms cytosolic RNA granules and selectively binds mRNAs of nuclear-

encoded mitochondrial proteins inclusive many OXPHOS components219. TDRKH is 

also coupled to mitochondria-associated RNA-rich compartments and links RNA-

complexes to the mitochondrial surface220.  Findings in the gene expression profile of 

Cox10-/-Opa1v1Δ4 and Cox10-/- hearts identified Cluh as most significantly down-

regulated upon inhibition of Opa1 processing (Figure S4C). Loss of Cluh results in 
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downregulation of mitochondrial proteins and biogenesis and the mitochondria cluster 

around the nucleus219. Precisely the phenotype we observe in the isolated MEFs that 

express exclusively Opa1v1Δ4 (Figure 8D, E). Furthermore, mitochondrial ribosomes 

are downregulated in processing depleted hearts as well, which further inhibits 

mitochondrial translation (Figure 6C, D). These observations fit with the assumption 

that s-OPA1 is spatial proximity with the CLUH and (in-)actively participated in the 

transcription and translation machinery in mitochondria. Moreover, it could explain why 

the loss of Opa1 cleavage in mice leads to a block in mitochondrial biogenesis upon 

severe stress. CLUH granules enables local translation and co-translocation of 

mitochondrial proteins221. This thesis is supported by the hits TOMM40, TIMM22, 

TIMM13, and MTX1, locating s-OPA1 to import hotspots between the outer and inner 

membranes where newly imported carriers, IM proteins, and cristae components 

arrive and are integrated into the architecture222. MTX1, for example, is important for 

the import of nuclear-encoded mitochondrial proteins and for the assembly of OM 

proteins, which is particularly relevant for the biogenesis of the respiratory chain and 

CJs223. Together with the proximity to the (co-)translational machinery, s-OPA1 could 

thus indirectly influence ETC capacity and ROS profiles.  
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Figure 11: Overview of the identified impact clusters of s-Opa1 based on the proximity 
proteomics dataset. Divided into the groups energy hub (purple), translation (green), mitophagy (blue), 
OM dynamics (red), and actin cytoskeleton (grey) 

 

Future perspectives  

In this thesis, we have demonstrated that the loss of Opa1 processing results in 

disrupted mitochondrial biogenesis and deregulated mitophagy, which leads to 

pathological manifestations under severe OXPHOS stress and in old age. It remains 

unknown to what extent these effects are dispensable in basal conditions and under 
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mild stress, to understand which threshold is exceeded to observe a physiological 

relevance for Opa1 processing. An undiscovered tissue-dependent phenotype can 

also not be excluded, as our focus was on characterizing the underlying processes in 

the heart. Therefore, the characterization of Opa1v1 and Opa1v1Δ4 mice needs to be 

extended to other tissues in order to obtain an overall picture. For future studies, the 

generation of an additional knock-in mouse line expressing Opa1v1Δ4+v5 would be 

useful. Within this model, uncleavable l-Opa1 continues to be expressed, but the 

additional integration of the V5 isoform allows the expression of s-Opa1 based on 

constant Oma1 cleavage. By generating this model, accurate statements about which 

effects are attributed to the processing of the long V1 isoform and which rely on lack 

of Oma1-mediated s-Opa1 generation.  

 

The presence of s-Opa1 is essential for mitochondrial adaptation to cellular demands 

through guaranteeing efficient IM fusion and cristae remodeling. Via in vitro studies, 

we gained indications that s-Opa1 modulates the cristae to ensure optimal translation 

and adaptation to stress response. Greater investment in the interplay between 

Fam210a and s-Opa1 would be valuable for the mitochondrial research field. The fact 

that the proximity hit was only found with the active s-Opa1 protein and its IM 

localization makes Fam201a to a promising candidate. It is conceivable that s-Opa1 

binds to Fam210a on the IMS side and initiates a conformational change that makes 

Fam210a accessible for binding to matrix proteins such as EF-Tu. This could explain 

possible phenotypes such as reduced OXOPHS protein levels and respiration in s-

Opa1-deficient cells.  For the future, it would be of great interest to determine whether 

this could be the first active role of s-Opa1 that has remained hidden until now.  
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4 Materials and Methods 
 

4.1  Materials and methods from results section 2.1 (published article) 

 See results section page 48-51.  

 

4.2  Materials and methods from results section 2.2  

 

4.2.1 Materials from section 2.2 

Table 2: Materials from section 2.2 

Reagent or resource Source Identifier 

Antibodies 
EF-Tu Santa Cruz sc-393924 
Fam210a Sigma Aldrich HPA014324 
HRP-conjugated secondary antibody, anti-mouse BioRad 170-6516 
HRP-conjugated secondary antibody, anti-rabbit BioRad 170-6515 
Opa1 BD Biosciences 612607 
OXPHOS cocktail Abcam ab110413 
Phospho-Stat1 (Tyr701) mouse monoclonal  Abcam ab29045 
Sdha Abcam ab14715 
Vinculin Cell Signaling 4650 
Yme1l Protein Tech 11510-1-AP 

Chemicals and products 
2′,3′-dideoxycytidine (ddC) Sigma Aldrich D5782 
5-fluorouracil (5-FU) Sigma Aldrich F6627 
Biotin Sigma Aldrich B450 
Biotin-phenol Sigma Aldrich SML2135 
Cumate System 

Biosciences 
QM150A-1 

Digitonin Merck 300410 
Dimethylsulfoxide (DMSO) AppliChem A3672 
Genejuice transfection reagent Merck 70967 
GoScriptTM Reverse Transcription Mix Promega A2791 
HEPES Sigma Aldrich H4034 
Hydrogenperoxide Roth 8070.4 
Lipofectamine 2000 Transfection Reagent Thermo Fisher 

Scientific 
11668019 

MitoSOX Red mitochondrial superoxide indicator life technologies M36008 
Picogreen™, Quant-iT™ dsDNA Thermo Fisher 

Scientific 
P11495 

Pierce™ NeutrAvidin™ beads Pierce 29200 
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PKmito ORANGE Genvivo/ tebubio-
Sprirochrome 

202205/ SC053 

PowerSYBR Green PCR Master Mix Thermo Fisher 
Scientific 

4368708 

Protease inhibitor cocktail tablet Merck 11836170001 
Sodium ascorbate Sigma Aldrich A4034 
Sodium azide Sigma Aldrich S8032 
Sodium deoxycholate Sigma Aldrich D6750 
Sodium dodecyl sulfate Sigma Aldrich L4509 
Tetracycline Roth 0237.1 
Tris Roth 9140.3 
Triton-X-100 Merck 1086031000 
Trolox Merck 648471 
Urea Serva 24524 
YOYO-1 Iodide (491/509) Invitrogen Y3601 

Kits 

DNeasy Blood & Tissue Quiagen 69506 
nCounter SPRINT reagent pack Nanostring NAA-AKIT-012 

NAA-AKIT-048 
NAA-AKIT-192 

NucleoSpin RNA Macherey-Nagel 740955.250 
Q5 site-directed mutagenesis kit  New England 

Biolabs 
E0554S 

Seahorse XF Mito Stress Test Kits Agilent 103016-100 

Plasmids and vectors 

Alt-R™ CRISPR-Cas9 crRNA Integrated DNA 
Technologies 

513181565 

Alt-R™ HDR Donor Oligo Integrated DNA 
Technologies 

513181564 

Fam210a-pSpCas9 BB-2A-GFP PX458 GenScript SC1678 
Human OPA1 Variant 5 pLVX TRE3G Fiona Mayer N/A 

SuperPiggyBac™ Transposase Expression 
Vector  

System 
Biosciences 

PB210PA-1-SBI 

SuperPiggyBac™ Transposon Vector System System 
Biosciences 

PB210PA-1 

Cell lines 

HEK293 WT MICU1-sOPA1-FLAG-APEX2 Tom McVicar N/A 
HEK293 WT MICU1-sOPA1K301A-FLAG-APEX2 Tom McVicar N/A 
Immortalized Mus musculus embryonic fibroblasts 
(MEFs), Cox10-/- 

Ahola, Pazurek  
et al. 

N/A 

Immortalized Mus musculus embryonic fibroblasts 
(MEFs), Cox10-/-Opa1v1Δ4 

Ahola, Pazurek  
et al. 

N/A 

Immortalized Mus musculus embryonic fibroblasts 
(MEFs), Fam210a-/- 

This thesis N/A 

Immortalized Mus musculus embryonic fibroblasts 
(MEFs), Opa1v1Δ4+v5  

This thesis N/A 

Immortalized Mus musculus embryonic fibroblasts 
(MEFs), WT, Opa1v1, Opa1v1Δ4 

Ahola, Pazurek  
et al. 

N/A 
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Oligonucleotides 

Cytb  mouse qPCR forward primer 
GCTTTCCACTTCATCTTACCATTTA 

This thesis N/A 

Cytb  mouse qPCR reverse primer 
TGTTGGGTTGTTTGATCCTG 

This thesis N/A 

Dloop1  mouse qPCR forward primer 
GTCCCTTGACCATCCTC 

This thesis N/A 

Dloop1  mouse qPCR reverse primer 
GTAGCACTCTTGTGCGGGAT 

This thesis N/A 

Fam210a mouse qPCR forward primer 
GGTTACCTGACAC 

This thesis N/A 

Fam210a mouse qPCR reverse primer 
TTCCTCCCAAGGTCACGGTGTA 

This thesis N/A 

Hprt mouse qPCR forward primer 
TCCTCCTCAGACCGCTTTT 

This thesis N/A 

Hprt mouse qPCR reverse primer 
CATAACCTGGTTCATCATCGC 

This thesis N/A 

Ifi44 mouse qPCR forward primer 
CTGATTACAAAAGAAGACATGACAGAC 

This thesis N/A 

Ifi44 mouse qPCR reverse primer 
AGGCAAAACCAAAGACTCCA 

This thesis N/A 

Ifit3 mouse qPCR forward primer 
TTCCCAGCAGCACAGAAAC 

This thesis N/A 

Ifit3 mouse qPCR reverse primer 
AAATTCCAGGTGAAATGGCA 

This thesis N/A 

Isg15 mouse qPCR forward primer 
CTAGAGCTAGAGCCTGCAG 

This thesis N/A 

Isg15 mouse qPCR reverse primer 
AGTTAGTCACGGACACCAG 

This thesis N/A 

Usp18 mouse qPCR forward primer 
GAGAGGACCATGAAGAGGA 

This thesis N/A 

Usp18 mouse qPCR reverse primer 
TAAACCAACCAGACCATGAG 

This thesis N/A 

Software and algorithms 
BioRender BioRender BioRender.com 
IncuCyte® S3 Software Sartorius v2021C 
Prism 9 Graph Pad graphpad.com 
ImageJ2 version 2.9.0/1.53t Public domain imagej.nih.gov/ij 
InstantClue v0.12.0 Nolte, et al.224 instantclue.de 
nSolver Analysis Software 4.0.70 Nanostring nanostring.com 

 

4.2.2 Methods from section 2.2 

For the following methods see results section page 48-51:  

Cell culture, transfection, SDS-PAGE and immunoblotting, quantitative Real-time 

PCR (qPCR), proteomics processing, STED and confocal imaging.  
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4.2.2.1 Animal Methods  

Animal perfusion and tissue imaging 
52-weeks-old mice were anesthetized intraperitoneally with a solution of ketamine (100 

mg/kg body weight) and xylazine (20 mg/kg body weight). The injection volume 

corresponds to the recommended volume specified by GV-SOLAS of 10 ml/kg body 

weight. The mouse was slowly perfused with room-temperature saline until the fluid 

was clear with a switch to cold 4 % paraformaldehyde (PFA) for slow perfusion. 

Relevant organs were washed in 70 % ethanol for 8 h to remove excess formaldehyde. 

For dehydration, the organs were placed in an ascending alcohol series followed by 

incubation in xylene for 2 x 30 min to make the tissue permeable for paraffin. The tissue 

was transferred to casting molds with fresh, hot paraffin (60°C) and allowed to cool 

down. The blocks were cut into 4 µm thin sections using a rotary microtome and fixed 

on a glass slide for microscopy. Fixed tissues were imaged in a Leica Sp8-X confocal 

microscope equipped with a 40× oil/numerical aperture (NA) 1.45 objective with an 

excitation wavelength at 510 nm to image mitoYFP.  

 

4.2.2.2 Cell culture-based methods and experimental procedures  

CRISPR/Cas9 gene editing 
To generate Fam210a-/- MEFs, cells were transfected with the eSpCas9 plasmid from 

GenScript (px458) containing the guide RNAs for a Cas9-dependent deletion (gRNA 

for Fam210a GATCACCATTGGCGCATAAA). MEFs were cultured under standard 

conditions in DMEM supplemented with 10 % fetal bovine serum (FBS), 1 % non-

essential amino acids (NEAA) and 1 % sodium pyruvate. For transfection, 2x105 WT 

MEFs were seeded in 6-well plates one day prior to transfection to achieve 

approximately 70-80 % confluency. For transfection, 2.5 μg of the CRISPR-Cas9-

eGFP plasmid DNA was mixed with 2,5 µL PLUS reagent in 150 µL Opti-MEM reduced 

serum medium and incubated for 5 min. Separately, 10 μL of Lipofectamine LTX was 

diluted in150 µL Opti-MEM and combined with the DNA/PLUS reagent mix, followed 

by 5 min incubation at RT. The mix was added dropwise to the well and incubated at 

37°C with 5 % CO2. After 3 days of incubation, single GFP-positive cells were isolated 

by FACS sorting and collected on 96-well to enrich for transfected cell populations. 

Monoclonal cells were screened for successful Fam210a-/- by western blot.  
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Generation of stable cell lines 
Stable Opa1v1Δ4+v5 cell lines with inducible expression of Opa1v5 were generated in 

MEFs using the PiggyBac transposon system. The complementary cDNA encoding for 

human Opa1v5 was cloned into a PiggyBac transposon vector via the Q5 site-directed 

mutagenesis kit (NEB). 2x105 MEFs were cultured in 6-well under standard conditions 

one day before transfection to reach 70-80 % confluency. 1 µg PiggyBac transposon 

vector containing the gene of interest and 0.4 µg/µL of SuperPiggyBac Transposase 

Expression Vector were applied onto the cells via Genejuice transfection reagent 

(72µL Opti-MEM +4,5 µL GeneJuice, 15 min incubation).  After 24 h, cells were 

harvested and plated on 10 cm dishes. Cells were subjected to puromycin selection 

(4 µg/mL) up to 5 days to enrich for stably integrated clones. Selected bulk populations 

were expanded and diluted for single-cell selection. Protein expression was induced 

by the addition of cumate (15-60 μg/mL). Expression levels were monitored via 

western blot to confirm cumate-dependent induction and background expression in 

the absence of inducer.	

5-FU treatment 
MEFs were seeded 0.6x105 per well in 6-well plates one day prior to 5-FU treatment. 

Afterwards, cells were treated with 5 µM 5-FU (in DMSO) diluted in complete culture 

medium. Cells were incubated with the drug for 16 h under standard culture conditions. 

In the last step, cells were scaped in the medium, washed with PBS and the pellet was 

used for RNA isolation. 

mtDNA repopulation assay 
Cells were seeded 0.1x105 in 6-well plates and treaded with 40 µM ddC. After 72 h, 

untreaded and day 3 treaded sample were collected and medium was exchanged for 

the remaining wells with normal culturing medium. Samples were collected after 4, 5, 

6 and 7 days. Afterwards, mtDNA content was analyzed via DNA isolation and qPCR. 

Picogreen staining and imaging 
Cells were seeded 1.5x105 on live-cell imaging glass bottom dishes (ibidi, μ-dish, 35-

mm high). Next day, 1:1000 Picogreen in complete medium was added to the cells and 

incubated for 20 min. Afterwards, cells were washed 3x with PBS and incubated for 2 

h to remove unbound stain. In a next step, cells were recorded using a Facility Line 

microscope (Abberior Instruments) equipped with an Olympus UPLXAPO 60× oil/NA 
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1.4 objective at 37°C and an excitation wavelength at 488-nm with 30 % laser power 

and 3x line accumulations. 

 

4.2.2.3 Molecular and biochemical methods  

Measurement of oxygen consumption rate 
For OCR measurement, cells were seeded 2x105 in Agilent provided 96-well plate one 

day before performing the “Seahorse XF Cell Mito Stress Test”. Sensor cartridge 

hydration and drug preparation was performed according to the manufacturer’s 

instructions (oligomycin - 2µM, FCCP - 0.5 µM, rotenone and antimycin A - 0.5 µM).  

1 h before the stress test, cell growth media was exchanged to assay media containing 

Seahorse assay media (103575-100) supplemented with 10 mM glucose, 2mM  

l-glutamine, 1 mM sodium-pyruvate and 1 mM NEAA. Mitochondrial respiration was 

measured in a Seahorse Extracellular Flux Analyzer XFe96. 

IncuCyte-based quantitative cell death assay 
For IncuCyte, 2x105 cells per well were seeded in a 96-well plate containing 1:500 

YOYO and 500 µM H2O2 in normal culturing medium. Proliferation and cell death were 

monitored using phase-contrast microscopy at 10× magnification on the IncuCyte Live-

Cell Analysis System allowing real-time, non-invasive imaging within the incubator. To 

evaluate cell death, the dead cells vs. confluence were plotted over time. Statistical 

significance was analyzed using one-way ANOVA. Data visualization and statistical 

analyses were conducted using GraphPad Prism software. 

ISG mRNA quantifications with Nanostring nCounter 
Cells were treated with 5-FU as described above. After total RNA isolation using the 

NucleoSpin RNA isolation kit, RNA quantity and purity were assessed via NanoDrop 

spectrophotometer. For NanoString analysis, 500 ng of total RNA in 5 µL was 

subjected to CodeSet hybridization (70 µL hybridization buffer and reporter code set, 

8 µL per sample) and incubated with 2µL capture probe set at 65°C for 16 h. After 

hybridization, samples were diluted with 20 µL nuclease-free water, and 33 µL of each 

sample was applied onto a NanoString cartridge. The run was performed following the 

manufacturer’s guidelines with the selected library for chosen ISG markers. Data 

quality control and normalization were performed using nSolver analysis software. 
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Statistical analyses were conducted using one-way ANOVA. Reference genes ActB, 

B2m, Gapdh, Sdha, and Hprt were used for normalization purposes to ensure accurate 

expression quantification. 

MitoSOX staining and flow cytometry analysis 
Cells were harvested by trypsinization, washed and resuspended in 1 mL PBS and 

incubated with 5 µM MitoSOX Red (Thermo Fisher Scientific) at 37°C for 20 min in the 

dark. After incubation, cells were washed 2x with warm PBS to remove excess dye. 

Afterwards, cell pellets were resuspended in 0.5 µL PBS with 1 µL DAPI and 

transferred into flow cytometry tubes. Flow cytometry was performed immediately on 

BD FACSCanto II instrument, measuring the fluorescence emission at 580 nm (DAPI 

in PE channel). Data were analyzed using FlowJo software to quantify mitochondrial 

superoxide levels as mean fluorescence intensity. Data visualization and statistical 

analyses were conducted using GraphPad Prism software. 

Proximity-proteomics assay 
For APEX2 proximity labeling, 4x105 stable HEK293 WT MICU1(MTS aa 1-60)-sOPA1 

(aa 194-997)-FLAG-APEX2 and HEK293 WT MICU1(MTS aa1-60)-sOPA1K301AFLAG-

APEX2 cells were seeded on 15 cm dishes and protein expression was allowed for 24 

h with 0.5 µg/mL tetracycline. For biotin labeling, cells were incubated with 500 µM 

biotin-phenol for 30 min at 37°C. Afterwards, 25 µL of 1 M H2O2 in 500 µL media was 

added per well for 1 min at RT. To terminate labelling, media was aspirated and cells 

were wash 4x with 10 mL quencher solution (10 mM sodium ascorbate, 10 mM sodium 

azide, 5 mM Trolox in PBS). Cells were scaped in 5 mL quencher solution and pellet 

was resuspended in 350 µL RIPA lysis buffer and incubated for 15 min on ice. 

Supernatants were collected and biotin labeling was monitored via western blot with 

streptavidin-HRP. Neutravidin beads were washed twice with 500 µL RIPA buffer and 

incubated with the lysates (orbital rotor, 1 h at RT). Beads were washed 2x with RIPA, 

1x with 1 mL 2 M Urea/Tris-HCl pH 8.0 and again 2x with RIPA. In the final step, 40 µL 

2x LDS-sample buffer (NuPAGE-with 20 mM DTT) supplemented with 2 mM biotin was 

added to the beads and boiled at 95°C for 5 min. Afterwards, samples were submitted 

for mass spectrometry analysis. For protein digestion, 20 µg protein lysate and eluates 

of proximity labeling were subjected to tryptic digestion. Proteins were reduced (10 mM 

TCEP) and alkylated (20 mM CAA) in the dark for 45 min at 45°C. Samples were 
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subjected to an SP3-based digestion 1. Washed SP3 beads (SP3 beads (Sera-

Mag(TM) Magnetic Carboxylate Modified Particles (Hydrophobic, 

GE44152105050250), Sera-Mag(TM) Magnetic Carboxylate Modified Particles 

(Hydrophilic, GE24152105050250) from Sigma Aldrich) were mixed equally, and 3 µL 

of bead slurry were added to each sample. Acetonitrile was added to a final 

concentration of 50 % and washed twice using 70 % ethanol (V=200 µL) on an in-

house manufactured magnet. After an additional acetonitrile wash (V=200µL), 5 µL 

digestion solution (10 mM HEPES pH = 8.5 containing 0.5µg Trypsin (Sigma) and 

0.5µg LysC (Wako)) was added to each sample and incubated overnight at 37°C. 

Peptides were desalted on a magnet using 2 x 200 µL acetonitrile. Peptides were 

eluted in 10 µL 5 % DMSO in LC-MS water (Sigma Aldrich) in an ultrasonic bath for 10 

min. Formic acid and acetonitrile were added to a final concentration of 2.5 % and  

2 %, respectively. Samples were stored at -20°C before subjection to LC-MS/MS 

analysis. 

LC-MS/MS (proximity labeling) 
LC-MS/MS instrumentation consisted of an Easy-LC 1200 (Thermo Fisher Scientific) 

coupled via a nano-electrospray ionization source to an Exploris 480 mass 

spectrometer (Thermo Fisher Scientific, Bremen, Germany). An Aurora Frontier 

column (60cm length, 1.7 µm particle diameter, 75 µm inner diameter, Ionopticks). A 

binary buffer system (A: 0.1 % formic acid and B: 0.1 % formic acid in 80 % acetonitrile) 

based gradient was utilized as follows at a flow rate of 185 nL/min; a linear increase of 

buffer B from 4 % to 28 % within 70 min, followed by a linear increase to 40 % within 

10 min. The buffer B content was further ramped to 50 % within 4 minutes and then to 

65 % within 3 minutes. 95 % buffer B was kept for a further 3 min to wash the column 

(total gradient time: 90 min).  The RF Lens amplitude was set to 45 %, the capillary 

temperature was 275°C and the polarity was set to positive. MS1 profile spectra were 

acquired using a resolution of 30,000 (at 200 m/z) at a mass range of 500/800 m/z and 

an AGC target of 1 × 106. For MS/MS independent spectra acquisition, 34 equally 

spaced windows were acquired at an isolation m/z range of 8 Th, and the isolation 

windows overlapped by 1 Th. The fixed first mass was 200 m/z. The isolation center 

range covered a mass range of 500–740 m/z. Fragmentation spectra were acquired at 

a resolution of 30,000 at 200 m/z using a maximal injection time setting of ‘auto’ and 

stepped normalized collision energies (NCE) of 24, 28, and 30. The default charge 
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state was set to 3. The AGC target was set to 3e6 (900 % - Exploris 480). MS2 spectra 

were acquired in centroid mode. FAIMS was enabled using an inner electrode 

temperature of 100°C and an outer electrode temperature of 90°C. The compensation 

voltage was set to -45V. 

Data Analysis (proximity labeling) 
DIA data were processed using Spectronaut 19 (version 19.1.240806.62635) using 

default settings. Database searching was performed with the Pulsar engine against the 

Homo sapiens UniProt reference proteome (UP000005640_9606) using Trypsin/P 

specificity, allowing up to two missed cleavages, a minimum peptide length of 7 amino 

acids, and a maximum length of 52. Carbamidomethylation of cysteine was specified 

as a fixed modification, and variable modifications included N-terminal protein 

acetylation and methionine oxidation; N-terminal methionine excision was allowed. For 

peptide-spectrum identification, Spectronaut applied 1 % FDR filtering at the precursor 

and protein levels. Decoys were generated dynamically using mutated sequences with 

neural network–predicted fragments, and p-values were estimated via kernel density 

estimation. IDPicker was used for protein inference. MS1 and MS2 mass tolerances, 

as well as extraction windows for retention time and ion mobility, were determined 

dynamically. Fragment ions were filtered to b/y types between m/z 200–3000 with a 

minimum fragment length of three amino acids.Quantification was performed at 

the MS2 fragment-ion level using area-based intensities. Only Q-value–filtered 

precursors were used, without imputation. Cross-run normalization was enabled and 

performed automatically. Protein quantification followed a Top-3 mean peptide 

strategy and the MaxLFQ intensity normalization.  

 
 
4.2.2.4 AI tools 
DeepL Translator/Write and perplexity AI were used supporting the writing process of 

this thesis. Schematic illustrations were generated using BioRender.  
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Supplementary Figure 5: (A): Bar diagrams of observed age and disease-associated abnormalities in 
old mice in WTOpa1v1 (female (f) n=21, male (m)=12, grey), Opa1v1 (female (f) n=17, male (m)=18, light 
blue), WTOpa1v1D4 (female (f) n=16, male (m)=17, grey) and Opa1v1D4 (female (f) n=20, male (m)=17, 
light violet). (B): Volcano plot of the mass spectrometry data of Opa1v1Δ4 vs. WT with indicated 
significant changed proteins in blue. Known ISG upregulated proteins are marked in purple. (C): 
Western blot analysis of Fam210a levels in WT and Fam210a-/- (D): Bar-diagram representation of 
morphology of WT and Opa1v1Δ4+v5 MEFs in the subgroups elongated, short tubules and condensed 
(n=10). (E): Bar-diagram of relative mtDNA copy numbers in WT (grey) and Fam210a-/-(yellow) MEFs 
(n=3). (F): Levels of OXPHOS subunits in WT, Opa1v1Δ4 and Opa1v1Δ4+v5 normalized to Vinculin. 
Statistical significance was analyzed using one-way ANOVA. 
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