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Summary

Mitochondrial DNA (mtDNA) encodes essential components of the mitochondrial electron
transport chain. Depletion and mutations of mtDNA cause mitochondrial dysfunctions resulting in
numerous human diseases, including neurodegeneration and mitochondrial disorders. However,
despite extensive research, mechanisms that control mtDNA copy number are largely unknown.

The present study demonstrates that Apoptosis Inducing Factor (AIF), a mitochondrial protein
with a dual role in cell-death and mitochondrial maintenance, is involved in the regulation of mtDNA.
AIF deficiency resulted in a significant, several-fold increase of mtDNA copy number and this effect
was evolutionary conserved among species. AIF regulates mtDNA copy number independently of
previously described mechanisms controlling mtDNA content, including the activity of key mtDNA
replication proteins, mitochondrial fusion, fission and biogenesis. However, inhibition of the cell cycle
regulator CYE-1/cyclin E and the DNA damage response kinase ATL-1/ATR abrogated the effect of
AIF deficiency on mtDNA copy number.

These findings provide new insights into the physiological functions of AIF and the regulatory
pathways controling mtDNA quantity. As AIF as well as mtDNA dysregulation causes severe
mitochondrial disorders in humans, this study extends our knowledge of molecular mechanisms
underlying these pathologies and thereby may contribute to the development of novel therapeutic

targets.
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1. Introduction

1.1.  Mitochondria

Mitochondria are small dynamic organelles present in all eukaryotic cells. They are often referred to as
the powerhouses of the cell because their main function is the production of adenosine triphosphate
(ATP). ATP is the cells main energy source given that nearly every cellular activity is powered by the
hydrolysis of ATP to adenosine diphosphat (ADP). Mitochondria produce ATP by oxidative
phosphorylation (OXPHOS), which takes place along several protein complexes termed the electron
transport chain (ETC). Mitochondria originated from an ancestral alpha-proteobacterial
endosymbiont and due to this bacterial origin, they still contain and express their own genome.
Mitochondrial DNA (mtDNA) encodes for only a few, but very essential proteins of the mitochondrial
OXPHOS system.

Apart from cellular respiration, mitochondria acquired several additional functions during the course
of evolution. They contribute to the production of amino acids and fatty acids, and regulate cellular
levels of metabolites and cofactors of various enzymes. Moreover, by controlling apoptosis, a very
important programmed cell death pathway, mitochondria are indispensable for the regulation of
development (Newmeyer et al., 1994). Finally, mitochondria are critical for metal metabolism by
synthesizing heme and Fe-S clusters (Lill and Muhlenhoff, 2008) and participate in Ca** homeostasis
(De Stefani et al., 2011).

Since mitochondria serve a variety of cellular functions, their progressive impairment plays a pivotal
role in the ageing process (Miquel et al, 1980, Gkikas et al., 2014). Moreover, mitochondrial
dysfunction contributes to several neurodegenerative diseases and causes an array of very
heterogeneous human diseases, termed mitochondrial disorders (Koopman et al., 2013).
Mitochondrial disorders are the consequence of mutations of nuclear and mitochondrial genes
encoding for proteins important for mitochondrial maintenance or the OXPHOS system. Although
these mutations can either be present on nuclear or mitochondrial genes, the primary cause of
mitochondrial disorders are mtDNA mutations or impairments of mtDNA maintenance proteins

(Taylor and Turnbull, 2005, Schapira, 2012). Consequently, increasing our knowledge on mtDNA



regulation and maintenance is crucial for the treatment of mitochondrial disorders and its detrimental

effects on human health.

1.1.1. Mitochondrial Structure

Mitochondria are double membrane organelles organized into five distinct but functionally connected
areas: outer mitochondrial membrane (OM), intermembrane space (IMS), inner mitochondrial
membrane (IM), cristae and matrix.
The OM secludes mitochondria from the cytosol and contains integral membrane proteins ensuring
the transport of molecules and proteins. One such integral OM protein is the translocase of the outer
membrane (TOM) complex, an essential transporter for mitochondrial pre-proteins (Ryan et al,
2000).
The IMS comprises an aqueous compartment between the two mitochondrial membranes. Many
intermembrane space proteins play an important role in coordinating mitochondrial function with
cellular processes by connecting mitochondrial signaling cascades with the cytosol. The IM
participates in several processes: firstly, several transport processes between the IMS and the matrix are
regulated by integral IM proteins. For instance, the inner membrane translocase (TIM) complex
actively transports mitochondrial proteins into the matrix. Additionally, several transport proteins
catalyze the transport of metabolites across the IM, thereby linking metabolic pathways in the cytosol
to the mitochondrial matrix (Wohlrab, 2009). Secondly, proteins essential for mediating fusion events,
such as optic atrophy-1 (OPA1) are located in the IM. Thirdly and most importantly, the ETC is
located in the IM. To increase the integration surface for ETC components the IM forms
invaginations, termed cristae.
Metabolic processes necessary to fuel the OXPHOS system, such as the citric acid cycle and oxidation
of fatty acids occur in the matrix. In addition, in this compartment the mitochondrial genome is
maintained, replicated, transcribed and translated.

In mammalian cells mitochondria are organized in a dynamic interconnected network that
undergoes constant morphological changes through mitochondrial fusion and fission processes (Youle
and van der Bliek, 2012). Increased fusion leads to an elongated mitochondrial network and increased

fission results in its fragmentation. Mitochondrial fusion is facilitated by three dynamin related



GTPases (Mitofusin 1 (Mfn1), Mitofusin 2 (Mfn2) and OPA-1) (Song et al., 2009) while mitochondrial
fission is catalyzed by the dynamin realted protein 1 (DRP1). The antagonistic activities of
mitochondrial fusion and fission are required to maintain form and function of mitochondria,
including mitochondrial distribution and inheritance, coordination of cell death programs or adaption
to bioenergetic requirements. For instance, increased mitochondrial fusion under starvation
conditions protects the organelle from degradation and maximizes energy production (Gomes et al.,
2011, Rambold et al., 2011). In addition, fusion and fission processes are crucial to maintain
mitochondrial quality (Youle and van der Bliek, 2012). For instance, mitochondrial fusion represents
an important mechanism for respiratory active cells to exchange mitochondrial content, such as
metabolites, enzymes, mitochondrial gene products and mtDNA (Nakada et al., 2009). This functional
complementation is especially important for an equal distribution of damaged and functional mtDNA
molecules. This heteroplasmy is critical for maintaining a functional organelle (Nakada et al., 2009).
Conversely, mitochondrial fission maintains mitochondrial quality by facilitating mitophagy, the
degradation of defective mitochondria via autophagy (Twig et al., 2008, Kageyama et al., 2012,
Kageyama et al., 2014). Thus, balanced fusion and fission events maintain a functional organelle and
disruption of one of these processes has severe consequences. For instance, decreased mitochondrial
fusion by conditional deletion of Mfnl and Mfn2 leads to mtDNA depletion and mitochondrial
dysfunction (Chen et al., 2010) while mutations of OPAL1 lead to the development of optic atrophy in

humans, a progressive loss of retinal ganglion cells (Liesa et al., 2009).

1.1.2. Oxidative Phosphorylation (OXPHOS) and Electron Transport Chain (ETC)

Hydrolysis of ATP to ADP is the major source of transferring free energy within a cell. The process by
which ADP is phosphorylated to form ATP is termed oxidative phosphorylation (OXPHOS). The
OXPHOS system is comprised of five protein complexes forming the electron transport chain (ETC),
which represents the basis for mitochondrial ATP production. The transfer of electrons from
nicotinamide adenine dinucleotide (NADH) or flavin adenine dinucleotide (FADH2) to molecular
oxygen generates the energy to phosphorylate ADP. This reaction takes place along with electron

transport through the ETC, which is composed of four oxidoreductase complexes and the ATP



synthase complex: the NADH dehydrogenase (complex I or CI), succinate dehydrogenase (complex II
or CII), cytochrome c reductase (complex III or CIII) and cytochrome c oxidase (complex IV or CIV).
Additionally, two electron carriers ubiquinone and cytochrome ¢ (Cyt c) shuttle electrons along the
respiratory chain. Ubiquinone transfers electrons from CI/CII to CIII and Cyt ¢ from CIII to CIV. The
series of redox reactions is coupled to the transfer of protons across the IM. This leads to the buildup
of a proton concentration gradient between the matrix and the IMS and an electrochemical potential
across the IM. This membrane potential is utilized by the FOF1-ATPase (complex V or CV) to couple
the reflux of protons into the matrix with the phosphorylation of ADP to generate ATP. In addition,
the mitochondrial membrane potential is required for additional mitochondrial functions, such as
uptake of the signaling molecule Ca** (Rottenberg and Scarpa, 1974), transport of metabolites across
the IM (Eilers et al., 1987), stabilization of mtDNA translation products (Cote et al., 1990) and
initiation of apoptosis (Zamzami et al., 1995). Therefore the membrane potential serves as a marker for
mitochondrial function.

The protein complexes of the ETC are organized into different supercomplexes or respirasomes. The
most stable supercomplexes in mammals are the dimeric ATP synthase and the CI/CIIL/CIV 4
supercomplex, comprising CI, dimeric CIII and one to four copies of CIV. The organization into
respirasomes has functional importance since it allows enhanced transfer rates (termed electron
channeling) as well as regulation and increased stabilization of the OXPHOS complexes. Furthermore,
supercomplexes determine the ultrastructure of the IM. The oligomerisation of the ATP synthase in
the IM induces a strong local bending of the membrane, which results in the formation of cristae
structures and increases the area for the integration of ETC components (Schagger et al., 2004, De los

Rios Castillo et al., 2011).

1.2.  Mitochondrial DNA (mtDNA)

The ETC comprises 90 proteins encoded by both the nuclear and mitochondrial genome (see Table
1-1). All of the 13 mtDNA-encoded proteins are essential parts of the ETC and the ATP synthase

complex. Consequently, alterations of mtDNA severely impact mitochondrial OXPHOS.
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Table 1-1: Overview of ETC subunits encoded by mitochondrial DNA (mtDNA) and nuclear DNA (nDNA)

Complex I Complex II Complex III Complex IV Complex V
mtDNA 7 0 1 3 2
nDNA 39 4 10 10 14

MtDNA is circular double stranded DNA located in the matrix of mitochondria. Eukayotic cells

typically contain thousands of mtDNA molecules (Malka et al., 2006) (See Figure 1-1).

mitochondrial GFP

Figure 1-1: Confocal images of mitochondria and mtDNA in mouse embryonic fibroblast (MEF) cells.
MEF cells expressing GFP targeted to mitochondria (left) were immuno-stained with anti-DNA antibodies to
visualize mtDNA molecules (middle).

In contrast to its nuclear counterpart, mammalian mtDNA is very small with an approximate
length of 16 kilobases (kb). The mitochondrial gene structure is very compact and the coding region of
13 proteins, 22 transfer RNAs (tRNAs) and 2 ribosomal RNAs (rRNAs) contains no introns. The only
non-coding region of mtDNA is termed the displacement loop (D-loop), which contains the
regulatory sequences for transcription and replication. Replication and segregation of mtDNA is
radically different from the nuclear genome since mtDNA is constantly replicated in the mitochondrial
matrix, independently of the cell cycle (Falkenberg et al., 2007). The mitochondrial genome is
maternally inherited, paternal mitochondria and mtDNA are actively destroyed after fertilization

(Sutovsky et al., 1999, Nishimura et al., 2006, Al Rawi et al., 2011). Due to this unique feature, mtDNA

11



is a powerful tool for tracking ancestry within species and frequently used in genealogy and
anthropology research.

In contrast to the nuclear genome, mtDNA lacks histones but several associated proteins pack
mtDNA into dense structures, termed nucleoids. Mitochondrial nucleoids facilitate a variety of
functions, including organization and protection of mtDNA. During mtDNA replication, repair and
translation, several ancillary factors are recruited, which render nucleoids very dynamic structures.
Consequently, the protein repertoire is not entirely characterized (Bogenhagen, 2012). The most
abundant nucleoid protein is the mitochondrial transcription factor A (TFAM) (Hallberg and Larsson,
2011, Shi et al., 2012), which represents the main mtDNA packaging factor and plays a crucial part in
mtDNA transcription and replication. In addition, several other proteins comprising the mtDNA
repair and replication machinery are localized to nucleoids in mammals, including DNA polymerase y,
Twinkle or the single stranded mtDNA binding protein (mtSSBP) (Bogenhagen, 2012).

The 13 proteins encoded by mtDNA are critical for mitochondrial function as they are rate-limiting
for ETC assembly. The assembly of the ETC is very complex and requires a tightly regulated and
coordinated expression of nuclear and mitochondrial genes. Accordingly, mutations of distinct
accessory proteins that regulate mtDNA maintenance, transcription and replication lead to ETC
impairments with severe pathological consequences in humans. Apart from mtDNA quality, reduction
of mtDNA copy number leads to the clinically very heterogeneous mitochondrial depletion syndrome
in humans (El-Hattab and Scaglia, 2013). Paradoxically, a severe increase in mtDNA copy number
leads to nucleoid enlargement, age-dependent mtDNA deletions and ETC dysfunction in mice
(Ylikallio et al., 2010). Therefore, maintaining an appropriate amount of functional mtDNA molecules
is crucial for cell viability. In fact, quantitative or qualitative alterations of the mitochondrial genome
are the primary cause of mitochondrial disorders (Taylor and Turnbull, 2005, Schapira, 2012,
Koopman et al., 2013).

Consequently, the identification of proteins involved in regulation and maintenance of mtDNA is

helpful for the understanding and treatment of mitochondrial dysfunction.
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1.3. Mitochondria in Ageing, Neurodegeneration and Pathology

Since mitochondria are critical for various cellular processes it is not surprising that dysfunction of this
organelle can lead to a myriad of human pathologies. Progressive impairments of mitochondrial
function, including increased oxidative damage and decreased antioxidant defense are thought to
contribute substantially to biological ageing. In fact, mitochondria from aged subjects show reduced
oxidative phosphorylation and ATP production as well as increased production of reactive oxygen
species (ROS) (Gomez et al., 2009, Gouspillou et al., 2014, Sgarbi et al., 2014). Conceptually, the
mitochondrial theory of ageing considers ageing a vicious cycle of accumulating oxidative damage to
proteins, lipids, nuclear DNA and mtDNA over time. Increased oxidative damage, in particular to
mtDNA, causes ETC impairments, consequently increased ROS production and further oxidative
damage to DNA. However, this is a simplified view on the role of mitochondria in ageing.

For instance, mice with mutated polymerase y (POLG) (POLG mutator mice) and therefore a defective
proofreading capacity during mtDNA replication, show a high mtDNA mutation rate and a premature
ageing phenotype (Edgar and Trifunovic, 2009). Similarly, in ageing humans the mutation rate of
mtDNA is up to 15-fold higher than that of nuclear DNA (Short et al., 2005). Interestingly, the
mutator mice did not show increased ROS production, indicating that OXPHOS impairment rather
than ROS might be responsible for the ageing phenotype (Trifunovic et al., 2005). However, other
evidence indicates that mitochondrial dynamics as well as impaired cellular protein homeostasis
contribute also to the very complex ageing process (Douglas and Dillin, 2010, Gkikas et al., 2014,
Sgarbi et al., 2014).

Disruption of a variety of mitochondrial functions, such as loss of respiratory activity, mtDNA
mutations, defects in mitochondrial degradation, impaired mitochondrial dynamics, altered structure
and morphology as well as reduced mitochondrial trafficking and transport, either contribute or cause
neuronal demise (Parashos et al., 2014). Consequently, mitochondrial dysfunctions are a key
component in the pathology of late-onset, progressive neurodegenerative diseases, including
Parkinson's, Huntington's, Alzheimer's, amyotrophic lateral sclerosis or Charcot-Marie-Tooth,
which are clinically characterized by impairments of motor functions, cognitive decline as well as
alterations in behavior and personality.

An additional class of genetically very diverse human pathologies caused by mitochondrial

dysfunction are the so-called mitochondrial disorders. These disorders are generally divided into two
13



classes. Secondary or acquired disorders manifest from accumulation of mitochondrial damage over
time. They can either directly cause several well-defined neuromuscular syndromes or indirectly
contribute to other degenerative disorders such as diabetes, cancer or cardio-vascular diseases.

In contrast, primary or inherited mitochondrial disorders are either caused by reduction of
mtDNA copy number or mutations of mtDNA and nuclear DNA. The onset of these diseases varies
between birth and late adulthood and they are characterized by a very heterogeneous combination of
symptoms. Therefore, they are further classified either by the resulting biochemical defects or their
clinical manifestation. Biochemical defects include defects in the ETC, in pyruvate-oxidation, fatty-
acid metabolism or the Krebs cycle. Accordingly, tissues with high-energy expenditure such as muscle,
brain and retina are most vulnerable to changes in mitochondrial function, even though also tissues
with a lower metabolic demand are affected, including peripheral nerves, sensory organs, heart,
kidneys and endocrine tissues (DiMauro, 2004). Consequently, the most common pathological
phenotypes of mitochondrial disorders are vision impairments, neuronal degeneration and muscular
atrophy, which are associated with a variety of clinical syndromes (Schapira, 2012). For example,
chronic progressive external ophthalmoplegia (CPEO) describes a late onset, progressive inability to
move eyes or eyebrows, which in severe cases can extend to cognitive impairment or growth
retardation. The Kearns-Sayre-Syndrome (KSS) describes CPEO with an additional degeneration of
the retina, cardiomyopathy and can also include cerebellar ataxia and muscle weakness. Patients
suffering from myoclonic epilepsy with ragged red fibres (MERRF) syndrome experience myoclonic
seizures, clumping of damaged mitochondria in the subsarcolemmal region of muscle fibres, hearing
loss and exercise intolerance. The clinical manifestation of mitochondrial encephalomyopathy,
lactoacidosis and stroke like episodes is defined as the MELAS syndrome while patients with the
LHON syndrome (Lebers hereditary optic neuropathy) show degeneration of retinal ganglion cells.
Leigh’s disease is a neurometabolic disorder of the CNS and combines several phenotypes such as
dysphagia, seizures, muscle atrophy, ataxia and respiratory failure (Koopman et al., 2013).

In this context, a mitochondrial disorder similar to Leigh’s disease has been associated with the
mitochondrial protein apoptosis inducing factor (AIF) (Ghezzi et al., 2010). Patients carrying the AIF-
R201 deletion display delayed psychomotor development, severe muscle atrophy and progressive
neurodegeneration. Furthermore, reduction of AIF protein levels leads to mitochondrial CI deficiency

in mice (Vahsen et al., 2004, Benit et al., 2008). These “harlequin” mice (see section 1.4.4) display many
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features of human Leigh’s syndromes, such as progressive neurodegeneration, ataxia and muscle
atrophy.

Despite considerable progress in understanding the causes of mitochondrial disorders no effective
treatments have been developed so far (Benit et al., 2008). This can be partially attributed to the lack of
suitable animal models. However, the discovery of the harlequin mouse offered a valuable in vivo
model to identify the underlying molecular mechanisms of mitochondrial disorders and to design

treatments for such diseases.

1.4.  Apoptosis Inducing Factor (AIF)

ATF is a flavoprotein with an oxidoreductase activity, located in the IM, IMS or OM of mitochondria
(Susin et al., 1999, Yu et al., 2009). Under stress conditions AIF is cleaved and translocated to the
nucleus where it assists in chromatin condensation and DNA degradation (Joza et al., 2001) (see Figure
1-2). This cell death signaling event occurs in a caspase-independent manner. Beyond its role in cell-
death, AIF is essential for cell survival, implicated in the maintenance of mitochondrial morphology
and involved in cellular energy metabolism by stabilizing the ETC, in particular CI (Vahsen et al.,
2004) (see Figure 1-2). This dual role of AIF in cell death and survival is highly evolutionary conserved

from nematodes, such as C. elegans, to mice and humans.
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Figure 1-2: Schematic overview of AIF functions in cell survival and apoptosis. The AIF precursor protein
is imported into the mitochondria via its mitochondrial localization sequence (MLS). The MLS is cleaved and
mature AIF is integrated into the inner mitochondrial membrane (IM). AIF is important for stabilization of the
electron transport chain (ETC) in non-apoptotic conditions. Induction of apoptosis leads to the proteolytic
processing of AIF by calpains/cathepsins and apoptogenic AIF is released from mitochondria. Translocation to
the nucleus is inhibited by Hsp70 and enhanced by CypA. In the nucleus, AIF recruits CypA, H2AX and EndoG
to form the degradasome, which leads to chromatin condensation and DNA fragmentation. OM: outer
mitochondrial membrane, IMS: intermembrane space

1.4.1. Discovery of AIF

In the early 1990s little was known about the molecular mechanisms underlying programmed cell
death (PCD) and it was shown that cells lacking a nucleus (anucleate cells) had the capability to
undergo PCD (Schulze-Osthoff et al., 1994). Therefore, the hypothesis that cytoplasmic factors might
control apoptosis arose. A first breakthrough was the observation that the protein B-cell lymphoma 2
(Bcl2) protected cells from PCD (Allsopp et al., 1993, Jacobson et al., 1994, Newmeyer et al., 1994).
Moreover, it was shown that reduction of the mitochondrial transmembrane potential preceded the
first signs of nuclear apoptosis, such as chromatin condensation and DNA fragmentation (Zamzami et

al., 1995). Therefore, in 1996 the group of Guido Kroemer tried to link mitochondrial dysfunction to
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apoptosis. They found that mitochondria control nuclear apoptosis by the opening of the
mitochondrial permeability transition pore (MPTP), which is localized at the OM, and that this
opening is a critical event in inducing PCD (Zamzami et al., 1996). Permeabilization of the OM leads
to the release of soluble factors, which alone can force the nucleus to adopt an apoptotic-like
morphology even in a cell-free system (Zamzami et al., 1996). Only six months later one of these

factors was purified and named Apoptosis Inducing Factor (AIF) (Susin et al., 1996).

1.4.2. AIF in Apoptosis

PCD is the mechanism of cellular self-destruction and is critical for a variety of normal physiologic
processes, such as tissue maintenance by removal of defective cells and development. PCD can be
classified into four different types.

The key hallmark of type 1 PCD, termed apoptosis, is the activation of caspases, a specific class of
cysteine proteases. Induction of apoptosis is achieved by the activation of “death receptors” in an
“extrinsic” pathway or via a mitochondria dependent “intrinsic” pathway (Portt et al., 2011). The
intrinsic pathway is associated with the permeabilisation of the OM and the release of several pro-
apoptotic proteins from the IMS. For instance, the release of Cyt ¢ leads to a direct activation of
caspases, while Smac/DIABLO (Second Mitochondrial derived activator of Caspase/Direct IAP-
Binding protein with a Low pI) and the serine protease Omi/HtrA2 antagonize caspase inhibitors
(Hengartner, 2000). The activation of caspases ends in well-known hallmarks of apoptosis such as
DNA and nuclear fragmentation or membrane blebbing.

Type 2 PCD is morphologically characterized by the appearance of “autoplasmic” double membrane
vacuoles and therefore termed autophagic PCD. This mode of PCD is characterized by massive
degradation of essential organelles by lysosomal activity (Gozuacik and Kimchi, 2007).

Type 3 PCD is morphologically characterized by the appearance of swelling organelles and
fragmentation of the plasma membrane (Schweichel and Merker, 1973).

Given that PCD type 2 and 3 occur without pronounced chromatin condensation and independently

of caspase activation they are classified as necrosis-like (Leist and Jaattela, 2001).
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Induction of type 4, apoptosis-like PCD results in chromatin condensation similar to apoptosis
without activation of caspases (Jaattela and Tschopp, 2003). This cell death pathway is controlled by
mitochondria and its main effector is AIF.
Under physiological conditions AIF is anchored to the IM by an integral membrane domain.
In response to apoptotic stimuli AIF is cleaved by calpains or cathepsins and soluble AIF protein is
released into the IMS (Polster et al., 2005, Yuste et al., 2005, Liu et al., 2009). Upon permeabilization of
the OM, soluble AIF is released from mitochondria and translocated to the nucleus (see Figure 1-2).
This translocation is positively regulated by cyclophilin A (CypA) while it is inhibited by the heatshock
protein Hsp70 (Gurbuxani et al., 2003, Doti et al., 2014). In the nucleus AIF induces a whole pattern
characteristic of nuclear apoptosis, including chromatin condensation and DNA fragmentation (Susin
et al., 1996, Susin et al., 1999). Interestingly, AIF alone does not possess DNAse activity and AIF-
mediated DNA degradation depends on the recruitment of downstream nucleases. Studies in C.
elegans demonstrated that the worm AIF ortholog WAH-1, cooperates with the mitochondrial
endonuclease CPS-6/endonuclease G (EndoG) to promote DNA degradation (Wang et al., 2002).
Moreover, in alkylating DNA damage-induced necroptosis, the process of programmed necrosis, AIF
participates in assembling a DNA degradation complex with histone H2AX and CypA (Artus et al,,
2010) (see Figure 1-2).
Strikingly, the C-terminal domain of AIF, is responsible for the pro-apoptotic function and shows
a strong homology to bacterial NADH ferredoxin reductases or NADH-oxidoreductases from other
vertebrates (Xenopus laevis) and in-vertebrates (C. elegans, D. melanogaster), but also with
dehydroascorbate reductases in plants (Lorenzo et al., 1999). Albeit, AIF shows an oxidoreductase
activity, it can be dissociated from its pro-apoptotic function (Susin et al., 1999, Miramar et al., 2001,
Vahsen et al., 2004, Cheung et al., 2006). Paradoxically, conditional AIF knockout mice show increased
apoptosis and AIF is not important for apoptosis during early embryonic development (Brown et al.,
2006). AIF deficient embryos show a similar-to-wildtype morphology until embryonic day E7.5 and a
normal developmental cavitation process, but extensive cell death occurs at day E9, which immediately
results in embryonic lethality. This extensive abnormal cell death was caused by reduction of
mitochondrial CI and therefore impairments of the energy metabolism (Brown et al., 2006). However,
several in vivo studies suggest that AIF is required for PCD after certain types of neuronal injury, such

as hypoxia-ischemia (Klein et al., 2002, Cheung et al., 2005, Sun et al., 2012).
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1.4.3. Structure of AIF

AIJF is a mitochondrial protein that is transcribed in cytoplasmic ribosomes and transported into
mitochondria via a N-terminal localization sequence (MLS). This precursor protein contains two

nuclear localization sequences (NLS) and a NAD- and FAD binding motif (see Figure 1-3).
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Figure 1-3: Overview of the AIF protein structure. A The AIF precursor is translated in the cytosol and
transported to mitochondria via its mitochondrial localization sequence (MLS). It contains one transmembrane
domain (TMD) and two nuclear localization signals (NLS). B Structure of mature AIF after cleavage of the MLS.
C After cleavage of the TMD AIF becomes apoptogenic.

After cleavage of the MLS, AIF binds FAD, which is the only identified prosthetic group and is
necessary for correct protein folding (Miramar et al., 2001, Mate et al., 2002). This mature form of AIF
is finally integrated into the IM with its major part presumably facing the IMS (see Figure 1-3). Under
physiological conditions native AIF appears predominantly in a monomeric form but dimerizes upon
binding of NADH and subsequent reduction of the flavin moiety (Ferreira et al., 2014).

Analysis of the crystal structure of the mature mouse AIF (A1-121) revealed that it functions as an
electron transferase with a mechanism similar to bacterial ferredoxin reductases (Mate et al., 2002).
The same study showed that its overall structure displays a glutathione reductase (GR)-like fold.
Similar to these enzymes AIF has three functional domains: The FAD binding domain (residues 122-
262 and 400-477), a NAD(H)-binding domain (263-399) and a C-terminal domain (478-610).
Moreover, an exclusive feature of mammalian AIF is the existence of a proline (P), glutamic acid (E),
serine (S) and threonine (T) rich (PEST) sequence. PEST sequences are important for a rapid protein
turnover and protein-protein interactions. In addition, this sequence contains a Pro-rich motif
(PPSAPAVPQVP) with a polyproline-2 helix that suggests a possible interaction between AIF and

proteins containing SH3 and WW modules (Mate et al., 2002). In fact, this proline-rich domain is
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fundamental for chromatinolysis, as it mediates the association with histone H2AX during caspase-
independent cell death (Artus et al., 2010). The crystal structure of human AIF proved to be quite
similar to the mouse structure (Ye et al., 2002). However, it bears a strong positive electrostatic surface
potential, which results in sequence- and length- independent binding of AIF to DNA (Ye et al., 2002).
Another very recent structural analysis of human AIF identified a second NAD(H) binding site with in
vivo relevance (Ferreira et al., 2014). In fact, this site is important for proper dimerisation of AIF, and
two out of three detected human pathologies caused by AIF dysfunction show defects in this sequence

(Ferreira et al., 2014).

1.4.4. AIF in Cell Survival

ATF is not a universal cell death effector and during recent years it has been recognized that AIF is
a critical pro-survival factor. Given that a homozygous AIF knockout in mice results in embryonic
lethality, the generation of conditional mouse models offered important tools to gain insights into the
critical role of AIF in cell survival. One of the most relevant mouse models is the harlequin mouse.
These animals show 80% reduced AIF protein expression caused by a pro-viral insertion in the AIF
gene (Klein et al., 2002). Both harlequin males and females are viable and do not show any obvious
phenotypes during early adulthood (Klein et al., 2002, Benit et al., 2008) . However 2-3 month after
birth these mice show hair loss, develop ataxia and exhibit retinal degeneration. Furthermore,
harlequin mice show progressive cerebellar degeneration after 4 months of age (Klein et al., 2002). In
general, AIF reduction has a detrimental effect on the health of ageing adult mice (Benit et al., 2008).
These phenotypes are caused by mitochondrial dysfunction induced by ETC deficiency (Vahsen et al.,
2004, Chinta et al., 2009). The harlequin mouse offers therefore, a suitable in vivo model for studying
human mitochondrial disorders because it resembles several pathological phenotypes of these diseases

(Benit et al., 2008).

AIF and Mitochondrial Respiration

A variety of experimental evidence suggests that AIF is crucial for mitochondrial respiration and

metabolism, both necessary for cell survival.
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The first observations of broad metabolic changes connected to AIF were made in AIF knockout
embryonic stem cells (ESCs) by Vahsen and colleagues (Vahsen et al., 2004). This study showed that
AIF” ESCs exhibit reduced in vitro growth and enhanced lactate production, due to 50% reduced
activity of CI and CIII. Moreover, the AIF” ESCs displayed no oxidative stress-induced damage but
enhanced glucose dependency. The same study demonstrated alterations of CI protein levels in the
harlequin mouse (Vahsen et al., 2004). While loss of CI subunits was detectable in all organs of
harlequin mice, loss of CI activity was observed mainly in the central nervous system including cortex,
cerebellum, thalamus, optical nerves and retina as well as in skeletal muscle (Vahsen et al., 2004).
Apart from CI, the absence of AIF can also affect other respiratory complexes. For instance, a targeted
deletion of AIF in mouse heart or liver results in CI deficiency and abnormal CIV activity in both
tissues, while loss of CV subunits only occurred in the liver (Joza et al., 2005, Pospisilik et al., 2007).
These studies showed that AIF has an important function in stabilizing the ETC in mitochondria, even
though the underlying mechanism of its stabilizing function remains enigmatic.

Another observed phenomenon of AIF deficiency is altered ROS production as a consequence of
CI impairments. These studies on ROS and oxidative damage in conditions of reduced AIF protein
expression showed, however, inconsistent outcomes. For instance siRNA knockdown of AIF in
different cell lines, such as HCT116, DLD-1 and MCF-7 led to decreased ROS levels, suggesting that
ATF is a ROS generator (Urbano et al,, 2005). In contrast, studies in harlequin mice showed increased
oxidative stress in the cerebellum as displayed by lipid peroxidation as well as increased glutathione
and catalase activity, suggesting that loss of AIF increases ROS production (Klein et al., 2002). The
latter findings were supported by detailed studies in Hep3B and HeLa cells, showing that knockdown
of AIF leads to significantly increased ROS levels (Apostolova et al., 2006). Interestingly, studies in AIF
deficient ESCs and mitochondria derived from heart- and liver-specific AIF knockout mice did not
show any alterations in ROS production (Joza et al., 2005, Pospisilik et al., 2007).

Finally, AIF deficiency leads to complex metabolic consequences including decreased ATP,
decreased NAD+ and increased adenosine monophosphate (AMP) levels as well as a metabolic switch
towards glycolysis (Pospisilik et al., 2007). Mice carrying a muscle-specific deletion of AIF exhibit
improved glucose tolerance and insulin sensitivity as well as resistance to diet induced obesity and
diabetes (Pospisilik et al., 2007). This is even more pronounced in harlequin mice, which show an

almost complete resistance to diet-induced diabetes (Joza et al., 2005, Pospisilik et al., 2007).
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AIF and Mitochondrial Morphology

Mitochondrial metabolism is tightly linked to organelle structure and morphology. Apart from the
role of AIF in mitochondrial ETC composition, there is evidence that AIF is also involved in regulating
mitochondrial structure. First observations were made in a telencephalon-specific AIF knockout
mouse model (tel AIFA), which lacks AIF only in cortical neurons (Cheung et al., 2006). Mitochondria
in neurons from tel AIFA mice were fragmented with aberrant cristae, which were dilated and not
oriented in an orderly fashion (Cheung et al., 2006). Moreover, overexpression of AIF anchored to the
IM led to increased mitochondrial fusion in wildtype cells (Cheung et al., 2006). Notably, the
evolutionary conserved fusion protein OPAl was suggested to form a complex with AIF to
cooperatively regulate and stabilize the ETC (Zanna et al., 2008). Additionally, harlequin mice
cerebella showed reduced levels of Mfnl, suggesting that alterations of mitochondrial fusion led to

cerebellar degeneration (Chung et al., 2011).

AIF and Cell Division

Upon the characterization of the harlequin mouse, AIF deficiency was for the first time considered
to impact cell cycle and cell division. The cell cycle comprises four consecutive phases: a long growth
phase (G1 phase), a DNA replication phase (S phase), a short growth phase (G2 phase) and finally cell
division or mitosis (M phase). Klein and colleagues observed that postmitotic retinal neurons and
cerebellar granule cells in harlequin mice re-enter the cell cycle and subsequently undergo apoptosis
(Klein et al., 2002). Moreover, mice with a specific AIF knockout in the cerebellum (enl AIFA and
nestin AIFA) showed an increased number of Pukinje cells in S-phase, which did not undergo mitosis
during neurogenesis (Ishimura et al., 2008). Furthermore, the same study showed that the Purkinje cell
precursors display a shorter G1-phase, enter S-phase prematurely, arrest in G2 and initiate caspase-
dependent apoptosis. In contrast, the G1/S phase transition in cerebellar granule cell precursors of
these mice was disrupted presumably because cells were arrested in G1 (Ishimura et al., 2008).

Harlequin mice suffer not only from neurodegeneration but also sarcopenia, a degenerative loss of
skeletal muscles, resulting from a reduced satellite cell pool in muscle tissue. This is due to a delayed
cell cycle entry of the harlequin satellite cells, resulting in a stalled activation of satellite cell precursors,

which delays muscle regeneration (Armand et al., 2011).
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1.4.5. AIF in Neurodegeneration

AJF deficiency in vivo leads to neuronal death and neurodegeneration, due to ETC defects that
cause decreased neuronal energy availability and presumably increased neuronal ROS production.

Harlequin mice exhibit a late onset retinal degeneration with a loss of ganglion and amacrine cells
starting after 3 month of age, while all neuronal layers are affected by the age of 11 month (Klein et al.,
2002, Benit et al, 2008). Moreover, the harlequin cerebellum shows a progressive degenerative
phenotype (Klein et al., 2002). While the gross cerebellar morphology at 3 month of age appears
similar, a large population of cerebellar neurons shows condensed nuclei already at 4 month (Klein et
al., 2002). After 7 month of age the cerebellum is much smaller and most of the cerebellar granule cells
(CGNs) are lost at 12 month of age, probably due to increased oxidative stress and cell cycle re-entry
(Klein et al., 2002). Similarly, AIF ablation in the embryonic or early postnatal cerebellum results in
hypoplasia due to disrupted Purkinje cell development, resulting from a premature entrance into S-
phase during neurogenesis as well as S-phase cell cycle arrest and subsequent apoptosis of CGNs
(Ishimura et al., 2008). Thus, AIF is required for cerebellar neurogenesis as well as for the survival of
postmitotic cerebellar neurons. In addition, AIF is required for neuronal survival during cortical
development since telencephalon-specific AIF knockout is lethal at the mouse embryonic day E17
(Cheung et al., 2006). Primary cortical neurons from these mice undergo PCD after two days in
culture, which can be rescued by supplementation of additional pyruvate, uridine and glucose,
suggesting impaired respiration as the cause of cell death (Cheung et al., 2006).
Although AIF appears to be a cell death inducer, there is evidence that the protein has also
neuroprotective functions. In fact, AIF deficient harlequin mouse neurons show a striking resistance to
NMDA- and kainic acid induced excitotoxicity (Klein et al., 2002, Cheung et al., 2005). Furthermore,
reduced harlequin mice hippocampal neurons are protected against cell death evoked by kainic acid
induced seizures (Cheung et al., 2005). AIF downregulation also reduced brain injury and increased
neuronal progenitor cell survival after hypoxic-ischemia (Sun et al., 2012).

Overall, AIF acts as a Janus-like protein on neuronal survival. It can be either protective or

harmful to neurons, depending on the neuronal type and the physiological conditions.
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1.4.6. AIF in Human Pathology

There is recent evidence that AIF is associated with human mitochondrial disorders. To date three
different pathological AIF mutations have been identified which lead to an early onset of
neuromuscular symptoms and a considerably reduced lifespan in humans.

First, a deletion of the arginine residue R201 leads to severe mitochondrial encephalomyopathy,
characterized by delayed psychomotor development, severe muscle atrophy, axonal sensory
neuropathy, seizures and respiratory insufficiency (Ghezzi et al., 2010). This study showed reduced
levels of respiratory CIII and CIV and almost depleted mtDNA content in muscle biopsies from
affected patients. In addition, immortalized patient fibroblast cells showed decreased CI, CIII and CIV
protein levels and a fragmented mitochondrial network (Ghezzi 2010). The residue R201 is part of the
FAD-binding pouch and the second NAD(H)-binding site of AIF, which determine the protein’s
conformational stability and dimerization status (Ghezzi et al., 2010, Ferreira et al., 2014). Upon AIF
oxidation, R201 induces proper folding of the protein and limits the accessibility to the FAD-
containing active site. Therefore, deletion of R201 perturbs the functional properties of
oxidized/reduced AIF (Ghezzi et al., 2010). Upon exposure to NADH AIF-R201 can still form the
FADH2-NAD charge transfer complex but its lifetime is considerably lower. Moreover, in contrast to
wildtype AIF, oxidized AIF-R201 tends to lose the FAD cofactor (Ghezzi et al., 2010). As a functional
outcome AIF-R201 displays an increased DNA binding affinity and induces increased sensitivity to
staurosporine-induced cell death.

The second NAD(H) binding site is also affected in the recently reported AIF mutation E493V,
which leads to Cowchock syndrome, an X-linked form of Charcot-Marie-Tooth disease, characterized
by peripheral neuropathy, deafness and cognitive impairment (Rinaldi et al., 2012). An exchange of
glutamine to valine at position 493 alters the electrostatic surface potential near the AIF redox-center,
resulting in a four-fold higher reduction by NAD(H) and a significantly reduced half-life of the charge
transfer complex (Rinaldi et al., 2012). The faster oxidation of AIF-NAD(H) increases the
accumulation of monomeric AIF, which is more accessible to apoptotic cleavage (Rinaldi et al., 2012).
Accordingly, patient fibroblast cells displayed no disturbances of respiratory complexes or ETC
activity but had a higher nuclear translocation propensity for AIF-E493V and caspase-independent

apoptosis (Rinaldi et al., 2012).
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A third mutation of AIF, termed AIF-G308E, leads to an early prenatal ventriculomegaly, a brain
malformation, characterized by an altered development of the intracranial architecture leading to
abnormal tissue pressure and enlarged ventricles (Berger et al., 2011). Patients carrying the AIF-G308E
mutation exhibit swallowing difficulties, seizures and muscle atrophy. Isolated mitochondria from
muscle biopsies showed decreased CI and CIV activity (Berger et al., 2011).

The identification of several AIF mutations and their pathological sequelae have provided valuable
insights into the pro-survival functions of AIF. Importantly, the general symptoms associated with
these mutations are very similar to other mitochondrial disorders and therefore a better understanding

of the physiological role of AIF might prove beneficial in treating mitochondrial diseases in the future.
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2. Aims of this study

Mitochondria are essential for the function of cells, organs and whole organisms. Alterations of
mitochondrial functions not only contribute to the ageing process but cause an array of human
pathologies, such as neurodegenerative diseases, mitochondrial disorders, diabetes and cancer.

In this context, AIF plays a Janus-like role in cell survival. Although AIF is an evolutionary conserved
pro-death factor, it is indispensable for mitochondrial function and AIF dysfunction leads to severe
mitochondrial encephalomyopathy in humans.

Muscle biopsies from patients carrying the AIF-R201 mutation showed a depletion of mtDNA,
suggesting that AIF is implicated in mtDNA maintenance (Ghezzi et al., 2010). Moreover, AIF was
shown to directly interact with the mitochondrial endonuclease EndoG during PCD (Wang et al,,
2002) and EndoG knockout mice display decreased mtDNA copy number in the heart (McDermott-
Roe et al, 2011).

Considering these observations, I measured mtDNA copy number in harlequin mice and detected a
significant increase in mtDNA content. Consequently, the present study aimed to elucidate the
mechanism that led to increased mtDNA copy number in AIF deficient conditions. Initially, the study
focused on well-established pathways that regulate mtDNA copy number by using C. elegans and
harlequin mice as model systems. However, increased mtDNA copy number in AIF deficient
conditions was independent of previously described mechanisms. Thus, I investigated pathways that
are not primarily linked to the regulation of mtDNA copy number. Finally, the present study points to
a new evolutionary conserved role of AIF in controling mtDNA copy number, mediated by the DNA

damage response pathway and cell cycle regulators.
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3. Results

3.1. Loss of WAH-1/AIF leads to increased mtDNA copy number and affects ETC
composition at a posttranscriptional level

The following study takes advantage of two different model systems - the nematode C. elegans and the
harlequin mouse model for addressing specific experimental questions. C. elegans was primarily used
to study genetic interactions, due to its short life cycle, the availability of mutant strains and its
feasibility for gene knockdown by RNA interference (RNAi). For knocking -down specific genes,
nematodes were fed with bacteria containing the appropriate dsDNA construct. This approach was
sufficient to reduce gene expression levels to residual 20-40%, which was confirmed in each
experimental setting by measuring mRNA levels using quantitative real time PCR (qPCR).

The harlequin mouse was used as a mammalian model to confirm the results obtained in nematodes.

These mice show 80% reduced AIF protein levels compared to wildtype littermates (Klein et al., 2002).

Loss of WAH-1/AIF leads to an evolutionary conserved increase of mtDNA

To assess whether AIF influences mtDNA copy number, I first measured mtDNA content in two
different models of AIF deficiency. Treatment of C. elegans with wah-1 RNAi for 12 days resulted in a
significant, more than 2-fold increase of mtDNA molecules in nematodes (Figure 3-1 A). To assess
whether this effect was evolutionary conserved, I measured mtDNA copy number in cerebella from
harlequin mice and their wildtype littermates. Strikingly, harlequin mice cerebella showed a 4-fold

increase of mtDNA in comparison to control littermates (Figure 3-1 A).
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Figure 3-1: Loss of WAH-1/AIF leads to an evolutionary conserved increase of mtDNA copy number in C. elegans
and harlequin mice. A qPCR and analysis of mtDNA copy number in N2 wildtype nematodes at day 12 (left). Worms were
subjected to control and wah-1 RNAi (n=5). (right) qPCR analysis of mtDNA copy number in wildtype (wt/Y) and harlequin
mice (Hq/Y) cerebella at 6 month of age (n=5). Values represent fold difference relative to control conditions. Asterisks show
statistical significance (unpaired Student’s t-test, *** p < 0.001). B Southern blot analysis showing mtDNA copy number in
N2 wildtype nematodes at day 12 (left), subjected to control (Ctr) and wah-1 RNAi. Southern blot analysis of mtDNA in
wildtype (wt) and harlequin mice (Hq) cerebella at 6 month of age (right).

This increase of mtDNA was also present in other tissues derived from harlequin mice, including
kidneys, lung, liver, testis and fat (data not shown). Next, I performed southern blot assays to verify
whether the qPCR assay was detecting the full-length, functional mtDNA or mtDNA fragments. To
this end, total DNA from nematodes after wah-1 RNAi treatment and DNA from harlequin mice
cerebella were processed and mtDNA was detected by using mtDNA-specific probes. Digestion of full-
length mtDNA with restriction enzymes gave a fragment of 9.9 kb in C. elegans or a 2 kb fragment in
mice (Figure 3-1 B). Southern blot analysis detected an increased amount of these fragments upon AIF
deficiency in both, nematodes and mice (Figure 3-1 B). Together, these results demonstrate that loss of
WAH-1/AIF leads to an increase of full-length mtDNA copy number, an effect that is evolutionary

conserved.

Increased mtDNA content does not lead to increased mitochondrial RNA expression

Since loss of WAH-1/AIF led to an increase in mtDNA copy number, I asked next whether this
elevation of mtDNA results in an increase of mtDNA gene expression. To this end, the mtRNA
expression levels of several mtDNA-encoded genes including the CI-subunits ND1, ND4, ND4L, ND5,
ND6, cytochrome B (Cyt B) as well as CIV-subunit COXI were measured by qPCR.

Interestingly, neither increased expression of ND1, ND4 and COXI in C. elegans (Figure 3-2 A) nor

ND1, ND5, ND4L, CytB and COXI in harlequin mice was observed (Figure 3-2 B). Notably, also
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expression of ND6 remained unchanged, indicating equal gene expression from light and heavy strand

mtDNA promoters (Figure 3-2 B).
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Figure 3-2: Increased mtDNA copy number upon WAH-1/AIF deficiency does not lead to increased mtRNA. A
qPCR analysis of ND1, ND4 and COXI mRNA expression in C. elegans wildtype after treatment with control (C) or wah-1
(W) RNAI. B Gene expression of ND1, ND5, ND4L, CytB, COXI and ND6 in cerebella from 6 month old wildtype (wt) and
harlequin (Hq) mice. Values represent fold difference relative to control conditions (n=3). Asterisks show statistical
significance (unpaired Student s t-test, *** p < 0.001).

Changes of ETC subunits occur at a posttranscriptional level

During the past few years it was shown that loss of AIF leads to ETC deficiency due to loss of CI. For
instance, harlequin mice show reduction of CI subunits in all tissues (Vahsen et al., 2004). Besides loss
of CI, knockout of AIF in muscle or liver results in reduced levels of CIV (Joza et al., 2005) or CV

(Pospisilik et al., 2007) respectively. However, these studies did not address whether ETC components
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encoded by mtDNA and nuclear DNA are differentially expressed. Therefore, I assessed ETC
composition in cerebella of 6 month old harlequin mice by western blot analysis using antibodies
against different subunits encoded by nuclear DNA (nDNA) or mtDNA. The nDNA-encoded CI
subunit Ndufb8 was robustly decreased while the mtDNA-encoded CI subunit ND5 showed no

pronounced decrease in protein levels (Figure 3-3).
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Figure 3-3: AIF deficiency leads to posttranscriptional changes of ETC subunits A Immunoblot analysis of nuclear-
encoded proteins AIF, CI subunit NDUFBS, CII subunit SDHB, CIII subunit Uqcrc2, CIV subunit COXIV and CV subunit
ATP5A (left). Western Blot analysis of mtDNA-encoded ETC subunits ND5 (CI) and MTCOL1 (CIV) (right). Analysis was
performed using samples from cerebella of 6 month old harlequin mice (Hq/Y) and control littermates (wt/Y) (n=>5).

Interestingly, the nuclear encoded subunit of CIV (COXIV) was not changed while the mtDNA
encoded subunit MTCO1 was decreased. In contrast, CII, CIII and CV subunits showed similar
protein levels in wild type and harlequin mice (Figure 3-3). Thus, nuclear-encoded CI and mtDNA-
encoded CIV were reduced in the cerebellum of harlequin mice. Given that the expression of mtDNA
genes was normal upon AIF deficiency (Figure 3-2 B), this suggests a posttranscriptional effect of AIF

on ETC subunits.
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3.2.  Increase of mtDNA copy number after WAH-1/AIF downregulation is not a
consequence of ETC impairments or PGC1la activity

Increase of mtDNA after loss of AIF is not a compensatory effect caused by ETC deficiency

Several models of mitochondrial deficiency, including TFAM knockout mice and CI deficient
nematodes, show increased mtDNA copy number and increased mitochondrial biogenesis to
compensate for the ETC impairment (Lee et al., 2000, Lee et al., 2003, Hansson et al., 2004). To address
whether the defective OXPHOS system in WAH-1/AIF deficiency led to increased mtDNA copy
number as a compensatory mechanism, I performed downregulation of wah-1 in C. elegans mutants
carrying different ETC defects. To this end, mutant strains were used, which carry loss-of-function
mutations for the ETC genes gas-1, mev-1 or clk-1. GAS-1 is one subunit of CI and loss of the gas-1
gene leads to reduced CI activity and a shortened lifespan (Kayser et al., 2001). MEV-1 is the worm
ortholog of the mammalian succinate dehydrogenase cytochrome b560 subunit of CII and mev-1 loss-
of-function leads to reduced CII activity and lifespan as well as increased ROS production (Ishii et al.,
1998). CLK-1 is the ortholog of COQ7/CATS5, a highly conserved demethoxyubiquinone hydroxylase,
necessary for the biosynthesis of ubiquinone (coenzyme Q), which shuttles electrons from CI or CII
respectively, to CIII. Consequently, CI-CIII activity is inhibited in clk-1 mutants, which results in
increased lifespan (Kayser et al., 2004), decreased mitochondrial respiration and decreased ROS
damage to mitochondrial proteins. Interestingly, mitochondria in clk-1 mutants scavenge ROS more
effectively than wildtype and show reduced oxidative stress (Yang et al., 2009). Therefore, clk-1
mutants were used as a negative control as mtDNA copy number should not be elevated compared to
wildtype animals.

As expected, gas-1 and mev-1 mutants showed a significant increase of mtDNA compared to the
wildtype control (Figure 3-4), probably due to a compensatory increase of mitochondrial biogenesis
caused by an impaired ETC. In contrast, the clk-I mutation did not lead to elevated mtDNA levels

compared to N2 (Figure 3-4).
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Figure 3-4: Increase of mtDNA levels after knockdown of WAH-1/AIF is not induced by electron
transport chain impairment. A Relative mtDNA levels in N2, mev-1(knl), gas-1(fc21) and clk-1(e2519) animals
at day 12 after wah-1 (RNAi). Values represent fold difference relative to control conditions (n=3). Asterisks
indicate statistical significance (unpaired Student’s ¢-test, *** p < 0.001).

However, reduction of WAH-1/AIF in these mutant backgrounds resulted in several-fold increase
of mtDNA (Figure 3-4). This suggests that the ETC defect in WAH-1/AIF deficient background was

not the primary cause of increased mtDNA.

Increased mtDNA is not mediated by reactive oxygen species (ROS) or oxidative stress induced
mitochondrial biogenesis

Increased oxidative stress in patients suffering from mitochondrial disorders is associated with
increased mitochondrial biogenesis and mtDNA replication (Lee et al., 2000). The effective
coordination of gene expression, protein synthesis and transport during mitochondrial biogenesis is
initiated by either anterograde signals send from the nucleus to the mitochondria or vice versa via
retrograde signals that originate at the mitochondria (Whelan and Zuckerbraun, 2013). These signals
include ROS, the AMP/ATP ratio, the mitochondrial unfolded protein response and oxidative stress
(Whelan and Zuckerbraun, 2013). To address whether increased mitochondrial biogenesis contributes
to increased mtDNA in WAH-1/AIF deficient conditions, I assessed signaling events and
transcriptional regulators, which induce mitochondrial biogenesis as well as mitochondrial mass.

One important retrograde signal to induce mitochondrial biogenesis is ROS (Lee et al., 2000). To
address whether increased ROS signaling led to increased mtDNA in WAH-1/AIF deficient

conditions, I supplemented wildtype or wah-1 RNAi-treated worms with vitamin C. Supplementation
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of vitamin C, an antioxidant ROS scavenger, is a commonly used method to study ROS signaling in C.
elegans (Yang and Hekimi, 2010).

Supplementation of vitamin C reduced mtDNA copy number in wildtype N2, probably due to
decreased ROS signaling (Figure 3-5 A). However, supplementation with the antioxidant in animals
with reduced WAH-1/AIF expression led to increased mtDNA copy number (Figure 3-5 A). This

suggests that ROS were not mediating the increase in mtDNA upon WAH-1/AIF knockdown.

A 3 B 3 * kK * kK D
_— o cCtr O Ctr wt/Y Hag/Y
Kk *% 2 wah-1 < & wah-1 Tom20
< 2 Z 2 [ | skn-1 .
Z =) 3 skn-1;wah-1 Tubulin
> <
< Z
1 Q
aQ €
€
0
+ Vitamin C
C
2.0; 2.0; 2.00 2.0, - 2.0
— 2 o o 8 O wt
e 3 < s o 3 Hq
£ 1.5 2 1.5 3 1.5 S1.5 1.5
© R g * © ns © ns © ns
e e e - 2 e
3 1.0{ = S 1.0{ 3 1.0 T o10{=mm o o 1.0 T
R ke - O R 2
S 0.5 X ° o5 2 05 S 0.5] o 0.5
o o o o XS]
0.0 0.0 0.0— . 0.01— . 0.0
2.0, 2.0, a 2.0, _ 3 *k 2.0,
o o ? s s O wt
i = iy oH
Z 15 s 15 s = 15 ns I T L 1.5 ns a
@ @ @ o 24 [0}
e e e e e
6 1.0] = % 1.0| =2 S 1.0 == 5 5 1.0 =L
8 T s 8 8 8
5 5 5 T 1 - 5
- 0.5 - 0.5 - 0.5 ° 5 0.5
Lo Lo Lo Lo o
0.041— . 0.0 — . 0.01— . 0 0.0

Figure 3-5: Increased mtDNA in WAH-1/AIF deficient conditions is not a result of ROS signaling,
increased oxidative stress, increased mitochondrial biogenesis or increased PGCla activity. A Relative
mtDNA levels in N2 nematodes at day 12 after treatment with or without 0.5 mM vitamin C and knockdown of
wah-1 by RNAI. B Relative mtDNA content in N2 animals treated with wah-1 (RNAi), skn-1 (RNAi) and wah-
I;skn-1 (RNAi). C Immunoblot analysis of the translocase of the outer mitochondrial membrane (TOM20) in
MEF cells derived from wildtype (wt/Y) or harlequin mice (Hq/Y). D Relative mRNA expression of NRF1 and its
target genes NDUFS8 (CI), SDHb (CII), Uqcrc (CIII), ATP5al (CV) (upper row). Lower row shows mRNA
expression of NRF2 and NRF2 target genes SOD2, MnSOD, Hmox1 and TFAM. qPCR was performed on 6
month old cerebella from wildtype control (wt) and harlequin mice (Hq). Values represent fold difference
relative to control conditions. Asterisks show statistical significance (unpaired Student’s ¢-test, *** p < 0.001).
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Next, I tested whether increased mitochondrial biogenesis caused by oxidative stress in general led
to the observed mtDNA phenotype, by measuring mtDNA copy number in nematodes treated with
skn-1 RNAi. SKN-1 is a basic leucine zipper domain (bZip) transcription factor and the ortholog of the
mammalian nuclear respiratory transcription factors (NRF), which regulates the adaptive oxidative
stress response (Glover-Cutter et al., 2013). Downregulation of WAH-1/AIF in skn-1 deficient
nematodes resulted in increased mtDNA (Figure 3-5 B), suggesting that the response to oxidative stress
did not mediate the effect of wah-1 silencing on mtDNA copy number.

In mammals transcriptional regulation of mitochondrial biogenesis is mediated through the
activity of peroxisome proliferator-activated receptor gamma coactivator-1 a (PGCla). PGCla
activates and increases the expression of the nuclear respiratory transcription factors NRF1 and NRF2.
These factors induce the transcription of genes essential for mitochondrial biogenesis, such as ETC
components, mitochondrial structural proteins, mtDNA maintenance proteins and oxidative stress
response proteins (Puigserver and Spiegelman, 2003).

By assessing the activity of PGCla, I tested whether increased mitochondrial biogenesis
contributed to increased mtDNA upon AIF reduction. To determine PGCla activity, I measured
NRF1 and NRF2 mRNA levels and the expression of their target genes in wildtype and harlequin mice
cerebella (6 months of age). NRF1 target genes include ETC subunits such as Ndufsu8 (CI), Sdhb
(CII), Uqcrc (CIII), ATP5al (CV) as well as TFAM, an essential protein for mtDNA replication and
transcription. Transcriptional targets of NRF2 include antioxidative genes such as superoxide
dismutase (SOD), manganese superoxide dismutase (MnSOD) and heme oxygenase (decycling) 1
(Hmox1). Interestingly, harlequin mice cerebella showed significantly reduced NRF1 mRNA levels
(Figure 3-5 C). However, the expression of NRF1 target genes was unchanged compared to wildtype
controls (Figure 3-5 C). Moreover, NRF2, SOD2 and MnSOD gene expression were unchanged but
Hmox1 mRNA levels were significantly increased (Figure 3-5 C). Thus, there was no consistent
increase of PGCla targets NRF1/NRF2 and their target genes in harlequin mice compared to control
littermates (Figure 3-5 C), suggesting that PGCla activity was not induced in harlequin mice.

Finally, I assessed mitochondrial mass by western blot analysis of the mitochondrial structural protein
TOM20 in harlequin and wildtype MEF cells. The western blot showed no difference between wildtype

and harlequin cells, which indicates equal mitochondrial mass (Figure 3-5 D).
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In conclusion, the increase of mtDNA in WAH-1/AIF deficient background was neither mediated by
ROS signaling nor by an adaptive oxidative stress response in C. elegans. Moreover, loss of WAH-
1/AIF did neither activate PGCla induced mitochondrial biogenesis nor increased mitochondrial

mass in harlequin mice.

3.3. Increase of mtDNA copy number in WAH-1/AIF deficiency is not mediated by
common mtDNA synthesis pathways.

The mitochondrial genome encodes for 13 proteins, which are essential for OXPHOS system and
mutations in mtDNA or genes involved in mtDNA maintenance processes have severe pathological
consequences in humans (Taylor and Turnbull, 2005). Thus, proper mitochondrial metabolic function
requires tightly controlled maintenance and replication of mtDNA.
Since AIF deficiency led to increased levels of mtDNA, I addressed whether this was due to increased
mtDNA replication. Well-established mtDNA replication proteins in C. elegans are PAR-2.1, the
ortholog of the mammalian mitochondrial single stranded binding protein (mtSSBP) (Sugimoto et al.,
2008) and HMG-5, the ortholog of the mammalian mitochondrial DNA transcription factor A
(TFAM) (Sumitani et al, 2011). MtSSBP and TFAM are considered two key components of the
mtDNA replication machinery (Sugimoto et al., 2008, Sumitani et al., 2011).

First, I measured basal gene expression of par-2.1 and hmg-5 in wildtype and wah-1 (RNAi)-
treated nematodes. Notably, mRNA levels of both genes were not significantly increased in wah-1

deficient animals (Figure 3-6 A).
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Figure 3-6: Increase of mtDNA copy number upon WAH-1/AIF deficiency is independent of common
mtDNA synthesis pathways. A Relative mRNA levels of hmg-5 and par-2.1 in N2 animals after treatment with
control or wah-1 RNAI at day 4 (left). (right) Relative mtDNA in N2 animals subjected to wah-1, hmg-5 and
hmg-5;wah-1 RNAI or par-2.1 and par-2.1;wah-1 RNAI, measured at day 12. B Western Blot analysis of TFAM in
6 month old harlequin and wildtype cerebella. C Relative mRNA expression of TFAM in 6 month old harlequin
and wildtype cerebella. D Relative mtDNA copy number in cps-6(ok1718) animals after wah-1 (RNAi (W).
Values represent fold difference relative to control conditions (n=3). Asterisks show statistical significance
(unpaired Student’s t-test, *** p < 0.001).

Second, WAH-1/AIF was silenced in both par-2.1 and hmg-5 RNAi-treated worms and mtDNA
copy number was determined. Interestingly, knockdown of neither mtSSBP/par-2.1 nor TFAM/hmg-5
abrogated the increase of mtDNA upon wah-1 silencing (Figure 3-6 A). Third, I measured the amount
of TFAM in cerebella of 6 month old wildtype and harlequin mice, which generally correlates with the
amount of mtDNA. Notably, neither TFAM protein levels (Figure 3-6 B) nor gene expression (Figure
3-6 C) was increased in harlequin mice. These findings suggest that increased mtDNA replication was
not causing increased mtDNA copy number in AIF deficiency.

Apart from TFAM and mtSSBP the mitochondrial endonuclease EndoG was proposed to be
involved in mtDNA replication by providing primers required by DNA polymerase gamma to initiate
replication of mtDNA (Cote and Ruiz-Carrillo, 1993). Moreover, the C. elegans EndoG ortholog CPS-6
was shown to directly interact with AIF (Wang et al., 2002). Thus, I tested whether this endonuclease

was important for mtDNA increase after wah-1(RNAi). To this end, cps-6 loss-of-function mutants

36



were subjected to wah-1 RNAi and mtDNA copy number was detected. QPCR revealed that loss-of-
function of ¢ps-6 did not abrogate the effect of wah-1 silencing on mtDNA (Figure 3-6 D), suggesting
that cps-6 was not involved in the increased mtDNA copy number upon WAH-1/AIF downregulation.

Finally, I investigated whether an altered or stalled mtDNA replication state induced a total
increase of mtDNA. MtDNA replication occurs by a “strand-displacing”-model. Replication starts at
the origin OH where it frequently terminates after approximately 700 bp downstream. This results in
the 7S DNA, which forms a triple-stranded structure with the parental DNA, the displacement loop
(D-loop). Thus, 7SDNA represents an intermediate of prematurely terminated replication and an
increased ratio of 7S DNA to mtDNA points to a stalled replication cycle (Nicholls and Minczuk,
2014). However, measuring the 7S DNA and calculation of the 7S DNA to mtDNA ratio in cerebella
derived from 6 month old wildtype and harlequin mice revealed no alterations of mtDNA replication

(Figure 3-7) between the groups.
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Figure 3-7: Harlequin mice show a normal mtDNA replication cycle. Relative mtDNA copy number and
7S DNA/mtDNA ratio in cerebella from 6 month old Harlequin mice (Hq/Y) and control littermates (wt/Y).
Values represent fold difference relative to control conditions (n=3). Asterisks show statistical significance
(unpaired Student’s ¢-test, *** p < 0.001).

In conclusion, the mtDNA replication proteins mtSSBP/par-2.1, TEAM/hmg-5 and EndoG/cps-6
were not involved in the increase of mtDNA upon AIF downregulation. Moreover, mtDNA replication
was not altered in harlequin mice cerebella, suggesting that increased mtDNA copy number was a

result of reduced mtDNA degradation rather than increased mtDNA replication.
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3.4. Mitochondrial fusion and fission does not mediate changes in mtDNA upon WAH-
1/AIF downregulation

Since increased mtDNA upon WAH-1/AIF knockdown was independent of several mtDNA
replication proteins, impaired mtDNA degradation might lead to an accumulation of mtDNA. The
mtDNA quality and copy number is maintained by different quality control systems, including
mitochondrial fusion and fission processes (Chen et al., 2010, Ban-Ishihara et al., 2013). On the one
hand, mitochondrial fusion represents an important mechanism to mix mitochondrial content and is
therefore hypothesized to play an important role in functional complementation, especially of mutated
or defective mtDNA (Nakada et al., 2009). In line with this, decreased mitochondrial fusion leads to
mtDNA depletion and mitochondrial dysfunction (Chen et al., 2010). The fusion machinery requires
the activity of OPA1 and Mitofusins (Song et al., 2009). On the other hand, mitochondrial fission is
mainly catalyzed by DRP1 and represents an important mechanism for the degradation of
dysfunctional mitochondria (Kageyama et al., 2014). Given the importance of fusion and fission to
mtDNA quality control, I addressed whether these processes influenced mtDNA copy number after
WAH-1/AIF downregulation. Therefore, I measured mtDNA copy number upon WAH-1/AIF
knockdown in C. elegans strains with loss-of-function mutations for EAT-3/OPA1 and DRP-1 as wells
as in animals with reduced FZO-1 (Mfn1) expression. Strikingly, neither loss of EAT-3/OPA1 or DRP-
1 nor reduction of FZO-1/Mfnl expression abrogated the increase of mtDNA upon WAH-1/AIF

down regulation (Figure 3-8 A).
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Figure 3-8: Neither fusion nor fission processes mediate changes in mtDNA copy number after WAH-
1/AIF knockdown. A Relative mtDNA levels in N2, eat-3(ad426);him(e1489), drp-1(tm1108) and fzo-1(RNAi)
deficient animal at day 12 after wah-1 (RNAi). B Immunoblot analysis and densitometry of fusion protein OPA1
and fission protein DRPI in cerebella from 6 month old wildtype (wt/Y) and harlequin mice (Hq/Y). C-D
Western Blot analysis and densitometry of OPA1, DRP1 and Mitofusin 1 (MFN1) in MEF cells derived from
harlequin mice and control littermates. E Analysis and quantification of mitochondrial morphology by spinning
disc microscopy in wildtype and harlequin MEF cells (experiment was performed with help of Fabio Bertan). F-
G Quantification of mitochondrial length and number of mitochondrial branches in wildtype and harlequin
MEF cells. Values represent fold difference relative to control conditions. Asterisks show statistical significance
(unpaired Student’s t-test, *** p < 0.001).

Moreover, both OPA1 and DRP1 protein levels were similar in cerebella from 6 month old
harlequin and wildtype mice (Figure 3-8 B). However, I observed increased OPA1 but not DRP1 or
Min1 protein levels in MEF cells derived from harlequin mice in comparison to wildtype control cells
(Figure 3-8 C-D).

Given the increase of OPAl in MEF cells, we used spinning disk microscopy to visualize
mitochondrial morphology. Interestingly, mitochondria of harlequin MEF cells showed increased
fusion (Figure 3-8 E), mitochondrial length (Figure 3-8 F) and branching (Figure 3-8 G), which suggests a

hyper-fused mitochondrial network in harlequin MEF cells.
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Conclusively, loss of AIF led to increased mitochondrial fusion in harlequin fibroblast cells, however
there was no detectable difference of fusion and fission proteins in harlequin mice cerebella compared
to wildtype controls. This suggests that changes in mitochondrial morphology were tissue-specific and
did not correlate with the increase of mtDNA observed after WAH-1/AIF downregulation in
harlequin cerebella and MEF cells (data not shown). Moreover, neither fusion nor fission processes

accounted for the increase of mtDNA copy number upon WAH-1/AIF deficiency in C. elegans.

3.5. Increase of mtDNA copy number is regulated by the cell cycle

The mitochondrial genome is constantly replicated in the mitochondrial matrix, independently
from nuclear DNA replication (Fernandez-Silva et al., 2003). During progression through the cell
cycle, the amount of both mitochondria and mtDNA is increased, to ensure passing enough mtDNA
molecules to the daughter cell. Therefore, strong nuclear-mitochondrial communication is necessary
to ensure successful cell proliferation and proper mitochondrial function in the daughter cell. In
contrast to mtDNA the replication of the nuclear genome is strictly regulated and monitored by
different checkpoints. The cell cycle comprises four different phases: A long growth phase (G1), DNA
replication (S), followed by a short growth phase (G2) and finally cell division or mitosis (M). Whether
mtDNA synthesis is coordinated with the cell cycle remains controversial. Replication might either
occur continuously throughout the cell cycle (Falkenberg et al., 2007) or increases at specific phases

such as S and G2 (Chatre and Ricchetti, 2013).

Cell Cycle arrest abrogates increase of mtDNA after wah-1 downregulation

Klein and colleagues reported cell cycle re-entry and subsequent induction of apoptosis in retinal
granule cells in harlequin mice (Klein et al., 2002). MtDNA copy number is increased during the cell
cycle, which raises the question whether cell cycle events accounted for the increase of mtDNA copy
number in AIF deficient background.

To address whether the abundance of proliferative cells was important for mtDNA increase upon
WAH-1/AIF downregulation, wildtype N2 nematodes were treated with the DNA replication inhibitor
hydroxyurea (HU). HU inhibits the p53R subunit of the ribonucleotide reductase, leading to depletion
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of the ANTP pool and resulting in cell cycle arrest of the proliferating germline (Brauchle et al., 2003).
Since the germline contains the only cycling cells present in C. elegans, animals incubated with HU
become sterile (Brauchle et al., 2003). Strikingly, incubation with HU completely abrogated the

increase of mtDNA in wildtype nematodes after WAH-1/AIF knock down (Figure 3-9 A).
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Figure 3-9: Increase of mtDNA in WAH-1/AIF deficient background is mediated by the proliferating
germline. A Relative mtDNA in N2 either treated with 25mM hydroxyurea (HU) after wah-1 RNAi (W) relative
to control RNAi (with untreated worms used as control). Relative mtDNA levels in glp-1(e2141) and glp-4(bn2)
animals at day 12 after treatment with control (Ctr) or wah-1 RNAi. Animals were grown at the permissive
temperature 15°C or transferred to nonpermissive temperature of (25°C) at L1/L2 larvae stage. Relative mtDNA
copy number in N2 animals grown on wah-1 (RNAi), gld-1 (RNAi) or wah-1;gld-1 (RNAi).

To confirm whether the lack of mitotic cell division in the germline abrogates the increase of mtDNA
upon WAH-1/AIF knockdown, I genetically removed the proliferating germline using glp-1(e2141) or
glp-4(bn2) homozygous mutants. Loss of function of glp-1 or glp-4 leads to the complete absence of
proliferating cells resulting in sterile animals. Nematode strains containing a temperature sensitive
allele for glp-1(e2141) or glp-4(bn2) were subjected to wah-1 RNAi knockdown and mtDNA content
was measured. Notably, while these nematode strains show a wildtype phenotype when maintained at
15°C (permissive temperature), the mutant alleles become active when worms are shifted to 25°C
(nonpermissive temperature). Strikingly, the effect of wah-1 silencing on mtDNA copy number was
completely abolished in glp-1 and glp-4 mutants grown at the nonpermissive temperature (25°C),
indicating that mitotic cell division in the C. elegans germline was necessary for the increase of mtDNA
upon wah-1 silencing (Figure 3-9 B). Finally, I addressed whether excessive germline proliferation
might reverse this effect. Therefore, I measured mtDNA copy number in animals grown on gld-I;wah-
I(RNAi). GLD-1 is a key regulator of stem cell differentiation in the germline and knockdown of gld-1

leads to overproliferation of mitotic cells, which subsequently results in a gonadal tumor (Kadyk and
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Kimble, 1998). As expected mtDNA copy number was higher in animals grown on gld-1(RNAI)
compared to the control but the double knockdown of gld-1 and wah-1 led to a further increase of
mtDNA (Figure 3-9 C).

In conclusion, ablation of proliferating cells in C. elegans completely abrogated the increase of mtDNA
upon WAH-1/AIF knockdown. However when germ cells were unable to undergo differentiation
WAH-1/AIF deficiency led to increased mtDNA copy number. This suggested that the switch between
proliferation and cell differentiation and therefore a specific cell cycle phase was mediating the effect of

wah-1 silencing on mtDNA copy number.

Cyclin E/cye-1 mediates increase of mtDNA copy number

To determine which components of the cell cycle signaling pathway mediated the increase of
mtDNA upon WAH-1/AIF reduction, several C. elegans strains containing mutations in cell cycle
relevant genes were subjected to wah-1 RNAi. MtDNA copy number after wah-1 silencing was
measured in cdk-5, cdc-25, chk-2, mre-11 and cye-1 homozygous mutants. CDK-5 is the homolog of
mammalian cyclin dependent kinase 5 (Cdk-5), which is not strictly a cell cycle dependent cyclin but
rather is important for neuronal development (Juo et al., 2007). Thus, this strain was used as a negative
control. The phosphatase CDC-25 mediates the activation of different cyclin dependent kinases, such
as cyclin A and cyclin B, during cell cycle progression (Ashcroft et al., 1999). CHK-2 is the ortholog of
mammalian Chk2 and an important protein kinase during cell cycle checkpoints since its activation by
DNA damage leads to cell cycle arrest (Higashitani et al., 2000). MRE-11 acts in parallel to CHK-2 and
its activation by DNA damage during cell cycle checkpoints can result in cell cycle arrest (Chin and
Villeneuve, 2001). The ortholog of mammalian Cyclin E, CYE-1 is required for cell cycle progression
from GI1 to S phase by forming a complex with the cyclin dependent kinase CDK-2 (Kipreos, 2005).

Neither loss of function of cdk-5, cdc-25, chk-2 nor mre-11 abrogated the effect of wah-1 silencing
on mtDNA copy number (Figure 3-10 A). However, cye-1 loss-of-function mutants did not show any

mtDNA increase after wah-1 knockdown (Figure 3-10 A).
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Figure 3-10: Increase of mtDNA in WAH-1/AIF deficient background is mediated by cye-1/CyclinE

A gPCR analysis of mtDNA copy number in cdk-5(0k626), cdc-25.1(nr2036/dpy-5(e61)unc-13(e450)), chk-
2(gk212), mre-11(ok179) and cye-1(ar95a) after treatment with control (C) and wah-1 RNAi. B-C Immunoblot
and densitometry analysis of AIF and Cyclin E in 6 month old cerebella from harlequin mice (Hq/Y) and control
(wt/Y) littermates. Values represent fold difference relative to control conditions. Asterisks show statistical
significance (unpaired Student’s t-test, *** p < 0.001).

Furthermore, cyclin E protein levels in cerebella from 6 month old harlequin mice were
significantly reduced compared to wildtype littermates (Figure 3-10 B-C), suggesting that cycline E was

an important factor in mediating the increase of mtDNA in WAH-1/AIF deficient conditions.

Loss of AIF does not alter cell cycle progression in harlequin fibroblast cells

Lowered cyclin E protein levels could account for cell cycle alterations during G1-S transition in
harlequin mice cerebella. To assess whether loss of AIF leads to altered cell cycle progression, I
performed a cell cycle analysis to determine the percentage of cells in G1, S, G2 or mitosis phase. To
this end, nDNA in MEF cells derived from wildtype and harlequin mice were stained with propidium

iodid. Then the cells were subjected to cell cycle analysis by flow cytometry. Interestingly, there was no
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detectable difference between control and harlequin derived cell populations. In both cases around

75% of the cells are present in the G1-phase, around 5% in G1/S and about 20% in G2 (Figure 3-11 A).
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Figure 3-11: Loss of AIF does not alter cell cycle progression in harlequin MEF cells and AIF protein
levels do not change during G1/GO transition. A Flowcytometric cell cycle analysis after propidium iodid
staining of MEF cells derived from harlequin mice (Hq/Y) and control (wt/Y) littermates. B-C Immunoblot and
densitometry analysis of AIF and the proliferation marker PCNA in SH-SY5Y cells after differentiation induced
by supplementation with 10 pM retinoic acid (RA).

Cells with impaired OXPHOS, such as harlequin MEF cells, are highly glycolytic, therefore it is
difficult to study cellular effects caused by mitochondrial dysfunction. Thus, exchanging glucose for
galactose in the cell culture medium forces cells to rely on aerobic metabolism and uncovers the
impact of OXPHOS impairment on cellular processes (Aguer et al., 2011). However, the fractions of
wildtype and harlequin MEF cells in different phases of the cell cycle were similar between glucose and
galactose culturing conditions (Figure 3-11 A), suggesting that ETC impairments in harlequin MEFs
did not effect cell cycle progression. Moreover, to address whether cells that leave the cell cycle and
differentiate display changes in AIF protein levels, I performed an alternative experiment by
differentiating SH-SY5Y cells and determining AIF protein levels. SH-SY5Y cells represent an
established in vitro model to study neuronal function and differentiation (Agholme et al., 2010). Under
standard culturing conditions SH-SY5Y cells are constantly proliferating but supplementation of
retinoic acid induces their differentiation (Agholme et al., 2010). Differentiated and cycling SH-SY5Y
cells were harvested and western blot analysis were performed using AIF and PCNA antibodies. PCNA
is a protein, which is expressed in proliferating cells. Accordingly, PCNA protein levels decreased
when cells underwent differentiation (Figure 3-11 B-C). However, AIF protein levels were similar in

both proliferating and differentiated conditions (Figure 3-11 B-C). In summary, AIF deficicency in
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MEF cells did not alter cell cycle progression and AIF protein levels did not change upon

differentiation of SH-SY5Y cells.

3.6. Increase of mtDNA in WAH-1/AIF deficient conditions is mediated by the DNA
Damage Checkpoint protein atl-1/ATR

Since accurate maintenance of genomic integrity is crucial for cell survival, both replication and
quality of nDNA are monitored by different DNA damage checkpoints during cell cycle progression
(Harper and Elledge, 2007). All DNA damage responses, including double strand breaks, replication
stress and nucleotide damage are orchestrated by the two main DNA damage checkpoint kinases
Ataxia telangiectasia mutated (ATM) and Ataxia- and Rad-related (ATR) (Harper and Elledge, 2007).
Activation of these kinases leads to a comprehensive activation of downstream pathways, which induce
cell cycle arrest at the G1/S, S, or G2/M checkpoint and subsequently initiate DNA repair or apoptosis,
denpending on the severity of the damage (Harper and Elledge, 2007).

As described above, the increase of mtDNA copy number after downregulation of WAH-1/AIF
was associated with alteration of signaling factors during cell cycle progression. Thus, specific signaling
cascades in G1 or during G1/S transition might be involved, given that CYE-1/Cyclin E was associated
with the mtDNA increase after WAH-1/AIF knockdown. Therefore, I addressed whether the DNA
damage checkpoint proteins ATM/ATR were important for the increase of mtDNA after WAH-1/AIF
downregulation. To this end, I used C. elegans strains harboring mutations in the atl-1/ATR, atm-
1/ATM and cep-1/p53 genes. The mammalian tumor supressor p53/cep-1 is an important downstream
target of ATM and was additionaly implicated in the regulation of mtDNA (Achanta et al., 2005,
Saleem and Hood, 2013).

Interestingly, neither loss of function of atm-I and cep-I nor overexpression of cep-1/p53
abrogated the increase of mtDNA upon wah-1 (RNAi) treatment. However, worms harboring a loss-
of-function mutation for atl-1/ATR showed no increase of mtDNA (Figure 3-12 A), suggesting that atl-
I/ATR and DNA damage signaling was important for the increase of mtDNA in WAH-1/AIF

deficiency.
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Figure 3-12: Increased mtDNA copy number after knockdown of WAH-1/AIF is mediated by the DNA
damage checkpoint protein Atl-1 and loss of AIF induces activity of Parp proteins. A Relative mtDNA copy
number in atm-1(gk186), atl-1(tm853)/nT1, cep-1(gk138) and cep-1 overexpressing animals at day 12 after wah-1
RNAi. B Immunoblot analysis of the ATM/ATR substate (§*/T*QG) phospho-Ser/phospho-Thr followed by Gln
and Gly residues in heart and cerebella from 6 month old harlequin mice (Hq) and control (C) littermates. C
Southern blot analysis of mtDNA from wildtype N2 after treatment with wah-1 (RNAi) (W) and 6 month old
cerebella from harlequin mice (Hq) and control (wt) littermates. Digestion with the restriction enzyme HindIII
results in a 9.9 kb fragment in C. elegans and a 2 kb fragment in mice if mtDNA is not altered, while incubation
with Sacl results in linearized mtDNA (16.5 kb) in mice. D-E Immunoblot and densitometry analysis of AIF,
Parp-1 and Poly(ADP-ribose) (PAR) in 6 month old cerebella derived from wildtype controls (wt/Y) and
harlequin mice (Hq/Y). F Relative mtDNA copy number in pme-1(0k988) and pme-2(ok344) animals after wah-1
(RNAIi) treatment. Values represent fold difference relative to control conditions. Asterisks show statistical
significance (unpaired Student’s t-test, *** p < 0.001).

In addition, total activity of ATM/ATR was determined by performing a western blot analysis using an
ATM/ATR substrate antibody in heart and cerebellum of 6 month old wildtype and harlequin mice.
The ATM/ATR antibody detects phosphorylated serine and threonin in the $*/T*QG motif, which is
exclusivley phosphorylated by ATM and ATR. Strikingly, both tissues showed increased

phosphorylated ATM/ATR motifs, indicating a strong activation of the two kinases (Figure 3-12 B).
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Since, nDNA damage was not reported in harlequin mice, I addressed whether mtDNA was
damaged by performing a southern blot analysis in nematodes and mice in a WAH-1/AIF deficient
background. To this end, mtDNA extracted from nematodes treated with wah-1(RNAi) and 6 month
old harlequin mice cerebella were digested with restriction enzymes and mtDNA fragments were
detected with a mtDNA-specific probe. In this assay full-length mtDNA in nematodes yielded a 9.9 kb
fragment, while in mice either 2 kb or 16.5 kb long fragments. The southern blot revealed alterations
of mtDNA quality in nematodes after wah-1 RNAIi treatment, as shown by the 0.8 kb fragment.
However, this finding was not reproducible in harlequin mice given that mtDNA derived from
harlequin cerebella showed similar fragments compared to littermate controls (Figure 3-12 C).

A different method to determine general DNA damage is to measure Poly(ADP-ribose)
polymerase (PARP) protein activity. PARP proteins are involved in a variaty of cellular processes but
their classical role is to assist in DNA damage repair pathways, with Parpl being the best characterised
protein family member (Burkle and Virag, 2013). Therefore, I measured Parp-1 protein levels in
cerebella from 6 month old harlequin mice. The western blot analysis revealed no difference in Parpl
protein levels between wildtype and harlequin mice cerebella (Figure 3-12 D-E). Thus, I determined the
level of poly(ADP-ribosyl)ation (PARylation), a posttranscriptional modification catalysed by PARP
enzymes. PAR polymer acceptors include histones and other DNA-associated proteins, thereby
regulating chromatin organisation, DNA repair and DNA replication (Burkle and Virag, 2013).

Remarkably, cerebellar tissue of harlequin mice showed significantly increased levels of PAR
polymers (Figure 3-12 D-E), suggesting increased activity of Parp enzymes. To address, whether
increased PARylation resulted in increased mtDNA upon WAH-1/AIF deficiency, I silenced wah-1 in
C. elegans strains with loss of function mutations for the mammalian orthologs of Parpl and Parp2,
pme-1 and pme-2. Neither pme-1 and pme-2 abrogated the increase of mtDNA after wah-1 silencing,
indicating that parylation events were not mediating the changes in mtDNA copy number (Figure 3-12
F).

In conclusion, the increase of mtDNA was mediated by the DNA damage checkpoint protein atl-
I/ATR in C.elegans. Additionally, the DNA damage response proteins ATM/ATR kinases and PARP
showed increased activity in the cerebellum of 6 month old harlequin mice compared to littermate

controls.
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4. Discussion

Mitochondria are crucial for cellular functions and mitochondrial impairments not only
contribute to the ageing process but cause an array of human pathologies, such as neurodegenerative
diseases, mitochondrial disorders, diabetes and cancer.

Mitochondrial dysfunction is caused by alterations of proteins important for mitochondrial
maintenance or the OXPHOS system. Genetic mutations causing such alterations can either be present
on nuclear or mitochondrial genes. However, mtDNA mutations or impairments of its maintenance
proteins are the primary cause of mitochondrial disorders (Taylor and Turnbull, 2005, Schapira, 2012).
Consequently, increasing our knowledge of mtDNA regulation and maintenance is essential for the
development of treatments for mitochondrial dysfunction and its devastating effects on human health.
In this context, AIF plays a Janus-like role. It is a pro-death factor but is also indispensable for
mitochondrial function, as AIF dysfunction leads to severe mitochondrial encephalomyopathy in
humans (Ghezzi et al., 2010). Patients carrying the AIF-R201 mutation showed a depletion of mtDNA,
suggesting that AIF is implicated in mtDNA maintenance (Ghezzi et al., 2010).
With the present study I aimed to elucidate the involvement of AIF in the regulation of mtDNA copy
number by using C. elegans and harlequin mice as model systems.

My data demonstrate for the first time the involvement of AIF in regulating mtDNA. This
regulation was highly evolutionary conserved from the nematode C. elegans to mice and occurs

independently of previously described mechanisms.

Reduced expression levels of AIF led to a several-fold increase of mtDNA in C. elegans treated with
wah-1 RNAi and in harlequin mice, which show reduced AIF protein levels. Increased mtDNA copy
number did not result in altered expression of mitochondrial genes, even though protein levels of CI
and CIV were changed in harlequin mice cerebella. This suggests that AIF regulates the ETC
composition on a post-transcriptional level. These findings are in line with studies on AIF deficient
ES-cells, which showed no altered transcription of nuclear-encoded ETC genes despite their ETC
defects (Vahsen et al., 2004). Although AIF interacts with RNA in vitro (Vahsen et al., 2006), there was
no detectable alteration of mtRNA expression and therefore it is unlikely that AIF interacts with

mtRNA in vivo. Moreover, stable mtRNA translation suggests that additional mtDNA molecules are
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not utilized to enhance transcription of ETC genes to compensate for impaired respiratory complex
composition. Therefore, how does AIF deficiency induce increased mtDNA copy number?

This study addressed several possibilities that might explain the increase of mtDNA following
AJF knockdown (See figure 4-1). These possibilities include increased mtDNA copy number as an
indirect consequence of AIF deficiency, by either increased mtDNA replication or decreased mtDNA
degradation. Furthermore, AIF might also directly interact with mtDNA by either stalling replication

or assisting in mtDNA degradation (See figure 4-1).

| |
Indirect effect Direct binding
caused by AIF deficiency of AIF to mtDNA
1
! 1
Direct binding to Direct binding to
stall replication assist in degradation
|
Increased mtDNA Decreased mtDNA
Replication Degradation
| |
| 1 | | 1
Compensatory Increased mtDNA Impaired Impaired Impaired
effect replication machinery mitophagy fusion/fission mito. nucleases
I
1 1
TFAM DRP1 DRP1 ENDOG
ETC defect EDNA Damage el Cyc'a MTSSBP PINK/PARKIN ?  {=OPA1 EXOG?
POLG? MDVs ? MFN1 DNA2?
ROS ClpX?
DDB1?
Increased ATR  CyclinE
mito. biogenesis

4-1: Overview of effects that might lead to increased mtDNA copy number upon WAH-1/AIF deficiency.

ATF represents an important protein for functional mitochondrial respiration and morphology
and reduction of AIF leads to ETC impairments (Sevrioukova, 2011). Thus, cellular compensatory
programs that increase mitochondrial mass to overcome impairments of the ETC might increase
mtDNA replication. A well-established compensatory mechanism to deal with mitochondrial
dysfunction is PGCla induced mitochondrial biogenesis, including increased mtDNA replication (Lee
et al., 2000). However, reduction of WAH-1/AIF in nematodes harboring a severe ETC defect, such as
gas-1, mev-1 of clk-1 homozygous mutants, led to increased mtDNA copy number. In this context,

neither ROS signaling nor increased mitochondrial biogenesis driven by PGCla could be attributed to
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the effect of WAH-1/AIF reduction on mtDNA. Strikingly, AIF deficiency did not induce a
compensatory increase of mitochondrial biogenesis in mice although AIF deficiency leads to
mitochondrial dysfunction.

Increased mtDNA replication could also be attributed to the upregulation of key mtDNA replication
proteins. However, there was no detectable increase of TFAM in harlequin mice and downregulation
of the essential mtDNA replication proteins par-2.1 and hmg-5 had no effect on mtDNA after
downregulation of wah-1 in nematodes. These observations point to decreased mtDNA degradation
rather than increased replication.

The mitochondrial genome is redundant, with thousands of copies per cell. Therefore, a
substantial fraction of mtDNA can be degraded without detrimental consequences since its loss is
compensated by constant replication processes. This mtDNA turnover was already described 45 years
ago (Gross et al., 1969). However, the molecular mechanisms that facilitate mtDNA degradation are
still not well defined, even though many studies have reported mtDNA degradation upon oxidative
stress. For instance, treatment of MEF cells with hydrogen peroxide resulted in mtDNA damage and
loss of mtDNA (Furda et al.,, 2012) and incubation with lipopolysaccharide, an inducer of in vivo
oxidative stress, induced mtDNA depletion in rat liver (Suliman et al.,, 2003). Currently, the only
reported and defined process that degrades mtDNA is mitophagy. Mitophagy is the selective
degradation of damaged mitochondria by autophagy. In this process, PTEN-induced putative kinase
protein 1 (PINK1) recruits the cytosolic E3 ubiquitin ligase Parkin to damaged mitochondria
(Narendra et al., 2008). This leads to the enclosure of whole mitochondria by autophagosomes that
fuse with lysosomes for mitochondrial degradation. Mitophagy depends on the fission protein Drpl,
which generates small mitochondria that can be engulfed by autophagosomes (Twig et al., 2008,
Kageyama et al., 2012). However, it is unlikely that defective mitophagy led to increased mtDNA in
WAH-1/AIF deficient conditions since nematodes defective for fusion or fission processes, such as
EAT-3/OPA1 and DRP-1 mutants, display increased mtDNA upon wah-1 reduction.

More recently, an alternative mitochondrial quality control mechanism facilitated by mitochondrial
derived vesicles (MDVs) was discovered (Neuspiel et al., 2008, Braschi et al., 2010, Soubannier et al.,
2012a). MDV's are generated by incorporation of protein cargos from all mitochondrial compartments
and are either targeted to peroxisomes (Neuspiel et al., 2008, Braschi et al., 2010) or to lysosomes for

degradation (Soubannier et al.,, 2012a). MDVs that are targeted to lysosomes for degradation are
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selectively enriched with oxidized proteins and this process is stimulated by oxidative stress
(Soubannier et al., 2012b). The formation of MDVs requires PINK1 and Parkin but occurs
independently of Drp1 (Soubannier et al., 2012a). Therefore, it might be interesting to address whether
this mechanism is altered in AIF deficient conditions by either assessing PINK1/Parkin accumulation
in mitochondria or quantification of MDVs in cells or brain tissue derived from harlequin mice.

Degradation of mtDNA by mitochondrial nucleases has not been reported, yet. Currently, only
six mitochondrial nucleases have been identified and all are part of the mtDNA repair machinery. For
instance, mitochondrial genome maintenance exonuclease 1 (MGME]) is a mitochondrial exonuclease
that processes mtDNA during replication (Szczesny et al., 2013) and loss of MGMEL leads to
accumulation of 7S DNA due to incomplete processing of mtDNA 5’ends (Nicholls et al., 2014). Only
one recent study linked mtDNA degradation with mitochondrial nucleases, in the context of viral
infection. Herpes simplex virus 1 (HSV-1) infection leads to a rapid decrease of mtDNA mediated by
the activity of the mitochondrial nucleases EndoG and endonuclease G-like 1 (ExoG) (Duguay and
Smiley, 2013). EndoG was proposed to be involved in mtDNA replication and copy number control
(Ohsato et al., 2002, McDermott-Roe et al., 2011) and directly binds to AIF during apoptosis (Wang et
al., 2002). However, loss of function of the EndoG ortholog cps-6 in C. elegans did not abrogate the
effect on mtDNA copy number in WAH-1/AIF deficient conditions. Therefore, ExoG represents a
good candidate that might be involved in regulation of mtDNA in AIF deficient conditions.

Since AIF binds to nucleases such as EndoG and CypA during apoptosis to become an active
DNAase, one can hypothesize that AIF binds to such nucleases in mitochondria to form a “mtDNA
degradasome”, to actively participate in mtDNA degradation. Interestingly, AIF neither binds nor
condenses relaxed, circular DNA, although it can interact with negatively supercoiled DNA and
preferentially binds lineralized DNA (Vahsen et al., 2006). Furthermore, when AIF is combined with
hybrid DNA molecules, which contain a single-stranded as well as a double stranded moiety, it
preferentially binds to single-stranded DNA and causes spreading of such molecules, similar to
classical single stranded proteins such as replication protein A (Vahsen et al., 2006). This is very
interesting given that mtDNA can be negatively supercoiled and exists as a double-stranded and
single-stranded DNA hybrid molecule owing to the D-loop structure (Pohjoismaki and Goffart, 2011).
In this context, ExoG possesses nicking activity towards supercoiled DNA, which results in single

stranded fractions of DNA (Cymerman et al., 2008). A combined interaction with AIF and ExoG
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represents an interesting model for mtDNA degradation. AIF might serve as a scaffold that allows
ExoG to degrade mtDNA molecules and at the same time, since AIF preferentially binds lineralized

DNA, clusters mtDNA fragments for downstream degradation.

The effect of WAH-1/AIF deficiency on mtDNA copy number was completely abrogated in
nematodes lacking the proliferative germline, such as glp-1 and glp-4. In addition, worms lacking the
protein Cyclin E/CYE-1 did not show increased mtDNA after WAH-1/AIF knockdown. Furthermore,
WAH-1/AIF deficiency in nematodes with reduced GLD-1 expression, which disables cells to undergo
differentiation, led to increased mtDNA copy number. These findings suggest that the block of
proliferating cells per se was not mediating the increase of mtDNA after WAH-1/AIF knockdown.
Thus, it is likely that signaling processes during specific cell cycle phases such as the switch between
proliferation and cell differentiation led to increased mtDNA copy number.

In addition, cyclin E protein levels were reduced in harlequin mice cerebella. However,
harlequin MEF cells did not show any impairment in cell cycle progression. Therefore, cyclin E might
be an important signaling molecule leading to increased mtDNA. Increased expression of cyclin E
during G1-phase drives cell entry into S-phase (Sherr, 1994). However, ubiquitous knockout of cyclin
E in mice showed that it is largely dispensable for mouse development (Geng et al., 2003). Albeit its
role in cell cycle regulation cyclin E is involved in neuronal function. cyclin E expression is not only
restricted to proliferating cells, it is highly expressed in postmitotic neurons in the adult brain but not
in astrocytes (Odajima et al., 2011). Interestingly, in differentiated neurons cyclin E forms a complex
with the cyclin dependent kinase 5 (Cdk5) and disruption of this complex leads to Cdk5 overactivation
(Odajima et al., 2011). Cdk5 is a Cdk-related protein that regulates neuronal differentiation, synaptic
plasticity as well as memory formation (Lopes and Agostinho, 2011) and overactivation of Cdk5 is
associated with several neurodegenerative disorders such as Alzheimer’s disease (Lopes et al., 2010),
amyotrophic lateral sclerosis (Nguyen et al., 2001) and Parkinson’s disease (Alvira et al., 2008).
Furthermore, Cdk5 dysregulation is involved in cell cycle re-entry in several neurodegenerative
conditions, which leads to apoptosis and neuronal demise (Hoglinger et al., 2007, Lopes et al., 2009,
Zhang et al., 2010). Harlequin mice show reduced cyclin E protein levels in the cerebellum, which
might lead to the disruption of the cyclin E/Cdk5 complex and a subsequent overactivation of Cdk5.
This dysregulation of Cdk5 might lead to cell cycle re-entry of postmitotic neurons as observed in

harlequin mice (Klein et al., 2002). This hypothesis might be addressed by assessing Cdk5 localisation,
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since its toxic effects are associated with the translocation either from the synaptic compartment to the

cell body or from the nucleus to the cytosol (Zhang et al., 2008, Lopes et al., 2010).

During cell cycle progression the quality of DNA is monitored at different checkpoints by the
DNA damage checkpoint proteins ATM and ATR (Harper and Elledge, 2007). Interestingly, defective
DNA damage checkpoint protein ATL-1/ATR but not ATM-1/ATM abrogated the effect of WAH-
1/AIF downregulation on increased mtDNA copy number in nematodes. Moreover, the activity of
ATM/ATR as well as Parp proteins was highly increased in harlequin mice cerebella, suggesting an
increased DNA damage response. Inactivation of atl-1/ATR in nematodes results in a mild oxidative
stress response and a significant reduction of mtDNA independently of ribonucleotide reductases
(Mori et al., 2008, Suetomi et al., 2013). Therefore, at least in C. elegans ATL-1/ATR is involved in
mtDNA and mitochondrial maintenance (Mori et al., 2008). Given that the mitochondrial genome
undergoes increased replication prior to cell division (Chatre and Ricchetti, 2013), it is possible that
the coordination of increased mtDNA replication with the cell cycle is mediated by ATL-1/ATR.
Under physiological conditions ATL-1/ATR might regulate the activity of mtDNA replication proteins
by phosphorylation, leading to increased mtDNA replication during specific cell cycle phases (Figure
4-2 A).
Assuming that AIF is involved in mtDNA degradation the resulting mtDNA copy number in the
daughter cells as well as the mtDNA repair response should be normal (Figure 4-2 A). However, in AIF
deficient conditions, mtDNA replication still increases during the cell cycle but mtDNA degradation is
not facilitated, which would lead to increased mtDNA copy number over time (Figure 4-2 B). Under
these conditions, the mtDNA repair pathways should be highly active, given that more mtDNA

molecules need to be maintained (Figure 4-2 B).
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normal conditions WAH-1/AIF deficiency WAH-1/AIF and ATL/ATR deficiency
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Figure 4-2: Proposed working model of increased mtDNA copy number in AIF deficient conditions. A
Regulation of mtDNA under normal conditions. ATL-1/ATR activity leads to increased mtDNA in coordination
with the cell cycle and AIF assists in degrading defective mtDNA molecules, which results in a balanced mtDNA
turnover. B Regulation of mtDNA in AIF deficient conditions. ATL-1/ATR activity leads to increased mtDNA
copy number and mtDNA degradation is impaired by AIF deficiency. This results in accumulation of mtDNA
and increased activation of DNA repair pathways. C Regulation of mtDNA in AIF and ATL-1/ATR deficient
conditions. ATL-1/ATR signaling that leads to increased mtDNA is impaired as well as mtDNA degradation is
reduced. This results in normal mtDNA levels.

Deficiency of both AIF and ATR/atl-1 might lead to disruption of the cell cycle dependent
mtDNA replication signal therefore replication occurs only on a basal level (Figure 4-2 C). At the same
time mtDNA degradation is reduced. Consequently, mtDNA copy number as well as the repair
response should be restored to normal levels (Figure 4-2 C). However, in this scenario the whole
organism might be extremely affected given that not enough mtDNA molecules are produced during
cell proliferation. In this context, it might be interesting to study the phenotype of nematodes defective
for both WAH-1/AIF and ATR/atl-1. For instance, one could address whether increased mtDNA leads

to mitochondrial CI impairment in WAH-1/AIF deficient animals.
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Finally, what does AIF do under physiological conditions?

In the previous chapters I have described and discussed the involvement of AIF in the stabilization of
the ETC as well as its ability to modulate mitochondrial morphology and mtDNA copy number. How
can one integrate these multiple observations into a suitable working model?

AJF is a transmembrane protein with its majority facing the IMS (Susin et al., 1999). Given that AIF is
involved in ETC stabilization, it might reside in the vicinity of the ETC either inside or close to cristae
structures. Since AIF was shown to form a complex with OPA1 (Zanna et al., 2008) it is likely that AIF
is localized at the borders of the crista structure, close to the mitochondrial inner membrane
organization system (MINOS). In yeast, MINOS contains six different subunits: The core components
Mitofilin/Fcjl, Miol0 and Mio27 as well as Aim5, Aim13, Aim37, which are involved in the
inheritance of mtDNA (van der Laan et al, 2012). The MINOS connects the inner boundary
membrane with the crista and engages interactions with the OM (van der Laan et al, 2012).
Consequently, alterations of this complex lead on the one hand to aberrant cristae structure and on the
other hand to the destabilization of mtDNA nucleoids, given that MINOS is important for the
positioning of nucleoids close to the ETC (Itoh et al., 2013). In addition to MINOS, also AIF might
directly bind, stabilize or facilitate degradation of mtDNA molecules (see Figure 4-3). AIF deficiency
might result in the destabilization of nucleoids, which renders them inaccessible to translation and
transcription. This might lead to enhanced mtDNA replication or reduced mtDNA degradation as a
compensatory mechanism to ensure the presence of some functional mtDNA molecules in the vicinity

of the ETC.
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Figure 4-3: Proposed function of AIF in mitochondria. Unfolded intermembrane space (IMS) proteins are
imported along the translocase of the outer membrane (TOM) complex. Oxidative protein folding leads to the
formation of disulfide bonds and thereby proper folding of IMS proteins, such as CI subunits and CIV assembly
factors, which leads to correct electron transport chain (ETC) assembly. The oxidoreductase activity of AIF
assists in oxidative protein folding. Additionally, mtDNA nucleoids are tethered to the inner membrane (IM)
through the mitochondrial inner membrane organization system (MINOS) and further stabilized by AIF.

Considering that the flavin moiety of AIF faces the IMS, the oxidoreductase activity of AIF could be
important for redox-dependent processes in this compartment. A process, which requires
oxidoreductases that might be catalyzed by AIF’s enzymatic activity, is oxidative protein folding (see
Figure 4-3). In this process, unfolded mitochondrial IMS proteins that contain a twin-cysteine motif
(twin-CX;C or twin-CXsC) are imported via the TOM complex and folded by the formation of
disulphide bonds in the IMS (Riemer et al., 2011). The formation of disulphide bonds is a rate-limiting
step of the folding process and depends on the mitochondrial disulphide relay system, which channels
two electrons away from the substrate protein to final electron acceptors (Riemer et al., 2011). In this
context, AIF represents a suitable electron acceptor and might therefore assist in proper oxidative
protein folding. In addition, AIF dimerises in the IM, which could serve for the efficient uptake of
directly two electrons. Interestingly, among the IMS proteins that depend on oxidative folding are
several subunits of CI and assembly factors for CIV (Cavallaro, 2010). These ETC components as well
as assembly factors might be improperly folded in the absence of AIF, which could explain the ETC

impairments observed in AIF deficient conditions.

56



This working hypothesis might be experimentally addressed by first demonstrating that AIF resides at
the right location close to the cristae and second by assessing import and folding of proteins that
depend on oxidative protein folding. To address whether AIF localizes close to both MINOS and the
disulfide relay system, immunofluorescent colocalisation analysis can be conducted. Additionally,
substrates of the mitochondrial disulfide relay system could be quantified by performing western blot

analysis of isolated mitochondria derived from wildtype and harlequin mice cells.

5. Concluding remarks

Since its discovery in the context of apoptosis, AIF emerged as an indispensable protein for proper
cellular function. It is involved in maintaining mitochondrial activity and dysfunction of AIF not only
leads to severe phenotypes in mice but also results in devastating human diseases. Despite the
importance of this protein for cellular viability, almost 20 years of AIF research could not clarify its
actual function. The present study adds another layer of complexity to the already existing
observations by demonstrating the involvement of AIF in the regulation of mtDNA copy number. This
regulatory effect was independent of currently accepted pathways that regulate mtDNA content and
further research is needed to discover the underlying mechanisms of this regulation. Given that
depletion and mutation of mtDNA are the primary causes of mitochondrial disorders, the underlying
pathways identified in this study might be important for understanding diseases associated with
mitochondrial dysfunction and mightcontribute to the development of novel therapeutic strategies in

the future.

57



6. List of Abbreviations

Abbreviation

ADP Adenosine diphosphate

ATF Apoptosis Inducing Factor

AMP Adenosine monophosphate

ATL-1 ATM (ataxia telangectasia mutated)-Like
ATM Ataxia telangiectasia mutated

ATP Adenosine triphosphate

ATR Ataxia- and Rad-related

Bcl2 B-cell lymphoma 2

bZip Basic leucine Zipper domain

C. elegans Caenorhabditis elegans

CDC-25 Cell Division Cycle related 25

CDK-2 Cyclin-Dependent Kinase 2

Cdk5 Cyclin-Dependent Kinase 5

CHK2 CHeckpoint Kinase 2

CI NADH dehydrogenase, complex I

ClI Succinate dehydrogenase, complex II
CIII Cytochrome c reductase, complex III
CIv Cytochrome c oxidase, complex IV
CLK-1 CLocK (biological timing) abnormality
CNS Central Nervous System

COXI Cytochrome c oxidase I

COXIV Cytochrome c oxidase IV

CPEO Chronic progressive external ophthalmoplegia
CPS-6 CED-3 Protease Suppressor

Ccv FOF1-ATPase, complex V

CYE-1 CYclin E

CypA Cyclophilin A

CytB Cytochrome B

Cytc Cytochrome ¢

D-loop Displacement loop

DRP1 Dynamin Related Protein 1

dsDNA Double stranded DNA

EAT-3 EATing: abnormal pharyngeal pumping
EndoG Endonuclease G

ESCs Embryonic Stem Cells

ETC Electron Transport Chain

ExoG Endonuclease G-like 1

FADH2 Flavin Adenine Dinucleotide

FZO-1 Fzo mitochondrial fusion protein
GAS-1 General Anaesthetic Sensitivity abnormal
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GLD-1
GLP-1
GLP-4
HCT116
Hep3B
HMG-5
Hmox1
Hsp70
HSV-1
HU
IMM
IMS
KSS
LHON
MCE-7
MDVs
MEF
MELAS
MERRF
MEV-1
Minl
Min2
MGMEL1
MINOS
MLS
MnSOD
MPTP
MRE-11
MTCO1
mtDNA
mtRNA
mtSSBP
NADH
Ndufb8
NLS
NRF
oM
OPA1l
OXPHOS
PARP
PARylation
PCD
PCNA
PEST

defective in Germ Line Development

abnormal Germ Line Proliferation 1

abnormal Germ Line Proliferation 4

Human Colecteral Carcinoma cell line
Hepatocarcinoma cell line

(high mobility group) box-containing protein 5
Heme oxygenase (decycling) 1

Heatshock Protein 70

Herpes simplex virus 1

Hydroxyurea

Inner mitochondrial membrane

Inner membrane space

Kearns-Sayre-Syndrome

Lebers hereditary optic neuropathy

Michigan Cancer Foundation-7, breast cancer cell line
Mitochondrial derived vesicles

Mouse embryonic fibroblasts

mitochondrial encephalomyopathy, lactoacidosis and stroke like episodes
myoclonic epilepsy with ragged red fibres
abnormal MEthyl Viologen sensitivity

Mitofusin 1

Mitofusin 2

Mitochondrial genome maintenance exonuclease 1
Mitochondrial inner membrane organization system
Mitochondrial Localisation Sequence

Manganese superoxide dismutase

Mitochondrial permeability transition pore

Yeast MRE recombination/repair homolog
Mitochondrial Cytochrome C Oxidase Subunit I
Mitochondrial DNA

Mitochondrial RNA

Mitochondrial single stranded binding protein
Nicotinamide adenine dinucleotide

NADH dehydrogenase (ubiquinone) 1 beta subcomplex 8
Nuclear Localisation Sequence

Nuclear respiratory transcription factors

Outer mitochondrial Membrane

Optic atrophy 1

Oxidative phosphorylation

Poly(ADP-ribose) polymerase
poly(ADP-ribosyl)ation

Programed cell death

Proliferating cell nuclear antigen

Proline (P), glutamic acid (E), serine (S) and threonine (T) rich
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PGCla Peroxisome proliferator-activated receptor gamma coactivator-1 a

PINK1 PTEN-induced putative kinase protein 1

PME-1 Poly(ADP-ribose) Metabolism Enzyme 1

PME-2 Poly(ADP-ribose) Metabolism Enzyme 2

POLG Polymerase y

qPCR Quantitative real time PCR

RNAI RNA interference

ROS Reactive oxygen species

rRNAs ribosomal RNAs

SKN-1 SKiNhead

SOD Superoxide dismutase

TFAM Mitochondrial transcription factor A

TIM Translocase of the inner mitochondrial membrane
TOM Translocase of the outer mitochondrial membrane
tRNAs transfer RNAs

WAH-1 Worm AIF (apoptosis inducing factor) Homolog
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7. Material and Methods

7.1.  C. elegans work

C. elegans strains were obtained from the Caenorhabditis Genetics Centre (CGC, University of
Minnesota). The following strains were used in this study:

Tab 7-1: List of strains used in this study
Strain alleles

N2 Bristol wildtype

TK22 mev-1(knl)
CW152 gas-1(fc21)
CB4576 clk-1(e2519)
DA631 eat-3(ad426);him(e1489)
CU6372 drp-1(tm1108)
CB4037 glp-1(e2141)
SS104 glp-4(bn2)
DW101 atl-1(tm853);nT1
VC381 atm-1(gk186)
RB814 cdk-5(0k626)
AGI151 cdc-25.1(nr2036)/dpy-5(e61)unc-13(e450)
WS$3455 chk-2(gk212)
GS307 cye-1(ar95)dpy-5(el6)/unc-13(e51)
TJ1 cep-1(gk138)
cep-1(opIs198)
RB1042 pme-1(0k988)
VC1178 pme-2(ok344)
VC1253 cps-6(ok1718)

C. elegans strains were maintained as described previously (Brenner, 1974). Briefly, nematodes were
maintained on NGM plates containing OP50 bacteria as a food source. The plates are stored at 20°C if
not indicated otherwise. The wildtype strain used in this study was N2 Bristol.

RNAi knockdown was achieved as previously described, by feeding worms with HT115 bacteria
carrying either the empty control vector (L4440) or the RNAi clone from the Ahringer library (Kamath

et al., 2003).

7.1.1 Measurement of mtDNA copy number

MtDNA copy number was determined as described previously by Bratic et al. (Bratic et al., 2009).
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Worms were synchronized by sodium-hydroxide bleaching to isolate C. elegans eggs. Eggs were plated
on NGM plates and worms were allowed to develop until finishing their egg-laying phase (for N2 at
day 12). Total worm DNA (see 3.2.1.) was extracted and subjected to RT-PCR to measure mtDNA

copy number (see 3.2.5.)

7.2.  Molecular Biology

7.2.1. DNA extraction

DNA for PCR, Southern Blot and mtDNA measurement was extracted using a standard isopropanol
precipitation protocol. Cells and tissues were lysed in lysis buffer (100 mM Tris pH 8; 5 mM EDTA;
200 mM NaCl; 0.2% SDS), supplemented with 1 mg/ml Proteinase K for either 1-4 hours or overnight
at 56°C. After complete lysis the sample was centrifuged for 20 minutes at 10000 rpm. For
precipitation of DNA one volume of isopropanol was added to the lysate, DNA was pelleted by
centrifugation (20 minutes 10000rpm) and afterwards washed with 200 ul of ethanol. Finally, the DNA
was dried at 37°C until residual ethanol evaporated and resuspended in TE-4 buffer (10mM Tris pH 8;
0,1mM EDTA pH 8). For mtDNA measurement, 20 worms were lysed in 20 pl of worm lysis buffer (20
mM Tris pH 7.5; 50 mM EDTA; 200 mM NaCl; 0.5% SDS), supplemented with 1 mg/ml Proteinase K
for one hour at 56°C and Proteinase K was heat inactivated at 85°C for 10 minutes. Subsequently the

lysate was diluted 5 times by adding DNAse free H20.

7.2.2. PCR and PCR-product purification
PCR for genotyping nematodes was carried out using Taq DNA Polymerase with Standard Taq Buffer

(NEB), while amplification of mtDNA fragments for gel retardation assays and southern blot probes
was carried out using the proofreading Phusion High-Fidelity DNA Polymerase (Thermo Scientific)
using the manufacturer’s protocols. Extraction of PCR-products was performed by using the

QIAquick PCR Purification Kit (Quiagen).
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7.2.3. Southern Blot

Southern Blot analysis was used to determine the quality of mtDNA derived from nematodes and
harlequin mice. Briefly, total DNA was digested with a suitable restriction enzyme, electrophoreticaly
separated on an agarose gel, blotted onto a nylonmembrane and hybridized with a radiolabeled
specific probe for mtDNA.

The restriction enzyme digestion of nematode mtDNA was performed by using the enzymes HindIII
and Xbal, while mouse mtDNA was digested with the enzymes HindIII and Sacl. To this end, a total
amount of 10ug DNA from both species was digested in a water bath at 37°C over night. The
restriction digestion reaction composed of template DNA, the restriction enzyme, restriction enzyme
specific buffer, ImM DTT, ImM Spermidin and BSA in a total volume of 50ul. Subsequently the
reaction was loaded onto a 0,7% agarose gel and separated over night at 28-32 V.

Next, the gel was depurinated for 10 min in 0,125M HCI and denatured in transferbuffer (0,5M NaOH,
1,5M NaCl) for 20 minutes. The fragments were transferred to a nylon membrane by capillary force
over night. The membrane was washed in SCC buffer (15 mM NaCl; 1,5 mM Na-Citrat; pH 7.0) and
DNA was fixed by baking the membrane for 2 hours at 80°C.

The radioactive labeling of mtDNA specific DNA probes with [a-32P]dCTP was carried out using the
manufacturer’s instruction (Redprime II Random Labeling-Kit). To wash out excess [a-32P]dCTP the
labeled oligonucleotides were purified on a Sephadex-column (Probe Quant G50 micro columns).
Finally the probe was denatured at 95°C for 5 min, cooled on ice and added to the pre-hybridisation
buffer (0.5 M NaH,PO, pH 7; 7% (w/v) SDS; 1 mM EDTA pH 8.0; 0.5 mg/ml Salm-Sperm-DNA)
Before hybridisation, free binding sites were saturated by washing the membrane with SSC buffer and
subsequent incubation with pre-hybridisation buffer (0.5 M NaH,PO, pH 7; 7% (w/v) SDS; 1 mM
EDTA pH 8.0; 0.5 mg/ml Salmon-Sperm-DNA solution) for 2h at 67°C in a glass tube. Salmon sperm
DNA was denatured for 10 min at 95°C and the radioactive labeled probe was added to the buffer.
Hybridisation was carried out over night at 64°C. For signal visualisation the membrane was covered

with an autoradiographic film, which was developed afterwards.

7.2.4. RNA isolation

Prior to use, tissues, cells and nematodes were snapfrozen in liquid nitrogen and stored at -80°C. Total

RNA isolation was performed using the QIAshredder (Qiagen) and RNeasy RNA isolation kit
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(Qiagen) according to the manufacturer’s protocol. For RNA isolation from tissues a standard phenol-
chloroform extraction was applied prior to using the RNeasy RNA isolation kit. Briefly, tissue was
roughly homogenized in QIAazol reagent and loaded on a QIAshredder column. The flow-through
was supplemented with 1/5 volume of chloroform, loaded on a phase lock gel heavy tube (Eppendorf),
thoroughly mixed and centrifuged for 5 minutes at 10000 rpm. 1 Volume of 70% ethanol was added to
the clear upper phase, loaded onto the RNeasy column and RNA was then isolated according to the
manufacturer’s protocol. After isolation, RNA concentration was determined using the NanoDrop

2000¢/2000 UV-Vis Spectrophotometer (Thermo Scientific).

7.2.5. Quantitative Real Time PCR (RT-PCR)

Expression level of several genes and determination of mtDNA copy number were assessed by
quantitative real time PCR. For gene expression experiments 50-200ng of total RNA was reversed
transcribed using qScript cDNA Synthesis Kit (Quanta Biosciences) following the manufacturer’s
protocol. For mtDNA copy number determination total DNA was used as a template.The PCR
reaction was carried out in a Step One Plus Real time PCR System (Applied Biosystems) using the Fast
SYBR Green Master Mix (Applied Biosystems). The following cycling conditions were used: Initial
AmpliTaq Polymerase activation at 95°C for 20s followed by 40 cycles of denaturation (95°C for 3s)
and Annealing/Extension (60°C for 30s). An average of at least 3 technical repeats was used for each
biological data point and data was analysed using the comparative AACt method (Livak and

Schmittgen, 2001).

Table 7-2: Primer sequences used in this study

Target Sequence

beta-actin 5'-tgtgatgccagatcttctccat-3” and 5'-gagcacggtatcgtcaccaa-3’
wah-1 5'-gctgatgetgtcgaggaga-3 ‘and 5'-tggtggtgttctcttctgtaga-3”
chk-1 5’-ctctggcggagagacagaat -3’ and 5’-cattcgttggaggagattcg -3’
par-2.1 5’-ctaccgtcegetgtatgtca -3” and 5’-ggtttttcagcgaacaagtca -3
hmg-5 5’-gcattcactgattcccagaaa-3" 5'-tttctttctgttcggettec-3°

cps-6 5’-tgagcaatatgagccacaa -3’ and 5’-gggaccggtgattatgtagg -3’
eat-3 5’-aggatcaaaatggaaattcagg -3’ and 5’-catcaatgaggcgagaatga -3’
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fzo-1

5’-gggoatgtctatggagaactga -3’ and 5°-ccgctgttcagaactaacaaagt -3’

dve-1 5’-gcattcagcacccactca-3’ and 5’-gagtgggtcgaacatcagg-3’
C. elegans mitochondrial genes

COX1 5'-tgggttgacaggtgttgtattatct -3 and 5'-gtgtaacacccgtgaaaatcc -3°

NDI 5'-agcgtcatttattgggaagaagac -3 and 5’-aagcttgtgctaatcccataaatgt -3

ND4 5'-aggctcctacaacagcetagaatactt -3” and 5'-gcaattaaaattcatacattgttgtgt -3

COX3 5’-gacgggtttaaattcggagtaa -3” and 5-tctcccaactcgtgtactggt -3

Mouse Primers for mRNA detection by RT-PCR

HMOX 5'-ggagcctgaatcgageagaa -3 and 5'-tcagcattctcggettggat -3

Nrfl 5'-cggcagctgatgaggtaac -3 and 5’ -tttcegtttcttcttecctgttg -3°

Nrf2 5'-catgatggacttggagttgc -3 and 5 -cctccaaaggatgtcaatcaa -3”

SOD2 5'-tgctctaatcaggacccattg -3 and 5'-gtagtaagegtgcteccacac -3

Ndufs8 5'-catcggctcttggetecag -3 and 5'-ttgectgeaaactctgtgag -3

Atp5al 5'-gctgaggaatgttcaagcaga -3 and 5'-ccaagttcagggacataccc -3

SDHb 5'-ctggtggaacggagacaagt -3” and 5’-gcgttcctctgtgaagtegt -3°

Uqcrcl 5'-cgcacagattgactgactacc -3” and 5'-caagtgtttctgggcaaggt -3

TFAM 5'-caaaggatgattcggctcag -3 and 5'-aagctgaatatatgectgcetttc -3
Mouse mitochondrial genes

ND6 5'-cacaactatatattgccgctacec -3 and 5'-tggtttgggagattggttg -3°

ND5 5’-agcattcggaagcatctttg -3” and 5'-ttgtgaggactggaatgctg -3°

NDI 5'-caaacacttattacaacccaagaaca -3 and 5’-tcatattatggctatgggtcagg -3°

COX1 5’-cagccgceaacctaaacaca -3 and 5'-ttctgggtgceccaaagaat -3

ND4L 5'-caactccataagctccatacca -3 and 5°-gctagttcctacagcetgetteg -3°

CYTB 5'-catttattatcgcggeecta -3” and 5°-tgggttgtttgatcctgtttc -3°
C. elegans primers for assessing mtDNA copy number

actin 5'-ggtggttcctecggaaagaa -3 and 5 -tgcgacattgatatccgtaagg -3°

nd-1 5'-agcgtcatttattgggaagaagac -3 and 5’-aagcttgtgctaaatcccataaatgt -3
mouse primers for assessing mtDNA copy number

actin 5'-ggaaaagagcctcagggcat -3 and 5'-gaagagctatgagctgectga -3°

nd-2 5'-cccattccacttctgattace -3 and 5'-atgatagtagagttgagtageg -3°
human primers for assessing mtDNA copy number

actin 5'-ccacctcagtcttcecatct -3 and 5 -ctttctctetgecctgatee -3
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h_mtDNA

(3212-3299)

5'-cacccaagaacagggtttgt -3” and 5'-tggccaatgggtatgttgttaa -3°

Mouse mtDNA Fragment primer for gel retardation assay

D-loop/12S F(15311-15334) 5'- ctctggtcttgtaaacctgaaatg-3”
1128bp R(11170-11190) 5'- caccggtctatggaggtttge-3”
COXI, F(6628-6647) 5 -caggaataccacgacgctac -3°
COXILATPS R(7847-7868) 5'-gtgggaatgtttgtgatgagac -3
1242bp

COXI, F(6628-6647) 5 -caggaataccacgacgctac -3°
COXILATPS, R(9312-9333) 5'-gtcgcagttgaatgctgtgtag -3°

COXIII 2707bp

ND4, ND5 | F(11170-11190) 5'-gaacggatccacagccgtact -3
1501bp R(12649-12670) 5'-gttggcttgatgtagagaaggc -3°
ND4, ND5, | F(11170-11190) 5°-gaacggatccacagccgtact -3°
ND6 2929bp R(14077-14098) 5'-gtcgcagttgaatgctgtgtag -3°

C. elegans primers for Southern Blot probes

Probe_celegans

F(12082-12105) 5'- cagcattaactaatcgtctaggtg -3

R(12591-12615) 5'- catcttgttgtccaaatgaacaatg -3”

mouse primers for Southern Blot probes

Probe_mouse

F(9312-9333) 5'- gaagccgcagcatgatactgac -3°

R(10089-10109) 5'- gtagggctagtcctacagcetg -3°

7.3.

7.3.1. Culturing of cell lines and mouse embryonic fibroblasts (MEF)
Cell lines (HEK293T, HeLa, 3T3 and SH-SY5Y) and MEF cells were cultured in DMEM (Life

Technologies) supplemented with 1% Penicillin/Streptomycin (Life Technologies) and 10% fetal calf
serum (FCS) (Life Technologies) at 37°C under 5% CO2 atmosphere. Cells were passaged by
trypsinisation every 2-3 days. Briefly, cell culture media was aspirated, cells were washed once with

PBS and incubated with a suitable volume of trypsin solution (Life Technologies). After detachment of

Cell Biology
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cells, trypsin was inactivated by adding the same volume of complete DMEM media and pelleted by
centrifugation for 2 min at 1000g. Subsequently cells were resuspended in complete DMEM and plated

on a fresh cell culture dish for further cultivation.

7.3.2. Freezing and thawing of cells
Cell lines (HEK293T, HeLa, 3T3 and SH-SY5Y) were trypsinised, pelleted and resuspended in 4°C cold

freezing medium (DMEM, 1% Penicilin/Streptomycin, 10% FCS, 10% DMSO), while MEF cells were
resuspended in FCS supplemented with 10% DMSO. The cryotubes were transferred to -80°C in a Mr.
Frosty Freezing Container (Thermo Scientific) to ensure a cooling of -1°C/minute. For long term
storage cells were transferred to liquid nitrogen.

Cells were thawed by transferring cryotubes to a water bath at 37°C. The thawed cells were
resuspended in 5 ml of complete pre-warmed DMEM, pelleted, resuspended in complete DMEM and

directly plated.

7.3.3. Preparation and culturing of primary cell culture

Primary cell cultures were prepared with the help of Mrs. Bartling-Kirsch and Dr. Jakubik.

7.3.3.1. Mouse embryonic fibroblast cells
MEFs were prepared at embryonic day E13.5-E15.5 from wildtype (wt/Y) and harlequin (Hq/Y)

littermates. Briefly, embryos were removed from the uterus of pregnant mice and liver and heart were
removed, the head was kept for subsequent genotyping of the embryos. The remaining parts of the
embryos were chopped in 1.5 ml PBS and mixed with 30-40ml Trypsin. The crude tissue was further
trypsinised by stirring at 37°C and the reaction was stopped by adding 30 ml EF medium (DMEM, 1%
Penicillin/Streptomycin, 10% FCS, 250 pg/ml Amphotericin B). The cell mixture was passed through a
cell strainer, pelleted for 10 min at 1200 rpm and resuspended in 10 ml EF medium. Finally, the cell
number was determined and 5x10° cells were plated on gelatin coated 15 cm cell culture dishes (0.1%

gelatine). Culturing of MEF cells was performed as previously described.
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7.3.4. Differentiation of SHSY5Y cells
In order to differentiate SH-SY5Y cells, 50 uM of retinoic acid was added to the standard cell culture

medium. Differentiation can be observed 5 days after supplementation. Cells were allowed to stay in

culture for another 2 days and then collected for western blotting.

7.4. Biochemistry

7.4.1. Protein isolation

Cells, tissues and nematodes were homogenized and lysed on ice in RIPA buffer (radioimmuno
precipitation assay buffer) supplemented with protease- (cOmplete Protease Inhibitor Cocktail
Tablets, Roche) and phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor Cocktail Tablets,
Roche). Cell debris were pelleted by centrifugation for 5 min at 10000g, the supernatant was
transferred to a fresh tube and protein concentration was determined by Bradford protein assay

(Biorad).

7.4.2. Western Blot

Proteins from cells, tissues and nematodes were separated by SDS polyacrylamide gel electrophoresis
(SDS-PAGE). Briefly, 4x Laemmli buffer (250mM Tris/HCI pH 6.8, 8% SDS, 40% glycerol, 20% -
mercaptoethanol, 1mg/ml bromphenolblue) was added to 30 ug of total protein. The samples was
loaded onto a polyacrylamide gel and allowed to pass through the stacking gel by applying a current of
80mV for 20 min. The current was then increased to 130 mV until the proteins reached the desired
state of separation. Proteins were transferred to a nitrocellulose membrane by wetblotting for 90 min
at 300 mA. The membrane was briefly washed with TBST buffer (15.3mM Tris/HCI, 140mM NaCl, pH
7.6, 0,1% Tween) and unspecific binding was blocked by incubation with 5% nonfat milk powder in
TBST-buffer for 30 minutes. After blocking the primary antibody was diluted in 5% milk-TBST and
incubated with the membrane either over night at 4°C or 1-2 hours at room temperature. The
antibody was removed by washing the membrane 3 times for 10 minutes with TBST-buffer. The
secondary (horseradish peroxidase conjugated, HRP) antibody was diluted 1:8000 in 5% milk-TBST
and incubated with the membrane for 45 minutes. The membranes were washed 3 times with TBST

and finally developed with peroxidase substrate for enhanced chemiluminescence (Pierce ECL
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Western Blotting Substrate, Thermo Scientific) according to the manufacturer’s instructions. The

chemiluminescence detection was performed using the ChemiDoc XRS+ Gel documentation system

(BioRad).

Antibodies used in this study are listed in the table below:

Table 7-3: List of antibodies used in this study for Western Blot (WB) or Immuncytochemistry (IC)

Antibody Host Company Application
Anti-AIF Rabbit polyclonal Millipore AB16501 WB
Anti-Alpha-Tubulin Mouse monoclonal Sigma (T8203) WB
Anti-MT-ND5 (Complex I) Rabbit monoclonal MitoSciences WB
Anti-MT-CO3 (Complex III) Mouse monoclonal MitoSciences WB
Anti-DRP-1 (D6C7) Rabbit monoclonal Cell Signaling (8570) WB
Anti-Mitofilin Mouse monoclonal MitoSciences (ab110329) WB
Anti-Ndufa9 (Complex I) Mouse monoclonal MitoSciences WB
Anti-Ndufs4 (Complex I) Mouse monoclonal MitoSciences WB
Anti-SDHA (Complex II) Mouse monoclonal MitoSciences WB
Anti-TFAM Rabbit polyclonal Calbiochem WB
Anti-ATP  synthase subunit Mouse monoclonal MitoSciences, MS507 WB
alpha

Anti-Ndufs3 (Complex I) Mouse monoclonal MitoSciences, MS112 WB
Anti-MT-CO1 (Complex IV) Mouse monoclonal MitoSciences, MS404 WB
Anti-COX (mtDNA encoded) Rabbit polyclonal Cell Signaling WB
Anti-COXIV(nuclear encoded)  Rabbit polyclonal Cell Signaling WB
Anti-CyclinE (M20) Rabbit polyclonal Santa Cruz WB
Anti-Mitofusin-1 Rabbit polyclonal Millipore (ABC41) WB
Anti-OPA1 Mouse monoclonal BD bioscience (612606) WB
Anti-PARP Rabbit polyclonal Cell Signaling WB
Anti-TOM20 Rabbit polyclonal SantaCruz (sc-11415) WB/IC
Total OXPHOS Rodent WB Mouse polyclonal Abcam (ab110413) WB

Antibody Cocktail
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7.4.3. Propidium Iodide (PI) staining for cell cycle analysis and fluorescence activated
cell scanning (FACS)

MEEF cells collected for PI staining were cultured as previously described. At least 1x10° cells were
washed once with PBS, pelleted and resuspended in 100ul ice cold PBS. In order to fix the cells, 900pl
of ice-cold 70% ethanol were added to the cell suspension drop-wise while vortexing. Finally, the
samples were transferred to -20°C for at least 2h to finalize the fixation process. Fixed samples were
stored at -20°C until PI staining was performed. Cells were initially washed 2-3 times with PBS until
ethanol was removed and pelleted at 1200 rpm for 10 min. Subsequently they were resuspended in 50
ul Img/ml RNAse and 300pl of PI staining solution (0.1% Triton X-100, 500pg/ml PI) was added. The
samples were transferred to FACS tubes, protected from light and incubated with the staining solution
for 20 min at room temperature on a shaker. Finally, flow cytometry analysis was performed, using

the Gallios Beckmann Coulter flow cytometer.

7.5. Microscopy

7.5.1. Staining for Live-Cell imaging

MEF cells were plated on glass bottom culture dishes for microscopy and cultured as previously
described. For live imaging of mitochondria, cells were incubated for 10 min with 100 nM Mitotracker
(MitoTracker Green FM, Invitrogen). After incubation with Mitotracker, cells were washed once with

dye-free cell culture medium and finally imaged.

7.5.2. Measurement of mitochondrial morphology
Mitochondrial morphology in MEF cells was assessed with the Andor Spinning Disk microscope. The

system comprises a fully motorized inverted Nikon microscope in association with a Yokogawa
Spinning Disk connected to a back-illuminated EMCCD camera (Andor iXON DU-897, 512 x 512
pixels, 16 bit, 35 frames/sec). The setup was equipped with a 100x oil-immersion lens (Nikon).
Fluorescence was measured at 490 nm excitation and a 516 nm emission filter. The analysis included
15 images from 4 different MEF cell clones for each genotype (wildtype and harlequin). Image analysis
of mitochondrial length and number of mitochondrial branches was performed using the Fiji image

processing software.
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7.6.  List of Buffers

Table 7-4: List of Buffers used in this study

Buffer

Composition

NGM (nematode growth media)

LB

M9

3 g NaCl, 17 g agar, 2.5 g peptone, 1 ml cholesterol in 11 H20,
after autoclaving 1 ml of 1M CaCl2, 1 ml of 1 M MgSO4 and 25
ml of IM KPO4 are added

10 g Bacto-tryptone, 5 g Bacto-yeast , 5 g NaCl up to 11 with
dH20 adjusted to pH 7.0 using 1 M NaOH

3 g KH2PO4, 6 g Na2HPO4, 5 g NaCl, 1 ml IM MgSO4 upto 1l

with dH20

Buffer Molecular Biology

DNA Lysis Buffer

Worm DNA Lysis Buffer
TE-4 Buffer

Southern Blot Transfer buffer
Southern Blot SCC buffer

Southern Blot Pre-Hybridisation buffer

100 mM Tris pH 8; 5 mM EDTA; 200 mM NaCl; 0.2% SDS

20 mM Tris pH 7.5; 50 mM EDTA; 200 mM NaCl; 0.5% SDS
10mM Tris pH 8; 0,lmM EDTA pH 8

0,5M NaOH, 1,5M NaCl

15 mM NaCl; 1,5 mM Na-Citrat; pH 7.0

0.5 M NaH,PO, pH 7; 7% (w/v) SDS; 1 mM EDTA pH 8.0; 0.5

mg/ml salmon-sperm-DNA

Buffer Cell Culture

Complete cell cuture media

Freezing media

DMEM(high glucose, pyruvate, L-glutamine), 1%
Penicilin/Streptomycin, 10% FCS
DMEM(high glucose, pyruvate, L-glutamine), 1%

penicilin/streptomycin, 10% FCS, 10% DMSO

EF medium DMEM, 1% penicillin/streptomycin, 10% FCS, 250 pg/ml
Ampbhotericin B

HBSS 2x buffer 50mM HEPES, 10mM KCl, 280nM NaCl, 1.5mM Na2HPO4

Buffer Biochemistry

Lower Buffer WB 1.5M Tris-Base, 0.4% SDS, pH 8.8

Upper Buffer WB 1M Tris-Base, 0.4% SDS, pH 6.8

Transfer and Electrophoresis buffer

10x TBS Buffer

25mM Tris-Base, 192mM glycine

153mM Tris-HCI, 1.4M NaCl, pH 7.6
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TBST buffer 15.3mM Tris/HCI, 140mM NaCl, pH 7.6, 0,1% Tween
Laemmli Buffer 250mM Tris/HCI pH 6.8, 8% SDS, 40% glycerol, 20% -

mercaptoethanol, Img/ml bromphenolblue
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