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ABSTRACT

FURTHER CHARACTERIZATION OF HEART- AND
SKELETAL MUSCLE-SPECIFIC MITOCHONDRIAL
ASPARTYL-tRNA SYNTHETASE (DARS2) KNOCKOUT
MOUSE

Mitochondrial respiratory chain defects are the primary cause of mitochondrial
disorders. Mitochondria have developed various adaptive responses to counteract the
effects of these defects. In this study, the heart- and skeletal muscle-specific mito-
chondrial aspartyl-tRNA synthetase (DARS2) knockout mouse model (hmKO) was
further characterized phenotypically and molecularly by previously unchecked param-
eters. Phenotypic characterization demonstrated that hmKO mice have lower exercise
performance, poorer coordinated activity, and weaker muscles than their wild-type lit-
termates. Furthermore, respiratory chain deficiency led to mitochondrial dysfunction
exemplified by reduced oxygen consumption rate, reactive oxygen species (ROS) flux,
and ATP production. In addition, components of the mitochondrial integrated stress
response (ISR™) were upregulated, while the antioxidant response was downregulated
in the heart. Although there is no specific cure for mitochondrial diseases, various ap-
proaches can slow down the disease progress or attenuate the symptoms, one of which
is ketogenic diet (KD). Animals were fed with KD to mitigate the effects of the severe
phenotype of hmKO mice. Unfortunately, KD could not prolong the shortened lifespan
and improve the exercise performance and muscle strength of hmKO animals due to

our model’s severe diseased phenotype.



OZET

KALP VE ISKELET KASINA OZGU MITOKONDRIAL
ASPARTIL-tRNA SENTETAZIN (DARS2) iLERI
KARAKTERIZASYONU

Mitokondriyal solunum zinciri kusurlari, mitokondriyal bozukluklarin birincil
nedenidir. Mitokondri, bu kusurlarin etkilerine karsi koymak icin ¢esitli uyarlanabilir
tepkiler geligtirmigtir. Bu ¢caligmada, kalp ve iskelet kasina 6zgii mitokondriyal aspartil-
tRNA sentetaz (DARS2) nakavt fare modeli (hmKO), 6nceden kontrol edilmemis para-
metrelerle fenotipik ve molekiiler olarak ileri karakterize edildi. Fenotipik karakteri-
zasyon, hmKO farelerinin, kontrollerinden daha diisiik egzersiz performansina, daha
zayif koordineli aktiviteye ve daha zayif kaslara sahip oldugunu gosterdi. Ayrica, so-
lunum zinciri eksikligi, azalan oksijen titketim orani, reaktif oksijen tiirleri (ROS) akisi
ve ATP iiretimi ile 6rneklenen mitokondriyal iglev bozukluguna yol acti. Ek olarak,
kalpte mitokondriyal entegre stres yanitimin (ISR™) bilegenleri artarken antioksidan
stres yanit1 azaldi. Mitokondriyal hastaliklar i¢in kesin bir tedavi olmamakla birlikte,
ketojenik diyet (KD) gibi cesitli yontemler hastaligin ilerlemesini yavaglatabilir veya
semptomlar1 hafifletebilir. Hayvanlar, hmKO farelerinin giddetli fenotipinin etkilerini
hafifletmek i¢in KD ile beslendi. Ne yazik ki KD, modelimizin agir1 hastalikli fenotipi
nedeniyle hmKO hayvanlarinin kisalmig omriinii uzatamadi ve egzersiz performansini

ve kas giiclinii iyilestiremedi.
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1. INTRODUCTION

1.1. Mitochondria

Mitochondria are the organelles that provide energy for almost every eukaryotic
cell (Gray, 2013). The origin of the mitochondria is a prokaryote according to the en-
dosymbiosis theory (Aanen & Eggleton, 2017). The endosymbiosis theory postulated
that the mitochondria aroused from a symbiont relationship between the alphapro-
teobacterium and the host Asgard archaea (Roger et al., 2017). This theory has been
supported by much evidence. One of the strong proofs is the physiological and bio-
chemical similarity between the mitochondria and the prokaryotic cells (Boguszewska
et al., 2020). The mitochondrial inner membrane is similar to prokaryotic membranes
in composition and physical properties (Scorrano, 2013). Mitochondria use the same
strategy, fission, as prokaryotes for dividing (Kuroiwa et al., 2006). Likewise, a mito-
chondrion has its own genome that retains a miniaturized chromosome of a prokaryotic
cell, and mitochondrial DNA can translate its own proteins (Lightowlers et al., 2014;
Zimorski et al., 2014). Furthermore, protein translation in mitochondria resembles
bacterial protein translation in that both initiate translation with N-formyl methionyl
tRNA, unlike the eukaryotic cytosolic translation (Fridovich, 1974; Kummer & Ban,
2021).

Mitochondria have a dynamic structure with balanced fusion and fission ma-
chinery, which shapes the mitochondrial compartments for responding to changing
physiological conditions (Westermann, 2010). A mitochondrion consists of the inner
membrane (IMM), outer membrane (OMM), and the intermembrane space that sepa-
rates the IMM and OMM (Figure 1.1). The inner part of mitochondria is filled with
the matrix containing mitochondrial DNA, ribosomes, RNAs, proteins, and various

enzymes, which maintain the mitochondrial function (Frey & Mannella, 2000).



The mitochondrial inner membrane is folded to extend its surface; these folded
structures are called cristae (Mannella, 2020). Cristae comprise the protein complexes

responsible for oxidative phosphorylation (OXPHOS) (Joubert & Puff, 2021).

Cristae Outer

Membrane
Inner Membrane
Space

Matrix

Inner
membrane

Figure 1.1. Structure of the mitochondria.

1.1.1. Electron Transport Chain

Cristae harbor the electron transport chain (ETC) that comprises five main com-
plexes and two carriers facilitating oxidative phosphorylation (OXPHOS) (Cogliati et
al., 2013). During forward electron transport (FET), complex I (NADH: ubiquinone ox-
idoreductase) oxidizes NADH to NAD™ and transfers its electrons to ubiquinone (Sousa
et al., 2018). Complex IT (Succinate: quinone dehydrogenase) oxidizes the Krebs cy-
cle metabolite succinate to fumarate and reduces ubiquinone to ubiquinol (Quinlan
et al., 2012). Ubiquinone also receives electrons from dihydroorotate dehydrogenase
(DHODH), electron transfer flavoprotein quinone oxidoreductase (ETF: QOR), and
Glycerol-3-phosphate dehydrogenase (GPDH) (Sciald et al., 2017). Then, complex 111
accepts electrons from ubiquinol and transfers them to cytochrome ¢ (Chandel, 2010).
Cytochrome c carries 2 electrons to complex IV, and electrons reduce the final acceptor
oxygen to water. This process creates a proton gradient that Complex V can utilize to
produce ATP from ADP (Sousa et al., 2018). The forward electron transport process
is depicted in Figure 1.2.



1.1.2. Mitochondrial Reactive Oxygen Species (mtROS)

During electron transfer, some electrons may directly leak onto oxygen instead of
passing to the next carrier, which causes superoxide O~ formation (Liu et al., 2002).
Afterward, O~ is converted to hydrogen peroxide HoOy by superoxide dismutase en-
zymes (SODs). Both O~ and HyO, are known as reactive oxygen species (ROS); if
their sources are the mitochondria, they are called the mitochondrial reactive oxygen
species (mtROS) (Li et al., 2013). Complex I and complex IIT are the primary sources
of the mtROS, but complex II can also contribute to ROS generation (Zhao et al.,
2019). ROS plays a role in oxidative damage, aging, and various diseases, including
ischemia, Parkinson’s, and Alzheimer’s diseases (Scialo et al., 2016). Recently, it has
been revealed that ROS also acts as a signal molecule regulating physiologic home-
ostasis (Sena & Chandel, 2012). The role of ROS depends on its amount, nature, and
where and when it is produced (Stefanatos & Sanz, 2018). A low amount of ROS has
been associated with the signaling function, whereas a high level of ROS is considered
detrimental (Scialo et al., 2017). A depiction of the forward electron transportation
process and reactive oxygen species production can be found in Figure 1.2. The for-
ward electron transport is not the only source of mitochondrial ROS. Under certain
conditions, electrons are transferred back to complex I, which is called the reverse
electron transfer (RET) (Selivanov et al., 2011). For instance, when Complex II is
supplied with succinate, electrons are carried to ubiquinone (Q), which leads to the
over-reduction of ubiquinone. Therefore, it cannot receive any electrons from Com-
plex I, which causes electrons to move back (Scialo et al., 2017). The production of
ROS by RET depends on mitochondrial membrane potential and the redox state of
both the Co(Q pool and the NADH pool (Robb et al., 2018). The RET-ROS plays
an essential role in many biological processes. RET-ROS has been shown to activate
some stress responses like mitochondrial biogenesis (Dogan et al., 2018), extend the
lifespan of Drosophila melanogaster (Scialo et al., 2016), help myoblast differentiation
(Lee et al., 20011), and trigger inflammatory responses of macrophages (Mills et al.,
2016). A depiction of the reverse electron transfer process and reactive oxygen species

production can be found in Figure 1.3.



Forward Electron Transport

AN

ADP ATP
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1.1.3. Mitochondrial DNA

Human mitochondrial DNA (mtDNA) is a 16,569-kb long double-stranded circu-
lar molecule with 37 genes encoding for 22 tRNAs, 2 rRNAs, and 13 subunit proteins
of the mitochondrial respiratory chain (Young & Copeland, 2016). Since only the egg
cell contributes to mitochondria at fertilization, mtDNA belongs to the ovum, which
means mtDNA is transmitted not according to Mendelian rules but by maternal inheri-
tance (Giles et al., 1980). Therefore, mtDNA mutations are passed from the mother to
her offspring. Likewise, only her daughters transmit mutations to the next generation

(Saneto & Sedensky, 2013).

A single eukaryotic cell contains many mitochondria (up to several thousand) and
each mitochondria many copies of mtDNA, which creates the concepts of homoplasmy
and heteroplasmy. Homoplasmy defines the uniformity of the mitochondrial genome
(Bolze et al., 2019). In contrast, heteroplasmy means the presence of more than two
mitochondrial genotypes (Stewart & Chinnery, 2015). These concepts become mean-
ingful when considering diseases that result from mtDNA mutations. Homoplasmic
mutations impact all mtDNA, while heteroplasmic mutations only affect some copies
(Taylor & Turnbull, 2005). If an mtDNA homoplasmic mutation causes a disease, it
certainly shows its clinical effects. However, if a mutation presents in some copies (het-
eroplasmic mutation), its effects are determined by the ratio of healthy and mutant
copies. The minimum critical level of mutant mtDNA copies required to demonstrate
the clinical expression of a disease is called the threshold effect (DiMauro & Davidzon,

2005).

1.1.4. Mitochondria in Disease

A mitochondrion participates in various biological processes. It is more than a
powerhouse for a cell (McBride et al., 2006). It has essential roles in cell signaling, cell
growth, ion homeostasis, and the mechanism of cell survival and death (Osellame et

al., 2012). Therefore, it is vital to protect mitochondrial homeostasis.



In physiological conditions, mitochondria keep their balance by biogenesis and
degradation (mitochondrial autophagy; ‘mitophagy’) (Melser et al., 2015). The dys-
function of a mitochondrion may cause many diseases such as cancer, diabetes, cardio-
vascular disorders, and neurodegenerative diseases. Because mitochondria have roles in
programmed cell death mechanisms, including necroptosis, apoptosis, ferroptosis, py-
roptosis, and autophagy, their fitness is crucial for the homeostasis of the cell (Javadov
et al., 2020). Moreover, as stated above, it produces a signaling molecule, ROS, that
plays an essential role in activating stress responses, extending lifespan, and triggering
inflammation as well as oxidative damage, aging, and various diseases (Dogan et al.,

2018; Lee et al., 20011; Mills et al., 2016; Scialo et al., 2016).

The mitochondrial genome is more susceptible to mutations than the nuclear
DNA (Lax et al., 2011). Because mtDNA is close to respiratory chain complexes, it may
be damaged easily by ROS released from complexes (Santos et al., 2013). Even though
it has repair systems, it cannot overcome oxidative damage all the time (Ryzhkova et

al., 2018).

mtDNA mutations can be investigated under two main groups: point mutations
and mtDNA rearrangements. Mitochondrial DNA point mutations might be in the
genes encoding for protein, rRNA, or tRNA. Nevertheless, most point mutations caus-
ing disease has been found to be occuring in tRNA genes (Wallace et al., 1992). Mi-
tochondrial tRNA mutations may affect all mitochondrial translation by reducing mt-
tRNA availability (Tuppen et al., 2010). mtDNA point mutations result in various
diseases like MELAS (Mitochondrial encephalomyopathy, lactic acidosis, and stroke-
like episodes), MERRF (Myoclonus epilepsy and ragged red fibers), LHON (Leber’s
hereditary optic neuropathy), and NARP (Neuropathy, ataxia retinitis pigmentosa)
(Taylor & Turnbull, 2005). mtDNA rearrangements are the other source of mitochon-
drial dysfunctions and diseases. Large-scale mtDNA rearrangements might result in
deletions, hence defects in mtDNA maintenance (Rygiel et al., 2016). mtDNA rear-
rangement mutations lead to various mendelian, maternally inherited, and sporadic

disorders such as Kearns-Sayre syndrome (KSS) (Moraes et al., 1989; Wallace, 2005).



Mitochondrial fitness can be affected by mutations not only in mtDNA but also in
nuclear DNA. mtDNA encodes 13 proteins of respiratory chain complexes (Subunits of
complex I: ND1-ND6 and NDA4L; subunit of complex III: CYTB; subunits of complex
IV: COX1-COX3; and subunits of complex V: ATP6 and ATPS); however, most genes
coding for subunits of complexes are encoded by nuclear DNA (Wang et al., 2021). In
addition, nuclear DNA encodes many essential genes that participate in mtDNA main-
tenance, replication, transcription, and translation (Rusecka et al., 2018). This study
will focus on the nuclear-encoded mitochondrial enzyme, aspartyl-tRNA synthetase 2

(DARS2), a crucial player in the mitochondrial translational process.

1.1.5. Mitochondrial Aminoacyl-tRNA Synthetases

Aminoacyl-tRNA synthetases (ARSs) are responsible for ligating tRNAs with
their corresponding amino acids during protein synthesis (Kwon et al., 2019). Charg-
ing tRNAs with their cognate amino acids is catalyzed in a two-step reaction by cor-
responding aminoacyl-tRNA synthetases (Kaiser et al., 2020). In the first step, amino
acid and an ATP molecule bind to the catalytic site of the aminoacyl-tRNA synthetase,
which results in hydrolysis of ATP to adenosine monophosphate (AMP) and pyrophos-
phate (PPi) (Figure 1.4). While amino acid is attached to the AMP in the enzyme,
pyrophosphate is released from the active site. In the second step, the corresponding
tRNA molecule binds to aminoacyl-tRNA synthetases, then the amino acid is trans-
ferred to tRNA from adenosine monophosphate (AMP) and the vacant AMP is released
(Kaiser et al., 2020; Rubio Gomez & Ibba, 2020).

Since mitochondria can synthesize their own genes, they need aminoacyl-tRNA
synthetase to charge their tRNAs with cognate amino acids (Chihade, 2020). The
nucleus encodes aminoacyl-tRNA synthetase enzymes which act in the cytosol or are

imported to mitochondria (Ognjenovié¢ & Simonovié¢, 2018).



ATP

tRNA

Figure 1.4. Aminoacylation reaction.

It has been shown that genes that encode mitochondrial aminoacyl-tRNA syn-
thetases are associated with a wide range of human diseases; because mtARSs play
an essential role in mitochondrial protein synthesis, their deficiency might affect mi-
tochondrial fitness and hence human health (Figuccia et al., 2021). Mitochondrial
dysfunctions primarily affect the tissues, specifically the brain, muscle, and heart, that
require high energy to maintain their functions. Therefore, mitochondrial aminoacyl-
tRNA synthetase mutations cause central nervous system pathologies like leukodys-
trophies, Perrault syndrome, and encephalopathies (Fine et al., 2019). Mitochondrial
aminoacyl-tRNA synthetase genes and related diseases are listed in Table 77. DARS2
is one of the mitochondrial aminoacyl-tRNA synthetases crucial for protein synthesis
in mitochondria. It attaches the aspartate amino acid to its corresponding tRNA, as

shown in Figure 1.4.



It has been proposed that almost all patients that suffer from Leukoencephalopa-
thy with brainstem and spinal cord involvement and lactate elevation have mutations
in the DARS2 gene (Scheper et al., 2007). One of these mutations is generally found
in the splice site in intron 2, the upstream of exon 3, which results in a frameshift
and non-functional protein. However, this mutation can be ‘leaky,” meaning full-length
protein can be formed by part of the mutated mRNAs with exon3 (van Berge et al.,
2014).

Table 1.1. Various diseases caused by mutations in mitochondrial aminoacyl-tRNA

genes.

Gene Disease

AARS2 | Perinatal or infantile mitochondrial cardiomyopathy (Go6tz et al., 2011)

LBSL (Leukoencephalopathy with brain stem and spinal cord

DARS2
involvement and lactate elevation) (van Berge et al., 2014)
LTBL (Early-onset Leukoencephalopathy with Thalamus
EARS2
and Brainstem Involvement and High Lactate) (Steenweg et al., 2012)
Early-onset epileptic mitochondrial encephalopathy and spastic
FARS? y piiep P patiyy p

paraplegia (Barcia et al., 2021)

GARS | CMT (Charcot-Marie-Tooth disease) (Motley et al., 2011)

HARS2 | PRLTS2 (Perrault syndrome 2) (Pierce et al., 2011)

CMTRIB (Charcot-Marie-Tooth disease, recessive

intermediate, B) (Quadros Santos Monteiro Fonseca & Zanoteli, 2018)
LARS2 | PRLTS4 (Perrault syndrome 4) (Pan et al., 2020)

MLASA (Myopathy, Lactic Acidosis, and Sideroblastic Anemia)
(Kasapkara et al., 2017)

KARS

YARS2

ARSAL (Autosomal Recessive Spastic Ataxia with
MARS2

Leukoencephalopathy) (Bayat et al., 2012)

RARS2 | PCH6 (Pontocerebellar Hypoplasia type 6) (Nevanlinna et al., 2020)

SARS? HUPRA (Hyperuricemia, Pulmonary hypertension, Renal failure in

infancy, and Alkalosis) (Belostotsky et al., 2011)
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DARS2 deficiency has been studied in various mouse models. In the heart- and
skeletal muscle-specific DARS2-deficient mouse model, DARS2 depletion resulted in
respiratory chain dysfunction in both tissues, and DARS2 deficient mice developed
cardiac hypertrophy and muscle atrophy (Dogan et al., 2014). In forebrain-specific
DARS2-deficient mice, loss of DARS2 in neurons caused strong mitochondrial dys-
function and cell death (Aradjanski et al., 2017). Another study investigated the con-
tribution of mitochondrial metabolism to the inflammatory effects of macrophages in
the wound healing process using myeloid-specific DARS2-deficient models (Willenborg
et al., 2021).

1.2. Mitochondrial Stress Signaling

It is vital to ensure compatibility between mitochondrial fitness and cell to main-
tain mitochondrial function and meet the cell’s needs (Chandel, 2014). Therefore,
mitochondria developed various adaptation mechanisms to cope with the changing
environmental conditions. These mechanisms include communication with the other
organelles and the nucleus by signal conduction (Mick et al., 2020). Respiratory chain
defects causing impaired oxidative phosphorylation and energy metabolism are the
principal activators of most adaptive stress responses (Barbour & Turner, 2014). In
addition, the other sources of mitochondrial stress are impaired proteostasis, excessive
reactive oxygen species (ROS) production, nutrient deprivation, hypoxia, and viral
infections (Camhi et al., 1995; Pakos-Zebrucka et al., 2016; Zhao, 2002). Adaptive

responses that mitochondria develop to cope with stress are discussed below.

1.2.1. Retrograde Signaling

Although mitochondria synthesize their own proteins, the most considerable por-
tion of the mitochondrial proteins is encoded in the nucleus and imported into mi-
tochondria (da Cunha et al., 2015). Thus, communication between the nucleus and
the mitochondria is essential to maintain cell homeostasis. Mitochondria communi-

cate with the nucleus for biogenesis, homeostasis, and informing the nucleus about
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mitochondrial dysfunction (Cardamone et al., 2018). The mitochondrial retrograde
signaling pathway was firstly described in Saccharomyces cerevisiae (Rios-Anjos et al.,
2017). In Saccharomyces cerevisiae, mitochondrial dysfunction can be sensed by Rtg2p,
which activates a transcription factor complex consisting of Rtglp and Rtg3p. Rtglp
and Rtg3p complex translocates to the nucleus and turns on the transcription of genes
required for adapting to changing physiological conditions (Hill & Van Remmen, 2014;
Rios-Anjos et al., 2017). The signal mechanism has become more complicated with
many unknowns in higher organisms. The studies in mammalian retrograde signaling

focus on mitochondrial biogenesis (Cardamone et al., 2018).

Mitochondrial biogenesis can be defined as increasing mitochondrial mass and
copy number (Bhatti et al., 2017). The master regulator of mitochondrial biogenesis
is the peroxisome-proliferator-activated receptor v co-activator-lae (PGC-1ar). PGC-
la activates the other transcription factors; nuclear respiratory factor 1 (NRF1) and
nuclear respiratory factor 2 (NRF2). NRF1 and NRF2 are essential components of
biogenesis event; they activate mitochondrial transcription factor A (TFAM), which

drives mitochondrial replication and transcription (Jornayvaz & Shulman, 2010).

Mitochondrial biogenesis can be activated in response to physiological stimuli
such as exercise, temperature, dietary restriction, and muscle myogenesis (Bhatti et
al., 2017). Tt also occurs in response to mitochondrial dysfunction; upon mitochondrial
respiratory chain deficiency, mitochondria activate biogenesis to compensate for energy
deficit (Uittenbogaard & Chiaramello, 2014). However, it might fail to counteract

deficiency, causing pathology such as cardiac hypertrophy (Rimbaud et al., 2009).

1.2.2. Antioxidant Response

Some electrons may leak from complexes during electron transport and reduce
oxygen to superoxide molecules (O-7) (Liu et al., 2002). O~ is immediately converted
to HyOs. Both O~ and HyOs are produced by mitochondria called mitochondrial
reactive oxygen species (mtROS) (Li et al., 2013). mtROS might be beneficial by
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acting as a signaling molecule; however, an excessive amount of mtROS might cause
oxidative damage and age-related diseases such as Parkinson’s and Alzheimer’s (Scialo

et al., 2016). Cells developed an antioxidant response to cope with excess mtROS.

NFE2L2 (the transcription factor nuclear factor (erythroid 2)-like, also known as
NRF2) is an essential player in the antioxidant response. Under physiological condi-
tions, the level of NFE2L2 is controlled by KEAP1-induced proteasomal degradation
(Wen et al., 2017). Under oxidative stress conditions, free radicals lead NFE2L2 to
release from Keapl. Thus, NFE2L2 does not undergo proteasomal degradation; in-
stead, it can translocate to the nucleus to bind antioxidant response elements (ARE).
Thus, it can activate the transcription of antioxidant enzymes, glutathione perox-
idase (GPx), heme oxygenase-1 (HO-1), catalase (CAT), glutathione S-transferase
(GST), NAD(P)H: quinone oxidoreductase 1 (NQO1), superoxide dismutase (SOD),
glutathione reductase (GR), glutathione synthetase (GS) and glutamine-cysteine lig-
ase (GCL) (Francisqueti-Ferron et al., 2019). Activation of antioxidant response is

depicted in Figure 1.5.

Keapl Oxidative

; NFE2L2 «
ub Stress
Kes;pi cytosol
proteasomal B
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ROS

nucleus

NFE2L2 ‘ HO-1 H CAT H GPx ‘
~ ARE | > . - \
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) ‘:NQOl H GCL ‘

Figure 1.5. Activation of antioxidant response.
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Superoxide dismutases, catalase, and glutathione peroxidase-1 are the essential
components of antioxidant response. Superoxide dismutase (SODs) are ROS scavenging
enzymes. They are crucial in converting superoxide molecules released from respiratory
complexes to hydrogen peroxide. SOD1 (Cu/ZnSOD) regulates superoxide levels in
cytosol, peroxisome, and the intermembrane space of the mitochondria (Eleutherio
et al., 2021). SOD2 (MnSOD) is responsible for scavenging ROS in the mitochondrial
matrix. Superoxide molecules can also be converted to other reactive species, including
reactive nitrogen species (RNS) such as peroxynitrite (ONOO™). Therefore, SODs also
control the concentration of other reactive species (Wang et al., 2018). Glutathione
peroxidase-1 (GPx-1) and catalase are the crucial components of antioxidant response.
They are responsible for converting hydrogen peroxide to water; thus, they can limit
the harmful effects of hydrogen peroxide by preventing its accumulation (Lubos et al.,
2011; Nandi et al., 2019). A scheme showing antioxidant response reactions is depicted

in Figure 1.6.
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Figure 1.6. Antioxidant response reactions.
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1.2.3. Mitochondrial Integrated Stress Response (ISR™)

Integrated stress response (ISR) is an adaptive signaling pathway triggered in
response to different physiological conditions, including hypoxia, glucose deprivation,
amino acid deprivation, and pathogen infection (Pakos-Zebrucka et al., 2016). In mam-
malian cells, the signaling pathway is initiated by elF2a activation; elF2« is activated
by phosphorylation. According to stimuli, elF2a can be phosphorylated by different
kinases; GCN2, PKR, HRI, and PERK. Activated elF2« decreases global protein syn-
thesis, whereas it also upregulates the activating transcription factor 4 (ATF4) to turn
on the transcription of ISR component genes. (Pakos-Zebrucka et al., 2016). While
this pathway can initiate the transcription of genes coding for metabolic rewiring pro-
teins for all cellular compartments, it can also respond in an organelle-specific manner

(Zhao, 2002).

Mitochondrial stress might result in activating mitochondrial integrated stress
response (ISR™). The primary mechanism is similar to endoplasmic reticulum stress
response, in which activated elF2«a promotes ATF4 translation. However, how mito-
chondrial stress is sensed and relayed to ATF4 is an open question (Guo et al., 2020).
ATF4 upregulates its downstream genes that are essential players in ISR™. Upon
mitochondrial dysfunction, ISR™ activates serine and proline catabolism, the mito-
chondrial one-carbon pathway, and upregulates the levels of mitochondrial cytokines
FGF21 (fibroblast growth factor 21) and GDF15 (growth factor 15) in affected tissues
(Kiihl et al., 2017; Mick et al., 2020).

Mitochondrial unfolded protein response (UPR™) is part of the ISR™ (Anderson
& Haynes, 2020). Mitochondrial dysfunction increases with aging, which results in the
accumulation of unfolded proteins in the mitochondrial matrix (Melber & Haynes,
2018). In response to accumulated misfolded or unfolded proteins, the cell turns on
the transcription of nuclear genes that encode mitochondrial proteases and chaperones.

Thus, mitochondrial proteostasis can be enhanced by rewiring cellular metabolism

(Anderson & Haynes, 2020).
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Mitochondrial unfolded protein response (UPR™) was described firstly in Caenorhab-
ditis elegans (Hill & Van Remmen, 2014). In response to mitochondrial stress, Caenorhab-
ditis elegans activates UPR™ in controlling ATFS-1 (activating transcription factor
associated stress) (Wu et al., 2018). ATFS-1 has nuclear and mitochondrial localiza-
tion signals. Under normal physiological conditions, it is degraded by the Lon protease
in the mitochondria. However, it translocates to the nucleus upon mitochondrial stress
and turns on the transcription of various metabolic enzymes, mitochondrial chaperons,

and detoxification enzymes (Shpilka & Haynes, 2018; Wu et al., 2018).

In mammalian UPR™, mitochondrial stress activates elF2a-induced transcrip-
tion of essential UPR™ transcription factors ATF4, ATF5, and CHOP (CCAAT /enhancer-
binding protein homology protein). ATF4 upregulates the transcripts of various genes,
including CHOP (Miinch, 2018). CHOP is an essential player of mammalian UPR™;
it dimerizes with C/EBP/ and activates the transcription of mitochondrial proteases
and chaperones such as chaperonin 10 and chaperonin 60, mtDNAJ, and ClpP (Zhao,
2002).

1.2.4. Mitochondrial Autophagy (Mitophagy)

Autophagy is a Greek term that means “self-eating” (Chang, 2020). Self-degradation
is an adaptive response that is essential for cellular homeostasis. Autophagy is a way
to eliminate aggregated or misfolded proteins, pathogens, and damaged organelles such
as the endoplasmic reticulum, mitochondria, and peroxisome (Glick et al., 2010). The
first step of autophagy is forming double-membrane vesicles, autophagosomes. The
autophagosome initiation is mediated by the ULK1 complex (ULK, FIP200, Atgl01,
and Atgl3). Then autophagosomes are elongated by Atgl2 and LC3 (microtubule-
associated protein 1 light chain 3). Autophagosomes fuse with lysosomes to form
autolysosomes. Degradation of macromolecules takes place in autolysosomes; they are

degraded into fatty acids, nucleotides, and amino acids (Yang et al., 2015).
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Mitophagy is selective autophagy in which mitochondria are degraded (Ding &
Yin, 2012). Mitophagy shares the principal mechanism with autophagy. In budding
yeast studies, Atg32 (autophagy-related protein) was described as a novel player in
selective autophagy. It is found in the outer membrane of the mitochondria and binds
to Atgll to initiate mitophagy (Kondo-Okamoto et al., 2012). In case of mitochondrial
damage, mitophagy removes dysfunctional mitochondria to keep the population of
functional mitochondria at an optimal state (Killackey et al., 2020). Depolarization of
mitochondria, hypoxia, or impaired OXPHOS might induce mitochondria to mitophagy
(Killackey et al., 2020).
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2. PURPOSE

Mitochondrial respiratory chain dysfunction is the primary cause of mitochon-
drial disorders. Mitochondria have developed various adaptive responses to counteract
the effects of dysfunctional mitochondria. Mitochondrial aspartyl-tRNA synthetase
(DARS?2) deficiency has been shown to impair mitochondrial protein synthesis in the
heart and skeletal muscle, preventing OXPHOS complexes from properly assembling,
which results in respiratory chain defects in both the heart and skeletal muscle tissues
(Dogan et al., 2014). Furthermore, the heart and skeletal muscle tissues act differently
in response to DARS2 depletion; while the heart initiates adaptive stress responses,
skeletal muscle uses its intrinsic mechanism to maintain protein homeostasis (Dogan et
al., 2014). In this study, our overall objective was to further characterize the heart-and
skeletal muscle-specific DARS2 knockout mouse model (hmKO) phenotypically and
molecularly by previously unchecked parameters, and try to attenuate the effects of
DARS?2 depletion by ketogenic diet intervention. The first aim was to characterize the
hmKO mouse model phenotypically to see how DARS2 deficiency affects the pheno-
type of hmKO mice. The second aim was to molecularly characterize hmKO mice by
checking mitochondrial function and various stress response elements to understand the
molecular effects of DARS2 depletion in the heart and skeletal muscle. The final aim
was to treat hmKO mice with a well-known dietary intervention method, the ketogenic

diet, to mitigate the severe phenotype of this model.



3. MATERIALS

All materials used in this study are listed below.

3.1. Biological Materials

Mouse models from C57BL/6N genetic background were transferred from Cologne

Excellence Cluster in Aging and Aging-Associated Diseases (CECAD), Cologne, Ger-

many.

3.2. Buffers and Solutions

Buffers and solutions used in this study are listed below.

Table 3.1. Buffers for Genotyping.

Buffer

Recipe

Tail Lysis Buffer

10 mM Tris-HCl

5 mM EDTA (pH:8)

0.2% SDS

200 mM Na(Cl

TBE Buffer (10X)

1 M Tris base

1 M Boric Acid

0.02 M EDTA




Table 3.2. Organ Lysis Buffer.

Buffer

Recipe

Organ Lysis Buffer

50 mM Hepes (pH: 7.4)

1% Triton X-100

0.1 M NaF

10 mM Na Orthovanadat

10 mM EDTA

0.1% SDS

50 mM NaCl

Table 3.3. Western Blot Buffers and Solutions.

Buffers or Solutions

Recipe

Ammonium Persulfate

10% APS (w/v) in ddH,0O

Blocking Buffer

1X PBST with 5% (w/v) nonfat dry milk or BSA

PBS (10X)

1.37 M NaCl
27 mM KC1
100 mM Nay;HPO,
18 mM KH5PO,

PBS-T

1X PBS
0.1% Tween 20

Running Buffer

25 mM Tris
250 mM Glycine
0.2% SDS
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Table 3.3. Western Blot Buffers and Solutions. (cont.)

Buffers or Solutions Recipe

Transfer Buffer 25 mM Tris
200 mM Glycine
20% Methanol

Table 3.4. Western Blot Gels.

Gels Recipe

10% Resolving Gel | 10% Acrylamide:Bisacrylamide
375 mM Tris-HCI (pH 8.8)
0.005% TEMED
0.1% SDS
0.05% APS

12% Resolving Gel | 12% Acrylamide:Bisacrylamide
375 mM Tris-HCI (pH 8.8)
0.005% TEMED
0.1% SDS
0.05% APS

5% Stacking Gel | 5% Acrylamide:Bisacrylamide
0.125 mM TrisHCI (pH 6.8)
0.0075% TEMED
0.1% SDS
0.05% APS




Table 3.5. Mitochondria Respiration and Isolation Buffers.

Buffer

Recipe

Mito Respiration Buffer

(pH: 7.2)

(Medium for O2k-FluoRespirometer)

120 mM Sucrose

50 mM KCl

20 mM Tris-HC1

1 mM EGTA

4 mM KH,PO,

2 mM MgCl,

1% BSA (Fatty acid free)

Mito Isolation Buffer

(pH: 7.2)

(For heart)

100 mM Sucrose

50 mM KCl

1 mM EDTA

20 mM TES

0.2% BSA (Fatty acid free)
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Table 3.5. Mitochondria Respiration and Isolation Buffers. (cont.)

Buffer Recipe

67 mM Sucrose

Mito Isolation Buffer 1 50 mM KCl
(pH: 7.4) 50 mM Tris-HCI
(For skeletal muscle) 10 mM EDTA

0.2% BSA (Fatty acid free)

Mito Isolation Buffer 2 250 mM Sucrose
(pH: 7.4) 0.3 mM EGTA-Tris
(For skeletal muscle) 10 mM Tris-HCl

3.3. Antibodies

Antibodies used in this study are listed in table 3.6.

Table 3.6. Antibody List.

Antibody Supplier Source

Cell Signalling
elF2a Rabbit

Technologies (9722)

Santa Cruz
HSC 70 Mouse

Biotechnology (D0318)




Table 3.6. Antibody List. (cont.)

Technologies (7074S)

Antibody Supplier Source
Cell Signalling .
LC3B Rabbit
Technologies (2775S)
Cell Signalling
NRF2 Rabbit
Technologies (127215)
Cell Signalling )
Phospho-elF2a Rabbit
Technologies (3398)
Cell Signalling
SOD2 Rabbit
Technologies (131418S)
Abnova
SQSTM1 Mouse
(HOO008878-MO01)
Abcam
Total OXPHOS Cocktail Mouse
(ab110412)
Cell Signalling
Anti-Mouse HRP-linked Horse
Technologies (7076S)
Cell Signalling
Anti-Rabbit HRP-linked Goat

3.4. Primers

Primers used in this study are listed in table3.7.

Table 3.7. Primer List.

Primer Code

Sequence (5°-3’)

Aldh18al_F AATCAGGGCCGAGAGATGATG

Aldhl18al R GGCCTCTAAGACCGGAATTGC

Atf3_F CCAGAATAAACACCTCTGCCATCG
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Table 3.7. Primer List. (cont.)

Primer Code Sequence (5’-3’)
Atf3 R CTTCAGCTCAGCATTCACACTCTC
Atf4 R GTTTCCAGGTCATCCATTCG
Atf5 F CCTTGCCCTTGCCCACCTTTGAC
Atfs R CCAGAGGAGGAGGCTGCTGT
Atf6_F TCGCCTTTTAGTCCGGTTCTT
Atf6_R GGCTCCATAGGTCTGACTCC
Catalase_F TGGCACACTTTGACAGAGAGC
Catalase_ R CCTTTGCCTTGGAGTATCTGG
Cd36_F TGCTGGAGCTGTTATTGGTG
Cd36-R TGGGTTTTGCACATCAAAGA
Cdtlb_R AACAGTGCTTGGCGGATGTG
Cdtlb_F TCGCAGGAGAAAACACCATGT
Dars2 F GGAATTAGCCAGGTCGTTGGA
Dars2 R ACGAACCTTTTCCGGCTCAG
Fasn_F CCCTTGATGAAGAGGGATCA
Fasn R ACTCCACAGGTGGGAACAAG
Gdf15_F CAACCAGAGCCGAGAGGAC
Gdf15 R TGCACGCGGTAGGCTTC
Gpx1 F CCACCGTGTATGCCTTCTCC
Gpxl_R AGAGAGACGCGACATTCTCAAT
Hprt_F GCCCCATGGTTAAGGTT
Hprt R TTGCGCTCATAGGCTTT
Mthfd2_F CATGGGGCATATGGGAGATAAT
Mthfd2 R CCGGGCCGTTCGTGAGC
Nfe2I2 F TCCATTCCCGAATTACAGTGTCT
Nfe2I2_ R GCCCACTTCTTTTTCCAGCG
Pdk4_F CCCGCTGTCCATGAAGCAGC

24
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Table 3.7. Primer List. (cont.)

Primer Code Sequence (5’-3’)

Pdk4 R CCAATGTGGCTTGGGTTTCC
Sodl_F CAAGCGGTGAACCAGTTGTG
Sodl R TGAGGTCCTGCACTGGTAC
Sod2_F GCCTGCACTGAAGTTCAATG
Sod2 R ATCTGTAAGCGACCTTGCTC
Pycrl F ATGAGCGTAGGCTTCATCGG
Pycrl R GTGTCAGGTTCACCCCTATCT

3.5. Chemicals

Chemicals used in this study are listed in table 3.8.

Table 3.8. Chemicals.

Chemical Supplier
Acrylamide-Bisacrylamide 40% 37.5:1 Neofroxx, Germany
Adenosine 5'-diphosphate monopotassium Sigma-Aldrich, USA

salt dihydrate

Agarose GeneOn, Germany
Ammonium persulfate Biofroxx, Germany
Amplex™ Red Reagent Sigma-Aldrich, USA
Antimycin A Sigma-Aldrich, USA
BSA Neofroxx, Germany
BSA (fatty acid free) Sigma-Aldrich, USA
CcCCPp Sigma-Aldrich, USA
di-Potassium hydrogen phoshate anhydrous Merck, Germany

di-Sodium hydrogen phosphate Merck, Germany




Table 3.8. Chemicals. (cont.)

Chemical Supplier

dNTP Solution Set NEB, USA
EDTA Biofroxx, Germany
EGTA Biofroxx, Germany

Ethanol Absolute> 99.9%

Isolab, Germany

Ethidium Bromide

Neofroxx, Germany

Glycine

Neofroxx, Germany

HEPES buffer

Biofroxx, Germany

Hydrogen Peroxide

Merck, Germany

KoHPO4

Merck, Germany

L-Malic acid

Sigma-Aldrich, USA

L-Glutamic acid, monosodium salt hydrate

Sigma-Aldrich, USA

Methanol > 99.8%

Isolab, Germany

Milk Powder

Havancizade, Turkey

NuPAGE Sample Reducing Agent

Invitrogen, USA

NuPAGE LDS Sample Buffer (4X)

Invitrogen, USA

Oligomycin A

Sigma-Aldrich, USA

PageRuler Plus Prestained Protein Ladder

Thermo Fisher, USA

Ponceau S

Ecotech, Turkey

Potassium chloride

Merck, Germany

Potassium hydroxide

Sigma-Aldrich, USA

Proteinase K

Biofroxx, Germany

Rotenone

Sigma-Aldrich, USA

Safranin O

Sigma-Aldrich, USA

Sodium Chloride

Merck, Germany

Sodium Dodecyl Sulfate (SDS)

Biofroxx, Germany

Sodium Floride (NaF)

Neofroxx, Germany

Sodium Hydroxide

Merck, Germany
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Table 3.8. Chemicals. (cont.)

Chemical

Supplier

Sodium phosphate dibasic dihydrate

Sigma-Aldrich, USA

Sodium pyruvate

Sigma-Aldrich, USA

Sodium Succinate dibasic hexahydrate

Sigma-Aldrich, USA

Sucrose Caisson Labs, USA
TEMED Neofroxx, Germany
TES PanReac AppliChem, USA
Tris-HC1 Promega, USA
Triton X-100 Biofroxx, Germany
TWEEN20 Neofroxx, Germany

3.6. Kits and Enzymes

Kit, enzymes and reagents used in this study are listed in table 3.9.

Table 3.9. Kits, Enzymes and Reagents.
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Kit, Enzyme or Reagent Supplier

Complete, Mini, EDTA-free Protease Inhibitor Cocktail | Roche, Switzerland

DC Protein Assay Kit Bio-Rad, USA

GeneRuler 1kb DNA ladder Thermo Fisher, USA

GoTaq G2 DNA Polymerase

Promega, USA

Horseradish peroxidase

Sigma-Aldrich, USA

iScript™ ¢DNA Synthesis Kit

Bio-Rad, USA

NuPAGE Sample Reducing Agent Sigma-Aldrich, USA

NuPAGE LDS Sample Buffer (4X) Sigma-Aldrich, USA

PageRuler Plus Prestained Protein Ladder Thermo Fisher, USA

Real@Q Plus 2x Master Mix Green Ampligon, Denmark




Table 3.9.Kits, Enzymes and Reagents. (cont.)
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Kit, Enzyme or Reagent Supplier

Superoxide Dismutase from bovine erythrocytes Sigma-Aldrich, USA

Subtilisin A Sigma-Aldrich, USA

Trypsin-EDTA (0.5%) Thermo Fisher, USA

WesternBright ECL - HRP Substrate Advansta, USA

WesternBright Sirius Chemiluminescent Detection Kit Advansta, USA

Zymo Research Directzol RNA MiniPrepPlus Zymo Research, USA

3.7. Equipments and Devices

Equipments and devices used throughout this study is listed in table 3.10.

Table 3.10. Equipments and Devices.

Equipment or instrument

Supplier

Accu-Check Glucometer

Roche, Switzerland

Accu-Check Glucometer strips

Roche, Switzerland

Activity Cage

Ugo Basile, Italy

Agarose Gel Electrophoresis System

Analytic Jena, Germany

Autoclaves ASB260T, Astell, UK
Centrifuge Hitachi Koki, Japan
Cold room Birikim Elektrik Sogutma, Turkey

Cryopure Tube

Sarstedt, Germany

Deepfreezer (-20)

Arcelik, Turkey

Deepfreezer (-80)

Thermo, UK

Dish Washer

Mielabor G7783, Miele, Germany

G-BOX Chemi XX6

Syngene, UK




Table 3.10. Equipments and Devices. (cont.)

Equipment or instrument

Supplier

Gel Doc XR System

Bio-Doc, Italy

Grip Strength

Ugo Basile, Italy

Heat Blocks

Analytic Jena, Germany

Ice Maker

Scotsman Inc. AF20, Italy

Laboratory Bottles

Isolab, Germany

Magnetic Fish

Isolab, Germany

Magnetic Stirrer

Chiltren, USA

Micropipettes

Axygen, USA

Micropipette Tips

Axygen, USA

Microwave Oven

Arcelik, Turkey

Nitrocelluluse Blotting Membrane

Amersham, UK

Multiwell Plates

Topscien, China

O2k-FluoRespirometer

Oroboros Instruments, Austria

Oven

Gallenkamp 300, UK

PCR Tubes (0.2ml)

Axygen, USA

Petri Dishes

Firat Plastik, Turkey

pH Meter Hanna Instruments, USA
Pipettor Axygen, USA
Plate Reader VersaMax, Molecular Devices, USA
Power Supply BIO-RAD, USA

Real-Time Quantitative PCR System

Bioneer Exicycler, Republic of Korea

Refrigerators

Bosch, Germany

Repeater pipette

Rainin Autorep, Canada

Rotarod Ugo Basile, Italy
Rotator Onilab, USA
SDS-PAGE Transfer System Bio-Rad, USA

Serological Pipettes

Sarstedt, Germany
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Table 3.10. Equipments and Devices. (cont.)

Equipment or instrument Supplier
Shakers Onilab, USA
Spectrophotometer Nanodrop ND-100 Thermo, USA
Syringes Set inject, Turkey

Thermal Cycler

Bio-Rad, USA

Treadmill

Ugo Basile, Italy

Ultra Centrifuge

Beckman, USA

Vortex

TKA, USA

Water purification system

UTES, Turkey

Watmann Filter Paper-Extra Thick

Thermo Fisher, USA
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4. METHODS

4.1. Animal Experiments

4.1.1. Animal Care

The animals were maintained in the Bogazici University Experimental Animal
Breeding and Care Unit. All procedures were conducted according to the Bogazici
University Animal Experiments Local Ethics Committee (BUHADYEK), approved by
the Republic of Turkey Ministry of Agriculture and Forestry. Mice were housed in
well-ventilated cages in groups of 3-5 and exposed to light for 12 hours per day. The
temperature of the rooms was 20°C - 24°C. Mice were fed ad-libitum. Mice were
weighted in the regular intervals. For ketogenic diet intervention study animals were

fed with ketogenic food (10.4% protein, 0.1%0 carbohydrate and 89.5% fat).

4.1.2. Tissue Harvesting from Mice

Mice were sacrificed by cervical dislocation. For this study, the heart and the
quadriceps muscle tissues were harvested. The heart tissues were weighted immediately
after harvesting. Tissues were frozen in liquid nitrogen to store until the experiment.
Exceptionally, the heart was put into Mito isolation buffer, and quadriceps muscle
tissues were put into ice-cold PBS-EDTA immediately after harvesting for mitochondria

isolation.
4.1.3. Blood Glucose Measurement
The lateral vein of a mouse was punctured with an injection needle, and a glucose

strip took a drop of blood. After placing the strip into Accu-Check Glucometer, the

value of the glucose level was monitored and recorded for wild-type and hmKO animals.
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4.2. Phenotypic Assays

4.2.1. Activity Cage (Horizontal and Vertical Movement Count)

Mice were placed into a special cage that had infrared lights in it. Mice moved
freely in the cage in both horizontal and vertical directions, and all movements that

broke the infrared rays were recorded for 30 minutes.

4.2.2. Treadmill

Before starting the experimental process, mice were adapted to the treadmill at
a constant (6.5 m/min) speed for 10 minutes x 2 days. Six mice were placed into a
separate lane at the same time. They were forced to run by a mild electric shock at the
bottom of the platform. The speed of the platform was 6.5 m/min at the beginning;
however, it accelerated to 0.5 m/min every 3 minutes. If a mouse was shocked more
than 10 times in a minute, the experiment was stopped for that mouse. The distance

that the mice ran was recorded.

4.2.3. Grip Strength (Whole Limb)

Mice were held from their tail and brought close to the grid. When they gripped
the grid by four limbs, they were pulled away at the constant speed for each time and
g force data were recorded. This procedure was repeated 5 times for each mouse at

one-minute intervals.

4.2.4. Rotarod

Before starting the experimental process, mice were adapted to the rotarod. Five
mice were placed into separate lanes of the rotarod; after 4 minutes, the rotarod started
to turn at a constant speed for five minutes. This adaptation step was repeated one

more time. For the experiment, mice were placed on the rotarod and turned at accel-
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erated speed (min 2 rpm, max 50 rpm, acceleration 5 rpm) for 5 minutes. The time
that mice fell was recorded, and this procedure was repeated 3 times at 20 minutes

intervals.

4.3. Molecular Biology

4.3.1. DNA Isolation from Mouse Ear and Tail

The biopsies (from ear or tail) were incubated overnight in tail lysis buffer (see
Table 3.1 for the recipe ) at 55°C in a thermoshaker. An equivalent volume of Iso-
propanol was added into tubes, and DNA was precipitated by centrifuging at 4°C and
the maximum speed for 20 minutes. Then the supernatant was discarded, and the pel-
let was washed with 70% cold EtOH by centrifuging at 4°C and the maximum speed
for 15 minutes. After drying EtOH, pellets were resuspended in 50 ul ddH5O at 37 °C
in a thermoshaker for 1 h. These DNA samples were used for genotyping.

4.3.2. DNA Isolation from Mouse Tissues

The frozen tissues (heart and skeletal muscle for this study) were incubated
overnight in lysis buffer at 55°C in a thermoshaker. 75 ul of 8M potassium acetate
and 0.5 ml chloroform were added into tubes, and then tubes were centrifuged at
4°C for 10 minutes to precipitate DNA. Three phases were observed after centrifug-
ing: aqueous phase (upper), interphase, and organic phase (lower). The upper phase
was transferred to new tubes. Then 1 ml of absolute EtOH was added into tubes.
Tubes were inverted 3-5 times, then centrifuged at 4°C and the maximum speed for
10 minutes. Afterward, the pellet was rinsed with 70% cold EtOH and centrifuged
at maximum speed for 5 minutes. After drying, the pellet was resuspended in 50 ul
ddH50. These DNA samples were used for quantifying mitochondrial DNA amount by
qPCR.



4.3.3. Polymerase Chain Reaction (PCR)

PCR experiments for genotyping were conducted by using Cre and Dars2 primers
(see Table 3.7 for the primer sequences) to detect wild type and knockout mice. The

reaction components and conditions are listed in the table 4.1 and 4.2 respectively.

Table 4.1. PCR components.

Component Volume
DNA 1 pl
GoTaq®) Buffer 4 pul
dNTP Mix (1.25 mM) 1 pl
Forward Primer (10um) 0.8 pl
Reverse Primer (10 pum) 0.8 pl
MgCl2 1.2 pl
GoTaq® DNAPolymerase | 0.1 ul
ddH20 11.1
Total 20 pl

Table 4.2. PCR conditions.

Step Temperature Time cycle
Initial Denaturation 95 °C 2 minutes 1
Denaturation 95 °C 30 seconds
Annealing 55-60 °C 30 minutes | 35 cycles
Extension 72 °C 1 minute
Final Extension 72 °C 5 minutes 1
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1% agarose gel was prepared with TBE buffer. 1kb DNA ladder was loaded
into first well, other wells were loaded with samples, including negative and positive
controls. Gel electrophoresis was performed at 120V for 25 min. After running, gel was

incubated in EtBr for 30 minutes. Lastly, gel was monitored by Gel Doc XR System.

4.3.4. Total RNA Isolation from Mouse Tissues

600 pl of TRIzol reagent was put into tubes with magnetic beads (Roche) on
ice. Approximately 50 mg of each sample tissue (heart and quadriceps muscle for this
study) were placed into. Samples were homogenized at 6500rpm for 1 minute (2 x
30 seconds) by MagNa LYser. RNA was isolated from homogenized tissues using the
RNA isolation kit (Zymo Research Directzol RNA MiniPrepPlus kits).

4.3.5. Quantitative Reverse Transcription PCR
After isolating total RNA, the concentration, purity, and integrity of each sample
were measured by nanodrop. Samples were used to synthesize of cDNA according to

cDNA synthesis kit (iScript™ ¢DNA Synthesis Kit) procedure is given table 4.3 and
4.4.

Table 4.3. ¢cDNA synthesis components.

Component Volume

5X iScript Reaction Mix 4 pl

iScript Reverse Transcriptase 1wl
Nuclease-free water Variable
RNA template Variable

Total 20 pl
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Table 4.4. ¢cDNA synthesis conditions.

Step Temperature Time Cycle
Priming 25 °C 5 minutes 1
Reverse transcription 46 °C 20 minutes 1
RT inactivation 95 °C 1 minute 1

For qPCR procedure the appropriate primers (see Table 3.7 for the primer se-
quences) were used. Hprt and RNaseP was used as reference genes. qPCR procedure

was performed according to manufacturer’s procedure as shown in Tables 4.5 and 4.6.

Table 4.5. qPCR components.

Component Volume
RealQ Plus 2x Master Mix Green 5 pul
Forward Primer 0.25 pl

Reverse Primer 0.25 pul
Nuclease-free water 2.5 pul
Template DNA (20 ng) 2 ul
Total 10 pl

Table 4.6. qPCR conditions.

Step Temperature Time Cycle
Initial Denaturation 95 °C 15 minutes 1
Denaturation 95 °C 15 seconds
Annealing 60 °C 15 minutes | 40 cycles
Extension 72 °C 30 seconds
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4.4. Biochemistry

4.4.1. Protein Isolation from Mouse Tissues

500 pl of organ lysis buffer (see Table 3.2 for the recipe) was put into tubes
magnetic beads tubses (Roche). Approximately 50 mg of each sample tissue (heart and
skeletal muscle for this study) was placed into the magnetic bead tubes. Samples were
homogenized at 6500rpm for 2 x 30 seconds by MagNa LYser. After homogenization,
samples were centrifuged at maximum speed for 45 minutes at 4 °C. Supernatants were
transferred into new Eppendorf tubes to store. Also, samples were diluted 1:10 and
1:20 to measure concentration with DC protein assay according to the manufacturer’s

instructions. Finally, samples were stored at -80 °C.

4.4.2. Western Blotting

Sample preparation: reaction tubes were prepared with 50 pg protein, 4X sample
buffer, ddH,O and 10X reducing agent in total 11 pl. Then they were incubated at 70

°C for 10 minutes.

Gel loading: Gels were casted as two layers: resolving and stacking (see Table 3.4
for the recipe). First line of the gels was loaded with protein ladder, other wells were

loaded with 10 pl samples. Gel was run at 80 V for 40 minutes and 120 V for 1 hour.

Wet transfer: Gel was transferred to nitrocellulose membrane using transfer buffer
(see Table 3.3 for the recipe). Transfer conditions were 100 V for at least 2 hours. After
transfer, membrane was rinsed with PBS-T for 3 x 5 minutes using orbital shaker.
Blocking: Membrane was blocked with 5% milk powder in 5ml PBS-T for 1 hour.

Then membrane was rinsed again with PBS-T for 3 x 5 minutes using orbital shaker.
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Primary antibody incubation: Membrane was incubated in 1:1000 (mostly) di-
luted antibody with 5 ml of 5% milk powder in PBS-T for overnight at 4°C. After 16-18

hours, membrane was washed with PBS-T for 3x5 minutes using orbital shaker.

Secondary antibody incubation: Membrane was incubated into 1:2000 diluted
HRP-linked secondary antibody with 5 ml of 5% milk powder in PBS-T for 1 hour at

room temperature. Membrane was washed again with PBS-T for 3 x 5 minutes.

Visualization: Membrane was incubated with ECL or Sirius reagents for 2 min-
utes. Proteins were visualized with chemiluminescence visualization system (Syngene

G-Box instrument).

Analysis: All visual images were analyzed using ImageJ software.

4.4.3. Mitochondria Isolation from Heart

Mouse heart was harvested and put into 5 ml of mitochondria isolation buffer
with 0.02% BSA (fatty acid free) (see Table 3.5 for the recipe) in 50 ml falcon. Tissue
was transferred to petri dish and cut into small pieces with razor. Small tissue pieces
were poured into glass homogenizer tube and 1mg/ml Subtilisin A was added into
glass tube. Tissue was homogenized by hand until the solution turn into homogenous.
Solution was transferred 50 ml falcon and centrifuged at 8500 g for 5 minutes at 4
°C. Supernatant was discarded, and pellet was resuspended with 30 ml mitochondria
isolation buffer with 0.02% BSA (fatty acid free). It was centrifuged at 800 g for 5
minutes at 4 °C, then supernatant was transferred into new falcon and centrifuged
at 8500 g for 5 minutes at 4 °C. Pellet was resuspended with mitochondria isolation
buffer without BSA. Finally, Concentration was measured according to DC protein

assay procedure.
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4.4.4. Mitochondria Isolation from Skeletal Muscle

Quadriceps muscle tissue from the two legs of a mouse was harvested and put into
cold PBS-EDTA containing falcon. Tissues were cut into small pieces with a razor in a
petri dish. Pieces were transferred to a new falcon with 0.05% trypsin to be incubated
for 30 minutes on ice. After 30 minutes, it was centrifuged at 200g for 5 minutes at 4°C.
The supernatant was discarded, and the pellet was homogenized into IMB1 buffer (see
Table 3.5 for the recipe) by hand into a glass homogenizer. The homogenous solution
was poured back into the falcon and centrifuged at 700g for 10 minutes at 4 °C. The
supernatant was transferred to the new falcon and centrifuged at 8000g for 10 minutes
at 4°C. Then, the supernatant was discarded, and the pellet was resuspended in IBM2
buffer (see Table 3.5 for the recipe).

4.4.5. Oxygen Consumption Rate and H,O, Production Measurement

Oxygen consumption rate and HyOy measurement were performed simultane-
ously using Oroboros-O2k instrument. During all experiments 0.13 mg mitochondria
(isolated from heart or skeletal muscle) was used. Firstly, chambers were filled by
mitochondria respiration buffer (see Table 3.5 for the recipe) and air calibration and
H50, calibration was performed according to instrument protocols. Then, mitochon-
dria were added to two chambers (one for control). For measuring HyOs production
during forward electron transport, SUI'T006-D048 protocol was conducted. In short, 5
mM Pyruvate, 2 mM Malate, 2.5 mM ADP,5 nM Oligomycin, *0.5 uM FCCP (*mul-
tiple step) and 2.5 uM Antimycin A were added with 3 steps HyOs titration (0.1 uM
for each). For measuring HyO5 production during reverse electron transport, SUIT026-
D064 protocol was conducted. The protocol consists of eight steps including three steps
H50, titration (0.1 uM for each). In short, after adding mitochondria, 10 mM Succi-
nate, 0.5 uM Rotenone, 2.5 mM 2.5 ADP, and 2.5 uM Antimycin A were added into

each chamber. Excel templates that manufacturer offers were used to data analysis.
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4.4.6. Membrane Potential Measurement with Safranin

Membrane potential measurement with Oroboros-O2k instrument was performed
using safranin. After safranin calibration, 0.13 mg mitochondria (isolated form heart
of skeletal muscle) were added into each chamber. Afterward, SUIT021-D036 protocol
was conducted. In short, 10 mM Glutamate, 2 mM Malate, 2.5 mM ADP, 10 mM
Succinate, 0.5 uM Rotenone, 5 nM Oligomycin, *0.5 yM FCCP (*multiple step) and
2.5 uM Antimycin A were added into the chambers. Excel templates that manufacturer

offers were used to data analysis.
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5. RESULTS

5.1. Generation of Mitochondrial Aspartyl-tRINA Synthetase Mouse
Model

Mitochondrial aspartyl-tRNA synthetase (Dars2) gene targeting was carried out
by the Knockout Mouse Project (KOMP) Repository (further information available
at http://www.knockoutmouse.org, Project ID: 41773). The targeted Dars2 gene had
LoxP sites between the 2nd intron and 3rd exon (Figure 5.1).

DarsZ2locus
| [] ] v \'} Vi Vil Vil // XVl
Wild-type
Frt Loxp Frt LoxP LoxP
1 I |;;3A IRES |LacZ [pA hBactP | Neo | pPA ‘—~ ] VLIV
Dars2 tm1a(KOMP)Wtsi

l Flp-recombination

’—~Frt Loxp LoxP
I Il [} \'l| \'}

l Cre-recombination

Frt Loxp
I 1l | Vi |V

Figure 5.1. Generation of Dars2*/~ mouse.
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The whole-body knockout of DARS2 was embryonic lethal (Dogan et al., 2014)
thus Dars2 was conditionally disrupted by Cre-recombinase mediated excision (Figure
5.1). Dogan et al. generated a heart and skeletal muscle-specific DARS2 knockout
mouse model by mating floxed DARS2 mouse (Dars2f°%/f1o) with transgenic mice
expressing Cre recombinase under the muscle creatine kinase promoter (Ckmm-cre).

We transferred both the Dars2/'°*/fo¢ and Ckmm-cre mice from Cologne Excellence
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Cluster in Aging and Aging-Associated Diseases (CECAD), Cologne, Germany. By
mating these mice, we have re-generated the heart and skeletal muscle-specific DARS2
knockout mouse at Bogazici University Experimental Animal Breeding and Care Unit.
The mating strategy was as follows: Dars2*//°* 4 /Ckmm-cre mice were mated with
Dars2ftor/flor mice and heart- and skeletal muscle-specific Dars2 knock-out mice were
obtained (hereafter they will be called as hmKO mice). Representative genotyping PCR
results showing the wild-type (Dars2f1ov/f1v) heterozygous (Dars2*/1°* 4+ /Ckmm-
cre), and homozygous (Dars2/*/flor 1 /Ckmm-cre) mice can be found in Figure 5.2.
After genotyping, Dars2 transcript levels were quantified to confirm Dars2 gene dis-

ruption (Figure 5.3).

Dars2flox/flox ckmm-cre

Dars2flox/flox Dars2*/floxckmm-cre

PCR results for
Dars2 primer

PCR results for
cre primer

Figure 5.2. Genotyping PCR for Dars2/loz/flor - Darsg*/flor 4 /Ckmm-cre and

Dars2flov/floz 1 /Ckmm-cre mice.
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Figure 5.3. Dars2 transcript levels in the (a) heart and (b) quadriceps tissues. Error

bars represent mean £ SEM. (Student’s t test: ***p<0.001)

hmKO mice had severe mitochondrial dysfunction in both heart and skeletal
muscle, which shortened their lifespan to 6 - 7 weeks (Dogan et al., 2014). Cardiac
hypertrophy and skeletal muscle atrophy was apparent (Dogan et al., 2014). As animal
models being re-generated at different facilities / countries might not always recapitu-
late the main findings of the original model, we first wanted to confirm the model by
checking their survival probability and body weights. As the lifespan data was cor-
relative with the 2014 model, we continued our investigations into body weights. The
weight data of all animals were recorded from 4- to 6-week-old age and divided into two
groups according to their sexes. In contrast to their wild-type littermates, hmKO mice
did not really gain any weight after weaning (Figure 5.4). While the weight of female
hmKO mice showed a significant difference according to their wild-type littermates at
4 weeks, males were significantly lighter when they were 5 weeks old (Figure 5.4). This
severity might be the results of the muscle creatine kinase promoter’s activity, which is

fully active in skeletal muscle and heart after embryonic day 15.5 (Lyons et al., 1991).

DARS2-deficient mice had increasing heart size due to cardiomyopathy (Dogan
et al., 2014). To validate and quantify this increase, the hearts of both wild-type and
hmKO animals were weighted after sacrification and normalized with their body weight.
Data confirmed that hmKO mice have one-and-a-half-time larger heart-to-body weight
ratio than wild-type mice (Figure 5.5).
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Figure 5.4. Weight curves of (a) male and (b) female animals (n=7-11). Error bars

represent mean + SEM. (Student’s t test: *p<0.05, **p<0.01, ***p<0.001)
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Figure 5.5. Heart-to-body weight ratio of hmKO and WT mice at 6 weeks of age.

Error bars represent mean + SEM. (Student’s t test: **p<0.01)

These new results were in accordance with the published results, so we eliminated

the possibility of the environmental conditions’ impact on animals’ phenotypes. We

have decided to perform our experiments on 6-week-old mice, when they were at the

end of their lifespan.
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5.2. Phenotypic Characterization of hmKO Mice

To phenotypically distinguish between the wild-type and hmKO animals, we took
advantage of the “Mouse Phenotyping Facility” at Bogazici University and subjected
our animals to various phenotypic tests from 4 weeks of age onward. The number
of animals in each test varied among the experiments; generally, each group (WT
and hmKO groups) had 7-11 animals. Since male and female mice exhibit similar

performance during exercises, the data was not distinguished according to their sexes.

To evaluate spontaneous coordinated activity, animals were placed into the ac-
tivity cage for 30 minutes. They could move freely in the cage in both vertical and
horizontal directions. In the first week of the experiment, all animals showed similar
activity and movement counts in both directions (Figure 5.6a and b). However, from 5
weeks onward, hmKO mice started to display significantly less activity than wild-type
littermates both vertically and horizontally (Figure 5.6a and b).

Furthermore, while vertical movement counts of wild-type animals increased with
time, hmKO mice scarcely moved vertically at 6 weeks. These results suggest that
hmKO mice cannot move actively, which may stem from skeletal muscle atrophy or

cardiac hypertrophy.

Animals were forced to run on a treadmill to evaluate their endurance and exercise
performance. During treadmill runs, hmKO mice exhausted very quickly (Figure 5.6¢).
They ran approximately half the distance that wild-type counterparts ran at 4 weeks

(Figure 5.6c¢).



A B
Activity Cage (Horizontal) Activity Cage (Vertical)
22007 mwT P mwT
L= o
% T @ hmko 3 I hmKO
1500 o
2z € 40
é *%k g
£ 1000+ wkk %
S =
g T 20 *k
N 500 i) *%
i : ﬁ
s >
0- ‘ T ‘ 0- T T T
4 & 6 4 5 6
C Age (Weeks) D Age (Weeks)
Treadmill Grip Strength (Whole Limbs)
1000~ mWT 150 | wT
800 B hmKO = hmKO
‘E’ 100+ *%
g 600-] g %
% % *k LE
= 400 o
= 50-
ek k
200 ﬁ
0- T T T 0- T T
4 5 6 5 6
Age (Weeks) Age (Weeks)
E Rotarod
3007 mwT
T T T
= hmKO
0
< 200
o
>
Q
[
2 100
@©
-
0- T ‘
4 5

Age (Weeks)

46

Figure 5.6. Phenotypic assay results (n=7-11). (a) Activity Cage (Horizontal), (b)

Activity Cage (Vertical), (c¢) Treadmill, (d) Grip Strength , (e) Rotarod. Error bars

represent mean + SEM. (Student’s t test: *p<0.05, **p<0.01, ***p<0.001)

The running performance of the hmKO mice worsened when they aged; when

they were 6 weeks old, they ran about 200 meters, while wild-type mice completed

approximately 600 meters on treadmill (Figure 5.6¢). These results indicate that hmKO

mice have diminished exercise performance and endurance than the wild-type animals.
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A whole limb grip strength assay was conducted to measure and compare the
muscle strengths of the hmKO and wild-type mice. At 4 weeks, hmKO mice and wild-
type mice exhibited similar force; however, hmKO mice could apply less force at their
5th and 6th weeks of age (Figure 5.6d). This data supports the notion that hmKO

mice have weaker muscles than their wild-type counterparts.

Lastly, mice were tested on the Rota-Rod to measure their motor coordination
and the ability to balance. From the beginning of the experiment, both hmKO and
wild-type mice showed a similar level of latency to fall (Figure 5.6e). Although hmKO
mice showed less activity and performance and had weaker muscles than the wild-type

animals, their motor coordination and balance abilities were indistinguishable.

5.3. Molecular Characterization of Mitochondrial Dysfunction in hmKO
Mice

In the heart, DARS2 deficiency results in increased mass in mitochondria and
hence elevated levels of mitochondrial mRNA transcripts (Dogan et al., 2014). We
performed a qPCR experiment for quantifying Coxl transcripts level of mtDNA in
both heart and skeletal muscle tissues. In the heart, the mtDNA-transcripts level was
about threefold that of wild-type mice (Figure 5.7a). However, in quadriceps tissue,
we did not observe any change (Figure 5.7b). These results are correlative with the

increased level of mitochondrial mass in cardiomyocytes.

DARS2-deficiency in heart and skeletal muscle leads to mitochondrial dysfunc-
tion by decreasing the amount of fully assembled OXPHOS complexes as exemplified
by Blue-Native PAGE (Dogan et al., 2014). However, OXPHOS subunits of hmKO
mice were not checked by Western blotting. To confirm the reduction in the relative
protein levels of the subunits, we have used Total OXPHOS Cocktail antibody (Figure
5.8). Heart tissue homogenates were used from 6-week-old WT and hmKO mice. As

expected, the protein levels of the NDUFA9 subunit of complex I, the UQRC2 subunit
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of complex III, and the COXIV subunit of complex IV reduced in the DARS2-deficient
hearts significantly, whereas the levels of the SDHA subunit of complex II and ATP5A
subunit of complex V did not change (Figure 5.8).
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Figure 5.7. mtDNA-transcript level quantification of (a) heart and (b) quadriceps
tissues. Error bars represent mean £ SEM. (Student’s t test: ***p<0.001)
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Oroboros O2k-Fluorespirometer enables the quantitative measurement of respi-
ration of living mitochondria for two samples at a time. In a closed chamber, mito-
chondrial respirometry can deduce the rate at which oxygen concentration decreases as
a result of oxygen usage in the system. Thus, oxygen consumption rate can give a di-
rect readout for mitochondrial dysfunction. The oxygen consumption rate of the heart
mitochondria was measured using Oroboros O2k-FluoRespirometer to see whether OX-

PHOS deficiency affects the respiration of the mitochondria.

Cll-linked respiration Cl-linked respiration
T
1.Succinate 1.Pyruvate and Malate
2.Rotenone 2.ADP .
3.ADP 3.0ligomycin
4 Antimycin A 4.Uncoupler

I
J 5.Antimycin A

w W

Chamber A contains Chamber B contains Chamber A contains Chamber B contains
living mitochondria living mitochondria living mitochondria living mitochondria
isolated from wild-type isolated from hmKO isolated from wild-type isolated from hmKO
mice. mice. mice. mice.

Figure 5.9. Experimental setup for the measurement of CI- and CII-linked respiration.

Respiration of the heart mitochondria was evaluated for different respiration
states (Figure 5.9) with different substrates and inhibitors (Figure 5.10). Firstly, mito-
chondria were supplied with succinate, a Complex II substrate, followed by the Com-
plex I inhibitor, rotenone, to detect CII-linked respiration. Then, mitochondria were
supplied with a high concentration of ADP to evaluate the respiration level in state
3 (ADP-stimulated respiration). hmKO mice had a lower ADP-stimulated oxygen
consumption rate (Figure 5.11). The heart mitochondria of hmKO mice showed less

respiration than wild type heart mitochondria in CII-linked respiration (Figure 5.11).
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Figure 5.10. Representation of substrates and inhibitors of OXPHOS complexes.

Mitochondria were fed with complex I substrates, pyruvate and malate, to eval-
uate the level of complex I-linked respiration. While the respiration levels were similar
between hmKO and wild-type mice when fed with the substrates, the hmKO mice

displayed a lower oxygen consumption rate in state 3 (ADP-stimulated respiration).

State 4 respiration levels of mitochondria were evaluated by inhibiting ATP syn-
thase with oligomycin. Although DARS2-deficient mitochondria tended to respire less,
there were no significant differences in oxygen consumption rate in state 4. Lastly,
uncoupled respiration level was measured in the presence of a mitochondrial uncou-
pler. Heart mitochondria of hmKO mice had a lower oxygen consumption rate than
wild-type mitochondria in response to multiple titrations of uncoupler CCCP. These
data suggest that the respiration of heart mitochondria of hmKO mice is affected by
the DARS2 deficiency. As a result, hmKO mice consumes less oxygen, hence decreased

oxygen consumption rate.

Oxygen consumption rate can provide information with relative ATP level. Thus,

after analyzing the oxygen consumption rate of each sample, we calculated the oxygen
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consumption rate-dependent ATP levels. We used the net OXPHOS capacity equation
to calculate the ATP level. According to the equation, leak respiration rate (respiration
rate of mitochondria in the presence of complex I/ complex II substrates and absence
of ADP) was subtracted from ADP-stimulated oxygen consumption rate (OXPHOS
capacity), which gave net OXPHOS capacity (OCR-related ATP level) (Gnaiger, 2020).
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Figure 5.11. Oxygen consumption rate (OCR) of OCR-related ATP ratio of (a,c)
ClI-linked and (b,d) Cl-linked respiration in the heart. Error bars represent mean =+
SEM. (Student’s t test: *p<0.05, **p<0.01, ***p<0.001)

Firstly, we calculated the OCR-related ATP level of heart mitochondria for
both CI- and CII-linked respiration. While Cl-linked respiration-related ATP levels
of hmKO mitochondria diminished, CII-linked respiration-related ATP levels did not
change significantly despite a downward tendency (Figure 5.11c and d). It is worth

noting that this result does not give information about ATP production rate directly

but relatively.
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Similar to heart, to evaluate the impact of DARS2 deficiency on skeletal muscle
mitochondria, the quadriceps proteins of the muscle were used to perform Western blots
with the total OXPHOS antibody cocktail. Like the heart mitochondria, the levels of
complex I subunit NDUFA9, complex III subunit UQRC2, and complex IV subunit
COXIV decreased in hmKO mice mitochondria while the levels of SDHA subunit of
complex IT and ATP5A subunit of complex V were steady Figure 5.12.
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Figure 5.12. Protein levels of OXPHOS subunits in the quadriceps. Error bars
represent mean = SEM. (Student’s t test: *p<0.05)

Afterward, the oxygen consumption rate of the quadriceps’ mitochondria was
evaluated by Oroboros-O2k FloRespirometer. Firstly, mitochondria were fed with suc-
cinate to measure complex II-linked respiration. When mitochondria were supplied
with ADP, ADP-stimulated respiration (state 3 respiration) level tended to decrease
in hmKO skeletal muscle mitochondria; however, it was not significant (Figure 5.13a).
This data shows that complex II-linked respiration of hmKO quadriceps’ mitochondria

is similar to wild-type quadriceps’ mitochondria.

After CllI-linked respiration measurement, chambers were cleaned, and living mi-
tochondria were added into respiratory buffer-filled chambers. Then, mitochondria

were fed with complex I substrates, pyruvate and malate, to measure complex I-linked
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respiration. Although there was a reduction tendency, the oxygen consumption rate
of hmKO mitochondria did not show a significant difference in response to ADP stim-

ulation (state 3), oligomycin inhibition (state 4), and uncoupler titration (uncoupler

state) (Figure 5.13b).
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Figure 5.13. Oxygen consumption rate (OCR) and OCR-related ATP ratio of (a,c)
ClII-linked and (b,d) Cl-linked respiration in the quadriceps. Error bars represent
mean + SEM.

The oxygen consumption results were used to calculate OCR-related ATP levels
for both CI- and CIlI-linked respiration. Results were correlative with oxygen con-
sumption rate data. Although hmKO quadriceps’ mitochondria tended to display a

decreased level of ATP, a significant reduction was not observed for both FET- and

RET-related ATP levels.
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5.4. Stress Responses

5.4.1. Antioxidant Response

Mitochondrial dysfunction can be associated with increased reactive oxygen species
(ROS) generation that causes antioxidant response upregulation. To see whether the
antioxidant response in hmKO hearts was increased, antioxidant-response related el-
ements were checked. In response to oxidative stress, NFE2L2 translocates into the
nucleus and binds to the antioxidant response element (ARE) to initiate the transcrip-
tion of antioxidant genes (Tonelli et al., 2018). We performed Western blotting and
qPCR to quantify the protein and mRNA levels of Nfe2l2, respectively. The protein
level of NFE2L2 did not show a significant difference between hmKO and wild-type
mice, whereas hmKO mice had significantly reduced Nfe2[2 mRNA levels (Figure 5.14a
and b). Then, we checked the mitochondrial ROS scavenging enzymes. SOD2 plays a
crucial role in converting superoxide (O-~) that is produced from the electron transport
chain to hydrogen peroxide (HyO5) (Wang et al., 2018). While the protein level was
steady, the mRNA level of Sod2 decreased in hmKO mice (Figure 5.14¢). SODL1 is also
a ROS scavenging enzyme responsible for converting superoxide to hydrogen peroxide
in the cytosol and mitochondrial intermembrane space (Eleutherio et al., 2021). When
we quantified the transcripts of Sodl in the heart of hmKO and wild-type mice, we did
not observe any significant change (Figure 5.14c). Lastly, the mRNA levels of Catalase
and Gpz-1 were quantified by qPCR. CATALASE and GPX-1 are crucial antioxidant
enzymes that prevent hydrogen peroxide accumulation by converting it to water (Lubos
et al., 2011; Nandi et al., 2019). While the Gpz-1 levels were significantly downreg-
ulated in hmKO mice, the catalase level did not change significantly (Figure 5.14c).
These results suggest that the heart of the hmKO mouse model does not upregulate

antioxidant response as a result of mitochondrial dysfunction.
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Figure 5.14. Antioxidant response in hmKO heart. Error bars represent mean +

SEM. (Student’s t test: *p<0.05, **p<0.01, ***p<0.001)

Previously, it has been demonstrated that heart and quadriceps tissues react dif-
ferently to DARS2 deficiency (Dogan et al., 2014). Therefore, as a next step, quadriceps
tissues were investigated to understand whether the antioxidant response is upregu-
lated in response to mitochondrial dysfunction. When we checked the protein levels
of NFE2L2 and SOD2, we encountered a similar profile with the heart results. Both
NFE2L2 and SOD2 levels did not change (Figure 5.15a and b). However, in contrast
to the heart, their mRNA level also stayed the same between hmKO and wild-type
mice (Figure 5.15c). Then, the mRNA expression level of other antioxidant elements
was quantified by qPCR. While Sodl and Gpx1 did not display a significant change,
the Catalase level in hmKO quadriceps increased significantly (Figure 5.15¢).
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This results show that except for Catalase, there is no upregulation of antioxidant

response in skeletal muscle tissues in hmKO mice.
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Figure 5.15. Antioxidant response in hmKO quadriceps. Error bars represent mean +

SEM. (Student’s t test: *p<0.05)

During electron transportation, some electrons may leak and reduce oxygen (O)
to superoxide (O~) (Ray et al., 2012). Superoxide molecules are converted to hydro-
gen peroxide (H202) immediately by superoxide dismutase enzymes (SODs) (Murphy,
2009). So, measuring HyO5 production gives information about mitochondrial reactive

oxygen species generation.

Oroboros-O2k Fluorespirometer instrument provides simultaneous measurement
of oxygen consumption rate and HyO, flux in living mitochondria of two samples.
Therefore, the HyO5 production rate was measured with Cl-linked and CII-linked res-
pirations. When mitochondria are fed with succinate, the complex II substrate, elec-
trons tend to move reverse because of the over-reduction of ubiquinone (Wright et

al., 2022). Reverse electron transport (RET) is the source of RET-ROS. When the
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heart mitochondria were fed with succinate, hmKO mitochondria showed less HyOq
flux according to wild-type mitochondria (Figure 5.16a). However, the difference be-
came insignificant when the medium was supplied with complex I inhibitor rotenone
(Figure 5.16a). Although there is a downward trend in response to ADP stimulation,
hmKO mitochondria produced a similar level of HyO5 to wild-type mitochondria (Fig-
ure 5.16a). Likewise, when mitochondria were supplied with complex III inhibitor,
Antimycin A, hmKO heart mitochondria produced a lower but insignificant amount of

H50, than wild-type heart mitochondria (Figure 5.16a).
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Figure 5.16. Production level of (a) reverse electron derived-ROS (RET-ROS) and
(b) Forward electron derived ROS (FET-ROS) in the heart mitochondria. Error bars
represent mean + SEM. (Student’s t test: *p<0.05)

In a separate experiment, mitochondria were fed with complex I substrates, pyru-
vate and malate, to measure the FET-ROS production rate. When the medium was
supplied with pyruvate and malate, hmKO and wild-type heart mitochondria produced
a similar amount of FET-ROS (Figure 5.16b). The difference in HyO4 production upon
ADP stimulation between hmKO and wild-type mitochondria was insignificant (Fig-
ure 5.16b). When mitochondria were fed with oligomycin, uncoupler, and antimycin
A, respectively, hmKO and wild-type mitochondria generated comparable amount of

H202 (Figure 5. ].6b) .
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Reverse electron transport depends on mitochondrial membrane potential (A¥),
reduction might inhibit the reverse electron transport process (Komlddi et al., 2018).
Therefore, we checked the level of membrane potential in freshly isolated heart mito-

chondria.

The membrane potential is measured with Safranin using Oroboros O2k- Fluo-
Respirometer. Safranin is a lipophilic cationic dye located across the inner mitochon-
drial membrane when the inside is negatively charged (Figueira et al., 2012). Safranin
can be transported to the inside of the mitochondria by electroporation upon the
change in mitochondrial membrane potential, which quenches the fluorescence signal
(Krumschnabel et al., 2014). Therefore, membrane potential can be detected using

safranin dye in Oroboros O2k-Fluorespirometer.
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Figure 5.17. Membrane potential of the heart mitochondria. Error bars represent

mean + SEM.

Mitochondria were fed with complex I substrates, glutamate, and malate to eval-
uate the membrane potential level during the forward electron transport. Then, mem-
brane potential was checked in response to ADP stimulation. To measure mitochondrial
membrane potential during succinate-driven electron transport, complex II substrate,

succinate, and complex I inhibitor, rotenone, was added to the medium. Afterward,



29

the complex V inhibitor, oligomycin, was supplied to the mitochondria. When we eval-
uated the membrane potential levels for each step, we did not see any changes between

isolated heart mitochondria of hmKO and wild-type mice (Figure 5.17).
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Figure 5.18. Production level of (a) reverse electron derived-ROS (RET-ROS) and
(b) Forward electron derived ROS (FET-ROS) in the quadriceps’ mitochondria.

Error bars represent mean + SEM.

Afterward, we checked HyO5 production in quadriceps tissues. Mitochondria were
fed with complex II substrate, succinate, to measure RET-derived ROS. Although
quadriceps mitochondria of hmKO mice tended to show a lower level of HyO, pro-
duction in response to substrate addition, there was no significant difference between
control and hmKO mitochondria (Figure 5.18a). When rotenone and ADP were added
to the medium, both hmKO and wild-type mitochondria displayed a similar level of
Hy0, flux (Figure 5.18a). In response to complex V inhibition with oligomycin, the
H505 level was upregulated; however, there was no significant change between hmKO

and wild-type mitochondria (Figure 5.18a).

In a separate experiment, we supplied mitochondria with pyruvate and malate
to measure forward electron-derived ROS. In response to substrate addition, hmKO
quadriceps mitochondria showed an insignificant increase in H202 flux (Figure 5.18b).
Similarly, upon ADP stimulation, both hmKO and wild-type mitochondria displayed
a similar amount of H202 production (Figure 5.18b).
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The change in H202 flux in hmKO mitochondria was insignificant after adding

oligomycin, uncoupler, and antimycin, respectively (Figure 5.18B).
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Figure 5.19. Membrane potential of the quadriceps mitochondria. Error bars

represent mean + SEM.

Membrane potential levels were also measured for mitochondria isolated from
quadriceps tissue. The membrane potential of hmKO and wild-type mitochondria

demonstrated a similar profile for each step as in heart tissue (Figure 5.19).
5.4.2. Mitochondrial Integrated Stress Response (ISR™)

Eukaryotic cells have various signaling pathways to activate in response to patho-
logical conditions or physiological changes; integrated stress response (ISR) is one of
them. It is activated against extrinsic stresses such as starvation (including amino acid
and glucose deprivation), hypoxia, and viral infection, as well as intrinsic factors like un-
folded proteins in the endoplasmic reticulum (Pakos-Zebrucka et al., 2016). Mitochon-
drial stress can induce mitochondrial integrated stress response (ISR™).Integrating
stress response is characterized by activating the eukaryotic initiation translation fac-
tor 2a (elF2a) by phosphorylation. Thus, activated elF2« diminishes the new protein
synthesis while upregulating particular transcripts involved in signaling pathways (Dal-

ton et al., 2012).
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We conducted a Western blot experiment for both elF2a and phosphorylated-
elF2a proteins to see activated elF2a levels in the heart. The ratio of phosphory-
lated elF2a to elF2a was highly upregulated in hmKO cardiomyocytes, as shown in
Figure5.20. This result suggests that the ISR™ is activated in the hmKO heart in

response to mitochondrial dysfunction.
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Figure 5.20. Western blot result of (a) elF2a and (b) p-elF2« proteins and (c)
quantification of protein levels of in the heart. Error bars represent mean + SEM.

(Student’s t test: **p<0.01, ***p<0.001)

The ISR™ is accompanied by the activation of components of various signaling
pathways. Therefore, we checked the transcript level of genes that play essential roles

in integrated stress response, including;
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(i) components of unfolded protein responses (UPRmt), such as Atf3 (activated
transcription factor 3), Atf} (activated transcription factor 4),Atf5 (activated tran-

scription factorb), and Atf6 (activated transcription factor6),

(ii)a player of the folate cycle Mthfd2 (methylene tetrahydrofolate dehydrogenase
2),

(iii) the critical enzymes for proline biosynthesis Aldh18A1 (delta-1-pyrroline-

5-carboxylate synthase) and Pycr! (mitochondrial pyrroline-5-carboxylate reductase

1)7

(iv) metabolic hormones, mitokines, Fgf21 (fibroblast growth factor 21) and Gdf15

(growth differentiation factor 15).
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Figure 5.21. Transcript levels of (a) integrated stress response components and (b)
mitokines in the heart. Error bars represent mean + SEM. (Student’s t test:

*p<0.05)

Although Atf, and Atf5 levels revealed an upward trend; there was no significant
increase of their transcript levels. However, both Pycr! and Mthfd2 transcripts were
highly upregulated in hmKO cardiomyocytes (Figure 5.21a). Moreover, Gdf15 levels
of hmKO were about 30-times higher than wild-type mice, while Fgf21 levels were

O wT
B hmKO-h
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about 9-times higher(Figure 5.21b). These data indicate that hmKO mice upregulate

the transcription of several components of ISR™ in the heart upon mitochondrial

dysfunction.
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Figure 5.22. Western blot results of (a) elF2a and (b) p-elF2« proteins and (c)
quantification of protein levels of in the quadriceps. Error bars represent mean -+

SEM. (Student’s t test: *p<0.05, **p<0.01)

ISR™ activation was also investigated in quadriceps tissue of hmKO animals.
elF2a activation was detected in quadriceps tissue as in heart (Figure 5.22). As Dogan
et al. demonstrated that the level of components of unfolded protein response and
metabolic hormone Fgf21 do not change in hmKO skeletal muscle tissue (Dogan et al.,

2014), we have not re-checked these parameters.

5.5. The Effects of Dietary Intervention on hmKO Mice

Mitochondrial dysfunction leads to severe consequences, specifically for the high-
energy demanding tissues like the heart, brain, liver, and skeletal muscle (Fine et
al., 2019). A healthy mitochondrion should supply the energy demand using cellular
energy sources such as glucose or lipids by adapting fuel oxidation according to fuel

availability (Zhang et al., 2014). Although there is no specific cure for mitochondrial
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diseases, various treatments are available to ameliorate the symptoms (Liufu & Wang,
2021). Ketogenic diet (KD) intervention is one of the helpful ways to attenuate the
impacts of mitochondrial dysfunction. A ketogenic diet (KD) contains a high amount
of fat and a low amount of carbohydrates; thus, it shifts metabolism from carbohydrate

to fat oxidation (S-oxidation) (Zweers et al., 2021).

To test whether KD can ameliorate the phenotype of the DARS2-deficient mice,
the animals were fed with KD ad-libitum after weaning (from 3 weeks onward). After-

ward, they have been characterized phenotypically and molecularly.

5.5.1. Phenotypic Characterization of of KD-fed hmKO Mice

If KD improves the phenotype of hmKO mice, lifespan could be the first indica-
tion. Unfortunately, we have not observed any impact of KD on the median and/or
maximal lifespan of the animals. hmKOs had severe health problems when they were
6 weeks old as their chow-diet (CD)-fed counterparts and they had to be culled at this
age. Therefore, KD did not impact the lifespan of KD-fed hmKO animals.
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Figure 5.23. Survival curve of KD-fed animals
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The weight data were recorded from 4- to 6-week-old age and divided into two
groups according to their sexes. KD did not impact the weights of the wild-type
animals; CD-fed and KD-fed wild-type mice were of similar weights (Figure 5.24).
Likewise, KD could not attenuate the weight loss of hmKO mice. While female KD-
fed hmKO had a similar weight to wild-type animals at 4-week-old age, they started
to lose weight like CD-fed hmKO mice after 5 weeks (Figure 5.24). As female hmKO,
male hmKO mice did not gain weight regardless of their diet (Figure 5.24). This data
shows that a high-fat, low-carbohydrate diet cannot provide hmKO mice with weight

gain.
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Figure 5.24. Weight curves of (a) male and (b) female CD- and KD-fed mice. Error
bars represent mean + SEM. (Student’s t test: *p<0.05, **p<0.01, ***p<0.001)

To evaluate the effect of KD on coordinated activity, animals were subjected to
the activity cage test. KD did not alter the activity level of wild-type mice; KD-fed
wild-type animals were as active as CD-fed wilt-types in both directions (Figure 5.25).
In the first week of the experiment, KD-fed hmKO mice could not move as much as
their CD-fed littermates in the horizontal direction (Figure 5.25a). However, their
vertical activity counts were similar (Figure 5.25b). In both directions, KD-fed hmKO
displayed a similar activity level to CD-fed hmKO mice for the experiment’s second
and last week (Figure 5.25a and b). These data suggest that KD cannot ameliorate

the poor coordination activity of hmKO.
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KD-fed animals and their CD-fed counterparts were forced to run on a treadmill

to evaluate the impact of KD on endurance and exercise performance. KD diet did not

affect the running performance of wild-type mice; KD-fed animals ran as much as their

CD-fed littermates (Figure 5.25¢). Moreover, KD did not improve the performance of

hmKO mice; they showed diminished exercise performance when they aged like their

CD-fed counterparts. As a result, KD cannot ameliorate the endurance and exercise
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performance of hmKO mice. A whole limb grip strength assay was conducted to see
whether KD influenced the muscle strength. Wild-type mice exerted similar effort
regardless of the type of the diet (Figure 5.25d). While all mice exhibited similar force
at 4 weeks, KD- and CD-fed hmKO could apply less force at their 5th and 6th weeks
of age (Figure 5.25d). This data demonstrates that KD cannot enhance the muscle
strength of hmKO mice.

Finally, mice were tested on Rota-Rod to evaluate their motor coordination and
balance ability. For three weeks, all mice showed similar performance on Rota-Rod

(Figure 5.25¢).

These phenotypic data suggest that KD did not ameliorate the phenotypic effects
of DARS2 deficiency. KD-fed mice had weaker muscle, poor exercise performance, and

worse coordinated activity than wild-type animals like their CD-fed littermates.

5.5.2. Molecular Characterization of KD-fed hmKO Mice

KD shifts metabolism from carbohydrate to fat oxidation, thus, we checked the
level of genes that have an essential role in fatty-acid metabolism for the heart tissue.
Fasn is one of them; it encodes fatty acid synthase protein that facilitates the fatty
acid synthesis from acetyl-CoA and malonyl-CoA in the presence of NADPH (Bueno et
al., 2019). While its level stayed steady between CD-fed hmKO and wild-type animals,
it was highly upregulated in response to KD (Figure 5.26). KD-fed hmKO had a lower
expression of Fasn than their KD-fed littermates (Figure 5.26). This data indicates
that KD increases the transcript level of the fatty acid synthase enzyme. Cpt1b encodes
carnitine palmitoyltransferase, a rate-limiting enzyme of the f-oxidation pathway in
muscle mitochondria responsible for transferring long-chain fatty acids across the outer
membrane (Maples et al., 2015). Cptb1b transcript levels did not change when ani-
mals were fed with KD (Figure 5.26). Pdk4 encodes pyruvate dehydrogenase kinase
(PDK4) found in the mitochondrial matrix. PDK4 phosphorylates one of the pyruvate
dehydrogenase complex subunits, thereby inhibiting its function. Thus, fatty acid uti-
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lization can be preferred over glucose catabolism (Zhang et al., 2014). mRNA levels of
KD-fed mice were highly upregulated according to CD-fed counterparts (Figure 5.26).
KD-fed hmKO and wild-type animals had almost the same amount of Pdkj/ mRNA
(Figure 5.26). This data supports the notion that KD activates Pdk4 to inactivate
glucose catabolism. CD36 is a membrane glycoprotein as a scavenger receptor and a
fatty acid translocator responsible for the transportation of fatty acid; it also engages
in muscle lipid uptake (Niculite et al., 2019). The transcripts level of Cd36 did not
differ in animal groups (Figure 5.26). Together, these data show that not all but some

genes that are crucial for fatty oxidation were upregulated in response to KD in heart.
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Figure 5.26. The transcript levels of fatty acid oxidation markers in the heart. Error

bars represent mean + SEM. (Student’s t test: *p<0.05, **p<0.01, ***p<0.001)

We also checked the fatty acid oxidation markers in quadriceps tissue. While the
transcript levels of Fasn,Cpt1b, and Pdkj did not change among groups, the Cd36 level
was significantly elevated in Cd- and KD-fed hmKO mice (Figure 5.27). Furthermore,
KD increases the Cd36 level in hmKO mice (Figure 5.27). These data demonstrate
that despite the upregulation of the gene responsible for fatty acid uptake, the levels

of remaining fatty acid oxidation pathway components do not change.
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Figure 5.27. The transcript levels of fatty acid oxidation markers in the quadriceps.

Error bars represent mean + SEM. (Student’s t test: *p<0.05)
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Figure 5.28. The blood glucose levels of CD- and KD-fed mice. Error bars represent
mean + SEM. (Student’s t test: *p<0.05, **p<0.01)
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We measured the blood glucose level of CD- and KD-fed animals to see whether
KD could change energy source of mitochondria from glucose to fatty acid. We did not
detect significance difference in blood glucose levels between CD- and KD-fed animals

(Figure 5.28)

5.6. Stress Responses in KD-fed hmKO mice

We quantified the mRNA levels of various genes to investigate the impacts of KD
on antioxidant response in heart tissue. KD-fed mice had a higher level of Sod1 than
their counterparts. In contrast, they showed a reduced level of Sod2 (Figure 5.29),
which may result from more need for superoxide conversion in the cytosol or mito-
chondrial intermembrane space than in the matrix. While Catalase levels diminished
in KD-fed wild type according to CD-fed counterparts, its level remained almost the
same in CD- and KD-fed hmKO (Figure 5.29). KD decreased both the Gpz-1 and
Nfe2l2 levels in both wild-type and hmKO animals, CD- and KD-fed hmKO had the
similar level of Gpx1 and Nfe2l2 (Figure 5.29). These data suggest that antioxidant
components except for Sod1 decrease in response to KD, meaning that KD reduces the

antioxidant response in heart.

Antioxidant response elements were also quantified for quadriceps tissue. Sod1,
Sod2, and Nfe2l2 levels significantly decreased, whereas Catalase levels increased in
KD-fed hmKO and wild-type animals according to their counterparts (Figure 5.30).
While KD resulted in a reduced transcript level of Gpz-1 in wild-type mice, its level
did not differ in hmKO (Figure 5.30). This data indicates that antioxidant response
components except for Catalase are downregulated in quadriceps tissue of the hmKO

mice.
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Figure 5.29. The transcript levels of antioxidant markers in the heart. Error bars

represent mean + SEM. (Student’s t test: *p<0.05, **p<0.01,
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6. DISCUSSION

Mitochondria are membrane-bound organelles found in almost every eukaryotic
cell. They function as a powerhouse of the cells by producing most of the energy that
cells need (Gray, 2013). The inner membrane of the mitochondria has folded structures
named cristae. The mitochondrial respiratory complexes are localized in the cristae and
carry electrons to produce energy by oxidative phosphorylation (Joubert & Puff, 2021).
Moreover, mitochondria are responsible for many essential cellular processes; they have
crucial roles in cell growth, cell signaling, ion homeostasis, and cell survival and death
mechanisms. Thus, mitochondrial dysfunctions result in various disorders (Osellame
et al., 2012). Respiratory chain dysfunctions are the primary source of mitochondrial
diseases, specifically affecting high-energy demanding tissues and organs (Schlieben &

Prokisch, 2020).

This study aimed to further characterize a DARS2-deficient mouse model that
shows mitochondrial dysfunction due to respiratory chain defects. This mouse model
has been studied before by Dogan et al., and they found that DARS2 deficiency im-
pairs protein synthesis in the heart and quadriceps mitochondria, preventing OXPHOS
complexes from properly assembling; therefore, both tissues show respiratory chain de-
fects (2014). Furthermore, it has been revealed that in response to DARS2 depletion,
the heart and skeletal muscle tissues act differently; while the heart initiates adap-
tive stress responses, skeletal muscle uses its intrinsic mechanism to maintain protein

homeostasis.

In this study, we further characterized the heart- and skeletal muscle-specific
DARS2-deficient mouse model (hmKO) phenotypically and molecularly by previously
unchecked parameters. To generate hmKO mice, we disrupted the Dars2 gene in heart
and skeletal muscle tissues by expressing Cre under the muscle creatine kinase (Ckmm)
promoter. DARS2/%#/flor and Ckmm-cre mice were transferred from Cologne Excel-

lence Cluster in Aging and Aging-Associated Diseases (CECAD), Cologne, Germany.
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We generated DARS2/%%/floz 1 /Ckmm-cre (hmKO) mice by mating DARS2*//°% 4 /Ckmm-
cre and DARS2/%0#/flov mjice at Bogazici University Experimental Animal Breeding and
Care Unit. After re-generating hmKO animals, we checked the main findings of the
model to see whether different facilities/countries have an impact on the phenotype
of hmKO. The lifespan of the model was about 6-7 weeks, which is correlative with
the previous findings. The mice exhibited severe symptoms after 6 weeks. We also
recorded the weights of 4- to 6-week-old mice; as expected, DARS2-deficiency resulted
in weight loss in hmKO mice. In contrast to their wild-type counterparts, they started
to lose weight after five weeks. Moreover, as a sign of cardiomyopathy, the heart-to-
body weight ratio was highly upregulated in 6-week-old hmKO mice. While their heart

mass increased, their body weight decreased when they aged.

Similar to the hmKO mouse model, different knockout mouse strains were gener-
ated by disrupting essential genes that participate in mitochondrial DNA maintenance
under muscle creatine kinase promoter (Kiihl et al., 2017). The Twinkle knockout
model was generated by disrupting TWINKLE helicase which is essential for mtDNA
replication. TWINKLE loss led to mtDNA depletion in heart and skeletal muscle tis-
sues. The lifespan of the TWINKLE model was 19 weeks, and mitochondrial cardiomy-
opathy was observed with progressive heart enlargement. Moreover, the TWINKLE-
deficient model showed declined respiratory chain assembly and activity (Milenkovic
et al., 2013). The Tfam mutant mouse model was obtained by disrupting Tfam cod-
ing transcription factor A, crucial for mtDNA maintenance. 7Tfam knockout mice
exhibited severe mtDNA depletion and impaired respiratory chain function (Larsson
et al., 1998). Further characterization of this mouse model revealed that TFAM loss
caused atrioventricular heart conduction blocks, dilated cardiomyopathy, and short-
ened lifespan of 2-4 weeks (Wang et al., 1999). The Polrmt knockout mouse model was
generated by disrupting the Polrmt gene encoding mitochondrial RNA polymerase.
POLRMT-deficient heart showed severe mitochondrial dysfunction leading to dilated
cardiomyopathy. The Polrmt mouse model had a shortened lifespan of fewer than
6 weeks (Kiihl et al., 2016). The Lrpprc knockout mouse model was generated by

disrupting the Lrpprcgene encoding leucine-rich pentatricopeptide repeat-containing
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protein that plays an essential role in the regulation of mitochondrial mRNA stabil-
ity. LRPPRC deficiency in the heart resulted in cardiomyopathy with mitochondrial
chain deficiency. The lifespan of the Lrppre knockout mouse had shortened to 16 weeks
(Ruzzenente et al., 2012). Finally, the Mterfs knockout mouse model was generated
by disrupting the Mterf/ gene coding mitochondrial transcription termination factor 4,
which is essential for mitochondrial translation. The maximum lifespan of this model
was 21 weeks. Mterf knockout mouse model displayed cardiomyopathy, increased level
of mtDNA, and respiratory chain dysfunction in the heart (Camara et al., 2011). All
these models were generated by disrupting the genes that are crucial for mitochondrial
maintenance under the muscle creatine kinase promoter, similar to our hmKO model.
Moreover, their lifespans were significantly shorter than wild-type mice, and they all

have cardiomyopathy, and mitochondrial dysfunction due to OXPHOS deficiency.

Beforehand, this mouse model has never been phenotypically characterized. Al-
though it was obvious that they showed less activity by aging, we have evaluated their
exercise capacity by various phenotypic tests. The coordinated activity, exercise perfor-
mance, and muscle strength were measured by using the activity cage, treadmill, and
grip strength tests, respectively. As a result of these phenotypic assays, hmKO mice
have less performance and endurance, poorer coordinated activity, and weaker muscles
than their wild-type littermates. These results demonstrate that cardiac hypertrophy
or muscle atrophy limits the movement ability and activity of the animals. Various
research suggests that exercise training can attenuate muscle atrophy. For example,
the harlequin mutant mouse model (Hq mice) with respiratory chain defects because of
complex I deficiency displayed amelioration in muscle strength and partial recovery of
muscle atrophy in response to the treadmill, grip strength, and rotarod exercises (Fiuza-
Luces et al., 2019). Another example showed that a POLG mouse model that has a
defect in mitochondrial polymerase gamma gene exhibits mitochondrial dysfunction
with various pathologies and accelerated aging phenotype with reduced lifespan (Saf-
dar et al., 2011). When these models performed 5 months of endurance exercise, they
showed improved OXPHOS capacity and restored mitochondrial morphology, which

resulted in attenuation in sarcopenia, cardiomyopathy, and brain atrophy (Safdar et
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al., 2011). These examples indicate that long-term exercise can improve the OXPHOS
capacity and mitigate myopathy. However, our mouse model has a more severe phe-
notype with a shorter lifespan; even completing all the exercise assays was challenging

for them.

After phenotypic characterization, we checked the molecular profile of the hmKO
model. We quantified the mitochondrial mRNA transcript of the Cozl gene in heart
and quadriceps tissues. hmKO heart had threefold more transcript levels than wild-
type heart. In contrast, hmKO quadriceps did not change the transcript’s level. The
elevated mitochondrial transcript level in the heart indicates the mitochondrial mass
increase. Therefore, our data support the notion that cardiomyocytes increase the
number of mitochondria by biogenesis, whereas skeletal muscle maintains the mito-
chondria number. Increased mitochondrial mass might be the reason behind increased
heart size. Similarly, in a cardiomyopathy model, a Mterf; knockout mouse showed in-
creased mtDNA transcript levels (Camara et al., 2011). However, Twinkle, Tfam, and
Polrmt knockout cardiomyopathy models showed diminished mtDNA and transcript
levels (Kiihl et al., 2016; Larsson et al., 1998; Milenkovic et al., 2013). Since Twinkle,
Tfam, and Polrmtmt genes are essential for mtDNA maintenance, Twinkle is crucial
for mtDNA replication, and Tfam and Polrmt genes are required for mtDNA transcrip-
tion; their disruption causes mtDNA depletion and hence mtDNA transcript levels. In
contrast, Mterfj and Dars2 are mitochondrial translation-related genes; their loss does
not affect the mtDNA maintenance but increases mitochondrial biogenesis and mtDNA

transcript levels.

We also investigated the impacts of respiratory chain deficiency on mitochondrial
energy metabolism. First, respiratory chain deficiency was confirmed by a Western blot
experiment. We used the OXPHOS cocktail antibody to see protein expression levels
of subunits of each complex. The protein levels of the NDUFA9 subunit of complex I
(CI), the UQRC2 subunit of complex III (CIII), and the COXIV subunit of complex
IV (CIV) were diminished. In contrast, the expression levels of the SDHA subunit
of complex II (CII) and ATP5A subunit of complex V did not change in both heart
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and skeletal muscle tissues. CI, CIII, CIV, and CV consist of various subunits en-
coded by nuclear DNA (nDNA) and mitochondrial DNA (mtDNA), whereas CII does
not have mitochondrial mtDNA-encoded subunits; all subunits of CIT (SDHA, SDHB,
SDHC, and SDHD) are encoded by nuclear DNA (Bezawork-Geleta et al., 2017). Our
data confirm that translational defects resulting from DARS2 deficiency in mtDNA-
encoded subunits of CI, CIII, and CIV impair the steady-state levels and possibly the
assembly of complexes; therefore, the expression levels of subunits of CI, CIII, and
CIV are reduced. However, complex V is not affected significantly; the reason must
be that its mtDNA-encoded subunits (ATP6 and ATP8) contain only single aspar-
tate residues (Table 6.1) (Dautant et al., 2018; The UniProt Consortium et al., 2021).
Moreover, because CII does not have any mtDNA-encoded subunits, it is natural to be
fully assembled, and the expression level of SDHA stays steady. In general, mitochon-
drial mutations bring along OXPHOS impairment. For example, the heart-and skeletal
muscle-specific TFAM deficient mouse model showed respiratory chain deficiency in the
heart (Wang et al., 1999) like in our model. In contrast, skeletal muscle mitochondrial
respiratory chain was affected by DARS2-depletion, Tfam disruption did not lead to
respiratory chain dysfunction in skeletal muscle (Wang et al., 1999). Moreover, other
cardiomyopathy models (Twinkle, Polrmt, Lrpprc, and Mterf; knockout mice) dis-
played impaired respiratory chain function in their hearts; however, respiratory chain

activity and protein levels were not evaluated in these models.
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Table 6.1. Number of aspartate residues of OXPHOS Complexes’ Subunits.

Complex mtDNA-encoded subunit | Number of aspartate residues

COMPLEX I ND1 3
ND2 0
ND3 2
ND4 6
NDA4L 1
ND5 12
ND6 6
COMPLEX III CYTB 11
CO1 16
COMPLEX IV CO2 11
CO3 4
ATP6 1

COMPLEX V
ATPS 1

After confirming respiratory chain deficiency, we measured the oxygen consump-
tion rate of skeletal muscle and heart mitochondria (OCR). CI- and CII-linked respira-
tion were measured separately. The idea behind measuring oxygen consumption rate
is to detect oxygen utilization, hence oxidative phosphorylation capacity. When mito-
chondria are supplied with ADP after complex I or complex II substrates, the OCR
value gives information about the OXPHOS capacity of the mitochondria (Gnaiger,
2009). As expected, hmKO heart mitochondria significantly reduced oxygen consump-
tion rate in response to respiratory chain deficiency. However, although skeletal muscle
mitochondria tend to decrease their OCR, they did not show a significant reduction.
One of the explanations could be the elimination of dysfunctional mitochondria during
mitochondria isolation steps, which might have led to the analysis of only healthy mito-
chondria in hmKO cells. Therefore, we might have observed a similar OCR result with

wild-type healthy mitochondria. Another explanation could be the heterogeneity of the
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skeletal muscle tissue; it contains different cell types, including connective tissue cells,
which do not have active muscle creatine kinase promoters (Borg & Caulfield, 1980;
Johnson et al., 1989). Therefore, isolated mitochondria from skeletal muscle comprised
DARS2-deficient muscle mitochondria and healthy connective tissue mitochondria. To
eliminate this heterogeneity, not the whole muscle but a single type of muscle fiber
could be isolated, like in the previous study by Dogan et al. (2014). Additionally,
isolation of mitochondria only from the soleus muscle might be a good approach as it

has many mitochondria with high oxidative capacity (Crupi et al., 2018).

Mitochondrial respiratory chain defects are accompanied by reduced ATP pro-
duction (Shepherd et al., 2006). Therefore, we calculated the OCR-related ATP ratio
to see the impact of OXPHOS deficiency on energy metabolism. Following the OCR
results, heart mitochondria diminished ATP production significantly, and skeletal mus-
cle mitochondria displayed a downward trend. These data suggest that mitochondrial
respiratory chain dysfunction leads to impaired oxidative phosphorylation and ATP
production, specifically in the heart. Our method was used to calculate the OCR-
related ATP ratio based on the finding of net OXPHOS capacity. However, there are
more sensitive ways to obtain direct ATP production data of mitochondria. Using Mag-
nesium green dye in the Oroboros O2k-FluoRespirometer system is one of them. The
method relies on the different affinities of ADP and ATP to Mg?*. When ADP is con-
verted to ATP, Mg?* prefers to bind to magnesium green and give fluorescence directly
proportional to ATP production (Chinopoulos et al., 2014). In further experiments,
this system could be utilized to obtain direct ATP production.

One of the highlights of mitochondrial dysfunction is the elevated reactive oxy-
gen species (ROS) production. The excess amount of ROS might disrupt the redox
balance and result in oxidative damage in cells. Cells can cope with the increased level
of ROS by activating antioxidant stress responses (Poljsak et al., 2013). We checked
antioxidant stress components to see whether mitochondrial dysfunction triggers ROS
scavenging enzymes. In the hmKO heart, while the protein levels of antioxidant re-

sponse elements, NFE2L2 and SOD2, did not change, their mRNA levels were reduced.
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Also, the transcript levels of Gpx1 were significantly decreased. These results suggest
that cardiomyocytes in hmKO mice do not upregulate the antioxidant response upon
mitochondrial dysfunction, which implies lower ROS production in hmKO mitochon-
dria. Therefore, next, we measured the ROS production of isolated heart mitochondria
using the Oroboros O2k-FluoRespirometer. Since the experimental procedure is based
on the measurement of HyOy flux, we supplied the medium with the SOD enzyme
so that O~ molecules could be converted to HyO5 and included in the data. When
we measured the reverse electron-related ROS (RET-ROS), we observed a decrease in
ROS levels; however, there was no change in the forward electron transport-derived
ROS (FET-ROS) levels. This could have been because FET produced a much lower
H505 flux than RET, which might have caused reduced sensitivity in FET-ROS mea-
surement. This data indicates that respiratory chain deficiency in hmKO mice hearts
does not increase the mitochondrial ROS production. Because the major ROS gener-
ators are complex [ and complex III, their deficiency might lead to a blockage of ROS
production (Stefanatos & Sanz, 2018; Zhao et al., 2019).

The antioxidant elements were also quantified in skeletal muscle tissue. The levels
of critical components (protein and transcript levels of NFE2L2 and SOD2 and tran-
script levels of Gpxl and Sod1l) did not change in hmKO. However, we observed an
elevated level of Catalase mRNA. Since Catalase converts H202 to water in mitochon-
dria, cytosol, and peroxisome, its increase might have stemmed from ROS produced by
other compartments. We observed comparable HyO4 flux in the quadriceps mitochon-
dria of hmKO and wild-type mice. Together these data show that DARS2-deficiency
in the skeletal muscle does not affect the level of mitochondrial ROS; thereby, the

antioxidant response is not activated.

Mitochondrial membrane potential (A¥) is an essential component of the ATP
and ROS production processes (Li et al., 2013; Zorova et al., 2018). It is known that
reverse electron transport (RET) depends on mitochondrial membrane potential; re-
duction in (A¥) might block RET (Komlédi et al., 2018). We measured the membrane
potential of the heart and quadriceps mitochondria with CI&CII-linked respiration us-
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ing Safranin dye in the Oroboros O2k-FluoRspirometer. We expected a decrease in
(A¥) in the heart due to the impaired mitochondrial respiratory chain and reduced
ATP and RET-ROS levels. However, the membrane potential results of hmKO and
wild-type mitochondria were very close, which might have resulted from the fact that
the Safranin method might not be sensitive enough to measure (A¥) with CI&CII-
linked respiration. Safranin might inhibit the OXPHOS in a dose-dependent manner
since its inhibitory effect is more apparent in CI-linked respiration; its sensitivity might
favor the measurement of membrane potential in CII-linked respiration (Krumschnabel
et al., 2014). To confidently conclude that there was no difference in (A¥), we should
employ different methods; for instance, using the TPP+ electrode would be a more
accurate way to measure membrane potential with CI- and CI&CII-linked respiration

(Teodoro et al., 2020).

Mitochondrial dysfunction can also trigger the mitochondrial integrated stress
response (ISR™), which is characterized by the activation of eukaryotic translation
initiation factor 2« (elF2ar), hence its downstream transcription factor ATF4 (Guo et
al., 2020). We checked the elF2a and phosphorylated-elF2« levels in the heart and
quadriceps. In both tissues, elF2a was activated. However, Dogan et al. showed
that the levels of (ISR™) components, including the metabolic hormone Fgf21, do
not change in the skeletal muscle of hmKO mice. Therefore, we only checked for
the previously not investigated parameters. The mRNA levels of Gdf15 were signifi-
cantly higher in skeletal muscle, which suggests that skeletal muscle partly activates
the adaptive response components. Then, we quantified the mRNA levels of (ISR™)
components in the heart. We detected an increased trend in Atf4 and significant up-
regulation in Pycrl and Mthfd2 transcript levels. Moreover, the heart upregulated the
mRNA levels of metabolic hormones Fgf21 and Gdfl5 in response to DARS2 deple-
tion. These results suggest that hmKO heart triggers mitochondrial integrated stress

response components.
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Upregulated Fgf21 expression is common in many other mouse models: Deletor
mice (Tyynismaa et al., 2010), skeletal muscle-specific Opal-deficient mice (Pereira
et al., 2017), neuron-specific Drpl-deficient mice (Restelli et al., 2018), Clpp-deficient
mice (Becker et al., 2018), and mitochondrial DNA mutator mice (Kukat et al., 2014).
Upregulated Fgf21 can provide tissues with protection against mitochondrial dysfunc-
tion. It has been demonstrated that Fgf21 protects Clpp-deficient mice hearts from
the early pathological phase of cardiomyopathy by triggering the ERK1/2 signaling
pathways in the case of mild mitochondrial dysfunction (Croon et al., 2022). How-
ever, in our model, Fgf21 upregulation failed to alleviate the phenotype due to strong

OXPHOS deficiency.

Although cardiomyocytes initiated adaptive responses to counteract the mito-
chondrial dysfunction, severe phenotype and short lifespan were the apparent signs
of failure. Since the heart is the most energy-demanding organ, it is foreseeable that
adaptive responses cannot protect it from mitochondrial respiratory chain defects. In
various cases, mitochondrial integrated stress response might even further contribute
to the disease pathogenesis. For example, in the CHCHD10 mutant model with mi-
tochondrial cardiomyopathy, chronic ISRmt disrupts metabolic homeostasis, increases
oxidative stress and iron dysregulation, and ultimately leads to further mitochondrial

dysfunction (Sayles et al., 2022)

HmKO mice have mitochondrial dysfunction and display a severe phenotype with
cardiac hypertrophy and muscle atrophy. We applied a known intervention method,
the ketogenic diet (KD), to attenuate the effects of the disease phenotype by shifting
the metabolism from carbohydrate to fat oxidation. Previous studies demonstrated
that KD could be beneficial in treating mitochondrial dysfunction. Ahola-Erkkilé et
al. showed evidence that KD can alleviate the symptoms of myopathy in the Dele-
tor mouse model (2010). Deletor mouse expresses a mutant Twinkle cDNA, which
causes accumulation of deletions in mtDNA. The Deletor mouse model with a mi-
tochondrial myopathy has subtle OXPHOS deficiency; KD attenuates the myopathy

progression by changing the type of energy source the mitochondrial respiratory chain
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utilizes; hence it partially compensates for the OXPHOS deficiency (Ahola-Erkkila et
al., 2010). Another example presents KD’s beneficial effects on BCS1L (CIII assem-
bly factor) knockout models with CIII deficiency and progressive hepatopathy. KD
slows down the progression of hepatopathy by improving CIII assembly and activity;
hence hepatocytes’ mitochondrial morphology is normalized (Purhonen et al., 2017).
These results suggest that KD might be a suitable treatment method for mitochondrial

myopathies.

To observe whether KD might show its beneficial effects on hmKO mice, animals
were fed with low carbohydrate and high-fat diet (KD) ad-libitum after weaning. Af-
terward, they have been phenotypically and molecularly characterized to test whether
KD can alleviate the phenotype of hmKO mice. If KD lessens the severity of the pheno-
type of hmKO mice, the first indication would be a longer lifespan. Unfortunately, the
lifespan of KD-fed animals was similar to CD-fed counterparts. This data suggested
that KD did not impact the lifespan of the hmKO mice. Then, we compared the
weight of all animals. KD-fed mice stop gaining weight after 5 weeks like their CD-fed
littermates, another indication that KD does not affect the phenotype of hmKO mice.

To observe the manifestation of cardiac hypertrophy and muscle atrophy in CD-
and KD-fed during exercise, animals, were subjected to various tests. Coordination
activity, exercise performance and endurance, muscle strength, balance, and motor
coordination were evaluated by activity cage, treadmill, grip strength, and Rota-Rod
assays, respectively. For all tests, KD-fed animals gave similar results to their CD-fed
counterparts; they showed poor activity, lower exercise performance, and weaker muscle
strength. These results demonstrate that cardiac hypertrophy and muscle atrophy exert

similar effects on movement, exercise capacity, and muscle strength between CD- and

KD-fed hmKO mice.

After demonstrating that KD could not improve the disease phenotype of hmKO
mice, we checked whether it might change some parameters in metabolic level. Firstly,

we quantified the fatty acid oxidation components in the heart and quadriceps to
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investigate whether KD shifts metabolism from carbohydrate to fat oxidation. We
found no difference in the heart in Cptlb and Cd36 levels, whereas KD-fed hmKO
and wild-type animals had higher levels of Fasn and Pdk4 mRNAs, meaning that KD
downregulates the glucose catabolism by upregulating Pdk4 and increase the fatty acid
synthesis by upregulating Fasn. In quadriceps, KD only upregulated the transcript level
of Cd36 responsible for fatty acid uptake. These results suggest that in our model, KD
activates some but not all genes that are essential players in fatty acid oxidation. In
addition, heart and skeletal muscle activating different genes might indicate that KD

stimulates gene expression in a tissue-specific manner.

Furthermore, we measured animals’ blood glucose levels weekly to investigate
glucose utilization in response to KD. KD was expected to cause an increase in blood
glucose levels by leading to fatty acid utilization over glucose oxidation. However, our
data showed that KD-fed hmKO animals showed similar blood glucose levels to their
CD-fed counterparts and lower blood glucose levels than their wild-type littermates.
Also, we did not observe any significant changes in the blood glucose levels of the
wild-type animals upon KD, which might have resulted from the short period of KD
treatment (3 weeks). Since KD could not extend the lifespan of hmKO animals, we
terminated the KD intervention at the end of the 6th week, which might mean that
a 3-week KD treatment is insufficient to see its effects. However, due to our model’s
severe diseased phenotype and short lifespan, we could not prolong the KD. Therefore,
KD might alleviate the progress of myopathy with a milder phenotype (like in Deletor
and BCS1L mouse models) and longer lifespan but cannot be effective against severe

phenotypes.

It has been proposed that KD has an impact on oxidative stress, so to evaluate
the impacts of KD on antioxidant response, we quantified the genes that play essen-
tial roles in ROS scavenging. We observed a general downregulation in transcription
levels of most of the genes in heart and quadriceps tissues. This result suggests that
KD lowers the ROS production, which might point to worsened respiratory chain defi-
ciency. Since ROS is produced mainly from CI and CIII, reducing their activity would
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produce less ROS. To justify this deduction, protein and activity levels of OXPHOS
complexes could be evaluated and compared with CD-fed animals. Since KD promotes
beta-oxidation, it stimulates the upregulation of ketone bodies to be used as an energy
source. Ketone bodies can increase succinate biosynthesis, which results in an elevation
in the CII-linked respiration (Viscomi & Zeviani, 2020). Also, it has been shown that a
high ketone level can stimulate the expression of OXPHOS genes (Nunnari & Suoma-
lainen, 2012). However, in hmKO mice, our observation did not indicate the OXPHOS
improvement; therefore, the level of ketone bodies might not have been upregulated.
To justify this conclusion, the level of ketone bodies could be checked. In addition,
C-II linked respiration, and ROS production would be measured to show whether KD
stimulates the ketone body level to promote succinate synthesis and hence succinate-
driven respiration. Moreover, mitochondrial biogenesis markers and circulating levels
of mitokines could be checked to show whether KD impacts biogenesis and how it in-
fluences cardiomyopathy progression. The heart and skeletal muscle tissues could be
investigated separately for each case to observe the effects of KD in a tissue-specific

manner.

We treated animals with the ketogenic diet (KD) to alleviate the symptoms.
However, it could not slow down the progression of dysfunction due to the severity of
the phenotype. Apart from the therapeutic effect of KD, there also have been examples
demonstrating that KD worsens the disease or does not affect the progression. For
instance, in Mpv17- deficient mouse model that has mtDNA depletion in the liver,
KD leads to the progression of liver cirrhosis (Bottani et al., 2014). On the other
hand, the beneficial effect of KD in the Deletor mouse model encouraged researchers
to study human patients. Patients with mitochondrial myopathy and ophthalmoplegia
were on a modified Atkins ketogenic diet within this pilot study. However, all patients
suffered from muscle pain due to muscle damage after 10-14 days; therefore, the diet
was terminated. Surprisingly, 2 years after this short-term study, the same patients
displayed improved muscle strength, which suggests that a short-term KD activates
muscle regeneration in the long term (Ahola et al., 2016). This result suggests that

short-term KD would improve the phenotype in a long-term duration; however, since
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hmKO animals have 6-7 weeks lifespan, it is not possible to observe the long-term
effects of KD. As a future study, new methods could be developed to counteract the
effects of this severe phenotype. New treatments should focus on improving OXPHOS

activity to maintain energy metabolism and decrease disease severity.
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